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Recent Progress of Layer-by-layer Assembly, Free-Standing
Film and Hydrogel Based on Polyelectrolytes

Artemii S. Ivanov, Lyubov V. Pershina, Konstantin G. Nikolaev, and Ekaterina V. Skorb*

Nowadays, polyelectrolytes play an essential role in the development of new
materials. Their use allows creating new properties of materials and surfaces
and vary them in a wide range. Basically, modern methods are divided into
three areas—the process of layer-by-layer deposition, free-standing films, and
hydrogels based on polyelectrolytes. Layer-by-layer assembly of
polyelectrolytes on various surfaces is a powerful technique. It allows giving
surfaces new properties, for example, protect them from corrosion.
Free-standing films are essential tools for the design of membranes and
sensors. Hydrogels based on polyelectrolytes have recently shown their
applicability in electrical and materials science. The creation of new materials
and components with controlled properties can be achieved using
polyelectrolytes. This review focuses on new technologies that have been
developed with polyelectrolytes over the last five years.

1. Introduction

The development ofmaterials science has now allowed it to go be-
yond purely technical boundaries. The main development takes
place in the interdisciplinary plane, that is, at the junction of dif-
ferent sciences. Materials are thus increasingly considered not
only from the point of view of physics and engineering. The
chemical and biological approach to the development of mate-
rials is becoming very popular and important.
However, these approaches require uniquematerials with spe-

cific properties. They should be represented by a broad class of
molecules with various properties. Equally important is the abil-
ity to combine these properties, supplement themwith new ones
and manage them. Polyelectrolytes have become such a class of
substances. Their diversity and properties, various application
techniques have become key to the development of materials sci-
ence and engineering over the past few decades.
However, despite such a relatively long-term study and use of

polyelectrolytes, they do not lose their relevance. The emergence
of new approaches, techniques, and materials in physics, biol-
ogy, and chemistry expands the possibilities of using polyelec-
trolytes. Nowadays, they are starting to be used in completely new
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fields. They are capable of modifying sur-
faces for corrosion protection, local control
and pH variation, and improved biocom-
patibility. Polyelectrolytes are used in film
membranes, filters, and sensors, increas-
ing their selectivity. They are also capable
of forming hydrogels with programmable
mechanical, electrical, and other proper-
ties. Despite a good number of review ar-
ticles on polyelectrolyte biochemical appli-
cations, only a few reviews have focused
on the correlation between the molecular
structures and their mechanical and physic-
ochemical properties.[1–4] At the same time,
there is an increasing trend for the design
of self-organized supramolecular structures
with the inclusion of polyelectrolytes.[5]

The study of the processes occurring be-
tween macromolecules makes it possible to

createmore complex systems.[6] On the other hand, the use of hy-
brid composites based on polyelectrolytes and inorganic nanos-
tructuresmakes it possible to study theirmutual influence on the
properties of the obtained materials.[7,8] Thus, the properties of
the composite materials directly depend on the method of inter-
action of polyelectrolytes with biomolecules or inorganic nanos-
tructures.
In our review, we describe the last articles dedicated to the

main areas of the polyelectrolytes approach—layer-by-layer, free-
standing films, and hydrogels (Figure 1). Based on these appli-
cations, the use of these molecules is based on three methods—
layering, films without substrates, and hydrogels. Each of these
methods opens up exceptional special opportunities for the cre-
ation and functionalization of materials. The most relevant are
the studies and works on the use of polyelectrolytes, written over
the past five years.

2. Layer-by-Layer Approach

The layering method is based on the alternate attachment of
oppositely charged polyelectrolytes. The first is applied to a
charged or uncharged substrate or particle and is attached to it
by Coulomb attraction or physical adsorption forces, respectively.
The next polyelectrolyte is attached to the first and is held by the
opposite charge. Thus, by recharging the surface, it is possible
to create multi-layer coatings. Measurement of charge exchange
can be carried out by evaluating the zeta potential between the
surface’s cation and anion potential.
Due to the large contact area of the polymer with the substrate,

it assemblies on any surfaces. The sorption process itself, in this
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Figure 1. Free-standing films, hydrogels, and layer-by-layer assembly are powerful techniques for polyelectrolytes and last five year progress of area
development with specific examples (2016–2021) is discussed in the review.

case, is limited only by the rate of diffusion ofmolecules from the
solution to the surface. When the polyelectrolyte accumulates on
the surface, the charge changes, and the next layer’s attachment
with the same charge does not occur.
There is still no theoretical model for layering processes. How-

ever, some patterns have already been established. Thus, the ki-
netics of layer growth depends significantly on the charge den-
sity of the polyelectrolytes used. With their low charge density,
the exponential growth of layers is observed, with a high one,
linear growth. Thus, the build-up processes can be controlled by
selecting the required polyelectrolyte. Its structure is equally im-
portant. Linear or branched polyelectrolytes form layers of differ-
ent uniformity and configuration. So linear polyelectrolytes form
more uniform layers, in contrast to branched ones. Surface rins-
ing with water has also been successfully used to obtain mono-
layers. This removes excess adhered molecules and achieves an
even layer. Polyelectrolyte layers allow the formation of hydrogels
at various levels of organization. For example, the swelling of the
layers poly-(L-lysine) (PLL), poly-(L-glutamic acid), and hyaluro-
nan has been shown.[9]

It can also be controlled by varying the ionic strength and the
solution’s nature from which the application occurs. Solvent se-
lection is one of the key conditions in layering. The interaction of
solvent molecules with polyelectrolytes determines their confor-
mation. This conformation has a significant impact on the forma-
tion of layers. Depending on the solvent, the polymer can coagu-

late into globules. This unfavorable conformation will prevent it
frombeing applied to a substrate. It is necessary to select a solvent
that cannot screen the charges in the polyelectrolyte’s repeating
chains. This will allow it to take onmore linear conformation due
to the electrostatic repulsion of functional groups.
Similarly, the polyelectrolyte conformation can be controlled

by the concentration of the salt in the solution. High concen-
trations of dissolved salt promote the twisting of polyelectrolytes
into globules. A small number of ions, in turn, are not capable of
screening the charge of functional groups. Due to this, the poly-
electrolyte takes on a linear conformation.
Modification of various 2D and 3D surfaces by layers of poly-

electrolytes allows a significant development of their functional
applications. This chapter focuses specifically on layering appli-
cations related to biology, health care, and medical sensors. It is
for these rapidly developing areas that this technique is extremely
important.

2.1. Biomimetics and Drug Delivery

An important challenge for biomimetics is creating surfaces and
instruments for the delivery and controlled release of various
drugs[10] and proteins.[11] This allows you to target damage to the
body. A widely used biocompatible surface for this application
is titanium dioxide. The modification of titanium dioxide by
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Figure 2. a) The schematic illustration of MC3T3-E1 behavior during their formation of focal adhesion contacts on different topography of meso-
porous and smooth titanium surface. The model of direct mechanotransduction identifying the direct link between an extracellular matrix (ECM) and
cell membrane. Membranes serve as an interface between the cell and its environment. Cell adhesion molecules embedded in the membrane, such
as integrin or E-cadherin, allow interactions with the ECM and neighboring cells, respectively. Abbreviations: TiO2—ultrasonically generated titanium
dioxide mesoporous surface, PPy—polypyrrole, PSS—polysodiumstyrenesulfonate, FHOD1—FH1/FH2 domain-containing protein 1, FAK—focal ad-
hesion kinase, EGFR—epidermal growth factor receptor. Reproduced with permission.[14] Copyright 2020, Wiley-VCH. b) TiO2 surface decorated with a
layer-by-layer assembly of polystyrenesulfonate (PSS) and nickel−nitrilotriacetic acid (NTA) to bind (poly) histidine-tagged (His-Tag) proteins. Spatially
resolved protein desorption is regulated by irradiation with light, causing a local pH shift that affects the pH-sensitive NTA/protein complex but not the
PSS/NTA assembly. Reproduced with permission.[112 Copyright 2019, American Chemical Society. c) Scheme depicting intracellular protein delivery from
a protein−polyphenol nanoparticles. Reproduced with permission.[15] Copyright 2020, American Chemical Society. d) Schematic of cell reorganization
over the surface after irradiation. e) Cell density zone relevant calculation after irradiation of the surface after 30 min of cell migration. Reproduced with
permission.[16] Copyright 2016, Wiley-VCH.

layer-by-layer deposition of polyelectrolytes is a powerful tool for
the development of biomimetics.[12,13]

In particular, Ulasevich et al. presents the use of polypyrrole
(PPy) and polyethyleneimine (PEI) polyelectrolyte layers for the
controlled and targeted release of bone morphogenic protein
(BMP).[14] For this, BMP was applied to the surface of meso-
porous titanium oxide, and then PPy-PEI was applied layer by
layer. Due to the photothermal properties of PPy, a controlled re-
lease of BMP was achieved under the influence of light. This was
demonstrated by the growth of prostate cells that responded to
the amount of BMP released (Figure 2a). Such a hybrid TiO2-
PPy-PEI system is very promising for lab-on-a-chip applications
(Figure 2b).

Also, the layering method can be used to form nanoparticles
and nanocapsules for drug and protein delivery.[15] In this work,
the use of sacrificial mesoporous silicon nanoparticles is pro-
posed. They are coated with layers of protein and tannic acid.
This structure allows the clusters to change the surface charge
from negative to positive, depending on the pH of the medium.
This enables them to avoid capture by endosomes. Once inside
the cell, competitive interactions (mainly with glutathione) lead
to structural stratification and protein release (Figure 2c). This
principle has promising results for intracellular drug and protein
delivery.
Another example of the use of TiO2-based substrates can be

the control of cell movement. This article describes the behav-
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Figure 3. a) Scheme of charge-transfer processes in positively, neutrally, and negatively charged nanoparticle-doped polyelectrolyte microcapsules. Re-
produced with permission.[27] Copyright 2020, American Chemical Society. b) Impedance curves of both plots of impedance spectra for the gold/PEM/LB
composite before passing 5 µA current, after 15 min of current passing, and after 15 min of relaxation. c) Cycles of passing current and relaxation at open
circuit potential associated with impedance oscillations at 1 Hz of gold/PEM/LB composite due to LB repulsion in acidified media via hydroquinone
oxidation. Reproduced with permission.[29] Copyright 2019, The Royal Society. d) Surface decoration and photoinitiated light–pH reactions. Primary
and secondary photocatalytic reactions on TiO2 resulting in a local change of pH. e) Light activation and relaxation of a high-amplitude switchable
pH-sensitive layer-by-layer assembly on a low-photoactivity TiO2 layer. Reproduced with permission.[30] Copyright 2016, Wiley-VCH.

ior of cells on surfaces with varying surface stiffness.[16] It has
been shown that preosteoblast cells predominantly migrate to ar-
eas with greater surface rigidity. Surfaces with controlled hard-
ness were obtained by TiO2 substrate modification with block
copolymer micelles (BCM) and poly-(acrylic acid) (PAA). Due
to the photosensitivity of the titanium oxide surface, local pH
changes are possible. This, in turn, changes the self-assembly
stiffness. Thus, the light-controlled behavior of bacteria is shown
(Figure 2d,e).
Biocompatible multilayer coatings have also been produced

based on heparin and PEI.[17] The stability of these coatings has
been further enhanced with catechols.[18] Their introduction also
made it possible to incorporate copper particles through a coordi-
nation bond. In this way, coatings were obtained to gradually re-
lease heparin and nitrogen oxide (NO). This effect allows achiev-
ing a high anti-thrombogenic effect.[19]

Research shows the possibility of the successful application of
polyelectrolytes to create biocompatible surfaces and materials.
They allow for targeted delivery of proteins and drugs, as well as
their controlled release.

2.2. Stimuli-Responsive Cover Shells

Layer-by-layer deposition of polyelectrolytes has been suc-
cessfully used to coat magnetic, fluorescent, and plasmonic
nanoparticles.[20,21] The most important principles and mech-

anisms for the formation of stimuli effects in polyelectrolyte
systems are explained by Delcea et al.[22] These principles al-
low to create systems that respond to various stimuli.[23] Such
systems are essential for the controlled delivery and release of
drugs even deep into tissues.[24] However, such coatings can
change the response signal.[25,26] The most revealing example is
the change in the photoluminescence of quantum dots covered
with a polyelectrolyte shell. Thus, the study of the phenomenon
of charge transfer in polyelectrolyte layers is an important task.
This article analyzed the change in fluorescence associated with
different thicknesses and charges of the capsules. Nifontova et al.
determined that the thickness of the layers has little effect on the
change in fluorescence.[27] The decisive condition is the charge
of the capsule surface (Figure 3a). The recharging processes of
quantum dots and their surrounding capsules are of decisive
importance for fluorescence stability.
Also of considerable interest is the development of polyelec-

trolyte coatings with incorporated photodegradable esters. The
photolysis of ethers under the action of light leads to the disclo-
sure of these shells, which leads to the release of substances im-
prisoned inside.
A number of works are devoted to the use of self-assembly

layering to create stimulating, responsive interfaces. Modi-
fication with hybrid coatings based on polyelectrolytes and
silicon nanoparticles improves the sensitivity by increasing the
adsorption area and, thus, allows the determination of lower
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concentrations of volatile organic compounds.[28] Interfaces,
using photochemical or electrochemical stimuli, can change the
pH locally. Such pH-sensitive layers can be successfully used to
obtain freestanding films. This paper describes a layer-by-layer
PEI/poly(sodium 4-styrene sulfonate) (PSS) self-assembly on
which a lipid bilayer is applied. The production of such layers
is very important for bio-applications.[29] Using electrochemical
oxidation of hydroquinone, the pH of the environment was
reduced from 7 to 3–4. In this case, the protonation of the
phosphate groups of the lipid bilayer took place. As a result, the
distance between the protonated lipid bilayer and the positively
charged PEI increased. This made it possible to obtain a free-
standing lipid bilayer. Oscillations of impedance associated with
the acidification process of themedium are shown in Figure 3b,c.
A change in pH can also be induced by irradiating the tita-

nium dioxide surface.[30] During this process, water splits, which
leads to a decrease in pH. This change causes a rearrangement
of bonds in polyelectrolytes. This can lead to a local change in the
mechanical and other properties of such surfaces modified with
polyelectrolytes (Figure 3d,e).
Equally important is the protective application of layer-by-layer

self-assemblies. They are used to protect particles from corrosion
and photocorrosion.[31] Thus, polyelectrolyte coatings can signif-
icantly improve nanoparticles and quantum dots’ properties and
stabilize them in various media.

2.3. Electrode Modification

Recently, many assembly methods have been developed for
chemical and physicochemical modification of surfaces, includ-
ing in the sensing field. The special attention is focused on the
method of layer-by-layer application of modifiers for nanostruc-
turing the working part of sensors and creating coatings with a
wide range of functionality. For the nanostructuring of electrodes
surface in sensor devices, various types of layer-by-layer modifi-
cations are known, depending on the substrates’ nature and the
modifiers themselves. Various options formodifying theworking
surface of sensor devices are shown in the Table 1.
It’s known the layer-by-layer assembly in biosensing for the

creation of biosensitive elements based on bacterial and yeast
strains,[32] binding protein,[33] and aptamers.[34] The most com-
monly used layer-by-layer assembly based on electrostatic inter-
actions using polyelectrolytes,[35–38] silver nanowires with oppo-
sitely charged part,[39] quantum dots,[40] carbon nanotubes,[41,42]

and nanoparticles Bi/graphene oxide.[43] Described is the pro-
duction through layer-by-layer electrodeposition of polyethylene
and organometallic frameworks[44] and Au nanoparticles and
polyelectrolytes.[45] A modification of the electrochemical sen-
sor with the inclusion of an electroactive dye molecule is also
proposed.[46]

The use of layer-by-layer deposition of polyelectrolytes for
modifying electrodes makes it possible to significantly increase
the sensitivity and accuracy of sensor systems.

3. Freestanding Films

Freestanding films based on polyelectrolytes have become an
important area of research associated with the interest in cre-
ating the production of packaging and consumables following

the principles of green chemistry.[47] The polyelectrolyte film syn-
thesis process does not require toxic reagents, solvents, and ex-
tractants and occurs at ambient temperature and pressure.[48]

Products made from polyelectrolyte films are biodegradable and
easily recyclable.[49] Freestanding polyelectrolyte films with ex-
cellent processability can be customized easily into arbitrary
shapes as actually needed and is suitable for mass production
to meet low-cost requirements.[50] Despite this, the creation of
such films is based on complex physicochemical processes that
make it possible to create films with desired properties and use
them as model systems for studying biological macromolecular
interactions.[51,52]

3.1. Membranes

Membrane separation methods are widely used for vari-
ous purposes: environmental cleaning,[53,54] selective ion
concentration,[54,55] and water desalination.[56,57] The principle
of forming a freestanding film is based on the formation of
a polyelectrolyte complex (PEC).[58] The complexation process
includes compensating the charge of the polyelectrolyte with the
oppositely charged polyelectrolyte. This process is influenced by
factors such as ionic strength, pH, and dissociation constant.
A characteristic feature of PECs is their ability to carry out
ionic transport under polymer dynamics control.[59] Different
dynamics of ions caused by differences in local hydration levels
into PEC. Thus, the processes of ion transfer in polyelectrolyte
membranes depend on the thermodynamics of macromolecules.
The pH of the medium also affects membranes’ properties, as
it changes the pore size in the membrane. For example, for a
membrane with a PEI/PSS composition, changes in the pore
size are observed with varying pH in the range from 3.6 to 5.0.[60]

In this case, the pore size grows with an increase in pH from 60
to 650 nm. A change in the pore diameter can be achieved by
changing the pH values if one of the polyelectrolytes is a “weak”
acid or base. To impart functional properties to PECmembranes,
they are modified with various materials with desired properties.
The use of such 2D materials as graphene oxide affects the
properties of PEC.[55]

The number of competing processes increases as one more
charged particle appears in the system—graphene oxide. In this
regard, a more complex redistribution of charges occurs with
competing for polyelectrolyte-graphene processes (Figure 4a).
The course of competing processes in the membrane with a
change in the type of mobile ion can be determined using X-ray
diffraction (Figure 4b). Polyamines as positively charged polyelec-
trolytes interact with graphene oxide, which compensates for the
charge of the polyelectrolyte. When mobile ions migrate into the
membrane, a competing charge compensation process occurs.
This competing process makes it possible to increase the mem-
brane’s selectivity concerning a specific type of ions in the series
K+, Na+, Cs+, and Li+. It should be considered that each process
of charge compensation in the polyelectrolyte is accompanied by
a rearrangement of the hydrated shell of both the ion and the
macromolecule.
Membranes can also be modified with semiconductor struc-

tures (Figure 4c). Silicon dioxide, which can be co-precipitated
electrochemically with polyvinyl alcohol, as well as coated with
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Table 1. Layer-by-layer modification of sensor electrodes.

Substrate Composition of layers Sensor design Details of modification Application Reference

Hydrogel of PVA
modified with
N-vinylpyrrolidone

Bacterial microorganisms
Paracoccus yeei,
Pseudomonas veronii, and
Bacillus proteolyticus;

yeast cells of Ogataea
angusta, Blastobotrys
adeninivorans,

and Debaryomyces hansenii

Bioreceptor element fixed
to the surface of the
Clarke electrode with a
nylon mesh

Biosensitive elements based on bacterial
and yeast strains are created via the
layer-by-layer immobilization of
microorganisms in a PVA hydrogel
modified with N-vinylpyrrolidone to
formation of three layers of the cell
containing gel

Biosensors for
determination the
biochemical oxygen
demand

[32]

Screen-printed
electrodes

OBP of Drosophila
melanogaster

Polyethyleneglycol
terephthalate is
substrate of the
electrodes, conductive
graphite paste, rGO, and
AuNPs, OBPs

Through one-step reduction, AuNPs and
rGO are deposited on the
screen-printed electrodes for
improving the electrochemical
properties of electrodes. After the
electrodes are immobilized with OBPs

The biosensor for the
determination of bitter
taste

[33]

GCE PTCA, rGO, and TBA APTES-modified
GCE with PTCA-rGO
composite film

The APTES-modified GCE electrode is
immersed in GO solution. The
GCE/rGO electrode is immersed in a
PTCA aqueous solution to form a
PTCA layer on the electrode and dried
in N2. The electrode is designated as
the GCE/rGO/PTCA electrode

Biosensing in clinical
diagnosis (thrombin
determination)

[34]

PGE PDPA, PMA, and Pt
particles

The PGE surface modified
with a mixture of
chitosan and MWCNT
followed by deposition
(Pt/PMA/PDPA)n

The multilayer film (Pt/PMA/PDPA)n on
the chitosan MWCNTs/PGE surface is
obtained by consistent deposition on
the electrode surface of a layer
oxidized PDPA as a cationic layer by
electropolymerization, the anionic
layer PMA on the cationic layer of
PDPA via electrostatic forces and Pt
particles

As an anode material in
direct methanol fuel cells

[35]

GCE MWCNT, NGr, and
PEDOT:PSS

GCE modified by MWCNT-
NGr/PEDOT:PSS
multilayer thin film

The PEDOT:PSS is drop-coated on the
surface of the clean GCE, and placed
under an infrared lamp until dry. After
that the MWCNT-NGr dispersion is
dropped on the GCE surface and dried
again

A supercapacitor as the
electrochemical energy
storage

[36]

Glass substrate MoS2/PDDA Microfluidic chip based on
glass substrate with ITO
coated modified by
MoS2/PDDA hybrid film

The WE is soaked in the as-prepared
carboxyl-functionalized MoS2
nanosheet solution and PDDA
solution alternately. MoS2/PDDA
multilayer film is assembled through
electrostatic binding

Clinical diagnosis
(immunosensing of
alpha-fetoprotein)

[37]

SPCEs CB and polyelectrolytes
(PAA or PEI)

SPCEs is modified with
CB-polyelectrolyte films

The electrodes modified with 2, 3, and 4
bilayers of CB-PEI and CB-PAA using
the drop casting approach

Immunosensor for the
determination of cancer
antigen biomarker
CA19-9

[38]

Glass substrate AgNW-NH2 and
AgNW-COOH

The conductive electrode
based on glass substrate
with (AgNW-
COOH/AgNW-NH2)n
multilayers

The glass substrate is immersed into
AgNW-COOH and AgNW-NH2

alternately to form desired number of
bilayers is reached

Optoelectronic devices [39]

Quartz substrates CdSe/ZnS-COOH QDs
(negatively charged) and
CdSe/ZnS-NH2

(positively charged)

Luminescence temperature
sensor based on ordered
all-QD multilayers.

The substrates are immersed into
CdSe/ZnS-NH2 QDs solution and then
rinsed with deionized water. Next, the
substrates are immersed into the
CdSe/ZnS-COOH QDs solution to
synthesize and assemble a periodic
multilayer of CdSe/ZnS samples

Applications requiring
sensors for optical
thermometry

[40]

(Continued)
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Table 1. Continued.

Substrate Composition of layers Sensor design Details of modification Application Reference

ITO-coated glass
substrates

ZnONPs complexed with
PAH and MWNTs

ITO-coated glass
substrates is modified
with PAH-ZnO/MWNT
LbL films

The films are fabricated by alternated
immersion of the ITO substrate into a
PAH-ZnO solution and MWNT
dispersion

Supercapacitors electrodes
for energy storage
applications

[41]

Cotton fabrics Poly(ethylenimine),
ammonium
polyphosphate and
CNTs, followed by
post-treatment with
PDMS.

The conductive cotton
fabric with
(bPEI/CNTs)10/APP/PDMS-
coated

Cotton fabric is immersed into bPEI
solution, then rinsed with deionized
water and dried; then the bPEI-coated
fabric is immersed into CNTs
dispersion for and dried. This process
is repeated to obtain multilayer of
(bPEI/CNTs)n-coated fabric

Wearable electronics as
multifunctional smart
textiles

[42]

GCE Bi-BTC and rGO GCE modified by
[Bi-BTC/rGO]2
conductive film

Bi-MOFs suspension is cast on the GCE
surface and dried. After that GO
solution is dripped on Bi-MOFs/GCE
to form one Bi-MOFs/GO layer on the
GCE. The same way is used to obtain
the second layer. Finally,
[Bi-MOFs/GO]2/GCE is reduced to
[Bi-MOFs/rGO]2/GCE by an
electrochemical method

Assay of Pb2+ in real water
samples

[43]

LIG substrate PANI and the
metal-organic
frameworks MOFs
crystals

The LIG with deposition of
multilayer films of PANI
and MOF via an
electrochemical method,
and assembly of
LIG-PANI-ZIF-67 into
microsupercapacitors

The deposition of multilayer films of
PANI and MOF via an electrochemical
method

The power supply for the
small and wearable
devices

[44]

ITO and GCE PEDOT/PEDOT-SH/Au Multilayered
PEDOT/PEDOT-SH/Au
nanocomposite on GCE
and ITO

Sequential deposition of layers PEDOT
and PEDOT-SH; electrodeposition of
Au NPs to form
(PEDOT/PEDOT-SH/Au)
nanocomposite on glassy carbon
electrode surface

Detection of nitrite in tap
water and milk samples

[45]

ITO coated PET
substrates

LbL assembled Alizarin red
S and LDHs
(ARS/LDHs)n

Solid state sensor indium
tin oxide coated PET
(ITO/PET) LbL
assembled
(ARS/LDHs)n

Alternate immersion of the electrode
surface in aqueous ARS solution and
LDH dispersion with optimal pH
values to obtain multilayer films of
(ARS/LDHs)n

Flexible electrochemical
sensor to detect Al3+ ion
accurately

[46]

Abbreviations: PVA—poly(vinyl alcohol); OBP—odorant-binding protein; AuNPs—gold nanoparticles; GCE—glassy carbon electrode; PGE—pencil graphite electrode;
rGO—reduced graphene oxide; PTCA—3,4,9,10-perylenetetracarboxylic acid; TBA—thrombin aptamer; APTES—3-aminopropyltriethoxy silane; PDPA poly(diphenylamine);
PMA—phosphomolybdic acid; MWCNT—multiwalled carbon nanotubes; NGr—N-doped graphene; PEDOT:PSS—poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate);
PDDA—poly(diallyldimethylammonium chloride); ITO—indium-tin oxide; WE—working electrode; SPCEs—screen-printed carbon electrodes; CB—carbon black;
AgNW—silver nanowires; QD—quantum dot; ZnONPs—ZnO nanoparticles; PAH—polyallylamine hydrochloride; PDMS—poly(dimethylsiloxane); bPEI—branched poly
(ethyleneimine); LIG—laser-induced graphene; PANI—porous polyaniline; MOFs—metal-organic frameworks; PET—polyethylene terephthalate; LDHs—layered double hy-
droxides.

polystyrene-block-poly (2-vinyl pyridine), allows varying the
degree of membrane swelling (Figure 4d).[61] In this case, com-
peting processes are also observed that take place inside the
membrane. The swelling rates of polyelectrolytes and silicon
dioxide are different, which leads to a competing hydration pro-
cess between them (Figure 4e). Varying the solvent also affects
the degree of swelling of the composite membrane. All this leads
to a predetermined change in the pore diameter.[61] Modification
of polyelectrolyte membranes with semiconductor particles
makes it possible to switch their hydrophobicity/hydrophilicity.
PSS and poly(diallydimethyl-ammoniumchloride (PDDA)

membrane containing TiO2 demonstrate switchable hydropho-
bicity/hydrophilicity. The counterion exchange influences this
switching process. Counterions Cl−, SCN−, PF6

−, and perfluo-
rooctanoate result in additional charge compensation into the
membrane. Modification of PEC with various nanostructures
makes it possible to chemically control their properties and
parameters.
The use ofmodifiedmembranesmakes it possible to use them

in industry and the environment and study biomimetic processes
and the possibility of programming the properties of materials
with their help.
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Figure 4. a) Photograph of a 1-µm-thick freestanding GO–PA 25 kDa membrane. b) Schematic illustration of the sandwiched architecture of our mem-
branes. Grey lines, GO layers; red zigzag lines, polyamine molecules. The bottom half of the panel shows the magnified structure, with the chains and
hexagonal planes representing polyamine molecules and GO layers, respectively. Schematic illustrations for the membranes’ structure depending on
pH of the solution during assembly based on the X-ray diffraction data. Reproduced with permission.[55] Copyright 2021, Nature Publishing Group. c)
Optical photo of the as-prepared PVA/SiO2 fibrous membrane. d) SEM images of the as-prepared PVA/SiO2 fibrous membrane at a different level of
magnification. e) ATR-FTIR spectra of as-prepared PVA/SiO2 fibrousmembrane before and after PDA coating. Reproduced with permission.[61] Copyright
2017, Royal Society of Chemistry.

3.2. Chemical Sensing

PEC is used in chemical sensing to create various devices. The
possibility of incorporating selective reagents into films makes
it possible to create technologically simple solutions. PEC can
also act as a buffering agent for unstable reagents over time or
when exposed to air. The most apparent application of PEC films
is their ability to be stimuli-responsive for such external factors
as pH value, chemical ions, media, temperature, etc.[62,63] The
simplest way to detect changes in themorphology of PEC films is
photodetection over a pre-structured film surface.[64] An example
of such a film is the PAA and poly-(allylamine hydrochloride)
complex, which, when structuring the microarray, allows de-
tecting external environmental changes.[65] These changes are
minor or are invisible to the human eye are magnified and
transformed in real-time into diffraction patterns that can be
perceived and visualized, even with the naked eye, on the laser
scattering patterns. The ability to observe changes on the surface
or in the PEC film’s thickness determines the most preferred
method of instrumental detection. These methods include many
spectral analysis methods such as IR spectroscopy,[66] Raman
spectrometry,[67] UV–vis spectroscopy,[68] and others.
PEC property of absorbing water is widely used to de-

termine the humidity.[69] Due to its high molecular weight,
PEC allows the adsorption of a large amount of water which
can be detected using a QCM sensor.[69] The combination
of a dual detection method—by the morphology of the film
and UV–vis—improves moisture determination accuracy.
For this, PEC film patterning and its modification with hy-
groscopic substances are used. One such example is a poly
(diallyldimethylammonium chloride)/heparin film modified
with cobalt chloride (Figure 5a).[70] Nikolaev et al.[70] showed that
even in such a simple system, complex, competitive thermo-
dynamically favorable molecular hydration reactions proceed.
The incorporation of redox molecules, such as ferrocene, into

the polystyrene sulfonic acid matrix, allows nitric oxide redox
detection.[71]

PEC films can also be used as a surface-enhanced Raman scat-
tering (SERS) background. Filmsmake it possible to grow nanos-
tructures for SERS in situ.[72] Also, the application of the gradient
structure formation based on the Liesegang rings formation pro-
cess allows the formation of multifunctional complex films (Fig-
ure 5b). The ordered structure of silver nanoparticles in a film
of agarose and pectin demonstrates a selective response to ben-
zenethiol, which is a calibration standard for the determination
of pesticides (Figure 5c).[72]

Separately, it should be noted the mechanism of inclusion
of biomolecule films into the PEC composition. Since most
biomolecules themselves are “weak” polyelectrolytes, they can
interact with the PEC matrix. Such interaction can lead to the
preservation of the activity of the bio-recognizing element of the
chemical sensor. For example, the inclusion of the enzymes glu-
cose oxidase and horseradish peroxidase into the PEI filmmakes
it possible to create flexible electrochemical sensor platforms.[73]

The development of freestanding films based on PEC opens up
opportunities for creating health monitoring devices and emerg-
ing energy and bioelectronics applications.

3.3. Antibacterial and Cell-Support PEC Films

PEC films based on biopolymers are biocompatible and
biodegradable. These facts make it possible to use them in
biomedicine and tissue engineering applications. Based on poly-
electrolyte membranes and titanate/graphene nanostructures,
freestanding films possess a good antibacterial activity[74] (Fig-
ure 6a,b). Alginate, chitosan, and gelatin are used for the tissue
engineering substrates. These polyelectrolytes serve as cell scaf-
folds for 2D and 3D cell cultures. Natural polysaccharides such as
chitosan and gellan gum are appropriate precursors for polyelec-
trolyte complexation. Chitosan is a linear cationic polyelectrolyte
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Figure 5. a) Proposed mechanism of PDADMAC/heparin/CoCl2 film swelling during humidity measurements: from the dried film with salt crystals
(i) to reptation model for the PE complex melt (ii), blob formation at high humidity (iii), and legend for schematics (iv), UV–vis calibration curve
for the peak area dependence on humidity. The optical image of PDADMAC/heparin/CoCl2 film color transition depends on humidity. Reproduced
with permission.[70] Copyright 2020, American Chemical Society. b) Photo of silver melamine thin film as flexible platform 2 wt% (upper pattern) 0.2
wt% (below the pattern), correspondingly. c) Transfer the pesticide from the apple surface to the film by spraying ethanol. Correlation of the peak area
of the CS stretching with the thiram concentration. Reproduced with permission.[72] Copyright 2021, The Royal Society of Chemistry.

derived from chitin, one of the richest polysaccharides appearing
in nature. Gellan gum is a linear anionic polysaccharide formed
by Sphingomonas elodea bacteria.[75] PEC fibers obtained with
chitosan and gellan gumexhibit highmechanical strength, which
is an important factor in interactions with living cells (Figure 6c).
The antibacterial activity of the film is shown when the PEC
film was modified with the antibiotic levofloxacin (Figure 6d).
In addition, when the same PEC was modified with semicon-
ductor TiO2 nanostructures, it was possible to initiate fibroblast
cells’ growth (Figure 6e).[76] The chitosan/levofloxacin freestand-
ing film is another example of a biocompatible PEC biopolymer,
a self-coacervated silk-like protein.[77] The PEC is formed based
on liquid−liquid phase separation. This interaction is somewhat
complicated since there is an interaction of two “weak” polyelec-
trolytes. Nevertheless, it is of great interest both from the point of
view of biomedicine and from the point of view of biotechnology.
Protein-based PECs are thermodynamically metastable but de-
formable and low-interfacial energy assemblies (Figure 6f). Pro-
tein PECs can be strong adhesive assembly between cellulosic
surfaces.
Poly(4-styrenesulfonic acid), poly(diallyldimethylammonium

chloride) (PDADMAC) based films exhibit antibacterial activity
(Figure 6g–i).[78] PEC film is the robust, transparent, and ul-
tralow bacterial-fouling film synthesized via spin-coating of com-
plex coacervates. Poly(4-styrenesulfonic acid), PDADMAC PEC
film demonstrates the safety and biocompatibility necessary for
implementing antifouling coatings.
Freestanding films based on biopolyelectrolytes and biocom-

patible polyelectrolytes will find application in biomedicine and
make it possible to create complex programmable, biomimetic
systems. Freestanding films have a significant advantage over
other methods of creating polyelectrolyte interfaces since their
use does not depend on the substrate material. This makes free-
standing films the most promising material for applied and fun-
damental research.

4. Hydrogels

Polymer gels are networks of polymer chains cross-linked by co-
valent bonds. Due to swelling with solvent molecules, they have a
significant volume. A high water-absorption capacity is also char-
acteristic of polyelectrolyte gels.[79] During dissociation, charged
units are formed in the polymer chains. Due to the same charge,
the chains begin to repel each other and stretch. Thus, the gel in-
creases significantly in size. In addition, the contribution ismade
by the electrostatic repulsion of counterions formed during dis-
sociation. They create osmotic pressure, which also increases the
volume of the hydrogel.
Changes in external conditions can change the distribution

of bonds in gels, due to which their collapse is possible. Hy-
drophobic interactions and hydrogen bonds can significantly re-
duce the volume of the gel. Sensitive gels can be divided into
thermo-, photo-, and pH-sensitive depending on the effect of
collapse.[80,81] In addition, a change in bonds within gels formed
by different polyelectrolytes can significantly change their me-
chanical properties.[82] This makes polyelectrolyte-based hydro-
gels an attractive material for the design of stimulating respon-
sive materials, flexible electrical components.[9,83,84]

4.1. Flexible Electronics

New requirements for electronic devices lead to the fact that
they must have more and more specific properties. In particu-
lar, electronic components for biomedicine and wearable elec-
tronics should have special properties.[85,86] In addition to op-
timum electrical properties, they must have special mechani-
cal properties.[87] Flexibility, extensibility, deformability—these
are just some of the properties required for new generation
electronics.[88–90] The creation of a class of electronic components
based on soft materials will pave the way for the design of artifi-
cial organs, bioprostheses, etc.[91]
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Figure 6. a) Side-view photoimages of layered titanate/graphene PEC freestanding film, b) Time-dependent variation of the number of viable E. coli cells
dropped on titanate/graphene PEC freestanding film, c) FE-SEM images of E. coli cells on the titanate/graphene PEC freestanding film after exposure
for 15 min. Reproduced with permission.[74] Copyright 2013, Wiley-VCH. d) Photograph of atypical dual-layer material and e) photograph of qualitative
antimicrobial test of chitosan/levofloxacin film against E. coli., the inhibition zone is indicated by the arrow, f) Effectiveness against E. coli expressed
inviable colony counts (CFU/mL) for chitosan/levofloxacin, chitosan, and control (inoculum without film) against E. coli after 1 h. "0 h" indicates the
number of colonies in the inoculum. Error bars indicate 1 standard deviation (n ¼ 3). Reproduced with permission.[76] Copyright 2011, Wiley-VCH. g)
Illustrating the adhesive strength of the protein-based PECs by hanging a 4.5 kg weight from two pieces of glued bacterial cellulose mat. Reproduced
with permission.[77] Copyright 2018, American Chemical Society. h) PSS/PDADMAC film with 1.6 m KBr and spin-coated at 2000 rpm. i) Representative
micrographs of transparent and opaque poly(4-styrenesulfonic acid), poly(diallyldimethylammonium chloride) films as well as polymer zwitterion and
glass controls after a 24 h incubation with E. coli. Reproduced with permission.[78] Copyright 2019, American Chemical Society.

Hydrogels are one of the most promising soft materials for
creating flexible electrical systems.[92,93] Doping hydrogels with
polyelectrolytes allows their electrical characteristics to be opti-
mized using ion currents.
Much research work focuses on obtaining individual compo-

nents. Some of these components are capacitors and supercapac-
itors. A number of works show that hydrogels are good materi-
als for producing supercapacitors.[94] One of the promising tech-
niques is the use of double crosslinks. This binding has been
used to prepare a hydrogel based on hydrophobic association and
ionic complexation. Acrylamide with an amphiphilic monomer
was bound by hydrophobic interaction, acrylic acid with Fe3+

cations—by ionic complexation. The use of such a crosslinking
made it possible to obtain a hydrogel with high strength and im-
pact strength. The addition of LiClO4, as well as the presence of
carboxy, amino, and ethoxy groups, provides a high ionic conduc-
tivity and capacity of such a gel.
In another work, the authors propose the use of hydrogels

based on polyvinyl alcohol.[95] The researchers recognize its poor

mechanical properties and therefore propose the addition of
vinyl hybrid silica particles. Their addition makes it possible to
crosslink polyacrylamide gels to obtain supercapacitors with very
high extensibility and compressibility.
Another approach to the creation of organic polyelectrolyte ca-

pacitors is to combine electronic and ionic charge transfer.[96]

Such a capacitor is a device consisting of two electrolyte ionic con-
ductors (PEDOT/PSS) interconnected by an electronically con-
ductive barrier.
Despite the favorable properties of hydrogel capacitors, their

use is still significantly limited.[97] Although they are capable of
deformation, their electrical characteristics are not sufficiently
stable. When twisted, compressed, or stretched, the conductivity
and capacity of such materials can drop significantly. This cir-
cumstance can be leveled if the hydrogel has the property of self-
healing. In particular, this work proposes the use of physically
crosslinked polyvinyl alcohol with polyaniline built up around
it. Such a polymer supercapacitor demonstrates not only signif-
icant capacity but also the ability to self-repair. This is due to the
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Figure 7. a) A schematic depiction of the memristive device. Two polyelectrolytes entrapped in a matrix of agarose/H2O dictate the pH values of each
hydrogel layer. b) I–V traces of the device with ±5 V sweeps. The numbers and the arrows represent the order and the direction of the bias sweeps,
respectively. The hysteresis of the I–V curves is a characteristic feature of memristors. Reproduced with permission.[99] Copyright 2011, Wiley-VCH. c)
Schematic diagram of the PEDOT:PSS/TX OECT with 0.1 m NaCl electrolyte. Reproduced with permission.[111] Copyright 2019, United States National
Academy of Sciences. d) Photograph of electrochemical multielectronic component system. e) An input signal in the form of an electric current passes
through two hidden layers and converts into an output signal. The hidden layers are eGaIn electrodes connected by hydrogels of various compositions.
Reproduced with permission.[110] Copyright 2021, American Chemical Society. f) Possible prototypes of further devices based on liquid metals and
polyelectrolytes.

possibility of a dynamic rearrangement of the hydrogen bond
within the chains that form the hydrogel. This allows a high
capacity to be maintained even after a large number of recharge
cycles.
In addition to capacitors, hydrogels are also used to create soft

diode devices. For this, hydrogels doped with differently charged
polyelectrolytes are often used. This leads to the appearance of a
rectification current. Earlier work presented the use of cationic
and anionic cellulose nanocrystals for doping agarose gels.[86]

Such gels can subsequently be used as diode devices.
Another approach consists of doping agarose gels with PAA

and PEI. In addition to the hydrogels, liquid electrodes made of
an indium-gallium eutectic alloy were connected.[98] Thus, a com-
pletely liquid and flexible diode was assembled. In this design,

the rectifying current can be controlled by forming an oxide film
at the hydrogel/liquid metal interface. The use of different pH
values within the hydrogel also aids in conductivity control.
In addition to a diode, such a system, when an oxide film of

sufficient thickness is grown, can lead to the appearance ofmem-
ristive behavior.[99] Such a system can be a flexible replacement
for solid-state titanium oxide-based memristors (Figure 7a–c).
In previous works, attention was mainly paid to cationic and

anionic polyelectrolyte hydrogels. However, the use of zwitteri-
onic polymers can significantly improve the quality of organic
electronic components. This study presents a comparative study
of ionic conductivity characteristics for cationic, anionic, and
zwitterionic polyelectrolytes.[100] It has been shown that zwitte-
rionic hydrogels are more suitable for an electronic application.
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Figure 8. a) Antigen, antibody, and antibody–antigen complex in the media of agar and PBS. b) Characteristic I−V curves with 200 points per cycle
for different gels with antigen, antibody, and antibody–antigen complex in a voltage range of −1 to 1 V. Reproduced with permission.[105] Copyright
2020, American Chemical Society. c) Strengthening process of BSA-based hydrogel using polymer–protein interaction: i) BSA, ammonium persulfate
(APS), and tris(bipyridine) ruthenium (II) chloride ([(Ru(bpy)3]

2+) are mixed together; ii) the hydrogel mixture is exposed to white light for 30 min at
room temperature (RT), which leads to covalent crosslinking between BSA domains via adjacent exposed tyrosines amino acids (inset); afterward, the
hydrogel is extruded into the TRIS solution; iii) the hydrogel is treated with one of three polymer solutions for 30 min: PEI, PLL, or PEG, all dissolved in
TRIS buffer. Thereafter, the hydrogel is moved back to TRIS solution, to remove any unbounded polymer molecules. d) Stress–strain curves of native-BSA
and incubated with various concentrations of PEI ranging from 0 to 3 mm. e) Average Young’s moduli calculated from stress–strain curves of native-BSA,
and incubated with PEG (blue), PLL (green), and PEI (red) as a function of the polymer concentrations. Fits represent a Langmuir-like behavior, with
equilibrium constants of KPLL = 1.1 and KPEI = 5.3 mm−1. Reproduced with permission.[107] Copyright 2019, Nature Publishing Group.

This is due to their better conductivity. However, they swell
weakly and generally have lowmechanical characteristics. Simul-
taneously, cationic and anionic hydrogels have better mechanical
characteristics, with weaker conductivity and capacity. This is
due to the influence of side chains of polyelectrolytes, which
repel polyelectrolyte chains and better attach water molecules.
Apart from the gel systems that work as individual compo-

nents, the possibility of designing a systemwith a programmable
electrical response was also shown. Such a programmable com-
ponent is based on phosphate-buffered hydrogels doped with
PAA and PEI. Liquid indium-gallium alloy is used as electrodes.
An insoluble mixed layer of phosphates and oxides is formed on
the flow of current at the interface. The system response depends
on the thickness of this layer. With a small thickness, a capacitor
or resistor is formed, with a film growth, a diode or memristor is
formed (Figure 7d,e). Moreover, it is possible to switch between
these behaviors. A single application of high voltage allows part
of the layer to dissolve. Controlling film growth is also possible
by varying the pH and polyelectrolyte in the system. Thus, it was
shown the possibility of transition from one component to an-
other in real-time.
Despite the fact that hydrogels cannot be used in electronics

without additional materials (such as liquid metals), their use for
the development of flexible electrical components is very promis-

ing. It is especially important to note that not only conductive
polyelectrolytes have potential, but also non-conductive ones. The
further development of flexible electronics based on hydrogels
opens up interesting opportunities for the development of tech-
nology (Figure 7f).

4.2. Programmable Materials

Hydrogels can be widely used in neuromorphic and pro-
grammable systems. The necessity to create such systems is as-
sociated with the spread of hydrogels’ applicability in various
fields—from biomimetics to soft robotics.[101,102] In all these ar-
eas, the need to modify and program the system’s response and
behavior is very important. For hydrogels, it is possible to vary a
wide range of properties—from mechanical to electrical.[103 104]

Hydrogels with adjustable mechanical properties are currently
themost promising. Changes in elasticity, extensibility, and com-
pressibility are most often achieved by changing the internal
structure of polyelectrolyte chains and their structure. Changing
properties (like electrical) can be used for detection. In this work,
the electrochemical detection of antigens, antibodies, and their
complex in hydrogels was carried out (Figure 8a,b).[105] Under
various conditions, the chains can curl up into balls or unfold. A
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number of studies devoted to the change in mechanical proper-
ties by varying pH are based on this property.[106]

Another work used the property of proteins to change their
structure to change the rigidity of the hydrogel. For this, a
hydrogel-based on bovine serum albumin was prepared with the
addition of PEI and PLL.[107] The use of different PEI concentra-
tions makes it possible to vary the hardness of the gel and in-
crease it up to six times. This control is achieved by chemical
denaturation of the protein (Figure 8c–e).
For biomimetic use, hydrogels for imitation and modeling of

body parts and organs are of great importance. In particular, this
work proposes the use of bovine serum albumin and PEI hydro-
gels to simulate cartilage. In this case, an imitation of the lubricat-
ing mechanism of the cartilage interface is proposed. Several lay-
ers of the hydrogel are responsible for the recognition and regula-
tion of characteristics. The layer with one of the polyelectrolytes
is responsible for thermal regulation; the other layer is respon-
sible for changing the configuration and mechanical properties
and changing the lubricity.[108]

Also, systems with more complex programmable behavior, ca-
pable of memorizing various states, have been demonstrated.
The proposed agarose hydrogels are doped with gold nanoparti-
cles and photosensitive acid.[109] When exposed to light, the acid
dissociates, and the pH changes, which entails a change in the
photoresponse.
The development of programmablematerials requires new ap-

proaches. The use of hydrogels capable of changing their struc-
ture under the influence of external factors makes it possible to
use them to simulate biosystems’ behavior. Such hydrogels can
be used to create artificial skin and cartilage.

5. Conclusions

In conclusion, it should be noted that the development of the
use of polyelectrolytes is an extremely important task. Currently
existing methods of application—layering, films without sub-
strates and hydrogels—have ample opportunities for use inmod-
ern technologies. The most important and rapidly developing at
the moment are biomimetics, medical technologies, and materi-
als science. In each of these areas, the use of polyelectrolyte as-
semblies is a powerful tool. They have broad capabilities for drug
delivery and release, and the creation of biocompatible surfaces.
Membrane and filtration technologies also use polyelectrolytes.
Moreover, the creation of programmable materials, flexible elec-
trical components can also be achieved through the stimulation
of responsive polymers. All this makes polyelectrolyte technolo-
gies extremely interesting for further study.
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Abstract

Nowadays, information processing is based on semiconductor (e.g., silicon)
devices. Unfortunately, the performance of such devices has natural limita-
tions owing to the physics of semiconductors. Therefore, the problem of
finding new strategies for storing and processing an ever-increasing amount
of diverse data is very urgent.To solve this problem, scientists have found in-
spiration in nature, because living organisms have developed uniquely pro-
ductive and efficient mechanisms for processing and storing information.
We address several biological aspects of information and artificial models
mimicking corresponding bioprocesses. For instance, we review the forma-
tion of synchronization patterns and the emergence of order out of chaos in
model chemical systems.We also consider molecular logic and ion fluxes as
information carriers. Finally, we consider recent progress in infochemistry,
a new direction at the interface of chemistry, biology, and computer science,
considering unconventional methods of information processing.
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1. INTRODUCTION

In the digital era in which we now live, information technology plays a crucial role in the economic
development of societies. The advent of transistor technologies laid the foundation for this stage
of human development (1). Improved computing performance is the driving force behind social
evolution (2, 3). Modern electronic devices perform calculations through use of semiconductor-
based integrated circuits (4). The boundaries of silicon-based electronics have been designated
repeatedly (5). Meanwhile, living organisms demonstrate fundamentally different approaches to
storing, transferring, and processing information (6, 7).

Storage and transmission of information about an organism’s structure and vital functions are
based on self-replicatingDNAmacromolecules. Biological computing can be significantly inferior
in speed to classical semiconductor computers. However, the amount of information humans pro-
cess daily is comparable to all information stored in the world on printed media. This has inspired
scientists to explore DNA’s potential in applied computing and information storage (8, 9).

In addition, an important feature of living organisms is their ability to think, remember, and
respond to external stimuli, in other words, to work with information. These processes are imple-
mented in neuronal cells, or neurons. The nerve cell axon membrane contains voltage-gated ion
channels (10). Thus, axons can transmit electrical signals along the body, which in practice is real-
ized by the transport of sodium, potassium, calcium, or chloride ions. Thanks to this, the human
(and animal) brain can implement many computational processes simultaneously. This underlies
the ability to recognize patterns and learn. At the same time, these tasks are considered extremely
difficult for computers (2, 11).

Many algorithms have been developed based on the principles of information processing in na-
ture, among them, the cellular automaton (12), swarm intelligence (13), neural networks (14), and
evolutionary algorithms (15).These have given a big boost to enhancing computing power and the
ability to solve complex problems.At the same time,we believe that not only the principles but also
the methods of practically implementing biological computing could give a new stimulus to the
development of information technologies. Broadly, infochemistry is a fundamental experimental
area of chemistry that deals with information storage and processing on the molecular level (16).
The term infochemistry was originally introduced to describe communication between primitive
organisms. Compounds such as pheromones and quorum-sensing agents were respectively des-
ignated as infochemicals (17). Later, George M. Whitesides introduced the term infochemistry
in a new context, combining artificial and bioinspired ways of processing information. According
to Whitesides, realization of an infochemical strategy for information processing requires energy
release from chemical reactions, not electricity supply, encoding information using orthogonal
chemical and physical properties, integration of chemical sensing, and the possibility to operate in
environments such as the human body. Infofuses, droplet shutters, droplet lasers, and oscillating
flames were considered infochemical computers (18, 19).

In this review, we describe how information theory concepts are being introduced into chem-
ical research. We focus on recent advances in the development of nature-inspired computational
tools at the interface of chemistry, biology, and information theory, forming a new research area:
infochemistry.

2. CHEMISTRY AND INFORMATION

2.1. From Chemical Logic Gates to Chemical Computers

Logic gates are the basic elements of logical calculations that underlie information processing.
These elements convert input logic signals to output following the logic laid down in the element.

25.2 Ryzhkov et al.
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For example, NOT, AND, OR, and XOR logic gates calculate the values, respectively, of the
functions of negation, conjunction, disjunction, and strict disjunction from the incoming argu-
ments. In this case, both the arguments and values of the functions are logical values, either 0 or
1. Chemical logic gates by definition operate via Boolean logic (the basis of artificial computers)
and, therefore, represent perhaps the first attempt to consider molecular processes from the point
of view of information theory (20). By and large, chemical logic gates are a kind of spin-off from
the study of various sensors and responsive materials (21).

Stimuli-responsive (or intelligent, or smart) materials behave in a particular and preset way in
response to changes in external conditions. Smartmaterials can be easily attributed to piezoelectric
(22), thermoelectric (23), and photovoltaic (24) materials and shape memory alloys (25).However,
multiresponsive systems are required to organize complex logic calculations.Amongmaterials that
are simultaneously sensitive to several simple stimuli, such as light, temperature, and chemical con-
centrations, are polymer vesicles (26, 27) and brushes (28, 29), polymer-decorated nanoparticles
(30, 31), hydrogels (32, 33), and layer-by-layer capsules and films (34, 35). Describing multire-
sponsive materials in terms of information theory promotes the idea of chemical computing (20,
36). Such materials are also interesting because their constituent molecules are similar to or are
themselves biomolecules. This fact opens great opportunity for smart material implementation in
biomedicine, development of human–computer interfaces, and novel bioinspired approaches to
information storage and processing.

pH is perhaps the most important chemical parameter influencing the outcome of various
physicochemical processes and causing changes in supramolecular assemblies (37). Thus, materi-
als undergoing hydrolytic cleavage or conformational change with protonation are implemented
in smart materials. Among such materials are acid-degradable block-copolymer micelles (38),
copolypeptide hydrogels (39), and charge-shifting and amphiphilic polyelectrolytes (40). Here-
with, several ways to regulate pH in bulk and locally and therefore transmit the input signal are
developed.

Thermosensitive materials are represented, for example, by polymer mixtures and block-
copolymers characterizing critical solution temperatures (41) at which aggregation and disaggre-
gation occur. With such a transition, material hydrophobicity (42) or, for example, cell-attractive
and cell-repellent states (43) can switch.

Light-sensitive materials have attracted much attention recently. Electromagnetic irradiation
can be localized in space easily, and such a stimulus provides high-speed on–off switching and also
allows instant parameter changes (intensity and wavelength of radiation, for example). Azoben-
zene derivatives are among the most well-studied photo-switchable systems (44, 45). Reversible
sol-gel (46) and solid-to-liquid (47) transitions were demonstrated for polymer systems contain-
ing azobenzene moieties. Light–pH coupling can endow light sensitivity to systems sensitive to
changes in environmental acidity (48, 49).

Such materials are used for a variety of applications, such as drug delivery, tissue engineering,
biosensors, smart coatings, and composite materials. But fundamentally, such systems are molec-
ular computers converting chemical, biochemical, and physical input signals into responses. In-
formation theory sees any stimuli-responsive material as a simple Buffer logic gate: Positive input
leads to positive output, and vice versa. By combining different sensitive moieties, simultaneous
sensitivity to various inputs can be achieved. This can be exploited to perform simple logic opera-
tions. Different types of logic gates [AND (50–52), OR (53, 54), NOR (55), NAND (56, 57)] have
been assembled from multiresponsive molecules. Ryzhkov et al. (58) demonstrated the concept of
basic logic operations using ion fluxes as input/output signals. Microelectrode arrays immersed in
water solutions provide one example of simple logic calculations. By polarizing the electrodes in
a certain way, it is possible to obtain a pattern of the acidity distribution in solution. Simple AND
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Figure 1

(a) An AND logic gate and corresponding truth table. (b) A system of two working electrode arrays embedded in an epoxy holder and
pH maps over two input electrodes in hydroquinone solution during polarization of electrodes in different regimes and interpretation
in terms of logic gates: positive polarization +V is determined as input 1, no polarization 0V as input 0, pH > 5.0 as output 0, and
pH < 5.0 as output 1 (adapted with permission from Reference 58). (c) A reconfigurable logic system based on nanostructured Ti/TiO2
and corresponding truth table; inputs are light sources with different wavelengths (1, illumination ON; 0, illumination OFF;
photocurrent is considered as output, photocurrent value other than zero was taken as 1 output), and the choice between XOR and OR
function is determined by programming input of potential bias. (d) XOR logic realized on nanostructured Ti/TiO2. (e) OR logic
realized on nanostructured Ti/TiO2 (adapted with permission from Reference 64; copyright 2020 Royal Society of Chemistry).

logic operations have been demonstrated (Figure 1a). The electrodes may be designated as inputs
and the acidity of the space between the electrodes as outputs in terms of logic gates (Figure 1b).

Unconventional photonic computing has been demonstrated through use of TiO2 nanocrys-
talline photoelectrodes. Following modification with cyanoferrate (59, 60) and ruthenium (61)
complexes, thiamine and folic (62) and carminic (62) acid demonstrated photoelectrochemi-
cal photocurrent switching behavior (63); i.e., under appropriate external polarization or/and
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illumination by light with appropriate photon energy, switching between anodic and cathodic
photocurrent can be observed. Ryzhkov et al. (64) demonstrated this effect recently using bare
and unmodified photoelectrodes made of nanostructured TiO2. Switching between XOR and OR
logic gates has also been performed via polarization change under ultraviolet or blue illumination
(Figure 1c). The light is considered as the input signal, illumination as input 1, and no illumina-
tion as input 0. The photocurrent is read as an output signal, which is taken as 1 if it differs from
0. Depending on the photoelectrode polarization, either anodic or cathodic photocurrents arise
under different illuminations. If both light sources give a photocurrent of the same sign, the logic
gate OR is implemented under simultaneous irradiation; if photocurrents are of different signs,
XOR is implemented (Figure 1d).

Along with chemical logic systems, biological logic networks are also of interest. Information
processing via complex metabolic systems of living organisms could be used to successfully design
next-generation unconventional computing approaches. Li et al. (65) demonstrated a bacteria
(Pseudomonas aeruginosa)–based AND logic gate; in this study, two quorum-sensing molecules
were considered as the input signals, and electrochemical signals of living bacteria were registered
as outputs.

The next step toward full-fledged complex chemical calculations is simple logic elements con-
catenation. For example, Guliyev et al. (66) demonstrated the concept of independently function-
ing chemical logic gates concatenation based on the inner filter effect (approach 1) and intramolec-
ular energy transfer (approach 2). Guliyev et al. (62) performed an experiment to illustrate the
first approach. In this experiment, the first AND gate was represented by a thionine molecule,
which becomes transparent to 560-nm light (give 1 output) only when photochemically reduced.
The second independent AND gate was a styryl-bodipy derivative with a dipicolylamine group
tethered at the meso-(8) position. Intensive fluorescence (output 1) appeared at 560 nm and in
the presence of Zn2+ ions. When these gates were combined, the output of the first AND gate
(560 nm) served as the input for the second gate, and the two gates were integrated.

Approach 2 was demonstrated by clicking together a tyryl-bodipy derivative with a dipicoly-
lamine group tethered from the previous example and monostyryl derivative with azathiacrown
moiety attached through its amine nitrogen atom. This system performed AND logic with pho-
tonic (580 nm) and ionic (Hg2+) inputs and red (660 nm) emission as output. Combination of
these gates demonstrated output 1 (intense 660-nm fluorescence) only when 3 inputs (560 nm,
Zn2+, and Hg2+) were present.

The key advantage of molecular logic gates is their molecular scale, which enables their em-
ployment in living cells and tissues. DNA and RNA are thus attracting particular attention. In
these molecules, nature has gracefully implemented a coding system and syntax. Along with this,
DNA is characterized by an astonishing density of information, and DNA computations inherent
in living organisms are characterized by parallelism and remarkable energy efficiency. However,
in vitro DNA computations are still in their infancy. Theoretically, in a test tube with DNA it is
possible to solve surprisingly complex combinatorial problems by synthesizing all solutions simul-
taneously and then enzymatically decomposing the unsuitable ones. Unfortunately, practical im-
plementation is faced with the need to carry out an extremely time-consuming series of reactions
under close supervision. In addition, the problem of scaling often requires nontrivial solutions.

Several recent reports have used nucleic acids to solve classical combinatorial problems. For
instance, Braich (67) used a DNA computer to solve the 20-variable 3-satisfiability problem (the
Boolean satisfiability problem of determining whether the variables of a given Boolean formula
can be replaced by the values 1 and 0 in such a way that the formula evaluates to 1). Braich per-
formed calculations for a 20-variable, 24-clause, 3-conjunctive normal-form formula. This prob-
lem has more than a million possible solutions (220), and the DNA computer allows us to obtain
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all of these solutions in a reasonable time and then choose those that satisfy the condition (in this
problem, there was only one such a solution). Solving any problem with a DNA computer begins
with synthesizing a library of solutions. For each of the 20 variables in the equation, 2 different se-
quences of 15 nitrogenous bases are developed, one representing true and one representing false.
Each of the 220 truth assignments is represented by a library sequence of 300 bases, consisting
of an ordered concatenation of one sequence of values for each variable. A solution is then se-
lected that satisfies the condition of the problem. In this case, the DNA computer is implemented
in the form of an electrophoresis box with two chambers. The first hot chamber is filled with
polyacrylamide gel containing a full solutions library and the second cold chamber with polyacry-
lamide gel–containing probes designed to capture library strands satisfying the logic equation.
Polyacrylamide melts in the hot chamber and migrates to the capturing layer in the cold chamber.
Consequently, library strands satisfying the equation are captured, and the rest are passed by. The
captured answer is then extracted, amplified by polymerase chain reaction, and read.

A different approach to finding the right solutions among the set of all possible is via use of
repeated cycles of mark, destroy, and unmark operations (68). First, DNA strands representing all
possible solutions are synthesized. At the mark stage,DNA strands corresponding to solutions sat-
isfying the conditions of the problem are hybridized to complement strands.Then, an enzyme that
destroys nonhybridized oligonucleotides is added. Hybridized complements are then removed at
the unmark stage. Several conditions can be checked in repetitive cycles. Ultimately, only strands
that are problem solutions remain.

DNA computers are thus especially effective for solving problems that cannot be solved other
than by enumerating all possible solutions. Such tasks are especially difficult for classical comput-
ers because at a sufficiently large scale these tasks require colossal memory resources. A classic
example of such a task is a Hamiltonian path problem, e.g., the traveling salesman problem (to
find the most profitable route passing through the indicated cities at least once with a subsequent
return to the original city) (69). It has been estimated that even with relatively few cities, no the-
oretically conceivable computer could solve this problem via enumerating options in less than
several billion years (66 and others). Ouyang et al. (70) used a DNA computer to solve a model
Hamiltonian path problem. Similarly, Faulhammer et al. (71) used an RNA solution to solve the
classic 3 × 3 knight problem in chess (to determine which configurations of knights one can place
on an n × n chessboard such that no knight is attacking any other knight on the board). In addi-
tion to solving combinatorial problems with the help of DNA computers, which is nevertheless
presented in some theoretical exercises, the principles of DNA computers can also find practical
applications, for example, in controlling biological processes (72) and programming conditional
gene expression (73).

Scientists’ searches are not limited to nucleic acid molecules. Pattern-generating molecules
provide another interesting example (74). Such molecules can perceive several chemical input sig-
nals, and the output signal also depends on signals’ order of appearance and concentrations. Such
systems could be used as molecular keypad locks (75). Rout et al. (76) used selective enzyme–
substrate interactions as complementary molecules for information storage and cryptography.
Message encryption was also demonstrated in a 3D photonic crystal with functionalized surfaces.
Ratner et al. (77) proposed a memory device capable of performing arithmetic operations based
on organic molecules and their 1HNMR analysis, thus obtaining complex 3D wettability patterns
that were used to encode messages.

2.2. Self-Assembly

Infochemistry is also used to explore supramolecular self-organization. The design of self-
organizing systems implies that the components of the supramolecular assembly carry information
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about other components and ways of assembling into supramolecular structures. Controlling self-
organization at various scales opens up prospects for the development of a new design method to
preprogram spatial and temporal features of assembling matter.

Nenashkina et al. (78) presented a novel way of using Liesegang pattern formation for infor-
mation recording, protection, and transmittance. Under certain conditions, periodic precipita-
tion occurs in a gel containing a diluted solution of reactants. As a result, periodic patterns occur
whereby information can be barcoded. In one experiment, silver nanoparticles were embedded in
each self-assembling Liesegang ring (Figure 2a), enabling reading of the encoded information
via surface plasmon resonance (78).
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(a) Liesegang rings with various concentrations of AgNO3 and corresponding numbers in program code.
(b) An alphabet-encoded table (adapted with permission from Reference 78; copyright 2020 American
Chemical Society). (c) A procedure for obtaining complex DNA structures: (left to right) design of a desired
shape by editing voxels through a 3D interface, translation to strands, and translation to assigned sequences.
(d) Various cavity shapes: 3D models of the designed shapes and averaged transmission electron microscopy
images from different projections (adapted with permission from Reference 84; copyright 2017 American
Chemical Society).
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Rogers et al. (79) used DNA-modified nanoparticles to program their assembly. Interparti-
cle interactions arising from DNA hybridization provide preprogrammed self-assembly of parti-
cles (79). In another example, Kanaras et al. (80) demonstrated nanostructure manipulation using
DNA-coated gold particles, assembly of which was controlled via selective cleavage and ligation by
DNA-processing enzymes. Assembly of various similar structures has been demonstrated (81–83).
Ong et al. (84) recently reported the assembly of a 3D structure containing 30,000 building blocks
(Figure 2b). User-predetermined assembly enables creation of complex shapes such as letters.

In addition to the DNA molecules described above, many exclusively artificial systems also
undergo self-organization. Many self-organization processes are based on molecular recognition.
Peptides endowed by host–guest recognition moieties demonstrate controlled self-organization
(85). A system containing aromatic amino acids, a C3-symmetric compound, and bipyridine
demonstrated three assembly pathways, the choice between which was programmed by sub-
stituents at the α-position of amino acids (86). Dynamic superstructures made of coengineered
recombinant proteins and nanoparticles have been demonstrated (87).

Another popular object for constructing self-organizing assemblies is anisotropically patterned
patchy particles. Their highly interactive surfaces promote colloidal crystal assembly from parti-
cles. Taniguchi et al. (88) demonstrated self-assembly of branch-shaped semiconductor particles
into tetrapods and octapods.With the help of computer modeling, Morphew et al. (89) proposed
rules for programming the organization of assemblies from colloidal particles.

Self-assembly is thus a perspective bottom-up technique to design adaptive materials. This
phenomenon provides a strategy for creating hierarchical materials at multiscale levels. This re-
search is interesting not only from the point of view of the programmed assembly of macro-objects
(a new method of construction) but also fundamentally, because self-organization is the driving
force behind the origin and evolution of livingmatter.Therefore, artificial self-assembling systems
provide a convenient model for studying adaptation processes and self-regulation.

An important class of self-organizing assemblies is pH-sensitive materials. Such materials in-
clude peptides, charge-shifting polyelectrolytes, and various copolymers balancing between hy-
drophobic, electrostatic, hydrogen-bonding, and steric forces. pH-responsive matter combined
with pH clock reaction enables time-programmed self-assembly (90). Reversible pH-controlled
assembly and disassembly is possible (Figure 3a), as exemplified by ligand-modified poly(ethylene
glycol), dibutylamines, and pyrrolidinamines on the surface of gold nanoparticles. Reversible
shielding/deshielding of the targeting ligands at various pHs leads to reversible self-assembly of
particles. Zhang et al. (91) reported on lithocholic acid tube self-assembly. Reversible transforma-
tion into a spiral and further into spiral shape can take place in various pH conditions. Liu et al.
(92) demonstrated the assembly of star terpolymers into different aggregates at varying pH.

Various self-assembling systems that undergo morphological transitions in response to envi-
ronmental conditions (e.g., pH) require fine-tuning and control. For instance, self-assembling
peptides assemble and transit from molecules or spherical micelles into nanofibers in a narrow
range of pH from 7.4 to 6.6 (93). Several techniques have been developed to visualize ion fluxes
and gradients and in particular proton fluxes and pH, gradients triggering self-assembly in solu-
tions. Although fluorescent dyes can be added in systems (94), additional components may alter it.
Therefore, methods of potentiometric microelectrode detection, e.g., the scanning ion-selective
electrode technique, are popular and hold potential for logic operation and infochemistry (48, 95)
(Figure 3b,c).

2.3. Synchronization

Propagating waves are an important feature of living matter. Potential propagation in nervous sys-
tem (96) and electrical activity of heart tissue (97) could be considered in this context. Ensembles
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(a) A methylene glycol–sulfite clock reaction with a delayed fast pH spike and reversible vesicle–micelle transformation of oleic acid
molecules (adapted with permission from Reference 90; copyright 2017 Royal Society of Chemistry). (b, left) Top view of a gold
microelectrode embedded in an epoxy holder; red arrows represent anodic activity. (right) A pH map obtained via the scanning
ion-selective electrode technique (SIET) over a polarized microelectrode (adapted with permission from Reference 95). (c, left) An
ultraviolet-illuminated spot on the surface of nanostructured anodized TiO2. (right) A pH map obtained via SIET over the irradiated
region of a TiO2 photoelectrode (adapted with permission from Reference 48).

of nonlinear oscillators of various natures are a good model for study of wave propagation and
synchronization regimes. In particular, chimeric states, characterized by the coexistence of groups
of coherent and incoherent elements in networks of coupled oscillators, are of interest owing to
the observation in real systems of states whose properties correspond to chimeras (98). Biological
and chemical objects are often considered as such systems. For example, chimera states are real-
ized in mammalian brains when some areas remain active during sleep.The functional behavior of
various living systems arises from coupling and synchronization of activity, for instance, neurons
and heart cells or quorum-sensing phenomena in bacterial communities. Hankins et al. (99) thus
showed that electrical interaction in an anode array–single cathode system can be described sim-
ilarly to quorum sensing. In other words, the system can sense the number of anodes and change
its behavior accordingly.

To study phenomena in coupled oscillators, several model artificial systems are widely used,
including electrochemical oscillators. Electrochemical oscillator coupling can be studied via the
classic three-electrode configuration of electrochemical cells, in which the working electrode is
the electrode array (Figure 4a). Various synchronization patterns were observed in such systems
coupled under different network topologies. Electrodissolution of nickel in sulfuric acid revealed
oscillations coupled through capacitance and resistance. Antiphase collective synchronization
can be implemented between two groups of oscillators with strong internal coupling, provided
that external coupling is weak and interactions are delayed by the capacitance (100). Rotating
wave synchronization patterns have been obtained in dissolving nickel electrode systems (101–
103). In this case, 20 oscillators interact through resistance coupling and demonstrate in-phase
synchronization. Additional connections and application of negative feedback provide rotational
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(a) An experimental setup with coupled working electrode arrays (WEs), the counterelectrode (CE), the reference electrode (RE),
individual resistors attached to the electrodes (Rind), and coupling resistances (Rc). (b–d) Rotating waves obtained with topologies and
feedback: (top to bottom) different topologies, mean phase differences, and space/time plots for coupled oscillations in systems with
different topologies. (e) An experiment started in the uncoupled state in which no synchronization was observed: (top) nearly zero phase
difference after coupling and synchronization establishment and (bottom) space-time plot of the currents. The coupling was turned on at
approximately t = 50 s; consequently, current oscillations synchronized quickly and remained stable. ( f ) Rotating wave with coupling:
(top) phase difference and (bottom) space-time plot (adapted with permission from Reference 102).

synchronization states (Figure 4b,c). These results demonstrate the importance of biological
network plasticity in obtaining a desired outcome at a certain moment. Ocampo-Espindola et al.
(104) demonstrated the formation of chimera states (when coherent and incoherent dynamics
coexist in a system) during nickel electrodissolution in sulphuric acid. This regime occurs when
weak cross-coupling through collective resistance is present. These observations provide an
understanding of mechanisms for the generation of chimeras in biological systems.

Oscillating chemical reactions [e.g., Belousov–Zhabotinsky (BZ) reaction] are another impor-
tant model system for studying the synchronization of nonlinear oscillations. Basically, BZ re-
action is the bromination of malonic acid by bromate in an acidic medium. This reaction does
not proceed monotonically, and several mechanisms have been proposed to date (Figure 5a).
This reaction may demonstrate several regimes, such as chaotic oscillation, chemical waves, and
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(a) A proposed scheme of BZ reaction processes: Solution color switching between red and blue occurs owing to changes in the
concentration of either the reduced or the oxidized catalyst. (b) Synchronization patterns observed in a system of two droplets (large
and small) in which BZ reaction proceeds; the oscillations in both coupled drops synchronize over time (adapted with permission from
Reference 105; copyright 2016 Royal Society of Chemistry). (c–e) Spiral wave chimera in an array of coupled BZ oscillators and
frequency-synchronized rotating spiral wave with aperiodic core oscillators: (c) spiral rotating around the incoherent core (700 s after
initiation), (d) oscillator phases extracted from image c, and (e) period of the oscillators extracted from image c (adapted with permission
from Reference 107). Abbreviations: BrMA, bromomalonic acid; BZ, Belousov–Zhabotinsky; MA, malonic acid.

spiral pattern formation. BZ reaction is characterized by complex temporal and spatiotemporal
patterns. Depending on the reaction’s geometry, phenomena that simulate signal processing with
feedbacks, characteristic of biological systems, can be observed. BZ reaction ongoing inside con-
tacting emulsion microdroplets arranged in a 1D array demonstrated synchronization owing to
diffusion of components between the drops (105, 106) (Figure 5b). For instance, Totz et al. (107)
studied a 2D 40 × 40 array of light-coupled BZ chemical oscillators, reporting erratic motion
of the asynchronous spiral core, core growth and splitting, and transitions between chimera state
and disordered oscillations. Each individual oscillator is represented here by an ion-exchange bead
placed in BZ solution and loaded with a ruthenium photosensitive photocatalyst. Fluorescence in-
tensity depends on the concentration of catalyst-reduced form, and thus corresponds to oscillation
phase. By using catalyst-loaded particles distributed in BZ solution, chimeric and chimera-like
states were also obtained (108) (Figure 5c–e). Despite the previous belief that chimeric states
are possible only in systems with a large number of coupled oscillators, it was shown that two
symmetrically diffusively coupled oscillators are sufficient to give rise to chimeric behavior (109).
Chemical wave propagation in geometrically constrained media can be used for a variety of logic
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operations (105, 110). Further, oscillating reactions’ potential in terms of information storage ca-
pacity has been considered (111).To test this, an oscillating BZ reaction was carried out inside lipid
droplets. Oscillations synchronized owing to activator diffusion through the lipid membrane and
could be controlled by illumination owing to the photocatalyst present in the reaction mixture.
Two stable rotational modes occur in this system (clockwise and anticlockwise) that allow reliable
and light-controlled chemical memory units. Furthermore, a network of interacting but immis-
cible droplets in which BZ reaction takes place can be used as an information processing device
(112). A chemical classifier made of droplets was designed in computer simulations using evolu-
tionary algorithms and was used to distinguish between malignant and benign forms of cancer,
demonstrating 97% accuracy.

Principles and patterns discovered in experiments with these systems open the way to creation
of neuromorphic computers (113). Thus, our understanding of organism cognitive functions and
development of novel computing devices mimicking these functions could benefit from study of
synchronization patterns and chimera generations in artificial systems.

3. ION FLUXES AS INFORMATION CARRIERS

Impulse propagation in the nervous system occurs owing to electric signal transmission. The
sodium–potassium molecular pump plays the main role in this process, removing sodium ions
from the cell and introducing potassium ions into it, thus establishing the so-called action poten-
tial. Divalent magnesium and calcium ions also play important regulatory roles in cells. Inspired
by this, the concept of iontronics uses the electronic properties of ionic motion and arrangement.

3.1. Ion Signaling in Living Cells

Inorganic ions play an important role in various biological functions. They participate in electron
transfer, macromolecule complexation and functionalization, enzyme activation or inhibition, os-
motic pressure regulation, and synthesis of biologically active molecules and energy carriers. In
infochemistry, perhaps the most important function of ions in living cells is bioelectric, i.e., cre-
ation of a potential difference on the cell membrane that underlies the phenomenon of nerve
impulse transmission in the body. In addition, ions have an important function in signaling, the
mechanisms of which are an area of active study.

As demonstrated in experiments carried out in mouse cultured cells,Na+ and Ca2+ induce neu-
ral cell myelination. It was revealed that increased sodium and potassium concentration correlates
with myelin basic protein synthesis (114). Disorders of the myelin sheath in axons lead to sclero-
sis, autoimmune diseases, and impaired coordination and balance. Therefore, understanding the
mechanism of ion signaling in the oligodendrocyte precursor cells where this process is located is
of high importance.

Calcium signaling in articular cartilage has also been studied. In response to mechanical stimu-
lation (load application), chondrocytes trigger intracellular calcium signals. Several signaling path-
ways have been considered (115). Calcium ions were demonstrated to be responsible for light
adaptation inDrosophila. Changes in Ca2+ concentration upon illumination of photoreceptor cells
have also been discussed (116). Inhibition of ion channels hinders tissue regeneration, evidencing
the important role of cell signaling. For instance, blocking of calcium-activated chloride chan-
nels led to a reduction in cell proliferation, and blocking of potassium channels was associated
with decreased phagocyte activity (117). Further, calcium ions also play an important role in gene
expression.
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The study of metal ions in the context of cell signaling has historically focused mainly (though
not exclusively) on calcium ions. Chloride ions also have signal functions (118), and zinc ions have
intracellular and extracellular regulatory functions in addition to their catalytic and structural
functions in proteins (119). The effect of Zn2+ ions on human vascular cells has been studied
to evaluate the processes occurring in the human body when Zn scaffolds are implanted (e.g.,
cardiovascular stent). Low Zn2+ concentrations have no impact on cell viability but promote
cell adhesion, spreading, proliferation, and migration and enhance the expression of F-actin and
vinculin. Cells treated with high concentrations of Zn2+ demonstrated the opposite behavior
(120). Magnesium’s and d-block metal’s roles in signaling have been highlighted (121).

Recently, Liu et al. (122) demonstrated that neighboring biofilms can communicate and there-
fore coordinate growth using electrochemical signals, for instance,K+ waves.This communication
allows the two biofilms to share a limited nutrient by setting their growth phases accordingly.

It is therefore apparent that ions play a significant role in developmental signaling and in con-
trolling various processes in living organisms.The efficiency and high selectivity of these processes
are currently inspiring great interest in their application outside biological systems. In particular,
ion signaling is slated for use in the next generation of electronics: iontronics. For this, ionic
analogs of such electronic elements as a diode, memristor, and transistor are created.

3.2. Ionic Diodes

A diode is an electronic component that conducts current mainly in one direction—that is, it is
characterized by asymmetric conductivity. Ion diodes are created based on substances that exhibit
asymmetric ionic conductivity. Nanopores are often considered as candidates for design of ionic
diodes. Asymmetric ion transport was observed through propylene carbonate conical pores filled
with poly(methyl methacrylate) hydrogel doped with LiClO4. This system, which has no liquid
interfaces, demonstrates ionic current rectification and works as a solid-state ionic diode (123).
However, because nanopore-based ionic diodes are inspired by ion channels of cells, such systems
are studied mainly in aqueous solutions. Microhole supports asymmetrically covered by poly-
mers with ionizable groups (ionomers) demonstrated diode behavior (124). Exhaustive research
to determine electrolyte concentrations and the influence of diode geometry on functionality was
performed employing a simulation model. Such a model is expected to allow prediction of better
nanopore iontronic devices.

Aaronson et al. (125) presented a single-material ionic diode made of nonmodified reconsti-
tuted cellulose materials. Unfortunately, nanopores are disadvantaged by very high resistance, so
that it is difficult to separate the signal from the background noise. Mesopores have been used as
an alternative. Lin et al. (126) demonstrated anomalous ion transport through a conically shaped
mesopore, the tip of which was filled with poly-l-lysine (PLL).The authors analyzed how charged
polyelectrolytes can modulate ion transport at the nano- and mesoscale.

Diode behavior usually arises from the nanopore, asymmetry of which breaks symmetry of
ion distribution in solution. Asymmetry is the basis of diode technology. For example, Zhao
et al. (127) used asymmetric polyelectrolyte distribution to design an ionic diode, and Gao et al.
(128) provided a platform for creating nanoscopic ionic channels from exfoliated 2D materials
(e.g., graphene). Using this approach, they constructed Kirigami-nanofluidic diodes and circuits.
Kirigami is a variation of origami that includes cutting rather than folding paper. Indeed, asym-
metric edge lengths of exfoliated graphene sheets provided asymmetric interfacial resistances, re-
sulting in ionic current rectification. Fine patterning was assumed to allow precise control of ion
transport properties and construction of more sophisticated diode circuits able to realize infor-
mation processing on a single 2D film. Synthetic alumina nanochannels with branched geometry
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also exhibit diode behavior, owing to the fundamental asymmetry of the branched structure and
surface charge distribution (129, 130) (Figure 6).

The creation of ionic analogs of p–n junctions offers another approach to constructing ionic
diodes. An ionic diode made of nanocomposite electrodes demonstrated mechanical sensitivity
and generated electrical output from mechanical stimuli. The nanocomposite electrodes were
prepared by infiltrating ionic liquids into ionic polymeric matrices filled with multi-walled carbon
nanotubes. The p-type side was prepared from Nafion membrane and n-type DF25 membrane.
Mobile ions of ionic liquids can replace H+ cations and Br− anions in Nafion and DF25, respec-
tively.A polycarbonate separator was also introduced to avoid shorting the circuit.Themechanical
sensitivity of this device enables conversion of mechanical motions into electricity (131).

Stretchable ionic diodes made from polyelectrolyte hydrogels have been reported (132). As
interest in soft and flexible devices increases, polymer iontronic alternatives to electronic com-
ponents are a promising area of research. In addition to interest in flexible, wearable devices, the
idea of integrating electronic devices into the human body is now attracting much attention. Since
the information is transmitted by ion fluxes in the human body, and by electrons in the currently
existing computing devices, it is important to perform the signal transfer in human–machine in-
terfaces. In addition, because ion signals in organisms are rather weak, ways to enhance themmust
be developed. Recently, Lim et al. (133) presented a polyelectrolyte gel–based p–n ionic diode that
can generate additional ionic current and thus amplify signal. Hydrogel ionic diodes demonstrate
promise for use in flexible Zn-based batteries for wearable electronics (134) (Figure 6e,f ).

An artificial nanofluidic diode that can perform simple logic calculations was designed from
a system of two conical nanoporous polymer films. These nanoporous diodes mimic cell junc-
tion proteins and present possibilities for complex artificial information communication networks
(135). Recently, Ali et al. (136) reported that a set of differently oriented single-pore membranes
with different surface charges can operate like an arrangement of several ionic diodes connected
in series or in parallel (Figure 6a,b). Thus, it is possible to implement circuits similar to those ob-
tained in solid-state silicon electronics. Polyelectrolyte pore modification is a procedure by which
one can adjust pore surface charge and design various ionic diode circuits.

Multiple stimuli-responsive diodes could perform various logic operations, and nanochannels
with different functions could be combined in single nanofluidic diode chips for neuromorphic
computers. An intellectual ionic diode was able to switch current direction, as demonstrated by
Putra et al. (137). The diode was based on microporous cationic conductor Nafion interfaced at
polyethylene-terephthalate and demonstrated potassium flux rectification. Precipitation of potas-
sium ions in the form of perchlorate blocked ion flux and inverse diodes. Another mechanism
of diode polarity change is based on ion mobility within the nanomembrane and the mechanical
valve effect (138). Wang et al. (139) designed a light-responsive ionic rectifying 2D nanofluidic
device based on spiropyran-modified layered graphene oxidemembranes. Switching between low-
and high-rectifying states can be performed rapidly via irradiation, thus enabling asymmetric ion
transport. Xiao et al. (140) demonstrated light-triggered ion pumping through a carbon nitride
nanotube membrane and against a concentration gradient.

A dual-responsive ionic diode has been designed using a track-etched polyethylene terephtha-
late nanopore surface coated with temperature- and pH-responsive PLL. PLL-coated channels
are nonconductive at 70°C and pH 11.5 but can be switched to a conductive state by decreasing
temperature or pH (141, 142). Zhang et al. (143) designed a light- and pH-sensitive artificial
channel that closes in an acidic and dark environment and opens under illumination and in
neutral pH. These nanofluidic diodes mimicking light-gated and pH-tunable ion channels
play an important role in living cells. Further, PLL functionalization depth changes nanopore
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Figure 6

(a) A negatively charged polyanion (left) and positively charged polycation (right) coated pore surface of the conical nanofluidic diode.
(b) The I–V curves for individual positive and negative pores separately, as well as their series and parallel connections (adapted with
permission from Reference 136; copyright 2019 Royal Society of Chemistry). (c) An ionic diode made of heterostructured oxide
nanotube heterojunction. (d) The current rectification of the nanotube diode in various solutions and current ratio of the forward and
reverse direction at different KCl concentrations (adapted with permission from Reference 130; copyright 2009 American Chemical
Society). (e) Schematic diagram of a flexible battery and chemical components of polyanion hydrogels and polycation hydrogels
forming a hydrogel diode. ( f ) The current–voltage curves of diodes composed of two hydrogels with varying charges (adapted with
permission from Reference 134).

www.annualreviews.org • Infochemistry 25.15



CH12CH25_Skorb ARjats.cls April 21, 2021 14:0

conductivity, consequently enabling regulation of ion selectivity. As a result, cation or anion flux
rectification can be performed, and switchable diodes can be obtained (144).

In the recent past, nanochannels were considered mainly for applications in energy conversion
and water treatment (e.g., desalination), controlledmass release, and transport, but lately, attention
has been shifting toward their use in various logic gate operations. As a result, ionic diodes hold
promise for ion-based information-processing devices communicating with biological signals in
physiological environments.

3.3. Ionic Memristors

Another electronic element, the development of an ionic analog of which is attracting a lot of at-
tention, is the memristor. This element can change its resistance depending on the current flow-
ing through it. Memristor behavior resembles the work of a biological synapse (145). Because
when different signals pass, the memristor resistance changes in different ways, we can say that
the signals have a certain weight. Thus, memristors can be considered as artificial synapses, and
memristor-based artificial networks can be considered as neuroprocessors. Hewlett-Packard cre-
ated the first memristor prototype in 2008, and even more than 10 years later, the technology
is still in its infancy. The problem of reproducibility of resistance values from cycle to cycle still
requires a solution. At the same time, new materials are considered from the point of view of the
manifestation of memristive properties.

Oxygen-conducting oxides are generally considered as potential candidates for use in memris-
tor devices. Amorphous oxides demonstrate higher oxygen conductivity compared with crystalline
ones (146). A solid-state tantalum oxide memristic device was improved via addition of a porous
ion-blocking graphene layer, which enhanced performance and allowed tuning of the resistive
switching effect (147).

Memristor behavior has been observed in microtubules, protein intracellular structures that
make up the cytoskeleton. Microtubules are hollow, polar cylinders 25 nm in diameter and a few
micrometers in length. Microtubules were observed to work like biological memristors (148). It
is assumed that these structures underlie the phenomenal memory of the amoeba, which does
not have a nervous system as such.Microtubules also are considered to form bioelectric circuits to
perform biologically inspired neuromorphic computing. Artificial nanochannel systems have been
considered as well. A nanofluidic polydimethylsiloxane device demonstrated electrically control-
lable conductance and was considered an artificial synapse (149) (Figure 7a). To explore this,
nanochannels were filled with a viscous ionic liquid and KCl water solution. Two immiscible liq-
uids formed an interface inside the channel. Further, these interfaces were displaced by the external
applied voltage. Thereby, a nanochannel-based memristor was realized (149, 150) (Figure 7b,c).

Artificial systems can simulate the behavior and functions of neurons and inspire neuromor-
phic computing. Owing to synaptic plasticity, it is possible to train living organisms, as well as to
perform complex operations such as pattern recognition. Materials showing such properties can
form the basis of neuromorphic or brain-inspired computing, where training and learning take
place at the level of the material, not the program code.

4. INFOCHEMISTRY AND HEALTHCARE DIAGNOSTICS

The study of complex physicochemical processes requires reliable instruments with high statistical
reliability. However, even with such instruments, the problem of obtaining a large amount of data
remains. One of the reasons is the impossibility of fast delivery of the analyzed objects to the place
of analysis. Another reason is the limited capabilities of instruments for streaming object analysis.
That is why, in recent years, there has been an increasing return to portable chemical sensors as
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Figure 7

(a) Scheme of a biological synapse. (b) Scheme of ion and liquid transport in a nanochannel filled with KCl water solution and ionic
liquid and I−V curves in solutions of KCl (adapted with permission from Reference 149; copyright 2019 American Chemical Society).
(c) Ion transport through a single conical nanochannel and I–V curves for ion transport through a conical nanochannel with various
molar fractions of ionic liquids in the electrolyte mixtures (adapted with permission from Reference 150; copyright 2017 Royal Society
of Chemistry.

a data acquisition tool. Chemical sensors also meet the Internet of Things demand for collecting
big data on complex systems.

Chemical sensors for collecting and analyzing information are used in industry, medical diag-
nostics, and ecology. In all these areas, sensors allow monitoring of the state of complex systems in
dynamics. This achievement makes it possible to study a large number of processes that can occur
simultaneously or sequentially. The information obtained on the concentration of products and
reagents and the changing physical parameters of systems allows them to be studied at an entirely
new level.

Chemical sensors that are used in an industry usually aid in study of artificially created complex
systems. Medical diagnostics is of the greatest interest from the point of view of collecting infor-
mation about complex biochemical processes. In studying biochemical processes and processes
occurring in the body, it becomes possible to use the data obtained to create anthropomorphic
systems and their programming. The principles and approaches of infochemistry make it possible
to consider all the causes and correlations in the variable composition of biological fluids. The
monitoring of a large number of parameters provides information about dynamic changes in the
state of human health. Systematic analysis of big data enables creation of a healthcare fingerprint
for timely diagnosis, therapy, and prevention of a wide range of diseases. An essential requirement
for obtaining big data is the ability to continually monitor a large number of indicators.

4.1. Multisensor Electrochemical Platforms

Personalized diagnostics require rapid, quantitative, and informative analysis at the point of
care. Sensor platforms meet this requirement and enable low-cost analysis. The sensor platform
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Principles of multisensor electrochemical platform construction.

consists of a sensitive layer, a transducer, and a data-recording and -processing system (Figure 8).
Among the most common analytical methods in sensor platforms that used the selective interac-
tions for response formation are Raman spectroscopy (151), UV-VIS spectroscopy (152, 153), and
electrochemical methods of analysis [amperometry (154), cyclic voltammetry (155), potentiom-
etry (156), and electrochemical impedance spectroscopy (157)]. Multielectrode electrochemical
systems (158, 159) and multimodal sensing platforms (160, 161) allow control of many parameters
(162, 163). Recognition-/sensitive-layer modification provides selectivity, signal stability, and the
ability to integrate a sampling step directly into sensor design.

Multisensor electrochemical systems enable detection of heavy metals, such as zinc, in blood
and urine samples, including at the sample-preparation stage (164) (Figure 9a). Another principal
part of the electrochemical sensor platform is the electrochemical-to-electrical signal transducer
potentiostat and its software. Potentiostats for portable sensor platforms require low-cost elec-
tronic components, the ability to transmit data over a distance, miniaturization, and the ability to
integrate into everyday human life (165) (Figure 9b). Electrochemical multisensor systems allow
analysis of sweat, blood, urine, saliva, and semen. Heavy metals, organic acids, and electrolyte and
metabolite levels can be determined from blood and urine. Sweat is used to determine the level
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Figure 9

(a) Portative electrochemical sensing platform for Zn2+ detection by stripping voltammetry on the carbon fiber electrode (adapted
from Reference 164; copyright 2020 American Chemical Society). (b) Electrochemical platform for glucose, heart rate, and activity
control (adapted with permission from Reference 165). (c) Ionselective sensor for potassium and sodium detection by an integrated
pseudo inner reference electrode (adapted from Reference 156; copyright 2019 American Chemical Society). Abbreviations: EDTA,
ethylenediaminetetraacetic acid; ISM, ionselective membrane.

of lactate, potassium, sodium, and metabolites (166, 167). Saliva has a less representative compo-
sition, but it can indicate the state of the microflora (168) of the oral cavity and throat (169, 170),
as well as the calcium content in the teeth (171). Miniaturized ion-selective electrodes based on
cheap carbon electrode material and pseudo inner reference electrodes allow control of potassium
and sodium levels in vivo (156) (Figure 9c).

Sperm is an essential reference for monitoring sexual activity and fertility (172). Fertility can
be rapidly assessed indirectly via electrochemical detection of hydrogen peroxide to indicate ox-
idative stress, which, according to theWorld Health Organization, indirectly indicates male infer-
tility (173). The stability of the signal measurement in the seminal fluid is provided by diamond
nanoparticles (174).
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These biological fluids are systems of complex and variable composition. In such systems, the
influence of the matrix effect can be hard to determine. The engineering problem for express
analysis of biological fluids lies in introducing additional, separate stages of sample preparation.
Microtechniques can help solve this sample preparation problem.Membranemicrofilters installed
directly in front of the recognition layer allow the separation of blood plasma (175),whichmakes it
possible to neutralize the influence of red blood cells. Microfluidic sample preparation constructs
are used to separate low–molecular weight substances from protein structures or particles (176).
Microfluidic separation is based on differentiated diffusion in laminar flow. Modified magnetic
nanoparticles make it possible to concentrate the analyte on the electrode surface and neutralize
the matrix effect (177).

Surface nanostructuring in the electrochemical sensor increases sensitivity and selectivity, im-
proves other analytical characteristics, and allows sample preparation directly on the sensor’s sur-
face. Integration of miniaturization and sample preparation is an undoubted achievement for fur-
ther developing engineering design of electrochemical multisensor platforms.

Despite all the advances listed here, sensor results do not have a systematic approach to as-
sessing the information received. The reason for this lies in the complex interactions that are
rather important for understanding fundamental chemical processes. In this case, the methods
and approaches used in information technology to process big data can come to the rescue. These
methods differ from the standard chemometric approach,which requires the analytical signal to be
subjected to mandatory preliminary chemometric processing. The most pioneering chemometric
approaches are the electronic tongue and electronic nose systems (178, 179). The most commonly
used regression analysis allows discovery of similarities and building of predictive models based
on them (180). And in the field of information technology, a fairly wide range of machine learning
methods are used to build predictive models (181).

4.2. Machine Learning in Electrochemical Chemometrics

Machine learning techniques are crucial inmodern information processing and predictions.These
algorithms have found application in solving problems from various fields of chemistry. In theo-
retical chemistry, they can optimize quantum mechanical calculations and predict substance reac-
tivity and catalytic ability. In organic and inorganic chemistry, they can find correlations between
structure and spectra. Moreover, they are also used as decision-making algorithms in the chemi-
cal industry and as data analyzers in sensors. This variety of applications proves these algorithms’
suitability for almost any field of chemistry.

However, the large number of algorithms, functions, and neural networks makes it challenging
to choose the one needed to solve a specific problem. Both the essence of the solution and the
type of data used must be considered. For this purpose, the type of training must be chosen—
supervised, unsupervised, or reinforcement learning. There are methodologies to help choose the
best machine learning method for a given model. Multilayer networks with a backpropagation
algorithm are most suitable for solving complex chemical interactions because the main tasks are
classification and modeling of physicochemical processes.

Machine learning serves as a classification method for characterizing the system via input
parameters. However, the main roles of machine learning algorithms are parameter optimiza-
tion and model correction. Such parameters can include almost any data, including voltammet-
ric curves and infrared spectra. The relationship between the input data and the resulting re-
sponse can be highly complex. Nevertheless, even in this case, neural networks can find the right
solutions.
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Control over the technological process is based on parameter analysis. Searching for corre-
lation between parameters and product quality is a good task for machine learning algorithms.
Various projects in biochemistry and pharmacology use neural networks. For example, models
like SVM (support vector machine) can be used for chemical analysis of products to control in-
dustrial processes, saving labor time (182).

Spectroscopic methods, in particular mass and infrared spectroscopy, are actively used to
identify the structures of various molecules. Spectra can be used to establish the structure of a
substance. Reinforcement methods like ion mobility and liquid chromatography are also used
to improve identification accuracy. However, machine learning can significantly simplify the
identification of substances by spectroscopy and eliminate the need for additional methods.
The relationship between spectra and structure is complicated, especially for new substances
unavailable in databases. However, neural networks can detect these complex correlations and
classify substances based on their spectra’s analysis. In particular, several models can determine the
taxonomy of molecules from their mass spectrum. In this case, it is possible to create a successful
model for molecular classification (Figure 10a). Classification is provided from a large class of
organic compounds to a subgroup—eicosanoids (183).

Machine learning is also gaining acceptance in the vast area of sensor design (184). It is in-
credibly widely used in electrochemical sensors because the sensors do not require large volumes
of analytes and can detect low concentrations (185). Operation of such devices is based on ob-
taining voltammograms (186). The obtained voltammetric data provide a fingerprint of various
molecules, because the redox peaks of substances on different electrodes will be resolved (187).
Thus, they can be used to identify, e.g., various chemical toxins, heavy metals, and pesticides
(188).

Machine learning algorithms can significantly simplify and speed up identification of various
substances in liquids. Many uses for algorithms in the analysis and determination of these sub-
stances have been proposed. In particular, Dean et al. (187) proposed using models to assess the
presence of explosives and heavy metals in water; the extensive databases of voltammograms for
various metals and substances led to a high percentage of accuracy. Lu et al. (189) obtained similar
data in studying heavy metals and pH, as well as the amount of suspended metal particles, in sea-
water, noting that large databases with high-quality data are necessary to achieve high accuracy.
Large amounts of high-quality electrochemical data may also open the way to using deep learning
networks to solve theoretical questions of electrochemistry (Figure 10b). In particular, Bond (190)
proposed the use of machine learning techniques to predict the most appropriate kinetic model-
ing method. Bayesian methods allow appropriate Butler–Volmer or Marcus–Hush electrokinetic
model parameters from voltammetric data (190).

Machine learning is increasingly being used to predict the catalytic activity of materials and
to model catalytic processes (191). In particular, Chen et al. (192) proposed using a neural net-
work to analyze density functional theory data on the catalytic reduction of CO2 to CO. Such a
method enables prediction of the adsorption processes on the surface of a catalyst made of gold
nanoparticles, making it possible to estimate the entire surface (Figure 10c). Several other works
posit the use of machine learning to develop improved technologies for catalyst production (e.g.,
193).

Machine learning is also used for complex tasks, such as modeling protein interactions and
establishing protein structure. Song et al. (194) analyzed several supervised learning models and
assessed the contributions of different attributes to model training. Given the complexity of the
model selection problem, the use of a single model does not give a good forecast; moreover, they
found that predicting the path of interaction is much more complicated than assessing the final
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(a) Overall schematic of a SIFTER random forest machine learning workflow (adapted with permission from Reference 183; copyright
2020 American Chemical Society). (b) Schematic of data collection, preparation, and training. A schematic representation of each
algorithm is shown (adapted with permission from Reference 187). (c) Overall structure of a neural network. A fully connected
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structure. Combining several models greatly increases the accuracy of structure estimation, but
solving such complex problems requires the creation of databases with significantly diversified
data (195).

In conclusion, machine learning can now help greatly in the development of various fields of
chemistry. These methods are often used to analyze and interpret the data obtained to predict or
estimate the amounts and structures of various chemicals. Machine learning for data prediction
opens excellent opportunities for algorithmic production processes and a significant acceleration
of data processing. One particularly important application could be sensor construction to detect
various diseases by identifying antibodies and antigens (Figure 10d) in biological fluids (196).
Machine learning could therefore provide significant advancements in chemistry and related
disciplines.

4.3. Electrode Materials for Multielectrode Detection Systems

Another advantage of electrochemical and multimodal sensor platforms is the ability to create
a large number of electrodes on one frame. The ease of multielectrode systems manufacturing
allows adaptation of the electrode set for a specific range of analytes. Such versatility avoids the
problem of comparing the results obtained on different setups.

Despite the rapid development of nanotechnology as a tool for creatingmultielectrode systems,
there is promise in creating such a system from electrodes that will be cheap, easy to manufacture,
and consistent with green chemistry principles. Simultaneously, advances have beenmade in litho-
graphic methods for the manufacture of electrode arrays. Various methods have been proposed
for the creation of miniature electrodes based on templates made via lithography. A developed
electrode surface on a chip can be achieved via directed electrochemical growth (197). Applying
high-frequency voltage triggers nucleation and directional growth of nanostructured dendrites
between pairs of electrodes on a chip (Figure 11a).

It is also possible to create nanostructured electrodes based on lithographic templates via mi-
crochannel alignment (198). Microchannel alignment makes it possible to place precious metal
(199) and semiconductor (200, 201) nanostructures on a microchip. Both of the above techniques
enable creation of ensembles of electrodes of various morphologies and compositions on a chip.
Use of such electrodes in vivo and in vitro requires electrode-inert biological fluids, high hydrogen
overvoltage, biocompatibility, and long service life. Among biocompatible multielectrode systems
made with low-cost materials, carbon fiber is outstanding in its properties (202). Such systems can
include up to 64 individual carbon fiber electrodes (Figure 11b). The 64-channel multisensor sys-
tem allows direct monitoring in a living organism (203). Electrodes based on conducting polymers
are used to create such systems of various shapes and architectures (204). Nonconductive polymer
fibers are coated with various conductive composites, allowing their use as multielectrode systems
(205). Initially, multielectrode systems were developed for electroencephalographic and electro-
physiological analysis. Such systems can be used in various multimodal sensor platforms because,
with their help, it is possible to generate cascades of electrochemical processes that will affect the
sensor response. In combination with machine learning methods, this will lead to increased selec-
tivity and sensitivity of chemical sensors. Programming electrochemical reactions by varying the
solution’s composition and controlling the electrode surface state could make it possible to obtain
characteristic photoelectrical responses (206) (Figure 11c). Multielectrode systems, consisting of
electrodes modified with various sensitive layers, will determine a wide range of analytes in bio-
logical fluids.Multisensor electrochemical platforms based on such systems and machine learning
algorithms for data processing will aid in health monitoring and preliminary medical diagnostics.
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(a) A multisensor electrochemical system for the detection of glucose, hydrogen peroxide, and ethanol
(adapted with permission from Reference 197). (b) A 64-carbon fiber electrode constructed for
electrophysiological measurement (adapted with permission from Reference 203). (с) A multielectrode
system for a chemically programmable signal with photodetection (206).

5. CONCLUSIONS

Elucidating the operating principles of chemical systems allows us to control the course of pro-
cesses and predict possible results. Tools based on Boolean logic, mathematical statistics, and en-
gineering describe the operation mechanisms of such systems. Also, we propose an approach in
which the model systems are complex chemical systems. As a rule, nonlinear processes occur in
such systems, the combination of which requires a detailed mathematical description. The use
of a complex mathematical apparatus can lead to erroneous results and, subsequently, erroneous
conclusions. Algebraic logic and modern methods of mathematical statistics are used to describe
such systems in information technologies. Chemical descriptions based on simple logic gates and
machine learning methods help explain the cascades of chemical systems and predict possible
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resource paths. Such descriptions will find future application in the robotization of chemical bio-
engineering.

We believe that a modern approach to the production of new knowledge should rely on inter-
disciplinarity. Solving actual problems with the involvement of chemistry, physics, mathematics,
and biology will be the main direction of science of the near future. From this point of view, info-
chemistry, which unites fields of knowledge such as physics, chemistry, and biology, is undoubtedly
at the forefront of scientific development. This developing field is faced with such urgent tasks
as the design of synthetic cells and smart dynamic and self-regulated materials, development of
devices for personal diagnostics, and nonlinear chemistry modeling.
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Abstract: Originally regarded as auxiliary additives, nanoparticles have become important
constituents of polyelectrolyte multilayers. They represent the key components to enhance mechanical
properties, enable activation by laser light or ultrasound, construct anisotropic and multicompartment
structures, and facilitate the development of novel sensors and movable particles. Here, we discuss
an increasingly important role of inorganic nanoparticles in the layer-by-layer assembly—effectively
leading to the construction of the so-called hybrid coatings. The principles of assembly are discussed
together with the properties of nanoparticles and layer-by-layer polymeric assembly essential in
building hybrid coatings. Applications and emerging trends in development of such novel materials
are also identified.

Keywords: nanoparticles; polymers; layer-by-layer; films; LbL; coatings; capsules

1. Introduction

Versatile LbL (layer-by-layer) polyelectrolyte multilayer coatings have steadily drawn the
increasing attention of researchers. This is driven by various factors including the versatility of the
approach and an extensive range of applications, which is steadily continuing to increase. Originally,
LbL was developed as planar layers [1]. In such an assembly [2], the structure of polyelectrolytes,
the influence of water, pH, and salts on the LbL assembly have been investigated Various interactions and
assembly methods [3,4] in the LbL assembly have been explored, including the electrostatic interaction,
hydrogen bonding [5], while micrometre thick films have been also developed [6]. The extensive
range of application of planar LbL coatings has included antifog [7] and ultraviolet (UV)-protective
coatings [7], cell adhesion and tissue engineering [8]. A fundamental understanding of the interaction
of polyelectrolytes has opened opportunities for versatile assembly of polymers incorporating diverse
building blocks. Nanoparticles (NPs) have been explored as components of the LbL assembly in earlier
publications [9–11] but their full potential has been recognised somewhat later, after enabling remote
opening, increasing the efficiency of the effect of ultrasound on affecting the polyelectrolyte coatings,
enhancing mechanical properties of capsules, extending the range of materials for sensors.
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Originally developed for planar structures and substrates, the LbL approach has been transferred
to spherical templates, which led to preparation of an LbL assembly freely suspended in water. This can
be done by applying the LbL coatings onto colloidal particles, and subsequently dissolving the colloidal
particle, which is also called a template for LbL assembly. The spherical shells, also called capsules,
enable the polyelectrolytes to be freely suspended in an aqueous solution: the substrate holding the
planar polyelectrolyte multilayers is thus not present. In this case, the zeta-potential of capsules can be
easily measured, and polyelectrolytes are bound to each other directly, without a substrate. As a result,
various stimuli can now be applied to control the LbL assembly [12], as it was shown, for example,
studying the influence of pH and salt on the interaction of polyelectrolytes [13,14].

In this overview, we describe progress in the area of polyelectrolyte multilayer capsules and planar
coatings with the emphasis on functionalization of LbL coatings with nanoparticles, which would
constitute the so-called hybrid (organic coatings with incorporated inorganic components) [15–20].
We analyse the assembly of polyelectrolytes on both planar coatings and polyelectrolyte multilayer
capsules. Furthermore, the assembly of nanoparticles is analysed, while the functionality of resultant
structures is also described.

2. Functionalization of Polyelectrolyte Multilayers—Organic versus Inorganic Building Blocks

2.1. Incorporation of Dyes in Layer-by-Layer (LbL) Coatings—Bringing Multifunctionality through Organic Moieties

Various materials [21] can be incorporated into self-assembled LbL coatings. Although charged
molecules have been traditionally employed in the LbL assembly, non-charged molecules or dyes can be
ordered in LbL films by means of chemical bonding or by carriers. Pyrene molecules were shown to be
incorporated in polyelectrolyte layers in a liposome-mediated process. In this regard, pyrene molecules
were encapsulated into poly(acrylic acid)-stabilized cetyltrimethylammonium bromide micelles
followed by LbL assembly of the micelles in a poly(diallyldimethylammonium chloride) (PDADMAC)
framework [22], where optical signal is detected by detecting optical resonances of light propagating
around a sphere, also referred to as whispery gallery modes. Moreover, the inclusion of dye into
nanocomposite LbL-assembled film was found to be a simple method to provide spectroscopic analysis
of stability (both structural and chemical) and adsorption properties of the film [23]. Additionally,
fluorescent dyes bound to non-fluorescent particles via LbL films were shown to generate a strong
whispering gallery modes signal for bioanalysis [24]. Incorporated in LbL layers electroactive dyes
have also received substantial attention. It was shown that the way to incorporate electroactive
anthraquinone dye to LbL films strongly influences its electrochemical properties and chemical
properties [25]. Metachromic cationic dye methylene blue was investigated for organization in the
LbL framework [26]. In addition, photocleavable chromophores [27], laser absorbing dye (IR-806) [28],
bacteriorhodopsin [29], phthalocyanine [30], porphyrin [31,32], and naphthalocyanine [33] have been
also incorporated in microcapsules for remote opening by laser light, but it was also noticed that
inorganic nanoparticles appeared to be much more effective laser light absorbers

2.2. Incorporation of Nanoparticles in LbL Coatings—Hardness Enhancement and Additional Properties
through Inorganic Building Blocks

Although nanoparticles have been perhaps most frequently used for LbL functionalization,
various nanostructured building blocks, nanocomposite films with nanoparticles embedded in the
layered structure have been shown to be a highly effective class of material to tune various properties
(among which mechanical stiffness) with a high accuracy [34], Figure 1. Various methods have
been used for LbL assembly with nanoparticles, where in addition to a dipping or incubation,
spin-spray LbL assembly [35], spin-coating [36], spray assisted alignments [37], and cross-linking after
infiltration [38] were used. Nanocomposite LbL films containing immobilized ZnO/SiO2 nanoparticles
were investigated to provide UV protection properties [39]. Alternating layers of cerium oxide
nanoparticles (CONP)/alginate were fabricated on top of beta cells via LbL exhibiting robust antioxidant
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activity and providing excellent protection to these cells upon exposure to 10−4 M of H2O2 without
affecting the metabolism of the cells [40].
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Figure 1. Schematics of incorporation of inorganic nanoparticles, nanowires and nanosheets in
layer-by-layer (LbL) assembly. Reproduced with permission from [34]. Copyright 2008 American
Chemical Society.

3. Planar LbL Coatings and Their Functionalization by Nanoparticles

Nanoparticles have been essential components of planar layers, where they were used for
enhancement of mechanical properties, remote activation, controlling the stiffness of the coatings,
for quantum dots incorporation and corrosion protection.

3.1. Enhancement of Mechanical Properties and Remote Acteivation of LbL Coatings

Mechanical stability of capsules and films plays an essential role in enabling practical applications.
The addition of nanoparticles would thus increase the shell stiffness. It should be added that the same
concept of strengthening mechanical properties of LbL by adding nanoparticles has been also shown
for planar coatings. In regard with mechanical properties of planar coatings, mechanical properties of
nanometre-thin [41] LbL films [42] (each LbL layer was reported to be 1–2 nm) resemble those of the
substrate on which they are assembled (often glass, metal or plastic). But thicker LbL films [43], with a
high molecular dynamic of polyelectrolytes [44], are rather soft, hindering cell growth in biomedical
applications. One way to increase the stiffness of the coatings is to use chemical cross-linking [45,46].
Another possibility to improve the mechanical properties and enable the adherence of cells on
the coatings is to functionalize the surface with metal nanoparticles [47]. Recently, particles and
nanoparticles have been used to stimulate cell adhesion on the planar and soft hydrogel coatings
relevant for osteoblasts and different types of cells [48].

3.2. Passive and Active Activation of LbL Coatings

Passively active coatings are those in which they or some of their components exhibit a certain
functionality. For example, alternating layers of hyaluronic acid–dopamine conjugate with silver
nanoparticles demonstrated a remarkable antibacterial [49,50] effect as well as improved adhesion,
proliferation, and viability of cells to the surface, which promoted the formation of an apatite layer
resembling bones [51]. In another example, incorporating of inorganic particles [52] into hybrid
(organic-inorganic) coatings enabled effective cell growth, which is seen of a particular importance to
various areas of tissue engineering [53].

An active functionality of nanoparticles was to functionalize the micrometre thick LbL coatings
with nanoparticles and use them as active absorption centres for remote laser action. Nanoparticle
functionalization of such a soft LbL coating is depicted in Figure 2 (left), where step-by-step assembly
is presented for non-aggregated (red) and aggregated (blue) states of nanoparticles. Choosing
proper aggregation state of nanoparticles and laser wavelength corresponding to the maximum
absorption of NPs, one can locally cross-link the surface of films exposed to laser, Figure 2 (right).
Even more drastic action of laser-nanoparticle interaction has been implemented in cell detachment [54],
differentiation [55], and cell death induction [56].
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An interesting uncomplicated way of polyampholyte Janus-like particles formation was shown 
recently [76]. There, sites of molecules with opposite charge were pooled apart. The polyampholyte 
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Figure 2. (Left) Kinetics of adsorption of non-aggregated (a–c) and aggregated (d–f) nanoparticles onto
biocompatible poly-L-lysine (PLL)/hyaluronic acid (HA) films. (Adsorption on (PLL/HA)24 films are
shown in (a–c), while adsorption on (PLL/HA)24PLL films is demonstrated in (d–f)). Ultraviolet–visible
(UV/Vis) absorption spectra of the supernatant solution during adsorption in (a) and (d) were recorded
at 15 min time intervals. Schematics of the interaction of nanoparticles and the films in non-aggregated
and aggregated states are demonstrated in (b) and (e), and the corresponding UV/Vis absorption spectra
of the films after nanoparticle adsorption are given in (c) and (f), respectively. (Right) Confocal laser
scanning microscope images of a (PLL/HA)24 film functionalized with aggregated gold nanoparticles
(a). The zoomed-in area shown in (b) was exposed to a near-infrared (NIR) laser leaving characteristic
dark spots, (c). The dark spots (c) affected by the near-IR laser can be also seen in the transmission
image, (d). The scale bars in (a–d) correspond to 15 µm. The technique described in (a–d) is used
to write MPI-KG (Max-Planck Institute of Colloids and Interfaces (German spelling)) (e), the scale
bar here corresponds to 20 µm. Reproduced with permission from [57]. Copyright 2010 Wiley-VCH
Verlag GmbH.

However, this is not the only functionality of the nanoparticles in the coatings—they can be also
used to control the masking for fabricating Janus particles.

3.3. Assembling Janus Particles and Capsules Using LbL Coatings

Janus particles have at least two different surfaces referred to one structural unit [58]. Interest in
Janus capsules is associated with a combination of delivery [12,59] for various therapies and self-propelled
micro-/nanomotor approaches [60–62]. Applied to the encapsulation process, Janus particles combine
different properties and provide a range of functions such as delivery, recognition, release of therapeutics,
enzymatic activity, physical and chemical sensing [63,64]. In particular, drug delivery is focused on:
(i) encapsulation of active chemicals [65], (ii) targeted delivery [66], and (iii) stimuli-responsive
release [12]. Therefore, approaches for Janus structure creation aim for a high loading capacity [67] via
hierarchical organization.

Methods for fabrication of the Janus particles can be grouped into three main approaches:
direct synthesis, chemical modification of particles at biphasic interfaces, and topographically
selective modification of particles [68–70]. Typically, the following methods are used for fabrication:
sputtering [71], gel trapping [72], microcontact printing [73], and masking [74]. Another example
of such an application is where nanoparticles were used to control the stiffness of the coatings,
which, in turn, were used as a substrate-template for assembly of Janus particles and capsules [75].
The embedding has been regulated by the stiffness of the coatings, which is proportional to the
concentration of nanoparticles incorporated into the surface of the coatings.

An interesting uncomplicated way of polyampholyte Janus-like particles formation was shown
recently [76]. There, sites of molecules with opposite charge were pooled apart. The polyampholyte
structure suggests that such Janus-like particles are dependent on both pH of the solution and its
temperature. To create biocompatible Janus polyelectrolyte particles with a high monodispersity, the
layer-by-layer technique was combined with multiphasic fabrication and patterned wettability [77].
Engineering self-propelled motors having a controllable speed can be of interest for many applications.
For example, it was suggested to use bubble propulsion to move Janus polyelectrolyte particles [78].
Janus microcapsules were formed by grafting polyelectrolyte salt-responsive brushes onto preformed
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(poly(styrene sulfonate) PSS/(polyallylamine hydrochloride) PAH)4 microcapsule protected from one
side. Depending on the presence of chlorate and polyphosphate anions brush modulation between
hydrophobic and hydrophilic configurations was achieved. Upon gradually changed ion concentration,
brushes could partially change their state, thereby adjusting the speed of the particle. In other words,
it was possible to create particles with continuously propagating with adjustable speeds completely
autonomously due to the surrounding chemical concentration gradients in the solution.

Recently, near-infrared (IR) irradiation was used to induce propulsion of Janus motors [79].
There, the particles constructed with erythrocyte membrane-cloak were used to ablate thrombus.
Positively charged chitosan and negatively charged heparin were assembled using the LbL approach
for building biocompatible and biodegradable capsules. The sensitivity to near infrared irradiation
of capsules was achieved by using a sputtered gold layer on a part of the capsule. We note also
that other polyelectrolyte systems modified with Au, e.g., hyaluronic acid (HA)/poly-L-lysine (PLL)
(HA/PLL)12 [75], became sensitive to near-infrared irradiation. Due to asymmetric coverage of particles
with gold IR irradiation crates a local thermal gradient. That led to self-propulsion of the particles, based
on thermophoresis effect. Consequently, the intensity of the irradiation directly influences the motile of
the particles up to on-off switching behaviour. Besides Au, other nanoparticles, e.g., Pt, and enzymes,
were assembled to self-propel capsules [80,81]. In addition, bending and rotational motions of
micromotors were also implemented [82] in polymer tubes with poly(allylamine hydrochloride) as
positively charged and poly(acrylic acid) as negatively charged polyelectrolytes. Alkaline treatment
of one longitudinal side of the tube leads to asymmetry in action (swellability), thereby providing a
bent motion. When placed in a fuel solution, such supramolecular structure demonstrates bending
for soft connector tubes, and stable rotation for rigid angled ones. In addition, the connection angle
determines the rotation velocity. It was noted that such structures could find their application in micro-
and nano-machine engineering and biomedicine, such as microscale surgery and drug delivery.

Systematic description and comparison of the influence of grafting density onto interface
properties [83] showed that swelling on planar and curved substrates upon changing of grafting density
behave in different ways. In other applications, moving Janus capsules was suggested for separation
of organics [84], where a reversible adsorption of organic dye by multilayered polyelectrolyte structure
was shown. Thus, it is claimed to adsorb about 90% of dye species at pH higher than 9.0 and to
release them back at the neutral pH value. The adsorption process is presumably ruled by electrostatic
interaction of positive sites of polymer structure and the anionic form of dyes. Application of the
above structures in water analysis has been proposed. Contrary to the approach used in classical drug
delivery [85], a method of HeLa controlled transportation of cells was also presented. The system is
based on relatively known and popular bubble-propelled particles, constructed of polyelectrolytes.
It is reported that cells survive both the Janus particle attachment and subsequent movement in 5%
H2O2 solution for over 20 min. A magnetic field is also claimed to be guideline technique by tuning
the friction of moving object. Thereby, up to 90% of moderation could be achieved. Similarly, a high
suitability of anisotropic shell for cell or cellular compartments has been also highlighted [86].

Janus capsules coated with leucocyte membranes were proposed as the possible treatment of
some cancer cases [87]. The photothermal effect combined with a rapid water evaporation was
used to deliver and attach capsules to the cancer cell wall and subsequently induce a damage to
cells. Another publication [88] also highlights the possibility of coating Janus particles with leucocyte
membrane to adhere to cancer cells. The second step of phagocytose is also observed for such cells
labeled by Janus particles. Janus particles constructed to exhibit thermophoresis were applied for
welding of mouse tissue via infrared laser heating [89] with the photothermal heating confined on
single particles. Eventually, mechanical restoration of welded mouse tissue was proved with a set of
mechanical characterization techniques.

Nanoparticle functionalization of planar LbL coatings has been shown to play an important role
in controlling the patches of Janus particles and capsules, but nanoparticles have been also directly
applied to release adsorbed materials on the surface coatings [90].
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3.4. Corrosion Protection of the Coatings

Application of polyelectrolyte layer-by-layer deposition spurred interest in the field of corrosion
protection as a possible way to replace toxic Cr(VI)-compounds [63]. One of the main advantages
of polyelectrolyte structures is their light, pH, and humidity responsiveness, which would enable a
self-healing process by changes of environment that existed at the beginning of the corrosion. Such a
system seems to be useful both for steel alloys [91] and non-ferrous materials [63,64,92–94].

The protective layer can consist of pure polyelectrolytes [92] (optionally with corrosion protective
additives) and could be multi-layered with sol-gel [64] and/or corrosion inhibitor coatings [91]. The more
sophisticated way is based on creation micro- and nanocapsules with PE coatings. Capsules can be
templated (the template is the dissolvable core) on SiO2 particles [63,93,95], TiO2 nanoparticles [95],
nanotubes, and pure polyelectrolyte nanocapsules [96,97]. Different corrosive protection substances,
such as benzotriazole [64,93–95] and its derivatives [97], and monomers for filling scratches for further
induced polymerization, could be loaded inside these capsules. They are then incorporated in a more
complex matrix such as sol-gel [93,95,98], epoxy [97] coatings, or polyelectrolyte multilayers [96].
Combined, these structures demonstrate mechanical strength, corrosion protection, and self-healing
processes [99], triggered by initiation of corrosion or laser irradiation.

We highlight here the development of light-sensitive capsule-based active materials [95,100–102].
The principle of the approach is shown in Figure 3. Corrosion mitigating inhibitors encapsulated
in the capsule with mesoporous core and light-controlled permeability of the shell have been used
for developing coatings with self-healing functions, which are enabled by controllably releasing
the inhibitor upon exposure to laser (infra-red) irradiation. Titania nanoparticles [100] can provide
multilayers with photosensitivity. Thus, titania was used both as containers for loading benzotriazole
(BTA) for corrosion inhibition and as photosensitive agents. Such capsules were then covered with
polyelectrolytes, and they released inhibitor upon UV light irradiation.Coatings 2020, 10, x FOR PEER REVIEW 7 of 28 
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Figure 3. (a) Scheme of light-responsive protective coating. Luminescent confocal images of
polyelectrolyte containers with titania cores incorporated into SiOx-ZrOx films. The images are
obtained (b) before and (c) after UV irradiation. The particles in the figures correspond to aggregates of
nanocontainers. Three-dimensional (3D) maps of the ionic currents above the surface area correspond
to a mechanical defect in sol-gel coating loaded with TiO2(benzotriazole)/(PEI/PSS)2 containers: (d) at
the beginning moment on the artificial defect; (e) after 64 h of corrosion; (f) is (e) after UV-irradiation
and inhibitor release. Solution: 0.1 M NaCl. Reproduced with permission from [100]. Copyright 2009
The Royal Society of Chemistry.
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The conformational structure of polyelectrolytes depends on the pH of the environment.
Thus, change in pH for certain configurations will result in different permeability of the structure.
Thereby, the system could demonstrate both self-healing and self-regulation behaviour when pH
changes due to corrosion process starts self-healing process. The reversible changes of polyelectrolyte
permeability could be explained by locally changed pH of the solution, as the consequence of
photocatalytic degradation of water on the titania. The end of irradiation or corrosion cause thus system
relaxation, and particle returns to their initial structure. Visualization of local pH gradient is possible
by model physico-chemical properties—scanning ion-selective electrode technique (SIET) [103–105].

The inclusion of metal nanoparticles via LbL procedure enabled the synthesis of materials for
unusual applications too. Electroactive (2 nm in diameter) polyelectrolyte-capped Pt nanoparticles
assembled into LbL arrays have been used in catalytic production of H2 [106]. Photocatalytic
reduction [107] of noble metal particles on titania core [95] leads to dual-wavelength responsiveness:
in the UV to near-IR regions of electromagnetic spectrum. It is possible to regulate photocatalytically
(auto-catalytic) waves of enzymatic reactions [108], switch biofilm fluorescence [109], build a platform
for a chemical logic device [110], and perform sustainable diagnostics [111–113]. The trend in the
field of encapsulated systems is to combine different functions in one capsule matrix. One such
functionality is to control the release of biocides together with corrosion inhibitors [114], while a
prospective approach can lead to building self-regulating biocide systems [115].

3.5. Development of Sensors and Biosensors Based on Layer-by-Layer Assembled Coatings

Gold nanoparticles (AuNP) embedded into the polyelectrolyte matrices on the top of optical fibre
exhibited a high accuracy pH sensing functionality based on the localized surface plasmon resonance
(SPR) [116]. Measurement of pH shifts [117] was also implemented by incorporating gold nanorods,
by detecting the surface plasmon shift of dispersed nanorods upon pH rise [118]. In another application,
starch-stabilized silver nanoparticles in 3-n-propylpyridinium silsesquioxane chloride matrices were
shown to function as SPR-based electrochemical sensors [119].

Hybrid materials assembled using carbon nanotubes and polyelectrolytes were shown to operate
as effective membranes for the separation and rejection of ions [120]. Furthermore, the high electric
conductivity of carbon nanotubes in a polymer framework allowed the development of multi-walled
carbon nanotubes-based thin film electrodes transparent in the mid-IR (infrared) range [121].

It can be mentioned that sensory functions in planar coatings [122], Figure 4, represent a
complementary area to those broadly implemented by polyelectrolyte multilayer capsules [123–125].
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3.6. Other Nanostructured Inorganic Building Blocks in LbL Planar Coatings

Recently, a variety of materials were applied to design advanced LbL coatings. Quercetin-loaded
tripolyphosphate nanoparticles were ordered in a film (by an alternative with hyaluronic acid) resulting
in a multilayer film capable to improve anticoagulation performance of surfaces [126]. Polysaccharides
and nanogels were employed in polyelectrolyte multilayers proving that the presence of nanogel
particles is beneficial for construction of a drug depot system [127]. Linear photochromic norbornene
polymers assembled in LbL films exhibited a drastic decrease of the merocyanine band under a
prolonged white light irradiation that potentially could be employed as photo-controlled drug depot
system [128]. Bioactive thin films were prepared via encapsulation of biomacromolecules such as an
enzyme (beta-lactamase, BlaP) into aluminosilicate halloysite nanotubes and their subsequent use for the
fabrication of enzymatic coatings by LbL that potentially could act for effluent decontamination [129].

Application of quantum dots (QD) in capsules makes it possible to bring multifunctionality of
encapsulation processes and sensor capabilities. Easily adjustable luminescence of QD has a high
potential for applying QD-containing polyelectrolyte-based coatings and capsules for biological,
particularly medical, and materials science as devices and theragnostic agents [130]. There are two
trends in design of composite materials based on quantum dots and layer-by-layer technique. In the
first approach, QD are incorporated into layer-by-layer films, Figure 5. For application of LbL technique,
QDs are usually chemically modified with thioglycolic acid (TGA) [131], mercaptopropionic acid
(MPA) [132], or mercaptoacetic acid (MAA) [133], and they have a negative zeta potential when
cysteamine is applied [132].Coatings 2020, 10, x FOR PEER REVIEW 9 of 28 
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Figure 5. Schematic for the preparation of all-quantum dot (QD) multilayer films based on spin-assisted
layer-by-layer assembly by sequentially depositing oppositely charged QDs (blue QDs and red QDs
represent negatively charged QDs (QD-mercaptopropionic acid (MPA)) and positively charged QDs
(QD-cysteamine (CAm)), respectively). Reproduced with permission from [132]. Copyright 2010
American Chemical Society.

The first approach has been conducted by reducing the toxicity of QDs, stabilization of dispersity,
and optimization of distribution, while the QD optical properties were unaffected [134]. CdSe is
the typical material for quantum dots, which are used for layer-by-layer coating functionalization.
For example, MAA-treated QDs were coated by alternatively applying polyallylamine and polyvinyl
sulfonic acid [133].
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Materials prepared by the second approach find applications in designing flexible, organo-electronic
devices [135]. Stabilization of QDs with polyelectrolytes provides the possibility of the energy transfer
between bilayers of the charged polymers. The resulting film is reported to be sensitive for the detection
of paraoxon [136] or deltamethrin. Incorporation of QD with graphene NPs in an alternative stacking
manner in the PAH layers [137] leads to augmentation of the separation of charges and transport in
GNs–CdS QDs composite film. A drawback of such methods is that CdSe nanoparticles undergo
photooxidation in the polyelectrolyte matrix.

The LbL-assembled polyelectrolyte capsules can be functionalized with QD as biocompatible
fluorescent agents for live-cell targeting [138–140]. In this case, polyelectrolyte film decreases the
typical cytotoxic effect of the QD with the fluorescence properties remained. For example, compared to
empty PLL/polyglutamic acid (PGA) capsules that do not influence the cell viability, CdTe- labelling
of the same capsules displayed a higher cytotoxicity, but lower compared to pure CdTe QD [140].
A prospective field of engineering structures with semiconductor nanocrystals involves construction
of complex ordered building blocks similar to those used in photonic crystals. Thus, demonstrated
luminescence in both the IR and visible ranges from CdTe and HgTe [141] could be a starting point for
development of sophisticated optoelectronics and optical telecommunications devices.

Biologically active QD-based hybrid nanocrystal/polyelectrolyte structures with an outer layer of
anti-immunoglobulin G (anti-IgG) were shown to render some bio-specific properties to particles [142].
Considering the interesting info-chemistry [143,144], the optical coding and multiplexing can be
achieved at different wavelengths and intensities by bringing in QDs in polyelectrolyte multilayers.
To achieve that effect, it is possible to create bits of information by tuning the amount of red,
green, and blue QD for achieving some characteristic colour ration. Combining these structures with
some receptors makes it possible to identify various bio-processes [145], while gradient coatings [146]
can stimulate combinatorial studies [99,147].

LbL were also functionalized by carbon-based fillers [148]. Polyelectrolyte-assisted layer-by-layer
fabrication of carbon-containing coatings was proposed to order carbon fillers providing superior
properties of the films. The unique combination of carbon materials properties together with versatility
of the LbL assembly allows fabrication of multifunctional nanocomposite materials with improved
mechanical, optical, thermal, electromagnetic, electrochemical properties [149]. The unique properties
of graphene enabled high-performance capacitors and effective electromagnetic shielding [150]. A wide
range of coatings functionalized by carbon fillers is aimed at the development of materials with a
gas barrier function [151]. The change in permeability of microcapsules tuned by graphene oxide
was also applied in drug delivery to reduce the permeability of low molecular substances [152].
Furthermore, coatings can be obtained on surfaces with complex shapes to provide additional
functionality, for example, coatings containing arrays of closed cavities can be obtained (so-called
microchambers) to store and release functional cargo in a controlled manner. Functionalisation of
microchambers by graphene oxide enabled release on demand by near-infrared (NIR) laser in the
“therapeutic window” [153], Figure 6. An unusual application of graphene oxide was shown by the
binary hybrid-filled LbL coatings, composed of graphene oxide and β-FeOOH nanorods, which enabled
the reduction of flammability of polyurethane foams [154]. AuNP assembled in unconventional LbL
architectures enabled analysis of hybridization reactions with the ssDNA monitored via methylene blue
as the electrochemical indicator. Such an architecture was used as DNA electrochemical biosensors [155]
along with Pd nanoparticle-based RNA biosensor [156].
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Figure 6. SEM (scanning electron microscopy) images of LbL-assembled microchambers constructed
from a pure polyelectrolyte film (a) and functionalised by graphene oxide (b,c) and its corresponding
confocal laser scanning microscopy (CLSM) image (d). Reproduced with permission from [153].
Copyright 2018 Wiley-VCH Verlag GmbH. (e) Schematics of the layered functionalization of
microchambers by polyelectrolyte polymers and graphene.

In addition, carbon nanotubes and carbon-based fibres exhibit anisotropy upon ordering—a
property useful in some applications, for example, in porous membranes [157]. It can be noted
that many essential properties of LbL coatings, and particularly their permeability [158], depend on
the concentration of polyelectrolytes, which was studied by the tangential streaming potential
revealing that higher concentrations of polyelectrolytes are preferred for an effective adsorption [159].
In addition, some other nanostructured blocks, which extend functionalities of LbL coatings, include
halloysites [160,161].

4. Spherical LbL Capsules and Their Functionalization by Nanoparticles

Nanoparticles have become an integral part of LbL assembly and have been also coated by
LbL [162–164] and brushes [165] for producing nanocapsules, but frequently nanoparticles are
incorporated into the shell of capsules and microcapsules. Many materials have been applied to
functionalize multilayer capsules to control the surface properties of the shells; these include metal
and magnetic NPs, carbon-based materials (graphene, nanotubes) click moieties, polymers as well as
other biomolecules including proteins, peptides, nucleic acids, enzymes, etc.

4.1. Nanoparticle Incorporation into the Shell of LbL Capsules

Among various polymer-nanoparticle capsule systems, metal nanoparticles have been used
most frequently [166,167]. AuNP were used as light-absorption centres of NIR light—the property
used for release of encapsulated material from capsules. Alternative deposition of polymeric and
AuNP layers in hybrid capsules, as shown in Figure 7 led to the possibility of an enhanced Raman
microscopy-based detection [168]. The schematic of a capsule with alternatively deposited polymeric
layers and nanoparticles is shown in Figure 7G. Another type of nanoparticle, LaVO4:Ln3+, has been
used in polyethylene glycol (PEG)-functionalized or PEGylated polymer capsules fabricated using
the LbL assembly for internalization by cells [169]. Dextran polymers with ferrocene or azobenzene
groups were used for changing their electrical properties and conformational states reversibly with the
aim to develop nano-capsules with on/off switching capabilities [170].
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Figure 7. SEM images of (A) CaCO3 microparticles containing fluorescein isothiocyanate (FITC)-dextran
before LbL-coating and (B) after coating with four bilayers AuNP/PAH (polyallylamine hydrochloride).
(C) SEM image of hollow (AuNP/PAH)4 capsules obtained after the dissolution of the CaCO3 core.
(D) Confocal microscopy image of FITC-dextran filled (AuNP/PAH)4 capsules. (E) TEM (transmission
electron microscopy) images of a hollow (AuNP/PAH)4 capsule and (F) the periphery of a hollow
(AuNP/PAH)4 capsule at a high magnification. Reproduced with permission from [168]. Copyright 2007
Wiley-VCH Verlag GmbH. (G) Schematic of a hybrid capsule with alternatively deposited polymeric
layers (green) and nanoparticles (blue/pink) described in (A–F).

Besides metal nanoparticles, silica provides a physically robust, inert substrate with a strong
resistance to damage when compared to bare polymer additives. The hybrid materials formed
from hydrophilic polymers coated with thin silica layers are remarkably rigid and, at the same time,
are capable of surface modification. Thus, straightforward and adoptable silane coupling reactions
allow for functionalization of the surface while preserving the functionality of the core [171,172].

4.2. Supramolecular Functionalization and Click Chemistry

Supramolecular functionalization spurred development of the so-called “smart polymers” leading
to new functionalities such as the reversibility of non-covalent interactions. Such functionality is
expected to extend the range of stimuli for controlling the LbL assembled polymers [2]. Another enabling
technology is click chemistry.

Click chemistry is the method of adding click-functionality to polymers with capability of
forming covalent bonds within the polyelectrolyte multilayer films. This technique is applicable
not only to polymers, biopolymers, proteins, but also to NPs. High stability and excellent
physicochemical properties are some other advantages of LbL assembled using click chemistry.
Polyelectrolyte multilayer films and capsules assembled using the ‘click’ chemistry have excellent
biocompatibility which is particularly sought in drug delivery and tissue engineering [173]. An example
of nanoparticle/polyelectrolyte multilayer assembly with click functionality is silver nanoparticle
functionalized poly(N-isopropylacrylamide) (PNIPAM) nanocapsules, which were prepared combining
the surface-initiated atom transfer radical polymerization (ATRP) and “click” chemistry approaches [174].

Fabrication of thin multilayer films was reported based on the ‘click’ chemistry approach possessing
azide and alkyne modified poly(acrylic acid) [175]. Furthermore, biodegradable capsules were shown
to be attractive candidates for biomedical applications [176]. Another example is poly(acrylic acid)
(PAA) synthesized with alkyne (PAA-Alk) and azide (PAA-Az) moieties alternately deposited on silica
particles and transformed into capsules by dissolving the silica template. Such capsules were shown to
be pH-responsive confirmed by their reversible size changes upon cycling between basic and acidic
solutions [177].
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4.3. Release from Microcapsules by Laser Light, Magnetic Fields and Ultrasound

Laser light activation. Heat generation is at the core of the second law of thermodynamics and
it drives various chemical reactions and processes. Applied to polyelectrolyte multilayer films and
capsules, volume (global) heat is used to encapsulate molecules, but the local heating is used for the
release from capsules [178]. Light-induced heat generation can be employed for opening of capsule
shells and release of encapsulated molecules [28,179], which is particularly interesting for intracellular
release, [180] multi-substance delivery [181] or endosomal escape [182]. This is because nanoparticles
incorporated into the shells of capsules have been shown to control remotely by laser light [183]
treatment of capsule shells modified by metal nanoparticles, heat is generated around NP causing a
complete rupture or a permeability change of the capsule walls [184,185]. In this way, the remote release
of tagged proteins from silver alginate microcapsules was demonstrated in vivo [186]. Silver-grafted
poly-methacrylic acid, sodium salt (PMA) capsules loaded with an anticancer drug sorafenib tosylate
(SFT) were used for controllable laser-induced release [187,188].

Various parameters (including the distribution of nanoparticles, which can be controlled by
direct in-situ synthesis [189,190], their aggregation state, the power of illuminating laser) affect the
responsiveness of the capsule to illuminating light. Aggregated NPs absorb more laser light, due to an
increased absorption, generating more heat, thus lower laser powers are needed to achieve the release.
At lower light intensity, the microcapsule shell is minimally affected upon the release of encapsulated
cargo, and under some conditions (a low nanoparticle concentration on the polyelectrolyte multilayer
shell and minimal laser intensity) the polymeric shell is not affected upon release. Various functionalities
have been achieved upon releasing encapsulated drugs, including direction-specific release [191].

Graphene oxide functionalized microcapsules exhibited photothermal response and enhanced
permeability of the shells by NIR laser treatment [192]. Polyelectrolyte microcapsules modified by
photodynamic dye (zinc phthalocyanine) via thermal treatment were shown to provide selective
therapy after internalization into cancer cells under treatment by NIR laser [193]. Also, microcapsules
functionalized by single-wall carbon nanotubes were shown to release drugs in response to the NIR
laser [194]. Emulsions have been also widely used for LbL coating [195]. Furthermore, microcapsules
with a layer of AuNP fabricated by the oil-in-water Pickering emulsion method were proposed as
biomedical theragnostic systems due to photothermal and sensor functionality [196].

Ultrasound effect. The use of ultra-sonication in medical applications has proved its effectiveness and
opens a venue for the release of cargo without affecting healthy tissues, and that has been demonstrated
both in vitro and in vivo. The disruption of the microcapsule shells occurs as a result of a cavitation in
liquids under the action of ultrasound waves with a frequency of higher than 20 kHz. Ultrasound
wave passing through a sound probe induces the formation of air micro-bubbles, which oscillate in
the surrounding fluid and, finally, are destroyed, causing cavitation and the concentration of high
energy in the fluid [12]. Applicability of ultrasound for nanoparticle-modified capsules opening has
been widely investigated [197–199]. Recently, opening of metal NP-containing microcapsules was
demonstrated by means of ultrasonication with parameters corresponding to those used in medical
applications [200,201]. Ultrasound was also applied to release encapsulated materials from silver
alginate hydrogel containers [202]. Polyelectrolyte microcapsules functionalized with magnetite and
silica nanoparticles were shown to be raptured by high-intensity ultrasound and compared to each other
enabling the conclusion that magnetite-based microcapsules are the most sensitive to sonication [203].

Furthermore, PAH/ PSS microcapsules containing nanoparticles in the shell were investigated
in terms of sensitivity to ultrasonication in dependence on the location of magnetite within the shell.
It was shown that capsules with iron oxide nanoparticles are readily ruptured [204]. Most ultrasonic
approaches induce rapture of capsules via cavitation bubbles which means the unidirectional release
of cargo. However, large capsules (above 300 µm) were shown to release cargo in a controllable and
direction-specific manner by application of conventional ultrasound at frequencies between 1 and
4 MHz and intensity of a few W/cm2 [205].
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Hydrogel-based multilayer microcapsules composed of poly(methacrylic acid)/poly(N-vinylpyrrolidone)
were shown to release cargo in response to ultrasonic treatment even without additional
functionalization by nanoparticles enabling the release of 7 kDa G-quadruplex DNA [206], which was
found to maintain their secondary structure. But addition of nanoparticles would further stimulate
ultrasound based release, because they increase density in the walls. In addition, carbon dots synthesis
within polyelectrolyte shell obtained via the hydrothermal method in the presence of the carbon-reach
precursor was shown to stimulate ultrasound induced release [207].

Magnetic field-generated release. Biological tissues are transparent to magnetic fields which open
a venue for designing targeted drug delivery systems based on microcapsules functionalized by
magnetic nanoparticles facilitating the release of cargo in response to the magnetic field. For example,
authors [208] observed rotation of (Co@Au) NPs coated by ferromagnetic gold imbedded into PAH/PSS
shells under treatment by the magnetic field at 100–300 Hz. That accompanied by disruption of the
shells and drastic increase in permeability of the capsules for model cargo fluorescein isothiocyanate
(FITC)-labelled dextran.

Magnetic fields were shown not only to rapture magnetically responsive microcapsules, but also
to enable delivery of microcapsules at a designated site or within a cell. Non-directional cell migration
of phagocytosing cells was significantly inhibited when the cells were put in a magnetic field.
Also, magnetic fields were used to retain magnetite containing microcapsules under flow conditions
at the physiologic wall shear stress of 0.751 dyne cm−2; under such conditions, release of drugs was
achieved for more than 30 h [209]. Release of a model drug (doxycycline) was demonstrated by
manipulating the permeability of microcapsules without causing a significant damage to the capsule
shells. This was achieved as a result of a long-term treatment of the capsules by low frequency [181]
alternating magnetic fields as a non-cytotoxic intracellular trigger [210].

Magnetic prednisolone microcapsules exhibiting the loading capacity of ~18% and encapsulation
efficiency of up to 63% were successfully delivered to arthritic joints followed by prolonged drug
release of 88.3% over 36 h [211]; 18 nm iron oxide cubes were embedded into the polyelectrolyte shell
to exhibit photothermal effect followed by the release of the model drug in response to treatment by
an alternating magnetic field [212]. Poly-L-lysine/poly glutamic acid nanocapsules functionalized
by Fe3O4 nanoparticles were employed to mediate the hyperthermia effect from the radiofrequency
magnetic field with maximum fields up to 0.025 T and frequencies up to 430 kHz, which led to
increasing temperatures at the rate of 0.46 ◦C/min accompanied by disruption of capsule shells [213].
In addition, polyelectrolyte multilayer capsules functionalized with lipids were used for release upon
application of a magnetic field [214].

Magnetic NPs have shown greater cytotoxicity in comparison to microcapsules containing an
equivalent amount of magnetite [215]. Moreover, nanoparticles embedded into the shell lead to the
remediation of organic compounds within the capsules [216].

4.4. Strengthening of Mechanical Properties of LbL Microcapsules by Nanoparticles

The mechanical stability of capsules [217] is one of the most important conditions for using
them as delivery carriers. Various approaches have been used for mechanical characterization of
capsules, including application of AFM (atomic force microscopy) for single-capsule measurement [218].
Polymeric microcapsules can be either strengthened by adding nanoparticles or, alternatively, another
strategy can be considered where they would resemble red blood cells [219], because both carriers
represent potent delivery systems [220]. It should be noted that particle elasticity and drug/intracellular
delivery data point to a rather complex connection [221]. Additional studies of the elasticity of capsules
involved atomic-force microscopy and Raman imaging confocal microscopy [222]. A method to handle
agarose gel beads covered with assembled inwardly interweaved poly(allylamine) and poly(styrene
sulfonate) was proposed [223], where an AFM colloidal probe technique was applied to measure
elastic properties of capsules. To monitor the influence of the composition of mechanically deformed
polyelectrolyte reflectometry techniques are useful. Thus, by analysing electron density and scattering
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length density it is possible to find the thickness and density of the material. Overall and internal
transformations are investigated via neutron and X-ray reflectometry, respectively [224]. Compared to
classical measurements, which are dependent on the contact area, rheology investigation via pendant
capsule elastometry has a number of advantages, since in this method there is no contact with capsules
in situ, while surface tension provides information about viscoelastic properties of capsules [225].
A reference to software program written in C/C++ for analysis of pendant capsule elastometry data is
also provided in [225].

There are several ways to overcome the challenge of capsule mechanical strength enhancement.
Varying the number of polyelectrolyte layers, the molecular weight of polyelectrolytes, applying a
thermal shrinking as well as nanoparticles incorporation were used for enhancing mechanical properties
of polyelectrolyte shells. Increasing the number of polyelectrolyte layers is the simplest method to
enhance mechanical stability [223,226], where the elastic modulus was reported to increase from to 10
to 190 kPa (and even higher) by creation of the corresponding shell structure of 10–24 µm or thicker.
Polyelectrolyte molecular weight affects mechanical properties of capsules, and that was demonstrated
for PDADMAC (molecular weight (MW) 13 kD) assembled with PSS (MW 70 kDa). The study is
based on the axisymmetric shape analysis in the process of hydrostatic inflation with varying sodium
chloride concentration in water [227] and demonstrates salo-plasticity. In other words, the higher
the concentration of the salt, the higher the plasticization of assembled polymers. At certain point,
type of response to deformation changes from elastic to plastic one. The complexation charge transfer
from intrinsic to extrinsic lead to restoration of polymer mobility. That, in turn, results in a liquid-like
interface, which is experimentally observed upon load. Another empirical fact is that the structure with
a higher MW demands lower concentration of salt for plasticization. To rephrase it, a higher molecular
weight leads to a lower melting point. That can be attributed to fewer electrostatic cross-linkages.

Crosslinking affects the mechanical properties of a capsule. For example, it was shown recently
that synthesis of hollow polyelectrolyte capsules with ultraviolet-B-induced crosslinking was achieved
by inclusion of thymine pendant groups in polyelectrolyte molecule [228]. One more recent example
includes investigation of capsules crosslinked via amino/betaine dual-functional copolymers, also used
for cell encapsulation [229]. Genipin-crosslinked capsules are significantly more stable as pipette
aspiration tests showed. Thus, to simulate immune recognition a protein adhesion was carried out,
where capsules were treated with FITC-labelled bovine serum albumin (BSA). The results show fine
mechanical stability and very low binding of BSA to genipin-crosslinked capsules. Finally, sodium
polyphosphate was used as a cross-linking agent for chitosan-modified cellulose capsules [230].
Hydrogen bonding affects the mechanical properties of capsules. For example, mechanically robust but
soft spherical capsules based on a hydrogen-bonded (poly(N-vinylpyrrolidone) and (poly(methacrylic
acid) were recently proposed [231]. The mechanical properties of capsules were evaluated via the
method of osmotic pressure difference. The resulting elasticity lay in the range of Young’s modulus that
is common for elastomeric networks and was measured to be 97± 8 MPa. The deformation was induced
by the osmotic pressure due to polystyrene sulfonate addition to the solution. Thus, hydrogen-bonded
capsules showed recovery close to their initial shape within 12 h after the rinsing off the PSS.
Investigation showed that capsules were capable of withstanding large deformations. This feature
seems to be essential for the creation of adaptable delivery particles.

The approach of thermal shrinking of capsules [232] has been widely used for encapsulation of
molecules and recently of enzymes [233], which found the optimal temperature for the encapsulation of
enzymes. Temperature-dependence (in the range from 20 to 70 degrees ◦C) of mechanical properties of
capsules (filled with air, oil, and water) was also studied by AFM [234]. Water significantly influences
the thermal transition, e.g., as it was observed for PDADMAC)/ PAA complexes [235], where the
glass-transition temperature was investigated by differential scanning calorimetry. This thermal
transition occurs at a lower temperature when hydration is increased and/or complexation pH is
decreased. Nevertheless, for some systems the thermal transition appears to be only water dependent.
Therefore, a hypothesis for the thermal transition (T-tr) was proposed involving are two steps of
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hydrated capsule thermal transition. Both T-tr are due to restructuring of hydrogen bonds in the
water-polyelectrolyte system and subsequent chain relaxation.

Although research on LbL planar coatings often preceded that on polyelectrolyte capsules,
strengthening the capsule by nanoparticles was reported quite early. Indeed, strengthening of mechanical
properties of capsules was performed by introduction of gold nanoparticles into the polymeric layers
assigned to the introduction of an inorganic components and the formation of additional linkages of
polymers [236]. Other examples of incorporation of nanoparticles include carbon nanotubes [237],
graphene oxide [238], high stiffness cellulose nanofibrils [239], iron oxide nanoparticles [240], etc.
It should be noted that the suspension of polyelectrolytes in polyelectrolyte multilayer capsules allows
for a very sensitive assessment of polyelectrolyte multilayer properties [236].

4.5. Other Nanostructured Inorganic Building Blocks in LbL Microcapsules

Employment of carbon nanotubes as a filler in composite shells of polyelectrolyte microcapsules
allowed reinforcement of their mechanical properties and tuning barrier properties together with the
possibility of controlled opening by a NIR laser [237,241]. The conductivity of the polyelectrolyte films
was also shown to be increased by carbon nanostructures (so-called carbon dots) via in situ “green”
synthesis [242]. A similar procedure was applied to polyelectrolyte capsules in order to provide bright
fluorescence induced by biocompatible carbon nanoparticles [207].

5. Conclusions and Perspectives

At the beginning of research on layer-by-layer assembly, nanoparticles carried rather auxiliary
functions. In fact, they were simply other additives among available building blocks. This is evidenced
by the first published results, where the focus lay on understanding the assembly and properties, and to
a much lesser degree were applications investigated then. But during later research and development
phases, nanoparticles emerged as key enabling components, which drove advances and pushed the
development of many applications.

Nowadays, nanoparticles are broadly used in the LbL assembly, which serves as a matrix to order
functional components in a predetermined manner with a high spatial resolution. This enables a
variety of functionalities from smart coatings to drug-delivery systems. Introducing nanoparticles
of a different nature into polyelectrolyte matrices is shown to produce alternative materials with
superior properties for optical applications (light-emitting materials, light-harvesting materials),
sensors, smart coatings including those with anti-corrosion function and improved mechanical
properties or barrier function. These advances enabled the fabrication of multifunctional drug
carriers with controllable and switchable parameters for advanced coatings in response to external
stimuli. Several publications demonstrated possibilities of creating carriers for theranostics based on a
combination of sensing properties with responsiveness towards external stimuli of different natures.
For hybrid coatings containing nanoparticles, external stimuli have been also shown to control the
surface cross-linking, its mechanical properties, corrosion functionality, etc.

Some disadvantages of adding nanoparticles are also identified. First, adding nanoparticles
increases the costs and may prolong the time required for the LbL assembly. In addition, and
specifically for biological applications, potential biocompatibility issues need to be addressed for
some specific types of nanoparticle, for example for semiconductor quantum dots. But advantages of
adding nanoparticles or nanocomponents are experienced particularly at a larger scope of applications.
That is why the advantages of adding nanoparticles and nanocomponents completely outweigh these
potential disadvantages.

Assessing future trends of research and development activities, one can say that nanoparticles
have become indispensable components of the LbL assembly. Although some challenges remain for
solving issues related to the circulation of drug carries within the body, targeting them to the site of
interest, designing advanced coatings controllable by various stimuli, developing mechanisms for
sensing physico-chemical parameters, and adjusting the influence of the system response to external
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stimuli. Research work is underway to develop truly advanced coatings both on spherical and flat
interfaces. In this regard, the LbL-assembly has proved to be a very versatile method assembly of
coatings with an enormous potential for control of their properties and a rich mix of stimuli available
for achieving that. Many scientific groups are working on this subject and many of those groups have
had links and have been influenced by Helmuth Möhwald [243], whose dedication, profoundness,
and accommodating way of thinking have encouraged many of his students, collaborators, followers,
and researchers. His inspiration has influenced development in this area and will certainly do so in
the future.
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ABSTRACT: This article summarizes more than 10 years of cooperation with Prof.
Helmuth Möhwald. Here we describe how the research moved from light-regulated
feedback sustainable systems and control biodevices to the current focus on
infochemistry in aqueous solution. An important advanced characteristic of such
materials and devices is the pH concentration gradient in aqueous solution. A major
part of the article focuses on the use of localized illumination for proton generation as
a reliable, minimal-reagent-consuming, stable light-promoted proton pump. The in
situ scanning vibration electrode technique (SVET) and scanning ion-selective
electrode technique (SIET) are efficient for the spatiotemporal evolution of ions on
the surface. pH-sensitive polyelectrolyte (PEs) multilayers with different PE
architectures are composed with a feedback loop for bionic devices. We show here
that pH-regulated PE multilayers can change their propertiesfilm thickness and
stiffness, permeability, hydrophilicity, and/or fluorescencein response to light or
electrochemical or biological processes instead of classical acid/base titration.

■ INTRODUCTION

For more than 10 years, the research was conducted with Prof.
Helmuth Möhwald. In the beginning, functional materials for
antibacterial coatings have been developed,1−3 accompanied by
corrosion protection4−8 and then research focused on cell and
tissue culturing,9−15 keeping in mind the fundamental aspects
of interfacial interactions for thin films.16−20 Current interests
include information processing with molecules in aqueous
solution.21 It is worth noting that the invention of the
polyelectrolyte layer-by-layer (LbL) method was very
important to surface science.22−24

Our work raised scientific questions related to the design
and functions of the materials that, in many cases, were
complex and included several aspects.25 However, for
fundamental understanding and modeling, the simpler the
system, the better it was.26 The focus of research was on
developing new methods of making ensembles or approaches
to mimicking biology. The range of problems includes the lack
of understanding of reversible switching from one state to the
other in the dynamic multilayers. “There is still an urgent need
to understand the mechanisms for LbL assembly in multi-
layers”, often noted Prof. Möhwald.
Processes at the interface of inorganic solids and

polyelectrolytes (PEs) mimic a large variety of natural
processes such as stimuli-responsive behavior,27 self-healing,28

actuation,14 transport and delivery,12 and pH buffering,29 but
predictive models beyond this are not well understood.11−13

PEs multilayers are suitable for studying this, as they can be
manipulated at will between glassy, rubbery hydrogels or
organogels.30 We investigate photocatalytically triggered local
pH changes in titania/PEs LbL assembled interfaces

mimicking natural processes in a novel design strategy for
inorganic/polymer interfaces. We have shown recently that
under the irradiation of TiO2 a series of photocatalytic
reactions lead to a local change in pH, which modulates the
pH-sensitive LbL assembly. Prime questions are the following
(i) How many photons are needed to locally change the pH on
titania? (ii) What is the optimum LbL architecture for
understanding proton trapping and storage and the pH
gradient under local irradiation? (iii) How is reversible
actuation of different assemblies for advanced applications
achieved?
Here we address the feedback pH change on an inorganic

surface (Figure 1): (i) the pH change due to the photocatalytic
reaction of water splitting, (ii) the electrochemical process,
(iii) the chemical or biochemical reaction network, and (iv)
the biological process. Strong and weak PE assemblies,
including charged biopolymers and hydrogels, can regulate
the charge carrier generation25 and the diffusion of ions at
interfaces31 and their lifetime and storage.16 Fundamentally, a
lot was known concerning dynamic changes in pH-regulated
PEs when acid or base was added to a solution.30 Developing
various physico/chemical methods for monitoring ion diffusion
in multilayers is important. The efficiency of the multilayers’
response is investigated with atomic force microscopy, neutron
reflectivity, in situ quartz crystal microbalance and ellipsom-
etry, confocal laser scanning microscopy, and now, as
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suggested by us, in situ scanning vibration electrode (SVET)
and scanning ion-selective electrode techniques (SIET) for
mapping the diffusion of ions over the surface. In particular,
ion fluxes on the inorganic surface were investigated using
SVET and SIET, which is a unique tool for the in situ
characterization of local ionic currents above the surfaces.32

The use of light as an external stimulus to modulate the pH
has great potential in the biosciences, medicine, and tissue
engineering because of the possibility to irradiate micrometer-
sized areas with fast on/off switching rates.33 For local
processes, one can further discuss ion propagation in
horizontal and vertical directions depending on the nature of
polymer and multilayer nanoarchitecture. The idea of the
simultaneous irradiation of a system at various points moves us
in the direction of a coupled network of nonlinear chemical
reactions far from equilibrium.34 However, the pH concen-
tration gradient on the titania surface appears together with
reactive oxygen species generation (ROS), which is still a
challenge for modeling. Thus, we considered the idea of
comparing knowledge for a photogenerated pH gradient and
an electrochemical gradient.35 A related question on the
feasibility of the process is how many protons and photons or
electrons are needed from the surface to locally change the pH
from 7 to, for example, 4? The proton generation associated
with water splitting or hydroquinone oxidation for the
electrochemical process was studied using SVET/SIET.35

The role of electrode modification by PEs for both
photochemistry and electrochemistry is discussed. PEs
drastically effect charge transfer on inorganic surfaces.
The instruments developed by us allow us to monitor

information transfer in aqueous solution. We can use them to
understand communication pathways in living matter when
basic logic operations are suggested.25 An important character-
istic is the development of pH concentration gradients in
solution. Here we present a strategy for both mentioned
characteristics: (i) a controllable, sustainable pH concentration
gradient in solution produced photochemically, electrochemi-

cally, or biochemically and controlled by multilayers as well as
(ii) possible logic-operated materials. The synergy between
components in such materials is important for the future green
and sustainable way of controlling cells and tissue growth,36

communication with bacterial colonies,37 and the acceleration
of autocatalytic processes38 in solution and even developing a
platform of transmembrane channels in bionic devices with a
size-tuning bioinspired response.
We believe that it is now time to explain self-regulated

feedback materials with appropriate general models and
information exchange between programmable functional
materials and bio-objects (e.g., tissue and biofilms) currently
in focus in the “Infochemistry for self-organizing systems”
group.21 Interdisciplinary views on the problems from various
sourceschemistry, physics, mathematics, and biologyhelp
to solve complex issues and guides science development for the
next generation. Infochemistryentropy and information as
well as storage and the possibly of storing informationis an
experimental area of chemistry which deals with information
storage39−42 and processing42−45 on a molecular level. In the
group, we are working on different projects from the synthetic
cell and biofilm programming to smart dynamic materials and
materials for personal diagnostics, study, and modeling of
nonlinear chemistry. The driving idea was that the LbL
method of PE assembly, due to the simplicity of preparation,
together with other functional inorganic components had a low
barrier to entry synergy and could address both scientific and
practical problems efficiently.

■ LIGHT−PH COUPLING ON TITANIA
Study of a Pristine Titania Surface. The titania

nanotube layer is an efficient photocatalyst (the photocurrent
and the open-circuit voltage are ca. 2 mA/cm2)32 due to an
increased surface area and to the photoproduction of a high
concentration of active species.16,32 It is known that under
supra band gap irradiation photoholes and photoelectrons are
generated in a complex surface of nanotubes.32 Consequently,

Figure 1. Approaches to the generation of a proton concentration gradient at an inorganic surface. (a) Photoelectrochemical water splitting on a
semiconductor surface under supra band gap irradiation, (b) electrochemical oxidation of hydroquinone coupled with proton release, (c) catalytic
oxidation of glucose by a substrate-immobilized enzyme (GOx) followed by local acidification, and (d) bacteria decreasing the pH of the
surrounding media during the life cycle.
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active species take part in a series of intensive photoreactions.
H+ and OH− are generated on different sites of a semi-
conductor. During the irradiation of titania the local pH of
media inside an irradiated spot can be shifted from neutral to
acidic/basic and returned due to a fast recombination of
species as seen in eqs 1 and 2.

hTiO e h2 CB VBν+ = +− +
(1)

h H O OH HVB 2+ = ++ • +
(2)

The photocurrent occurs because of the separation of
photogenerated electron−hole pairs within the photoelectrode.
Photoholes and photoelectrons are formed on the surface of
titania. We proved experimentally that in our case32 photo-
holes inside an irradiated spot resulted in proton generation.
For pH-sensitive modulation with light, it is important to

understand how photoinitiated processes on TiO2 result in the
conversion of light into ΔpH, including the localization of the
effect. We suggest the application of the in situ SIET (Figure

3)32 to map the migration of H+ ions over TiO2. SIET is a
unique technique available for measuring in situ changes in ion
concentrations locally in space and time. The main advantage
of this unique method is that it allows measurements of local
ΔpH near the surface without any pH-sensitive markers, which
may potentially affect the photoreactions. Local pH means the
activity of protons as measured by a SIET device32 and can be
associated with the dynamics of charged soft matter.
Maps of ΔpH were collected for pristine TiO2 before

illumination (Figure 3a), during illumination (Figure 3b), and
20 min after switching the illumination off (Figure 3c). The
proton distribution maps show that protons were generated
under irradiation. Thus, it is possible to couple light and pH,
and we know how to visualize chemical processes in situ under
local illumination. SIET allows measurement in a single point
(Figure 3d) and scanning a line (Figure 3e), and together with
X−Y maps, the Z map or line (Figure 3f) can be collected. It is

possible to change the position of an irradiated spot and its
intensity (Figure 3g vs Figure 3h). We see that the pH
concentration gradient map is changed (Figure 3i vs Figure
3b) during irradiation.

Light-Triggered Local pH Changes on Titania/PE
Interfaces. LbL assembly can be an efficient structure for
the fast trapping of photogenerated protons on TiO2 (Figure
2).16 The kinetics of the light−pH coupled actuation and
modulation of LbL films and the study of the relaxation are
important. We aim to answer the following key questions. (a)
How can the photogeneration of charges in a solid be used to
change the properties of soft matter? The photon absorption,
carrier generation, chemical conversion to a pH−concentration
gradient, lifetimes, and LbL stability should be elucidated.
Subtopics are (b) the dependence on LbL architecture and (c)
the nature of TiO2 as a semiconductor, th eeffectiveness of
doping, and the duration and intensity of irradiation.
The use of light-triggered local pH changes on titania/PE

interfaces for the modulation of multilayers is illustrated in
Figure 2. It is important to propose materials which can be
sensitive to local changes in pH (ΔpH) and provide a high
amplitude of response but do not undergo degradation in the
presence of reactive oxygen species (ROS).
Of high priority are the following experiments: (i) the

application of mathematical modeling of proton pumping by
light on titania, (ii) the use of other semiconductors, (iii)
multispot illumination and diffusion over the surface, and (iv)
proton long-term trapping and release on demand by PE
multilayers.
It is interesting to correlate the dynamic behavior of PEs

with a proper model. Modeling for aqueous solutions is still a
challenge. However, a novel model for the swelling of dry
polyelectrolyte multilayers and water uptake from the air and
its condensation in voids inside polyelectrolyte layers was
proposed.46,47 All-atom molecular dynamics simulations of salt
diffusion in the polyelectrolyte assembly demonstrated the
importance of water pockets in the structure of the
multilayer.48 Besides the ion hopping mode, the diffusing
trajectories are found to present common features of a jump
process, that is, subjection to PE relaxation and water pockets
in the structure that open and close; thus, the ion can move
from one pocket to another.48

The effect of the nonstoichiometry of PE multilayer ionic
flux through the membrane was studied.47 It was found that
1:1 stoichiometry of PEs in multilayers gives more predictable
transport properties, whereas excess charges strongly affect the
diffusion and permeability of ions through the multilayer. Ionic
strength was shown to be an important parameter for
determining the transport properties of multilayers.47 At the
same time, the overcompensation of charges in multilayers by
small counterions may lead to the instability of the assembly.48

It was also observed that pairs of weak PEs are more permeable
to small molecules and ions, whereas multilayers assembled of
strong PEs showed barrier properties.49

Models of diffusion and the prediction of the distribution of
nanoparticles and ions inside polyelectrolyte layers were
suggested.50 Regulated transport properties of polyelectrolyte
multilayers make them a powerful instrument for controlling
the nucleation density, crystal orientation, and location of the
growing crystals. The growing structures act as propagating
fronts that leave in their wake a mineral film and eventually
cover the whole surface.51

Figure 2. Surface decoration and photoinitiated light−pH coupled
reactions. Primary and secondary photocatalytic reactions on TiO2
resulting in a local change in pH (ΔpH). The reactions shown are (i)
light-stimulated charge separation, (ii) a primary reaction with
photoholes with the final production of protons and local surface
acidification in the irradiated area, and (iii) the photoelectron
reaction. ΔpH will affect the dynamic layers assembled on titania in
terms of local changes in film thickness, stiffness, and permeability by
regulating the time of dynamic layer activation, relaxation and
reversibility. Reprinted from ref 16, Wiley.
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A kinetic study of polyelectrolyte molecules and counterion
diffusion was preformed.52 A better understanding of the
influence of charged groups of polymers on the ionic
conductivity was provided by the study of diffusion in
polyelectrolyte hydrogels. It was indicated that zwitterionic
PEs are more favorable to ion transportation.53

Regulated transport properties of polyelectrolyte assemblies
allow us to design artificial ion channels gated by external
stimuli. Biological channels were used to design stimuli-
response artificial nanopores. An original approach to design a
pH-gate nanopore based on LbL self-assembled PE multilayers
was proposed.54−59

Gradient processes on the surface of the irradiated
semiconductor/PEs have already played an important role in
the regulation of cell behavior and the architecture of bionic
devices. Recently, the preosteoblast cells’ growth dynamics on
the surface of mesoporous TiO2 with the deposited layers of
block copolymer micelles (BCM) and poly(acrylic acid)
(PAA) has been investigated.14 The consequence of the pH
alteration after the irradiation of the material was the change in
the polymer film stiffnessin the acidic media, the micelles
swelled and drastically changed the thickness and Young’s
modulus of the polymer coating (Figure 4). We investigated

the change in the BCM properties under the ΔpH generated
by the vital bacteria.16 To calculate the concentration of
protons16 needed for the activation of the layer of BCM, we
assumed 1 cm2 of TiO2 to achieve pH 4 or [H+] = 10−4 M or 6
× 1019 L−1, a coating with thickness of, for example, 150 nm in
our case, that is, V = 1.5 × 10−8 L. The concentration of
protons in the layers was then [H+] = 9 × 1011 protons cm−2,
which is about 0.1% of the lattice sites of a typical solid (1015

lattice sites cm−2). This means that only 0.1% of the surface
atoms have to be charged to achieve pH 4 if no losses exist.
Even at a low radiation intensity of 1 mW cm−2 = 1016 photons
cm−2 s−1 for a quantum yield proton/photon conversion of
0.1%, the photons from 100 ms of irradiation can create
enough protons on the TiO2 surface to achieve LbL switching
on the surface of TiO2. This also means that fewer photoactive
solids could create the same effect.
For the LbL assembly of the PEs without a TiO2 coating, the

change in stiffness under irradiation did not occur and the
coating remained rigid. During 5 days of cultivation, the cells
had a tendency to migrate from the “soft” part of the sample
toward the “stiff” one (Figure 4). Thus, the manipulation of
the mechanical modulus of the hybrid coatings can lead to the

Figure 3. Light−pH coupling on the semiconductor surface. Maps obtained by in situ SIET to analyze local pH gradients generated on
nanostructured TiO2 (a) before irradiation, (b) during local irradiation, and (c) after irradiation (20 min of relaxation). (d) pH measurement inside
an irradiation spot (shown in panel g) and single-spot time-evolution measurements on a titania layer after switching the light on and off. (e) Local
pH measurements in a line (shown in panel g in red) before, during, and after irradiation (in which the maximum coincides with the position of the
irradiation spot; the time of measurement of each line was 3 min). (f) pH in the Z direction during illumination inside the irradiated spot. (g) X−Y
dashed lines shown in the optical image of the surface and the location of the focused irradiation spot on TiO2 described above (panels a−e)
mapped in panels a−c. (h) X−Y optical image with defocused light to show the flexibility of the method to change the intensity of illumination and
its location and effect on the pH gradient of the surface with a corresponding (i) pH map with colored pH areas Reprinted from ref 32, Americal
Chemical Society.
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fabrication of stimuli-responsive materials for biological
purposes.
The materials can be used for further applications. Several

examples are shown in Figure 5. Delivery systems,2 lab-on-a-
chip systems,60 light-healing materials,20 and a buffering
nanolayer18 are proposed. All systems urgently need
mathematical modeling; however, they have already demon-
strated working sustainability and reliability for their suggested
functions.
In Figure 5a, it is seen that titania based capsules can be

opened locally, just on exposed areas.2 The pH-sensitive
complex adsorption/desorption process was shown on the
example of protein tagged with histidine amino acid (poly-His-
tag) with Ni-nitrilotriacetic acid (NTA) complex where the last

component was in the LbL assembly on the titanium-based
chips covered with native titania60 (Figure 5b). The
interactions of the poly-His-tag protein with Ni-NTA are
sensitive to pH. The short-term irradiation was used to
switching the pH of the media. After turning the light on, the
medium pH was 4. At such a pH value, the NTA-Ni2+/His-Tag
dissociated and the protein desorbed from the surface. Turning
the light off resulted in the reverse processadsorption of the
protein to the surface. The light regulation of the protein
sorption can be used for biosensing and biomedical
applications.
Recently Tsukruk et al.61 suggested a nondestructive way to

achieve the remote, reversible, light-controlled tunable
permeability of an ultrathin PE assembly. PEs based on

Figure 4. Example of photoswitchable LbL for bioapplication: (a) AFM images and schematic of change in the LbL thickness in response to
irradiation (intensity of 5 mW/cm2) proving the changes in thickness from 150 to 750 nm and stiffness from 1.67 MPa to 28 kPa. Reprinted from
ref 16, Wiley. (b) Suggestion for the use of such photoregulated lab-on-a-chip systems to guide cell migration and (c) the corresponding cell
(osteoblast MC3T3-E1) migration experiment, with the number of the cells equal on both sides before irradiation. Adapted from ref 14, Wiley.
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Figure 5. (a) Confocal kinetics study (fluorescence mode) of a release in the exposed area of chemical species from titania-based capsules.
Reproduced from ref 2, Royal Chemical Society. (b) TiO2 surface decorated with an LbL assembly of polystyrenesulfonate (PSS) and nickel−
nitrilotriacetic acid (NTA) to bind (poly)histidine-tagged (His-Tag) proteins. Spatially resolved protein desorption is regulated by irradiation with
light, causing a local pH shift that affects the pH-sensitive NTA/protein complex but not the PSS/NTA assembly. Adapted from ref 60, Wiley. (c)
Light curing of a cellulose/titania-based hybrid (hydrogel). Optical images of a composite hydrogel cut (left) and light healing of the material after
15 min of irradiation (right). Adapted from ref 20. (d) Chitosan layer of 2 nm on the titania surface is efficient as a proton sponge and no
disassembly of an unstable acidic medium CyCo6-TAP complex was observed due to a change in surface acidity. Adapted from ref 18, Royal
Chemical Society.

Table 1

logic gate gate input output ref

OR (PLLa/DNA)7 multilayer trypsin, deoxyribonuclease I electrochemi-luminescense 78
protamine/CSb capsules trypsin hyaluronidase drug release 77
ITO/P4VPc film Estd, GOxe electrode activity 50
silica nanoparticles decorated with P2VPf shells Est, GOx size of particles/aggregates 79
oil/water emulsion, stabilized by PS-b-P4VP-b-
PEOg particles

Est, GOx electrical conductivity of the
emulsions obtained

84

Est/GOx membrane ethyl butyrate glucose pH 47
AND PLL/PAAh/PLL/DNA/PEIi/DNA/PLL/PAA/

PLL/DNA multylayer
trypsin, deoxyribonuclease I electrochemi-luminescense 78

pDADMACj/pAMPSAk diod potential bias fluorescence 76
ITO/P4VP Invl, GOx electrode activity 83
silica nanoparticles decorated with P2VP shells +
sucrose and Urm

Inv, GOx size of particles/aggregates 79

oil/water emulsion, stabilized by PS-b-P4VP-b-
PEO particles

Inv, GOx electrical conductivity of the
emulsions obtained

84

surface-immobilized HRPn and GOx D- and L-N-acryloyl aspartic acid surface catalytic activity 85
multyenzimemembrane: Muto/GOx/Inv/Ur sucrose, O2 pH 64

NAND BSAp/MPA-AuNCsq Fe2+, H2O2 emission under UV 80
5′-GCCAGAACCCAGTAGT-3′-fluorescein 5′-ACTACTGGGTTCTGGC-3′, ethidium

bromide
fluorescence 81

NOR BSA/MPA-AuNCs Fe2+, Fe3+ emission under UV 80
INHIBIT GOr/ABAs/TBAt complex ATPu, PDNAv/ trombine, PDNA fluorescence 82

5′-GCCAGAACCCAGTAGT-3′-fluorescein 5′-ACTACTGGGTTCTGGC-3′, Hoechst 33342,
ethidium bromide

fluorescence 48

aPLL: poly-L-lysine. bCS: chondroitin sulfate. cP4VP: poly(4-vinylpyridine). dEst: esterase. eGOx: glucose oxidase. fP2VP: poly(2-vinylpyridine).
gPS-b-P4VP-b-PEO: poly(styrene block 2 vinylpyridine block ethylene oxide) triblock copolymer. hPAA: poly(acrylic acid). iPEI:
polyethylenimine. jpDADMAC: poly(diallyldimethylammonium chloride). kpAMPSA: poly(2-acrylamido-2-methyl-1-propanesulfonic acid).
lInv: invertase. mUr: urease. nHRP: horseradish peroxidase, oMut: methylmalonyl-CoA mutase. pBVA: bovine serum albumin. qMPA-AuNCs:
mercaptopropionic acid−gold nanoclusters. rGO: graphene oxide. sABA: 6-carboxy-fluorescein (FAM)-labeled adenosine triphosphate binding
aptamer. tTBA: FAM-labeled thrombin binding aptamer. uATP: adenosine triphosphate. vPDNA: FAM-free aptamer.
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poly{[2-(methacryloyloxy)ethyl] trimethylammonium iodide}
(PMETAI) star polyelectrolyte and poly(sodium 4-styrenesul-
fonate) (PSS) were prepared by an LbL technique.
Light-healing material (Figure 5c) is suggested by light−pH

coupling.20 The chitosan protection function against the
supramolecular disassembly deposited on the surface of TiO2

has been demonstrated18 (Figure 5d). The combination of
triaminopyrimidine (TAP) and cyanuric acid modified with a
hexanoic acid side chain (CyCo6) is known to be reversely
assembled−disassembled depending on pH. In our work, we
showed that the assembly being deposited onto the TiO2/
chitosan surface after irradiation remained on the surface
without destruction and disassembly. This confirms the
hypothesis that the chitosan works as a buffering protective
layer for trapping photogenerated H+.

■ LOGIC GATES

The proton generation via water splitting or hydroquinone
oxidation for electrochemical process was studied using SVET/
SIET.35 The role of electrode modification by PEs for both
photochemistry and electrochemistry was discussed.62 PEs can
regulate charge transfer on an inorganic surface. The rules of
electrode coupling and inputs 1 and 2 vs output are planned
for the photochemical process for logic operation. Notwith-
standing, precise modeling is still a challenge, and several
materials with electrochemical outputs were designed on the
basis of polyelectrolyte LbL-assemblies and hydrogel films
(Table 1). Thus, it is possible to regulate ion flux through
polyelectrolyte membranes.
The generation of ion gradients on demand is an important

task for electrochemistry. For example, proton fluxes may be

Figure 6. Basic logic gates and corresponding truth tables: (a) OR gate, (b) AND gate, (c) NAND gate, and (d) system of three gold electrodes
embedded in an epoxy holder as a protopype of chemical computing iontronic device. Ion currents mapped by SVET in solution: (e) ion currents
mapped by SVET in solution when positive and negative potentials are applied to input electrodes from panel d. Ion currents mapped by SVET in
solution over an electrode under a negative potential bias: (f) bare Pt electrode, (g) Pt/PEI electrode, (h) Pt/PEI/PSS electrode, (i) impedance
curves of both plots of impedance spectra for the gold/PEM/LB composite before passing 5 μA current, after 15 min of current passing, and after
15 min of relaxation, and (j) cycles of passing current and relaxation at open circuit potential associated with impedance oscillations at 1 Hz of the
gold/PEM/LB composite due to lipid bilayer repulsion in acidified media via hydroquinone oxidation. Adapted from refs 62 and 35.
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produced by electrochemical water splitting or hydroquinone
oxidation.63 The simplest example of information operating is
switching functions according to Boolean logic using binary
inputs and producing single binary output logic gates (Figure
6a−c). Various enzymatic logic gates yield an acidic medium as
output. Shifting the medium back to neutral values enables one
to reset the calculation results.64−67 It also works in the reverse
direction, using pH as input, with an electrochemical response
that could be triggered according to Boolean logic. Several
logic systems with electrochemical output were designed using
polyelectrolyte LbL assemblies, hydrogel films, and grafted
polymer brushes.68−70 Microchip-based polyelectrolyte diodes
poly(diallyldimethylammonium chloride)/poly(2-acrylamido-
2-methyl-1-propanesulfonic acid) representing AND, OR,
and NAND logic circuits were designed. Their functions are
based on regulated ion transportation through the polyelec-
trolyte interface.71

Here we present (Figure 6d,e) materials that allow us to
perform simple Boolean operations using ions as input or/and
output signals.70 Our model includes electrodes made of noble
metals (Au or Pt) spatially organized in special way and
immersed in an electrolyte solution where some electroactive
probes may be introduced. By applying positive and negative
potentials to electrodes, one is able to perform water splitting
reactions or another pH-coupled redox processes. Herewith,
oxidation and reduction processes may be spatially separated.
As a result, the distribution of acidic and basic regions in
solution that is close to the electrode surface may be realized in
a special manner (Figure 6e). Furthermore, one of the
electrodes may be assigned to the reading of electrochemical
output. The electrochemical acidity change in the media may
increase the activity of the “output electrode” toward the
electrochemical probe if the electrode surface is modified by
the pH-sensitive LbL assembly or polymer brush.
The current intensity of the oxidation or reduction of the

electrochemical probe is registered as an output signal. In other
words, in terms of logic gates input signals here are potential
applied to a set of electrodes. Potential values higher than
some cutoff are assigned as “1” input, and lower values are
assigned as “0” input. Faradaic current registered at the output
electrode above a certain threshold is assigned as “1”, and
lower values are assigned as “0”. For example, poly(4-
vinylpyridine) (P4VP) chains grafted to the electrode surface
undergo a conformational change in the acidified surrounding
medium. The permeability switches from the blocking regime
to the previous regime, and an increase in output electrode
activity is noticed.72−74 A similar phenomenon was observed
when the outermost layer of the polyelectrolyte assembly was
presented by molecule turning from positive to negative at pH
conditions changing from acidic to basic and vice versa.74

Building blocks for such systems are not limited to pH-
sensitive molecules. Structure changes may also be induced by
complexation. Fortunately, LbL modification of the electrode
surface provides an opportunity for the encapsulation of
different chemicals and their release on demand. In summarizy,
our future research direction will be focused on different
geometries of input electrode arrays, varying applied potentials,
and regimes of potential applications.
The surface of a noble metal electrode (Figure 6f−h) was

subsequently modified by nanometer thin layers of polycation
polyethylenimine (PEI) and polyanion poly(sodium 4-
styrenesulfonate) (PSS). PEI is a proton sponge which stores
electrochemically generated protons, whereas the PSS layer

serves as a cation exchange layer. The electrode was first
covered by branched PEI to provide strong anchoring to the
surface and to act as a positively charged terminating layer. The
deposition of PSS was electrostatically driven by a underlying
layer. Although the polymer multilayer assembly led to no
change in redox processes at the electrode/electrolyte
interface, both the anodic and cathodic activity of the Pt
electrode measured by SVET75 was higher for the polyelec-
trolyte-coated electrode than for a bare one. The gradient of
released ions is characterized by a narrower spatial distribution,
but if the polyelectrolyte membrane is relatively thick, then ion
flux from the surface is suppressed.35 There are various self-
consistent theoretical descriptions of processes occurring in
polyelectrolyte interfaces, but they are still not completely
understood and there is still no general theory precisely
predicting the effect of polyelectrolyte modification on
electrode activity.
Until now, multicomponent coatings formed by multilayers

of different polyelectrolyte compositions (strong−strong,
strong−weak, weak−weak) had already been analyzed as
nanolayers for corrosion protection. The mechanism of
multilayer protective action is based on pH buffering polybase
and polyacid complexes.27,30 It was also demonstrated that
polyelectrolyte layers can be used as an efficient pH-buffering
protective layer for pH-sensitive soft materials.76 By combining
PEs of different molecular weights and strengths and
containing different specific functional moieties, one can
flexibly tune the spatial and temporal distribution of ionic
fluxes through the membrane and perform independent
handling by cations and anions. That fact opens prospects
for developing futuristic biomimetic information processing
using ions and molecules as signal carriers. A lot of effort has
been made until now to develop alternative paths to
information processing which are not based on solid-state
electronics such as molecular logic gates77 and DNA
computing.65

Ryzhkov et al.35 studied the proton generation on electrodes
using in situ SVET, SIET, and electrochemical impedance
spectroscopy (EIS) (Figure 6i). These methods are powerful
instruments for the in situ observation of reversible processes
in the multilayers (e.g., PEs and lipid bilayer/inorganic solid
support interface (Figure 6i (insets)). EIS showed the
reversible attachment/detachment of the lipid bilayer under
acidic conditions as well as electrochemical proton release on
the gold electrode due to hydroquinone oxidation (Figure 6j).
In situ studies of transmembrane channels often require a

free-standing artificial analogue to biomembranes. Obtaining
free-standing lipid membranes is still a challenge. In ref 35, the
authors used an electrochemical approach for lipid bilayer
detachment from a solid support via hydroquinone oxidation.
LbL deposition of PEI and PSS on a gold electrode was
performed to obtain a polymeric nanocushion of [PEI/PSS]3/
PEI. The lipid bilayer was electrostatically deposited on the top
of an underlaying polymer support from the dispersion of small
unilamellar vesicles. Because lipid zwitterions demonstrate a
pH-dependent surface charge density, the interactions between
the polyelectrolyte support and the lipid bilayer can be
regulated by pH. The recharging of lipid molecules can be also
used for the design of materials with logic gates either
individually or in the presence of enzyme.
Different enzymes are widely used as input signals in

molecular logic gates. A logic network can be composed of
three AND gates and an OR gate. Alcohol dehydrogenase,
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glucose dehydrogenase, and glucose oxidase are three enzymes
with gate functions. Nicotinamide adenine dinucleotide
(NADH), acetaldehyde, glucose, and oxygen are four different
inputs. The “successful” set of inputs, according to the logic
scheme, yields an acidic medium and therefore increases the
activity of the electrode modified by a pH-sensitive polymer
brush and the current intensity of oxidation of the electro-
chemical probe.67−70

In ref 47, invertase and glucose oxidase or esterase and
glucose oxidase were employed as inputs in AND and OR
chemical computing networks, respectively. The logic gate here
is the P4VP-modified ITO electrode. The positive output also
gives a decrease in pH and a conformational change in the
P4VP grafted to the electrode that leads to an increase in
electrode activity. Urease enables one to reset the calculation
results.64,66

Three input logic networks were designed using a poly(N,N-
diethylacrylamide)-(poly(acrylic acid)-phenylboronic acid
(PDEA-(PAA−PBA))-modified electrode with entrapped
horseradish peroxidase (HRP). Inputs are pH, temperature,
and fructose in solution. The pH sensitivity is attributed to the
electrostatic interaction between the PAA and the electro-
chemical probe in solution at different pH values; the
thermoresponsive behavior is attributed to a structural change
in PDEA with temperature, and the fructose sensitivity is
related to a structural change induced by the complexation
between the PBA constituent and the sugar in solution. Thus,
the electrochemical reduction of H2O2 catalyzed by HRP in
the films and mediated by K3Fe(CN)6 in solution could be
triggered according to Boolean logic of the presented
scheme.68

The reduced graphene oxide/poly(N-isopropylacrylamide)
(rGO/PNIPAA) composite electrode shows pH-, temper-
ature-, and sulfate-sensitive behavior using ferrocene dicarbox-
ylic acid (Fc(COOH)2) oxidation. Responsive behavior for
this system was mainly attributed to the transformation
between rGO and GO in the films at different potentials. On
the basis of this, a four-input-enabled OR (EnOR) logic gate
network was established.50 Analogous Boolean AND logic was
realized using the (PAH/PAA)4-(PDEA-HRP) multilayer.69

The biomimicking AND logic gate with a fluorescence
response was designed. The simultaneous presence of both
input signals ALT and AST runs the biocatalytic cascade with
citrate as a final product. Citrate induces the dissolution of the
alginate microspheres with loaded fluorescent dye.77 Hence,
smart drug delivery can be performed.
Smart release was also shown for species encapsulated in

multilayers. OR and AND logic gates were designed. A PLL/
DNA multilayer was employed as the OR logic gate for trypsin
and Dnase I inputs. The introduction of PEI and PAA layers
changes the type of gate to AND for the same inputs. Thus,
Boolean logic gates capable of simultaneously sensing
proteases and nucleases were suggested.78

Materials where the aggregation and dissociation of
nanoparticles obey the Boolean logic of simple AND and
OR gates were demonstrated.79 Nanoparticles covered by
poly(2-vinylpyridine) (P2VP) undergo protonation/deproto-
nation depending on the pH. The surface charge of the
polymer shell changes from neutral to positive by the
protonation and dissociation of particle aggregates. A pH
change is produced here by the enzyme logic gate and happens
in the presence of both glucose oxidase (GOx) and invertase in
the case of the sucrose gate (AND logic) and in the presence

of GOx and esterase in the case of the ethyl-butirate-glucose
gate (OR logic). The addition of urea gives the possibility to
reset the system using urease.
Gold nanoclusters modified by bovine serum albumin/3-

mercaptopropionic acid (BSA/MPA) were demonstrated to be
a universal platform for creating Boolean gates with various
types of logic. The same platform is able to demonstrate
NAND, NOR, and IMPLICATION behavior depending on
the input signals.80

Chemical computing based on performing simple logic
operations provides a unique platform for detection systems.
The AND−INH logic gate was suggested for trombine
detection.76 Much research is devoted to the design of
DNA-based logic gates.78,81,82

Microchip-based polyelectrolyte diodes formed by poly(di-
allyldimethylammonium chloride)/poly(2-acrylamido-2-meth-
yl-1-propanesulfonic acid) (pDADMAC/pAMPSA) showed
AND, OR, and NAND logic circuits.83

The reversible inversion of emulsions was suggested to be an
output signal of AND and OR enzymatic logic gates,84

producing a pH shift in the water phase. The emulsion is
stabilized by nanoparticles modified by a pH-sensitive polymer,
and the water/oil emulsion is switched to oil/water as a
positive response to the enzymatic gate. There are more
examples in Table 1.
With respect to the perspectives of light-driven chemical

information processing, the next step is the shifting focus from
electrochemical inputs to incoming light signals. Light is
considered to be the most efficient method of communication
between chemical logic gates. One of the concepts combining
iontronics technology and light-driven programmable logic
gates is light−pH coupling. This phenomenon of the
conversion of electromagnetic energy into an ion gradient
may be realized on semiconductor surfaces as described above,
and logic operation is not limited to electrochemical
approaches but can be realized using light-regulated processes.

■ SELF-REGULATED SYSTEMS
Among the tendencies of smart material design, self-regulated
materials and processes at interfaces play important roles in
self-cleaning, self-healing, anticorrosion, autocatalysis, and
antifouling. The following aspects should be addressed for
the successful construction of materials with particular
functionalities: (i) the choice of a material and its environ-
ment; (ii) the stability of the material under different
environmental conditions; (iii) the mechanism of its
degradation; (iv) strategies for the improvement of the
material properties (e.g., stability); and (v) an attempt to
make materials self-responsive. In this article, we discuss self-
healing and self-cleaning materials and autocatalytic network
design.
Self-healing materials can be attributed to the class of

advanced materials due to the possibility to control feedback
processes.28 First, the nature of interfacial processes triggered
by the local environment is important (e.g., a change in pH
during the corrosion process).11 Second, it is important to find
proper PEs that could be useful for the stabilization (“healing”)
of the inorganic component damaged by the environment.
Weak PEs are sensitive to pH changes and can selectively bind
protons (e.g., chitosan and PEI).18,86 The composition of the
polymer multilayers is very important. For instance, the LbL
approach can be used to optimize the architecture of the layers
to provide both the effect of pH buffering and improved
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material stability.30 Self-healing has a broad spectrum of
applications including corrosion protection,86 elements of
antifouling and antimicrobial coatings,87 and bioinspired
superhydrophobic interfaces.88

Combined approaches have also been considered. In Figure
7, an example of a titania-based capsule (A) for the light-

stimulated (980 nm) delivery of chemical species is shown,37

and bacterial metabolism (C) has feedback mechanisms which
switch their fluorescence at 510 nm. In recent work by Nikitina
et al.,37 a new contribution to the design of PE capsules based
on surface-modified mesoporous titania particles with
deposited Ag nanoparticles to achieve chemical light up-
conversion via biofilms is shown (Figure 7). The PE shell
allows the slowing of the release kinetics of loaded L-arabinose
and the switching of bacterial luminescence in a certain time.
The hybrid TiO2/Ag/PE capsule activated at 980 nm (IR)
illumination demonstrated a 10 times faster release of L-
arabinose as opposed to nonactivated containers. Fast IR-
released L-arabinose switched the bacterial fluorescence which
we monitored at 510 nm. The approach described herein can
be used in many applications where targeted and delayed
switching and light upconversion are required. Such complex

materials are very important for complex chemical network
integration with biological networks such as enzymatic
networks,38 bacterial quorum sensing,89 and synthetic
biology,90 suggesting them to be one working reaction
network.
Enzymatic reactions can also be controlled using the light−

pH coupling phenomenon. Surface modification by enzymes
allows us to achieve affinity and improve the biological
response of bioinert surfaces. The experiments with osteoblasts
demonstrated that a titanium implant surface functionalized by
a polyelectrolyte−enzyme interface had higher cell viability and
triggered an osteogenic response.91 Stimuli-responsive bio-
interfaces open perspectives to smart materials for tissue
engineering. Thus, the formation of trypsin from its precursor
trypsinogen was chosen as an example of the pH-sensitive
autocatalytic enzymatic reaction and was studied on the TiO2/
PSS/PEI hybrid and TiO2 surface as a control38 (Figure 8).
The results indicated that the acidification of the media near
pristine TiO2 was the most possible explanation of trypsin
suppressed formation in comparison to the hybrid system. In
the latter case, the adsorption of trypsin was higher in
comparison to that of pure TiO2; however, it was less affected
by the autocatalytic enzymatic reaction. Thus, varying the
position of the polyelectrolyte layer in the LbL assembly can be
served as an easy method of tuning the hybrid system’s
photoactivity.
Nowadays two important features, (i) bacterial metabolism

regulation and stimulation and (ii) bacterial degradation due to
a lethal concentration of reactive oxygen species (ROS), are
being intensively discussed. It was shown92 that because of the
superoxide lifetime of ca. 20 min on the irradiated titania
surface, the ROS is able to diffuse through the mesoporous
film. The ROS photogenerated on titania could further
penetrate the intracellular volume and alter the activity of
the microorganisms. Both the photokilling of bacteria and
profound changes in their metabolism can be attained
depending on the exposures used. We are interested in
changing the metabolism without bacterial deactivation. In our
previous work it has been shown92 that ROS produced on the
titania surface effectively induces lytic cycles of lysogenic
bacteria without killing them. To enhance the superoxide yield
and bacterial adhesion, bimetallic Ag/Ni nanoparticles can be
deposited in the pores of a titania film.1 The main objective in
this field of research is to develop programmable materials
which interact with bacteria growing on the materials, posing
the following questions: (i) What type of chemistry is suitable
for communication with bacteria? (ii) How is two-sided
communication designed (i.e., the processing of signals coming
from both the bacterial signaling network and the synthetic
chemical network)? (iii) How can synthetic chemistry
influence and respond to bacterial activity?
Reversible oscillation of LbL films based on the high-

amplitude actuation of BCM allows us to control cell behavior
on the surface. Ulasevich et al. have successfully applied the
switching of polyelectrolyte assembly by light16 to control the
behavior of supported cells.14 In particular, the change in
stiffness results in the migration of cells to a harder surface. A
systematic study of the nanoscale surface design is needed to
program significant bioresponses. BCM polyelectrolyte brushes
adsorbed on the mesoporous surface demonstrated93 an
affective self-cleaning property of lactic bacteria. Lactic bacteria
produced lactic acid and activated BCM: the polymer coating
increased in its thickness and pushed the bacteria out of the

Figure 7. (a) Scheme of E. coli XL-1 blue pBAD-GFPuv fluorescence
activation by opened TiO2/Ag/PE containers. (b) Inverse microscope
image of E. coli XL-1 blue cultivated for 4 h on semiliquid agar with
embedded TiO2/Ag/PE containers before (left image) and after
(right images) IR irradiation (wavelength, 980 nm; power, 2000 mV).
(c, d) Cell fluorescence of GFP in a system with “closed” (left) and
“open” (right) PE containers after incubating for 7 h. Adapted from
ref 37, American Chemical Society.
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surface (Figure 9). In the discussed paper,93 the authors
focused on the synergy between feedback material and living
bacteria that can be deactivated and more interestingly survive
and interact with the feedback system in a predictive way. The
lactic bacteria could reversibly be activated/deactivated on the
surface as a result of the cyclic metabolic process in their life
cycle.

■ CONCLUSIONS AND OUTLOOK
In the current article, only some examples of the types of
materials and devices based on LbL assemblies are considered,
which could be created within the research led by Prof.
Möhwald. Prof. Möhwald said that the major motivation of the
research was to understand internal interfaces in colloid
systems and the elucidation of underlying mechanisms.
Inspired by Prof. Möhwald, it is necessary to focus our efforts
on the formal description of the materials, their combination,

and their interaction with external stimuli and modeling. It is
important to create a simple formalism which would allow the
accessible transformation of the required logic and functions of
the materials to the actual synthesis of the material (material
genetics and logic). Novel artificial composites based on LbL
assemblies that can mimic biofunctions, namely, stimuli-
responsive behavior, are needed. Such composites should be
composed of different classes of materials. Because of the
unique architecture and synergy of the components, the
possibility to achieve learning and self-adapting capabilities at
the material level can be predicted. In such materials, even a
small environmental perturbation might trigger pronounced
structural and morphological changes. Layer-by-layer assem-
blies are built from hundreds of highly dynamic interfaces that
might be extremely sensitive to environmental changes in the
physiological range. At the macrolevel, the synergetic operation
of all components allows the switch on/off functions on
demand. Examples of the applications that can be targeted
include, but are not limited to, self-healing, corrosion and
photocorrosion protection, antifouling, antimicrobial coatings,
stimuli-responsive membranes with logic gates, smart sub-
strates for cell manipulation on demand and tissue nano-
engineering, drug delivery, sensors, actuators and binders for
implants, components of wearable electronics, and soft-power
electronics.
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Light-Controllable Nanocontainer-Coatings for Corrosion Healing.
Chem. Commun. 2009, 6041−6043.
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H.; Skorb, E. V. Ultrasound-driven titanium modification with
formation of titania based nanofoam surfaces. Ultrason. Sonochem.
2017, 36, 146−154.
(16) Ulasevich, S. A.; Brezesinski, G.; Möhwald, H.; Fratzl, P.;
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Non-linear processes at the interface between inorganic and polymeric species mimic a wide variety of natural
processes such as stimulus-responsive behavior, self-healing, actuation, transport and delivery, and pH buffering.
There are plenty of models describing phenomena at solid–polymer and polymer–liquid interfaces, but they do not
provide complete understanding of the occurring processes. The authors analyze here recent progress in
fundamental aspects of programmable materials based on polyelectrolyte feedback mechanisms on inorganic
surfaces of applied materials in (a) photochemistry (focus on semiconductor–polyelectrolyte interfaces),
(b) electrochemistry and (c) self-adaptive materials. The functionalization of the inorganic surface with
polyelectrolyte layers provides an opportunity to construct novel hybrid materials with improved characteristics in
comparison with pristine inorganic analogues. The importance of the transition from traditional to system thinking is
highlighted, as well as the hierarchical scale of the time of polyelectrolyte responses due to complex overlapping
between the processes of ion diffusion, chain site diffusion and self-diffusion.

1. Introduction
One of today’s research interests focuses on the study of nature-
mimicking interfaces of solid components and polymers (e.g.
semiconductor–metal,1 semiconductor–insulator,2 semiconductor–
polymer3 and metal–polymer4). However, understanding the
fundamental basis of the processes occurring on these interfaces is
still a challenge, which substantially limits fabrication of novel
high-performance devices and the improvement of already
existing ones.5 Such hybrid structures can be regarded as complex
interfaces, and, under an external stimulus (e.g. electromagnetic
irradiation and electric field) of an appropriate intensity, non-
linear phenomena can take place in the system.6,7 Particularly,
ultraviolet (UV) or visible range irradiation can lead to the non-
linear response of the semiconductor, leading to the appearance of
the functions of intensity modulation,8 harmonic generation,9

spatial and temporal pulse shaping10 and so on, providing
opportunities for optical processing of information.11 The
non-linear phenomena at the semiconductor–polymer interface
determine the non-linear optical properties of the hybrids11 and
the non-linear charge transfer at the inorganic–organic
interface.1,12 Also, an interesting stimulus-coupling phenomenon
can take place on the semiconductor–soft matter interface.

Applying an external electromagnetic field can lead to
the transformation of the initial energy of photons into a gradient
of ions (particularly protons13), which can directly activate the
pH-sensitive polymer component. Polyelectrolytes (particularly
weak polyelectrolytes) are known to exhibit pH-tunable
properties.14 In fact, such hybrid systems exhibit several
responses: (a) photocatalytic reactions on the irradiated
semiconductor surface and the consequent acidification,
(b) changes in the parameters of the polymeric pH-sensitive layer
and (c) self-adaptive regulation (Figure 1).

In this paper, the authors focus on the analysis of stimulus-
responsive solid–polyelectrolyte multilayer (PEM) interfaces with
the further potential application of such structures in the design
of smart materials. The photocatalytic activity of hybrids and
the effect of the introduction of polyelectrolytes on the overall
performance of the composite structure are discussed in
Section 2.1. The electrochemical performance of multilayer-coated
electrodes and their possible applications as well as the analysis of
semiconductor–polyelectrolyte interfaces for photoelectrochemical
applications are described in Section 2.2. Section 2.3 is devoted to
the importance of self-adaptive systems.

1
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2. Discussion

2.1 Basics of regulation of photocatalytic properties at
interfaces

2.1.1 Photon-to-proton conversion at the
semiconductor–polyelectrolyte interface

Hybrid systems based on semiconductors and polyelectrolytes
could be divided into several categories (Table 1) – for example,
hollow micro- and nano-objects (microcapsules,17,18,20,24,26–28

nanofibers16), layer-by-layer (LbL) films,19,21 self-assembled thin
films,22,23,30 surface-imprinted materials31 or cross-linked composite
materials.25 Such systems are important for various applications
(Figure 1) – for example, photocatalysis, water splitting, solar cells
(photovoltaics (PVs)) and biosensors. Polyelectrolytes can be often
exploited as a freestanding matrix for embedding semiconductor
nanoparticles into their structure25,28,29,32–34 or act as monolayers in
LbL-assembled multilayers or self-assembled coatings along with
semiconductor films.16,19,21,35 Such hybrid systems possess, on
the one hand, the properties of semiconductor materials –

photocatalytic activity, chemical stability, absorbance in the UV
range (for titanium dioxide (TiO2) and zinc oxide (ZnO)) or visible
range (cadmium sulfide (CdS) and cadmium selenide (CdSe)) and,
on the other hand, the properties of the organic compartment –
softness and flexibility.

Systems based on polyelectrolytes and semiconductors often exhibit
synergistic effects – for example, enhancement of the semiconductor
photocatalytic activity for environmental remediation applications
(decomposition of dye or organic pollutants),16–20,24,26–28 and
increase in the biocidal activity of the hybrid antimicrobial
materials.21 Figure 2(a) demonstrates the materials under
consideration and their feedback changes that determine a wide range
of applications. The importance of the transition from traditional to
system thinking (‘dynamic thinking’) (Figure 2(b)) is highlighted as
well as the hierarchical scale of the time of polyelectrolyte responses
due to complex overlapping between the processes of ion diffusion,
chain site diffusion and self-diffusion. Introducing the term ‘dynamic
thinking’ with regard to materials, the authors would like to
emphasize the complexity of processes occurring in heterostructured
solid–polyelectrolyte stimulus-responsive programmable materials
(PMs) with synergetic effects of output and complex networks of
feedback with non-linear time-dependent development.

Fares and Schlenoff,36 Fares et al.,37 Schlenoff 38 and Delgado and
Schlenoff39 in their studies discussed the diffusion processes in
polyelectrolyte complexes and PEMs of certain architecture, taking
into account small ion diffusion, site diffusion and polymer
diffusion (Figure 2(c)). Both components – semiconductor and
polyelectrolytes – affect each other. The topic under consideration
includes the influence of photogenerated charges near the irradiated
semiconductor surface on the properties of soft matter and the
impact of soft matter on the photostimulated properties of the
semiconductor. Photon absorption, generation of charge carriers
under irradiation, chemical conversion into pH gradient, lifetimes
and LbL stability are the general features considered in the
characterization of semiconductor–polyelectrolyte systems.
Titanium dioxide is not a specific semiconductor with the
possibility of converting incident photons into a gradient of
photogenerated species (particularly protons – light–pH coupling);
however, this surface effect was studied in detail on titania.19 Thus,
titanium dioxide can be regarded as the first candidate for creating a
predictive theory of light–pH coupling for advanced materials with
a stimulus-responsive behavior. In the following, it will be possible
to expand the discussion to other semiconductors – for example,
silicon,40 AIIIBV5 and even perovskites.41

Surface pH change was studied in situ with the scanning
ion-selective electrode technique (SIET) (Figure 3).42 For pH
modulation with light, it is important to understand how
photoinitiated processes on titanium dioxide result in the
transformation of light into a pH change, including localization of
the effect. SIET was applied to map the activity and migration of
hydrogen (H+) ions over the titanium dioxide surface. SIET is a
unique technique available for measuring in situ changes in ion
concentrations locally in space and time. The main advantage of
this unique method is that it allows performing measurements of
local pH changes near the surface without any pH-sensitive
markers, which may potentially affect the photoreactions in the
system. Maps of the pH were collected for pristine titanium
dioxide before illumination (Figure 3(a)), during illumination

(aa) Photochemistry
• Photocatalysis
• Water splitting
• Solar cells (PVs)
• Biosensors

B

PM

Programming
of PMs and
feedback

(c) Self-adaptive

• Corrosion
• Autocatalysis
• Bacterial 
   metabolism (B)

(b) Electrochemistry

• Batteries
• Flexible electronics
• Biosensors

Figure 1. Formation of a PM with feedback (so-called intelligent,
smart or stimulus-responsive materials), highlighting external stimuli:
(a) photoactivation, (b) electrochemical switching and (c) most
advanced PMs designed as self-adaptive materials. The chosen
applied areas for PMs are also highlighted. The inset in the center
shows the possibility of using PMs for bacterial colonies’ (B) activation
or inhibition with simultaneous active change of PMs due to bacterial
metabolism. The background highlights solid–polyelectrolyte
interfaces and in some cases LB interfaces, which are important in
the architecture of PMs with a submicron precision
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(Figure 3(b)), 20 min after switching the illumination off and
during 40 min of relaxation (Figure 3(c)). The proton distribution
maps show that protons were generated under irradiation. Thus, it
is possible to couple light and pH, and the authors know how to
perform characterization of the system in situ and visualize
chemical processes under local illumination.

2.1.2 Nanometer-thick polyelectrolyte layer regulates
semiconductor functional properties

It is worth mentioning that LbL assembly allows the formation of
an efficient structure for fast trapping of chemical species – for
example, hydrogen ions (Table 1, Figure 4). The kinetics of
light–pH-coupled actuation and modulation of LbL films and the
study of the relaxation processes are in focus for the design of
applied materials and PMs.

An increase in the photocatalytic activity in hybrid systems (e.g. poly
(ethyleneimine) (PEI)-grafted multiwalled nanotubes in combination
with titanium dioxide particles), particularly the enhancement of the
titanium dioxide photoactivity in the UV range, can be explained by
the auxochrome effect caused by the presence of –NH2 groups in the
polyelectrolyte.48 The high self-decontaminating activity of
PEI–titanium dioxide-based antimicrobial textiles was explained as
due to the combination of the biocidal photocatalytic activity of
titanium dioxide and biocidal activity of PEI.21

Vallejo-Montesinos et al.49 reported a decrease in the photocatalytic
activity of titanium dioxide–PEI particles embedded into a
polyethylene matrix in comparison with that of a control sample
containing pure titanium dioxide. The authors explain this passivation
of photoactivity as due to the chemical affinity of the polyelectrolyte

Table 1. Selected examples of semiconductor–polyelectrolyte applied systems

Semiconductor–polyelectrolyte hybrid system Possible applications of the hybrid
system

References
Semiconductor Polyelectrolytes Type of the system

Titanium dioxide
(TiO2)

PAH, PSS Hollow microcapsules – walls
of PEMs with incorporated
titania

Photocatalytic microreactors for
microheterogeneous photoreduction
of metal ions from aqueous
solutions,10,11,15 drug delivery
systems, cosmetics and
environmental engineering14

Walker et al.,10

Ropp et al.,11

Lonergan,12

Skorb et al.,13

Mamidala
et al.15

Titanium dioxide Chitosan Surface-imprinted core–shell
composite materials

Degradation of environmental organic
pollutants

Pan et al.16

Titanium dioxide PAH, PSS Hybrid multilayered hollow
nanofibers

Shchukin and
Sviridov17

Titanium dioxide PEI, PSS Sprayed LbL assembly of
titanium dioxide
photocatalyst with
polyelectrolytes for
polyester textile
functionalization

Antimicrobial textiles Shchukin et al.18

Cadmium sulfide
(CdS), titanium
dioxide

Chitosan Cross-linked composite films Decolorization treatment of dye-
containing effluents

Sun et al.19

Titanium dioxide PAH, PSS LbL-fabricated multilayer
coating on wood surface

Multifunctional coatings for wood
surface protection

Shchukin and
Sukhorukov20

Titanium dioxide Chitosan-grafted–poly(N-
methylaniline)

Nanografted polymeric
composites

Environmental remediation Carre et al.21

Titanium dioxide Chitosan Sorbent beads Wastewater treatment Dal’Acqua et al.22

Cadmium sulfide PDDA Spherical nanosized particles Photocatalytic removal of organic
pollutants

Faria et al.23

Titanium dioxide Poly(methacrylic
acid–ethylene glycol
dimethacrylate–3-
(trimethoxysilyl)
propylmethacrylate

Hollow composite
microcapsules

Wastewater treatment Shchukin et al.24

Titanium dioxide PEI Hybrid nanocomposites with
multiwalled carbon
nanotubes

Artificial photosynthetic systems Zhu et al.25

Titanium dioxide,
cadmium selenide
(CdSe)

PAH, PAA, PEDOT:PSS Self-assembled thin films Hydrogen-producing devices Timin et al.26

Titanium dioxide PAH, PAA Self-assembled thin films Photocatalytic thin films Gao et al.,27 Bang
et al.28

Titanium dioxide PEI Colloidal particles embedded
in a polyethylene matrix

Essawy et al.29
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to the polymeric matrix and prevention of the floating of titanium
dioxide particles to the surface of the composite during the
preparation using an extrusion technique. The particles remained in
the bulk of the composite due to the good integration of PEI-coated
particles into the polymeric matrix, and these could not reach the
surface so as to be irradiated and produce the photocatalytic activity.

Demonstrated recently in the authors’ work43,44 was the alteration in
the titanium dioxide–polyelectrolyte hybrid photoactivity by variation
of the chitosan or PEI buffer layer position in an LbL assembly. The
combination of the external stimulus (in the authors’ case, UV
irradiation) and the consequent pH gradient formation near the
irradiated surface of the semiconductor42 can be regarded as
stimulus-coupling activation of the semiconductor–polyelectrolyte
hybrid system. Chitosan and PEI are known to exhibit ‘proton
sponge’ properties by the trapping of hydrogen ions with NH2

groups. Under UV irradiation of the hybrids, the ‘photon-to-proton
conversion’ (i.e. the transformation of electromagnetic irradiation
energy into proton flux on the irradiated surface of titanium dioxide

through a series of reduction/oxidation (red/ox) reactions with water)
takes place. Recent work efficiently used the approach to control
surface properties of titania.

Recently, the protection function against supramolecular
disassembly of chitosan deposited on the surface of titanium
dioxide has been demonstrated (Figures 4(a) and 4(b)).43

The combination of triaminopyrimidine and cyanuric acid
modified with a hexanoic acid side chain is known to
be assembled–disassembled reversely with pH change in the
surrounding media. In the authors’ work, it was shown that the
assembly deposited onto the titanium dioxide–chitosan surface
after irradiation remained on the surface without being destroyed
and disassembled. This led to the confirmation of the hypothesis
exploiting chitosan as a buffering protective layer for trapping
photogenerated hydrogen ions.

The generation of protons leads to a decrease in the subsurface
pH value. Titanium dioxide is known to exhibit higher

Swelling behavior

Semiconductor
or metal

LbL

Ion and molecule
storage and transport

H2O H2O

Traditional thinking System thinking Ion
diffusion

Site
diffusion

Self
ex-

change

Polymer
diffusion

10–6 10–8 10–10 10–12 10–14 10–16 10–18

Diffusion coeffient: cm2/s

(a)

(b)
(c)

Figure 2. Schematic depiction of PM components and their dynamic thinking. (a) The solid (semiconductor or metal)–polyelectrolyte
interface is in focus for its nanostructuring for a programmable swelling behavior, ion and molecule storage and transport against
environmental changes and response to stimuli. (b) It is important in PM to transfer from traditional thinking to complex thinking.
(c) Various time lines for diffusion coefficients in polyelectrolyte assembly that are important in predicting the PM response. Adapted from
Fares and Schlenoff36
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photoactivity in the acidic medium, but, in the case of immediate
binding of photogenerated protons by the PEI layer, the
photoactivity can decrease. The authors showed that the titanium
dioxide–poly(styrene sulfonate) (PSS)–PEI photocatalytic activity
is around two times lower in comparison with that of titanium
dioxide–PEI and around four times lower than in the case of
pure titanium dioxide (Figures 4(c) and 4(d)). In the
photoelectrochemical experiments, the authors also noticed a
decrease in the photocurrent values. The authors assume that such
decrease in the photoactivity can be related to the variation in
buffering properties of PEI either deposited directly on the
titanium dioxide surface or separated by a nanoscale-thick
(~5 nm) PSS layer. Another demonstration of the mild
photocatalytic activity of the titanium dioxide–PSS–PEI hybrid
was described by Brezhneva et al.44 Changes in the titania
surface state can be efficiently controlled by impedance study
(Figures 4(e) and 4(f )), resulting in either an increase or a

decrease in photocatalytic properties. An important feature is
detailed system modeling and prediction of applied characteristics
against titanium dioxide–PSS–PEI hybrid and its architecture.

Titania is a good model semiconductor for studying the light–pH
coupling effect due to its photocorrosion resistivity, stability and
having one of the best-studied surface state chemistry in
correlation with the surrounding medium. However, there are
several other semiconductors (Table 1, Figures 4(g) and 4(h)). In
Figures 4(g) and 4(h), it is highlighted that a PV element based on
a zinc oxide/perovskite photoactive part in combination with PEI
has Jsc = 15·6 mA/cm2.45–47 Other polyelectrolytes were not
tested, and even the role of PEI was not properly discussed for a
predictive model. However, taking into account aforementioned
facts, the probability of finding a proper nanoarchitecture for
exploitation of perovskite and III–V semiconductor-based
elements is high.
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Figure 3. Light–pH coupling on a semiconductor surface. Maps obtained by the in situ SIET to analyze local pH gradients generated on
nanostructured titanium dioxide: (a) before irradiation; (b) during local irradiation; (c) after irradiation (20 min of relaxation). (d) pH
measurement inside an irradiation spot (shown in panel (g)) and single-spot time-evolution measurements on a titania layer after
switching on and switching off the light. (e) Local pH measurements in a line (shown in panel (g) in (red)) before, during and after
irradiation (the maximum coincides with the position of the irradiation spot; the time of measurement of each line was 3 min). (f) pH in
the Z direction during illumination inside the irradiated spot. (g) X–Y dashed lines shown in the optical image of the surface and the
location of the focused irradiation spot on titanium dioxide described earlier (panels (a)–(e)) and mapped in panels (a)–(c). (h) X–Y optical
image with defocused light to show the flexibility of the method to change the intensity of illumination and its location and effect on the
pH gradient of the surface with corresponding (i) pH map with color-pointed pH areas. Reprinted from Maltanava et al.42
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The study of solar energy conversion and photoinduced bioactive
sensors represents leading scientific fields, where interfaces play a
decisive role for efficient applications. The key to tuning these
interfaces specifically is a precise knowledge of interfacial
structures and their formation on the microscopic, preferably
atomic, scale. Supplie et al.5 discussed how the area of III–V
semiconductor development can be regarded within the frame of
bioapplications and sensors. Supplie et al.5 describe appropriate
analysis techniques capable of monitoring critical physicochemical
reactions in situ during non-vacuum preparation and photoactivity
studies including well-defined inorganic epitaxial reference
surfaces, buried interfaces and low-defect nucleation of disjunct
epitaxial materials that were analyzed during preparation in a
chemical vapor environment. In addition, the complex coupling of
inorganic stable photoactive materials with responsive soft matter
for bioactivity was also under consideration.

Enzymatic reactions can be also controlled using the light–pH
coupling phenomenon. Surface modification by an enzyme allows
achieving affinity and improving the biological response of
bioinert surfaces. Experiments with osteoblasts demonstrated that
the higher cell viability of a titanium implant surface
functionalized by a polyelectrolyte–enzyme interface favors the
osteogenic response.45,46 Stimulus-responsive biointerfaces open
perspectives to smart-material-based tissue engineering. Thus, the
formation of trypsin from its precursor trypsinogen was chosen as
an example of a pH-sensitive autocatalytic enzymatic reaction and
was studied on a titanium dioxide–PSS–PEI hybrid and the
titanium dioxide surface as a control.50 The results indicated that
the acidification of the surrounding media near the pristine
titanium dioxide is the most possible explanation of the
suppressed formation of trypsin in comparison with that in the
hybrid system. In the latter case, the adsorption of trypsin was
higher in comparison with that with pure titanium dioxide;
however, polyelectrolyte layers deposition had less effect on the
autocatalytic enzymatic reaction. Thus, varying the position of the
polyelectrolyte layer in the LbL assembly can serve as an easy
method of tuning the hybrid system photoactivity.

2.1.3 Complex thinking for switching biological response
The complex interactions of PMs with living objects, such as
bacterial and yeast and human cells and tissues, are being discussed
more and more. The proper design of drug delivery systems, as
freestanding or surface capsules,51–56 is a topic of high importance.
The authors shall further focus on the following questions: (a) what
a proper carrier is; (b) what type of chemistry is suitable for
communication; (c) how to design two-sided communication – that
is, processing of signals is performed by both the cell signaling
network and synthetic chemical network; and (d ) how to influence
cells – for example, bacteria – with synthetic chemistry and how
synthetic chemistry can response to bacteria.

In Figure 5(a), an example of a titania-based capsule for light-
stimulated delivery of chemical species is shown,57 and in
Figure 5(b) it is pointed that bacterial metabolism has feedback

mechanisms.58 Nowadays there are many attempts to add
chemical signals for biological signaling for various applications,
from diagnosis and treatment of illnesses to modeling the
understanding of complex system behaviors. In a recent work of
Nikitina et al.,59 a new contribution to the design of
polyelectrolyte capsules based on surface-modified mesoporous
titania particles with deposited silver (Ag) nanoparticles to
achieve chemical light upconversion by way of biofilms was
shown (Figures 5(c) and 5(d)). The polyelectrolyte shell allows
slowing down the release kinetics of loaded L-arabinose and
switching the bacterial luminescence in a certain time. The hybrid
titanium dioxide–silver–polyelectrolyte capsule activated at
980 nm (infrared (IR)) illumination demonstrated ten times faster
release of L-arabinose as opposed to non-activated containers. Fast
IR release of L-arabinose switched bacterial fluorescence, which
the authors monitored at 510 nm. The approach described herein
can be used in many applications where delayed switching and
light upconversion are required. Such complex thinking is very
important for integration of complex chemical networks with
biological networks – enzymatic networks,50,60–63 bacterial
quorum sensing64–66 and synthetic biology67–69 – suggesting them
as one working reaction network.

Gradient processes on the surface of irradiated semiconductor–
polyelectrolyte hybrids can also play an important role in the
regulation of cell behavior. Recently, the dynamics of
preosteoblast growth on the surface of mesoporous titanium
dioxide with deposited layers of block-copolymer micelles
(BCMs) and poly(acrylic acid) (PAA) has been investigated.70

The consequence of pH alteration after irradiation of the system
was a change in the polymer film stiffness – in the acidic media,
the micelles swelled and drastically changed the thickness and the
Young modulus of the polymer coating (Figure 6). Earlier, the
change in BCM properties under DpH resulting from the bacterial
vital activity was investigated.71 For the LbL assembly of
polyelectrolytes without titanium dioxide coating, a change in the
stiffness under irradiation did not occur and the coating remained
rigid. During 5 d of cultivation, the cells had a tendency to
migrate from the ‘soft’ part of the sample toward the ‘stiff’ one
(Figure 6). Thus, the manipulation of the mechanical modulus of
the hybrid coatings can lead to the fabrication of stimulus-
responsive materials for biological purposes.

Light is an attractive stimuli for the regulation of the gradient in
time and space. It is easy to vary its intensity, duration and
wavelength. However, in many cases, fundamental understanding
of red/ox processes is needed. Studies of the electrochemical
behavior of systems provide information about the quantity of the
transferred electrons and processes at the electrodes.

2.2 Electrochemical studies of
electrode–polyelectrolyte interfaces

2.2.1 Importance of multicycle behavior
Electrochemical cells usually consist of two electrodes immersed
in a solution (liquid or solid) of electroactive species in
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conductive media (electrolyte). The anode is where the oxidation
reaction occurs, and the cathode is where the reduction reaction
takes place. Since the fact that most electrochemical systems
are heterogeneous, electrode reactions are related to electron
transfer through the electrode–electrolyte interface. Thus, the
characteristics of an electrode reaction are highly affected by the
microstructure of the electrode surface, its cleanness, surface
physics and chemistry. The non-faradaic impact of current flow is
largely related to adsorption/desorption processes, solvent dipole
reorientation and so on. Thereby, interfacial processes are of high
importance in electrochemical systems.

LbL PEMs are traditional and ubiquitous components in
designing interfaces with special properties. Recent progress in
science provides understanding of fundamental principles of
polyelectrolyte complexation and particle encapsulation due to
electrostatic interactions.

As a result of the high ionization degree of polyelectrolytes, their
deposition is a versatile and universal approach to creating the
desired net charge on a surface. Concerning electrochemical
applications, it is an attractive possibility to increase electrode
selectivity and sensitivity as far as PEMs deposited on the top of
the electrode surface form a strong electrostatic barrier to species
of the same charge. Recently, it was demonstrated that the

permeability of polyelectrolyte films depends mostly on film
composition rather than its thickness, and three different modes of
interaction between PEMs on the top of electrodes and model
electrochemical probes were observed – permeability, non-
permeability and ion accumulation.72

For photochemical system, the light–pH coupling was discussed
in detail earlier. For electrochemical systems, proton generation
can be associated with hydroquinone oxidation (Figure 7(a)).
Ryzhkov et al.73 in their work studied proton generation on
electrodes using the in situ scanning vibrating electrode technique
(SVET) (Figures 7(b)–7(d), 7(k) and 7(m)), SIET (Figures 7(e),
7(f ), 7(l) and 7(n)) and electrochemical impedance spectroscopy
(EIS) (Figures 7(g) and 7(h)).

The methods are suggested to be powerful instruments for the in
situ observation of reversible processes associated with the lipid
bilayer (LB)–solid support interface (Figures 8(a)–8(c)). EIS
highlighted the reversible disappearance of the LB’s impact on
impedance in acidic conditions set by dilute acid addition as well
as by electrochemical proton release on the gold (Au) electrode
due to hydroquinone oxidation. In situ studies of transmembrane
channels often require a model bioinspired artificial LB decoupled
from its underlying support. Obtaining freestanding lipid
membranes is still a challenge. Ryzhkov et al.73 suggested an
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Figure 5. Complex thinking of polyelectrolyte capsules for switching biological response. (a) Titania capsules with a polyelectrolyte shell can be
used for local light-stimulated delivery. The confocal image presents capsules loaded with rhodamine 6G and entrapped in a sol–gel matrix
which releases the dye only in exposed areas. Adapted from Skorb et al.57 (b) Bacterial metabolism is presented as having a non-linear start due
to starting the fluorescence of green fluorescent protein (GFP) in response to L-arabinose activation. Adapted from Wu et al.58 (c, d) A block
schema of experiments where capsules (A) are nanostructured to release the needed concentration of L-arabinose (B) and switch bacteria
metabolism (C), for use as a marker for switching of the fluorescence at 510 nm, which can be monitored by various methods. Shown here are
photographs of petri dishes in off and on cycles. Adapted from Nikitina et al.59 AR/AL, androgen receptor fluorescence
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electrochemical approach to LB separation from its solid support
by way of hydroquinone oxidation. LbL deposition of PEI and
PSS on a gold electrode was performed to obtain a polymeric
nanocushion of [PEI–PSS]3–PEI. The LB was deposited on the
top of an underlying polymer support from the dispersion of
small unilamellar vesicles due to their electrostatic attraction
to the polymer support. Since lipid zwitterions demonstrate
pH-dependent charge shifting, the separation distance between
the polyelectrolyte support and LB can be adjusted by changing
the environmental pH, leading to recharge of lipid molecules.

The outermost layer determining the net charge of the
polyelectrolyte layer plays a crucial role in permeability properties
of multilayered assembly completely blocking the diffusion of

charged electroactive species. As it was demonstrated for pH-
dependent charge-shifting electroactive species, permeability can
be switched to non-permeability when the isoelectric point is
crossed and the electroactive specimen involved in the electrode
reaction becomes of the same charge as a terminating layer of the
LbL assembly on the top of the electrode.77 A similar behavior
was observed when the outermost layer of a polyelectrolyte
assembly was presented by molecule turning from being
positively charged at pH 3 to negatively charged at pH 10
(Figures 8(d)–8(f )). Positive and negative electrochemical
probes, [Ru(NH3)6]

3+ and [Fe(CN)6]
3−, demonstrate a switch

from the permeable regime to the non-permeable one and vice
versa, respectively, shifting from basic to acidic condition.78

PEMs of poly(diallyldimethylammonium chloride) (PDDA) and
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Figure 6. Example of photoswitchable LbL assembly for bioapplication. (a) Atomic force microscopy images and schematic illustration of
change in LbL thickness in response to irradiation (intensity of 5 mW/cm2) show a change in thickness from 150 to 750 nm as well as
stiffness from 1·67 to 28 kPa. Adapted from Ulasevich et al.71 (b) Suggestion of use of such photoregulated lab-on-a-chip in (a) to guide
cell migration and (c) corresponding cell (osteoblast MC3T3-E1) migration experiment; note that, before irradiation, the numbers of cells
were equal on both sides. Adapted from Ulasevich et al.70
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poly(4-styrenesulfonic acid-co-maleic acid) (PSS-MA) with strong
and weak anionic groups become completely impermeable for
both cationic and anionic probes at high pH and permeable for
negative species in acidic conditions.79

Another regulation by light of the pH-sensitive complex
adsorption/desorption process was shown in an example of
protein tagged with the amino acid histidine amino acid (poly-
His-tag) with a nickel (Ni)–nitrilotriacetic acid (NTA) complex
where the last component was in the LbL assembly on the
titanium-based chips covered with native titania75 (Figures 8(g)
and 8(h)). The interactions of the poly-His-tag protein with

nickel–NTA are pH sensitive. Short-term irradiation was used for
switching the pH value of the subsurface surrounding media.
After turning the light on, the pH value changed to 4 and the
dissociation of NTA–Ni2+/His-Tag occurred and the protein
desorped from the surface, which was confirmed by confocal laser
fluorescence microscopy and quartz crystal microbalance analysis.
Turning the light off resulted in the reverse process – adsorption
of the protein to the surface. Thus, light regulation of protein
sorption can have biosensing and biomedical applications.

The outermost polyelectrolyte layer of a multilayer determining
its net charge plays a significant role in the interaction with
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Figure 7. Possible methods and corresponding data for in situ spatiotemporal monitoring of feedback responses on a nanostructured surface.
(a) Cyclic voltammetry curves of hydroquinone on a pure gold electrode and a gold electrode covered by a PEM and polymer-cushioned LB.
(b) Scheme of SVET measurement. (c) Platinum (Pt)–iridium (Ir) vibrating probe. (d) Top view of the gold wire embedded in the epoxy holder.
Red arrows represent ionic currents measured by SVET. The platinum vibrating electrode is seen at the right bottom of the image. (e) Schematic
diagram of SIET measurement. (f) Glass capillary microelectrode with liquid ion-selective membrane. (g) Schematic diagram of EIS measurement.
(h) Equivalent electrical scheme representing parts of the electrochemical system with the gold electrode covered by a PEM and a LB.
(i–n) Schematic representation of the electrode structure; map of adjusted pH of electrode media after 5 mA current was passed through the
electrode immersed in a 60mM hydroquinone solution in 150mM potassium nitrate (KNO3), as measured by SIET; and anodic activity of the
electrode immersed in a 60mM hydroquinone solution in 150mM potassium nitrate while 5 mA current was passed, as measured by SVET, for
(i, j, k) gold–PEM and (l, m, n) gold–PEM–LB electrodes, respectively. Adapted from Ryzhkov et al.73
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charged colloidal particles. If an experiment is performed in the
solution of an electroactive specimen, every collision of a
conductive particle with the PEM on the top of the electrode
is followed by electron transfer. In the study of Pennakalathil
et al.,74 hydrazine oxidation was performed on poly-L-lysine
(PLL)–poly-L-glutamic acid (PGA)-covered gold electrode in a
dispersion of gold nanoparticles. Every collision of a nanoparticle
with the PEM-covered electrode was followed by a current spike
(Figures 8(i) and 8( j)).

Recent studies also aimed to reveal temperature and ionic strength
effect on diffusion through PEMs.80 The exact nature of ion
transport through PEMs was discovered to be similar to the one
through solid matter and coupled to the motion of the surrounding
polyelectrolyte chains. Thus, this process is thermoactivated as it

was shown for PDDA–PSS multilayers.80 Electrode modification
by thermoresponsive polymer brushes that transform to a
collapsed state during heating demonstrated simultaneous
decrease in resistivity.81 This approach can be used in the design
of thermoresponsive switchable electrochemical sensors.

It was also shown that diffusion of the electroactive species to the
electrode through polyelectrolyte layers can be significantly
influenced by the nature of the supporting electrolyte.82 EIS
revealed that, for polyelectrolyte brushes grafted to the electrode
surface, an increase in the salt concentration led to the collapsed
state of the polymers, which blocked electron transport and
decreased the conductivity of the composite. Nevertheless,
swollen brushes allow good permeability of electroactive
probes.83
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Figure 8. Examples chosen to highlight multicycle switching. (a, b) Impedance spectra of titanium dioxide–PEM–LB composites. The red
curves are nine overlapping spectra registered in darkness immediately after 20min of illumination; the blue curves are nine overlapping
spectra registered after 20 min of relaxation in darkness. (c) Impedance oscillations during irradiation on–off cycles. Adapted from Ryzhkov
et al.73 (d–f) pH-dependent switching of electroactive LbL-based assembly. Adapted from Pennakalathil et al.74 (g, h) Quartz crystal
microbalance monitoring of adsorption and desorption on a chip of His-tag protein with corresponding confocal images of the surface
with protein and without. Adapted from Andreeva et al.75 Parts (i) and (j) highlight the possibility of having a reactive side against the
activated state of PEM. Adapted from Castañeda et al.76
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The aforementioned possibilities to change the permeability of the
polymer layers on the top of the electrode surfaces open great
perspectives on the design of electrochemical sensors with
regulated selectivity, sensitivity and response time. This approach
has been developed mainly in the design of amperometric
biosensors. Due to the selective permeation of the target specimen
through a PEM film of PAA/poly(vinyl sulphate) nanoarchitecture,
the selectivity of the platinum (Pt) electrode to hydrogen peroxide
(H2O2) in the presence of organic acids increased significantly.84

Complete suppression of charged oxidizable compounds’
permeability can be achieved by altering the number of the
assembled layers. Modified electrodes semipermeably selective to
hydrogen peroxide are suggested to be an attractive platform for
glucose85 and uric acid biosensors.86

It is now well recognized that nanoscale materials present
significant enhancement in catalytic and sensing properties
compared to bulk ones of the same composition. Thus, decoration
of electrodes by metal nanoparticles draws much attention
nowadays. LbL assembly, being a versatile and simple instrument
of surface modification, is widely used for enhancing electrode
efficiency due to nanostructuring.87 Multilayered assemblies of
PDDA and gold nanoparticles demonstrated a good response for
arsenic (III) (As3+) compounds, thus providing an opportunity for
biosensor applications.88 Recently, it has been reported that PEMs
containing gold nanoparticles may exhibit stimulus-tunable
electric conductivity. It was also demonstrated that the function of
polyelectrolyte layers is not limited by particle immobilization. It
was shown that humidity-responsive swelling of polyelectrolyte
chains between encapsulated particles led to larger distances and
lower electron tunneling probabilities.89 It is important to note
that conductivity may be both predetermined by deposition
conditions and be changed while exploiting under external
stimuli. The electrochemical response of multilayered assemblies
of the charged polymer molecules and metal nanoparticles is
significantly affected by the morphology of polymer layers. If
multilayers of PSS–poly(allylamine)ferrocene (PA-FC) are
organized in stratified layers, electron transport happens through
the electron hopping from one metal particle to another separated
by non-conductive polymer layers. In PGA–PA-FC multilayers,
polyelectrolyte molecules are free to diffuse and their movement
results in making metal impurities come in contact with each
other and the electrode, enhancing electron transport and
increasing the conductivity of the composite. In cross-linked
PGA–PA-FC multilayers, the polyelectrolytes are no longer able
to diffuse and electron transfer in these multilayers happens as in
the case of PSS–PA-FC through electron hopping from one metal
particle to another.90 Thus, three different regimes of electron
transfer can be observed from the electroactive specimen in
solution to the electrode through the complex interfaces.

Another way to enhance electron transfer through polyelectrolyte
layers is introducing specially modified polymers with
electroactive moieties into the multilayered LbL assemblies.
Poly(4-vinylpyridine) with a covalently attached osmium complex

was suggested to be an electron transfer agent in a
polyelectrolyte–lipid bioinspired composite.91 Multilayers of
PLL–PGA covering a gold electrode enhance electron transfer
and induce increase in faradaic current without any introduction
of the electroactive specimen into the multilayer structure.76

Carbon nanotubes modified by PDDA layer demonstrated an
increased catalytic performance to oxygen reduction similar to
that of platinum catalysts. The main reason of such composite
behavior was the strong electron-withdrawing ability of the
polymer.92

In many cases, polyelectrolyte layers serve as a material that
modulates the electrochemical response of the electrode.
However, polyelectrolyte assemblies on the top of the electrode
also serve as ‘smart’ dynamic materials responsive to
electrochemical stimuli. Charged polymer molecules are highly
sensitive to the surroundings. It is well known that they change
conformation from linear to coiled during, for example, an
increase in the ionic strength. Electrochemical control over the
morphological transitions of polyelectrolytes is very attractive for
guiding biological morphogenesis. A reversible thickness increase
of about 5–10% may be reached through the penetration of
chloride ions into the PEM resulting from [Fe(CN)6]

4− reduction
and consequent appearance of non-compensated positive
charges.93 This phenomenon was used to demonstrate time-
resolved control over the wettability of electrochemically
addressable surface of polycationic poly(2-(methacryloyloxy)
ethyltrimethylammonium chloride) (PMETAC) brushes with
ferricyanide ions. Alternating application of negative and positive
potentials induces reversible switches of PMETAC brushes
between linear and coiled states simultaneously with the reduction
and oxidation of [Fe(CN)6]

3− and [Fe(CN)6]
4−. As a result,

reversible changes in water contact angles may be observed.94

It is well known that strong electric fields can promote
dissociation of weak polyelectrolytes. Ionization of weak
polyelectrolytes assembled on the top of the electrode surface
under applied potential leads to enhanced intramolecular repulsion
between the charged moieties of polymer molecules, which can
promote conformational change. As a result, the switch from
hydrophobic to hydrophilic state and vice versa can be performed.
The swelling behavior of polystyrene-block-PAA under a negative
bias led to an increase in the water contact angle.95 Swelling and
deswelling of polyelectrolyte layers under alternating applied
potential can reversibly bend underlying supports due to
conformational changes of polymers. A simple and versatile
platform for electroactuation was demonstrated by employing a
cantilever modified by PMETAC brushes,96 Nanoactuation of
PGA–poly(allylamine hydrochloride) (PAH) and carboxymethyl
cellulose (CMC)–PDDA multilayers in similar conditions by
potential application was also demonstrated.97 It is interesting that
ferrocyanide oxidation caused the swelling of PGA–PAH
multilayers, whereas CMC–PDDA multilayers underwent
contraction due to the presence of a positive and a negative
Donnan potential, respectively. In the case of multilayers
assembled from weak polyelectrolytes, morphological transitions
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may originate from pH change induced by water hydrolysis after
potential application. Structural rearrangements of the weak
polyelectrolyte molecules in an electrically induced pH gradient
can lead to the creation of a porous structure.98

Although initially only artificial polyelectrolytes were suggested
for LbL modification of electrodes, nowadays significant efforts
are being made to expand this approach to biocompatible
materials. Thin films of chitosan biopolymer susceptible to
chemical modification by way of reactive functional groups were
investigated due to several aspects. The first one is the switching
net charge of the polymer film on the top of the electrode, and the
second one is introduction of charge-based chemical recognition
to amperometric sensors.99 Modification of electrodes with
biocompatible materials is a critical point for designing safe and
reliable tissue–electrode interfaces of neuroprosthetic and
cardiostimulating electrodes. Platinum electrodes modified by
alternating layers of carbon nanotubes and poly(vinyl acetate) can
serve as a new material for neural interfacing and significantly
outperform materials available today in terms of electrochemical
stability, low impedance and charge storage capacity.100 Proteins
and ferments assembled in multilayers on the top of electrodes
have ushered a new era of electrochemical biosensors.
Alternatively, immobilized poly(sodium 4-styrenesulfonate) and
horseradish peroxidase (HRP) on zinc oxide nanorods exhibited a
wide linear range and low detection limit of hydrogen peroxide
without any electron transfer mediator.101

Another biocompatible hydrogen peroxide sensor based on HRP
was assembled with a deoxyribonucleic acid (DNA) network.
The last one greatly amplified the coverage of HRP molecules
on the electrode surface and facilitated the charge carriers
enhancing the electron transfer between HRP and the electrode.
The biosensor showed fast response, high sensitivity, good
reproducibility, long-term stability and an extremely low detection
limit.102 Direct electron transfer was observed for glucose oxidase
immobilized on titanium dioxide. A glucose sensor with high
sensitivity, low detection limit, good selectivity and long-term
stability can be obtained without a mediator.103 Experimental
results showed that polyelectrolyte-stabilized colloidal gold can be
used as a biocompatible matrix for enzyme immobilization.104 It
was demonstrated that chitosan-stabilized gold nanoparticles
deposited on the top of a gold electrode enhanced the electron
transfer ability. Protein molecules of myoglobin, hemoglobin and
cytochrome c assembled on the top of these electrodes displayed
an excellent electrocatalytic performance to the reduction of
hydrogen peroxide and were stable as long-term sensors with
reproducible measurements.105 A densely packed gold
nanoparticle platform combined with a multiple-enzyme-labeled
detection antibody–magnetic bead bioconjugate was used as the
basis for an ultrasensitive electrochemical immunosensor to detect
cancer biomarkers in serum.106

Electrochemically triggered self-assembly of charge-shifting
polyelectrolytes in nanoscale multilayers was demonstrated for

many systems.107 For example, an electrochemically generated
pH gradient leads to the hydrolysis of anionic dimethylmaleic-
modified PAH108 or citraconic-modified PAH109 to cationic PAH
and its consequent assembly with anionic PSS.

Since polyelectrolyte assemblies are held together on the basis of
electrostatic interaction, their stability is highly sensitive to
influencing electrical fields. As reported by Zahn et al.,110 release
of DNA encapsulated in PEMs was triggered by the application
of electrochemical potential. In the study of Si et al.,111 calcein
from vesicles embedded in polyelectrolyte layers was released and
delivered to viable cells on the top of the assembly upon the
application of an electrochemical stimulus.

A biocompatible method of selective detaching of three-
dimensional cell-encapsulated hydrogel from a culture substrate
was reported.112,113 LbL assembly of PLL–hyaluronic acid with
methacrylated chitosan on its top was deposited on an indium tin
oxide (ITO) substrate. Heparin-based hydrogel fabricated on the
top of the composite described earlier was detached by dissolution
of the underlying PEM when applying an oxidative potential. The
applied potential did not affect the viability or the function of the
cells in the entire hydrogels.

To sum up, concerning the electrochemical aspects, LbL
deposition of PEMs is a simple ways nanostructuring electrode
surfaces. These complex structures can play an important role not
only in tuning the structure of the electrodes on which surface
they were deposited, but also in creating novel smart stimulus-
responsive materials. External stimuli (electric field) to
electrode–PEM hybrids can serve as a trigger for various
processes – reversal switch of surface wettability, self-assembly of
polyelectrolytes, release of the encapsulated substance and
detachment of cell-encapsulated hydrogel. Thus, the diversity of
the electric stimulus responses of such nanostructured hybrid
material can find applications for biosensing, nanoactuation
platforms and so on.

2.2.2 Photoelectrochemical applied devices
Taking into account the potential of polyelectrolyte layers for
application in photoelectrochemical device fabrication, one should
note that they can play an important role as templates for oxide
semiconductor or metal film preparation.114,115 Particularly,
Lowman et al.115 used LbL assembly of linear PEI and PAA as a
framework for titanium dioxide porous layer preparation for the
fabrication of dye-sensitized solar cells (DSSCs). The PEI layer
can play an important role in the formation and growth of
continuous, ultrasmooth and highly conductive silver coating for
light-emitting diodes, photodetectors and optoelectronics.116

The combination of BCMs with PAA layers can be actuated by
the pH gradient on the irradiated semiconductor surface described
in the previous section. In the study of Lanchuk et al.,117 the
reaction of photoelectrochemical water splitting was used as the
trigger for the actuation of deposited weak polyelectrolytes.
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The illumination of the semiconductor with supraban energies
causes the formation of photoelectrons and photoholes on the
surface, followed by scavenging of oxygen molecules and surface
hydroxyl groups, respectively. The photogenerated protons
determine local acidification of the surface layer, which was
confirmed by pH mapping by SIET.42 The pH decrease leads to
changes in the thickness and stiffness of the weak polyelectrolyte
assembly; after fast switching, the system exhibited slow
relaxation, which can potentially find applications in designing
biomimicking materials.

A large number of papers are dedicated to the exploitation of
semiconductor–polymer hybrid structures that can be used as an
intermediate layer in organic or perovskite solar cells for their
efficiency improvement.118–123 One of the requirements for the
efficient functioning of solar cells is the minimization of the
barriers for charge transport across the active layer–electrode
interface. Aliphatic polyelectrolytes containing amine groups (PEI
and ethoxylated PEI (PEIE)) can be employed as an electron
transport layer (ETL) to reduce the work function of the ITO and
the interfacial energy barrier so as to facilitate the electron transfer
between the active material and the electrode.

The deposition of PEI and PEIE resulted in the formation of a
thin interfacial dipole between the active layer and the ETL. Also,
composite materials based on semiconductor material (e.g. zinc
oxide118 and titanium dioxide119) with PEI or PEIE can act as the
buffer cathode (i.e. ETL)120,121 or as a protective layer in a hybrid
organic–inorganic photocathode for hydrogen evolution operated
in acidic conditions.122

Regarding the structure of inverted polymer solar cells, the
interfacial layer is placed between the active layer material
(e.g. fullerenes and conjugated polyelectrolytes (CPEs)) and the
cathode (e.g. ITO). In the study of Jia et al.,123 the ETL based on
zinc oxide and PEI combined the advantages of both
semiconductor and polymer components responsible for high
charge carrier mobility and good film formation ability,
respectively. The authors demonstrated that blending of PEI
within the oxide film improved the surface roughness of the zinc
oxide film, enhanced the structural order of zinc oxide in zinc
oxide:PEI composite perpendicular to the surface of ITO the
cathode and, consequently, significantly increased the mobility of
electrons in the vertical direction with the content of PEI in the
composite film up to 7 wt%. The use of zinc oxide–PEI composite
in inverted solar and perovskite solar cells showed an
improvement in power conversion efficiency (PCE) in comparison
with the cases wherein only zinc oxide and PEI are used as
cathode buffer layers.123 In addition, the device stability (in
comparison with the stability of the control device without the
cathode buffer layer zinc oxide:PEI) also increased.

One of the ways to increase the PCE value is to employ
multijunction solar cells instead of single-junction ones. However,
the main obstacle for the arising applications of such devices is

interfacial losses between the hole-transporting layer (HTL) (e.g.
poly(3,4-ethylenedioxythiophene) (PEDOT):PSS or molybdenum
oxide nanoparticles) and the active polymer layers. Du et al.124

showed that a multilayer consisting of HTL–zinc oxide–PEI
possesses all the requirements needed for efficient intermediate
layers in multijunction solar cells – high charge carrier
recombination efficiency, high transparency and high physical
robustness. In addition, tandem solar cells with this intermediate
layer showed nearly no loss of Voc and a function comparable to
that of reference single-junction solar cells.

The deposition of PEI directly onto the surface of semiconductor
films leads to the smoothening of the surface, decreasing the Rms

value. For the applications in solar cells, this fact can play an
important role in the improvement of charge transfer. For
example, the smooth interface morphology of a hybrid titanium
dioxide–PEI film91 can reduce interfacial defects of the
semiconductor film followed by diminished light scattering and
reflection. Additionally, a reduction in the recombination of
charge carriers after polyelectrolyte deposition can also result
from the smooth and featureless interface morphology. The
magnification of the device short-circuit density Jsc is the
consequence of titanium dioxide–PEI’s positive effect on device
performance in comparison with a pure titanium dioxide layer.
Recombination dynamics and charge transport were measured
using EIS (Figure 4(f )). The curve in the low-frequency region
depends on the charge transport between the active layer and ITO
electrode. Devices based on a PEI-modified titanium dioxide layer
possess low charge transfer resistance in comparison with the
pristine titanium dioxide-based device, demonstrating the
probable facilitation of the electron transport from the ITO
cathode to the active polymer-based layer and decreasing contact
resistance.125 The J–V measurements under dark conditions
confirmed the suggestion of the electron transport enhancement in
the case of titanium dioxide–PEI-modified solar cells.

Yan et al.126 studied the effect of PEI layer deposition onto a
titanium dioxide ETL on the device behavior. The authors altered
the deposition of the polyelectrolyte on the top of the
semiconductor coating, underneath it or in the bulk. It has been
demonstrated that PEI deposition on the top of the titanium
dioxide ETL facilitated the extraction of photogenerated electrons
due to the formation of strong dipoles formed at the active
layer–ETL interface, reduced energy barrier and, consequently,
stabilized maximized efficiency. The maximum PCE value of the
titanium dioxide–PEI-based device was c. 10%, whereas for pure
titanium dioxide, the value was c. 9·5%. In another experiment,
the authors blended titanium dioxide nanoparticles directly with
PEI solution to obtain bulky functionalized titanium dioxide
coating and estimated the impact on the performance of the solar
cell. The optimal content of PEI turned out to be 10 wt%, which
facilitated the dispersion and stabilization of titanium dioxide
nanoparticles. With the use of lower or higher amounts of PEI,
large aggregates of the semiconductor nanoparticles on the
substrate were observed. Thus, the optimal concentration of PEI
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can lead to the formation to the cluster-free films, and, as a result,
the highest PCE value is related to the optimal conditions of light
absorption. The deposition of PEI underneath the titanium dioxide
layer decreased the work function of the ITO (from 4·62 to
3·97 eV), facilitating charge extraction. Moreover, the softness of
the polyelectrolyte in a viscous state permits penetration into the
oxide layer, reducing its work function and reaching the highest
efficiency. The preparation of the PEI–titanium dioxide–PEI triple
layer where the polyelectrolyte was deposited both underneath
and on the top of the titanium dioxide layer resulted in the
reduction of Jsc and Voc values – the authors suggest such
reduction of the device parameters with the inhibiting nature of
multiple PEI layers followed by hampering of electron transport.

Addition of a negatively charged polyelectrolyte – for example,
PSS,127 which supplies counter ions for positively charged PEI –
and, consequently, the formation of an polyelectrolyte complex
can lead to the tuning of the cathode work function, enhancement
of the photocurrent and the device PCE value, resulting from the
enhanced electron extraction at the PEI:PSS–active layer
interface. The use of a titanium oxide (TiOx)–PEI:PSS bilayer
system as an interfacial layer showed a decrease in series
resistance, lowering the work function of the TiOx layer thus
eliminating the energy barriers for electron transport and injection.

A special class of polyelectrolytes – CPEs – is interesting for
solar cell applications as sensitizers due to their good absorption
properties, adjustable bandgap and charge and exciton transport
properties.128,129 CPEs are p-conjugated polymers with ionic or
ionizable groups on a p-conjugated backbone130 and can be used
as a light-harvesting material in DSSCs. Studies of CPE
absorption onto the surface of semiconductor single crystals were
performed in several works.129–131 The nearly atomically flat
surfaces of zinc oxide and titanium dioxide single crystals were
used as model systems for the investigation of the CPE adsorption
behavior. The proper choice of solvent, exposure time and
concentration led to the necessary polymer chain length, surface
coverage and thickness of the resulted film. The resulted polymer
coating possesses the appropriate light absorption and electron
injection properties for obtaining the incident photon-to-current
and absorbed photon-to-current efficiency values adapted
for further solar cell fabrication.131 Zhu et al.129 provided
the conditions for avoiding aggregation of CPE molecules in the
solution and after the adsorption on zinc oxide surface. The
polyelectrolyte molecules were present as single unaggregated
chains with a coiled conformation consisting of a helical structure,
stabilized by p-interactions and hydrogen bonds between the
carboxylic groups. This was confirmed by atomic force
microscopy analysis. The unaggregated CPEs underwent efficient
charge injection into the oxide semiconductor.

Fluorine-based CPEs as investigated by Pan et al.130 produce
interlayers with high transparency and smooth surface
morphology with the decrease in the work function of a zinc
oxide-coated ITO electrode. An ultrathin layer of CPE (~5 nm)

leads to the suppression of the charge carrier recombination and
series resistance. The double interlayer zinc oxide–CPE structure
allows preparation of high-performance organic PV devices.

In summary, the functionalization of the intermediate ETL of zinc
oxide or titanium dioxide by polyelectrolyte layers can lead to
the improvement in the performance of solar cell devices in
comparison with non-modified zinc oxide and titanium dioxide
analogs. Such hybrid structure can combine the advantages of
both components – high electron affinity, transparency, air
stability from one side and the ability of thin film formation from
the other. The introduction of polyelectrolytes leads to the
elimination of poor contacts on the ETL–active layer interfaces
caused by the intrinsic surface defects of the inorganic
semiconductor. Polyelectrolytes facilitate charge transport through
the formation of dipole moments on the interface. Also, the
degree of functional group ionization can lead to changes in
charge carrier transport characteristics. Moreover, the important
feature for the enhancement of the device performance is the
formation of non-aggregated polyelectrolyte coating in order to
obtain the maximum light absorbance and photoelectrochemical
characteristics. That is why the precise control of film thickness
and degree of polyelectrolyte aggregation is very important during
the procedure of polyelectrolyte layer deposition or incorporation
into the inorganic layer. The aforementioned factors open
perspectives on the fabrication of high-performance solar cells or
organic PVs based on the intermediate hybrid
semiconductor–polyelectrolyte layer.

2.3 Self-regulated processes
Among trends in the design of smart materials, self-regulated
materials and processes at interfaces play an important role, and
the following aspects are under consideration: (a) the choice of
the proper material and its environment; (b) stability of the
material to the degradation under different environmental
conditions; (c) mechanism of the degradation; (d ) strategies for
improvement of the material properties (e.g. stability); and (e) an
attempt to make materials self-responsive during degradation. In
this review, the authors discuss self-healing and self-cleaning
materials and their autocatalytic network design.

Self-healing materials are a class of advanced materials that
have the ability to control feedback processes, for example, at the
solid–polyelectrolyte interface.132 First, the nature of changes near
the solid surface and in the local environment is important – for
example, a change in pH during the corrosion process.133 Second,
it is important to find proper polyelectrolytes that could be
responsible for stabilization (‘healing’) of the inorganic
component damaged by the change in the surrounding medium.
In this case, weak polyelectrolytes that are sensitive to pH
alteration and can exhibit buffer properties (e.g. chitosan
and PEI as representatives of the imine class) could be
mentioned.134 The composition of the PEMs should be also
regarded. For instance, the LbL approach can be used for
optimizing the architecture of the layers for providing both the
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effect of pH buffering and improved material stability.135 Self-
healing has a broad spectrum of applications, including corrosion
protection,132–137 elements of antifouling and antimicrobial
coatings138 and bioinspired superhydrophobic interfaces.139

The self-healing of metals by polyelectrolyte assemblies is associated
with several factors132–140 (Figure 9): (a) pH normalization through
weak polyelectrolyte buffering; (b) the polyelectrolyte chain water-
induced mobility; and (c) the possibility of release of organic
molecules (healing agents). The versatile technology for the
formation of self-regulated corrosion systems can be extended and
optimized for novel trends and future needs.132

Today a particular research interest is paid to the area of systems
that convert an input signal into a single output in a non-linear
way.141 From the chemical point of view, the oscillation reactions
convert a steady supply of reactants into a periodic production of
products. From the signal process point of view, one of the
reactants is an input signal and one of the products is an output
(Figure 10).50,60–63 The oscillatory network first transits from
steady output to oscillatory output and then back to a steady state.
The presented oscillator in Figure 10 uses trypsinogen (zymogen
of the proteolytic enzyme trypsin), a synthetic tripeptide

(a masked inhibitor for trypsin) and aminopeptidase (another
proteolytic enzyme) as source materials. Oscillations result from
the interaction between a positive feedback loop, which consists
of an autocatalytic production of trypsin from trypsinogen, and a
delayed negative feedback loop, which consists of trypsin
inhibitor production. Interestingly, it was shown that
titania–polyelectrolyte particles can drastically affect the network
and propagation of the autocatalytic wave on the surface.50 The
challenges in this area include (a) predictive design of the
interface chemical switches and oscillators and (b) computing
cascades with bacterial signaling and metabolism.

In the field of model self-cleaning materials, antifouling
coatings139 and model microbiome systems142,143 should be also
mentioned. The effects of antibacterial evaluation suggest that the
nanofunctionalized titanium dioxide coating possesses excellent
antimicrobial activity.142 An interdisciplinary approach includes
the complementary experience in the development of PMs able to
communicate with bacterial biofilms.

Can the behavior of bacterial communities (B) be manipulated by
programming photoreactions on the surface of well-studied
materials – for example, nanoengineered semiconductor composite
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surfaces (PM) (Figure 11(a))? If a bacteria/biofilm binary system
can be regarded as a single unit (B), where bioreactions
may activate or inhibit bacterial metabolism (Figure 11(b)),
programming temporal reactions can be taken under
consideration. Communication between bacteria of a given type
by means of specific chemical species is becoming a rising topic
of research,144–151 Ion channels enable electrical communication
within bacterial communities144 (Figure 11(c)). Different types of
bacteria communicate within biofilms145 (Figure 11(d)). Thus, it
should be possible to make them follow a given spatiotemporal
program dictated by a photoresponsive material (Figure 11(e)).

Recently, Prindle et al.144 have studied in detail the temporal
synchronization and desynchronization of biofilm behavior
(Figure 11(b)) in response to oscillations in potassium (K+) ion
concentration. However, there was not any study that could
propose spatial localization of the programming signal in systems
containing synthetic ionic channels. Ulasevich et al.71 in their
work aimed to fill this gap with photosensitive materials capable
of locally controlled release of hydrogen and potassium ions
with a further study of the resulting changes in biofilm growth
and cell response.70 Reversible oscillation of LbL films based on
high-amplitude actuation of BCMs allows controlling the
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cell behavior on the surface. Ulasevich et al.71 have successfully
applied switching of a polyelectrolyte assembly by light to control
the behavior of supported cells.70 In particular, the change
in stiffness results in migration of cells to a harder surface.

A systematic study of nanoscale surface design is needed
to program significant bioresponses. BCM polyelectrolyte
brushes adsorbed on mesoporous surface demonstrated146 an
affective self-cleaning property of lactic bacteria. Lactic bacteria
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Figure 11. Taking microbial metabolism as part of a complex system for switching feedback stimuli between PMs and materials. (a) How
to program bacterial communities is a key point in the authors’ project. (b) A bacterial community has its own feedback mechanism – for
example, (c) oscillation of potassium ions in time depending on chemical surroundings, (d) spatial structure, co-operation and competition
in biofilms of different bacterial communities (shown in red, blue and yellow) to be programmed on the nanoengineered surface – for
example, by photocontrolled local reactions. (c) is adapted from Prindle et al.,144 and (d) and (e) are adapted from Rivera-Chavez and
Bäumler.145 (f) Self-controllable system. Confocal kinetic study (fluorescence mode) and schematic illustration of pH-triggered self-cleaning
behavior of a porous metal surface covered with pH-responsive micelles. Lactococcus lactis 411 bacteria (loaded with dye) were used as
model cells. Bacteria decrease the pH; micelles respond to the change and increase in size; and bacteria detach from the surface,
remaining just on the surface without micelles. Adapted from Gensel et al.146 (g) Schematic representations of a photoactuator employing
photogeneration of ROS to alter cell metabolism (inducing apoptosis and proliferation or production of certain metabolites). Transmission
electron microscopy image demonstrating the effect of ROS generated at titanium dioxide on the metabolism of lysogenic L. lactis
bacteria (i.e. containing bacteriophage genes in their DNA). The opening of the cell envelope and the release of viruses is observed.
Adapted from Skorb et al.147
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produced lactic acid and activated BCMs – the polymer coating
increased in its thickness and pushed the bacteria out of the
surface. Bassler’s148 paper focuses on the synergy between PMs
and living bacteria that can be deactivated; however, more
interestingly, bacteria survive and interact with PMs in a
predictive way. Lactic bacteria could reversibly be activated/
deactivated by PMs due to the cyclic metabolic process in their
life cycle.

Nowadays two important features, (a) bacterial metabolism
regulation and stimulation and (b) degradation of bacteria due to a
lethal concentration of reactive oxygen species (ROS), are being
intensively discussed. The ROS photogenerated on titania could
further penetrate into the intracellular volume and alter the
activity of the microorganisms. Both photokilling of bacteria and
profound changes in their metabolism can be attained depending
on the exposure used: the authors are interested in changing the
metabolism without deactivation of bacteria. In the authors’
previous work, it has been shown147 (Figure 11(g)) that ROS
produced on titania surface effectively induce lytic cycles of
lysogenic bacteria without killing them. To enhance the
superoxide yield and bacteria adhesion, bimetallic silver–nickel
nanoparticles can be deposited in the pores of a titania film.51 The
main objective in this field of research is to develop PMs which
interact with bacteria growing on the materials, opening the
questions of (a) what type of chemistry is suitable for
communication with bacteria; (b) how to design two-sided
communication – that is, processing of signals coming from both
the bacterial signaling network and synthetic chemical network;
and (c) how can synthetic chemistry influences and responds to
bacterial activity.

3. Conclusions
In this paper, several aspects of the inorganic (semiconductor
or metal)–PEM interface usability are highlighted. Processes at
interfaces are important for multiple-stimulus-responsive materials
(‘photon-to-proton conversion’, where electromagnetic irradiation
leads to the formation of photogenerated protons and thus a
decrease in the pH value of the subsurface layer of the irradiated
material). External stimuli can be regarded as triggers for the
actuation of soft matter without its destruction. Polyelectrolyte
deposition can impact differently on the photocatalytic activity of
the hybrids – in some cases, polyelectrolytes and semiconductors
can have a synergistic effect of photocatalytic activity
enhancement, and, in the others, polymer coatings can suppress
the photoactivity of the inorganic component. In general, the
functionalization of the interfacial layers with polyelectrolytes in
solar cells leads to the enhancement of the device performance
due to the improved light absorption and enhanced electron
transport from the active layer to the device. The aforementioned
characteristics of the hybrids provide possibilities of their
exploitation in various applications. Self-regulated systems are
discussed together with the existing problems of interdisciplinary
view to the problem of design of PMs ‘living’ together with
biological networks.
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1. Introduction

From a materials point of view, metal-based surfaces can be 
initially designed to guide cell behavior “statically” or “dynami-
cally” (Figure 1). Research on static systems typically fundamen-
tally focusses on material properties that govern cell feedback 
and guide cell response by surface hydrophilicity, morphology, 
porosity, crystallinity, and chemical composition. To change just 
one material characteristic without changing others is chal-
lenging. For example, an increase of roughness is accompanied 
with a change of surface hydrophilicity. In our work, we discuss 
the possibility of cell behavior control by surface nanotopog-
raphy on surfaces with the same chemical composition.

In addition to nanotopography, different chemical composi-
tions of the surface may be also used to improve the material. 
Development of new biomaterials will come from an under-
standing of how differences in nanotopography and surface 
chemical composition change surface properties will aim 
the development of new biomaterials. One of the main chal-
lenges in the development of static materials is to have a syn-
ergy of factors determining a better material biocompatibility, 

Metal surface nanostructuring to guide cell behavior is an attractive strategy 
to improve parts of medical implants, lab-on-a-chip, soft robotics, self-
assembled microdevices, and bionic devices. Here, we discus important 
parameters, relevant trends, and specific examples of metal surface nano-
structuring to guide cell behavior on metal-based hybrid surfaces. Surface 
nanostructuring allows precise control of cell morphology, adhesion, internal 
organization, and function. Pre-organized metal nanostructuring and dynamic 
stimuli-responsive surfaces are used to study various cell behaviors. For cells 
dynamics control, the oscillating stimuli-responsive layer-by-layer (LbL) poly-
electrolyte assemblies are discussed to control drug delivery, coating thick-
ness, and stiffness. LbL films can be switched “on demand” to change their 
thickness, stiffness, and permeability in the dynamic real-time processes. 
Potential applications of metal-based hybrids in biotechnology and selected 
examples are discussed.
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that in the case of medical implant nano-
structuring outcome for a better patient 
recovery after implantation. We summa-
rize some possible scenarios used nowa-
days in this review.

The methods used for surface nano-
structuring are extremely important. The 
chosen method should provide optimiza-
tion strategies, including non-equilibrium 
methods,[1] promising to control surface 
characteristics by duration and intensity of 
treatment and additives in solution, which 
may result in metal/polymer hybrids, 
or composite (titanium/hydroxyapatite 
(HA)).

Perhaps the most attractive strategy to 
guide cells is to use dynamic materials. 
All living systems are dynamic.[2] Dynamic 
processes found in life include the use of 

liquid flows,[3] concentration gradients,[4] molecular transport,[5] 
and environmental response.[6,7] We highlight examples of 
surface applications for guiding biomolecules in a continuous 
flow[7] and a controlled drug release,[8] as well as strategies to 
change surface stiffness and thickness.[9] Additional ques-
tions that will be examined are: How should nanostructuring 
of dynamic interfaces be planned? How can we achieve a con-
trolled cell migration on the surface? How should we main-
tain chemical concentration gradients to direct drug delivery? 
In other words, the goal is to explain an interaction between 
dynamic nanostructured materials and cell behavior. In some 
examples, where non-biological systems are mentioned, the use 
of particles are used[10,11] to study collective migration.

While multiple dynamic systems are used to guide cell 
behavior, one very important challenge should also be men-
tioned. Toxicity level of the materials should be taken into 
account. Stimuli used to switch the materials to active states are 
limited. In this review, we discuss polyelectrolytes (PEs) Layer-
by-Layer (LbL) assembly as a powerful example of dynamic 
coating and capsule shell for drug delivery capsules.[12–16] LbL 
systems are known as a straight-forward method to control 
the release of active species from “free” and “surface” capsules 
due to their stimuli-responsive ability.[16] LbL assembly has 
also been recently shown to be a promising candidate for the 
development of actuating coating, which can switch coating 
thickness and stiffness to guide cell migration on the surface.

2. Native Cell-Nanotopography Interactions

Recent advances in cell biology have resulted in an increased 
knowledge of the extracellular environment. Subendothelial 
extracellular matrix (ECM) is known to have a highly complex 
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surface geometry at the cellular and subcellular levels.[17] A 
hierarchical topography observed at the submicrometre level 
possesses many measurable features of the order of 100 nm.[18] 
For example, the basement membrane underlying the ante-
rior corneal epithelium exhibits a complex topography rich of 
individual features, such as pores and fibers with dimensions 
ranging from 30 to 400 nm.[19] Moreover, the ECM molecules 
have nanodimensions. For example, collagen, the most abun-
dant structural ECM protein, is approx. 300 nm long and 
1.5 nm wide, and may assemble into fibrils with diameters 
between ca. 250–400 nm and several micrometers in length,[20] 
in vivo as well as in vitro.[21] Furthermore, focal adhesions 
have nanoscale structure and nanoscale connectivity to the 
cytoskeletal actin.[22] The adhesion of cells to nanotopograph-
ical surface involves nanoscale adhesion-localized structures, 
e.g. adhesion-related particles, which change in response to 
integrin clustering. Adhesion-related particles become aggre-
gated when integrin clustering occurs, which in turn results 
in the formation of focal adhesions with an average integrin 
spacing of about 45 nm. Adhesion-related particles are linked 
to the actin cytoskeleton and, as a result, chemical inhibition of 
actin contraction causes a decrease in particle size, suggesting 
mechanosensitivity of the particles.[23,24] Thus, the interactions 
between biomaterials and host tissues are mainly controlled by 
the following nanoscale features: (1) cells grow on nanostruc-
tured extracellular matrices; (2) adsorbed proteins and their 
aggregates have nanodimensions; (3) biological events such 
as signaling and cell-substrate interactions occur at the nano-
metric level.

The nanotopographical cues present at the cellular level com-
posing the extracellular environment, such as the size of ECM 
molecules and adsorbed proteins, peptide ligand spacing, have 
an impact on cell behavior. In recent studies multiple efforts 
have been made to improve and optimize titanium surface 
properties: (1) bioactivity (antibacterial capability) and bio-
compatibility (wettability, roughness, porosity, etc.); (2) osteo-
genic cell response and bone regeneration performance; (3) 
mechanical properties. To improve hydrophilicity, biological and 
antimicrobial properties, surface was additionally treated with 
ultraviolet irradiation,[25] coupled with calcium phosphates/ 
hydroxyapatite,[26,27] enriched with silver-ions,[28] collagen-[29] 
and physical vapor deposition (PVD)-coated.[30] In vitro and 
in vivo studies with different cell cultures (human osteoblast-
like MG63 cells,[31] MC3T3-E1,[32] human mesenchymal stem 
cells (hMSCs),[33] human periosteum-derived cells (hPDC),[34] 
immortalized mouse embryonic cells ME,[35] human gingival 
fibroblasts[30]) have indicated that addition of nanotopograph-
ical features enhance osteointegration and bioactivity of tita-
nium surfaces. These efforts lead to the development of smart 
functional materials with modified nanotopography, aiming 
to improve the bioactive properties and to regulate cell per-
formance on implant relevant surfaces for enhancement of 
healing and tissue regeneration.

Of special interest for this review are porous metal based 
surfaces, in particular titanium based one. We have recently 
started studying titanium surface from two perspectives. On 
the one hand, it is necessary to study titanium, its properties 
and ways to modify them, since it is one of the most important 
material used for implant production. On the other hand, due 

to its photocatalytic activity nanostructured titanium dioxide is 
not a static substrate, and this dynamic property can be used for 
the development of smart biological systems.

3. Cell-Nanotopography Interactions on Metal 
Substrates

Various studies in surface structuring suggest that cells respond 
to nanotopography.[1,36–39] Park et al.[40] showed that behavior of 
MSCs seeded on TiO2 nanotube layers is strongly dependent on 
the tube diameter, since both concentration and topography of 
cell adhesion sites are critical for integrin clustering. Whereas 
the tubes with the diameter of 15 nm present an optimum 
length scale for integrin clustering, 100 nm tubes prevent it and 
induce anoikis. Several studies[29–31] investigated nanostruc-
ture effect of the nanoporous alumina substrates on cell adhe-
sion and growth behavior. Even though there were differences 
in cell types, epithelial cells preferred 30 nm sized alumina 
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nanopores to the 40, 45, and 50 nm sized ones,[41] as well as 
the cell number of MG63 decreased gradually with the increase 
of pore size from 20 to 200 nm.[42] One plausible explanation 
could be that during the diffusion of ECM molecules into the 
nanoporous structures, the aggregates of ECM molecules were 
formed near the aperture region of the smaller nanopores. 
This hypothesis was confirmed by pre-soaking the surface 
with a collagen-containing culture medium that increased cell 
adhesion rates on the 30 nm sized nanoporous alumina com-
pared to 40 and 45 nm sized one.[41] Thus, the adsorption of 
ECM molecules was influenced by the nanopore dimensions, 
where the optimal pore size varied for different cell types but its 
increase had similar negative effect on cell growth. Kant et al.[43] 
has shown how not only pore size, but also nanopore arrange-
ment affects cell behavior. Porous anodic aluminum oxide 
(AAO) with nanopore gradient was produced with nonuniform 
anodization. Their study demonstrated that the pore organiza-
tion had a direct influence on the orientation of neuronal cells, 
which is critical in nerve regeneration, where cell polarization 
is an important parameter in maintaining nerve function.

Dumas et al.[44] used a straight-forward femtosecond laser 
processing to produce hierarchical features consisted of con-
trolled pattern of microgrooves and periodic oriented nano-
structures. When the nanopore arrangement was orthogonal in 
relation to the microgrooves, a significant loss of cell alignment 
was observed, thereby indicating that MSCs were sensitive to the 
directional nanostructures in the microgrooves. Dalby et al.[45]  
used electron-beam lithography to demonstrate that neither 
order nor randomness successfully led to osteoinduction of 
MSCs. Their results demonstrated that highly ordered nano-
topographies produce negligible cellular adhesion and osteo-
blastic differentiation. In contrast, controlled disorder produced 
spontaneous, abundant osteogenesis. These two studies stated 

that the use of disorder may be an effective strategy in pro-
moting influence over at least MSCs for regenerative medicine 
and tissue engineering.

In this review, two nanotopographic geometries will be 
discussed more precisely together with fabrication methods rel-
evant for further formation of composites and hybrids: sono-
chemically formed titania mesoporous surface layer (TMS) 
and titania nanotubular layer (TNT). Kopf et al.[46] reported the 
effect of these two nanotopographies on the behavior of C2C12 
cells. Figure 2 depicts that surface nanostructuring affects cell 
morphology: cells develop star-like morphology on TMS and 
spindle-like elongated morphology on TNT. Moreover, nano-
structure influenced cell differentiation, indicating that nano-
topography plays also an important role in cell differentiation of 
other cell types that should be considered in tissue engineering 
strategies. Thus, this study demonstrated the prospects of ultra-
sonically formed TMS to guide cell behavior in comparison to 
flat titania and TNT. The topographical parameters of the three 
compared substrates were: (1) surface roughness, which is sim-
ilar for TNT and TMS and is higher than unmodified titania; (2) 
pore size; (3) regularity of the nanopore arrangement. To note, 
the open pore structures of TMS and TNT can be loaded with 
chemical moieties, allowing both topographically and chemi-
cally directed cell growth and migration.

Taken together, multiple studies reported that nanotopog-
raphy, in particular, nanopore size, nanopore arrangement, and 
randomness, have an effect on cell behavior. At nanoscale, dif-
ferent cell types react specifically and in a differential manner 
to nanotopographical surface features. For example, whereas 
the mechanical stabilization through nanofeatures produced by 
surface topography could support stable adhesion and prolifera-
tion of osteoblastic cells, it could have lethal effect on neuronal 
cells.
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Figure 1. Nanostructured metal based surfaces, e.g. titanium-based, and polyelectrolyte multilayers for improvement of bioactive properties of lab-on-
a-chip devices, implant relevant substrates: a) surface nanostructuring, “static” surface with specific surface chemistry, hydrophilicity, porosity, topog-
raphy, roughness; b) formation of dynamic stimuli responsive systems, e.g. using Layer-by-Layer (LbL) assembly of oppositely charged polyelectrolytes 
(PEs), to spatiotemporally switch/activate surface during cells growth.
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4. Metal Nanostructuring

Surface modifications have been developed to restructure the 
oxide layer formed on the bulk titanium surface using different 
oxidation treatments. In multiple studies titanium surface was 
modified by the combination of surface modification methods, e.g. 
combinations of mechanical and chemical methods (sand blasting 
and acid etching),[29] combination of two chemical methods 
(two step anodization method,[47] acid etching and subsequent 
controlled oxidation in hydrogen peroxide[48]), physicochemical 
methods (plasma electrolytic oxidation[49]). Using this approach, 
one can produce hierarchical micro-nano-porous or micro-nano-
hybrid structures and multifunctional layers. In this review, we 
will provide chemical reactions and parameters specific for the 
electrochemical, sonochemical, and chemical etching of titanium.

4.1. Electrochemical Treatment

One of the promising and effective methods for modification of 
titanium-based orthopaedic implants is anodizing oxidation.[50] 
The mechanism of this method has been thoroughly studied 
(see reviews[51–53]). Anodization is based on different chemical 
reactions occurring at an electrode (an electron conductor) 
placed in an electrolyte (an ionic conductor):

at the interface between bulk Ti and Ti oxide: 

22Ti Ti e↔ ++ −  (1)

at the interface between Ti oxide and electrolyte: 

2 2 42
2H O O H↔ +− +  (2)

2 4 42 2H O O H e↔ + ++ −  (3)

at both interfaces: 

2 22 2
2Ti O TiO e+ ↔ ++ − −  (4)

It is possible to control morphological parameters such as 
tube diameter, tube length, and tube separation by varying 
anodization parameters. The anodization parameters affecting 
the morphology of the resulting surface are: (1) anodization 
voltage is a key parameter controlling tube diameter; (2) elec-
trolyte concentration equally affects pore diameter and length; 
(3) anodization time affects the surface features of nanotubes at 
the beginning of anodization; (4) inter-electrode spacing affects 
nanotube separation.

4.2. Sonochemical Surface Modification

We propose a perspective approach[54] to fabricate mesoporous 
metal surfaces (TMS) via treatment with high intensity 
ultrasound (HIUS) (Figure 3),[55] for example, for implant 
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Figure 2. Scanning electron micrographs (SEM) showing mesoporous (TMS) (a) and nanotubular (TNT) (b) titania surfaces produced by sono-
chemical and electrochemical treatments, respectively. Insets depict confocal microscopy images (green staining of actin cytoskeleton, red staining of 
cell nuclei) of cells developing specific morphologies on presented nanotopographies. C2C12 cells develop star-like (c) and spindle-like (e) shapes on 
TMS and TNT, respectively. Analysis of cell morphologies on these substrates indicates that unmodified Ti and TMS promote star-like shape of C2C12 
(d). TNT promote elongated spindle-like morphology of C2C12 cells. Adapted with permission.[46]
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improvement. As pointed in Figure 3a, during surface modi-
fication and formation of a nanostructured surface layer, the 
bonding strength with the metal implant matrix should be 
considered. Cells on nanostructured surface may have dif-
ferent communication (Figure 3b,c), cell-cell contact, and focal 
adhesion (FA) actin filament (Figure 3d). In Figure 3e, the FA 
number per cell area is significantly different on nanostruc-
tured surfaces, which may affect cell migration. Sonochemical  
treatment allows effective modification of 3D microdefects. 
In Figure 3f,g, the organization of MC3T3-E1 preosteoblasts 
tissue in 3D microdefects is shown, and tissue area formed on 
nanostructured surface is higher in comparison with unmodi-
fied surface.

Ultrasound is a unique energy source,[56] which provides 
energy localization with possible acoustic cavitation phe-
nomena, i.e., the formation, growth, and implosive collapse 

of cavitation bubbles in a liquid. This collapse is able to pro-
duce intense local heating (hot spots with temperatures of 
roughly 5000 °C) and high pressures of about 500 atm.[56,57] At 
the liquid-solid interface, the collapse drives high-speed jets of 
liquid onto the surface, and the impact is sufficient to locally 
modify metals[58–60] and induces significant changes in surface 
morphology, composition, crystallinity and reactivity. HIUS has 
been used for the development of multifunctional nanomate-
rials such as bimetallic nanoparticles,[61–63] magnetic nanopar-
ticles,[64] nanocomposites and hybrids,[65] mesoporous metal 
foams, and sponges.[66,67] HIUS offers a fast and versatile meth-
odology for fabrication of nanostructured materials, both inor-
ganic and organic,[68] that are often unavailable by conventional 
methods.[69]

HIUS induces a wide range of chemical and physical con-
sequences. The chemical effects of ultrasound derive primarily 
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Figure 3. a) Nanostructured “static” layer has to perform well across two interfaces: between the bulk metal and interpenetrating layer and between 
the interpenetrating layer and the tissue. Produced with sonochemical treatment mesoporous titania surface (TMS) has high bonding strength to 
the bulk metal and can firmly integrate with cells at different stages of tissue formation. b–d) Confocal microscopy micrographs depicting individual 
cells grown on unmodified metal (b) and on TMS (c, d) shown at different stages of tissue growth. Single cells (c) have less focal contacts on TMS 
than on unmodified titanium (e). Effects of nanotopography on a single cell layer could also play a role in further tissue growth. Tissue formation in 
3D cylindrical microchannels (f) was shown to be enhanced on TMS in comparison to unmodified titanium surface (g). Adapted with permission.[46]
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from acoustic cavitation. The extreme temperatures and pres-
sures induce sonolysis and generation of highly reactive radi-
cals,[58–60] which chemically modifies the solid surface. Such 
extreme conditions induce acceleration of chemical reaction at 
the solid-liquid interface, increase of solids reactivity, thereby 
allowing to use less aggressive chemicals. The physical effects 
include: (1) improvement of mass transport from local turbu-
lent flow and microstreaming; (2) generation of surface ero-
sion and pitting at liquid-solid interfaces by shock waves and 
microjets; (3) generation of high-velocity interparticle collisions 
in liquid-solid slurries; (4) fragmentation of fragile solids to 
increase the surface area.[68]

The combination of physical and chemical effects allows a 
straight forward one-step modification of metal surfaces. The 
ultrasound-driven modification of metals in aqueous solu-
tions results in the modification of outer surface properties 
such as roughness, surface area, and wettability,[66] and inner 
properties such as crystallinity,[70–72] amorphization, and phase 
structuring.[73,74]

Sonochemically modified metal based surfaces are highly 
hydrophilic[66] due to their high roughness and an active oxide 
layer on the metal surface. The surfaces are porous and attrac-
tive as surface encapsulation systems since no additional sur-
face coating is required for encapsulation of bioactive mol-
ecules,[75–77] this will be discussed later. In experimental work, 
we use lab-scale substrates, however the method can be adapted 
for large-scale production.

4.3. Titanium Chemical Etching

Acid-etching is normally performed in acid mixtures such as 
H2SO4/H2O2,[78,79] oxalic acid/H2O2,[80] HF/HNO3.[81] Chemical 
treatments such as acid etching and exposure to hydrogen per-
oxide and alkalis are known to produce textures on Ti surfaces. 
In most cases, however, these treatments result in topographic 
features on the micron scale. Yi et al.[78] show that chemical 
etching using H2SO4/H2O2 yields a nanotextured TiO2 layer on 
Ti surface. The analysis of physicochemical values of treated 
surface such as roughness, oxide layer thickness, dimensions 
of nanopits, and Ti:O ratio indicates that the proposed method 
has shown high degree of reproducibility.[78] The mechanism 
by which mixtures of H2SO4/H2O2 create a nanotextured layer 
of TiO2 is not completely understood. When Ti is exposed to 
H2O2, dissolution and oxidation of the metal occur. The H2O2/
acid/Ti reaction leads to the formation of a porous TiO2 layer. 
Variola et al.[79] has demonstrated that the properties of the 
nanotextured TiO2 surfaces prepared by chemical oxidation in 
H2SO4/H2O2 mixture can be tailored by controlling the length 
of exposure to reactive mixture. Exposed surfaces of Ti are 
known to be spontaneously covered with a 3–6 nm layer of tita-
nium oxide, mostly as TiO2. According to a model for the oxide 
film proposed by McCafferty et al.[82] it is composed by three dif-
ferent layers: TiO (inner layer in contact with the metal), Ti2O3 
(intermediate layer), and TiO2 (outer layer). With increasing 
sputtering time, the etching solution reaches the suboxides 
TiO and Ti2O3, causing their transformation into TiO2, and 
thereby increasing the thickness of the dioxide layer. When the 
underlying metal is exposed to the infiltrating solution, natural 

passivation conditions are recreated, and initial native three-lay-
ered structure is reestablished. However, it is no longer in con-
tact with the environment but rather with a nanoporous TiO2 
layer derived from suboxides transformation.

During the alkali treatment,[83] the surface-passive TiO2 layer 
partially dissolves into alkaline solution due to the corrosive 
attack of hydroxyl groups: 

2 3TiO OH HTiO+ →− −  (5)

This reaction proceeds simultaneously with the following 
hydration of Ti metal: 

3 ( ) 43Ti OH Ti OH e+ → +− + −  (6)

( ) 0.53 2 2 2Ti OH e TiO H O H+ → ⋅ + ⋅ ↑+ −  (7)

( ) ( )3 4Ti OH OH Ti OH+ ↔+ −  (8)

A further hydroxyl attack to hydrated TiO2 produces nega-
tively charged hydrates on the surfaces of the substrates as 
follows: 

2 2 3 2TiO nH O OH HTiO nH O⋅ + ↔ ⋅− −  (9)

It is promising to use established composition for titanium 
etching in combination with non-equilibrium methods, e.g. 
HIUS treatment of Ti in NaOH.

4.4. Non-Equilibrium Methods for Advanced Composite 
Materials

The methods used for surface nanostructuring are extremely 
important. We highlight here a specific interest in nonlinearity 
solids’ engineering and propose to exploit complex nonlinear 
dynamics to achieve superior technological functionalities, 
which may be difficult or even impossible to achieve with linear 
systems. The chosen method should provide the following 
optimization strategies with a promise to control surface char-
acteristics by intensity and duration of treatment; additives in 
solution may result in metal/polymer hybrids or composite. 
The non-equilibrium methods could result in amorphous, 
metastable material structures that are possible to modify 
depending on various parameters. We will discuss some exam-
ples of non-equilibrium methods for surface modification. In 
particular, plasma deposition of hydroxyapatite (HA) coating on 
titanium,[26] photochemical local deposition of hydroxyapatite 
on titania,[27] and sonochemical method for the formation of 
different structures varying duration of ultrasonic irradiation[55] 
are discussed below.

HA can be used for the formation of bio-active coating 
with increased hydrophilicity. A porous HA-incorporated TiO2 
coating has been suggested by Ulasevich et al.[26] (Figure 4) to 
be formed using a plasma electrolytic oxidation coupled with 
electrophoretic deposition (PEO-EPD). Potassium titanium(IV) 
oxalate is decomposed by micro arcs generated on the anode 
producing TiO2, while HA particles have been simultaneously 
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deposited on anode during EPD process. HA and TiO2 particles 
have been coagulated into roundish conglomerates with the 
average diameter in a range of 200–600 nm and strong adhe-
sion to the bulk material.

One more example of non-equilibrium method to deposit 
HA on TNT has been recently suggested by Ulasevich et al., 
a new method of photocatalytic deposition.[27] The method is 
based on a photo-triggered decomposition of the organophos-
phates such as triethylphosphate (TEP) on the TNT surface 
resulting in the formation of phosphate anions. HA is formed 
by the reaction of the phosphate anions and calcium cations 
presented in the solution, which is described by the following 
steps: 

(1) TiO2 photoactivation with the formation of photoholes (h+
vb) 

and photoelectrons (e−
cb),

2TiO hv h evb cb+ → ++ −  (10)

(2) radical (adsorbed ‘ad’) on surface on the TiO2 surface and 
then released,

2 2H O h TiO OH Hw ad+ → + ++ • +  (11)

(3) photodecomposition reactions,

/ 4
3TEP OH h POvb+ →• + −  (12)

(4) interaction of phosphate anions (product of TEP decomposi-
tion) with Ca2+ and OH− ions presented in the electrolyte with 
the formation of HA.

5 3 ( )2
4
3

5 4 3Ca PO OH Ca PO OH+ + =+ − −  (13)

The initial nanotube diameter of ca. 60 nm was reported 
to decrease gradually during the photocatalytic deposition of 
HA and to depend on irradiation time.[27] The Glow Discharge 
Optical Emission Spectroscopy (GDOES) depth profile analysis 
revealed the uniform distribution of Ca and P elements within 
the TNT layer. Moreover, the photocatalytical deposition can be 
used for HA patterning of the surface using the local illumina-
tion. HA is formed on light-exposed area, while non-irradiated 
areas remain HA-free. Furthermore, the authors suggest the 
improvement of TNT biocompatibility with HA coating due to 
the following observations: (1) MC3T3-E1 cell density on HA-
coated TNT was significantly higher than on uncoated TNT; 
(2) the adsorption of a protein mix, containing phosphorylase 
b, bovine serum albumin, ovalbumin, carbonic anhydrase II, 
soybean trypsin inhibitor A, and lysozyme, occurred faster 
on HA-rich regions than on an uncoated TNT. However, the 
enhancement of cell growth could be not only due to the HA 
bone-forming effect, but also due to the change of the pore size 
after the HA deposition. The proposed method of photocatalytic 
deposition of HA onto TNT favors one-step controlled deposi-
tion of HA only on irradiated areas.

Non-equilibrium methods for surface nanostructuring, e.g. 
HIUS treatment of Ti in NaOH, allow to make material with 
different composition for functionality, in comparison with Ti 
chemically etched in NaOH.[46] Figure 5 shows that the HIUS 
treatment gives rise to several different morphological stages, 
starting with an untreated flat titanium (Figure 5a). Flat tita-
nium is treated with HIUS in presence of an aqueous solu-
tion of NaOH. At the early stage of HIUS treatment in NaOH 
solution, a native titanium oxide layer is removed, mainly 
mechanically disrupted by HIUS, and a mesoporous titanium 
dioxide layer is formed on the exposed surface (Figure 5, stage I).  
The growth of titanate nanobelts perpendicularly from the tita-
nium scaffold is displayed in Figure 5, Stage II, and finally, 
the formation of a complex hierarchical structure takes place 
(Figure 5, Stage III).

We have also shown that HIUS irradiation can be success-
fully applied as a “green chemistry” tool for the integration of 
ions, formation of composites into porous metal-based struc-
ture.[84] Formation of different cerium composites with alu-
minum by varying the sonication conditions is an example of 
a strategy for the formation of aluminum-cerium rich layer, 
where adhesion, anticorrosion properties, and composition are 
controlled just by duration and intensity of sonication.

5. Polyelectrolyte Layer-by-Layer (LbL) Assembly 
for Bio-Experiments

Deposition of alternating layers of oppositely charged poly-
mers leads to the fabrication of layer-by-layer (LbL) thin films. 
In comparison to the Langmuir-Blodgett approach, self-
assembled monolayers (SEMs), and soft lithography, the LbL 
approach is a versatile and straight-forward technique for the 
construction of well-defined multicomponent networks with 
nano- and meso-scale features. A great variety of compounds 
have been used for LbL deposition: polymers with charged 
groups, so-called, polyelectrolytes (PEs), block copolymers, 
hydrogels, etc.
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Figure 4. Importance of use methodologies which allow formation of 
composites or hybrids: a) images of the titanium samples before and 
after deposition of hydroxyapatite–incorporated TiO2 coating on titanium 
using plasma electrolytic oxidation coupled with electrophoretic deposi-
tion treatment, inserts show contact angle values. b) SEM plan-view of 
the treated coating; c) SEM cross-sectional view of the sample. Adapted 
with permission.[26] Copyright 2016, Royal Society of Chemistry.
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Various stimuli-responsive polyelectrolyte/polymer multi-
layer and related systems on the metal surface have been suc-
cessfully used for the modulation of bacterial and cell behavior. 
Applications include: antibacterial coatings, drug and gene 
delivery, control of cell adhesion, cell sorting, production of the 
switchable cell culture substrates, etc. Table 1 provides exam-
ples of compositions, stimuli-responsiveness, tested cell and 
bacteria types, and application areas of various chosen polyelec-
trolyte/polymer systems.

The bactericidal activity of the polyelectrolyte coating can 
be achieved in different ways: by incorporating an antibac-
terial component into the multilayer system,[85,86] or by the 
change of surface characteristics, e.g. hydrophilicity.[87] An 
antibacterial component can be incorporated into the polyelec-
trolyte system,[86] or can itself serve as one of the layer in LbL 
system.[85]

For instance, antibacterial coatings were constructed by 
direct assembly of tannic acid (TA) with one of the cationic 
antibiotics (tobramycin, gentamicin, or polymyxin B).[85] These 
films exhibit a controlled pH-triggered release upon acidifica-
tion of the environment by pathogenic bacteria, such as Staphy-
lococcus epidermidis (S. epidermidis) or Escherichia coli (E. coli). To 
elaborate biocidal activity of the thin film, a natural antibacterial 
peptide, gramicidin A, has been incorporated into polyelectro-
lyte assemblies, constructed from an anionic amphiphilic poly-
saccharide, hydrophobically modified carboxymethylpullulan 
(CMP-xC10), and cationic poly(l-lysine) (PLL).[86] The use of the 
amphiphilic anionic derivative allows efficient solubilization of 
the peptide in aqueous solution without denaturation. Another 
approach exploits bacteria-responsive properties of the coating 

itself without involvement of potentially toxic cationic polymers 
or release of antimicrobial agents. Here, negatively charged LbL 
hydrogel films, consisting of chemically cross-linked poly(2-
alkylacrylic acids) (PaAAs) with varying hydrophobicity, showed 
resistance to colonization by Staphylococcus epidermidis due to 
their hydrophobization in response to bacteria-induced acidifi-
cation of the medium. Other examples of antibacterial polyelec-
trolyte systems are described in section 5.2.

Dextran-based LbL microcapsules has been used to deliver 
anti-inflammatory agents: alpha-2-macroglobulin (α2MG),[88] 
a protein with modulatory properties in inflammation, and 
C-type natriuretic peptide (CNP).[89] In both studies, the peptide 
could be stabilized through electrostatic interaction with the 
polyelectrolyte layers sufficient to allow diffusion of an active 
component in a manner responsive to the local environment. 
Protease-specific release of the model drugs has been shown 
from the protein/polyphenol based capsules, prepared by LbL 
assembly of bovine serum albumin (BSA) and tannic acid.[90] 
The susceptibility of the microcapsules to α-chymotrypsin 
resulted in release of an active component, while they clearly 
displayed resistance to trypsin due to inactivity of trypsin toward 
BSA. Moreover, a prominent example of LbL-assisted gene 
delivery has been demonstrated, where the surface of polished 
titanium disks was modified using the LBL technique with 
chitosan (CS), hyaluronic acid (HA), and cationic lipid-DNA 
(laminin γ2) complexes.[91] The gene coatings were successfully 
assembled on the titanium surface, and the final in vitro results 
demonstrated that this delivery system was able to control the 
release of plasmid DNA and to enhance cell adhesion. Further-
more, multilayer systems can be used to encapsulate cells and 
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Figure 5. Schematic diagram of the morphological stages of the HIUS-alkali treated titanium surface: untreated flat titanium sample; mesoporous 
titanium dioxide layer (TMS) formed during the HIUS treatment in NaOH solution (Stage I); titanate nanobelts (Stage II) and hierarchical porous titania 
(Stage III) formed with further alkali treatment. Surface nanotopographies were observed by SEM. Adapted with permission.[55] Copyright 2016, Elsevier.
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Table 1. Examples of polymer/polyelectrolyte multi-layered systems for the modulation of cell behavior.

System composition Stimuli Cell type/Bacteria Ref.

Antibacterial coating

TA Cationic antibiotics (tobramycin, 

gentamicin, polymyxin B)

– pH S. epidermidis [85]

E. coli

CMP-xC10 PLL Grami-cidin A Biodegradation E. faecalis [86]

PaAAs PMAA, PEAA, PPAA, PBAA – pH S. epidermidis [87]

PEI PSS TiO2 Light P. fluorescence (G(–)) [134]

L. lactis (G(+))

BCM Ag Al Cell metabolism, pH L. lactis [28]

PSS 8HQ Al pH E. Coli [134]

Drug and gene delivery

DS PLA α2MG Biodegradation Peripheral blood neutrophils and 

monocytes

[89]

DS PLA CNP Biodegradation Cartilage explants [88]

TA BSA TRITC-BSA, THCP Enzymatic degradation Murine RAW264.7 macrophage cells [90]

HA CS LDc Biodegradation HEK293, NH4 [91]

DOX Al, TiO2 pH, light, cell 

metabolism

MC3T3-E1 preosteoblast cell [134,136]

DOX PLL TiO2 Light MC3T3-E1 preosteoblast cell [136]

Control of cell adhesion, cell sorting

HA PLL AuNPs Mechanical 

reinforcement

L929 mouse fibroblasts [93]

TPPAc-PLL PEI AuNPs Laser irradiation NIH3T3 fibroblasts [94]

Poly(OEGMA-co-MEO2MA) – Temperature L929 mouse fibroblasts [99,100]

PSS PEDOT PEDOT-S:H Electric potential Human primary keratinocytes and 

fibroblasts

[135]

BCM PAA TiO2 Light MC3T3-E1 preosteoblast cell [9]

Cell/yeast encapsulation

SF-PLL SF-PGA PEG pH Escherichia coli [92]

Bacillus subtilis

PSS PEI SiO2
SH S. cerevisiae [134]

Switchable cell culture substrates

MZ140, MZ160 – Temperature L929 mouse fibroblasts [95]

PNIPAM – Temperature L929 mouse fibroblasts [97]

Poly(MEO2MA-co-OEGMA) RGD Temperature L929 mouse fibroblasts [98]

PNIPAAm-PEG(19%)-SH (P19) Au Temperature L929 mouse fibroblasts, MG63 human 

osteosarcomas

[96]

BCM/PAA TiO2 Light MC3T3-E1 preosteoblast cell [9]

Abbreviations: α2MG, alpha-2-macroglobulin; AuNPs, gold nanoparticles. BCM, block copolymer micelles; BSA, bovine serum albumin. CMP-xC10, carboxymethylpullulan 
derivatives; CNP, C-type natriuretic peptide; CS, chitosan. DS, dextran sulfate sodium salt. DOX, doxorubicin. E. coli, Escherichia coli; E. faecalis, Enterococcus faecalis. 
HA, hyaluronic acid; 8HQ, 8-hydroxyquinoline. LDc, liposome-DNA complexes. Poly(MEO2MA-co-OEGMA) was synthesized using 2-(2-methoxyethoxy) ethyl methacrylate 
(MEO2MA) and oligo(ethylene glycol) methacrylate, (OEGMA); MZ140, homopolymer microgel of NIPAM; MZ160, copolymer microgel of NIPAM and acrylic acid. 
Poly(OEGMA-co-MEO2MA), random copolymers of 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA) and oligo(ethylene glycol) methacrylate (OEGMA). PaAAs, poly(2-
alkylacrylic acids); PBAA, poly(2-n-butylacrylic acid); PEAA, poly(2-ethylacrylic acid); PEDOT, poly-3,4-ethylendioxythiophen; PEDOT-S:H, poly(4-(2,3-dihydrothieno[3,4-
b]-[1,4]-dioxin-2-yl-methoxy)-1-butanesulfonic acid; PEI, poly(ether imide); PLA, poly-L-arginine hydrochloride; PLL, poly-L-lysine; PMAA, polymethacrylic acid; PNIPAM, 
poly(N -isopropylacrylamide); PNIPAAm-PEG(19%)-SH (P19), poly(N-isopropylacrylamide)-poly(ethylene glycol)-thiol copolymer; PPAA, poly(2-n-propylacrylic acid); 
PSS, polystyrene sulfonate. RGD, arginine-glycine-aspartic acid. S. epidermidis, Staphylococcus epidermidis; SF-PGA, silk fibroin modified with with poly-L-glutamic acid; 
SF-PLL, silk fibroin (SF) modified with poly-L-lysine; SiO2

SH, thiol-functionalized silica. TA, tannic acid; THCP, hydrophobic 3,4,9,10-tetra-(hectoxycarbonyl)-perylene; TRITC-
BSA, hydrophilic-tetramethylrhodamine-isothiocyanatelabeled BSA; TPPAc-PLL, photosensitizer-coupled polypeptide (5-Mono(4-carboxyphenyl)-10, 15, 20-triphenyl por-
phine (TPPAc) -poly-L-lysine (PLL).
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yeasts. For example, the formation of robust and cytocompat-
ible LbL shells has been shown on two types of bacterial cells 
(Gram-negative E. coli and Gram-positive Bacillus subtilis).[92]

A great variety of multilayer systems and triggers are used 
to control cell adhesion on the surface. Gold nanoparticles 
(AuNPs) are often used to achieve desired properties of the stim-
uli-responsive system. For example, negatively charged AuNPs 
have been used to mechanically reinforce the HA/PLL multi-
layers.[93] Due to the complexation of a large amount of oppo-
sitely charged AuNPs on the PLL film, the single deposition 
step lead to drastic changes of the film properties. In another 
prominent example, reactive oxygen species (ROS)-induced cell 
apoptosis is achieved on LbL assembled multilayers using pho-
tosensitizer-coupled polypeptides and AuNPs stabilized by type 
I collagen protein.[94] The photosensitive molecule is entrapped 
in the supporting film, which can be activated with laser illu-
mination of a certain wavelength yielding ROS, responsible for 
triggering cell apoptosis. Therefore, cells located in the beam 
of the laser can provoke death, whereas other cells, in contact 
with the film but not illuminated by the laser, remain intact. 
Multiple studies demonstrated the fabrication of NIPAM-based 
thermoresponsive switchable cell culture substrates.[95–97] With 
a lower critical solution temperature (LCST) of 32 °C, PNIPAM 
is the currently most studied material for inducing surface 
changes between room and body temperature. Decreasing the 
temperature below the LCST of the polymer triggers the non-
invasive detachment of cells from their cultivation substrate, 
thus, allowing control of adhesion of cells on synthetic sub-
strates. However, PNIPAM is not a bio-inert polymer, which 
can interact with proteins. Therefore, a new class of thermore-
sponsive polymers with bio-repellent behavior constitute short 
oligo(ethylene glycol) methacrylates.[98–100] They exhibit ther-
moresponsive properties comparable to those of PNIPAM and 
the bio-repellent behavior due to hydrated PEG.

5.1. Modulation of Cell Behavior

Functional surface coatings made from triblock-terpolymer 
micelles demonstrate potential strategy for the development 
of stimuli-responsible LbL coatings. Triblock terpolymers con-
sisting of a hydrophobic, a polyanionic, and a polycationic block 
are an interesting class of macromolecules due to their complex 
self-assembly in aqueous solution and their stimuli responsive-
ness.[101] Coatings are formed by dip-coating and the micellar 
form is retained upon adsorption. Whereas pH changes can 
trigger charge reversal for the quaternized polymer, micelles 
from the non-quaternized polymer are positively charged at all 
pHs, but can switch from crew-cut micelles to spherical poly-
electrolyte brushes. In the first case, pH changes can trigger 
a novel morphological transition, the splitting into clusters of 
submicelles.[102] In the second case, no splitting occurs, but 
surface interactions are drastically altered. Thus, surfaces turn 
bacteria-repellent in acidic pH regime, which can be used as a 
self-regulated defense mechanism against fouling.[28] Moreover, 
these micelles can serve as building blocks for multilayers com-
bining strong pH-sensitivity and full reversibility.[103]

We have recently shown the strategies to switch pH sensi-
tive coating with light, based on the photocatalytic properties 

of TiO2.[9,104,105] Firstly, it was important to understand how 
photoinitiated processes on TiO2 result in local pH change on 
the surface. It is known that suprabandgap illumination of TiO2 
causes the generation of photoelectrons (e−

cb) and photoholes 
(h+

vb). The formed active species can then take part in a series 
of photocatalytic reactions: 

2TiO hv h evb cb+ → ++  (14)

2 2H O h H Ovb+ →…→ ++ +  (15)

2 2O e H O OHcb+ + →…→ −  (16)

The photoholes convert the surface hydroxyl groups into pro-
tons, the electrons can be scavenged by any scavenging agent, 
in most cases by oxygen. During photocatalytic reactions both 
H+ and OH– may be generated on different sites of titania. 
The in situ scanning ion selective electrode technique (SIET) 
allows mapping of the activity and migration of H+ ions and 
provides the evidence that the acidification takes place at the 
irradiated spot and is reversible after switching off irradiation 
(Figure 6).[104]

Electromagnetic irradiation is a very attractive stimulus to 
actuate polymer systems due to its localization and remote 
control. However, only a limited number of stimuli-responsive 
polymers are able to undergo light-initiated transitions, their 
response is either rather weak or not reversible. In this context, 
“weak” PEs and hydrogels are very promising, since their mor-
phology and polarity strongly depend on pH and they can be 
used for multilayer formation.[106–108]

When titania substrate is coated by a pH sensitive polymer, 
the photogenerated local pH modulates the properties of the 
polymer layer such as thickness, stiffness, permeability, etc.[9,104] 
The prominent example of the hybrid photosensitive system 
based on the mesoporous TiO2 coated with a film assembled 
of polyelectrolyte layers and block copolymer micelles has been 
shown recently to affect the cell migration (Figure 7a,b).[9] 
High-amplitude switchable LbL multilayers are built from pH 
sensitive positively charged block copolymer micelles (BCM) 
and negatively charged poly(acrylic acid) (PAA) on TiO2. In 
the biological experiment the multilayers were deposited on a 
transparent glass substrate half-covered with a photoactive TiO2 
layer. MC3T3-E1 preosteoblast cell line was cultivated on such 
substrate for 5 days, and on the 5th day the ‘chip’ was irradiated 
from the back side to eliminate the effect of UV on cells. Taken 
together, TiO2 adsorbs light with production of photohole and 
photoelectron and the acidification of the titania surface hap-
pens. The generated protons are trapped by the BCM ‘proton 
sponge’, LbL is activated, and the change of its thickness and 
stiffness causes cell migration over the surface.

5.2. Antibacterial, Antifouling Properties

Various solutions have been recently proposed to improve 
antibacterial properties of titanium implants: embedment of 
Ag nanoparticles,[49] ion implantation of Ag,[48] Cu,[109] Zn[110] 
ions, silver doped hydroxyapatite coatings,[111] covalent coupling 
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of antibiotics such as tetracyclin[112] and vancomycin,[113] ZnO 
coatings,[114] immobilization of anhydride-functional silane,[115] 
chitosan/cefepime nanofiber coatings,[116] etc. Here we discuss 
two strategies: (1) release of biocide agent; (2) formation of 
stimuli responsive coating to “push” bacteria “off” the surface.

For example, the titania-assisted photocatalytic induction 
of bacteriophages to lytic cycle was reported to be an effective 
strategy.[117] Highly reactive radical species generated at TiO2 
surfaces under irradiation cause a release of phages from bac-
teria DNA. The straight-forward method allows the fast and 
effective method to module bacterial metabolisms without 
using complex polymer systems, but just due to the TiO2 photo-
catalytic properties.

One more approach is the formation of dynamically activated 
stimuli responsive coatings. Here we show an “intelligent” system, 
where the metabolic cycle of a Lactic bacteria switches coating to 
activated state (Figure 7c).[28] Coating is pH sensitive, Lactic bac-
teria produces lactic acid in their metabolic cycle, acid activates the 
coating, and bacteria are “pushed off” from the surface.

The two methods introduce different but very effective 
approaches to the development of metal-based dynamic sys-
tems with antimicrobial activity: delivery of active species and 
stimuli-responsive coating actuation.

5.3. Drug Delivery

To deliver active species such as growth factors, vitamins, 
enzymes or drugs, an “intelligent” encapsulation system based 
on metal surface are interesting. The encapsulation systems 
have been developed mainly in several directions – so-called, 
“free” capsules and capsules in coating immobilized on sur-
faces. For tissue engineering and implant applications systems 
formed on the surface via surface nanostructuring, so-called 
“surface” capsules, were suggested as favorable.[75–77] “Surface” 
capsules exhibit superior loading capacity, time-responsiveness, 
and extended release of encapsulated material. Many tech-
niques were developed for modification of different surfaces to 
enable them to work as “surface” capsules.[118] To achieve con-
trolled stimuli-responsive release of an active component, “sur-
face” capsules may be covered with a protective PE layer. The 
PE complexes are universal encapsulation and carrier systems, 
which provide not only storage of the encapsulated material but 
also controlled release in response to external stimuli (pH,[119] 
ionic strength,[112] temperature,[113] light,[106–108] etc.).

A prominent example of the photocatalytically-active titania-
based LbL coatings is shown in Figure 8.[106] The coatings were 
obtained by immobilization of loaded titania/PEs nanoparticles 
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Figure 6. a) Example of dynamic concept of modulation of multilayer coating on titania using light-pH coupled stimuli: TiO2 is irradiated with light 
and ΔpH develops on its surface due to water splitting, assembled on top coating react to pH and changes its thickness, stiffness, permeability which 
can be used for drug delivery and reversibly actuating coatings. b, c) Maps of pH activity over the surface (b) before irradiation (no pH activity over 
the surface), (c) during irradiation (pronounce acidification in the center of irradiation spot which produces pH gradient over the surface). d) Special 
LbL architecture can result in formation of (d) reversible actuation in coating with increase its thickness under irradiation and then slow relaxation of 
coating when the light is switched off. e) Quartz crystal microbalance (QCM) measurements of LbL assembly and photoactivation by seconds-long 
pulse irradiation. Inset: schematic representation of the protonation of the LbL assembly of block copolymer micelles (BCM) and poly(acrylic acid) 
(PAA) increase of its thickness. When light is switched on (hv ON) the LbL start to uptake water changing its conformation with as suggested change 
in thickness, stiffness, and permeability. Localization of irradiation can result in gradient surface. Adapted with permission.[104]
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into a sol-gel-derived matrix. By forming a PE shell on the 
mesoporous titania particles it is possible to fabricate nanoscale 
reservoirs, which can store relatively large organic molecules 
in their interior. The mesoporous titania particles were loaded 
with luminescent dye Rhodamine 6G before the deposition 
of the polyelectrolyte shell, and the light-driven release has 
been shown. Besides the drug delivery applications, the pro-
posed hybrid coatings show high biocide and anti-corrosive 

properties.[106–108] A complementary tech-
nique was shown for AuNP-functionalized 
polymeric capsules on thick biocompatible 
hyaluronic acid (HA) and PLL films.[120,121] 
Film functionalization with AuNPs allows 
temperature control on the LbL coated sup-
ports, whereas integration of microcapsules 
in the film allows using the films as reser-
voirs with light-triggered release. Properties 
of a biomolecule-containing LbL films such 
as growth regime, thickness, loading capacity, 
and mobility of polymers within the film can 
be altered whether the synthetic or biopoly-
mers constitute the PE film. For example, 
the thickness of linearly growing polystyrene 
sulfonate (PSS)/polyallylamine hydrochlo-
ride (PAH) increases a few nanometers per 
deposition step due to the strong polymer 
interaction and low mobility. In contrast, the 
thickness of the exponentially growing HA/
PLL films is in the micrometer range due to 
the high mobility of polymers within the film. 
Similarly, low mobility of polymers within 
the PSS/PAH film leads to the adsorption 
of gold nanoparticles (AuNPs) or DNA mol-
ecules only on the terminating PAH layer. In 
contrast, high mobility of PLL in the HA/PLL 
film allows the AuNPs or DNA to adopt the 
thermodynamically most stable conforma-
tion, thereby inducing the film adsorption. 
Moreover, micrometer-sized objects, e.g. poly-
electrolyte microcapsules, adsorb irreversibly 

on the HA/PLL film, whereas they can be easily removed from 
PSS/PAH by washing. Nano-sized AuNPs and DNA molecules 
form micrometer-sized aggregates on the HA/PLL film. The 
diffusion of AuNPs and DNA into the HA/PLL film is restricted 
at room temperature, but DNA diffusion is triggered by heating 
to 70 °C, leading to homogeneous filling of the film with DNA. 
Thus, these studies demonstrated the high loading capacity of 
HA/PLL film due to the enhanced PLL mobility and the “frozen 
in” structure of PSS/PAH, highlighting the fundamental differ-
ence between two systems.

Two types of pH-responsive encapsulation systems based on 
the surface metal sponges prepared by sonochemical treatment 
were proposed: a single-step system with a simultaneous acti-
vation and modification of the metal and active compound by 
HIUS, and a system where the metal sponge serves for the con-
struction of PE surface capsules, allowing storage and release 
of the encapsulated substance (Figure 9).[75] In the first system 
the encapsulation is ensured via the chemisorption of the active 
compound and the surface –OH groups of the metal oxide 
layer. In contrast, in case of PE surface capsules there is no 
need in specific interactions between a metal and encapsulated 
compound, and therefore, it is a universal encapsulation and 
carrier system. Moreover, hybrid systems with polypyrrole are 
developed, allowing the efficient delivery and step-wise release 
of the low molecular weight active component.[65] pH-controlled 
release of the bone morphogenetic protein 2 (BMP-2) has been 
shown from the polyelectrolyte-modified porous titania surfaces 
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Figure 7. a, b) Examples of consequences of dynamic concept of modulation of multilayer 
coating on titania using light-pH coupled stimuli to regulate cells on the surface: during irradia-
tion stiffness changes drastically and cells start to migrate through the surface. Adapted with 
permission from Ref. [9] c) Actuating coating can be used as antifouling one preventing bacteria 
growth on the surface, example of self-regulating system is presented, Lactic bacteria are grown 
on the surface and change pH, coating change its thickness fast and “push off” bacteria from 
the surface. Adapted with permission.[28]

Figure 8. Titania-based capsules and LbL organized polyelectrolyte shell 
become permeable under irradiation and can locally release active spe-
cies, which could regulate cell activity on the surface. Adapted with per-
mission.[106] Copyright 2009, Royal Society of Chemistry.
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formed via anodization.[122,123] Three different diffusion 
regimes could be determined from the BMP-2 release profiles 
from the PE multilayers: an initial burst release, a sustained 
release regime, and a depletion regime. After release from the 

polyelectrolyte multilayer BMP-2 maintains its bioactivity, as 
determined by its ability to induce osteoblastic differentiation 
of myoblasts[123] and its effect on MC3T3-E1 preosteoblasts cell 
count and ALP activity.[124]

Dynamic protein delivery with possibility of its detection and 
reversible adsorption/desorption is shown in Figure 10.[82] Here 
a new principle of photo-assisted spatial desorption of (poly)his-
tidine-tagged (His-Tag) proteins on a TiO2 surface is suggested. 
Surface is decorated by LbL assembly of a strong polyelectrolyte 
PSS and nickel–nitrilotriacetic acid (NTA). The PSS/NTA mul-
tilayer architecture provides n-fold (n×NTA) binding efficiency 
for more precise protein recognition in comparison to existing 
molecular His-Tag protein recognition with one- and three-fold 
multiplication (1×NTA, 3×NTA). Spatially resolved desorption of 
proteins is regulated by non-photodestructive short-term low-
intensity light irradiation. The local pH shift on irradiated TiO2 
selectively affects the pH-sensitive NTA/protein complex, but 
not the LbL assembly of PSS and NTA, which is stable in a broad 
pH range. The strategy opens prospects to proteins delivery as 
well as their detection, and purification. Importantly, preferable 
dynamic oscillation of coating properties is reversible.

5.4. Metal Nanoparticle-Laser Interactions for Cell Patterning 
and Detachment

The cell detachment from a culture substrate during cell har-
vesting still remains challenging. Different strategies available 
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Figure 9. a) Schematic illustration of ultrasonically formed “surface 
capsules” loaded with an active agent and protected by a polyelectrolyte 
complex. b) Transmission electron microscopy (TEM) images of a sur-
face capsule layer for chemical storage (blue arrows indicate the loading 
direction; red arrows indicate the interface between the bulk metal and 
capsules layer). c) SEM image of the sonochemically produced capsules 
layer (metal sponges) loaded with 8-hydroxyquinoline. Adapted with 
permission.[75]

Figure 10. a) Schematic illustration of release of proteins from the surface using light-pH coupled stimuli on titania: LbL assembly of strong poly-
electrolyte layers, polystyrene sulfonate (PSS), and pH-responsive and nickel-nitrilotriacetic acid (Ni2+-NTA) layers for (poly)histidine-tagged (His-Tag) 
proteins recognition and manipulation. b) System TiO2/(PSS/NTA/His-Tag)4/PSS after irradiation through photomask allow local delivery/desorption 
of protein. c) Reversible and multicycle activity is pointed from real time evolution of the activity of H+-ions over the TiO2/PSS/NTA surface. “ON” is 
pointed time point of irradiation switched on and “OFF” – switched off. d) Microfluidic chamber to study His-Tag protein light induced modulation/
desorption on TiO2/LbL surface. e) QCM frequency change during the adsorption of (1) PSS, (2) NTA, (3) His-Tag protein; hv corresponds to the 
moment of short term ((1)s) irradiation and results in protein desorption. Cycles of adsorption, light induced desorption are repeated several times. 
Adapted with permission.[105]
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for animal cell detachment are presented in the recent review 
(Simon, et al.).[125] Multiple factors should be considered when 
choosing cell-detachment method: (1) degree of cell adhesion 
characteristic to the tested cell line; (2) further application of 
detached cells; (3) process compatibility (physical or chemical); 
(4) process scale (5) reusability of the culture substrate, etc. To 
date, only a few alternative biomaterial platforms have been 
developed to improve the dynamic control over cell adhesion 
for tissue engineering and regenerative medicine.

In particular, the laser-triggered nanoengineered AuNP 
surfaces, also called plasmonic substrates, were used for tar-
geted cell patterning. For example, Kolesnikova et al.[126] dem-
onstrated a tunable nonthermal photochemical mechanism 
of NIH3T3 fibroblasts detachment and patterning on AuNP 
functionalized surfaces. ROS generated in a photocatalytic reac-
tion could damage the cell membrane, thereby leading to cell 
detachment.

Recent elegant study introduced a new bottom-up approach 
to build plasmonic substrates for cell detachment and pat-
terning using micellar block copolymer nanolithography 
(BCML).[127] In this study, inverse micelles of the block copoly-
 mer polystyrene-b-poly-2-vinylpyridine (PS-b-P2VP) containing 
Au. The substrates were used to grow murine and human cell 
types: tumoral (HeLa and A549) and non-tumoral (HUVEC) 
human cells; murine macrophage-like cell line (J774) and 
3T3 fibroblasts. Irradiation with a 980 nm near infra-red (NIR) 
laser induced detachment of the tested cell types from nano-
plasmonic substrates, with nearly complete viability of the 
detached cells. The photothermal effect was identified as the 
main cause of cell detachment. Taken together, the reported 
approach allows controlled and non-invasive cell patterning and 
detachment from light-responsive surfaces, suggesting its high 
relevance for biomedical research.

6. Prospects for Metal Based Hybrids

Recent developments in advanced metal modification tech-
niques have enabled the fabrication of surface nanotopographies 
that encompass features and applications, highly important for 
implantology, regenerative therapies, and cell culture research. 
In brief, substrate engineering allows gaining basic knowledge 
on the effect of nanotopography on cell behavior; the technology 
can be applied for large-scale implant production and for the 
design of hybrid encapsulation systems; and such complex sys-
tems are dynamic and can be applied to guide cell behavior.

Firstly, cell-nanotopography interactions serve as a mecha-
nism to precisely control cell functions. Cells respond to various 
physical and chemical cues of the adjacent substrate, which can 
be specifically designed to control particular cell response. Sec-
ondly, the straight-forward methods for metal, e.g. titanium, 
surface nanostructuring discussed in this minireview are fast, 
cheap and can be applied for large-scale manufacturing. They 
provide uniform access of the reactive substance to all surfaces, 
which could be applied for multifaceted devices with complex 
geometries such as dental screws and cardiovascular stents. For 
example, the self-organized nanotube arrays prepared by elec-
trochemical anodization were grown in a radially outward direc-
tion on titanium mesh.[128] The nanotopographic cues produced 

by these methods can be incorporated into relatively large geo-
metrical areas making them attractive for commercial implant 
production. Moreover, titanium nanotopography can act syn-
ergistically with soluble factors to modulate the differentiation 
pathway. For instance we have recently reported the response 
of C2C12 cells on mesoporous titania and titania nanotubes, 
where the nanostructure of the material was observed to have 
an impact on the osteogenic differentiation, while it only mod-
erately affects myogenic differentiation.[46] Furthermore, a metal 
matrix could be used for the construction of hybrid materials 
and surface encapsulation systems, described in detail else-
where.[75–77] Hybrid materials (hybrids) are mainly composites 
consisting of organic molecules connected to a metal matrix. 
As a metal matrix serve such metal surfaces as Ti, steel and 
their alloys. In order to deliver active species such as growth 
factors, vitamins, enzymes or drugs, an “intelligent” encapsula-
tion system based on metallic surface has to be designed. To 
avoid very fast release of bioactive molecules, surface capsules 
should be covered with a protective polymer film. For instance, 
an upload, storage, and controlled pH-triggered release of dox-
orubicin (anti-cancer drug) have been shown out of the sono-
chemically formed surface metal sponges.[75–77] By using the 
protective LbL assembled PEs, it was possible to achieve the 
controlled stimuli-responsive release of an active component.

The biocomposite materials can be used to enhance the 
efficiency of biomaterial for cell growth. Last but not least, pat-
terning of the hybrid surface can be created in order to achieve 
the best environment for cell attachment, growth and differ-
entiation. Both surface patterning and drug delivery systems 
will be able to provide spatial and temporal control over tissue 
growth. The main goal is to develop the conditions that best 
mimic the biological environment, provide support and control 
over tissue formation, which can be used for growth of cells of 
different types, co-cultures, and other complex systems.

In Figure 11 we provide some examples of complex bio-
mimetic systems. In the first example polymer-metal hybrid 
systems has been used to develop nature-inspired robotics 
(Figure 10a).[7] It was possible to create a biohybrid system that 
enabled an artificial ray to swim and phototactically follow a 
light cue. The muscoskeletal structure was reverse-engineered 
via a four-layered architecture: a three-dimensional elastomer 
[polydimethylsiloxane (PDMS)] body, cast via a titanium mold; 
a chemically neutral skeleton fabricated by means of thermal 
evaporation of gold through a custom designed shadow mask; 
a thin interstitial elastomer layer obtained by spin-coating; and 
last, a layer of aligned rat cardiomyocytes generated via micro-
contact printing of fibronectin. To reach reproducible and 
controlled locomotion, a layer of cardiomyocytes, which were 
engineered to respond to optical stimuli, was placed onto tissue. 
Thus, light-sensitive locomotion could be achieved without the 
need for neural coupling and coordination.

The next example of the application of hybrid polymer-metal 
system is the fabrication of the self-assembled muscle-MEMS 
(microelectromechanical) system.[129] The contractile myocytes 
were patterned on the Au/Cr/Si cantilevers with the help of 
thermally responsive PNIPAAm. The temperature response 
and myocyte growth inhibition of PNIPAAm made it possible 
to spatially pattern the myocytes. The removal of the PNIPAAm 
(dissolution in the medium) completely enables a release of the  
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self-assembled hybrid microdevice and its free movement. The 
nanometer-thin metal film played a crucial role in tailoring 
the shapes of muscle bundles and in bending movement of the  
mobile legs. The contraction of muscle bundles powered 
the motion of the device.

Moreover, inspired by biomineralization, an encapsulation 
approach of microorganisms has evolved from using inorganic 
materials in combination with polymer shell structures. For 
instance, mussel-inspired polydopamine (polyDOPA) shells 
were fabricated for the encapsulation of individual yeast cells.[130] 
By modifying the chemical reactivity of the polyDOPA shell 
towards amine and thiol functionalization, such as the func-
tionalization with avidin, it was possible to achieve biospecific 
immobilization of yeasts on the biotin-functionalized substrate.

Hybrid devices, so-called “bionics”, can be also discussed as 
an example.[103] It can serve as electrical conductors to transmit 
the charge into and out of biological systems. Inspired by a 
cochlear implant (bionic ear), a new paradigm for implantable 
electrodes based on conducting polymers was introduced, 
where a hybrod network was polymerized in situ throughout 

living brain tissue.[131] The biological constituent of the com-
posite was the living tissue. The hybrid network was produced 
by delivering the monomer solutions to electrode sites (Teflon-
coated gold wire) implanted into the brain tissue. After 
polymerized, the polymer was formed on the electrode and 
grew out into the tissue.

In all there are two opinions among researchers worldwide 
concerning the approach to study such complex biological sys-
tems. The 1st approach suggests that the investigation should 
take into account only one factor/parameter affecting a par-
ticular chemical/biological event. Since biological systems are 
extremely complex and contain multiple parameters, which may 
have an influence on the process, one has to very precisely inves-
tigate the influence of each parameter separately. For instance, 
many models of physical systems implicitly account for mul-
tiple spatial scales by simplifying their boundary conditions into 
“black boxes” where assumptions about other spatial or tem-
poral domains are summarized by governing equations.[132]

The 2nd approach suggests looking at the biological system 
explicitly accounting for more than one level of resolution 
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Figure 11. The prospects of using the metal-based polymer hybrid systems. a) Nature-inspired robotics. Tissue-engineered soft-robotic ray. Adapted 
with permission.[7] Copyright 2016, AAAS. b) Self-assembled microdevices, in particular, driven by muscle. Adapted with permission.[129] Copyright 2005, 
Nature Publishing Group. c) Improvement of biological organisms using functional material cells. Adapted with permission.[130] Copyright 2011, American 
Chemical Society. d) Fabrication of bionic devices for biomedical applications. Adapted with permission.[131] Copyright 2013, IOP. Abbreviations: DOPA, 
dihydroxyphenylalanine; PBS, phosphate-buffered saline; PEDOT, poly(3,4-ethylenedioxythiophene); Poly(PEGMA), poly(ethylene glycol) methacrylate.
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across measurable domains of time, space, and/or function. 
There are several reasons for that. The general reason is that 
research nowadays is becoming more collaborative, multidisci-
plinary, involving multiple research groups and financial sup-
port worldwide, and allowing dealing with more complicated 
projects than earlier. Moreover, biological systems are inher-
ently complex in nature and comprised of multiple functional 
dynamic networks to sustain an organism’s normal develop-
ment. It is often impossible to deduce the behavior and func-
tion of individual molecules, organisms, organs, etc. due to 
the non-linearity of pathways in biological networks. When 
designing new therapeutic products it is important to obtain a 
thorough understanding of the interaction between molecules 
and pathways.[133]

7. Conclusion

Native cell interactions are directly associated with the nano-
topographical cues presented in the ECM. Similarly, the interac-
tions between biomaterials and tissues are strongly controlled 
by the nanoscale features. Smart titanium-based materials with 
modified nanotopography and improved bioactive properties 
aim to regulate cell performance on implant relevant surfaces 
for enhancement of healing and tissue regeneration. In this 
review, we have discussed methods for titanium surface nano-
structuring such as electrochemical treatment, sonochemical 
treatment, and chemical etching. These methods can be applied 
for large-scale manufacturing of complex implantable devices. 
In particular, we highlighted non-equilibrium sonochemical 
treatment as straight-forward method for the formation of 
hybrids and composite materials. Furthermore, we discussed 
the prospects of photoactive nanoporous titania surfaces for the 
development of smart titanium-polyelectrolyte assemblies.

LbL assembly is a versatile approach for the formation of 
dynamic, stimuli responsive systems for modulation of cells/
biomolecules behavior on the surface, for antibacterial, anti-
fouling, and drug delivery applications. Specific examples of 
metal based hybrid devices, i.e. “bionics”, are discussed in the 
context of nature-inspired, biomimetic systems. Such devices 
should help researchers understand the general principles gov-
erning emergent properties and biological functions of complex 
systems. However, there is still no universal approach to study 
such complex systems: either by simplifying them to models or 
studying them as a complex network of multiple parameters. 
Nowadays both approaches have their place in the area.
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which he pioneered and established. In 
general, interfaces do not only deter-
mine electronic properties of the final 
device; their atomic order also highly 
affects growth kinetics and defect forma-
tion. Moreover, the design of solid–liquid 
and hybrid interfaces determines their 
chemical reactivity and stability. In situ 
monitoring of interface preparation, for-
mation, and interfacial reactions thus 
promises efficient process control. Paired 
with a detailed understanding of interface 
formation mechanisms, however, the true 
power of in situ control is to allow for 
specific modification and tuning of inter-
face formation for the device of choice. 
There are several excellent reviews on in 
situ approaches covering wide ranges of 
materials from basic science to applica-
tions as well as varieties of preparation 
and analysis techniques.[2–11] As indicated 
in Figure 1, this review will be focused on 
in situ control over interfaces of materials 
that are relevant for photoinduced reac-
tions in high-efficiency solar energy con-
version and sensing applications with in 
situ control of semiconductor/polymer/
biological interfaces. We will restrict the 

techniques to realistic and complex, non-ultrahigh-vacuum 
(UHV) ambient, where in situ control is most demanding—
but also highly desired. The more complex the interfacial reac-
tions are, the more important is the in situ characterization.  
Ex situ approaches can contribute to an indirect understanding 
of interface formation, but to understand and, finally, control 
the dynamic processes taking place, real-time measurements 
are appropriate. The challenge, we are facing, is twofold: On the 
one hand, increased interaction with the surrounding ambient 
causes higher complexity. Yet at the same time, it decreases the 
number of applicable techniques. On the other hand, those 
techniques are often elaborate and not necessarily easy to inter-
pret. In a nutshell, we will discuss four main topics:

(i) Surface preparation during growth of structures for high-
efficiency solar energy conversion: World-record con-
version efficiencies in both photovoltaics[12,13] and solar 
water splitting[14] are achieved with multijunction solar 
cells based on epitaxial III/V compound semiconductor 
structures. We will discuss in situ controlled preparation 

Solar energy conversion and photoinduced bioactive sensors are representing 
topical scientific fields, where interfaces play a decisive role for efficient appli-
cations. The key to specifically tune these interfaces is a precise knowledge 
of interfacial structures and their formation on the microscopic, preferably 
atomic scale. Gaining thorough insight into interfacial reactions, however, 
is particularly challenging in relevant complex chemical environment. This 
review introduces a spectrum of material systems with corresponding 
interfaces significant for efficient applications in energy conversion and 
sensor technologies. It highlights appropriate analysis techniques capable 
of monitoring critical physicochemical reactions in situ during non-vacuum 
preparation and photoactivity studies including well-defined inorganic 
epitaxial reference surfaces, buried interfaces, and low-defect nucleation of 
disjunct epitaxial materials that are analyzed during preparation in chemical 
vapor environment. Their surfaces are then modified and functionalized in 
gaseous and liquid environment. Finally, even more complex coupling of inor-
ganic stable photoactive materials with responsive soft matter for bioactivity 
is reviewed. Interface formation, structure, and/or artificial photochemical 
interfacial reactions are scrutinized down to the atomic scale in real time, also 
accounting for equilibrium versus non-equilibrium, kinetically driven pro-
cesses, in order to accelerate progresses in the realization of efficient energy 
materials and in the exploitation of photoinduced processes at interfaces.
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1. Introduction

In his Nobel Lecture, Kroemer concisely coined the famous 
phrase “Often it can be said, that the interface is the device.”[1] 
This is particularly true for the semiconductor heterostructures 
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of relevant III/V and IV(100) surfaces in metalorganic 
vapor phase epitaxy (MOVPE).[15] MOVPE is the state-of-
the-art industrially scalable technique for semiconductor 
epitaxy. Compared to vacuum-based techniques, MOVPE 
is demanding, given the involved complex physicochemical 
reactions and the presence of a carrier gas, which limits in 
situ methods mainly to optical approaches.

(ii) Preparation of buried interfaces during growth of struc-
tures for high-efficiency solar energy conversion: Based 
on the homoepitaxially prepared surfaces, we will discuss 
MOVPE in situ studies on multinary III/V compounds, 
their related buried heterointerfaces—such as tunnel junc-
tions in multijunction solar cells—as well as III/V-on-IV 
heteroepitaxy.

(iii) Solid–liquid interfaces and electrochemical interface 
modification: The study of catalytic and electrochemical 
processes requires high spatial as well as temporal resolu-
tion. A great challenge for in situ techniques is the necessity 
to transport information through the liquid environment. 
Materials involved range from catalytically active metals, 
semiconductors, and photoelectrochemical applications to 
insulators used in surface passivation. Besides interfaces 
involving the III/V structures discussed above, some metal-
lic and oxide-based materials and their interaction with gas 
phase and liquid water will be reviewed.

(iv) Semiconductor/polymer/biological interfaces for the devel-
opment of spatiotemporal nanoscale machinery inspired 
by nature: Here, we review the coupling of inorganic stable 
photoactive materials with responsive soft matter for bioac-
tivity. We discuss inspiration by nature as a general design 
concept for chemical networks—which consist of several 
inter-related single chemical reactions—for application in 
future “intelligent” systems. Lab-produced, artificial photo-
chemical networks are discussed to provide reliable, inor-
ganic semiconductors for new functions. Thus, we focus on 
a transformation of energy from electromagnetic irradia-
tion into ion concentration gradients with in situ temporal 
control of the reaction network. Light is discussed here as 
an “on-demand” stimulation of the bioresponse, for which 
it is easy to control intensity, duration, and localization.  
Efficient actuation of pH-sensitive soft assemblies with 
light is shown as an example.

For the first part (Section 2), we will start from well-defined 
epitaxially prepared interfaces, such as InP(100) films and 
surfaces, which are relevant for high-efficiency solar energy 
conversion. The atomic order of these surfaces and their spe-
cific preparation in vacuum and MOVPE ambient have been 
studied and are now understood in great detail. They are per-
fectly suited to demonstrate the ideal interplay between in situ 
spectroscopy, density functional theory, and benchmarking to 
a broad range of surface science techniques. Based on their 
optical fingerprints, different atomically well-ordered surfaces 
can be specifically prepared. Following this approach, in situ 
control over surface preparation will be discussed for several 
important III/V compound semiconductor surfaces, such as 
GaAs and GaP, as well as for Ge and Si.

Building on these results, III/V materials will be combined 
to multinary compounds and III/V heterostructures, which are 
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studied with focus on their (buried) interfaces in the second 
part of this review (Section 3). This is of particular interest for 
semiconductor applications, where the sharpness of the het-
erointerface is of essential importance: Tunnel junctions will 
be addressed as well as heterointerfaces designed to suppress 
recombination of charge carriers. Appropriate interface prepa-
ration is also crucial for III/V heteroepitaxy on Si substrates, 
where crystal defects are easily introduced during III/V nuclea-
tion due to the different crystal structures involved. Here, we 
will demonstrate how in situ analysis enables detailed insights 
regarding the interface formation, which finally yields precise 
process control and fine interfacial tuning.

The structures discussed in Sections 2 and 3 are decisive for 
highly efficient solar energy conversion. Besides their applications 
in photovoltaic devices, they are promising ingredients for direct 
solar water splitting.[14,16–18] Corresponding modifications of their 
surfaces in liquid environments and by gases beyond MOVPE 
conditions will therefore be discussed in the third part of this 
review (Sections 4 and 5). The impact of these complex conditions 
on the surfaces is understood to a much lesser degree. Adsorption 
processes on well-defined surfaces, the focus of Section 4, try to 
bridge the gap between epitaxial surfaces in vacuum and in liquid 
ambient: While for the former, the application of various surface 
science techniques enabled an understanding on an atomistic 
level, this is much more challenging for the latter due to limited 
availability of applicable techniques. Here, we will first review 
studies on epitaxial reference surface discussed in part one, and 
second on noble metal surfaces. The next step directed toward 
applications for artificial photosynthesis in a water splitting device 
is to study the solid–liquid interface, which is the topic in Section 5.  
Emphasis will be put on how an electrochemical in situ modifi-
cation enabled record solar-to-hydrogen efficiencies and how this 
approach may be transformed to other surfaces.

In the fourth part of this review (Sections 6–9), we will 
discuss nature inspired photochemical reactions beyond 

applications of artificial photosynthesis: Photoinduced interfa-
cial reactions also enable sensing applications focusing on mod-
ulation, detection, and deactivation of bacteria, pathogens, as 
well as biofilms and biomolecules. They also serve as platforms 
for systems for microfluidic biochips and autonomous soft 
robotics. Photochemical reactions to control hybrid interfaces 
will be detailed in Section 6. Different techniques for in situ 
detection of reactive oxygen species in TiO2-based systems are 
discussed in Section 7. This is followed by studies on the photo-
catalytic degradation of organic species on TiO2 in Section 8. 
Finally, Section 9 focuses on prospects for in situ modulation of 
soft matter and microorganisms without degradation.

2. Epitaxial Reference Surfaces

The attractiveness of the III/V semiconductor material class for 
a wide range of electro-optical applications is to a great extent 
owed to the possibility to smoothly tune their electronic struc-
ture via the composition of multinary compounds. Figure 2 
shows bandgaps and band offsets of the classical III/V semicon-
ductors as a function of the lattice constant at room temperature 
and displays their approximated band alignment with respect to 
vacuum. The tunability of the bandgap allows absorption of a 
wide range of the solar spectrum. The combination of different 
materials enables high solar energy conversion efficiency: For 
a dual absorber structure, the limiting conversion efficiencies 
with dependence of the bandgaps of the subcells are plotted 
in Figure 3. The combination of III/V semiconductors with Si 
here promises efficiencies close to optimum, both for photovol-
taic (PV) and water splitting application.[16,18–20] Such a tandem 
absorber device requires preparation of ideal structures in all 
involved interfaces, which are manifold as indicated in Figure 4 
for an InP-based solar cell optimized for the infrared.[21,22] It is 
therefore important to understand the surface formation step 
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Figure 1. In this review, we focus on in situ studies on interfaces of materials, which are relevant for application in energy conversion and bio-
sensing. We focus on in situ characterization during non-UHV preparation techniques and photoactivity aiming at control over interfacial reactions in  
real time. Inset images adapted with permission.[409,416]
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by step. We will thus first focus on surfaces of the important 
III/V semiconductors InP, GaP, and GaAs(100) as well as on 
the group IV substrates Si(100) and Ge(100). These are relevant 
for energy applications and are available as wafers, which facili-
tate the preparation of smooth and high-quality reference sur-
faces on homoepitaxially grown buffer layers.

MOVPE processing ambient hinders the application of elec-
tron-based techniques, so mostly optical techniques are applied in 
situ. In the following text, the linear optical technique reflection 
anisotropy spectroscopy[23] (RAS) will play an important role. RAS 
measures the difference in (complex) reflection along two mutu-
ally perpendicular crystal axes normalized to their mean reflection,

 1
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r r

r r
x y

x y

� ( )
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−
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Both real and imaginary parts can be measured, but mostly 
the real part (Re) is discussed here. In literature, reflectance, 
R, is discussed often instead of the complex Fresnel reflection 
amplitude coefficient, r. For Δr << r, the relation of RAS (com-
plex number, r) and the corresponding reflectance anisotropy 
signal (real number, R) is[23]
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For (100) faces of ideal cubic crystals, the 
bulk contribution is optically isotropic, which 
renders RAS an extremely interface and 
defect sensitive optical technique. Here, RAS 
is aligned such that [011]x =  and y = [011]. To 
make RAS amplitudes intercomparable, they 
should be calibrated to a Si(110) reference.[23]

Contributions to RA spectra can be manifold, 
which renders RAS a versatile but also compli-
cated analysis technique. Once the microscopic 
origin of the spectra is understood, they can act 
as qualitative and/or quantitative fingerprints 
for specific interfacial or defect-related proper-
ties. In order to understand the origin of the 
spectra, comparison to complementary surface 
science techniques (“benchmarking”) is benefi-
cial. Of course, such benchmarking should not 
affect the interface which is characterized, so—
besides various other optical techniques appli-
cable in MOVPE ambient—UHV based tech-
niques are often applied. Most elegantly, sam-
ples are transferred contamination-free from 
MOVPE ambient to a mobile UHV shuttle,[24] 
which may in principle be attached to any UHV 
surface science chamber of interest, where the 
samples can be characterized in vacuo. Since 
RAS is also applicable in UHV, the state of the 
sample can be probed and verified after bench-
marking as well.

2.1. InP(100)

InP has a long history as efficient photo-
cathode in water splitting applications.[25,26] Recently, InP-based 
low bandgap tandem solar cells were suggested for multijunc-
tion solar cells (MJSCs) with more than three junctions[27–29] 
and applied in the current world record four-junction cell with 
conversion efficiencies exceeding 46%.[13,30,31] Here, InP(100) is 
of particular interest, since it may be considered as prototype 
surface regarding H-based MOVPE processing of phosphides, 
where hydrogen strongly affects the atomic surface structure 
compared to UHV preparation. InP(100) is also a valuable 
example for the fruitful combination of optical in situ spec-
troscopy, various complementary in system surface science 
techniques, and density functional theory (DFT) calculations, 
which lead to a very detailed understanding of the atomic and 
electronic surface structures. The atomic structure indeed has a 
significant impact on further surface functionalization, as will 
be discussed in Section 5.

2.1.1. Surface Reconstructions and Their Anisotropic Fingerprints

Depending on the P chemical potential (corresponding to In- vs 
P-rich conditions), two surface reconstructions typically occur 
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Figure 2. a) Bandgaps of binary and ternary III/V compound semiconductors (line and symbol 
style indicate the nature of the bandgap), data from ref. [433]; b) Approximated conduction (tur-
quois) and valence band (red) offsets (line and symbol style indicate the nature of the bandgap), 
data from refs. [20,433–436]; c) Solar spectrum AM1.5 ASTM-G-173-03. Data from ref. [437].
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in MOVPE ambient (cf. Figure 5) and they exhibit characteris-
tically different RAS fingerprints (cf. Figure 6): (i) The P-rich  
(2 × 2)/c(2 × 4) surface consists of buckled P dimers stabilized 
by one H atom each,[32] while (ii) the In-rich (2 × 4) surface is 
terminated by a mixed dimer atop an In layer.[33] Figure 5 shows 
ball-and-stick models of these reconstructions and they are high-
lighted in the phase diagram in Figure 6b, which was obtained 
by DFT calculations.[32] Figure 6a displays the corresponding RA 
spectra obtained after homoepitaxial buffer growth and contam-
ination-free transfer to UHV,[24] where they were measured at  
20 K: The P-rich surface (violet) features a characteristic min-
imum P1 at about 1.9 eV, an intense maximum P2 at 3.2 eV 
slightly below the E1 interband transition, a broad local max-
imum P3 between 4.0 and 4.5 eV, as well as an additional peak 
at the E0′ interband transition. The RA spectrum of the In-rich 
InP(100) surface (green) exhibits more features, the most prom-
inent are two local minima around 2.0 eV (labeled In1), a local 
maximum In2 at about 2.4 eV, a local minimum In3 close to 
the E1 interband transition, a rather broad local maximum In4 
centered at about 3.7 eV, and another local maximum In4 at the 
E0′ interband transition. In particular, the spectral differences 
between P2 and In2/In3 are suitable for in situ identification of 
the two surfaces. The dielectric function of InP[34] and its tem-
perature dependence was measured in situ with ellipsometry,[35] 
which facilitates evaluation at real growth conditions.

Within the DFT–GW approximation (GWA), reasonable 
agreement of calculated and in situ RA spectra both for the 
In-rich[36,37] and the P-rich[32] InP(100) surface is achieved. The 
predicted spectral features help to clarify the microscopic origin 
of the RA spectra, which are best measured at low tempera-
tures,[36,38,39] where peaks sharpen drastically.[35,40] However, so 
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Figure 3. Theoretical efficiency limit for a two-junction absorber structure in the current-matched detailed balance limit operated as a,b) a photovoltaic 
cell (electric efficiency) and c) a water splitting device (solar-to-hydrogen efficiency) depending on the bandgap of the two subcells; calculated with 
YaSoFO[438]; In (a), the top absorber is assumed to be infinitely thick; In (b,c), the thickness of the top absorber is reduced to optimize current-matching 
with the bottom cell; The bandgap of Si is marked for the bottom cell and the inset on the right indicates the layer structures for a corresponding 
III/V-on-Si tandem cell with a GaP nucleation layer; for the water splitting device, a water layer of 1 mm thickness and an IrO2 counter electrode with 
1 Ω solution resistance were assumed.

Figure 4. (left) Schematic of the stack and (right) approximated band 
diagram for an InP-based tandem solar cell optimized for absorption in 
the infrared as lower tandem in a four-junction solar cell (BSF = back 
surface field). Data from refs. [22,28]. 
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far, the accuracy of DFT calculations is not sufficiently precise 
to predict RA spectra without any experimental feedback. Only 
in few specific cases, it is possible to deduce the given atomic 
surface structure from experimental in situ RA spectra by com-
parison to the theoretical ones.

2.1.2. The P-Rich InP(100) Surface

The P-rich InP(100) surface is an instructive example how the 
correlation of DFT and RAS enabled understanding the impact 
of the presence of H during MOVPE preparation: in situ RA 
spectra of both PH3

[35,41] and tertiarybutylphosphine (TBP)[42] 
prepared P-rich InP(100) surfaces show a characteristic line-
shape that does not occur in H-free molecular beam epitaxy 
(MBE) ambient.[32,43] DFT calculations could relate the fea-
tures P1 and P2 to optical transitions involving states induced 
by H termination of one H atom per P dimer.[32] The buckled 
P dimers of this “(2 × 1)-like” (2 × 2)-2D-2H reconstructed 

surface[32] form zigzag lines and the buckling may flip causing 
a (2 × 2)/c(2 × 4) symmetry.[44,45] While dimer buckling may 
occur also on non H-terminated surfaces,[46] which would cause 
streaked (2 × 1)-like low energy electron diffraction (LEED) 
patterns just as for the H-terminated buckled P dimers, the 
existence of the PH bonds was verified experimentally by 
in system Fourier transform infrared spectroscopy (FTIR) 
studies.[47] These studies also showed that RAS allows for in 
situ fine-tuning of the atomic order at the InP(100) surface:[47] 
The P-rich surface is commonly prepared by cooling under sta-
bilization with the precursor TBP after homoepitaxial growth. 
When TBP supply is stopped at 300 °C, the surface is covered 
with excess P and precursor residuals.[48] Cycled heating to 
360 °C (without precursor supply) and cooling to 300 °C (with 
precursor supply despite the very last cooling step) increases 
the atomic order at the surface,[47] which can be observed in 
situ by an increased intensity of P1 along with a redshift of its 
energetic position.[42,48] In situ studies during InP:adsorbate 
interaction revealed that the H termination strongly increases 
the stability of the P-rich surface against O2, yet not H2O,[49,50] 
as will be discussed in more detail in Section 4.

2.1.3. The In-Rich InP(100) Surface

Given the different lineshapes of the anisotropic fingerprints 
of the two surface reconstructions, RAS enables to study 
the transformation from P-rich to In-rich surfaces in great 
detail:[48,51] Heating of the P-rich surface above 370 °C without 
P stabilization results in enhanced P desorption and P deple-
tion of the surface.[48] RAS peaks originating from the occur-
rence of P dimers vanish and the lineshape changes toward 
that of the In-rich surface. Figure 7 visualizes that the peaks 
at and below 2.5 eV of the RA spectrum of the In-rich surface 
can be attributed to transitions involving surface states related 
to the mixed dimer reconstruction.[36,37] The electronic orbitals 
for the corresponding surface states are shown in side view  
in Figure 7.

Adv. Mater. Interfaces 2017, 4, 1601118

Figure 5. Surface reconstructions of (left) P-rich and (right) group-III-
rich InP(100) resp. GaP(100) surfaces. The top row shows the top view 
and the bottom row side views in [01̄1] and [011] direction, respectively. 
Adapted from with permission.[50] Copyright 2014, ACS, reuse requests 
to be directed to the ACS.

Figure 6. a) RAS of P-rich, (2 × 2)-reconstructed (violet) and In-rich, (2 × 4)-reconstructed (green) InP(100) surfaces, measured at 20 K, data from 
ref. [38]; the insets show ball-and-stick models of the corresponding surface reconstruction; gray vertical lines indicate the critical interband transitions 
of InP[439]; b) phase diagram depending on the In and H chemical potential, data from ref. [32].
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2.1.4. Experimental Verification of the Microscopic Origin  
of the Spectral Features

Further experimental indications for the origin of the contri-
butions to the RA spectra of P-rich and In-rich InP(100) was 
obtained by analyzing their temperature-dependent phonon 
coupling:[40] Fitting this temperature dependence with an ade-
quate model[52] yields the renormalization energy for each ani-
sotropic contribution.[40] For the peaks P1 and P2 as well as In3, 
the renormalization energy is similar to that of the InP bulk 
critical point energies, which implies an “intrinsic”[23] nature. 
Since the E1 interband transition is close to P2 and In3, it was 
suggested that these anisotropies likely stem from surface 
modified bulk transitions.[40] P1, in contrast, which is not in the 
vicinity of any critical interband transition, was attributed to a 
transition involving both bulk and surface states.[40] In1 couples 
only weakly to phonons and was thus attributed to pure surface 
state transitions.[40]

The electronic structure of MOVPE-prepared InP(100) sur-
faces has been studied with in system ultraviolet photoelectron 
spectroscopy (UPS)[38] and with angular-resolved photoelec-
tron spectroscopy after contamination-free transfer[24] to the 
BESSY-I synchrotron.[53] Occupied surface states with only little 
dispersion close to the valence band maximum (VBM) as well 
as occupied surface resonances were identified.[53] Performing 

in system 2-photon photoemission (2PPE) 
studies on In-rich InP(100),[54] an occupied 
surface resonance was found about 0.2 eV 
below the VBM and two unoccupied dan-
gling bond surface states were identified 
at 1.5 and 2.2 eV above the VBM near the 
Γ-point. The alignment of these states rela-
tive to the VBM agrees well with that of the 
surface states V1,2, C1, and C2 predicted by 
DFT.[36] Electron dynamics of InP(100) and 
scattering from surface to bulk states were 
studied by applying pump-probe 2PPE at 
femtosecond timescale.[55–57]

As first observed for GaAs (see below), 
doping influences the RA spectrum of 
InP(100) via the linear electro-optic effect.[58]

2.2. GaP(100)

GaP is interesting for water splitting applica-
tions since its rather large bandgap of about 
2.3 eV at room temperature might provide 
enough photovoltage.[59] However, due to 
this large bandgap and its indirect nature, 
thin GaP films are rather transparent and are 
thus not suitable as absorber layer for high 
efficiency solar energy conversion. How-
ever, GaP may be applied as window layer[60] 
in tandem configurations, as constituent 
of multinary compounds such as InGaP 
or GaAsP or when diluted with N and pos-
sibly As.[61] Moreover, GaP is almost lattice-
matched to Si, which renders it an ideal 

candidate for pseudomorphic virtual III/V-on-Si substrates, as 
will be discussed in Section 3.

GaP(100) surfaces reconstruct analogously to the InP(100) 
surfaces discussed afore and also their optical in situ fin-
gerprints are similar.[62] In H-based ambient, two surface 
reconstructions are typical: the P-rich surface (which occurs 
during growth and at rather low temperatures or when stabi-
lized with TBP, respectively) and the Ga-rich surface (which 
forms when P desorbs preferentially at elevated tempera-
tures). Figure 8 compares the RA spectra of P-rich and Ga-rich 
GaP(100), which were prepared by MOVPE and measured in 
system at 20 K.[63] The spectrum of the P-rich surface (orange) 
exhibits a characteristic minimum P1 at about 2.6 eV, an 
intense maximum P2 at 3.7 eV slightly below the E1 interband 
transition, a small local maximum P3 at about 4.5 eV, as well 
as an local maximum P4 at about 5eV. The RA spectrum of the 
Ga-rich GaP(100) surface (blue) exhibits a characteristic min-
imum Ga1 slightly below 2.5 eV, a local maximum Ga2 at about 
3.2 eV, a local minimum Ga3 close to the E1 interband transi-
tion, a shoulder Ga4 at about 4.2 eV, and a local maximum Ga5 
slightly above the E0′ interband transition. Compared to the 
RA spectra of the corresponding InP(100) surfaces,[38] those of 
GaP are shifted to higher energies. While the lineshape of the 
P-rich surfaces are very similar, Ga1 is broader but exhibits less 
features than In1.

Adv. Mater. Interfaces 2017, 4, 1601118

Figure 7. RAS of In-rich InP(100): a) comparison of experiment (green) and DFT–GWA calcula-
tion (black); b) contributions to the calculated RA spectrum from different transitions involving 
the surface states in the c) conduction and d) valence band; gray vertical lines indicate the 
critical interband transitions of InP.[439] Adapted with permission from.[36] (copyrighted by the 
American Physical Society). Data from refs. [36,38].
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In situ RA spectra of the Ga-rich GaP(100) surface were 
studied in combination with ab initio DFT calculations:[64] A 
mixed Ga–P dimer on top of a layer was suggested as ground 
state just as for In-rich InP(100). The surface reconstruction 
is (2 × 4) as confirmed by LEED on decapped[62] and con-
tamination-free transferred[63] homoepitaxial surfaces. The 
corresponding surface state band structure exhibits several 
nonresonant surface states both in the valence and the conduc-
tion band.[37] Transitions involving these states cause the contri-
butions to the RA spectrum below the E1 interband transition: 
As predicted by DFT,[37] a series of occupied and unoccupied 
surface states was found was found experimentally applying in 
system 2PPE[65] and transitions involving them were assigned 
to Ga1.[37,65] The presence of several anisotropic optical transi-
tions can also explain the rather broad lineshape of Ga1 com-
pared to P1. These spectral features vanish when the surface is 
exposed to oxygen and the surface states are quenched.[65] As 
we will see in Section 4, however, the surface states exhibit a 
much larger stability against oxidation by water. Peak Ga2 stems 
from a surface modified bulk transition.[37]

For the P-rich GaP(100) surface, it was shown by ab initio 
DFT calculations,[66] that the lineshape of P1 can be explained 
well by optical transitions involving surface states from the 
buckled, H-stabilized P dimer. These states and the corre-
sponding RAS signals induced by optical transitions between 
occupied and nonoccupied surface states are shown in Figure 9. 
The presence of a surface state assigned to P1 was also veri-
fied experimentally with in system 2PPE.[65] Just as for P-rich 
InP(100), the buckling of the dimer leads to a (2 × 2)/c(4 × 2) 
surface reconstruction (also referred to as (2 × 2)-2D-2H[66]), 
which causes streaks in the LEED patterns[63] and zigzag lines 
observed by scanning tunneling microscopy (STM).[45,63,66,67] At 
room temperature, the H atom is mobile and a flip-flop motion 
of the dimer can be detected by STM.[45]

Continuously measured RA spectra during annealing of 
the GaP(100) surface in H ambient showed that P starts des-
orbing preferentially at temperatures beyond about 490 °C and 

that this causes a change from the P-rich to the Ga-rich surface 
reconstruction via an intermediate surface.[63,68] In contrast to 
InP(100), surface preparation in N2-based ambient significantly 
impacts the surface formation.[51] Upon annealing in N2, an 
additional intermediate surface phase occurs at temperatures 
above about 470 °C and below about 620 °C.[51]

Adv. Mater. Interfaces 2017, 4, 1601118

Figure 8. a) RAS of P-rich, (2 × 2)-reconstructed (orange) and Ga-rich, (2 × 4)-reconstructed (blue) GaP(100) surfaces, measured at 20 K, data from 
ref. [63]; the insets show ball-and-stick models of the corresponding surface reconstruction; gray vertical lines indicate the critical interband transitions 
of GaP[440]; b) Phase diagram depending on the Ga and H chemical potential, data from ref. [66].

Figure 9. Orbital character of specific surface states of the P-rich, (2 × 2) 
reconstructed GaP(100) surface (at the k point of the Brillouin zone) 
and contributions of transitions between these states to peak P1 in the 
RA spectrum of the P-rich, (2 × 2) reconstructed GaP(100) surface as 
calculated by DFT–GWA; Reproduced with permission.[66] Copyright 
2003, The American Physical Society.
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2.3. GaAs(100)

GaAs is widely used in optoelectronics and it is the material 
of choice for record efficiency single-junction solar cells[12,69] 
as well as modules.[12,70] GaAs was used as active substrate in 
tandem absorber structures,[71,72] and due to the little lattice 
mismatch, growth of GaAs-based top absorber structures on 
Ge(100) is applied in the current industry standard InGaP/
GaAs/Ge solar cells, achieving more than 40% conversion effi-
ciency.[73–76] GaAs is also the first compound semiconductor that 
was grown epitaxially by MOVPE[15] and GaAs(100) surfaces 
were the first semiconductor surfaces studied in situ during 
MOVPE growth.[77] These first experiments studied growth 
kinetics and chemisorption with time resolved RAS.[77,78] RA 
spectra obtained in MOVPE ambient were often benchmarked 
to MBE-prepared GaAs(100) surfaces, where electron-based 
techniques are available.[78–80] Besides RAS, surface photoab-
sorption was applied in situ to compare the decomposition of 
the two typical precursors trimethylgallium and triethylgallium 
(TEGa).[81] Applying in situ RAS on GaAs(100), surface recon-
structions of semiconductors were observed for the first time 
in atmospheric pressure demonstrating the potential of and 
the need for real-time growth monitoring 
due to complex surface structures and reac-
tions.[82–84] Surface reconstructions similar to 
those known from UHV studies were found 
to occur also for MOVPE preparation in 
various process gases,[82] but, in general, sur-
face reactions are more complex in MOVPE 
ambient.[85] In particular, surface reactions 
play a crucial role during initiation of GaAs 
homoepitaxy.[79,80,86,87]

Many different surface reconstructions 
were suggested for GaAs(100).[88–92] As for 
GaP(100) and InP(100) surfaces discussed 
above, spectral features of GaAs(100) surfaces 
were assigned to dimers on the surface[93,94] 
and the spectra vary strongly depending on 
the rate of As coverage on the surface.[95,96] 
Indeed, also calculations of the RAS line-
shape for differently reconstructed GaAs(100) 
surfaces showed a strong dependence on 
the atomic structure of the surfaces.[97,98] 
However, the entire surface geometry needs 
to be taken into account to yield an ade-
quate agreement with experimental data.[98] 
Excitonic effects were found negligible,[98] 
while surface strain can contribute to the 
RAS signal.[99,100] By comparison of RAS with 
DFT,[101] the As-rich surface was assigned to 
c(4 × 4) and (2 × 4) phases, while the Ga-rich 
surface reconstructs (4 × 2). Schmidt et al.[91] 
compared RA spectra obtained by DFT 
and in experiment, respectively. A mixed 
Ga–As dimer structure is energetically most 
favorable for “extreme” Ga-rich conditions,[91] 
and causes an RA spectrum similar to that 
experimentally observed for (n × 6) sur-
face structures.[101] The (2 × 4) and c(4 × 4) 

reconstructed GaAs(100) surface exhibits surface states, which 
contribute to the spectral RAS features below the E1 bulk crit-
ical point.[80,101–103] The RA spectrum above E1, in contrast, is 
assigned to surface modified bulk transitions.[102,104,105]

Figure 10 displays color-coded RA spectra during annealing 
in H2 ambient. The development from the As-rich to the Ga-rich 
surface (via intermediate surface reconstructions) by desorption 
of As due to the increased temperature is clearly observable by 
the different RA spectra associated with the surface reconstruc-
tions. Here, the significant differences in the lineshapes enable 
to study the surface formation in situ with RA transients, 
which must be done with care in other cases since tempera-
ture induced spectral shifts occur as well.[40] Exploiting the in 
situ RA spectra of GaAs as a measure of crystal quality, pro-
cess parameters could be tuned to increase the efficiency with 
regard to minimized material consumption[106] and precursor 
choice.[107]

Fermi-level pinning at the surface can be caused by impu-
rity induced surface states and contributes to RAS via the 
linear electro-optic (LEO) effect.[108,109] Combined with pre-
cise knowledge about changes in the surface reconstruction 
on temperature and dopant adsorption, the LEO effect allows 
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Figure 10. a) Color-coded RA spectra of GaAs(100) during annealing in H2 ambient, where  
b) lines mark spectra extracted: With increasing temperature, the As-rich c(4 × 4) surface 
(green) transforms to the As-rich (2 × 4) surface (red) and finally to the Ga-rich (4 × 2) surface 
(blue). c) Despite the changing temperature (which causes shifts in the RAS signal), the sur-
face formation can be followed in situ with a transient at 1.9 eV; data obtained by Dr. U. Seidel 
(formerly Hahn Meitner Institute, Berlin, Germany).
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for in situ dopant quantification during MOVPE prepara-
tion.[101,110–112] Different regimes for C-doping were studied via 
their surface reconstructions.[113] Just as for InP and GaP, the 
temperature dependence of the dielectric function of GaAs[114] 
was measured by in situ ellipsometry in MOVPE ambient.[115]

A notable exception of the merely optical in situ approaches 
are the first MOVPE in situ STM images that were obtained 
at GaAs(100) surfaces at temperatures up to 650 °C and at 
atmospheric pressures.[116] Even though the limited resolu-
tion is a drawback compared to STM at ambient or cryogenic 
temperatures, the in situ STM approach was also used to study 
quantum dot formation.[117,118]

2.4. Multinary III/V Compounds

Ternary and quaternary III/V compound semiconductors 
are highly relevant in order to tune the bandgap, lattice con-
stant, and optoelectronic properties as desired for the device of 
choice (cf. Figure 2). Multinary epilayers may be used as active 
parts of the device[119] (such as InGaAsP-based absorbers), as 
 barrier layers to tune the band alignment, or simply as tran-
sition layers, for instance, to bridge lattice mismatch between 
two materials by graded buffers.[76,120] It is often useful to study 
constituents of multinary compounds individually.[121] For mul-
tinary compounds, optical real-time analysis can contribute to 
“control of thickness and stoichiometry during growth as well 
as monitoring the switching procedures during the growth 
of heterostructures.”[122] For example, the MOVPE growth 
of entire laser and MJSC structures can be monitored in situ 
with RAS.[123,124] For multinary III/V compounds, the choice of 
a suitable growth regime is more important compared to the 
rather stable growth of binaries. Often, different growth condi-
tions also relate to different surface structures, which can be 
observed with RAS. For InGaP, for example, bulk ordering was 
observed for P-rich growth conditions—which can be correlated 
with a characteristic RAS signal.[125,126]

A combined ex situ X-ray diffraction, ellipsometry, and in 
situ RAS study revealed that the In content in InxGa1−xAs can 
be obtained in situ since the composition of the uppermost 
layers affects the measured optical anisotropy:[127] As displayed 
in Figure 11, starting from a c(4 × 4) reconstructed GaAs(100) 
surface and its characteristic RA spectrum, the RAS lineshape 
changes toward that of (1 × 3) reconstructed InAs(100),[128] when 
the In content is increased.[127] In the same work, mono layer oscil-
lations during InGaAs growth on GaAs(100) were observed.[127] 
Analysis of in situ RA spectra benefits from knowing the dielec-
tric constants of the compound at growth temperature.[129] Similar 
to InGaAs, the stoichiometric dependence of the lineshape of the 
RAS signal enables evaluation of the As/P content of GaAsP(100) 
surfaces in situ, as indicated in Figure 12.[127,130] 

The dependence of the RAS signal on the In and P content in 
InGaAs quantum wells (QWs) and strain compensating GaAsP 
layers was used also during MOVPE growth of laser diodes, 
and strain balancing was studied in situ via the RAS signal of 
GaAs.[131] For GaAsP QWs, the emission wavelength could be 
correlated to the amplitude of the RAS signal.[132] Similar to 
GaAs, the impact of doping on the RAS signal has been studied 
for multinary III/V compounds, such as InGaAs, AlGaAs, and 

AlGaInP.[58,132] Layer thickness, monolayer oscillations, and 
composition can be measured as well with in situ ellipsom-
etry during MOVPE growth, as demonstrated, for instance, for 
InGaAs and AlGaAs.[133,134] AlGaAs was also studied with RAS 
in detail both in MOVPE[135] and in UHV.[136] With increasing 
complexity of quaternary compounds, composition and growth 
rate of InGaAsP and AlGaInP can be obtained combining 
in situ RAS and reflectance measurements during MOVPE 
growth.[137–140]

Broadening the range of compounds to dilute nitrides, it is 
worth to mention that the RAS signal of GaAsN also changes 
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Figure 11. RA spectra of GaAs(100) and InGaAs(100) measured at 
500 °C. The lineshape of the spectra depends on the stoichiometry; data 
from ref. [127].

Figure 12. RA spectra of GaAs(100) and GaAsP(100) measured at 
600 °C. The lineshape of the spectra depends on the stoichiometry; data 
from ref. [127].
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with the N content,[11,141] and reflectance measurements have 
been applied to yield the composition.[11,142] N incorporation 
into GaP at diluted concentration (grown heteroepitaxially on Si 
with about 2% N to yield lattice-matching at room temperature) 
was found to cause an additional contribution to the RAS signal 
at the E1 interband transition of GaP, while the principal fea-
tures of the surface reconstructions typical for GaP(100) could 
be preserved—if excess N at the surface was avoided.[20]

Besides the optical techniques commonly applied in situ 
during MOVPE preparation, in situ X-ray monitoring during 
InGaAs growth enabled determination of layer thickness and 
lattice mismatch as well as its temperature dependence.[143]

2.5. Nanostructures

A broad spectrum of microscopy techniques has also been 
applied for the in situ characterization of nanowires and nano-
structures,[10] but mostly in vacuum environment. In prac-
tical MOVPE ambient, in situ reflectance during nanowire 
growth paired with optical modeling enables to determine the 
nanowire dimensions as well as their growth rate.[144] Inter-
esting in situ approaches include in situ photoluminescence 
(PL), which was demonstrated to predict the emission wave-
length of InGaN QW-based light emitting diodes (LEDs) already 
during growth.[145,146] Ostwald ripening of InAs quantum dots 
on GaAs(100) could be observed with in situ STM,[117] and a 
combined RAS/in situ STM study revealed the dependence 
of InGaAs quantum dot formation on different surface recon-
structions.[118] InGaAs quantum dot formation and island 
nucleation were studied also by in situ ellipsometry.[147]

2.6. Si(100)

Regarding highly efficient tandem absorber structures for solar 
energy conversion, group IV substrates are often preferred over 
III/V substrates: Germanium, for example, is more suitable as 
substrate used in the industry, when manufacturing standard 
triple-junction solar cells, than GaAs, since the bandgap energy 
is lower and substrate costs are considerably cheaper. III/V-
on-Si integration is considered to further reduce costs of solar 
cells,[61,148–152] to increase efficiency,[153] and is also desired for 
microelectronics.[154] In contrast to III/V crystal structures, both 
Si and Ge substrates do only have covalent bonds between two 
atoms of the identical kind and are thus nonpolar lattice struc-
tures. The step structure and atomic structure of Ge(100) and 
Si(100) surfaces therefore are highly important for subsequent 
low-defect heteroepitaxy of polar III/V semiconductors on non-
polar substrates: Steps of odd atomic height on the nonpolar 
substrate introduce antiphase disorder in subsequently grown, 
polar III/V epilayers.[155,156] Since both Si(100) and Ge(100) are 
dimerized under standard MOVPE preparation conditions, it is 
useful to express the step structure via the dimer orientation 
at the associated terraces. An established nomenclature[157] is 
that of A-type and B-type terraces (TA and TB) for (1 × 2) and 
(2 × 1) reconstructed surfaces, respectively, which is illustrated 
in Figure 13. Due to the tetrahedral coordination in the dia-
mond lattice, the dimer orientation rotates by 90° on adjacent 

terraces separated by steps of mono- or odd-atomic height. 
Depending on the upper terrace, these are called SA and SB 
steps. Terraces separated by double-layer steps exhibit dimer 
rows in parallel to each other and are labeled DA and DB. In the 
following sections, we will discuss single-domain Si(100) and 
Ge(100) surface preparation, which enables III/V growth free of 
antiphase disorder.

2.6.1. Monohydride-Terminated Si(100) Surfaces

Surface Termination: Unreconstructed Si(100) surfaces exhibit 
two dangling bonds per Si atom because of the diamond crystal 
structure. To minimize the surface energy, buckled dimers 
form in UHV[158–160] and also the step structure at Si(100) mis-
oriented toward [011] is governed by energetics: Biatomic B-type 
steps occur during annealing as predicted by theory,[157,161–164] 
while biatomic A-type steps are energetically less favorable than 
B-type steps as well as single atomic steps.[157] Their formation 
in UHV requires external forces.[165–168] Dependent on the tem-
perature and H chemical potential (corresponding to H supply), 
Si(100) surfaces, which are exposed to atomic hydrogen in 
UHV, form differently H-passivated reconstructions.[162,169,170] 
Symmetric monohydride-terminated Si dimers with one H 
atom per Si atom form upon annealing in H2 ambient.[171–174] 
H2 process gas is also commonly used during MOVPE prepa-
ration. Indeed, attenuated total reflection (ATR)-FTIR measure-
ments on MOVPE-prepared Si(100) surfaces have identified 
monohydride SiH bonds at the surface[175,176] via measure-
ment of their coupled stretch modes,[177,178] and tip-induced 
H desorption by STM has confirmed complete hydrogen cov-
erage.[176] In situ RAS during cooling from 1000 °C in 950 mbar 
H2 ambient verified that Si(100) is terminated by monohydrides 
at temperatures below 800 °C.[179] The dependence of the H 
coverage depends highly on MOVPE process temperature and 
reactor pressure.[179–181]

For such H-terminated Si(100) surfaces, energetics change 
drastically: Non-rebonded single-layer steps at monohydride-ter-
minated Si(100) are energetically favorable,[182,183] as confirmed 
by STM studies in UHV in presence of atomic H.[184] In con-
trast, however, experiments show that SA steps vanish in favor 
for biatomic steps during annealing in H2 ambient.[185] Also, 
early H2-based MOVPE experiments reported on antiphase 
domain (APD) free GaP growth on Si(100) with 2° misorienta-
tion,[186] which implies an unequal domain distribution at the Si 
surface. A prevailing majority domain with an unspecified type 
of step structure was also observed during MOVPE preparation 
of nominal Si(100) surfaces.[187] Quantitatively, FTIR studies 
surprisingly revealed a preference for the A-type domain after 
slow cooling in H2,[175] which is considered the least favorable 
configuration in terms of energetics.

Surface Formation—Energetics versus Kinetics: The results dis-
cussed above imply a non-negligible impact of kinetic processes 
during MOVPE preparation of the Si(100) surfaces, which may 
counteract energetic considerations. Due to the strong anisot-
ropy of the dimerized surface reconstruction, RAS is ideally 
suited to study Si(100) surface formation. While in principle 
also dimer induced strain[188] can contribute to RA spectra of 
Si(100),[189,190] the main bulk-like contribution is supposed to 
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be induced by the anisotropic surface potential.[190,191] Differ-
ently H-terminated Si(100) surfaces exhibit RA spectra with 
different characteristic lineshapes.[191] They can thus be identi-
fied in situ. The fingerprint of the dimers at monohydride-ter-
minated Si(100) surfaces (Figure 14a) consists of two peaks (at 
the E1 and close to the E2 interband transitions, respectively) 
and a shoulder in between.[191–193] This spectrum relates to 
the dimers at the terraces, which enables an in situ quantifica-
tion of the domain ratio:[191,193] By definition of the RAS signal 
(Equation (1)), a 90° rotation of the dimer axis flips the sign of 
the spectrum. Contributions of domains consisting of dimers 
with mutually perpendicular dimer orientation thus cancel via 
inherent integration over the spot size. The measured sign of 
the signal then corresponds to the majority dimer orientation 
and its intensity yields the domain imbalance when scaled to a 
single-domain reference.[68,191,193]

In Figure 14a, the black RA spectrum corresponds to a 
monohydride-terminated Si(100) surface with a B-type majority 
domain and an A:B imbalance of about 40:60.[191] It was pre-
pared in UHV with atomic H.[191] In strong contrast, in situ 
RAS reveals that the energetically less favored A-type terraces 

form during annealing of Si(100) surfaces with 2° misorienta-
tion toward [011] in 950 mbar H2 ambient (Figure 14, green 
line) under certain annealing conditions[193] after thermal 
deoxidation.[194] Despite sign and increased intensity (indicating 
a strong domain imbalance of A:B of about 0.85), the line-
shapes of the RA signals of monohydride-terminated Si(100) 
are almost identical (Figure 14a), despite different magnitudes 
of misorientation. Step contributions to the signal[190] can thus 
be neglected here. Consequently, time-resolved RA measure-
ments enable the observation of terrace formation in situ and 
demonstrate that thermal treatment with temperatures in the 
range of 730–750 °C is required for the development of such 
an A-type surface (Figure 14b).[193] The important point is, that 
this surface formation is dominated by kinetic processes rather 
than energetics. Strong interaction with the H2 process gas[179] 
creates Si vacancies at the surface, which diffuse preferably 
along dimer rows on the anisotropic terraces.[195] If the terrace 
width is small compared to the vacancy diffusion length, TB ter-
races retreat via vacancy annihilation at the end of the dimer 
rows,[165,168,195] as shown in Figure 14c. At larger terraces (lower 
offcut), single vacancies may coalesce to vacancy islands,[165,195] 
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Figure 13. Single (top panel) and double-layer (bottom panel) step configuration at the monohydride-terminated Si(100) surface, shown in top view 
(first line in each panel) and side view (second line in each panel). At single-layer step edges S (or odd multiples), dimer rows on adjacent terraces 
are mutually perpendicular, while they are parallel across double-layer step edges D (or even multiples). The index A or B indicates whether the dimer 
rows on the upper terraces are aligned in parallel or perpendicular to the step edges, respectively. For SB and DA steps, also the rebonded configuration 
is shown; Data from ref. [157].
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resulting in a Si layer-by-layer removal.[196] This can be observed 
in situ at Si(100) 0.1° as oscillations in transient RA measure-
ments due to the dimer rotation at every subjacent terraces 
(Figure 15).[196] An activation energy of 2.8 ± 0.2 eV was derived 
via in situ RAS and attributed to SiHx formation.[196,197] Since 
residuals at the step edges may remain, continued Si removal 
leads to roughened surfaces with frayed step edges.[196] In con-
trast to Si(100) 2°, annealing at about 730 °C in high H2 pres-
sure is not beneficial for almost nominal Si(100). The prepara-
tion route for Si(100) 2° is rather robust in a larger window of 
parameter variation and yields almost single-domain surfaces 
suitable for III/V nucleation.[198] It is important to realize that 
surface processes at Si(100) in hydrogen ambient also strongly 
depend on the misorientation: The formation of B-type Si 
surfaces is more likely on vicinal surfaces, where a step contri-
bution can also occur in the RA spectra.[181]

2.6.2. Arsenic-Modified Si Surfaces

Despite the fact that arsenic (As) is present as residual in many 
application-relevant MOVPE reactors anyway, As-modification 
of Si(100) surfaces is of high interest for at least two reasons: 
(i) Compared to thermal deoxidation,[199] HF dipping plus pro-
cessing in an As ambient can significantly reduce the thermal 
budget of the MOVPE Si process.[200,201] (ii) As in-diffusion into 
Si(100) is promising with regard to in situ preparation of Si 
p–n junctions,[202,203] while an As termination at the same time 
may prohibit Si in-diffusion into subsequently grown III/V 
epilayers.[204] Early UHV studies revealed that different process 
routes determine whether As either adsorbs additive on Si(100) 
(on top) or replaces Si atoms in the topmost layer(s), which 

enabled the adjustment of the sublattice orientation of subse-
quently grown GaAs epilayers.[205] In situ RA spectra of these 
predominantly (1 × 2) and (2 × 1) reconstructed, As-modified 
Si(100) surfaces were assigned to optical transitions involving 
states induced by the As dimers.[206] This was questioned by 
MOVPE studies showing similar signals also on two-domain 
surfaces.[200,207] Recent results demonstrated MOVPE prepara-
tion of single-domain As-modified Si(100) surfaces[208,209] and 
suggest different microscopic origins for the two main aniso-
tropic RAS contributions.[208]

X-ray photoelectron spectroscopy (XPS) results imply As 
intermixing in near-surface layers.[208] Similar to As-free sys-
tems, the RAS signal can be applied in situ to determine 
adequate temperature and As-pressure regimes for surface 
ordering, which is useful to avoid roughening or line defects 
that may occur.[200,208–210] For the MOVPE-prepared surface, it 
is still under debate, whether the surface is terminated by As 
or monohydride Si dimers on top of an As interlayer, a mix of 
both, or possibly SiAs heterodimers.[208] An increased inten-
sity of the spectral contribution at the E1 interband transition 
of Si in comparison to the UHV prepared surface, however, 
indicates that monohydride-termination dimers may in part be 
present. To resolve this question, in situ studies depending on 
the amount of As being offered in combination with FTIR are 
currently ongoing in our labs.

2.7. Ge(100)

Similar to Si(100), the influence of hydrogen was studied in situ 
during Ge(100) surface formation. In contrast to Si substrates 
in the complementary metal-oxide-semiconductor (CMOS) 
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Figure 14. a) RA spectrum of a (1 × 2) reconstructed monohydride-terminated Si(100) surface with 2° misorientation toward [011] (about 85% A-type 
domains) from ref. [193] (green line, measured at 50 °C) compared to a flipped and scaled B-type surface from ref. [191]. (A:B = 40:60), b) time-resolved 
in situ RAS at the E1 interband transition during annealing of Si(100) 2° → [011] in 950 mbar H2 at 730 °C, c) schematic of the anomalous DA step 
formation on Si(100) 2° → [011] surfaces Si vacancy generation and diffusion[193]; vertical gray lines indicate the interband transitions of Si.[441]
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technology, vicinal Ge surfaces are mostly applied in MJSC 
solar cell fabrication due to their tendency to form double-layer 
steps and due to the easier adjustment of appropriate doping 
concentrations. To reduce the surface energy, clean Ge surfaces 
reconstruct via the formation of dimers with (2 × 1), (2 × 2), or 
c(4 × 2) symmetry.[211] Monohydride termination along with a 
(2 × 1) reconstruction occurs during exposure to atomic H in 
UHV.[178] Assisted by benchmarking measurements to UHV-
based surface science techniques, different RAS fingerprints were 
established for B-type monohydride-terminated and clean Ge(100) 
surfaces (cf. Figure 16).[212–214] This enabled in situ studies on the 
preparation of clean and monohydride terminated Ge(100) sur-
faces and the H desorption kinetics in MOVPE ambient, respec-
tively.[215] From DFT calculations and comparison to experimental 
results,[216] however, the microscopic origin of the RA spectra 
could not yet be clarified due to lack of low temperature RAS data.

Thermal annealing in H2 ambient enables complete removal 
of oxygen and other contaminations from oxidized “epiready” 
wafers.[214] Analogous to Si(100), Ge(100) surfaces are monohy-
dride terminated after processing in H2 ambient, as verified by 
FTIR measurements[214] (cf. Figure 17). The hydrogen coverage 
of the Ge surface during processing in H2 ambient represents a 
dynamic balance of hydrogen adsorption and desorption events 
depending on the process parameters such as temperature and 
hydrogen pressure. Accordingly, Ge(100) is H-free in H2 pro-
cess gas ambient at a H2 pressure of 100 mbar for temperatures 
above 370 °C, and thus corresponding process conditions are 
typically used for III/V nucleation (420–750 °C, 50–100 mbar 
H2 pressure).[217–221] In contrast to Si(100), there is no indica-
tion for etching processes induced by the H2 interaction. The 
vicinal Ge(100) substrates exhibited a clear (2 × 1)/B-type 
majority domain and mainly DB double layer steps, respec-
tively (see Figure 16). These findings serve as a reference point 
to study the influence of As and P on the surface structure of 
vicinal Ge(100) substrates.

With regard to III/V nucleation,[222–225] it is important to 
understand the impact of group V elements on the atomic 
order of the Ge(100) surface, since III/V-on-Si or III/V-on-Ge 
heteroepitaxy typically starts with exposure to group V precur-
sors. Exposure of Ge(100) to As strongly affects the As dimer 
orientation, the height of steps, and the atomic configuration 
at the step edges,[226–228] which in turn affects the subsequent 
GaAs nucleation.[222–225] Process temperature, source, and par-
tial pressure of arsenic are key parameters for the Ge(100):As 
surface preparation.[226,227] In particular, annealing in tertiarybu-
tylarsine (TBAs) or AsH3 at 650 °C resulted in a Ge(100):As sur-
face with prevalence for As dimers oriented parallel to the step 
edges (Ge(100):AsB), while annealing at the same temperature 
in the presence of background As4 from residual GaAs reactor 
coatings led to a surface with As dimers oriented perpendic-
ular to the step edges (Ge(100):AsA). STM measurements (see 
Figure 16) revealed distinct differences in the step structure of 
Ge(100):AsB and Ge(100):AsA surfaces, in particular, formation 
of multiple layer steps due to step bunching after annealing in 
TBAs or AsH3, which is known to etch the Ge(100) surface, and 
mainly quadruple-layer steps separating A-type terraces after 
annealing in background As4, respectively.[226,229]

Characteristic RA spectra of vicinal Ge(100):As surfaces were 
established for MOVPE preparation applying TBAs and back-
ground As4 as As sources (cf. Figure 16) and benchmarking 
to results from surface analysis by LEED, XPS, and STM.[229] 
The corresponding RA spectra contain contributions from both 
steps and terraces and enable in situ control over the domain 
formation.[229] While the rotation of the major As dimer orien-
tation depending on the process conditions causes a flip of the 
characteristic features of the Ge(100):As RAS signal, additional 
differences in the RA spectra were assigned to the different step 
structures.[229] Temperatures in the range of 670 °C were found 
to be crucial for the formation of the surface structure.[229] 
Transient RAS measurements confirmed fast flipping of the 
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Figure 15. In situ RAS of almost exactly oriented Si(100) with 0.1° misorientation toward [011]: RA spectra of majority a) B-type and b) A-type domains 
after preparation in H2 ambient (measured at 50 °C). d) RAS transient at the E1 interband transition extracted from f) continuously measured RAS 
during annealing at 770 °C in 950 mbar H2 (41s per spectrum). c,e) The schematics indicate the vacancy formation causing the layer-by-layer removal 
process; Reproduced with permission.[196] Copyright the authors 2013, published under CC-BY 3.0 license.
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major As dimer orientation on Ge(100) after changing the 
source of As (switching from As from precursor to background 
As4). Similar to the observations on the Si(100) surface in H2 
ambient, surface energetics as well as kinetics compete during 
step and domain formation induced by thermal treatment and 
the interaction between the AsH3 or As4 and the Ge(100) sur-
face. The in situ RAS measurements enable direct characteriza-

tion of the highly sensitive domain formation under different 
reactor conditions.

Nucleation of GaInP on Ge(100) in MOVPE environment is 
usually obtained by P termination of the Ge(100) surface prior 
to heteroepitaxy.[217,230,231] Phosphine (PH3) and TBP are the two 
main P precursors used in MOVPE systems. Annealing under 
PH3 at 300–450 °C in low pressure MOVPE systems leads to 
P termination of Ge(100) surfaces by one atomic layer.[232] 
LEED analysis of a P-terminated Ge(100) surface with 2° offcut 
prepared by PH3 exposure in MOVPE ambient shows a (9 × 2) 
surface reconstruction.[231] In contrast to AsH3, PH3 does not 
etch the Ge surface.[233] TBP annealing results in a rather dis-
ordered P-terminated surface covered by about 1.5 monolayers 
(MLs) of P and carbon contamination.[230] The presence of 
carbon is attributed to byproducts of the TBP pyrolysis, since 
the Ge(100) surfaces are carbon free after H2 annealing. The 
vicinal Ge(100) surface annealed in TBP exhibits a characteristic 
RA spectrum, which can be assigned to the P termination of the 
surface.[230] In situ RAS studies showed that the P termination 
is less stable during annealing in H2 ambient than the As termi-
nation: P desorption takes place at temperatures around 430 °C 
as indicated by a transition from the RAS signal of the P termi-
nated surface to the signal of the clean surface (see Figure 16).

Barrigon et al.[217] found that the morphology of InGaP 
nucleation layers on Ge correlates to a specific RAS feature, 
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Figure 16. a) RA spectra of differently terminated vicinal Ge(100) surfaces: monohydride-terminated (orange), clean (black), A-type As-terminated 
(green) and B-type As-terminated; vertical lines indicate the interband transitions of Ge[52]; b–d) benchmarking of the monohydride, A-type As-
terminated and B-type As-terminated surfaces, respectively, to STM; data from refs. [214,215,229].

Figure 17. FTIR-ATR spectrum of the monohydride-terminated Ge(100) 
surface measured in vacuo after annealing in H2 ambient; the absorp-
tion band can be assigned to GeH coupled stretch modes; data from  
ref. [214].
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which enables optimization the InGaP nucleation route via 
transient in situ RA measurements.

3. Internal Interfaces of Epitaxial  
Heterostructures

The understanding of the atomic structure of the surfaces of 
III/V compounds is important particularly during switching 
processes and heterointerface formation.[58,130,234] There are dif-
ferent approaches to study the interface formation, of which we 
will choose three in the following text:

(i) One can focus on the atomic structure of the substrate lay-
er prior to growth of the overlayer and analyze the impact 
on the properties of that layer. This will be exemplified for 
preparation of a tunnel junction in Section 4.1 and for III/V-
on-Si heterointerfaces in Section 4.2.

(ii) If the top epilayers are sufficiently transparent, buried in-
terfaces can be analyzed in situ with optical techniques.[235] 
Regarding RAS, a buried heterointerface may contribute in 
two ways:
(a) The interface itself may be optically anisotropic, for 

instance, due to strain, bonds along preferential direc-
tions, or bulk-termination effects similar to surfaces. 
Such interface anisotropies will be discussed for GaP/
Si(100) in Section 4.2.3.

(b) The bare presence of the interface causes thickness-
dependent Fabry–Pérot-like interference, which enters 
the RAS signal due to the normalization with the mean 
reflection. This can be exploited to obtain growth rates 
or dielectric constants, just as for reflectance meas-
urements. If interference is considered adequately, 
antiphase disorder may be quantified from in situ RA 
spectra, as will be discussed in Section 4.2.4.

(iii) Spectra or transients can be measured continuously dur-
ing nucleation and interface formation, respectively. Tran-
sient reflectance measurements, which are typically used 
to measure growth rates and surface roughness, can also 
be applied to determine the interfacial roughness.[235] Tran-
sient RAS measurements were applied to study GaP nucle-
ation on Si,[236,237] and a recent example will be discussed in 
Section 4.2.3.

Due to the interference effects, care must be taken when 
analyzing RA spectra of heterostructures with regard to surface 
reconstructions. In simple heterostructures, interference can in 
principle be accounted for with an empirical approach:[68] If the 
reflectance signal of a reference surface of the overlayer mate-
rial is available, one can calculate a so-called relative reflectance 
spectrum (reflectance of the heterostructure divided by that of 
the reference). Multiplication of the RAS signal with the relative 
reflectance signal corrects interference—under the assumption 
of isotropic interfaces (and identical apparatus function for the 
two reflectance measurements).[68]

Optical modeling, in contrast, enables the extraction of both 
the surface, interference, and “real” interface contributions 
from the RA spectra (cf. Figure 18). Assuming the anisotro-
pies to be small, a Taylor expansion of the RAS signal yields an 

expression for the superposition of the surface, interface, and 
(overlayer) bulk anisotropies with prefactors that only depend 
on optical constants and the overlayer thickness.[238] Assuming 
that the actual anisotropies do not depend on the layer thick-
ness, one yields a system of equation that can be solved for the 
anisotropic contributions. This three-layer approach was first 
demonstrated for ZnSe/GaAs(100)[239,240] and SiO2/Si.[238,241] 
Surface and interface anisotropies have also been separated 
for AlAs/GaAs(100).[99] The three-layer model was extended 
to a five-layer model to study the interface between AlAs/
GaAs(100),[242] and it was further modified to enable also fitting 
for the APD content of III/V-on-Si(100) heterostructures.[243]

3.1. III/V Heterostructures in Multijunction Cells

Strain and strain relaxation can be monitored in situ via the 
wafer curvature/bowing, which is particularly important for 
mismatched III/V heterostructures.[244,245] Interdiffusion can 
be studied with in situ ellipsometry to find optimized growth 
conditions for abrupt interfaces.[246] Interference-caused 
oscillations in RAS and reflectance measurements can be fitted 
to obtain the growth rate of the overlayers, and the intensity can 
be used to indicate the beginning of surface roughening.[247] 
Here, however, we will focus on in situ RAS studies related to 
the formation of heteroepitaxial junctions, which are applied in 
high-performance multijunction cells.

Inherent conversion losses in light absorbers originate from 
thermalization of electron–hole pairs generated by photons with 
energy larger than the bandgap and from radiation of photons 
with energy smaller than the bandgap of the semiconducting 
absorber material. These losses can be reduced, if multiple 
single-junction cells with different bandgaps are connected in 
series in monolithical stacks comprising a plurality of cells con-
nected in series and deposited on substrates such as Si, Ge, 
GaAs, or InP. The cells are selected with appropriate bandgaps 
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Figure 18. a) If the RAS signal stems from the surface of a sample, it 
may be expressed as surface dielectric anisotropy (SDA) assuming a 
thin optically anisotropic layer on an optically isotropic bulk[442]; b) In 
order to extract the SDA and the interface dielectric anisotropy (IDA) 
from RA spectra of heterostructures, Yasuda et al.[239] suggested a three-
layer model to account for thickness dependent interference in the film;  
c) Hunderi et al.[242] extended this model to a five-layer model to account 
for the interference with additional layers for the SDA and IDA.



www.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1601118 (17 of 47)

www.advmatinterfaces.de

to efficiently generate photovoltage from a larger portion of 
the solar spectrum and to achieve current-matching in mono-
lithic stacks. To facilitate photocurrent flow in a multijunction 
stack, tunnel junctions of low-resistivity materials are inserted 
between each adjacent semiconductor cell, and charge sepa-
rating heterojunctions are introduced next to the contact layers 
to extract charge carrier selectively.[248] The theoretical upper 
limit of the conversion efficiency for a multiple solar cell con-
figuration of infinitely many subcells with different bandgaps 
adds up to about 86%.[249] The formation of abrupt interfaces is 
of major importance at several positions in the layer structure 
of such multijunction solar cells. In particular, the performance 
of a tunnel junction critically depends on its spatial extension, 
i.e., the sharpness of its interfaces. Interfacial sharpness is also 
crucial for interfaces to charge separating contacts (so-called 
window and back surface field layers), which are directing the 
different charge carriers, electrons and holes, appropriately.

A low bandgap tandem (two-junction) solar cell was sug-
gested almost a decade ago[27–29] as part of a four-junction 
solar cell: This two-junction tandem as lower part of the 
four-junction solar cell consists of an InGaAs bottom cell 
and InGaAsP top cell, both lattice-matched to InP, and can 
be optimized for absorption in the solar infrared spectrum 
underneath a well-established GaAs/InGaP top tandem. Such 
a low-bandgap tandem is part of the current record efficiency 
solar cell,[12,13,30,31] and its structure is shown schematically 
in Figure 4. The complete stack of the wafer-bonded InGaAs/
InGaAsP//(In)GaAs/InGaP four-junction solar cell, comprises 
more than 20, partially delicate interfaces. Different leading 
groups in the high-performance photovoltaics field currently 
work on improving that type of multijunction solar cell for its 
development toward 50% conversion efficiencies.

The electronic structure across relevant interfaces in these 
cells highly depends on the atomic order and the sharpness 
of the heterointerface, which in turn requires an adequate 
preparation sequence. The interface formation does not only 
depend on the two materials to be combined but also on the 
sequence during growth. The transition from GaAs to InAs 
occurs quickly, for instance, while In segregation was sug-

gested to extend the interface from InAs to GaAs over several 
monolayers.[120] When switching from As- to P-containing 
compositions, the carry-over of As into the subsequent 
P-containing layers is also well-known, such as for InGaAs/
InGaP[250] or InGaAs/InP,[251–254] and is of particular interest 
for single interlayers of GaP in GaAs.[255] In the tandem struc-
ture optimized for the infrared (Figure 4), bandgaps of 1.03 eV 
(InGaAsP) and 0.73 eV (InGaAs) were utilized for the top and 
bottom subcell, respectively. It includes several critical inter-
faces (InP/InGaAs, InGaAs/InP, InGaAs/GaAsSb, GaAsSb/
InP, InP/InGaAsP, GaAsP/InP) and, in particular, a specific 
interband tunnel junction including thin and highly doped 
layers of n-type InGaAs and p-type GaAsSb was used to connect 
the subcells.

The dependence of the RA spectrum on the InGaAs stoichi-
ometry has been discussed above (Section 2.4). On the lattice 
constant of InP, however, the In content is significantly larger. 
Figure 19 displays RA spectra of In0.53Ga0.47As grown on InP 
by MOVPE.[27] The lineshape was found to depend significantly 
upon annealing conditions, which can (similar to GaAs) be 
related to different surface reconstructions: By benchmarking 
to LEED, one As-rich (4 × 3) reconstructed surface, a group-III-
rich (2 × 4) reconstructed surface and a group-III-rich (4 × 2) 
reconstructed surface was identified.[21] Transient RA meas-
urements enabled identification of suitable process condition 
regimes for their preparation.[256] The transition from As-rich 
to group-III-rich surfaces, for instance, highly depends on the 
temperature at purging sequences.[256] For the (4 × 2)-recon-
structed surface, surface states were also studied with energy-
dependent UPS.[257]

The surface reconstruction of InGaAs(100) impacts the 
sharpness of the tunnel junction: Figure 19b shows the RA 
spectra of 2 nm thin GaAsSb layers grown on the three differ-
ently reconstructed InGaAs surfaces displayed in Figure 18a.[27] 
Their lineshape varies strongly depending on the InGaAs/
InP template surface, even though all three GaAsSb(100) sur-
faces exhibit an As-rich c(4 × 4) surface reconstruction. XPS 
studies, however, revealed that the Sb content of the GaAsSb 
is too low when grown on As-rich, (4 × 3) reconstructed 
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Figure 19. (left) RA spectra of differently reconstructed InGaAs surfaces (300 nm grown on InP(100)); (right) RA spectra of 2 nm GaAsSb grown on 
top of the differently reconstructed InGaAs/InP(100) samples. All GaAsSb surfaces reconstruct c(4 × 4) and are As-rich; data from ref. [27].
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InGaAs,[27] which may affect the RAS signal.[258,259] It was 
shown that sharper tunnel junctions can be prepared on the 
group-III-rich InGaAs(100) surface,[27] which increases the cell 
performance.[28]

For the same tandem structure, the impact of switching 
sequences on the interface recombination at the InGaAs/InP 
interface is crucial: The impact of different precursor switching 
sequences on the minority charge carrier lifetimes in the cor-
responding semiconducting layers has been correlated ex situ 
with time-resolved photoluminescence measurements of InP/
InGaAs/InP double heterostructures.[29,254] For group-III-
rich preparation, enhanced lateral homogeneity is achieved, 
which yields higher lifetimes compared to group-V-rich 
preparation.[254]

3.2. III/V/Si(100) Heterointerfaces

It is highly instructive to consider the formation of the III/V/
Si(100) heterointerface as a three-step process, where each step 
has to be controlled precisely to yield well-ordered interface 
structures. First, the Si(100) surface has to be prepared such 
that it is mostly single-domain in order to avoid antiphase dis-
order already within the very first III/V epilayers (see Section 3).  
Second, during the actual nucleation phase, V-Si and/or III-Si 
bonds form within a nucleation layer of a thickness in the 
order of monolayers. In this step, it is not trivial to discrimi-
nate between the impact of precursor switching sequences and 
that of the residuals being present in practical growth ambient. 
Comparison of in situ signals obtained during and after Si sur-
face preparation with clean reference signals therefore is highly 
valuable to determine when phase two actually begins.[260] 
Third, a “thicker” nucleation buffer is grown, which acts as 
virtual substrate layer for further integration of other III/V 
compounds, whose choice depends on the device of interest. 
Ideally, this buffer layer should exhibit defect densities as low 
as possible and a surface reconstruction suitable for subse-
quent epitaxy (see Section 2).

One of the most crucial challenges in III/V/Si(100) nuclea-
tion is rooted in the different crystal symmetries of Si 
(diamond) and III/V compounds (mostly zincblende), which is 
often referred to as “polar-on-nonpolar heteroepitaxy.”[155] The 
choice of GaP as nucleating compound enables separation of 
the polarity issue from the other challenges, such as lattice-
mismatch and diverging thermal expansion coefficients. GaP 
is an adequate candidate for the virtual substrate since it can 
be grown pseudomorphically up to several tens of nanometers. 
For optical applications, also the transparency of GaP compared 
to other III/V compounds can be advantageous.

3.2.1. The Significance of a Two-Temperature GaP-on-Si  
Nucleation Process

It is important to distinguish between the actual GaP nucleation 
phase (step two in the list above) and GaP buffer growth (step 
3): Low-temperature migration enhanced epitaxy in MBE pro-
motes 2D GaP nucleation on vicinal Si(100) substrates.[261,262] 
Also already in early MOVPE studies,[186] a two-step growth 

process was found to suppress defects in the GaP layer.[186] 
Low temperature nucleation is beneficial to reduce interface 
roughening,[263–265] which was observed, e.g., by in situ ellip-
sometry[264] for nucleation at 600 °C. Detailed in situ studies—
combining RAS, p-polarized reflectance spectroscopy, and laser 
light scattering during pulsed GaP nucleation by chemical 
beam epitaxy[237,266] as well as polarometry[267] in MOVPE—
revealed that TBP reacts immediately upon adsorption on the 
growth surface,[237] and that the amount of Ga must be pre-
cisely balanced to minimize surface roughening, 3D nuclea-
tion, and Ga droplet formation.[237,266,267] 3D nucleation is also 
reduced when applying high V:III ratios.[268,269] More recently, 
GaP nucleation by MOVPE was studied in great detail ex situ 
with transmission electron microscopy (TEM): A pulsed nuclea-
tion sequence with alternating TBP and TEGa pulses at about 
400 °C in combination with buffer layer growth above 570 °C 
was established.[220] As a result, virtual GaP/Si substrates free 
of islands, twin defects, and stacking faults can be achieved as 
long as Ga droplet formation can be avoided.[220,270]

3.2.2. Silicon Preparation in Presence of GaP Residuals

Specific preparation routes for single-domain Si(100) surfaces 
require balancing of energetic and kinetic driving forces which 
govern the step and terrace formation. In “clean” hydrogen 
ambient (free of III/V residuals, see Section 3), surface tem-
perature and H2 pressure have to be controlled precisely 
depending on the step density of the Si surface.[181] Outgassing 
of III/V residuals during Si surface preparation adds further 
complexity and in situ control becomes even more impor-
tant. In situ mass spectrometry (MS) during annealing of 
the MOVPE reactor at 1000 °C/950 mbar H2 after a standard 
GaP/Si process revealed that P- and Ga-related species can 
be detected even after 30 min.[260] How much this outgassing 
affects Si preparation also depends on the actual Si processing 
route: the desorption from reactor walls and from the susceptor 
is increased at higher temperatures. This is an issue particu-
larly for the preparation route considered ideal for nominal 
Si(100) surfaces: A quick reduction of H2 pressure at elevated 
temperatures is required to yield predominantly (1 × 2) recon-
structed Si(100) surfaces, which increases the rate of desorbing 
species at a process stage where the H-stabilization is not yet 
stable.[179,196,260] The RA spectra of the Si surface still show the 
signature of the Si dimers at the Si E1 interband transition and 
also modifications at lower and higher binding energies, which 
might be related to Ga species being adsorbed.[271] Regarding 
GaP growth on such “prenucleated” surfaces, antiphase dis-
order was increased which would be in line with both SiP 
and SiGa bond domains being present at one terrace (see 
the next section).[260] If the amount of background GaP was 
further increased, no characteristic Si-related RAS signatures 
could be obtained anymore. Similarly, the (2 × 1) reconstruc-
tion of 2° misoriented Si(100) could only be observed in “clean” 
reactor ambient.[198] The preparation route for 2° misoriented 
Si(100)-(1 × 2), in contrast, bases on annealing at high H2 pres-
sure, which was found less critical and enabled more stable 
processing.[198,260] Based on this advanced Si surface prepara-
tion[193] and the low-temperature pulsed GaP nucleation,[220] in 

Adv. Mater. Interfaces 2017, 4, 1601118



www.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1601118 (19 of 47)

www.advmatinterfaces.de

situ studies of single-domain GaP nucleation and the interface 
structure became feasible, as will be discussed in the following.

3.2.3. Single-Domain GaP Nucleation and Interface Structure

In situ RAS was applied in three different ways to study the 
GaP/Si interface: (i) RA spectra obtained directly prior to GaP 
nucleation and after GaP growth can be correlated[198] to indi-
rectly conclude on the structure of the buried interface based 
on the assumption of an abrupt interface; (ii) surface and inter-
face contributions to the final GaP/Si RA spectrum can be sepa-
rated by optical modeling[243] in analogy to what was discussed 
for III/V heterostructures above; (iii) time-resolved RA yields 
real in situ information on the nucleation process.[272] While 
the optical modeling approach enables automated fitting for the 
APD content at the GaP/Si(100) surface,[243] the interpretation 
regarding the interfacial structures within all three approaches 
largely benefits from single-domain Si(100) substrates.

Approach (i) requires knowledge of the domain structure of 
the Si(100) surface prior to nucleation of the GaP sublattice as 
input. Assuming that the Si dimers break during nucleation, 
but that the Si atoms retain their lattice sites (i.e., an abrupt 
interface), one can conclude whether SiP or SiGa bonds pre-
vail at the interface. LEED patterns of a reference Si substrate 
and converged electron beam diffraction TEM of final GaP/
Si structures were first used,[273] but both information can be 
obtained more directly with in situ RAS—which is particularly 
important for the correct description of the Si(100) surface.[198] 
RAS studies on Si(100) substrates with 2° misorientation 
toward [011]—whose preparation is less sensitive to residuals—
revealed that the sublattice orientation of the GaP epilayer can 
be inverted by flipping the majority dimer orientation of the Si 
substrate from (1 × 2) to (2 × 1).[198] In both cases, this can be 
explained by SiP bonds within the abrupt interface model.[198] 
Also ab initio DFT calculations predict that abrupt SiP inter-
faces are energetically more favorable than abrupt SiGa inter-
faces over large ranges of chemical potential[198,274,275] and that 
TBP adsorption creates a “strong” SiP bond.[276] Nevertheless, 
charge compensation at the buried interface requires interfa-
cial intermixing due to the partial charges of SiP and SiGa 
bonds, respectively.[277] Such compensated interfaces exhibit 
even lower formation energies than abrupt interfaces, inde-
pendently on the chemical potential during nucleation.[198,275] 
Approach (i) cannot directly conclude on the atomic structure. 
Studies on almost exactly oriented Si(100), however, showed 
that it is possible to invert the GaP sublattice orientation also 
depending on the amount of Ga being available during nucle-
ation.[198,260] Since RAS evidenced that the Si dimers prior to 
nucleation were aligned identically, this dependence on the 
chemical potential was interpreted as transition from SiP to 
SiGa bonds depending on the chemical potential, which was 
predicted by DFT only for abrupt interfaces.

Approach (ii) revealed that the buried GaP/Si(100) het-
erointerface exhibits a characteristic optical anisotropy.[243,272] 
These findings also verify that the lineshape of the final GaP/
Si(100) spectra is caused by internal reflection[68] and enable 
an advanced in situ quantification of antiphase disorder.[243] 
The presence of an interfacial anisotropy hints to a rather well-

ordered interface, but it cannot yet be concluded whether this is 
caused by interfacial bonds, which are aligned along one direc-
tion in projection on the (100) terrace plane,[242] or, for example, 
by strain in the surrounding Si or GaP matrix close to the inter-
face[275,278,279] or by truncation of the bulk.[280,281]

Most recently, approach (iii) revealed that the GaP/Si(100) 
heterointerface forms already during the first (TBP, TEGa) 
pulse pairs at low temperature in rather P-rich conditions.[272] 
For the following discussion, see Figure 20. By measuring both 
transient RA during pulsed GaP nucleation and RA spectra after 
five and ten pulse pairs, respectively, it was shown that the Si-
related RA signal vanishes with the first TBP pulse during GaP 
nucleation. A characteristic optical anisotropy evolves during 
further pulsed nucleation. This contribution to the RAS signal 
remains during further pulsing and annealing in TBP, when 
contributions associated to the GaP(100) surface start to super-
impose. The lineshape of that nucleation-related signal exhibits 
significant similarity when compared to the interface-related 
anisotropy, which was deduced from thicker GaP/Si sam-
ples (cf. approach (ii)). This indicates that the interface which 
forms during pulsed nucleation does not significantly change 
upon further layer growth. In reference to earlier work,[236,237] 
pulse-related modulations in the RA transient during nuclea-
tion were assigned to a periodically consumed surface reaction 
layer. These findings are in line with XPS results, which imply 
that the interface forms within the first three pulse pairs and 
that every subsequent pulse pair adds a GaP bilayer.[272] The in 
situ RA spectra indicate that a GaP surface with the character-
istic surface reconstruction related to buckled P dimers forms 
already after ten alternating (TBP,TEGa) pulses at low tempera-
ture and subsequent short annealing in TBP at 600 °C. Bench-
marking to LEED revealed that these surfaces indeed exhibit the 
well-known (2 × 2)/c(4 × 2) surface reconstruction—and that 
they are single-domain, which is highly relevant for their appli-
cation as virtual substrates.[272] With regard to approach (i), the 
sublattice orientation of these thin single-domain layers implies 
SiP bonds. This is confirmed by XPS: A second component 
in the Si and P photoemission lines can be ascribed to roughly 
1 ML of SiP bonds at the heterointerface.[272,275] SiGa bonds 
cannot entirely be excluded, but their contribution is only very 
weak, if any.[272,275]

Both Si and GaP surface preparation, as well as GaP nuclea-
tion can be controlled in situ with RAS. This seems to be 
of outmost importance to compare results obtained under 
different conditions in different reactors. Interface rough-
ening was observed ex situ in recent work on GaP nucleation 
on almost nominal Si(100) and explained by a general faceting 
mechanism of the interface due to energetics.[282] This gener-
alization and the performed DFT calculations, however, were 
questioned,[283] and the transfer from the used planar slabs[282] 
to real facets may not be trivial.

3.2.4. RAS of Virtual GaP/Si(100) Substrates  
and APD Quantification

Pseudomorphic GaP/Si(100) heterostructures exhibit RA 
spectra similar to GaP(100) since the main spectral fea-
tures can be assigned to identical surface reconstructions, 
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i.e., either P-rich (2 × 2)/c(4 × 2) or the Ga-rich (2 × 4).[68] By 
decomposing the spectral contributions, it was shown that 
the pure surface dielectric anisotropy of P-rich GaP/Si(100) 
indeed matches that of P-rich GaP(100).[243] Modifications of 
the lineshape due to interference and the anisotropy of the 
heterointerface (see above), however, are significant below the 
E1 interband transition of GaP.[68,243] The intensity is addition-
ally affected if antiphase disorder is present at the GaP/Si(100) 
surface: Antiphase disorder in the GaP epilayer implies sur-
face domains of mutually perpendicular dimer domains.[218] 
Similar to the quantification of the domain content at Si(100) 
surfaces,[191,193] this causes a decreased intensity of the RAS 
signal.[218] Since GaP(100) exclusively shows bilayer steps, it can 
act as single-domain reference for scaling the spectra and thus 
the APD content can be obtained in situ. For correct scaling, 
however, interference due to internal reflection must be consid-
ered, which can be done either with an empirical approach[68] 
or by fitting.[243] Besides several ex situ approaches,[156,284–288] 
APDs have also been observed with in system low energy elec-
tron microscopy[289,290] and second harmonic generation.[291–293] 

APDs at the buried interface also contribute to the interfacial 
electric fields.[294]

It is important to note that the APD content at the GaP/Si(100) 
surface is not necessarily identical to the domain imbalance at 
the Si(100) surface, since antiphase boundaries may annihilate 
during GaP growth by kinking.[262,295–297] The kinking depends 
on growth conditions,[296] and straight propagation is required 
to study the Si(100) surface indirectly.[298] For entirely APD-free 
GaP epilayers, single-domain Si(100) surfaces are required.[155] 
Single-domain RA spectra of GaP surfaces grown on preferen-
tially A-type and B-type Si(100) surfaces, respectively, exhibit the 
opposite sign, which is caused by a sublattice inversion.[198]

Figure 21 juxtaposes RA spectra of differently terminated 
Si(100) surfaces directly prior to GaP nucleation and RA spectra 
of P-rich GaP/Si(100) obtained after GaP growth on the corre-
sponding Si(100) surface. It can clearly be seen that the sub-
lattice orientation of the majority domain in the GaP layer is 
determined by the prevalent dimer orientation on the Si(100) 
surface. The corresponding interface models are sketched in 
Figure 21 assuming abrupt interfaces.
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Figure 20. a) Time-resolved RA at 3.25 eV measured during pulsed GaP nucleation on majority A-type, monohydride-terminated Si(100) 2° at 420 °C. 
When stopped after ten pulse pairs and heated in TBP at 600 °C (where GaP growth would continue but was omitted here), a single-domain (2 × 1)-like 
LEED pattern with streaks along [01̄1] occurs, which is typical for the P-rich GaP(100) surface. c) The corresponding RA spectrum already shows the 
characteristic features of the P-rich GaP(100) surface and an additional contribution, which was assigned to the heterointerface[272]; d) XPS after five 
pulse pairs reveals a second component in the P 2p photoemission line, which can be attributed to SiP bonds[272]; e) quantification of the XPS data 
yields about one monolayer (ML) of SiP bonds and 3 ML GaP; data from ref. [272].
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3.2.5. GaP Nucleation in Presence of As

GaP nucleation on As-modified Si(100) is studied less intense 
compared to monohydride-terminated Si(100). Recently, 
however, MOVPE growth of single-domain GaP epilayers on 
Si(100):As was reported.[208,209] Compared to GaP nucleation 
on monohydride-terminated Si(100), the GaP sublattice was 
inverted, as verified with LEED[209] and RAS.[208] Besides Si 
dimer orientation and (P,Ga) chemical potential during nuclea-
tion (see above), As modification thus is another possibility 
to choose the desired sublattice orientation. Moreover, due to 
the “prenucleation” of the Si surface with As, GaP nucleation 
on Si:As may not require a dedicated low-temperature nuclea-
tion step. At least this step was omitted in ref. [209] and recent 
TEM studies demonstrate that As-modification of the Si(100) 
surface prior to high temperature GaP nucleation reduces the 
defect density induced at the interface drastically.[299] When 
hydrofluoric acid (HF) dipping is applied rather than a suffi-
cient thermal treatment to remove oxides from the surface,[199] 
annealing in As helps to reduce defects, which are assumed to 
originate from remaining contamination on the Si surface after 

HF dipping.[201] Possibly, prior As-termination will also have an 
impact on the degradation of the bulk Si lifetime, which is often 
decreased in III/V MOVPE reactors.[300] XPS studies, however, 
imply increased intermixing,[208] so that the atomic structure of 
the GaP/Si:As interface may be more complex than in the SiP 
case discussed above. Also, preliminary results on the GaP/
Si(100):As interfacial dielectric anisotropy indicate an additional 
contribution.[301] Such less abrupt interfaces may enable the for-
mation of an equal number of SiAs and SiGa, which would 
be beneficial with regard to interfacial charge compensation.[277]

4. Surfaces Modified by Adsorbates from Gas Phase

Postgrowth handling of devices and their application typically 
means that at least one surface is exposed to gases. While 
nitrogen in ambient air is generally acting as an inert gas, 
oxygen and water vapor can be considered the two most promi-
nent reactive species that lead to the formation of new surface 
species. Ideally, these would passivate surface states acting as 
charge-carrier recombination states. But in reality, the modified 
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Figure 21. (left column) In situ RA spectra of differently terminated Si(100) surfaces obtained at 420 °C directly prior to pulsed GaP nucleation: (top) 
Si(100) 2° with majority A-type domains, (second line) Si(100) 2° with majority B-type domains, (third line) As-modified Si(100) 2° with majority 
A-type domains, and (bottom line) Si(100) 0.1° in a “Ga-rich” reactor[260] with A-type domains; (middle column) RA spectra of 35–40 nm GaP sub-
sequently grown on the corresponding Si(100) surfaces; (right column) ball-and-stick models of the heterostructures assuming a simplified abrupt 
interface model. Adapted with permission.[301] Copyright 2016, Humboldt Universität zu Berlin. Data from refs. [193,198,208,260]; vertical lines indicate 
interband transitions for Si[441] and GaP.[440]
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surface often develops new charge-carrier traps. Studies on 
adsorption and reaction mechanisms from the gas phase reveal 
the formation of these species and corrosion mechanisms as 
a function of well-controlled surface properties. As the in situ 
access to the semiconductor–liquid interface at sufficient sur-
face sensitivity in an electrolyte is experimentally rather chal-
lenging, gas-phase adsorption experiments in UHV also 
constitute a possibility to bridge the gap between liquid envi-
ronments and very well-defined surfaces in UHV. Depending 
on surface and adsorbate, they can reveal surface reactions that 
still persist at elevated pressures. Reliable analysis and repro-
ducibility for these experiments greatly benefit if the starting 
point for adsorption experiments is a well-characterized surface 
such as described in Sections 2 and 3 above.

The same in situ techniques as mentioned in Section 2 can 
be employed here as well as vacuum-derived spectroscopy, such 
as near-ambient pressure XPS (NAP-XPS).[302] Time resolution 
combined with very high surface sensitivity is key to also allow 
for the analysis of reaction dynamics. In the following sections, 
we will review adsorption studies on some of the semicon-
ductor surface systems treated above with a focus on water and 
oxygen exposure. We will see that reaction paths vary greatly 
with respect to the initial surface configuration and connect 
more traditional vacuum-based adsorption with recent trends 
in (near-)ambient pressure experiments.

4.1. General Aspects

When molecules adsorb on a solid surface from the gas phase, 
one can distinguish three different ways in which the mole-
cules attach to the surface:

(a) In the case of physisorption, the molecules do not form a 
covalent or ionic bond with the surface, bonding is of van 
der Waals type such as in the case of water on TiSe2.[303]

(b) Dissociative chemisorption denotes the case where the 
molecule breaks apart and at least one fragment forms a 
covalent bond with the surface, a prototype reaction is the 
oxidation of a surface from molecular oxygen.[304]

(c) During nondissociative chemisorption, a covalent bond is 
formed between adsorbate and surface, but the adsorbed 
molecule stays intact. An example here is water forming a 
covalent bond to a Si(100) surface by means of an oxygen 
lone pair.[305]

Coadsorption, where another species is adsorbed in a more or 
less rigid way, can greatly impact the effective surface interaction 
via blocking of sites or the promotion of dissociation,[306,307] which 
is the motive that clean and well-defined surfaces are of essential 
importance here. Two significant, inter-related quantities for the 
description of adsorption behavior are the sticking coefficient 
and the effective coverage in monolayers. The magnitude of the 
sticking coefficient gives the ratio between adsorbate molecules 
that stick on the surface to the impinging ones. The coefficient 
can be determined by the analysis of the saturation behavior of 
surface properties directly related to the adsorbate quantity of the 
surface as Langmuir isotherms or by molecular beam adsorp-
tion.[306,308,309] In the model of Langmuir adsorption, the surface 

coverage increases monotonically with time, where the perfectly 
planar surface with a specific reactivity of each surface site reacts 
with the adsorbate under isothermal conditions.[306,308] Sticking 
coefficients cover several orders of magnitude, in the case of 
water from 10−4 for transition metal dichalcogenides to unity 
for Si(100)-(2 × 1).[305] Non-Langmuir behavior arises when the 
adsorbate on adjacent surface sites is interacting.[306]

The coverage q is typically defined in monolayers. The term 
ML can, however, be defined in various ways. From the perspec-
tive of the substrate, one ML is the occupation of every bulk 
basis site lying in the surface plane. In the case of cubic (100) 
surfaces discussed in Sections 2 and 3, the thickness of the ML 
is then a quarter of the lattice constant. From an adsorbate per-
spective, one can define one ML as a layer with the bulk density 
and thickness of one molecule. The quantity q can then be esti-
mated by means of quantitative XPS,[50]
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Temperature is an important parameter in adsorption 

experiments. In the case of cleaved InP(110) surfaces, water 
adsorbs dissociatively at a temperature of 100 K with a near-
unity sticking coefficient before at higher exposures an ice layer 
is observed.[311] Molecular water desorbs already at 150 K, and 
at room temperature “annealing,” In oxide forms, with the 
oxygen substituting for the P. This demonstrates a wealth of 
temperature-dependent reactions of adsorbates with surfaces, 
but with the solid–liquid interface in mind, we will focus in the 
following text on room temperature processes.

4.2. Silicon Surfaces Exposed to Water, Oxygen, and Hydrogen

Silicon is probably the most intensively studied semiconductor 
surface regarding adsorption processes. This is partly owed to 
the fact that bulk crystals are readily available in the highest 
quality and well-defined surface terminations can be prepared 
by various methods, ranging from annealing in UHV to wet-
chemical etching.[305,312] From an application point of view, 
the oxidation of Si is part of MOS technology and high-quality 
surface oxides benefit the device performance, moving critical 
interfaces to the interior of the device.[313–315]

Early experiments investigating water adsorption on Si relied 
on separate water adsorption followed by probing the modi-
fied surface with photoelectron spectroscopy. It was found that, 
for instance, the (2 × 1) reconstructed Si(100) surface features 
nondissociative chemisorption of H2O with the oxygen ori-
ented toward the surface at room temperature, but only in the 
case of well-ordered surfaces.[305] Less ordered surfaces show 
a dissociative chemisorption behavior forming OH bonds.[316] 
Unlike chemisorption of O2, where the coverage is higher and 
the oxygen penetrates below the surface, the surface coverage 
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is limited here to about half a monolayer.[305] Such a behavior 
cannot, however, be generalized to other Si surfaces as each 
one exhibits a distinct reaction kinetics and activity of surface 
sites,[317] emphasizing the requirement for well-ordered sur-
faces to study reaction mechanisms.

Reaction kinetics during adsorption can be revealed by 
means of time-resolved in situ spectroscopy, for instance, RAS, 
and also other optical and scanning probe techniques.[306] Due 
to the quantitative nature of RAS, the signal is directly propor-
tional to the number of unaltered surface sites and one can 
derive the thermodynamics of Langmuir-like processes. As 
shown in Figure 22, the main spectral features of the clean 
(2 × 1) Si(100) surface are centered around the critical points 
of the Si band structure. With modifications by the adsorbate, 
signal shapes vary greatly for the different adsorbates such as 
molecular oxygen, benzene, or water for the Si(100) surface.[318] 
This shows that the optical signals are a convolution of optical 
anisotropy from the surface itself and the adsorbate mole-
cule, which poses the challenge to distinguish and to identify 
the separate contributions from the experimental spectra. By 
means of in system STM, Witkowski et al.[318] found that water 
on nonhydrogenated (2 × 1) Si(100) adsorbs dissociatively, with  
OH attaching to one half of the dimer, and the remaining H 
on the other Si atom. This does to some extent contradict the 
findings of Schmeisser et al.,[305] where nondissociative adsorp-
tion was found. The reason for the discrepancy could be a) 
that the adsorption process itself by Schmeisser et al. was car-
ried out at low temperature or b) a different step density (sim-
ilar to Section 2.6.1), as Witkowski et al. used Si wafers with 
a higher miscut and, thus, increasing steps on the surface, 
while Schmeisser et al. did not report on this property of their 
samples.

The strength of bonding between surface and adsorbate can 
be evaluated by desorption experiments, either in the form of 
temperature-programed desorption or by using the energy of 
an intense (laser) light pulse to remove the surface species. In 
temperature-programed desorption experiments, the evapo-
rated adsorbates or their fragments can be probed by in situ 
mass spectrometry, which allows for an identification of des-

orbed species, but does neither give spatial information nor 
direct information on the surface itself. In single-shot laser 
induced thermal desorption, on the other hand, the surface is 
analyzed by STM after desorption, which is feasible as the des-
orption process is frozen and the surface species not smeared 
out by diffusion, enabling high spatial resolution.[319,320]

4.3. InP Surfaces

InP has been used in solar water splitting applications for 
a long time, where its surface is inherently in close contact 
with water.[321] More recently, the (2 × 4) InP(100)surface (see 
Section 2.1) has been the starting point for a very efficient and 
stable photocathode.[16,322] The question arises whether the sur-
face reconstruction of InP impacts the initial surface oxidation 
and if this is relevant for application of direct solar water split-
ting (solar-driven water photolysis).

For the oxidation of InP(100) surfaces by molecular oxygen, 
Chen et al. prepared the In-rich and the P-rich surface of 
InP(100), exposing them at different temperatures to oxygen 
pressures in the order of 10−5 mbar.[304] In situ RAS combined 
with in system photoelectron spectroscopy allowed them to 
correlate optical signatures to the oxygen uptake of the sur-
face. They found that at room temperature, the P-rich surface 
exhibits a much slower oxygen uptake rate than the In-rich sur-
face. After a dose of 10 kL, the oxygen coverage reached ≈1 ML 
for the In-rich surface, but only 0.1 ML for the P-rich surface. 
The oxygen uptake rate of P-rich InP(100) does, however, dras-
tically increase for temperatures above 500 K. Even then, some 
optical anisotropy of the surface persists, which indicates that 
the surface does not completely lose its ordering. The In-rich 
surface, however, becomes almost completely optically isotropic 
already at 300 K. The results were interpreted as a dissociative 
chemisorption of O2, inserting the oxygen in between both 
InIn and InP bonds.[304]

To study the adsorption of water and to evaluate potential dif-
ferences to oxygen, we prepared InP(100) surfaces as described 
in Section 2.1 and transferred them contamination-free to a 
UHV cluster equipped with XPS, LEED, and a separate adsorp-
tion chamber with an optical port for in situ RAS.[50] Figure 23a 
shows the resulting time-resolved spectrum for water exposure 
at room temperature. We see that, unlike for oxygen exposure 
(Figure 23b), the optical anisotropy of the surface is mostly con-
served. The high-energetic feature I5 related to a surface-modi-
fied bulk transition is even completely conserved, which shows 
that the water does not lead to subsurface oxidation, even after 
a water dose of 25 kL. Analysis of the resulting surfaces by XPS 
(Figure 24) shows that the predominant O 1s feature for H2O 
exposure is an oxygen atom in between In and P (labeled OI) 
with almost no InOIn bonds, while for O2 exposure, the 
InOIn motive (labeled OII) becomes much stronger. These 
assignments were corroborated by ultraviolet photoelectron 
spectroscopy of the P 3p and In 4d lines, where both adsorbates 
induced a modification of the P 3p line and the O2 exposure a 
relatively stronger oxide peak in the In 4d line.[50] No evidence 
for OH groups was found, so we assume a complete dissocia-
tion of the water. There is, however, a small signal at 527.8 eV 
binding energy, which might originate from oxygen bound to 
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Figure 22. RAS for different adsorbates on the Si(100) surface. Data from 
ref. [318]. Vertical lines indicate the critical points of Si.[441]
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surface defects. Quantitative analysis after Equation (1) shows 
≈0.25 ML oxygen after an H2O dose of 25 kL, and ≈0.6 ML 
after 15 kL of O2. The latter quantification is, however, subject 
to a relatively large error due to the subsurface diffusion of 
oxygen. The stability of the oxide was evaluated using temper-
ature-programed desorption. A transfer of the samples back to 
the MOVPE reactor followed by annealing under RAS control 
showed that the In-rich surface modified by water could be com-
pletely restored by gently annealing to 570 K without the supply 
of precursors, while in the case of O2 exposure, the initial optical 
anisotropy could not be recovered. These findings were also cor-
roborated by UPS, where the valence band spectrum was also 
found to be completely recovered after annealing of the water-
exposed surface. UPS also confirmed the evolution of a pro-
nounced surface dipole for oxygen exposure (0.3 eV shift of the 
work function) and a weaker dipole for the water-modified sur-
face (70 meV).[50] Features as the orientation of the water mole-
cule on the surface can, depending on the system, also directly 
be derived from RAS if suitable calculations are available.[323]

A DFT study on water adsorbed to the In-rich surface by 
Wood et al.[324] showed that InOIn bonds create in-gap states 
leading to surface charge carrier recombination, while InOP 
bonds avoid the trap state. Consequently, it appears that water 

exposure electronically passivates the In-rich InP(100) surface, 
while oxygen exposure does not. The passivation is reversible, 
as the oxygen is only weakly bound to the surface, similar to 
“epi-ready” InP growth substrates. This finding explains the 
success of electrochemical in situ functionalization procedures 
for InP photocathodes,[16] where the surface is modified in an 
aqueous electrolyte and motivated the development of an elec-
trochemical in situ surface modification routine for an AlInP 
surface of a photoelectrochemical tandem cell.[14] Later, an elec-
tronic surface passivation of In-based surfaces by water was 
also confirmed by in situ photoluminescence measurements 
on GaInP that enabled the observation of the electronic perfor-
mance during water exposure.[325]

The P-rich InP(100) surface is, unlike for oxygen expo-
sure,[304] surprisingly unstable upon water adsorption.[50] 
Thereby, the optical anisotropy of P-rich surfaces is irrevers-
ibly destroyed. Specific sites of the surface reconstruction being 
attacked by the polar water molecule could be the polar PH 
bond or the lone pair of the P dimer. This again emphasizes 
that the initial surface reconstruction has a great impact on the 
initial interaction of InP(100) surfaces with adsorbates.

4.4. GaP Surfaces

GaP(100) surfaces are structurally and elec-
tronically closely related to InP(100) surfaces. 
Yet, their contact with water is not passivating 
the surface as in the case of InP, but leads to 
an unfavorable oxide, which hampers appli-
cation in solar water splitting due to an unfa-
vorable internal band offset between oxide 
and bulk.[59] Again, we prepared well-defined, 
Ga-rich, and P-rich GaP(100) surfaces to 
study their adsorption behavior with respect 
to water and oxygen. Figure 25 juxtaposes 
in situ RAS of P-rich and Ga-rich GaP(100) 
during exposure to water.[326] We see that in 
both cases, some anisotropy is conserved and 
for the Ga-rich surface, the surface modi-
fied bulk transition as well, similar to the 
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Figure 23. In situ RAS during the exposure of an In-rich surface to a) water and b) oxygen. Data from ref. [50]. I5 denotes a feature related to a surface-
modified bulk transition.

Figure 24. X-ray photoelectron spectroscopy of the O 1s line after the exposure of the In-rich 
InP(100) surface to a) water and b) oxygen; data from ref. [50]. The inset in (a) shows the 
assignment of spectral features to oxygen binding sites.
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observations for In-rich InP(100). The Ga-rich surface is more 
reactive, as indicated by a more rapid reduction of the low-
energy peak in the spectrum. A closer look on the RAS signal 
of the P-rich surface after exposure of water reveals the evolu-
tion of a new negative peak P3 around 4.5 eV (Figure 26a). This 
peak is associated with a new c(2 × 2) surface reconstruction as 
revealed by LEED (blue-framed inset of Figure 26a).

Surprisingly, the new surface geometry does not involve any 
oxygen as it was evidenced by XPS (Figure 26b). Hence, water 
itself or the dissociated fragments oxygen or hydroxyl groups 
are not involved in the reordering of the surface. The lack of 
oxygen in the surface still holds true for the highest applied 
exposures of more than 100 kL and reveals an extraordinary 
inertness of the P-rich surface against oxidation by water, in 
stark contrast to the P-rich InP surface. The new superstruc-
ture could arise from a full dissociation of the water molecule, 
releasing oxygen and hydrogenating the surface, similar to 
what was found for hydrogen-exposed P-rich InP.[327] Further 
experimental and theoretical analysis is, however, required to 
understand this surface behavior and its spectral features.

The Ga-rich surface, on the other hand, features a mixture of 
dissociative chemisorption of water, forming hydroxyl groups, 
combined with the coadsorption of molecular water.[326] This 

trend was confirmed by near-ambient pressure X-ray photo-
electron spectroscopy of “sputter-annealed” GaP surfaces.[328,329] 
In NAP-XPS, a differentially pumped photoelectron spectrom-
eter with a small aperture is brought very close to the sample 
surface, which allows exposing the sample to pressures in the 
order of 10 mbar during the measurement.[302] By these means, 
the chemical composition can be monitored in situ as a func-
tion of the pressure, further approaching ambient conditions at 
room temperature.

Kronawitter et al.[328] studied sputtered GaP(111) surfaces 
and found for pressures up to 10−4 mbar the same mixture 
of hydroxyl groups and coadsorbed molecular water as for 
the Ga-rich (100) surface,[326] which evidences some degree 
of similarity of the two surfaces with respect to water adsorp-
tion. Beyond 0.3 mbar, they find an additional photoelectron 
peak which they ascribe to interaction between OH and H2O 
species. Zhang and Ptasinska investigated sputtered GaP(110) 
surfaces by NAP-XPS, also finding hydroxyl groups and molec-
ular water, but, in addition, two more contributions, including 
GaOGa.[329] This could indicate that the Ga(111) surface is 
more prone to direct oxidation by water. Both studies do, unfor-
tunately, lack in situ and also in system control of the surface 
after or rather during the sputtering procedure, e.g., by LEED, 
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Figure 25. In situ RAS during the exposure of a) a P-rich and b) a Ga-rich GaP(100) surface to water. Data from ref. [326].

Figure 26. a) RAS and LEED of P-rich GaP(100) before and after water exposure. The critical point energies are labeled Ei, prominent features of the 
spectrum Pi. b) XPS of the P-rich surface after water exposure. Data from ref. [326].
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which can in principle lead to an overestimation of the reac-
tivity of the surface due to defects[305] and contaminants such 
as carbon.

4.5. In Situ Studies on Noble Metal Surfaces

Noble metal surfaces are of interest for energy conversion appli-
cations, as they are very often used as (co-)catalysts in solar fuel 
production. A wealth of adsorption studies has been conducted 
regarding water, also organic compounds, probed in situ by 
methods such as X-ray absorption near edge structure, LEED, 
or surface enhanced Raman spectroscopy.[306,330–332] The infor-
mation from these experiments provided crucial input for the 
development of theoretical methods to describe heterogeneous 
catalysis.[333] A famous example is the oscillatory process during 
carbon monoxide (CO) oxidation on Pt surfaces.[330] While it is 
beyond the scope of present review to cover the literature with 
respect to adsorption studies and we refer the reader to reviews 
in the literature,[306,334] we would like to highlight the exten-
sion of RAS in the form of reflection anisotropy microscopy 
as another example of in situ analysis to investigate CO oxida-
tion on Pt(110).[335] Punckt et al. combined RAS with optical 
imaging, achieving spatial resolutions of better than 10 µm and 
a temporal resolution of 40 ms.[335] This setup revealed struc-
tural aspects of CO-poisoned islands of the Pt(110) surface and 
catalytic properties resolved in time and space. This technique 
is consequently also interesting for studies of catalytic proper-
ties at electrochemical interfaces.

5. The Solid–Liquid Interface

Further complexity in interface formation arises when liquids 
are introduced. The solid–liquid interface combines the world 
of the solid state with its crystal structure and extended Bloch 
states with the interfacial reactions and the dynamics of liquid 
environments and their redox levels. For heterogeneous catal-
ysis, this interface is the key aspect.[333] The Helmholtz layer 
with its specifically adsorbed ions, the diffuse double layer, 
and the resulting potential drop in solid and electrolyte are 
closely connected to the surface properties of the solid.[336,337] 

Corrosion sets in here and in catalysis or solar water split-
ting, charges have to be transferred over the solid–liquid 
interface.[338] Especially in the case of semiconductors, where 
additional properties such as space-charge layers and quasi-
Fermi levels under illumination arise, the solid–liquid inter-
face still holds many open questions. In the following text, 
we will briefly review some in situ spectroscopy methods with 
spatial resolution applied to semiconductor–electrolyte inter-
faces relevant for solar energy conversion and give an overview 
of recent methodological developments. Besides the epitaxial 
materials discussed in previous sections, metals are often 
applied as electrodes for water splitting and will partly be cov-
ered here as well.

The most common technique in electrochemistry is voltam-
metry, where the current passing through an electrode into the 
electrolyte is recorded as a function of the potential with respect 
to a reference such as a standard hydrogen electrode.[339] The 
technique is intrinsically in situ and provides feedback on 
energetics, kinetics, and in case of well-defined systems, sub-
monolayer resolution for structurally induced features. A 
famous example is the surface reconstruction of Au single crys-
tals, giving rise to specific signals.[340] To reveal charge-carrier 
dynamics in illuminated semiconductors, intensity modulated 
photocurrent spectroscopy can be employed. Here, the photo-
current of a semiconductor is treated as a time-dependent per-
turbation. A similar technique is (photo)electrochemical imped-
ance spectroscopy, where the applied potential is perturbed 
under constant illumination.[341] These in situ techniques based 
on potential and current measurements do not directly pro-
vide spatial resolution or chemical information to analyze cor-
rosion processes or bond formation in catalysis. So they have 
to be combined either with in system or ex situ analysis. An 
example of the latter one is shown in Figure 27, where illumi-
nation of the surface of an AlInP layer, which acts as window 
layer of a tandem absorber, initiated an oscillation of the open-
circuit potential (OCP). Due to the lack of spatial resolution, 
the measured OCP is an average over the whole sample surface 
and from a well-defined oscillation, it follows that the whole 
surface is in the same state, which enables ex situ analysis. At 
the local extrema of the oscillation, the sample was brought to 
ex situ XPS to probe the state of the surface. Figure 27b shows 
that at the maximum of the oscillation, the oxide layer reaches 
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Figure 27. a) Open-circuit oscillations during functionalization of an AlInP surface for solar water splitting. b) XPS at different stages of the oscillation; 
data from ref. [14].
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a minimum, while at the minimum potential, the oxide layer 
is ≈0.4 nm thicker.[14] The oscillatory process is a photoelectro-
chemical layer-by-layer etching process, as the AlInP layer disap-
pears after a number of oscillations, similar to the Si etching in 
MOVPE ambient described above (Figure 15). At the minimum 
surface oxide content, the process was aborted and directly fol-
lowed by photoelectrochemical catalyst nanoparticle deposition, 
avoiding exposure to oxygen from ambient air, which would 
create charge-carrier recombination centers as discussed above. 
This step turned out to be crucial for the device performance, 
leading to an electronically and chemically passivated surface 
and thereby enabling efficient solar water splitting. It should be 
noted that such an oscillatory process, where the whole macro-
scopic, immersed surface is in the same microscopic phase, 
requires an atomically well-defined surface with a minimum of 
defects, for instance, epitaxial layers as described in Sections 2 
and 3. An energy schematic for the resulting tandem device is 
presented in Figure 28, showing the band alignment of the het-
erostructure under illumination. Charges have to be transferred 
from the GaInP absorber of the top cell across the window layer 
to the phosphate layer and from there to the electrolyte sup-
ported by the catalyst. While the first buried interface between 
GaInP and AlInP is well-defined from growth,[342] the inter-
face between highly n-doped GaInP and the POx species has 
to be adequately aligned to allow an efficient charge transfer. 
The energetic alignment between POx and the Rh nanoparti-
cles is dominated by the n-type phosphate layer as long as the 
Rh nanoparticles are small and weakly interconnected.[14] This 
does, however, also require the POx compounds on the surface 
to be (electro)chemically stable, as the Rh nanoparticles cannot 
screen them completely from exposure to the electrolyte.

Oscillating electrochemical interfaces are, however, best 
studied by in situ methods to provide better temporal resolu-
tion and to ensure that the state of the surface is not perturbed 
by removal of the electrolyte during the transfer to subse-
quent analysis. Apart from the CO oscillations at Pt surfaces 
mentioned above,[330] which might be relevant for CO2 reduc-
tion applications, the oxidation of Si in the electrolyte is also 
a prominent case of an oscillating electrochemical interface. 
Miethe and Krischer[343] studied the anodic oxidation of Si in a 

fluoride-containing electrolyte by means of in situ ellipsometry. 
They find that the dissolution of p-type Si is spatially uniform, 
while n-type Si exhibits a patterned behavior.

Let us revisit the Au surface, which is a system well-suited 
for fundamental studies and method development, as it can be 
transferred to the electrolyte in a well-defined surface condi-
tion and is also stable in the liquid. Surface-enhanced infrared 
absorption spectroscopy employed by Ataka et al.[344] revealed 
the orientation of water molecules at the Au(111) surface as a 
function of the potential. From potentials below to above the 
potential of zero charge, water molecules reorient from the two 
hydrogen atoms close to the surface to hydrogen toward the 
solution, forming an ice-like structure with a following second 
layer of water.

Smith et al. studied the Au(110) surface by means of elec-
trochemical RAS.[345,346] They identified signal shapes as a 
function of electrolyte and applied potential and found that the 
(1 × 3) Au(110) surface decays over time due to the accumu-
lation of impurities at the interface (Figure 29). Time evolu-
tion of the optical anisotropy showed that the spectral features 
reveal a distinct decay behavior, related to the specific kinetics. 
They indicate that the impurities accumulating at the surface 
can be removed from the surface by a short positive potential 
pulse restoring the original spectrum. Their experiments dem-
onstrate that RAS can also be a probe of surface species in 
the liquid electrolyte, and also show that the interpretation of 
spectra is very difficult, if there is no backing from theoretically 
derived spectroscopy.
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Figure 28. Efficient unassisted water splitting: Energy schematic of the 
tandem layer structure under illumination yielding a solar-to-hydrogen 
efficiency of 14%. Solid black lines represent conduction and valence 
band edges, dashed black lines the Fermi level, dashed blue (red) lines 
the quasi-Fermi levels of electrons (holes), and t1, t2 the tunnel junctions. 
Reproduced with permission.[14] Copyright 2015, the authors, published 
under CC-BY 4.0 license.

Figure 29. In situ RAS of the Au(110) surface. a) Spectra in H2SO4 directly 
after immersion and 24 h later. b) Time resolved transients at 2 and 
2.6 eV; data from ref. [345].
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Spatial resolution—often at the cost of temporal resolution—
can also be achieved by various scanning probe techniques such 
as scanning photocurrent microscopy or electrochemical scan-
ning tunneling microscopy.[9] These techniques do, however, 
often have the disadvantage of a very limited temporal resolu-
tion, which impairs in situ control during surface processing.

The combination of intrinsic electrochemical methods with 
in situ spectroscopy at sufficiently high time, energy, and spa-
tial resolution for process control can still be considered an 
evolving field. The future development of techniques and their 
adequate combination will help to further understand and pre-
cisely shape electrochemical interfaces.

6. Photochemical Reactions to Control 
Semiconductor/Polymer/Biological Interfaces

The solid–liquid interface was discussed above with a focus 
on its application in artificial photosynthesis. Inspiration by 
nature is not only useful for the conversion of sunlight into 
storable types of energy: Nature may act as a role model to 
construct even more complex, hybrid interfaces, where pho-
toinduced interfacial reactions play an important role, a.o., in 
sensing applications. Novel strategies for intelligent materials 
and photoinduced interfacial reactions aim to build intelligent, 
i.e., bioactive, dynamic, nonequilibrium materials, acting as 
biosensors or chips varying their time characteristics: so-called 
life-inspired nanoscale machineries.[347–353] Strategies involve 
needs for effective energy conversion with the focus on oscil-
lation reactions,[354] chemical networks,[355] autocatalytic[356] and 
autoamplification[357] reactions, which mimic living systems[358] 
using cell metabolic biomolecules[359] and ions, e.g., protons.[360] 
Biological systems solve such an energy management by 

developing unique sensory and adaptive capabilities,[361] trans-
port mechanisms guided with ions,[362] proton gradients,[363] 
and chemical networks.[364] It is very attractive to utilize light 
for the modulation[351,352] of simple, reliable chemical reaction 
networks, because it is easy to control based on existing knowl-
edge on reliable photosensitive material. The focus in this sec-
tion is on well developed, reliable inorganic semiconductors 
and photo induced surface reactions for new functions.

Intelligent interface architectures[365] provide new concepts of 
biocide materials, coatings, biosensors, and microfluidic chips. 
Our vision is to facilitate an in situ localization of gradients at 
certain sectors on a substrate to amplify or inhibit reactions and 
to control the polymer response for regulation of biomolecules, 
biofilms, and biosensing. In the following text, we focus on the 
possibility of efficient transformation of energy of electromag-
netic irradiation into local ion gradients to actuate soft matter and 
biofilm formation. The strategy we suggest here is to combine 
in situ control of both the generation of ion concentration gra-
dients on the semiconductor surface and of the film formation 
with time and spatial resolution (Figure 30) in order to achieve a 
network, which exhibits preferably several mechanisms for spati-
otemporal switching,[366] amplification or inhibition,[356] activated 
depending on type and intensity of the external demand.[365,367]

Apart from photoinduced formation of ion gradients, we 
suggest an attractive strategy of amplification of concentra-
tions of ions. One proton can, for example, provide several 
protons by autocatalysis. Control of ion and proton concen-
tration gradients may be achieved by assembly of soft matter 
on the semiconductor surface, e.g., polyelectrolytes (PEs) by 
layer-by-layer (LbL) assembly. Prime issues are: (i) How many 
photons are needed to locally start the required chemical reac-
tion on the surface? (ii) What is the optimum PEs LbL architec-
ture to understand the basics of ion trapping and storage, the 
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Figure 30. Possible photoreactions at semiconductor/polymer/biological interfaces straightforward for bioinspired nanoscale machinery. a) Schematic 
depiction of a photoresponsive system for a nanoscale machinery for biofilm regulation. It consists of semiconductor particles (grey), soft matter, and 
bacteria. Electromagnetic irradiation leads to the production of reactive oxygen species (ROS) and a local change of pH and other possible reactions 
depending on the initial composition of the solution and polymers used. The reactions affect the polymer film thickness, roughness, hydrophilicity, 
and local morphology. Possible gradients of species and film properties allow controlling biofilm formation. b) Surface decoration and photoiniti-
ated light–pH coupled reactions: reactions on TiO2 resulting in a local change of pH. Adapted with permission.[368] The inset shows that, besides the 
photogeneration of ions, such as protons, we are focusing on the possibility to amplify ion concentrations, e.g., by adding a chemical amplifier into 
the system. Abbreviation: TMAO, trimethylamine N-oxide.
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gradients under local irradiation? (iii) How to achieve revers-
ible actuation, faster or slower, of different LbL assemblies with 
controlled response times for bioapplications? To answer these 
questions, it is important to investigate both the change in the 
material and the system response in situ.

It is a challenging task to control spatiotemporal system gra-
dients. Ulasevich et al.[368] proved that it is promising to use 
inorganic semiconductors to initiate a spatial-temporal gra-
dient of pH on their surfaces.[368–370] An effective generation of 
proton gradients on TiO2 surfaces under irradiation has been 
introduced[368–370] to control the bioactivity of the system for 
specific bioapplications of guiding cell migration on the sur-
face[370] for coculturing biochips, and for protein recognition/
modulation elements.[369]

For the specific examples and applications discussed here, 
the following key questions are important:

(a) How can the photogeneration of charges in a solid be used to 
initiate light-specific chemical reactions with time and space 
control? The question covers several topics, such as photon 
absorption,[371] carrier generation and mobility,[372] chemical 
conversion into reactive oxygen species (ROS),[373] ion gradi-
ents,[368] autocatalytic species to adjust amplification of ion 
gradients, such as a proton gradient,[374] as well as flexible 
positioning of the photoelectrode by the irradiation spot.[375]

(b) How do photogenerated ion gradients change the properties 
of the adjacent soft matter? The task is to “freeze” ion gra-
dients locally,[376] to actuate soft matter,[368] to store ion car-
riers,[377] to release ions into the PEs LbL matrix,[369] and to 
control lifetimes, oscillations of mechanical properties, and 
LbL stability. Subquestions then concern (i) the dependence 
on PEs LbL architecture;[378–380] and (ii) the specificity for a 
semiconductor, effectiveness of doping, as well as duration 
and intensity of irradiation.[381]

(c) How does specific ion release at localized areas and change 
in morphology of the surface affect bacteria attraction and 
biofilm growth? The question concerns synergetic network 
regulation and spatiotemporal surface bioactivity to attract, 
deactivate, and affect their metabolism and desorb bacte-
ria.[382] Subquestions are then related to (i) the mechanisms 
behind the effect of ROS on the bacteria;[383] (ii) the ion gradi-
ent to support growth of selective bacteria types located on 
certain areas;[384] and (iii) the effects of the surface-modified 
films as the photocontrollable bioactuators such as confor-
mational transitions in the polymeric film.[369,370]

Concerning possible ion concentration gradients running 
in a network in parallel on semiconductor surfaces, we can ask 
if there is a universal strategy to predict possible ion concen-
tration gradients and to suggest nanoscale machineries with 
chemical networks to control biofilms based on generation 
of ROS on well-known and controllable inorganic semicon-
ductors. Here, life inspiration can be mentioned.[348,385] For 
example, it is known that, in order to trigger inflammation, 
the Salmonella typhimurium population[364] generates ROS 
with a subsequent production of electron (e−) acceptors. These 
electron acceptors enable S. typhimurium to use nutrients in 
the anaerobic environment. Some life-inspired transfer chain 

reactions are mentioned in Figure 30a. It is interesting[364] 
that ROS generated by the inflammatory are known to exhibit 
“sulfur” pathways as they oxidize thiosulfate to S4O6

2−, pro-
viding a host-derived electron acceptor that supports growth of 
S. typhimurium by anaerobic respiration.[386] The reductase of S. 
typhimurium may reduce the tetrathionate (S4O6

2−) to thiosulf
ate(S2O3

2−),[387] with further reduction to H2S by sulfite reduc-
tase,[388] and thiosulfate reductase.[389]

“Sulfur” pathways in cells mentioned above are not the only 
inorganic exogenous electron acceptor pathways generated 
during inflammation.[364] Nitric oxide radical (NO) can react 
with superoxide (O2

−·), a ROS to form nitrate (NO3
−) that boosts 

growth of S. typhimurium during gastroenteritis by nitrate res-
piration.[390] The pathogen uses energy taxis to migrate to spa-
tial niches containing host-derived nitrate or tetrathionate.[391] 
How can we trace the pathogen on a semiconductor, e.g., TiO2 
surface? We suggest using photosystems to trace various inor-
ganic “food” for pathogens (Figure 30a). We apply localized 
irradiation to trace their behavior or deactivate and detach them 
by localized ion concentration gradients, drug delivery, and 
time-controlled actuation of soft matter. Such nanoscale artifi-
cial machineries with parallel chemical reaction networks are 
on the frontiers of future technologies to trace spatiotemporal 
biomolecules, microorganisms, and cell pathways.

Today, a few parallel chemical reaction networks have already 
been designed for photoreactions on semiconductors. Further, 
we will give vivid examples of spatiotemporal light triggered 
gradients of protons on semiconductor surfaces.[368] Surpris-
ingly, there are no data available to what extent the pH can be 
altered and how useful pH differences (ΔpH) can be before our 
recent study.[368] It has been shown that the pH can decrease 
from 7 to 4 very quickly and locally in the irradiated spot. It 
is thus a promising idea to use light–pH coupling for modula-
tion of pH-sensitive organic molecules, and ΔpH to modulate 
pH-dependent soft matter with light on the surface of a semi-
conductor (Figure 30b).[368] pH-dependent polymers are a class 
of materials with tremendous structural variety.[392] One pow-
erful example is “weak” PEs,[393] including biopolymers.[367] pH 
dependent polymers are also hydrogels,[394] which exhibit pro-
nounced morphological changes in response to ΔpH and can 
also be used for multilayer formation.[395] It is the hot topic of 
recent works[368] to use LbL assemblies on photoactive TiO2 sur-
faces, presented schematically in Figure 30b with the example 
of the successful modulation of LbL assembly thickness and 
with possible biomolecules,[369] biofilm detachment,[382] and cell 
migration[370] due to film actuation and pH sensitive bonds in 
LbL assemblies. In the first measurements, it was realized that 
the structural change induced by pH remains over hours after 
switching off the light and is advantageous for aims like cell 
growth and differentiation.[370]

One perspective is in situ modulation of photochemical pro-
cesses on semiconductor surfaces. However, there are still a 
lot of challenges. Studies of the following issues are required 
to overcome existing scientific problems related to nanoscale 
electromagnetic energy transformation into ion concentration 
gradients: effects of nanoconfinement, chemical reaction net-
works in the system on formation of different ion gradients at 
localized areas under local irradiation of multipoints; energy 
exchange mechanisms in nanoscale energy storage and release 

Adv. Mater. Interfaces 2017, 4, 1601118



www.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1601118 (30 of 47)

www.advmatinterfaces.de

systems; formation of isolated conditions for ion gradients to 
avoid uncontrolled interaction with ambient environment; 
effective separation of photogenerated ions over the surface; 
diffusion length of the photoions in PE LbL multilayers in hori-
zontal and vertical directions; and others.

The other promising idea is that ion and proton concentra-
tion gradients can be amplified drastically (Figure 30b, inset) 
due to nonlinear organic reactions to proliferate acidic mole-
cules in soft matter.[374] We are sure, that this scientific field 
will grow further being unique to use reproducible light sensi-
tive materials, e.g., inorganic semiconductors, for a new func-
tion of building blocks for nanoscale biomachineries[353] and 
biosensing.[369]

7. In Situ Techniques for the Detection of ROS 
and Ion Activity

In this review, we focus on in situ observation of interfacial 
chemical reactions on nanostructured semiconductor surfaces, 
such as TiO2, involving ROS and ion generation, molecules 
generated in the system, such as hydroxyl radical, the singlet 
oxygen, “sulfur” pathways, polymer soft matter actuation, and 
bioresponse by fluorescence assays, scanning ion-selective elec-
trode technique (SIET), µ-confocal photoluminescence (µ-CPL), 
and microorganism response. Advanced techniques are used to 
determine the spatiotemporal location of the photocatalytically 
active sites close to the surface. As an example, we summarize 
some examples of reactive compound detection in Table 1. It 
is interesting, that again life inspiration[364] can be used to find 
possible methods to detect ROS: ROS detection in a number 
of physiological[396–399] processes significantly improved due to 
paying high attention to microbiology.

7.1. Fluorescence Assays

In cell staining laser-induced fluorescence spectroscopy, 
fluorescent probes that correspond to exact processes are 
used.[400–402] The ROS effects occur through reactions with a 
large variety of cellular components including proteins, nicoti-
namide adenine dinucleotidephosphate, cysteine, tryptophan, 
glutathione, tyrosine, ascorbic acid, and nucleic acids, choles-
terol, fatty acids, which cause membrane lipid peroxidation.[403] 
Nowadays, many species to guide biological pathways in situ are 
commercially available. For example, some probes are known to 
generate or detect various ROS, including singlet oxygen (1O2), 
superoxide anion (•O2

−), hydroxyl radical (HO•), various perox-
ides (ROOR′) and hydroperoxides (ROOH), as well as NO.[404]

Several reviews discuss the chemistry of the different ROS 
and their fluorescence assays in photochemical processes.[404,405] 
We want to point out here, that in photochemistry, the future 
focus cannot only be on detection of photogenerated species 
and reaction pathways, but also on their localization within a 
certain surface area and on the time resolution of photochem-
ical processes. In particular, in Figure 31, it is shown that it is 
very important to study localization of gradients on the surface, 
e.g., ion gradients.[406] A light-addressable photoelectrode sug-
gested imaging with a fluorescence molecule and ion indicators. 

Figure 31b describes an experimental setup for light-addressing 
imaging. pH imaging is possible with pH indicators, as shown 
in Figure 31c,d. In ref. [370], the fluorescent pH indicator 
4,4′-(anthracene-9,10-diyldimethanediyl)dimorpholine, which 
exhibits pKa ≈ 5.1, was used. Other indicators are easy to adopt to 
study ions and molecules on inorganic semiconductor surfaces, 
but again the tendency of today is to rely on time and space res-
olution in order to enable studies of simultaneous reactions of 
different species, where each one affects the other. Taking into 
account the recent progress in experimental studies of cell and 
cell metabolism, it is clear that parallel networks are more than 
realistic to adopt the assays for photochemical reactions.

7.2. SIET

In situ SIET for mapping the photoactivity over the surface under 
local irradiation is new for the area[368–370] and its further devel-
opment should be beneficial to the large scientific community 
working in this field. In particular, in refs. [368–370], the photo-
generated proton activity over TiO2 surface was monitored, as 
displayed in Figure 32. For the modulation of pH sensitive soft 
matter, biomolecules, and microorganisms with light, it is impor-
tant to understand how photoinitiated processes on the semicon-
ductor TiO2 result in the transformation of light to an ion and 
in pH change, including localization of the effect. SIET is a very 
attractive technique with a sensitivity better than pH 0.2 units for 
mapping of the activity and migration of H+ ions on a TiO2 film 
in aqueous solution during local irradiation. SIET allows meas-
urements of the concentration of specific ions (in particular in the 
mentioned case, H+ ions) at a nearly constant microdistance over 
the surface.[407] In ref. [407], it is also mentioned that photoactivity 
is an important issue. Thus, to detect clear signals it is advanta-
geous to a mesoporous TiO2 layers with high photoactivity[368,408] 
compared to the lower photoactivities discussed in the following 
text for modulation of soft matter and biomolecules.[370]

SIET maps of a TiO2 surface before and after irradiation are 
shown in Figure 32, confirming that it is possible for TiO2 to 
release protons upon irradiation. Figure 32b displays how the 
pH in the center of the irradiated spot varies when switching 
on–off the local irradiation. The duration of irradiation corre-
lates with the pH obtained: 5 s, 1 min, and 3 min of irradiation 
result in pH of 5.6, 4.5, and 4.0 peak values, respectively. The 
action of different photoelectrochemical reactions (Figure 30b) 
on the TiO2 surface under illumination seems to be the only 
plausible explanation for the observed local acidification of the 
solution and confirms that TiO2 is promising to demonstrate 
our concept to run reactions in parallel on a semiconductor to 
have ion and molecule gradients in time and space.

It is interesting to perform experiments with mobile flexible 
photoelectrode positions, where two or more semiconductor 
electrodes are placed in one Petri dish, and to shine the light 
on one of them or irradiate simultaneously several spots on the 
surface at different distances/locations, with different intensi-
ties and durations. The flexible spatial addressability, oscilla-
tions, and reversible changes are great advantages for nanoscale 
machineries. The next step may be the assembly of the actuating 
polymer soft matter on low-photoactive semiconductor surfaces 
by changing parameters in the system (Figure 30).
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Figure 31. Possible system to detect in situ localized molecules or ion gradients under irradiation using fluorescent assays. a) Schematic diagram of ion 
gradient generation with a light-addressable photoelectrode. b) Experimental setup for in situ light addressing and ion imaging. Two separate optical 
systems can be used; a standard fluorescence upright microscope and a reduced projection exposure system equipped under the microscope stage. 
A patterned illumination reflected from a digital micromirror device may be projected onto the electrode substrate. Fluorescence emission of the ion, 
e.g., pH indicator, is monitored by a cooled charge-coupled device (CCD) camera attached to the microscope. The measured fluorescence intensities 
may be converted into ion concentration or pH changes using a calibration curve obtained in advance. Adapted with permission.[406] Copyright 2016, 
Elsevier. c) Calibration of the fluorescent pH indicator, and initial chemical formula to point to the protonation sites. d) Confocal fluorescence images 
of the surface of TiO2, with the fluorescent pH dye (left) before and (right) after 10 s of irradiation.[370]

Figure 32. In situ local pH activity over a TiO2 surface. a) Optical image of the surface during irradiation and measurements by the scanning ion 
selective electrode technique (SIET) for mapping of the activity of H+ ions over the TiO2 film under local irradiation. b) Temporal evolution of the 
pH over the mesoporous TiO2 film in the center of the irradiation zone (X in (a); on—illumination is switched on, off—illumination is switched off). 
c) Photocurrent of low and high photoactivity TiO2 indicating that for SIET study of the high photoactivity surface is more suited to detect the effect, 
but for soft matter actuation low photoactivity TiO2 is preferable, not to degrade the polymer assembly. d,e) SIET maps of proton activity (d) before 
and (e) during the exposure of certain localized areas. Adapted with permission.[368]
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7.3. µ-CPL

One more technique that allows in situ monitoring of local 
changes is PL measurement with 3D micrometer resolution on 
nanostructured semiconductors: µ-CPL.[409] Again, its develop-
ment should benefit the large scientific community working in 
this field. In particular, in ref. [409], the formation of mesoporous  
silicon by high intensity ultrasonic surface treatment was estab-
lished (Figure 33) and displayed a strong PL activity. Numerous 
models[410–412] can be proposed to explain the PL of the modi-
fied silicon, including quantum confinement, surface states, 
defects in the oxide, and the formation of hydrogen-terminated 
bonds. It is important to study the nature of PL centers that can 
be changed in time, in situ.[409] One can monitor the PL signal 
in situ during aging of nanostructured silicon (Figure 33a,b), 
going from a nonoxidized structure to a partially oxidized 
one. Radiative recombination takes place within the surface 
amorphous layer (Figure 33c). Surface states localize electrons 
and holes, either separately or together with the formation 
of nanocrystalline Si in the porous matrix of SiOx. One can 
change the character of the PL from green to red, for example, 
in samples exposed to water by aging and partially oxidizing the 
silicon, thus going through mostly hydrogen-terminated and/
or nonterminated bonds to a partially oxidized Si structure.[409] 
The light emission by a single point on the silicon surface may 
be monitored by a 3D reconstruction of the porous µ-sized 
structure via µ-CPL. The dots, which are clearly visible in µ-CPL 
(Figure 33c), are probably formed due to the use of nonequi-
librium high-intensity ultrasonic surface treatment[413] as a pro-
spective method for surface modification. The positions of the 
dots are probably located on the spots where cavitation bubble 
collapse occurs along with a localization of a thermogradient on 
the surface[414] during surface modification due to high inten-
sity ultrasonication.

It is promising to employ in situ methods in other areas and 
apply them to study of new aspects of the known photoreaction 
on semiconductor surface and in situ methods presented here 
are good examples.

7.4. Microorganism Response to Photogenerated Species

The photoproduced ROS could alter the activity of microorgan-
isms penetrating into an intracellular volume, which is inter-
esting for both photodestruction of bacteria[415] and nanoscale 
machineries discussed here (Figure 30a).

In particular, we address an example, where ROS photopro-
duced at TiO2 under illumination effectively induces prophages 
in the lysogenic bacteria to the lytic cycle.[416] There was much 
discussion, how ROS affect microorganisms: whether they 
destroy the cell membrane or whether they affect nuclei of the 
cell or bacteria already before.[415] The mentioned experiment 
with lysogenic lactic bacteria[416] was planned in such a way 
not to deactivate or kill bacteria, but to use short term irradi-
ation insufficient to kill bacteria to find out if ROS affect the 
deoxyribonucleic acid (DNA) of bacteria before their deactiva-
tion. In the case that ROS affect DNA stronger, they destroy the 
cell membrane via a prophage induction to the lytic cycle and 
cause release from the bacterium. From Figure 34, it is evident 
that photogenerated ROS are indeed released from a bacterium 
before it is deactivated, which means that DNA is affected faster 
than the cell membrane is destroyed.

It is also interesting to note that different microorganisms 
have different sensitivities to photogenerated species. At this 
point, an example can be drawn that Gram-positive (G(+)) bac-
teria are more sensitive to superoxide anions (•O2

−) in compar-
ison with Gram-negative (G(−)) bacteria.[383] In particular, it was 
shown[383] that the yield of the superoxide could be enhanced by 
the bimetallic Ag/Ni nanoparticles deposited on TiO2 and G(+) 
bacteria being in general more stable to ROS because of an 
additional lipid membrane, by contrast to G(−), that are more 
sensitive to (•O2

−).
We want to highlight here that microorganisms can also be 

used for in situ detection of the formation of photochemical 
reaction products, which immediately changes their behavior 
on the surface. The fact that microorganisms are very sensi-
tive to photoinitiated processes makes the proposed concept 
(see Figure 30a) quite believable. This concept consists of 
guiding cell behavior on the surface. It would be extremely 
exciting if a spatiotemporal ion concentration gradient over 
the surface would guide cells locally promoting growth of one 
cell type (e.g., sulfur bacteria) and prevent the development of 
other cells to control biofilm formation and to detect selective 
biomolecules.

8. Photocatalytic Degradation of Organic  
Species on TiO2

Recently, there has been a tendency among photocatalyst inves-
tigations concerning photodecomposition of chemical[373] and 
bacterial pollutants in an aqueous phase,[417] that are focused on 
photocatalytically active coatings[418]capable to remove adsorbed 

Adv. Mater. Interfaces 2017, 4, 1601118

Figure 33. a–c) In situ µ-confocal photoluminescence (µ-CPL) spectra 
(fluorescence mode) of silicon after 30 min of sonochemical modification 
(20 kHz, 57 W cm−2) (a,b) of crystalline silicon wafer (a) immediately 
after modification, and (b) followed by aging; (c) amorphous silicon (a-Si) 
deposited on glass; d) corresponding scanning electron microscopy 
(SEM) picture; green and red arrows show side views of the PL spectra. 
Adapted with permission.[409]
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organic contaminants under solar or artificial illumination (so-
called self-cleaning materials[418]).

The self-cleaning characteristics of semiconductors result 
not only from their strong oxidation power under irradiation, 
but also from the discovered phenomenon of the photoinduced 
superhydrophilicity inherent in the surface.[419] Thus, one may 
consider the contribution of a self-cleaning function combined 
with stability of the organized soft matter on a semiconductor 
for novel “intelligent” materials and nanoscale machineries.

When speaking about novel “intelligent” materials, the 
photo catalytic degradation of organic species can be mentioned 
as a negative process if one is interested in creating oscillating 
soft matter coatings[370] on the semiconductor surface without 
polymer degradation during irradiation. The potential degrada-
tion of the organic substances and polymer matrix triggered by 
ROS should always take into account photocatalytic systems.[420] 
The stability can be studied by means of a combination of spec-
troscopy with microscopy.[368] For example, FTIR[368,421] has 
proved to be an effective method for the investigation of the 
composition before and after irradiation.

In the following section, we will present examples using 
TiO2 with a low photoactivity and a low-intensity as well as 
short-term irradiation that allows for in situ modulation[368] 
without degrading the polymer coating, in order to guide cell 
migration on the surface.[370] This point is a promising route to 
in situ control the biofilm on the surface[382] and to design new 
biosensors.[369]

9. Prospects for In Situ Modulation of Soft Matter 
and Microorganisms without Degradation

9.1. Reversible Oscillation of Soft Matter Properties: Thickness, 
Stiffness, Swelling

Here, we study the transformation of electromagnetic energy 
into spatiotemporal ion concentration gradients, where the 
inorganic semiconductor material is a light sensitive system, 
and PE LbL assembly. As a responsive element and with biofilm 
control, it is a prospective application for nanoscale machin-

eries and biosensing. It should be noted that 
we primarily aim here on the in situ charac-
terization of changes in the material, forma-
tion of self-assembly, soft matter modulation, 
and light sensitive particle vortices.

In Figure 35, several methods are high-
lighted for in situ MS studies. Microchips cov-
ered with semiconductor and soft matter can 
be designed as microfluidic probe that allows 
real-time imaging of the electrode–liquid 
electrolyte interface (Figure 35a).[422] The 
same chips could be applied in an open cell 
for in situ quartz crystal microbalance (QCM) 
studies to follow both LbL assembly and 
photoactivation of the films (Figure 35c).[423]  
Photoactivation of the film can also be 
studied with the help of atomic force micros-
copy (AFM) (Figure 35d) with time resolution 
and localized at a certain area.

Recently, a specific LbL architecture for advanced bioapplica-
tions has been introduced: reversible oscillation of soft matter 
on semiconductor surface,[368] resulting in cell migration,[370] 
desorption from the surface,[382] and modulation of pH sensi-
tive chemical bonds in LbL assemblies,[369] and drug chemical 
delivery.[420–424]

It is important to mention the high priority to monitor soft 
matter response on the surfaces (Figure 30) measuring charge 
separation, ion and ROS generation and localization, activa-
tion and relaxation time, process reversibility, as well as trap-
ping of ions and molecules depending on various parameters, 
such as thickness, stiffness, roughness, hydrophilicity, and 
permeability. It is of high priority to obtain knowledge about 
the behavior of ion-enriched materials in nanoconfinement. 
Information about the stability of ion-enriched soft matter 
inside nanoconfined volumes and the interaction between dif-
ferent ion enriched reagents and ion migration will be obtained 
during further examinations. Knowledge of how to organize 
LbL assemblies with different ion contents, e.g., for different 
protonations, as well as of the assembly from different pH and 
ionic strength solutions for the formation of multifunctional 
gradient material with different affinities to store and exchange 
photogenerated ions is important. Systematic studies of the 
mechanism of film formation will be instructive in order to 
control biofilms on the surface.

9.2. Bioresponse due to Soft Matter Oscillation and 
Photoreactions

It has already been mentioned above and shown in Figure 36 
that some very specific “intelligent” systems were developed 
recently[370,382] to control system bioactivity, but unfortunately 
no general concept of biofilm regulation has been suggested 
yet. Reversible oscillation of LbL films based on high ampli-
tude actuation of block copolymer micelles allows controlling 
cell behavior on a surface. In particular, change of stiffness 
results in migration of osteoblasts to a harder part of the sur-
face (Figure 36a,b)[370,382] and in desorption of bacteria from the 
surface with time (Figure 36c).[382]

Adv. Mater. Interfaces 2017, 4, 1601118

Figure 34. Schematic and transmission electron microscopy (TEM) image demonstrating the 
effect of ROS generated at a semiconductor on the metabolism of lysogenic lactic bacteria (i.e., 
containing a bacteriophage gene in their deoxyribonucleic acid (DNAs). The opening of the cell 
envelope and the release of viruses is observed. Adapted with permission.[416] Copyright 2011, 
Royal Society of Chemistry.
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Andreeva et al.[369] suggested a new principle of photoassisted 
spatial desorption of (poly)-histidine-tagged (His-Tag) proteins 
on a TiO2 surface (Figure 37). Here, a semiconductor TiO2 sur-
face is decorated by an LbL assembly of a strong polyelectrolyte, 
namely, polystyrene sulfonate (PSS), and nickel–nitrilotriacetic 
acid (NTA). The PSS/NTA multilayer architecture provides n-fold 
(n × NTA) binding efficiency for more precise protein recognition 
in comparison to existing molecular His-Tag protein recognition 
with onefold and threefold multiplication. Spatially resolved des-
orption of proteins is regulated by non-photodestructive short-
term low-intensity light irradiation. The local pH shift on irradi-
ated TiO2 selectively affects the pH-sensitive NTA/protein com-
plex, but not the LbL assembly of PSS and NTA, which is stable 
in a broad pH range. It can be noted that in situ characterization 
of LbL organization and its following in situ modulation can be 
monitored by SIET, µ-CFM, and QCM (Figure 37).[369]

The examples discussed above clearly demonstrate that 
microorganisms are sensitive to both products of photoreac-
tions, e.g., ROS, pH change in the system, and actuation of soft 
matter. This strongly supports our suggested concept to build 
a nanoscale machinery for controllable manipulation of micro-
organisms with biomolecules on a semiconductor surface. A 
systematic study of the design of such a nanoscale machinery 
is needed to modulate a pronounced bioresponse, to build a 
general concept, and to integrate the system into microfluidic 
chips or microbial biosensors. To have pronounced modulation 
of soft matter, different ion, e.g., proton, gradients need to be 
studied on surfaces in detailed manner.

One more important topic is the spatiotemporal delivery 
of ions for modern synthetic biology platforms (biofactories). 
The development of alternative, green transformation of elec-
tromagnetic energy into ion gradients and non-petrochemical 
feedstocks requires a new vision on industrial bioreactors, 
because more and more complex compounds (proteins, bac-
teria) are used in production now or will be used in the future. 
This calls for more precise control over the reactions occurring 
in bioreactors. Our systems for manipulation of biomolecules 
and bacteria provide controlled release of the necessary ions for 
bioobject activation exactly at the required bioreaction stage and 
place, which may cause a considerable biotechnology break-
through in the future.

9.3. Chemical Delivery: Regulation of Soft Matter Permeability 
and Motion

An advantage of many microbial biosensors is that the immo-
bilization of whole cells improves the stability of intracellular 
biorecognition elements, such as enzymes, because the enzyme 
is retained in the natural environment; moreover, the employ-
ment of genetically engineered microorganisms permits a drastic 
improvement of the sensitivity and selectivity of the resultant 
microbial biosensing devices. In order to integrate the microbial 
biorecognition elements into lab-on-chip devices, one needs to 
exert a remote control over adsorption and desorption of micro-
bial cells as well as over their biochemistry, e.g., by delivering 
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Figure 35. a) A microfluidic probe allows real-time imaging of the electrode–liquid electrolyte interface. Adapted with permission.[422] Copyright 2014, 
Royal Society of Chemistry. b) Prospective system to guide particle movement and real-time microfluidic vortex detection, i.e., by gas formation and 
effecting particle migration on a surface. Adapted with permission.[443] Copyright 2014, Elsevier. c) In situ quartz crystal microbalance (QCM) study of 
LbL PE assembly and its activation under irradiation resulting in water attraction into the LbL and d) LbL thickness change before and after irradiation. 
Abbreviation: BCM, block copolymer micelles; PAA, poly(acrylic acid) (PAA). Adapted with permission.[368,370]
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different ions. To this end, the conformational transitions in the 
PE films induced by photocatalytic reactions occurring at the 
semiconductor surface in contact with the polyelectrolyte can be 
used. Thus, for example, in our previous works, we discussed 
the possibility of reversible photo-opening[425] of polyelectrolyte 
assemblies to affect the adsorbed microorganisms.[426] Indeed, 
self-oscillation of LbL films of different architectures provides a 
high gain for various bioapplications from protein and patho-
genic cell recognition to cell detachment, migration, and con-
struction of lab-on-chip elements. However, the development of 
a general concept for process regulation on “demand” is chal-
lenging—but possible and rewarding as well.

A prominent example of the photocatalytically active titania-
based LbL coatings is shown in Figure 38a.[421] The coatings 
were obtained by the immobilization of loaded titania/PE nano-
particles into a sol–gel-derived matrix. By forming a PE shell 
on the mesoporous titania particles, it is possible to fabricate 
nanoscale reservoirs, which can store relatively large organic 
molecules in their interior. The mesoporous titania particles 
were loaded with the luminescent dye Rhodamine 6G before 
the deposition of the PE shell, and the light-driven release has 
been shown. Properties of biomolecule-containing LbL films, 
such as their growth regime, thickness, loading capacity, and 
mobility of polymers within the film, can be altered and syn-
thetic polymers or biopolymers can constitute the PE film.

Two types of pH-responsive encapsulation systems based 
on surface metal sponges prepared by sonochemical treatment 
were proposed: (i) a single-step system with a simultaneous 
activation and modification of the metal and active compound 
by high-intensity ultrasound (HIUS), and (ii) a system where 
the metal sponge serves for the construction of PE surface 
capsules, allowing storage and release of an encapsulated sub-
stance.[426] In the first system, the encapsulation is ensured via 
the chemisorption of the active compound on the surface, i.e., 
OH groups of the metal oxide layer. In contrast, in the case 
of PE surface capsules, there is no need of specific interactions 
between a metal and the encapsulated compound, and there-
fore, it is a universal encapsulation and carrier system. More-
over, hybrid systems with polypyrrole are developed, providing 
an efficient delivery and stepwise release of the low molecular 
weight active component.[425] Further examples have been ana-
lyzed in recent reviews,[366,367,380] proving that the strategy dis-
cussed is suitable to build probably even a light sensitive auton-
omous robot[427] for drug and cell delivery.

Photocatalytic reactions recently were used more and more 
for development of (nano)tools for autonomous and remotely 
guided catalytically self-propelled motion, as for example, 
shown in Figure 38b for InGaAs/GaAs/(Cr)Pt tubes.[428] The 
rolled-up tubes with diameters in the range of 280–600 nm 
move in hydrogen peroxide solutions with speeds as high 

Figure 36. In situ bioresponse on soft matter actuation. a,b) Examples of consequences of a dynamic concept of modulation of a multilayer coating 
on titania using light–pH coupled stimuli to regulate cells on the surface: during irradiation the stiffness changes drastically and cells start to migrate 
across the surface. Adapted with permission.[370] Copyright. c) Actuating coating can be used as an antifouling approach preventing bacteria from 
growing on the surface. An example of a self-regulating system is presented: Lactic bacteria are grown on the surface and change the pH. The coating 
then changes its thickness fast and “pushes off” bacteria from the surface. Adapted with permission.[382]
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as 180 µm s−1. The effective transfer of chemical energy into 
translational motion has allowed these tubes to perform useful 
tasks such as transport of cargo.

Janus photocatalytic micromotors hold considerable promise 
for diverse practical applications. A highly efficient light-driven 
photocatalytic TiO2–Au Janus micromotor with wireless steering 
and velocity control is shown in Figure 38c.[429] Unlike chemically 
propelled micromotors, which commonly require the addition 
of surfactants or toxic chemical fuels, the fuel-free Janus micro-
motor (diameter ≈1.0 µm) can be powered in pure water under 
an extremely low ultraviolet light intensity (2.5 × 10−3 W cm−2), 
and with 40 × 10−3 W cm−2 they can reach a high speed of 25 
body length s−1, which is comparable to common Pt-based 
chemically induced self-electrophoretic Janus micromotors.

The concept of a surface combustion microengine is dem-
onstrated on a microcantilever covered with a thin TiO2 layer 
(Figure 38d,e).[428] Irradiation of this microengine produces 
controlled bending of the microcantilever as a result of differ-
ential stress produced by photocatalytic oxidation of organic 
molecules on the TiO2 coating. Surface combustion based 
microengines would require less maintenance in minimally 
controlled field environment and could be potentially used in 
construction of miniature movable machines and conversion 
of solar energy to mechanical work, when extended to a large 
array of microcantilevers.

There is much attention nowadays to the development of 
light driven,[430] autonomous[431] soft robots (Figure 38f), and 
we suggest photocatalytic fuel production as an on-board fuel 
supply. Gas that may be generated from the fuel photodecom-
position inflates fluidic networks downstream of the reaction 
sites, resulting in actuation.

10. Conclusion

After Kroemer’s statement in his Nobel lecture in 2000,[1] 
today we can even more strongly note that the interface is still 
the device.[432] The increase in complexity is attended by the 
involvement of interfacial chemistry, different chemistry envi-
ronments, liquids, and interfaces under operation in noninert 
ambient conditions. In this review, we have highlighted a 
variety of in situ spectroscopy routes to analyze the formation 
of surfaces and buried interfaces on the atomic scale in com-
plex chemical surroundings during growth and preparation 
as well as during operation. On the example of several mate-
rial systems such as III/V semiconductors, oxides, silicon, 
germanium, organic molecules, biomaterials, and hybrids of 
these materials as well as various examples of application with 
photoinduced reactions, we have shown that there are opportu-
nities to scrutinize nucleation of materials, interface formation, 
growth, as well as more complex interfacial reactions.

Starting from clear and well-defined epitaxial interfaces in 
vapor phase ambient, such as InP(100) and GaP(100) surfaces, 
which are on the one hand highly relevant for record-breaking 
solar energy conversion and which on the other hand act as 
types of “drosophila” of atomic scale in situ control, we after-
ward illustrate their modification and chemical functionaliza-
tion via different adsorbants, heterocontacts, and solid–liquid 
interfaces, involving industrially relevant and optoelectronic 
generic technology developments such as the growth of III/V 
compounds on silicon. These formation scenarios have been 
thoroughly studied by optical in situ spectroscopy (i.e., RAS) 
and benchmarked by a broad spectrum of relevance to the 
interfacial science. High-efficiency water splitting devices were 

Figure 37. a) Schematic illustration of the release of proteins from the surface using light–pH coupled stimuli on titania: LbL assembly of strong poly-
electrolyte layers, polystyrene sulfonate (PSS), and pH-responsive and nickel-nitrilotriacetic acid (Ni2+-NTA) layers for (poly)histidine-tagged (His-Tag) 
protein recognition and manipulation. b) System TiO2/(PSS/NTA/His-Tag)4/PSS after irradiation through a photomask allows local delivery/desorption 
of proteins. c) Reversible and multicycle activity is detected from real-time evolution of the activity of H+-ions over the TiO2/PSS/NTA surface. “ON” is 
a time point of irradiation switched on and “OFF” – switched off. d) Microfluidic chamber to study His-Tag protein light induced modulation/desorp-
tion on the TiO2/LbL surface. e) In situ QCM frequency change during the adsorption of (1) PSS, (2) NTA, (3) His-Tag protein; hv corresponds to the 
moment of short term (1 s) irradiation and results in protein desorption. Cycles of adsorption, light induced desorption are repeated several times. 
Adapted with permission.[369]
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achieved by an in situ controlled interface functionalization of 
well characterized surfaces of epitaxial semiconductor hetero-
structures. As a next step of surface functionalization, photo-
chemical reactions at hybrid interfaces have been monitored 
in situ such as the detection of ROS, measured with specific 
ROS scavenging agents. Proton photogeneration has been 
studied with scanning probe in situ techniques such as scan-
ning vibrating electrode technique, imaging mass spectrometry, 
and scanning ion-selective electrode.

However, there is still a huge challenge and a large and deep 
gap to be closed in the near and far future between the atomic 
scale understanding of model surfaces and interfaces, such as 
epitaxially prepared (100) surfaces, on the one hand and transient 
interfacial reactions under operation, such as in electrochem-
istry or ultrafast dynamics, on the other hand. There are many 
open tasks and questions that can be addressed by routes shown 
in this review. In photoelectrochemistry, solid–liquid inter-
faces are huge challenges with regard to efficient functionality, 

Figure 38. a) Titania-based capsules and LbL organized polyelectrolyte shell become permeable under irradiation and can locally release active com-
ponents from the surface, which could regulate cell activity on the surface. Adapted with permission.[421] Copyright 2009, Royal Society of Chemistry. 
b) Scalability of the diameter of rolled-up nanotubes consisting of hybrid heteroepitaxial catalytic InGaAs (3 nm)/GaAs (3 nm)/Pt thin films. Bottom 
inset shows the rolled-up fabrication process by selective under-etching of the sacrificial AlAs (20 nm) layer. Top inset depicts a SEM image containing 
a focused ion beam cut of an individual tube composed of InGaAs/GaAs/Pt (0.5 nm). Adapted with permission.[444] Copyright 2012, American Chemical 
Society. c) Schematic of catalytic TiO2–Au Janus micromotors powered by UV light in water and time-lapse images showing the stimuli guided pro-
pulsion of an Au–Ni–TiO2 micromotor under 40 × 10−3 W cm−2 UV light. Scale bar, 10 µm. Adapted with permission.[429] Copyright 2016, American 
Chemical Society. d) The elemental distribution images of a TiO2 modified microcantilever collected using secondary ion signals of Ti+; and e) bending 
of a TiO2 modified microcantilever exposed to UV radiations at 365 and 254 nm, and the bending of an unmodified microcantilever exposed to UV 
radiation at 254 nm (inset shows scheme for ethanol-fueled photocatalytic microengines based on TiO2 modified AFM microcantilevers). Adapted with 
permission.[428] Copyright 2005, American Chemical Society. f) Fuel reaction is very prospective in semiconductor surface for fully soft, autonomous 
robot assembly, shown as example in image. Scale bar, 2 mm. Adapted with permission.[431] Copyright 2016, Nature Publishing Group.
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stability/corrosion, and catalysis. In situ spectroscopy, such as 
near-ambient pressure photoelectron spectroscopies or RAS, 
will largely contribute to a microscopic understanding of the 
solid–liquid interface formation and functionalization. The key 
will be a detailed understanding of model systems and subse-
quent gradual lifting of the model character toward realistic 
application scenarios. In bioapplications, critical and conflicting 
requirements have to be addressed, such as having a sufficient 
defect concentration in the semiconductor to increase visible 
light absorption without limiting the carrier mobility too much 
via defect sites deep in the bandgap. For spatial separation of 
oxidation versus reduction, the carrier mobility should be very 
different for electrons and holes and on the organic side of bio-
sensing, there is a competition between sensitivity, buffering, 
and stability. Also here, we believe that device design for such 
demanding applications strongly benefits from a detailed under-
standing of complex interfacial reactions, which in turn is best 
achieved by understanding the relevant processes starting from 
relatively easy model interfaces with increasing complexity of the 
final device structure. Thereby, the more complex the interface 
formation gets, the more important in situ characterization and 
in situ control over the involved processing steps become. Efforts 
for in situ characterization must be increased, in particular, com-
bining spectroscopic and scanning probe techniques.
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protonation steps. Proton trapping and 
release results in pH dependent swelling 
and morphological changes of the multi
layers. pH dependent swelling of weak 
PEs is explained by the contribution of 
repulsive and attractive electrostatic inter
actions in the formation of collapsed and 
gel phases. The interplay between the 
pH buffering capacity, ion diffusion and 
proton migration over weakweak PEs and 
strongweak PEs assemlies is a question to 
focus. It is important to take into account 
the range of pH values, at which multi
layers dissociate but maintain their integ
rity; as well as coupling of several stimuli 
for modulation of multilayers.[2]

The chosen applications are discussed 
based on the PEs pH sensitivity for very effi
cient nonviral gene transfer, anticorrosion 
coatings, drug delivery regulation and anti

microbial, antifouling coating development. The attractive idea of 
a pH gradient in PEs assemblies for both formation of bioactive 
materials and temporal switching of PE assemblies on a surface 
for regulation of biomolecules and cells is presented. Opportuni
ties and challenges for further development toward an eventual 
goal to enable understanding, design and fabrication of ΔpH sen
sitive PEs assemblies, are essential for construction of dynamic 
interfaces and possible formation of selfregulation systems.

2. Materials for pH Sensitive Polyelectrolytes 
Multilayers

PEs are macromolecules that contain charged groups. Examples 
of positively charged PEs are PEI, quaternized poly(4vinyl pyri
dine), poly(diallyldimethylammonium) chloride (PDADMAC), 
poly(4vinylbenzyltrimethyl ammonium chloride), poly(llysine 
hydrochloride) (PLL), PAH, chitosan (CHI). Examples of nega
tively charged PEs are PSS, poly(methacrylic) acid (PMA), PAA, 
deoxyribonucleic acid (DNA), heparin (HEP), nafion, hyalu
ronic acid (HA), alginic acid (ALG), chondroitin sulfate (CSA), 
hyaluronan (HA) etc.

Oppositely charged PEs electrostatically interact in solution 
and release counterions. The driving force of these interactions 
is often a small negative enthalpy and an entropy gain due to 
the release of small mobile counterions.[1a,3] Additionally, pH 
sensitive hydrogen bonded systems are also known.[4]

In this review we use the term “polyelectrolytes” for all poly
mers that undergo chemical and/or physical association. Even 

Most natural and synthetic polyelectrolytes (PEs) possess dissociable groups, 
and therefore the corresponding structures depend on pH. This enables 
manipulation of their properties, in special permeability, elasticity and 
swelling, and this can be made use of in many applications. The effect of 
individual polymer composition on the dissociation equilibrium is discussed. 
Different concentrations and pH values during the PE assembly affect con-
centration of charged groups per molecule on the dissociation equilibrium. 
Ionic strength also influences the protonation/deprotonation behavior of PE, 
that can be changed by adding different salt concentration but also varies 
with the concentration of charged groups in the polymer molecules. Electro-
static interactions of the polymer molecules strongly affect the dissociation 
equilibrium of weak PEs and, thus, layers architecture and properties that can 
be regulated by natural pH changes in such processes as self-healing, corro-
sion and antifouling, drug storage and delivery, etc.

1. Introduction

pH sensitive polyelectrolytes (PEs) multilayers with different 
PEs architecture are composed of at least one weak PE unit. 
The behavior of weak PE itself, and their assembly with either 
weak, or strong PEs are discussed.[1] Mostly discussed in the 
review are poly(ethyleneimine) (PEI), polyallylamine hydro
chloride (PAH), and their bioanalog chitosan as polycations. 
Examples of negatively charged PEs are strong polystyrene sul
fonate (PSS), and weak polyacrylic acid (PAA). Dissociation of 
weak PEs in aqueous medium is discussed for differently pH 
sensitive polymer assemblies. It is important that pH sensitive 
multilayers have weak PEs as one of the component, since the 
degree of their dissociation depends on the pH values and dis
sociation constant, pKa for polyacids or pKb for polybases.

The mechanism of proton migration within one PE layer 
or proton jumping between different layers is in focus. 
Potentiometric titration is presented as a method to reveal 
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neutral polymers can physically associate with small ions and 
became charged.[1a] One example is poly(ethylene glycol) that 
can gain charge in water by association of protons or small 
anions with its electronegative oxygens. Charged blockcopoly
mers (BCPs)[5] have blocks with charged groups. Examples of 
charged BCPs are poly[(2dimethylamino)ethylmethacrylate]
blockpoly[di(ethyleneglycol) methylether methacrylate], (N,N
diethylacrylamide) bpoly(Nisopropylacrylamide), poly(N[3
(dimethylamino) propyl] acrylamide), etc. Polyampholytes[6] 
have both positive and negative charges in one molecule like 
poly(sodium 2acrylamido2methyl1propanesulfonateblock
NacryloylLalanine) and some proteins. Zwitterionic poly
mers[7] contain functional groups pairing positive and nega
tive charge, for example, carboxybetaine methacrylate and its 
derivatives.

Polymers with charged groups can be weak or strong.[1a] 
Strong PEs are dissociated in a broad pH range between 
2 and 10. Thus, multilayers of strong PEs are not sensi
tive to pH changes in this range and can be decomposed at 
pH < 2 and pH > 10. In contrast, weak PEs can gradually disso
ciate depending on the pH values between 2 and 10. The degree 
of their dissociation depends on pH values and is quantified by 
a dissociation constant (pKa for polyacids or pKb for polybases). 
It is important that pH sensitive multilayers have weak PEs as 
one of the components of LbL assembly.[1a]

Figure 1 illustrates a pH dependent dissociation of the PE 
pairs of weak and strong PEs. We show here the simplest pos
sible pH dependent association/dissociation of weak PEs. The 
pair formed by a weak positive PE and a strong negative PE is 
shown in Figure 1A. at a pH < pKb of a weak polybase, both 
polymers are ionized and can electrostatically interact. The 
pair of a strong polybase and a weak polyacid (Figure 1B), is 
attracted at pH > pKa, when the polyacid is ionized. The pair of 
two weak PEs (Figure 1C) can have two pH windows when the 
polymers are ionized and the pair is dissociated. At pKa < pH 
the weak polybase is protonated; at pH > pKb the weak polyacid 
is ionized. In the pH window pKa > pH < pKb, the weak PEs 
can associate.[1a]

3. Dissociation of Weak Polyelectrolytes in 
Aqueous Medium

Dissociation constants of PEs depend on a lot of parameters 
such as polymer architecture,[8] molecular weight,[9] charge den
sity,[10] electrostatic repulsion between the charged groups,[10] 
hydrophobic interactions,[10] screening effect of salt.[11] Thus, 
in order to explain the complex behavior of the pK of PEs, an 
apparent dissociation constant is introduced. The apparent dis
sociation constant, pKapp, is used to explain the dissociation 
equilibrium in weak PEs. The HendersonHasselbalch equation 
is applied to discuss possible pH dependent shifts of pKa or 
pKb of weak PEs due to, for example, electrostatic interactions 
of the charged groups in branched or linear polymer chains or 
electrostatic screening, that can be caused by added salt mole
cules[11] or even by an increase in the concentration of dissolved 
polymer. Due to a complex pH dependent behavior of weak PEs 
we consider more closely the factors that can affect the dissocia
tion equilibrium in weak PEs.[1a]
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One of the factors that can affect the pK is the polymer archi
tecture.[8] The protonation behavior of branched and linear 
polymer chains is different and can be explained by the pres
ence of different charged groups in the linear and branched 
molecules using PEI. In the linear PEI chain primary amino 
groups are present. The branched PEI molecules have primary, 
secondary and tertiary amines and, additionally, can have dif
ferent degree of branching. In general, the protonation/depro
tonation behavior of weak PEs is a complex multistep process, 
which has several dissociation equilibria. Thus, it is important 
to describe in details the protonation/deprotonation behavior 
of linear and branched molecules. Predictions of the protona
tion process of different polymer architectures are provided by 
Barkovec et al.[8] The predicted results are compared with the 
titration data.

Borkovec et al.[8] studied the effect of strong shortranged 
electrostatic interactions between neighboring charged amino 
groups on the pK values of dendritic, comblike and linear PEI. 
The authors used potentiometric titration to compare the pre
dicted and experimental protonation/deprotonation behavior of 
comblike PEI.

In order to explain a multistep protonation of PEI Borkovec 
et al.[8] applied a model considering additionally to the pK a 
pair intersection interaction parameter or a free pair interac
tion energy, ε. The predicted titration curves were different 
for the branched and linear molecular architectures of PEI. At 

high pH, for all polymer architectures the first protonation step 
occurred at pH ≈ pK = 10 due to independent binding of pro
tons to the amino groups of PEI. For the linear PEI two proto
nation steps were calculated with a plateau when half charged 
groups in the polymer are protonated. For the comblike PEI, 
Borkovec et al.[8] predicted three protonation steps with two pla
teaus. One plateau was characterized by half protonation of the 
polymer chains. The second one was predicted for the polymer 
with twothirds protonated amines. The presence of a plateau 
was explained by the formation of an intermediate configura
tion of PEI, where every unprotonated moiety is in the vicinity 
of two protonated neighboring groups in the linear polymer 
and one protonated neighbor in the branched polymer. Thus, 
at pH ≈ pK – 2ε = 6 for the linear PEI, at pH ≈ pK – 3ε = 4 for 
dendrimers and at pH ≈ pK – ε = 8 for the comblike PEI the 
pair interactions can be neglected and the protonation can con
tinue. The second plateau in the comblike molecules occurs 
when every unprotonated group is neighbored by three proto
nated groups at pH ≈ pK – 3ε = 4.[8]

Potentiometric titration of the comblike molecules also 
revealed three protonation steps. First two steps occur 
pH 9.0–9.5 and pH 4.5–5.0. However, the protonation of the 
tertiary groups was not observed experimentally. It was pro
posed that this step might be in the very low pH range of 
–1.0 and +0.5. Nevertheless the experimental and predicted 
data have some discrepancy, it is clear that polymer architecture 
has a strong influence on the dissociation equilibrium of weak 
PEs and, thus, it is very important to consider the different 
pHdependent behavior of polymer chains by construction of 
pH sensitive multilayers.[8]

The effect of polymer composition and also architecture on 
the dissociation equilibrium in polybases was studied by Suh 
et al.[10] It was shown, that modification of polyamines by hydro
phobic lauryl groups led to the inhibition of the protonation 
of amino groups. Furthermore, the study of the protonation 
behavior of branched PEI and linear poly(allylamine) showed, 
that linear poly(allylamine) exhibited a low proton affinity 
in comparison to PEI. It was proposed that poly(allylamine) 
molecules had a cluster like micellar structure, in which hydro
philic and hydrophobic parts of the molecules were separated. 
Ammonium cations in the linear polymer were located at a 
relatively short distance to each other and are able to suppress 
deprotonation of one another.[10]

Suh et al.[10] also published interesting experimental data 
on a complex pH dependent behavior of different concentra
tions of polyamines. The authors studied the effect of different 
concentrations of dissolved polymer and also the effect of dif
ferent concentration of charged groups per molecule on the 
dissociation equilibrium. This work elucidates the influence 
of ionic strength on the protonation/deprotonation behavior of 
polyamines, that can be changed by adding different salt con
centration, but also is varied with the concentration of charged 
groups in the polymer molecules. Suh et al.[10] demonstrated 
that the pKapp of the polyamines decreased linearly as the pH 
was lowered. It was explained by an increased electrostatic 
suppression of the protonation process, when the concentra
tion of positively charged groups in the polymer molecules 
was increased at lower pH values. Thus, the presence of proto
nated amino groups in a polymer electrostatically hinders the 
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Figure 1. (A) pH dependent behavior of a weak polybase and a strong 
polyacid; (B) a strong polybase and a weak polyacid; (C) two weak PEs. 
In the simplest case, the association/dissociation process depends on 
pK values of weak PEs.[1a]
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subsequent protonation process. The authors propose that each 
amino group of the polymers can have a different pK value.

Thus Suh et al.[10] showed that the degree of protonation of 
PEI depended on the concentration of the polymer solution. 
The authors explained this phenomenon by the change in ionic 
strength that was observed in the deprotonated solutions of 
PEI. An increase in the concentration of the protonated amino 
groups led to an increase in the ionic strength of solution. The 
degree of protonation decreased with an increase in the concen
tration of dissolved polymer. This work clearly showed that the 
Debye length of dissolved weak PEs was strongly affected by 
concentration and nature of charged molecules in the solution. 
Screening of electrostatic interactions in polymer molecules 
strongly affected the dissociation equilibrium of weak PEs.[10]

Additionally, Burke and Barret[12] experimentally revealed a 
significant shift in the dissociation constants of multilayers of 
PAH and PAA in comparison to dilute solution values. It was 
found, that the number of layers, the pH of deposition solu
tions and ionic strength strongly affected pKapp. The pKapp of 
PAA and PAH increased with an increase in the pH of the 
assembly. However, for PAA the value of pKapp in the multi
layers was much lower than in a dilute solution.

4. “Proton Sponge” Behavior of Polyamines

Recently, it was demonstrated, that polyamines exhibit an 
interesting proton binding property that is known in biology 
as “proton sponge” properties. First, this property was 
observed and described by research groups that worked on 
the development of biomimetic functional molecules for gene 
delivery.[13–16] However, till now “proton sponge” behavior is not 
well understood and is one of the questions that chemists seek 
to answer.[1a]

It was shown that polyamines and, especially, PEI were very 
efficient for nonviral gene transfer.[13–16] The gene transfer effi
ciency of PEI was attributed to its unique ability to overcome a 
specific barrier to gene transfer, lysosomal degradation. It was 
proposed that binding protons PEI molecules triggered the 
influx of chloride ions and, thus, increased the ionic strength 
inside the endosome. Due to a probable osmotic swelling the 
endosome underwent physical rupture.[14] In order to support 
this hypothesis, Akins et al.[13] compared the gene transfection 
efficiency of PEI and quaternized PEI. The authors proposed 
and experimentally proved that quaternized PEI exhibited lower 
effectivity.

During the last decade a lot of discussions have been evoked 
about the mechanism of PEIassisted gene delivery.[16] The 
proton binding behavior of polyamines is not argued. However, 
Benjamensin et al.[16] proposed an alternative mechanism. The 
authors reported that the pH in lysosomes was not affected by 
the presence of PEI. The alternative mechanism is based on the 
pore formation in membranes due to an interaction between 
PEI and the membrane. Due to a “proton sponge” behavior of 
PEI the membrane tension can be increased. Thus, even if the 
mechanism of PEIassisted gene delivery is an open question, 
it is clear, that polyamines possess a pronounced pH buffering 
capacity over almost the entire pH range that can be used for 
drug delivery and in anticancer therapy.[1a]

In order to avoid cytotoxic behavior of synthetic polyamines 
chitosan and its derivatives can be promising candidates.[1a] 
Richard et al.[17] indicated that chitosan had a similar capa
bility to induce a “proton sponge” effect as PEI. The ionization 
behavior of chitosan and chitosanDNA complexes is compared 
to that of PEI. Chitosan has even a higher buffering capacity 
than PEI in the lysosomal pH range, while the formation 
of chitosanDNA complexes reduced the chitosan buffering 
capacity because of the negative electrostatic environment of 
nucleic acids that facilitates chitosan ionization.

Summarizing, “proton sponge” behavior of polyamines that 
is nothing else as buffering properties of weak PEs is a very 
interesting process that can be used for different bio applica
tions. The proposed mechanism suggests that polycations can 
penetrate biological membranes and accumulate in lysosomes. 
Increase in the concentration of polyamines in lysosomes can 
definitely lead to an increase in osmotic pressure, swelling of 
lysosomes and their rapture. Thus, an interesting question, 
whether “proton sponge” properties of polyamines are impor
tant for gene delivery or weak polyamines just a useful carrier 
for DNA molecules that can bind, deliver and release genes on 
demand, is still open.[1a]

5. pH Dependent Swelling Behavior of Assembled 
Weak PEs

pH dependent swelling behavior of weak PEs was explained 
by the contribution of repulsive and attractive electrostatic 
interactions to the formation of collapsed and gel phases.[1a,18] 
Farhat et al.[19] analyzed the water content in the multilayers 
formed by a strong PSS and a weak PAH and found, that under 
ambient conditions the multilayer contained up to 10–20 wt.% 
of water.[19] Chi and Rubner[20] investigated the effects of charge 
density on swelling of weak positively charged PAH and nega
tively charged PAA. It was shown, that the multilayer thickness 
significantly increased, if the degree of ionization of the weak 
PE decreased below than 70–90% charged units.

A mechanism of the swelling/deswelling transitions of 
the pH dependent multilayers was proposed by Rubner 
et al.[21] It was shown, that the pH value, at which the 
multilayers were formed was important for the further 
swelling/deswelling behavior of the layers. Two different 
pH dependent swelling behaviors were observed. When the 
assembly is formed at pH < pKb and weak polybase is proto
nated, the film demonstrates a pH dependent swelling transi
tion over the pH range of 2–10.5. When the layers are depos
ited at pH > pKb, swelling/deswelling is determined by the 
elimination/reestablishment of hydrophobically associated 
PAH chain segments.

The experimental results of Rubner et al.[21] were supported 
by the predictions of Choudhury and Roy.[22] The study[22] 
revealed, that water can form hydrophilic and hydrophobic sol
vation shells in weak PEs. The hydrophilic solvation shell in 
PEI was calculated ≈0.35 nm. The hydrophobic solvation shell 
was ≈0.30 nm. It was shown that water molecules associated 
to polymer chains were ordered, and the ordering increased 
with the level of protonation. The unprotonated and protonated 
chains associate different number of water molecules. The 
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completely protonated molecules are hydrophilic and, thus, a 
thicker solvation shell can be expected.

Another interesting question is the mobility of associ
ated water molecules in the multilayers.[1a] Schwartz and 
Schönhoff[23] analyzed 1H spin relaxation by NMR for the 
investigation of the hydration of multilayers. The multilayers 
were formed by alternating adsorption of PSS and PAH. The 
experiments showed, that the adsorption of weak PAH layers 
led to an increase in 1H spin relaxation rate, which can be an 
evidence of an increase in water mobility. On contrast, deposi
tion of a strong PSS led to a decrease in 1H spin relaxation rate 
and thus to a decrease in water mobility due to reduction in 
dynamic of bounded water molecules or to a decrease of the 
amount of water in the multilayers.[23]

Choudhury and Roy[22] calculated the relaxation time for the 
hydrogen bounded water molecules and water molecules, that 
were clustered due to hydrophobic interactions with polymer 
backbones. It was found, that for both water fractions the relax
ation time of water molecules increased, when the polymer was 
protonated. These results were explained by the formation of 
a stronger hydrogenbonding network in the charged system. 
However, if the second solvation shell was considered an 
increase in the relaxation time for the protonated chains was 
revealed. The authors proposed, that such interesting relaxation 
behavior of the associated water molecules can be explained by 
a tendency of water molecules to jump[1a] into a more favorable 
configuration closer to the hydrophilic centers of PEI.[22]

The selfdiffusion coefficients were computed using the 
Einstein relationship. It was shown that the second solvation 
shell of the unprotonated chains has a selfdiffusion coef
ficient ≈2.65 × 10–5 cm2 s–1 (at 300 K); for the first shell it is 
≈1.16 × 10–5 cm2 s–1. For the completely protonated system, 
the selfdiffusion coefficients are ≈2.03 × 10–5 cm2 s–1, 
≈1.48 × 10–5 cm2 s–1, respectively. These data prove the previ
ously discussed tendency: electrostatic interaction in charged 
polymers triggers slower diffusion of water molecules, that are 
associated with charged groups and stimulates the diffusion of 
the second shell.[22]

In order to understand the relaxation properties of the 
multilayers it is important to understand whether the water 
molecules diffuse along the chain or jump to the solvation shell 
of another molecule.[1a] Choudhury and Roy[22] proposed that in 
the elongated protonated molecules the water molecules prob
ably share their solvation shell with the nearest neighbors. In 
the unprotonated PEI coils the diffusion of water molecules can 
occur between different chains.

6. pH Dependent Morphological Changes of the 
Multilayers

In order to understand the order of magnitude of pH triggered 
conformational charges of PEs we would like to present studies 
of structural properties of weak PEs in protonated/deproto
nated states. The different studies[22,24] showed that in unpro
tonated PEI chains the endtoend distance was ≈2 nm and the 
radius of gyration (Rg) was ≈1 nm, which indicated the coiled 
form. For the elongated completely protonated system the 
endtoend distance was ≈5.4 nm and Rg was ≈1.8 nm. These 

parameters were calculated for 20mer PEI. For 50mer chains 
the endtoend distance was ≈3.2 nm for unprotonated mole
cules and ≈8.5 nm for protonated molecules. Rg was ≈1.2 nm 
and ≈2.8 nm, correspondingly.[22]

In a number of studies amazing morphological changes 
with pH change were reported for multilayers formed by weak 
PEs.[1a] Rubner et al.[25] proposed a pH driven formation of 
microporous films of PAA and PAH. The mechanism is based 
on pH driven dissociation/association of polymer pairs. In 
result, the phase segregation and pore formation occur. The 
formation of pores was achieved by treatment of the PAA/PAH 
multilayers by acidic solution with pH = 2.4. The authors 
observed a significant increase in the thickness of the film. 
Then the relative density of the film was reduced.[25,26]

Dubas and Schlenoff[9] proposed a pHassisted approach 
to the modulation of the morphology and properties of the 
PAA/PDADMAC pair. The films formed by low and high 
molecular weight PAA exhibited a pH dependent change of 
the thickness. The morphological changes were explained by 
pH dependent protonation/deprotonation behavior of a weak 
polyacid, PAA. The PAA molecules are more hydrophobic in 
the protonated state. It is interesting, that besides electrostatic 
interactions the PAA/PDADMAC pair can be associated via 
hydrogen bonding. Due to protonation of PAA the electrostatic 
interactions decrease, but the multilayers are stabilized by 
hydrogen bonds.

Highmodulation morphological changes can be achieved by 
the deposition of charged block copolymers on mesoporous 
metal surfaces.[1a,27,28] The mechanism of pH dependent high
amplitude changes of the LbL deposited block copolymers 
and block copolymer micelles is based on dissolution/collapse 
of the micellar core at different pH or pH dependent length 
and density of the micellar shell. Polymeric socalled nano
anemones were proposed by Webber et al.[29] These micelles 
contain poly(2(dimethylamino) ethyl methacrylate)block
poly(2(diethylamino) ethyl methacrylate) (PDMAbPDEA). 
PDEA is molecularly dispersed at low pH and collapses at 
higher pH. Another interesting example of pH sensitive poly
meric micelles are BMAADq coreshellcorona micelles.[30] The 
charge density of the MAA block and dissolution (at pH 4) 
or regeneration (at pH 7) of the shell can be adjusted by the 
pH of the solution. The mechanism of the reversible morpho
logical change of these micelles is based on the electrostatic 
attraction/repulsion between protonated/deprotonated MAA 
and the positively charged quaternized poly(2(dimethylamino) 
ethyl methacrylate) (Dq) blocks. The highamplitude morpho
logical changes of this system were used for the construction of 
antifouling coatings (Figure 2, and see also chapter 9).

7. pH Buffering Properties of PEs Assemblies and 
Suppression of Metal Corrosion

The unique pH dependent properties of the PE multilayers that 
are highlighted in the previous part are attractive for different 
applications. Corrosion protection is one of such application 
areas. Corrosion is a natural process of materials degradation 
or aging. The corroded surfaces loose their integrity and func
tions. PE multilayers are dynamic systems that can be used for 
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the regulation of physicochemical processes on degraded sur
faces. Swelling and high mobility of electrostatically bounded 
PE layers, pH buffering behavior of polyamines, highampli
tude morphological modulations are desirable features, that 
can be provided by PEs multilayers.[1a,31–36]

First, the unique pH buffering properties of polyamines can 
be used for the regulation of a corrosion degradation process. 
Metal corrosion begins, when the protection system on a sur
face is defected and cannot prevent a reaction of metal atoms 
with oxygen and humidity. It can happen due to mechanical 
scratch or impact of aggressive medium. Metal atoms are oxi
dized; this reaction is accompanied by release of H+ on an 
anode. Thus, neutralization of corrosion induced local acidifica
tion can affect the kinetics of the degradation process. Such pH 
buffering activity of the PE multilayers can be realized by using 
the LbL deposited weak polyamines. As oppositely charged 
layers it is possible to use both strong negatively charged poly
mers and weak negatively charged PEs.[1a]

The layers of strong PEs are dense, probably less permeable 
in comparison with the film formed by weak PE. The multilayers 
could adhere to the surface, seal surface defects, and protect the 
surface from aggressive medium. Strong PEs can provide other 
mechanisms of anticorrosion protection.[37] For example, alu
minium corrosion occurs when chlorides chemisorb onto the 
oxide surface and form soluble oxidechloride complexes.[38] 
Thus, competitive adsorption of PEs can prevent the adsorption 
of aggressive anions by formation of a protective coating on the 
metal surface and can slow down the corrosion process.

Summarizing, strong and weak PEs can provide two mecha
nisms of corrosion protection of metals.[31–36] In order to reveal 
the contribution of these two mechanisms to the protection of 

metals we compare the anticorrosion proper
ties of three systems. LbL films of 10 bilayers 
of two strong PEs PSS and PDADMAC 
was used, two weak PEs PEI and PAA and 
a combination of the positively charged 
weak PEI and the negatively charged strong 
PSS.[1a,31–36] Figure 3 shows maps of anodic 
and cathodic activity of the corroded metal 
surfaces. In situ visualization and time moni
toring of corrosion degradation of metal sur
faces protected by LbL films was performed 
using the scanning vibrating electrode tech
nique (SVET, Applicable Electronics, USA; 
diameter of the Pt blackened electrode tip is 
20 μm, the peaktopeak amplitude is 60 μm, 
and the vibration frequency is 655 Hz). The 
SVET method allows monitoring local 
cathodic and anodic activity of the defects 
and in situ observation of healing behavior of 
the multilayers.[1a]

As seen in Figure 3 the multilayers formed 
by a pH buffer, PEI, and the relatively low 
permeable PSS demonstrate an excellent pas
sivation of the corrosion process. The maps 
were recorded every 15 min, however no 
ionic flux can be detected. The experiments 
with the multilayers formed by two weak PEs, 
PEI and PAA, are very interesting, because it 

is possible to visualize pH buffering behavior of the weak PEs. 
The SVET images show that the multilayers can regulate the 
migration of ions up to 7 h, and then the ions are released into 
the media, which is detected by SVET in the medium. The next 
snapshot shows the passivation of the degradation process.[1a]

This experiment illustrates the dynamic behavior of the 
multilayers formed by weak PEs. Local environment can reg
ulate the dynamics of structural relaxation in such systems. 
LbL assemblies of weak PEs regulate the diffusion of ions and 
simultaneously undergo pH triggered conformational changes 
of polymer chains and changes in the interchain distance. The 
relaxation process occurs by local pH neutralization and can be 
achieved by a pronounced pH buffering activity of pH sensi
tive materials. The water formed during neutralization leads to 
swelling of the polyelectrolyte multilayers and to enhancement 
of their mobility, resulting in faster diffusion of the polyelectro
lyte chains and restructuring of the multilayers. This concept is 
confirmed by experiments with LbL assembled strong PEs. The 
multilayers of strong PEs are not efficient in corrosion protec
tion of metal surfaces.[1a]

Additionally, as we already mentioned, PE multilayers are 
dynamic polymer systems due to electrostatic noncovalent 
interactions between oppositely charged polymers. Polymer 
segments are relatively mobile and restructuring of the LbL 
assemblies is possible in response to environmental change. 
pH changes following the corrosion process cause ionization 
of the functional groups of the PEs, which results in a low
ered electrostatic interaction of the polymers as well as in an 
increased repulsion between uncompensated charges.[39,40] Ions 
can penetrate the layer structure to compensate the uncom
pensated charges.[41] The higher ionic concentration compared 

Adv. Mater. Interfaces 2017, 4, 1600282

www.advmatinterfaces.de
www.advancedsciencenews.com

Figure 2. Confocal kinetic study (fluorescence mode) and schematic illustration of pH trig-
gered self-cleaning behavior of the porous metal surface covered with pH responsive micelles. 
Labeled Lactococcus Lactis 411 bacteria in their metabolic cycle decrease pH, micelles respond 
to change and increase in size, bacteria detach from the surface. Adopted with permission.[30]
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to the surrounding solution increases the osmotic pressure 
resulting in permeation of water into the polyelectrolyte mul
tilayers. Thus, the PE multilayers start to swell, reorganize 
and heal surface defects that can appear during corrosion 
degradation.[1a]

8. Drug Delivery

Delivery systems based on pH responsive PE multilayers are 
developed to affect normal physiological process in the body 
(Figure 4) or to ensuring an optimum pH range according to 
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Figure 3. Illustration of the contribution of pH buffering and barrier properties of LbL assemblies. Three systems are compared: multilayers formed by 
10 bilayers of two weak PEs, PEI and PAA; 10 bilayers of positively charged weak PEI and negatively charged strong PSS and; 10 bilayers of two strong 
PEs, PDADMAC and PSS. Time dependence of the current density changes of the damaged metal surfaces covered by PE multilayers obtained by using 
the scanning vibrating electrode technique (SVET): red curve – anodic current, blue curve – cathodic current (scale units: μA cm−2, spatial resolution 
150 μm, solution: 0.1 m NaCl). The snapshots are measured in 1, 7 and 8 h of the experiment time. Reproduced with permission.[1a] Adopted with 
permission.[36] Copyright 2010, American Chemical Society.

Figure 4. pH in body compartments together with pointed examples of “free” and “surface” capsules to be used to deliver drugs to the gastric section 
and implant development, correspondingly. 



P
r
o

g
r
es

s
 r

eP
o

r
t

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1600282 (8 of 15)

the need. Here multidisciplinary knowledge 
is needed, an example being cancer tissue, 
which has been reported to be acidic extra
cellularly:[42] 1) to understand physiological 
environments; 2) suggest biocompatible 
multilayer design, where assembly increases 
the porosity, which is swelling under lower 
pH, but is stable in neutral one; 3) PE and 
delivered drug interaction, e.g. not to have 
later release of proteins or their denaturation; 
4) experimental test loading/release behavior, 
stability, reversibility; 5) system fundamental 
understanding, modeling; 6) in vitro labora
tory tests with high significance; 7) in vivo 
tests. The cycle involves different scientific 
areas from fundamental computer models 
to chemistry, physics, biology and medi
cine stateofart. Here our focus is on poly
electrolyte compositions, which change their 
properties under ΔpH: increase of porosity, 
swelling, water uptake, regulate ion migra
tion, hydrophilicity.

pHdependent weak PEs are used for the 
release of chemicals from PE based capsules by changing their 
ionization (Figure 1), charge density resulting in the change 
of their microstructure – porosity, hydrophilicity, swelling 
behavior, water uptake, ion migration – triggered by natural 
pHchanges in the environment. Thus the permeability of cap
sules is tuned by a pH change. The changes in pH sensitive 
multilayers are preferably reversible returning the assembly to 
the initial state as soon as the pH is normalized.

It is especially important to take into account the change 
in pH in certain organs or diseased states to suggest optimal 
composition, physiological considerations. For example a pH 
change occurs along the gastrointestinal tract,[43] within the 
various body tissues (Figure 4). Drug encapsulation is devel
oping in two directions (Figure 4):[44] 1) “free” capsules with 
different sizes from micrometer to nanometer ranges; and 
2) “surface” capsule formation for special surface nanoarchitec
ture connected with their applications. Both types of capsules 
are in focus to delivery application to guide chemicals with pH 
change.

It is of high priority (Figure 5) to control drug delivery 
(shown in red), having in mind the properties of PE, change in 
polymer mass (shown in green), mass of water (shown in blue), 
under different pH levels. As could be seen in Figure 5, from 
the graph, the amount of water absorbed by PEs can be well 
beyond the initial amount of polymer, even reaching ten times 
its value during the time interval shown. The water uptake 
depending on pH can be a key parameter to determine the 
swelling phenomenon and, as a consequence, the drug release 
from a matrix. A typical drug release profile via diffusion 
from PEs is shown in Figure 5, red circles on the right axis.[45] 
Release kinetics is faster at the beginning and tends to decrease 
with time, till all of the drug contained in the matrix reaches 
the dissolution medium. Release kinetics for pH sensitive sys
tems is strongly dependent from the pH: either capsule being 
in open or closed state. On the contrary, the mass of the drug 
still contained in the matrix is shown in Figure 5 as green stars, 

on the left axis. It can be measured by the difference between 
the drug released and the initial amount of the drug.

Weak PEs multilayers were suggested by Sukhorukov et al.[46] 
for pHcontrolled macromolecule delivery. Capsules were 
composed of 8 PSS (strong)/PAH (weak) layers. In such PEs 
assembly pH sensitivity can be first of all attributed to weak 
PE, PAH; and capsule stability to strong PE, PSS. Permeation 
and encapsulation of labeleddextran macromolecules into PE 
capsules suggest, that capsules are more permeable (“open”) at 
pH < 6.5 and less permeable (“closed”) at pH > 7.5. The same 
capsules, (PSS/PAH)8, were demonstrated[47] later to be open 
also at pH > 11. The mechanism of capsule opening is different 
in acidic and basic regions. Thus at pH > 11 it was shown that[47] 
PAH is less charged, and negative charges on PSS resulted in 
electrostatic repulsion, the capsule diameter increases, and 
in such a conformation the capsule is permeable.

It is an important issue to prepare capsules for different pH 
windows. Shutava et al.[48] suggested minimal permeability at 
pH 5.0–7.0 and maximal permeability at very high and very 
low pH capsules based on introducing tannic acid, a natural 
polyphenol, in PE assembly. Imoto et al.[49] reported acidic cap
sules composed of the weak and biodegradable polyelectrolytes 
chitosan and poly(Gglutamic acid) with fast release at acidic 
pH, and limited one at neutral and alkaline pH. Cuoma et al.[50] 
demonstrated the role of alginate or chitosan as the outer layer 
at liposometemplated PE capsules: chitosan as outer layer is 
stable only at acidic pH, alginate as outer layer remains stable 
at all the pH 4.6 to 8. The pHoptimum for the shrinking event 
was in the acidic range. Tong et al.[51] fabricated hollow bovine 
serum albumin capsules through a glutaraldehydemediated 
covalent LbL assembly method and subsequent core removal 
permeable for macromolecules at pH below 4.0 or above 10, 
while they remained impermeable in between.

Different pH during PE deposition is important to pro
vide certain capsule permeability and the capsule postassem
bled film pH response. The PEs multilayers exhibit a history 
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Figure 5. Example of important parameters for monitoring of polymer-based systems for drug 
delivery: drug and polymer mass evolutions (in green) and water mass evolution (in blue) 
together with the evolution of the percentage of drug released and suggestion to monitor 
the properties at various pH (in grey). Adopted with permission.[45] Published under CC-BY 
3.0 licence 2016. Copyrighted by the authors.
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dependent swelling behavior and molecular conformational 
memory[52] It was illustrated, that the same two PEs as PAH/
PSS can be incorporated into a multilayer film with specifi
cally designed molecular architectures (by virtue of assembly 
pH conditions), that enable them to be either virtually insen
sitive or highly responsive to small changes in postassembly 
pH capable to deliver anionic dye molecules, e.g. rose bengal. 
Multilayer films assembled from PSS and PAH contained two 
design features: a weak PE with a pHtunable charge density 
(PAH) and a strong PE with hydrophobic aromatic units (PSS). 
Multilayers fabricated at pH 9.5 were mostly pH sensitive; 
having initially relatively low degree of ionic crosslinking (see 
Figure 1), and a high extent of chain loops created sufficient 
“flexibility” for the system to access various conformational 
states. On contrary PAH/PSS assembled at 6.5/6.5 or 2.0/2.0 
exhibits relatively pHinsensitive swelling behavior due to 
the relatively high degree of ionic crosslinking and interpen
etration afforded by their molecular designs. Thus PAH/PSS 
multilayers formed at pH 9.5/9.5 are pH responsive and at, for 
example pH 6.5/6.5, are pH insensitive.

Delivering both macromolecules and low molecular weight 
species is an issue to solve. From the beginning in different 
groups the question was in focus. PE multilayers first were 
deposited onto colloids; a subsequent extraction of the colloidal 
template then yields hollow microcapsules.[53] The systems can 
be loaded with enzymes,[54] dyes[55] ions.[56] Simultaneously the 
core can remain and also be loaded with other chemicals. By 
Skorb et al.[57–59] various capsules with mesopours core and pH 
sensitive PE multilayered shell were suggested to be used for 
corrosion termination. It was discussed above that corrosion 
change pH of the surround medium which regulates release of 
active species from the capsules.

One more recent focus in the area of drug delivery is dual, 
multi loaded capsules: loading in one system several spe
cies. As an example, in the group of Tsukruk recently were 
reported[60] dualloaded microcapsules based on assembly of 
star polymers. Sequential release of two types of molecules 
from the core (anionic FITCdextran) and shell (cationic 
Rhodamine B molecule) of the microcapsules sequentially 
and independently is suggested due to different stimuli: pH 
decrease results in dextran release; increase in ionic strength to 
Rhodamine B release.

Examples for surface capsules can be implant materials. 
Nowadays implants preferably have biocide activity together with 
being in the body releasing active species, e.g. growth factors, to 
stimulate processes in cells.[61] To increase the loading capacity 
the surface is suggested to be structured to have porous surface 
layers. We recently compared two methods for metal surface 
structuring: ultrasonic surface treatment,[62–64] and anodiza
tion[65] to provide surface porous layer. It is also interesting in the 
area of surface capsules to have multi responsive encapsulation 
systems. It was shown that effective use of this purpose magne
sium based material which can provide multimodal release.[66]

Taking together mentioned above notwithstanding there is 
stateofart to have real system for delivery active species based 
on modulation of pH sensitive PE protonation, morphological 
changes, how specific interactions between different cations, 
e.g. H+, Na+, may influence deviations of ion concentrations, 
theory to solutions containing not only monovalent microions, 

but multivalent ions Ca2+, Mg2+, Zn2+, Fe3+, interionic correla
tions, local pH deviation, e.g. induced by negatively charged 
microcapsules, etc. However even the behavior of the first sug
gested system (PAH/PSS)[46] is so variable and worth to dis
cuss in regards of kinetic of proton migration, PE activation 
depending on PE multilayers architecture, initial parameters 
during assembly (pH, ionic strength, PE molecular weight, con
centration, template core) together with other model systems to 
have further progress in this broad promising area.

9. Antimicrobial, Antifouling Coating

Architecture and stimuliresponsive behavior of pH respon
sive PE multilayers can reduce fouling in biomedical contexts. 
Fouling typically takes the form of biofilms,[67] whereas marine 
and industrial biofouling typically includes macrofouling[68] 
and inorganic fouling.[69] PE surfaces can be toxic for bacteria 
itself. It was shown,[70] that nanoparticles functionalized with 
cationic PAH, associated most significantly with bacterial sur
faces and induced the greatest membrane damage and toxicity 
to bacteria. PEI also has a toxic effect for bacteria.[71] It was 
also proposed that the bactericidal effect results from the fact 
that hydrophobic polycationic chains were able to traverse and 
irreparably damage the bacterial cellular membrane, by inter
acting with and disrupting the negatively charged bacterial cell 
membrane followed by release of K+ ions and other cytoplasmic 
constituents.[72] Here the importance of a thorough under
standing of the specific molecular interactions between PE and 
cell is important and still under consideration. Thus already 
one top layer of PSS makes the system useful for cell growth, 
and allows the pHcontrolled recovery of placentaderived mes
enchymal stem cell sheets.[73]

pH can be used for modulation of biocide activity of the sur
face, delivery and loading (Figure 6). Despite the PE multilayer 
research for biomolecule delivery, clinical translation has been 
limited and slow. Mechanisms of loading biomolecules and 
achieving controlled release through PEs are key issue not to 
have resulting toxicity of delivered biomolecules. E.g. delivered 
proteins can change their conformation being delivered, result 
in a negative effect. Here different types of biomolecules can be 
imagined like proteins, polypeptides, DNA, particles and viruses. 
The prospect of delivery of active species from surface capsules 
was already mentioned above. It was shown,[74] that effective 
encapsulation and release of biocide agent from surface cap
sules, is based on mesoporous metal sponges, to effect bacteria 
inactivation (Figure 7). Losic et al.[75] worked a lot with surface 
capsules to deliver several species with timeresolved release.

One more example (Figure 2) from our recent work[30] is an 
intelligent system, where it can be selfregulating from inor
ganic to organic architecture to have a pronounced effect on 
the cell metabolism with cell metabolism in turn affecting the 
PE assembly: use the cell metabolism as one of the external 
stimuli for selfcleaning. Ultrasonically formed silver/alu
minum spongelike surfaces as well as Ag free surfaces were 
used for a selfassembled immobilization of pHresponsive 
triblock terpolymer micelles. Lactis bacteria produce lactic acid 
in their life cycle and change the pH of the environment, PE 
micelles increase their corona size and push off the bacteria. 
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The possibility to regulate cell adhesion was shown through 
patterned micelle adsorption. The antimicrobial activity clearly 
indicates antiseptic/disinfectant activity of the Ag/Al sponge 
surface. Moreover, it was show[76] that active species, e.g. release 
of reactive oxygen species (ROS), can result in detection of path
ogenic Lactis bacteria releasing bacteriophages due to the effect 
of ROS the bacteria DNA. Different ROS has either stronger 
affect grampositive bacteria than gramnegative: superoxide 
ions result in higher sensitivity of gramnegative bacteria.[77]

It was also shown, that PE assembly can affect ROS propa
gation from titania.[78] The antimicrobial properties against two 
different microorganisms: P. fluorescens (a fairly typical example 
of gramnegative bacterium) and L. lactis (a grampositive bac
terium). Light was used to generate ROS and following ΔpH 
on titania, but in this regime no inactivate microorganisms 
during the time scale of these disinfection experiments. Sum
marizing the results of the antimicrobial tests: the number of 
surviving bacteria exhibits a drastic decrease, when the cells are 
in contact with biocide films. The pronounced biocide activity 
of the coatings can be explained with generation of ROS and 
following ΔpH generation. Interestingly the release of super
oxideions was higher and hydroxyl radicals were trapped in the 
matrix, which was confirmed by a much higher biocide activity 
against grampositive L. lactis than against gramnegative  
P. fluorescens. By contrast, in contact with nanostructured indi
vidual sol TiO2 film, with active release of hydroxyl redicals, a 

much higher inactivation rate is attributed to 
gramnegative P. fluorescens. Gramnegative 
bacteria, like P. fluorescens, have a rather thin 
but highly resistant cell wall consisting of a 
single murein layer and a membrane made 
of lipopolysaccharides, phospholipids and 
proteins. This cell wall can be destroyed pre
dominantly under attack of hydroxyl radicals, 
whereas superoxide ions only slightly con
tribute in this process.[77,79,80] By contrast, the 
cell envelope of L. lactis (grampositive bacte
rium), which has a strong murein skeleton 
(more than 30 murein layers strengthened 
by interchain peptide bridges and molecules 
of teichoic acids) can be effectively destroyed 
not only by hydroxyl radicals but also by 
superoxide ions[77] These active oxygen spe
cies are longlived ones[81] and capable to dif
fuse over the surface of the PE based coating; 
as result, not only cells contacting with titania 
particles but also those adhered at the titania
PE surface could exhibit deactivation under 
illumination. Moreover organisms, which 
are more sensitive to superoxide ions than 
OH, are affected with higher significance on 
TiO2/PE than on TiO2.

Antibacterial textiles functionalized by 
PE multilayers and TiO2 photocatalyst was 
also suggested.[82] Looking precisely onto the 
results, it can be suggested, that indeed in top 
layer on TiO2 is PEI, not PSS, which results 
in highest biocide activity of the textile. It is 
explained like PEI being polycationic agents 

induce the reorganization of the bilayer structure with the 
alignment of lipid head groups perpendicular to the bacterial 
membrane,[83] but can also confirmed our results[78] mentioned 
above, that PE under illumination generate ROS, that propagate 
due to trapping some of species in PE, but releasing lower time 
lived ones out. Moreover the effect is more significant under 
lower irradiation dose, since longerterm irradiation can result 
in PE photodecomposition. Highest biocide activity is easier to 
achieve on textile[82] covered with PEs/TiO2, where titania is the 
last layer in the multilayer assembly (PEI/(PSS/TiO2)n). How
ever the system of PEI as last layer seems to have a stronger 
influence on the propagation of the photogenerated species. 
This fact needs further investigation and discussion, since it is 
still expected in following the growth of use PEs multilayers pro
pelled by the ease of film manufacture, low cost, mild assembly 
conditions, precise control of coating thickness, and versatility 
of coating materials to precise fundamental understanding and 
practical use for biomolecules, bacteria, cell detection and mod
ulation in biosensing and antimicrobial surfaces.

10. pH Gradient in PEs Assemblies

Two main questions are relevant under this topic: (1) genera
tion of pH gradients for biofabrication of membranes based on 
weak PEs; (2) change of pH with temporal and spatial control 
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Figure 6. (A) Schematic illustration of upload, storage and release of active component and 
general view of capsules generated at the metal surface. (B) SEM image of the cross section of 
an aluminum sponge-like layer for loading with the biocide agent 8-hydroxyquinoline (8-HQ). 
(C, D) Confocal images show the inactivation of E. coli due to 8-HQ release from the surface 
capsule layer: (C) before release stimulation and (D) after release. Inactivated bacteria are red 
and live bacteria are green. Adopted with permission.[74]
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for manipulation with biomolecules and cells on the PEs 
surface.

Chitosan, a natural PE is an ideal example material, whose 
pH responsive properties make it uniquely valuable for 
biofabrication. Luo et al.[84] reported the in situ generation of pH 
gradients in microfluidic devices for biofabrication of chitosan 
membranes (Figure 7). The pH responsive polysaccharide chi
tosan was reported to form a freestanding hydrophilic mem
brane structure in microfluidic networks, where pH gradients 
were generated at the converging interface between an acidic 
chitosan solution and a basic buffer solution. As shown in 
Figure 7, chitosan at higher pH than the pKa of ≈6.3 become 
deprotonated, so that the polymer loses its charge and becomes 
insoluble. A simple and effective pumping strategy was devised 
to realize a stable flow interface, thereby generating a stable, 
wellcontrolled and localized pH gradient. Chitosan molecules 
were deprotonated at the flow interface, causing gelation and 
solidification of a freestanding chitosan membrane from a 
nucleation point at the junction of two converging flow streams 
to an anchoring point, where the two flow streams diverge to 
two output channels.

Chitosan was compared with PEI and heparin by Kirchhof 
et al.[85] Multilayers were prepared at three different pH values 
of 5, 7 and 9. The findings suggested that formation of PE 
gradients can be achieved by controlled variation of a simple 
parameter – the solution pH value. Water contact angle and 
quartz microbalance measurements show, that the resulting 
multilayers differ in terms of wetting behavior, layer mass and 

mechanical properties. The multilayer is then 
formed within a gradient generation micro
fluidic device. PEI or heparin solutions of 
pH 5 are introduced into one inlet, and the 
same solutions but at pH 9 into another inlet 
of the device. Behavior of the osteoblast cells 
on top of the multilayers proved the existence 
of a gradient in PEs density resulting in a cell 
gradient density promoting cell migration.

In the work[86] gradients of biochemical 
and physical cues were generated on PE 
films composed of hyaluronan (HA) and 
poly(llysine) (PLL) using a microfluidic 
device. Four different types of surface con
centration gradients adsorbed onto the films 
were generated. These included surface con
centration gradients of fluorescent PLL, fluo
rescent microbeads, a crosslinker, and one 
consisting of a polyelectrolyte grafted with a 
cell adhesive peptide. In all cases, reproduc
ible centimeterlong linear gradients were 
obtained. Cell responses to the stiffness 
gradient and to the peptide gradient were 
studied: preosteoblastic cells were found 
to adhere and spread more along the stiff
ness gradient, which varied linearly from 
200 kPa–600 kPa. Myoblast cell spreading 
also increased throughout the length of the 
increasing peptide gradient. This work dem
onstrates a method to modify PE films with 
concentration gradients of noncovalently 

bound biomolecules and with gradients in stiffness. The results 
highlight the potential of this technique to efficiently and 
quickly determine the optimal biochemical and mechanical 
cues necessary for specific cellular processes.

A gradient fabrication method for combinatorial surface 
studies that provides the equivalent of 5000 individual PEe 
multilayer film physicochemical conditions in a single 7 cm 
square film was suggested.[87] An automated layering instru
ment was built, which can generate a gradient of physical 
properties on a film in 1 dimension laterally by simultaneously 
changing both the location of PE adsorption and the layering 
conditions, such as pH or salt concentration of the PE dipping 
solutions. By rotating the substrate 90° after each deposition 
cycle, full 2dimensional gradient combinatorial films were 
fabricated over many layers, spanning virtually all previous 
combinations of stable deposition pH and salt conditions for 
both PAH and PAA, a process which previously required more 
than 10 000 separate film samples. Surface spatial profiles of 
film thickness, surface energy (wettability), density (refractive 
index), and stiffness (modulus) were generated and correlated 
to assembly conditions. Optimal growth conditions were dis
covered not at the extremes of fabrication pH, but instead for 
PAH at a pH of 4–6 and for PAA at a pH around 4, demon
strating that these PE biosurfaces and this technique are suit
able for optimizing highthroughput cellular growth.

Charge regulation in polyacid monolayers attached at 
one end to a planar surface was studied theoretically.[88] The 
polyacid layers were designed to mimic singlestranded DNA 
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Figure 7. Generation of a pH gradient in microfluidics for in situ biofabrication of a straight 
chitosan membrane based on pH-responsive solubility of the polysaccharide chitosan. Adopted 
with permission.[85] Copyright 2011, Royal Society of Chemistry.
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monolayers. The effects of the local pH and salt concentration 
on the protonation states of the polyacid layer are studied using 
a molecular meanfield theory that includes a microscopic 
description of the conformations of the polyacid molecule 
along with electrostatic interactions, acid base equilibrium, and 
excluded volume interactions. It was shown[88] that the degree 
of protonation can go all the way from 0% to 100%, when the 
bulk pH is kept fixed at 7 by changing the surface coverage 
of the polyacid and the bulk salt concentration. The effects of 
increasing protonation and the expulsion of the cations from 
the monolayer are reduced, when sodium ions are replaced by 
divalent magnesium ions. It was predicted that, in the case of a 
monovalent salt, NaCl, the amount of proton binding increases 
dramatically for high surface coverage of polyacid and low bulk 
salt concentration. When the polyelectrolyte is almost com
pletely charge neutralized by bound protons, there is an expul
sion of sodium from the layer.

Thin pH sensitive PAH/PAA PE film thickness gradi
ents and spatial patterning via salt etching of multilayers was 
suggested by Rubner and Cohen et al.[89] The time and con
centrationdependent dissolution (etching) of PE multilayers 
immersed in NaCl solutions was observed. The PE film thick
ness decreased to a reproducible constant value, that depends 
upon the initial film thickness and the concentration of NaCl. 
As opposed to a “topdown” removal of PE chains from the film, 
the dissolution mechanism involved the diffusion and associa
tion of chains throughout the PEs, that leave the film in the 
form of PE complexes. Straightforward application of PE salt 
etching to pattern films, where the spatial position and amount 
of dissolved material are controlled, resulting in a multicolor 
reflector and a gradientthickness film.

A promising topic are thin PE films, e.g. mixed PE brushes 
with a gradual change of the composition, ratio between two 
different oppositely charged surfacegrafted weak PEs, across 
the sample.[90] The gradient of surface composition creates a 
gradient in surface charge density and, consequently, a gradient 
of the wetting behavior. The film was sensitive to pH and can 
be reversibly switched via pH change, consisting of poly(2vinyl 
pyridine) (P2VP) and PAA.[91] This brush provided new pos
sibilities to control surface properties upon a pH change. As 
compared to a neutral (nonelectrolyte) brush, electrostatic inter
actions may be explored as an additional parameter to regulate 
the response of a mixed brush. Theories predict that surface 
properties of a mixed PE brush are controlled by composition 
and charge ratio, degree of compensation of the total charge 
of the polymer. In the experiments previously reported[91] the 
mixed P2VPmixPAA brush demonstrated switching behavior, 
where the top of the brush was occupied by negatively charged 
PAA at pH > 6.7 or positively charged P2VP chains at pH < 3.2. 
In conditions of electrical neutrality, both polymers formed a 
dense collapsed PE complex. The same composition gradient 
film was suggested by Ionov et al.[92]

In the works[93,94] both theory and experimental results 
of behavior of surfaceanchored PAA brushes with gradient 
grafting density was studied. The theory[94] incorporated 
the acidbase equilibrium responsible for the charge regula
tion of the acrylic groups, as well as the conformations, size, 
shape, and charge distributions of all the molecular species. 
It was found, that the counterions adsorbed to the grafting 

surface, overcompensating the charge of the polymer. The 
charge regulation within the polymer layer is determined by 
the interplay between the bulk pH, the ionic strength, and the 
density of polymer. The system tends to become uncharged 
with decreasing ionic strength of the solution and increasing 
polymer density. In all cases the charge regulation acts in order 
to minimize the electrostatic repulsions in the system. The local 
distribution of protons within the polymer layer is predicted to 
be very different from that of the bulk solution. The local pH 
within the polymer layer can be tuned by varying the solution 
ionic strength and the polymer surface coverage; the variation 
can be as large as two pH units, relative to the bulk pH.

Changing pH with spatial control remains difficult,[95] being 
possibly used in the design of biosensors, materials for labon
chip, organonchip growth, etc., if the pH can be activated with 
other cell friendly external stimuli. A number of pHresponsive 
polymer films and hydrogels have been developed, biological 
systems typically do not tolerate substantial deviations in pH. 
Therefore, to apply such pHresponsive systems for biomedical 
or other sensitive applications, other stimuli, e.g. light, an elec
trochemical approach to alter local pH, while maintaining a 
constant, mild, bulk pH, can be effective.

Hammond et al.[96] suggested an elegant approach towards 
mechanomutable and reversibly swellable PE multilayer thin 
films controlled by electrochemically induced pH gradients. The 
polymer film comprised of PAH and PSS assembled at high 
pH (pH > 9.0), which is known to exhibit a large pHinduced 
swelling transition; however, relatively extreme bulk pH values 
(pH < 4 to swell, and pH > 10.5 to deswell) are required to 
manipulate the film. Negative electric potentials on gold elec
trodes coated with the PE film raised the local pH due to the 
potential induced reduction of dissolved oxygen and generation 
of hydroxide ions at the electrode surface. The in situ swelling 
state and mechanical properties of the film have been dem
onstrated to have 300% volume changes in the polymer thin 
films and had reversibly altered the mechanical properties over 
an order of magnitude (shear modulus between 1.9 MPa and 
230 kPa, loss modulus between 620 kPa and 92 kPa, and effec
tive indentation modulus between 19.2 MPa and 3.16 MPa).

It would be interesting to control the pH gradient via, for 
example, a local Red/Ox reaction of ions in the PEs assembly. 
Szleifer et al.[97] applied the theory to a single layer of pH sensi
tive PAH and the pHindependent osmium pyridinebipyridine 
complex onto the Au surface modified by mercaptopropane
sulfonate. The predictions from the molecular approach, vali
dated by experimental studies, were the coupling between the 
protonation equilibrium of the amino groups in the polymer 
and sulfonate groups in the thiol and the redox equilibrium of 
the osmium redox sites. It was found,[97] that the variation of 
the film properties has a nonmonotonic dependence on bulk 
pH and salt concentration. The film thickness shows a max
imum with electrolyte ionic strength, whose origin is attributed 
to the balance between electrostatic aminoamino repulsions 
and aminosulfonate attractions.

It would be attractive to use light to have a pH gradient, since 
light is a very convenient stimulus to control its localization, 
intensity and duration and, consequently, ratio of the generated 
pH gradient. By Ebara et al.[98] a photoinitiated proton releasing 
reaction of onitrobenzaldehyde (oNBA) was suggested to have 

Adv. Mater. Interfaces 2017, 4, 1600282

www.advmatinterfaces.de
www.advancedsciencenews.com



P
r
o

g
r
es

s
 r

eP
o

r
t

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (13 of 15) 1600282wileyonlinelibrary.com

pH responsive material separation. The surface trap and nano
particles were both modified with the pHresponsive polymer 
poly(Nisorpopylacylamidecopropylacrylic acid). The oNBA
coated surface exhibited proton release upon light irradiation, 
allowing the buffered solution pH to decrease from 7.4 to 
4.5 within 60 s. The low solution pH switched the polymer
modified surfaces to be more hydrophobic, which enabled the 
capture of the pHsensitive polymercoated nanoparticles onto 
the trap. When a photomask was utilized to limit the irradia
tion to a specific region, the polymer coated particle separation 
to only the exposed region. Via control of the irradiation, this 
technique enables not only prompt pH changes within the sur
face but also the capture of target molecules at specific channel 
locations. Reversibility and oNBA stability were not discussed, 
although being important issues.

In our recent study[99] we suggested, that under irradiation of 
TiO2 a series of photocatalytic reactions leads to a local change 
in pH, which modulates the pH sensitive PEs assembly. The 
efficiency of the multilayers’ response was investigated with 
atomic force microscopy, in situ quartz crystal microbalance, 
confocal laser scanning microscopy and by in situ ion selec
tive microelectrode technique for mapping the activity of pro
tons over the surface under local irradiation. Strong and weak 
polyelectrolyte assemblies, including biopolymers, pH sensitive 
micelles were studied to regulate the diffusion of protons to 
have morphological changes in PEs assemblies. We have man
aged[100] to develop multilayers, which can be activated with 
light due to a pH change on the titania surface. The system 
is shown in Figure 8, irradiation in the experiment was done 
from back contact and adsorbed by a titania layer. In the scope 
of photocatalytic reactions on TiO2 generation of protons was 
detected, which was trapped in PE assembly without proton 
release from the surface, but significant change in multilayer 
properties as thickness and stiffness. Initially the coating thick
ness is equal to 150 nm. Then the illumination is switched on 
and changes in thickness became 750 nm within 10 min of low 
intensity irradiation (5 mW cm–2). The longer irradiation didn’t 
result in further change of the film thickness. Colloidal probe 
atomic force microscopy measurements confirmed that the 

LbL polymer assembly on the photoactive titania film became 
softer (ca. 28 kPa) during irradiation compared to the initial 
stiffness (ca. 1,67 MPa). In the bioexperiment cells (preosteo
blast MC3T3) were cultivated on top of the surface. After 5 days 
the surface is irradiated from the bottom side. The part of the 
surface with titania layer activated PE assembly resulted in cell 
migration attributed to changes of the coating stiffness, which 
is known to be one of the critical parameters for the cells, and 
osteoblasts are known to prefer “harder” substrates. Here the 
following prospects for coculturing on such a surface can be 
imagined: two cell lines with different preferences for substrate 
stiffness can be spatially separated over the surface being con
trolled in time.

11. Conclusions

ΔpH in polyelectrolyte multilayers results in a framework of 
interdependent phenomena. To find a predictive model for con
trollable use of a natural ΔpH to modulate surface properties 
for advanced applications, as anticorrosion, drug delivery, anti
fouling, and multifunction, it is important to focus first of all 
on single phenomenon. However the goal is a predictive model 
combining several experimental approaches with the succes
sion of modeling approaches proposed to intelligent design of 
advanced systems.

The focus on ΔpH in polyelectrolyte multilayers can be 
suggested as the following. 1) Response of individual PEs to 
ΔpH, its protonation/deprotonation, is one important sub
question. 2) Multilayer architecture for basic systems, e.g. pH 
sensitive weakweak, weakstrong assemblies, not pH sensitive 
strongstrong polyelectrolyte multilayers, and weak biopoly
mers, e.g. polysaccharides, polypeptides, proteins is an issue. 
3) Many theoretical and experimental studies are oriented on 
spatially resolved diffusion of protons in multilayers in dif
ferent directions. 4) How can the type of polyelectrolyte (strong 
– weak) affect pH buffering activity and barrier properties of 
films? 5) pH effect on polyelectrolyte chain mobility and con
formation and, thus, on permeability, elasticity and swelling of 
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Figure 8. (A) Schematic of system for guided photocatalytic reactions on titania to produce a local pH gradient with fast trapping of formed protons 
and activation of pH sensitive modulation: change of stiffness from ≈2 MPa to ≈28 kPa and thickness from 150 nm to 750 nm results in cell migration 
over the surface. (B) Pre-osteoblast cells migrate towards the stiffer side of the substrates. Adopted with permission.[100]
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films is important for design of new systems. 6) Intelligent sys
tems can be designed for various advanced application. 7) Multi 
stimuliresponsive systems can be developed, for example, 
through the formation of hybrid pH sensitive colloidpolyelec
trolyte assembly. In this review we highlight the questions to 
sketch the framework of multidisciplinary phenomena of the 
use of natural ΔpH in polyelectrolyte multilayers.
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A. Khademhosseini, C. Picart, Lab Chip. 2013, 13, 1562.

[87] M. Sailer, C. J. Barrett, Macromolecules. 2012, 45, 5704.
[88] M. J. Uline, Y. Rabin, I. Szleifer, Langmuir. 2011, 27, 4679.
[89] A. J. Nolte, N. Takane, E. Hindman, W. Gaynor, M. F. Rubner,  

R. E. Cohen, Macromolecules. 2007, 40, 5479.
[90] M. A. C. Stuart, W. T. S. Huck, J. Genzer, M. Müller, C. Ober, 

M. Stamm, G. B. Sukhorukov, I. Szleifer, V. V. Tsukruk, M. Urban, 
F. Winnik, S. Zauscher, I. Luzinov, S. Minko, Nature Materials 
2010, 9, 101.

[91] N. Houbenov, S. Minko, M. Stamm, Macromolecules. 2003, 36, 
5897.

[92] L. Ionov, N. Houbenov, A. Sidorenko, M. Stamm, I. Luzinov, 
S. Minko, Langmuir 2004, 20, 9916.

[93] T. Wu, P. Gong, I. Szleifer, P. Vlček, V. Šubr, J. Genzer, Macromolecules. 
2007, 40, 8756.

[94] P. Gong, T. Wu, J. Genzer, I. Szleifer, Macromolecules. 2007, 40, 
8765.

[95] C. F. Lin, G. B. Lee, C. H. Wang, H. H. Lee, W. Y. Liao, T. C. Chou, 
Biosens. Bioelectron. 2006, 21, 1468.

[96] D. J. Schmidt, Y. Min, P. T. Hammond, Soft Matter. 2011, 7,  
6637.

[97] M. Tagliazucchi, E. J. Calvo, I. Szleifer, Langmuir. 2008, 24, 2869.
[98] M. Ebara, J. M. Hoffman, A. S. Hoffman, P. S. Stayton, J. J. Lai, 

Langmuir. 2013, 29, 5388.
[99] S. A. Ulasevich, H. Möhwald, P. Fratzl, F. H. Schacher, F. H. Schacher, 

S. K. Poznyak, D. V. Andreeva, E. V. Skorb, Angew. Chem., Int. Ed,  
2016, DOI: 10.1002/anie.201603313.

[100] a) S. A. Ulasevich, N. Brezhneva, Y. Zhukova, H. Möhwald, 
P. Fratzl, F. H. Schacher, D. V. Sviridov, D. V. Andreeva, 
E. V. Skorb, Macromol. Biosci. 2016, DOI: 10.1002/mabi.201600127;  
b) D. V. Andreeva, I. Melnyk, O. Baidukova, E. V. Skorb, 
ChemElectroChem 2016, DOI: 10.1002/cels.201600268.



Effect of Cavitation Bubble Collapse on the Modification of Solids:
Crystallization Aspects
Ekaterina V. Skorb,*,† Helmuth Möhwald,† and Daria V. Andreeva*,‡
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ABSTRACT: This review examines the concepts how cavitation bubble collapse affects crystalline
structure, the crystallization of newly formed structures, and recrystallization. Although this subject
can be discussed in a broad sense across the area of metastable crystallization, our main focus is
discussing specific examples of the inorganic solids: metal, intermetallics, metal oxides, and silicon.
First, the temperature up to which ultrasound heats solids is discussed. Cavitation-induced changes in
the crystal size of intermetallic phases in binary AlNi (50 wt % of Ni) alloys allow an estimation of
local temperatures on surfaces and in bulk material. The interplay between atomic solid-state
diffusion and recrystallization during bubble collapses in heterogeneous systems is revealed.
Furthermore, cavitation triggered red/ox processes at solid/liquid interfaces and their influence on
recrystallization are discussed for copper aluminum nanocomposites, zinc, titanium, magnesium-
based materials, and silicon. Cavitation-driven highly nonequilibrium conditions can affect the thermodynamics and kinetics of
mesoscopic phase formation in heterogeneous systems and in many cases boost the macroscopic performance of composite
materials, notably in catalytic alloy and photocatalytic semiconductor oxide properties, corrosion resistance, nanostructured
surface biocompatibility, and optical properties.

1. INTRODUCTION

A cavitation bubble collapse can modify solids by both
recrystallization and interfacial solid-state reactions and phase
transformations. Therefore, for a bottom-up modification of
metals an important question is, up to which temperature can
ultrasound heat a particle? Cavitation-induced temperature
gradients are therefore the focus of this review because they
provide unique conditions to trigger nonlinear processes in
solids. The sonication medium is critical for both pathways of
interfacial red/ox reactions and the generation and propagation
of shock waves upon bubble collapse. A unique property of
cavitation for materials science is that it might trigger kinetically
and thermodynamically restricted processes in solids, for
example, the formation of new phases in metal alloys that are
not predicted by a phase diagram.
For advanced applications, reduction (hydrides) or oxidative

(oxides) products are discussed. In this case, crystallization can
follow the classical theory of nucleation with again some unique
nature, e.g., ultrasound-induced changes of the metastability
curve for bottom-up crystallization. Thus, sonochemically
generated metal hydrides as prospects for hydrogen-storage
materials are presented in one of the chapters.
Oxide phases in interpenetration metal foam layers for

advanced catalytic and photocatalytic materials are discussed.
Hybrids are pointed out as prospects to “seal against oxygen”
the formed novel structures, especially if they are not stable in
an oxygen atmosphere. In particular, single-step methodologies
are proposed. The silicon modification is demonstrated from
mechanoluminescence to amorphization, crystallization, and
recrystallization. In conclusion, we summarize the advantage of

novel materials synthesis and the unique nature of the
ultrasonically assisted processes from the viewpoints of both
top-down and bottom-up processes.
Sonochemical methodologies are presented as being time-

relevant for the formation of various systems and for the
control of their crystalline structures. Sonochemical method-
ologies have many advantages over conventional synthesis
techniques because they are both environmentally friendly and
cheap. Reactions that with other techniques would require the
use of harsh reaction conditions (high temperature, high
pressure, and organic solvents) can be carried out in aqueous
systems under ambient conditions with ultrasound. Not only
does this allow reactions to be carried out under milder
conditions, but it also reduces the number of synthesis steps,
permits the use of lower-purity chemicals, and gives higher
yields. Ultrasound of high intensity can be used in a one-step
formation of composite materials: interpenetrating metal−
polymer hybrids, core−shell particles, two-layer composites,
and multimetal composites.
There are great opportunities and challenges for further

developments toward an eventual goal to enable an under-
standing of and the design and fabrication of encapsulation
systems. We believe that this area will be explored further in the
near future. The next step could be the formation of self-
adaptive systems for needed applications with easy, low-cost,
effective methodologies. Challenging but necessary is the
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design of encapsulation systems for in vivo applications. The
research concerns predominantly experiments among chem-
istry, physics, and in some cases biology.

2. UP TO WHICH TEMPERATURE CAN ULTRASOUND
HEAT A PARTICLE?

The unique effect of cavitation on solids is based on the
implosive collapse of nano- and microsized bubbles at solid and
liquid interfaces.1,2 Cavitation bubbles can be filled with
plasma3,4 and can be considered to be high-energy nano- and
microreactors. Upon bubble collapse, energy is converted into
mechanical (generation of microjets and shock waves), thermal
(random movements of atoms, molecules, particles), and
chemical energy (generation of free radicals and reactive
oxygen species).5

The first important model of a collapsed bubble was
proposed by Lord Rayleigh in 1917.6 This model aimed to
explain the cavitation damage in solids. On the basis of this
model, an equation was proposed that allows a pressure and
velocity prediction for collapsing vapor-filled cavities in a liquid
under constant pressure. Thus, Rayleigh’s work attempted to
explain cavitation-driven erosion and thus the cavitation-driven
processing of surfaces.
The first important question is, how high could the

temperature be in collapsing bubbles? This point was addressed
by Noltingk and Neppiras in 1950.7,8 Noltingk and Neppiras
proposed a thermal theory of bubble collapse. According to this
so-called “hot spot” theory, extremely high temperatures can be
created during bubble collapse at a high rate.
Ultrasonically triggered cavitation became a breakthrough

technological approach to chemical synthesis in the early 1980s.
According to Suslick,9 “ultrasonic irradiation differs from
traditional energy sources (such as heat, light, or ionizing
radiation) in duration, pressure, and energy per molecule”. A
number of great works on the solid-state processing of solids
and the sonochemical synthesis of matter have been published
since that time. It is important to mention two publications of
Suslick. Using different kinetics of synthesis of metal carbonyls,
Suslick et al.10 experimentally demonstrated the presence of
several reaction zones in collapsing bubbles. The quenching of
the hot spots in sonicated media that are macroscopically at
ambient temperature and pressure is described by a thermal
diffusion shell model yielding the development of a temper-
ature gradient in a liquid.
Additionally, some other interesting physical effects of

ultrasound in heterogeneous systems should be mentioned.
First, Suslick and Doktycz11 proposed that 10 μm metal
particles collided in a sonicated liquid at roughly half the speed
of sound. The temperature in the interfacial regions of the
colliding particles reached ∼3000 K. Surface melting was
detected even in suspensions of molybdenum particles in an
organic medium. Furthermore, near liquid−solid interfaces the
asymmetric bubbles form high-speed jets of liquid.12 High
speed jets can proceed if the treated particles are larger than the
size of cavitation bubbles.
Upon collapse, acoustic microbubbles form hot spots

regions with pressure of up to 500 atm, temperature of up to
5000 K, and a lifetime of a few nanoseconds.13 A number of
experimental data show that upon collapse of ultrasonically
generated bubbles solid surfaces can be heated up to 2400 °C
or higher, depending on the solvent.14 This temperature is
significantly higher than the bulk melting temperature of a wide
variety of metals and even some metal oxides. However, fast

quenching from high temperatures exceeds rates of 1010 K/s.
This might stimulate the development of a huge temperature
gradient in the treated systems, and in the solid metal matrix
fast quenching may lead to a significantly lower temperature of
the metal core.
As mentioned before, the development of temperature

gradients in a cavitating liquid was suggested by Suslick et
al.15 A thermal diffusion shell model describing the develop-
ment of a temperature gradient in a liquid is schematically
illustrated in Figure 1. Suslick et al.15 found that in an ∼200-
nm-thick liquid shell around the hot spots the temperature
decreased from ∼5000 to ∼1900 K.

3. TEMPERATURE GRADIENT AND SOLID-STATE
REACTIONS

It is obvious that the propagation of a huge temperature
gradient is a unique means for the initiation of atomic diffusion
and, therefore, solid-state reactions and phase-segregation
processes. However, the main questions are the following:
What is the temperature of surfaces and the bulk of
ultrasonically treated particles? Can cavitation bubbles meso-
scopically affect solids, and can cavitation-driven reactions be
spatially resolved at the mesoscale? Additionally, it is interesting
to determine up to which temperature the implosive collapse of
clouds of cavitation bubbles can heat metal surfaces and metal
bulk. Can the impact of cavitation on a metal surface trigger
atomic diffusion and therefore affect the crystal size in metals
or/and even trigger solid-state phase transformations in
multiphase systems?1

To elucidate cavitation-driven diffusional processes in solid,
multiphase metal-based heterogeneous materials, Andreeva et
al.16 used AlNi alloys as an interesting object with high
potential in catalysis. AlNi alloys are mixtures of intermetallic
compounds. Upon solidification from metal melts, the phases
in such alloys nucleate and grow according to the phase
diagrams. Depending on its composition, AlNi forms different
mixtures of intermetallic compounds. In particular, upon
cooling of an AlNi (50 wt % of Ni) melt, several phase
transformations occur.17 At 1133 °C, the AlNi phase
completely transforms to the Al3Ni2 phase. Then, at 854 °C
a slow transformation leads to the partial conversion of the
Al3Ni2 phase to the Al3Ni phase. This phase transformation
proceeds relatively slowly, and complete transformation of the
Al3Ni2 phase to Al3Ni is kinetically restricted. Thus, the surface
of conventionally prepared particles is covered with a phase that

Figure 1. According to Suslick et al.,15 in a ∼200-nm-thick liquid shell
around the hot spots the temperature decreased from ∼5000 to ∼1900
K. The temperature up to which surfaces and the bulk of the treated
solids can be heated was estimated by Andreeva et al.16 Reprinted from
ref 1.
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nucleates at lower temperature and has a lower surface
tension.18 However, the kinetically restricted transformations
in AlNi alloys are thermodynamically favorable.19 Thus,
conventional approaches to the manipulation of composition
and the microstructure of heterogeneous alloys, for example,
aging, lead to the complete transformation of all phases into a
thermodynamically favorable one. However, such materials lose
their desirable hierarchical structure and heterogeneity.
An AlNi alloy with 50 wt % Ni solidified from a metal melt is

covered with Al3Ni and the Al phase. The Al3Ni2 phase is
distributed in the matrix of the Al3Ni phase. The composition-
dependent surface properties of the ANi alloy including its
efficiency in heterogeneous catalysis are passivated by Al and
the Al3Ni phase. Thus, the efficiency of the ultrasonically
modified AlNi alloy in different catalytic processes can be
established as a tool for monitoring the effects of ultrasound on
the surface composition of solids. Along this line, Andreeva et
al.16,20−22 demonstrated that by using heterogeneous AlNi
alloys it was possible to understand the mechanisms of
ultrasound-assisted modification of solids.
One of the clearest evidences of the establishment of a

temperature gradient in the particles is the growth of crystals as
a consequence.20 The crystal sizes were calculated before and
after the cavitation treatment by the evaluation of powder X-ray

diffraction (PXRD) patterns using the line shape analysis
according to the Williamson-Hall (W−H) method (Figure 2).
The size of crystals of the intermetallic phases in the treated
alloy was nearly three and a half times as large (∼320 nm for
Al3Ni2), as compared to the size of the initial particles (∼90 nm
for Al3Ni2). Assuming diffusion-controlled crystal growth
during the treatment period (1 h), we estimate the diffusion
rate in AlNi (50 wt % of Ni) to be about ∼10−18 m2/s. This
value corresponds to self-diffusion in the metal matrix in the
solid state. Thus, the evaluation of the kinetics of crystal growth
showed that cavitation bubbles provide enough energy to the
particles to trigger atomic diffusion in the metal matrix.
However, the question arises as to whether the high-energy
impact of cavitation bubbles on the metal surface is sufficient to
modulate the composition of the AlNi alloy.

4. EFFECT OF SONICATION MEDIUM ON
TEMPERATURE-DRIVEN CRYSTAL GROWTH

The kinetics of temperature-driven crystal growth depends on
the sonication medium used.1,16,21 It was revealed that during
ultrasonic treatment the average minimum temperature, up to
which ultrasound can heat the metal particles, increases in the
order ethylene glycol < ethanol < decane (Figure 3A). On the
basis of the obtained data, it was estimated that energy transfer

Figure 2. (A) Schematic illustration of crystal growth in cavitation at metal microparticles. TEM images of (B) initial and (C) HIUS-treated (in
ethanol) AlNi (50 wt % Ni) alloys. The Williamson−Hall analysis of the Al3Ni2 intermetallic phase present in initial and HIUS-treated (in ethanol)
AlNi (50 wt % Ni) alloys. (D, E) From the fit to the data, the strain (ε) is extracted from the slope and the crystallite size D is extracted from the y
intercept of the fit. (F) Bar plot of Al3Ni2 intermetallic crystallite size. Adopted with permission from ref 20.
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from the collapsing cavitation bubble to the sonicated particle is
∼17% more efficient in decane than in ethylene glycol. Thus, a
relatively higher temperature on the metal surface in decane
may be reached, which could trigger solid-state phase
transformationsformation on the surface of the two
thermodynamically favorable phases Al3Ni2 and AlNi.1,16

The temperature inside the cavitation bubble and the
strength of its collapse depend on the physicochemical
properties of the sonication medium.1,24−27 A higher vapor
pressure of the medium results in a lower temperature inside
the cavitation bubble and weaker collapse. To investigate the
effect of the vapor pressure of the medium on the kinetics of
crystal growth, the metal particles were sonicated in media of
various vapor pressureswater/ethanol mixtures. The calcu-
lated Al3Ni2 intermetallic crystallite size values vs sonication
medium with different vapor pressures are shown in Figure 3B.
Indeed, a gradual decrease in the crystal growth rate with a
vapor pressure increase was observed.21

Another physical property that could influence the efficiency
of energy transfer to sonicated matter and thus can affect the
kinetics of crystal growth is viscosity.24−27 A higher viscosity of
the sonication medium might inhibit the energy propagation
from a collapsing cavitation bubble. For this reason, the
particles were treated with HIUS in media of various
viscositieswater/ethylene glycol mixtures. As expected,
upon monitoring the Al3Ni2 intermetallic crystal size (Figure
3C) it was observed (Figure 3B) that by increasing the viscosity
of the sonication medium the efficiency of energy transfer to
the sonication matter decreased, which led to slower kinetics of
crystal growth.21

5. CAVITATION TRIGGERS KINETICALLY RESTRICTED
TRANSFORMATIONS ON THE SURFACES OF
HETEROGENEOUS SOLIDS

It is interesting that the thermal impact of ultrasound stimulates
the pronounced compositional readjustment in alloys.1,22 The
phase transformations occur preferentially at solid−liquid
interfaces and cannot be detected by a bulk PXRD but are
clearly seen in the solid-state 27Al nuclear magnetic resonance

(NMR) spectra. The skin effect, namely, the restricted ability of
high-frequency electromagnetic fields to penetrate far into
conducting as well as paramagnetic and ferromagnetic
materials28 such as aluminum, enhances the spectral intensity
for intermetallic phases near surfaces, whereas that from the
core of the particles is damped. In comparison with the results
of the PXRD data, which are representative of the bulk or entire
composition, the preferential segregation of intermetallic alloys
near solid−liquid interfaces can be investigated. Thus, the
interpretation of the spectral intensities yields the spatially
resolved monitoring of ultrasonically induced phase trans-
formations in the skin layer of AlNi alloys.1 An analysis of the
27Al NMR spectra revealed a decrease in the intensity of signals
that are assigned to the Al3Ni phase, an increase in the intensity
of the Al3Ni2 signal, and the appearance of the signal assigned
to the AlNi phase. Al3Ni2 forms from Al3Ni at 854 °C, and AlNi
forms from Al3Ni2 at 1133 °C. These changes are kinetically
restricted but thermodynamically favorable. The enthalpies of
formation of the intermetallic phases (ΔH(AlNi) ≈ −70 kJ/
mol, ΔH (Al3Ni2) ≈ −65 kJ/mol, and ΔH (Al3Ni) ≈ −45 kJ/
mol)29 confirm that the AlNi and Al3Ni2 phases are
thermodynamically more stable than the Al3Ni phase. Thus,
we arrive at the picture in which the collapse of cavitation
bubbles on/near metal surfaces triggers a local temperature
increase up to 1133 °C, where the solid-state phase
transformation proceeds. These phase transformations locally
occur at the mesoscale. On the basis of the 27Al NMR data, it
was confirmed that the thermal impact of cavitation triggers
kinetically restricted transformations on the surfaces of
heterogeneous metal alloys.1

These results1,22 showed that ultrasonic treatment leads to
the formation of materials with a composition gradient. The
composition of the surface of such materials is different from
the composition of the core of the particles. This is one of the
clear evidences of the propagation of a cavitation-driven huge
temperature gradient. The solid-state transformations occurred
on the surfaces of the particles, whereas in the particle core,
crystal growth was observed.1

6. REDUCING VS OXIDIZING MEDIA: EFFECT OF
CAVITATION ON THE FORMATION OF NEW
CRYSTALLINE PHASES

Cavitation induces pressure changes; therefore, the oscillation
of atoms leads to the cleavage of molecular bonds and the
formation of free radicals and active species.1,30 In aqueous
media, the formation of both short-lived free radicals and
reactive oxygen species with a longer lifetime occurs. Recently,
it has been shown that even in aqueous media the cavitation-
induced cleavage of water molecules produced both reductive
and oxidative species (Figure 4). Thus, the pathways of
sonochemical red/ox processes depend on the used systems.31

This means that cavitation-induced interfacial red/ox reactions
can yield the formation of new materials and/or phases.
Control of crystallinity can be achieved by exploiting

different sonochemical modification pathways that occur in
oxidizing and reducing media, namely, different interfacial red/
ox reactions and surface etching by free radicals.1,32,33 In water,
the interfacial red/ox reactions might result in the continuous
oxidation of the metal surface and the formation of new metal
oxide phases. Water sonolysis yields the production of highly
reactive species, including strong oxidants such as •OH, •OOH,
and hydrogen peroxide.34 These excited species chemically etch

Figure 3. (A) Effect of sonication medium on the crystal size of the
ultrasonically treated Al3Ni2 phase. The samples were sonicated for 60
min in ethylene glycol, ethanol, water, and decane. (B) Effect of vapor
pressure of sonication media. The samples were treated in sonication
media with variable volume fraction of ethanol in ethanol/water
mixtures. (C) Effect of viscosity of sonication media. The samples
were treated in ethylene glycol/water mixtures. Adopted with
permission from ref 21.
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and oxidize metal surfaces. Thus, in an aqueous medium it
might be possible to achieve the growth of new crystalline
metal oxide phases.1

In a reducing medium (ethanol, ethylene glycol), the metal
surface can be reduced by reducing agents that are generated by
ultrasonically induced red/ox reactions.1,35,36 The kinetics and
mechanisms of ultrasonically triggered red/ox reactions depend
on the reducing media. It is known that ethanol molecules can
scavenge hydroxyl radicals and form the less active α-
hydroxyethyl radical that prevents the metal surface from
oxidizing.1,37 In ethylene glycol, metal surfaces might be
effectively reduced via the acoustically enhanced polyol
mechanism. The even higher efficiency of ethylene glycol
compared to that of ethanol in the ultrasound-assisted
interfacial reduction might be explained by two possible
reaction pathways.1,23 First, we should consider the mechanism
of reduction of metal surfaces by ultrasonically generated
reducing agents. These agents, formed from ethylene glycol, are
probably less mobile in the relatively viscous ethylene glycol,
and thus recombination may not occur as fast. Thus, reduction
in the more viscous medium of ethylene glycol might be more
efficient as compared to that in less viscous ethanol. Second,
ethylene glycol is a well-known strong reducing agent1,38 and is

widely used for the reduction of noble metal compounds
(known as the polyol process). It was shown that the polyol
process is thermodynamically unfavorable and requires addi-
tional energy supplied to the system. In the presence of
ethylene glycol, the reaction medium can be macroscopically
heated to 60 °C.1,39 This temperature is sufficient for lowering
the oxidative potential of ethylene glycol, which promotes an
easier reduction of metals.
Accordingly, the red/ox potential of media including an

aqueous medium, ethanol, ethylene glycol, decane, and others
is one of the factors responsible for the modulation of
crystallinity, composition, and morphology of metal surfaces on
demand. However, the role of the interfacial red/ox reactions in
pathways of cavitation-driven modulation of the composition
and morphology of metal surfaces is still an open question.1

Different crystal sizes observed for samples prepared in
different sonication media are due to media-dependent kinetics
of grain growth. The kinetics of atomic diffusion depends on
the temperature gradient that develops in a metal matrix and is
controlled by the sonication medium used. Slower crystal
growth in ethylene glycol can serve as evidence of lower
temperature of the metal matrix and thus a smaller impact of
cavitation bubbles on the metal surface in a viscous sonication
medium.1,16,20−23 Additionally, it is also important to consider
the effect of cavitation media on the formation of new
crystalline phases via sonochemical interfacial red/ox reactions.
It was demonstrated that the impact of cavitation bubbles on

metal surfaces can change the morphology and mechanical
properties of metals. Light microscope (LM) images of the
cross sections of the metal (here Al was used) layers treated for
1 min showed the presence of cracks in the Al layers40 (Figure
5B2,3;D3). The formation of cracks in metal layers was
explained by a decrease in the mechanical strength of the
samples with larger crystals. The cross sections of the Al layers
revealed the material segregation and destruction of layer
integrity. The cross section of the Al layer treated for 10 min in

Figure 4. Sonochemical bulk reactions in aqueous media and possible
interfacial red/ox reactions in ultrasonically treated metals. Repro-
duced from ref 1.

Figure 5. Grain size of initial Al and (A) 1 and (C) 10 min of ultrasonically treated Al in ethylene glycol, ethanol, and water and corresponding light
microscope images of cross sections of the ultrasonically treated Al layers in (1) ethylene glycol, (2) ethanol, and (3) water for (B) 1 and 10 min (D)
of sonication time. Reproduced from ref 1. Adopted with permission from ref 40.
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reducing media (ethanol and ethylene glycol) has very smooth
morphology (Figure 5D1,2). This correlates very well with the
relatively small crystal size of these samples as estimated by
XRD (Figure 5C) and ascribed to recrystallization and
structure refinement.
The morphology of the cross sections of the samples

sonicated in an oxidizing medium (water) reveals the formation
of cracks and failures (Figure 5B3,D3) due to the formation of
new phases. Therefore, the question arises as to whether it is
possible to distinguish the contribution of chemical and
physical effects on the modification process.1

Using X-ray photoelectron spectroscopy (XPS) surface
analysis, the effects of reducing and oxidizing sonication
media with different physicochemical properties on the surface
composition of metal surfaces were compared.21−23,41−43 As
expected, the results indicated that the metallic/oxidized phase
ratio increased for samples sonicated in reducing media.21−23 In
oxidizing media, the formation of metal oxide phases was
established.41−44

Surprisingly, for AlNi (50 wt % of Ni) microparticles
sonicated in an aqueous medium the presence of the Ni° peak
was observed in the spectrum of the sample sonicated for 50
min and was not observed in the spectra of the samples
sonicated for 40 and 60 min.41 Such an interesting dependence
of Ni° concentration on the surface vs sonication time was
explained by a possible reduction process that occurred in the
porous matrix even in the aqueous medium. The metallic
phases are not only oxidized during ultrasonic treatment in
water but also serve as effective donors of electrons and thus are
responsible for producing H2.

1

7. SONOCHEMICALLY GENERATED METAL HYDRIDES
AS PROSPECTS FOR HYDROGEN-STORAGE
MATERIALS

The activation of metals by H2 can be concomitantly triggered
by the sonochemical process and is regulated by the medium or
metal.1 Reactive Al and Mg are not only oxidized during
ultrasonic treatment in water but also serve as effective donors
of electrons, resulting in H2 production. Sonochemical
modification of Al and Mg leads to the simultaneous formation
of mesoporous metal frameworks and the generation of H2 in
the pores.1 Magnesium as one of the most reactive metals can
be discussed as a model.
The sonication of aqueous suspensions of Mg leads to the

formation of highly active hydrogen containing magnesium of
different compositions. Measurements of temperature-pro-
grammed desorption (TPD) of hydrogen (Figure 6A) reveal
the presence of hydrogen in the sonicated Mg.45 Moreover,
several adsorbed hydrogen clusters can be suggested because
there are at least two peaks visible in the spectrum. The
calculated energy of hydrogen desorption is ca. 65.7 and 389.3
kJ. The concentration of the residual hydrogen in the sonicated
and dried Mg powder was calculated to be ca. 1.13 mL mg−1.
Both Mg and MgHx clusters can be formed. Some of the
possible geometries of MgHx were postulated recently by
density functional theory (DFT) (B97) calculations.45 Com-
parable to the system were hydrogen-enriched Mg15Hx clusters.
The extra hydrogen atoms are less strongly bound to the

hydride structure and can therefore be released at lower
temperatures. Mesoporous foam structures were formed with
different nanosized units of MgHx slabs in the composition.45

The energy of total hydrogen desorption from each slab within
the hybrid PBE0 method was calculated by DFT for different
thicknesses of MgH2 crystal (100) slabs.45 It was shown that
complementary to our experimental data are slabs with a

Figure 6. (A) Temperature-programmed desorption (TPD) of hydrogen from the sonogenerated magnesium−hydrogen nanostructure. Insets show
electron microscopy (SEM) images of magnesium particles after sonication (scan rate 5 K/s). (B) Desorption energies of different slab thicknesses
of hydrogen within the DFT level normalized per number of Mg atoms. Reproduced with permission from ref 45. (C) Effect on hydrogen TPD
profiles for initial and HIUS-treated samples of AlNi (50 wt % Ni) particles in different sonication media. Reproduced with permission from ref 23.
(D) Highlight of possible future structure likely to form sonochemically (in red) based on the graph of stored hydrogen per mass and per volume
presented in ref 47: comparison of metal hydrides and some carbon nanotubes. Adopted from ref 46. (E) On the basis of ref 48, it can be expected
that the sonochemically formed magnesium polypyrrole hybrid, shown in confocal (inset, SEM) images, has even more potential for hydrogen
storage than those without polypyrrole. Reproduced with permission from ref 49.
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thickness of between 2 and 3 nm. The entire dehydrogenation
of MgH2 slabs, the sum of desorption energies of all H layers, is
about 65 kJ mol−1 for (110) with z = 3 nm (Figure 6B). This
value is very close to the experimentally obtained value. The
ΔHo

298 value of the entire dehydrogenation was calculated only
for the 1 nm slab (110). It is 59.3 kJ mol−1, whereas the
electronic energy is 62.3 kJ mol−1. The difference of 3 kJ mol−1

is vanishingly small, less than the error of application of
different exchange correlation functionals. In such a way, the
first peak of H2 thermodesorption (65.7 kJ mol−1) is most
probably that of desorption of the whole hydrogen from MgH2
nanoparticles of several nanometers in size. This is less than
ΔHo

298(MgH2) = 76.46 kJ mol−1 as a result of the unique
morphology of MgHx produced sonochemically, and this is
promising for solid hydrogen storage (Figure 6E).
For the AlNi (50 wt % of Ni) particles sonicated in water, a

single low-temperature peak in the temperature-programmed
desorption (TPD) profile might represent H2 incorporated into
the aluminum hydroxide matrix (Figure 6C).1

In contrast, it was shown that upon HIUS treatment of metal
particles in reducing media the desorption maximum (peak 2)
was shifted toward lower temperature. Thus, ultrasonic
treatment led to the formation of hydrogen-containing phases
with lower desorption energy values. The activation energy of
hydrogen desorption was calculated to be 161 kJ for initial AlNi
(50 wt % of Ni) particles and 92 kJ for those treated in ethanol.
Additionally, the lower limit of H2 volume present on the
surface of the initial particles and the ultrasonically treated
particles was estimated (Figure 6). The maximum hydrogen
content was measured in the case of the sample treated in
ethanol, whereas treatment in water led to a significant decrease
in H2 content. Thus, HIUS can be used for the tuning of
metallic and oxidized phases in metal particles. It was
shown1,21−23 that the cavitation-driven modification of metal
surfaces in ethanol significantly enhanced the electrochemical
activity for hydrogen evolution reactions in comparison to that
for initially inefficient metal surfaces. The cavitation-assisted
enhancement of electrocatalytic properties of metal surfaces
was explained by the formation of hydrogen-containing phases
with relatively low hydrogen desorption activation energy.1,44

The pathways and kinetics of cavitation-driven sonochemical
red/ox reactions depend on the media used. Choice of media is
thus crucial for tuning the crystallinity, morphology, and
composition of metal surfaces.1 Although the use of water as a
medium allows us to create an efficient hydrogenation
catalyst,41−43 switching to pure ethanol enables the activation
of the same metal particles toward the electrocatalytic
production of hydrogen.21−23

The following interplay for composite-metal-based hydrides
can emerge if one follows the graph of storage of hydrogen per
mass and per volume of different materials discussed in detail in
ref 46. Sonochemical formation of nonequilibrium low-energy
hydrides can be an attractive method that is economically and
ecologically reasonable. Thus, following Figure 6E, one can
consider studying composites of, for example, MgNi and FeTi
after sonochemical treatment of the material.
Haas and Gedanken also highlighted47 a combination of

sonochemistry and electrochemistry, called sonoelectrochemis-
try, as a prospect for the formation of metallic (Mg)
nanoparticles for hydrogen storage. Metallic magnesium
particles (4 nm) were prepared by the sonoelectrochemical
method. The precursors were the Grignard reagents, ethyl
magnesium chloride, and butyl magnesium chloride, which

were dissolved in THF or DBDG. In order to increase the ionic
conductivity of the ether-based Grignard solutions, AlCl3 was
added to the solution. The MgCl+ formed in this reaction was
an electrochemically active species. The Mg deposition−
dissolution is not a simple two-electron process of Mg ions
but is in fact more complicated. The material deposited on the
cathode was characterized as magnesium by XRD measure-
ments. No active reducing agents are known to reduce a metal
as active as Mg. The only way to chemically reduce Mg ions is
to use another metal with a more negative reduction potential,
such as Na or Li. It is therefore clear that only electrolytic
methods could lead to the reduction of Mg ions. Sonoelec-
trochemistry is such a technique, which, in addition, produces
the metal as a powder composed of nanoparticles. Moreover,
the present method is considered to be a promising technique
for the fabrication of a large number of nanometal particles. In
the case of reactive metals, avoiding oxidation is a major task.
The sonochemical technique can help to obtain hydrides by

“keeping out the oxygen”, where the hydrides have a layer of
polymer around them to prevent their oxidation under ambient
conditions while enabling reversible hydrogen storage. Jeon et
al.48 demonstrated the presence of Mg in a gas-barrier polymer
matrix. In this regard, attention also can be devoted to the
direction of sononanoengineered magnesium−polypyrrole
hybrids (Figure 6E).49 The ultrasonically assisted preparation
of metal−polypyrrole hybrids was suggested.49,50 Hybrids were
prepared through the sonication of metal and pyrrole without
initiator or with the polymerization initiator in water and
alcohol solutions. The properties of the obtained hybrids were
found to depend on the ultrasonic conditions.

8. ULTRASOUND-INDUCED CHANGES IN THE
METASTABILITY CURVE FOR BOTTOM-UP
CRYSTALLIZATION

Sonochemistry is a unique tool for the synthesis of alloys,
oxides, and intermetallics via high-temperature reduction.
Because of a low-temperature solution chemistry synthesis
route, a number of new metastable phases can be formed.19−22

Sonochemical approaches facilitate the synthesis of nanoscale
alloys and intermetallics. Colloidal metals, alloys, oxides, and
intermetallic NPs synthesized through the bottom-up sono-
chemical approaches give rise to the smallest nanostructures
owing to the accumulation of atoms and molecules via carefully
controlled sonochemical reactions.51

In the bottom-up sonochemistry route, colloidal NPs are
prepared from the reaction of molecular precursors, such as
metal salts, metal−organic compounds, and metal−ligand
complexes in a medium by chemical reduction of the
corresponding metal salts with suitable reducing agents or by
heating to an appropriate temperature in the presence of some
stabilizing agents to regulate the growth of the NPs as well as
induce a repulsive force opposed to the van der Waals forces,
which in turn provides stable NPs in solution.51 The commonly
used stabilization procedure for NPs involves electrostatic,
steric, and electrosteric stabilization using stabilizing agents
such as ligands, surfactants, soft templates, and coordinating
solvents.52−54 As a consequence, NPs extracted from their
growing reaction mixture are individually distinguishable and
free-standing, having single or polycrystalline domains with the
desired geometry and chemical composition, which generally
reflects their characteristic properties. On the basis of the
synthesis technique used to achieve NPs, they can also possess
a monolayer of firmly surface-bound capping materials that
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impart solubility in addition to stability to the particles and also
regulate their interactions with the environment.55

The first stage of any crystallization process is nucleation,
which is attributed to the appearance of a new phase, a nucleus
in the metastable primary phase. The nucleus acts as a template
for crystal growth.55 Following classical nucleation theory,56 a
thermodynamic system tends to minimize its Gibbs free energy;
in other words, it maximizes the entropy of the whole system.
Sonochemistry is unique in one-pot high-temperature local
chemistry and low-temperature solution chemistry with a
number of new, possible metastable phases.1

Moreover, one can vary the initial composition of the
sonication medium to induce the prospective formation of
differently organized (Figure 7A) metal composites including

core−shell and intermetallic particles by varying the inorganic
precursors and organic molecules in water-based or water-free
media. Depending on the ultrasonic parameters,57 one can
expect different compositions of the formed material. In
principle, the synthesis of multicomponent heterogeneous
nanostructures, including dendrite, particle-on-particle, rasp-
berry, and flower, is thermodynamically favored.58 The
synthesis is possible because the heterogeneous nucleation of
a second component on the existing nanoparticle seed or core
has a lower critical energy barrier; that is, the overall excess free
energy is lower than for homogeneous nucleation. Depending

on the overall excess energy, which is largely related to the
surface and interfacial energy terms, and the strain energy
because of lattice mismatch at the interface, three different
major types of nanostructures form, namely, layer-by-layer,
island-on-wetting layer, and island growth modes (Figure
7A).59 When the interfacial structures are not known or cannot
be well-defined or the shape of the nanostructure is important,
a generic description based on the morphology, such as
raspberry, nanoflower, dendrite, particle-on-particle, and core−
shell nanoparticles, is often used.
It is interesting that in a fact shown by Crespo et al.60

ultrasound can be used as a nucleation promoter because it
decreases the energy barrier for crystal formation (Figure 7B).
Crystallization experiments were carried out with and without
ultrasonic irradiation using commercial crystallization plates
placed in temperature-controlled water baths. The nucleation-
promoting effect introduced by ultrasound is reflected in the
reduction of the metastable zone width, as measured by the
isothermal microbatch technique. The same effect was
confirmed by the increased number of conditions leading to
the formation of crystals, when vapor diffusion techniques were
carried out in the presence of ultrasound. By inducing faster
nucleation, ultrasound leads to crystal growth at low super-
saturation levels, which are known to yield better diffraction
properties. In fact, XRD data sets show an improvement if
ultrasound is used. Besides the immediate application of
ultrasound in nucleation promotion, the diffraction results also
suggest a promising application in crystal quality enhancement.
Besides the regulation of sonochemical parameters and the

medium, template sonochemical synthesis to control bottom-
up particle formation can be mentioned. In our group, we
recently presented sonogenerated magnesium−hydrogen
sponges (Sono-RHT) for effective reactive hard templating.45

The formation of differently organized nanomaterials is possible
by the variation of sonochemical parameters and solution
composition: composite dendritic Fe2O3/Fe3O4 nanostructures
(Figure 7C) starting with the Fe(II) precursor, Fe2O3 nanorods
(Figure 7D) starting with the Fe(III) precursor, or iron-based
nanocubes61 (Figure 7E) starting with the Fe(III) precursor in
the presence of pyrrole. As suggested for the reaction in all
cases, Fen+ + n electrons resulting in Fe(0) and then depending
on the medium, Fe(0) can be oxidized because it is not stable
under oxidative conditions. This may lead to metallic structure
stabilization, e.g., by the formation of a metal/polypyrrole
hybrid.50

Ultrasonic treatment suggests unique tools for the
combination of top-down and bottom-up strategies. Thus, the
sonochemical design of a cerium-rich anticorrosion nanonet-
work on a metal surface was shown, when a metal surface was
modified in the presence of cerium(III) aqueous solution.62 An
aluminum-based sponge layer was formed, where, depending
on the ultrasonic intensity, either a cerium/aluminum nano-
network with high adhesion to the metal and high corrosion
resistance or a dense cerium oxide layer was obtained. In all, the
question of forming novel oxide phases is very complex because
it also works for top-down modification; however, the
nucleation and oxide phase growth, also in a solid matrix, can
be bottom-up.

9. OXIDE PHASE IN INTERPENETRATION METAL
FOAM LAYER

Cavitation in aqueous media strongly affects the morphology
and composition of particles and leads to the formation of new

Figure 7. During the bottom-up approach for the formation of new
crystalline structures, classical mechanisms (A) can interplay with
sonochemical reactions and ultrasonic media. (A) Classical pathways
for the synthesis of multimetallic core−shell or core−shell-like
nanoparticles from metal precursors. Reproduced with permission
from ref 59. (B) Influence of ultrasound on a protein crystallization
phase diagram. Ultrasound changes the metastability curve, resulting in
different crystal formation.60 (C−E) Sonochemical synthesis from
different precursors affects the formed structures. For example, we
show TEM images of the (C) Fe3O4−Fe2O3 dendritic structure, and
formation reactions with the two reducing agents, hydrogen and
magnesium, are introduced as reducing agents with Fe0 as the
intermediate. (D) Fe2O3 magnetic rod-shaped nanoparticles and
reaction-point hydrogen as the main reduction agent with Fe0 as the
intermediate. Insets show the electron diffraction of the samples.
Reproduced with permission from ref 45. (E) The same reaction as in
(D) in the presence of polymer can result in cubic Fe2O3 magnetic
nanoparticles due to the process known from classical theory (A).
Reproduced with permission from ref 61.
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crystalline phases that also exhibit excellent functional proper-
ties: catalytic and photocatalytic properties, corrosion resist-
ance, optical properties, and biocompatibility of the nano-
structured surface.
The general concept of ultrasound-driven modification of

metals in water is as follows: the mechanism of modification of
the metal structure under ultrasound irradiation is complex and
involves a variety of aspects related to the thermal etching and
oxidation of metal surfaces. Several groups of metals under
different sonication conditions were investigated.1,57,61

Magnesium chosen here as the first example is ideal because
it is liable to undergo oxidation and its melting point is within
the range achievable by the ultrasonic processes (cavitation and
interparticle collisions). The modification of magnesium
proceeds through different stages, and at the end, we can
achieve a total transformation of the metal to brucide.63 It is a
simple synthesis approach to the preparation of Mg(OH)2
structures in water. Ultrasound irradiation constitutes a green
and economical procedure for the synthesis of inorganic
nanostructures without additional reagents and time-consuming
chemistry. The formation of magnesium hydroxide is driven by
the oxidation of the metal-caused byproducts of water
sonolysis, i.e., free radicals. This process is accompanied by
interparticle collisions and surface erosion. Magnesium
hydroxide was obtained in deionized water via the ultra-
sound-assisted method, whereas the results of magnesium
modification in ethanol showed no presence of magnesium
hydroxide structures. A total conversion of magnesium to
magnesium hydroxide was achieved at lower concentrations of
magnesium in the solution. Platelets grew preferentially with an
increasing magnesium concentration as well as in the presence
of chloride ions.
One example of an active oxide material is titanium dioxide,

formed by the oxidation of titanium. Titanium has been widely
used as a biomaterial for various medical applications, and
recently in our group we focused on the formation of metal-
based foam layers with titanium dioxide in its composition for
the treatment of implant surfaces or lab-on-a-chip devices.64−67

In the study, we showed that a titania nanofoam on titanium
can be formed under high intensity ultrasound (HIUS)
treatment in alkaline solution. The physicochemical properties
and morphology of the titania nanofoam are investigated in
order to find optimal preparation conditions for producing
surfaces with high wettability for cell culture studies and drug
delivery applications. AFM and contact angle measurements
reveal that the surface roughness and wettability of the surfaces
depend nonmonotonously on the ultrasound intensity and
duration of treatment, indicating a competition between HIUS-
induced roughening and smoothening mechanisms. We finally
demonstrate that superhydrophilic bio- and cytocompatible
surfaces can be fabricated with short time ultrasonic treatment.
The HRTEM shows the formation of TiO2 nanocrystals in a
porous matrix. A complex foam layer composition and titania
structure with defects provide sensitivity of the formed titania
to visible light: the photocurrent under visible light
irradiation.67

One more example ofa photoactive oxide structure formed
under the HIUS treatment of metal is the treatment of zinc
particles. During the treatment of Zn, a core−shell “hedgehog”
consisting of a metallic zinc core covered by zinc oxide
crystalline nanorods was shown.68 The formation of an oxide
layer can be controlled by the intensity and duration of
sonication. Zinc oxide crystals (2 μm) formed by short-time

sonication exhibit tubular morphology. Probably because of
their brittleness they are decomposed by further sonication.
Long-term treatment (>30 min) stimulates the formation of
stable oxide nanorods with length ∼100 nm and diameter ∼20
nm. The maximum surface area for Zn particles sonicated is 15
min are 22 m2/g; samples sonicated for 30 and 90 min exhibit
nonporous structure. Sonicated Zn particles might have a
different structure because of the features of zinc oxide formed
by sonication. The porosity of sonicated Zn is rapidly decreased
with sonication time as a result of the transformation of tubular
ZnO into ZnO nanorods. Some advanced photocatalytic
nanostructured Zn37, where ZnO nanorods are attached to
the metallic Zn core, are presented below. Because of the
hedgehog morphology, the novel zinc-based material exhibits
increased surface area and high accessibility for substrate
molecules and is a promising component of sensors, catalysts,
active feedback coatings, and photovoltaic systems.
Shiju and Rothenberg et al.42 showed that ultrasonically

activated copper/aluminum CuAl alloys were excellent A3

coupling catalysts. Additionally, partially oxidized porous
CuAl composites can catalyze propane dehydrogenation at
low temperatures.43 The PXRD pattern of the initial alloy
showed intense peaks for Al and CuAl2. After sonication, the
PXRD revealed the peaks corresponding to highly ordered
Al(OH)3 (bayerite) crystals and CuO, thus partial oxidation of
the metallic phases. Surface analysis by XPS revealed the
presence of mixed oxidation states for Cu on the catalyst
surface. Seventy-two percent of the copper on the surface was
oxidized to Cu+, and the rest was oxidized to Cu2+.
Material oxidation and simultaneous crystallization is an

attractive area to study because ultrasonic treatment allows the
formation of reactive oxygen species and their local delivery,
providing the formation of porous structure. Moreover, high
local temperature and pressure with a high heating/cooling rate
are conditions for the crystallization of the oxide simultaneously
with its formation without expensive postsynthesis structure
annealing.

10. FROM MECHANOLUMINESCENCE TO
AMORPHIZATION, CRYSTALLIZATION, AND
RECRYSTALLIZATION

On the basis of the physicochemical behavior of crystalline or
amorphous silicon under acoustic cavitation in water, one can
follow the processes of amorphization, crystallizatio, and
recrystallization vs parameters of ultrasonic treatment. These
are the intensity and duration of the process69 or media or the
presence of a hydrogen donor to prevent oxidation and allow
recrystallization in water for the case of silicon.70

In addition to local chemistry, the strain ultrasonically
generated at the Si surface may modify the interatomic
distances and lattice vibrational frequencies of the crystalline
structure.71 At atmospheric pressure, the untreated Si wafer
exhibits a cubic diamond structure, and after sonication, Raman
spectra69 indicate the presence of polycrystalline Si (poly-Si).72

Other sonicated areas were found to present a high-frequency
Raman shift known to be influenced by the mechanical stress
generated in the crystalline structure and reflecting a
discrepancy in the distribution of the bond lengths of the
sonicated Si.71

The amorphization of crystalline Si results from a structural
destabilization of the Si structure and shows evidence of high
atomic disorder at the surface of the sample.71 TEM
investigations confirmed the presence of a perfect diamond
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cubic single-crystalline structure for the untreated sample
devoid of phase transformation. Measurements carried out on
sonicated samples revealed the presence of a complex structure
exhibiting complicated diffraction contrast because of the
presence of a highly stressed and distorted structure (Figure
8A,B, electron diffraction patterns inserted for each image).
The apparent porosity of the resulting sample is also increased.
The corresponding electron diffractograms suggest the
presence of several phases: (i) the initial crystalline structure,
(ii) wide diffuse rings resulting from a randomized distribution
of Si atoms within the investigated structures and correspond-
ing to amorphous phase a-Si, and (iii) several concentric
specklelike halo rings typical of poly-Si. TEM measurements
were found69 to be consistent with the μ-Raman investigations.
Correlation of the various experimental results indicates the
presence of mixed domains composed of crystalline,
amorphous, and polycrystalline phases. The presence of a
transition stage with several coexisting phases can be assumed.
The presence of Si particles can result from the fragmentation
of c-Si with ultrasound and their embedding in an amorphous
phase (a-Si or a-SiOx) and from partial recrystallization, which
may occur after amorphization and during sonication as a result
of local sample heating and the generated solid friction during
erosion. The different highlighted features show evidence of the
complex stress state existing at the sonicated interface.

Spectroscopic investigations reveal that argon (bubbling
continuously through the liquid phase during experiments) can
be ultrasonically excited via mechanoluminescence, i.e.,
emission of light caused by mechanical action on a solid.
This phenomenon was highlighted for the first time by Virot et
al.69 on an extended solid surface using these conditions and
results from an interaction between the acoustically generated
bubbles and the Si surface. According to the above
observations, the mechanism of Ar excitation (Figure 8C)
results from the strains generated at the Si surface and in its
crystalline structure. Indeed, a Si phase transformation such as
amorphization or metallization is known to accompany a
drastic change in density, leading to volume expansion or
contraction. Therefore, these local transformations are able to
fracture, deform, and dislocate the Si (sub)surface. The
generated strains and distortions affect the electron density of
states (thus affecting the thermal and electrical properties of
silicon), and Ar* emission probably goes with Si emission. The
same mechanism may be involved when a-Si70 under ultrasonic
treatment is converted to optically active single nanocrystals c-
Si (Figure 8D).
As the last example of phase transitions (crystalline−

amorphous−crystalline) (Figure 9), an experiment on ∼100
μm particles of silicon can be illustrated. Particles sonicated for
10 min exhibit a pronounced crystalline structure, and their size
decreases to the submicrometer scale. The amorphization of

Figure 8. (A−C) Starting from crystalline silicon one obtains after 8 h of sonication (Ar, Iac = 32 W cm−2, 20 °C, H2O, V = 250 mL) (A) an
amorphous Si structure and (B) a polycrystalline Si structure, confirmed by bright-field TEM observation with ED. (C) Spectroscopic investigations
reveal that argon (bubbling continuously through the liquid phase during experiments) can be ultrasonically excited via mechanoluminescence:
normalized sonoluminescence spectra obtained during the sonication of a Si wafer in H2O using different acoustic intensities (10 ± 1 °C, Ar, ∼2 mm
from the sonotrode, focusing near the surface), with magnification of the 690−790 nm region. Adopted and reproduced with permission from ref 69.
(D) Sonication of amorphous silicon in water results in the formation of silicon quantum (HRTEM shown in right inset) dots in a matrix with
optical activity (shown in left inset). Adopted and reproduced with permission from ref 70.
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the particles is observed within 20 min of modification. Further
exposure (>30 min) causes well-pronounced crystal growth
from the amorphous phase in addition to a further size
decrease. The observed phase transition (crystalline ↔
amorphous) is probably the main factor responsible for the
ultrasound-assisted modification of silicon. Special conditions
provided by high-intensity ultrasound could affect the melting
and growth of the silicon crystals. The form of a solidified
microstructure can be controlled by fast local heating and
cooling cycles provided by cavitation. The crystal formation
depends on the difference between the rates of attachment and
detachment of atoms at the interface. The rate of attachment
depends on the rate of diffusion in the liquid and is therefore
affected by sonication.

11. OPEN ISSUES FOR FUTURE RESEARCH

Understanding the nature and conditions of nonlinear
processes in open systems is important for the modulation of
the microstructure of solids at a new level of complexity.73

These nonlinear self-organization processes in solids promise
new materials with applications among others in bio- and
geosciences. One intriguing topic will be if cavitation generated
by high-intensity ultrasound may trigger nonlinear processes in
solids: a nonmonotonous dependence of the size of grains in
the treated solids on sonication time and the oscillation of
crystalline grain sizes vs time of ultrasonic treatment.73 Control
of solid surface heterogeneities for composite and hybrids due
to processes in liquid during the sonication of surfaces is
another issue.
Further study of hydrophilic/hydrophobic patterned surface

modification following the work of Belova et al.74−76 is
interesting in controlling the crystallization of selected surface
areas and localizing thermal effects on a sonicated surface. An
enhanced lifetime by collective effects is achievable by

patterning if the density of surface nanobubbles or nano-
droplets is larger or smaller on selective patterns and,
correspondingly, their lifetime is longer or shorter. The
correlation of surface nanodroplets as compared to surface
nanobubbles in addition is attractive in controlling the liquid
concentration in water and the gas concentration: liquid in
liquid, gas in liquid, liquid/gas/liquid in liquid, and gas/liquid
in liquid droplets and bubbles.
Nanobubbles as nuclei for cavitation bubbles and their

organization on selected surface areas are an issue. Specific
defects, such as pitting vs surface homogeneity, are expected to
significantly reduce the lifetime of the surface bubbles and
droplets.
It will be interesting to observe life cycles and diffusive

dynamics of bubbles at different interfaces as well as see effects
of bubble coalescence and splitting.
The influence of different forces and competing forces, e.g.,

cavitation-driven impact of shock heating and shear stress on
surfaces, is the direction toward interplay crystallization. The
capillary forces at the different phase contact lines deforming
the interface are more and more in focus in the context of
wetting the surface.
For model surfaces, as was mentioned in recent reviews of

Lohse et al.,77,78 efforts should be undertaken to control
patterns and pits, preferably with a very high hydrophobicity of
patterns to adsorb hydrophobic gas bubbles. Patterns and pit
shapes, their lateral extension, and their spacing on the
microscale and nanoscale offer weak spots on which the
surface nanobubbles and nanodroplets will nucleate, similar to
introducing controlled air-filled microcrevices and nanocrevices
as weak spots in the study of cavitation bubbles.
The most tested systems for studies of the dynamics of

bubbles at interfaces are model systems. However, advanced
materials, e.g., those shown in our work on metal foams,65

Figure 9. Starting from crystalline microparticles, one can follow different stages of silicon modification, crystalline ↔ amorphous ↔ crystalline with
decreasing particle sizes to the nanometer scale. Iac = 57 W cm−2, 65 °C, H2O with a hydrogen donor (Mg), and V = 250 mL.70
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sponges,54,61 nanocomposites,52,62 hybrids,45,49,50 cata-
lysts,41−43,53 electrocatalysts,21,22,44 photocatalysts,68 and lumi-
nescent silicon,70 are formed by simple sonication of particles
or surfaces in liquid: fast, efficient, cheap, and robust methods
with a focus on easy upscaling and a “green” medium. Thus, it
is interesting to follow the dynamics of bubbles in real systems
to correlate it to model systems with a dedicated theoretical
explanation.

12. CONCLUSIONS
This review contributes to the understanding of the
mechanisms involved during cavitation at the solid−liquid
interface. High-power ultrasound was shown to induce
interfacial changes in the physical, chemical, and structural
properties of solids. The first important question of up to what
temperature ultrasound can heat the particle must be answered
to find what changes one can have in solid crystalline structures,
involving either melting or solid-state diffusion. The influence
of the solution on temperature-driven crystal growth is
discussed. Cavitation can trigger kinetically restricted trans-
formations on the surfaces of heterogeneous solids. Sonochem-
ical reactions of oxidation and reduction can result in the
formation of new phases that, as a result of locally extreme
conditions, can occur in the crystalline phase. Thus, sonochemi-
cally generated metal hydrides are suggested as being future
hydrogen-storage materials because of nonequilibrium low-
temperature metal hydrides formed during sonication. Ultra-
sound can change the metastability for bottom-up crystal-
lization, resulting in final crystalline structures different from
thermodynamically driven ones. The gas discharge occurring at
the solid−liquid interface revealed the stress and dramatic
transformations created locally during sonication. These
properties may provide an interesting route of investigations
devoted to material functional properties vs crystallinity.
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a b s t r a c t

The review is about solid surface modifications by cavitation induced in strong ultrasonic fields. The topic
is worth to be discussed in a special issue of surface cleaning by cavitation induced processes since it is
important question if we always find surface cleaning when surface modifications occur, or vice versa.
While these aspects are extremely interesting it is important for applications to follow possible pathways
during ultrasonic treatment of the surface: (i) solely cleaning; (ii) cleaning with following surface nanos-
tructuring; and (iii) topic of this particular review, surface modification with controllably changing its
characteristics for advanced applications. It is important to knowwhat can happen and which parameters
should be taking into account in the case of surface modification when actually the aim is solely cleaning
or aim is surface nanostructuring. Nanostructuring should be taking into account since is often acciden-
tally applied in cleaning. Surface hydrophilicity, stability to Red/Ox reactions, adhesion of surface layers
to substrate, stiffness and melting temperature are important to predict the ultrasonic influence on a sur-
face and discussed from these points for various materials and intermetallics, silicon, hybrid materials.
Important solid surface characteristics which determine resistivity and kinetics of surface response to
ultrasonic treatment are discussed. It is also discussed treatment in different solvents and presents in
solution of metal ions.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The generation of bubbles by acoustic cavitation has been stud-
ied for many years [1–5] also because of great prospects of using
‘‘green” ultrasonic treatment for surface cleaning [6–8] and nanos-
tructuring [9–15]. The mechanism of bubble formation (Table 1,
inset) may be qualitatively understood as follows: in the zone of
negative pressure of the sound wave small volumes of lower liquid
density or gas clusters may expand to form bubble nuclei. These do
not fully collapse during the high pressure phase and are further
expanded in the next low pressure phases. This process continues
until reaching a maximum critical diameter depending on ultra-
sound frequency and solvent [16]. These bubbles inside liquids
upon collapse create transiently temperatures more than 5000 K,
pressures higher than 1000 atm with cooling rates above 108 K/s.
Hence there is the potential of performing high temperature and
high pressure processes, but with a reactor near room temperature
and ambient pressure. Much knowledge of a behavior of homoge-
neous bubble cavitation and collapse dependent on ultrasonic
reactor parameters is obtained by studying single bubble systems
[17–19]. Important ultrasonic reactor parameters are presented

in Table 1: (i) frequency, intensity and duration of ultrasonic pro-
cess; (ii) temperature, pressure and gas content; (iii) solution and
chemical species which can be added to the solution.

For surface cleaning and nanostructuring the processes of homo-
geneous bubble oscillations and following collapse are studied in
multi-bubble systems [20–22]. Shock waves created during bubble
collapse create microscopic turbulences [23]. This phenomenon
increases the transfer of mass across the solid surface, thus
increasing the intrinsicmass-transfer coefficient, as well as possibly
creating or modifying existing coatings, such as thick hybrid metal/
polymer coatings [24]. Alternatively, this phenomenon may result
in thinning/pitting of the film [25].

When the bubble collapse occurs near a solid surface that is sev-
eral orders of magnitude more extended than the cavitation bubble
[26], the collapse occurs asymmetrically [27] and bubble microjet-
ting is formed perpendicular to the solid surface (Fig. 1). These
microjets have an estimated speed of ca. several hundreds of m/s
and lead to pitting and erosion of the surface [28].

Microscopic turbulences and jetting lead to an enhancement in
heterogeneous reactions (secondary cavitation-assisted processes)
with active species formed in the reactor. Thus, a part of the
vaporized molecules from the surrounding medium can dissociate
to form radical species, such as OH� and H�, for water sonolysis [29].
The radicals form by the hydrogen abstraction of RH additive

http://dx.doi.org/10.1016/j.ultsonch.2015.09.003
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molecules to form R� and/or by the pyrolysis of RH molecules dur-
ing bubble collapse [30].

There are efforts directed to predict or model the consequences,
cleaning or nanostructuring, of ultrasonic surface treatment. In the
work of Rivas et al. [6] a special ultrasonic device with in situ pro-
cesses control was studied with the ability to locally remove
deposited layers from a glass slide in a controlled and rapid man-
ner (Fig. 1). The cleaning takes place as the result of cavitating bub-
bles near the deposited layers and not due to acoustic streaming.
The bubbles are ejected from air-filled cavities micromachined in
a silicon surface, which, when vibrating ultrasonically, generate a
stream of bubbles that travels to the layer deposited on an oppos-
ing glass slide. Depending on the pressure amplitude, the bubble
clouds ejected from the micropits attain different shapes as a result
of complex bubble interaction forces, leading to distinct shapes of
the cleaned areas. Acoustic droplet vaporization uses ultrasound to
induce a phase transition of liquid droplets that are near their boil-
ing point thus plays important role for surface modifications espe-

cially in the cases of high-temperature vaporized droplets. Thus it
is important to control the modification of the surfaces via the con-
centrations of additives in the system (monomer, polymer) and
establish the role of initial cavitation in acoustic droplet vaporiza-
tion in different solutions. It was shown that the cleaning rates for
several inorganic and organic materials can be more efficient com-
pared to conventional cleaning equipment.

The influence of dissolved gases, for example CO2 [31], also can
regulate cavitation intensity and consequently cleaning efficiency.

There is still not sufficient knowledge of view of (i) identified for
both aspects of cleaning and nanostructuring separately mechanis-
tic causes of cleaning and surfacemodifications (e.g. shockwave, jet,
shear flow, local heating), (ii) one not always finds surface cleaning if
one sees surface modification or vice versa, however aspects of
cleaning and nanostructuring can be intimately connected.

In our studies and the review we have focused on studies of the
consequences of processes that occur at the cavitation interface
and solid surface. We focus on further prospects of selective

Table 1
Important aspects for fundamental cavitation assisted modeling as reactor parameters and initial material. Inset shows the mechanism of the cycle of homogeneous generation of
bubbles by acoustic cavitation, according to Ref. [16] approximate time of a cycle ca. 400 ls.

Fig. 1. (a) Schematic representation of the experimental ultrasonic device for controllable surface cleaning by cavitating bubbles. The gap between the glass slide and the
silicon substrate h = 100 lm. The water column height is 5 mm. (b) A zoomed view of the same glass slide after exposure to cavitating bubbles from four pits in the cavitation
cell described in this paper. The glass slide has sides of 10 mm. Reproduced with permission [6]. Copyright 2012, AIP Publishing.
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surface nanostructuring. Different types of surface (see following
sections) were investigated metals and their alloys [9], polymers
and hybrids [32], composites [13], glass [33] and silicon [12]. Thus,
we have demonstrated the application of the cavitation-assisted
approach for the development of novel advanced materials, with
special emphasis on improving surface functionalities.

Many fundamental aspects of cavitation-assisted processes dur-
ing surface modification are still unclear (see some questions in
connection with reactor and surface parameters in Fig. 2), and
in situ investigations (Fig. 3), together with a detailed study of each
type of material and the prospects for their combinations, are nec-
essary to elucidate the details of these reactions. The following
central problems have been identified:

– To arrive at a mechanistic model of cavitation-assisted pro-
cesses on solid surfaces. Physico-chemical properties at the sur-
face are relevant for the surface response to ultrasound-assisted
modification. Only a few authors have suggested models for a
given type of material and its combination with other materials.

– To distinguish relationships between the primary and sec-
ondary effects of ultrasound, depending on the mechanical
material properties and crystallinity. We therefore describe
the progress in the area of soft and hard metal modification,
because we expect (and some results have already shown this)
that hard and soft metals exhibit different visible responses to
ultrasonic exposure and could be building blocks for novel
materials. Polymers are expected to exhibit a stronger response
than hard materials such as Ti. For soft materials with low ther-
mal conductivities local heating during ultrasonic processing
may lead to a decrease or, oppositely, an increase in surface
roughness because high local mobility may enable surface ten-
sion to flatten the surface. The bubble collapse causes hot spots,
and the pressure pulses are also converted into heat; these
effects may induce local melting. Thus, a crystalline surface
may locally melt and become amorphous after cooling, as has
been observed for biopolymers. Reactive species may be created
in the solution and in the solid, which may cause a metal to

oxidize deeper inside the solid or a polymer to be destroyed
or cross-linked. Concerning the influence of polymer surfaces,
we have observed that ultrasonic treatment may render a
surface hydrophobic/hydrophilic.

– To localize the effect of ultrasound. Thus, bubble nucleation
may be controlled through patterning. A pressure pulse on a
material may be focused on defects or grain boundaries. This
fact necessitates the study of solids with a defined microstruc-
ture. Whether destruction proceeds along patterns, defects and
grains is also relevant.

– To follow the kinetics of ultrasonic processes in complex multi-
component systems. A solution to this issue is still unclear, but
a solution is necessary because materials can be obtained with
drastically varying hydrophilic/hydrophobic properties, rough-
ness, porosity, crystallinity and, in the case of hybrids of metals
and biopolymers, different nonlinear acoustic responses. The
facts that the surface is made more hydrophobic or hydrophilic
by ultrasound and that this further influences bubble nucleation
may have interesting consequences for the time and space
dependence of the treatment: the dose dependence becomes
nonlinear and surface and gas specific and patterns can be
reproduced with enhanced contrast to have, for example,
defined protein/surface adhesion.

– To define intermediate steps of the process. If intermediate
states of destruction can be produced, resembling, for example
a porous solid, then new active surfaces may also be obtained.

– To provide scenarios of active surface construction based on
pronounced responses of different materials, e.g. the metals
and polymers, to ultrasound. These are required for implants
connected to bone, metals (alloys of titanium and magnesium),
and they therefore must be investigated to enable control of
their structure and influence on the treatment (with or without
additives in the system) of their surfaces. Protein and cell adhe-
sion must also be investigated with respect to their dependence
on the surface. Implants with the ability of sustained drug deliv-
ery due to the use of metals or hybrids with defined porosity for
active chemical (such as drugs) storage and release by internal

Fig. 2. SEM images of different materials after ultrasonic nanostructuring with points of correlation between surface properties and response of the surface to ultrasonic
treatment. Surface hydrophilicity, stability to Red/Ox reactions, adhesion of surface layers to substrate, stiffness and melting temperature are important to predict ultrasonic
effect on surfaces.
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(such as Mg dissolution) or external stimuli (pH, temperature,
light) need further study. This research area is obviously very
promising with respect to stem cell research.

In summary, ultrasonic chemistry carries many exciting pro-
spects but is in its infancy with respect to our understanding and
control of the process, which necessitates a multidisciplinary
approach, which combines interface and colloid science, acoustics,
inorganic, physical and polymer chemistry, and other disciplines
for specific applications.

Sufficient experimental results, observations and experimental
conclusions, will stimulate theoretical treatment and simulations.
We find it important to highlight that processes on different hier-
archical scale are taking part during surface modification and it is
interesting to build up close cooperation between experiments and
simulation of cavitation assisted processes. In Fig. 4 are presented
some possible starting points for future simulations: hierarchical-
multiscale examples of simulations of interaction between cavita-
tion bubbles and surfaces by (i) electronic state; (ii) atomic scale;
and (iii) pseudo-particles; (iv) continuum theory also can be
applied to some processes (not shown in Fig. 4). Possible calcula-
tion methods are different for different hierarchy processes. Thus
these are for (i) electronic state; kinetic Monte Carlo and molecular
dynamic for (ii) atomic scale [34]; lattice Boltzmann method for
(iii) pseudo-particles; and constitutive electric-plastic metal defor-
mation, FEM [35], FFT [35] for continuum theory. Some important
parameters to measure are reaction products, chemistry of
cavitation-assisted processes for (i) electronic state; orientation
of crystal, anisotropy, kinetics of defect nucleation, roughness, pore
formation for (ii) atomic scale; penetration of liquid and gases

inside-outside the formed surface nanostructures, density and vis-
cosity of liquid for (iii) pseudo-particles; and roughness, tempera-
ture, pressure, nature of solid surface (lattice parameters, phase
diagram, nature of local bonds, elastic properties, patterns, defects)
for (iv) continuum theory.

In the following chapters we will point mostly on our results of
surface nanostructuring.

2. High intensity ultrasonic treatment of metal surfaces

We study the process of cavitation-assisted metal surface mod-
ification to suggest three sonochemical pathways: porous surfaces,
surfaces with defined roughness and oxygen-free flat metal sur-
faces. Such surfaces are of importance for many sustainable appli-
cations from corrosion protection to biomaterials and lab-on-chip
systems [36–38]. Initially, we use water as a solvent and vary the
duration of the experiments at maximum intensity [9]. Solvents
preventing oxidation [39,40] are also in focus (e.g., decane or IL
or ionic liquid (IL)), which allow to understand, depending on the
metal and the stage of modification, the intermediate metal surface
states that are formed by the process.

The chosen metals, for example shown in Fig. 5, differ in their
melting temperatures (see in Fig. 5) and crystal structures (not
shown), e.g. hexagonal for Mg and Ti, and cubic for Au. These fac-
tors could influence the response of metals to physical cavitation-
assisted effects, such as local melting and bond breakage. A
cavitation-assisted chemical effect is also known, and our chosen
metals thus exhibit different reactivity. In water solution, for

Fig. 3. In situ set up and obtained results for following theoretical calculations and predictions of consequences of ultrasonic surface treatment. Normalized
sonoluminescence spectra obtained during sonication of a Si wafer in H2O using different acoustic intensities. (Inset) Magnification of the 690–790 nm region.
Measurements of the roughness and contact angle of the silicon wafer surface as a function of sonication time. Adapted with permission [50]. Copyright 2012, American
Chemical Society. l-Confocal photoluminescence spectra (fluorescent mode, side views) of silicon after ultrasonic modification and followed by ageing. Reproduced with
permission [12]. Copyright 2012, Wiley.
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example, Zn, Mg, Al, Ni and Ti could be oxidized, and noble metals
are stable against oxidation.

Smooth surfaces without oxide layers can be formed in the case
of noble metal ultrasound exposure, even in water. Here, the
physical response of noble metals could provide a means of
cleaning and removing contaminants or of altering the local
melting. Thus, the possibility of local recrystallization through high
heating/cooling should be taken into account.

We are currently able to prepare metal sponges in water solu-
tion from active metals, Al and Mg, with thicknesses up to
500 nm and defined pore-size distributions [9–11]. The kinetics
of the process is studied by controlling the surface roughness,
hydrophilicity, component leaching, chemical composition and

crystallinity. At the beginning of the process, the control of clean-
ing and the following development of an outer layer with destruc-
tion of the initial oxide layer are in focus. One possible approach is
to measure the zeta-potential indicating the surface charge. The
inner structure can be further precisely controlled with possible
stabilization of the formed mesoporous surface sponges through
the formation of new oxide layers. The kinetics can be controlled
by the total surface-sponge oxidation, which leads to the formation
of metal surfaces with a thick mesoporous oxide layer [10]. The
objective here is to stop the process of modification at a stage
where the metal skeleton is stabilized by a thin oxide layer. Total
conversion of the surface layer to oxide is possible. A good example
is Zn modification [10,41,42] in water solution (Fig. 5). The control

Fig. 4. Scheme of bubble collapse effects on the surface due to (i) symmetric collapse in liquid with formation of shock waves and liquid streaming; and (ii) asymmetric
collapse with surface erosion. Insets show the complexity of the ultrasonic treatment of surfaces involving processes at different hierarchy scales: for theoretical calculations
(i) electronic state; (ii) atomic scale; (iii) pseudo-particles.

Fig. 5. Schematic presentation of the effect of acoustic cavitation on the modification of metal particles in water. Metals with lowmelting point (Zn) are completely converted
into metal oxide. Al and Mg formmesoporous sponge-like structures. Metals with high melting points (Ni, Ti) exhibit surface modification under sonication. Nobel metals are
resistant to ultrasound irradiation due to stability against oxidation. Y-axis represents the oxidation ability; X-axis – difference in melting point in Kelvin. SEM images
correspond to 30 min of metal particles modification in pure water at 20 kHz, 57 W/cm2. Adapted from Ref. [10,41,42] with permission from The Royal Society of Chemistry.
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over the surface characteristics is important [9,39], for example for
control of morphology, porosity, oxidation, roughness and
hydrophilicity depending on time of ultrasonic treatment (Fig. 6).

The experiments in solutions that lack oxidizing ability, such as
IL or hydrocarbon liquids are a new focus (Fig. 7). The strategy can
be as described for metal particles by the group of Suslick [39,40].
Metal plates can be irradiated in a hydrocarbon liquid (decane) and
IL. The surfaces are initially highly crystalline; upon sonication,
however, the surface could rapidly become amorphous.

Experiments with metal plates sonicated in hydrocarbon and IL
in the presence of nano- or micro-metal particles can be per-
formed. In this case, as was suggested in Ref. [43], one may expect
particles collision and agglomeration to preferentially form metal
surface sponges, as shown in Fig. 7. In comparison with the
mesoporous-surface metal sponges prepared in water, the thick-

ness of the sponges in this case could be micro-sized deep. How-
ever such sponges are characterized by a wide-range of pore size
distribution and much lower porosity in comparison to meso-
porous oxide-stabilized sponges. Thus for aluminum oxide-
stabilized sponges the porosity reached 80 m2/g [44], and it was
at the level ca. 1 m2/g in the case of a sponge formed in IL [39].
However, in both cases it was shown that with time the porosity
had a tendency to increase, reach a maximum and after that
decrease.

The parameters as in Table 1 can be important for the following
build of fundamental models. Their variation can provide experi-
mental data for ultrasonic process modeling together with provid-
ing various nanostructured surfaces for sustainable applications.

The ultrasonic method for metal surface modification is really
worth to investigate the scenario for surface cleaning and

Fig. 6. SEM images of ultrasonically treated (20 kHz, 57 W/cm2) aluminum particles for (a) 1 min, (b) 3 min, (c) 5 min. Influence of ultrasonication time on structural changes
of the aluminum. TEM images, XRD (black squares show the peaks assigned to bayerite) and 27Al MAS NMR spectra of (d) the initial aluminum and (e) after 60 min ultrasonic
treatment. (f,g) Influence of the ultrasonication time on the specific surface area (BET analysis) and surface morphology of the Al (SEM images of particles treated for 5 min (f),
60 min (g)). Reproduced with permission [44] from The Royal Society of Chemistry. (h) Influence of ultrasonication time on plate roughness, insets show the water contact
angles of the surface before and after ultrasonic treatment. Reproduced with permission [9] from The Royal Society of Chemistry.
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nanostructuring and regulating cavitation bubble dynamics and
their interaction with surfaces, since the ultrasonic methodology
is, indeed, unique [36], being highly economically and ecologically
motivated in comparison with other known techniques. For exam-
ple in Fig. 8 an ultrasonically generated metal sponge is used for
effective surface capsule formation [37,38,45] to provide control-
lable, step-wise delivery of active chemicals (delivery of the antibi-
otic doxorubicin [45] is shown) or magnesium hydride for
hydrogen storage and reactive hard templating [46].

Besides effective metal surface nanostructuring using physical
and chemical effects of ultrasonic treatment, it is possible to design
a device (Fig. 1) for cleaning [6] based on regulation of ultrasoni-
cally generated bubbles and their dynamics. The continuous and
localized generation of acoustic cavitation bubbles can be
accomplished by ultrasonically vibrating a silicon surface contain-
ing micropits [46]. When pouring liquid over the silicon substrate,
individual gas bubbles can be entrapped in the pits; vibrating the
surface ultrasonically resulted not only in acoustic streaming from

Fig. 7. Scheme of possible metal, for example magnesium, modification depending on the solution during the sonochemical process: UPPER – smooth oxide free metal surface
(middle) design during the ultrasonic treatment (US) of a metal surface covered with a natural oxide layer (left) with the following surface sponge construction (right) in
hydrocarbon liquid as a solution and presence of metal particle during the ultrasonic process; BELOW – surface metal sponge formation based on SEM and XRD study with
intermediate structure of sponge with metal skeleton and in following the formation of oxide sponge on top of the metal plate.

Fig. 8. (a) Schematic illustration of uploading, storage, and release of an active component (upper row) and general view of capsules generated at the metal surface (below).
(b) SEM image of the cross-section of the aluminum sponge-like layer (indicated by arrows). Inset: luminescent confocal image (top view) of the surface capsules loaded with
doxorubicin. (c) SEM image of the rough surface of the metal surface sponges. (d) Doxorubicin release under different pH (inset shows time-resolved release at acidic pH = 2).
Reproduced with permission [45]. Copyright 2012, Wiley.
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the oscillating surface, but for large enough pressures also in
pinch-off of gas bubbles from the micropits, as detailed elsewhere
[47]. Water, ethanol, acetone were investigated [6] given their
extensive use in general and ultrasonic cleaning applications of
the cavitating bubbles for cleaning of the substrate opposite to sil-
icon. It was shown that thin metal layers (Au shown in Fig. 8b) can
be effectively removed in a certain local area, defined by the bubble
cloud from the micropits.

To conclude this section, ultrasonic treatment is very prospec-
tive for both metal surface cleaning and nanostructuring and
expected to be of increased interest for scientists from different
fields from theory to application.

3. Silicon modification

We focus here on the ultrasound-assisted modification of sili-
con. For applications related to optics [48] or drug delivery [49],
silicon suffers from an absence of intrinsic fluorescence and a lack
of simple ‘‘green” modification techniques to render it suitable for
such applications. In our study [12], we investigated the pro-
nounced and controlled response of silicon surfaces to ultrasonic
treatment, together with the formation of porous optically active
silicon. The ultrasound-assisted method avoids the use of HF or
similarly aggressive media, which are detrimental to the environ-
ment [48,49].

The ultrasound-assisted modification of silicon plates, in the
form of both crystalline silicon wafers and amorphous silicon
deposited onto glass, were studied [12]. In general, the interaction
of cavitation bubbles with the silicon surface results in mechanical
and chemical modification. As was alreadymentioned (see Table 1),
the ultrasonic modification of solids is known to be controlled by

various sonication conditions, including the intensity and duration
of sonication, the solvent, and the concentration and size of the
sonicated species, oxidants, and reducing agents involved. The
important innovation we introduce in our work [12] is the addition
of hydrogen donors, such as in aqueous solutions magnesium par-
ticles or sodium borohydride, during ultrasonication, which has a
dramatic influence on the process. The sonication of silicon species
in water (Fig. 9), that does not contain a hydrogen donor, results in
the formation of an oxidized surface caused by the oxidation of the
silicon by-products of water sonolysis. The samples are character-
ized by a slight increase in their surface roughness and the absence
of photoluminescence. The hydrogen donors slow down the sur-
face oxidation processes, which are brought in by free radicals
formed during water sonolysis, and stabilize the porous structure
through the formation of silicon-terminated bonds. In this case,
Si–H bonds could be formed as an alternative to, or together with,
Si–O bonds. The illustration in Fig. 9a, based on a 3D reconstruction
of TEM and l-confocal measurements of the surface after high-
intensity ultrasonic exposure, shows our general concept of a
single-step ‘‘green” method for the construction of surfaces with
different porosities. Without a reducing agent present during mod-
ification in water, neither porous nor luminescent structures were
observed. However, in the presence of a reducing agent, lumines-
cent structures with a range of porosities (25–40% in water, 60–
70% in water/alcohol mixtures, and 40–50% in an ionic liquid) were
detected. Furthermore, the differences in porosities correlate with
differences in photoluminescence (green or red).

Moreover it was shown [12,50] that ultrasonic treatment
(20 kHz, 57W/cm2) affects the surface crystal structure (Fig. 9b–d,
insets): (i) provides amorphization of crystalline structures;
and (ii) alternatively possibility to crystalline the amorphous.

Fig. 9. (a) 3D schematic reconstruction, based on micro-confocal and TEM measurements of photoluminescence and porosity change, respectively, of Si after sonication in
controlled solvent conditions. (b–d) TEM images of (b) initial crystalline silicon, (c) silicon after treatment in water, and (d) water/alcohol mixture. Insets presented evolution
of (a) crystalline structure to (d) amorphous. Reproduced with permission [12]. Copyright 2012, Wiley.
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Crystalline samples modified for 20 min reveal partial surface
amorphization (Fig. 9b–d), which later converts into a completely
amorphous microporous silicon structure.

A detailed study of Rivas et al. [51] correlates Si erosion to its
crystalline structure in an ultrasonic device employing micropits
[52]. Together with controlling the ultrasonic reactor parameters
(Table 1), an ultrasound device enables the control of the location
and amount of cavitation bubbles and the surface modification
effects on a millimeter scale [6,51,52]. It was observed [51] that
the concerted effect of various sources of damage formation such
as jetting, shock waves, direct bubble impact, and surface stress
corrosion can all cause the damage observed for the three crystal-
lographic silicon surfaces studied, although each of the three sur-
faces has a different resistance to erosion. For (100) silicon, and
under the current working conditions, the incubation time was of
the order of 50 min, whereas for (110) and (111) apparently the
incubation period is larger than the total 180 min sonication.

Spectroscopic investigations reveal [50] (Fig. 3) that argon (bub-
bling continuously through the liquid phase during experiments)
can be ultrasonically excited via mechanoluminescence, i.e., emis-
sion of light caused by mechanical action on a solid. This phe-
nomenon is highlighted being important and showing that
material from the solid surface can affect the bubbles.

Here it is worth to discuss the advantage of in-situ analysis to
monitor ultrasonic treatment. A simple possible set up for in situ

monitoring is presented in Figs. 1 and 3. The in situ control allows
to follow the kinetics, which, in most cases, is nonlinear. It enables
to directly measure the formed surface structure and its develop-
ment with time.

4. Ultrasonic assisted formation of composite materials

4.1. Metal alloy treatment

Ultrasonic treatment of metal alloys with components of differ-
ent sensitivity to ultrasound results in formation of multi-metal
nanocomposites after ultrasonic nanostructuring [10,44,53–57].
The ultrasonic nanostructuring of metal alloys is based on micro-
phase separation in an alloy due to different phase response to
ultrasound. Thus, if alloy particles consisting of an ultrasound-
resistant compound and a sensitive one are treated, one would
expect that novel nanocomposite structures are developed. We
tested Al/Ni, Al/Pd, Al/Fe and Al/Pd/Cu systems [10,44,53]. Indeed,
the treatment of the aqueous alloy with highly-intense ultrasound
leads not only to the formation of porous structure from more
active metal aluminum but also results in phase segregation, yield-
ing ultrasound-resistant nickel, palladium and copper nanoparti-
cles homogeneously distributed in the porous matrix.

Simultaneously BET analysis even reveals a more porous
structure formation in the case of nanocomposites compared to

Fig. 10. Scanning electron microscopy images taken from the surface of AlNi (50 wt.% Ni) before (a) and after (b) ultrasonication. The inserts show selected area electron
diffractions, which demonstrates the tendency to form larger intermetallic crystals after the ultrasonic treatment. The sketches illustrate the random phase distribution in the
initial AlNi particles and the preferential clustering of the Al3Ni2 phase upon treatment. Energy dispersive X-ray analysis of the metal surface after ultrasonication proves the
formation of Al3Ni2 at the surface, where aluminum to nickel is 3:2. Reproduced with permission [55]. Copyright 2015, from The Royal Society of Chemistry.
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individual active metals: the surface area in this case amounted to
125 m2/g for the AlNi, 280 m2/g for the Al/Pd, 210 m2/g for those of
Al/Pd/Cu after 60 min of modification and ca. 80 m2/g in the case of
aluminum.

The formed nanostructures are highly prospective for various
fields of catalysis, electrocatalysis, hydrogen storage materials,
etc. The group of Andreeva focuses on developing such nanostruc-
tures to be effective in these areas [53–57]. Recently, it has been
argued that structuring of near-surface regions in metal alloys is
of great importance for achieving enhanced catalytic activities of
intermetallic compounds [54,55]. Upon controlled ultrasonic
nanostructuring of intermetallic phases in AlNi alloys [55], the
preferential orientation of Al3Ni2 (100) hexagonal crystal planes
at the surface was achieved (Fig. 10) in ethanol solution. AlNi pow-
der (4 g) was dispersed in 40 mL ethanol and sonicated for 60 min
operated at 20 kHz with a maximum output power of 1000 W. The
maximum intensity was calculated to be 140W cm�2 at mechani-
cal amplitude of 140 lm. To avoid overheating during sonication
the experiment was carried out in a homemade thermostatic cell
connected to a thermostat. The temperature was monitored during
the treatment and kept at 298 K. The ultrasonic treatment of AlNi
particles causes a remarkable modification of morphology and
surface composition in the AlNi alloys. The compositional and mor-
phological changes are clearly visible in Fig. 10. The ultrasonically
induced clustering of intermetallic phases in the modified AlNi
particles is also schematically illustrated in Fig. 10. It is of high
importance that the development of an ultrasonically induced
temperature gradient within the surface of an alloy can stimulate
additional crystal growth [54,55]. The Al3Ni2 and Al3Ni crystallites
in ultrasonically treated AlNi are nearly twice as large (131 nm for

Al3Ni2; 113 nm for Al3Ni), as compared to pristine particles (87 nm
for Al3Ni2; 56 nm for Al3Ni). Assuming diffusion-controlled crystal
growth during the treatment period (1 h), the diffusion rate in the
AlNi (50 wt.% of Ni) was estimated to be about 2 � 10�18 m2/s. The
reference experiments (heating the particles in an oven for 1 h at
different temperatures showed that the observed atomic diffusion
proceeds at an average temperature in the particle interior that is
equal to about T � 823 K [55].

In summary alloy treatment could provide selective intermetal-
lic phase separation and growth. For example the formation of the
Al3Ni2 phase on the surface of AlNi alloys is kinetically restricted
[58], but the thermal shock processing of the metal surface by
ultrasonically generated cavitation bubbles creates large local tem-
perature gradients in the AlNi particles to overcome kinetic barri-
ers. Moreover estimation of local surface treatment could be done
by following the eutectics reaction of intermetallic alloys. Collaps-
ing cavitation bubbles may heat the surface above 1000 K, thus,
triggering the near-surface transformation of the catalytically inac-
tive Al3Ni phase into beneficial Al3Ni2 [55]. In the particle interior,
the estimated mean temperature reaches ca. 800 K, which is well
below the phase transition temperature, but still enough for sub-
stantial solid-state diffusion and crystal growth.

4.2. Treatment in solutions containing metal ions, nanoparticles

During ultrasonic treatment to clean or modify the surface one
should take into account that if any additives are presented in the
solution they could be involved as in the bubble dynamics [16], as
in formed surface structures [10,13,14]. There are pros and cons in
that.

Fig. 11. Transmission electron microscopy (TEM) image of the cross section of aluminum covered by (a) a cerium/aluminum nanonetwork and (b) a dense cerium oxide layer.
(c) Dependence of the atomic concentrations of cerium on ultrasonic treatment time (measured by energy dispersive X-ray spectrometry). The samples were sonicated at
57 W/cm2 in 0.5 M cerium (III) nitrate solution (a) and at 30 W/cm2 in 0.5 M cerium (III) nitrate solution (b).The dense cerium oxide layer is shown by the arrows. Reproduced
with permission [50]. Copyright 2012, American Chemical Society. (d) SEM image of an aluminum plate covered by layered double hydroxide laurate, inset shows the water
contact angle on this surface and 3D current density maps of the surface after 12 h immersion in 0.1 M NaCl. Reproduced from Ref. [9] with permission from The Royal Society
of Chemistry.
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The advantages can be clearly seen, when ultrasonic treatment
of aluminum surfaces was performed in cerium (III) aqueous solu-
tion under different intensities of treatment [13]. Salts of transition
and rare-earth metals (Ce, Co, Mo) have been proposed as alterna-
tives to carcinogenic chromate inhibitors [59] due to their low tox-
icity, economic efficiency, and sufficient cathodic inhibition of
metal corrosion [60]. The ultrasonic treatment results in two types
of cerium-enriched surface nanostructures (Fig. 11) which corre-
late with two tested ultrasonic intensities: (i) cerium/aluminum
oxide nanonetwork, where cerium oxide is formed at lower inten-
sity of ultrasonic treatment; and (ii) aluminum oxide interlaced in
a mixed layer strongly connected to the metal surface. A combina-
tion of microscopic and spectroscopic methods was applied to
study structure and morphology of the coatings as well as to opti-
mize the ultrasound-assisted preparation method. The anticorro-
sion activity of the novel cerium/aluminum oxide system is more
pronounced for the samples prepared at higher intensity (57 W/
cm2 in comparison to 30 W/cm2) of ultrasound and characterized
by formation of a Al/Ce nanonetwork interfacial layer (Fig. 11a),
well adhering to the matrix. At lower intensity of sonication sur-
face oxidation is dominating and the novel layer has poor adhesion
to the matrix (Fig. 11b), which results in low anticorrosion
properties.

The other example presented in Fig. 11d is the treatment of alu-
minum in laurate solution [9]. It was already mentioned above
(Fig. 6h) that aluminum is characterized by increased hydrophilic-
ity of the surface after ultrasonic treatment. It should be also noted
that superhydrophilicity can help in formation of superhydropho-
bic surfaces involving surface modification of our developed struc-

ture [61], for example by sodium laurate [62]. In principle a porous
layer on aluminum could be considered as layered material such as
anionic clay e.g. layered double hydroxide. This layered double
hydroxide in our case plays the role of an inorganic host, which
can be modified to reach surface superhydrophobicity due to for-
mation complex structure by attachment of laurate under low
intensity sonication to the porous surface and formation of layered
double hydroxide laurate. The formed structure is shown in
Fig. 11d. Treatment in sodium laurate results in a surface bonded
laurate film showing induced superhydrophobicity with water
contact angle 163� (Fig 11d, inset). It the case of unmodified alu-
minum the layered double hydroxide layer exhibits very poor
adhesion, contrarily in the case of high intensity designed alu-
minum the layer adhesion was very high even after 1 month of cor-
rosion test. Measurements (Fig. 11d inset) by the scanning
vibrating electrode technique [63] revealed a very high corrosion
resistance with simultaneous self-healing ability [9].

The other attractive approach is intercalation of active centers
into the porous matrix, e.g. noble metals. Examples can be also
based on metal sponge formation with noble particles in their
structures [14,64,65]. The pre-sonicated metal sponge (Al) was
mixed with a noble metal nanoparticle dispersion. The mixture
was sonicated with high intensity ultrasound. The resulting mate-
rials find applications in effective catalysis [14], SERS [64], and bio-
cide surfaces [65].

To conclude, the ultrasonic treatment of multicomponent struc-
tures, e.g. metal alloys, or in solutions with additives, e.g. metal
ions salts or nanoparticles, involves many ultrasonically initiated
primary and secondary processes and reactions. To model and

Fig. 12. Schematic presentation of possible research objects containing the material combination (individual not shown): initial materials – monomer, polymer, metal, metal/
polymer, and metal-polymer-patterned surface – UPPER part; possible ultrasonic effects in the reactor – physical (shock waves and liquid jets) and chemical (formation of
radicals from monomer and polymer and sonolysis of the liquid (here, water shown)) – MIDDLE part; some examples of systems which could be expected after applying
ultrasonic exposure: polymers could be attached to the metal (here shown as a brush formation on the surface); the metal and polymer could form a porous hybrid system;
on the surface of a metal, a thin hybrid (metal/polymer) layer could be formed with subsequent polymer attachment to the hybrid (here, brush formation is shown); and in
the case of an initial patterned surface, the combination of approaches is possible – LOWER part of the scheme. Reproduced with permission [38] Copyright 2014, Wiley.
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understand all processes is still a challenge and in-situ investiga-
tion, mentioned in the previous part, are of high priority concern-
ing complex structures and solutions with additives.

5. Formation of metal hybrids with polymers

Advanced approaches for structure engineering of interfaces/
surfaces to generate new properties and applications are of high
priority. The surface modifications and functionalization can be
expanded to the construction of hybrid material.

The advantage of ultrasonic treatment is the possibility to form
hybrids together with surface cleaning and following nanostruc-
turing, e.g. metals with polymer hybrids performing ultrasonic
treatment in solution containing monomers, polymers (Table 1).
The presence of monomer or polymer molecules in the sonochem-
ical reactor can influence the cavitation process [16]. Organic
molecules are able to accumulate at the gas/liquid interface of cav-
itation microbubbles. The center of the bubble exhibits high tem-
peratures and pressures, whereas the bulk liquid remains under

normal conditions. A transition zone also exists between these
two states. Molecules are present in both the transition zone and
the outer liquid phase. The time required for the orientation of
long-chain molecules in the gas/liquid interface is longer than that
required for short-chain molecules and longer than the bubble
lifetime.

However, organic molecules near the bubble interface influence
the cavitation process, which increases surface pressure, decreases
the lifetime of the cavitation bubble, and leaves the molecule in the
correct orientation and chemical state for transport and attach-
ment to the surface [66]. Five main effects of cavitation are known
for monomers and polymers: the formation of free radicals during
the cavitation process, polymerization, chain reorientation, poly-
mer decomposition and the involvement of organics in chemical
processes, such as oxidation and bond breakage [67,68].

Despite the great interest [69] in the prospective field of metal–
polymer interactions by high-intensity ultrasound through
cavitation-assisted processes, a general lack of knowledge persists
about such processes. Fig. 12 shows a schematic representation of

Fig. 13. (a) Schematic representation of the process of sonoimpregnation (5 min) of hybrid particles on a patterned surface. (b) Optical image of the initial nickel patterned
ITO glass electrode. (c) SEM image of a patterned sonoimpregnated surface of a Rh6G-loaded hybrid. (d) Confocal microscopy image (fluorescent mode) of (c). (e) Is (d) after
electric current flow (shown schematically in the inset). Reproduced from Ref. [32] with permission from The Royal Society of Chemistry.
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the main initial surfaces and some hypothesized consequences of
sonochemical surface modification. Three main possible methods
of metal-polymer interaction have been postulated: (1) the attach-
ment of polymer molecules to a metal surfaces or a thin metal-
oxide layer on the metal; (2) the formation of a hybrid, which
simultaneously interacts with and modifies the metal, and polymer
or monomer attachment with subsequent polymerization, or
monomer polymerization and subsequent polymer attachment;
(3) the formation of a thin hybrid layer on the metal surface and
the subsequent attachment of the polymer (either initially present
or formed from the monomer during the process of sonication).

In our group we developed active metal, e.g. Mg or Al, polypyr-
role hybrids [32,69]. We proposed a novel method [32,69] of for-
mation of a polymer/metal hybrid interfacial layer with
switchable properties by using ultrasonication. Intense ultrasoni-
cation leads to formation of a rough metal interface and triggers
free radical polymerization of monomers in the interfacial region
of the metal surface. Thus, the polymer layer exhibits excellent
adhesion to the bulk metal. The novel concept was demonstrated
for a model polypyrrole/aluminum system [32]. Hydrophilic/
hydrophobic properties and corrosion resistance, also due to dop-
ing/dedoping of polypyrrole of the interfacial layers, can be
adjusted for a particular application. The proposed method can
serve as a platform for formation of interfaces with self-
regulating properties: self-healing, switchable hydrophilicity.

Magnesium–polypyrrole hybrid capsules loaded with the
organic fluorophore rhodamine 6G (Rh6G) were developed [32].
The hybrids were prepared through sonication of magnesium and
pyrrole without initiator or with Fe(III) as the polymerization ini-

tiator in water and alcohol solutions. The properties of the
obtained hybrids, as well as the dye-loading efficiency, were found
to depend on the ultrasonic conditions. The fluorophore release
from the free or surface sonoimmobilised capsules in aqueous
solutions of different pH values and under electric current was
studied. Effective pH-responsive release, including step-wise
release, was confirmed for the hybrid system. The electric current
was also shown to trigger the release of hybrid capsules sonoim-
mobilised onto a Ni patterned ITO surface (Fig. 13).

It is interesting that together with synthesis, removal/cleaning
of the surface from biofilms and polymers (hydrogels) are simulta-
neously possible, for example, using the ultrasonic device shown in
Fig. 8 [6]. Biofilms are known to be able to adhere strongly to a sub-
strate. Many of the MCF-7 cells of biofilm grown on a glass slide
had been detached due to the induced cavitation cloud. However,
optical visualization does not give any information on the cells
around the area that was cleaned. Those cells might have been
lysed through sonoporation. The method of dead-live staining
could provide information on the viability of the remaining cells.

Control of cavitation is also suggested by means of hybrid pat-
terned surfaces [15,70,71]. Thus cavitation at the solid surface nor-
mally begins with nucleation, in which defects or assembled
molecules located at a liquid–solid interface act as nucleation cen-
ters and are actively involved in the evolution of cavitation bub-
bles. A simple approach to evaluate the behavior of cavitation
bubbles based on sonication of patterned substrates with a small
roughness (less than 3 nm) and controllable surface energy was
proposed. A mixture of octadecylphosphonic acid (ODTA) and
octadecanethiol (ODT) was stamped on the Si wafer coated with

Fig. 14. SEM images of patterned Si with 100 nm of sputtered Al layer after ultrasonic treatment: (a) at 10 min of sonication, (b) at 20 min of sonication, (c) at 40 min of
sonication. First column: overview images of the sonicated surfaces (thickness of the hydrophobic stripes is about 8 lm; hydrophilic stripes, 20 lm). Second column: high
magnification images (3000�) of the formed defects on hydrophobic surfaces. Third column: sketch of the cavitation process on the hydrophobic surface. Reproduced with
permission [70]. Copyright 2011, The Royal Society of Chemistry.
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different thicknesses of an aluminum layer (20–500 nm). The
growth mechanism of cavitation bubble nuclei and the evolution
of individual pits (defects) formed under sonication on the modi-
fied surface were investigated (Fig. 14). An activation behavior as
a function of Al thickness, sonication time, ultrasonic power and
temperature was reported. In the process cooperativity was intro-
duced, as initially formed pits further reduce the energy to form
bubbles. Furthermore, cavitation on the patterns is a controllable
process, where up to 40–50 min of sonication time only the
hydrophobic areas are active nucleation sites. The study provides
a convincing proof of a theoretical approach on nucleation.

Organic–inorganic hybrid nanocompounds or porous metal
organic frameworks have been investigated and shown be possible
to be synthesized in cavitation assisted reactions [72].

In summary, ultrasonic chemistry carries many exciting pro-
spects but is in its infancy with respect to our understanding and
control of the process, which necessitates a multidisciplinary
approach for specific applications. Concerning the latter, the focus
for hybrids is bubble nucleation through hybrid patterned surfaces
[15], biomaterials and biomimetic [42].

6. Conclusions

There have been many developments in recent years in applica-
tion of ultrasonic cleaning/treatment of different solid surfaces.
Ultrasonic nanostructuring results in new types of advanced mate-
rials. Using high intensity ultrasound is ecologically friendly and
allows one to achieve high temperature and high pressure
nonequilibrium conditions locally on a microlevel with a bulk reac-
tor near room temperature. Important solid surface characteristics
which determine solid surface resistivity and kinetics of surface
response to ultrasonic cleaning/treatment are discussed. The cur-
rent achievements of the application of ultrasonic approach for
the modification of solid-state materials can be summarized
according to the following main directions:

(1) There are two main concepts explaining the interaction of
the cavitation bubble with solid surface: collapse of the sin-
gle cavitation bubble at solid surface resulting in the bubble
jetting and concerted collapse of bubble clusters.

(2) Surface hydrophilicity, stability to Red/Ox reactions, adhe-
sion of surface layers to the substrate, melting temperature
are important to predict the influence of ultrasound on the
surface.

(3) Ultrasonic treatment of metals, silicon can be used for the
development of active chemically-stabilized surface
sponge-like structures, recrystallization of the surfaces, for-
mation of metal nanoalloys.

(4) The collapsing cavitation bubbles may heat the surface
above 1000 K and trigger the near-surface transformation
of solids and intermetallics (analyzed based on modification
of AlNi alloy particles). In the particle interior, the estimated
mean temperature can then be ca. 800 K, which is below the
phase transition temperature, but still high enough for sub-
stantial solid-state diffusion and crystal growth.

(5) The ultrasonic treatment in solution with additives, besides
possible phase transformation of bulk materials, results in
incorporation of metal ions/nanoparticles into the bulk
structure and formation of functional layers.

(6) The main focus of the ultrasonic treatment of hybrids may
be devoted to stimulated reorganization of polymers, partial
oxidation, cross-linking, crystallinity, changes of the outer
polymer layers and hybrid development. Interesting pro-
spects of selective nanostructuring can thus be derived.
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Self-healing properties of layer-by-layer
assembledmultilayers
Ekaterina V Skorba and Daria V Andreevab*

Abstract

The review is focused on the formation and the self-healing properties of polymer and hybrid multilayers formed via the
layer-by-layer approach. In the first part of the review the recent developments in the construction of polymer multilayers
are highlighted. In the second part the design and the self-healing properties of inorganic−polymer hybrid multilayers are
described. It is shown that self-healing multilayers have a broad spectrum of applications including corrosion protection,
as elements of antifouling and antimicrobial coatings and bio-inspired superhydrophobic interfaces. It is demonstrated that
dynamic functional interfaces have a complex hierarchical organization of non-covalently bonded polymers and colloidal
particles. Mechanisms of self-healing behavior of the multilayers and the role of water and external stimuli (pH, ionic strength
and temperature, light) in swelling of multilayers and rearrangement of polymer segments are discussed. Future trends,
perspectives and research strategies for the design of ‘smart’ self-assemblies with self-healing properties are proposed.
© 2015 Society of Chemical Industry
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INTRODUCTION
Stimuli responsive multilayers are self-assemblies of
polyelectrolytes1,2 and/or block copolymers,3,4 hydrogels,5,6

colloidal particles,7,8 nanotubes,9,10 clays,11,12 low molecular
weight active compounds13,14 etc. The multilayers are dynamic
nanonetworks with stimuli responsive properties.15,16 Reversible
stimuli responsive behavior of the multilayers is possible due to
non-covalent (electrostatic,17,18 hydrogenbonding,19,20 hydropho-
bic interactions21 etc.) intermolecular and intramolecular bonding
in the layers.
Reversible stimuli responsive properties of the self-assembled

multilayers are a key factor for the broad application area of these
materials. The multilayers are used for the formation of active
layers in corrosion protection systems22–28 and antifouling,29

antimicrobial and antifungal30–32 coatings. The self-assembled
nanonetworks are effective components for the construction
of selective, highly sensitive and multifunctional sensors and
biosensors.33–35 Pharmaceutical and biomedical applications
of hybrid multilayers include the design of ‘smart’ drug deliv-
ery systems36–40 and the functionalizing and protection of
implants’ surfaces.41 Stimuli responsive multilayered systems can
be applied as important elements of regenerative medicine.39,40

Furthermore, such systems can provide a suitable extracellular
microenvironment for cell growth and tissue engineering.39,40

The dynamic nature of hybrid multilayers is used in a broad
spectrum of applications and is the basis of many research strate-
gies. Deposition of multilayers on surfaces provides solids with
biofunctions and biocompatibility.41 One of the important prop-
erties of nature is its ability to self-heal or self-repair, i.e. the
regeneration/restoration of damaged integrity and functions of
a system.42–45 The multilayer assembly as a dynamic polymer
system is able to heal/restore defects due to the mobility of
non-covalent bonded layers.15 Mobility as well as permeability

and elasticity of the multilayers are affected by the number of
unbound mobile chains in the multilayers.46,47 External stimuli
(pH, ionic strength, humidity, light and temperature) determine
the presence of associated/dissociated functional groups in poly-
mer chains, the degree of swelling of polymer networks48–50 and
thus the mobility of multilayers and their ability to heal damaged
areas.
The initial concept of self-healing properties of multilayers was

suggested by Sackmann et al.51 The concept is based on the
investigation of the properties of substrate-supported lipid bilay-
ers by Tamm and McConnell.52 In a series of works Stackmann
et al.51,53,54 demonstrated that soft hydrated hydrophilic biopoly-
mers served as effective lubricating layers for the formation of
defect-free lipid−protein bilayers.51 The bilayers couldmove over
these supporting layers and thus heal possible defects in their
structure.53,54 The multilayers in these works were formed via the
Langmuir− Blodgett approach.
Later Legras et al.55 pointed out in a review that among

other self-assembly methods (Langmuir− Blodgett approach,56

self-assembly monolayers,57 formation of hyper-branched poly-
mer films,58 polymer grafting59 etc.) the tendency for self-healing
wasunique for the layer-by-layer (LbL) approach. Itwas shown that
stepwise alternating deposition of oppositely charged species, the
so-called LbL process, was a unique self-assembly approach to the
formation of multilayers that were able to heal surface defects.55
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The unusual tendency of LbL self-assemblies to self-healing of
surface defects and inhomogeneity was attributed to the surface
coverage by layers of charged macromolecules.
In the last decade, stimuli responsive LbL assembled multilayers

were found to be useful for the design of functional coatings
with self-healing ability. The LbL approach is a versatile and easy
technique that is adjustable to different substrates and to different
classes of low and high molecular weight compounds. Thus, it is
a suitable approach to the design of hybrid materials that mimic
nature.
In this review we focus on the formation and self-healing prop-

erties of hybrid multilayers formed using the LbL technique.
The review has two parts, schematically illustrated in Fig. 1. The
first part highlights the formation of polymer interfaces with
self-healing properties (Fig. 1(a)). The multilayers are applied
for the decoration of surfaces and for supplying surfaces with
self-healing properties. Technologically this is important for
the formation of an active protective coating, e.g. for corrosion
protection of metals. Such coatings are a good alternative to
passive barrier coatings that lose their properties after chemical
or mechanical damage. The second part (Fig. 1(b)) is focused on
the formation and self-healing properties of hybrid multilayers
formed by the LbL assembly of polymers and colloidal particles.
Such multilayers are designed for modification of different sub-
strates including wood, polymers, ceramics etc. and can also be
used as free-standing films.

SELF-HEALING THIN FILMS: MULTILAYERS ON
SURFACES
Polymermultilayers deposited on a surface have been successfully
used for thedesignof activeprotective coatingswith self-repairing
or self-healing properties. In this case, LbL modified surfaces are
active components of corrosion protective systems, antifouling,
antimicrobial, antifungal coatings, systems with tuned hydropho-
bicity etc. In Table 1 we summarize the data on compositions and
application areas of polymer-based multilayers with self-healing
properties.

(a)

(b)

Figure 1. Schematic illustration of hybrid multilayers with self-healing
properties: (a) surface decorated by multilayers; (b) polymer/colloidal
particle assemblies with self-healing properties.

Self-healingmechanisms of LbL assembledmultilayers
The self-healing behavior of the multilayers is based on
water-induced mobility of polymer chains.46,47 In aqueous media
or a humid atmosphere the multilayers adsorb water.48–50 In
the swollen state surface defects can be eliminated by rear-
rangement of polymer chains, and the integrity and functions of
damagedmultilayers are restored. Aswe see in Table 1 the existing
self-healing systemsmostly consist of ‘weak’ polyelectrolytes or at
least one polyelectrolyte in the system is ‘weak’. The pronounced
water-induced self-healing process is observed for ‘weak− strong’
and ‘weak−weak’ polyelectrolyte pairs, hydrogels and block
copolymers (BCPs).
A hydrogel is a hydrophilic polymer network.69–71 It was pro-

posed by South and Lyon72 that mechanically damaged hydrogel
films are characterizedby aheterogeneous distributionof charges.
Water-induced mobility of polymer segments leads to rearrange-
ment of polymer chains and the restoration of destroyed interac-
tions. As alternatives tohydrogels, hydrogenbondedmultilayers of
poly(vinyl pyrrolidone) (PVPON) and poly(acrylic acid) (PAA) were
proposed.67 It was shown67 that the hydrogen bondedmultilayers
exhibit swelling-induced mechanical instability similar to hydro-
gels. In contrast to covalently crosslinked hydrogels the layers are
bonded by reversible hydrogen bonding. Due to the reversible
character of bonding hydrogen bonded multilayers are suitable
components for self-healing coatings.
The self-healing activity of the multilayers can be triggered

or accelerated by external stimuli (pH, ionic strength, light,
temperature).48–50 pH is one of the external stimuli for reversible
swelling/deswelling of layers of ‘weak’ polyelectrolytes,24–27

BCPs,18,19,46,48 pH sensitive hydrogels65,66 and polymer brushes.50

Highly sensitive pH dependent multilayers were prepared using
‘weak’ polyelectrolytes, e.g. poly(allylamine hydrochloride) (PAH)
orpoly(ethyleneimine) (PEI) andPAA. PAH/PAAmultilayers demon-
strate a transition from a highly crosslinked, ion-paired network at
pH 5.5 to a swollen, highly hydrated network with fixed positive
charges at pH 2.0 (Fig. 2(a)).74

For BCPs and BCP micelles (BCMs) pH change triggers reversible
dissolution/collapse of micellar core or tune length and the
density of the micellar shell. For example, Webber et al.73,75

demonstrated a ‘nano-anemone’ effect of poly(2-(dimethylamino)
ethyl methacrylate)-block-poly(2-(diethylamino)ethyl methacry-
late) (PDMA-b-PDEA). PDEA is molecularly dispersed at low
pH and collapsed at higher pH (Fig. 2(b)). pH sensitive triblock
terpolymercore-shell-corona micelles (BMAADq) consist of
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Table 1. Composition and application area of self-healing polymer-based multilayers

Composition of multilayers Additional component Stimuli Application area Ref.

PAH-SPEEK PAA POTS Humidity Super hydrophobic surfaces [60]
PAH-SPEEK PAA POTS, PFOS Humidity [61]
bPEI PAA Triclosan Water Antibacterial coating [62]
bPEI PAA − Water − [63]
PEI PSS 8-Hydroxyquinoline pH, ionic strength Corrosion protection [24,26,27]
PEI PSS − pH, ionic strength Corrosion protection [25,64]
PEI, PDADMAC PSS, PAA 8-Hydroxyquinoline pH, ionic strength Corrosion protection [64]
− PSS 8-Hydroxy-quinoline, benzotriazole pH, ionic strengh Corrosion protection; antibacterial coating [32]
PDADMAC p-NIPAm-AAc Water Antifouling biocoating [65,66]
BMAADqmicelles − − pH Antibacterial, self-recovery, self-cleaning [29]
PVPON PAA − Water/ethanol − [67]
PEI PVDMA n-decylamine pH superhydrophobic surfaces [68]

PAH-SPEEK, complexes of poly(allylamine hydrochloride) and sulfonated poly(ether ether ketone); POTS, 1H,1H,2H,2H-perfluorooctyltriethoxysilane;
PFOS, perfluorooctanesulfonic acid lithium salt; PAA, poly(acrylic acid); bPEI, branched poly(ethyleneimine); PEI, poly(ethyleneimine); PSS,
poly(styrene sulfonate); PDADMAC, poly(diallyldimethylammonium chloride); p-NIPAm-AAc, poly(N-isopropylacrylamide)-co-acrylic acid; BMAADq,
triblock terpolymer micelles consisting of polybutadiene (B), poly(methacrylic acid) (MAA) and quaternized poly(2-(dimethylamino)ethyl methacry-
late) (Dq), B800MAA200Dq285 (subscripts denoting the degrees of polymerization of the corresponding blocks); PVPON, poly(vinyl pyrrolidone);
PVDMA, poly(vinyl-4,4-dimethylazlactone).

(a)

(b) (c)

Figure 2. Schematic illustration ofmechanisms of pHdependent self-healing behavior. (a) Polyelectrolytemultilayers. (b) Core/shell BCMs at pH> 7 (i) and
pH< 7 (ii); represented with permission from [73]. (c) Core/shell/corona micelles at pH 7 (i) and pH 4 (ii); reproduced with permission from [29]. Copyright
2004, 2012, Wiley.

polybutadiene (B), poly(methacrylic acid) (MAA) and quaternized
poly(2-(dimethylamino)ethyl methacrylate) (Dq).76 Accordingly,
the charge density of the MAA block and dissolution (at pH 4) or
regeneration (at pH 7) of the shell can be adjusted by the pH of the
solution. Themechanism of the reversible morphological changes
of the BMAADq micelles is based on the attraction/repulsion
between pH dependent charged/uncharged MAA and the posi-
tively charged Dq blocks (Fig. 2(c)).
Hydrogels can exhibit pH and temperature depen-

dent phase transitions. Response to pH is induced in a
hydrogel by the formation of copolymers with PAA, e.g.
poly(N-isopropylacrylamide)-co-acrylic acid (p-NIPAm-AAc).65,66,71

At pH< 4.5 theAAcgroups areprotonated, and at pH> 4.5 theAAc
groups are deprotonated. For bothpH- and temperature-triggered
morphological changes of hydrogels hydration is a major factor

that controls reversible coulombic interactions in polymer
networks and thus their self-healing behavior.65–67,71,73 Poor
mechanical properties of hydrogels restrict their use in the for-
mation of multilayers. A number of technological solutions,
namely crosslinking of layers69 and LbL deposition of colloidal
particles together with hydrogels,66 have been proposed in order
to enhance the mechanical properties of hydrogel-containing
multilayers.
Temperature change stimulates pronounced morphological

changes of hydrogels, BCPs and BCMs. In BCPs and PCMs p-NIPAm
is responsible for sensitivity of the multilayers to temperature
change. p-NIPAm chains are molecularly dispersed at temper-
atures below 32 ∘C (lower critical solution temperature) and
collapsed in aqueous solution at temperatures above 32 ∘C. The
temperature dependent volume phase transitions of micellar
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(a)

(b)

Figure 3. (a) Time dependence of the current density changes of a damaged aluminium alloy covered by a PEI–PSS 10-bilayer coating obtained by
using the SVET: red curve, anodic current; blue curve, cathodic current (scale units μA cm−2, spatial resolution 150 μm, solution 0.1mol L−1 NaCl) (i).
Snapshot measured after 3 h of the experiment time (ii). Photograph of the behavior of the damaged surface during the SVET experiments. The scratch
is highlighted by arrows (iii). (b) SVET measurements of the ionic currents above the surface of the damaged aluminium alloy covered by the PEI–PAA
10-bilayer coating (scale units μA cm−2, spatial resolution 150 μm, solution 0.1mol L−1 NaCl). Experiment time 7 h (left); experiment time 7 h 30min (right)
(i). Timedependenceof the current density changesof the scratchedaluminiumalloy coveredby thePEI–PAA10-bilayer coating: red curve, anodic current;
blue curve, cathodic current (ii). SEM image of the surface of the PEI–PAA coating after 12 h immersion in 0.1mol L−1 NaCl. Reproduced with permission
from [64]. Copyright 2010, American Chemical Society.

cores of BCMs and crosslinked hydrogels result in reversible
swelling/deswelling of the layers.48,77,78

The presence of salt in the medium leads to charge screening
effects: it degreases repulsion forces between the charges and
stimulates coil conformation of the chains.77–79 Higher salt con-
centration (up to 1mol L−1 NaCl) leads to increased water content
in the multilayers.80 Small counterions can penetrate the layers
and compensate charges.81 The higher ionic concentration com-
pared to the surrounding solution increases the osmotic pres-
sure and results in permeation of water into the multilayers. Thus,
the polyelectrolyte multilayers start to swell and increase their
mobility.82–84

Self-healingmultilayers and their application
Anticorrosion coatings
The pH dependent self-healing activity of LbL deposited mul-
tilayers of ‘weak’ and ‘strong’ polyelectrolytes were studied on
a polyelectrolyte based anticorrosion protection system.24–27,64

The self-healing efficiency of LbL multilayers of polyelectrolytes
on commercial aluminium alloys, magnesium alloys and stainless

steel was monitored by the scanning vibrating electrode tech-
nique (SVET). The SVET mapping of local cathodic and anodic
activity of the damaged area proved the healing activity of
the multilayers. As seen in Fig. 3(a) the multilayers formed by
‘weak’–‘strong’ polyelectrolytes of PEI and poly(styrene sulfonate)
(PSS) demonstrate a very fast self-healing response. The multilay-
ers formed by two ‘weak’ polyelectrolytes (PEI/PAA) demonstrate a
slower response. The degradation/healing cycles can be detected
by SVET (Fig. 3(b)).64 In addition to the self-healing mechanisms
that are described in the above section, the unique pH buffering
activity of the ‘weak’− ‘strong’ and ‘weak’− ‘weak’ polyelectrolyte
multilayer system is important for suppression of corrosion prop-
agation in metals.24–27

Assembled in multilayers polyelectrolytes have a relatively large
number of functional groups and can reversibly entrap lowmolec-
ular weight compounds.24,64 Healing agents (corrosion inhibitors)
deposited as components of the multilayers can be released on
demand. External stimuli, pH, temperature, light etc., as well as
chemical reactions following the corrosion degradation, change
the degree of dissociation of the polyelectrolytes and therefore
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control the concentration of bonded and unbonded healing
agents in the multilayers. Thus, healing agents could be encapsu-
lated into the multilayers and locally released at a particular time.

Superhydrophobic surfaces with self-healing activity
Superhydrophobic multilayers with self-healing properties were
developed by Sun et al.60,61 The nanoscaled hierarchical struc-
tured surface was prepared by LbL deposition of complexes of
PAH and sulfonated poly(ether ether ketone) (SPEEK) with PAA.
1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS) was deposited
via chemical vapor deposition and used as a hydrophobic layer
and a healing agent.60 Damage of the hydrophobic POTS layer
triggered swelling of the multilayers and rearrangement of the
polyelectrolyte chains. Thus, POTS molecules migrated to the
surface and healed defects. It was mentioned that the pro-
posed bio-inspired self-healing process mimics wax production
by plants. The self-healing multilayers with enhanced properties
were designed by LbL spraying of PAH-SPEEK and PAA with two
healing agents: POTS andperfluorooctanesulfonic acid lithium salt
(PFOS).61 Use of spraying technology for deposition of the layers
significantly simplifies the deposition process. Spraying can also
help to re-encapsulate the self-healing agent.
Superhydrophobic surfaces with self-healing properties

were also produced by LbL assembled covalently crosslinked
branched PEI (bPEI) and the amine-reactive polymer poly(vinyl-
4,4-dimethylazlactone) (PVDMA).68 Reaction of the multilayers
with n-decylamine leads to superhydrophobicity of the sur-
face. The enhanced healing process was detected at lower pH
and proved the importance of PEI protonation for the healing
properties of the multilayers.

Antimicrobial, antifouling coating with self-healing
properties
Several strategies for the construction of antimicrobial coat-
ings with self-healing properties have been proposed. First,
antimicrobial agents can be encapsulated into the stimuli
responsive multilayers.62 For example, triclosan (5-chloro-2-
(2,4-dichlorophenoxy)-phenol) solubilized in cetyltrimethylam-
monium bromide (CTAB) micelles was entrapped into bPEI/PAA
multilayers. It was shown that triclosan in CTAB micelles does not
affect the water-induced interdiffusion of polyelectrolytes and the
films demonstrated healing and antimicrobial properties.62

However, antimicrobial agents could affect the homogeneity
and stability of the self-healing multilayers. A novel approach for
the encapsulation of active agents was developed using sono-
chemical activation of metal surfaces.32 Ultrasonically treated
porousmetal surface ‘surface capsules’ can be loadedwith antimi-
crobial agents and then sealed by LbL assembled multilayers
(Fig. 4(a)). The metal/polymer hybrid surfaces were produced
by encapsulation of antiseptic agent and corrosion inhibitor,
8-hydroxyquinoline, and corrosion inhibitor, benzotriazole.32

An innovative self-cleaning antifouling coating was designed
by the deposition of BCMs on ultrasonically activated surfaces.29

The self-healing activity of the hybrid BMAADq/metal surface
was triggered by living products of bacteria (Fig. 4(b)). This spec-
tacular cell-cleaning surface effect is based on a pH-triggered
desorption of the bacteria due to changes in morphology of the
charged quaternized poly(2-(dimethylamino)ethyl methacrylate)
(Dq) corona of the micelles. The lactic acid produced by Lacto-
coccus lactis decreases the local pH of the metal/micelle/bacteria
interface. At pH 4 the length of the charged corona increases76

(a)

(b)

Figure 4. (a) Schematic illustration of ultrasonically formed ‘surface cap-
sules’ loaded with healing agent and sealed by polyelectrolyte multilay-
ers. Adopted with permission from [32]. (b) Confocal kinetic study (fluo-
rescence mode) and schematic illustration of pH-triggered self-cleaning
behavior with micelles on a covered porous Al surface. As model cells Lac-
tococcus Lactis 411 bacteria (loaded with dye) were used. Reproduced with
permission from [29]. Copyright 2012, Wiley.

and the adsorbed bacteria are detached from the surface. Thus,
pH-regulated self-cleaning of the metal/micelle network was
achieved.
Summarizing, recent studies havedemonstrated that LbL assem-

bled multilayers are very promising self-healing elements of func-
tional coatings including anticorrosion systems, superhydropho-
bic surfaces, and antimicrobial and antifouling protection systems.
The use of the multilayers for the design of ‘smart’ devices and
active surfaces can enhance their durability and exploitation time.
A number of studies showed that polyelectrolytes, hydrogels, BCPs
andBCMs canbeused for the formationof self-healingmultilayers.
However, additional investigation should elucidatemechanismsof
self-healing and quantify the response of multilayers.

SELF-HEALING HYBRID COLLOID− POLYMER
ASSEMBLIES
In this section we describe two strategies of hybrid colloid–
polymer assemblies for self-healing applications with some recent
specific examples of the developed systems. The first strategy is
incorporation of colloidal particles into multilayers (Fig. 1(b)). The
second strategy is the possibility of LbL assembly on colloidal par-
ticles for development of capsules for self-healing application. Col-
loidal particles can affect the most important structural functions
of a system such as stiffness, strength, fracture toughness, ductil-
ity, fatigue strength, energy absorption, damping, thermal stabil-
ity, as well as self-healing ability and sensitivity to different stimuli.
The chosenhybrid colloid–polymer assemblies for self-healing are
summarized in Table 2.
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Table 2. Hybrid colloid–polymer assemblies for self-healing

Composition of polymers

Polymer 1 Polymer 2 Colloidal particles Stimuli Application area Ref.

bPEI PAA AgNPs Humidity Electrically conductive coatings [85,86]

PAH PSS AuNPs Humidity Polymeric membrane [87]

PMMA PLA TiCl4 (TiO2) Al2O3 Atmospheric moisture Electronic devices [88]

lipid 1 lipid 2 Janus nanoparticles Humidity, pH, temperature Biomembrane [89]

PVA PSS LDH Water Oxygen barrier film [90]

PDADMAC − Fugitive network scaffold [91]

PAM PAA Graphene Temperature Shape memory systems [92]

PVDF-HFP FAS SiO2 Water Superamphiphobic fabric [93]

PEI PSS TiO2 pH, ionic strength, light Corrosion protection [30,94]

PEI PSS TiO2 AgNPs pH, ionic strength, light Corrosion protection [94,95]

PEI PSS SiO2 pH, ionic strength Corrosion protection [31]

NPs, nanoparticles; PMMA, poly(methyl methacrylate); PLA, poly(lactic acid); LDH, layered double hydroxide; PVA, poly(vinylalcohol); PVDF-HFP,
poly(vinylidene fluoride hexafluoropropylene; FAS, fluoroalkyl silane.

Incorporation of colloidal particles intomultilayers
To provide systems with advanced functionality or stimuli sen-
sitivity the LbL assembled multilayers often combine polymeric
materials with inorganic nanoparticles. Nanoparticles are amobile
component that can autonomously migrate96 to the damaged
area after a fracture occurs. The driving force for particle expulsion
from the polymeric matrix is the gain in conformational entropy
of the polymer chains. Important parameters for the process are
particle nature, size, surface functionalization and concentration
in the LbL composite. Spontaneous percolation of nanoparticles
during a fracture can be used for the recovery of functional prop-
erties such as mechanical performance or electrical conductivity,
as well as light emission.97 Nanoparticles can also affect the
swelling/deswelling andmobility of the polyelectrolyte or provide
the LbL composite with multi-stimuli sensitivity: together with
pH sensitivity the system can sense other stimuli, such as light,
electromagnetic field, ultrasound etc.
The self-healing behavior of polyelectrolytemultilayers has been

discussed in the first part of this review. Metal nanoparticles
as well as metal ions can affect the interdiffusion of polyelec-
trolyte chains− the mobility of the polyelectrolyte chains within
the assembly for lateral diffusion to heal scratches. Silver nanopar-
ticles aided the self-healing of bPEI and PAA polyelectrolyte
multilayers85 (Fig. 5(a)) and speeded the ability of the multilayer
assembly to heal defects. This enhancement of property does not
seem to be due to changes in mechanical properties but rather to
enhanced affinity to water and plasticization that enables the film
to swell better.
The propagation of cracks in electrically conductive materials

leads tounexpectedbreakdownof functionsof the surface.A facile
way of fabricating healable LbL composite electrically conductive
film was demonstrated recently86 for a system of silver nanowires
(AgNWs) inmultilayers of bPEI and PAA–hyaluronic acid (PAA–HA)
blend (AgNWs/(bPEI/PAA–HA) (Fig. 5(b)).
Unlike the rough bPEI/PAA films98 the introduction of highly

water-absorbing HA makes the bPEI/PAA–HA films flat, trans-
parent and highly flexible with conveniently achieved healabil-
ity by depositing AgNWs on top of the films. The water-enabled
healability of the underlying LbL assembly is successfully imparted
to conductive films of AgNWs, which can achieve convenient

(a)

(b)

Figure 5.Different shaped silver nanoparticles (AgNPs) for self-healing sys-
tems. (a) Schematic illustration and study of the increase of self-healing of
bPEI-PAA polyelectrolyte multilayers with spherical AgNPs: scratch before
(i) and after (ii) healing for the coating bPEI-AgNPs-PAA. The ‘healed’
film contains segments of bPEI-PAA, bPEI-Ag+-PAA and bPEI-AgNPs-PAA
(from left to right) and can be peeled off from the polystyrene substrate
(iii). Reproduced with permission from [85]. Copyright 2014, Royal Chem-
ical Society. (b) Water-enabled healing of electrical conductivity of Ag
nanowires, (NWs)/(bPEI/PAA–HA)*50 system: schematic and filmwith a cut
before (i) and after (ii, iii) being healed. Insets present film healing and
recovery of electrical conductivity: no light fromdamaged film (i), and light
from the LED bulb comes on after healing (ii). Reproducedwith permission
from [86]. Copyright 2012, Wiley.

multiple healing of cuts in conductive films. The healable conduc-
tive films have high conductivities as a result of the use of AgNWs.
Transparent healable conductive films, which have conductivities
much higher than those of the usually used indium tin oxide (ITO)
on glass, are also fabricated by the same method.
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It should be mentioned that gold nanoparticles (AgNPs) can
provide coatings with biocide activity29 which can be used as
discussed above for the development of antifouling, antibacte-
rial coatings. Moreover noble nanoparticles make it possible to
switch/activate polyelectrolyte LbL composites with light.8

AuNPs are also used to affect the self-healing properties of LbL
assemblies. Nanocomposite membranes prepared by LbL assem-
bly of polymeric materials with AuNP intralayers87 have been
reported. The membranes were composed of a central layer sand-
wiched between nine bilayers of two alternating polyelectrolytes:
PAH and PSS. After plastic deformation, the membranes showed
complete and autonomous recovery of their properties on a time
scale of hours, which was possible by means of a reversible poly-
mer− nanoparticle self-organization process.
Multilayer composites that utilize polymeric and brittle inor-

ganic films are essential components for extending the lifetimes
and exploiting the flexibility of many electronic devices. However,
crack formation within the brittle inorganic layers as well as the
flexing of thesemultilayer compositematerials allows the influx of
atmospheric water, a major source of device degradation. In the
study by Jiang et al.88 the reactive metal oxide precursor TiCl4 is
encapsulatedwithin thepores of a degradablepolymer, poly(lactic
acid) (PLA). Electrospun PLA fibers are found to be reactive to
atmospheric water leading to hydrolysis of the degradable poly-
mer shell and subsequent release of the reactive metal oxide pre-
cursor. Releaseof the reactive TiCl4 from thepores results in hydrol-
ysis of the metal oxide precursor, forming solid titanium oxides at
the surface of the fibers. The efficacy of this self-healing delivery
system is also demonstrated by the integration of these reactive
fibers in the polymer planarization layer, poly(methyl methacry-
late) (PMMA), of a multilayer film, upon which an alumina barrier
layer is deposited.88 The introduction of nanocracks in the alu-
mina barrier layer leads to the release of the metal oxide precur-
sor from the pores of the fibers and the formation of titanium
dioxide nanoparticles within the crack and upon the thin film sur-
face. In this study the first delivery system that may find utility for
the self-healing of multilayer barrier films through the site-specific
delivery ofmetal oxide nanoparticles through smart reactive com-
posite fibers was established.
Janus nanoparticles, composed of hydrophobic and hydrophilic

portions, have been studied as active components for a lipid bilay-
ered membrane with self-healing properties.89 During external
compressive stress on the membrane surface in an aqueous envi-
ronment, Janus nanoparticles can self-assemble on the edge of
a pore, with hydrophilic ends facing the inside of the pore. This
assembly lasts for a long time and allows further repeatable pore
opening and closing with lower stress intensity than for the first
cycle. This happenswithout affectingmembrane integrity and rep-
resents a sensible enhancement of the healing ability with respect
to a bare lipid bilayeredmembrane. Pore opening can also be trig-
gered by other parameters such as pH or temperature.
Ceramic and oxide particles in an LbL assembly can affect the

self-healing functionality. Thus hybrid films were fabricated via
LbL assembly of layered double hydroxide (LDH) nanoplatelets
and PSS followed by subsequent permeation of poly(vinylalcohol)
(PVA) providing excellent oxygen barrier performance with
humidity-triggered self-healing capability90 (Fig. 6(a)).
A method for tailoring local mechanical properties near chan-

nel surfaces of vascular structural polymers for high structural
performance in microvascular systems was suggested recently
by White’s group91 (Fig. 6(b)), while synthetic vascularized materi-
als were composed of the LbL assembly of PDADMAC/halloysite

(a)

(b)

Figure 6. (a) Schematic illustration of the fabrication of layered dou-
ble hydroxide (LDH) nanoplatelets and PSS followed by subsequent
permeation of poly(vinylalcohol) (PVA) ((LDH–PSS)n –PVA) film on a
polyester substrate serving as an oxygen barrier film with self-healing
ability together with the corresponding SEM images of a damaged
(LDH–PSS)20 –PVA film and a self-healing one after 75 h. Reproduced with
permission from [89]. Copyright 2014, Royal Chemical Society. (b)Microvas-
cular networks using LbL assembly of PDADMAC with halloysite nan-
otubes. SEM images (i, ii) of cross-sections showing the matrix-embedded
PDADMAC/halloysite reinforcement at 10 bilayers (i) and 80 bilayers (ii).
Micro-computed tomography reconstruction of (PDADMAC/halloysite)80
multilayer deposited onto a fugitive network scaffold. Reproduced with
permission from [90]. Copyright 2014, Royal Chemical Society.

multilayers. Taking inspiration from biological tissues such as
dentin and bone, the mechanical deficiencies can bemitigated by
complex hierarchical structural features near to channel surfaces.
By employing electrostatic LbL assembly to deposit films contain-
ing halloysite nanotubes onto scaffold surfaces followed bymatrix
infiltration and scaffold removal, it was possible to controllably
deposit nanoscale reinforcement onto 200 μm diameter channel
surface interiors in microvascular networks. High resolution strain
measurements on reinforced networks under load verify that the
halloysite reduces strain concentrations and improves mechanical
performance.
Shape memory systems are another important area of self-

healing composites.100,101 Modeling of shape memory polymer
response and shape recovery loss was recently published.102–104 A
variety of composite polymer materials with shapememory effect
were designed inMather’s group.105–107 Polymer composites were
prepared using polymerization-induced phase separation105 and
were used for the construction of shape memory polymeric webs
via electrospinning106 and even for the construction of shape
memory polymeric foams.107 For the formation of shape memory
self-healing nanoscale materials the LbL approach might be a
novel technological approach.
Multilayered materials with shape memory effect and self-

healing ability based on graphene and a copolymer of
poly(acrylamide-co-acrylic acid) (PAM-PAA) have been demon-
strated (Fig. 7(a)).92 It is known that PAM forms intermolecular
hydrogen bonds with PAA only at low temperature, while it
dissociates at a certain temperature, the so-called ‘zipper effect’.108

Therefore, PAM-PAA is suitable as the soft phase in a hard− soft
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(a)

(b)

(c)

Figure 7. Self-healing hybrid LbL shape memory systems (a) and superhydrophobic material (b). (a) Graphene enhances the shape memory of the
PAM-PAA system. Photographs of the shape memory behavior of an unfolded cube box. Scale 10mm. Insets show the scheme of shape memory
G-PAM-PAA involving the transformation of intermolecular and intramolecular hydrogen bonding in the hard− soft two-phase system. Reproduced with
permission from [91]. Copyright 2013,Wiley. (b) Self-healing superamphiphobic fabrics of hybrid LbL coatingon fabric basedonSiO2 andfluoro-containing
polymer (poly(vinylidene fluoride hexafluoropropylene) (PVDF-HFP)) and fluoroalkyl silane (FAS). Schemeof dip-coating of fabric/SiO2 for the formation of
superhydrophobic coating (i). Cross-sectional TEM images of PVDF-HPF/FAS/silica nanoparticle coated polyester fiber (scale bar 200 nm) (ii). Photograph
of blue-colored water, red-colored hexadecane and clear soybean oil on the coated and uncoated polyester fabrics (iii).

two-phase system. However, PAM-PAA itself has poor shape
memory ability due to lowmechanical strength.
Graphene, a one-atom-thick layer of carbon, has attracted

considerable attention in recent years owing to its remarkable
structure and properties, such as high mechanical stiffness
and electrical and thermal conductivity.109,110 The unique
two-dimensional plate-like structure of graphene makes it very
suitable for self-healing composite systems111 as the hard phase
in the hard− soft two-phase system. The shape memory effect of
the composites can be tuned by the content of graphene sheets.
The composite design combines reversible and nonreversible
crosslinking in a shape memory system. The hydrogen bond
network serves as reversible crosslinking in the soft phase of the
hard− soft two-phase system. The soft polymer chains are immo-
bilized on a hard sheet (stiffness and toughness) as nonreversible
crosslinking.
Thehard sheet cannotonly immobilizepolymer chains to ensure

the stable shape but also contribute to the high modulus and
stiffness of materials. The intermolecular hydrogen bonding net-
work of the soft segments between the hard sheets was formed
in permanent shape and dissociated in a temporary shape. Then,
the polymer chains were aggregated and the new intramolecu-
lar hydrogen bonding was formed by the soft segments in the
hard sheet to stabilize the temporary shape. When the tempera-
ture increased, the intramolecular hydrogen bonding of the soft
segments in the hard sheet was dissociated, and the intermolecu-
lar hydrogen bonding network of the soft segments between the
hard sheets was formed again to recover the permanent shape92

(Fig. 7(a)).
A robust, superamphiphobic fabric with a novel self-healing

ability to auto-repair from chemical damage was suggested by

Zhou et al.93 The hybrids of poly(vinylidene fluoride hexafluoro-
propylene (PVDF-HFP), fluoroalkyl silane (FAS) and modified sili-
ca nanoparticles were prepared by a two-step LbL technique
(Fig. 7(b)). The coated fabrics can withstand at least 600 cycles
of standard laundry and 8000 cycles of abrasion without appar-
ently changing the superamphiphobicity. The coating is also very
stable to strong acid/base, ozone and boiling treatments. After
being chemically damaged, the coating can restore its super
liquid-repellent properties by a short-time heating treatment or
room temperature ageing.
Summarizing, the synergetic functionality of inorganic–organic

components of LbL assembly opens a broad avenue for the design
of multifunctional, sensitive to multi-stimuli systems, suggesting
broad self-healing prospects and the use of materials in vari-
ous fields: electronic, sensing and (bio-)sensing, corrosion and
(bio-)corrosion protection, smart textile design and, shape mem-
ory materials etc.

LbL composite capsules for self-healing
‘Active’ self-healing coating means that the coating is designed
to react/be sensitive to various internal or external stimuli
(Fig. 8).112,113 It was suggested that incorporation of LbL compos-
ite capsules30,31,114 in a protection coating could be an effective
strategy in the construction of active protection systems with
self-healing properties.
Classical capsules consist of an inorganic core and polyelec-

trolyte shell. The polyelectrolyte shell has the following functions:
(i) the shell provides long-term storage of an encapsulated healing
agent; (ii) it supplies the system with stimuli responsive prop-
erties and (iii) additional functions, e.g. pH buffering effect etc.

wileyonlinelibrary.com/journal/pi © 2015 Society of Chemical Industry Polym Int 2015; 64: 713–723
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Figure 8. Schematic of active smart self-healing coating. LbL capsules with inorganic core are suggested to be effective integrated into a micron-sized
coating; surface capsules built on, for example, a surface sponge layer (shown in cross-section TEM image, red arrows indicate good sponge layer adhesion
to bulk metal, here aluminium) are effective to be built up onmetal. Active species or sensing chemicals, nanoparticles, depending on the functionalities
required can be encapsulated into the capsule core or be integrated into the polyelectrolyte shell. The sensitivity of the capsule shell can be adjusted
to different stimuli (e.g. pH changes or changes in the electrochemical potential, 𝜑) for opening and release of the encapsulated active material by
nanoengineering of the LbL shell components and structure. Reproduced with permission from [105], Copyright 2013, Science Publishing Group; [32],
Copyright 2012, Wiley.

Active species or sensing chemicals, nanoparticles, can be encap-
sulated into the capsule core or integrated into the polyelectrolyte
shell (Fig. 8).94,95,115,116 The triggering mechanism of active species
release is local changes of the pH value caused, for example, by
corrosion process.
Mesoporous nanoparticles such as oxides and ceramics, e.g.

SiO2,
31 TiO2,

95 ZnO,117 CaCO3,
118 were used for delivery of heal-

ing agents to damage area. In the groups of Lvov119–122 and
Shchukin28 the LbL shell was optimized to natural halloysite nan-
otubes for the formation of self-healing systems.
Composite self-healing materials were prepared using a com-

bination of loading with self-healing agent capsules and shape
memory alloy wires.123 It was shown that exploring several mech-
anisms of crack repair significantly improves the ability of mate-
rials to self-recovery. The formation of multifunctional materials
can be achieved using the LbL approach. Multilayers and LbL cap-
sules can be constructed using different building blocks. Thus, the
proposal by White et al.123 of the concept of a combination of sev-
eral components with different mechanisms of self-healing is very
interesting for LbL technology.
As an alternative to ‘free’ capsules ‘surface’ capsules were pro-

posed. This interesting encapsulation system has already been
discussed in the first part of this review and is illustrated in Figs 4
and 8. In brief, the ultrasonically formed ‘surface’ capsules32 are
able to solve the problem of homogeneous distribution of heal-
ing and adhesion of surface capsule to bulk material. Moreover
the surface capsules can be modified in complex composite
nanostructures. It was shown124 effective formation of Ce-Al
nanocomposite, loading of porous metal surface with AgNPs.29

The sensitivity of LbL shells is adjustable to several stimuli. For
example, TiO2/(PEI/PSS)2 capsules are sensitive to pH and light.30,94

Figure 9. SEM image of TiO2/(PEI/PSS)2 multi-stimuli (pH and UV irradia-
tion) responsive capsule. Confocal study of the possibility of local release of
active chemicals from TiO2/(PEI/PSS)2 capsules into sol–gel anticorrosion
coating: the UV laser trace confirms that localization of release is possible.
Reproduced with permission from [30]. Copyright 2009, Royal Chemical
Society.

The polyelectrolyte shell itself is sensitive to pH changes. However,
the pH initiated release of encapsulated species is relatively slow
in comparison to light (UV) stimulated release which is faster and
is possible due to UV light absorption of the titania core. Light is
interesting as a stimulus since it is very easy to control spatially
andenergetically. Figure 9 shows releaseof dye fromsuch capsules
upon UV irradiation of the modified surfaces.
LbL capsules are very interesting objects to develop complex

systems with self-healing properties. Capsules can be used as
elements for multifunctional systems. Different types of capsules
with different healing agents can be incorporated in one coating.

Polym Int 2015; 64: 713–723 © 2015 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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The chemical nature of the shell provides the system with
multi-sensitivity to different stimuli.

OUTLOOK AND PERSPECTIVES
Strategies for future development of self-healing multilayers
involve fundamental and practical aspects. Regarding the fun-
damental aspects, the mechanism of self-healing in multilayers
has still open questions that can be addressed in future studies.
The importance of the partial disintegration of multilayers in
aqueous media and desorption/reabsorption mechanism for the
self-healing process is not elucidated very well. Other important
questions are sensitivity of the polymer layers to internal stimuli,
amplitude of their response and reusability. Nevertheless, stimuli
responsive polymers are responsive to external stimuli (light, pH,
ionic strength, humidity etc.). The amplitude of their response
(change in thickness and morphology) could be insufficient for
practical use. Thus, understanding of time and space dependent
propagation of stimuli in multilayers is necessary for the focused
design of self-healing materials. We should not forget that expo-
sure of multilayers to external stimuli can often cause degradation
of the polymers and restrict their application. In particular, elec-
tromagnetic irradiation can cause the in situ formation of reactive
oxygen species and free radicals that trigger polymer degradation.
Physical and chemicals processes that external stimuli trigger in
multilayers should be addressed in future.
Considering the use of ‘new’ materials, biocompatible BCPs,

hydrogels and colloidal particles are prospective building blocks
for the construction of self-healing multilayers. These materi-
als should exhibit self-healing properties at physiological condi-
tions. Protocols for the LbL deposition of non-toxic biocompatible
polymers and colloids should be developed.
Improved properties can be achieved by a combination of build-

ing blocks that provide different self-healing mechanisms in one
system. From this point of view, organic–inorganic hybrid mul-
tilayers and capsules are very promising for the tuning of stimuli
responsiveproperties of LbL assemblies for particular applications.
Future developments will be based onmulticomponent hierarchi-
cally organized interfaces that combine properties of functional
materials and devices together with the multi-trigger stimuli
response of the system. Multifunctionality can be achieved by
tailoring composition, structure, physicochemical andmechanical
properties at the nanometer scale. Combination of stimuli respon-
sive building blocks provides advances for system intelligence
and multifunctionalization.
In future, the application area of self-healing multilayers might

be significantly extended. Development of sensors, biosensors,
catalysts, membranes, implants etc. with self-healing properties
and optimization of the already-existing self-healing anticorro-
sion, antifouling, antimicrobial and superhydrophobic coatings
will enhance durability and prolong exploitation of different
devices are aims of future studies.

CONCLUSIONS
In this review we have highlighted the self-healing properties of
stimuli responsive multilayers. We demonstrated that interfaces
adapted to self-regenerationand self-regulation require a complex
hierarchical organization of dynamic non-covalently bonded poly-
mers and colloidal particles. LbL technology for the construction
of self-healing interfaces is an extremely exciting approach. Via
LbL assembly a variety of hybrid multilayers can be designed and

prepared. Up to now self-healing multilayers have been pro-
posed for anticorrosion systems, antifouling and antimicrobial
coatings, and superhydrophobic surfaces. However, versatile LbL
technology for the formation of hybrid dynamicmultilayers can be
extended and optimized for novel trends and future needs.
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great number of methodologies for cap-
sule design available for the time being in 
synthetic chemistry. 

 The capsules can be used as “free” 
suspended particles or being integrated/
developed into the surface (“surface” cap-
sules) ( Figure    1  ). This paper reviews the 
state of the art of surface capsules with 
advanced functionalities produced using 
new strategies, including HIUT. Before 
focusing on surface capsules, brief sum-
mary on classic “free” capsules provided. 
The past decade, a variety of capsules have 
been designed and produced through 
creative combinations of emerging tech-
nologies, soft matter physics, and chem-
istry. These new approaches have provided 
tremendous control over the size, shape, 
structure, and materials. [ 1 ]   

 “Free” capsules can be composed of 
differently formed empty core and shell 
membranes and permit the encapsulation 
of freely suspended materials in the inte-
rior of an enclosed membrane (Figure  1 a). 
The inner compartment of a capsule can 

be used to encapsulate active species that are then release upon 
the breakup of the shell membrane, e.g., because of chemical, 
physical or biological stimuli. Membrane engineering through 
optimization of the composition and structure can be used to 
design impermeable shell membranes, or selectively permeable 
shell membranes that permit the passage of molecules smaller 
than a critical size. Hollow capsules, e.g., polymer capsule, can 
be fabricated be self-assembly, layer-by-layer assembly, single-
step polymer adsorption, bio-inspired assembly, surface poly-
merization, and ultrasound assembly. These techniques can 
be applied to prepare polymer capsules with diverse function-
ality and physicochemical properties, which may fulfi ll specifi c 
requirements in various areas. [ 2 ]  

 Porous particles comprise a single body of materials without 
distinct layers and they enable active species to be directly 
embedded in the body. There are in Figure  1 b, left shown two 
examples of formation of “free” encapsulation systems based 
on porous particles. The mesoporous silica (MCM 41) is shown 
in left image (Figure  1 b, left) as effective carrier for encapsula-
tion of active species, e.g., corrosion inhibitor. [ 3 ]  Such carriers 
as CaCO 3  nanosheets and layered nanostructures (e.g., layered 
double hydroxide (LDH)), one-dimensional nanostructures, 
nanotubes such as carbon nanotubes, tubule aluminosilicates 
(halloysites) can be mentioned. [ 4 ]  Important the particle used as 
a body for encapsulate active chemical possesses a huge surface 

 This review describes emerging trends, basic principles, applications, and 
future challenges for designing next generation responsive “smart” surface 
capsules. Advances and importance of “surface” capsules which are not 
deposited onto the surface but are built into the surface are highlighted 
for selective applications with specifi c examples of surface sponge struc-
tures formed by high intensity ultrasonic surface treatment (HIUS). Surface 
capsules can be adapted for biomedical applications, membrane materials, 
lab-on-chip, organ-on-chip, and for template synthesis. They provide attrac-
tive self-healing anticorrosion and antifouling prospects. Nowadays delivery 
systems are built from inorganic, organic, hybrid, biological materials to 
deliver various drugs from low molecular weight substances to large protein 
molecules and even live cells. It is important that capsules are designed to 
have time prolonged release features. Available stimuli to control capsule 
opening are physical, chemical and biological ones. Understanding the 
underlying mechanisms of capsule opening by different stimuli is essential 
for developing new methods of encapsulation, release, and targeting. 
Development of “smart” surface capsules is preferable to respond to multiple 
stimuli. More and more often a new generation of “smart” capsules is 
designed by a bio-inspired approach. 

  1.     Introduction 

 Encapsulation systems nowadays fi nd a great number of 
advanced applications. Capsules can be adapted for biomedical 
applications: drug delivery, tissue engineering, cell encapsula-
tion, theranostics. They are used for sensing, membrane mate-
rials, for template synthesis and provide attractive self-healing 
anticorrosion and antifouling prospects. Active chemicals, cells, 
biomolecules are encapsulated to prevent their interaction 
with an aggressive environment or to regulate their activity. 
They can be regulated by internal or external stimuli. Time 
prolongated activity is possible for “smart” capsules to achieve 
needed advanced functionalities. Material types used for cap-
sule formation are all available species from synthetic systems 
to natural or bio-mimetic species, live cells. There are also a 
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area, large pore volume, and cage-type porous structure, leading 
to effi cient materials sequestration from solution. 

 The second example is shown the promise of multicom-
ponent systems for drug delivery based on CaCO 3  particle 
(Figure  1 b, right). [ 5 ]  Subcompartmentalization was achieved 
by decorating a larger subcontainer with smaller subcompart-
ments (liposomes). It was found that porosity, ionic strength, 
and particle concentration are critical factors controlling the 
adsorption of nanoparticles (NPs) and liposomes onto the 
larger inner core of capsules. The simultaneous incorporation 
of small and large molecules, for example, an enzyme and its 
substrate, in the same particle or capsule so as to induce a spe-
cifi c biochemical reaction in a well-defi ned three-dimensional 
architecture was possible. Enhanced mechanical stability of the 
particles in comparison with hollow capsules is a character-
istic feature of this system. Furthermore, it was shown that an 
enzyme-substrate reaction can occur in the same porous CaCO 3  
particle upon disruption of the outer subcompartments; thus 
the substrate is released while the enzyme is maintained in the 
confi ned and protected volumes of the capsules. 

 Important issues need to be addressed in the fi elds of soft 
matter and biomedical science. Biological systems are very 
complex, and no panacea microcarrier is available that is useful 
for all purposes with optimal performances. Each application 
is associated with specifi c optimal conditions under which a 

capsule application should function, such as the release profi les 
of one or multiple drugs, or biological specifi cation. Last years it 
becomes increasanly important the application of bio-mimetic 
concept for the understanding and design of novel applicable 
bio-materials (Figure  1 , Ic). In Figure  1  it is presented vesicles 
templated dumbbell-shaped polymersomes containing two dis-
tinct materials in separate lumens (left) and multiple vesicles-
in-vesicle structures (right). [ 6 ]  Formation of such self-organized 
bio-compatible systems is increased area of scientifi c interest. 

 We can’t touch all available materials used for capsule devel-
opment, methodologies and application in our review. How-
ever, we can guide to some specifi c examples which illustrate 
modern trends. In particular as a guideline we choose the sono-
chemical approach to show how one methodology can be used 
to design various materials ( Figure    2  ): oxides, metals, silicon, 
polymers, hybrids, etc. [ 7 ]  We highlight the importance of coop-
eration between synthetic chemistry with theoretical modeling 
to design process the regulation and effective use of a powerful 
methodology for design of various types of effective encapsula-
tion systems.  

 Capsules can be engineered in one step or, as in most cases, 
nanostructured in several steps. We discuss the most effective 
universal methodologies which are used for multi-step cap-
sule adaptation to a needed application. Thus self-assembled 
monolayers (SAM) [ 8 ]  are effective for nanostructuring of a 
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 Figure 1.    I) “Free” capsule systems. a) Confocal images of three dimensional (3D) reconstructed cubic (CdCO 3  cores) and spherical (SiO 2  cores) 
microcapsules. Reproduced with permission. [ 3a ]  Copyright 2011, American Chemical Society. b) SEM image of mesoporous silica used for active 
chemicals delivery (left) and fl uorescent confocal image of multicompartment capsules based on porous CaCO 3  particle (red labeled) with SiO 2  (green 
labeled). Reproduced with permission. [ 3b , 5a ]  Copyright 2009 and 2010, Wiley c) Vesicles templated by double-emulsion drops: confocal microscopy 
image of the dumbbell-shaped polymersomes containing two distinct materials in separate lumens (left); multiple vesicles-in-vesicle structures (right). 
Reproduced with permission. [ 6 ]  Copyright 2011, American Chemical Society. II) “Surface” capsule systems. a) A curled microneedle array, showing the 
fl exibility of the array. Scale bar is 1 cm. Inset below shows higher resolution brightfi eld macroscopic images of a microneedle patch. Reproduced with 
permission. [ 17 ]  Copyright 2013, Wiley. Above inset show injection of microneedle array into skin. Reproduced with permission. [ 17 ]  Copyright 2012, Wiley. 
b) Sonochemical metal surface nanostructuring for the formation of “surface” metal sponge for encapsulation of active chemicals (inset show confocal 
fl uorescent microscopy of doxorubicin loaded surface (top-view)). Reproduced with permission. [ 3 ]  Copyright 2012,Wiley.
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surface of synthesized inorganic materials, e.g., oxides, silicon, 
metals, to follow the regulation of physico-chemical capsule 
properties, for example hydrophilicity. Layer-by-Layer (LbL) 
organization [ 9,10 ]  of oppositely charged polyelectrolytes is dis-
cussed as very effective universal methodology for the forma-
tion of a capsule shell for both “free” and “surface” capsules. 
We discuss in this review the pore architecture, e.g., regular 
oriented 1D-nanotubes or 3D- mesoporous organization. The 
importance to have pronounced release kinetics for “smart” sur-
face capsules is highlighted. Some other possibilities for effec-
tive design are mentioned, e.g., sol-gel methodology and plasma 
polymer deposition, thermal coatings, to achieve a needed func-
tionality. Thus the techniques are suggested as promising to 
provide an effective variation of the interfacial properties. 

 For the time being there are two types of responsive surface 
encapsulation systems ( Figure    3  ): 1) capsules should have such 
functionalization, for example by SAM, to have stimuli-change-
able interfacial properties (hydrophilic/hydrophobic or surface 
layer thickness, functional groups); 2) capsules should be able 
to release encapsulated material to activate processes on the 

surface (termination of corrosion, cell metab-
olism regulation, drug delivery, antifouling, 
etc.). There are examples which point to the 
importance of changes in interfacial proper-
ties or of release of biocide to regulate the cell 
behavior on the surface: 1) cell detachment 
from the surface after a change of interfacial 
properties via a stimuli-responsive change in 
polymer surface conformation; and 2) stim-
uli-responsive release of biocide from “sur-
face” capsules for antifouling surface activity.  

 The construction and optimisation of 
systems with synergetic properties are now 
of high actuality. Sonochemical, cavitation-
assisted, processes for active “surface” 
encapsulation system construction are at the 
frontier of different fi elds of science, such 
as nanometre-scale engineering and biotech-
nology (implants, antifungal and antibacte-
rial systems) and therefore are presented 
here as example. In Figure  3 , the patterning 
of surfaces with simultaneous formation 
in selected patterned “surface” capsules is 
presented as prospective and interesting for 
the formation of neighbouring regions with 
different adsorption abilities with respect to 
biological objects. Surface micro-patterning 
techniques, can be used for controlling cell 
adhesion and cell-microenvironment inter-
actions, such as homotypic and heterotypic 
cell–cell interactions. [ 11 ]  Formation of encap-
sulation regions in a patterned way is prefer-
able. To regulate adhesion, sonochemically 
modifi ed patterned surfaces, as shown in 
Figure  3  can be used. The patterned array 
system can be fabricated by a photolitho-
graphy technique. [ 12 ]  A change in interfacial 
properties, e.g., wettability and functional 
terminal groups regulate cell adhesion and 

protein adsorption. To demonstrate the hypothesis, patterned 
arrays with additional functional terminal groups, such as an 
amine (NH 2 ) group (3-aminopropyltriethoxysilane), a methyl 
(CH 3 ) group (trichlorovinylsilane), and a fl uorocarbon (CF 3 ) 
group (trichloro(perfl uorooctyl)silane), can be used. The con-
tact angle can be measured to determine the hydrophilic and 
hydrophobic properties. Bacteria adhesion and feedback prop-
erties of patterned surfaces in the following can be regulated as 
described, for example, in Figure  3 , Example 1. 

 Unlike traditional patterning methods, the presented sys-
tems contain feedback properties through the design of loaded 
capsule patterns (Figure  3 , example 2). Mesoporous metal 
sponges are effective bases for the construction of surface-
attached capsules for the storage of active components and their 
stimuli controlled release. [ 13,14 ]  Sonochemically formed metal-
polyelectrolyte capsules loaded with active chemicals introduce 
the possibility of providing metal surfaces with important prop-
erties, including high biocide activity, anti-friction properties, 
and the ability to release active components to stimulate activi-
ties of attached cells, such as in stem-cell research. Different 

Adv. Mater. Interfaces 2014, 1, 1400237

www.MaterialsViews.com www.advmatinterfaces.de

 Figure 2.    Example how one methodology, sonochemical material treatment, can provide effec-
tive modifi cation of various materials which in following can be effectively adapted for a design 
of “smart” capsules. Materials with different properties after sonochemical treatment: a) optic 
image of silica glass (Reproduced with permission. [ 143b ]  Copyright 2012, Americal Chemical 
Society); b) TEM image of porous silicon formed in water-alcohol solution. The inset shows 
its micro-confocal photoluminescence (Reproduced with permission. [ 143a ]  Copyright 2012, 
Wiley); c) SEM image of sonochemically formed aluminium surface sponge (Reproduced with 
permission. [ 14a ]  Copyright 2010, Royal Society of Chemistry); d) AFM tapping-mode image in air 
of bacterial cellulose thin fi lm; e) SEM and TEM images of formed hybrid magnesium/polypyr-
role implant structure in ethanol + pyrrole solution. Frequency of 20 kHz;  I  ac  = 40–60 W cm −2 , 
except for the case of biopolymers (d) where  I  ac  was less than 20 W cm −2 .
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ultrasonic intensities result in the formation of structures 
with different features that determine their subsequent use 
for active surface construction. At a lower sonication inten-
sity (30 W/cm 2 ), just an increase in the surface roughness was 
observed, without the formation of a base for subsequent cap-
sule construction. However, as shown in Figure  3  (Example 2), 
high-intensity sonication (57 W/cm 2 ) of metal surfaces results 
in the formation of highly porous surfaces. The thickness of the 
modifi ed mesoporous layer, as estimated by TEM analysis of 
the ultramicrotomed plates, is about 200 nm with a pore size of 
approximately 7 nm. This layer exhibits strong adhesion to the 
surface and is continuous; it is therefore a promising surface 
capsule support. The pores of the sonochemically formed metal 
(here, aluminium) surface are loaded with biocide, [ 13 ]  and the 
pores are then closed using a complexation reaction between 
the active incorporated agent and the polyelectrolyte. [ 15 ]  Thus, 
the constructed smart surface capsules formed by the walls 
of the metal pores and polyelectrolytes are effective for the 
prolonged storage of the active component. The metal walls 

provide the high stability and adhesion of the capsules to the 
metal plate; the polyelectrolytes are responsible for the loading 
and release of the active species (here, biocide) on demand. The 
smartness and possibility to trigger biocide release from the 
system by adjusting the pH level is evident in Figure  3 f (left 
image, neutral pH, turbid due to complexation). The ability to 
destroy the complex and to release biocides when necessary is a 
high priority. In the described case, the pH change could be an 
effective trigger for the destruction of the complex. In Figure  3 f 
(right image, alkaline pH, clear), the destruction of the complex 
is evident. In the right insets of Figure  3 , the surface before and 
after the biocide release and its effective infl uence on  E. Coli  
bacteria is shown. [ 13 ]  In this case a high biocide activity of the 
surface is evident. 

 Means to control capsule opening are physical (tempera-
ture, laser light, electric and magnetic fi eld, ultrasound, and 
mechanical action), chemical (ionic strength, pH, electro-
chemical and solvent) and biological stimuli (enzymes and 
receptors). [ 5b ]  For the time being the attention of scientists 
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 Figure 3.    Example 1. Formation of a patterned surface with defi ned ability to adsorb biological objects: scheme of patterned surface (right part) 
and confocal microscopy study of adsorption to the surfaces with suppressed (left) and high bacteria ( E. Coli ) adhesion ability (right). Example 2. 
Scheme based on AFM images of polished aluminium (a) before modifi cation; (b) sonochemically modifi ed aluminium; (c) aluminium with incorpo-
rated surface metal/polymer capsule loaded by active chemicals (AC); complexation between AC and the polyelectrolyte (PE) prevent the release of 
the chemicals in the pore; (d) aluminium protected on the top by polymer or sol-gel fi lm; (e) SEM top view of sonochemically formed surface metal-
based core for subsequent surface capsule construction; (f) optical observation of complex AC (biocide)/PE(PSS) stability at different pH levels: left 
is at pH = 7 (turbid) and right is at pH = 10 (clear); (g) TEM image of aluminium with surface-formed capsules for AC storage. The right inset shows 
biocide activity of the surface with capsules loaded with a biocide agent before and after its release.  E. Coli  was visualised with LIVE/DEAD  BacLight , 
which allows inactivated (red) and living (green) bacteria to be distinguished. Reproduced with permission. [ 13 ]  Copyright 2012,Wiley.
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focuses on the direction of designing of encapsulation systems 
which are sensitive to more than one stimulus. The capsule 
sensitivity to external/internal stimuli is based on the sensi-
tivity of its building block. Most common stimuli are acting on 
the soft organic part of the system. Stimuli responsive macro-
molecules are capable of conformational and chemical changes 
on receiving a stimulus (T, pH, ionic strength, electromagnetic 
irradiation or magnetic fi eld, electric potential, chemical com-
position or applied mechanical force). The discussed systems 
are planar fi lms, coatings and non-planar capsules, micelles, 
as well as combinations of two non-planar in planar systems 
(surface capsules + coating). Different architectures and fun-
damental approaches in the area provide specifi c advanced 
applications which are also highlighted in the review. Different 
architecture provides control of dynamics (system response) 
and amplitude of changes of the interfacial properties, revers-
ibility of the changes and the intensity of the external signal 
that could trigger the changes. The inorganic part of the encap-
sulation system, for example mesoporous particles themselves 
or being a core of polyelectrolyte 3D capsule, could be bonded 
with an encapsulated chemical with relatively mobile bonds 
(chemisorbed). The release from such systems is responsive to 
external or internal stimuli. This review discusses trends and 
challenges in designing next generation carriers. There is high 
attention for bio-mimicking both encapsulation material and 
release processes. There are some background ideas presented 
in the review. 

 This review provides an overview of the various encapsula-
tion materials and techniques that have been proposed to con-
trol the release of (bio-)active molecules of interest in biomedi-
cine and drug delivery, optical materials, bio-sensors and bio-
membranes, template for synthesis, surface coatings, sensing, 
self-healing and antifouling surfaces. Some specifi c examples 
of advanced applications are presented in the review. Finally, 
an outlook on future directions and a glimpse into the current 
developments are provided.  

  2.     Basic Properties of “smart” Surface Capsules 

 Signifi cant recent application driven progress has been made 
with regards to the main properties of “smart” surface cap-
sules. In particular, for advanced applications multifunctional 
capsules are in focus with the possibility of multi-component 
delivery and multi trigger stimuli response of the capsule 
system. [ 16 ]  The main properties of capsules are their interaction 
with active components to deliver: 1) loading, 2) storage and 
3) release ( Figure    4  ).  

 Active components can i) be material of the capsule (see fol-
lowing section), ii) be composite or hybrid capsule which can 
provide several materials to deliver, iii) be loaded into capsules, 
or iii) active materials to deliver can be capsule building blocks 
and loaded materials ( Figure    5  ).  

 Loading of capsules with active material can be performed 
through a manifold of mechanisms and strategies. They can 
be physically entrapped (Figure  5 a) in capsules [ 3 ]  or adsorbed 
to the capsule material by specifi c interactions, non-covalent 
or covalent binding via degradable linkers [ 13 ]  and subsequently 
released via diffusion, swelling, erosion, degradation or a 

specifi c trigger such as pH, temperature, etc. Also, a combina-
tion of multiple delivery systems can be used to achieve multi-
modular release of multiply active substances. [ 16 ]  Depending on 
the loading/release mechanism, different release profi les can 
be obtained. 

 Physical entrapment of active species in a capsule is a fre-
quently applied technique for local delivery. [ 3 ]  Its relative sim-
plicity represents a clear advantage over more sophisticated 
encapsulation/release methods and the majority of encapsula-
tion systems rely on this loading process. Loading is done by 
incubation of the preformed capsule with the species of interest 
or by adding the species to the capsule forming prematerial, 
e.g., for polymer capsules monomers/prepolymers. 

 The release mechanism in the case of physically entrapped 
species depends on both the characteristics of the capsule mate-
rial and the active substance. If there are pores and they are 
bigger than the dynamic radius of the loaded molecules, dif-
fusion is the driving force for release, with a diffusion rate 
depending on the loaded molecule size and the ’free-volume’ 
in the capsule. [ 18 ]  For most cases relatively slow release due to 
diffusion is of interest to retain a high quantity of loaded mate-
rials after capsule formation. However, the active species, e.g., 
protein, should be released in suffi ciently high concentration 
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 Figure 4.    Scheme of the processes of loading, storage and release of 
active components, shown for a single capsule (upper row); active feed-
back surface design, which will infl uence surface adhering biological 
objects, e.g., cells and bacteria (below). Reproduced with permission. [ 13 ]  
Copyright 2012,Wiley.

 Figure 5.    Examples of possible loading mechanism: a) physical entrap-
ment of encapsulated materials into capsule; b) chemical bonding of 
material to capsule; c) multi-modal loading: one of component is physi-
cally entrapped into capsule and one is chemically bonded. Moreover 
active components can be material of capsule.
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to initiate the necessary function/response of cells. Simulta-
neously the concentration of released species should not be 
higher than the toxic limit. Thus the majority of the gel based 
encapsulation systems [ 18 ]  reported to date exhibit diffusion con-
trolled release, following Higuchi’s kinetics, implying that the 
release is proportional to the square root of time. This release 
profi le was shown to be particularly benefi cial for the delivery 
of several growth factors for tissue engineering applications. 

 On the other hand, when the pores are smaller than the 
loaded molecule diameter, degradation of capsule material 
(free or surface) is needed for release. For example, hydrogel 
encapsulation systems can be swelling-controlled depending on 
water uptake and changes in drug diffusivity within the matrix. 
Swelling increases polymer fl exibility and makes pores bigger, 
resulting in higher mobility of active molecules. As a conse-
quence, release depends on Fickian diffusion, polymer disen-
tanglement and dissolution in water. [ 19 ]  The other example can 
be erosion-controlled systems, e.g., biodegradable magnesium 
implants [ 20 ]  or of biodegradable polymers. [ 21 ]  In these systems, 
the mobility of active molecules in the homogeneous non-
degraded matrix is limited and release is then governed by the 
degradation rate of the capsule material and porosity increase. 

 Covalent binding is another loading mechanism 
(Figure  5 b). [ 13 ]  Let’s take as example proteins as active encap-
sulated chemicals. Mostly exploiting their reactive amine and 
thiol groups, they can be covalently bound to polymer matrices 
via functional groups like hydroxy, amine, carboxyl groups that, 
if not naturally present in the structure of the polymer, have 
to be introduced by functionalization reactions, blending or 
co-polymerization. The release of the protein can be provided 
either via hydrolysis, reduction reactions or (cell-mediated) 
enzymatic cleavage. This type of mechanism leads to on-
demand release of loaded proteins, mimicking the enzymatic 
activity naturally occurring in the ’healthy’ extracellular matrix 
(ECM). [ 18 ]  However, stability and maintenance of biological 
activity of the protein may be an issue. It is important to remain 
an active species in active conformation, e.g., one should be 
careful that after release protein escapes denaturation and inac-
tivation. The release mechanism from capsules can be adjusted 
by diffusion, swelling, erosion, internal or external stimuli or 
combinations thereof. 

 The design of “smart” capsules may offer the possibility to 
deliver multiple species with independent release rates and 
loading (Figure  5 c). [ 16 ]  It is still a challenge to develop capsules 
with multiple species delivery. An appropriate control over tem-
poral and spatial release is of high priority for such systems. 
Encapsulating various compounds with different physiochem-
ical properties and achieving their synchronized and sustained 
release seem too hard to realize. 

 However, currently technologies are available that have a 
proven potential of modulation of release profi les according 
to the specifi c application needs. These include traditional dif-
fusion/swelling/degradation mediated release on-demand, 
affi nity, covalent binding based delivery and special surface 
nanostructuring. Some specifi c examples are presented later. 

 A sustained multi-delivery system for herbal medicines was 
suggested recently. [ 22 ]  An injectable nanoparticulate system 
based on poly(ethylene glycol)-poly(lactic-co-glycolide) (PEG–
PLGA) platforms was prepared for co-encapsulation and 

sustained release of four active components (ginkgolides A, 
B, C and bilobalide) in Ginkgo biloba extract. Carriers were 
screened by a macrophage uptake experiment for their ability 
of long-circulation. Sustained and synchronized release of four 
components from an encapsulation system was observed both 
in vitro and in vivo. The half-life times of four terpenoid com-
pounds were also signifi cantly improved by incorporation into 
carriers. The results indicated that despite the physiochemical 
properties of the compounds themselves, the release of ginkgo 
terpenes depends mainly on the degradation of PEG–PLGA 
based platforms. The reported system might be a potent drug 
carrier for injectable delivery of multiple drug components, 
especially those found in herbal medicines. 

 It was shown [ 23 ]  that structural swelling of bicontinuous 
cubic lipid/water phases is essential for overcoming the 
nanoscale constraints for encapsulation of large therapeutic 
molecules in network-type lipid carriers. SAXS scans permitted 
monitoring of tuning of the diameters of the aqueous nano-
channel compartments in cubosome structures by external 
stimuli and membrane curvature modulating agents. They 
revealed that coexisting nanochannel structures and interme-
diate states can be typical for multicomponent amphiphilic 
mixtures subjected to thermal treatment. The encapsulation 
of small proteins occurs without perturbation of the cubosome 
structure. The entrapment of proteins with sizes bigger than 
the water channel diameters occurs via a “nanopocket defects” 
mechanism and spontaneous nanocubosome generation in 
the interior of the cubic lipid/protein assembly. Further ques-
tions that require investigations should consider the role of the 
structural asymmetry of the double diamond-type nanochannel 
network for protein loading and release, the conformation of 
the entrapped proteins, the mechanism of fragmentation and 
steric stabilization of the cubosomes by biocompatible poly-
mers, their functionalization for targeted delivery of therapeutic 
proteins, and the interaction with the cellular environment. 

 Multifunctional capsules are also achievable by making cap-
sules sensitive to different stimuli. Thus one capsule can be 
sensitive to more than one stimulus. For example the formed 
magnesium-polypyrrole capsules are sensitive simultaneously 
to pH (due to Mg) and electric current fl ow (due to the conduc-
tivity of polypyrrole). [ 24 ]  

 It is also clear that for different applications capsules made 
from different materials are needed. Metals have to be pro-
tected from corrosion. Polymers are used for single compo-
nent capsules or as one of the capsule components. Silica, 
especially, mesoporous silica, such as MCM-41, is often sug-
gested to deliver active substances due to the unique nature 
of mesoporous systems. Mesoporous luminescent Si is used 
when capsules need to be visualized, for example to follow their 
track in the body. Light carbon structures, carbon nanotubes, 
are used as capsule material. Calcium carbonate and other 
ceramics can be effective to deliver different substances. 

 Specifi c applications are required for integration of capsules 
on surfaces. Examples of such applications are corrosion pro-
tection, implants and antifouling surfaces, sensors and mem-
branes, lab-on-chip and organ-on-chip systems. Recently it was 
suggested that for such applications it is of high priority to 
incorporate capsules into surfaces: “surface capsules”. [ 13,25 ]  The 
following advanced features can be mentioned for “surface” 
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capsules in comparison with “free capsules” which are used to 
be integrated in coatings: 1) regular “surface” capsule distribu-
tion throughout the surface; 2) possibility of multicomponent 
loading; 3) spatially resolved encapsulation. Examples of such 
surface capsules layers for metal surfaces are: 1) anodized oxide 
layers on metal surfaces, e.g., on aluminum, anodic aluminum 
oxide (AAO), or on titanium, titanium dioxide nanotube (TNT), 
with the formation of a porous layer with oriented nanotubes 
(Me-1D); [ 26 ]  2) metal surface mesoporous sponge layers (Me-
meso). [ 13 ]  Both Me-1D and Me-meso have their advantages. 
Thus Me-1D can be very precise for control of release kinetics, 
time-resolved release of multi-components which are loaded 
into Me-1D. Me-meso due to the complex mesoporous nature 
of the sponge layer provides all advantages for mesoporous 
silica or titania: high free volume, time prolongated storage of 
even physically entrapped species.  

  3.     “Free” and “Surface” Capsules 

 Mostly when one mentions capsules for delivery devices, one 
means “free”, “classical” capsules which are used being either in 
the suspension or integrated into a coating. There are numbers 
of papers, including some competent reviews, [ 27 ]  which pre-
sent “free” encapsulation systems for delivery devices in their 
variation: different size, shape, texture, compartments, etc. In 
the presented review we point on “surface” encapsulation sys-
tems. There are some tendencies of “free” capsules which can 
be used to design also “surface” encapsulation systems. Some 
ideas and background are presented below. 

 In background of polymer “free” capsules there are two main 
approaches to produce polymer capsules; template-free and 
template-assisted techniques. [ 2 ]  It is now feasible to prepare pol-
ymer capsules of diverse size, composition, morphology, and 
properties. Recent trend in the organization of encapsulation 
system is self-assembled biomimetic (Figure  1 , Ic). An attrac-
tive option for the design of delivery systems is to mimic struc-
tures already present in vivo. Thus, a great deal of research has 
focused on the design of liposome-based systems. [ 28 ]  The struc-
ture of a liposome consists of a vesicle assembled from a lipid 
bilayer, with an aqueous interior and a hydrophobic membrane. 
Lipids are readily degradable in vivo, allowing the components 
of the delivery system to be removed easily from the body. Vesi-
cles templated by double-emulsion drops: confocal microscopy 
image of the dumbbell-shaped polymersomes containing two 
distinct materials in separate lumens (left); multiple vesicles-
in-vesicle structures (right) are presented as the example for 
such systems highliting also possibility of multi-component 
delivery by this systems. Self-assembling during the formation 
of advanced systems relies on either the spontaneous ordering 
of molecules into engineered structures (polymer complexes, 
liposomes, micelles, and polymersomes) or the templated-
assembly, e.g., of LbL. [ 2 ]  Biological mimics, such as virus-like 
particles, [ 29 ]  have also found application. 

 Various nanotechnological nanocarrier systems for cancer 
therapy are focusing on recent development in polyelectrolyte 
capsules for targeted delivery of antineoplastic drugs against 
cancer cells. [ 30 ]  Biodegradable polyelectrolyte microcapsules 
(PMCs) are supramolecular assemblies of particular interest 

for therapeutic purposes, as they can be enzymatically degraded 
into viable cells, under physiological conditions. Incorporation 
of small bioactive molecules into nano-to-microscale delivery 
systems may increase drug’s bioavailability and therapeutic effi -
cacy at single cell level giving desirable targeted therapy. LbL 
self-assembled PMCs are effi cient microcarriers that maximize 
drug’s exposure enhancing antitumor activity of neoplastic 
drug in cancer cells. They can be envisaged as novel multifunc-
tional carriers. 

 Due to its versatility and ease of use the layer-by-layer (LbL) 
assembly technique has been under intensive investigation for 
delivery applications. [ 31 ]  Especially the development of respon-
sive LbL materials has advanced signifi cantly in recent years. 
Responsiveness plays an important role in many delivery appli-
cations, either for loading of therapeutics or controlled and trig-
gered release. 

 Nanoengineered multifunctional capsules with tailored 
structures and properties are of particular interest due to their 
multifunctions and potential applications in diverse fi elds. [ 16 ]  
The past decade has witnessed a rapid increase of research 
concerning the new fabrication strategies, functionalization 
and applications of multifunctional capsules. The advances in 
assembly of capsules by the LbL technique can be introduced 
with focus on tailoring the properties of hydrogen-bonded 
multilayer capsules by cross-linking, and fabrication of cap-
sules based on covalent bonding and bio-specifi c interactions. 
The multi-compartmental capsules can transform providing 
advanced applications, e.g., drug carriers, biosensors and 
bioreactors. 

 Embedding of nanoparticles into “free” capsules opens up the 
opportunities to navigate the capsules with magnetic fi eld and 
in-situ trigger the release of encapsulated material in response 
to the physical stimuli, such as light and ultrasound. [ 32 ]  

 Self-healing property is in focus. Thus capsules is obtained 
by adding healing agents to the material to be repaired, and 
intrinsic materials, where self-healing is achieved by the mate-
rial itself through its chemical nature. The crosslinking chemis-
tries used in self-healing materials is in focus. [ 33 ]  

 Some specifi c features of specifi cally bonded capsules can be 
potentially interesting for their application. For example, cap-
sules assembled through the use of neutral or polar hydrogen 
bonding interactions have the ability to orient and control the 
position of the encapsulated guest molecules represents their 
stand-out feature. [ 34 ]  

 The fi eld of metallosupramolecular self-assembly has 
emerged as a promising research area for the development 
of intricate, three-dimensional structures of increasing com-
plexity and functionality. [ 35 ]  The advent of this area of research 
has strongly benefi ted from design principles that considered 
the ligand geometry and metal coordination geometry, thus 
opening up routes towards rationally designed architectures. 
Three classes of metallosupramolecular assemblies can be 
mentioned: architectures formed through the combination of a 
single ligand and metal, heteroleptic structures and heterome-
tallic structures. 

 Often a surface layer is degradable and itself can be an 
active layer to provide release of material or being the released 
material, e.g., ”surface” capsules-microneedles (Figure  1 , IIa). 
“Surface” capsules, as was mentioned above, can be formed by 
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surface nanostructuring and encapsulation of active species 
into a surface (Figure  1 , IIb). 

 Large biomolecules, such as peptides, proteins, antibodies, 
and nucleic acids can be too large, fragile, or insoluble for 
delivery by traditional “free” capsule routes. [ 36 ]  In this case 
the delivery into the body is desired not by oral delivery, but 
by hypodermic injection. A novel and mild technique for the 
production of microneedles for the delivery was suggested 
(Figure  1 , IIa). [ 37 ]  The “surface” needles are made of biodegrad-
able and water-soluble polymers with the drug encapsulated 
in the polymer needle matrix. After application, the needle 
patch remains in the skin for a short time period that allows 
the polymer to dissolve while it releases the drug. This simple 
approach enables an inexpensive and fast fabrication process. 
Large, fragile biomacromolecules could be incorporated into 
microneedle matrices for successful delivery through the skin. 
The group of Prausnitz [ 38 ]  has demonstrated the effi cacy of 
microneedle vaccines in vivo; they showed for a mouse that 
a single dose of infl uenza vaccine with microneedles exhib-
ited immune response superior to the same dose adminis-
tered intramuscularly. Microneedles have been applied for 
administration of a human growth hormone. [ 39 ]  It is impor-
tant to achieve really access to controllable release with high 
effi cacy profi les of drug as well as to control of the behavior 
of the devices under storage at various conditions to assess 
their robustness over time. Microneedles as “surface” capsules 
may be expanded to treat many disease models that are cur-
rently unexplored, including skin and breast cancers. A novel 
transdermal-based approach of “surface” capsule microneedles 
could serve as an avenue for a local and possibly systemic, yet 
minimally invasive, therapy. 

 Degradable hydrogels are another possibility for “surface” 
delivery. Hydrogels can be coated on the surface and be car-
riers for active species. Moreover available patterning tech-
niques have been used to adjust the surface area and conse-
quently modulate the release profi les of the biomolecules from 
hydrogels in a spatially resolved manner. [ 40 ]  Deviation from the 

expected release behavior is observed when a specifi c stimulus 
– typically temperature, pH, presence of certain molecules – 
leads to a physical or chemical change in the network structure, 
for instance, hydrogels swell or shrink in response to a certain 
trigger thereby modulating the release of encapsulated drugs/
proteins. The techniques are effectively used for advanced 
applications, e.g., tissue engineering. 

 The other possibility in developing of “surface” capsule 
arrays is surface nanostructuring with the formation of a 
porous surface with the free volume to be loaded with active 
chemicals. Thus pore formation during high intensity ultra-
sonic surface treatment was shown for various metals. [ 13,14 ]  
Moreover the effective variation of the pore structure is possible 
through variation of parameters of sonication. Great advantage 
of the synthetic methodology is a large number of synthetic 
parameters which can be optimized to tune surface nanostruc-
turing in a controllable manner. Our study has shown that high 
power ultrasonic surface treatment results from the interplay 
of conceptually different mechanisms. 1 – There is physical 
impact due to a pressure wave and a jet impinging on the sur-
face and deep into it, while 2 – extreme temperatures and pres-
sures create highly reactive radicals derived from the solution, 
dissolved gas or additive. The ultrasound-driven modifi cation 
of metals in water-based solutions leads to the development of 
an outer surface and, following the modifi cation of the inner 
structure of the metals, an increase in the specifi c surface area. 
Metal surfaces are simultaneously oxidised, and the pore struc-
ture is stabilised. We have demonstrated the potential of for-
mation of surface metal sponges together with defi ned rough-
ness variation ( Figure    6  ). It is worth to note here, that the effect 
of erosion of the metals has long been regarded a possible 
damage mechanism due to high pressure, casting of metals 
during the ultrasonic process. Melt impingement and erosion 
have also been proposed to be an important step leading to 
soldering. The present analysis, based on existing erosion the-
ories, has shown that the use of cavitation assisted processes 
for pronounced formation of mesoporous structures or any 
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 Figure 6.    High intensity ultrasound for metal surface nanostructuring. Electron microscopy images of aluminium after sonochemical modifi cation at 
different intensities and duration. Reproduced with permission. [ 14 ]  Copyrights 2009, Royal Society of Chemistry.
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pronounced metal structures, has not been shown before our 
recent studies. Moreover the methodology might be very inter-
esting (see below) to provide single-step hybrids and effective 
loading of porous structures with active chemicals.  

 Another possibility is to use surface oriented nanotube 
arrays for delivery of active chemicals, e.g., formed by anodiza-
tion. Pore formation during anodization is reported for selected 
metals including Al, Ti Ta, Hf, W, Zr, Nb (frequently called 
valve metals) and their alloys, under appropriate experimental 
conditions. The process is infl uenced by the type of electrolyte, 
the electrolyte concentration, pH, temperature, applied voltage 
and current, as well as the surface pre-texturing. Tuning the 
pore to nanotube morphology is possible by changing the ano-
dization parameters. 

 Nanotube “surface” carriers were selected for drug delivery 
due to their unique features, such as low fabrication cost, con-
trollable pore/nanotube structure, tailored surface chemistry 
and high surface area. Mechanical stability, chemical inertness, 
biocompatibility, controllable pore size and pore volumes, along 
with tunable surface chemistry have made nanotubes of Si, 
AAO and TNT an excellent platform for loading a large amount 
of drugs and facilitating their controlled release. Elegant work 
was presented by the Losic group [ 41 ]  where an anodized nano-
tube layer is used as “surface” capsule layer. Thus insoluble 
drugs can be encapsulated into micelles and then micelles 
are encapsulated into AAO for therapeutic implants. [ 41a ]  The 
release kinetics from the suggested encapsulation system was 
especially useful in bone implant therapies that require a large 
initial dose followed by a prolonged dose over a few weeks. 
Additionally, by applying a plasma polymer fi lm on the top of 
AAO, the release could be extended considerably, the burst 
release almost suppressed and zero order drug release kinetics 
over a period of more than 4 weeks was achieved. 

 It is very exiting that two types of micelles with different 
hydrophilicity can be effectively loaded into nanotubes by layer 
post functionalization with spatially resolved matter ( Figure    7  ). 
Thus after growing of the fi rst nanotube layer and its modifi ca-
tion to make the surface hydrophobic, e.g., by silanization, the 
formation of an encapsulation layer for hydrophobic micelles is 
provided. The following further growth of the nanotube layer 
then provides a hydrophilic surface which can be loaded by 
hydrophilic micelles. The micelles can be released in a time-
controllable manner. In all “surface” drug delivery is interesting 
because of the stimuli-responsiveness.   

  4.     Engineering of Encapsulation Systems 

 Advanced approaches for structure engineering of interfaces/
surfaces to generate new properties and applications are of 
high priority. The surface modifi cations and functionalization 
expanded signifi cantly the number of applications of already 
developed encapsulation systems both as “free” and “surface” 
capsules. Thus for example some surface is chemical instable, 
e.g., some inorganic oxides, in acidic environment which is a 
disadvantage for some applications. This limitation can be over-
come by changing the surface properties and by adding new 
surface functionalities. Emerging techniques for the fabrica-
tion and nanostructuring of capsules: self-assembly, layer-by-
layer assembly, single-step polymer adsorption, bio-inspired 
assembly, surface polymerization, and anodisation, ultrasound 
assembly or structuring. 

 There is the strategy of the design of surface dynamic encap-
sulation system presented in  Figure    8  . It is suggested that the 
porous surface layer, e.g., meso-Me or AAO, TNT, can be encap-
sulation layer to deliver active chemical. Release of active chem-
ical is prevented by LbL hybrids coating. LbL may response to 
different stimuli. The physical changes of the multilayers are 
possible. The thickness and roughness of the multilayers can 
be changed The mobility of the polyelectrolytes within the mul-
tilayers can be expected. Besides physical changes, chemical 
changes in multilayers are possible, e.g., change of pH and ion 
fl uxes from the surface. The stimuli are preferable to varies 
simultaneously (i) response of dynamic layer and (ii) release 
of active species which provide, for example, of bio-response of 
adsorbed on surface microorganisms (cells, tissue, bacteria and 
viruses).  

 Surface chemistry plays a key role in targeted delivery. One 
of the major breakthroughs in this area was the fi nding of a 
way of surface nanostructuring for capsules for a chosen appli-
cation. For example, hydrophobic capsules coated with hydro-
philic polymer molecules, such as polyethylene glycol (PEG) 
can resist serum protein adsorption and prolong the particle’s 
systemic circulation. [ 42 ]  For the formation of delivery devices 
the surfaces of encapsulation systems can be nanostructured 
by different methods: electrochemical anodization, sonochem-
ical methodologies, laser irradiation, etc. [ 18 ]  Moreover targeted 
delivery is achieved by surface functionalization of capsule 
material with polyelectrolytes; [ 43 ]  polymers to achieve mecha-
nostereochemical [ 44 ]  pore closure or coating prevented any mol-

ecule diffusion; biocompatible substances 
such as hydroxyapatite; [ 45 ]  biomolecules, [ 46 ]  
such as peptides and antibodies. Thus sur-
faces can be modifi ed via modifi cation with 
organic molecules with the desired function-
ality. The surface modifi cation techniques 
that have been explored to improve the sur-
face properties and to add new functionality 
can be divided into two groups: wet chem-
ical synthesis and gas-phase techniques. 
Examples of wet chemical approaches are 
self-assembly processes (silanes, organic 
acids), layer-by-layer deposition, sol-gel pro-
cessing, polymer grafting. Gas-phase surface 
modifi cation techniques used for surface 
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 Figure 7.    Example of formation of “smart” surface encapsulation system based on grown of 
TNT on titanium by its anodization. It is pointed the advanced features highly preferable and 
possible for “surface” drug delivery.
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modifi cations include thermal chemical vapor deposition, vapor 
metal deposition, plasma processing and polymerization. 

 Interfacial interactions of encapsulation systems are often 
manipulated with self-assembled monolayers (SAMs). There 
are passive and active SAMs known. Passive SAMs change 
surface chemistry; however does not response to any stimuli. 
Active SAMs are sensitive to various stimuli: physical, chemical 
and biological. 

 The fi rst monolayer of SAMs were prepared with alkyl silox-
anes, [ 47 ]  and soon the coupling with thiol groups became very 
popular. These are able to form strong and specifi c noncovalent 
coordination bonds with gold, which result in the formation of 
a monolayer of thiolate molecules on a gold-coated substrate. [ 48 ]  
Especially alkanethiols with long, saturated, unbranched alkyl 
chains are known to self-assemble into well-defi ned monolayers 
on gold through both sulfur-gold coordination bonds and van 
der Waals interactions between alkyl chains. [ 49 ]  An advantage 
for formation of complex multifunctional encapsulation sys-
tems is the synthetic fl exibility of alkanethiols for providing 
various terminal groups enables presentation of a variety of 
ligands on a surface for tailoring surface properties. [ 50 ]  More-
over the substances attached to the capsule by thiol groups can 
be released on demand. Release of alkanethiolates is known 

to be possible by electrical potentials, both 
reductively and oxidatively ( Figure    9  ). [ 51 ]   

 Alkylsilanes on inorganic surfaces are 
presenting hydroxyl groups. Silane deriva-
tives with functional head groups and hydro-
lysable silane head groups are used for the 
modifi cation of inorganic substrates bearing 
hydroxyl groups, including silicon oxide, 
quartz, glass, and oxides of various metals 
such as Al, Cu, Sn, Ti, Fe, Zn. The reactive 
functional head groups allow introduction 
of other compounds to the capsule surface 
to afford another class of widely used sub-
strates with tunable surface properties, like 
SAMs of alkanethiolates on gold. [ 52 ]  Silane-
based modifi cation of surfaces requires a 
more elaborate treatment than alkanethiolate 
SAMs on gold. However, alkylsilane on SiO 2  
is more chemically and thermally stable than 
thiolates on gold surfaces due to the strong 
covalent linkage between hydroxyl groups on 
the surface and the silane head groups. 

 Examples of passive SAMs are PEG and 
poly(ethylene oxide) polyethelenoxide (PEO) 
systems. The SAMS are used to provide pos-
sible encapsulation systems with antifouling 
properties. [ 53 ]  A monolayer of oligo(ethylene 
glycol) groups ensures that the surfaces are 
inert to nonspecifi c protein adsorption. [ 54 ]  
The inertness of the surface is an essential 
factor for biological applications using cells 
and biomolecules such as proteins, which 
tend to bind nonspecifi cally to any artifi -
cial surface. Passive SAMs are widely used 
in microfl uidics, but it is becoming clear [ 55 ]  
that greater functionality can be provided in 

more sophisticated systems with the use of active SAMs that 
can change their surface chemistry in response to stimuli such 
as pH, heat, light, applied voltages, etc. 
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 Figure 9.    Stimuli for regulation of drug delivery. Electrochemical: anti-
bodies have a high affi nity for benzoquinone but not for its reduced form, 
hydroquinone. They can thus be reversibly attached to an electrode and 
released in solution through the oxidation and reduction, respectively, of 
the quinone moiety. Adopted from. [ 51 ]  Copyright the Nature Publishing 
Group.

 Figure 8.    “Surface” capsule systems. a) Schematic of design of encapsulation system based on 
porous surface layer, e.g., surface metal sponge, with encapsulation into it active molecules and 
control the release of active molecules with dynamic layers, e.g., polyelectrolytes LbL hybrids 
sensitive to different stimuli, e.g., physical, chemical and biological, to provide response of 
cells on top of such surface. b) Nanostructuring of surface encapsulation system to regulate 
release behavior or sensing properties. Reproduced with permission. [ 9 ]  Copyrights 2012, Royal 
Society of Chemistry.
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 An example of a thermo sensitive active material with 
this switchable SAMs is an end-tethered monolayer of 
poly(Nisopropylacrylamide) (PNIPAM). This polymer exhibits 
a lower critical solution temperature (LCST), a temperature 
above which the polymer becomes insoluble, in water at about 
35 °C. [ 56 ]  At room temperature, the polymer swells in water 
to create a relatively hydrophilic surface with a water contact 
angle that can be as low as 30°. Above the LCST, the water 
is expelled, the polymer collapses, and the surface becomes 
hydrophobic in air. [ 57 ]  Such systems can be effective used for 
delivery of proteins whose adsorption to SAMs depends on 
temperature. At room temperature, the adsorption of large 
globular proteins such as human serum albumin (HSA) is 
negligible on a tethered PNIPAM and is comparable to that 
on PEO SAMs. Above the LCST, HSA adsorption is extensive. 
Complete protein monolayers form at rates comparable to 
those seen on hydrocarbon-terminated octadecyltrichlorosilane 
surfaces. For large globular proteins such as HSA, complete 
desorption is normally observed on cooling the PNIPAM fi lms 
to room temperature. 

 SAMs with specifi cally designed electroactive groups have 
been successfully employed to control functionalities in 
response to an applied potential. Especially electroactive func-
tionalized surfaces based on the hydroquinone (HQ)/benzo-
quinone (BQ) redox couple have provided real-time control 
over molecular-level interactions between surfaces and cells or 
biomolecules such as peptides, carbohydrates, DNA, and pro-
teins. [ 58,59 ]  The group of Mrksich [ 59 ]  reported various dynamic 
substrates that can electrochemically regulate interfacial inter-
actions with proteins and cells. First, they demonstrated elec-
trochemical release of immobilized ligands from the surface. 
Quinone ester groups tethered to ligands such as biotin and 
RGD (Arg-Gly-Asp) peptide were presented on SAMs on gold. 
On reduction to the corresponding HQ by an electrical poten-
tial, an intramolecular cyclization reaction ensued to give a lac-
tone with release of the ligands. This allowed electrochemical 
control of specifi c binding of streptavidin to the monolayer 
and selective release of cells from the substrate on demand. [ 60 ]  
Mrksich et al. also introduced HQ-presenting monolayers, on 
which electrochemical oxidation provided BQ that acted as a 
molecular handle for immobilizing diene-modifi ed molecules 
through Diels–Alder cycloaddition. [ 61 ]  Next, they expanded their 
strategy to the construction of a dynamic substrate with two 
dynamic properties: release of one ligand followed by immobi-
lization of another. 

 Azobenzene chemistry provides active dynamic modula-
tion of surface characteristics by photoswitching by means of 
reversible trans-cis isomerization. [ 62 ]  For example chymotrypsin 
delivery is possible by such a system. [ 63 ]  Photochemical expo-
sure with UV (or visible) light reversibly controls the geometry 
of the trans-form of azobenzene, which shows a low affi nity 
towards chymotrypsin, or cis-form azobenzene, which strongly 
binds to chymotrypsin, leading to photochemical dynamic 
modulation of the protease binding to the surface. 

 o-Nitrobenzyl groups have been widely used for construc-
tion of phototriggering substrates that reveal various functional 
groups such as free amine and carboxylic acid. [ 64 ]  Light irradia-
tion induces cleavage of the bond at the benzylic position with 
the release of a caging molecule. Thus for example, Maeda and 

co-workers introduced a method for photoactivation of selective 
regions of a substrate for cell adhesion using photocleavable 
2-nitrobenzyl-presenting substrate and bovine serum albumin 
(BSA). [ 65 ]  

 Benzophenone chemistry also provides photosensitive active 
SAMs. Under the illumination at 330–365 nm wavelength 
light, the photoactivation takes place repeatedly without loss of 
activity of benzophenone, which is chemically and photochemi-
cally robust enough to be handled in ambient light and under 
biological conditions. For example, benzophenone was used for 
photoactivated immobilization of biomolecules onto the inner 
wall of a capillary (internal diameter of 100 mm). [ 66 ]  In the pres-
ence of biomolecules, an inner capillary surface with benzophe-
none that is irradiated to immobilize biomolecules can be used 
as a capillary bioassay system, with applications that include 
DNA hybridization and immunoassays. Bailey et al. introduced 
an approach to generate multicomponent immobilized biomo-
lecular patterns and gradients on surfaces by sequential expo-
sures of benzophenone -presenting substrates. [ 67 ]  

 Enzyme-triggered activation of surfaces is an attractive 
research theme in the area of dynamic substrate construction, 
because enzymes in living systems dictate cellular behavior 
and precisely control many functions of systems by performing 
biochemical conversions. Cutinase, a serine esterase, is one 
example. It can change a surface property from being redox-
inactive to redox-active. SAMs of 4-hydroxyphenyl valerate-
terminated alkanethiolate were treated with cutinase, and the 
acyl group was removed from the surface by cutinase to give 
HQ. The redox activity of the resulting HQ was then monitored 
to quantify the enzyme activity. [ 68 ]  Control over surface prop-
erties has also been reported for proteolytic enzymes such as 
protease K, matrix metalloproteinase, trypsin, chymotrypsin, 
a-thrombin, and elastase. [ 69 ]  Todd et al. [ 70 ]  designed an enzyme-
responsive surface that presented a Fmoc-protected RGD pep-
tide precursor (Fmoc-AARGD), which prevented adhesion of 
cells due to poor accessibility of the RGD sequence to the inte-
grin receptor caused by a bulky Fmoc group. Treatment with 
elastase broke the peptide bond between the two alanine resi-
dues, which revealed ARGD and thus activated the surface to 
a cell-adhesive state. Electrochemical monitoring of thrombin 
and trypsin activity was demonstrated by using a monolayer 
grafted with ferrocene-labeled enzyme substrate peptides. [ 71 ]  In 
the presence of proteases, the electroactive reporter ferrocene 
was cleaved and diffused away from the surface. Analysis of the 
electric current signal then enables quantifi cation of ferrocene-
labeled peptides on the surface, and thus proteolytic enzyme 
activity can be assayed. 

 SAM layers can be the effective fi rst layer for synthesis of 
longer functional chains to achieve a needed functionality, 
including multi-functionality, which was widely developed in 
the group of Minko. [ 72 ]  Thus hybrid brushes composed of two 
liquid polymers, poly(dimethylsiloxane) (PDMS) and a highly 
branched ethoxylated polyethylenimine (EPEI), were synthe-
sized on Si wafers by the “grafting to” method and by applying 
a combinatorial approach (fabrication of gradient brushes). [ 73 ]  
The combinatorial approach revealed a strong effect of “layer 
assisted tethering”, which allowed us to synthesize hybrid 
brushes twice as thick as the reference homopolymer brushes. 
The hybrid brushes are stable thin fi lms that can rapidly and 
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reversibly switch between hydrophilic and hydrophobic states 
in water and air, respectively. The switching in water affects a 
rapid release of amino functional groups which can be used to 
regulate adhesion and reactivity of the material. The switching 
in air rapidly returns the brush to a hydrophobic state. The 
hybrid brush is hydrophilic because of two mechanisms: (1) 
exposure of EPEI chains to the brush-water interface under 
water, and (2) retention of some fraction of water via swollen 
EPEI chains (the EPEI chains swell by 2–3 times), which are 
conserved by a PDMS cap in air. The hybrid brush is wettable 
under water, and at the same time, the brush is nonwettable 
in air, because water droplets are trapped in a metastable state 
when the water contact angle is above 90°. 

 In some cases passive layers can be active due to their release 
from the substrate. Jiang et al. [ 74 ]  prepared patterned mon-
olayers with 1-octadecanethiols amongst oligo(ethylene glycol)-
terminated alkanethiols which were inert to nonspecifi c adsorp-
tion of proteins and cell adhesion. Cells were allowed to selec-
tively attach to the patterned region where extracellular matrix 
(ECM) proteins were coated. On electrochemical treatment of 
the monolayer the oligo(ethylene glycol)-terminated alkanethi-
olates were released and the inertness of the monolayer was 
compromised. ECM proteins, either in the culture medium or 
secreted by cells, were then adsorbed onto the surface, and cell 
migration took place across the entire surface. 

 In order for an encapsulation systems to be usable in a 
reversible protein trap, at least three requirements must be 
met: (i) the polymer used form an encapsulation system needs 
to be in a confi guration that supports the stimuli, e.g., desired 
thermal, activated phase transition, (ii) the layer must be robust 
and strongly attached to the surface, and (iii) protein adsorption 
must be reversible and rapid. 

 Many elegant studies have been performed using the Layer-
by-layer (LbL) technique. [ 9,10,75 ]  The LbL deposition procedure 
involves the step-wise electrostatic assembly of oppositely 
charged species (e.g., polyelectrolytes and inhibitors or others: 
proteins, nanoparticles) on the substrate surface with nanom-
eter scale precision and allows the formation of a coating with 
multiple functionality. The coating properties can be controlled 
by the number of deposition cycles and the types of polyelec-
trolytes used. Polyelectrolytes are macromolecules carrying a 
relatively large number of functional groups that are charged 
or could become charged under certain circumstances. The 
macromolecules may be polycations and/or polyanions 
depending on the charged groups. Depending on the degree 
of dissociation the polyelectrolytes can be “weak” or “strong”. 
The LbL layers could also be hydrogen-bonded, for example 
poly(methacrylic acid) and poly-(vinylpyrrolidone) can be self-
assembled and form multilayers due to formation of intermo-
lecular hydrogen bonds. The response of the hydrogen bonded 
systems to external stimuli is due to the introduced electrostatic 
charges into ionisable groups within the layers. 

 Polyelectrolytes exhibit very good adhesion to the sub-
strate surface. The conformation of polyelectrolytes is mostly 
dependent on their nature and adsorption conditions and 
much less dependent on the substrate and charge density of 
the substrate surface. Polyelectrolyte coatings are expected to 
cover many kinds of surfaces including non-ionic and apolar 
substrates. 

 One should have in mind that the charge of encapsulation 
systems, which is essential for the systems LbL modifi ed by 
charged polyelectrolytes affects the functions. Thus positively 
charged particles have been shown to exhibit higher internali-
zation by macrophages and dendritic cells compared to neutral 
or negatively charged particles. [ 76 ]  

 Sol-gel chemistry is known for encapsulation system nano-
structuring. Thus “surface” encapsulation systems can be 
formed by the sol-gel assembly process. The process involves 
the hydrolysis of precursor solutions. The precursor solution 
and the surfactant play signifi cant roles in the self-assembly 
process of sol-gel structures forming. The profi t of using the 
sol-gel technique is (1) high purity materials are synthesized at 
relatively low temperature, (2) homogenous and multi-compo-
nent structure are obtained by mixing precursor solutions and 
(3) processing parameters can be controlled allowing the syn-
thesis of materials with different properties such as structure, 
thermal stability and surface reactivity (using precursors with 
additional functional groups). [ 77 ]  An example can be the work of 
Yamaguchi et al. [ 78 ]  They employed a rather simple fabrication 
procedure of spotting precursor solutions containing cationic 
cetyltrimethylammonium bromide as structure directing agent 
and tetraethoxysilane as the silica source onto the anodized alu-
minum surface, and obtained aligned and columnar ordered 
silica nanochannels. 

 To provide sustained release of poorly soluble drugs from 
implants, extended drug release based on applying a thin 
plasma polymer fi lm on the top of nanotubes arrays after drug 
loading. [ 79 ]  A plasma polymer layer with different thickness 
deposited on nanotube arrays allows control over pore diam-
eter and hence rate of drug release. It was possible to achieve 
favorable zero order release kinetics from AAO implants by 
controlling the deposition of a plasma polymer layer. 

 Self-ordering and biomimetics are of high relevance for syn-
thetic chemistry, including in the development of encapsulation 
systems. The most signifi cant feature of nature-designed struc-
tures is their multifunctionality and creation through unique 
genetically guided self-ordering, -organization, -assembly 
processes. The spontaneous organization of small individual 
subunits into larger scale ordered and stable structures, is ubiq-
uitous in nature. [ 80 ]  Self-assembly and self-organized (or self-
ordered) fabrication processes are recognized as cost effective, 
and the most elegant route in nanotechnology leads to the gen-
eration of complex and functional nanostructured materials. [ 81 ]  
Several synthetic approaches based on chemical, electrochem-
ical, sol–gel and hydrothermal methods involving self-organiza-
tion have been explored for their synthesis using both top-down 
and bottom-up approaches. [ 82 ]  

 Using one inspirational system one can come up with a set 
of new approaches to the synthesis of materials at the hiera-
chical scale. Thus echinoderms, provide new approaches to 
the synthesis of ordered, oriented crystalline materials at the 
nanoscale. The same organism also inspires the design of 
tunable nano- and microlens structures. The novel, hybrid 
hydrogel-actuated nanospines and nano traps act similar to 
echinoderm skin. One can also consider how to generate 
unusual chirality on the assembly. [ 83 ]  These bioinspired struc-
tures have the potential for use in a variety of fi elds, including 
actuators for controlled release, self-healing artifi cial muscles. 

Adv. Mater. Interfaces 2014, 1, 1400237

www.MaterialsViews.comwww.advmatinterfaces.de



R
EV

IEW

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (13 of 26) 1400237wileyonlinelibrary.com

Obviously, echinoderms provide new, bioinspired concepts in 
materials chemistry, nanotechnology, and engineering. 

 Diatom structures, e.g., silica based structures as well as 
titania, are important for development of capsules for delivery 
devices. For the time being diatoms have enormous ecological 
importance on this planet and display a diversity of patterns 
and structures at the nano- to millimetre scale. Diatoms are 
unicellular, eukaryotic, photosynthetic algae that are found 
in aquatic environments. Diatom nanotechnology for cap-
sules emphasizes recent advances in diatom biomineraliza-
tion, biophotonics, photoluminescence, microfl uidics, com-
pustat domestication, multiscale porosity, silica sequestering 
of proteins, detection of trace gases, controlled drug delivery 
and computer design. [ 84 ]  More sophisticated drug-delivery sys-
tems, such as self-propelled swimming microrobots, could also 
benefi t from the unique properties of diatom frustule struc-
tures. [ 85 ]  Designing of microdevices that can travel inside the 
human body and carry out a range of complex medical proce-
dures, such as monitoring, drug delivery and cell repair [ 86 ]  is 
discussed. Recent developments in micro- and nanoscale engi-
neering have led to the realization of various miniature mobile 
robots, but one can have an intriguing opportunity to integrate 
whole biological organisms or their parts. [ 87 ]  

 Porous structures from the molecular to the macro-level 
are widely used in nature. [ 88 ]  These pore structures with their 
elegant and intricate designs have played pivotal roles in many 
biological processes. These processes include transport of 
nutrients through the cell wall, selective transport of small or 
specifi c molecules or solutes, energy or charge transport, gas 
adsorption, ion exchange, signalling, and many other activities. 
It is therefore not surprising that the concept of mimicking 
porous, complex structures has attracted a considerable amount 
of attention in materials science. Important are the control of 
the free volume and shape arrangements. 

 Shape of capsules and parts for delivery device have come 
into focus next. First capsules of interest were mostly spherical 
in shape. However, the biological world is mostly non-spherical 
in shape. The peculiar shape of the different biological enti-
ties plays an important role for their function. [ 89 ]  Bacteria and 
viruses exhibit a variety of peculiar shapes. For example, rod-
shaped  Escherichia coli  and  Tobacco mosaic  virus and  Bacillus 
anthraci , spiral-shaped  Campylobacter jejuni , and bullet-shaped 
 Rabies  virus. [ 90 ]  This initiates also studies of capsules which are 
not spherical in shape or with complex pore organization. The 
major problem in performing experiments with particles of dif-
ferent shapes was the diffi culty in their fabrication. However, 
with recent advances in materials science and technology, this 
limitation is being addressed. Some of the methods for fabri-
cation of anisotropic shapes include self-assembly, [ 91 ]  litho-
graphy, [ 92 ]  nonwetting template molding, [ 93 ]  microfl uidics, [ 94 ]  
and sonochemical synthesis. [ 14,95 ]  

 Some examples of anisotropic particles that have been 
already fabricated include PEG-based trapezoids, bars, cubes, 
cones, discs, cylinders, and many other shapes fabricated by 
the top-down particle replication in nonwetting template tech-
nology. [ 96 ]  Dendukuri et al. have developed a high through 
put continuous-fl ow lithographic technique that combines the 
advantages of microscope projection lithography and micro-
fl uidics to form morphologically complex polymeric particles 

suitable for encapsulation systems of a variety of different 
shapes. Some of the shapes generated by this technique include 
rings, triangles, cylinders, cuboids, polygonal structures, and 
curved particles. [ 97 ]  Various shaped particles bearing segregated 
hydrophilic and hydrophobic sections have also been synthe-
sized using the same technique. 

 Here again we can show that the sonochemical nanostruc-
turing (sononanostructuring) is very prospective, as it ena-
bles modifi cation of many different materials (Figure  2 ). But 
also the shape and texture of the resulting material can be 
manipulated,which in the following will be shown to be very 
prospective for encapsulation systems for “free” and “surface” 
capsules. Thus zinc particles, could be used to form a core@
shell ’’hedgehog’’ zinc-based material by a ’’green’’ ultra-
sound method. [ 95 ]  The core@shell ’’hedgehogs’’ consist of a 
metallic zinc core covered by zinc oxide nanorods. Due to the 
’’hedgehog’’ morphology, the novel zinc-based material exhib-
ited increased surface area, high accessibility for substrate mol-
ecules and could be a promising component of sensors, cata-
lysts, active feedback coatings, and photovoltaic systems. 

 A direct replica method enabled to synthesize an array of 
plastic micro-objects of different shapes, such as cones, bicones, 
hollow cylinders, rings, test tubes, clubs, and vases. Dimethyl 
formamide-based colloidal nanoparticles with tunable size and 
shape have been fabricated by wet chemical methods. [ 98 ]  

 Such complex shaped capsules with diverse physical features 
will open up new avenues in engineering carriers for drug 
delivery and imaging. They can also be used as models to study 
the importance of shape in biological functions of organisms, 
such as bacteria and viruses, since the fi lm stretching method 
can effi ciently mimic many peculiar shapes exhibited by bio-
logical entities. 

 To go back to our strategy to use high intensity ultrasound 
as prospective for the formation of “surface” encapsulation 
systems, not just for the modifi cation of individual materials 
(Figure  2 ), but simultaneous formation of advanced hybrid sys-
tems on example of formation special metal-polymer interac-
tion by sonochemical intelligent nanoengineering. 

 Since the early work of Lord Rayleigh it is known that ultra-
sound may form cavitation bubbles inside liquids. Upon bubble 
collapse transiently temperatures more than 5000 K, pressures 
higher than 1000 atm with cooling rates above 10 8  K/sec are 
created. [ 99–101 ]  Hence there is the potential of performing high 
temperature and high pressure chemistry, but with a reactor 
near room temperature and ambient pressure. Structures may 
also be formed and quenched far from equilibrium. The most 
pronounced effects of ultrasound on liquid–solid systems are 
mechanical and chemical, and these effects are attributed to 
symmetric and asymmetric cavitation collapses. Recent model-
ling has confi rmed that symmetric bubble collapse in a liquid 
medium causes shock waves with high pressures in addition 
to high gas temperatures in the collapsed cavities. These high-
pressure, high-temperature conditions exist for short time, 
however being enough for active surface modifi cation. Such 
extreme conditions can be effectively used for active surface 
construction. [ 13,14,100 ]  

 Shock waves also potentially create microscopic turbu-
lences. [ 101 ]  This phenomenon increases the transfer of mass 
across the solid, thus increasing the intrinsic mass-transfer 
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coeffi cient, as well as possibly creating or modifying existing 
coatings, such as thick hybrid metal/polymer coatings. [ 102 ]  
Alternatively, this phenomenon may result in thinning/pitting 
of the fi lm. [ 103 ]  When the bubble collapses occur near a solid 
surface that is several orders of magnitude more extended 
than the cavitation bubbles, [ 104 ]  the collapses occur asymmetri-
cally [ 105 ]  and solvent microjets are formed perpendicular to the 
solid surface. These microjets have an estimated speed of ca. 
several hundreds of m/s and lead to pitting and erosion of the 
surface. [ 106 ]  Moreover, this behaviour leads to an enhancement 
in heterogeneous reactions (secondary cavitation-assisted pro-
cesses) with active species formed in the reactor. Thus, a part 
of the vaporised molecules from the surrounding medium 
can be dissociated to form radical species, such as OH• and 
H•, for water sonolysis. [ 107 ]  The radicals form by the hydrogen 
abstraction of RH additive molecules to form R• and/or by the 
pyrolysis of RH molecules during bubble collapse. [ 108 ]  Recent 
studies [ 109 ]  have suggested scenarios and provided prospective 
defi ned cavitation pathways for surface modifi cations based on 
their responses to ultrasound. Different responses result from 
differences in the surfaces’ hydrophilic/hydrophobic properties 
or chemical reactivity. Thus, comparison of bubble formation 
on hydrophobic and hydrophilic surfaces with those formed in 
the bulk reveals a stronger response on the hydrophobic part 
of a patterned surface than on the hydrophilic part. If a surface 
changes its hydrophilicity/hydrophobicity during a sonochem-
ical process, it is clear that the surface response to ultrasound 
becomes nonlinear. 

 The presence of monomer or polymer molecules in the son-
ochemical reactor can infl uence the cavitation process. Organic 
molecules are able to accumulate at the gas/liquid interface of 
cavitation microbubbles. The centre of the bubble exhibits high 
temperatures and pressures, whereas the bulk liquid remains 
under normal conditions. A transition zone also exists between 
these two states. [ 102 ]  

 Molecules are present in both the transition zone and the 
outer liquid phase. The time required for the orientation of 
long-chain molecules in the gas/liquid interface is longer 
than that required for short-chain molecules and longer than 
the bubble lifetime. [ 110 ]  However, organic molecules near 
the bubble interface infl uence the cavitation process, which 
increases surface pressure, decreases the lifetime of the cavi-
tation bubble, and leaves the molecule in the correct orienta-
tion and chemical state for transport and attachment to the 
surface. [ 111 ]  Five main effects of cavitation are known for mono-
mers and polymers: the formation of free radicals during the 
cavitation process, [ 112 ]  possible polymerisation, [ 113 ]  possible 
chain reorientation, [ 114 ]  polymer decomposition [ 115 ]  and the pos-
sible involvement of organics in chemical processes, such as 
oxidation and bond breakage. [ 24 ]  

 Despite the great interest in the prospective fi eld of control-
ling the metal–polymer interactions by high-intensity ultra-
sound through cavitation-assisted processes, a general lack of 
knowledge persists about such processes. A few reports have 
concentrated on the characterisation of the chemical interac-
tions between metals and untreated polymer surfaces, and a 
few others have concentrated on plasma-treated polymer sur-
faces. From the studies on untreated polymer surfaces, several 
general observations can be made. Typically, for polymers that 

do not contain carbon–oxygen or carbon–nitrogen functionali-
ties, little to no chemical interaction is observed, irrespective 
of the reactivity with metal. [ 116 ]  For reactive metals, such as 
Al, Mg, Cr, and Ni, extensive chemical interactions can occur, 
typically with oxygen atoms in oxygen-containing polymers. [ 117 ]  
For metals with moderate chemical reactivity, such as Cu, 
Ti and Ag, chemical interactions were found to be polymer 
dependent. [ 118 ]  Thus, for example, titanium is interesting to 
study because its moderate chemical reactivity allows discrimi-
nation between weakly and strongly interacting nucleation sites 
on the polymer surface. 

  Figure    10   shows a schematic representation of the main initial 
surfaces and some hypothesised consequences of sonochemical 
surface modifi cation. Three main possible methods of metal-
polymer interaction have been postulated: 1) the attachment of 
polymer molecules to metal surfaces or thin metal-oxide layers 
on the metal; 2) the formation of a hybrid, which simultaneously 
interacts with and modifi es the metal, and polymer or monomer 
attachment with subsequent polymerisation, or monomer poly-
merisation and subsequent polymer attachment; 3) the forma-
tion of a thin hybrid layer on the metal surface and the subse-
quent attachment of the polymer (either initially present or 
formed from the monomer during the process of sonication).  

 Many fundamental aspects of cavitation-assisted processes 
during surface modifi cation are still unclear, and in situ inves-
tigations, together with a detailed study of each type of material 
and the prospects for their combinations, are necessary to elu-
cidate the details of these reactions. The following central prob-
lems have been identifi ed: 

  –     To arrive at a mechanistic model of cavitation-assisted pro-
cesses on solid surfaces. Physico-chemical properties of the 
surface are relevant for the surface’s response to ultrasound-
assisted modifi cation. Only a few authors have suggested 
models for a given type of material and its combination with 
other materials.  

  –     To distinguish relationships between the primary and sec-
ondary effects of ultrasound, depending on the mechanical 
material properties and crystallinity. One might expect (and 
some results have already shown) that hard and soft met-
als exhibit different visible responses to ultrasonic exposure 
and can be building blocks for novel materials. Polymers are 
expected to exhibit a stronger response than hard materials 
such as Ti. For soft materials with low thermal conductivi-
ties, local heating during ultrasonic processing may lead to 
a decrease or, oppositely, an increase in surface roughness 
because high local mobility may enable surface tension to 
fl atten the surface. The bubble collapse causes hot spots, and 
the pressure pulses are also converted into heat; these effects 
may induce local melting. Thus, a crystalline surface may lo-
cally melt and become amorphous after cooling, as has been 
observed for biopolymers. Reactive species may be created 
in the solution and in the solid, which may cause a metal to 
oxidise deeper inside the solid or a polymer to be destroyed or 
cross-linked. Concerning the infl uence of polymer surfaces, 
we have observed that ultrasonic treatment may render a sur-
face hydrophobic/hydrophilic.  

  –     To localize the effect of ultrasound. Thus, bubble nucleation 
may be controlled through patterning. A pressure pulse on 

Adv. Mater. Interfaces 2014, 1, 1400237

www.MaterialsViews.comwww.advmatinterfaces.de



R
EV

IEW

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (15 of 26) 1400237wileyonlinelibrary.com

a material may be focused on defects or grain boundaries. 
This fact necessitates the study of solids with a defi ned mi-
crostructure. Whether destruction proceeds along patterns, 
defects and grains is also relevant.  

  –     To follow the kinetics of sonochemistry in complex multi-
component systems. A solution to this issue is still un-
clear, but a solution is necessary because materials can be 
obtained with drastically varying hydrophilic/hydrophobic 
properties, roughness, porosity, crystallinity and, in the case 
of hybrids of metals and biopolymers, different nonlinear 
acoustic responses. The facts that the surface is made more 
hydrophobic or hydrophilic by ultrasound and that this fur-
ther infl uences bubble nucleation may have interesting con-
sequences for the time and space dependence of the treat-
ment: the dose dependence becomes nonlinear and surface 
and gas specifi c and patterns can be reproduced with en-
hanced contrast to have, for example, defi ned protein/sur-
face adhesion.  

  –     To control the modifi cation of the surfaces via the concen-
trations of additives in the system (monomer, polymer) and 
to establish the role of initial cavitation in acoustic droplet 
vaporisation in different solutions.  

  –     To defi ne intermediate steps of the process. If intermediate 
states of destruction resembling a porous solid can be pro-
duced, then new active surfaces may also be produced.  

  –     To provide scenarios of active surface construction based 
on pronounced responses of the metals and polymers to 
ultrasound. These are required for implants connected to 

bone, metals (alloys of titanium and magnesium), and they 
therefore must be investigated for the possibility of control-
ling their structure and infl uencing the treatment (with or 
without additives in the system) of their surfaces. Protein and 
cell adhesion must also be investigated with respect to their 
interactions with a surface. Implants with the possible ability 
of sustained drug delivery due to the use of metals or hybrids 
with defi ned porosity for active chemical (such as drugs) stor-
age and release by an internal (such as Mg dissolution) or 
external stimuli (pH, temperature, light) need further study. 
This research area is obviously very promising with respect to 
stem cell research.    

 In summary, ultrasonic chemistry carries many exciting 
prospects but is in its infancy with respect to our under-
standing and control of the process, which necessitates a mul-
tidisciplinary approach that combines interface and colloid 
science, acoustics, inorganic, physical and polymer chemistry, 
and other disciplines for specifi c applications. Concerning the 
latter, the focus in the following is laid on biomaterials and 
construction of hybrid materials. Moreover, to have real pro-
gress in fabricating intelligent materials, e.g., capsules, design 
by certain methodology (high intensity ultrasonic one), it is 
of high priority to have strong collaboration between different 
scientifi c fi elds. Thus after enough data concerning the effect 
different materials is collected, this might stimulate theoretical 
treatment and simulations. In  Table    1   are presented some pos-
sible starting points [ 119 ]  for future simulations of high intensity 
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 Figure 10.    Schematic presentation of the research objects containing the material combination (individual not shown): initial materials – monomer, 
polymer, metal, metal/polymer, and metal-polymer-patterned surface – UPPER part; possible ultrasonic effects in the reactor – physical (shock waves 
and liquid jets) and chemical (formation of radicals from monomer and polymer and sonolysis of the liquid (here, water shown)) – MIDDLE part; and 
some examples of systems which could be expected after applying ultrasonic exposure: polymers could be attached to the metal (here shown as a brush 
formation on the surface); the metal and polymer could form a porous hybrid system; on the surface of a metal, a thin hybrid (metal/polymer) layer 
could be formed with subsequent polymer attachment to the hybrid (here, brush formation is shown); and in the case of an initial patterned surface, 
the combination of approaches is possible – LOWER part of the scheme.
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ultrasonic treatment for metal surface modifi cation needed 
to design hybrid materials by different pathways, such as 
presented in  Figure    11  . In particular hierarchical-multiscale 
examples are presented of simulations of interaction between 
cavitation bubbles and metal/metal-polymer/polymer/hybrid 
surfaces. Thus for each hierarchy level different theories can 
be applied: electronic state; atomic scale; pseudo-particles and 
continuum theory. Possible calculation methods are shown as 
well as some important process parameters are pointed out. 
One could imagine the very high level of cooperation which 
is needed between different groups to establish real progress 
in intelligent materials design with deep understanding of the 
process of construction of intelligent materials.    

  5.     Materials for Capsules 

 Nowadays a wide variety of available materials are suitable 
for use as delivery devices. One must take into account the 
needed application to select one of the systems for encapsula-
tion. In some cases polymer capsules are needed: synthetic 
or natural polymers for encapsulation systems. However in 
other cases, e.g., “free” capsules to be introduced into anticor-
rosion coatings, long term mechanical stability of capsules is 
needed and either mesoporous inorganic materials are used 
as main component to deliver active chemicals or hybrids of 
inorganic/polymeric materials are used for capsule construc-
tion. Oxides, calcium carbonate and other ceramics are known 
to be used as capsule cores to store in their porous interior 
active chemicals and deliver active chemicals to a desired 
area. Silicon formation and modifi cation for encapsulation 
systems are known especially for systems where advanced 
properties of luminescent silicon are needed. Carbon based 
structures are used as mechanically stable light weight mate-
rial. Metal based structures are developed for delivery devices. 
More often, as was already mentioned above, to have intel-
lectual encapsulation systems post functionalization of 
individual materials is needed, for example to provide pore 
closure. After modifi cation the fi nal capsules in most cases 
consist of a hybrid mixture of components used for capsule 
formation. A separate topic for cell related application is cell 
encapsulation or bio-production of capsules by cells. In the 
following chapter we will mention some specifi c examples of 
different systems. 

  5.1.     Polymer Capsules 

 Polymers as materials for the formation of “free” hollow polymer 
capsules are the most established class of materials.The variation 
of known and available systems is amazing: at least one paper 
was published every day during last year with mentioning the 
keyword “polymer capsule”. This is because different applica-
tions, e.g., different drugs delivery, sensors, reactors, templates, 
catalysts, are besides need in require variations of size, compo-
sition, morphology and, specifi c polymers. The use of synthetic 
polymers offers the opportunity to fi ne tune their chemical struc-
ture to achieve a modular release, which is an advantage for the 
intelligent encapsulation systems. Natural polymer networks can 
be also tailored, but just to some extent by changing polymer 
concentration and crosslink density. Development of hybrid net-
works in which natural polymers are synthetically modifi ed or 
combined with synthetic polymers, has been proposed to com-
bine benefi cial properties of both kinds of polymers with respect 
to mechanical properties, tailorability in terms of biodegrada-
bility as well as biocompatibility and cytocompatibility. 

 Very powerful and an increased area of scientifi c interest, 
for example for “surface” capsules, are hydrogels to be used 
for encapsulation systems. The possibility to tailor the release 
kinetics of proteins from hydrogels can be achieved through 
the use of excipients or by changing the crosslinking density 
of the polymer network. The geometry of the hydrogel-based 
depot also affects the release rate and the duration. Generally, 
the bigger the device, the longer the diffusion distances and the 
longer the release consequently lasts. 

  5.1.1.     Synthetic Polymers Systems 

 Interesting as capsule materials are advanced nanoengineered 
polymers which can provide capsules with advanced additional 
functionality via their structuring and functional characteris-
tics. Examples are in the area of conductive polymers, such as 
e.g., polypyrrole, polyaniline. Electrically conducting polymers 
have been the subject of continuous research and development 
due to their potential applications in many technological areas 
such as rechargeable batteries, sensors, electromagnetic inter-
ference shielding, electrochromic display devices, smart win-
dows, molecular devices, energy storage systems, membrane 
gas separation, and so on. [ 120 ]  

  Table 1.    Hierarchical-multiscale: examples of simulations of interaction between cavitation bubble and metal / metal-polymer / polymer / hybrid 
surface. 

Hierarchical-multiscale Electronic state Atomic scale Pseudo-particles Continuum theory

Possible calculation 

methods

– quantum mechanics chemical 

reactions thermodynamic 

properties

– kinetic Monte Carlo molecular 

dynamic

– lattice Boltzmann method – constitutive electric-plastic metal 

deformation 

–FEM 

–FFT

Some important 

parameters

Reaction products, chemistry of 

cavitation-assisted processes

Orientation of crystal, 

anisotropy, kinetics of defect, 

nucleation, roughness, porous 

formation

Penetration of liquid and gases 

inside-outside the formed 

porous structures, density and 

viscosity of liquid

Roughness ( R ), temperature, 

pressure, nature of metal / metal-

polymer/polymer/hybrid (lattice 

parameters, phase diagram, nature 

of local bonds, elastic properties, 

patterns, defects)
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 Polypyrrole microcapsules were successfully prepared by 
electrochemical polymerization of pyrrole on the surface of 
stainless steel electrodes. [ 121 ]  The size of the capsules and the 
thickness of the polypyrrole shell (up to complete fi lling of the 
capsule with grown polypyrrole) can be varied by changing both 
the scan speed of the electrode potential and potential range. 
The polypyrrole shell of the microcapsule exhibits very strong 
barrier properties in acidic media at 2 < pH < 7 and a high per-
meability at pH > 7, providing effective encapsulation of low 
molecular weight species at low pH values. The capsules can be 
used on the surface of “steel” providing a “surface” encapsula-
tion system or being detached from the steel as “free” capsules. 

 Intensive works with some other polymers are known due to 
their unique properties providing in the following capsule func-
tionality and stimuli response. Poly(N-isopropylacrylamide) 
(PNIPAM) [ 122 ]  is known to open capsules in response to several 
stimuli: pH, T. Among the various synthetic polymers studied 
for the delivery of growth factors in tissue repair, PEG-based 
networks play a prominent role. [ 123 ]  Mostly studied for LbL sys-
tems are such synthetic polymers as poly(styrene sulfonate) 
sodium salt (PSS), poly(ethyleneimine) (PEI), poly(allylamine) 
(PAH), poly(diallyldimethylammonium) chloride (PDADMAC), 
poly(meth)acrylic acid (PMA/PAA). The synthetic polymers are 
used in their different combination to achieve the needed func-
tionality. Here the detailed work on the combination of “week-
week”, “week-strong”, “strong-strong” polyelectrolytes for self-
healing LbL can be mentioned. [ 124 ]  

 Microgels/nanogels possess high water content, biocom-
patibility, and desirable mechanical properties. [ 125 ]  They are 
crosslinked polymeric particles, which can be considered as 
hydrogels if they are composed of water soluble/swellable 

polymer chains. They offer unique advantages for polymer-
based drug delivery systems: a tunable size from nanometers 
to micrometers, a large surface area for multivalent bioconju-
gation, and an interior network for the incorporation of bio-
molecules. Present and future microgel applications require a 
high degree of control over properties. They include stability 
for prolonged circulation in the blood stream, novel function-
ality for further bioconjugation, controlled particle size with 
uniform diameter, and biodegradability for sustained release of 
drugs for a desired period of time and facile removal of empty 
devices. Nowadays various synthetic strategies for the prepara-
tion of microgels/nanogels are known, including photolitho-
graphic and micromolding methods, continuous microfl uidics, 
modifi cation of biopolymers, and heterogeneous free radical 
and controlled/living radical polymerizations. 

 In all it is important to know that for a particular application 
a particular system should be chosen and adapted, for example 
allowing to go from in vitro to in vivo study.  

  5.1.2.     Natural Polymers for Encapsulation Systems 

 Natural polymers offer a degree of functionality not available 
for many synthetic polymers, such as tailorability in terms of 
biodegradability as well as biocompatibility and cytocompat-
ibility. There is a large number of systems based on natural 
polymers available today. Some examples are presented below. 
The main classes of natural polymers studied formulations are 
polysaccharides, proteins/polypeptides, DNA, liposomes. [ 126 ]  
Examples of polysaccharides used for capsule formation are 
chitosan, [ 127 ]  dextran, [ 128 ]  alginate, [ 129 ]  hyaluronic acid. [ 130 ]  
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 Figure 11.     Schematic presentation of the possible objects for simulation. The ultrasound affects the initial and modifi ed materials differently, i.e., non-
linear response to cavitation assisted processes is observed. Upper part shows examples of possible to simulations systems in hierarchical-multiscale. 
Start point (upper row, right images) can be continuum theory as comparison of R experimental (obtained with in situ setup) with R simulated; and 
on the origin of deformation-induced rotation patterns below cavitation jets as indents.
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 Chemistry offers tools to modulate the structure of natural 
polymers without a negative effect on their advanced proper-
ties. Thus even after extraction and some modifi cation one can 
use, e.g., silk protein, for advanced encapsulation systems with 
bio-fuctionality. [ 131 ]  

 Natural polymers are especially prospective for tissue engi-
neering and other bio-applications, e.g., for the physical encap-
sulation of growth factors. Taking hydrogels as example, hydro-
gels designed with natural polymers as building blocks display 
multiple advantages over synthetic polymer networks with 
respect to their biocompatibility, biodegradability and good cell 
adhesion properties. Therefore, extensive work is available on 
biopolymer-based hydrogels for cell and growth factor encapsu-
lation in regenerative medicine. [ 132 ]  

 Lipids and lipopolymers self-assembled into biocompat-
ible nano- and mesostructured functional capsules offer many 
potential applications in medicine and diagnostics. [ 133 ]    

  5.2.     Inorganic Materials 

 Inorganic materials are extensively used to provide encapsula-
tion systems: from hollow particles to, which is mostly the case, 
porous substances to encapsulate and store active chemicals. 
Here again functionality of the inorganic material and its fol-
lowing nanostructuring, e.g., SAM or LbL, provide space for 
capsule optimization taking into account needed properties and 
functionalities. Thus capsules can be controlled in vivo, which 
is very important for material circulation in the body, by loading 
of mesoporous luminescent Si with the drug. [ 134 ]  Capsules can 
be dissolved without negative effect to the body: CaCO 3  for 
delivery of insulin, [ 135 ]  magnesium [ 24 ]  biodegradable implants. 

  5.2.1.     Oxides, Calcium Carbonate and Other Ceramics 

 Oxides are extensively used for formation of delivery devices. 
Thus mesoporous silica provides an excellent matrix for guest 
molecules, due to several attractive features among their tex-
tural and chemical properties, which play an important role 
in the loading and release of molecules, i.e., they govern the 
host-guest interactions between the bio-ceramic matrix and 
organic guest. [ 44 ]  The SiO 2  for capsules provides a combination 
of structural, mechanical, chemical and optical features that 
might both overcome challenges associated with conventional 
delivery of therapeutic agents and have advantages over existing 
delivery systems. Among the important characteristics, these 
materials present high surface area (ca. 1000 m 2 g −1 ), large pore 
volume (ca. 1 cm 3 g −1 ), regular and tunable mesopore diameter 
(2–50 nm) and pore channel systems homogeneously organ-
ized in 2D and 3D mesostructures, [ 136 ]  biocompatibility and 
biodegradability of silica based capsules make them a prom-
ising biomaterial for drug-delivery applications. They can be 
easily functionalized, protected and designed for controlled 
drug release through nanosized pores or by embedment in the 
silica. [ 137 ]  The preparation of ultra-high-purity and fraction-free 
silica capsules from raw material is possible using simple sepa-
ration procedures. These microcapsules are proposed as excel-
lent natural porous materials for delivery applications. 

 Magnetic particles such as iron oxide nanoparticles fi nd 
many applications as contrast agents, in magnetic cell sorting, 
and immunoassays in pathology laboratories. [ 138 ]  For example 
recently it was shown to use polymer-shelled magnetic micro-
bubbles on the interplay of shell structure with low- and high-
frequency mechanics of multifunctional magnetic microbub-
bles. [ 139 ]  Efforts are underway to develop magnetic particles 
for controlled and directed transport of therapeutics as well as 
hyperthermia treatment for cancerous tumors. [ 140 ]   

  5.2.2.     Silicon Formation and Modifi cation for Encapsulation 
Systems 

 Porous Si exhibits a number of properties that make it an 
attractive material for controlled drug delivery applications. 
Subsequently, porous Si or porous SiO 2  (prepared from porous 
Si by oxidation) host matrices have been employed to demon-
strate in vitro release of the steroid dexamethasone, ibuprofen, 
cis-platin, doxorubicin, and many other drugs. [ 141 ]  With a free 
volume that can be in excess of 80%, porous Si can carry 
cargo such as proteins, enzymes, drugs or genes. It can also 
carry nanoparticles, which can be equipped with additional 
homing devices, sensors, or cargoes. The tailored pore sizes 
and volumes that are controllable from the scale of microns to 
nanometers; a number of convenient chemistries exist for the 
modifi cation of porous Si surfaces that can be used to control 
the amount, identity, and in vivo release rate of drug payloads 
and the resorption rate of the porous host matrix; the mate-
rial can be used as a template for organic and biopolymers, to 
prepare composites with a designed nanostructure; and fi nally, 
the optical properties of photonic structures prepared from this 
material provide a self-reporting feature that can be monitored 
in vivo. 

 Usually porous Si is prepared by electrochemical etching. 
Thus porous Si is a product of an electrochemical anodization 
of single crystalline Si wafers in an aggressive hydrofl uoric 
acid electrolyte solution. Pore morphology and pore size can 
be varied by controlling the current density, the type and con-
centration of dopant, the crystalline orientation of the wafer, 
and the electrolyte concentration in order to form macro-, 
meso-, and micropores. Pore sizes ranging from 1 nm to a few 
microns can be prepared. 

 The group of Sailor with co-workers [ 142 ]  showed the pros-
pects of post-anodization ultrasonic treatment of silicon to 
provide detachment of mesoporous luminescent layers/
microparticles with their following use for drug delivery. A 
procedure for generating colloidal suspensions of Si that 
exhibit luminescence, attributed to quantum confi nement 
effects, was described. Samples of n- or p-type Si that have 
been electrochemically etched to form porous Si can be ultra-
sonically dispersed into methylene chloride, acetonitrile, meth-
anol, toluene, or water solvents, forming a suspension of fi ne 
Si particles that luminesce. Transmission electron microscopy 
analyses show that the Si particles have irregular shapes, with 
diameters ranging from many micrometers to nanometers. 
Luminescent, composite polystyrene/Si fi lms can be made by 
the addition of polystyrene to a toluene suspension of the Si 
nanoparticles and casting of the resulting solution onto a glass 
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slide. Simultaneously the prospects of sonochemical treatment 
of luminescent microparticles in different solvents to change 
their luminescent nature were shown. 

 Recently a concept of sonochemically regulated construc-
tion of submicron and micron porous silicon with unique 
mechanical, optical and drug delivery properties as initial mate-
rial micron-Si particles, crystalline, or amorphous, p- or n- type, 
were suggested. [ 143 ]  An experiment on ∼100 µm particles of 
silicon proved the formation of nanocrystalline Si and its sub-
sequent phase transitions (crystalline–amorphous–crystalline) 
without oxidation in water solution in the presence of hydrogen 
donor material. Thus the 10-min-sonicated particles exhibit a 
pronounced crystalline structure, and their size decreases to the 
submicron scale. The amorphisation of the particles is observed 
within 20 min of modifi cation. Further exposure (>30 min) 
causes well-pronounced crystal growth from the amorphous 
phase in addition to a further size decrease. The observed 
phase transition (crystalline ↔ amorphous) is probably the 
main factor responsible for ultrasound-assisted modifi cation 
of silicon. Special conditions provided by high-intensity ultra-
sound could affect the melting and growth of the silicon crys-
tals. The form of a solidifi ed microstructure can be controlled 
by fast local heating and cooling cycles provided by cavitation. 
The crystal formation depends upon the difference between the 
rates of attachment and detachment of atoms at the interface. 
The rate of attachment depends on the rate of diffusion in the 
liquid and is, therefore, affected by sonication.  

  5.2.3.     Carbon Based Structures 

 Carbon-based encapsulation systems attract particular interest, 
since they are chemically inert, but can be surface-function-
alized for the grafting of active chemicals: nucleic acids, pep-
tides, and proteins. Moreover such systems can be loaded with 
other active chemical, providing multi-loading capacity. Thus, 
carbon nanotubes, [ 144 ]  fullerenes, [ 145 ]  graphene [ 146 ]  and nanodia-
monds [ 147 ]  have been studied for drug delivery. 

 The size, geometry, and surface characteristics of single-
wall nanotubes (SWNTs), multiwall nanotubes (MWNTs), and 
C 60  fullerenes makes them appealing for drug carrier usage. 
SWNTs and C 60  fullerenes have diameters on the order of 1 nm, 
about half the diameter of the average DNA helix. MWNTs have 
diameters ranging from several nanometers to tens of nanom-
eters depending on the number of walls in the structure. Fuller-
enes and carbon nanotubes are typically fabricated using elec-
tric arc discharge, laser ablation, chemical vapor deposition, or 
combustion processes. The application of these nanomaterials 
in the fi elds of vaccine delivery, gene delivery, small molecule 
transporters, and targeted delivery is being explored.  

  5.2.4.     Metal Based Structures 

 “Surface” encapsulation systems, mentioned above, are built on 
the surface of mesoporous sonochemically treated metals [ 13,14 ]  
or anodized structures [ 41 ]  and are prospective for such applica-
tions as implants, lab-on-chip and organ-on-chip growth, for-
mation of anticorrosion and antifouling surfaces. 

 Moreover when linked to or embedded within polymeric 
drug carriers, metal nanoparticles can be used as thermal 
release triggers when irradiated with infrared light or excited 
by an alternating magnetic fi eld. [ 148 ]  Biomolecular conjugation 
methods of metals include bifunctional linkages, lipophilic 
interaction, silanization, electrostatic attraction, and nanobead 
interactions. [ 108 ]  

 Gold nanoparticles have received great attention in the 
synthesis of multifunctional drug delivery carriers due to 
the unique capability of attachment of thiol-derivatized mol-
ecules. [ 48 ]  Not only can gold nanoparticles be decorated with 
a targeting ligand, hydrophilic polymers such as PEG for 
imparting stealth properties and therapeutics (drug or nucleic 
acids), but they can also be imaged using contrast imaging 
techniques. Moreover, once the gold nanoparticles are targeted 
to the diseased site, such as tumor, hyperthermia treatment can 
be used for tumor destruction.   

  5.3.     Composites and Hybrids 

 It is clear that a variety of particle platforms have been devel-
oped for a wide spectrum of applications, and they have unique 
advantages and limitations. Combinations of materials have 
also been developed to benefi t from the advantages of various 
materials while addressing the limitations of these materials. 
For example, inorganic nanoparticles possess unique optical 
and magnetic properties, but lack favorable bulk mechanical 
properties and surface processing characteristics. In contrast, 
polymeric particles offer fl exibility with respect to manipulation 
of surface chemistry, bulk mechanical properties, and particle 
geometry. 

 Core@shell particles with an inorganic core (quantum 
dots, iron oxide nanoparticles) and polymeric shell have been 
developed, which can be used for therapeutic delivery and 
imaging. [ 149 ]  Additional functionalities, such as luminescence 
of the core, can be easily introduced. Similarly, CaCO 3 -polysty-
rene composites have been developed where CaCO 3  provides 
required strength and polystyrene provides compatibility. 

 Liposomes and polymeric nanoparticles are the two most 
widely researched drug delivery platforms. Attempts have been 
made to combine the advantages of both systems. For example, 
polymeric nanoparticles have been encapsulated within fuso-
genic liposomes to regulate the intracellular pharmacokinetics 
of gene-based drugs by protecting them from enzymatic and 
hydrolytic degradation. [ 150 ]  

 The group of Zhitomirsky [ 151 ]  has made progress in con-
structing effective chitosan composite encapsulation systems. 
They use electrophoretic deposition for the fabrication of 
chitosan-carbon nanotube-hydroxyapatite and hydroxyapa-
tite-CaSiO 3 -chitosan composite encapsulation systems. The use 
of chitosan enabled the co-deposition of hydroxyapatite and 
carbon nanotubes or CaSiO 3  particles and offered the advan-
tage of room temperature processing of composite materials. 
The thickness of the individual layers was varied in the range of 
0.1–20 µm. A layered composite chitosan – multiwalled carbon 
nanotube surface encapsulation system was in the range of 
0.5–10 µm which could be manipulated by variation of the dep-
osition voltage and deposition time. 
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 Intelligent design of “smart” encapsulation systems based on 
inorganic materials is required nowadays following function-
alization. Thus  s ilica based capsules provide fl exibility for the 
design of complex drug-delivery vehicles through functionaliza-
tion with sensing biomolecules or immunotargeting biorecep-
tors, optically active dyes (for imaging) and/or magnetic nano-
particles (for controlled movement to target diseased tissue 
or cancer cells). [ 84 ]  There is interest in nanorobotic delivery 
systems. In regards to their physical and structural properties, 
porous silica capsules are ideal microscale bodies for designing 
these future robotic devices for delivery, e.g., biomedical appli-
cations. However, the self-propelled function is missing here, 
and to introduce mobility, one could attach bacteria to the 
diatom in addition to, or instead of, the gliding motility of dia-
toms themselves. Many bacteria propel themselves along in 
a fl uid by rotating their corkscrew-like tails, called fl agella, at 
relatively high speeds, and as robust machines. These fl agellae 
can easily be integrated with other microscopic components 
and do not need to be purifi ed or reconstituted. The bacteria 
motors work using a simple chemical energy source (glucose) 
and are naturally sensitive to the environment (e.g., metal ions, 
ethylene diamine tetraacetic acid [EDTA]), which means that 
nanobot movement can be controlled. Of course, in the dark 
parts of our bodies, we might want to use motile apochlorotic 
diatoms.  

  5.4.     Biological Objects: Cell Encapsulation and Capsule 
Formation by Cells 

 Live cell encapsulation technologies are in trend. Several major 
important features for cell encapsulation can be mentioned: 
complete encapsulation, mechanical stability, selective permea-
bility, e.g., for immune isolation, suitable extracellular microen-
vironment for optimal cellular functions. One should be aware 
that enhancement of one advantage does not decrease the other 
function. For example, a thick membrane with good immune 
isolation and mechanical stability often leads to poor nutrient/
oxygen supply for cellular functions. 

 There are numbers of techniques for cell encapsulation: 
ionic gelation, complex coacervation, interfacial precipitation. 
Methods have been developed to encapsulate various primary 
cells or cell lines for different tissue engineering or therapeutic 
applications. 

 The materials used for cell encapsulation have to be biocom-
patible. Cross-linked chitosan, collagen, agarose microspheres, 
ceramic-based materials and their combination with polymers, 
e.g., polyethylenimine, poly-acrylic acid, different compositions 
of methacrylates, polylysin, sodium alginate, hydrogels and 
polyelectrolytes. 

 Preferably material for cell encapsulation should be not 
only biocompatible but also biodegradable. For example bio-
degradable self-reporting nanocomposite fi lms of poly(lactic 
acid) nanoparticles engineered by layer-by-layer assembly 
were suggested. [ 152 ]  In particular, multilayer assemblies of 
biodegradable poly(lactic acid) (PLA) nanoparticles based on 
hydrogen-bonding or electrostatic interactions were designed 
and fabricated. Moreover, gold nanoparticles can be effectivly 
grown within the PLA nanoparticle assemblies either through 

UV-irradiation or under mild reducing conditions to create 
biodegradable nanocomposites with distinct optical response, 
which allows monitoring biodegradation of the fi lms. The 
nanocomposite coatings of PLA nanoparticles were enzymati-
cally degraded by a-chymotrypsin. The biodegradation process 
can be colorimetrically monitored with UV-vis spectroscopy 
thus opening the way for facile and real-time monitoring useful 
for biotechnology applications. 

 The material used for cell encapsulation is selected according 
to the following application for a specifi c cell line and can have 
advanced functionality, e.g., be stimuli responsive. Thus encap-
sulation of liver microsomes into a thermosensitive hydrogel 
for characterization of drug metabolism and toxicity was dem-
onstrated. [ 153 ]  The thermosensitivity of the hydrogel (Pluronic 
F127-acrylamide-bisacrylamide hydrogel) was studied using a 
swelling ratio and protein release assay to verify its ability to 
encapsulate microsomes. The metabolic activity of microsomes 
encapsulated in gels was investigated by detecting the metabo-
lites of hydrogel-compatible substrates, including dextrometho-
rphan, chloroxazone and testosterone. The classical anticancer 
prodrug cyclophosphamide was chosen as a model drug for the 
study of drug metabolism and the prediction of drug effects. 
When the microsomes encapsulated in the hydrogel were 
used in the cell culture system, the drug induced a higher 
level of apoptosis in MCF-7 cells compared with traditional 
microsomes. 

 Hydrogel functionalization and its variety provides space 
for optimization of the material used for cell encapsulation. 
There are studies how synthetic materials affect a natural cell 
and its metabolism. An example of such a research can be 
the analysis of the infl uence of encapsulation of cardiac stem 
cells (CSCs) within matrix enriched hydrogel capsules on cell 
survival, post-ischemic cell retention and cardiac function. [ 154 ]  
Transplantation of ex vivo proliferated CSCs is an emerging 
therapy for ischemic cardiomyopathy but outcomes are limited 
by modest engraftment and poor long-term survival. The effect 
of single cell microencapsulation to increase CSC engraftment 
and survival after myocardial injection was explored. Transcript 
and protein profi ling of human atrial appendage sourced CSCs 
revealed strong expression the pro-survival integrin dimers – 
thus rationalizing the integration of fi bronectin and fi brinogen 
into a supportive intra-capsular matrix. Encapsulation main-
tained CSC viability under hypoxic stress conditions and, when 
compared to standard suspended CSC, media conditioned 
by encapsulated CSCs demonstrated superior production of 
pro-angiogenic/cardioprotective cytokines, angiogenesis and 
recruitment of circulating angiogenic cells. Intra-myocardial 
injection of encapsulated CSCs after experimental myocardial 
infarction favorably affected long-term retention of CSCs, car-
diac structure and function. Single cell encapsulation prevents 
detachment induced cell death while boosting the mechanical 
retention of CSCs to enhance repair of damaged myocardium. 

 There are numbers of studies to induce regeneration of 
organs by cell injection. However mostly cells are diffi cult to 
inject without their damage. Thus cells are encapsulated before 
being injected. For example, injectable calcium phosphate–
alginate–chitosan microencapsulated MC3T3-E1 cell paste for 
bone tissue engineering in vivo was suggested. [ 155 ]  The study 
aimed to develop alginate–chitosan microencapsulated mouse 
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osteoblast MC3T3-E1 cells to evaluate the osteogenic potential 
of a calcium phosphate cement complex with these cells, and 
trace the implanted MC3T3-E1 cells in vivo. MC3T3-E1 cells 
were embedded in alginate microcapsules, cultured in osteo-
genic medium for some days, and then covered with chitosan 
before mixing with a paste of calcium phosphate cement. The 
construct was injected into the dorsal subcutaneous area of 
nude mice. Lamellar-bone-like mineralization, newly formed 
collagen and angiogenesis were observed after 4 weeks. After 
8 weeks, areas of newly formed collagen expanded with fur-
ther absorption of osteoid-like structures. Cell tracing in vivo 
showed that implanted MC3T3-E1 cells were clearly visible 
after 2 weeks. The in vivo results indicate that the injectable 
encapsulated cells are promising for bone tissue engineering 
applications. 

 R. Grass’ group in Zurich suggested an effective method 
of reversible DNA encapsulation in silica to produce radical 
oxygen species (ROS)-resistant and heat-resistant synthetic 
DNA ’fossils’. [ 156 ]  In particular, the protocol describes a method 
for encapsulating DNA into amorphous silica (glass) spheres, 
mimicking the protection of nucleic acids within ancient fos-
sils. In the approach, DNA encapsulation is achieved after 
the ammonium functionalization of silica nanoparticles. 
Within the glass spheres, the nucleic acid molecules are her-
metically sealed and protected from chemical attack, thereby 
withstanding high temperatures and aggressive ROS. The 
encapsulates can be used as inert taggants to trace chemical 
and biological entities. The protocol is applicable to short 
double-stranded and single-stranded DNA fragments, genomic 
DNA and plasmids. The nucleic acids can be recovered from 
the glass spheres without harm by using fl uoride-containing 
buffered oxide etch solutions. Special emphasis is placed on 
a protocol of the safe handling of the buffered hydrogen fl uo-
ride solutions. After dissolution of the spheres and subsequent 
purifi cation, the nucleic acids can be analyzed by standard tech-
niques (gel electrophoresis, quantitative PCR and sequencing). 

 An important issue is the development of encapsulation 
devices as an effective platform for implantation of geneti-
cally engineered cells in allogeneic conditions, which could 
be adapted to the chronic administration of recombinant pro-
teins. An example of a successful device is a high-capacity cell 
encapsulation system suggested for the implantation of alloge-
neic myoblasts, which survive at high density for at least one 
year. [ 157 ]  The system is developed as fl at sheet device. It is based 
on permeable polypropylene membranes sealed to a mechani-
cally resistant frame which confi nes cells seeded in a tailored 
biomimetic hydrogel matrix. In order to quantify the number 
of cells surviving in the device and optimize initial conditions 
leading to high-density survival, devices containing C2C12 
mouse myoblasts expressing a luciferase reporter in the mouse 
subcutaneous tissue were implanted. It was shown that the 
initial cell load, hydrogel stiffness and permeable membrane 
porosity are critical parameters to achieve long-term implant 
survival and effi cacy. Optimization of these parameters leads 
to the survival of encapsulated myogenic cells at high density 
for several months, with minimal infl ammatory response and 
dense neovascularization in the adjacent host tissue. 

 One cell can be a capsule for the other one. Thus bacteria 
are effective capsules for bacteriophages. When a stimulus is 

applied the bacteriophage can be released from the bacteria. It 
was shown for example that titania and ROS generated on it 
under actinic irradiation provide release of bacteriophages from 
 Lactic  bacteria. [ 158 ]  

 Capsules can be formed by cells. Vesicles released by eukary-
otic cells act as capsule used by cells to exchange biomolecules 
as transmembrane receptors and genetic information. [ 159 ]  

 Cell-derived vesicles as a bio-platform for the encapsulation 
of theranostic nanomaterials. [ 160 ]  Endothelial cells were loaded 
with different types of nanoparticles solely or in combina-
tion. The cells were then incubated to form in the cell vesicles 
around the nanoparticles. Then the release of biogenic vesicles 
loaded with nanoparticles was triggered. Functional nanoparti-
cles were encapsulated in a cell-camoufl aged nanoplatform. A 
cell-camoufl aged nanoplatform enclosing such nanoparticles 
represents the concept of cell-released vesicles as a universal 
nanoencapsulation platform.   

  6.     Stimuli Response of Capsules 

 Materials science and chemical biology provide a variety of 
choices for stimuli triggered capsule behavior. Materials with 
“dynamicity” whereby surface properties can be modulated by 
an internal and external stimulus on user demand have been 
actively exploited for the past decade. These switchable mate-
rials with dynamic properties are widely used for a number of 
applications such as micro/nanoarrays, biomolecule immobili-
zation, basic cell studies, and tissue engineering on a variety 
of materials. Stimuli to control capsule opening are physical 
(temperature, laser light, electric and magnetic fi eld, ultra-
sound, and mechanical action), chemical (ionic strength, pH, 
electrochemical and solvent) and biological ones (enzymes and 
receptors). 

 In the past years, design of novel bio-responsive capsules that 
release drugs in response to an intracellular signal, in particular 
acidic pH and redox potential due to enzymatic reactions, has 
received great interest. [ 161 ]  pH controls the linear charge den-
sity of an adsorbing polymer as well as the charge density of 
the previously adsorbed polymer layer. Bio-capsules which are 
pH sensitive, are usually designed to destabilize vehicles and 
to release drugs in endosomal and/or lysosomal compartments, 
which have pH values typically as low as 5.5 and 4.5, respec-
tively. In comparison, redox-responsive capsules are mostly 
intended to disassemble and release drugs in the cytosol which 
contains 2 to 3 orders higher levels of glutathione (GSH) trip-
eptide (approximately 2–10 mM) than the extracellular fl uids 
(approximately 2–20 µM). [ 162 ]  Glutathione (GSH)-responsive 
systems were suggested as effective nano-vehicles for targeted 
intracellular drug and gene delivery. [ 163 ]  GSH/glutathione 
disulfi de (GSSG) is the major redox couple in animal cells that 
determines the anti-oxidative capacity of cells. [ 164 ]  GSH/GSSG 
is kept reduced by nicotinamide adenine dinucleotide phos-
phate (NADPH) and glutathione reductase. The intracellular 
level of GSH is also dependent on other redox couples such 
as NADH/NAD+, NADPH/NADP+ and thioredoxin red /thiore-
doxin ox . This signifi cant difference in GSH level has rendered 
GSH-responsive submicron capsules most appealing for tar-
geted intracellular drug delivery. It should further be noted that 
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the endosomal compartment is also redox-active, and the redox 
potential is modulated by a specifi c reducing enzyme gam-
mainterferon-inducible lysosomal thiol reductase in the copres-
ence of a reducing agent such as cysteine (but not GSH). [ 165 ]  

 Moreover, the redox-active lysosome contains also low-mass 
iron that is kept in a reduced state (Fe 2+ ) by the acidic inte-
rior and high concentrations of thiols such as cysteine within 
lysosome. [ 166 ]  GSH-responsive encaspsulation systems such as 
micelles, nanoparticles, polymersomes, nanogels, dendrimers, 
and nano-sized nucleic acid complexes for controlled delivery 
of anti-cancer drugs (e.g., doxorubicin and paclitaxel), photo-
sensitizers, anti-oxidants, peptide and protein drugs, or nucleic 
acids (e.g., DNA, siRNA, and antisense oligodeoxynucleotide) 
were suggested. The unique disulfi de chemistry has enabled 
novel and versatile design of multifunctional delivery systems 
to overcome both extracellular and intracellular barriers. It is 
anticipated that GSH-responsive nano-vehicles have enormous 
potential in targeted cancer therapy. 

 The encapsulation systems based on reduction-sensitive 
polymers have attracted a lot of attention for diverse biomedical 
applications including controlled drug delivery, gene delivery 
and diagnostic imaging. [ 167 ]  It has to be noted, however, that 
only in the last couple of years exploding progress has been 
made in the capsule design for triggered intracellular drug 
release It should further be noted that many of the reported 
systems are not based on biodegradable and/or biocompatible 
materials, which are nevertheless the fi rst requirement for most 

biomedical applications. In the future, more efforts should 
be directed to development of novel cell-sensitive degradable 
polymers and copolymers including polyesters, polycarbon-
ates, polypeptides, poly(ester amide)s and poly(ester urethane)
s. Notably, recently there have appeared interesting reports on 
the synthesis of reduction-sensitive stepwise cleavable star poly-
mers, [ 168 ]  biodegradable polyurethanes derived from L-arabi-
nitol, [ 169 ]  and cascade degradable linear polymers. [ 170 ]  

 Lipids and lipopolymers self-assembled into biocompat-
ible nano- and mesostructured functional capsules offer many 
potential applications in medicine and diagnostics due to their 
stimuli response. Thus recently it was demonstrated [ 171 ]  how 
high-resolution structural investigations of bicontinuous cubic 
templates made from lyotropic thermosensitive liquid-crystal-
line materials have initiated the development of innovative lipi-
dopolymeric self-assembled nanocarriers. Such structures have 
tunable nanochannel sizes, morphologies, and hierarchical 
inner organizations and provide capsules for the predictable 
loading and release of therapeutic proteins, peptides, or nucleic 
acids. It was shown that structural studies of swelling of bicon-
tinuous cubic lipid/water phases are essential for overcoming 
the nanoscale constraints for encapsulation of large therapeutic 
molecules in multicompartment lipid carriers. The fi ndings 
were generalized to control the stability and the hydration of 
the water nanochannels in liquid crystalline lipid capsules to 
confi ne therapeutic biomolecules within these structures. It 
was done by analyzing the infl uence of amphiphilic and soluble 
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 Figure 12.    Examples of application of surface encapsulation systems. a) Self-controllable system of biocide coating: confocal kinetic study (fl uores-
cence mode) and schematic illustration of pH triggered self-cleaning behavior of the porous metal surface covered with pH responsive micelles. As 
model cells  Lactococcus Lactis 411  bacteria (loaded with Rh6G) were used. Bacteria decrease pH, micelles respond to change and increase in size, 
bacteria detach from the surface. Reproduced with permission. [ 14d ]  Copyright 2012, Wiley. b) The functionality of stimuli-responsive polysaccharide 
alginate is demonstrated by biofabricating 3D cell-gel biocomposites: mimicking the formation of biofi lms, for interrogating phenotypes of  E. coli  bac-
terial populations. Reproduced with permission. [ 172 ]  Copyright 2012, Wiley. c) Long-term corrosion test: aluminum alloy covered by the LbL hybrid of 
PE/inhibitor coating (above) and unmodifi ed aluminum plate (below). Reproduced with permission. [ 124a ]  Copyrights 2009, Wiley. d) Micrograph of the 
edge of the laser beam trace at the surface of LbL surface hybrid system which is polyelectrolyte capsules containing titania in silica-zirconia fi lm. The 
red area corresponds to the release of the Rhodamine 6G from the capsules. Reproduced with permission. [ 43c ]  Copyrights 2009, Royal Chemical Society.
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additives (e.g., poly(ethylene glycol)monooleate, octyl gluco-
side, proteins) on the nanochannels’ size in a diamond (D)-type 
bicontinuous cubic phase of the lipid glycerol monooleate. At 
body temperature, the long-living stability of swollen states, cor-
responding to a diamond cubic phase with large water chan-
nels was shown. With the application of a thermal stimulus, the 
system becomes progressively more ordered into a double-dia-
mond cubic lattice formed by a bicontinuous lipid membrane. 
High-resolution freeze-fracture electron microscopy indicates 
that nanodomains are induced by the inclusion of proteins 
into nanopockets of the supramolecular cubosomic assemblies. 
These results contribute to the understanding of the structure 
and dynamics of functionalized self-assembled lipid nano-
systems during stimuli-triggered liquid crystal based capsule 
phase transformations. 

 Enzymes, as an external stimulus for inducing capsule 
switching, can offer unprecedented opportunities for appli-
cations including tissue engineering, drug delivery, and 
biosensors. 

  7.     Conclusion 

 Over the past several years, signifi cant progress has been 
made with regards to structural engineering of capsules. 
Much of this progress has been application driven. Examples 
of some advanced applications are presented in  Figure    12  . In 
this review, we have pointed out some important aspects for 
“smart” surface capsule design of different materials with 
attention to capsules with various stimuli sensitivities, multi-
functionality and -loading capacity. Fabrication of complex 
encapsulation systems in surface nanostructures combined 
with control over surface functionality is expected to lead to 
unique nanostructures and nanodevices with unprecedented 
functional properties for the next generation devices including 
the exploration of their application with a focus on the different 
research area ranging from medicine to material science and 
electronics. Access to complex structures is achieved by avail-
able advanced modern methodologies of synthesis of capsule 
cores or the following capsule modifi cation with, e.g., polymer 
grafting, SAM, LbL, sol-gel methodology. Examples of innova-
tive surface modifi cation approaches and their impact on prop-
erties of the resulting materials as well as applications enabled 
by these surface modifi cations have been highlighted. As one 
powerful and prospective methodology for both formation of 
encapsulation systems and the following nanostructuring, the 
sonochemical approach is highlighted throughout the review. 
This approach can be effective for the design of various mate-
rials: oxides, metals, silicon, polymers, hybrids, etc. It is an 
instructive example to highlight the importance of cooperation 
between synthetic chemistry with theoretic modeling to design 
process regulation and effective use of a powerful methodology 
for design of various types of effective encapsulation systems.   
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  1   .  Introduction 

 Interfaces are most important on one hand to understand and 
control colloidal systems with their large fraction of specifi c sur-
face, on the other hand most processes start at an interface, and 
therefore they determine many physical and chemical proper-
ties. From a basic science point of view they exhibit peculiari-
ties as low-dimensional systems and are anisotropic systems 
where molecules can be oriented. Macromolecules like proteins 
and peptides may change their secondary and tertiary struc-
ture and thus their function at interfaces. Within the strategy 
of building and understanding hierarchical structures they are 
positioned at the lowest length scale which one may also con-
sider the base. Accordingly the main aim is to understand and 
to control molecular interfaces as regards structure, dynamics 
and properties. As an offspring of this the knowledge could be 
used to prepare complex fi lms, coated colloids and capsules. 

 As a general trend in interface research an increase in com-
plexity for advanced functional systems develops. Planar and 
non-planar interfaces mostly contain several substances of 

proteins, polypeptides or nanoparticles, 
polyelectrolytes that are responsive to 
external stimuli or convert internal chem-
ical and biochemical signals into optical, 
electrical, thermal and mechanical signals. 
Small molecules at the interface with their 
dynamics are relevant for drug delivery 
systems, self-healing materials, coating, 
tissue engineering, etc. This concerns 
reorganization of molecules, their diffu-
sion as well as collective motion like fl ow 
under a surface pressure gradient. 

 Encapsulation of responsive active spe-
cies is developing in two directions (Sec-
tion 3): 1) capsules with different sizes 
from micrometer to nanometer ranges or 
encapsulation of biological objects; and 
2) surface capsule formation for special 
surface nanoarchitecture connected with 
their applications. The complex encap-

sulation system could contain inorganic (silica or titania, Si, 
carbon or titanium nanotubes, halloysites, CaCO 3 , etc.) and 
organic parts (low molecular weight species, natural (protein, 
peptides) or synthetic (polyelectrolytes, micelles) polymer sub-
stances together with some life objects (neurons cells, stem 
cells, yeasts, spores, bacteria, etc.)) (Section 4). 

 Stimuli responsive systems are based on the sensitivity of 
their building blocks (Section 5). Most common stimuli are 
determined by the soft organic part of the system. Stimuli 
responsive macromolecules are capable of conformational and 
chemical changes on receiving an external signal (T, pH, ionic 
strength, electromagnetic irradiation or magnetic fi eld, electric 
potential, chemical composition or applied mechanical force). 
The discussed systems are planar fi lms, coatings, non-planar 
capsules and micelles; as well as combinations of two non-
planar in planar systems (surface capsules + coating) ( Figure   1 ). 
Different architectures and fundamental approaches in the area 
provide specifi c advanced applications which are also high-
lighted in this review. Responsive planar polymer surfaces can 
be grafted polymer thin fi lms or self-organized monolayers, 
thin fi lms of polymer networks and self-assembled multilayered 
thin fi lms. Different architecture provides control of dynamics 
(system response) and amplitude of changes of the interfacial 
properties, reversibility of the changes and the intensity of the 
external signal that could trigger the changes. The inorganic 
part of encapsulation systems, for example mesoporous parti-
cles themselves or being a core of polyelectrolyte 3D capsules, 
could be bonded with an encapsulated chemical with rela-
tively weak bonds or chemisorbed. The release from such sys-
tems is responsive to external or internal stimuli. [  1  ]  This review 
discusses trends and challenges in designing next generation 

 Encapsulation systems are urgently needed both as micrometer and sub-
micrometer capsules for active chemicals’ delivery, to encapsulate biological 
objects and capsules immobilized on surfaces for a wide variety of advanced 
applications. Methods for encapsulation, prolonged storage and controllable 
release are discussed in this review. Formation of stimuli responsive systems 
via layer-by-layer (LbL) assembly, as well as via mobile chemical bonding 
(hydrogen bonds, chemisorptions) and formation of special dynamic stoppers 
are presented. The most essential advances of the systems presented are 
multifunctionality and responsiveness to a multitude of stimuli – the pos-
sibility of formation of multi-modal systems. Specifi c examples of advanced 
applications – drug delivery, diagnostics, tissue engineering, lab-on-chip and 
organ-on-chip, bio-sensors, membranes, templates for synthesis, optical 
systems, and antifouling, self-healing materials and coatings – are provided. 
Finally, we try to outline emerging developments.      
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carriers for a broad range of applications both in vivo and in 
vitro.  

 One specifi c task in designing intelligent systems is to pro-
vide systems with multi trigger stimuli response – multi-modal 
systems – to mimic of natural systems. A multi-responsive 
system can be achieved (i) with combining in one system the 
sub-organization of blocks responsive to different stimuli; 
(ii) with spatially and temporally resolved release from multi-
chemical delivery systems. Moreover mimicking both encapsu-
lation and release processes would be of high priority. There are 
some background ideas presented in Section 6. 

 Responsive encapsulation systems are fi nding an increas-
ingly large number of applications in biomedicine and drug 
delivery, optical materials, bio-sensors and bio-membranes, 
templates for synthesis, surface coatings, photonics, self-
healing and antifouling surfaces. Some specifi c examples of 
advanced applications are presented in Section 7, which focuses 
on recent developments including highlights in use of multi-
modal systems for specifi c applications.  

  2   .  Principles of Encapsulation Systems 

 Use of encapsulation systems has been started before people 
did understand the principle of their intelligent design and 
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nano-organization. Thus dairies on use of perfumes which 
smell differently during a day, drug pills with prolonged 
action, go back to many centuries. Nowadays encapsulation 
is an imperative technology in pharmacy, food industry and 
medicine. Recent progress in science provides understanding 
of design principles and fundamental scientifi c background 
of encapsulation systems for wider areas of advanced applica-
tions including further progress in drug delivery, diagnostics, 
tissue engineering, lab-on-chip and organ-on-chip, mem-
branes, templates for synthesis, optical systems, bio-sensors, 
antifouling, self-healing materials and coatings. The encapsu-
lation systems have been developed mainly in two directions 
to be used as “free” systems (Figure  1 I) or being immobilized 
on surfaces (Figure  1 II). Most recently [  2  ]  it was suggested that 
if specifi c applications are connected with use of planar sur-
faces – self-healing, antifouling surfaces, material for tissue 
engineering, implants – it would be more reasonable to pro-
vide systems where surface capsules are not immobilized, 

      Figure 1.  Three types of encapsulation systems. (I) “Free” capsules 
of different sizes from submicron to micron scale can be based on 
mesoporous carriers (e.g., SiO 2 , TiO 2 , Si) or 1D tubular structures (e.g., 
halloysites, carbon nanotubes), polymer or hybrid material. A magne-
sium/polypyrrole capsule is presented as an example. Reproduced with 
permission. [  2e  ]  Copyright 2012, Royal Society of Chemistry. (II) Capsules 
can be introduced into a coating (e.g., sol-gel, polymer, between poly-
electrolytes layers) after their synthesis. Confocal fl uorescent 3D image 
of titania based capsules in sol-gel SiO x -ZrO x  coating. (III) “Surface ” 
capsules are formed in a surface via its nanostructuring (e.g., formation 
of mesoporous surface sponges well adhering to the bulk material, ano-
dization process with formation of 1D oriented nanotubes). Reproduced 
with permission. [  2a  ]  Copyright 2012,Wiley. 
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 Mesoporous carriers are often used as core 
of encapsulation systems ( Figure   2 a,b). [  5  ]  The 
core material is variable and depends on the 
desired potential application. It could be, 
for example, highly luminescent biocompat-
ible silicon, [  6  ]  highly porous silica particles 
(MCM-41, MCM-48, etc.) [  7  ]  or photosensi-
tive mesoporous titania, [  8  ]  biocompatible and 
biodegradable calcium carbonate, [  9  ]  metal 
sponges for anticorrosion, antifouling, lab-
on-chip and tissue engineering materials, [  2  ]  
CdCO 3  and MnCO 3 , [  10  ]  etc. 1D nanotubes 
(Figure  2 c,d) with defi ned kinetics of diffu-
sion from oriented channels and being excel-
lent templates for synthesis are also very 
prospective to be the core of encapsulation 
systems: natural tubule halloysites, [  11  ]  surface 
anodized aluminum or titanium layers, [  12  ]  
carbon nanotubes. [  13  ]  Some specifi c features 
of inorganic carriers can be mentioned. 
i) In some cases stabilization of “free” inor-
ganic carriers (Figure  1 I) is needed to avoid 
aggregation, and ii) during immobilization 
of them in coating (Figure  1 II) they can have 
low compatibility with organic coating and 
decrease coating adhesion and long term sta-
bility. Simultaneously they can be effectively 
used in sol-gel coatings. [  11  ]  Inorganic car-
riers are shape constant and thermostable at 
high temperatures, in comparison with most 
polymer systems.  

 Polymers are traditional and ubiquitous 
components in designing drug delivery car-
riers (Figure  2 e,f). [  14  ]  The main properties 
of polymers depend on such parameters 
as their molecular weight, the persistence 
length and grafting ratio/charge density 
of functional groups. [  15  ]  These parameters 
determine the melting temperature of poly-

mers, their thermal properties, hydrodynamic radius, and con-
fi guration. Complexation of polymers due to opposite charges 
is used in assembling polyelectrolyte multilayers, while their 
alternative deposition leads to layer-by-layer (LbL) fi lms which 
can be constructed either on planar substrates [  16  ]  or on non-
planar (spherical, [  9,17  ]  cubes, [  10  ]  etc.) templates. Assembling LbL 
layers on non-planar templates followed by dissolution of the 
templates resulted in the production of 3D polymer capsules 
with semipermeability. The capsule permeability depends on 
nature of polymers used for LbL and number of layers. Com-
bination of inorganic carriers and organic LbL for formation 
of capsules allow to decrease number of LbL without negative 
effect to diffusion from such capsules. [  8  ]  Moreover an advantage 
of an inorganic carrier, e.g., constant shape, is achievable for 
the hybrid system, in comparison with pure polymer capsules 
which can deform dramatically during their immobilization 
inside coating. 

 Polymer capsules with strong barrier properties in acidic 
media could be prepared by conductive polymers through their 
chemical or electrochemical synthesis, e.g., polypyrrole capsules 

but formed in surface vis-à-vis surface nanostructuring with 
existing methodology (Figure  1 III). Examples of possible 
methods for surface nanostructuring are highlighted in a 
recent review: [  1a  ]  electrochemical surface modifi cation, plasma 
etching technologies, laser induced surface modifi cation, 
chemical etching, sol-gel route and bio-inspired ultrasound 
assisted methodology. Direct formation of encapsulation sys-
tems in a surface provides an effective manner for submicron 
delivery vehicles for prolonged release of easily diffusing low 
molecular weight substances: corrosion inhibitors, biocide 
agents. [  2a  ]  

 Typically encapsulation systems are from submicron to 
micrometer ranges. The size range is particularly important for 
in vivo applications because only nanometer-sized delivery vehi-
cles can be used for circulation. [  3  ]  Micrometer sized capsules 
are still very attractive objects because of the simplicity, of supe-
rior loading capacity, and large surface area for modifi cation. In 
addition capsules of several hundred of micrometers may pro-
vide the development of the manner of release and reveal the 
feasibility of direction-specifi c release. [  4  ]  

      Figure 2.  Example of materials for “free” and “surface” capsules. a) SEM and TEM (inset) of 
mesoporous silica. Reproduced with permission. [  32  ]  Copyright 2009,Wiley. b) SEM and TEM 
(inset) of surface metal sponges. Reproduced with permission. [  2a  ]  Copyright 2012,Wiley. c) SEM 
and TEM (inset) of halloysites. Reproduced with permission. [  11a  ]  Copyright 2012, Wiley. d) SEM 
and TEM (inset) of surface titanium nanotubes. e) SEM and scanning confocal fl uorescence 
microscopy image (inset) of fl uorescently labeled domain-like capsules of polydiallyldimethyl 
ammoniumchlorid/molybdate. [  36  ]  Copyright 2009, Royal Society of Chemistry. f) SEM and 
optical image (inset) of drug-loaded silk microneedles. [  113  ]  Copyright 2012, Wiley. 
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on 1) nature of species to encapsulate, e.g., low molecular 
weight substance [  7,8  ]  or macromolecule, [  29  ]  biological object, [  30  ]  
hydrophilic/hydrophobic agent;  [  31  ]  2) capsule material, e.g., 
possibility of hydrogen or chemical bonding, [  2a  ]  electrostatic 
interaction; [  16,17  ]  3) limitation of capsule sizes, e.g., in some 
cases nanocarriers can be toxic or, on contrary, needed for 
circulation; [  4  ]  4) time-dependent release, e.g., either just pro-
longed release is needed with slow release or stimuli respon-
sive release; [  1  ]  5) spatially dependent release, e.g., localization 
of release profi le, [  8  ]  etc. Moreover encapsulation could happen 
i) after capsules are already formed (for example, mesoporous 
systems, [  32  ]  trapping in LbL capsules using physico-chemical 
stimuli which infl uence the interaction of polymers and, cor-
respondingly, the permeability of capsules; [  33  ]  ii) together with 
capsules’ formation (adsorption in porous CaCO 3  core followed 
by LbL polyelectrolyte deposition and core dissolution, [  33  ]  emul-
sions; [  22  ]  iii) capsule shell or core could be an active material 
(molybdate based capsules for corrosion protection; [  34  ]  and 
iv) combined approach (combination of mentioned i-iii, or sev-
eral encapsulation systems in one, e.g., multicompartmental 
and anisotropic micro- and nanocapsules. [  35  ]  

 In the case of mesoporous carriers if they are placed to the 
solution containing active agent the pores suitable in size for 
encapsulation of dissolved agent are loaded with it due to a con-
centration gradient ( Figure   3 ). [  31  ]  Surface phenomena and sur-
face tension determine the process. [  36  ]  The exact nature of the 
bonding depends on the species involved, but the adsorption 
process is generally classifi ed as physisorption [  37  ]  (e.g., weak van 
der Waals forces) or chemisorption [  2a  ]  (characteristic of covalent 
bonding), it may also occur due to electrostatic attraction. [  17  ]  
Oxygen-containing compounds (Si, silica and titania, metal 
sponges, etc.) are typically hydrophilic and polar. Carbon-based 
compounds are typically hydrophobic and non-polar, including 
materials such as activated carbon and graphite. Polymer-
based compounds are polar or non-polar functional groups in 
a polymer matrix. Mesoporous carriers could be in the form of 
3D capsules [  5  ]  or surface immobilized. [  7  ]  Due to complex pore 
shape the prolonged release is possible even without formation 
of any protective shell. There is an attractive possibility to pre-
vent release by relatively dynamic chemical bonding between 
mesoporous carrier and encapsulated agent without any other 
shell. [  2a  ]   

 Thus silicon, metal sponges, SiO 2  and TiO 2  mesoporous car-
riers could chemisorb species through oxygen bridges. [  2a   ,   5   ,   6  ]  
Moreover there is an attractive possibility to chemically graft 
organic species by direct oxygen free surface-carbon bonding, 
for example Si–C bonding [  38  ]  by thermal hydrosilylation. The 
process is the “alkanethiols on gold” analogue reaction of the 
silicon system, allowing the chemist to place a wide variety of 
organic functional groups on a silicon or porous silicon sur-
face. [  39  ]  The main requirement of the reaction is that the surface 
provides hydrogen bonding, e.g., in the case of mesoporous sil-
icon [  40  ]  or metal sponges. [  2  ]  

 For 1D carriers, e.g., halloysites, [  11  ]  carbon nanotubes [  13  ]  or 
surface titanium nanotubes, [  12  ]  in the case of unprotected sys-
tems there is a limitation of the proposed delivery systems. 
In particular the quantity of chemisorbed material is too low 
compared to the mesoporous systems. A direct diffusion of 
physically encapsulated molecules is relatively fast. The release 

were successfully prepared on stainless steel electrodes, [  18a  ]  by 
in situ polymerization of pyrrole in polymer matrix [  18b  ]  or by 
LbL deposition of polyelectrolytes and polypyrrole. [  18c  ]  The size 
of the capsule and the thickness of the polypyrrole shell (up to 
their complete fi lling with grown polypyrrole) can be varied by 
changing both the scan speed of the electrode potential and 
potential range. 

 Capsules made of cross-linked polymers and liquid core are 
also attracting great attention. [  19  ]  Thus three types of polymers 
with high cross-link density – polyurethane, polyurea, and pol-
yamide – can be examples of systems enabling storage of low 
molecular weight substances. The structure of the resulting 
capsules depends on the type of polymer. Polyurethane and pol-
yurea formed “compact” microcapsules, while in the case of pol-
yamide nanoscale core@shell structures were formed. “Com-
pact” morphologies form due to the high affi nity of the liquid 
capsule component to the polymer; core@shell morphology is 
formed when the affi nity is low. Application of the Hansen solu-
bility parameters approach allows prediction and control of the 
morphology of capsules made of cross-linked polymers. 

 Thermal conversion in polymers, e.g., conversion of the 
polyamide layers into polyimide coatings, provides an effective 
manner for encapsulation. [  20  ]  The thickness of the polyamide/
polyimide shells can be size variable. 

 Emulsion carriers can be used as core of encapsulation 
systems. [  21  ]  Various shells around emulsion droplets can be 
mentioned: polyelectrolytes, [  22  ]  nanoparticles, [  23  ]  proteins, [  24  ]  
enzymes, [  25  ]  etc. The layer growth is governed by their electro-
static, hydrogen bonding, hydrophobic, etc. forces and allows 
the formation of nanostructured shells. 

 The combination of two acoustic phenomena (emulsifi cation 
and cavitation) provides versatile ultrasonic assisted ways for 
microcapsule formation. [  26  ]  The yield of microspheres strongly 
depends on the temperature/time profi le of the solution during 
irradiation. In the preparation of protein microspheres by ultra-
sound, the sizes of microspheres are affected by the sonication 
variables, such as energy input and sonication time. [  27  ]  It was 
found that the mean sizes of the ultrasonically prepared emul-
sions decrease with the increase of sonication time and sonica-
tion amplitude. [  28  ]  The dispersion of emulsion size during ultra-
sonic fabrication is caused by the uneven distribution of acoustic 
energy in the ultrasonic vessel and the region with intensive 
energy is restricted to areas close to the sound emitting surface 
of the ultrasonic probe producing the emulsion particles with the 
minimal size. Far from this area the acoustic energy decreases 
sharply, which results in the formation of big microspheres. 

 Nowadays one can choose the right encapsulation system: 
i) for specifi c application, e.g., “free” capsule or planar system, 
capsule sizes; ii) taking into account conditions which will be 
applied to form fi nal system, e.g., high temperature, bent frac-
ture during formation of anticorrosion coatings; (iii) biocom-
patibility and kinetics of (bio)degradation; (iv) achieved encap-
sulation effi ciency, e.g., high free volume, pore sizes; (v) with 
low cost and (vi) high stability.  

  3   .  Encapsulation and Release 

 There are several possibilities for encapsulation of needed 
material. The chosen method for encapsulation depends 
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were initially suggested, nowadays the 
approach is expanded to biocompatible poly-
ions, [  47  ]  proteins, [  48  ]  deoxyribonucleic acid, [  49  ]  
lipids, [  50  ]  multivalent ions, [  51  ]  small dye mol-
ecules, [  52  ]  charged nanoparticles, [  53  ]  den-
drimers, [  54  ]  micelles. [  55  ]  The diversity of pos-
sible building-blocks is most promising for 
functionalization. Recently by Zhang et al. [  56  ]  
it was shown interesting approach to use LbL 
assembly of azulene-based supra-amphiph-
iles for reversible encapsulation of organic 
molecules in water by charge-transfer inter-
action: the loading capacity can be regu-
lated by change of the layer pairs, selective 
pyrene uptake is capable by recognizing the 
hydrophobic template molecule in water, the 
reloading process increases with increasing 
of temperature. 

 An example of such functionalization 
development is a new class of polyelectrolytes 
with modular biological functionality and 
tunable physicochemical properties which 
have been engineered to abrogate cytotoxicity. 
Highly permeable, hydrogen-bonded mul-
tilayers allowing gentle cell encapsulation 
using non-toxic, non-ionic and biocompatible 
components such as poly(N-vinylpyrrolidone) 
and tannic acid which were earlier exploited 
on abiotic surfaces but never assembled on 
cell surfaces were also presented recently. [  30b  ]  
Encapsulation of  Saccharomyces cerevisiae  
yeast cells with lightly cross-linked polym-
ethacrylic acid was suggested. [  30a  ]  Neuron 

cellular uptake of biodegradable and synthetic polymeric micro-
capsules was demonstrated in situ. [  30d  ]  With the examples it is 
seen that nowadays encapsulation is not limited just for active 
molecules, but also expanded to biological objects with pros-
pects of mimicking natural processes. 

 Porous thin layers of hydrogel fi lms exhibit stimuli-
dependent, e.g., pH-dependent, porosity and can be used 
as LbL for pore closure of encapsulation systems. [  57  ]  Thus, 
increase of pH and subsequent swelling of porous gel fi lms 
causes the growth of a pore size, and at decreased pH the poly-
mers demonstrate the opposite behavior. More and more atten-
tion is directed to hydrogels based on natural polymers. [  58  ]  Thus 
hydrogels designed with natural polymers as building blocks 
display multiple advantages over synthetic polymer networks 
with respect to their biocompatibility, biodegradability and good 
cell adhesion properties. The main classes of natural polymers 
studied in hydrogel formulations are polysaccharides (e.g., algi-
nate, [  59  ]  dextran, [  60  ]  hyaluronan, [  61  ]  chitosan [  62  ] ), proteins/poly-
peptides [  63  ]  (e.g., collagen, [  64  ]  fi brin [  65  ]  and gelatin. [  66  ]  

 Release control is also achievable with complex stoppers 
(Figure  3 IV). Thus controllable release of benzotriazole from 
halloysite nanotubes could be achieved by the formation of 
metal-benzotriazole complex caps (stopper) at halloysite tube 
endings by the interaction of leaking benzotriazole and metal 
ions from the bulk solution. [  67a,b  ]  The suggested method 
requires only a short rinsing of benzotriazole-loaded halloysite 

kinetics depends on the structure dimensions and geometry. 
There are suggestions that at a size scale of 100 nm and larger, 
diffusion of drug molecules is largely insensitive to tube diam-
eter and the total drug release is dependent only on the tube 
length. [  41  ]  Nevertheless this high burst release can be benefi cial 
for some applications (e.g., preventing bone infection in the 
cases of implant with drug loaded titanium nanotubes) in the 
case if it does not exceed optimal therapeutic dosage. 

 A versatile universal approach to prevent physisorbed encap-
sulation agent diffusion from the mentioned mesoporous car-
riers and 1D tubular structures is formation of a protective 
LbL assembly shell (Figure  3 III). [  8  ]  3D polyelectrolyte capsules 
were initially suggested to be prepared by LbL adsorption of 
oppositely charges polyelectrolyte molecules around micron or 
submicron inorganic template cores with following core dis-
solution. [  16  ]  Although LbL coating of uncharged colloids was 
reported, [  42  ]  the charge still remains one of the main prereq-
uisites in assembling polyelectrolyte multilayers. [  43  ]  Later on it 
was suggested that the core could be left and be advanced for 
certain applications: self-healing, [  1,44  ]  multi-component loading 
and time resolved drug delivery, [  45  ]  antifouling and anticorro-
sion surfaces, [  1,2,46  ]  etc. Moreover the number of layers which 
was enough to protect release of the encapsulated material could 
be decreased: two bilaers were enough to prevent release from 
mesoporous silica and titania capsules. [  10  ]  Although for LbL 
assembly and shell components synthetic polyelectrolytes, [  19  ]  

      Figure 3.  Encapsulation and release methodology. Scaffold for encapsulation is shown in grey. 
Encapsulated active species are shown as pink cubes. (I) Physisorption is widely used for 
material encapsulation into all types of encapsulation systems. (II) Chemisorption, example of 
doxorubicin molecule shown, as a prospective strategy for encapsulation systems. (III) Poly-
electrolytes layer-by-layer (LbL) assembly is a universal technique to prevent release from all 
types of encapsulation systems. LbL provides ease, reversible, stimuli responsive loading and 
release prospects. (IV) Illustration of stopper design: a nanogate composed of two iminodi-
acetic acid molecules and a metal ion (blue spheres) on mesoporous silica nanoparticles. 
Reproduced with permission. [  68  ]  Copyright 2013, American Chemical Society. The blue arrow 
in (I) highlights increased in (II) channel for chemisorption of molecules. The red arrow in (I) 
presents possible place for (IV) stoppers. 
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is fused with an anionic liposome, 1,2-dioleoyl-sn-glycero-
3[phospho-L-serine], followed by further lipid exchange with a 
cationic liposome, 1,2-dioleoyl-3-trimethylammoniumpropane.  

  4   .  Prospects of Stimuli Response 

 To gain fundamental knowledge on “smart” stimuli responsive 
systems with regulated release and/or interface behavior, e.g., 
cell/surface interaction, prompt feedback effects are important 
aims. In particular, specifi c applications, e.g., interaction with 
life systems need dedicated adaptive stimuli of nanoengineered 
systems. 

 System design is such a way to provide regulated release 
materials following a change in stimuli ( Figure   4 ) (pH, tem-
perature, ionic strength and solvent, electromagnetic and mag-
netic fi eld, ultrasound, mechanical action, biological species, 
e.g., enzymes and cell receptors, etc). Stimuli to choose depend 
on system applications. Moreover multi-trigger systems are of 
high priority. Simultaneously one should avoid systems are too 
complicated to understand fundamental aspects of their stimuli 
response. Since parts of the system would affect at each other.  

 Chemically encapsulated species can be detached through 
chemical stimuli, pH, ionic strength, solvent; or biological 

stimuli, enzymes, cell receptors. [  1  ]  Physical 
stimuli, e.g., electromagnetic irradiation 
could be also applied resulting in following 
chemical changes. Under electromagnetic 
irradiation with suitable wavelength on titania 
(Figure  4 b) [  8,70  ]  or on Au nanoparticles [  71  ]  
production of reactive oxygen species takes 
place which could infl uence the stability of 
chemisorbed bonds and encapsulated spe-
cies can be released on demand by irradia-
tion. Moreover production of reactive spe-
cies affects the system responsive behavior. 
It is known that self-healing ability of the 
titania surface could be optimized through 
immobilization of noble nanoparticles. [  72  ]  In 
particular, the nanostructured photocatalysts 
TiO 2 , TiO 2 :In 2 O 3 , TiO 2 /Ag, and TiO 2 /Ag/Ni 
prepared as thin fi lm on ceramic substrates 
by spraying oxide sols with subsequent silver 
photodeposition and electroless nickel depo-
sition were screened for their antibacterial 
effi ciency against  P. fl uorescens  and  L. lactis . 
The photocatalysts show higher activity 
against  P. fl uorescens  than  L. lactis  that can be 
explained in terms of different morphologies 
of gram positive and gram negative cell enve-
lopes. Gram positive bacteria were more sen-
sitive to O 2 • − . Probably, active species initiate 
different deactivation mechanisms of OH• 
due to cell wall degradation/mineralisation, 
and O 2 • −  affects the cell nucleus. In some 
cases over exposure can be a problem and 
provide system degradation. When TiO 2  is 
used as capsule carrier in introduced in anti-
corrosion coating during over irradiation the 

nanotubes with an aqueous solution containing metal ions. 
Formation of stoppers at halloysite tubes is suggested through 
using Cu(II) ions. The release rate depends on a number of 
parameters, such as the chemistry and morphology of hal-
loysite samples, the concentration and type of metal ion, and 
the concentration of benzotriazole available. 

 There are impressive developments in the area of supramo-
lecular chemistry, i.e., host–guest complexes, [  67c  ]  and mecha-
nostereochemical phenomena (e.g., cucurbits [  67d–f   ]  and bistable 
rotaxanes) to use them for pore closure of mesoporous mate-
rials (Figure  3 IV), [  68  ]  e.g., MCM-41, etc. The feature in focus 
is stimuli response of the host-guest complexes, stimulated 
by changes in pH, light and redox potentials, magnetic fi eld, 
in addition to enzymatic catalysis. Complexes of low molecular 
weight substances with polyelectrolytes can be also used for 
pore closure of a mesoporous system, e.g., benzotriazole or 
8-hydrohyquinoline with sodium polystyrene sulfonate. [  2a   ,   34  ]  

 Additional functionalization in some cases needs double-, 
multi- encapsulation systems. Thus, for example, it was sug-
gested to use micellar drug carriers to encapsulate hydrophobic 
drugs into titanium nanotubes. [  12  ]  An electrostatically medi-
ated liposome-fused mesoporous system was suggested. [  69  ]  
The negatively charged drugs are absorbed into the pores of 
silica. To increase cargo retention, the positively charged silica 

      Figure 4.  Stimuli responsive systems. a) Different stimuli (physical, chemical or biological) 
could provide system activation as shown in left release from encapsulation system or shown 
in right provide changes in responsive polymer part. b) Scanning confocal fl uorescence micros-
copy image of coating immobilized titania-polyelectrolyte capsules after laser irradiation. There 
is release on irradiated part (left) and capsules are stable in nonirradiated surface (right). 
Reproduced with permission. [  8a  ]  Copyright 2009, Royal Society of Chemistry. c, d) SPM topog-
raphy images and cross-section profi les of a porous gel membrane (c) at pH 2 – open pores, 
the thickness of the swollen fi lm is 1.2 times the thickness of the dry fi lm and (d) at pH 5.5 
– closed pores, the thickness of the swollen fi lm is 5 times the thickness of the dry fi lm. Repro-
duced with permission. [  83  ]  Copyright 2012, Royal Society of Chemistry. 
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a way that they expose demanded molecular fragments or even 
phases at the interface upon external signal. [  79  ]  In many cases, 
hydrophobic fragments, [  80  ]  electrically charged groups, [  81  ]  poly-
peptide chains, [  82  ]  micelles [  2d  ]  or hydrogels [  83  ]  were used for 
the stimuli-triggered exposure at interfaces. In this way, non-
specifi c hydrophobic and electrostatic interactions or specifi c 
antibody-antigen interactions were switched on to bind pro-
teins and cells by external signals. [  84  ]  This interaction could be 
irreversible or reversible, if a proper balance between attractive 
interactions and steric repulsion was achieved in the latter case. 
By using new design techniques, response times from surfaces 
can now be tuned smoothly from seconds to hours. 

 A specifi c example of stimuli-responsive thin fi lms protec-
tive for surface drug carriers involves macromolecules that are 
grafted chemically to a surface at suffi ciently high grafting den-
sities, so that the polymer chains experience excluded volume 
repulsions and adopt a stretched conformation. There is a dis-
advantage of the grafting of stimuli responsive polymers to 
the surface: limitation of the surface material. Use of special 
building blocks, e.g., stimuli responsive micelles, [  2d  ]  adsorbed 
at different surfaces together with LbL methodology provide 
universal control and help solving the problem. 

 The fi eld of stimuli-responsive, smart or switchable systems 
has generated much research interest due to its potential to 
attain unprecedented levels of control over bioobjects (biomol-
ecules, bacteria, cells) adsorption processes and interactions at 
engineered interfaces, including the control over reversibility 
of adsorption. Advances in this fi eld are particularly relevant 
to applications in the areas of biosensing, chromatography, 
drug delivery, lab-on-chip, organ-on-chip, regenerative medi-
cine. The control over bioadsorption and desorption processes 
at interfaces is often used to control subsequent events such 
as cell–surface interactions. [  32  ]  Considerable research interest 
has been directed at systems that can be reversibly switched 
between interacting and non-interacting states and used thus 
for switching, on and off, bio-interfacial interactions such as 
protein adsorption. Such switchable coatings often incorpo-
rate features such as temporal resolution, spatial resolution 
and reversibility. Switchable interfaces employ stimuli such 
as light, temperature, electric potential, pH and ionic strength 
to control protein adsorption/desorption and cell attachment/
detachment. 

 Thermal variations of the material environment have been 
used to induce the reconstruction of the polymer brushes and 
their properties. For example, poly(N-isopropylacrylamide) 
(PNIPAM) brushes possess a lower critical solution tempera-
ture (LCST), above which the material is insoluble, at about 
35 °C in water. [  85  ]  The polymer expands in water at room tem-
perature and its surface becomes hydrophilic. [  86  ]  Above the 
LCST, the polymer collapses and its surface gets less hydro-
philic. This responsive characteristic can be used in the regu-
lation of protein adsorption at the substrate surface. Thus, at 
room temperature protein adsorption on the PNIPAM fi lm 
is negligible, while above the LCST the fi lm surface becomes 
more hydrophobic and interacts more strongly with the pro-
teins. [  87  ]  Some zwitterionic polymer brushes possessing an 
upper critical solution temperature (UCST), above which the 
polymer is miscible, tend to change their wetting characteris-
tics oppositely with temperature. [  88  ]  

anticorrosion coating can be slowly degraded due to photocata-
lytic activity of titania. 

 One more attractive possibility of laser-induced cell detach-
ment on gold nanoparticle functionalized surfaces was dem-
onstrated recently. [  71  ]  It is interesting that the selective cell 
detachment from nanoengineered gold nanoparticle surfaces, 
triggered by laser irradiation, occurs in a nonthermal manner. 
It was shown that detachment is attributed to a photochemical 
mechanism due to production of reactive oxygen species under 
illumination of gold nanoparticles by green laser light. It was 
also demonstrated that cells migrate from unirradiated areas 
leading to their reattachment and surface recovery which is 
important for controlled spatial organization of cells in wound 
healing and tissue engineering. 

 Stimuli responsive release systems based on LbL encap-
sulation were developed extensively in recent decades and 
highlighted several times in competent reviews. [  1   ,   2   ,   4a   ,   14   ,   15   ,   21   ,   73  ]  
Uncontrollable release can be regulated with all types of 
stimuli – chemical, biological, and physical – by proper LbL 
design. Thus centers of adsorption of electromagnetic irradia-
tion centers between LbL, e.g., Au nanoparticles, [  74  ]  or titania, [  8  ]  
provide LbL sensitivity to electromagnetic irradiation. It is very 
important that LbL system can resealed after stimuli stop which 
allows step-wise release for LbL based capsules. [  75  ]  The material 
response to external stimuli is reversible and several transitions 
forwards and backwards are possible. Polyelectrolytes are a 
class of polymers which carry charged functional groups; these 
groups avail a variety of control of physical–chemical proper-
ties as biodegradability, pKa or the glass transition temperature 
of the polymer complex. Thus LbL themselves can be sensitive 
to pH. [  32  ]  LbL fi lms prepared from the aqueous polyelectrolyte 
solutions can increase their thickness by adding salt to these 
solutions. [  76  ]  The reason for such changes in thickness of the 
fi lm is a different conformation of the polyelectrolyte chains. 
They are fl at and parallel to the substrate without salt, mean-
while in the solutions with higher salt concentration the chains 
form loops and then are adsorbed at the interface. [  77  ]  Therefore, 
the polyelectrolyte density of the fi lms prepared from solutions 
without salt is considered to be lower than the polyelectrolyte 
density of fi lms made with a salt additive. [  78  ]  

 Polymer protection prepared from polypyrrole shells of the 
microcontainers exhibits very strong barrier properties in acidic 
media at 2<pH<7 and a high permeability at pH>7, providing 
effective encapsulation of low molecular weight species at low 
pH values. [  18  ]  

 As advanced surface encapsulation systems which are 
capsules formed in surfaces metal sponges are suggested 
(Figure  2 b). The encapsulation possibilities inside the sur-
face carrier were already mentioned together with regulation 
of release properties, especially from surface capsules, e.g., 
mesoporous metal sponges. [  2  ]  Real-time control and revers-
ibility of biomolecule/surface interactions at interfaces are an 
increasingly important goal for a range of scientifi c fi elds and 
applications. A further step in advanced intelligent systems is 
surface functionalization with various nonspecifi c or specifi c 
functional groups for engineering surface response. In gen-
eral, hydrophilic surfaces that are nonreactive to proteins or 
cells are alternated by adding functional molecules that can 
undergo conformational changes or phase transitions in such 
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nanoparticles in their shell proved to have potential as drug-
delivery systems with the possibility of opening under the 
action of ultrasound. Moreover a way to localize capsules with 
magnetic particles under the ultrasonic horn and their stimuli 
opening were demonstrated. 

 Targeting by a magnetic fi eld is one of the main functions 
of magnetic nanoparticles incorporated into capsules. Further-
more, the therapeutic performance of capsules can be enhanced 
if magnetic fi eld triggered release is achieved. [  98  ]  

 It was mentioned above that laser can be stimuli to provide 
catalytic activity of gold to provide formation of reactive oxygen 
species. [  71  ]  Simultaneously laser-induced remote release can 
be based on localized heating of the polymeric component in 
hybrids in the vicinity of metal nanoparticles absorbing laser 
light. [  74  ]  Thus, the polyelectrolyte multilayer becomes mobile 
above the glass temperature of the polyelectrolyte complex. It 
should be noted that excessive heating is undesirable for living 
cells, but it is desirable for cancer treatment. Besides noble 
nanoparticles, to make surface light switchable special mol-
ecules can be suggested. For example, azobenzene molecules, 
which undergo transitions from cis- to trans-confi guration 
upon exposure to light close the pores in a cooperative way thus 
entrapping molecules inside, e.g. ,  a porous surface. 

 Recent studies [  1  ]  also aimed to use processes in functional 
systems to provide stimuli release in a certain time period 
( Figure   5 ). Thus the possibility to use the cell metabolism to 
initiate stimuli response is extremely interesting as an example 
of self-responsive system. [  2d  ]   Lactic  bacteria in their life cycle 
produce lactic acid and decrease the pH without using external 
stimuli. If a special stimulus sensitive system is included in 
the design of the surface where bacteria are grown, bacteria 
affect the material resulting in system response. pH responsive 

 Polymer nanoparticles which have a network structure and 
therefore possess properties of hydrogels are called nano-
gels. [  89  ]  They also demonstrate heat responsive behavior. [  90  ]  The 
PNIPAM–polysaccharide (grafted) copolymer nanogel dissolves 
in cold water and congregates into nanogels because of collapse 
of the PNIPAM chains at high temperature. 

 Thin hydrogel fi lms (Figure  4 c-d) [  91  ]  together with the above 
LbL polyelectrolyte multilayer nanonetwork [  46c  ]  are examples 
of systems which exhibit sensitivity to pH changes. The rise of 
pH leads to ionization of the weakly acid segments of hydro-
gels as in polyelectrolytes the functional groups of the weak 
polymers. [  92  ]  It causes the repulsion between uncompensated 
charges and in order to balance these charges the concentration 
of the counter ions inside the system increases. As a result, the 
osmotic pressure grows, causing water infi ltration and swelling 
and therefore increasing their mobility. The decrease of pH 
leads to protonation, reduction of osmotic pressure, expulsion 
of water and shrinking of the polymer structures. 

 The change in electric potential across polyelectrolyte gels 
induces changes in their conformation. [  93  ]  This property of 
polyelectrolyte gels was demonstrated on a polyacrylamide gel, 
across which an electrical fi eld was applied. With an application 
of the electric fi eld a force was produced on H +  as well as on the 
negatively charged acrylic acid groups, which caused the shift 
of the gel towards the positive electrode. This shift created a 
stress along the gel axis with its minimum at the negative elec-
trode and the maximum at the positive one and, as a result, the 
gel was deformed. With the increase of the voltage above 2,15 V 
the gel completely collapsed, and one could obtain the original 
form when the electric fi eld was removed. 

 Novel biocompatible hybrid-materials composed of iron-
ion-cross-linked alginate with embedded protein molecules 
have been designed for signal-triggered 
drug release. [  94  ]  Electrochemically controlled 
oxidation of Fe 2+  ions in the presence of 
soluble natural alginate polymer and drug 
mimicking protein (bovine serum albumin) 
results in the formation of an alginate-based 
thin-fi lm cross-linked by Fe 3+  ions at the elec-
trode interface with the entrapped protein. 

 Altering of surface composition and phys-
ical properties of the material can be achieved 
through the change of a surrounding 
medium. For example, mixed polymer 
brushes made of polystyrene and poly(2-
vinylpyridine) macromolecules were found 
to alter the surface composition and wetta-
bility after changing the solvents. [  78  ]  Further, 
mixed brushes prepared from polystyrene 
and poly(methylmethacrylate) change their 
surface topography in different solutions, 
and it stimulates the local motion of different 
objects adsorbed on the surface. [  95  ]  Also, 
poly(ethyleneimine)–poly(dimethylsiloxane) 
mixed brushes, hydrophilic in water switch 
to hydrophobic state in air. [  96  ]  

 Ultrasound has the potential for control of 
the permeability of encapsulation systems. [  97  ]  
Polyelectrolyte microcapsules with zinc oxide 

      Figure 5.  Self-controllable system. Confocal kinetic study (fl uorescence mode) and schematic 
illustration of pH triggered self-cleaning behavior of the porous metal surface covered with pH 
responsive micelles. As model cells  Lactococcus Lactis 411  bacteria (loaded with Rh6G) were 
used. Bacteria decrease pH, micelles respond to change and increase in size, bacteria detach 
from the surface. Reproduced with permission. [  2d  ]  Copyright 2012,Wiley. 
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example of a multi-trigger responsive layer is 
a redox-polymer-modifi ed electrode. It was 
found that the variations of the layer prop-
erties are dependent on pH, solution ionic 
strength and applied electrode potential. [  99  ]  
Some nanogels can also reversibly respond to 
different triggers, for instance, temperature- 
and redox-sensitive nanoparticles. [  100  ]  

 One of the background ideas is to combine 
in one system the nanoblocks responsive 
to different stimuli. An example of a hybrid 
system can be surface organized magne-
sium-polypyrrole hybrids. [  2e  ]  An active chem-
ical release of such a hybrid is achievable by 
pH-change or an electric fi eld. Functionali-
zation by magnetic and metal nanoparticles 
produces capsules which respond to multiple 
stimuli. 

 Double- or multi-responsive systems can 
be based just on the polymer architecture. 
Random copolymers are used to tailor the 
transition point depending on two inde-
pendent parameters, for example, pH and 
temperature. In contrast block copolymers 
tend to self-assemble reversibly and form 
micelles depending on the environmental 

conditions. The micelles are then either stabilized through 
strong non-covalent interaction (e.g., ionic) or fi xed through 
subsequent crosslinking. In both cases, one obtains a nano-
object, which can be utilized as a micellar responsive drug 
delivery system, but it can also mimic biological entities like 
vesicles. [  101  ]  

 Moreover multifuctionality can be attributed to multicom-
ponent system loading with different species and their time 
resolved release. Thus polymer micelles as drug carriers encap-
sulated with drugs were loaded at the bottom of titanium nano-
tube array structures, and their delayed release was obtained by 
loading blank micelles (without drug) on the top (Figure  6 ). [  45  ]  
Delayed and time-controlled drug release was successfully 
achieved by controlling the ratio of blank and drug-loaded 
micelles. The concept was demonstrated using four different 
polymer micelles (regular and inverted) loaded with water-
insoluble (indomethacin) and water-soluble drugs (gentamicin). 

 An elegant approach on the multimodal release of different 
proteins from the same hydrogel was reported. [  102  ]  An inject-
able PEGylated fi brin gel designed for the release of platelet-
derived growth factor BB (PDGF-BB) and TGF- β 1 gene with 
distinct kinetics. Growth factors were loaded into PEGylated 
fi brin gels via 3 mechanisms: entrapment, conjugation through 
a homobifunctional amine reactive PEG linker, and physical 
adsorption on the fi brin matrix. PDGF-BB was entrapped 
during thrombin-mediated crosslinking leading to its diffusion-
controlled release over 2 days. TGF- β 1 was both conjugated 
through the PEG linker and bound to the matrix via physical 
adsorption, increasing the release time of TGF- β 1 up to 10 days. 
Further, the release rate was highly correlated to gel degradation 
rate, indicating that TGF- β 1 release was degradation-controlled. 

 A new system with nanogate supported on silica [  103  ]  
is capable of simultaneously delivering both large and small 

micelles which could increase their corona size depending on 
pH, being part of a responsive system could “push off” the bac-
teria from the surface.   

  5   .  Multi-Modal Systems 

 It is likely that future developments will be based on mul-
ticomponent and multifunctional, hierarchically organized 
interfaces that combine properties of functional materials and 
devices together with multi trigger stimuli response of the 
system. Multifunctionality achieved by tailoring the composi-
tion, structural, physico-chemical and mechanical properties 
at the nanometer scale and combination of stimuli responsive 
building blocks provides advances for system intelligence and 
multifuctionalization. However the effect of system blocks to 
each other should be clear. One should avoid unpredictable 
complexity. Thus nature uses very complex systems where each 
blocks improve each other. The multi-modal system needs to be 
totally understood from fundamental point of view to be used 
in real functional systems. 

 Multi-modal systems which are available consist of building 
blocks sensitive to different stimuli or one block sensitive 
to several stimuli ( Figure   6 ). Thus a multi-modal system can 
be achieved: (i) with material responsive to several stimuli; 
(ii) with a hybrid system whose components are sensitive to 
different stimuli, or (iii) with special nano-organized assembly 
into encapsulation systems, e.g., micelles, nanotubes.  

 In the case of polyelectrolyte multilayer fi lms, pH sensitivity 
of the material can be combined with response to altering ionic 
strength in order to trigger conformational transitions. The ear-
lier mentioned PNIPAM brushes alter their shape in response 
to changes in pH, temperature and ionic strength. [  85b  ]  One more 

      Figure 6.  Multi-drug delivery. Scheme of multi-drug release using titania nanotube arrays (TNT) 
and polymer micelles as drug carriers. (a) TNT loaded with two types of polymer micelles, a 
regular micelle (TPGS) encapsulated with hydrophobic and inverted micelle (DGP 2000) encap-
sulated with hydrophilic drug; (b) scheme of sequential drug release with layered drug carriers 
with details of two step drug release in (c) and (d). Reproduced with permission. [  45  ]  Copyright 
2012, Royal Society of Chemistry. 

Adv. Mater. 2013, 25, 5029–5043



5038 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
EV

IE
W

www.advmat.de

for improved performance, self-healing, and durability, and 
in this respect recent developments in stimuli responsive 
systems are most promising, making the coating “active” on 
macro and microlevels ( Figure   8 I). Standard anticorrosion 
coatings developed so far passively prevent the interaction of 
corrosive species with the metal which require thicker coat-
ings and does not solve the “cut-edge” problem. The next gen-
eration of stimuli responsive protective coatings should be 
much thinner and possess self-healing or self-curing effects 
in the scratched (damaged) areas. This requires development 
of components of the coatings reacting to external or internal 
impact (pH, humidity changes, or distortion of the coating 
integrity, etc.) and, if possible, able to combine the self-healing 
property with other functionality (e.g., detection, controlled 
refl ection, self-cleaning). [  8,32,46  ]   

molecules. The system can be expanded as a delivery system for 
a broad combination of cargo molecules and metal ions for bio-
logical application. In neutral conditions, the nanogate remains 
closed and cargo is stored, but the addition of acid opens the 
nanogate, releasing both metal ions and large cargo molecules. 
Controlled cargo release was also demonstrated by activation 
through competitive binding. By changing both the metal ion 
and/or the choice of nanogate, the pH responsiveness can be 
tuned to allow for biological pH activation. 

 Individually addressable patterned multilayer microcham-
bers for site-specifi c release-on-demand was demonstrated. [  104  ]  
Patterned arrays of light-responsive microchambers were sug-
gested as candidates for specifi c demand of chemicals. A com-
posite fi lm was made of poly(allylammonium)-poly(styrene 
sulfonate) multilayers and gold nanoparticles incorporated 
between subsequent stacks of polyelectrolytes. The fi lm shaped 
as microchambers was loaded with colloid particles or oil-sol-
uble molecules and chemical release with electromagnetic irra-
diation was demonstrated ( Figure   7 ).   

  6   .  Specifi c Examples of Advanced Applications 

 The mission of modern science is to concentrate on basic sci-
ence with transfer technology and knowledge towards appli-
cations. Responsive systems can be introduced into many 
products at a relatively low cost. New design strategies for 
responsive materials establish an enabling technology for drug 
delivery, [  96  ]  diagnostics, [  105  ]  stem cell stimulation, [  106  ]  lab-on-chip 
and organ-on-chip, [  107  ]  bio-membranes and bio-sensors, [  108  ]  
template for synthesis, [  109  ]  optical systems, [  74,110  ]  antifouling, [  2a  ]  
self-healing materials and coatings. [  8,32,46,111  ]  

 Providing added functionality can enhance the value of a 
product signifi cantly – for example, materials that are capable 
of repairing themselves in less than an hour can be used in 
many coatings applications ranging from decoration, anticor-
rosion protection to biomedical industries. High-value mate-
rials in, for example, the automotive and aerospace indus-
tries require increasingly sophisticated eco-friendly coatings 

      Figure 8.  Few examples of advanced applications. (I) Self-healing sur-
faces: a) composite structure after cracks in the coating, (b) SEM 
image of polyelectrolyte multilayer healing ability. Reproduced with 
permission. [  111   ,   46c  ]  Copyrights 2007, Nature Publishing Group; 2010, 
American Chemical Society. (II) Bioregulation: a) bacteriophage detec-
tion, b) pH-responsive LbL nanoshells for direct regulation of (yeast) cell 
activity. [  105   ,   30a  ]  Copyrights 2011, Royal Society of Chemistry; 2012, Amer-
ican Chemical Society. (III) Bioinspired self-repairing slippery surfaces 
with pressure-stable omniphobicity for repellency of blood. [  31  ]  Copyrights 
2011, Nature Publishing Group. 

      Figure 7.  Multi-responsive system. (Left) Hierarchical organization of 
stimuli responsive system is presented as puzzle where each block is 
responsive to certain stimuli. (Right) SEM and Raman (inset below) 
images of an example of multi-modal system: a composite polyelectro-
lyte fi lm made of poly(allylammonium)-poly(styrene sulfonate) multi-
layers and gold nanoparticles incorporated between subsequent stacks 
of polyelectrolytes. The fi lm shaped as microchambers is loaded with 
colloid particles or oil-soluble molecules. A focused laser beam (shown 
in yellow) is used for remotely addressing the individual microchambers 
and site-specifi c release of the loaded cargo (shown in red). Reproduced 
with permission. [  104  ]  Copyrights 2013, Wiley. 
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 Reversible swelling-shrinking transitions in polyelectro-
lyte brushes and hydrogel thin fi lm plasmonic biosensors for 
monitor pH changes, [  117  ]  the concentration of cholesterol, [  118  ]  
and the concentration of glucose using the enzymatic reac-
tion of glucose oxidase [  82  ]  were also demonstrated. In all 
extensive work is available on biopolymer-based hydrogels 
for cell and growth factor encapsulation in regenerative 
medicine. [  119  ]  

 Biomedical systems that can deliver multiple growth factors 
in a multimodal mode and provide desirable pore structure 
and porosity to potentially encapsulate cells, have considerable 
potential as future therapeutic tools in tissue engineering. [  1a  ]  

 There are just few examples presented, however it goes 
without saying that the concepts presented in this review will 
be benefi cial for many new applications in the future because 
they will allow for the introduction of new aspects and possi-
bilities in the fi eld of conventional materials. Many important 
applications may be developed on the basis of implementation 
of biomimetic concepts into responsive surfaces in the near 
future. We foresee development of smart surfaces that can, for 
example, recognize specifi c biological signals, selectively sepa-
rate biological molecules, release functional groups or proteins, 
and change mechanical properties.  

  7   .  Conclusions 

 In this review we highlighted the roles of dynamic interfaces 
for responsive encapsulation systems. Interfaces adapted 
to self-control and self-regulation requires a complex hier-
archical organization of stimuli responsive nanoorganized 
blocks. However to have background knowledge from a basic 
science point of view lower detentions or building blocks for 
“intelligent” systems deserve scientifi c attention. Thus pro-
spective materials for encapsulation with suggestions con-
cerning loading and release strategies to provide systems 
for advanced applications. In living systems nature broadly 
exploits the principles of hierarchical organization for self-
control and stimuli responsive switching and self-regulation. 
However, synthetic intelligence is still a challenge. Even more 
challenging is  in vivo  design. The research concerns predomi-
nantly experiments between chemistry, physics and in some 
cases biology. 

 Switchable interfaces have been demonstrated for a variety 
of applications. Some examples are presented in the review. 
Advantages that are expected from such switchable interfaces 
include speed, ease, reversibility, temporal and spatial control 
over interfacial interactions and events. Whilst there has been 
much excitement generated in this area, in many cases the 
understanding of the underlying mechanisms is still limited 
and needs to be extended. 

 There are great opportunities and challenges for further 
developments, toward an eventual goal to enable under-
standing, design and fabrication of encapsulation systems. We 
believe that the area will be explored further in nearest future. 
A next step in dynamic interface construction can be self-adap-
tive systems for needed applications.   
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 Antibiotic-releasing silk biomaterials for infection preven-
tion and treatment was demonstrated recently. [  112  ]  The release 
of penicillin and ampicillin from loaded silk fi lms, silk micro-
spheres suspended in silk hydrogels and bulk-loaded silk 
hydrogels was investigated and the in vivo effi cacy was dem-
onstrated in a murine infected-wound model. Special design 
of surface silk microneedles which contain an active chemical 
was also successfully used for controlled-release drug delivery 
(Figure  2 f). [  113  ]  The degradation rate of silk fi broin and the 
diffusion rate of the entrained molecules can be controlled 
simply by adjusting post-processing conditions. It was shown 
that room temperature and aqueous-based micromolding 
allows for the bulk loading of these microneedles with labile 
drugs. The drug release rate is decreased 5.6-fold by adjusting 
the post-processing conditions of the microneedles, mainly 
by controlling the silk protein secondary structure. Antibi-
otic loaded silk microneedles were manufactured and used to 
demonstrate a 10-fold reduction of bacterial density after their 
application. 

 Tuning and switching adhesion between stimuli-responsive 
materials, proteins and cells has been explored for the con-
trol of cell and protein adhesion, [  114  ]  and used for tissue engi-
neering and bioseparation. Thus muscle tissues in heart and 
skeletal muscle require orientational structures for expressing 
their functions effectively in vivo. [  115  ]  Thermoresponsive 
polymer surfaces [  116  ]  provide normal human dermal fi broblasts 
aligning on the physicochemically patterned surfaces simply 
by one-pot cell seeding. Furthermore, the aligned cells were 
harvested as a tissue-like cellular monolayer, called “cell sheet” 
only by reducing temperature. The cell sheet harvested from 
the micropatterned surface possessed a different shrinking 
rate between vertical and parallel sides of the cell alignment, 
maintaining the alignment of cells and related ECM proteins, 
promising to show the mechanical and biological aspects of 
cell sheets harvested from the functionalized thermoresponsive 
surfaces. 

 Different sensitivity of different microorganisms, e.g. ,  bac-
teria and bacteriophages, [  106  ]  provide effective instrumentation 
to manipulate their live cycles. In particular it was shown that 
the kinetic activity of the deactivation of bacteriophages dramat-
ically exceeds that of bacterial deactivation. This allows to sug-
gest a procedure of photocatalytic lysogenic bacteria detection 
(Figure  8 IId). 

 Encapsulation of lubricant into porous surfaces [  31  ]  was dem-
onstrated yielding a robust synthetic surface that repels various 
liquids: self-repairing slippery surfaces with pressure-stable 
omniphobicity. The slippery surfaces are useful in fl uid han-
dling and transportation, optical sensing, medicine, and as self-
cleaning and antifouling materials operating in extreme envi-
ronments (Figure  8 III). 

 Biocompatible stimuli-responsive hydrogel porous mem-
branes via phase separation of a polyvinyl alcohol and Na-alg-
inate intermolecular complex was demonstrated. [  83  ]  Ion cross-
linked porous alginate thin fi lms were fabricated from mixtures 
of sodium alginate and polyvinyl alcohol in an aqueous solu-
tion. The porous membranes are a pH-sensitive material whose 
pore diameter can be tuned by changes in pH. The membranes 
are mechanically robust and can be transferred onto the surface 
of porous substrates. 
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Bio-inspired ultrasound assisted construction of
synthetic sponges

Ekaterina V. Skorb*ab and Daria V. Andreevac

A porous material with a system of cavities can be considered as a sponge. The amazing mechanical,

optical, electrical and sorption properties of sponge-like silicon-, carbon- and metal-based materials

arose interest in novel synthetic pathways of formation of the sponges which in addition gained value

in many energy and climate related issues. Here, we present a prospective bio-inspired approach to

fabricate synthetic sponges via intensive ultrasonication. Ultrasound of high intensity triggers formation

of cavitation bubbles in liquid in a controlled way. Cavitation happens when a rapid change in pressure

occurs. Cavitation in nature occurs in fast streams, produced by some shrimps, and in the xylem of

plants. Ultrasonically induced cavitation bubbles can be considered as chemical microreactors providing

high temperature and pressure at the microscopic scale and trigger formation of active species

(including free radicals) from dissolved molecules. In the context of chemistry, cavitation has the unique

potential of locally catalyzing high-temperature (up to 5000 K) and high-pressure (several hundreds of

bars) reactions, while the system remains macroscopically near room temperature and ambient pressure.

Ultrasound of high intensity has already been applied for the synthesis of structured organic and

inorganic materials and composites. In this review we summarize the latest achievements in the

application of ultrasonication for the formation of hierarchically ordered 3-D networks (sponges). The

prospects of applications of sonochemically formed composites in catalysis, optics, hydrogen storage

and corrosion protection are highlighted.

Introduction

Hierarchically ordered 3-D networks (sponges) have great
potential for biomedical, optical and catalytic applications as
sensors and energy storage materials.1–5 The characteristic
features of synthetic sponges, namely electrical/thermal
conductivity (metal sponges), mechanical and thermal stability
(inorganic sponges), and relatively low density compared to
bulk materials have led to a wide range of applications in
photovoltaics, fuel cells, sensing, separation and biotech-
nology.1–13 Porous materials can be formed by using a template
or by a template-free method. For example, porous metals with
large pores (200 mm to 2 mm) can be produced through a
process of casting, powder metallurgy, and sputter deposition.6

Approaches to fabricate microporous sponges with controlled
porosity are based on electroplating into self-assembled liquid
crystal surfactants,7 colloidal crystals,8 and porous block
copolymers.9 Mesoporous sponges have been synthesized by

chemical reduction,10 plasma spraying11 and electrodeposition12

followed by template decomposition, etc.9 The methods are
usually multistage and involve a sacricial second phase, which
increases production costs because of the formation of the
template and its subsequent removal, combined with waste
generation, especially when up-scaling the procedure. Thus,
environmentally friendly and inexpensive methods of produc-
tion of sponges are still required.

The interest in ultrasound and cavitation effects dates back
to over more than 100 years. The rst report of cavitation con-
cerned the notice that the propeller of a submarine was pitted
and eroded.14 Since the early work of Lord Rayleigh it is known
that ultrasound may form cavitation bubbles in liquid which
upon collapse create transiently temperatures around 5000 K,
pressures around 1000 atm with cooling rates above 108 K s�1.15

One of the most basic concepts of sonochemistry is that free
radicals are formed as a result of the cavitation and micro-
bubble collapse which are created during the rarefaction (or
negative pressure) period of sound waves. There is also the
concept of rectied diffusion (the growth of microbubbles due
to unequal transfer of mass across the interface during bubble
oscillation).16 It was also shown that bubble-induced micro-
streaming is one of the factors that leads to the well-known
ultrasonic cleaning effects in heterogeneous systems.17,18 Later
on the understanding of the physical effects of ultrasound in
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liquid systems was also increasing. It was hypothesized that
microjets formed during asymmetric cavitation.19 Moreover the
sonolysis of water was found to give rise to sonochemistry.20

Ultrasonic frequencies range from 20 kHz to 1 GHz. It is
known that the threshold for cavitation increases with
frequency. Thus the higher frequencies are typically used for
ultrasonic diagnostics, the lower ones in chemistry. They
encompass wavelengths between 10 cm and 1 mm and hence do
not directly interact at the molecular level. The mechanism of
bubble formation may be qualitatively understood as follows: in
the zone of negative pressure of the sound wave small volumes
of lower liquid density or containing gas clusters may expand to
form certain bubble nuclei. These do not fully collapse during
the high pressure phase and are further expanded in the next
low pressure phases. This process continues until reaching a
maximum critical diameter depending on the ultrasound
frequency and solvent. In the following upon a very quick
adiabatic cavitation collapse the mechanical ultrasonic energy
is converted into mechanical energy of matter, chemical energy,
heat and, under certain conditions, light. The mechanical
ultrasonic energy can be scattered, adsorbed and reected by
the interfaces, particles and matter. Thus, chemical and phys-
ical transformations of matter can be triggered. Solvents,
additives (free radical scavengers, surfactants, reduction agents,
oxidants), nanoparticles or ions signicantly inuence the
physical and chemical processes in the sonicated media.
Organic molecules, nanoparticles and ions near the bubble
interface inuence the cavitation process by increasing the
surface pressure, decreasing the lifetime of the cavitation
bubble.21 For surfactants, monomers and polymers the
following key aspects should be considered: the formation of
free radicals during the cavitation process,22 polymerization of
monomers triggered by sonogenerated free radicals,23 chain
reorientation,24 polymer decomposition,25 oxidation and bond
breakage.26 Thus, ultrasonically assisted modication of solids
in the presence of organic and inorganic compounds could lead
to formation of composites.27

Recent studies have suggested scenarios of sonochemical
modication of solids.28–34 The great advantage of the sono-
chemical approach is that the morphology, composition and
functionality of particles modied by using ultrasound can be
controlled by the process conditions (reaction media, duration
and intensity of sonication). The mechanism of ultrasound-
assisted modication of solids is based on sonochemical effects
(interfacial red/ox reactions triggered by sonogenerated free
radicals) and sonomechanical effects (mechanical impact on
the material via interparticle collisions and collisions with
cavitation bubbles) of ultrasound. Both aspects still need to be
systematically investigated with respect to their relevance for a
particular functionality.

The following key aspects of formation of sponge-like
materials via ultrasonication should be considered before
starting the synthetic procedure.

(1) First of all interfacial red/ox reactions in the presence of
different solvents with different properties (viscosity, density,
surface tension, vapor pressure) and in the presence of addi-
tives, gases, free radical scavengers, and hydrogen donors. The

temperature inside the cavitation bubble, type and concentra-
tion of free radicals depend on the used reaction media.

(2) The pore formation in solids treated by ultrasound could
rely on the interplay of sonochemical and sonomechanical
factors: the generation of H2 inside pores and defects, chemical
etching of a metal surface by free radicals and sonomechanical
structuring of the metal surface due to interparticle collisions in
ultrasonic elds should be considered. The contribution of the
sonochemical and sonomechanical effects to pore formation
can be tuned by sonication of particles in the presence of
different solvents and additives.

(3) Phase segregation in multi-component systems can be
observed. For example, in the ultrasonic eld some interme-
tallic phases in metal alloys undergo a complex impact of
sonogenerated free radicals, high temperatures and pressures,
mechanical stress due to interparticle collisions and formation
of microjets. Thus, the ultrasound treatment of solids could
lead to formation of new phases (via oxidation metal oxides,
carbides etc.) and/or in situ reduction (metallic particles).

Furthermore, ultrasound of high intensity can be used in a one
step formation of composite materials: interpenetrating metal–
polymer hybrids, core–shell particles, two-layered composites,
multi-metal composites, etc. Composite materials can be formed
by (i) ultrasound-assisted incorporation of materials in pre-
formed sponges, (ii) ultrasound-assisted in situ synthesis of
materials in pre-formed sponges, and (iii) one step method of
formation of composites from multi-component systems.

Fig. 1 Schematic illustration of the synthesis of sponge like materials triggered
by ultrasound (above) and the formation of active species by water sonolysis
during cavitation bubble collapse (bottom). During aluminum modification the
physical effect relies on mechanical effects of cavitation bubbles on Al particles
e.g. erosion, fragmentation and destruction of the native oxide layer due to shock
waves generated by cavitation bubble collapse; particle collision and breakage
due to the intensive turbulent liquid flow caused by bubble collapse; melting and
recrystallisation. In water possible reactions for Al is oxidation and formation of a
novel thin smooth oxide layer protected metal skeleton of sponge; reduction
processes are also possible due to formation of hydrogen species.
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In this review we highlight generic principles of relevance for
the different aspects of ultrasonication for constructing hier-
archically ordered 3-D networks and elucidate design strategies
for controlling morphology and properties of synthetic sponges
(Fig. 1).

Sonochemical formation of metal sponges

The mechanism of modication of a metal structure under
ultrasound irradiation is complex and involves a variety of
aspects related to melting, solidication of metals, selective
etching and oxidation of the metal surface. It is known that
transformation of liquid into solid involves the creation of
curved solid–liquid interfaces (leading to capillarity effects) and
the microscopic ow of heat.28–41 The shape of a solidied
microstructure depends on the cooling conditions. Special
conditions provided by ultrasound of high intensity affect the
crystallization process in metal particles and, therefore, inu-
ence the metal structure. Surface oxidation during ultrasound
irradiation is another important aspect in the formation of
pores, having a crucial role in the stabilization of the metal
structure cast under ultrasound irradiation.

Ultrasound modication of Zn, Al and Mg particles (Fig. 2)
starts with oxidation of the metal surface and formation of a
rough metal oxide (hydroxide) layer with the formation of pits
followed by development of an inner structure. The XRD
patterns evidence that bayerite Al(OH)3 with an admixture of
boehmite AlO(OH) are formed during sonication of aluminum.
The 27Al MAS NMR spectra of the samples treated by ultrasound
exhibit two signals that can be assigned to Al and Al3+, respec-
tively.35 It is important to note that during ultrasound irradia-
tion formation of a porous metallic structure covered by a thin
oxide layer takes place which is proved by the presence of the

peaks assigned to Al0 in XRD patterns and NMR spectra even
aer long term ultrasound treatment. The latest results of 3
Dimensional Field Ion Microscopy also conrm the metallic
structure covered with an oxide (hydroxide) layer.35

Monitoring of the effects of ultrasound on solids can be
demonstrated by using >100 mm aluminum particles.
Aluminum has a relatively low melting point (933 K) and could
undergo plastic deformations in response to ultrasonic stress.
Furthermore, the aluminum surface is oxidized under ambient
conditions. The >100 mm aluminum particles can be considered
as surfaces for 5 mm cavilation bubbles formed at 20 kHz. We
observed the following dynamics of the particle modication.
The surface of the aluminum particles aer 1 min of sonication
has a cell-like morphology of aluminum oxide. Aer 3 min of
sonication decomposition of particles and formation of a
lamellar morphology takes place. The initial 100 mm Al particles
change into 200 nm thick lamellae in 60 minutes. The TEM
image also demonstrates the formation of 50–100 nm channels
between lamellae. It is interesting to note that the metal oxide
layer formed within the rst minute of sonication is removed by
longer (>1 min) treatment. The surface of porous aluminium
lamellae is covered by a smooth thin aluminum oxide. Probably
this morphology of aluminum oxide is more stable and can
resist the impact of ultrasonic cavitation. Within 5 min of
sonication formation of a porous inner structure became
noticeable. The roughness of the surfaces of the aluminum
particles increased. The BET isotherms showed that in the rst
5 min the formation of mesopores is stimulated. Aer 10 min of
ultrasound treatment we observe both micropores and meso-
pores. The average pore diameter estimated by BET is about
4 nm for the 60 min treated aluminum particles. Further
increase of irradiation time leads to regression of structure
development. SEM images and BET analysis demonstrate a

Fig. 2 Schematic presentation of the effect of acoustic cavitation on the modification of metal particles in water. Metals with low melting point (Zn) are completely
converted into metal oxide. Al and Mg form mesoporous sponge-like structures. Metals with high melting points (Ni, Ti) exhibit surface modification under sonication.
Nobel metals are resistant to ultrasound irradiation due to stability against oxidation. Y-axis represents the oxidation ability; X-axis – difference inmelting point in Kelvin.
Frequency of 20 kHz; Iac ¼ 57 W cm�2. Adapted from ref. 35 and 37 with permission from The Royal Society of Chemistry.
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decrease of porosity, surface smoothing and fusion of the
particles aer 2 h sonication due to total Al oxidation.

The modication pathways of solids as well as their
morphology aer ultrasonic treatment are different for each
material. The XRD patterns and BET analysis of Mg aer
ultrasonic treatment prove the formation of the sponge-like
morphology and development of a hydroxide phase on the
metal surface. Sonication of magnesium leads to formation of a
more porous structure with higher surface area in comparison
with Al. The surface areas for 30 min sonicated Mg and Al are
69 m2 g�1 and 54 m2 g�1, respectively. Furthermore, Mg
sponges are characterized by larger pores than Al sponges: the
average pore diameter is�14 nm in the case of magnesium and
�4 nm in the case of aluminum.

Zinc based particles exhibit a completely different morphology
aer sonochemical treatment. It is shown in ref. 35 the ultrasound
stimulated formation of zinc oxide on the surface of zinc particles.
The formation of the oxide layer can be controlled by the intensity
and duration of sonication. Thus zinc oxide crystals may exhibit
tubular morphology. Probably due to their brittleness they can be
decomposed by further sonication. In the case of initial Zn
particles with size ca. 50 mm long-term treatment (>30 min)
provided total metal oxidation with the formation of stable oxide
nanorods with length z100 nm and diameter of approximately
20 nm.35 The maximum surface area for 15 min sonicated Zn
particles was 22 m2 g�1, 30 and 90 min sonicated samples exhibit
an unporous structure. Sonicated Zn particles might have a
different structure due to features of zinc oxide formed by soni-
cation. The porosity of the sonicated Zn is rapidly decreased with
sonication time due to transformation of tubular ZnO into ZnO
nanorods. Some advanced photocatalytic nanostructured Zn,37

where ZnO nanorods are attached to the metallic Zn core, were
also formed, see the example in Fig. 2.

The metals with higher (compared to Mg and Al) melting
points (Ni, 1723 K and Ti, 1941 K) exhibit changes in the
interfacial layer during longer time of ultrasonic exposure. If the
time of treatment is chosen as an optimal one for the formation
of an aluminum sponge the surface structure development is
observed in the case of Ni and Ti particles. The BET and TEM
data show no evidence of formation and development of an
inner structure.

The noble metals (Au, Pd, Ag, Pt) that have a special place
due to their low tendency to oxidation exhibit the highest
resistance to ultrasound irradiation (among the mentioned
metals) and form neither a porous structure nor a developed
surface aer sonication, even in cases where their melting
points are actually lower than the those of metals that can be
modied slightly (like Ni or Ti). Therefore, surface oxidation
plays a crucial role in the stabilization of the metal structure
developed under ultrasound irradiation.

The formation of sponges from ‘hard’ (Ni, Ti) and noble
metals could be done through particle collision and following
agglomeration through the methodology presented by Suslick's
group.38–40 The idea was tested for transition metals. In partic-
ular, a series of transition metal powders were used to probe the
maximum temperatures and speeds reached during such
interparticle collisions. Metal particles that were irradiated in

hydrocarbon liquids with ultrasound underwent collisions at
roughly half the speed of sound and generated local effective
temperatures between 2600 �C and 3400 �C at the point of
impact for particles with an average diameter of �10 mm. As the
malleable particles are irradiated, profound changes in particle
aggregation and morphology are observed. Upon sonication the
particle surface is smoothed quite rapidly. At the same time, the
extent of aggregation increases dramatically. The authors
attribute both effects to interparticle collisions driven by the
turbulent ow created by the ultrasonic eld. The increased
aggregation accounts for the eventual decrease in the observed
surface area and probably also causes the small diminution in
activity observed aer lengthy sonication. Moreover these
changes in surface morphology are associated with a dramatic
change in surface composition. Auger electron spectra depth
proles obtained on Ni samples before and aer sonication
show that in the case of sonication of such metals in hydro-
carbon liquids a thick oxide coat is found to exist before the
ultrasonic irradiation, and aer 1 h of ultrasonic irradiation in
octane the oxide layer becomes thinner. The total surface areas
differ dramatically for the sponges formed as shown in ref. 35
and 41 and as lately discussed by K. S. Suslick et al.38–40 Thus for
aluminum sponges the maximum porosity reached 80 m2 g�1,
and it was at the level ca. 1.00 m2 g�1 in the case of a nickel
sponge. However, in both cases it was shown that with time the
porosity had a tendency to increase, reach a maximum and then
decrease.

It should be also noted that if organic solutions are used the
metals which formed sponges in aqueous solution (Al, Mg) or
have tendency to total oxidation (Zn) obey the same rules as
‘hard’metals. Thus it was shown for Zn powder with an average
diameter of 5 mm that aer 30 min ultrasonic exposure at 15 �C
in freshly distilled decane (17 ml, 20% by weight) under Ar at
20 kHz and 50 W cm�2 small particles connect to one another
with great force, producing interparticle melting (sintering). It
was suggested that the effect originates from the rapid cooling
of the effectively molten collision zone as the colliding particles
rebound immediately aer the impact.

Combining sonochemical and reactive hard
template approaches

Synthesis of nanostructured materials by using a “reactive hard
template” (RHT) approach was rst introduced in 2007 by A.
Thomas et al.42 with great advantage of omitting high temper-
atures or harsh reagents for the removal of template. According
to this method the reaction-conning matrix could be simul-
taneously a reagent in the synthesis of the nanostructures. The
RHT concept, which combines the advantages of hard tem-
plating43,44 with an in situ decomposition, i.e., removal of the
template42,44,45 is an advanced area of materials science and
synthetic chemistry due to its high economic efficiency. Herein
we combine both RHT and sonochemical approaches to syn-
thesise hierarchically structured materials and propose a novel
method of template-assisted synthesis of nanostructures by
using sonochemistry (sono-RHT, Fig. 3).
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The sonochemical oxidation in water of “reactive”metals (Al,
Mg) is followed by the production of a highly concentrated
reducing agent, e.g. hydrogen, on the metal surface. The “reac-
tive” Al and Mg are not only oxidized during ultrasonic treat-
ment in water, but also serve as effective donors of electrons and,
thus, are responsible for H2 production. Thus sonochemical
modication of Al and Mg leads to simultaneous formation of
mesoporous metal frameworks and generation of H2 in the
pores. Both Mg and MgHx clusters can be formed. The sono-
chemically formed mesoporous framework of “reactive” metals
combines functionality of a templatematerial and a reagent. The
use of the “reactive” metal frameworks as the RHT for the
synthesis of nanostructures is schematically illustrated in Fig. 3.

A general sono-RHT synthetic procedure of nanostructures
includes the following steps: (i) sonochemical formation of the
mesoporous metal RHT; (ii) ultrasound assisted loading of the
RHT with chemical precursors for nanoparticle synthesis; (iii)
reduction of precursors catalyzed by the sonoactivated metal
surface; (iv) RHT decomposition due to the electrochemical
processes stimulated by ultrasound. Herein, we demonstrate
the sono-RHT for the synthesis of hierarchically structured
materials.

Magnesium as one of the most reactive metals was used as a
model “reactive” metal for the proof of the principles of sono-
RHT. Sonication of aqueous suspensions of Mg leads to
formation of highly active magnesium hydrates of different
composition. The magnesium hydrides are rapidly decomposed
under extreme conditions during sonication in water with
production of H2, thus, magnesium is a promising material that
can be used for the sono-RHT synthesis.

The combination of the sonochemical approach and the
RHT concept leads to the formation of a variety of nano-
materials in aqueous solutions. The structures that can be
obtained are affected by the preparation conditions. The
acoustic cavitation in water and the shape-dening effect of the
“reactive” template material provide the special thermodynamic
and kinetic conditions for synthesis of nanostructures of
particular morphology. We demonstrated the formation of
magnetic nanorods, dendritic and spherical magnetic iron
based particles. Due to the presence of Fe0 the system can be

used to catalyze the synthesis of carbon nanomaterials. As one
of the prospects of the method we would like to highlight the
formation of biocompatible hybrid nanostructures, for example
the hybrid with polypyrrole.

Silicon sponge design and organization

In a concept of sonoregulated construction of submicron and
micron silicon sponges (Fig. 4) with unique mechanical, optical
and drug delivery properties as initial material micron-Si
particles, crystalline, or amorphous, p- or n-type, were sug-
gested.46 The system had three components: initial Si micron
sized particles, a solvent and a hydrogen donor (Mg or Al, as
described above).

It should be mentioned here that the work is in strong
connection with sono-RHT (see above). Thus magnesium is a
highly reactive metal in water solution:

Mg + 2H2O / Mg(OH)2 + H2[

Then hydrogen can be involved in the ultrasonic process and
form additional hydrogen radicals, for example through the
reaction with hydroxyl radicals formed in the sonochemical
reactor due to water sonolysis:47

H2[ + OH_/ H2O + H_

An experiment on �100 mm particles of silicon proved46 the
formation of nanocrystalline Si and its subsequent phase
transitions (crystalline–amorphous–crystalline) without

Fig. 3 Reactive hard template (RHT) nature: the left image shows the scheme of
a porous magnesium framework which contains hydrogen molecules – “reactive”
metal framework, arrows in the scheme point to the possibility to introduce
different chemical precursors into the RHT. Right images are SEM images of a Mg
particle after sonochemical modification. Adapted from ref. 27 with permission
from The Royal Society of Chemistry.

Fig. 4 TEM images of m-sized silicon particles modified via ultrasonication (20
kHz, 57 W cm�2) in aqueous solution in the presence of a hydrogen-donor
material (here, magnesium) before and after a 35 min modification (upper left
and right image, respectively). The HRTEM images (upper insets) show the crys-
talline structure. The bottom images are the TEM/ED images vs.modification time
(10 min (left), 20 min (middle) and 30 min (right)). The observed modification
kinetic is faster than those observed with plates. Reprinted from ref. 46 with
permission. Copyright @ 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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oxidation in water solution in the presence of a hydrogen donor
material (Mg) (Fig. 4). Thus the 10 min sonicated particles
exhibit a pronounced crystalline structure, and their size
decreases to the submicron scale. The amorphisation of the
particles is observed within 20 min of modication. Further
exposure (>30 min) causes well-pronounced crystal growth
from the amorphous phase in addition to a further size
decrease. The observed phase transition (crystalline 4 amor-
phous) is probably the main factor responsible for ultrasound-
assisted modication of silicon. Special conditions provided by
high-intensity ultrasound could affect the melting and growth
of the silicon crystals. The form of a solidied microstructure
can be controlled by fast local heating and cooling cycles
provided by cavitation. The crystal formation depends upon the
difference between the rates of attachment and detachment of
atoms at the interface. The rate of attachment depends on the
rate of diffusion in the liquid and is, therefore, affected by
sonication.

Moreover the work46 demonstrated the formation of porous
silicon with unique optical properties by a “green” method of
ultrasonication including: (i) the one-step formation of silicon
with a purposefully variable porous structure, (ii) the formation
of photoluminescent centres and defect states that could be
centres for charge separation, and (iii) the possibility of
patterned surface-selective modication. The ultrasonic modi-
cation of solids is known to be controlled by various sonication
conditions, including the intensity and duration of sonication,
the solvent, and the concentration and size of the sonicated
species, oxidants and reducing agents.

Mesoporous metal nanocomposites

The following two ultrasound assisted strategies can be
distinguished: (i) a one-step method was developed to produce
metal nanocomposites from metal alloys under ultrasound
irradiation; (ii) catalytic metal nanoparticles are incorporated
and homogeneously distributed inside the porous matrix
maintaining their initial morphology, structure and
properties.

The sonochemical nanostructuring of metal alloys41,48 is
based on microphase separation in an alloy due to different
phase response to ultrasonic effects. Thus, if alloy particles
consisting of an ultrasound-resistant compound and a sensitive
one are treated, one would consequently expect that novel
nanocomposite structures are developed. We tested Al/Ni, Al/
Pd, Al/Fe, Al/Cu and Al/Pd/Cu systems. Indeed, the treatment of
the aqueous alloy dispersions with highly intense ultrasound
leads not only to the formation of porous structure but also
results in phase segregation yielding ultrasound-resistant
nickel, palladium and copper oxide nanoparticles homoge-
neously distributed in the porous matrix.

Simultaneously BET analysis even reveals the more porous
structure formation in the case of nanocomposites: the surface
area in this case amounted to 280 m2 g�1 for the Al/Pd particles
and 210 m2 g�1 for those of Al/Pd/Cu aer 60 min of modi-
cation. Thus, the phase segregation process in multi-metal

systems stimulates the formation of mesoporous structures by
sonication. Such nanocomposites could be used as catalysts.

The sonochemical activation of Al/Ni and Al/Cu alloys and
formation of Al/Ni based hydrogenation catalyst48 and Al/Cu
oxide dehydrogenation catalyst49 were studied in detail
(Fig. 5).

It was shown that sonochemical treatment of Al/Cu alloys
with the content of Cu up to 25 wt% leads to the formation of
catalytically active and stable metal oxide phase. The Al/Cu
oxide catalyst was very efficient in propane dehydrogenation
reaction.49

The initial 1 : 1 Al/Ni alloy consists of Al3Ni2 and Al3Ni
intermetallides. Collapse of cavitation bubbles generated by
ultrasound is followed by high local (mm2 area) temperature
(up to 5000 K) and high rate of heating/cooling processes –

special cooling conditions for metals could affect the micro-
structure of an alloy. Moreover, it was discussed above that
active metals, here aluminum, could be not just oxidized
itself during ultrasonic treatment in water solution, but also
could serve as an effective donor of the reducing agent (H2).48

The nding is extremely important for Al/Ni catalysts acti-
vated in situ during preparation. As a result catalyst activation
in H2 could be expected during catalyst formation without the
total transformation of metallic nickel to oxide or even during
the reduction process, also in the matrix pores. The compo-
nents in XPS at 852.3 and 854.0 are associated with metallic
Ni and NiO.50 The peak positions are indicative of partial
reduction of Ni in the process. 5 min aer sonication the

Fig. 5 Application of the sonochemically activated (A) Al/Ni and (B) Al/Cu
particles in hydrogenation and dehydrogenation reactions. Adapted from ref. 48
and 49 with permission. Copyright @ 2011 and 2012WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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same oxide is seen as before oxidation, however within 50
min nickel is in the metallic state. The formation of metallic
nickel could be explained due to catalyst centers' (Ni) in situ
activation in H2 which is formed in the process of partial
matrix (aluminum) oxidation. A conceptual novelty of the
proposed ultrasound assisted Al/Ni catalyst preparation is
self-control of red/ox reactions during modication with
structure optimization for maximum catalytic efficiency. The
oxide peak positions indicate surface oxide reoxidation and
transformation of the initial oxide to bayerite structure. The
aluminum peak position/transformation is attributed to both
phases: metallic aluminum as well as the novel reoxidized
aluminum layer.

Summarizing the results: at the initial stages of sonication of
the alloy particles the increase of oxide phase could be attrib-
uted to oxidation of metals and the formation of porous struc-
ture. In the nal product metallic Ni was detected by XPS. We
propose that hydrogen generated during oxidation of
aluminum could reduce nickel. Thus, it can be concluded that
the sonochemically activated Al/Ni catalyst is composed of an
unmodied Al/Ni skeleton with surface modied aluminum
(oxidized) and catalytic active nickel centers (reduced) regularly
distributed in this matrix. The formation of a several nm thick
metal oxide layer plays an important role in the structure
stabilization without any negative effect on its future catalytic
activity. Furthermore, the sonogenerated oxide layer provides
excellent stability to the catalyst during its exploitation. The
sonicated Al/Ni can be stored and used under ambient

conditions in comparison to RANEY� nickel that is pyrophoric
and requires special storage conditions.51,52

The unique morphology of the sonoactivated Al/Ni system
(presence of metallic Ni and sonogenerated metal oxides)
provides easy and efficient catalytic performance of the
material. First of all the catalyst does not require pre-activa-
tion before use. If the catalyst is pre-activated for 24 h in a
hydrogen atmosphere (solid catalyst material) no increase in
the catalytic activity is observed. Then, the sonoactivated Al/
Ni can be a good alternative to the commercial RANEY�
nickel. Thus Al/Ni has high conversion ability of acetophe-
none to 1-phenylethanol (70 bar H2 pressure) at room
temperature.

Ultrasound can be used for incorporation of active parti-
cles into a porous support. The method suggests a multi-step
single pot methodology (Fig. 6).53 According to this method
the pre-sonicated and dried metal sponge (Al) particles were
mixed with pre-synthesised noble metal nanoparticle disper-
sion. The mixture was sonicated with high intensity ultra-
sound for different time intervals. Aer that the solution,
comprising mesoporous Al particles (Fig. 6A and B) lled
with small noble metal nanoparticles, was centrifuged, the
supernatant discarded and dried in an oven at 85 �C for
24 h. The nal structure can be seen in the TEM image
(Fig. 6C).

Zinc-based materials: sono-nanoarchitecture

We proposed an easy ultrasound-driven method for modica-
tion of zinc particles, so-called top-down “sononanostructur-
ing” (see also below). In particular here, attention should be
paid to core–shell “hedgehog” zinc-based materials. The
general concept of ultrasound-driven modication of zinc
particles is shown in Fig. 7.37

During the treatment of zinc particles the following
phenomena could be observed (Fig. 7A): (I) formation of
cavitation bubbles in the aqueous suspension of zinc parti-
cles; (IIa) red/ox reactions at the interfacial regions; (IIb)
interparticle collisions; (III) generation of the core–shell
“hedgehog” zinc. Moreover (IV) total oxidation with total
conversion to the oxide structure is possible (not shown in the
sketch).

Zn particles of the size ca. 4 mm and ca. 50 mm were used
for the study. The sonicated Zn particles consist of the
metallic Zn core covered by ZnO nanorods. The core–shell
morphology can be clearly seen in the TEM image of the
cross-section of the modied Zn particle (Fig. 7B).
The nanorods are attached perpendicularly to the Zn core.
The SEM image (Fig. 7C) shows that the nm long rods
homogeneously cover the metal surface, forming so-called
“hedgehogs” from Zn particles.

The nanostructured semiconductor zinc-based material
demonstrated here could be a promising component in the
construction of a whole range of composite systems for photo-
catalysis, gas sensing, photovoltaic, etc. The metallic nature of
the Zn core could be applied to the formation of corrosion
protection systems.

Fig. 6 (A) Scanning electron microscopy (SEM) image of mesoporous aluminum
particles after sonication. (B) Low magnification SEM image of (A). (C) TEM image
of a microtomed mesoporous bimetallic (Al–Au) particle. (D) The linear digital
photographs of Au nanoparticle suspensions before (left) and after (right) the
ultrasound-assisted loading into Al nanostructures. The particles sediment due to
their incorporation into the Al sponge particles. Adapted from ref. 53 with
permission. Copyright @ 2012 Elsevier.
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Hybrid material formation: capsules with
synergetic trigger release

The ultrasonic assisted preparation and characterisation of
magnesium–polypyrrole (Mg–Ppy) hybrid capsules are pre-
sented in Fig. 8.27

Hybrids were prepared through sonication of magnesium
and pyrrole without or with a polymerisation initiator in water
and alcohol solutions. The hybrids' morphology, potential,
chemical composition, sonoinduced phase transformation and
uorescence properties were studied. The properties of the
obtained hybrids, as well as the capsule loading efficiency, were
found to depend on ultrasonic conditions.

The hybrid capsules with synergetic trigger release are
expected to be of great interest for the next decade, since time
and space resolved release of active chemicals (labeling uo-
rescent dyes, drugs, vitamins, antibodies, etc.) could provide
further successful use of encapsulation systems in the
construction of medical devices, corrosion termination and as
surfaces for stem cell research. The suggested27 hybrid systems,
the components of which are sensitive to different factors (such

as Mg to pH change, and polypyrrole to change in the electrical
potential) represent ideal candidates in the design of such
capsules. We have presented a sonochemical approach for the
formation of such hybrids, which has great potential due to its
ecologically friendly nature and low amount of process steps,
additives and reagents.

The uorophore release from the free or surface sonoim-
mobilised capsules in aqueous solution of different pH values
and under electrical current ow was also studied. An effective
pH responsive release, including step-wise release, was
conrmed for the hybrid system. An electrical current ow was
also shown to trigger the release of hybrid capsules sonoim-
mobilised onto the Ni patterned ITO surface.

Surface capsules: bio-active surfaces

We report a novel encapsulation system (Fig. 9) based on a
sonochemically formed sponge-like layer that could solve
crucial problems of surface engineering and surface protection:
adhesion of a protective system to the surface and release of an
active compound on demand. The novel concept opens

Fig. 7 (A) Sonochemical modification of zinc particles: (I) initial particles; (II) (a)
chemical aspects due to surface oxidation; (b) physical aspects are caused by
interparticle collisions and surface impinging by high velocity microjets providing
preferable directions of etching; (III) formation of “hedgehog” zinc particles. (B
and C) TEM (B, 10 min US) and SEM (C, 15 min US) images of the core–shell
“hedgehog” structure: the metal core and the oxide nanorods attached to the
core after treatment. Reprinted from ref. 37 with permission from The Royal
Society of Chemistry.

Fig. 8 (a) 3D confocal microscopy reconstruction of the sononanoengineered
magnesium–polypyrrole hybrid loaded with the fluorophore Rhodamine 6G
(Rh6G) (fluorescence mode); the inset shows the SEM of the hybrid. (b) Time-
resolved release of Rh6G from porous magnesium (Mg–Rh6G) and hybrid
capsules (Mg–Rh6G–Ppy) in aqueous solution at neutral pH. (c) Rh6G release after
60 minutes in aqueous solution at different acidic pH values. (d) Time resolved
release under initial pH ¼ 4 and two step-wise pH changes: pH change 1 to pH ¼
3, pH change 2 to pH¼ 1. (e) Confocal microscopy images (fluorescence mode) of
sonoimpregnated onto Ni pattern Mg–Rh6G–Ppy capsules into a Ni pattern. (f) is
(e) after an electric current flow as in the inset scheme. Adapted from ref. 27 with
permission from The Royal Society of Chemistry.
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prospects in metal nanoengineering and surface protection as
well as in encapsulation and polyelectrolyte applications.

In general, the suggested encapsulation system54,55 consists of
the following components: the sonochemically formed surface
metal sponges adhering to the bulk metal (Fig. 9) which can be
loaded with a variety of agents (corrosion inhibitors, biocides,
enzymes, DNA fragments, antibodies) and a protective coating.
Thus, the loaded metal sponges have the functionality of porous
capsules. Compared to existing encapsulation systems56 the
surface capsules are a continuation of the bulk metal, modied
metal layer used for encapsulation is strongly adhered to the
unmodied metal part (Fig. 9c, shown with red arrows), and do
not need to be immobilized on the surface or incorporated into a
protective coating. Furthermore, the rough surface of the metal
capsules provides excellent adhesion to the protective coating.

In particular in ref. 54 two types of encapsulation systems
based on the surface metal sponges are suggested. The simul-
taneous activation/modication of the metal surface and active
chemical by ultrasound is suggested in Type I. The metal

capsules can be formed and loaded by ultrasound treatment of
the metal surface in the presence of an active component. As a
model (Fig. 9) encapsulation of a uorescent antibiotic (doxo-
rubicin) is presented. To achieve successful formation of
surface capsules loaded with doxorubicin, the aluminum
surface was sonicated in aqueous solution of doxorubicin in a
thermostatted ow cell at 20 kHz and an intensity of 57W cm�2.
The pH dependent release from such capsules is shown in
Fig. 9d. At pH ¼ 7 the encapsulation system is very stable and a
negligible release from the capsules can be detected. At pH 4–2
we monitored the step-wise release of chemisorbed doxoru-
bicin. Thus, the generation of a pH responsive encapsulation
system on a metal surface can be performed in a single-step
mode.

According to the Type II capsules the surface sponges can
be used for construction of metal–polyelectrolyte capsules for
storage of active chemicals and their release on demand. The
pores of metal sponges can be simply sealed by poly-
electrolyte complexes.57 The polyelectrolyte complexes are a
universal encapsulation/carrier system and provide safe
storage of active chemicals and their release in response to
external stimuli (pH,58 ionic strength,59 temperature,60

light61). In this case, we do not need a specic interaction
(chemisorption) between the metal surface and the active
chemical. The upload/release of the active chemical in Type II
capsules can be controlled by the formation of a complex
between chemical and polyelectrolyte.54 The complex has one
or two pH windows (pH regions of complex instability) and
provides an easy way to upload/release manipulation. The
surface capsules loaded with 8-hydroxyquinoline (8-HQ)
provide long-term antiseptic activity to the metal surface
(Fig. 9e and f).

Nanoarchitectures in 3-D top-down and
bottom-up organisation

A top-down and a bottom-up concept of synthesis of a hierar-
chically ordered 3-D network can be realized by using ultra-
sonication. The ultrasound based approach allows synthesis of
functional sponges for the construction of complex submicron
and micron 3-D networks (Fig. 10).

The questions are if we can achieve submicron (Fig. 10, I)
and micron (Fig. 10, III) scale hierarchically ordered 3-D
networks. Results shown in Fig. 10, III prove that our idea is
more than realistic. The submicron organization is possible.
Nanoparticles are building blocks in the case of submicron
sponges. There is now in focus the possibility to regulate the
nanoparticle morphology during the sonochemical process.

Submicron sponges can be considered as building blocks of
mesotechnology. The micron scale organization of sono-
chemically formed aluminium submicron sponges in the
presence of a surfactant with stepwise decrease of intensity
during the ultrasonication leads to construction of parallel
sheets (Fig. 10, IIIa). If the intensity remains constant we can
organize aluminium particles in mesoscopic ellipsoids under
the same conditions (Fig. 10, IIIb).

Fig. 9 (a) Schematic illustration of upload, storage and release of an active
component and general view of capsules generated at the metal surface. (b) SEM
image of the cross-section of an aluminum sponge-like layer and a luminescence
confocal image of the surface capsules loaded with doxorubicin. (c) TEM image of
aluminumwith a surface capsule layer for chemical storage (blue arrows show the
loading direction, red arrows show the interface between bulk metal and
capsules' layer). (d) Doxorubicin release at different pH. (e and f) Confocal images
show the inactivation of E. coli due to 8-hydroxyquinoline release from the surface
capsule layer: (e) before release stimulation and (f) after release. Inactivated
bacteria are red and alive bacteria are green. Adapted from ref. 56 with
permission. Copyright @ 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Conclusions

A major challenge in the fabrication of micron and submicron
organized sponges is the achievement of their advanced prop-
erties and dened structure. Our strategy is based on biological
concepts of sponge organization and its improved mechanics
with a high variety of ultrasonic energy pathways for building
sponge units from metals, silicon, composites and hybrids. The
advantages of the presented methodologies: (i) use of simple
precursors such as micron sized particles; (ii) easy handling
compared with traditional methods; (iii) facile and fast
synthesis; (iv) controlled growth of active materials by increased
or limited pore spaces; (v) excellent performance.

The following main issues are under discussion.
To understand energetic aspects of ultrasonic processes in

the presence of solids.
The presence of solid surfaces itself affects the acoustic eld

and cavitation bubble stability.
Cavitation assisted processes of sponge formation and

organization have non-linear character which should be taken
into account.

Due to extreme conditions such as high local pressure,
high temperature and high heating/cooling rate some not

thermodynamically, but kinetically stable structures (nano-
particles, submicron and micron sponges) could be expected.

The possibility to achieve advanced properties (like those of
sea sponges) as improved mechanics are in focus for the
sonogenerated sponges through their organization in the
presence of additives such as polymers with different chain
lengths.

Special liquid streaming is caused by ultrasound which
inuence sponge organization the same way as sea sponges
adapt their shape for optimal water ow.
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Layer-by-Layer approaches for formation of smart
self-healing materials

Ekaterina V. Skorbab and Daria V. Andreeva*c

This review is focused on the current achievements in application of Layer-by-Layer techniques for

formation of materials with self-healing properties. We addressed the questions related to choice of

materials for the Layer-by-Layer deposition, general aspects of multilayer formation, deposition

techniques, and the mechanisms of self-healing of the multilayers. Layer-by-Layer deposited

polyelectrolytes, hydrogels, conducting polymers, inorganic particles, hybrid organic–inorganic particles,

and healing agents show great potential in formation of self-healing materials. In general, a non-

covalently bonded Layer-by-Layer system exhibits high mobility of its components in response to

external stimuli (humidity, T, pH, ionic strength, light, etc.) and, thus, can restore its integrity and heal

defects. The review highlights the recent examples of Layer-by-Layer based design of self-healing

materials for corrosion protection and biomedical application.

Introduction

Stimuli responsive materials are known as “smart” materials or
the materials with self-healing or self-repairing ability.1–4 A great
variety of charged and non-charged compounds including

polyelectrolytes,4–7 clays,8nanoparticles,9nanotubes,10micelles,11

bio molecules,12 low molecular weight self-healing agents,13 etc.
could be used for contraction of functional multilayers. The
Layer-by-Layer (LbL) deposition of organic and inorganic
compounds on a surface leads to modication of its interfacial
region and alteration of its properties. The surface charges
morphology, hydrophobicity, wetting, adhesion, biocompati-
bility14–16 as well as loading capacity of the interfacial layer can be
alteredbydepositionof themultilayers.17Added to this is the easy
formation of a nanostructure withmulti-functionality by the LbL
technique. Due to simple anduniformLbLdeposition of a variety
of components the LbL approaches for formation of materials
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have a broad range of applications in the elds of sensing,18

electroluminescence,19 biosensing,20,21 separation,14,22 catalysis,23

drug delivery,24 interfacial nanoengineering,25 etc.
The initial interest in the LbL technique arose from the

electrostatic LbL assembly proposed by Iler in 1966.26 In 1997
Science published a famous article “Fuzzy nanoassemblies
toward layer polymer multicomposites”.4 Since that time the
LbL concept has attracted the attention of many scientic
groups all over the world. The LbL approach for deposition of
various compounds serves as a platform for focused design of
materials with particular architecture, properties and functions.
One of these functions could be the self-healing ability. In this
review we focus on the application of the LbL technique as one
of the methods of construction of “smart” materials with self-
healing functions.

LbL approaches for construction of an articial self-healing
material is an emerging eld of materials science, biomimetic
chemistry and supramolecular chemistry. The self-healing
behaviour of LbL formed materials can be understood by using
a dynamic polymer system concept.27–30 In general, polymers
have great potential in self-healing due to high mobility of the
polymer chains under physiological conditions.1 Dynamic
polymer materials exhibit reversible properties due to the
presence of reversible covalent bonds (thermodynamically
driven bond breaking and reformation) and non-covalent
(hydrogen bonding, electrostatic interactions, etc.) intermolec-
ular interactions.29,30 The self-healing potential of the LbL
deposited multilayers is based on the mobility of the compo-
nents of the multilayers which is sensitive to external stimuli.
Self-healing of LbL lms is schematically illustrated in Fig. 1.
The mobility as well as permeability and elasticity of the
multilayers are determined by the nature of the multilayers and
external conditions (pH, ionic strength, T, light, etc.). In this
review we summarize the recent achievements in development,
formation and application of “smart” self-healing materials
prepared via LbL techniques. The main aspects of mechanisms
of self-healing of LbL lms are addressed.

A general LbL concept
Materials overview

Despite a great variety of compounds that are used or poten-
tially could be used for LbL deposition, polyelectrolytes are

considered as key components of the LbL systems. Indeed, the
self-healing activity of LbL lms to a great extent relies on
properties of the polyelectrolytes involved in the LbL lm
formation.

Polyelectrolytes are macromolecules carrying a relatively
large number of functional groups that are charged or could
become charged under certain circumstances. The properties of
these polymers in solutions and on charged surfaces were
thoroughly addressed.31 In brief, the morphology and proper-
ties of the LbL deposited polyelectrolyte layers depend on the
solvent, solution dielectric constant, salt concentration, pH and
interactions of the polymer with the substrate.32–34

The ionomers may be polycations and/or polyanions
depending on the charged groups. Depending on the degree of
dissociation the polyelectrolytes can be “weak” or “strong”. The
most extensively studied “weak” polyelectrolytes are poly-
ethylene imine (PEI), poly(acrylic acid) (PAA), and polyallylamine
hydrochloride (PAH). Among “strong” polyelectrolytes poly-
styrene sulfonate (PSS) and poly(diallyldimethylammonium)
chloride (PDADMAC) are model polymers used for the investi-
gation of multilayers formation and functions. These polymer
pairs formmultilayers due to electrostatic interactions.35–37 They
oen are used as model systems for the investigation of behav-
iour, properties and nanoarchitecture of the LbL lms in
response to pH and ionic strength. Besides the multilayers
formed by electrostatic interactions, LbL layers could also be
hydrogen-bonded.38,39 Poly(methacrylic acid) and poly-
(vinylpyrrolidone) can be self-assembled and form multilayers
due to formation of intermolecular hydrogen bonds.38 The PAA
and polyacrylamide (PAAm) pair was stabilized by imidization in
order to form stable stimuli responsive hydrogen bonded
multilayers.39 The response of the hydrogen bonded systems to
external stimuli is due to the introduced electrostatic charges
into ionisable elements within the layers.

Besides pH and ionic strength it was shown that temperature
change and light can be used for triggering the healing activity
of a material.40,41 In general, the LbL lms are kinetically
stabilized during their preparation.41 A temperature increase
can provide enough energy to overcome the kinetic barriers and
to stimulate the rearrangements of the multilayers. Sukhorukov
et al.41 demonstrated that the lms consisting of PDADMAC and
PSS can change their thickness and permeability between 30
and 50 �C. In order to provide the multilayers with light sensi-
tivity42–47 azobenzene derivatives can be LbL assembled. One of
the examples is the poly(1-(4-(3-carboxy-4-hydroxy phenylazo)
benzene-sulfonamido)-1,2-ethanediyl) sodium salt which has
photosensitive groups in the side chains.43,44 Such photosensi-
tive polyelectrolytes could be used for construction of multi-
layers responsive to light as an external stimulus. Another
approach for formation of light sensitive multilayers is loading
particles sensitive to light45 into the multilayers.

Polyelectrolytes are usually a basic component of the LbL
formed multilayers. Other polymers (conducting polymers,
hydrogels, photosensitive and biocompatible polymers), nano-
particles, nanotubes, clays, healing agents, etc. can be LbL
deposited togetherwithpolyelectrolytes and, thus, supply theLbL
materials with desirable functions. Temperature-responsive

Fig. 1 Schematic illustration of the self-healing behaviour of LbL films (positively
charged polyelectrolytes, PE+, negatively charged polyelectrolytes, PE� and
healing agent, HA) stimulated by water penetration into the multilayers. The
healing agent released from the multilayers and healed surface defects. Finally,
the multilayers restore film integrity. Adapted with permission from ref. 68.
Copyright ª 2010, American Chemical Society.

This journal is ª The Royal Society of Chemistry 2013 Polym. Chem., 2013, 4, 4834–4845 | 4835

Review Polymer Chemistry

Pu
bl

is
he

d 
on

 2
1 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 S
ai

nt
 P

et
er

sb
ur

g 
St

at
e 

U
ni

ve
rs

ity
 o

f 
IT

 M
ec

ha
ni

cs
 a

nd
 O

pt
ic

s 
on

 8
/8

/2
01

9 
9:

26
:5

1 
A

M
. 

View Article Online

https://doi.org/10.1039/c3py00088e


nanolayers can be formed by LbL deposition of hydrogels poly(N-
isopropylacrylamide) (PNIPAM),48–51 poly(N-vinylcaprolactam)
(PVCL)52–54 and their copolymers. Hydrogels exhibit pronounced
temperature response in a very narrow temperature range.55

PNIPAM is soluble inwater below 32 �Candprecipitates at higher
temperatures. The temperature responsive multilayers are
formed by LbL deposition of PNIPAM or PVCL and their copoly-
mers together with various polyelectrolytes. The multilayers can
be prepared via formation of intermolecular covalent bonds,56

electrostatic interactions51 or hydrogen bonds.56 The self-assem-
blies of PNIPAM and PAA,56 PVCL and poly(vinyl methyl ether)
were formed via hydrogen bonding.55 The covalently bonded
systems exhibit a high stability compared to electrostatically
bonded multilayers. In general, hydrogels are extremely prom-
ising components for the LbL construction of self-healing mate-
rials. Non-covalently bonded hydrogels use secondary
interactions such as hydrogen bonding, ionic and hydrophobic
association for healing of damaged areas. In cross-linked hydro-
gels themainhealing factor is thepresenceofwater in the system.

Conducting polymers (polyaniline, polypyrrole, etc.) demon-
strated self-healing behaviour based on several mechanisms.57

Due to their conductive and oxidative properties conducting
polymers can directly passivate degradation of metal surfaces.
Additionally, these polymers are stimuli responsivematerials that
are suitable for LbL deposition.58–63Nanoarchitecture of the layers
formed by conducting polymers can be changed in response to
external stimuli. The conducting polymers can incorporate and
release healing agents via a doping/dedoping process.

LbL deposition of low molecular weight compounds, nano-
particles, nanotubes, clays, DNA, etc. can provide multilayers
with additional functions. For example, metal nanoparticles
incorporated into an LbL lm provide the multilayers with light
responsive properties.64,65 Carbon nanotube/polyelectrolyte
multilayers exhibit sensing activity and can be used for sensing
of corrosion damage.10 The inorganic clays were successfully
incorporated into an anticorrosion multilayer coating mostly
for improvement of mechanical properties of the coatings.8 LbL
deposited TiO2 (ref. 66) yields to formation of photosensitive
materials. Nanoparticles added to the polymers can migrate to
damaged areas and heal nanocracks. The healing agents (for
example, corrosion inhibitors) can be also used as a component
of LbL systems.67,68 The multilayer systems formed by different
combinations of “weak” and “strong” polyelectrolytes sensitive
to different stimuli could be used for entrapment of low
molecular weight compounds. Polyelectrolytes assembled in
multilayers have a relatively large number of functional groups
and can reversibly entrap healing agents. External stimuli, such
as pH, temperature, light, etc., change the degree of dissociation
of polyelectrolytes, control the concentration of bonded and un-
bonded species in the multilayers and, therefore, trigger the
release of healing agents on demand.

Construction of self-healing materials by using the LbL
technique

The unique blend of features that are relevant to surface
nanoengineering aligns the LbL technique with so-

lithography,69 the Langmuir–Blodgett technique,70 self-assem-
bled monolayers,71 etc. Compared to other methods the LbL
technique does not require sophisticated equipment for the
formation of the multilayers. The deposition procedure is
relatively fast and versatile, could be adjusted to a substrate
with different charge, texture and morphology.25,35–37,72

The layer formation process is entropically driven by the
release of counterions.35 The growth of multilayers is a result of
electrostatic attraction and repulsion between charged chains.
The growth of multilayers under different conditions can be
studied in situ by using the quartz crystal microbalance with
dissipation monitoring, and ex situ using X-ray reectivity, zeta
potential measurements, microscopic and spectroscopic
methods.

There are two key factors – pH and ionic strength – to control
the LbL growth of the multilayers. These factors affect the
conformation of the deposited polyelectrolytes and, thus, the
thickness of the multilayers.73–93 The sketch in Fig. 2 is a sche-
matic illustration of the LbL deposition of oppositely charged
polyelectrolytes. The sketch shows the deposition of relatively
linear polymer molecules and formation of well-dened poly-
mer nanolayers. In reality, polyelectrolyte chains penetrate into
each other. Depending on pH and ionic strength differently
coiled polyelectrolyte chains can be deposited. Thus, the
thickness of the multilayers consisting of the same polymers
but prepared at different pH and ionic strength can vary from
tens to hundreds of nanometers. The deposition parameters
should be experimentally found for each particular system.

Presence of salts in the deposition solution leads to charge
screening effects, degreases repulsion forces between the
charges and stimulates coil conformation of the chains.86,87

Higher salt concentration (up to 1 M NaCl) leads to increased
water content in the multilayers.88 Deposition of weak poly-
electrolytes is strongly affected by the pH of the polymer solu-
tion. pH inuences the dissociation of weak polyelectrolytes
and, thus, the charge density of the polyelectrolytes can be
controlled by pH values. A higher amount of the deposited
chitosan was observed at pH 4. These lms exhibited higher
hydrophobicity and more pronounced antibacterial properties
in comparison to the chitosan/heparin lms prepared at pH 6.91

It was shown89 that the thickness and morphology of the
lms can be changed by post-treatment under different condi-
tions. The post-treatment of the layers by solutions with high

Fig. 2 Sketch of multilayer growth on a negatively charged surface.
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salt concentrations has an annealing effect and results in
smoothing of the interfacial layer. It was shown that depending
on pH different amounts of the polymer can be deposited.90 The
multilayers of PSS/PAH exposed to low pH were thicker and
more permeable compared to the as-prepared lm.74,92 The
mechanism of annealing was explained by rearrangement of
polymer segments, by salt ions and formation of new polymer–
polymer interactions resulting in a new lm morphology.93

Layer deposition generally starts with immersion of a
substrate in an aqueous solution of a charged polyelectrolyte.37

The LbL technique allows homogeneous lm formation on
different surfaces including non-ionic and non-polar
substrates.73–75 Deposition of multilayers and their properties do
not depend on the substrate morphology, thus, many substrates
from planar surfaces to particles and tubes can be covered by
multilayers.76–79 The rst deposited layer is called the
“anchoring” layer.81 The anchoring layer should exhibit very
good adhesion to the substrate surface and be able to seal
surface defects. During the next adsorption step the poly-
electrolyte molecules adsorb to the oppositely charged surface.

Technologically, the LbL technique is the step-wise assembly
of oppositely charged species on a substrate.82,83 In general, the
sequential immersion of a substrate in solutions of the LbL
components (polymers, nanoparticles, etc.) leads to formation
of LbL assemblies. Each deposition cycle is followed by surface
rising with a solvent in order to remove the unbound
compounds. The deposition cycles are repeated in order to
deposit a particular number of layers.

Three convenient techniques can be used for the LbL depo-
sition: spraying, spin coating and dip coating. The comparison
of these three methods was profoundly studied and carefully
addressed in the literature.94–101

The dip coating technique includes the following steps: (1)
immersion of substrates in the dipping solutions; (2) equilib-
rium time 10–20 min, and (3) rinsing of the substrate with a
solvent. It is a well-established procedure of LbL lm forma-
tion.94 At the same time it is a time-consuming process that
requires building up of robotic lines.94 Additionally, thismethod
needs a relatively large quantity of the material for each depo-
sition step. At the same time, dip coating is the onlymethod that
could be used for formation of polyelectrolyte capsules and
deposition of LbL lms on spheres, particle, tubes, etc.

Spraying is an alternative method of formation of LbL lms
on planar substrates. This method was described in detail and
compared to the dip coating method in ref. 94. Development of
spraying for LbLdeposition is an important step inapplicationof
LbL techniques. In this case, the working and rinsing solutions
are supplied by spraying. The procedure includes (1) two spray-
ing sequences per single layer; (2) waiting time to remove the
solution excess; (3) spraying with rinsing solution; (4) waiting
time again. The main advantage of spraying is the signicant
reduction of time needed for multilayer formation. Kolasinska
et al.94 demonstrated that the time needed for preparation using
spraying can be reduced by a factor of 60 compared to dipping.

Spin coating95,96 is a relatively new deposition procedure for
the multilayer formation. Spin coater requires excess polymer
solution to be applied to a substrate before spinning.95 Then the

solvent is rapidly expelled from the surface and the dissolved
component forms a layer. The time and rate of spinning should
be adjusted for a particular system.96 The procedure is very fast.
Uniform lms can be prepared within a few hours. Saving of
time for equilibrium achieving (tens of minutes for dip coating
in comparison to a couple of seconds for spin coating deposi-
tion) was explained by convection and hydrodynamic stress
provided by fast spinning.95 The main disadvantage of this
method is its restriction to planar surfaces. It cannot be used for
different shapes of substrates, for example, for LbL modica-
tion of spheres, particles, bubbles.

In summary, all methods (spraying, spinning and dip
coating) can be adjusted to a particular substrate. The
morphology and functionality of the LbL lms depend on the
preparationmethod. The lms formed by spraying, spin coating
and dip coating demonstrated signicantly different thickness
and roughness. It has been found that spraying and dip coating
lead to formation of relatively thick and rough lms. The spin
coating method of layer deposition leads to formation of
thinner multilayers due to the shear forces applied during
sample spinning.99 Therefore, all preparation methods result in
successful modication of the surface by the polyelectrolytes.
All deposition methods are easy to implement and can be up-
scaled. Compared to other methods dip coating is time
consuming since each adsorption and rinsing step usually takes
several minutes. In order to accelerate and automate the LbL
deposition process, spray deposition100,101 and spin coating99

have been found as good alternatives for shortening the depo-
sition time and are suitable for up-scaling.

The mechanism of self-healing in LbL
deposited multilayers

The mechanism of self-healing of LbL deposited multilayers is
based on the mobility of the components of the multilayers
which are sensitive to external stimuli. The number of unbound
mobile chains in the multilayers is a key factor in the degree of
mobility of the polyelectrolyte multilayers. pH and ionic
strength are two factors that are essential for the swelling
behaviour of the multilayers.102,103 pH and ionic strength are two
external stimuli that can affect the water content in the multi-
layers and, thus, mobility of the polyelectrolyte chains.104

A number of investigations have provided important
knowledge on the mobility of multilayers and factors inu-
encing it. Hammond et al.105 deposited viruses as probes on an
LbL lm in order to visualize the mobility of the layers under
different conditions. It was shown that pH is one of the external
stimuli that could control the mobility of the “weak” poly-
electrolytes in the multilayers. Thus, dissociation of “weak”
polyions in response to pH change can be proposed as an
important aspect of self-healing application of the multilayers.
The charge density of “strong” polyelectrolytes is constant over
a broad pH range.35–39

Experiments (different scattering techniques,microscopy and
spectroscopy studies, etc.) demonstrate that water in the multi-
layers inuences molecular interactions in the layers and, thus,
mobility of the layers. It was experimentally shown that the water
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fraction in the multilayers can be controlled by ionic strength,89

pH106–108 and the type of the adsorbed polyelectrolytes.103 The
water fraction was higher in the PSS layers compared to PAH
layers.106 Furthermore, if the outermost layer of the lm is PSS it
swells more than the lm with PAH on the top.106Different water
content in the components of the multilayers was studied by
neutron reectometry.109 A photobleaching method was used to
study the inuence of water on the mobility of polyelectrolyte–
lipidmultilayers. A diffusion coefficient of the order of 10�10 cm2

s�1 was measured in swollen lipid layers. The screening of the
interaction of lipid andpolyelectrolytewas foundas an important
factor inuencing the mobility of the multilayers.110

Several studies have investigated the diffusion of charged and
uncharged molecules in multilayers. In poly(L-lysine) and hya-
luronic acid multilayers diffusion of biomolecules with different
hydrodynamic radii and charge was studied.111 Diffusion of the
molecules in the multilayers occurred due to electrostatic inter-
actions between the molecules and the polymer matrix. The
uncharged molecules exhibited size-independent exclusion.
Lavalle et al.102 studied the mobility of a uorescein labelled
protein in the multilayers by uorescence recovery aer photo-
bleaching and demonstrated that the mobility of the protein
within the lm depends on its concentration. Thus, proteins in
themultilayers diffuse from the high-concentration region to the
low-concentration regions.The samedynamics couldbeexpected
for other compounds (self-healing agents) deposited in multi-
layers. In this case, damage of the multilayer integrity can trigger
diffusion of healing agents and LbL deposited nanoparticles to
the defected area and healing of defects at the nanoscale level.

Anothermechanismof self-healingprovidedbyLbLmaterials
is based on the ability of the multilayers to load/release healing
agents ondemand. Various techniques for loading and release of
active compounds by using LbL materials were proposed for
biomedical and industrial applications.112,113 It was shown that
DNA can be released from the LbL lms under physiological
conditions.114 Low molecular weight healing agents including
ions can be incorporated into a multilayer system.8,67,68 In this
case, the LbL lm is able to regulate loading and release of these
compounds. The multilayer systems formed by “weak” and
“strong” polyelectrolytes sensitive to different stimuli could be
used for entrapment of low molecular weight healing agents.
Polyelectrolytes assembled in multilayers have a relatively large
number of functional groups and can reversibly non-covalently
bind low molecular weight compounds. Healing agents depos-
ited as a component of the polyelectrolytelm canbe released on
demand. External stimuli (pH, ionic strength, light, T, etc.) can
trigger their release and delivery to a defected area. Moreover
external stimuli change the degree of dissociation of poly-
electrolytes and, therefore, affect the concentration of bonded
and un-bonded species in the multilayers.

Self-healing materials formed by using LbL
approaches
Polyelectrolytes as key self-healing materials

Polyelectrolyte multilayers have a pronounced self-healing
effect due to their mobility in response to environmental

change. External stimuli such as pH, ionic strength, tempera-
ture, light, etc. affect ionization of the functional groups of the
polyelectrolytes which results in a lowered electrostatic inter-
action of the polymers as well as in an increased repulsion
between uncompensated charges.75,115 Water and counter ions
can penetrate the layer structure to compensate the charges.116

The higher ionic concentration compared to the surrounding
solution increases the osmotic pressure resulting in penetration
of water into the polyelectrolyte multilayers. Thus, the poly-
electrolyte multilayers start to swell and, therefore, increase
their mobility.

Recently a novel corrosion protection system consisting of
“weak” and “strong” polyelectrolytes was proposed.117–119

This system demonstrated pH dependent self-healing activity.
It is interesting that “weak”–“weak”, “weak”–“strong” and
“strong”–“strong” polyelectrolytes showed different healing
properties.117–119

The scanning vibrating electrode technique120 (SVET from
Applicable Electronics, USA; diameter of the Pt blackened
electrode tip is 20 mm, the peak-to-peak amplitude is 60 mm, and
the vibration frequency is 655 Hz) was applied for in situ
monitoring of the healing behaviour of the multilayers. The
SVET allows monitoring local cathodic and anodic activity of
the defects and in situ observation of degradation or healing
processes. At the beginning of the SVET experiments the
samples were scratched and immersed into aggressive media.

The system of two “weak” polyelectrolytes PEI and PAA
demonstrated a pronounced self-healing ability (Fig. 3A and B).
The scratched metal plates covered by PEI/PAA were immersed
into 0.1 M NaCl solution for 12 h. During this time the begin-
ning of degradation processes of themetal surface (the peaks on
the curves and on the map of the ion current monitoring) was
detected by SVET. However, the PEI/PAA system suppresses

Fig. 3 (A) Scanning vibrating electrode measurements of the ionic currents
above the surface of the scratched aluminum alloy covered by the PEI/PAA-ten-
bilayer-coating (scale units: mA cm�2, spatial resolution 150 mm, solution: 0.1 M
NaCl). Experiment time is 7 h (left); experiment time is 7 h 30 min (right); (B) time
dependence of the current density changes of the scratched aluminum alloy
covered by the PEI/PAA-ten-bilayer-coating: upper curve – anodic current, lower
curve – cathodic current; and (C) scanning electron microscopy image of the
surface of the PEI/PAA coating after 12 h of immersion in 0.1 M NaCl. Adapted
with permission from ref. 68. Copyright ª 2010, American Chemical Society.
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propagation of degradation. The intensive degradation process
detected at 6 h of the experiment was completely suppressed at
8 h of the experiment that can be seen in the current density
maps (Fig. 3A). The mechanism of self-healing of polyelectrolyte
multilayers was explained by high mobility of the nanolayers
triggered by water penetration into the multilayers. The SEM
image of the defected area that partly recovered aer immersion
in 0.1 M NaCl solution can be seen in Fig. 3C. It was shown121

that immersion of the protected substrates in water or even
spraying water on the substrate leads to the pronounced healing
effect. The authors121 proposed that water could be an easier
external stimulus triggered healing process in the multilayers in
comparison to light irradiation or thermal treatment. These
results prove the self-healing behaviour of the polyelectrolyte
multilayers in aggressive media. In contrast to the system
formed with the “weak” polyelectrolytes the “strong–strong”
polyelectrolyte multilayers formed by PDADMAC and PSS did
not exhibit healing properties.68 Fig. 4B demonstrates the defect
propagation on the aluminum surface covered by PDADMAC/
PSS. To provoke degradation of the surface the polyelectrolyte
coating was scratched before immersion. Both anodic (peak)
and catholic peaks (gaps) (Fig. 4A) appear with experiment time
resulting in defect propagation throughout the whole surface of
the sample. Both strong polyelectrolytes carry high charge
densities over a broad pH range. Therefore, interaction between
them is too strong to be altered by pH change.

Recently,122 the LbL concept was applied for formation of
superhydrophobic surfaces with self-healing ability. In this
case, an elegant solution was proposed for overcoming defect
formation in superhydrophobic coatings. The rough surface
formed by PAH, sulfonated poly(ether ether ketone) (SPEEK)
and PAA multilayers was covalently bonded to hydrophobic
1H,1H,2H,2H-peruorooctyl triethoxysilane (POTS). Aer
damage of the hydrophobic layer, the hydrophilic PAH–SPEEK/
PAA multilayers could swell in a humid environment that leads
to increased chain mobility. The covalently attached hydro-
phobic POTS molecules could diffuse in the swollen polymer
matrix to the surface due to rearrangement of polyelectrolyte
chains. The diffused uoroalkyl chains heal the defects in the
hydrophobic outermost layer of the PAH–SPEEK/PAA multi-
layers. Thus, the authors122 could successfully combine the
superhydrophobic and self-healing properties by using LbL
deposited polyelectrolyte multilayers.

The LbL multilayers of biopolymers can promote the healing
ability of bio substrates (implants, stents).46,47 The LbL depos-
ited chitosan/heparin multilayers on stents lead to formation of
the biocompatible surfaces that could accelerate the healing
process aer implantation. The multilayers of biocompatible
chitosan and heparin could promote re-endothelialization and
fast healing process aer stent implantation.47

Beside pH and ionic strength, temperature and light can be
external stimuli triggering the self-healing activity of multi-
layers. A special example is application of ethylene-co-meth-
acrylic acid (EMAA) for formation of self-healing materials.123

The optical photographs of the LbL formed temperature
responsive multilayers consisting of EMAA and PEI can be seen
in Fig. 5. Zacharia and Huang123 showed that the multilayers
undergo temperature dependent reversible bonding. The
collaborative work of the groups of Tsukruk and Müller124

resulted in a non-destructive light responsive LbL system con-
sisting of poly{[2-(methacryloyloxy)ethyl]trimethyl ammonium
iodide} (PMETAI) star-like polymer and PSS with incorporated

Fig. 4 (A) Time dependence of the corrosion propagation of the scratched
aluminum alloy covered by the PDADMAC/PSS-ten-bilayer-coating obtained by
using the scanning vibrating electrode technique: upper curve – anodic current,
lower curve – cathodic current (scale units: mA cm�2, spatial resolution 150 mm,
solution: 0.1 M NaCl); and (B) scanning electron microscopy image of the scratch
covered by corrosion products. Adapted with permission from ref. 68. Copyright
ª 2010, American Chemical Society.

Fig. 5 The PEI/EMAA multilayer being pulled off the substrate. Reprinted with
permission from ref. 123. Copyright ª 2012, American Chemical Society.

This journal is ª The Royal Society of Chemistry 2013 Polym. Chem., 2013, 4, 4834–4845 | 4839

Review Polymer Chemistry

Pu
bl

is
he

d 
on

 2
1 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 S
ai

nt
 P

et
er

sb
ur

g 
St

at
e 

U
ni

ve
rs

ity
 o

f 
IT

 M
ec

ha
ni

cs
 a

nd
 O

pt
ic

s 
on

 8
/8

/2
01

9 
9:

26
:5

1 
A

M
. 

View Article Online

https://doi.org/10.1039/c3py00088e


hexacyanocobaltate ions. Changes in nanoarchitecture of the
multilayers were observed due to the effect of the light-induced
ionic state of cobalt on themorphology of ion-selective PMETAI.
The expansion/shrinkage behaviour of the LbL lms was
controlled by ratio multivalent vs. monovalent ion concentra-
tion. Thus, this light dependent mobility of the chains can be
potentially used for formation of self-healing materials.

Hydrogels in LbL formed self-healing materials

Application of hydrogels as a component of the LbL lms for
formation of self-healing materials is a very perspective
approach in surface nanoengineering. Hydrogels exhibit
pronounced morphological changes in response to external
stimuli (temperature and humidity).55 Stimuli responsive
properties of PNIPAM and its co-polymers with poly(acrylic
acid) and poly(vinylamine) have been widely addressed during
the last few decades.42,49–51 Other examples of hydrogels are less
toxic and biocompatible PVCL53 and its co-polymers. The
mechanism of self-healing of hydrogels is based on morpho-
logical changes of the hydrogel containing layers in response to
external stimuli.125 At temperatures below 32 �C PNIPAM
absorbs water and swells. At temperatures above 32 �C PNIPAM
desorbs water and transforms to a hydrophobic state.54

Recently, South and Lyon125 proposed that hydration can be a
major factor that stimulates reversible Coulombic interactions
in hydrogels and, thus, their self-healing behaviour. Healing
processes are stimulated by hydration of the polymer.

A disadvantage of self-healing and other applications of
hydrogels is the poor mechanical properties of the lms formed
by the hydrogel. The uncontrollable rearrangements or even
dissolution of hydrogels upon usage signicantly restrict their
application as self-healing materials.126 The LbL approach of
formation of “smart” lms containing hydrogels is a promising
technological solution. It was demonstrated that the intermo-
lecular interaction in PVCL and poly(2-hydroxypropylacrylate)
layers was stronger than intramolecular interactions.126 Strong
intermolecular interaction is one of the key factors for forma-
tion of a stable LbL assembly.

Stability and “smart” properties of self-assembled PNIPAM,
its co-polymers and polyelectrolytes were thoroughly investi-
gated. Temperature dependent changes in the nanoarchitecture
of the hydrogel containing LbL assemblies were reported by
Sukhishvili and Zhu,49 Schlenoff and Jaber,51 Caruso and
Quinn42 and Lyon et al.50 Below we will highlight some recent
examples of application of LbL deposited hydrogels as self-
healing materials.

The self-assembly of PDADMAC, gold nanoparticles (Au NPs)
and poly(N-isopropylacrylamide-co-acrylic acid) hydrogel parti-
cles was proposed by Lyon et al.127 The authors demonstrated
reversible self-healing ability and improved mechanical prop-
erties. Au NPs provided additional reinforcement to the multi-
layers. At the same time, the NPs did not hinder the mobility of
the polymer layers. Thermoresponsive multilayers of cross-
linked PVCL were proposed by Kharlampieva et al.53 This very
interesting approach is based on LbL deposition of PVCL/poly-
(methacrylic acid) (PMAA). Aer cross-linking of PVCL layers

PMAA was removed. Finally, highly reversible thermoresponsive
behaviour was observed for the single component cross-linked
PVCL multilayers. Formation of pH responsible multilayers
containing PMAA copolymers was demonstrated by the groups
of Vladimir Tsukruk.128 This research reported very sophisti-
cated experiments on pH stimulated manipulation of hydrogel-
containing multilayers. The LbL hydrogel multilayers demon-
strated very promising results in pH controlled cell growth and
functions. Thus, it was shown to have a great advantage in
application of LbL assembled hydrogels in biomedical appli-
cation, tissue engineering and biomimetic approaches.

Conducting polymers as components of self-healing
multilayers

Conducting polymers could be LbL deposited together with
polyelectrolytes via a reversible doping/dedoping process. The
self-healing behaviour of conducting polymers was suggested
by Wessling.57 Conducting polymers in the self-healing multi-
layers can have several functions. First of all conducting poly-
mers are able to heal the defects and works like a healing
agent.63

Conducting polymers (polypyrrole, polyaniline) could
passivate the metal substrates and, thus, prevent their degra-
dation in aggressive media. Kowalski, Ohtsuka and Ueda63

studied the self-healing ability of polypyrrole on steel surface.
Conducting polymers can load and release healing agents via a
doping/dedoping process.60,62 It was also shown that model
dyes58 and healing agents,63 for example, phosphomolybdate
ions could release from the systems containing polypyrrole in
damage zones and heal defects. Fig. 6 illustrates the release of a
model dye rhodamine 6G (Rh6G) from polypyrrole layers. The
curves prove the pH dependent release of the dye. The con-
ducting polymers transfer from a compact (neutral) state to a
gel (oxidized) state due to swelling of the polymer matrix during
oxidation.60 Furthermore, hydrophilic properties and, thus,
swelling and loading capacity of conducting polymers can be
controlled by doping/dedoping reactions. The permeability of
LbL lms containing polypyrrole can be tuned by pH. Poly-
pyrrole layers exhibit very strong barrier properties in acidic
media at 2 < pH < 7 and a high permeability at pH > 7.60 Thus,
polypyrrole layers can be used for non-specic immobilization
of healing agents due to barrier properties of the polypyrrole

Fig. 6 (A) Time-resolved release of Rh6G from porous magnesium (Mg–Rh6G)
without polypyrrole and the hybrid layer (Mg–Rh6G–Ppy) in aqueous solution at
neutral pH. (B) Time resolved release under initial pH ¼ 4 and two step-wise pH
changes: pH change 1: to pH ¼ 3, pH change 2: to pH ¼ 1. Adapted from ref. 58
with permission from The Royal Society of Chemistry.
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layers. Additionally conducting polymers can be used as a
sensor that could register mechanical damage.129

LbL deposition of healing agents as a component of
multilayers

LbL deposited multilayers can be considered as a carrier for low
molecular weight compounds.130 The sensitivity of the poly-
electrolyte lm to a variety of physical, chemical and mechan-
ical impacts (like pH-shi or mechanical defects) is responsible
for the regulated release of healing agents entrapped in multi-
layers. External stimuli (pH, temperature, light, etc.) change the
degree of dissociation of polyelectrolytes and, therefore, control
the concentration of bonded and un-bonded species in the lm.

Active species deposited as a component of the poly-
electrolyte nanonetwork can be released on demand. Further-
more the loading and release properties of “weak”
polyelectrolyte multilayers could be considered as a function of
pH. This tendency of polyelectrolyte multilayers was studied by
using a model system consisting of PAH/PAA lms loaded with
methylene blue dye.74 At acidic pH the dye can diffuse into PAH/
PAA multilayers. The amount of the loaded dye increased line-
arly with increasing lm thickness. Release studies demon-
strated a pH-sensitive release mechanism.

In self-healing systems instead of dyes healing agents can be
trapped in polyelectrolyte multilayers.131–133 For example, 8-
hydroxyquinoline (8HQ) was deposited as a positively charged
component of PEI/PSS multilayers on the aluminium alloy
surface.17 The sketch of the polyelectrolyte multilayers with the
deposited inhibitor is illustrated in Fig. 7A. Fig. 7B and C
demonstrate a high level of passivation of surface degradation

in aggressive media. No evidence of the degradation process
was registered visually and by using SVET. The samples with
LbL polymer/inhibitor protection exhibit excellent resistance to
degradation. No products of degradation can be seen in the
substrates protected by the inhibitor–polymer multilayer in
long term tests.

A very interesting and novel approach is the application of
the LbL coating for protection and functionalizing of ultrason-
ically activated metal surfaces.131–136 Such surfaces, so-called
“surface sponges”,135,136 exhibit a mesoporous structure, high
roughness and surface area. The surface sponges can be loaded
with corrosion inhibitors and covered by polyelectrolyte multi-
layers. The local changes in pH accompanying the corrosion
process leads to the disintegration of the healing agent and
polyelectrolyte nanolayers. The inhibitor can release from the
multilayers and heal the degradation pits. When the pH returns
to the initial value, the nanolayers are assembled again due to
recovery of multilayers.

The biodegradable multilayers were proposed as a carrier for
antibiotics at the implant–tissue interface. Cefazolin was loaded
in poly(L-lysine)/poly(L-glutamic acid) (PLL/PLGA) nanolms on
stainless steel disks.57 PLL/PLGA multilayers were loaded with
cefazolin by immersing them in a cefazolin solution (pH 7) for
20 min. Antibacterial activity against S. aureus and surface
adhesion properties to bacteria and osteoblasts were studied.
The pronounced inhibiting growth of bacteria in presence of
cefazolin and biocompatibility of the surface to osteoblasts were
achieved due to the LbL lms. Thus, the cefazolin loaded
multilayers could provide healing ability due to antibacterial
properties and biocompatibility.

The LbL approach in formation of hybrid self-healing
materials

Hybrid materials formed by LbL consist of inorganic particles
and polyelectrolyte multilayers. Incorporation of particles into
multilayers leads to enhanced mechanical properties of the
multilayers8,127 and provides the systems with additional stimuli
responsive properties9,17,65,137 (light, ultrasound, magnetic and
electric eld). Incorporation of porous particles results in high
loading capacity of the self-healing system. In particular, LbL
deposition of inorganic particles and polyelectrolytes could
signicantly expand the range of stimuli that could affect lm
nanoarchitecture. LbL deposition of metal NPs results in
sensitivity of the multilayers in the UV light to near-IR region
and to ultrasound waves. Incorporation of inorganic compo-
nents into multilayers enhances mechanical properties of the
multilayers.

Recently, Shchukin138–146 and co-workers proposed a novel
LbL approach for formation of hybrid self-healing materials.
Inorganic porous particles are used as carriers for lowmolecular
weight active agents (healing compounds, corrosion inhibitors,
antibiotics, etc.). In order to provide the carriers with stimuli
responsive properties they are covered by LbL lms. These self-
healing systems can be added to all types of coating. The
hybrid system incorporated into a coating is schematically
illustrated in Fig. 8A. Compatibility of the hybrid particles with

Fig. 7 (A) Schematic illustration of the PEI/PSS/8HQ self-healing system on
aluminium surface; (B) scanning vibrating electrode technique (SVET) measure-
ments of the ionic currents above the surface of the scratched aluminum alloy
covered by the polyelectrolyte/inhibitor coating (scale units: mA cm�2, spatial
resolution 150 mm, solution: 0.1 M NaCl); (C) optical photographs of the behav-
iour of the scratched surface during the SVETexperiments (the scratch is shown by
the arrows). Adapted with permission from ref. 13. Copyrightª 2008 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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commercial coatings can be achieved by adjustment of the
surface chemistry of the multilayers.

The advantages of this approach are clear from technological
and economical points of view: easy formation and storage,
high loading capacity for healing agents, homogeneous distri-
bution in the coating matrix. Titania, silica particles, clays were
proposed as carriers for healing agents.

Incorporation of titania146 provides multilayers with photo-
sensitivity. The multilayers assembled by PEI/PSS were used as
“smart”multilayers for protection of porous titania loaded with
a healing agent (benzotriazole (BTA)) or model dye (rhodamine
6G) (Fig. 8D–G). A very interesting and perspective UV light-
driven release of the encapsulated chemicals was successfully
demonstrated. The reversible release can be attributed to local
changes in pH due to photocatalytic processes occurring in the
titania. pH changes triggered by photocatalysis lead to confor-
mational transitions in the polyelectrolyte multilayers. Thus,
the system is characterized by both self-healing and self-regu-
lation properties. Loading of healing agents in porous inorganic
particles can dramatically increase the concentration of healing
agents in the multilayers and provide homogeneous distribu-
tion of healing agents in self-healing materials.

An example of formation of “smart” multilayers with high
loading capacity is LbL deposition of hollow nanotubes.
Natural nanotubes, halloysites, aluminosilicate clay could be
loaded with healing agents.147 The halloysite nanotubes, loaded
with BTA was modied by PAH/PSS multilayers. The release of
the entrapped inhibitor from PAH/PSS/halloysite/BTA was
controlled by a pH dependent permeability of the poly-
electrolyte multilayers. A similarly high level of damage
protection was observed for the polyelectrolyte multilayer/silica
NP/BTA.148 The BTA content in the resulting SiO2-based system
was up to 95 mg g�1 of SiO2 NPs. Biocompatible hybrid self-
healing materials can be formed by using porous calcium
carbonate particles and LbL lms of biopolymers.149 Porous
calcium carbonate microparticles can be loaded with healing
agents, LbL covered by biopolymers and used in biona-
noengineering of biomaterials with self-healing properties.

Conclusions

The LbL approaches for formation of “smart” self-healing
materials with stimuli-responsive properties are in focus in the
review. Stimuli responsive behaviour, which is intrinsic to
natural systems, is becoming a key requirement for advanced
articial materials and devices, presenting a substantial scien-
tic and engineering challenge. Synthetic materials capable of
responding to external or internal stimuli represent one of the
most exciting and emerging areas of fundamental scientic
interest. External or internal stimuli (pH, T, ionic strength,
humidity, electric or magnetic potential, etc.) alter surface
properties, in particular, the surfaces suggested to be formed by
LbL deposition of: (i) polyelectrolytes; (ii) hydrogels; (iii) con-
ducting polymers; and (iv) healing agents. A special case is the
formation of (iv) hybrid materials with self-healing ability via
LbL approach.

The “smart” polyelectrolyte multilayers offer a broad range of
applications in the elds of nonlinear optics, light emission,
sensing, separation, bioadhesion, biocatalytic activity, drug
delivery and can be used in mimetic chemistry.

In summary, we believe that the area will be developed
drastically in the nearest future. Thus, for example, next step is
the use of LbL self-healing materials as building blocks for
nanoarchitecture of “intelligent” surfaces.136,137
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Langmuir, 2010, 26, 18499.

97 J. B. Schlenoff, S. T. Dubas and T. Farhat, Langmuir, 2000,
16, 9968.

98 A. Izquierdo, S. S. Ono, J.-C. Voegel, P. Schaaf and
G. Decher, Langmuir, 2005, 21, 7558.

99 P. A. Chiarelli, M. S. Johal, D. J. Holmes, J. L. Casson,
J. M. Robinson and H. L. Wang, Langmuir, 2002, 18, 168.

100 C. H. Porcel, A. Izquierdo, V. Ball, G. Decher, J.-C. Voegel
and P. Schaaf, Langmuir, 2005, 21, 800.

101 J. Seo, J. L. Lutkenhaus, J. Kim, P. T. Hammond and
K. Char, Langmuir, 2008, 24, 7995.

102 C. Vogt, V. Ball, J. Mutterer, P. Schaaf, J.-C. Voegel, B. Senger
and P. Lavalle, J. Phys. Chem. B, 2012, 116, 5269.

103 G. Ladam, P. Schaad, J. C. Voegel, P. Schaaf, G. Decher and
F. Cuisinier, Langmuir, 2000, 16, 1249.

104 S. T. Dubas and J. B. Schlenoff, Langmuir, 2001, 17, 7725.
105 P. J. Yoo, N. S. Zacharia, J. Doh, K. T. Nam, A. M. Belcher

and P. T. Hammond, ACS Nano, 2008, 2, 561.
106 M. Schönhoff, V. Ball, A. R. Bausch, C. Dejugnat,

N. Delorme, K. Glinel, R. v. Klitzing and R. Steitz, Colloids
Surf., A, 2007, 303, 14.

107 J. J. Harris and M. L. Bruening, Langmuir, 2000, 16, 2006.
108 J. A. Hiller and M. F. Rubner, Macromolecules, 2003, 36,

4078.
109 A. Zhuk, J. F. Ankler and S. A. Sukhishvili, SoMatter, 2013,

9, 410.
110 J. E. Wong, F. Rehfeldt, P. Haenni, M. Tanaka and

R. V. Klitzig, Macromolecules, 2004, 37, 7285.
111 K. Uhlig, N. Madaboosi, S. Schmidt, M. S. Jäger, J. Rose,
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2006, 22, 7400.

139 D. Fix, D. V. Andreeva, Y. M. Lvov, D. G. Shchukin and
H. Moehwald, Adv. Funct. Mater., 2009, 19, 1720.

140 E. V. Skorb, D. Fix, D. V. Andreeva, H. Möhwald and
D. G. Shchukin, Adv. Funct. Mater., 2009, 19, 2373.

141 D. V. Andreeva and D. G. Shchukin, Mater. Today, 2008, 11,
24.

142 M. J. Hollamby, D. Fix, I. Dönch, D. Borisova, H. Möhwald
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  1. Introduction 

 Nanostructured surfaces that provide effective control over bio-
molecules/cell/tissue deposition, growth and release can be con-
sidered as self-regulated “intelligent” surfaces ( Figure    1  ). Recently, 
signifi cant efforts and challenges have been directed to produce 
active surfaces with pronounced stimuli sensitive and feedback 
properties to achieve self-regulation. [  1  ]  One of the successful 
examples are antifouling and self-healing coatings. [  1  ]  To achieve 
self-regulation of inorganic surfaces one needs to endow them 
active agents that are released on demand. An effi cient, versatile 
and simple way towards formation of self-regulated surfaces is 
the formation of porous interfaces. The porous interfacial layer 
is a surface encapsulation system with stimuli responsive loading 

and release. [  1,2  ]  The approach of application 
of the porous interface for construction 
of self-regulated surfaces is schematically 
illustrated in Figure  1 . In addition, such 
kind of the surfaces can provide control 
of biomolecules/microorganism/cell posi-
tioning, adhesion, spreading, growth and 
migration on surfaces which may have 
highest relevance in areas like implanta-
tion, lab-on-chip and organ-on-chip, biosen-
sors, stem cell research.  

 Here we focus on titanium, magne-
sium, steel and their alloys as impor-
tant metals for bioengineering, human 
implants. Implantable metal based devices 
such as orthopedic implants, [  3a  ]  vascular 
stents, [  3b  ]  and dental implants are widely 
used in medicine. [  3c  ]  Additionally, the 
porous metal interface can serve as a drug-
delivery platform and stimuli responsive 
material (Figure  1 ). Noble metals being 
deposited on indium tin oxide (ITO) 

glass or silicon are discussed in the context of biosensors or 
lab-on-chip technology. Formation of metal based composites 
and hybrids provide complex morphology, regulated porosity, 
wettability and adhesion of self-regulated surfaces. Thus, fi ne 
tuning of elasticity, hydrophilic/hydrophobic properties, sorp-
tion capacity can be achieved. Moreover biocompatibility of 
metal based materials can be increased through, for example, 
formation of metal-hydroxyapatite composites or more complex 
composite metal (hydroxyapatite-carbon nanotubes). 

 Various design strategies have been suggested to direct the 
adhesion of cells to selected areas of a substrate. [  4  ]  One par-
ticularly versatile approach to control cell attachment and pat-
terning is the physical or chemical adsorption of functional 
molecules such as extracellular matrix proteins and pH-, tem-
perature-, electrically sensitive polymers to selected areas of a 
substrate. The development of patterning techniques coupled 
with functional surface chemistry has enabled the formation 
of surfaces with stringent control over the adsorption of bio-
molecules and cells in space. Furthermore, the development 
of switchable surfaces that are responsive to a particular signal 
and that switch between disparate properties, such as hydro-
phobic/hydrophilic, positive/negative charge or even swollen/
condensed layers, has added a new dimension to biomolecule 
manipulation. Besides switchable hybrids examples can be 
found in ‘‘smart” chemical (drug, vitamin, growth factors, bio-
molecules) delivery (Figure  1 , bottom). 

 Elasticity, morphology, porosity, wettability of the compo-
nents of the hybrid systems has to be considered in order to 

Surface Nanoarchitecture for Bio-Applications: 
Self-Regulating Intelligent Interfaces

 The surface nanoarchitecture provides spatially and temporally resolved 
stimuli response of the material, and offers defi ned control over the behavior 
of biomolecules and cells at the solid-liquid interface. Here, the focus is on 
metal-based systems that are interesting for biomedical applications. Intel-
ligence of the surface is suggested to be achieved through its nanostructuring 
for stimuli responsive properties. Spatial and temporal cell performance 
at the surface, provided by the surface nanoarchitecture, offers advanced 
bio-applications of metal-based materials, such as implantation, lab-on-chip 
and organ-on-chip, biosensors, smart biomaterials and drug delivery sys-
tems. Spatial control is achieved by surface patterning. Temporal control is 
accessed through the application of stimuli responsive switchable surface 
chemistry, sensitive to external parameters: temperature, pH, light, electric 
and magnetic fi eld, ionic strength, surrounding medium (hydrogels in water), 
multi-trigger response, and response to products of the cell metabolism. 
The key issue is the prospect in the formation of self-regulating “intelligent” 
surface cell interactions: biomimetic of natural systems. 

 DOI: 10.1002/adfm.201203884 
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 Hybrid materials (hybrids) are composites consisting of 
a combination of several compounds at the nanometer or 
mole cular level. Commonly one of these compounds is inor-
ganic and the other one–organic. Such submicron scale mate-
rials organization/combination can result in characteristics 
in between the original phases or even new properties. Here, 
described hybrids are composed of organic molecules con-
nected to a metal matrix by: [  13  ]  (1) physical adsorption (via van 
der Waals or electrostatic interactions) (Figure  2 h); (2) physical 
entrapment (loading of material inside pores of metal matrix) 
(Figure  1 , below); and (3) covalent attachment (Figure  2 g). 
The organics could be (i) biomolecules, [  14a  ]  for example, pro-
teins and peptide chains, DNA, RNA, oligonucleotides, lipids 
and polysaccharides, cells, and drugs; [  14b  ]  (ii) stimuli respon-
sive synthetic systems, for example, polyethylene glycol/oxide 
(PEG/PEO), polysiloxanes, [  14c  ]  poly(N-isopropylacrylamide) 

design bio-active surfaces. [  5  ]  By formation of hybrid systems 
initial “hard” metals can be changed to a soft elastic surface 
(Figure  1 , right) by physical or chemical adsorption of organic 
polymer molecules/biomolecules. The inorganic-organic hybrid 
materials formed by using metal surfaces modifi ed by polymers 
can adapt to the environment, change wettability and adhesion 
to the surface depending on the external conditions. Further-
more, the polymers deposited on a metal surface can con-
vert chemical and biochemical signals into optical, electrical, 
thermal and mechanical signals, and so forth. A broad spec-
trum of available natural and synthetic polymers is available 
for formation of hybrid systems. These hybrid systems are per-
spective for construction of mimetic bio-interfaces, controlled 
drug-delivery and release systems, and stimuli responsive coat-
ings. [  1,2  ]  Proteins and peptide chains, DNA, RNA, oligonucleo-
tides, lipids and polysaccharides, as well as larger assemblies 
of these biomolecules, in particular living cells, can be used 
as building blocks for formation of the hybrids. The synthetic 
stimuli-responsive macromolecules are capable of conforma-
tional and chemical changes on receiving an external (T, pH, 
light, electric and magnetic fi eld, ionic strength, surrounding 
medium (hydrogels in water) and multi-trigger response) or 
internal (cell metabolism) signals. [  6  ]  

   2. Selected Materials 

 The bio-functional metal surfaces ( Figure    2  ) for implantation 
are mostly composed of Ti, Mg, steel and their alloys. Metals 
should be biocompatible (Ti and its alloy) and preferably also 
biodegradable (Mg, Fe, Zn and Mo alloys). [  7  ]  For bio-electronic 
devices conductivity (noble metals) could be also a key factor. 
A porous metal matrix could be formed by surface anodization 
(Figure  2 a), plasma or laser treatment (Figure  2 b), chemical 
etching (Figure  2 d), sol-gel route (Figure  2 e,f), ultrasonic tech-
nique ( Figure    3  ).   

 Biomimetic composite and hybrid materials are widely used 
in nature to sustain life and maintain biological function pro-
viding a specifi c morphology and functionality. [  8  ]  The issue of 
the composite is another effect to provide stimuli response of 
the surface. Hydroxyapatite-metal composites are an example 
of such materials. Hydroxyapatite is the major mineral phase 
in bone. Synthetic analogies can provide better integration of 
metallic surfaces with bone after implantation. [  9  ]  Thus, the sta-
bilized composite of metal and apatite may improve biocom-
patibility and promote osteointegration. Moreover, there is a 
tendency to use carbon materials (carbon nanotubes, graphene 
layer) to further improve tensile strength, fracture toughness 
and mechanical properties of the surface. [  10  ]  For example, carbon 
nanotubes have excellent mechanical properties to strengthen 
and toughen hydroxyapatite. Studies of bioactive mineral–
carbon composites show an expansion of potential applications 
to fi elds ranging from interdisciplinary science to practical engi-
neering such as the fabrication of reinforced bone-implantable 
materials. The photocatalytically active mixed oxide composite 
systems can be formed by using, for example, TiO 2 :In 2 O 3 . [  11  ]  
Additional to the photocatalytically active composites with bio-
cide activity are antifouling corrosion stable hydrophobic layered 
double hydroxides on metal surfaces (Figure  3 e). [  12  ]  
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corrosion protection and the possibility of 
self-healing. [  23  ]  However, the problem related 
to toxicity of chromium ions is severe. 

 Nanostructuring of the implant surface 
can provide a change of the metal ion release 
profi le. Metal ion release studies and sur-
face analyses were performed by C. H. Ku 
et al. [  24  ]  on untreated and triton treated tita-
nium alloys. In vitro experiments (from 72 h 
up to 4 weeks) show an accelerated peak of 
alkaline phosphatase activity on the control 
sample which to some extent can be evidence 
of Al ion release from the alloy. Osteonectin, 
osteopontin, and osteocalcin gene expression 
(at week 1) as well as total protein amount 
(until week 4) were not affected by the sur-
face treatments. 

 An oxide layer on the surfaces of the 
implants is one of the main factors that 
are responsible for the biocompatibility of 
implants and the protection of their surface. 
After metal implantation the tissue is in con-
tact with the native oxide layer and not with 
the metal or metal alloys themselves. [  25  ]  The 
metal oxide layer has a self-healing activity 
and can be recovered after its chemical or 

mechanical damage. In oxidizing media as in the human body 
fl uid the metal oxide layer can rebuild in milliseconds after 
damaging. Moreover oxide surfaces have an important role 
in the formation of hybrids. The metal oxide surfaces can be 
used as apatite inducer providing apatite nucleation. [  26  ]  Porous 
metal oxide layers are commonly formed on the surfaces of 
alloy implants, passivating and fi xing the implants to bone via 
bony ingrowths into the porous structure, promoting osseo/
osetointegration. [  27  ]  A freshly formed oxide layer could provide 
chemical attachment of active chemicals through, for example, 
oxygen [  28  ]  bridges (Figure  2 g): formation of hybrids and drug 
delivery systems. 

 Titanium implants with defi ned size and geometry of 3D 
micropores used in model experiments provide special termi-
nated properties and chemistry. [  29  ]  

 One of the key aspects in the mimic of the “intelligent” sur-
faces is the switchable stimuli response of the blocks used for 
the surface nanoarchitecture. [  30  ]  A representative example of 
metals with stimuli responsive properties is a shape memory 
alloy, nitinol. Nitinol is the equiatomic intermetallic compound 
Ni-Ti, containing to 60 wt.% of Ni and the rest Ti with less than 
1 wt.% inclusions, for example, Co, Cr, Mn, Fe. Nitinol exhibits 
good biocompatibility and corrosion resistance in vivo. It 
belongs to a very special group of shape memory alloys: mate-
rials that can return to their original shape after having been 
plastically deformed. [  31  ]  The shape memory effect in nitinol 
is related to the nanocrystallographically reversible structural 
change: martensitic transformation. The martensitic transfor-
mation is induced by temperature changes. The transforma-
tion temperature [  32  ]  strongly depends on the alloy composition: 
an increase in Ni content above the stoichiometric composi-
tion results in a decrease in the transition temperature. The 
same effect can be achieved by adding cobalt as a substitute 

(PNIPAAM), [  14d  ]  copolymer systems, [  14e  ]  mixed polymers, [  14f   ]  
micelles, [  6  ]  stimuli-responsive nanogels, [  14g  ]  and so forth. 

  2.1. Metals for Implant Biosurfaces and Fundamental Studies 

 At present, a wide range of materials are used in medical 
applications, including metals, ceramics, and polymers. [  15  ]  All 
bio-inspired materials for implants must fulfi ll the required 
specifi cations of biocompatibility, biofunctionality, biodurability 
and biosafety in short, medium and long term. [  16  ]  

 The earliest records of the use of metallic implants in sur-
gery go back to the 16th century. [  17  ]  Through the end of the 19th 
century, however, the attempts to introduce metal pieces into 
a human body were largely unsuccessfull focusing more on 
surgery-related infection. [  18  ]  Metal implants started to be widely 
developed after Lister’s introduction of antiseptic surgical tech-
niques in the 1880s, [  19  ]  sharply reducing the incidence of infec-
tion and making it possible to distinguish the tissue reaction to 
an implant from infl ammation attributable to infection. 

 Titanium and its alloys, such as the dental alloy Ti-6Al-4V 
and others (e.g., Ti-5Al-2.5Fe, Ti-6Al-7Nb) are well known for 
implants because of their superior mechanical properties, 
hardness, corrosion resistance and biocompatibility. [  20  ]  After 
long term use, the alloys could release toxic components even 
from a corrosion resistant material. [  21  ]  The titanium alloys do 
not corrode in the body due to their passivation by a thin sur-
face layer of metal oxide. However, metal ions could slowly 
diffuse through the oxide layer and accumulate in the tissue. 
For Ti-6Al-4V alloy, the ion release kinetics, as well as the pres-
ence of vanadium ions, may play a major role in infl uencing 
the osteoblast behavior. Co-Cr alloys are often used for stents. [  22  ]  
For such alloys the chromium oxide layer, Cr 2 O 3 , provides good 

     Figure  1 .     Design strategy for intelligent surfaces. Left: nanostructured metal surface (scanning 
electron microscope (SEM) image of a modifi ed metal surface of potential implants), platform 
for optimization/modifi cation of metal surfaces by formation of organic/inorganic composites. 
Right: formation of feedback coatings. Soft matter (micelles, hydrogels, polymer fi lms) sensi-
tive to external stimuli, for example, T, pH, light, electrical, magnetic fi eld, grafted/adsorbed on 
the porous metal matrix. Bottom: generated porous nanonetwork well adhering to bulk metal 
as a universal encapsulation system suitable for multicomponent loading and time-resolved 
release. The metal surface capsules can be loaded with active agents, such as corrosion inhibi-
tors, vitamins and drugs, enzymes, DNA fragments, or antibodies.  
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for Ni. The martensite transformation in nitinol brings about 
an abrupt change in Young’s modulus and yield stress. This 
provides the rare ability to tailor the properties of nitinol to a 
specifi c application by slightly changing the alloy composition. 
One could image great prospects of such alloys for constructing 
the switchable stimuli responsive material and self-healing 
materials. 

 There are two classes of materials that have been proposed 
for biodegradable stents: [  33  ,  34    a]  (i) polymers from the lactic acid, 
glycolic and caprolactone families [  34    b,c]  and (ii) metals, either 
Mg-based [  34    d,e]  or Fe-based alloys. [  35  ]  In this article the focus 
is on metal based materials which have superior mechanical 
properties. The development of biodegradable metal implants 
is breaking the paradigm in which metallic biomaterials 
must be corrosion-resistant. It is a challenging topic to fun-
damentally understand the behavior of the implants since 
two main issues need to be understood: (i) corrosion kinetics 

to have effective clinical implantation, and 
(ii) pathway of the products of corrosion, 
for example, metal ions, nanoparticles, gas 
bubbles are travelling in the body. Nearly all 
patients benefi ted from the treatment with 
magnesium implants. [  33  ]  Although some 
patients experienced subcutaneous gas cavi-
ties caused by rapid implant corrosion, some 
patients had no pain, and almost no infec-
tions were observed during the postoperative 
follow up. Researchers and clinicians should 
be warned from all the historical reports that 
Mg is a special lightweight metal that needs 
specifi c knowledge, careful professional han-
dling and experience-based design for its 
successful bio application. A recent patent 
claimed a stent with a base body consisting 
of a core of a biocorrosive alloy selected from 
the group composed of Mg, Fe, Zn and Mo, 
with a diffusion layer containing Mn and Se 
covering the core. Thus, several Mg alloys 
have been investigated, including the ones 
containing minor quantity (up to 10 wt.%) of 
other metals in composition, [  36  ]  for example, 
Al, Mn, Y, Zn, or more signifi cant quantity 
of another metal, for example, Mg-Li (60:40) 
alloys. Pure Fe, [  37a  ]  and its alloy with Mn [  37b  ]  
were also investigated as biodegradable ones. 
The potential can be expanded by the devel-
opment of well based science behind the 
technology, since before taking the materials 
into applications, the understanding of the 
degradation mechanisms in vitro and in vivo 
must be fully developed. Thus, one of the 
issues regarding human health is the release 
of metal ions, nanoparticles from an alloy 
due to degradation of implanted materials 
through oxidation and/or hydrolysis or corro-
sion, which accelerates exposure of materials. 
The question of the safety of biodegradable 
metals placed in the body also requires spe-
cifi c attention. However, at the moment, the 

list of potential medical applications for biodegradable metals 
seems limited, but their potential is obvious. 

 There are investigations [  38  ]  which elucidate the biocompat-
ibility and microstructure variation of steel alloys with Al and 
Mn, etc. in composition and favourable mechanical characteris-
tics. A recast layer can be formed on the alloy surface, following 
electro-discharge machining. Nanocarbide was introduced 
on the recast layer following electro-discharging. The nano-
carbide phase is important and has signifi cant roles in forming 
a nanostructured oxide layer which further increases the alloy 
biocompatibility. 

 To provide models for confi ning proteins and cells, tissue 
behavior on surfaces, some well defi ned nanoarchitectured 
surfaces are needed. Metal deposited layers on glass or ITO 
conductive glass are in focus. Such layered systems are very 
convenient to manipulate with well defi ned variation of one 
parameter such as defi ned surface morphology, patterning, 

     Figure  2 .     Materials for intelligent surfaces: nanostructured metal based surfaces formed by 
I) top-down and II) bottom-up nanostructuring. In particular, a) SEM images of titanium 
nanotube arrays formed by anodization. b) Titanium surface textured with femtosecond laser 
pulses. Reproduced with permission. [  69  ]  Copyright 2011, Wiley Periodicals, Inc. c) Titanium disk 
surfaces after plasma treatment. Reproduced with permission. [  78  ]  Copyright 2006, Materials 
Research Society. d) Surface characteristics of the inner pores of chemically etched titanium. 
e) Sol-gel titania fi lm. f) Cross-section of gold-titania particle layer prepared by a sol-gel tem-
plate route. Reproduced with permission. [  84  ]  Copyright 2009, American Chemical Society. (III) 
Examples of hybrid systems. A schematic representation of patterned (Ti/Au) surface modifi ca-
tion with g) self-assembled monolayer through sulfur bridges on Au, and oxygen- amide- linking 
on Ti, and h) layer-by-layer (LbL). The possibility to guide cell adhesion is highlighted.  
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competing possibilities to modify mor-
phology and porosity of metal surfaces in 
electric fi elds. One can distinguish: (i) elec-
tropolishing pretreatment with formation of 
a surface with different roughness; and (ii) 
anodization aiming at formation of a porous 
interfacial layer. 

 Electrochemical modifi cation of alu-
minum and titanium is the most popular 
example of the electrochemical nanofabrica-
tion approach. Other transition metals, also 
potentially interesting for implantation (e.g., 
Ta, Nb, Hf, Zr, W) can be effectively nano-
structured by the electrochemical method. 
It is well known that during the anodiza-
tion of a metal, there are two processes: 
fi eld-enhanced oxidation of metal and fi eld-
enhanced oxide dissolution. [  42  ]  There ate two 
interfaces: solution/oxide and oxide/metal. 
Oxidation occurs at the metal/oxide interface 
when the oxygen containing ions (O 2 −  /OH  −  ) 
are transported from the solution to the oxide 
layer. At the same time, metal ions (e.g., Al 3 +  ) 
migrate from the metal to the solution/oxide 
interface and dissolve into the solution. Since 
the electric fi eld can enhance the migration 
of the metal ion, the latter process is called 

fi eld-enhanced dissolution. 
 The metal oxide interfacial layer is responsible for bio-

application and cell integration with a metal. The anodic oxide 
interface involves generally an amorphous or a crystalline 
metal oxide layer. [  43  ]  During the Ti electrochemical modifi ca-
tion formation of anatase and rutile was observed. [  44  ]  Anatase 
and rutile are able to induce various apatite structures in vitro. 
The type of electrolyte solution during oxidation [  45  ]  can affect 
metal nanostructuring and, thus, cell–material interactions. A 
commercially pure titanium substrate was nanostructured by 
an anodization process using different electrolyte solutions, for 
example, HF, H 3 PO 4  and H 2 SO 4 . [  45  ]  Bioactive bulk TiO 2  fi lms 
were produced in presence of different electrolytes. Rough sur-
face morphology, high surface energy, thicker oxide layer and 
low values of contact angles were important factors for optimal 
cell/material interaction. It was shown that each of the sur-
faces prepared at different conditions exhibits different cell–
material interactions. Colonization of the cells was shown with 
a distinctive cell-to-cell attachment in the HF anodized surface. 
Good cellular adherence with the extracellular matrix exten-
sions in between the cells was observed for samples anodized 
in H 3 PO 4  electrolyte. The TiO 2  layer grown in H 2 SO 4  electrolyte 
did not show signifi cant cell growth on the surface, and some 
cell death was also observed. Cell adhesion and differentiation, 
living cell density and proliferation were more pronounced on 
anodized surfaces in comparison with the initial ones. Similar 
to cell–material interaction, variations in mineral deposition 
behavior were also demonstrated for fi lms grown in different 
electrolytes. Moreover, ions introduced in the interfacial layer 
during electrochemical modifi cation in presence of different 
electrolytes, [  46  ]  have a signifi cant impact on the functionality 
of the material. For example, nitrogen and carbon doping of 

porosity, pore size and distance between them, surface conduc-
tivity, and so forth. They provide excellent models to follow and 
stimulate an attachment especially due to chemical bonding 
(on gold through sulphur bridges, on titanium, Al, Mg through 
oxygen bridges, amide linking, etc. (Figure  2 g)). Well defi ned 
layered systems are very prospective for fundamental studies 
of biological objects, design of lab-on-chip and organ-on-chip, 
biosensors. 

   2.2. Methodology Used for Metal Surface Nanostructuring 

 In recent years, various processing routes have been developed 
for the synthesis of nanostructured metal-based systems such 
as anodization, [  39a  ]  plasma etching, [  39b  ]  sol-gel route, [  39c  ]  chem-
ical reactions in liquid and gas, [  39d  ]  ultrasonic irradiation. [  39e  ]  
All mentioned methods besides the sol-gel route are top-down 
(Figure  2 a–d,3) methodologies of nanostructuring; [  40  ]  thus, an 
initially microscopic surface texture is modifi ed to submicron 
architecture. The sol-gel approach (Figure  2 e,f) [  40  ]  provides a 
microscopic system by sub-system organisation (using nano-
blocks). Some examples of nanostructures include nanotubes, 
nanorods, nanowires, nanofi bers, nanobelts, nanoribbons, 
nanowhiskers, nanoneedles, lamellar and hierarchical den-
drites, and so forth. [  41  ]  Notwithstanding existing available tech-
niques for metal surface nanostructuring, just a few were tested 
and totally understood for their effect on cell behavior. 

  2.2.1. Electrochemical Surface Modifi cation 

 Electrochemical modifi cation of metals is one of the well 
known methods of metal nanostructuring. There are several 

     Figure  3 .     SEM images of a) aluminium, b) magnesium alloys and c) stainless steel after 40 min 
of sonochemical modifi cation. d) Infl uence of sonication time on plate roughness, insets show 
the water contact angles of the surface before and after sonication. e) SEM image of a metal 
composite plate covered by layered double hydroxide laurate, insets show water contact angles 
onto this surface, and scanning vibrating electrode measurement of 3D current density map 
confi rms the induced corrosion stability of the composite. Reproduced with permission. [  12  ]  
Copyright 2010, Royal Society of Chemistry.  
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trum, providing change of surface stimuli to electromagnetic 
irradiation. [  47  ]  

 Since nanotube materials have been introduced by Zwilling 
et al. [  48  ]  they have attracted great attention also for bio-applications. 
Electrochemical surface modifi cation is one of the most prom-
ising top-down synthetic approaches for fabrication of highly 
ordered one dimensional (1D) nanotube materials. The proper-
ties of nanotube modifi ed surfaces depend on the diameters of 
the nanotubes, their length and wall thickness. Electrochemical 
growth of a nanotube on a metal surface is a relatively simple, 
low cost method of production of highly organized and uniform 
nanostructures with controllable dimensions and unique prop-
erties. Furthermore, interest in nanotubular titanium dioxide 
was signifi cantly increased due to unique photocatalytic prop-
erties of the material. The photocatalytic materials exhibit anti-
bacterial self-cleaning activity of the surfaces [  49  ]  or UV response 
of the interfacial layer for implantable drug delivery, stem 
cell-differentiation, and anti-cancer treatment. Additional to 
photocatalytic properties, charge transfer, molecular transport 
and loading capacity of nanotubes are important for bio-appli-
cation. The tube formation is also an electrolyte sensitive pro-
cess. The length of the nanotubes can be controlled by varying 
the anodization time. The diameter of the tubes is adjusted 
by changing the applied anodization voltage. The growth rate 
of the nanotubes is variable, for example, by ultrasonic excita-
tion in the electrochemical bath. [  50  ]  The electrical fi eld intensity 
at the pore bottom is much higher than that at the wall, and 
metals, for example, aluminum, can be consumed at a high 
rate near the bottom of the pore, allowing continuous growth 
of the pore depth. In contrast, for anodized titanium the fi nal 
thickness of the porous oxide fi lm does not increase with the 
anodizing time. [  48  ]  Titanium oxide can be etched at a high rate 
in HF solution even in the absence of an anodizing voltage. If 
the etching rate of the oxide in solution is comparable with that 
of the fi eld-enhanced dissolution, the titanium oxide either in 
the wall or at the pore bottom can dissolve at a balanced rate 
resulting in a constant pore depth. Uniform long titania nano-
tube arrays of various pore sizes (ca. 20–100 nm), lengths, outer 
diameters (90–220 nm), and wall thicknesses (7–34 nm) have 
been reported [  51  ]  by tailoring electrochemical anodization con-
ditions. [  52  ]  Moreover, dependent upon the titanium alloy used, 
metal composites can be readily introduced. It was mentioned 
above that in HF formation of a nonporous surface is possible, 
however HF can be suitable also for formation of nanotubes 
et al. [  48  ]  The nanotubular titania structuring can be achieved 
by using a mixture of H 3 PO 4  and HF solutions with ultrasonic 
excitation. [  53  ]  Recently, Losic and co-workers [  54  ]  published a 
method of self-ordering electrochemical synthesis of titanium 
nanotubes with defi ned pore size and depth of the anodization 
(determine length of nanotubes). In particular, it was shown 
that nanotubes with desired nanotube diameters (70–180 nm) 
and length (5–200  μ m) can be fabricated using anodization in 
NH 4 F/ethyleneglycol electrolyte by controlling the anodization 
voltage and time (Figure  2 a). 

 By using electrochemical treatment of nitiol, [  55  ]  the problem 
of uncontrollable release of Ni can be solved. Electropolishing 
pretreatment and photoelectrocatalytic Fenton’s oxidation of 
nitiol in presence Fe 2 +  /H 2 O 2  has been studied. By using this 

method, a titania layer with a Ni-free zone near the surface and 
a graded interfacial structure between the titania layer and the 
NiTi substrate can be formed. These layers successfully sup-
press Ni ion release from the alloy, although this fi lm has a 
porous structure on the nanometer scale. 

 Thus, electrochemical modifi cation of metal surfaces can 
help to avoid introduction and release of toxic compounds 
from the implant surface and to improve biocompatibility 
of the metal by controllable formation of an oxide layer. The 
chemically active oxide layer can be a source of oxygen bridges, 
amide-linkage for formation of stable hybrids. The porous net-
work of the metal oxide layer can be used as a drug depot for 
controlled local drug delivery and release on demand. 

   2.2.2. Plasma Etch Technologies 

 The plasma etching is widely used for continuous cleaning 
of surfaces by physical and/or chemical processes. [  56  ]  (i) Dry 
plasma etching-substrates are immersed in a reactive gas 
(plasma). The layer to be etched is removed by chemical reac-
tions and/or physical means (ion bombardment). (ii) Wet 
plasma etching-substrates are immersed in a reactive solution. 
One of the advantages of plasma etching is that nanostruc-
turing with small extension of the surfaces can be achieved. 
High energy provides both thermodynamically and kinetically 
stable surfaces. 

 In all, etching in a discharge environment is achieved by pro-
viding active species, which react with the substrate forming 
volatile compounds. In plasma etching, the reactive species are 
ions and activated neutrals, created in an electrical discharge. 
The process usually takes place inside a reactor under well 
controlled environmental parameters like, for example, pres-
sure, temperature and feed gas fl ow. The following processes 
are observed: chemical etching, ion enhanced etching, physical 
etching, trenching, sidewall passivation and mask erosion. It is 
still a challenge to describe in detail a rather complex system as 
plasma etching. [  57  ]  

 Examples of chemical reactions, which are relevant for 
plasma etching with the reaction of etch agent with the sur-
face, [  58  ]  are CF 4 , BCl 3 , HCl, Cl 2  for Al; CF 4 , Cl 2  for Ti and its 
alloys; SF 6 , CF 4 , NF 3 , Cl 2 , O 2  for W and O 2 , SO 2 , CF 4  for poly-
mers. Thus the proper etching gas composition is important. 
For example, aluminum is not etched by fl uorine, because 
AlF 3  is not volatile, chlorine is used. AlCl 3 , the etch product, 
is highly corrosive to the remaining aluminum fi lm, and must 
be removed quickly after plasma etching. Native aluminum 
oxide is an etch resistant barrier, which is removed by H 2  
plasma reduction and/or by sputtering by bombardment with 
Ar at high energies. A bombardment mixture which includes 
the additional components Ar, O 2  usually enhances the etch 
rate of the surface [  59  ]  and can provide the following increase of 
possible nanostructures. This was the proof for the concept of 
ion enhanced chemical etching, [  58–60  ]  which is the foundation of 
plasma etching. It is extremely interesting that by using plasma 
etching it is possible to introduce some elements at the atomic 
level on the metal surface. 

 Wet etching has several important methodological advan-
tages: simple equipment, high throughput (batch process), high 
selectivity. [  61  ]  For uncoated metals, a high-voltage ( > 1000 V) 
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frequently appear in the form called laser-induced periodic 
surface structures. [  71     −     73  ]  

   2.2.4. Chemical Etching 

 The mechanism of chemical etching consists of three elemen-
tary steps: (i) adsorption of reactive species on the surface; (ii) 
etch product formation (chemical reaction); (iii) etch product 
desorption. In general, just simple thermodynamic calculation 
and comparison of red/ox potentials suggest suitable reagents 
for chemical etching. [  74  ]  Most etching chemical agents (oxida-
tion agent) for particular metal are well known. [  74  ]  However, 
it is still a challenge to predict the surface morphology and 
chemistry after chemical etching. [  75a  ]  It is even more diffi cult to 
optimize parameters during modifi cation, for example, concen-
tration, duration of modifi cation, activation steps. Thus, there is 
still a great area of material science and engineering with hope 
to have unique functional surfaces. 

 The alkali-treated titanium [  75b  ]  without heat treatment leads 
to formation of an unstable reactive surface layer capable of 
bone-bonding. In Takemoto et al., [  76  ]  treatment of titanium 
in a dilute hydrochloric acid (HCl) leads to the formation of 
a porous layer known as titanate gel layer. [  77  ]  Comparison 
between three types [  78  ]  of surface treatment was demonstrated: 
(a) alkali and heat treatment (Figure  2 d, inset); (b) alkali, hot 
water, and heat treatment; and (c) alkali, dilute HCl, hot water, 
and heat treatment (Figure  2 d). The porous bioactive titanium 
implant prepared by treatment had the highest osteoinductivity, 
with induction of a large amount of bone formation within 
3 months. 

 Chemical treatment of titanium with a mixture of H 2 SO 4 /
H 2 O 2  can uniquely generate sponge-like networks of nanopits 
within the surface layer of titanium-based metals. [  79  ]  The mix-
ture of H 2 SO 4 /H 2 O 2  fi rstly triggers the surface etching and its 
oxidation in a controlled manner. 

 It has been reported [  80  ]  that the titanate gel layer can also 
be produced using H 2 O 2  treatment on the surface of pure tita-
nium. It was shown that the surface of Ti–6Al–4V alloy was 
modifi ed using various concentrations of H 2 O 2  and subse-
quently heat treated. A porous anatase titania layer was formed 
on the surface of Ti–6Al–4V alloy upon treatment with 15 wt% 
and 25 wt% of H 2 O 2 . In vitro characterization revealed that the 
treatment of Ti–6Al–4V alloy signifi cantly improved the bio-
activity of the material. [  81  ]  

   2.2.5. Sol-Gel Route 

 The sol-gel method is one of the suitable ways of preparing 
fi lms of metal oxides or crystalline materials. [  40  ]  For preparing 
crystalline materials, this method includes crystallization and/
or transformation processes. The precursors generally consist 
of fi ne particles which are amorphous or crude crystallites. Pre-
cursors with various microstructures can be prepared by the 
hydrolysis and sol-gel conditions, yielding various degrees of 
crystallization and transformation. The various microstructures 
enable to control the transition behavior of precursors and pro-
duce a desirable structure. The addition of seeds to precursors 
or using double alkoxides as raw material are ways of control-
ling the microstructure of precursors, so as to obtain ceramics 

pulsed discharge method of preparation of thin anodic fi lms 
on valve metals under conditions of extremely high rates of the 
fi lm growth was also studied, for example, for titanium [  62a,b  ]  
and for aluminium [  62c  ]  The peculiarities of this method have 
been demonstrated with the anodic oxidation of titanium 
in sulfuric acid solutions, H 3 PO 4 . Ammonium pentaborate 
aqueous solution was used as the electrolyte for aluminium hot 
pulsed discharge modifi cation, since alumina fi lms prepared 
by the conventional anodization methods in that electrolyte are 
well-studied. Thus, the previously discussed electrolytes usually 
suitable for anodization can be also used for electric discharges. 
A light fl ash at the electrode was generated upon pulsed anodi-
zation of metals. The emission spectra consist of narrow lines 
assigned to electronically excited O, H and metal atoms, indi-
cating that hot plasma is created at the electrode surface. 

 The plasma technique is also widely used for the deposition 
of nanocomposite coatings and hybrid formation. [  63  ]  Moreover, 
plasma treatment was effectively used for further regulation of 
pore diameters after anodization to slow down release of encap-
sulated materials. [  64  ]  

   2.2.3. Laser-Induced Surface Modifi cation 

 The development of laser-induced modifi cation [  65  ]  of metal sur-
faces leads to formation of micrometer, sub-micrometer, and 
nano-scale surface textures. The laser technique can be used for 
removal of organic molecules from the surface. [  66  ]  

 A porous metal interface can be formed by laser-induced 
melting or sintering of metal particles on the metal surfaces. [  67  ]  
By using a laser, porous layers can be formed on metallic con-
structions of different shape. The laser technologies have been 
used to fi rst pattern grooves and ridges onto silicon and tita-
nium. [  68  ]  A single-step ultrafast-laser texturing process has 
been developed. The surface structured by using this method 
is illustrated in (Figure  2b ). [  69  ]  The textured titanium samples 
remained completely hydrophilic with no measurable con-
tact angle even after several weeks in normal atmosphere. An 
increase in mesenchymal stem cell number was observed on 
laser-modifi ed surfaces in comparison with an untreated con-
trol titanium surface. Extensive formation of cellular bridges 
by stromal cells between pillars shows the favorable response 
of differentiated cells to the surface and the promotion of their 
attachment. 

 Biocompatibility of the micropatterned NiTi surface pro-
duced by femtosecond laser was studied. [  70  ]  It was shown that 
grooves and ripples covered by nanoparticles were formed on 
the sample surfaces. The crystal structure was not changed by 
laser treatment. However, the cell culture test proved that the 
micro-patterns were benefi cial to improve the biocompatibility 
of NiTi alloys: the growth of osteoblasts oriented along the 
grooves, a large amount of synapses and fi lopodia were formed 
due to ripples, holes and nanoparticles on the alloy surface, and 
the proliferation rate and alkaline phosphatase content of cells 
were increased after laser treatment. [  70  ]  

 Besides formation of nanostructured porous surfaces, effec-
tive polishing can be achieved by, for example, excimer laser 
titanium surface treatment. [  66  ]  

 After the irradiation of a material by short laser pulses of 
frequencies close to the ablation threshold, periodic structures 
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leads to an enhancement in free radical-assisted heterogeneous 
red/ox reactions (secondary cavity-assisted processes). 

 The ultrasound-driven modifi cation of metals in aqueous 
solutions results in the modifi cation of an outer surface 
(roughness, surface area, surface chemistry) the inner struc-
ture of the metals (crystallinity, amorphization, phase separa-
tion) (Figure  3 ). [  12,90  ]  The modifi cation of metals by ultrasound 
depends on the nature of the metal. We have shown that metals 
with relatively high reactivities (Zn, Al, Mg) could be oxidized 
during the sonochemical process. The control of the oxidation 
process allows the formation of mesoporous metals that con-
sist of a metal skeleton stabilised with an oxide layer. [  90b  ]  Phase 
segregation via ultrasonication was also observed in alloys. [  90c,d  ]  
Beside formation of metal oxide phase, the ratio of the interme-
tallic phases in the Al/Ni, Al/Fe can be ultrasonically changed. 
It was shown that the ultrasound-induced red/ox reactions in 
metal alloys can be applied for design of effective and stable 
catalysts. [  90c,d  ]  Selective oxidation of one component of the 
alloy (Al) is followed by hydrogen release and reduction of the 
second component (Ni). [  90c  ]  

 The ultrasonically formed surface with defi ned mesoporous 
metal sponges [  2a  ,  5e  ,  90e  ]  can serve as a platform for the construc-
tion of surface-attached capsules for the storage of active com-
ponents and their stimuli controlled release. Even more pro-
spective is the possibility of sonochemical formation of hybrid 
structures with regulated releases of encapsulated agent. 

    2.3. Composite and Hybrid Materials 

 It was already mentioned above that together with individual 
metals their alloys are used for implant formation (Section 
2.1). The alloys, in comparison with the individual metals, have 
better mechanical and biodegradation properties. To achieve 
other advanced functionalities, biomimetic composite and 
hybrid materials are suggested as very prospective materials. 
In focus for bio-application are (i) natural, and (ii) engineered 
composite materials (composites) which are made from two or 
more constituent materials with signifi cantly different physical 
or chemical properties. Natural and engineered materials can 
be combined to form co-composites. Hybrid materials are com-
posites consisting of several compounds at the nanometer or 
molecular level. Commonly, one of these compounds is inor-
ganic and the other one organic. Such sub-micrometer scale 
materials organization/combination can result in character-
istics in between the original phases or even new properties. 
Here we focus on hydroxyapatite (HA), carbon based materials, 
and metal/polymer hybrids. 

  2.3.1. Biomimetic Composites with Hydroxyapatite 

 High priority nanocomposites for bio-application are bio-
active calcium phosphate materials, for example, brushite, 
hydroxyapatite, fl uoridated hydroxyapatite, and so forth. The 
hydroxyapatites have received considerable attention as mate-
rials for implants and bone augmentation procedures, since 
they chemically bond directly to bones [  91  ]  and in the formation 
of a strong bone implant interface. Nanostructured bio-metals 

with desirable properties by the sol-gel method. [  82  ]  The titania 
layer can be also formed by the sol-gel route (Figure  2 e). 

 The sol-gel route (often combined with templating self-
organized supramolecular assemblies of small molecules, sur-
factants, and block copolymers) is used for synthesis of porous 
materials of various sizes, morphology and highly ordered 3D 
porous structures. [  83  ]  A 3D template composed of self assem-
bled amphiphilic diblock copolymer nanoparticles with dia-
meter below 100 nm provides well ordered fi lm formation 
(Figure  2 f). [  84  ]  For example, Janus and core/shell nanoparti-
cles could be self-assembled and well-ordered on the substrate 
using a vertical immersion method. 

 The future studies could be directed towards the forma-
tion of special structures specifi cally designed for enhancing 
sensing properties such as vertically aligned, fl ower-like, and 
hierarchical dendrites with the loading of nanoparticles, bioc-
ides, drugs, and so forth. Special attention should be paid to 
the operating temperature for a given metal-oxide and surface 
confi guration, such that the balance between biocompatibility, 
stimuli response and power consumption can be optimized. 

   2.2.6. Bio-Inspired Ultrasound Assisted Methodology 

 There is a perspective bio-inspired approach to fabricate syn-
thetic porous materials via intensive ultrasonication. [  85  ]  Ultra-
sound of high intensity triggers the formation of cavitation 
bubbles in liquid in a controlled way. Cavitation happens when 
a rapid change in pressure occurs. In nature, cavitation occurs 
in fast streams, produced in some shrimps and in the xylem of 
plants. The cavitation erosion of metal surfaces is known for a 
long time causing erosion of ocean propellers. Simultaneously, 
it is also known that surfaces and particles are often exposed 
to ultrasound in an ultrasonic bath for cleaning. Effects of 
ultrasound on the surface depend on its intensity, duration of 
the process, conditions of the sonoreactor (solvent, additives, 
sonotrode position, etc.) 

 The most pronounced effects of ultrasound on liquid–solid 
systems are mechanical and chemical, and these effects are 
attributed to symmetric and asymmetric cavitation bubble col-
lapses. [  86]  The symmetric bubble collapse in a liquid medium 
causes shock waves with high pressures in addition to “hot 
spots” (high local temperatures in the range of thousands atm 
and K). The pressure on a material may be focused on defects 
or grain boundaries. Thus, solid metals with a defi ned micro-
structure can provide defi ned nanostructuring. Moreover, 
the bubble collapse causes a hot spot, the pressure pulse is 
also converted into heat, and this may cause local melting. A 
crystalline surface may locally melt and become amorphous 
after cooling. Shock waves also potentially create microscopic 
turbulences. [  87  ]  This phenomenon increases the transfer of 
mass across the solid, therefore, increasing the intrinsic mass-
transfer coeffi cient. Ultrasonically generated active species, 
for example, radical species such as OH ·  and H · , for water 
sonolysis, [  88  ]  provide effective surface etching, possibly creating 
a nanostructured surface, such as metal based surface sponges 
well adhering to the bulk metal. [  2a  ,  5e  ]  By asymmetric bubble 
collapse close to the surface, solvent microjets are formed per-
pendicular to the solid surface. [  89  ]  These microjets have an esti-
mated speed of 100 m s  − 1  and lead to pitting and erosion of the 
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surface with bone-bonding ability. The process of apatite forma-
tion on chemically treated titanium is supposed to be similar to 
that on bioactive glasses. 

 Composite with hydroxyapatite can provide geometric con-
trol of loading and release of material from the surface. For 
example, the metal based porous layer can be loaded with an 
active agent and then hydroxyapatite can provide either control 
of release or be loaded with other agents. 

   2.3.2. Composites with Carbon-Based Materials: Carbon Nano-
tubes, Graphene-Based Materials 

 The carbon-based materials have a great potential for bio-appli-
cations: formation of implant materials (improved mechanics), 
and biosensors (fast electron transfer kinetics). 

 Carbon nanotubes are attractive materials in materials sci-
ence and engineering due to their advantageous mechanical 
properties including high tensile strength, high resilience, fl ex-
ibility and other unique structural, electrical and physicochem-
ical properties. [  100  ]  Currently, carbon nanotubes are used in 
several biomedical applications including cancer therapy, treat-
ment of the central nervous system, and tissue engineering 
applications including bone tissue engineering, sensing cellular 
behavior, augmenting cellular behavior, cell tracking, and labe-
ling. [  101  ]  Furthermore, the composite with carbon nanotubes 
acts as an excellent reinforcement material with enhanced 
strength, toughness and fl exural strength for major load 
bearing applications. Moreover, the bioactivity of hydroxyapatite 
is not affected by the incorporation of carbon nanotubes. [  102  ]  

   2.3.3. Hybrid Systems 

 There are two types of interactions between metals and organic 
molecules in hybrids: (i) chemical bonding, for example, self-
assembled monolayers (SAMs); and (ii) physical interaction, 
for example, electrostatic layer-by-layer (LbL). In an intelligent 
system, the hybrids could regulate: (i) the surface-cell inter-
face, (ii) the terminating properties (elasticity, hydrophilicity); 
(iii) drug loading and release; and (iv) stimuli response. 

 The 1980s showed an explosion of interest in SAMs-densely 
packed, oriented monolayer fi lms of long-chain surfactants that 
spontaneously chemisorb from solution onto solid surfaces. [  103  ]  
SAMs are ideal models for the study of fundamental processes 
at organic surfaces, such as wetting, adsorption, adhesion, 
chemical reactivity and, as result, surface bio-applications. [  104  ]  
They also can be considered as models for explanation of 
physical principles that govern the assembly of other supramo-
lecular structures, such as membranes and micelles. Potential 
applications of SAMs are in the traditional areas of surface 
chemistry-adhesion, wetting, corrosion and lubrication. The 
SAMs, often made from amphiphilic hydrocarbon molecules, 
are expected to function as a barrier to prevent the uncontrol-
lable leaching of drugs from the metal substrate. [  105  ]  Three cate-
gories of molecules are mostly used for this purpose: fatty acids 
with carboxylic end groups that form electrostatic interactions 
with metal substrates, alkylthiols that are used for gold, copper 
or steel substrate by metal-sulfur bonding, alkyl phosphonates 
and alkylsilanes that react with the metal oxide from the metal, 
and metal alloy substrates. 

can provide better integration with synthetic and natural 
hydroxyapatite. Moreover, the combination of the high mechan-
ical strength of metals with the osteoconductive properties of 
calcium phosphates make hydroxyapatite coatings on titanium 
implants widely used in orthopedic surgery. 

 The cellular responses depend upon the physical and 
chemical characteristics of the surface and upon its chemical 
composition, crystallinity and particle size. [  92  ]  The effect of 
hydroxyapatite surface roughness and generally surface tex-
ture on cellular response is a developed area from a practical 
and fundamental point of view. The oxide layer on a metal is 
important to provide different nanocomposites. A chemical 
treatment of the titanium surface would inhibit the negative 
effect of titanium processing on amorphous layer formation 
and subsequently hydroxyapatite precipitation. The plasma-
spray process, electrophoretic deposition, sputter deposi-
tion, and sol–gel methods were used for forming titanium-
hydroxyapatite (HA) composites. [  93  ]  Additionally, the biomi-
metic approach was used. It has four main advantages: [  94  ]  (i) it 
is a low-temperature process applicable to any heat-sensitive 
substrate, including polymers; (ii) it forms bone-like apatite 
crystals having high bioactivity and good resorption charac-
teristics; (iii) it is evenly deposited on, or even into, porous or 
complex implant geometries; and (iv) it can incorporate bone 
growth-stimulating factors. 

 Hydroxyapatite being deposited on metal surface can be a 
protective layer which regulats the kinetics of biodegradation of 
metals. Thus the hydroxyapatite layer can slow down degrada-
tion of magnesium-based implants. [  95  ]  The method for forma-
tion of a dense, strong, and thick calcium-phosphate coating on 
titanium and porous tantalum implants using a two-step biomi-
metic procedure was elaborated. 

 Apatite deposition on surfaces of titanium specimens is a 
general phenomenon related to surface contact. Some chemical 
species [  96  ]  were released from the titanium surfaces, and, as a 
result, the properties of the simulated body fl uid between the 
two contact surfaces and/or the properties of the contact sur-
faces themselves were altered during soaking so as to favour 
apatite deposition. Oxide-covered titanium is simple in terms 
of composition. The species that may be released are H  +   or 
OH  −   ions and the ions related to titanium. [  97  ]  Obviously, the 
accumulation of OH  −   ions on the surface would lead to a more 
negatively charged surface that is believed necessary for apatite 
nucleation. [  98  ]  The release of titanium hydroxide and OH  −   ions 
from the titanium surfaces and their accumulation inside the 
confi ned space between the two contact surfaces were sug-
gested to be responsible for the apatite deposition. 

 The titanium treated in NaOH can form hydroxycarbonated 
apatite after exposition to simulated body fl uid. [  99  ]  The hydroxy-
carbonated apatite layer, however, was inhomogeneous and 
non-uniform even after 20 days in a synthetic body fl uid (SBF). 
Acid etching of titanium in HCl under inert atmosphere leads 
to the formation of a uniform micro-roughened surface that 
provides improved conditions for in situ hydroxycarbonated 
apatite formation. After alkali treatment in NaOH the apatite 
nucleation was homogeneous and the thickness of the precipi-
tated hydroxycarbonated apatite layer increased continuously 
with time. The treatment of titanium by a two step HCl and 
NaOH treatment is a suitable method provided the titanium 
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 The cell adhesion, proliferation, differentiation or apoptosis 
on a solid surface, including metal implants, mainly depends 
on its surface physico-chemical properties including elas-
ticity, morphology and roughness, texture, porosity, and wet-
tability. [  111  ]  After implantation the implant surface is in contact 
with body fl uids and interacts with a number of proteins and 
different cell types. [  112  ]  In addition, implant surface-specifi c 
cellular responses are the result of a complex biological system 
that includes protein adsorption, receptor-ligand binding, and 
signal transduction. [  113  ]  The implant should present a surface 
that will induce osseointegration. The methodology to control 
surface-cell interactions is based on physicochemical, mor-
phological and biochemical approaches. [  114  ]  According to the 
physicochemical approach, surface energy, surface charge, 
and surface composition were altered in order to improve the 
bone-implant interface. Glow discharge was used to increase 
the surface free energy in order to increase tissue adhe-
sion. [  115  ]  However, increased surface energy does not lead to 
selectively increased adhesion of particular cells and tissues 
and bone-implant interfacial strength. [  116  ]  Also, both positively 
and negatively charged surfaces were observed to promote 
bone formation. [  117  ]  Alterations in surface morphology and 
roughness were used to regulate cell and tissue response of 
implants. The mechanical interlocking surfaces with grooves 
and pits can induce “contact guidance”, whereby the direc-
tion of the cell movement is affected by the morphology of the 
substrate. [  118  ]  

 The aim of biochemical surface modifi cation is to immobi-
lize proteins, enzymes or peptides on biomaterials for the pur-
pose of inducing specifi c cell and tissue responses or to control 
the tissue-implant interface with molecules delivered directly 
to the interface. One approach to biochemical surface modifi -
cation applies cell adhesion molecules. [  119  ]  In accordance with 
a second approach to control cell-biomaterial interactions, one 
uses biomolecules having demonstrated osteotropic effects. [  120  ]  

 For biomolecules delivery to the tissue-implant interface, it 
is essential that local cell populations interact with the biomol-
ecules in order to initiate cellular events, and that concentra-
tions of biomolecules are greater than threshold levels for cel-
lular activity. [  121  ]  

 To control exposure and concentration, retention and/or 
release of biomolecules from implants, the surfaces can be 
altered using different methods, including adsorption and cova-
lent immobilization. [  122  ]  

  3.1. Terminated Properties 

 In the past few years, interest in regulating bioactivity has 
shifted to exploration of nanostructured biomaterials. [  123  ]  Several 
reports showed that nanometer-scale surface features can infl u-
ence cellular attachment, differentiation, and alignment. [  124  ]  A 
simple surface treatment can generate multifunctional nano-
structured interfacial layer that could selectively control cell 
growth. Ideally the surfaces promote the growth of certain cells 
and inhibit the undesirable growth of other cells without the 
addition of any exogenous biological or pharmacological agents. 

 The multicomponent nanonetwork formed by polyelec-
trolyte multilayers using the LbL technique could offer new 
opportunities for formation of stimuli response interfaces with 
self-regulation and self-healing properties. [  106  ]  The LbL deposi-
tion procedure involves the step-wise electrostatic assembly of 
oppositely charged species (e.g., polyelectrolytes and inhibi-
tors or others: proteins, nanoparticles) on the substrate surface 
with nanometer scale precision, and allows the formation of a 
coating with multiple functionality. The coating properties can 
be controlled by the number of deposition cycles and the types 
of polyelectrolytes used. Polyelectrolytes exhibit very good adhe-
sion to the substrate surface and are able to seal surface defects, 
be sensitive to external stimuli [  107  ]  (pH, T, ionic strength) and 
show self-healing properties. The conformation of polyelectro-
lytes is mostly dependent on their nature and adsorption con-
ditions and much less dependent on the substrate and charge 
density of the substrate surface. Polyelectrolyte coatings are 
expected to cover many kinds of surfaces including non-ionic 
and a polar substrates. Polyelectrolyte multilayers offer a broad 
range of applications in the fi elds of nonlinear optics, light 
emission, sensing, separation, bioadhesion, biocatalytic activity, 
corrosion protection, drug delivery, and specifi c bio-applications 
based on surface modifi cations. 

 Metal hybrids with conducting polymers could be also used 
for formation of self-healing surfaces sensitive to electric fi elds. 
Electrically conducting polymers, for example, biocompatible 
polypyrrole, have been the subject of continuous research and 
development due to their potential applications in many tech-
nological areas including bio-applications. [  108  ]  

 Comparing different nanoarchitectures one should consider 
the dynamics of stimuli response and the amplitude of changes 
of the materials’ properties, reversibility of the changes, and the 
intensity of the external signal that could trigger the changes. 
Reconstructable surfaces fall into several categories: (i) grafted 
polymer thin fi lms (here referred to as polymer brushes); 
(ii) thin fi lms of polymer networks; (iii) self-assembled multi-
layered thin fi lms, and (iv) block-copolymer self-organisation 
on different surfaces depending on their physico-chemical 
characteristics. 

 Some of the methods described above have great advantage 
because of the possibility of single step formation of com-
posites and hybrids. For example, the formation of a metal/
polymer interpenetrating hybrid nanocomposite was dem-
onstrated for aluminium with ultrasonic high intensity treat-
ment. [  109  ]  An initial sonochemically induced increase in the 
hydrophilicity can aid in the formation superhydrophobic sur-
faces by chemical modifi cation of the ultrasonically formed 
structure. As an example, sodium laurate [  110  ]  was attached 
to the surface with ultrasonic assistance forming a layered 
double-hydroxide laurate with a water contact angle of 163 ° , 
Figure  3 e. In the case of unmodifi ed aluminium, the double-
hydroxide layer exhibits very poor adhesion properties. In con-
trast, adhesion of the double-hydroxide layer on a sonicated 
surface is very strong. 

 Effective magnesium/polypyrrole hybrid systems were 
formed by the sonochemical methodology to provide an 
example of multi-stimuli-responsive systems: (i) sensitive to pH 
due to magnesium biocorrosion, and (ii) electric fi elds due to 
the conductive nature of polypyrrole. 
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to tissue level elasticity ( Figure    4  ). [  127  ]  Soft 
matrices that mimic brain are neurogenic. 
Stiffer matrices that mimic muscle are myo-
genic. Comparatively, rigid matrices that 
mimic collagenous bone are osteogenic. 
During an initial week in culture, repro-
gramming of these lineages is possible with 
addition of soluble induction factors. After 
several weeks in culture, the cells commit 
to the lineage specifi ed by matrix elasticity, 
consistent with the elasticity-insensitive 
commitment of differentiated cell types. 
Inhibition of nonmuscle myosin II blocks 
all elasticity directed lineage specifi cations–
without strongly perturbing many other 
aspects of cell functions. The results have 
signifi cant implications for understanding 
physical effects of the in vivo microenviron-
ment and also for therapeutic uses of stem 
cells.  

   3.1.2. Morphology 

 The major role of surface roughness of Ti 
and its alloys in cell response is elucidated in 
the literature. [  128  ]  Osteoblast-like cells attach 
more readily to a rough Ti surface. Synthesis 
of extracellular matrix and subsequent min-
eralization were found to be enhanced on 
rough or porous Ti. [  129  ]  

 Surface nanostructuring could be used for 
regulation of osteoblast response and bone 
growth. [  130  ]  The ability to control the lateral 
spacing of these structures is important. [  131  ]  
Micrometer scale features and optimized 
lateral spacing enhance cell attachment, 

spreading, and differentiation by providing higher surface 
energy and improved hydrophilicity of smooth titanium sur-
faces. The superimposed sub-micrometer scale features appear 
to enhance production of local factors that modulate differen-
tiation and other cellular responses. [  132  ]  Certain patterns of the 
surfaces have also been able to control cell growth, being more 
preferable to adhesion of osteoblasts than to that of other cell 
types. [  133  ]  

 In addition, the importance of nanometer scale roughness 
on bone cell function has been shown by creating ceramic 
substrates of the same crystallinity, crystal phase, and chem-
istry, altering only in degree of nanometer surface features. [  134  ]  
Nanoscale roughness on these nanophase ceramics improved 
both osteoblastic and osteoclastic responses, whilst simultane-
ously inhibiting fi broblast function. 

 A key tenet of bone tissue engineering is the development 
of scaffold materials that can stimulate stem cell differentia-
tion in the absence of chemical treatment. [  135  ]  Nanoscale dis-
order to stimulate human mesenchymal stem cells leads to for-
mation of bone mineral in vitro in the absence of osteogenic 
supplements. This approach has similar effi ciency to that of 
cells cultured with osteogenic media. In addition, the current 
studies show that topographically treated mesenchymal stem 

The mechanism of the selective cell growth is based on surface 
structuring regulating the terminated properties or their active 
chemical local controllable delivery without negative effect on 
the surrounding environment. 

 A signifi cant challenge in implantology is the design 
of biomaterials [  125  ]  that actively promote functional regen-
eration of the host tissue, and avoiding undesirable tissue 
responses. This requires selective control of interactions 
at the tissue/implant interface, a series of complex events 
that depend on synergistic parameters [  126  ]  including surface 
chemistry, elasticity, topography (morphology and porosity), 
and energy. To date, efforts have focused on defi ning how 
microtexture infl uences the molecular and cellular events of 
tissue repair. 

  3.1.1. Elasticity 

 In specifi c examples, it is highlighted that microenviron-
ments appear as very important factors in stem cell lin-
eage specifi cation. The stem cell specifi cation is diffi cult to 
adequately characterize or to control with soft tissues. Naive 
mesenchymal stem cells (MSCs) were shown to specify the 
lineage and commit to phenotypes with extreme sensitivity 

     Figure  4 .     Tissue elasticity and differentiation of naive mesenchymal stem cells (MSCs). 
A) Solid tissues exhibit a range of stiffness, as quantifi ed by the elastic modulus, ( E –elasticity 
of micro-environment). B) In vitro gel system allows for control of  E  through crosslinking, con-
trol of cell adhesion by covalent attachment of collagen-I, and control of thickness. MSCs of a 
standard expression phenotype are initially small and round but develop increasingly branched, 
spindle, or polygonal shapes when grown on matrices, respectively, in the range typical of 
Ebrain (0.1–1 kPa), Emuscle (8–17 kPa), or stiff crosslinked-collagen matrices (25–40 kPa). 
Adhesions grow and cytoskeletal organization increases with substrate stiffness. C) Extra cel-
lular matrix (ECM); D) Hybrids for elasticity regulation. E) Paxillin-labeled adhesions grow 
from undetectable diffuse ‘‘contacts’’ on myogenic gels (11 kPa). On the stiffest, osteogenic 
gels (34 kPa), the adhesions are long and thin and slightly more peripheral than they appear 
on glass. (F) F-actin organization shows a similar trend, from diffused on soft gels to progres-
sively organized on stiffer substrates (as stress fi bers). Scale bar is 20  μ m. Reproduced with 
permission. [  127  ]  Copyright 2006, Elsevier.  
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 The mesoporous surfaces promote [  136  ]  both 
early and longer-term osteogenic events 
in cell cultures and, therefore, imparting 
bio active properties to the materials. It is 
possible (1) to modulate the formation of 
nanopores in a titanium alloy (Ti6Al4V), 
and (2) to control the growth of common 
cell types on the implant metal. Osteogenic 
cells were evaluated because they are critical 
for the successful integration of implants 
in bone. Fibroblastic cell can form a fi brous 
capsule, weaken the bone/implant interface, 
and represent a major complication for per-
manent implants, ultimately requiring their 
replacement. Smooth muscle cells were 
investigated because their hypertrophy and 
proliferation are widely known to contribute 
to the restenosis of blood vessels after cor-
rective surgery. [  137  ]  In all cases, culture inter-
vals corresponding to initial stages of cell 
colonization were examined, as these are 
critical for biomaterial integration at any site 
of implantation. 

 TiO 2  nanotubes with different dia-
meter were studied to direct cell vitality 
( Figure    5  ). [  138  ]  Self-assembled layers of verti-
cally oriented TiO 2  nanotubes with defi ned 
diameters between 15 and 100 nm can 
regulate adhesion, spreading, growth, and 
differentiation of mesenchymal stem cells. 
The nanotubes with a spacing  < 30 nm and a 
diameter  ≈ 15 nm provided an effective length 
scale for accelerated integrin clustering/focal 
contact formation and strongly enhanced 
cellular activities compared to smooth TiO 2  
surfaces. Cell adhesion and spreading were 
severely impaired on nanotube layers with 
a tube diameter  >  50 nm, resulting in dra-
matically reduced cellular activity and a high 
extent of programmed cell death. Thus, on 
a TiO 2  nanotube surface, a lateral spacing 
geometry with openings of 30–50 nm repre-
sents a critical borderline for cell fate.  

 In current trends of diagnostics with 
microchip biosensors prospects of porous 
material, nanoporous material, for example, 
anodized aluminium oxides and ultrasoni-
cally modifi ed metal were demonstrated. [  139a  ]  
In the work of the Losic group, [  139b  ]  a micro-
chip biosensor based on nanoporous alumina 
coated with gold was suggested for detection 
of circulating tumour cells. Moreover, porous 
anodic aluminum oxide with mesoporous 
gradients consisting of a spatial distribution 
of pore diameters was fabricated using a non-

uniform anodization process to design a surface with multi-
functional gradients (structural, optical, wetting). This is impor-
tant for application in microfl uidics, diagnostics, drug delivery, 

cells have a distinct differentiation profi le compared with those 
treated with osteogenic media, which has implications for cell 
therapies. 

     Figure  5 .     Example 1: focal contact formation, differentiation, and apoptosis of mesenchymal 
stem cells on 15 and 100 nm nanotubes. a) Nanoscale spacing directs cell fate: hypothetical 
model showing the lateral spacing of focal contacts on nanotubes of different diameters. A 
spacing of 15 nm seems optimal for integrin assembly into focal contacts, thus inducing 
assembly of actin fi laments and signaling to the nucleus. Nanotubes larger than 70 nm dia-
meter do not support focal contact formation and cell signaling, thus leading to apoptosis 
(anoikis). b) Analysis of focal contacts by SEM using immunogold staining with paxillin, and 
c)  β 1-integrin antibodies reveal dense packing of paxillin in focal contacts on 15 nm tubes, 
while labeling was sparse on 100 nm tubes. d) At 3 days, cells are well spread on 15 nm tubes 
(d, right), but develop a migratory morphology on 100 nm tubes with few focal contacts and 
stress fi bers (d, left). Reproduced with permission. [  138  ]  Copyright 2007, American Chemical 
Society. Example 2: morphological changes of neuroblastoma cells grown on anodized alu-
minum (AAO). e) Polygonal morphology of cells on pores with nanobrushes showing randomly 
oriented cells with extensive cell to cell interconnection. Inset shows underlying surface with 
partially collapsed brushes. f) Elevated linear morphology of cells with orientation on which 
follows orientation of pores (lines). Inset shows underlying surface with aligned pores. SEM 
images of single neuroblastoma cells grown on different pore morphologies of AAO: g) pores 
with nanobrushes show an extensive branching and interconnection of cells; h) aligned pores 
show a linear morphology of neuroblastoma cells directed by aligned pores. Reproduced with 
permission. [  140  ]  Copyright 2010, American Chemical Society.  

Adv. Funct. Mater. 2013, 23, 4483–4506



4495

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

FEA
TU

R
E A

R
TIC

LE

biocompatibility of SLIPS and its ability to repel biological 
fl uids allow its application in antifouling coatings for medical 
devices and instruments, and even for marine vessels. Its 
pressure resistance is well-suited for deep-sea exploration. It 
is anticipated that SLIPS can serve as omniphobic materials 
capable of meeting emerging needs in biomedical fl uid han-
dling, fuel transport, anti-fouling, anti-icing, self-cleaning win-
dows and many more areas that are beyond the reach of current 
technologies. 

    3.2. Surface Drug Depot 

 The nanostructured surfaces can be used for regulated drug 
delivery. There are four main strategies to design a surface 
drug depot: (i) the porous metal interface can accumulate 
pharmaceutical compounds, [  5e  ,  139  ]  (ii) immobilization drugs 
in a porous scaffold [  109,147  ]  (iii) an organic component, for 
example, micelles, of a metal-organic hybrid can immobilize 
drugs, [  139  ]  and (iv) combine the above strategies to provide 
multicomponent drug delivery systems sensitive to different 
stimuli. 

 In the group of D. Losic [  148,54  ]  nanotube arrays (on plates, 
wires) are suggested as a drug career. Several advanced strat-
egies are suggested for drug loading: (i) chemical bonding of 
active substances to the wall of titanium nanotubes; (ii) loading 
of tubes with micelles which contain hydrophobic drugs; (iii) 
step-wise loading with a certain amount of drug in well ordered 
1D nanotube arrays; and (iv) multicomponent loading in ano-
dized metal. Besides release control through pore size regula-
tion, or temporally resolved release due to spatially resolved 
loading in 1D tubes magnetic fi elds suggested to control release 
can be highlighted for the application of intelligent surfaces. 
Thus magnetic fi eld responsive drug delivery systems using 
titania nanotube arrays loaded with polymer micelles can serve 
as drug-carriers due to the special inner tube nanoarchitecture 
with magnetic nanoparticles loaded at the bottom of the nano-
tubes  Figure    6  .  

 Mesoporous metal sponges are effective bases for the con-
struction of surface-attached capsules for the storage of active 
components and their stimuli controlled release. [  139  ]  Sono-
chemically formed metal-polyelectrolyte capsules  Figure    7   [  5e  ]  
loaded with active chemicals introduce the possibility of pro-
viding metal surfaces with important properties, including high 
biocide activity, anti-friction properties, and the ability to release 
active components to stimulate activities of attached cells, such 
as in stem-cell research. Different ultrasonic intensities result 
in the formation of structures with different features that deter-
mine their subsequent use for active surface construction. The 
pores of the sonochemically formed metal surface are loaded 
with biocide and then closed using a complexation reaction 
between the active incorporated agent and the polyelectro-
lyte. [  149  ]  Thus, smart surface capsules formed by the walls of 
the metal pores and polyelectrolytes for the prolonged storage 
of the active component were constructed. The metal walls 
provide the high stability and adhesion of the capsules to the 
metal plate; the polyelectrolytes are responsible for the loading 
and release of the active species on demand. Our system offers 
an elegant approach to trigger biocide release by adjusting the 

and cell manipulation. [  140  ]  The pore gradient surface and neuro-
blastoma cell exhibit potential for pore topography directed cell 
growth and hence possess biological relevance (Figure  5 e,f). 
Pore gradients fabricated by this method open opportunities to 
design cell culture platforms with desired structural, chemical, 
and growth factor controlled cell growth and differentiation. 

   3.1.4. Hydrophilic/Hydrophobic Properties 

 A number of studies provide the evidence that enhancing the 
hydrophilic properties of the surface enhances cell spreading 
and cell adhesion. On the other hand, some authors reported 
that cells have greater adhesion and proliferation on hydro-
phobic surfaces or on surfaces with intermediate contact angles. 
Materials able to integrate with bone, for example, titanium and 
hydroxyapatite, are hydrophilic. [  141  ,  142  ]  On the other hand, many 
polymers used for tissue engineering are hydrophobic in their 
native state, and require surface modifi cation or wetting proce-
dures before cell seeding. 

 For instance, Webster and colleagues demonstrated that 
aqueous contact angles were three times smaller (i.e., more 
wettable) when the alumina grain size was decreased from 
167 to 24 nm. [  143  ]  They also reported that the adsorption of vit-
ronectin, which stimulates osteoblast adhesion, increased on 
nanophase ceramics with greater wettability. Moreover, when 
vitronectin adsorbed on nanophase ceramics, it was unfolded 
to a larger extent that on conventional ceramics, which exposed 
larger numbers of osteoblast adhesive epitopes to the absorbed 
proteins. 

 Increased wettability of hybrids has been achieved through 
the use of nanophase ceramics in order to increase bone cell 
function. Specifi cally, Kay and colleagues demonstrated that 
nanosized titania particles embedded in poly(lactic- co -glycolic 
acid) promoted osteoblast adhesion compared with convention-
ally sized titania (100 nm) in poly(lactic- co -glycolic acid). [  144  ]  

 In a recent study, Cai et al. [  145  ]  investigated the infl uence 
of titanium fi lms with micro- and nanoscale topography (by 
varying the deposition rate and the fi lm thickness) on protein 
adsorption and cell growth. They studied their chemical com-
position, surface topography and wettability and found that the 
fi lms shared the same surface chemistry but exhibited very dif-
ferent topographies. Interestingly, they found no statistically 
signifi cant differences in protein adsorption, however, albumin 
and fi brinogen adsorption only were measured. Also, no statis-
tically signifi cant infl uences of surface roughness on osteoblast 
proliferation and cell viability were detected in their study. 

 “Hot” specifi c examples here are bio-inspired self-repairing 
slippery surfaces with pressure-stable omniphobicity 
(SLIPS) [  146  ]  for, e.g., antifl uidic drag, antibiofouling. Thus, 
most state-of-the-art liquid repellent surfaces are modeled after 
lotus leaves, which, due to their rough, waxy surface and con-
tact angle characteristics, are known to exhibit superhydropho-
bicity and self-cleaning, as water droplets remove contaminants 
from their surfaces when they roll-off. The SLIPS technology, 
inspired by the Nepenthes pitcher plant, provides unique capa-
bilities that are unmatched by any other liquid-repellent surface 
technologies. SLIPS can be optimized for extreme tempera-
ture and pressure conditions, rapid self-healing, biocompat-
ibility, and chemical inertness, and so forth. In particular, the 
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defi ned surface geometry/topology, can be 
obtained with additional (ii) localized chem-
ical functionalities being useful in a large 
fi eld of applications, [  153  ]  for example, tissue 
engineering, cell behavior investigations, 
co-cultivating of different cells types, artifi -
cial growth of neuron networks, and so on. 
Such surface is urgent for a fundamental 
understanding between surface cell interac-
tions with precise variation of selected trigger 
parameters. 

 A specifi c example of an attempt to con-
trol human mesenchymal cell differentiation 
using nanoscale symmetry and disorder is 
the work of M. J. Dalby and co-workers. [  154  ]  
The nanotopographies had well defi ned 
holes and periodic distances between them. 
In particular, fi ve different patterns were 
used, all with either absolute or average 
center-center spacing of 300 nm: (1) square 
array; (2) hexagonal array; (3) disordered 
square array with dots displaced randomly 

by up to 50 nm on both axes from their position in a true 
square; (4) disordered square array with dots displaced ran-
domly by up to 20 nm on both axes from their position in a 
true square; (5) pits placed randomly over a 150  μ m by 150  μ m 
fi eld, repeated to fi ll a 1 cm 2  area. It would seem likely that 
one of the initial events in substrate induced stem cell differ-
entiation is the ability of the cells to form mature febrile-like 
adhesions. The nanotopographies modulated the ability of the 
osteoprogenitor cells to form very long ( > 8  μ m) fi brillar-like 
adhesions, with square arrays and hexagonal arrays resulting 
in shorter adhesions and disordered square arrays with dots 
displaced randomly by up to 50 nm resulting in longer adhe-
sion. It was also shown that the type of patterning is important 
for the initial stages of the tissue growth; however after forma-
tion of a dense layer of tissue on the substrate the cell growth 
follows the classical type. 

 The principle of chemical surface special functionali-
zation for bio-applications can be demonstrated by using 
polyethylene glycol (PEG) (Figure  2 g), polyethylene oxide 
(PEO), and so on, and selective surface grafting for, e.g., 
antifouling applications. [  155  ]  Cell manipulation on a surface 
can be achieved through proteins. Synthetic polymers can 
be combined with protein, for example, photolithographic 
techniques were used to create PEG hydrogel scaffolds 
which can be modifi ed with various biomolecules such as 
peptides, growth factors, and other signaling molecules; [  156  ]  
this system can be applied in basic science to investigate 
various aspects of cell locomotion to advance our knowledge 
in wound healing, infl ammation, embryogenesis, and tumor 
cell metastasis. 

 Surface manipulation using biomolecules currently permits 
spatial control over the biomolecule position via patterned 
surface (i) chemistry or (ii) topography. It is expected that for 
self-regulated intelligent systems deposition of biomolecules 
is a strong instrument of nanoarchitecture control for stimuli 
responsive surfaces. 

mobility of the pH sensitive complex. Moreover, it allows the 
release of the biocide in a controlled way, which is of high pri-
ority (regulated local release). . The possibility of bacteria deac-
tivation due to silver release from sonochemically formed sur-
face capsules was also shown. [  2a  ]   

 Ultrasonic assisted surface immobilization of magnesium/
polypyrrole capsules allows formation of stimuli response sys-
tems for release of active chemicals. [  109  ]  The hybrid materials 
can respond to several stimuli. Due to magnesium, the hybrid 
is sensitive to pH change. Polypyrrole is sensitive to electric 
fi eld. In this case, no external coating is needed, since ultrasonic 
induced particle collisions allow melting of metal based cap-
sules in the metal substrate, in particular, Ni patterns on ITO. 

 Mesoporous silica, titania or CaCO 3  based capsules can be 
homogeneously distributed on the surface by using the sol-gel 
approach or through formation of polymer hybrid coatings. [  147  ]  
Micrometer-sized polyelectrolyte capsules made with the LbL 
technique are not suitable for deposition in sol-gel coating due 
to their instability in the coating. However nanosized polymer 
micelles are also promising candidates. 

   3.3. Patterning 

 The development of a number of high-resolution patterning 
techniques coupled with functional surface chemistry has ena-
bled the formation of surfaces that offer stringent control over 
the adsorption of biomolecules and cells in space. [  150  ]  Specifi c 
strategies for the surface patterning of biomolecules include 
photolithography, laser ablation, robotic spotting, electron 
beam lithography, microcontact printing, templating, imprint 
lithography, soft-lithography, microfl uidics, microelectronics, 
magnetic forces, and so forth. [  151  ]  Each of the techniques has 
its inherent advantages and limitations, for example, electron 
beam lithography enables high-resolution periodic patterns but 
is time-consuming. [  152  ]  

     Figure  6 .     a) Scheme of the magnetic stimuli-responsive drug release from titanium nano-
tubes which integrate polymer micelles as drug carriers loaded with poorly soluble drugs 
and magnetic nanoparticles. The release is achieved by applying an external magnetic fi eld. 
b,c) Release profi les of magnetic fi eld triggered release of drug (indomethacin (Ind)) encap-
sulated in polymer micelles (TPGS, Pluronic and PEO-PPO-PEO). Non-triggered release with 
Pluronic-Ind was used as a control. Reproduced with permission. [  54  ]  Copyright 2012, Royal 
Society of Chemistry.  
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and desorption of biomolecules (iii) loading/
release of active chemicals (drugs, anti-
fouling and anticorrosion agents). Moreover, 
the adsorption/desorption/morphology of 
biomolecules (DNA, proteins, etc.) and cells 
(bacteria, fi broblast and osteoblast, etc.) onto 
the surface may be self-regulated by their 
metabolism (biomimetic of natural system). 
The possible environmental conditions for 
this purpose are limited due to the biomed-
ical setting of drug delivery as application. 
Synthetic materials capable of responses to 
external or internal stimuli represent most 
exciting and emerging areas of fundamental 
scientifi c interest. In most trends, stimuli 
responsive changes of a system are inherent 
to an organic component of a hybrid. How-
ever, biodegradation of metal components of 
a hybrid can also provide release of an active 
chemical. 

  3.4.1. Thermo-Response 

 Temperature-responsive polymers and 
hydrogels can be utilized for the prepara-
tion of so-called (i) cell adhesion switch-
able surface, and (ii) “smart” drug delivery 
systems ( Figure    8  ,  9  a). [  155  ,  157  ]  Temperature-
responsive systems exhibit a volume phase 
transition at a certain temperature, which 
causes a sudden change in solvation. Poly-
mers, which become insoluble upon heating, 
have a so-called lower critical solution tem-
perature (LCST). Systems, which become 
soluble upon heating, may have an upper 
critical solution temperature (UCST). There 
are also systems, which exhibit both LCST 
and UCST behavior, but that is usually not 
occurring within the setting of the intended 
biomedical applications. Most applications 
use the change from, for example, room 
temperature to body temperature in order to 
induce a change in the physical properties 
for gelation, especially in topical applications 
and in injectable biodegradable scaffolds. 
In vitro applications in cell culture are also 
using the stimulated swelling and collapsing 

of hydrogels with their change in surface properties.   
 Typical LCST polymers are based on  N -isopropylacrylamide 

(NIPAM), [  158  ]   N , N -diethylacrylamide, [  159  ]  methylvinylether, [  160  ]  and 
 N -vinylcaprolactam [  161  ]  as monomers. A typical UCST system is 
based on a combination of acrylamide and acrylic acid, [  162  ]  PEO-
 b -poly(propylene oxide) block copolymers (PEO- b -PPO), PEO- b -
PPO-b-PEO and PEG- b - poly lactic- co -glycolic acid-b-PEG. [  163  ]  

 Thermoresponsive poly( N -isopropylacrylamide) (PNIPAM) 
microgel fi lms [  164  ]  allow controlled detachment of adsorbed 
cells at a temperature change. Cell response occurs on the time 
scale of several minutes, is reversible, and allows harvesting of 
cells in a mild fashion. 

   3.4. Stimuli Sensitive Response 

 Stimuli responsive behavior, which is intrinsic to natural sys-
tems, is becoming a key requirement for advanced artifi cial 
materials and devices, presenting a substantial scientifi c and 
engineering challenge (Figure  6 –10). Intelligent surfaces are 
able to control the behavior of biomolecules (proteins, pep-
tides, lipids, polysaccharides, cells, etc.) in both space and time. 
External stimuli (pH, T, ionic strength, humidity, electric or 
magnetic potential) alter surface properties. In particular, sur-
faces in response to external stimuli can exhibit (i) changes in 
adhesion, growth and desorption of cells, (ii) adhesion, mobility 

     Figure  7 .     a) Schematic illustration of upload, storage and release of active component and 
general view of capsules generated at the metal surface. b) SEM image of the cross section 
of an aluminum sponge-like layer and luminescence confocal image of the surface capsules 
loaded with doxorubicin. c) Transmission electron microscopy image of aluminum with surface 
capsule layer for chemical storage (blue arrows show the loading direction, red arrows show the 
interface between bulk metal and capsules’ layer). d) Doxorubicin release under different pH. 
e,f) Confocal images show the inactivation of  E. coli  due to 8-hydroxyquinoline release from the 
surface capsule layer: e) before release stimulation and f) after release. Inactivated bacteria are 
red and alive bacteria are green. Reproduced with permission. [  5e  ]  Copyright 2012, Wiley-VCH.  
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at low temperature. 
 Novel smart substrates advantageously 

combine some features of PNIPAM surfaces 
(i.e., stimuli response) and PEG surfaces 
(i.e., bio-repellence at room temperature). 
Zareie et al. [  165  ]  reported on a temperature-
responsive SAM based on the synthesis of an 
oligo(ethylene glycol) (OEG) molecule modi-
fi ed with a phenyl-methyl-trithiocarbonyl-
propionic acid 2-dithiopyridyl-ethyl ester that 
exhibited a LCST of 37  ° C. The widespread, 
successful application of OEG molecules for 
formation of low-fouling layers makes this 
molecule an attractive starting point for gen-
erating surfaces with switchable low-fouling 
properties (Figure  8 a). [  155  ]  Thermoresponsive 
OEG–Au surfaces allow effi cient control over 
cell-adhesion within a convenient and easily 
achievable temperature range (25–37  ° C). 

 Thermo responsive LBL fi lms can provide 
an effective base for formation of hybrid sys-
tems for drug delivery. Temperature treat-
ment turns out to be a unique tool to pre-
cisely tune the permeability of polyelectrolyte 
multilayers or also complex micelles con-
taining LbL. [  157  ]  

 Nanoparticles incorporated in LBL fi lms 
can absorb electromagnetic irradiation and, 
thus, provide drug delivery systems with 
thermo responsive properties. [  166  ]  

   3.4.2. pH-Response 

 pH variation is well known and a fundamen-
tally investigated stimulus to switch either 
(i) cell adhesion [  2a  ]  or (ii) sorption capacity 
of delivery systems [  167  ]  (Figure  8 , 9 c). In the 
extracellular tissue tumour tissue has extra-
cellularly a pH of 6.5–7.2, thus slightly lower 
than the physiological pH of 7.4. [  168  ]  After 
cellular uptake of the drug, release can be 
achieved in the lysosomes at pH of 4.5–5.0. 
Hydrolytic enzymes, such as cathepsin B, are 
also frequently utilized for drug release. The 
nanometer size of the drug conjugates or 
micellar structures allow passive targeting of 
the pharmaceutical compounds. [  169  ]  An ideal 

“intelligent” surface has internal regulation adapted to a par-
ticular application. 

 pH responsive compounds have ionizable functional groups 
capable of donating or accepting protons upon pH changes. 
Electrostatic repulsion between generated charges causes 
alterations of the hydrophobic volume along a polymer chain. 
The following mechanisms of response of polyelectrolyte 
multilayers (Figure  2 h, 8c) to external stimuli as pH change 
can be proposed: (i) the polyelectrolytes have pH-buffering 
activity and can stabilize the pH in the metal surface; (ii) the 
active chemical can be released pH dependently from the 

 The fact that microgels are attached non-covalently allows 
using them on a broad variety of (charged) surfaces and is a 
major advantage as compared to approaches relying on cova-
lent attachment of active fi lms. PNIPAM derivatives undergo a 
sharp coil to globule transition in water at 32  ° C, changing from 
a hydrophilic state below this temperature to a hydrophobic 
state. Cell cultures, which prefer more hydrophobic surfaces, 
on such responsive PNIPAM surfaces can be directly associated 
with hydrophilic and hydrophobic surface properties. Cells are 
able to attach to PNIPAM at physiological conditions because 
of hydrophobicity of PNIPAM modifi ed surface. The cells can 

     Figure  8 .     Part I: Stimuli for regulation of biomolecule adhesion. a) Thermo-response and 
phase-contrast microscopy images of L929 mouse fi broblasts behavior of polymer grafted 
gold substrates coatings at different temperatures. Reproduced with permission. [  155  ]  Copyright 
2008, Wiley-VCH. b) Electrochemical transition between straight (hydrophilic) and bent (hydro-
phobic) molecular conformations. Reproduced with permission. [  176  ]  Copyright 2003, American 
Association for the Advancement of Science. c) Surface immobilization of pH-responsive tri-
block terpolymer micelles on a porous aluminum surface formed by ultrasonication: schematic 
representation of adsorbed micelles on the porous surface depicting their pH-dependent mor-
phology. Insets show atomic force microscopy images of a sponge-like metal surface before 
and after adsorption of micelles. Reproduced with permission. [  2a  ]  Copyright 2012, Wiley-VCH.  
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at pH 7 − 8. Smaller initial burst release and 
higher amounts of sustained release were 
observed when lower molecular weight 
poly(methacrylic acid) was used. 

 For certain designs of cell surface inter-
actions, it is preferable to have surface con-
tact with developed morphology metal based 
surfaces, not with polymer layers, or a stable 
matrix is required. In particular, two types 
of encapsulation systems based on surface 
metal sponges have been suggested. [  5    e]  The 
simultaneous activation/modifi cation of the 
metal surface and incorporation of active 
chemicals by ultrasound are suggested in 
Type I. The metal capsules can be formed 
and loaded by ultrasound treatment of the 
metal surface in presence of an active com-
ponent. As a model (Figure  7 ) encapsula-
tion of a fl uorescent antibiotic (doxorubicin) 
was presented. The pH dependent release 
from such capsules is shown in  Figure    10  d. 
At pH  =  7 the encapsulation system is very 
stable and release from the capsules is neg-
ligible. At pH 4-2 we monitored a step-wise 
release of chemisorbed doxorubicin. At pH 
lower than 2 the release continues due to 
degradation of the metal oxide and dissolu-
tion of aluminum. Thus, the generation of 
a pH responsive encapsulation system on a 
metal surface can be performed in a single-
step mode.  

 According to the Type II capsules, the 
surface sponges can be used for construc-
tion of metal-polyelectrolyte capsules for 
storage of active chemicals and their release 
on demand. The pores of metal sponges 
can be simply sealed by polyelectrolyte com-
plexes. [  149  ]  The polyelectrolyte complexes are 
a universal encapsulation/carrier system and 
provide safe storage of active chemicals and 
their release in response to external stimuli, 
here pH. In this case, one does not need a 
specifi c interaction (chemisorption) between 
metal surface and active chemical. The 
upload/ release of the active chemical in Type 
II capsules can be controlled by the forma-
tion of a complex between chemical and poly-
electrolyte. The complex has one or two pH 

windows (pH regions of complex instability) and provides an 
easy way of upload/release manipulation. The surface capsules 
loaded with 8-hydroxyquinoline (8-HQ) provide long-term anti-
septic activity of the metal surface (Figure  7 d,e). The metal sur-
face contaminated by  E. Coli  bacteria before and after biocide 
release is shown in Figure  7 e,f, correspondingly. Live and dead 
bacteria visualization proofs high biocide activity of the metal 
surface with 8-HQ-loaded capsules. 

 Recently, bacterial detachment from the surface initiated 
regulated by bacteria themselves was shown. [  2  ]  a]  Thus, on a 
metal surface a special type of pH responsive micelles [  6b,c  ]  was 

polyelectrolyte multilayers; (iii) polyelectrolytes forming the 
coating are relatively mobile and have the tendency to seal the 
mechanical cracks of the coating. [  167  ]  

 Recently, Peterson et al. [  170  ]  demonstrated pH-controlled 
release of proteins from polyelectrolyte-modifi ed anodized 
titanium surfaces for implant applications. A polyelectrolyte 
coating of poly-L-histidine and poly(methacrylic acid) was used 
for sustained release of negatively charged species (morphoge-
netic proteins such as BMP-2) under physiological conditions. 
This complex demonstrated pH-dependent release, with max-
imum release at pH 5 − 6, but low levels of sustained release 

     Figure  9 .     Part II: Stimuli for regulation of drug delivery. a) Reversible temperature-triggered 
swelling of stimuli-responsive block copolymer micelle layers. Release kinetics of pyrene from 
micelle layers of pH 5.0 buffer solution at 20  ° C and 37  ° C. Reproduced with permission. [  157  ]  
Copyright 2009, American Chemical Society. b) Antibodies have a high affi nity for benzoquinone 
but not for its reduced form, hydroquinone. They can thus be reversibly attached to an electrode 
and released in solution through the oxidation and reduction. Adapted with permission. [  177b  ]  
Copyright 2010, Nature Publishing Group. c) Schematic mechanism of self-healing effect based 
on LbL hybrid. Reproduced with permission. [  167a  ]  Copyright 2008, Wiley-VCH.  
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terial, and fungicidal properties, and effec-
tively inhibit biofi lm formation on the surface 
of TiO 2  implants. Titanium dioxide is known 
to be activated upon exposure to ultraviolet 
light, where irradiation of the surface pro-
motes electrons from the valence band to the 
conduction band leaving a positively charged 
hole. As electrons and holes migrate, potent 
oxidative species, such as OH ⋅  and O 2  ⋅   −  , are 
produced. [  173  ]  The quantity of each species 
can be regulated by, for example, modifi ca-
tion of the surface with metallic, bimetallic 
particles or formation of mixed oxide com-
posites which can have a signifi cant role 
to increase antibacterial activity selectively 
either to gram negative bacteria or gram pos-
itive ones. [  173b  ]  In particular, the nanostruc-
tured photocatalysts TiO 2 , TiO 2 :In 2 O 3 , TiO 2 /
Ag, and TiO 2 /Ag/Ni prepared as thin fi lm 
on ceramic substrates by spaying oxide sols 
with subsequent silver photodeposition and 
electroless nickel deposition were screened 
for their antibacterial effi ciency against 
 P. fl uorescens  and  L. lactis . [  173    b]  The photocata-
lysts show higher activity against  P. fl uorescens  
than  L. lactis  that can be explained in terms 
of different morphologies of gram positive 

and gram negative cell envelopes. Gram positive bacteria were 
more sensitive to O 2  ⋅   −  . Probably, active species initiate different 
deactivation mechanisms of OH ⋅  due to cell wall degradation/
mineralisation, and O 2  ⋅   −   affects the cell nucleus. 

 For the preparation of hybrid systems sensitive to UV-light 
mesoporous TiO 2  can be added to, for example, an LbL surface 
layer. The LbL method in this system can locally enable switching 
to open/close state by UV-irradiation. It was shown that short-
term mild irradiation results in reversible permeability changes 
due to local variations in pH due to photocatalytic processes 
occurring at the titania surface. [  147c,d  ]  The irreversible decomposi-
tion of the LbL fi lm is also possible after long term strong UV 
irradiation due to photodecomposition of polyelectrolytes. 

 Different sensitivity of different microorganisms, for 
example, bacteria and bacteriophages, [  173c  ]  provide effective 
instrumentation to manipulate their live cycles. In particular it 
was shown that the kinetic activity of the deactivation of bacteri-
ophages dramatically exceeds that of bacterial deactivation. This 
allows to suggest a procedure of photocatalytic lysogenic bac-
teria detection including the following steps: (a) daily obtaining 
lysogenic bacteria cultures by standard methods; (b) cultivation 
of lysogenic bacteria in a sterile physiological solution and addi-
tion of the nanodispersed titania photocatalyst to the resultant 
suspension; (c) UV-irradiation of the mixed suspension; 
(d) seeding of the irradiated culture by a standard two-layer 
method with the subsequent crops incubated for some days; 
(e) calculation of the number of negative colonies and concen-
tration of phages (plaque forming unit per mL). This is a strong 
example of providing the stimuli to affect the metabolism of 
microorganisms, which is of high priority for intelligent surface 
design and biomimetic of natural systems. 

immobilised. The micelles change their corona sizes depending 
on pH. Increase of micelle’s corona size results in effective bac-
teria detachment from the surface at low pH. 

 Hydrogels change the orientation depending on pH, which 
is a signifi cant prospective for both (i) control of biomolecules’ 
surface behavior, and (ii) drug delivery targeting. A novel 
chemo-mechanical hybrid actuation system that enables pH-
responsive reversible motion of microstructures in liquid has 
been demonstrated recently. [  171  ]  Inspired by biological actua-
tors, the system is a composite of passive structural skeletal 
elements, put in motion by a poly(acrylic acid- co -acrylamide) 
hydrogel muscle that swells and contracts in response to chem-
ical signals. The dynamics and mechanism of actuation were 
studied using electrochemically generated pH gradients that 
allow visualization of the hydrogel volume-phase transition and 
translation into movements of the microstructures. 

   3.4.3. Electro-Magnetic Irradiation 

 An electromagnetic fi eld initiated by light could be an effective 
stimulus for (i) biomolecule detachment as well as (ii) drug 
delivery. The mechanism of surface sensitivity to light is based 
on light adsorption around adsorbed centers; for example, sem-
iconductors such as TiO 2  absorbed effectively UV light, doped 
TiO 2  or its composites can be adapted also to the visible region, 
noble metal nanoparticles absorb IR light. [  172  ]  

 Titanium covered with a native oxide layer has been selected 
to focus on intelligent metal surfaces. Moreover, it was men-
tioned that the layer can be modifi ed to have different crystal-
linity, morphology, porosity, and so on, which can have a critical 
role also for the photocatalytic activity inherent to TiO 2 . The 

     Figure  10 .     Synergetic surface activity: variation of cell adhesion through patterning with pH-
responsive triblock terpolymer micelles and self-cleaning by antiseptic/disinfectant properties of 
porous Ag/Al surface. As model cells,  L. lactis 411  bacteria were used to present the idea of self-
controllable intelligent surfaces. Reproduced with permission. [  2a  ]  Copyright 2012, Wiley-VCH.  
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 Magnetic fi eld effects are very similar to the effects of lasers 
since both represent various components of electromagnetic 
fi elds. In the case of magnetic fi elds, magnetic nanoparticles 
serve as absorbing centers producing localized heating centers 
and inducing release. Recently, the group of Losic [  54  ]  demon-
strated a very prospective way of magnetic-responsive delivery 
of drug-carriers using titania nanotube arrays (Figure  6 ). It was 
shown that a rapid (1–1.5 h) triggered release of drug encapsu-
lated polymer micelles as drug-carriers with 100% release can 
be achieved at desirable times of the drug release process. The 
release of polymer micelles from titania nanotubes is proven 
to be generic by exploring three types of amphiphilic micelles, 
and indomethacin, a hydrophobic drug entrapped inside the 
lipophilic core of micelles. This strategy is particularly valuable 
for drug-releasing implants in orthopaedics and bone surgery, 
where on-demand release is needed under conditions (infec-
tions) where no time delay can be afforded for drugs to be 
administered by conventional therapy. 

   3.4.5. Solvent and Ionic Strength 

 The permeability of polyelectrolyte complexes or micelles on 
surfaces can also be changed by adding an organic solvent or 
salt to the aqueous suspension. [  180  ]  The decrease in the dielec-
tric constant of the medium increases the strength of the elec-
trostatic interactions between the polyion chains and, thus, 
leads to a collapse of the polymers. As a result, the LbL are 
much more permeable than the initial fi lms. It can be noted 
that solvent used during fi lm manufacture also plays an impor-
tant role. [  181  ]  However, contrary opinions exist about the revers-
ibility of the solvent treatment. For the infl uence of salt on 
the properties of polyelectrolyte complexes two concentration 
ranges have to be distinguished. At very low ionic strength, the 
complex does not change, but its permeability increases due to 
a partial breakage of ionic bonds. At higher salt concentrations, 
the electrostatic interactions between the oppositely charged 
polyions are suffi ciently weakened to enable their rearrange-
ments. Although addition of salt increases the permeability 
of the polyelectrolyte layer, an opposite effect can be achieved 
if one polymer in the pair possesses hydrophobic groups, 
for example poly(styrenesulfonate sodium salt) (PSS). Upon 
increase of ionic strength, the electrostatic interaction between 
the charged groups decreases. [  182  ]  Moreover, low salt concentra-
tions can even inhibit fusion of layers upon heating. 

 Altogether a change of ionic strength can be a suitable stim-
ulus due to the difference in ionic strength at environmental 
conditions and, for instance, in the human body. Thus, for 
example, the system can be designed in a way to have release of 
drug after material implanting into the body. 

   3.4.6. Multi-Trigger Response 

 One advanced trend for stimuli responsive surfaces is the 
development of a system that can respond to several external 
and/or internal stimuli in an intelligent way and mimic nat-
ural systems. A double-responsive system can be achieved 
(i) with a hybrid system whose components are sensitive to 
different stimuli, or (ii) with special nano-organized assembly 
into micelles, hydrogel. A background idea is to combine in 

 Laser-induced remote release is based on localized heating 
of the polymeric component in hybrids in the vicinity of metal 
nanoparticles absorbing laser light. [  147b,d  ,  174  ]  Thus, the polyelec-
trolyte multilayer becomes mobile above the glass temperature 
 T  g  of the polyelectrolyte complex. It should be noted that exces-
sive heating is undesirable for living cells, but it is desirable 
for cancer treatment. Besides noble nanoparticles, to make sur-
face light switchable special molecules can be suggested. For 
example, azobenzene molecules, which undergo transitions 
from cis- to trans-confi guration upon exposure to light close the 
pores in a cooperative way thus entrapping molecules inside, 
e.g., a porous surface. 

 One more attractive possibility of laser-induced cell detach-
ment on gold nanoparticle functionalized surfaces was dem-
onstrated recently. [  175  ]  It is interesting that the selective cell 
detachment from nanoengineered gold nanoparticle surfaces, 
triggered by laser irradiation, occurs in a nonthermal manner. 
It was shown that detachment is attributed to a photochem-
ical mechanism due to production of reactive oxygen species 
under illumination of gold nanoparticles by green laser light. 
It was also demonstrated that cells migrate from unirradiated 
areas leading to their reattachment and surface recovery which 
is important for controlled spatial organization of cells in self-
healing and tissue engineering. 

   3.4.4. Electric or Magnetic Field, Electrochemical Activation 

 Electric fi elds can be also used to protonate/deporotonate SAM 
of acid-terminated thiols. Lahann et al. [  176  ]  developed a surface 
coating on Au that transduced conformational changes in a low-
density SAM, initiated by a voltage bias into wettability changes 
(Figure  8 b). The self-assembled surfaces offer exciting opportu-
nities when applied to the manipulation of biomolecules. 

 The uptake and release of antibodies from modifi ed elec-
trodes (Figure  9 b) were described by Sivan and co-workers. [  177  ]  
In these experiments, antibodies were selected such that 
they recognize and bind strongly to n-decanethiolbenzoqui-
nones, but have a lower affi nity for their reduced form (hyd-
roquinones). This enabled the electrochemical control of their 
release: antibodies were attached to a benzoquinone monolayer 
self-assembled on a gold electrode, and subsequently released 
and re-attached on successive electrochemical reduction and 
oxidation. 

 Polypyrrole fi nds vast applications in biosensors, controlled 
drug delivery, gas sensors, artifi cial muscles, and so on. [  178  ]  
For biological applications, polypyrrole has advantages as it is 
biocompatible, stable and conductive. [  179  ]  Thus, besides using 
metals to provide sensitivity to electrical potential, biocompat-
ible polypyrrole can be used for the same purpose. Its conduc-
tive nature allows an applied current to be switched on and off 
reversibly, to facilitate the controlled delivery of drugs or the 
release of other chemicals. In addition, due to its stability, it can 
protect the capsules used in controlled release systems from 
degradation before reaching the target site. These properties of 
polypyrrole help to overcome the present problem of achieving 
effi cient low molecular weight active component delivery. Thus, 
it was shown that hybrid Mg-polypyrrole composites immo-
bilized onto ITO provide release of encapsulated active agent 
under electric currents. [  109  ]  
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one system the nanoblocks responsive to different stimuli. An 
example of a hybrid system can be surface organized magne-
sium-polypyrrole hybrids. [  109  ]  An active chemical release from 
such a hybrid is achievable by pH-change (due to magnesium 
biodegradation) or an electric fi eld (due to the conductivity of 
polypyrrole). It can be noted that functionalization by magnetic 
and metal nanoparticles produces capsules which response to 
multiple stimuli. Double- or multi-responsive systems can be 
based just on the polymer architecture. Random copolymers 
are used to tailor the transition point depending on two inde-
pendent parameters, for example, pH and temperature. In 
contrast block copolymers tend to self-assemble reversibly and 
form micelles depending on the environmental conditions. 
The micelles are then either stabilised through strong non-
covalent interaction (e.g., ionic) or fi xed through subsequent 
crosslinking. In both cases, one obtains a nano-object, which 
can be utilized as a micellar responsive drug delivery system, 
but it can also mimic biological entities like vesicles. [  183  ]  

 Summarizing: (i) noble metal nanoparticles and nanorods 
can provide surface plasmon resonance in the visible region 
of the electromagnetic spectrum; (ii) magnetic nanoparticles 
can guide a system, (iii) semiconductor particles, (iv) quantum 
dots, (v) carbon nanostructures, (vi) biomolecules, antibodies 
and targeting molecules, (vii) stimuli micelles, etc., and their 
combination can provide intelligent systems with multi-trigger 
response. 

   3.4.7. Self-Regulated Processes: Biomimetic of Natural Systems 

 The last example (Figure  10 ) from our recent work [  2a  ]  provides 
nice support of the presented idea: use the cell metabolism as 
one of the stimuli. In particular, the novelty of this work is the 
design of the 3D designed surfaces with both space- and time-
dependent functionality. The different surface functionality 
and reactivity can be controlled by surface patterning and for-
mation of a sponge with active component in its composition. 
Ultrasonically formed silver/aluminum sponge-like surfaces as 
well as Ag-free surfaces were used for a self-assembled immo-
bilization of pH-responsive triblock terpolymer micelles. The 
self-induced regulation which can be assumed as successful 
step in mimicking natural systems and antibacterial properties 
were tested by using  L. lactis 411  bacteria as a model system. 
These types of bacteria produce lactic acid in their life cycle and 
change the pH of the environment. The micelles change their 
conformation and bacteria are “pushed off” from the surface. 
The possibility to regulate cell adhesion was shown through 
patterned micelle adsorption. The antimicrobial activity clearly 
indicates antiseptic/disinfectant activity of the Ag/Al sponge 
surface. 

     4. Conclusions 

 In this article, the latest achievements in construction of “intel-
ligent” systems that could mimic biofunctions are highlighted. 
Interfaces adapted to self-control and self-regulation require a 
complex hierarchical organization of stimuli responsive nano-
organized blocks. In living systems, nature broadly exploits 
the principles of hierarchical organization for self-control and 

stimuli responsive switching and self-regulation. However, syn-
thetic intelligence is still a challenge. Even more challenging is 
in vivo design. 

 We demonstrated how the blocks can be nanostructured 
and combined to provide system response to environmental 
changes, stimuli switchability. We focused on metal surfaces, 
that usually passive surface widely used for implantation. How-
ever, as shown in the here, nanostructuring of metal interfa-
cial layer can provide novel characteristics that are attractive for 
intelligent surfaces. The potential of hybrids and composites 
for formation of active interfaces is also demonstrated. Polymer 
systems are suggested as nanoblocks for hierarchical organiza-
tion in combination with metals. 

 The design of the 3D architecture surfaces with both space- 
and time-dependent functionality (cell attraction, pH- trigged 
self-cleaning, antiseptic/disinfection) is a modern issue in bio-
nanoingineering and materials science. Spatial and temporal 
biomolecule performance at the surface provided by the sur-
face nanoarchitecture offers advanced bio-applications of metal 
based materials, such as implantation, organ-on chip and lab-
on-chip, biosensors, smart biomaterials, drug delivery systems. 

 We believe that the area will be explored further in nearest 
future. A next step in active surface construction can be the sur-
faces that are applicable for a generation of entire organs due to 
spatially and temporally resolved co-culture growth regulated by 
morphology and functions of the interfacial layer. 
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ABSTRACT: We demonstrate that our bio-electrochemical platform facilitates
the reduction of detection time from the 3-day period of the existing tests to 15
min. Machine learning and robotized bioanalytical platforms require the
principles such as hydrogel-based actuators for fast and easy analysis of bioactive
analytes. Bacteria are fragile and environmentally sensitive microorganisms that
require a special environment to support their lifecycles during analytical tests.
Here, we develop a bio-electrochemical platform based on the soft hydrogel/
eutectic gallium−indium alloy interface for the detection of Streptococcus
thermophilus and Bacillus coagulans bacteria in various mediums. The soft
hydrogel-based device is capable to support bacteria’ viability during detection
time. Current−voltage data are used for multilayer perceptron algorithm
training. The multilayer perceptron model is capable of detecting bacterial
concentrations in the 104 to 108 cfu/mL range of the culture medium or in the
dairy products with high accuracy (94%). Such a fast and easy biodetection is
extremely important for food and agriculture industries and biomedical and environmental science.

KEYWORDS: hydrogel, interface, lactic acid bacteria, eGaIn, multilayer perceptron

■ INTRODUCTION

Currently, machine learning approaches, and in particular deep
learning, are very popular when processing and analyzing large
amounts of data.1 Deep networks are flexible function
approximators that, with enough training data, can be trained
to recognize patterns in data.2 This approach is increasingly
used to analyze a large number of biological images3−5 and has
found its application to simulate molecular mechanisms6 and
automatic annotation of animal behavior.1,7 However, our
approach is to use deep learning to analyze the current−
voltage characteristic data.
Hydrogels are increasingly used in various fields: flexible

electronics,8,9 sensing,10−12 wound dressing,13,14 and energy
saving.15,16 Soft biomimetic interfaces involving hydrogels and
liquid metals and alloys play an important role in gaining more
and more information about various complex biosystems.
Among all complex biosystems, the potential of the “good”
microbiome is of greatest interest.17 Certain lactic acid bacteria
have beneficial effects on human health, cure gastrointestinal
disorders, and strengthen the host’s immune system.18,19

Bacterial viability is generally considered an essential metric for
optimal probiotic functionality.20 It is believed that they must
enter the gastrointestinal tract alive and in sufficient quantities
[107−108 colony-forming units (cfu)/mL] for their benefits to
be evaluated.21,22 Earlier, we developed a fermented milk
product with the spore-forming probiotic Bacillus coagulans

and auxiliary culture Streptococcus thermophilus in its
composition.23

During development, it was crucial to control the number of
viable bacteria during storage. Various methods, which have
certain disadvantages, are used to count the number of viable
bacteria. For all these methods, bacteria must be grown
selectively in a cultural medium. This medium must contain
certain substances and have a specific pH and a suitable oxygen
level (or lack of oxygen for anaerobic bacteria).24,25 However,
these methods do not take into account the possibility of
transition to a viable but uncultivated state in which bacteria
do not multiply but are metabolically active.26,27 Selective
staining with membrane-permeable fluorescent dyes to identify
live and dead bacteria require manual counting.28,29

Application of deep learning methods for bacteria image
processing allows a great gain in data analysis and may be
implemented for very sensitive methods, such as holographic
microscopy; however, it still requires training with selective
staining and specific microscopy setup.30 The real-time
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polymerase chain reaction method is complicated and does not
allow distinguishing the DNA of living cells from dead ones.31

Some other approaches were tried, such as counting bacteria
on a microfluidic chip by implementation of differential
resistive pulse sensing (RPS).32 However, this method has
disadvantages in recognizing solutions with a high and low
concentration of bacteria. Also, the possibility of separating live
and dead bacteria by the RPS method has not been proven.
Currently, electrochemical methods are widely applied for

numerous analytical tasks in colloid science and analysis of
small biological objects. A cyclic electrochemical method
combined with artificial neural network analysis allows us to
estimate thin-layer parameters with the focus on a number of
small point defects and their development.33 The electro-
chemical impedance spectroscopy (EIS) method applied to a
biopolymer-coated substrate also shows a high sensitivity for
hole-like defects and the corrosion caused by biofilm
inhomogeneity.34 Considering the bacteria behavior resem-
bling an inhomogeneous biofilm, it can be a great achievement
to apply cyclic voltammetry for the detection and enumeration
of bacteria attracting considerable attention for their intrinsic
advantages, including fast response, simple equipment, and
high specificity.35−37 State-of-the-art research suggests that
electrochemical sensors will inevitably become a viable
alternative to conventional methods in the near future. EIS is
a method for studying conductive materials and phase
boundaries.38 This method applies a low amplitude, variable
frequency cyclic function to the transducer and uses the
resulting current to calculate the impedance.38 Initially, the EIS
method was used to quantify the total biomass in samples;39

later, its application to electrodes modified with DNA probes
or antibodies was a breakthrough in the selectivity of the
method.40 The conductometric method, such as EIS, does not
need labels as a means of rapid detection of bacteria, which
simplifies sensor preparation.41 However, its detection rates are
still low compared to traditional methods.43 There are
hydrogel-based systems that are used to detect various
biological molecules.8 This technique has already proven itself
well as a selective analysis for the tick-borne encephalitis
virus.10 We propose a soft flexible hydrogel/liquid metal
actuator for bacteria monitoring in different mediums and
products. Such a device provides faster and cheaper bacteria
quantitative analysis in comparison with the existing
techniques.

■ EXPERIMENTAL SECTION
Materials. Agar (powder) was purchased from Sigma-Aldrich.

MRS broth (de Man, Rogosa, Sharpe) (powder) was purchased from
HiMedia, India. Commercial probiotic preparation LactoSpore as a
source of the spores of B. coagulans MTCC 5856 was used. The
authenticity of the strain of B. coagulans in LactoSpore has been
established through genotyping and phenotypic characterization.
LactoSpore contains a mixture of ellipsoidal terminal spores and
vegetative cells. During cultivation in MRS broth nutrient medium, all
spores germinated into vegetative cells. The starter culture of S.
thermophilus TA 40 (TA 40 LYO 50 DCU) is purchased from
Danisco, France. Phosphate-buffered saline (PBS) tablets were
purchased from Rosmedbio. A eutectic alloy of gallium−indium was
purchased from Megaclassic Company.
Methods. Preparation of the Hydrogel. To prepare the gel, 0.1 g

of agar was added to 9 mL of PBS, and then, this solution was stirred
and sterilized at 121 °C. To prevent the death of bacteria, the solution
was cooled down to 45−50 °C and poured into a Petri dish to 1 mL
of bacteria suspension (inoculant). The inoculant was prepared in
advance by separating the overnight cultivation of S. thermophilus and

B. coagulans bacteria in a nutrient medium MRS with the addition of
lactose (5 g/L). Then, the inoculants with two bacteria were mixed
1:1. To obtain various concentrations of bacteria, 1 mL of inoculant
was serially diluted in 9 mL of 0.01 M PBS. 1 mL of fermented milk
product was dispersed and mixed with 9 mL of agar solution with PBS
to prepare gel samples with yogurt. Counting the number of viable
bacteria in the inoculum and dilutions was performed by counting the
cfu on the plates.

Scanning Electron Microscopy Images of Mixed Gallium Oxide
and Lactate Insoluble Film. Scanning electron microscopy (SEM)
studies were performed with a Hitachi S-3400N scanning electron
microscope. Images were acquired for an insoluble film formed on the
eGaIn electrode surface at an operating voltage of 5 kV. A mixed
gallium oxide−lactate film was prepared by the placing of the hydrogel
with bacteria on the liquid metal electrode. Under the applied voltage,
gallium is oxidizing and lactic acid produced by bacteria interacts with
gallium cations. The formed film is transferred on a silicon wafer with
a layer of excess gallium−indium alloy which was used as a
background. Elemental compositions of acquired films were estimated
by means of energy-dispersive X-ray (EDX) spectroscopy. The spectra
acquisition conditions were as follows: 5 kV accelerating voltage, 0.2
nA beam current, and 120 s dwell time per spectrum. In order to
avoid film degradation, spectra were acquired from an area of 15 μm2.

Density Functional Theory Calculation. The quantum chemical
calculations and full geometry optimization of all model structures
were carried out using the ORCA 4.2.1 program package.42

Convergence tolerances for geometry optimization procedure: energy
change = 5.0000 × 10−6 Eh, maximal gradient = 3.0000 × 10−4 Eh/
bohr, RMS gradient = 1.0000 × 10−4 Eh/bohr, maximal displacement
= 4.0000 × 10−3 bohr, and rms displacement = 2.0000 × 10−3 bohr.
Grid4 and FinalGrid5 specifications were used in all cases. Symmetry
operations have not been applied during the geometry optimization
procedure for all model structures. The Hessian matrices were
calculated for all optimized model structures in order to prove the
location of correct minima on the potential energy surfaces (no
imaginary frequencies in all cases) and to estimate the thermodynamic
parameters, the latter being calculated at 298.15 K and 1.00 atm
(Table S1).

Training Set Construction. Current−voltage (I−V) characteristic
curves were measured using Keithley 6430. For the database, the I−V
curves were measured three times at 400 points per cycle for three
independent samples per concentration range in the voltage sweep
mode in the following potential values: −0.02 to 0.02 V, −0.1 to 0.1,
−0.5 to 0.5, −1 to 1, and −5 to 5 V. The I−V characteristics for all
samples with different concentrations of bacteria are shown in Figure
S2. The database for the concentration of bacteria is compiled on the
basis of the parameters of electrochemical processesvoltage and
current. Voltage ranges were chosen as descriptors. The data
themselves represent the values of the currents obtained from the
entire cyclic volt−ampere curve. Since it was required to obtain the
same amount of data from each sample, the speed was different in
each voltage range. For voltage ranges of 0.02, 0.1, 0.5, 1.0, and 5.0 V,
it was, respectively, 1, 5.2, 27, 57.1, and 285.7 mV/s. Thus, each
sample in the database is represented by five descriptors with 2400
points in each of them; whole database consists of 72 000
experimental points.

Then, the database underwent a binary normalization process, as a
result of which all current values took values from 0 to 1. This training
method was used to train the multilayer perceptron model.

Machine Learning Model. For machine learning calculations,
Weka v3.8.4 (Waikato Environment for Knowledge Analysis) is used.
Dividing the data into a training set (90%) and a test set (10%) allows
the accuracy of the model to be checked. The predictive model is
trained on the database. Such a data set consists of columns filled with
attributes that determine the answers.44 Since the peaks of the redox
potential are individual for hydrogel compositions, currents are
attributes and bacteria concentrations are classes. Machine learning
models use attributes and find statistical weights for them to predict
classes. The multilayer perceptron model was chosen due to its
relatively low complexity and low-cost performance. For data
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processing by a supervised learning method, a multilayer perceptron
model with the following parameters was used: learning rate0.1,
momentum0.1, random seed0, the number of hidden layers3,
and the number of nodes in the hidden layer12, each of which is a
weighting factor. The nodes alternately generate an activation
potential

∑= +
=

z xw b
i

N

i i
1

where z is the activation potential, x is the descriptor value, w is the
weighting factor of the node, and b is the bias.
The values of the activation function are assessed using the

activation function, which is sigmoid. Through this process, objects
are classified. The weights (wi) during the training of the model are
fitted using the backpropagation method. In the course of its

operation, the model uses the input data, corresponds to the result,
and compares it with the original answers, after which the weights are
adjusted taking into account the error gradient (E)
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where ηtraining time and γmomentum.

■ RESULTS AND DISCUSSION
We propose using of the I−V characteristics at the interface
between the eutectic gallium−indium alloy (eGaIn) electrode
and the hydrogel (Figure 1) to detect S. thermophilus and B.
coagulans bacterial concentrations in the range from 104 to 108

cfu/mL.

Figure 1. Brief scheme of the machine-learning-assisted electrochemical platform for determining the concentration of bacteria in comparison with
the classical method.

Figure 2. (a) Scheme of the electrochemical system. (b) Formation of the primary metabolite of lactic acid by bacteria S. thermophilus and B.
coagulans in the gel structure. (c) Interaction of lactate anions with eGaIn with the formation of insoluble reaction products on the electrode
surface. (d) SEM image of an insoluble film formed on the eGaIn electrode surface (view from top). (e) EDX spectra of alloy and film surfaces.
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Considering that water (or other liquid) accounts for 12% of
the structure of a bacterium, its population increase will affect
the electrical conductivity and dielectric constant of a
suspension. Accordingly, any suspension with bacteria can be
analyzed by statistically measuring its electrochemical behavior
using the cyclic voltammetry method. Due to the formation of
various redox states on the electrode−electrolyte interface,
different signals will occur on the I−V curves. Analysis of the
data obtained may indirectly indicate the presence of a certain
number of bacteria. For the full spectrum of generation of
redox states, it is necessary to use an electrode material capable
of electric current-induced polymorphic transition in a given
voltage range. One such material is eGaIn alloy, which consists
of 75 wt % Ga and 25 wt % In.45 This alloy has been
successfully used to create flexible electronics due to its low
melting point, high electrical conductivity, nontoxicity, and low
saturated vapor pressure. Gallium is quickly passivated in air,
forming a thin oxide film on its surface, which has a higher
resistivity than the pure metal. This electrochemical approach
has a clear advantage over the plate counting because it is
easier and faster and can reduce human error.
The electrochemical system presented in Figure 2a consists

of hydrogels and two eGaIn electrodes. The hydrogel is based
on 0.01 M PBS. Since the measurement is performed in a
hydrogel, the composition of the gel includes the bacteria S.
thermophilus and B. coagulans MTCC 5856 at various
concentrations. Before being added to the hydrogel, the
bacteria were cultured in MRS liquid nutrient medium to
maintain viability. Homofermentative lactic acid bacteria carry
out the microbiological synthesis of lactic acid during
fermentation (Figure 2b). The bacteria used in this study
contain only L-lactate dehydrogenase and therefore form the L-
isomer of lactic acid. When a potential difference is applied,
gallium is oxidized and its Ga(OH)2+ cations begin to diffuse
into the hydrogel. Indium cations do not exist in such a system
because of their reduction by gallium. The formal oxidation
potential of gallium is −0.529 V, however, in aqueous media,
the formal oxidation potential of gallium shifts to 0.319 V.8 In
the hydrogel, gallium cations interact with bacteria, their
metabolites, and cultural medium anions (Figure 2c).
Most of the gallium complexes and compounds formed in

the system are soluble. However, gallium oxide, lactate, and
phosphate are insoluble. As a result, a film of Ga(CH3CH-

(OH)COO)3 and Ga2O3 is formed on the electrode surface. In
the presence of a small amount of lactic acid, gallium lactate
crystallizes in the form of thin plates.46 Due to the fact that the
reaction in the electrochemical cell proceeds very quickly, the
formation of gallium lactate crystals of a distinguishable size
does not occur in the system. The formation of an insoluble
oxide lactate layer is proved by the SEM images (Figure 2d).
The images clearly show the contrast between the solid film of
gallium compounds and the liquid alloy in the fissure, formed
during sample deposition on a wafer. EDX spectra of alloy and
film surfaces show a significant excess of the carbon and
oxygen amounts in the film (Figures 2e and S1). Presumably, it
verifies the presence of the oxide and lactate, which constituted
the insoluble layer. Moreover, the corrugated surface indicates
that the surface layer is solid, and the surface tension is unable
to restore the smooth surface with a minimal amount of
energy. However, the transparency of a layer at higher
accelerating voltages limits the thickness by no more than
tens of nanometers.
Due to the absence of gallium phosphate, we provide some

quantum chemical computations to evaluate the thermody-
namic favorability of binding between gallium cations and
lactate and dihydrophosphate anions. The level of theory for
calculations is B3LYP/def2-TZVPP. For theoretical studies of
reactions, the dihydrophosphate anion (H2PO4

−) was
considered as a model particle due to the order of phosphoric
acid dissociation constants Ka1 = 7.5 × 10−3, Ka2 = 6.2 × 10−8,
and Ka3 = 4.8 × 10−13. Results of DFT calculations are
presented in Tables S1 and S2 and reveal that the formation of
gallium lactate is much more thermodynamically favorable
than the formation of gallium dihydrophosphate. The differ-
ence of reactions’ ΔG is about 39 kJ/mol. That is the reason
for the absence of phosphorus in the EDX spectra of the
insoluble film.
Resistance of the gallium lactate layer determines the I−V

curve of the sample since this insoluble layer has the higher
resistance in system. The dissolution potential of gallium oxide
and gallium lactate increases with the increase in film
resistance. The presence of various concentrations of bacteria
in the hydrogel also changes the I−V curve. The interaction of
gallium cations with various concentrations of bacteria leads to
the formation of lactate and phosphate films in different ratios.
Redox processes of the formation and decomposition of the

Figure 3. Characteristic curves of I−V characteristics with 400 points per cycle for gels with different concentrations of S. thermophilus and B.
coagulans bacteria (0.01 M PBS pH 7.4) in a voltage range of −1 to 1 V. (a) I−V curve for a gel without bacteria. (b) I−V curve for a gel with 104

bacteria per milliliter. (c) I−V curve for a gel with 105 bacteria per milliliter. (d) I−V curve for a gel with 106 bacteria per milliliter. (e) I−V curve
for a gel with 107 bacteria per milliliter. (f) I−V curve for a gel with 108 bacteria per milliliter.
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Figure 4. (a) Scheme of multilayer perceptron with three hidden layers. Three hidden layers with 12 nodes are used to describe the relationship of
current−voltage data from the input layer and sample compound data from the output layer. (b) Prediction error graphthe axes show the actual
and predicted values, and the correct values are indicated by crosses (Ccontrol).

Figure 5. Results of the prediction of samples with different concentrations of S. thermophilus and B. coagulans bacteria, obtained on the model of a
multilayer perceptron. (a) Graph for the sample with bacteria concentration 104 cfu/mL. (b) Graph for the sample with bacteria concentration 105

cfu/mL. (c) Graph for the sample with bacteria concentration 106 cfu/mL. (d) Graph for the sample with bacteria concentration 107 cfu/mL. (e)
Graph for the sample with bacteria concentration 108 cfu/mL. (f) Graph for the sample without bacteria.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c22470
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acsami.1c22470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22470?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22470?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22470?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22470?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c22470?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c22470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


film with different constituents determine the shape of the I−V
characteristic peaks, which differ in the potential range of
0.02−5 V.
Various machine learning methods can solve many biological

and chemical issues, in particular, for optimizing metabolic
network models and their analysis, as well as predicting
complications of diabetes.47,48 We apply the feed-forward deep
neural network model (multilayer perceptron) for logical data
analysis.49 Also, training of the machine learning model is
performed using an error backpropagation algorithm.50

Multilayer perceptron allows the detection of individual states
at the eGaIn/hydrogel interface that depend on the hydrogel
composition.
The applied voltage ranges for the database are −0.02 to

0.02, −0.1 to 0.1, −0.5 to 0.5, −1 to 1, and −5 to 5 V.
Collected I−V characteristics (Figure 3) correspond for a two-
electrode system/hydrogel interface. Final database consists of
six data pointsPBS control and five concentration ranges
(104 to 108 cfu/mL). Each data point includes 12 000
experimental points which are evenly distributed in five
descriptors by voltage ranges. New experimental points from
independent experiments are sequentially added to the
database until the samples are successfully classified. The
collected data were split into a training data set (90%) and a
test data set (10%) to test the accuracy of the model.
This proportion is optimal from the point of view of

preserving large amounts of data and does not require a
significant reduction in the test set. The multilayer perceptron
model is trained with the following parameters: learning rate
0.1, momentum0.1, the number of hidden layers3, and
the number of nodes in the hidden layer12 (Figure 4a).
Classification errors (Figure 4b) also indicate a high accuracy
in determining the composition of hydrogels. An excellent
determination accuracy of 94% is achieved.
In five out of six cases, the trained multilayer perceptron

model obtained correct results with the highest probabilities
(Figure 5). Certain difficulties arose with the determination of
the concentration of bacteria 104 (Figure 5a). From I−V
curves, it is visible that the concentration of 104 has a similar
appearance to the control sample without bacteria (Figure S2).
This uncertainty arises from the multiple responses to
phosphate anions, lactate, and other compounds at low
concentrations. This is accompanied by the presence of a
weak useful signal. This disadvantage can be compensated by
the expansion of the database. Further addition of statistically
significant values to the database will lead to a decrease in the
statistical error.
The collected database was used to determine the

concentration of S. thermophilus and B. coagulans bacteria in
a yogurt sample as an analyte to assess the potential for
applying the proposed approach to dairy products. The
multilayer perceptron model trained on the collected database
gives the correct result with the highest probability (Figure 6).

■ CONCLUSIONS
We have proposed a soft biomimetic monitoring device that
can detect bacteria of various concentrations with 15 min time
versus a traditional period of 3 days. The device can be used to
determine the concentration of a wide range of bacteria. In its
essence, our approach is essential for microbiological analysis
at various levels. The main advantage is to use a one-time
collected database and machine learning algorithm that avoids
calibration every time. The multilayer perceptron algorithm

shortens the bacteria detection time and has the highest
percentage of accuracy, which increases the statistical reliability
of predictions. The proposed reliable method can be used to
solve a wide range of complex biological problems. The
presented experimental concept can be further applied to
miniaturized monitoring systems.
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stimuli such as temperature,[5] pH,[6] metal 
ions,[7] or ion strain.[8] Nevertheless, the com-
plexity of motion executed by these actua-
tors is limited by two factors: i) the whole 
volume of the material responses simulta-
neously to the stimuli; ii) the response lacks 
temporal regulation (that is, the response 
coincides with the stimulus, when the 
stimulus is ON, the response is ON, and 
no delays, periodicities, or other complex 
temporal patterns take place). To overcome 
these limitations, actuation should be spa-
tially and temporarily regulated.

Inspired by biological organisms where 
responses are controlled by biochemical 
signaling networks,[9] researchers have been 
developing hydrogel materials and actuators 
that are autonomously regulated by synthetic 
chemical reaction networks.[10] Initially, the 
research focused on using the Belousov–
Zhabotinsky (BZ) reaction—the best-known 
chemical oscillator—or its close analogs to 
create periodical swelling/shrinking hydro-
gels.[11] Lately, however, the focus has moved 

towards using de novo enzymatic,[12] DNA,[13] and organic[14] reac-
tion networks to regulate hydrogel materials. These reaction net-
works provide control over individual interactions between the 
system’s components and therefore, they are more desirable than 
the BZ reaction from a design standpoint. Schulman, Gracias, 
and co-workers demonstrated the selective actuation of various 
parts of the hydrogel by specific DNA strands.[13b] Walther and co-
workers[14a–c,15] and Huck and co-workers[12a] pioneered temporal 
control of sol–gel transitions by organic or enzymatic reaction net-
works. Pojman, Taylor, and co-workers demonstrated spatiotem-
poral regulation of gelation by an autocatalytic front.[12b,16] Never-
theless, autonomous spatiotemporal regulation of hydrogel actua-
tors by de novo reaction networks remains elusive.

In this work, we regulated the actuation of disulfide-containing 
hydrogel materials by autocatalytic fronts that release thiols. 
These actuators can perform complex motions (that is, gradual 
unrolling, wave movement, or sequential actuation) otherwise 
inaccessible to hydrogel actuators without an external control.

2. Results and Discussion

Designing hydrogel actuators that can be regulated by  
the autocatalytic front requires developing two compatible  

Regulating hydrogel actuators with chemical reaction networks is instru-
mental for constructing life-inspired smart materials. Herein, hydrogel actua-
tors are engineered that are regulated by the autocatalytic front of thiols. The 
actuators consist of two layers. The first layer, which is regular polyacrylamide 
hydrogel, is in a strained conformation. The second layer, which is polyacryla-
mide hydrogel with disulfide crosslinks, maintains strain in the first layer. 
When thiols released by the autocatalytic front reduce disulfide crosslinks, 
the hydrogel actuates by releasing the mechanical strain in the first layer. The 
autocatalytic front is sustained by the reaction network, which uses thiouro-
nium salts, disulfides of β-aminothiols, and maleimide as starting compo-
nents. The gradual actuation by the autocatalytic front enables movements 
such as gradual unrolling, screwing, and sequential closing of “fingers.” This 
actuation also allows the transmission of chemical signals in a relay fashion 
and the conversion of a chemical signal to an electrical signal. Locations and 
times of spontaneous initiation of autocatalytic fronts can be preprogrammed 
in the spatial distribution of the reactants in the hydrogel. To approach the 
functionality of living matter, the actuators triggered by an autocatalytic front 
can be integrated into smart materials regulated by chemical circuits.

1. Introduction

Hydrogel actuators have attracted much interest in the materials 
research community because of their potential applications in 
soft robotics,[1] drug delivery systems,[2] microvalves,[3] and sen-
sors.[4] Actuation is typically driven by a mechanical response (e.g., 
swelling/shrinking) of a hydrogel material to external non-specific 
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components: i) a hydrogel with a mechanical response to a 
chemical stimulus and ii) a chemical reaction network that 
releases this chemical stimulus in the autocatalytic front. Thiol-
based chemistry is clean, predictable, and it is actively used 
for designing reaction networks.[17] Therefore, we decided to 
develop hydrogels with mechanical response to thiols, which 
were previously unknown, to the best of our knowledge.

Making two-layer hydrogels is a common strategy to intro-
duce mechano-responsive properties into hydrogel materials.[4c] 
Typically, one layer is irresponsive to stimuli (e.g., temperature, 
pH), whereas another layer swells or shrinks in response to the 
stimuli. Swelling/shrinking requires the hydrogel to exchange 
water freely with the environment; therefore, it has to be sub-
merged in aqueous media. However, this approach is inappli-
cable for spatially resolved regulation of hydrogels by chemical 
reaction networks because the reactants leak into the sur-
rounding solution. Therefore, we integrated a mechano-respon-
sive system into hydrogel by first accumulating a mechanical 
strain into the material and then releasing it in response to 
stimuli (Figure  1).[5b] To accumulate strain, we first bend an 
irresponsive hydrogel layer (polyacrylamide crosslinked by 
N,N′-methylenebisacrylamide (BAM)) and then fabricate the 
thiol-responsive layer (polyacrylamide crosslinked by N,N′-
bis(acryloyl)cystamine (BAC)). The deformation of the first layer 
creates the strain, whereas the second layer maintains it. When 
hydrogel comes into contact with thiols, the disulfide crosslinks 
break, the second layer softens,[18] and the first layer returns to 
its original shape, releasing the mechanical strain. If thiols are 
released by an autocatalytic front, the disulfide crosslinks will 
be gradually reduced, and the mechanical actuation will follow 
the autocatalytic front (Figure 1a).

To generate controllable autocatalytic fronts, the chemistry 
must satisfy at least two criteria: (i) It should be autocata-
lytic and (ii) it should not be prone to spontaneous activation 
(beginning autocatalytic growth without the deliberate addi-
tion of autocatalysis). The majority of the known thiol-based 
autocatalytic systems have rates of spontaneous activation that 
are too high for application in the proposed system.[17c] Never-
theless, the system recently published by us has appropriate 
qualities.[17d] It consists of thiouronim salt 1 derived from thio-
choline, N,N′-bis(2-cyanoethyl)cystamine (3a), and maleimide 
(Figure  2). Although we originally synthesized 3a to enable a 
cascade cyclization with the formation of pyrimidine deriva-
tives, the mixture of this compound with 1 exhibited unexpect-
edly high (several times higher than for regular cystamine) sta-
bility against spontaneous activation. As a result, the mixture of 
1, 3a, and maleimide can resist spontaneous activation for more 
than 7 h.

Figure 2 summarizes the chemistry of this reaction network. 
The spontaneous activation is caused by the release of thiocho-
line (2) in two processes: i) hydrolysis of 1 and ii) direct ami-
nolysis of 1 by the amine groups in 3a. To prevent spontaneous 
activation, we added sub-stoichiometric amounts of maleimide, 
which reacts almost instantly with thiols. Together, the release 
of thiols by hydrolysis and aminolysis and their consumption by 
maleimide form a “trigger.” This trigger initiates autocatalysis as 
soon as all maleimide is consumed. By controlling the amount 
of maleimide, we can regulate the timing of autocatalysis. We 
hypothesized that having secondary amine in 3a instead of the 

primary amine in cystamine strongly reduces the aminolysis 
rate; the hydrolysis rate is already slow for 1. Therefore, we can 
achieve long delay times (7–10 h) using small (20% of the 1) 
quantities of maleimide. To test this hypothesis, we compared 
the delay time—an interval from the time that the reagent was 
mixed until the autocatalytic release of thiols—for three mix-
tures containing 1 (0.1 m), maleimide (0.02 m), and 0.1 m of 
cystamine, of 3a, or of N,N′-dimethylcystamine (3b) in 0.5 m  
phosphate buffer (PB) pH 7.5. The solution with cystamine, a 
primary amine, produced thiols within 4 h, whereas solutions 
with 3a and 3b lasted for 8 and 9 h, respectively, before releasing 
thiols. Thus, disulfides of β-aminothiols with secondary amines 
must be used for experiments requiring long delay times.

Details about the mechanism underlying the autocata-
lytic formation of guanidines can be found in our previous 
report.[17d] Briefly, the direct attack of 3a or 3b on 1 is very slow, 
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Figure 1. Actuation driven by an autocatalytic front. a) A schematic dia-
gram showing the shape change that follows the reduction of the disulfide 
crosslinks in the autocatalytic front. b) An experiment that represents 
changes shown in the diagram (see also Video S1, Supporting Informa-
tion). For details about the autocatalytic chemistry and the experimental 
set-up, see Figure 2 and Figure 3. Briefly, the double-layer hydrogel was 
immersed in a cyclohexane/tetrachloroethylene mixture to achieve near-
zero buoyancy, and autocatalysis was initiated from one side of the 
hydrogel.
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whereas the thiol-assisted formation of guanidine from N-(2-cy-
anoethyl)cysteamine (5a) or N-methylcysteamine (5b) is a rapid 
process that releases thiocholine and 1-(2-cyanoethyl)-1-(2-

mercaptoethyl)guanidine (6a) or 1-(2-mercaptoethyl)-1-meth-
ylguanidine (6b), all of which bear thiol groups. These thiols 
can exchange with 3a or 3b, producing two molecules of 5a or 

Adv. Mater. 2022, 2106816

Figure 2. Chemistry of the reaction network. a) A series of reactions responsible for the delay time between mixing reagents and the beginning of the 
autocatalysis. b) The mechanism underlying the autocatalytic production of thiols. c) The system of dyes that we used to visualize the autocatalytic front.
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5b, thus, causing exponential growth of the concentration of all 
thiols in the solution.

To detect the propagation of the autocatalytic wave concomi-
tantly with recording the movements of the hydrogel, we used a 
system of dyes consisting of methyl orange (MO) (0.8 × 10−3 m)  
and thiol sensor (TS) (0.3  × 10−3 m). A thiol sensor is a triar-
ylmethane-based dye that reversibly reacts with thiols.[19] In its 
unreacted form, the sensor is a fully conjugated molecule with 
a bright blue color. Reaction with thiols breaks conjugation and 
decolorizes the molecule. Methyl orange keeps hydrogels vis-
ible in videos even when TS is decolorized. Mixing the yellow-
orange color of MO and the blue color of TS yields a green 
color; thus, the propagation of the autocatalytic front results in 
the transition from green (TS + MO) to yellow-orange (MO).

Bilayer hydrogels were prepared by the sequential casting of a 
layer of acrylamide hydrogel with N,N′-methylenebisacrylamide 
(BAM) crosslinks and a layer of acrylamide hydrogel with 
disulfide-containing N,N′-bis(acryloyl)cystamine (BAC) 
crosslinks. Two molds for hydrogels were made: one for the 
first single layer and one for the bilayer. The first mold pro-
vides the shape that the gel has to adopt after the reduction 
of disulfides. The second mold provides the starting shape of 
the bilayer hydrogel. Therefore, the first layer of acrylamide 
hydrogel must be deformed before being put into the mold 
for a bilayer hydrogel. The mechanical strain that accumulates 
because of this deformation is released during the reduction 
of disulfides. For the majority of shapes used in this work, the 
strain is of flexural type, but in the helical shape, because of 
the combination of bending and twisting, the strain is of mixed 
nature. The most general way of preparing these molds is by 
casting polydimethylsiloxane (PDMS) into 3D printed molds 
(Figure S1, Supporting Information); PDMS is a perfect mate-
rial for the molds because its transparency enables photoinitia-
tion of the polymerization of acrylamide, and its flexibility aids 
in removing hydrogels. Typically, we prepare the regular acryla-
mide hydrogel for the first layer by photopolymerization (LED 
360  nm) of a water solution containing 9.7% of acrylamide  
(AAm), 0.4% of BAM, and 0.2% of 2,2-azobis(2-methylpropion-
amidine)dihydrochloride (AAPH) as the initiator. The second 
layer was prepared analogously, by using 1.2% of BAC instead 
of BAM. For some shapes, 3D printing was unnecessary, and 
we used metal and glass masters and molds (see the Sup-
porting Information) to prepare these bilayer hydrogels.

We loaded hydrogels with the autocatalytic mixture by 
soaking it in the PB (0.5 m, pH 7.5) containing 1 (0.11 m), 3a, 
or 3b (0.11 m), and maleimide (0.033 m) for 2 h (Figure 3a). All 
concentrations were calculated by considering the volume of 
hydrogels. Next, for most experiments, we placed hydrogels in a 
mixture of cyclohexane and tetrachloroethylene (≈2:1), ensuring 
that the density matched the density of the hydrogel to mini-
mize the effect of gravity on the movement of hydrogels. We 
initiated autocatalysis from one edge of the hydrogels by adding 
small crystals of cysteamine hydrochloride and recorded videos 
of their movement using a USB camera (Figure 3a).

We designed several shapes that highlight the gradual 
actuation of the hydrogels by an autocatalytic front. The basic 
shape is a ring. Two transformations are possible using a ring 
shape: i) from ring to flat (unrolling) and ii) from flat to ring 
(rolling). Figure 1b and Video S1, Supporting Information show 

the unrolling of the 5 cm piece of the hydrogel consisting of a 
1 mm layer of regular polyacrylamide hydrogel (the outer part 
of the ring) and a 1.7  mm layer of the disulfide crosslinked 
hydrogel (the inner part of the ring). As expected from the 
design, the unrolling was gradual, with movement following 
the autocatalytic front. The use of 3b instead of 3a in the auto-
catalytic mixture did not change the behavior of this actuator 
(Video S2, Supporting Information); therefore, we used 3a in 
most of the remaining experiments.

Next, we demonstrated how an autocatalytic front could 
govern the sequential activation of actuators (Figure  3b-top, 
Video S3, Supporting Information). To this end, we designed a 
“hand” hydrogel device with four “fingers.” Each finger consists 
of an actuator that is transformed from a flat to a curved shape. 
When four of these fingers were attached to a joint base and 
autocatalysis was initiated from one side of the base, the fingers 
banded sequentially following the front.

Next, we designed two “complex” shapes: spiral and wave 
(Figure  3b-middle and Figure  3b-bottom; Videos S4 and S5, 
Supporting Information). Both of these shapes generate com-
plex movement—gradual screwing or periodic actuation in dif-
ferent directions—when regulated by an autocatalytic front.

We created a “spiral” shape by first casting a polyacryla-
mide gel (1.55 mm thick) in a spiral mold, then flattering it in 
a straight, 2.8  mm-thick mold and casting disulfide hydrogel 
on top of it. Thus, in its initial state, the gel is only partially 
bended; however, it gradually screws into the spiral as the auto-
catalytic front propagates.

We created a “wave” shape by placing a 1.25 mm-thick wave-
shaped layer of polyacrylamide into a 2.5  mm-thick wave-
shaped mold in antiphase to the original mold; then, we filled 
the voids with a solution of acrylamide and BAC and finally, 
we polymerized the mixture. Thus, when an autocatalytic wave 
propagates, the gel periodically moves in opposite directions.

A quantitative analysis of the videos reveals that the autocata-
lytic front propagates at a rate of 6–7 mm h−1. Previous studies 
showed that thiol autocatalysis can be satisfactorily described 
by second-order autocatalysis by combining the concentrations 
of all thiols (2, 5a or 5b, 6a or 6b) into one variable SH, and 
by considering 1 as the limiting substrate.[17d] The one-dimen-
sional reaction-diffusion equation will take the form

[ ] [ ]
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where D is a representative diffusion coefficient of thiols, k is 
the autocatalytic rate constant, and [1]0 is the initial concentra-
tion of 1.

This equation belongs to the Fisher–Kolmogorov–Petrovsky–
Piskunov class of equations,[20] which have a solution in the 
form of a travelling wave. The rate of propagation (v) of this 
wave is given by

2 [1]0Dkν =  (2)

Here k  = 0.21 s–1 m–1 is obtained by conducting the kinetics 
experiment (see in Figure S10, Supporting Information). D  = 
5.10–10 m2 s−1 is obtained by conducting the DOSY experiments 
for cystamine (see Figure S11, Supporting Information), which 
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because of its molecular weight and composition represents 
well the thiol-bearing molecules from this study. [1]0 = 0.077 m is 
obtained by subtracting the maleimide concentration (0.033 m) 
from the initial concentration of 1 (0.11 m). Using these num-
bers results in a rate of 10 mm h−1. This rate is in reasonable 
agreement with the experimental value of 6–7 mm h−1. Some-
what slower than predicted propagation of the autocatalysis can 
be explained by the effect of maleimide, which is neglected in 
the model and whose diffusion counteracts the propagation of 
the front. The rates observed in our experiments are signifi-
cantly lower than in BZ-based systems, where the wave velocity 

reaches 360  mm h−1 at room temperature.[21] Nevertheless, 
these rates are similar to those found in copper-catalyzed azide–
alkyne click autocatalysis (3.9 mm h−1),[22] urea–urease autoca-
talysis (5–6  mm h−1),[16] or predator–prey DNA-based reaction 
networks (5–20 mm h−1).[23] This trend reflects the much faster 
rates for inorganic redox reactions than for biochemical and 
organic reactions.

Next, we probed some additional functionality of autocatal-
ysis-driven hydrogel actuators. First, we tested whether actua-
tors can function in air. To this end, we suspended the ring 
actuator on the spatula placed across the beaker (Figure  4  

Adv. Mater. 2022, 2106816

Figure 3. Experiments demonstrating complex motion enabled by an autocatalytic front. a) Schematics that show the procedures that preceded the 
recording in the actuation experiments: soaking the hydrogel in the autocatalytic mixture (typically: 1 0.11 m, 3a 0.11 m, maleimide 0.033 m, in 0.5 m PB 
pH 7.5); initiation of the autocatalysis. b) From top to bottom: sequential actuation of “fingers” (see also Video S3, Supporting Information); gradual 
screwing of the spiral (see also Video S4, Supporting Information); periodic movement in the “wave” (see also Video S5, Supporting Information).
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top; Video S6, Supporting Information). Activation of the 
autocatalytic front from two sides of the hydrogel resulted in 
an unclamping motion. In addition to functionality in air, this 
experiment also demonstrated how motion can be controlled by 
choosing multiple activation points for autocatalysis. This flex-
ibility in choosing activation points expands the range of the 
possible types of motions for autocatalysis-driven hydrogels. 
The experiment in Figure  4 was conducted in an artificially 
humidified atmosphere. The experiments in open air or artifi-
cially dry environments (Videos S9 and S10, Supporting Infor-
mation) show that drying influences but does not qualitatively 
change the behavior of this actuator in air.

The propagation of the autocatalytic front can be viewed 
as the propagation of a chemical signal. Thus, we decided 
to demonstrate a “relay” effect where one hydrogel actuator 
activates the actuation of another actuator. To this end, we 
fabricated three small (9.5 mm external diameter) ring actu-
ators from a 0.7  mm layer of regular polyacrylamide and a 
1.2  mm layer of the disulfide-crosslinked polyacrylamide 
hydrogel. Then, we placed three actuators in a series such 
that the first actuator uses the brass ring as a support to 
push the second actuator, which will push the third actuator 
(Figure 4 middle; Video S7, Supporting Information). As the 
video demonstrates, the autocatalysis and actuation in the 
second actuator started only after the first actuator touched 
it and the autocatalytic front reached the contact point. The 
same transmission occurred between the second and the 
third actuators.

Also, we showed how actuation can transform a chemical 
signal into an electrical signal (Figure 4 bottom; Video S8, Sup-
porting Information). Briefly, we inserted a copper wire into the 
ring actuator, connected this wire to one of the battery contacts, 
connected a lamp to the battery and a brass block, and placed 
the ring actuator in such a way that the copper wire does not 
touch the brass block, but it will touch it when the hydrogel 
actuates. The system performed as expected. The autocatalytic 
front, initiated from one side of the hydrogel, induced actuation 
that put the wire into contact with the brass block and switched 
the lamp on about 4 h after the experiment began.

Finally, we demonstrated how to preprogram points of 
the activation and its timing by chemical reaction networks 
(Figure 5; Video S11, Supporting Information). It has been dem-
onstrated with various chemistries that the first-order release 
of a signaling molecule combined with its fast sequestration 
(molecular titration) form a "trigger“ circuit,[14a–c, 24] which con-
trols the timing of the release of the signaling molecule. In the 
case of the thiol chemistry from this work, the first-order reac-
tion that releases signaling molecules is mainly the hydrolysis 
of the thiouronium salt (1), while the sequestration is the reac-
tion of thiocholine (2) with maleimide (Figure 2a). To prepro-
gram points and timing of activation, we introduced acetylthi-
ocholine—a molecule that hydrolyses with the release of thio-
choline faster than the thiouronium salt—at the desired points 
by applying agarose stamps containing acetylthiocholine (0.8 m)  
to the bilayer acrylamide hydrogel. We used the ring actuator 
and applied agarose stamps at three points: sides and the 
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Figure 4. Experiments demonstrating the special features of hydrogels actuated by the autocatalytic front. From top to bottom: actuation in the air 
(100% humidity) of the hydrogel piece suspended on a spatula (autocatalysis was initiated from two sides of the hydrogel piece) (see also Video S6, 
Supporting Information); a relay system where actuation of one piece of hydrogel initiates the actuation of another (see also Video S7, Supporting 
Information); a delayed electrical switch created by actuating hydrogel (see also Video S8, Supporting Information). A thin copper wire was inserted 
into the hydrogel and contacted a brass plate when the hydrogel was actuated.
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middle. On the right side and in the middle, the stamps were 
applied for 30 min while on the left side for 15 min (Figure 5a). 
The fast hydrolyzing acetylthiocholine (Figure 5b) at high con-
centration shortened triggering time from 10 to 3 h 20 min at 
the right side and in the middle (Figure 5c). The autocatalysis 
started spontaneously at these places and then propagated in 
all directions by the autocatalytic wave. The left side showed 
signs of activation only at the end of the process. Therefore, in 
this design, we can control (i) points of activation by choosing 

points where the stamp is applied; (ii) timing of activation by 
choosing for how long we apply the stamps or concentration 
of acetythiocholine in the stamps. This experiment makes a 
simple demonstration of how actuation regulated by an auto-
catalytic front is coupled to chemical circuits.

To better understand the behaviors of the hydrogel actuators, 
we characterized regular polyacrylamide hydrogels, disulfide-
crosslinked polyacrylamide hydrogels, and reduced disulfide-
crosslinked polyacrylamide hydrogels by scanning electron 
microscopy (SEM), tensile stress measurements, and rheolog-
ical measurements. To avoid the presence of the salt of buffer 
and nonvolatile thiols, we used ammonia and ethanethiol to 
prepare reduced hydrogel for the SEM experiments. We pre-
pared four types of samples for SEM by lyophilization: all three 
hydrogels individually and the bilayer structure with one layer 
that reduced the disulfide crosslinked gel (1 mm of each layer). 
SEM images showed porous structures for both regular and 
disulfide-crosslinked hydrogels (Figure  6a,b). Although these 
two types of hydrogel have a distinctive appearance, they have 
similar porosity. Since the reduction of disulfide crosslinks 
caused the collapse of the porous structure during lyophiliza-
tion, leaving only large (≈100 µm) voids (Figure S7, Supporting 
Information), we performed SEM of a bilayer stack with 
reduced disulfides (Figure  6c) while using a lesser amount of 
ethanethiol. The images show the expansion of pores, which is 
an expected consequence of reducing the disulfide crosslinks.

Tensile stress and rheological measurement provide direct 
information on how the thiols released by the autocatalytic front 
affect the mechanical properties of the disulfide-crosslinked 
hydrogel. Analysis of tensile stress measurements for the regular 
and the disulfide-crosslinked hydrogels (Figure  6d; Figure S8,  
Supporting Information), up to 20% elongation, which is the 
region most relevant for small elongations experienced by 
hydrogels during bending, resulted in a Young’s modulus of 
15 ± 2 kPa and 16 ± 1 kPa (errors reflect 95% confidence inter-
vals), respectively. To reveal the effect of thiols under condi-
tions maximally close to the actuation experiments, we soaked 
disulfide crosslinked hydrogel in 0.5 m PB containing 1 (0.1 m),  
3a (0.1 m), and maleimide (3  × 10−3 m) and let autocatalysis 
(activated at multiple points) consume the whole piece of the 
hydrogel. At this point, we started measuring the tensile stress 
for this sample. The Young’s modulus for this sample gradually 
dropped from 9 to 1.4  kPa during the first half-hour because 
of the reduced disulfides. In the context of the actuation of 
bilayer hydrogels, the drop in Young’s modulus means that the 
reduced disulfide layer does not maintain deformation in the 
regular polyacrylamide layer.

The influence of thiols goes beyond the partial reduction of 
disulfide crosslinks. It makes the remaining disulfide bonds 
dynamic. Hydrogels with dynamic crosslinks adopt their shape 
after deformation.[25] We tested this adaptation in the reduced 
hydrogel sample by elongating it by 50%, keeping it at this 
elongation for 30  min, and then releasing it. The hydrogel 
returned to 132% of its original length; 65% of the deformation 
was irreversible. In addition to the drop in Young’s modulus, 
this adaptation to the enforced shape might play a role in the 
actuation.

The rheological measurements determined the frequency 
dependence of the elastic (G′) and viscous (G″) moduli, measuring  
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Figure 5. Preprogramming of the timing and location of the initiation 
of the autocatalytic front. a) A schematic diagram showing the injection 
of acetylthiocholine by diffusion from agarose stamps containing 0.8 m 
solution of acetylthiocholine. Time labels indicate for how long stamps 
were in contact with the hydrogel ring. b) A set of reactions constituting 
the “trigger” chemical circuit based on the acetylthiocholine. c) An experi-
ment that shows delayed spontaneous initiation of the autocatalysis at 
predefined locations (see also Video S11, Supporting Information).
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the stress response of the gels with frequencies varying  
from 1 to 30Hz (Figure S9, Supporting Information). All sam-
ples exhibited gel-like behavior where G′ is higher than G″ 
(Figure  6e). A comparative analysis of G′ revealed that both 
the disulfide-crosslinked and regular polyacrylamide hydro-
gels were stiffer (2615 ± 1129  Pa  and 1982 ± 361  Pa,  respec-
tively) than the reduced hydrogel (G′ of 1604 ± 302  Pa).  In 
addition, the G″ values revealed that the viscous part of the 
fully crosslinked gels is significantly higher than after the 
crosslinking reduction. This change is due to the larger pores 
formed after the disulfide bond reduction (in line with the SEM 
image in Figure  6c) leading to the low drag of the matrix on 
the solvent fluid. The rheological data confirm that the reduc-
tion of disulfide crosslinks changes the hydrogel’s microscale 
structure and its viscoelastic properties. These changes are the 
underlying reason behind the actuation.

3. Conclusions

This work demonstrated autonomous spatiotemporal regula-
tion of hydrogel actuators by a rationally engineered thiol-based 

chemical reaction network that sustains autocatalytic fronts. 
In contrast to actuation regulated by light, which also provides 
spatiotemporal resolution,[26] the chemical regulation does not 
require external control. This mode of regulation of actuation 
provides three main advantages: i) it enables gradual motions 
that are inaccessible for actuators in which the whole hydrogel 
actuates simultaneously, ii) it enables the transfer of chemical 
signals or the transformation of chemicals to other types (e.g., 
electrical) of signals, and iii) it opens up the possibility to inte-
grate these actuators into large devices regulated by chemical 
circuits. In this work, we have already shown how a simple 
"trigger“ circuit regulates the timing of spontaneous initiation 
of the autocatalysis at specific points.

To the best of our knowledge, this work is the only example 
of autonomous regulation of actuation with nonlinear chem-
istry other than BZ reaction.[11] Although still less rich than BZ 
reaction in terms of dynamics behaviors,[27] the thiols chem-
istry happens at much milder conditions and is more mod-
ular. BZ chemistry happens in 1 m sulfuric acid and involves 
a strong oxidant, potassium bromate, while thiol chem-
istry works at neutral pH and mild redox environments. BZ  
reaction has a very complex mechanism with more than  
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Figure 6. Physical characterization of hydrogels. a–c) Scanning electron microscopy (SEM) images of BAM-crosslinked (denoted as C−C), disulfide-
crosslinked (denoted as S−S), and reduced bilayer polyacrylamide hydrogels correspondingly. d) Representative curves from tensile stress measurements. 
See the Supporting Information for the complete data set. e) Summary of the elastic (storage, in red) G′ and viscous (loss, in blue) G″ moduli taken at 1 Hz of 
the S−S, C−C, and the partially reduced S−S polyacrylamide hydrogels (measurements were made in triplicate, the error bars represent standard deviations).
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50 reactions involved.[28] In contrast, we designed thiol-based 
reaction networks from the individual reactions; thus, it is pos-
sible to adjust some fragments of a chemical network to reach 
desirable performance as was demonstrated here with modifi-
cation of the “trigger” part of the chemical network.

In the current form, this system also has some disadvan-
tages: (i) actuation is slow, (ii) the forces are small, and (iii) 
actuation is irreversible. However, we think that these chal-
lenges can be overcome by future developments in the actua-
tor’s design as well as the chemistry that governs them.

This system can be developed in several directions. The first 
direction is making actuation reversible by eliminating the need 
for accumulated strain in the hydrogel. This goal would require 
designing the chemistry of two layers so that their swelling 
changes significantly in response to the release of thiols or 
other products of the autocatalytic reaction. The second direc-
tion is miniaturization. Decreasing the dimensions of hydro-
gels will increase the force they can generate per unit of weight 
as well as increase actuation speed because the velocity of auto-
catalytic fronts is independent of the hydrogel size. The third 
direction is to use non-uniformly distributed reagents, which 
has been illustrated here by injecting acetythiocholine at spe-
cific point on the hydrogel in order to regulate initiation of the 
autocatalysis. The fourth change, which is more radical than 
the previous three, is to make the system open by introducing 
a fluidic feeding system. The feeding system can refill the rea-
gents and enable further rounds of autocatalysis, whereas re-
oxidation can restore disulfide crosslinks.

Based on this system, we can formulate a general approach 
for developing hydrogel actuators regulateded by an autocata-
lytic front. First, autocatalytic chemistry must be optimized. 
The rate of spontaneous activation has to be slow enough to 
provide a delay of autocatalysis that is sufficient (hours in our 
experiments) for an autocatalytic front to travel a required dis-
tance (centimeters in our experiments). Sequestering molecules 
such as maleimide provide some control over the delay of auto-
catalysis; however, their amount is limited by the concentration 
of substrates, and slow background reactions are necessary for 
long traveling distances of autocatalytic fronts. Second, strained 
bilayer hydrogels with crosslinks breakable by desired chem-
istry have to be designed. Using the outlined strategy, it should 
be possible to design hydrogel actuators based on acid,[17a,29] 
base,[30] or enzymatic autocatalysis.[31]

In a broader context of designing stimuli-responsive mate-
rials, the hydrogel actuators regulated by autocatalytic fronts 
can serve as building blocks integrated into large systems that 
involve many types of stimuli, responses, and chemical sign-
aling channels. These systems will bring synthetic soft mate-
rials regulated by reaction networks closer in functionality to 
living matter.

4. Experimental Section
Synthesis: 1) We synthesized thiouronim salt (1),[17d]N,N′-bis(2-

cyanoethyl)cystamine (3a),[17d] and thiol sensor (TS)[19] following the 
published protocols.

2) N,N′-dimethylcystamine (3b): (i) N-methylaminoethanol (5 g, 
67  mmol) was dissolved in 50  mL of chloroform and SOCl2 (10  mL) 
was added by portions on ice. The mixture was stirred for 6 h at room 

temperature, concentrated, and quenched with ethanol (100  mL) and 
then concentrated again. The residue was recrystallized from ethanol 
to form pure N-(2-chloroethyl)-methylamine hydrochloride. Yield: 4.7  g 
(36 mmol, 54%). 1H NMR (400 MHz, D2O, δ): 3.83 (t, 2H, J = 5.7 Hz), 
3.39 (t, 2H), 2.72 (s, 3H). (Caution! In basic conditions, this compound 
can alkylate itself with the formation of nitrogen mustards, which are 
blistering agents.)

(ii) The product of the previous reaction (4.7  g, 36  mmol) was 
dissolved in 50 mL of H2O and 50 mL of MeOH. Anhydrous Na2S2O3 
(5.6  g, 36 mmole) was added to the reaction and the mixture was 
refluxed for 48 h. HCl (10N, 20 mL) was then added and the mixture was 
stirred for 2 h. After the solvent evaporated, the product was extracted 
with methanol. I2 solution in methanol was added dropwise until the 
persistent brown color appeared. After methanol evaporated, the 
product was recrystallized from ethanol/water. Yield: 4  g (3.7  g, 81%). 
1H NMR (300 MHz, D2O, δ): 3.36 (t, 2H, J = 6.7 Hz), 2.96 (t, 2H, J = 
6.7 Hz), 2.68 (s, 3H). 13C NMR (300 MHz, D2O, δ): 47.03, 32.86, 31.90. 
HRMS (ESI) m/z: [M+H]+ calcd. for C6H16N2S2: 181.0755; found 181.0842.

Fabrication of the Ring Actuator: First, we prepared the regular 
acrylamide hydrogel with 1  mm thickness for the first layer by 
photopolymerization (λ = 360 nm) of a water solution containing 9.7% 
of acrylamide (AAm), 0.4% of N,N′-methylenebisacrylamide (BAM), and 
0.2% of 2,2-azobis(2-methylpropionamidine)dihydrochloride (AAPH) as 
an initiator. Then, the gel was cut into pieces with a dimension of 50 × 9 ×  
1 mm and carefully placed inside the ring-shaped PDMS mold (20 mm 
outer diameter, 2.7 mm thickness) to the outer wall. Next, the mold void 
was filled with a water solution of acrylamide (9.7%), N,N′-bis(acryloyl)
cystamine (BAC) (1.2%), and 2,2-azobis(2-methylpropionamidine)
dihydrochloride (AAPH) (0.2%) and photopolymerized using UV light 
(λ = 360 nm) for 30 sec. Finally, we removed the bilayer ring of the gel 
with a thickness of 2.7 mm from the mold; the outer side was made with 
BAM crosslinks and the inner side was made with disulfide crosslinks. 
The details of the fabrication of this bilayer hydrogel can be found in 
Video S12, Supporting Information. Next, we soaked the gel in the 
autocatalytic solution (containing 0.11 m of thiouronim salt 1, 0.11 m of 
either N,N′-bis(2-cyanoethyl)cystamine (3a), or N,N′-dimethylcystamine 
(3b), 0.033 m of maleimide, 0.3 × 10−3 m of thiol sensor, and 0.8 × 10−3 m  
of methyl orange in a 0.5 m PB solution of pH 7.5) for 2 h. Then, we 
immersed the gel in a crystallizing dish containing cyclohexane and 
tetrachloroethane (≈2:1 ratio). We initiated autocatalysis on one edge of 
the ring with a small crystal of cysteamine and covered the dish with a 
glass plate. Finally, the whole process was monitored under camera and 
the video was recorded for a few hours.

Fabrication of Other Actuators: In all cases, first, the BAM crosslinked 
gel was prepared with a specific thickness. Then, it was placed inside the 
PDMS mold and the mold gap was filled with the solution for disulfide 
crosslinked hydrogel, and the solution was irradiated with UV for  
30 s for photopolymerization. Then, the desired structure was obtained 
and the same procedure was followed as in the ring structure. (For 
detailed description of the fabrication of each actuator, see Supporting 
Information).

Tensile Test: We prepared samples of BAM crosslinked and disulfide 
crosslinked hydrogels by photopolymerization of 1  mm-thick layers 
of solutions of acrylamide (9.7%), AAPH (0.2%), and BAM (0.4%) 
or BAC (1.2%) correspondingly. To prepare samples of hydrogels with 
partially reduced disulfide crosslinks, we reduced disulfide crosslinked 
samples using the same autocatalytic solution as we used in actuation 
experiments just before the measurements. Tensile tests were performed 
on a universal testing system (Instron 5965), equipped with a 10 N load 
cell. The hydrogel samples were cut into 1 × 1 × 30 mm3 strips, and the 
gauge length was 10 mm. The speed of the crosshead was 5 mm min−1. 
For statistical reasons, about 10 specimens were tested for each type of 
sample.

Scanning Eectron Microscopy: 1  mm-thick layers of both BAM and 
disulfide crosslinked hydrogels, which were prepared as described for tensile 
measurements, were cut into square pieces and frozen using liquid nitrogen 
and then subjected to lyophilization overnight. A few pieces of disulfide gel 
were immersed in the alkaline solution (using NH3) of ethanethiol (0.2 m)  
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for 2–3 min and  then  freeze dried in a lyophilizer. For the bilayer reduced 
gel, we first prepared one bilayer gel as described for the ring actuator, then 
cut it into square pieces and reduced disulfides using alkaline ethanethiol 
solution (this time less amount (0.1 m)  taken)  as  described  previously. 
Then, we freeze dried it and observed it under a scanning electron 
microscope. The topology of the lyophilized samples was analyzed under a 
high-resolution scanning electron microscope (Gemini 500, Zeiss), using an 
Everhart-Thornley detector. Samples were introduced to the SEM chamber 
without any sputtering. The images were taken at 1 kV acceleration voltage, 
with a 3–4 mm working distance.

Rheological Measurements: Three types of gels (i.e., BAM crosslinked, 
disulfide crosslinked, and reduced disulfide crosslinked) were prepared 
as described for tensile measurements. A sample (2 cm in diameter and 
1 mm thickness) was placed on the lower serrated plate of the rheometer, 
ensuring that it covered the entire surface with no air bubbles present.   
Storage (G′) and loss (G′′) moduli were measured using a Thermo 
Scientific rheometer in a plate–plate (P20 Ti S L) configuration using the 
HAAKE MARS III system at 25 ± 0.1 °C (with a constant working load of 
0.4 N). Dynamic frequency sweep analysis was conducted to measure 
the frequency-dependent G′ and G′′ moduli of various gels in the range 
of 0.1–30 Hz and an amplitude of 1 Pa.  The data are presented as the 
average (±STDEV) taken @1 Hz (a linear regime of the frequency sweep 
trace) from at least three samples from two different preparations.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Nanoparticles

All-Dielectric Nanostructures with a Thermoresponsible Dynamic
Polymer Shell
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Abstract: We suggest a new strategy for creating stimuli-
responsive bio-integrated optical nanostructures based onMie-
resonant silicon nanoparticles covered by an ensemble of
similarity negatively charged polyelectrolytes (heparin and
sodium polystyrene sulfonate). The dynamic tuning of the
nanostructures� optical response is due to light-induced heating
of the nanoparticles and swelling of the polyelectrolyte shell.
The resulting hydrophilic/hydrophobic transitions significantly
change the shell thickness and reversible shift of the scattering
spectra for individual nanoparticles up to 60 nm. Our findings
bring novel opportunities for the application of smart nano-
materials in nanomedicine and bio-integrated nanophotonics.

All-dielectric nanophotonics[1–3] have recently emerged as
a new paradigm in optics with the multitude of Mie-type
resonances governing various linear and nonlinear optical
properties of non-plasmonic (silicon, germanium, gallium
arsenide, etc.) nanoparticles (NPs), nanostructures, and
metasurfaces. These structures are highlighted by high
refractive index, low optical losses within the visible and
infrared ranges, as well as compatibility to the complementary
metal-oxide-semiconductors (CMOS) technology.[4] Tuning

all-dielectric nanostructures� electronic and optical properties
provides a powerful platform for highly-efficient nanopho-
tonic devices such as optical switches and smart sensors.[5–8]

Great prospects for the all-dielectric nanostructures for real-
life applications[9] are the stimuli-responsive optical nano-
materials in nanomedicine[10] and bio-integrated nanopho-
tonics.[5,7,8, 11–15]

Based on previous experimental results, to achieve optical
properties tuning of different all-dielectric nanostructures the
mechanical stretching,[16–19] thermo-optical effect,[20,21] liquid
crystals coating,[22–24] phase transition[25] and ultrafast light
pumping[26,27] are used. However, the mentioned approaches
have disadvantages, as they need strong external stimuli, for
example, illumination by intense pulsed irradiation, which
leads to a significant physical alteration of organic surround-
ings.[28]

To perform bio integration of the NPs, different strategies
as functionalization or decoration by polyelectrolytes (PE)
can be realized. Generally, the structural rearrangement
mechanism in PE is rather uniform and is known in polymer
physics as the coil-globule transition, defined as the reversible
transition of macromolecules from an expanded coil state
through an ideal coil state to a collapsed globule state.[29–31]

Triggers of such transitions in polymers can be restricted to
chemical (pH,[23] ionic strength,[32] solvent[33]), physical (tem-
perature[34,35]) stimuli, and a mechanical impact.[36] The
present research focuses on swelling of the PE shell.

High-modulation morphological swelling can be achieved
by the deposition of pH-sensitive charged block copolymers,
block-copolymer micelles, and the formation of PE
brushes.[37] The mechanism of high-amplitude changes of the
PE shell is based on the expansion/collapse of macromole-
cules, thus regulating the whole shell�s length and density.[29,36]

In a well-known thermo-responsible system based on Au
NP and poly- (N-isopropyl acrylamide) (PNIPAM) the shell
usually collapses due to temperature. Kçhler et al.[38,39]

described the similar shrink for poly-(diallyldimethylammo-
nium chloride) (PDADMAC) and poly-(sodium 4-styrenesul-
fonate) (PSS) assembly. Simultaneously, recently the
PNIPAM swelling was also achieved.[40]

In this work, we present a new concept of assembly of
similarly charged PE[41,42] on the surface of optically resonant
silicon NPs, allowing the dynamic and reversible swelling of
this polymer shell due to light-induced heating of the NPs.[43]

At the same time, the contribution of hydrophilic repulsive
and hydrophobic attractive forces of negatively charged
heparin (Hep) and PSS[44] for reversible swelling is discussed.

We used a mixture of negatively charged Hep and PSS for
decoration of positively charged crystalline Si NPs (Support-
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ing Information, Figure S1) dispersed in water. Hep is
a polysaccharide widely used for drug delivery, regenerative
medicine, and sensing due to its biocompatibility. The strategy
proposed for the exploitation of polysaccharides suggests
their incorporation in multilayers. Such multilayered materi-
als provide target surfaces with desirable adhesion properties
to biomolecules and cells and can be used to uptake, deliver,
and release biomolecules on demand.[45–48] However, the
potential of heparin for the formation of temperature-
sensitive interfaces has not been previously explored. We
have conducted many tests and experimentally found the best
optimal thermo-responsible system of swelling behavior to
combine both negatively charged PSS and Hep. The PE shell
is usually formed by oppositely charged PE.[41] However, we
have experimentally developed the PE shell system on Si NP,
allowing us to achieve reversible swelling of the PE shell.

In Figure 1a, the process of the PE shell of Hep and PSS
reversible thermo-guided swelling upon irradiation by visible

light is schematically illustrated. Surprisingly, such an assem-
bly started swelling during the temperature increase com-
pared with the similar system of oppositely charged PE.[38,39]

The swelling was also confirmed by the optical (Figure 1b)
and transmission electron microscopy (TEM) (Figure 1c,d).
Among many particles (Figure 1e), the single one was chosen
and analyzed individually.

To evaluate the thermodynamic favorability for the
hydrophobic/hydrophilic interaction of the PE shell, we
performed quantum chemical calculations using density func-
tional theory (DFT) (M06-2X/6-31G* level of theory; for
details, see the Supporting Information, Computational
section and Tables S1 and S2). The results of calculations
revealed that self-assembly of a functional monomeric unit of
associate Hep/PSS via hydrogen bonding N�H···O, O�H···O,
C�H···O, and O�H···Ph is thermodynamically favorable (by
7.9 kcalmol�1 in terms of Gibbs free energies, Figure 2c). This
fact proves the relevance of the favorable association between
the same charged species (Figure 2a–c), guided by hydro-
phobic effects on substrate specificity.

We then investigated the tuning of the optical response of
single NPs placed on silica substrate in an air atmosphere.
Figure 3 demonstrates experimental results of measuring the
scattering light in the dark field geometry from single NPs
covered by PDADMAC/Hep/PSS before, during, and after
light-induced heating. The laser source (Supercontinuum
Fianium SC400-6 with a tunable wavelength of 400–850 nm,
60 MHz repetition rate, a pulse duration of 6 ps, and an
FWHM of 10 nm) was utilized to heat each NP. Depending on
the NP diameter,[8,49] the pumping wavelength was tuned with
an intensity of 1 to 5 mWcm�2.[50] In our case, the mechanism
of light-induced heating is based on the concept of conversion

Figure 1. a)–d) Representation of the application of thermo-responsive
Si NP/Hep/PSS (a), optical (b) and bright-field TEM images of
a hybrid system before (c) and after (d) irradiation. Hydrophilic parts
of molecules are shown in red, and hydrophobic blocks are presented
in green. e) Optical image of various particles. Note that for the
scattering spectra the response of single particle is used and analyzed.

Figure 2. Representation of optimized geometries for functional units
of polymers proving the favorable assembly of same charged Hep and
PSS: Hep (a), and monomer of PSS (b) and their association (Hep/
PSS) with calculated values of DE, DH, and DG (in kcalmol�1) (c).
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of light energy to heat through resonant interaction with
silicon NP having multiple Mie resonances.[51] The NPs
nonzero absorption coefficient within the visible range and
its high refractive index provide irradiated NPs heating up to
1000 K[7] This energy then transfers to the surroundings of the
NPs,[4] i.e., the polymer shell.

Based on the experiment results, a significant red shift of
the spectra can be observed. The driving force for the
shrinkage is the decrease in the water/PE interface. Here,
light-induced heating reduced the interaction between
PDADMAC and PSS, causing the spectrum�s observed shift.
Simultaneously, Hep and PSS deposited as a mixture for the
negatively charged layer show surprisingly high stability with
swelling during temperature increase.

To describe the observed behavior of the single NP
(Figures 3a, b), we approximated the experimental scattering
spectra to simulated curves evaluated usingMie theory for the
case of core–shell NPs. For each NP, the silicon core diameter
was set to 190 nm according to TEM measurements. Data for
the refractive index of crystalline silicon were used according
to the literature,[52] and the real part of the polymer shell
refractive index was assumed to be n= 1.5. Our fitting
procedure yielded the shell absorption index (i.e., the
imaginary part of the refractive index) and the outer radius
of the NPs. The obtained parameters are listed in the
Supporting Information, Table S3. The simulated curves

shown in Figure 3c,d are in reliable agreement with the
experimental data. Besides the scattering intensity, we also
display the electric and magnetic dipole (ED and MD)
contributions to the entire spectra. The magnetic resonance
variation related to the shell modification is negligible since
the electric field is localized predominantly within the silicon
core volume.

The multipolar expansion demonstrates that the broad-
band electric dipole resonance causes a significant contribu-
tion to the scattering spectra shift. Unlike its magnetic
counterpart, the electric dipole�s electric field penetrates the
polyelectrolyte shell layer, which is tuned practically under
laser illumination. It should be noted that the thermally
responsive polymer shell was previously used to adjust the
plasmon resonance.[37–39] This effect enables all-dielectric NPs
to tune electric and magnetic resonances with different
efficiency, allowing the intriguing effect of resonance over-
lapping and scattering spectrum reshaping.[11]

The maximal shift of Mie-type resonance, 60 nm, is
achieved for the Si NP/Hep/PSS without PDADMAC,
where we accelerate the hydrophobic effect and charge
repulsion. Figure 4a shows that for the NPs without PDAD-
MAC, the polymer shell relaxes to the original thickness
faster than the ones with PDADMAC. The system�s relaxa-
tion closer to the initial states takes several tens of minutes,
while the complete relaxation should be achieved for hours
(Figure 4b). The effect of the shift of optical resonances for Si
NP/Hep/PSS can be explained by considering hydrophobic-
hydrophilic interactions. At the initial stage, hydrophilic
groups (sulfo- and hydroxyl groups) are adsorbed onto

Figure 3. Scattering spectra for the single silicon NPs with thermo-
responsive polymers shell in dark field geometry: a) Si NP/PDADMAC/
Hep/PSS, b) Si NP/Hep/PSS. Red arrows demonstrate the spectrum
shift due to the light-induced heating by visible light (550 nm) with the
intensity of 3 mWcm�2, while the blue ones demonstrate the reversible
process. c),d) Approximation of the scattering spectra before (black
curves) and during (dash curves) light-induced heating using Mie
theory for (c) Si NP/PDADMAC/Hep/PSS and (d) Si NP/Hep/PSS.
The multipolar expansion demonstrates the electric and magnetic
dipole (ED and MD) contributions to the entire spectra.

Figure 4. a) Thermal stability and relaxation time of samples Si NP/
Hep/PSS and Si NP/PDADMAC/Hep/PSS. b) Dependence of the
maximal spectral shift for system on shell thickness under the heating
up to 90 8C by light. c) Z-potential changes over successive cycles of
heating and cooling. d) The Raman spectrum of the silicon NPs with
thermally responsive polymers shell before (black curve) and after
(dash curve) extreme heating up to 130 8C. Inset shows the TEM of
silicon NPs after overheating. The scale bar corresponds to 100 nm.
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a silicon surface, and hydrophobic groups are outside pointing
towards the solution. In solution, both forms of Hep exist in
a dynamic equilibrium.[53] When the temperature increases,
the equilibrium shifts favoring Hep/PSS conformation
change, forcing hydrophobic and hydrophilic groups to swap
the place.[31]

To confirm the hypothesis mentioned above, we per-
formed zeta-potential measurements (Figure 4c). When the
solution was heated in situ from 20 8C to 60 8C, we observed
the PE shell�s relaxation several times, proving the reversi-
bility of the response. During the heating, zeta-potential also
decreased from �5 to �60 mV. The increase of the thickness
from 5 nm to 30 nm yields an increase in resonance tuning
efficiency from 5 to 60 nm under the heating (Figure 4b).
Therefore, we analyzed the maximum temperature (up to
90 8C) to achieve perfect tuning while preserving the poly-
mers� initial structure and composition. However, increasing
the temperature to achieve the maximal tuning can lead to
polymer carbonization, as seen by pronounced D and G-
bands of carbon in Figure 4d. Our observation shows the
possibility to control Mie resonance by the PE shell engineer-
ing and demonstrates that these hybrid systems can have
a compassionate optical response which is easily manipulated
through temperature. This polyelectrolyte assembly design is
fundamental for applying the system with a high-density shell
and paves the way for next generation nanophotonic systems.

In summary, we report on the design and realization of
stimuli-responsive bio-integrated nanostructures based on
optically resonant silicon NPs covered by an ensemble of
similarly charged polyelectrolytes such as heparin and sodium
polystyrene sulfonate. The nanostructures� dynamic tuning
optical scattering spectra by light is due to light-induced
heating of the NPs and concomitant swelling of the polyelec-
trolyte shell. Herein, the maximal shift (60 nm), higher
thermal stability (up to 120 C), and faster relaxation rate
(20 min) are observed for Si NP/Hep/PSS structure. We have
also revealed that the hydrophilic/hydrophobic transitions
lead to a significant change in the shell thickness and
reversible shift of scattering spectra at mild conditions. Our
findings have both fundamental importance and potential for
in vivo application as smart nanomaterials in nanomedicine
and bio-integrated nanophotonics.
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ABSTRACT: Polyelectrolyte layer-by-layer assemblies are known
as protective coatings for corrosion inhibition. Here, we
demonstrate that polyelectrolyte multilayers of poly-
(ethyleneimine) (PEI) and poly(styrene sul fonate)
(PSS)(PEI/PSS)xadsorbed at the GaP(100) photocathode
surface remarkably mitigate the photocorrosion of GaP without
decreasing its photoconversion efficiency. The activity of the
polybase−polyacid complex is based on buffering pH changes at
the solid−liquid interface. We carried out ab initio molecular
dynamics-based simulations of the GaP(100) surface in contact
with liquid water and demonstrated that an increase in the proton
concentration enhances GaP dissolution. We used the scanning
vibrating electrode technique (SVET) to characterize the distribution of photocorrosion activity areas over bare and polyelectrolyte-
coated GaP surfaces and we showed that a polyelectrolyte coating impedes the dissolution kinetics. Data obtained using the SVET
were compared to photoetched pores on the semiconductor surface. Voltammetric and chronoamperometric measurements were
also performed to evaluate photoconversion efficiencies before and after the application of the protective coatings.

KEYWORDS: polyelectrolytes, layer-by-layer assembly, proton sponge, III−V semiconductors, photocorrosion

■ INTRODUCTION
Energy conversion using solar irradiation is a perspective and
sustainable way to obtain clean and renewable fuels.1 World-
record conversion efficiencies in both photovoltaics2 and solar
water splitting3 are achieved with multijunction solar cells
based on III-V compound semiconductor structures. Despite
the outstanding efficiency of hydrogen production under solar
light irradiation,4 the widespread use of these materials is
limited by their oxidative corrosion.5,6

A promising photocathode for solar-to-hydrogen conversion
is GaP, as its band gap is well-aligned to the water reduction
accompanied by hydrogen production.7 However, emerging
holes can trigger the anodic dissolution of the material (Figure
1a) according to eq 1 in acidic solutions8

GaP 3H O 6h Ga 3H H PO2
3

3 3+ + = + ++ + +
(1)

and according to eq 2 in alkali ones8

GaP 4OH 3h GaO P 2H O2 2+ + = + +− + −
(2)

Indeed, photocathodes made of GaP are reported to be
unstable and the rate of photodegradation depends signifi-
cantly on the electrolyte’s nature.6 Previous observations
indicated that GaP is quite unstable under both acidic and
basic conditions, whereas GaP photocorrosion is significantly

suppressed at neutral pH.9 It is obvious that the photo-
electrochemical decomposition of water on the photoelectrode
leads to pH changes at the interface. Thus, high-value III−V
semiconductor materials require pH buffering at the semi-
conductor/solution interface for improved performance and
durability.
Based on this, a very effective solution for the deposition of

protective coatings is the layer-by-layer (LbL) procedure,
which involves the stepwise electrostatic assembly of
oppositely charged polymer molecules and allows the
formation of coatings with multiple functionalities.10,11 LbL-
assembled polyelectrolyte coatings have been proven to
efficiently protect metals from corrosion.12,13 The phenomen-
on of their anticorrosion performance can be explained by
three mechanisms: (i) weak polyelectrolytes exhibit a pH-
buffering activity and can stabilize the pH level;14,15 (ii)
protons occurring at the solid−liquid interface and assisting
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corrosion can be captured by polyelectrolyte molecules,16 and
(iii) the polyelectrolytes that form the coating are relatively
mobile17 and have the tendency to seal and eliminate
mechanical cracks of the coating, performing self-healing. All
the mechanisms mentioned above could also be useful for III−
V semiconductor photocorrosion protection. Furthermore,
nanometer-thick polyelectrolyte multilayers are optically trans-
parent18 and permeable for water and smaller ions,19 which is
important in solar water-splitting applications. Recent studies
also showed that polyelectrolyte layer formation on top of
photoelectrodes of various natures does not lead to impedance
growth.20,21 In this paper, we studied the stability of bare and
polyelectrolyte-coated p-type GaP(100) during operation
under solar light. Hereby, in this paper, we focus on the
control of the photochemical response of the hybrid system
based on GaP, which can significantly change its long-term
performance in the aqueous solution.
A smart multilayered system consisting of a strong−weak

polyelectrolyte assembly deposited on GaP(100) substrates
providing pH buffering at the semiconductor−solution inter-
face is observed to prevent photocorrosion of the photo-
electrode material. We also present the calculations that justify
our strategy for protecting the material against corrosion by its
interface pH-buffering. Anodic dissolution of GaP under
illumination in solution is characterized in situ. Also, the
effects of photocorrosion on material morphology and
performance are shown.

■ RESULTS AND DISCUSSION
GaP Dissolution Mechanism and pH-Buffering Strat-

egy to Inhibit GaP Photocorrosion. When cathodic
hydrogen production and the anodic process described in
(1) occur simultaneously, they can be combined to obtain the
overall scheme of the corrosion process at the GaP−water
solution interface when this is irradiated

GaP 3H O 3H Ga H PO 3H2
3

3 3 2+ + = + ++ +
(3)

Equation 3 shows that protons are converted to hydrogen
and drive the process of photoelectrode dissolution.
To demonstrate the critical role that an acidic environment

may play in facilitating the dissolution of GaP, we have also

Figure 1. Schematic representation of photoinitiated processes at the
(a) GaP−water solution interface: light-induced charge separation
occurs in GaP; the electrons captured by protons in the water solution
lead to hydrogen evolution and holes lead to anodic dissolution of
GaP and local acidification of corrosive area, promoting further
corrosion. As a result, under illumination, the photoelectrode surface
is etched and the photocurrent and the photoconversion efficiency
decrease; (b) PEI/PSS-protected GaP(100) surface: protons
produced during GaP anodic dissolution are captured by PEI, proton
“sponge” weak polyelectrolyte, and then PSS, strong polyelectrolyte;
as a result, pH-buffering at the GaP/water solution interface inhibits
semiconductor anodic dissolution, surface etching occurs to a lesser
extent, and the photocurrent is stabilized.

Figure 2. (a−d) Scheme showing the identified mechanism of Ga dissolution from the GaP (100) surface in an aqueous solution (color scheme:
Gagreen, Pgray, Ored, and Hwhite): (a) Ga−P bond breaking, (b) Ga−H2O bond formation, (c) second Ga−P bond breaking and Ga
release to the surface, (d) Ga−O bond breaking and desorption of a Ga(OH)3 complex; (e) corresponding free-energy profiles for the pristine and
protonated GaP (100) surfaces in contact with water. The graph is composed of three parts corresponding to breaking the two Ga−P and single
Ga−O bonds chosen as collective variables in each interval.
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undertaken ab initio molecular dynamics (AIMD)-based
simulations of the GaP (100) surface in contact with liquid
water. Previous AIMD calculations of the pristine GaP and InP
(100) surfaces23,24 exposed to water have identified surface
hydroxylation motifs and revealed distinct hydrogen-bond
strength and proton-transfer dynamics at the two semi-
conductor/water interfaces. Our AIMD simulations started
with a fully equilibrated Ga-rich GaP (100)/water interface
where we observed a combination of free and bridging
chemisorbed hydroxyl groups and molecular water. These
surface groups are found to be in dynamic equilibrium because
of the facile local proton transfer, in full agreement with prior
AIMD simulations.23,24 To demonstrate an effect of surface
protonation on GaP dissolution kinetics, we examined the
dissolution of Ga from a representative interfacial config-
uration, as shown in Figure 2. Here, Ga is coordinated by one
bridging OH, one free OH, and two subsurface P atoms. To
estimate activation barriers of Ga dissolution, we applied a
slow-growth approach in combination with the thermody-
namic integration technique as implemented in VASP (see the
Computational Methodology section).
We first modeled Ga dissolution under pH-neutral

conditions and found that Ga dissolution starts with the
subsequent breaking of the two Ga−P bonds. After the first
bond is broken (Figure 2a), Ga forms a new bond with the
nearest H2O molecule resulting in a metastable state (Figure
2b) with a very flat minimum characterized by an activation
barrier of 0.61 eV. Then, the system overcomes a barrier of
0.51 eV, which involves the breaking of the second Ga−P
bond, dissociation of H2O, and release of Ga to the surface
(Figure 2c). The last dissolution step is the desorption of
Ga(OH)3 from the surface into solution by breaking the
remaining Ga−O bond. This step takes about 0.56 eV to break
a single Ga−O bond (Figure 2c,d). Figure 2e (black line)
shows a free energy profile for the pristine GaP (100) surface
in contact with water.
To evaluate the impact of local pH changes on Ga

dissolution rates, we then introduced additional protons to
the system. These protons can diffuse into the semiconductor
interior and protonate subsurface P atoms adjacent to the

dissolving Ga atoms disrupting the Ga−P bond topology.
Herein, we did not examine the mechanism and kinetics of
proton diffusion through the surface; however, this process was
demonstrated for other semiconductor materials.25 Moreover,
proton transfer into the subsurface will be facilitated after the
dissolution process has started and in the presence of surface
irregularities. As seen in Figure 2e (red line), protonation of P
atoms weakens the structural Ga−P bonds leading to more
stable intermediate states and considerably lower activation
barriers. It is found that after a subsequent protonation of
adjacent P atoms, the cumulative dissolution barrier drops
down to 0.48 eV, which should result in dissolution kinetics
that are several orders of magnitude enhanced relative to pH-
neutral conditions.
The magnitude of the effect at medium pH values is seen

from our AIMD-based simulations of dissolution barriers
discussed above. The predicted difference in interfacial
behavior may be achieved by the pH-buffering performance
of polyelectrolyte layers on the semiconductor surface.
We thus conclude that the strategy to prevent GaP

photocorrosion is pH stabilization at the semiconductor−
liquid interface. This could be achieved by the formation of a
coating with a pronounced pH-buffering activity on the
semiconductor surface. Nanometer-thick26 LbL-assembled
coatings are good candidates.15 They do not prevent charge
transfer at the solid−liquid interface maintaining photo-
conversion efficiency20,21 but inhibit direct interaction of
GaP with protons in solution, impeding corrosion. Branched
cationic polyethyleneimine (PEI) was used as a first layer. This
polymer is a weak polybase exhibiting buffering properties
because the closely spaced amino groups are able to take up H+

ions from the solution.27 Because PEI has a limited buffer
capacity, its single layer on the GaP photoelectrode surface will
not give the desired long-term effect. Therefore, poly(sodium-
4-sterenesulphonate) (PSS) was deposited on top of the GaP/
PEI. PSS is a strong polyanion and cation-exchange polymer
which, in combination with PEI, allows better pH-buffering the
semiconductor/solution interface. Our strategy to prevent GaP
photocorrosion by depositing buffering multilayers combining

Figure 3. (a) Optical image of the GaP photoelectrode scanned using an SVET probe. The scanned area at the edge of the GaP specimen is shown
by the white dotted frame, (b−d) series of long-term SVET scans over the pristine GaP surface at an open circuit obtained after (b) 1−15 min of
illumination, (c) 360−375 min of illumination, and (d) 705−720 min of illumination, (e−g) series of long-term SVET scans over the GaP/PEI/
PSS surface at an open circuit obtained after (e) 1−15 min of illumination, (f) 360−375 min of illumination, and (g) 705−720 min of illumination,
SVET scans were registered in 0.05 M NaCl solution.
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proton “sponge” and proton conductive layers is demonstrated
in Figure 1b.
GaP Photocathode Corrosion Inhibition. With proton

consumption from solution and their conversion to H2, pH of
the near-electrode region is expected to shift to basic values.22

Because acidic electrolytes (e.g., 1 M H2SO4) are usually
utilized to produce hydrogen, it is unlikely that a strongly
alkaline medium is formed at the interface. Therefore, further
we focused on corrosion processes in acidic electrolytes. In this
case, protons in solution can serve not only as acceptors of
photoelectrons but also interact with the material of the
photoelectrode, contributing to its photocorrosion.
Furthermore, according to eq 1, gallium phosphide photo-

anodic dissolution is accompanied by acidification at the
photoelectrode−solution interface in areas where corrosion
process is localized. As will be shown later (Figures 3 and 4),

corrosion does not occur on the entire surface of the
illuminated photoelectrode but only in some regions (e.g.,
where crystal defects are localized). Therefore, even in neutral
electrolytes, a local shift of pH toward lower values can occur
in places where corrosion processes are localized. These locally
formed protons can influence corrosion processes before being
converted to hydrogen.
To demonstrate the validity of the model considered in the

previous chapter and the protective performance of the
proposed polyelectrolyte coating of (PEI/PSS)x architecture,
we performed an SVET analysis of pristine- and polyelec-
trolyte-protected photoelectrode surfaces under illumination in
the electrolyte solution. This technique allows us to visualize
the distribution of anodic and cathodic activity regions by
measuring the electric field in a solution near the sample
surface. The measurements by SVET were carried out under
open-circuit conditions. The reason is an external electric field
arising in the solution upon polarization of the photoelectrode.

It might be so high that the electric fields arising during
corrosion could not be recorded using an SVET device.
The uniformly illuminated (visible irradiation, 11,000

lumen) area at the edge of the planar GaP specimen was
studied by SVET in 0.05 M NaCl solution at pH ∼7. The
scanned area included both the space above the photoactive
sample and the spaces above the region without the sample;
thus, the test and control samples were studied simultaneously
under the same conditions during a single experiment (Figure
3a).
Over a pristine GaP sample, anodic activity spots were

observed. The interfacial reactions occurring at open-circuit
potential can be attributed to the anodic dissolution of the
photoelectrode material coupled with photocathodic proton
reduction according to the scheme from Figure 1a. It is worth
noting that despite the uniform illumination, the areas of
anode activity are localized only in some parts of the sample
(Figure 3b). This supports the assumption that the observed
anode activity is related to the dissolution of the photo-
electrode because of its photocorrosion. Lattice defects
introduce energy states within the valence band which are
more likely to be populated with the photoexcited holes.
Therefore, photocorrosion initially starts and evolves at lattice
defects. This determines the pattern of the anodic activity
observed on the SVET scan. The sample was scanned
continuously for 12 h, allowing us to observe the evolution
of the GaP photoanodic dissolution (Figure 3b−d).
Photocorrosion is observed during the early times of

illumination. We suppose that it occurs under open-circuit
conditions because there is no way of holes outflow but
photoelectrode material self-oxidation. Also, we can conclude
that anodic dissolution fades over time possibly because of the
surface passivation, accompanying the photocorrosion of the
GaP under neutral-pH conditions.9

When the GaP photoelectrode surface is coated by a
polyelectrolyte multilayer of PEI/PSS, anodic dissolution is
suppressed according to SVET scanning. Absolute values of
the anodic activity in terms of ionic current are 2.5 times lower
and the anodic activity localization area is more than 10 times
smaller (Figure 3e−g). Photocorrosion processes usually
develop fast after disruption of the surface atomic order.
However, polyelectrolyte coatings being adaptive and dynamic
materials respond to local changes in pH and ionic strength by
polymer network reorganization.28 Apparently, coating self-
healing occurs29 and stable low anodic activity is observed over
polyelectrolyte-coated GaP.

Figure 4. SEM images of the photoelectrode surface for (a) pristine
GaP after 12 h of illumination in 1 M KCl, (b) GaP/PEI/PSS after
illumination under mild conditions of 1 M KCl.

Figure 5. (a) Current−potential curves under chopped illumination of pristine GaP(100), black linepreviously unused GaP specimen and black
dotted linethe same specimen after 12 h of operation under illumination (11,000 lumen) in 1 M KCl solution; (b) current−potential curves
under chopped illumination of: black linepreviously unused pristine GaP, red linethe same specimen of GaP after PEI/PSS deposition, and red
dotted lineGaP/PEI/PSS after 12 h of operation under illumination (11,000 lumen) in 1 M KCl solution.
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The effects of photocorrosion on the morphology of the
photoelectrode at the microscopic level were studied by SEM.
Figure 4a demonstrates the surface of the GaP photoelectrode
after 12 h of illumination under neutral conditions. Although
the initial GaP surface was smooth and relatively featureless,
the formation of pores was observed after operation under
illumination in agreement with maps of photoanodic activity
registered using the SVET (Figure 3b−d). Despite the
passivation of the surface over time, significant surface defects
are formed. After depositing a protective layer, anodic
dissolution is suppressed according to SVET data (Figure
3e−g) and the photoelectrode surface is etched in a lower
degree (Figure 4b).
Thus, the deposition of a buffering polyelectrolyte multilayer

allows us to suppress the anodic dissolution of GaP, and
nanometer-thick polyelectrolyte PEI/PSS coating provides
effective photocorrosion inhibition.
Photocurrent Degradation Prevention. The effect of

polyelectrolyte layers on the photoactivity of GaP photo-
cathodes was studied under chopped visible irradiation
(11,000 lumen) in a three-electrode cell in 1 M KCl. Figure
5 demonstrates typical I−V plots. Cathodic photocurrent
steadily increases with the potential becoming more negative
whether polyelectrolytes are deposited on top of the surface or
not. Polyelectrolyte layers neither affect the absorption of light
by a semiconductor nor have a significant photosensitizing
effect and almost the same profile of voltammetry curves was
observed for bare (Figure 5a) and polyelectrolyte-coated GaP
(Figure 5b). Furthermore, we observed that for the
polyelectrolyte-coated GaP photoelectrode, a slight increase
in the photocurrent values was observed. We suppose that it is
due to surface area increase after rough polyelectrolyte coating
formation.21 For both bare and PEI/PSS-coated photo-
electrodes, no photocurrent degradation during long-term
operation under constant illumination (11,000 lumen) and
−0.6 V versus Ag/AgCl polarization was observed. Thus, in the
photo-electrochemical cell, in the mild ambience photocathode
surface, etching does not lead to a decrease in the
photoconversion efficiency and photocurrent degradation.
However, at neutral pH, photocurrent density values are

rather small compared to recent reports for acidic solutions
where proton conversion is the most effective.4 Furthermore,
we studied the ability of buffering polyelectrolyte layers to
protect GaP from photocorrosion under acidic conditions (1
M H2SO4). Here, photocurrents increased by an order of
magnitude because of the higher efficiency of proton-to-
hydrogen conversion and a lower nonradiative recombination
rate of photoexcited charge carriers. Nonetheless, under such

conditions, the anodic dissolution of the photocathode leads
rather quickly to photocurrent degradation. Figure 6a
demonstrates the photocurrent decrease after photoelectrode
operation at −0.6 V versus Ag/AgCl under illumination by
visible light with 11,000 lumen intensity for 4 h, evidencing its
significant photodegradation and the decrease in photo-
conversion efficiency in comparison with neutral conditions
(Figure 5a). The photocurrent density is lower for pristine
GaP photoelectrodes after long-time irradiation (Figure 6a),
whereas for PEI/PSS-protected photocathodes, the effect of
photocurrent decrease after operation under illumination is not
so pronounced (Figure 6b).
Such a difference in the behavior of the photoelectrode in

different electrolytes is in agreement with previously proposed
mechanisms of GaP photocorrosion.30 It was previously
reported that during GaP anodic dissolution, Ga is going
into solution in the form of hydroxide.6 Meanwhile, this
compound is not soluble in solutions of medium pH.9,30 Thus,
anodic oxidation of GaP under neutral conditions leads to the
formation of a Ga(OH)3 passivating layer, preventing further
dissolution.8 We suppose that it is a reason why we observed
photoanodic activity decay on SVET scans (Figure 3b−d) and
no significant photocurrent degradation in KCl solution of
neutral pH for the bare GaP sample (Figure 5a). However, the
passivation layer can be dissolved by acids and fresh electrode
surface proceeds to corrode under illumination resulting in
significant photocurrent degradation (Figure 6a).
With the time of irradiation for both samples (coated and

uncoated with polyelectrolytes), an increase in the dark
cathodic current was observed (Figure 6 a,b insets). For bare
GaP, the growth of the dark current is observed mainly during
the first hour, while for the sample coated with polyelec-
trolytes, this process is more extended in time and an increase
in the dark current is observed for 1.5−2 h before stabilization.
It should be noted that this is not a unique process; such
changes have previously been shown in photoelectrodes based
on Cr2O3,

31 for example. We suppose that this phenomenon
could be explained by electrons leaking to defect and surface
states emerging during photocorrosion of GaP.
Thereby, buffering with polyelectrolyte layers does not only

prevent GaP dissolution in neutral media under illumination
but also preclude its photodegradation and photoconversion
efficiency decrease in strongly acidic media.

■ CONCLUSIONS

We have demonstrated an efficient strategy of soft matter
assemblies for photocorrosion protection, particularly address-
ing III−V semiconductor systems. The smart coating

Figure 6. Current−potential curves registered in 1 M H2SO4 solution under chopped illumination (11,000 lumen) of (a) pristine GaP, black line
before irradiation and black dotted linethe same specimen after 4 h illumination at −0.6 V vs Ag/AgCl; (b) GaP/PEI/PSS red linebefore
irradiation and red dotted linethe same specimen after 4 h illumination at −0.6 V vs Ag/AgCl; insets are chronopotentiometry curves during 4 h
under chopped illumination at −0.6 V vs Ag/AgCl.
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assembled from weak proton “sponge” polycation PEI and
strong polyanionic cationite PSS prevents anodic etching of p-
type Zn-doped GaP photocathodes and enables its prolonged
photoactivity. The mechanism of polyelectrolyte multilayer
protective action is based on the pH-buffering capacity of a
polyelectrolyte multilayer. The effect has been demonstrated
on a surface relevant for water splitting devices, but it is
expected to be applicable to many types of interfacial processes
where pH-buffering is important.

■ MATERIALS AND METHODS
Chemicals and Materials. Poly(ethyleneimine) (PEI, Mw ∼ 70

kDa) and poly(styrene sulfonate) (PSS, Mw ∼ 500 kDa) were
obtained from Sigma-Aldrich. Reagent-grade NaCl (99.5%) was
obtained from Merck. All chemicals were used without further
purification. p-type GaP (100) wafers with ±0.5° offcut Zn-doped to
1.8 to 2.3 × 1018 cm−3 were obtained from the Institute of Electronic
Materials Technology (Warsaw, Poland).
Computational Methodology. Simulations were performed

employing a 10.90 × 10.90 × 21.35 Å3 box comprising the GaP
slab and a vacuum gap of ∼10 Å. The surface was hydroxylated in
accordance with previous studies23,24 and the vacuum gap was filled
with 34 H2O to obtain a water density of ∼1 g/cm3. To evaluate
dissolution barriers, we applied Born-Oppenheimer molecular
dynamics (BOMD) simulations in combination with slow-growth
and Blue Moon ensemble techniques32 within the plane-wave density-
functional-theory formalism as implemented in the VASP code.33 All
simulations were performed employing the Perdew−Burke−Ernzer-
hof (PBE)34 functional along with the projector-augmented wave
(PAW) formalism and DFT-D3 van der Waals correction.35 A 1.0 fs
time step in the BOMD simulations and the hydrogen mass of 3
a.m.u. were used. To keep the charge neutrality of the simulation cell
with additional protons into aqueous solution, we removed one/two
protons from the absorbed water on the opposite side of the GaP slab.
The Nose−Hoover thermostat was used to keep the simulation
temperature around 300 K.36 The trajectories obtained using the
slow-growth approach as the energetically favorable reaction pathways
were used for subsequent Blue Moon ensemble-based thermodynamic
integrations to estimate activation barriers. A set of windows along
each reaction pathway was chosen with a step of 0.1 Å between
adjacent windows. Configurations in each window were additionally
equilibrated during 2 ps, while the next 2 ps were used to collect and
average the energy gradients along the reaction direction. A similar
computational scheme was employed in a series of recent
studies.37−39

Polyelectrolyte Multilayer Assembly. A single p-GaP (100)
wafer was cut into several parts. Polyelectrolyte layers were deposited
on top of GaP using the classical Lbl technique. The procedure of
multilayer assembly consists in depositing alternating layers of
oppositely charged materials with wash steps in between. In our
case, it was accomplished by alternating immersion of the GaP
specimen in a polyelectrolyte (PEI and PSS) in ambient light.
Semiconductor plates were immersed in 2 mg/mL polyelectrolyte
solution in 0.5 M NaCl for 15 min in ambient light. After the
deposition of each layer, the specimen was rinsed with water and
dried in air steam. To obtain more dense PEI coverage, the GaP plate
was twice immersed in PEI solution before PSS deposition.
Eventually, PEI/PSS coating was obtained on top of the GaP
substrate.
Local Photo-electrochemical Study. Photoactivity of pristine-

and polyelectrolyte-covered, p-type, Zn-doped GaP(100) was studied
under irradiation using the SVET. This method allows the observation
of the material’s electrochemical activity with micrometer spatial
resolution and outstanding sensitivity. The potential, ΔV, between
two points at a distance Δr from each other was measured for these
purposes. It is realized using a vibrating (with amplitude Δr) probe
scanning the surface of the irradiated specimen. To perform the SVET
study, a system from Applicable Electronics (USA) under control of

ASET program (Sciencewares, USA) was used. Pristine- or
polyelectrolyte-covered GaP(100) samples under investigation were
attached to an epoxy holder using adhesive tape. The surface of the
photoelectrode was uniformly illuminated by visible light (luminous
power 11,000 lumen) and scanned using the vibrating probe. The
scanning area was selected on the edge of the specimen. As a vibrating
probe for the SVET experiments, insulated Pt−Ir microprobes
(Microprobe Inc., USA) with a platinum black spherical tip of 30
μm diameter were applied. The probe was vibrating in two directions
parallel and perpendicular to the specimen surface 150 μm above it.
The amplitude of vibration was 30 μm, and vibration frequencies of
the probe were 136 Hz (perpendicular to the surface) and 222 Hz
(parallel to the surface). Data were presented in terms of ionic
currents. The ionic current density was mapped on a 40 × 40 grid in a
0.05 M NaCl solution. The time of acquisition for each SVET data
point was 0.6 s.

Photocurrent Measurements. Photo-electrochemical measure-
ments were performed in a handmade 3D-printed cell with the
PalmSens4 potentiostat (Netherlands) in a three-electrode cell with
pristine- or polyelectrolyte-modified GaP(100) as working electrodes,
an Ag/AgCl (KCl sat.) reference electrode, and a Pt wire as a counter
electrode. Specimen of GaP was made in contact with the copper
plate from the back unpolished side, pressed against it, and fixed to
obtain stable ohmic contact. Photocurrent measurements were
performed in 1 M KCl or 1 M H2SO4 solution under chopped
illumination by visible light. Measurements were carried out in two
regimes: potential scan from 0.2 to −1.2 V versus Ag/AgCl and
chronoamperometry at −0.6 V versus Ag/AgCl. Prior measurement,
each specimen was equilibrated in solution at OCP for 5−10 min in
the dark.
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consequences on human health[1,2] and 
industrial processes[3,4] as well as antibi-
otics resistance.[5] Various approaches to 
inhibition of biofilm formation and their 
eradication were developed.[6] Biofilm for-
mation at an interface is determined by 
several pheno mena, e.g., the initial adhe-
sion of single bacteria to the surface and 
the further biofilm growth and spreading 
due to cell proliferation and biopolymer 
production.[7] Therefore, surface energy 
and electrostatic interactions with the 
substrate are two key determinants of bio-
film formation. On this basis, a common 
strategy to fight bacterial colonization is 
the functionalization of surfaces that are 
prone to biofilm fouling.[6,8] For instance, 
surface hydrophilization[9] and low sur-
face energy strategies[10] were consid-
ered. Surface topology was also modified 
to influence bacterial colonization, as 
recently reviewed in detail.[11]

Polyelectrolyte coatings allow changing 
the surface energy, charge, and mechan-
ical characteristics of various substrates 

easily.[12,13] Therefore, polyelectrolyte assemblies are often consid-
ered for possible application as antibacterial coatings. However, 
understanding the fundamental principles of bacteria–surface 
interactions remains of high importance.[14–16] Due to the nega-
tive charges found on their external membrane, bacteria tend 
to tightly attach to positively charged surfaces.[17] It was dem-
onstrated that biofilm spreading rate was decreasing with 
increasing strength of adhesion.[17] One possible explanation is 
that bacteria elongation preceding cell division is obstructed by 
strong electrostatic binding to the surface.[18] Besides this, it is 
also known that positively charged molecules (and poly cations 
to a greater extent) exhibit antibacterial properties due to their 
ability to disrupt membranes of bacterial cells.[19] In contrast, 
negatively charged surfaces provide less stable bacterial cell con-
tact with the surface,[18] so that the initial adhesion step is diffi-
cult but further biofilm spreading meets less obstacle.

In addition to help preventing healthcare and industry-
related issues, investigating biofilm formation is beneficial 
to understand the development of biological tissues,[20] cell 
adaptability,[21] and communication[22] since some morphogen-
esis principles are common with higher organisms’ tissues. 
Furthermore, colonies and biofilms of non-pathogenic micro-
organisms are considered to be promising to design hybrid 
living materials[23–27] challenging to get synthetically. Revealing 

Because bacteria–surface interactions play a decisive role in bacteria adhe-
sion and biofilm spreading, it is essential to understand how biofilms respond 
to surface properties to develop effective strategies to combat them. Poly-
electrolyte coating is a simple and efficient way of controlling surface charge 
and energy. Using polyelectrolytes of various types, with different molecular 
weights and polyelectrolyte solutions of various pH provides a unique approach 
to investigate the interactions between biofilms and their substrate. Here, 
the formation of Escherichia coli biofilms at a solid–air interface is explored, 
whereby charge and interfacial energy are tuned using polyelectrolyte coatings 
on the surface. Cationic coatings are observed to limit biofilm spreading, which 
remain more confined when using high molecular weight polycations. Interest-
ingly, biofilm surface densities are higher on polycationic surfaces despite their 
well-studied bactericidal properties. Furthermore, the degree of polyelectrolyte 
protonation also appears to have an influence on biofilm spreading on polyca-
tion-coated substrates. Finally, altering the interplay between biomass produc-
tion and surface forces with polyelectrolyte coatings is shown to affect biofilm 
3D architecture. Thereby, it is demonstrated that biofilm growth and spreading 
on a hydrogel substrate can be tuned from confined to expanded, simply by 
coating the surface using available polyelectrolytes.
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1. Introduction

Biofilms are surface-attached complex 3D structures of bac-
terial cells embedded in a self-produced fibrous biopolymer 
matrix. These adhesive living systems are known for their 

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution-NonCommercial-NoDerivs License, which 
permits use and distribution in any medium, provided the original work 
is properly cited, the use is non-commercial and no modifications or 
adaptations are made.
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the nature of bacteria–surface interactions and identifying the 
principles of biofilm adaptation to surface conditions are also 
essential to support further progresses in such contexts.

Polyelectrolytes are charged polymers that are able to change 
their characteristics in response to external stimuli such as 
temperature,[28] light,[29] ionic strength,[30] and pH.[31,32] It was 
recently demonstrated that reversible oscillation of polyelectro-
lyte layer-by-layer assemblies based on high amplitude actuation 
of block copolymer micelles allows controlling cell behavior on 
a surface. Their pH responsiveness was also used via light–pH 
coupling[33] to control the behavior of mammalian cells.[34,35]

Here, we chose an Escherichia coli strain (E. coli AR3110)[36] to 
study biofilm formation on polyelectrolyte-modified agar gels. 
E. coli AR3110 bacteria were shown to produce and assemble an 
extracellular matrix mainly composed of phosphoethanolamine 
cellulose and amyloid fibers.[36,37] We found that the patterns of 
ridges and wrinkles emerging during biofilm growth on solid 
depend on the nature of the polyelectrolyte used, its molecular 
weight, and the pH of the solution in which it was prepared. 
Macroscopic spatiotemporal characterizations of the biofilms 
were performed to assess the influence of the physicochemical 
properties of the substrates on biofilms morphology. We believe 
that the phenomena discovered in our study can make a signifi-
cant contribution to understanding the adaptability of biological 
tissues and be used in the development of approaches to the 
directed biosynthesis of functional materials. In addition, the 
data shown will help to develop more effective ways to prevent 
biofilm growth in both medical and industrial contexts.

2. Results and Discussion

We used various polyelectrolytes to modify the surface proper-
ties of the nutritive substrate in order to control E. coli AR3110 
biofilm growth. Therefore, we chose several polyelectrolytes, 

namely polyethyleneimine (PEI; weak polycation), poly(sodium 
4-styrenesulphonate) (PSS; strong polyanion), poly(allylamine 
hydrochloride) (PAH; weak polycation), and poly(acrylic acid) 
(PAA; weak polyanion) (Figure S1, Supporting Information). 
We varied the conditions of polyelectrolyte deposition by using 
different molecular weights of the polycations. The molecular 
weight allows affecting the transformation from glassy and rub-
bery states of the polyelectrolyte.[38] Various pH in the polyelec-
trolyte solutions were used for their deposition.

2.1. Polycationic Surfaces Impair Biofilm Spreading and Limit 
Their Growth

Polyelectrolyte solutions used for coating deposition were adjusted 
to pH 7. Detailed insight of biofilm morphogenesis on the various 
polyelectrolyte coatings were obtained by capturing images every 
30 min and gathering them in time-lapse videos (see Videos, Sup-
porting Information). Figure 1a demonstrates the appearance of 
biofilms growing on bare and polyelectrolyte coated agar sub-
strates at various time points. Differences in the speed of biofilm 
spreading and, in their phenotype, depending on the polyelectro-
lyte used could be observed. Daily measurements of projected bio-
film area were plotted as a function of time (Figure 1b).

Figure  1a,b shows that biofilm growth kinetics was similar 
on a bare Luria-Bertani (LB) agar and on PSS- or PAA-coated LB 
agar throughout the entire observation time. They demonstrate 
synchronous growth and the same projected area throughout 
the observation period as well as the same final mass after 
4 days of growth. In contrast, cationic polymers were observed 
to significantly reduce biofilm spreading over the substrate. In 
particular, E. coli biofilms grown on PEI (Mw = 25 000) or PAH 
(Mw = 17 000) covered agar substrate after 4 days of incubation 
had on average a diameter ≈2.5 times smaller than control bio-
films grown on bare agar substrates.

Figure 1. a) Bright-field snapshots of biofilms growing on bare control and polyelectrolyte-covered (PSS, PAA, PEI (Mw 25 000), PAH (Mw 17 000)) agar 
substrates at designated times. b) Biofilm projected area plotted versus incubation time and biofilm mass data (inset): biofilms grown on PAA, PSS 
coatings, and control surface demonstrate the same values of the projected area (p > 0.1) and mass (p = 0.8), whereas PEI and PAH coatings promote 
smaller biofilm area (p < 0.002) throughout the observation period and final mass (p < 2 × 10–5), herewith PEI reduces biofilm spreading more than 
PAH (p < 0.003 for area and p = 8 × 10–4 for mass). c) Derivative plot of biofilm versus time of growth.
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After inoculation, biofilm growth rate on the control as well as 
on polyanion-coated surfaces (PAA and PSS) were higher than 
on polycation-coated surfaces (PEI and PAH). The biofilm pro-
jected area of biofilm growing on a pristine agar surface (as well 
as on PSS and PAA coated) increase by about 30% on the first 
day, and 300% on the second day with a subsequent slowdown 
(Figure 1b). But for biofilms growing on PEI- and PAH-coated 
agar, significantly slower growth rate was observed. On the first 
day, biofilms grew by only 8% and 12%, respectively, whereas 
on the second day by 57% (PEI) and 70% (PAH) (Figure  1b). 
After 4 days of culture, biofilms grown on polycationic surfaces 
occupied less than 20% of control biofilm area (Figure 1b inset). 
Kymograph-like space–time plots showing changes of biofilm 
diameter as a function of time were extracted from time-lapse 
videos (Figure S2a, Supporting Information). The temporal evo-
lution of biofilm diameter was additionally plotted for each type 
of polyelectrolyte coating (Figure S2b, Supporting Information).

Derivative plots were also obtained to better visualize and 
quantify the growth rate (Figure  1c). Biofilms growing on 
positively charged surfaces (PEI- and PAH-coated agar) were 
characterized by a slow growth at an almost constant rate 
(with a small maximum for PEI). Biofilms growing on nega-
tively charged surfaces first grow faster reaching a maximum 
growth rate between 5 and 7 h after inoculation, and subse-
quently slowed down to reach similar growth rates as those 
observed on positively charged surfaces (less pronounced for 
PAA in this experiment) (Figure 1c).

After 4 days of growth, biofilms were removed from the 
nutritive substrates and weighted. The average mass of bio-
films grown on surfaces covered by various polyelectrolytes is 
displayed in the insert in Figure 1b. The biofilms grown on PEI 
and PAH were 2 to 2.5 times lighter than the ones grown on 
the control surfaces, although their area was more than five 
times lower (Figure  1b). In other words, biofilm growing on 
polycation-coated substrates was two times denser than bio-
film growing on bare control or PSS- and PAA-covered surfaces 
(32–33 vs 14–19 mg cm–2) (Figure S3a, Supporting Information). 
Interestingly, PEI and PAH constrained biofilm spatial expan-
sion but did not impair biomass production to the same degree.

It has been reported that polycations exhibit antibacterial 
properties, i.e., interact with and disrupt bacterial cell mem-
branes.[39,40] But PEI and PAH coatings were reported to exhibit 
weak bactericidal activity since they do not contain the qua-
ternary amino groups most toxic to bacteria.[14,41] Indeed, bio-
films inoculated from bacterial suspension in nutritive media 
mixed with polycation solution revealed no bactericide effect 
of polycation. It was evidenced by the fact that biofilms grew 
equally regardless of the nature of the polyelectrolyte when a 
bare agar plate was inoculated with bacterial suspension mixed 
with these polyelectrolyte solutions (Figure S4, Supporting 
Information). Hence, the reason for limited biofilm spreading 
on polycationic surfaces rather lies in interfacial effects than 
in polyelectrolyte toxicity. We assume that biofilm spreading 
is impaired by strong electrostatic attachments, which pre-
vent elongation and division of the bacteria along the plane 
of the solid-air interface.[17,42] A so-called “arrested growth”[43] 
behavior was consistently observed for biofilms forming on 
PEI- and PAH-coated substrates. Concerning surface energy, 
it was reported that surface charging usually improves wetting 

properties[44] without clear correlation between the sign of 
charge and wettability.[12] However, some studies report that 
polyelectrolyte multilayers with terminating polycations tend 
to be more hydrophobic,[45] which also may have an impact in 
our case. Our observations are expected to hold for both nega-
tively charged gram-positive and gram-negative bacteria, which 
were shown to both adhere faster on positively charged surfaces 
compared to negatively charged ones. However, the effects may 
be slightly altered in gram-positive bacteria, which were shown 
to better grow on positive surfaces compared to gram-negative 
bacteria in dynamic conditions.[18] However, it should be noted 
that the shape of the bacterial cell may also play a role in the 
process under investigation, so it is difficult to make unam-
biguous assumption about how polyelectrolyte coatings affect 
the growth of biofilms of bacteria with different cell membrane 
structures without taking into account many other factors. 
Therefore, in this study, we focused on studying the effects on a 
single bacteria type: E. coli AR 3110.

2.2. High-Molecular-Weight Coatings Suppress Biofilm Spreading

Since polyanionic coatings did not significantly affect biofilm 
morphogenesis, we further focused on polycations. PEI of sev-
eral molar weights was used to coat the surface of the nutritive 
LB agar biofilm substrates. Biofilm images were acquired daily 
during the culture period and the projected biofilm area was 
measured and plotted against time (Figure 2). The increase of 
molar weight of the polycations resulted in a decreasing speed 
of biofilm spreading.

In comparison to bare substrates (control), biofilms reached 
50–60% of the control projected area when grown on low mole-
cular weight (Mw  = 1300) PEI-coated substrates, 20–30% on 
medium molecular weight (Mw = 25 000) PEI-coated substrates, 
and only ≈10% on high molecular weight (Mw  = 750 000)  
PEI-coated substrates (Figure 2a).

The ratio of the mass of biofilms grown on PEI coated sub-
strate to the control conditions was 0.7, 0.4, and 0.25 for low, 
medium, and high molecular weight PEI, respectively, (Figure 2a 
inset). Area density, in contrast, increased from 23 to 35 mg cm–2 
upon transition from the surface modified by low weight PEI to 
high weight PEI (Figure S3b, Supporting Information).

Similar to PEI, increasing PAH molecular weight in PAH-
coated LB agar substrates from 17 000 to 65 000 led to a 
decrease of the projected area and the mass of the biofilms 
grown on their surface (Figure  2b and inset) and an increase 
of the area density (30  mg  cm–2 for low molecular weight vs 
40  mg  cm–2 for high molecular weight polymer) (Figure S3c, 
Supporting Information).

This is consistent with the data on the dependence of the 
hydrophobicity of polyelectrolyte coatings on their molecular 
weight. For alkylated PEI derivatives antibacterial activity was 
revealed to depend on the molecular weight of the polymer.[14] 
Low molecular weight polymers were reported to have negli-
gible, if any, antibacterial activity.[14] Indeed, for PEI and PAH, 
each repeat unit of both polycations carries two hydrophobic 
CH groups together with protonatable and potentially hydro-
philic NH groups. Hence, polymer molecular weight increase 
promotes worse wettability.
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2.3. The pH of the Polyelectrolyte Solutions Used to Coat the 
Agar Has a Conditional and Limited Effect on Biofilm Spreading

Branched PEI is known for its buffering capacity. It is a weak 
polycation highly sensitive to pH of surrounding media and 
responding to it by charge and conformational alterations.[46,47] 
We deposited PEI (Mw  =  25 000) from solutions of various 
pH (Figure 3a). This molecular weight was chosen for giving 

a clear effect on biofilm morphology, while leaving the pos-
sibility to observe further limitation of biofilm spreading. 
Indeed, with the more effective Mw =  750 000, further biofilm 
growth limitation induced by pH changes would be difficult to 
quantify due to their size similar to the initial drop of bacteria 
suspension. At all studied pH (3, 5, 7, and 9), biofilm growth 
was much reduced compared with the control experiment on 
bare agar substrate, for which the pH of the aqueous phase in 

Figure 3. Effect of the pH of the polyelectrolyte solutions: a) bright-field images (top) of biofilms grown for 4 days on bare nutritive agar substrate 
and substrate covered by PEI with average Mw = 25 000 and pH 3, 5, 7, and 9; biofilm area versus incubation time (bottom); and biofilm mass data 
after 4 days of incubation (inset); PEI coating applied from solution with pH 7 limits biofilm spreading as well as mass production to the greatest 
degree (p < 6 × 10–4 and p = 1 × 10–5, respectively), whereas areas and masses of biofilms grown at PEI coating applied from solutions with pH 3, 5, 
and 9 are equal (p > 0.01 and p > 0.06, respectively). b) Bright-field images (top) of biofilms grown for 4 days on bare nutritious agar substrate and 
substrate covered by PAH with average Mw = 65 000 and pH 3, 5, 7, and 9; biofilm area versus incubation time (bottom); and biofilm mass data after 
4 days of incubation (inset); PAH coating applied from solution with pH 3 limits biofilm spreading as well as mass production to the greatest degree 
(p < 3 × 10–6 and p = 0.001, respectively), whereas areas and masses of biofilms grown at PAH coatings applied from solutions with pH 5, 7, and 9 
are equal (p > 0.06 and p > 0.8, respectively).

Figure 2. Effect of polyelectrolyte molecular weight: a) bright-field images (top) of biofilms grown for 4 days on bare nutritive agar substrate and 
substrate covered by PEI with average Mw = 1300, average Mw = 25 000, and average Mw = 750 000; biofilm projected area versus incubation time 
(bottom), inset demonstrates biofilm mass data after 4 days of growth; the area and mass of a biofilm grown on PEI coating with medium molecular 
weight is less than on low molecular weight (p < 3 × 10–4 and p < 2 × 10–5, respectively) and more than on high molecular weight coating (p < 7 × 10–7 
and p < 5 × 10–5, respectively). b) Bright-field images (top) of biofilms grown for 4 days on bare nutritious agar substrate and substrate covered by PAH 
with average Mw = 17 000, average Mw = 65 000; biofilm projected area versus incubation time (bottom), inset demonstrates biofilm mass data after  
4 days of growth; the area and mass of a biofilm grown on high molecular weight PAH coating is less than on low molecular weight coating (p < 2 × 10–7 
and p < 0.002, respectively).
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the hydrogel was estimated between 7 and 8 using pH paper.  
Surprisingly, the effect was particularly pronounced on the sub-
strate coated with a neutral PEI solution of pH 7. In this case, 
the projected area of the biofilms on the fourth day was 2 to 
2.5 times smaller and their mass was ≈20% lower compared to 
the biofilms obtained with all the other tested pH. Moreover, 
the area density of biofilms grown on PEI coatings was max-
imum at pH 7 (34 vs 25–30  mg  cm–2 for other studied pH) 
(Figure S3d, Supporting Information). Here, we can also note 
that depositing a drop of basic or acidic solution (without poly-
electrolyte) on the agar surface prior to inoculation did not affect 
further biofilm growth and spreading (Figure S5, Supporting 
Information).

We believe that the observed phenomenon can be explained 
by the non-monotonicity of changes in the properties of PEI as 
a function of pH. A freshly prepared solution of PEI in 0.5 m 
NaCl has a pH 9. The polymer charge increases with decreasing 
pH. Due to PEI protonation, the surface coated at pH 7 carries 
a more positive net charge in comparison to the surface coated 
at pH 9, and thus is more favorable to the adhesion of nega-
tively charged bacteria. As a result, biofilm spreading on the 
surface coated at pH 7 is limited to a greater extent. With fur-
ther protonation, the protonability of amine groups decreases 
due to electrostatic repulsion of protons from already proto-
nated amine groups.[48] As a result, more protons and chloride 
ions are found in solution as HCl is added to reach lower pH 
values. Eventually, chloride ions screen the positive charges of 
protonated amines, which leads to a decrease of the positive net 
charge. Therefore, agar substrates coated with PEI at pH 3 and 
5 are expected to present lower positive net charges compared 
to pH 7 and thereby weaker electrostatic interactions with bac-
teria. Consistently, a better spreading of biofilm over these sur-
faces coated at pH 3 and 5 was observed in comparison to pH 7.

PAH is another weak polyelectrolyte with a pKa from 8.5 to 
9 and has buffering capacity.[49,50] Low molecular weight PAH 
(Mw  = 17 000) demonstrated ambiguous data on pH-depend-
ence (Figure S6, Supporting Information). However, for high 
molecular weight PAH (Mw  = 65 000), biofilm spreading was 
impaired to the greatest degree on a surface coated with a PAH 
solution of pH 3. On such an acidic surface, the biofilm spread 
over approximately one-third of the projected area and weighted 
approximately half of the mass compared to biofilms growing 
on surfaces modified with PAH from solutions with less acidic 
pH (from 5 to 9) (Figure  3b). On PAH coatings, the largest 
value of biofilm area density was obtained at pH 3 (54 mg cm2 
vs 40 for pH 5–9) (Figure S3e, Supporting Information). Thus, 
we found that the polycations that inhibit the spreading of bio-
films also presented a pH-dependent effect on biofilm growth.

Decreasing the pH of PAH solution gradually increases the 
degree of PAH molecule protonation. Unlike branched PEI, 
protonated amino groups of the PAH are not located in the 
backbone and are thus more accessible to protonation. There-
fore, protonation is accompanied by a monotonous increase of 
polymer molecule positive charge and gradual conformational 
transition from coiled to extended. As a result, the hydropho-
bicity and the charge of surfaces coated by PAH increase as the 
pH decreases.

Polyanions did not exhibit such an effect and biofilms 
grown on surfaces modified with PAA and PSS were similar 

to control samples. To reveal pH dependence of polyanion 
coatings, solutions of weak polyanion–polyacrylic acid (PAA, 
pKa = 4.5–6.5[51,52]) with various pH were prepared and used to 
coat agar substrates where biofilms were grown. When the car-
boxyl groups are protonated, the polymer is overall hydrophobic. 
On the other hand, when deprotonated, the surface is expected 
to be less hydrophobic. Hence, PAA-coated agar is expected to 
be more hydrophobic in comparison with a less protonated and 
more negatively charged PAA surface at higher pH. In contrast 
to this assumption, we did not observe any influence of PAA 
coating pH on biofilm spreading (Figure S7, Supporting Infor-
mation). Apparently, the charge effect prevails over the wetta-
bility of the surface on which the biofilm grows. As long as the 
surface charge remains negative, the biofilm hydrophobicity 
does not constitute a major obstacle to biofilm growth.

2.4. Polyelectrolyte Coating Affects Biofilm Wrinkling Patterns

Mechanical and adhesive properties of the biofilms were 
shown to determine their morphology.[53] The different bio-
film sizes and shapes obtained on the different types of poly-
electrolyte coatings may thus provide insights into the biofilm 
properties involved in the effects observed and thereby provide 
new hints on how to control them. After inoculation of bare 
agar substrates, E. coli AR3110 expanded and formed circular 
biofilms with disordered wrinkling patterns in the center and 
radial folds on the outside. Biofilms grown on PSS or PAA 
coated substrates were also characterized by more disorgan-
ized patterns in the core and radial wrinkles emerging at 
the periphery (Figure 4a,b). In contrast, biofilms grown on 
PEI- and PAH-coated substrates developed a more compact 
morphology characterized by very dense networks of poorly 
organized wrinkles (Figure 4a,c). It was reported that periodical 
radial wrinkles developing in biofilms originate from tangen-
tial compressive stresses that accumulate during growth and 
cannot be released otherwise, while radial stresses are released 
by biofilm expansion.[53] These conclusions are in line with our 
observation that the wrinkling patterns obtained on various 
surfaces vary from periodic radial folds with low density (on 
bare substrates, PSS and PAA) to very dense and disordered 
folding patterns (on PEI and PAH). This qualitative observa-
tion is supported by the calculation of the biofilm area density 
(biofilm mass/biofilm projected area), which appears to vary 
accordingly from ≈20  mg  cm–2 in control conditions or on 
polyanionic surfaces to values greater than 40 mg cm–2 on poly-
cationic surfaces (Figure S8, Supporting Information, inset). 
It highlights that despite a lower mass, biofilms subjected to 
constrained spreading on polycationic coatings have a higher 
area density compared to control surfaces and polyanionic 
coatings. This observation indicates that the interfacial inter-
actions with the substrate affect the biofilm lateral spreading 
in a greater extent than biomass production. The mechanism 
of radial stress relaxation through biofilm expansion along the 
surface[53] is thus less effective in cases of confined spreading 
like on polycationic surfaces, so that compressive stresses are 
expected to build up in both radial and circumferential direc-
tions and lead to the observed disordered and dense wrinkling 
pattern (Figure 4a,c).
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To better understand the link between biofilm morphology 
and the properties of the underlying surface, we plotted each 
biofilm mass as a function of their projected area for all the 
conditions tested (Figure 4d). Two data clusters are clearly sepa-
rated by a gap at areas between 100 and 150 mm2: one corre-
sponds to biofilm confined spreading on polycationic coatings 
and the other corresponds to biofilm expanded spreading on 
bare agar substrates or polyanionic coatings. Biofilms grown 
on PEI coatings with Mw 25 000 and pH 3, 5, and 9 were 
found to have no statistically significant differences in area 
and mass (p  >  0.01) and, therefore, were combined into one 
group. Similarly, we combined the data for biofilms grown 
on PAH coatings with Mw 17 000 and separately for biofilms 
grown on PAH with Mw 65 000 and pH 5, 7, and 9. Data for 
PSS, PAA, and control were also combined following the 
same criterion. In Figure S8 (Supporting Information) one 
can see that the data are divided into a larger number of clus-
ters with varying degrees of positive correlation within each 
of them. Figure S8 (Supporting Information) shows that the 
clusters corresponding to biofilms grown on PAH Mw 65 000  
(pH 5, 7, and 9) and PEI Mw 25 000 (pH 7) overlap significantly 
and have similar values of density but different phenotypes: 
disordered wrinkled cores and radial wrinkled shells on PEI 
and completely disordered wrinkling on PAH (Figure 3). Simi-
larly, clusters formed by biofilms of different phenotypes grown 
on PAH Mw 17 000 and PEI Mw 25 000 (pH 3, 5, and 9) also 
intersect. Thus, the effect of polyelectrolyte coatings on biofilm 
3D architecture is not limited to creating obstacles to lateral 
spreading on the surfaces but has a more complex nature, 
which is still unclear. In that context, it will be worthwhile to 

explore further how the polyelectrolyte coating affect biofilm 
composition and if polyelectrolytes from the coating interact 
with biofilm matrix components. The simple experimental pro-
tocol for systematic studies of the effect of polyelectrolyte coat-
ings on biofilm growth established in this work will be the ideal 
tool to address this new question with various bacteria types, 
shapes, and matrices, in a near future.

3. Conclusion

E. coli AR3110 biofilms were grown on polyelectrolyte-coated 
agar substrates. Polyelectrolyte coating is a convenient 
approach to modify surface charge and energy to influence 
biofilm formation at solid–air interfaces in static conditions. 
It was demonstrated that polycationic surfaces impair biofilm 
spreading on their substrate. It was also surprisingly observed 
that polycation coatings, which are considered to be antibacte-
rial, lead to the formation of denser biofilms. Increasing the 
molecular weight of the polycations used to coat the substrate 
impairs biofilm spreading even more. For weak polyelectrolyte 
coatings, pH dependence of biofilm spreading over such coat-
ings revealed that more protonated surfaces prevent biofilm 
spreading to larger extent thus confirming the role of charges. 
In addition, it was shown that polyelectrolyte coating influences 
both the area of spreading and (to a smaller extent) the amount 
of produced biomass, thereby influencing the 3D architecture 
of biofilm growing on a particular substrate. We, thus, demon-
strated that biofilm spreading can be confined or extended by 
modifying the substrate with common polyelectrolytes.

Figure 4. a) Bright-field images of biofilms grown for 4 days on a bare nutritive agar substrate PSS-, PAA-, PEI-, and PAH-coated substrates; b,c) X-ray 
microtomographies of biofilms grown on b) a bare agar substrate and c) a PEI-coated agar substrate; d) scatter diagram of mass and area for biofilms 
growing on substrates coated by various polyelectrolytes of different molecular weight and pH.
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4. Experimental Section
Chemicals: Branched PEI (Mw  =  1300, Mw  =  25 000, and 

Mw = 750 000), PAH (Mw = 17 000, Mw = 65 000), PSS (Mw = 1 000 000), 
and PAA (Mv  =  450 000) were purchased from Sigma-Aldrich. LB 
(Luria/Miller) nutrient media from Roth was used to obtain a bacterial 
suspension. Microcolonies were grown on LB agar (Luria/Miller) from 
Roth. The biofilms were grown on 15  cm diameter plates of NaCl-free 
LB agar containing 10 g L–1 tryptone from casein, 1.25 g L–1 yeast extract, 
and 18 g L–1 bacteriologic agar (all from Roth).

Substrate Preparation: NaCl-free LB agar solutions were prepared from 
the ingredients listed above and autoclaved. The solutions were then 
kept warm in a water bath at 55 °C for 1 h before pouring 100 mL per 
15 cm petri dish. After solidification of the agar, the plates were sealed 
with parafilm and kept upside down for 2 days at room temperature. 
Several 2 mg mL–1 solutions of polyelectrolytes were prepared in 0.5 m  
NaCl. The pH of each solution was adjusted to the desired values 
by dropping NaOH and HCl. Further, polyelectrolyte solutions with 
adjusted pH were sterilized using filtration and UV irradiation. The 
surface of each large NaCl-free LB agar plate was virtually divided into 
nine sections. One of the sections was not coated with polyelectrolytes. 
Having such a control in each plate enables to account for the interplate 
variability of biofilm phenotypes caused by parameters not considered 
in the experiment (e.g., humidity in the laboratory). On each of the eight 
remaining sections, 50 µL of the corresponding polyelectrolyte solution 
was deposited with a pipette and allowed to spontaneously spread over 
the surface. The polyelectrolyte films obtained on the agar surface were 
finally left to dry for 30–40 min without the lid of the plate.

Biofilm Culture: E. coli AR3110 bacteria (kindly provided by the 
Microbiology Lab of the Humboldt University, Berlin, Germany)  
were used. Bacterial suspension was routinely obtained by growing 
single microcolonies overnight in liquid LB medium. Each section of 
the polyelectrolyte coated NaCl-free LB agar plates (including control) 
were inoculated with 5 µL of bacterial suspension as a single round drop 
(without bubbles). After the inoculation drop had dried on the surface of  
the agar, the plates were closed, sealed with parafilm, turned upside 
down, and incubated at 28  °C for up to 4 days. All these steps were 
performed under a sterile laminar flow.

Biofilm Characterization: Once a day, each inoculated plate was 
imaged with a regular scanner. The biofilm images were analyzed 
using ImageJ[54] to quantify biofilm growth by measuring the projected 
biofilm area as a function of culture time. For detailed macroscopic 
spatiotemporal characterizations of biofilm geometry, a separate 
series of growth experiments was carried out in a specially designed 
transparent incubator installed on the stage of a stereomicroscope 
(Zeiss AxioZoom.V16). Each of the nine biofilms growing on the same 
plate was imaged separately every 30 min for 4 days. The images of 
each biofilm were then combined to produce time-lapse videos. Part 
of the biofilms was scanned with an X-ray microtomography scanner 
(EasyTom, RX Solutions), provided with a micro-focus tube (XRay150, 
RX-Solutions). Image stacks were reconstructed in the X-ACT software 
(RX-Solutions). For visualization, slice conjunction and 3D rendering 
were performed in Amira (Version 6.5, FEI). After 4 days of growth, each 
biofilm was removed from the nutritive substrate, placed in a separate 
tube, and weighted. The obtained mass values were averaged and 
presented with their standard deviation.

Statistics: Between 10 and 15 experiments were carried out in each 
of the conditions studied. The data are presented as mean values with 
standard deviations. The null hypothesis regarding the equivalence of 
data obtained under different experimental conditions was tested using 
one-way analysis of variance. Differences in experimental data with 
p < 0.01 were considered to be statistically significant.
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Silver melamine thin film as a flexible platform for
SERS analysis†
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Nicolas Pazos-Perez, d Ramon Alvarez-Puebla d,e and Ekaterina V. Skorb *a

New SERS detection platforms are required for the quick and easy preparation of sensing devices for food,

agriculture, and environmental science. For quantitative sensing, it is important that a sensing material, in

addition to efficient sensing, provides extraction and concentration of the target molecules such as toxic

pesticides or healthy vitamins. We design such films adopting the Liesegang rings formation process that

includes the reaction–diffusion of silver nitrate and melamine followed by the precipitation of different

intermediates and their reduction by light in a pectin medium. Surprisingly, we find that the presence of

melamine provides an excellent substrate for the extraction of pollutants at the solid-liquid interface giving

rise to a powerful but easy and fast method for the quantification of fruits’ quality. The complex silver and

melamine containing films show high sensitivity even at relatively low silver concentrations.

Introduction

Nanostructured silver is one of the most efficient materials for
surface enhanced Raman scattering (SERS).1–3 Silver nano-
particles have been fabricated by different methods. Colloidal
synthesis, for example, allows the formation of nanoparticles
(NPs) with a defined size and shape.4–7 These particles can be
employed directly in solution for the acquisition of average
SERS or used for the fabrication of optically active thin films,
where the particles interact to form electromagnetic hot spots
(hot spot SERS).8–10 Also, optically active platforms can be
obtained by using physical methods such as chemical vapor
deposition11 or sputtering.12 All these methods, however,
require appropriate analytes with a high affinity for the silver
surfaces to yield strong signals. Thus, several alternatives have
been developed to increase the retention of molecules onto the
plasmonic substrates, the most popular being the combination
of metallic nanoparticles with different polymers.13 Also, new
waveguide-based SERS platforms, made of gold, have been
reported.14 Such technology is outstanding with relatively low

SERS backgrounds, achieving high signal-to-background
ratios. Further work suggests also the decreasing of laser-
induced photon background of waveguide media.15

Recently, we16 demonstrated the use of reaction–diffusion
systems for the formation of programmable transparent flex-
ible thin films with silver patterns. The thicker part of the ring
in the films could be compared with well-known selective
gold etching techniques,17 but reaction–diffusion appears to
be easier and cheaper. Here we take advantage of reaction–
diffusion to prepare heavily loaded thin films of melamine
and silver. These films are flexible, resistant and can be pre-
pared without significant effort on large surfaces. The pre-
sented structure has several layers and these are distributed
radially, which should allow the optimal thickness to be deter-
mined with one sample, therefore it is probably more advan-
tageous than self-assembly.18 Surprisingly, the presence of
melamine provides an excellent substrate for the extraction of
pollutants at the solid-liquid interface giving rise to a powerful
but easy and fast method for the quantification of, for
example, pollutants in fruits. Moreover, melamine allows the
silver concentration to be minimized for the formation of thin
film as a flexible platform for SERS analysis.

Results and discussion

Silver particles (AgNPs) are formed in the reaction–diffusion
system primarily due to the reaction of silver nitrate and mela-
mine or pectin, particularly its galacturonic acid monomer
(Fig. 1A and B).
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Pectin is a part of agar water gel, which is the medium of
the reaction. The initially white precipitation is then decom-
posed by light, forming particles of different sizes.

From a certain point, separated bands of precipitation
could be seen. This is a phenomenon known as Liesegang
rings or bands.19–21 Basically, they are formed due to the
supersaturation process and limited delivery of reactants to
the reaction center because of diffusion limitations.22

Liesegang rings formed with silver nitrate are relatively
common and described in the literature.16,23,24 It would be
interesting to find a practical application of the formed
material, and, here, we suggest how to use thin flexible films
for SERS. Moreover, the films were additionally optimized for
higher SERS signals by adding melamine. The process of gra-
dient structure formation is demonstrated in time-series
photos and kymograms (Fig. 2).

The kymograms (Fig. 2B and D) are the representation of the
same crossline of growing rings/zones as a function of time.

From the kymograms it is clear that the formed rings are stable
and have a constant location over time. The gradient structure
starts with the zone of NPs. They do not agglomerate due to
time stability. The zones have white–yellow–red–brown–black
color gradient corresponding to the formed silver-based struc-
ture. The color becoming reddish represents the increase of the
concentration and size of nanoparticles. Then black bands are
formed. The farther the zone is from the center, the wider it is.
The occurrence of zones depends on time as follows: x = f (√t ).
This behavior is common for classical non-linear periodic pre-
cipitate structures.21–23 As shown in Fig. 2B and D, the size of
pattern propagation and the simulation results are in very good
agreement. The size of the formed AgNPs depends on the initial
local concentration of silver nitrate. The summary of the reac-
tion is as follows: upon diffusion of the silver salt, Ag+ ions
react with pectin and melamine to form a white
precipitation.24,25 Then it decomposes due to light irradiation,
forming AgNPs followed by their aggregation.

Reaction–diffusion takes time. For a Petri dish with a dia-
meter of 9 cm, it could take more than 24 h to occur in the
whole volume. Notably, half of the reaction is over in less than
8 h (see the ESI video†). This behavior is due to the square root
dependence of the location on time for the diffusive reagents.

In the model, we summarize the possible reactions of silver
to average the binding of the silver with the ligand. To model
the precipitation, we used the classical nucleation and growth
model.25,26 [L] stands for the galacturonic acid monomer or
melamine, n ≫ m:

Formation of the intermediate:

Agþ þ ½L� ! ½AgL�ðsolvatedÞ ð1Þ

Nucleation process:

m½AgL� ! ½AgL�m ðnuclearÞ ð2Þ

Fig. 1 Formation of silver-based films with gradient structure. In a Petri
dish patterned with a hollow cylinder agar gel is filled with silver nitrate
and a schematic of the process. After air drying a thin, flexible, free
standing film is formed and shown in the right upper corner.

Fig. 2 (A–D) Spatiotemporal assembly of gradient silver based structures, and time series photos of gradient structure formation for the system
with 2 wt% (A and B) and 0.2 wt% (C and D) of silver nitrite, respectively. (B and D) Photos based kymogram (upper brown pattern) and Matlab mod-
elled behaviour (below blue pattern) for 2 wt% and 0.2 wt%, respectively. (E) Photo of silver melamine thin film as a flexible platform for 2 wt% (top
pattern) and 0.2 wt% (bottom pattern), respectively.
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Precipitate growth:

½AgL�m ðnuclearÞ þ n½AgL� ! ½AgL�n ðsolidÞ ð3Þ

The following set of differential equations describes the
reaction–diffusion:

@cin
@t

¼ Din
@2cin
@x2

� k1cincout

@cout
@t

¼ Dout
@2cout
@x2

� k1cincout

@c
@t

¼ Dint
@2c
@x2

þ k1cincout � k2θ c� c*ð Þc� k3cp

@p
@t

¼ k2θ c� c*ð Þ þ k3cp

where cin is the concentration of ligands, cout is the concen-
tration of silver nitrate, and p is the concentration of the solid
salt. Din, Dout, Dint are diffusion coefficients for the average
ligand, silver ions, and their salt respectively; k1, k2, k3 are
kinetic coefficients for the formation of intermediate particles
(reaction (1)), the formation of nucleation centers (reaction
(2)), and formation of Liesegang rings (LRs) due to precipi-
tation growth (reaction (3)); c* is a threshold concentration of
salt precipitation. We used the following values to simulate the
formation of these periodic assemblies: L = 10 a.u. (length of
the test tube used), τ = 0.001 a.u. (time step), Din = 1 a.u., Dout

= 1 a.u., Dint = 0.1 a.u., k1 = 1000 a.u., k2 = 1 a.u., k3 = 10 000 a.
u., c* = 0.01 a.u., cin = 0.5 a.u., cout = 5 a.u. Numerical simu-
lations based on these equations were performed and are
shown in Fig. 2B and D (lower blue patterns).

Interestingly, precipitation inside the film seems to have no
effect at the surface of the resulting thin film (Fig. 3). The
height mode of atomic force microscopy (AFM) showed that no
difference between a band and pure dry gel is observed. This
fact implies that silver nanoparticles tend to grow inside the
gel rather than on its surface. Thus, the average roughness of
the samples lies in the range of 2–10 nm.

Transmission electron microscopy (TEM) (Fig. 4) was
employed to characterize the dispersion and morphology of the
AgNPs that are grown in 1 mM melamine solution. Thus, we
observe silver nanoparticles with an average size of about 50 nm
of relatively small dispersion. This type of particle is formed as
an entire seed with clear grains (Fig. 4 below). The dark band
zone consists of silver nanoparticle agglomerates and individual
particles up to 150 nm in diameter (Fig. 4 right upper corner).

Thus, the self-organized structure provides us with a variety
of particle sizes. At the zone closest to the centre, silver nano-
particles tend to be stable. The farther the zone of particle for-
mation, the bigger the particles that tend to dominate. This
behaviour could be explained by an excess of silver ions at an
area that is close to the centre. That excess results in a strong
electrical double layer (EDL) that is formed on the surface of
silver particles due to the absorbance of silver ions.27,28 The
EDL prevents agglomeration of the particles. At the same time,
particles far from the centre are surrounded by a lower concen-

tration of silver ions due to their dilution and run-off in the
reaction. The EDL, therefore, is smaller and is not enough to
prevent agglomeration.27,28

Fig. 3 The AFM texture of the surface and the phase-contrast of the
gradient structure. The roughness is ∼5.5 nm, and phase contrast shows
no drastic differences in the substances with and without reaction–
diffusion systems.

Fig. 4 Silver nanoparticle composition of the gradient structure, syn-
thesized in the presence of 1 mM melamine. Pale yellow zone corres-
ponds for rare nanoparticles of ∼50 nm in diameter with clear grains;
dark-reddish zone states for agglomerates of silver particles up to
150 nm in diameter.
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Elemental composition analysis by EDX presented the
strongest signal from the silver (Ag) region and weaker signals
from C, O atoms from the organic matrix (see the ESI Fig. 2†
for detailed information). The optical properties of the struc-
tured films were investigated by Raman spectroscopy using
benzenethiol (BT) in the gas phase as reported (Fig. 5A). All
the samples exhibit the characteristic fingerprint of BT,29

however, the addition of melamine during the silver growth
process results in an increased enhancement factor of over
20-fold. This fact indicates, first, that melamine interacts with
the nanoparticle surfaces giving rise to a more efficient
packing of nanoparticles and, thus, improved hot spots.
Secondly, the melamine coating improves the molecular trap-
ping of the analyte facilitating its capture. For more detailed
data, please see the ESI, Fig. S1.†

To check the signal intensity homogeneity through the
radial cross-section of the sample, a large mapping was carried
out on the film. Fig. 5A shows the evolution of the intensity of
the 1072 cm−1 (in plane CH deformation) band of BT. Notably,
from the center to the outer limits, the signal rapidly
increased, reaching a stable maximum in the darker areas for
several centimeters and decreasing again in the outer limits.
This can be correlated with the concentration and the agglom-
eration of the colloid nanoparticles. Thus, as the nanoparticles
interact as the aggregate to produce efficient hot spots, sub-
sequently, the signal increases.

With these properties in mind, we designed an experiment
to fully exploit these silver films as reactive strips for fast pollu-
tant/pesticide detection in food (Fig. 5B).

First, we contaminated the surface of an apple with thiram,
a known fungicide and ectoparasiticide extensively used to
prevent fungal diseases in seed, crops and fruits. After air

drying, we placed a piece of the film on the apple and sprayed
ethanol (into the uncovered side) to transfer the thiram from
the apple surface to the film.

Then, to ensure reproducibility,30,31 three different films for
each concentration were studied by SERS. The vibrational
spectra of thiram show the dominant vibrational modes are SS
and CS stretching modes (555 and 1369 cm−1, respectfully)
with minor contributions of the CNC scissoring (441 cm−1), CS
asymmetric stretching (930 cm−1), and CN stretching
(1138 cm−1).32 The vibrational pattern is clearly recognized for
concentrations as low as the nM regime; and, by correlating
the peak area of the CS stretching mode (1369 cm−1) with con-
centration, a linear relation can be established from 10−5 to
10−6 M. Note that the similar intensity provided by the
samples with concentrations 10−4 and 10−5 M indicate the sat-
uration of the silver surfaces. These detection limits are com-
petitive with those provided by classical techniques (chromato-
graphy, polarography, voltamperometry or luminescence),33

but with the advantages of speed, cost and the possibility of
sample acquisition in the field with no or very little
preparation.

Conclusions

We developed multifunctional flexible silver films that allow
the extraction and concentration of target substances and
minimizing the concentration of silver for efficient SERS
sensing and biodetection. We adopted the Liesegang rings for-
mation process for the formation of multifunctional complex
films, and the preparation conditions were additionally opti-
mized for higher SERS signal. We applied the model to

Fig. 5 (A) SERS spectrum of benzenethiol absorbed by silver particles on the film acquired with a NIR laser (785 nm) and SERS mapping of a large
area of the film and the intensity of the 1072 cm−1 (in plane CH deformation). (B) SERS spectra of thiram at different concentrations after transfer of
the pesticide from the apple surface to the film by spraying ethanol. Correlation of the peak area of the CS stretching with the thiram concentration.
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propose a possible reaction of silver and to the average
bonding of the silver with the ligand. In short, the adopted
Liesegang process is based on the reaction–diffusion of silver
nitrate and melamine, the precipitation of different intermedi-
ates and the reduction of intermediates by light in a pectin
medium. Our results show that melamine provides an excel-
lent substrate for the extraction of pollutants at the solid-
liquid interface. Furthermore, the SERS pattern is clearly
recognized for concentrations as low as the nM regime and the
detection limit is similar to those that can be obtained from
time consuming and costly chromatography, polarography, vol-
tamperometry or luminescence. Additionally, our technique is
even applicable in the field with no or very little preparation.
Thus, the new SERS detection platform can be integrated into
different devices for food-related applications, agricultural
needs, and environmental control.

Experimental
Materials

In the experiment the following reagents were used. Silver
nitrate, 99%, agar (A1296), benzene thiol, and melamine were
purchased from Sigma Aldrich. The type of agar is crucial for
reproducibility. All aqueous solutions were prepared by using
highly pure water from Millipore Elix (18 MΩ cm2 cm−1).

Methods

Films of standard comparison (Fig. 1A). First, a hollow tube
of 1.5 cm in diameter is placed in the centre of a Petri dish.
Then 20 ml of 1% agar is poured in the Petri dish, d = 90 mm.
In the case of melamine-containing sample preparation 1 mM
solution of melamine instead of pure water should be used.
Once the hot solution has gelled, the tube is removed and the
resulting hole is filled with AgNO3 solution (0.2–2 wt%).
Having closed the dish to prevent evaporation, it is left for
24 h under constant “daylight” irradiation. The last step is to
leave the dry agar in a ventilated oven at 38 °C.

Characterization of the prepared silver based structure. To
measure the particles and their composition we used SEM,
EDX and TEM. Squares of the structured agar film of about 5 ×
5 mm were cut and then placed on a silicon wafer watered
with isopropyl alcohol. After complete evaporation of the
alcohol, measurements were made.

To investigate the particles via TEM a non-dried structure
was taken and dissolved in hot brine. The resulting solution
was centrifuged, then the precipitate was washed with water.
The process was repeated three times. The resulting precipitate
was sent for TEM investigation.

A target-oriented approach was utilized for the optimization
of the analytical measurements. Before measurements the
samples were mounted on a 4 mm copper grid with a carbon
film and fixed in a grid holder. The sample morphology was
studied using a transmission electron microscope. Images
were acquired in a Jeol JEM-2100F (accelerating voltage 200 kV,
point-to-point resolution 0.19 nm).

SERS measurements: SERS was collected with a Renishaw
Invia system with a 785 nm laser and a high-resolution grating
of 1200 g cm−1. The laser beam was focused at the Au film
through a 50× objective, providing a sample area of 1 µm2,
with power at the sample of 3 mW and acquisition time of 1 s.
Maps were acquired using a 10× objective with the Renishaw
StreaLine accessory with power at the sample of 300 mW. For
BT, the analyte was retained in the gas phase by depositing the
film in a closed Petri dish with 100 µL of ethanolic solution of
BT (10−4 M) placed close to but separately from the film for
30 min. In the case of thiram, ethanolic solutions from 10−4 to
10−10 M were prepared and sprayed on different apples. After
air-drying, a piece of film was placed on each apple’s surface
and sprayed with ethanol to transfer the pesticide.

Kymogram of the prepared silver based structures. A kymo-
gram is a type of graphical representation of data when one of
the axes of the picture is for the x-coordinate, and the second
axis is for time. In other words, a kymogram is a number of
the same one-pixel lines of the same photo exposure in
different time points, with lines located under each other. To
create it we first made 400 images of the gel with the reaction
occurring with two-minute steps by using a high-definition
transmission scanner for films. Then, by means of the ImageJ
package software, we created a stack of images and sliced
them into a kymogram.

Modelling of the prepared silver based structures. We did a
1D kymogram-like mathematical description in the MatLab
package software. The MatLab code is enclosed in the ESI.†
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ABSTRACT: The hydrogels of the polyelectrolytes polyethylenimine and poly(acrylic acid)
are used to form a thin-layer interface on the gallium−indium eutectic alloy’s surface. The
proposed method of gradually increasing the applied voltage reveals the possibility of
formation of electronic components: diode, capacitor, resistor, and memristor. The
components can be changed to each other many times. A multilayer perceptron model
with one hidden layer and 12 nodes allows identifying hydrogels’ composition and
automatically setting the desired architecture of electronic components. The design of
electronic components makes it possible to easy-to-produce new electronic parts and
programmable soft-matter electronics.

These days the importance of soft-matter-based electronics
rapidly increases.1−3 Because of its outstanding properties

(like flexibility4 and stretchability5), this type of electrical
component can find potential applications for constructing
portable6 and wearable electronics7 and biocompatible
devices.8 However, it is a complicated issue to find materials
with available electric and mechanical properties. There are
three types of such materials: conductive polymers,9 liquid
metals,8 and hydrogels.10,11

Today, the most common liquid metals are eutectic
gallium−indium alloys (eGaIn of 75 wt % Ga and 25 wt %
In) and galinstan (68.5 wt % Ga, 21.5 wt % In, and 10.0 wt %
Sn).12 Both have high conductivity and a melting point less
than 20 °C (for eGaIn it is 16 °C).8 On the air, gallium is
passivated by a thin oxide layer with a higher resistivity than
the pure metal.13,14 Film thickness is the critical factor in
controlling current−voltage (I−V) characteristics of the
electrical components based on these alloys.15−17 For this
purpose, hydrogels doped with different chemical compounds
are used.18

The polyelectrolyte-based hydrogels19 activate the rectifica-
tion currents for the diode interface.20 In previous studies, the
addition of polyelectrolytes to hydrogels was considered only
to form asymmetric I−V behavior.21−23 We consider the
addition of polyelectrolytes in the hydrogel to regulate pH and
thus activate gallium oxidation processes. As the concentration
of gallium ions increases, the insoluble film grows faster under
an applied voltage. A different thickness of this film in different
voltage ranges determines different electrical behaviors in one
chemical system.24,25

In the present work, the one hydrogel interface provides four
components at oncea capacitor, a resistor, a diode, and a
memristorwith the ability to switch between them. We

describe the electrochemistry of these switching processes and
suggest a model in which it is possible to convert electrical
behaviors by varying the voltage. Machine learning methods
can design complex architectures by using a combination of
electronic components. A system based on eGaIn and
polyelectrolyte hydrogels will change the architecture directly
on the board. Here, we propose a new system trained by a
multilayer perceptron model based on liquid metals and
hydrogels.
We propose a prototype of a chemical perceptron (Figure

1). A perceptron model is one of the simplest algorithms in
machine learning and refers to the supervised and unsupervised
learning and binary classification. Such a device can be used to
analyze the composition of the gels from the obtained I−V
curves and is also able to predict electrical behavior from the
composition of the used gels.26,27 The perceptron consists of
input, output, and hidden layers between which the signal is
redistributed (Figure 1a).
The electrochemical system consists of six electrodes of

eGaIn interconnected by hydrogels (Figure 1b). When current
flows through hydrogels, it is redistributed between them, and
the values of these currents are the weight characteristics of the
signals, the total value of which is estimated. This total signal is
processed by using the multilayer perceptron model created
using the database (Figure 1b). As a result, it is possible to
obtain a reliable answer about the composition of the used
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hydrogels: the presence or absence of a buffer, the value of pH,
and the used polyelectrolyte−poly(acrylic acid) (PAA) or
polyethylenimine (PEI).
In the described soft-matter-based chemical perceptron, the

classification is performed in terms of I−V characteristic curves
determined with the properties of constitutes. Therefore, one
can formulate the direct and inverse problems to solve which
chemical perceptron is suitable. The direct problem is related
to the proper choice of the experiment’s gel set and conditions
providing a given response in the system, e.g., a particular form
of I−V. The background for the immediate problem is that the
gels’ electrochemical parameters and interfaces directly affect
the currents’ features under the externally applied voltage. On
the contrary, the inverse problem deals with a known response
of a particular component’s system and unknown properties. In
our case, this is a chemical composition of an unknown gel.
In this case, the system’s response is compared to the I−V’s

obtained during supervised learning (the measurements with
known gels), thus providing the classification of the points
(properties) in the generalized space of parameters.
Several databases for the model training are composed. All

of them are compiled according to the I−V characteristics
obtained from a two-electrode system on which hydrogels of
individual compositions were tested. The design of the
electrochemical cell is shown in detail in Figure 2a,b.
The electrochemical system is constructed of two eGaIn

electrodes, which contacted with an electric circuit. The source
meter unit Keithley 6430 is a voltage source in the circuit and
simultaneously a measurement instrument. A circuit is created
by the hydrogel, which lay on two electrodes. Gel fully covers

the surface of eGaIn electrodes. The hydrogel is a 1 wt % agar
solution doped with polyelectrolytes and phosphate saline

Figure 1. (a) An input signal in the form of an electric current passes through two hidden layers and converts into an output signal. The hidden
layers are eGaIn electrodes connected by hydrogels of various compositions. (b) Machine-learning-based composition analysis scheme. The output
signal is processed by using classification and clustering models; as a result, the composition of the used hydrogels is predicted with high accuracy.

Figure 2. (a) Photograph of chemical system, where hydrogel is a
conductor between two eGaIn electrodes. (b) Schematic model of
chemical system. (c) Diffusion of ions and polyelectrolytes inside the
gel. (d) Binding energies and geometries of the dihydroxygallium(III)
species interactions with polyelectrolytes (ωB97X-D3/6-311++G**
level of theory).
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buffer. 0.1 g of agar and 10 μL of 1 wt % polyelectrolyte
solution were added into 10 mL of water. In the case of PEI 1
M HCl is added for pH adjustment. Then the mixture is stirred
and heated. The heated mixture is poured in the Petri dish and
cooled to form a gel. The composition of the gel is shown in
Figure 2c.
When current flows through the electrodes, gallium is

oxidized and turns into Ga3+. Indium in the alloy is always
reduced by the gallium and does not participate in chemical
reactions. In this case, gallium is characterized by forming an
oxide film on the surface upon contact with an aqueous
solution. This reaction is thermodynamically favorable (about
−949 kJ/mol) and proceeds upon direct contact of the eGaIn
alloy with the hydrogel to form α-Ga2O3 (hydrated form)
(Figure S1). The formal oxidation potential of gallium is
−0.529 V. The two-electrode system (Figure 2a) assumes the
occurrence of opposite reactions on the eGaIn electrodes. In
aqueous media, the formal oxidation potential of gallium shifts
to the anodic region and becomes equal to 0.319 V. This
potential of redox process value strongly depends on pH and
concentration of soluble gallium forms (Eo = 0.319 −
0.1182pH + 0.0197 log(C (gallium dissolved species)).
Following this and the diagram of the ratio of the fractions
of gallium forms, the pH values 4.8 and 5.4 were chosen at
which the generation of the dissolved form of gallium, gallyl
ion (Ga(OH)2

+), will occur (Figure 3 and Figure S2). The
generation of soluble forms of gallium provides a complexation
reaction with polyelectrolyte macromolecules, which prevents
an uneven oxide film on the electrode surface. The 0.07 M
phosphate buffer enhances the formation of an insoluble layer
of gallium compounds. In the presence of PO4

3− anions,
gallium phosphate competitively forms, as a result of which,
when the potential is applied, the mixed oxide−phosphate
layer forms faster than the oxide layer. The thickness of the
mixed oxide−phosphate layer drops with an increase in
voltage. Also, since the gels are in direct contact with each
other, the interaction between them occurs with the interfacial
formation of a polyelectrolyte associate, which prevents PAA

and PEI diffusion. Local gallium ions release from polyelec-
trolytes use to prevent bacterial growth.28,29 The inclusion of
gallium ions in the layers of polyelectrolytes is performed to
prevent gallium oxide formation. This achievement became
possible because polyelectrolytes can form complexes and ion
pairs with multivalent metals.30,31

To evaluate the thermodynamic favorability for the
association of PAA and PEI with gallium cations, quantum
chemical calculations at the ωB97X-D3/6-311++G** and
B3LYP/aug-cc-pVDZ levels of theory are performed. For
theoretical studies of gallium reactions, the dihydroxy gallium-
(III) species are considered as model systems since according
to the Pourbaix diagram it is the most stable cation in the pH
range from 4.8 to 6.32 Results of DFT calculations are
presented in Table S1 and S2 and reveal that coordination of
PAA and PEI to Ga(OH)2

+ is highly thermodynamically
favorable (Figure 2d). The presence and interaction between
the discussed species affect I−V’s.
I−V’s are obtained in different voltage ranges (Figure S3)

and used for the database (Supporting Information). When
measurements are in the −0.02 to 0.02 V and −0.1 to 0.1 V
ranges, curves characteristic of the capacitor are obtained.
When recording curves in the range up to 0.5 V, no
electrochemical reactions occur on the electrode surface. The
obtained characteristic corresponds to the thickness of the
chemically formed oxide film. With increasing voltage to the
ranges −0.5 to 0.5 V and −1 to 1 V, we obtain curves
characteristic of a resistor with nonlinear resistance. Applying a
voltage above 0.5 V leads to an increase in the concentration of
the soluble form of Ga(OH)2

+ and a proportional increase in
the GaOOH oxide film’s thickness, which transforms into
Ga2O3. With a further increase in voltage to −5 to 5 V and
repeating cycles, diode behavior is observed. This change is
because, at low currents, gallium ionization is weakly expressed,
and oxide film does not grow. With a further increase in the
applied potential, gallium oxidation accelerates, and the film
thickness increases rapidly, which contributes to an increase in
the layer resistance (Figure S1). A single application of the

Figure 3. (a) Relative gallium fraction concentrations depend on total gallium amount (0.38 mM) generated on electrode at 5 V. (b) Scheme of a
multilayer perceptron using current values to determine gel compositions.
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reduction potential of −7 to 7 V can partially dissolve the oxide
layer that elicits the diode−resistor transition. However, since
it is impossible to dissolve the film completely, the
manifestation of capacitor properties is no longer possible.
When a voltage higher than 1 V is applied, electrochemical
decomposition of water does not occur since an oxide film’s
growth increases the resistance in the circuit and decreases the
actual value of the applied voltage. The diagram shown in
Figure 3a displays the content of the fractions of the forms of
gallium compounds during the electric generation of 0.38 mM
of the total gallium content in the hydrogel. The gallium
content is calculated from the peak area at a 5 V sweep. This
sweep achieves the limiting diffusion current in the system and
maximum of total dissolved gallium concentration. According
to the equation

C
S

FzvV
(Ga )total dissloved

anodic peak=

where Sanodic peak is the anodic peak area, V the volume of the
hydrogel, F Faraday’s constant, z the charge value, and v the
voltage sweep rate. In addition, at −0.5 to 0.5 V and −1 to 1 V
and a single −5 to 5 V, the system is characterized by diode
behavior. Finally, with multiple voltage sweeps in the range
(−5 to 5 V)n, a large film thickness leads to the appearance of
memristor behavior. The dissolution of the oxide−phosphate
film by a single application of the reduction potential triggers
the system’s diode-like behavior. All current−voltage collected
data were put in the system training.
The artificial neural network in chemistry can solve a wide

range of tasks such as pattern recognition and classification,
approximation, prediction, and others.33 The multilayer
perceptron models are the most widely used neural networks
that consist of one input layer, one output layer, and one or
more hidden layers.34−36 The Weka 8.3.4 program, a multilayer
perceptron model, was applied for the analysis (Figure 3b). For
the raw database, all points of the I−V curve are taken. One
layer and 12 multilayer perceptron model classes are used to

describe the relationship between input and output data. The
data of measured current at different voltage sweep serve as
input data. The hydrogel compositions are the output
parameters. The confusion matrix (Figure 4a) depicts
correspondence between predicted and real hydrogel compo-
sition for the trained model. The diagonal matrix values are
superior to all others, which indicates the correct operation of
the trained model. Classification errors (Figure 4b) also
indicate a high accuracy in determining the composition of
hydrogels. We also compared different classifiers and clustering
models, among which the multilayer perceptron showed the
highest accuracy, 82% (Table S3). Low clustering accuracy is
presumably associated with poor data differentiability.
Clustering accuracy for the expectation-maximization (EM)
method is improved by integrating data and obtaining areas
between the curves (Figure S2).
An ensemble of three electrodes and three gels of various

compositions is used to verify the proposed model’s operation.
Surprisingly, the composition of the hydrogels is accurately
detected with reduced input data. The low voltage sweep
−0.02 to 0.02 V allows uncovering the composition of
hydrogels (Figure 4c). Characteristic low voltage sweep
indicates chemical composition. Such achievement is due to
the specific interaction of polyelectrolytes in hydrogels and the
eGaIn alloy. As a result of this specific interaction, either the
formation of a thick oxide film or the oxide film dissolution and
the formation of complex compounds on the alloy surface
occur.
I−V sweep data as an input for the ranges of −0.02 to 0.02

V, −0.1 to 0.1 V, and −0.5 to 0.5 V allow only two out of three
compositions to be determined (Figure 4d,e). The range of I−
V scans corresponding to the range used for training the
system allows us to determine the statistical weights
corresponding to the magnitude of the current flow in the
system. Visualization of the flow of electric current through
hydrogels of various compositions using photodiodes confirms
the analysis of I−V characteristics (Figure 5a). With increasing

Figure 4. (a) Confusion histogram for multilayer perceptron classification. (b) Prediction error graph. The axes show the actual and predicted
values; the correct values are indicated by crosses and the errors by squares. (c−e) Result of the three gels (shown in Figure 1b) composition
analysis (c) by the range of −0.02 to 0.02 V; (d) by the ranges of −0.02 to 0.02 V, −0.1 to 0.1 V, and −0.5 to 0.5 V; and (e) by analysis of all data
set −0.02 to 0.02 V, −0.1 to 0.1 V, −0.5 to 0.5 V, −5 to 5 V, and (−5 to 5 V)n.
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voltage, an increase in the glow intensity of the diodes is
observed. However, as the oxide film grows, the glow intensity
decreases (Figure 5b,c). Because of the different compositions
of hydrogels, the decrease in intensity is uneven. Also, there is
a redistribution of the current in the circuit. Therefore, even
with the same voltage, the intensity changes. Video S1
demonstrates the uneven distribution of the signal between
gels of various compositions. The electrochemical system with
diodes is designed to visualize the effect of changes in various
parameters. A quantitative assessment of the intensity of the
diodes’ glow using kymograms proves the asymmetric current
flow (Figure 5d,e). The data in Table S4 confirm the current
flow’s irregularity at six points, three of which are “input” and
three are “output”.
In conclusion, we have proposed a chemical self-switchable

electronic system capable of operating as a capacitor, resistor,
diode, and memristor. The self-switchable interface is achieved
by controlling the formation of an insoluble film of gallium
oxide or salt. Based on this interface, a chemical hydrogel
perceptron is created. It is possible to predict the electrical
response by using input in the form of a hydrogel composition
and determine the composition by the electrical response.
Our results deliver a groundbreaking approach to engineer-

ing soft-matter-based elements for information treatment since
the perceptron model is among the simplest but crucial ones
for this purpose. This approach paves the way for future
experiments and theoretical studies: from experiments with
complex geometries and types of gels to theoretical analysis of

which kind of problems can be in principle formulated and
solved with the soft-matter-based logical devices.
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1. Introduction

Developing tissue engineering technolo-
gies relies on biomaterials that physically 
support tissue growth and stimulate spe-
cific cell functions. Among these biomate-
rials, polymer-based materials are universal 
in every aspect of life and used for a wide 
variety of biomedical applications.[1,2] Espe-
cially, hybrid materials based on metal sur-
faces and stimuli-responsive polymers are 
interesting for the formation of multifunc-
tional surfaces on commercially available 
implants and lab-on-a-chip devices.

The deposition of stimuli-responsive 
hybrids on titanium’s surface can sig-
nificantly increase the performance and 
lifetime of titanium implants. Since pol-
ymer-coated titanium surfaces function 
as a semipermeable membrane which 
protects the incorporated therapeutics, 
at certain conditions, therapeutics can be 
loaded into the metal surface and released 
in response to the biological environ-

ment, for example, at particular pH or upon light or/and heat 
treatment.

Uptake/release of therapeutics on demand can be achieved 
by the deposition of stimuli-responsive polymeric coatings.[3,4] 
Light is an efficient noninvasive stimulus which can initiate 
phase transitions in stimuli-responsive biomaterials.[5] Here, 
we use polypyrrole (PPy) which is known to have light-to-
heat photothermal dynamic properties.[6–9] For the first time, 
we show that a mild light-to-heat conversion properties of 
PPy can be used for the delivery of therapeutics to cells and 
for the enhancement of cells’ proliferation. Furthermore, PPy 
is a material of choice for biomedical applications because it 
exhibits in vitro and in vivo compatibility.[10] So being biocom-
patible and electrically conductive, PPy surfaces can modulate 
cellular activities, including cell adhesion, migration, DNA 
synthesis, and protein secretion.[8–12] Therefore, among other 
conductive polymers, PPy is known to be applied in medi-
cine.[16,17] The conductivity of the PPy and its ability to absorb 
near-infrared radiation make it interesting for the construction 
of biosensors. In particular, it was shown that PPy is compat-
ible with many biological sensing molecules such as enzymes, 
antibodies.[13]

Targeted delivery and release of biomolecules, e.g., bone morphogenetic 
protein (BMP-2), are gaining high interest due to the application for tissue 
engineering, diagnostics, surface-enhanced therapy and lab-on-a-chip. Here, 
a new hybrid temperature-responsive system consisting of polypyrrole (PPy) 
layer, mesoporous titania surface (TMS), and BMP-2 is proposed. The PPy 
layer has the light-to-heat photothermal property. Dynamic behavior of the 
PPy layer in response to light can regulate release of BMP-2. The PPy-based 
coatings on TMS have shown to be efficient for storage of BMP-2 and can 
be tuned to release BMP-2 under irradiation. Moreover, the possibility of 
local delivery and generation of a gradual release of BMP-2 for regulated 
cell growth is shown. Furthermore, the fabricated surfaces possess excel-
lent biocompatibility and low cytotoxicity for MC3T3-E1 cells. It is shown 
that the released BMP-2 can effectively promote osteogenic differentiation 
of MC3T3-E1 cells. Thus, the TMS/PPy–BMP-2 is suggested to prolong tar-
geted release of the BMP-2 for more than 25 days which stimulates osteo-
blasts’ proliferation. The new stimuli-responsive hybrid system is promising 
for targeted, localized, sustained drug release and application in bone tissue 
engineering.
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Recently, research groups have already used PPy to enhance 
mechanical properties and biocompatibility of implants.[14–16] 
So being biocompatible and electrically conductive, PPy films 
were applied in experiments with muscle, bone, cardiac, and 
nerve cells because of their perfect mechanical match between 
PPy molecules and tissues. For in vivo studies, implanted PPy 
triggers minimal tissue inflammation.[14] Furthermore, it was 
shown that PPy can even increase the growth of regenerating 
axons.[15,16] Additionally, rigid PPy molecules can be doped 
with biocompatible synthetic and natural polymers to improve 
films’ processability. Kai et  al. constructed a polypyrrole/
poly(caprolactone)/gelatin electrospun conductive nanofibrous 
membrane as a scaffold for reconstruction of damaged myocar-
dium and cardiac tissues. Addition of lower-melting tempera-
ture and glass-transition polymer, polycaprolactone, into PPy 
networks enhances elastic properties of PPy.[17] Furthermore, 
Wang and co-workers showed that polypyrrole/poly(d,l-lactide) 
composite tissue scaffolds implanted subcutaneously or intra-
muscularly in rats provide immune cell infiltration compared 
to FDA-approved poly(lactic acid-co-glycolic acid) material.[18] 
Sajesh et al. constructed PPy–alginate blend with chitosan scaf-
fold and assessed the scaffold for cell viability, cytocompatibility, 
and mineralization with MG-63 cells.[19,20]

Besides the applications for tissue scaffolds engineering,[17–21] 
tests in simulated body fluid solution have shown that PPy 
enhances also the anticorrosion resistance of implants.[22–24] 
The conductivity of PPy and its sensitivity to near-infrared 
light as well as its ability to respond upon receiving a specific 
electronic signal, can be used for actuators[25,26] and targeted 
delivery.[5,22–28] Recently, a lot of interesting works were pub-
lished on electrically controlled release of bioactive molecules 
from PPy-based materials.[11,27–33] Electrochemical synthesis of 
PPy, which is generally performed by application of constant 
current (galvanostatic), constant potential (potentiostatic), or 
potential scanning or sweeping methods, allows simultaneous 
encapsulation of bioactive molecules via doping process.[14] 
The PPy-based nanocontainers, nanocarriers, or capsules can 
be used for encapsulation of antibiotics, enzymes, and pro-
teins.[27–33] Furthermore, PPy is prospective for engineering bio-
compatible barrier “skin” shell for the encapsulation of water 
soluble and low molecular weight therapeutics.[4]

PPy carriers have attracted much interest as carriers for electro-
chemical immobilization of therapeutics.[11,33] In particular, Siri-
visoot et  al. demonstrated the release of dexamethasone sodium 
phosphate and penicillin/streptomycin from nanostructured PPy 
film polymerized on multi-walled (MW) carbon nanotubes (NT) 
were grown out of anodized nanotubular Ti (MWNT–Ti).[34] Simi-
larly, they used nanostructured PPy for the incorporation of Dex 
and penicillin/streptomycin coating on commercially pure tita-
nium via electrochemical deposition. They showed that titanium/
PPy surfaces with encapsulated penicillin and dexamethasone pro-
vide necessary adhesion of osteoblast and fibroblast by applying 
voltage.[32–34] Wang et al.[35] have shown that hollow PPy nanocap-
sules loaded with antitumor agent doxorubicin are pH-sensitive, 
and release more than half of the encapsulated drug within 15 h at 
a pH of 4.5. It is also shown that the release can be further regu-
lated by applying near-infrared light. Park et al.[36] have studied PPy 
nanoparticles (NPs) doped with hyaluronic acid for preferential 
release of doxorubicin at lysosomal pH < 5.[37,38]

Despite many articles about PPy-based biocompatible mate-
rials and biomedical devices, the photothermal behavior of PPy 
has not been explored. It was proposed[6] that the broadband 
light absorption of the PPy shell enables efficient light-to-heat 
conversion upon irradiation, allowing the dynamic motion 
of colloids via light-irradiation-induced Marangoni flow. It 
was shown that the light-triggered water evaporation rate was 
higher for the PPy-coated surfaces. Furthermore, Winnik and 
co-workers[7] designed the composites containing PPy for the 
adsorption of near-infrared (NIR) radiation and the conver-
sion of the energy of the radiation into heat. They applied PPy 
composites to localize heating for hot-melt adhesives. Phase 
transition was shown for the PPy-modified NPs.[7] Liu and  
co-workers[8] proposed to use PPy for the design of PPy-based 
biocompatible photothermal light-to-heat transducer. Pho-
tothermal therapy used PPy as a photothermal agent with a 
strong adsorption in NIR light.[36] Liu and co-workers[36] men-
tioned that “optical absorbing agents “cook” cancer under 
light.” Our aim is to propose a mild nondistractive approach 
to in vivo manipulate osteoblasts on the surface of titanium 
implants. Thus, here, we used the ability of PPy to respond 
to near-infrared light and convert it into a slight temperature 
increase.[6–9] We applied this effect to trigger the release of ther-
apeutics on demand but not harmful for living cells.

In our study, we have developed a hybrid stimuli-responsive 
layer based on PPy and mesoporous titania surface (TMS) 
obtained by sonochemical treatment of titanium. Sonochemical 
nanostructuring of titanium surface was used to obtain the 
rough surface with structure providing better adhesion and 
osseointegration.[37–49] Comparing with other methods, sono-
chemical surface modification can be applied as a time and 
energy saving approach to the fabrication of functional nano-
structured surfaces.[42–45]

Sonochemical surface treatment bases on the collapse of cavi-
tation bubbles near solid/liquid interfaces. Cavitation leads to 
generation and propagation of shock waves and high-pressure- 
and temperature-induced decomposition of sonication medium. 
In water, cavitation causes water sonolysis. The products of water 
decomposition are responsible for interfacial red/ox reactions. 
The redox reactions lead to the formation of titania layer during 
the treatment.[40–47] Since cavitational reactions are quenched 
extremely fast, the dissolution and oxidation of titanium proceed 
at highly nonequilibrium conditions. As a result, disordered 
porous structure is formed. In our study, a novel method based 
on sonochemical surface treatment of titanium was developed.

Sonochemically formed TMS layer was fabricated using 
high-intensity ultrasound treatment together within alkali 5 m  
NaOH. This technique provides the generation and spread of 
cavitation along the surface of the metal and creates large heat 
gradients in metals. Thus, the materials with compositional gra-
dients and porous morphology and nonequilibrium nanostruc-
tures are formed at macroscopically environmental conditions. 
The use of ultrasonic cavitation is for near-surface structuring 
of robust and low-cost AlNi catalysts for hydrogen produc-
tion.[48] The formation of TMS can be explained by the special 
kinetics of sonochemical reactions triggered by shock waves 
due to ultrasound-induced cavitation bubble collapse.[50–53]

Such mesoporous titania layer formed on bulk titanium 
due to ultrasound-induced cavitation is suitable to attach 
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 biomolecules into nanostructured surfaces such as growth 
factors, tissue specific proteins, drug molecules, nanoparti-
cles, nanoemulsions which can be applied to enhance cellular 
activity and bone combination.[4,42,49–57] The sonochemical nano-
structuring is an important step to achieve the better adhesion 
of the stimuli-responsive polymer to the substrate, whereas the 
wettability of the surface plays an important role for biological 
systems in terms of adsorption of proteins, cell adhesion, and 
cell movements.[40–44]

The porous structure of the titanium scaffold can provide sat-
isfactory microenvironments for cell migration, proliferation, 
differentiation, angiogenesis, and vascularization for the bone 
regeneration process. It is known[58] that surface topography 
substantially affects the macroscopic behavior of a material. At 
the cellular level, biological responses, such as the orientation 
and migration of cells and the cellular production of organized 
cytoskeletal arrangements, are directly affected by the surface 
topography.

Here, we propose a new approach for the modification of 
the surfaces of titanium/titanium alloy implants. The modi-
fied titanium surface can act both as a carrier for therapeutics 
and as a support for the deposition of stimuli-responsive coat-
ings. Stimuli-responsive coating can change their permeability 
on demand and regulate release of therapeutics in response to 
environment.[2]

In this research, TMS helps to solve crucial PPy-based 
coating drawback of breakdown of hybrid material properties 
due to rigidity and fragility of PPy. As a result, cell culture on 
TMS/(PPy–polystyrene sulfonate (PSS)) can be effective than 
Glass/PPy. The viabilities of MC3T3-E1 cells are incubated  
on the different substrates. Bone morphogenic protein (BMP-2) 
was encapsulated directly in TMS matrix. Owing to the low 
cytotoxicity, high specific surface area, and high absorption 
characteristics of TMS, BMP-2 can efficiently load and pro-
tect. The idea of our approach is to trigger the protein release 
by irradiation. Therefore, we apply light-to-heat photothermal 
dynamic properties[6–9] of polypyrrole-based coating to regu-
late encapsulation and release of the protein on demand for 
regenerative therapy and lab-on-a-chip applications. The light-to-
heat conversion can stimulate the release of BMP-2 from the  
pores of TiO2. The advantage of our approach is noncontact 
switching of our system whereas for electrically controlled 
release, we need to make a contact with electrode or power 
supply.

2. Results and Discussion

2.1. Preparation of TMS Surface

TMS was formed by cavitation-assisted dissolution and 
 oxidation of titanium surface in alkaline solution. Clouds of 
cavitation bubbles were produced by using a high-intensity 
(≈200  W cm−²)-focused ultrasound operated at 20  kHz. The 
chemical effect of sonication could be explained by reactive 
oxygen species (ROS) generation due to bubbles’ collapse in a 
liquid. These ROS species can be further involved in secondary 
reactions oxidizing the titanium. Taking into account exceed-
ingly high temperatures (≈5100 K), pressures (≈20 MPa) created 

during the acoustic cavitation,[11,48–51,59] we can assume that oxi-
dizing of titanium undergoes according to Equations (1)–(8)
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At the next stage, the polycondensation of [Ti(H2O)5OH−]3+ 
ions occurs with the formation of oligomeric hydroxo- and 
oxoderivatives. The as-precipitated α-titanic acid contains a sig-
nificant amount of bridging OH groups. Its formula unit is 
α-TiO2∙2H2O. On the aging of the titanic acid (Equation  (3)), 
the hydroxyl bridges convert into O bridges. The β-titanic 
acid (β-TiO2∙xH2O, x = 1) contains a smaller number of OH 
groups and water molecules due to additional TiOTi bonds. 
Heating of β-titanic acid leads to its complete dehydration and 
all OH bridges turn to O bridges (Equation (4)).

In addition, adverse reactions can occur (Equations (5)–(8)). 
During the sonochemical treatment, the electrolyte acquires 
a slight violet color, which may be due to the formation of 
[Ti(H2O)6]3+ ions. The color of the aqua complexes is associated 
with the transition of the electron from t2g to the eg orbital with 
the absorption of energy corresponding to the splitting energy 
Δ0 = 20 300 cm−1, i.e., yellow-green part of the visible spectrum.

These ions react with hydroxyl ions to form a dark violet pre-
cipitate of Ti(OH)3 (Equation (6)). In the presence of oxygen, it 
is further oxidized according to Equation (7), followed by poly-
condensation. Furthermore, since there is a local temperature 
and pressure increase, the reaction (8) can take place.
Figure 1 shows the steps of stimuli-responsive coatings fab-

rication. The titania substrate was obtained using the sono-
chemical treatment. Then, samples were annealed at 450 °C to 
remove any organic contaminants and provide crystallization of 
titania layer.

The BMP-2 was loaded into the mesoporous titania matrix 
(Figure  1b). To control the release of the protein and its bio-
logical activity, the PPy-based coating was deposited. The PPy 
layer is modified with PSS to form a layer-by-layer assembly 
shown in Figure  1h. Since PPy has a high surface energy, its 
molecules can be attached to surfaces. The PSS was deposited 
by layer-by-layer assembly technique through electrostatic inter-
action between positively charged PPy and negatively charged 
PSS. However, there is also a possibility of the formation of 
hydrogen bonds between hydrogen atom at nitrogen in the PPy 
structure and the oxygen atom in SO3H group.[60–63] Devel-
oping our system, we choose the PSS due to its ability to act 
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as a dopant and ensure enhanced processability of rigid PPy.[53] 
The PSS is found to be biocompatible upon implantation.[63,64] 
Besides, we want to create a cheap reproducible system, and 
PSS is one of the cheapest reagents compared to, for example, 
poly(caprolactone) or poly(d,l-lactide). The sonochemical nano-
structuring is an important step to achieve the better adhesion 
of the stimuli-responsive polymer to the substrate, whereas the 
wettability of the surface plays an important role for biological 
systems in terms of adsorption of proteins, cell adhesion, and 
cell movements.[53,54]

Figure 2 shows the initial smooth titanium surface. To com-
pare the surface morphology, we decided to measure the mean 
roughness (Ra) that is the arithmetic average of the absolute 
values of the roughness profile ordinates. This parameter gives 
a good general description of the height variations in the surface. 
For example, the roughness of initial titanium is ≈8 ± 2  nm.  
While the sonochemical treatment leads to the formation of 
a rough titania layer of sponge-like structure (Figure  2b–f). 
The Ra parameter of TMS surface is ≈11 ± 2  nm. Thus, the  
roughness of TMS is 1.4 times higher compared to the initial 

Figure 2. a–d) AFM and e–h) SEM images of initial titanium surface (a,e); TMS surface (b,f); TMS modified by PPy layer (c,g); TMS/(PPy–PSS) sample 
(d,h). The insets show the water contact angle values.

Figure 1. The scheme of the process steps of stimuli-responsive coatings fabrication: a) the schematic image of TMS; b) the schematic image of BMP-2 
protein loaded in TMS; c) the schematic image of PPy layer deposited on TMS; d) the schematic image of PSS layer deposited on TMS/PPy; e) the 
scheme of the sonication cell; f) molecular structure of BMP-2 protein; g) molecular structure of PPy; h) the scheme of the interaction between PPy 
and PSS molecules; i) the photo of TMS; j) the photo of TMS/(PPy–PSS) sample.
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titanium surface. And, we can conclude that sonication leads to 
mechanical etching of titanium surface which causes the for-
mation of a mesoporous structure on titanium.

To evaluate the hydrophobic/hydrophilic properties of the 
surface, we measured the contact angle value. The initial sur-
face of polished titanium has a contact angle value of 85° ± 5°.  
As shown in Figure  2, the wettability changes according to  
the surface treatment, and the contact angle value of TMS is 
≈2°  ± 2°. The increase of the hydrophilic properties of TMS 
could be explained by the formation of a rough hydrophilic sur-
face of the titanium oxide.

The PPy was deposited as a thin layer polymer onto the TMS 
and did not significantly change the morphology of TMS. The 
contact angle value increases to 45° ± 5° but the surface is still 
hydrophilic. Interestingly, the deposition of PSS layer on TMS/
PPy has decreased the contact angle value up to 25°  ± 5°. It 
could be concerned with the redistribution of hydrophilic–
hydrophobic sections of the polymer chains due to the intermo-
lecular and intramolecular interaction between PPy and PSS.

Before loading BMP-2 into the pores, we check the stability 
and anticorrosion resistance of the fabricated coating. Electro-
chemical impedance spectroscopy revealed corrosion resist-
ance of both samples bare TMS and TMS/(PPy–PSS) with 
both demonstrating impedance at high frequencies and capaci-
tive behavior at low frequencies. Both the surfaces demon-
strate impedance behavior at high frequencies and capacitive 
behavior at low frequencies. Figure 3 shows impedance curve 
of Bode plots for bare TMS and TMS/(PPy–PSS). In terms of 
the Bode plots, TMS/(PPy–PSS) shows the highest impedance 
value (0.01  Hz, Figure  3a) and the largest frequency width of 
the maximum phase angle (85°, Figure  3), while TMS dem-
onstrates the lowest impedance value (0.01  Hz, Figure  3) and 
the smaller frequency width of the maximum phase angle (70°, 
Figure  3). Impedance decrease was observed for the polymer 
covered TMS in comparison with the bare one at low frequen-
cies which are in range of biosignal frequency.[57,58] Apparently, 
this indicates a greater roughness of the surface coated with 
a conductive polymer, which makes the area of the conduc-
tive surface more accessible to the electrolyte. An increase in 
roughness is also visible in the atomic force microscopy (AFM) 
images (Figure 2a,b,e).

It should be noted that cell adhesion is a very important 
issue for the developing biomaterials.[65–69] The influence of the 
local properties, such as the local hardness and stability on the 
interaction with cells, has not been yet fully understood and 
exploited. This is particularly relevant for hydrogels, very prom-
ising materials with, unfortunately, in many cases, poor cell 
adhesion properties, attributed mostly to their softness. There 
are several approaches to increase the adhesion of the mate-
rial: i) by functionalizing them with particles and performing 
a thermal treatment,[65,66] and ii) by nanostructuring the initial 
surface morphology.[65–69] Here, we use sonochemical treat-
ment for nanostructuring the support of our hybrid material. 
To examine cell adhesion on the fabricated surfaces, we com-
pare the cell viability on flat and rough coatings. It should be 
mentioned that PPy layer was not attached on the smooth glass 
surface. Here, TMS helps to solve crucial PPy-based coating 
drawback of breakdown of hybrid material properties due to 
rigidity and fragility of PPy. As a result, cell culture on TMS/
(PPy–PSS) is more effective than Glass/PPy. The viabilities  
of MC3T3-E1 cells are incubated on the different substrates. 
In Figure 4a, the surfaces displayed low cytotoxicity. Confocal 
images show that the cells cultured on TMS and TMS/(PPy–PSS)  
spread better and extended more filopodia compared to cells 
on the flat glass surface (Figure  4b–d). Here, TMS revealed 
not only larger surface areas but also higher surface rough-
ness that provides better adhesion of PPy-based coating to the  
surface mostly due to physical interlocking. The deposition of 
PPy does not change the surface morphology drastically. As 
a result, cell culture on TMS/PPy is more effective than flat 
surface/PPy for preosteoblast’s adhesion. On day 8, cells were 
stained and imaged for each surface condition. Results for pre-
osteoblasts are shown in Figure 4. In all cases, cells were alive 
and formed a thick cell layer after 8 days.

As shown in Figure  5, external signals mediating funda-
mental cellular functions are communicated by distinct classes 
of membrane-bound proteins. Moreover, plasma membrane 
acts as a platform for accepting extracellular signals (chemical, 
electrical, or mechanical), and bringing the signals internally 
by activating the membrane-associated proteins as well as 
intracellular secondary messengers. For example, in response 
to external signals that activate cell movement, membrane 
receptors and membrane bound guanine nucleotide exchange 
factors induce some enzymes that moderate signaling path-
ways forcing to activation of motility machinery, especially, the 
actin polymerization machinery.[69–73] One class of membrane 
proteins known as cell adhesion molecules play an essential 
role in linking the cell to its extracellular environment, which 
combines neighboring cells as well as the extracellular matrix. 
Two most-studied cell adhesion molecules include the integrin 
and cadherin family of proteins; while integrins center to the 
leading edge of motile cells and moderate adhesions between 
the cellular cytoskeleton and extracellular matrix that creates 
traction forces for cell motility, cadherins ease cellular organiza-
tion into tissues by collaborating with cadherin family proteins 
on neighboring cell membranes and mechanically pairing the 
cytoskeletal structures of cells forming the tissue.[60]

AFM has been used to compare the relative thickness of 
BMP-2 adsorbed onto TMS/(PPy–PSS). As shown in Figure 6a, 
a greater thickness of BMP-2 is evident on PPy–PSS layer in 

Figure 3. Bode plots of electrochemical impedance spectroscopy (EIS) 
plots of TMS and TMS/(PPy–PSS). Black curves correspond to TMS 
sample, gray curves correspond to TMS/(PPy–PSS) sample.
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comparison to the rough TMS surface with an initial roughness 
is altered from ≈11 ± 2 to ≈14 ± 2 nm. AFM line scans across 
the protein adsorbed pattern (not shown here) indicate the dif-
ference in thickness to be from ≈23 ± 2 to 26 ± 2 nm. BMP-2 
release results are given in Figure 6b,c. The cumulative release 
profiles are almost identical for TMS and TMS/(poly-l-histidine 
(PL)–poly(methacrylic acid) (PMMA))5. The PL–PMMA coating 
was used as a control because this type of polyelectrolyte 
assembly has demonstrated excellent results in the research.[72]

Figure 7b shows the percentage of total bone morphogenetic 
protein 2 released at each time point. Here, more than 40% of 
BMP-2 release occurs in the first day from the TMS and TMS/
(PL–PMMA)5. While, TMS/(PPy–PSS) sample inhibits the 
release and the amount of the released BMP-2 is ≈10%. Thus, 
60% of BMP-2 release from TMS and TMS/(PL–PMMA)5 is 
achieved after 5 days (Figure  6b,c). After 25 days, more than 
80% of BMP-2 is released from TMS and TMS/(PL–PMMA)5 as 
compared to 40% from the TMS/(PPy–PSS).

Thus, TMS/(PPy–PSS) is shown to be both more efficient 
to prevent BMP-2 release in comparison with previously sug-
gested[70] for prolonged BMP-2 release (PL/PMMA)5. Since 
PPy has a low permeability,[71–74] it can be said that PPy-based 
coating with PSS as an supporting polymer gives a dense com-
posite structure for layer by layer composition. This composite 
structure provides capsule formation for entrapping low mole-
cular weight and/or water-soluble compounds so that delivery 
can be controlled.[54–59,70–73]

Figure 6d shows that the cell proliferation rate increased in 
the case of TMS with loaded BMP-2 compared to TMS without 
BMP-2. At the same time, cell proliferation is significantly 
lower for TMS/(PPy–PSS) with loaded BMP-2 that corresponds 
to previously obtained BMP-2 release data. To evaluate if BMP-2 

could stimulate the osteogenesis in vitro, we use alizarin red 
staining to identify the mineralization (not shown here). All 
samples have had positive red color, indicating the calcium dep-
osition. The TMS–BMP-2 sample has had the highest positive 
result for red calcium deposition. These coatings should result 
in improved osseointegration of an implanted titanium device.

The local release from TMS/(PPy–PSS) sample was exam-
ined by confocal microscope. The study of local release was car-
ried out in two ways. In the first method (Figure 7a), we used 
a magnesium tape of 12 × 2 × 0.3  mm as a stencil. A photo-
mask was placed on the surface of the sample and irradiated 
using an IR flashlight (850 nm, 40 mW cm−2) for 10 min. The 
distance between the sample surface and the light source was 
1 cm. The thickness of the polymer coating through which the 
light passed was about 400 nm. Then, we examined the release 
of Rhodamine-labeled BMP-2 by a confocal microscope.

Figure 7 shows a dark strip, the thickness of which is compa-
rable to the thickness of the stencil (2 mm). At the same time, 
a glow of Rhodamine B is observed on the surface. Gradually, 
the edges of the strip are eroded, which may be due to the 
diffusion of BMP-2 into the PSS layer. After carrying out this 
experiment, we decided to conduct the experiment with cell 
cultures. As previously shown, the PPy–PSS layer inhibits the 
release of BMP-2. We suggested that irradiation will lead to a 
local change of the pH on the surface of titanium dioxide that  
will change the conformation of the PPy. The loaded BMP-2 
will release into the PSS layer and then BMP-2 will diffuse 
into the environment. In this regard, the autoclaved sample 
was irradiated through a stencil for 10  min and then cells  
were seeded on the sample. In 5 days, we can see more cells 
on the irradiated side of the sample compared to the nonirradi-
ated side (Figure 7d,e).

Figure 4. a) Cell viabilities of MC3T3-E1 cells seeded on different substrates for 1 and 2 days. Initial cell seeding of 6 × 103 cells cm−2. All the results 
were repeated 4 times and presented as mean ± SD. * indicates p < 0.05, ** indicates p < 0.10. b–d) Fluorescent confocal laser scanning microscopy 
of stained MC3T3-E1 after 8 days on flat surface of glass (b), rough TMS (c), and TMS/(PPy–PSS) sample (d). Scale bar is 100 µm.
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In the second way, we tried to release the BMP-2 using a 
focused IR beam (850 nm, 200 mW cm−2) to create a 3D gra-
dient of BMP-2 concentrations. For these purposes, we took 
a titanium plate with defects cut out in it in the form of a 
triangle. The sample was modified sonochemically. Since the 
electrolyte is concentrated, the porous coating is uniformly 
formed both on the surface and in the bulk of the defects. 
Then, BMP-2 was loaded into the pores of the sample and 
modified with polymer layers. Before seeding the cells, the 
beam was focused on the corner of the triangle and irradi-
ated for 10 min (Figure 7b). Then, cells were seeded, as in the  
previous case. Figure  7f shows the higher proliferation  
rate and the defect overgrowth thickness is about 100  µm in 
the irradiated corner, while the defect overgrowth thickness 
in the control and in nonirradiated corners is approximately 
the same and equal to 80 µm. Thus, it is shown that the coat-
ings obtained are promising for the development of local and 
delayed delivery of active agents.

3. Conclusion

In summary, we demonstrated a hybrid TMS/(PPy–PSS) 
system for slow targeted release of bone morphogenic pro-
tein. Ultrasound-assisted method has been applied to form 
the mesoporous titania surface that was used to attach the 
stimuli-responsive polymer coating. The TMS/(PPy–PSS) 
coatings have demonstrated the ability for sustained release 
of BMP-2. Cells cultured on BMP-2-eluting samples have 
demonstrated the higher proliferation rate corresponding to 
BMP-2 release rate. The pH-sensitivity of PPy has been dem-
onstrated on the example of local BMP-2 release triggered by 
photoactive TMS film. The PPy–PSS coating on TMS is effec-
tive to control preosteoblast cell growth. This hybrid of TMS/
(PPy–PSS) system can be used in the biomedical area and it 
could be prospective for lab-on-a-chip applications, funda-
mental study of the effects of surface encapsulation to guide 
cell migration.

Figure 5. a) The schematic illustration of MC3T3-E1 behavior during their formation of focal adhesion contacts on different topography of mesoporous 
and smooth titanium surface. b) The model of direct mechanotransduction identifying the direct link between an extracellular matrix (ECM) and cell 
membrane. Membranes serve as an interface between the cell and its environment. Cell adhesion molecules embedded in the membrane, such as 
integrin or E-cadherin, allow interactions with the ECM and neighboring cells, respectively. Abbreviations: TiO2 – ultrasonically generated titanium 
dioxide mesoporous surface, PPy – polypyrrole, PSS – polysodiumstyrenesulfonate, FHOD1 – FH1/FH2 domain-containing protein 1, FAK – focal adhe-
sion kinase, EGFR – epidermal growth factor receptor.
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4. Experimental Section
Preparation of TMS Surface: Structuring of titanium surface was 

made using sonochemical treatment. The titanium samples of  
20 × 20 × 0.5  mm were previously polished and washed with 
deionized water, acetone, and ethanol consecutively to eliminate any 
contaminants. Afterward, titanium samples were ultrasonically treated 
in 5 m NaOH solution using the ultrasonic processor UIP1000hd 
(Hielscher Ultrasonics, Germany) operated at 20  kHz. The apparatus 
was equipped with the sonotrode BS2d22 (head area 3.8 cm2) and 
the booster B4-1.4, magnifying the working amplitude 1.42 times. The 
mechanical amplitude was ≈81 µm.  The generated intensity was of 
200 W cm−2. The maximum power input was 760 W resulting from the 
multiplication of the intensity with the frontal area (with 3.8 cm²) of the 
used sonotrode. Titanium samples were fixed in a homemade Teflon 
holder and treated for 5 min.

For cell experiments, transparent samples were used. Titanium was 
deposited onto a pretreated glass surface using vacuum spraying. Then, 
titanium was nanostructured sonochemically as described above. After 
titanium nanostructuring, all samples were heated at 450 °C for 3 h to 
enhance the crystallinity and conductivity of the titania layer.

BMP-2 Loading into TMS Surfaces: The fabricated TMS samples were 
immersed in BMP-2 solution (1 µg mL−1) at vigorous shaking at room 
temperature for 48 h. After the final loading, the resulting surfaces were 
washed thoroughly with water to avoid the BMP-2 adsorption outside 
the pores and finally dried under vacuum. To evaluate the BMP-2 loading 
capacity, BMP-2-loaded samples were immersed in 6  mL phosphate 
buffered saline (PBS) (pH 4.5). The release amount of BMP-2 was 
evaluated with enzyme-linked immunosorbent assay (ELISA). The 
BMP-2 amount loaded in the pores of TMS matrix was 100 ng mm−2.

Polymer/Polyelectrolyte Coating: After loading the BMP-2 into the 
TMS pores, the PPy polymer was intended to be deposited onto the 
TMS surface to achieve stimulated release. For this reason, PPy and 
polysodiumstyrenesulfonate polymers were chosen to provide the 
desired release. The BMP-2-loaded TMS samples were immersed in 
10 wt% PPy milli-Q water solution for 15 min to deposit the first layer. 
Then, samples were taken out, washed with milli-Q water to remove 
uncoated PPy, and dried in a N2 beam. The second layer was deposited 
from PSS solution (2 mg mL−1 in 0.5 m NaCI, PSS: 70 000 MW) during 
15 min. After each deposition, the samples were washed in milli-Q water 
and dried. The samples were covered from 1 up to 3 bilayers (PPy–PSS)3.

BMP-2 Release Study: The BMP-2-loaded TMS samples were immersed 
in 3 mL of the simulation media (0.9 wt% NaCl solution) at a constant 
temperature (37 °C). Then, 300 µL of aliquots were taken at fixed time 
intervals from the water under the sample. The released concentration 
of BMP-2 was estimated using ELISA method. The stimuli-controlled 
release was performed using IR-flashlight (850 nm, 40 mW cm−2) during 
10 min. To study the local release, the sample was illuminated through 
a stencil-plate. For visualization of the release, Rhodamine B-labeled 
BMP-2 was used. The Rhodamine-labeled BMP-2 was obtained via the 
reaction of BMP-2 with the dye at a ratio of 1 mol of BMP-2 to 20 mol of 
Rhodamine. The reaction was conducted in a sodium bicarbonate buffer 
(50  × 10−3 m) at pH 7 for 2 h. The result product was purified using 
a Sephadex G25 column (Sigma-Aldrich). The degree of labeling was 
estimated using Agilent Cary 50 spectrophotometer (Agilent, USA) at a 
wavelength of 550 nm. The visualization of release was done using Leica 
TCS SP confocal laser scanning microscope (Leica, Germany).

Surface Characterization: Field-emission scanning electron microscope 
(SEM) Zeiss Leo 1550 Gemini (Zeiss, Germany) at the operating voltage 
of 3  kV was used for structural and morphological characterization of 

Figure 6. a) AFM image of TMS/(PPy–PSS) sample with loaded BMP-2. b) In vitro release profiles of BMP-2 protein from TMS, TMS/(PL–PMMA)5, 
TMS/(PPy–PSS). c) Release of BMP-2 from TMS, TMS/(PL–PMMA)5, and TMS/(PPy–PSS) samples for 2 and 5 days. d) Cell density of MC3T3-E1 cells 
seeded on different substrates for 2 and 5 days. Initial cell seeding of 6 × 103 cells cm−2. All the results were repeated 4 times and presented as mean 
± SD. Measurements were carried out in triplicates (* indicates p < 0.05).
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prepared TMS samples. The TMS samples were mounted onto the 
holder with a double-sided conductive tape and coated with carbon layer 
of 3 nm thick using a vacuum evaporator. High-resolution transmission 
electron microscopy (HRTEM) was performed by Philips CM30 TEM 
microscope operated at 300 kV.

AFM measurements were performed in air at room temperature in 
tapping mode with microcantilevers OMCL-AC160TS-W (Olympus, 
Japan). Resonance frequency was 247 kHz; spring constant was 42 N m−1.  
Atomic force microscopy images of a scan size 3 × 3 µm2 were done on 
three different places on the sample. Image analysis was carried out with 
the software Nanoscope V614r1. The surface roughness was calculated 
by the software as an arithmetic average of the absolute values of the 
surface height deviations measured from the mean plane.

Surface wettability analysis was performed using optical tensiometer 
G23 M (Krüss, Germany) equipped with a digital camera and image 
analysis software which analyzed the static contact angles after the 
application of a drop of 5  µL distilled water on the TMS samples to 
determine their hydrophilic/hydrophobic property.

In Vitro Cytocompatibility Study: Murine preosteoblastic cells 
MC3T3-E1 (provided by the Ludwig Boltzmann Institute of Osteology, 
Vienna, Austria) were seeded with the density of 6 × 103 cells cm−2 on 
the surface of the TMS/(PPy–PSS) samples and cultured for 8 days in 
an Alpha-MEM (Sigma-Aldrich, St. Louis, MO) supplemented with 10% 
fetal calf serum (PAA laboratories, Linz, Austria), 0.1% ascorbic acid 
(Sigma-Aldrich, St. Louis, MO), and 0.1% gentamicin (Sigma-Aldrich, 
Steinheim, Germany) according to protocol described in ref. [35]. Cells 
were incubated at 37  °C in humidified 5% CO2, and the medium was 
changed every 2–3 days.

Cell Staining: The TMS samples with PPy–PSS coating were 
washed with PBS, afterward fixed with 4  wt% paraformaldehyde and 
permeabilized with 0.1% Triton X100 (Sigma-Aldrich, Steinheim, 
Germany) for 15  min. Then, samples were incubated for 1 h in a 1:20 
solution of Alexa flour 488 phalloidin (Invitrogen, Eugene, OR, USA) in 
a dark hood at 4 °C. Then, the samples were washed in PBS and stained 

for nuclei with 1:300 solution of TO-PRO-3 iodide (Invitrogen, OR, USA) 
for 5  min according the protocol described in ref. [40]. Alizarin red 
staining was used to evaluate the mineralization ability of BMP-2. The 
MC3T3-E1 cells on TMS, TMS–BMP-2, and TMS/(PPy–PSS) with BMP-2 
were stained and analyzed at 8 days after BMP-2 release according to 
protocol described in paper.[46] The quantitative alizarin red staining was 
estimated by spectrophotometry at 562 nm.

Confocal Laser Scanning Microscopy: Images of cell nuclei and actin 
cytoskeleton cells were obtained using Leica TCS SP confocal laser 
scanning microscope (Leica, Germany) with a 100× oil immersion 
objective and numerical aperture 1.4 to acquire confocal scanning 
fluorescence microscopy images. Ar-ion (488, 514  nm) and a He–Ne 
laser (543 nm) were used as an excitation source.

Impedance Spectroscopy: Electrochemical studies of uncoated and 
polymer–polyelectrolyte-coated TMS samples were performed with an 
IVIUM potentiostat in a three-electrode arrangement with a Pt counter 
electrode and saturated silver chloride as reference electrode and 
samples as working electrodes. Each sample was fixed with conductive 
glue from the corners of sample to be attached with a small cylindrical 
glass bottle (10  mL volume). The testing solution was PBS at room 
temperature. The amplitude was 10  mV versus open-circuit potential 
and range of frequencies from 100 kHz to 0.01 Hz were adjusted.

Statistics: Cell culture experiments were reproduced at least 3 times 
using three samples of each group. All obtained values were presented 
as mean ± standard deviation (SD). Statistical analysis was performed 
using ANOVA (* p < 0.05).
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Figure 7. a) Scheme of sample irradiation for local BMP-2 release using a stencil and an irradiation. b) The scheme of spot irradiation of the sample 
for local delivery of BMP-2 using a focused beam. c) Confocal image of TMS/(PPy–PSS) sample containing Rhodamine-labeled BMP-2 after irradia-
tion of the sample through a stencil for 10 min. d) Confocal image of cell nuclei seeded on the TMS/(PPy–PSS) after 5 days of cultivation. e) Confocal 
images of MC3T3-E1 cells seeded on the TMS/(PPy–PSS) after 5 days of cultivation. The sample was previously irradiated through a stencil. f) Images 
of an optical inverse microscope of MC3T3-E1 cells grown in a defect after the local release of BMP-2. Scale 100 µm. Measurements were carried out 
in triplicates (* indicates p < 0.05).
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A B S T R A C T

Different metal particles are increasingly used to target bacteria as an alternative to antibiotics. Despite nu-
merous data about treating bacterial infections, the utilization of metal particles in antibacterial coatings for
implantable devices and medicinal materials promoting wound healing. The antibacterial mechanisms of na-
noscale and microscale particles are poorly understood, but the currently accepted mechanisms include oxida-
tive stress induction, metal ion release, and non-oxidative mechanisms. Thus, investigation of the antibacterial
mechanisms of nanostructured metal particles is very important for the development of more effective anti-
microbial materials. However, it is very difficult to develop a proper model for revealing the antibacterial
mechanisms due to difficulty to choose a method that allows obtaining materials of various properties under
approximately the same conditions. In this paper, we propose a green and feasible technique to create critical
conditions for modification of zinc particles at highly non-equilibrium states. We demonstrate that the sonication
process can be useful for fabrication the materials with oscillating physical, chemical and antibacterial prop-
erties. We believe this method besides medical applications can be also used in natural science basic research as
an experimental tool for modelling the physical and chemical processes. After the sonication, the zinc particles
exhibit a different surface morphology and amount of leached Zn2+ ions compared to initial ones. It has been
revealed that oscillations of the Zn2+ ions concentration lead to oscillation the antibacterial properties. Thus, the
properties of the materials can be easily altered by adjusting the ultrasound energy dissipated via varying the
sonication.

1. Introduction

The investigation of the antibacterial mechanisms of nanoscale and
microscale particles is very important for the development of more
effective antimicrobial materials [1]. Despite the abundance of litera-
ture on antimicrobial effects [2–5], the antibacterial mechanisms are
still poorly understood. However, evaluating novel antibacterial me-
chanisms of action can be difficult and is uncommon in assessments of
nanoscale and microscale metal particles due to the diversity of che-
mical approaches for fabrication of these particles [5–7]. It is very
difficult to obtain the chemical compounds of various properties under
approximately the same conditions. It causes another difficult task to
develop a proper model for revealing the antibacterial mechanisms.

In this paper, we propose a green and feasible technique to create
critical conditions for modification of metal particles at highly non-
equilibrium states. We demonstrate that the sonication process can be

useful for fabrication the materials with oscillating physical, chemical
and antibacterial properties. We believe this method besides medical
applications can be also used in natural science basic research as an
experimental tool for modelling the physical and chemical processes.

The interest in application of ultrasonic cavitation for cleaning and
surface treatment processes has increased greatly in the last decades
[8]. There are many papers about cavitation phenomena and studying
the details of the mechanism of cavitation bubble formation, oscillating
growth, and consequent collapse [9–11]. Great numbers of research
works have been dedicated to investigation of cavitation bubble phy-
sical properties such as internal temperature and pressure [12–14].
Ultrasonic treatment can be effectively used for the preparation of
stable suspensions of reagents as well as at intermediate stages of the
synthesis of complex nanocomposites in liquid and viscous solutions
[15–20]. It was previously shown [21–23] that high intensity ultra-
sound could be also used for the fabrication of microstructure in metal
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alloys at a nanometer scale as well as for a new simple route of syn-
thesizing Nd2O3 nanostructures [24] or Nd2O3-SiO2 nanocomposites
[25] from its inorganic precursors. The acoustic cavitation can be a
great alternative to existing complex methods of synthesis of these
oxides. Chemical reactions may be driven with the created hot spots
appeared after the collapse of bubbles with very short lifetimes. Authors
[25] produced the Nd2O3-SiO2 nanocomposites with enhanced photo-
catalytic activity through simple and rapid sonochemical route in the
presence of putrescine as a new basic agent, for the first time. It was
demonstrated that shape, size and photocatalytic activity of the sono-
chemically fabricated neodymium oxide were under the influence of
the type of capping agent. Thus, ultrasonic treatment can be used as a
striking tool to produce materials with controlled shape and grain size.
Besides, the ultrasonic treatment allowed to vary and optimize the mole
ratio of Si: Nd to obtain the best Nd2O3-SiO2 nanocomposites on the
shape, size and photocatalytic activity [24–26].

Since properties of materials are under the influence of shape and
grain size, the fabrication of materials with controlled shape and grain
size has become an especially substantial research field. We think the
use of high-intensity ultrasonic technique for metal nanostructuring is
very perspective. Great advantage of our methodology is a large
number of synthetic parameters which can be optimized to tune the
surface morphology in a controllable manner.

Ultrasound-assisted structuring of the phase in metal alloys relies on

several mechanisms including interfacial red/ox reactions, mechanical
impact and temperature driven solid state phase transformations which
affect surface composition and morphology of metals [21]. Ultra-
sonically induced temperature gradient occurs due to bubble collapse.
This bubble's explosion leads to the 3D-formation of chaotically ordered
nanoscale structures that look like sponges or foams [27]. Physical and
chemical properties of sonication medium strongly effect on the struc-
turing pathways as well as morphology and composition of catalysts
[21,22]. It was previously shown that ultrasonic treatment of metal
particles can affect its microstructure, morphology as well as compo-
sition [9,28–30]. However, the mechanisms of ultrasonically produced
modification of solid heterogeneous systems are still under the ques-
tion. Moreover, an interesting point is unique properties of modified
materials.

In this paper, we demonstrated non-linear behavior of physico-
chemical and bactericidal properties of ultrasonic modified zinc parti-
cles. The aim of the research is to study the influence of sonication
parameters on physicochemical and antimicrobial properties of fabri-
cated particles and reveal the mechanism of such phenomena.

Zinc particles are chosen as a model of studying the oscillating
nature of physicochemical properties because its potential bio-appli-
cations due to its physiochemical properties, biocompatibility and
biosafety approach [31–35]. There are various mechanisms for the
antimicrobial activity of zinc nanoparticles. T. Gordon et al. [36]

Fig. 1. The schematic illustrations of: a) cavitation bubble formation during sonication process and forces applied to it; b) acoustic cavitation oscillating process; c)
sonochemical modification of zinc particles: (I) formation of “hedgehog” zinc particles; (II) physical modifications caused by bubble collapse and shock waves action
leading to melting and recrystallization; (III) chemical aspects due to surface oxidation by active species formed by water sonolysis during cavitation bubble collapse.
In water possible reactions for zinc oxidation and formation of a novel thin smooth oxide layer protected metal skeleton of sponge; reduction processes are also
possible due to formation of hydrogen species.
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assumed that the antibacterial activity of the zinc particles could be
mediated by the ZnO phase formed on the surface of the particle. The
antibacterial activity of the zinc oxide nanostructures was found to be
dependent on nanoparticle size and surface defects which in turn are
shape-dependent. The major reason for this biocidal activity has been
proposed to arise from the release of reactive oxygen species (ROS)
from the surface of ZnO when in solution. Generated ROS and hydrogen
peroxide molecules on ZnO particles penetrate the cell membrane and
kill the bacteria [37–39]. Besides, the antibacterial activity of zinc
particles could be explained by mechanical damage, cellular inter-
nalization and release of Zn2+ ions. Zinc ions could inhibit multiple
activities of bacteria, such as transmembrane proton translocation,
glycolysis and acid tolerance [37,39,40]. Thus, further conclusive

studies are needed to determine the exact antibacterial mechanism of
zinc particles.

To clarify the mechanism of zinc antibacterial activity we use ul-
trasound treatment. We assume that ultrasound-assisted structuring of
zinc particles relies on several mechanisms including mechanical
modification, interfacial red/ox reactions and temperature driven solid-
state phase transformations that affect surface composition and mor-
phology of metals. High-speed liquids jets and shockwaves generated as
a result of cavitation bubbles collapse via sonication can activate the
redox reactions, interparticle collisions, melting and recrystallization
resulting to zinc oxide layer formation and the core-shell “hedgehog”
structure [31] fabrication.

Fig. 2. a) XRD patterns of non-treated (1) and so-
nochemically treated zinc particles during 3 min (2),
5 min (3), 10 min (4), 15 min (5), 30 min (6) and
90 min (7). All peaks are indexed with the zinc phase
where the bars correspond to the diffraction peaks
according to the JCPDS card number: for Wüstite 00-
006-0615 [55]; b–d) TEM images of the sonochemi-
cally treated zinc particles obtained at a power of
143 W (b) and 625 W (c, d).

Fig. 3. a) SEM images of the sonochemically treated zinc particles obtained during different sonication time; b) SEM images of zinc particles' surface after sono-
chemical treatment.
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2. Experimental section

2.1. Preparation of zinc particles

Five grams of the zinc powder (zinc powder, purity, ≥99%, Sigma
Aldrich) were dispersed in ultrapure water (50 mL) and sonicated using
the ultrasonic processor UIP1000hd (Hielscher Ultrasonics, Germany)
operated at 20 kHz. The maximum intensity (at 20% of amplitude) was
calculated to be 57 W/cm2 at the mechanical amplitude of 81 μm (at
100%). The apparatus was equipped with the sonotrode BS2d18 with a
head area of 2.5 cm2. The booster B2-2.2 magnifies the working am-
plitude in 2.2 times. Sonication was performed in the sonication cell at
constant cooling and the temperature was in a range of 273–313 K
monitored by the temperature sensor inserted in the electrolyte. The
sonication time was 3 min, 10 min, 15 min, 30 min, 60 min and 90 min
to study the efficiency of ultrasonic waves' action on zinc particles.
After the treatment, the zinc particles were washed up with distilled

water and dried at 120 °C for 24 h.

2.2. Sample characterization

The structural and morphological characterization of prepared zinc
samples was performed using the field-emission scanning electron mi-
croscope Tescan Vega3 (TESCAN ORSAY HOLDING, Czech Republic) at
the operating voltage of 5 kV. The zinc particles were fixed onto the
holder with a double-sided conductive tape. TEM images were obtained
on a JEOL JEM-2010 Fx high resolution transmission electron micro-
scope (HRTEM, 200 kV).

X-ray diffraction (XRD) measurements were carried out with an
Advanced D8 Bruker diffractometer (Bruker, Germany), using a focused
and monochromatized CuKα1 source radiation (λ = 1.5406 Å).

The BET adsorption/desorption isotherm was determined by ni-
trogen sorption at 77 K using a Surface area and pore size analyzer
Quantachrome NOVA 1200 e Micromeritics (Quantachrome

Fig. 4. The scheme of the reactions: a) between Zn2+ and eriochrome black T in water solution (pH = 10); b–c) between ZnIn− and Ethylenediaminetetraacetic acid
(EDTA) in water solution (pH= 10); d) schematic illustration of release experiment; e) the time dependence of concentration of Zn2+ ions leached from zinc particles
treated sonochemically during different sonication time.
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Instrument, USA). The weight of freeze–dried samples was around
0.36 g. All samples were degassed under vacuum at 180 °C for 4 h
before N2 adsorption.

In the leaching process, 50 mg of sonicated zinc powder was added
to 25 g of distilled water for 24 h in 250 mL conical flask. One milliliter
solution sample was taken using a syringe filter of 1 mm pore size. The
amount of Zn2+ ions was determined by titration with EDTA solution in
the presence of the indicator Eriochrome Black T.

2.3. Bacterial strains

The biological studies were conducted on resistant strain of E. coli
Nova Blue TcR.

2.4. An analysis of the antimicrobial activity of particles

To determine the ability of zinc particles to suppress the growth of

microorganisms, the agar/disk diffusion test was used and the
minimum inhibitory concentration of particles (MIC) was determined.
For agar diffusion test 5 μL of particles at concentrations of 1.0 g/mL
was added to the grown lawn and incubated for 24 h at 37 °C. At the
end of the incubation, the inhibition zone of bacterial growth was fixed.
The experiments were carried out in triplicate.

To determine the minimum inhibitory concentration (MIC), use the
standard dilution method. For this, the particles were added to bacterial
cell suspensions of density 106 cells/mL to final particle concentrations
of 0.001, 0.01, 0.1 g/mL. After 24 h of incubation at 37 °C, the cell
density in the suspensions was analyzed using a spectrophotometer at a
wavelength of 550 nm and recalculate in CFU/ml (PromEcoLab,
Russia).

2.5. Statistics

Bacteria culture experiments were reproduced at least three times

Fig. 5. a–b) Oscillation of antibacterial activity of zinc nanoparticles sonochemically treated at different time: 10 min, 15 min, 30 min and 90 min (K+ – control
probe) against E. coli after incubation with zinc nanoparticles at concentration of 0.001 g/mL (a) and 0.01 g/mL (b). The mean ± standard deviation is indicated;
Data represent mean value± confidence interval of 3 independent experiments, p < 0.05; c) the dependence of inhibition zone diameter on sonication time of
treatment zinc nanoparticles at the concertation of 1 g/mL via well diffusion test; d) the photo of inhibition zone diameter of zinc particles treated sonochemically in
water solution at the concertation of 1 g/mL during different sonication time: 0 min, 3 min, 10 min; 15 min; 30 min and 90 min; e) scheme of the possible
antibacterial mechanisms of sonochemically treated zinc particles. Clear correlation of maximum Zn2+ ions release and related biocide activity is proved for 15 min
and 90 min treated samples.
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using three samples of each group. Obtained data were averaged with
the standard error of the mean. Statistical analysis was performed using
ANOVA (*p < 0.05).

3. Results and discussion

In this paper, we use a sonochemical nanostructuring of zinc par-
ticles followed by studying its physical and chemical properties.
Besides, ultrasound-driven technique was used to clarify the mechanism
of zinc antibacterial activity. The advantage of this method is a possi-
bility to vary the topography, chemical composition, ξ-potential, sur-
face area of the nanostructured particles easily by changing the para-
meters of sonication such as intensity of ultrasound, frequency,
duration of treatment and electrolyte (solvent, additives) used for
treatment [41–43].

An ultrasound provides energy localization with possible acoustic
cavitation phenomena, such as the formation, the growth, and the
implosive collapse of cavitation bubbles in a liquid [44–47]. When ul-
trasound passes through the liquid medium, an acoustic bubble is
forming (Fig. 1). The pressure caused by the surface tension force and
the hydrostatic pressure in the bulk liquid outside affect the bubble. The
inner pressure of the bubble is composed of liquid's vapor pressure and
pressure of gasses dissolved in a liquid. It is assumed that pressure and
temperature inside the bubble are always uniform, and therefore is
time-dependent. The bubble has a spherical shape preserved during all
the process, with radius oscillating through time under ultrasound
(Fig. 1b). Passing through a liquid medium ultrasound waves induce
molecular motion through a series of compression and rarefaction cy-
cles [48,49]. Preexisting micro-bubbles of gas dissolved into the liquid
medium grow in size due to rectified diffusion with each succeeding
expansion and rare faction half-cycle until they become unstable and
violently collapse (Fig. 1b). Rectified diffusion is phenomena of bubble
growth under the influence of increased gas exchange area and larger
inward flux during expansion [11–13].

There are three mechanisms of metal phase structuring during ul-
trasound-assisted treatment (Fig. 1c). The mechanical one is structuring
of the surface morphology by acting of shock waves, micro-jets, tur-
bulence and shear forces. The physical effect produced by bubble col-
lapse leads to intense local heating, hot spots with temperatures of
roughly 5000 K and high pressures of about 0.1 HPa [44,45,49]. It can
cause local melting of the metal particles. The chemical one includes
interfacial red/ox reactions initiated by water sonolysis (Fig. 1c). The
water sonolysis occurs via ultrasonic cavitation. The bubble collapse
acts as a localized “hot spot” with singular conditions of high tem-
perature and pressure followed by short-life. The molecules of water
and gases are broken (sonochemistry) and chemical processes such as
bond cleavage occur. Water is decomposed into a hydrogen atom and
hydroxyl radical according Eq. (1). This process is described in many
papers [50,51]. The presence of radicals is proved by a-(4-pyridyl-1-
oxide)-N-tert-butylnitrone and 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) trap OH% radicals. Besides, generated ROS can oxidize the
etching zinc surface [46,47]. We assume the process under go via next
oxidation-reduction reactions:

→ +H O H˙ OH˙
ultrasonication

2 (1)

+ − →
− − −Zn 4 OH 2 e [Zn(OH) ]0

4
2 (2)

→ +
− −[Zn(OH) ] Zn(OH) 2OH4
2

2 (3)

→ × +
− −[Zn(OH) ] ZnO H O 2OH

condensation
4
2

2 2 (4)

During sonication bubble collapse may cause water sonolysis (Eq.
(1)) resulting OH% and H% formation. Active radicals react with Zn
producing [Zn(OH)4]2− (Eqs. (2)–(3)) and during the time this system
condense as zinc oxide (Eq. (4)).

The XRD patterns (Fig. 2a) of the nanostructured zinc particles

prepared at different sonication times of 3, 10, 15, 30, 60 and 90 min
indicate high crystallinity. The peaks at 2θ=36.32°, 39.03°, 43.26° and
54.33° are assigned to (002), (100), (101), and (102), indicating that
the samples are composed of zinc with hexagonal closest packed
structure [52–54]. No other characteristic peaks of any impurities have
been detected. To study nanoscale zinc particles' structure formed
during sonochemical treatment a high-resolution transmission electron
microscopy was used. Fig. 2b shows a homogenous structure consisted
of zinc (102) crystallites. TEM images (Fig. 2c, d) clearly show core-
shell morphology for the zinc particles obtained after sonochemical
treatment at a higher power of 625 W. The core is composed by zinc
(102) or zinc (101) phases, whereas the shell is composed by a ZnO
(101) phases. We assume this structure could be explained by chemical
reactions between zinc surface and ROS formed as a result of water
sonolysis take place followed by zinc hydroxide complex formation.
Rapid warming of sample leads to its partial phase transformation into
ZnO (101) [55–57]. Since in our paper, we have studied the mechanism
of the antibacterial activity of zinc particles, it was necessary to exclude
the effect of oxide. For these purposes, all zinc particles are obtained at
a total power less or equal than 143 W.

In our research, Zn particles of size ca. 5 μm and ca. 25 μm are used.
It should be mentioned the influence of particles' size can be rather
significant. The smaller particles' size the bigger surface area we have.
The big surface area leads to an increase in the released cations.
However, we herein are interested in studying of the microscale par-
ticles' properties to reveal the mechanism of zinc antibacterial activity
and exclude the influence of nanoscale size. The initial Zn particles are
round and smooth (Fig. 3a). During the sonication process the mor-
phology of zinc particles changes starting rough and porous (Fig. 3b).
There are some nanoneedles appeared on the surface of particles. As
shown in Fig. 2 after 90 min of sonication zinc particles look as
“hedgehogs”. The surface morphology changes drastically. The BET
surface area of sonochemically treated zinc particles increases in 8
times compared to BET surface value of non-treated particles (not
shown here). There are some oscillations of the surface morphology
(Fig. 3b). As shown, the sonication of zinc particles for 3 min causes the
formation of little needles on it. Further sonication destroys the ob-
tained structure by shock waves and high-speed jets and the surface
becomes smooth again. Then, after “smoothing” the zinc surface is
structured again via the sonication process. It is interesting that the
oscillation of the physicochemical properties of zinc particles occurs
during sonochemical treatment at different powers. In our experiments,
the total power output of an ultrasonic unit depends on the sonotrode
frontal area S and ultrasonic intensity. We have varied the intensity of
the ultrasound altering the total output power in a range of 143–625 W.
Oscillations of the physicochemical properties of ultrasonically mod-
ified zinc particles remain on increasing the total output power. How-
ever, the frequency of properties' oscillations decreases on increasing of
ultrasonic intensity. Besides, a phase of zinc oxide appears after the
ultrasonic treatment of zinc particles at the power higher than 143 W.

As sonochemical treatment of metals could make it possible to en-
hance the ability of metals to release ions in a bacteria medium we have
measured the amount of released Zn2+ ions. The amount of leached
Zn2+ ions was checked by complexation titration using eriochrome
black T as an indicator and ethylenediaminetetraacetic acid (EDTA) as a
reagent. This method is mainly based on substances that change color
when creating complexes with determined metals (Fig. 4a). For ex-
ample, eriochrome black T is blue when free in a solution with pH of
7–11. The solution is pink when eriochrome black T forms a complex
with zinc (pH = 10). It is important that formation constant for these
complexes is low enough, so that titrant reacts with complexed ions
first. Thus, when EDTA is added in a solution the ZnY2− complex is
formed and eriochrome black T is released (Fig. 4c). The ZnY2− com-
plex is colorless, while eriochrome black T is blue. The presence of
unreacted blue eriochrome black T, colorless ZnY2− complex and pink
ZnIn− complex gives violent color, when whole amount of Zn2+ ions
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reacts with EDTA, the solution becomes blue. Immersion of sono-
chemically treated zinc particles in a medium solution reveals non-
linear dependence of Zn2+ concentration on sonication time (Fig. 4e).

Fig. 5a shows that the dependence of antibacterial properties on
sonication time has nonlinear character, but generally the antibacterial
efficiency of zinc nanostructured particles is higher. The most sig-
nificant antimicrobial effect is evident for samples obtained at 15 min
and 90 min of sonication that correlates with the results of diffusion
analysis in agar (Fig. 5a, c). There is no significant difference in anti-
bacterial activity between zinc particles fabricated after 15 min and
particles fabricated after 90 min as well as highest zinc ion release
quantity. Antimicrobial activity of zinc particles taken at higher con-
centration demonstrates the same tendency (Fig. 5b). During first
15 min of sonication the antibacterial activity increases and after
15 min of sonication it decreases slightly, then, after 30 min of soni-
cation, it increases again. A bactericidal effect of an antimicrobial agent
could be caused by damage of cell membrane, resulting outflow of
protoplasmic inclusions [58].

What are the antibacterial mechanisms of acting of sonochemically
treated zinc particles? As mentioned above, there are various me-
chanisms for the antimicrobial activity of zinc particles reported in the
literature [36–40,59,60]. The zinc surface could be oxidized to zinc
oxide during sonochemical process. First mechanism of antimicrobial
activity of sonicated zinc nanoparticles is based on generation of ROS
on the ZnO surface. These ROS cause fatal damage of DNA, cell mem-
branes and cellular proteins leading to bacteria inactivation [59].
However, X-ray spectra have shown the absence of ZnO phase, so this
mechanism is not likely in this paper. In addition, all experiments were
carried out without UV-illumination during experiment. Thus, there are
two possible antibacterial mechanisms based on properties of zinc
surface and Zn2+ ions release (Fig. 5e).

The second mechanism deals with direct interaction of zinc particle
and cell membrane (Fig. 5e). We propose that cavitation driven gra-
dients create critical conditions for modification of zinc particles at
highly non-equilibrium conditions. The followed relaxation of the
system can amplify to the development of spontaneous heterogeneities
in systems [9,27,45]. Thus, we can conclude that surface morphology of
the zinc particles could also strongly affect on the antibacterial prop-
erties and modulation of morphological structure in heterogeneous
systems can be achieved. Oscillating of the antibacterial activity could
be concerned with changing of the surface morphology and as a result
BET surface area. The highest BET surface area we have the highest
amount of leached Zn2+ ions are present in a solution.

If we compare SEM images of zinc particles sonicated at 15 min and
90 min, we can see completely different morphology while antibacterial
activity of samples is approximately the same. At the same time, the
histogram of leached Zn2+ ions corresponds completely to antibacterial
activity and inhibition zone diameter. Thus, we can conclude that re-
lease of Zn2+ ions plays an important part in bactericidal mechanism.

The antibacterial activity exhibited by zinc particles could be also
explained by leaching of soluble Zn2+ ions when Zn particles are im-
mersed in water or solution with bacteria due to pH changes as a result
of antibacterial activity (Fig. 4e, Fig. 5e). The latter, in turn, exert a
destructive effect on the bacterial cell wall, linking to the active groups
that make up its composition [59]. It should be mentioned that amount
of released Zn2+ ions corresponds with oscillations of antibacterial
activity. Thus, the antibacterial properties of sonochemically fabricated
zinc particles are based on the leaching of Zn2+ ions.

4. Conclusions

We propose that cavitation driven gradients create critical condi-
tions for modification of zinc particles at highly non-equilibrium states.
After the sonication, the zinc particles exhibit a different surface mor-
phology and microstructure comparing to initial ones. The unique ca-
vitation driven approach leads to the oscillation of surface morphology

and concentration of leached Zn2+ ions as well as antibacterial prop-
erties. The question of correlation of functional properties and both 1)
Zn based particles morphology and 2) zinc ions release. Here, it is
proven that highest biocide activity is for 15 min and 90 min treated
zinc particles that correlated very nicely with zinc ion release.
Simultaneously morphology of 15 min and 90 min treated zinc particles
are different: smooth and rough correspondingly. Thus, one can con-
clude that most effect of zinc based particles biocide activity is due to
zinc ion release and the ultrasonic treatment is a perspective method for
a fabrication of the gradients of physical and chemical properties in
different materials. It can be used for the hierarchical organization in
metal particles and the construction of functional interfaces on demand.
This method can be used for modulation and amplification of the
generation of spontaneous heterogeneities in systems.
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Photoelectrochemical photocurrent switching
effect on a pristine anodized Ti/TiO2 system as
a platform for chemical logic devices†

Nikolay V. Ryzhkov, Veronika Yu. Yurova, Sviatlana A. Ulasevich
and Ekaterina V. Skorb *

We report here the effect of the photoelectrochemical photocurrent switching (PEPS) observed on highly-

ordered pristine anodized Ti/TiO2 for the first time. At negative potential bias, blue irradiation gives cathodic

photocurrent, whereas anodic photocurrent was observed for ultraviolet irradiation. We believe this

phenomenon is due to the electron pathway provided by Ti3+ defect states.

Titanium dioxide, being one of the most studied materials, still
draws much attention from researchers.1,2 It is considered to be
a very promising material due to its high chemical stability,
nontoxicity, and its unique properties. Due to stable and robust
photoactivity, titania is widely used in the design of solar cells3

and photocatalytic applications.4 In addition to the fact that
titanium dioxide occurs in several crystalline modications, it
can also be obtained in various forms, such as, for example,
nanotubes,5 nanobers,6 and nanosheets.7 The photocatalytic
performance of TiO2 is highly dependent on crystallinity,8 phase
content, form, and preparation method.9 It was reported that
highly ordered arrays of TiO2 nanotubes are characterized by
short charge transport distance and little carrier transport loss.5

Therefore, electrochemically fabricated TiO2 nanotube arrays
are preferable compared to random non-oriented titania.10

Great varieties of photoelectrochemical behaviour can be ach-
ieved by doping11 and surface modication.12,13

An interesting feature has recently been demonstrated for
highly ordered arrays of TiO2 nanotubes obtained by double
stepwise electrochemical anodization of a titanium foil (Ti/TiO2).
Together with our colleagues observed that localized illumination
of Ti/TiO2 surface in water solution triggers proton ux from
irradiated area.14 The photocatalytic activity of TiO2 is based on
photogenerated electron–hole pairs. Under the electric eld of Ti/
TiO2 Schottky junction and due to upward surface band bending,
efficient spatial charge separation occurs, and photoexcited holes
(h+) reach TiO2 – solution interface. The h+, which is a strong
oxidizing agent, can react with water, and a pronounced pH
gradient arises due to water photolysis. Thus, titanium dioxide can
be used to trigger local ion uxes, and proton release is associated
with anodic photocurrent. The use of the light-pH coupling effect

to control pH-sensitive so matter was previously demon-
strated.15,16 Complementary species, H+ and OH�, annihilating
when occurring simultaneously, extend chemical arithmetic with
subtraction operation opening way to pure chemical calculations.17

Ion uxes consideration as information transducers in solution
were proposed18 and performing simple logic operations was
demonstrated.19 This phenomenon opens perspectives to biomi-
metic information processing and developing effective human–
machine interfaces.20

Photoelectrodes using light and potential as inputs and
yielding photocurrents are being considered as the basis for
logic devices. In this way, optical computing compatible with
existing silicon-based devices may be performed.

Logic operations are described by Boolean algebra operating
with truth values denoted 0 (false) and 1 (true). Elementary
logical operations are modelled by logic gates producing single
binary output from multiple binary inputs and physically
implemented by some switch. As for photoelectrode based
information processing, the photoelectrochemical photocur-
rent switching (PEPS) effect is utilized. This effect is that under
appropriate external polarization or/and illumination by light
with appropriate photon energy, switching between anodic and
cathodic photocurrent may be observed for n-type semi-
conductors and the opposite for p-type.21,22

Without further modication, this effect was observed for
a very limited number of materials, such as bismuth orthova-
nadate, lead molybdate, V–VI–VII semiconductors, and some
others. To show this effect, the majority of semiconductors
require electronic structure perturbation creating new electron
pathways. A convenient solution is specic modier adsorption
onto the semiconductors' surface, providing a sufficient level of
electronic coupling. Photoelectrodes made of nanocrystalline
TiO2 modied by cyanoferrate,13,23 and ruthenium24 complexes,
thiamine, folic acid,25 and carminic acid26 demonstrated PEPS
behavior.
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Surprisingly, we observed the PEPS effect on non-modied
Ti/TiO2 obtained by anodation of Ti plates.

Highly ordered arrays of anatase Ti/TiO2 were obtained.
Crystallinity was proved by XRD (Fig. S1a†). Fig. 1a shows a SEM
image of TiO2 nanotube arrays obtained as described above.
According to SEM image, an average pore diameter is ca. 60 nm.
As reported, highly ordered TiO2 nanotubes possess a short
charge transport distance and little carrier transport loss.
Therefore, highly ordered TiO2 nanotube arrays fabricated by
electrochemical anodization of titanium may exhibit some
enhanced capacity of electron transfer than non-oriented ones
of random mixture.10

According to Mott–Schottky analysis, at potential bias more
positive than �0,697 V vs. Ag/AgCl reference electrode upwards
band bending occurs (Fig. S2†). Heat treatment in a nonoxi-
dizing atmosphere leads to Ti3+ formation. Appearance of Ti3+

self-doping was proved by EDX analysis (Fig. S1b†). It was
previously reported that Ti3+ introduces gap states which act as
recombination centers and pathways for electron transfer.27–29

Ti3+ species in reduced TiO2 introduce a gap state between
valence and conduction bands.27,28

We studied dependence of photocurrent on applied poten-
tial. Ultraviolet irradiation (365 nm) gave positive photocurrent
for all potentials studied in range from �0.6 V to 0.6 V vs. Ag/
AgCl reference electrode (Fig. S3†). The photocurrent
increases as the potential becomesmore positive, but eventually
saturates. The dependence of the current on the potential under
blue irradiation (405 nm) had a different character. Sigmoid
function with inection point at 0–0.2 V was observed for blue
light.

It should be noticed that photocurrent plotted against time
on Fig. 2–4 as well as against potential on Fig. S3† is
DI ¼ Iunder illumination � Iin darkness. Steady state current values
were used for calculations.

At +300 mV vs. Ag/AgCl irradiation by both blue and ultra-
violet light give anodic photocurrent (Fig. 2a and c). The UV-
irradiation (l ¼ 365 nm, 5 mW cm�2) excites electron directly
to the conduction band (CB) of TiO2, which is further trans-
ferred to conducting titanium support (Fig. 2b). When Ti/TiO2

electrode in thermodynamic equilibrium with electrolyte, an
upward surface band bending occurs at the semiconductor–
liquid junction. This phenomenon obstructs electron injection

from the conduction band into the electrolyte and forces elec-
tron dri to conducting substrate. The fast and steady photo-
current production/extinction upon light on/off indicates
efficient charge separation and low recombination.

Fig. 1 (a) SEM image of the TiO2 nanotubes array. The inset shows
cross-section view. (b) Scheme of a cell for photocurrent measure-
ments experiment, CE – counter electrode, RE – reference electrode,
WE – working electrode.

Fig. 2 Photocurrent curves under chopped irradiation by (a) 365 nm
UV LED, (c) 405 nm blue LED at applied potential bias +300 mV vs. Ag/
AgCl, and corresponding scheme of electron pathway at +300 mV
polarization under irradiation by (b) 365 nm UV LED and (d) 405 nm
blue LED.

Fig. 3 Photocurrent curves under chopped irradiation by (a) 365 nm
UV LED, (c) 405 nm blue LED at applied potential bias�300mV vs. Ag/
AgCl, and corresponding scheme of electron pathway at �300 mV
polarization under irradiation by (b) 365 nm UV LED and (d) 405 nm
blue LED.
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Blue light (l ¼ 405 nm, 70 mW cm�2) is characterized by
lower energy than UV-irradiation, which is not sufficient to
excite the electron to CB. But electron excited by blue light can
be trapped by Ti3+ located close to the conduction band and
transferred to conduction support from these levels (Fig. 2c). An
initial current spike following by an exponential decrease sug-
gesting a fast recombination process. It should be also noticed
than when irradiation is switched off photocurrent ‘overshoots’
as the remaining surface holes continue to recombine with
electrons.

At more negative potential (�300 mV vs. Ag/AgCl, for
example) applied to non-modied anodized Ti/TiO2 photo-
electrode, we observed anodic photocurrent during irradiation
by UV light (Fig. 3a) whereas blue irradiation gave anodic
photocurrent (Fig. 3c). Excitation within bandgap by UV-
irradiation leads to cathodic photocurrent (Fig. 3b). In the
case of irradiation by blue light, electron trapping by Ti3+ occurs
in the same manner as at +300 mV polarization. But at negative
polarization, the energy landscape is such that electron trans-
port to electron donor in solution is preferable (Fig. 3d). As
a result, cathodic current occurs.

Thereby, photoelectrode activity of non-modied anodized
Ti/TiO2 can be switched from anodic to cathodic and vice versa
by applying various potentials and various photon energies.
This is the effect of photoelectrochemical photocurrent
switching.

Thereby, when Ti/TiO2 is irradiated simultaneously by blue
and UV light being negatively polarized, competition between
cathodic and anodic photocurrents occurs. Returning to
Boolean logic, the PEPS effect allows us to perform annihilation
of two input signals and implement optoelectronic XOR logic
gate. XOR logic operation outputs true (1) only when input
values are different and yield zero otherwise.

It is necessary to assign logic values to input and output
signals to analyse the system based on Ti/TiO2 PEPS effect in
terms of Boolean logic. Logical 0 and 1 are assigned to off and
on states of the LEDs, respectively. Different wavelengths (365
and 405 nm) correspond to two different inputs of the logic
gate. In the same way, we can assign logic 0 to the state when
photocurrent is not generated and logic 1 to any nonzero
photocurrent intensity irrespectively on its polarization
(cathodic or anodic).

Fig. 4 demonstrates how different types of Boolean logic are
realized by irradiation of Ti/TiO2. Light sources are denoted
here as inputs, UV light – A and blue light – B. If the corre-
sponding light source is switched ON and illuminates photo-
electrode Ti/TiO2, this input is ‘1’, otherwise, it's ‘0’. The
photocurrent is read as output. It's considered to be ‘1’ if
signicantly differs from dark value and ‘0’ otherwise.

At �300 mV vs. Ag/AgCl, pulsed irradiation with UV diode
(365 nm, 5 mW cm�2) results in anodic photocurrent, which is
consistent with electron excitation to CB and transfer to con-
ducting support. Irradiation with blue LED (405 nm) gives
cathodic photocurrent due to electron capture by Ti3+ states
following by transferring to electron acceptor in solution.
Simultaneous irradiation with two LEDs with adjusted intensity
yields zero net current as anodic and cathodic photocurrents
compensate effectively (Fig. 4a).

At positive potentials, pulsed irradiation with UV diode gives
anodic photocurrent pulses, as well as the blue one. It is
interesting to note that when two sources of light are simulta-
neously irradiated, the photocurrents created by each of them
individually do not summarize. At +300 mV, photocurrent
output under the inuence of two light inputs (365 nm and
405 nm) follows OR logic giving positive output if at least one of
inputs is positive (Fig. 4b).

Fig. 5 demonstrates the recongurable logic system which
characteristics can be changed via an appropriate polarization
of the photoelectrode regarded as programming input. Two
irradiation sources are considered as inputs. OR/XOR logic is
realized depending on programming input.

In summary, PEPS effect on modied nanocrystalline TiO2

was previously discussed a lot.13,23–26 In this work we report the
same phenomenon for pristine anodized Ti/TiO2 system. Due to
substructure of Ti/TiO2 system, it shows characteristic response
to various range of illumination, including visible range and
polarization. The Ti/TiO2 system is a simple and robust model
of chemical logic gates. Suggested mimicking of logic functions
in aqueous solutions allows further integration of element into
communication with living objects16 vs. intrinsically associated
photooxidation and degradation, but rather activation for
needed function.30

Fig. 4 (a) XOR logic realized on negatively polarized (�0.3 V) pristine
Ti/TiO2 by two source irradiation, input A –UV light (365 nm), input B–
blue light (405 nm); blue light gives anodic photocurrent, UV –
cathodic photocurrent. The current, significantly different from the
dark one, is taken as output 1, otherwise – 0. When irradiated by blue
and UV light simultaneously, anodic and cathodic current compensate
each other, and no total photocurrent observed. Thus output 0, when
both inputs are 1 (b) OR logic realized on positively polarized (+0.3 V)
non-modified Ti/TiO2 by two sources of irradiation. Irradiation by any
of them, blue or UV, gives anodic photocurrent.
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Experiment

Highly ordered arrays of photoactive crystalline TiO2 nanotubes
can be obtained by double two-stage anodization of titanium
substrates in ethylene glycol electrolyte containing uoride
ions. Double anodization involves forming a rst anodization
layer and an adjacent second anodization layer on an angled
surface, the interface between the two anodization layers being
regular and uniform. Anodization was performed via two stages
where at the rst stage the anode was linearly polarized from
0 to 40 V, and then at the second stage, the electrode was
polarized at a constant voltage of 40 V. The as prepared Ti/TiO2

were treated ultrasonically in ethanol for 0.5–1 min to remove
the debris and annealed at 450 �C for 3 hours.

For Mott–Schottky analysis potential was scanned from
�1.0 to +0.4 with increment 0.04 V and 3 minutes delay for
equilibration of each potential. Potential were oscillating with
amplitude 0.005 V and frequency 1000 Hz.

Photocurrent measurements were performed in 3-electrode
cell with Ti/TiO2 nanotubes plate as working electrode, Pt
counter electrode and Ag/AgCl reference electrode. During each
measurement desired potential bias was applied and aer
establishing a constant stable dark current working electrode
was illuminated by UV LED (365 nm) or blue LED (405 nm) or
both light sources simultaneously.

For Boolean logic implementation light intensity was
adjusted the light intensity was adjusted in such a way that
under �0.3 V polarization photoresponses on UV and blue light
annihilate.
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The engineering of artificial cells is one of the most significant scientific
challenges. Thus, controlled fabrication and in situ monitoring of biomimetic
nanoscale objects are among the central issues in current science and techno-
logy. Studies of transmembrane channels and cell mechanics often require the
formation of lipid bilayers (LBs), their modification and their transfer to a
particular place. We present here a novel approach for remotely controlled
manipulation of LBs. Layer-by-layer deposition of polyethyleneimine and
poly(sodium 4-styrenesulfonate) on a nanostructured TiO2 photoanode was
performed to obtain a surface with the desired net charge and to enhance
photocatalytic performance. The LB was deposited on top of a multi-layer
positive polymer cushion by the dispersion of negative vesicles. The separ-
ation distance between the electrostatically linked polyelectrolyte cushion
and the LB can be adjusted by changing the environmental pH, as zwitter-
ionic lipid molecules undergo pH-triggered charge-shifting. Protons were
generated remotely by photoanodic water decomposition on the TiO2 surface
under 365 nm illumination. The resulting pH gradient was characterized
by scanning vibrating electrode and scanning ion-selective electrode
techniques. The light-induced reversible detachment of the LB from the poly-
mer-cushioned photoactive substrate was found to correlate with suggested
impedance models.

1. Introduction
One of the central issues of modern science and technology is to mimic the
structure and, hence, properties of living systems by non-living matter [1–3].
Since compartmentalization is considered to be a critical step in the origin of
life, obtaining and manipulating artificial lipid membranes draws much atten-
tion [4,5]. In general, there are three model systems for studying cellular
membranes [6,7]: supported lipid bilayers (SLBs), giant unilamellar vesicles
(GUVs) and black lipid membranes (BLMs). The presence of SLBs is the
major drawback of supported membranes. It is unclear how support affects
the structure, function and incorporation of membrane proteins. Using poly-
mer-cushioned membranes partially reduces coupling with the support. The
volatile nature of GUVs complicates their usage, while the spherical surface is
also a disadvantage for some analytical techniques. Disadvantages of BLMs
are that they have insufficient long-term stability and that residual organic
solvents such as hexane are present in the membranes.

The approach of local release of free-standing bilayers proposed here may be
employed for studying the properties of cellular membranes, for functional
studies of membrane proteins such as ion channels, pumps and transporters
and also for cell mechanics investigations. In the case of SLBs, the LB and support
are held together by electrostatic interactions [8]. Since phospholipids are known
to demonstrate pH-dependent charge-shifting behaviour [9], biomimetic lipid–
polyelectrolyte composites are strongly affected by the pH of the surrounding
medium [10]. Based on neutron reflectivity data [11–13], the lipid bilayer (LB)
is firmly attached to the oppositely charged underlying support, which is
made up of strong polyelectrolytes. At the isoelectric point, the components
are repelled, and the interaction switches from attraction to repulsion. With a
pH lower than the lipid molecule’s isoelectric point, the separation distance

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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between the lipid membrane and the polymer cushion
increases [11]. Manipulating the interaction strength may
also be useful for developing nanoactuators.

There are numerous strategies formodifying the pH of a sol-
ution [14–16].Aphotochemical one is considered tobeextremely
promising because it allows pH changes to be performed remo-
tely without chemical contamination. By irradiating the surface
of semiconductors, acidity can be changed remotely and locally
with high resolution [17]. Nanostructured titania (TiO2) was
demonstrated to be an extremely efficient photocatalyst [18]. It
provides an effective and controllable way to transform electro-
magnetic energy into local pH change [17]. Effectively
manipulating pH-sensitive soft matter deposited on TiO2 was
performed by 365 nm irradiation [19–21].

In this article, we develop ideas that we have previously
proposed [10] and introduce a novel approach to designing
photostimulated adaptive biointerfaces. We have already
demonstrated electrochemically triggered reversible LB lift-
off from the underlying conducting substrates covered by
polyelectrolytes via hydroquinone oxidation coupled with
proton release (figure 1a). Here, we present light-triggered
reversible LB lift-off from the underlying polymer-cushioned
[22] photoactive anodized TiO2 substrate, in which 365 nm
light of 5 mW cm−2 intensity promotes the separation of
electrons and holes. Under the field of the Schottky junction
with the environment, holes reach the semiconductor–
environment interface and react with surrounding water
media to form proton flux (figure 1b).

Phosphatidylcholine bilayers (LB) supported by a poly-
electrolyte multi-layer (PEM) of polyethyleneimine (PEI)
and poly(sodium 4-styrenesulfonate) (PSS) were obtained
by the vesicle rupture [23–25] and layer-by-layer (LbL) tech-
nique [26] on top of TiO2. The light-induced activity and
resulting proton concentration close to the surface under
localized 5 mm irradiation were studied using a scanning
vibrating electrode technique (SVET) and a scanning
ion-selective electrode technique (SIET). We report here
increasing the light-to-ΔpH conversion efficiency of a TiO2/
PEM photoelectrode in comparison with bare TiO2. Electro-
chemical spectroscopy also revealed that, in the acidic
conditions generated by photoelectrochemical water

splitting, the LB impact impedance [27–29] of the TiO2/
PEM/LB composite disappears. Owing to proton diffusion,
the local pH returns to an initial bulk value when irradiation
is switched off. As a result, the LB attaches back to the PSS/
PEI cushion, and we observed impedance growth.

Semiconductor surfaces covered by PEMs and LBs provide
a unique platform for light-triggered remote manipulation of
LBs. This approach seems to be promising for bilayer array pat-
terning [8,30]. Free-standing lipid membranes can be obtained
for studying transmembrane proteins [31,32], modelling cell
mechanics [33,34] and studying flexoelectricity phenomena
[35]. Creating free-standing lipid membranes would also be
advantageous for cell culturing and tissue engineering [36,37].

2. Results and discussion
2.1. pH effects on lipid molecules
Depending on the intended application, the properties of ves-
icles may be optimized. Electrostatic interactions are key for
vesicles’ attraction to the underlying support, and, because of
the short radius of curvature, small vesicles tend to rupture
[23]. Thus, small charged vesicles are perfect for bilayer
formation from vesicle dispersion. When prepared, lipid
vesicles had a bimodal size distribution representing small
unilamellar vesicles (100 nm in diameter) and large aggregates
of vesicles (5 µm). Liposomes of the order of 10–100 nm in size
arewell suited for the deposition of lipid layers [38]. Usually, an
extrusion procedure is used to obtain liposomes of the desired
size [39]. Alternatively, centrifugation may be employed to
obtain homogeneously sized, single-lamellar phospholipid ves-
icles [40]. Centrifugation was used to separate the large fraction
of the lipid vesicles (figure 2a inset).

The small lipid unilamellar vesicle dispersion thus
obtained in water (pH 7) was strongly negative (ζ-potential
approx. −35 mV) (figure 2a) and stable for weeks at 4°C [41].

Taking the lipid charge into account, we covered the TiO2

surface with PEM of (PSS/PEI)3 architecture, with the outer
PEI layer giving a net positive charge.

The lipid–polyelectrolyte assembly is held together by
electrostatic forces. Changing the charge of the species, one

pH 7

+V

2H+

2e–

½ O2 +2H+

H2O

UV

e–

h+

pH 4

(b)(a)

Figure 1. (a) Electrochemical generation of proton flux from the electrode–solution interface via a hydroquinone oxidation reaction, which is coupled with proton
release. (b) Photoelectrochemical decomposition of water on the surface of photoexcited TiO2, due to the n-type conductivity of nanostructured Ti/TiO2 photoexcited
holes, is captured by surface states. Water splitting with proton release occurs at the TiO2–solution interface inside the irradiated spot, whereas electrons—being
major charge carriers—are transferred to bulk titanium. (Online version in colour.)
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can vary the strength of electrostatic interaction. Phospholipid
molecules forming soy lecithin contain positively and nega-
tively charged moieties, –PO− and N+R3, which can take
part in equilibrium processes with H+ and OH− (figure 2b),

� PO� þHþ ¼ �POH

NþR3 þOH� ¼ NR3OH:

Thus, the −PO−, −POH, N+R3 and NR3OH groups are in
equilibrium, and the pH and acid–base constants determine
their concentration,

Ka ¼ aH þ aPO�

aPOH
and Kb

aN þR3 aOH�

aNR3OH
: ð2:1Þ

The pKa of the phosphate group on phosphatidylcholine
was reported to be approximately 3.5 [42,43]. Therefore,
under neutral conditions, phosphate groups are deprotonated.
The amine group of the phospholipids always remains in a
positively charged state. In this case, some components of
soy lecithin carry only a negative charge, which is not compen-
sated by a positive amine group (e.g. phosphatidylinositol and
phosphatidic acid). As a result, lipid structures are negative in
neutral media. Under acidic conditions, a positive net charge
of lipid vesicles is due to protonated phosphate groups
(figure 2a). Consequently, the interaction mode between
lipid assembly and underlying strong polyelectrolyte support
(always positive) switches from attraction to repulsion, which
varies the pH of the surrounding medium.

2.2. Multi-layer formation
When obtained, nanostructured TiO2 has a tubular nano-
structure (figure 3a). After PEM assembly composed of
polycationic PEI and polyanionic PSS (figure 3b), superhydro-
philic titania nanotubes with a water contact angle of 11°–12°
(figure 3d) become less hydrophilic, with a contact angle of 35°
(figure 3e). LB deposition yields better wettability with the
TiO2/PEM/LBcomposite thanwith theTiO2/PEMarchitecture.
During LB self-assembly, the hydrophobic hydrocarbon tails are
inside thebilayerand thehydrophilic chargedgroupsareoutside
(figure 3c), which determines more hydrophilic properties of

lipid-coveredsubstrates (figure3f ). Surface roughness is a funda-
mentalparameter, so the surface topographyof themulti-layered
structures under investigation was evaluated (figure 3g–i).

Atomic force microscopy (AFM) images were taken after
each step of assembly to study the changes in morphology
upon adsorption of polyelectrolytes and lipids on the surface
of the titania nanotubes. In figure 3g, the formation of nanos-
tructured dots is observed, which correlates with the
nanotubular morphology of anodized TiO2 found by scanning
electronmicroscope (SEM) analysis (figure 3a). By contrast, the
surface topography of the polyelectrolyte-covered specimen is
flatter and smoother (figure 3h). Figure 3i shows a topographic
image of the TiO2/PEM substrate after lipid vesicle adsorption.
Figure 3i demonstrates surface features of larger diameter and
with higher roughness than in figure 3h. The most likely expla-
nation for the very large surface features in figure 3i is that these
are lipid agglomerations on the surface of the PEM.At the same
time, figure 3i also demonstrates a flat domain formation. This
fact, together with the quartz crystal microbalance (QCM) data
(figure 3c) demonstrating vesicle adsorption, rupture and
fusion, proves the formation of LBs on selected areas of
polyelectrolyte-cushioned nanostructured TiO2.

2.3. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy can serve as an
accessible approach to evaluate the process where lipid mem-
branes are involved, as continuous LBs possess high
impedance [28,29,42]. Under an open-circuit potential, no Far-
adaic processes occur, so elements of Ohmic resistance and
capacitance are sufficient to describe the impedance of the
electrochemical system. Electronic supplementary material,
figure S1a demonstrates an equivalent electrical circuit
describing the TiO2/PEM/LB composition. RE corresponds
here to the Ohmic resistance of the electrolyte solution, RS,
for the Ohmic resistance of the TiO2/PEM solid support,
CPES (CPES = 1/4 exp(αjπ/2)/QωN, where j is the imaginary
unit number, ω is frequency, andQ andN are independent fre-
quency parameters). RLB and CLB are related to the Ohmic
resistance and capacitance of LB, respectively. The contri-
bution of the counter-electrode is also considered (RCE and
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Figure 2. (a) ζ-potential of lipid vesicles obtained from soy lecithin at different pH values adjusted by diluted HCl and NaOH solutions; at pH 3 vesicles are positive.
Inset—size distribution of lipid vesicles: pink, before centrifugation; green, after centrifugation. Content value normalized to content of the predominant component.
(b) Main components of soy lecithin: PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; and PA, phosphatidic acid. The charged moi-
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CCE). In the case of TiO2/PEM, the LB impact is excluded (elec-
tronic supplementary material, figure S1b). This model, which
is based on an approximation of the distinct interfaces and the
layered structure of the composite, allows us to describe pro-
cesses at the PEM-LB interface with appropriate accuracy.
Low resistances and the very large capacitances reported for
the lipid layer of the composite multi-layer support the
above interpretation of the AFM results (figure 3g–i) and
demonstrate lipid aggregate deposition and partial bilayer for-
mation on the rough surface of the polymer-cushioned TiO2.

2.4. pH-responsive lipid bilayer
Electronic supplementarymaterial, figure S2a demonstrates the
impedance characterization of TiO2/PEM/LB under neutral
conditions. The impedance characteristics of the TiO2/PEM/
LB composite changed dramatically when the surrounding
medium reached pH 3 as a result of dilute HCl being added
dropwise (electronic supplementary material, figure S2b). The
equivalent circuit, without taking the lipid impact into account
(electronic supplementary material, figure S1b), fits an exper-
imental spectrum of TiO2/PEM/LB at pH 3 (electronic
supplementary material, figure S2b). Under neutral conditions,
the LB has a significant impact on total impedance, represented
by resistivity RLB and capacity CLB in parallel, and the equival-
ent circuit from electronic supplementary material, figure S1a
should be employed to fit the experimental data. Relatively
lowresistance seemstobeconsistentwith therenotbeingperfect
surface coverage. The fitting parameters are summarized in

electronic supplementary material, table S1. These results
demonstrate that the impact of the LB on the impedance of
TiO2/PEM/LB disappears under acidic conditions. This
means that the LB leaves the region of the TiO2/PEM diffuse
double-layer electric field propagation. Protonation of lipid
phosphate groups leads to charge-shifting from negative to
positive. As a result, positive lipid membranes drift away from
the TiO2/(PSS/PEI)3 support, which has a positive PEI outer
layer. Most likely, the protonated lipid layer, which is not very
firmly attached to the positive underlying support, was swept
awayby fluid flowduringsolutionexchange; this iswhy thedis-
appearance of the lipid impact under acidic conditions was
irreversible when the acidity of the surrounding medium was
adjusted back to neutral pH by adding diluted NaOH solution.

Impedance measurements for the TiO2/PEM composite
were also taken to demonstrate the stability of the PEM (elec-
tronic supplementary material, figure S2c,d). Neither the
impedance spectrum nor the equivalent circuit and best-fit-
ting parameters undergo any significant changes when the
environmental acidity changes from pH 7 to pH 3. A combi-
nation of RE, RS and CPES may describe the TiO2/PEM
impedance (electronic supplementary material, figure S1b),
and the corresponding numerical values summarized in
electronic supplementary material, table S1 do not vary sig-
nificantly. Any minor differences in impedance between
neutral and acidic conditions are due to a decrease in the
Ohmic resistance of the solution as a result of the increase
in concentration of the conducting protons.
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Figure 3. Polyelectrolyte–lipid multi-layer formation on top of the nanostructured TiO2 surface. (a) SEM image of anodized TiO2. (b) Structural formulae of the
polyelectrolytes used for the formation of the polyelectrolyte cushion; left, poly(styrenesulphonate), PSS; right, branched poly(etheleneimine), PEI. (c) QCM analysis
of LB formation on top of the PEM cushion. Injection of the lipid vesicle suspension leads to a frequency shift of −30 Hz, followed by an increase of 10 Hz almost
without delay. This behaviour corresponds to vesicle adsorption followed by their rupture and release of the water contained inside. Simultaneously there is a sharp
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2.5. The enhanced photocatalytic performance of
TiO2/(PSS/PEI)3

A significant proton concentration can be obtained by light-
induced water splitting on a locally irradiated TiO2 surface.
Themap of photoanodic activity and the resulting pH gradient
inside and around the irradiated spot on the TiO2 surface
(figure 4a) were visualized by SVET and SIET (figure 4b,c,
respectively). Light-initiated water splitting on a nanostruc-
tured titania photoanode enabled us to shift pH from the
initial 6.5–7 to 4.5 (figure 4c). It was previously reported that
PEIworks like aproton sponge and leads to amore pronounced
pH gradient on the surface of the illuminated TiO2 [44]. SVET
and SIET gave insight on the effects of a (PSS/PEI)3 multi-
layer on the photocatalytic performance of the underlying
TiO2. We revealed that the PEM of (PSS/PEI)3 on top of a
TiO2 photoanode (figure 4d ) significantly increases its photoca-
talytic activity (figure 4e) from 120 to 320 µA cm−2. Themap of
pH is in agreement with ionic current data. The local pH inside
the irradiated area of TiO2/(PSS/PEI)3 drops from approxi-
mately 7 to less than 4 (figure 4f ). Narrow localization of the
acidification phenomenon should also be noted for TiO2/
(PSS/PEI)3 under 365 nm 5 mW cm−2 illumination. Thus, one
can remotely change the local pH from neutral to acidic with
high spatial resolution by irradiating the photoactive surface
of TiO2 modified by a PEM of special nanoarchitecture [45].

2.6. Light-triggered lipid bilayer lift-off
Asdiscussedabove, irradiationofTiO2/PEMgives anacidic pH
inside the irradiated spots close to the surface.ALBadsorbedon
top of the TiO2/PEM composite (figure 4g) almost completely
suppressesthe ionic current fromthe surfaceof thephotocatalyst
(figure 4h). Thus, lipid phosphate groups adsorb most of the
photoelectrochemically generated protons and recharge.

Followingthisassumption, thepHmapobtainedbySIETrevealed
nosignificantpHshift over irradiatedTiO2/PEM/LB(figure4i).

Photocurrent and pH measurements were performed
versus time at one point inside the irradiated spot (figure 5a)
to investigate the dynamic behaviour of TiO2/PEM/LB and
TiO2/PEM under illumination and the stability of the polymer
assembly and LB to photodegradation. Figure 5b demonstrates
a rapid photocurrent response at the very moment that
irradiation occurs, and current density returned to dark
values immediately after turning off the irradiation.

In accordance with the current density maps, the steady-
state current density value for TiO2/(PSS/PEI)3 is twice as
high as that for the bare photoactive substrate, and for
TiO2/(PSS/PEI)3/LB it is twice as low. As one may see for
TiO2/(PSS/PEI)3 and TiO2/(PSS/PEI)3/LB, the photocurrent
is stable with time. Thus, the PEM and LB are not degraded
by irradiation at least during 20 min of irradiation.

Figure 5c demonstrates the pH evolution with time of
irradiation. For TiO2 as well as for TiO2/(PSS/PEI)3, the pH
drops rapidly the moment illumination is turned on and
gradually decreases within the next 10 min; it then stabilizes
at approximately 4.5 and 3.5–4, respectively. After 20 min in
‘darkness’, the local proton concentration close to the irra-
diated area decreases. Thus TiO2/(PSS/PEI)3 provides a
platform for reversible manipulation of the pH-sensitive
matter assembled on top of it.

Experimental impedance spectra of TiO2 substrates
coated with a (PSS/PEI)3 polymer cushion before and
immediately after irradiation under open circuit conditions
are almost identical (figure 6a,b). Electronic supplementary
material, table S2 summarizes the fitting parameters used
to describe experimental data from figure 6.

Thus, irradiation of TiO2/PEMdoes not trigger any changes
in thePEM,whereas the pH-sensitive LB is significantlyaffected

300

270 6.7

pH

6.3

5.9

5.5

5.1

4.7

4.3

3.9

3.5

240

210

180

150

120

90

60

30

0

300

100

40

280

220

160

100

40

mA
cm

–2 J (mA cm–2)

mA
cm

–2

X (mm)

0

0

1000

X (mm) 1000

300

40

0

mA
cm

–2

0

X (mm) 1000

5.5

4.5

6.5 6 5

55.5
6

6.5

6.5

6

5.5

5
4.5

4.5

4

4

5.5

5 100 mm

100 mm

100 mm

(e)
( f )

(b)(a)

(c)

(d )

(i)
(g) (h)

Figure 4. Schematic of the photoelectrode–solution interface, anodic activity (current density map) and a pHmap of thewater solution close to the photoelectrode surface for
(a–c) TiO2, (d–f ) TiO2/PEM and (g–i) TiO2/PEM/LB measured by (b,e,h) SVET and (c,f,i) SIET in 50 mM NaCl under 365 nm 5 mW cm−2 irradiation. (Online version in colour.)

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

17:20190740

5



by the light-induced pH gradient. Local acidification by light-
inducedwater splitting (figure 7) has the same effect onpH-sen-
sitive species as the acidification of the bulk solution (electronic
supplementary material, figure S2a,b). As can be seen from the
presented spectra (figure 7a,b), after irradiation of TiO2/(PSS/
PEI)3/LB the parabolic phase curve (figure 7a) of the Bode
plots transforms to an S-shaped curve (figure 7b) and the |Z|
curve shifts to lower values. The equivalent circuit without LB
impact should be employed to successfully fit experimental
data of TiO2/(PSS/PEI)3/LB after irradiation with ultraviolet
(UV) light. The acidification of the bulk solution by diluted
HCl triggers the same behaviour in the lipid layer (electronic
supplementary material, figure S2a,b). At the same time, it
should be noted that the S-shaped phase curve is typical for
TiO2/(PSS/PEI)3 regardless of irradiation and the bulk pH
(electronic supplementary material, figure S2b,c; figure 6a,b).
Thus,when the lipid layer is on top of the TiO2/PEM, the result-
ing composite demonstrates a much more resistive behaviour.
The LB impact on impedance disappears after a short time of
irradiation, whereas the PEM of PSS/PEI is not significantly
affected by a light-induced pH decrease.

There is a redistribution of excess protons throughout
the solution after the light is turned off (figure 5c). Lipid
molecules at pH close to neutral return to the initial
negative non-protonated state, and the LB is attracted back
to the oppositely charged underlying support (figure 7a).
The best-fitting parameters are presented in electronic
supplementary material, table S3.

Thus, reversible lift-off of the lipid membrane from the
underlying support can be performed by alternating periods
of irradiation and relaxation in ‘darkness’. Apart from the

solution exchange method of pH adjustment, the photoelectro-
chemical one is not associated with any significant fluxes that
are able to remove protonated lipid molecules that are loosely
bonded to a positive polymer cushion.

The LB on top of the TiO2/PEM substrate shows resistive
behaviour (approx. 120 ohm). Immediately after 20 min of
UV irradiation, the impedance was observed to be two
times lower under the same conditions. After 20 min of relax-
ation, the impedance increased to 100–110 ohm (figure 8a).
During further cycles of irradiation and relaxation in ‘dark-
ness’, the oscillating behaviour of impedance was observed.
Figure 8b demonstrates the oscillatory behaviour of impe-
dance during light on–off cycles. pH oscillations take place
as a result of local proton release and their diffusion during
irradiation and relaxation in darkness, respectively. As a
result, oscillations of the lipid molecule’s charge and the
strength of the electrostatic forces between the LB and its
underlying support occur. Sustainability of the LB and rever-
sibility of the process were demonstrated for at least 10 cycles.

2.7. A platform for encapsulation
Light-controlled manipulation by the LB described above pro-
vides an instrument to capture species from solution and
‘encapsulate’ them under a LB. To prove this concept, we per-
formed encapsulation of a model electroactive probe under a
LB and tested the efficiencyof encapsulation byelectrochemical
methods. A TiO2/PEM/LB composite photoelectrode was
immersed in a solution of [Ru(NH3)6]

3+, being a model electro-
chemical probe [46,47], and a cyclic redox process was carried
out. Owing to incomplete coating with the LB, the TiO2
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electrode surfacewas still available for electron transferwith the
dissolved electrochemical probe. The cyclic redox process
revealed the inequalityof the anodic and cathodic current absol-
ute values, evidencing the irreversibility of the redox process
with [Ru(NH3)6]

3+ = [Ru(NH3)6]
2+ on the TiO2/PEM/LB elec-

trode. The reason for this is the inequality of the diffusion of
the differently charged cations to the electrode surface, carrying
a net negative charge under neutral conditions. In accordance
with the results stated above, the oxidized form of the cation
tends to be closer to the electrode surface. As a result, the
cathodic current is more pronounced in the cycling process.

Under irradiation, proton generation at the TiO2–solution
interface occurs. Lipid molecules capture photogenerated
protons. Consequently, the lipid layer recharges and detaches
from the supporting polyelectrolyte layers. As a result, electro-
active cations are pushed away from the electrode surface
following electron transfer suppression. Cathodic current
decaysmuchmore quickly than an anodic one. The [Ru(NH3)6]

3+

cation carrying more positive charge is involved in the
reduction process, whereas less positive [Ru(NH3)6]

2+

oxidizes. Thus, the oxidized state of the electrochemical
probe is more sensitive to lipid recharge from negative
to positive. A total of 20 consecutive cycles of the
[Ru(NH3)6]

3+ = [Ru(NH3)6]
2+ redox process at the TiO2/

PEM/LB electrode during irradiation revealed gradual current
decay (figure 9a). Complete suppression of electron transfer
between the electrode and the soluble species happens after a
further 20 minutes of irradiation. During relaxation in

darkness, the evolution of [Ru(NH3)6]
3+ = [Ru(NH3)6]

2+ cyclic
voltammograms on the TiO2/PEM/LB electrode occurs in
the opposite direction, returning to the initial state. Strong
polyelectrolytes do not undergo protonation in acidic pH
adjusted by water photolysis. Thus, the TiO2/PEM photoelec-
trodewith no lipid on top demonstrates stable values of anodic
as well as cathodic current during irradiation (electronic sup-
plementary material, figure S3a). When the lipid layer
attaches back to the polyelectrolyte support, it captures electro-
active ions from the solution and holds themunderneath on the
surface of the PEM-cushioned TiO2. After a procedure includ-
ing irradiation and relaxation in the [Ru(NH3)6]

3+ solution, the
TiO2/PEM/LB specimen was removed from the electroactive
cation solution and rinsed with water five times. Furthermore,
a cyclic voltammogram (CV) was obtained in a pure NaCl sol-
ution. Nevertheless, peaks of [Ru(NH3)6]

3+ = [Ru(NH3)6]
2+

redox process were observed (figure 9b). CVs, in this case,
were similar to those obtained for TiO2/PEM/LB where
[Ru(NH3)6]

3+ was embedded in PEM during the deposition
stage (electronic supplementary material, figure S3b).

A kinetic study of the [Ru(NH3)6]
3+ = [Ru(NH3)6]

2+

cyclic redox process at TiO2/PEM/LB before and after
irradiation was performed. The redox process on TiO2/
PEM/LB without irradiation corresponds to the criteria for a
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diffusion-controlled process which follows the linear depen-
dence of peak current on v1/2 (v-scan rate, demonstrated
only for anodic current because for cathodic determination
of the baseline is difficult because of the preceding peak) (elec-
tronic supplementary material, figure S3c,e). After irradiation
of the TiO2/PEM/LB photoanode, a slight increase in the peak
amplitude was observed, and linear dependence of the peak
current on v relates to the adsorption kinetics (electronic
supplementary material, figure S3d,e). A set of control exper-
iments was performed (electronic supplementary material,
figure S4). Thus, capturing and encapsulation of soluble
species can be achieved by irradiation of TiO2/PEM/LB
composites in solutions.

3. Conclusion
Phospholipids are known to be charge-shifting molecules
sensitive to pH. Thus, it is possible to affect the coulombic
forces determining the interaction of lipids with a charged
underlying support. As it is negative in neutral media, a
phosphatidylcholine bilayer was deposited on a positive
PEI capping layer of a polyelectrolyte cushion on nanostruc-
tured TiO2. Owing to protonation of the phosphate group,
lipids become less negatively charged, and the strength of
the electrostatic attraction weakens. Consequently, the separ-
ation distance between the LB and its underlying support
increases. Impedance spectroscopy measurements were
employed to demonstrate this effect. It was demonstrated
that the LB impact on the impedance of a TiO2/PEM/LB
composite disappears with an increase in proton concen-
tration, evidencing lipid layer lift-off from support. A new

approach for a light-controlled free-standing lipid membrane
fabrication is presented here. Because of anodic water pho-
tolysis on the surface of the TiO2/PEM, the pH of the
surrounding medium adjusted to the irradiated spot
decreased to approximately 3.5–4 from an initial 7 and revers-
ible LB lift-off from the irradiated TiO2/PEM composite was
observed.

4. Experimental section
4.1. Chemicals and materials
Branched PEI (Mw 70 kDa) 30% water solution was pur-
chased from Alfa Aesar, PSS (Mw 500 kDa) was purchased
from Polysciences Inc. Liquid soy lecithin (Lecisoy 400) was
obtained from Cargill, USA. Reagent grade NaCl (99.5%)
was obtained from Merck and hexane from Ekos-1, Russia.
All chemicals were used as received without any purification.
Titanium plates (99.6% purity) with a thickness of 1 mm were
used. [Ru(NH3)6]Cl3 from Sigma Aldrich was used as an
electrochemically active probe.
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Titania nanotubes were obtained by anodization of Ti
plates etched in HF:HNO3 1 : 2 solution. Ti plate was used
as an anode and Pt plate of the same area as a cathode. Elec-
trolyte solution contained 0.75 wt% of NH4F and 2 wt% of
distilled water in ethylene glycol. Anodization was carried
out at a constant voltage of 40 V for 1 h, followed by
10 min ultrasonication in 1M HCl. After the second anoda-
tion in the same conditions, substrates were kept under
ethanol overnight and annealed at 450°C for 3 h.

4.2. Nanoarchitecting of TiO2/PEM and TiO2/PEM/LB
multi-layered films

For the preparation of the small lipid unilamellar vesicle dis-
persion, the following procedure was performed. Soy lecithin
solution in hexane (10 mgml−1) was kept under vacuum for sol-
vent evaporation for at least 3 h. After removing any hexane
traces, a thin lipid film was obtained on the vessel bottom. This
film was rehydrated with distilled water to a final 10 mg ml−1

concentration with simultaneous sonication in an ultrasonic
bath for 15 min. To determine the size and the charge of the pre-
pared vesicles, dynamic light scattering and ζ-potential
measurements were conducted on a Photocor Compact-ζ analy-
ser. Separation of different sized fractions of lipid vesicles was
performed by centrifugation at 14 000 r.p.m. for 20 min.

The polyelectrolyte cushion was deposited using the
classical LbL technique. PEI as a polycation solution and
PSS as a polyanion solution were prepared by dissolving
2 mgml−1 in a 0.5 M solution of NaCl in deionized water.
Six layers were deposited on titania nanotubes under a
vacuum, resulting in the PEM architecture (PSS/PEI)3. Each
deposition was followed by rinsing with water.

To obtain TiO2/PEM/LB with an embedded electroactive
[Ru(NH3)6]

3+probe, after each layer of PSS the specimen was
immersed in 0.5 mM [Ru(NH3)6]Cl3 solution in 0.5 M NaCl
for 20 min under a vacuum.

Polymer-modified substrates were immersed in a 10 mg
ml−1 dispersion of small lipid unilamellar vesicles for 1 h to
obtain a LB on top of the polyelectrolyte cushion. Vesicles
attached to the oppositely charged surface of the PEM then
ruptured, fused, and spread on the surface, forming a continu-
ous bilayer. The procedure described was followed by rinsing
with ionized water. As prepared, TiO2/(PSS/PEI)3 and TiO2/
(PSS/PEI)3/LBwere kept underwater before furthermeasure-
ments. Each stage of multi-layer deposition was followed by
QCM measurement using a Q-Sense AB (Sweden), AFM
studies were carried out with a Solver Next microscope
(Russia), and water contact angles were measured using
drop shape analyser (Kruss DSA25, Germany).

4.3. Local photoelectrochemical study
Photocatalytic activity of nanostructured titania and acidity
changes inside the irradiated spot close to the TiO2 surface
were studied by SVET and SIET.

SVET here is a unique tool to characterize the photoano-
dic activity and local ionic currents in solution. SIET
measures gradients of ion concentrations. High precision
and spatial resolution may be achieved for both methods.

The systemfromApplicableElectronics (USA)undercontrol
of the ASETprogram (Sciencewares, USA)was used to perform
SVET and SIET measurements. SVET and SIET measurements
were performed on samples glued to an epoxy support.

Adhesive tape was used to insulate each sample, leaving a
0.25 cm2 window exposed to the electrolyte solution.

As a vibrating probe for SVET experiments, insulated Pt-Ir
microprobes (Microprobe Inc., USA) with a platinum black
spherical tip of 30 µm in diameter were applied. The probe
vibrated in two directions parallel and perpendicular to the
specimen surface and 150 µm above it. The amplitude of
vibration was 30 µm; vibration frequencies of the probe
were 136 Hz (perpendicular to the surface) and 222 Hz (par-
allel to the surface). The only perpendicular component was
used for treating and presentation of data.

The local pH measurements were carried out using glass
capillary microelectrodes with an apex tip diameter of 2 µm
that were prepared from borosilicate glass capillaries with an
outer diameter of 1.5 mm. Capillaries were silanized by inject-
ing 200 µl of N,N-dimethyltrimethylsililamine in the glass
preparation chamber at 200°C before filling. Silanized capil-
laries were filled with Hydrogen Ionophore I Cocktail B
(Sigma), which served as a proton-selective membrane, and
0.1 M KCl + 0.01 M KH2PO4 internal solution. Ag/AgCl/KCl
(sat) was used as an external reference electrode. The pH-selec-
tive microelectrodes were calibrated using commercially
available pH buffers and demonstrated a linear Nernstian
response −53 to −55 mV pH−1 in a pH range from 4 to 8. The
local activity of H+ was detected 25 µm above the surface.

A low-intensity (5 mW cm−2) light-emitting diode
(365 nm, ThorLabs) focused in a spot (approx. 0.5 mm2)
was used to trigger photo-induced processes.

The local pH and ionic current density were mapped on a
15 × 15 grid in a 0.05 M NaCl solution under open-circuit
potential conditions. The time evolution of the photocatalytic
processes was measured at one point in the centre of the irra-
diated spot. The time of acquisition for each SVET and SIET
data point was 0.6 and 2.5 s, respectively.

4.4. Electrochemical impedance spectroscopy
measurements

Electrochemical measurements were performed using a
Compactstat instrument (Ivium, Netherlands) in a quartz
three-electrode electrochemical cell with a volume of approxi-
mately 50 ml filled by 0.05 M NaCl. TiO2 substrates covered
by a LB and/or PEM were used as working electrodes, Pt
wire served as a counter-electrode, and Ag/AgCl/3M KCl
served as the reference electrode. Impedance spectra for fre-
quencies between 1 Hz and 1 kHz with an AC modulation
amplitude of 5 mV were recorded at a bias potential set equal
to the open-circuit potential of the working electrode. The sur-
face of the samples exposed to electrolyte was also 0.25 cm2.
Experiments were performed in 0.05 M NaCl on TiO2/PEM
and TiO2/PEM/LB at pH 7 and pH 3, adjusted by dilute
HCl, and later at bulk pH 7 before and after UV irradiation.
Impedance data were treated as Bode plots, and fitting pro-
cedures were performed by equivalent circuit analysis mode
of the standard Ivium software.

4.5. Cyclic voltammetry
CVexperiments were performed using a PalmSence4 potentio-
stat. TiO2 substrates covered by a LB and/or PEMwere used as
working electrodes, Pt wire was used as a counter-electrode,
and Ag/AgCl/3M KCl served as the reference electrode.
Potential cycling from −1 to 1 V was performed with a scan
rate of 70 mV s−1 in 0.5 M NaCl and also in the presence of
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0.5 mM [Ru(NH3)6]Cl3 as the electroactive probe. Measure-
ments were carried out before irradiation and after
irradiation by 365 nm LED for 20 min, and after 20 min of
relaxation in darkness. For each condition, four consecutive
scans were obtained; the fourth was used to represent the
data. To follow the time evolution of the current during
irradiation and relaxation 20 consecutive cycles were obtained,
and the peak current changes were tracked. For the kinetic
study, the scan rate was varied from 5 to 150 mV s−1, and the
peak current was plotted against the scan rate.

4.6. Statistical analysis
Acidity data were recalculated from the measured electroche-
mical potentials in accordance with calibration. All other data
are presented as obtained. For microelectrode mapping, each
experiment was reproduced three times; one of the typical

maps is given. One of five characteristic impedance spectra
is also provided for each studied system. Numerical values
extracted from impedance fitting are expressed as mean ±
s.e.m., n = 5.
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ABSTRACT: In the present work, transparent holographic poly(diallyldimethylammonium
chloride) (PDADMAC)/heparin and PDADMAC/poly(styrenesulfonate) (PSS) films were
synthesized via polyelectrolyte coacervates. PDADMAC/heparin films were obtained without
temperature treatment. Thin holographic free-standing films with a 1 μm grating period and
uniform surface of a polyelectrolyte complex were readily and quickly made by pressing
polyelectrolyte coacervate, the hydrated viscoelastic fluid-like form of polyelectrolyte complex
precursor, between a flat surface and holographic mask. Heparin replaces PSS in film
composition to prepare the sheer film. Thus, the PDADMAC/heparin holographic film
demonstrates transparency and reversible response for humidity under diffraction detection. In
addition to diffraction humidity signal measurements, the cobalt(II) chloride was impregnated
in polyelectrolyte coacervate to make an additional colorimetric signal response. In this case, the
free-standing film serves both as the substrate for the hygroscopic salt and as a diffraction
humidity sensor. The PDADMAC/heparin/Co(II) chloride film demonstrates a linear humidity
range from 50 to 90%. Additionally, due to hydrated inorganic salt ion size, cobalt chloride
prevents film porosity, which initiates under film swelling. Based on the results and calculations obtained, the study proposes the
mechanism of water incorporation, including the reptation model and polyelectrolyte complex behavior. Results of density functional
theory calculations prove that binding of cobalt aqua complexes [Co(H2O)6]

2+ with the dimeric associates heparin/PDADMAC via
noncovalent interactions (hydrogen bonds) additionally is much more energetically favorable compared with the alternative
association of heparin/PDADMAC with water molecules.
KEYWORDS: polyelectrolytes, swelling, hygroscope, holographic film, humidity sensor

■ INTRODUCTION

Polyelectrolyte complexation and coacervation products have
been paid much attention in the last few decades1−3 due to
their properties as they are readily produced, environmentally
friendly, and their synthesis corresponds to several principles of
“green chemistry” (i.e., they do not require organic
solvents).4−9 These complexes can serve as a drug delivery
system for enzymes and DNA because such molecules can
readily be incorporated into polyelectrolyte (PE) complexes.10

These PE complexes can be also applied for membrane
production,11 biosensor construction,6,12 enzyme immobiliza-
tion, and microcapsules preparation.13−15 There are three
classes of materials: coacervates, soluble complexes, and
nonequilibrium complexes.16 Oppositely charged polyelectro-
lytes in aqueous solutions could form a liquid polymer phase,
which is frequently named the complex coacervate, and a
polymer-poor state.17−19 Such complexes can form free-
standing films.20 Currently, there is a growing practical interest
in free-standing polyelectrolyte films because of their
ubiquitousness in terms of properties and application. Mixing
of neutral polymers is controlled with proper forces between
them and by their entropy of blending. The entropy value,

more sluggish for polymers than for small molecules, is unlikely
to be overcome even with a predilection for polymers to
associate with themselves. However, when aqueous solutions
of polyelectrolytes with repeatable charged units are blended,
the significant amount of entropy decrease of the counterion
(and water) leads to polyelectrolyte complexation with
molecular-level blending, which is constant and expected for
a wide range of polyelectrolytes.21 Such a process is time,
temperature, and salt concentration dependent.22−24 In
addition to the experimental results, here we made
thermodynamic calculations for the hydration processes and
presence of cobalt complex in free-standing film.
The mildness of these complexes grows with increasing salt

concentration and temperature. These advantages allow the
complexation process to occur at room temperature. Most of
the synthetic PEs demonstrate stoichiometric complexation.
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There are many proposed mechanisms of complexation based
on the characteristics of the ion groups, molecular weights, and
external conditions of the reaction.18,24−29 The complexation
process is characterized with the clearest dependence on the
molecular weight and dissociation force. At this stage,
polyelectrolytes are poorly coupled and well-hydrated and
demonstrate fluid-like behavior. Therefore, PE coacervate
freely make PE complexes. The poly(diallyldimethyl-
ammonium chloride) (PDADMAC)/poly(styrenesulfonate)
(PSS) polyelectrolyte couple demonstrates PE coacervate
behavior.
Nevertheless, such a polyelectrolyte couple has a limitation

due to the reduction of the ionic cross-linking between chains
in adjacent layers associated with the transition between
intrinsic to extrinsic compensation to the interaction
polyelectrolyte.30 We propose replacement of one of them
for the weak polyelectrolyte to avoid rigidity. Additionally, the
application of polymer free-standing film demands the
incorporation of metal complexes and structures.6,31−37

In the present work, we suggest forming PDADMAC/PSS,
PDADMAC/heparin, and PDADMAC/heparin/CoCl2 PE
free-standing films to demonstrate properties of PE coacervates
for the formation a unique holographic architecture based on
thermodynamic calculations.

■ RESULTS AND DISCUSSION
The method of polyelectrolyte complex via PE coacervate
formation is appropriate for fast free-standing film preparation.
Holographic free-standing polyelectrolyte films were produced
from a mix of oppositely charged PE solutions, as described by
Kelly et al.17 for the PDADMAC/PSS free-standing film. These
PEs can form coacervate complexes with one or more
oppositely charged ions, forming PE complexes as a
consequence of strong electrostatic (Coulomb’s) interactions
and hydrogen bonding. Thus, after mixture of PDADMAC and
PSS solutions, which are oppositely charged, secondary
binding forces such as Coulomb interactions occur immedi-
ately. This is the first step of PE complex mechanism
formation. This stage of the reaction is very rapid. The second
step involves the formation of hydrogen bonds and the
correction of the distortions of the polymer chains to define
new conformation of the polymer chains. The third step
includes the aggregation of secondary complexes, mainly
through hydrophobic interactions and PE coacervate for-
mation. The properties of PE complexes obtained depend on
numerous factors, in particular ionic strength and stoichiom-
etry. PE complexes form together with ion-pairing interactions,
Pol+Pol−, between oppositely charged units on macro-
molecules. The ionic strength of the polyelectrolytes has a
significant impact on the final size of the PE complexes. The
removal of complexed ion pairs causes the critical salt
concentration for coacervation. An increase in ionic strength
induces a decrease in the average diameter of the blobs, which
could be related to the increase in chain flexibility. The
following equation applies: Pol+Cl−·xH2O + Pol−Na+·yH2O →
Pol Pol·iH2O + Na+ + Cl− + zH2O.
The as-prepared white precipitate of PDADMAC/PSS was

washed with water. Then, the PE complex PDADMAC/PSS
needed to dissolve in water and dry at 50 °C in the oven
(Figure S1). Then, the PDADMAC/PSS complex was
dissolved in KBr to form a gel.38 The interaction in solutions
between electrostatically complementary polyelectrolytes with
high charge density on the circuits leads to the formation of PE

complexes capable of a 1:1 ratio of oppositely charged groups
being released from the solution in the form of relatively little
solvated precipitates, called stoichiometric PE complexes. They
are insoluble in any of the known solvents and capable of
swelling to a limited extent in water.29 After coacervation, the
system was divided into two liquid phases, one of which was
enriched with macromolecular components and called
coacervate. The second phase was an almost pure dispersion
medium, called an equilibrium fluid. A coacervate, along with
an equilibrium liquid, is called a coacervate system. Coacervate
complexes are very sensitive to the presence of extraneous
electrolytes. The ability of low molecular weight salts to
destroy coacervate complexes is due to the shielding effect of
small ions, and the electrolyte efficiency is more due to the
charge of the cation or anion. The precipitate was added in the
potassium bromide solution to dissolve it and form a
coacervate. The coacervate gel was placed between two glass
slides and dried in this position overnight at ambient
temperature. One of the glass slides was covered by the
holographic template to form a holographic pattern. The
holographic film prepared (Figure S2) had low transparency
because of melted polyelectrolyte complex with high hydro-
phobicity. Such an effect is aligned with PSS molecular
structure. Under charge compensation inside strong PEs, the
PE complexes, and the aromatic part of PSS, there is high
hydrophobicity, and therefore, PE complexes swelled and
formed an opaque film. Such an effect prevents applying the
PE complexes as free-standing “green” holographic films and in
other optical devices.35,39

Heparin is a strong polyelectrolyte and has the same sulfonic
group as PSS. Heparin was used instead of PSS to form PE
complexes in an equimolar ratio. The relation charge density to
the molecular weight for heparin is smaller than that for PSS,
and it could influence the coacervation process.40 Therefore,
we set the equimolar ratio. The PDADMAC/heparin film
required modification of the original methodology because the
heating limitation is over 40 °C. The white precipitate formed
after mixing PDADMAC and heparin was decanted and
washed with deionized water. Then, the PDADMAC/heparin
precipitate was dissolved in deionized water. A holographic
template was placed on the bottom of the Petri dish, into
which coacervate was poured. This system was dried under
vacuum overnight at ambient temperature (Figure 1). As a
result, the transparent holographic film was prepared (Figure

Figure 1. Scheme of PDADMAC/heparin free-standing holographic
film synthesis through the precipitate formation stage (a), decantation
process (b), coacervate formation (c), and holographic imprint
technique (d).
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2). Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) images showed that the structured film has
a high reproducibility of a grating period (Figure 3). For the

proof of PE complex formation, the Fourier transform infrared
(FTIR) spectra are shown in Figure 3. The molecular structure
of the PDADMAC/heparin complex has characteristic peaks of
−OH at 3648−3102 and 3030 cm−1. The asymmetric
stretching peak at 2929 cm−1, −CHn−, and symmetrical C−
H bending vibration at 1480 cm−1 correspond to the
characteristic bands of PDADMAC. The characteristic peaks

at 1654−1594 cm−1 are related to the stretching vibration of
NR4 and C(CH3)2

+ of PDADMAC. The peaks at 1413 and
1334 cm−1 indicate the carboxylate groups of heparin. The
presence of these radicals, asymmetric stretching peak at
−CHn−, symmetrical bending vibration at C−H, the stretching
vibration of NR4 and C(CH3)2

+ of PDADMAC, and the
carboxylate group peaks of heparin confirm the composition of
the PDADMAC/heparin complex. The FTIR spectrum, which
is shown in Figure S3, corresponds to the PDADMAC/PSS
complex. The characteristic peaks of −OH are 3543−3273 and
3031 cm−1. The characteristic peak at 1641 cm−1 is related to
the stretching vibration of −NR4 and −C(CH3) of
PDADMAC. Appearing at asymmetric vibrations at 1198
cm−1 and symmetric vibrations at 1021 cm−1, the characteristic
PSS peaks confirm the sulfonic group.. Out-of-plane
deformation vibration of C−H has signals at 836, 686,
and 621 cm−1. The characteristic PDADMAC peaks are
symmetrical −CHn− (2927 cm−1) and symmetrical C−H
bending vibration (1467 cm−1). The stretching vibration of
NR4 and C(CH3) of PDADMAC are also seen. The
characteristic peaks of the sulfonic group, out-of-plane
deformation vibration of C−H of PSS, symmetrical peaks
of −CHn− (2927 cm−1), and the symmetrical C−H bending
vibration (1467 cm−1) of PDADMAC confirm that the
polyelectrolyte complex consists of bonded PDADMAC and
PSS.
The ordered structure depending on humidity and the

degree of exposure can change its conformation. The film
structure changes as soon as the humidity value changes. A
blur of the holographic pattern can be used as a sensor of

Figure 2. Diffraction humidity test measurement setup (a−e): common scheme of holographic film geometric parameter measurement (a, c),
proposed changes in grating period (b, e), and spot size changes during humidity measurements from 20 to 90% and after relaxation (d).
PDADMAC/heparin (left) and PDADMAC/PSS (right) synthesized films (f). PDADMAC/heparin free-standing holographic film photo (g) and
optical microscope image (h).

Figure 3. PDADMAC/heparin holographic film AFM images (a, b),
SEM image (c), and FTIR spectrum (d).
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humidity (Figure 2a and Figure 2c). It is possible to use a blur
of the holographic pattern as the sensor of humidity. The test
with laser beam diffraction was conducted. The results from
pictures of the screen are represented in Figure 2. As the
holographic polyelectrolyte films were placed in conditions of
changing humidity, they absorbed water molecules, which
caused the geometry change of diffraction grating. Before
humidity influence on the sample, the diffraction pattern shows
a uniform deviation of the laser points from the direction of the
main beam. The diffraction pattern of the PDADMAC/heparin
holographic film shows eight points. The homogeneity of the
holographic pattern and the absence of defects confirm that
under laser diffraction the deviation of points occur in the
same direction. Figure 2d shows the state of the diffraction
pattern of exposure to 20% moisture. After exposure to 40%
humidity, four points became less bright, and four points
blurred (Figure 2d). Because the polyelectrolyte film was
shrinking due to changes in humidity, points at horizontal and
vertical directions became partially blurred and deviated
(Figure 2b). Figure 2d also demonstrates the picture of
diffraction after 90% humidity treatment. It is seen that dots of
horizontal and vertical deviations became blurred spots. In the
absence of moisture, the film takes its original form, and the
diffraction pattern is similar to the diffraction pattern of the
first type before exposure to moisture. The diffraction pattern
(Figure 2d) confirms the reversibility of the system. According
to the data presented, we can conclude that the PDADMAC/
heparin holographic film is more stable than the PDADMAC/
PSS holographic film (Figure S3). The change in the
diffraction pattern of the film of the first type is slower than
that of the film of the second type.
We measured the grating period from the AFM image for

PDADMAC/PSS holographic film and SEM image for
PDADMAC/heparin holographic film (Table 1). Based on

small-angle approximation using eq 1, the spot sizes (Table 1)
were calculated.

y
m D
d
λ≈

(1)

where y is the spot size, λ is the laser wavelength, m is the
order, D is the distance to screen, and d is the grating period.
We measured the spot size for each state of the polyelectrolyte
structure with a change in humidity with using the program for
PDADMAC/PSS holographic film and PDADMAC/heparin
holographic film. From eq 1, the grating period was calculated
according to the spot size changing (Tables 2 and 3). From
Tables 1 and 2, it can be seen that the grating period before
exposure to humidity and the grating period during relaxation
at ambient temperature have the same value, which under-
mines the system’s reversibility. These data confirm that our
system is reversible and suitable for holographic film
application.
The CoCl2 aquacomplex was added to the PE complex

structure to demonstrate compatibility with holographic film

admixtures and enhance humidity response. The transition
metal complex salts are widely used in polymer films due to
their optical activity. The concentration of chloride ions from
cobalt salt is taken into account to save the ionic strength
during the PE complex formation. The cobalt ion has no effect
on the coacervation process due to aquacomplex Co(H2O)6

2+

formation, which prevents interaction of the cobalt ion with
polyelectrolyte following the Hofmeister range.41 The
PDADMAC/heparin/CoCl2 film also demonstrates trans-
parency because the complex salt has no dissociation in the
PE complex. The PDADMAC/heparin/CoCl2 film demon-
strates an additional optical humidity response. The advantage
of such a modification is prevention of porosity film formation.
This effect can be explained by the hygroscopic property of
cobalt chloride salt. In contrast with free-standing polyelec-
trolyte films with sodium chloride and other alkali metals,31

where under film swelling porosity arises, the film with cobalt
chloride is not porous, as under film swelling water is mainly
incorporated in a metal complex. The water bonded with the
metal complex has an ionic radius higher than that of alkali
metal ions, which prevents porosity (Figure S4). To evaluate
the thermodynamic favorability for the formation of various
supramolecular associates in the chemical systems under study,
we performed quantum chemical calculations using density
functional theory (DFT) (for details, see the Computational
Details section and Supporting Information, Tables S4 and
S5). The results of our quantum chemical calculations reveal
that (i) self-assembly of PDADMAC and heparin to dimeric
associates heparin/PDADMAC is thermodynamically profit-
able (by 43.7 kcal/mol in terms of Gibbs free energies); (ii)
binding of cobalt aquacomplexes [Co(H2O)6]

2+ with these
dimeric associates heparin/PDADMAC via noncovalent
interactions (hydrogen bonds) is much more energetically
favorable compared with alternative association of heparin/
PDADMAC with water molecules (as in the case of heparin/
PDADMAC/[Co(H2O)6]

2+. We located the structure with
two imaginary frequencies; from Table 4, it is obvious that the
difference in ΔE, ΔH, and ΔG values in the cases of
hypothetical transformations H2O + heparin/PDADMAC→
heparin/PDADMAC···H2O and [Co(H2O)6]

2+ + heparin/
PDADMAC→ heparin/PDADMAC···[Co(H2O)6]

2+ is dra-
matic, and removal of small imaginary frequencies does not
change the thermodynamics estimation qualitatively.
As humidity increases, cobalt chloride changes the color

from blue to purple to pink.42 Such striking changes in color

Table 1. Theoretical Calculation of Spot Size for
PDADMAC/PSS Holographic Film and PDADMAC/
Heparin Holographic Film Based on the Grating Period

type of film grating period (d, μm) spot size (y, cm)

PDADMAC/PSS 1.33 ± 0.04 0.204 ± 0.005
PDADMAC/heparin 1.01 ± 0.02 0.260 ± 0.005

Table 2. Grating Period Changes at Varying Humidity Level
for PDADMAC/PSS Holographic Film

humidity (%) spot size (y, cm) grating period (d, μm)

20 0.204 ± 0.004 1.30 ± 0.02
40 0.224 ± 0.002 1.18 ± 0.01
90 0.264 ± 0.002 1.00 ± 0.01
relaxation (20) 0.204 ± 0.005 1.30 ± 0.03

Table 3. Grating Period Changes at Varying Humidity Level
for PDADMAC/Heparin Holographic Film

humidity (%) spot size (y, cm) grating period (d, μm)

20 0.226 ± 0.003 1.18 ± 0.02
40 0.326 ± 0.003 0.82 ± 0.01
90 0.399 ± 0.002 0.670 ± 0.003
relaxation (20) 0.226 ± 0.004 1.18 ± 0.02
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make cobalt chloride useful as a humidity indicator in weather
instruments.43 Moreover, the mechanism of swelling for the
transition metal complex salt with PE complexes is shown in
Figures 4a−d. The metal complex allows the formation of

polyelectrolyte melt at a dried state (Figure 4a) at a 20% room
humidity level. This film corresponds to the polymer reptation
model (Figure 4b), and with humidity increasing, the
PDADMAC/heparin/CoCl2 forms the blobs (Figure 4c).
Such an advantage provides evidence for the reversibility of
the free-standing holographic film proposed. Cobalt is a
transition metal that is capable of forming a wide range of
stable, colored metal complexes, most of them with an
octahedral crystalline structure. The anhydrous, blue-colored
cobalt(II) chloride changes the color in response to humidity,
thus forming the hydrated, pink-colored hexaaquocobalt(II)
ion. The reverse process can be obtained by dehydration in the
oven. These phenomena can be explained by the d−d orbital
electron transition of cobalt(II) and have been detected

through UV−vis absorption spectroscopy. The results make it
evident that the anhydrous, blue-colored cobalt(II) complex
shows three absorption bands in the visible spectral region of
500−700 nm. The hydration of the cobalt(II) compound is
accompanied by a decrease of the absorption peaks, which can
be observed at 660 nm. In the present study, this decrease was
measured as a function of humidity (Figures 4e−g). Free-
standing PDADMAC/heparin/CoCl2 film data absorbance
spectra were evaluated. The linear humidity dependence on
the absorption peak area was demonstrated from 50 to 90%.
Such a film can be reversibly dried and used multiple times for
humidity measurements.

■ CONCLUSION
The research proposes the method for PDADMAC/heparin
and PDADMAC/heparin/CoCl2 holographic film with the
reproducible grating period. Such an approach allows ready
and quick preparation of a free-standing film via coacervation
without temperature treatment. The method proposed can be
used for the free-standing film preparation with specific
geometry. Hydration processes were observed experimentally
and simultaneously calculated with the DFT model. The
results obtained prove the preliminary cobalt aquacomplex
formation and its interaction with the polyelectrolyte complex.
PDADMAC/heparin film demonstrates a humidity response
sensing with relaxation. Cobalt(II) chloride as a dopant in
polyelectrolyte coacervate adds the additional parameter for
quantitative humidity sensing. Such a sensor allows measure-
ment of humidity levels from 50 to 90%. The mechanism of PE
complex swelling, including the reptation model and
polyelectrolyte melt behavior, is proposed.

■ METHODS
Chemicals. Poly(diallyldimethylammonium chloride) (PDAD-

MAC; molar mass 200 000−350 000 g mol−1) and poly(4-
styrenesulfonic acid, sodium salt) (PSS; molar mass 70 000 g
mol−1) were purchased from Sigma-Aldrich. Heparin (pharmacy,
5000 medical units) was bought from the pharmacy and was
preliminarily concentrated. Sodium chloride (NaCl; purity ≥99.99%)
and potassium bromide (KBr) were purchased from Merck.
Cobalt(II) chloride (CoCl2) was from LenReactiv. All salt solutions
were prepared using Milli-Q (18.2 MΩ·cm). Holographic film (1000
grooves/mm) was from Edmund Optics.

Instruments. Infrared Spectroscopy (IR). IR spectra were
performed using an FTIR spectrometer (FSM 1201, Infraspek,
Russia). Spectra were recorded in a range of 500−4000 cm−1 at a scan
rate of 50 cm−1/min. A Memmert UF30 Plus oven was used.

UV−Vis Spectrophotometry. UV−vis spectrophotometry was used
to characterize the optical properties of the PE films. Measurements
were carried out using a two-beam scanning spectrophotometer with
high-resolution (Spectrophotometer UV-1800, Shimadzu, Japan).
UV−vis spectra were recorded in the range of 200−800 cm−1 at an
average scan rate.

Atomic Force Microscopy (AFM). The surface topology of
holographic PE films was measured using an atomic force microscope
(Ntegra Prima, NT-MDT, Russia). A 20 × 20 μm, 10 × 10 μm, and 5
× 5 μm area was scanned to obtain sufficient patterns for reliable
statistics. The measurements were conducted at room temperature
(298 K) with a Ti/Pt coated tip.

Scanning Electron Microscopy (SEM). A Tescan Vega 3 scanning
electron microscope with a classical tungsten thermocathode and XM
object chamber (sample height of 145 mm and at 3−5 kV) was used
to image the surface of PE complex films.

Green Laser. A 50 mW green laser pointer with a 532 nm
wavelength was used to perform the laser diffraction test. The test was
done in a dark room to better visualize the laser beam diffraction by

Table 4. Calculated Values of ΔE, ΔH, and ΔG (in kcal/
mol)

transformation ΔE ΔH ΔG
PDADMAC + heparin → heparin
···PDADMAC

−59.3 −57.9 −43.7

H2O + heparin···PDADMAC → heparin
···PDADMAC···H2O

−42.6 −41.2 −28.0

[Co(H2O)6]
2+ + heparin···PDADMAC→

heparin···PDADMAC···[Co(H2O)6]
2+

−120.8 −120.4 −103.4

Figure 4. Proposed mechanism of PDADMAC/heparin/CoCl2 film
swelling during humidity measurements: from the dried film with salt
crystals (a) to reptation model for the PE complex melt (b), blob
formation at high humidity (c), and legend for schematics (d).
Representation of optimized geometries for model structures formed
of PDADMAC/heparin/Co(H2O)6

2+ (e) and PDADMAC/heparin
with a water molecule (f). UV−vis spectra for the PDADMAC/
heparin/CoCl2 film at several humidity levels (g) and calibration
curve for the peak area dependence on humidity (h). The optical
image of PDADMAC/heparin/CoCl2 film color transition depends
on humidity (i).
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the holographic film. For this purpose, a holographic film with a
thickness of 0.5 mm was produced. Both the green laser and
holographic films were fixed at the same level, and the holographic
plane of the material was situated perpendicularly to the direction of
the laser beam. The rays outgoing from the film were depicted in the
black sector, and the distance between the film and the picture was 5
cm. To observe hygroscopic properties of the holographic monolith, it
was placed in a medium with several humidities, and photographs of
the screen were taken at 10 s of treatment. Finally, the holographic
film was dried in an oven and put in the installation again.
Free-Standing Film Holographic Architecture Fabrication.

Polyelectrolyte free-standing films were prepared via PE complex
formation by the simultaneous mixing of aqueous solutions of
polycation and polyanion. The gel was placed between two glass slides
and dried in this position overnight at ambient temperature. One of
two glass slides was covered by the holographic template to form a
holographic pattern.
Humidity Measurements. The laser diffraction test was performed

in a dark room to ensure maximum visibility of the diffraction of the
laser beam by a holographic monolith. The green laser was fixed at the
same level as the holographic sample that was located perpendicular
to the direction of laser radiation. The diffracted rays emanating from
the monolith fell on a black screen. The distance between the sample
and the screen was 5 cm. The holographic film was placed in an
environment with 90% humidity to consider the hygroscopic
properties of the monolith. Finally, the humidity was changed to
the initial level, and the relaxation strain of the sample was observed.
UV−vis humidity was measured by calculating the dependence of
peak area and color from film susceptibility to moisture. The film was
kept at an equal distance above heated water for 10, 30, and 60 s from
30 to 60°. After that, UV−vis spectra were obtained, and peak areas
were calculated.
Computational Details. The full geometry optimization of all

model structures was carried out at the DFT level of theory using the
M06-2X functional (54% of Hartree−Fock exchange, recommended
for the study of main group thermochemistry)44 with the help of the
Gaussian 09 program package.45 Calculations were performed using
the fully relativistic energy-consistent Stuttgart/Cologne pseudopo-
tentials MDF10 that described ten core electrons and the appropriate
contracted basis sets for the cobalt atoms46 and the standard 6-31G*
basis sets for all other atoms. No symmetry restrictions were applied
during the geometry optimization procedure. The Hessian matrices
were calculated analytically for all optimized model structures to
prove the location of correct minima on the potential energy surface
(no imaginary frequencies in all cases, except heparin/PDADMAC···
[Co(H2O)6]

2+) and to estimate the thermodynamic parameters, the
latter being calculated at 25 °C. The Cartesian atomic coordinates for
all optimized equilibrium model structures are presented in the
Supporting Information, Table S6.
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ABSTRACT: In this paper, we describe an electrochemical sensing platform
ElectroSensfor the detection of Zn based on self-assembled polyelectrolyte
multilayers on the carbon fiber (CF) electrode surface. The CF-extended surface
facilitates the usage of a small volume electrochemical cell (1 mL) without stirring.
This approach allows making a low-cost three-electrode platform. Working electrode
modification with layer-by-layer assembly of polyethyleneimine (PEI), poly(sodium 4-
styrenesulfonate) (PSS), and mercury nitrate layers eliminates solution toxicity and
provides stable stripping voltammetry measurements. The stable, robust, sustainable,
and even reusable Ag/AgCl reference electrode consists of adsorbed 32 PEI-KCl/PSS-
KCl bilayers on the CF/silver paste separated from the outer solution by a polyvinyl
chloride membrane. The polyelectrolyte-based sensor interface prevents adsorption of
protein molecules from biological liquids on the CF surface that leads to a sensitivity
increase of up to 2.2 μA/M for Zn2+ detection and provides a low limit of detection of
4.6 × 10−8 M. The linear range for Zn detection is 1 × 10−7 to 1 × 10−5 M. A portable
potentiostat connected via wireless to a smartphone with an android-based software is also provided. The ElectroSens demonstrates
reproducibility and repeatability of data for the detection of Zn in blood and urine without the digestion step.

■ INTRODUCTION

Deficiency of vitamins and minerals (trace elements) is a severe
global health problem, partly because of logistical difficulties in
assessing the state of trace elements in a population.1 Zinc is an
essential trace element (micronutrient) which plays an essential
role in human physiology. Inorganic cofactors in biological
systems, more precisely Zn(II) metal ions, are the most
widespread in mechanisms of diverse functions of proteins
and their complexes.2 The pathological effects of zinc deficiency
include the occurrence of skin lesions, growth retardation,
impaired immune function, and impaired healing. In epidemio-
logical situations, a quick assessment of the state of the human
immune system is required. Determining the zinc content is
more easy to carry out than an immune analysis because the cost
of such a rapid test is lower. Such a rapid test will allow an
assessment of the immune status in those cases when it is
impossible to provide the population with the necessary test
systems, for example, as in the case of COVID-19.3

Stripping voltammetry (SV) analysis is a powerful and
straightforward tool for continuous monitoring of trace target
metal species.4−6 The determination of zinc in biological
samples is usually carried out by the method of anodic SV
(ASV). As working electrodes (WEs), carbon,7 copper,8,9

bismuth,10 and glassy carbon modified with mercury salts are
used. Despite the advantages of precipitating heavy metals in the

mercury amalgam, this method is rarely used because of the
toxicity of mercury.11 Electrodes are modified with mercury salts
using polyelectrolytes (PEs) soluble in organic solvents, which
not only lead to the high saturation of PEs with mercury ions but
also lead to toxic waste, which does not comply with the
principles of “green chemistry” and does not allow scaling such
processes. Water-soluble PE assemblies12−14 also have the
ability to be saturated with oppositely charged ions15 and are
also able to hold them despite thermodynamic equilibrium. The
use of water-soluble PEs as a method for immobilizing mercury
salts on the surface of a WE will allow scaling the process of
electrodemodification.16 Pulsed electroanalytical methods, such
as differential-pulse ASV11 and square-wave ASV (SWASV),5,17

are used for reducing the noise-to-signal ratio and increasing the
resolution of the anodic peaks.
For zinc detection by the method of ASV in biological fluids,

various methods of sample preparation and signal acquisition are
used. Deproteinization of samples by sodium ethylenediamine-
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tetraacetate (EDTA) was proposed by Zakharchuk et al.18 Such
a method has the advantage of eliminating the matrix effect of
biological molecules and breaking up zinc from complexes. The
Metexchange solution (ESA Inc.), which is a mixture made up of
chromium chloride (1.07 wt %), calcium acetate (1.43 wt %),
and mercuric ions, was used for Zn detection by stripping it on
the Bi electrode.19 Screen-printed modified electrodes without
sample preparation for the Zn SV detection in sweat20 are
demonstrated.
Carbon fiber (CF)21,22 is an outstanding class of carbon

materials, with carbon atoms bonded together into crystals that
are aligned parallel to the long axis of the fiber. Aligning the
crystals gives the fiber a high strength to volume ratio. Fibrous
materials are widely used in the field of electrochemistry and
composite materials because of their carrier mobility, electrical
conductivity, environmental stability, excellent mechanical
properties, low weight, and high-temperature resistance, as
well as the possibility of production at low cost. Conductive fiber
fabrics provide an excellent class of substrates for the
development of wearable sensors,23,24 as they will be in constant
contact with the skin.25,26

We propose an electroanalytical platformElectroSens
(Figure 1)for zinc detection based on a CF electrode
modified with water-soluble PEs [polyethyleneimine (PEI)
and poly(sodium 4-styrenesulfonate) (PSS)] and mercury
nitrate, as well as a cheap and stable Ag/AgCl reference

electrode (RE) based on the CF and the adsorbed layers of PEs.
Such a platform is prospective for a wide range of analyses
(Figure S1); however, the biggest issues are robustness and
sustainability as well as assay cost. Here, we solve all the issues.

■ RESULTS AND DISCUSSION
The electroanalytical system for SWASV Zn detection
comprises a three CF electrode-based system, sample pretreat-
ment kit, a potentiostat (Figure 1a), software for the smartphone
(Figure 1b), and a cloud database (Figure 1c). The potentiostat
sends the data to the smartphone by Bluetooth for data
processing, and then data are collected in the MongoDB cloud
database.
The electrochemical sensing platform is a three-electrode

system connected to a minipotentiostat (Figure 2a,b) and a kit

for pretreatment. For the steady heavy metal deposition on the
WE, mercury salts were used for the electrode modification.27 At
the deposition stage, mercury ions reduce to the metallic
mercury and other heavy metal deposits form a solution in the
amalgam. Because of the toxicity of mercury, the bismuth and
copper WEs are used in modern sensors for heavy metal
detection. Nevertheless, mercury-modified electrodes have
advantages over these two metals. For example, copper and
bismuth have a smaller working voltage window than mercury.
Electroconductive polymers were used for electrode modifica-
tion by mercury salts. A disadvantage of such a method is using
organic solvents for the modifier preparation. We propose to use
the water-soluble PEs for the electrode modification with
mercury salts.28 Modification with PE multilayers (Figure 2e)

Figure 1. Electrochemical platform for the Zn detection in blood and
urine consists of an electrochemical sensing platform (a three CF
electrode-based system, sample pretreatment kit, and a potentiostat)
(a), software for the smartphone (b), and data storage cloud system (c)
(see also Supporting Information for self-written software and video
example of its application during analysis).

Figure 2. Electrochemical platform setup: an insulated CF WE, an RE,
and a CE (a), connected to the minipotentiostat (b). Scheme of theWE
(c) and RE (d) modification using LbL assembly of PEs.
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for the mercury immobilization (Figure 2c) is applied for the
WE. The CF surface has the ability to adsorb PEI and PSS
because of the specific chemical or Van derWaals interactions.29

Mercury is able to form amino complexes with organic
molecules. PEI was used as a complexing agent. PEI exhibits a
high degree of surface affinity. As a counterion, a strong PSS PE
was used. This allows the formation of a well-studied PEI/PSS
complex.30 The PEI/PSS complex facilitates the diffusion of
heavy metal ions but at the same time prevents the protein
surface from blocking the electrode surface, which causes the
damping of the analytical signal.31,32 The layer-by-layer (LbL)
assembly method for the deposition of PEs is widely used in the
fabrication of biosensors because of its ability to selectively hold
and pass various ions through multilayers.33 PE multilayers also
have the potential to be used for the stable RE construction
(Figure 2d). For reference electrode construction, PEI/PSS
multilayers were placed between the CF/Ag paste/AgCl
interface and the PVC membrane (Figure 2d). Potassium
chloride addition into the PE layers leads to a pseudointernal
solution.16 PEI,34 as a positively charged PE, prevents diffusion
of potassium ions from the inner solution to outer media. This
pseudointernal electrode solution coupled with the CF/Ag
paste/AgCl interface forms an ion-to-electron transfer system.
This approach enables us to produce a low-cost miniaturized
RE.
For the simulation of 3 M KCl internal solution in the RE, we

vary the concentrations of KCl in the PE containing deposition
solutions (Figure 3a) and a number of (PEI/PSS) bilayers
(Figure 3b). The number of PEI/PSS bilayers varies from 4 to
32. The concentration of KCl in the PE deposition solutions
varies from 0.1 to 1 M (Figure 3a). The electrode modified with
eight bilayers of PEI/PSS in 1 M KCl solution demonstrates
stable electrode potential values. We use this RE modification:
CF/Ag paste/AgCl/(PEI/PSS)8, 1 M KCl, for the electro-
analytical measurements. Stability measurements during storage
require 7 days of conditioning time and demonstrate stable
electrode potential values (vs the commercial Ag/AgCl RE) for
the proposed miniaturized RE. A 3 M KCl solution was used for
storageand conditioning of the RE.
Modification of the working CF electrode by PEs andmercury

salt provides a thin layer of amalgam. Water-soluble PEs, which
are used for the electrode modification, have the ability to form a
complex with mercury ions. PEI was used for removing mercury
from wastewaters by mercury(II) complexation with PEI amino
groups.35 Interaction of PSS with Hg2+ is caused by a strong
polyanion−cation complexation.36 We consider two options for
LBL deposition of PEs with mercury salt. The first case is the
mutual deposition of PEs and mercury nitrate: (PEI(Hg-
(NO3)2)/PSS(Hg(NO3)2))n. The second option is the separate
deposition of each layer: (PEI/Hg2+/PSS/Hg2+)n.
We evaluate both of these cases by scanning electron

microscopy (SEM) (Figure 4) and quartz-crystal microbalance
(QCM)methods (Figure 5). Figure 4a,b shows the SEM images
of the bare CF surface. A commercially produced CF has an
average diameter of CF equal to 5 μm. We can observe the
changes at the modified CF surface that are formed by LBL
deposition with one PEI/PSS bilayer (Figure 4c,d). The CF
surface after LBL deposition is fully covered by PEs. The
SWASV Zn detection has no influence on the CF-modified
surface (Figure 4e,f).
This was confirmed using themapped energy-dispersive X-ray

(EDX) elemental spectra (Figure 4g,k). The presence of
nitrogen before measurements (Figure 4h) demonstrates the

adsorption of PEI on the CF surface as well as the presence of
sulfur proves strong adsorption of PSS (Figure 4i). The mapped
EDX spectrum of mercury shows uniform codeposition of the
mercury nitrate together with PEs (Figure 4j).
The CF surface after LBL deposition isfully covered by PEs,

which was confirmed using the mapped EDX elemental spectra
(Figure 4g,k). The presence of nitrogen before measurements
(Figure 4h) demonstrates the adsorption of PEI on the CF
surface as well as the presence of sulfur proves strong adsorption
of PSS (Figure 4i).
The mapped EDX spectrum of mercury shows uniform

codeposition of mercury nitrate together with PEs (Figure 4j).
Post-SWASV Zn detection using the mapped EDX spectrum
demonstrates that signals from sulfur (Figure 4m) and mercury
(Figure 4n) remain the same. In Figure 4l, we can observe a
decrease in the nitrogen signal caused by its complexation with
metallic mercury. Full coverage of the CF by PEs and the
uniformmercury distribution prove the formation of a thick film
on the CF surface. Such a modificationfacilitates the surface
deposition for heavy metal SWASV determination. PE
adsorption, together with mercury salt, was proved by QCM
measurements. Except for the first and third harmonics, which
had high noise levels, the higher harmonics overlapping with
each other involve normalized changes in the frequency for the

Figure 3. RE signal vs the commercial Ag/AgCl RE for the different PE
layers deposited in 0.1, 0.5, and 1 M KCl (a). RE signal recorded vs the
commercial Ag/AgCl electrode during storage in 3 M KCl (b).
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fifth harmonic versus time. The normalization was obtained by
dividing the change in frequency by its harmonic number. Figure
5a shows the deposition of PEI and PSS, together with mercury
nitrate. Serial deposition of PEs with different mercury nitrate
concentrations is shown in Figure 5a.
The deposition of the two bilayers of PEs with 1.6 mg/mL of

mercury(II) (Figure 5a) leads to a shift of about 200 MHz.
Lower frequency changes are observed for the deposition of two
bilayers with 6 to 12 mg/mL mercury(II) solution (Figure 5a).
An unstable behavior of the adsorbed layers with 1.6 to 12 mg/
mLHg2+ explains PE complexation with others and breaks away
from the surface. This PE complexation depends on the salt
concentration in the adsorbed PE layers.37,38

In spite of a lower frequency shift (about 100 MHz), PE layer
adsorption with 6mg/mLHg2+ exhibits a stable frequency signal
and a plateau after second bilayer deposition, which is evidence
of full surface coverage. The scheme of separate PE layers and
mercury deposition controlled by QCM is shown in Figure 5b.
Separate deposition leads to the frequency signal stabilization
caused by the absence of interaction of mercury ions with PEs in
the solution before deposition. Two bilayers ((PEI/Hg2+/PSS/
Hg2+)2) reach the same frequency value as for the PE layers
deposited together with mercury salt. We observe no significant
changes in the scheme of deposition, excluding unnecessary
additional LBL steps. Strong PE complexation with mercury is
proved and shown in Figure 5c,d. For this purpose, we wash the
twotypes of adsorbed layers subsequently with zinc nitrate and

deionized (DI) water. The layers deposited with1.6 to 12 mg/
mL demonstrate an unstable behavior and the removal of the
adsorbed layers caused a change in the total ionic strength of the
adsorbed PE layers.38,39 The stable behavior of the PE layers
deposited with 6 mg/mL Hg2+ explains the charge compensa-
tion between the surface, PEs, and mercury(II).40 For the
SWASV Zn detection, deposition of the two PE bilayer with 6
mg/mL Hg2+ is appropriate.
Electrochemical behavior of different deposited PEs−Hg2+

bilayers on the GF electrode investigated by SWASV in the
acetate buffer solution (pH 3.6) is shown in Figure S3.
Conditions for SWASV pretreatment are 60 s of cleaning at
−1.4 V and 60 s of deposition at −1.5 V. Anodic square-wave
sweep is from−1.5 to 0.6 V with a 50 mV amplitude and a 50Hz
frequency. The frequency value and amplitude correspond to
those reported in previous works.10,17 A reduction in capacitive
currents caused by the oxidation of impurities in real blood and
urine samples was observed under the proposed square-wave
sweep conditions. We observe the mercury anodic dissolution
peak at about 0.4 V for both types of PEs−Hg2+ bilayers. The
Hg2+ peak current value for the CF/(PEI/Hg2+/PSS/Hg2+)2 is
equal to 257 μA. For the CF/(PEI(Hg2+)/PSS(Hg2+))2, this
peak magnitude is equal to 453 μA. Zn addition to the
background solution till 1 × 10−5 M concentration leads to the
appearance of a Zn anodic peak at −1.0 V. We observe slightly
decreasing mercury peak current at 0.4 V in the case of CF/
(PEI/Hg2+/PSS/Hg2+)2 deposition after Zn addition. Greater
peak current of mercury for the CF/(PEI(Hg2+)/PSS(Hg2+))2
modification than for CF/(PEI(Hg2+)/PSS(Hg2+))2 LBL
adsorption indicates the amount of immobilized mercury in
the PE layers. For the SWASV Zn detection, the CF/
(PEI(Hg2+)/PSS(Hg2+))2 is a convenient method because of
the high amount of immobilized mercury and absence of
mercury removal from the PE layers. The CF is a micrometer-
sized electrode, and therefore, the semispherical diffusion
mechanism is realized in the electrochemical cell. Because of
this fact, we realize the electroanalysis of Zn without stirring.
The primary parameter for SWASV Zn analysis is the

deposition time for the electrochemical pretreatment. We set
all SWASV parameters described above, excluding potential
sweep. Potential sweep is from −1.5 to 0.0 V for the regular
mercury film surface on the CF electrode. Deposition time varies
from 30 to 300 s (Figure 6a). The Zn concentration in the
electrochemical cell is 1 × 10−5 M. The plateau of the Zn peak
area (inset Figure 6a) appears at 240 s.
Nevertheless, we observe the plateau at 60 s (inset Figure 6a).

For obtaining the calibration curve, we set the deposition time to
be 60 s. In Figure 6b, SWAS voltammograms for the Zn
concentration range from 1 × 10−7 to 5 × 10−4 M are presented.
The calibration curve is shown in the inset of Figure 6b.
The linear range for the proposed sensor is equal to 1 × 10−7

to 1 × 10−5 M (R2 = 0.9986). Sensitivity is found to be 2.2± 0.3
μA/M. The limit of detection is 4.6 × 10−8 M. The detection
limit is estimated by adding three times the standard deviation of
the blank signal to its mean value. The concentration of zinc in
the blood and urine samples depends on a large number of
parameters: age, gender, diet, health status, and so forth. The
zinc content in the urine sample can reach 10 μM41 and in the
blood sample 1 μM.42 We used the modified pretreatment
technique reported by Zakharchuk et al.18 for blood and urine
samples. This method does not include sample digestion. Zn2+

extraction is achieved by the addition of 40 μL of 0.1MEDTA to
100 μL of blood or urine and mixing for 1 h at room temperature

Figure 4. SEM images of the CF electrode (a,b), PEs−Hg2+-modified
CF electrode (c,d), and modified CF after electrochemical measure-
ments (e,f). Mapped EDX spectra of the PEs−Hg2+-modified CF
electrode after modification (g) and separate mapped EDX spectra of
nitrogen (h), sulfur (i), and mercury (j). EDX spectra obtained after
electrochemical measurements of the modified CF electrode (k) and
mixed EDX spectra of nitrogen (l), sulfur (m), and mercury (n).
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(Figure 7). Then, 40 μL of 1 M NaCl and 20 μL 1 M HCl are
added to the mixture. The obtained mixture is left for 30 min at
room temperature. For the SWASV measurements, 800 μL of
acetate buffer solution is added. The deposition time for the
samples of blood and urine is increased up to 90 s. Figure 7
depicts the pretreatment process and SWAS voltammograms for
the detection of Zn2+ in blood and urine samples. The standard
addition of Zn2+ realizes the Zn2+ evaluation in blood and urine.
The reference Zn assay in blood and urine is carried out by
inductively coupled plasma−mass spectrometry (ICP MS)
heavy metal analysis. Each sample was measured three times.
Based on the data obtained, the standard deviation was
estimated. The comparison results are shown in Table 1.
The standard deviations of the results obtained by the

proposed method are in good agreement with the standard
deviations of the results obtained by the ICP MS method. The
estimated results presented in Table 1 demonstrate the
possibility of accurate detection of Zn2+ in blood and urine
without the digestion step. This together with the proposed
minipotentiostat and software is advantageous for the point-of-
care analysis.

■ CONCLUSIONS

To summarize, the goal of this study was to describe an easy-to-
produce electrochemical platform that can be integrated into the
point-of-care analysis. The three-electrode cell consisting of a
modified WE with (PEI(Hg2+)/PSS(Hg2+))2 layers and a
reference CF/Ag paste/AgCl/(PEI(KCl)/PSS(KCl))8 elec-
trode allows to determine the zinc(II) concentration in blood
and urine samples. We propose together with a minipotentiostat
and a software program an electroanalytical system for
continuous monitoring of a wide range of analytes. LbL

assembly was efficiently used for the application. Finally, the
bioassay could becarried out using undiluted human blood and
urine with no digestion or a long-time pretreatment process.

■ EXPERIMENTAL SECTION

Chemicals and Materials. CFs with 450 g/m2 of area
density were produced by M-Carbo (Minsk, Belarus). PEI (MW
∼ 750 000, 50% (w/v) solution), poly(sodium 4-styrenesulfo-
nate) (PSS,MW ∼ 1 000 000), sodium chloride, and zinc nitrate
hexahydrate were purchased from Sigma-Aldrich (USA). 2-
Nitrophnyl octyl ether (o-NPOE) and high-molecular-weight
poly(vinyl chloride) (PVC) were purchased from Sigma-
Aldrich. Hydrochloric acid (HCl) and potassium chloride
(KCl) were obtained from Fluka. Tetrahydrofuran solution
(THF, 45% in H2O) was provided by Sigma-Aldrich. Silver
conductive glue (Kontakt, Keller) and nail polish were
purchased from local stores. HCl and KCl solutions were
prepared using DI water. Acetic acid, hydrochloric acid, and
sodium acetate were acquired from LenReactiv (Russia).
Mercury nitrate monohydrate was purchased from Kubancvet-
met (Russia). Sodium ethylenediaminetetraacetate (EDTA)
was purchased from Helicon (Russia). All solutions were
prepared using DI water (>18.0 MΩ cm, Milli-Q gradient
system, Millipore, Burlington, MA).

Scanning Electron Microscopy. The morphology of the
CF electrodes was studied using a scanning electron microscope
(Tescan Vega-3, Czech Republic).

QCM Measurements. Gold sensors (5 MHz, Au-coated)
were purchased from Shenzhen RenLux Crystal Co., Ltd.
(China). Sensors were cleaned with Piranha solution before
each measurement. QCM measurements were carried out on a
Gamry Potentiostat (Gamry Instruments, USA) using flow

Figure 5. Results of QCMmeasurements for the adsorbed PE layers by two schemes: (PEI(Hg(NO3)2)/PSS(Hg(NO3)2))2 (a) and (PEI/Hg
2+/PSS/

Hg2+)2 (b). Mercury erosion from PE layers carried out using zinc nitrate and DI water for the (PEI(Hg(NO3)2)/PSS(Hg(NO3)2))2 (c) and (PEI/
Hg2+/PSS/Hg2+)2 (d) layers.
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modules. PE solutions were flowed into the modules at 10 rpm
using a Heildolph 5101 peristaltic pump. For QCM experi-
ments, PE solutions were prepared at a concentration of 2 mg/
mL. LbL assembly was tracked for three different Hg(NO3)2
concentrations: 1.6, 6, and 12 mg/mL. PEs were alternately
deposited on the gold sensor. Between the adsorption steps (5
min), the sensor was rinsed with deionized water (2 min). In
other experiments, PEs were deposited with aqueous solutions
(2mg/mL). Between the adsorption steps, the sensor was rinsed
with Hg(NO3)2 (2 min). Swelling experiments on Zn(NO3)2
were carried out using the following procedure: salt solution (0.1
M inH2O/acetate buffer 90:10) was flown for 1min through the
modules, after rinsing with deionized water.
Overall Potentiostat Scheme. The overall system was

based on the ARM Cortex-M4 74 MHz CPU microcontroller
with an analog part, which includes an ultralow bias current
DiFET operational amplifier, a gain selectable amplifier, an
analog switch, a precision operational amplifier, a programmable
gain instrumentation amplifier, and an ultralow offset voltage
operational amplifier (Figure S2). The sensor data are processed
byusing the chip built into the potentiostat circuit, Bluetooth
was chosen for wireless communication of the sensor with the
user’s smartphone because bluetooth low energy (BLE) has low
power consumption and is implemented in all modern devices as
a standard communication mode. In this way, our device is
compatible with all smartphones without any specialized
hardware.

Potentiostat Software Design. The application (https://
d r i v e . g oog l e . com/fi l e /d/1_zEo j yo0MhxX jmrLe_
ofLQTb9uyC60Py/view) is written in Java for Android mobile
OS. Standard librariesBluetooth and BluetoothSocket for
working with BLE−were used in development. Third-party
libraries: Retrofitfor client−server interaction and Gson were
used for data conversion. The SQLite database is used to store
the test results on the device. Details are provided in Supporting
Information.
CF-based electrode preparation, composition, and connec-

tion are highlighted in Figure 2.
Ag/AgCl RE Construction. CF was cut into 80 mm length

pieces, which were covered with nail polish, leaving 15 mm
uncovered at both ends. Then, the applied coat of nail polish was
dried according to the instruction. Following this step, one of the
ends was coated with silver conductive glue and left to dry in air
for 30 min.
After that, the end, coated with silver, was immersed into 1 M

HCl and rinsed with deionized water. Thus, AgCl-coated CF
was obtained. The working area of the electrode in the following

Figure 6. SWASV Zn deposition time dependence for the CF/
(PEI(Hg2+)/PSS(Hg2+))2 electrode (a) and SWAS voltammograms
(b) and calibration curve (inset b). Figure 7. Scheme of electroanalysis of Zn2+ in blood and urine with the

proposed sensing platform.

Table 1. Calculation Results for the Zn2+ Detection in the
Real Samples

sample ICP−MS (ppm) (n = 3, p = 0.95) SWASV (ppm) (n = 3, p = 0.95)

urine 0.6 ± 0.1 0.5 ± 0.2
blood 6.4 ± 2.1 5.9 ± 2.9
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was modified using the LbL assembly. It was plunged
sequentially for 30 s into the PEI solution at first and then
into the PSS solution. The tight end was rinsed between dips
with deionized water. Finally, 64 layers (32 layers of PEI and 32
layers of PSS) were assembled. The free end of the CF was
attached to a paper clip. The precursor of the membrane was
prepared by dissolving 0.5 g of the membrane components (335
mg of o-NPOE and 165 mg of PVC) in 1 mL of THF. The
mixture was stirred for 20 min before using it. The prepared
mixture can be stored at 4 ± 2 °C. The part of the fiber, coated
with polymers, was dipped into the membrane mixture four
times with 2min breaks for drying. Then, the electrode was hung
vertically for membrane setting for 40−90 min at room
temperature.
WE Modification. CF was partially insulated with nail

polish. One of the uninsulated parts was covered with PE-
assembled multilayers and mercury salt. The LbL technique was
used for the CF electrode modification. The LbL assembly of
PEI and PSS layers was carried out using the aqueous solutions
with a concentration of 2 mg/mL. Each PE was deposited for 5
min, and then the CF electrode was washed for 1 min with DI
water. Concentration of the Hg2+ deposition solution was varied
from 1.6 to 12 mg/mL. Between each layer deposition, the
electrode was rinsed with DI water (Figure S3).
Electrochemical Assay. The SWASV technique was used

for zinc detection. For this purpose, the three-electrode system
consisting of a working CF-modified electrode, a reference CF-
based Ag/AgCl electrode, and a CF counter electrode (CE) was
used. An electrochemical cell volume of 1 mL was used. The
acetate buffer (pH 3.6) was set as the background solution. All
electroanalytical measurements were repeated at least three
times for the statistical evaluation of the results.
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(35) Uludag, Y.; Özbelge, H. Ö.; Yilmaz, L. Removal of mercury from
aqueous solutions via polymer-enhanced ultrafiltration. J. Membr. Sci.
1997, 129, 93−99.
(36) Yasri, N. G.; Sundramoorthy, A. K.; Chang, W.-J.; Gunasekaran,
S. Highly Selective Mercury Detection at Partially Oxidized Graphene/
Poly(3,4-Ethylenedioxythiophene): Poly(Styrene-sulfonate) Nano-
composite Film-Modified Electrode. Front. Mater. 2014, 1, 33.
(37) Bago Rodriguez, A. M.; Binks, B. P.; Sekine, T. Emulsions
Stabilized with Polyelectrolyte Complexes Prepared from aMixture of a
Weak and a Strong Polyelectrolyte. Langmuir 2019, 35, 6693−6707.
(38) Nikolaev, K. G.; Ulasevich, S. A.; Luneva, O.; Orlova, O. Y.;
Vasileva, D.; Vasilev, S.; Novikov, A. S.; Skorb, E. V. Humidity-Driven
Transparent Holographic Free-Standing Polyelectrolyte Films. ACS
Appl. Polym. Mater. 2020, 2, 105−112.
(39) Yang, M.; Shi, J.; Schlenoff, J. B. Control of Dynamics in
Polyelectrolyte Complexes by Temperature and Salt. Macromolecules
2019, 52, 1930−1941.
(40) Wang, Q.; Schlenoff, J. B. The Polyelectrolyte Complex/
Coacervate Continuum. Macromol 2014, 47, 3108−3116.
(41) Tinkov, A. A.; Skalnaya, M. G.; Ajsuvakova, O. P.; Serebryansky,
E. P.; Chao, J. C. J.; Aschner, M.; Skalny, A. V. Selenium, Zinc,
Chromium, and Vanadium Levels in Serum, Hair, and Urine Samples of
Obese Adults Assessed by Inductively Coupled Plasma Mass
Spectrometry. Biol. Trace Elem. Res. 2020, DOI: 10.1007/s12011-
020-02177-w.
(42) Crac̆iun, E. C.; Bjørklund, G.; Tinkov, A. A.; Urbina, M. A.;
Skalny, A. V.; Rad, F.; Dronca, E. Evaluation of whole blood zinc and
copper levels in children with autism spectrum disorder. Metab. Brain
Dis. 2016, 31, 887−890.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c02279
ACS Omega 2020, 5, 18987−18994

18994

https://dx.doi.org/10.2174/1385272819666150318221914
https://dx.doi.org/10.2174/1385272819666150318221914
https://dx.doi.org/10.1098/rsif.2018.0626
https://dx.doi.org/10.1098/rsif.2018.0626
https://dx.doi.org/10.1039/c7cp02618h
https://dx.doi.org/10.1039/c7cp02618h
https://dx.doi.org/10.1039/c7cp02618h
https://dx.doi.org/10.1007/s10971-018-4728-5
https://dx.doi.org/10.1007/s10971-018-4728-5
https://dx.doi.org/10.1007/s10971-018-4728-5
https://dx.doi.org/10.1021/acsomega.9b01464
https://dx.doi.org/10.1021/acsomega.9b01464
https://dx.doi.org/10.2478/s11532-010-0091-2
https://dx.doi.org/10.2478/s11532-010-0091-2
https://dx.doi.org/10.2478/s11532-010-0091-2
https://dx.doi.org/10.1016/j.talanta.2008.01.043
https://dx.doi.org/10.1016/j.talanta.2008.01.043
https://dx.doi.org/10.1016/j.talanta.2008.01.043
https://dx.doi.org/10.1021/acssensors.8b01504
https://dx.doi.org/10.1021/acssensors.8b01504
https://dx.doi.org/10.1021/acssensors.8b01504
https://dx.doi.org/10.1021/acssensors.9b01583
https://dx.doi.org/10.1021/acssensors.9b01583
https://dx.doi.org/10.1021/acssensors.8b00528
https://dx.doi.org/10.1021/acssensors.8b00528
https://dx.doi.org/10.1021/acssensors.8b00528
https://dx.doi.org/10.1021/acssensors.9b01509
https://dx.doi.org/10.1021/acssensors.9b01509
https://dx.doi.org/10.1021/acssensors.9b01509
https://dx.doi.org/10.1021/acssensors.6b00021
https://dx.doi.org/10.1021/acssensors.6b00021
https://dx.doi.org/10.1021/acssensors.6b00021
https://dx.doi.org/10.1021/acssensors.9b01474
https://dx.doi.org/10.1021/acssensors.9b01474
https://dx.doi.org/10.1007/s002160051339
https://dx.doi.org/10.1021/ma400348v
https://dx.doi.org/10.1021/ma400348v
https://dx.doi.org/10.1021/ma400348v
https://dx.doi.org/10.1021/acs.jpcb.7b11398
https://dx.doi.org/10.1021/acs.jpcb.7b11398
https://dx.doi.org/10.1021/acs.jpcb.7b11398
https://dx.doi.org/10.3762/bjnano.11.41
https://dx.doi.org/10.3762/bjnano.11.41
https://dx.doi.org/10.3762/bjnano.11.41
https://dx.doi.org/10.1021/la060088f
https://dx.doi.org/10.1021/la060088f
https://dx.doi.org/10.1016/j.addr.2011.03.010
https://dx.doi.org/10.1016/j.addr.2011.03.010
https://dx.doi.org/10.1007/s00216-020-02428-8
https://dx.doi.org/10.1007/s00216-020-02428-8
https://dx.doi.org/10.1021/acs.macromol.5b01065
https://dx.doi.org/10.1021/acs.macromol.5b01065
https://dx.doi.org/10.1016/s0376-7388(96)00342-0
https://dx.doi.org/10.1016/s0376-7388(96)00342-0
https://dx.doi.org/10.3389/fmats.2014.00033
https://dx.doi.org/10.3389/fmats.2014.00033
https://dx.doi.org/10.3389/fmats.2014.00033
https://dx.doi.org/10.1021/acs.langmuir.9b00897
https://dx.doi.org/10.1021/acs.langmuir.9b00897
https://dx.doi.org/10.1021/acs.langmuir.9b00897
https://dx.doi.org/10.1021/acsapm.9b01151
https://dx.doi.org/10.1021/acsapm.9b01151
https://dx.doi.org/10.1021/acs.macromol.8b02577
https://dx.doi.org/10.1021/acs.macromol.8b02577
https://dx.doi.org/10.1021/ma500500q
https://dx.doi.org/10.1021/ma500500q
https://dx.doi.org/10.1007/s12011-020-02177-w
https://dx.doi.org/10.1007/s12011-020-02177-w
https://dx.doi.org/10.1007/s12011-020-02177-w
https://dx.doi.org/10.1007/s12011-020-02177-w
https://dx.doi.org/10.1007/s12011-020-02177-w?ref=pdf
https://dx.doi.org/10.1007/s12011-020-02177-w?ref=pdf
https://dx.doi.org/10.1007/s11011-016-9823-0
https://dx.doi.org/10.1007/s11011-016-9823-0
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02279?ref=pdf


Storage of Information Using Periodic Precipitation
Anastasia Nenashkina, Semyon Koltsov, Ekaterina Zaytseva, Anastasia Brunova, Igor Pantiukhin,
and Ekaterina V. Skorb*

Cite This: ACS Omega 2020, 5, 7809−7814 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In the present work, transparent flexible thin polymer films with silver
patterns have been created. The resulting structures made by the printing method
represent a new alternative approach for recording, protecting, and transmitting
information as well as for nonlinear gradient material formation. An alphabet for
process automatization was created, and an automated system for recording and
reading information was developed. To protect the information, we suggest the
usage of a classic XOR function: the idea of scrambling is to demonstrate the simple
and clear example of coding the ITMO University logo, and the code is provided.
Additionally, the resulting samples are functional gradient materials with peaks of
surface plasmon resonance. In the following, automated peak decoding by UV−vis
spectroscopy allows an additional physicochemical method for structure decoding.

■ INTRODUCTION

In recent times, because of the constant increase in speed and
the amount of produced information in our planet increases
the interest in developing alternative information storage
technologies.1 Technologies from electronic,2 optical,3 and
magnetic methods,4 to low molecular weight molecules,5 high
molecular weight molecules,6 and biologically derived systems7

are used to store information.
One of the most popular and used methods of chemical

information storing is DNA encoding.8 The coding technique
of DNA-based storage and the one in modern computers differ
in their alphabets. Thus, there are bases A, C, T, and G in
DNA instead of “1” and “0” in a computer. Four different
signals of DNA bases results in a large number of chemical
information encoding ways.
Storing information in DNA has some advantages, such as

huge data storage density, the stability of the carrier (at low
temperatures), the ability to create an error correction
mechanism, and the ability to solve some computational
problems much faster than on a modern binary computer.9

However, it does not have the capability to rewrite
information, and further clear development is needed.
Nowadays, all attempts of experimental chemical information
storage and processing are growing areas of infochemistry.10−12

Another way of information coding is encoding the m-SMS
molecule, which includes three fluorescent groups (fluorescein,
sulforhodamine B, and Nile blue).5 The main idea is to convert
the text to numbers using a public alphanumeric code to obtain
a numeric sequence. Moreover, such a method can be
considered for further development of chemical computing.
These systems are capable of writing any messages by

sequentially adding chemical inputs. Reading is accomplished
using a hand-held spectrometer.
In the group of Whitesides,13 the way of chemical encoding

based on matching a single pulse of light with an alphanumeric
symbol was suggested.
The ignited metals emit light at different wavelengths.14,15 It

makes possible to discern which metal was burned and to
encode the message.
Important is that, notwithstanding very low resolution, the

proof of concept of alternative ways is shown. Here, we also
focus on proof of concept for our system, and simultaneously,
we show a prospective way of UV−vis spectroscopy for
decoding the information. The advantages of stimuli-
responsive materials are also mentioned.
Rules of coding and decoding are clearly presented. The

main disadvantage of such a system is that peaks corresponded
to some metals can overlap, so one needs to avoid some
sequences. Another procedure is based on a common, small set
of molecules (for instance, 32 oligopeptides) to write binary
information.6 It minimizes the time and difficulty of the
synthesis of new molecules. This way consists of writing
messages in an eight-bit American Standard Code for
Information Interchange (ASCII), converting them to an
equivalent molecular code and store them in an array plate
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(four bytes per spot). “Writing” is performed by first
translating information into binary. Binary information is
converted to oligopeptides immobilized on a self-assembled
monolayer, for storage. A MALDI-TOF mass spectrometer
analyzes (“reads”) these plates. A program decodes the
information in the spectra and generates a bit string that is
used to regenerate the original text.
Mankind is confidently moving toward the creation of

nanocomputers for various applications: from sensors that can
control our metabolism to the creation of powerful fit-hand
quantum computers. Minimization is especially important for
information technologies. It is demanded to create materials
that combine a minimum volume in space and a high recording
density. Notwithstanding that the high recording density is
needed, the proof of concept in majority cases is done for
model systems. Here, we focus on the system where, in the
long run, the high recording density is possible and show proof
of concept and procedure from automated coding, create the
program, and suggest prospects for material science with
automatization of formation, writing, and reading. We suggest
using functional gradient materials16−19 as a new storage
medium that in the following can be stimuli-responsive media.
Functional gradient materials are composite or single-phase

materials, which change their functional properties uniformly
or stepwise in at least one dimension of a particle, film, or bulk
sample. The functional gradient materials have found
applications in various scientific fields such as the aerospace
plane,20 ceramic engines,21 optics,22 nuclear fusion,23 and
medicine.24 The incredible potential of printing inspires us to
engender a new information media based on functional
gradient materials.
Here, we present a novel approach with rules of coding and

decoding, encrypting the data as well as a prospective way for
functional nonlinear materials. Thus, a potential printing way
for the flexible film with silver patterns is described. Both
coding and a way to provide information security is highlighted
together with material science prospects. Future prospects are
suggested.

■ RESULTS AND DISCUSSION
The material made of agar and silver from silver nitrate was
used for the investigation (Figure 1). The gradient structure is
formed because of the diffusion of silver nitrate (active
substance) into 1 wt % agar gel.25,26 During the diffusion of
silver ions through agar, Liesegang rings (LRs) are formed. LR
formation is a phenomenon of space-separated precipitation;
when due to a combination of supersaturation, nucleation, and
diffusion limitation separate bands, rings of precipitation are
formed.27 The resolution during wet-stamping can be
increased drastically.28 Here, we focus on the main principle
of the reaction.
For the experiment, 1 wt % agar solution was used as the

carrier matrix. In a Petri dish with a diameter of 90 mm, 4 mL
of hot agar solution was added and uniformly distributed over
the surface. The matrix was completely gelled and ready to use
within 1−3 min. After that, silver solutions at various
concentrations were applied dropwise to the surface: 0, 0.2,
0.5, 1 and 2 wt %. The drop volume was 3.36 μL.
As the silver nitrate passes through the gel, it reacts with the

galacturonic acid monomers contained in the pectin of the
agar.25 The resulting white salt decomposes under light
irradiation with the formation of silver nanoparticles and
dark silver particles. The diffusion reaction proceeds from 1 to

2 h under the irradiation of the visible spectrum, and further
light does not affect the structure. Transmission electron
microscopy (TEM) (Figure 1b) images were captured for the
confirmation of the particle size. When concentration rises, the
dispersion of the particle size is increased.26

Alphabets for the transliteration for the writing process is
presented in the table in Figure 2a. The alphabets are based on
LR phenomena that allow creating a distinguishable pattern.
Different positions of silver particles zones and their total
amount in the formed pattern make it possible to recognize
several different signals. Positioning is controlled by varying
the concentration of silver nitrate. This behavior of changing
band position with the changing electrolyte concentration is
known as Matalon−Packter29 low. Using this fundamental
diffusion regularities is a new way to store and transmit
information.
The alphabet was created (Figure 2a−c). Each letter

corresponds to a combination of three digits from the set 0,
1, 2, 3, and 4 (Figure 2a). Each digit corresponds to a certain
concentration; 0 states for zero concentration (Figure 2b). The
choice of the number of symbol coding digits and five different
signals let us code 53 = 125 different symbols. This amount is
enough to encode 105 basic symbols of the English text. To
enlarge the symbol capacity, we need just to add one more
concentration that will lead to 63 = 216 different symbols or to
use four digits to code, so we get 54 = 625 symbols.
To protect the information, we suggest using a classic XOR

function as a special way to coded messages to prevent
information leak. Thus, a cipher will be transmitted rather than
a message, and only those who have the key will be able to
solve it.
The XOR function is a digital logic gate (yes or no type)

that gives a true (1 in our case) output when the number of
true inputs is odd. Particularly, it gives 0 when two variables
are equal and 1 when they differ. For binary notation, if the
input is 1, 1 or 0, 0, we get 0, and for 0, 1 or 1, 0, we get 1. It is
both an associative and a commutative operation, which means
that neither the order nor the grouping of operands affects the
results.30 Thus, applying the formula Bi = Ai ⊕ Bi−n ⊕ Bi−m to
the original message, it can always be restored using the

Figure 1. Diffusion reaction of the Ag+ ions occurs in the agar gel with
formation of the silver-based NPs (a). TEM images of the silver-based
NPs (b).
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formula Ai = Bi ⊕ Bi−n ⊕ Bi−m. The whole process is called
scrambling (Figure 3a−f). Parameters m and n can be changed
to generate different keys.

To encode the word “ITMO”, we used the following
algorithm: (1) according to the table of combinations of
different concentrations to symbols: “ITMO” = 131 202 140
142 (Figure 3b); (2) the received message was translated in
binary notation, letter by letter, padding it with zeros to seven
characters, if necessary: “ITMO” = 0101001 0110100 0101101
0101111 (Figure 3c); (3) the message was scrambled with the
given keys (in our case 3 and 5), getting a new sequence
0101101 1011001 1010001 1110110 (Figure 3d); and (4) this
sequence was transferred back to the fifth number system, as a
result of which we get 140 324 311 433 (Figure 3e). The
message is recorded directly into the Petri dish or by robotic
printing (Figure 3f). To decode the encoded message, the
inverse algorithm is used (Figure 3f−a).

To automate the process of the message reading and
decryption, a program was written. This program allows using
a scanner as a reading equipment (Figure 4). Thus, reading

occurs quickly, and human decoding errors are prevented.
Also, the modern scanners because of its high resolution are
supposed to be able to read nanoscale (∼500 nm and more)
features of the films. To eliminate the human factor, to
completely automate the process, and to enlarge signal
capacity, a robotic printing method is proposed here (Figure
4a). For creating messages using the printing method,
replaceable cartridges with silver nitrate solutions of various
concentrations are proposed. The cartridges are made of tinted
glass or a completely opaque material so that the silver nitrate
salt does not decompose. A thin, transparent agar layer is
charged to the printer as a substrate. LRs are formed after

Figure 2. Alphabet encoded table (a). Inorganic LRs with concentrations corresponding to numbers from 1 to 4 in the program code
(concentration of the active substance AgNO3 from top to bottom: 0.2, 0.5, 1, and 2%) (b). Corresponding numbers in the program code (0 is not
shown and corresponds to 0% of the active substance, i.e. empty space) (c).

Figure 3. Three-stage coding system (a−f). Coding word (a).
According to the table of correspondences (Figure 2a) of
combinations of different concentrations to symbols, the initially
coded word is obtaining (b).Received message is transferring to the
binary number system (c). Scrambling, getting a new sequence
(d).Sequence is translating back to the fifth number system (e).
Result of experiments obtained by the inkjet printing (f). Received
pattern is recognized by the printer as the initial word.

Figure 4. Process of creating thin-film information media (a,b). Jet
printing, (a) 1replaceable cartridges with various concentrations of
active substance (AgNO3), 2droplet application process, and 3
robotic printer. Machine reading process (b), 1scanner, 2sheet
with coded information (each drop has its own digit in the code), and
3photos of the resulting drops (concentration of the active
substance from top to bottom: 0.2, 0.5, 1, and 2% of the AgNO3).
Scale by 1 mm.
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droplets were applied to the surface. Silver nanoparticles (NPs)
are formed under irradiation.31 The dried film is read by a
scanner, which decodes it into a finished message using a
scrambling formula (Figure 4b).
The formed silver NPs exhibit a phenomenon known as

surface plasmon resonance (SPR). The SPR is an optical
property that takes place when light interacts with conductive
nanoparticles that are smaller than the incident wavelength.
This behavior is explained to be the interaction of the silver
nanoparticle surface electron cloud with a certain value
wavelength light corresponding to the resonance frequency.
Silver NPs are especially efficient at absorbing and scattering
light. The SPR peak wavelength of such NPs can be tuned
from 400 (violet light) to 530 nm (green light) by changing
the particle size. UV−vis spectra can be used to increase the
resolution for the suggested method, allowing the decoding of
the formed structure.
Further development will lead to the formation of diffraction

patterns upon light transmission. Using controlled patterning
by means of Liesegang phenomena, we possibly will manage to
create a diffraction grid. Thus, we will be able (i) to read both
intensity and the position of light and (ii) to use lasers to read
less than 300 nm size features, and therefore, the storage
density will increase.
One could think of more insights into programming by

controlling the concentration of silver nanoparticles or by, for
example, direct synthesis or precipitation of existing ones.
Some additional material can be compared with the polymer
with silver NPs: NP redistribution controlling into polyelec-
trolyte multilayers by temperature,32 AgNPs in situ formation
on the elliptical vaterite beads and its potential effect on
surface-enhanced Raman scattering.33

Moreover, it is possible to use gradient polymeric coatings34

or tunable wettability35 to help in controlling the deposition of
gradients and further increase the resolution for information
coding.
With a change in the concentration of the active substance,

the characteristic peak of SPR also changes. Various shapes
provide us with different SPR plots, as shown in Figure 5a.
Dried films were easily removed from the Petri dish. Such

material distinguished for its flexibility, lightness and with the
silver NPs contained in it, has a high optical density (Figure
5b). As stated above, with a change in the concentration of the
active substance, the characteristic peak of SPR also changes.
Therefore, a new alternative method of encoding and
protecting information is proposed (Figure 5a). Plots with
SPR peaks were obtained for describing the system (Figure
5a).36 As can be seen, the peaks correspond to the wavelengths
from 445 to 519 nm, which is common for silver nanoparticles.
Depending on the conditions of the reaction, the sizes of
nanoparticles can vary and can aggregate in different ways;
because of this, the characteristic wavelength and peak width
also shift. Therefore, a method for encoding and decrypting a
message by creating characteristic peaks is also provided. In
this case, the Agilent Cary 60 UV−vis spectrophotometer
becomes the reader. For such a method, we are supposed to
create special nozzles for the spectrophotometer, with the help
of which it becomes possible to read messages of very small
sizes and without mistakes.
The film with nanoparticles can be stable upon most

presumable environmental conditions, including stability up to
250 °C.37 We have heated our samples up to 200 °C and
maintain and did not observe visible changes neither in agar

degradation nor in silver particle positions. The film can be
bent many times. The films are highly flexible and robust. The
formed structure is also stable under irradiation (405 nm, 5
mW/cm2 for 24 h). The material is stable under wet
conditions, and after soaking in water, it retains the pattern.

■ CONCLUSIONS
In conclusion, we developed a printed, flexible film with silver
patterns: the functional gradient materials. We created a new
alphabet for coding information in the structure of the film.
Each silver pattern contains silver NPs that exhibit the
phenomenon of SPR. The program for automated information
coding and scrambling is presented. The simple structure
imaging can be used for decoding patterns using the scanner as
the reading equipment. In addition, by decoding the patterned
structure, the SPR peak wavelength of the formed silver
nanoparticleswhich can be tuned from 400 nm (violet light)
to 530 nm (green light) by changing the particle sizecan be
decoded by UV−vis spectrophotometry. Because of the
possibility of creating nanostructures based on the obtained
gradient material, microsensor sources of information transfer
can be developed in the future.

■ METHODS
Chemicals. Agar (A1296, powder, CAS number: 9002-18-

0) and silver nitrate (Nnitric acid silver(I) salt, molecular
weight: 169.87, CAS number: 7761-88-8) were purchased
from Sigma-Aldrich. Pure water from Millipore Elix (18 MΩ·

Figure 5. Alternative coding method (a,b). Plots correlated with the
SPR response, which differ within various concentrations of the active
substance (AgNO3) at the plot (a). Lowest concentration (here is
0.5%) corresponds to a wavelength of 445 nm and peaks of the 1 and
2% active substance run through the 505 and 519 nm, respectively.
The SPR peak width indicates particle uniformity. The resulting film
is thin and flexible (b). These samples were used for obtaining
plasmon resonance peaks (plot on the left).
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cm2/cm) was used to prepare the necessary solutions for the
experiment.
Instruments. UV−VIS Spectrophotometry. UV−vis spec-

trophotometry was used to characterize the optical properties
of the thin films. Measurements were carried out using a two-
beam scanning spectrophotometer with a high resolution
spectrophotometer UV-1800 (Schimadzu, Japan). Spectra
were recorded in a range of 200−800 cm−1 at a medium
scan rate.
Transmission Electron Microscopy. Before measurements,

the samples were mounted on a 3 mm copper grid with a
carbon film and fixed in a grid holder. The morphology of the
samples was studied using the Hitachi transmission electron
microscope. Images were acquired in the bright-field TEM
mode at 100 kV accelerating voltage.38

Other Equipment. The scanner Canon CanoScan 9000F
Mark II is used as the reading medium.
Experimental Thin-Film Fabrication. For creating an

experimental model, 1% Agar A1296 solution was used as
the carrier matrix. In a Petri dish with a diameter of 90 mm, 4
mL of hot agar solution was added and uniformly distributed
over the surface. The matrix was completely gelled and ready
for use within 1−3 min. After that, silver solutions with various
concentrations were applied dropwise with a drop volume of
3.36 μL to the surface. The diffusion reaction proceeds from 2
to 5 h under irradiation of the visible spectrum.
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ABSTRACT: This work depicts an electrochemical hydrogel−eutectic gallium
indium alloy interface for the detection of tick-borne encephalitis (TBE) virus.
This interface allows recording of nonlinear current−voltage responses, depending
on the composition of the hydrogel. The current−voltage data for the machine
learning model are trained by a multilayer perceptron. This model accurately
recognizes the TBE antibody, antigen, and an antibody−antigen complex in
mixture with interfering bovine serum albumin with 93% accuracy. Thus, this
interface can be used as a convenient method for expressed viruses and pathogens
detection.

KEYWORDS: tick-borne encephalitis, eGaIn, multilayer perceptron, biomolecules, viruses detection

Rapid and sensitive detection of viral infections associated
with human diseases is of great importance in a variety of

applications, such as biomedical investigations,1 pathogen
identification,2 and early clinical diagnosis.3−5 There are
viruses such as influenza viruses, human immunodeficiency
virus (HIV), severe acute respiratory syndrome coronavirus
(SARS-CoV19), and different flaviviruses, having the potential
to cause global problems, including pandemic.6,7

TTick-borne encephalitis (TBE) virus is a member of the
flavivirus genus and one of the critically important human
pathogens.8,9 Up to 10,000 cases of TBE disease are registered
in Europe and Asia annually.10 Virus carriers can be not only
ticks but also animals. In this regard, the development of rapid,
cheap, and straightforward methods for detecting TBE virus is
relevant. Selective determination of viruses in biological fluids
is one of the problems of using methods for rapid analysis. The
polymerase chain reaction assay method was previously
proposed for the determination of TBE RNA.11 Enzyme-
linked immunosorbent assay with electrochemical detection
allows determination of TBE antibodies using indirect
stripping voltammetric analysis.12 Simultaneously, the assay
needs calibration each time, which is time-consuming.13 The
idea here is a method with machine learning instead of
calibration each time.
In laboratory analysis, gel permeation chromatography is

used for these purposes. This method allows the effective
separation of macromolecules in biological fluids by size.14 Gel
permeation chromatography has a unique separation mecha-

nism based on differences in the molecular size of the sample
components.15,16 Microscale systems for purification and
separation of biological fluids are microfluidic systems based
on liquid chromatography methods.17 For the precision
manufacture of microfluidic devices, as well as devices for
their operation, high costs are required, which increases the
cost of analysis. For on-site analysis, the use of simple devices
that do not require complex manipulations is required and
suggested here by us.
We propose using the current−voltage (I−V) characteristics

of the eutectic gallium indium alloy (eGaIn)/hydrogel
interface (Figure 1) for the selective assay of TBE antibody
(AB), antigen (AG), and an antibody−antigen (AB−AG)
complex in the presence of an interfering agent.
The electrochemical analysis, namely, voltammetry, allows

the formation of various redox states at the electrode−
electrolyte interface.18 A logical analysis of the obtained data
may indirectly indicate the presence of a particular virus,
antibodies, or their associated form. For the full spectrum of
redox state generation, it is required to use an electrode
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material that is capable of forming polymorphic states. One
such material is eGaIn alloy.19 eGaIn alloy consists of 75 wt %
Ga and 25 wt % In. This alloy is successfully used to create
flexible electrical components due to its high electrical
conductivity, nontoxicity, low saturated vapor pressure, and
low melting point. On the air, gallium is passivated by a thin
oxide layer that has a higher resistivity than the pure metal.20,21

A soft-matter electric system consisting of hydrogels and two
eGaIn electrodes is presented in Figure 1. Hydrogel doped
with PBS and AB, AG, or complex AG−AB lays on top of the
electrodes and connects them. When current flows through the
eGaIn alloy and hydrogel, gallium is oxidated and Ga(OH)2+

cations diffuse into the gel. Indium cations do not exist in such
a system due to their reduction by gallium. Then insoluble
layer of GaPO4 appears on the boundary between alloy and
hydrogel after interaction with PO4− anions. Resistance of
gallium phosphate layer determines the I−V curve of the
sample. However, the presence of AB, AG, or AB−AG changes
the I−V curve. Interactions of gallium cations with these
substances lead to the formation of complex compounds AB···
Ga(OH)2+, AG···Ga(OH)2+, AB−AG···Ga(OH)2+. Such com-
plexes exist due to the amine and thiol groups in AB and AG
molecules. Redox processes of formation and decay of such
substances determine peaks formed in I−V curves, which are
different in the potential range 0.02−5 V. Different forms of
hysteresis loops, which are individual for each compound, are
used for composition identification.
For logical analysis,22 we propose use of a feedforward deep

neural network model (multilayer perceptron).23,24 The
backpropagation algorithm does the training of such a machine
learning model.25 Different computer and machine learning
methods are able to solve a lot of biological and chemical
problems, in particular, establishing the structure of proteins
and their interactions, as well as predicting the effect of
mutations on their assembly.26,27

Multilayer perceptron supervised learning allows the
detection of individual states on an eGaIn/hydrogel interface
that depends on hydrogel composition. A database is necessary
for model training.28 In the database columns consist of
attributes by which responses are determined. Since the redox
peaks are individual for hydrogel compositions, currents are
attributes and compositions are responses. This approach can
be used to detect diseases and their stages using I−V curves as
a fingerprint for identifying AB, AG, and AB−AG complexes.

For gel preparation, 0.05 g of agar is added into 5 mL of
phosphate-buffered saline, and then this solution is stirred and
heated. The solution is poured into a Petri dish and cooled to
45 °C. Then 2 × 103 particles/mL AG buffered gel is prepared.
In the case of AB, we prepare a 1:3000 solution by adding 1.67
μL of antibody solution into 5 mL of buffered gel (0.01 M
phosphate buffer with pH 7.4). Also, for an AB−AG solution,
both substances are added simultaneously. Collected I−V
characteristics (Figure 2) correspond for the two-electrode
system/hydrogel interface.

The used ranges for database are −0.02 to 0.02 V, −0.1 to
0.1 V, −0.5 to 0.5 V, −1 to 1 V, −5 to 5 V, and (−5 to 5 V)n.
The full database for the machine learning experiment is
provided in the Supporting Information (SI) as well as plotted
I−Vs shown in Figure S1. The division of data on the training
set (90%) and test set (10%) allows one to verify the accuracy
of the model. This separation allows one to save a sufficiently
large number of values for training the model and does not
overly reduce the test set. The multilayer perceptron model is
trained with the following parameters: learning rate, −0.1;
momentum, −0.8; the number of nodes in the hidden layer,
−8 (Figure 3). The determination accuracy of 93% is achieved!
The system trained on pure samples is tested to determine

AG and AB in samples with an interfering agent. The
interfering agentbovine serum albumin (BSA) with concen-
tration range from 0.05 to 1 wt %serves as a blocking agent
to prevent nonspecific interactions between analytes, sub-
strates, and electrode surfaces.29 The concentration of BSA in
test samples was 0.07 wt %. The multilayer perceptron trained
model demonstrates the ability to recognize the hydrogel
system, consisting of AG, AB, their complex, and BSA (Figure
4).

Figure 1. (a) Photograph of the electrochemical system. (b) Scheme
of the electrochemical system. (c) AG in the media of agar and PBS.
(d) AB in the media of agar and PBS. (e) AB−AG interaction in
media of agar and PBS.

Figure 2. Characteristic I−V curves with 200 points per cycle for
different gels in a voltage range of −1 to 1 V. (a)I−V curve for a gel
with AG 2 × 103 (0.01 M PBS, pH 7.4) particles/mL. (b) I−V curve
for a gel with AB diluted 1:3000 (0.01 M PBS, pH 7.4). (c) I−V curve
for a gel with AB + AG (0.01 M PBS, pH 7.4).
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In all cases (Figure 4), the perceptron model obtained the
correct results with the highest probabilities. Some uncertainty
appeared with the identification of AG and AG−AB complex
due to the presence of AG in both samples. From I−V curves it
is visible that AG and AG−AB have similar oxidation−
reduction peaks (Figure 2). However, these peaks and current
values are different enough for identification of sample
compounds by machine learning methods. Also, further
addition of statistically significant values to the database will
lead to a decrease of the statistical error.
In conclusion, we suggested a system that can detect AB,

AG, and AB−AG complex in the presence of the interfering

agent. This is of high importance for the approach of complex
fluids analysis. The method uses a one-time collected database
and machine learning algorithm that allows avoiding
calibration each time. A multilayer perceptron algorithm
reduces the analyte detection time and improves the statistical
reliability of predictions. The proposed reliable method could
be used for the resolution of the wide range of complex
biological systems. We show the proof-of-concept, which in the
following can be applied for miniaturized test systems with a
portative potentiostat. Such an electrochemical system
demonstrates a new approach to the detection of virus diseases
and pathogens.
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Magnesium alloys are composed of 
lightweight metals that possess mechan-
ical properties close to natural bones. They 
also reduce stress-shielding effects due to 
appropriate elastic modulus of the current 
implant.[7] The degradation rate of mag-
nesium-based implants is adapted to the 
bone healing process. Furthermore, degra-
dation products of magnesium alloys are 
nontoxic to the human body as opposed 
to the majority of metallic biomaterials. 
Moreover, Mg2+ ions are components of 
bone tissues, being the fourth most fre-
quent ion in the human body and vital to 
metabolism.[8] Additionally, magnesium 
alloys may sustain the integrity under 
physiological pressure for 12 to 18 weeks, 
enhancing bone tissue recovery.[9]

The unfortunate inconvenience of mag-
nesium implant application is that pure 
magnesium undergoes corrosion under 
effect of environmental pH (7.4–7.6) 

quite fast,[10] according to the following anodic (Equation (1)) 
and cathodic (Equation (2)) reactions. In addition, the reaction 
described by Equation (3) can occur near the cathode surface.[11]

− →− +Mg 2e Mg2

 (1)

+ → +− −2H O 2e H 2OH2 2  (2)

)(+ →+ −Mg 2OH Mg OH2
2(s)  

(3)

The hydrogen gas, being released in large amounts during 
a short period, is one of the main issues for clinical demands. 
It is known that hydrogen gas development is the reason for 
substantial gas bubbles appearance around implant surfaces, 
causing separation of tissue layers.[10,13]

Additionally, magnesium hydroxide is unstable in the pres-
ence of chloride ions, components of human blood. In the pres-
ence of chloride ions, magnesium hydroxide undergoes a con-
version into magnesium chloride, which dissolves in aqueous 
solutions.[12]

The result of the abovementioned negative factors is a so-
called biodegradation of the material, when implant quickly 
dissolves under physiological pH before the body tissue is 
regenerated. One of the methods to control the biodegradation 

Corrosion Resistance

Biodegradable implants are required in order to provide successful treatment 
of injuries. Temporary magnesium-based implants with particular properties 
are needed in cases when it is desirable not only to maintain vital activity, but 
also to initiate the self-healing process of damaged bones or tissues as well. 
Unfortunately, the use of magnesium alloys is limited due to the fast biodeg-
radability of the applied material. The aim of this research is to improve the 
corrosion resistance of magnesium alloys by sonochemical treatment in silk 
solution followed by additional layer-by-layer deposition of natural silk on 
the magnesium surface. The sonication process is carried out at a frequency 
of 20 kHz during 5–10 min, while the duration of the silk layer deposition is 
15 min. The corrosion behavior of magnesium substrates modified by natural 
silk layer-by-layer assembly is studied. Magnesium substrates sonochemically 
treated in silk solution demonstrate three times better corrosion resistance 
compared to control samples sonochemically treated in water. Additional 
deposition of a silk layer enhances obtained corrosion resistance by 18 times, 
resulting in a 54-fold increase overall.

1. Introduction

Over the last few years, magnesium alloys have gained some 
attention due to their potential applications as biodegradable 
implants in the biomedical field, specifically in orthopedics.[1–3] 
To appreciate the prospects of magnesium alloys in such appli-
cations, understanding of the physiological roles of magnesium 
in the human body is essential.[2] It is well known that magne-
sium ions are the fourth most abundant cations in mammals 
after sodium, potassium, and calcium. Also, magnesium is the 
second most prevalent intracellular cation.[4,5] Inside mammalian 
cells, magnesium plays essential roles including the following 
ones: regulating calcium and sodium ion channels, stabilizing 
deoxyribonucleic acid, being a cofactor and catalyst for many 
enzymes, and stimulating cell growth and proliferation.[4,6]
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process is deposition of polyelectrolyte coatings on the metal 
surface.[13–23] Polyelectrolyte assembly prevents the interaction 
of corrosive species with the metal surface[13–15] and possesses 
pH-buffering activity to provide a possibility of stabilizing pH 
on the metal surface in the corrosion area.[16–18]

In this article, we establish a novel, smart, multilayer anticor-
rosion system that consists of a pH-sensitive natural polymer silk 
film deposited on magnesium alloy surfaces pretreated by soni-
cation. The novelty of the method lies in sonochemical treatment 
of magnesium alloy in spider silk solution. We suggest there are 
several processes during this treatment. First, the structuring of 
the magnesium surface and pore formation occur. Then, frag-
ments of spider silk molecules incorporate simultaneously into 
pores and structure of the magnesium surface. For better corro-
sion resistance we also use additional layer-by-layer assembly of 
spider silk layers. This coating is suggested to improve corrosion 
resistance of magnesium-based alloys.

In several reports, silkworm silk has been already success-
fully applied as a natural polymer-based source for coating of 
metallic implants.[24,25] Although silkworms are domesticated[26] 
and their silk has been used in industry for over thousands 
of years in order to develop textiles,[27] spider silk constitutes 
equally crucial material to investigate.[28] Silkworms and spi-
ders produce various types of silks, each type represented dif-
ferent values of tensile strength and elasticity.[29] Therefore, for 
two types of insects, protein structure and fibers architecture 
may differ, which inflects modifications in silk properties.[30] 
Mechanical strength of spider silk accordingly seems to suffi-
ciently surpass that of silkworms, making it a favorable mate-
rial to produce sustainable bio-implants for human body.[31]

Spider silk is a natural biopolymer consisting of numerous 
spider silk proteins named spidroins. Effective formation of 
these composites is implemented in glands, where distinc-
tive cells generate liquid silk proteins in the lumen of the 
body.[32] After being secreted in the narrow duct, aqueous solu-
tion undergoes transformation to solid state under changes in 
temperature, pressure, and pH.[28,32] Hierarchical structure of 
spidroins is represented by repetitive sequences composed of 
150–500 amino acids[33] and edged by non-repetitive N- and 
C-terminal regions.[34,35] Those repetitive blocks, which are 
rich in alanine, are packed in a certain way to form extra stable 
crystalline secondary structures named β-sheets.[36] Crystallites 
are distributed in the amorphous regions that are formed of 
glycine enriched secondary structures: random coil conforma-
tions, α-helices, and β-turns.[37] Namely, β-sheets are respon-
sible for the great toughness of silk, while random coil confor-
mations and α-helices make fibers elastic.[38] Biocompatibility 
and biodegradability should be mentioned as well; spider silk 
is known to be applied in various biomedical fields from tissue 
engineering to cancer therapy.[38,39]

In addition to enhanced mechanical properties and biocom-
patibility, a tough yet flexible silk coating may prevent quick 
Mg2+ release into the human body, prolonging the period of 
implant service. Furthermore, the presence of biocompatible 
nanocomposite may accelerate bone or tissue healing processes 
and reduce the immune response as well. Therefore, the prop-
erties of silk make it a suitable candidate for implant modifica-
tion, providing a strong and flexible “shield” between the body 
and magnesium-based material.

2. Results and Discussion

2.1. Corrosion Study of Magnesium Based Implants Modified by 
Natural Spider Silk

The design of a novel anticorrosion system is schematically 
shown in Figure 1. A thin natural oxide film that is not suf-
ficient to protect the magnesium against corrosion usually 
covers the magnesium surface. Therefore, we decided to form 
a thick protective oxide layer using ultrasonic treatment in dis-
tilled water (control sample) at a frequency of 20 kHz during 
10 min. It is generally expected that the surface pretreatment 
produces a porous oxide layer on the metal surface with the 
roughness sufficient for mechanical interlocking. Sonication 
provides an opportunity to incorporate different ions and even 
molecules. For these purposes, we decided to treat magnesium 
alloy in a silk solution (Figure 1b, picture (1)). After sono-
chemical modification, the sample should be rinsed in water 
and dried (Figure 1b, picture (2)). Studies of various sonication 
durations (from 1 to 30 min) revealed that 10 min is optimal 
for obtaining the best corrosion resistance. Sonication time less 
than 10 min does not show proper corrosion resistance while 
the longer duration of sonication demonstrates quite the same 
values of corrosion resistance. Moreover, since silk solution has 
pH of 4.0, long sonication leads to dissolving the magnesium 
implant. Therefore, there is no need to use sonication longer 
than 10 min. To enhance the corrosion resistance, an additional 
layer of silk is deposited by dipping the sample in the silk solu-
tion for 15 min (Figure 1b, picture (3)).

Natural spider silk was obtained from Linothele fallax. Scan-
ning electron microscopy (SEM) image (Figure 2a) shows long 
fibers of natural silk of different diameters. Natural spider silk 
fibers have smooth surfaces with noticeable furrows aligned 
across the fiber axis. The Fourier transform infrared spec-
troscopy (FTIR) spectrum of the natural spider silk fibers 
(Figure 2b) reveals characteristic bands of polypeptide absorb-
ance: amide I (1650 cm−1) and amide II (1540 cm−1) are two 
main absorption bands, which are observed due to stretching 
of C = O bonds (amide I) and planar deformation vibrations 
of the N−H bond (amide II). A clear band at 1230 cm−1 is 
detected because of mixed C−N stretching and N−H bending 
vibrations of amino acids of the spidroins. A clear band is also 
observed at about 3300 cm−1 due to stretching vibrations of the 
N−H bond. Prior to the implant modification, the bioactivity of 
spider silk was also studied. Figure 2c shows that natural spider 
silk does not seem to possess any biological activity, making 
web from Linothele fallax a sufficient biocompatible material 
for broad biomedical applications. Figure 2d shows the analysis 
of the secondary structure of the proteins in the silk according 
to a method described by Madurga et al.[40] The contribution 
of secondary structures is obtained from the mathematical 
processing of the amide I band. In this type of web, there is a 
relatively large number of β-structures, which play an impor-
tant role in the strength characteristics of the web.

It should be mentioned that natural spider silk does not 
dissolve easily due to its very complicated polymer structure 
containing different sets of proteins. The solution of spider 
silk is characterized by dynamic light scattering (DLS) analysis 
(Figure 2e). Large aggregates were removed by centrifuging at 
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6000 rpm for 6 min. The major protein particles have a mean 
hydrodynamic diameter of 147.0 ± 2.2 nm. The extent protein 
globules that are also present in the silk solution at 25 °C have 
the smallest mean hydrodynamic diameter of 1.5 ± 0.2 nm.

2.2. Corrosion Study of Magnesium Based Implants Modified by 
Natural Spider Silk

The SEM images (Figure 3) of the modified samples fabri-
cated by sonication of the magnesium surface in water show 
rough porous structures. The surface obtained by sonochemical 
treatment in the silk solution looks similar (Figure 3b), while 
sonochemical treatment followed by layer-by-layer silk deposi-
tion leads to uniform deposition of silk on the substrate sur-
face. Magnification shows the fragments of spider silk on the 
magnesium surface (Figure 3c). In the case of sonochemical 
treatment in the silk solution, silk molecules do not form a con-
tinuous coating but rather are randomly bunched on the sur-
face. Figure 3d–f show the micro-morphologies of the surfaces 
of the modified samples after the corrosion test in 3.5 wt% 
NaCl solution.

Figure 3d,e show that the morphology of the initial sample 
surface exhibits a porous structure, which is composed of tiny 
erect laminas. The morphology of the samples sonochemi-
cally treated in water and in the silk solution changes drasti-

cally (Figure 3d,e), while morphology of the sample additionally 
covered by a silk layer changes a little. In Figure 3f, we can see 
the fragments of the initial structure.

Moreover, for the initial sample, damage is found on most 
of the surface, and pitting corrosion initially takes place at the 
edges of the sample. However, for the silk covered sample, no 
obvious corrosion damage is observed during first 2 min com-
pared to the samples without a silk layer. This demonstrates 
that after ultrasonic modification in the silk solution and addi-
tional deposition of the silk layer, the corrosion resistance of 
magnesium samples can be greatly improved as advised by the 
further potentiodynamic polarization tests.

The potentiodynamic polarization curves of the initial and 
modified samples are shown in Figure 4a. Figure 4 presents 
the logarithm of the passive current density (logI) as a function 
of the applied voltage (values are summarized in Table 1). The 
corrosion potential (Ecorr) is the potential at which the anodic 
and cathodic reaction rates are equal. The measurement cur-
rent approaches zero at the corrosion potential because all elec-
trons released by dissolving the metal are consumed by reduc-
tion reactions. The Tafel slopes method is used to measure 
the corrosion potential. As shown in Table 1 and Figure 4a 
(curve 1), the Ecorr of magnesium sonochemically treated in 
water is −1.385 V, and the calculated corrosion rate equals 
10.74 mm/year. The corrosion potential values of magnesium 
alloy correspond to the literature data and lie in a range from 
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Figure 1. a) Schematic structure of spider silk; b) Schematic representation of magnesium ultrasonic treatment in the silk solution at 20 kHz for 10 min 
(1) followed by rinsing in distilled water (2) and layer-by-layer silk deposition by dipping into the silk solution at a pH = 4.0 (3).
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−1.3 to −1.52 V due to different content of the magnesium 
alloy.[24,25,41–43] Sonochemical treatment in the silk solution 
changes Ecorr to −1.518 V, while the corrosion rate decreases to 
3.27 mm/year. Thus, sonochemical treatment in the silk solu-
tion leads to a threefold increase in corrosion resistance. Addi-
tional modification of the sample ultrasonically treated in the 
silk solution changes the Ecorr to −1.594 V, and the corrosion 
rate decreases to 0.20 mm/year. An additional deposition of a 
silk layer on the sample sonochemically-modified in the silk 
solution increases corrosion resistance of magnesium alloys 
by 54 times compared to the control sample that was ultra-
sonically treated in distilled water. Deposition of more than 
one additional silk layer on magnesium surface does not affect 
the corrosion resistance values of the magnesium implant. 
According to the results in Figure 4a, the sample modified by 
silk possesses the noblest corrosion potential. These findings 

demonstrate that one additional silk layer provides the best 
corrosion resistance of magnesium alloys and optimal surface 
protection (Table 1). Better corrosion resistance of magnesium 
alloy modified by spider silk corresponds well to the literature 
data.[24] Although reports suggest that the values of corrosion 
current density vary, there is, however, a general trend of their 
declining by two orders of magnitude. A similar phenomenon 
has been described in the papers.[24,25,41]

Figure 4b shows photos of the samples ultrasonically treated 
in the silk solution without coating (right) and coated by the 
silk layer (left). Corrosion defects can be observed after 1 h of 
immersion in 3.5 wt% NaCl on the unmodified magnesium 
surface, whereas the sample with the silk film does not exhibit 
any visible signs of corrosion attack.

The schematic representation of the mechanism of corro-
sion protection of silk-modified magnesium alloys is shown in 

Macromol. Mater. Eng. 2019, 1900412

Figure 2. a) SEM image of natural spider silk fibers; b) FTIR spectrum of natural spider silk fibers; c) Bioactivity test of natural spider silk sample; scale 
bar is 1 cm; d) Percentage of secondary structures in spider silk proteins; e) DLS-analysis of prepared silk solution.
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Figure 4c. We assume that the effect of corrosion resistance can 
be based on three possible mechanisms.

The first mechanism may be due to the presence of –NH 
and –NH2 groups in the silk molecule structure. Additionally, 
the silk layer can possess pH-buffering activity and can stabi-
lize the pH between values of 5 and 7.5 on the metal surface 
in corrosive media. The second mechanism may be related to 
hydrophilic/hydrophobic interactions within the silk structure 
as the corrosion processes are followed by changes of the pH 
value in the corrosive area and metal degradation.[44] Spider 
silk molecules have both hydrophobic and hydrophilic parts. 
The squares indicate the various sections of spider silk (shown 
in Figure 4). The crystalline regions are hydrophobic which 
aids the loss of water during solidification of spider silk.[45] 
The squares indicate the hydrophilic parts of spider silk that 
mainly are due to hydroxyl and amino groups. However, these 
segments are intermixed with one another within spider silk 
so that it is difficult to disentangle them into some separate 
fragments. In this regard, in Figure 4 they are displayed as 
squares. In addition, under the influence of external factors 
the polymer silk chains can bend in any direction. This, com-
bined with the fact that the abovementioned sections also con-
stantly reassemble, prevents the corrosion. Depending on the 
external condition, silk molecules can organize themselves 
reversibly, preventing corrosion. The third mechanism is 
based on the fact that silk forms relatively mobile structures. 
These structures have the tendency to seal and eliminate the 
mechanical cracks of the coating. Self-healing or self-curing 
of the corrosion-damaged areas can be performed by three 
mechanisms: pH neutralization, passivation of the damaged 
metal surface by inhibitors entrapped between silk layers, and 
reparation of the coating.

In conclusion, we developed a novel method of anticorrosion 
protection, including the surface ultrasonic treatment and dep-
osition of the silk layer.

3. Conclusion

Surface analyses were carried out on the silk coating depos-
ited on sonochemically treated magnesium surface. The SEM 
data indicated that silk deposits on the magnesium surface 
and forms uniform layer. Moreover, silk deposition promotes 
the oxidization of the magnesium surface, and the longer 
the sonication time is, the thicker the oxide layer. After silk 
modification, the corrosion resistance of magnesium alloys is 
improved after modification of their surface with silk. Hybrid 
effects of sonochemical oxidative protection combined with silk 
layer-by-layer assembly possess the best corrosion resistance. 
Magnesium substrates sonochemically treated in silk solution 
demonstrate three times better corrosion resistance compared 
to control samples sonochemically treated in water. Ultrasonic 
treatment followed by the additional deposition of silk layer-by-
layer assembly enhances the corrosion resistance by 54 times 
compared to the control samples.

4. Experimental Section
Materials: In order to have a constant access to biomaterial the 

research group developed an insectarium on the base of laboratory. 
There are 50 species of Linothele fallax, a Bolivian curtain-web spider 
with enlarged abdomen, which takes half of the spider body. Thus, the 
amount of silk produced is substantially bigger in comparison with 
typical orb-web spiders, making Linothele fallax a suitable candidate 
as a web supplier for numerous experiments. Magnesium (≥99.5% 
Mg basis), sodium chloride (purity ≥99.5%), trifluoroacetic acid (TFA, 
purum. ≥99%, purified by redistillation, for protein sequencing) were 
patched from Sigma-Aldrich. Prior to experiment magnesium plates 
were polished to delete the oxide layer and degreased in acetone 
followed by drying at 90 °C.

Silk Solution Preparation: Before film preparation, the 30 mg of natural 
spider silk was washed twice with ethanol and isopropanol to get rid 
of mechanical impurities in the spider silk. Washed spider silk material 

Macromol. Mater. Eng. 2019, 1900412

Figure 3. SEM images of magnesium surface a–c) before and d–f) after the corrosion test in 3.5 wt% NaCl; a,d) Control magnesium sample sono-
chemically treated in distilled water; b,e) Magnesium sample sonochemically treated in the silk solution; c,f) Magnesium sample sonochemically 
treated in the silk solution and additionally modified by a silk layer. Sonication process is carried out at a frequency of 20 kHz for 10 min. The additional 
silk layer is deposited by dipping the sample in the silk solution for 15 min.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900412 (6 of 8)

www.advancedsciencenews.com www.mme-journal.de

was dried under vacuum for 12 h. Then, 25 mg of resulted dried sample 
was dispersed in 500 µL of concentrated trifluoroacetic acid (TFA)[46] 
by constant mixing at 500 rpm at 25 °C. A curtain-type of spider web 
possess enhanced structural stability in comparison with silk fibers from 
the Bombyx mori silkworm. It is, therefore, difficult to treat spider silk 
with solvents such as formic acid[47] or chaotropic salts,[48] which are 
normally used for silkworm silk dissolution. In contrast, TFA appears to 
effectively break the polymer structure of spider silk. Additionally, TFA 
dissolves silk instantaneously, reducing the duration of the experiment. 
Complete dissolution of spider silk occurs in 3 h. The pH value of 
as-prepared silk solution is 1.0. To increase the pH value until 4.0, the 
silk solution was dialyzed for 24 h.

Fourier Transform Infrared Spectroscopy: FTIR analysis was used 
to investigate silk secondary structure. Spectra were acquired with a 
Shimadzu IRPrestige-21 FTIR spectrometer (Shimadzu, Japan) equipped 

with a DLaTGS detector. The spectra were measured in the range from 
4000–400 cm–1 in transmission mode. Dry samples (105 °C, 2 h) were 
treated with crystalline KBr (2 mg of sample:700 mg of KBr) and then 
pressed into a disk. The data were obtained at a resolution of 0.5 cm−1 
with 20 cumulated scans and a signal-to-noise ratio of 40 000:1. The data 
were processed using software provided by the manufacturer (Shimadzu).

Morphology of Silk Fibers and Modified Magnesium Alloys: Scanning 
electron microscopy (SEM) was used to study the morphology of fibers 
and modified magnesium surface. The SEM micrographs of the samples 
were obtained using Vega Tescan 3 at an operating voltage of 5 keV. 
Samples were fixed on a carbon tape.

Dynamic Light Scattering Analysis: The dynamic light scattering (DLS) 
method was applied to determine the size distribution of peptide 
nanoparticles in a prepared solution. The DLS measurements were 
carried out using a Mavern Zetasizer.

Macromol. Mater. Eng. 2019, 1900412

Figure 4. a) Potentiodynamic polarization curves of control magnesium sample sonochemically treated in distilled water (1) magnesium sample 
sonochemically treated in a silk solution (2) magnesium sample sonochemically treated in the silk solution and additionally modified by a silk layer 
(3) in 3.5 wt% NaCl solution saturated with Mg2+; b) Photos of unmodified magnesium plate (left) and magnesium plate ultrasonically modified and 
covered by the silk coating (right) after corrosion test; c) Scheme of the silk polymer coating on the ultrasonically modified magnesium surface and 
schematic mechanisms of corrosion protection provided by the silk layers.
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Modification of Magnesium Alloys: Preliminary degreased magnesium 
plates were ultrasonically treated at a frequency of 20 kHz during 
5–10 min in a solution of spider silk (Table 1). The sonication was 
carried out using a sonicator USG-5522 (BSUIR, Belarus) in the initial 
and dialyzed silk solutions at pH of 1.0 and 4.0, respectively. The 
maximum output power of 100 W, the maximum ultrasound intensity 
was calculated to be 20 W cm−2 at the mechanical amplitude of 25 µm 
(at 100%). The sonotrode was made of stainless steel (head area 
4.52 cm2). Sonication was performed in the sonication cell at constant 
temperature of around 313.15 K monitored by the temperature sensor 
inserted in the electrolyte. The sonication parameters are chosen 
according to the preliminary results that suggest the best performance 
in modification of magnesium alloy. After sonication, the samples were 
rinsed three times in water and dried at 20 °C. The additional silk layer 
on the surface of ultrasonically modified sample was deposited by 
dipping into the dialyzed silk solution for 15 min.

Corrosion Behavior Study: To evaluate the corrosion behavior of 
magnesium-based silk modified implants, potentiodynamic polarization 
tests were performed using a PalmSens4 potentiostat system (PalmSens 
BV, The Netherlands). The tests were carried out in a 3.5 wt% NaCl 
solution saturated with Mg(OH)2, and the scan rate was 1 mV s−1. 
The result analyses were calculated using Program software PSTrace 5 
(PalmSens Compact Electrochemical Interfaces, The Netherlands) in 
application of corrosion mode. The corrosion potential was calculated 
using Tafel slope method where the anodic and cathodic Tafel slopes 
intersect. The corrosion rate in mm/year was calculated according to the 
standart practice described in the ASTM Standart G 102. In addition, the 
morphology of the samples after corrosion test was observed using SEM.

Biological Activity: Biological activity tests were performed in a petri 
dish using agar diffusion method. Bacteria culture Staphylococcus 
aureus (209 P strain) was incubated in pre-prepared LB nutrient 
medium (Lennox) for 24 h at 37 °C in a shaker-incubator. Then 150 µL 
of Staphylococcus aureus bacterial suspension was incubated into agar 
plate. Samples of natural spider silk were placed in the middle of the 
inoculated plate followed by further incubation at 37 °C for 18 h. After 
that, the inhibition zone of bacterial growth was measured.
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ABSTRACT: A novel flexible ion-selective sensor for potassium and sodium
detection was proposed. Flexible ion-selective electrodes with pseudo-liquid
internal solution on contrary to the system with a solid contact provided a more
stable analytical signal. Such advantages were achieved because of
polyelectrolyte (PEI/PSS) layers adsorption on the conduct substrate with a
layer-by-layer technique. Such an approach demonstrated that ion-selective
electrodes save sensitivity with Nernstian dependence: 56.2 ± 1.4 mV/dec aNa+
and 56.3 ± 1.9 mV/dec aK+, as well as a fast time of response for potassium (5
s) and sodium (8 s) was shown. The sensing platform proposed demonstrates a
better time of response and is close to the Nernstian value of sensitivity with a
sensor low cost. The results proposed confirm a pseudo-liquid junction for the
ion-selective electrode. Biocompatibility of an ion-selective sensing platform
was demonstrated at potassium potentiometric measurements in Escherichia coli
biofilms. Potassium levels in a biofilm were measured with potentiometry and
showed agreement with the previous results.

■ INTRODUCTION

Real-time, wearable, minimally invasive monitoring is used in
medical diagnosis and professional sport.1−5 The application
on sensors becomes hard because of dilution of the biomarkers
of interest, as well as variability in salinity, pH, and other
physicochemical variables which directly impact the readout of
real-time biosensors.6−13 Such parameters as sodium (Na+),14

potassium (K+),15 calcium (Ca2+), and others16−18 are
analyzed in professional sports. Electrolyte ions in aqueous
solutions are usually measured using a potentiometric method
with ion-sensitive membranes.18 Potentiometric ion-selective
electrodes (ISEs) have already been in use for half-a-century,
mainly in physiological studies.19 Typical ISEs are liquid
contact electrodes. Until recently, ISE devices were non-
compatible with the principles of miniaturization and
portability. Both the internal solution and the internal
electrode are strived to be eliminated to be replaced by the
solid contact.20,21 However, elimination of the internal
reference system and its replacement with the solid contact
resulted in insufficient long-term stability of ISE potentials and
in poor piece-to-piece reproducibility.19,22 We suppose that
polyelectrolyte multilayers formed by layer-by-layer assem-
bly23,24 have hydration activity25−28 and can serve as the inner
electrode solution in potentiometric sensors.29−31 This paper
describes the design and fabrication of a flexible ion-sensing
electrochemical adhesive tape (AT)-based analytical device for
potentiometric measurements of potassium and sodium ions.
This sensing platform has a carbon AT that contains ISEs with

conventional ion-selective membranes (ISMs) immobilized
within a polyelectrolyte multilayer as the pseudo-inner solution
and ion-to-electron transducer. Within the polyelectrolyte
layers, potassium chloride is used as an ion source. Carbon
ATs are cheap flexible electronic conductors. The required
selectivity for the target analyte is achieved by using a suitable
ionophore.
Because of unique properties such as light weight, low cost,

high flexibility, excellent elasticity, and figure moulding, the
flexible carbon conductive AT could serve as an ideal platform
for personalized wearable devices.

■ RESULTS AND DISCUSSION

Flexible ISEs consisted of ISMs and ATs modified through
lipid and polyelectrolyte layers (Figure 1a−e). The adhesive
carbon tape was used as a substrate because of its mechanical
reliability, adhesive effect, and conductivity. Carbon con-
ductivity allows this material to be used as an inner electrode.32

The scheme of the ion-selective AT used as a flexible
conducting platform (0.8 × 3.5 cm) is presented in Figure 1d.
Deposition of the polyelectrolyte layers was carried out by a

layer-by-layer method,26,33 which is more preferable for
polyelectrolyte adsorption, as it does not require specific
expensive equipment31 and is more accessible. This method
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allows to create fairly uniform and thin films on the surface of
the substrate. The number of layers was taken from the
literature data.
The polyelectrolyte layers were deposited on the substrates

with a partially negative or positive charge.34 The surface of the
AT did not have a partial charge; therefore, to obtain
polyelectrolyte composites, lipid vesicles were deposited as
the first modifying layer.35 The stage of the lipid layer setting
was monitored by measuring the water contact angle. As seen
from Figure 2, a hydrophobic substrate with a water contact
angle of 100−110° (Figure 2a) became more hydrophilic with
a contact angle of 82−84° after the assembly of the lipid layer
(Figure 2b). Overlaying the lipid layer gave better wettability
of the AT. Hydrophobic hydrocarbon tails were attached to
the surface of the AT, and hydrophilic negatively charged
heads were faced outside and interacted with the positively
charged polyelectrolytes. When the positively charged (PEI)

polyelectrolytes assembled on the lipid layer, the contact angle
slightly increased (Figure 2c), but after adsorption of the PSS
(negatively charged polyelectrolyte), the contact angle
decreased to 79−78° (Figure 2d).
Each step of the multilayer architecture assembly was

controlled by morphology by atomic force microscopy
(AFM).36 This method allows the control of surface
parameters such as roughness and smoothness. These
characteristics influence further stages of surface modification.
For the ISM immobilization need not only be wetted surface
but uniform. According to the AFM data on the surface of the
AT, it is not always possible to create a sufficiently even layer
of polyelectrolytes. This could be explained by the original
structure of the AT surface. As can be seen from Figure 2e, a
layer of glue on the surface of the substrate applied to the
carbon tape rather unevenly. The thickness of the adhesive in
some places of the AT sometimes exceeds the thickness of the

Figure 1. Experimental design, device architecture, and fabrication procedure of the self-powered wearable noninvasive sensor. (a) The
polyelectrolyte LBL assembly on the adhesive type. (b) Structure of the antibiotic valinomycin, which was used as the ionophore for the potassium
ISM with a complex “host−guest”. (c) Sodium ionophore X and its complexation with the sodium ion. (d) Carbon conductive AT as the initial
substrate. (e) Common scheme of the ISM, composition with polyelectrolytes multilayers, lipid layer, carbon conductive AT.

Figure 2. Characterization of morphology surface of electrodes. Water contact angles of wetting for (a) bare adhesive tape (AT), (b) lipid bilayer
deposited on top of AT (AT/lip), (c) composite with polyelectrolyte layer of PEI, deposited on top of lipid layer (AT/lip/PEI) (d) composite with
polyelectrolyte layer of PSS, deposited on top of PEI layer; optic images of (e) AT, (f) AT/lip, (g) AT/lip/PEI (h) AT/lip/PEI/PSS/PEI; AFM
images of (i) AT/lip/PEI, (j) ITO/lip/PEI, (k) ITO/lip/PEI/PSS.
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polyelectrolyte layer, therefore, it is not possible to see the real
structure of the substrate surface with polyelectrolytes
deposited. In order to compare the AFM images obtained
for the AT, AFM photographs with polyelectrolyte layers,
deposited on the indium tin oxide (ITO) flexible substrate,
were removed. As seen from Figure 2i−k, the structure of the
deposited polyelectrolytes on the AT and on the substrate is
quite similar. Thus, according to the AFM data obtained for
the two different substrates with the same quantity of
polyelectrolytes, the PEI layer is deposited on the substrate
by small conglomerates, and the PSS layer precipitates fairly
evenly. Deposition of polyelectrolyte layers on top of the AT/
lipid layer composite leads to an increase of roughness.
The adsorbed polyelectrolyte layers are hydrated25,37 and

can be used as a liquid internal reference system. For this
purpose, we provide polyelectrolyte layer adsorption from the
potassium chloride decimolar solution. This technique allows
adding more water in a layer as polyelectrolytes swell38 in
saline solution. The number of layers was set to form a charge
barrier between the inner solution and membrane.39 PEI,39 as
the positively charged polyelectrolyte, prevents diffusion of

potassium ions from the inner solution to outer media. This
approach allows stable pseudo-inner electrode potential. Thus,
we used consistent PEI/PSS/PEI layers. To avoid capacitor-
like behavior, we did not prepare more layers. By adding
potassium chloride into the polyelectrolyte layer, we achieved
the pseudo-internal solution as a part of ISEs. This pseudo-
internal electrode solution coupled with a carbon paste on the
AT forms an ion-to-electron transfer system. This approach
enables the production of low cost ISEs with high potential
stability and signal reproducibility.
The potentiometric measurements of electrolytes such as K+

and Na+ require the addition of an ISM which is generally a
plasticized polymer doped with an ionophore. It is a
compound that can selectively bind to the ions of interest
via coordinate bonds. In our investigation, an ISM was
prepared by mixing a polymeric phase (PVC) with a plasticizer
(o-NPOE). To make this material sensitive to Na+ and K+ ions,
it was doped with a highly hydrophobic ionic site (KTpCIPB),
sodium ionophore X, and potassium ionophore I, respectively.
AT-based ISEs for two target analytes, namely, K+ and Na+,
were prepared and tested individually.

Figure 3. Analytical measurements of ISEs: (a) potentiometric response ISEs with ISMs which are prepared by polymerization a thin layer method,
(b) calibration plot for the potassium ISE with an ISM which is prepared by polymerization in the thin layer method (y = 56.3x − 98.9, n = 3 P =
0.95), (c) representation of the preparation of the ISM by polymerisation in a thin film layer with a Petri dish, (d) potentiometric response ISE
with an ISM which is prepared by a drop casting method (e) calibration plot for the potassium ISE with an ISM which is prepared by a drop casting
method (y = 30.3x − 71.7, n = 3 P = 0.95), (f) representation of the drop casting method on the adhesive type.

Figure 4. (a) Potentiometric response for sodium ISE and (b) corresponding calibration plot after addition of the standard sodium chloride
solution (y = 56.2x + 61.8).
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In each experiment, potassium and sodium ISEs were dipped
into standard solutions of salt (NaCl and KCl respectively),
while the concentration of the solution was changed in steps
and the open-circuit potentials were monitored continuously
using a potentiostat. Electromotive force (EMF) was measured
between the ISE and a commercial Ag/AgCl reference
electrode. Both Figures 3a and 4a show the time trace of
potentiometric response for the prepared AT-based electrodes
of K+ and Na+ ions, when the activity of the primary analyte
increased. K+ ion concentration in human sweat lies in the
range of 1 to 16 mM. The calibration plots for potassium ions
(Figure 3b) show a Nernstian response between 10−3 and 10−1

M indicating that the membrane is working as expected.
The method of preparation and deposition of the ISM on

AT/Lip/Poly was found to have an effect on sensor
performance. The best sensitivity (56.3 ± 1.9 mV/decade)
and stability of potential were obtained using a polymerization
method in a thin film (Figure 3a−c). From the above, it was
concluded that it is better to make a membrane in a Petri dish
(Figure 3d−f).
Na+ ion concentration in human sweat is in the range of 10

to 160 mM (Figure 4b). Average sensitivity of ISEs in this
range (10−4 to 1 M) was found to be 56.2 ± 1.4 mV/decade,
which was close to the value expected for the detection of
monovalent ions using ideal ISMs (59.2 mV/decade) (Figure
4b). Analytical characteristics of ISEs are shown in Table 1.
The results obtained showed good agreement with the
literature.20,40 The proposed sensing platform demonstrated
a better time of response and was close to the Nernstian value
of sensitivity with a low sensor cost. The results confirm the
proposed pseudo-liquid junction for the ISE. The sodium ISE
demonstrates lower response time in comparison with the

carbon tattoo sensor of the solid contact type.41 Sensitivity of
the proposed sodium sensor is close to other sensors based on
the same carbon material17,41,42 and flexible textile.43 Linear
range for sodium potentiometric sensor was higher, because
was constructed pseudo-inner solution, which provide stable
work of sensor. This pseudo-inner solution potassium ISE
showed a much lower response time (5 s) in contrast with the
carbon textile-based ion-selective sensor (60 s).44 Sensitivity,
limit of detection, and linear range of the potassium-selective
electrode with pseudo-inner solution were compared with ion-
selective solid contact sensors based on carbon42−44 and
flexible substrates such as textile43 and cotton.44

To demonstrate sensor application for monitoring in real
samples, oscillations45 in the bacteria biofilm under expansion
were observed.46 Such oscillations are usually observed by
using a Nernstian fluorescent dye.47 Bacteria have many ion
channels, such as sodium, chloride, calcium-gated, and
potassium ones and ionotropic glutamate receptors, similar
to those found in neurons. Escherichia coli was used to control
potassium ions under biofilm living. For this purpose, the
biofilm was directly grown on the ISE surface. EMF was
refined because of resistance increase before measurements
and after biofilm growth. Then, potentiometric measurements
of such systems were provided (Figure 5). Standard potassium
chloride (0.1 M, 100 μL) addition to bacteria was performed
to create disturbance. According to the potassium ISE
calibration curve, potassium concentration in the biofilm was
calculated and established as 190 mM. This value corresponds
with the potassium level in the biofilm, varying from 200 to
400 mM,48 found in the literature. After standard potassium
addition, its concentration increased dramatically to 1.3 M.
Such essential and disproportional potassium levels could be

Table 1. Analytical Characteristics of the Wearable ISEs for Potassium and Sodium Detectiona

substrate material type of transducing sensitivity, mV/dec aNa+ linear range, M limit of detection response time, s reference

Sodium
adhesive carbon tape inner solution 56.2 ± 1.4 10−4 to 100 4.0 × 10−4 8 present work
textile/polyurethane/CNTs solid contact 59.4 10−4 to 10−1 10−4.9 43
carbon tattoo solid contact 63.7 10−4 to 10−1 10 41
carbon/PEDOT/PET solid contact 54.8 10−4 to 10−1 42

Potassium
adhesive carbon tape inner solution 56.3 ± 1.9 10−3 to 10−1 3.9 × 10−5 5 present work
textile/polyurethane/CNTs solid contact 56.5 10−4 to 10−1 10−4.9 43
carbon/PEDOT/PET solid contact 53.9 10−4 to 10−1 42
CNTs/cotton solid contact 54.9 10−4 to 10−1 10‑5 60 44

aCNTscarbon nanotubes, PEDOTpoly(3,4-ethylenedioxythiophene); PETpolyethylene terephthalate.

Figure 5. (a) Potentiometric potassium chloride disruption response for the E. coli colony on the conductive sensor and (b) bacteria imaging with
biomarkers thioflavin S and propidium.
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explained with potassium pumping by the biofilm from the
solution to the gap between the ISE and biofilm. Nevertheless,
the proposed sensor demonstrated good stability and
biocompatibility during measurements, as the E. coli biofilm
showed life-sustaining activity after potentiometric measure-
ments (Figure 5b).

■ CONCLUSIONS

We offer a wearable sensor by using PEI/PSS multilayers as
inner ISE solution together with a low-cost adhesive carbon
tape as a sensitive transducer. Its high sensitivity and durability
are obtained using a novel approach to the preparation of
polyelectrolyte multilayers as a unique platform for sensing
application. The sodium and potassium ion-selective sensor
shows combined superiority of high sensitivity, fast response,
and high durability. In addition, the low-cost strain sensor
based on the adhesive carbon tape shows sensitive response to
bacteria potassium oscillations. This wearable sensing platform
can monitor various human health indicators, including
electrolytes. The sensitivity and suitability for making
potentiometric sensors of the demonstrated sensing platform
may enable a wide range of applications in intelligent devices.

■ METHODS

Chemicals. Valinomycin (potassium ionophore I), 4-tert-
butylcalix[4]arene-tetraacetic acid tetraethyl ester (sodium
ionophore X), potassium tetrakis(4-chlorophenyl)borate
(KTpCIPB), 2-nitrophenyl octyl ether (o-NPOE), and poly-
(vinyl chloride) high molecular weight (PVC) were all
purchased from Sigma-Aldrich. Tetrahydrofuran (THF) and
hexane were purchased from Ekos-1, Russia. Potassium
chloride (KCl), sodium chloride (NaCl), and phosphate-
buffered saline were from Merk. Liquid soya lecithin Lecisoy
400 was purchased from Cargill, USA. Branched polyethyle-
neimine (PEI, Mw 70 kDa) 30% water solution was purchased
from Alfa Aesar, and polysterenesulfonate (PSS, Mw 500
kDa)from Polysciences, Inc.
Fabrication of the AT-Based Platform (ATP). A

conventional conductive double-sided carbon tape (8 mm
width, 3.5 cm height, 150 μm thickness) purchased from
Tescan (Czech Republic) was used as the initial substrate. To
increase the hydrophilicity the AT was immersed in a
dispersion of lipid vesicles.
To prepare small unilamellar vesicle (SUV) solution, the

following procedure was performed: soy lecithin solution in
hexane (10 mg mL−1) was kept under vacuum for solvent
evaporation at least for 3 h. After removing any hexane traces, a
thin lipid film on the bottom of the vessel was obtained. The
resulting lipid film was rehydrated by using distilled water for
final 10 mg/mL concentration with simultaneous sonication in
an ultrasonic bath for 15 min.
To obtain the results, the lipid bilayer on top of the

conductive double-sided adhesive carbon tape was immersed
in a 10 mg/mL dispersion of SUV for 1 h. Vesicles attached to
the oppositely charged surface of the AT then ruptured, fused,
and spread on the surface forming a continuous bilayer. The
procedure described was followed by rinsing with large
quantity of distilled water and drying under an air steam.
The polyelectrolyte multilayer film was deposited on top of

the lipid bilayer. Polyelectrolytes films were assembled using a
layer-by-layer technique. Three layers of positively charged PEI
and negatively charged PSS were assembled from solutions

with a polyelectrolyte concentration of 2 mg mL−1 in 0.1 M
KCl. A concentration of 2 mg/mL of polyelectrolytes was used,
as it gives optimum thickness films. For each layer deposition,
surfaces were incubated during 15 min at room temperature in
the polyelectrolyte solution. Each step of polyelectrolyte
deposition was followed by a washing step with distilled water.

Fabrication of the ISM. The potassium ISM contained 1.4
wt % of valinomycin, 0.3 wt % of KTpCIPB, 32.8 wt % of PVC,
and 65.5 wt % NPOE. The sodium ISM contained 0.99 wt %
of sodium ionophore X, 0.25 wt % of KTpClPB, 32.92 wt % of
PVC, and 65.84 wt % of o-NPOE. The membranes were
prepared by dissolving the mixture into 1.5−4 mL of THF.
ISM coatings on the ATP were prepared by two different
methods: drop casting and thin film polymerization. For thin
film polymerization, we poured the THF solution into a Petri
dish and allowed the THF to evaporate over 24 h. We then cut
the membrane into small circular pieces (3 mm in diameter)
and conditioned them by soaking overnight in chloride
solutions of the corresponding ions (10−3 M K+, 10−1 M
Na+). A volume of 40 μL of the membrane cocktail was applied
at once by drop casting onto the electrode (into the orifice left
by the plastic mask). The membrane was dried for 24 h. The
volume of the membrane cocktail applied was optimized for
the fabrication of a membrane approximately 3 mm in
diameter. The electrodes were conditioned in proper saline
solution: 0.001 M KCl or 0.1 NaCl prior to and between
measurements, which were performed at room temperature.

E. coli ATCC Growing on the Potassium ISE. E. coli
ATCC night culture was used for biofilm preparation. The
biofilm was grown on the potassium ISE for 24 h at 38 °C in
an LB broth (LENNOX). Prior to potentiometric measure-
ments, the ISE with the biofilm was rinsed with deionized
water.

Characterization of the AT-Based ISE. Characterization
of the electrode surface morphology was observed by using an
atomic force microscope Solver Next (NT-MDT, Russia) in
semi-contact mode. Wettability of the obtained composites
was characterized by contact angle measurements using a drop
shape analyzer Kruss DSA25 (Germany).
Electrochemical measurements were performed using a

CompactStat instrument (Ivium, Netherlands) in a standard
two-electrode cell at room temperature (22 °C). The AT-
based electrode was used as the working electrode and a 3 M
Ag/AgCl/KCl (type 6.0733.100, Metrohm AG) as the
reference electrode. The membrane was fully covered by the
solution, but there was no direct contact between the exposed
carbon adhesive-tape and the solution. The activity coefficients
were calculated by the Debye−Hückel approximation. After
the measurements, the electrodes were air-dried and stored
with using storage corresponding salt solution. Several
calibration curves with the primary analyte in highly
concentrated background standard solutions (1−16 mM for
potassium ions, 20−160 mM for sodium ions) were prepared.
Knowing the concentration of the standard solutions and the
limit of detection, the selectivity coefficient was obtained. The
electrochemical cell volume was 20 mL. The background
solution for bacteria measurements was phosphate-buffered
solution (pH 7.2).
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Maxwell, E. J.; Bühlmann, P.; Whitesides, G. M. Paper-Based
Potentiometric Ion Sensing. Anal. Chem. 2014, 86, 9548−9553.
(21) Sempionatto, J. R.; Martin, A.; García-Carmona, L.; Barfidokht,
A.; Kurniawan, J. F.; Moreto, J. R.; Tang, G.; Shin, A.; Liu, X.;
Escarpa, A.; Wang, J. Skin-worn Soft Microfluidic Potentiometric
Detection System. Electroanalysis 2019, 31, 239−245.
(22) Jaworska, E.; Lewandowski, W.; Mieczkowski, J.; Maksymiuk,
K.; Michalska, A. Critical assessment of graphene as ion-to-electron
transducer for all-solid-state potentiometric sensors. Talanta 2012, 97,
414−419.
(23) Tan, Y.; Yildiz, U. H.; Wei, W.; Waite, J. H.; Miserez, A. Layer-
by-Layer Polyelectrolyte Deposition: A Mechanism for Forming
Biocomposite Materials. Biomacromolecules 2013, 14, 1715−1726.
(24) Suran, S.; Balasubramanian, K.; Raghavan, S.; Varma, M. M.
Spatially resolved observation of water transport across nano-
membranes using bright-field nanoscopy. Appl. Phys. Lett. 2018,
113, 043701.
(25) Schönhoff, M.; Ball, V.; Bausch, A. R.; Dejugnat, C.; Delorme,
N.; Glinel, K.; Klitzing, R. v.; Steitz, R. Hydration and internal
properties of polyelectrolyte multilayers. Colloids Surf., A 2007, 303,
14−29.
(26) Skorb, E. V.; Volkova, A. V.; Andreeva, D. V. Layer-by-Layer
Approach for Design of Chemical Sensors and Biosensors. Curr. Org.
Chem. 2015, 19, 1097−1116.
(27) Farhat, T.; Yassin, G.; Dubas, S. T.; Schlenoff, J. B. Water and
Ion Pairing in Polyelectrolyte Multilayers. Langmuir 1999, 15, 6621−
6623.
(28) Ryzhkov, N. V.; Mamchik, N. A.; Skorb, E. V. Electrochemical
triggering of lipid bilayer lift-off oscillation at the electrode interface. J.
R. Soc., Interface 2019, 16, 20180626.
(29) Andreeva, D. V.; Kollath, A.; Brezhneva, N.; Sviridov, D. V.;
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Light-controllable systems based on TiO2-ZIF-8
composites for targeted drug release:
communicating with tumour cells†
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Drug delivery systems based on the zeolitic imidazolate framework ZIF-8 have recently attracted viable

research interest owing to their capability of decomposing in acidic media and thus performing targeted

drug delivery. In vivo realization of this mechanism faces a challenge of relatively slow decomposition

rates, even at elevated acidic conditions that are barely achievable in diseased tissues. In this study we

propose to combine drug delivery nanocomposites with a semiconductor photocatalytic agent that would

be capable of inducing a local pH gradient in response to external electromagnetic radiation. In order to

test this principle, a model drug-releasing nanocomposite comprising photocatalytic titania nanotubes,

ZIF-8, and the antitumor drug doxorubicin has been investigated. This system was demonstrated to

release the drug in a quantity sufficient for effectively suppressing IMR-32 neuroblastoma cells that were

used as a model diseased tissue. With locally applied UV irradiation, this result was achieved within

40 minutes, which is a relatively short time compared to the release duration in systems without

photocatalyst, typically taking from several hours to several days.

Introduction

Neuroblastoma (IMR-32) is a neuroendocrine tumour that occurs
in the sympathetic nervous system, which leads to tumours in
the adrenal glands and/or in the sympathetic trunk and affects
mainly young children. Tumours are known to grow and form
metastases, disrupting the work of bone marrow, the liver,
lymph nodes, etc.1 When the disease is detected at the early
stages (I–IV), chemotherapy or surgery is prescribed. However
they do not always lead to recovery. Besides, the main problem
of chemotherapy is its destructive effect on the patient’s body,
leading to short-term survival.2 The side effects of such therapy
can be effectively minimized in a system of targeted drug
delivery to the tumour tissue and/or metastases, while not
affecting the healthy cells.

Nanomaterials with effective drug encapsulation, controllable
self-assembly and biocompatibility are considered to be
promising for antitumor therapy.3 Their unique nanoscale size

and distinctive bioeffects may help to solve the current chemo-
therapeutic barriers in cancer treatment. Metal–organic frame-
works (MOFs) are crystalline solids assembled by the connection
of metal ions or clusters through organic linkers whose struc-
tures are held together by strong metal–ligand bonding or by
weaker bonding forces.4 They naturally have flexible structures
that in combination with the many different types of bridging
ligands allow designing a large diversity of functional frame-
works with various architectures and properties. The versatility
of MOFs has led to their broad application in gas separation
and/or storage,5 sensors,6 nonlinear optics7 and catalysis.4

Furthermore, extraordinarily high surface area, tunable pore
size, and intrinsic biodegradability make them attractive for
targeted drug delivery.8–11

Zeolitic imidazolate frameworks (ZIFs) represent a new and
special class of MOFs comprising imidazolate linkers and metal
ions with structures similar to conventional aluminosilicate
zeolites.12–15 Among this class, ZIF-8 (Zn(mim)2, mim = 2-methyl-
imidazolate) possesses a large pore cavity (11.6 Å)16 and highly
developed surface area (ca. 1630m2 g�1).13,14 In addition, ZIF-8 is
capable of decomposing in acidic media.12 These properties make
this framework attractive for drug encapsulation, transportation,
and selective pH-mediated release.16–20 The pH-mediated release
is an essential feature of antitumor drug carriers, as tumour
extracellular substance is known to be relatively more acidic
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compared to normal tissues.21,22 Antitumoral agents such as
doxorubicin (DOXO) can be structurally incorporated by binding
to the surface of ZIF-8 and released upon increasing the acidity
of the surrounding medium.17,18 Importantly, the resultant
nanocomposite DOXO-ZIF-8 demonstrates lower cytotoxicity
compared to pure doxorubicin,17 which is one of the key aspects
of improving the drug’s therapeutic profile by the means of
engineered nanocarriers.23 Further improvements in engineered
DOXO-ZIF-8 nanocomposites concern various functional addi-
tives and modifiers such as polyacrylic acid, Au nanoclusters,
and magnetic Fe3O4 nanoparticles. They enhance the pH sensi-
tivity and can be used for various cancer imaging techniques,
such as magnetic resonance, X-ray computer tomography, and
fluorescence.24 Despite many advantages, the rate of drug release
by such nanocomposites is relatively slow, typically requiring
several hours to several days for releasing reasonable amounts of
doxorubicin at pH varying between 5.0 and 7.4.16,17,24–26

In this regard we address here a possibility of enhancing the
release efficiency of anticancer drug nanocomposites by combining
them with a photocatalytic agent enabling additional control of the
drug release kinetics by external UV illumination. As a prototype
model, we propose depositing the DOXO-ZIF-8 nanocomposite
particles onto highly-ordered titanium dioxide nanotubes (TNTs)
that are known for both excellent biocompatibility27 and photo-
catalytic activity.28,29 In particular, TNTs were shown to convert the
external electromagnetic energy into a local pH gradient at their
surface.30–33 Thus, implementation of the photosensible TNTs in
antitumor drug delivery systems should enable an additional
control of the pH-mediated drug release by using UV light for
acceleration. Here, we address the preparation of DOXO-ZIF-8-TNT
nanocomposite, and investigation of its structural and chemical
integrity, as well as functionality. Functional kinetics of the
controllable drug release and the resultant cytotoxic effect on
IMR-32 cells are thus of primary interest.

Materials and methods
Formation of TiO2 nanotubes

Titanium plates (99.99% trace metals basis) with a thickness of
1.5 mm and an area of 4 cm2 were preliminarily polished in
a mixture of hydrofluoric and nitric acids taken in a volume
ratio of 1 : 2. Prior to anodizing, the non-active surface of
the electrode was protected with a chemically resistant mask.
The electrolyte was prepared on the basis of ethylene glycol
with addition of 2 vol% of distilled water and 0.75 wt% of
ammonium fluoride. Anodization was carried out at a constant
voltage of 40 V for 1 h using an AC–DC power supply PS8160-
04DT (EA Elektro-Automatik, Germany) and Winkler platinum
electrode.

After the first anodization, the prepared titania layer was
removed using an ultrasonic bath Grad 40-35 with distilled water.
The second anodization was processed in order to obtain a highly
regular structure of TNTs. The as-prepared coating was rinsed in
ethanol and dried. In order to develop higher crystallinity, the
samples were finally annealed in air at 450 1C for 3 h.

Synthesis of ZIF-8 crystals and ZIF-8-TNT nanocomposites

To obtain ZIF-8-TNT nanocomposites, the TNTs samples were
immersed in a solution of 293 mg of Zn(OAc)2�2H2O and 1.08 g
of Hmim in 30 mL of deionized water for 48 h, without stirring,
thus adopting the method by Jian et al.34 The process was
performed at room temperature (ca. 25 1C). The molar ratio of
Zn/Hmim/H2O was adjusted towards optimal morphology of
the resulting ZIF-8 product, though two different topologies
(sod, dia) were obtained within the final coating layer (Fig. S1,
ESI†). After washing for 4 h in phosphate buffer (pH = 7.4),
the obtained TNT-ZIF-8 plates were dried at 50 1C for 24 h.
Similarly, the control batches of ZIF-8 particles were synthe-
sized by the same procedure and collected as a precipitate.

Incorporation of doxorubicin onto ZIF-8 and ZIF-8-TNT plates

In order to incorporate doxorubicin onto the ZIF-8-TNT samples,
a solution of 3 mg of doxorubicin hydrochloride in 3 mL of
DI water was prepared, and then the ZIF-8-TNT plates were
immersed in the solution for 24 hours, without stirring. The
process was performed at room temperature, as suggested in a
previous study.17 The obtained DOXO-ZIF-8-TNT samples were
washed in phosphate buffer (pH = 7.4) for 1 h. The amount of
doxorubicin adsorbed onto ZIF-8 was estimated by UV-vis
spectroscopy. The control batches of DOXO-ZIF-8 nanocompo-
sites were prepared in the same way.

The whole processing chain is schematically illustrated in
Fig. 1.

Material characterization and analysis

The microstructure of the obtained materials was analyzed
using a TESCAN MAIA 3 scanning electron microscope.

Energy dispersive X-Rays Spectrometry (EDX) was carried out
using an Inca X-ACT Spectrometer (Oxford Instruments).

X-ray diffraction (XRD) analysis was performed using a
Rigaku SmartLab 3 diffractometer, with CuKa radiation (l =
1.5418 Å).

Fourier-transform infrared (FTIR) spectra were obtained
using a Thermo Scientific Nicolet 5700 FTIR-spectrometer, in
ATR mode.

SVET/SIET instrumentation and measurements

Scanning Vibrating and Ion-selective Electrode Techniques
(SVET-SIET instrumentation, Applicable Electronics, LLC) were
employed for measuring the ionic current density and mapping
the pH distribution near the surface–solution interface.35

Fig. 1 Schematic of TNT-ZIF-8-DOXO assembly.
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The electrochemical cell used by SVET is schematically
shown in Fig. 2a. The electric signal is collected by a system
of three electrodes (working, reference, and grounding). The
working microelectrode is made of a platinum–iridium alloy
with an insulating sheath along its entire length except for the
platinum tip with a diameter of approximately 10 mm. The
platinum tip vibrates with an amplitude of 10 mm at a distance
of 150 mm from the sample surface. While vibrating at each area
of interest, the working tip probes the electric field near the
surface by measuring the potential difference DV between two
points distanced by Dd. The measured voltage fluctuation
between the working and reference electrodes is then amplified
and converted into the current density using Ohm’s law and
the conductivity of the solution as the conversion factor. The
vibration also serves for mixing the solution near the probe
and thus preventing any stationary redox process at the tip.36

Preliminary calibration is a routine, in which several measure-
ments are performed at various fixed positions of the working
electrode in the stationary (non-vibrating) regime.

Samples of TNT, ZIF-8-TNT, and DOXO-ZIF-8-TNT were
fixed on an epoxy resin and placed into an aqueous solution
of 0.05 M NaCl. Measurements of the current density were
carried out iteratively at a fixed area of the sample. This area
was subjected to external UV light irradiation applied as a step
function and the resulting response of ionic current excitation
and relaxation was characterized.

Generation of H+ ions was characterized using a Scanning
Ion-selective Electrode Technique (SIET). This method realizes
the concept of local potentiometry, based on the relationship
between the measured potential difference and the activity of a
hydrogen ion.35 The measurements were performed with two
microelectrodes: reference and H+-selective. The H+-selective
microelectrode (Fig. 2b) was prepared using single-barrel glass
capillaries filled with injected N,N-dimethyltrimethyl-silamine.
The membrane of the microelectrode (ion-selective cocktail)
consists of 0.5 wt% polyvinyl chloride, 9.9 wt% tridodecyl-
amine, 88.9 wt% benzyl-2-nitrophenyl ether and 0.7 wt%
potassium tetrakis-(4-chlorophenyl)borate. The reference elec-
trode was prepared using a silver wire coated by silver chloride.

The experimental SIET setup is schematically shown in Fig. 2c.
The ion-selective electrode was attached to a microelectro-
mechanical system controlling the tip position near the sample
surface, thus allowing for scanning regime. The local activity of
the H+ cations was measured at a height of 50 mm from the
sample surface within an area of ca. 2.25 mm2.

In vitro study of the drug loading and release profile

The system DOXO-ZIF-8-TNT is relatively stable in water.
Evaluation of drug adsorption by ZIF-8-TNT was performed
using UV-vis spectroscopy (single-beam spectrometer Cary 8454
UV-vis). The quantity of the adsorbed doxorubicin was deter-
mined using the calibration curve of doxorubicin in water. In
order to evaluate the amount of doxorubicin in DOXO-ZIF-8-
TNT, the samples were placed in cuvettes with water (2 mL)
and subjected to UV irradiation until full release (ca. 150 min,
37 � 0.5 1C). Thus the loading or release efficiency under other
conditions was evaluated correspondingly, as percentage of the
fully released amount.

MTT-assay for interaction of IMR-32 neuroblastoma cells with
nanocomposites under UV-irradiation

Interaction of neuroblastoma cells with TNTs, ZIF-8-TNT
and DOXO-ZIF-8-TNT nanocomposites under UV-irradiation
was investigated using a reduction assay of 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT). To per-
form this test, the samples with nanocomposite coatings were
placed in 12-well plates along with the IMR-32 neuroblastoma
cells (105 cells mL�1 for adherent cells) and incubated at 37 1C
for 72 h. For the control experiment, a certain amount of the
IRM-32 cells was incubated solely to serve as a reference. After
the first 24 h of incubation, all the samples with cells were
irradiated using a UV source (365 nm) placed at a distance of 10 cm.
The light exposition time varied within 5–40 min for the purpose
of the experiments. The LED element of a DLR-6 lamp (25 W,
13000 lm) was used as a source of UV light. Upon irradiation, the
samples were returned to incubation. The incubated product
was tested by adding 0.2 mL of MTT (5 mg mL�1) for 2 hours,
and then the MTT-formazan product was dissolved in 10 mL of
DMSO and the absorbance was measured at 570 nm using a
plate reader Infinite F50 (Tecan). To improve cell visibility,
trypan blue solution (0.4 wt%) was added as cell stain.

Results and discussion
SEM and XRD characterization

Scanning electron microscopy (SEM) images of the titania
nanotubes and the composite TNT-ZIF-8 assemblies are shown
in Fig. 3. The images demonstrate the vertical arrangement
of titania nanotubes (Fig. 3a and b), with a coating thickness
of ca. 5 mm (inset in Fig. 3a) and an average pore diameter of
ca. 70 nm (Fig. 3b). The calculated geometric surface of TNTs
has been estimated as 529 cm2. The TNT-ZIF-8 nanocomposite
is a uniform coating of ZIF-8 with two different topologies on
TNTs (Fig. 3c). The major volume fraction of a ZIF-8 layer is

Fig. 2 Scheme of the (a) SVET cell, (b) ion-selective electrode, and
(c) SIET cell.
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crystals with a characteristic shape of rhombic dodecahedron
(Fig. 3d). The minor volume fracture that is also visible in
Fig. 3c has a flake-like morphology. The final identification of
the ZIF-8 topologies has been performed using X-ray diffraction
analysis.

X-ray diffraction (XRD) patterns have been obtained for all
the prepared materials. The XRD spectrum of ZIF-8 is shown in
Fig. 4a. Two ZIF-8 polymorphs with sodalite (sod, CCDC code:
VELVOY)12,37 and diamondoid (dia, CCDC code: OFERUN10)14,38

topologies have been identified. In contrast to the SEM image
(Fig. 3c), the manifestation of the dia-ZIF-8 topology is stronger
on the XRD pattern, likely due to much higher density of dia-
ZIF-8 compared to sod-ZIF-8 (calculated values 1.58 g cm�3

vs. 0.95 g cm�3, correspondingly).14 The observed variety of
topologies in the obtained material has no substantial effect on
the functionality of ZIF-8 as a drug carrier. The topologically
different polymorphs have identical local structure39 and there-
fore similar intrinsic reactivity of the tetrahedral Zn nodes. This
has recently been demonstrated by in-depth DFT analysis of the
reactivity among different ZIF-8 polymorphs.39 In particular,
the difference in the reaction energies for the formation of a
linker vacancy in sod-ZIF-8 and dia-ZIF-8 has been evaluated
below 1 kcal mol�1,40 which is well beyond the accuracy limits
of standard DFT approaches.41 Furthermore, DFT calculations
point to a substantial reactivity enhancement of the under-
coordinated Zn sites on the external surface compared to those
within the bulk ZIF-8,40,42 thus allowing for a more efficient
coordination of doxorubicin at the surface of the ZIF-8 carrier.17

Fig. 4b illustrates the XRD patterns of DOXO, ZIF-8-DOXO,
TNT, TNT-ZIF-8, and TNT-ZIF-8-DOXO. Pure doxorubicin was
an amorphous powder and showed no apparent XRD reflec-
tions. The XRD patterns of pure ZIF-8 and DOXO-ZIF-8 are
nearly identical, thus confirming no effect on the structural
integrity of the host ZIF-8 upon adsorption of doxorubicin.17

The patterns of all the multilayer assemblies include traces of
the bottom titanium substrate, then the layers of TiO2 (anatase)
nanotubes, ZIF-8, and ZIF-8-DOXO, as shown in Fig. 4b. The
peaks of titanium (Ti) and anatase-TiO2 (A) phases are indexed
according to JCPDS cards #5-682 and #21-1272, correspondingly.
Thus, each layer of the nanocomposite manifests itself on the XRD
pattern by the series of individual reflections, slightly shadowing
the peak intensities resulting from the layers underneath. Hence,
the structural integrity of all the layers is shown to remain
unaltered at all the processing stages.

FTIR analysis

Fourier-transform infrared spectroscopy (FTIR) has been used
as complementary analysis providing deeper insight into the
chemical arrangement of elements in the obtained materials.
The FTIR spectra obtained for TNT, ZIF-8, ZIF-8-TNT, DOXO,
and DOXO-ZIF-8-TNT are shown in Fig. 5a. The TNT pattern
includes the distinctive peak at 663 cm�1, associated with the

Fig. 3 SEM images of TNTs (top-view) (a and b) and TNTs with deposited
ZIF-8 (c and d); the inset in (a) shows the cross-section view of the TNT layer.

Fig. 4 XRD patterns of experimentally obtained materials: (a) ZIF-8 (insets
illustrate the topologies of identified polymorphs); (b) DOXO, DOXO-ZIF-8,
TNT, TNT-DOXO-ZIF-8, and DOXO-ZIF-8-TNT.
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Ti–O–Ti stretch.43,44 ZIF-8 yields a series of bands interpreted17,45

as aromatic and aliphatic C–H asymmetric stretching vibrations
(3130 and 3027 cm�1), CQC (Imidazole ring) stretch mode
(1635 cm�1), and CQN stretch vibration (1581 cm�1). The signals
at 1305–1464 cm�1 correspond to the entire ring stretching, while
the band at 1148cm�1 is associated with an aromatic C–N
stretching mode. The absorption band at 420 cm�1 is associated
with the Zn–N stretching mode. The observed spectrum is thus
consistent with the previous FTIR analysis.45 The FTIR spectrum
of ZIF-8-TNT includes all the characteristic bands observed
in ZIF-8 and TNT, thus confirming the structural integrity
of the composite. FTIR data for pure doxorubicin have also
been reported previously;17,46 they are consistent with the data
obtained in this study. The following band assignment has
been suggested:17,46 the characteristic stretching vibration of
the O–H and N–H bonds (3454 cm�1), the axial deformation of
C–H (3027 cm�1) and C–O (1607 cm�1) bonds, and stretching
of the alcohol group (1008–1200 cm�1). Finally, the FTIR
pattern of DOXO-ZIF-8-TNT confirms the chemical integrity of
the constituting components, as all their characteristic bands
persist in the spectrum of the nanocomposite (TNT: Ti–O–Ti
(663 cm�1)); ZIF-8: C–H (3000–3200 cm�1), CQC ((imidazole
ring) (1635 cm�1), C–N (1148 cm�1), Zn–N (420 cm�1); DOXO:
O–H and N–H bonds (3454 cm�1), C–H (3000–3200 cm�1), CQC
(aryl) (1607 cm�1), C–O–C (1008–1200 cm�1)). Despite this,
encapsulation of doxorubicin by TNT-ZIF-8 was evidenced by
the contrast change of colour: the crystals of doxorubicin were
pale orange in the solution, while ZIF-8 crystals on the TNT
substrate were white. Upon adsorption, the surface of a DOXO-
ZIF-8-TNT nanocomposite became reddish-brown (mahogany),
see Fig. 5b. This supports the mechanism of ZIF-8-TNT

formation by adhesion of the hydrophobic ZIF-8 crystals47 on
the amphiphilic TNT surface.48 The crystals of ZIF-8 were not
leached when the ZIF-8-TNT composite was immersed in water.
Doxorubicin is a relatively large molecule to be encapsulated in
the pores of ZIF-8. As suggested by Vasconcelos et al.,17 the
adsorption scenario is based on interaction of doxorubicin
with the Zn2+ cations at the surface of ZIF-8. Seemingly, at the
surface of ZIF-8, two imidazolate ligands are replaced by water
molecules that are, in turn, the most likely candidates to be
replaced by doxorubicin. The tetrahedral coordination geometry
of the cation is thus maintained throughout these transforma-
tions. As discussed previously, this scenario is in line with DFT
analyses of the undercoordinated Zn node reactivity on the
external surface and within the bulk of ZIF-8.40,42

SVET/SIET

The Scanning Vibrating Electrode Technique (SVET) measures
the current density in the vicinity of the interface between solid
and liquid phases. Fig. 6a illustrates the behaviour of current
density measured at the surface of TNTs, ZIF-8-TNT, and
DOXO-ZIF-8-TNT in response to excitation by external UV
irradiation. In all the cases, application of the UV light pulse
ignited an intensive redistribution of electric charges with
an immediate increase of the current density, followed by a
slow relaxation process until a new equilibrium is established
with steady current. The decaying period lasted for 5–15 min
depending on the material. As shown in Fig. 6b for the case
of DOXO-ZIF-8-TNT, this relaxation can be described in terms
of the second-order rate equation. To get more insight into
the mechanism of the current formation, an experiment
with scanning H+ ion-selective potentiometry was carried out.

Fig. 5 (a) Infrared spectra for TNT, ZIF-8, DOXO, and DOXO-ZIF-8-TNT; (b) images of TNT, ZIF-8-TNT and DOXO-ZIF-8-TNT.
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The results are shown in Fig. 7. In this experiment, samples of
TNTs, ZIF-8-TNT, and DOXO-ZIF-8-TNT were subjected to UV
irradiation covering some local area at the surface of the
samples (Fig. 7a). The activity of H+ ions within the selected
area has been measured by SIET and the resultant maps of pH
distribution are shown for TNT (Fig. 7b), ZIF-8-TNT (Fig. 7c),
and DOXO-ZIF-8-TNT (Fig. 7d).

Comparison of the SVET (Fig. 6a) and SIET (Fig. 7b–d)
experiments indicates relatively high ionic current and narrow
distribution of the hydrogen ions around the irradiated epicentre
on TNTs (Fig. 7b). In contrast, in the cases of ZIF-8-TNT and

DOXO-ZIF-8-TNT the ionic current is weaker (Fig. 6a), while the
distribution of hydrogen ions is broader (Fig. 7c and d). This
suggests that some of the hydrogen ions are absorbed into the
upper layers. This is plausible, since the structure of ZIF-8 is
porous and includes basic amino groups that may attract protons.

The origin of photoinduced protons and ionic current in the
aqueous medium at the interface with titania has been a subject
of several research studies30–33,49,50 addressing the photocatalytic
dissociation of water. In particular, the following processes have
been figured out. Irradiation of titania with energy exceeding the
band gap results in generation of electron–hole couples (e�, h+).

Fig. 6 (a) Excitation and relaxation of electric current at the surface of TNT, ZIF-8-TNT, and DOXO-ZIF-8-TNT in response to UV irradiation;
(b) Relaxation of electric current in DOXO-ZIF-8-TNT and its interpolation with the 2nd order rate equation.

Fig. 7 SIET study of proton activity at the surface of TNTs and TNT-ZIF-8-DOXO: (a) surface of a sample with UV-irradiated area; (b–d) SIET maps for pH
distribution within the irradiated area for (b) TNTs, (c) TNT-ZIF-8, and (d) TNT-ZIF-8-DOXO samples; (e) mechanism of photocatalytic decomposition of
ZIF-8 at the irradiated surface of TNTs.
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The transfer of holes from bulk to surface is faster by one or
two orders of magnitude than that of electrons,50,51 hence the
photoinduced holes likely first reach and interact with water
molecules. Thus, the initial stage of the photocatalytic process
is suggested to be:49

H2O + h+ - �OH + H+

The hydroxyl radical is a reactive oxygen species that may
undergo further photoinduced reactions50 producing various
species, including H+ and OH�. However, an important feature
is the possibility to control their localization by focusing the
light. Formation of a local pH gradient with the minimum at
the epicentre of the irradiated interface has been demonstrated
in a series of publications by the means of SIET.31–33

In this study, SIET mapping of the H+ localization within the
irradiated area on TNT (Fig. 7b) and DOXO-ZIF-8-TNT (Fig. 7c)
samples suggests that the presence of a ZIF-8 intermediate layer
leads to a larger number of protons distributed along the
irradiated surface. The lower SVET current in ZIF-8-TNT and
DOXO-ZIF-8-TNT compared to TNT (Fig. 6) indicates that ZIF-8
reduces the photoinduced pH gradient and the associated ionic
current along the normal to the irradiated surface. These
observations suggest penetration of the photoinduced protons
into the structure of ZIF-8. In turn, the protonation of ZIF-8
leads to it decomposition. The protons mainly interact with the
mim ligands, the terminal group in the ZIF-8 structure, while
the resulting change in acidity is accompanied by a simulta-
neous change in the concentration of Zn2+.52 The whole process
chain is schematically shown in Fig. 7d.

Release kinetics of doxorubicin

Since the photocatalytic activity of titania agents affects
decomposition of ZIF-8 via the surrounding aqueous medium,
it allows for controllable release of doxorubicin from the DOXO-
ZIF-8-TNT nanocomposite. The time dependence of the process

in a PBS buffer solution with pH = 7.4 is shown in Fig. 8 for the
cases with and without UV irradiation, as well as for two different
temperatures, 25 1C (ambient temperature) and 37 1C (human
body temperature). Within the chosen time scale, no notable
drug release was observed in the absence of UV light. In contrast,
irradiation is shown to accelerate the drug release process, so the
full release was achieved within 120 min at 25 1C and 90 min at
37 1C, correspondingly. The photoinduced release demonstrated
two distinct stages with the different rate regimes. The initial
stage (Fig. 8, inset) lasted for several minutes and likely corre-
sponded to the period of ionic current relaxation registered by an
SVET experiment (Fig. 6b). Thus the main stage of the photo-
induced drug release corresponds to the regime of steady ionic
current generation (Fig. 6a and 8).

In the absence of UV irradiation, the full release of the drug
from DOXO-ZIF-8-TNT in a buffer solution with pH = 7.4 took
41 and 29 days at temperatures 25 1C and 37 1C, correspondingly.
This indicates rather strong chemical bonding between DOXO
and ZIF-8 in the nanocomposite. In particular, it demonstrates
a superior stability under ambient conditions compared to
DOXO-MIL-100, a composite based on a non-toxic iron(III)
carboxylate MOF, in which the drug release completes within
14 days under similar conditions.8

To elucidate better the role of ZIF-8 in drug loading and
release by DOXO-ZIF-8-TNT, a control MOF-free experiment on
DOXO loading and release on pure TNTs has been fulfilled.
In this case, TNTs demonstrated a smaller loading capacity:
ca. 0.25 mg cm�2 vs. ca. 0.71 mg cm�2 in the case of ZIF-8-TNT.
In addition, the DOXO-TNT nanocomposite demonstrated a rela-
tively poorer stability in buffer solution (pH 7.4, 37 1C) compared to
DOXO-ZIF-8-TNT: the complete drug release occurred within 5 hours
(Fig. S2a, ESI†) vs. 29 days (Fig. S2b, ESI†). Furthermore, the
observed stability of DOXO-TNT is apparently weaker compared
to various nanocomposites based on TiO2 nanoparticles, which
were reported53–55 to release well below 20% of the drug under
similar experimental conditions.

Kinetics of all the processes addressed in this study are
summarized in Fig. 9 with appropriate axis scales related to the
most applicable rate order. For the processes occurring under
UV irradiation, two regimes can be distinguished kinetically:
(1) the initial stage, in which the first portion of transient
photoinduced charge undergoes relaxation (Fig. 6b and 9a, b)
and (2) the main stage, in which the local current caused by the
photoinduced charge is steady (Fig. 6a and 9c, d). The kinetics
of the current density relaxation measured by SVET at the initial
stage appeared to be of the second-order rate (Fig. 9a). The fact
that it is different from the physical model of electrostatic
charge decay rather indicates the chemical origin of the process.
Indeed, the physical model of charge relaxation would presume
the first-order rate, an exponential decay with the time constant
t = RC, where R and C are the effective resistance and capacitance
of the aqueous solution within the area of characterization. The
corresponding initial period of the drug release is characterized by
the pseudo first-order rate (Fig. 9b). This is rather typical for
reactions occurring in systems with a TiO2 catalyst.56–58 None-
theless, the main stage of the drug release fromDOXO-ZIF-8-TNT

Fig. 8 Kinetics of the doxorubicin release efficiency in DOXO-ZIF-8-TNT
with and without UV irradiation (365 nm) at 25 1C and 37 1C. The inset
shows the initial stage of the process.
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appears to be rate-independent, irrespective of the irradiation
on/off regime (Fig. 9c and d). This indicates a diffusion-limited
heterogeneous reaction, likely controlled by the rate of proton
penetration into the metal–organic framework. It is, however,
difficult to elucidate the particular limiting factors for both stages,
as the whole process of doxorubicin release involves a multiple
chain of physical and chemical interactions. The key stages are
shown in Fig. 7e, while intermediate processes may limit the rate.
In particular, these can be the proton transport into ZIF-8, proton
interaction with imidazolate linkers or destruction and decom-
position of the framework, whose products may begin competing
with TNTs for photon absorption, etc.

In this study, we do not address kinetics of the earlier
processes occurring in TiO2-related systems within the sub-
millisecond period, such as photogeneration of electrons and
holes, their transfer and interaction with water, etc. They have
been investigated and reported elsewhere.50,51

The UV light induced decomposition of ZIF-8 on a TNT plate
was investigated by SEM/EDX analysis. The result is shown in
Fig. S3 (ESI†). Prior to irradiation, the shape of an arbitrarily
chosen sod-ZIF-8 crystal along with the distribution of Zn and Ti
elements was characterized (Fig. S3a, ESI†). The next characteriza-
tion was carried out after 90 min of exposure to UV-irradiation at
37 1C in a PBS buffer solution with pH = 7.4, in order to examine
the decomposition ZIF-8-TNT under the conditions sufficient for
full release of doxorubicin by the DOXO-ZIF-8-TNT system (Fig. 8).

This treatment resulted in partial degradation of ZIF-8 crystals on
TNT. As shown in Fig. S3b (ESI†), they lost their sharpness, while
the distribution of Zn atoms became broader, partially leaving the
crystal boundaries and encompassing the surrounding area; no
apparent changes was observed for Ti distribution.

In order to get more insight into the decomposition process, an
FTIR analysis was performed with the UV irradiated sample of ZIF-8-
TNT. Prior to the analysis, the sample was dried for 4 hours at 60 1C
and then stored in a vacuum drier (ca. 0.1 atm) for another 4 hours.
The FTIR analysis confirmed the partial decomposition of ZIF-8 on
TNT induced by UV irradiation, as demonstrated in Fig. S4 (ESI†).
The relative intensity of the absorption band associated with the
Zn–N stretching mode (420 cm�1) decreased, though it did not
disappear entirely. In addition, a new broad band (2700–3400 cm�1)
appeared in the spectrum, likely pointing to the presence of O–H
and/or N–H stretch modes. Supposedly, the N–H bond may result
from interaction between protons and mim ligands, while the
hydroxyl group may be bonded to zinc (Fig. 7e).

These results are consistent with the previous studies52,59,60

addressing in-depth analyses of ZIF-8 decomposition in various
media.

Interaction of IMR-32 neuroblastoma cells with ZIF-8-TNT and
DOXO-ZIF-8-TNT under UV irradiation

In this section we address the effect of photoinduced release of
doxorubicin on the IMR-32 neuroblastoma cell line cultivated

Fig. 9 Kinetics of various processes involved in drug release from DOXO-ZIF-8-TNT: (a) SVET current, (b) initial stage of photoinduced drug release;
(c and d) main stage of drug release with (c) and without (d) UV irradiation.
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on the developed DOXO-ZIF-8-TNT composite materials and
compare it with the cytotoxicity of other materials and condi-
tions used in this study. The results of the corresponding MTT
assays are presented in Fig. 10. The bar chart of cell viability
(Fig. 10a) shows that 40 min exposure to UV irradiation alone is
not toxic for the cells, as the reference batch demonstrated
nearly 100% viability. In combination with TNTs, the UV light
affected the local acidity, which was not well tolerated by the
cells. In particular, only 81% and 75% of cells survived on TNT
and ZIF-8-TNT surfaces during the same period of light expo-
sure. Finally, the introduction of doxorubicin into the system
reduced the cell viability to zero: no apparently viable cells were
observed after irradiating on DOXO-ZIF-8-TNT. This result was
achieved within 40 min, with ca. 50% (0.35 mg) of doxorubicin
released. Photos (with 100� magnification) of the cells exposed
to 40 min UV irradiation solely, as well of the cells on TNT,
ZIF-8-TNT and DOXO-ZIF-8-TNT plates are shown in Fig. 10b–e,
correspondingly.

Conclusions

In this study we have investigated the possibility to enhance the
control of pH-mediated release of a drug in a class of promising
drug delivery systems based on ZIF-8. This class has numerous
advantages in encapsulation, transportation and selective

targeted release of various drugs, which have recently attracted
tangible research interest. Although several actionable engi-
neering solutions have advanced the functional efficacy of the
system, one of the key advantages, namely the selective targeted
release, still remains challenging. The problems in question
are: (1) the relatively slow rate of drug release, ranging from
several hours to several days depending on the pH level,
ranging from 5.0 to 7.4 in most of the in vitro assays; and
(2) the relevancy of such assays, since the extracellular pH of
most known tumours barely achieves this range. Using a model
system of DOXO-ZIF-8-TNT, we demonstrated that the effective
drug release sufficient for effectively suppressing the viability of
tumour cells can be achieved in just under an hour. For this
purpose, we introduced a photocatalytic semiconductor, TNTs,
into a nanocomposite and demonstrated the possibility to
enhance the pH gradient in the targeted zone by illumination
with photon energy exceeding the band gap. In the examined
model system, we used the nanocomposite material prepared
on titanium plates and UV light irradiation. These features are
obviously not suitable for immediate practical implementation,
while we believe the proposed concept is prospective for further
design of drug delivery systems based on ZIF-8. Thus, engineering
a system in which a semiconductor photocatalytic agent would
be implemented in the form of nanoparticles and respond to
the electromagnetic energy with an effective penetration depth
shall be addressed in further research.

Fig. 10 Viability of IMR-32 neuroblastoma cells incubated on TNTs, ZIF-8-TNT, DOXO-ZIF-8-TNT, and solely (reference) under UV irradiation: (a) chart
for percentage of viable cells and doxorubicin release measured at various time periods; and (b–e) optical microscope images of cells incubated solely
(b), and on TNTs (c), ZIF-8-TNT (d), and DOXO-ZIF-8-TNT (e) after 40 min exposure to UV light.
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F. H. Schacher, S. K. Poznyak, D. V. Andreeva and
E. V. Skorb, Light-Induced Water Splitting Causes High-
Amplitude Oscillation of PH-Sensitive Layer-by-Layer
Assemblies on TiO2, Angew. Chem., Int. Ed., 2016, 55(42),
13001–13004, DOI: 10.1002/anie.201604359.

32 H. M. Maltanava, S. K. Poznyak, D. V. Andreeva, M. C. Quevedo,
A. C. Bastos, J. Tedim, M. G. S. Ferreira and E. V. Skorb, Light-
Induced Proton Pumping with a Semiconductor: Vision for
Photoproton Lateral Separation and Robust Manipulation, ACS
Appl. Mater. Interfaces, 2017, 9(28), 24282–24289, DOI: 10.1021/
acsami.7b05209.

33 N. V. Ryzhkov, P. Nesterov, N. A. Mamchik, S. O. Yurchenko
and E. V. Skorb, Localization of Ion Concentration Gradients
for Logic Operation, Front. Chem., 2019, 7, DOI: 10.3389/
fchem.2019.00419.

34 M. Jian, B. Liu, R. Liu, J. Qu, H. Wang and X. Zhang, Water-
Based Synthesis of Zeolitic Imidazolate Framework-8 with
High Morphology Level at Room Temperature, RSC Adv.,
2015, 5(60), 48433–48441, DOI: 10.1039/C5RA04033G.

35 A. Bastos, Application of SVET/SIET Techniques to Study
Healing Processes in Coated Metal Substrates, in Handbook
of Sol-Gel Science and Technology, ed. L. Klein, M. Aparicio
and A. Jitianu, Springer International Publishing, Cham,
2017, pp. 1–57, DOI: 10.1007/978-3-319-19454-7_138-2.

36 O. Dolgikh, A. Demeter, S. V. Lamaka, M. Taryba, A. C. Bastos,
M. C. Quevedo and J. Deconinck, Simulation of the Role of
Vibration on Scanning Vibrating Electrode Technique Measure-
ments Close to a Disc in Plane, Electrochim. Acta, 2016, 203,
379–387, DOI: 10.1016/j.electacta.2016.01.188.

37 A. Phan, C. J. Doonan, F.-J. Uribe-Romo, C. B. Knobler,
M. O’Keeffe and O. M. Yaghi, Synthesis, Structure, and
Carbon Dioxide Capture Properties of Zeolitic Imidazolate
Frameworks, Acc. Chem. Res., 2010, 43(1), 58–67, DOI:
10.1021/ar900116g.

38 C. Mottillo, Y. Lu, N.-H. Pham, M. J. Cliffe, T.-O. Do and
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Adjustment of the environmental acidity is a powerful method for fine-tuning the

outcome of many chemical processes. Numerous strategies have been developed for

the modification of pH in bulk as well as locally. Electrochemical and photochemical

processes provide a powerful approach for on-demand generation of ion concentration

gradients locally at solid-liquid interfaces. Spatially organized in individual way electrodes

provide a particular pattern of proton distribution in solution. It opens perspectives to

iontronics which is a bioinspired approach to signaling, information processing, and

storing by spatial and temporal distribution of ions. We prove here that soft layers allow

to control of ion mobility over the surface as well as processes of self-organization are

closely related to change in entropy. In this work, we summarize the achievements and

discuss perspectives of ion gradients in solution for information processing.

Keywords: interface, polyelectrolyte multilayers, pH-gradient, logic gates, iontronics

INTRODUCTION

Nobel laureate Herbert Kroemer stated that “the interface is the device” in reference to
heterogeneous semiconductor structures. But this idea also inspired the development of interfacial
science beyond the physics of heterostructures. Interfaces play a significant role in many physical
and chemical processes. There is a wide variety of procedures for surface treatment and the
modification of functional interfaces. Decher et al. (1992) described alternately exposing of charged
substrates to positively and negatively charged macromolecules in order to obtain functional
multilayered coatings. Layer-by-layer (LbL) assembled coatings and capsules have found various
applications due to the versatility of multilayer formation technique and a variety of charged
compounds which may be incorporated into it (Decher et al., 1998; Ryzhkov et al., 2019a).
Polyelectrolyte multilayers are traditional components of biomaterial surface coatings (Zhukova
et al., 2017), membranes for separation (Rmaile et al., 2003), as well as cargoes for drug
encapsulation and delivery (Nikitina et al., 2018).

Polyelectrolyte multilayers are also considered to be an appropriate model mimicking the
structure and properties of biological membranes (Zhu and Szostak, 2009). A lipid bilayer
supported by a polyelectrolyte cushion provides a platform for modeling and investigating many
cellular processes. Nowadays, transport processes in polyelectrolyte layers has garnered much
attention. Due to their selective ionic permeability (Tanaka and Sackmann, 2005), one may perform
dynamic polarization across the membrane. This process simulates neuron polarization during
nerve conduction, thereby modeling information processing in living systems.

Development of a reliable model infallibly mimicking biological way of information processing
is still a challenge. A lot of efforts are put to mimic biological way of computation by artificial
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matter. The simplest example of information operations is
switching functions following Boolean logic—logic gates. Logic
gates use binary inputs and produce a single binary output.
By now, several systems based on polyelectrolytes that perform
information processing according to Boolean logic and using
ionic signals (particularly protons) have been developed.
Motornov et al. (2008) designed an enzyme-based hybrid system
of pH-responsive nanoparticles assembling and disassembling
following AND/OR Boolean logic. Motornov et al. (2009)
also developed a pH-responsive Pickering emulsion coupled
with specific enzymatic reactions performing AND and OR
logic. Han et al. (2009) developed microchip polyelectrolyte
diodes representing AND, OR, and NAND logic based on
ion transportation through the polyelectrolyte interface. Thus,
applicability of iontronic devices were demonstrated.

Reversible conformational changes of polymer brushes atop
an electrode modulated by pH and influencing charge transport
behavior are wifely exploited for designing biomimetic iontronic
calculating devices. A more detailed mechanism is described as
follows. For example, sucrose in the presence of both invertase
(Input A) and glucose oxidase (Input B) results in a decrease in
pH, transforming into gluconic acid (AB). The described system
performs AND Boolean logic. OR logic can be designed using
an ethyl butyrate-glucose mixture. Acidification of the medium
(A+B) in this case can be achieved either by the oxidation of ethyl
butyrate to butyric acid by esterase (Input A) or by the oxidation
of glucose to gluconic acid by glucose oxidase (Input B). In brief,
enzymatic inputs run a cascade of reactions leading to a pH shift
to acidic values. The electrode surface with grafted shrunk poly-
4-vinyl pyrrolidone (P4VP) at neutral pH is not electrochemically
active because of the blocking effect of the polymer film. Output
“1” of the logic operations yielded a pH drop to acidic conditions,
resulting in the protonation and swelling of the P4VP polymer
allowing penetration of a soluble redox probe to the conducting
support. Thus, one may perform amperometry or impedance
spectroscopy study for output detection. Wang et al. (2009)
designed the system described above. Different groups employed
a large variety of enzymes and electrode coatings for realizing a
similar approach to designing biochemical logic gates. Privman
et al. (2008), Katz and Minko (2015), and Poghossian et al.
(2015) developed enzyme-based biocomputing systems coupled
with pH-responsive membranes and electrodes. As a result, they
obtained bioelectronic devices switchable by logically processed
biomolecular signals. Reversible pH-responsive on-off behavior
performing Boolean logic was suggested for designing novel
multi switchable electrochemical biosensors based on electrodes
covered by polymer network (Liu et al., 2012) or polymer brushes
(Li et al., 2014) and electrodes made of inorganic-polymer
composites (Wang et al., 2015).

Significant progress in DNA and molecular logic operations
was made in recent years. However, various issues remain
unresolved. For example, information transfer through live-
machine interfaces: living matter conducts electricity mostly
using ions, while machines conduct electricity mostly using
electrons (Yang and Suo, 2018). It’s of high importance nowadays
because technologies at the interface between natural and
artificial plays a central role in science. We suggest here a

strategy for performing iontronic logic operations at interfaces
in solutions and present it’s modeling by the electrochemical and
photochemical system and how they can be related to Shannon’s
entropy. Having an array of electrodes and applying potential
bias according to some program, one may realize the spatial
distribution of acidic and basic areas in water solutions close
to an electrode in a unique pattern with micrometer resolution.
It’s key to iontronic information processing. Designating current
density higher than some value as logic input “1” and pH
lower than some cut-off as logic output “1,” we may design
different logic gates varying the geometry of input electrodes,
the position of response point and cut-off values. We present
here the simplest AND logic gate performed by a couple of
microelectrodes and discuss assembling of individual logic gates
in concatenated logic cascades and complex branching networks
by multielectrode arrays.

Having an array of electrodes and applying potential,
oxidation, and reduction processes may be localized at particular
electrodes and hence spatially separated. Protons propagating
from parental electrode serve as information transmitters.
Moreover, we have demonstrated that polyelectrolyte
modification of electrode surface may lead to amplification and
better localization of ion fluxes and hence signal amplification
and can be related to self-organization vs. Shannon’s entropy. All
this discussion is also extrapolated to polyelectrolyte modified
photoelectrodes under irradiation.

ENHANCING ELECTROCHEMICALLY
PRODUCED IONIC SIGNALS BY
POLYELECTROLYTE ASSEMBLIES

Electrochemistry provides one with a powerful approach
for the on-demand local generation of ionic signals. For
example, proton fluxes may be produced by electrochemical
hydroquinone oxidation (Fomina et al., 2016). Due to their
proton-coupled electron transfer, low redox potential, and
relative chemical stability, quinones are widely used as the
electroactive species for the controlled generation/consumption
of protons (Dochter et al., 2015; Garnier et al., 2015). Naturally
occurring hydroquinone compounds play a significant role
in electron/proton transfer of many biological processes
(Jeyanthi et al., 2016). Thus, the quinone/hydroquinone
transition serves as an essential electrochemical model
for the development of biomimetic systems. Its changing
molecular structure allows for its electrochemical properties
to be tuned (Peduto et al., 2017). But characteristics of an
electrode reaction are highly affected by the microstructure
of the electrode surface, since the fact that electrochemical
systems under investigation are heterogeneous and
electrode reaction is related to electron transfer through
the electrode-electrolyte interface.

Electrode surface influences diffusion of electrochemical
reactants and products as well as Faradaic process. In case
of hydroquinone oxidation, horizontal and vertical proton
propagation is supposed to be a three-dimensional pH wave.
It originates from the ion source and weakens as it moves
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away. Fick’s laws describe diffusion and postulate that ionic
flux goes from regions of higher concentration to areas with
a lower one. Furthermore, the magnitude of the driving force
determining ion movement is proportional to the concentration
gradient. Ion fluxes and the concentration of a particular ion
close to the surface of the electrodes were investigated using
Scanning Vibrating Electrode Technique (SVET) and Scanning
Ion-Selective Electrode Technique (SIET), unique tools for the
characterization of local ionic currents in solution and ion
concentration gradient measurement, respectively (Souto et al.,
2010). SVET allows the electric field in a solution to be
measured for the visualization of anodic and cathodic areas on
surfaces with nA precision andµm spatial resolution (Figure 1a).
During SVET-analysis, a vibrating Pt-probe (Figure 1b) scans
the surface, estimating its electrical potential in amplitude points
of its vibration and then recalculates it in ionic currents.
SIET is based on potentiometric principles. A glass capillary
microelectrode with the ion-selective membrane in the tip scans
the surface, measuring the concentration of a particular ion.

We have studied the effect of polyelectrolyte assembly on top
of an electrode on the propagation of electrochemically generated
protons. The system under investigation is a working electrode
(WE) gold or platinum wire embedded in an epoxy resin so
that its round section was brought into contact with a solution
(Figure 1c). System may be also extended to several electrodes
(Figures 1d,e). Electrochemical reaction is coupled with proton
release. The pH-wave propagation is driven by a concentration
gradient. Further, the surface of the noble metal electrode
(WE) was subsequently modified with nanometer-thin layers
of the polycation polyethyleneimine (PEI) and the polyanion
poly(sodium 4-styrenesulfonate) (PSS). PEI is considered to be
a proton sponge that stores electrochemically generated protons
while the PSS layer serves as a cation exchange layer. The
electrode was first covered by branched PEI to provide secure
anchoring to the surface and to act as a positively charged
terminating layer. Deposition of PSS was then carried out via
electrostatic interaction with the underlying layer. Although
polymer multilayer assembly leads to no change in redox
processes at electrode/electrolyte interface, both the anodic and
cathodic activity of the Pt electrode measured by SVET is
higher for one that is polyelectrolyte coated than for a bare one
(Figures 1f,g). It is worth noting that a terminating PEI layer
resulted in more pronounced anodic/cathodic activity. However,
if this polyelectrolyte membrane is thick enough, ion flux from
the surface is suppressed (Ryzhkov et al., 2019b).

Since LbL polyelectrolyte assemblies contain many
uncompensated charges, ions cannot freely pass through
the membrane. Although it is still passive transport down their
concentration gradient, ion movement pathways are more
complex and cannot be explained by simple diffusion. We
consider polyelectrolyte LbL assemblies as a convenient tool
for controlling the transmission of the ion signal. Strong and
weak polyelectrolyte assemblies, including charged biopolymers
and hydrogels, can regulate charge carrier generation, the
diffusion of ions at interfaces, lifetime and storage (Ryzhkov
et al., 2019a). There is still no general theory precisely predicting
electrode response to polyelectrolyte modification. Until now,

multicomponent coatings formed by multilayers of different
polyelectrolyte compositions (strong–strong, strong–weak,
weak–weak) have been analyzed as nanolayers for corrosion
protection. The mechanism of multilayer protective action
is based on pH buffering polybasic and polyacid complexes
(Andreeva et al., 2010; Skorb and Andreeva, 2015). It has also
been demonstrated that polyelectrolyte layers can be used as
an efficient pH-buffering protective layer for pH-sensitive soft
materials (Skorb and Andreeva, 2013). It is expected that by
combining polyelectrolytes of different molecular weights,
strengths, and with different specific functional moieties, one
can flexibly tune spatial and temporal distribution of ionic fluxes
through the membrane and perform independent handling by
cations and anions. That fact opens up prospects for developing
futuristic biomimetic information processing using ions as
signal carriers.

DISCUSSION OF SOFT MATTER
ASSEMBLIES FOR CONTROLLING
ION FLUXES

LbL deposition of polyelectrolyte multilayers is a universal
approach to designing interfaces with unique properties. Its
impact is not limited by enhancement of ion fluxes described
above. Different effects may be achieved by polyelectrolytes
of different nature. Recent progress in science provides an
understanding of polyelectrolyte complexation principles.
Despite the apparent simplicity of the assembly procedure, the
processes occurring in the multilayers are incredibly complex.
Polyelectrolyte layers in multilayered structures are not perfectly
stratified, and polymer chains of polycations and polyanions
are significantly interpenetrated (Schönhoff, 2003). Much
attention is drawn to the dynamics and internal structure of
polyelectrolyte multilayers and studying of internal diffusion
(Fares and Schlenoff, 2017; Selin et al., 2017). Various parameters
such as ionic strength (Steitz et al., 2000), charge density
(Steitz et al., 2001), pH, and temperature (Karg et al., 2008)
influence the internal structure of polyelectrolyte film. Several
models of diffusion in ultrathin polyelectrolyte films were
suggested (Klitzing and Möhwald, 1996; Farhat and Schlenoff,
2001). Three different modes of interaction of polyelectrolyte
multilayers and small ionic species were observed—permeability,
non-permeability, and ions accumulation. It was also found
that the permeability of polyelectrolyte membranes depends
mostly on film composition rather than its thickness (Hoshi
et al., 2003). The outermost layer of polyelectrolyte LbL
assembly carry out excess non-compensated charge and plays
a crucial role in permeability properties blocking penetration
of similarly charged small species (Rmaile et al., 2003). Fu
et al. (2017) demonstrated that pairs of weak polyelectrolytes
tend to transport small molecules or ions more, whereas
multilayers assembled from strong polyelectrolytes are
less permeable. Kelly et al. (2018) demonstrated that ion
flux through the membrane is significantly affected by the
stoichiometry of the polyelectrolyte multilayer. An excess of
some component, polycation, or polyanion, changes diffusion
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FIGURE 1 | (a) Schematic of scanning vibrating electrode technique (SVET) for determining an ionic current that can be used together with scanning ion selective

electrode (SIET). (b) Pt-Ir vibrating probe for SVET, (c) top view of gold electrode embedded in epoxy resin, (d) top view of working electrodes (WE) embedded in

epoxy resin (e) ion currents mapped by SVET in solution over three WEs, left electrode is negatively polarized (−90 nA), right one—positively (+90 nA), red

demonstrates areas of positive ionic current in solution related to anodic activity and blue—areas of negative ionic current in solution and cathodic activity on the

surface, (f,g) ionic current over one WE under either positively [in (f)] or negatively [in (g)] on pristine Pt or Pt covered with different polyelectrolyte multilayers—Pt/

polyethylenimine (Pt/PEI), Pt/PEI/ poly(sodium 4-styrenesulfonate) (Pt/PEI/PSS), and Pt/PEI/PSS/PEI—number of layers affects drastically on the ionic current.

and permeability of ions through the polyelectrolyte multilayer.
Ion transportation through polyelectrolyte multilayers can
be described similarly to solid matter permeability. Thus, the
action of surrounding polyelectrolyte chains affects diffusion
through polyelectrolyte assemblies significantly and diffusion
is thermoactivated (Spruijt et al., 2008). Internal interfaces
predetermine the properties of polyelectrolyte multilayers,
and one should therefore keep in mind the composition and
structure of the multilayer, the internal layer chemistry, and
interactions between components when designing functional
polyelectrolyte multilayers (Brezhneva et al., 2019). The means
of changing the permeability of polymer layers mentioned
above have already found extensive use in the development of
semipermeable separating membranes and electrochemical
sensors with improved selectivity, sensitivity, and
response time.

Thus, polyelectrolyte multilayers are a powerful instrument
for the regulation of ion-fluxes. By varying membrane

composition, enhanced ion transport, accumulation, and
delayed release can be realized.

PH-WAVE PROPAGATION AS A BASIS
FOR IONTRONICS

Precise control over electrochemically generated ion fluxes open
perspectives for flexible and reliable approach for transition
from machine way of information processing (via electrons)
to biological one (via ions) and developing technologies at the
interface between natural and artificial (wearable and implantable
devices, for example).

Our interest is focused on information transfer in aqueous
solutions and the prospective for communication with living
matter. Here, we demonstrate a proof of concept of basic
logic operations that use ions as input and/or output signals
which allows unequivocal output reading. The system under
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investigation is presented by an array of gold or platinum
electrodes particularly embedded in an epoxy resin and
immersed in the electrolyte solution. The simplest model systems
containing two electrodes are shown in Figure 2.

By applying positive and negative potentials to the electrodes
one is able to carry out a pH coupled redox process (e.g.,
hydroquinone oxidation). Herewith, oxidation and reduction
processes may be spatially separated. As a result, the distribution
of acidic and basic areas in a solution adjusted to an electrode
surface may be realized particularly. Anodic and cathodic activity
are localized directly at the electrodes while the resulting pH
gradient is more spatially blurred. The desired localization of
the proton wave may be achieved via electrode functionalization
by polymer assembly. The electrodes may be designated as
inputs and the acidity of the space between the electrodes as
output in terms of logic gates. Simple AND logic operations
(Figure 2a) may be performed. The main processor of any
computing device is basically a bunch of interconnected logic
gates, thus performing these simple logic operations is an
important step toward biomimetic iontronic calculations. The
open-circuit potential applied to the input electrode (Figure 2b)
is designated as input “0” and hydroquinone oxidation potential
(0.70 vs. SHE) as input “1.” The acidity of the solution between
the electrodes is read as an output signal. A pH lower than
some threshold, for example, 5.0, is designated as output “1”
with anything lower being “0.” Two “0” inputs provide “0”
output (Figure 2c). If only one of the electrodes is polarized,
the resulting pH wave does not reach the output area, and
pH > 5.0. Therefore, the output signal is “0” (Figure 2d).
Otherwise, if both input electrodes are polarized, generated
protons propagate to the output area, making the pH there
significantly acidic, <5.0, giving signal “1” in output area
(Figure 2e).

In general, themodel system described abovemay be extended
to several dozen electrodes. As such, some electrodes may be
assigned as inputs while others are for the reading of the
electrochemical output. We started with three microelectrodes
(Figure 1d) and, by SVET, demonstrated that the independent
polarization of electrodes might be performed, while no effect
of the bipolar electrode was observed in the studied potential
window (Figure 1e).

What we plan to do next is to cover the output electrode
with pH sensitive film, grafted P4VP or P2VP brushes for
example (Pennakalathil et al., 2010; Ghostine and Schlenoff,
2011). This thin polymer layer in its non-protonated state is
collapsed and acts as an insulator, inhibiting direct electron
transfer from the electrode to the electrochemically active
specimen in solution and vice versa. If only one input electrode
is active, the resulting proton wave does not reach the output
electrode. The polymer layer still blocks the electrode surface
and no current is observed during polarization. When both
inputs are “1” (applied potential of hydroquinone oxidation),
then the resulting proton wave reaches the output electrode,
making the surrounding media acidic enough to protonate
the blocking polymer layer atop the output electrode. As a
result, polymer conformation changes from collapsed to swelled,
allowing penetration of hydroquinone to the electrode. Thus,

an anodic current of hydroquinone oxidation may be registered
at the output electrode. A Faradaic current registered at the
output electrode above a certain threshold is assigned as “1”
and lower as “0.” Thus, switching of output electrode activity
may be performed according to Boolean logic. It is worth
noting that in this case some autocatalysis may be shown,
and the acidification of the area close to the output electrode
leads to electrochemical generation of more protons. Thus,
signal amplification and signal transmission from one location
to another realizing specific pathways through the electrode
network may be performed.

Our future research direction will be focused on different
geometries of input electrode array, varying applied
potentials and passed currents, and regimes of application
(constant current, pulses, etc.). Another direction is the
development of novel approaches for output electrode
modification for ensuring disambiguation of output
response reading.

SELF-ORGANIZATION VS.
SHANNON’S ENTROPY

Fundamental concept of information theory is Shannon’s
entropy. Entropy in this case is a measure of unpredictability
of the state, or equivalently, of its average information content.
We suggest here description of described above approach to
designing of iontronic devices in terms of Shannon’s entropy.

Idea here is a correlation of soft matter components
(polyelectrolytes and lipid layers) of living cell and our
biomimetic model (Figures 3A,B). We took photochemical
system (Figure 3C) (Maltanava et al., 2017) shown previously
as the analogy to electrochemically induced proton gradients
in aqueous electrolytes and collect SIET pH maps for
pristine working electrode (WE) (System I), WE covered with
polyelectrolyte multilayers (System II) and WE covered with
polyelectrolyte multilayers and lipid layer on top (System III).

Processes of self-organization are known to be closely
related to change in entropy of the system (Haken, 2006).
Typically, this occurs with spatial change in thermodynamic
(as temperature, density, and pressure) as well as chemical
parameters and, in particular, ion composition of the system.
In our case, the changes of temperature, density, and pressure
are negligible, while the local electrochemical influence
affects directly the ion-distribution in the solution. Note
that the spatial pH-redistribution occurs self-consistently,
being accompanied by local electric potential redistribution
during the free-energy minimization of the system. In
result, the self-organization and the redistribution of pH-
fields are directly associated with each other and, thus,
the change of entropy can be illustrated using the fields
of pH.

According to its definition, the Shannon’s entropy is
(Haken, 2006).

S = −

∑
i
pi log2 pi (1)
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FIGURE 2 | (a) Basic AND logic gate and corresponding truth table, (b) system of two WEs embedded in epoxy holder, (c–e) 2D pH-maps via SIET of two input

electrodes in hydroquinone solution during polarization of electrodes in different regimes and interpretation in terms of logic gates, positive polarization +V is

determined as input “1,” no polarization 0V as input “0,” pH >5.0 is determined as output “0” and pH<5.0 as output “1,” (c) no potential applied, both inputs are “0,”

as a result, no pH drop – output “0,” (d) positive potential is applied to the right electrode “1,” left one is not polarized “0,” resulting pH drop localized on right

electrode and doesn’t propagate to output area “0” (e) positive potential applied to both electrodes “1,” resulting proton wave reaches output area giving output “1”.

FIGURE 3 | (A,B) Idea of cell prototype system that consists of polyelectrolyte assembly or coacervates, reactions inside that are protected from environment by lipid

bilayers. (C) System with local gradient of pH initiated by light (measured pH values are shown in units in photo). (D–F) Recalculated into Shannon’s entropy SIET pH

maps of—(D) pristine WE, (E) WE covered with polyelectrolytes, and (F) WE covered with polyelectrolytes and lipid bilayer—processes of self-organization are closely

related to change in entropy of the system.

where 0 < pi < 1 is the probability to measure some observable
value i. In a case of a lot of observable independent values
(e.g., set of p-values at different spatial points), corresponding
summation over them should be performed in the right hand side
of Equation (1).

The particular physical sense of the probability p depends
on the system’s nature and plays an important role for
interpretation of the results. For instance, p can be related
to the probability of some molecular dipole orientation or
electric charge in case of electric systems, an electron spin
orientation or magnetic polarization in magnetic systems, a
particular state of photons in optical systems, or concentration

of chemicals in reacting systems (Haken, 2006). In the same
manner, this approach could be naturally expanded to solutions,
to consider p in sense of probability that an observed ion
in the solution is an H+ or OH− ion (whose concentrations
are related with each other). In other words, we may use
the parts of H+ and OH− ions as the probabilities pH and
pOH, to calculate corresponding contribution to the Shannon’s
entropy associated with the pH in a given spatial area of
measurement. One should note that, generally speaking, the pH
distribution provides the same information as the field of electric
potential, since they are consistently related with each other in
the solution.
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The probability to observe H+ cations in a solution during a
measurement is simply related to the cation concentration in the
system and pH of the solution as pH = CH/C0 = 10−pH, where
C0 = 1M is a normalizing concentration. For OH− anions, we
have pOH = COH/CO = 10pH−14, since pH pOH = 10−14. From
here, by substitution of this expression for p into Equation (1),
we readily obtain the pH-related part of the Shannon’s entropy as

S = log210 (pH 10−pH
+ pOH10−pOH)

= log210 (pH 10−pH
+ (14− pH) 10 pH−14) (2)

Equation (2) determines the contribution to Sannon’s entropy,
associated with pH measured in a small volume (which we
consider as a subsystem of a large system herein the pH-
measurement is performed). At pH = 7, Equation (2) exhibits
a local minimum. Note that Equation (2) is symmetric relatively
pH = 7 and, at pH < 6.8 (pH > 7.2), the first (second) term in
the parenthesizes becomes negligible.

The total entropy for given discrete spatial distribution of
pH (distribution of the system states) can be calculated with
summation over the S-values in all spatial points of the system.
This situation with discrete distribution of pH field is typical for
experiments we performed, since the size of a “cell” (small open
volume of the solution) wherein pH is measured is determined
by the electrode size.

The approach based on Equation (2) is convenient for
analysis of self-organization phenomena (related to change in
pH-distributions) and their interpretation in terms of entropy
fields. This can be illustrated using results of our measurements
of pH fields in different systems. For instance, taking spatial
distribution of cations determined experimentally in cases of
bare electrode, as well as for electrode covered by polyelectrolyte
multilayer (PEI/PSS)3 and lipid bilayer, we obtained the spatial
distributions of entropy S(x, y) represented in Figures 3D–F.
Interestingly, huge difference is observed for obtained the spatial
distributions of entropy that can be associated with various soft
matter components for controlling ion fluxes.

CONCLUDING REMARKS AND OUTLOOK

In this perspective, we highlight information processing and
signaling by spatial and temporal distribution of ions. A model
electrochemical and photochemical system creating local ion-
fluxes were demonstrated.

Electrodes spatially organized in a particular manner allows
propagation of pH waves to be triggered and spatial distribution
of H+ according to a particular pattern to be realized. Proton
diffusion from two sources is reported to model the AND
logic gate. We are currently studying how the system geometry
influences the pattern of proton concentration and developing a
simulation that predicts pH pattern depending on the working
electrode geometry and vice versa, namely suggesting electrode
geometry depending on desired pH pattern.

The LbL assembly of polyelectrolytemultilayers is suggested as
an instrument to control horizontal and vertical ion propagation
with ability to correlate it with the spatial distributions of entropy.
The experiments we have described are only a small sample of the

full range of polyelectrolyte materials that can be assembled on
top of electrodes and tested for ion conduction ability.

EXPERIMENTAL SECTION

Three-electrode electrochemical cells (working electrode, Pt
counter electrode and Ag/AgCl reference electrode) were utilized
as model electrochemical and photoelectrochemical systems.
Working electrode was presented by gold or platinum wire
(0.2mm in diameter, 2–3 cm length) embedded in epoxy resin
so that circular cross-section of wire exposed to outside media on
flat surface of obtained holder. Anodized TiO2 (1.5 cm2) under
low intensity light-emitted diode (365 nm) irradiation focused
in spot (∼0.25 cm2) was utilized as working photoelectrode.
The anodic and cathodic activity of electrode under polarization
in water solution as well as photoactivity of illuminated TiO2

was studied by SVET and generated pH gradients by SIET.
To perform the SVET and SIET measurements, a system from
Applicable Electronics (USA) modulated by an ASET program
(Sciencewares, USA) was used. As a vibrating probe for SVET
experiments, an insulated Pt-Ir microprobe (Microprobe Inc.,
USA) with a platinum black spherical tip 30µm in diameter
was used. The probe was made to vibrate both parallel and
perpendicular to the specimen surface at a height of 150µm.
The amplitude of vibration was 30µm, while the probe vibrated
at frequencies of 136Hz (perpendicular to surface) and 225Hz
(parallel to surface). Only the perpendicular component was
used in the treatment and presentation of the data. The
environmental pHmeasurements by SIET were carried out using
glass-capillary microelectrodes filled with Hydrogen Ionophore
Cocktail I (Sigma) based liquid pH-selective membrane and
KCl + KH2PO4 internal solution. Ag/AgCl/KCl (sat) was
used as the external reference electrode. The pH-selective
microelectrodes were calibrated using commercially available
pH buffers and demonstrated a linear Nernstian response−55
to−58 mV/pH—in a pH range from 3 to 8. The local activity
of H+ was detected 25µm above the surface. Instrumentation
allows to measure voltage with nV precision level, and measure
extremely low ion concentration gradients. Step motors allow
to study electrochemical activity of material with micrometer
spatial resolution and high-resolution maps were obtained.
Electrochemical systems were studied in 60mM hydroquinone
solution in 150mM KNO3, photoelectrochemical one without
addition of hydroquinone.

The deposition of the polyelectrolyte multylayers onto
the surface of working electrode was performed using the
classical Layer-by-Layer technique. Two mg/ml each branched
polyethylenimine (PEI, Mw 70 kDa, 30% water solution
purchased from Alfa Aesar) and polystyrene sulfonate (PSS,
Mw 500 kDa purchased from Polysciences Inc.,) were dissolved
in 0.5M aqueous NaCl to make polycation and polyanion
solutions respectively. Each layer took 20min to be deposited
after which it was rinsed with excess distilled water and then
steam-dried. On top of polyelectrolyte modified TiO2 lipid
bilayer was also deposited from 10 mg/ml dispersion of Lecisoy
400 vesicles for 1 h. Further electrochemical characterization
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of modified electrodes and photoelectrodes were performed as
described above.

SVET data presented as obtained, SIET data recalculated
according to previous calibration. Mapping for each
experimental condition were reproduced at least three times, one
of typical maps is presented.
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Abstract: Network autocatalysis, which is autocatalysis whereby a catalyst is not directly produced
in a catalytic cycle, is likely to be more common in chemistry than direct autocatalysis is.
Nevertheless, the kinetics of autocatalytic networks often does not exactly follow simple quadratic or
cubic rate laws and largely depends on the structure of the network. In this article, we analyzed one of
the simplest and most chemically plausible autocatalytic networks where a catalytic cycle is coupled
to an ancillary reaction that produces the catalyst. We analytically analyzed deviations in the kinetics
of this network from its exponential growth and numerically studied the competition between two
networks for common substrates. Our results showed that when quasi-steady-state approximation is
applicable for at least one of the components, the deviation from the exponential growth is small.
Numerical simulations showed that competition between networks results in the mutual exclusion
of autocatalysts; however, the presence of a substantial noncatalytic conversion of substrates will
create broad regions where autocatalysts can coexist. Thus, we should avoid the accumulation of
intermediates and the noncatalytic conversion of the substrate when designing experimental systems
that need autocatalysis as a source of positive feedback or as a source of evolutionary pressure.

Keywords: Autocatalysis; reaction networks; origin of life; Michaelis-Menten kinetics; numerical
simulations; self-replication

1. Introduction

Autocatalytic reactions are of profound importance for at least three problems in the chemical
sciences: (i) chemical evolution and the origin of life, [1–6] (ii) dissipative chemical systems [7–9],
and (iii) chemical signaling and information processing systems [10]. Autocatalytic self-replication
is an element needed for Darwinian selection. Biological evolution is driven by cellular division
and life most likely originates from prebiotic reactions that involve some form of self-replication
and autocatalysis [1,11–14]. Dissipative systems, such as chemical and biological oscillators and
Turing structures [15–18], often require autocatalytic reactions as a source of positive feedback.
Finally, biochemical signaling systems need autocatalysis for signal amplification [10].

The importance of autocatalysis for determining the origin of life is twofold [19]. At the initial
stages of prebiotic evolution, where organic building blocks accumulated, autocatalysis is a possible
solution for the “mixtures” problem [20–22], which involves a low abundance of any particular reaction
product from diverse starting materials because of the statistical distribution of the reaction products.
Autocatalysis would accelerate the formation of a limited set of products and consume starting materials
for forming these products, thus avoiding the formation of the complex mixture. At later stages of
prebiotic evolution, autocatalysis serves as a driving force for the natural selection of information
carriers [2,12,14,23]. It amplifies the fittest carriers against others. Many variations of information
carriers have been proposed such as rybozimes [24], autocatalytic sets of polypeptides [1,2,12,14,22],
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or vesicles carrying compositional information [23], but autocatalysis is always a driving force behind
the evolution of these species.

Direct autocatalysis, which is a process whereby a product directly catalyzes its own production
through formation of only short-living intermediates, is often differentiated from network autocatalysis,
where multiple stable products cooperatively accelerate their own production [25–29]. Because of
its high mechanistic versatility compared with direct autocatalysis, network autocatalysis has
become a basis for a variety of models for determining the origin of life [1,2,11,12,14,23,30].
Nevertheless, the functional properties (e.g., the ability to evolve) of a particular network depend
on their kinetic behavior which [31,32], consequently, depend on the structure of the network [33].
Therefore, it is important to analyze the kinetics of specific and chemically plausible autocatalytic
reaction networks [34–36].

Semenov, Whitesides, and coworkers have recently published two autocatalytic reactions that can
be reduced to a catalytic cycle, followed by the noncatalytic conversion of one product of this catalytic
cycle to the catalyst itself (Figure 1) [37,38].
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In the first example, we can separate a catalytic cycle of cysteamine (CSH), which catalyzed the 
acylation of cystamine (CSSC) by a thioester; this is followed by converting one of its byproducts, 
ethanethiol, into CSH (Figure 1a) [37]. In the second example, the catalytic cycle of the copper-
catalyzed azide-alkyne cycloaddition reactions is followed by the formation of a catalytically active 
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Figure 1. Schemes that represent (a) the thiol-based autocatalytic reaction and (b) the copper-catalyzed
azide-alkine cycloaddition-based autocatalytic reaction as a catalytic cycle coupled to a non-catalytic
reaction that converts one of the products of catalytic transformation into the catalyst itself. Examples
of autocatalysts are cysteamine (CSH) and a copper complex (Cu(I)TATZ).

In the first example, we can separate a catalytic cycle of cysteamine (CSH), which catalyzed the
acylation of cystamine (CSSC) by a thioester; this is followed by converting one of its byproducts,
ethanethiol, into CSH (Figure 1a) [37]. In the second example, the catalytic cycle of the copper-catalyzed
azide-alkyne cycloaddition reactions is followed by the formation of a catalytically active complex
from triazole derivatives (Figure 1b) [38]. Because of the abundance of catalytic reactions in nature,
we speculate that these motifs might be among the most common autocatalytic motifs in simple
(i.e., non-biological) reaction networks.

Here, we would like to analyze the kinetic behavior of one type of these motifs where the
Michaelis-Menten-type catalysis is coupled to one additional irreversible reaction (Figure 2).

We decided to analyze this particular motif because the Michaelis-Menten scheme can be applied
to many catalytic reactions and possibility to reduce extended motifs to this motif by considering only
rate-limiting steps. We would like to determine under which conditions this reaction network can be
used in place of quadratic autocatalysis in experiments investigating chemical evolution and chemical
systems with nonlinear kinetics and whether the kinetics of this network will always cause mutual
exclusion of competing replicators.
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2. Results and Discussion

2.1. Analysis of Kinetics for a Network with an Infinite Supply of Substrates

Equations (1)–(3) with constant S1 and S2 describe the network in this approximation:

dA
dt

= −k1S1A + (k2 + k−1)I + k3S2P (1)

dI
dt

= k1S1A− (k2 + k−1)I (2)

dP
dt

= k2I − k3S2P (3)

Let us first consider two of the simplest cases: (i) when quasi-steady-state approximation (QSSA)
can be applied to ( dI

dt = 0) and P ( dP
dt = 0) and (ii) when QSSA can be applied to A ( dA

dt = 0) and P
( dP

dt = 0). Simple calculations (see the Appendix A) show that in the first case the reaction is perfectly
autocatalytic with the effective rate constant ke = k1S1k2/(k2 + k−1):

dA
dt

=
k1S1k2

(k2 + k−1)
A (4)

Obviously, in a situation with a limited amount of S1, the reaction will behave as quadratic
autocatalysis with rate constant ke.

In the second case, the reaction is entirely autocatalytic for I with k2 as the autocatalytic constant
(see the Appendix A):

dI
dt

= k2I (5)

Let us next look at a situation where we apply QSSA only to I. This situation is important
for experimental systems because it has been shown that many catalytic reactions follow Michaelis
–Menten kinetics, which implies QSSA for I. The equations (1)–(3) can be reduced to the second order
Equation (6) on P:

d2P
dt2 + k3S2

dP
dt
−

k3S2k1S1k2

(k2 + k−1)
P = 0 (6)

From 6, with initial conditions P(0) = 0 and A(0) = A0, we can derive an expression for A (see the
Appendix A for details).

A(t) = A0√
k3S2(k3S2+4k1S1k2/(k2+k−1))

((k3S2 + λ1)eλ1t
− (k3S2 + λ2)eλ2t)

λ1/2 =
−k3S2±

√
k3S2(k3S2+4k1S1k2/(k2+k−1))

2

(7)
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Note that for physical (positive) rate constants and concentrations, λ1 is always positive and λ2

is always negative. The first term in Equation (7) has a positive exponent (λ1) and has the higher
coefficient in front of the exponent other than the second term, and therefore, it will dominate from
the beginning. Chemically, this equation means that if intermediates of the catalytic cycle do not
accumulate in significant amounts, the reaction will behave as exponential autocatalysis from the
beginning of the experiment and any deviations from exponential growth will decay over time.

Next, we will examine a situation where we do not have an accumulated product of the catalytic
cycle because of the substantially high rate of its conversion to the autocatalyst. This situation is
described by QSSA with dP

dt = 0 and cannot be reduced to the second order differential equation;
instead, we need to solve a system involving two equations:

dA
dt

= −k1S1A + (2k2 + k−1)I (8)

dI
dt

= k1S1A− (k2 + k−1)I (9)

For the initial conditions, A(0) = A0 and I(0) = 0; this system has a solution:

A(t) = A0(C1eλ1t + C2eλ2t)

λ1/2 =
−k1S1−k2−k−1±

√
(k1S1+k2+k−1)

2+4k1Sk2

2

(10)

Both the C1 and C2 coefficients are positive and C1 + C2 = 1 (for an exact expression of C1

and C2, see the Appendix A). The value λ1 is always positive and λ2 is always negative for any
positive rate constants. Therefore, the value of the decaying term, A0C2eλ2t, will not exceed that of A0.
These calculations indicate that if in an experimental system the product P does not accumulate and
A0 is much smaller than the concentration of the substrate, S1, this system will behave as an almost
perfect quadratic autocatalysis.

Finally, we will briefly examine a situation where we do not apply any QSSA. For an autocatalyst
A, the solution has a general form:

A(t) = C1eλ1t + C2eλ2t + C3eλ3t (11)

If any part of λ1-3 is positive, then A will grow exponentially after an initial lag period (the term
with a positive exponent will dominate in Equation (11)). As we show in the Appendix A, because rate
constants are positive, one of the λ1-3 values must be positive. Thus, independently of rate constants
and after some lag period, this reaction network will produce exponential growth. Experimental
systems are limited by the amounts of the substrates S1 and S2 and might not have time to reach an
exponential phase, especially with a high initial concentration of A.

2.2. Competition of the Autocatalysts of Two Different Autocatalytic Networks for Common Substrates

To describe a practically interesting situation, we analyzed the competition between two
autocatalytic networks in a continuously stirred tank reactor (CSTR). Network 1 consists of A1,
I1, and P1 and network 2 consists of A2, I2, and P2; they compete for common substrates S1 and S2.
Here, the system is defined by:

dA1

dt
= −k1S1A1 + (k2 + k−1)I1 + k3S2P1 − k0A1 (12)

dI1

dt
= k1S1A1 − (k2 + k−1 + k0)I1 (13)

dP1

dt
= k2I1 − (k3S2 + k0)P1 (14)
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dA2

dt
= −k′1S1A2 + (k′2 + k′

−1)I2 + k′3S2P2 − k0A2 (15)

dI2

dt
= k′1S1A2 − (k′2 + k′

−1 + k0)I2 (16)

dP2

dt
= k′2I1 − (k′3S2 + k0)P2 (17)

dS1

dt
= −(k1A1 + k′1A2 + k0)S1 + k−1I1 + k′

−1I2 + k0S10 (18)

dS2

dt
= −(k3P1 + k′3P2 + k0)S2 + k0S20, (19)

where S10 and S20 are the concentrations at which S1 and S2 are supplied to the reactor.
We should mention at this point that if networks compete only for substrate S1 and S2 is considered

to be in an unlimited supply (i.e., we consider Equations (12)–(18) with S2 being constant), autocatalysts
A1 and A2 cannot coexist at a steady state if any difference between the rate constants of the reactions of
the networks exists (see the Appendix A). The model with constant S2 describes experimental systems
where S2 is in a big excess in relation to S1 or where conversion of P to A is a monomolecular reaction.

If S2 is variable, we cannot draw a simple conclusion about coexistence and need to use numerical
analysis. We analyzed 12–19 using Mathematica script (see the Appendix A). Figure 3a shows
concentrations of A1 and A2 at t = 2000 where, in most cases, the system reaches a steady state.
We set all constants to unity, the initial concentrations of A1 and A2 to 0.001, k0 to 0.1, and varied k1 and k3,
which characterize reactions with substrates. The graph has two characteristic futures: (i) autocatalysts A1

and A2 do not coexist, if one has a nonzero concentration and another falls to zero; (ii) competition is not
sensitive to k3 as soon as k3 is sufficiently high. These features mean that these networks can undergo
Darwinian evolution and that this evolution will be more sensitive to improvements in k1 than in k3.

An important difference between model 12–19 and plausible chemical systems is the presence of
the noncatalytic conversion of substrates to autocatalysts in many experimental systems. To consider
these reactions, we have to add k4S1 and k′4S1 to Equations (12) and (13) correspondingly, and subtract
both these terms from Equation (18). We performed a numerical analysis of the modified equations
with the same parameters as in Figure 3a and with k4 and k′4 set to 0.01 (Figure 3b). The graph shows
that autocatalysts can coexist and the region of coexistence is higher for low k3 values. Thus, we should
avoid accumulating P in experimental systems with noncatalytic background reactions. We also
explored how k2 and k−1 influence the competition between two replicators (Figure 3c,d). The plots
demonstrate that k2, which represents kcat in a classical Michaelis-Menten scheme, has a stronger
influence on the competition than k3 does, but it is less important than k1. Interestingly, simultaneously
varying k2 and k−1 produces almost a symmetrical plot, which indicates their equal contribution to the
competition between replicators (Figure 3d). Overall, the data indicate that k1, which is responsible for
initiating the catalytic cycle, has the greatest effect on the competition, whereas k3, which is responsible
for an axillary reaction that produces an extra molecule in the catalyst, has a minimum effect.
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Figure 3. Competition between replicators A1 and A2 in continuously stirred tank reactor (CSTR).
(a) The system is based on Equations (12)–(19). All reaction rate constants except k1 and k3 are set to 1;
k0 is set to 0.1, S10 and S20 are set to 1, and k1 and k3 are varied from 0.1 to 2. (b) When considering
the noncatalytic formation of A1 and A2 with k4 = k4

′ = 0.01, other parameters are identical to a.
(c) The system is based on Equations (12)–(19). All reaction rate constants except k1 and k2 are set to 1;
k0 is set to 0.1, S10 and S20 are set to 1, and k1 and k2 are varied from 0.1 to 2. (d) The system is based
on Equations (12)–(19). All reaction rate constants except k−1 and k2 are set to 1; k0 is set to 0.1, S10 and
S20 are set to 1, and k−1 and k2 are varied from 0.1 to 2. In all plots, the concentrations of replicators A1

and A2 are plotted at t = 2000, A1(0) = 0.001, A2(0) = 0.001.

3. Conclusions

In this work, we determined, as precisely as possible, where and how to use reactions in
experimental systems, which are based on the scheme shown in Figure 2. The results provide two
main conclusions: (i) As soon as an intermediate of catalytic I or an intermediate product P does not
accumulate in the reaction (at least one of them can be described by QSSA), the reaction kinetics does
not deviate from exponential autocatalysis after a short lag period. (ii) The competition between these
networks results in the mutual exclusion of autocatalysts if the noncatalytic formation of autocatalysts
is negligible. Therefore, although these networks are not direct autocatalysts from a mechanistic
perspective, they will behave as simple quadratic autocatalysts in most experimental systems.

Finally, if some variable information in autocatalyst A is transferred to product P and then retained
during conversion of P to A, the network fulfills the conditions for Darwinian evolution. Interestingly,
an experimental system from Otto’s group is [39,40], in a way, already following this mechanism.
The growth of the supramolecular stacks, which is catalyzed by the terminus of the stack, is the catalytic
step with information transfer; breaking the stack, which generates an extra terminus, is a P to A step
that retains the information.
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Appendix A

I. Equations (2)–(3) at dI
dt = 0 and dP

dt = 0 give:

k1S1A− (k2 + k−1)I = 0 (A1)

k2I − k3S2P = 0 (A2)

I =
k1S1A

k2 + k−1
(A3)

P =
k2k1S1A

k3S2(k2 + k−1)
(A4)

Substitution of (A3) and (A4) into (1) gives Equation (4)

Equations (1) and (3) at dA
dt = 0 and dP

dt = 0) give:

− k1S1A + (k2 + k−1)I + k3S2P = 0 (A5)

P =
k2I

k3S2
(A6)

A = −
(2k2 + k−1)I

k1S1
(A7)

Substitution of (A7) into (2) gives Equation (5)
II. Equation (6) at P(0) = 0 and A(0) = A0 => dP

dt (0) =
k1S1k2

(k2+k−1)
A0 has a solution:

P(t) = A0k1S1k2

(k2+k−1)
√

k3S2(k3S2+4k1S1k2/(k2+k−1))
(eλ1t

− eλ2t);

λ1/2 =
−k3S2±

√
k3S2(k3S2+4k1S1k2/(k2+k−1))

2

(A8)

Considering that:

A(t) =
(k2 + k−1)

k1S1k2
(k3S2P +

dP
dt

) (A9)

A(t) is described by Equation (7).
III. In Equation (10) coefficients C1 and C2 are expressed by:

C1 =
k1S1−k2−k−1+

√
(k1S1+k2+k−1)

2+4k1S1k2

2
√
(k1S1+k2+k−1)

2+4k1S1k2

C2 =
k2+k−1−k1S1+

√
(k1S1+k2+k−1)

2+4k1S1k2

2
√
(k1S1+k2+k−1)

2+4k1S1k2

(A10)
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IV. Equations (1)–(3) are linear and a solution for this linear system of ODE has the following form:
A
I
P

 = C1eλ1tν̃1 + C2eλ2tν̃2 + C3eλ3tν̃3 (A11)

where λ1, λ2, and λ3 are eigenvalues, and ν1-3 are the corresponding eigenvectors of the matrix:
−k1S1 k2 + k−1 k3S2

k1S1 −k2 − k−1 0
0 k2 −k3S2

 (A12)

λ1, λ2, and λ3 are roots of the equation:

λ3 + (k1S1 + k2 + k−1 + k3S2)λ
2 + k3S2(k1S1 + k2 + k−1)λ− k1S1k3S2k2 = 0 (A13)

From Vieta’s formula:
λ1λ2λ3 = k1S1k3S2k2 (A14)

Because k1, k2, k3, S1, S2 are positive, one of the λ1-3 values must be positive.
V. Steady-state conditions for 12-19 are as follows:

A1(−k1S1 +
(k2 + k−1)k1S1

k2 + k−1 + k0
+

k2k1S1k3S2

(k3S2 + k0)(k2 + k−1 + k0)
− k0) = 0 (A15)

A2(−k′1S1 +
(k′2 + k′−1)k′1S1

k′2 + k′−1 + k0
+

k′2k′1S1k′3S2

(k′3S2 + k0)(k′2 + k′−1 + k0)
− k0) = 0 (A16)

If we consider S2 to be constant and the reaction rates are different for two networks, this system
of equations does not have solutions where both A1 and A2 are nonzero.

VI. Mathematic script that generates the plot 3A. Plots 3B-C were generated by modifying this script.
k0 = 0.1; k1 = 1; k1r = 1; k2 = 1; k3 = 1; k1z = 1; k1rz = 1; k2z = 1; k3z = 1; S01 = 1; S02
= 1; s = ParametricNDSolve[{a’[t] == -a[t]*(i*k1*s1[t] + k0) + b[t]*(k2 + k1r) + h*k3*s2[t]*p[t],
b’[t] == i*k1*a[t]*s1[t] - b[t]*(k2 + k1r + k0), p’[t] == k2*b[t] - (h*k3*s2[t] + k0)*p[t], a1’[t] ==

-a1[t]*(k1z*s1[t] + k0) + b1[t]*(k2z + k1rz) + k3z*s2[t]*p1[t], b1’[t] == k1z*a1[t]*s1[t] - b1[t]*(k2z
+ k1rz + k0), p1’[t] == k2z*b1[t] - (k3z*s2[t] + k0)*p1[t], s1’[t] == -i*k1*a[t]*s1[t] - k1z*a1[t]*s1[t]
+ k1r*b[t] + k1rz*b1[t] - k0*s1[t] + k0*S01, s2’[t] == -h*k3*p[t]*s2[t] - k3z*p1[t]*s2[t] - k0*s2[t] +

k0*S02, a[0] == 0.001, a1[0] == 0.001, b[0] == p[0] == b1[0] == p1[0] == 0, s1[0] == s2[0] == 1 },
{a, b, p, a1, b1, p1, s1, s2}, {t, 0, 2000}, {i, h}]; Plot3D[{a[i, h][2000] /. s, a1[i, h][2000] /. s}, {i, 0.1,
2}, {h, 0.1, 2}, PlotStyle -> Opacity[0.7], Mesh -> None, AxesStyle -> 16]
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In situ studies of transmembrane channels often require a model bioinspired

artificial lipid bilayer (LB) decoupled from its underlaying support. Obtain-

ing free-standing lipid membranes is still a challenge. In this study, we

suggest an electrochemical approach for LB separation from its solid support

via hydroquinone oxidation. Layer-by-layer deposition of polyethylenimine

(PEI) and polystyrene sulfonate (PSS) on the gold electrode was performed

to obtain a polymeric nanocushion of [PEI/PSS]3/PEI. The LB was depos-

ited on top of an underlaying polymer support from the dispersion of

small unilamellar vesicles due to their electrostatic attraction to the polymer

support. Since lipid zwitterions demonstrate pH-dependent charge shifting,

the separation distance between the polyelectrolyte support and LB can be

adjusted by changing the environmental pH, leading to lipid molecules

recharge. The proton generation associated with hydroquinone oxidation

was studied using scanning vibrating electrode and scanning ion-selective

electrode techniques. Electrochemical impedance spectroscopy is suggested

to be a powerful instrument for the in situ observation of processes associ-

ated with the LB–solid support interface. Electrochemical spectroscopy

highlighted the reversible disappearance of the LB impact on impedance

in acidic conditions set by dilute acid addition as well as by electrochemical

proton release on the gold electrode due to hydroquinone oxidation.

1. Introduction
Avital parameter necessary for the completion of various chemical processes in

solution chemistry [1,2] and biochemistry [3] is the acidity at which the reac-

tions take place. Fine-tuning the environmental acidity serves as a powerful

regulatory method, influencing the outcome of these processes [4,5] and allow-

ing for the desired effects to be achieved. pH-sensitive systems play a significant

role in the design of those smart materials that respond to external stimuli [6]

such as soft robots [7], self-organizing structures [8,9] and nanocapsules

[10,11]. The acidity of the environment greatly affects those systems held

together by electrostatic interactions [12].

Numerous strategies have been developed for modifying the pH of a

solution on both large and small scales. Recent reports have included photoche-

mical [13], enzymatic [14] and electrochemical [8,9] approaches to pH

adjustment. Faraday’s laws of electrolysis show that electrochemically adjusting

the pH of a system enables quantitative control over the generation of pH-

determining ions. Precise spatiotemporal control can be performed due to the

high localization of reactions on the electrode surface.

Owing to their proton-coupled electron transfer [15], low redox potential

and relative chemical stability quinones are widely used as the electroactive

species for the controlled generation/consumption of protons [8,9]. Naturally

occurring hydroquinone compounds play a major role in electron/proton trans-

fer of many biological processes [16,17]. Thus, the quinone/hydroquinone

transition serves as an important electrochemical model for the development

& 2019 The Author(s) Published by the Royal Society. All rights reserved.
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of biomimetic systems. Its changing molecular structure

allows for its electrochemical properties to be tuned [18].

Designing artificial composites that mimic living matter is

of utmost importance to modern science. Many attempts

have been made to imitate the structure and properties of bio-

logical membranes by use of artificial polyelectrolyte–lipid

composites [19,20]. A lipid bilayer (LB) supported by a poly-

electrolyte cushion provides a platform for the investigation

of many cellular processes [21,22].

Typically, polyelectrolyte multilayers (PEM) are assembled

by various adaptations of the classical layer-by-layer (LbL)

technique. The basis of the LbL technique is the cyclical

alternating deposition of oppositely charged components.

Many variations of this method exist [23]. Two of the most

developed techniques for LB formation are the Langmuir–

Blodgett/Langmuir–Schaefer method [24] and deposition

from the dispersion of vesicles in water [25,26]. The latter,

technically simple and versatile, involves the adsorption of

the dispersed vesicles to an oppositely charged surface,

rupture of said vesicles and spreading to form a continuous

bilayer [27,28].

It is well known that the phospholipid membrane is

attached to the underlaying polyelectrolyte cushion by a com-

bination of electrostatic forces and hydrophobic interactions

[24]. Polyelectrolyte multilayer assemblies are held together

by electrostatic forces as well [29]. Therefore, biomimetic

lipid–polyelectrolyte composites are strongly affected by

the pH of the surrounding medium. Repelling of the com-

ponents can be achieved when the isoelectric point of some

component is reached and the interaction switches from

attraction to repulsion. It has been shown that by making

the environmental pH acidic, the distance between the LB

and the underlaying support can be varied [30]. Structural

characterization by neutron reflectometry revealed that, due

to the pH-sensitivity of lipids, the distance between the poly-

meric cushion and the LB can be reversibly adjusted by as

much as 300 nm [31] by simply varying the pH of aqueous

environment. Molecular dynamic simulations later confirmed

this. Such manipulation of the intermolecular interactions

between the lipid membrane and its underlaying support

and the subsequent distance between them may be useful

in obtaining free-standing lipid membranes for the study of

transmembrane proteins. This allows for the denaturation of

these proteins to be avoided while simultaneously affording

the use of specific analytical techniques not available for

black lipid membranes [32]. Since mechanic properties of

lipid membrane are highly dependent on fabrication

approach, free-standing lipid membranes detached from

underlaying polymer support could be useful model for the

understanding of cell mechanics [33,34]. Electrotriggered

lipid lift-off may also be considered as an alternative to phos-

pholipid bilayer arrays patterning [24] and study of the lipid

membrane’s flexoelectricity [35].

Here we report the electrochemically triggered reversible

LB lift-off from the underlying conducting substrates covered

by polyelectrolytes via hydroquinone oxidation coupled with

proton release (figure 1). We have conducted electrochemical

studies on a phosphatidylcholine bilayer supported by a

polyelectrolyte multilayer of polyethylenimine (PEI) and

poly(sodium 4- styrenesulfonate) (PSS) on top of gold,

obtained by the vesicle rupture and LbL techniques respect-

ively. The anodic activity and proton concentration in close

proximity to the gold electrode during the oxidation of

hydroquinone to quinone was studied by use of the

scanning vibrating electrode technique (SVET) and scanning

ion-selective electrode technique (SIET). It has been demon-

strated that the polyelectrolyte layers show a decrease in

conductivity after LB assembly [36]. Electrochemical impe-

dance spectroscopy (EIS) has become a widely used

technique in the study of lipid layer formation and character-

ization [37]. Electrochemical spectra have revealed that a dense

LB atop a polyelectrolyte multilayer can attain extremely high

resistance and capacitance values [38].

Here we suggest EIS to be a powerful instrument for the

routine analysis of the LB. It serves as a viable alternative to

neutron reflectivity—a technique that is not always readily

available and limited to flat, smooth specimens. Electro-

chemical spectroscopy revealed that in the acidic conditions

generated by the quinone/hydroquinone redox reaction, the

LB impact in impedance of gold/PEM/LB composites disap-

pears. Its lift-off can be attributed to its electrostatic repulsion

from its underlaying support [31]. The process described

above is observed to be reversible. After a short relaxation

time, the proton concentration decreases, returning to near

the starting concentration due to diffusion, causing the LB

to go back, followed by impedance growth.

2. Experiment
2.1. Chemicals
Branched PEI (Mw 70 kDa) 30% water solution purchased

from Alfa Aesar; poly(sodium 4-styrenesulfonate) (PSS, Mw

500 kDa) purchased from Polysciences Inc.; liquid soya

lecithin Lecisoy 400 containing mostly phosphatidylcholines

obtained from Cargill, USA; reagent grade NaCl (99.5%)

obtained from Merck and hexane from Ekos-1, Russia. All

chemicals were used as received without any purification.

Gold wire, 0.2 mm in diameter, was purchased from Agar

(UK). Pieces of gold wire of 2–3 cm length were embedded

in epoxy resin so that circular cross-section of gold wire

exposed to outside media on the flat surface of the obtained

holder. Prior to the assembly process, the gold substrates

were rinsed with acetone then ethanol and, subsequently,

in an excess of distilled water.

2.2. Polyelectrolyte multilayered film formation
The deposition of the polyelectrolyte cushion onto the gold

embedded in the epoxy resin was performed using the clas-

sical LbL technique 2 mg ml21 each PEI and PSS were

dissolved in 0.5 M aqueous NaCl to make polycation and

polyanion solutions, respectively. Each layer took 20 min to

be deposited after which it was rinsed with excess distilled

water and then steam-dried. A total of seven layers were

deposited, resulting in a [PEI/PSS]3/PEI polyelectrolyte

multilayer.

2.3. Lipid vesicles preparation and characterization
For the preparation of the lipid small unilamellar vesicles

(SUV) solution following procedure was performed. A soy

lecithin solution in hexane (10 mg ml21) was kept under

vacuum for solvent evaporation for at least 3 h. After remov-

ing any hexane traces, a thin lipid film on the bottom of the

vessel was obtained. The resulting lipid film was rehydrated

using distilled water for a final 10 mg ml21 concentration
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with simultaneous sonication in an ultrasonic bath for

15 min. In order to determine the size and charge of the pre-

pared vesicles, dynamic light scattering (DLS) and z-potential

measurements were conducted with a Photocor Compact-Z

analyser. Centrifugation at 14 000 r.p.m. for 20 min was

performed to separate the different sized fractions in lipid

vesicles suspension.

2.4. Lipid bilayer deposition
To obtain the model LB atop a polyelectrolyte cushion, modi-

fied substrates were immersed in 10 mg ml21 dispersion of

SUV for 1 h. Vesicles attached themselves to the oppositely

charged PEM surface then ruptured, fused and spread on

the surface, forming a continuous bilayer. The resulting struc-

ture was then rinsed with a large quantity of distilled water.

LB formation as well as PEI/PSS multilayer formation were

followed by QCM-D monitoring (Q-Sense AB).

2.5. Acidity adjusting
Two approaches to adjusting the pH were tested. By adding

dilute solutions of NaOH and HCl, pH 3 and 7 were gained.

The alternative method was the electrogeneration of protons

via the oxidation of 60 mM hydroquinone solutions in

150 mM KNO3 at a constant electric current of 5 mA. Owing

to the proton-coupled electron transfer of the quinone/

hydroquinone redox system, pH gradient occurs in close

proximity to the electrodes during oxidation and reduction

processes (figure 2a).

2.6. SVET-SIET measurements
The anodic activity of gold immersed in a hydroquinone sol-

ution under an applied positive potential was studied by

SVET and generated pH gradients by SIETwhich enables vol-

tage measurement with nV precision level, electrochemical

activity of material to be studied with micrometre spatial

resolution and the measurement of extremely low ion concen-

tration gradients [39]. To perform the SVET and SIET

measurements, a system from Applicable Electronics (USA)

modulated by an ASET program (Sciencewares, USA) was

used. As a vibrating probe for SVET (figure 2b) experiments,

an insulated Pt-Ir microprobe (Microprobe Inc., USA) with a

platinum black spherical tip 30 mm in diameter was used

(figure 2c). The probe was made to vibrate both parallel and

perpendicular to the specimen surface at a height of 150 mm.

The amplitude of vibration was 30 mm, while the probe

vibrated at frequencies of 136 Hz (perpendicular to surface)

and 225 Hz (parallel to surface). Only the perpendicular com-

ponent was used in the treatment and presentation of the data

(figure 2d ). The environmental pH measurements by SIET

(figure 2e) were carried out using glass capillary microelec-

trodes filled with Hydrogen Ionophore Cocktail I (Sigma)

based liquid pH-selective membrane and KCl þ KH2PO4

internal solution (figure 2f ). Ag/AgCl/KCl (sat) was used

as the external reference electrode. The pH-selectivemicroelec-

trodes were calibrated using commercially available pH

buffers and demonstrated a linear Nernstian response –55 to

258 mV pH21—in a pH range from 3 to 8. The local activity

of Hþ was detected 25 mm above the surface. The local pH

and ionic current density were mapped on a 11 � 11 grid in

a 150 mM KNO3 solution containing 60 mM hydroquinone.

2.7. Electrochemical impedance spectroscopy
Electrochemical measurements were performed using potentio-

stat Compactstat.e (Ivium, Netherlands). The polyelectrolyte

multilayer and LB covered gold substrates were used as work-

ing electrodes, Pt wire as a counter electrode and an Ag/AgCl/

3 M KCl reference electrode in a quartz electrochemical cell

with a volume of approximately 50 ml filled by 150 mM

KNO3 containing 60mM hydroquinone (figure 2g). The dis-

tance between the working and counter electrode was

approximately 15 mm. Deposition of the PEM and lipid were

anodic current
hydroquinone oxidation

proton producing
lipid protonation

lift-off

open circuit
relaxation

proton diffusion
going down

gold

Figure 1. Local acidification of medium in close proximity to the electrode surface during the electrochemical oxidation of hydroquinone to quinone and the
resulting lift-off of the LB from its underlying support due to electrostatic repulsion after lipid recharge due to protonation. (Online version in colour.)
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performed as described above. Impedance spectra for frequen-

cies between 0.1 and 1000 Hz with an AC modulation

amplitude of 5 mV were recorded at a bias potential set

equal to the open circuit potential of the working electrode.

Data analysis was performed using standard Ivium software

(figure 2h).

3. Results and discussion
Owing to the proton-coupled electron transfer of the qui-

none/hydroquinone redox system, a pH gradient occurs in

close proximity to the electrodes during oxidation and

reduction processes. A two-step hydroquinone oxidation

takes place (figure 2a) where each step and each peak on

cyclic voltammetry corresponds to one electronic process—

the release of one proton. The oxidation of hydroquinone

happens at an oxidative potential of about 0.5–0.6 V while

the electrolysis of water requires a minimum of 1.5 V. Accord-

ing to the rules of stoichiometry, the same acidification can be

achieved via both methods: water electrolysis and the oxi-

dation of hydroquinone to 1,4-benzoquinone. The latter is

preferable because of its lower oxidative potential. It was cal-

culated that hydroquinone oxidation leads to a pH of 3.6 at

the surface of electrode and gradually increases to neutral

(pH � 7) away from it [40]. It is important that CVA curves

are not affected by further deposition of polyelectrolyte

layers and LB formation (figure 2a). Since molecules of

hydroquinone and quinone are rather small and uncharged

they are able to pass freely through the LB and polyelectrolytes,

a feat impossible for large molecules and ions.

The anodic activity of the gold electrode and the pH

gradients were visualized using scanning microelectrode

techniques SVET and SIET (figure 3). The microelectrode

measurements demonstrated that the oxidation of

quinone to hydroquinone on a bare gold electrode

(figure 3a) leads to the local acidification, pH decrease to

approximately 4 from initial 7 (figure 3b) in accordance

with theoretical modelling [41]. An ionic current of more

than 500 mA cm22 was observed over the surface of the

electrode (figure 3c).
Further assembly of a biomimetic nanocomposite simulat-

ing a living cell membrane was done using the LbL technique

(electronic supplementary material, figure S1). The electrode

was first covered by branched PEI to provide strong anchoring

to the surface and to act as a positively charged terminating

layer. Deposition of PSS was then carried out, making a sur-

face negative. Eventually, a gold/(PEI/PSS)3PEI multilayered

composition was obtained (figure 3d). The choice of terminat-

ing layer (positive PEI) is predetermined by the necessity of

further LB formation from lipid vesicles suspension. It is of

utmost importance that the lipid be oppositely charged to

the capping layer of the polymer cushion for strong attachment

of lipid vesicles, their rupture and complete coverage of the

surface when forming a defect-free self-organized LB on top

of polymer support. Lipid vesicles obtained from soy lecithin

consisting mostly of phosphatidylcholine were observed to

be negative (z-potential approx. 235 mV) at neutral pH.

I 
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)
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Figure 2. (a) Cyclic voltammetry curves of hydroquinone on a pure gold electrode and a gold electrode covered by a polyelectrolyte multilayer and polymer cushioned
LB, (b) scheme of SVET measurement, (c) Pt-Ir vibrating probe, (d ) top view of gold wire embedded in epoxy holder, red arrows are representative of ionic currents
measured by SVET, the platinum vibrating electrode is seen at the right bottom of the image, (e) schematic of SIET measurement, ( f ) glass capillary microelectrode with
liquid ion-selective membrane, (g) schematic of EIS measurement, (h) equivalent electrical scheme representing parts of electrochemical system with gold electrode
covered by a polyelectrolyte multilayer and LB. (Online version in colour.)
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Owing to their short radius of curvature, small vesicles are

more likely to rupture. Thus size distribution of lipid vesicles

significantly affects their stability. As prepared vesicles have

bimodal size distribution representing small unilamellar ves-

icles (SUV) with 100+11 nm and large aggregates of

vesicles 5.0+0.5 mm and large fractions can be separated by

centrifugation. Negative small vesicles are stable for weeks

when stored at 48C in a fridge.

Although polymer multilayer assembly leads to no

change in redox processes at the electrode/hydroquinone sol-

ution interface, anodic activity measured by SVET is

significantly lower for polyelectrolyte coated gold than for a

bare one (figure 3f ). During the oxidation of hydroquinone

to 1,4-benzoquinone two electrons are transferred to the

electrode and release of two protons occurs. Positive protons

are repelled by and attracted to the uncompensated positive

and negative charges of PEI and PSS, respectively. Since the

polyelectrolyte multilayer consists of alternating PEI and

PSS layers, the diffusion of charged ions is difficult. The

ionic current 250 mm above the surface where it was

measured is therefore lower than for a bare gold electrode.

The polyethylenimine layer serving as a proton sponge [42]

is responsible for the higher pH during hydroquinone oxi-

dation on the gold/PEM electrode in comparison to pure

gold (figure 3e).
To obtain polyelectrolyte/lipid composites, lipid vesicles

which are negative in neutral media were deposited at pH

7 on the positive PEI capping layer of the polymer cushion

obtained by LbL deposition on gold (figure 3g). The LB,

which is impermeable to charged species, blocks the ion cur-

rent from the gold surface (figure 3i), causing all protons

released during hydroquinone oxidation to be concentrated

beneath the LB and proton concentration above it to be

rather low (figure 3h). Whereas strong polyelectrolyte mol-

ecules are not pH-sensitive, PSS is one which dissociates in

an extremely wide pH range. With its isoelectric point

being much lower than that of the lipid [43], PEI is always

protonated in aqueous solution [42]. Zwitterionic lipid mol-

ecules are able to adsorb protons. Phospholipid molecules

forming soy lecithin contain positively and negatively

charged moieties, –PO2 and NþR3, which can take part in

equilibrium processes Hþ and OH2.

� PO� þHþ ¼ �POH

NþR3 þOH� ¼ NR3OH:

Thus -PO2, -POH, NþR3 and NR3OH groups are in equi-

librium and the concentration of each is determined by pH

and acid–base constants:

Ka ¼
aH þ aPO�

aPOH
and Kb ¼

aNþR3
aOH�

aNR3OH

:

Because of the constant value, the amine group of phospho-

lipids always remains in a positively charged state. The
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pKa of the phosphate group for phosphatidylcholine was

reported to be approximately 3.5 [44]. Therefore, at pH 7

aPO� in 103–104 higher than aPOH, and at pH 3 the protonated

state starts to prevail. Thus, at neutral conditions phosphate

groups exist in the deprotonated state. As some components

of soy lecityhin in this case carry only negative charge, which

is not compensated by the positive amine group (e.g. phos-

phatidylinositol and phosphatidic acid) [45], there is

negative net charge of lipid structures. In acidic media, due

to protonated phosphate groups, positive net charge occurs.

The pH-dependence of lipid vesicles was demonstrated by

z-potential measurements (electronic supplementary material,

figure S2). Phospholipid vesicles adjusted by diluted HCl to

pH 5, 3 and 2 demonstrate exponential growth of charge,

becoming positive in pH lower than 4 and keeping constant

size distribution. Thus, the protonation of lipids followed by

their recharge from initially being strongly negative to only

slightly negative and even positive at low pH occurs, whereas

PSS is still negative and PEI, which is on top of the polymer

cushion, is still positive. Such charge-shifting behaviour
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leads to differing strengths of electrostatic interactions

between the LB and its underlaying support, causing LB

lift-off from the polymeric cushion due to Coulombic repul-

sion in strong acidic pH [31]. Neutron reflectometry is

suggested to be a powerful instrument in the investigation

of the dynamic behaviour of polymer–lipid composites and

the separation distance can be determined within nanometre

precision [31]—but only for extremely flat and smooth

species. EIS can serve as a more accessible and less expensive

alternative for the qualitative evaluation of the process

because continuous LBs are characterized by high resistivity.

Experiments were performed on the gold/PEM and gold/

PEM/LB working electrodes at pH 7 and pH 3, adjusted by

dilute HCl (figure 4) and later at pH 7 before and after running

a galvanostatic 5 mA current (figures 5 and 6).

Under an open circuit potential, no Faradaic processes are

involved and the impedance of the electrochemical system

may be described in terms of Ohmic resistance and capaci-

tance. An equivalent electrical circuit describing gold/PEM/

LB composition is given in figure 4a (bottom inset). RE corre-

sponds here to the Ohmic resistance of the electrolyte

solution, RS for the Ohmic resistance of the gold/PEM solid

support, CPES (CPES ¼ 1/4 exp(ajp/2)/QvN, where j is the

unit imaginary number, v is frequency, whileQ and N are fre-

quency independent parameters) is for the gold/PEM

imperfect capacitance representing its significantly rough sur-

face, RLB and CLB are related to the Ohmic resistance and

capacitance LB, respectively. The contribution of the counter

electrode is also considered (RCE and CCE) [36]. When the

pH of the surrounding medium was adjusted to 3 by

adding dilute HCl dropwise, the impedance characteristics

of the gold/PEM/lipid composite change dramatically. The

equivalent electrical circuit described above does not suitably

describe the impedance of the system under these new con-

ditions and changes that have occurred cannot be attributed

to RS. Another equivalent electrical circuit that does not take

into account the contributions of the LB (RLB and CLB) was

therefore employed. The plots of the impedance spectra of

gold/PEM/LB composite in neutral and acidic conditions

are both shown in figure 4a,b. These results demonstrate

that in acidic conditions the LB drifts away from the gold/

PEM support due to lipid protonation and recharge from

negative to positive, resulting in the repulsion of the positive

protonated LB from the positive underlaying PEI. To demon-

strate the stability of the polyelectrolyte multilayer, impedance

measurements for the gold/PEM composite were also taken.

It was observed that neither the impedance spectrum nor

equivalent cirquit and best-fitting parameters undergo any

changes when the environmental acidity changes from pH 7

to pH 3. Gold/PEM impedance may be described by a com-

bination of RE, RS and CPES (figure 4c,d, bottom insets).

Any minor differences in impedance between neutral and

acidic conditions can be related to a decrease in the Ohmic

resistance of the solution due to an increase in the concen-

tration of the conducting protons. It is important to

emphasize that the S-shaped phase curve and parabolic impe-

dance curves for gold/PEM electrodes are similar to those

obtained for gold/PEM/lipid electrodes in acidic conditions.
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Table 1. Best-fitted parameters of impedance data of gold/PEM composite
before and after passing 5 mA current.

before after

RS (V) 15+ 6 80+ 17

RCE (V) 640+ 20 640+ 45

CCE (F) 2.3+ 0.1 � 1023 2.3+ 0.1 � 1023

RWE (V) 910+ 10 2200+ 70

QWE (Siemens � second) 9.8+ 0.5 � 1026 9.7+ 0.5 � 1026

N 0.85 0.84
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Passing a 5 mA electrical current through the solution and the

resulting acidification of the surrounding medium does not

influence the impedance characteristics of the gold/PEM elec-

trode much (figure 5). Experimental impedance of gold

substrates coated by the PEI/PSS polymer cushion before pas-

sing the current (figure 5a) and immediately after in open

circuit conditions (figure 5b) are almost identical as well as fit-

ting parameters according to equivalent circuit described

above for gold/PEM composite (figure 5a,b, bottom insets,

table 1). As for hydroquinone oxidation and release of pro-

tons, measuring the impedance of the gold/PEM/LB before

and after passing an electrical current show significant differ-

ences (figure 6a,b). Local acidification using electrochemical

proton-coupled electron transfer have the same effect on

pH-sensitive species as the acidification of bulk solution

(figure 4a,b). Local acidification leads to the ‘disappearance’

of the contribution of the LB on the total impedance, pre-

sented by RLB and CLB elements of the equivalent cirquit

(figure 6a). After current passing and 15 min relaxation fol-

lowed by the diffusion of excess protons from adjoined to

electrode media and pH retrieval to bulk value lipid mol-

ecules come back to the initial not protonated state and are

attracted back to the oppositely charged underlying support

(figure 6a). The best-fitting parameters are presented in

table 2. Reversibility is a distinguishing feature of LB lift-off

triggered by electrochemical protonation. Apart from the sol-

ution exchange method of pH adjustment, hydroquinone

oxidation is not associated with any significant fluxes able

to remove protonated lipid molecules loosely bonded to a

positive polymer cushion. Figure 7 demonstrates the oscil-

latory behaviour of impedance during direct current on–off

cycles. As is evident, the LB on the top of the gold/PEM sub-

strate demonstrates resistive behaviour (greater than 5000 V at

1 Hz oscillation of open circuit potential with amplitude of

5 mV). Immediately after 15 min of passing current, the impe-

dance was observed to be approximately 2000 V under open

circuit potential with the same conditions. After 15 min of

relaxation, the impedance increases to 3000–3500 V but

never returns to its starting value (figure 7a). During further

cycles of passing current and relaxation, the oscillating behav-

iour of impedance was observed. Owing to proton release

from hydroquinone oxidation during passing current fol-

lowed by reversible lipid protonation and its recharge,

oscillation of electrostatic forces between the LB and its under-

laying support occurs. Sustainability of the LB and

reversibility of the process was demonstrated for at least six

cycles during a period of 3 h (figure 7b).

4. Conclusion
Phospholipids are known to be charge-shifting molecules

highly sensitive to pH. Thus, it is possible to control the elec-

trostatic interaction of lipids with a charged underlaying
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Table 2. Best-fitted parameters of impedance data of gold/PEM/LB composite before and after passing 5 mA current.

before current after current after relaxation

RS (V) 50+ 10 60+ 30 38+ 9

RCE (V) 70+ 30 60+ 10 110+ 50

CCE (F) 9+ 3 � 1025 7+ 2 � 1024 3.7+ 1 � 1023

RWE (V) 260+ 60 700+ 120 1000+ 100

QWE (Siemens � second) 1.5+ 0.4 � 1023 4+ 2 � 1025 9+ 1 � 1025

N 0.90 0.74 0.87

RLB (V) 470+ 40 160+ 20

CLB (F) 1.1+ 0.1 � 1024 1.56 � 1021
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support. A phosphatidylcholine bilayer, which is negative in

neutral media, was deposited on a positive PEI capping layer

of a polyelectrolyte cushion on a gold electrode. Lipids,

which themselves are negatively charged in neutral media,

strongly attached to underlaying support, become positive

due to protonation of the phosphate group compensating

the negative charge of the zwitterion, lowering electrostatic

attraction. As a result, the separation distance between the

LB and its underlaying support increases. Impedance

spectroscopy measurements have demonstrated their effec-

tiveness for supported LB characterization. When the lipid

layer is deposited on a thin polymer cushion, the resulting

composite demonstrates much more resistive behaviour. It

was shown that the LB impact in impedance disappears

with an increase in proton concentration.

Presented here is a new electrochemical approach for a

free-standing lipid membrane fabrication. Owing to the

proton-coupled oxidation of hydroquinone, the pH of the

surrounding medium decreased to 3–4 from an initial 7.

Reversible LB lift-off was observed during electrotriggered

acidification of the surrounding medium and relaxation

cycles whereas the polymer cushion was proven not to

undergo any changes during hydroquinone oxidation and

local acidification.
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Möhwald H. 2001 pH-controlled macromolecule
encapsulation in and release from polyelectrolyte
multilayer nanocapsules. Macromol. Rapid Commun.
22, 44–46. (doi:10.1002/1521-3927(20010101)22:
1,44::AID-MARC44.3.0.CO;2-U)

13. Maltanava HM, Poznyak SK, Andreeva DV, Quevedo
MC, Bastos AC, Tedim J, Ferreira MGS, Skorb EV.
2017 Light-induced proton pumping with a
semiconductor: vision for photoproton lateral
separation and robust manipulation. ACS Appl.
Mater. Interfaces 9, 24 282–24 289. (doi:10.1021/
acsami.7b05209)

14. Rodon FJ et al. 2017 Localized supramolecular
peptide self-assembly directed by enzyme-induced
proton gradients. Angew. Chem. Int. Edit. 56,
15 984–15 988. (doi:10.1002/anie.201709029)

15. Laviron E. 1984 Electrochemical reactions with
protonations at equilibrium: part X. The kinetics of

the p-benzoquinone/hydroquinone couple on a
platinum electrode. J. Electroanal. Chem. Interfacial
Electrochem. 164, 213–227. (doi:10.1016/S0022-
0728(84)80207-7)

16. Peduto A et al. 2017 Optimization of benzoquinone
and hydroquinone derivatives as potent
inhibitors of human 5-lipoxygenase. Eur. J. Med.
Chem. 127, 715–726. (doi:10.1016/j.ejmech.2016.
10.046)

17. Jeyanthi V, Anbu P, Vairamani M, Velusamy P. 2016
Isolation of hydroquinone (benzene-1, 4-diol)
metabolite from halotolerant Bacillus
methylotrophicus MHC10 and its inhibitory activity
towards bacterial pathogens. Bioprocess. Biosyst. Eng.
39, 429–439. (doi:10.1007/s00449-015-1526-0)

18. Nagaraja C, Venkatesha TV. 2018 The influence of
electron donating tendency on electrochemical
oxidative behavior of hydroquinone: experimental and
theoretical investigations. Electrochem. Acta 260,
221–234. (doi:10.1016/j.electacta.2017.12.035)

19. Buddingh BC, van Hest JC. 2017 Artificial cells:
synthetic compartments with life-like functionality
and adaptivity. Acc. Chem. Res. 50, 769–777.
(doi:10.1021/acs.accounts.6b00512)

20. Zhu TF, Szostak JW. 2009 Coupled growth and
division of model protocell membranes. J. Am. Chem.
Soc. 131, 5705–5713. (doi:10.1021/ja900919c)

21. Dzieciol AJ, Mann S. 2012 Designs for life: protocell
models in the laboratory. Chem. Soc. Rev. 41,
79–85. (doi:10.1039/C1CS15211D)

22. Tanaka M, Sackmann E. 2005 Polymer-supported
membranes as models of the cell surface. Nature
437, 656–663. (doi:10.1038/nature04164)

23. Richardson JJ, Björnmalm M, Caruso F. 2015
Technology-driven layer-by-layer assembly of
nanofilms. Science 348, aaa2491. (doi:10.1126/
science.aaa2491)

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

16:20180626

9

http://dx.doi.org/10.1016/j.cocis.2005.05.001
http://dx.doi.org/10.1016/j.cocis.2005.05.001
http://dx.doi.org/10.1039/C6CC02078J
http://dx.doi.org/10.1021/ja500619w
http://dx.doi.org/10.1002/anie.201604359
http://dx.doi.org/10.1002/celc.201600268
http://dx.doi.org/10.1016/j.biomaterials.2014.12.048
http://dx.doi.org/10.1016/j.biomaterials.2014.12.048
http://dx.doi.org/10.1039/C7TB00426E
http://dx.doi.org/10.1021/acs.langmuir.5b02749
http://dx.doi.org/10.1021/acs.langmuir.5b02749
http://dx.doi.org/10.1039/C5CC04477D
http://dx.doi.org/10.1002/ange.200250653
http://dx.doi.org/10.1016/j.coph.2014.09.002
http://dx.doi.org/10.1016/j.coph.2014.09.002
http://dx.doi.org/10.1002/1521-3927(20010101)22:1%3C44::AID-MARC44%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3927(20010101)22:1%3C44::AID-MARC44%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3927(20010101)22:1%3C44::AID-MARC44%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3927(20010101)22:1%3C44::AID-MARC44%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3927(20010101)22:1%3C44::AID-MARC44%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3927(20010101)22:1%3C44::AID-MARC44%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3927(20010101)22:1%3C44::AID-MARC44%3E3.0.CO;2-U
http://dx.doi.org/10.1021/acsami.7b05209
http://dx.doi.org/10.1021/acsami.7b05209
http://dx.doi.org/10.1002/anie.201709029
http://dx.doi.org/10.1016/S0022-0728(84)80207-7
http://dx.doi.org/10.1016/S0022-0728(84)80207-7
http://dx.doi.org/10.1016/j.ejmech.2016.10.046
http://dx.doi.org/10.1016/j.ejmech.2016.10.046
http://dx.doi.org/10.1007/s00449-015-1526-0
http://dx.doi.org/10.1016/j.electacta.2017.12.035
http://dx.doi.org/10.1021/acs.accounts.6b00512
http://dx.doi.org/10.1021/ja900919c
http://dx.doi.org/10.1039/C1CS15211D
http://dx.doi.org/10.1038/nature04164
http://dx.doi.org/10.1126/science.aaa2491
http://dx.doi.org/10.1126/science.aaa2491


24. Castellana ET, Cremer PS. 2006 Solid supported lipid
bilayers: from biophysical studies to sensor design.
Surf. Sci. Rep. 61, 429–444. (doi:10.1016/j.surfrep.
2006.06.001)
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A B S T R A C T

The influence of surface nanotopography of sonochemically generated mesoporous titania coatings (TMS) on the
adhesion, proliferation, and osteogenic differentiation of human mesenchymal stem cells (hMSCs) have been
investigated in vitro for the first time. It has been revealed that adhesion and proliferation of hMSCs is higher on
disordered TMS surfaces compared to smooth polished titania surface after five days of incubation. Surprisingly,
the sonochemically generated disordered nanotopography induces the differentiation of hMSCs into osteogenic
direction in the absence of osteogenic medium in 14 days of incubation. Thus sonochemical nanostructuring of
titanium based implants stimulates the regenerative process of bone tissue.

1. Introduction

Clinical investigations are conducted to prove the regenerative ca-
pacity of human mesenchymal stem cells (hMSCs) [1]. However, it is
already obvious that the transplantation of adult stem cells cannot re-
pair all damages of tissues and organs without supporting implants. The
surface of these implants mimics the biological state of tissue in human
body. The injection of cells in the injury place is not efficient as it does
not provide the long presence of cells in the defect area and conse-
quently the stimulating impact on the tissue regeneration [2,3]. Be-
cause of that implants with inserted cells need to be transplanted. In-
dependently of the therapeutic way, the necessary condition for bone
regeneration is the carrier having an adhesive surface and triggering the
osteogenic signaling. Attached stem cells response with the differ-
entiation into osteoblasts.

Nanoengineering of titanium implant surface is perspective to de-
velop an artificial tissue niche. Titanium is a preferable material be-
cause of the most suitable biocompatibility for human tissues, as well as
strength, and corrosive resistance in physiological environment com-
pared to others [3]. It is necessary that implants surface has a good
adhesion and triggers the osteogenic differentiation of attached cells
into osteoblasts. It has been shown that biological response of cells
depends on the unique features of surface, such as a topography, che-
mical composition, surface energy and charge, mimic the extracellular
matrix of nature tissue [4]. Modern nanostructured coatings are foam
which mimics nature tissues. This specie weakens a weight on nature

tissue thereby decreasing the risk of thrombosis and inflammatory re-
actions. It also minimizes the risk of implant destruction in the place
where a bone and an implant are jointed extending the time of implant
using. Moreover, it increases the speed of osteosynthesis and the quality
of its integration with the tissues of recipient, as well as minimized the
risk of rejection after implantation due to the better functional activity
of hMSCs on these coatings.

Besides, the biologically active substances can be inserted in the
pores of nanostructured coatings with the possibility of multi-
component loading and the controlled release of content [5]. As shown
these coatings provide the local controlled prolonged release of anti-
biotics and chemotherapeutic drugs in sufficiently high concentrations
preventing the expanse of infectious and oncological diseases without
general intoxication of organism [6,7]. These systems are able to reduce
the duration of patient rehabilitation and to minimize postoperative
complications in patients thereby providing the improvement of their
health and increase in the efficiency of current treatment methods for
the defects of bones.

In this paper we use sonochemistry for titanium surface nanos-
tructuring. There is a lot of applications of ultrasound, for example, for
oil recovery [8,9] and oil–water de-emulsification [10]. The system for
oil recovery is consisted of several injection wells surrounding a pro-
duction well and all processes take part in oil. Ultrasonic generator and
transducer have been used operating at 20 kHz and 350W of output
power.

In our paper the ultrasonication generates high-speed liquid jets and
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shockwaves formed on the collapse of cavitation bubbles near a surface.
In these conditions the redox reactions take place leading to titania
layer formation. Simultaneously, titanium dioxide dissolves partially in
alkaline solution generating the pores distributed disorderly. The
method offers a fast and versatile tool for the fabrication of nanos-
tructured materials, both inorganic and organic [11], that are often
unavailable by conventional methods [12]. The major advantage of this
technique is that the propagation of cavitation generates large local
temperature gradients in solids, resulting in materials with a porous
layer and disordered nanostructures at room conditions. Moreover, an
external ultrasound irradiation can be used to trigger the release of
encapsulated biomolecules through pores in nanostructured coating
[13].

We focus on the implant coating which can stimulate the differ-
entiation of hMSCs into osteogenic direction without chemical in-
ductors. These coatings will be able to accelerate an osteosynthesis on a
metal surface. Stimulating the osteogenic differentiation of stem cells
by these osteoinductive materials can be the alternative method of re-
generative process induction of bone tissue. It was described medical
materials in the literature [14,15], but there is no data about implants
that possess the bone substitution or stimulate the osteogenic differ-
entiation of stem cells in the absence of osteogenic inductors. In addi-
tion, the sonochemically generated mesoporous coatings on the basis of
titanium dioxide can provide an ingrowth of bone-tissue extracellular
matrix into a metal surface to improve an osteointegration between a
bone and a metal. Also, the ultrasonically generated TMS are attractive
for the surface delivery of biomolecules to maintain cellular function
and viability.

Here, for the first time, we discuss the influence of sonochemically
generated mesoporous coatings on the basis of titanium dioxide on the
adhesion, proliferation, and osteogenic potential of hMSCs.

2. Experimental section

2.1. Preparation of TMS surface

Titanium samples were ultrasonically treated in 100mL of 5M
NaOH (Sigma-Aldrich) solution using the ultrasonic processor
UIP1000hd (Hielscher Ultrasonics, Germany) operated at 20 kHz with
the maximum output power of 1000W. The apparatus was equipped
with the sonotrode BS2d18 (head area 2.5 cm2) and the booster B2-2.2,
magnifying the working amplitude 2.2 times.

Titanium samples of 1×1 cm2 size were fixed into homemade
Teflon holder and were treated at 60%-intensity for 15min. The dis-
tance between the sonotrode and treated sample was 1.5 cm. The
maximum intensity was calculated to be 250W/cm2 at the mechanical
amplitude of 187 μm (at 100%). Sonication was performed in the so-
nication cell at constant temperature of around 333 K monitored by the
temperature sensor inserted in the electrolyte. The sonication para-
meters were chosen according to preliminary results shown best mod-
ification of titania surface and described in our previous research
[16,17]. Sonication was performed at 333 K to increase the effective-
ness of sonication. The intensity per surface area of sonotrode of ul-
trasound unit depends on temperature.

Prior to sonication, the titanium samples were chemically polished
in a mixture of concentrated HF (50 wt%) and HNO3 (65 wt%) taken at
a volume ratio of 2:1 for 3–5 s and rinsed with deionized water Milli-Q
water (18MΩ·cm) was used for preparing all aqueous solutions. As-
prepared samples were annealed at 450 °C for 3 h. Prior to cellular
experiments all samples were washed 3 times for 15min in 75% ethanol
and Milli-Q water and dried, then they were sterilized by heat at
170–180 °C for 2 h.

2.2. Surface characterization

The structural and morphological characterization of prepared TMS

samples was performed using the field-emission scanning electron mi-
croscope Zeiss Leo 1550 Gemini (Zeiss, Germany) at the operating
voltage of 3 kV. The TMS plates were mounted onto the holder with a
double-sided conductive tape and coated with carbon layer of 3 nm
thick using a vacuum evaporator. High-resolution transmission electron
microscopy (HRTEM) was performed by TEM in a Philips CM30 oper-
ated at 300 kV.

Atomic force microscopy measurements were carried out in air at
room temperature in tapping mode with micro cantilevers OMCL-
AC160TS-W (Olympus, Japan). Resonance frequency was 247 kHz;
spring constant was 42 N/m. Atomic force micrographs of a scan size
5×5 μm2 were made on three different places on the sample. Image
analysis was carried out with the software Nanoscope V614r1. The
surface roughness was quantified by the software as an arithmetic
average ofthe absolute values of the surface height deviations measured
from the mean plane.

X-ray diffraction (XRD) measurements were carried out with an
Advanced D8 Bruker diffractometer (Bruker, Germany), using a focused
and monochromatized CuKα source.

2.3. Contact angle measurements

The hydrophilicity/hydrophobicity of obtained samples was de-
termined by the contact angle of wettability on an air–water-substrate
interface using the optical tensiometer G23 M (Krüss, Germany)
equipped with a digital camera and image analysis software. The
measurements were performed using 1 μL of Milli-Q water droplet
placed on the sample surface from the syringe at room temperature. The
procedure was repeated three times on at least three samples of each
surface type and average contact angle value was calculated.

2.4. MTT-test

MTT is a tetrazolium dye (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) used in a colorimetric assay for the detection
of cell viability. Pre-warmed Dulbecco’s modified essential medium
without phenol red (Sigma, USA) was brought to hMSCs attached to
TMS surfaces. Human fat tissue-derived MSCs are provided by Stem
Cells Bank in the Republican Scientific and Practical Center of
Transfusiology and Medical Biotechnologies (Minsk, Republic of
Belarus). The human fat tissue-derived MSCs from 1 hematologic
healthy donor were explored. This cellular line was expanded up to
passage 3–4. The aqueous solution of MTT (Sigma Aldrich) with 5mg/
mL concentration was added at a volume ratio of 1:10. HMSCs were
incubated in a carbon dioxide incubator NU-4850 Autoflow Ir Water-
Jacketed CO2 Incubator (Nuaire, UAS) with 5% carbon dioxide and
95% relative air humidity at 37 °C for 3 h. Dimethylsulfoxide (Sigma,
USA) was added after removing the liquid. Blue formazan crystals
formed by cell mitochondrial dehydrogenase that reduced MTT were
extracted for 20min at 37 °C in dark. The dimethylsulfoxide solution of
formazan was thoroughly pipetted, then it was transferred in tube. After
pipetting the aliquots of the solution were brought in 96-well plate
(Sarstedt, Germany). Dimethylsulfoxide solution was used as a control.
The extinction of extracted formazan was defined by the optical method
at λ=570 nm using the absorption light detection reader ELX800
(Biotek Instruments, USA) with the software GEN 5 V.1.10. The ex-
tinction of formazan E570 was calculated as a difference between the
extinction of formazan dissolved in dimethylsulfoxide and the extinc-
tion of dimethylsulfoxide. Measurements were performed in duplicate
for 4 independent repeats.

2.5. Living fluorescence staining of cells and confocal laser scanning
microscopy

After removal of the complete growth media the cells were rinsed
twice with pre-warmed Dulbecco’s phosphate buffered saline (Sigma,
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USA) for 1min. The solution of fluorescence vital dye for the mem-
branes of cells CellTracker Green (Thermofisher Scientific, USA) diluted
with the pre-warmed Dulbecco’s modified essential medium without
phenol red (Sigma, USA) at a volume ratio of 1:1000 was brought. The
cells were incubated in a carbon dioxide incubator NU-4850 Autoflow
Ir Water-Jacketed CO2 Incubator (Nuaire, USA) with 5% carbon dioxide
and 95% relative air humidity at 37 °C for 30min in dark. Then the cells
were rinsed tree times with pre-warmed Dulbecco’s phosphate buffered
saline (Sigma, USA) for 10min. The exciting-emission light detection
microscope LEICA TCS SPE (Leica, Germany) with the image software
LAS AF was used to perform confocal laser scanning microscopy.

2.6. Culturing of hMSCs

The hMSCs were seeded on the TMS surfaces at a specific cellular
density of 12000 cells/cm2. The samples were located in a 24-well plate
under pre-warmed complete growth medium consisting of 10% human
AB group serum (Republican Scientific and Practical Center of
Transfusiology and Medical Biotechnologies, Republic of Belarus), 0.1%
gentamicin (Sigma, USA) and alpha-modified essential medium with
2mM L-glutamine and nucleosides (Sigma, USA). The hMSCs were in-
cubated in a carbon dioxide incubator NU-4850 Autoflow Ir Water-
Jacketed CO2 Incubator (Nuaire, USA) with 5% carbon dioxide and
95% relative air humidity at 37 °C for 24 h.

For proliferation, after the attachment of hMSCs to the TMS surfaces
in 24 h the culture medium had been removed as described above. The
hMSCs were rinsed twice with pre-warmed Dulbecco’s phosphate buf-
fered saline (Sigma, USA) for 1min. The pre-warmed complete growth
medium consisting of 10% human AB group serum (Republican
Scientific and Practical Center of Transfusiology and Medical
Biotechnologies, Republic of Belarus), 0.1% gentamicin (Sigma, USA)
and alpha-modified essential medium with 2mM L-glutamine and nu-
cleosides (Sigma, USA) was brought and the hMSCs were incubated for
5 days.

For osteogenic differentiation, the hMSCs were seeded on the TMS
surfaces at a cell density of 10,000 cells/cm2. The materials were lo-
cated in 24-well plate under the culture medium in absence of osteo-
genic inductors. The culture medium was Dulbecco’s modified essential
medium consisting of 4.5 g/L of glucose, 2 mM L-glutamine (Sigma,
USA) with 2% human AB group serum (Republican Scientific and
Practical Center of Transfusiology and Medical Biotechnologies,
Republic of Belarus) and 0.1% gentamicin (Sigma, USA). The incuba-
tion time for osteogenic differentiation of hMSCs was 14 days. The
culture medium was replaced in 2–3 days after 2 times rinsing the
hMSCs with pre-warmed Dulbecco’s phosphate buffered saline (Sigma,
USA) for 1min.

2.7. Quantitative real-time polymerase chain reaction

Total RNA was isolated by the use of TRI-reagent extraction with the
following DNase treatment according to the manufacturer’s instructions
of Sigma Corporation, USA. cDNA was synthesized using Revertaid
Reverse Transcriptase (Thermofisher Scientific, USA) by thermocycler
Applied Biosystems Gene Amp Pcr Systems 2700 (Applied Biosystems,
USA) in compliance with the program: 25 °C for 10min, 50 °C for
30min, 85 °C for 5min. Quantitative reverse transcriptase polymerase
chain reaction was carried out by the means of the thermocycler Cfx96
Touch™ Real-Time PCR Detection System (BIO-RAD, USA) in ac-
cordance with the program: 50 °C for 2min, 95 °C for 10min, 40 cycles
consisting of 95 °C for 15 s, 60 °C for 30 s, 75 °C for 10 s. The alkaline
phosphatase (ALP) and osteocalcin (OSC) transcript expression were
normalized versus glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The expression level of tissue-specific genes was calculated
with the 2-ΔΔCT-method [16]. The gene-specific primers information
was following: ALP forward primer sequence 5′-ACAACTACCAGGCGC
AGTCT-3′, ALP reverse primer sequence 5′-CAGAACAGGACGCTC

AGG-3′, amplicon size 260 bp; OSC forward primer sequence 5′-GCCC
TCACACTCCTCGCC-3′, OSC reverse primer sequence 5′-CTACCTCGCT
GCCCTCCTG-3′, amplicon size 130 bp; GAPDH forward primer se-
quence 5′-TCAAGGCTGAGAACGGGAA-3′, GAPDH reverse primer se-
quence 5′-TGGGTGGCAGTGATGGCA-3′, amplicon size 376 bp.

2.8. Statistics

Cell culture experiments were reproduced at least three times using
three samples of each group. Obtained data were averaged with the
standard error of the mean. Statistical analysis was performed using
ANOVA (*p < 0.05).

3. Results and discussion

We have developed a novel method of sonochemical surface na-
nostructuring to treat the implant surface and improve its character-
istics. The advantage of this method is a possibility to vary the topo-
graphy, chemical composition, hydrophilicity, roughness of the
nanostructured surfaces easily by changing the sonochemical treatment
parameters related to a high intensity ultrasound and electrolyte (sol-
vent, additives) used for treatment. The high intensity ultrasound
treatment processing is characterized by various ultrasound parameters
(amplitude, intensity, frequency), and the duration of treatment [17].
An ultrasound provides energy localization with possible acoustic ca-
vitation phenomena, i.e., the formation, the growth, and the implosive
collapse of cavitation bubbles in a liquid (Fig. 1). This collapse is able to
produce intense local heating, hot spots with temperatures of roughly
5000 K and high pressures of about 0.1 HPa [18,19]. Besides generating
the reactive oxygen species (ROS) that oxidized the titanium surface,
ultrasonically generated oxidation–reduction reactions provide effec-
tive surface etching that result in obtaining the titanium dioxide layer
of 1 µm thick according to Eqs. (1)–(5) [20,21].

+ − →
− − +Ti OH e Ti OH4 ( )0 3 (1)

+ + → +
+ −Ti OH H O e TiO H O H2 ( ) 6 6 2 ·2 33

2 2 2 2 (2)

+ + + ↔ +
+ − −Ti OH H O OH e TiO H O H( ) 2 2 ·23

2 2 2 2 (3)

+ ↔
+ −Ti OH OH Ti OH( ) 3 ( )3

4 (4)

→ + −Ti OH TiO xH O x H O( ) · (2 )
condensation

4 2 2 2 (5)

By bubble collapse close to the surface, solvent microwaves are
formed perpendicular to the solid surface. These microwaves collide
against the solid surface with the estimated speed of 100m/s and lead
to its nanostructuring (Fig. 1b).

The porous TiO2 layer formed on bulk titanium has an excellent
double-side adhesion [17]. The porous nanostructure of TMS surface
can provide the incorporation of bio-macromolecules into surface
[21,22], such as tissue-specific proteins, growth factors, polymeric
micelles, etc, while still allowing for cellular survival and bone in-
tegration [23–25]. The important technological step in the preparation
of samples is heating after sonochemical treatment to remove any or-
ganic contamination and to crystallize a surface of titanium dioxide
layer. Titanium polished and annealed at 450 °C was used as a reference
sample. Fig. 2a shows the XRD pattern of polished TiO2 before and after
thermal treatment up to 450 °C. All peaks at 2θ values of 35.1°, 38.5°,
40.3°, and 53.13° are associated with titanium support [26]. Energy-
dispersive analysis reveals the presence of oxygen in the resulting film
and atomic ratio between Ti and O ratio is 1:1. Higher intensity of peak
at 2Θ: 38.5° compared to the peak at 2Θ of 40.3° can be attitude to a
phase transition of titanium to high-temperature β-phase [26]. The XRD
pattern of TMS reveals one intense peak corresponding to deposited
titanium phase and a wide peak in the range of 2θ values from 20° to
30° (Fig. 2b). This broadened peak may be explained by several factors:
(i) indicate small size of TiO2 crystallites, (ii) amorphousness of titania
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layer, (iii) atomic structure disorder of titania layers, as well as the
presence of various phase structures of TiO2 [21]. This suggestion is
also confirmed by EDX analysis. The atomic ratio of Ti/O in TMS
coating is of 1:1.4. Besides, a selected-area electron diffraction pattern
from TMS shows diffraction ring that have a d-spacing of 2.38 Å, which
can be identified to be the (0 0 4) reflection of anatase phase (not
shown). In Fig. 2c we can see the smooth surface of titanium dioxide
layer. The boundaries of titanium crystallites are visible. Rounded
craters with average diameter of 1 μm can be formed during the che-
mical polishing of titanium in places of surface defects. The TMS surface
has a sponge-like structure (Fig. 2d).

The water contact angle measurements (Fig. 3a) indicate that sur-
face of thermally treated titanium has a contact angle value of ca. 70°
(p < 0.05) similar to contact angle of initial polished titanium surface

(ca. 80°). The contact angle value of TMS surface is ca. 15° (Fig. 3b).
The surface wettability (hydrophilicity/hydrophobicity) is crucial in

determining the biological response to the implanted materials. It af-
fects the protein adsorption, platelet adhesion or activation and cellular
adhesion [24,25]. The TMS surface wettability is therefore assessed by
measuring the water contact angle. High contact angle values (> 90°),
are associated with hydrophobic surfaces with low surface energy and
decreased water-material interaction. While an increased surface en-
ergy and water-material interaction with low water contact angles
correlates to hydrophilic surface. Georgi et al. [27] has demonstrated
increased cell proliferation with increasing material surface wettability
(water sessile drop method). Webb et al. [28] has shown that cell at-
tachment and spreading are significantly greater on hydrophilic sur-
faces than on hydrophobic surfaces, and that moderately hydrophilic

Fig. 1. The schematic illustration of the sonication
cell (a), Schematic illustration of the surface struc-
turing process taking place during the ultrasonic
treatment of a titanium surface in aqueous alkaline
solution (b) and formed surface (c), photo of tita-
nium implants (d): the greenish one (the left sample
in the hand) is implant after ultrasonic treatment,
the yellowish one (the sample is situated on right) is
non-modified implant.

Fig. 2. The XRD patterns of titania coating fabricated by thermal treatment of polished titanium (a) and sonochemical treatment of polished titanium (b); SEM
images of polished titanium surface (c) and sonochemically generated mesoporous titanium dioxide surface (d).
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surfaces promoted the highest level of cell attachment. Thus the im-
plant wettability is a considerable factor for its success and tissue in-
tegration. Fig. 3 shows that sonochemical treatment allows to increase
the surface hydrophilicity drastically. The superhydrophilic TMS has
shown a stronger influence on the behavior of hMSCs compared with
polished titanium surface.

Another important factor affecting the adhesion and proliferation of
cells is the roughness of the surface. As mentioned above the surface of
polished titanium is very smooth that corresponds to AFM data
(Fig. 3c–f). The Ra parameter of polished titanium surface is 1 nm,
while the Ra parameter of TMS surface is approximately 20 nm. It is
worth to mention that surface roughness in the range from 10 nm to
10 µm may influence the interface biology, since it is of the same order
in size as cells and large biomolecules [29]. Thus TMS coating is ex-
pected to be promising for cell proliferation and differentiation.

To investigate the adhesion and proliferation of hMSCs, MTT-test
with the following colorimetry is carried out. The mitochondrial de-
hydrogenase of vital cells reduces water-soluble MTT of yellow color
into the water-insoluble blue crystals of formazan. Meanwhile coen-
zyme of nicotinamide adenine dinucleotide (phosphate) (NAD(P)H, i.e.,
NADH and NADPH) oxidizes during donating of hydride ion H− (H−⇄
H++2e−). This biochemical oxidation–reduction reaction occurring
in living cells is described in Fig. 4. The adhesion and proliferation of
hMSCs on TMS are evaluated in the extinction of formazan. The blue
crystals of formazan are extracted with dimethylsulfoxide and the ex-
tinction is measured colorimetrically at 570 nm opposite dimethylsulf-
oxide. The dependence between the extinction of formazan and the
concentration of cells reduced MTT has a linear relation. The smooth
surface of polished titanium is used as a control. The values of extinc-
tion for formazan reduce by the hMSCs in 24 h and 5 days of culturing
on the material surface are shown in Fig. 5. The extinction of formazan
formed by hMSCs in 24 h of culturing on chemical polished titania and
TMS surfaces does not differ (Fig. 5a). In 5 days, the extinction of for-
mazan is higher on TMS surface than on the smooth surface of polished
titanium. Consequently, the proliferation of hMSCs is faster on the TMS
compared with the polished titanium. The same value of formazan

extinction in 24 h of hMSCs culturing confirms the equal number of
these type cells attached to each surface of material (Fig. 5). The ability
of cells to attach to solid surfaces depends on the hydrophilic-hydro-
phobic properties of the surface, a surface tension and charge, as well as
its structure in an incipient stage. The adsorption of serum proteins to
the surface of material provides the more robust adhesion of cells
[30,31]. The formazan extinction is higher on TMS than on the smooth
surface of polished titanium in 5 days. Consequently, the proliferation
of hMSCs is faster on the TMS compared with the smooth surface of
polished titanium. The extinction of formazan in 5 days of cellular
culturing exceed it in 24 h as evidence that hMSCs culture grew on each
TMS surface.

The method of confocal laser scanning microscopy has been used
after living fluorescence staining of cells to visualize the hMSCs on the
TMS surface (Fig. 6). Fig. 6 shows the cells of roundish and spindle-like
shape after 24 h of cultivating. The cells form the monolayer of ad-
hesive cells on the polished titanium and TMS surfaces on the 5-th day
and isolated colonies are indistinguishable as it is noted in crop of high
density. The seen phenotypic characteristics of cells prove the presence
of hMSCs on all interest surfaces of materials. Also, we can state visually
that the number of cells increased in 5 days after adhesion indicating
the growth of cellular culture on all interest surfaces of materials.

To evaluate the osteogenic potential of hMSCs on the TMS, the
genes of osteogenic proteins that are unique or prevail components into
extracellular matrix of bone tissue, in particular, osteocalcin and alka-
line phosphatase, have been chosen as markers. Osteocalcin is a non-
collagen protein found in dentin and bones. This protein is excreted by
only osteoblasts and is used as the marker of bone formation [32].
Alkaline phosphatase is hydrolytic enzyme that accepts phosphate
groups from nature biopolymers. There is many amount of this enzyme
into bones. Alkaline phosphatase provides the mineralization exchange
into bone tissue [33]. The hMSCs are incubated on TMS surfaces in the
medium without osteogenic inductors to research the surface nanoto-
pography influence of TMS on the osteogenic potential of this cellular
line. The negative control is titanium in the medium without osteogenic
inductors. The positive control is titanium in the osteogenic medium.

Fig. 3. The contact angle value of polished titanium (a) and sonochemically generated mesoporous titanium dioxide surface (b); AFM pictures of the polished
titanium surface (c) and TMS surface (d). The scan size area was fixed to 50×50 μm2; AFM profiles of polished titanium (e) and TMS (f) surface.
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To analyze the osteogenic differentiation of hMSCs, the expression level
of tissue-specific genes, such as osteocalcin and alkaline phosphatase,
was measured by the use of quantitative reverse transcription poly-
merase chain reaction as described in Methods. The expression of al-
kaline phosphatase and osteocalcin gene into hMSCs under the different
conditions of culturing in 14 days is represented in Fig. 7. We have
found that hMSCs cultured on the TMS have statistically higher genetic
expression of alkaline phosphatase and osteocalcin compared to ex-
pression observed at 14 days in hMSCs on the smooth surface of po-
lished titanium without osteogenic inductors. But the expression level
of these important genes is lower than from the positive control
(smooth surface of polished titanium with osteogenic inductors). Be-
sides, the TMS stimulate the differentiation of hMSCs into osteoblasts.
Thus, the coating having disorder nanotopography is preferable for the
osteogenic differentiation of hMSCs. Fig. 7 proves that TMS surfaces
stimulate the differentiation of hMSCs into osteoblasts. However, it is
still not clear if the change of the surface is promoted by sonication
itself or by the action of alkaline solution used or the combination of
both. In order to show clearly the effect of sonication we have prepared
the surfaces of polished titanium and treated in 5M NaOH for 3 h
(ATT), blasted titanium after immersion in water for 3 h (MST) and
surface of blasted titanium after immersion in 5M NaOH for 3 h
(MSAT). All these samples were studied to check the osteogenic po-
tential of hMSCs cultured in Dulbecco’s modified essential medium with
2% human AB group serum in absence of osteofactors (Fig. 7c,d). Ac-
cording to analysis after 14 days, there is no critical osteoblast genes

expression on all these surfaces (see the picture in paper manuscript).
Detail quantification of critical osteogenic markers by qRT-PCR has not
been statistically significant difference in genetic expression on MSATT
compared with ATT and MST.

It can be explained that revealed regularities in the proliferation and
osteogenic potential of hMSCs are related to the focal adhesion contacts
of spindle-like cells to the nanostructured surfaces of materials [33]. As
known, nanotopography plays the key role in the regulation of focal
adhesion, the sites of cellular attachment to a substrate [34]. Nanoto-
pography modulates the ability of hMSCs to form very long, more 8 μm,
fibrillary-like adhesions, with order surface resulting in shorter adhe-
sions and disorder surface resulting in longer adhesions [35,36]. These
dynamic adhesions are subject to the complex regulation involving
integrin binding to extracellular matrix compounds, and the re-
inforcement of the adhesion plaque by the recruitment of additional
proteins. Such alters impact on cytoskeletal tension through the re-
organization of cytoskeletal components changing the shape of nucleus,
chromosomal arrangement, and gene transcription, and ultimately the
growth and differentiation of cells [37,38]. This mechanism of direct
transduction is schematically shown in Fig. 8. As we can see a local
force applied to integrin through the extracellular matrix (ECM) is
concentrated at focal adhesions and channeled to filamentous (F)-actin.
It is bundled by α-actinin and made tense by myosin II, which generates
prestress. F-actins are connected to microtubules (MTs) through actin-
crosslinking factor 7 (AcF7), and to intermediate filaments (IFs)
through Plectin 1. MTs is connected with IFs and IFs with nesprin 3 on

Fig. 4. Reduction of MTT by mitochondrial dehy-
drogenase in living cells (a); NAD+: R=H. NADP+:
R=PO3

2− (b); NADH: R=H. NADPH+:
R=PO3

2− (c). Abbreviations: NAD(P)H (i.e., NADH
and NADPH) – reduced form of nicotinamide ade-
nine dinucleotide (phosphate), NAD(P)+ (i.e.,
NAD+ and NADP+) – oxidized form of nicotinamide
adenine dinucleotide (phosphate).

Fig. 5. The extinction of formazan formed by hMSCs
in 24 h (a) and 5 days (b) culturing on the chemi-
cally polished and TMS surface. Data represent
mean value ± confidence interval of 4 independent
experiments. Symbol 'ns' indicates that confidence
intervals are blocked for p < 0.05. Symbol '*' in-
dicates that confidence intervals are not blocked for
p < 0.05. Abbreviations: Ti – smooth surface of
polished titanium, TMS – sonochemically generated
titania mesoporous surface.
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Fig. 6. Confocal microscopy images of hMSCs on the chemically polished titanium (a, c) and TMS surface (b, d) during their culturing: a – 24 h, b – 5 days, c – 24 h; d
– 5 days.

Fig. 7. The expression of osteoblast markers by
human mesenchymal stem cells cultured osteocalcin
(a, c) and alkaline phosphatase gene (b, d) after
14 days of incubation. Data represent mean value
(M) ± confidence interval (CI) of 3 independent
experiments. Symbol * indicates that confidence
intervals are not blocked for p < 0.05. Symbol “ns”
indicates that confidence intervals are blocked.
Abbreviations: Ti – smooth chemically polished ti-
tania surface in medium without osteogenic factors,
Ti+ osteofactors – smooth chemically polished ti-
tania surface in osteogenic medium, TMS – ultra-
sonically obtained titania surface in medium
without osteogenic factors, ATT – polished titanium
treated in 5M NaOH for 3 h, MST – blasted titanium
after immersion in water for 3 h, MSATT – blasted
titanium after immersion in 5M NaOH for 3 h.
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the outer nuclear membrane by Plectin 1. F-actin is connected to the
inner nuclear membrane protein SUN1 by Nesprin 1 and nesprin 2;
nesprin 3 connects Plectin 1 to SUN1 (also known as UNC84A)) and
SUN2 (known as UNC84B). Nuclear actin and myosin (and nuclear
titin) might help to form the nuclear scaffold, control gene positioning
and regulate nuclear prestress. The force channeled into the nuclear
scaffold might directly affect gene activation within milliseconds of
surface deformation. By contrast, it takes seconds for growth factors to
alter nuclear functions by eliciting chemical cascades of signaling,
which are mediated by motor-based translocation or chemical diffu-
sion. Thus, the changes in focal adhesion contacts and integrin binding
alter indirectly the cellular signaling cascades that mediate the reg-
ulation of genetic expression [39–41].

We think that long focal adhesions and higher intracellular tension
of hMSCs cultured on the TMS surface induce the moderate levels of
extracellular signal-regulated kinase (ERK) signaling, which are enough
to promote cell differentiation with a cell cycle arrest [39,42]. In con-
trast, small adhesions and the intracellular tension of weak level asso-
ciated with smooth titanium exert the affect only cell proliferation
[40,42]. Extracellular signal–regulated kinase signaling, that is critical
for cell cycle progression and differentiation, induces different cellular
responses as the result of the duration and magnitude of signaling
[42,43]. It has been reported the surface of polymethylmethacrylate
with the nanoscale disorder pores with average pore diameter of 50 nm
formed by electronic laser lithography induces the differentiation of
hMSCs into osteogenic direction [35]. Besides, we have showed re-
cently that mouse myoblasts C2C12 cultured on the TMS turn the

fibroblast-like shape of their cytoskeleton into star-like inherent to os-
teoblasts [19].

4. Conclusions

In this study, the influence of surface nanotopography of sono-
chemically generated mesoporous titania coatings (TMS) on the adhe-
sion, proliferation, and osteogenic differentiation of hMSCs has been
investigated. We have found that disordered TMS surface obtained by
sonochemical treatment provides good hMSCs adhesion, maintain their
proliferation, and induce the osteoblast differentiation of this cellular
line in the absence of osteogenic factors. The TMS surfaces demonstrate
ca. 1.4 times higher the extinction of formazan formed by hMSCs after
5 days of cultivation and ca. 3 times better osteogenic differentiation of
hMSCs compared to chemically polished titanium. The disorder TMS
are expected to be applied in 3D implants to stimulate the growth of
bone tissue. Thus, the method is a prospective for development of im-
plants.
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Abstract
Nanoarchitecture of layer-by-layer (LbL) films is a convenient and simple way to control the photoelectrochemical
properties of the semiconductor films. Hereby, we used the combination of polystyrenesulfonate (PSS) and
polyethyleneimine (PEI) deposited on the TiO2 film for controlling the photochemical response of the hybrid system.
Photogenerated protons on the TiO2 surface are responsible for the acidity change near the irradiated surface. We
investigated that the photogenerated protons being absorbed by PEI spatially separated from the TiO2 surface with the
nanoscale-thick PSS layer (with thickness ca. 5 nm) lead to the sufficient decrease in photoactivity of the hybrid system
TiO2/PSS/PEI ca. 4 times in comparison with pristine TiO2. PEI nanolayer being deposited directly on the TiO2 surface can
decrease the photoactivity of the system ca. 2–2.5 times.

Graphical Abstract
We show that the photoactivity of the sol–gel titania can be regulated by self-assembly of polyelectrolyte nanolayersand
nanoarchitecture of these layers. The work highlights the importance of well-defined colloidal units for inkjet printing of
gradient surface.
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Highlights
● Deposition of TiO2 photoactive layer by inkjet printing.
● Investigation of photoactivity of the hybrid system based on titanium dioxide and polyelectrolyte layers

(polystyrenesulfonate PSS, polyethyleneimine PEI).
● Variation in “proton sponge” activity of PEI depending on the distance from TiO2 surface.
● PEI nanolayer being deposited directly on the TiO2 surface can decrease the photoactivity of the system ca. 2–2.5 times,

nanoarchitecture PSS/PEI – 4–4.5 times in comparison with pristine TiO2.

Keywords TiO2
● Layer-by-layer assembly ● Photoactivity ● Sol–gel ● Polyelectrolytes

1 Introduction

Polyelectrolyte multilayers present an interesting type of
coatings for the surface modification of materials to obtain
functional interfaces [1, 2] and find the applications in the
field of anticorrosion coatings [3], membranes [4], drug
delivery systems [5], antimicrobial coatings [6], and
microfluidics [7, 8]. The layer-by-layer (LbL) technique is a
very attractive tool for a control over the nanoscale thick-
ness, composition, and properties of the formed films and
nowadays is widely used due to the simplicity of the
deposition procedure and cost-effectiveness of the method
used [9]. It has been shown [10] that it is possible to create
the multilayer films with a desired set of properties by using
the appropriate assembly technology. The great advantages
of the LbL assembly are the possibilities to deposit polymer
films on substrates of different shapes and sizes, tune the
properties of the films by regulating the number of layers
and consequence of deposited layers.

The preparation of novel hybrid materials based on
organic and inorganic constituents is explained by the new
trends of materials science and engineering. Titanium
dioxide appears to be a widely studied semiconductor often
used as a photocatalyst in different processes including
water or air purification due to its low cost, non-toxicity,
chemical stability. One of the modern methods for the
nanostructured TiO2 thin films preparation includes inkjet
printing as one of the techniques to prepare thin films from
liquids. It proves to be a modern and clean method of liquid
deposition and preparing the patterns on the surface of the
substrate [11].

The inkjet printing serves as a convenient tool for
functional materials and devices preparation [12]. In gen-
eral, the use of nanocrystalline colloids containing the
minimum of amorphous phase can be suitable for different
objects fabrication, including electronic devices [13], light-
emitting diodes [14], and sensors [15]. The sol–gel techni-
que provides an opportunity of preparing crystalline mate-
rials under ambient pressure and temperature [16].
Recently, it has been demonstrated that the inkjet printing
can be applied to the production of photocatalytic coatings
based on TiO2 on polymer films [17].

During irradiation of TiO2 surface with the supra-band
gap energy light (E > 3.2 eV in the case of anatase mod-
ification) leads to the generation of photoelectrons (e-) and
photoholes (h+). The photoholes are involved in the process
of H2O molecules oxidation, finally leading to the formation
of oxygen and protons according to Eqs. (1)–(3). The
photoelectrons are involved in the reduction reaction of
oxygen molecules where in the presence of water molecules
they can be transformed into OH−.

TiO2 ! hþ þ e�; ð1Þ

H2Oþ hþ ! ¼ ! O2 þ Hþ; ð2Þ

O2 þ e� þ H2O ! ¼ ! OH�: ð3Þ

The generation of H+ species leads to the decrease in the
subsurface pH value. Recently, the possibility to create local
pH change caused by the irradiation of TiO2 surface has been
demonstrated [18]. By using scanning ion-selective electrode
technique the authors demonstrated the localization of the
light energy conversion into the acidification of the subsurface
semiconductor layer. Analysis of the pH maps which image
the pH value distribution along the semiconductor surface has
showed that he pH value above the non-irradiated surface of
the TiO2 comprise ca. 6.5 and in the region of the focused
light beam spot during irradiation ca. 4.

The possibility of photon-to-proton conversion (i.e., the
transformation of the electromagnetic irradiation energy
into the proton flux on the irradiated surface of TiO2

through the number of photocatalytic reactions with water)
provides the efficient nondestructive soft matter actuation
when the latter was deposited on the TiO2 surface using the
LbL technique. Weak polyelectrolytes are known to exhibit
drastic response to pH consisted in their morphology and
polarity change [19]. Ulasevich et al. [20] have recently
demonstrated that pH sensitive weak polymers layers
deposited on the TiO2 surface demonstrated the changes in
the properties of the deposited polymer coating without its
destruction under photocatalytic reactions on the semi-
conductor surface. The thickness of the coating increased as
a result of changes in polymer properties—under pH
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changes these polyelectrolytes alter their conformation,
swell and change the stiffness of the coating. According to
the colloidal probe atomic force microscopy the coating
with LbL assembly of weak polyelectrolytes becomes softer
—from 1.67MPa of the initial coating to 28 kPa after
irradiation. In fact, the possibility of switching the pH-
sensitive polymers (actuation) by light was demonstrated.

Nanoarchitecture of the surface provides the possible use
of such systems as “intelligent” surfaces: they were used for
the regulation of cell migration [20], adsorption/desorption
of proteins [21]. Also, an interesting buffering effect of
chitosan has been investigated [22]. The chitosan nanolayer
is served as a protector of the supramolecular assembly
deposited on the TiO2 surface preventing its destruction. The
deposited nanolayer served as a proton sponge that effi-
ciently absorbs protons from the irradiated surface of the
semiconductor preventing pH-dependent disorder of supra-
molecular assembly. Another interesting example of proton
sponges among polyelectrolytes is polyethyleneimine (PEI)
which is known to be used for non-viral gene delivery and
due to the extraordinary cationic charge and buffering
capacity for complexation with nucleic acids and lysosomal/
endosomal release [23]. Such polyelectrolyte has been used
in the artificial photosynthetic system with high stability in
the wide pH range and improved H2 generation from neutral
aqueous solutions with the use of enzyme hydrogenase as a
catalyst under visible-light irradiation [24]. The PEI can also
play an important role in the durability of electrochemical
catalyst. It has been investigated that the electrochemical
active surface area of the carbon black electrode modified
with Pt nanoparticles after 1200 cycle operation decreased
more significantly in comparison with that modified with
PEI [25]. Nevertheless, despite the mentioning of buffering
layer and the effect of “proton sponge” it is unclear how the
position of PEI nanolayer can affect the photochemical
properties of TiO2 and TiO2-based hybrid materials. It does
not seem clear, how can the nanoarchitecture of the depos-
ited polyelectrolytes containing buffering nanolayer of PEI.
In this paper, we investigate the importance of buffering
nanolayer (PEI) position in LbL assembly on the photo-
current value and further photoactivity of the TiO2/poly-
electrolyte system. Photoactive layer of TiO2 for the further
LbL deposition has been obtained by the inkjet printing that
serves as a convenient tool for functional materials and
devices preparation.

2 Experimental section

2.1 Materials

In the experiment the following reagents were used. Tita-
nium (IV) isopropoxide (TTIP, 97%), 2-propanol (IPA,

99.5%), nitric acid (HNO3, 65%), sodium chloride (NaCl, >
99%), polystyrenesulfonate (PSS, Mw= 1,000,000, pow-
der), polyethyleneimine (PEI, Mw= 750,000, 50%wt/v
solution) and Rhodamine 6 G (Rh6G, 95%) were purchased
from Sigma Aldrich. All aqueous solutions were prepared
by using highly pure water from Millipore Elix
(18 MΩ·cm²/cm). Ninety six percent ethanol was purchased
from ChimMed, Russia. Ninety eight percent ethylene
glycol was purchased from LenReactiv, Russia. n-Si wafers
were used as substrates (d= 150 mm).

2.2 Preparation of aTiO2sol

The TiO2 sol was prepared as it was described before [16].
TTIP mixed with 2-propanol 4:3 (v/v) was added drop by
drop into the HNO3 solution (0.8 ml of 65% acid was mixed
with 100 ml of deionized water) and kept under constant
stirring at 80°C for 1 h followed by cooling down and
stirring at room temperature for the next 3 days.

2.3 Preparation of TiO2 solution

The obtained TiO2 sol was evaporated in a rotary evaporator
under reduced pressure at 50 °C. Then the particles were
dried in the desiccator and TiO2 xerogel powder was
obtained. A water-based solution for titania layer deposition
contained 20 wt% of TiO2powder and was prepared by
dissolving the appropriate amount of titania particles in the
mixture of deionized water or water: ethylene glycol 1:3 (v/
v) mixture.

For printing TiO2 inks, before loading into a printer,
TiO2 ink was degassed and passed through the 0.2 μm
syringe filter to remove any large aggregates or particles.
The ink was printed using FUJIFILM Dimatix Materials
Printer DMP-2850 on n-silicon wafer treated beforehand by
plasma cleaner. To obtain the optimum coverage thickness
the inkjet depositions were performed on a silicon wafer
heated to 40 °C with an inter-droplet distance of 40 μm.
Two layers of 25 × 25 mm2 square patterns were printed
with 90 s delay between layers.

2.4 Characterization of the prepared TiO2particles

The obtained TiO2 particles were tested by dynamic light
scattering technique using Photocor Compact analyzer
(Russia). The morphology of TiO2particleswas obtained by
scanning electron microscope (SEM) Tescan Vega-3(Czech
Republic). The samples for high resolution transmission
electron microscopy (HRTEM) were prepared by dispersing
small amounts of samples in ethanol to form a homo-
geneous suspension. A drop of the suspension was depos-
ited on a carbon-coated copper grid for HRTEM
observations (FEI TECNAI G2 F20 operating at 200 kV).
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The X-ray diffraction pattern of the sample was obtained
using Bruker D8 Advance equipment with Cu Kα (λ=
1.5418 Å).

2.5 Deposition of polyelectrolyte multilayers onto
the TiO2

PSS and PEI were dissolved in 1M NaCl solution to the
concentration 2 mg/ml. The pH of the polyelectrolyte
solution was adjusted by 1M HCl or 1M NaOH solution.
In the case of TiO2 particles the 50 mg of the powder was
mixed with 1 ml of polyelectrolyte solution and then stirred
in shaker for 5 min followed by the centrifugation at the
rotor speed 10,000 min−1 for 10 min. The excess of the
polyelectrolyte was removed by washing the samples with
distilled water and then repeatedly centrifuged. The
deposition of polyelectrolytes onto the n-Si/TiO2 substrates
was performed by the dip-coating technique. The samples
were immersed into the solution of polyelectrolyte for
15 min followed by washing of the sample with distilled
water.

2.6 Photocatalytic activity study of TiO2 particles

The photocatalytic study was performed using UV hand
lamp (365 nm, 8W, Herolab, Germany). The as-prepared
solutions of 5 × 10−6M Rhodamine 6G (Rh6G) and 2 × 10
−5 M Methylene blue (MB) were used for the photo-
catalytic experiments. The appropriate amount of TiO2

particles was mixed with the solution of the dye. The
mixture was stirred in the quartz beaker during 1 h in the
dark place so as to reach the equilibrium of the dye sorp-
tion/desorption process. After that the mixture was irra-
diated during 1 h with sampling at certain time intervals.
The TiO2 particles were separated from the dye solution by
centrifugation. The concentration of dyes after irradiation
was estimated using spectrophotometer Varian Cary
(USA). The calibration curve for each dye was constructed
by measuring the absorbance of the dye at different
concentrations.

Detection of the photogenerated reactive oxygen species
(ROS) was carried out using chemiluminescent analysis
with luminol solution. Pristine TiO2particles andTiO2-
particles covered with polyelectrolytes were irradiated in
distilled water by the UV lamp (365 nm, 8W, Herolab,
Germany) during 60 min. The aliquot of 20 μl was taken
every 10 min and added to the quartz cuvette with luminol
solution. Luminol solution was prepared by dissolving
100 mg of luminol in 50 ml of 0.25M NaOH solution. The
chemiluminescence intensity was measured by a Cary
Eclipse 5301 (Agilent Technologies, USA) fluorescence
spectrophotometer. The excitation of the luminescence was

carried out at 310 nm and emission spectra were measured
at 380 nm.

2.7 Photoelectrochemical measurements

The photoelectrochemical measurements were performed
with the Autolab potentiostat PGStat302N (Netherlands) in
the three-electrode cell with n-Si/TiO2 with or without
deposited polyelectrolyte layers as a working electrode, Ag/
AgCl(KCl sat.) as a reference electrode and Pt wire as a
counter electrode. A 365 nm UV LED was used as the light
source, for light beam focusing the focusing lens at a dis-
tance 2 cm from the electrochemical cell were used. The
solution of 0.05M Na2SO4 was used as a working
electrolyte.

3 Results and discussions

The ink for inkjet printer was made from TiO2 xerogel.
According to SEM (Fig. 1a), the obtained xerogel is sha-
peless and is presented by aggregates with the average size
ca. 0.1–0.4 μm. As shown in the HRTEM image (Fig. 1b),
the interplanar distancepresented in TiO2is 0.35 nm that
corresponds to the biggest peak 101 according to the lit-
erature data [25, 26]. The XRD pattern shows the presence
of anatase phase with small amount of brookite phase (Fig.
1c). The obtained TiO2 particles are characterized by the
isoelectric point (IEP) value of 6.7(Fig. 1d). As it is known,
the IEP is the value of pH at which the negative and positive
charges compensate each other. In the acidic region of pH
the particles are positively charged and in the alkaline
region with pH values greater than the value of IEP—
negatively charged. In our experiment varying the pH dif-
ferently charged polyelectrolytes were deposited on the
particles surface. At the pH= 2 the particles are positively
charged, that is why PSS was selected as the first layer for
deposition (Fig. 2a). At the pH= 9 the particles are nega-
tively charged and PEI was deposited directly on the TiO2

surface (Fig. 2b).
An important feature of adsorption in solutions of elec-

trolytes is its electrostatic nature [26]. According to Helm-
holtz model, the spatial separation of charges near the
surface can be regarded as a double electric layer consisting
of potential-determining ions directly bound to the surface,
counter ions in adjusted medium and co-ions displaced in
volume. The surface plane that divides solid from liquid
with charge density σ0 is characterized by potential φ0.
Centers of counter ions associated with surface charges
density, σβ, are assumed to be exposed to potential φβ. The
distribution of ions in the diffuse layer governed only by
electrostatic forces and thermal motion is affected by the
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electrostatic potential φd, diffuse layer charge density is
denoted as σd.

From electroneutrality requirement, it follows that

σ0 þ σβ þ σd ¼ 0: ð4Þ

According to the Gouy–Chapman theory, in the case of
(1:1) symmetrical electrolytes the relationship between the
surface charge density and the electrostatic potential of the
diffuse layer φd is given by

ρδ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8εε0kTn0
p

sinh
zeφd

2kT

� �

ð5Þ

or

φ xð Þ � 4kT
ze

tanh
zeφd

4kT

� �

e�x; ð6Þ

where ϰ is Debye–Hückel parameter given by

1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εε0kT

2z2e2n0

r

; ð7Þ

where ze is the charge of ion, ε0 is the dielectric constant, ε
is the permeability, k is the Boltzmann constant, T is the
absolute temperature, and n0 is the ion concentration.

This theory makes it possible to describe the phenom-
enon of charge change of a surface, during LbL assembly of
polyelectrolytes. Amount of adsorbed PSS macromolecules
on pristine TiO2 surface positive at pH=2 is limited by the
electrostatic repulsion which suppresses further adsorption.
Consequent deposition of PEI can be considered in the
terms described above with starting charge parameter φ0—

equal to negative φd for TiO2/PSS composition. When
deposition is carried out at pH=9 TiO2 surface is negatively
charged, thus adsorption of PEI is available and occurs till
amount of PEI is not enough for its electrostatic repulsion
from TiO2/PEI surface and PEI excess is in diffusion layer.

It is known that TiO2 has higher photoactivity under
lower pH [27]. Recently, it has been shown that local
irradiation of the TiO2 surface leads to the local acidification
followed by the pH change [28]. Thus if we regulate acidic
media near TiO2 surface we increase its photoactivity, but if
all generated protons will be immediately trapped by proton
sponge layer that is spatially separated from titania, the
photoactivity should be decreased. This schematically is
illustrated in Fig. 2. We tested photoactivity for our sys-
tems. We observed a significant decrease in the photo-
activity of TiO2/PSS/PEI in comparison with pure TiO2

during the photocatalytic degradation of Rh6G and MB
dyes. During the irradiation of the TiO2 surface the pho-
toelectrons move toward the surface and are scavenged by
the oxygen molecules forming O2- superoxide-anion radi-
cals. The photoholes generated in the valence band react
with the surface hydroxyl groups OH− and form hydroxyl
(OH·) and hydroperoxyl radicals (HO2·). These reactive
oxygen species (ROS) take part in the degradation of the
dyes into the simpler molecules. As shown in Fig. 3a, b, the
deposited layer of PEI decreases the photoactivity of the
system ca 2-2.5 times, whereas the layers of PSS and PEI
decrease the dye degradation ca. 4–4.5 times in comparison
with pristine TiO2. The quantity of ROS amount generated
during the irradiation of pristine TiO2 particles and hybrid

Fig. 1 a SEM image, b HRTEM
image, c XRD, and d the
electrokinetic study of the TiO2

particles
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particles with polyelectrolyte coatings was estimated using
chemiluminescence spectra with luminol solution. For pure
TiO2 particles after 20 min of irradiation the ROS amount
comprised 0.04 mol/l, for TiO2/PEI – 4.4×10−3 mol/l, TiO2/
PSS/PEI – 1.33 × 10−4 mol/l.

The stability of the PEI and PSS/PEI layers on TiO2

surface under UV irradiation were detected using IR spec-
troscopy (Fig. 3c). As it shown there are no evident changes
in IR spectra before and after UV-irradiation.

In following we analyze the question—how can the
deposited buffer PEI nanolayer and its position in the LbL
assembly can affect the photocatalytic activity of the sys-
tem? For this we suggest as model TiO2 based film or inkjet
printer system [29] on the n-Si substrate can be also suitable
for LbL assembly deposition with their further activation by

light. PEI proton sponge layer is suggested to be placed
either on TiO2 or separated from TiO2 with PSS layer. In
Fig. 4a it is schematically highlighted potentially promising
approach of inkjet printing the surface with different pho-
toactivity. Figure 4c shows typical photocurrent–potential
plots measured under chopped illumination of the TiO2

electrodes in 0.05M Na2SO4 solution with pH 6. The
photocurrent for pure TiO2 increased steadily with the
increasing potential of the working electrode, and a pho-
tocurrent density of 20 μA/cm

2 (1.0 V vs. Ag/AgCl) was
obtained. Compared to that of pure TiO2, the deposited PEI
nanolayer leads to the decrease in photocurrent, ca. 15 μA/
cm2 (1.0 V vs. Ag/AgCl). The deposition of PSS layer onto
TiO2 prior to the deposition of PEI leads to more significant
deterioration of the photocurrent by approximately 75 %

Fig. 2 The change of TiO2

particles zeta-potential after the
deposition of PEI a, PSS/PEI b,
and c schematic of importance
of PEI position to control
acidification of titania surface
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(ca. 4.5 μA/cm2 at 1.0 V vs. Ag/AgCl) in comparison with
pure TiO2.

The chronoamperometric curves were measured at the
potential +0.25 V (Fig. 4b). As it can be observed from Fig.
4b in the moment of light switching the great excitement of

the photocurrent value takes place demonstrating the rapid
initial generation of electron–hole pairs. The photocurrent
decrease over the first minutes of the irradiation is observed
and it can be related to the charge recombination within the
film as the photoholes migrate toward the surface to

Fig. 3 Photocatalytic
degradation of Rhodamine 6G a
and Methylene Blue b on the
TiO2, TiO2/PEI and TiO2/PSS/
PEI particles; IR-FT spectra of
TiO2/PSS/PEI layers before and
after UV irradiation c

Fig. 4 a The schematic illustration of TiO2 film preparation by inkjet
printing. Inset—SEM image of the obtained print, b chronoampero-
metric measurements of the samples at +0.25 V in 0.05M Na2SO4, c

i–V curves under chopped illumination on TiO2 film and coated with
polyelectrolytes
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combine with Red/Ox species in the solution, the photo-
electrons move to the opposite direction. Then the photo-
current reaches the steady-state value when the photocharge
generation and recombination reach equilibrium. As it can
be observed from Fig. 4b, the photocurrent reaches its
steady-state value at different time of irradiation in the case
of pristine TiO2 and after the deposition of polyelectrolyte
layers. After the deposition of PEI layer, the equilibrium
between the rates of charge generation and its recombina-
tion reach equilibrium faster than in the case of pristine
TiO2. The deposited PEI slightly affects the photocurrent
steady-state value but when it is separated from the TiO2

film with the nanometer thick layer of PSS (which thickness
comprises ca. 5 nm) the photocurrent decreases drastically.
This may be related to different buffer activities of the PEI
layer [30]. When it is deposited directly on the TiO2 surface
it may absorb the photogenerated protons less effectively in
the case of that deposited onto the PSS layer. In the moment
of the switching the light off the photocurrent reaches the
cathodic values which can be attributed to the discharging
of the double layer on the Si substrate. The obtained inkjet
prints with different chemistries can potentially find appli-
cation as planar batteries that can produce gradient currents
and can easily charge/discharge.

4 Conclusions

In this paper, the possibility of TiO2-based photoactive
layers preparation has been demonstrated for pristine TiO2

or TiO2 modified by polyelectrolytes. By varying the
nanoarchitecture of the deposited polyelectrolyte layers it
has been shown that the photoactivity of the titanium
dioxide film can be changed drastically. The influence of
the composition and the consequence of the PEI buffering
layer deposition on the photocatalytic and photoelec-
trochemical properties of titanium dioxide have been
investigated. The PEI nanolayer can decrease the photo-
activity of the system up to 2–2.5 times, the nanoarchi-
tecture of the deposited polyelectrolyte PSS/PEI decreases
photocatalytic activity of TiO2/PSS/PEI in comparison with
pure TiO2 ca. 4–4.5 time. This can be related to the different
“proton-sponge” activity that exhibit PEI nanolayer either
being deposited directly onto the TiO2 surface or being
separated from it with the nanolayer of PSS.
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Nanostructured Layer-by-Layer Polyelectrolyte Containers to Switch
Biofilm Fluorescence
Anna A. Nikitina, Sviatlana A. Ulasevich, Ilia S. Kassirov, Ekaterina A. Bryushkova, Elena I. Koshel,
and Ekaterina V. Skorb*

ITMO University, St. Petersburg 191002, Russian Federation

ABSTRACT: The development of stimuli-responsive nanocontainers is an issue of
utmost importance for many applications such as targeted drug delivery, regulation of
the cell and tissue behavior, making bacteria have useful functions and here converting
light. The present work shows a new contribution to the design of polyelectrolyte (PE)
containers based on surface modified mesoporous titania particles with deposited Ag
nanoparticles to achieve chemical light upconversion via biofilms. The PE shell allows
slowing down the kinetics of a release of loaded L-arabinose and switching the bacteria
luminescence in a certain time. The hybrid TiO2/Ag/PE containers activated at 980 nm
(IR) illumination demonstrate 10 times faster release of L-arabinose as opposed to non-
activated containers. Fast IR-released L-arabinose switch bacteria fluorescence which we
monitor at 510 nm. The approach described herein can be used in many applications
where the target and delayed switching and light upconversion are required.

■ INTRODUCTION

During the last few decades, there has been increasing interest
in the development of stimuli responsive materials for effective
drug, peptide, protein, and DNA delivery.1 These materials can
amplify, suppress, modulate, or combine signals that they
receive from the environment by incorporating in physico-
chemical positive and negative feedback and delay mecha-
nisms. The fabrication of functional hybrid materials
comprised of nanoscale building blocks represents one way
in which nanotechnology can contribute to biology and
medicine ranging from drug delivery systems and targeted gene
therapy to biosensors. Active chemicals, cells, and biomole-
cules are encapsulated to delay their activity, preventing
interaction with aggressive environments.2 A system based on
stimuli responsive materials could even be used to regulate the
microorganisms3 quorum sense4 and networking.5 In our
previous work, we were able to successfully design containers
sensitive to ultraviolet (UV),6 visible (vis),7 and infrared (IR)2

light, as well as couple light and temperature,6 irradiation, and
pH8 to regulate cellular metabolisms of free and surface
encapsulation systems.9 Here we aim to make cells become
fluorescent, opening novel direction for chemical light
upconversion by biofilms triggered by nanoarchitectured
smart containers.
Nowadays, the application of bacteria is of great interest. For

example, purple nonsulfur bacteria can be used for hydrogen
production during photoheterotrophic growth on a variety of
organic substrates.10 Photosynthetic bacteria are widely
distributed around the world and can be used for wastewater
treatment as they convert the organic carbon in wastewater to
valuable biomass and pigments. There are some bioelec-
trochemical systems that exploit the ability of exoelectrogenic
microbes to respire through transfer of electrons outside the

cell.11 Exoelectrogenic bacteria transfer electrons to the anode
either through direct contact (via highly conductive nanowires
or membrane-associated proteins)12 or by using soluble
electron shuttles.13 Recently, several attempts have been
made in the field of biological upconversion to use
lanthanide-doped upconversion nanocrystals (UCNs) on the
cell surface through copper-free click cyclization.14 IR-light-
sensitive UCNs doped with neodymium ions that can be
activated by IR-laser excitation were attached to the tag
through a modified dibenzyl cyclooctyne moiety. Upon
808 nm light illumination, the upconverted emission at
480 nm from UCNs could activate the light-gated channel
rhodopsin-2 proteins (ChR2)15 and therefore manipulate
cation influx (e.g., Ca2+) across the cell membrane to remotely
regulate physiological processes under living conditions.

■ RESULTS AND DISCUSSION
Herein, we present a simple approach to the chemicobiological
switching of bacteria fluorescence with IR light using
nanoarchitectured container initiators and a metabolic bacteria
pathway. It is based on feedback IR activation of the container
(Scheme 1) with a substance that can effect bacteria
metabolism to switch its bioluminescence. Containers
(Scheme 1A) are nanoarchitectured for response to IR, and
have controllable porosity for active molecule load and the
ability to regulate the porosity and slow down intrinsic release
by a polyelectrolyte (PE) shell. After irradiation of the
containers at 980 nm, active molecules are released (Scheme
1B, L-arabinose). Active molecules switch the bacterial
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metabolism in the needed direction; here switching the
fluorescent gene, we can detect light at 510 nm (Scheme 1C).
We use a known bacteria metabolic pathway to prove our

idea. We study our system on the bacteria strain Escherichia coli
(E. coli) XL-1 Blue with pBAD-GFPuv plasmid, which contains
a gene for the synthesis of a green fluorescent protein (GFP)
that is under the control of an arabinose promoter PBAD. When
L-arabinose is added to the nutrient medium, GFP synthesis is
activated and the cells begin to fluoresce in the green spectrum
(507 nm).16−18 The excitation of fluorochrome in the protein
has two peaks: 395 and 478 nm. The optimal concentration of
arabinose in a medium for the induction of fluorescence is

0.1%. This highly fluorescent protein shows an emission peak
at 510 nm with a quantum efficiency of 0.85, which is
comparable to that of fluorescein.17 The fluorescence of GFP is
attributed to the chromophore that is formed as a result of a
post-translational cyclization reaction and the subsequent
oxidation of three amino acids, Ser65-Tyr66-Gly67, present
in the protein.
Thus, we can switch chemicobiological upconversion even in

complex biological models. These systems could find its
applications in medicine, lab-on-chip technology, and when
studying the specific regulation membrane-associated activities
in vivo.18

The fluorescence induction by released from containers L-
arabinose was studied in detail and carefully calibrated using a
cytofluorimeter and cell culturing (Figure 1). The number of
fluorescent cells and their fluorescence level, depending on the
concentration of L-arabinose, were analyzed in a liquid medium
and on Petri dishes in dense agar medium (Figure1b−e).
Under optimized conditions, the fluorescence emitted by GFP
can be related to the concentration of L-arabinose present in
the medium. Figure 1e−g shows significant GFP fluorescence
at L-arabinose concentration of 0.01 wt % and after 7 h of
incubation. The curve has a plateau after the concentration of
0.1 wt %.
Based on calibration we developed PE containers (Figure 2)

able to release more than 0.01 wt % of L-arabinose at 980 nm.
For this purpose, we optimize containers previously suggested
by us2,6 for loading and IR-release of L-arabinose. It should be
mentioned that L-arabinose is a low-weight molecule and its
size is much smaller than polyelectrolytes’ size. In this regard,
L-arabinose might penetrate through the PE shell. However, we

Scheme 1. Signal Processing in a Biocompatible System
That Communicates with Bacteria through Small Organic
Molecules and Possesses Delayed Switching of
Bioluminescencea

aThe system is activated by IR-irradiation. (A) TiO2/Ag/PE
container initiator loaded with L-arabinose; (B) L-arabinose releases
from the container and switches bacterial (C) illumination through
interfering with the bacterial metabolic network; (C) Escherichia coli
XL-1 Blue pBAD-GFPuv (E. coli).

Figure 1. Calibration of E. coli XL-1 Blue pBAD-GFPuv response to L-arabinose. (a) Scheme of the bacteria switching by L-arabinose. (b)
Calibration of the bacteria fluorescence in the presence of L-arabinose using flow cytometry. The colors in DotPlot mean that there is a large
amount of events in points X and Y (green color means maximal number of events, blue−medium, violet−minimum numbers of events). Forward-
scattered light (FSC) is proportional to cell-surface area or size. Side-scattered light (SSC) is proportional to cell granularity or internal complexity.
Data were analyzed using Kaluza-analyzer 2.0 program. Inset shows the GFP fluorescence (higher than a control) in a cell system with L-arabinose.
(c) Photos of Petri dishes (d = 90 mm) with separate bacterial colonies grown with an addition of L-arabinose at a concentration of 0.001, 0.01, 0.1,
1.0, and 10.0 wt %. (d,e) Overlay (d) and dependence (e) of the number of fluorescent cells on the L-arabinose concentration obtained from
cytoflow data. (f,g) Dependence of GFP fluorescence on time after addition of 0.01 wt % of L-arabinose.
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have calibrated the system, as shown in Figure 1, to determine
the optimal number of PE layers. As a result, we have selected
the system with TiO2/Ag/PEI/PSS/PDADMAC/PSS/PDAD-
MAC/PSS structure. Three PE bilayers without IR-irradiation
drastically slow down the release of L-arabinose at a
concentration sufficient to activate the fluorescence of bacteria,
but under IR-irradiation the PE shell opens and the
concentration of released L-arabinose becomes enough to
activate the fluorescence of bacteria. Using the system with less
than three PE bilayers is not enough to suppress the
penetration of L-arabinose in high concentrations. At the
same time, increasing the number of PE layers reduces the
colloid system stability and leads to a nonuniform distribution
of the nanocontainers in the bacterial medium.
Titania, due to its unique photocatalytic properties coupled

with a large surface area and high porosity, is a prospective
material for the container core.8,9 The synthesis of a
mesoporous TiO2 core has been carried out using a
template-free method of a mild one-step oxidation reaction
between nitric acid and titanium carbide, as a Ti-containing
precursor, at 70 °C. The oxidation of black TiC powder by
concentrated nitric acid gives a yellowish finely dispersed
powder (Figure 2a, inset). The X-ray patterns of the
synthesized nanoparticles dried at 70 °C and annealed at
400 °C are shown in Figure 2b. The strongest peak was
observed for the (1 0 1) reflection at 2θ: 25.2°. Prominent
peaks were also observed at 2θ: 37.9°, 48.0°, 54.7° that
corresponds to (0 0 4), (2 0 0), and (2 1 1) reflections. All
characteristic peaks are attributed to the anatase phase
(JCPDS#21−1272). No peaks of rutile or brookite phases
have not been detected. The mean crystallite size of TiO2 is

calculated by the width of the (101) peak using Debye−
Scherrer equation.19 The mean crystallite size of TiO2
increases from about 4 nm to about 7.4 nm on increasing
the treatment temperature from 70 °C up to 400 °C.
To make the container sensitive to IR, silver nanoparticles

were photocatalytically deposited onto TiO2 using the method
previously suggested by us.20,21 The Rutherford backscattering
spectrometry (RBS) spectrum of TiO2/Ag show the width of
Ti, O, and Ag concentration peaks (Figure 2c). The average
amount of deposited Ag atoms is ca. 2 × 1015 atoms per cm2.
Figure 2d shows the dependence of the value of the L-

arabinose loading capacity inside the pore of particles on the
surface area value. As we can see, the maximal loading capacity
(more than 60%) corresponds to 350 m2·g−1. For design of the
containers, we have decided to use TiO2 powders with
maximal surface area. How does the deposition of silver affect
the surface area?
The mesoporous structure of TiO2 and TiO2/Ag powders

has been investigated using N2 adsorption−desorption
isotherm measurements (Figure 2e,f). This kind of isotherm
belongs to IV type with lag loop in the characteristics of the
mesoporous solid which, in addition to the pore condensation
step, shows an increase in adsorption at a high relative pressure
due to textural porosity indicating the existence of very small
particles.6,20 BET surface area and total pore volume of initial
TiO2 powder reaches the values of 350 m2 g−1 and
0.300 cm3 g−1, respectively. The pore size is distributed in a
narrow range between 0.2 and 8.0 nm with an average pore
size of about 1.0−2.0 nm. Silver deposition leads to a decrease
in the surface area and pore volume to 287 m2·g−1 and 0.129
cm3 g−1, respectively (Figure 2e,f insets), that indicates

Figure 2. (a) Scheme of TiO2/Ag/PE containers loaded with L-arabinose synthesis; inset shows the photo of TiO2/Ag/PE containers. (b) XRD
patterns of pristine TiO2 powders dried at 70 °C (1) and 400 °C (2). (c) RBS data of the TiO2/Ag powder. (d) Dependence of L-arabinose loading
capacity value on BET surface area of pristine TiO2 powder. (e) Nitrogen adsorption−desorption isotherms for TiO2 powder obtained by oxidative
destruction of TiC with nitric acid. Inset shows an average pore radius distribution in TiO2. (f) Nitrogen absorption−desorption isotherms and
corresponding pore size distributions (inset) of TiO2/Ag powder. (h) zeta (ζ)-potential of particles during TiO2/Ag/PE container
nanoengineering.
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clogging the pores with deposited silver particles. The pore size
distribution remains the same, but the average pore size range
is about 1.7−1.8 nm. Thus, TiO2/Ag is suitable for L-arabinose
loading.
The fabrication of a polyelectrolyte shell around the TiO2/

Ag core by the layer-by-layer (LbL) assembly (Figure 2a) of
oppositely charged PE allows one to prevent the spontaneous
release of loaded L-arabinose. The PE shell lends controlled
release properties to the prepared containers. The opening of
the shell can only be induced by changing the surrounding
temperature value to the hot region (which happens when the
containers are irradiated with an IR Laser at a wavelength of
980 nm), while at room temperature the PE shell remains
intact preventing undesired leakage of the entrapped L-
arabinose. When the containers are irradiated, the Ag
nanoparticles serve as absorbing centers in the shells of the
containers and heat up.2,6,15,21 Being in contact with
thermosensitive PE silver nanoparticles activates the PE shell
followed by L-arabinose release.
The release kinetics of the entrapped L-arabinose into water

at neutral pH is represented in Figure 3. As seen from Figure
3a, there is no absorbance peak of L-arabinose before IR-
irradiation, but it appears after IR-irradiation during 2 min
indicating the release of the L-arabinose from the prepared
containers. Figure 3b shows the release profile of L-arabinose
from initial TiO2 (plot 1) and TiO2/Ag/PE containers before

(plot 2) and after (plot 3) IR-irradiation. Looking at the results
reported in Figure 3 it is possible to conclude that the
encapsulation efficiency (defined as effective loading/theoreti-
cal loading ratio) is always high (>90%). It is obvious that
initial TiO2 particles being immersed in water release the L-
arabinose immediately. About 20% of the loaded L-arabinose is
released during the first 30 min while TiO2/Ag/PE containers
release less than 10% (Figure 3c). It proves that the PE shell
prevents the spontaneous release of L-arabinose. Approximately
90% of L-arabinose releases in water after 300 min of
immersing TiO2 containers in water while TiO2/Ag/PE
containers release about 70%. It should be mentioned that
the activation of PE containers by IR light leads to fast release
of L-arabinose.
Approximately 90% of L-arabinose is present in water 30 min

after opening the containers. It could be modified by changing
the PE conformation of the shell as well as altering the binding
affinity between the polymer and the L-arabinose molecule.
The induction of cells’ fluorescence by containers was

studied under the conditions previously selected during the
calibration using the flow cytometer. Preliminary analysis of a
dense agar medium demonstrated the effectiveness of contain-
ers for delivery and control of L-arabinose release (not shown
here). Using this method, it is possible to perform a visual
assessment of the operation of the system. The fluorescence of
experimental samples with opened containers visually corre-
sponds to that of the control samples, where arabinose is added
at a concentration of 0.1 wt %. More relevant results are
obtained using the PE containers in a semiliquid agar, rather
than in a dense one. This may be due to the mechanical action
of the agar medium on the PE shell preventing the opening of
the containers. It could also be explained by bad diffusion of L-
arabinose through the dense agar layer. According to the
scheme (Figure 4a), near-IR illumination at a wavelength of
980 nm will penetrate the bacteria and semiliquid agar
activated by PE containers.
The opened PE containers release the L-arabinose that

activates the synthesis of GFP leading to fluorescence with an
emission at 510 nm. As shown in Figure 4b, there is no
fluorescence of E. coli cultivated in semiliquid agar embedded
with “closed” PE containers. In contrast, activation by IR-
illumination leads to highly visible fluorescence after 7 h of
activation. Based on the results of this experiment, it can be
concluded that when using the developed system of active
compounds release from containers, a controlled change in
metabolic processes within the biofilm is possible. In this case,
the bacterial biofilm is a macrocolony formed on an agar
medium.
The optimum concentration of L-arabinose in the medium is

found to be 0.1 wt % and can be achieved using designed PE
containers. DotPlot data did not show a critical displacement
of the cell population, which indicates that there is no
significant effect of the containers on the viability of the cells.
Thus, these PE capsules could also provide the delayed
bioluminescence and can act as personalized nanomedicines
for various pathological disorders in the future.
We believe that our system can find its application in

photodynamic therapy, which is a noninvasive method of care
for the face and body. We think photodynamic therapy is very
promising, as it uses narrow-band nonthermal light energy to
activate the processes of natural cellular renewal and skin
regeneration.

Figure 3. (a) Scheme of TiO2/Ag/PE container activation by 980 nm
laser. (b) UV−vis spectra of release solution before (1) and after (2)
IR-irradiation (wavelength: 980 nm, power: 2000 mV) of TiO2/Ag/
PE capsules with L-arabinose. (c) L-Arabinose release (%) from initial
TiO2 particles (1) and TiO2/Ag/PE capsules before (2) and after (3)
IR-irradiation. (d) Percent ratio of L-arabinose release during 30 min
from initial TiO2 particles (1) and TiO2/Ag/PE capsules before (2)
and after (3) IR-irradiation. Abbreviations: PE − polyelectrolytes shell
(PEI/PSS/(PDADMAC/PSS)2); IR − IR-irradiation with a wave-
length of 980 nm for 2 min.
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■ CONCLUSION
In summary, we introduced a novel and simple strategy based
on feedback between nanoarchitectured PE containers and
bacteria to achieve nonphotonic chemicobiological upconver-
sion: upon 980 nm light irradiation, a blue light (at 510 nm)
from E. coli XL-1 could be emitted. There are several key
points: (1) the system of controlled release of biomolecules
from the containers works successfully in a biological system;
(2) the containers themselves do not have a significant effect
on bacterial cells, as can be seen from flow cytometry data; (3)
the developed materials can induce metabolic processes in
both plankton cells and in biofilms (in the macrocolony
model); (4) the developed methods can be used to test similar
systems in biological objects. The present strategy provides a
site-specific and effective approach of using the living bacteria.

■ METHODS
Materials. Titanium carbide (TiC, 99.5% (metals basis))

was purchased from Alfa-Aesar. Polyethylenimine (PEI, MW ∼
750 000, 50% (w/v) solution), poly(sodium 4-styrenesulfo-
nate) (PSS, MW ∼ 1 000 000), Poly(diallyldimethylammonium
chloride, (PDADMAC, Mw ∼ 200 000−350 000, 20% (w/v)
solution in H2O), L-arabinose (≥98%), sodium chloride,
absolute ethanol, and HNO3 were purchased from Sigma−
Aldrich and used without further purification. The water was
purified before use in a three stage Millipore Milli-Q Plus 185

purification system and had a resistivity higher than
18.2 MΩ cm−1.

Synthesis of Surface-Modified Mesoporous TiO2

Containers Loaded with L-Arabinose. Surface-modified
mesoporous TiO2 containers consist of a TiO2/Ag core and a
polyelectrolyte (PE) shell. A yellowish powder of TiO2 was
obtained by oxidizing 1.5 g of TiC (in black powder form)
with concentrated nitric acid. The 4 M HNO3 was added
dropwise into a three-neck round-bottom flask with TiC at a
rate of 2 drops per second. The synthesis was carried out in a
water bath at 70 °C for 1 h. Then the yellowish precipitate was
separated by filtration and washed 3 times with ethanol. As-
prepared TiO2 was dried at 70 °C in air and annealed at 200
°C (the heating rate was 10 °C·min−1). Silver nanoparticles
were deposited onto the photocatalytic TiO2 surface during
UV illumination (wavelength of 254 nm, power 5 W cm−2) for
30−90 s in 10 μM AgNO3 aqueous solution (Figure 1 a, the
second stage).

L-Arabinose was loaded in the pores of TiO2/Ag nano-
particles from 10 wt % solution of L-arabinose under vacuum
for 1 h. The TiO2/Ag particles were separated by
centrifugation and then dried. The loading process was
repeated two times (Figure 1a, the third stage). The PE shell
was formed using Layer-by-Layer (LbL) deposition. Poly-
electrolytes were dissolved in 1 M NaCl at a concentration of 2
mg·mL−1. A positive PEI layer was deposited at the first stage
mixing of the negatively charged TiO2/Ag (0.5 wt %) solution
with 2 mL of 2 mg mL−1 PEI solution for 15 min. Then, the
TiO2/Ag/PEI sample was washed three times by centrifuga-
tion at 5000 rpm for 5 min in 1 wt % L-arabinose solution to
prevent the release of the loaded L-arabinose. This washing
procedure was performed after each stage of PE deposition.
The second PE layer was formed from a negatively charged
PSS. The third layer was made from 2 mg mL−1 PDADMAC
solution. The fourth layer was carried out from 2 mg mL−1 PSS
solution. The procedure was repeated twice. The formation of
the oppositely charged PE layers was determined by ζ-
potential measurements (Figure 1f) using Photocor Compact-
Z analyzer (Photocor, Russian Federation). The resulting PE
sh e l l c on s i s t e d o f PE I /PSS/PDADMAC/PSS -
/PDADMAC/PSS and as-prepared containers have a
TiO2/Ag/PEI/PSS/PDADMAC/PSS/PDADMAC/PSS struc-
ture (Figure 2a, the fourth stage).

L-Arabinose Release Studies. L-Arabinose release studies
were performed on both “closed” and “opened” containers. L-
Arabinose-loaded “closed” containers of 10 mg were placed in
a quartz cuvette with 3 mL of Milli-Q water. At predetermined
time intervals, 3 mL aliquots of aqueous suspension were
centrifuged at 5000 rpm for 1 min and 2.8 mL of transparent
solution separated from precipitate was subjected to the UV−
vis analysis described above. The amount of released L-
arabinose was calculated using an appropriate calibration curve.
L-Arabinose release studies from “opened” containers were
carried out using the same protocol, only on the containers
previously activated by IR-irradiation for 2 min. ASP-SL IR
Laser with a wavelength of 980 nm and output power of 1−
2000 mW was used as an IR-irradiation source.

Nanoparticle Yield, Drug Loading, and Encapsulation
Efficiency. The loading capacity of TiO2/Ag/PE containers
was calculated using the following equation:

Figure 4. (a) Scheme of E. coli XL-1 Blue pBAD-GFPuv fluorescence
activation by opened TiO2/Ag/PE containers. (b) Negative micro-
scope image of E. coli XL-1 Blue cultivated for 4 h on semiliquid agar
with embedded TiO2/Ag/PE containers before (left image) and after
(right images) IR-irradiation (wavelength: 980 nm, power: 2000 mV).
(c,d) Cell fluorescence of GFP in a system with “closed” (left) and
“opened” (right) PE containers after incubating for 7 h.
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=

×

%LC (Weight of entrapped substance

/weight of nanoparticles) 100% (1)

The quantitative analysis of L-arabinose release was carried
out with a Spectrophotometer UV-1800 (Schimadzu, Japan).
Concentration determination was performed using UV
detection at 278 nm, and was based on a previously created
calibration curve. Encapsulation efficiency was expressed as a
percentage of substance in the fabricated nanoparticles with
respect to the initial amount of substance used for the
preparation of nanoparticles:

=

×

%EE (weight of substance in nanoparticles

/weight of substance fed initially) 100% (2)

Characterization Methods. The TiO2 crystal structure
was examined by X-ray diffraction on a PANalytical X’Pert
PRO MRD (Multi-Purpose Research Diffractometer, Holland)
with modular construction using Cu Kα-radiation. The
recording speed was 0.4° min−1. The qualitative and
quantitative presence of Ag atoms in TiO2/Ag powder were
studied by the Rutherford backscattering spectrometry (RBS)
technique using 2.18 MeV 4He+ ions; the detector was placed
at an angle of 170° with respect to incident beam direction.
The BET adsorption/desorption isotherm was determined by
nitrogen sorption at 77 K using a Surface area and pore size
analyzer Quantachrome NOVA 1200 e Micromeritics
(Quantachrome Instrument, USA). The weight of the
freeze−dried samples was around 0.36 g. All samples were
degassed under vacuum at 180 °C for 4 h before N2
adsorption. Particle size and ζ-potential were measured using
particle size and zeta potential analyzer Photocor Compact-Z
(Photocor, Russian Federation). Escherichia coli XL-1 Blue
with pBAD-GFPuv plasmid were used in this study. The strain
used contains a gene for the synthesis of a green fluorescent
protein (GFP) that is under the control of an arabinose
promoter PBAD. When L-arabinose is added to the nutrient
medium, GFP synthesis is activated and the cells begin to
fluoresce in the green spectrum (510 nm).
Bacterial Test on Agar Medium and Quantitative

Analysis on a Flow Cytometer. Escherichia coli XL-1 Blue
with pBAD-GFPuv plasmid were used in this study. The strain
used contains a gene for the synthesis of a green fluorescent
protein (GFP) that is under the control of an arabinose
promoter PBAD. When L-arabinose is added to the nutrient
medium, GFP synthesis is activated and the cells begin to
fluoresce in the green spectrum (507 nm). The excitation of
fluorochrome in the protein has two peaks: 395 and 478 nm.
At the first stage, the system was tested visually by culturing

bacteria on a dense and semidense LB agar medium. When
calibrating the fluorescence dependence on the arabinose
concentration, the latter was added directly to the medium at
concentrations of 0.001, 0.01, 0.1, 1.0, and 10.0%. To analyze
the fluorescence induction by arabinose from capsules, the
latter were applied from above to the agar medium. The
capsules were treated with an IR Laser at a wavelength of
980 nm for 2 min. Night cultures of E. coli with cell density 103

and 106 were inoculated on dense and semidense agar media in
order to obtain isolated colonies and biofilms (macrocolonies),
respectively. The dishes were incubated for 24 h at 37 °C. The
results were analyzed visually using a UV-transilluminator.

For a more detailed quantitative analysis, bacterial cells were
examined using flow cytometry. When calibrating the
fluorescence dependence on the L-arabinose concentration,
the latter was added directly to the medium at concentrations
of 0.001, 0.01, 0.1, 1.0, and 10.0%. To analyze the fluorescence
induction by L-arabinose from capsules, the latter were
previously opened by IR Laser treatment for 2 min at a
wavelength of 980 nm. After laser treatment, the capsule
suspension was added to the medium at a concentration such
that the concentration of released L-arabinose reached a value
of 0.1%, the optimum concentration according to literature and
our calibration. For preparation of control samples, the
capsules were not previously opened and added to the culture
medium unopened. After this, night cultures of E. coli with cell
density 106 were inoculated in immunology plates. The
samples were incubated at 37 °C for 24 h. After incubation,
the samples were analyzed using a flow cytometer NovoCyte
(ACEA Biosciences, USA) with parameters for FITC
(excitation-488 nm, emission-525 nm). Each experiment was
repeated three times. Fluorescence-based methods can also be
used to enumerate bacteria. In the food and biotechnology
industries, for instance, the automated counting of pure
cultures by flow cytometry is well established.22,23
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A B S T R A C T

We propose a simple way to increase incident photon-to-current conversion efficiency (IPCE, Y) for electro-
deposited p-type Cu2O films through addition of Eu(III) to the electrodeposition bath. This is the first reported
enhancement of photocurrent for Cu2O modified with a rare-earth element. Our study is based on hypothesis
that a large ionic radius of Eu(III) promotes its precipitation in form of inclusions of another phase, which act as
getter centers leading to purification of host material from detrimental impurities and, correspondingly, to in-
crease in lifetime of non-equilibrium charge carriers. SEM, EDX and XRD analyses indicate that addition of Eu
(III) results in some increase of Cu2O crystallite size and growth of a secondary Eu containing phase without
changing the Cu2O lattice parameters. Electrochemical impedance spectroscopy indicates invariance of acceptor
concentration and flat band potential for Eu modified films. Remarkable increase of charge carriers’ lifetime,
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which manifests in the growth of Cu2O exciton photoluminescence (PL) intensity and PL decay constant, leads to
increased IPCE for the Eu modified films. Optimization of Eu(III) concentration in the electrodeposition bath
allows attaining the cathodic photocurrent as high as 3.2 mA cm−2 (35mW cm−2 Xe lamp illumination), which
is as ≈40% greater than that for the pure Cu2O film and corresponds to Y≈ 100% at wavelength λ < 450 nm.

1. Introduction

Hydrogen evolution from renewable sources such as sunlight and
water will be extremely important when the fossil-fuel supplies become
depleted or when the environmental consequences of their burning are
no longer acceptable. Nowadays, cuprous oxide (Cu2O) is considered as
an attractive material for the photoelectrochemical hydrogen produc-
tion [1]. With a direct band gap of ≈2 eV, Cu2O absorbs a significant
part of the solar spectrum (maximal theoretical photocurrent density
equals to 14.7mA cm−2 under AM1.5 illumination). Availability, low
toxicity, as well as favorable energy band positions for solar water
splitting are obvious advantages of this semiconductor.

Since Cu2O usually possesses p-type conductivity, it is of interest for
solar energy primarily as a photocathode for water photoelectrolysis
(hydrogen production), photoreduction of carbon dioxide (hydro-
carbonate anions) [2,3], or in solid-state hetorojunction solar cells with
ZnO [4] or TiO2 [5,6]. Currently, the electrochemical deposition of
Cu2O films [1,4–41] dominates among other known chemical and
physical methods (thermal and radical oxidation of copper, sputtering,
SILAR, CVD, Cu(OH)2 reduction, spray pyrolysis). Electrodeposition is a
simple, technological, non-wasteful and inexpensive way to form thin
Cu2O films on different large-area conducting substrates (including
those with a complex geometric configuration).

The most common approach to electrosynthesis of Cu2O is based on
use of aqueous solutions containing copper salt (e.g., CuSO4), ligand
(most often, lactate anion) and alkali (NaOH) as main components. The
copper is stabilized by complexing with lactate ion, and the pH can be
raised to alkaline values. Formation of Cu2O at a cathode occurs as a
result of consecutive electrochemical and chemical processes [39].
Faradaic reduction of Cu(II) complexes gives rise to formation of Cu(I)
in a cathodic space. Since Cu(I) does not form stable chelate complexes
with bidentate ligands, lactate complex is destroyed in an alkaline
medium with formation of a Cu2O deposit.

It was demonstrated that cuprous oxides deposited at solution pH
below 7.5 are n-type semiconductors, while cuprous oxides deposited at
a solution pH above 9.0 possess p-type conductivity [31]. Use of solu-
tions without lactate anions enables one to form n-Cu2O in a slightly
acidic medium (pH from 5.2 to 6.4) containing acetate buffer [32].
Variation of electrodeposition conditions (solution pH, deposition po-
tential and temperature, concentration of dopants) allows in turn for-
mation of p-Cu2O/n-Cu2O homojunction solar cells [32–34].

Polycrystalline deposits with a random orientation of grains are
formed on most conductive substrates. Cu2O crystallites have a char-
acteristic cubic shape and a typical size of several micrometers.
However, Cu2O epitaxial structures can be grown on single crystalline
substrates, in particular, Au [14], InP [15,16], Si [17]. Moreover, along
with electrosynthesis of polycrystalline and epitaxial films, the methods
for formation of Cu2O nanowires, nanotubes and nanorods [18–21], as
well as structures with a complex morphology [22–27] are developed.

Unfortunately, practical use of the Cu2O photoelectrodes is limited
by two essential drawbacks. The first one is photocorrosion instability
in aqueous solutions (Cu2O is thermodynamically unstable both to
oxidation and reduction processes [1,38]). One of the promising ways
to enhance photocorrosion hardness of the Cu2O photocathodes in
hydrogen evolution processes is protection of surface by thin ZnO and
TiO2 films formed by the atomic layer deposition [1,20,29]. Ad-
ditionally, electrocatalytic properties of the surface can be improved by
deposition of Pt [1,29] or RuOx [20].

The second problem related to solar energy applications of

electrodeposited Cu2O films is a rather small diffusion length of min-
ority charge carriers (typically, a few tens of nanometers for electrons),
which is much less than the depth of light penetration. As a con-
sequence, the reported values of quantum efficiency for the photo-
cathodes based on the electrodeposited Cu2O films are usually sig-
nificantly less than 100% (≈1% [24], ≈26% [28], ≈70% [20])
making relevant a looking for methods of charge recombination sup-
pression. Our previous studies have demonstrated that properties of the
electrodeposited Cu2O films can be improved by variation of electrolyte
composition [35,36]. Nevertheless, origins of these effects are not
completely understood and require further research.

The goal of this study is to increase IPCE for electrodeposited Cu2O
films, whereas questions related to corrosion stability are outside of the
scope of this work. We propose to improve the quantum efficiency by
addition of europium (III) nitrate into electrodeposition solution con-
taining copper (II) sulfate and lactic acid. Choice of Eu as a modifying
additive is determined by the following reasons. Firstly, Eu3+ has the
largest ionic radius among all lanthanides (0.109 nm), which exceeds
significantly radius of Cu+ (0.077 nm). This enables one to suppose that
europium will not incorporate into the Cu2O crystal lattice forming
getter centers in the electrodeposited films and, hence, suppressing
charge recombination in them. Similar approaches are applied often to
improve parameters of different semiconductor materials and devices.
For example, creation of internal getters in silicon wafers is widely used
to increase lifetime and diffusion length of charge carriers due to bulk
purification from detrimental impurities, which act as recombination
centers [42,43]. Secondly, sufficiently negative standard electrode po-
tential (E0Eu3+/Eu0= –1.99 V) excludes the formation of metallic europium
under cathodic electrode polarization.

There are some works devoted to the effects of Eu modifications for
different semiconductors (Tables S1 and S2, Supplementary material).
It has been noticed that addition of Eu improves the emission spectra of
the host semiconductors, like TiO2 [SR1-SR7], ZnO [SR8-SR11], ZnS
[SR12-SR14], CdS [SR14, SR15], SiO2 [SR16], BaNb2V2O11 [SR17] etc.
Among these, only some of them have reported change in photo-
catalytic activity of the semiconductors measured in terms of removal
of pollutants [SR3], degradation of phenol [SR4, SR6], chloroform
[SR7] and decoloration of dyes [SR17] and not describing the water
splitting behavior. There are a rather limited number of publications
dedicated to influence of rare-earths on the Cu2O film morphology, and
to the best of our knowledge, the idea to improve photoelectrochemical
properties of Cu2O films by creation of getter centers using rare-earth
elements has not been suggested before.

It will be demonstrated below that an optimization of Eu(III) con-
centration in the electrodeposition bath enables to reach IPCE values
close to 100% for the Cu2O photocathodes.

2. Experimental section

2.1. Film preparation

2.1.1. Materials
Europium nitrate Eu(NO3)3·5H2O (99.9%) was purchased from

Sigma-Aldrich. Copper sulfate CuSO4·5H2O, dipotassium hydrogen
phosphate K2HPO4, lactic acid CH3CHOHCOOH, potassium hydroxide
KOH, Triton X-100 surfactant TX-100, sodium sulfate Na2SO4, sodium
acetate CH3COONa, acetic acid CH3COOHwere purchased from Merck
(AR grade). The FTO-coated conducting glass substrates (20 Ω/sq,
Kintech Technologies, Shanghai) were cleaned by subsequent
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sonication in the soap solution, ethanol and deionized water.

2.1.2. Fabrication of photoelectrodes
Cu2O thin films were electrodeposited from the mixture of copper

sulfate and europium nitrate in a basic solution. Concentration of Cu2+

ions in the solution was equal to 0.2M. Europium nitrate (0, 0.5, 1.25,
2.5, 5, or 10% with respect to the Cu2+ concentration) was dissolved in
water with the subsequent addition of dipotassium hydrogen phosphate
followed by copper sulfate, lactic acid, potassium hydroxide and TX-
100 surfactant. The films were deposited at a constant current density
of −0.1mA cm−2 using a DC constant current source meter (Metravi,
India) in a two-electrode configuration (a Pt foil served as the counter
electrode) at 30 °C for 180min.

2.2. Film characterization

The thickness of the Cu2O films prepared with different con-
centrations of Eu(III) in electrolyte was determined gravimetrically to
remain within 0.5 ± 0.02 μm; the density of Cu2O was taken in cal-
culations equal to 6.0 g/cc [44].

The surface morphology and elemental composition of the Cu2O
films were studied through scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX) analysis using a LEO 1455 VP Scanning
Electron Microscope. Transmission spectra of the prepared thin films
were measured using a MC122 spectrophotometer (Proscan Special
Instruments, Belarus). The phase composition was identified by the X-
ray diffraction (XRD) analysis at a scan rate of 0.5° min−1 using a
Rigaku ULTIMA IV diffractometer (Bragg–Brentano geometry, Cu Kα
emission). X-ray photoelectron spectra were obtained using a Thermo
Scientific K-alpha spectrometer (Al Kα monochromatic X-ray source, Ar

gun for surface etching).
Photoluminescence (PL) and Raman spectra were recorded at room

temperature using a Nanofinder HE (LOTIS TII, Belarus – Japan) con-
focal spectrometer. DPSS CW laser (473 nm) was used as an excitation
source. Optical power was attenuated down to 10 μW to minimize the
thermal impact on the samples. Incident beam was focused on the
sample surface with a 100X Olympus lens (NA=0.95). Backscattered
light was dispersed on a 600 lines mm−1 diffraction grating with a
spectral resolution better than 3 cm−1 (0.1 nm in the wavelength scale)
and detected using a thermostated CCD matrix with a signal acquisition
time typically equal to 60 s. Calibration was performed by means of a
built-in gas-discharge lamp to an accuracy better than 3 cm−1 (0.1 nm).
Lifetime of the photogenerated charge carriers was determined from PL
decay kinetics at an excitation wavelength of 505 nm (Horiba,
Deltadiode) with 625 emission wavelength and the spectral FWHM in
continuous mode<2 nm with the help of multifunctional time corre-
lated single-photon counting (TCSPC) spectrophotometer (Model 1057,
Fluorolog, Horiba Scientific Tech. USA).

2.3. Electrochemical impedance measurements

The electrochemical impedance measurements were carried out in
pH 4.9 acetate buffer solution with 0.1M Na2SO4 as supporting elec-
trolyte with the help of Autolab-302, PG-Stat FRA-II (Metrohm,
Netherlands) using the similar cell setup as detailed below. Variation of
capacitance at the semiconductor-electrolyte interface (the Mott-
Schottky analysis) was determined in the potential range from 0.78 to
0.28 V vs. RHE at a frequency of 1000 Hz and ac RMS amplitude of
10mV.

(a) (b)

(c) (d)

(e) (f)

Fig. 1. SEM images of the Cu2O films showing some pre-
cipitates (marked with black circles) along with cubic
Cu2O crystals. Images in the backscattering mode are
given in insets indicating the presence of another phase
(arrows). Eu(III) concentration in the electrolyte is 0% (a),
0.5% (b), 1.25% (c), 2.5% (d), 5% (e), and 10% (f).
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2.4. Photoelectrochemical measurements

The photoelectrochemical properties of the prepared Cu2O films
were studied in a borosilicate glass cell with a three-electrode config-
uration containing a Pt rod counter and a saturated Ag/AgCl as the
reference electrode. The potentials hereafter reported have been con-
verted to the reversible hydrogen electrode (RHE). The Cu2O working
electrodes were exposed through an O-ring with a surface area of
0.27 cm2. Linear sweep voltammetry (LSV) was carried out using a CHI-
650E potentiostat within the potential range of 0.78–0.28 V vs. RHE
with a scan rate of 10mV s−1. The photoresponse was measured under
periodically chopped irradiation from Xe-arc lamp (Hammaan, India) as
a white-light source with an incident beam intensity of 35mW cm−2,
through an electrolyte containing 0.1 M Na2SO4 in 0.2M sodium
acetate buffer (pH 4.9). Photocurrents were also measured under illu-
mination of 100mW cm−2 using similar experimental setup to verify
the effect of incident power on the PEC process.

Stability of the semiconductors undergoing photoelectrochemical
H2 evolution reaction was determined through chronoamperometry at a
fixed applied potential of 0.4 V vs. RHE under constant illumination of
35mW cm−2, using similar cell configuration. The results were further
verified through repeated LSV scan under periodic chopped illumina-
tion with calculation of relative deterioration of photocurrent.

PEC action spectra were measured with a high-intensity grating
monochromator (spectral resolution 1 nm), a 250W halogen lamp and
a light chopper. The spectral dependences of IPCE were determined
from the photocurrent and optical power of the incident monochro-
matic beam. The films were illuminated from the electrolyte side.

3. Results and discussion

3.1. SEM, EDX, XRD, XPS and optical characterization of Cu2O films

SEM images demonstrate that the films are formed by cubic grains
of different dimensions (Fig. 1), similar to earlier observations for the
electrodeposited Cu2O films reported by many authors. The size of the
cubic grains increases to some extent with a gradual addition of Eu(III)
to the electrolyte. The films deposited in presence of Eu(III) indicate
some precipitates (marked with black circles) along with the main
phase. These precipitates are formed possibly due to the growth of
hydrated europium oxide or europium hydroxide [45] in the alkaline
electrodeposition bath (pH 12–13). The SEM images obtained in the
backscattering mode (insets in Fig. 1) indicate intense black spots
(marked with arrows) arising from the different chemical phases as
compared to the Cu2O matrix. The pure Cu2O films do not show such
black spots, and their amount increases with a gradual rise of Eu(III)
concentration in the electrodeposition bath.

EDX spectra taken under electron beam excitation of different spots
on the film surface show that the “cubic” shaped particles contain
primarily Cu and O without Eu (Fig. 2a) for all the films under in-
vestigation. However, for the films deposited in presence of Eu(III), EDX
spectra show a definite amount of Eu (along with Cu, O from the un-
derlaying Cu2O grains and Sn from the FTO substrate), when secondary
phase inclusions of irregular shape (marked as red circles in Fig. 1) are
excited by the electron beam.

XRD patterns demonstrate peaks corresponding to the cubic Cu2O
structure (standard JCPDS file No. 05-0667) without noticeable change
in their positions (Fig. 3). The absence of any peaks corresponding to Eu
containing phases and retaining of “pure” Cu2O crystallinity indicate
that Eu is present in the films in amorphous forms and not being in-
corporated into the Cu2O lattice. Additionally, a few peaks also ap-
peared from the FTO substrate (standard JCPDS file No. 46-1088). The
diffraction patterns demonstrate the strongest peak at 2θ=36.39°
corresponding to the (hkl) value of (1 1 1) along with the others, (1 1 0),
(2 0 0), (2 2 0), (3 1 1), and (2 2 2) for all the samples. The gradual in-
crease of Eu(III) concentration in the electrodeposition bath leads to a

slight decrease in full width at half maxima (FWHM) for all peaks in-
dicating the rise in grain size, particularly, for initial addition of Eu(III),
as presented in Table 1. There is no significant modification of the film
texture due to Eu(III) addition to the electrodeposition bath. One can
suppose that the observed increase of grain size is related to decrease in
number of electrocrystallization centers due to aggregation of defects
by the europium containing inclusions.

In the Raman spectra, one can see the peaks at≈216,≈236,≈300,
≈412, ≈498, ≈650, and ≈796 cm−1(Fig. 4).The two most intense
peaksat ≈216 and ≈650 cm−1 correspond to the two-phonon and one-
phonon scattering processes in Cu2O, respectively [46]. The latter band
can be deconvoluted into two peaks at 632 cm−1 and 650 cm−1, which
is a consequence of TO–LO splitting for polar oscillations.

Peak fitting by Lorentz lines has demonstrated that a gradual rise of
Eu(III) concentration in the bath does not affect their position and
width, which is consistent with the XRD analysis and points to con-
servation of Cu2O intra-grain properties. At the same time, there is a
clear increasing trend in the intensity of the two-phonon band at
≈216 cm−1 relative to that for the one-phonon band at ≈650 cm−1.
Such effect, as well as an overall increase of Raman signal intensity,
could be correlated to the strengthening of electron-phonon interaction
in the films electrodeposited from Eu(III) containing solutions pointing
to crystal quality improvement and being in a qualitative agreement
with XRD and PL results (as discussed in the subsequent sections).

Raman peaks at ≈236, ≈412, ≈498, and ≈796 cm−1 do not
correspond to symmetry-allowed one-phonon scattering processes in
Cu2O, CuO or Eu(OH)3 phases [46–48]. The position of the peak at
≈300 cm−1 allows interpreting it as arising from one-phonon scat-
tering in CuO [47], however, the absence of peak at ≈344 cm−1 in-
herent to CuO in the measured spectra testifies in favor of its other
nature. Tentatively, all these peaks could be explained by the presence

Fig. 2. EDX spectra from (a) cubic grain and (b) inclusion of irregular type for the Cu2O
film (Eu(III) concentration in the electrolyte of 2.5%). SEM images of corresponding
surface regions are given in (c) and (d).
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of some amorphous inclusions on the surface of the films. Meanwhile,
they were observed by some researchers for Cu2O films prepared using
different techniques [49–51]. All these peaks are symmetry-forbidden
in Cu2O, and their observation points to relaxation of the symmetry-
based selection rules. The most probable origin of symmetry breaking is
presence of point defects (copper split vacancies) in the lattice [51].
The intensity of symmetry forbidden peaks (ISF) relative to intensity of
symmetry-allowed peaks (ISA) inherent to Cu2O changes from point to
point for each sample, and no correlation between Eu(III) concentration
in the electrodeposition bath and ISF/ISA ratio has been established.

XPS data show that addition of Eu(III) gives rise to increased in-
tensity of the peaks corresponding to Cu(II) (Fig. 5a-c) [52]. Growth of
Cu(II) content in the films could be explained by the known effect of
coprecipitation of different hydroxides (Eu and Cu, in our case). How-
ever, in our experiments Cu(II) does not participate in photoelec-
trochemical processes because we used pH4.9 acetate buffer (acetic
acid – sodium acetate) solutions, where Cu(II) is known to be selectively
leached out [13]. As is seen from Fig. 5d, even after photoelec-
trochemical measurements, europium demonstrates peaks at ≈1135
and 1164 eV, which correspond to 3d5/2 and 3d3/2 electrons, respec-
tively, and point to +3 oxidation stage [53]. This means that photo-
current increase for the Eu modified films (see below) is not related to
reduction of Eu3+cations.

The photoluminescence spectra of the films demonstrate two dis-
tinct bands (Fig. 6a). The high-energy band (≈625 nm) has a

complicated structure and corresponds to phonon-assisted exciton re-
combination, whereas low-energy one (≈750 nm) is known to be re-
lated to the oxygen vacancies [54]. The fundamental possibility to
observe the exciton PL at room temperature is related to extremely high
exciton Rydberg energy in Cu2O (about 0.1 eV) [55]. However, it
should be noted that no exciton PL was registered in number of works
devoted to Cu2O indicating a high crystalline perfectness of our films.
Fitting of exciton band with three Gauss lines shows only slight (within
2.5 nm) change of its position with Eu(III) concentration in the elec-
trodeposition bath, which correlates with invariance of band gap en-
ergy obtained from the Tauc analysis (see below). Fig. 6b demonstrates
that the introduction of Eu(III) into the electrolytic bath leads to sig-
nificant increase in intrinsic PL intensity for the Cu2O films by ap-
proximately one order of magnitude, which means suppression of non-
radiative recombination processes in the matrix. TCSPC measurements
(Fig. S1, Supporting material) reveal that the lifetime of the charge
carriers for pure Cu2O appears as 91 ps and increases more than two
fold (up to 206 ps) for the material deposited in presence of an opti-
mized amount (2.5%) of Eu(III) in the electrodeposition bath. The ob-
served increase in lifetime correlates qualitatively with the grain size
enlargement, as discussed in SEM analysis and is further confirmed
through variation of peak width in XRD patterns (Fig. 6b). At the same
time, the relative change of the grain size in the films is rather slight,
whereas the PL intensity increases dramatically, suggesting the con-
tribution of additional mechanisms to explain this effect. As it was
mentioned in Introduction, a large ionic radius of Eu3+reduces its

Fig. 3. XRD patterns of Cu2O films deposited from electrolytes with different Eu(III)
concentrations.

Table 1
Results of XRD analysis for Cu2O films: FWHM of (1 1 1) peak, calculated lattice parameter and grain size values, as well as intensity ratios for different peaks with respect to that of the
strongest (1 1 1) peak depending on Eu(III) concentration in electrolyte.

Eu(III) concentration in
electrolyte, %

(1 1 1) peak FWHM in
2θ scale, deg

Lattice parameter,
nm

Grain size,
nm

I(200)/I(111) (theor=0.37) JCPDS file
No. 05-0667

I(220)/I(111) (theor= 0.27) JCPDS file
No. 050667

0 0.353 0.4268 39 0.186 0.238
0.5 0.300 50 0.181 0.283
1.25 0.315 46 0.284 0.315
2.5 0.308 48 0.227 0.295
5 0.299 50 0.192 0.259
10 0.311 47 0.165 0.268

Fig. 4. Raman spectra of Cu2O films deposited from electrolytes with different Eu(III)
concentrations.
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solubility in the host lattice (Cu2O) promoting precipitation in the form
of separate phase inclusions. These precipitates can act as gettering
centers for detrimental impurities giving rise to purification of Cu2O
grains. Subsequently, this leads to a prominent suppression of charge
carrier recombination in the Cu2O films and thereby PL enhancement,
similar to our earlier observations for chalcogenide semiconductors
[56]. Formation of precipitates is well known to be favorable at grain
boundaries; therefore, their passivation can be tentatively considered as
an additional possible mechanism of recombination suppression.

3.2. Impedance analysis

Variation of space-charge capacitance with applied potential (Mott-
Schottky plot)at a typical frequency of 1000 Hz is presented in Fig. 7.
Negative slopes demonstrate p-type conductivity of all Cu2O films. The
acceptor concentration (NA) and the flat-band potential (Efb) were es-
timated from the slope and intercept at potential axis, respectively,
using the Mott-Schottky equation [57] with the relative dielectric
permittivity of Cu2O taken as 7.5 [58]. From the figure it is evident that
the bulk properties, i.e. the acceptor concentration
(NA=8.6×1016 cm−3), as well as the flat band potential (Efb = 0.62 V

Fig. 5. XPS Cu 2p3/2 high resolution spectra for the as-
grown Cu2O films deposited from electrolytes with Eu(III)
concentrationsof 0% (a), 2.5% (b), and 10% (c); Eu 3d high
resolution spectrum for the Cu2O film(Eu(III) concentra-
tion in the electrolyte of 2.5%) after photoelectrochemical
measurements.

Fig. 6. (a) PL spectra of Cu2O films deposited from elec-
trolytes with different Eu(III) concentrations; (b) FWHM of
Cu2O (1 1 1) reflex and wavelength integrated intensity of
Cu2O exciton PL band vs. Eu(III) concentration in electro-
lyte.

Fig. 7. Mott–Schottky plot at a typical ac frequency of 1000 Hz for Cu2O films deposited
from electrolytes with different Eu(III) concentrations.

S. Shyamal et al. Chemical Engineering Journal 335 (2018) 676–684

681



vs. RHE) remain almost constant for all the films in depending of Eu(III)
concentrations in the electrodeposition bath. Constancy of NA points to
absence of europium induced ion doping effect. The position of the
conduction band (–1.74 V vs. RHE) as estimated from the experimental
NA, Efb data and Eg value for direct allowed optical transitions (see
below) is at more cathodic potential side compared to that required for
reduction of H2O indicating applicability of the present semiconductor
for cathodic hydrogen evolution. Note that the calculated NA value is
overestimated to some extent because the geometrical surface area used
in the Mott-Schottky equation is smaller as compared to the real surface
area of the “Cu2O-electrolyte” interface (Fig. 1).

3.3. Photoelectrochemical properties of Cu2O films

The performances of the Cu2O films were measured in terms of
photocurrent through linear sweep voltammograms (Fig. 8) in 0.1 M
Na2SO4–0.2M acetate buffer solution (pH 4.9) under illumination with
intensity of 35mWcm−2. The maximal output photocurrents for each of
the electrodes, as measured from the respective LSV plots, are presented
in Fig. 8 inset. It is evident that the photocurrent increases with a
gradual addition of Eu(III) to the electrodeposition bath and reaches a
maximum of 3.2mA cm−2 at 2.5% Eu(III) concentration, beyond which
it decreases again. The highest photocurrent observed for the Cu2O film
deposited from a solution containing 2.5% Eu(III) exceeds by 35–40%
the photocurrent for the film obtained without Eu(III). Electrochemical
behavior of the bare Eu-containing phases (i.e. film deposited from the
said electrochemical bath in absence of Cu2+) was evaluated through
LSV under periodic illumination. Insignificant variation of current
throughout the working potential range (as demonstrated by a nearly
straight line plot in Fig. 8) indicates that the material reveals no PEC
activity. The enhancement of photocurrent due to Eu(III) addition is
observed also at higher intensity of incident light (100mW cm−2 illu-
mination, Fig. S2), although the photocurrent increases sublinearly
with the light intensity.

Since we have not taken any measure to improve stability of the Eu
modified Cu2O films under illumination, the photocurrent demon-
strated rather rapid decay (Fig. S3), which correlates with earlier ex-
periments reported by other authors [59]. Stability of the

semiconductor was tested through periodic voltammetry under
chopped illumination (Fig. S3, inset), and it was found with the increase
in the number of LSV pattern that the rate of photocurrent decrease is
reduced after 2nd successive scans. Time instability of the photocurrent
is contributed by the reduction of Cu2O to metallic Cu, which was even
visually observed through formation of black spots over the surface
when the electrode was immersed in electrolytic media under illumi-
nation. SEM analysis of the sample prepared with optimized Eu(III)
concentration after polarization studies indicates some specific changes
of the surface morphology, as presented in Fig. S4a. The XRD pattern
(Fig. S4b) shows reflexes at 43.7, 50.2 and 74.3° corresponding to
elemental Cu, which also supports the above observations. Similar re-
sults were also reported in literature [13].

Fig. 9 presents the variation of IPCE for the Cu2O films in 0.1M
Na2SO4 solution (pH 4.9 acetate buffer solution) when a fixed potential
of 0.4 V vs. RHE was held. The maximal IPCE value of ∼100% was
recorded for the Cu2O film deposited from electrolyte with 2.5% Eu(III)
concentration, which can be considered as optimal, whereas the “pure”
Cu2O exhibits only 40% IPCE.

Since the Cu2O films reveal a pronounced light scattering effect (Fig.
S5a), we used IPCE instead transmittance spectra for determination of
band gap energy Eg taking into account that IPCE is proportional to the
absorption coefficient near the absorption edge. Another advance of
using IPCE spectra is determined by minimization of impact of ab-
sorption mechanisms unrelated to PEC reactions [60,61]. As is seen
from Fig. S5b, where the Tauc plots are given for direct allowed optical
transitions, the variation of Eu(III) concentration in the electrodeposi-
tion bath has only slight impact on Eg indicating that the increase of
photocurrent in the Eu-modified films is not related to Eg decrease, and
suppression of charge carriers recombination is the most plausible
reason of the observed effect.

One can see from Fig. 9 that the maximal enhancement of IPCE is
attained for long wavelength light, when majority of electron-hole pairs
are generated outside of the space charge region (SCR) and high life-
time values are required for participation of carriers in PEC reactions.
However, the similar enhancement of IPCE due to Eu(III) addition to
the electrodeposition bath is observed also for a short wavelength light,
which is absorbed mainly in the thin near-surface part of film. Fig. 10

Fig. 8. LSV plots measured in pH4.9 acetate buffer solu-
tion under UV–visible illumination (Xe: 35mW cm−2) for
Cu2O films deposited from electrolytes with different Eu
(III) concentrations; inset: variation of the maximal pho-
tocurrent with Eu(III) concentration in deposition elec-
trolyte.
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demonstrates in-depth profiles for generation rate of electron-hole pairs
calculated using absorption coefficient values taken from [62]. The SCR
width at potential of 0.4 V vs. RHE was estimated as Wscr≈ 50 nm from
the Mott-Schottky plot (Fig. 7). In particular, for λ=400 nm, 85%
quanta are absorbed within the SCR. From this point of view, it seems
strange that increase in lifetime of charge carriers influences re-
markably on IPCE at this wavelength. To explain the afore-said con-
tradiction, one should take into account that a conventional assumption
about absence of recombination loss for the charge carriers generated
within SCR is valid only if the following condition is true:

= > >L μτE W .dr scr (1)

Here Ldr is the drift length of carriers, and μ and τ are their mobility
and lifetime, respectively. According to the Poisson equation, the
average electric field strength in SCR is

= ≈
−−E eN

ε ε
W
2

2.7·10 Vm .A SCR

0

6 1
(2)

Taking from [24] μ≈ 5 cm2 V−1 s−1 and τ≈ 90 ps from our TCSPC
experiments, we obtain Ldr ≈ 120 nm, which is comparable with
WSCR and points to possibility of recombination of charge carriers
generated within SCR.

Thus, the improved PEC performance of the Eu modified Cu2O films
over the pure material can be explained in the following way: (i) in-
crease in size of the Cu2O crystallites to some extent with a gradual
addition of Eu(III) to the electrolytic bath leading to better coverage of
the surface area and lowering of grain-boundary recombination; (ii)
formation of a distinct Eu-containing precipitates which can act as
gettering centers for detrimental impurities giving rise to purification of
Cu2O grains; (iii) this process in turn suppresses charge carrier re-
combination in the semiconductor matrix with increasing lifetime of

the carriers; (iv) the photogenerated electrons in the conduction band
therefore have more opportunity to participate in photoelectrochemical
reduction of H2O to generate H2.

4. Conclusions

We have reported for the first time the electrodeposition of rare
earth (Eu) modified p-type Cu2O thin films. Presence of an optimized Eu
(III) concentration in the electrodeposition bath (2.5% in respect to Cu
(II) concentration) provides the highest photocurrent of 3.2 mA cm−2

(∼100% quantum efficiency at λ < 450 nm) compared to
2.3 mA cm−2 for pure Cu2O, measured at 0.4 V vs. RHE under
35mW cm−2 illumination in the aqueous electrolyte (pH 4.9 buffer).
XRD studies indicate single-phase composition of the films, whereas
SEM-EDX analysis demonstrates the inclusions of Eu containing sec-
ondary phase on their surface. Electrochemical impedance Mott-
Schottky analysis also indicates no change in bulk properties of all the
Eu modified films, as their acceptor concentration and flat band po-
tential remain invariant. The presence of Eu(III) in the bath influences
the material in different ways such as an increased grain size with
passivation of non-radiative recombination centers, which significantly
enhance the photoluminescence emissions (by order of magnitude)
through suppression of non-radiative recombination of the photo-
generated charge carriers. Increase of carrier lifetime in the Eu modified
films provides their improved photoelectrochemical properties com-
pared to the pure Cu2O.

Acknowledgments

The present work was financially supported by Board of Research in
Nuclear Science (BRNS), Department of Atomic Energy (DAE) Govt. of
India (File No. 2013/37C/61/BRNS). Financial assistance from DST
International division for Indo-Belarus Joint Project (File no. DST/INT/
BLR/P-7/2014), SERB-DST, Govt. of India (File no. SB/S1/PC-042/
2013), DST, Govt. of West Bengal, (File no. 902(Sanc.)/ST/P/S & T/4G
– 1/2013) and DST-FIST, Govt. of India (SR/FST/CSI-254/2013 for
multifunctional time correlated single-photon counting (TCSPC) spec-
trophotometer) to the Department of Chemistry, IIEST, Shibpur are
gratefully acknowledged. The work was also financially supported by
the Research Programs “Photonics, Opto- and Microelectronics” (task
1.2.02) of the Republic of Belarus. We thank Dr. S.V. Gusakova and Dr.
S.V. Zlotski for carrying out the SEM/EDX and XRD experiments, re-
spectively. We also thank Dr. S. Ghosh of CSIR-CGCRI, Kolkata, India
for carrying out XRD analysis of the polarized samples.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.cej.2017.11.004.

Fig. 9. (a) IPCE spectra for cathodic photocurrent for Cu2O
films deposited from electrolytes with different Eu(III)
concentrations; (b) IPCE values derived from spectra pre-
sented in (a) and normalized to the corresponding values
for the films grown without Eu(III) vs Eu(III) concentration
in electrodeposition bath.

Fig. 10. Generation rate of electron-hole pairs depending on the depth for different
wavelengths.
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ABSTRACT: This work describes the autocatalytic copper-
catalyzed azide−alkyne cycloaddition (CuAAC) reaction
between tripropargylamine and 2-azidoethanol in the presence
of Cu(II) salts. The product of this reaction, tris-
(hydroxyethyltriazolylmethyl)amine (N(C3N3)3), accelerates
the cycloaddition reaction (and thus its own production) by
two mechanisms: (i) by coordinating Cu(II) and promoting its
reduction to Cu(I) and (ii) by enhancing the catalytic reactivity
of Cu(I) in the cycloaddition step. Because of the cooperation
of these two processes, a rate enhancement of >400× is
observed over the course of the reaction. The kinetic profile of
the autocatalysis can be controlled by using different azides and
alkynes or ligands (e.g., ammonia) for Cu(II). When carried out
in a layer of 1% agarose gel, and initiated by ascorbic acid, this
autocatalytic reaction generates an autocatalytic front. This system is prototypical of autocatalytic reactions where the formation
of a product, which acts as a ligand for a catalytic metal ion, enhances the production and activity of the catalyst.

■ INTRODUCTION

Autoamplification and autocatalysis are important, although
surprisingly uncommon, types of processes in chemistry.1

Biological cellular division is, in a sense, a type of
autoamplification. Flames and explosions are autocatalytic, as
is the formose reaction,2,3 silver-halide photography,4 photo-
lithography using chemically amplified photoresists,5−7 crystal-
lization, electroless deposition of metals,8 the Soai reaction,9−12

the formaldehyde−sulfite reaction,13,14 and the removal of the 9-
fluorenylmethoxycarbonyl (Fmoc) protecting group.15 The
Belousov−Zhabotinsky (BZ) reaction (the best known
oscillating chemical reaction) has autocatalysis as a core
element,13,16,17 as does a reaction based on the Kent ligation,
a reaction that we have designed to oscillate.18

This work describes an autocatalytic, copper-catalyzed,
azide−alkyne cycloaddition (CuAAC) reaction that uses the
designed reduction of Cu(II) to Cu(I) to generate autocatalysis.
We can view the reaction as an autocatalytic cycle driven by the
formation of a ligand that promotes the reduction of Cu(II) to
Cu(I), where Cu(I) is the catalytic metal ion. This autocatalytic
organic reaction has the potential to be applied to a broad range

of substrates and represents a potentially general mechanism to
use in the design of autocatalytic cycles.
Autoamplification and autocatalysis have been suggested as

processes that contribute to the solution of two core problems in
consideration of the origin of life, that is, “dilution” and
“mixtures”.19,20 Although Eschenmoser, Sutherland, De Duve,
Breslow, Wac̈htershaüser, Morowitz, and many others have
famously demonstrated how simple, plausible prebiotic
molecules (e.g., cyanide, formaldehyde, formamide, sulfur
dioxide, hydrogen sulfide, carbon dioxide, others) can convert,
usually, under carefully controlled laboratory conditions, into
the more complex molecules that make up metabolism (or
fragments of them),2,21−28 it remains unclear how, or if, dilute
solutions containing complex mixtures of these, and other,
compounds would do so. One possible solution to these
problems is for reactions to occur in enclosed or dimensionally
constrained spaces (including, but not restricted to, liposomes
or vesicles, water droplets in oil, cracks in rocks, evaporating
ponds, freezing water) or adsorbed on surfaces.29−32 A second
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solution to the problem of dilution/mixtures is autocatalysis and
autoamplification. Autoamplifying reactions, by providing very

efficient conversion of specific reactants to specific products,
might provide one mechanism for generating high local

Scheme 1. Simplified Scheme Describing the Reactions That Are Involved in the Autocatalytic Formation of tris-
(Hydroxyethyltrizolylmethyl)amine (N(C3N3)3), bis-(Hydroxyethyltrizolylmethyl)propargylamine (N(C3)(N3C3)2), and
(Hydroxyethyltrizolylmethyl)dipropargylamine (N(C3)(N3C3)2) from Tripropargylamine (1) and 2-Azidoethanol (2) in the
Presence of CuSO4

a

aThe scheme uses the conversion of 1 to 3 to illustrate one plausible route for the initial reduction of Cu(II) to Cu(I) and does not consider
alternative products from the oxidative coupling of 1 or the nature of the Cu(I) species in the initiation step. The abbreviations we use for the
compounds (e.g., N(C3N3)3) are indicated in bold-face text on the figure.
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concentrations of these products. Autocatalysis thus might
provide a route to increase the availability of particular
molecules (or sets of molecules) important for the emergence
of life.1,33−37

Multireaction systems that make up metabolism38 do not
ordinarily use direct autocatalysis, that is, processes in which a
catalytic entity catalyzes its own production. Instead, complex
autocatalytic cycles usually require multiple reactions to support
autoamplification.1,2,18,39,40 Acid-catalyzed hydrolysis of es-
ters,41 formation of trypsin from trypsinogen,42 autophosphor-
ylation of protein kinase CK2,43 and oxidation of oxalic acid by
permanganate are examples of direct autocatalysis.44 The reverse
Krebs cycle,40,45 blood coagulation cascade,46 thiol autocatalytic
reaction,18 and the formose reaction are examples of
autocatalytic cycles.2

Although the subject of autoamplification/catalysis has been a
subject of core interest in chemistry, it has proven very difficult
to design new autocatalytic cycles from organic reactions.
Despite the extraordinary versatility of organic chemistry,
autocatalytic reactions are surprisingly rare, and almost all
have been discovered by accident.2,3,9,47 The literature on
autocatalytic reactions directly relevant to the one we have

developed here is large but not predictive (at least so far) of new
reactions.1 Template-directed reactions, which were pioneered
by von Kiedrowski and Rebek,48−51 are an exception. These
reactions are designed largely based on the rules of molecular
recognition. They suffer, however, from product inhibition and
small (usually less than an order of magnitude) difference in
rates of templated and random reaction pathways and from the
structural complexity of the starting material.52 Zubarev et al., in
search of prebiotic precursors to the citric acid cycle, used
computational approaches to propose plausible autocatalytic
cycles in the chemistry of carboxylic acids.40,53 Our group
recently designed a simple autocatalytic cycle based on
chemistry of organic thiols,18 and Otto and co-workers
developed, after initial incidental discovery, mechanochemical
autocatalysis in assemblies of cyclic disulfides.54

Early work by Finn,55 Fokin,56 and Binder,57 suggested that
the cycloaddition step of Cu(I)-catalyzed click reactions can be
autocatalytic. Finn55 and Fokin56 noticed that tris-
(triazolylmethyl)amines form Cu(I) complexes that are more
reactive catalysts for cycloaddition and, therefore, suggested that
the formation of tris-(triazolylmethyl)amines from tris-
(alkynylmethyl)amines proceeds autocatalytically. Although

Figure 1. Time course of the reaction between tripropargylamine (1), 2-azidoethanol (2), and CuSO4. Concentrations were estimated by integrating
the alkyne proton against a tert-butanol internal standard. (a) 1H NMR spectra showing the disappearance of the proton signals of 1 and 2 over time.
(b) Plot of the chemical shifts of 1 during the first 3300 s of the reaction. After 3300 s, the alkyne protons (∼2.6 ppm) disappear, and the propargylic
protons (∼ 3.4 ppm) change (bracketed region); this change indicates the formation of a small amount of a new species (□, whose structure we have
not defined). (c) Images of an NMR tube containing the reaction mixture at different times. Standard reaction conditions were 1 (109 mM), 2 (309
mM), and CuSO4 (43 mM) in a mixture of D2O/CD3OD (9:4, v:v) at 25 °C.
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the kinetics of this autocatalysis has not been characterized,
Binder reported a CuAAC-based polymerization that might also
have proceeded autocatalytically, and Devaraj demonstrated
that a CuAAC reaction can promote the autocatalytic formation
of vesicles and nanoparticles.58,59 These examples, which begin
from catalytically active Cu(I) compounds, however, describe
only modest rate enhancements (less than an order of
magnitude) over the course of the reactions.
Our motivation for examining an autocatalytic copper-

catalyzed click reaction, based on the reduction of an inactive
Cu(II) starting material to a catalytically active Cu(I) species,
was as follows: (i) Fokin56 noted that tris-(triazolylmethyl)-
amine ligands appeared to stabilize Cu(I) from disproportiona-
tion and increased the redox potential of Cu(I)/Cu(II) by
nearly 300 mV. (ii) Zhu60 observed that the CuAAC reaction
proceeds with Cu(OAc)2 in the absence of any added reducing
agent and that the addition of 2 mol % of tris-(triazolylmethyl)-
amine ligands increased the rate of the reaction. He suggested
that “tris(triazolylmethyl)amine ligands may increase the
thermodynamic driving force for the reduction of Cu(II) during
the induction period to rapidly produce a highly catalytic Cu(I)
species for the AAC reactions.”60

The focus of this manuscript is on the participation ofmultiple
reactions (reaction networks) to generate a strong autocatalytic
rate enhancement, which is an important kinetic parameter for
generating dynamic behaviors, such as oscillations and multi-
stability, and for creating conditions for chemical evolution.

■ RESULTS AND DISCUSSION
We hypothesized that we could design an autocatalytic reaction
with an initial reaction rate that is negligible, thereby creating a
larger difference between the initial and final rates of the reaction
by using, as a starting material, a water-soluble and catalytically
inactive Cu(II) salt (CuSO4). For increasing the concentration
of the catalytic species, the triazole formed in this reaction must
be a ligand that promotes the reduction of Cu(II) to Cu(I),
where Cu(I) is required to form the active catalyst, which is
likely a dynamic ensemble of multinuclear Cu(I) species.
Scheme 1 outlines the major features of the system of reactions
we have examined.
Kinetic Studies of the Reaction of Tripropargylamine

with 2-Azidoethanol in the Presence of CuSO4.We tested
our hypothesis by allowing tripropargylamine (1) to react with
2-azidoethanol (2) and CuSO4, in a water:methanol mixture
(9:4; v:v) andmonitored the reaction by 1HNMR spectroscopy.
We performed this reaction by adding a solution of 1 (109 mM)
in CD3OD to a solution of 2 (309 mM) and CuSO4 (43 mM) in
D2O at room temperature (Figure 1a). The low concentrations
of reactants, compared to previous studies,55,56 allowed us to
overcome issues with product inhibition61,62 and to characterize
the kinetics of the reaction in detail. Simple visual observation of
the reaction showed an initially pale blue, almost clear, solution
containing hydrated Cu(II) ions, which remained unchanged for
∼20 min, before the solution became more opaque and, after
∼50 min, changed to a dark blue color, a color typical of Cu(II)
triazole complexes (Figure 1c). This apparent incubation
period, followed by a relatively sudden change of color
(associated with the formation of Cu(II) triazole complexes),
suggested that the reaction among 1, 2, and CuSO4 has an
autocatalytic character.
Monitoring a reaction by NMR is often impractical in the

presence of paramagnetic Cu(II) ions. Fortunately, however, the
NMR signals of 1 and 2, though slightly broad, were sufficiently

sharp for quantitative spectroscopy and could be accurately
integrated against an internal standard of tert-butanol. The
reaction products, mono-, bis-, and tris-(triazolylmethyl)amines,
however, were not visible in the NMR spectrum when Cu(II)
ions were present.
To examine the kinetics of the reaction, we followed the

disappearance of the alkyne proton of 1 at 2.6 ppm (Figure 1a).
We used this proton to monitor the progress of the reaction
because it appears in a clear region of the NMR spectrum andH-
D exchange was negligible during an hour at pH 4.7 (which
corresponds to the pH of the initial reaction mixture, see
Supporting Information for details). The kinetic profile of the
reaction resembled that of a typical autocatalytic reaction with a
lag phase, exponential phase, and saturation phase (Figure 2a).
The exponential phase was accompanied by a shift (of only
partly identified origin) in the resonance frequency of the
protons of 1 (Figure 1b), which correlated with the change in
color of the solution to dark blue. We determined the final
composition of the reaction mixture by reducing all remaining
Cu(II) to [Cu(I)(CN)x]

(x−1)− with an excess of potassium
cyanide63,64 and analyzing the mixture by 1H NMR spectros-
copy. The final product of the reaction was the tripodal ligand
tris-(2-hydroxyethyltriazolylmethyl)amine (which we abbrevi-
ate asN(C3N3)3), which formed in 85% yield (as determined by
1H NMR); the methylene signal adjacent to the amine was
integrated relative to an internal tert-butanol standard.
If a reaction is autocatalytic, then addition of the autocatalyst

to the reaction will shorten its lag phase. We performed an NMR
kinetics experiment, identical in form to the one described
above, but with the addition ofN(C3N3)3 (1mol % relative to 1)
and observed a decrease in the duration of the lag phase by a
factor of 3 (Figure 2a).
We also tested the reaction in a H2O:CH3OH (9:4, v:v)

mixture by monitoring the change in absorption at 650 nm
(Figure 2b) because Cu(II)-triazolylmethylamine complexes
absorb light more strongly at this wavelength than unbound
Cu(II) (i.e., the aqua complex) (Figure S2). Unexpectedly, in
the reaction without any added autocatalyst, there was no
detectable reaction within the first 6000 s, and autocatalysis
began only after 7000 s (∼2 h) (Figure 2c; details of this
difference in rate are discussed in a following section). The
addition of 1 mol % (relative to 1) of the autocatalyst−the
mixture of complexes of mono-, bis-, and tris-(triazolylmethyl)-
amines with copper from the previously complete reaction−
shortened the lag phase to 1800 s, and the addition of 5 or 10
mol % of the autocatalyst completely eliminated the lag phase
(Figure 2c).
During the reaction of 1 (109 mM), 2 (309 mM), and CuSO4

(43 mM) in a H2O:CH3OH (9:4, v:v) mixture, the pH of the
solution increased from 4.7 to 6.2. To test whether this increase
of 1.5 pH units contributed to autocatalysis, we ran the reaction
in acetate buffer (340 mM) but under otherwise identical
reaction conditions. The buffered reaction gave similar kinetics
to that of the unbuffered reaction, suggesting that the change in
pH does not contribute strongly to autocatalysis (Figure S3).

Propagation of an Autocatalytic Reaction Front. Autoca-
talytic reactions form autocatalytic fronts when they take place
without mixing.65 The observation of an autocatalytic front
provides additional support for autocatalysis, as opposed to
other mechanisms for delayed activation. For instance, simple
CuAAC reactions accelerated by tris-triazolyl ligands can have
observable lag phases.66 Because the catalytic species in CuAAC
reactions are multinuclear, and under most circumstances only a
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fraction of the total copper present is a part of the operational
catalyst, the required evolution of catalyst speciation may result
in an observable lag phase. We demonstrated that the
autocatalytic CuAAC reaction formed an autocatalytic reaction
front by performing the reaction in a layer of 1% agarose gel (1
mm thick) in H2O:CH3OH (9:4, v:v) loaded with 1 (125 mM),
2 (309 mM), and CuSO4 (84 mM). We initiated autocatalysis
by adding a small (∼0.1 mm) crystal of ascorbic acid (which
rapidly reduces Cu(II) to Cu(I)) (Figure 3a and Supplementary
Video). Initially, the agarose gel appeared clear with weak blue

coloring. When the ascorbic acid was added, the area in contact
with the crystal turned yellow because Cu(II) was reduced to
Cu(I) (which, in the presence of alkynes, forms polynuclear
Cu(I) acetylide complexes that are yellow). The area in contact
with Cu(I) subsequently underwent the CuAAC reaction, and
as triazolyl ligands were produced, the gel turned to a dark blue
color associated with Cu(II)/triazolyl complexes. The area
closest to the ascorbic acid crystal used to initiate the reaction
remained yellow because Cu(II) was being continuously
reduced to Cu(I). The autocatalytic front propagated radially
with constant velocity (as illustrated by the time/space plot,
Figure 3b) at a rate of 0.0325± 0.0010mm/min. Propagation of
the reaction front continued for 4 h with a final radius of 10 mm.

Figure 2. Experiments showing elimination of the lag period with the
addition of an autocatalyst in the reaction among 1 (109 mM), 2 (309
mM), and CuSO4 (43 mM). (a) Plot showing the disappearance of the
alkyne proton of 1 (at 2.6 ppm) over time, as determined by 1H NMR.
The numbers above the traces show the mol % of tris-(2-
hydroxyethyltriazolylmethyl)-amine (N(C3N3)3) added relative to 1.
All reactions were performed in a mixture of D2O/CD3OD (9:4, v:v) at
25 °C in an NMR tube, and the concentration of tripropargylamine was
calculated by integrating the alkyne proton against a tert-butanol
internal standard. (b) UV−vis absorption spectra at various time points
during the reaction with 1 mol % of autocatalyst (the mixture of
complexes ofmono-, bis-, and tris-(triazolylmethyl)amines with copper)
added relative to 1 in a H2O/CH3OH (9:4, v:v) mixture at 25 °C.
Copper complexes of triazolylmethylamines absorb at 650 nm. (c)
UV−vis analysis of the reaction using the same conditions as in (b)
performed by measuring the absorption at 650 nm. The numbers above
the traces show the approximate mol % of the autocatalyst (the mixture
of complexes of mono-, bis-, and tris-(triazolylmethyl)amines with
copper from a reaction that had previously reached completion) relative
to 1.

Figure 3. Reaction front driven by the autocatalytic copper catalyzed
azide−alkyne cycloaddition. (a) Photographs of the reaction
propagating in 1 mm thick agarose gel loaded with 1 (125 mM),
azidoethanol (320 mM), and CuSO4 (84 mM). We initiated the
reaction at the central point in the gel using a crystal of ascorbic acid.
The yellow color comes from the reduced Cu(I) species; the blue color
comes from the Cu(II) complex with N(C3N3)3 (Cu(II) N(C3N3)3)
and indicates progress of the reaction. (b) Graph showing that the
reaction front propagates with constant velocity.
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Two characteristics of the autocatalytic CuAAC reaction
described here make it suitable for the study of dynamic
phenomena in reaction-diffusion systems: (i) a low rate of
spontaneous activation and (ii) an easy detection by color
change. We note that organic autocatalytic reactions (i.e.,
autocatalytic reaction of thiols and template-directed reac-
tions)18,51 usually have rates of spontaneous activation that

prevent prolonged observation of an autocatalytic front. For
example, an autocatalytic reaction front driven by the template-
directed cycloaddition of a nitrone to an alkene propagated only
for ∼20 min before the reaction spontaneously activated in
bulk.52 By contrast, for the system described in this paper,
spontaneous activation beyond the propagating front was only
observed after 300 min.

Figure 4.Mechanistic studies of the reaction among 1, 2, and CuSO4. (a) XPS data showing the presence of Cu(I) in the precipitate formed in the
reaction of 1 (109mM) and CuSO4 (43mM) in a D2O/CD3OD (9:4, v:v) mixture. (b) 1HNMR kinetic experiments for the reaction among 1, 2 (309
mM), andCuSO4 (43mM) in a D2O/CD3OD (9:4 v:v) mixture at 25 °C starting from different amounts of 1. The concentration of tripropargylamine
was calculated by integrating the alkyne proton against a tert-butanol internal standard. (c) Changes in intensity of ESI-MS signals of some triazole
species during the autocatalytic CuAAC reaction. The reaction was carried out under the same conditions as the experiment shown in panel (d). (d)
Change in concentrations of N(C3)2(C3N3), N(C3)(C3N3)2, and N(C3N3) in the reaction of 1 (109 mM), 2 (309 mM), and CuSO4 (43 mM)
determined by NMR measurements. Samples were removed from the reaction and quenched by addition to 2 wt % aqueous solutions of KCN. (e)
UV−vis analysis of reactions with different starting concentrations of N(C3N3)3. The reaction contained 1 (109 mM), 2 (309 mM), and CuSO4 (43
mM) in H2O/CH3OH (9:4 v:v) mixture at 25 °C. (f) Cyclic voltammogram (scan rate, 100 mV/s) of CuSO4 (5 mM), Na2SO4 (50 mM), and
N(C3N3)3 (10 mM) in H2O/CH3OH (9:4 v:v). (g) Change in potential of a Pt wire electrode vs a Ag|AgCl reference electrode (1.0 M KCl as
reference solution) during the reaction of 1 (109mM), 2 (309mM), and CuSO4 (43mM) in a H2O/CH3OH (9:4 v:v) mixture at 25 °C. The reaction
was initiated by 1 mol % of triazolylmethylamines.
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Mechanism of the Reaction of Tripropargylamine
with 2-Azidoethanol in the Presence of CuSO4. Initiation
of the Reaction. Our initial hypothesis was that autocatalysis
would require the addition of a reducing reagent to convert
Cu(II) to Cu(I). In fact, this reduction proceeded in the
presence of only 1 and 2: no additional reducing agent was
required. Because the reduction of Cu(II) to Cu(I) by alkynes is
a well-known reaction and is the basis for the Eglinton
coupling,67 we propose that 1 (either as an alkyne or a tertiary
amine) acts as a reducing agent in the reaction. To test this
hypothesis, we mixed 1 (109 mM) and CuSO4 (43 mM) in
D2O:CD3OD in the absence of azide 2. The yellow precipitate
expected for a Cu(I) acetylide formed within an hour. X-ray
photoelectron spectroscopic (XPS) data confirmed the presence
of Cu(I), carbon, and nitrogen in this precipitate (Figure 4a and
Figure S4).
To determine which functional group of 1 (the alkyne or

amine) acts as the reducing agent, we examined two model
reactions: (i) We allowed propargyl alcohol (500 mM) to react
with CuSO4 (43 mM) in acetate buffer (200 mM, pH 4.7) at 60
°C for 2 min, and (ii) we allowed triethylamine (110 mM) to
react with CuSO4 (43 mM) in acetate buffer (200 mM, pH 4.7)
at 60 °C for 2 min. The reaction with propargyl alcohol resulted
in the reduction of Cu(II) to Cu(I) and formation of a yellow
precipitate of Cu(I) acetylide, whereas no reaction was observed
with triethylamine. ESI-MS data from the reaction of 1, 2, and
CuSO4 in H2O:CH3OH showed the presence of butadiyne 3 in
the reaction mixture (M + Na+, 283.1). We therefore infer that
the reduction of Cu(II) to Cu(I) by the alkyne functionality of 1
is likely the initiation step for the cycloaddition between the
azide and alkyne. To support this proposal, we demonstrated
that increasing the starting concentration of 1 decreased the
duration of the lag phase (Figure 4b).We note, however, that the
reduction in the lag phase may be partially influenced by the
increased concentration of the tertiary amine, which could be
functioning to depolymerize unreactive and highly aggregated
Cu(I) acetylides.62

Catalytic Properties of Cu(I) Complexes with tris-
Triazolylmethylamines. To investigate the contribution of
tris-triazolylmethylamine ligands on the acceleration of the
Cu(I)-catalyzed cycloaddition reaction, we performed a control
experiment in which Cu(I) was added at the start of the reaction
and was maintained in the reduced state by the presence of 2×
excess (relative to the concentration of CuSO4) of ascorbic acid
(Figure S5). Reactions initiated with Cu(I) at 43mMproceeded
at rates that were too large to be monitored by NMR. To
decrease the rate of the reaction to a rate that is compatible with
NMR analysis, and especially to monitor the initial stages of the
reaction, we decreased the concentration of copper to 2 mM.
Because Cu(I) was present at the beginning of the reaction, we
saw no lag phase. We did, however, observe a slight (∼2×)
increase in rate during the initial stages of the reaction; the
observation is compatible with autocatalysis. Because the initial
concentration of Cu(I) was lower, the speciation of Cu(I)
(which may have a significant impact on the rate of the
cycloaddition68) will have been different, and thus, the rate (and
change in rate over time) is not necessarily directly comparable
with our other experiments. Nevertheless, this increase in rate,
although small compared to our systems that use Cu(II) as a
precursor, is probably analogous to the rate enhancement
reported by Fokin56,62 and is comparable to that reported by
Binder.57

Role of Intermediate Cycloaddition Products. The
simplified sequence of reactions summarized in Scheme 1
proposes the sequential formation of mono-, bis-, and tris-(2-
hydroxyethyltriazolylmethyl)amines. We investigated the roles
of these species in autocatalysis. First, we used ESI-MS to
monitor the reaction (see Experimental Section for details) and
obse r ved tha t (2 -hyd roxye thy l t r i a zo l y lme thy l ) -
d ip ropa r gy l am ine (N(C3) 2 (C3N3)) and b i s - (2 -
hydroxyethyltriazolylmethyl)propargylamine (N(C3)(C3N3)2)
were the major species formed during the initial stages of the
reaction (i.e., during the lag phase); N(C3)(C3N3)2 was the
major species formed during the exponential phase, and tris-(2-
hydroxyethyltriazolylmethyl)amine (N(C3N3)3) was formed in
significant quantities only near the end of the reaction (once
almost all of the tripropargylamine had been consumed; Figure
4c). Second, we measured the kinetics of the reaction by NMR
spectroscopy by collecting 100 μL samples, quenching them in
KCN solution (2 wt % in D2O:CD3OD) and measuring their
NMR spectra (Figure S6). KCN quenches the reaction by
converting all Cu(II) to [Cu(I)(CN)x]

(x−1)−, which is not an
active catalyst for cycloaddition. This system also permits
recording of 1H NMR spectra, where N(C3)2(C3N3), N(C3)-
(C3N3)2, and N(C3N3)3 are visible and resolvable. The results
show that no triazole compounds are formed (above the
detection limit of NMR spectroscopy:∼1 mM) until 800 s (rate
< 1.25 × 10−3 mM/s), and that the maximum rate of formation
of triazoles, at ∼2000 s, is ∼0.5 mM/s (Figure 4d, Figure S9).
Thus, we observed a rate enhancement of more than 400×,
which explains the prolonged propagation of the autocatalytic
front without spontaneous reaction outside of the reaction front.
Consistent with the MS data, N(C3)(C3N3)2 was the major
species formed during the exponential phase (Figure 4d). This
result might be, at least partially, a consequence of product
inhibition by bidentate chelation of two N(C3)(C3N3)2 ligands
to Cu(I),62 effectively trapping the active Cu(I) catalyst in a
stable, inactive form and briefly isolating N(C3)(C3N3)2 from
further reaction.
Both the MS and NMR experiments suggest that the

formation of N(C3N3)3 from N(C3)(C3N3)2 is not cooperative
because N(C3N3)3 is not formed in the earlier stages of the
reaction. The NMR data, however, suggested that the formation
of N(C3)(C3N3)2 from N(C3)2(C3N3) is, to some extent,
cooperative because N(C3)2(C3N3) did not accumulate in the
mixture and was quickly converted to N(C3)(C3N3)2.
To understand the roles of the N(C3)2(C3N3), N(C3)-

(C3N3)2, andN(C3N3)3 in the autocatalytic process, we studied
the effect of adding them to the initial reaction mixture on the
kinetics of this reaction (Figure 4e and Figure S7). Adding a
small amount of N(C3N3)3 (1 mol % relative to 1) resulted in a
kinetic curve that is effectively indistinguishable from that
obtained by adding 1 mol % (relative to 1) of the mixture from
the completed reaction (i.e., a mixture of N(C3)2(C3N3),
N(C3)(C3N3)2, and N(C3N3)3 and their copper complexes).
Adding either 5 or 10 mol % of N(C3N3)3 eliminated the lag
phase but also decreased the maximum slope of the kinetic
curve. When 10 mol % ofN(C3)2(C3N3) orN(C3)(C3N3)2 was
added to the reaction, the lag phase (which included the interval
from 0−4000 s for N(C3)2(C3N3) and from 0−1000 s for
N(C3)(C3N3)2; Figure S7) was not completely eliminated,
although the slopes of the kinetic curves were higher than in the
experiment with 1 mol % of N(C3N3)3. This observation
suggested thatN(C3N3)3 is the most active of these three species
in accelerating the reduction of Cu(II) to Cu(I), although

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b05048
J. Am. Chem. Soc. 2018, 140, 10221−10232

10227

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b05048/suppl_file/ja8b05048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b05048/suppl_file/ja8b05048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b05048/suppl_file/ja8b05048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b05048/suppl_file/ja8b05048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b05048/suppl_file/ja8b05048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b05048/suppl_file/ja8b05048_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b05048/suppl_file/ja8b05048_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b05048


N(C3)(C3N3)2 might play a more important role in catalyzing
the CuAAC reaction. We note here, however, that the exact
mechanism for the reduction of Cu(II) to Cu(I), and the nature
of the species involved, are not known.
Electrochemical Studies. We hypothesized that triazolylme-

thylamines stabilize Cu(I) against disproportionation in water/
methanol mixtures. Cu(I) ions disproportionate in water, or
water/methanol mixtures, to Cu(II) and Cu(0).69 As a
consequence of the tendency for Cu(I) to disproportionate,
the cyclic voltammogram (CV) obtained from CuSO4 (5 mM)
in a mixture of H2O:CH3OH (9:4, v:v) gave two oxidation and
reduction peaks (Figure S8). The CV of CuSO4 (5 mM) and
N(C3N3)3 (10 mM) in a mixture of H2O:CH3OH (9:4, v:v),
however, gave only one peak (Figure 4f) corresponding to the
reduction of Cu(II) to Cu(I). The ligand N(C3N3)3 pushes the
redox potential of the reduction of Cu(I)/Cu(0) to negative
values to the extent that we do not observe this peak within the 2
V potential window. This shift in the E°Cu(I)/Cu(0) makes the
disproportionation of Cu(I) unfavorable (Edisproportionation =
ECu(I)/Cu(0) − ECu(II)/Cu(I)) and stabilizes Cu(I) in the complex
with N(C3N3)3. This stabilization of the catalytically active
Cu(I) ions in solution facilitates the cycloaddition reaction.
To monitor the redox reactions taking place during the

autocatalytic reaction, we recorded the open-circuit potential of
the solution. Wemonitored the potential of a Pt wire (relative to
a Ag/AgCl reference electrode) during the reaction among 1
(109 mM), 2 (309 mM), and CuSO4 (43 mM) in a
H2O:CH3OH mixture. Figure 4g shows the resulting potential
curve, which has four characteristic features: (i) an initial spike
in potential, immediately after the addition of 1, (ii) an 80 mV
drop in potential after the addition of 1% triazolylmethylamines
(500−2000 s), (iii) a period of approximately constant potential
(2000−4000 s), and (iv) a 100 mV drop in potential starting at
4000 s. The potential drop at 4000 s correlated with a color
change from pale to dark blue. Although unambiguous
interpretation of open circuit potential measurements is difficult,
the second drop in potential (4500 s) might plausibly originate
from an increase in the concentration of Cu(I) caused by the
chemical reduction of Cu(II) during the autocatalytic process.
Inverse Solvent Kinetic Isotope Effect. We observed (based

on the duration of the lag phase) an apparent inverse solvent
kinetic isotope effect (KIE) in the reaction among 1, 2, and
CuSO4 (that is, the lag phase ended earlier in D2O:MeOD (9:4,
v:v) than in H2O:MeOH (9:4, v:v)). The lag phase ends at
∼1500 s (∼25min) in D2O/MeOD (Figure 2b) and after 7000 s
(∼116 min) in H2O/MeOH under otherwise identical reaction
conditions (Figure 2b). Because we believe that the lag phase is a
consequence of the slow reduction of Cu(II) to Cu(I), the
observed solvent kinetic isotope effect likely involves the alkyne-
mediated reduction of Cu(II) to Cu(I). The details of the
mechanism and intermediate species of the reduction of Cu(II)
to Cu(I) by terminal alkynes are complex and are still under
considerable debate70 (as are the details of the mechanism and
intermediate species of the CuAAC reaction71). The processes
that are believed to be involved (hybridization changes,
reductive elimination, and/or transition metal C−H activation),
however, are chemical processes often associated with KIEs.72

We hypothesized that, in deuterated solvent and in the
presence of copper, the alkyne protons of 1 may exchange with
deuterium from D2O and/or MeOD and that the deuterated
product 1-d3 (i.e., tripropargylamine with its three alkyne
protons replaced with deuterium) may be the origin of the
observed inverse KIE. We thus ran the reaction among 1-d3, 2,

and CuSO4 in a mixture of H2O:MeOH (9:4, v:v) and
monitored the reaction by UV/vis spectroscopy at 650 nm
(Figure 5). As a control, we also ran the reaction among 1-d3, 2,
and CuSO4 in a mixture of D2O:MeOD (9:4, v:v).

Figure 5 shows the reaction progress of four different
reactions run under the same reaction conditions: (1) 1-d3, 2,
and CuSO4 in a mixture of H2O:MeOH (9:4, v:v), (2) 1-d3, 2,
and CuSO4 in a mixture of D2O:MeOD (9:4, v:v), (3) 1, 2, and
CuSO4 in a mixture of H2O:MeOH (9:4, v:v), and (4) 1, 2, and
CuSO4 in a mixture of D2O:MeOD (9:4, v:v).
If 1-d3 were causing the observed inverse KIE, the duration of

the lag phase of the reaction involving 1-d3 and H2O/MeOH
would resemble that observed in the reaction of 1 and D2O/
MeOD. Figure 5, however, shows that the lag phase for the
reaction with 1-d3 in H2O/MeOH was even longer than that
using 1 in H2O/MeOH, ending after ∼11000s (183 min). This
observed normal KIE supports the involvement of the alkyne
proton in the lag phase (reduction of Cu(II) to Cu(I)) but also
indicates that it is not the origin of the observed inverse KIE.
Furthermore, the control reaction among 1-d3, 2, and CuSO4 in
a mixture of D2O:MeOD (9:4, v:v) had a longer lag phase than
that of 1 in D2O/MeOD. Thus, although the alkyne displays a
normal KIE and is involved in the lag phase, the observed inverse
solvent KIE is not affected by the alkyne proton. The idea that
these two KIEs act independently is supported by the effect of
isotopic substitution of the alkyne (1-d3) on the duration of the
lag phase, which was roughly the same for both solvent systems.

Figure 5. (top) Reaction progress monitored by UV/vis spectroscopy
at 650 nm of four different reactions. In all forms, the starting
concentrations were 1 or 1-d3 (109 mM), 2 (309 mM), and CuSO4 (43
mM) in a mixture of H2O:MeOH or D2O and MeOD (9:4, v:v). The
dashed lines are sigmoidal fits to the data omitting the region containing
the artifact of precipitation and light scattering. (bottom) Representa-
tion of how the two kinetic isotope effects (KIEs) plausibly and
approximately independently influence the lag phase of these four
reactions. The position of the colored bars corresponds to the
approximate duration of the lag phase on the x-axis.
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Figure 5 indicates that these reactions show a spike in
absorbance as the lag phase ends. This absorbance peak
corresponds to the formation of precipitates, which we expect
are insoluble Cu(I) intermediates. The intensity of this
absorbance peak (and thus the degree of precipitation) also
correlates with the duration of the lag phase (reactions with
shorter lag phases have larger absorbance peaks). We attribute
this observation to the fact that shorter lag phases have more
rapid formation of Cu(I) intermediates, which thus accumulate
in larger concentrations (and thus precipitate to larger extents).
Given that the inverse solvent KIE is not affected by the alkyne

proton but is still involved in the reduction of Cu(II), we
suspected that D2O and/or MeOD may influence the reduction
potential of the Cu(II)/N(C3N3)3 complex. We did not,
however, see a change in the cyclic voltammogram (scan rate,
100 mV/s) of CuSO4 (5 mM), Na2SO4 (50 mM), and
N(C3N3)3 (10 mM) in D2O/CH3OD (9:4; v:v) as compared
to that in H2O/CH3OH (9:4; v:v) (Figure 4f). We can thus only
speculate that these deuterated solvents influence the rate of
reduction of Cu(II) to Cu(I) through an isotope-dependent
solvation effect that reduces the activation free energy of
electron transfer.73 We have thus not identified the origin of the
negative KIE at this time. Because this mechanistic feature,
although interesting, is secondary to the focus of the work, we
leave it unresolved.
Summary of the Mechanism. We summarize our current

inferences concerning the mechanism of the autocatalytic
CuAAC reaction as follows: The reaction starts with an initial,
slow, reduction of hydrated Cu(II) to Cu(I), where an alkyne
serves as the reducing agent. The reduction of Cu(II) to Cu(I)
by the acetylenic group of N(CH2CCH)3 (1) leads to the
initial Cu(I) complexes that are catalytically active in the
cycloaddition. The products of the initial and subsequent
cycloadditionsN(C3)2(C3N3), N(C3)(C3N3)2, and N-
(C3N3)3 (Scheme 1)form coordination complexes with
Cu(I) and Cu(II). Uncoordinated Cu(I) is unstable in water/
methanol solutions and disproportionates. Here, the triazolyl
amine ligands form stable and soluble complexes with Cu(I),
which maintain copper in its catalytically active oxidation state,
Cu(I), in solution. The formation of N(C3)2(C3N3), N(C3)-
(C3N3)2, and N(C3N3)3 also accelerate the reduction of Cu(II)
to Cu(I), although the exact reasons for this acceleration are
unclear andmight involve intermediates in the CuAAC reaction.
Thus, formation of the Cu(I) species, the catalytically active

species in the click (cycloaddition) reaction, is promoted by the
formation of ligands that are the product of that reaction. The
reaction cycle is autocatalytic because the production, and
stability in solution, of Cu(I) is promoted by the aminotriazolyl
ligands, and production of the aminotriazolyl ligands is
accelerated by Cu(I) (Scheme 2). The Cu(I) species that are
formed in the reduction process might, however, be initially
catalytically inactive and require extra steps to rearrange into
catalytically active complexes. An additional contribution to
autocatalysis, although probably a less important one, comes
from the increased activity of Cu(I) in the CuAAC reaction
when it is complexed with an aminotriazolyl ligand. As the
CuAAC reaction (catalyzed by Cu(I)) progresses, more
aminotriazolyl ligands are produced. The aminotriazolyl ligands
coordinate Cu(I) (in addition to Cu(II)) to form a more
reactive Cu(I) catalyst, which in turn accelerates the rate of
formation of the aminotriazolyl ligands.
On the basis of this reaction profile, we have developed a

numerical model involving six simplified reactions to describe

the proposed mechanism (see Supporting Information for
details). The numerical solution of these equations shows
kinetics that resemble the experimental data (Figure S9). This
type of modeling shows that a plausible kinetic scheme (with
adjustable rate constants) can model the observed data
adequately. As with all similar weakly constrained models,
“compatibility” is not “proof”, but the goodness of fit of the
simulated data, using physically plausible values of rate
constants, provides further support for the general scheme
proposed.

Substrate Scope. The reaction mechanism outlined in
Scheme 2 suggests that autocatalysis is not dependent on the
structure of the azide. To test the dependence of the structure of
the substrate on autocatalysis, we ran the reaction with two
additional azides: tetraethylene glycol diazide (4) and benzyl
azide (5). In the first experiment, we allowed 1 (309 mM), 4
(150 mM), and Cu(SO4) (43 mM) to react in a mixture of
D2O/CD3OD (9:4, v:v). The concentration of 4 was reduced
(relative to the reactions with 2) to maintain the same relative
concentration of azide. In the second experiment, we allowed 1
(309 mM), 5 (309 mM), and Cu(NO3)2·3H2O (43 mM) to
react in pure CD3OD. We used a different solvent in this
experiment because benzyl azide is insoluble in the water/
methanol (9:4, v:v) mixture, and we used a different source of
Cu(II) to increase its solubility in CD3OD. Both the reaction
with azide 4 and that with azide 5 gave sigmoidal kinetics with
lag phases and exponential growth phases that were similar to
those observed with 2 (Figure 6a). We therefore conclude that
the structures of the azide component have only a weak
influence on the kinetics of the reaction and that the reaction can
tolerate a variety of substituted azides.
We also tested the reaction of 2 (327 mM) with propargyl-

amine (309 mM) and CuSO4 (43 mM) in a water/methanol
(9:4, v:v) mixture. The reaction displays sigmoidal kinetics, but

Scheme 2. Proposed Important Steps in the Autocatalytic
Reaction between Propargylamines and Azides in Water or
Water/Methanol in the Presence of Cu(II) Salts
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the formation of precipitates and the combination of copper
speciation, disproportionation of Cu(I) complexes, and
depolymerization of insoluble Cu poly acetylides make an
unambiguous interpretation of this sigmoidal kinetic curve
challenging (Figure S10 and Supplementary Discussion).
Displacing Ammonia from Cu(II) Ions. A possible

extension of the autocatalytic cycle (Scheme 2) is the
displacement of a ligand that binds to Cu(II) (such as ammonia)
by the triazolylmethylamines formed in the reaction (Scheme
3). The release of a free ligand opens a new path to couple
autocatalysis to independent chemical reactions.
We ran the reaction of 1, 2, and CuSO4 in the presence of

ammonia (240 mM) and ammonium chloride (430 mM) and
monitored the reaction by 1H NMR. The disappearance of 1
followed an approximately sigmoidal curve characteristic of an
autocatalytic reaction (Figure 7). The formation of precipitates
during intermediate stages of the reaction may be the cause of
the deviation of the course of the reaction from the expected
sigmoid. When the reaction was complete, the solution was pale
yellow, which is in contrast to the bright blue color of reactions
without ammonia. The most plausible explanation for this
difference in color is a faster reduction of Cu(II) aminotriazolyl
complexes in the presence of ammonia, perhaps as a result of the
increased pH of the solution. Reduction of Cu(II) thus happens
faster than cycloaddition, and all copper is reduced to yellow
Cu(I) complexes. When exposed to air, the color of the
complete reaction mixture changes back to blue. This experi-
ment demonstrated that we can extend the scope of the
autocatalytic CuAAC reaction to reactions that involve
complexes of Cu(II). This experiment also provided further
evidence that autocatalysis is not a consequence of an increase in
pH during the reaction because the reaction remains

autocatalytic when performed in an ammonia/ammonium
chloride buffer.

■ CONCLUSIONS
This work describes an autocatalytic system where coupling the
CuAAC reaction and the reduction of Cu(II) to Cu(I) affords a
large rate enhancement over the course of the reaction. We
consider this system of reactions as prototypical of autocatalytic
cycles. In this example, a classical catalytic cycle (the CuAAC
reaction) is coupled to a process (the reduction of Cu(II) to
Cu(I)) that generates an extra molecule of the catalyst, a process
that “amplifies” the number of molecules of catalyst (in
principle, exponentially) and that underlies the mechanism of
all autocatalytic reactions. This system is driven by the catalytic
formation of a product that, by acting as a ligand, enhances the
production and activity of the catalyst. This characteristic of the
product(s) is achieved by (i) the formation of a nucleophilic
triazole ring from a non-nucleophilic azido group and (ii) the
formation of a chelate ligand from a monodentate ligand.
Specifically, the organic azide group from azidoethanol (which
does not bind strongly to copper ions) converts to a triazole
(which does coordinate strongly to copper ions) and a
monodentate tripropargylamine converts to a tetradentate
triazolylmethylamine (which bind tightly to Cu(I) and Cu(II)
ions).
The autocatalytic CuAAC reaction is compatible with a range

of substrates and can, in principle, generate polymeric/
oligomeric products. We illustrated two subtypes of the

Figure 6. Scope of the autocatalytic CuAAC reaction. 1HNMR kinetics
experiments for the reaction between 1 (109 mM), CuSO4 (43 mM),
and tetraethylene glycol diazide (4, 150 mM) or benzylazide (5, 260
mM). The experiment with 4 was conducted in a D2O/CD3OD (9:4,
v:v) mixture at 25 °C. The experiment with 5 was conducted in pure
CD3OD. The concentration of alkyne was calculated by integrating the
alkyne proton against a tert-butanol internal standard.

Scheme 3. Substitution of Ammonia from Cu(II) Ammonia Complex by N(C3N3)3 Ligand

Figure 7. 1H NMR kinetic experiments for the reaction among
propargylamine (109 mM), azidoethanol (309 mM), CuSO4 (43 mM),
NH3 (240 mM), and NH4Cl (430 mM). Experiments were conducted
in a D2O/CD3OD (9:4 v:v) mixture at 25 °C. The concentration of
tripropargylamine was calculated by integrating the alkyne proton
against a tert-butanol internal standard.
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autocatalytic cycle (see Scheme S1): (i) the product ligand
forms the active catalyst from a solvated metal ion, and (ii) the
product ligand forms a complex from a metal ion containing an
ancillary ligand that is released upon complexation.
This reaction will aid in the development and understanding

of chemical reaction networks. This and other work examining
mechanisms of autocatalysis may also help to form a better
picture of the processes that led to the emergence of life on earth
because similar processes (kinetically, although certainly in this
case not in molecular detail) might generate autocatalysis in
mixtures ofmolecules (for example, alkynes and nitriles, ormetal
ions bound to peptides) that may have been important for the
origin of life.74−76
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Four-Variable Model of an Enzymatic Oscillator Based on
Trypsin
Sergey N. Semenov,*[a, b, c] Alar Ainla,[d] Ekaterina V. Skorb,[e] and Sjoerd G. J. Postma[b]

Abstract: This paper describes a four-variable model for an
enzymatic oscillator based on trypsin. Variables in this model
are concentrations of the essential proteins (trypsin and
trypsinogen) and small molecules (masked and active
inhibitors of trypsin) within the network. Importantly, to
simplify the model, non-essential side reactions are ne-
glected and essential reactions are assumed to follow first or
second order kinetics. Numerical solutions of this reduced

model semi-quantitatively reproduce experimentally deter-
mined periods, amplitudes, and phase shifts of oscillations
in the concentrations of several species in the network.
Moreover, linear stability analysis shows that oscillations in
the trypsin oscillator emerge and disappear through Hopf
bifurcation. The model will be helpful in situations where
simplicity is necessary such as detailed analysis of dynamics
and modeling of reaction-diffusion systems.

Keywords: Chemical Oscillator · Trypsin · Reaction Networks · Linear Stability Analysis

1. Introduction

Biochemical oscillators are fundamentally important for all
forms of life. Bacterial cells multiply in periodic, oscillatory
cycles of cell division.[1] Many organisms, from cyanobacteria
to vertebrates, follow day-night cycles using circadian
clocks.[2] Oscillations of calcium concentration in the cyto-
plasm are part of cellular signaling and glycolytic oscillations
are part of the regulation of metabolism.[2b,3] Moreover,
heartbeats and periodic contractions of intestines are con-
trolled by oscillations in muscle cells.[2b]

Despite the abundance of oscillations in biology,[4] a design
of a de-novo enzymatic oscillator was not accomplished up
until recently. Huck and coworkers published the first bottom-
up engineered enzymatic oscillator in 2015.[5] The oscillator is
built around the proteolytic enzyme trypsin, which is formed
autocatalytically from its inactive precursor trypsinogen.[6] The
autocatalytic production of trypsin is coupled to its self-
induced delayed destruction in a delayed negative feedback
loop. Crucially, the negative feedback loop contains small
molecules that are amenable by organic synthesis. Importantly,
by changing the molecular structure of these small molecules,
it was shown that the oscillator can become more robust,
resilient,[7] or light-controlled.[8]

The model of this oscillator considers all known reactions
in the system, including undesired side reactions, uses the
Michaelis-Menten equation to model rates of enzymatic
reactions with small molecular substrates, and considers the
trypsin-trypsinogen complex as an independent variable.[5]

This level of detail is necessary to reach the closest fit of the
numerical simulations to experimental data. Nevertheless, the
complexity of a detailed model has a number of drawbacks: (i)
it hinders qualitative understanding of the nature of oscilla-
tions, (ii) it makes analytical linear stability analysis imprac-
tical, (iii) it is too complicated for the implementation into

reaction-diffusion models which are necessary to model the
formation of chemical patterns and other phenomena involving
diffusion.[9]

In this work, we present a four-variable model for the
trypsin oscillator, perform its linear stability analysis, and
discuss its abilities and limitations to explain existing
experimental data.

2. Results and Discussion

Chemical description of the oscillator. As mentioned above,
the enzyme trypsin is at the core of the oscillator (Figure 1a).
Trypsin (Tr) catalyzes its own production by cleaving a
hexapeptide fragment from trypsinogen (Tg, the catalytically
inactive precursor of trypsin).[6,10] Trypsin also triggers the
negative feedback. The source of this negative feedback is a
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specially designed tripeptide proinhibitor (PInh) which con-
tains three parts: (i) 4-(2-aminoethyl)benzensulfonyl fluoride
(AEBSF), a trypsin inhibitor; (ii) glutamine; (iii) Ne-methyl-
Na-acetyl-L-lysine (Figure 1b).[5,7] Cleavage of acetyl-methyl-
lysine from the proinhibitor, which is catalyzed by trypsin,
initiates the loop. Cleavage of glutamine from the intermediate
inhibitor (IInh), which is catalyzed by aminopeptidase,
releases AEBSF (Inh), an irreversible trypsin inhibitor.[11] This
step ensures a controllable delay between the formation of
trypsin and its inhibition. AEBSF reacts stoichiometrically and
irreversibly with trypsin through nucleophilic substitution of
fluorine on the sulfonylfluoride group by nucleophilic serine
in the active site of trypsin. Formation of the catalytically
inactive conjugate of AEBSF with trypsin closes the negative

feedback loop. Importantly, all reactions happen in a continu-
ously stirred tank reactor (CSTR). Trypsinogen, small amounts
of trypsin, proinhibitor, and aminopeptidase are continuously
supplied to the reactor at fixed rates and concentrations.
Moreover, all content of the CSTR is continuously washed
away through an outlet.

Four-variable model of the trypsin oscillator. Figure 1b
shows four core chemical reactions of the oscillator: (i)
autocatalytic formation of trypsin; (ii) initiation of the negative
feedback loop; (iii) delay; (iv) inhibition of trypsin. We aimed
to construct a minimal model that will capture these basic
features of the oscillator. Therefore, we made three assump-
tions about these core reactions. First, the autocatalytic
formation of trypsin can be described as a second-order

Figure 1. Trypsin oscillator a. Depiction of the network of enzymatic reactions in the trypsin oscillator. b. Specific reactions in the reaction
network. Dashed arrows indicate catalysis.
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reaction with rate constant KTg. This assumption implies that
the Michaelis-Menten expression kcat/(Km+ [Tg]) does not
change significantly during the oscillatory reaction. Second,
the concentration of proinhibitor does not change significantly
during the reaction and, thus, the rate of formation of the
intermediate inhibitor can be described by a first-order
reaction from the concentration of trypsin with a rate constant
KPInh. This assumption implies that kcat[PInh]/(Km+ [PInh])
does not change significantly during the oscillatory reaction.
Third, formation of the inhibitor is a first-order reaction from
the intermediate inhibitor with the rate constant KIInh. This
assumption implies that kcat[Aminopeptidase]/(Km+ [IInh]) is
constant throughout the oscillations. The experimentally
determined KM for the aminopeptidase reaction is 3 mM and
[IInh] does not exceed 0.2 mM during the sustained phase of
the oscillations.[5] For that reason, we can approximate the
inhibitor formation by a first-order reaction. Finally, we also
neglected all end products and added washout of all
compounds with constant k0 (flow rate/reactor volume), supply
of trypsinogen with constant flux k0[Tg0], where [Tg0] is the
concentration of trypsinogen in the incoming flow, and supply
of trypsin with constant flux k0[Tr0], where [Tr0] is the
concentration of trypsin in the incoming flow. The reaction of
trypsin with the inhibitor is a second-order reaction with the
rate constant KI (Figure 2).

With all these assumptions, the model has four variables:
trypsin, intermediate inhibitor, inhibitor, and trypsinogen. The
system of four differential equations (1a–d, vide infra) fully
describes the evolution of these variables in time.

To estimate the rate constants in these equations we used
rate constants from the detailed model and computed
simplified rate constants using the Michaelis-Menten equa-
tion.[5] The calculations gave the following values: KTg=

50 mM�1h�1, KPInh=46.2 h�1 (estimated for [PInh]=
1.54 mM), KIInh=1.98 h�1 (estimated for aminopeptidase
activity 0.33 U mL�1), KI=43 mM�1h�1. Using these parame-
ters with [Tg0]=0.168 mM, [Tr0]=0.0002 mM, and k0=
0.22 h�1 our model demonstrates sustained oscillations in
trypsin concentration with a period of 6.5 h and a peak-to-
peak amplitude of 0.006 mM (Figure 3a). This period and

Figure 2. Full reaction set, including supply and removal by flow, that
represents the four-variable model. The variables are indicated in
red.

Figure 3. Simulations based on the four-variable model. a. Compar-
ison of experimental data and numerical modeling. Modeling
parameters: KTg=50 mM�1h�1, KPInh=46.2 h�1, KIInh=1.98 h�1, KI=
43 mM�1h�1, [Tg0]=0.168 mM, [Tr0]=0.0002 mM, and k0= 0.22 h�1 .
Experimental data were taken from ref [5], conditions: [Tg0]=
0.168 mM, [Tr0]=0.0002 mM, [PInh0]=1.54 mM, Amp0=
0.33 U mL�1. Positions of the first peaks were aligned for clarity of
the presentation. b. The evolution of the concentrations of key
compounds (Tr, green; Intermediate Inhibitor, red; Inhibitor, blue)
during oscillations. Modeling parameters are identical to a. Control-
theoretic diagram (top) shows the relation between phases of
oscillations.
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amplitude are similar to the ones which we observed in the
experiment with the same concentrations of incoming reagents
and the same flow rate.[5]

d½Tr�=dt ¼ KTg½Tg�½Tr� þ k0½Tr0� � k0½Tr� �KI ½Tr�½Inh�
ð1aÞ

d½IInh�=dt ¼ KPInh½Tr� � k0½IInh� �KIInh½IInh� ð1bÞ

d½Inh�=dt ¼ KIInh½IInh� �KI ½Tr�½Inh� � k0½Inh� ð1cÞ

d½Tg�=dt ¼ �KTg½Tg�½Tr� þ k0½Tg0� � k0½Tg� ð1dÞ

The amplitudes of oscillations of intermediate inhibitor
and inhibitor and shifts of their peaks relative to each other
and to trypsin also qualitatively resemble experimental data.
Therefore, we can use the model to describe oscillations in
terms of three key variables: trypsin; intermediate inhibitor,
and inhibitor (Figure 3b). The oscillatory cycle starts from the
autocatalytic production of trypsin accompanied by the
production of intermediate inhibitor in the reaction catalyzed
by trypsin. In the next phase, intermediate inhibitor is
converted into inhibitor which reacts with trypsin. Finally,
flow washes out inhibitor and the cycle repeats. This view of
oscillations as a sequence of stages where one stage triggers
another is similar to the control-theoretical diagrams used to
describe an oscillator based on thiols.[12] Although this
approach is simplified, it already demonstrates the difference
in structures of these two oscillators, which is mainly the
presence of a delay step in the trypsin oscillator. In contrast,
autoamplification and inhibition happen within one phase of
oscillations in the thiol system, but are decoupled into two
separate phases in the trypsin network.

Next, we performed a linear stability analysis of the
reduced model to describe the dynamic behavior predicted by
the model, and to compare this behavior with the experimen-
tally observed trends.

Linear stability analysis. We performed linear stability
analysis using a standard procedure.[13] We calculated steady
states of trypsin [Tr], intermediate inhibitor [IInh], inhibitor
[Inh], and trypsinogen [Tg] concentrations from the kinetic
equations (1a–d) (see supporting information). To analyze the
stability of these steady states we used the Jacobian matrix (J),
and determined the eigenvalues (l) such that jJ–Il j =0:

(2)

We found only one physically meaningful, positive, steady
state for all tested parameters. We, however, do not exclude
that, within seven-parameters space, regions with multiple
positive steady states exist. Figure 4a shows the stability of
this steady state as a function of k0, which reflects flow in a
reactor. Increasing k0 from 0 to high values causes a transition
from a stable state to an unstable state, at k0=0.0118 h�1, and
another transition from the unstable state to a new stable state

at k0=1.36 h�1. Real parts of the eigenvalues go through zero
at both transitions. Thus, they happen via an Andronov–Hopf
bifurcation.[14] Steady states on both sides of the oscillatory
region are stable focuses (the system, when perturbed, returns
to the stable state by orbiting around it) which cause damped
oscillations as confirmed by experiments. Figure 4b shows the
analysis of the k0 / [Aminopeptidase] phase plane, where
aminopeptidase activity is calculated as KIInh/6, where 6 comes
from an estimation of the kcat/Km for the aminopeptidase-
catalyzed reaction. We defined an oscillatory region as a
region with an unstable steady state and confirmed the
presence of a stable orbit by numerical simulations at various

Figure 4. Results of the linear stability analysis of the four-variable
model. a. Stability of steady states as function of k0. The graph
shows steady states, which were calculated from the model (KTg=
50 mM�1h�1, KPInh=46.2 h�1, KIInh=1.98 h�1, KI=43 mM�1h�1, [Tg0]=
0.168 mM, [Tr0]=0.0002 mM), and their stability (blue crosses
indicate stable states, red circles indicate unstable states). b, A
phase plot computed from the four-component model. Amino-
peptidase activity is calculated as KIInh/6.

Isr. J. Chem. 2018, 58, 781–786 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 784

Full Paper

www.ijc.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

points within the parameter space. The oscillatory region
forms an island that qualitatively resembles simulations with
the detailed model, but predicts preservation of sustained
oscillations at two times higher flow rates and aminopeptidase
activities than the detailed model and experiments. Perhaps,
side reactions and Michaelis-Menten kinetics of enzymatic
reactions destabilize the oscillator at high flow rates and
aminopeptidase activities in experiments. Apparent sustained
oscillations at k0=0 and aminopeptidase activity=0 are the
result of limited resolution of the plot.

This analysis shows that the trypsin oscillator behaves in a
qualitatively different way as compared to the thiol oscillator
and a pH-based organic oscillator where oscillations emerge
through a Hopf bifurcation and end through a saddle-node
bifurcation.[12,15] We did not find any phase plane where the
state diagram (one is shown in Figure 4b) will have a cross-
shape with a bistability region that is characteristic for many
oscillatory systems.[16]

Wong et al. experimentally demonstrated that the oscilla-
tory region grows by increasing KPInh and KI by changing the
lysine and sulfonylfluoride fragments of the proinhibitor.[7b]

We tested the influence of KPInh and KI on the region of stable
oscillations in the simple model (Figure 5) and observed that
higher values of KPInh and KI indeed move the borders of the
region of sustained oscillations to higher flow rates.

3. Conclusions

In summary, we reduced a numerical model of the enzymatic
oscillator based on trypsin to four variables. This simplified
model qualitatively captures the oscillatory dynamics of three

key species in the oscillator: trypsin, intermediate inhibitor,
and active inhibitor. The model correctly predicts directions of
changes in the region of stable oscillations with changes in
individual rate constants. Overall, however, it overestimates
the stability of the oscillator to changes in flow rates,
especially to high flow rates, in comparison to experiments
and the detailed model. Neither the incorporation of side
reactions or full Michaelis-Menten kinetics of enzymatic
reactions were essential for oscillations to emerge in a model
of the trypsin system.

The simplified model helps to identify how oscillations of
trypsin form and disappear through Hopf bifurcation and will
be helpful in situations where numerical simulations are
difficult such as in the presence of mass transfer by diffusion
or convection.

The trypsin, thiols, and organic pH oscillators have
different reaction network topologies. The thiol oscillator has
two negative feedback loops, based on a weak and a strong
inhibitor, while the trypsin network has one delayed negative
feedback loop. These topologies do not exclude each other
and can be combined in one system that has two negative
feedback loops, one of which is delayed. For example, we can
add an additional strong feedback loop to the herein described
trypsin oscillator using soybean trypsin inhibitor. Potentially,
this hybrid system will be more robust to changes in external
and internal parameters than individual systems. It provides an
interesting target for experimental studies, which can first be
probed with the computational models at hand.

4. Computational Detail

Numerical integration of kinetic equations was performed with
COPASI program.[17] Linear stability analysis was performed
with MATLAB scripts, which are supplied with the manu-
script.

Acknowledgements

E.V.S. thanks the RSCF grant no. 17-79-20186 for the
financial support and ITMO Fellowship Professorship Program
for the infrastructure support.

References

[1] a) J. J. Tyson, P. Natl. Acad. Sci. USA 1991, 88, 7328–7332;
b) J. E. Ferrell, T. Y. C. Tsai, Q. O. Yang, Cell 2011, 144, 874–
885.

[2] a) M. Nakajima, K. Imai, H. Ito, T. Nishiwaki, Y. Murayama, H.
Iwasaki, T. Oyarna, T. Kondo, Science 2005, 308, 414–415;
b) P. E. Rapp, J. Exp. Biol. 1979, 81, 281–306; c) S. Panda, M. P.
Antoch, B. H. Miller, A. I. Su, A. B. Schook, M. Straume, P. G.
Schultz, S. A. Kay, J. S. Takahashi, J. B. Hogenesch, Cell 2002,
109, 307–320.

Figure 5. Overlay of phase plots at different KPInh, and KI. Modeling
parameters: KTg=50 mM�1h�1, KIInh=1.98 h�1, [Tg0]=0.168 mM,
[Tr0]=0.0002 mM.

Isr. J. Chem. 2018, 58, 781–786 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 785

Full Paper

www.ijc.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

[3] a) E. E. Selkov, Eur. J. Biochem. 1968, 4, 79–86; b) A. Boiteux,
A. Goldbeter, B. Hess, P. Natl. Acad. Sci. USA 1975, 72, 3829–
3833.

[4] J. J. Tyson, K. C. Chen, B. Novak, Curr. Opin. Cell Biol. 2003,
15, 221–231.

[5] S. N. Semenov, A. S. Y. Wong, R. M. van der Made, S. G. J.
Postma, J. Groen, H. W. H. van Roekel, T. F. A. de Greef,
W. T. S. Huck, Nat. Chem. 2015, 7, 160–165.

[6] H. Neurath, W. J. Dreyer, Discuss. Faraday Soc. 1955, 32–43.
[7] a) A. S. Y. Wong, S. G. J. Postma, I. N. Vialshin, S. N. Semenov,

W. T. S. Huck, J. Am. Chem. Soc. 2015, 137, 12415–12420;
b) A. S. Y. Wong, A. A. Pogodaev, I. N. Vialshin, B. Helwig,
W. T. S. Huck, J. Am. Chem. Soc. 2017, 139, 8146–8151.

[8] A. A. Pogodaev, A. S. Y. Wong, W. T. S. Huck, J. Am. Chem.
Soc. 2017, 139, 15296–15299.

[9] a) A. M. Turing, Philos. Trans. R. Soc. London Ser. B 1952, 237,
37–72; b) V. Castets, E. Dulos, J. Boissonade, P. Dekepper, Phys.
Rev. Lett. 1990, 64, 2953–2956; c) S. Soh, M. Byrska, K.
Kandere-Grzybowska, B. A. Grzybowski, Angew. Chem. Int. Ed.
2010, 49, 4170–4198; d) I. R. Epstein, T. Bansagi, V. K. Vanag,
Science 2011, 331, 1309–1312; e) S. G. J. Postma, I. N. Vialshin,
C. Y. Gerritsen, M. Bao, W. T. S. Huck, Angew. Chem. Int. Ed.
2017, 56, 1794–1798; f) S. N. Semenov, S. G. J. Postma, I. N.
Vialshin, W. T. S. Huck, Chem. Commun. 2014, 50, 3089–3092.

[10] J. P. Abita, M. Delaage, Lazdunsk. M, Eur. J. Biochem. 1969, 8,
314-&.

[11] S. G. J. Postma, D. te Brinke, I. N. Vialshin, A. S. Y. Wong,
W. T. S. Huck, Tetrahedron 2017, 73, 4896–4900.

[12] S. N. Semenov, L. J. Kraft, A. Ainla, M. Zhao, M. Baghbanza-
deh, C. E. Campbell, K. Kang, J. M. Fox, G. M. Whitesides,
Nature 2016, 537, 656–660.

[13] I. R. Epstein, J. A. Pojman, An introduction to nonlinear
chemical dynamics: oscillations, waves, patterns, and chaos,
Oxford University Press, New York, 1998.

[14] a) Yu. A. Kuznetsov, Elements of applied bifurcation theory, 3rd
ed., Springer, New York, 2004; b) S. H. Strogatz, Nonlinear
dynamics and chaos : with applications to physics, biology,
chemistry, and engineering, Second edition. ed., Westview Press,
a member of the Perseus Books Group, Boulder, CO, 2015.

[15] K. Kovacs, R. E. McIlwaine, S. K. Scott, A. F. Taylor, J. Phys.
Chem. A 2007, 111, 549–551.

[16] a) J. Boissonade, P. Dekepper, J. Phys. Chem. 1980, 84, 501–506;
b) M. Orban, P. Dekepper, I. R. Epstein, K. Kustin, Nature 1981,
292, 816–818.

[17] S. Hoops, S. Sahle, R. Gauges, C. Lee, J. Pahle, N. Simus, M.
Singhal, L. Xu, P. Mendes, U. Kummer, Bioinformatics 2006, 22,
3067–3074.

Received: December 29, 2017
Accepted: March 1, 2018

Published online on March 23, 2018

Isr. J. Chem. 2018, 58, 781–786 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 786

Full Paper

www.ijc.wiley-vch.de


Towards sustainable diagnostics: replacing
unstable H2O2 by photoactive TiO2 in testing
systems for visible and tangible diagnostics for use
by blind people

Yulia V. Lanchuk, a Sviatlana A. Ulasevich, a Tatiana A. Fedotova,b

Dmitry M. Kolpashchikov ab and Ekaterina V. Skorb *a

Blind and color blind people cannot use colorimetric diagnostics; the problem is especially severe in rural

areas where high temperatures and the absence of electricity challenge modern diagnostics. Here we

propose to replace the unstable component of a diagnostic test, H2O2, with stable TiO2. Under UV

irradiation, TiO2 forms reactive oxygen species that initiate polymerization of acrylamide causing liquid-

to-gel transition in an analyte-dependent manner. We demonstrate that specific DNA sequences can be

detected using this approach. This development may enable the detection of biological molecules by

users with limited resources, for example in developing countries or for travelers in remote areas.

An ideal diagnosis, including diagnosis for infectious diseases,
should meet the ASSURED criteria: (i) affordable by those at risk
of infection; (ii) sensitive; (iii) specic; (iv) user-friendly; (v)
rapid, and robust, for example not requiring refrigerated
storage; (vi) equipment-free; (vii) delivered to those who need
it.1

Analytic methods with visually detectable outputs (e.g. color
change) satisfy criteria (iv) and (vi), and are therefore among the
most common. Indeed, pregnancy tests, test strips for
measuring acetone and glucose in urine for diabetic people,
and pH strips are known to be the best to make the analysis
easiest in data output. However, such methods cannot be used
by the visually impaired.

Recently, we described an alternative output signal that
cannot only be detected by sight, but also by touch and applied
it in the detection of adenosine triphosphate (ATP) and deoxy-
ribonucleic acid (DNA).2 The method is based on the analyte-
dependent radical polymerization of acrylamide into poly-
acrylamide in the presence of hydrogen peroxide (H2O2). H2O2

serves as a source of radicals. The test uses affordable reagents
and does not require any instrumentation for signal readout.
Such test systems can be adopted for detection of a wide variety
of biological analytes. Unfortunately, H2O2 is subject to light
decomposition and should be refrigerated for long term
storage; it is also prone to exploding at high concentrations.
Therefore, substituting H2O2 with a more stable ingredient
would increase the shelf life of the test system and make it

usable in those environments with limited access to refrigera-
tion. This work is devoted to addressing the ASSURED criterion
(v): we substituted perishable H2O2 with stable titania (TiO2) as
an alternative source of initiators of radical polymerization.

Recently we demonstrated the possibility of converting
electromagnetic energy into pH gradients3 or generating reac-
tive oxygen species (ROS) using TiO2,3,4 which makes this
approach attractive for controlling interactions between chem-
ical networks. Moreover, combining several functional chemical
networks can result in a network with new functions. We have
also shown that the pH gradient on titania can be used for
regulating enzymatic reaction networks.5 In this work, we were
interested in using photogenerated ROS (such as superoxide
anion O2c

�, hydroxyl radical cOH, and hydrogen peroxide H2O2)
(Fig. 1) to initiate radical polymerization with the aim of making
a visual and tactile portable sensor for the detection of biolog-
ically important molecules (DNA, RNA, ATP). Under ultraviolet
(UV) irradiation, TiO2 splits water, which results in the gener-
ation of a high concentration of ROS and free radicals.6

The sensing system is based on deoxyribozyme sensor that
produces ROS in the presence of a specic analyte, thereby
triggering the radical polymerization of acrylamide into poly-
acrylamide. The buffer contained acetylacetone, H2O2, 40%
acrylamide/bisacrylamide, hemin and a split deoxyribozyme
sensor with peroxidase-like activity (PxR).2 In the presence of the
specic analyte sequence (A1 in this study), the sensor hybrid-
ized with the analyte and formed PxR, which bound hemin and
decomposed H2O2 to ROS. The latter oxidized acetylacetone to
the acetylacetone radical, which initiated the polymerization of
acrylamide, resulting in liquid-to-gel conversion. Here, the aim
of the research is to increase the system sustainability by
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changing H2O2 to TiO2 particles. Noteworthy is that the system
is externally controlled by UV light, since TiO2 produces ROS
only upon irradiation.

Firstly, we quantied the TiO2-derived ROS with the aim of
nding the optimal conditions for the generation of the
minimum amount of ROS needed for the polymerization. We
used luminol chemiluminescence (CL) calibrated with
hydrogen peroxide. Luminol (5-amino-2,3-dihydro-1,4-
phthalazinedione) is a widely used CL reagent and has CL
emission at different wavelengths depending on the condi-
tions.6 Traditionally, luminol CL is observed in the presence of
H2O2 in alkaline solutions (Fig. 2), which is catalyzed by metal
ions, metal complexes or vitamins.7–10

The luminol CL signaling is conveniently used for the
detection of ROS (particularly superoxide anion, hydrogen
peroxide, hydroxyl radical) in biological systems.11–16

Irradiation of TiO2 suspensions of different concentrations
(0.03 M and 0.06 M) at two wavelengths (365 nm and 254 nm)
revealed more ROS being formed upon irradiation at 254 nm –

as was expected (Fig. 3).
According to the data obtained, the minimum concentration

of TiO2 needed to trigger polymerization aer 5 min of irradi-
ation at 365 nm was 1.25 mM (Fig. 4). We therefore used these
conditions in the following experiments, since short irradiation
time and longer wavelength of UV-A irradiation are less
damaging to the DNA-based biosensor component than UV-C
light with wavelength of 254 nm. It should be noted that
control experiments were made without TiO2 particles and
polymerization did not occur. Next, we optimized the condi-
tions for the analyte-dependent activation of PxR resulting in

acrylamide polymerization. If polymerization occurs, the gel
will stick to the bottom of the inverted tubes (Fig. 5).2 To
demonstrate the general applicability of the approach, we
designed a sensor for an analyte of biomedical signicance,
nucleic acids, as an example. A sequence of 16S rRNA, which

Fig. 1 (i) A portable sensor based on a light-induced liquid-to-gel
transition for polymer by radical polymerization on TiO2 particles. The
details of the sensor design are shown in Fig. 5; (ii) ROS formation on
titania via reactions with photogenerated photohole (h+) and photo-
electron (e�).

Fig. 2 Mechanism of chemiluminescence of luminol and O2
�c.

Fig. 3 Log concentration of ROS generated in TiO2 suspensions of
different concentration (0.03 M and 0.06 M) under irradiation by UV
light with different wavelengths vs. irradiation time.

37736 | RSC Adv., 2018, 8, 37735–37739 This journal is © The Royal Society of Chemistry 2018
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was represented in this study by synthetic A1 sequence (50-CAT
TAC TCA CCC GTC CGC CAC TCG TCA GCG AAG CAG CAA GCT
GCT TCC TGT TAC CGT TCG), of pathogenic E. coli O157:H7
was chosen as the target analyte,. The binding of A1 to PxR1 and
PxR2 stabilized the G-quadruplex structure, which then binds to
hemin and catalyzes the polymerization (Fig. 5A).

Firstly, we tested the inuence of hemin concentration on
polymer formation. Gel fragments were observed in the pres-
ence of hemin at the concentration higher than 5 � 10�8 M
(Table 1). No gel fragments were observed in the absence of TiO2

or hemin (two control experiments). Gel formation was

observed in the system with the buffer components, hemin and
TiO2.

Sample 1 (negative control) with a hemin concentration of
5 � 10�8 M shows no gel formation (Fig. 5c), sample 2 (positive
control) contained already formed G-quadruplex which trig-
gered the polymerization reaction. Sample 3 contained sepa-
rated RNA fragments of PxR1 and PxR2 without A1 analyte: no
gel formation was observed. The presence of A1 analyte in
sample 4 resulted in polymerization. Therefore, we achieved
analyte-dependent polymer formation without using H2O2. This
development is pivotal for the future development of H2O2-free
tests systems for nucleic acid analysis employable by blind and
color blind people.

Reactions on the surface are very attractive when considering
the development of a robust sensor. The surface layer of
anodized titania nanotubes (TNT) is suitable for surface ROS
generation.17 To understand how much ROS were generated on
TNT surfaces, experiments with luminol CL were conducted
(Fig. 6). A benet of using light is the ability to control reaction
networks with an external stimulus. To check our hypothesis of
using TNT as a good alternative source of ROS and understand
how much photogenerated ROS are needed for radical poly-
merization, we experimented with the buffer solution (Fig. 6B)
(neither analyte nor sensor for the analyte were present). Poly-
merization was completed aer 15 min of UV irradiation (365

Fig. 4 The dependence of the log concentration of ROS generated on
TiO2 particles on TiO2 suspension concentration. Inserts show the
minimum concentration of TiO2 particles in a suspension (therefore
minimum concentration of ROS generated on TiO2 particles), needed
for the gel formation.

Fig. 5 Polymerization-based visual and tactile detection of A1 analyte. (A)
Sensor design: RNA strands PxR1 and PxR2 bind A1 sequence and form
a G-quadruplex structure, which then binds to hemin (green oval) and
catalyzes the radical polymerization of the acrylamide solution. The dotted
lines represent triethylene glycol linkers. (B and C) Inverted test-tubes with
radical polymerization of acrylamide initiated by reactive oxygen species
generated on TiO2 particles under UV light 365 nm. (B) Systems with
different concentrations of hemin (Table 1). (C) All samples contained
hemin of 5� 10�8 M (1); (2) with G-quadruplex; (3) with RNA strands PxR1
(1 mM) and PxR2 (1 mM); (4) with PxR1 and PxR2 and RNA (1 mM).

Table 1 Influence of hemin concentration on polymer formation

No. 1 2 3 4 5 6

C, M 10�9 2.5 � 10�8 5 � 10�8 7.5 � 10�8 10�7 2.5 � 10�7

Gel � � � + + +

Fig. 6 (A) Log concentration of ROS generated on TiO2 nanotubes
(TNT) under UV irradiation at different wavelengths vs. time. (B) Radical
polymerization of acrylamide initiated by ROS generated on TNT
under UV irradiation at 365 nm.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 37735–37739 | 37737
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nm), which proves the use of TNT as an alternative robust
surface for ROS generation. This polymerized gel can also nd
its application as protective coating against unfavorable
environment.

In order to demonstrate this hypothesis, a photolithography
displaying the name of our laboratory was made (Fig. 7).

Nowadays, methods for the detection of biological analytes
are under continuous development.18,19 Sensors usually display
their readings on a screen or by some visual means. This inter-
face is not user-friendly for the visually impaired. Here, we report
improvement on an alternative method that can be used for the
tactile detection of biological analytes and, therefore, is more
user-friendly for blind people. Using this method, we can detect
nucleic acids as well as analytes that are used in the diagnosis of
infectious diseases. The use of PxR-based (or PxD, etc.) sensors
are widely spread in the detection of a wide variety of analytes,
including small molecules, metal ions and proteins.20

It should be noted that all the analytes can be detected with
high specicity, even at room temperature, which is important
in practice. The main disadvantage of this assay is its sensitivity
to atmospheric oxygen, which inhibits polymerization16 and
makes the analysis difficult. We hope that future progress in
creating special equipment for carrying out such experiments in
an oxygen-free environment may help to solve this problem.

The toxicity of liquid acrylamide can be easily circumvented by
wearing gloves. We also consider that the reported assay in this
article is very promising beyond tactile-like sensors. For example,
the liquid-to-gel transition can be used with light in the regula-
tion of liquid ow in the channels of (micro)uidic devices.

In conclusion, point-of-care diagnostic systems should be
cost efficient, easy to transport, robust and sustainable among
other characteristics. To improve these qualities, we replaced

unstable hydrogen peroxide component with stable and robust
titania in the liquid-to-gel testing system. The ability to trigger
the system by light irradiation is an attractive alternative to
traditional tests in which the reaction is triggered by the addi-
tion of analytes. We hope that the method developed in this
study will make home test-systems available to blind and color
blind persons.

Experimental section
Materials

Hombikat UV100 (>99% anatase, 5 nm particle size, supplied by
Sachtleben Chemie); luminol, hemin, DMSO (99.9%, anhydrous
(max. 0.005% H2O)) and sodium hydroxide (NaOH) were
acquired from Sigma Aldrich. Millipore water (Milli-Q Plus 185)
was used for preparation of aqueous solutions and sample
washing. RNAse-free water was purchased from Fisher Scientic,
Inc. (Pittsburgh, PA) and used for all buffers and for the stock
solutions of oligonucleotides. The oligonucleotides were ob-
tained from Integrated DNA Technologies, Inc. (Coralville, IA).
The oligonucleotides were dissolved in water and stored at
�20 �C until needed. Stock concentrations of oligonucleotides
were calculated by measuring the absorption of the solutions at
260 nm by using a Perkin-Elmer Lambda 35 UV/Vis spectrometer
(San Jose, CA). Extinction coefficients of oligonucleotides were
calculated by using OligoAnalyzer 3.1 soware (Integrated DNA
Technologies, Inc.). All experiments were carried out in the
buffer, containing 50 mM HEPES pH 6.6., 50 mM MgCl2,
20 mM K+, 120 mMNaCl, 1% DMSO v/v, 0.03% w/v Triton X 100,
38% w/v acrylamide, 2% w/v bisacrylamide, 127 mM
acetylacetone.

Chemiluminescence measurements

3 mL of TiO2 suspension (0.03 M and) or a drop of pure water
(100 mL) on TNT was irradiated with the UV lamp (with different
wavelength 365 nm and 254 nm) and every minute a 10 mL
aliquot of the irradiated solution was taken and added to
a cuvette with 2 mL of 0.2% luminol in 1% NaOH solution for
CL measurements. The uorescence spectra were measured
from 380 to 550 nm at the excitation wavelength of 310 nm. The
widths of emission and excitation slits were set at 10.0 and 10.0.
The uorescence spectra were measured by a Cary Eclipse
uorescence spectrophotometer equipped with a 1.0 cm quartz
cell.

Polymerization in tubes

1 mL liquid in a tube contained 50 mM HEPES pH 6.6, 50 mM
MgCl2, 20 mM K+, 120 mM NaCl, 1% DMSO v/v, 0.03% w/v
Triton X 100, 38% w/v acrylamide, 2% w/v bisacrylamide,
127 mM acetylacetone and 5 � 10�8 M hemin. 3 mL of TiO2

suspension was irradiated under UV light at 365 nm during
15min and then added to the tube with all the components. The
nal concentration of TiO2 in tube was 1.25mM. Tactile readout
is possible if the samples are placed on a piece of lter paper.
The experiment was carried out in box with argon due to the fact
that oxygen inhibits the polymerization reaction.16

Fig. 7 (A) Scheme of photolithography process (negative resist) by
radical polymerization of acrylamide initiated by ROS generated on
TiO2 anodized surface (TNT) under UV light 365 nm; (B) experiment of
polymerization of test-sample on TNT allows further test
improvement.
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Polymerization on the surface

The drop on the TNT contained reaction buffer: 50 mM HEPES
pH 6.6, 50 mM MgCl2, 20 mM K+, 120 mM NaCl, 1% DMSO v/v,
0.03% w/v Triton X 100, 38% w/v acrylamide, 2% w/v bisacry-
lamide, 127 mM acetylacetone, 5 � 10�8 M hemin. Experiment
was carried out in box with argon due to the fact that oxygen
inhibits the polymerization reaction. Radical polymerization of
acrylamide was initiated by ROS generated on TNT under UV
irradiation at 365 nm during 15 min. Photolithography was
made the same way with photomasks.
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Photocatalytic Regulation of an Autocatalytic Wave of
Spatially Propagating Enzymatic Reactions
Yulia Lanchuk,[a] Anna Nikitina,[a] Nadzeya Brezhneva,[a] Sviatlana A. Ulasevich,[a]

Sergey N. Semenov,[b] and Ekaterina V. Skorb*[a]

Bioinspiration is an attractive way to develop new robust

chemistry. In biological cell, chemical reactions form complex
networks (e.g. signaling and metabolic) that communicate

with each other and control cell division, growth, and interac-
tion with environment. Thus, combining multiple chemical

subsystems into a single network is an attractive way to

design a chemical system with new functions. In this paper, we
combined two chemical networks: i) a photocatalytic oxida-

tion/ reduction on TiO2 particles, and ii) an autocatalytic forma-
tion of enzyme trypsin (Tr) from its precursor trypsinogen (Tg).

Moreover, we put the combined network in hydrogel media,
where all reactions are coupled to diffusion, to achieve a pho-

tocatalytic regulation of an autocatalytic wave. We showed

that TiO2 particles affected the fluorescence quenching of Tr,
but, without irradiation, had no effect on the autocatalytic for-

mation of Tr. With irradiation, however, a cascade of photocata-
lytic reactions causes media acidification that suppress the au-

tocatalytic formation of Tr and propagation of the autocatalytic
wave.

Nature uses pH gradients to regulate chemical networks.[1] Buf-

fering capacity is a well-known function of biomolecules.[2] In
our recent work, we studied, in detail, the process of local pH

changes by irradiation of a TiO2 surface, suggesting titania as a
robust surface for light controlled proton pumping.[3] We used
the phenomena of light-pH coupling on titania for a non-de-

structive modulation of pH-sensitive layers,[4] adsorption/ de-
sorption of proteins,[5] control of preosteoblast migration,[6]

bacteria assembly,[7] self-healing of hydrogel,[8] and even a reg-
ulation of a “prebiotic nucleotides” assembly.[9] In this context,
we got interested in using pH gradients on titania for regulat-
ing biomolecular reaction networks. The coupling of pH oscilla-

tors to pH-dependent complexation equilibria proposes an es-
pecially attractive way to construct new oscillatory reactions.[10]

In this paper, we studied coupling of the photocatalytic tita-
nia based system with pH dependent enzymatic network
(Figure 1). The enzymatic system was previously studied in

detail in the group of Huck.[11] The network is built around au-
tocatalytic formation of trypsin (Tr) from trypsinogen (Tg).

Here, it is important to note that the Tr network is sensitive
to pH, and, thus, our photocatalytic system and the Tr network

might interact through pH. Tr has highest proteolytic activity

at pH 8 and loss its activity under acidification. Therefore, activ-
ity of Tr should respond to pH changes which are caused by
photocatalytic reactions on titania. The main issue to take into
account is that besides a local change in pH, there are reactive

oxygen species (ROS) generated on titania that might deacti-
vate biomolecules.[4] Importantly, assembly of polyelectrolytes

(e.g. polyethylenimine) on titania particles might control pho-
toactivity of titania particles and buffer changes in pH by local-
ly absorbing of protons.

First, we studied how TiO2 particles affect fluorescence
quenching of Tr, and the mechanism of interaction between

TiO2 and Tr. The interaction was analyzed by fluorescence[12]

quenching under different concentrations of titania particles

and temperatures between 298 and 308 K. The fluorescence

emission spectra were collected in the range of 290–400 nm,
upon excitation at 278 nm. Tr has a strong fluorescence with

an emission peak at 336 nm, owing to its tryptophan residue.
The effect of different concentrations of titania on Tr fluores-

cence intensities is shown in Figure 2. The fluorescence intensi-
ty was decreasing with increasing concentration of titania,

Figure 1. Schematic of a combination of two network of chemical reactions:
(System I) Enzymatic autocatalytic Tr-system, and (System II) Photocatalytic
reactions on titania regulated by change of particle photoactivity via poly-
electrolytes’ buffering. The question is how the one network changes behav-
ior of the other one.
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which means effective fluorescence quenching of the intrinsic
fluorescence of the protein. The fluorescence quenching data
could be analyzed according to the Stern–Volmer Equation (1).

F0=F ¼ 1þ Kqt0½QA ¼ 1þ K sv½QA ð1Þ

For which F0 and F mean the fluorescence intensities before
and after the addition of particles. Kq, t0, [Q] , and Ksv are the

constant of molecular quenching, the average lifetime of Tr
without quencher, the concentration of quencher, and the
Stern–Volmer quenching constant, respectively. Data are pre-

sented as F0/F dependence from [Q] (Figure 2a). It is seen the
F0/F linearly depends on the concentration of titania, that indi-

cates the existence in solution of one type of fluorophore
equally available for the quencher. Fluorescence quenching

processes are generally described by two main mechanisms:

1) static quenching and 2) dynamic fluorescence quenching.[13]

Static quenching involves a long-lasting formation of a com-

plex between the fluorophore and quencher, which is some-
times referred to a dark complex. Dynamic quenching involves

collisions between the two molecules with the fluorophore
losing kinetic energy. Dynamic quenching is dependent on

diffusion. Since the increase of temperature results in an in-
crease of diffusion coefficients, the linear dependence of the

quenching efficiency from the quencher concentration for a
higher temperature should be above that for a lower tempera-
ture (Figure 2). Contrarily, in the case of the static quenching,
the stability of the complex decreases when temperature in-
creases and the dependence of the quenching efficiency from

the quencher concentration for higher temperature is below
that for lower temperature. In our case, we see dynamic

quenching, however, further study is needed to analyze life-
time changes. Previous studies have determined the lifetime is
10 ns at lex=278 nm.[14]

Concerning thermodynamic parameters for binding, there

are four types of non-covalent interactions that play a major
role in the binding: hydrogen bonding, ionic interactions,

van der Waals forces, and hydrophobic interactions.[15] Some

thermodynamic parameters, such as the standard enthalpy
change (DH8), standard entropy change (DS8), and Gibbs free

energy change (DG8), are functions of the binding constant (K)
[Eqs. (2) and (3)] .

DG2 ¼ -RT lnK ð2Þ

DS2 ¼ DH2 @ DG2

T
ð3Þ

For our cases, DG8 had a negative value, indicating that the
binding of Tr to particles was spontaneous DS8 was positive,

and DH8 was negative, indicating that binding was exothermic.
Recently, Momeni et al.[12] have discussed the temperature de-

pendence of Tr interaction with TiO2 nanoparticles. Ross

et al.[16] have found that negative DH8 and DS8 are associated
with van der Waals and hydrogen bonding, while the positive

DH8 and DS8 values are evidence for hydrophobic interaction.
When DH8 and DS8 are very low negative or positive values it

is discussed as electrostatic interaction.[16] Our study of the Tr
binding with TiO2 based particles clearly proved that Tr absorbs
on the surface of the titania particles.

Further, we studied a photocatalytic effect of a TiO2 network
on a Tr network. During autocatalytic formation of Tr from Tg,
Tr cleaves the peptide bond between lysine and leucine in the
termini of the polypeptide chain of trypsinogen (Tg).[11] This
cleavage generates a molecule of catalytically active Tr and re-
leases a hexapeptide fragment, which blocks the active side of

the trypsinogen molecule. Here, we tested the influence of the
TiO2 based system on the autocatalytic formation of Tr from Tg
(Figure 3a).

In a control experiment, we dissolved Tg (1 mgmL@1, corre-
sponding to 42 mm) in Tris buffer (100 mm, pH 8) containing

CaCl2 (20 mm) and initiated the autocatalytic reaction with an
aliquot of Tr (2.15 mm in final mixture) (Figure 3b(I)). The reac-

tion proceeded with continuous stirring at 298 K. We took ali-

quots of the solution at different time points and determined
trypsin concentrations with a fluorogenic assay using bis-(Cbz-

l-Arg)-Rhodamine as a substrate. To measure Tr activity, dispos-
able cuvettes (path length 2.00 cm) were filled with 3 mL of

the fluorogenic substrate bis-(Cbz-l-Arg)-Rhodamine (5.1 mm in
50 mm Tris buffer, pH 8). To this solution, 10 mL of the reaction

Figure 2. Study of fluorescence quenching of Tr, lex=278 nm and lem=290–
400 nm in the presence of TiO2 particles at different a) temperatures of
298 K and 308 K. Inset shows schematic mechanism of dynamic quenching.
b) Example of spectra for different particles concentration at 298 K.
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mixture was added. Conversion of the fluorogenic substrate
was monitored and the rate of the Tr formation was similar to
previously reported data.[11]

In the next experiment, we added a TiO2 suspension
(3 mgmL@1) to the reaction mixture that contained the same

concentrations of Tg and Tr in the same buffer as in the control
experiment described above (Figure 3b(II)). We irradiated the

mixture during the reaction with UV light (365 nm from LED

source) and monitored the concentration of trypsin with the
fluorogenic assay. We observed substantial suppression of the

formation of Tr with its rate being slower than in the absence
of TiO2 and irradiation. For individual TiO2 particles, a slower

rate of reaction may be attributed to a significant pH change:
we determined, by indicator paper, that the pH of the reacting

solution after 3 hours of irradiation was around 5. This acidifi-
cation of the reacting solution by photochemical reactions on
TiO2 is the most probable cause for the suppressed formation
of Tr from Tg. Interestingly, notwithstanding that adsorption of

Tr is higher on hybrid TiO2 particles in comparison to pristine
TiO2, it affected autocatalytic reaction milder than pristine TiO2.

Protons that are generated on TiO2 can be buffered by layer-
by-layer (LbL) assembly of the polyelectrolytes—polystyrene
sulfonate (PSS)/ polyethylenimine (PEI)—around TiO2.

[17] Details
of buffering properties polyelectrolyte shell around nanoparti-
cle we described earlier work.[18] Here we formed TiO2/PSS/PEI

particles and added them at concentration of 3 mgmL@1 to the
reaction mixture (Figure 3b(III)). The observed suppression of

the formation of Tr with its rate being slower than that in the
absence of hybrid particles of TiO2, however higher than in the

presence of pristine TiO2. Our hypothesis is that we changed

the photoactivity of titania by its modification with polyelec-
trolytes. For regulation of organic reactions, we are interested

in pH gradients rather than high photoactivity. In other words,
we want to use titania photochemistry not for photodegrada-

tion and photodestruction, but for photoactivation and pro-
graming of other systems. Thus, regulation of photoactivity of

titania by LbL assembly is a powerful tool for programming ti-

tania based systems.
We highlight in Figure 4 possible approaches (to measure

and parameters) suggested by us in our previous work[4] and
modified for the present study. Here, for TiO2 we focus mostly

on photoactivity and photogenerated[3] H+ accumulation
either near TiO2 surface or trapping by PEI layer that is LbL

Figure 3. a) Schematic of autocatalytic Tr-catalyzed Tg decomposition.
b) Conversion of the fluorogenic substrate monitored at lex=450 nm and
lem=520 nm, each point is checked for 60 seconds with a time interval of
1 second, (I) for Tr control reaction, (II, III) reaction in the presence of (I) TiO2

or (III) TiO2/PSS/PEI under irradiation. c) Photo of (left) the reactor pointed
that the glass flask spatially separated from the surface to decrease effect of
temperature increase, and (right) reaction monitoring over time, autocatalyt-
ic increase of fluorescence in test cuvettes.

Figure 4. a,b) Photocurrent at a TiO2 photoelectrode measured under irradia-
tion (LED 365 nm, I=5 mWcm@2) at 0.25 V vs. Ag/ AgCl before and after LbL
deposition of PSS/PEI on n-Si support. Electrolyte was 0.1m KOH with 0.2m
glycine. c) Paper pH indicator reaction for the Tris buffer before and after
3 hours irradiation in the presence of TiO2 (3 mgmL@1) particles.
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spatially separated from titania by PSS. It is known that TiO2

has higher photoactivity under lower pH.[19] Thus if we regulate

acidic media near TiO2 surface we increase its photoactivity,
but if all generated protons will be immediately trapped by

proton sponge layer that is spatially separated from titania, the
photoactivity should be decreased. This schematically is illus-

trated as a positive feedback on photoactivity of protons and a
negative feedback of polyelectrolytes (Figure 1).

Transient photocurrent response curves of TiO2 film and

TiO2/PSS/PEI film were exanimated by photoelectrochemical
test device under irradiation (lLED=365 nm) using n-Si or ITO
as a support (Figure 4a,b). As shown in Figure 4a, the photo-
current value increases rapidly at a maximum value when the

light turned on due to the separation of electron-hole pairs at
the heterostructure-electrolyte interface. The current value

drops when the light turned off, which is attributed to the re-

combination of electron-hole pairs. Notably, the TiO2/PSS/PEI
film shows much lower photocurrent than TiO2 one. We pro-

pose that the surface states responsible for photoactivation
might be the surface states associated with the acidification at

the titania surface.[3] It is known that PEI has proton sponge
ability.[18] Hence, under irradiation, an association of protons

either on TiO2 are possible, or PEI. The proposed mechanism is

supported by photocurrent measurements showing a weaker
photocurrent on TiO2/PSS/PEI vs. a pristine TiO2 (Figure 4a,b).

Interestingly, for the hybrid system of TiO2/PSS/PEI a pro-
nounced spike-like shape of the transient can be in this case

attributed to surface recombination processes.[19] The shape of
the transient states for hybrid TiO2/PSS/PEI indicates upon

switching-on the light a sharp “overshoot” appears due to the

very fast photoresponse of a hybrid. However, the relatively
slower photocurrent response of pristine titania sets immedi-

ately on and dominates the photocurrent under steady state il-
lumination for hybrid lower than for TiO2. Similarly, when the

light is interrupted, the rapid photoresponse of the hybrid van-
ishes again immediately “overshoot”.

The mild photoactivity of TiO2/PSS/PEI might be an advant-

age for the regulation of enzymatic reactions without decom-
position of reaction components. For example, the Tr-system
works in a Tris buffer (pH 8, Figure 4c (left)), TiO2 being a
strong photocatalyst might decompose components of a

buffer, that we observed as a decrease of pH (Figure 4c (right)
after 3 hours of irradiation of 10 mL pf TRIS buffer with

3 mgmL@1 TiO2 particles at LED irradiation 365 nm (5 mWcm@2).
On the contrary, having the same photoactivity center (TiO2), it
doesn’t happen for the system of TiO2/PSS/PEI. It should also

be noted that the presence of a proton on TiO2 was shown by
us before[3] as well as efficient pH-buffering of 2 nm chitosan

layer.[9]

Finally, we characterized enzymatic reaction-diffusion net-

work coupled to the TiO2 based system in a hydrogel[20] media

(Figure 5). Autocatalytic formation of Tr from Tg can sustain au-
tocatalytic reaction front.[21] We hypothesized that photochemi-

cal reactions on TiO2 can suppress this autocatalytic front
(Figure 5). To test this hypothesis, we casted a layer of agarose

hydrogel (1 mm thick, 1 wt% agarose) which contained sus-
pension of TiO2 (3 mgmL@1) and soaked this gel in the Tris

buffer (20 mm, pH 8) containing Tg (2 mgmL@1, 83 mm), CaCl2
(20 mm), soybean Tr inhibitor (STI, 2 mm), and bis-(Cbz-l-Arg)-
Rhodamine (5.1 mm).

We cut approximately 1 cm by 2 cm piece of this hydrogel,
irradiated half of this piece for 20 minutes with UV light, and
placed it under the fluorescence microscope equipped with

yellow fluorescent protein (YFP) filter cube. To initiate autoca-
talytic reaction front we placed a 6 mm by 2 mm by 1 mm

piece of agarose hydrogel (3 wt%) that contained Tr (43 mm)
on the hydrogel that contained Tr for 2 minutes. We posi-
tioned the Tr containing hydrogel in a way that Tr diffused in

both irradiated and not irradiated areas of the bottom hydro-
gel. Fluorescence imaging showed that trypsin activity devel-

oped and autocatalytic front propagated only on the not-irra-
diated areas.

To summarize, it is an attractive idea to combine different

functional chemical networks in one network for achieving
new functions. Combining individual steps does not necessari-

ly have a synergetic effect.
A hybrid TiO2 system has mild photocatalytic characteristics

and lower photocurrent in comparison to pristine TiO2. In the
long run, the system of pristine TiO2 may be too aggressive to

Figure 5. Spatial propagation of enzymatic activity: a,b) processing of experi-
mental fluorescent microscopy data at a) initial moment after 2 min activa-
tion of Tg by Tr and after 2 hours of reaction progress; c) schematic descrip-
tion of wet stamping experiment. Red dash line corresponds to border of ir-
radiation through the photomask and clear indicates that propagation front
of enzymatic reaction is drastically different for photoactivated systems and
area without photoactivation.

ChemCatChem 2018, 10, 1798 – 1803 www.chemcatchem.org T 2018 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim1801

Communications

http://www.chemcatchem.org


control biochemical reactions without oxidizing chemicals in
the reaction media, and the hybrid systems, which control re-

actions by local change of pH without photodegradation, will
be an optimum solution for interface with biochemistry. Cou-

pled systems that are similar to the Tr/ TiO2 system presented
here are interesting for studying effects of reactions on surfa-

ces of semiconductor nanoparticles on enzymatic activity, for
providing measures of the toxic effects of nanoparticles on the
target organism, for studying molecular mechanisms that un-

derlie toxicity, and as model networks for studying synergy be-
tween photocatalytic and autocatalytic reactions.

Experimental Section

Materials. Silicon (n-type Si) wafers (100) were from CrysTech Kris-
tralltechnologie. Titanium (IV) isopropoxide (purity of 97%), poly-
styrenesulfonate (PSS, Mw=1000000, powder) and polyethylene-
imine (PEI, Mw=750000, 50% wt/v solution), bovine pancreas
trypsin (purity of 99%) were from Sigma Aldrich. Absolute ethanol
and isopropanol AnalR NORMAPUR from VWR Chemicals was used
as received. Nitric acids was purchased from EMD. Hydrochloric
acid (1m, HCl) and sodium hydroxide (1m, NaOH) were acquired
from Gressing. Millipore water (Milli-Q Plus 185) was used for prep-
aration of aqueous solutions and sample washing.

Preparation of a TiO2 sol. The TiO2 sol was prepared as it was de-
scribed before in Ref. [22]. 16 mL of titanium (IV) isopropoxide
mixed with 12 mL of isopropanol was added drop by drop into the
HNO3 solution (0,8 mL of 65% acid was mixed with 100 mL of de-
ionized water) and kept under constant stirring at 80 8C for 1 hour
followed by cooling down and stirring at room temperature for
the next 3 days.

Deposition of polyelectrolyte multilayers onto the TiO2. PSS, and PEI
were dissolved in 1m NaCl solution to the concentration
2 mgmL@1. The pH of the polyelectrolyte solution was adjusted by
1m HCl or 1m NaOH solution. In the case of TiO2 particles the
50 mg of the powder was mixed with 1 mL of polyelectrolyte solu-
tion and then stirred in shaker for 5 min followed by the centrifu-
gation at the rotor speed 10000 min@1 for 10 min. The excess of
the polyelectrolyte was removed by washing the samples with dis-
tilled water and then repeatedly centrifuged. The deposition of
polyelectrolytes onto the Si (ITO)/TiO2 substrates was performed by
dip-coating technique. The samples were immersed into the solu-
tion of polyelectrolyte for 15 min followed by the washing of the
sample with distilled water.

Photoelectrochemical measurements. The photoelectrochemical
measurements were performed with the Autolab potentiostat
PGStat302N (Netherlands) in the three-electrode cell with n-Si/TiO2

with or without deposited polyelectrolyte layers as a working elec-
trode, Ag/AgCl (KCl sat.) as a reference electrode and Pt wire as a
counter electrode. A 365 nm UV LED was used as the light source,
for light beam focusing the focusing lens at a distance 2 cm from
the electrochemical cell was used. 0.1m KOH with 0.2m glycine so-
lution was used as a working electrolyte.

Fluorescence measurements. For fluorescence quenching experi-
ments, the intrinsic fluorescence of tryptophan residues in trypsin
was carried in the presence TiO2 particles at different concentra-
tions and temperatures. The fluorescence spectra were measured
from 290 to 400 nm with the excitation wavelength at 278 nm.

The widths of emission and excitation slits were set at 5.0 and 3.0,
respectively. The fluorescence spectra were measured by a Shimad-
zu RF-5301 fluorescence spectrophotometer equipped with a tem-
perature controller and a 2.0-mm quartz cell. Bovine pancreas tryp-
sin was dissolved in a Tris-HCl buffer (50 mm and pH 8.0) to
become 0.1 mgmL@1 in concentration. Solution was equilibrated
for 2 min at 298 K or 308 K. To obtain the binding parameters, data
were analyzed by the modified Stern–Volmer equation. Particles
were suspended in deionized water.

Autocatalytic enzymatic network. In control experiment, we dis-
solved Tg (1 mg mL@1, corresponding to 42 mm) in Tris buffer
(100 mm, pH 8) containing CaCl2 (20 mm) and initiated the autoca-
talytic reaction with an aliquot of Tr (2.15 mm in final mixture). The
reaction proceeded with continuous stirring at 298 K. We took ali-
quots of the solution at different time points and determined tryp-
sin concentrations with a fluorogenic assay using bis-(Cbz-l-Arg)-
Rhodamine as a substrate. To measure Tr activity, disposable cuv-
ettes (path length 2.00 cm) were filled with 3 mL of the fluorogenic
substrate bis-(Cbz-l-Arg)-Rhodamine (5.1 mm in 50 mm Tris buffer,
pH 8). To this solution, 10 mL of the reaction mixture was added.
Conversion of the fluorogenic substrate was monitored and the
rate of the Tr formation was similar to previously reported data.[11]

Reaction—diffusion in gel : control of autocatalytic wave. To test this
hypothesis, we casted a layer of agarose hydrogel (1 mm thick,
1 wt% agarose) which a contained suspension of TiO2 (3 mgmL@1)
and soaked this gel in the Tris buffer (20 mm, pH 8) containing Tg
(2 mgmL@1, 83 mm), CaCl2 (20 mm), soybean Tr inhibitor (STI, 2 mm),
and bis-(Cbz-l-Arg)-Rhodamine (5.1 mm). We cut approximately
1 cm by 2 cm piece of this hydrogel, irradiated half of this piece
for 20 minutes, and placed it under the fluorescence microscope
equipped with yellow fluorescent protein (YFP) filter cube. To ini-
tiate autocatalytic reaction front we placed a 6 mm by 2 mm by
1 mm piece of agarose hydrogel (3 wt%) that contained Tr (43 mm)
on the hydrogel that contained Tr for 2 minutes. We positioned
the Tr containing hydrogel in a way that Tr diffused in both irradi-
ated and not irradiated areas of the bottom hydrogel.

Acknowledgements

The work was supported by RSCF grant no. 17-79-20186. E.V.S.
also thanks ITMO Fellowship Professorship Program for the infra-

structure support.

Conflict of interest

The authors declare no conflict of interest.

Keywords: buffering · enzymatic network · hybrid system ·
layer-by-layer · photocatalysis · titania

[1] E. V. Skorb, D. V. Andreeva, Adv. Funct. Mater. 2013, 23, 4483–4506.
[2] a) E. V. Skorb, H. Mçhwald, D. V. Andreeva, Adv. Mater. Interfaces 2017, 4,

1600282; b) O. Supplie, M. M. May, S. Breckner, N. Brezhneva, T. Hannap-
pel, E. V. Skorb, Adv. Mater. Interfaces 2017, 4, 1601118.

[3] H. Maltanava, S. K. Poznyak, D. V. Andreeva, M. C. Quevedo, A. C. Bastos,
J. Tedim, M. G. S. Ferreira, E. V. Skorb, ACS Appl. Mater. Interfaces 2017, 9,
24282–24289.

ChemCatChem 2018, 10, 1798 – 1803 www.chemcatchem.org T 2018 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim1802

Communications

https://doi.org/10.1002/adfm.201203884
https://doi.org/10.1002/adfm.201203884
https://doi.org/10.1002/adfm.201203884
https://doi.org/10.1002/admi.201600282
https://doi.org/10.1002/admi.201600282
https://doi.org/10.1002/admi.201601118
https://doi.org/10.1021/acsami.7b05209
https://doi.org/10.1021/acsami.7b05209
https://doi.org/10.1021/acsami.7b05209
https://doi.org/10.1021/acsami.7b05209
http://www.chemcatchem.org


[4] S. A. Ulasevich, G. Brezesinski, H. Mçhwald, P. Fratzl, F. Schacher, S. K.
Poznyak, D. V. Andreeva, E. V. Skorb, Angew. Chem. Int. Ed. 2016, 55,
13001–13004; Angew. Chem. 2016, 128, 13195–13198.

[5] D. V. Andreeva, I. Melnyk, O. Baidukova, E. V. Skorb, ChemElectroChem
2016, 3, 1306–1310.

[6] S. A. Ulasevich, N. Brezhneva, Y. Zhukova, H. Mçhwald, P. Fratzl, F. H.
Schacher, D. V. Sviridov, D. V. Andreeva, E. V. Skorb, Macromol. Biosci.
2016, 16, 1422–1431.

[7] J. Gensel, T. Borke, N. Pazos-Perez, A. Fery, D. V. Andreeva, E. Betthausen,
A. H. E. Meller, H. Mçhwald, E. V. Skorb, Adv. Mater. 2012, 24, 985–989.

[8] S. A. Ulasevich, I. Melnyk, D. V. Andreeva, H. Mçhwald, E. V. Skorb, EPL
2017, 119, 38003.

[9] D. V. Andreeva, A. Kollath, N. Brezhneva, D. V. Sviridov, B. J. Cafferty, H.
Mçhwald, E. V. Skorb, Phys. Chem. Chem. Phys. 2017, 19, 23843–23848.

[10] K. Kurin-Csçrgei, I. R. Epstein, M. Orb#n, Nature 2005, 433, 139–142.
[11] S. N. Semenov, A. S. Y. Wong, R. M. Made, S. G. J. Postma, J. Groen,

H. W. H. Roekel, T. F. A. de Greef, W. T. S. Huck, Nat. Chem. 2015, 7, 160–
165.

[12] L. Momeni, B. Shareghi, A. A. Saboury, M. Evini, Monatsh. Chem. 2017,
148, 199–207.

[13] Principles of Fluorescence Spectroscopy (Ed. : J. R. Lakowicz), Springer,
2007.

[14] a) J. R. Lakowicz, G. Weber, Biochemistry 1973, 12, 4161–4170; b) W. R.
Ware, J. Phys. Chem. 1962, 66, 455–458.

[15] W.-R. Wang, R.-R. Zhu, R. Xiao, H. Liu, S.-L. Wang, Biol. Trace Elem. Res.
2011, 142, 435.

[16] P. D. Ross, S. Subramanian, Biochemistry 1981, 20, 3096.
[17] a) E. V. Skorb, D. G. Shchukin, H. Mçhwald, D. V. Sviridov, J. Mater. Chem.

2009, 19, 4931–4937; b) E. V. Skorb, D. Fix, D. V. Andreeva, D. G. Shchu-
kin, H. Mçhwald, Adv. Funct. Mater. 2009, 19, 2373–2379; c) E. V. Skorb,
A. Skirtach, D. V. Sviridov, D. G. Shchukin, H. Mçhwald, ACS Nano 2009,
3, 1753–1760; d) E. V. Skorb, D. V. Sviridov, H. Mçhwald, D. G. Shchukin,
Chem. Commun. 2009, 6041–6043.

[18] Y. Zhukova, E. V. Skorb, Adv. Health. Mater. 2017, 6, 1600914.
[19] R. Beranek, Adv. Phys. Chem. 2011, 786759.
[20] a) S. N. Semenov, S. G. J. Postma, I. N. Vialshin, W. T. S. Huck, Chem.

Commun. 2014, 50, 3089–3092; b) S. N. Semenov, A. J. Markvoort,
W. B. L. Gevers, A. Piruska, T. F. A. de Greef, W. T. S. Huck, Biophys. J.
2013, 105, 1057–1066.

[21] S. N. Semenov, A. J. Markvoort, T. F. A. de Greef, W. T. S. Huck, Angew.
Chem. Int. Ed. 2014, 53, 8066–8069; Angew. Chem. 2014, 126, 8204–
8207.

[22] A. V. Yakovlev, A. V. Milichko, V. V. Vinogradov, A. V. Vinogradov, ACS
Nano 2016, 10, 3078–3086.

Manuscript received: December 18, 2017

Revised manuscript received: March 3, 2018

Accepted manuscript online: March 9, 2018
Version of record online: April 6, 2018

ChemCatChem 2018, 10, 1798 – 1803 www.chemcatchem.org T 2018 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim1803

Communications

https://doi.org/10.1002/anie.201604359
https://doi.org/10.1002/anie.201604359
https://doi.org/10.1002/anie.201604359
https://doi.org/10.1002/anie.201604359
https://doi.org/10.1002/ange.201604359
https://doi.org/10.1002/ange.201604359
https://doi.org/10.1002/ange.201604359
https://doi.org/10.1002/celc.201600268
https://doi.org/10.1002/celc.201600268
https://doi.org/10.1002/celc.201600268
https://doi.org/10.1002/celc.201600268
https://doi.org/10.1002/mabi.201600127
https://doi.org/10.1002/mabi.201600127
https://doi.org/10.1002/mabi.201600127
https://doi.org/10.1002/mabi.201600127
https://doi.org/10.1002/adma.201103786
https://doi.org/10.1002/adma.201103786
https://doi.org/10.1002/adma.201103786
https://doi.org/10.1209/0295-5075/119/38003
https://doi.org/10.1209/0295-5075/119/38003
https://doi.org/10.1039/C7CP02618H
https://doi.org/10.1039/C7CP02618H
https://doi.org/10.1039/C7CP02618H
https://doi.org/10.1038/nature03214
https://doi.org/10.1038/nature03214
https://doi.org/10.1038/nature03214
https://doi.org/10.1038/nchem.2142
https://doi.org/10.1038/nchem.2142
https://doi.org/10.1038/nchem.2142
https://doi.org/10.1007/s00706-016-1772-0
https://doi.org/10.1007/s00706-016-1772-0
https://doi.org/10.1007/s00706-016-1772-0
https://doi.org/10.1007/s00706-016-1772-0
https://doi.org/10.1021/bi00745a020
https://doi.org/10.1021/bi00745a020
https://doi.org/10.1021/bi00745a020
https://doi.org/10.1021/j100809a020
https://doi.org/10.1021/j100809a020
https://doi.org/10.1021/j100809a020
https://doi.org/10.1007/s12011-010-8823-x
https://doi.org/10.1007/s12011-010-8823-x
https://doi.org/10.1021/bi00514a017
https://doi.org/10.1039/b821827g
https://doi.org/10.1039/b821827g
https://doi.org/10.1039/b821827g
https://doi.org/10.1039/b821827g
https://doi.org/10.1002/adfm.200801804
https://doi.org/10.1002/adfm.200801804
https://doi.org/10.1002/adfm.200801804
https://doi.org/10.1021/nn900347x
https://doi.org/10.1021/nn900347x
https://doi.org/10.1021/nn900347x
https://doi.org/10.1021/nn900347x
https://doi.org/10.1039/b914257f
https://doi.org/10.1039/b914257f
https://doi.org/10.1039/b914257f
https://doi.org/10.1002/adhm.201600914
https://doi.org/10.1039/C3CC49639B
https://doi.org/10.1039/C3CC49639B
https://doi.org/10.1039/C3CC49639B
https://doi.org/10.1039/C3CC49639B
https://doi.org/10.1016/j.bpj.2013.07.002
https://doi.org/10.1016/j.bpj.2013.07.002
https://doi.org/10.1016/j.bpj.2013.07.002
https://doi.org/10.1016/j.bpj.2013.07.002
https://doi.org/10.1002/anie.201402327
https://doi.org/10.1002/anie.201402327
https://doi.org/10.1002/anie.201402327
https://doi.org/10.1002/anie.201402327
https://doi.org/10.1002/ange.201402327
https://doi.org/10.1002/ange.201402327
https://doi.org/10.1002/ange.201402327
https://doi.org/10.1021/acsnano.5b06074
https://doi.org/10.1021/acsnano.5b06074
https://doi.org/10.1021/acsnano.5b06074
https://doi.org/10.1021/acsnano.5b06074
http://www.chemcatchem.org


PCCP
Physical Chemistry Chemical Physics
rsc.li/pccp

ISSN 1463-9076

PAPER
Eugene A. Streltsov, Ekaterina V. Skorb et al. 
Bismuth oxysulfide film electrodes with giant incident photon-to-current 
conversion efficiency: the dynamics of properties with deposition time

Volume 20 Number 31 21 August 2018 Pages 20299–20736



20340 | Phys. Chem. Chem. Phys., 2018, 20, 20340--20346 This journal is© the Owner Societies 2018

Cite this:Phys.Chem.Chem.Phys.,

2018, 20, 20340

Bismuth oxysulfide film electrodes with giant
incident photon-to-current conversion efficiency:
the dynamics of properties with deposition time

Evgeny A. Bondarenko,a Eugene A. Streltsov, *a Alexander V. Mazanik, a

Anatoly I. Kulak, b Vytautas Grivickas,c Patrik Ščajevc and Ekaterina V. Skorb *d

It was demonstrated in our previous work that the photoelectrochemical (PEC) reduction processes

occur with a giant incident photon-to-current conversion efficiency (IPCE c 100%) at bismuth

oxysulfide (BOS) semiconductor films in aqueous solutions containing acceptors of photoelectrons

([Fe(CN)6]
3�). The anomalously high IPCE was related to the photoconductivity of the semiconductor.

In this work, we analyze the dynamics of the chemical and phase composition of BOS films with

variation of their deposition time, as well as the dependence of photocurrent on the film thickness and

wavelength of the incident light. We demonstrate that in the case of illumination with a short-

wavelength light (l = 465 nm), the photocurrent is reduced down to a complete disappearance with

an increase in the film thickness in the range of 0.3–1.3 mm, and for a fixed thickness of the bismuth

oxysulfide film, the photocurrent decreases with the reduction of the wavelength indicating that

photogeneration of the charge carriers over the entire thickness of the film is necessary for the giant

IPCE effect. Using the light induced transient grating (LITG) method, the lifetime of the charge carriers

(t) was determined in the range of 25–80 ps depending on the film thickness, whereas the diffusion

coefficient (D) does not exceed 1 cm2 s�1 meaning that the charge transport across the films is deter-

mined only by drift.

Introduction

Bismuth oxysulfides (BOSs) represent a new promising class of
layered materials with a pronounced anisotropy of properties.
Bi4O4S3 is of interest as a superconductor,1–3 whereas Bi2O2S,
Bi9O7.5S6 and Bi2OS2 exhibit attractive photoelectrical properties.

4–8

Recently, we prepared a new type of BOS films, which possess a
layered structure. They are formed by several tens of nanometers
thick platelet-like crystals with a lateral size of a few micro-
meters. It was demonstrated that bismuth and sulfur atoms in
this material have +3 and �2 oxidation states, respectively.
According to the chemical analysis, for 0.67 mm films, the Bi/S
molar ratio equals 1.11, indicating the simplest chemical formula
as Bi10O6S9.

9

The prepared BOS films revealed the effect of giant incident
photon-to-current conversion efficiency (IPCE) under visible
light illumination.9 The discovered effect consists of a signifi-
cant acceleration of the photoelectrochemical (PEC) cathodic
process, for which the IPCE reaches up to 2500%. The effect is
observed in aqueous solutions containing an acceptor of photo-
electrons, e.g., [Fe(CN)6]

3�, starting from its certain minimal
concentration (c 4 10�3 M).9 A remarkable influence of the
photoconductivity on the efficiency of the cathodic faradaic
process is a distinctive feature of the prepared BOS photo-
electrodes. In other words, the giant IPCE is determined by
the reduction of the BOS film resistivity under illumination,
which provides the charge carriers from an external circuit the
possibility to take part in the photoreduction process.9

The unique photoelectrochemical properties of the BOS
films suggest a relevance of further research devoted to
unraveling the mechanisms responsible for the giant IPCE
effect. As any PEC process taking place on the semiconductor
electrode, the aforementioned giant IPCE is related to the
charge transfer in a semiconductor, discharge of electroactive
particles, mass transfer in solution, etc. Obviously, revealing
the limiting stages of the process including ones for the solid
state will make it possible to control the PEC behavior of the
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system, which is necessary for the development of materials
with desired functional properties.

This work is aimed at unraveling the influence of the film
thickness and light wavelength on the giant IPCE effect.
By varying the wavelength of the incident light at a fixed film
thickness, one can obtain uniform photogeneration of charge
carriers over the entire semiconductor or only in a subsurface
layer. A similar result can be achieved using a monochromatic
light and varying the film thickness. As it will be demonstrated
below, the generation of photocharges over the entire film is
necessary for the realization of the giant IPCE effect.

Experimental
Preparation of bismuth oxysulfide films

The BOS films were grown on FTO substrates using the chemical
bath deposition (CBD) technique developed by us earlier.9 Briefly,
the deposition was done at 100 1C using an aqueous solution
containing 0.021 M Bi(NO3)3, 0.731 M triethanolamine, 0.207 M
thiourea and 0.162 M NH3. The deposition time (tdep) was varied
in the range from 20 to 200 min. The detailed physical–chemical
characterization of the films was presented in our previous
research.9

Measurement conditions and equipment

X-ray diffraction (XRD) studies were carried out using
an Empyrean diffractometer (PANalytical, Netherlands; Cu
Ka source with a Ni-filter, 0.01 degree step). The scanning
electron microscopy (SEM) study was performed using a
Zeiss Leo 1550 (Germany) field emission microscope. The
thickness of the films was determined from the cross-
sectional SEM images. The elemental composition of the
BOS films was established from the energy-dispersive X-ray
spectra (EDX) recorded using a Zeiss Leo 1455 microscope
(Germany) with an Aztec Energy Advanced X-Max 80 X-ray
analyzer (Oxford instruments, United Kingdom). Transmis-
sion spectra were recorded using a MC122 spectrometer
(Proscan Special Instruments, Belarus).

Photoelectrochemical measurements were performed using
a P-8 potentiostat (Elins, Russia) in a three-electrode cell with a
platinum counter electrode and a saturated silver chloride
reference electrode (+0.201 V vs. SHE). Polarization curves were
obtained at a potential scan rate of 20 mV s�1. The samples
were illuminated from the substrate side to minimize the light
absorption in the electrolyte.

As a light source, a 250 W halogen lamp was employed.
The light with a required wavelength was selected using a
MDR-2 monochromator (Russia). The intensity of the mono-
chromatic light was determined using a calibrated OPT101
photodiode.

For the determination of the charge carriers’ lifetime and
ambipolar diffusion coefficient, the light induced transient
grating (LITG) method was used.10,11 LITG investigations were
conducted by the scheme described in detail elsewhere.12

Briefly, excitation was accomplished by an Ekspla Nd:YLF laser

with 10 ps pulse duration and 0.527 mmwavelength (the second
harmonic). The laser was operating with a 10 Hz repetition rate
and the energy was attenuated by a half-wave plate and a Glan
prism. A holographic beam splitter and two focal lenses were
employed to adjust a 100% contrast of the interference grid-
pattern at the spatial period L (varied in the 1–5 mm range).
The excitation spot diameter was 320 mm. As a probe, the
1.053 mm wavelength of the first harmonic pulse was delayed
by 30 cm optical delay line with a quadruple beam pass. The
probe beam was projected into the centrum of the excited spot
and the transmitted IT and the diffracted ID parts were detected
by 16 bit CAN detectors. The compression of noise fluctuation
was achieved using the normalization of the diffracted beam
to the transmitted one by 10 pulse averaging under the 5%
tolerance interval for the excitation pulse energy.

Results and discussion
Characterization of bismuth oxysulfide films

Fig. 1a shows the dependence of the BOS film thickness (d) on
the deposition time. The fastest growth of the thickness is
observed during the first 60 min of deposition, whereas the
subsequent deposition during 2 hours is characterized by a
significantly lower rate of the thickness increase. When the
film thickness reaches 0.8 mm, the growth practically finishes
due to depletion of the bismuth precursor in the CBD
solution. Therefore, the films with d 4 0.8 mm were deposited
in two stages by subsequent soaking of the substrates in two
identical solutions.

The dependence of the optical absorption on the deposition
time (Fig. 1b) qualitatively correlates with a kinetic curve. It is
clearly seen that the most significant growth of the light
absorption is inherent to the first 60 min of film deposition,
whereas the subsequent growth leads only to a slight increase
of the absorption coefficient. In spite of wavelength-dependent
scattering, which hinders a correct determination of the absorp-
tion edge, there is its gradual red shift with the deposition time. As
is seen from the inset of Fig. 1a, this fact correlates with the change
of film colour, indicating the reduction of the band gap energy
(Eg). As the band gap energy of Bi2O3 (2.6–2.8 eV 13–15) is known to
be significantly higher than the Eg of Bi2S3 (1.2–1.3 eV 16–18), the
increase in the sulfur content during the film growth could
be the reason for the observed red shift of the absorption edge.
To confirm this hypothesis, we performed an EDX analysis of
the films deposited during different time periods. As shown in
Fig. 1c, the increase of the deposition time results in the
increase of the sulfur to bismuth ratio in the films.

The observed variation of the chemical composition of the
BOS films with deposition time could be explained with the
chemical reactions occurring during the synthesis. At the initial
stage, the dissolution of the bismuth salt in triethanolamine
leads to the formation of a bismuth chelate complex with a 1 : 1
metal-to-ligand ratio:19

Bi3+ + 4N(C2H4OH)3 - Bi(N(C2H4O)3) + 3[NH(C2H4OH)3]
+

(1)
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Then, two competing processes could take place under
heating. On the one hand, in basic aqueous solution (pH B 9.2),
the bismuth complex is subjected to hydrolysis with the formation
of hydrated oxide:20

2Bi(N(C2H4O)3) + 3nH2O - Bi2O3�nH2O + 2N(C2H4OH)3
(2)

On the other hand, thiourea also hydrolyses under these
conditions, and the products of its decomposition react with
the bismuth complex resulting in the precipitation of Bi2S3:

21

2Bi(N(C2H4O)3) + 3SC(NH2)2 + 6OH� + 3H2O

- Bi2S3 + 2N(C2H4OH)3 + 6NH3 + 3CO3
2� (3)

Both these above-mentioned reactions give rise to
the formation of bismuth oxysulfide. As hydrolysis of the
chelate complex dominates at the initial deposition stages,
the content of sulfur in the films increases with the
deposition time.

The XRD patterns of the BOS film and glass are given
in Fig. 1d. As we pointed out earlier,9 a large width of the
lines may originate from a high defect density in the films.
Moreover, the broadening of the reflexes can be caused by
the low thickness of the plate-like crystals and tensile/
compressive strains due to their curvature. Note that the
intensity of the lines practically does not alter with tdep.
Thereby, the crystalline phase does not undergo any signifi-
cant changes during the CBD process. The enrichment of the
film by oxygen on the initial deposition stage could be related

to the formation of the amorphous phase being ‘‘sulfidized’’
by further film formation. Moreover, this phase could be
subjected to partial crystallization. This process influences
the total concentration of intrinsic defects in the films and,
correspondingly, the recombination of the photocharges
(see below).

In spite of the variation of the chemical composition of
the BOS films with the deposition time, their surface micro-
structures do not show any remarkable changes (Fig. 2).

The films are formed by platelet-needle-like aggregates,
which are randomly oriented relative to each other.

Fig. 2 SEM images of the BOS films deposited for 40 (a), 60 (b), 80 (c) and
100 min (d).

Fig. 1 (a) Thickness of the BOS films vs. deposition time (inset: photographs of the films); (b) absorption spectra; (c) Bi/S atomic ratio derived from EDX
vs. deposition time (inset: EDX spectrum of the BOS film on glass, tdep = 180 min); (d) XRD patterns.
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Photoelectrochemical investigations

The cyclic voltammograms (CVs) of the BOS films in
[Fe(CN)6]

3�/[Fe(CN)6]
4� containing solution exhibit the giant

IPCE effect towards negative electrode potentials (Fig. 3). An
abnormally high PEC activity was observed in the cathodic
reduction of [Fe(CN)6]

3�. For comparison, the CV curve of the
reference FTO electrode is given.

The cathodic current (both in the dark and under illumination)
is related to the reduction of complex anions:

[Fe(CN)6]
3� + e = [Fe(CN)6]

4� (4)

It is clearly seen that the FTO electrode is characterized by
high electrocatalytic activity in the processes of [Fe(CN)6]

4�

anodic oxidation and [Fe(CN)6]
3� cathodic reduction. A ‘‘classical’’

shape of the CV curve of the FTO electrode points to the transition
of the electrochemical process from the kinetic to the diffusion
regime, when the electrode potential is shifted away from the
equilibrium value.22 After deposition of the BOS film on the
surface of the FTO substrate, the aforementioned dark anodic
process is blocked. This fact enables one to conclude that the BOS
films are rather dense and contain no crossing macropores and
macrovoids, avoiding an immediate contact of the solution with
the FTO substrate.

Fig. 4 shows dependences of the cathodic photocurrent and
the dark current on the film thickness. As is seen, for a
relatively low thicknesses of the BOS films (d o 0.4 mm), the
dark current is dominating. The maximal photocurrent is at
d = 0.7–0.8 mm, and just in the same thickness range, a sharp
decrease of the dark current was observed.

Any electrochemical process is known to be multistage and
includes the process of charge transfer in the semiconductor
for the subsequent discharge of electroactive particles at the
interface between the electrode and the electrolyte. As we
pointed out earlier,9 the BOS films illumination leads to
a sharp increase in their conductivity. Since the aqueous
solutions containing the [Fe(CN)6]

3�/[Fe(CN)6]
4� redox-system

strongly absorb visible light, the photoelectrodes were illumi-
nated from the FTO-substrate side.

In this case, the generation rate is maximal near the FTO/
BOS interface and decays with motion into the depth of the
film. As is known, the depth of light penetration into a material
is about a�1, where a is the absorption coefficient. The d to a�1

ratio can be changed not only by varying the film thickness
under a constant wavelength l, but also by changing l at a
constant thickness of the BOS film. For the films with d = 1.3 mm,
the photocurrent is absent in the case of a blue light illumination,

Fig. 3 CV curves of the BOS film (tdep = 80 min) and the FTO electrode as a reference (a); IPCE vs. electrode potential of the same BOS film (b).

Fig. 4 Cathodic photocurrent (a) and dark current (b) vs. BOS film thickness.

Paper PCCP

Pu
bl

is
he

d 
on

 2
2 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
by

 S
ai

nt
 P

et
er

sb
ur

g 
St

at
e 

U
ni

ve
rs

ity
 o

f 
IT

 M
ec

ha
ni

cs
 a

nd
 O

pt
ic

s 
on

 8
/8

/2
01

9 
9:

08
:3

6 
A

M
. 

View Article Online

https://doi.org/10.1039/c8cp03225d


20344 | Phys. Chem. Chem. Phys., 2018, 20, 20340--20346 This journal is© the Owner Societies 2018

whereas a red light generates photocurrent, the value of which
increases with increasing wavelength (Fig. 5a).

It can be concluded that for the observation of the giant
IPCE, the film thickness has to be smaller as compared to the
depth of photocharges generation. This fact can be easily
explained from the following simple consideration. One can
demonstrate that the ratio of film resistances for the cases of a
short (a�1 { d) and a long-wavelength (a�1 E d) illumination
can be estimated as follows:

RSW

RLW
¼ DN

bN0
� 1 (5)

where DN and N0 are the concentrations of the photogenerated
and equilibrium charge carriers, respectively (we assume a high
excitation level, i.e. DN c N0), and b 4 1 is the ratio between
the depths of photocharges generation in the cases of a long-
wavelength and a short-wavelength illumination.

The influence of the wavelength on the photocurrent value is
illustrated in Fig. 5b. As it was indicated above, the films are
rather dense, and the 1D description is appropriate. For a short-
wavelength illumination, the a�1 o d relation is true, and the
photocharges are generated in a rather thin layer near the FTO
substrate. There is a ‘‘dark’’ film layer with a thickness of about
d � a�1, which possesses a high resistivity. In contrast, in the
case of a long-wavelength light, the photocharges are generated
over all the film volume, and there is no ‘‘dark’’ layer with high
resistivity.

Light induced transient grating measurements

Note that passing of current through the BOS films is determined
by the drift of charge carriers, whereas their diffusion can be
neglected. This follows from the results of the LITG studies
presented below. In LITG measurements, the concentration of
the photogenerated charge carriers induced by the interference
grid-pattern can be expressed as DN(t=0)(1 + cos(2px/L))� exp(�az),
where DN(t=0) is the maximal carrier concentration at the zero
time for overlapping pump/probe pulse, a is the absorption
coefficient, L is the grating period, and the coordinates x and z
refer to the in-plane and out-of-plane directions, respectively.23

DN(t=0) is proportional to the incoming pump intensity Iinc:
DN(t=0) B aIinc(1 � R)/hn, where R is the optical reflection
coefficient, and hn = 2.36 eV is the photon energy. The absorp-
tion coefficient at 527 nm wavelength is determined from
Fig. 1b to be about a = 2–5 � 104 cm�1. The latter value allows
to estimate the excited carrier concentration to be DN(t=0) =
5 � 1018 – 1020 cm�3 for Iinc in the 0.1–1 mJ cm�2 fluence range.
The excited carriers induce a change in the complex refractive
index of the material, which can be described by the classical
Drude–Lorentz model. Customarily, the diffraction occurs by a
change in the real part of the refractive index DnFC, which is
proportional to DN with a coefficient neh counted for a single
e–h pair.24 In most semiconductors, neh is of the order of
10�22 cm3.23 The LITG erasure is monitored by measuring the
time-dependence of the diffraction efficiency: DE(t) = ID(t)/IT(t).
Assuming an exponential decay, DE(t) can be expressed as:12

DEðtÞ ¼
pnehDNðt¼0Þ

al

� �2

exp
2t

tG

� �
(6)

1

tG
¼ 1

t
þ 4p2D

L2
(7)

where tG is the grating erasure time. The first and second terms
in (7) are determined by the charge carriers’ recombination and
diffusion between fringes in the layer plane direction, respec-
tively. As is seen from (7), the recombination lifetime t and the
diffusion coefficient D can be determined from transients
recorded at different L values. For a high excitation level, when
the concentrations of electrons and holes are equal, the ambipolar
diffusion coefficient can be expressed as D = 2DeDh/(De + Dh),
where De and Dh are the diffusivities of the electrons and of holes,
respectively.

As is seen in Fig. 6, the lifetime of the charge carriers does
not exceed 80 ps. The absence of any visible changes in the
grating erasure time tG for different grating periods L enables
one to estimate the upper limit of the ambipolar diffusion
coefficient detection substantially below 1 cm2 s�1. This allows
to evaluate the diffusion length of (Dt)1/2 o 90 nm being
substantially smaller than the sample thickness. This means

Fig. 5 Photopolarization curves of the BOS film (tdep = 180 + 80min) under monochromatic illumination at different wavelengths (a); scheme illustrating
the difference between short- and long-wavelength illuminations (b).
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that the charge transport at the medium excitation across the
films is determined only by drift. The LITG slope at low carrier
concentrations is close to 2, which indicates the linear generation
of free carriers (eqn (6)). The slope reduction at high excitations is
plausibly related to the carrier lifetime reduction, see Fig. 6d,
down to the probe duration of 10 ps due to the enhanced non-
radiative Auger recombination (1/t = CDN2) with Auger coefficient
CB 5 � 10�30 cm6 s�1. A C value ofB10�30 cm6 s�1 is typical for
semiconductors with a direct bandgap of B1.5 eV.25

The decrease of lifetime with increasing excitation level is in
agreement with our previous results, which indicated a gradual
reduction of the IPCE with an increase in the incident light
intensity.9 The observed decrease in the medium injection life-
time with the deposition time (tdep 4 60 min, when the phase
composition is stabilized, see Fig. 1c) could be explained by the
change in the S to Bi atom ratio, which seems to be responsible
for the increase in concentration of the intrinsic defects in the
films. Another alternative explanation is that the fine-grained
modification of their microstructures (Fig. 2c and d) can
enhance the carrier recombination at the grain boundaries.

Conclusions

The dynamics of the properties of CBD grown bismuth oxysulfide
films with their deposition time has been investigated. In particular,

a red shift of the absorption edge with the deposition time
(film thickness) has been revealed, which is related to the
enrichment of the films by sulfur established by the EDX
analysis. The modification of the chemical composition of the
BOS films during their deposition is determined by different
rates of simultaneously occurring reactions of the hydrolysis of
the bismuth triethanolamine complex and thiourea in aqueous
solution.

In the case of illumination of the BOS electrode with a
short-wavelength light (l = 465 nm), the photocurrent is
reduced down to a complete disappearance with an increase
of the films thickness in the range of 0.3–1.3 mm, while for a
fixed thickness of the semiconductor film, the photocurrent
decreases with decreasing wavelength. This means that photo-
generation of the charge carriers over the entire thickness of
the film is necessary for the registration of the giant IPCE
effect. The photocharges generated over the entire depth of
the BOS film enhance its conductivity providing the electron
transport from an external circuit to the interface between the
electrode and the electrolyte, where the photoelectrochemical
reaction takes place.

Using the light-induced transient grating method, the life-
time of the charge carriers was determined to be 25–80 ps
depending on the film thickness, whereas the diffusion coefficient
does not exceed 1 cm2 s�1, which corresponds to the upper limit
of the diffusion length of approximately 90 nm. Such small values

Fig. 6 LITG decay transients at a fluency of 0.3 mJ cm�2 for the BOS films prepared with different deposition times (a); carrier lifetime at 0.3 mJ cm�2 vs.
deposition time (b); diffraction efficiency vs. fluency for a film with tdep = 60min (c); LITG decay transients for the same BOS film at different light fluence (d).
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of the diffusion length mean that the charge transport across the
films is determined only by drift.
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a b s t r a c t

Titanium has been widely used as biomaterial for various medical applications because of its mechanical
strength and inertness. This on the other hand makes it difficult to structure it. Nanostructuring can
improve its performance for advanced applications such as implantation and lab-on-chip systems. In this
study we show that a titania nanofoam on titanium can be formed under high intensity ultrasound (HIUS)
treatment in alkaline solution. The physicochemical properties and morphology of the titania nanofoam
are investigated in order to find optimal preparation conditions for producing surfaces with high wetta-
bility for cell culture studies and drug delivery applications. AFM and contact angle measurements reveal,
that surface roughness and wettability of the surfaces depend nonmonotonously on ultrasound intensity
and duration of treatment, indicating a competition between HIUS induced roughening and smoothening
mechanisms. We finally demonstrate that superhydrophilic bio-and cytocompatible surfaces can be fab-
ricated with short time ultrasonic treatment.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Artificial heart valves and joint components, dental implants,
orthopedic screws, pacemaker cases, vascular stents are commonly
used biomedical applications of titanium-based implants [1]. Tita-
nium is a bioinert metal, it induces a tolerable reaction in the host
tissue, shows an adequate resistance to the corrosive in-vivo envi-
ronment, and has the necessary strength, ductility and endurance
limit to withstand loading experienced in everyday life [2]. Intense
research is still being pursued in the development of new titanium
alloys with enhanced biocompatibility and lower elastic modulus
closer to bone [3]. Due to its outstanding properties, Ti and its
alloys up to nowadays represent the standard in orthopedic sur-
gery and implantology, in particular, of permanent load-bearing
implants [4]. Modifications of the surface at the nanoscale have
an effect on the chemical reactivity of a biomedical material affect-
ing biomolecular, ionic and other interactions of the surface with
the tissue [6]. Such changes in surface properties, altered by ultra-
sonic modification, may change wetting properties, leading to dif-
ferent protein adsorption, or influence bone mineralization [5].
Recent advances in regenerative therapies and surface science sug-

gest, that cell adhesion to the implant surface can be regulated by
various features of the underlying adhesive substrate, such as its
chemical composition, physical properties, and topography (for
more information about surface modification strategies and cellu-
lar recognition of these surfaces see these review papers [5,6]).
Recent studies in surface nanostructuring suggest that cells
respond to nanotopography [7].

The high mechanical strength and inertness of titanium is also
the main issue when trying to nanostructure it. Straight-forward
known surface treatments of Ti and its alloys (Ti6Al4V) can be
divided into three main groups: mechanical, chemical and physical
methods [4]. Polishing, machining, blasting belong to the mechan-
ical methods. Chemical manufacturing methods for surface modifi-
cation are acid- and alkali-treatments, anodic oxidation. Physical
methods can be represented by plasma spray treatment [8], ion
implantation [9] and laser treatments [10]. These methods can be
used either individually or in combination with other treatments,
and cause the formation of different nanotopographies with inho-
mogeneous features. However, the majority of methods for surface
nanostructuring are expensive, time consuming, or difficult to
apply for large scale implant production [11]. Parameters, which
are required for large-scale manufacturing, are the following: 1)
ability to simultaneously reach all surfaces in devices with com-
plex geometries (e.g. femoral stems, dental screws and cardiovas-
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cular stents); 2) possibility to modify at the nanoscale commer-
cially available biocompatible metals and implants; 3) simple inte-
gration into industrial process lines [4]. According to the above
mentioned features, chemical treatments seem to be attractive
for large-scale manufacturing, because they provide uniform
access of the reactive substance to all surfaces, but this leaves often
unwanted residuals. In addition chemical treatment needs further
processing in the case of annealing of crystalline materials at high
temperatures. Thus, it is important to find an alternative technol-
ogy with minimum chemicals addition for nanoscale modification
of titanium, which could be applied for multifaceted devices with
complex geometries such as dental screws and cardiovascular
stents of potentially partially crystalline materials.

Ultrasound is used in different areas, from surface modification
to capsules’ opening and diagnostics. High intensity ultrasound
(HIUS) is a promising method for the production of nanostructured
materials. Ultrasound is a unique energy source [12] which pro-
vides energy localization with possible acoustic cavitation phe-
nomena, i.e., the formation, growth, and implosive collapse of
cavitation bubbles in a liquid. This collapse is able to produce
intense local heating (hot spots with temperatures of roughly
5000 �C) and high pressures of about 500 atm [12]. At the liquid-
solid interface, the collapse drives high-speed jets of liquid into
the surface, whose impact is sufficient to locally melt most metals
[12,13] and induces significant changes in surface morphology,
composition, and reactivity. On contrary to the ultrasound power
used for disruption of carriers [14,15], the ultrasound power used
in our study for surface modification is at least 3 times higher.

The strategy we demonstrate here combines the extreme condi-
tions provided for short times by HIUS with a dedicated short term
chemical treatment, in special we combine HIUS with an alkali sur-
face treatment. The alkali surface treatment [16] showed an effect
analogous to heat treatment on the bone-bonding ability of alkali-
treated titanium. Additional treatment with ultrasound [17] can be
an attractive method for the production of a partially crystalline
titania nanofoam layer strongly adhering to the substrate. It has
been used for the development of multifunctional nanomaterials
such as bimetallic nanoparticles [18,19], magnetic nanoparticles
[20], nanocomposites [21], mesoporous metal surfaces and
sponges [22]. The effect of ultrasound irradiation on the surface
morphology and physicochemical properties has been demon-
strated in various studies [23,24]. Metal based surfaces irradiated
by HIUS are highly hydrophilic [25] due to their high roughness,
and an active oxide layer is formed on the metal surface. The sur-
faces are porous and attractive as surface encapsulation systems,
since no additional surface coating is required for encapsulation
of bioactive molecules [26]. High intensity ultrasound (HIUS) offers
a fast and versatile methodology for fabrication of nanostructured
materials, both inorganic and organic [27], that are often unavail-
able by conventional methods [28].

This paper contributes to the understanding of the mechanisms
involved in titanium surface modification in alkali solution during
HIUS. The morphology and chemical properties of the nanostruc-
tured surfaces produced by the sonochemical method extensively
depend on the various treatment parameters related to HIUS and
alkali treatment. HIUS processing is characterized by various ultra-
sound parameters (amplitude, intensity, frequency), and duration
of treatment, which can be summarized as the energy input into
the system. Alkali treatment is characterized by the nature and
concentration of the electrolyte solution. In this study, we
test the effect of HIUS energy input and alkali treatment on
morphology and physicochemical properties of the titanium sur-
face. Furthermore, we investigate the cytocompatibility of the
nanostructured titanium surfaces to show prospects of nanostruc-
tured materials for bio-application.

2. Experimental section

2.1. Materials

A titanium layer (99.9%) of thickness 400 nm was deposited on
glass or silicon substrates by means of Electron Beam Physical
Vapor Deposition (EB-PVD). The size of the substrates was (approx.)
1 � 1 cm2 to fit the homemade Teflon sample holder used for HIUS.
Prior to sonication, the metal plates were degreased with iso-
propanol and rinsed with Milli-Q water (18 MX�cm).

Bulk titanium or its alloys, although being very tough, can be
used for modification. In our experiments with cell studies it is
advantageous to use a nanoscale-thick Ti layer on a glass substrate
rather than bulk titanium, since the optical observation of the cell
growth requires transparent samples. The formed titania nano-
foam layer on glass is transparent enough to observe cell adhesion
and growth on the surface. Closest to bulk titanium are thicker lay-
ers, 400–150 nm. Thus, as model we use a 400 nm deposited layer
on glass or on silicon for atomic force microscopy study.

2.2. Fabrication of nanostructured surfaces

Samples were ultrasonically treated in presence of sodium
hydroxide using the ultrasonic processor UIP1000hd (Hielscher
Ultrasonics GmbH, Germany) with a maximum output power of
1000W. The apparatus was equipped with a sonotrode BS2d18
(head area 2.5 cm2) and a booster B2-2.2, magnifying the working
amplitude 2.2 times. Sonication parameters are controlled and pre-
sented in Fig. 1. Sonication was performed at ca. 20 kHz and con-
stant temperature of around 333 K monitored by the thermo
sensor inserted into the working solution. In order to investigate
the effect of preparation conditions on the morphology of nanos-
tructured titanium surfaces, samples were treated with ultrasound
of different amplitude (60, 70, 80%) for different time periods (3, 5,
7, 10, and 15 min). The maximum intensity was calculated to be
250W cm�2 at mechanical amplitude of 187 lm (at 100%). After
treatment the samples were additionally rinsed with isopropanol
and water.

The calculation of the energy corresponding to each ultrasonic
intensity and duration of treatment is given below. Firstly, accord-
ing to operating instructions for UIP1000hdT, the maximal
mechanical amplitude at 100% for the sonotrode BS2d18 without
booster is 85 lm. With an enhancing booster B2-2.2, the maximal

Sonotrode 

NaOH 
Sample 

Teflon  
sample holder 

Teflon ring 

T°C control 

(a) 

(c) 

(b) 

Fig. 1. (a) Experimental setup; (b) Homemade Teflon sample holder; (c) Ultrasonic
processor UIP1000hd (Hielscher Ultrasonics GmbH, Germany) equipped with a
sonotrode BS2d18 and booster B2-2.2. Sonotrode BS2d18: diameter 18 mm, approx.
length 125 mm; booster B2-2.2: booster B2-2.2: diameter 70 mm, approx. length
115 mm.
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mechanical amplitude was increased by a factor of 2.2 and
A100 = 187 lm, which correspond to the maximal ultrasonic inten-
sity I100 = 250 W cm�2. The equipment was operated at three
amplitudes 80, 70 and 60%, which correspond to ultrasonic inten-
sities I1 = 200, I2 = 175 and I3 = 150 W cm�2. The total power output
of an ultrasonic unit is the product of the sonotrode frontal area S
and ultrasonic intensity (Eq. (1)).

P½W� ¼ I½W cm�2� � S½cm2� ð1Þ

The energy E is the product of the corresponding power output
P and the time of exposure t:

E½W s� ¼ P½W� � t½s� ð2Þ

After rearranging, Eq. (2) becomes:

E½W s� ¼ I½W cm�2� � S½cm2� � t½s� ð3Þ

The values of energy corresponding to ultrasonic intensities and
durations of treatment are given in Table 1.

2.3. Atomic force microscopy (AFM)

AFM measurements were carried out in air at room tempera-
ture in tapping mode with micro cantilevers OMCL-AC160TS-W
(Olympus, Japan). Typical cantilever values: resonance frequency
300 kHz; spring constant 42 N/m. Atomic force micrographs of a
scan size 3 � 3 lm2 were made on three different places on the
sample. Image analysis was carried out with the software Nano-
scope V614r1. Quantitative data about the surface roughness,
height profile, and three-dimensional projections of the micro-
graphs were obtained using this software. The surface roughness
was quantified by the software as an arithmetic average of the
absolute values of the surface height deviations measured from
the mean plane:

Ra ¼
1
N

X

N

j¼1

jZjj ð4Þ

2.4. Water contact angle measurements

The contact angle was measured using the homemade system
described in Ref. [29]. Measurements were performed with a 1 ll
water droplet deposited onto the titanium substrates with a syr-
inge from the top. During the process, the contact angles, from
the left hL and from the right hR, are continuously monitored. After
that, the average contact angles hL and hR, Dh and an average con-
tact angle h were calculated as follows:

hR � hL
�

�

�

� ¼ Dh ð5Þ

hR
2
þ hL

2
¼ h ð6Þ

Untreated titanium substrates were used as a control.

2.5. Scanning electron microscopy (SEM)

Prior to microscopy the samples were sputtered with gold. SEM
was conducted with a Gemini Leo 1550 instrument (Leo Elektro-
nenmikroskopie GmbH, Germany) at an operating voltage of 3 keV.

2.6. Transmission electron (high-resolution) microscopy (TEM,
HRTEM)

Transmission electron microscopy (TEM) measurements were
performed on a Zeiss EM 912 Omega (Carl Zeiss AG, Germany)
transmission electron microscope operated at 300 kV and
equipped with an electron-diffraction (ED) unit. High-resolution
transmission electron microscopy (HRTEM) was performed by
TEM in a Philips CM30 operated at 300 kV. The samples were ultra-
microtomed (Leica EM FC6) and placed onto carbon-coated copper
grids.

2.7. Cell culture studies

A mouse calvarial preosteoblast cell line MC3T3-E1 was
obtained from the Ludwig Boltzmann Institute, Vienna, Austria.
Preosteoblasts were cultured in a-MEM supplemented with 10%
(by volume) fetal calf serum (FCS), 4500 mg glucose, 0.1% (by vol-
ume) gentamycin, 0.1% (by volume) ascorbic acid, and maintained
at 37 �C with 5% CO2 in humidified atmosphere. Cells were pas-
saged in total three times every 24 h by a dilution factor of 1/6.
After reaching confluence, cells were removed from the culture
vessels by incubating with pronase for 3–5 min and seeded onto
glass and TMS surfaces at 6000 cells/cm2. Three samples were
tested per substrate type, three independent experiments were
conducted. All surfaces and scaffolds were autoclaved before cell
culture experiments. After 3 h of growth optical images were
obtained with a phase contrast microscope.

2.8. Actin cytoskeleton staining

The surfaces were washed with phosphate buffer saline (PBS),
fixed with 4% paraformaldehyde in PBS, and permeabilized with
buffered Triton-X100 (Sigma-Aldrich, Steinheim, Germany) for
10 min at room temperature. The scaffolds were then thoroughly
washed with PBS and stained for 60–90 min with phalloidin Alex-
a488 (Invitrogen, Oregon, USA) (1:20) in dark at 4 �C. After that
scaffolds were thoroughly washed with PBS again, and stained
for nuclei with TO-PRO3 iodide (Invitrogen, Oregon, USA) (1:300)
for 5 min at room temperature. The scaffolds were washed with
PBS, mounted with Fluoro-Mount in inverted position on the glass
slides, and examined via confocal microscopy (Leica Microsystems,
Mannheim, Germany).

3. Results and discussion

In this study, we test first the effect of processing parameters,
such as HIUS energy input and alkali treatment, on morphology
and physicochemical properties of the titanium surface, then the
cytocompatibility of the nanostructured surfaces. The focus is on
formation of a nanofoam layer. In water Ti exhibits minor nano-
foam layer formation after 60 min of sonication [30]. Ti has a high
melting point, and the physical effect of melting is prevalent over
other effects of ultrasonic irradiation, therefore one can observe a
slight increase in surface roughness. However, by additional treat-
ment in NaOH one can enhance the chemical effects of ultrasonic
treatment.

The HIUS treatment gives rise to four different morphological
stages (Fig. 2), starting with an untreated flat titanium (Fig. 2,

Table 1
Energy of sonication used at different amplitudes and exposure times.

Energy, [W s]

Exposure time, [min] Ultrasonic intensity, [W cm�2]

150 (at 60%) 175 (at 70%) 200 (at 80%)

3 27,000 31,500 36,000
5 45,000 52,500 60,000
7 63,000 73,500 84,000
10 90,000 105,000 120,000
15 135,000 157,500 180,000
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untreated sample). It has a native oxide layer mainly composed of
the stable oxide TiO2 and is typically 3–7 nm thick [31]. Flat tita-
nium is treated with HIUS in presence of an aqueous solution of
NaOH. In the early stage of HIUS treatment in NaOH solution, a
native titanium oxide layer is removed, mainly mechanically dis-
rupted by HIUS and a mesoporous titanium dioxide layer is being
formed on the exposed surface (Fig. 2, stage I). With further alkali
treatment more hydroxyls attack hydrated TiO2, leading to nega-
tively charged hydrates on the metal surface:

TiO2 � nH2Oþ OH� $ HTiO�
3 � nH2O ð7Þ

The growth of titanate nanobelts perpendicularly from the tita-
nium scaffold is displayed in Fig. 2, Stage II, and finally, the forma-
tion of a complex hierarchical structure takes place (Fig. 2, Stage
III). For biological applications mesoporous titanium with the pro-
nounced nanofoam layers was used. In previous work on alu-
minium alloys [32], the strongest adhesion was observed before
the layer formed at Stage I. Moreover, together with the strongest
adhesion, the layer formed after Stage I covered the surface uni-
formly. This will be discussed further being the most promising
as novel strategy for titanium implant treatment.

Ultrasonic process  
in NaOH solu�on 

Ultrasonic process  
for a longer �me 

Further  
ultrasonic process  

Growth of �tanate 
nanobelts 

Mesoporous �tanium 
dioxide layer 

Na�ve �tanium 
dioxide layer 

Hierarchical 
porous �tania 

su

Untreated 
Sample 

Stage 

Stage Stage 

U

y

1 μm 

200 nm 200 nm 

500 nm 

Fig. 2. Schematic diagram of the morphological stages of the HIUS-alkali treated titanium surface: untreated flat titanium (Untreated Sample); mesoporous titanium dioxide
layer formed during the HIUS treatment in NaOH solution (Stage I); titanate nanobelts (Stage II) and hierarchical porous titania (Stage III) formed with further alkali
treatment. Surface nanotopographies were observed by SEM.

a) c) b) 

Ti             TiO2              NaxH2-xTi3O7                 Ti(OH)4 

HIUS 

OH- OH- OH- OH- OH- OH-

Disrup�on of na�ve 
oxide layer with HIUS 

HIUS 

Fig. 3. Schematic illustration of the structuring process taking place during the HIUS treatment of a titanium surface in aqueous solution of NaOH.
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What are the effects of high intensity ultrasonic treatment one
can use to overcome a TiO2 layer? The titanium covered with a
native layer (Ti/TiO2) is shown in Fig. 3a. Due to physical impact,
bubble collapse with high energy jets, the oxide layer is expected
to break [12]. The sonochemical etching during treatment in alkali
medium is obvious. The early study of Ziemniak et al. [33] showed
the solubility behavior of TiO2 in alkali media, e.g. in aqueous
sodium hydroxide. The main oxidation state is Ti4+, although due
to sonochemical non-equilibrium conditions one can expect also
the states Ti3+ and Ti2+, that are less stable, as intermediate result-
ing in an advanced nanostructured surface with an interesting
morphology for cell growth studies. In basic solution the negative
charge on the titanium surface increases with increasing pH [31]. It
was shown [27,28], that during the hydrothermal alkali treatment
the passive protective TiO2 layer partially dissolves into alkaline
solution because of the impact of the hydroxyl groups:

TiO2 þ OH� ! HTiO�
3 ð8Þ

In our study, the native oxide layer breaks up due to the phys-
ical effect of HIUS and, contrary to the hydrothermal treatment,
results in interplay between reactions with TiO2 and Ti with forma-
tion of an interpenetrating ‘‘domain-like” layer of complex struc-
ture (Fig. 3b). The reaction proceeds simultaneously with the
hydration of TiO2 (Eq. (8)) and Ti:

Tiþ 3OH� ! TiðOHÞþ3 þ 4e� ð9Þ

TiðOHÞþ3 þ e� ! TiO2 � H2Oþ 0:5H2 " ð10Þ

TiðOHÞþ3 þ 3H2 ! Ti0 þ 3H2Oþ 3Hþ ð11Þ

TiðOHÞþ3 þ OH� $ TiðOHÞ4 ð12Þ

High-intensity ultrasound induces a wide range of chemical and
physical consequences. The chemical effects of ultrasound derive
primarily from acoustic cavitation. The extreme temperatures
and pressures induce sonolysis and generation of highly reactive
radicals [12], which chemically transforms the solid surface. This
allows acceleration of a chemical reaction at the solid-liquid inter-
face, reactivity enhancement of the solids, and permits use of less
aggressive chemicals. The physical effects include (1) improvement
of mass transport from local turbulent flow and microstreaming,
(2) generation of surface erosion and pitting at liquid-solid inter-
faces by shock waves and microjets, (3) generation of high-
velocity interparticle collisions in liquid-solid slurries, and (4) frag-
mentation of fragile solids to increase the surface area [27]. The
combination of physical and chemical effects allows a one-step
straight forward modification of metal surfaces.

Thus, the final structure, shown in Fig. 3c, should be hydrophilic
due to surface –OH groups. In contrast to surfaces experiencing
hydrothermal treatments, the layer of formed oxidized structure
can be partially crystalline due to the high energy of the HIUS
applied to the system and extreme heating/cooling rates known
for the process. The low magnification TEM image of the cross sec-
tion of the film-substrate interface points to adhesion of the
formed interpenetration layer to titanium (Fig. 4a). The HRTEM
and ED micrographs detected the TiO2 (004) peak which corre-
spond to anatase (Fig. 4b). This experimental observation corre-
lates to the hydration of Ti in alkali solution (Eq. (10)).

The intensity and duration of ultrasound treatment significantly
affect the formation of a mesoporous titania surface. At ultrasound
intensities 150–200W cm�2 formation of a ‘‘domain-like” struc-
ture starts to form due to the development of the TiO2 layer. Mat-
uration mainly develops with the increase of duration and
intensity of ultrasonication (Fig. 5). Surface roughness Ra and con-
tact angle of three points on the surface are plotted vs. time
(Fig. 5a, c) and vs. energy (Fig. 5b, d) for different ultrasound

Fig. 4. (a) TEM images of areas of an interpenetration layer of amorphous titania well adhering to titanium with inclusions of (b) shown in HRTEM and electron diffraction
(ED) crystalline TiO2.

Fig. 5. AFMmicrographs and 3D projections of the ultrasonically modified titanium
surface at different intensities and duration: 15 min at intensity 150 W cm�2 (a);
15 min at intensity 200W cm�2 (b); 3 min at intensity 150 W cm�2 (c); 3 min at
intensity 200 W cm�2 (d). Scale bar is 1 lm.
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intensities (Fig. 6). For all intensities one observes a non-
monotonous behavior of roughness development with duration
of HIUS treatment. The highest surface roughness 15 ± 2 nm could
be achieved at highest I2 and 10 min of treatment. Quite high sur-
face roughness was achieved for I1 at 5 and 10 min of treatment,
14 ± 2 nm, respectively. For all three US intensities, one can

observe the following dependence: after the first peak with the
high surface roughness is achieved, the roughness first drops, but
after some time it increases again, reaching the highest value of
the first peak. One observes the same cyclic dependence for all
three intensities; however, the peak positions vary. For instance,
the curves I1 and I3 have analogous shapes with similar peak posi-

Fig. 6. Oscillations of surface roughness Ra (a, b), contact angle (c, d), and water droplet size (e, f) as a function of sonication time and energy at three ultrasound intensities:
I1 = 200, I2 = 175, and I3 = 150 W cm�2. (⁄) Measurement is done for 10 samples.
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tions; however curve I1 looks smoother than I2, which corresponds
to smaller changes in surface roughness. The surface roughness
does not monotonously increase but one observes its oscillations
on the nanoscale. Two possible reasons for such oscillatory behav-
ior can be assumed. The first one is based on purely mechanical
effects, i.e. on two opposing forces: mechanical surface disruption
increasing roughness and flaking off reducing the roughness. For
instance, at high US intensities one can achieve high roughness
at already 5 min of sonication. With further treatment, a strongly
modified layer is flaking off and gets flatter, therefore, the drop
in surface roughness. After that, the surface is modified again,
and the roughness increases. The second explanation is based on
a more complex effect, an interplay between the number of bubble
collapse events and temperature effect [34] of the HIUS. The more
bubble collapses takes place, the higher the roughness increases,
however due to the corresponding temperature increase, the sur-
face smoothens again. This cycle repeats. Although we use the
additional NaOH treatment in order to accelerate chemical effects
of HIUS over the physical ones, a local temperature variation still
seems to have an impact on surface roughness, which appears as
nanoscale roughness oscillations. The second explanation seems
more probable, because during the flaking off one will probably
obtain stronger drops and less periodic oscillations of surface
roughness. We used 5 M NaOH aqueous solution with pH 13. At
lower alkali concentrations pH 9 and 11, modification takes place,
but at the same HIUS conditions does not provide surface roughen-
ing higher than 10 nm.

The water contact angle measurements provide evidence, that
the HIUS-modified titanium surfaces exhibit extremely high
hydrophilicity (h below 10�), whichmay be called superhydrophilic
[35]. In order to measure very low contact angles, we used a home-
made system [29], where the contact angles, from the left hL and
from the right hR, are continuously monitored (Fig. 7). The differ-
ences may be due to impurities and inhomogeneities of the surface
chemistry and morphology. The lowest contact angle value
h = 3.3 ± 1.6� corresponds to the peak with the highest surface
roughness (I1 = 200W cm�2), and this holds for all three US inten-
sities. After that, contact angle values rise and drop again, reaching
the first low value. Here, the curve I3 shows the most significant
fluctuations in contact angle with energy input, however, the con-
tact angle values are still higher than for the higher intensities.
Thus, contact angle changes depend on time and energy input non-
monotonously, similar to the oscillating behavior of surface rough-
ness (Fig. 6c, d). In addition, similar behavior was demonstrated for
the changes of water droplet size in time for different US intensi-
ties (Fig. 6e, f). The following observations of water droplet size
are in good agreement with changes of contact angle: (1) the fluc-
tuations of droplet size are reversely dependent on contact angle
value for all three US intensities: large water droplets correspond
to small contact angles; (2) the biggest droplet size corresponds
to the lowest contact angle value h = 3.3 ± 1.6� at I1 = 200 W cm�2;
(3) It is known, that the contact angle is sensitive to local geomet-
rical transformations of the solid surface. The superhydrophilicity
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of the surface may be due to the nanosize features on the surface:
an intrinsically hydrophobic surface becomes more hydrophobic
[36], as its roughness increases, and the hydrophilicity increases
with roughness for the intrinsically hydrophilic surface [37]. In
our case, we deal with the intrinsically hydrophilic Ti surface due
to the native TiO2. The surface roughness of TMS surfaces does
not increase continuously but changes in an oscillatory manner.
The contact angle changes accordingly with nonmonotonic behav-
ior of surface roughness. It becomes more hydrophilic with
increase of surface roughness.

Nanostructured titanium has to perform well across two inter-
faces: between the bulk metal and the interpenetrating layer, and
between the interpenetrating layer and the tissue (Fig. 8). Investi-
gation of the physicochemical properties of the mesoporous tita-
nium surface has demonstrated the unique achievement by HIUS
treatment in NaOH. Due to its continuous transition from surface
to bulk, the interpenetrating TiO2 layer has high bonding strength
to the bulk metal (Fig. 8a). In order to estimate the cytocompatibil-
ity of the produced TMS surfaces, cell culture studies with a
MC3T3-E1 preosteoblast cell line were performed. Different stages
of tissue formation were investigated: early stages at 24 h, 48 h,
and 5 days of cell incubation on the TMS surfaces. The cell behavior
was examined by confocal microscopy. At early stages (Fig. 8b), we
observed quite large single cells with an easily identified nucleus,
which start to spread and to form cell-cell contacts. At higher levels
of proliferation (Fig. 8c), the cells form numerous cell-cell contacts,
and complete coverage of the TMS surface is achieved. For the

investigation of tissue growth for longer times, cells were seeded
onto the tissue engineering scaffolds with round channels of
500 lm diameter treated with HIUS. The cells formed 50–70 lm
thick tissue within the microchannels after 5 days of incubation
(Fig. 8d), and the kinetics of tissue growth could be quantified by
measuring the projected tissue area in the microchannel (Fig. 8e)
as described in [38,39]. The amount of tissue formed in the chan-
nels modified with HIUS was found to be larger than in unmodified
ones. This observation demonstrates an important effect of nanos-
tructuring on tissue growth and demonstrates that TMS can firmly
integrate with the preosteoblast cell line MC3T3-E1 at different
time points of tissue growth. Our results suggest that the titanium
nanotopography can have a significant effect both on individual
cells and tissue. The behavior of the first cell layer is important
to understand and control, since we believe it to play a crucial role
in the further tissue formation. As such this will be an important
focus of further cell culture studies on TMS surfaces. Much
research has been done on understanding 3D tissue growth in
channels of different geometries. It has been shown that after cells
completely cover the substrate, tissue growth, at later time points
than those studied here, could be described by a model for
curvature-controlled growth. This suggests that by tuning the
geometry of the scaffolds for tissue engineering at multiple length
scales it is not only possible to accelerate growth by large scale
geometries [35], but also by controlling nano-scale topographies
as demonstrated here. Further studies are needed to investigate
this in more detail.
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Fig. 8. Nanostructured titanium has to perform well across two interfaces: between the bulk metal and the interpenetrating layer, and between the interpenetrating layer
and the tissue (a). Colors of circles correspond to the same materials as in Fig. 3. Due to its unique properties achieved with HIUS treatment in NaOH, the mesoporous titanium
surface has high bonding strength to the bulk metal. It can firmly integrate with the preosteoblast cell line MC3T3-E1 at different stages of tissue formation: individual cells
after 24 h of growth (b), cell layers after 48 h (c), and tissue growth in tissue engineering scaffolds after 5 days (d). Confocal microscopy images with nuclear (red) and actin
(green) staining. Scale bar is 100 lm. Quantitative analysis of tissue growth in circular pores of 500 lm diameter unmodified (initial) and modified with HIUS (e). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

This work contributes to the fundamental understanding of the
mechanism of acoustic cavitation at the titanium surface in combi-
nation with alkali treatment. We have shown an elaborated multi-
stage process of titanium surface nanostructuring with HIUS in
NaOH. By controlling the treatment parameters such as ultrasound
intensity and duration of treatment, control over physical, chemi-
cal, and structural properties of the titanium surface is achieved.
Conditions optimal for the formation of nanostructured TMS were
found via SEM, TEM, AFM, and contact angle measurements. Soni-
cation in alkali conditions induces changes of surface nanotopogra-
phy, wettability and crystallinity of the titania surfaces. Due to the
interplay between physical and chemical effects of the proposed
technique, short HIUS treatment is sufficient for formation of a
nanostructured titanium dioxide surface. This surface presents
good cytocompatibility for MC3T3-E1 preosteoblasts, which makes
them suitable for biological applications.
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1. Introduction

Recent advances in material research have gained an increased 
knowledge on the role of the extracellular environment in 
tissue repair and regenerative processes.[1–3] The physical and 
chemical cues presented by the extracellular environment have 
been shown to directly impact cell behavior such as prolifera-
tion, adherence, and migration.[4] The vast majority of research 
is dedicated to the chemical composition of the extracellular 
environment and found striking impact on the differentiation 
potential of cells, but little is known about the impact of the 

Surface structuring of titanium-based implants is known to modulate the 
behavior of adherent cells, but the influence of different nanotopographies is 
poorly understood. The aim is to investigate preosteoblast proliferation, adhe-
sion, morphology, and migration on surfaces with similar surface chemistry 
but distinct nanotopographical features. Sonochemical treatment and anodic 
oxidation are employed to fabricate disordered, mesoporous titania (TMS) 
and ordered titania nanotubular (TNT) topographies on titanium, respectively. 
Morphological evaluation reveals that cells are polygonal and well-spread on 
TMS, but display an elongated, fibroblast-like morphology on TNT surfaces, 
while they are much flatter on glass. Both nanostructured surfaces impair 
cell adhesion, but TMS is more favorable for cell growth due to its support 
of cell attachment and spreading in contrast to TNT. A quantitative wound 
healing assay in combination with live-cell imaging reveals that cell migra-
tion on TMS surfaces has a more collective character than on other surfaces, 
probably due to a closer proximity between neighboring migrating cells on 
TMS. The results indicate distinctly different cell adhesion and migration 
on ordered and disordered titania nanotopographies, providing important 
information that can be used in optimizing titanium-based scaffold design to 
foster bone tissue growth and repair while allowing for the encapsulation of 
drugs into porous titania layer.
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extracellular environment’s topography 
on bone progenitor proliferation, adhe-
sion, and migration. To date, titanium and 
its alloys find wide application in regen-
erative medicine, representing clinically 
relevant implant materials which need 
further improvement for enhancement of 
healing and tissue regeneration.[5–7] Par-
ticularly, the speed and effectiveness with 
which these alloys become populated by 
progenitor cells, may be crucial for their 
efficacy in promoting repair. Besides 
their chemical properties, others have 
already proposed that the material sur-
face topography is fundamental for this 
process.[8] Recently, we have shown the 
prospects of nanostructured titania sur-
faces for the development of lab-on-a-chip, 
light-triggered systems to guide proteins 
on the cell surface by dynamic oscilla-
tion of soft matter organized on titania 
to regulate inorganic–organic–polymeric 
interfaces.[9–11]

Several studies using surface struc-
turing approaches demonstrate that cells 
respond to nanotopography.[12–16] This 
is further supported by the influence of 

nanoscale features on interactions between biomaterials and 
host tissues. For example, (1) cells grow on nanostructured 
extracellular matrices, (2) biological events such as signaling 
are orchestrated at the nanoscale level, and (3) adsorbed pro-
teins and their aggregates are a few nanometers in dimension 
and their spatial patterning and deposition on surfaces influ-
ences cell biology.[17,18]

Physical cues of the extracellular space such as stiffness and 
topography are likely sensed by the cell’s focal contact points, 
or focal adhesions. Selhuber-Unkel et al.[12] have shown that 
the spacing between gold nanopatterns on glass substrates 
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determines the strength of cell adhesion. These results suggest 
that cells sense small changes in adhesive signals and trans-
late these into large changes in total cell strength. Oh et al.[14] 
showed that titania nanotube diameter can strongly alter the 
differentiation pathway of human mesenchymal stem cells.

Titanium is a common material used in dental and ortho-
paedic implants due to its inertness and high mechanical 
strength.[8] It is easy to integrate as an element of light-sensitive 
systems due to photoactivity of the titania layer.[19] A variety of 
surface modification strategies can be employed to titanium-
based implants to enhance osseointegration.[20–23] Straight-
forward surface treatments of titanium and its alloys can be 
divided into three main groups: mechanical, chemical, and 
physical methods.[8,20] These methods are used either individ-
ually or in combination, and cause the formation of different 
nanotopographies. Major disadvantages of mechanical and 
physical methods include that they are expensive, time con-
suming, and difficult to apply for large-scale implant produc-
tion.[24] By contrast, chemical treatments are attractive for large-
scale manufacturing[8] because they provide uniform access of 
the reactive substance to all surfaces, which can be applied to 
multifaceted devices with complex geometries such as dental 
screws and cardiovascular stents. However, the majority of 
chemical methods modify not only topography, but also other 
surface features such as chemical composition,[25] wettability,[26] 
crystallinity,[27] and adsorption ability.[28] These surface observ-
ables can also modulate cell behavior[27,29–31] (for more infor-
mation about surface modification strategies and cellular rec-
ognition of these surfaces see the review papers[32,33]) and it is 
difficult to distinguish which factor leads to the observed cell 
response.

In the studies[34,35] the nanotopography-induced osteogenic 
differentiation of the MC3T3-E1 cells is addressed. The corre-
sponding analysis of the samples was performed at day 7 and 
day 4, respectively. The cells were also cultured in an osteogenic 
medium. First, in contrast to the mentioned studies, in our 
study we aim to investigate the effect of nanotopography alone 
on cell response in absence of any (bio)chemical factors. The 
focus of our investigation is the immediate/early response of 
cells just relying on the material surface topography. Therefore, 
the cells were cultivated in the absence of sufficient concentra-
tion of pro-osteogenic differentiation factors. Second, to under-
stand the mechanism of the nanotopography–cells/tissue rela-
tionship, we generally propose to study cell response to nano-
topography at different stages of tissue formation: starting from 
single cells to 3D tissue growth. For this purpose, in this study, 
we first provided the comprehensive investigation of the single 
cell response to nanotopography.

The important difference of our investigation to the study[36] 
is that the authors investigated the response of MC3T3-E1 
cells on titanium micro-, but not nanotopography. The sur-
face exhibited the combination of macro- (dimensions of about 
10–50 µm) and microfeatures (0.5–3 µm). It has been shown 
that micro- and nanotopography induce very different cell 
responses. The scale sizing of the used materials in the men-
tioned study compared to the study shown here is therefore not 
comparable as is not the cellular response to be investigated. 
In contrast to microporous structuring, matrix deposition, pro-
tein absorption, and the cellular architecture at the cell–matrix 

interface are very different when cells are seeded on nanostruc-
turing materials presented in this paper.

The papers of Karazisis et al.[37] and Freitas et al.[38] present 
the effect of Ti nanotopography on bone response by using the 
same method as Castro-Raucci et al.[34] and Kato et al.,[35] how-
ever applying an in vivo approach. The publication history of 
the articles[34,35] indicates that the studies are performed in a 
logical order: from in vitro to in vivo. We consider our research 
as a comprehensive study, investigating (i) cell response to the 
mesoporous titania (TMS) fabricated by the novel sonochemical 
treatment, and (ii) comparison between the cell responses to 
ordered and disordered surface nanotopography.

Moreover, in this study, high-intensity ultrasound treatment 
(HIUS) was used in combination with alkali-treatment to obtain 
controllable surface nanostructuring. This cost-effective[39] 
method allows for controllable modification of titanium with 
fast production of a mesoporous titania (TMS) layer. The major 
advantage of this technique is that the propagation of cavitation 
generates large local temperature gradients in solids, resulting 
in materials with compositional gradients[40] and nonequilib-
rium nanostructures at ambient conditions. Moreover, active 
OH-groups formed during the preparation procedure allow for 
an effective encapsulation of relevant bioactive molecules and 
formation of sponge-like structures.[41,42]

We have recently reported on the response of C2C12 
mouse myoblast precursor cells, including their differentia-
tion behavior, to mesoporous titania and titania nanotubes.[43] 
Titania nanotubes are a well-studied material,[44] produced by 
anodic oxidation which leads to the formation of TiO2 nanotube 
arrays. We observed that the nanostructure of the material has 
an impact on the osteogenic differentiation, whereas it only 
moderately affects myogenic differentiation. Here, for the first 
time, we discuss cell migration characteristics of osteoblast-like 
MC3T3-E1 cells together with cell number, proliferation, and 
adhesion on titania of two different nanotopographies: disor-
dered, mesoporous titania (TMS) and ordered titania nanotubes 
(TNTs).

2. Results and Discussion

2.1. Physicochemical Properties Analysis

To investigate the physicochemical properties of the titania-
coated substrates, scanning electron microscopy (SEM), atomic 
force microscopy (AFM), and contact angle measurements 
were performed (Figure 1). The surface topography was exam-
ined using SEM. Figure 1A illustrates SEM of the titania sur-
face nanotopographies produced by sonochemical treatment 
and anodic oxidation. The mesoporous titania (TMS) produced 
by HIUS is a disordered irregular porous TiO2 layer. Anodiza-
tion leads to the formation of TiO2 nanotube (TNT) arrays with 
a regular pore diameter of ≈70 nm. As a control, either glass 
or untreated metal was used. A more detailed investigation of 
surface characteristics is shown in Kopf et al.[43] The surface 
roughness was quantified by AFM (Figure 1B,C). All surfaces 
possess nanoscale surface roughness. The arithmetic mean sur-
face roughness (Ra) of the modified surfaces exhibited values 
of more than 20 nm for nanostructured surfaces and less than 
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5 nm for unmodified surfaces. The wettability of the surfaces 
was quantified by contact angle measurement (Figure S1, Sup-
porting Information). All surfaces were determined to have 
contact angles of less than 65°, denoting hydrophilicity.[45] Both 
surface modifications showed very low contact angles, lower 
than 10°, thereby indicating their highly hydrophilic nature.

To estimate the level of nanotopography disorder, fast Fourier 
transform (FFT) was performed on SEM images of mesoporous 
and nanotubular titania surfaces (Figure S2, Supporting Infor-
mation). For this purpose, the SEM images (Figure S2a,b, 
Supporting Information) were first binarized (Figure S2c,d, 
Supporting Information) and then FFT was performed twice 
(Figure S2e–h, Supporting Information), followed by the radial 
integration of the processed image. The final radial profile plot 
(Figure S2i, Supporting Information) depicts smooth and peri-
odic plots for TMS and TNT, respectively. These data indicate 
an amorphous, disordered nature of TMS and periodic, ordered 
nature of TNT.

To determine the structure of titania films on the surface 
of nanostructured titanium, we used Raman spectroscopy. 
Figure S3 (Supporting Information) shows the Raman spectra 
of TMS and TNT surfaces heated at 450 °C. There are three 
bands (at 245, 449, and 612 cm−1) in the spectrum of the TMS 

and there are four bands (at 200, 399, 518, and 639 cm−1) in the 
spectrum of TNT. The Raman spectra of TMS and TNT sur-
faces are in good agreement with the Raman spectra of rutile 
and anatase, respectively, available in literature.[46] Titanium 
dioxide occurs as two important polymorphs, the stable rutile 
and metastable anatase. This transition does not have a unique 
temperature; the reported transition temperatures vary in 
the range 400–1200 °C. Anatase transforms irreversibly to 
rutile at elevated temperatures. It is even possible to form rutile 
under near room temperature conditions. Since TMS surface 
is already partially crystalline after the HIUS treatment,[40] fol-
lowing temperature treatment results in transformation of 
anatase into rutile phase. TNT surfaces require the temperature 
treatment to undergo transformation from the amorphous to 
the crystalline anatase phase. Obtained results indicate that the 
rutile phase occurs in TMS surfaces whereas in TNT only an 
anatase modification of titanium oxide is present.

Thus, both nanostructured surfaces have comparable 
nanoscale surface roughness and high wettability, but different 
nanotopographies. Having found that the substrates are bio-
compatible with similar surface chemistry, we next aimed to 
determine the role of nanotopography in the modulation of 
cell behavior. Biological studies included investigation of cell 
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Figure 1. Physicochemical surface characterization. A) SEM images, B) AFM height images, and C) 3D roughness profiles of titania surfaces. SEM 
reveals disordered inhomogeneous pores of mesoporous titanium and vertically oriented pores of nanotubes with average diameter of ≈70 nm. TMS 
and TNT have average image roughness of ≈20 and 30 nm, respectively. The average image roughness (Ra) was calculated from images taken at three 
different locations on each surface.
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growth parameters such as proliferation, morphology, adhe-
sion, and cell migration.

2.2. Cell Proliferation

To estimate MC3T3-E1 cell proliferation on surfaces, the den-
sity of adhered cells was calculated at 3 and 24 h after seeding 
(Figure 2). Figure 2A depicts that after 3 h, the seeded cells 

populated TMS and glass surfaces with comparable densities, 
but fewer cells were present on TNT. Considering the density 
of cells after 3 and 24 h (Figure 2B), TNT surface slowed cell 
proliferation, whereas glass and TMS supported it. To validate 
this result by a biochemical technique, we performed Ki67 
staining which indicates proliferative cells by appearance of the 
Ki67 protein in the nucleus of cells in G1, S, G2 or M-phase 
(Ki67(+)). 4′, 6-Diamidin-2-phenylindol (DAPI) counts and 
quantification of Ki67(+) cells are in line with the observations 
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Figure 2. Cell proliferation analysis. A) Optical images of MC3T3-E1 cells after 3 and 24 h after seeding on titania surfaces. B) MC3T3-E1 cell densi-
ties on different substrates and C) analysis of MC3T3-E1 cell shape after 3 h. D,E) MC3T3-E1 cell proliferation estimated with the Ki67 assay. Error 
bars represent standard deviation. Three samples were tested per substrate type; three independent experiments were conducted. The Ki67 assay was 
performed once for all substrates in triplicates using the color deconvolution plugin of ImageJ. ** indicates p < 0.01; * indicates p < 0.05.
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we gained by the light microscopical cell counting (Figure 2E). 
As previously described in Biggs et al.,[47] anchorage-dependent 
growth of preosteoblasts requires extracellular matrix (ECM) 
anchorage for efficient proliferation and differentiation. Thus, 
the inhibited cell proliferation could be caused by relatively 
weak cell adhesion to TNT, as compared to the other nano-
topographies. Also, the deposition of cells endogenously pro-
duced ECM might be influenced by the hollow nature of TNT 
compared to TMS, which could act to trap and deposit endoge-
nously secreted ECM proteins such as collagens and fibronectin 
in an inaccessible fashion for the cell to sense and adhere to. 
To further confirm this suggestion, we performed experiments 
investigating cell adhesion, described in Section 2.4.

2.3. Cell Morphology

In addition to the different cell densities, we found distinct 
cell morphologies on the different surfaces (Figure 2C). Three 
distinct cell morphologies were apparent: (1) cells with multi-
directional protrusions, indicating protrusive cell behavior in 
all directions, (2) elongated cells with a fibroblast-like mor-
phology displaying a distinct leading edge and retracting tail, 
indicating strong motile behavior, and (3) rounded cells which 
are attached but have not begun to spread, suggesting only 
mild, if any, establishment of mature focal contact points with 
the substratum. All three types of morphologies are seen on all 
substrates, but in different proportions. The majority (>50%) of 
cells grown on TNT are elongated; however, by contrast, cells on 
TMS have mainly star-like shapes (>60%) indicating the forma-
tion of actin-driven cellular processes such as lamellipodial and 
filopodial protrusions. On each of the three substrate types, up 
to 10% of cells are rounded. Taken together, the results indicate 
that cell density and shape at 3 h after seeding are indeed not 
uniform on the different substrates, thereby providing evidence 
of nanotopography-induced modulation of immediate-early cell 
attachment, spreading and formation of cellular processes. Dif-
ferences in cell morphology become more pronounced with the 
time of cell incubation, increase of elongated cells on TNT and 
cells with multidirectional protrusions on TMS is seen upon 
incubation with substrates for 24 h.

To further verify the effect of nanotopography on cell mor-
phology, we next performed immunocytochemical staining of 
the filamentous actin (F-actin) cytoskeleton. Investigation of 
F-actin structure and architecture further confirms the nano-
topographic effects on cell shape and spreading. The fluores-
cence images in Figure 3 illustrate the evolution of cell mor-
phology over the time course of 3 h, 24 h, and 5 d after cell 
seeding. After 3 h (Figure 3A), adherent cells displayed a 
rounded or polygonal shape on glass and TMS, which is com-
monly described as a cobblestone-like morphology and often 
seen in resting bone progenitors, and a fibroblast-like shape 
on TNT, indicating the formation of unidirectional cellular pro-
trusions such as lamellipodia which is required for the estab-
lishment of planar cell polarity.[48] Polarization and protrusion 
formation was more obvious on TNT compared to the other 
two substrates and is a hallmark of highly motile cells. After  
24 h (Figure 3C), the adherent cells on all substrates exhibited a 
polygonal shape. However, cells on TNT were more elongated, 

less spread along all axes of the cell body, but still possessed 
more cellular protrusions within the cells leading edge. Actin 
stress fibers tended to coalign in a parallel fashion in cells 
seeded on glass and TMS, whereas on TNT they aligned in the 
direction of cell protrusion and perpendicular to the leading 
edge, indicating a nonuniform F-actin alignment of the leading 
edge (Figure 3B). Moreover, the cell nuclei on TNT also under-
went elongation, whereas the nuclei of cells on glass and TMS 
remained regular (Figure 3C, insets). To quantify the cell and 
nuclear elongation, the shape index, or circularity, of each indi-
vidual cell and nucleus determining cellular (cell area factor) 
and nuclear elongation (nuclear area factor), respectively, was 
calculated using the built-in functions of the ImageJ software 
(Figure 3G,H). As the circularity value approaches 0, it indi-
cates an increasingly elongated shape; the shape index of 1 indi-
cates a perfect circle. The cell area factor of the preosteoblasts 
is below 0.4, indicating development of polygonal cell shape on 
all substrates. The nuclear area factor of preosteoblasts on TMS 
and glass substrates is in the range 0.7–0.9, indicating circular 
nuclear shape on these substrates. On TNT, the Nuclear Shape 
Factor is lower than on TMS and TNT and is in the range  
0.5–0.65, indicating nuclear elongation. In line with the 
previous observations of cell morphology, we suggest a more 
active migratory behavior of cells populating TNT surfaces 
since nuclear localization and elongation follows cell spreading 
and protrusion formation.

To further investigate cell morphology, we next performed 
SEM of adherent cells (Figure S4, Supporting Information). 
SEM images confirmed the morphological observations of 
MC3T3-E1 cells cultured on substrates after 24 h. After 24 h of 
cell adhesion, two cell morphologies could be observed: spread 
(TMS) and elongated (TNT). Whereas cells on TMS display 
strong spreading morphology and multidirectional protrusions, 
cells seeded on TNT show an elongated morphology with clear 
unidirectional protrusion formation. The high density of the 
cells after 5 d in culture (Figure 3D) did not allow for accurate 
observation of their morphology. However, according to the 
calculated number of cell nuclei (Figure 3E), the cell density at 
this time-point followed the order: TMS > TNT. Whereas the 
densities of cell layers on glass and TMS were comparable, it 
was still possible to observe actin fibers and cell protrusions of 
single cells on TNT surfaces. Such low densities are presum-
ably caused by the lower proliferation rate on TNT, as described 
above along with their elongated morphology. Additionally, cell 
height measured by confocal laser scanning microscopy after  
3 h also differed between the substrates (Figure 3F), which may 
also contribute to cell density at later stages. The cells on glass 
are more flat than on nanostructured titania surfaces. Surpris-
ingly, cells on TNT had a height comparable to the thickness on 
glass of ≈20 µm, while cells on TMS had the highest thickness 
of ≈40 µm.

The results indicate that preosteoblasts tend to have a spe-
cific morphology, height, and shape on each substrate, thereby 
indicating nanotopography-induced modulation of cell mor-
phology. Notably, this observation was seen at different time 
points of cell adhesion: after 3 h, 24 h, and 5 d. Already after 
3 h, cells cultured on glass and TMS possessed numerous 
multidirectional protrusions which developed homogeneously 
along the cell periphery. Cellular protrusions such as filopodia 
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and lamellipodia are actin-rich protrusions 
which allow cells to probe their surface while 
searching for locations to make focal con-
tacts.[16] A continuous “treadmilling-like” sta-
bilization and destabilization of these focal 
contact points within cellular protrusions is 
a prerequisite for cellular migration.[49] Con-
sistent with previous studies,[49] cells cultured 
on TNT possessed polarized morphologies, 
characteristic of migrating cells: a leading 
edge, consisting of the lamellipodium and 
filopodia protrusions, and a trailing edge. 
The fibroblast-morphology-like cell spreading 
on TNT surfaces and the structure of the 
F-actin fibers is also supporting the idea 
of transient adhesion formation near the 
leading edge and rear ends of the cells (nas-
cent adhesion), while more mature and long 
lasting focal adhesion formation may appear 
on TMS and glass. One plausible explana-
tion for these differences is the distribu-
tion and deposition of adsorbed proteins,[50] 
which can also be modulated by nanotopo-
graphy. Several studies reported elongated 
cell morphology on TNTs of similar dimen-
sions[48] and fibroblast-like shape on nanotex-
tured titania produced by etching and other 
methods.[51–53] These cellular behaviors are 
considered to be related to the size of the 
cell–surface contact[54] and to the amount of 
adsorbed proteins which can be recognized 
by integrin transmembrane receptors. In 
this study, the diameter of the nanotubes 
was ≈70 nm, which was reported to prevent 
integrin clustering.[48] Such spacing provided 
a distribution of binding sites which was 
ineffective for focal contact formation and the 
cells had to extend their filopodia in order to 
find more adsorbed proteins.[55,56] In contrast 
to the TNT surfaces, the cells on disordered 
TMS substrates had relatively uniform access 
to adsorbed proteins due to the homoge-
neous localization of proteins on the surface. 
When anchored, filopodia converts to the flat  
membrane protrusions called lamellipodia.[57] 

Figure 3. Cell morphology analysis. Actin (green) 
and cell nucleus (red) fluorescence images of 
MC3T3-E1 cells cultured on titania surfaces for A) 
3 h, C) 24 h, and D) 5 d. B) Offsets on actin align-
ment. E) Number of cell nuclei calculated after 5 d 
of tissue growth. F) Cell thickness measured by the 
confocal laser scanning microscopy after 3 h of 
growth. G) Cell area factor and H) nuclear area factor 
evaluated using built-in functions of NIH ImageJ 
software, with a shape index of 1 representing 
a circle. **** indicates p < 0.001; *** indicates  
p < 0.005; * indicates p < 0.05.
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Figure 3 shows an example of a lamellipodial 
cell shape developing on TNT, indicating 
strongly migrating cells with fewer mature 
focal contact points on TNT than on TMS.

2.4. Cell Adhesion

To further investigate the role of surface 
nanotopography in modulation of cell adhe-
sion formation, we next aimed at character-
izing the colocalization of bundled F-actin 
with the pan-focal adhesion marker pro-
tein vinculin. Mature and long-lasting focal 
adhesions with a slow turn-over are usually 
physically linked to large, readily visual-
ized actomyosin bundles.[58,59] For this pur-
pose, MC3T3-E1 cells cultured for 3 h on 
glass or nanostructured titanium substrates, 
were examined by confocal laser scanning 
microscopy (Figure 4). Figure 4A presents 
the images of double-stained MC3T3-E1 
cells, where the green and red colors indi-
cate F-actin fibers (stained with phalloidin 
Alexa488) and vinculin (stained with antiv-
inculin antibody coupled to Alexa594), 
respectively.

The images of single cells in Figure 4A,B 
illustrate the focal contact points of MC3T3-
E1 cells after 3 h of adhesion. In line with 
our previous observations, cells on TMS sur-
faces are well-spread into multiple directions; 
one can easily observe a large amount of 
actin fibers spreading in multiple directions. 
In contrast, cells attached to TNT are less 
spread and begin to form a more elongated 
morphology with cellular protrusions and 
polarization; actin stress fibers tend to align 
with each other in the direction of cell pro-
trusion suggesting a motile state. Moreover, 
we observed a high degree of colocalization 
(Figure 4B,C) of dense actin bundles within 
the focal contact points in cells on TMS, but 
to a lesser extent on TNT. This colocalization 
of vinculin with bundles of F-actin in cells 
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Figure 4. A) Cell adhesion analysis. Confocal 
microscopy images with actin (green) and vinculin 
(red) staining showing MC3T3-E1 cell adhesion on 
substrates after 3 h. B) Magnified images of focal 
contact points. C) Colocalization analysis of focal 
contact points (B) as reflected by profile plots. D) 
Average cell area and E) average number of vinculin 
adhesion plaques per cell at 3 h. Error bars repre-
sent standard deviation (±SD). Three samples were 
tested per substrate type; three independent experi-
ments were conducted. * indicates p < 0.05.
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seeded on TMS suggests that there is more stable actin cable 
bundling within the focal contact points, indicating mature 
adhesions forming on TMS, in contrast to nascent adhesions of 
migrating cells on TNT.

To study cell adhesion to the substrates, various parameters 
were quantified such as cell area (Figure 4D) and the number of 
vinculin-positive plaques per cell (Figure 4E). The surface nano-
topography had an influence on cell spreading, where 3 h after 
cell seeding, the cell-spreading area was significantly higher on 
TMS compared to the other surfaces (Figure 4D). TNT showed 
the lowest level of cell spreading. It was also evident that sur-
face nanotopography had an influence on focal contact forma-
tion. Although the average area of one focal complex was for 
all surfaces in the range of 3 ± 2 µm2 (data not shown), the 
number of vinculin-positive plaques was significantly higher on 
glass samples compared to TMS and TNT (Figure 4E).

Notably, although the overall number of vinculin-rich 
plaques per cell was rather low on both nanostructured surfaces 
in comparison to glass, TMS performance in cell attachment 
and morphology was still more favorable than TNT. A plausible 
explanation for this is that not only number and area of focal 
adhesions, but also their localization determines the strength 
of cell adhesion. In the case of glass and TMS, focal adhesions 
were localized regularly along the cell periphery, whereas on 
TNT cells were forming adhesion contacts only in proximity to 
the polarized cell protrusions. These observations are in good 
agreement with the estimation of cell morphology (Figure 2D),  
where the majority of MC3T3-E1 cells prefer to develop  
multidirectional protrusions on TMS (≈65%) but unidirectional 
protrusions on TNT (≈55%). Moreover, analysis of the colocali-
zation of bundled F-actin (as indicated by Phalloidin-staining 
in green) with vinculin-rich focal contact points (red) suggests 
a stable accumulation of bundled F-actin with focal contact 
points on TMS and glass surfaces, but a rather metastable 
accumulation in focal contact points on TNT. It is well-known 
that mature and persistent cell adhesions are rich in bundled 
F-actin, as is the case for the TMS substrate, since the F-actin 
cytoskeleton couples to focal contact points only when they are 
stable and undergoing a slow turnover (or destabilization). By 
contrast, the lower amount of bundled F-actin in the focal con-
tact points on TNT, and presumably shorter-lasting colocaliza-
tion, indicates a higher turnover rate of cell adhesions, charac-
teristic of migrating and motile cells.

The directionality of the F-actin bundles indicates different 
directions in cell traction forces generated on the different 
substrates. Here the directionality of F-actin bundles on glass 
and TMS is multidirectional, thereby allowing effective cell 
spreading. On TNT, stress fibers tend to align and orient with 
the length of the cell body, leading to polarization and elonga-
tion. The cytoskeletal stresses might also be directly transduced 
into nuclear function,[60] thereby leading to nuclei elongation 
on TNT.

Interestingly, compared to TMS, the glass substrate induces 
stronger cell attachment and a higher number of focal contacts, 
but weaker cell spreading. The distribution of adsorbed extra-
cellular matrix proteins on glass seems to be different due to 
several reasons: surface roughness, surface area, surface geom-
etry, and surface chemistry. Although it is still hydrophilic, 
glass has a significantly higher contact angle and lower surface 

roughness than of the TMS. Previous studies reported that very 
hydrophilic substrates (θ < 35°) inhibit the adsorption of serum 
proteins, causing lower spreading and attachment of human 
fibroblasts in contrast to the surfaces with moderately wettable 
surfaces (i.e., θ = 48°–62°).[29]

Similar to our findings, multiple studies report weak cell 
attachment on TNT. These observations are also in line with 
the cell behavior observed on other ordered regular nanofea-
tures such as nanoposts[61] and nanopits.[62–64] The feature sizes 
described in these studies are in the range of 80–300 nm and 
higher, which is over a density threshold corresponding to a 
spacing of integrin-adhesive RGD ligands per unit area, which 
is ≈70 nm.[13,65] Some common effects of ordered nanotopogra-
phies with feature sizes exceeding 70 nm on cells include (1) 
reduced area of adhesion complexes, (2) increased filopodia, (3) 
biased orientation, and (4) constant traction forces. By contrast, 
increased adhesion has been reported on random nanoposts.[66] 
Taken together, the level of nanotopography (dis)order may 
have different implications for cell proliferation, morphology, 
and adhesion.

2.5. Cell Migration

Cellular morphology, adhesion strength, and persistence 
impact the dynamics of cellular motility. To further verify the 
effect of nanotopography on cell behavior, we asked whether 
it also affects cell migration. To our knowledge this is the 
first study to report in vitro migration of MC3T3-E1 cells on 
mesoporous and nanotubular titania. For this purpose, a quan-
titative wound healing assay using live cell microscopy was 
performed (Figure 5). Quantitative wound healing allows for 
measurements of the speed, dynamics, and single versus col-
lective migratory behavior of cells populating a cell-free space 
on a given substrate. This mode of cellular behavior is critically 
important for regenerative processes in vivo, as it indicates how 
fast and to what degree a cell-free implant will be populated by 
cells contributing to the repair process.

Within 16 h of observation time, cells migrated toward the 
cell-free space (Figure 5A), and the overall wound closure 
on all three surfaces was in the range of 45%–55%. We per-
formed a software-assisted analysis of the dynamic migratory 
behavior of cells on different substrates which gains insights 
into the dynamics of cell migration and is often applied when 
solely end-point measurements do not show significant differ-
ences. The trajectories of cells located within the cell-free gap 
are shown in Figure 5B. The analysis included dynamic inves-
tigation of mean migration speed (velocity) (Figure 5C) and 
mean number of neighbors (Figure 5D). The computer analysis 
revealed differences between the substrates in mean cellular 
migration speed and mean number of neighbors. The values of 
the mean migration speed follow the order: TNT > TMS > glass, 
which is inverse to the number of vinculin adhesion plaques 
per cell (Figure 4D). The mean speed decreases with time for 
all surfaces, most likely due to the decrease in the cell-free gap 
area. The ability of cells to migrate is a response that is coupled 
to cell adhesion,[65] where stronger cell adhesion coincides with 
a less migratory behavior displayed by the cells. Vinculin is nec-
essary for binding cell surface integrin receptors to the ECM 

Adv. Healthcare Mater. 2017, 6, 1601244
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adhesion molecules, which in part controls the process of cell 
spreading and movement. It has been shown previously that 
regular nanotopography reduces cell adhesion very markedly.[66] 
Dalby et al.[67] showed that nanoislands caused fibroblast adhe-
sions to be smaller and less pronounced in comparison to large 
dash-like adhesions on flat substrates. Moreover, such features 
as ruffled lamellipodial protrusions and low number of bun-
dled long stress fibers are indicative of motile cells. It has been 
suggested that the structure of F-actin can serve as an indicator 
of more motile cells, as focal adhesion turnover (the process 
of forming and disassembling focal adhesions) is required for 
migration. Similar results were reported by Brammer et al.,[68] 
where small dot-like adhesions were observed on TiO2 nano-
tubes compared to large dashed-like adhesions on flat titanium. 
Moreover, the cells cultured on TMS and glass here have a 
higher number of neighboring cells (Figure 5C) which corre-
sponds well to the cell area (Figure 4C).

Cell migration and cell differentiation are two competing 
processes. Therefore, we expect the lowest alkaline phosphatase 

level expression on TNT, since the cells on TNT have the 
strongest migratory behavior (highest migration speed), which 
requires more cytoskeletal transformation. We have performed 
the differentiation assay on early stages of MC3T3-E1 cell 
growth. However, we were not successful in obtaining enough 
RNA for qRT-PCR studies because the number of cells on sur-
faces at early time points was too low (Figure S5, Supporting 
Information). Note that in our study design, we were mostly 
concentrated at the investigation of single cell response to 
nanotopography at the early-stage of cell attachment (at 3 h). 
At 24 h, it is difficult to draw the (quantitative) conclusions 
on the nanotopography-mediated cell behavior (expressed in 
changes in cell adhesion and morphology) since the cell layer 
is to 80%–90% confluent. Moreover, we have shown the strong 
differences of the morphologies, developed by preosteoblasts 
cultured for 24 h on different substrates (Figure S4, Supporting 
Information).

Figure 6 depicts the cell–nanotopography interactions and 
corresponding effects on cell migratory behavior depending 
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Figure 5. Cell migration analysis. A) Wound healing assay of MC3T3-E1 preosteoblast cell line on titania surfaces in presence of the proliferation-
inhibiting factor Mitomycin C (10 µg mL−1). α-MEM cell culture medium was supplemented with 10% FCS. Live cell imaging was monitored for 16 h. 
B) Cell trajectories within cell-free gap. C) Mean migration speed. Line in bold depicts the mean value, highlighted area depicts standard error of the 
mean (±SEM). D) Neighborhood analysis of migrating cells: the mean number of neighboring cells for each time step. Shown is the mean over three 
independent experiments for each substrate group (glass, TMS, TNT). A) and B) represent single experiments.
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on surface (dis)order: disordered TMS compared to ordered 
TNT topographies. Cells cultured on TMS are larger and more 
spread, therefore having more opportunities to form cell–cell 
contacts. It was shown that cells can adopt different modes 
of migration, either independently as single cells, or in close 
proximity and therefore communicating with their neighboring 
cells and forming close cell–cell contacts.[69] In comparison to 
single cell migration (as on TNT), collective cell migration (as 
on TMS) is thought to support “supracellular” properties, such 
as collective polarization, force generation, decision making, 
and, eventually, complex tissue organization.

3. Conclusion

Early cell behavior critically influencing material cellulariza-
tion in longer term. The effect of nanotopography on cell 
attachment and morphology at early stages influences the cell 
density at later stages, indicative of distinct cellular prolifera-
tion rates and migration speeds on the substrate. This study 
compares the effect of ordered (TNT) and disordered titania 

(TMS) nanotopographies on early MC3T3-E1 behavior critically 
influencing material cellularization. We have shown here that 
different surface nanotopographies distinctly affect cell prolif-
eration, morphology, adhesion, and migration. Cell morphology 
is affected by surface nanotopography, where cells display a 
polygonal cell shape and spreading on TMS surfaces and an 
elongated, polarized shape (with elongated cell nuclei) on TNT 
surfaces. Substrate nanotopography defines cell attachment, as 
cells can form more stable and persistent focal contact points 
on TMS; in contrast, focal contact point turnover is likely to 
be increased in cells on TNT, indicative of more motile cells. 
On the other hand, cells formed more vinculin-rich adhesion 
points on control than either nanostructured surfaces. Reduced 
cellular adhesions on the nanostructured surfaces may have 
different reasons: an unfavorable density and localization of 
adsorbed protein prevents integrin clustering in the case of 
TNT, or very low contact angles in the case of TMS. Simultane-
ously, the mean migration speed correlates inversely with the 
amount of cell adhesion, with the highest speed measured on 
the TNT surfaces. Mean number of neighboring cells correlates 
with the cell area, where cells are larger and more spread on 
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Figure 6. Cell behavior on mesoporous and nanotubular titania surfaces. Upper part depicts architecture of the cellular adhesion site formation 
of single MC3T3-E1 cells to TMS (left enlargement, side view) and TNT (right enlargement, top view) surfaces, respectively. Lower part depicts 
consequences of adhesion site architecture and corresponding cellular morphology for cell migration of neighboring cells on surfaces. Star-like cell 
morphology with multiple focal contact points in randomly organized cellular protrusions of cells seeded on TMS translates into a more coordinated 
cell migratory behavior, possibly due to a higher frequency in cell–cell interactions via cellular protrusions (left side, trajectories indicate coordinated 
migration). Fibroblast-like cell shape with fewer focal contact points restricted to the polarized front- and rear-ends of the cells seeded on TNT trans-
lates toward a more random single cell migratory behavior (left side), possibly due to a lower frequency of spontaneous cell–cell interaction events 
compared to cells seeded on TMS.
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TMS than the elongated cells on TNT. The results of this study 
indicate that preosteoblasts respond differently on ordered and 
disordered nanotopography with altered morphology, adhe-
sion, and migration. Future use of titanium-nanostructured 
surfaces in tissue applications demands an appropriate analysis 
of cellular function requirements, and informs biomaterial 
decision-making.

4. Experimental Section
Production of Nanostructured Surfaces: For the production of 

mesoporous titania (TMS) samples, a titanium layer (99.9%) 
of thickness 400 nm was deposited on glass substrates by means of 
electron beam physical vapor deposition method (EB-PVD). TMS were 
obtained by sonochemical treatment with high intensity ultrasound 
(HIUS) in alkali solution. The size of each substrate was ≈1 × 1 cm2 
to fit the homemade Teflon sample holder used for HIUS. Prior to 
sonication, the metal plates were degreased with isopropanol and rinsed 
with Milli-Q water (18 MΩ cm). Titanium plates were ultrasonically 
treated in the presence of 5 m NaOH using the ultrasonic processor 
UIP1000hd (Hielscher Ultrasonics GmbH, Germany) with a maximum 
output power of 1000 W. The apparatus was equipped with a sonotrode 
BS2d18 (head area 2.5 cm2) and booster B2-2.2, magnifying the working 
amplitude 2.2 times. Sonication was performed at 20 kHz and a constant 
temperature of 333 K monitored by the thermosensor inserted into the 
working solution.

For the production of TNTs, a titanium layer (99.9%) of thickness 
400 nm was deposited on ITO-coated glass substrates by means of 
the EB-PVD method. TNTs were obtained by electrochemical oxidation. 
For their preparation, the Ti–ITO–glass samples were anodized in 
an aqueous solution of ethylene glycol (2 vol% water) containing 
0.75 wt% NH4F. At the beginning of the anodization, the potential 
was linearly increased from 0 to 40 V over a period of 5 min, then the 
anodization was performed using the potentiostatic (40 V) mode until 
the total oxidation of a titanium layer on ITO.

All samples were additionally rinsed with ethanol and water and heat 
treated at 450 °C in the oven for at least 3 h. Bulk titanium or its alloys, 
although very tough, was used for modification. In the experiments with 
cell studies it was advantageous to prepare a nanoscale-thick Ti layer on 
a glass substrate rather than bulk titanium, since the optical observation 
of cell growth required transparent samples. After thermal treatment, the 
titania layer on glass was transparent enough to observe cell adhesion 
and growth on the surface. As a model, a 400 nm deposited layer was 
use on glass or on silicon for further atomic force microscopy studies.

Milli-Q water was used in all aqueous solutions. As a control, glass 
substrates were used.

Physicochemical Properties Analysis: The specimen surface 
nanotopography was inspected by SEM (Gemini Leo 1550 instrument, 
Leo Elektronenmikroskopie GmbH, Germany) at an operating voltage of 
3 keV. Surface roughness (Ra) and 3D roughness profiles of the surfaces 
were obtained with AFM (Dimension, Bruker, Germany) and image 
analysis was performed with the Nanoscope V614r1 software. AFM 
measurements were carried out in air at room temperature in tapping 
mode with micro cantilevers OMCL-AC160TS-W (Olympus, Japan). 
Typical cantilever values: resonant frequency 300 kHz; spring constant 
42 N m−1. Atomic force images of a scan size 3 × 3 µm were made 
on three different locations on the same sample. Contact angles were 
measured using the homemade system described previously.[70] Raman 
measurements were performed using a confocal Raman microscope 
(alpha300, WITec) with a wavelength of 532 nm.

Cell Culture Model: A mouse calvarial preosteoblast cell line 
MC3T3-E1 was obtained from Ludwig Boltzmann Institute, Vienna, 
Austria. Preosteoblasts were maintained in normal culture medium 
α-MEM, supplemented with 10 vol% fetal calf serum (FCS), 4500 mg  
glucose, 0.1 vol% gentamycin, and 0.1 vol% ascorbic acid under 
standard culture condition (37 °C, 5% CO2 in a humidified atmosphere). 

Cells were passaged in total three times every 24 h by a dilution factor 
of 1/6. The medium was refreshed every 48 h. After reaching confluence, 
cells were detached from culture vessels by incubating with pronase for 
3–5 min. All surfaces and scaffolds were autoclaved before cell culture 
experiments.

Cell Attachment: Up to 30 optical images of each sample were 
acquired after 3 and 24 h of growth with the phase contrast microscope 
(Nikon Eclipse TS100, Japan) equipped with a digital camera (Nikon 
Digital sight DS 2Mv). The statistical analysis of the cell attachment on 
different substrates was obtained using image analysis software ImageJ 
(version 1.47). The threshold was set between 30 and 40 (out of 255). 
The software automatically detects the cell outline and calculates 
parameters such as the number of cells per unit area (cell density 
[cells mm−2]) and cell area per unit area of the substrate (cell coverage 
[%]).[71,72]

Cell Proliferation: MC3T3-E1 cells were seeded onto the 
biomaterial surfaces at the density of 6000 cells cm−2 with α-MEM 
medium (Invitrogen) containing 10% FCS. Cells were fixed in 4% 
paraformaldehyde (PFA) at the respective time points (3 h, 6 h, 1 d, and 
2 d), permeabilized with 0.5% Triton-X (Sigma) in phosphate-buffered 
saline (PBS) for 5 min, and blocked with PBS containing 3% Normal 
Goat Serum (Sigma) and 2% bovine serum albumin (BSA) (Sigma) for 
1 h. Cells were then washed once with TBS-T buffer. Ki67 protein was 
stained with primary mouse monoclonal Ki67 antibody (BD Biosciences) 
incubation overnight in PBS (1:100). Cells were washed three times 
with TBS-T, and the primary antibody was detected using a secondary 
antibody goat antimouse Alexa 594 (1:600) (Thermofisher). Cells were 
washed three times with TBS-T, and the counterstaining of nuclei was 
performed with DAPI (1:1000) for 5 min.

Microscopy was performed by taking five images at 40× magnification 
per sample. ImageJ Color deconvolution plugin was used to quantify 
the number of Ki67(+) nuclei normalized to the total number of DAPI 
positive nuclei.

Cell Morphology: Morphologies of MC3T3-E1 cells cultured on 
various surfaces were observed by confocal laser scanning microscopy 
(CLSM) and SEM. The cells were seeded onto surfaces at a density of 
6000 cells cm−2. Normal culture medium and standard conditions were 
employed. At respective time points after seeding, the cells were washed 
twice with PBS. To prepare samples for CLSM observation, the cells were 
fixed with 4% paraformaldehyde in PBS and permeabilized with buffered 
Triton-X100 (Sigma-Aldrich, Steinheim, Germany) for 10 min at room 
temperature. The scaffolds were then thoroughly washed with PBS and 
stained for 60–90 min with phalloidin Alexa488 (Invitrogen, Oregon, 
USA) (1:20) in the dark at 4 °C for cytoskeletal filamentous F-actin. 
Scaffolds were then thoroughly washed with PBS again and stained for 
nuclei with TO-PRO3 iodide (Invitrogen, Oregon, USA) (1:300) for 5 min 
at room temperature. The scaffolds were washed with PBS, mounted 
with Fluoro-Mount in an inverted position on the glass slides, and 
examined via confocal microscopy (Leica Microsystems, Mannheim, 
Germany).

To prepare samples for SEM observation, the cells were fixed 
twice: primary fixation with 2.5% glutaraldehyde (in PBS) for 30 min 
and secondary fixation with 4% PFA for 20 min. Then the cells were 
dehydrated using gradient ethanol solutions (25%, 50%, 75%, 90%, and 
100%), each for 5 min. The treated samples were dried overnight in a 
desiccator, sputter-coated with gold, and observed using SEM.

Cell Adhesion: MC3T3-E1 cells were seeded onto surfaces maintaining 
the seeding density and culture method as described above. Cell 
adhesion was evaluated by immunofluorescent staining of focal 
contacts. At 3 h after seeding, cells were fixed with 4% paraformaldehyde 
in PBS, quenched for 5 min in 50 × 10−3 m ammonium chloride and 
permeabilized with buffered Triton-X-100 solution for 10 min. Specimens 
were then thoroughly washed with PBS and blocked in 3% BSA (in 
PBS) for 1 h. Afterward, the samples were incubated overnight with 
antivinculin antibody (Sigma V9131) (1:300 in PBS/BSA). After washing 
with PBS, samples were incubated with secondary goat antimouse 
antibody Alexa594 (Invitrogen) (1:300) for 1 h. After washing, samples 
were stained for 20 min with phalloidin Alexa488 (Invitrogen) (1:100). 
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The staining was performed at room temperature, except for the 
incubation with antivinculin antibody overnight at 4 °C. The stained 
samples were mounted with Fluoro-Mount in an inverted position on 
thin glass slides and examined via confocal microscopy. Imaging was 
conducted by using a Leica confocal laser scanning microscope (Leica 
Microsystems, Mannheim, Germany). The samples were excited with 
the argon laser line at 488 nm and 594 nm for Phalloidin Alexa488 (actin 
stain) and Alexa594 (focal contacts stain), respectively. The images were 
captured with a PL FLUOTAR objective.

Cell Migration: In order to investigate migration characteristics of 
MC3T3-E1 cells, a wound healing assay was performed using ibidi 
culture-inserts (Ibidi GmbH, Germany) according to the manufacturer’s 
instructions. MC3T3-E1 cells were seeded to become confluent in  
10 % FCS α-MEM. 1 h prior to insert removal, cells were incubated with 
10 µg mL−1 mitomycin C to block cell proliferation. After insert removal, 
the wound closure was allowed to proceed and imaged by phase contrast 
microscopy. Pictures were taken using a 5× objective in bright field 
modus every 30 min for at least 16 h. Live cell imaging was performed 
within a heat and CO2 controlled live cell imaging chamber (ibidi GmbH) 
using an automated sample table mounted on an Axiovert 200 m (Carl 
Zeiss, Jena, Germany) in combination with Axiovision Mark&Find tool.

The cell migration analysis was performed with an automatic 
algorithm originally developed for cell migration analysis in chemotaxis 
assays. This approach allowed for estimating migration characteristics 
such as mean migration speed, neighborhood analysis, and could 
distinguish between directed and random migration without a favored 
direction. In brief, the automatic tracking algorithm included two main 
steps: segmentation and tracking. First, the dense optical flow was 
computed to segment the foreground of the cells. The cell nuclei were 
roughly segmented by an adaptive inverse threshold, and the cell bodies 
were approximated from the nuclei via watershed segmentation on 
the foreground mask. Thus, the position and the neighborhood were 
computed for each cell at each time point in the time-lapse data. The 
neighborhood is defined here as cells with adjacent Voronoi areas. The 
trajectories were computed by an overlap heuristic on the nuclei mask. 
The analysis was restricted on cells close to the scratch area.

Gene Expression Analysis: qRT PCR cells were seeded on the different 
titanium surfaces and grown certain time. Cells were subsequently 
starved in medium with or without 30 × 10−9 m BMP2 (osteogenic 
differentiation). After stimulation, cells were harvested and total 
RNA was isolated using NucleoSpin isolation kit (Macherey&Nagel, 
Germany). 500 ng of RNA was subjected to reverse transcription. 
qRT PCR was performed using a SybrGreen-based detection system 
(Power SYBR Green PCR Master Mix, Life Technologies) and cDNA 
amplification was performed in a StepOne Plus Real Time PCR System 
(Life Technologies). For all used primers, amplification efficiencies were 
determined and mean-normalized expression ratios using hypoxanthine 
phosphoribosyltransferase (HPRT) as reference gene were calculated 
using the 2 C T−∆∆  algorithm, also known as the delta-delta-Ct (DDcT) 
method with efficiency correction.[43]

Image Processing: For quantification of focal contacts, confocal 
microscopy images were also analyzed using ImageJ 1.47 (Figure S6, 
Supporting Information). In all of the samples, a minimum of five 
individual cells were analyzed. Each image was firstly spatially calibrated 
and converted to grayscale 8-bit images. After that the individual cell 
outlines were manually traced and the threshold intensity ranges were 
set at 65–255 as described earlier.[70,73] Finally, the size parameters of the 
vinculin plaques were set between 0 and 6 µm2 and number and area of 
the plaques were counted by the software. Up to 20 confocal planes were 
captured along the z-axis in order to perform 3D reconstructions and 
estimate the cell thickness. ImageJ 1.47 was then used to process the 
data and generate the 3D reconstruction. Additionally, the shape index 
of each individual cell or nucleus, cell area factor and nuclear area factor, 
respectively, determining cellular/nuclear elongation was evaluated 
using built-in functions of ImageJ by using the following formula 

Circularity 4 *
Area of the cell

Perimeter of the cell 2π [ ]
[ ]

=  (1)

with a shape index of 1 representing a circle.
The cell migration analyses were performed using Python 2.7.6 with 

the image processing libraries OpenCV 3.0.0 and scikit-image 0.12.3.
Statistical Analysis: Statistical significance was determined for three 

independent experiments (samples in triplicate for each surface type) 
by two-way analysis of variance (2wayANOVA) comparing the data 
between the substrates and the independent experiments followed 
by the Tukey test for means comparisons using Origin 2015. Data are 
expressed as mean ± standard deviation (SD). **** indicates p < 0.001;  
*** p < 0.005; ** p < 0.01; * indicates p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Abstract – In an effort to control the electronic and mechanical interaction between an inorganic
surface and a defined polymeric coating, we present a new and easy method of a cellulose-based
hybrid formation. We used Schweizer’s reagent, a specific copper ammonia hydroxide-based sol-
vent for cotton dissolution and found the optimal concentration for the formation of photosensitive
uniform cellulose coating on titania, TiO2-cellulose coating and free-standing hybrid. Photomo-
bility, the material mobility induced by light, of a cellulose layer on a titania surface and of a
TiO2-cellulose hybrid on a silicon wafer has been studied. This can be used for photohealing, and
the most promising system is the one that can be healed with light due to in situ activation of
titania nanoparticles assembled on cellulose fibers in a hydrogel. The interfacial contact between
titania particles and fiber is important for local transport of electrons and ions, thus the most
promising system was obtained by in situ synthesis of titania nanoparticles on cellulose dispersed
in Schweizer’s reagent. We propose that cellulose coatings on titania surface and free-standing
hybrids can be applicable for a wide range of photochemical devices: films for optics, drug delivery
systems, and inks for printing of biologically relevant lab-on-chips.

focus  article Copyright c© EPLA, 2017

Introduction. – Inorganic/organic composites are of
special interest for functional and responsive materials de-
velopment; while the inorganic part can lend the system
high mechanical and functional stability, the organic part
can provide responsive function and adaptability. Most
prominent representatives for these materials are cellulose
as most abundant biomaterial and TiO2 as a well-studied
inorganic material with photoelectric, catalytic and opti-
cal functions. These hybrids are studied in this paper.

Cellulose systems with a broad range of uses —for
example, in composites, cosmetics and medical devices—
require simple methods of preparation for combina-
tion with active nanoparticles and molecules for a
stimuli-response behaviour. Cellulose is one of the most

(a)Contribution to the Focus Issue Self-assemblies of Inorganic and
Organic Nanomaterials edited by Marie-Paule Pileni.
(b)E-mail: skorb@scamt.ru

important natural polymers, that has found a wide range
of applications in industry and medicine because of its
unique structural properties combined with hydrophilic
nature, biocompatibility and non-toxicity [1,2]. Due to
a high amount of hydroxyl groups on the fiber surface,
cellulose can be easily functionalized or bio-conjugated,
resulting in a rich source of new materials and platforms
for diversified applications in biomedical fields such as tis-
sue engineering and regenerative medicine or drug delivery
devices [3–5]. Therefore, facile methods of cellulose pro-
cessing are of high interest.

It is known [6,7] that local pH changes play an im-
portant role for drug delivery systems, dynamic regula-
tion of adsorption/desorption of proteins [8], bacteria [9]
and cells [10]. Light-pH coupling on TiO2 surfaces was
shown to be efficient for high-amplitude non-destructive
manipulation of polymers deposited on semiconductor
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Fig. 1: (Colour online) (a) Schematic illustration of cellulose as-
sembly with hydrogen bonds between chains (shown in (b), (c)
as a grey line). (b) Three types of hybrids are in focus: cellulose
assembly on TiO2 surface (System I), assembly of cellulose with
titania particles on the surface (System II), and cellulose-based
free standing hydrogel with titania nanoparticles (System III).
(c) Hypothesis of possible formation of hydrogen bonds at the
cellulose-titania interface and their reorganization because of
irradiation and change of titania surface bonds that may result
in cellulose photomobility on the surface highlighted in green
and red.

surfaces [10–12]. Recently we have found that nanolayers
of chitosan can be used in the development of high buffer-
ing coatings to control environmental pH changes [12].
However, much of the TiO2 function depends on the differ-
ent mobility of photogenerated electrons and holes, and,
therefore, the preparation of TiO2 is expected to be very
important [13]. Above all there is a fundamental difference
between a surface and a nanoparticle; while charge carri-
ers can be separated in a particle only over a maximum
distance of the particle dimensions, on a surface the sep-
aration can proceed over macroscopic dimensions. Hence
the following cathodic and anodic reactions can be well
separated.

In this article, we suggest formation of various hybrid
cellulose (fig. 1) coatings from a suitable selected sol-
vent (Schweizer’s reagent) and examine the photomobility,
i.e., photo-induced material mobility, and photohealing of
coatings and free-standing systems.

The main question which we address here is whether
cellulose layer photomobility or even cellulose hydrogel
photohealing are possible due to a photoreaction on ti-
tania embedded in cellulose. Thus, on titania under
supra-bandgap illumination, the illumination with energy
high enough for the generation of photoholes and photo-
electrons, higher than the energy of the forbidden zone
(Eg), generates charges, that partly move, partly are
trapped. The charge separation is converted into water
splitting, and, thus, hydroxyl and proton generation are

separated [13]. This causes local pH gradients [14]. If
there is a polymeric coating, this in addition may bind
selectively one of the produced ions, thus modulating the
pH change [12]. Altogether the interplay between the pho-
toreaction of titania and the different mobility and the
different binding capacity and responsivity of the coating
lead to a responsive system with many application per-
spectives.

Experimental protocol. –

Materials. Sulphuric acid (1 M H2SO4), Cu (II)
sulphate pentahydrate (purity grade ≥ 98%), ammo-
nium hydroxide (28%, ≥ 98%), titanium(IV) butoxide
(Ti(C4H9O)4, ≥ 98%) were purchased from Sigma-Aldrich
(Germany). Silicon (Si) wafers (100) were from CrysTech
Kristralltechnologie. Pharmacy cotton wood was used as
cellulose fiber precursor. TiO2(Hombikat) nanoparticles
were used as received. Millipore water (Milli-Q Plus 185)
was used for preparation of aqueous solutions and sample
washing.

Titania photoactive layer preparation. Si wafers with
polished surface were used as substrate for titanium lay-
ers of 2μm thickness deposited by physical vapour depo-
sition using a BA 510 from Fa. Balzers, Liechtenstein.
Ti-covered Si wafers were fixed in a homemade sample
holder for high-intensity ultrasound (HIUS) modification.
The samples were sonicated for 1 min in ethanol at a
sonotrode to surface distance of 5mm. Cavitation was
produced by a UIP1000hd ultrasonic device from Hielscher
Ultrasound Technology equipped with a B2-1.8 booster
and a BS2d22 sonotrode (head area 3.8 cm2). The oper-
ating frequency was 20 kHz with a maximum intensity of
140W/cm2 and an amplitude of 106μm. The sonication
medium was cooled using an ice bath to approximately
333K [11,12]. The advantages of HIUS preparation of ac-
tive materials to achieve photoactivity can be found in all
details in our previous work [11–20].

Cellulose coatings. Schweizer’s reagent ([Cu(NH3)4·
(H2O)2] (OH)2) was prepared by precipitating copper(II)
hydroxide from an aqueous solution of copper sulphate
using sodium hydroxide, then dissolving the precipitate
in a solution of ammonia hydroxide. Cellulose solution
was prepared by dissolving 1–50mg of cellulose in 10 ml
Schweizer’s reagent. It is important for the formation of
hybrid systems that additionally to cellulose other par-
ticles or molecules can be added to Schweizer’s reagent.
Here, in the case of the formation of a TiO2-cellulose coat-
ing deposited on silicon we added TiO2 particles (Hom-
bikat) into the solution of cellulose in Schweizer’s reagent.
Cellulose-based coatings were obtained using spin-coating.

Spin coating was carried out under ambient conditions
using a SCI spin coater (Novocontrol Technologies GmbH,
Germany). A drop of the solution was placed onto the
substrate rotating at 3000 rpm. One drop formed one
cellulose layer. A thick cellulose layer was formed from
a concentrated (up to 30mg/ml) solution. Thin cellulose
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films were obtained from a diluted solution (from 1.5 to
5mg/ml). After deposition samples were rinsed in 0.1M
H2SO4 for 1 min, and then washed in Milli-Q water three
times.

Cellulose free standing hybrid. For 10ml of cellulose
solution in Schweizer’s reagent, 100μL of Ti(C4H9O)4
were added under vigorous stilling. Then the mixture was
squeezed out of a syringe into a solution of H2SO4. In the
time of several washings of the hybrid, it changes colour
from bright blue to white. The hybrid still containing cop-
per ions and amino groups is blue opposite to the white
one that is again just a cellulose-based hybrid.

A cellulose photomobility study was conducted using
atomic force microscopy (AFM). A scratch was made on
the cellulose coating by tweezers. The thickness of the
cellulose layer was measured before and during UV illumi-
nation using AFM. The distance between the sample and
a UV-light–emitting diode (UV 365 nm LED from Thor-
Lab) was 2 cm. The intensity was 5mW/cm2.

Characterization methods. AFM measurements were
performed in air at room temperature using a Nanoscope
multimode AFM (Digital Instruments Inc., USA) operat-
ing in tapping mode. Typical cantilever values: resonance
frequency: 300 kHz; spring constant: 42N/m.

Infrared reflection absorption (IRRA) spectra were
acquired with an IFS 66 FT-IR spectrometer (Bruker,
Germany). For all measurements at 40mN/m, p-polarized
radiation was used at an angle of incidence of 70◦. A to-
tal of 200 scans were acquired with a scanner velocity of
20 kHz at a resolution of 8 cm−1. The spectra were ob-
tained in a range of 400–4000 cm−1.

Scanning electron microscopy (SEM) was conducted
with a Gemini Leo 1550 instrument (Leo Elektronen-
mikroskopie GmbH, Germany) at an operating voltage of
3 keV. Prior to microscopy the samples were sputtered
with gold.

Transmission electron microscopy (TEM) measure-
ments were performed on a Zeiss EM 912 Omega (Carl
Zeiss AG, Germany) transmission electron microscope op-
erated at 300 kV.

Results and discussion. – Cellulose fibers have a
number of hydrogen bonds between individual chains [21]
enabling facile functionalization, fig. 1(a).

Cellulose is known to be derived from D-glucose units,
which condense through β(1 → 4)-glycosidic bonds [22].
The multiple hydroxyl groups on the glucose from one
chain form hydrogen bonds with oxygen atoms on the
same or on a neighboring chain, holding the chains firmly
together side by side and forming fibrils with high ten-
sile strength. This makes a cellulose straight chain poly-
mer. Due to the structural rigidity cellulose is insoluble
in water and in most organic solvents [23]. Carbohydrates
in aqueous alkaline solution are multiply deprotonated in
the presence of tetraamine-diaquacopper dihydroxide and
form chelate complexes (fig. 2). This breaks the hydrogen
bonds and makes cellulose soluble.

Fig. 2: (Colour online) Cellulose (white cotton fibres) disso-
lution in tetraaminecopper(II) hydroxide (Schweizer’s reagent)
for the formation of cellulose-based hybrids.

In order to test various cellulose hybrids with induced
photosensitivity, we prepared three systems: cellulose
coating on TiO2, coating of cellulose and TiO2 nanoparti-
cles, and free-standing cellulose-titania hybrid (fig. 1(b)).

The coatings were prepared by spin coating (fig. 3(a)).
Optimization of the solution concentration is a critical is-
sue for the formation of a uniform film [24]. Thus, a rel-
atively high concentration of cellulose results in a viscous
solution, and a spin-coated film forms from 30mg/ml so-
lution with different thickness over the surface (fig. 3(b)).

Variation in thickness of the coating results in different
light reflection. Nevertheless, high concentrations are not
appropriate for spin coating, a viscous solution may be
interesting, for example, for an inkjet technology to cre-
ate coloured interference layers with high accuracy with-
out the need for high-temperature fixing. This could be
useful in combination with titania nanoparticles yielding
coatings with a high refractive index (ca. 2.00 over the
entire visible range) when naturally dried [25]. The lack
of dyes in the proposed method has good environmen-
tal prospects, because the applied systems based on a
TiO2/cellulose composite are non-toxic and biologically
inert. Moreover, our work below explores in detail the
principle of photosensitivity of cellulose-based hybrids and
in situ changes of film thickness.

At lower concentration (3mg/ml) a uniform film was
formed (fig. 3(c)). After the deposition, the coating was
rinsed in sulfuric solution for the removal of the copper
complex and the recovery of cellulose fibers.

The nodule-like morphology of the cellulose coating
formed on titania is shown in fig. 4(a),(b).

To study the photomobility of the cellulose layer we
scratched the polymer layer (fig. 4(c)). Figure 4(d) shows
changes of the scratch after illumination. It is seen that
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Fig. 3: (Colour online) (a) Spin-coating of Schweizer’s reagent
with different concentration of cellulose with or without TiO2

particles on the substrate for formation of cellulose-based coat-
ings. (b) From viscous solutions with relatively high cellulose
concentration (30 mg/ml) the coatings are irregular, a differ-
ent colour is attributed to a different cellulose coating thick-
ness. (c) Uniform coating can be obtained by solution dilution
(3 mg/ml). The inset obtained by different polarization shows
that even thin coating affects the light polarization and the
thin film has a greenish reflection.

part of cellulose layer moved to the scratched side to
reduce the surface energy probably due to light-induced
fluidization of functional groups on the titania surface:
charge separation in titania leads to a reorganization of
the surface groups and water splitting, leading to a reor-
ganization of the cellulose coating.

We see that photomobility is not due to cellulose degra-
dation. The IRRA spectra before and after irradiation
(fig. 4(e)) are identical. The IRRA spectra show the
characteristic bands for cellulose and the presence of Ti-
O bonds. A peak at 3650–3585 cm−1 can be attributed
to the hydroxyl stretching vibration caused by inter-
molecular hydrogen bonds [26]. The broad bands at
3010–3060 cm−1, 1760–1700 cm−1, 1380 cm−1, 1220 cm−1

and 970 cm−1 can be assigned to vibrations of car-
bonyl groups and composite bending vibrations of (CHO),
(C–C–O), (C–O) and (C–C) of substituted glucopyra-
nose cycles of cellulose [27–29]. The peaks at 3010–
3060 cm−1, 1460 cm−1 and 780 cm−1 are attributed to the
C–H stretching vibration. The strong band in the region
of 400–700 cm−1 can be assigned to the formation of Ti–O
and Ti–O–Ti bonds [30].

To establish the System II we added TiO2 nanoparti-
cles into the solution of cellulose in Schweizer’s reagent
and spin-coated the solution with nanoparticles. The ini-
tial morphology is different for the coating with particles
(fig. 5(a),(b)); however, again the analysis of the profiles
of AFM images before and after irradiation (fig. 5(c),(d))
proves that the TiO2 particles activate cellulose, although,
in this case, to a smaller degree.

Fig. 4: (Colour online) System I: (a), (b): AFM images show-
ing a cellulose-based coating formed on a titania surface from
3mg/ml solution. (c), (d): study of coating photomobility on
the surface: (c) before illumination and (d) the same spot after
10 min illumination at 5 mW/cm2, 365 nm. (e) IRRAS spec-
tra of cellulose coating before (1) and during UV illumination
(2) prove that cellulose was stable under illumination: no pho-
todegradation is seen.

Zoomed-in AFM profiles (fig. 5(e)) from the same
place before and after irradiation are different. Here the
cellulose reorganized locally on the particle, but without
moving drastically on the surface, in comparison, with the
previous case (fig. 4) where the whole surface was covered
with photoactive titania.

This can be considered in perspective if the method of
hybrid formation is applicable not just for the formation
of films, but also for free-standing hybrids [31], hydrogels
(figs. 6,7). In this case it would not depend on the different
mobility of charge carriers in titania [32]. This is the case
for System III.

For the formation of hydrogels, we added a nanoparticle
precursor to the Schweizer’s reagent simultaneously with
dispersion of cellulose fibers. Ti(C4H9O)4 was added un-
der vigorous stirring to in situ forming nanoparticles. It
is known that Ti(C4H9O)4 hydrolysis [33] results in the
formation of amorphous nanoparticles. Amorphous TiO2

would have less ability to degrade cellulose (less gener-
ated reactive oxygen species), but rather it would be used
for its photoactivation due to the reorientation of their
surface group under irradiation. We showed the possible
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Fig. 5: (Colour online) System II: (a), (b): AFM images show-
ing cellulose-based coating formed from a 3 mg/ml solution
of cellulose that has 1 mg/ml TiO2 (Hombikat) in solution.
(c), (d): study of the change of the hybrid orientation of the
surface: (c) before illumination and (d) after 10 min illumina-
tion at 5 mW/cm2, 365 nm. (e) Zoom in (from (c) and (d)) on
AFM profiles from the same line pointing more clearly to the
photomobility of cellulose chains.

Fig. 6: (Colour online) Photographs of cellulose-titania hydro-
gels after squeezing out of a syringe Schweizer’s reagent with
a dissolved cellulose solution forming titania nanoparticles in
the solution of H2SO4. The blue hybrid still contains copper
ions and amino groups. After several washings of the hybrid, it
changes colour from bright blue to white, which is typical for
a solely cellulose-based hybrid.

photoactivation of titania amorphous films in our previ-
ous works, see for details refs. [34–36]. It can be also
noted that, on the contrary to the reactions of light-heat
coupling [37–39] on noble metal particles, here the heat
is negligible and there is mostly light-pH (chemical reac-
tions) coupling.

We analysed the cellulose hydrogel after washing out
of Schweizer’s reagent. Electron microscopy images
(fig. 7(a),(b)) provide clear evidence of the formation of a
fibre assembly in the hydrogel matrix. Moreover, it is seen

Fig. 7: (Colour online) System III: (a) SEM image of hydrogel
fibers, (b) TEM image of the fiber showing the contact of poly-
mer fibers with TiO2 nanoparticles covering the fiber, with (c)
schematic of the fiber/titania interface. (d)–(f) Light curing
of cellulose/titania-based hybrid (hydrogel). Optical images of
(d) composite hydrogel cut; (e), (f) light healing of the mate-
rial (e) at the initial moment of irradiation, (f) after 15 min of
irradiation. The red box in (a), (b) indicates higher resolution
from fiber network to individual fiber. The blue box in (b), (c)
shows the schematic of TiO2 assembly along the fiber.

(fig. 7(b)) that individual fibers are covered by nanopar-
ticles of TiO2 maximizing, as shown in the schematic
(fig. 7(c)), the interface between TiO2 and cellulose.

We tested the behaviour of hydrogel —fiber assem-
blies— under irradiation. We cut one piece of hydrogel
(fig. 7(d)), irradiated it and observed photohealing of the
hydrogel (fig. 7(f)) due to the reorganization of alkoxy and
hydroxyl groups at the TiO2 interface that affects the mo-
bility of polymer segments leading to the healing of the
coatings.

Since there are several aspects, including light-pH cou-
pling on TiO2, cellulose can be followed in the presence of
protons and/or electrons and the crosslinking mechanism
of cotton through proton attraction is more likely. The
TiO2 under irradiation forms the pair of electron (e−) and
hole (h+). Oxygen as a nucleophile portion of cellulose is
attached to carbon with positive charge, may be activated
and crosslink [40]. The mechanism through electron attack
can be suggested by the oxygen radical attack to hydroxyl
groups of cellulose [41].

Conclusions. – Processes at the interface of an in-
organic material and an organic coating can sensitively
be controlled by light, and this may contribute to their
understanding. Here we concentrated on 2 widely stud-
ied systems, titania and cellulose, and show that photo-
induced charge separation of titania can affect the organic
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coating. It leads to material movement over microscopic
dimensions and can finally be used for annealing of defects
or scratches.

More specifically a facile method for the formation of op-
tically active cellulose-based coatings is presented. Both
types of hybrid coatings —cellulose on titania surface
and TiO2/cellulose on a silicon wafer— are photomobile.
Here photosensitivity is due to TiO2 photoactivation that
changes its surface groups and produces charges in the
coating. Free-standing hybrids of TiO2/cellulose may re-
cover its structure under illumination —we are able to cure
the hydrogel under irradiation.
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ABSTRACT: Energy-transfer reactions are the key for living
open systems, biological chemical networking, and the
development of life-inspired nanoscale machineries. It is a
challenge to find simple reliable synthetic chemical networks
providing a localization of the time-dependent flux of matter.
In this paper, we look to photocatalytic reaction on TiO2 from
different angles, focusing on proton generation and introducing
a reliable, minimal-reagent-consuming, stable inorganic light-
promoted proton pump. Localized illumination was applied to
a TiO2 surface in solution for reversible spatially controlled
“inorganic photoproton” isometric cycling, the lateral separa-
tion of water-splitting reactions. The proton flux is pumped during the irradiation of the surface of TiO2 and dynamically
maintained at the irradiated surface area in the absence of any membrane or predetermined material structure. Moreover, we
spatially predetermine a transient acidic pH value on the TiO2 surface in the irradiated area with the feedback-driven generation
of a base as deactivator. Importantly we describe how to effectively monitor the spatial localization of the process by the in situ
scanning ion-selective electrode technique (SIET) measurements for pH and the scanning vibrating electrode technique (SVET)
for local photoelectrochemical studies without additional pH-sensitive dye markers. This work shows the great potential for time-
and space-resolved water-splitting reactions for following the investigation of pH-stimulated processes in open systems with their
flexible localization on a surface.

KEYWORDS: photocatalysis, TiO2, pH gradient, nanoscale machinery, photoacid, chemical network

■ INTRODUCTION

Today, increased interest is focused on dynamic, non-
equilibrium material properties varying with time: life-inspired
nanoscale machinery.1−4 It involves the needs for effective
energy conversion with a focus on oscillation reactions,5

chemical networking,6 autocatalytic7 and autoamplification8

reactions, mimicking living systems,9 using cell metabolic
biomolecules,10 and ions, e.g., proton gradients.11 Biological
systems solve such an energy-management problem by the
development of unique sensory and adaptive capabilities,
transport mechanisms guided with ions, proton gradients, and
chemical networks.12 It is very attractive to use light-energy
conversion13−15 for the modulation of simple, reliable chemical
networking that is easy to control on the basis of existing
knowledge of reliable light-sensitive materials. In many cases, it
is a good variant to look for well-known processes and a
sustainable system for new applications. We question if a

semiconductor surface, e.g., that of TiO2, has a potential as
effective photoactive surface to design light-controllable
networks of chemical reactions with the lateral separation of
the two reactions of water splitting of a simple possible network
that can be the light-assisted generation of protons from water
molecules and the neutralization of H3O

+ with OH− (Figure
1a). Robust lateral separation and understanding are the keys to
deriving the system’s further broad prospects.
Moreover, we have recently discussed prospects of complex

material systems with pH activity16 and introduced light−pH
coupled oscillations of polymer assembly,17 cell dynamic
switching,18 and protein recognition19 on TiO2 modified with
polyelectrolytes. A vision of manipulating with spatiotemporal
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processes on titania remains untouched, which motivates the
present work: robust lateral separation of the two reactions of
water splitting with prospects of lateral separation of the
dynamic properties of pH-sensitive assemblies. The hypothesis
here is that photoholes and photoelectrons may exhibit
anisometric mobilities on surfaces and that the position of
the photoelectrode is flexible and depends on the light focus.
This may lead to a spatiotemporal separation of reduction and
oxidation processes via the control of the isometry of the carrier
mobility. Mechanisms for this must be elaborated.
In general, semiconductor materials have been used for

artificial photosynthetic system development20 and are also
known to enable efficient solar water splitting.21 Surprisingly, a
network of chemical reactions on semiconductor surfaces for
open systems is not discussed much, simultaneously having
different surface- and interface-engineering strategies, such as
band-structure engineering22 and co-catalyst engineering.23

Much is known about improving heterogeneous semiconduc-
tors in terms of charge separation and transfer, enhanced
optical absorption, optimized band-gap position, lowered cost
and toxicity, and improved stability.24 Thus, when the
background of formation of spatially separated reactions on
TiO2 surfaces is associated with chemical-reaction networking
synergy, it is easy to further up-scale and improve the
sustainability of the system.
A successful example of an application of such a spatial

separation of photoreactions might be a photocatalytic
lithography based on a TiO2 layer.25 The feasibility of the
inversion of metal images obtained by the chemical deposition
of metals onto nanostructured TiO2 exposed to high radiation
doses has been demonstrated,26 and the generation of both
negative and positive metallic patterns by variation of the dose
was reported.27

Here, we focus at the beginning on macro-scale, centimeter-
dimension surfaces to control the localization of different pH
zones on the surface versus irradiation. Localization of chemical
species may lead to a life-inspired proton pump machinery for
the localization of chemical networks on the surface of TiO2 in
an open system, providing further prospects for designing far-
from-equilibrium28 and dynamic29 oscillation gel materials,30

stimuli-responsive drug delivery systems,31 metastable nano-
particle assemblies,32 and reactors to proliferate acidic and basic
molecules.7 Moreover, a thorough understanding of electron-
and hole-transfer thermodynamics and kinetics will lead to
elucidating the key efficiency-limiting step and designing highly
efficient solar-to-fuel conversion systems.33 In this paper, we

provide not only evidence of the possibility of spatial and
temporal localization of proton pumping on semiconducting
TiO2 with light-induced water splitting but also some potential
opportunities for designing an open system with localization of
both H+ and OH−.

■ RESULTS AND DISCUSSION
Here, we concentrate on the light-promoted reaction of water
protonation (Figure 1a). Under supra-bandgap irradiation of
the surface of many semiconductors, e.g., TiO2, photoholes and
photoelectrons are generated (Figure 1b). In the scope of
photocatalytic reactions, one can assume the possible formation
of H+ and OH− due to oxidation (ox) and reduction (red)
reactions involving photogenerated charge carriers on the
semiconductor surface. Surprisingly, the dynamics of the
simplest reactions of the formation of proton and hydroxyl
radical has not been highlighted before. Thus, our key idea is to
use water splitting on a semiconductor, not focusing on the
products H2 and O2 as usual but on reactions that provide the
formation of H+ and OH−. We focus on the possibility of
transforming the energy of electromagnetic irradiation into a
pH gradient in time and space near the TiO2 surface. A
photocatalytically active nanostructured titanium dioxide film is
the light-sensitive part of the model system. An anodized titania
nanotubular layer34 on titanium was used as the highly
photoactive17 one, wherein the dissipation of protons can be
prolonged due to the porosity of the semiconductor layer that
facilitates the proton detection.
A series of consecutive photocatalytic reactions leads to the

development of reactive species that contribute to a pH shift.
There are no data to what extent the pH can be altered laterally
on semiconductor surface, e.g., TiO2. Can the pH be changed
locally from, for example, 7 to 4 during irradiation of the TiO2
surface? Which processes are preferable in the irradiation zone:
acidification or alkalinization? Does localization of H+ and OH−

correlate with localization of the irradiated area? How flexible is
the localization of the process?
The inorganic surface and its nanostructuring may be

involved in the reaction through process location as well as
surface morphology and porosity, which are important to the
prolonged effects of release of chemicals. The water oxidation
reaction on TiO2 is initiated by a nucleophilic attack of a H2O
molecule on the photogenerated hole at the O site bridging two
Ti atoms, and as a result, TiO·HO−Ti (and later, TiOOH and
TiOOTi) are formed.35 During these oxygen photoevolution
reactions, protons are released. At the same time, the

Figure 1. Suggested system for life-inspired proton pumping on a semiconductor. (a) Simplest chemical networking in focus. (b) Light induces
charge separation in a nanostructured (no band-bending) semiconductor: Ec and Ev correspond to the edges of conduction and valence bands, and
Eg is the forbidden zone. (c) Separation of the redox processes on semiconductor surface for the development of localized chemical networking,
where the localization is determined by the position of the irradiation spot and is flexible.
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photogenerated electrons reduce the surface Ti(4+), enabling
adsorption of H2O, and then O2 attacks it immediately to form
superperoxo TiOO.36 As a result, a hydroxide ion OH− is
released. Next, TiOO is reduced to peroxo, which evolves to
hydroperoxo TiOOH upon protonation. At the end, the surface
is covered by hydroxyl groups. However, there are no data on
the localization of processes on certain areas.
Using the scanning vibrating electrode technique (SVET)

(Figure 2), we spatially resolve the in situ establishment of the
ionic current density in solution induced by the photo-
electrochemical processes on the surface of TiO2 under local
(Figure 2c) low intensity (ca. 5 mW/cm2) light-emitting diode
(LED) UV (365 nm) irradiation. It is important to discuss the
efficiency of charge separation as the first light-stimulated
process on TiO2. SVET here is a unique tool with which to
monitor the processes in situ at certain locations, which is
important for following the development of photoreactions and
the consecutive chemical network stability. The technique
allows different modes to monitor the local ionic currents in
solution associated with the photocurrent: a single spot inside
the irradiation point (Figure 2d), line scan (Figure 2e), and
maps of surface activity versus the irradiation spot (Figure 2g−

i) before (Figure 2g), during (Figure 2h), and after irradiation
(Figure 2i). Current versus potential curves were also measured
(Figure 2f).
After the turning on of illumination, the photocurrent first

presents a rapid response with an initial spiking of the
photocurrent, indicating a rapid filling and discharging of defect
states,37 and then a plateau for relatively constant collection
from the active region is reached. In the case of two
electrodes,38 the TiO2 working electrode and counter electrode,
the photocurrent is caused by the separation of photogenerated
electron−hole pairs within the photoelectrode: the holes move
to the TiO2 surface, where they are trapped or captured by
reduced species in the electrolyte, while the electrons are
transported to the back contact via TiO2. Here, in our case, we
have only one electrode, and photoelectrons are transported to
adjacent non-irradiated zones.
A fast and uniform photocurrent response is clearly observed

for the switch-on and -off events on SVET. A dark current is
quickly achieved after irradiation is switched off. In the
stationary mode, the current density line scans and current
density maps associated with the photocurrent can be measured
to determine the degree of localization. A dash red line of the

Figure 2. SVET measurements of ionic current density in electrolyte. Current density can be attributed to photocurrent. (a) Set-up of in situ
scanning vibrating electrode technique (SVET) to analyze local current densities in electrolyte associated with photocurrents generated on a TiO2
layer; (b) sample with vibrating probe before irradiation; and (c) sample with the position of maps (white lines), line measurements (red line), and
the place of irradiation (bright spot in center of sample). (d) Ionic current density in electrolyte above the irradiated spot on a titania layer under
switching on and switching off the light. (e) SVET current density measured in lines every 3 min before, during, and after irradiation. (f) Current−
potential curve recorded under chopped illumination for TiO2. (g−i) SVET maps (g) before irradiation, (h) during local irradiation, and (i) after
irradiation (after 5 min of relaxation). The measurements were performed in 0.05 M Na2SO4.
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moving probe is indicated in Figure 2c, and the corresponding
current density is shown in Figure 2e. The ionic current can be
monitored versus the location of the irradiated spot. The
precise value in the center under the stationary mode is 80 μA/
cm2.
After the irradiation is switched off, the current relaxation in

solution is shown in lines acquired every 3 min. Within 3 min
after the irradiation is switched off the current density drops to
10 μA/cm2. Six min after the irradiation is switched off no
photocurrent is detected.
Imaging and localization (Figure 2h) of the positions of hole-

or electron-induced reactions across the surface relative to its
irradiation spot are also measured with SVET. No currents are
detected before and after irradiation (Figures 2g,i), but during
irradiation, ionic currents appear in solution in response to
localized surface irradiation and are positive in the irradiated
points and slightly negative in the rest of the surface.
Figure 2f shows the photocurrent density versus applied bias

curves under chopped illumination for the two electrode
configuration (TiO2 working electrode and Pt counter

electrode). In comparison with the dark current, the photo-
current increases significantly with the positive scanning of the
applied potential, indicating a standard n-type behavior of TiO2.
The on−off cycle measurements show a well-defined photo-
response after turning-on and turning-off illumination. More-
over, the value of the onset potential (Figure 2f inset) for
reverse cycle is shifted to the positive direction, which can be
explained by a change of the surface pH; this effect was studied
in detail in situ with the scanning ion-selective electrode
technique (Figure 3).
For pH modulation with light, it is important to understand

how photoinitiated processes on TiO2 result in the trans-
formation of light into a pH change, including the localization
of the effect. We apply SIET for mapping of the activity and
migration of H+ ions over the TiO2 surface. SIET is one of the
model unique techniques for measuring in situ change in ion
concentrations very locally in space and following the
processes’ dynamic qualities in time. It has a big advantage
for pH map monitoring because it is a unique method that
allows one to measure local pH change near the surface without

Figure 3. Light-induced flexible pH gradient and proton pumping. Maps obtained by the in situ scanning ion-selective electrode technique (SIET) to
analyze local pH gradients generated on nanostructured TiO2: (a) before irradiation, (b) during local irradiation, and (c) after irradiation (20 min of
relaxation). (d) pH measurement inside an irradiation spot (shown in panel g) and single-spot time-evolution measurements on a titania layer after
switching on and switching off the light. (e) Local pH measurements in a line (shown in panel g in red) before, during, and after irradiation
(maximum coincides with the position of the irradiating spot, and the time of measurement of each line was 3 min). (f) pH in the Z direction during
illumination inside the irradiated spot. (g) X−Y dashed lines shown in optical image of the surface and the location of the focused irradiation spot on
TiO2 described above (panels a−e) mapped in panels a−c. (h) X−Y optical image with defocused light to show the flexibility of the method to
change intensity of illumination and its location and effect on the pH gradient of the surface with corresponding (i) pH map with color-pointed
acidic and basic pH areas.
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any pH-sensitive dyes (markers) in the system. Dyes may
themselves affect the photoreaction; here, we solved the
problem. Maps of the pH are collected for pristine TiO2: before
illumination (Figure 3a), during illumination (Figure 3b), after
switching off the irradiation, and during 40 min of relaxation
(Figure 3c).
It is seen from the presented proton distribution maps that,

under irradiation, as suggested in Figure 1, the reaction of the
generation of protons is observed. The protons are pumped
from irradiated TiO2 and have a gradient over the surface. It is
important to note here that an existing approach for static and
localized pH gradients relies on predefined configurations of
the microelectrodes.37 However, in our case, the big advantage
is that we can operate in an open system without any
membranes or patterning just by changing the localization of
the irradiation spot to provide a proton pump at different places
and varying the intensity of illumination. To change the
gradient patterns, the redesign and refabrication of photomasks,
microelectrodes, and, sometimes, the chip structures them-
selves are required.38 This flexibility of pH gradients is
promising for the creation of life-inspired nanoscale machinery.
The other assumption may be that H+ appears under UV and

that OH− appears everywhere, especially at the same place as
H+, but that they are canceled by H+. They are also produced at
a longer distance but reduced quantity. We see on Figures 2h
and 3b that there are some dark blue spots close to the peak.
This vicinity could be explained by a limitation of the mobility
of electrons, which recombine as close as possible from the UV
site. It could also be explained by an attractive potential
resulting from excess positive charge due to solvated H+; both
account for the blue spots.
The action of different photoelectrochemical reactions on the

TiO2 surface under UV illumination seems to be the only
plausible explanation for the observed local acidification and is

consistent with the mechanism proposed in Figure 1. It is seen
from the SIET pH maps (Figure 3a−c) that the system
effectively produces microscale pH gradients. Such engineering
of pH gradients and proton pumping on TiO2 can be important
for various chemical and biological networks. The simplest one
discussed here is the water protonation and the following
system deactivation with hydroxyl ions (Figure 1). Instead of
immobilized pH gradients in gels, microscale pH gradients in
open systems provide new avenues for on-chip reaction
networks and the identification and transfer of proteins and
large molecules.
The focused single-spot measurement (Figure 3d) and line

scan (Figure 3e) inside and across the irradiation spot visibly
prove the effect of acidification in the irradiation spot and a
slight increase of the pH in the remaining area. In comparison
with SVET measurements after switching off irradiation, the
relaxation time for the pH gradient is longer: 1−3 min for
photocurrent versus ca. 40 min for pH gradient. Total system
relaxation and return to dark characteristics is ca. 40 min
(Figure 3e) for the TiO2 surface used.
The relaxation time depends on morphology and character-

istics of the used semiconductor surface. All above-mentioned
SIET measurements were performed at 100 μm above the
surface. To measure variation of the pH as a function of the
distance from irradiated TiO2 surface, the probe microelectrode
was moved from a 2000 μm to a 0 μm distance in the Z
direction. Interestingly, a linear gradient of the pH was
observed in the 0−350 μm range. In the distance from 350
to approximately 1000 μm above the TiO2 surface, the pH
changes have shown nonlinear behavior, which can be
connected with diffusion of H+. The pH value above 1250
μm leveled off. In Figure 3f, the pH is plotted going from 0 to
1000 μm in the Z direction. Thus, the in situ SIET results prove
that we can effectively modulate the H+ activity over the

Figure 4. Prospects of chemical networking in open system. (a) Schematics of the electrochemical cell used for studying local changes in the
electrolyte created by the spatial separation of light stimulated reactions on TiO2. (b) Image of the cell surface with the two TiO2 electrodes: one
irradiated electrode with primary reaction with the photohole, production of protons, and local acidification in addition to another non-irradiated
electrode with local production of hydroxide ions. The arrows are 2D vectors of the current density measured by SVET associated with the oxidation
(red) and reduction (blue) reactions. The yellow dashed area corresponds to SVET map presented in panel c, and the white area indicates the pH
map in panel d. (c) SVET map of the current density in solution crossing a plane parallel to the surface 100 μm above it with positive (anodic)
currents in the irradiated area and negative (cathodic) currents in the non-irradiated areas. (d) SIET pH map showing local acidification in the
irradiated spot and alkalization in the non-irradiated area.
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surface. Still, there remain important questions about the
separation of the processes of photogeneration for H+ and OH−

ions laterally over the TiO2 surface.
We localized the illumination spot, and defocused (decreased

the intensity of irradiation from 5 to 1 mW/cm2) XY optical
images of the surface with an illumination spot are shown in
Figure 3g,h and correspond to pH maps in panels a−c and i in
Figure 3, respectively. The SIET map of pH activity is shown in
Figure 3i when we decrease the intensity of illumination and
locate it at the edge of the measured area. We are able to see on
the same surface zone the separated H+ and OH− activity,
which was also assumed looking at Figure 3b. Several other
conclusions can be suggested on the basis of SIET measure-
ment shown in Figure 3i: the pH gradient is located in a
designed way via the irradiation spot (a big advantage in
comparison with nonflexible predesigned electrode pH local-
ization39). It is possible to further modify the system to have a
pH gradient (Figure 1), and it is worth discussing with respect
to flexible surface process localization. The question is whether
we can also locate the electrodes at a certain distance that have
further flexibility.
We placed two TiO2 electrodes electrically connected from

the back and shined light on one of them (Figure 4). The
experiment clearly indicates the distinct advantage of the
combined use of photoanodes and cathodes for the microscale
pH gradient profiles of both H+ and OH−. On the irradiated
electrode, the positive current is detected versus the negative
one on the non-irradiated one (Figure 4c); however, electrodes
are located in the same epoxy holder and the same solution. pH
maps follow the tendency of the photocurrent; there is
acidification on the irradiated surface and alkalinization on
the non-irradiated one (Figure 4d).

■ CONCLUSIONS
Light illumination of a photoconductive surface generates a
conducting point that serves as a photoanode and cathode
where protons and hydroxide ions are produced, leading to an
increase and decrease, respectively, in the pH gradient in an
open system. The flexible spatial addressability is a great
advantage for open-system modulation. The spatial−temporal
localization of light over photoelectrodes allows the character-
ization of gradient profiles without any refabrication of
electrode patterns. A bimodal electrolysis enables the fine-
tuning of gradient profiles and enriches the variety of available
gradient patterns. Thus, the superposition of bimodal pH
gradients offers a practical solution to spatially modulating pH-
gradient patterns. As a corollary, this procedure also enriches
the variety of available gradient patterns, which can be applied
to many different experiments, such as artificially reconstructing
and applying complicated biological pH gradient patterns to
cells in vitro.
In this study, we introduced a novel life-inspired light-

addressing method to generate microscale pH gradients and
proton pumping at desired locations on a semiconductor
substrate. It is always advantageous if well-studied, reliable
materials can be applied to obtain new functions. Here, TiO2 is
efficient for “inorganic photoproton” cycling. Light irradiation
is spatially patterned by the virtual electrodes selected by light.
There are photoanode and cathode sites for H2O electrolysis.
The electrolysis at the pointed locations produces H+ and OH−,
thus inducing pH changes. The pH imaging with in situ SIET
successfully demonstrated that pH gradients were generated
around the light-addressed areas. The characterization of

gradient dimensions generated by different irradiation areas
and intensity proved the prominent advantage of the light-
addressing technique and, in particular, the spatial flexible
localization of photocathodes and photoanodes. The high
degree of freedom in photoanode and photocathode location is
promising for the tuning of pH gradient profiles. Another
advantage of the present method is the combined use of
photoanodes and photocathodes and time-controlled illumina-
tion. One can imagine a variety of gradient patterns that can be
generated, for example, by multipoint surface simultaneous
illumination.

■ EXPERIMENTAL METHODS
Titanium plates (1 mm thickness, 99.6% purity) were chemically
polished in hydrofluoric acid−HNO3 concentrated acid mixtures (1:2
in volume) to a mirror finish followed by rinsing with deionized water
and drying in a stream of air. The two-step anodization was carried out
in ethylene glycol with the addition of 0.75 wt % NH4F and 2 vol %
H2O. The anodization procedure consisted of a potential ramp from 0
to 40 V (sweep rate of 200 mV s−1) followed by holding of the
potential constant for 1 h. The samples prepared during the first step
of anodization were then ultrasonically treated in deionized water to
strip off the formed TiO2 layer and expose the underneath titanium
substrate. Afterward, the titanium plate was subjected to the second
anodization in the same electrolyte under the same regime to create
the TiO2 film with the more-ordered structure of vertically aligned
nanopores (approximately 60 nm in diameter). Next, the resultant film
was rinsed with ethanol, kept in ethanol for several hours, and dried in
a stream of air.

As-prepared titania nanotubular film is amorphous. To induce its
crystallization, annealing was carried out at 450 °C for 3 h in air at a
heating rate of 5 °C min−1. The annealed samples were then used for
the SVET and SIET measurements.

SVET and SIET measurements were performed on samples glued
to an epoxy support. Beeswax was utilized to insulate each sample,
leaving a window of a few square millimeters exposed to the testing
solution, 0.05 M Na2SO4. The measurements were made with a
commercial system (Applicable Electronics Inc.) and the ASET
software from ScienceWares. The vibrating microelectrode for SVET
was an insulated Pt−Ir wire with a Pt black deposited on a spherical tip
of 20 μm diameter. The probe was located 100 μm above the surface
and vibrated with frequencies of 112 and 67 Hz in the directions,
respectively, normal and parallel to the surface with 10 μm amplitude.
The time for each SVET map (40 × 40 points) was about 15 min.

For SIET measurements, H+-selective microelectrodes were
prepared from single-barrelled borosilicate glass capillaries with an
outer diameter of 1.5 mm. The P-97 Flaming/Brown Micropipette
Puller, (Sutter Instruments Company) was used to shape the cone tip.
The diameter of the apex of the tip was 2 μm. The capillaries were
then silanized by injecting 200 μL of N,N-dimethyltrimethylsilylamine
in a glass preparation chamber at 200 °C. The membrane for H+-
selective microelectrodes was composed of 6 wt % 4-nonadecylpyr-
idine, 93 wt % 2-nitrophenyloctyl ether, and 1 wt % potassium
tetrakis(4-chlorophenyl)borate. The inner reference solution con-
tained a buffer made of 0.01 M KH2PO4 in 0.1 M KCl. The liquid
membranes were introduced in the glass tip using an optical
microscope with two 3D micromanipulators. The column length of
proton sensitive probe was about 25−30 μm. A silver chlorinated wire
was inserted into the internal solution as the inner reference electrode.
The ion-selective microelectrodes were placed 100 μm above the
monitored surface on a 30 × 30 grid (900 data points). The time of
acquisition for each SIET data point was 2 s, resulting in a total scan
time of about 35 min, which also includes the time for the electrode to
move from point to point. In some cases, the probe was placed in a
fixed position, monitoring the pH or SVET response over time. A
homemade Ag/AgCl/0.1 M KCl, 0.01 M KH2PO4 electrode was used
as an external reference electrode. The microelectrodes were mounted
on the SVET−SIET system to control the position and program the

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b05209
ACS Appl. Mater. Interfaces 2017, 9, 24282−24289

24287

http://dx.doi.org/10.1021/acsami.7b05209


measurements. A preamplifier of 1015 Ω input impedance was used to
measure the potential. A move−wait−measure scheme was employed
for mapping above the surface.
Photoelectrochemical measurements were performed on Autolab

PGSTAT 302N potentiostat in a three-electrode quartz cell equipped
with a platinum counter-electrode and a saturated calomel reference
electrode (SCE).
Local illumination of the TiO2 film surface was performed using a

setup equipped with UV LED (365 nm; 3 W), allowing different
intensities of irradiation, e.g., 1 and 5 mW/cm2, supplied by a current
stabilizer and a UV light beam focusing system involving several quartz
lenses.39

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: skorb@scamt.ru.

ORCID
Ekaterina V. Skorb: 0000-0003-0888-1693
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We acknowledge funding from SMARCOAT project. This
project has received funding from the European Union’s
Horizon 2020 research and innovation programme under the
Marie Skłodowska-Curie grant agreement no. 645662. E.V.S.
thanks the RSCF grant no. 17-79-20186. J.T. thanks FCT for
research grant no. IF/00347/2013.

■ REFERENCES
(1) Grzybowski, B. A.; Huck, W. T. S. The Nanotechnology of Life-
Inspired Systems. Nat. Nanotechnol. 2016, 11, 585−592.
(2) Chen, J. W.; Wezenberg, S. J.; Feringa, B. L. Intramolecular
Transport of Small-Molecule Cargo in a Nanoscale Device Operated
by Light. Chem. Commun. 2016, 52, 6765−6768.
(3) Kudernac, T.; Ruangsupapichat, N.; Parschau, M.; Macia, B.;
Katsonis, N.; Harutyunyan, S. R.; Ernst, K. H.; Feringa, B. L.
Electrically Driven Directional Motion of a Four-Wheeled Molecule
on a Metal Surface. Nature 2011, 479, 208−211.
(4) Eelkema, R.; Pollard, M. M.; Vicario, J.; Katsonis, N.; Ramon, B.
S.; Bastiaansen, C. W. M.; Broer, D. J.; Feringa, B. L. Nanomotor
Rotates Microscale Objects. Nature 2006, 440, 163−163.
(5) Wong, A. S. Y.; Postma, S. G. J.; Vialshin, I. N.; Semenov, S. N.;
Huck, W. T. S. Influence of Molecular Structure on the Properties of
Out-of-Equilibrium Oscillating Enzymatic Reaction Networks. J. Am.
Chem. Soc. 2015, 137, 12415−12420.
(6) Hermans, T. M.; Stewart, P. S.; Grzybowski, B. A. pH Oscillator
Stretched in Space but Frozen in Time. J. Phys. Chem. Lett. 2015, 6,
760−766.
(7) Semenov, S. N.; Kraft, L. J.; Ainla, A.; Zhao, M.; Baghbanzadeh,
M.; Campbell, V. E.; Kang, K.; Fox, J. M.; Whitesides, G. M.
Autocatalytic, Bistable, Oscillatory Networks of Biologically Relevant
Organic Reactions. Nature 2016, 537, 656−660.
(8) Ichimura, K. Nonlinear Organic Reactions to Proliferate Acidic
and Basic Molecules and their Applications. Chem. Rec. 2002, 2, 46−
55.
(9) Whitesides, G. M. Bioinspiration: Something for Everyone.
Interface Focus 2015, 5, 20150031.
(10) Semenov, S. N.; Wong, A. S. Y.; van der Made, R. M.; Postma, S.
G. J.; Groen, J.; van Roekel, H. W. H.; de Greef, T. F. A.; Huck, W. T.
S. Rational Design of Functional and Tunable Oscillating Enzymatic
Networks. Nat. Chem. 2015, 7, 160−165.
(11) Kato, M.; Zhang, J. Z.; Paul, N.; Reisner, E. Protein Film
Photoelectrochemistry of the Water Oxidation Enzyme Photosystem
II. Chem. Soc. Rev. 2014, 43, 6485−6497.

(12) Rivera-Chavez, F.; Baumler, A. J. The Pyromaniac Inside You:
Salmonella Metabolism in the Host Gut. Annu. Rev. Microbiol. 2015,
69, 31−48.
(13) Koumura, N.; Zijlstra, R. W. J.; van Delden, R. A.; Harada, N.;
Feringa, B. L. Light-Driven Monodirectional Molecular Rotor. Nature
1999, 401, 152−155.
(14) Kolesnikova, T. A.; Kohler, D.; Skirtach, A. G.; Möhwald, H.
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Microbubbles trigger oscillation of crystal size
in solids†

Anna Kollath,a Nadzeya Brezhneva,b Ekaterina V. Skorbbc and Daria V. Andreeva*d

An understanding of the nature and conditions of nonlinear processes in open systems is important for

modulation of the microstructure of solids at a new level of complexity. We demonstrate that cavitation

generated by high intensity ultrasound (HIUS) triggers nonlinear processes in microparticles and layers

of titanium. We reveal a non-monotonic dependence of the size of grains in the treated solids on

sonication time, and oscillation of titanium grain sizes vs. time of ultrasonic treatment, indicating the

influence of two opposing forces: cavitation driven impact of shock heating and shear stress on surfaces.

These nonlinear self-organization processes in solids promise new microstructured materials with

applications among others in bio- and geosciences.

Introduction

Nonlinear modulation of microstructures concerns questions
also relevant for understanding the origin of life,1 materials
science,2 geoscience3 and bio4 science. Recent examples of self-
organization are the formation of chiral5 and hierarchically
structured porous metal composites,6 epitaxial strain induced
transitions in layered oxides,7 switchable infrared nanopho-
tonic elements based on phase change materials,8 design of
autonomous motors,9 etc.

However, the main question is how to establish dynamic
control of useful characteristics, for example dynamic control
of crystal/grain size and composition modulation in solids.
A possible answer is to develop a new generation of dynamic
impactors that can trigger spatiotemporal oscillations of struc-
tures and functions.

Ultrasonically triggered cavitation, which can be defined as
generation, growth and violent collapse of microbubbles, is a
unique but underappreciated approach for generating a strong
shock impact and thus a rapid increase of temperature and
pressure at a localized area (o0.02 mm).10–12 It was demonstrated
that shock waves in a cavitating suspension triggered opposite

effects, for example, melting of metal particles and formation of
aggregates,13 fragmentation of solids and disaggregation.14

Close to the center of a cavitation bubble, the electron
temperature can reach tens of eV.10–12 Upon bubble collapse
the energy is converted into mechanical (molecular and atomic
movements), thermal (random movements of atoms and mole-
cules) and chemical energy (cleavage of chemical bonds).15

Thus, shock impact creates highly non-equilibrium conditions
for dynamic modification of liquids and solids. Here, we study
the linearity of cavitation driven microstructural changes in
titanium (Ti), namely changes in Ti grain sizes vs. time of
ultrasonic treatment (sonication).

We propose that cavitation is a powerful and dynamic impactor
for the modulation of solids at the atomic level. Interaction of
microbubbles with surfaces can drive several forces that can lead
to both grain growth and grain size reduction in solids. The main
questions are: which forces drive grain growth and which forces
trigger grain size reduction? What is the coupling mechanism that
allows periodic switching between forces in the cavitating medium
and leads to nonlinear effects in solids?

Recently, in order to elucidate the cavitation driven processes in
solids we used heterogeneous AlNi alloys.16,17 The analysis of the
kinetics of crystal growth showed that the crystallite sizes of the
intermetallic phases in AlNi alloys oscillate with treatment time.16,18

These very interesting results raised questions about the physics
underlying the non-monotonic changes of crystal sizes vs. time of
cavitation impact, especially from the aspect of energy transfer
in dissipative systems.19,20 We demonstrated that propagation of
cavitation generated huge temperature gradients in solids, which led
to crystal growth and formation of materials with a compositional
gradient.17,21 However, what is the opposite force that might stimu-
late crystal size reduction and what is the coupling mechanism
that provides periodic changes in the microstructure?
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In order to answer these questions we investigated micro-
structural and morphological changes in ultrasonically treated
titanium (Ti). Ti is a relatively hard ductile material with a high
melting point (1941 K).22 It is resistant to corrosion and is a
poor conductor of heat.23,24 Thus, this material is an appro-
priate candidate for the investigation of cavitation induced
nonlinear microstructural changes in solids. Additionally,
Ti is the ninth-most abundant element in the Earth’s crust
(0.63 wt%) and has a broad range of biomedical, pharmaceu-
tical and industrial applications.25

Here we report on the impact of cavitation on Ti using two
systems: suspensions of Ti microparticles and Ti layers evapo-
rated on a silicon substrate. In suspensions of cavitating
particles energy dissipation is believed to occur via violent
interparticle collisions.13 If Ti layers are used, energy is trans-
ferred from a direct impact of microbubbles on the Ti surface,
namely upon bubble collapse near/at the solid–liquid interface.
However, the factors, namely surface roughness, composition,
etc., that affect energy transfer from cavitation bubbles to solids
is not well understood. We followed microstructural changes
in bulk Ti and on Ti surfaces, found an oscillation of Ti grain
sizes vs. time of ultrasonic treatment and revealed the impact
of cavitation driven shock heating and shear stress on grain
growth and reduction cycles.

Results and discussion

The oscillation of grain sizes vs. sonication time in cavitating
suspensions of Ti microparticles is shown in Fig. 1A. The size of
grains after 3 min of treatment was nearly twice as large
(B300 nm), as compared to the untreated particles (B160 nm).
The observed grain growth can be explained by local heating of
particles in the cavitating medium. However, after 5 min of
treatment the size of the grains reduced toB200 nm and reached
the initial value after 7 min of treatment. The grain size reduction
might be explained by the formation of defects. As seen in Fig. 1A
longer treatment led to a periodic increase and decrease in the
grain size vs. treatment time. The interesting question is: how
can cavitation trigger two opposite processes – grain growth
and grain size reduction?

The observed decay in the period and intensity of oscillation
allows the effect of cavitation intensity on matter to be
monitored. The decay can be explained by a decrease in
cavitation intensity. It is known that the intensity of continuous
cavitation decreases with time due to degassing of the medium,
which then leads to an increase in the nucleation barrier of
the bubbles.14,26,27 An additional source of the gas phase can
accelerate recrystallization.28 Bubbling of gas during sonica-
tion, the use of pulsed ultrasonic modes as well as gas-forming
reactions in the ultrasonic medium help to avoid fading of the
cavitation intensity. Thus, we see that the amplitude of crystal
size oscillation depends on the intensity of cavitation, namely
on the number of cavitation bubbles and, thus on the frequency
of nucleation events and the number of cavitation bubbles
generated by ultrasound.

On the surface of cavitated Ti microparticles (Fig. 1C) we
obtained evidence of cavitation induced fractures and shear
bands. It is very important that the type of crease depends on
the treatment time. After 5 min of modification, we observe the
formation of microdefects. However, after 60 min of modification
(Fig. 1D) the surface is covered with well-defined shear bands.
Thus, we can propose that the collapse of cavitation bubbles in
suspensions of Ti microparticles triggers both microstructural
changes in the interior of the particles and morphological changes
on the surface of Ti. An interesting question is whether ultrasonic
energy is transferred to solids via interparticle collisions or via
bubble collapse at/near liquid–solid interfaces.

The collapse of cavitation bubbles and generation of shock
stimulate very fast atomic and molecular movements at speeds
comparable with the speed of sound in a liquid. In ethylene
glycol, the speed of sound at 333 K is 1660 m s�1.29 However,
the direct measurement of particle velocity in ethylene glycol at
10% intensity of ultrasound using optical microscopy and a
high speed camera reveals that the speed of particle movement
is around 1.3 m s�1. Using this velocity v, the viscosity Z, and
the density r of ethylene glycol at 333 K and the diameter d of
the Ti particles used (B150 mm) we can calculate the Reynolds
number (Re):30

Re ¼ rvd
Z

Re of a cavitating suspension of Ti particles at 10% of intensity
can be up to B40. It is obvious that such extreme hydro-
dynamic conditions can trigger strong shear at the surfaces and,
therefore, cause changes in the microstructure and morphology
of the particles. However, an interesting question is whether
the observed microstructural changes can be achieved, if we

Fig. 1 Oscillation of grain size of Ti microparticles as a function of sonica-
tion time (A). Scanning electron microscopy image of the surface of the
initial Ti particles (B) and after 5 (C) and 60 min (D) of HIUS modification.
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avoid shear stress due to particle movements. Can the impact
of bubble collapse near/at solid–liquid interfaces trigger oscil-
lation of grain sizes on metal surfaces?

We expect that oscillation of the grain size can be achieved
in the absence of particle movement, since extreme hydro-
dynamic conditions and turbulent flow might be due to bubble
collapse and shock impact on the metal surface.

In order to prove our suggestion, we investigated the effects
of cavitation bubbles on the microstructure and morphology of
2 mm Ti layers evaporated on silicon wafers. In these experi-
ments, we monitored the impact of cavitation bubbles on the
metal surface and excluded interparticle collisions.

Fig. 2 shows that the samples sonicated for 1, 5 and 10 min
exhibit different surface morphologies. We observe an increase
in the size of the grains on the surfaces of the samples after
5 min of treatment. The surfaces of the samples sonicated for
1 min showed the appearance of new grain boundaries. After
10 min of modification we revealed a decrease in the grain size.

Furthermore, calculation of the average size of grains on
the Ti surface using TM AFM image analysis proves a non-
monotonic dependence of grain size vs. sonication time. The
grain size values are plotted in Fig. 3A. The grain size of the
initial Ti surface was B65 nm. After 1 and 10 min of sonication
the crystal size was reduced to B60 nm. However, the crystal
sizes on the surfaces modified for 5 min were B70 nm.

Monitoring of the grain size in the interior of Ti layers using
XRD (Fig. 3B) also reveals a non-monotonic dependence of the
grain size on sonication time in the bulk material as on the

surface of Ti layers. The initial size of the grains in untreated Ti
is B45 nm and increases to B50 nm after 1 and 10 min of
sonication and reduces to B40 nm after 5 min of sonication. It
is obvious that the observed oscillations in Ti layers are slightly
beyond the error margins.

Thus, we supported this oscillatory behaviour by the analysis
of the surface morphology and the crystal size distribution
shown in Fig. 4 and 5. Additionally, the roughness of the
sonicated surfaces was monitored using TM AFM. Fig. 3C
shows that the roughness is slightly affected by cavitation. We
also did not observe surface erosion and crack formation on the
surface of Ti layers after 10 min treatment. Longer treatment
led to delamination of the Ti layers from the Si support, and
thus, is not informative for the scope of this work.

The composition of the samples was studied using Fourier-
transformed infrared spectroscopy (FTIR) and X-ray photo-
electron spectroscopy (XPS). The data are shown in Fig. S1
and S2 (ESI†). The surface analysis reveals the presence of

Fig. 2 AFM images of the initial (A) and HIUS treated Ti surfaces for 1 (B),
5 (C), and 10 (D) min. The new grain boundaries, and large and small grains
are highligted.

Fig. 3 Non-monotonic dependence of the grain size on sonication
time: A – the surface grain size measured by AFM; B – the interior grain
size of Ti layers calculated using XRD data; C – the surface roughness of Ti.
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titanium dioxide species. The composition of the samples did
not change upon ultrasonic treatment.

It is interesting that the grain size changes on the surface
and in the bulk of the Ti layers demonstrate similar non-
monotonic dependence on sonication time. However, the max-
ima and minima are observed at different sonication times: the

maximum grain size on the surface was measured for the
samples sonicated for 5 min. In contrast, the maximum grain
sizes in the interior of the Ti layers were calculated for the
samples sonicated for 1 and 10 min. The shift can be explained
by development of gradients from the surface to the interior of
solids due to the impact of cavitation bubbles on the surface.

Thus, we revealed oscillations of grain sizes in cavitating
solids even in the metal layers, supporting our concept that
extreme hydrodynamic conditions produced by cavitation cause
repeating recrystallization cycles in solids. In this context, the
next important point is establishing possible driving forces for
nonlinear spatiotemporal changes in solids.

Using both Ti particles and Ti layers, we demonstrated that
cavitation triggers two processes: (1) grain growth and (2) grain
size reduction. Thus, we suggest that switching of grain growth
and grain reduction cycles might be explained by competition
of two opposing forces. It is obvious that propagation of a
temperature gradient in solids is a driving force for grain growth.
What is the driving force for grain size reduction?

Cavitation induced shock triggers acceleration not only of
microparticles but also of molecules at solid–liquid interfaces.
We can calculate the kinetic and thermal energy of B150 mm
spherical Ti particles. For calculation of kinetic energy, we can
use the speed of sound in ethylene glycol that is equal to
1660 m s�1.29 For calculation of thermal energy, we assume
that the temperature in the cavitating system can increase up to
B10 000 K.10,13,15 The specific heat of Ti is 0.54 kJ kg�1 K�1.29

We see that the kinetic energy of cavitating particles is one
order of magnitude larger than the thermal energy. Thus, we
can assume that extreme hydrodynamic conditions have the
main contribution to the modification process.

Extreme hydrodynamic conditions in the cavitating medium
can introduce two forces, shock heating and shear stress on a
Ti surface. Shock heating and propagation of a temperature
gradient in solids leads to grain growth. Shear stress causes plastic
deformations, namely the formation of new grain boundaries,
that can lead to an increase in internal energy stored at grain
boundaries and can be used for further crystal growth. Such
mechanisms are well described and known as dynamic
recrystallization.31 However, the question is: how can the collapse
of clouds of cavitation bubbles that proceeds at least every
millisecond trigger oscillations with long time-scale (minutes)
periodic variations?

A possible mechanism of cavitation driven dynamic recrystalli-
zation is shown in Fig. 4 and 5. Cavitationmight provide oscillation
between the equilibrium and non-equilibrium states of matter.
This process is schematically illustrated in Fig. 4 and 5. A spatial
temperature gradient is a driving force for grain growth followed
by reduction in the entropy of the system, which then reaches
an equilibrium state. However, cavitation induces shear stress
on the surfaces, and triggers dislocations and formation of the
new grain boundaries. Dislocation energy is stored at grain
boundaries and the entropy of the system increases. Solids are
ready for the next cycle.

As seen in Fig. 4A–C relatively isotropic grains are present on
the surface of untreated Ti (Fig. 4A). Elongated grains typical of

Fig. 4 AFM images and sketches illustrate dynamic morphological
changes on A – initial, B – 1 min and C – 10 min HIUS treated Ti surfaces.
The same z-scale as in Fig. 2 was used. D – Reduced lognormal grain size
distributions of initial (dots) and HIUS treated Ti for 1 min (red), 5 min
(black), and 10 min (green). Fitting parameters are shown in Table S1 (ESI†).

Fig. 5 AFM images illustrate the changes of grain size on A – initial
and B – 5 min HIUS treated Ti surfaces. The AFM images have the same
z-scale as the AFM images in Fig. 2.

Paper PCCP

Pu
bl

is
he

d 
on

 0
7 

Fe
br

ua
ry

 2
01

7.
 D

ow
nl

oa
de

d 
by

 S
ai

nt
 P

et
er

sb
ur

g 
St

at
e 

U
ni

ve
rs

ity
 o

f 
IT

 M
ec

ha
ni

cs
 a

nd
 O

pt
ic

s 
on

 8
/8

/2
01

9 
9:

20
:0

5 
A

M
. 

View Article Online

https://doi.org/10.1039/c6cp07456a


6290 | Phys. Chem. Chem. Phys., 2017, 19, 6286--6291 This journal is© the Owner Societies 2017

the deformed material are seen in Fig. 4B. The anisotropic
morphology is replaced by finer and almost isotropic grains
(Fig. 4C) after 10 min of modification. Grain size distribution
profiles shown in Fig. 4D confirm the oscillation of grain
size distribution vs. treatment time. The fitting parameters of
each curve in Fig. 4D are presented in Table S1 (ESI†). It is
interesting that the grain size distribution for samples soni-
cated for 5 min is broader than the grain size distributions for
samples after 1 and 10 min of treatment.

The grain size distribution for samples after 5 min of
modification is a typical lognormal distribution, which can be
attributed to particle coarsening due to coalescence or Ostwald
ripening.32

A close look at the AFM images allows us to propose that the
mechanism of crystal growth is Ostwald ripening. On the
surface of untreated Ti (Fig. 5A) we can distinguish small grains
(o50 nm) and large grains (450 nm). After 5 min of treatment
(Fig. 5B), the large grains became larger and the small grains
became smaller. Such a mechanism of grain growth is known
as Ostwald ripening33 and is schematically illustrated in Fig. 5.
It is suggested by Eberl et al.33 that reduced lognormal plots
of grain size distributions, which come close to steady-state
distributions,34,35 can describe the Ostwald ripening mecha-
nism of grain growth. Different grain size distribution profiles
for the samples after different times of modification might
indicate cavitation driven temporally resolved recrystallization
processes in solids.

However, the remaining questions are: what is the coupling
mechanism of the two forces described here? How can we
match the timescale of nucleation/collapse events of cavitation
bubbles and periodicity of grain oscillations? Recently
Zhang et al.14 and Belova et al.36 suggested that the impact of
cavitation on solids in suspensions of particles depended on the
nucleation events of bubbles at liquid–solid interfaces. It was
demonstrated that the nucleation energy barrier drastically
depended on the effective apparent contact angle of nucleation
bubbles on a curved surface in contact with a liquid. Thus, we can
propose that an increase in surface inhomogeneity, namely for-
mation of new grain boundaries causes a decrease in the nuclea-
tion energy barrier. In contrast, coalescence of grains leads to a
decrease in grain boundaries and, therefore, a decrease in nuclea-
tion events. Thus, our experiments provide insight into the inter-
dependence between crystalline surfaces and cavitation bubbles
and attempt to explain cavitation driven oscillations in solids.
However, questions remain open for further investigations and
understanding of the nonlinear dynamics of bubbles at interfaces.

Conclusions

We propose that cavitation induced shock impact on surfaces
triggers nonlinear processes in solids due to two opposite
forces. (1) Shock heating and propagation of a temperature
gradient leads to grain growth. (2) Shear stress at liquid–solid
interfaces causes dislocations and the formation of new grain
boundaries and, thus, leads to a decrease in the size of grains.

Extreme hydrodynamic conditions in cavitating systems
can be achieved in a wide range of heterogeneous systems.
Cavitation energy can be dissipated via interparticle collisions
and via bubble collapse near/at liquid–solid interfaces. It is
important that this together with shock heating cavitation
drives the shear stress on solids. It is possible that interdepen-
dence between crystalline surfaces and nucleation of cavitation
bubbles provides coupling of two forces and leads to oscilla-
tions in solids. However, the observed discrepancy between the
time-scale of periodic bubbles collapse and the oscillation of
the grain size is still a remaining question.

Besides the fundamental understanding of cavitation initiated
nonlinear processes for open dissipative systems, this work raises
a problem of cavitation driven nonlinear processes in nature. In
nature, cavitation is a common impactor of different processes
related to earthquakes,4 impact-shock synthesis of organic
molecules,1 formation of inorganic materials in fast moving
magmatic melt,37 etc. Even though we have started investigations
of ultrasonically induced microstructural oscillations in solids,
many questions remain for exciting research concerning cavita-
tion triggered oscillations and self-organization in nature.

Experimental

Silicon (Si) wafers (100) with polished surfaces from CrysTech
Kristralltechnologie were used as a substrate for titanium layers
of 2 mm thickness deposited by physical vapour deposition
using a BA 510 from Fa. Balzers, Liechtenstein. Absolute
ethanol AnalR NORMAPUR from VWR Chemicals and ethylene
glycol from Sigma Aldrich were used as received. Ti covered
(100) Si wafers were fixed in a homemade sample holder for
HIUS modification. The samples were sonicated for 1, 5, and
10 min in ethylene glycol at a sonotrode to a surface distance of
5 mm. Additionally, we sonicated suspensions of B150 mm Ti
particles (99.5 wt%, Acros Organics) in 100 ml of ethylene glycol
at a concentration of 0.05 g ml�1 for 0–60 min. After sonication
the particles were centrifuged and washed five times with
ethanol and then dried to a constant mass at 80 1C.

Cavitation was produced using a UIP1000hd ultrasonic
device from Hielscher Ultrasound Technology equipped with
a B2-1.8 booster and a BS2d22 sonotrode (head area 3.8 cm2).
The operating frequency was 20 kHz with a maximum intensity
of 140 W cm�2 and an amplitude of 106 mm. The sonication
medium was cooled using an ice bath to approximately 333 K.
The samples modified in ethylene glycol were rinsed with ethanol
after HIUS modification. The particle velocity was measured using
an Axio Observer Inverted Microscope (Carl Zeiss Microscopy
GmbH) equipped with a 20� objective and transmitted light
bright field illumination. Recordings were done using a Phantom
v1610 high speed camera with 500000 frames per seconds.

Atomic force microscopy (AFM) was performed using a
Dimension 3100 equipped with a NanoScope IV controller
and a standard scanner from VEECO Instruments GmbH using
tapping mode (TM). Analysis of AFM images was carried
out using the programs NanoScope Analysis and ImageJ.
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Surface roughness from AFM was determined using the Nano-
scope Analysis program, and the crystal size was determined by
taking a grain size average of three different surface areas using
the program ImageJ. Therefore, crystals were divided into those
with sizes larger and smaller than 50 nm. Grain size distribu-
tions were determined using the program IGOR Pro.

X-ray diffraction (XRD) was performed using a Panalytical
X’Pert Pro MPD with monochromatic Cu Ka radiation, l = 1.54 Å
from 51 to 801 with 0.03 steps. Data evaluation was carried
out using the program X-Pert HighScore Plus. The Ti grain size
was determined using the Scherrer method (see ESI†). For the
calculations we used the peak at 38.51 (110), which was assigned
to (110) Ti (JCPDS: 00-044-1288).

Scanning Electron Microscopy (SEM) was conducted using a
Gemini Leo 1550 instrument, Leo Elektronenmikroskopie GmbH,
at an operating voltage of 3 keV. Samples were sputtered with gold.

X-ray photoelectron spectroscopy (XPS) analyses were carried
out using M-probe apparatus (Surface Science Instruments). The
source was monochromatic Al-Ka radiation (1486.6 eV).

Fourier-transformed infrared spectra were recorded using a
VERTEX 70 spectrometer.

Acknowledgements

D. V. A. thanks the Institute for basic science, South Korea.
D. V. A. and A. K. thank the project A11 SFB840. We thank
Florian Puchtler for assisting in the XRD measurements and
Markus Hund for providing help with AFM images. A. K. thanks
also the Elite Network Bavaria.

Notes and references

1 Ch. Chyba and C. Sagan, Nature, 1992, 355, 125.
2 I. Lagzi, B. Kowalczyk, D. Wang and B. A. Grzybowski,

Angew. Chem., Int. Ed., 2010, 49, 8616.
3 A. R. Taylor, M. A. Russell, G. M. Harper, T. F. T. Collins and

C. Brownlee, Eur. J. Phycol., 2007, 42, 125.
4 F. Fusseis, K. Regenauer-Lieb, J. Liu, R. M. Hough and

F. De Carlo, Nature, 2009, 459, 974.
5 M. Avalos, R. Babiano, P. Cintas, J. L. Jiménez and
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In recent years, considerable research 
interest has been focused on the study 
of bismuth semiconductor compounds: 
vanadate BiVO4,[1–5] oxyhalides BiOHal 
(Hal = I, Cl, Br),[6–10] sulfide Bi2S3,[11–15] 
and oxysulfides.[16–23] This is due to their 
attractive photocatalytic and photoelec-
trochemical properties, as well as the fact 
that bismuth is a nontoxic, inexpensive 
material. Moreover, as a high-Z element, 
bismuth demonstrates a high attenuation 
of X- and γ-ray quanta, making promising 
the development of detectors based on its 
semiconductor compounds.[24,25]

The first bismuth oxysulfide Bi2O2S 
reported in 1984 has the same crystal-
line structure as bismuth oxyhalides.[26] 
Both classes of compounds have a lay-
ered structure, where the [Bi2O2] layers 
alternate with the layers of halogenide 
or sulfide anions.[26] Bi2O2S is a n-type 
semiconductor[16] and provides attrac-
tive photoelectric properties (band gap 
reported as 1.5[16] and 1.12 eV).[17]

Recently synthesized bismuth oxy-
sulfide Bi9O7.5S6 also has a layered structure, which consists of 
alternatingly packed [Bi2O2] and [BiS2] layers held together by 
van der Waals interaction. The band gap energy Eg = 1.27 eV 
and direct optical transitions[18] lend this semiconductor high 
perspectives for solar energy applications.

The band gap energy Eg = 0.99 eV (direct optical transi-
tions)[19] of layered oxysulfide Bi2OS2 composed of alternating 
[Bi2O2] and [BiS2] layers has the lowest value among the known 
oxysulfides, even smaller than the band gap of bismuth sulfide 
(Eg = 1.3 eV).[20]

According to X-ray photoelectron spectroscopy (XPS), bis-
muth and sulfur atoms have an oxidation state of +3 and −2, 
respectively, in semiconductor bismuth oxysulfides considered 
above.[16,18] A fundamentally different situation is observed 
in Bi4O4S3. It was found that Bi4O4S3 formed by alternating 
[Bi2O2], [BiS2], and [SO4] layers possesses superconductivity at 
temperatures less than 4.4–8.6 K.[21–23] Sulfur atoms have dif-
ferent oxidation states: –2 in [BiS2] layers and +6 in [SO4] ones. 
Oxidation states of bismuth atoms in this compound are +3 and 
+2.5 in [Bi2O2] and [Bi2S4] layers, respectively.[17] Bi4O4S3 can be 
considered as one of two stable forms of Bi4O4(SO4)1−xBi2S4, 

Nanostructured layered bismuth oxysulfide films synthesized by chemical 
bath deposition reveal a giant incident photon-to-current conversion effi-
ciency (IPCE). This study shows that surprisingly for the cathodic photo-
current in the photoreduction process, the IPCE reaches ≈2500% in aqueous 
solutions containing [Fe(CN)6]3−. The giant IPCE is observed starting from 
a certain minimal oxidizer concentration (c > 10−3 m for [Fe(CN)6]3−) and 
decreases nonlinearly with an increase of illumination intensity. Giant IPCE 
is determined by the decrease in resistivity of the bismuth oxysulfide film 
under illumination with photoconductivity gain, which provides the possi-
bility of charge carriers from an external circuit to participate in the photore-
duction process. Giant IPCE is observed not only in [Fe(CN)6]3− solutions, 
but also in electrolytes containing other photoelectron acceptors: Fe3+, I3

−, 
quinone, H2O2. In all, solution-processed layered bismuth oxysulfide films 
offer large-area coverage, nontoxicity, low cost, and compatibility with a 
wide range of substrates. Abnormally high photoelectrochemical activity, as 
well as a band gap energy value favorable for efficient conversion of solar 
light (1.38 eV, direct optical transitions), proves the potential of bismuth 
oxysulfide photoelectrodes for a new generation of high-performance 
photoconverters.

Photoconductivity

Adv. Mater. 2017, 29, 1702387
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where x can be equal to 0 or 0.5 corresponding to the Bi6O8S5 
and Bi4O4S3 formula units. Elemental ratios and basic prop-
erties of the known bismuth oxysulfides, Bi2S3 and Bi2O3 are 
summarized in Figure S1 (Supporting Information).

The mentioned layered structure of bismuth oxysulfides sug-
gests that variation in stacking of “building blocks” ([Bi2O2], 
[BiS2], sulfur layers, etc.) can provide a possibility to synthe-
size new compounds. Band gap energy favorable for efficient 
solar energy conversion can be expected taking into account Eg 
values for bismuth oxide, bismuth sulfide, and known bismuth 
oxysulfides (Figure S1, Supporting Information).

Small diffusion length of the minority charge carriers in 
light absorbing material is known to be one of the limitations 
of photoelectrochemical energy conversion efficiency. Nano-
structured photoelectrodes (arrays of nanotubes or nanorods, 
mesoporous films, as well as films formed by thin platelet-like 
crystals of nanoscale thickness) provide an attractive possibility 
to solve this problem. Indeed, a sufficient thickness of such 
nanostructured films allows efficient light harvesting, whereas 
a short diffusion distance for the minority carriers toward the 
electrolyte solution provides low recombination losses.

Photoelectrochemical and photocatalytic behavior of bis-
muth oxyhalides, bismuth orthovanadate, as well as bismuth 
sulfide Bi2S3 has been investigated to date in details.[1–15] The 
first studies of photoelectrochemical behavior of Bi2O2S and 
Bi2O2S/In2O3 heterostructure have demonstrated the possi-
bility to utilize them as n-type semiconductors; dye-modified 
Bi2O2S/In2O3 is perspective as water-splitting catalyst.[16] Nev-
ertheless, photoelectrochemistry of bismuth oxysulfides is at an 
early stage in general.

Previously studied oxysulfide compounds have been pre-
pared in many cases by high-temperature solid-state synthesis. 
At the same time, there is a rapidly growing interest in the 
preparation of materials and devices for optoelectronics and 
solar energy harvesting using solution-based approaches due to 
their simplicity and low cost.[27]

In this work, chemical bath deposition (CBD) was used to 
produce bismuth oxysulfide films for the first time (Figure S2, 
Supporting Information). Surprisingly, we detected (Figure 1) 

unique photoelectrochemical behavior of the synthesized 
films, not shown before for any known this material. Incident 
photon-to-current conversion efficiency (IPCE or Y) known as 
a number of electrons passing in a circuit per one incident 
photon reaches up to 2500% for the cathodic photocurrent.

CBD grown bismuth oxysulfide films possess a highly-devel-
oped structure formed by the randomly oriented nanoplate-
lets (Figure 2a,b). Their lateral size is of several hundreds of 
nanometers, whereas the thickness is remarkably smaller (tens 
of nanometers). The layered shape of crystallites confirmed by 
transmission electron microscopy (TEM, Figure 2c) provides 
high surface-to-volume ratio and a short path for charge car-
riers scavenged by electrolyte. Selected area electron diffraction 
(SAED, inset in Figure 2c) and high resolution TEM (Figure 2d) 
point to crystallinity of the prepared films with hexagonal lattice 
symmetry (inset in Figure 2c).

Qualitative elemental composition analysis of the synthe-
sized films performed with XPS (Figure 2g) and energy-disper-
sive X-ray spectroscopy (Figure S3, Supporting Information) 
demonstrates the presence of Bi, S, and O. Chemical analysis 
(Figure S1, Supporting Information) has shown a bismuth-
to-sulfur molar ratio Bi:S = 1.11:1, which is an intermediate 
value compared to other known bismuth oxysulfides.

XPS studies demonstrate binding energies of 159.3 and 
164.6 eV for Bi 4f7/2 and 4f5/2 electrons, respectively (Figure S4, 
Supporting Information), which is close to values reported 
for Bi2O3 and corresponds to +3 oxidation state.[28] Peaks at 
225.7 and 232.5 eV for S 2s electrons (Figure 2e) correspond 
to −2 and +6 oxidation states of sulfur, respectively.[29] Ion 
etching of the films (etching depth 10 nm) results in almost 
complete disappearance of the peak corresponding to the 
+6 oxidation state of sulfur (Figure 2f) suggesting that S6+ ions 
are formed on the surface of the film due to oxidation of S2− 
during ambient storage. Since sulfur atoms in the films have 
only −2 oxidation state, the simplest formula unit can be repre-
sented as Bi10O6S9, which differs from the atomic composition 
of all presently known bismuth oxysulfides.

The positions of lines in X-ray diffraction (XRD) patterns of 
the synthesized compound (Figure 2h) differ from those for any 

Adv. Mater. 2017, 29, 1702387

Figure 1. Photoelectrochemical behavior of bismuth oxysulfide films: a) dependence of IPCE on electrode potential for cathodic and anodic photo-
currents derived from b) cyclic voltammogram with chopped illumination during anodic scan of electrode potential.



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1702387 (3 of 6)

www.advmat.dewww.advancedsciencenews.com

oxysulfides described in the literature, which correlates with 
the chemical analysis results presented above. A large width of 
lines may originate from a high defect density in the films, a 
small thickness of the nanoplatelets and tensile/compressive 
strains due to their curvature (Figures 2a,d), which impedes a 
reliable identification of crystalline structure. The films were 
heat treated in Ar atmosphere to improve their crystallinity and 
to investigate thermal stability.

As seen from Figure 2h, heat treatment at 200 °C does not 
influence the intensity of XRD lines and their position, whereas 
annealing at 300 °C gives rise to formation of Bi2S3 crystal-
line phase. After annealing at 400 °C, elemental bismuth and 
bismuth oxysulfide Bi2O2S are registered along with Bi10O6S9 
and Bi2S3. Formation of Bi0 seems to be due to Bi3+ reduction 
by S2− anions. Heat treatment at 500 °C leads to the destruction 

of oxysulfides and their conversion to oxide Bi2O3 and oxysul-
fate Bi2O(SO4)2.

The thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) curves of bismuth oxysulfide sample 
from room temperature to 1000 °C under argon are shown in 
Figure S5 in Supporting Information. It is observed from the 
TGA that the weight loss (2.7 wt%) at 30–100 °C is related to 
the elimination of the physisorbed water, and then up to 340 °C 
(3.5 wt%) to the volatilization of organic residues. Sharp weight 
loss at 400–490 °C (6.9 wt%) can be attributed to partial loss of 
sulfur and solid-state transformations including a formation of 
new bismuth oxysulfide and sulfide phases. This observation can 
be confirmed by DTA that gives a broad split exothermic peak 
(at 469, 486 °C) corresponding to the formation of elemental 
bismuth and bismuth oxysulfide Bi2O2S (registered along  

Adv. Mater. 2017, 29, 1702387

Figure 2. Structural characterization of bismuth oxysulfide: a) top-view and b) cross-sectional scanning electron microscopy (SEM) images of the film; 
c) transmission electron microscopy (TEM) image with selected area electron diffraction (SAED) pattern in inset; d) high-resolution transmission 
electron microscopy (HRTEM) image; e–g) X-ray photoelectron spectroscopy (XPS): e,f) S 2s high resolution spectra before and after surface etching; 
g) survey spectrum; and h) X-ray powder diffraction (XRD) of initial and heat treated samples.
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with Bi10O6S9 and Bi2S3) accordingly XRD data. Weight loss at 
800–1000 °C is associated with oxygen and sulfur elimination 
from bismuth oxide, oxysulfate, and oxysulfides.

The synthesized bismuth oxysulfide films absorb visible 
light well (Figure S6, Supporting Information) and demon-
strate cathodic photopotential revealing properties of a n-type 
semiconductor similar to Bi2S3

[30] and Bi2O2S.[16] Both anodic 
and cathodic photocurrents can be generated depending on 
the electrode potential (Figure 1b). The most prominent prop-
erty in photoelectrochemical behavior of the synthesized films 
is extremely high value of cathodic photocurrent in solutions 
containing electron acceptors (for example, [Fe(CN)6]3−), which 
corresponds to IPCE up to 2500% (Figure 1). The cathodic 
photocurrent increases with cathodic polarization being com-
parable to the dark current in the entire range of electrode 
potentials. It should be noted that the giant IPCE effect in 
0.5 m K3[Fe(CN)6] solution is rather stable: on the same electrode 
we have observed giant photocurrents in photoelectrochemical 
experiments periodically performed throughout the year.

The giant IPCE remains the same for films heat treated at 
200 °C, but disappears after heat treatment performed at higher 

temperatures correlating with changes in phase composition of 
the films (Figure 2h).

The IPCE value for the cathodic photocurrent depends signif-
icantly on the [Fe(CN)6]3− concentration in solution and exceeds 
100% only for oxidizer concentration c > 10−3 m (Figure 3a). The 
IPCE decreases with the light intensity increase (Figure 3b) 
demonstrating a power-like dependence of photocurrent on 
illumination intensity jph ∼ Is, with an exponent s ≈ 0.7.

The giant IPCE is observed not only in [Fe(CN)6]3− solu-
tions, but also in electrolytes containing other photoelectron 
acceptors: Fe3+, I3

−, H2O2, quinone (Figure S7, Supporting 
Information). Strong concentration dependence of the photo-
current testifies that an effective capture of photoelectrons at 
the semiconductor/electrolyte interface is required for giant 
IPCE observation.

Only anodic photocurrent is observed for bismuth oxysulfide 
electrodes in the absence of photoelectron acceptors in the solu-
tion. The prepared bismuth oxysulfide films generate an anodic 
photocurrent in aqueous Na2SO3 solution (Figure 3c) and in 
solutions, which contain other acceptors of photoholes, for 
example, hydroquinone, Fe2+, [Fe(CN)6]4−. Photoelectrochemical 

Adv. Mater. 2017, 29, 1702387

Figure 3. Photoelectrochemical behavior of bismuth oxysulfide films: a) dependence of IPCE for cathodic photocurrent on electrode potential at dif-
ferent concentrations of K3[Fe(CN)6]: 1–1 × 10−4 m; 2−5 × 10−4 m; 3–1 × 10−3 m; 4–5 × 10−3 m; 5–1 × 10−2 m; 6–5 × 10−2 m; 7–1 × 10−1 m; b) dependence 
of IPCE for cathodic photocurrent on electrode potential at different illumination intensities, mW cm−2: 1–0.004, 2–0.008, 3–0.016, 4–0.04, 5–0.08, 
6– 0.16, 7–0.40; c) cyclic voltammogram in Na2SO3 solution under chopped illumination during anodic scan; d) spectral dependence of IPCE for anodic 
photocurrent; inset: the same in the Tauc coordinates for direct optical transitions.
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activity of the bismuth oxysulfide films in anodic processes is 
also high: the IPCE reaches ≈40% in Na2SO3 solution at λ = 400 
nm (Figure 3d). Extrapolation of anodic photocurrent spectra 
linearized in (Y·hν)2 – hν coordinates (direct optical transitions) 
demonstrates a band gap energy of bismuth oxysulfide equal 
to 1.38 eV (Figure 3d, inset). It should be noted that determi-
nation of Eg from IPCE (not absorption) spectra seems to be 
more reliable due to minimal impact of other absorption mech-
anisms besides the fundamental interband transitions.

To obtain additional information about photoelectrical prop-
erties of the prepared films, solid-state measurements were also 
performed. A thin Au layer was sputtered on the bismuth oxy-
sulfide film grown on FTO glass substrate. It allowed a current 
flow through the film in direction normal to its plane.

The FTO/Bi10O6S9/Au structure exhibits a long-time persis-
tent photoconductivity (Figure S8, Supporting Information). We 
have found that the growth and decay of the conductivity after 
light switching-on and switching-off, respectively, are described 
well by stretched exponential functions 
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where τ1 = 1.07 × 103 s, τ2 = 6.84 × 103 s, β1 = 0.71, and  
β2 = 0.7. Such long-time relaxations of conductivity are known 
to be inherent to highly disordered semiconductors and are 
determined by a wide distribution of parameters of deep charge 
traps within a forbidden gap.[31]

To explain the observed anomalous photoelectrochemical 
behavior of the prepared films, one should take into account 
that the electrode resistance is the primary factor limiting the 
current under cathodic polarization of n-type semiconductor 
in electrolyte with sufficiently high oxidizer concentration. In 
this case, the photocurrent arising under illumination is related 
to decrease in semiconductor resistivity (Figure 4) and is 
described by the well-known expression (the case of low absorp-
tion is considered for simplicity)[32]

( )ph e n n p p
α
ν

τ µ τ µ= +j
U

l
q

I

h
 (2)

where jph is the difference between current density under illu-
mination and in dark (i.e., the photocurrent density), U is the 
voltage drop across semiconductor, l is the interprobe distance, 
qe is the electron charge, I is the illumination intensity, α is the 
light absorption coefficient, hν is the quantum energy, and τn, 
τp, μn, μp are the lifetimes and mobilities of electrons and holes, 
respectively.

Equation (2) demonstrates no limitations in quantum effi-
ciency values; in other words, the number of electrons passing 
in the external circuit can exceed the number of incident quanta 
in many times (photoconductivity gain). At a moderate conduc-
tivity of the semiconductor, the main drop of electrode poten-
tial in this photoelectrochemical system occurs within the film 
(potential drop in the Helmholtz layer is insignificant). Increase 
in cathodic polarization gives rise to the growth of electric 
field strength in the film (multiplier U/l in Equation (2)) and, 
hence, to IPCE increase in agreement with experimental results 
(Figure 1a).

According to Equation (2), high photocurrent can be achieved 
in the case of a large lifetime of charge carriers. Such situation 
takes place in semiconductors with high density of defects, 
which act as traps for the carriers of particular sign and prevent 
their recombination with the carriers of opposite sign.[33] For 
example, high photoconductivity of nanocrystalline Bi2S3 has 
been explained taking into account the capture of photoholes by 
the traps in the forbidden gap.[11] Apparently, a similar situation 
occurs in the layered oxysulfide crystals. A large concentration 
of traps in the studied films is in a qualitative agreement with 
their persistent photoconductivity.

Equation (2) could also explain the observed decrease of 
quantum efficiency with illumination increase (Figure 3b). 
Indeed, the lifetime of nonequilibrium charge carriers is inde-
pendent of the illumination intensity only at low excitation level 
(when the concentration of the photoexcited charges is much 
smaller compared with the equilibrium charge concentration) 
and decreases with the increase of excitation level. Another 
possible reason of IPCE decrease with the increase of optical 
power density can be related to the trap filling, which promotes 
recombination.

As is seen from Figure 3a, giant IPCE values for cathodic cur-
rent cannot be achieved at low oxidizer concentrations. There-
fore, the rate of the photoelectrochemical process (expressed 
in the terms of cathodic photocurrent density) is determined 
not only by the concentration of photogenerated carriers, but 
also, to a large extent, by parameters of the double electric 
layer, where discharge of electroactive species takes place. A 
combination of these factors determines the overvoltage of the 
photoelectrochemical process, which has a pronounced diffu-
sive nature at low oxidizer concentrations.

In summary, it is discovered that the nanolayered bismuth 
oxysulfide films synthesized by CBD reveal unique—not 
shown for any known photoelectrochemical systems—prop-
erties demonstrating a giant IPCE. For cathodic photocurrent 
(photoreduction process), the IPCE reaches about 2500% in 
aqueous solutions containing electron acceptors ([Fe(CN)6]3−, 
Fe3+, I3

−, quinone, H2O2). A giant IPCE is observed starting 
from a certain minimal oxidizer concentration (c > 10−3 m for 
[Fe(CN)6]3−) and decreases nonlinearly with the increase of illu-
mination intensity. Giant IPCE is determined by the decrease 

Adv. Mater. 2017, 29, 1702387

Figure 4. Sketch of giant IPCE effect.
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in resistivity of the bismuth oxysulfide film under illumination, 
which provides the possibility of charge carriers from external 
circuit to participate in the photoreduction process (Figure 4). 
Abnormally high photoelectrochemical activity as well as a 
band gap energy value favorable for efficient conversion of solar 
light (1.38 eV) assures that oxysulfide photoelectrodes will form 
the basis of a new generation of high-performance photoe-
lectrochemical solar cells and photodetectors.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Using a chitosan nanolayer as an efficient pH
buffer to protect pH-sensitive supramolecular
assemblies

D. V. Andreeva, a A. Kollath,b N. Brezhneva,cd D. V. Sviridov,c B. J. Cafferty,e

H. Möhwaldd and E. V. Skorb *df

It is attractive to control the properties of macro objects and films by employing simple nanolayer

composites, as in the case of nanoarchitectured Layer-by-Layer (LbL) coating. In this paper, we use

chitosan as a surface-based pH buffer to protect adsorbed supramolecular fibres from pH-mediated

disassembly. Protons are generated on a titania surface under illumination at 405 nm leading to an

appreciable pH change on the surface. We find that supramolecular polymers that are highly sensitive to

pH change will not disassemble after irradiation if a nanolayer of chitosan is present. We propose that

chitosan can be used as an efficient pH-responsive protective layer for pH sensitive soft materials.

Introduction

Recently1–3 the pH buffering activity of Layer-by-layer (LbL)
assemblies of weak and strong polyelectrolytes was shown to
protect metal surfaces. Local pH changes cause corrosion
of metal surfaces, but binding of protons to the weak poly-
electrolytes was found to inhibit the corrosion events. Thus,
a nanolayer with buffering ability, resulting from the chemistry
of the LbL architecture, was shown to be critical for protecting a
metal surface from corrosion.

A logical continuation of that work was to use local pH
changes during irradiation of semiconductor surfaces.4–8 For
example, local pH changes are generated by irradiation of TiO2

surfaces. Light-pH coupling in TiO2/pH sensitive LbL assemblies
was shown to be efficient for high-amplitude non-destructive
manipulation of soft matter deposited on the semiconductor
surface.4,5 The composite systems were promising for dynamic
regulation of adsorption/desorption of proteins,6 bacteria,9 and
preosteoblast.5 Thus, dynamic sensors, antifouling coatings and
dynamic protein separation and cleaning systems were proposed.

However, the question of proton dynamics within polyelectrolyte-
based LbL assemblies remains open. It is unclear if protons are
buffered effectively and if pH-sensitive soft matter can be protected
against acidification of the local medium.

Here, we examine the ability of a chitosan nanolayer absorbed
to a TiO2 surface to stabilize surface-bound supramolecular
assemblies against environmental pH change (Fig. 1).

Fig. 1 Light sensitive TiO2 layer on Si/Ti (negatively charged), positively
charged layer of chitosan and negatively charged rosette-based supra-
molecular polymers of coassembled triaminopyrimidine (TAP) and cyanuric
acid modified with hexanoic acid (CyCo6).
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Specifically, we investigate the stability of supramolecular
polymers formed by triaminopyrimidine (TAP) and cyanuric
acid modified with a hexanoic acid side chain (CyCo6), supra-
molecular polymers that are known to be extremely sensitive to
pH change.10–12

Results and discussion

First, we formed a photoactive titania surface suitable for deposi-
tion of soft-matter. It is known that the ultraviolet irradiation of
photoactive titania generates electron/hole pairs that may induce
a photoreaction.13 The titania is hydrophilic14 and has a layer of
adsorbed water.15 Reactions with surface adsorbed water mole-
cules can result in a possible pH change on the surface.16 In the
scope of photocatalytic reactions one can assume the possible
formation of H+ and OH� due to oxidation (ox) and reduction
(red) reactions involving photogenerated charge carriers on the
semiconductor surface. That is, water splitting on a semi-
conductor can cause the formation of H+ and/or OH�. We recently
studied, in detail, the process of water splitting on a titania
surface17 focusing on H+ and OH� (not H2 and O2 as usual
(note, that there is no obvious gas bubbling in our system)) and
we observed that this process leads to a pronounced local
surface acidification of the irradiated surface and subsequent
pH change. The overall pH does not change, although, a pH
gradient on the surface may exist.17 Thus the inorganic surface
and its nanostructuring may be involved in the reaction
through process location (Fig. 2).

The water oxidation reaction on TiO2 is initiated by a nucleo-
philic attack of a H2O molecule on the photogenerated hole at
the O site bridging two Ti atoms, and as a result TiO�HO–Ti and
later TiOOH and TiOOTi are formed.18 During these oxygen
photoevolution reactions protons are released. At the same
time, the photogenerated electrons reduce the surface Ti(4+)
enabling adsorption of H2O, and then O2 attacks it immediately
to form superperoxo TiOO.19 As a result a hydroxide ion OH� is
released. Then it is reduced to peroxo Ti(OO) which evolves to

hydroperoxo TiOOH upon protonation. At the end, the surface
is covered by hydroxyl groups.

This approach can also generate a high concentration of reactive
oxygen species and free radicals that may cause degradation of soft
matter deposited on the surface of the semiconductor.10 In order to
avoid degradation events, we produced a nanometer thick layer of
TiO2 via partial oxidation of a deposited layer of titania on silicon
wafers. Morphological properties of the surface after sonochemical
treatment were characterized in details in our previous work.20

It is important here that the ultrasonically generated nanolayer of
TiO2 shows mild photoactivity under 405 nm illumination; which
produces H+ on the surface. A pH indicator shows an increase
in fluorescence, seen in Fig. 3, on the surface after irradiation,
corresponding to a pH that is less than 5 on irradiated surface.

We were interested in knowing how many photons are
needed to release enough protons from the surface to locally
change the pH from 7 to 5. If, for example, a 1 cm2 surface of
TiO2 is irradiated in order to achieve a pH = 5 (assuming [H+] =
10�5 M or 6 � 1018 L�1 and a coating with a thickness of 50 nm,
that is, V = 5 � 10�10 L), then the concentration of protons in the
system is [H+] = 3� 109 protons cm�2, which is about 0.003% of
the lattice sites of a typical solid (1015 lattice sites cm�2). This
means that only 0.003% of the surface atoms have to be
charged to achieve pH = 5, if no losses exist. Even if we consider
a low radiation intensity of 1 mW cm�2 = 1016 photons cm�2 s�1

for a quantum yield proton/photon conversion of 0.01% the
photons from 1 ms irradiation would create enough protons
on the TiO2 surface to achieve LbL activation on the surface
of TiO2.

The polarization curve recorded under the chopped illumi-
nation with 405 nm laser source (shown in Fig. 4) demonstrates
that the TiO2 film has a pronounced photoactivity under the
illumination, with a photocurrent onset potential of �0.6 V
(vs. Ag/AgCl electrode). The observed photosensitivity in the
visible range could be attributed to the optical transitions
involving electronic states in the forbidden zone which result
from highly defective structure inherent in titania generated via
intense ultrasonic treatment.20

In addition to obtaining a classical I–V curve under chopped
illumination we used conductive atomic force microscopy
(C-AFM) to perform a local I–V study of the TiO2 surface under

Fig. 2 Possible reorientation of titania groups and water under irradiation
and reactions with photogenerated photohole (h+) and photoelectron (e�).

Fig. 3 (A) Calibration of fluorescent pH indicator, 4,40-(anthracene-
9,10-diyldimethanediyl)dimorpholine, that exhibits a pKa B5.1, and initial
chemical formula showing the protonation sites; (B) confocal fluorescent
images of the TiO2 surface immediately after irradiation.
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illumination. Fig. 5A shows the experimental set-up, there (i) we
can use one extra 405 nm laser and focus it in the position of
measurement, and (ii) with the use of a special metal (TiIr)
tip we can study I–V in specific locations along the surface
(examples are shown in yellow in Fig. 5B) and generate a
current map. The C-AFM measurements were performed under
ambient conditions with very sensitive current detection (from
1 pA). The C-AFM tip was used as a movable electrode to
measure the I–V curves on the TiO2. Fig. 5B shows an average
I–V curve that, assuming a linear fit, was used to calculate a
TiO2 resistance of ca. 2.5 � 10�5 O�1.

In the following we will discuss how the photoactivity of the
TiO2 surface and a series of photocatalytic reactions yields a
local change in pH,8 and triggers conformational changes of
pH sensitive soft matter. Previously,4 we demonstrated that the
photons from 10 ms of light irradiation would create enough
protons on the TiO2 surface to achieve conformational changes
of polyelectrolytes and LbL assemblies on the surface of TiO2.
It is a high priority of ours to understand how photo-initiated
processes on TiO2 lead to transformation of light into an
appreciable pH change, including localization of the effect.

A chitosan layer with a thickness of approximately 2 nm was
deposited on titania. Angle-dependent X-ray photoelectron
spectroscopy (XPS) measurements (Fig. 6) were used to calculate
the layer thickness (d) by measuring the positions of titanium (Ti)
atoms in the bottom layer of the surface. Such a method is
commonly used to calculate the thickness of self-assembled
monolayer (SAM) using the position of the surface-bound sulfur
atom.21

For these measurements, the free electron mean path expo-
nentially decays with distance. We fixed the position of the
analyzer with the lens axis 501 away from the incident beam.
The take-off angle (y) was defined as the angle between the
substrate surface and the axis of the analyzer. The incident angle
(g) was defined as the angle between beam incidence and the
substrate surface. We rotated the sample holder to collect the Ti2p
with y = 901 (normal emission, g = 401) and y = 401 (normal
emission, g = 901). To normalize the footprint of incident light
between two different angles, the effective intensity (Iy) is given by

Iy = I cos(901 � g) (1)

where I is the integrated intensity of the peak. The relationship
between Iy and d can be expressed as follow:

Iy = Ie�d/lsiny (2)

Fig. 4 Photochemical behavior of TiO2. I–V curve of blank TiO2 with
chopped illumination. Inside schematic shows zone diagram of TiO2 and
suggests possible trapping in forbidden zone that may explain photo-
activity during irradiation at 405 nm.

Fig. 5 (A) Atomic force microscopy (AFM) set up for a study of light
stimulated processes and changes of multilayer morphology on a semi-
conductor surface equipped with an additional UV-laser (inset shows the
optical image of an AFM cantilever irradiated with a laser at a certain
position of the light spot). (B–D) Conductive AFM (C-AFM) study of TiO2

layer (B) AFM image showing in yellow certain spots that were used for I–V
curve images. (C) Average current vs. voltage (I–V) curve from (B), (D) C-
AFM map shows the edge between irradiated and not irradiated part of
TiO2 (clear edge is seen).

Fig. 6 Angle-dependent high resolution XPS spectrum of Ti 2P for the
calculation of chitosan layer thickness and high resolution spectra of C 1s,
N 1s and O 1s, proving the chitosan layer is on the surface.
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Thus, Iy ratio at 901 and 401 take-off angles can be expressed as
follows:

Iyðd; 90�Þ
Iyðd; 90�Þ

¼ e�d=l sin 90

e�d=l sin 40
(3)

where l is the inelastic mean free path and in our case defined as
30.5 Å. The overlayer thickness d was calculated using eqn (4):

d ¼
l sin 90� sin 40� ln

I90�

I40�

� �� �

sin 90� � sin 40�
(4)

The values of intensity I were fitted by the photoemission profiles
with Voigt functions (Lorentzian (30%) and Gaussian (70%)) with
Shirley plus linear background corrections.

We also examined the chitosan layer using AFM with simulta-
neous irradiation of the surface with 405 nm laser before
(Fig. 7A and C), during (Fig. 7B and D) and after irradiation (Fig. 8).

The AFM images (Fig. 4A–D) confirm that the surface of
chitosan increases in net positive charge under irradiation.
For comparison, the effect of smoothing of the chitosan layer
by decreasing the solution pH was observed previously by Lee
et al.20 and was explained to result from a change of surface

forces due to chitosan protonation. Here, irradiation triggers a
local pH change on the semiconductor, and also may cause
protonation of chitosan. It is important to note that the layer of
chitosan under irradiation remains on the surface and is not
detached. An explanation for the stability of the protonated
nanolayer on the surface is that together with the rearrangement
and structural change of chitosan chains upon protonation, ion
diffusion/migration and charge regulation, chitosan forms struc-
tured hydrogen-bond networks in humid environments and a
practically semicrystalline phase structure. This rigid behavior of
chitosan may be a big advantage for using a chitosan nanolayer
over other weak polyelectrolyte nanolayers for providing poly-
electrolyte assembly stability.

We next employed pH indicators to compare photoinduced
pH changes at the surface of pristine TiO2 covered with
chitosan (Fig. 7F) vs. bare TiO2 (Fig. 3), to support the buffering
activity of the chitosan layer. The pH indicator under irradiation
didn’t show any fluorescence when surfaces of TiO2 containing a
chitosan layer were analyzed, suggesting that the released protons
are absorbed by chitosan molecules on the surface, effectively
buffering the pH.

After the irradiation is stopped (Fig. 8), slow relaxation of
the chitosan film is observed and the polymer layer reaches an
equilibrium within app. 10 min. The blurriness of the AFM
images can be explained due to simultaneous changes in
the surface structure as a result of chitosan relaxation during
acquisition.

We next examined the ability of the chitosan nanolayer to
protect supramolecular structures from disassembly caused by
environmental pH-change (Fig. 9). We chose TAP-CyCo6-based
supramolecular polymers due to their ultrasensitive pH
response.10 Supramolecular polymers are formed in water by
combining TAP and CyCo6. The monomers self-assemble into
hexameric rosette structures, and hydrophobic interactions
between rosettes lead to the formation of micron-length supra-
molecular polymers.12 The bidirectional pH-response of this
supramolecular polymer system results from the presence of an
acidic monomer (Cyco6) and a basic monomer (TAP). The pH
response is highly sensitive because the pKas of the monomers
are matched at 7, therefore any change in pH from neutrality
will cause disassembly of the supramolecular polymers, with
complete disassembly at pH below 5.5 and above 8.5.

Fig. 7 (A and B) Phase and (C and D) profile AFM scans of the titania
surface at the same position (A and C) before and (B and D) 5 min after
illumination with a 2 mW, 405 nm laser. (E) Schematic of proton release
from a TiO2 surface during irradiation due to photochemical reactions
and chitosan layer protonation. (F) Confocal fluorescence image of the
pH indicator, 4,40-(anthracene-9,10-diyldimethanediyl)dimorpholine,
during irradiation of the surface of TiO2 covered with a chitosan layer
(TiO2@Chitosan).

Fig. 8 AFM images showing the change of chitosan layer morphology
during relaxation of the surface: in 1 min (A), and 10 min (B) after irradiation.
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We next examined if the chitosan nanolayer has enough
buffering activity to protect the TAP-CyCo6 supramolecular
polymers from pH-mediated disassembly caused by irradiation
of the titanium surface (Fig. 6E). The supramolecular polymers
were formed in water buffered with sodium phosphate at pH 6.5
and then deposited on the chitosan nanolayer. The AFM image of
the surface after TAP-CyCo6 fiber deposition is shown in Fig. 6.

Next, irradiation resulted in photoreactions on the TiO2 surface
4

leading to acidification in irradiated areas. As discussed above, in
the absence of chitosan the surface pH would be expected to drop
to pH 5, which would disassemble the supramolecular structures.
The assemblies were, however, still observed after irradiation,
even when irradiation was performed with a laser power of
9 mW for 10 min, demonstrating that chitosan nanolayer has a
strong buffering capacity Fig. 6F.

Conclusions

In order to develop applications for chitosan-based materials,
it will be essential to understand the efficiency of chitosan as a
buffering material. Here we report that a chitosan nanolayer
can be utilized as a proton sponge, thus protecting the integrity of
supramolecular assemblies (even those that are highly sensitive to
pH variation, such as TAP-CyCo6 assemblies) to surface-mediated
pH changes. We provide further evidence here that due to the
unique characteristics of chitosan chains, caused in part by

charge pairing with TiO2 and the rigidity of the chains,22 chitosan
may strongly interact with TiO2 and prevent penetration of
protons through the chitosan nanolayer, thus protecting supra-
molecular assemblies associated with the nanolayer surface.

Thus we find that nanolayers of chitosan can be used in the
development of surface-based material that are otherwise sensi-
tive to environmental pH change. Particularly, for materials
used in double stimuli-responsive devices that are incorporated
in living systems, as chitosan exhibits pH protective properties
near physiological pH. In spite of many applications of chitosan,
there have been few systematic studies conducted with regard to
the chitosan nanolayer buffering activity on surfaces.

Experimental
Materials

Silicon (Si) wafers (100) were from CrysTech Kristralltechnologie.
Absolute ethanol AnalR NORMAPUR from VWR Chemicals was
used as received. Low molecular weight chitosan, acquired from
Aldrich with a molecular weight between 50000 and 190000 Da
and a degree of deacetylation (DA) Z75% was used as received
for experiments. Acetic acid was purchased from EMD. Hydro-
chloric acid (1 M, HCl) and sodium hydroxide (1 M, NaOH) were
acquired from Grüssing. Millipore water (Milli-Q Plus 185) was
used for preparation of aqueous solutions and sample washing.

Titania photoactive layer preparation

Si wafers with polished surface were used as substrate for
titanium layers of 2 mm thickness deposited by physical vapour
deposition using a BA 510 from Fa. Balzers, Liechtenstein.
Ti covered Si wafers were fixed in a homemade sample holder
for high intensity ultrasound (HIUS) modification. The samples
were sonicated for 1 min in ethanol at a sonotrode to surface
distance of 5 mm. Cavitation was produced by a UIP1000hd
ultrasonic device from Hielscher Ultrasound Technology equipped
with a B2-1.8 booster and a BS2d22 sonotrode (head area 3.8 cm2).
The operating frequency was 20 kHz with a maximum intensity of
140W cm�2 and an amplitude of 106 mm. The sonicationmedium
was cooled using an ice bath to approximately 333 K.20

Chitosan assembly

Chitosan solution was prepared by dissolving 50 mg of chitosan
in 4.95 ml of 1 wt% acetic acid to obtain 1 wt% chitosan
solutions (pH E 4). The pH of the chitosan solution was
increased to pH 6.5 by addition of aqueous sodium hydroxide
solution (0.1 M). Chitosan solution was deposited on the
chosen substrates for 10 min by depositing drops of chitosan
solution onto the substrates. Afterwards, the substrates were
dried using an air pistol. The surface was washed twice.

Supramolecular assembly

For details on the synthesis of CyCo6 and TAP-CyCo6 supra-
molecular polymer formation and characterization see ref. 10
Briefly, supramolecular fibers were formed by combining TAP
and CyCo6 at 50 mM in an aqueous solution containing 200 mM

Fig. 9 AFM images of Layer-by-Layer (LbL) deposited chitosan films on
titania followed by TAP/CyCo6 deposition before (A) and after 10 min
of irradiation with 9 mW intensity from a 405 nm laser (B), with the
corresponding cross sections (C and D). Schematics showing TAP-
CyCo6 disassembly resulting from pH-change, and (E) chitosan nanolayer
as a proton sponge that affectively protects TAP-CyCo6 supramolecular
polymers from disassembly (F).
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sodium phosphate (pH 6.5). The solution was then deposited
onto a substrate, which had first been prepared with chitosan.
The substrate was then washed once with ice-cooled water to
remove excess assemblies and phosphate buffer.

Surface characterization was performed using a Cypher S
Atomic Force Microscope (AFM) from Asylum Research (Santa
Barbara, California) equipped with an OTESPA-R3 Bruker
cantilever with a spring constant of 26 N m�1 and a frequency of
300 kHz for imaging purposes. For in situ irradiation experiments,
Asylum Research AC160TS-R3 cantilevers were used with spring
constant and frequency corresponding to the OTESPA-R3 Bruker
cantilever. The cantilevers were coated with Al in both cases. AFM
imaging was carried out in tapping mode. Contact mode was used
for conductive AFM using an ORCA cantilever holder (nA, mA) and
an Asylum Research ASYELEC-01 cantilever with a spring constant
of 2 N m�1 and a frequency of 70 kHz. The cantilevers were coated
with TiIr with a tip radius of 28+/110 nm. Current–voltage curves
were collected from specific surface positions in contact mode
driving the sample surface from �4 to +4 V. Current maps of
the surface were carried out in contact mode applying no surface
bias. A blue laser with a wavelength of 405 nm incorporated into
the Cypher S AFM was used as irradiation source. Irradiation
power of the laser and irradiation time were varied between
2–9 mW and 1–10 min. The generally chosen laser power of
2 mW corresponds to a laser intensity of approximately 6 mW mm�2

given the laser diameter to be approximately 20 mm. An AFM image
of the same surface position was taken after every irradiation cycle
of 1 min with either the same or increasing laser power. AFM
images were analyzed using the Asylum AR14 software. Current–
voltage curves were analyzed using Origin Pro.

Photoelectrochemical measurements were performed using
a three-electrode quartz cell using titania samples as a working
electrode (WE), Pt wire as a counter electrode (CE) and Ag/AgCl
(1 M KCl) as a reference electrode (RE) in 0.1 M NaOH solution.
The measurements were carried out using a CompactStat
potentiostat (Ivium Technologies, the Netherlands). The photo-
diode with wavelength l = 410 nm was used as a source of light
and kept at a distance 5 cm away from the quartz cell.

X-ray photoelectron spectroscopy (XPS)

Measurements were performed at the X-ray photoelectron
spectroscopy (XPS) measurements were performed with a
Scienta ESCA-300 spectrometer. The spectra were taken using
a monochromatized aluminum source Al Ka (E = 1487 eV),
MX-650 VG Scienta. The base pressure in the analytical chamber
was 5 � 10�9 mbar. The spectra acquisition was carried out in
normal emission geometry with analyzer energy resolution of
0.15 eV. To probe the Ti 2p, C 1s, N 1s and O 1s, their excitation
energies were used. The spectra were acquired in normal
emission geometry, and the resolution was better than 0.1 eV.
The spatial depth distribution of the different elements in the film,
XPS spectra were taken at normal emission (901 take-off-angle) and
grazing emission (101) of the photoelectrons and compared. The
uncertainty of �2 Å takes into account the fitting errors and the
angular misalignment due to sample mounting.
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Dioxide Nanotubular Layer with Fine Tuning of Layer
Nanoarchitecture
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ABSTRACT: A new effective method of photocatalytic deposition of
hydroxyapatite (HA) onto semiconductor substrates is proposed. A highly
ordered nanotubular TiO2 (TNT) layer formed on titanium via its
anodization is chosen as the photoactive substrate. The method is based on
photodecomposition of the phosphate anion precursor, triethylphosphate
(TEP), on the semiconductor surface with the following reaction of formed
phosphate anions with calcium cations presented in the solution. HA can be
deposited only on irradiated areas, providing the possibility of photoresist-
free HA patterning. It is shown that HA deposition can be controlled via
pH, light intensity, and duration of the process. Energy-dispersive X-ray
spectroscopy profile analysis and glow discharge optical emission
spectroscopy of HA-modified TNT prove that HA deposits over the entire TNT depth. High biocompatibility of the surfaces
is proven by protein adsorption and pre-osteoblast cell growth.

1. INTRODUCTION

Different methods are used to create hydroxyapatite (HA)
coatings on bio-important substrates, such as titanium, widely
applied for dental and orthopedic implants.1−3 The plasma
spraying process,4 thermal spraying,5 sputter coating,6 pulsed
laser deposition,7 and chemical8−11 and electrochemical
deposition12−17 can be mentioned. Among them, “wet”
methods,14 especially electrochemical deposition,18 are pref-
erable because they allow for the coating deposition onto large,
irregularly shaped surfaces.19,20

Electrochemical deposition of HA is based on cathode
electrode reactions of nitrate, peroxide, or H+ electroreduction
with a pH jump effect.14 During these reactions, a local pH
increase is created near the electrode surface, which leads to
deposition of calcium phosphates on the cathode.14−16

Generally, solutions with pH 3.5−6.0 containing low
concentrations of calcium and phosphate ions are used in this
method to prevent the formation of calcium phosphates in a
bulk of the electrolyte. However, coatings formed from acidic
solutions are brushite17 or octacalcium phosphate21 and not
HA and contain acidic phosphate groups. Conversion of these
coatings into HA coatings requires additional procedures, e.g.,
long-term soaking in NaOH.17

In the present paper, we propose a new method of
photocatalytic deposition of HA onto photoactive substrates.
The method is based on photodecomposition of phosphate

anion precursors on the semiconductor surface. The nano-
tubular TiO2 (TNT) layer is chosen as a substrate to
demonstrate the method prospects because it is known to
possess a high photocatalytic activity when irradiated with
ultraviolet (UV) light in aqueous solutions.22−24 TNT
photoactivity can be used for the decomposition of organo-
phosphorus compounds that are stable in alkaline solutions
with the initial formation of HA and not brushite or
octacalcium phosphate. In our research, we use anodic
polarization for better charge separation because electrochemi-
cally assisted photocatalysis24 is known as an effective method
to increase charge separation in comparison to non-assisted
photocatalysis. If charges are separated efficiently, e.g., during
electrochemically assisted photocatalysis, all generated photo-
holes can participate in oxidation reactions. In comparison to
the existing methods, electrochemically assisted photocatalytic
deposition of HA looks to be similar to electrochemical
deposition. Both of these methods use electrolytes, cathode and
anode. However, these methods have significant differences as
follows: (1) Photocatalytic deposition of HA is based on
photodecomposition of organophosphorus compounds, while
electrochemical deposition of HA is based on a pH jump effect.
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(2) Photocatalytic deposition of HA can be conducted without
polarization, while electrochemical deposition does not occur
without polarization. (3) HA deposits on the anode during the
photocatalytic method, while it deposits on the cathode during
the electrochemical method. (4) As mentioned above, solutions
for electrochemical deposition of HA are generally acidic (pH
3.5−6.0), while for photocatalytic deposition of HA, we use
alkaline solutions (pH 8.0−12.0).
In addition, HA coating on TNT can result in further

improvement of TNT biocompatibility, which is interesting as a
result of the unique nanotubular architecture to trigger bone
formation.25 Moreover, a unique nanotubular porous archi-
tecture is prospective for surface capsule development and can
be used, in the future, to build drug delivery implants.26

2. MATERIALS AND METHODS
2.1. Materials. Triethylphosphate (TEP, ≥99.8%), ammonium

fluoride (≥99.99%, trace metals basis), calcium chloride (≥93.0%),
calcium nitrate tetrahydrate (≥99.0%), ammonium nitrate (≥98%),
potassium chloride (≥99.0%), NH3 (28 wt % in H2O, ≥99.99%), 1,2-
ethanediol (anhydrous, 99.8%), and hydrogen peroxide solution
(30 wt % in H2O, ACS reagent) were supplied by Sigma-Aldrich.
Titanium plates (≥99.7%) purchased from Sigma-Aldrich were used as
a substrate material. Before anodic oxidation, the plates were
chemically polished in a mixture (2:1 by volume of HF/HNO3) of
concentrated HF (50 wt %) and HNO3 (65 wt %) at 80 °C for 3−5 s,
thoroughly rinsed with deionized water, and then dried with nitrogen.
Milli-Q water (18 MΩ cm) was used for preparing all aqueous
solutions.
2.2. Preparation of TNT. Ti plates were anodized in ethylene

glycol electrolyte containing 0.75 wt % NH4F and 2 vol % H2O to
prepare the TNT layer on the Ti surface. The electrochemical
anodization consisted of a voltage ramp from 0 to 40 V with a scan
rate of 0.2 V s−1, followed by holding at 40 V for 1 h. After the
electrochemical deposition, the electrodes were rinsed with water and
then dried. Then, the as-anodized samples were ultrasonically cleaned
in Milli-Q water for 30 s to remove surface debris on the TNT surface.
TNT layers were annealed at 450 °C for 3 h in air for TiO2
crystallization, increasing its photocatalytic activity. Scanning electron
microscopy (SEM) analysis reveals a thickness of the TNT layer of ca.
6 μm after 1 h of electrochemical oxidation.
2.3. Electrochemical and Photoelectrochemical Measure-

ments. An electrochemical cell with a three-electrode arrangement
was used for photoelectrochemical experiments. A platinum wire
served as the counter electrode, and an Ag/AgCl (saturated KCl
solution) electrode served as the reference electrode. Titanium plates
with the grown TNT layer were used as the working electrode. The
reference electrode was placed close to the working electrode using a
Luggin probe capillary. The cell was provided with a quartz window
for UV irradiation of the working electrode. An Autolab PGSTAT
302N potentiostat (Metrohm Autolab B.V., Netherlands) was used in
these experiments. The working electrode surface was irradiated by a
focused UV light beam from a high-pressure mercury lamp (250 W).
Thermal radiation was filtered by a water filter equipped by high-
quality quartz windows.
Prior and during photocatalytic HA deposition, an electrolyte in the

cell was bubbling with Ar for 30−60 min to remove CO2 diluted in
water and to prevent carbonate HA formation.
2.3.1. X-ray Diffraction (XRD) Analysis. XRD analysis was

performed using an Advance D8 diffractometer (Bruker, Germany)
with Co Kα radiation. All samples were examined in the range of 2θ
from 10° to 70° at a scanning speed of 1°/min and a step size of 0.03°.
2.3.2. Raman Spectra. Raman spectra were taken at room

temperature using a Nanofinder high-end confocal microscope
(Leica TCS SP, Germany) with a 573 nm solid-state exciting laser.
2.3.3. SEM. SEM was performed using Hitachi S4100 and Hitachi

SU-70 microscopes coupled with energy-dispersive X-ray spectroscopy

(EDS) for morphological characterization of the sample surface.
Samples were sputtered with carbon.

2.3.4. Glow Discharge Optical Emission Spectroscopy (GDOES).
GDOES depth profile analysis of the coatings was completed using a
HORIBA GD-Profiler 2 operating at a pressure of 650 Pa and a power
of 30 W. The anode size was of 4 mm in diameter.

2.3.5. Analysis of Free Phosphate Ions. Analysis of free phosphate
ions in the electrolyte was carried out colorimetrically by a
spectrophotometer Shimadzu UV 2550 with the use of the vanadium
molybdenum complex.27

2.3.6. Biocompatibility of Stepwise HA-Modified TNT Coating.
Biocompatibility of stepwise HA-modified TNT coating was
demonstrated by adsorption of proteins at its surface. Mixed proteins
(Alice ProteoGenix) labeled with the fluorescent dye were used as an
adsorption reagent. The proteins consist of phospholyrase b, bovine
serum albumin, ovalbumin, carbonic anhydrase II, soybean trypsin
inhibitor A, and lysozyme, each of which was labeled with the
fluorescent dye, 2-(4-amidinophenyl)-1H-indole-6-carboxamidine
(DAPI). Each protein was prepared at a concentration of
7−16 mg/mL.Confocal fluorescence microscope images were analyzed
after the samples were in contact with protein solution for 5 and 20
min.

2.4. Cell Culture. Murine pre-osteoblastic cells MC3T3-E1
(provided by the Ludwig Boltzmann Institute of Osteology, Vienna,
Austria) were seeded with a density of 6 × 103 cells/cm3 on the surface
and cultured for 2 days in α modification of minimum essential
medium (α-MEM, Sigma-Aldrich, St. Louis, MO) supplemented with
10% fetal calf serum (PAA Laboratories, Linz, Austria), 0.1% ascorbic
acid (Sigma-Aldrich, St. Louis, MO), and 0.1% gentamicin (Sigma-
Aldrich, Steinheim, Germany) in a humidified atmosphere with 5%
CO2 at 37 °C.

2.5. Immunofluorescent Staining. Samples with were washed
with phosphate-buffered saline (PBS), fixed with 4% paraformalde-
hyde, and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich,
Steinheim, Germany) for 15 min. Then, samples were incubated for 1
h in a 1:20 solution of Alexa Fluor 488 phalloidin (Invitrogen, Eugene,
OR) in the dark at 4 °C. After washing in PBS, the samples were
stained for nuclei with a 1:300 solution of TO-PRO-3 iodide
(Invitrogen, Eugene, OR) for 5 min.

2.6. Confocal Microscopy. Images of the cell nucleus and actin
cytoskeleton cells were obtained using a confocal laser scanning
microscope (Leica TCS SP, Germany). An Ar ion (488 and 514 nm)
and a He−Ne laser (543 nm) were used as an excitation source.

3. RESULTS AND DISCUSSION

Our method of HA photocatalytic deposition is based on
photodecomposition of phosphate anion precursors on the
titania surface under UV illumination and anodic polarization.
Triethylphosphate (TEP) is used in the present work as the
PO4

3− precursor because this organic compound is highly
soluble in water, non-toxic, and chemically stable in alkaline
solutions and absorbs UV light weakly up to λ = 200 nm, i.e.,
photochemically inactive. It was shown previously28,29 that TEP
can be photocatalytically decomposed on the surface of TiO2
particles in aqueous solutions. We use this effect to synthesize
HA directly on the TiO2 surface. During photocatalytic
decomposition of TEP, phosphate ions are formed on the
titania surface and can react with Ca2+ and OH− ions,
producing the HA film on the surface.
The mechanism of HA formation during photocatalytic

deposition can be described by the following steps: (1) TiO2
photoactivation with the formation of photoholes (h+vb) and
photoelectrons (e−cb),

30

ν+ → ++ −h h eTiO2 vb cb (1)

(2) radical generation on the TiO2 surface,
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+ → + ++ • +hH O TiO OH H2 vb 2 ad (2)

(3) photodecomposition reactions,

+ →• + −hTEP OH / POvb 4
3

(3)

and other degraded/mineralized products,28 and (4) interaction
of phosphate anions (product of TEP decomposition) with
Ca2+ and OH− ions presented in the electrolyte with the
formation of HA

+ + =+ − −5Ca 3PO OH Ca (PO ) OH2
4

3
5 4 3 (4)

The photocatalytic process on the surface of the TiO2 electrode
according to reaction 2 can lead to a local acidification of the
near-surface region of the solution. This fact is confirmed by
the change of the pH of the electrolyte during photocatalytic
deposition of HA. When initial pH is 10.0, the resultant pH is
9.8 after 1 h of the photocatalytic deposition; the initial pH of
9.2 changes to 8.8, while the initial pH of 8.4 drops until 5.2.
To smooth over this undesirable effect, we used ammonium
buffer solution with pH 10.0−11.0 as a background electrolyte.
High values of the pH are more preferable for HA synthesis.
However, at pH values more than 12, the electrolyte becomes
opaque as a result of the formation of Ca(OH)2 in a bulk of the
electrolyte.
Figure 1a shows typical photocurrent−potential plots

measured under chopped UV illumination of the TNT

electrodes in deaerated 0.03 M NH4Cl solution with pH
10.0. The photocurrent appears at potentials from −0.8 to
−0.9 V, then grows sharply with potential, and finally levels off
at E ≥ 0.4 V.
The addition of TEP to the electrolyte does not influence

appreciably both the shape of the Iph−E curves and the
photocurrent values. This effect may be concerned with the
high efficiency of photohole (h+vb) and photoelectron (e−vb)
separation in a bulk of the TNT electrode. However, chemical
analysis showed that phosphate ions appeared in the TEP-
containing electrolyte as a result of TEP photodecomposition
on the TiO2 electrode. Approximately 9 × 10−4 mol L−1 PO4

3−

ions is produced during UV illumination of 0.02 M TEP
solution for 2 h. The average rate of the PO4

3− ion supply in
the bulk of the electrolyte is ca. 7 × 10−6 mol L−1 min−1. This
relatively slow rate of PO4

3− ion generation can be explained by
a complicated mechanism of TEP photodegradation, leading to
a large number of products and intermediates.28,29 Such a
gradual formation of PO4

3− in the electrolyte during TEP

photolysis is very preferable because HA synthesis requires a
long time.31,32

Figure 1b presents the temporal evolution of the photo-
current at a fixed potential (+0.5 V) of the TNT electrode in
solution containing 0.02 M TEP and 0.03 M NH4Cl (pH 10).
After an initial insignificant drop, the photocurrent varies
insignificantly with time for a long period.
The addition of Ca2+ ions into the electrolyte leads to about a

2 times decrease of the photocurrent for 2−10 min. This
photocurrent drop can be associated with a partial blocking of
the TNT surface with a growing calcium phosphate layer.
There is no formation of HA in the bulk of the electrolyte.
SEM images reveal that an average inner diameter of as-

prepared titania nanotubes is ca. 60 nm (Figure 2a). This

diameter decreases gradually during photocatalytic deposition
of HA, depending upon the irradiation time (panels b−j of
Figure 2). Even a 3 times decrease in the nanotube diameter
remains for the unique ordered morphology of the HA-
modified TNT coating. An UV irradiation longer than 120 min
leads to partial closing of the pores. Figure 2h shows that HA
deposits uniformly on the TNT layer and there are not
uncovered areas.
The EDS analysis of the cross-section of HA-modified TNT

coating shows the uniform distribution of the calcium and
phosphorus elements in the thickness of the TNT nanotube
layer (panels a and b of Figure 3). The EDS analysis has also
revealed that the content of Ca and P elements grows by 1.3
times when increasing the time of photocatalytic deposition of
HA from 1 to 2 h, indicating that the formation of HA occurs
mainly during the first hour of photocatalytic deposition.
Depth profile analysis of the coatings additionally confirms

the uniform distribution of Ca and P through the TNT layer
(panels c and d of Figure 3). The data obtained prove that the
titania nanotubes are photocatalytically covered with HA

Figure 1. (a) Voltage−photocurrent dependence at +0.5 V (versus
Ag/AgCl) of TNT coating in an electrolyte of 0.03 M NH4Cl and
0.02 M TEP at pH 10 under UV irradiation. (b) Photocurrent−time
dependence of TNT coating under anodic polarization at +0.5 V
(versus Ag/AgCl) in an electrolyte of 0.03 M NH4Cl and 0.02 M TEP
(1) without 0.03 M CaCl2 and (2) with 0.03 M CaCl2 at pH 10.

Figure 2. (a−f and h) SEM images of the TNT coating after HA
photocatalytic deposition for (a) 0 min, (b) 30 min, (c) 60 min, (d)
100 min, (e and h) 120 min, and (f) 150 min. (j) Dependence of the
TNT inner pore diameter upon the time of photocatalytic deposition.
The inset points to the advantage of the method as a possibility to
remain a unique morphology of TNT coating after HA deposition.
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through their whole length, as shown schematically in the inset
of Figure 2j.
XRD pattern of the HA-modified TNT coating is shown in

Figure 4a. It should be noted that as-deposited HA is not well-

detectable in XRD spectra. Only peaks characteristic of anatase
from the TNT coating are observed at 2θ: 29.4°, 44.9°, 47.0°,
55.9°, and 63.1°. After the sample was annealed, HA signals can
be seen in the XRD spectrum as the crystalline phase (Figure
4a). The most intensive broad peak of HA is observed at 37−
39°. Broadened peaks may indicate a small size of HA
crystallites. No other phases, except TiO2 and HA, have been
detected.
Raman spectroscopy was applied for further identification.

TNT has a weak signal at 800 cm−1 characteristic of anatase in
this part of the spectrum (curve 1 of Figure 4b).21 After
photocatalytic deposition of HA, an additional band at
949 cm−1 and a broad band in the range of 1030−1100 cm−1

are seen in curve 2 of Figure 4b, which could be a superposition
of two narrower bands. The Raman spectrum of polycrystalline
HA as a standard is also measured and demonstrates the modes
at 961, 1047, and 1074 cm−1 (curve 3 of Figure 4b). Thus, the
additional Raman modes of the photocatalytically treated TNT
electrodes can be assigned to HA. The main peak is shifted

from 961 to 949 cm−1 and widened. The full width at half
maximum (fwhm) of this peak is 30 cm−1, while the fwhm of
the standard peak is 10 cm−1. Its shift and broadening may be
associated with the nanocrystalline structure of deposited HA.33

The photocatalytical deposition can be used for HA
patterning using the local illumination of the TNT surface.
TNT coating has been illuminated locally, with some parts
remaining in the dark. HA can be formed on light-exposed
areas, while not irradiated areas will be HA-free.
The biocompatibility of obtained HA−TNT coatings is

demonstrated by adsorption of mixed proteins (Alice
ProteoGenix) labeled with the fluorescent dye (panels a−c of
Figure 5). The confocal fluorescence microscope images are

analyzed in different time periods after the samples are in
contact with protein solution. The protein adsorption occurs
faster on HA-lined TNT regions (panels a and b of Figure 5)
compared to those without HA. In 5 min after contact with the
protein solution, the proteins adsorb directly on the areas with
HA (panels a and b of Figure 5). In comparison to HA, a neat
TNT surface can also adsorb proteins but not as fast as HA.
Thus, in 20 min after contact with the protein solution, the
adsorption starts everywhere, on the TNT coating with and
without HA (Figure 5c). Faster protein adsorption onto the
HA side in comparison to TNT relies on several factors: (i)
protein−material interactions, such as specific binding at the
surface, non-specific binding through hydrogen bonding, and
electrostatic interactions that are faster on the HA side,34 and
(ii) surface characteristics, such as energy and hydrophobicity,
degree of crystallinity of HA preferable for the proteins, and
ability of the charged HA surface to adsorb biological molecules
containing carboxyl groups, phosphate groups, and amino
groups.34 Generally, the faster the protein adsorption, the
higher the biocompatibility, which is characteristic, in our case,
for the side modified with HA. Thus, a higher biocompatibility

Figure 3. (a) SEM images of TNT coating with photocatalytically
deposited HA (cross-section; length of the nanotubes is marked by an
arrow). (b) Element distribution on the cross of TNT coating with
photocatalytically deposited HA, with the image obtained by EDS
analysis. Depth profile analysis of the (c) TNT coatings and (d) TNT
coating with photocatalytically deposited HA.

Figure 4. (a) XRD pattern of TNT nanotubes with HA deposited
photocatalytically. HA-modified TNT samples were annealed at
450 °C for 3 h. (b) Raman spectra of (curve 1) TNT coating,
(curve 2) photocatalytically deposited HA on TNT coating, and
(curve 3) polycrystalline HA powder, as a control.

Figure 5. Confocal fluorescence microscope images of the TNT
substrate with areas with (signed as TNT) and without (signed as
TNT/HA) photocatalytically deposited HA: (a) after 5 min in contact
with protein solution, (b) increased resolution image of panel a, and
(c) after 20 min in contact with protein solution. (d) Mean
fluorescence intensity of mixed proteins labeled with DAPI on the
TNT substrate with areas with and without photocatalytically
deposited HA. The HA side adsorbs proteins faster in comparison
to the TNT side.
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of the surface coated with HA is expected in comparison to
TNT as a result of faster protein adsorption. Indeed, cell
density is significantly higher on TNT with HA coating
(Figure 6).

The TNT surface with illuminated and non-illuminated
areas, with HA and without HA, correspondingly, is examined
using cell culture (Figure 6c). We observe a dramatically lower
cell number on the half with a TNT surface compared to
TNT−HA.
It has been demonstrated in cell culture experiments on

TNT of different sizes that adhesion, proliferation, and
migration of mesenchymal stem cells are optimal on ordered
nanopore arrays with spacing in the range of 15−40 nm; these
length scales also lead to significantly less apoptosis than on
100 nm structures.35 As mentioned above, deposition of HA
decreases the pore size from ca. 60 to 30 nm. Thus, higher
biocompatibility of the surface coated with HA in comparison
to TNT can also be associated with a smaller pore size.36,37

It is interesting that, together with a step-like gradient in cell
response to nanotopology, cells also have the same tendency
with respect to shape, being spindle-like on TNT [left inset of
Figure 6d (ca. 80% are spindle-like)].

4. CONCLUSION
In summary, the photocatalytic deposition of HA onto a
photoactive titanium dioxide nanotube layer with a remaining
TNT unique nanomorphology is very promising for the
formation of HA layers with a high biocompatibility. In

comparison to other known methods, e.g., chemical and
electrochemical methods, the proposed method is attractive as
a result of the following advantages: (1) High pH of the
solution favors HA formation.31 (2) HA is formed onto TNT
coating during photocatalytic deposition in a one-step
procedure. Therefore, there is no need in the following
hydrothermal treatment13 or soaking in NaOH,17 which are
required in some chemical13,36 and electrochemical12,17,21

methods. (3) HA is deposited only on irradiated areas,
providing the possibility of photoresist-free HA patterning.
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Deposition of hydroxyapatite–incorporated TiO2

coating on titanium using plasma electrolytic
oxidation coupled with electrophoretic deposition

Sviatlana A. Ulasevich,*ab Anatoly I. Kulak,b Sergey K. Poznyak,c

Sergey A. Karpushenkov,c Aleksey D. Lisenkovd and Ekaterina V. Skorba

A porous hydroxyapatite (HA)–incorporated TiO2 coating has been

deposited on the titanium substrate using a plasma electrolytic

oxidation coupled with electrophoretic deposition (PEO-EPD).

Potassium titanium(IV) oxalate is decomposed by micro arcs gener-

ated on the anode producing TiO2 while HA particles have been

simultaneously deposited on anode during EPD process. Hydroxyap-

atite and TiO2 particles have been coagulated into roundish

conglomerates with the average diameter in a range of 200–600 nm.

Themicrostructure, aswell as elemental and phase composition of the

coatings have been examined by scanning electron microscopy (SEM),

energy dispersive spectroscopy (EDS), glow discharge optical emission

spectroscopy (GDOES), fourier transform infrared spectroscopy (FTIR)

and X-ray diffraction (XRD). XRD has showed that the coatings are

composed mainly of HA, rutile and anatase phases. The composition

and surface morphologies are not strongly dependent on the applied

voltages. The amount of HA deposited into the coating increases with

increasing the applied voltage. The wear resistance of PEO-EPD

coatings has been assessed using tribological tests. The bioactivity of

the obtained coatings has been investigated in a simulated blood fluid.

Introduction

Titanium (Ti) and titanium alloys are frequently used as dental
and orthopedic implant materials because of their excellent
mechanical strength, chemical stability, and biocompatibility.1

The biocompatibility of titanium is closely related to the prop-
erties of the surface oxide layer, in terms of its structure,
morphology and composition. Thus far, a number of tech-
niques have been developed to improve the surface properties
of Ti implants such as plasma spraying, ion beam sputtering,

chemical vapor deposition, dip coating, electrophoresis and
electrochemical deposition.2–4

Plasma electrolytic oxidation (PEO) is one of the most useful
methods for surface modication because it can produce
porous and rmly adherent TiO2 lms on Ti implants.5,6 This
technique is based on a combined action of electrochemical
anodic oxidation, high-voltage spark and a local high-
temperature treatment. The high temperature at the break-
down sites and the high intensity of the electric eld promote
the appearance of noticeably nonequilibrium conditions and
the involvement of the electrolyte components in the formation
of the oxide coating. Advantages of this technique are the
possibility to obtain well-adhered, rmly porous lms on
complex-shaped electrodes.6,7

Electrophoretic deposition (EPD) is another surface modi-
cation technique. It can be used to enhance the bioactivity of
the surfaces by depositing of phosphate particles included in
suspension toward the TiO2 electrode surface under an applied
electric eld.8,9 Advantages of this technique is short forming
time, simplicity in instruments and the possibility to deposit
stoichiometric, high purity coatings onto complex-shaped
implants.10–12 However, EPD technique does not provide high
adhesion between the coating and substrate.12,13

Well-adhered coatings based on TiO2 and biocompatible
ceramic particles can be produced if EPD is combined with the
PEO process (PEO-EPD).13–20 It utilizes an electrolytic plasma to
enhance the electrophoretic deposition process and improve
adhesion.13–15 This technique possesses all the advantages of
wet coating methods and thus deposits the suspended particles
on Ti alloy surfaces of various shapes and sizes without
destroying their hydroxylated microstructure.16–18 Furthermore,
bioactive materials or antibiotics can be incorporated into the
coating layer during the PEO-EPD process by tailoring the
composition of the electrolyte solution.19,20 For example,
calcium and phosphate ions have been incorporated into the
TiO2 coating using an electrolyte solution containing calcium
and phosphate sources.2,5,13 More recently, well-crystallized
hydroxyapatite (HA) particles together with TiO2 coating have
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been deposited. It has been revealed that a thin calcium phos-
phate layer has been directly deposited onto a plasma electro-
lytic oxidized Ti substrate. Calcium species have been conned
to the surface regions either within the lm, to a maximum
depth of 18% of the lm thickness, or as localized deposit on
the lm surface.21,22

Thus, it is still challenging to develop new methods that can
allow the incorporation of bioactive materials, particularly in
the form of crystalline phase, into the TiO2 coating in an in situ
manner.

In this study we suggest a new approach for uniform incor-
poration of HA particles into the TiO2 coating on titanium
during PEO-EPD process using an electrolyte based on potas-
sium titanium(IV) oxalate and HA suspension. In particular,
TiO2 particles can be formed via the PEO process by decom-
position of K2[TiO(C2O4)2], while negatively charged HA parti-
cles migrate toward the Ti anode through the EPD process.

Experimental
Fabrication of HA–TiO2 coatings

Plasma electrolytic oxidation coupled with electrophoretic
deposition (PEO-EPD) was conducted under volt static condi-
tions using a DC power supply with voltage and current ranges
of 0–500 V and 0–3 A, respectively. The power supply provided
constant voltage with an accuracy of about �4% of the desired
value. The single-compartment two-electrode electrochemical
cell contained 200 mL of electrolyte. The temperature of the
electrolyte was kept within a range of 25–50 �C using cold water
circulating through a heat exchanger. The electrolyte was
magnetically stirred to reduce temperature and concentration
gradients in it.

Water–ethanol solution of 0.025 M calcium citrate
Ca3(C6H5O7)2, 0.025 M K2[TiO(C2O4)2] and 0.006 M
Ca10(PO4)6(OH)2 was prepared using commercial pure reagents
and distilled water. HA suspension was synthesized from
aqueous solutions of ammonium hydrophosphate and calcium
chloride according the method suggested in ref. 23. The
working electrode (anode) and the counter electrode were made
of a titanium foil ($99.7%). The anode area was 2 cm.2 The
cathode area was approximately 2 times larger than that of the
anode. Prior to plasma electrolytic oxidation, the electrodes
were chemically polished in a mixture (2 : 1 by volume of
HF : HNO3) of concentrated HF (50 wt%) and HNO3 (65 wt%) at
80 �C for 3–5 s, rinsed with distilled water and dried with air.

Structure characterization

X-ray diffraction (XRD) analysis was performed using an
Advance D8 diffractometer (Bruker, Germany) with CuKa radi-
ation in the range of 2q from 10� to 60� at a scanning speed of
1�/min and a step size of 0.03�. FTIR spectra were taken at room
temperature using a FTIR spectrometer (MIDAC 2000, USA) in
a range of 400–4000 cm�1. Scanning electron microscopy (SEM)
was made using Hitachi S4100 and Hitachi SU-70 microscopes
equipped with an energy-dispersive X-ray spectroscope (EDS) for
morphological characterization of the sample surface. Thin

layer of carbon was sputtered on the samples. Depth proling
analysis of the coatings was carried out by glow discharge
optical emission spectroscopy (GDOES) using a HORIBA GD-
Proler 2 operating at a pressure of 650 Pa and a power of
30 W. The water contact angle value was measured at room
temperature with an experimental angle error of �1� using
a Contact angle measuring system G10 (Kruss, Germany).

Tribological test

The dry sliding wear behavior of the PEO-EPD coatings was
assessed with a Tribotec ball-on-disc oscillating tribometer. An
AISI 52100 steel ball of 6 mm diameter was used as static fric-
tion partner at ambient conditions (25 � 2 �C and 30% RH)
under load in a range of 1–3 N with an oscillating amplitude of
10 mm and at a sliding velocity of 5 mm s�1, for sliding distance
of 12 m.

Bioactivity test

The bioactivity of the coatings was estimated by determination
of the apatite formation ability in a simulated blood uid (SBF)
with ionic concentrations equal to human blood plasma. The
SBF was prepared by dissolving reagent grade chemicals: KCl,
NaCl, NaHCO3, K2HPO4$3H2O, MgCl2$6H2O, CaCl2 and NaSO4

according the method described by Kokubo and Takadama.24

The pH was adjusted to 7.4 using 1 mol L�1 HCl and tris(hy-
droxymethyl)aminomethane (TRIS). The chemical composition
was as follows (mmol L�1): Na+, 142.0; K+, 5.0; Mg2+, 1.0; Ca2+,
2.5; Cl�, 131.0; HCO3

�, 5.0; HPO4
2�, 1.0; SO4

2�, 1.0. Plasma
electrolytic coatings and Ti plate (as a reference sample) were
immersed in 45 mL of the SBF solution at 37 �C for 21 days to
induce apatite formation. The immersion media was updated
every day. Aer the experiment, the samples were dried in air at
room temperature and characterized using SEM.

Results and discussion
Fabrication of HA–TiO2 coatings

A scheme of the experimental setup used for the PEO-EPD
treatment is shown in Fig. 1a. According to preliminary
results, K2[TiO(C2O4)2] is decomposed by micro arcs generated
on the anode, producing TiO2 particles. The HA suspension was
synthesized from alkali aqueous solutions (pH of the medium is
10.0–11.0), and HA particles in the suspension are negatively
charged:13

Ca10(PO4)6(OH)2 + 2OH� ¼ Ca10(PO4)6(O
�)2 + 2H2O.

Thus, HA particles migrate towards the Ti anode and become
incorporated into the TiO2 coating, resulting in the formation of
HA–incorporated TiO2 coating on the Ti surface. Analogously to
the work,25 ethanol is added to the electrolyte in order to retard
the evolution of gas at the anode and prevent the destruction of
the growing coating on the titanium surface. Calcium citrate
has been added to inhibit the HA transformation into trical-
cium phosphate during the PEO process. Furthermore, calcium
citrate promotes the formation of uniform and homogeneous

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 62540–62544 | 62541
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coatings. It is visually seen that the application of the voltage
higher than 320 V to the electrochemical cell results in the
generation of yellow sparks. During the PEO process, the
current transients are characterized by a decay of the current
density from 1.6 to 0.05–0.07 A cm�2, so that the higher voltage
is applied, the more drastic is the current drop (Fig. 1b). Under
high applied voltage (U $ 320 V), within 10–150 s of the
beginning of oxidation, the current density becomes almost
invariable with time and the oxide lm growth proceeds as
a practically stationary process. At the applied voltage ranged
from 320 to 400 V, an initial increase of the current changes to
its further decay, which is due to the predominant passivating
effect of the oxide coating formed in the interval of 25–150 s. It
is clearly seen that at the PEO process, the greater is the voltage,
the less is the value to which the current drops within a xed
time interval.

Uniform and smooth coatings are formed at 320 V with an
average thickness of 40–45 mm (Fig. 1c). When the voltage
increases up to 400 V, the thickness of the TiO2 coating is three
times larger. However, the formed coating starts to destruct due
to dielectric breakdown. Thus, the optimal voltage for PEO
process is 325–350 V.

The temporal evolution of the thickness during the PEO-EPD
process at 320 V is shown in Fig. 1d. There is a signicant
increase in the thickness during the rst 5 min of PEO process.
Then the coating thickness becomes almost invariable with
time. Aer 15 min of PEO process, the TiO2 thickness begins to
decrease. This may be associated with the loosening and partial
destruction of the formed layer due to dielectric breakdown.
This is also proved by mass decrease and SEM inspection of the
coating (Fig. 1d, insert).

Morphology and composition of HA–TiO2 coating

Fig. 2a shows Ti samples before and aer PEO-EPD treatment in
the electrolyte containing ethanol with a concentration of
20 vol%. It is evident that the PEO-EPD process leads to the
formation of white or light-grey dense uniform coatings. The
relative surface wettability of the coatings has been determined
according to the water contact angle (Fig. 2a, insert). The
wettability is found to depend on the applied voltage via PEO-
EPD process. For example, the contact angle of HA–TiO2

coating obtained at 325 V is 103.3� � 5.2, while the contact
angle of the coating prepared at U $ 350 V is 4.3� � 0.3. The
contact angle of initial polished titanium is 70� � 3.5. The
hydrophobicity of the PEO-EPD coatings may be attributed to
the formation of a hierarchical micro/nano-structure or a well-
designed nanoporous structure.26–28 The hydrophilicity could
be explained by several factors: (i) changing the morphology of
the PEO-EPD coatings obtained at voltage higher than 350 V and
increasing its roughness and porosity.29,30 At 400 V a bigger
amount of gas released on the anode surface resulting in loos-
ening and partial destruction of the PEO-EPD coating. (ii) When
the voltage increases from 325 V to 400 V the PEO-EPD coatings
become enriched with HA, which is known for its hygroscop-
icity31–33 and ability to form super hydrophilic surfaces.34–36

Preliminary results have revealed that a highly porous
uniform layer of TiO2 forms by PEO treatment of titanium in the
solution containing 0.025 M K2[TiO(C2O4)2] and 0.025 M
Ca3(C6H5O7)2 at 320 V (Fig. 2b). The pores of the resultant
coating are well separated and homogeneously distributed over
the surface. The diameter of the pores varies from 0.5 to 2.5 mm.
The coatings contain only Ti and O without any other elements
as indicated by EDS.

Fig. 1 (a) Scheme of the setup for PEO-EPD process. Electrodes –
titanium, electrolyte: 0.025 M K2[TiO(C2O4)2], 0.025 M Ca3(C6H5O7)2,
0.006 M Ca10(PO4)6(OH)2; (b) current–time dependencies for PEO-
EPD at 325 (1), 350 (2), 375 (3) and 400 V (4). (c) Thickness of oxide layer
as a function of the applied voltage; (d) thickness of oxide layer as
a function of deposition time during EPD process at 325 V. Insert
shows SEM cross-sectional view of the TiO2 layer after 20min of PEO-
EPD process.

Fig. 2 (a) Images of the Ti samples before and after PEO-EPD treat-
ment. Inserts show contact angle values; (b) SEM plan-view of the PEO
treated coating; (c) SEM cross-sectional view of the PEO-EPD sample;
(d) depth profile analysis of the PEO-EPD sample (element distribution
on the cross of the coating was measured as shown by white line); (e)
SEM plan-view images of the PEO-EPD treated samples; (f) element
distribution on the plane of the PEO-EPD coating.

62542 | RSC Adv., 2016, 6, 62540–62544 This journal is © The Royal Society of Chemistry 2016
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The PEO-EPD treatment of titanium changes drastically the
morphology of the formed coatings (Fig. 2c, e and f). The
coating is composed of roundish conglomerates with a size of
200–600 nm. Tiny HA and TiO2 particles are observed on the
surface, and some of the pores are clogged (Fig. 2e, insert). EDS
analysis revealed the uniform distribution of Ca, P, Ti and O in
a plane of the surface (Fig. 2f). The Ca/P ratio is 1.60 that is very
close to the stoichiometric ratio of Ca/P in the HA (1.67).

The cross-section of the PEO-EPD coatings clearly shows the
rough and porous structure of the HA–TiO2 layer (Fig. 2c). Depth
prole analysis of the PEO-EPD coatings conrms the presence
of titanium and oxygen together with Ca and P in the bulk of the
PEO-EPD coating (Fig. 2d). The data obtained prove that the
TiO2 and HA particles are simultaneously depositing on the Ti
surface during the PEO-EPD process and coagulating into
roundish conglomerates.

XRD patterns of the PEO-EPD coatings are shown in Fig. 3a.
Peaks of the titanium (marked as Ti) substrate are observed on
all the XRD patterns. The coatings formed by PEO of titanium in
the solution containing 0.025 M K2[TiO(C2O4)2] and 0.025 M
Ca3(C6H5O7)2 are composed of rutile (marked as R) and an
equal amount of anatase (marked as A) (Fig. 3a, plot 1). The
ratio of rutile/anatase content in the PEO-EPD coating does not
depend on applied voltage.

Aer addition of HA suspension into electrolyte, peaks
associated with HA (marked as HA) and tricalcium phosphate
(in Fig. 3a marked as C) are detected along with rutile and
anatase (Fig. 3a, curve 2). A small amount of tricalcium phos-
phate may be associated with a partial transformation of HA
particles to tricalcium phosphate during the PEO process. It
should be noted that the relative intensity of the HA peaks and
the HA weight content increase with increasing the applied
voltage, while the ratio of HA and TiO2 phases changes insig-
nicantly with the thickness increase in a range of 40–120 mm.

A FTIR spectrum of the PEO coating prepared in 0.025 M
K2[TiO(C2O4)2] + 0.025 M Ca3(C6H5O7)2 at 320 V is shown in
Fig. 3b (curve 1). The features at 3000–3750 cm�1 and 1300–
1800 cm�1 in the as-deposited TiO2 lms show that there is
a signicant amount of water in the pores of the coating. The
spectrum of the PEO-deposited TiO2 coating exhibits a strong
broad band in the region of 400–800 cm�1, which can be

assigned to the formation of Ti–O and Ti–O–Ti bonds. The
broadening of the band related to Ti–O bond might be associ-
ated with an amorphous structure of the TiO2 lm due to
incorporation of hydroxyl groups into the Ti–O bond
network.37,38 There are broad bands belonging to the OH� and
PO4

3� groups of the HA in the PEO-EPD coating spectrum
(curves 2 and 3, respectively). Characteristic peaks corre-
sponding to PO4

3� groups in HA (560–600 cm�1, 961 cm�1,
1030–1090 cm�1)15,39 are visible in both spectra. The bands at
598 cm�1 (assigned to the deformation vibration of PO4

3� ions)
are shielded by broad bands of TiO2.

Bioactivity test in SBF solution

Bioactivity of the obtained coatings is estimated by the apatite
formation in SBF solution.40–42 Fig. 4a illustrates the mass gain
of the formed apatite on the PEO-EPD sample surface is in
a range of 6–8%, while that on the PEO sample surface is
approximately 2–3%. EDS analysis reveals an increase in the
relative concentration of Ca and P in the PEO-EPD coatings aer
immersion in SBF for 21 days (Fig. 4b). SEM plan-view image of
the PEO-EPD coatings aer immersion in SBF solution for 21
days shows a thin rough apatite layer grown on the top of the
coating while there is no apatite formation on the polished
titanium substrate taken as a reference sample. As the amount
of the formed apatite could indicate a high degree of bioactivity,
the PEO-EPD coatings are expected to possess a higher bioac-
tivity as compared with polished titanium and the PEO samples.

Tribological test

The wear rate of the PEO-EPD coating deposited at 320 V is 2.5�
10�5 mm3 N�1 m�1, indicating a good wear resistance. It should
be mentioned that the wear rate has increased from 1.9 � 10�4

mm3 N�1 m�1 to 3.1 � 10�4 mm3 N�1 m�1 with increasing the

Fig. 3 XRD patterns (a) and FT-IR spectra (b) of the PEO-EPD samples
obtained in the water–ethanol electrolyte containing 0.025 M
K2TiO(C2O4)2 and 0.025MCa3(C6H5O7)2 without (1) and with (2) 0.006
M Ca10(PO4)6(OH)2, respectively. Crystalline HA powder was used as
a standard (3).

Fig. 4 Mass increase (a) and atomic concentration (b) of the PEO-EPD
coatings after immersion in SBF solution for 7–21 days; SEM plan-view
images of the PEO-EPD coating before (c) and after (d) their immersion
in SBF solution for 21 days.
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applied voltage during the PEO-EPD process. This fact may be
related to an increase in the porosity and friability of the coating
with increasing the applied voltage. The tribological tests have
shown that the PEO-EPD coatings possess a good wear resistance.
These coatings could be very prominent for biomedical
applications.

Conclusions

The PEO-EPD process has been applied successfully to produce
a bioactive HA–incorporated TiO2 coating on the titanium
surface in the electrolyte containing calcium citrate, potassium
titanium(IV) oxalate and HA particles. The addition of ethanol to
the electrolyte inhibits gaseous emission generated by the water
electrolysis at the anode and allows the efficient incorporation
of HA particles into the TiO2 coating during the PEO-EPD
process. The surface morphology and microstructure of the
coating can be affected considerably by the applied voltage. The
amount of the deposited HA can be enhanced by increasing the
applied voltage. The PEO-EPD coatings induce a precipitation of
apatite in SBF solution. These coatings are revealed to have
a good wear resistance and could be very promising for
biomedical applications.
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the behavior of supported cells are static ones, notwith-
standing recent progress in dynamic stimuli-responsive 
materials with switchable stiffness to build up actuating 
materials. This has two main reasons: (1) applied stimuli 
for actuation affect the cell behavior negatively; [ 10 ]  (2) actu-
ating materials are toxic for cells. [ 11 ]  Hence one would need 
a responsive system, where the environment is changed 
only in the support, but not around the cells attached. 
Here we report such a new light guided system, which is 
actuated under irradiation with high amplitude to guide 
changes of stiffness of the layer-by-layer assembled polye-
lectrolytes on photoactive titania surface without affecting 
the cellular environment. 

 Light is very promising as a stimulus for switching the 
systems due to the possibility to irradiate localized areas 
with fast on/off switching rates, [ 12 ]  on contrary to, for 
example, pH- responsive control. pH- activation in most 
cell experiments is diffi cult to integrate into the process 
of cell seeding due to the need of mild conditions for cell 
cultivation. [ 13 ]  Concerning the light-response only a lim-
ited number of stimuli-responsive polymers are able to 
undergo light initiated transitions. [ 14 ]  This as well as toxic 
degradation products often are a drawback for experi-
ments with cells. [ 15 ]  Well-known examples are polymers 
with azo-groups that undergo reversible isomerization 
upon irradiation without photoproduct formation. [ 16 ]  
Unfortunately, the response on the molecular level is 

 Polyelectrolyte block copolymer micelles assembled thin fi lm 
is switched in response to local photocatalytic reactions on 
titanium dioxide, resulting in a layer of variable height, stiff-
ness in response to visible light irradiation. Preosteoblasts 
migrate toward stiffer side of the substrates.    
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  1.     Introduction 

 Systems with a gradient in surface stiffness to control cell 
behavior have been extensively studied in recent years 
due to enormous interest in the area of biomimetic tech-
nology, [ 1 ]  robotics, [ 2 ]  biosensors, [ 3 ]  microfl uidic systems, [ 4 ]  
and artifi cial muscles. [ 5 ]  The matrix stiffness alone has 
been implicated in regulating cellular functions, such 
as contraction, [ 6 ]  migration, [ 7 ]  proliferation, [ 8 ]  and dif-
ferentiation. [ 9 ]  However, most materials used to control 
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relatively weak, because azobenzene molecules change 
their geometry from planar one to nonplanar with a 
decrease in the distance between the para carbon atoms 
only in the Angstrom range. [ 17 ]  Other known examples 
are photocrosslinkable polymers. [ 18 ]  However, such mate-
rials are diffi cult to be used as stimuli-responsive ones, 
where changes should be totally reversible. Thus, there is 
an urgent need to develop a strategy to actuate polymers 
with light for high-amplitude actuating soft matter sys-
tems: coatings, hybrids. This is achieved for the fi rst time 
in this work making use of the photosensitivity of TiO 2  
and the responsivity of polyelectrolytes in a composite 
fi lm arrangement interacting with cells.  

  2.     Experimental Section  

  2.1.     Preparation of Titania 
Photoactive Surfaces 

 Glass with a vacuum deposited titanium layer (99.9%) was ultra-
sonically treated in 5 M NaOH (Sigma-Aldrich) at 80%-intensity 
with a UIP1000hd (Hielscher Ultrasonics) operated at 20 kHz 
with a maximal output power of 1000 W. The samples were 
placed into a home-made tefl on holder at 1 cm distance perpen-
dicular to the sonotrode, sonicated and washed several times 
without annealing. Milli-Q (18.0 MΩ cm) water was used in all 
aqueous solutions.  

  2.2.     Preparation of Block Copolymer 
Micelles (BCM) 

 A linear triblock terpolymer consisted of polybutadiene (B), 
poly(methacrylic acid) (MAA), and quaternized poly (2-dimeth yl-
amino)ethyl methacrylate) (Dq). The triblock terpolymer 
B 800 MAA 200 Dq 285 , (subscripts denoting the degrees of poly-
merization of the corresponding blocks,  M  n  ≈ 110 000 g mol −1 , 
 polydispersity index  = 1.10) was synthesized via sequential living 
anionic polymerization in tetrahydrofuran followed by polymer-
analogous modifi cations. Details about polymerization and char-
acterization could be found elsewhere. [ 19 ]   

  2.3.     Layer-by-Layer (LbL) Deposition 

 Polyelectrolyte coating was obtained using the LbL assembly 
method. The LbL coatings were assembled on photoactive tita-
nium dioxide surfaces using dip-coating in a polymer solution 
for 15 min. After each deposition step, the samples were washed 
in double distilled water and dried with a nitrogen stream. 
Terpolymer micelle layers were deposited from 0.45 g L −1  solution 
of micelles (VWR, AVS Titrinorm, ionic strength ≈0.05  M ). The 
poly(acrylic acid) (PAA) sodium salt ( M  w  ≈ 5100 kDa, Sigma-Aldrich) 
was assembled from a 2 g L −1  polymer solution of polyelectrolyte 
in a 0.5  M  NaCl solution.  

  2.4.     Characterization Methods 

 Scanning electron microscopy (SEM) measurements were con-
ducted with a Gemini Leo 1550 instrument (Zeiss) at an operating 
voltage of 3 keV. Transmission electron microscopy (TEM) images 
were obtained on a Zeiss EM 912 Omega transmission electron 
microscope operating at 300 kV. The samples were ultrami-
crotomed (Leica EM FC6) and placed onto the copper grids coated 
with a carbon fi lm. Infrared spectra were acquired with an IFS 
66 fourier transform infrared (FT-IR) spectrometer from Bruker 
(Ettlingen, Germany). The infrared beam is directed through the 
external port of the spectrometer and is subsequently refl ected 
by three mirrors in a rigid mount before being focused on the 
sample surface. A KRS-5 wire grid polarizer is placed into the 
optical path directly before the beam hits the sample surface. The 
refl ected light is collected at the same angle as the angle of inci-
dence. The light then follows an equivalent mirror path and is 
directed onto a narrow band mercurycadmium-telluride detector, 
which is cooled by liquid nitrogen. The entire experimental setup 
is enclosed to reduce relative humidity fl uctuations. For all meas-
urements at 40 mN/m, p-polarized radiation was used at an 
angle of incidence of 70°. A total of 200 scans were acquired with 
a scanner velocity of 20 kHz at a resolution of 8 cm –1 . The spectra 
were obtain in a range of 4000 – 400 cm –1 . Atomic force curves 
were taken with a JPK Force Robot 300 atomic force microscopy 
(AFM) (Nanotechnology, Germany) operating in tapping mode 
using C5C38 cantilevers from MIKROMASCH. The colloidal probe 
for atomic force microscopy was obtained by fi xing glass parti-
cles (PS/Q-F-B857, Germany) with a size of 10.25 μm on a silica 
tip.  

  2.5.     Photoactivity Measurements 

 An electrochemical cell with a three-electrode arrangement was 
used for photoelectrochemical experiments. A platinum wire 
served as the counter electrode and an Ag/AgCl (saturated KCl 
solution) electrode as the reference electrode. Titanium plates 
with grown titanium dioxide layer were used as working elec-
trode. The reference electrode was placed close to the working 
electrode using a Luggin probe capillary.  

  2.6.     Cell Culture 

 Murine preosteoblastic cells MC3T3-E1 (provided by the Ludwig 
Boltzmann Institute of Osteology, Vienna, Austria) were seeded 
with a density of 6 × 10 3  cells per cm 3  on the surface and cultured 
for 2 d in minimum Essential Medium Eagle (Sigma-Aldrich, St. 
Louis, MO) supplemented with 10% foetal calf serum (PAA labora-
tories, Linz, Austria), 0.1% ascorbic acid (Sigma-Aldrich, St. Louis, 
MO), and 0.1% gentamicin (Sigma-Aldrich, Steinheim, Germany) 
in a humidifi ed atmosphere with 5% CO 2  at 37 °C. The cell density 
on different surface areas was monitored by bright fi eld micros-
copy and documented by light micrographs. Total cell numbers 
were determined by manual counting of cells per image section. 
In total, ten image sections were analyzed for every surface type 
in each experiment.  

Macromol. Biosci. 2016,  16,  1422−1431
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  2.7.     Cell Migration Experiment 

 On the fi fth day of cell seeding the “chip” was short time (10 s) 
irradiated from the back side and cells started their reorganiza-
tion following the LbL fi lm activated migration to the “harder” 
part. Cell density zone relevant calculation and corresponding 
imaging were done in 30 min after surface activation. Thus cells 
were grown on the surface 5 d. In fi fth day the surface was acti-
vated by pulsed short term (10 s) irradiation from back side. The 
coating was fast activated. Thickness of the coating increased. In 
10 min after activation the thickness was its maximum thick-
ness and minimum stiffness. Cells started to feel the change of 
surface properties. Cells started to migrate into the side of higher 
stiffness since grown cells were preosteoblasts. Preosteoblasts 
liked more “harder” surface. Cells were imaged in 30 min and 
histogram of their surface distribution was done. Simultaneously 
the coating relaxed, however, due to chosen LbL composition, 
relaxation was very slow in comparison to activation. If coat-
ings were fast activated and fast relaxed they could be, probably, 
more suitable for antifouling coatings, but not for cell growth.  

  2.8.     Statistical Analysis 

 Statistic calculations were made using GraphPad Prism soft-
ware (at  www.graphpad.com/prism ). Comparison of multiple 
groups was done by three way analysis of variance (ANOVA) test 
in the case of cell density with pairwise multiple comparison 
procedures by the Holm–Sidak method; and one way analysis 
(ANOVA) in the case of focal adhesion and gene expression. 
Data were normally distributed due to normality Shapiro–Wilk 
test. A  p -value smaller than 0.05 was considered statistically 
signifi cant.  

  3.     Results and Discussion 

 Our system provides a novel strategy for developing a high-
amplitude actuating system based on coupling light and 
pH to control the behavior of pH sensitive high-altitude 
actuating polymers not with pH, but light. The system, 
illustrated in Figure  1 , is composed of the following blocks. 
The light sensitive part is a TiO 2  fi lm (Figure  2 ). As pH sen-
sitive coating we use a LbL assembled fi lm of oppositely 
charged weak polyelectrolytes of BCM (positively charged 
layer) and PAA (negatively charged layer). We aim to prove 
the concept of light-pH coupled switching and thus we 
work with well characterized pH sensitive micelles, [ 19 ]  
which have shown “smart” switching under pH change. 
Here we demonstrate that it is possible to switch a polymer 
fi lm on the surface of TiO 2  with light. 

   It should be noted, that pH-dependent polymers rep-
resent a class of materials with tremendous structural 
variety. One powerful example is “weak” polyelectro-
lytes, [ 20 ]  where morphology and polarity strongly depend 
on pH. Thus such weak polyelectrolytes as BCM can 
show a drastic response to pH. [ 21 ]  The pH-responsive 
behavior of the BCM can be controlled by changing the 
ionization degree of one of the constituting blocks; they 
exhibit pronounced morphological changes in response 
to ΔpH and can be used for multilayer formation. [ 19 ]  How-
ever, the adoption of pH sensitive coatings capable to 
undergo reversible pH-induced swelling transitions for 
cell migration modulation provides a problem due to the 
high cell sensitivity to pH changes. We suggest using a 

Macromol. Biosci. 2016,  16,  1422−1431

 Figure 1.    Schematic illustration of the fabricated multilayer system. High-amplitude switchable layer-by-layer (LbL) multilayers are built 
from pH sensitive positively charged block copolymer micelles (BCM) and negatively charged poly(acrylic acid) (PAA) on the surface of 
photoactive titania. The optical image shows a microdevice, which is a transparent substrate with a part covered with a titania layer (left) 
and the other half not covered with titania, but the whole surface covered with LbL, that served as a control LbL assembled coating on top 
of the complete surface.
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photoreaction on titania (Figure  2 c) to vary the pH of the 
assembly locally without changing pH of cell media. 

 TiO 2  is a wide band gap semiconductor and usually acti-
vates with ultraviolet irradiation. [ 22 ]  However, in our case 
the experiments with cells needed special precautions for 
titania synthesis to be able to activate it with light with 
wavelength  λ  > 390 nm. For generation of the titania fi lm 
we use the nonequilibrium sonochemical treatment [ 23 ]  of 
titanium metal to produce a titania fi lm with additional 
states in its forbidden zone. Physical and chemical sur-
face modifi cation during ultrasonic surface treatment 
results in extreme local conditions for surface develop-
ment allowing formation of nonequilibrium materials 
due to high energy localized by a sonotrode at a particular 
surface area. [ 24 ]  There is the unique potential of locally 
establishing high-temperature (up to 5000 K) and high-
pressure (several hundreds of bars) reactions, while the 
system remains macroscopically near room temperature 
and ambient pressure thus avoiding material recrystal-
lization. [ 25 ]  In our case, the ultrasonic technique yielding 
mesoporous surfaces could replace some expensive, mul-
tistage and time-consuming methods of surface engi-
neering. A mesoporous sonogenerated foam of titanium 
dioxide on titanium is achieved by sonication of titanium 
in aqueous basic solution, the structure before and after 
sonochemical modifi cation is shown in Figure  2 a,b. 

 The resultant mesoporous titania irradiated with 
light  λ  > 395 nm exhibits photoactivity, as evidenced by 

photoelectrochemical measurements (Figure  2 c). It should 
be emphasized that the photoactivity of sonogenerated 
titania fi lms appears to be shifted to the visible region as 
compared to crystalline TiO 2 ; this fact can be attributed to 
large concentration of electronic states generated in the 
forbidden zone of titania obtained under highly irrevers-
ible conditions of TiO 2  formation. 

 Even under mild illumination ( I  LED(395 nm)  < 5 mW cm −2 ), 
photoholes and photoelectrons are formed at the surface 
of titania. The photoproduced species are involved in dif-
ferent secondary reactions: while photoholes react with 
surface hydroxyl groups, photoelectrons can be accu-
mulated at the surface states and scavenged by oxygen 
molecules. Due to high mobility of the electrons, these two 
processes occur at different sites of the mesoporous titania 
fi lm. As a result, the photocatalytic reactions induced 
under local illumination are accompanied with the release 
of protons within the exposed area. The key idea is that if 
on top of a titania fi lm a pH sensitive polymer coating is 
applied, the generated local ΔpH will charge and activate 
the polymer layer. Moreover, the oxygen presence is also a 
factor to regulate surface photoactivity (Figure  2 c), which 
affects the effi ciency of secondary photocatalytic reac-
tions, including those presented in Figure  2 c. 

 A related question on the feasibility of the process is: 
how many protons and photons are needed from the sur-
face to locally change the pH from 7 to, for example, 4, 
on the surface? To calculate the concentration of needed 
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 Figure 2.    High intensity ultrasonication for sonochemical modifi cation of a) initial titanium (SEM image), into b) titania based foam layer 
(SEM image of top view, and TEM of side view). c) Photocurrent/voltage response of a titania foam layer under Ar or O 2  bubbling in the 
system. Primary and secondary photocatalytic reactions on TiO 2  resulting in a local change of pH (ΔpH) of the following light-pH conversion 
to control pH sensitive polymer assembly: (i) light stimulated charge separation, (ii) primary reaction with a photohole with fi nal production 
of protons and local surface acidifi cation in the irradiated area, and (iii) spatially separated photoelectron reaction.



S. A. Ulasevich et al.

 

www.MaterialsViews.com1426 © 2016  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim

Macromolecular
Bioscience

www.mbs-journal.de

protons for activation we assume for 1 cm 2  of TiO 2  to 
achieve a pH = 4 or [H + ] = 10 −4   M  or 6 × 10 19  L −1  a coating with 
thickness of, e.g., 500 nm, that is,  V  = 5 × 10 −8  L. The con-
centration of protons in the system is then [H + ] = 3 × 10 12  
protons per cm 2 , which is about 0.3% of the lattice sites 
of a typical solid (10 15  lattice sites per cm 2 ). This means 
that only 0.3% of the surface atoms have to be charged to 
achieve pH = 4, if no losses exist. Even if we consider a low 

radiation intensity of 1 mW cm −2  = 10 16  photons per cm 2  s 
for a quantum yield proton/photon conversion of 0.1% 
the photons from 300 ms irradiation would create enough 
protons on the TiO 2  surface to achieve LbL switching on 
the surface of TiO 2 . 

 To develop responsive surface coatings for cell experi-
ments, we use BCM. The schematic representation of 
the obtained core–shell–corona micelles is shown in 

Macromol. Biosci. 2016,  16,  1422−1431

 Figure 3.    pH sensitive LbL assembly. a–c) SEM images of the BCM/PAA multilayer system on a sonochemically generated photoactive 
mesoporous TiO 2  sponge layer.  x  is the number of build-up steps. d) AFM image of BCM/PAA with two bilayers after four build-up steps. 
Inset shows 3D AFM map of 1.0 μm × 1.0 μm. e) Corresponding FT-IR spectra of each layer of the LbL assembly on a TiO 2  surface.
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Figure  1 . It is known [ 26 ]  that BCM stability and revers-
ibility of switching can be improved combining BCM with 
polyelectrolytes. Moreover, polymer coating assembly via 
LbL technique is a powerful tool to tune coating thick-
ness and surface coverage. PAA is known as a weak 
polyelectrolyte which is also sensitive to pH and can be pH 
activated. [ 27 ]  We choose it for LbL assembly of a pH sensi-
tive coating, as it is oppositely charged compared to the 
micelle layer. In our case two bilayers of coating are suf-
fi cient to achieve a total coverage of the surface (Figure  3 ). 
The fi lms are dried in a stream of nitrogen before char-
acterization. After each deposition step and washing, 
the coverage is monitored and confi rmed with FT-IR 
spectroscopy and AFM. The coating structure after each 
deposition step is also shown in the SEM (Figure  3 a–c) 
images. After coating formation we check its pH sensi-
tivity, the formed LbL assembled system can be reversibly 

activated changing the pH from 7 to 4. The BCM show a 
rapid response to pH cycling. This is an intrinsic property 
of pH sensitive micelles. [ 21 ]  The pH-responsive behavior 
of the micelles can be controlled by the ionization degree 
of the MAA block (p K  a , apparent ≈5.5). In the pH range 
between 7 and 4 the ionization degree, α, decreases from 
unity to ≈0. At pH 7 (α ≈ 0.5), the attraction between 
the negatively charged MAA and the positively charged 
Dq blocks induces the formation of an intramicellar inter-
polyelectrolyte complex (im-IPEC) shell. According to the 
degrees of polymerization (DP  n  (MAA) < DP  n  (Dq)), parts 
of the cationic Dq block remain uncomplexed forming 
a positively charged corona. At pH 4, the protonation of 
the MAA block (α ≈ 0) results in im-IPEC dissolution. As 
a consequence, the uncharged MAA block collapses onto 
the B core forming a new shell, and the length and charge 
density of the cationic Dq corona increase. Accordingly, 
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 Figure 4.    a,b) AFM images of scratches for thickness evaluation study with c,d) corresponding profi les of the TiO 2 /BCM/PAA multilayer 
system (a,c) before irradiation and (b,d) after irradiation/activation. e,f) Kinetics of thickness changes on a TiO 2 /BCM/PAA multilayer system 
in (e) minutes time scale and (f) slow (hours) relaxation to the initial state.
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the charge density of the MAA block and the dissolution 
or regeneration of the im-IPEC shell can be adjusted by the 
pH of the solution. The length and charge density of the cat-
ionic Dq corona are regulated by the shell composition and 
therefore can be varied by pH. Here it is a question if we 
can reversibly switch the LbL assembled coating with light. 
The power (≈5 mW cm −2 ) and duration (less than 10 min) 
of irradiation are chosen not to degrade the LbL assembled 
coating, which was verifi ed in control experiments. 

  In order to demonstrate the light induced modulation 
of the LbL assembly, we investigate the thickness of the 
LbL fi lm on the surface of TiO 2  using AFM, Figure  4 . By 
illumination for 10 min the initial coating thickness of 
150 nm is increased up to a maximum thickness of 
800 nm for a photoactive titania surface. Longer irradiation 
does not result in further change of the fi lm thickness. 
Measurements of thickness versus time (Figure  4 ) reveal 
that for our system the irradiation intensity is critical. 
We did not vary it using short time (less than 10 min) 
and low light intensity (<5 mW cm −2 ) irradiation, not to 
have photocatalytic degradation of LbL assembly, but 
local pH shift on irradiated TiO 2 . Colloidal probe atomic 
force microscopy (CP AFM) measurements confi rm that 
the LbL polymer assembly on the photoactive titania fi lm 
becomes softer (ca. 28 kPa) during irradiation compared 
to the initial stiffness (ca. 1.67 MPa). After irradiation is 
switched off, the relaxation of the LbL assembled coating 
occurs. However, due to the complex character of the LbL 
assembly building blocks, e.g., BCM as one pH sensitive 
layer, the coating relaxation is relatively slow. The relaxa-
tion to 150 nm requires more than 20 h (Figure  4 f), which 
characterizes the system as fast activated and slowly 
relaxing. Such systems are of great interest for biological 
applications. 

  Moreover, it was demonstrated, [ 28 ]  that polyamines 
exhibit an interesting binding property that is known as 

“proton sponge” properties. What does it mean in our con-
text? Protons on the pristine titania compared to the TiO 2 /
LbL surface are monitored with a pH indicator adsorbed 
on the surface (Figure  5 ). During irradiation we observed 
titania acidifi cation and generation of protons on titania 
surface (Figure  5 d). Can one use the protons to activate LbL 
assemblies on titania preventing H +  release from the sur-
face for cell growth? Here interesting works in connection 
polyelectrolytes as “proton sponges” are mentioned. [ 28 ]  
Polyelectrolytes as BCM can be considered as analogues 
to present the “proton sponge” poly(ethyleneimine) and 
chitosan. LbL can be activated with H + , but not releasing 
protons yielding a whole class of pH-responsive systems 
for biomedical or other sensitive applications with light, 
while maintaining a constant, mild, bulk pH. The validity 
of our assumption is confi rmed by Figure  5 e showing 
that the pH on the surface of TiO 2  covered with BCM/PAA 
layers is neutral, on contrary to very acidic in the case of 
individual TiO 2 . 

  In the bioexperiment (Figure  6 ) we construct our mul-
tilayers on a transparent glass substrate. The titania 
photoactive layer covered part of the glass slide. The 
other part is free of the TiO 2  layer. Afterward, the LbL 
polymer coating was built up on top to cover both sides 
with TiO 2  fi lm and without. Cells (preosteoblast MC3T3) 
are cultivated on top of the surface. On the fi fth day of 
cell growth, we performed an experiment to activate the 
cell migration. We irradiated the “chip”, Figure  6 , from 
the back side, TiO 2  adsorbs light with production of pho-
tohole and photoelectron and in the scope of photocata-
lytic reactions the acidifi cation of the titania surface hap-
pens. The generated protons are immediately trapped by 
the BCM “proton sponge”, LbL activated and changing its 
thickness and, stiffness resulting in cell migration over 
the surface. For this cell experiment it is important, that 
either the system is slowly or quickly relaxing, both can 

Macromol. Biosci. 2016,  16,  1422−1431

 Figure 5.    a) Calibration of the fl uorescent pH indicator, 4,4′-(anthracene-9,10-diyldimethanediyl)dimorpholine, that exhibits a p K  a  ≈5.1, and 
initial chemical formula to point to the protonation sites. b–e) Confocal fl uorescence images of the surface of (b,c) TiO 2  and (d,e) TiO 2 /LbL 
where the fl uorescent pH dye is on top (b,d) before and (c,e) after 10 s of irradiation. Proton activity is detected on TiO 2 , but not on TiO 2 /LbL 
due to “proton sponge” polyelectrolyte activity.
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be interesting for “lab-on-chip” applications. In this paper 
we highlight a slowly relaxing system which activates 
fast (less than 10 min), however relaxation to initial 150 
nm thickness is relatively slow, more than 20 h, resulting 
cell felt change of stiffness and reorganization. 

  We did several control experiments to ensure that 
cells migrate due to stiffness change not a pH, not light 
itself. Thus, cells were not sensitive to back contact side 
irradiation with visible light. If in the case if pristine 
titania cells would migrate due to surface acidifi cation, 
in the case of titania covered with LbL of BCM/PAA the 
generated protons would be trapped in an assembly 

resulting in its actuation, but not in surface proton 
activity. Even on low photoactive pristine titania under 
the used low dose of visible light irradiation (less than 
10 min, less than 5 mW cm −2 ) cells are not released from 
the surface due to their death, but migrate being alive. 
Comparing titania and TiO 2  covered with LbL, the expla-
nation of migration reasons is different, being in the 
case of LbL assembly most probably exactly due to stiff-
ness change. 

 The cells were grown on the surface for 5 d to connect 
with each other, so that cells can communicate trans-
lating information of the surface properties over long 

 Figure 6.    Bioapplication potential: cell 4D regulation on the surface. A multilayer coating designed for cell experiments was formed on glass 
and consists of LbL BCM/PAA two bilayer coatings either without (zones 1–4) or with (zones 5–8) a photoactive TiO 2  fi lm underneath. Thus 
the border, where the changes are expected are between the zones 4 and 5. a) Cell (MC3T3-E1 preosteoblast) distribution over the surface 
after 5 d of culturing. b) Schematic of cell reorganization over the surface after irradiation. c–f) In 5 d the “chip” was short time irradiated 
from the back side and cells start their reorganization following the LbL fi lm activated migration to the “harder” part (c,e) image and 
(d,f) cell density zone relevant calculation after irradiation of the surface after (c,d) 15 min and (e,f) 30 min of cell migration. The stiffness 
was measured with colloidal probe atomic force microscopy (CP AFM) and calculated with the Hertz model before and after surface fi lm 
activation with light. The error bars indicate standard deviations from mean values of three biological replicates ( n  = 3). Asterisks indicate 
statistical signifi cance * p  < 0.05.
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distances. We did also several control experiments with 
individual cells (results are not shown here) indicating, 
that individual cells on the surface with changeable 
stiffness migrate, however the direction of migration is 
rather random, less pronounced correlation in migration 
of osteoblast cells to harder substrate. This is an impor-
tant and interesting question to focus in future. How-
ever in the particular experiment, we chose the most 
appropriate time of cell seeding to highlight and prove 
the prospect of switching pH sensitive polymer assem-
blies with light using the possibility to trap protons in 
the polymer matrix, due to “proton sponge” activity of 
the used BCM, to initiate cell migration with light. The 
importance of the optimization of the system to par-
ticular applications should be stressed here. However mil-
lions of individual system can be imagined. This attrac-
tive and exciting idea, to module pH sensitive assemblies 
with light will be intensely followed in future. Here the 
following prospects for coculturing on such a surface can 
be imagined: two cell lines with different preferences for 
substrate stiffness can be spatially separated over the 
surface being controlled in time. One could imagine the 
prospects of such a surface for cocultures: cells growing 
together, which have preferences either being on harder 
or softer surface can be temporally separated over the 
surface via local swelling of high-amplitude modulated 
assemblies with light. In addition, there is a gradient of 
stiffness going from the center of an irradiated spot to 
horizontal and vertical (outside) direction, which can be 
used for understanding the processes of temporal modu-
lation of cell migration. The magnitude can be tuned by 
varying intensity and duration of irradiation. The zones 
are located on different distance from interface between 
activate and nonactivated coating. The intermediate 
stage clearly shows that rearrangements of cells are dif-
ferent at different moments that can be the direction to 
focus in future. Next important future question is how 
the adherence of cells infl uences the coating properties. 
In our control experiments we confi rmed that if cell deac-
tivated they detach from the surface, however in our par-
ticular case the cells migrate to different regions without 
being deactivated. We are interested to use further the 
coating, for example, for coculture experiments, however 
this particular paper is proven of the prospects. There are 
still a lot of questions open, but it is clear that concept of 
using light to change pH-sensitive polymers for cell cul-
ture works and has potential for further investigation.  

  4.     Conclusions 

 This work showed, that there are great prospects of con-
version of energy of electromagnetic irradiation into pH 
gradients enabling also spatial regulation by localization 

of the irradiation spot onto a semiconductor titania sur-
face. The kinetics of light-pH coupled actuation and 
modulation of the presented LbL architecture and the 
study of the relaxation process prove that such surfaces 
are fast switchable and slowly relaxing. We thus demon-
strate that photogeneration of charges in a solid can be 
used to change the properties of adjacent soft matter. In 
this work we report on two key issues: (1) We show that 
by sonochemical treatment TiO 2  can be made sensitive 
to visible light to be able to use a light-pH coupled mate-
rial to control cell migration. Quantitative analysis for 
the promising pH sensitive assembly of the architecture 
TiO 2 /BCM/PAA/BCM/PAA reveals a modulation of the 
thickness by a factor of four and a change of elastic mod-
ulus by an order of magnitude. (2) We demonstrate that 
the mechanical modulus can be manipulated as much 
that cells respond by migrating toward the stiffer areas. 
The designed system to guide cells on a surface prom-
ises many applications in biosciences, fundamental cell 
biology, and microfl uidics.   
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Light-Induced Water Splitting Causes High-Amplitude Oscillation of
pH-Sensitive Layer-by-Layer Assemblies on TiO2

Sviatlana A. Ulasevich, Gerald Brezesinski, Helmuth Mçhwald, Peter Fratzl, Felix H. Schacher,
Sergey K. Poznyak, Daria V. Andreeva, and Ekaterina V. Skorb*

Abstract:We introduce a simple concept of a light induced pH
change, followed by high amplitude manipulation of the
mechanical properties of an adjacent polymer film. Irradiation
of a titania surface is known to cause water splitting, and this
can be used to reduce the environmental pH to pH 4. The
mechanical modulus of an adjacent pH sensitive polymer film
can thus be changed by more than an order of magnitude. The
changes can be localized, maintained for hours and repeated
without material destruction.

The use of light as an external stimulus to modulate polymer
systems has great potential in biosciences, medicine, and
tissue engineering, owing to the possibility to irradiate
micron-sized areas with fast on/off switching rates.[1] How-
ever, only a limited number of stimuli-responsive polymers
are able to undergo light-initiated transitions. Well-known
examples are polymers with azo-groups that undergo rever-
sible isomerization upon irradiation.[2] Unfortunately, the
response on the molecular level is relatively weak, because
azobenzene molecules change their geometry from planar to
non-planar with a decrease in the distance between the para
carbon atoms only in the cngstrçm range.[2] Other examples
are photo-crosslinkable polymers.[3] The photo-crosslinking
technique is widely used in the casting industry and in photo-
resist technology and can allow for the photo patterning of
pixels.[4] However, such materials are difficult to use as
stimuli-responsive systems, where changes should be totally
reversible. It is of importance to find a strategy to actuate

polymer systems: composites, hybrids. Light-actuating com-
posite layer-by-layer (LbL) polyelectrolyte assemblies in
most cases contain metal nanoparticles,[5–7] which couple
light and temperature providing local heating and decom-
position in LbL assemblies. Recently Tsukruk et al.[8] sug-
gested using a light-initiated photochemical reaction, in which
trivalent counterions, [Co(CN)6]

3@, can be decomposed into
monovalent and divalent ions, which dramatically affect the
reversibly conformation and porosity of LbL films. The
systems, however, are not comparable with the actuation
amplitude of pH-sensitive LbL polymer films: change of
thickness, stiffness. Our concept of is to couple light and pH
and thereby actuate adjacent pH sensitive soft matter with
light. We aimed to demonstrate the concept of nondestructive
light–pH coupled switching of polymer films by activation of
the pH change on titania and reversibly affecting polymer
assembly (Figure 1).

Herein for the first time we focus on an efficient and
controllable way of transforming the energy of electromag-
netic irradiation into a local pH shift by using the well-
established TiO2 and, thus, into the mechanical reversible
response of soft matter for high-amplitude actuation. pH-
dependent polymers are a class of materials with tremendous
structural variety. One example is the “weak” polyelectro-

Figure 1. Surface decoration and photoinitiated light–pH reactions.
Primary and secondary photocatalytic reactions on TiO2 resulting in
a local change of pH (DpH). The reactions are shown of i) light-
stimulated charge separation, ii) primary reaction with photohole with
final production of protons and local surface acidification of the
irradiated area, iii) and photoelectron reaction. DpH will affect the
dynamic layers assembled on the TiO2 in terms of local changes in
film thickness, stiffness, and permeability by regulating the time taken
for the dynamic layer activation, the relaxation, and reversibility.
vb=valence band, cb=conduction band.
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lytes (PEs),[9] in which morphology and charge strongly
depend on pH. Thus such weak polyelectrolytes as block
copolymer micelles (BCM) can show a drastic response to
pH.[10] The pH-responsive behavior of the block copolymer
micelles can be controlled via the ionization degree of one of
the constituting blocks.[11] Another class of pH dependent
polymers are hydrogels.[12] They exhibit pronounced morpho-
logical changes in response to DpH and can also be used for
multilayer formation.[13] It is important to assess, if the whole
class of pH-sensitive polymers can be modulated/actuated
with light, which is the focus of this study on actuating pH
sensitive soft matter with light by using TiO2 for proton
pumping.

The concept is illustrated in Figure 1. We build up our
system with the following blocks: the light sensitive part is
a photocatalytically active nanostructured TiO2 film. It is well
established[14,15] that under supra-band gap illumination
a photohole and a photoelectron are formed (Figure 1) on
the surface of TiO2. The active species formed can then take
part in series of different photocatalytic reactions. Thus, the
photoholes can convert the surface hydroxy groups, the
photogenerated electrons can be scavenged by any scaveng-
ing agent, in most cases by oxygen. We suggest that during
photocatalytic reactions both H+ and OH@ can be generated
on TiO2. Focusing on nondestructive, temperature-independ-
ent modulation of polymers we used low power, short term
irradiation and assembled LbL films on low photocatalyti-
cally active TiO2 surfaces (Figure S1 in the Supporting
Information).

For pH sensitive modulation with light, it is important to
understand how photoinitiated processes on TiO2 result in the
transformation of light to a pH change, including localization
of the effect. We applied the in situ scanning ion-selective
microelectrode technique (SIET) with a sensitivity better
than DpH 0.2 units for mapping of the activity and migration
of H+ ions on a TiO2 film in aqueous solution during UV
irradiation. The SIET allows measurements of the concen-
tration of specific ions (in particular in this case, H+ ions) at
a nearly constant microdistance over the surface (Fig-
ure S2).[16] The SIET map for a TiO2 light irradiated surface
is shown in Figure 2, confirming that it is possible for TiO2 to
release protons during its irradiation. Most of the photo-
generated species are used for the reactions, and we could not
detect any temperature change over the surface with a sensor
with sensitivity below DT= 188. Thus pH changes are due to
the photocatalytic reaction on the TiO2 surface, and these
changes are drastic.

Figure 2b demonstrates, how the pH in the center of the
irradiated spot (Figure 2a) varies upon switching on and then
switching off the local UV irradiation. The duration of
irradiation correlates with the pH obtained: 5 s, 1 min, and
3 min of irradiation result in pH of 5.6, 4.5, and 4 peak values,
respectively. After turning off the light, the pH relaxes to the
initial value over approximately 40 min. To study possible
localization (Figure 2a) of proton pumping from the TiO2

surface the 3D SIET maps are monitored (Figure 2c,d).
The pH before irradiation is about 6 all over the TiO2

surface (Figure 2c). After starting the local surface illumina-
tion, the pH decreases significantly over the light spot

(Figure 2d). In addition, there is a gradient of pH going
from the center of the irradiated spot in horizontal and
vertical (outside) directions. The action of different photo-
electrochemical reactions (Figure 1) on the TiO2 surface
under UV illumination seems to be the only plausible
explanation for the observed local acidification of the solution
and confirms that TiO2 is promising to demonstrate our
concept.

The next step was the assembly of the pH-sensitive high-
amplitude actuating polymer on low-photoactive TiO2 (Fig-
ure S1). We worked with well-characterized pH-sensitive
block copolymer micelles (positively charged layer, zeta-
potential ca. 37 mV),[17] which had shown “smart” switching
under pH change. We used a linear ABC triblock terpolymer
consisting of polybutadiene (B), poly(methacrylic acid)
(MAA), and quaternized poly(2-(dimethylamino)ethyl meth-
acrylate) (Dq), BMAADq. In aqueous solution, BMAADq
self-assembles into core–shell-corona micelles with a hydro-
phobic B core, a pH-sensitive MAA shell, and a strong
cationic Dq corona. At low pH the pH sensitive MAA block
is uncharged. At high pH, this block is negatively charged
through the deprotonation of the carboxylic acid groups
leading to intramicellar interpolyelectrolyte complex forma-
tion with the cationic corona of Dq. Hence, the composition
of the micellar shell as well as the charge density of the corona
can be controlled by the solution pH. A single block
copolymer micelle layer is approximately 50 nm thick (Fig-
ure S3).

Recently the groups of Fery[18] and Sukhishvili[19] sug-
gested that block copolymer micelle stability and reversibility
of switching can be improved combining micelles with

Figure 2. In situ local pH activity over a TiO2 surface. a) Optical image
of the surface during irradiation and measurements of SIET for
mapping of the activity of H+ ions over the TiO2 film under local UV
irradiation. b) Temporal evolution of the pH over the mesoporous TiO2

film in the center of the irradiation zone (X in (a); on—illumination is
switched on, off—illumination is switched off). c,d) SIET maps of
proton activity c) before and d) during the exposure of certain localized
areas.
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polyelectrolytes via LbL assembly. Moreover the LbL assem-
bly of block copolymer micelles (BCM) and polyelectrolytes
allows coatings to have different thicknesses.[8] We LbL
assembled block copolymer micelles, as the positively charged
layer, and poly(acrylic acid) (PAA), as the negatively charged
layer. Initially the thickness of the two bi-layers coating on
TiO2/(BCM/PAA)2 was 150 nm (Figure 3a,c; Supporting
Information, Figure S4). The question remains, if we could
reversibly switch the LbL assemblies that are deposited on the
TiO2 surface, with light. The low power (ca. 5 mWcm@2) and
low duration (less than 10 min) of irradiation did not lead to
degradation of the LbL assembled coating, which is verified in
control experiments using Fourier transform infrared spec-
troscopy (FTIR; Figure S5). There are no differences in
spectra detected besides a change in water content, which can
be explained by a change of LbL thickness and water trapping
in the LbL matrix, confirmed also with a quartz-crystal
microbalance (QCM; Figure 3d).

To demonstrate the light-induced change of LbL assembly
thickness and stiffness, the relaxation kinetics and process
reversibility we investigated the LbL film on the surface of
TiO2 using atomic force microscopy (AFM; Figure 3). Then
the illumination was switched on and changes in thickness
were monitored with AFM. The thickness increased within
10 min, reaching a maximum and remaining the same the next
several minutes, then starting to relax slowly, full relaxation
took approximately 20 hours. Colloidal probe atomic force
microscopy (CP AFM, Figure 3c(inset)) measurements con-
firmed that the LbL polymer assembly on the photoactive
TiO2 film became softer (ca. Young modulus 28 kPa) during
irradiation compared to the initial stiffness (ca. 1.67 MPa),
and the process was reversible (Figure 3c(inset)).

Interestingly our recent study proved that even short
(seconds) irradiation suffices to activate the LbL assembly.
QCM measurements (Figure 3d) confirmed the LbL deposi-
tion of two bilayers of (BCM/PAA) on a TiO2 covered chip.
Then we switch on the light for several seconds. It is seen that
the frequency started to decrease reflecting the increase of the
mass corresponding to water uptake and the LbL film
thickness increased by activation as a result of H+ production
(shown in schematic Figure 3d).

After irradiation is switched off the relaxation of the LbL
assembled coating occurs. However, owing to the complex
character of the LbL assembly building blocks, for example,
block copolymer micelles as one pH sensitive layer, the
coating relaxation is relatively slow. The relaxation to 150 nm
requires more than 20 h, which characterizes the system as
fast activated and slowly relaxing. Such systems are of great
interest for biological applications (see an example in the
Supporting Information, Figure S6).

A related question on the feasibility of the process is: how
many protons and photons are needed from the surface to
locally change the pH from 7 to, for example, 4, on the surface
and activate the block copolymer micelles? To calculate the
concentration of protons needed for activation we assume for
1 cm2 of TiO2 to achieve a pH 4 or [H+]= 10@4m or 6X 1019L@1

a coating with thickness of, for example, 150 nm in our case,
that is V= 1.5 10@8 L. The concentration of protons in the
system is then [H+]= 9X 1011 protonscm@2, which is about

0.1% of the lattice sites of a typical solid (1015 lattice
sitescm@2). This means that only 0.1% of the surface atoms
have to be charged to achieve pH 4, if no losses exist. Even if
we consider a low radiation intensity of 1 mWcm@2=

1016 photonscm@2 sec@1 for a quantum yield proton/photon
conversion of 0.1% the photons from 100 ms irradiation
would create enough protons on the TiO2 surface to achieve
LbL switching on the surface of TiO2. This also means that
also less-photoactive solids could create the same effect.

Figure 3. Light activation and relaxation of a high-amplitude switchable
pH-sensitive LbL assembly on a low-photoactivity TiO2 layer. a),b) AFM
images of changes in LbL thickness during irradiation for a) 3 min;
b) for 10 min; color equates to z=0–1200 nm. c) Change of thickness
and (inset) stiffness: LbL activation is significantly faster than its
relaxation, cycles of light switching are marked as “ON” and “OFF”,
correspondingly. d) Quartz crystal microbalance measurements of LbL
assembly and photoactivation by seconds-long pulse irradiation. Inset:
schematic representation of the protonation of the LbL assembly and
increase of its thickness.
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We still need to answer a lot of questions, and more
quantitative studies are needed. How can the photogenera-
tion of charges in a solid be used to change the properties of
adjacent soft matter with high selectivity? The question
contains topics, such as photon absorption, migration, storage,
carrier generation, chemical conversion into a pH gradient,
lifetimes, and polymer stability. Sub-questions then are: a) the
dependence on LbL architecture, b) the specificity for TiO2 as
a semiconductor, effectiveness of doping, duration, and
intensity of irradiation.

However it is already clear that there is great potential for
the conversion of energy from electromagnetic irradiation
into pH gradients, thus enabling spatial regulation by local-
ization of the irradiation spot on the semiconductor TiO2

surface. Using localized in situ SIET measurements we show
for the first time the possibility of efficient transformation of
electromagnetic energy in the form of irradiation into a local
pH shift. The LbL assembly provides an efficient structure for
the fast trapping of photogenerated H+ ions. The kinetics of
light–pH coupled actuation and modulation show that such
LbL surfaces are fast switchable and slowly relaxing. We thus
demonstrate that the photogenerated charges in a solid can be
used to change the properties of adjacent soft matter.
Quantitative analysis for the promising pH sensitive assembly
of architecture TiO2/BCM/PAA/BCM/PAA reveals a modu-
lation of the thickness by a factor of 4 and a change of elastic
modulus by more than an order of magnitude. The light–pH
coupled actuation of soft matter is efficient for the formation
of drug delivery capsules,[7, 20] self-repairing coatings, and to
guide cells via local elasticity changes (Figure S6),[21] micro-
fluidics, lab-on-chip, sensors, nano-lithography.[22]

In conclusion, we demonstrate here a simple process:
irradiation of a semiconductor surface causes a charge
separation, leading to water splitting and to a pH change.
Unexpectedly the pH value could be reduced to pH 4, it could
be localized by focusing of light, maintained over hours and
effected repeatedly and reversibly.
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Ultrasonically Produced Porous Sponge Layer on Titanium
to Guide Cell Behavior
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John W. C. Dunlop, Peter Fratzl, Paul Rikeit, Petra Knaus, Sergey K. Poznyak,
Daria V. Andreeva and Ekaterina V. Skorb*

The adhesion of cells to surfaces, as well as their
proliferation, migration, and differentiation, is guided not
only by chemical functionalization but also by surface
nanostructuring, nanotopography.[1] Nano-patterned tita-
nium surfaces are one example in which the scale of
patterning controls the size of focal adhesions.[2] Nanoscale
disorder in surface structure can be used to stimulate cell
differentiation[3] or can also be used to maintain stem cell
phenotypes over long times.[4] Nanoroughness modulates
cells interactions and function via mechanosensing.[5] These
all suggest that the careful control of surface nanostructure of
such important as titanium (Ti) biomaterial[6] could be a useful
tool to achieve desired cellular responses.

We first time highlight that ultrasonic treatment is able to
produce surface porous sponge layer in Ti. We find it great
technological advances that Ti can be alsomodifiedwith high-
intensity ultrasonic treatment. We really think that presenting
high-intensity ultrasonic technique for Ti nanostructuring
increases interest of scientists to the technique. Great
advantage of our methodology is a large number of synthetic
parameters which can be optimized to tune surface nano-
structuring in a controllable manner. Moreover, this method-
ology will be very interesting in future to provide single-step
hybrids and effective loading of porous structures with active
chemicals. We compare our methodology with more known
for bio-application anodization for surface nanostructuring.

Anodization leads to TiO2 nanotube arrays covering the
surface of titanium and is one of the most studied methods to

develop porous surface nanotopographies with controlled
pore sizes.[6] It has been demonstrated in cell culture
experiments on TiO2 nanotube arrays of different sizes that
adhesion, proliferation, and migration of mesenchymal stem
cells are optimal on ordered nano-pore arrayswith spacings in
the range of 15–30 nm; these length scales also lead to
significantly less apoptosis than on 100nm structures.[7,8] It
should be taken into account that nanostructuring does affect
cell function at many levels but in a cell specific manner, and
smaller surface features (50 nm) tend to favor cell proliferation
in comparison to larger features (300 nm).[9]

Anodization requires a conductive substrate, is difficult to
use over large surface areas, and uses aggressive media for
synthesis.[6] Recently, we have shown that ultrasonic treat-
ments in aqueous media can produce surface porosities in
various size-ranges also below 100nm in metals such as Al or
Mg.[10] Here, we demonstrate that such nanostructuring can
also be effectively induced in an important biomaterial,
titanium, by investigating its influence on cell behavior in
comparison to the well-established electrochemical method.

To this end, we investigate the response in terms of
morphology, adhesion, proliferation, and differentiation of
C2C12 cells on a glass substrate and on three different
titanium/TiO2 surfaces: a titania mesoporous sponge layer
(TMS) formed by ultrasonication, a titania nanotube layer
(TNT) with comparable porosity formed by anodization, and
an unmodified titanium surface (Ti) covered with a flat native
oxide layer (Figure 1).

We focus on medium porosity (40–70 nm) nanostructures,
which can be potentially used for surface drug delivery[11]

while still allowing for cell adhesion and survival. It is seen
from histogram, Figure 1, that the average pore size analyzed
for TNTand TMS is the same, ca. 70 nm, however, for ordered
TNT it is narrow pore size distribution and for disordered
TMS the pore size distribution is broader to TNT. The critical
value for TNT surface, as was shown before, are the pores
more than 70 nm, critical cell fate level. To compare novel
nanostructured surface of TMSwith TNT, we analyze for both
of the surface relatively large nanopores, 40–70 nm, to be close
to fate level of TNT to see either TMS fate level is different.
Indeed, our assumption, that for disordered TMS cell fate
level is higher. Ultrasonication is known to produce surface
modifications, including mechanical damage, through high-
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speed liquids jets, and shockwaves generated upon the
asymmetric collapse of cavitation bubbles near a surface.[12]

These mechanical effects have been considered by many as
negative, as they may give rise to significant erosion and
abrasion, such as cavitation damage on ship propellers and
artificial heart valves.[13] However, the mechano-chemical
effect of cavitation has been shown to be useful for practical
applications in themodification of solid surfaces (roughening,
cleaning, and formation of metal sponges), using liquids as
benign as water.[14]

In the case of metals, the local conditions achievable under
ultrasonic treatment etch andoxidize the surfaces leading to the
formation of up to 300-nm-thick sponge-like crystalline surface
layers, well-adhered to the bulk metal.[10] The TMS layer
produced under ultrasonic treatment on Ti, shown in Figure 1b
(inset), has high adhesion to the bulk metal. The surface metal
sponge covered with oxide layer is porous, has a high surface
area, and is covered by active OH-groups. Furthermore, such
sponges combine the beneficial properties of metals with a
porous structure to give unique physical and mechanical
properties such as low density, high surface-to-volume ratio,
high thermal shock resistance, and high specific strength.[14]

Moreover, the shape of the sonotrode can be adjusted for
particular applications and allows easy modifications of large
surface areas, as well as micron scale surface patterning.[15]

In order to compare the role of surface nanotopography for
cell behavior only and not the effect of surface chemistry, we

anneal all three types of compared surfaces, Ti,
TMS, and TNT, at 450 �C for 3 h after surface
modification to remove any organic contamina-
tion and to form a surface anatase oxide layer as
confirmed using Raman spectroscopy (data not
shown). In the case of TNTsamples, heating the
samples after anodization is an important
technological step[6] to crystallize the oxide
layer and burn difficult to remove residual
organic components, remaining in the pores. In
the case of TMS, the surface is already covered
with a partially crystalline oxide layer immedi-
ately after treatment, due to the high local
temperature that is achieved by the high-
intensity ultrasonic treatment. In our case,
resulted annealed layers have peaks of just
anatase. Concerning TMS layer which already
has some partial crystalline before annealing,
annealing at 450 �C results also in anatase
structure, however, not shown in this paper,
some condition of initial sonication can further
result in rutile. In following, it can be in focus
how surface photoactivity which is different for
different crystalline modification of titania,
effect cell growth under the same surface
morphology.

The hydrophilicity for both treated samples
(TNT and TMS) was found to be very high,
upon initial wetting, with a contact angle of

5.4� � 0.8� for TNT and 5.2� � 0.7� for TMS; after 5min, the
contact angle was 0.0� � 0.0� (p¼ 0.05) for both samples,
compared to the initial unmodified sample where the contact
angle was 80� � 2�. Besides, the common characteristics of
surface chemistry and porous topography, TMS and TNT
surface have different pore orientations: semi-ordered in the
case of TNT and disordered in the case of TMS focusing the
present study on the difference between ordered and
disordered surfaces, with straight and random sided walls.
Ions presented in the solution during porous structures
development can dope titania layer. It is very interesting
question, effect of doped ions from electrolyte to cell behavior.
In the presented case of TMS, we treated in solution of NaOH.
Other solutions with different ion size and ability to go into
structure of TMS can be used, e.g. LiOH, KOH.Morphology of
TMS is not effected with type of cation and is similar,
presented in Figure 1 for TMS. The effect for following cell
growth of Liþ, Naþ, Kþ was in the statistical error, not
detectible. However, not shown in this paper, different cations
size results in doping of titania and drastically change
photoactivity of the surface, which can be used in following to
guide cell migration with different efficiency for lab-on-chip
application.

Interactions between biomaterials and host tissues are
controlled by nanoscale features because of the three main
reasons: cells grow on nanostructured extracellular matrices;
biological events (signaling, cell–substrate interactions) occur

Fig. 1. Schematic view of the two techniques used for titanium surface nanostructuring for following
nanotopography-guided cell behavior and a view of the corresponding resulting surfaces formed by
modification of initial flat titanium surface (shown in (a)); SEM of the sonochemically formed under high-
intensity ultrasonic treatment (HIUS) titania mesoporous sponge layer (TMS) (b) and anodized titania
nanotubes layer (TNT) (c). Insets (b, c) are TEM (slice-microtome) images of a cross-section through the
TMS interface, side view (b), through the TNT, top view, and histograms of pore size distribution on TMS
and TNT.
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at the nanometric level; adsorbed proteins and their
aggregates are a few nanometers in dimension. In the paper,
three biomaterial substrates (Ti, TMS, TNT) are at nanoscale
different in the following morphological parameters: i) in
surface roughness, ii) in pore size, and iii) in regularity of the
nanopore arrangement. Each of these three parameters can
critically control cell behavior. Meaningful comparisons can
be drawn with studies that have used a similar surface
modification technique (i.e., anodic oxidation or sonochemical
modification), since although the surface roughness may be
identical, but the physicochemical characteristics of the
surface (wettability, surface energy, etc.) can be completely
different. In our case, we have shown that TMS is unique and
have higher critical fate rate in comparisonwith TNT, which is
in focus of this paper, however, in the following the focus can
be as was suggested, for example, to detailed comparison of
just sonochemically formed TMS from different solutions,
such as LiOH, NaOH, KOH, and CsOH. The formation of the
same nanotopography can allow to go deeper into under-
standing the effect of ions for cell behavior on the surface as
well as surface photoactivity. To move to the direction of just
TMS before, it is idea to see it in comparison
with well characterized and described in the
literature TNT to have idea of its effect to cell.
Thus, for TMS and TNT the first parameter i)
surface roughness was Ra � 30 nm which is
higher to vacuum-deposited layer of titan
after its thermal oxidation (Ra � 5 nm).
Critical to compare TMS and TNT are two
other parameters ii) in pore size, and iii) in
regularity of the nanopore arrangement. ii)
Average pore size is comparable for TMS and
TNT � 70 nm, however, for TNT it is very
narrow pore size distribution and for TMS it
is much broader due to also the iii) parame-
ter: regularity of the nanopore arrangement.
Taking together it is expected that i)
roughness effect positively to TNT and
TMS in comparison with initial thermal-
treated titania; ii) cells on �70 nm on TNT
have been reported to be less effective in cell
adhesion and proliferation, however, here
we are interested in use of porosity 40–70 nm
for following drug delivery and to find the
system where pore size �70 nm can be fine
for the cell, from this point TMS was
expected to be better that TNT due to broad
size distribution; iii) unregularly TMS struc-
ture in comparison with TNT should be also
more preferable for the cells.

To test the surfaces, we employed C2C12
cells as a model cell line which is capable
of differentiating along several lineages
and is used as a model system for osteo-
genic and myogenic differentiation.[16] We
first investigated C2C12 cell adhesion and

proliferation on different surfaces (Figure 2). Cells prolifer-
ated well on all of the surfaces, however, nanostructuring of
Ti affected cell proliferation rates. For cells grown on the
control titania and TMS surfaces, the cell density increased
significantly with increasing culture time (Figure 2a, b, c).
The density of cells in the case of TNT was much lower in
comparison to glass, titania, and TMS (Figure 2d). After 24 h,
C2C12 cells on the Ti and TMS surfaces had reached a density
of approx. 200 cellsmm�2, while cells on the TNT surfaces
had reached a density of only 50 cellsmm�2 (Figure 2e, f). No
significant difference in the cell density was observed
between Ti and TMS, suggesting a negligible effect of
irregular porosity even above 70 nm size for cell viability and
growth. After 48 h of culture, cells grown on the Ti and TMS
surfaces had further increased cell number to a similar
extent, while hardly any proliferation for the TNT surfaces
could be observed. The lower cell density on TNT surfaces
might occur because the nanotubes are above 70 nm at which
cell adhesion is hampered. In all, there is a highly significant
difference between TNT and the other two, but not between
Ti and TMS.

Fig. 2. The representative optical micrographs after one day of C2C12 cell growth on different substrates: glass
(a), unmodified titanium (b), sonochemically formed TMS (c), and TNT nanotubes formed by anodization (d).
Insets depict individual cell morphologies on different surfaces, such as “star-like” in the case of TMS and
spindle-like cell morphology in the case of TNT. (e) Cell density on different surfaces as culture time prolonged.
(f) Quantification of the percentage of shaped cells on different surfaces after one day of culture. Bar charts
represent means� SD from three replicates each from three independent experiments. Comparison was done by
ANOVA �p< 0.05.
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Such size effects have been demonstrated by Paramasivam
et al. who investigated mesenchymal stem cells on smooth
(equivalent to Ti) and 70–100 nm TNT surfaces.[7] They
showed that in the case of oriented pores, a pore spacing
less than 30 nm accelerated integrin clustering and focal
contact formation and strongly enhances cellular activities
compared to smooth surfaces.[7]

Despite these studies would suggest[7] that TNTsurfaces at
these larger spacings would be less preferable for cells in
comparison to unmodified Ti, there is no information
concerning the response of cells to disordered TMS surfaces
with similar average spacing. Interestingly, our experimental
results show that TMS surfaces at these length scales show no
reduction in proliferation, which could mean that the mean
above a certain size for cell response on disordered random-
sided walls TMS is above than that for ordered straight-sided
walls TNT.

Cells on different nanostructured surfa-
ces also exhibited a distinct morphology
(Figure 2f). On TMS most cells adopted a
star-like morphology (shown in inset in
Figure 2c), while cells grown on TNT rather
exhibited an elongated spindle-like appear-
ance (shown in inset in Figure 2d), indicat-
ing that nanotopography influences the
morphology of adherent cells. The cells on
the control surface were also more flattened,
measured by 3D confocal microscopy. In
comparison, star-like cells on TMS and
spindle-like cells on TNT could be a result
of the interspersed pattern of adhesion on a
rough surface.

In addition to cell proliferation, we
further examined focal adhesion (FA) for-
mation and cytoskeletal structures after 24 h
of C2C12 cells growth on different sub-
strates (Figure 3). To analyze cytoskeletal
structures, we performed immunofluores-
cent staining for actin fibers and focal
adhesions using phalloidin or a-vinculin
antibody, respectively. Immunofluorescent
analysis of cell populations on the untreated
and nanostructured substrates revealed
pronounced differences in focal adhesion
(FA) formation and cytoskeletal structures
(Figure 3). We quantified the total vinculin
area and the number of FAs, each normal-
ized to cell area, and observed significant
differences (p< 0.05) between untreated
and nanostructured surfaces. Although
TMS did not induce detectable cytotoxic
effects, still fewer focal adhesions were
observed and these were largely restricted
to one edge of the cell membrane. The same
effect was seen in the case of TNT. This can
be explained through the hypothesis raised

by Paramasivam et al.[7] which suggests that vitality,
proliferation, and motility of cells are critically influenced
by nanoscale titania surface topography with a specific
response to nanotubeswith diameters between 15 and 100 nm.

In summary, FA formation of C2C12 cells aswell as the total
FA area per cell area was greater for the cells plated on the
unmodified Ti substrate as compared to those plated on the
nanostructured TMS and TNT. At the same time cells grown
on TNT exhibited significantly lower proliferation rates,
whereas cells on TMS and Ti showed comparable proliferation
rates.

Cytoskeletal structure was also different and depended on
surface nanotopography. In particular, we compared the
nanotopography of titania and TMS samples (Figure 4a). For
cells grown on both unmodified and nanostructured TMS,
bundles of actin filaments, so-called stress fibers, could be
observed. However, stress fiber formation on the control

Fig. 3. Evaluation of effect of titanium nanostructuring on cell morphology and FA formation of C2C12 cells at
day 1 after plating. Scale bar, 50mm. Cells were stained for actin using phalloidin and vinculin using a specific
antibody; nuclei were counterstained with DAPI. Quantitative analysis of FA formation of C2C12 cells: total FA
area per cell and the number of FAs per cell area. Comparison was done by ANOVA �p< 0.05.
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titania was more pronounced in comparison to TMS, and
fibers were longer andmore uniformly distributed. Moreover,
differences in cell morphology and cytoskeletal structure also
affected cell–cell contacts.

Besides biological gradients, pore gradients are an attrac-
tive approach to guide cell behavior, offering a great potential
for spatially controllable cell growth in implants for tissue
engineering.[17] Theywould also be useful in the development
of single-cell platforms to screen the best nanoscale archi-
tectures for the desired response of a specific cell type. Toward
this aim, we also engineered surfaces nanostructured on one
side, while leaving the other half surface unmodified
(Figure 4b). We observed a dramatically lower cell number
on the half with a TNT surface as compared to flat titania on
the other half-surface (Figure 4b, left). TMS also affected cell
attachment and growth (Figure 4b, right) as compared to
titania. The results demonstrate that a surface that exhibits
two different nanostructured areas next to each other could

have a direct influence on the growing
preference of cells on the same substrate,
opening up bioengineering lab-on-chip pos-
sibilities. It is interesting that together with
step-like gradient in cell response to nano-
topology, cells also have the same tendency
(see also Figure 2) with respect to shape,
being spindle-like on TNT, and “star-like”
on TMS the sides of the surfaces.

We further tested the ability of C2C12
cells to differentiate along twomesenchymal
lineages, the myogenic and osteogenic
lineages (Figure 4c). We thereby observed
that the nanostructure of the material has an
impact on the osteogenic differentiation
while it only moderately affects myogenic
differentiation. On all surfaces, C2C12 cells
clearly differentiate toward the myogenic
lineage, characterized by the induction of
MyoD, a major myogenic transcription
factor that controls the early steps of myo-
genesis.[18] Conversely, during osteogenic
differentiation triggered by 30 nM BMP-2,
myotube formation was inhibited on all
surfaces (images not shown) but osteogenic
differentiation, characterized by the produc-
tion of ALP was markedly different on
nanostructured surfaces. Expression of alka-
line phosphatase (ALP), an osteogenic
marker, involved in matrix mineraliza-
tion,[19] exhibited the highest expression on
unmodified titanium and glass surfaces.
Expression in cells differentiated on modi-
fied surfaces was much lower, showing the
weakest expression on TNTsurfaces. Similar
trends were observed in other gene expres-
sion experiments (data not shown). How-
ever, when comparing TNT and TMS

surfaces, BMP2-induced (30 nM) osteogenic differentiation
was stronger on TMS than on TNT surfaces, highlighting
again their potential for implant coatings and bone tissue
engineering approaches. Our message is that osteogenic
indeed is not too different for TNT, TMS, Ti thus one can think
to use the structure for implantation, especially if additional
functionality would be added, e.g., drug delivery due to
porous structure. Moreover for lab-on-chip application, it is
important to note that myogenic differentiations of TMS and
TNT are significantly different from Ti, probably due to
different initial shape of the adhered cells.

Taken together, we analyzed the prospects of ultrasonically
formed mesoporous sponge layer (TMS), to guide cell
behavior in comparison to flat titania and TNT, an anodized
titania surface. The taking into account parameters to compare
are i) surface roughness, is comparable for TNTand TMS and
is higher to vacuum-deposited layer of titan after its thermal
oxidation. Thus, this parameter is not one to explain the

Fig. 4. (a) Immunofluorescent analysis on cell morphology on different titanium nanostructures. Cells were
stained for actin using phalloidin and vinculin using a specific antibody; nuclei were counterstained with DAPI.
Areas of cell–cell interactions are indicated by white arrows, focal adhesion (FA) by red arrows. Images depict
morphological structures between regularly shaped cells in the case of Ti (a-left) and “star-like” shaped cells on
TMS (a-right), scale bar, 50mm. (b) Brightfield microscopic analysis of C2C12 cells grown on surfaces with a
nanostructuring patterning approach. Materials exhibit two structurally different areas, one representing a
titanium-nanostructured titanium surface just adjacent to an unmodified titanium surface (c) Gene expression
analysis by qRT-PCR to determine C2C12 differentiation capacity on different titanium surfaces. MyoG is a
myoblast-specific transcription factor whereas ALP is an enzyme, which plays a crucial role during osteogenic
differentiation. The error bars indicate standard deviations frommean values of three biological replicates (n¼ 3).
Asterisks indicate statistical significance �p< 0.05.
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shown difference between TNTand TMS. Critical to compare
TMS and TNTare two other parameters ii) pore size, and iii) in
regularity of the nanopore arrangement. ii) Average pore size
is comparable for TMS and TNT� 70 nm, however, for TNT it
is very narrow pore size distribution and for TMS it is much
broader due to also the iii) parameter: regularity of the
nanopore arrangement. i) The roughness effect positively to
TNT and TMS in comparison with initial thermal-treated
titania; ii) cells on �70 nm on TNT have less effective in cell
adhesion and proliferation, however, TMS system the srytical
fate size for cell is higher; iii) unregularly TMS structure in
comparison with TNTcan also be the factor to increase critical
for cell fate pore size for higher values on TMS versus TNT
and explain significantly higher proliferation on titania and
the disordered TMS surface as compared to TNT. The critical
value for TNTsurface, as was shown before, is the pores more
than 70 nm, critical cell fate level. To compare novel
nanostructured surface of TMS with TNT, we analyze for
both of the surface relatively large nanopores, 40–70 nm, to be
close to fate level of TNT to see either TMS fate level is
different. Indeed, our assumption, that for disordered TMS
cell fate level is high, supported with our observation,
presented in the paper. Other important point is if any novel
nanostructuring methodic is suggested, one should compare
it with already existing well-studied nanotopographies to go
further for details of one particular methodology. Thus in our
case, we present promise TMS together to, well established,
TNT and in following can take attention to have careful
control of just one factor, for example, sonochemical treatment
for TMS in different solutions, such as LiOH, NaOH, KOH,
and CsOH, under the same pH, resulting of same nano-
topography, but different photoactivity; or different rough-
ness of the surface formed inNaOH if take different sonication
treatment time of Ti. Furthermore, nanostructure influenced
the capacity of C2C12 cells to differentiate, showing that
nanotopography plays also an important role during cell
differentiation of other cell types, which should be consid-
ered in tissue engineering strategies. In addition, a surface
that exhibits two different nanostructured areas in close
proximity opens opportunities to design cell culture plat-
forms for controlled cell growth. The open pore structure of
TMS and TNTcan be loaded with chemical moieties, thus the
possibility of both topographical and chemically directed cell
growth and migration is attractive in future. Still, TMS
surfaces allow immobilization of proteins and large molecu-
lar compounds while maintaining basal osteogenic differen-
tiation capacity.

1. Experimental Section

1.1. Preparation of Nanostructured Ordered and Disordered
Surfaces

Glass- or ITO-coated glass substrates with a vacuum-
deposited titanium layer (99.9%) were used. For TMS
preparation, the Ti-glass substrates were ultrasonically
treated in 5M NaOH (Sigma–Aldrich) at 80%-intensity with

anUIP1000hd (Hielscher Ultrasonics) operated at 20 kHzwith
a maximal output power of 1 000W. Samples were placed into
teflon home-made holder at 1 cm distance perpendicular to
sonotrode. For TNT preparation, the Ti–ITO–glass samples
were anodized in an aqueous solution of ethylene glycol (2 vol
% water) containing 0.75wt% NH4F. At beginning of the
anodizing, potential linearly increased from 0 to 40V, than the
anodizing performed at potentiostatic (40V) mode till the
total oxidation of a titanium layer on ITO. All samples were
washed in ethanol and water. After washing, the structures
were annealed at 450 �C in air. Milli-Q water was used in all
aqueous solutions.

ITO were chosen as model substrate to have transparent
surface for in situ monitoring of the cell behavior with optical
microscopy to make staining and gene expression in certain
moment of cell growth and to compare different cell number
in time with optical microscopy. Moreover, the transparent
surface to guide cell behavior is on high priority for lab-on-
chip development. We did control experiments to prove that
critical to guide cells is surface layer which depends on either
Ti nanostructuring or nanostructuring of the layer on any
enough inert substrate as, for example, Ti layer deposited in
vacuum on glass, ITO surface and structured with different
methods, e.g., sonochemical and electrochemical for our
particular case.

1.2. Characterization Methods
Scanning electron microscopy (SEM) measurements were

conducted with a Gemini Leo 1550 instrument (Zeiss) at an
operation voltage of 3 keV. Transmission electron microscopy
(TEM) images were obtained on a Zeiss EM 912 Omega
transmission electron microscope operating at 300 kV. The
samples were ultramicrotomed (Leica EM FC6) and placed
onto the copper grids coated with a carbon film. Raman
spectrometry of the substrates was performed using a
confocal Raman microscope (alpha300, WITec) equipped
with a piezoscanner. A frequency-doubled Nd:YAG laser
excitation (λ¼ 532 nm) was used in combination with a Nikon
60� objective. Contact angle was measured with an optical
tensiometer Kru ̈ss G23M.

1.3. Cell Culture
Mouse C2C12 myoblasts (ATCC CRL-1772) were used for

functional assays. Cells were cultured as sub-confluent
monolayers in growth medium, consisting of Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco BRL) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS)
(Sigma), 2mM glutamine, and 1% penicillin/streptomycin
(Gibco BRL) at 37 �C and 5% CO2. Cellular number and
morphology on different titanium surface were monitored by
bright field microscopy and documented by light micro-
graphs. The distinction between differentially shaped cells
was done by visual analysis. Total cell numbers were
determined by manual counting of cells per image section.
The total number of star- or spindle-shaped cells on each
image section was counted manually by eye and normalized
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to the total cell count. In total, 10 image sections were
analyzed for every surface type in each experiment.

1.4. Immunofluorescent Staining
For microscopy and imaging, immunofluorescent stain-

ing was performed. At the respective time point, cells were
fixed with 4% paraformaldehyde in phosphate-buffered
saline, quenched for 5min in a 50mM ammonium chloride
and permeabilized with a buffered Triton-X-100 solution
for 10min. Slides were then thoroughly washed with PBS
and blocked in 3% BSA in PBS for 1 h. Subsequently,
samples were incubated overnight with an anti-vinculin
antibody (Sigma V9131) (1:300 in PBS/BSA). After washing
with PBS, the samples were incubated with an Alexa-Fluor
488 labeled secondary goat anti-mouse antibody (Life
Technologies, A-11001) (1:300) for 1 h. After washing, the
samples were stained for 20min with phalloidin Alexa-
Fluor 594 (Life Technologies, A12381) (1:100) followed by
incubation with DAPI (1:2 000) for 5min. All stainings
were performed at room temperature, except for the
incubation with anti-vinculin antibody overnight, when
the samples were left at 4 �C. The stained samples were
mounted with Fluoromount-G (Southern Biotech) in
inverted position on glass slides and examined via
epifluorescence microscopy (Zeiss Axiovert 200M or
Olympus IX inverted microscope). For presentation and
calculations, the images were adjusted for brightness and
color with ImageJ software (http://rsb.info.nih.gov/ij/).
Confocal images that clearly showed focal adhesions were
selected for analysis. RGB color images were converted to
eight-bit black and white images using the image color
RGB split function so that focal adhesions appeared as the
black pixels. Focal adhesions were defined using Image J
software by setting an intensity threshold. Image process-
ing was identical for all cells in the different experimental
groups. The number of focal adhesions per cell was
counted using the analyze particles function.

1.5. Gene Expression Analysis by qRT PCR
C2C12 cells were seeded on the different titanium surfaces

and grown to confluency after 6 day. Cells were subsequently
starved for 3 h in DMEM without FCS supplements and
stimulated for 3 days in medium containing 2% FCS
(myogenic differentiation) or 2% FCS and 30 nM BMP2
(osteogenic differentiation). After stimulation, cells were
harvested and total RNA was isolated using NucleoSpin
isolation kit (Macherey&Nagel, Germany). 500 ng of RNAwas
subjected to reverse transcription. qRT PCR was performed
using a SybrGreen-based detection system (Power SYBR
Green PCR Master Mix, Life Technologies) and cDNA
amplification was performed in a StepOne Plus Real Time
PCR System (Life Technologies). For all used primers,
amplification efficiencies were determined andmean-normal-
ized expression (MNE) ratios using HPRT as reference gene
were calculated using the DDcT method with efficiency
correction.[20]

1.6. Statistical Analysis
Statistic calculations were generated using GraphPad

Prism software (at www.graphpad.com/prism). Comparison
of multiple groups was done three way analysis of variance
(ANOVA) test in the case of cell density with pairwise
multiple comparison procedures by Holm-Sidak method; and
one way analysis (ANOVA) in the case of focal adhesion and
gene expression. Data were normally distributed due to
Normality Shapiro–Wilk test. A p-value smaller than 0.05 was
considered statistically significant.
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a b s t r a c t

Acoustic cavitation in water provides special kinetic and thermodynamic conditions for chemical synthe-
sis and nanostructuring of solids. Using cavitation phenomenon, we obtained magnesium hydroxide from
pure magnesium. This approach allows magnesium hydroxide to be synthesized without the requirement
of any additives and non-aqueous solvents. Variation of sonochemical parameters enabled a total trans-
formation of the metal to nanosized brucite with distinct morphology. Special attention is given to the
obtaining of platelet-shaped, nanometric and de-agglomerated powders. The products of the synthesis
were characterized by transmission electron microscopy (TEM), electron diffraction (ED), scanning elec-
tron microscopy (SEM) and X-ray diffraction (XRD).

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium hydroxide (brucite) due to its specific properties
has found an application in many fields. It is widely used in
flame-retardant composite materials due to its ability to endother-
mically decompose with water release at high temperatures with-
out production of toxic or corrosive substances [1,2], as an acidic
waste neutralizer in paper industry and environmental protection
field [3,4]. Besides, nanosized MgO products are commonly pro-
duced by a thermal decomposition of Mg(OH)2 precursors [5,6].
The microstructure of the hydroxide, i.e. its particle size, shape
and agglomeration are crucial in both applications. Among meth-
ods which are used for magnesium hydroxide synthesis are hydra-
tion of magnesium oxide [7,8], precipitation of a magnesium salt
with an alkaline solution [9,10], sol–gel technique [11] and
microwave-assisted synthesis [12,13]. However existing method-
ologies are multistep and require some other chemical presence
in solution, e.g. NaOH or NH4OH. In our case, magnesium hydrox-
ide nanoparticles can be formed by sonochemical oxidation of
magnesium in pure solutions. Special attention is given to the
obtaining of platelet-shaped, nanometric and de-agglomerated
powders.

Thus, in this paper we present a novel method for synthesis of
nanosized magnesium hydroxide from pure magnesium by using
high intensity ultrasound. The effect of ultrasound on a material

is based on acoustic cavitation: generation, growth and collapse
of bubbles [14]. Acoustic waves create in liquid a cavitation field
of interacting microbubbles [15]. These microbubbles are reaction
sites used for chemical synthesis and nanostructuring within
which free radicals and excited species are formed due to thermal
cleavage of volatile solutes [16]. The interfacial region around the
bubbles has unique conditions for synthesis reactions: high tem-
perature (up to 5000 K), high pressure (about 2000 bar) and fast
heating and cooling rates [14]. Moreover, collapse of microbubble
enables continuous transport of chemicals to the reaction sites
[17]. Ultrasound-assisted synthesis and nanostructuring of solids
in water is based on physical and chemical effects, i.e. fragmenta-
tion of particles and increase of the surface area in the first case
and selective etching and oxidation of the metal surface caused
by formed during water sonolysis hydroxyl radicals in the second
case [18–22] (Fig. 1).

2. Results and discussion

The schematic presentation of ultrasound driven formation of
magnesium hydroxide structures in water is schematically shown
in Fig. 2. In order to illuminate the ultrasound driven physical and
chemical processes in liquid–metal system, we investigated mag-
nesium at different sonication conditions (solvent, concentration
of the metal). A mesoporous magnesium sponge-like structure
with a thin magnesium hydroxide upper layer and agglomerates
of magnesium hydroxide platelets covering the surface were
formed by the ultrasound-assisted method at the concentration
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of aqueous magnesium solution 0.01 g/ml (Fig. 2c) and 0.007 g/ml
(Fig. 2b), whereas at the lower concentration 0.003 g/ml a com-
plete transformation of magnesium into magnesium hydroxide
was observed (Fig. 2a). In the latter case there is a sufficient
amount of hydroxyl radicals per magnesium ion to achieve a quick
oxidation of magnesium resulting in the indistinct morphology of
the obtained magnesium hydroxide structures. In the meantime,
a reduced amount of hydroxyl radicals per magnesium ion slows

down the oxidation process and allows the formation of hexagonal
platelet-like magnesium hydroxide structures. The sonochemical
treatment of magnesium in ethanol shows no presence of magne-
sium hydroxide (Fig. 2d, e).

The marked diffraction peaks in the XRD pattern of the ultra-
sonically treated magnesium (Fig. 3) are attributed to magnesium
hydroxide of the hexagonal structure with the lattice constants
a = 3.1442 Ǻ and c = 4.7770 Ǻ comparable to the reported data

Fig. 1. Sonochemical modification of magnesium particles: (a) initial particles; (b) sonochemical effect: surface oxidation; (c) sonophysical effects: interparticle collisions and
surface impinging by high velocity microjets; (d) formation of a mesoporous magnesium structure covered with brucite.

Fig. 2. The schematic presentation of the effect of acoustic cavitation on modification of magnesium particles at different concentrations and in different solvents. A
mesoporous sponge-like structure with a thin brucite upper layer and brucite nanosheet-like agglomerates covering the surface were formed by ultrasound-assisted method
at the concentration of aqueous magnesium solution 0.01 g/ml (c) and 0.007 g/ml (b), whereas at the lower concentration 0.003 g/ml magnesium exhibits complete
transformation into brucite (a). The sonochemical treatment of magnesium in ethanol shows no presence of brucite (d, e).
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(JCPDS 44-1482). The definite broadening of the peaks points at a
small grain size of magnesium hydroxide. The crystallite size was
estimated using the Debye–Scherrer formula [23] and exhibits dif-
ferent values, namely 5.65 nm (001), 4.05 nm (101) and 3.14 nm
(110) for the sample with the higher concentration of Mg
(0.01 g/ml) and 6.42 nm (001), 4.05 nm (101) and 4.88 nm
(110) for the sample with the lower concentration of Mg
(0.003 g/ml). This indicates that the particles are thin and plate-
shaped, with layers in the (001) direction. Characteristic peaks
for an Mg phase are also detected.

The TEM analysis and the electron diffraction patterns (ED)
shown in Fig. 4b confirm a hexagonal lamellar structure, and
diffraction peaks of (002), (100), (102) and (110) can be seen.
The magnesium hydroxide structures are in a size range of 70–
200 nm and about 20 nm thick, which is larger than the corre-
sponding XRD values. This indicates that lamellar magnesium
hydroxide particles are composed of much smaller crystallites.
Such structure is synthesized as a result of accelerated mass trans-
port when the sheets break, bend and otherwise distort during the
cavitation.

In addition, degradation of magnesium in an aqueous solution
and the subsequent formation of hexagonal platelet-like magne-
sium hydroxide structures were observed in the presence of chlo-
rides (Fig. 5). Ions of chloride which are rapidly absorbed on the
magnesium surface facilitate a faster degradation of magnesium
compared to the anodic dissolution of magnesium in an aqueous
solution without chlorides (Fig. 6) and speed up the transformation
of magnesium to brucite.

Hence, the ultrasound-driven synthesis of magnesium hydrox-
ide based on the experimental results can be described using the
following three stages: (1) ultrasound-assisted formation of Mg
ions and hydroxyl radicals, (2) interfacial reaction between Mg
ions and hydroxyl radicals, resulting in the formation of magne-
sium hydroxide species and (3) growth of magnesium hydroxide
structures of platelet-like morphologies.

In the beginning of the ultrasound treatment the surface of the
metal starts to degrade and appeared cracks can serve as

nucleation sites for cavitation bubbles [16,17]. Simultaneously,
water dissociates into hydrogen cations (H+) and hydroxyl radicals
(OH�) due to the collapse of the cavitation bubbles [18–22,24,25]
(Eq. (1)). With the increase of sonication time the area of the mod-
ification increases and the metal grains can be pulled out of the
metal matrix [16,17]. A magnesium hydroxide layer is being
formed gradually due to the interaction of metal ions and hydroxyl
radicals [16,17] (Eq. (2)):

H2O ! Hþ þ OH� ð1Þ

Mg2þ þ 2OH� $ MgðOHÞ2 ð2Þ
The Mg(OH)2 nuclei grow individually forming hexagonal

hydroxide platelets and agglomerate. Such behavior can be
explained by rapid heating and cooling rates in the interfacial
region around the bubbles and change of viscosity of the water
phase [16,17]. With the increase of temperature, the viscosity of
the water phase decreases leading to the enhanced tendency of
the Mg(OH)2 nuclei to collide and to aggregate [16,17]. Thus, the
Mg(OH)2 morphologies can be not uniform ranging from nanopar-
ticles to nanosheets [13].

3. Conclusion

We have demonstrated a novel and simple synthetic approach
for preparation of Mg(OH)2 structures in water. Ultrasound irradi-
ation constitutes a green and economical procedure for the synthe-
sis of inorganic nanostructures without additional reagents and
time consuming chemistry. The formation of magnesium hydrox-
ide is driven by oxidation of the metal caused byproducts of water
sonolysis, i.e. free radicals. This process is accompanied by inter-
particle collisions and surface erosion. In order to explore these
effects we varied solvents and concentration of the metal in the
solution. Magnesium hydroxide was obtained in deionised water
via the ultrasound-assisted method, whereas the results of magne-
sium modification in ethanol showed no presence of magnesium

Fig. 3. XRD patterns of the initial magnesium particles (a), the magnesium particles sonochemically treated in water at the concentration 0.003 g/ml (b) and at the
concentration 0.01 g/ml (c). The marked diffraction peaks are attributed to the (001), (100), (101), (102), (110) and (111) atomic planes of brucite. The broadening of the
peaks indicates reduction of the grain size. The estimated crystallite size is 5.65 nm (001), 4.05 nm (101) and 3.14 nm (110) for the sample with the lower concentration of
Mg (b) and 6.42 nm (001), 4.05 nm (101) and 4.88 nm (110) for the sample with the higher concentration of Mg (c).
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Fig. 4. TEM images of magnesium particles modified by the ultrasound-assisted method at the concentration of aqueous magnesium solution 0.003 g/ml (a), 0.007 g/ml (b),
0.01 g/ml at a lower magnification (c) and a higher magnification (d). The insets show electron diffraction (ED) of the samples. The brucite particles exhibit a hexagonal
structure of 100–200 nm size and about 20 nm thickness.

Fig. 5. SEM images of magnesium particles modified by the ultrasound-assisted method at the concentration of aqueous magnesium solution 0.01 g/ml in the presence of Cl–

at a lower magnification (a) and a higher magnification (b).
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hydroxide structures. A total conversion of magnesium into mag-
nesium hydroxide was achieved at lower concentrations of magne-
sium in the solution. Platelets grew preferentially with an
increasing magnesium concentration as well as in the presence
of chloride ions.

4. Experimental Section

4.1. Mg(OH)2 preparation

Magnesium particles (�325 mesh size, 99.8% purity) were sup-
plied by Alfa Aesar and used as received. Magnesium powder was
sonicated in Milli-Q water and ethanol at the concentrations
0.003 g/ml, 0.007 g/ml and 0.01 g/ml for 30 min. A UIP1000hd
(Hielscher Ultrasonics) operated at 95% intensity and 20 kHz with
a maximal output power of 1000 W. An ice bath was used to main-
tain the temperature of the solution at around 20 �C. After the son-
ication the samples were centrifuged and then dried.

Chloride salt was added to magnesium powder as we are inter-
ested in speeding up the transformation of magnesium to brucite.
The sonication procedure was conducted as described above. After
the sonication the samples were centrifuged and then dried. To
achieve a faster transformation we suggest to use NaCl. Other chlo-
ride precursors such as iron chlorides and palladium chloride
result in the formation of composites doped with iron oxide
nanoparticles or palladium nanoparticles. In the presence of Cl–

the further brucite dissolution is possible, however it can be con-
trolled with duration of sonochemical processes and chloride
concentration.

4.2. Characterization methods

Scanning electron microscopy (SEM) measurements were con-
ducted with a Gemini Leo 1550 instrument (Zeiss) at an operation
voltage of 3 kV. Transmission electron microscopy (TEM) images
and electron diffraction (ED) patterns were obtained on a Zeiss

EM 912 Omega transmission electron microscope operating at
300 kV. The samples were ultramicrotomed (Leica EM FC6) and
placed onto the copper grids coated with a carbon film.

Powder X-ray diffraction (XRD) patterns for phase identification
were obtained with a Bruker D8 diffractometer with CuKa radia-
tion (k = 1.54056 Ǻ). Data were measured over the range of 2h = 5
to 90�, at steps of 0.05� and 1 s per a step.
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Local pH Gradient Initiated by Light on TiO2 for Light-
Triggered Modulation of Polyhistidine-Tagged Proteins
Daria V. Andreeva,[c] Inga Melnyk,[b] Olga Baidukova,[a] and Ekaterina V. Skorb*[a]

A new principle of photo-assisted spatial desorption of (poly)-
histidine-tagged (His-Tag) proteins on a TiO2 surface is suggest-
ed. A semiconductor TiO2 surface is decorated by layer-by-layer

(LbL) assembly of a strong polyelectrolyte, namely, polystyrene
sulfonate (PSS), and nickel–nitrilotriacetic acid (NTA). The PSS/

NTA multilayer architecture provides n-fold (nVNTA) binding
efficiency for more precise protein recognition in comparison

to existing molecular His-Tag protein recognition with one-

and threefold multiplication (1VNTA, 3VNTA). Spatially
resolved desorption of proteins is regulated by non-

photodestructive short-term low-intensity light irradiation
(<5 mWcm@2). The local pH shift on irradiated TiO2 selectively

affects the pH-sensitive NTA/protein complex, but not the LbL
assembly of PSS and NTA, which is stable in a broad pH range.

Immobilised proteins show much promise as the basis for fab-

rication of different biosensors with electrochemical, optical
and capacitive readouts. To integrate the protein recognition

elements into lab-on-chip devices one needs to exert remote
control over adsorption and desorption of proteins.[1] In partic-

ular, the immobilisation of proteins containing short (poly)histi-

dine affinity tags (His-Tags) plays an important role in current
research. These proteins are indicators for many disorders, in-

cluding liver cirrhosis, AIDS and renal disease.[2]

Specific amino acid side chains of the His-Tag sequence

have a strong affinity to transition metals, for example, nickel.[3]

Moreover, chelation of transition metals by nitrilotriacetic acid

(NTA) offers a possibility for reversible binding of biopolymers.

Protein adsorption on a surface is reversed by washing with
a solution of imidazole, which coordinates to the metal ion
and leads to protein release.[4] Methods that do not require
extra chemicals, for example, systems that can be regulated

with light, are of interest.[5]

Light is an attractive stimulus for such systems because the

intensity, duration and localisation of irradiated spots can be
easy controlled.[6] The NTA His-Tag can not be manipulated by

light, but it is a pH-sensitive complex.[7] Herein, we propose

a new method to manipulate the NTA His-Tag through cou-
pling of two stimuli : using light to change pH.

The concept of a new generation of light-responsive molec-
ular actuators is based on in situ conversion of electromagnet-
ic energy to a local pH shift.[8] Thus, highly efficient and versa-
tile dynamic recognition systems for protein detection and ma-

nipulation can be constructed by combining light- and pH-sen-

sitive elements in one composite material. For example, UV ir-
radiation of photosensitive TiO2 initiates photochemical

reactions on the TiO2 surface with a local pH shift in the irradi-
ated spot that can affect the processes of selective adsorption

and desorption of proteins if protein bonding is pH-sensitive.
We propose a well-defined layer-by-layer (LbL) nanonetwork in

which the pH-sensitive NTA His-Tag complex is assembled with

polystyrene sulfonate (PSS), whereby the electrostatic bonding
NTA and PSS is not pH sensitive.

Usually, NTA is deposited on a surface by coordination to
gold through thiol groups[9] and covalent bonding by silane

coupling agents[10] and polymers.[11] We aimed to organise NTA
by LbL assembly (Figure 1) to increase the concentration of

bonded protein in comparison with silylation.

The multilayered architecture allows significant enhance-
ment of the recognition function of the system. The multilay-

ers are formed by electrostatic interaction of NTA complexes
and negatively charged functional groups of PSS. The concen-

tration of NTA in the LbL assemblies is regulated by the con-
centration of functional groups in PSS and by the number of

adsorbed PSS layers and can be varied on demand. Important-

ly, the PSS/NTA multilayers are stable in a broad pH range,
whereas interactions of His-Tag proteins with NTA are sensitive

to pH shifts. Due to the special architecture of the LbL assem-
bly, it is possible to combine in one system elements with dif-
ferent sensitivities to pH and thus to construct an effective
protein recognition/manipulation system.

The assembly of PSS layers on a TiO2 surface was performed
in aqueous solution at a pH below the isoelectric point (IEP) of
titanium dioxide (here the IEP was pH 6.6). The [TiOH2] surface

below the IEP is positively charged and ensures the interaction
with the negatively charged polyelectrolyte PSS. The subse-

quent NTA His-Tag layers were deposited at pH 7.4 (Figure S1
of the Supporting Information). The mean surface roughness

of the multilayers after each deposition step was measured by

AFM. The mean surface roughness of the first PSS layer was
about 9:2 nm (Figure 2a).

Adsorbed NTA molecules on the substrate lead to a slight in-
crease in the roughness to about 11:2 nm (Figure 2b), which

remains the same on subsequent deposition of the protein on
the surface (Figure 2c). The presence of each adsorbed layer
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was also confirmed by contact-angle measurements. TiO2 is
strongly hydrophilic with a contact angle of less than 108, and
adsorption of PSS leads to an increase in the contact angle to
228. After the deposition of NTA a decrease in contact angle

was detected. The contact angle increases again after the pro-
tein is adsorbed. These changes confirm multilayer build-up.

Multilayer formation on titania-covered quartz crystals was
monitored with a quartz-crystal microbalance (QCM; Fig-

ure 2d). The frequency and dissipation curves versus time

show pronounced growth of the multilayers.
The key point of this work is the transformation of electro-

magnetic energy into a pH shift through photocatalytic reac-
tions on TiO2.

[8] Many works have reported the formation of

oxygen vacancies by supra-bandgap illumination of TiO2,
[12]

which then release free radicals to kill bacteria[13] and decom-

pose organic molecules.[14] In this work, we aimed to find con-

ditions to change pH locally and reversibly and to modulate
protein on the surface without its decomposition. Non-destruc-

tive low-intensity (<5 mWcm@2) irradiation was used
(Figure S2).

We used the scanning ion-selective electrode technique
(SIET) for in situ monitoring of proton generation on TiO2 and

regulation of proton migration in the multilayers. SIET allows

measurements of the concentration of specific ions[15] (here,
H+ ions) at a nearly constant microdistance (here, 100 mm)

over the surface (Figure 3a).

In photocatalytic reactions usually H+ is discussed as a side

product. For example, in water oxidation with photoholes, pro-

tons are formed on the surface (H2O+h+ ! ! H++O2) and
result in a local pH shift in the irradiated zone. The SIET results

prove the development of pH shift in the irradiated zone on
the TiO2 surface. The possible vectors of H+ release from the ir-

radiated spot, based on SIET z scans, are illustrated in Fig-
ure 3a. SIET maps of the TiO2 surface before and during irradia-

Figure 1. Schematic illustration of LbL assembly of strong polyelectrolyte
PSS and pH-responsive Ni2+–NTA His-Tag protein for n-fold recognition and
manipulation of protein.

Figure 2. a–c) AFM images of TiO2 with adsorbed layers of a) PSS, b) NTA
and c) His-Tag protein. d) QCM data confirming effective assembly of a multi-
layered system on titania to give a final TiO2/(PSS/NTA/protein)4/PSS struc-
ture by adsorption of 1) PSS, 2) NTA and 3) protein.

Figure 3. a) The red arrows are schematic 2D z vectors of the current density
associated with proton formation on the irradiated titania surface. b), c) In
situ SIET mapping of the activity of H+ ions over the TiO2 film b) before and
c) under localised UV irradiation.
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tion are shown in Figure 3b and c, respectively. The pH before
irradiation is about 6 all over the titania surface (Figure 3b).

After starting the local surface irradiation, the pH decreased
significantly above the light spot (Figure 3c). Transition from

pH 6.0 to less than pH 4 (acidic) was observed in the irradiated
zone (Figure 3c). This result clearly indicates that protons are

efficiently generated on the TiO2 surface during irradiation.
Figure 4 shows how the pH changes with time on TiO2 with

LbL-organised PSS/NTA layers. For this study, the SIET pH mi-

croelectrode was located in the centre of irradiated spot and
the pH was measured every 0.2 s. Figure 4 shows that when ir-
radiation was switched on the pH immediately decreased to
about 3.8. When irradiation was switched off, the pH relaxed
back. Cycles of pH decrease during irradiation and increase
without irradiation were repeatable.

Next, we used the light-triggered pH shift in the multilayers
for controlling electrostatic NTA–Ni2+/His-Tag interactions
(Figure 5). His-Tag bonding is very sensitive to the local envi-

ronment. A pH value of 4 leads to dissociation of NTA–Ni2+/
His-Tag due to protonation of the protein. In the model chip
the system modulation is monitored by QCM (Figure 5b, c) and
confocal laser fluorescence microscopy (CLFM; Figure 5d,e and

Figure S3).
The adsorption of each following layer resulted in a decrease

in QCM frequency and thus an increase in the quantity of the
adsorbed components (Figure 5b). The mass of three layers
was 16 ngcm@2. Immediately after short-term irradiation (1 s)

even on the surface of low-photoactivity titania (photocurrent
was about 1.5 mAcm2), desorption of protein was detected.

Protein was released and the mass decreased to 12 ngcm@2.
Adsorption/desorption of protein can be switched on and off

several times (Figure 5b, c). CLFM was used to monitor the pro-

cess of protein adsorption and light-induced protein desorp-
tion for the systems TiO2/PSS/NTA/His-Tag protein (Figure 5d)

and TiO2/(PSS/NTA/His-Tag)4/PSS (Figure 5e). Figure 5d shows
that for TiO2/PSS/NTA/His-Tag, after switching on irradiation,

protein is immediately desorbed from the surface. In Figure 5e
the surface of TiO2/(PSS/NTA/His-Tag)4/PSS is shown after irradi-

ation through a photomask. A schematic of irradiation with

a photomask is shown in Figure 5 f. After surface irradiation
through a photomask, protein was desorbed in irradiated
areas and remained on the non-irradiated surface. Careful anal-
ysis of the QCM data revealed that 1 s of irradiation releases

about 98% of the protein (Figure 5b), and a further 10 s of ir-
radiation is enough to release all protein from the surface, as
was confirmed by CLFM. From a comparison of intensity it can

be concluded that the multilayered system has a higher con-
centration of protein in the multilayers and higher relative

fluorescence intensity (see also calibration of intensity versus
the number of deposited layers in Figure S3). Importantly, the

detached protein retained its activity, which was analysed with

carbonic anhydrase quantifying esterase activity in the reaction
with p-nitrophenyl acetate.[16] Short-term irradiation is prefera-

ble for fast pH switching and protein detection without
denaturation.

In summary, our results prove that His-Tag proteins can be
effectively adsorbed in an LbL assembly and released due to

a local pH shift on an irradiated TiO2 surface. Advantages of

our strategy compared to existing molecular His-Tag protein
recognition and manipulation are clearly evident: 1) The pho-

tochemical reaction on a semiconductor layer (here TiO2) leads
to conversion of the energy of electromagnetic irradiation to

a local pH shift allowing manipulation of a dynamic pH-sensi-
tive protein-recognition element. 2) The LbL assembly serves

Figure 4. SIET time evolution of the activity of H+ ions over the TiO2/PSS/
NTA surface in the centre of irradiated spot. ON and OFF indicate switching
on and off of irradiation.

Figure 5. a) Microfluidic chamber for studying light-induced modulation/de-
sorption of His-Tag protein on TiO2/LbL surface. b) QCM frequency change
during the adsorption of 1) PSS, 2) NTA and 3) His-Tag protein; hv corre-
sponds to the short period (1 s) of irradiation and results in protein desorp-
tion. Cycles of adsorption and light-induced desorption were repeated sev-
eral times and also presented as mass change (c). d), e) Confocal fluores-
cence images of LbL-decorated titania surfaces of two architectures: d) TiO2/
PSS/NTA/His-Tag before (left) and after (right) irradiation; e) TiO2/(PSS/NTA/
His-Tag)4/PSS after irradiation through a photomask (f).
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as a well-defined nanonetwork for control over spatial distribu-
tion, thickness, concentration and orientation of recognition

molecules. Due to electrostatic interactions in LbL assemblies,
immobilisation of highly sensitive biomolecules can occur

without inhibiting their activity. Furthermore, long-term me-
chanical and chemical stability of the recognition system can

be achieved. 3) The mono-NTA (1VNTA) surface is the tradi-
tional approach for capturing His-Tag proteins but it only ach-

ieves weak binding and low selectivity of recognition ele-

ments,[15] whereas the LbL approach leads to improved binding
stability and increased binding selectivity towards proteins and
provides n-fold multiplication of recognition (nVNTA) elements
for highly precise recognition. Various photocatalytic studies
claim reactions with H+ or OH@ but, surprisingly, we are the
first to experimentally confirm that the local pH can deviate by

several pH units from the average pH when TiO2 is exposed to

light. Notwithstanding the existing literature on ways to
desorb proteins from surfaces, our light-controllable protein

desorption can find its place among existing methods. Our
method is easy to control by means of the intensity, duration

and localisation of irradiation. No other chemicals are needed.
We maintain that light control over local pH is a promising

strategy to manipulate pH-responsive polymer systems, not

only for biosensing, but also for biomedical and other
applications.

Experimental Section

Materials

Polystyrene sulfonate sodium salt (PSS, Mw=70000), (3-glycidyloxy-
propyl)trimethoxysilane, 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid and nickel(II) sulfate hexahydrate were purchased from
Aldrich (Germany) and were used without further purification. Ami-
nocaproic nitrilotriacetic acid (NTA, Santa Cruz Biotechnologie) was
used as received. His-Tag-terminated protein (A2M recombinant
human protein His-Tag from Life Technologies) was labelled by 6X
His tag antibody (FITC), IgG, Rabbit, Polyclonal von GeneTex Inc.
Sodium chloride (purity grade: +99.5%) was obtained from Fluka
and used for preparation of polyelectrolyte dipping solutions. Re-
combinant human carbonic anhydrase III (Creative BioMart re-
combinant proteins, Hçlzel Diagnostika Handels GmbH), muscle-
specific, His-Tag, was used in experiments to detect the protein ac-
tivity after desorption in a reaction with p-nitrophenyl acetate
(Sigma-Aldrich).[16] Microscopy glass slides were used as substrates.
Commercial TiO2 nanoparticle powder (average particle size 20 nm)
was used as received. Hepes-buffered saline (HBS) was 10 mm 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid and 150 mm NaCl in
water adjusted to pH 7.4 with NaOH. 50 mm NTA, 40 mm NiII and
His-Tag protein solutions were based on HBS. A dip-coating solu-
tion of TiO2 was prepared by dispersion of particles in water with
ultrasound for 2 min and adjusted to pH 3.

Layer-by-Layer Formation: Deposition of the First Layer

PSS was electrostatically bound to the TiO2 surface. A 2 gL@1 PSS
dipping solution was made from 50 mm NaCl in Millipore water
and was adjusted to the desired pH 3 by addition of 1m HCl. The
substrates were dipped into the solution for 15 min. After the ad-

sorption step the glass slide was rinsed three times with Millipore
water adjusted to pH 3.

NTA Immobilisation and Chelate-Complex Activation

The PSS-covered surface of TiO2 was subsequently was modified
with NTA solution in Millipore water for 1 h, followed by washing
steps with HBS and water. The chelate complex was activated by
addition of 40 mm NiSO4 aqueous solution for 15 min and rinsing
with buffer solution several times.

Histidine Adsorption

Protein (0.05 mgmL@1) was immobilised on the surface by a dip-
coating technique. After an adsorption time of 3 h the sample was
washed in HBS three times for 5 min and dried in an argon stream.
To determine binding in the absence of Ni complex, 5 mm EDTA
was added to the protein solution.

SIET for Detection of Proton Photogeneration on the
Surface

SIET was applied for mapping the activity of H+ ions on the sur-
face in aqueous solution under local UV irradiation. Micropotentio-
metric SIET allows measurements of the concentration of specific
ions (here, H+ ions) at a quasiconstant microdistance over an elec-
trode surface in solution. A potentiometric cell consists of a refer-
ence electrode and an ion-selective microelectrode. The pH micro-
electrode was calibrated before and after each experiment by
using a set of commercial buffers. The linear range of the response
was 3–9; the Nernstian slope was 58:2 mVdec@1. Local illumina-
tion of the surface was performed by using a setup equipped with
a UV LED (365 nm) supplied by a current stabiliser and a UV light-
beam-focusing system involving several quartz lenses. The local ac-
tivity of H+ was mapped sequentially 100 mm above the surface.
Map, line, and point measurements were performed similarly, and
the sampling rules at each point were 0.5 s of waiting followed by
0.2 s of acquisition. The equipment used was manufactured by Ap-
plicable Electronics Inc. (USA). The pH microprobes were made in
the laboratory and consisted of silanised borosilicate glass capilla-
ries thinned to 2 mm. The tip was filled with a 30 mm column of hy-
drogen ionophore II cocktail A (Fluka, Ref. 95297) and the internal
solution was 0.1m KCl+0.01m KH2PO4. An Ag jAgCl wire inside the
micropipette served as internal reference and a homemade silver/
silver chloride electrode in 0.05m NaCl worked as external refer-
ence. The pH microelectrode was mounted in a pre-amplifier
(input resistance >1015 W), which was placed in the 3D positioning
system also used for SIET. An IPA2 amplifier (input resistance
>1012 W) was controlled by the ASET program to measure and
record the data.

Infrared Reflection Absorption Spectroscopy (IRRAS)

IRRAS was used to monitor LbL assembly. Spectra were acquired
with an IFS 66 IR spectrometer from Bruker (Ettlingen, Germany).
The IR beam is directed through the external port of the spectrom-
eter and is subsequently reflected by three mirrors in a rigid
mount before being focused on the sample surface. A KRS-5 wire-
grid polariser is placed in the optical path directly before the beam
hits the sample surface. The reflected light is collected at the same
angle as the angle of incidence. The light then follows an equiva-
lent mirror path and is directed onto a narrow band mercury cad-
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mium telluride detector, which is cooled by liquid nitrogen. The
entire experimental setup is enclosed to reduce fluctuations of rel-
ative humidity. For all measurements at 40 mNm@1, p-polarised ra-
diation was used at an angle of incidence of 708. A total of 128
scans were acquired with a scanner velocity of 20 kHz at a resolu-
tion of 8 cm@1.

QCM with Dissipation Monitoring

QCM measurements were performed with a Q-sense E4 instrument
by using an open module (Q-sense QOM 401) and a quartz crystal
sensor with an electrode covered with 120 nm of titanium (QSX
310, AT cut, 5 MHz) and a negatively charged native surface TiO2

layer. For the measurements a sensor was placed in a sensor cham-
ber and 1 mm NaCl buffer was added until a stable frequency
baseline was reached. Next, a positively charged polyelectrolyte so-
lution was pipetted onto the sensor surface and the resonant fre-
quency and dissipation were measured. When the frequency line
stabilised, the polyelectrolyte solution was removed, the sensor
surface was washed with 1 mm NaCl, and a reverse-charged poly-
electrolyte solution was introduced. A decrease in the frequency of
the crystal indicates mass accumulation due to polyelectrolyte dep-
osition on the surface. Dissipation or energy loss is a measure of
the viscoelasticity of the molecular layer on the sensor surface. The
changes in mass for rigid films were calculated by using the Sauer-
brey equation.[17] If the change in dissipation exceeds the critical
value of 2V10@6, the Sauerbrey equation must be extended to in-
corporate the elasticity of the deposit. Thus, soft films can be ana-
lysed by applying the Voigt model in the software QTools.[18]

Confocal Laser Scanning Microscopy

Reversible desorption of His-tagged proteins was detected with
a Leica TCS SP8 confocal laser scanning microscope.
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ABSTRACT

The mechanism of the photodegradation of azo dyes via ultra-
sonication is studied using a combination of the high-perfor-
mance liquid chromatography and UV–vis spectroscopy with
detailed analysis of the kinetics. Based on the kinetics studies
of the sonodegradation, it was proposed that the degradation
of azo dyes was a multistage process that involved: (1) the
direct attack of azo bonds and phenyl rings of dyes by the
sonochemically formed reactive oxygen species; (2) the activa-
tion of semiconductor particles by the light emitted during
cavitation and the triggering of the photocatalytic pathways
of dye degradation and (3) increase of the adsorption capac-
ity of the semiconductor particles due to the sonomechanical-
ly induced interparticle collisions. The detailed kinetics study
can help in following an effective process up-scaling. It was
demonstrated that extremely short pulses of light flashes in a
cavitated mixture activated the surface of photocatalysts and
significantly enhanced dye degradation processes.

INTRODUCTION
Photocatalytic cleaning of wastewater is one of the environmen-
tal sanitation technologies that is very important for many
aspects of daily life (1). The polluted water can contain nonbio-
degradable and toxic compounds (2). Azo dyes from the textile
industry are the examples of such dangerous waste (3). Since the
production of the azo dyes is very cheap, this class of pollutants
poses a challenge for decontamination and recovery of environ-
ment (4).

Use of ultrasound for the photocatalytic dye degradation of
organic pollutants provides novel technological solutions for
wastewater treatment (5–13). Installation of ultrasonic devices in
pipes, pumps and tubes of water supply systems can ensure
effective water sanitation in places that are not accessible for the
state-of-the-art UV technology. Several works proposed use of
ultrasound for the photocatalytic degradation of some organic
pollutants. The studies focused on the use of ultrasound as an
addition to the UV-lamp-assisted heterogeneous degradation in
the presence of photocatalytic nanoparticles (5,6,12,13) and as a
source of free radicals and reactive oxygen species (ROS) in the
homogeneous process of the dye degradation, including the Fen-

ton reactions (7,10). The ultrasound-assisted degradation of chlo-
rinated hydrocarbons (8,9), phenols (9,10), drugs (11,12) and
dyes (5,13) was investigated. In our work, we go beyond state-
of-art in detailed analysis of processes kinetics which can result
in following easy of the processes up-scaling. A complex
sequence of reactions involving oxidation and reduction path-
ways is not fully understood, our studies suggest principal steps
which are involved.

The attack of the organic molecules by the hydroxyl radicals
(OH•) formed in a sonicated mixture causes the sonolytic degra-
dation of organic compounds. It is shown that phenols and the
pollutants containing phenyl rings are very sensitive to the
ultrasound treatment. Ashokkumar et al. (11) revealed that the
sonolytic degradation of martius yellow proceeds due to hydrox-
ylation of aryl rings of the dye.

If the active species attack both benzene and/or naphthalene
rings and azo group –N=N–, very stable dye molecules can be
degraded. It was reported (14,15) that OH•

first attacks the azo
groups of the dye molecules since the absorption energy values
of the p ? p* transitions in the benzene rings are much higher
than those of the n ? p* transitions in the azo groups. The
decoloration of azo dye solutions due to the destruction of the
long conjugated system in the dye molecules occurs very fast.
However, the complete mineralization of aromatic compounds,
including the intermediate products of dye decomposition is still
a challenge. Here, we propose that use of ultrasound can signifi-
cantly enhance the dye degradation process due to simultaneous
triggering of different mechanisms of production of the active
species.

Here, we report on the ultrasound-assisted decomposition of
azo dyes by ROS and by activation of the surface of photocata-
lysts by sonoluminescence (SL). The light emission produced in
the cavitated liquid is essential for the activation of the photo-
reaction on the surface of semiconductor particles. We propose
that the SL can be a beneficial alternative to the existing UV-
light-assisted methods.

Sonoluminescence is the light emission produced in a cavi-
tated liquid using high intensity ultrasound, a spark discharge, a
laser pulse, etc. (16). According to the works of Gaitan et al.
(17), Moss et al. (18), Barber and Putterman (19), Hiller et al.
(20) and Suslick et al. (21) published in the early nineties via
cavitation acoustic energy can be converted to optical energy. It
was demonstrated that the cavitation bubbles can emit a pulsed
flash of light (with a broad spectral range in the visible–UV
region) with the pulse widths that is <50 ps (20). The radius of
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the single bubbles can grow up to 50 lm (19) and the tempera-
ture of its interior is in the range of ~104 K (22).

In particular applications, namely, sonochemical synthesis
(23), surface nanostructuring (24–26), sonocatalysis (27), etc. so-
nochemistry does not operate with the single bubbles, but with
the clouds of cavitating bubbles that interact with a matter. The
light emitted from the clouds of bubbles is known as multibubble
sonoluminescence (MBSL) (28). The effective emission tempera-
ture from the bubbles in water was measured in the range 2000–
4000 K (29). The temperature inside the cavitation bubbles, the
intensity and the spectrum of SL depends on solvent nature, sol-
vent temperature and the presence of additives (incl. gases and
ions) (30). A number of the publications from Suslick et al. (29)
showed that the emission temperature within the imploding cavi-
tation bubbles depends on both the polytropic ratio and the ther-
mal conductivity of the bubble content. In particular, Suslick
et al. (29) postulated that the temperature of MBSL decreases as
the vapor pressure increases. The presence of the rare gases
(argon, xenon) in the cavitated liquid can brighten SL.

The mechanism of the light emission in cavitated liquids is
still discussed a lot. The thermal and electrical approaches are
two major theories that are currently used for the explanation of
SL. According to the electrical theory (Margulis et al. (31–33))
an electrical microdischarge can be expected in the large
deformed gas-filled bubbles (such bubbles were experimentally
observed). The bubble fragmentation process can be responsible
for the light emission. The thermal theory of SL proposes that
the high temperatures can be reached upon the cavitation col-
lapse (34–36). Up to now, the thermal theory is verified by a
number of experiments and can explain the effect of the dis-
solved gases and the nature of the solvents on the intensity and
the spectrum of SL as well as SL in nonpolar liquids.

MBSL is followed by photons emissions and chemisonolumi-
nescence of the OH radicals formed inside the bubbles (36,37).
The radicals and the excited molecules, including the ROS are
formed from solvents and additives upon the bubble collapse.
Thus, in a cavitated solution several mechanisms of the dye deg-
radation might occur: (1) the direct attack of azo dyes by the
ROS generated upon the bubble collapse (homogeneous process);
and (2) the SL-assisted degradation of dyes by the activation of
the photoreactions on the surface of the semiconductor particles
(heterogeneous process).

Here, we used titanium dioxide (TiO2) particles as a photoca-
talyst and Direct Blue 71 (DB71) (38,39) as a substrate. The
aqueous suspensions of DB71 and TiO2 were sonicated at a fre-
quency of 20 kHz and intensity of 140 W cm�2. As a reference,
we used silicon dioxide particles. We focused on the investiga-
tion of the kinetics of the SL-assisted degradation of DB71 at
different conditions. Based on these data, we propose the mecha-
nism of degradation of azo dyes and reveal the role of the SL in
the degradation process.

MATERIALS AND METHODS

Materials. Direct Blue (DB71; C40H28N7NaO13S4, MW = 965.94) was
purchased from Aldrich (dye content 50%). DB71 is an azo dye in which
the chromophore part of the molecular structure contains azo bonds and
shows a strong absorbance in the visible region, while the absorbance
peaks of the benzene and naphthalene rings appear in the UV region.
The absorbance peaks in UV region (210 and 290 nm) and at 584 nm
are, respectively, attributed to these aromatic rings and azo linkage
(38,39).

Titanium (IV) butoxide (tetrabutyl titanate (Ti(OBu)4) was purchased
from Aldrich (reagent grade 97%), isopropyl alcohol (C3H7OH), acetic
acid (CH3COOH) and sodium chloride (NaCl) obtained from Vekton as
analytical grade reagents were used for the synthesis of titanium dioxide.
Hydrochloric acid (1 M HCl) and sodium hydroxide (NaOH), used to
adjust the pH of solutions, were purchased from Aldrich. Ultrapure water,
used to prepare the solutions, was purified by a Milli-Q water system
(Millipore).

Silicon dioxide (SiO2) particles (0.304 lm) were purchased from Par-
ticles GmbH and used as received.

Synthesis of TiO2 particles. 12 g CH3COOH was dissolved in 50 g
C3H7OH, and then 20 g Ti(OBu)4 was added with stirring. This mixture
was slowly dripped into the 100 mL Milli-Q water with vigorous stirring
at room temperature. The prepared dense suspension was stirred for
30 min. Then, 200 mL 1 M NaCl solution was added to the suspension
for better precipitation. The precipitate was filtered, washed for several
times with ultrapure water, cleaned by electrodialysis and dried at 373 K
and, finally, calcinated at 773 K. Size, morphology and structure of the
synthesized particles were characterized by transmission (TEM, Zeiss
EM922 Omega, EFTEM operating at 200 kV), scanning (SEM, LEO
1530 FE-SEM, Zeiss) electron microscopy, dynamic light scattering (DLS,
Zetasizer Nano ZS, Malvern Instruments) and powder X-ray diffractions.

Electrokinetic experiment. Electrophoretic mobility (Ueph) values were
measured using a Zetasizer Nano ZS analyzer (Malvern Instruments)
according to the M3-PALS technology in a universal capillary U-shaped
cell (DTS 1060) thermostated at 293 K. Zeta-potential values of titanium
dioxide particles were calculated through the Smoluchowski equation
using experimental values of electrophoretic mobility in pH range 3–9.5
and at dye concentration 5 9 10�5

M. The pH values were adjusted by
adding dilute HCl and NaOH to dye solution.

Catalytic experiment. 50 mL of DB71 solution (2.5 9 10�5–
1 9 10�4

M) pure and containing various amounts of catalyst TiO2 (0.2–
1.0 g L�1) at pH 6.2 and pH 3.5 (adjusted by adding dilute HCl solu-
tion) was sonicated for 60 min with an ultrasound (US) tip (VIP1000hd;
Hielscher Ultrasonics GmbH, Germany) operated at 20 kHz with a maxi-
mum output power of 1000 W ultrasonic horn BS2d22 (head area of
3.8 cm2) and equipped with a booster B2-1.8. The maximum intensity
was calculated to be 140 W cm�2 at a mechanical amplitude of 106 lm.
pH values were controlled by pH-meter (SB70P Benchtop). The reaction
temperature was kept 20°C using a homemade reaction cell.

TiO2 powder was directly added to DB71 solution (the reaction mix-
ture was continuously sonicated from the initial time of mixing) or TiO2

powder was pretreated before use. TiO2 powder was dispersed in 25 mL
MilliQ-water or HCl solution with pH 3.5 for 10 min using US. After
the pretreatment, TiO2 suspensions were mixed with 25 mL of the con-
centrated DB71 solution and stirred. Then, the sonication was applied
and the start of US treatment was taken as “zero time” for the reaction.
The absorbance at “zero time” was used for the calculation of absorption
values of dye molecules on TiO2 surface.

The reference adsorption experiments were carried out using the stir-
ring as a pretreatment procedure at pH = 3.5 for the 5 9 10�5

M DB71
solutions at different catalyst concentration. The procedure was similar to
US pretreatment. After adding the catalyst suspension to the dye solution
the prepared mixture was stirred in the dark for 10 min with a magnetic
stirrer at 293 K to reach the adsorption–desorption equilibrium of DB71
molecules on the titania surface.

The photolytic and photocatalytic experiments were carried out using
450 W UV lamp, equipped with a 420 nm cutoff filter (k = 380 nm).
For these experiments, 10 mL of 10�4

M DB71 solution at pH 3.5 was
taken. For photocatalytic experiment, pretreatment procedure for 10 min
via stirring and TiO2 concentration 1.0 g L�1 were used.

During the process of dye degradation under US and UV treatment,
1 mL of DB71 solution was collected. Then, these samples were centri-
fuged for 2–4 min to separate the suspended catalyst particles from aque-
ous solution. The absorbance of the dye solution samples was measured
using an Agilent 8453 UV/VIS spectrophotometer with ultrapure water in
the reference beam in the cuvettes with gap width 1 mm.

Absorbance measurements were carried out between 300 and 700 nm.
The maximum absorbance value was determined at 584 nm. To determine
dye concentration during degradation process the calibration curve was
plotted. The change of the absorbance was in direct proportion to the con-
centration of dye solution at kmax = 584 nm and therefore the ratio of cur-
rent absorbance (A) to initial absorbance (A0) were used instead of the ratio
of concentrations for the characterizing of the degradation process.
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Analysis of degradation products. The degradation products were ana-
lyzed by reversed-phase high-performance liquid chromatography (RP-
HPLC) with fluorometric detection and high-performance liquid chroma-
tography coupled to mass spectrometry (HPLC-MS).

The liquid chromatograph LC-20 Prominence with fluorometric detec-
tor RF-20A («Shimadzu», Japan) was used for RP-HPLC analysis. The
excitation and emission wavelengths were 270 and 310 nm, correspond-
ingly. The stationary phase was Supelco Discovery C18 column
(250 mm 9 4.6 mm, 5 lm), the mobile phase was water–methanol mix-
ture (eluent A—50% MeOH + 0.1% CH3COOH, eluent B—50%
H2O + 0.1% CH3COOH). The flow rate was 0.5 mL min�1 and the injec-
tion volume was 20 lL. The phenol, hydroquinone, resorcin, pyrocatechol,
1-naphthol and 2-naphthol were used as standards for possible products.

The HPLC-MS analysis was performed using ultra-high-resolution
QTOF mass spectrometer «MaXis» (Bruker Daltonik GmbH, Germany).
The scanned mass range was m/z 50–1500 and the capillary voltage was
set at 4.5 kV. The column used was Zorbax SB-C18 (150 mm
9 2.1 mm, diameter of sorbent particles 3.5 lm). The mobile phase was
acetonitrile–water mixture (A + B, where A—H2O + 0.1% HCOOH, B
—CH3CN + 0.1% HCOOH). We used gradient elution regime: starting
condition 10% CH3CN, after 20 min 80% CH3CN. The injection volume
was 10 lL. The spectra were recorded in positive ionization mode (nega-
tive ion mode did not show any acceptable results). These analyses were
performed at the Center for chemical analysis and materials research of
the St. Petersburg State University.

RESULTS AND DISCUSSION
Dye degradation in the cavitated mixture proceeds due to the
multistage redox reactions in:

1 The homogeneous process—the active species produced by
cavitation directly attack the dye molecules in bulk solution;
and

2 The heterogeneous process—SL triggers the photocatalytic
reactions on the semiconductor surface and, then, the photocat-
alytically formed active species attack the dye molecules.

Direct degradation of DB71 via ultrasonication
(homogeneous process)

Sonolysis of aerated water due to the collapse of cavitation bub-
bles leads to the formation of the ROS (superoxide, hydrogen
peroxide, hydroxyl radicals) (40). Some of these water cleavage
reactions are listed in the Eqs. (1)–(4).

H2Oþ ))) ! H� þ HO� ð1Þ

HO� þ HO� ! H2O2 ð2Þ

H� þ O2 ! HOO� ð3Þ

HOO� þ HOO� ! H2O2 þ O2 ð4Þ

The sonolytically formed ROS directly trigger the degradation
of the organic pollutants, according to the Eq. (5) (homogeneous
process):

Dyeþ ROSðOH�Þ ! oxidation of dye ð5Þ

However, as seen in the kinetic curves (Fig. 1A, curve 1)
DB71 is relatively stable to ultrasound treatment in the aqueous
solution at neutral pH. We detected the negligible (<5% in range
of experimental error) degradation of DB71 for 60 min of the
irradiation of the aqueous dye solution. The slow degradation of
DB71 at neutral pH in the absence of the catalyst shows that

active species cannot effectively attack the azo bonds of DB71
in bulk media.

Degradation in the presence of photocatalyst (heterogeneous
process)

The heterogeneous process of the ultrasound-assisted degradation
of dye provides a small enhancement of the efficiency of degra-
dation (Fig. 1B, curve 1). The presence of TiO2 increases the
degradation of DB71 up to 10% at neutral pH.

The light activation of the photocatalyst’s surface stimulates
the photochemical reactions. The electron promotion from the
valence band to the conduction band of TiO2 leads to the forma-
tion of the electron–hole pairs (Eq. (6)).

TiO2 þ hm ! TiO2ðe�CB þ hþVBÞ ð6Þ

These electrons and holes can directly attack the dye mole-
cules, causing their degradation (Eqs. (7)–(8)):

Dyeþ hþVB ! oxidation of the dye ð7Þ

Figure 1. Degradation of DB71 in the absence (A) and in the presence
(B) of catalyst ([DB71] = 5 9 10�5

M, [TiO2] = 0.2 g L�1) at pH 6.2
(curve 1) and 3.5 (curve 2).
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Dyeþ e�CB ! reduction of the dye ð8Þ

Then, the electrons and holes trigger generation of ROS on
the semiconductor surface (Eqs. (9)–(14)).

ðH2O , Hþ þ OH�Þads þ hþVB ! Hþ þ OH� ð9Þ

O2ðadsÞ þ e�CB ! O��2 ð10Þ

O��2 þ Hþ ! HO�2 ð11Þ

2HO�2 ! H2O2 þ O2 ð12Þ

H2O2 þ e�CB ! OH� þ OH� ð13Þ

HO�2 þ e�CB þ Hþ ! H2O2 ð14Þ

In addition, the presence of the photocatalytic particles in
the reaction mixture might stimulate heterogeneous nucleation
and collapse of cavitation bubbles and, thus, enhance the effi-
ciency of the dye degradation. However, the addition of the
photocatalytically inactive SiO2 to the reaction mixture did not
affect the dye degradation process.

Thus, the dye degradation in the heterogeneous process pro-
ceeds due to two mechanisms (1) SL-assisted activation of the
catalyst surface; and (2) direct attack of dye molecules by the
ultrasonically formed active species.

Optimization of the reaction conditions

Effect of pH. The kinetic curves 2 in Fig. 1A,B demonstrate
that the efficiency of dye degradation depends on pH values of
the sonicated solution for both the homogeneous process and
the heterogeneous one. Decrease of the solution pH (~3.5)
leads to the faster dye degradation. In the homogeneous pro-
cess, the efficiency of the DB71 degradation increases up to
10%, in the heterogeneous process—up to 40%. The possible
explanation of the pH-dependent degradation of dye in the
homogeneous and heterogeneous processes is schematically
illustrated in Fig. 2.

pKa values of the known dyes are >3.7 (41–43). At pH < 3.7,
the DB71 is protonated. In the protonated molecules, the electron
density is shifted to the chromophore part of the molecule, the con-
jugation system is destroyed (44) (Fig. 2A). Furthermore, the pro-
tonated dye molecules are relatively hydrophobic (41,45)
(Fig. 2B). The hydrophobic molecules in water tend to concentrate
into the interfacial region of the gas-filled cavitation bubbles
(41,46–49) and, thus, became more accessible for the ultrasoni-
cally formed active species than at neutral pH. In the photocatalytic
degradation of organic dye (DB71), pH values of the solution were
adjusted to be 6.2 and 3.5 using hydrochloric acid. The chlorine
ions exist in the reaction system. Cl� can be oxidized to form chlo-
ride radicals, showing a high oxidative activity. To exclude the
effect of chloride ions, the pH was control additionally with
another acids, providing the conclusion that in our case, chloride
ions do not affect the reactions, probably, due to their negligible
concentration.

Figure 2. The pH effect on sonoluminescence (SL)-assisted photocatalytic dye degradation process in the homogeneous process of dye degradation
(without photocatalyst) (I) and in the heterogeneous process (in the presence of TiO2) (II). Effect of pH can be explained by: (A) shift of electron density
in the chromophore part of DB71; (B) increase of hydrophobility of the dye molecule and its concentration in relatively hydrophobic interface of cavita-
tion bubble; and (C) enhancement of dye adsorption on the titania surface due to electrostatic interactions.
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In the heterogeneous process (Fig. 2C), adsorption of the sub-
strate molecules on the photocatalyst surface is an important step
of the dye degradation process (50). The point of zero charge
(pHPZC) of TiO2 in an indifferent electrolyte (NaCl) is equal to
6.0 � 0.2 (51). Therefore, the TiO2 surface is positively charged
in acidic medium (pH < 6.0) and negatively charged at pH >6.0.
Thus, at pH ~3.5 adsorption of the negatively charged organic
ions on the titania surface is more efficient than at higher pH
and the heterogeneous dye degradation can be significantly
enhanced.

Effect of TiO2 dispersion: stirring and presonication. Intense
sonication leads to dispersion of aggregated particle, cleaning of
catalyst surface (52,53). We investigated the effects of sonication
of the titania powder on the adsorption ability of the particles for
the substrate molecules (Table 1). As a reference, we measured
the adsorption capacity of the prestirred particles.

The adsorption values nS2 — the number of dye moles
adsorbed per gram of TiO2 (mol g�1), were calculated using
equation (nS2 = DC/W), where DC is the difference between the
initial concentration (C0) and the equilibrium dye concentration
in the aqueous phase (C), W is the titania concentration, g L�1.

The observed decrease of the DB71 concentration is mostly
due to the adsorption of the dye molecules on the photocatalyst
surface. The presonicated particles have the higher nS2 than the
prestirred particles.

Additional activation of catalyst’s surface by sonication. As seen
in Table 1 in the prestirred mixtures, the adsorption value, nS2,
does not depend on the initial catalyst concentration (W). In con-
trast, in the adsorption experiments with the presonicated parti-
cles, we observed the nonmonotonic dependence of nS2 with W.
We explain this effect by additional activation of the catalyst’s
surface due to the sonochemical formation of the ROS, eCB

�,
hVB

+ in the TiO2 surface during presonication.
Thus, ultrasonication of TiO2 can mechanically disperse and

clean the particles and trigger formation of ROS, eCB
�, hVB

+ on the
TiO2 surface, therefore, activate the catalyst’s surface before use.

Effect of TiO2 concentration. We monitored the effect of the cat-
alyst concentration on the degradation rate for the presonicated
TiO2 (*TiO2) and for the nonpretreated TiO2. Figure 3 shows
the kinetics curves A/A0 vs sonication time (US time). Increasing
of the photocatalyst’s concentration enhances the dye degradation
process in the presence of both *TiO2 and TiO2.

If the catalyst concentration is equal to 1 g L�1, we observed
the complete decoloration in 10 min of reaction in the presence
of *TiO2 and in 60 min in the presence of TiO2. The faster
decoloration in the presence of the presonicated photocatalyst
particles is probably due to the higher dispersion and the higher
activity of the presonicated photocatalyst at the beginning of the
degradation process.

The detailed analysis of the kinetic curves in Fig. 3 showed
that the time-dependent decreasing of the dye concentration was
nonmonotonous. In 10 min of sonication, we observed the com-
plete disappearance of the dye molecules in the liquid phase.
However, in 20 min of sonication, the dye concentration in the
liquid phase was increased again up to 10%. We explain this
effect by the very high adsorption capacity of the ultrasonically
activated particles. The dye degradation rate is much lower than
its adsorption rate on the catalyst’s surface. The further intense
sonication of the particles leads to the partial desorption of the
dye molecules that were not degraded during this time.

Effect of DB71 concentration. The initial concentration of the
substrate is one of the most important factors of dye degradation
for a practical application. The analysis of the kinetic curves in
Fig. 4 reveals that the decrease of the initial DB71 concentration
[DB71] enhances the degradation rate. Up to 20% and 70% of
DB 71 were degraded after 60-min sonication at dye concentra-
tion equal to 1 9 10�4

M and 5 9 10�5
M, correspondingly. We

detected almost complete decoloration after 40-min treatment at
[DB71] = 2.5 9 10�5

M.
The dye adsorption on the catalyst’s surface increases with

increasing of the substrate concentration at the constant concen-
tration of the catalyst according to the Langmuir isotherm. The
enhanced dye adsorption should accelerate the dye degradation.
However, the superfluous adsorption of the dye molecules can
decrease light penetration to the catalyst’s surface and, thus, slow
down the eCB

�/hVB
+ pair formation (53).

Intermediates of DB71 degradation

Monitoring of the degradation process using a combination of
reversed-phase high-performance liquid chromatography (RP-
HPLC) with fluorometric detection, high-performance liquid
chromatography coupled to mass spectrometry (HPLC-MS) and
UV–Vis spectroscopy showed that ultrasonication causes forma-
tion of colored intermediates and colorless compounds (naphtha-
lene and benzene derivatives) before complete mineralization.
UV–Vis spectra of the degraded mixture showed the slight hyp-
sochromic shift of the absorbance maximum of DB71 due to the
presence of the colored intermediates. These intermediates can
be formed by hydroxylation of aromatic rings of DB71. The
detected colorless products were phenol, hydroquinone, pyrocate-
chol and phthalates. The detailed analysis of the intermediates
and the products is given in Figure S1 and Table S1 (Supporting
Information).

Kinetic of DB71 degradation

The homogeneous and heterogeneous degradation of DB71 can
be described by the pseudo-first-order kinetics with respect to the
concentration of the dye in the bulk solution (41,54,55):

Table 1. Adsorption characteristics of TiO2 pretreated via presonication and via prestirring at pH 3.5.

W, g L�1

Presonication Stirring

C 9 105, M ΔC 9 105, M nS2 9 105, mol g�1 C 9 105, M ΔC 9 105, M nS2 9 105, mol g�1

0.2 7.5 2.5 11.4 8.8 1.2 6.0
0.5 6.6 3.4 6.8 7.1 2.9 5.8
1.0 1.7 8.3 8.3 4.2 5.8 5.8
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r ¼ �dC=dt ¼ kappC ð15Þ

where r is the rate of dye degradation (M min�1), t is sonication
time (min), kapp is the apparent pseudo-first-order rate constant
(min�1), the initial concentration (C0) and the equilibrium dye
concentration in the aqueous phase (C). The integrated form of
this equation with the boundary condition t = 0, C = C0 can be
written as:

lnðC=C0Þ ¼ �kapptðC�A; lnðA=A0Þ ¼ �kapptÞ ð16Þ

and, therefore:

C ¼ C0e�kapp tðA ¼ A0e�kapptÞ ð17Þ

Kinetic of DB71 degradation (homogeneous process). ln A/A0 vs
US-time for the homogeneous dye degradation (Fig. 5A at
0 g L�1 catalyst’s concentration) has a linear dependence. The
value of the apparent first-order rate constant kapp can be deter-

mined from the slope of this plot and it is equal to
1.7 9 10�3 min�1.

Kinetic of DB71 degradation (heterogeneous process) in the
presence of nonpretreated TiO2. The plots of ln A/A0 vs US-time
for the heterogeneous process at the different TiO2 concentra-
tions (Fig. 5A) and the dye concentrations (Fig. 5B) have two
regions (I and II). The dye degradation in the heterogeneous pro-
cess is obviously a multistage process:

Stage I—the conversion of dye to intermediates in US-time
≤12 � 2 min; and
Stage II—the simultaneous degradation of dye and interme-
diates at US-time >12 � 2 min.

The calculated apparent pseudo-first-order rate constants are
shown in Table 2. kappI is the apparent pseudo-first-order rate
constant at the stage I (≤12 min) of the reaction. kappII is the
apparent pseudo-first-order rate constant at the stage II (>12 min)
of the reaction.

The kappI values increase with increasing of the catalyst con-
centration and decrease with increasing of the DB71 concentra-
tion. The Langmuir–Hinshelwood (L-H) model describes this
dependence (41,54,56,57). In this model, the reaction rate is pro-
portional to the surface coverage (h) and the Eq. (15) can be
written as:

r ¼ �dC=dt ¼ kh ¼ kKC=ð1þ KCÞ ð18Þ

and, therefore,

kapp ¼ kK=ð1þ KCÞ ð19Þ

where k is the apparent L-H rate constant (M min�1), K is the
Langmuir adsorption constant (M�1).

Increase of the catalyst concentration results in the formation
of the additional available active sites (h) for the adsorption of
dye molecules.

According to the Eq. (19), kapp is inversely proportional to the
dye concentration, C, when the other parameters are constant,
whereas the reaction rate increases with increasing the dye con-
centration. However, at the high concentration of the dye the
degradation process can slow down due to the screening of the
catalyst surface by the adsorbed dye molecules.

The L-H model is not valid for the stage II (>12 min). At the
stage II, the concentration of the intermediates becomes signifi-
cant. The presence of the intermediates slows down the degrada-
tion rate (41,56). The kappII value does not depend on the dye
and catalyst concentrations within the error of the constant calcu-
lation (�2.0 9 10�3 min�1). Thus, if C0 = 1.0 9 10�4

M we
observed decrease of the degradation rate due to the screening of
the catalyst’s surface by the adsorbed DB71 molecules.

We can write the empirical equation for the nonpretreated titania:

A ¼ A0e�kappIt for the stage I ðt� 12minÞ; and

A ¼ ðA0e�12kappIÞ e�kappIIt for the stage II ðt[ 12minÞ:

Kinetic of DB71 degradation (heterogeneous process) in the
presence of pretreated TiO2 (TiO2*). The plots of ln A/A0 vs US-
time and k�app for the presonicated titania are presented in Fig. 5C

Figure 3. The effect of presonicated (*TiO2) and nonpretreated (TiO2)
catalyst’s concentration on the degradation of DB71 ([DB71] = 5 9
10�5

M, pH 3.5).

Figure 4. Effect of the initial concentration of DB71on the degradation
process ([TiO2] = 0.5 g L�1, pH 3.5).
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and in Table 3. As we discussed above, the presonication of the
aqueous titania dispersions leads to the activation of the catalyst
surface by the formation of electron–hole pairs and ROS in the
presonication stage. In this case, the stage I of the reaction is
very fast. Due to this, we can observe the relatively slow stage II
in the kinetic curves only. Furthermore, the calculated kapp values
for the heterogeneous process (8.4 9 10�2 min�1 at the *TiO2

concentration = 1 g L�1) are significantly higher than the calcu-
lated kapp for the homogeneous process of dye degradation
(1.7 9 10�3 min�1).

Comparison of degradation of DB71 by the SL-assisted
processes and the state-of-the-art UV-assisted method

Figure 6 shows the kinetics curves of the DB71 photocata-
lytic degradation triggered by the SL and the UV light. Compa-

ring the efficiency of the both processes demonstrates that the
SL-assisted process is faster than the UV-assisted one. The calcu-
lated apparent constant of the UV-assisted DB71 decomposition
in the presence of the pretreated via stirring 1.0 g L�1 of titania
is 7.2 9 10�3 min�1 that is one order of magnitude lower than
for the SL-assisted dye degradation in the presence of the preso-
nicated titanium dioxide (8.4 9 10�2 min�1; Fig. 6).

In addition to the photocatalytic reactions on the catalyst sur-
face stimulated by light, ultrasonication of the aqueous solutions
results in the bulk generation of OH radicals. These ultrasoni-
cally triggered two mechanisms of the formation of the active
species can explain the higher efficiency of the sonocatalytic pro-
cess of dye degradation. Moreover, the shift of absorbance maxi-
mum on the UV spectra for the UV-assisted process was not
observed that might be due to the different mechanisms of the
SL- and UV-assisted photocatalytic dye degradation.

Figure 5. ln(A/A0) vs sonication time plot for TiO2 concentrations = 0, 0.2, 0.5 and 1.0 g L�1 at concentration of DB71 = 5 9 10�5
M (A); ln(A/A0) vs

sonication time plot for concentrations of DB71 = 2.5 9 10�5, 5 9 10�5 and 1 9 10�4
M at TiO2 concentration = 0.5 g L�1 (B); ln(A/A0) vs sonica-

tion time plot for concentrations of the presonicated *TiO2 = 0.2, 0.5 and 1.0 g L�1 at concentration of DB71 = 5 9 10�5
M (C).

Table 2. Kinetic constants for dye degradation process over the nonpretreated catalyst.

[DB71], M 5 9 10�5 2.5 9 10�5 5 9 10�5 1 9 10�4

[TiO2],g L�1 0.2 0.5 1.0 0.5
kappI, min�1 1.8 9 10�2 4.0 9 10�2 1.1 9 10�1 1.1 9 10�1 4.0 9 10�2 1.6 9 10�2

kappII, min�1 8.0 9 10�3 1.0 9 10�2 1.0 9 10�2 1.3 9 10�2 1.0 9 10�2 2.5 9 10�3
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CONCLUSION
We demonstrated that sonodegradation of organic pollutants is
a multistage process of dye decomposition that proceeds via
formation of different intermediates and relies on several
mechanisms of the generation of active species. Fundamentally,
this research reveals that light emitted in cavitated liquid is
essential for initiation of the photoreactions on the surface of
the semiconductor particles. We showed that the sonochemically
formed active compounds alone cause relatively slow degrada-
tion of azo dyes. The activation of the photocatalysts by SL
makes the major contribution to the degradation process. Based
on the kinetics studies of the sonodegradation process, it was
proposed that the sonodegradation of azo dyes was a multistage
process that involved: (1) the direct attack of azo bonds and
phenyl rings of dyes by the sonochemically formed reactive
oxygen species; (2) the activation of semiconductor particles by
the light emitted during cavitation and the triggering of the
photocatalytic pathways of dye degradation; and (3) increase of
the adsorption capacity of the semiconductor particles due to
the sonomechanically induced interparticle collisions. The
detailed kinetics study can help in following an effective pro-
cess up-scaling.
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Figure S1. RP-HPLC chromatograms with flourometric detec-
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The use of ultrasonic cavitation for near-surface
structuring of robust and low-cost AlNi catalysts
for hydrogen production†
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Ultrasonically induced shock waves stimulate intensive interparti-

cle collisions in suspensions and create large local temperature

gradients in AlNi particles. These trigger phase transformations at

the surface rather than in the particle interior. We show that ultra-

sonic processing is an effective approach for developing the

desired compositional gradients in nm-thick interfacial regions of

metal alloys and formation of effective catalysts toward the hydro-

gen evolution reaction.

The hydrogen evolution reaction (HER) is an important tech-
nological process for the production of molecular hydrogen
through water splitting.1 Catalysts for the HER reversibly bind
hydrogen to their surface.2 Rapid HER kinetics was observed
when utilizing expensive metal catalysts.3–5 Recently, it was
shown that near-surface and surface alloys potentially can
have excellent catalytic properties for hydrogen production.6,7

However, up to now such alloys were prepared by time and
energy consuming deposition–annealing procedures using
transition metals and the Pt(111) surface.7,8 In this paper, we
propose a novel and efficient ultrasound-assisted approach to
the manipulation of the metal alloy surface at the atomic level.
We use shock impact of billions of collapsing cavitation
bubbles during ultrasonic processing for near-surface phase
transformation in AlNi particles, the transformation which can
hardly be achieved by conventional methods.

According to Nørskov et al.,2 the free energy of hydrogen
adsorption (ΔGH*) on a catalyst surface is a reliable descriptor
of catalytic activity for a variety of compounds. The value of
ΔGH* close to zero indicates that hydrogen intermediates are
bound neither too strongly nor too weakly to the catalyst
surface. In order to disclose which intermetallic phase in AlNi
alloys could potentially be active in HER, we calculated the
free energy of hydrogen adsorption for AlNi intermetallics (see
the ESI† for details of our density functional theory (DFT)
calculations).

Fig. 1 demonstrates that the HER can proceed nearly
thermo-neutrally at the (100)-planes of Al3Ni2. In contrast, a
value of ΔGH* for the Al3Ni(010) surface plane is more negative
due to pronounced surface reconstruction upon hydrogen
adsorption and, hence, this plane can be considered equally
inactive as pure Ni.

The obtained results, therefore, indicate that the
Al3Ni2(100) phase in our intermetallic system is expected to be
the most active for electrocatalysis. By measuring the particles’

Fig. 1 Calculated free energy diagram for hydrogen evolution at a
potential U = 0 relative to the standard hydrogen electrode at pH =
0. Values for Pt and Ni are taken from ref. 33. Al3Ni2(100) shows a high
potential for the hydrogen evolution reaction.
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activity in HER, we can evaluate how accessible the surface of
the Al3Ni2(100) phase is for H-adsorption.

In order to experimentally evaluate the predicted activity of
the intermetallics during water splitting, we tested the func-
tioning of bulk commercial Al3Ni2 and Al3Ni compounds in
HER. The HER current/potential profiles are shown in Fig. 2a.

It is well known that hydrogen production at the surface of
efficient electrocatalysts must be characterized with closer to
zero overpotential and high current density output. As
predicted by our DFT calculations, our experimental results
clearly show that the beneficial phase for water splitting is
Al3Ni2, whereas the Al3Ni phase binds H too strongly. However,
the measured electrocatalytic characteristics of the unstruc-
tured bulk Al3Ni2 are not as spectacular as predicted by DFT
calculations, probably due to the low accessibility of the active
Al3Ni2(100) planes for hydrogen adsorption. Therefore, the
decisive question is whether it is possible to find an efficient
method for structuring of the Al3Ni2 phase.

Recently, it has been argued that structuring of near-surface
regions in metal alloys is of great importance for achieving
enhanced catalytic activities of intermetallic compounds.6

High electrocatalytic activity was observed7,8 for structured
compounds with enhanced accessibility of potentially active
crystal planes. Thus, the relatively poor (higher onset over-
potential and lower apparent current density values) electro-
catalytic behavior of Al3Ni2 can be enhanced by structuring of
the AlNi alloys containing the Al3Ni2 hexagonal phase. Upon
controlled structuring of intermetallic phases in the AlNi alloy,

we do achieve preferential orientation of the (100) hexagonal
crystal planes9 at the surface and, thus, the enhancement of
the Al3Ni2 activity toward HER.

According to the AlNi binary phase diagram10 (Fig. S1,
ESI†) and the previous work on electrocatalytic application of
AlNi compounds11–14 the best AlNi candidates for the catalyst
preparation are AlNi alloys with nearly 50 wt% of Ni. The
Rietveld refinement of the powder X-ray diffraction (PXRD) pat-
terns of the investigated samples showed that this alloy is a
mixture of Al (2 wt%), Al3Ni (43 wt%), and Al3Ni2 (55 wt%).
However, during alloy preparation from melt, the desirable
clustering of Al3Ni2 at the surface of Al3Ni is kinetically
restricted due to the preferable nucleation of the Al3Ni phase
on the surface of the already formed Al3Ni2 phase. At the same
time, the formation enthalpies are ΔH ≈ −65 kJ mol−1 and
ΔH ≈ −45 kJ mol−1 for Al3Ni2 and Al3Ni, respectively.

15 This
means that the Al3Ni2 phase is thermodynamically more stable
than the Al3Ni phase. Indeed, according to the equilibrium
phase diagram at 1124 K, the Al3Ni phase can be transformed
into the Al3Ni2 phase (Al3Ni ���!1124 K

Al3Ni2 þ L15:3 at%Ni).
10 Thus,

in principle, it should be possible to trigger the desirable
phase transformation by conventional heating. However, the
obtained product is not electrochemically active (Fig. 2a, blue
curve), since the highly active surface planes of the (100)-type
remain undeveloped. Therefore, a novel technological solution
is required for dedicated near-surface phase transformations
in AlNi particles.16–18

Technologically fast and controllable local heating of a
surface can be achieved by the impact of micron-size high-
energy cavitation bubbles.19 Collapsing of cavitation bubbles
that are generated in ethanol by high power ultrasound
(HPUS) at 20 kHz induces shock waves and intensive turbulent
flow.20–22 In suspensions cavitation triggers intensive interpar-
ticle collisions that result in an extremely rapid local rise of
the surface temperature of the sonicated particles followed by
quenching down to the surrounding medium temperature of
333 K. In this paper, we investigate the HPUS-induced structur-
ing of the intermetallic phases by using ∼140 µm particles of
AlNi alloys suspended in ethanol (for details see ESI†). The
catalyst preparation route via ultrasonication is sketched in
Fig. 3 and explained in the ESI,† Fig. S3.

Indeed, the HPUS treatment of AlNi particles causes
remarkable modification of the morphology and surface com-
position in the AlNi alloys. The compositional and morpho-
logical changes are clearly visible, when comparing the energy-
dispersive X-ray spectroscopy (EDS) results, the 27Al solid state
nuclear magnetic resonance (NMR) spectra, X-ray photo-
electron spectroscopy (XPS) data and the scanning electron
microscopy (SEM) images. The SEM pictures (Fig. 4b) show the
surface roughening after the HPUS treatment. This surface
modification is clearly revealed in comparison with the rela-
tively smooth particle surface before the treatment (Fig. 4a).
Furthermore, EDS analysis of the surface composition of the
particles before and after sonication shows a mixture of
phases near the surface of pristine particles (Table S2, ESI†).
In contrast, after the HPUS treatment (Fig. 4c and d), EDS

Fig. 2 HER current–potential profiles for the initial and ultrasonically
modified AlNi (50 wt% Ni) alloys, bulk commercial Al3Ni and Al3Ni2
phases, as well as AlNi alloy annealed at 1173 K (a). Galvanostatic HER
profile for ultrasonically modified AlNi (50 wt% Ni) alloy (b).
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detects the presence of a solitary Al3Ni2-phase at the surface.
Additional evidence of the microstructure refinement in the
alloys after the HPUS treatment is provided by selected area
electron diffraction (SAED) (see inserts in Fig. 4a and b). The
ultrasonically induced clustering of intermetallic phases in the
modified AlNi particles is also schematically illustrated in
Fig. 4a and b.

The EDS results, as well as the 27Al solid state NMR spectra
(Fig. 4e and f) and XPS surface analysis (Fig. 4g and h),
provide clear evidence of the spatial re-distribution of the
phases within metallic particles after the treatment.

The EDS results, as well as the 27Al solid state NMR spectra
and XPS surface analysis, provide clear evidence of the spatial
re-distribution of the phases within metallic particles after the
treatment. Due to the skin effect (see ESI†) the penetration
depth of rf fields into conducting and magnetic materials is
limited. Thus the 27Al NMR spectra (Fig. 4e and f) enhance the
surface content of the AlNi alloy before and after ultrasonica-
tion. Both materials exhibit five different resonances (Fig. 4e
and f) which are assigned on the basis of the observed chemi-
cal shift. The main contribution arises from metallic Al
(5.7/5.9 wt%), Al3Ni (52.6/50.1 wt%), Al3Ni2 (40.9/43.1 wt%),
and Al(OH)3 (0.8/0.9 wt%) before and after sonication. While
the Al as well as Al3Ni ratios are slightly higher compared to
the results of the PXRD analysis, the Al3Ni2 ratio is lower. This
indicates a slight enrichment of Al and Al3Ni at the surfaces of
the alloy particles compared to the bulk composition. Interest-
ingly, sonication increases the surface content of Al3Ni2 from
41 to 43 wt%. In parallel the percentage of Al3Ni decreases

from 52.6 to 50.1 wt% leading to a decreased Al3Ni/Al3Ni2 ratio
from 1.3 to 1.15. This finding supports the hypothesis that
Al3Ni transforms slowly in Al3Ni2 during sonication. In con-
trast, the PXRD patterns showed that the sonication negligibly
affected the bulk ratio of the phases in the samples. Further-
more, XPS surface analysis showed the increased concen-
tration of Ni0 at the surface (Fig. 4h) upon sonication of AlNi
alloy particles in ethanol that also might confirm the for-
mation of the more Ni-enriched Al3Ni2 phase compared to
Al3Ni that covers the unmodified surface (Fig. 4g).

The formation of the Al3Ni2 phase on the alloy surface is
possible if cavitation bubbles can heat the surface to above
1124 K. At this temperature the catalytically inactive Al3Ni
phase is transferred into the beneficial Al3Ni2 phase. The
spectroscopic surface analysis before and after the HPUS treat-
ment reveals the formation of the Al3Ni2 phase and, thus,
proves local surface heating up to ∼1124 K.

Fig. 3 Schematic illustration of the catalyst preparation procedure. First
10 wt% suspensions of alloy particles (∼140 µm) are sonicated in
ethanol at a frequency of 20 kHz and an intensity of 140 W cm−2 for 1 h.
This processing results in the activation of the catalyst surface (change
in the crystal structure, phase composition, and morphology). After that
the modified particles are centrifuged and dried in an Ar atmosphere.
The dried particles are deposited on a substrate and their electrocataly-
tic activity is evaluated.

Fig. 4 Scanning electron microscopy images taken from the surface of
AlNi (50 wt% Ni) before (a) and after (b) ultrasonication. The inserts show
selected area electron diffraction patterns, which demonstrate the ten-
dency to form larger intermetallic crystals after the HPUS treatment. The
sketches illustrate the random phase distribution in the initial AlNi par-
ticles and the preferential clustering of the Al3Ni2 phase upon the HPUS
treatment. Energy dispersive X-ray analysis of the metal surface after
ultrasonication proves the formation of Al3Ni2 at the surface, where
aluminum to nickel ratio is 3 : 2 (c, d). 27Al MAS NMR spectra (blue) of the
sample sonicated in ethanol (f ) as well as pristine AlNi (e) and their
corresponding simulated spectra (red) are shown below, respectively. In
addition, the relative intensities of each resonance are indicated (see
also Table S1, ESI†). The asterisks denote spinning sidebands. X-ray
photoelectron spectra of the initial (g) and modified samples (h).
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The development of the ultrasonically induced temperature
gradient within the particles can stimulate additional crystal
growth. We analyzed the PXRD patterns (Fig. S4, ESI†) and cal-
culated the crystallite sizes before and after the HPUS treat-
ment using the Williamson–Hall (W–H) method23–25 (for
details, see ESI†). According to our estimations, the Al3Ni2 and
Al3Ni crystallites in the HPUS-treated AlNi are nearly twice as
large (131 nm for Al3Ni2; 113 nm for Al3Ni) as pristine particles
(87 nm for Al3Ni2; 56 nm for Al3Ni). By assuming diffusion-
controlled crystal growth during the treatment period (1 h), we
estimate the diffusion rate in the AlNi (50 wt% of Ni) to be
about 2 × 10−18 m2 s−1. The reference experiments (heating the
particles in an oven for 1 h at different temperatures (for
details see Fig. S5, ESI†)) showed that the observed atomic
diffusion proceeds at an average temperature in the particle
interior that is about T ≈ 823 K.

Surface structuring via ultrasonication increases the acces-
sibility of the DFT-predicted beneficial Al3Ni2(100) phase for
H adsorption, which in turn should enhance the catalytic
efficiency toward HER. In fact, we did observe outstanding
improvement of the electrocatalytic properties (Fig. 2a) of AlNi
particles after ultrasonication. The onset overpotential vs. SHE
is significantly lowered to −0.25 V as compared to −0.65 V for
pristine AlNi alloy particles. At the same time, the apparent
current density values are strongly enhanced. For example, a
drastic (more than 200-fold) increase in the current density
was observed at an onset overpotential value of −0.4 V and was
found to be 28.19 mA cm−2 (HPUS-treated) as compared to
0.13 mA cm−2 (initial).

Another very important parameter for evaluating the
material’s electrocatalytic performance is the exchange current
density (i0), which reflects the intrinsic rate of electron transfer
between the electrocatalyst’s surface and the analyte. There-
fore, we replotted the HER current/potential profiles in the
Tafel coordinates and calculated i0-values for both the pristine
and the HPUS-treated AlNi alloy particles. The calculated
i0-value of 17.37 mA cm−2 for the HPUS-modified alloy particles
is three orders of magnitude higher than for the untreated
ones (0.016 mA cm−2). All in all, our study shows that HPUS is
a unique technological approach for producing the low-cost
and efficient AlNi catalyst for water splitting. The ultrasonically
generated AlNi catalyst is very robust and exhibits excellent
stability in electrochemical use (Fig. 2b).

Conclusions

Using density functional theory, we first predicted that the
Al3Ni2 phase is potentially effective in the hydrogen evolution
reaction. However, bulk unstructured Al3Ni2 compounds
demonstrated relatively low efficiency due to the low accessibil-
ity of the favorable (100) atomic plane. We propose structuring
of AlNi alloys containing the Al3Ni2 phase as an efficient and
low cost technological approach for enhancing the accessibility
of the Al3Ni2(100) planes that are active in hydrogen adsorp-
tion. The formation of the Al3Ni2 phase on the surface of AlNi

alloys is kinetically restricted, but we demonstrate that proces-
sing of the metal surface by ultrasonically generated cavitation
bubbles creates large local temperature gradients in the metal
particles. These stimulate the desired phase transformations
at the surface rather than in the particle interior. In particular,
we show that collapsing cavitation bubbles heat the surface
above 1124 K, thus triggering the near-surface transformation
of the catalytically inactive Al3Ni phase into beneficial Al3Ni2.
In the particle interior, the estimated mean temperature
reaches 824 K, which is well below the phase transition tem-
perature, but still enough for substantial solid-state diffusion
and crystal growth. This simple, fast, and effective ultrasonic
approach toward directed surface modification can be
extended to other intermetallic systems for sustainable energy
generation.

Experimental

The AlNi (50 wt% Ni) alloy was prepared by melting Al (99.99%
purity grade) and nickel (99.99% purity grade) foils (purchased
from Sigma-Aldrich) using a Mini ARC melting device MAM-1
(Edmund Bühler Gmbh), TIG 180 DC. The HPUS treatment
of AlNi alloy particles was performed using a Hielscher
UIP1000hd, (Hielscher Ultrasonics GmbH, Germany) at an
operating frequency of 20 kHz. Electrochemical characteri-
zation was accomplished in a three electrode cell using a 510
V10 Potentiostat/Galvanostat in the 1 M H2SO4 electrolyte.
PXRD accompanied by Rietveld refinement, SEM and energy-
dispersive EDS and solid state 27Al NMR26 were employed to
verify the phase composition of the prepared AlNi alloys. TEM
was used to obtain SAED patterns. DFT calculations were per-
formed using the Vienna ab-initio Simulation Package.27–32

Detailed information regarding sample preparation, ultra-
sound treatment, characterization methods, and calculations
is available in the ESI.†
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We present sonogenerated magnesium-hydrogen sponges for effec-

tive reactive hard templating. Formation of differently organized

nanomaterials is possible by variation of sonochemical parameters

and solution composition: Fe2O3 nanorods or composite dendritic

Fe2O3/Fe3O4 nanostructures.

Synthesis of nanostructured materials by using a reactive hard
template (RHT) approach was first introduced in 2007 by Thomas
et al.1 with great advantage of omitting high temperatures or
harsh reagents for removal of a template. Herein we combine
both RHT and the sonochemical approaches to synthesise
hierarchically structured materials and propose a novel method
of template-assisted synthesis of nanostructures by using sono-
chemistry (sono-RHT, Fig. 1). The sono-RHT concept, which
combines the advantages of hard templating with in situ
decomposition, i.e., removal of a template, is a time saving
and step-reducing process.

Synthesis and nanostructuring of solids by using sonochemical
methods attract fundamental and technological interest due to
the unique potential of locally generated high temperature (up to
5000 K) and high pressure (several hundreds of bars) processes
provided by intensive ultrasonication.2a The propagation of the
acoustic waves in liquid generates a cavitation field consisting of a
large number of interacting microbubbles.2b These microbubbles
can be considered as microreactors containing free radicals
and excited species that can be used for chemical synthesis and
nanostructuring of solids.2c Symmetric and asymmetric micro-
bubble collapses can provide constant delivery of chemicals to
the reaction zone.2d Recently, we demonstrated that inorganic
materials could adopt a variety of different morphologies upon
sonication of aqueous suspensions of solid particles. For instance,

depending on sonication time, amorphous or crystalline silicon
particles and quantum dots can be formed from silicon slurries.3a

Sonochemical modification of Zn particles3b leads to the formation
of nanocomposite particles where ZnO nanorods are attached to
the metallic Zn core. Sonochemically modified Al and Mg3c exhibit
a mesoporous inner structure and a significantly increased surface
area (up to 300 m2 g�1). The mechanism of ultrasound-assisted
modification of solid particles in water relies on the interplay of the
sonomechanical effect – fragmentation of particles accompanied by
the increase of the surface area and the sonochemical effect – the
interfacial Red/Ox reactions and etching of a metal surface
triggered by free radicals formed during water sonolysis. The
contribution of these two sono-effects depends on physical
(melting point, hardness, and crystallinity) and chemical (electrode
potentials) properties of the metals. Furthermore, the sonochemical

Fig. 1 (a) Temperature programmed desorption of hydrogen from the
sonogenerated metal-hydrogen sponge for reactive hard templating (sono-
RHT); arrows show a ramping rate increase from 5 K min�1 to 20 K min�1 with
the 5 K min�1 step. Insets show SEM and TEM images of sono-RHT.
(b) Normalized per number of Mg-atoms desorption energies of hydrogen
of different thickness slabs within the DFT level.
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oxidation of ‘‘reactive’’ metals (Al and Mg) is followed by the
production of a highly concentrated reducing agent, e.g. hydrogen,
on the metal surface.

The ‘‘reactive’’ Al and Mg are not only oxidized during
ultrasonic treatment in water, but they also serve as effective
donors of electrons that result in H2 production. Sonochemical
modification of Al and Mg leads to the simultaneous formation
of mesoporous metal frameworks and generation of H2 in the
pores. Magnesium as one of the most reactive metals was
used as a model reactive metal for the proof of the principles
of sono-RHT. The images of Mg used as a sono-RHT are shown
in Fig. 1a(insets). Sonication of aqueous suspensions of Mg
leads to the formation of highly active magnesium hydrides of
different compositions. The temperature programmed desorption
of hydrogen (Fig. 1a) indicates the presence of hydrogen in the
sonicated Mg. Moreover several adsorbed hydrogen clusters
can be suggested since there are at least two peaks visible in
the spectrum.

The calculated energy of hydrogen desorption is ca. 65.7 kJ
and ca. 389.3 kJ. The magnesium hydrides rapidly decompose
under extreme conditions during sonication in water with the
production of H2, and thus, magnesium is a promising material
that can be used for the sono-RHT synthesis. The concentration
of the residual hydrogen in the sonicated and dried Mg powder
was calculated ca. 1.13 ml mg�1.

Both Mg and MgHx clusters can be formed. Some of the
possible geometries of MgHx were calculated recently by the
density functional theory (DFT) (B97) method.4a Comparable to
our sono-RHT are hydrogen-enriched Mg15Hx clusters, which
were also taken into account. The extra hydrogen atoms are less
strongly bound to the hydride structure and can therefore be
released at lower temperatures. Moreover in our case we formed
mesoporous sponge structures in which clusters are difficult to
be aggregated. Mesoporous sponge has different nanosized units
of MgHx slabs in the composition. We calculated for different
thickness for MgH2 crystal (100) slabs the energy of total hydrogen
desorption from each single slab by DFT within the hybrid PBE0
method.4b It was shown that complimentary to our experimental
data are slabs with thickness between 2 and 3 nm. The entire
dehydrogenation of MgH2 slabs, the sum of desorption energies of
all H-layers, is about 65 kJ mol�1 for (110) with z = 3 nm (Fig. 1b).
This value is very close to the experimentally obtained value. The
DHo

298 of entire dehydrogenation was calculated only for the
1 nm slab (110) due to the high computational effort needed. It
is 59.3 kJ mol�1, whereas electronic energy is 62.3 kJ mol�1. The
difference of 3 kJ mol�1 is vanishingly small, less than the error
of application of different exchange–correlation functionals. In
such a way, the first peak of H2 thermodesorption (65.7 kJ mol�1)
is most probably the desorption of the whole hydrogen from
MgH2 nanoparticles of several nm size. This is less than DfH

o
298

(MgH2) �76.46 kJ mol�1 due to the unique morphology of
MgHx used for sono-RHT and is promising fact for solid
hydrogen storage.

Overall a general sono-RHT synthetic procedure of nanostruc-
tures includes the following steps: (i) sonochemical formation
of the mesoporous metal RHT; (ii) ultrasound assisted loading

of the RHT with chemical precursors for nanoparticle synthesis;
(iii) reduction of precursors due to interaction with the sono-
activated metal surface; and (iv) the RHT decomposition due to
the electrochemical processes stimulated by ultrasound. Herein,
we demonstrate the sono-RHT for the synthesis of hierarchically
structured materials.

Magnetic nanoparticles were synthesized by reduction of
Fe(II) or Fe(III) ions from the corresponding chloride (Fig. 2) or
nitrate (not shown here) salts. The formation of the magnetic
iron-based materials in the pores of the sono-RHT (Mg) was
followed by simultaneous electrochemical degradation of the
RHT triggered by sonication. The morphology and composition
of magnetic nanoparticles are dependent on the used precursors.
The final magnetic materials are dark brownish powders that are
composed of 4/m 3 2/m Fe3O4 – 32/m Fe2O3 (Fig. S2 right and
Table S1, ESI†) or 32/m Fe2O3 (Fig. S2 left and Table S1, ESI†).
By using the sono-RHT method it is possible to control the
parameters during the synthesis such as concentration of
the RHT, concentration and type of precursors and solvent as
well as duration and intensity of sonication, etc. Certain equili-
brium structures can be obtained under particular preparation
conditions.

The sono-RHT synthesis was performed by sonication of
1 wt% aqueous suspension of ca. 100 mm magnesium particles.
Then aqueous solutions of iron salts (to achieve a concentration
of 2 wt% in the resultant solution) were added to the suspension.
The structures in Fig. S2 left (ESI†) correspond to the samples
that are prepared by using a FeCl2 precursor. The structures in

Fig. 2 Characterisation of magnetic materials formed by the sono-RHT
method. (a–d) TEM images of (a, c) Fe3O4–Fe2O3 dendritic structure, insets
show (a) electron diffraction (ED) of the sample, both hydrogen andmagnesium
are introduced as reduction agents with Fe0 as the intermediate, (c) XRD pattern.
(b, d) Fe2O3 magnetic rod-shaped nanoparticles, insets show (b) ED of the
sample and point hydrogen as the main reduction agent with Fe0 as the
intermediate, (d) XRD pattern; (e, f) SEM images of (e) dendritic structures
and (f) nanoparticles; insets show optical images of the samples.
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Fig. S2 right (ESI†) correspond to the samples that are synthe-
sized in the presence of a FeCl3 precursor.

By using the same concentration of the iron salts, Cl� concen-
tration was higher in the presence of FeCl3. Since the Cl

� anions are
known as corrosive agents for Mg we expect that the degradation of
the metal sono-RHT will be faster at higher chloride concentrations.
Indeed, the degradation of Mg was slower in the presence of nitrate
and FeCl2 in comparison to the degradation of the RHT in the
presence of FeCl3. The rate of Mg degradation strongly affects the
morphology and composition of the resultant iron-based materials.
In the case of slow decomposition of the sono-RHT decomposition
process, Mg0 from the metal framework could be involved in the
reduction process together with hydrogen as an additional
reduction agent. This results in the formation of the iron-based
dendritic porous structure on the surface of the metal surface as
evidenced by TEM images (Fig. S2 left, ESI†). Since the sonication
was performed in aqueous media, reduced iron nanostructures are
rapidly oxidized with the formation of various iron oxides. Thus,
a hierarchically structured iron based material consisting of a
dendritic porous substance covered by nanoparticles was formed
by using the sono-RHT method. The chemical composition of
these structures will be discussed below. Shortly, the dendritic
porous Fe3O4–Fe2O3 is covered by Fe2O3 nanoparticles.

If the reduction agent is mostly H2, which is produced
during the course of the fast decomposition of the magnesium
framework (at high Cl� concentration when FeCl3 is used), rod-
shaped Fe2O3 nanoparticles are formed (Fig. S2 right, ESI†).

The results of the magnetization measurements of the iron
based nanoparticles and dendritic structures are shown in
Fig. 3. All samples show a superparamagnetic behaviour. The
material itself is ferromagnetic, thus the observed magnetic
moment is much higher than for paramagnets and the sample
does not follow the Curie law. However, there is no hysteresis
because the particles are small: they change their orientation
when the orientation of the external magnetic field is changed.
This is observed when the particle size is smaller than the size of
the Weiss areas of the ferromagnet/ferrimagnet. The temperature
dependence was investigated in order to see, if the movement of
the particles is blocked below a certain temperature (blocking
temperature), which is not the case.

The Mössbauer spectrum (Fig. 3a) of the dendritic particles
(Fig. S2 left, ESI†) can be approximated by a superposition of
two doublets and two sextets (Table S1, ESI†). The values of
quadrupole splitting (QS) to input A of the doublet of the outer
shell and core Fe3+ decrease in comparison with the values
measured for the nanoparticles mostly due to the size effect.
(Fig. S2 left, ESI†). It is seen from Fig. 3a that in the case of the
dendritic structure there is one maximum in total QS distribu-
tion due to an increase in the range of distributions of QS of
each doublet, with a decrease of the value of the quadrupole
splitting of iron ions from the outer shell of the nanoparticles.
The spectrum and distribution of QS for the dendritic struc-
tures suggested their porous character which is also seen from
electron microscopy (Fig. S2 left, ESI†). The presence of two
sextets indicates a magnetic interaction between iron atoms in
the dendritic structure. The parameters (Table S1, ESI†) of the

sextets (IS) might be assigned to ferromagnetic magnetite
Fe3O4.

5a One of the sextets with parameters IS = 0.28 �
0.01 mm s�1 and Heff = 48.0 � 0.02 T corresponds to Fe3+ ions,
which are in tetrahedral positions (A-position). Simultaneously
the second sextet with parameters IS = 0.51 � 0.01 mm s�1

and Heff = 44.4 � 0.02 T corresponds to Fe2,5+ ions (mixture of
Fe3+ and Fe2+), which are in an octahedron coordination
(B-positions) in spinel magnetite. The stoichiometric ratio of
the first to the second sextets is close to the theoretical value
of 2 (A(B)/A[A] B 2.1).

The Mössbauer spectrum (Fig. 3b) of the nanoparticles
(Fig. S2 right, ESI†) is a superposition of two doublets with
approximately the same values of the isomeric shift (IS = 0.38 �
0.02 mm s�1), corresponding to iron(III) ions, and different
values of quadrupole splitting (QS = 0.50 � 0.02 mm s�1 and
QS = 0.91 � 0.02 mm s�1). The parameters can be attributed to
Fe2O3 in the superparamagnetic state.5b Thus, intermediate Fe0

is not observed in the structure of the nanoparticles. However,
the quadrupole splitting suggests the asymmetric density of the
electric charge from iron ions in the core (QS = 0.91 mm s�1) to
the outer shell (QS = 0.50 mm s�1) of the particle and justifies
the assumption of an intermediate.

In order to compare the proposed sono-RHT method with a
conventional method of synthesis of iron based materials
we performed the synthesis with and without sonochemical
irradiation of a solution of the Mg RHT and the iron(III)
salt. Two types of particles and their magnetic behaviour are
shown in Fig. S1 (ESI†). It is seen that particles prepared using
a sono-RHT and described in the paper are different from
non-magnetic particles prepared when a Mg RHT was not
sonochemically irradiated.

Fig. 3 Magnetic properties and structure analysis. (a, b) Mössbauer spec-
tra (MS) of (a) dendritic particles and (b) nanoparticles. (c, d) Magnetisation
at different temperatures of (c) dendritic particles and (d) nanoparticles;
insets show optical images of dried powder attraction and orientation by a
constant magnet in glass tubes. (e, f) wmol and wmol T vs. T plots of (e)
dendritic and (f) nanoparticles in the temperature range 300–0 K.
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In summary, the combination of the sonochemical approach
and the RHT concept for a sono-RHT opens great prospects for the
formation of a variety of nanomaterials in aqueous solutions. The
structures that can be obtained are affected by the preparation
conditions. The acoustic cavitation in water and the shape-defining
effect of the reactive template material provide the special thermo-
dynamic and kinetic conditions for the synthesis of nanostructures
of particular morphology. The results presented here provide
guidelines for the expansion of the concept towards a broad variety
of chemical systems. As one of the following perspectives of the
method we would like to highlight the formation of biocompatible
nanostructures. Thus the hybrid inorganic–organic biocompatible
structures with polypyrrole6 can find their application in bio-
sensors, bioactuators, and even nanorobotics.

The present research was supported by SFB840 (TP A10, A11).
D.V.S. acknowledges the support from the Basic Research
Foundation of Belarus under the grant # X13-054.
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 Effi cient and homogeneous surface-enhanced Raman scattering (SERS) 
substrates are usually prepared using lithographic approaches, physical 
evaporation, or in situ chemical reduction. However, these approaches are 
time-consuming, expensive, and very diffi cult to upscale. Alternatively, tem-
plate-assisted approaches using colloidal suspensions of preformed nanopar-
ticles have become more popular because of their low cost, fast production, 
and ability to be scaled up easily. One of the limitations of these methods is 
the dimensions of the structured surfaces. In this context, a new method for 
designing low-cost, up-scalable surface patterns that match building block 
dimensionality based on anodization of aluminum, enabling a hierarchical 
organization of anisotropic nanoparticles, is presented. The proposed new 
technology starts with anodized aluminum oxide with regular parallel linear 
periodicities. To produce a highly effi cient plasmonic surface, gold nanorods 
are assembled into parallel lines where the long axes of the Au rods are also 
oriented along the substrate lines, thus inducing reproducible tip-to-tip plas-
monic coupling with the corresponding generation of highly active hotspots. 
Additionally, this advanced material presents an inherent hydrophobicity that 
can be exploited as a method for concentration of analytes on the surface. 
SERS detection is demonstrated with benzenethiol and 2-naphtoic acid. 

single molecule, the possibility of multi-
plex analysis, and small sample prepara-
tion requirements. [ 1 ]  SERS relies in the 
excitation of the vibrational fi ngerprint of 
the analytical target through the localized 
surface plasmon resonance (LSPR) gen-
erated by a plasmonic material, in close 
proximity to the analyte, upon illumina-
tion with a plasmon-frequency-tuned laser 
line. [ 2 ]  Beside factors arising from the 
molecular structure of the probe under 
study or its interaction with the plas-
monic material (chemical effects), [ 3 ]  the 
intensity in SERS is extremely sensitive 
to the optical effi ciency of the plasmonic 
enhancer, which is capable of amplifying 
the signal of extremely diluted targets 
against the inelastic optical background. 

 SERS can be achieved directly in solu-
tion or in thin fi lms. Although SERS in 
solution (i.e., in colloidal dispersions of 
nanoparticles) represents a convenient way 
of analyzing certain samples, [ 4 ]  thin fi lms 
add versatility and can be prepared on 
fully portable optimal substrates that are 

used in a similar fashion as a reactive strip in fi eld analysis. [ 5 ]  
A way of producing plasmonic thin fi lms is by using physical 
methods such as physical evaporation on fl at or patterned sub-
strates. [ 6 ]  Although this is an effi cient method, it usually leads 
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  1.     Introduction 

 Surface-enhanced Raman scattering (SERS) is an ultrasensitive 
analytical technique with potential detection limits down to the 

Part. Part. Syst. Charact. 2014, 31, 1134–1140

http://doi.wiley.com/10.1002/ppsc.201400062


FU
LL P

A
P
ER

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1135wileyonlinelibrary.com

www.particle-journal.comwww.MaterialsViews.com

to rather inhomogeneous fi lms in which plasmonic coupling 
takes place randomly at so-called hotspots, therefore resulting 
in a loss of linearity of the signal with analyte concentration. [ 7 ]  

 In an effort to produce geometrically homogeneous sub-
strates, well-established lithographic approaches such as 
e-beam, focused-ion beam or dip-pen patterning have been 
proposed. [ 8 ]  These approaches are however time-consuming, 
expensive, and very diffi cult to upscale. Alternatively, evapora-
tion can be also carried out on complex surfaces such as mon-
olayers of self-assembled polymer beads with a subsequent 
treatment to remove the polymer (i.e., nanosphere lithog-
raphy). [ 9 ]  In this case, the resulting material presents homo-
geneous patterned features with controlled dimensions and 
localized surface plasmon resonances (LSPRs). However, this 
method leads to large nanostructured features (over hundreds 
of nanometers) and is rather constrained to the few obtainable 
shapes and dispositions. [ 10 ]  Alternatively, optical thin fi lms can 
be also produced by in-situ chemical reduction of metallic salts 
on polymers or even using colloidal suspensions of preformed 
nanoparticles with their posterior retention on the desired sur-
face by self-assembly, [ 11 ]  Langmuir-Blodgett [ 12 ]  or layer-by-layer 
methodologies. [ 13 ]  Both methods present a low degree of control 
on the position of the nanoparticles, which yields materials with 
similar drawbacks to those obtained by physical evaporation. 

 During the last years, the development of routes to organize 
particles down to the nanometer scale has signifi cantly 
improved. Recently, our groups developed new methodologies 
for the fabrication of homogeneous and effi cient plasmonic 
surfaces for SERS, including supercrystals and organized 
lines of particles. [ 14 ]  Specifi cally, nanoparticle line imprinting 
using wrinkles as templates has some advantages over other 
approaches. It is easily up scalable, inexpensive, and highly effi -
cient. The main limitation for nanoparticle assembly using tem-
plate-assisted methods is the texture size of the structured sur-
face that is employed. As for bottom-up assembly approaches, 
the dimensions of the structures and the building blocks have 
to match. This implies that the features of the template require 
dimensions within the nanometer scale. 

 Anodized aluminum [ 15 ]  surfaces emerge as good alterna-
tives to the above-mentioned methodologies. In general, these 
materials consist of a packed array of hexagonal columnar cells 
with central, cylindrical, uniformly sized holes ranging from 4 
to 200 nm in diameter with inter-hole distances between 50 and 
500 nm. [ 16 ]  The geometrical characteristics make of these self-
ordered structures a very exciting alternative material for organ-
ization of nanoparticles. Additionally, anodized aluminum 

presents a natural hydrophobicity that may favor the sponta-
neous concentration of the target analyte onto the plasmonic 
surface. In this work, we suggest a new pathway to design 
low-cost, up-scalable surface patterns based on anodization 
of aluminum (Al), which match template and building block 
dimensionality, enabling a hierarchical organization of aniso-
tropic nanoparticles. Moreover, the proposed new technological 
approach shows the unprecedented formation of a periodic 
linear parallel array nanostructure on the surface of anodized 
aluminum oxide (AAO). This structure enables the organiza-
tion of Au NRs and due to its hydrophobic nature, creates a 
SERS substrate capable of concentrating an analyte deposited 
from solution increasing its sensitivity.  

  2.     Results and Discussion 

 A schematic representation of the electrochemical cell for AAO 
formation with platinum and aluminum electrodes immersed 
in the electrolyte is shown in  Figure    1  a. The mechanism of 
pore formation in AAO is based on two processes: dissolu-
tion and growth of aluminum oxide. The diameter, length, and 
arrangement of the pores depend on the electrolyte used, the 
applied voltage, the current density, the reaction time, and the 
temperature. [ 17 ]  Consequently, the morphology of the fi nal AAO 
can be tuned by adjusting the preparation conditions. In the 
present work, porous AAO templates were prepared via elec-
trochemical oxidation of aluminum in phosphoric acid solu-
tions under galvanostatic regime. As aluminum anodization is 
a time-dependent process, a study of the temporal evolution of 
the obtained structure was carried out. Figure  1 b shows SEM 
images of AAO revealing different structures after anodization 
times of 10, 30, 90, and 180 s. After 10 s, we observed formation 
of the hillock-like surface morphology, [ 18,19 ]  followed by forma-
tion of the porous surface after 30 s. The grooved morphology 
reveals after 90 s of modifi cation, fi nally converting into the 
cell-like surface morphology of the used template.  

 The mechanism formation of this peculiar hillock-like sur-
face morphology can be explained in a similar way to that 
already described for porous AAO. [ 20 ]  Briefl y, upon the initia-
tion of the anodization process, a constant current was applied 
and a nonconductive layer of aluminum oxide start to grow, and 
associated with it the anodizing voltage increases. Thus, the 
phosphate ions present in the working electrolyte incorporate 
into the AAO crystal structure. This incorporation takes place 
by replacing oxygen atoms on the surface of aluminum causing 
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 Figure 1.    a) Schematic representation of the ionidized aluminum oxide (AAO) substrate preparation through galvanostatic anodization. b) Time-
dependent evolution of surface morphology of aluminum substrate. c) AFM image of aluminum plate anodized for 90 s.
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the formation of hillocks [Figure  1 b (10 s)]. [ 18 ]  With longer (>30 
s) anodization times, a further transformation into porous AAO 
occurs (Figure  1 b). For our purpose, the periodically grooved 
AAO structure (see Figure  1 b, 90 s) is the most interesting one. 
Accordingly, the current density and anodization time were 
tuned in order to up scale the process for the formation of a 
grooved template after relatively short times. For this purpose, 
we adjusted the applied current density to a value of 16 mA 
cm −2 , allowing the preparation of a grooved template in 90 s. 
The resulting periodically grooved template exhibited a mean 
groove width of 36 nm (Figure  1 c). Although parallel aligned 
pores with controllable size has been previously described, [ 20 ]  
the formation of periodically grooved AAO surfaces with peri-
odicities in the nanometer regime has not been reported to 
the best of our knowledge. The generation of such structures 
could be explained by a voltage change during the anodization 
process. The application of a constant current implies that as 
the nonconductive layer of aluminum oxide grows, the resist-
ance changes and produces a reduction in the voltage. The 
merging of newly formed hillocks occurs in lateral directions, 
forming well-pronounced corrugated morphologies of the AAO 
layer. Further continuation of anodization induces the formed 
grooves to merge with each other to reestablish a porous mor-
phology (Figure  1 b, 180 s). Consequently, the competing pro-
cesses of oxide layer creation and metal dissolution [ 21 ]  lead to 
the formation of variety of different AAO morphologies. 

 The linear features formed on AAO are 
ideal substrates on which to arrange gold 
nanorods (GNRs) and have those interacting 
in close tip-to-tip proximity. Among the plas-
monic properties and applications of these 
particles, [ 22 ]  GNRs are known to generate 
extremely effi cient plasmon coupling when 
interacting tip-to-tip. [ 23 ]  Therefore, we chose 
these particles as the plasmonic material 
to generate a densely populated surface of 
highly active hotspots. GNRs were prepared 
to match the size of the structures (36 nm 
mean groove width) by using the Murphy 
method, [ 24 ]  with cetyltrimethylammonium 
bromide (CTAB) as stabilizer and Ag(I) to 
induce rod-like growth along the single crys-
talline facets of the seed particle.  Figure    2   
shows GNRs of ≈42 nm in length with a thick-
ness of ≈15 nm (aspect ratio of ≈3) exhibiting 
LSPRs at 513 and 702 nm, corresponding 
to their transversal and longitudinal modes, 
respectively. In order to organize the particles 
onto the template, a concentrated solution 

of GNRs was fi rst centrifuged to decrease the amount of free 
CTAB and avoid the crystallization of the surfactant in the 
pores, and then spin-coated onto the template ( Figure    3  a) using 
a suitable spin speed and concentrations of CTAB and particles. 
The matching of particle size and nanoscale surface topography 
is critical to generate macroscopic hierarchical structures of ani-
sotropic particles by bottom-up template-assisted self-assembly. 
Besides, the compatible wettability of the nanostructure surface 
with the particle solution is responsible for successful particle 
organization using spin coating. The latter is a well-established 
method of material deposition based on centrifugal forces and 
evaporation of the residual solvent. [ 25 ]  Upon evaporation of the 
solvent on the nanostructured surfaces, capillary forces drag 
the nanoparticles into the cavities, assembling them in a close 
packed arrangement because of the Rayleigh instabilities and 
the preceding solvent front along the alumina grooves and 
inside the pores. [ 26 ]    

 The contact angle of a drop of water on the unmodifi ed alu-
mina is 79°. For porous surfaces, their wettability increases as a 
function of pore size. The contact angle for the used substrate 
was measured to be 104° (Figure  3 b) for a mean pore size of 
36 nm (estimated by PSD analysis of the AFM images). [ 27 ]  
The nanostructured surface thus becomes more hydrophobic 
after modifi cation, in good agreement with the modifi ed 
Laplace model or the capillarity and line-tension model for 
AAO. [ 28 ]  For spin coating, we need to provide the surfaces with 
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 Figure 2.    a) UV–vis–NIR spectrum, b) TEM image, and c) size distribution histograms of the prepared gold nanorods (GNRs).

 Figure 3.    a) Scheme illustrating the organization of GNRs on the AAO template. b) Wettability 
of AAO for pure water and water solution of CTAB. c,d) SEM images of the GNRs organized 
onto the AAO template at different magnifi cations. e,f) TEM images of the microtomed tem-
plate (e) before and (f) after GNRs organization.



FU
LL P

A
P
ER

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1137wileyonlinelibrary.com

www.particle-journal.comwww.MaterialsViews.com

adequate wettability. The aqueous suspensions of GNRs sta-
bilized by CTAB have a surface tension of 35 mN m −1  (above 
critical micelle concentration of CTAB). [ 29 ]  At the same time, 
the contact angle between the used solution containing CTAB 
and the AAO was 52.4°. Consequently, CTAB provided the 
enhanced wettability of the nanostructured alumina substrate. 
Figure  3 c,d shows that GNRs are linearly aligned inside the 
grooves. We stress again that the observed preferential organi-
zation along the long axes of the rods (Figure  3 c,d) is achieved 
because of the chosen sizes of the rods (42 × 15 nm) and the 
width of the grooves (36 nm). Furthermore, we observe the 
presence of darker spots within these grooves, corresponding 
to pores of the anodized surface. The TEM images of the ultra-
microtomed surfaces before (Figure  3 e) and after (Figure  3 f) 
particle deposition reveals the presence of GNRs inside both 
grooves and pores. 

 Optical refl ectance spectroscopy of the Au nanorod arrays 
supported in AAO matrix reveals an interference pattern with 
several features in the UV-Vis-NIR region (see  Figure    4  ). The 
interferometric signals are shifted toward longer wavelengths 
when Au rods are present, this effect arise from a modulation 
of the local dielectric causing a shift in signals [ 30 ]  and, can be 
related to a change of the effective optical thickness (product 
of thickness and refractive index), [ 31 ]  which is attributed to a 
change in the refractive index of the layer medium when Au 
rods are present. [ 30,32 ]   

 Although there is a high density of AuNRs on AAO substrates 
that are aligned along the surface indentations, their plasmonic 
resonances are sensitive to variations in their geometrical 
dimensions, as well as to the gap distances between contiguous 
rods (see  Figure    5  ). Additionally, these plasmons are generally 
expected to lie below 700 nm light wavelength (Figure  2 a,b), and 
therefore, they cannot be directly excited neither by the 785 nm 
laser light nor by the emitted inelastic signal at even larger 
wavelengths. However, the gap geometry leads to large fi eld 
enhancements near the surface even at lower photon energies 
due to non-resonant plasmon polarization, thus contributing 
to a substantial SERS enhancement, as shown in Figure  5 c. 
The actual value of the enhancement depends on the specifi c 

gap separations. In our samples, we expect 
to have a distribution of separations of the 
order of a few nanometers down to touching. 
The effect of the substrate is not contem-
plated in the calculations shown in Figure  5 , 
but as already mentioned the substrate will 
have a strong infl uence on the dielectric 
environment and will lead to a substantial 
redshift of the spectra similar to the simula-
tions shown in Figure 5a,c for rods in water 
compared with air. Furthermore, the tip-to-
tip dimer confi guration may also lead to a 
further red shift as depicted in Figure  5 a,b. 
Thus, both effects will lead to a larger SERS 
enhancement because of a greater degree of 
overlap with the wavelengths of excitation of 
the light.  

 In order to test the optical effi ciency of our 
materials for SERS, we designed an experi-
ment involving two well-known analytes, 

benzenethiol (BT) and 2-naphtoic acid (NA). Furthermore, the 
same experiment was carried out on a commercial optical sur-
face (Klarite) (see  Figure    6  ) in order to compare the results with 
those obtained from a common SERS substrate. Before the 
analyte deposition, the plasmonic substrates were treated with 
oxygen plasma to eliminate residual CTAB from the plasmonic 
surfaces. [ 33 ]  Both substrates were subsequently exposed to ben-
zenethiol in gas phase. It is important to note that with this 
experimental setup the gaseous BT is adsorbed onto the entire 
plasmonic surfaces. Although both plasmonic substrates show 
clearly the vibrational pattern of BT (C−H bending at 1022 cm −1 , 
ring breathings at 1073 and 999 cm −1 , and ring stretching at 
1570 cm −1 ), [ 34 ]  the average intensity of the obtained spectra is 
remarkably different, as shown in Figure  6 . It is thus instruc-
tive to point out some differences between both types of sam-
ples (AAO-GNRs and Klarite). First, AAO-GNRs fi lms provide 
a homogeneous signal through the entire fi lm, which is cov-
ered with a rather homogenous density of hotspots (mainly rod 
ends and tip-to-tip gaps), while Klarite substrates present a high 
activity only in a sparse set of randomly occurring spots on the 
surface. The homogeneous distribution of hotspots (tip-to-tip 
plasmonic coupling between the rods trapped in the grooves) 
in our fi lms is in clear contrast with the commercial substrate, 
which exhibits a characteristic random distribution of such 
optically high-effi cient regions for evaporated fi lms. Further-
more and importantly, our substrates provide a fi ve-fold higher 
signal than provided by the best spots in the Klarite substrate.  

 The effect of hydrophobicity provided by the AAO-GNRs 
substrate after plasma cleaning of CTAB on aqueous solutions 
deserves further consideration. We studied it, a diluted solution 
of NA in water (10 µL, 10 −5   M ) was cast over both substrates and 
air dried. The intrinsic hydrophobicity of the alumina seems to 
determine the contact angle of occurring droplets in the AAO-
GNRs substrates, which is similar to the one reported above 
(105°), with the fi nal result of a concentration of the analyte on 
a small spatial region that is fully covered with plasmonic parti-
cles. In contrast, the drop contact angle in the commercial sub-
strate was much smaller (68°), thus resulting in more diluted 
analyte distributions on the surface. As a consequence, although 
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 Figure 4.    UV–vis–NIR refl ectance spectra of the AAO template before and after the GNR organ-
ization. Both measurements were made at 60°.
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both surfaces show SERS activity of NA (ring stretching at 1632 
and at 1388 cm −1 , CH bending at 1468 cm −1 , ring breathing at 
1018 cm −1 , and C-H deformation at 770 cm −1 ), [ 35 ]  AAO-GNRs 
substrates exhibit a similar surface homogeneity to that com-
mented above, but with an additional intensifi cation of the 
SERS signal that is quantifi ed by a 40-fold observed increase in 
intensity with respect to the commercial substrate.  

  3.     Conclusion 

 In summary, we demonstrate a new method for the large-scale 
production of effi cient plasmonic surfaces based on controlled 

organization of gold nanorods retained on AAO surfaces. We 
take advantage of colloid synthesis methods to prepare particles 
with appropriate dimensions and we use surface chemistry to 
retain and align them on grooved AAO substrates. This results 
in an abundant distribution of hotspots originating in tip-to-
tip interaction between the rods, where SERS amplifi cation 
is taking place. We further exploit the physical and chemical 
properties of the AAO surface to design an optical sensor with 
the ability of concentrating trace amounts of analytes in an 
aqueous solution, yielding further intensifi cation of the SERS 
signals. This method of preparing plasmonic substrates paves 
the road for the fabrication of reactive-strip optical sensors 
that are especially suitable for fi eld analysis in environmental 
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 Figure 5.    Optical response and SERS activity of individual and paired GNRs. a) Extinction cross-section of individual AuNRs of dimensions similar to 
those shown in Figure 2. The longitudinal resonance of rods in water (right curves) is considerably red-shifted with respect to airborne rods (left curves), 
and it is also shifted due to variations in rod dimensions, giving rise to an observed broad peak (Figure 2a). b) Optical resonance of pairs of AuNRs 
longitudinally aligned as observed on an AAO sample (Figure 3). A plasmon redshift accompanied by an increase in cross section is observed as the 
gap is narrowed down from 8 to 1 nm (solid curves). The plasmon is also sensitive to the dimensions of the rods (see dotted curve, corresponding 
to a (39,15)–(42,15) dimer, and dashed curve, for (42,13)–(42,15), both of them with a 2-nm gap). c) Surface-averaged SERS enhancement factors for 
molecules distributed 0.5 nm away from the surface of two neighboring nanorods aligned as shown in the inset of (b). The rods are assumed to be either 
in air (broken curves) or in water (solid curves) and illuminated with 785 nm light (a water environment might be more appropriate to describe residual 
humidity surrounding the rods during the SERS measurements). The enhancement is referred to the Raman signal from the same molecules away 
from the rods, averaged over polarizations and molecule orientations for both illumination and light collection along directions normal to the rod axes. 
The inset in (c) shows the near-fi eld intensity of the gap mode in the 4-nm-gap dimer in water (linear scale saturated to 5000 times the incident fi eld).
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monitoring or the design of diagnostic devices for medical 
applications.  

  4.     Experimental Section 
  Materials : Silver nitrate (99.9999 %, AgNO 3 ), sodium borohydride (99.99 

%, NaBH 4 ), gold(III) chloride trihydrate (99.9 %, HAuCl 4 ·3H 2 O), nitric acid 
(32.5 %, HNO 3 ), benzenethiol, 2-naphthoic acid, and ascorbic acid (99 %) 
were purchased from Sigma–Aldrich (Germany). Cetyltrimethylammonium 
bromide (99 %, CTAB) was obtained from Merck. All reactants were used 
without further purifi cation. Mili-Q water (18 MΩ cm −1 ) was used in all 
aqueous solutions, and all the glassware was cleaned with aqua regia 
before the experiments. High-purity Al foil of 1-mm thickness (99.997 %) 
supplied by Sigma–Aldrich was used as a substrate for fabrication of AAO. 
Phosphoric acid, perchloric acid, and ethanol were also supplied by Sigma–
Aldrich (Germany) and used as received. 

  Preparation of AAO Substrates : Al foils were cut in rectangles 
(7 mm × 40 mm), cleaned with acetone, and distilled water in order to 
remove any residuals and then dried under dry air. After cleaning, the 
Al foils were electrochemically polished in a 1:4 mixture solution of 
65 wt% HClO 4  and 96 vol% ethanol. Temperature during the polishing 
procedure was kept under 5 °C. Mirror-fi nished Al foils with exposed-
to-anodization area of 3 cm 2  were used as an anode in a home-made 
two-electrode electrochemical cell with Pt-wire electrode serving as a 
cathode (distance between electrodes was set to 1 cm). The anodization 
process was performed in galvanostatic mode under a constant current 
of 16 mA cm −2  for time periods of 10, 30, 90, and 180 s at ambient 
temperature. 1.0  M  H 3 PO 4  was used as a working electrolyte. 

  Preparation of Gold Nanorods : Particles of ≈42 nm length and 
15 nm width were produced by adapting an established procedure 
reported. [ 24,36 ]  Briefl y, seed particles were prepared by adding 300 µL 
of a 0.01  M  NaBH 4  solution in a 5-mL mixture of 0.1  M  CTAB and 
0.25 × 10 −3   M  HAuCl 4  under vigorous stirring. The solution was stirred 
rapidly for 2 min followed by continued slow stirring. A 200 mL of a 
0.1  M  CTAB solution containing 0.25 × 10 −3   M  HAuCl 4 , 0.04 × 10 −3   M  
AgNO 3 , 1.3 mL of a 0.1  M  HNO 3  solution to adjust the pH, and 
0.35 × 10 −3   M  ascorbic acid as reducing agent were prepared. 2 mL of 
the prepared seeds was added to this solution after 30 min of stirring. 
The entire solution was mixed extensively and reaction took place at 
32 °C for 24 h. The particles were cleaned and concentrated via multiple 
centrifugation steps at 16 000 rcf for 30 min to a fi nal gold concentration 
of 5 mg mL −1  and 7.5 × 10 −3   M  CTAB. 

  Nanorod Organization : In order to organize the particles, a solution 
containing Au NRs was spin-coated on the aluminum substrates, which 
were pasted on a glass slide as support. The most critical experimental 

parameters to achieve a good particle organization are the CTAB and 
particle concentration together with the spin speed and time. These 
parameters were adjusted in order to achieve the best results as follow: 
20 µL of the particle solution (5 mg mL −1  Au and 7.5 × 10 −3   M  CTAB) were 
spin-coated at 2000 rpm for 120 s. The substrates with the deposited 
nanoparticles show a red color. 

  Characterization : UV–vis spectroscopy (PerkinElmer, Lambda 19), 
UV–vis refl ectance spectroscopy (Analytik Jena AG, SPECORD PLUS), 
transmission and scanning electron microscopy (TEM, LEO 922 EFTEM 
operating at 200 kV and LEO 1530 FE-SEM, Zeiss, respectively) were 
applied to characterize the optical response, structure, and size of the 
nanoparticles and their arrays. AFM images were obtained using a 
commercial atomic force microscope (DimensionTM 3100M equipped 
with a Nanoscope IIIm controller, Veeco Instruments Inc., USA) 
operating in tapping mode. Silicon cantilevers with a force constant 
of typically 35–47.2  N  m −1  (OMCL-AC160TS, Olympus, Japan, typical 
frequency of 303 kHz) were utilized. 

  SERS Characterization : Benzenethiol was adsorbed in gas phase 
on the whole surface of the metallic samples by casting a drop of 
BT (0.1  M  in ethanol) in a Petri dish where the substrate was also 
contained. A diluted solution of naphthoic acid (10 µL, 10 −5   M ) was cast 
on the plasmonic surfaces and air dried. SERS spectra were collected 
in backscattering geometry with a Renishaw Invia Refl ex system 
equipped with a 2D-CCD detector and a Leica confocal microscope. 
The spectrograph used a high-resolution grating (1200 g cm −1 ) with 
additional band pass fi lter optics. Excitation of the sample was carried 
out with a 785-nm diode laser line, with acquisition times of 200 ms and 
power at the sample of about 1 mW, using the Renishaw’s StreamLine 
accessory. The laser was focused onto the sample with a 50× objective 
providing a spatial resolution of ca. 1 µm.  
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 Figure 6.    Optical and SERS images (left) and SERS spectra (yellow) of BT and NA in AAO-GNRs compared with the same analytes on a commercial 
surface Klarite (right and blue spectra).
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The authors proposed a novel method of formation of polymer/metal hybrid interfacial layer with switchable 

properties by using ultrasonication. Intensive ultrasonication leads to the formation of a rough metal interface and 

triggers free-radical polymerization of monomers in the interfacial region of metal surface. Thus, polymer layer 

exhibits excellent adhesion to the bulk metal. The novel concept was demonstrated for polypyrrole/aluminum 

systems. Hydrophilic/hydrophobic properties and corrosion resistance also due to doping/dedoping of polypyrrole of 

the interfacial layers can be adjusted based on particular application. The proposed method can serve as a platform for 

formation of interfaces with self-regulating properties: self-healing, switchable hydrophylicity.

1. Introduction
Construction of artificial self-regulating interfaces is an emerging 
field of material science and biomimetic chemistry.1–3 One of the 
approaches for the development of interfaces with self-regulation 
functions could be the formation of composite hybrid surfaces 
with the use of conducting polymers. In general, conducting 
polymers have a great potential in terms of self-regulation and 
self-healing due to their stimuli-responsive properties,4–6 such as 
doping/dedoping. Relatively recent publications demonstrated that 
conducting surfaces can mimic self-healing and self-regulation 
ability of natural skin.1

Self-regulating properties occurring due to the use of conducting 
polymers rely on several mechanisms. Electrically conducting 
polymers are sensitive to gases, humidity, ions, biomolecules 
and so on and used for construction of sensors.6 Conducting 
polymer can adsorb and release active compounds (healing agents, 
corrosion inhibitors, antibiotics and drugs) via doping/dedoping 
process that is sensitive to external stimuli (pH, ionic strength and 
applied potential).7–9 It was also shown that model dyes could be 
loaded to/released from the systems containing polypyrrole (PPy) 
with response to external stimuli.4,5,7 Conducting polymers such 
as PPy or polyaniline could passivate the metal substrates and, 

thus, prevent their degradation in aggressive media. Kowalski and 
Ohtsuka8,9 highlighted healing ability of PPy deposited on steel 
surface.

Application of conducting polymers for the formation of active 
interfaces is still a developing area of nanoengineering. Poor 
mechanical properties, brittleness and delamination of films formed 
by conducting polymers significantly restrict their application.10 
Unexpected delamination of the conducting polymer layers 
results in breakdown of hybrid material properties. Here, a novel 
approach for construction of conducting polymer/metal interfaces 
via ultrasonication is proposed. The great advantage of the method 
is the formation of surface metal sponges layer without additional 
surface pretreatment with possibility to integrate in the structure 
different substances. The intensive sonication of metal surfaces in 
the presence of a monomer (pyrrole) leads, at the end, to one-step 
formation of hybrid metal–polymer interfaces. Recently, the 
authors reported that metal surfaces can be nanostructured by using 
ultrasound.12,13 Ultrasound-induced shock waves and microjets at 
liquid–solid interface lead to the chemical and mechanical etching 
of metal surfaces providing the formation of porous interfacial 
layer. At the same time, free radicals produced by ultrasonication 
can trigger free-radical polymerizations of monomers. Here, 
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time-dependent ultrasound-induced formation of the polymer/
metal composites hybrids is demonstrated on a model PPy/
aluminum system. The properties and functions of aluminum and 
its composites and hybrid with PPy (hybrid PPy/aluminum interface 
formed after a longer-term sonication of surface) were studied by 
using infrared reflection adsorption spectroscopy (IRRAS), static 
and dynamic contact angle measurements, scanning electron and 
atomic force microcopies (SEM and AFM). Scanning vibrating 
electrode technique (SVET) was used for monitoring surface 
degradation in aggressive media also for molybdate-doping system.

2. Experimental section
2.1 Materials
Pyrrole (98%, Sigma-Aldrich, Germany) was distilled before use. 
Aluminum plates (99,999%, 1  mm × 10  cm × 10  cm, Sigma-
Aldrich, Germany) were cut to 1  mm × 1  cm × 1  cm pieces, 
degreased in isopropanol and rinsed with purified water. There 
were no other steps of aluminum pretreatment before sonication. 
The lubricating fluid used for the test of ‘slippery’ hybrid interface 
was perfluorinated fluid (3M Fluorinert FC-70, Sigma-Aldrich, 
Germany). The testing liquid for ‘slippery’ hybrid interface was 
decane (99%, Sigma-Aldrich, Germany). Water was purified before 
use in a three-stage Millipore Milli-Q Plus 185 purification system 
and had a resistance higher than 18·2 M·cm.

2.2 Sonication of aluminum plates 
in the presence of pyrrole

Each plate was fixed in the home made sample holder that allows 
to control the sample position and the distance to the sonotrode 
(5  mm). The samples were sonicated in 4  wt.% of aqueous 
solution of pyrrole. The sonication cell was thermostated at 65°C. 
VIP1000hd (Hielscher, Germany) ultrasound device was operated 
at 20  kHz with a maximum output power of 1000-W ultrasonic 
horn BS2d22 (head area of 3·8 cm2) and equipped with a booster 
B2-1·2. The maximum intensity was calculated to be 57 W/cm2 at 
mechanical amplitude of 81 μm.

2.3 Infrared reflection adsorption spectroscopy
IR spectra were acquired with Brucker IFS 66 FT-IR spectrometer 
(Ettlingen, Germany). The infrared beam was directed through the 
external port of the spectrometer and subsequently reflected by three 
mirrors in a rigid mount before being focused on the sample surface. 
A KRS-5 wire grid polarizer was placed into the optical path 
directly before the beam could hit the sample surface. The reflected 
light was collected at the same angle as the angle of incidence. The 
light then followed an equivalent mirror path and was directed onto 
a narrow-band mercury–cadmium–telluride detector, which was 
cooled by liquid nitrogen. The entire experimental setup is enclosed 
to reduce relative humidity fluctuations. For all measurements at 
40 mN/m, p-polarized radiation was used at an incidence angle of 
70°. A total of 128 scans were acquired with a scanner velocity of 
20 kHz at a resolution of 8 cm−1.

2.4 Microscopy studies
SEM measurements were conducted with a Gemini Leo 
1550  instrument at an operation voltage of 3 keV. Samples were 
sputtered with gold. AFM (Molecular Force Probe 1D AFM, 
Asylum Co, Santa Barbara, USA) was used to study morphology 
and determine the roughness of aluminum sonicated without 
pyrrole and in the presence of pyrrole after the formation of regular 
PPy monolayer connected with aluminum. Before the AFM study, 
the metal plates were subjected to grinding and polishing.

2.5 Static and dynamic contact angle measurements
The hydrophilic/hydrophobic properties of the plates and lubricate-
loaded ‘slippery’ nanotextured hybrid interface were studied using 
the Contact Angle Measurement System G10 (Krüss, Germany) at 
room temperature. For measuring the contact angle, the samples 
were dried before in the flow of nitrogen. The droplet volume for the 
measurement was around 5 μl, and the macroscopic droplet profile 
was captured through a camera equipped with an optical system for 
amplification of the captured images. For the contact angle hysteresis 
measurements, the surface was tilted with respect to the horizontal 
plane until the liquid droplet started to slide along the surface. The 
droplet profile was fitted into a spherical cap profile by special 
software. The accuracy of the contact angle measurements was ~0·1°.

2.6 Scanning vibrating electrode technique
SVET with the current density measurements is based on the detecting 
the voltage drop at the tip of a vibrating microelectrode immersed in 
a conductive solution. In combination with a lock-in amplifier, the 
signal-to-noise ratio increases dramatically, so very low currents 
down to μA/cm2 can be measured. The SVET experiments were 
performed by using the equipment supplied by Applicable Electronics 
(Forestdale, MA, USA). For SVET, the tip of a PtIr electrode (Science 
Products GmbH, Germany) was electrodeposited with platinum black 
in a 1 vol.% lead acetate with 10 vol.% platinum chloride solution 
and vibrated at a frequency of 843 Hz with amplitude of 20 μm. The 
electrode was calibrated by positioning it above an artificial point 
current source. The response was about 3 V/(μA/cm2). Samples for 
SVET measurement were 1 × 2  cm aluminum and Ppy/aluminum 
plates. Areas of 2 × 2 mm2 were exposed for the measurements, and 
other parts of the samples were covered with a Polyester 5 adhesive 
tape (3M Company). The anticorrosion coating of each sample was 
scratched to introduce a defect extending to the metal surface; the 
area of the defect was in the range of 0·1–0·3 mm2. The sample was 
mounted in a homemade epoxy-resin cell. The immersion solution 
was 0·1-M NaCl. Scans were initiated within 5 min of immersion 
and were collected every 30 min for the duration of the experiment, 
typically 12 h. Each scan consisted of 400 data points obtained on a 
20 × 20 grid, with an integration time of 1 s per point. A complete 
scan required 10 min. The normal or z component of the measured 
current density in the plane of the vibrating electrode is plotted in 3D 
format over the scan area, with positive and negative current densities 
representing anodic and cathodic regions, respectively.
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3. Results and discussion
Modification of aluminum plates by ultrasound is schematically 
illustrated in Figure 1(a).

Sonication of aluminum plates in water (Figure 1, (1)) was described 
in detail in Ref.11–13. Shortly, ultrasound treatment of the plates in 
water results in the removal of initial oxide layer and formation of the 
ultrasonically modified layer (US-Al) consisting of metallic aluminum 
and aluminum hydroxides (boehmite and byerite). Formation of the 
aluminum hydroxide layer was confirmed by powder X-ray diffraction 
and 27Al solid-state NMR.11–13 The microscopic monitoring of the 
metal surfaces versus sonication time reveals an increase in surface 
roughness with the modification time. IRRA spectra (Figure 2) of the 
aluminum plates after ultrasound treatment show the intensive peak 
at 1088 cm−1 that can be attributed to OH groups of the aluminum 
hydroxide present on the surface. Due to high roughness and presence 
of OH groups on the surface, US-Al provides very good adhesion of 
deposited materials, such as, polyelectrolyte multilayers. The water 
contact angle measurements evidence that the ultrasound-modified 
surfaces exhibit higher hydrophylicity compared with the initial one.12 
Hydrophilic (water contact angle ca. 11°) aluminum surface formed 
after 30 min of sonication is shown in Figure 1(b) and 1(c), (left).

In this study, aluminum plates were modified in the presence of pyrrole 
in order to create a stable hybrid interfacial layer. PPy/aluminum 
hybrid interfaces were formed by 30-min sonication of aluminum 
plates in the presence of 4  wt.% aqueous solution of pyrrole 
(Figure  1(2), 1(b), 1(c) (right)). Time dependable sonochemical 
formation of the composite hybrids was monitored by using SEM, 
AFM and IRRA spectroscopy (Figure  2). The combination of 
microscopic and spectroscopic methods proves the formation of 
conducting polymer layer on the surface, at the beginning of the 
modification (up to 2 min). The baseline shift in the IRRA spectrum 
of the 2-min sonicated samples (Figure  2(e)) could be an indirect 
evidence of the conducting material presence.14 In the beginning, 
moments (2–10 min of modification) of sonochemical treatment, the 
surface of the samples is covered by randomly distributed polymer 
aggregates of PPy (Figure 2(a)–2(c)). The spectra show typical bands 
of PPy at 1560 cm−1 (ν, C=C), at 1320 cm−1 (ν, C-N) and 1050 and 
930 cm−1 (characteristic vibration of the pyrrole ring). However, the 
bands at 1700 cm−1 (ν, C=O) and 3270 and 1650 cm−1 (ν, NH and 
ν, C=N) correspond to overoxidized PPy. Intensities of the bands 
corresponded to OH groups in US-Al are increased in the spectra up 
to 10 min of ultrasonic treatment. During 10 min of modification, the 
bands of OH groups are so intensive that the characteristic bands of 
PPy could not be distinguished. The 30-min sonicated sample formed 
well adhered regular distribution over the surface and connected 
with aluminum hybrid PPy/aluminum layer. Thus, the formation of 
a rough interfacial layer due to mechanical and chemical etching 
of the surface triggered by cavitation occurs after a longer-term 
ultrasonic surface treatment (Figures 1 (right) and 2(d) and 2(e) 
(upper spectrum)). The IRRA spectra (Figure 2(e)) showed that the 
surface modified for 30 min is still covered by PPy. The SEM images 

of these samples demonstrate the formation of rough surface with 
homogeneously distributed polymer layer repeated the morphology 
of US-Al. The samples prepared by 30  min of sonication inhibit 
excellent adhesion of the polymer layer to the bulk metal most likely 
due to impregnation of PPy into the aluminum hydroxide layer and 
formation of PPy/aluminum hybrid. The characteristic bands of OH 
groups decreases due to the formation of hydrophobic PPy/aluminum 
interface (Figure  1(b), right): the interfacial hybrid layer changes 
contact angle of aluminum surface significantly, from 11° to 115°.

Recently, Aizenberg et  al.15 introduced distinguished ‘slippery’ 
surfaces, bioinspired by Nepenthes pitcher plants, useful in fluid 
handling and transportation, optical sensing, medicine, as self-
cleaning and antifouling materials. Suggested here PPy/aluminum 
nanotextured porous surfaces could also be used for the creation 
of a robust synthetic ‘slippery’ surface (Figure 3(a)). Thus, hybrid 
PPy/aluminum surface formed in 30  min after sonochemical 
aluminum treatment in the presence of pyrrole (Figure 1 (right)) 
was loaded by vacuum pumping with lubrication agent. The fluid 
spreads into the whole interfacial layer through capillary wicking. 
The overcoating can be controlled by the fluid volume given to 
a known surface area of the sample. ‘Slippery’ effect was tested 
with the lubricating low-surface-tension perfluorinated liquid (3M 
Fluorinert) that is nonvolatile and is immiscible with both aqueous 
and hydrocarbon phases. Decane, as model hydrocarbon liquid, was 
tested for repelling (Figure 3(b)). Lubricate-loaded PPy/aluminum 
surface exhibits decane repellency. Mobility at sliding angle ca. 3° 
of the decane drop on the surface is shown in Figure 3(b).

The self-regulating activity of the PPy/aluminum hybrid surfaces 
after 30-min sonication with well-adhered interfacial layer was 
studied by using scanning vibration electrode technique (SVET). 
The samples prepared by 2–10-min sonication showed delamination 
of the PPy layer and thus are not useful as protective systems. An 
excellent adhesion of the PPy layer and high corrosion resistance 
was observed for the 30-min sonicated samples. The SEM images 
show that the rough surfaces of these samples are homogeneously 
covered by a thin PPy layer. The roughness is comparable with the 
US-Al surface. The thickness of the PPy should be comparable with 
the thickness of the sonochemically formed aluminum hydroxide 
layer and is ca. 3–5  nm. The time monitoring of the corrosion 
propagation in 0·1-M NaCl of the 30-min sonicated PPy/aluminum 
samples reveals the suppression of the degradation process. The 
plates sonicated in the presence of pyrrole for 30 min (Figure 4(d)) 
clearly demonstrate the healing process of the defected area. The 
corrosion degradation rapidly propagated around the defected area in 
the initial aluminum plates and the hybrid PPy/aluminum samples. 
The anodic (Figure  4, curve  1) and cathodic (Figure  4, curve 2) 
activity was observed in 15 min after defect formation. The defect 
propagation leads to enhancing the anodic and cathodic activity in 
the damaged zone. The rest of the surface emits negligible ion flux 
indicating the absence of the corrosion processes. However, the 
defected zone on the PPy/aluminum hybrid surface was passivated 
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in time (>4 h), and there was no propagation of the corrosion process 
detected after 10  h of immersion in the aggressive solution. The 
healing effect was not detected in the case of unmodified aluminum 
(Figure  4(a)). An anodic and cathodic activity tends to increase 
in time. Optic microphotographs (Figure  4(b) and  4(e)) prove the 
different corrosion propagation in the case of hybrid surface and the 
initial aluminum surface. The products of corrosion degradation can 
be clearly seen in the optical microphotograph of the unmodified 
aluminum (Figure  4(b)). The degradation products in the PPy/
aluminum samples are localized around the defected area and do not 
distribute on the whole investigated area (Figure 4(d)). Since good 

corrosion protection was revealed for the 30-min sonicated samples, 
where PPy incorporated in the aluminum hydroxide layer, the 
authors propose that the mechanism of anticorrosion protection of 
the PPy/aluminum hybrid surface is based on the barrier properties 
of the PPy. PPy enhances the resistance of the aluminum hydroxide 
layer and prevents penetration of Cl– in the metal surface. Doping 
of PPy with corrosion inhibitors, here molybdate ions, as shown in 
schematic (Figure 4(g)) provide additional corrosion protection of 
the metal surface. The corrosion inhibitors can release on demand 
in corrosion pits via pH-dependant doping/dedoping process. The 
barrier properties of PPy and doping/dedoping of the polymer with 

Figure 1. (a) Schematic of formation of the hybrid interfacial layers 

via ultrasonication at 20 kHz: (1) aluminium plates sonicated in water 

for 2, 5, 10 and 30 min as blank experiments. The material has an 

ultrasonically modified layer (US-Al) on metal surface; (2) aluminium 

plates sonicated in the presence of 4 wt.% solution of pyrrole in 

water for 2, 5, 10 and 30 min. The material has US-Al layer and 

the hybrid PPy/aluminium layer. (b) Scanning electron microscopy 

and (c) atomic force microscopy images of the samples prepared 

in water (left) and in the presence of pyrrole (right) after 30 min of 

sonochemical treatment. The inserts in (b) are the optical photographs 

of water drops on the surfaces.
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Figure 2. Scanning electron microscopy images of the PPy/aluminium 

samples prepared for (a) 2, (b) 5, (c) 10 and (d) 30 min of sonication. 

Infrared reflection adsorption spectra (e) of the same samples.
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Figure 3. (a) Schematics showing the fabrication of lubricate-

loaded PPy/aluminium surface (left) and decane repelling test (right). 

(b) Optical micrographs demonstrating the mobility of a low-surface-

tension liquid hydrocarbon – decane sliding on the lubricate-loaded 

PPy/aluminium surface at a low angle ca. 3°.
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corrosion inhibitors (molybdate) were found to be the key factors 
in the passivation mechanism of corrosion. Moreover, prospects of 
pH-dependent doping/dedoping of PPy opens new opportunities for 
anticorrosion protection. The doped hybrid nanonetwork exhibits 

very high corrosion protection because of the nature and versatility 
of the PPy and possibility of molybdate to adsorb on corrosion 
pits and locally prevent corrosion propagation. The anticorrosion 
activity of the coating is based on the following mechanisms: (1) 

Figure 4. Time monitoring of anodic (1) and cathodic (2) current 

above the initial aluminium surface (a), the surface covered by  

PPy/aluminium hybrid layer (c) and hybrid layer doping (scheme 

shown in (g)) with molybdate (h) immersed in 0·1-M NaCl. (b), (e) 

and (i) show optical photographs and 3D current density maps of the 

defected areas of the same samples in 12 h after testing.
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PPy provides a barrier between surface and environment and (2) PPy 
can be effective carrier for inhibitor allowing its release on demand.

4. Conclusion
The authors proposed a novel ultrasound-assisted concept for the 
formation of the conducting polymer/metal hybrid interfacial layer. 
The concept was demonstrated on a model PPy/aluminum systems but 
can be adjusted to metal surfaces applicable for biomedicine (titanium), 
automotive and aerospace (magnesium, steel) industries. The 
polypyrrole/aluminum hybrids show high potential as a component of 
self-regulation and biomimetic systems. The authors demonstrated that 
corrosion resistance of hybrid system and hydrophilic/hydrophobic 
properties of surfaces can be tuned via ultrasonication.
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ABSTRACT: The physicochemical behavior of crystalline silicon under acoustic
cavitation is investigated in water sparged with argon at low temperature (10 and
20 °C). Surprisingly, spectroscopic investigations reveal that argon (bubbling
continuously through the liquid phase during experiments) can be ultrasonically
excited via mechanoluminescence, i.e., emission of light caused by mechanical
action on a solid. This phenomenon is highlighted for the first time on an extended
solid surface using these conditions and results from an interaction between the
acoustically generated bubbles and the Si surface. The concomitant physical and
chemical transformations induced at the solid−liquid interface are investigated
(SEM, AFM) to characterize the generated stress and defects in combination with
the roughness and wettability increases (evolving from ∼46° to ∼4°). Phase
transformations of the Si lattice are observed (Raman spectroscopy, TEM) evidencing the complex stress state induced by
acoustic cavitation in the Si crystal structure. The mechanisms involved during Si sonication are discussed.

1. INTRODUCTION

With the current prospects toward development of specific
materials and methodologies offering a wide control over their
physical and chemical properties, ultrasound appears to be a
promising tool allowing several possibilities for manipulation of
surfaces at the atomic level and synthesis of new nanostruc-
tures.1−4 Ultrasound benefits are generally attributed to the
acoustic cavitation phenomenon, i.e., nucleation, growth, and
rapid implosive collapse of acoustically generated microbubbles
in liquids. Acoustic cavitation is able to locally generate extreme
transient conditions of ∼5000 K and ∼1000 bar (“hot spots”),
going along with formation of excited species and free radicals
(e.g., via homolytic dissociation of water) and a possible light
emission propagating from the UV to the near-IR, referred to as
sonoluminescence.1,2,5−7 In heterogeneous systems, acoustic
cavitation goes with generation of shock waves and microjets
that can affect a solid surface in view of specific applications
such as cleaning, extracting, soldering, etc.5−8 Over the past
decade, scientific interest in sonication of heterogeneous
systems has considerably increased and focused on various
topics such as, for instance, preparation of nanoparticles,1,2,4

catalysis,9 preparation of porous and nanostructured materi-
als,2,10 nucleation processes,11,12 sonophotoluminescence,13 etc.
In 2006, Eddingsaas and Suslick evidenced the possible
triggering of mechanoluminescence (i.e., light emission caused
by application of mechanical energy on a solid) during
sonication of organic crystal slurries.14−16 The high-velocity
interparticle collisions created during sonication (20 kHz) of

suspensions of sucrose and resorcinol crystals in organic
solvents allowed spectroscopic observation of gas discharges
and crystal luminescence usually observed for tribolumines-
cence.14−16 This emission of light was attributed to a
piezoelectrification of the newly created surfaces during fracture
and was later investigated by other authors on lanthanide
crystals sonicated in perfluorodecalin and undecane.17,18

Cavitation effects at the solid−liquid interface have not been
totally deciphered yet, and an understanding of the mechanisms
generated at the interface is still an important challenge.
Despite the numerous investigations dealing with ultrasonic
treatment of materials, the behavior of silicon under acoustic
cavitation remains a topic scarcely reported in the literature.
However, Si is an industrial key material that has been widely
considered in microelectronic technology, integrated circuits,
and optoelectronic devices.19−21 In addition, modification of
crystalline Si into amorphous silicon (a-Si) and polycrystalline
silicon (poly-Si) represents a challenge of paramount
importance in the development of, for instance, less expensive
solar cells, image sensors, or thin film transistors.10,21−24 Several
techniques have been devoted to deposition or transformation
of these Si structures, such as plasma-enhanced chemical vapor
deposition,25 electron irradiation,26 indentation,27−29 plasma
arc processing,30 microcutting,31 ball milling,32,33 etc. The few
studies related to sonication of Si were principally focused on
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surface cleaning34,35 or the luminescence behavior of poly-Si
and porous Si.36−39 However, an original and environmentally
friendly way of Si modification, using ultrasonic treatment in
view of development of porous luminescent structures, was
recently described in the literature.10 Sonication of Si in the
presence of reducing agents was found to dramatically influence
the nature of luminescent centers. As such, the nonequilibrium
conditions provided by acoustic cavitation phenomena appear
to represent an original alternative for surface modification of
Si-based materials. It is thus interesting to evaluate the potential
of high-intensity ultrasound in this area aiming at controlling at
the small scale the Si physicochemical properties such as
wetting, porosity, morphology, optoelectronic properties, etc.
This work comes within the scope of a currently evolving

domain dealing with engineered interfaces of acoustically
generated cavitation bubbles for manipulation of surfaces at
the small scale. This paper contributes to the understanding of
the mechanisms involved at the surface of crystalline Si during
acoustic cavitation (20 kHz) in aqueous solution under argon
bubbling. Spectroscopic effects developed near the surface of
the Si wafer during sonication are investigated. The
concomitant physicochemical transformations occurring at the
Si surface and within its structure are described and studied
during the early stage of the erosion process. The mechanisms
involved in the various highlighted phenomena are discussed.

2. EXPERIMENTAL SECTION
Materials. Crystalline silicon wafers (Prime CZ, N−As, one

side polished, thickness 850 μm), with a (100) surface
crystallographic orientation, were purchased from Siltronix
(Archamps, France). They were cut into the appropriate
diameter to fit the Teflon sample holder used for sonication
experiments. Special care was taken to use smooth samples,
devoid of apparent defects that could play a role during
sonication. The various experiments were performed in
deionized Milli-Q water (resistivity higher than 18.2 MΩ·cm
at 25 °C).
Sonication and Sonoluminescence. In typical experi-

ments, the Si samples were loaded on a homemade sample
holder, allowing maintaining a controlled and reproducible
distance from the ultrasonic probe.13 This sample holder is
manufactured from Teflon and allows a flat angle treatment of
the Si surface. The sample is sonicated at 20 kHz using a 1 cm2

titanium horn (Vibra-cell, Sonics & Materials, 750 W) mounted
on top of a cylindrical reactor and fixed with a watertight Teflon
ring, allowing its reproducible immersion into deionized water
(250 mL). Experiments were performed at constant temper-
ature (10 or 20 °C) using a Lauda RE 210 cryostat and
measured with a thermocouple inserted into the reactor.
Sonication was performed under argon bubbling (100 mL
min−1) through the solution 20 min before sonication and
during the whole experiments. In order to ensure a maximal
effect of cavitation, the tip of the probe is regularly changed.
For sonoluminescence investigations, experiments were

performed using the devices described elsewhere.13,40 Briefly,
the light emitted within the reactor is collected through a quartz
window and imaged onto the slit (0.1 mm) of a spectrometer
(SP 2356i, Roper Scientific; gratings 300 gr/mm blz. 300 and
150 gr/mm blz. 500) coupled to a CCD camera (Spec10-
100BR with UV coating, Roper Scientific) cooled with liquid
nitrogen. Spectra are recorded with appropriate filters from 250
to 800 nm acquired during 300 s and corrected for background
noise and quantum efficiencies of gratings and CCD.40 The

acoustic power Pac (W mL−1) or ultrasonic intensity Iac (W
cm−2) delivered to the solution was measured using the
conventional thermal probe method. Sonochemical production
of H2O2 was measured spectrophotometrically as a chemical
way of cavitation control using Ti(IV) in ∼2 M HNO3−0.01 M
[N2H5][NO3] at λmax (ε) = 410 nm (780 cm−1 M−1).41 Under
these conditions, with an applied acoustic intensity of Iac = 32
W cm−2, the formation rate of H2O2 was measured to be ∼4.2
× 10−1 μM min−1, which is in agreement with the literature.8

Characterization. Different samples were studied using a
scanning electron microscope (SEM, FEI QUANTA 200
ESEM FEG) coupled with energy-dispersive X-ray spectrosco-
py (EDX, Bruker SDD 5010). To characterize the topography
of the various samples, atomic force microscopy (AFM) was
applied to obtain quantitative data about the roughness, height
profile, and created hole depths of the sonicated surfaces.
Measurements were carried out in air at room temperature
using a D3100 Nanoscope IIIa MultiMode microscope (Digital
instruments/Veeco, Inc., Santa Barbara, CA) in tapping mode
with silicon cantilevers (Nanoworld, Neuchat̂el, Switzerland).
The typical resonance frequency of the cantilevers was 285
kHz, and the spring constant was 42 N m−1. In this study,
recorded images possess a scan area of 40 × 40 μm2. Analyses
and treatments of the various images were carried out with the
software provided by the manufacturer.
The surface of the different Si wafers was studied using a

Raman microspectrometer (μ-Raman). The apparatus (Horiba-
Jobin Yvon Aramis) is equipped with an edge filter and a He−
Ne laser (λ = 633 nm). The laser beam is focused on the Si
samples using a microscope (Olympus BX 41) with a ×100
magnification, resulting in a spot of about 1 μm2. Spectra were
collected between 100 and 1100 cm−1 with usual averaged
measurements of 4 scans of 8 s each. The apparent contact
angle of the Si wafers was investigated with deionized Milli-Q
water droplets using a contact angle meter (Software DSA 1,
Krüss GmbH, Hamburg, Germany). The reported contact
angles are obtained from a mean average of ∼10 measurements.
Transmission electron microscopy (TEM) was used to
investigate the structural modification and the local orientations
of the Si structures using a Zeiss EM 912 Omega (Carl Zeiss
AG, Germany) operating at 120 kV and equipped with an
electron-diffraction unit. For analyses, samples were ultra-
microtomed (Leica EM FC6) or gently broken before being
deposited with ethanol on a carbon-coated copper grid.

3. RESULTS AND DISCUSSION
The 20 kHz sonication of the surface of a water-immersed
silicon wafer in the presence of argon (bubbling continuously
through the liquid phase) leads to spectroscopic observation of
several emission lines (Figure 1). Spectra are constituted by a
broad continuum superimposed with particular emission peaks.
The continuum is typical for multibubble water sonolumines-
cence and found to be in agreement with previous
investigations.13,40 It is generally considered that the continuum
results from a combination of bremsstrahlung, recombination
of H and OH° species, deexcitation of water molecules, and/or
OH(B2Σ+−A2Σ+) emission.40 The intense emission lines
around 310 nm are attributed to OH(A2Σ+−X2Π) transitions;
these excited OH° radicals result from the homolytic
dissociation of water molecules inside the cavitation bubbles.
The observed lines can be decomposed into several vibrational
transitions, e.g., the 0−0 transition at 310 nm, the 1−0 between
∼290 and 300 nm, and the 0−1 at ∼340 nm.13,40 The most
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interesting features extend in the near-IR range, where several
emission lines are observed at 697, 739, 751, 764, and 773 nm.
These lines are attributed in agreement with the literature to
the 4p−4s manifold transitions of the excited argon atom
(Ar*).42,43 The relevant region can also be observed in
Supporting Information Figure SI.1, where the background of
the different spectra was subtracted in order to appreciate the
relative intensity of the main Ar* and OH(A2Σ+−X2Π)
transitions versus the applied acoustic intensity.
According to Figure 1 and Supporting Information Figure

SI.1, observation of Ar* transitions clearly depends on the
applied acoustic intensity. Application of an acoustic intensity
of ∼16 W cm−2 does not permit observation of any significant
Ar* line; however, a threshold intensity of 24 W cm−2 is
observed. Thereafter, the intensity of the different Ar* lines
increases almost linearly with the applied acoustic intensity,
while the intensity of OH(A2Σ−X2Π) transitions decreases
(Figure 1 and Supporting Information Figure SI.1). The
decrease of the OH(A2Σ−X2Π) transitions can be explained by
a modification of the geometry of the cavitation cloud of
bubbles as a function of the applied acoustic intensity. It is
important to mention that sonication of pure water with argon
bubbling continuously in the liquid phase did not lead to Ar*
observation; similarly, sonication of a silica surface in water did
not permit the observation of excited species emission (except
that of OH* from water sonoluminescence). Furthermore,
spectra observed with Si result from optimization of the
experimental parameters: sonication at a high distance from the
sonotrode did not permit observation of any Ar* line; a ∼2 mm
probe−sample distance was necessary to obtain relevant
spectra. It is important to note that the physical effects (e.g.,
sonication erosion) of a solid surface highly depend on the
distance between the surface and the sonotrode.8,13 An increase
of this distance drops dramatically the surface-induced
cavitation effects. These observations permit one to evidence
the link between the sonicated solid surface and Ar*
observation.
The observed Ar* excitation level (>13 eV above the ground

state) most probably results from a dielectric breakdown
occurring during formation of cracks in Si crystals during
sonication.14−18 Ar* emission can therefore be attributed to gas
discharges. Combination of the experimental settings with the
observed spectroscopic variations evidence a direct relationship
with the mechanical stimuli created at the Si−water interface. In

consequence, the observed phenomenon is attributed to
mechanoluminescence, i.e., light emission resulting from
mechanical deformation of a solid.44 It is important to
emphasize that this mechanism of excitation differs from that
recently discovered during sonication of suspensions of
piezoelectric organic crystals (i.e., triboluminescence, see
Introduction).14−18 Indeed, the here-described emission of
Ar* does not involve collisions with particles or piezo-
electrification of the surface since we consider an extended
solid surface and a centrosymmetric crystal.
The ultrasonically induced stress state at the surface of the

sample was investigated using different techniques. The first
observation (optical microscopy) revealed that deformation of
the surface is very slow and presents a long incubation period of
cavitation erosion. Higher magnification (SEM) shows that the
Si wafer undergoes dramatic changes at the small scale under
sonication (Figure 2). An increasing density of cracks and small
pits is appearing with the duration and intensity of the acoustic
cavitation. The size of the primary holes was measured using
AFM and found to be about ∼0.5−2 μm thick and ∼30−70 nm
deep. The erosion mechanism is in good agreement with
previous observations on glass surfaces, although the depth of

Figure 1. Normalized sonoluminescence spectra obtained during
sonication of a Si wafer in H2O using different acoustic intensities (10
± 1 °C, Ar, ∼2 mm from the sonotrode, focusing near the surface).
(Inset) Magnification of the 690−790 nm region.

Figure 2. SEM observation of the silicon surface evidencing the
crystallographic propagation of cracks and defect evolution after (a) 5
h of sonication, (b and c) 7 h of sonication, (d) 9 h of sonication, (e)
12 h of sonication, and (f−h) 15 h of sonication. Conditions: Iac = 32
W cm−2, Ar, 20 °C, H2O, V = 250 mL. Note the general rectilinear
geometry (a−e) and the plastic area (e−h) of some created defects
suggesting a local brittle-to-ductile transition.
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the holes is in comparison smaller for Si.8 This might be the
result of the hardness of the sample supposed to be stronger for
Si. Prolonged sonication allows acceleration of the erosion
phenomenon (an incubation period of ∼4 h appears
necessary), which leads to generation of secondary effects
characterized by the presence of larger eroded areas (∼5−10
μm) and the intersection of the cracks (Figure 2d).
The fissures were found to propagate straight and intersect

with 90° angles, which is in agreement with the cubic crystal
orientation of (100) Si wafers (Figures 2 and 3 and Supporting

Information Figures SI.2 and SI.3). The observed perfect
cleavages result from an interaction with the bulk material and
therefore testify the extreme conditions generated by acoustic
cavitation. SEM observations of the created defects suggest the
coexistence of two modes of fracture at the surface of the
sample. Indeed, some created defects exhibit an erosion in
agreement with the brittle nature of crystalline Si at room
temperature (linear cracks and defects as observed in Figure
2a−e), while other areas suggest the presence of plastically
deformed areas (Figure 2e−h), evidencing a local disorder as
observed in ref 36. Finally, note the presence of surface
deformations which were revealed by SEM and AFM
investigations (Figures 2 and 3, and Supporting Information
Figure SI.3). These features are also increasing with the
sonication time and intensity and characterized by height
differences when considering the two sides of a crack (see the
AFM scan line in Supporting Information Figure SI.2).
AFM topographic measurements allow one to monitor the

morphological evolution of the sonicated Si wafer for long
periods of treatment and demonstrate the relative increase of
the roughness of the surface (Figure 3). The corresponding
surface roughness was quantified (Figure 4) using Ra
(arithmetic average of the absolute values of the surface height
deviations measured from the mean plane) and Rq (root-mean-
square average of height deviations taken from the mean image
data plane) parameters.8 The initial surface was found to be
totally flat, devoid of defects, with a measured roughness lower
than 1 nm. After 4 h of sonication, the surface reaches a

roughness of 0.77 and 1.39 nm for Ra and Rq, respectively, while
12 h of sonication leads to a roughness around 3.9 and 6.1 nm
for Ra and Rq, respectively. The roughness of the Si surface is
therefore increasing with sonication time for both parameters,
which is in agreement with SEM measurements. In comparison
with the measurements performed on various glass and metallic
surfaces in previous investigations, the erosion damage and
roughness increases observed for Si are less pronounced and
quite slow.8,45 These observations emphasize the better
cavitation erosion resistance of Si and confirm the long
incubation period observed for Si with microscopy.
The corresponding water contact angle measured on the

various samples shows an important increase of the hydro-
philicity of the Si surface going from ∼46° to ∼4° within ∼8 h
of sonication (Figure 4). The contact angle is very sensitive to
local physical transformations of a surface. Therefore, the
created superhydrophilicity of the surface may be the result of
an increase of the density of hydroxyl groups at the newly
created surfaces or to an inverse lotus effect, since AFM showed
an increase of roughness. The nonlinear behavior of the contact
angle and roughness versus the sonication time suggests a
possible concomitant contribution of both physical (roughness)
and chemical (density of OH groups) phenomena.
In addition to local chemistry, the strains ultrasonically

generated at the Si surface may modify the interatomic
distances and lattice vibration frequencies of the crystalline
structure.32,33 μ-Raman spectroscopy appears to be a candidate
of choice to investigate the mechanical stress and local atomic
arrangement at the surface of the wafer. At atmospheric
pressure, the untreated Si wafer exhibits a cubic diamond
structure (space group Fd3m) characterized by a narrow Raman
peak at ∼521.5 cm−1 and corresponding to the transversal
optical (TO) phonon of the crystalline c-Si (phase conven-
tionally labeled Si−I).27−30 This peak was found to be
predominant in all of our Raman spectra and can be observed
in Figure 5 (depicted in red for all spectra); it corresponds to
the triply degenerated optical phonon in the center of the
Brillouin zone.27−30,46 After sonication, some spectra were
found to present a broadened TO c-Si band with a measured
full width at half-maximum (FWHM) up to Γc ≈7.1 cm−1

(against ∼3.4 cm−1 for the nontreated c-Si, Figure 5a). TO
peak broadening can be attributed not only to an increase in
the density of defects within the crystals but also to a phonon

Figure 3. AFM topographic measurements of a silicon surface for
different sonication times at Iac = 32 W cm−2 (Ar, 20 °C, H2O, V = 250
mL).

Figure 4. Measurements of the roughness and contact angle of the
silicon wafer surface as a function of the sonication time (Ar, 20 °C, Iac
= 32 W cm−2, H2O, V = 250 mL).
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confinement effect resulting from the presence of polycrystal-
line Si (poly-Si).23,27−29,32,33,47 Other sonicated areas were
found to present a high-frequency shift and showed the
apparition of a shoulder on the TO c-Si peak (black arrow in
Figure 5b). These features are representative for an anisotropic
compressive stress going along with a lattice deformation and
leading to removal of the degeneracy of the Raman modes.47,48

The observed frequency shift is known to be influenced by the
mechanical stress generated in the crystalline structure and
reflects a discrepancy in the distribution of the bond length of
the sonicated Si.32,33

It is generally admitted that a compressive stress results in a
frequency increase of the Raman bands, whereas a tensile stress
will downshift the Raman frequency.30,47,48 In our case, the
upward shift (Δω) of the Si peak, in comparison to the
unstressed Si, confirms a compressive strain in the lattice.
Assuming a uniaxial strain, the maximum resulting stress (σ)
can be estimated using the following linear eq 149

σ ω= − Δ −(MPa) 434 (cm )1 (1)

This gives a localized residual stress of ∼1.8 GPa, which
corresponds to a strain (ε) of about 1.38% according to eq 2,
and considering a Young’s modulus E[100] of ∼130 GPa.28,49

ε σ ω= = − Δ −(%) /E 0.334 (cm )1 (2)

The most striking features characterized with μ-Raman
spectroscopy are depicted in Figure 5c. The spectrum is
composed of several broad bands with a massive peak between
400 and 550 cm−1. This part of the spectra was deconvoluted
into several components; the best fit obtained resulted in the
sum of several Gaussian peaks and one Lorentzian peak at
∼522 cm−1 for c-Si (insert of Figure 5c.). Note in this case that
the main c-Si peak is composed of two components resulting
from deformation of the lattice (other deconvolutions did not
fit). According to deconvolution and in agreement with the
literature, this spectrum exhibits the features of amorphous Si
(a-Si) in combination with a c-Si peak at ∼522 cm−1 generated
from the surrounding crystalline Si. a-Si shifts are located at
∼481 cm−1 (TO mode), ∼380 cm−1 (longitudinal optic, LO
mode), ∼310 cm−1 (longitudinal acoustic, LA mode), and one
broad peak around ∼100−200 cm−1 (transverse acoustic, TA
mode).24,27−33,46 In general, the obtained μ-Raman spectra
exhibited a background asymmetry and a width increase of the
TO c-Si peak that further indicate the presence of an
amorphous Si phase and strengthen the highlighted discrep-
ancies of the Si bond lengths and angles.27 Note that the a-Si

observation is in agreement with the plastically deformed areas
observed with SEM. The deconvolution spectra also show the
presence of a peak at 514 cm−1, which is typical for the
presence of grain boundaries, or crystalline Si particles. A
contribution of silica formation may also be involved during
sonication processing; however, it is important to mention that
its signature was not evidenced with μ-Raman, IR-TF, and X-
ray reflectivity investigations. Note finally that the aging of the
Si wafer in pure water during several days did not generate
observable differences with the reference sample. The same
remark rose when measuring after several hours in pure water
on a nonactively sonicated area (e.g., side of the sample) or on
a zone which was cut to fit the sample holder.
Amorphization of crystalline Si results from a structural

destabilization of the Si structure and evidences a degree of
atomic disorder at the surface of the sample.32,33 This
phenomenon can take place far below the melting temperature
and has been reported to occur under several experimental
conditions such as electron irradiation.26 However, this
phenomenon involves high energies (∼1 MeV) not reached
in our study. Among the other reported methods, high-pressure
investigations such as nanoindentation revealed an interesting
way of amorphization through metallization of c-Si.27−29,46 The
high stress (∼9−16 GPa) provided to the crystal structure
during indentation allows transformation of the cubic Si−I
phase into a metastable metallic β-Sn phase (Si−II, body-
centered tetragonal phase).27−29 As a function of the pressure
release, the metallic structure Si−II is able to lead to
polymorphic metastable phases of crystalline Si−III (bc8,
body-centered cubic structure, 8 atoms per unit cell) and Si-XII
(r8, rhombohedral structure, 8 atoms per unit cell) phases but
also to an amorphous Si phase (a-Si) or a mixture of both. The
a-Si phase is favored during fast unloading processes, whereas
the polymorphic phases are favored during slow release of
pressure. Note that the deconvoluted spectra (Figure 5c) also
showed a peak at ∼430 cm−1, which can be attributed to bc8-
type structure in accord with the literature.27−29,32,33 The
presence of the deformations (Supporting Information Figures
SI.2 and SI.3) and the plastically deformed areas (Figure 2)
observed with SEM, in combination with the spectroscopic
observation of a-Si, and bc8 structure, suggest the possible Si
amorphization through the metallic Si−II phase. It is important
to emphasize that metallization of Si was reported to occur
under Si compression with shock waves (evidenced with
reflectivity and conductivity measurements).50,51

Figure 5. Raman spectra measured around localized defects after 8 h of sonication (Iac = 32 W cm−2, Ar, 20 °C, H2O, V = 250 mL). For all spectra,
the crystalline reference sample c-Si is depicted in red. Spectra characterize different features: (a) broadening of the TO c-Si peak, (b) broadening,
frequency shift, and quasi-split of the TO peak, and (c) formation of an amorphous structure. Insets of a and b are magnification of the relevant zone;
inset of c is a deconvolution of the amorphous spectrum between 350 and 575 nm.
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In a review devoted to the phase transformations of Si under
contact, Domnich and Gogotsi concluded that Si phase
transformation can be described as a deformation-induced
transformation.27−29 A thermodynamic nonequilibrium state of
disorder equivalent to high-temperature amorphization may be
generated during ultrasonic processing as it was, for example,
reported for ball milling.32,33 This amorphization may result
from a loss of lattice stability during the cyclic compressions/
decompressions of the collapsing bubbles.27,29 It is important to
emphasize that the range of pressure usually involved during
these transformations is close to the pressures generated by the
shock waves during sonication.8 Acoustic cavitation is known to
generate highly nonequilibrium conditions able to create
transient decompression at the surface of the solid faster than
what was observed by indentation. Combination of the lattice
distortion with the generated compressive and shear strains
induced by cavitation may therefore promote amorphization of
the intervening material. Note that Si amorphization was
recently reported to occur with electrosprayed nanodroplets
bombarded toward a Si surface.52

TEM investigations confirmed the presence of a perfect
diamond cubic single-crystalline structure for the nontreated
sample devoid of phase transformation. Measurements carried
out on the sonicated samples revealed the presence of a
complex structure exhibiting complicated diffraction contrast
because of the presence of a highly stressed and distorted
structure (Figure 6, electron diffraction patterns inserted for

each image). An increase of the apparent porosity of the
resulting sample can also be underlined. The corresponding
electron diffractograms suggested the presence of several
phases: (i) the initial crystalline structure, (ii) wide diffuse
rings resulting from a randomized distribution of Si atoms
within the investigated structures and corresponding to the
amorphous phase a-Si, and (iii) several concentric speckle-like
halo rings typical for poly-Si. Therefore, TEM measurements
were found to be consistent with the μ-Raman investigations.
Correlation of the various experimental results indicates the
presence of mixed domains composed of crystalline,
amorphous, and polycrystalline phases. The presence of a
transition stage where several phases are coexisting can be
assumed. The presence of Si particles can result from
fragmentation of c-Si with ultrasound and their embedding in
an amorphous phase (a-Si or a-SiOx) but also to partial
recrystallization which may occur after amorphization and
during sonication due to local sample heating and the generated
solid frictions during erosion. A similar behavior was reported
for the ball milling treatment of crystalline Si.32,33

The different highlighted features evidence the complex
stress state existing at the sonicated interface. According to the
above observations, the mechanism of Ar excitation (Figure 1)
results from the strains generated at the Si surface and in its
crystalline structure. Indeed, Si phase transformation such as
amorphization or metallization is known to go with a drastic
change in density leading to volume expansion or contrac-
tion.27−29,31 Therefore, these local transformations are able to
fracture, deform, and dislocate the Si (sub)surface. In the mean
time, the generated strains and distortions affect the electron
density of states (thus affecting the thermal and electrical
properties of silicon).32,33 The introduced fractures induce a
separation of the previously linked atoms responsible for a
decrease of the wave function overlap across the crack. It results
in creation of localized states associated with an increase of
electron energy.44 An electron hole recombination may then
occur leading to the dielectric breakdown of the surrounding
gas and de facto to the Ar* emission. Noteworthy, Ar*
emission probably goes with Si emission usually observed
around 1240 nm and between 3450 and 4965 nm.26 Although
Ar* transitions were observed, possible emission of the solid
state component cannot be observed under these conditions
since it occurs in a wavelength range not detected using our
setup.

4. CONCLUSION
This work contributes to the understanding of the mechanism
involved during cavitation at the solid−liquid interface
following sonication at 20 kHz. High-power ultrasound was
shown to induce interfacial changes of the physical, chemical,
and structural properties of crystalline Si. Although cavitation
erosion of Si involves formation of pits and cracks, its behavior
under cavitation was found to be different from that observed
on other materials such as glasses or metals. For the first time,
ultrasound-induced mechanoluminescence is observed on an
extended solid surface and a different mechanism of light
emission is proposed. The gas discharge occurring at the solid−
liquid interface opens new alternatives concerning monitoring
of microscopic and macroscopic processes developed at the
interface for medical, environmental, chemical, or engineering
applications. Furthermore, spectroscopic and microscopic
investigations strongly revealed the stress and dramatic
transformations locally created during sonication. These
properties may provide an interesting route of investigations
devoted to the mechanical, electrical, and optoelectronic
properties of Si (solar cells, transistors, MEMs, etc.).
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Nanoscale 2010, 2, 722−727.
(46) Li, X.; Lu, J.; Yang, S. Tribol. Int. 2009, 42, 628−633.
(47) Anastassakis, E. J. Appl. Plys 1999, 86, 249−257.
(48) De Wolf, I. Semicond. Sci. Technol. 1996, 11, 139−154.
(49) Himcinschi, C.; Reiche, M.; Scholz, R.; Christiansen, S. H.;
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This paper describes the ultrasonic-assisted preparation and characterisation ofmagnesium–polypyrrole

hybrid capsules loaded with the organic fluorophore rhodamine 6G (Rh6G). Hybrids were prepared

through sonication of magnesium and pyrrole without initiator or with Fe(III) as the polymerisation

initiator in water and alcohol solutions.We studied the hybrids’ morphology, z-potential, FTIR spectra,

sonoinduced phase transformation and fluorescent properties. The properties of the obtained hybrids, as

well as the dye-loading efficiency, were found to depend on the ultrasonic conditions. The fluorophore

release from the free or surface sonoimmobilised capsules in aqueous solutions of different pHvalues and

under electric current was also studied. Effective pH-responsive release, including step-wise release, was

confirmed for the hybrid system. The electric current was also shown to trigger the release of hybrid

capsules sonoimmobilised onto an Ni patterned ITO surface.

Introduction

Conducting polymers like polypyrrole have attracted great

attention due to their conductive nature, good adhesion prop-

erties onto metal surfaces, anticorrosive nature and stability

under harsh environmental conditions.1–3 Polypyrrole (Ppy) finds

vast applications in anticorrosive coatings,1 biosensors,4

controlled drug delivery,5 gas sensors,6 photovoltaic cells,7 fuel

cells,8 artificial muscles,9 etc. There are several methods for

pyrrole polymerisation, for example using oxidants like ferric

salts,10 ammonium persulfate11 or using cationic photoinitiators

like iron arene salts,12 etc. For biological applications, poly-

pyrrole has advantages as it is biocompatible, stable and

conductive.13 Its conductive nature allows an applied current to

be switched on and off reversibly, to facilitate the controlled

delivery of drugs or release of other chemicals. In addition, due

to its stability, it can protect the capsules used in controlled

release systems from degradation before reaching the target site.

These properties of Ppy help to overcome the present problem of

achieving efficient low molecular weight active component

delivery.

Various nanoparticles, such as Fe2O3, Ag, Pd, Au, Ti, TiO2,

V2O5 and C, have been used to form Ppy nanocomposites.3,14,15

There has been to date, however, no reported study of reactive

templating, for example, with calcium carbonate or, as presented

in this paper, active metals (Mg). One should take into account

that comparing the conductivity, magnesium has lower

conductivity than noble metals such as Au or Ag. However,

magnesium is very interesting as a templating material due to its

biocompatibility, degradability and possible application as an in

vivo corrosion implant.16,17 Moreover, it was shown by us

recently that magnesium (also Al, but not Au or Ag) could be

effectively converted into sponges by application of ultrasound

even in pure water. We have investigated several groups of metals

under different sonication conditions. Magnesium chosen for

this study is ideal as it is liable to undergo oxidation and its

melting point is within the range achievable during ultrasonic

processes (cavitation and inter-particle collisions). This simple

process, free of byproducts, also enables the loading of sponges

with active agents in the same process. The sponges system can be

loaded with active chemicals (vitamins and drugs, corrosion

inhibitors, enzymes, DNA fragments, antibodies, bone

morphogenetic proteins, etc.). As an analogue to novel Mg

sponges, a drug carrier providing time-controlled drug release on

demand that is widely applied nowadays is CaCO3.
18 A pH

change could be used as an appropriate trigger to control release

in the case of magnesium and magnesium-based hybrids. One of

the great advantages of the Mg–Ppy hybrid, compared with Mg

itself, is the possibility of construction of a unique encapsulation

system, having porous surfaces with active component release on

demand.

In the present work we describe an ultrasound-assisted method

for the formation of magnesium–polypyrrole hybrid capsules

with and without an initiator (Fe(III)). Ultrasound has many

advantages over conventional synthesis techniques because it is
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both environmentally friendly and cheap. Reactions that with

other techniques would require the use of harsh reaction condi-

tions (high temperature, high pressure and in organic solvents)

can be carried out in aqueous systems under ambient conditions

with ultrasound.19–22 Not only does this allow reactions to be

carried out under milder conditions but it also reduces the

number of synthesis steps, permits the use of lower purity

chemicals and gives higher yields.23 Moreover, for polymerisa-

tion reactions, ultrasound can increase the reaction rate and

monomer conversion percentage, compared with other tech-

niques, largely because it enhances mass transport to the reaction

site.24 In particular, the molecular weight of Ppy in the hybrid

system can depend on temperature, pressure, gas content, pH,

solvent, duration and intensity of the ultrasound. Moreover, in

the case of hybrid systems, of great importance is the matrix (here

Mg) and its response to ultrasound as well as porosity type (pore

shape and size). Despite great interest25–27 in the prospective field

of metal–polymer interactions due to the application of high-

intensity ultrasound (thought to arise through cavitation-assisted

processes), there is still a general lack of knowledge about such

processes. A few reports have concentrated on characterisation

of the chemical interactions between metals and untreated

polymer surfaces, whereas some others have concentrated on

plasma-treated polymer surfaces. From the studies on untreated

polymer surfaces, several general observations can be made.

Typically, for polymers that do not contain carbon–oxygen or

carbon–nitrogen functionalities, little to no chemical interaction

is observed, irrespective of the reactivity of the metal.28 For

reactive metals, such as Al, Mg, Cr, and Ni, extensive chemical

interactions can occur, typically with oxygen atoms in oxygen-

containing polymers.29 For metals with moderate chemical

reactivity, such as Cu, Ti and Ag, chemical interactions were

found to be polymer dependent.30 The formation of defined

hybrids using the green ultrasonic method is of great interest due

to their advanced functionalities (e.g., synergetic (pH and electric

current) time-resolved active component release), which can be

used as capsules.

Rhodamine 6G (Rh6G) is a cationic lipophilic dye, which is

among the most stable organic fluorophores. It is mostly applied

in laser technology, as well as having applications in fluorescent

bio-imaging.31–33 Owing to its lipophilic character, Rh6G is also

known as a distinct stain for lipids and phospholipid-based

polymers.32 Systems loaded with the Rh6G fluorophore may be

useful for different biological and technological applications. For

example, polymer particles incorporating dyes are applicable to

cell labelling,33 sensitive diagnostic reagents,34 flow tracing35 and

electronic inks.36 Thus, in this work we chose Rh6G as a model to

investigate novel hybrid materials formed through sonication for

low molecular weight molecule storage and release on demand.

Experimental section

Materials

Magnesium particles used for the experiments were supplied by

Alfa Aesar of -325 mesh size and 99.8% purity and were used as

received. Pyrrole (98%, reagent grade) was supplied by Sigma

Aldrich. For all experiments, water was purified before use in

a three-stage Millipore Milli-Q Plus 185 purification system and

had a conductivity lower than 18.2 MU cm. Fe(III) (FeCl3$6H2O,

97% purity, Sigma Aldrich) was used as the pyrrole polymeri-

sation initiator. Rhodamine 6G (Rh6G) was supplied by Sigma

Aldrich and had a 98% dye content.

Magnesium PPy hybrid preparation

Magnesium powder was sonicated in 60 mL Milli-Q water or

alcohol solution with a 20 kHz horn-type sonicator (Hielscher

UIP1000hd, Germany) equipped with a booster B2-1.2, operated

with a maximal output power of 1000 W. The surface area of the

horn tip (Hielscher, BS2d22) was 3.8 cm2 and sonication was

performed in a thermostatted flow cell (FC100L1-1S) at 65 �C.
The maximum calorimetric intensity was calculated as 57W cm�2

at a mechanical amplitude of 81 mm. Samples were centrifuged

after sonication and then dried after removing the extra water.

Experiments with pyrrole without initiators

Magnesium particles were sonicated in solution for 5 minutes.

Pyrrole was subsequently added to achieve 5 wt% pyrrole solu-

tion and sonication was continued up to 30 minutes. The weight

ratio of magnesium : pyrrole was 2 : 1.37

Experiments with initiators

Fe(III) was used as the initiator. The molar ratio of iron : pyrrole

was 3.4 : 1. We sonicated magnesium with aqueous salt solution

for 5 minutes and then pyrrole was added as described above.

R6G loading

Samples were loaded by simultaneous sonication of magnesium

and Rh6G. Thus magnesium was sonicated for 5 minutes in the

presence of Rh6G. Pyrrole was then added and sonicated as

described above.

Capsule sonoimmobilisation

An ITO glass metal patterned surface was formed as in ref. 38–40

and placed in a home-manufactured Teflon sample holder that

allowed the sample to be held at a reproducible distance from the

ultrasonic horn. This sample holder allowed a flat angle treatment

of the sample with a 2 cm distance between the probe and the

sample. Preformed hybrid capsules (10 wt%) were added to an

aqueous solution and sonicated for 5 minutes under the same

conditions as above. The glass containing the sonoimmobilised

hybrid capsuleswas thenwashed several times anddried inN2flow.

Characterization

A Zeta Sizer Nano ZS (Malvern Instruments, UK) was used to

determine the size distribution and z-potential of the containers.

Microscopy

A conventional transmission electron microscope (TEM), a Zeiss

EM 912 Omega (Carl Zeiss AG, Germany), equipped with an

electron diffraction unit was used. It was operated at 120 kV and

was employed to study the particles’ morphology, crystal struc-

ture and local orientation. Scanning electron microscopy (SEM)

13842 | J. Mater. Chem., 2012, 22, 13841–13848 This journal is ª The Royal Society of Chemistry 2012
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was performed with a Gemini Leo 1550 instrument at an oper-

ating voltage of 3 keV to study the morphology of the samples. A

Leica TCS SP (Leica, Germany) confocal laser scanning micro-

scope (CSFM) with a 100� oil immersion objective and

numerical aperture of 1.4 was also used.

Infrared spectroscopy

Fourier transform infrared (FTIR) measurements were carried

out with a Bruker Hyperion 2000 IR microscope equipped with

a 158 IR objective and MCT detector, operated at room

temperature with KBr pellets. For powdered samples the tradi-

tional infrared analysis method is the collection of a KBr pellet

spectrum with an aliquot of the sample. Spectra between 400 and

4000 cm�1 were recorded with 2 cm�1 resolution in the trans-

mission mode using a DTGS detector.

X-ray diffraction

XRD patterns for phase identification were collected using

a Bruker D8 diffractometer with CuKa radiation (l1 ¼ 1.54053
�A). Data were measured over the range of 2q ¼ 5 to 90�, at steps
of 0.05� and 1.0 s per step.

Nitrogen sorption

Nitrogen adsorption–desorption isotherms were measured at

77 K using a Quantachrome Quadrasorb adsorption instrument

and the BET method was used for surface area determination.

Cavitation bubble dynamics

Bubble oscillation and collapse dynamics were investigated by

measuring the intensity of scattered laser light from a spatially

stable single bubble.41 A rectangular glass resonator cell was

constructed with a piezo-ceramic transducer glued to the base.

Degassed water (24 mbar, 105 mL) was added to the cell, which

was subsequently tuned to resonance (27 kHz) using a power

amplifier (Krohn-Hite, model 7500) and function generator

(Linear Krohn-Hite, model 1200A). With the acoustic pressure

initially set at 0.9 bar (measured with a Dapco Industries needle

hydrophone), a bubble was introduced to the solution by drop-

ping water on the air–water surface with a syringe. The bubble

forms at the acoustic pressure antinode of the cell, where it is

spatially stable for several minutes. A 5 mW pen laser was

aligned with the bubble and an end-on Hamamatsu photo-

multiplier tube was orientated at 90 degrees to the laser beam.

The scattered light intensity from the oscillating bubble was then

captured on a digital oscilloscope (Hameg, model HM407),

which was connected to a PC. Using the same solution and

experimental conditions, pyrrole was added and the experiment

repeated. This procedure was then performed at a higher acoustic

pressure of 1.1 bar, in order to observe the influence of the

additive on sonoluminescence (emitted from the bubble in water

above a threshold pressure of about 1 bar).

Release experiments

The loading efficiency was determined via absorption (8453 UV-

visible spectrophotometer, Agilent Technologies) and

fluorescence (FluoroMax-4, HORIBA Jobin Yvon) techniques.

The hybrid capsules were dispersed in water. The dispersion was

stirred for a chosen time and then centrifuged. The supernatant

was then filtered to remove the remaining particles. As a refer-

ence, water solutions of the respective Rh6G with known

concentrations were prepared and a calibration curve was

recorded. A fluorimeter (FluoroMax-4) was used to determine

the release dynamics in water. A water suspension of hybrid

capsules (0.02–0.05 mg mL�1) was placed in a quartz cuvette. The

fluorescence intensity was observed every 2 minutes and the

scattering was suppressed by polarising filters in the excitation

and detection beams. The optical density at the absorption bands

of highest wavelength was set below 0.1 to avoid reabsorption

effects. Different pH regions were analysed. Absorption was also

measured after step-wise changing of the pH. The electric

current-induced release from sonoimmobilised capsules was

studied in situ in confocal fluorescence mode.

Results and discussions

There has been emerging interest in the last few decades in

hierarchically ordered 3-D networks, which can be considered as

carriers for active chemicals.42–44 Green and inexpensive

production of such carriers is a major focus of current research,

as is their formation and well-defined organisation to achieve

controllable chemical release. The application of ultrasound for

metal-based sponge formation due to metal modification has

been the focus of our work over the last two years.21,23,33,45–48 We

have demonstrated that these sponges may be used as carriers of

active chemicals. The general concept of ultrasound-driven

modification of metal microparticles (mPs) in water is as follows:

the mechanism of modification of the metal structure under

ultrasound irradiation is complex and involves a variety of

aspects related to thermal etching and oxidation of metal

surfaces. It is seen from Fig. 1 that modification of magnesium

proceeds through different stages, and at the end we can achieve

a total transformation of the metal to brucide (Fig. 1f).

For chemical carriers, the most important structure is one with

maximal porosity, which in our case is achieved for the partially

oxidised mesoporous magnesium mPs (Fig. 1b and 2). The same

Fig. 1 Influence of sonication time on magnesium particles: (a–c) SEM

and (d–f) TEM/ED images of initial, 10 minutes and 20minutes sonicated

samples.
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tendency of crystalline phase sonotransformation was shown for

aluminum,21 with one possible phase being a mesoporous metal

skeleton stabilised with an oxidised metal nanolayer. It was

shown that the surface areas for the same sonication time for Mg

and Al were 69 m2 g�1 and 54 m2 g�1, respectively. Furthermore,

Mg sponges were characterised by larger pores than Al sponges:

the average pore diameters were about 14 nm in the case of Mg

and about 4 nm in the case of Al.21 The modification of

magnesium is faster in comparison with aluminum and, there-

fore, in the present study we use a shorter sonication time in

comparison with that in ref. 21, trying to prevent total structure

oxidation in favour of achieving higher porosity. Indeed, as is

evident in Fig. 3, we achieve an even more porous structure with

a surface area of 260 m2 g�1 and pore size of 7 nm.

Development of hybrid capsules is suggested for a system of

three components: liquid (water or alcohol); solid (Mg-mPs); and

a chosen additive (pyrrole) (Fig. 3).

The most pronounced effects of ultrasound on liquid–solid

systems are both mechanical and chemical, attributed to

symmetric and asymmetric cavitation collapse and active species

formation in the reaction medium (Fig. 3). Symmetric bubble

collapse in a liquid medium causes shock waves with high pres-

sures in addition to high gas temperatures in the collapsed

cavities. These high-pressure, high-temperature conditions exist

for short time periods and are unique for the synthesis of

complex hybrids with the reactor at ambient conditions.19–22

Shock waves also potentially create microscopic turbulences.49

This phenomenon increases the transfer of mass across the solid,

thus increasing the intrinsic mass-transfer coefficient, as well as

possibly creating or modifying existing 3-D networks, such as

hybrid solid (Mg)–polymer (Ppy formed from pyrrole) interac-

tions. Alternatively, this phenomenon may result in further and/

or different 3-D ordering of the network formed. When bubble

collapses occur near a solid surface that is several orders of

magnitude greater in scale than the cavitation bubbles,50 they

occur asymmetrically,51 and solvent microjets are formed

perpendicular to the solid surface. These microjets have an esti-

mated speed of 100 m s�1 (ref. 19) and lead to pitting, erosion of

the surface, particle breakage and collision. Moreover, this

behaviour leads to an enhancement in heterogeneous reactions

(secondary cavitation-assisted processes) with active species

formed in the reactor. Thus, a part of the vaporised molecules

from the surrounding medium can be dissociated to form radical

species, such as OH_ and H_, for water sonolysis.52 Radicals can

also form by hydrogen abstraction of some organic additives

(e.g., RH forms R_), either by reaction with a primary radical

formed during cavitation collapse and/or by the direct pyrolysis

of RH molecules during bubble collapse.53 Recent

studies21,23,27,45–48,54 have suggested scenarios and provided

prospective defined cavitation pathways for surface modifica-

tions based on the surfaces’ different responses to ultrasound.

The different responses result from differences in the surfaces’

hydrophilic/hydrophobic properties or chemical reactivity. Thus,

comparison of bubble formation on hydrophobic and hydro-

philic surfaces with that in the bulk reveals a stronger response

on the hydrophobic part of a patterned surface than on the

hydrophilic part.54 If a surface changes its hydrophilicity/

hydrophobicity during a sonochemical process, it is clear that the

sponge response to ultrasound becomes nonlinear. The presence

of additives in the sonochemical reactor can also influence the

cavitation process. The role of an additive can be played by

monomer or polymer molecules (here pyrrole and polypyrrole,

respectively). These additives accumulate at the gas–liquid

interface of cavitation microbubbles and the formed 3-D

network. During collapse, the center of the bubble is charac-

terised by high temperatures and pressures, whereas the bulk

liquid remains under normal conditions. A transition zone also

exists between the interface and bulk liquid.55 Molecules are

present in both the transition zone and the outer liquid phase.

Additives or formed species (Fig. 3) can even penetrate inside

bubbles. Single-bubble sonoluminescence studies (Fig. 4) show

that pyrrole present in the solution completely quenches the

luminescence which means formed species are present and liable

to react inside the bubble core. However, as can also be seen in

Fig. 4, the presence of pyrrole at the interface does not affect the

time of bubble collapse or the size of the bubble, which is related

to the intensity of the scattered light.

Fig. 2 (a) XRD patterns of initial (upper) and modified (lower)

(10 minutes sonication) magnesium particles; (b) N2 adsorption–

desorption of modified magnesium particles.

Fig. 3 Schematic representation of the research objectives and sono-

chemical synthesis mechanism: initial materials – monomer, metal

(magnesium) mPs – upper part; possible ultrasonic effects in the reactor –

physical (shock waves and liquid jets) and chemical (formation of radicals

from monomer and sonolysis of the liquid vapour (here, water shown)) –

middle part; and some examples of systems which could be expected after

applying ultrasonic exposure: the metal and polymer could form a porous

hybrid system; formation of core@shell structures such as metal and/or

hybrid@polypyrrole – lower part of the scheme.
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During the process of polymerisation the formation of long-

chain molecules (polypyrrole) and the reactive species formed

from them, such as long-chain radicals, takes place. The time

required for the orientation of long-chain molecules at the gas–

liquid interface is longer than that required for short-chain

molecules and longer than the bubble lifetime.56 The organic

molecules, nanoparticles and ions near the bubble interface

influence the cavitation process, which increases surface pressure,

and leaves the molecules in the correct orientation and chemical

state for transport and attachment to the surface.57 Five main

effects of cavitation are known for monomers and polymers: the

formation of free radicals during the cavitation process,58 poly-

merisation,59 chain reorientation,60 polymer decomposition61 and

the involvement of organics in chemical processes such as

oxidation and bond breakage.62

Different hybrids can therefore be expected to form in our

system. In particular, we found twomain products (Figs. 3 and 5)

depending on the solvents used: (1) interpenetrated magnesium

polypyrrole (Mg–Ppy) hybrid formed in aqueous solution; (2)

core@shell (Mg@Ppy) hybrid formed in alcohol solution. The

presence of polypyrrole is visible in the FTIR spectra (Figs. 5e

and f).63 The peaks at 1540 and 1450 cm�1 can be attributed to C–

N and C–C asymmetric and symmetric ring-stretching, respec-

tively. Additionally, the peaks near 1160 and 890 cm�1 represent

the doping state of polypyrrole, the peak at 1030 cm�1 is attrib-

uted to C–H deformation andN–H stretching vibrations, and the

broad band at 1300 cm�1 is attributed to the C–H and C–N in-

plane deformation vibrations, respectively. It is seen in the SEM

and TEM images (Figs. 5a and c) that Mg–Ppy can still be

characterised as porous with a rough surface. In alcohol solution

a thicker amorphous (also see XRD pattern Fig. 5f) surface layer

of polypyrrole Mg@Ppy with defined surface ‘‘flower’’

morphology is also observed (Figs. 5b and d). Differences in the

structures formed could be due to differences in bubble collapse

scenarios depending on the solution vapour pressure.64XRD and

FTIR patterns (Fig. 5e and f) also provide evidence that oxida-

tion in the presence of pyrrole in the solution proceeds more

slowly in comparison with pure solution. Oxidation is slower

since, first of all, the formed active oxygen species are involved in

pyrrole polymerisation, which is apparent to the eye as a black

color in solution.

The process of polymerisation can be stimulated by initiators.

Here we use Fe(III) as a known effective initiator for pyrrole

polymerisation. However, if Fe(III) salt is added to the reaction

medium together with the monomer, polymerisation starts very

fast in solution and the formation of a pronounced 3-D network

is difficult to achieve. We performed short-time pre-sonication of

our m-sized magnesium particles in Fe(III) solution to achieve the

formation of the first level of a 3-D network containing the

initiation centers inside the 3-D network. Pyrrole solution was

subsequently added as the second step in the 3-D network

formation/modification. It is seen in the optical image (Fig. 6a,

inset) that the resulting hybrid also exhibits the pronounced

characteristic polypyrrole black color. FTIR spectra (Fig. 6c)

reveal the characteristic polypyrrole bands, which are narrower

in comparison with the previous case of hybrid formation

without initiator. There was no evidence of interconnectivity

between the formed polypyrrole (see TEM image in Fig. 6b). The

polypyrrole formed is localised in the pores of magnesium. This

result can be explained by taking into account the faster poly-

merisation with initiator and the negligible time for rearrange-

ment of the polymer structure especially when the polymer is

inside the porous magnesium and not in the solution. Such

hybrids with formed polymer of lower molecular weight could

potentially be used in the future for some interesting purposes,

such as for the second rearrangement of the polymer structure.

However, it is the interpenetrating hybrid, as forMg–Ppy formed

without initiator, that is of the greatest interest here because of its

possible multi-trigger (pH and electric current flow active

Fig. 4 Time-resolved observation of single bubble collapse in pure

(upper curves, red) or pyrrole (lower curves, blue) containing solution.

The sonoluminescence is superimposed on the scattered light signal at

high acoustic pressure for water. In the presence of pyrrole this is

completely quenched.

Fig. 5 (a and b) SEM images, (c and d) TEM and ED (insets) images,

(e and f) FTIR spectra and XRD patterns (insets) of structures formed

after sonication (30 minutes) of magnesium in (a, c and e) aqueous or

(b, d and f) methanol solution containing 5 wt% of pyrrole (monomer).
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chemical release) capability. Before beginning our study it was

assumed that magnesium would be responsible for pH-triggered

release due to its chemical properties. Ppy was expected to be

responsible for electrically stimulated release if the formation of

a connected network through the entire hybrid could be

achieved.

Here a single-step loading of Mg–Ppy hybrid carriers

(capsules) with Rh6G by ultrasonic treatment of a Rh6G solu-

tion23 (Fig. 7) was established. The multi-step loading, as

reported in our previous work,65–67 of a pre-formed magnesium

3-D network applying vacuum pump loading is possible.

However, it goes without saying that a single-step process is

economically preferable in materials synthesis. Using a single-

step approach, we then continued sonication with pyrrole in

solution for the formation of interpenetrating Mg–Ppy–Rh6G

hybrids. The confocal fluorescence and SEM images of the

formed structure are shown in Fig. 7a; it is seen that Rh6G can be

stored in such a hybrid. Rh6G loading contents were 0.05 g g�1

and 0.03 g g�1 in the case of Mg–Rh6G and Mg–Ppy–Rh6G,

respectively. In our previous work (ref. 23) the possibility was

discussed of loading due to chemisorption; however, here there

was no chemisorption detected, and thus the loading is due to

physical Rh6G entrapment. From the release kinetics (Fig. 7b), it

can also be seen that a hybrid Mg–Ppy carrier has better long-

term storage ability in comparison with magnesium loaded with

Rh6G. Thus, Ppy can prevent the fast degradation of magnesium

in aqueous solution as could be the case for unprotected

magnesium. However, from the perspective of implant

construction, both systems could be promising for drug, vitamin,

antibody and protein delivery. It is also very important that the

pH dramatically affects Rh6G release. The release kinetics after

an hour from Mg–Ppy–Rh6G at different pH values are shown

in Fig. 7c. Moreover, the step-wise release is also characteristic of

such hybrids (Fig. 7d).

One of the advantages of polypyrrole is its conductive nature,

a characteristic which it imparts to the hybrids presented here,

namely Mg–Ppy–Rh6G. The formation of nickel patterns on

ITO glass (Fig. 8b) was performed, as described in our previous

work (ref. 38–40). We used the sonoimpregnation procedure

(Fig. 8a) for the deposition of Mg–Ppy–Rh6G hybrids onto

a nickel metal surface. In this way, the sonication of ITO glasses

in the presence of loaded hybrids can result in the connection of

the hybrids with nickel occurring much faster than a possible

connection of the hybrid with ITO glass.68 The melting

Fig. 6 (a) SEM and sample tube optical (inset) images, (b) TEM and ED

(inset) images of a magnesium–polypyrrole hybrid formed after the

sonication (30 minutes) of Fe(III) (initiator of polymerisation)-loaded

magnesium in aqueous solution containing 5 wt% of pyrrole (monomer).

(c) FTIR spectra of the hybrids formed after sonication with varying

concentration of magnesium particles in solution: (1) 0.3 g mL�1, (2) 0.05

g mL�1, (3) 0.1 g mL�1.

Fig. 7 (a) 3-D confocal microscopy reconstruction of the sonona-

noengineered magnesium–polypyrrole hybrid loaded with fluorophore

Rhodamin 6G (Rh6G) (fluorescence mode); the inset shows the SEM

image of the hybrid. (b) Time-resolved release of Rh6G from porous

magnesium (Mg–Rh6G) and the hybrid capsules (Mg–Rh6G–Ppy) in

aqueous solution at neutral pH. (c) Rh6G release after 60 minutes in

aqueous solution at different acidic pH values. (d) Time-resolved release

under initial pH¼ 4 and two step-wise pH changes: pH change 1 to pH¼
3 and pH change 2 to pH ¼ 1.

Fig. 8 (a) Schematic representation of the process of sonoimpregnation

(5 minutes) of hybrid particles on a patterned surface. (b) Optical image

of the initial nickel patterned ITO glass electrode. (c) SEM image of

patterned sonoimpregnated surface of Rh6G-loaded hybrid. (d)

Confocal microscopy image (fluorescent mode) of (c). (e) is (d) after

electric current flow (shown schematically in the inset).
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temperatures of the substrate (the part of the substrate with the

metal patterns) and the hybrid, as well as the time of sonication,

are critical parameters for this study. Since we use short-term

sonication, we prevent the sonoimpregnation of the loaded

hybrid into ITO glass, evident in the SEM image (Fig. 8c). The

electric current in such a system as depicted schematically in

Fig. 8e (inset) results in the release of Rh6G from the hybrid due

to a change in polymer density. This can be seen in the confocal

fluorescence images of a surface with sonoimmobilised capsules

before and after electrical current (Figs. 8d and e, respectively).

Conclusions

Effective hybrid capsules with synergetic trigger release are

expected to be of great interest for the next decade, since time-

and space-resolved release of active chemicals (labelling fluo-

rescent dyes, drugs, vitamins, antibodies, etc.) could provide

further successful use of encapsulation systems in the construc-

tion of medical devices, corrosion termination and as surfaces for

stem cell research. We presented here a solution of the problem.

Thus, hybrid systems whose components are sensitive to different

factors (such as Mg to pH change, and polypyrrole to electric

current flow) represent ideal candidates in the design of such

capsules. We have presented a sonochemical approach for the

formation of such hybrids, which has great potential due to its

ecologically friendly nature and amount of process steps, addi-

tives and reagents.

Acknowledgements

This work was supported by the Humboldt Foundation,

SFB840, NATO CLG 984267 and FP7-NMP-2009-4.0-3-245572

3MICRON.

Notes and references

1 Handbook of Organic Conductive Molecules and Polymers, ed. H. S.
Nalwa, John Willey & Sons, New York, 1997.

2 D. E. Tallman, G. Spinks, A. Dominis and G. G. Wallace, J. Solid
State Electrochem., 2002, 6, 73.

3 E. V. Skorb and D. G. Shchukin, in European Coatings Tech Files, ed.
G. Gehrenkemper, Vincentz Network GmbH & Co, Germany, 2010.

4 M. Gerard, A. Chaubey and B. D. Malhotra, Biosens. Bioelectron.,
2002, 17, 345.

5 N. K. Guimard, N. Gomez and C. E. Schmidt, Prog. Polym. Sci.,
2007, 32, 876.

6 J. Janata and M. Josowicza, Nat. Mater., 2003, 2, 19.
7 J.-D. Kwon, P.-H. Kim, J.-H. Keum and J. S. Kim, Sol. Energy
Mater. Sol. Cells, 2004, 83, 311.

8 R. Bashyam and P. Zelenay, Nature, 2006, 443, 63.
9 T. Mirfakhrai1, J. D. W. Madden and R. H. Baughman, Mater.
Today, 2007, 10, 30.

10 D. V. Andreeva, D. V. N. V. Bobrova, V. K. Lavrent�ev, Z. Pientka,
G. A. Polotskaya and G. K. Elyashevich, Polymer Sci. A., 2002, 44,
424.

11 P. Mavinakuli, S. Wei, Q. Wang, A. B. Karki, S. Dhage, Z. Wang,
D. P. Young and Z. Guo, J. Phys. Chem. C, 2010, 114, 3874.

12 New Concepts in Polymer Science, ed. V. E. Gul’, Brill Academic Pub.,
1996.

13 D. V. Andreeva, D. A. Gorin, D. G. Shchukin andG. B. Sukhorukov,
Macromol. Rapid Commun., 2006, 27, 931.

14 P. Gomez-Romero, Adv. Mater., 2001, 13, 163.
15 A. Malinauskas, J. Malinauskiene and A. Ramanavicius,

Nanotechnology, 2005, 16, R51.
16 M. P. Staiger, A. M. Pietak, J. Huadmaia and G. Dias, Biomaterials,

2006, 27, 1728.

17 F. Witte, V. Kaese, H. Haferkamp, E. Switzer, A. Meyer-Lindenberg,
C. J. Wirth and H. Windhagen, Biomaterials, 2005, 26, 3557.

18 D. V. Volodkin, R. Klitzing and H. M€ohwald, Angew. Chem., Int.
Ed., 2010, 49, 9258.

19 K. S. Suslick and L. A. Crum, Encyclopedia of Acoustics, ed. M. J.
Crocker, Wiley & Sons. Inc., N.Y., 1995.

20 M. A. Margulis, in Sonochemistry Basis, High School, Moscow, 1984.
21 E. V. Skorb, D. Fix, D. G. Shchukin, H. M€ohwald, D. V. Sviridov,

R. Mousa, N. Wanderka, J. Sch€aferhans, N. Pazos-P�erez, A. Fery
and D. V. Andreeva, Nanoscale, 2011, 3, 985.

22 D. G. Shchukin, E. V. Skorb, V. Belova and H. M€ohwald, Adv.
Mater., 2011, 23, 1922.

23 D. V. Andreeva, D. V. Sviridov, A. Masic, H. M€ohwald and
E. V. Skorb, Small, 2012, 8, 820.

24 F. G. Hammitt, in Cavitation and Multiphase Flow Phenomena,
McGraw-Hill Book Co., N.Y., 1980.

25 M. Stamm, Polymer Surfaces and Interfaces, Springer, Berlin, 2008.
26 D. G. Shchukin, D. V. Andreeva, E. V. Skorb and H. M€ohwald, in

Supramolecular Chemistry of Hybrid Materials, ed. K. Rurack,
Wiley-VCH, Germany, 2010.

27 D. V. Andreeva, E. V. Skorb and D. G. Shchukin, ACS Appl. Mater.
Interfaces, 2010, 2, 1954.

28 L. J. Gerenser and K. E. Goppert-Berarducci, in Metallized Plastics,
Fundamental and Applied Aspects, ed. K. L. Mittal, Plenum Press,
N.Y., 1992.

29 M. Rubinstein and R. H. Colby, Polymer Physics, Oxford University
Press Inc., N.Y., 2003.

30 G. Ferey, Hybrid porous solids: past, present, future, Chem. Soc.
Rev., 2008, 37, 191.

31 DyeLaserPrinciples, ed.F.DuarteandL.Hillman,Academic,N.Y., 1990.
32 J.-H. Wang, J. Bartlett, A. Dunn, S. Small, S. Willis, M. Driver and

A. Lewis, J. Microsc., 2005, 217, 216.
33 J. Gensel, T. Borke, N. Pazos-P�erez, A. Fery, E. Betthausen,

A. H. E. M€uller, D. V. Andreeva, H. M€ohwald and E. V. Skorb,
Adv. Mater., 2012, 24, 985.

34 K. Kellar and M. Iannone, Exp. Hematol., 2002, 30, 1227.
35 G. Visscher, M. Haseldonckx, W. Flameng, M. Borgers, R. Reneman

and K. Rossem, J. Neurosci. Methods, 2003, 122, 149.
36 D. Yu, J. An, J. Bae, D. Jung, S. Kim, S. Ahn, S. Kang and K. Suh,

Chem. Mater., 2004, 16, 4693.
37 D. V. Andreeva, Z. Pientka, L. Brozov�a, M. Bleha, G. A. Polotskaya

and G. K. Elyashevich, Thin Solid Films, 2002, 406, 54.
38 E. V. Skorb, T. V. Byk, V. G. Sokolov, T. V. Gaevskaya,

D. V. Sviridov, C.-H. Noh, K. Y. Song, Y. N. Kwon and
S. H. Cho, J. Photochem. Photobiol., A, 2008, 193, 56.

39 E. V. Skorb, T. V. Byk, V. G. Sokolov, T. V. Gaevskaya,
D. V. Sviridov and C.-H. Noh, High Energy Chem., 2008, 42, 127.

40 E. V. Skorb, T. V. Byk, V. G. Sokolov, T. V. Gaevskaya and
D. V. Sviridov, Theor. Exp. Chem., 2009, 45, 40.

41 T. Matula, Philos. Trans. R. Soc. London, Ser. A, 1999, 357, 225.
42 Emerging Technologies and Techniques in Porous Media, ed. D. B.

Ingham, Springer, 2004, p. 507.
43 Porous Media: Applications in Biological Systems and Biotechnology,

ed. K. Vafai, CRC Press, 2010, p. 599.
44 J.-R. Li, R. J.Kuppler andH.-C. Zhou,Chem. Soc. Rev., 2009, 38, 1477.
45 E. V. Skorb, H. M€ohwald, T. Irrgang, A. Fery and D. V. Andreeva,

Chem. Commun., 2010, 46, 7897.
46 E. V. Skorb, D. G. Shchukin, H. M€ohwald and D. V. Andreeva,

Nanoscale, 2010, 2, 722.
47 N. Pazos-P�erez, J. Sch€aferhans, E. V. Skorb, A. Fery and

D. V. Andreeva, Microporous Mesoporous Mater., 2012, 154, 164.
48 J. Sch€aferhans, S. G�omez-Quero, D. V. Andreeva and

G. Rothenberg, Chem.–Eur. J., 2011, 17, 12254.
49 V. P. Skripov, E. N. Sinitsyn, P. A. Pavlov, O. V. Ermakov,

G. N. Muratov, N. V. Bulanov and V. G. Baidakov,
Thermophysical Properties of Liquids in the Matastable
(Superheated) State, Gordon and Breach, N.Y., 1988.

50 E. A. Neppiras, Phys. Rep., 1980, 61, 160.
51 K. S. Suslick and G. J. Price, Annu. Rev. Mater. Sci., 1999, 29, 295.
52 J. G. Adewuyi, Environ. Sci. Technol., 2005, 39, 8557.
53 J. Z. Sostaric and P. Riesz, J. Phys. Chem. B, 2002, 106, 12537.
54 V. Belova, D. A. Gorin, D. G. Shchukin and H. M€ohwald, Angew.

Chem., Int. Ed., 2010, 49, 7129.
55 D. G. Shchukin and H. M€ohwald, Phys. Chem. Chem. Phys., 2006, 8,

3496.

This journal is ª The Royal Society of Chemistry 2012 J. Mater. Chem., 2012, 22, 13841–13848 | 13847

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
01

2.
 D

ow
nl

oa
de

d 
by

 S
ai

nt
 P

et
er

sb
ur

g 
St

at
e 

U
ni

ve
rs

ity
 o

f 
IT

 M
ec

ha
ni

cs
 a

nd
 O

pt
ic

s 
on

 8
/8

/2
01

9 
9:

27
:3

3 
A

M
. 

View Article Online

https://doi.org/10.1039/c2jm30768e


56 J. Z. Sostaric and P. Riesz, J. Am. Chem. Soc., 2001, 123, 11010.
57 L. H. Thompson and L. K. Doraiswamy, Ind. Eng. Chem. Res., 1999,

38, 1215.
58 H. Endo, J. Acoust. Soc. Am., 1994, 95, 2409.
59 M. Zeng, H. N. Gao, Z. Q. Wu, L. R. Fan, T. H. Zheng and

D. F. Zhou, J. Macromol. Sci., Part A: Pure Appl. Chem., 2010, 47,
1042.

60 A. V. Mohod and P. R. Gogate, Ultrason. Sonochem., 2011, 18, 727.
61 M. M. Caruso, D. A. Davis, Q. Shen, S. A. Odom, N. R. Sottos,

S. R. White and J. S. Moore, Chem. Rev., 2009, 109, 5755.
62 K. Okitsu, Y. Mizukoshi, H. Bandow, T. A. Yamamoto, Y. Nagata

and Y. Maeda, J. Phys. Chem. B, 1997, 101, 5470.

63 M. Omastova, M. Trchova, J. Kovarova and J. Stejskal, Synth. Met.,
2003, 138, 447.

64 D. J. Flannigan, S. D. Hopkins and K. S. Suslick, J. Organomet.
Chem., 2005, 690, 3513.

65 E. V. Skorb, D. Fix, D. V. Andreeva, D. G. Shchukin and
H. M€ohwald, Adv. Funct. Mater., 2009, 19, 2373.

66 E. V. Skorb, D. G. Shchukin, H. M€ohwald and D. V. Sviridov, J.
Mater. Chem., 2009, 19, 4931.

67 E. V. Skorb, D. V. Sviridov, H. M€ohwald and D. G. Shchukin,Chem.
Commun., 2009, 6041.

68 M. Virot, T. Chave, S. I. Nikitenko, D. G. Shchukin, T. Zemb and
H. M€ohwald, J. Phys. Chem. C, 2010, 114, 13083.

13848 | J. Mater. Chem., 2012, 22, 13841–13848 This journal is ª The Royal Society of Chemistry 2012

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
01

2.
 D

ow
nl

oa
de

d 
by

 S
ai

nt
 P

et
er

sb
ur

g 
St

at
e 

U
ni

ve
rs

ity
 o

f 
IT

 M
ec

ha
ni

cs
 a

nd
 O

pt
ic

s 
on

 8
/8

/2
01

9 
9:

27
:3

3 
A

M
. 

View Article Online

https://doi.org/10.1039/c2jm30768e


Sonochemistry
DOI: 10.1002/anie.201105084

Generation of a Porous Luminescent Structure Through Ultrasonically
Induced Pathways of Silicon Modification**
Ekaterina V. Skorb,* Daria V. Andreeva, and Helmuth Mçhwald

In heterogeneous solid–liquid systems, cavitation can induce
three main effects: 1) Surface damage can occur at the liquid–
solid interface through both symmetric bubble collapse,
resulting in shock waves and subsequent microstreaming,[1]

and asymmetric bubble collapse, resulting in surface microjets
that are several orders of magnitude larger than the cavitation
bubble size. For example, at 20 kHz, the maximum size of
a cavitation bubble is approximately 50 mm.[2] 2) Chemical
surface modification/stabilization owing to ultrasonic free-
radical formation[1] can occur. 3) Fragmentation of brittle
solids and an increase in their surface area can occur through
high-velocity interparticle collisions in suspensions of solid
species (Figure 1).[1,2]

Recently, we have demonstrated the effect of ultrasound
on the phase transitions in metal particles.[3] The ultrasonica-
tion of metals has been found to cause crystal deformation,
cleavage of chemical bonds, and phase transformations
between amorphous and crystalline forms. These effects
result in an increase in the surface area of metal systems
that is stabilized by the formation of a thin oxide layer on the
surface of the metal skeleton. Moreover, ultrasonic processes
may cause phase segregation because of the crystallization of
one of the components in metal alloys or in metal solutions.

Herein, we focus on the ultrasound-assisted modification
of silicon. For applications related to optics[4a,b] or drug
delivery,[4c,d] silicon suffers from an absence of intrinsic
fluorescence and a lack of simple “green” modification
techniques to render it suitable for such applications. In our
study, we investigate the pronounced and controlled response
of silicon surfaces to ultrasonic treatment, together with the
formation of porous optically active silicon. This novel
ultrasound-assisted method avoids the use of HF or similarly

aggressive media, which are detrimental to the environ-
ment.[4]

The ultrasound-assisted modification of silicon plates, in
the form of both crystalline silicon wafers and amorphous
silicon deposited onto glass, and m-sized particles is illustrated
in Figure 1. In general, the interaction of cavitation bubbles
with the silicon surface results in mechanical and chemical
modification. The ultrasonic modification of solids is known
to be controlled by various sonication conditions, including
the intensity and duration of sonication, the solvent, and the

Figure 1. Ultrasonic effects (surface imprinting, interparticle collisions
and chemical surface modification by free radicals) and initial SEM
images of a) Si plates and b) m-sized Si particles. c) 3D schematic
reconstruction, based on m-confocal and TEM measurements of photo-
luminescence and porosity change, respectively, of Si after sonication
in controlled solvent conditions.
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concentration and size of the sonicated species, oxidants, and
reducing agents involved.[1,3,5]

The important innovation we introduce here is the
addition of hydrogen donors during ultrasonication, which
has dramatic influence on the process. The sonication of
silicon species in water that does not contain a hydrogen
donor results in the formation of an oxidized surface caused
by the oxidation of the silicon by-products of water sonolysis.
The samples are characterized by a slight increase in their
surface roughness and the absence of photoluminescence
(Figure 1c; see also the Supporting Information, Figure S1).
The hydrogen donors slow the surface oxidation processes,
which are brought on by free radicals formed during water
sonolysis, and stabilize the porous structure through the
formation of silicon-terminated bonds. In this case, Si�H
bonds could be formed as an alternative to, or together with,
Si�O bonds. The illustration in Figure 1c, based on a 3D
reconstruction of TEM and m-confocal measurements of the
surface after high-intensity ultrasonic exposure, shows our
general concept of a single-step “green” method for the
construction of surfaces with different porosities. Without
a reducing agent present during modification in water, neither
porous nor luminescent structures were observed. However,
in the presence of a reducing agent, luminescent structures
with a range of porosities (25–40% in water, 60–70% in
water/alcohol mixtures, and 40–50% in an ionic liquid) were
detected. Furthermore, the differences in porosities correlate
with differences in photoluminescence (green or red).

We used Mg or Al in water and water/alcohol mixtures, or
NaBH4 in an ionic liquid as the hydrogen donors. The
formation of hydrogen-terminated bonds on the surface of the
silicon during ultrasonication could significantly slow or
prevent surface oxidation, even in a water solution, as
evidenced by infrared reflection absorption spectroscopy
(IRRAS; Supporting Information, Figure S2). Figures 2a–d
and S2 were obtained from wafer plate samples modified in
the presence of hydrogen-donor species. The formation of
channel-like structures was observed in samples prepared by
5 min of sonication. We have recently demonstrated similar
modification features (channel-like structures) for metals.[3]

Samples modified for 20 min reveal partial surface amorph-
ization (Figure 2b), which later converts into a completely
amorphous microporous silicon structure (Figure 2c). Thus,
the hydrogen-donor materials stimulate the formation of Si�
H bonds, which stabilize the ultrasonically formed structures
and allow for the possible formation of nanocrystalline silicon
(nc-Si). The formation of Si�H bonds is also indicated by the
IRRA spectra (Supporting Information, Figure S2).

The structure of the modified silicon may influence the
electronic properties, charge separation, optical properties,
electroadsorption, and electroreflection. For certain applica-
tions,[4] the partially hydrogenated microporous silicon with
visible red photoluminescence, as shown in Figure 2d, is
advantageous. In water solutions, the photoluminescent
centers are submicron sized and closely packed, which
protects them from agglomeration; their cooperative effect
is visible in m-confocal photoluminescence.

Numerous models[6] can be proposed to explain the
photoluminescence of the modified silicon, including quan-

tum confinement, surface states, defects in the oxide, and the
formation of hydrogen-terminated bonds. Radiative recom-
bination is another possibility, but of a different nature.
Radiative recombination takes place within the surface
amorphous layer. Surface states that localize electrons and

Figure 2. a–c) TEM images of the surface of ultrasonically modified
silicon wafers in aqueous solution in the presence of a hydrogen-donor
material (Mg powder) after a) 10 min, b) 20 min, and c) 30 min of
modification. Insets (a–c) show electron-diffraction (ED) patterns of
the samples modified for the corresponding time. d) m-confocal photo-
luminescence (PL) spectra (fluorescence mode, side view) of the
silicon after 30 min of modification. Inset (d) shows the fluorescence
emission spectrum of the surface. The preferable channel-like modifi-
cation is shown by the white arrows. e, f) TEM images of the surface of
a silicon wafer sonicated (20 kHz, 57 Wcm�2) in a water/alcohol
mixture (higher vapor pressure in comparison with water) in the
presence of a hydrogen donor material (Mg powder) for 30 min. Insets
show the corresponding ED (e) and fluorescence emission (f) spectra
of the surface. g,h) m-Confocal PL spectra (fluorescent mode, side
views) of silicon after 30 min of modification (g) followed by ageing
(h). The green and red arrows show side views of the PL spectra.
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holes, either separately or together, subsequently recombine
radiatively. A surface defect renders one undulation non-
radiative, whereas an exciton localized in a neighboring
undulation recombines radiatively. Radiative recombination
occurs from the Si hydride bonds. Partially oxidized Si
structures containing various defects can act as radiative
centers in porous Si, for example, an oxygen shallow donor or
a nonbridging oxygen hole center and a Si dangling bond. In
this case, the luminescence of silicon sonicated in an aqueous
solution can be explained by the formation of hydrogen-
terminated bonds, and/or nonterminated bonds, and/or the
formation of nc-Si in the porous matrix of SiOx.

Different solvents can stimulate various bubble-collapse
scenarios.[7] The speed of the sonochemical processes and thus
the production of excited species (radicals) strongly depends
on the vapor pressure of the solvent. Therefore, surface
oxidation by free radicals greatly depends on the nature of the
solvent. In this study, we performed the sonication of silicon
species in water, water-alcohol mixtures, and in ionic liquids
(Figure 1). The modification of silicon in water/alcohol
solutions (Figure 1) results in a decrease in the oxidizing
ability; it also influences the kinetics owing to the higher
vapor pressures of the solvent mixtures compared with that of
water.[5b–d] Additionally, as shown in Figure 2e–h, sonication
in water/alcohol mixtures leads to silicon with a higher
porosity than samples sonicated in water, with porosity
ranging from the micro-scale to the meso-scale. Moreover,
as shown in Figure 1c and Figure 2e–h, the character of the
luminescence strongly depends on the conditions of sonica-
tion. The difference in photoluminescence, red after sonica-
tion in water and initially green after sonication in a water/
alcohol mixture, involves the formation of a partially oxidized
Si structure containing various defects, as well as hydrogen-
terminated and/or nonterminated bonds.[6]

We can change the character of the photoluminescence
from green to red, for example, in samples exposed to water,
by aging and partially oxidizing the silicon (Figure 2 g,h), thus
going through mostly hydrogen-terminated and/or nontermi-
nated bonds to a partially oxidized Si structure. The light
emitted by a single point on the silicon surface was estimated
by a 3D reconstruction of the porous m-sized structure
(Supporting Information, Figure S3). We conclude that the
modification starts from the outer surface layers (Figure S3a),
as all of the fluorescent dots are located on the surface of
sonochemically exposed samples. These dots are probably
formed on the spots where bubble collapse occurs. Shock
waves or liquid jets crashing into the surface introduce defects
in the silicon and defect states. Further modification causes
deeper modification of the silicon. Figure S3b shows that the
fluorescent centers are distributed both on the surface and in
the matrix of porous silicon. Their emission changes from
green to red because of the changes in the structures of the
luminescent centers.[6]

It has been suggested that, in ionic liquids (IL), the
oxidation could be avoided by simultaneous (re)crystalliza-
tion, which could lead to green luminescence (Figure 1) vis-�-
vis hydrogen-terminated and/or nonterminated bonds.[6] As
shown in Figure 3a,b, we are making progress towards
process control, which is a high priority for this nonequili-

brium process[1] using high-intensity ultrasound. In particular,
applying the method in solvents with a negligible vapor
pressure,[7] such as the ionic liquid 1-butyl-3-methylimidazo-
lium chloride, allows the formation of structures with medium
(40–50%) porosity, although with an irregular pore distribu-
tion (Figure 3a,b). Moreover, the formation of nc-Si in the
silicon matrix is clearly visible (Figure 3b).

We also confirmed that pronounced modification of
amorphous silicon (a-Si), such as silicon deposited onto
glass, which is used in advanced techniques for photovoltaic
devices,[8] is possible. Figure 3c,d shows that a pronounced
surface roughness can be achieved with simultaneous local
crystallization and red-photoluminescent nc-Si formation, as
well as formation of partially oxidized Si structures containing
various defects.

Because the degree of structural order in solid silicon can
be locally changed while simultaneously achieving photo-
luminescence, the development of a technique for the
modification of patterned surfaces (Figure 3e, f) with the

Figure 3. a,b) TEM images of the silicon surface after 30 min of
sonication in 1-butyl-3-methylimidazolium chloride in the presence of
a hydrogen donor material (NaBH4). Insets show corresponding
electron-diffraction (a) and m-confocal photoluminescence (PL)(b)
spectra (fluorescent and optical modes, side view). The green arrows
show a side view of PL. c) SEM/HRTEM/m-confocal PL (fluorescent
mode, top view) of the a-Si on the glass after sonication. d) Illustration
of the formation of nc-Si in the porous matrix. e) m-confocal image in
fluorescent mode of the a-Si patterned glass sonicated for 30 min in
a water/alcohol mixture in the presence of a hydrogen donor material
(Mg). The red lines and the white arrows show the pattern area. f) The
corresponding SEM image.
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formation of distributed luminescent spots is possible. Pat-
terns can be produced by ion-beam-assisted vacuum deposi-
tion, which has been used to deposit amorphous silicon onto
glass through a specific mask that protects some areas from
deposition, thus allowing for surface patterning.[8]

We performed an additional experiment on particles of
silicon (ca. 100 mm diameter) to prove that the formation and
subsequent phase transitions (crystalline–amorphous–crystal-
line) of nc-Si are possible without oxidation in water solution
in the presence of a hydrogen donor. The m-sized particles
were modified within 35 min of sonication (Figure 4).

The resulting particles exhibit a pronounced crystalline
structure, and their size decreases to the submicron scale. The
amorphization of the particles is observed within 20 min of
modification. Further exposure (> 30 min) causes well-pro-
nounced crystal growth from the amorphous phase, as well as
a further size decrease (Figure 4; see also the Supporting
Information, Figure S4). The observed phase transition
(between crystalline and amorphous) is probably the main
factor responsible for ultrasound-assisted silicon modifica-
tion. The special conditions provided by high-intensity ultra-
sound could affect the melting and growth of the silicon
crystals. The form of a solidified microstructure can be
controlled by fast local heating and cooling cycles provided by
cavitation. The crystal formation depends upon the difference
between the rates of attachment and detachment of atoms at
the interface. The rate of attachment depends on the rate of
diffusion in the liquid and therefore is affected by sonication.

We have demonstrated the formation of porous silicon
with unique optical properties through a “green” method of
ultrasonication including: 1) the one-step formation of silicon

with a purposefully variable porous structure, 2) the forma-
tion of photoluminescent centers and defect states that could
be centers for charge separation, and 3) the possibility of
patterned surface-selective modification. The high potential
of ultrasound results from the interplay of different mecha-
nisms (Figure 1), and the silicon modification demonstrated
here relies on this interplay. Nucleation and bubble collapse
affect the surface of a material. First, fast silicon oxidation
could be avoided by the possible formation of structure-
stabilizing bonds; in this case, by hydrogenation. Next, the
solid is modified further, with pores formed deep inside. This
process requires material transport over mm dimensions
during the bubble collapse and following the stabilization of
the material. Moreover, the kinetics of the process are highly
dependent on the solvent. Thus, solvents with higher vapor
pressures than water allow the porosity to be tuned while also
allowing the manipulation of the oxidizing ability of the
solvent. These modifications influence the nature of the
luminescent centers, suggest possible silicon pathways in IL,
and allow us to propose mechanisms for the modification of
materials with different initial crystallinities, as well as with
patterned surfaces. The findings presented here provide
guidelines for the expansion of the concept towards a broad
variety of systems. Thus, the possibility of ultrasonic structure
formation enables the use of a “green” medium under
ambient conditions in previously inaccessible areas of mate-
rial science.

Experimental Section
Silicon wafers (Sigma–Aldrich), 2-propanol (Alfa Aesar), 1-butyl-3-
methylimidazolium chloride (Sigma–Aldrich), magnesium powder
(325 mesh, 99.8%, Alfa Aesar), and sodium borohydride (Sigma–
Aldrich) were used as received. Water was purified prior to use in
a three-stage Millipore Milli-Q Plus 185 purification system, and
exhibited a resistivity greater than 18.2 MWcm�1. Silicon wafers were
degreased in flowing 2-propanol and rinsed in purified water. The m-Si
particles were obtained through the milling of wafers.

Ultrasonic treatment was carried out in a thermostated reactor
(65 8C). The unit VIP1000hd (Hielscher, Germany) was operated at
20 kHz, with a maximal electric output of 1000 W, and equipped with
an ultrasonic horn BS2d22 (head area of 3.8 cm2) and a booster (B2-
1.2).

Scanning electron microscopy (SEM) measurements were con-
ducted with a Gemini Leo 1550 instrument at an operating voltage of
3 keV. Transmission electron microscopy (TEM) measurements were
performed on a Zeiss EM 912 Omega (Carl Zeiss AG, Germany)
transmission electron microscope operated at 300 kV and equipped
with an electron-diffraction (ED) unit. The unit cell and symmetry of
an unknown phase that has been determined from the geometry of
the diffraction pattern with the proper interpretation of the intensities
of spots yields the positions of atoms in the crystal. High-resolution
transmission electron microscopy (HRTEM) was performed by TEM
in a Philips CM30 operated at 300 kV. The samples were ultra-
microtomed (Leica EM FC6) and placed onto carbon-coated copper
grids.

The photoluminescence (PL) spectra were obtained at room
temperature using either a pulsed-excitation nitrogen laser (337 nm)
or a continuous-excitation HeCd laser (325 nm). The luminescence
spectra were measured using a Jobin–Yvon H20 monochromator and
a Hamamatsu TV R316 or R712 photomultiplier cooled to �20 8C.
The m-confocal PL was measured by confocal laser scanning
microscopy (CLSM, Leica, Germany), which is an important

Figure 4. TEM images of m-sized silicon particles modified by ultra-
sonication in aqueous solution in the presence of a hydrogen-donor
material (Mg) before and after a 35 min modification (upper left and
right images, respectively). The HRTEM images (upper insets) show
the crystalline structure. The bottom images are the TEM/electron-
diffraction images vs. modification time (10 min (left), 20 min
(middle) and 30 min (right)). The observed modification kinetics are
faster than those observed with plates.
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method for obtaining high-fluorescence (red-green) and transmis-
sion-mode resolution images and for 3D reconstructions.
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a b s t r a c t

Bimetal nanocatalysts with a narrow pore size distribution and high surface area were prepared using a
fast, easy and ‘‘green’’ method of ultrasound irradiation in water. The concept is demonstrated for the
case of aluminum–gold, silver or platinum, but applicable to a large range of nanoparticles. The applica-
tion as effective nanocatalysts is shown.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

The application of ultrasound to nanocomposite preparation
has raised much interest in recent years [1–3]. First of all the
reduction of metal salts in the presence of ultrasound has been
widely used in the preparation of heterogeneous catalysts [4]. Me-
tal nanoparticles were prepared by the sonication of a correspond-
ing metal salt in the presence of stabilizers [5]. However, the direct
sonochemical reduction of metals does not allow the control over
the morphology, monodispersity, and size of the nanoparticles
even in presence of stabilizers [6]. Recently, we proposed a novel
up–bottom method for the ultrasound-assisted formation of
multimetal composites from metal alloys particles [7]. We showed
that ultrasonic processes could cause phase segregation in metal
alloys, for example, aluminum/palladium (1% Pd) due to the crys-
tallization of one of the components (Pd) of the alloy. This very
promising method is, however, restricted by a number of the avail-
able metal alloy particles. Another bottom–up method of forma-
tion of composite materials by sonication is ultrasound-assisted
intercalation of molecules into layered inorganic solids [8]. It was
shown that high temperatures (up to 5000 K) and high pressures
(hundreds of bars) together with a shock wave generated by
ultrasound [9,10] could enhance the penetration of inorganic
species into the interlayer spacing of solids. The sonochemical
insertion of NPs into two-dimensional mesoporous alumina sheets
has been demonstrated [11], where the silver NPs were spread
homogeneously in the predesigned mesoporous alumina matrix.
High-intensity ultrasound dramatically increases the rates of

intercalation of a wide range of compounds into various layered
inorganic solids, such as ZrO2 [12] and clays [13]. The adsorption
of organic or inorganic compounds between the atomic sheets of
layered solids permits the systematic change of optical, electronic,
and catalytic properties.

Here we propose a novel bottom–up method of formation of
nanocomposites consisting of the mesoporous metal frameworks
as a support and noble nanoparticles (NPs). In our previous works
[14,15] we already demonstrated the successful preparation of
mesoporous metal frameworks from lm-size aluminum (Al), mag-
nesium (Mg) and zinc (Zn) particles in aqueous media by using
ultrasound. The ultrasonically formed mesoporous metal frame-
works exhibit relatively high surface area (up to 80 m2/g) and nar-
row pore size distribution (2–4 nm). In this study ultrasound is
applied to both the formation of the support frameworks and the
incorporation of metal NPs. We demonstrated that the novel pro-
cedure allows an easy, fast and surfactant free approach to produce
high quantities of stable bimetallic particles with a narrow pore
size distribution and high surface areas. High local energy provided
by ultrasound leads to formation of very stable composite materi-
als where metal active phase is supported by another metal phase.
The novel composite materials can be directly used as nanocatalyst
and exhibit an enhanced catalytic rate constant.

2. Experimental

2.1. Materials and methods

Al powder (<160 lm, Roth), trisodium citrate dehydrate, silver
nitrate (99.9% AgNO3), tetrachloroauric acid (HAuCl4�3H2O), hexa-
chloroplatinate (HPtCl6) and sodiumborohydryde (NaBH4) were
purchased from Sigma–Aldrich. All reactants were used without
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further purification. Mili-Q water (18 MX cm�1) was used in all
aqueous solutions.

UV–Vis/near-IR spectroscopy (PerkinElmer, 65 Lambda 19),
transmission and scanning electron microscopy (TEM, LEO 922 EF-
TEM operating at 200 kV and LEO 1530 FE-SEM, Zeiss, respec-
tively), in combination with an ultra-microtome (Ultracut E
Reichert Jung, thickness 50 nm) were applied to characterize the
optical response, structure, and size of the nanoparticles. Powder
X-ray diffraction (PXRD) (Q–Q mode using a Stoe STADI P X-ray
Transmission diffractometer: Cu Ka 1 , irradiation, room tempera-
ture, 2�Q = 5–90), inductive coupled plasma (ICP) (PerkinElmer
plasma 400 with Ar plasma), the Brunauer–Emmett–Teller method
[16] (BET) and the Barrett–Joyner–Halenda [17] (BJH) (Quanta-
chrom) evaluation of the adsorption branch of the isotherm, were
used to characterize the composition, surface area and pore size
distribution of the samples.

2.2. Synthesis of Ag, Au and Pt nanoparticles

To an aqueous solution 2.5 � 10�4 M of sodium citrate
(250 mL), the necessary volume of an aqueous metal salt solution
(HAuCl4, AgNO3 or HPtCl6) was added in order to obtain a final me-
tal salt concentration of 2.5 � 10�4 M. The mixture was vigorously
stirred meanwhile a fresh prepared ice-cold NaBH4 solution (0.1 M,
7.5 mL) was quickly added [18–20]. The agitation was continued
during 2 h. The bottle was left open in order to avoid overpressure
during the NaBH4 hydrogen release and to ensure its total
decomposition.

2.3. Ultrasonication (US)

Forty milliliter of 10 wt.% suspension of aluminum particles in
purified water were pre-sonicated during 30 min with an ultra-
sonic horn operated at 20 kHz with a maximal output power of
1000 W in an ice-cold flask (at 65 �C temperature). The maximum
intensity was calculated to 57W/cm2 at a mechanical amplitude
81 lm (described in detail in Refs. [14,15]). Then 1 g of pre-soni-
cated dried (an oven at 85 �C during 24 h) Al particles was mixed
with 250 mL of the noble metal nanoparticles dispersion. The mix-
ture was sonicated 57W/cm2 during 5–50 min. After that the solu-
tion, comprising mesoporous Al particles filled with small noble
metal nanoparticles, was centrifuged (3500 rpm, 20 min), the
supernatant discarded and dried in an oven at 85 �C during 24 h.

2.4. Catalytic reaction

The electron transfer reaction between hexacyanoferrate (III)
and thiosulfate was carried out by mixing potassium hexacyano-
ferrate (III) (150 lL, 0.1 M) and sodium thiosulfate (300 lL,
0.1 M) into 15 mL water. The mixture was magnetically stirred at
room temperature meanwhile 150 mg of porous aluminum parti-
cles filled with platinum were added. Aliquots at different reaction
times were investigated previous centrifugation (3000 rpm, 1 min)
via UV–Vis-spectroscopy in order to follow the electron transfer
reaction.

3. Results and discussion

The schematic illustration of the formation of functional nano-
structures consisting of mesoporous aluminum frameworks with
incorporated Au, Ag or Pt NPs is in Fig. 1. Fig. 1 illustrates the steps
of the formation of Al-supported nanocatalysts. At the beginning,
the 160-lm-Al particles are pre-sonicated for 30 min at 57 W/
cm2 in order to form porous metal frameworks (Fig. 1A–C). Then,
the mixture of the pre-treated (sonicated) aluminum particles

(Fig. 1C) and the noble NPs (Au, Ag or Pt) synthesized as described
in Refs. [18–20] was sonicated for the additional time at the same
intensity (Fig. 1D). Fig. 1E demonstrates the desired metal-sup-
ported nanocatalysts consisted of mesoporous aluminum support
and homogeneously distributed NPs of Au, Ag, or Pt.

In particular, the preparation procedure of metal-supported
nanocatalysts begins with ultrasound-assisted pre-treatment of
the support (here Al) particles. The initial 160-lm-Al particles
were pre-sonicated for 30 min. As we showed previously [14,15],
sonication of aluminum particles results in particle breakage
(approximately 160 lm initial particles are broken into 10–
20 lm shown in Fig. 2 A and B) and formation of a porous structure
(TEM image, Fig. S1). The BJH and BET (Fig. 2 C and D) reveals for-
mation of mesoporous structure with a pore size distribution be-
tween 1–4 nm and a surface area of 60 m2/g after 30 min of
sonication at 57 W/cm2 [14]. The surface of the aluminum oxide
was explored by means of nitrogen adsorption measurements, N2

(77 K) (Fig. 2 C). The adsorption–desorption isotherm cannot be
rigorously classified into any IUPAC group [21,22]. The initial part
corresponds to type II, typical of nonporous or acroporous materi-
als, and represents a process of unrestricted monolayer–multilayer
adsorption. The observed hysteresis loop in the multilayer range,
associated with capillary condensation in mesopores, is character-
istic of type IV isotherms. However, it is possible to classify this iso-
therm as group IIb if the new classification system proposed by
Rouquerol et al. [22] is considered. The hysteresis loop can be clas-
sified into type H-4, according to IUPAC classification standards
[22]. This is typical of particles with narrow openings. The point
of closure (p/p0 = 0.42) is attributed to the surface tension of the li-
quid adsorbate reaching an unstable state at a specific pressure.
The surface area value, obtained by applying the BET method
[16] is 60 m2/g. The BJH pore distribution [17] for adsorption of
N2 at 77 K (Fig. 2 D), shows a maximum at 4 nm. Based on these
results, this material can be classified as mesoporous. The surface
area of the initial Al particles was 0.12 m2/g therefore; the surface
area is increased by a factor of 500 after the ultrasound treatment.
Thus, pre-treatment results in formation of the Al frameworks
characterized by high surface area and a narrow pore size distribu-
tion. We used these frameworks for incorporation of NPs and
achieve their homogeneous distribution inside of the Al
frameworks.

It is very important that in our previous works [14,15] we
showed that the sonication up to 120 min does not lead to com-
plete oxidation of the metals. The 27Al MAS NMR and PXRD spectra
exhibit the signals and picks that were assigned to Al and alumi-
num oxides [15]. The high local temperature generated by acoustic
cavitation has been found to cause phase transitions (amor-
phousM crystalline) resulting in increased surface area of metal
systems. Free radicals produced during cavitation oxidize the me-
tal surface and stabilize the porous metal skeleton by formation of
a thin oxide layer. Thus, the aluminum frameworks consist on por-
ous aluminum structure covered by a thin oxide layer.

These porous metal frameworks were used for ultrasound-as-
sisted incorporation of the metal NPs. For this propose the mixture
of the Al framework particles and the noble NPs was further soni-
cated. The formation of nanocomposites was proved by the color
test (Fig. 3 A, B, and C). Digital photographs (Fig. 3) clearly show
the color changes of the aluminum frameworks after sonication
in presence of the aqueous suspensions of Au, Ag and Pt NPs. The
TEM image of the microtomed mesoporous bimetallic (Al–Au) par-
ticle (D) proved the homogeneous distribution of NPs within the
frameworks. The perfect distribution of the monodisperse particle
within the frameworks was also observed for Ag and Pt loaded
samples. The linear dependence of the Au intake in Al frameworks
vs. the sonication time (Fig. 3 E) allows the precise control over the
amounts of noble metal NPs incorporated in the system. The
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UV–Vis spectral characterization of Au and Al–Au are shown in
Fig. S2, after loading the Al frameworks the intensity of the plas-
monic band considerably decrease due to that the contribution to
the signal comes only from the Au particles adsorbed on the Al sur-
face, and also because of the big scattering observed due to the Al

particle size. An important point concerning this procedure is the
formation of a stable, surfactant free system, which could be an
effective alternative to existing nanocatalyst. The ICP analysis dis-
closes the maximal loading up to 1 wt.% of Au, 0.72 wt.% of Ag and
1 wt.% of Pt into the Al frameworks (the Ag and Pt contents were

Fig. 1. Schematic illustration of the sonochemical production of aluminum-supported nanocatalysts. A – The 160-lm-Al particles; B – Pre-treatment by sonication of initial
Al particles for 30 min at 57 W/cm2; C – The porous Al frameworks; D – Sonication of the mixture of the pre-treated Al particles and the noble NPs (Au, Ag or Pt); E – The
desired Al-supported nanocatalysts consisted of mesoporous aluminum support and homogeneously distributed NPs of Au, Ag or Pt.

Fig. 2. Scanning electron microscopy (SEM) image of mesoporous aluminum particles after sonication (A). Low magnification SEM image of A (B). BET analysis (C) and BJH
evaluation (D) of the mesoporous Al particles.
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calculated from the concentrations and volumes used). The lower
Ag weight content in respect to the Au and Pt arises from the lower
molecular weight of the Ag.

The structure of the NPs within the Al frameworks was analyzed
by Powder X-ray Diffraction (PXRD). The PXRD analysis (Fig. 4 A)
reveals the presence of crystalline NPs in the metal system. Since
the PXRD method can not indicate if the NPs are located within
the mesopores or deposited on the surface, the distribution of
NPs within the mesoporous matrix can be proved by the TEM im-
age of the ultramicrotomed samples (Fig. 3D). The aluminum
frameworks consists on the aluminum covered by bayerite Al(OH)3
and boehmite AlO(OH) oxide [23] layer. The quantity of bayerite
increases during formation of the porous structure, which corre-
sponds to the formation of the higher surface areas of the samples.

The formation of mesoporous metal composites with high sur-
face area (the surface area for the Al–Au system achieves 110 m2/g)
and the narrow pore size distribution is proved by the analysis of
the nitrogen adsorption isotherms (Fig. 4 B and C). It is interesting
that the micropores (<3 nm) formed in pre-treated Al particles
(Fig. S2) are blocked by the NPs. As in the case of the bare mesopor-
ous aluminum the isotherms can be classified into the group IIb
[22]. However, the hysteresis loops clearly changes to H-3 type
[22]. This is typical of aggregated particles that form plates and
give rise to formations such as rifts or wedges. These isotherms
show unlimited adsorption within a large range. The closure of
the loop is gradual and this confirms the existence of mesopores
formed by parallel plates or wedge-shaped sites where desorption
occurs due to capillary evaporation. The presence of narrow open-
ings, which implies sharp desorption, can be discarded. This points
towards to the retention of the nanoparticles into the initial alumi-
num pores while generating a new porous surface.

It is remarkable that 60 min ultrasound treatment of suspension
of different metal particles results in formation of the nanocom-
posites with high surface area, narrow pore size distribution and
homogeneous spreading of the functional centers. Ultrasound-as-

sisted formation of mesoporous bimetal structures is based on spe-
cific interactions of cavitation bubble and metal particles. In
heterogeneous solid–liquid systems [24–26] cavitation could have
three main effects: (1) surface damage at the liquid–solid interface
by symmetric bubble collapse (shock waves and subsequent
microstreaming) and (2) asymmetric bubble collapse (microjets
occur at the surface several orders of magnitude larger than the
cavitation bubble size, e.g. at 20 kHz the maximum size of a cavi-
tation bubble is approximately 5 lm [27]), and interface effects
are observed with solids from ca. 200 lm; 3) chemical surface
modification/stabilization due to ultrasonic induced formation of
free radicals [28]. Thus, the asymmetric collapse of bubble and sur-
face imprinting by high speed microjets are observed for ‘‘large’’
particle. This results in the formation of the metal frameworks,
namely, particle fragmentation and surface area increase. The
‘‘small’’ particles (here,�4 nm particles of noble metals) are moved
violently within shock waves generated by the symmetric collapse
of cavitation bubbles in bulk and incorporated in porous support.
Nature of the metal particles (melting point and tendency to oxida-
tion by free radicals produced by sonication) determines the sur-
face morphology of the particles after sonication. In our previous
works [14,15,29–31] we demonstrated that the surface of Al is oxi-
dized immediately by highly reactive radicals derived from water
and oxygen (active oxygen species). On the contrary, the noble
metals exhibit very low tendency to oxidation and have relatively
high melting points. Due to their nature NPs are resistant to ultra-
sound irradiation and remain their initial properties in the ultra-
sonically prepared bimetal nanostructures.

3.1. Catalytic properties

As a proof of principle we performed a model catalytic reaction
on Pt NPs because of their multiple catalytic applications [32]. The
kinetic of the reduction of ferricyanide by thiosulfate [33] was
investigated by monitoring the intensity of the hexacyanoferrate

Fig. 3. Digital photographs of Au, Ag and Pt nanoparticles suspensions (A, B and C respectively) before (left) and after (right) the ultrasound-assisted loading in Al
nanostructures. The particles sediment due to their incorporation into the Al particles. TEM image of microtomed mesoporous bimetallic (Al–Au) particle (D). The linear
dependence of the Au intake in the Al particles vs. the sonication time. In 50 min of sonication the saturation is achieved (E).
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(III) absorption peak at 420 nm as a function of time via UV–Vis
absorption spectroscopy.

We can clearly see (Fig. 5 A) from the decrease of the maximum
absorbance related to hexacyanoferrate (III) the >70% conversion is
observed after 1.7 h at ambient conditions. As shown in Fig. 5 B, the
absorbance maximum decays logarithmically with the time (black
squares) indicating a first order kinetics for the hexacyanoferrate

(III) decomposition. Thus, plotting the ln(Abs) vs. the reaction time
demonstrates a linear relationship. Based on this linear depen-
dence the reaction rate constant (k) can be calculated. This reaction
rate constant of Al–Pt nanostructures was calculated to
0.0077 min�1, which is much higher to the value reported by Mai-
tra et al. [34] for the same reaction using Pt nanoparticles of differ-
ent sizes. This is probably due to the fact that by using ultrasound
we could manipulate by smaller surfactant-free particles. Thus,
higher surface area is available to the catalytic reaction. Moreover,
the similar high value was obtained by El-Sayed et al. [35]
(0.0076 min�1) for the same reaction but with gold nanocages.
However, the rate of the reported in Ref. [35] reaction was acceler-
ated by surface plasmon resonance. Based on our experiments and
the literature we can conclude that the novel catalytic system
developed here exhibit high efficiency, good recyclability, easy
handling and high stability.

4. Conclusions

In summary, we propose a novel concept of ultrasound driven
formation of bimetal nanocatalysts. We showed that sonochemical
manipulation of structure and properties of metals depends on the
size and nature of metal particles. The ‘‘large’’ solid surfaces are

Fig. 4. PXRD spectrum of Al–Au system (A). Metallic Al is marked by triangles,
aluminum oxides – Squares and Au – Circles. The calculated Au content from ICP is
1 wt.%. BJH (B) and BET (C) characterization of the mesoporous Al–Au systems. Pore
size distribution for all cases was determined to be �4 nm. Surface area: 110 m2/g.

Fig. 5. Absorption spectra monitoring every 20 min the electron transfer reaction
between hexacyanoferrate (III) and thiosulfate by using Al–Pt sponges with time
(A). Plot showing the hexacyanoferrate (III) absorbance (concentration) as a
function of the reaction time (B, squares). Relationship between the logarithmic
scale of the normalized absorbance (against the absorbance at the beginning of the
reaction) and the reaction time (B, circles). The calculated reaction rate constant (k)
of Al–Pt nanostructures was 0.00775 min�1.
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fragmented, oxidized, and pores are formed deep inside. Simulta-
neously, the ‘‘small’’ metal nanoparticles are incorporated and
homogeneously distributed inside the porous matrix remaining
their initial morphology, structure and properties. This novel pro-
cedure allows an easy, fast and surfactant free approach to produc-
tion of high quantities of stable bimetallic particles with a narrow
pore size distribution and high surface areas. The successful appli-
cation as nanocatalysts demonstrated a higher rate constant for
catalytic conversion than previously reported. The concept is appli-
cable on a large range of materials providing a basis for many types
of applications in chemistry, materials science and medicine where
the structure and properties of metal nanocomposites can be easy
controlled by ultrasound.
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ACTIVE SURFACES
A cavitation-engineered 3D sponge 
network is presented as a kaleidoscope 
image in its active surface construction. 
The work of D. V. Andreeva, E. V. Skorb, 
and co-workers, presented on page 985, 
was inspired by the urgent need for 
time- and spaceresponsive biocompat-
ible surfaces for antifouling systems, the 
constriction of metal implants, stem-cell 
research, SERS studies, etc. Adhesion of 
cells onto the surface is self-regulated by 
their metabolism. Controlled patterning 
and the deactivation of bacteria are also 
possible on these surfaces.
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Controlling cell positioning, adhesion, spreading, growth and 
migration on surfaces is of interest in fundamental cell biology,[1] 
tissue engineering,[2] cell-based biosensor development,[3] bio-
electronics[4] and protection of biocompatible devices.[5] Var-
ious methods have been used to direct the adhesion of cells to 
selected areas of a substrate, including micropatterning,[6] soft 
lithography,[7] patterning through pores in elastomeric mem-
branes,[8] patterning by using three-dimensional microfluidic 
systems,[9] laminar-flow patterning,[10] local oxidation by using 
microelectrodes,[11] and a spectacular method of layer-by-layer 
deposition.[12] One particularly versatile approach to control cell 
attachment and patterning is the physical or chemical adsorp-
tion of functional molecules such as extracellular matrix pro-
teins and pH- or temperature- sensitive polymers to selected 
areas of a substrate.[13] The effects significantly depend on the 
properties and nature of the underlying substrate,[14] and sub-
strates with complex 3-D network are of high priority.[15]

The market for joint-implant surgery, as an example of a bio-
compatible device, is expected to reach $17.4 billion by 2012 – 
an annual growth rate of more than 9 percent since 2008, when 
estimates pegged its value at $12.2 billion.[16] Thus, green and 
inexpensive methods of surface modification are in focus as 
well as fundamental aspects of processes which can be used for 
surface engineering.

Ultrasound of high intensity could provide green and fast 
physical and chemical surface modification due to high energy 
localized by a sonotrode at a particular surface area.[17] The 
shape of the sonotrode can be adjusted to particular applications 
and allows easy modification of large sample areas.[18] Acoustic 
cavitation offers the unique potential of locally establishing 
high-temperature (up to 5000K) and high-pressure (several hun-
dreds of bars) reactions, while the system remains macroscopi-
cally near room temperature and ambient pressure.[19] Thus, 

ultrasound could replace some expensive, multi-stage and time-
consuming methods of surface engineering. For example, for-
mation of fine porous metal structure with large pores (200 μm 
to 2 mm) needs special casting conditions or can be made by 
sputter deposition.[20] For formation of porous metals with pore 
size distribution between 2 and 50 nm (mesoporous materials) 
chemical[21] or electrochemical dealloying[22] of expensive noble 
metal containing alloys[23] has to be used. These syntheses nor-
mally employ high temperatures (e.g. >1000 °C) rendering the 
material chemically inert and hindering facile postchemical 
functionalisation. Commonly, the processes require very harsh 
reagents.

We suggest using ultrasonically formed metal sponges for 
nanoconstruction of protected biocompatible surfaces. Recently, 
we demonstrated that ultrasonic treatment of biocompatible 
metal surfaces (aluminum, magnesium, iron, and titanium) 
changes their morphology (roughness, porosity), chemistry 
(surface oxidation by the products of water sonolysis) and prop-
erties (adhesion, hydrophilic/hydrophobic etc).[17,24] Intensive 
etching and oxidation of metals by ultrasound leads to forma-
tion of a 200-nm-thick sponge-like surface layer well-adhered to 
the bulk metal. The surface metal sponge is porous, has a high 
surface area and is covered by active OH-groups. Such kind of 
surfaces can provide effective storage and release on demand 
of functional compounds (antiseptics, disinfectants, corrosion 
inhibitors, drugs etc) as well as excellent adhesion of protec-
tive coatings or cells. Furthermore, such sponges combining 
the beneficial properties of metals and porous structure have 
unique physical and mechanical properties such as low den-
sity, high surface-to-volume ratio, high thermal shock resist-
ance, and high specific strength that are important for their 
application.[20–25]

Liquid motion in the vicinity of cavitation sites generates 
very large shear and strain gradients that are caused by the 
very rapid streaming of solvent molecules around the cavita-
tion bubble and by the intense shock waves emanating upon 
collapse.[26] Thus, cavitation stimulates intercalation of low 
molecular weight compounds into the porous interior of metal 
sponges.[27] We applied here this effect of sonication to incor-
porate the antiseptic/ disinfectant, silver (Ag), into a porous 
Al surface. The ultrasonic assisted generation of surface Al 
sponges and their upload with Ag was performed in a step-wise 
mode at the same reactor unit (Figure 1).[24,27] The maximum 
silver concentration was estimated by EDS 0.03 wt%.

Then, ultrasonically formed sponge-like silver/aluminum 
(Ag/Al) surfaces as well as Ag free surfaces were used for self-
assembled immobilization of pH-responsive triblock terpolymer 
micelles. The self-cell release surface regulation and antibacterial 
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behaviour of the micelles can be controlled 
by the ionization degree of the MAA block 
(pKa,apparent ∼ 5.5). In the pH range between 
7 and 4 the ionization degree, α, decreases 
from unity to ∼0.[29] At pH 10 (α ∼ 1), the 
attraction between the negatively charged 
MAA and the positively charged Dq blocks 
induces the formation of an intramicellar 
interpolyelectrolyte complex (im-IPEC) shell. 
According to the degrees of polymerization 
(DPn(MAA) < DPn(Dq)), parts of the cationic 
Dq block remain uncomplexed forming a 
positively charged corona. At pH 4, the pro-
tonation of the MAA block (α ∼ 0) results in 
im-IPEC dissolution. As a consequence, the 
uncharged MAA block collapses onto the 
B core forming a new shell, and the length 
and charge density of the cationic Dq corona 
increase. Accordingly, the charge density of 
the MAA block and the dissolution or regener-
ation of the im-IPEC shell can be adjusted by 
the pH of the solution. The length and charge 
density of the cationic Dq corona are regulated 
by the shell composition and therefore can be 
varied by pH. This short-term response to pH 
changes was shown to be completely revers-
ible within several cycling steps.[28b]

Due to the cationic nature of the Dq 
corona, BMAADq micelles can be immobi-
lized on negatively charged surfaces, while 
their core-shell-corona structure remains 
intact upon adsorption to a solid support.[28b] 
Therefore, a negatively charged Al sponge 
surface was used to immobilize the triblock 
terpolymer micelles by a simple dip coating 
method. To conclude on micelle adsorption 
onto the aluminium sponge (Figure 2) by 

properties were tested by using Lactoccocus. Lactis 411 bacteria as 
a model system. These types of bacteria pro-
duce lactic acid in their life cycle and change 
the pH of their environment. To develop 
responsive surface coatings, we used a linear 
ABC triblock terpolymer consisting of polyb-
utadiene (B), poly(methacrylic acid) (MAA), 
and quaternized poly(2-(dimethylamino)
ethyl methacrylate) (Dq), B800MAA200Dq285, 
(subscripts denoting the degrees of poly-
merization of the corresponding blocks) 
which was recently designed by the Müller 
group.[28] For simplicity, the polymer will be 
denoted as BMAADq throughout the manu-
script. In aqueous solutions, BMAADq self-
assembles into core-shell-corona micelles 
with a hydrophobic B core, a pH-sensitive 
shell and a cationic Dq corona. The schematic 
representation of the obtained core-shell-
corona micelles is shown in Figure 2.

The terpolymer micelles show a rapid 
response to pH cycling.[28] The pH-responsive 

Figure 2. Surface immobilization of pH-responsive triblock terpolymer micelles on a porous 
aluminum surface formed by ultrasonication: a, b) AFM images of a sponge-like Al surface 
before and after adsorption of BMAADq micelles, respectively (height image scale: 0–100 nm); 
c, d) Schematic representation of adsorbed micelles on the porous surface depicting their 
pH-dependent structure.

Figure 1. a) Schematic reconstruction based on SEM/EDS measurements of the sonochemi-
cally formed porous aluminum layer and silver incorporation into the sponge. b) SEM (side-
view) and c) TEM images of a 200-nm aluminum layer deposited on a glass substrate modified 
via ultrasonication (20 kHz, 57 W/cm2) in aqueous solution after a 60-s modification. d) SEM 
(top-view) e) EDS mapping (aluminum (dark) and silver (white)) of aluminum based sponge 
after ultrasonic assisted silver incorporation.
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The use of ultrasound for the formation of 
complex structures of Ag/Al sponges serves 
as the basis for the development of syner-
getic surfaces. The novelty of this work is 
the design of 3D architecture surfaces with 
both space- and time-dependent functionality 
(cell attraction, pH-triggered self-cleaning, 
antiseptic/disinfection). The different sur-
face functionality and reactivity can be con-
trolled by surface patterning. The combina-
tion of adhesion control through patterning 
and active component containing sponge use 
is shown in Figure 4. We patterned micelle 
lines on the ultrasonically formed Al and Ag/
Al sponge-like surfaces. It is seen that after 
5 hours of the experiment the bacteria are 
desorbed on the micelle patterns. Simultane-
ously the micelle-free porous surface provides 
high cell adhesion. The adsorbed bacteria are 
deactivated by Ag ultrasonically incorporated 
into the porous Al matrix in the case of the 
Ag/Al/micelle sponge-like surface. We culti-
vated the bacteria detached from the micelle 
patterns of porous surfaces (Figure 4d). Note 
that due to high initial bacteria concentration 

(5 × 104 CFU/mL) the suspension was diluted by a factor of 100 
to calculate the CFU/mL in the case of the silver-free surface. In 
the control experiment with Ag-free Al sponges we observed an 
intense bacteria growth. After 24 hours of incubation of the bac-
teria from the Ag/Al/micelle surface the 2 × 103 times decrease 
in survival factor from 80% to 0,05% and change of reduction 

atomic force microscopy (AFM), Figure 2b shows AFM height 
image of the dry micelles adsorbed from pH 10 buffer solution 
on an ultrasonically designed aluminum sponge as a monol-
ayer. The surface adsorption of BMAADq micelles leads to 
regular arrays of particles with uniform size and spherical-cap 
shape. The adsorption is driven by the release of counter ions 
and hydration water.[30] The surface exclu-
sion effect leads to formation of a laterally 
patterned monolayer of micelles, as often 
reported for the adsorption of charged col-
loidal particles.[31]

The cell adsorption on the metal/micelle 
surface is illustrated in the sketch (Figure 3, 
bottom). Indeed, as shown by the confocal 
fluorescence kinetic study (Figure 3, top), the 
number of adsorbed microorganisms drastic 
decreases already after 30 min of the experi-
ments. After 5 hours we didn’t observe any 
evidence of bacteria presence on the surface. 
This spectacular cell-cleaning surface effect 
is a pH-trigged desorption of the bacteria due 
to changes in morphology of the charged Dq 
corona. The lactic acid produced by L. Lactis 
loaded with Rh6G decreases the local pH of 
the metal/ micelle/ bacteria system together 
with having slightly positive charge. The 
decrease of the pH results in im-IPEC dis-
solution and therefore in switching of the 
surface properties.[28b] At pH 4 the length 
of the charged Dq corona increases and the 
adsorbed bacteria are detached from the 
surface and the positively charged micelles. 
Thus, we achieve pH-regulated self-cleaning 
of the metal/micelle network.

Figure 4. a, b) Controllable bacteria adsorption on porous aluminum surfaces patterned with 
micelles: sketch and confocal fluorescence images, correspondingly. c) Synergetic surface 
activity: variation of cell adhesion through patterning with micelles and self-cleaning by anti-
septic/ disinfectant properties of porous Ag/Al surface. d) Petri dish of Lactococcus Lactis 411 
after 24h incubation to analyse the inactivation behaviour of the Ag/Al/micelle surface (right, 
20 CFU/mL) and the control Al/ micelle surface (left, 100-times diluted, ca. 400 x 100 CFU/
mL). Initial bacteria concentration was 5 × 104 CFU/mL.

Figure 3. Confocal kinetic study (fluorescence mode) and schematic illustration of pH trig-
gered self-cleaning behavior of the porous Al surface covered with micelles. As model cells 
Lactococcus Lactis 411 bacteria were used.
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standard Si3N4 cantilevers (Olympus) with a typical spring constant 
of ∼42 N/m and a typical resonance frequency of 300 kHz (OMCL-
AC160TS).

Scanning electron microscopy (SEM) measurements were conducted 
with a Gemini Leo 1550 instrument at an operation voltage of 3 keV. 
Samples were sputtered with gold. Microprobe analysis was performed 
using energy dispersive spectrometry (EDS) Model 6587, Pentafet Link, 
Oxford microanalysis group, UK.

Transmission electron microscopy (TEM) images were obtained on 
a Zeiss EM 912 Omega transmission electron microscope operating at 
300 kV. The samples were ultramicrotomed (Leica EM FC6) and placed 
onto the copper grids coated with a carbon film.

Confocal Scanning Fluorescence Microscopy (CSFM). A Leica TCS 
SP confocal laser scanning microscope (Leica, Germany) with a 100× oil 
immersion objective (numerical aperture 1.4) was used.

The self-regulated bacterium adsorption properties of the samples 
were determined using gram-positive bacteria Lactococcuslactis ssp. 
lactis 411 as the test cultures. The overnight cultures were cultivated in 
peptone-yeast MRS medium. Rhodamine 6G was added to the bacteria 
suspension to achieve a concentration of 10−7 M. After 30 min the 
bacteria were centrifuged and washed two times. Then the ultrasonically 
formed aluminum sponge modified with micelles was deposited on 
the bottom of flat sample cells, which were filled with 0.2 mL of the 
bacteria suspension. The adsorption equilibrium was typically attained 
in 5–10 min and the initial adsorption efficiency was measured with a 
confocal microscope. The same spot of the sample was controlled for 
the next six hours and imaged every 15-30 min. The standard deviations 
of three replicate experiments were within 7%. In the control test, in 
which the ultrasonic-engineered aluminum sponge was not additionally 
modified with micelles, no change in the bacteria adsorption was 
detected indicating no self-regulated bacteria release.

To evaluate the surface biocide activity, two parameters were 
calculated: (i) the survival ratio and (ii) the reduction factor. The survival 
ratio (S = C/C0 · 100%, where C0 is the initial number of colony-forming 
units (CFUs) and C the number of CFUs after desorption) provides 
information on the overall bactericidal efficiency of the system. The 
reduction factor (RF = Nc/N, where N and Nc are the numbers of 
CFUs remaining in suspension after contact with the silver-loaded and 
silver-free sponge, respectively) allows to determine the efficiency of 
inactivation.
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factor from 1 to 2 × 103 was observed. The antimicrobial activity 
clearly indicates the antiseptic/disinfectant activity of the Ag/Al 
sponge surface.

In the long run, we suggest a novel concept of protection of 
biocompatible surfaces. We present a nice way of functional-
izing a metal surface with a soft matter layer. This is not always 
easy to achieve and there are specific applications where one 
has to work on metal substrates such as anti fouling systems,[32] 
implants, stem cell research, SERS[33] etc. We described an effec-
tive sonochemical pathway of surface engineering providing lot 
of space for further optimization with an ultrasound assisted 
adsorption of temperature sensitive polymers in focus, some 
candidates are thermoresponsive poly(N-isopropylacrylamide) 
(PNIPAM)[34] and polyoxazolines[35] that change their mor-
phology and reactivity in a narrow temperature region. These 
polymers can be extremely promising in the construction of 
3-D temperature sensitive biosensors making use of the high 
surface area of metal sponges. For example, in our previous 
work on thermo-sensitive microgels,[34] we presented a switch-
able system, which, however, receives energy from an external 
source. However in our particular case it is very important that 
the bacteria’s metabolism basically acts as a source of chemical 
energy to trigger the response. Here, the bacteria themselves 
bring in the power and trigger the response. That’s actually a 
nice way of designing “active” coatings.

Experimental Section
Materials: The triblock terpolymer B800MAA200Dq285 (subscripts 

denoting the degrees of polymerization of the corresponding blocks, 
Mn ∼ 110 000 g/mol, PDI = 1.10) was synthesized via sequential 
living anionic polymerization in THF followed by polymer-analogous 
modifications. Details about polymerization and characterization can be 
found elsewhere. (Reference 28a and b) Silver nitrate (99.9% AgNO3) 
was purchased from Sigma-Aldrich. All reactants were used without 
further purification. Milli-Q water (18.2 MΩ cm) was used in all aqueous 
solutions.

Preparation of mesoporous Al and Ag/Al plates: A glass substrate with 
an aluminum layer (thickness: 200 nm, vapor deposited, 5 mm2 plate) 
was sonicated in 130 mL Milli-Q water for 60 s at 100% intensity with 
a Hielscher UIP1000hd (Germany) operated at 20 kHz with a maximal 
output power of 1000 W. The apparatus was equipped with a BS2d22 
ultrasonic horn (head area of 3.2 cm2) and with a booster (B2-1.2). 
The maximum intensity was calculated to 57 W·cm−2 at a mechanical 
amplitude of 81 μm. During sonication the samples were fixed in a 
home-made Teflon holder. The distance between Al-plate and ultrasonic 
horn was 1 cm. After replacing the water by 120 mL of an aqueous silver 
salt solution with the metal salt concentration of 2.5 × 10−5 M, the plates 
were sonicated at 50% intensity for additional 30 s.

Adsorption of BMAADq micelles on mesoporous metal plates: The triblock 
terpolymer micelles were adsorbed on freshly prepared substrates from 
a 0.45 g/L BMAADq in pH 10 buffer solution (AVS Titrinorm from VWR, 
ionic strength ∼ 0.05 M) via the dip coating method. After 15 minutes 
the plates were rinsed with milli-Q water (18.2 MΩ cm) and dried with a 
stream of nitrogen.

Micelle surface patterning: Selective adsorption of micelles onto 
the aluminum surface was controlled by a preformed Teflon mask. In 
particular, after ultrasonic modification of the aluminum surface, the 
mask protected plate in the special holder was dip coated into the 
micellar solution as described before.

Characterization Methods: Atomic force microscopy (AFM) images 
of dried samples were taken with a Dimension 3100 equipped with a 
NanoScope V controller (Veeco) operating in Tapping Mode using 
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  1. Introduction 

 In recent years attention has been devoted to nanostruc-
tured metals because of their unique properties and poten-
tial applications in a variety of fi elds. [  1–5  ]  Especially their use 
as a support material and/or active agent for heterogeneous 
catalyst became more important. [  6–8  ]  Approaches towards the 
fabrication of porous metals are based on both template-free 

and template-assisted methods. Typical 
template-free methods are chemical or 
electrochemical dealloying procedures. [  9  ]  
Mesoporous gold, platinum, and palla-
dium can be formed by the dealloying 
process. [  10  ]  The formation of a uniform 
porosity after the dealloying process is 
possible if an alloy system is a monolithic 
phase because the nanoporosity is formed 
by a self-assembly process through sur-
face diffusion and not by the simple dis-
solution of one phase from a multiphase 
system. For example, mesoporous gold 
prepared by dealloying from gold–silver 
alloys has disordered mesostructures, 
and the wide pore-size distributions of 
these mesostructures are not suited for 
the selective transport and adsorption of 
catalyzed species. A typical example of 
chemical dealloying is the preparation 
of “Raney nickel”. [  11  ]  Raney nickel is pro-
duced when a block of a nickel-aluminum 

alloy is treated with concentrated sodium hydroxide. However, 
the dissolution of aluminum ions during the catalyst formation 
step could accelerate the formation of catalytically inactive sur-
face nickel aluminate species. 

 The template methods are based on electroplating, [  12  ]  chem-
ical reduction, [  13  ]  or plasma spraying [  14  ]  techniques. These 
methods require the use of preformed templates, such as self-
assembled liquid-crystal surfactants, [  15  ]  colloidal crystals, [  16  ]  
porous block copolymers, [  17  ]  or anodic porous alumina. [  18  ]  By 
using mesoporous silica as a template, mesoporous metals with 
highly ordered networks and a narrow pore-size distribution 
can be obtained. Because fl uoric acid or sodium hydroxide is 
used to remove silica, the metals prepared using this method 
are limited to those unaffected by the dissolution agents (e.g. 
gold, platinum, and silver). [  19  ]  The template methods also have 
some disadvantages. These methods are multistage and involve 
a sacrifi cial second phase, which increases production costs 
because of the formation of the template and its subsequent 
removal, combined with the waste generation, especially when 
up-scaling the procedure. 

 Supported nickel catalysts play an important role in hetero-
geneous catalysis such as hydrogenation, hydrogenolysis, and 
partial oxidation of methane. One of the most successful methods 
of the activation of Al/Ni systems is the so-called Raney process, 
patented by the American engineer Murray Raney in 1925. [  11  ,  20  ]  
This process based on oxidation of aluminum to aluminum 
oxide and partial dissolution of aluminum component by using 
a strong base solution. However, the hydrolysis rate of alumina 

Sonochemical Activation of Al/Ni Hydrogenation Catalyst

 This paper proposes a sonochemical approach to the nanostructuring of Al/
Ni catalyst with high content of accessible Ni centers and a high reusability. 
The surface and bulk composition as well as pore size distribution of this 
catalyst are controlled synergistically by adjusting the ultrasound intensity in 
aqueous solution. Sonochemical activation of Al/Ni alloy leads to formation 
of mesoporous Al/Ni metallic based frameworks with surface area up to 
125 m 2  g  − 1 , and regular distribution of nickel active center in the porous 
matrix. One of the opportunities of porous Al/Ni catalyst is that due to a 
time-resolved controllable formation of protective oxide layer it can be stored 
and handled under air in comparison to traditional Raney catalysts which 
need inert conditions. The Al/Ni catalyst is characterized by scanning electron 
microscopy (SEM), electron diffraction spectroscopy (EDS), X-ray photoelec-
tron spectroscopy (XPS), confocal scanning fl uorescence microscopy (CSFM), 
solid-state NMR experiments, and powder X-ray diffraction analysis (PXRD). 
The catalytic activity was investigated for the hydrogenation of acetophenone. 

 DOI: 10.1002/adfm.201200437 
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Al/Ni catalysts in situ activation during preparation. The cata-
lyst activation in H 2  could be expected during the catalyst for-
mation without the total transformation of metallic nickel to 
oxide. We could expect even reduction process during sonica-
tion, [  40  ]  also in the porous metal matrix. The aluminum/nickel 
(1:1) alloy powder was treated in a 10 wt% aqueous suspension 
with USHI at 140 W cm  − 2  from 30 sec to 50 min. The USHI 
driven interparticle collisions result in continuous breakage of 
100  μ m initial particles. It was shown that at surfaces several 
times larger than the resonance cavity size (e.g., at 20 kHz the 
maximum size of a cavitation bubble is approximately 5  μ m) [41a]  
microjets of liquid can impact the solid surface. [41b]  Thus, we 
choose 100  μ m initial particles in order to maximise this effect 
of cavitation. The scanning electron microscopy (SEM) images 
show that after 50 min of sonication the particles were broken 
into 10–20  μ m species ( Figure    1  , A–D).  

 The 3D reconstructions of the transmission and fl uores-
cence images of the confocal scanning fl uorescence micro-
scopy (CSFM) of the sonicated Al/Ni particles loaded with the 
dye demonstrate the formation of porous inner structure. As 
longer sonication time of the particles as deeper the dye could 

precursor in Raney process is diffi cult to con-
trol. The fi nal outcome is pyrophoric and sen-
sitive to storage conditions. [  21  ,  22  ]  These facts 
encouraged us to apply an ultrasound of high 
intensity (USHI) for the activation of the Al/
Ni alloy, where the output is a catalytic active 
Al/Ni catalyst, which can be stored and han-
dled under ambient conditions. 

 Recently [  23–28  ]  we have found that ultra-
sound treatment had dramatic effects on the 
morphology of aluminum particles. In partic-
ular, surface areas of the sonicated colloidal 
particles could be signifi cantly increased 
when compared with untreated colloids. 
Intensive etching and oxidation of aluminum 
by ultrasound leads to formation of a sponge-
like metal matrix stabilized by a thin metal 
oxide layer. [  25  ]  These metal sponges could be 
a perfect support for a heterogeneous catalyst. 
Based on the known physical and chemical 
effects of the high-intensity ultrasound out-
lined in Ref. [23–39] we expect that properties 
of metals such as resistance to oxidation and 
melting point could determine their behavior 
in the ultrasonic fi eld and the fi nal surface 
morphology, composition and properties of 
a catalyst. The dramatically different ability 
of the metals to respond to ultrasound irra-
diation can be exploited for the formation of 
nanoscale composites; thus, if alloy particles 
consisting of resistant and sponge-forming 
compounds are treated, a microphase sepa-
ration could be expected under ultrasound 
irradiation. We tested this idea for the alu-
minum/nickel (1:1) system and generated an 
Al/Ni alloy catalyst stabilized by a thin oxide 
layer. Herein, we present the results of the 
catalyst characterization of the sonochemi-
cally prepared/activated Al/Ni alloy powder and its application 
for the hydrogenation of acetophenone as a model reaction.   

 2. Results and Discussions  

 2.1. Catalyst Activation and Characterization 

 The sonochemical nanostructuring of metal alloys is based 
on microphase separation in an alloy due to different phase 
response to ultrasonic effects. The initial 1:1 Al/Ni alloy con-
sists of Al 3 Ni 2  and Al 3 Ni intermetallides. Collapse of cavitation 
bubbles generated by ultrasound is followed by high local ( μ m 2  
area) temperature (up to 5000 K) and a high heating/cooling 
rate. Thus, ultrasound of high intensity (USHI) provides unique 
conditions for metal treatment and should affect the microstruc-
ture of an alloy. Moreover, recently it was shown that aluminum 
could be not just oxidized itself during ultrasonic treatment in 
aqueous solution, but also could serve as an effective donor of 
reducing agent (H 2 ). [  40  ]  The fi nding is extremely important for 

    Figure  1 .     SEM images and the aluminum (Al), nickel (Ni) and oxygen (O) ratio measured by 
EDS (inserts) of Al/Ni particles: A–initial; B–after 5 min; C–30 min and D–50 min of sonica-
tion at 140 W cm  − 2 . 3D confocal microscopy reconstruction of the Al/Ni nanostructure loaded 
with fl uorescein: (E) the alloy particle after 3 min (the reconstruction of both transmission and 
fl uorescent mode) and (F) 50 min of sonochemicalexposure at 140 W cm  − 2 .  
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spectrometry (ICP) method showed that the overall Al:Ni ratio 
in the samples did not change. For the sonicated Al/Ni alloy we 
determined a Ni content of 49.5% before and after ultrasonic 
treatment. Thus, treatment does not cause leakage of active 
metals from the samples. 

 The precise analysis of the powder X-ray diffraction (PXRD) 
of the sonicated Al/Ni alloy in comparison to the untreated 
alloy shows the formation of bayerite (Al(OH) 3 ) as a main oxi-
dation product of the aluminum ( Figure    3  , A/C). The initial Al/
Ni alloy consists mostly of intermetallic Al 3 Ni 2  with an admix-
ture of Al 3 Ni. Upon USHI treatment, bayerite appears as the 
main oxidation product, while the relative concentration of 
Al 3 Ni 2  exhibits the most pronounced decrease (the Al 3 Ni phase 
remains untouched). Nickel metal is not evident in diffraction 
pattern. Although in an oxide form, nickel would be rather 
crystalline than amorphous. The absence of the characteristic 
patterns of NiO might be explained its low concentration in 

penetrate into the matrix of the alloy particle (Figure  1 , E/F). 
The 50-min-sonicated samples could be completely saturated 
by the dye. The detailed evaluation of porous structure was 
made by the Barrett–Joyner–Halenda method (BJH) and the 
Brunauer–Emmett–Teller method (BET). [  42  ,  43  ]  The N 2  adsorp-
tion/desorption isotherm ( Figure    2  , A) can be classifi ed as 
group IIb if the new classifi cation system proposed by Rou-
querol et al. [  44  ,  45  ]  is considered. The hysteresis loop corresponds 
to type H-1, according to IUPAC classifi cation standards. [  46  ]  
The pore size distribution, evaluated by BJH, proves the for-
mation of mesopores with a pore size of about 4 nm for the 
Al/Ni alloy (Figure  2 , B). The highest surface area according to 
BET was found to be 125 m 2  g  − 1  after 50 min of sonication at 
140 W cm  − 2 . Initial Al/Ni alloy particles show a surface area 
of 0.2 m 2  g  − 1  only. We increased by a factor of 625 the surface 
area for our modifi ed samples. Compared to commercial Raney 
nickel, which has a surface area of 50 m 2  g  − 1 , [  47  ]  the sonochemi-
cally formed Al/Ni with a surface area of 
125 m 2  g  − 1  exhibits a clear advantage.  

 In order to estimate the concentration of 
high-energy kinks and breaks accessible for 
catalysis, we analyzed the metal surface area 
of the Al/Ni alloys via pulse titration. For the 
Al/Ni material we obtained 1.14 m 2  g  − 1  metal 
surface of nickel, which gives a surface area 
per gram of nickel of 3.78 m 2  g  − 1 . 

 The oxidation/reduction processes during 
sonication were monitored by the electron dif-
fraction spectroscopy (EDS) (Figure  1 , A–D, 
inserts). We observed increase of oxygen con-
centration on metal surface which indicates 
oxidation process and formation of a novel 
metal oxide layer on the increased surface 
area of the porous metal matrix. The thick-
ness of the metal oxide sonochemically gen-
erated on the surface of the modifi ed metal 
was previously estimated by fi eld ion micro-
scopy less than 2 nm. [  25  ]  

 Having in mind that the catalytic prop-
erties of a material depend on its inner 
structure, morphology, and composition, a 
closer look to the sonochemically induced 
changes inside Al/Ni particles has been 
taken. The inductively coupled plasma mass 

    Figure  2 .     N 2  Adsorption (- � -)–desorption (- � -) isotherms of Al/Ni particles prepared by 50 min of sonication at 140 W cm  − 2  (A). BJH pore size distribu-
tion (- � -) and pore volume (- � -) of the same particles (B).  

    Figure  3 .     PXRD (left) and  27 Al NMR (right) of Al/Ni -alloy particles: initial (A/B) and after 50 min 
of sonication at 140 W cm  − 2  (C/D). 27AlNMR spectra were recorded by using [Al(H 2 O) 6 ] 3 +   as 
a reference. ( ∗ ) indicates the spinning sidebands.  
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the system also due to its in situ reduction by hydrogen pro-
duced in sonogenerated pores. Nickel oxide was not detected 
probably due to mentioned reduction process and its negligible 
quantity per surface area. Nickel being amorphous also does 
not show pronounced peak in PXRD. Thus, beside cavitation 
induced oxidation process, we can expect the continuous reduc-
tion of the nickel particles due to formation of reducing agent 
(hydrogen). [  40  ]  We propose that ultrasound-driven activation of 
Al/Ni particles results in the formation of a Al/Ni mesoporous 
matrix stabilized by a thin oxide layer. In situ activated nickel 
centers by partial reduction of nickel particles are probably dis-
tributed in porous matrix (see also the TEM image in Figure S1). 
In order to prove this consideration we performed the detailed 
nuclear magnetic resonance (NMR) and X-ray photo electron 
spectroscopy (XPS) analysis of the novel material.  

 Solid state  27 Al NMR experiments proved presence of 
metallic and oxidized aluminum species. Due to the quadru-
polar interaction the  27 Al NMR resonances are usually broad 
and structured. Nevertheless, at least fi ve different species 
can be distinguished. The sharp resonance at 10 ppm (Al1) 
appears signifi cantly only in the spectrum of the sonicated 
sample, which can be assigned to aluminum oxide or hydroxide 
(Figure  3 , B/D). All other four resonances (Al2-Al5 with  σ  iso   ≈  
300 ppm, 470 ppm, 670 ppm, and 980 ppm) are dominated by 
both the knight shift and the quadrupolar interaction, which 
demonstrates that they belong to different Al/Ni alloys with 
a low local symmetry for the Al sites. Details of the relevant 
refi nement parameters are given in supporting information. 
The  27 Al MAS NMR spectra show that the metal particles are 
composed of the same alloy phases before and after the sonica-
tion. Although the intensities of the  27 Al resonances might be 

hampered by different spin-spin relaxation 
times, the comparison between both data sets 
reveals that mainly alloy phase Al4 is affected 
during the sonication process. 

 The XPS analysis is demonstrated in 
 Figure    4  . The spectra were recorded before 
and after 50 min of ultrasonic treatment of 
the particles at 140 W cm  − 2 . The compo-
nents at 852.3 (shown in Figure  4 , B) and 
854.0 can be attributed to metallic Ni and 
NiO. [  48  ,  49  ]  Peaks position indicates the par-
tial reduction of Ni during the process. After 
5-min-sonication we could observe in the 
spectra the peaks related to the metal oxides 
only. However after 50-min-sonication we 
could distinguish the peaks of metallic 
nickel in the XPS patterns. The fact of for-
mation of metallic nickel could be explained 
due to in situ activation of catalyst centers 
(Ni) during sonication. Aluminum peaks 
can be attributed to both phases: metallic 
aluminum and the oxidized aluminum. The 
peaks of aluminum and nickel oxides indi-
cate partial surface oxidation (see also PXRD 
(Figure3)) of metals in the alloy. Thus, we 
can conclude that the sonochemical activa-
tion of the Ni/Al catalyst is probable due to 
generation of H 2  [  40  ]  during partial oxidation 

of aluminum matrix. A conceptual novelty of the proposed 
ultrasound assisted Al/Ni activation is redox reactions con-
trollable by sonication parameters and the material itself. The 
structure optimization for maximum catalytic effi ciency can 
be done by adjustment of time and intensity of solication and 
catalyst composition.  

 By summarizing the results illustrated in Figures, we see 
that: (i) at the beginning stages of sonication of the alloy par-
ticles the increase of oxide phase could be attributed to partial 
oxidation of aluminum and nickel and the formation of porous 
structure with increased surface area; (ii) further sonication 
results in generation of metallic Ni detected by XPS due to pos-
sible reduction process [  40  ]  in porous matrix. Thus, relaying on 
the analytical methods we can assume that the sonochemically 
activated Al/Ni catalyst composed on unmodifi ed Al/Ni skel-
eton with surface changed aluminum (oxidized) and catalytic 
active nickel centers regularly distributed in this matrix. The 
PXRD and  27 Al MAS NMR experiments could detect the oxida-
tion of Al during sonication. Our previous works [  25  ]  on ultra-
sound treatment of aluminum and nickel particles demonstrate 
that aluminum exhibits increase of surface area and formation 
of porous matrix after sonication stabilized by sonogenerated 
aluminum oxide. Nickel particles are relatively resistant to ultra-
sound irradiation and slight change in surface morphology was 
detected. The SEM images demonstrate formation of a rough 
metal oxide on the surface of the modifi ed Ni particles. Since 
the concentration of NiO is very low in the system we could 
detect it by using XPS only. Formation of a several-nm-thick 
metal oxide layer plays an important role in structure stabiliza-
tion without negative effect to its catalytic activity. The impor-
tance of formation of metal oxide for the structure stabilization 

    Figure  4 .     X-ray photoelectron (XPS) spectra of samples before (1) and after 50 min (2) of 
sonication treatment at 140 W cm  − 2  intensity. Survey spectra (A), Ni2p peaks (B), Al2p peaks 
(C), and O1s peaks (D).  
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we tested the catalyst for the model reaction of hydrogenation 
of acetophenone ( Scheme    1  ). As a material of interest, Al/Ni 
alloy powder sonicated for 50 min with maximum surface area 
of 125 m 2  g  − 1  was chosen. This material has previously shown 
its potential as catalyst. [  24  ]   

 The initial Al/Ni alloy particles show no catalytic activity in 
the hydrogenation of acetophenone under 60 bar H 2 -pressure 
and stirring at room temperature (RT) and water as a solvent. 
No or poor catalytic activity for commercially available and 
untreated Al/Ni alloys have also been reported. [  50  ,  51  ]  On a con-
trary the sonochemically activated Al/Ni material demonstrates 
catalytic activity. It is important, that there were no side prod-
ucts observed during the hydrogenation of acetophenone under 
the used condition (RT, 60 bar of H 2 ). The catalytic experiments 
are summarized in  Table   1 .  

 The conversion of acetophenone to 1-phenylethanol was 
measured after 24 hours of reaction by gas chromatography 
(GC). The optimal conversion ( > 99.9%) of acetophenone was 
observed when 50 mg of catalyst were used (Table 1, Entry 1-2). 

 The pressure of the hydrogen applied during the catalytic 
reaction has its crucial infl uence on the conversion of acetophe-
none to 1-phenylethanol (Table 1, Entry 2-5). To avoid diffusion 
limitation we have chosen a pressure of 60 bar as the standard 
condition. It was observed that the yield of 1-phenylethanol 
decreases when the pressure is reduced. The maximum yield of 
1-phenylethanol was observed at a hydrogen pressure of 40 bar, 
5 bar hydrogen pressure gave a yield of 34%. 

 Using the optimal conditions of 50 mg of Al/Ni catalyst and 
a hydrogen pressure of 60 bar the conversion was studied based 
on the reaction time. Therefore, several catalytic runs were per-
formed and stopped after a specifi c period of time. The com-
plete consumption of the applied acetophenone was observed 
after the reaction time of 4 hours. 

 In addition the Al/Ni catalyst was tested under standard 
conditions (RT, 60 bar H 2 , water as the solvent, 50 mg Al/Ni 

during sonication can be proved by the addition experiments 
in an inert solvent. It has been suggested that in IL the oxida-
tion could be avoided. We performed the sonication of Al/Ni 
alloy in ionic liquid (IL), 1-butyl-3-methylimidazolium chlo-
ride), in order to see if the similar mesoporous structure could 
be formed without metal oxide stabilization. The sonication in 
ionic liquid did not lead to formation of porous structure. There 
were no other crystalline phases detected. Thus, the surface oxi-
dation has a crucial role in stabilization of the modifi ed metal 
matrix and formation of porous structure. Furthermore, the 
sonogenerated oxide layer provides excellent stability of the cat-
alyst during its exploitation. The sonicated Al/Ni can be stored 
and used at ambient conditions in comparison to Raney nickel 
that is pyrophoric and requires special storage conditions. [  21  ,  22  ]  

 Thus, sonochemical modifi cation of metal particles sche-
matically illustrated in  Figure    5   has the following effects gen-
erated by acoustic cavitation: sonochemical one - surface redox 
reactions by sonogenerated free radicals (A) and sonomechan-
ical one - interparticle collisions (B). USHI induces particle 
breakage and increase of surface area of the material. Simulta-
neously depassivation of metal surface occurs due to cavitation 
stimulated breakage of initial oxide layer. Then the increased 
metal surface is stabilized by sonogenerated oxide layer. The 
generation of hydrogen during sonochemical oxidation of alu-
minum matrix plays an important role in catalyst activation. By 
adjustment of the sonication process we can avoid the complete 
material oxidation and achieve the particle reduction of nickel 
particles.    

 2.2. Catalytic Performance 

 The central motivation for the investigation described here is 
the infl uence of an ultrasonic treatment on morphology, tex-
ture, and performance of a composite material. In this paper, 

   Table  1.     Conversion of acetophenone in dependence of H 2 -pressure, 
amount of catalyst, as well as amount of substrate for a reaction time of 
24 h at RT, stirring and 1 mL water as a solvent. 

Entry Catalyst 
[mg]

Acetophenone 
[ μ L]

H 2 -pressure 
(bar)

Conversion of acetophenone 
[%]

1 25 300 60 36

2 50 300 60  >  99.9

3 50 300 5 34

4 50 300 20 79

5 50 300 40  >  99.9

6 50 500 60  >  99.9

7 50 700 60  >  99.9

8 50 900 60  >  99.9

9 50 1100 60  >  99.9

    Figure  5 .     Sonochemical modifi cation of metal particles: (I) initial par-
ticles; (II) chemical aspect surface oxidation (A) and physical aspects 
(B) interparticle collisions; (III) formation of mesoporous metals.  

    Scheme  1 .     Hydrogentation of acetophenone.  
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catalyst, stirring, 24 h reaction time) with higher amounts of 
acetophenone, namely 300 mL up to 1.1 mL (9.57 mmol). One 
could see that performance of the catalyst has not changed 
(Table 1, Entry 2 and 6-9). 

 To investigate the catalyst reusability, we performed catalytic 
reactions under the conditions described above and the reaction 
time of 6 hours ( Figure    6  ). It was found that under these condi-
tions the catalyst produces  > 99.9% 1-phenylethanol within the 
fi rst fi ve runs. After 5 runs the yield slightly decreased upon 
reuse, but still remained effective after 8 runs. The consump-
tion of the acetophenone is gone down to 78% after 8 runs.  

 The unique morphology of our sonoactivated Al/Ni system 
(presence of metallic Ni and sonogenerated metal oxides) 
provides easy and effi cient catalytic performance of the mate-
rial. First of all the catalyst does not require preactivatetion 
stage before use. If the catalyst was preactivated for 24 h in 
a hydrogen atmosphere (solid catalyst material) no increase 
in catalytic activity was observed. Then, the sonoactivated Al/
Ni can be a good alternative to the commercial Raney nickel. 
The activity of sonochemically activated Al/Ni was compared 
with the commercial Raney Ni catalyst. Similar activities were 
observed, conversion of acetophenone to 1-phenylethanol 
(60 bar H 2  pressure) at room temperature, for our best catalyst 
and commercial Raney nickel catalyst.    

 3. Conclusions 

 The sonochemical activation of Al/Ni particles results in nano-
structuring of initial Al/Ni alloy and formation of an effective 
catalyst for the hydrogenation of acetophenone. The novel for-
mation/activation method is based on the cavitation induced 
mechanochemical particle breakage and metal depassivation 
(breakage of initial oxide layer). The structure stabilisation is 
achieved by sonochemical formation of surface metal oxide 
layer. The self-regulated nickel reduction process (also in porous 
matrix of the catalyst) is responsible for formation of active cen-
tres of the catalysts. Thus, upon sonochemical activation the 
alloy species adopt a number of features attractive for catalytic 
applications: high surface area (up to 125 m 2  g  − 1 ) and narrow 
pore size ( ∼ 4 nm) distribution, presence of metallic nickel. In 
addition, the easy storage and handling of the metal based sta-
bilized by thin oxide layer Al/Ni catalyst is an advantage of our 

system. The ability to reuse the catalyst with 
little or no decrease of product yield makes 
the procedure of ultrasound activation for 
catalyst formation an attractive alternative to 
other preparation methods. Thus, the sono-
chemically activated Al/Ni alloy could become 
a great alternative to known Raney nickel [  20  ]  
and other heterogeneous hydrogenation cata-
lysts. The fi ndings presented here provide 
guidelines for the extension of the concept 
towards a broad variety of systems.   

 4. Experimental Section 
  Materials : Aluminum-nickel alloy powder 

(Fluka) (composition: 50 wt% aluminum 
and 50 wt% nickel) was used with a particle size ca. 100  μ m 
as received. The water was purifi ed before use in a three stage Millipore 
Milli-Q Plus 185 purifi cation system and had a resistivity higher than 
18.2 M Ω   · cm. 

  Preparation of Al/Ni catalyst:  5 g of the commercial Al/Ni alloy were 
dispersed in purifi ed water (50 mL) and sonicated up to 50 min with 
an ultrasound tip (VIP1000hd, Hielscher Ultrasonics GmbH, Germany) 
operated at 20 kHz with a maximum output power of 1000 W ultrasonic 
horn BS2d22 (head area of 3.8 cm 2 ) and equipped with a booster B2-1.8. 
The maximum intensity was calculated to be 140 W cm  − 2  at mechanical 
amplitude of 106  μ m. To avoid the temperature increase during 
sonication the experiment was performed in a thermostatic cell. After 
the USHI treatment, the sample was dried under vacuum with a heat 
gun. 

  Scanning electron microscopy:  Scanning electron microscopy (LEO 
1530 FE-SEM, Zeiss) was applied to characterize the optical response, 
structure, and size of the nanoparticles. 

  Powder X-ray diffraction:  Powder X-ray diffraction (PXRD) diagrams 
were collected at   θ  –  θ   mode using a Stoe STADI P X-ray Transmission 
diffractometer: Cu K α  1 , irradiation, room temperature, 2 ∗   θ    =  5–90. 

   27 Al MAS NMR : The   27   Al MAS NMR  spectra were recorded at room 
temperature with a Bruker Avance II 300 FT NMR spectrometer operating 
at 78.2 MHz for  27 Al. The samples were loaded into 2.5 mm ZrO 2  rotors 
and mounted in a commercial triple resonance MAS probe (Bruker). 
All spectra were collected using proton broadband decoupling with a 
spinal64 sequence and a nutation frequency of 70 kHz. The recycle delay 
and spinning speed were adjusted to 1 s and 30 kHz. To eliminate not 
desirable signals from the probe we applied a rotor-synchronized Hahn 
echo sequence with a 16 step phase cycle and a nutation frequency of 
50 kHz. The fi rst and second pulse of the echo were set to 1  μ s and 
2  μ s, respectively, to ensure that the signal intensity becomes 
independent from the magnitude of the quadrupolar coupling. The 
chemical shift of the  27 Al resonance is given with respect to [Al(H 2 O) 6 ] 3 +  . 
The simulations of the MAS spectra were carried out with the program 
package SIMPSON. [  52  ]  

  Surface area and pore size distribution:  Surface area and pore size 
distribution based on physisorption (adsorption and desorption of 
gases) were measured by the BET (Brunauer-Emmett-Teller) [  43  ]  and BJH 
(Barrett-Joyner-Halenda) [  42  ]  method using N 2  at 77 K on a vacuum gas 
sorption NOVA 2000e (Quantachrome). The samples were dried under 
vacuum for 24 h at 300  ° C. 

  Pulse Titration Analysis:  Pulse Titration Analysis was performed by 
CHEMBET Pulsar TPD/TPR (Quantachrome) with hydrogen as the 
titration gas at a temperature of 300 K. Five hydrogen impulses were 
applied with a fl ow rate of 75 cm 3  min  − 1  at an ambient pressure of 
760.00 mmHg. 

  Inductively Coupled Plasma   (ICP) : Inductively Coupled Plasma by 
Perkin Elmer, Plasma 400 with Argon Plasma determined the nickel 
content. 

    Figure  6 .     Reusability of Al/Ni catalyst under standard condition, namely 50 mg of USHI modi-
fi ed Al/Ni catalyst, 1 mL water as a solvent, reaction time 6 h at room temperature under 60 bar 
H 2  and stirring.  
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We performed the sonochemical nanostructuring (sononanostructuring) of zinc particles, which

produced a core–shell ‘‘hedgehog’’ zinc-based material by a ‘‘green’’ ultrasound method. The core–

shell ‘‘hedgehogs’’ consist of a metallic zinc core covered by zinc oxide nanorods. Due to the

‘‘hedgehog’’ morphology, the novel zinc-based material exhibited increased surface area, high

accessibility for substrate molecules and could be a promising component of sensors, catalysts, active

feedback coatings, and photovoltaic systems. We demonstrate the results of the photocatalytic

performance of the zinc-based core–shell ‘‘hedgehogs’’.

1. Introduction

Ultrasound (US) technology is a green chemistry tool for the

direct delivery of energy in a chemical reactor. Ultrasound-

assisted processes can be carried out under relatively mild

conditions and do not require aggressive media or harsh

chemical additives. The energy is concentrated locally inside

and near cavitation bubbles.1–5 In general, the collapse of

acoustic cavitation microbubbles (frequency of 20 kHz) under

the ambient conditions of the bulk solution is characterized by

intensive local effects: temperature increase (up to 5000 K),

pressure increase (of about 1000 atmospheres), and heating and

cooling rates above 109 degrees per second. The sonochemical

effects include the formation of radicals from solvents and the

enhancement of reaction rates at ambient temperature. Thus,

ultrasound can be used for fast and effective modification,

fragmentation of particles, etching of metal surfaces, depassiva-

tion of metal surfaces, oxidation, and for the growth stimulation

of a novel metal oxide/hydroxide interfacial layer.

Here we propose an easy ultrasound-driven method of the

modification of zinc particles, so-called ‘‘sononanostructuring’’

of zinc particles, by using US. The novel US-assisted modifica-

tion method leads to the formation of core–shell ‘‘hedgehog’’

zinc-based materials. Wide band-gap semiconductor materials

like nanostructured zinc oxide (ZnO) are important for several

applications, such as transparent semiconductors, gas sensors,

solar cell windows, and photovoltaic devices.9,10 Thus, ZnO in

the form of powders,11–15 nanoparticles,16–19 nanoplatelets,20

plates,21 or thin films,22–24 has already gained interest as a

photocatalyst for the degradation of water pollutants.

Photocatalytic materials have become a promising alternative

for environmental reprocessing25 due to their ability to degrade

different organic compounds in a more efficient way than other

processes, e.g., biodegradation techniques.26,27 The polluted

water contains toxic compounds that are persistent and not

biodegradable. Dyes from the textile industry are examples of

such dangerous waste. The degradation of these dyes is a serious

problem worldwide.28–32 The cleaning of the highly contami-

nated waste is important for the environment and human beings.

With this in view, ZnO is considered as a low cost photocatalyst

for photodegradation.13,16,33–35 The high photocatalytic effi-

ciency of ZnO is attributed to its ability to generate H2O2
36,37

and to the high number of active sites with high surface

reactivity.

The formation of ZnO nanostructured materials varies from

the sol–gel method,38 the use of a thermal plasma reactor,16 the

chemical vapour deposition method,39 alkali precipitation,12 and

spray pyrolysis40 to orient the attachment of preformed ZnO

nanoparticles.41 Here, we propose an alternative approach:

direct oxidation of the zinc surface by using a sonochemical

approach. The ZnO nanorods form a shell attached to the metal

zinc core. The novel approach is based on our previous

works.3,4,6–8 Recently, we demonstrated that mesoporous metal

structures stabilized by a metal oxide layer could be formed using

ultrasound. The sononanostructuring of zinc particles requires

relatively mild conditions: aqueous media without any additional

oxidants. Production expenses including the ultrasound equip-

ment and energy costs of preparing the particles are rather low.

The US-assisted method can be up-scaled by using different

sonotrodes or a series of sonotrodes.6 One of the advantages of

the proposed sononanostructuring process is that a wide range of

Zn-based materials with various morphologies and functional-

ities can be prepared. The photocatalytic performance was

demonstrated as one of the potential applications of the

sononanostructured Zn. Furthermore, the ultrasound-assisted

modification was performed under different conditions in order

to help understand the mechanisms of the sononanostructuring

of Zn.
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2. Experimental

2.1. Formation of core–shell ‘‘hedgehogs’’ from Zn particles

Zinc powder (Sigma Aldrich, .299%, initial size y50 mm and 4

mm) was dispersed in ultrapure MilliQ-water and sonicated for

different durations with an ultrasound tip (VIP1000hd, Hielscher

Ultrasonics GmbH, Germany) operated at 20 kHz with a

maximum output power of 1000 W ultrasonic horn BS2d22

(head area of 3.8 cm2) and equipped with a booster B2-1.8. The

maximum intensity was calculated to be 140 W cm22 at a

mechanical amplitude of 106 mm. The concentration of the initial

powder was varied in the range 0.01–0.1 g mL21. During

treatment the sample was cooled in a thermostatic flow cell.

After the treatment, the modified zinc (US-Zn) sample was dried

for 24 h.

2.2. Characterisation methods

Transmission and scanning electron microscopy (TEM, Zeiss

EM922 Omega, EFTEM operating at 200 kV and SEM, LEO

1530 FE-SEM, Zeiss), in combination with an ultra microtome

(Ultracut E, Reichert Jung, thickness 50 nm) were applied to

characterize the optical response, structure, and the size of the

zinc powder.

The powder X-ray diffraction (PXRD) patterns were collected

in the h–h mode using a Stoe STADI P X-ray transmission

diffractometer: Cu-Ka1, irradiation, room temperature, 2h =5–

90u.
The surface area is based on physisorption (adsorption and

desorption of gases) and was measured by the BET (Brunauer–

Emmett–Teller)48 method using krypton at 77 K on a vacuum

gas sorption Autosorb-1 and Autosorb Degasser apparatus

(Quantachrom). Each sample was dried under vacuum for 24 h

at 100 uC.

X-ray photoelectron spectroscopy (XPS) was acquired with a

SPECS hemispherical energy analyzer (Phoibus 100) and SPECS

focus 500 X-Ray monochromator using the Al-Ka with energy

of 1486.74 eV.

2.3. Photocatalytic experiments

The photocatalytic activities were used for the as-prepared and

filtered samples in order to separate the free ZnO nanorods

formed by sonication. The core–shell Zn/ZnO particles were used

for the degradation of methyl orange (MO, ACS reagent, Sigma-

Aldrich) in solution in the presence of UV light.

The degradation of MO dye was estimated by evaluation of

the intensity of the absorption band centred at 464 nm, as a

function of the illumination time.

The initial pH of these solutions was 5.4. A 450 W UV lamp,

equipped with a 420 nm cut-off filter (l = 380 nm) was used (UV-

F 400 F, Dr. Hönle, Germany) to irradiate the stirred

dispersions. The sample was placed at a distance of 25 cm from

the UV lamp, the average light intensity was 15 mJ cm22

(measured by tesa1 UV Strip – UV Scan, Dr. Hönle, Germany).

10 mg of zinc modified for different lengths of sonication time

were dispersed in a 10 mL MO suspension (0.1 mM) and stirred

at room temperature. Prior to irradiation, the suspensions were

magnetically stirred in the dark for 30 min to reach an

adsorption–desorption equilibrium. At given time intervals, 1

mL of the solution samples were collected and analysed by

recording the absorption of MO from 190 nm to 800 nm using an

Agilent 8453 UV/VIS spectrophotometer with ultrapure water in

the reference beam. The degradation percentage was obtained as

well as the rate of reaction constant k. This rate of reaction was

used to compare the efficiency of the catalysts. For the

reusability experiments the catalyst was washed in ultrapure

water several times and dried.

The reaction with UV radiation and catalyst follows the first

reaction order

[A]t = [A]0e2kt (1)

with [A]t as the concentration at time t and [A]0 as the starting

concentration, with k (min21).

3. Results and discussion

3.1. Sonication of Zn particles: formation of the Zn-based core–

shell ‘‘hedgehogs’’

Recently we have suggested that the surface preferable orienta-

tion etching/oxidation of metal particles4 during their ultrasound

modification is an important aspect in the nanostructuring of

such metals as aluminum and magnesium. In general, the

ultrasound-driven modification of metals is base on cavitation

induced metal depassivation (breakage of initial oxide layer),

mechanochemistry (due to particle collision), and sonochemistry

(structure stabilization by the sonogenerated oxide layer). Thus,

the sonicated species adopts a number of features which are

attractive for further applications, e.g., high surface area (more

than 100 m2 g21 for aluminum-based alloys), narrow pore size

distribution in the mesoscopic range. We also demonstrated that

long-term (longer then 90 min) ultrasound treatment of Zn

particles results in the complete conversion of Zn into Zn oxide.

Our current research demonstrates that the short-term ultra-

sound treatment (up to 90 min) of Zn particles gives a Zn-based

material with amazing variable core–shell ‘‘hedgehog’’ morphol-

ogies, which depend on the initial particle sizes, Zn concentration

in the solution and the duration of the sononanostructuring.

The general concept of ultrasound-driven modification of zinc

particles is shown in Fig. 1. During the US treatment of zinc

particles the following phenomena could be observed (Fig. 1A):

(I) formation of cavitation bubbles in the aqueous suspension of

zinc particles; (IIa) the red/ox reactions at the interfacial regions;

(IIb) interparticle collisions; (III) generation of the core–shell

‘‘hedgehog’’ zinc. Moreover (IV) total oxidation with total

conversion to oxide structure is possible (not shown in the

sketch).

Zn particles of the size y4 mm and y50 mm were used for Zn

sononanostructuring. The morphology of the modified Zn-based

particles was studied by using scanning and transmission

electron microscopy (Fig. 2). The particles after 10 min of

sonication consist of the metallic Zn core covered by ZnO

nanorods. The core–shell morphology can be clearly seen in the

TEM image of the cross section of the modified Zn particle

(Fig. 1B). The nanorods are attached perpendicularly to the Zn

core. The SEM image (Fig. 1C) shows that the nm-long rods

homogeneously cover the metal surface, forming so-called

‘‘hedgehogs’’ from Zn particles. We explain the formation of

This journal is � The Royal Society of Chemistry 2012 RSC Adv., 2012, 2, 12460–12465 | 12461
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the core–shell ‘‘hedgehog’’ morphology to be as a result of the

oxidation of the surface of Zn particles by free radicals generated

during cavitation.

3.2. Mechanism of formation of core–shell Zn-based ‘‘hedgehogs’’

The formation of the core–shell Zn-based morphology was

confirmed by the TEM images (Fig. 1B) and the XPS

experiments (Fig. 2). The XPS spectra (Fig. 2A, C) correspond

to the Zn 2p3/2. It is clearly seen that after modification, in the

case of the ‘‘hedgehog’’ structures, there are two peaks,

corresponding to the metallic core and oxidized shell. In the

case of ZnO nanorods, a shift of the peak is attributed to the

change of Zn0 to Zn2+.

The growth of ZnO on the zinc particles can be controlled by

the duration of the sonication (Fig. 3). The ultrasound-

stimulated formation of zinc oxide on the surface of the zinc

particles (here, y4 mm initial Zn particles) occurs after short-

term sonication. 60 s US treatment leads to the appearance of 60

nm long ZnO nanorods on the Zn core (Fig. 3D). After 10 min of

sononanostructuring the ZnO nanorods grow up to 160 nm and

cover the entire core (Fig. 3F).

Longer treatments (.30 min) destroy the relatively long

nanorods (Fig. 3G). The 160 nm nanorods are removed from the

particle surface due to friction forces during interparticle

collisions. Then the surface oxidation starts again. The 60 min-

sonicated samples are covered by 20 nm nanorods. The PXRD

patterns in Fig. 3 A–G confirm the cycle character of the

ultrasound-driven modification of Zn. A 10 min ultrasonic

treatment leads to the partial conversion of Zn into ZnO, which

results in the ‘‘hedgehog’’ morphology of the particles. The

PXRD pattern of the 10 min-modified samples exhibits the peaks

of both the metallic Zn and ZnO. After 30 min the ‘‘hedgehog’’

structures lose their spikes. Two separate phases, Zn particles

and ZnO nanorods, can be distinguished and separated. The

PXRD pattern of the Zn after loss of the ZnO nanorod shell is

shown in Fig. 3E.

The size of the initial Zn particles also affects the modification

process and, therefore, the morphology of the modified systems

(Fig. 4). The modification of the y4 mm and y50 mm particles

leads to surface oxidation, growth of ZnO nanorods and their

detachment. These ZnO nanorods are formed and detached in a

cyclic manner. The PXRD patterns and the SEM images in

Fig. 3 show that the nanorods grow, reach a maximum size,

detach during sonication, and then the cycle starts again.

However, the character of growth of the metal oxide depends

on the particle size. The SEM images (Fig. 4) demonstrate that

the y50 mm particles are covered by randomly attached ZnO

nanorods (Fig. 4A, C, E). The concentration of these nanorods

increases with the sonication duration. The increase in ZnO

concentration on the surface of the y50 mm particles was

confirmed by PXRD (not shown here). The y4 mm Zn particles

are covered by the perpendicularly attached ZnO. The surface

area of the initial y4 mm zinc particles is 0.4 m2 g21. The surface

area of these particles reaches 2.6 m2 g21 after 10 min of

Fig. 1 A – Sonochemical modification of zinc particles: (I) initial

particles; (II) (a) chemical aspect due to surface oxidation; (b) physical

aspects are caused by interparticle collisions and surface impinging by

high velocity microjets providing preferable directions of etching; (III)

formation of ‘‘hegdehog’’ zinc particles. B, C – TEM (B, 10 min US) and

SEM (C, 15 min US) images of the core–shell ‘‘hedgehog’’ structure:

metal core and the oxide nanorods attached to the core after US

treatment.

Fig. 2 XPS spectra of the ‘‘hedgehog’’ zinc particles (A) and the ZnO

nanorods (C), and SEM image of the ultramicrotomed Zn/ZnO particle

(B) and ZnO nanorods (D) after 15 min of US treatment.
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sonication. After 30 min of US treatment, the surface of the

‘‘hedgehogs’’ is covered by 20 nm ZnO rods and has the surface

area of 1.3 m2 g21. The surface area of the y50 mm particles can

achieve a maximum of 20 m2 g21 after 10 min of sonication due

to the formation of a thick layer of randomly distributed 160 mm

ZnO spikes. After 90 min of modification the surface area of the

y50 mm particles is also decreased up to 12 m2 g21, which is due

to the formation of 100 nm nanorods on the metal surface. Thus,

the surface area of the modified particles depends on the

character of growth and distribution of the ZnO nanorods on the

metal core. At the beginning of the sonication treatment (10–15

min) we observed the formation of the very interesting tubular

ZnO nanorods4 on the surface of the y50 mm particles that are

probably responsible for the increased surface area of such

particles. However, as we will demonstrate in the next part of this

article, these nanorods do not significantly contribute to the

catalytic activity of the Zn particles. It is likely that they are not

accessible to the substrate molecules. The 15 min-sonicated y4

mm Zn particles (Fig. 4D) demonstrate the core–shell morphology,

where the Zn core is homogeneously covered by a monolayer of

ZnO nanorods. The longer sonication time (the 60 min-sonicated

particles in Fig. 4F) leads to the formation of randomly

distributed 100 nm ZnO nanorods, similar to the ZnO layer

formed on the y50 mm particles. These particles demonstrate the

highest catalytic activity which we will discuss here later.

Based on all characterizations performed above, we can

summarize that the ultrasound modification of the Zn particles

has a cycle character that depends on the sonication time and

particle size. The free radicals generated by the ultrasound

oxidize the surface, after which, the ZnO nanorods rapidly grow

on the metallic core. The long nanorods are detached because of

interparticle collisions in the sonicated suspensions. We could

distinguish two phases: the relatively smooth Zn particles and the

ZnO nanorods. When the oxidation continues and the nanorods

grow again on the surface. The size of the nanorods can be

controlled by the particle size and the duration of sonication.

Short-term sonication (up to 90 min) leads to the formation of

core–shell ‘‘hedgehogs’’ with an increased surface area.

3.3. Photocatalytic activity

The functionality of the sononanostructured Zn can be related to

its properties as a semiconductor. When the modified zinc is

Fig. 3 PXRD patterns and SEM images of the initial zinc particles (A,

B) and the particles treated for 1 min (C, D), 10 min (E, F) and 60 min

(G, H) by ultrasound. The inserts (a, c, e, g) show the magnified part of

the PXRD patterns with the ZnO attributed peaks.

Fig. 4 SEM images of the y4 mm and y50 mm initial particle size after

5 (A, B), 15 (C, D) and 60 min (E, F) of US treatment.
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illuminated by UV light, the migration of electrons to the zinc

core begins (eqn (2)), and so positive holes (h+) are formed.42–44

When the semiconductor is immersed in an aqueous medium, the

spontaneous adsorption of water molecules in the liquid occurs.

Then an electron is transferred to the acceptor molecule and the

donor molecule gives an electron to the semiconductor particle.

The holes generate ?OH by reacting with the water molecules

(eqn (3)), and the O2 molecule accepts an electron to form the

super-oxide radical O2
?2 (eqn (4)). These O2

?2 radicals act as

strong oxidizing agents and they also contribute to the formation

of hydrogen peroxide (eqn (5)–(8)).45 Thus, as an example of the

possible application range of the sononanostructured zinc, we

tested the photocatalytic activity of the core–shell ‘‘hedgehog’’ in

the detoxification of methyl orange (MO). The radicals formed

in the presence of a semiconductor can react with the dye

molecule, disrupting it in its conjugated system, which leads to

the complete decomposition of the dye.46,47

ZnO �?
hv

ZnO hz
� �

ze{ (2)

H2O + ZnO(h+) A ?OH + H+ + ZnO (3)

O2 + e2 A O2
?2 (4)

O2
?2 + H+ A HO2

? (5)

2HO2
? A H2O2 + O2 (6)

H2O2 + O2
?2 A ?OH + O2 + OH2 (7)

?OH + dye (MO) A dye (MO) mineralization (8)

In Fig. 5 are highlighted some results of the detoxification of

MO by the core–shell ‘‘hedgehog’’ zinc. The dye degradation was

monitored using the UV/VIS spectra. The absorption peaks,

corresponding to dye, diminished and finally disappeared under

irradiation, which indicates that the dye is degraded. No new

absorption bands appear in either the visible or ultraviolet

regions. The spectrum of MO in the visible region exhibits a

band with a maximum at 464 nm. The decrease of the absorption

peaks of MO at lmax = 464 nm indicates a rapid degradation of

the azo dye. It also indicates that the nitrogen–nitrogen double

bond (–N=N–) of MO is the most active site for oxidation

attack. Complete degradation of the dye was observed after 50

min using the optimized conditions. MO in the absence of the

photocatalyst is stable under UV-irradiation. In the absence of

photocatalyst no colour change was observed.

To optimize the ultrasound treatment of the Zn particles, we

tested the catalytic activity of the US-Zn prepared over different

sonication times. Fig. 5 shows the catalytic activity of the

samples prepared at different concentrations of Zn in water and

by using y50 mm and y4 mm initial Zn particles. For all samples

we observed the cycle character of the reaction rate constant vs.

sonication time.

At the beginning of modification, up to 10 min of sonication,

we observed an increase in the rate constant for all samples.

After 10 min of US exposure the activity decreases rapidly and

converges to a k value comparable to the untreated zinc. The

observed dependence can be explained by the ultrasound-driven

change of the particle morphology. During the first 10 min of

modification, ‘‘hedgehogs’’ with increased surface areas are

formed. After long exposure to US, the ‘‘hedgehogs’’ lose their

spikes, which results in the loss of photocatalytic activity (Fig. 3).

The catalytic activity of the sononanostrustured Zn prepared

at longer sonication times (up to 90 min) strongly depends on the

concentration of the sonicated particles and the initial size of the

Zn particles. The y4 mm and y50 mm zinc particles exhibit

different photocatalytic activity. We observed, that 90 min US

exposure leads to the highest reaction rate constant k y 0.05

min21 for 10 mg of y50 mm Zn particles, where the same

amount of y4 mm zinc particles reached k y 0.03 min21.

The fact that the modified y4 mm and y50 mm zinc particles

exhibit different activities could be explained by the higher

concentration of ZnO nanorods randomly attached to the

bigger Zn core, which are more accessible to the MO molecules.

The difference in the surface morphology of both samples (y4

mm and y50 mm Zn particles) can be clearly seen in the SEM

images in Fig. 5. Additionally, the surface area of the y50 mm

particles is 12 m2 g21 and 1.3 m2 g21 after 90 min-sonication.

This is not the maximum surface area we could achieve for the

Fig. 5 The reaction rate constant k is shown to be independent of the

ultrasound treatment duration. We used 10 mg of the US-Zn (A). The

SEM images of the samples prepared for 90 min of sonication: 0.01 g

mL21 50 mm Zn particles (B), 0.01 g mL21 4 mm particles (C), 0.04 g

mL21 4 mm particles (D) and 0.1 g mL21 4 mm particles (E).
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sononanostructured Zn. However, the 90 min-sonicated Zn-

based materials exhibit the highest rate of MO conversion,

which is probably due to the better accessibility of the ZnO

nanorods formed in 90 min modification. The control experi-

ments with commercial ZnO demonstrate an activity similar to

US-Zn. The reaction rate constant of the commercial ZnO was

estimated to be ca. 0.05 min21. In Fig. 5A we can also see the

influence of the concentration of the sonicated particles on the

rate constant. The optimal concentration of Zn particles during

sononanostructuring was found 0.01 g mL21. The higher

concentration of Zn particles leads to fast Zn modification

but the nanorods might also be rapidly detached from the Zn

core surface due to the vigorous interparticle collisions

stimulated by the sonication. At the same time, the lower Zn

concentration (,0.01 g mL21) leads to a reduction in the

number of collision events between the particles. The particle

modification became very slow and we could not achieve the

‘‘hedgehog’’ morphology and comparable catalytic activity.

4. Conclusions

We have shown that the sononanostructuring of zinc is an easy

and green method for the production of a wide spectrum of

interesting zinc-based materials with spectacular morphologies

and functionalities, i.e., core–shell ‘‘hedgehogs’’ and ZnO

nanorods. By using ultrasound, the nanostrucruring of zinc

can be performed in a fairly easy and cost efficient way,7,8

avoiding aggressive media, harsh additives and oxidants. The

Zn/ZnO ‘‘hedgehogs’’ have a Zn metallic core covered by ZnO

nanorods. The form and length of these nanorods can be

controlled by the sonication conditions. The ‘‘hedgehogs’’

demonstrate a good photocatalytic activity due to the semi-

conductive nature of the ZnO spikes. We do believe that the

sonochemical approach to the nanostructuring of materials

provides a novel methodology for the focused construction and

functionalization of solids. The nanostructured semiconductor

zinc-based material demonstrated here could be a promising

component in the construction of a whole range of composite

systems for photocatalysis, gas sensing, photovoltaic, etc. The

metallic nature of the Zn core could be applied to the formation

of corrosion protection systems.
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The huge economic impact arising from the degradation of 
metal surfaces in a whole range of industries (e.g., the medical, 
pharmaceutical, food, automotive, and maritime industries) 
promotes the development of novel protective strategies.[1,2] 
The economical impact of corrosion damage only in the USA 
was estimated to be 276 billions US dollars per year.[2] As far 
as public safety and protecting of environment are concerned, 
effective, inexpensive, and environmentally friendly techno
logies for surface damage prevention are required. Here we 
suggest a novel method for a metal protective system based 
on the ultrasound treatment of metal surfaces.

Acoustic cavitation offers the unique potential for locally 
establishing hightemperature (up to 5000 K) and highpres
sure (several hundreds of bars) reactions, while the system 
remains macroscopically near room temperature and ambient 
pressure.[3] Interactions between cavitation bubbles and 
solids lead to interfacial melting, plastic deformation, etching, 
and oxidation of the latter. Thus, ultrasound could be effec
tively used for surface modification and could even replace 
some expensive, multistage, and timeconsuming methods of 
surface engineering.[4] The ultrasound treatment here is a fast 
and environmentally friendly method: the treatment is per
formed in aqueous solution. It can be applied to large sur
faces by using a series of sonotrodes. Recently we suggested 
employing highintensity focused ultrasound for the modi
fication of metal surfaces. We demonstrated that at certain 
conditions ultrasoundassisted modification of metal surface 
leads to the formation of a 200nmthick mesoporous metal 
layer (a socalled “surface metal sponges”).[5] The surface 
metal sponges have high surface area and strong adhesion to 

Nanoengineered Metal Surface Capsules: Construction 
of a Metal-Protection System

Daria V. Andreeva, Dmitry V. Sviridov, Admir Masic, Helmuth Möhwald,  
and Ekaterina V. Skorb*

the bulk material. The porous matrix of the sponges can be 
loaded with an active compound and can be easily covered 
by different coatings due to the high roughness of the sono
chemically modified layer. Here we use the surface metal 
sponges as a component of an encapsulation system for metal 
protection.

In general, the encapsulation system suggested here con
sists of the following components: the sonochemically formed 
surface metal sponges adhered to the bulk metal, which can 
be loaded with a variety of agents (corrosion inhibitors, bio
cides, enzymes, DNA fragments, antibodies, etc.), and a pro
tective coating, a soft matter layer. Thus, the loaded metal 
sponges have the functionality of porous capsules. Compared 
to existing encapsulation systems,[6] the surface capsules 
are continuous with the bulk metal and do not need to be 
immobilized on the surface or incorporated into a protective 
coating. Furthermore, the rough surface of the metal capsules 
provides excellent adhesion for a protective coating. For the 
proof of concept of this novel surface protection method, we 
loaded the surface capsules with doxorubicin (antibiotic), 
benzotriazole (corrosion inhibitor), and 8hydroxyquino
line (antiseptic), and we covered the capsules with a solgel 
coating.

Surface sponges can function as a system that can be 
used for encapsulation of active compounds (AC), as shown 
in Figure 1. The scanning electron microscopy (SEM) 
images show the crosssection (Figure 1b ) and the surface 
(Figure 1c) of the sponges’ layer. The pore size and volume 
as well as the surface composition of ultrasonically formed 
metal sponges has been studied in detail and previously 
reported.[5] The average pore diameter, ~4–7 nm, and surface 
area, up to 80 m2/g, were estimated for aluminum sponges. 
In addition to the geometric features, the porous sponges are 
covered by a thin (up to 2 nm) metal oxide layer that might 
positively influence the upload of AC. The Xray diffraction 
(XRD) patterns (Figure S1, Supporting Information (SI)) 
provide evidence that a thin oxide layer consists of bayerite 
Al(OH)3 and böhmite AlO(OH). The quantity of bayerite 
increases during the formation of the porous structure, which 
corresponds to the increase of the surface area of the sample. 
Surface –OH groups of the metal oxide layer may allow for 
chemisorption of AC (Figure S2, SI). Regulation of porosity, 
roughness and surface chemistry of metal sponges, and, there
fore, the morphology and properties of the metal capsules 
can be achieved by varying i) the sonication time, ii) solvent, 
iii) and by using different metals and metal alloys.[5]
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Here we propose two types of encapsulation systems 
based on the surface metal sponges. Both types are sche
matically illustrated in Figure 2. The simul
taneous activation and modification of 
the metal surface and AC by ultrasound 
occurs in Type I. The metal capsules can 
be formed and loaded by ultrasound treat
ment of the metal surface in presence 
of an active component. As a model we 
used a fluorescent antibiotic, doxorubicin.  
Doxorubicin can form active radicals[3] and 
can be attached to an activated metal sur
face during sonication.[3,7] To successfully 
achieve  formation of the surface capsules 
loaded with doxorubicin, the aluminum 
surface was sonicated in a 0.005 m aqueous 
solution of doxorubicin in a thermostated 
flow cell at 20 kHz and an intensity of 
57 W/cm2. The metal surface capsules 
loaded with doxorubicin[8] are shown in 
Figure 1b (inset). Attenuated total reflect
ance (ATR) IR spectra (Figure S2, SI) 
confirm the chemisorption of doxoru
bicin. The pHdependent release from 
such capsules is shown in Figure 1d. At  
pH = 7, the encapsulation system is very 
stable, and a negligible release from the 
capsules can be detected. At pH = 2–4, we 
monitored the stepwise release of chemi
sorbed doxorubicin. At pH values lower 

than 2, the release continues due to the 
degradation of the metal oxide and disso
lution of aluminum. Thus, the generation 
of a pHresponsive encapsulation system 
on a metal surface can be carried out in a 
singlestep.

In the Type II system (Figure 2d), 
the surface sponges can be used for the 
construction of metal–polyelectrolyte 
(PE) capsules in order to store AC and 
to release them on demand (Figure 3). 
The pores of the metal sponges can be 
simply sealed by PE complexes.[9,10] The 
PE complexes are a universal encapsula
tion and carrier system and provide safe 
storage of the AC and can release them in 
response to external stimuli (pH,[9a] ionic 
strength,[9b] temperature,[9c] light,[9d,11] 
etc.). In this case, we do not need a spe
cific interaction (chemisorptions) between 
the metal surface and AC. The principle 
involved in loading the surface capsules is 
the same as was suggested for mesoporous 
capsules.[12] The upload and release of the 
AC can be controlled by the formation of 
complexes between the AC and PE.[9] The 
AC/PE complex has one or two pH win
dows (pH regions of complex instability), 
which provides an easy way to manipu

late upload and release. These pH windows can be adjusted 
by choosing the appropriate PE compositions. The formation  

Figure 1. a) Schematic illustration of upload, storage, and release of active component (upper 
row) and general view of capsules generated at the metal surface (below). b) SEM image of the 
cross-section of the aluminum sponge-like layer (indicated by arrows). Inset: the luminescent 
confocal image (top view) of the surface capsules loaded with doxorubicin. c) SEM image of 
the rough surface of the metal surface sponges. d) Doxorubicin release under different pH 
(inset shows time-resolved release at acid pH = 2).

Figure 2. Scheme showing the formation of surface capsules on the metal surface: a) the initial 
metal plate, b) the single step involved in the encapsulation system of Type I, in which there 
is simultaneous activation of the metal surface and active component, c) the sonochemically 
formed layer of surface metal sponges for design of system of Type II, d) the encapsulation 
system of Type II, in which the surface is loaded with an active agent and protected by a 
polyelectrolyte complex, e) the encapsulation system of Type II, in which the surface is 
covered by a sol-gel coating and used for corrosion tests. The adhesion of the capsules’ layer 
to the bulk metal is indicated with red arrows. Blue arrows indicate the high adhesion of a 
sol-gel coating to the rough surface of the surface capsules.
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of the surface metal capsules sealed by a AC/PE complex 
is shown in Figure 3a–d. Here, the ultrasonically formed 
200nmthick metal sponge layer (Figure 3e,f) was saturated 
by 8hydroxyquinoline (8HQ) or benzotriazole (BTA) after 
being exposed to their solutions, and then washed and dried. 
The plates were then immersed for 15 min in a 2 mg/mL 
aqueous solution of negatively charged sodium polystyrene 
sulfonate (PSS). The pores were sealed due to the complexa
tion between the AC (8HQ or BTA) and the polyelectrolyte 
(PSS). The stability of the AC/PE complex was visually tested 
at different pH values (Figure 3h). The 8hydroxyquinoline/
PSS complex is formed at pH = 7 (turbid solution, Figure 3a, 
left), and it disintegrated at pH = 10 (clear solution, Figure 3a, 
right).

Three different pH regions were analysed: pH > 10, pH = 7,  
and pH < 3. The release of the AC from the surface capsules 
at different pH is shown in Figure S3 in the SI. The rough 
metal surface even after pore sealing with the AC/PE com
plex (Figure 3g) provides a perfect adhesion for further 
coatings (for example in industrial application, primer or 
pigmentcontaining top coatings) on the metal surface cov
ered by surface capsules.

The high anticorrosion impact of the sonochemically 
modified metal surface was measured by a scanning vibrating 
electrode technique (SVET) (Figure 4). We tested the cap
sules loaded with BTA, a corrosion inhibitor, and covered by 
a solgel coating (Figure 2e). The local changes in pH accom
panying the corrosion process leads to the disintegration 
of the BTA and polyelectrolyte (PSS). The inhibitor can be 
released from the capsules and heal the corrosion pits. When 
the pH returns to the initial value, the pores are closed again 
due to complex recovery.[10]d] The 3D SVET maps demon
strate the ionic currents above the mechanically defected 
surface. The sample (Figure 4b) with surface capsules loaded 
with a corrosion inhibitor, here BTA, exhibits very high cor
rosion resistance in 0.1 m NaCl. The naked aluminum surface 
(Figure 4a) is rapidly corroded in the same conditions.

The surface capsules loaded with 8HQ provide longterm 
antiseptic activity of the metal surface. The metal surface con
taminated by E. Coli bacteria before and after biocide release 
is shown in Figure 4c and d, respectively. The bacteria were 
visualized by the LIVE/DEAD BacLight Bacterial Viability 
Kits reactive. This method provides a sensitive, fluorescence
based assay for bacterial cell viability. The reagent employs 
two nucleic acid stains: the greenfluorescent SYTO 9 stain 
and the redfluorescent propidium iodide stain. Live bacteria 
with intact membranes fluoresce green, while dead bacteria 
with damaged membranes fluoresce red. Live and dead bac
teria visualization (Figure 4c,d) provides evidence of the 
high biocide activity of the metal surface with 8HQloaded 
capsules.

Thus, we have presented a novel encapsulation system 
based on a sonochemically formed porous metal layer, which 
is continuous with the bulk metal. The high surface area of 
this layer allows the upload of active components (corro
sion inhibitors, antiseptics, antibiotics, DNA fragments, etc.). 
We propose two types of encapsulation systems (Figure 2). 
According to the Type I system, the spontaneous release of 
loaded components from the surface capsules can be pre
vented through chemisorption of the AC to the porous metal 
capsules due to presence of –OH groups. In the Type II  
encapsulation system, complex formation between an AC 
and PE can be used. Both encapsulation systems suggested 
here could solve crucial problems in surface engineering and 
surface protection: adhesion of a protective system to the sur
face and release of an active compound on demand. The sur
face metal capsules are continuous with the bulk metal, and 
the capsule does not need to be immobilized on the surface 
or incorporated and distributed in the protective coating. The 
high roughness of the sonochemically modified metal sur
face allows excellent longterm adhesion of traditional pro
tective coatings. This novel concept based on surface metal 
sponges opens prospects in metal nanoengineering and 

Figure 3. Schemes based on atomic force microscopy (AFM) images: 
a) polished aluminum before modification; b) sonochemically modified 
aluminum; c) aluminum loaded with surface AC, and d) covered by a 
polyelectrolyte complex. The surface capsule layer is protected by a 
polymer film. e,f) Transmission electron microscopy (TEM) images of 
aluminum with a surface capsule layer for AC storage (blue arrows 
indicate the loading direction, red arrows indicate the interface between 
the bulk metal and capsules’ layer). g) SEM image of the sonochemically 
produced capsules’ layer (metal sponges) loaded with 8-HQ/PSS; 
h) visual test of the 8-HQ/PSS complex formation at pH = 7 (turbid 
solution, left) and its disintegration at pH = 10 (clear solution, right).
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surface protection as well as in encapsulation and polyelec
trolyte applications.

Experimental Section

Materials: Aluminum was used as a model metal substrate, 
which has the ability to assist with the ultrasonic formation of 
surface metal sponges. For all experiments, aluminum samples 
of 10 mm × 20 mm were polished and degreased in isopropanol 
flow and rinsed in purified water. For the confocal experiments a 
200 nm thick aluminum layer was deposited by evaporation to 
a glass substrate of the same size. Doxorubicin, 8-HQ, BTA, PSS 
(molecular weight, MW = ∼70 kDa), zirconium n-propoxide (TPOZ), 

3-glycidoxypropyltrimethoxysilane (GPTMS), propanol, ethylacetoa-
cetate, and HNO3 were purchased from Sigma-Aldrich. The water 
was purified in a three-stage Millipore Milli-Q Plus 185 purification 
system and had a resistivity higher than 18.2 MΩ cm.

Preparation of Surface Capsules, Loading and Release Experi-
ments, Type I: In a single step, each plate was sonicated in a 
0.005 m aqueous solution of doxorubicin in a thermostated flow 
cell (FC100L1-1S) at 65 °C with a VIP1000hd (Hielscher, Germany) 
operated at 20 kHz with a maximal output power of 1000 W, ultra-
sonic horn BS2d22 (head area of 3.8 cm2), and equipped with 
a booster B2-1.2. The maximum intensity was calculated to be  
57 W/cm2 at a mechanical amplitude of 81 μm.

Preparation of Surface Capsules, Loading and Release Experi-
ments, Type II: Following a general method involving serveral 

Figure 4. a,b) 3D SVET maps of the ionic currents above the defected aluminum surface area: naked (a) and covered by the surface capsules loaded 
with benzotriazole (b). The capsules are sealed by complexation with PSS. The measurements were performed in 0.1 m NaCl. The insets show the 
kinetics of anodic (red) and cathodic (blue) corrosion activity. c,d) Confocal images show the inactivation of E. Coli due to 8-hydroxyquinoline 
release from the surface capsules’ layer: before release stimulation (c) and after release (d). Inactivated bacteria are red, and living bacteria  
are green.
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steps, the aluminum plate is first sonicated as indicated for the 
Type I preparation. Afterwards, the samples were placed in solu-
tions of 8-HQ or BTA within pure water; they were then pumped 
under vacuum for 30 min, washed, and dried. The procedure was 
repeated 5 times to achieve higher loading capacity.[12] Then the 
plates were placed for 15 min in a 2 mg/mL aqueous solution of 
PSS to achieve pore closure due to the complexation between the 
active component (AC: 8-HQ; BTA) and polyelectrolyte (PSS).

The loading of surface capsules was monitored by ATR spectra. 
To record ATR FT-IR spectra, an FT-IR microscope (Hyperion 2000, 
Bruker Optics, Germany) equipped with a liquid-nitrogen-cooled 
detector and connected to a Vertex 70 FT-IR spectrometer (Bruker 
GmbH, Germany) was used. The IR beam was focused on the 
sample surface through an ATR objective (Bruker Optics, Germany), 
which is characterized by a Ge internal reflection element with 
a tip of 100 μm. A total of 256 scans were co-added per sample 
spectrum and apodized, applying the Blackman–Harris three-term 
function and a zero filling-factor of 2.

The release of AC was studied in aqueous solution using 
UV–vis spectra at chosen time intervals. Different pH regions were 
analysed.

Formation of Sol-Gel Coating onto Metal Plate: For corro-
sion tests the plates were covered with a hybrid SiOx/ZrOx based 
film.[12] The hybrid film was obtained by a controllable sol-gel route 
in n-propanol. Two different sols were combined together, forming 
a final sol, which was applied on the aluminum alloy. The first 
sol was prepared by hydrolyzing TPOZ (70 wt% TPOZ precursor in 
n-propanol) mixed with ethylacetoacetate (1:1 volume ratio) by the 
addition of acidified water (pH < 1). At first, the mixture of TPOZ and 
ethylacetoacetate was stirred under ultrasonic agitation at room 
temperature for 20 min to achieve complexation of the precursor. 
Then, acidified water in a 1:3 molar ratio (Zr/H2O) was added to 
the mixture drop by drop, and the mixture was agitated for 1 h. The 
second organosiloxane sol was obtained by hydrolyzing GPTMS 
in 2-propanol by addition of acidified water in a 1:3:2 (GPTMS/2-
propanol/water) molar ratio. In the final step, the zirconia-based 
sol was added drop by drop to the second organosiloxane sol in 
a 1:2 volume ratio. The resulting sol-gel system was ultrasonically 
agitated for 60 min and aged for 1 h at room temperature before 
deposition on the aluminum alloy. The AFM estimated film thick-
ness was ca. 1.5 μm.

Corrosion Test: SVET experiments were performed using the 
equipment supplied by Applicable Electronics (Forestdale, MA, 
USA). The immersion solution was 0.1 m NaCl. Scans were initiated 
within 5 min of immersion and were collected every 30 min for the 
duration of the experiment, typically 16 h.

Biocide Activity Study: The biocide properties of the plates 
with surface capsules that were loaded with 8-HQ were analyzed. 
A rapid epifluorescence staining method using the LIVE/DEAD Bac-
terial Viability Kit (BacLight) was applied to estimate both viable 
and total counts of bacteria on the surface of the plate with surface 
capsules. The plate for these experiments was glass with a 200 nm 
layer of aluminum loaded with 8HQ. The surface was scanned 
before and after 8-HQ release with a Leica TCS SP inverted con-
focal microscope system (Leica, Germany) equipped with a 100× 
and 40× oil immersion objective having a numerical aperture of 
1.4 and 1.25, respectively. An Ar-ion (488 nm, 514 nm) and a 
He-Ne laser (543 nm) were used as excitation sources and chosen 
according to the fluorophore in the sample.

BacLight is composed of two nucleic-acid-binding stains: 
SYTO 9TM and propidium iodide. SYTO 9TM penetrates all bacte-
rial membranes and stains the cells green, while propidium iodide 
only penetrates cells with damaged membranes, and the combina-
tion of the two stains produces red fluorescing cells.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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