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compositions, structures, and functions 
for several relevant applications. This 
goal has been achieved by engineering 
several nanostructured building blocks 
on surfaces through many processing 
methods. ‘Bottom-up’ methods, including 
Langmuir–Blodgett (LB), [ 1–3 ]  self-assem-
bled monolayers (SAMs), [ 4–13 ]  and Layer-
by-Layer (LbL) assembly, [ 14–19 ]  have been 
widely used to modify and effectively tailor 
the surface properties and simultaneously 
for assembling desired molecules with a 
high degree of control over organization 
and orientation. Therefore, these surface 
engineering strategies have been used to 
design and fabricate organized monolayer 
fi lms (in the case of SAM methodology) 
and multilayer assemblies (in the case of 
LB and LbL assembly approaches) with 
precisely layered structures, compositions, 
properties, and functions, and thus with 
enhanced performance at the molecular 
level. Furthermore, the bulk properties of 
nanostructured materials and the ability to 
precisely tailor the surface properties and 
fi nely tune the physicochemical proper-
ties and structures of engineered func-

tional molecular assemblies have been recognized as having 
paramount importance for the scientifi c and engineering com-
munities due to the broad range of possible applications in the 
biomedical, electronics, optics, catalysis, and energy research 
fi elds. [ 20–22 ]  

 It is well known and commonly agreed that nature provides 
a great source of endless inspirations for designing highly 
sophisticated functional materials. Hence, scientists and engi-
neers from different areas of chemistry, physics, engineering, 
biology, medicine, or biotechnology have been challenged to 
design and engineer environmentally sensitive biomimetic 
surfaces that would respond to specifi c external stimuli (e.g. 
temperature, pH, ionic strength, light, mechanical stress, 
electric, magnetic and ultrasonic fi elds, electric potential, spe-
cifi c biological moieties) in a very controllable and predictable 
manner, hence adjusting to our demands. Such smart sur-
faces have been developed by modifying surfaces with stimuli-
responsive polymeric materials that ideally exhibit reversible 
switchable physicochemical properties (i.e., a polymer should 
be switched repeatedly rather than being designed for a single 
event), precisely tailored structures, compositions, and func-
tions in response to changes in the surrounding environment. 

 Layer-by-Layer Assembly of Light-Responsive Polymeric 
Multilayer Systems 

   João    Borges     ,   *        Luísa C.    Rodrigues     ,        Rui L.    Reis     ,       and        João F.    Mano   *    

 Layer-by-Layer (LbL) assembly is a simple and highly versatile method to 
modify surfaces and fabricate robust and highly-ordered nanostructured coat-
ings over almost any type of substrate. Such versatility enables the incorpora-
tion of a plethora of building blocks, including materials exhibiting switchable 
properties, in a single device through a multitude of complementary inter-
molecular interactions. Switchable materials may undergo reversible phys-
icochemical changes in response to a variety of external triggers. Although 
most of the works in the literature have been focusing on stimuli-responsive 
materials that are sensitive to common triggers such as pH, ionic strength, or 
temperature, much less has been discussed on LbL systems which are sensi-
tive to non-invasive and easily controlled light stimulus, despite its unique 
potential. This review provides a deep overview of the recent progresses 
achieved in the design and fabrication of light-responsive LbL polymeric 
multilayer systems, their potential future challenges and opportunities, and 
possible applications. Many examples are given on light-responsive polymeric 
multilayer assemblies built from metal nanoparticles, functional dyes, and 
metal oxides. Such stimuli-responsive functional materials, and combinations 
among them, may lead to novel and highly promising nanostructured smart 
functional systems well-suited for a wide range of research fi elds, including 
biomedicine and biotechnology. 

DOI: 10.1002/adfm.201401050

  1.     Introduction 

 The design and fabrication of well-defi ned nanostructured 
functional polymeric thin fi lms and nanocomposites has been 
attracting substantial interest within the scientifi c commu-
nity in the last decades owing to their promising properties, 
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Moreover, such precisely tailored stimuli-sensitive polymeric 
systems are highly intended to mimic the behavior of dynamic 
smart biological systems, their properties and functions, thus 
enabling a better understanding of the complexity of naturally 
occurring processes. For example, human skin and photo-
synthetic organisms are two great examples of such dynamic 
smart biological systems and are very appealing targets for bio-
mimetic materials science. The skin behaves as a permeable 
multifunctional membrane that adapts and responds to several 
dynamic environmental conditions, namely light, heat/cold, 
humidity, and mechanical stress, through self-regulation thus 
constituting a great example of an intelligent multi responsive 
system found in nature. [ 23 ]  Moreover, photosynthetic organ-
isms, which convert solar energy into chemical energy, repre-
sent very interesting biological systems whose properties and 
functions could be mimicked to develop advanced, cost-effec-
tive, and highly effi cient light-sensitive devices for energy-
harvesting applications. [ 24–26 ]  

 Having this in mind, during the past decades we have wit-
nessed a huge interest in designing advanced hierarchical 
stimuli-responsive functional systems that are capable to 
independently or simultaneously adapt and respond to one 
or several triggers that are inherently present in living sys-
tems, thus improving the complexity of such smart functional 
engineered systems. Such environmentally sensitive smart 
functional systems, which can be developed through many 
surface engineering approaches, including SAMs, [ 4–13,27–35 ]  
chemical grafting, [ 36–47 ]  thin polymer network fi lms, [ 48–59 ]  
LbL assembly, [ 14–19 ]  or combinations of thereof, [ 60,61 ]  have 
received increasing attention in the past few years because 
they offer great advantages in exciting widespread applica-
tions, including biomedical and biotechnological, coatings 
and textiles, electronics, catalysis, optics, or energy applica-
tions. [ 18,19,23,27–35,39,40,44–47,49,51,56–59,62–86 ]  Thus, they aim to shed 
light on the development of next-generation smart functional 
systems that would mimic the hierarchical organization and 
the behavior of smart biological systems. Within such variety 
of techniques to functionalize and engineer surfaces, LbL 
assembly approach has been introduced as a powerful, highly 
versatile, fl exible, and inexpensive strategy for modifying sur-
faces and preparing multilayer assemblies using an exceptional 
variety of materials and surfaces, as it will be described in the 
following section. 

 In this review we intend to provide a deep overview of the 
current achievements, developments, future challenges and 
opportunities in the fi eld of light-responsive LbL polymeric 
multilayer systems, as well as prospect applications as novel 
smart functional systems in a wide range of research fi elds. 
This review begins with a brief introduction that intends to 
highlight the importance of stimuli-responsive materials for 
scientists and engineers as key elements to mimic the behavior 
of smart biological systems, and their broad-range of applica-
tions. In Section 2, we provide a concise description of LbL 
assembly approach as one of the most prominent surface 
engineering techniques to modify surfaces and create novel 
multifunctional systems or devices through the assembly of a 
plethora of materials, its advantages and capability to address 
a wide range of possible applications. Section 3 focuses on the 
design and fabrication of stimuli-responsive systems through 
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LbL assembly of materials that display switchable properties. 
The responsiveness of LbL systems to several external triggers 
is briefl y addressed with a special attention being allocated 
to the macromolecular systems that are sensitive to common 
stimuli, namely temperature, ionic strength, or pH triggers. 
Section 4 is devoted to the recent progresses and developments 
in the design and fabrication of light-responsive LbL polymeric 
multilayer assemblies on both two- (2D) and three-dimensional 
(3D) surfaces, their potential future challenges and opportuni-
ties, and possible applications. Many examples are given on 
light-responsive LbL polymeric multilayer assemblies built 
from several functional materials, namely metal nanoparticles, 
functional dyes, and metal oxides. The last two sections present 
a brief outcome of the current achievements and future per-
spectives on the fi eld of light-responsive LbL polymeric multi-
layer systems.  

  2.     Background on the LbL Assembly Technique 

 Layer-by-Layer (LbL) assembly is a simple, effective, reproduc-
ible, fl exible and highly versatile method for modifying surfaces 
and fabricating robust and highly ordered nanostructured func-
tional polymeric thin fi lms and nanocomposites over any type 
of substrate. Such nanostructured functional assemblies may 
contain stimuli-responsive materials which turn them sensitive 
to a multitude of stimuli, thus rendering advanced functional 
systems with stimuli-responsiveness. The LbL technology, 
which is based on the sequential adsorption of complemen-
tary multivalent molecules on a substrate via electrostatic and 
non-electrostatic interactions (e.g. hydrophobic interactions, 
hydrogen bonding, charge-transfer interactions, host–guest 
interactions, biologically specifi c interactions, coordination 
chemistry interactions, covalent bonding, stereocomplexation, 
surface sol–gel process) or combinations of thereof, was fi rst 
proposed by Iler in 1966 for the adsorption of multilayers of 
oppositely charged colloidal particles. [ 14 ]  However, this concept 
was only recognized after the work of Decher and co-workers 
on multilayer fi lms comprising cationic and anionic bipolar 
amphiphiles, [ 15 ]  oppositely charged polyelectrolytes, [ 17,18 ]  or 
combinations of thereof. [ 16 ]  Although these works and the 
overwhelming majority of studies reported in the literature 
have focused on LbL assembly via electrostatic interactions, 
there has been also a growing interest on other intermolec-
ular interactions due to the possibility of incorporating several 
charged or uncharged materials within the LbL assemblies, 
thus amplifying their possible applications. Since then, LbL 
assembly technique has attracted much attention over the past 
two decades. [ 19 ]  LbL assembly is an easy, fl exible, and versatile 
process which can be performed on virtually any kind of sub-
strate of any nature, size, shape, and chemical composition 
(e.g. planar, porous, colloidal particles, cylindrical structures) 
using a wide variety of building blocks, such as polymers, [ 87–102 ]  
metal oxides, [ 103–108 ]  carbon nanotubes, [ 109–114 ]  graphene 
nanosheets, [ 115–119 ]  dyes, [ 120–122 ]  clays, [ 123–125 ]  particles, [ 126–140 ]  
dendrimers, [ 141–143 ]  as well as proteins, [ 144–155 ]  enzymes, [ 156–159 ]  
nucleic acids, [ 160–166 ]  peptides, [ 167–169 ]  or viruses. [ 170–173 ]  There-
fore, there is absolutely no doubt that the number and variety 
of materials that can be assembled via LbL technique are only 

limited by our imagination. The LbL buildup of such plethora 
of materials allows a great control over the fi lm properties, 
namely thickness, internal structure, chemical composition 
and morphology, at both nanometer and micrometer scales, 
and endows the multilayer fi lms with different functionalities 
and capabilities to develop advanced functional systems and 
devices with great potential of practical application, including 
in the biomedical fi eld. [ 174–178 ]  Moreover, the properties of the 
LbL assemblies can also be tailored by playing with the number 
of deposited layers and/or fi ne-tuning the assembly condi-
tions (e.g. solution pH, temperature, or ionic strength). The 
LbL buildup of the multilayer assemblies commonly occurs 
through a variety of deposition methods that have been already 
extensively reviewed, including dip-coating, spin-coating, and 
spraying. [ 177–190 ]   Figure    1   shows a schematic illustration of the 
most common LbL deposition methods for preparing multilayer 
fi lms on 2D planar surfaces. Although dip-coating method is 
the most used to date, it has some shortcomings, namely large 
amount of materials and time for fi lm preparation, thus being 
undesirable for industrial purposes. However, by using spraying 
instead of dip-coating one easily obtains homogeneously depos-
ited fi lms, avoids the use of large amount of materials, and sig-
nifi cantly reduces the time needed for the deposition process, 
thus meeting commercial and industrial needs. [ 191–195 ]  In addi-
tion, other less used but highly promising methods, such as 
hydrodynamic dip-coating, [ 196,197 ]  perfusion-, [ 198,199 ]  high gravity 
fi eld-, [ 200 ]  and inkjet printing-assisted LbL, [ 201–204 ]  and LbL depo-
sition on spherical particles [ 205–209 ]  have also been reported for 
the multilayer buildup, thus enabling a great control over the 
amount, thickness, and morphology of adsorbed layers. More-
over, such methods remarkably improved the effi ciency of the 
LbL assembly process by accelerating the adsorption process 
and maintenance of the multilayer fi lms quality, and further 
extended the design and fabrication of multilayer assemblies 
from simple 2D planar platforms to more complex 3D surfaces.  

 Beyond the above reported key features, LbL 
assembly approach presents several other advantages: (i) it is 
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 Figure 1.    Schematic illustration of the most commonly used LbL deposi-
tion methods to prepare multilayer fi lms on 2D planar surfaces.
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a cost-effective process, since it only requires simple laboratory 
equipment; (ii) allows the integration of several multicompo-
nent materials from different sources and nature within the 
fi lms; (iii) enables the incorporation of different biomolecules 
into the fi lms; (iv) assures a well-defi ned control over the mor-
phology, permeability, composition, thickness, structure, and 
mechanical properties of assembled materials; (v) provides 
high-stability and robustness to the fi lms under ambient and 
physiological conditions, and; (vi) can be performed under mild 
conditions with inexpensive materials in entirely aqueous solu-
tions, requiring no exposure to organic and/or harmful solvents 
or extreme assembly conditions. 

 Therefore, it seems clear that LbL assemblies fabricated with 
accurate control over fi lm thickness and structure through 
simple deposition methodologies, such as spraying method, 
can be easily scaled-up and manufactured to create large area 
uniform coatings, thus providing the basis for addressing 
practical industrial and commercial requirements. [ 210–218 ]  One 
remarkable example of LbL-based systems applicable and 
already scaled-up for fulfi lling industrial requirements is the 
development of novel transparent superhydrophobic LbL func-
tional nanocoatings, by using automatic spray-assisted LbL 
machines, for coating the surface of large areas, such as cars, 
pipelines, solar panels, or even aircrafts, and to clean fi nger-
prints from mobile phones. Superhydrophobic LbL nanocoat-
ings based on silica nanoparticles, which work as robust ultra 
water-repellent nanoprotective systems, are highly desired for 
corrosion protection purposes in order to prevent the deteriora-
tion of car surface through their water repellency. In addition, 
these low-cost superhydrophobic LbL nanocoatings, which tend 
to mimic the ultra-water repellent behavior of nature-inspired 
materials such as lotus leaf’s rough superhydrophobic surface, 
have already demonstrated great capacity for repelling water 
and everyday dust, thus promoting the self-cleaning/repairing 
of car paintings. [ 216–218 ]  By using such superhydrophobic mate-
rials one can easily keep the car surface cleaned for longer 
time periods. Besides the fabrication of superhydrophobic 
LbL functional nanocoatings, the development of transparent, 
antifogging, and antirefl ective superhydrophilic LbL nanocoat-
ings/surfaces has also been reported. [ 212 ]  Superhydrophilic LbL 
functional coatings are highly desired for building windows in 
order to maintain energy effi cient and cost-effective rooms, and 
even for car windows and windshields that will then never need 
a blower to avoid the heat trapped inside the car on summer 
days or fogging scenarios on cold and wet winter times. With 
that said, during the scale-up process the major concern will 
be related with the design of adequate reservoirs or deposition 
methodologies that will allow the total and homogeneous con-
tact of the material solutions with the substrate surface. How-
ever, as the LbL technology promotes surface modifi cation at 
the nanoscale level, there will be no implication at the deposi-
tion kinetics and thermodynamics when the surface area of the 
substrate is increased. 

 In summary, this simple, effective, versatile, and fl exible 
way of designing advanced nanostructured functional mate-
rials constitutes a key subject of current scientifi c interest 
for researchers with different backgrounds and has shown 
itself to be a highly-promising tool for the scientifi c and engi-
neering communities due to the practical potential applications 

in a wide range of research areas, including biomedicine and 
biotechnology. [ 17–19,174–178,208–248 ]   

  3.     Stimuli-Responsive LbL Assemblies 

 During the last few years, there has been an increasing interest 
in developing environmentally sensitive advanced nanostruc-
tured functional materials with tailored properties, structures, 
compositions, and functions with the main aim of designing 
and engineering dynamic intelligent multifunctional systems 
or devices that may respond to specifi c external stimuli. As 
previously reported in the introductory section, such stimuli-
responsive systems, also known as smart or intelligent systems, 
can be developed by engineering stimuli-sensitive materials 
through several surface engineering approaches. Despite the 
different techniques to render smart functional systems, in this 
review we will focus on stimuli-responsive systems, specifi cally 
on light-responsive polymeric multilayer systems, developed by 
LbL buildup of materials that exhibit switchable properties. 

 Multilayer assemblies built by LbL assembly approach have 
shown a great potential to adapt and respond to several envi-
ronmental conditions, thus leading to novel well-defi ned smart 
functional systems with controlled release properties highly 
suitable to meet to our demands. The responsiveness of LbL 
multilayer assemblies to achieve spatial, temporal and active 
control over the physicochemical properties and release of 
incorporated components can be effective by controlling spe-
cifi c template architectures (e.g. macroscopic planar fi lms, 
spherical capsules), their internal structure, composition, or 
release triggers (e.g. pH, ionic strength, temperature, magnetic, 
electric or ultrasonic fi elds, light, redox potential, mechanical 
stress, biomolecules or ionic surfactants;  Figure    2  ) as well as 
by regulating the assembly mechanisms within LbL fi lms to 
achieve fi lm swelling, shrinkage, degradation or even disas-
sembly to facilitate the loading or release of desired active 
molecules. [ 123,125,230,249–317 ]  Such response is based on the fact 
that synthetic macromolecules and hybrid composite materials 
assembled via LbL technology can change their structures and 
properties in response to small changes in the surrounding 
environment that may alter their individual chain dimensions, 
solubility, degradability, conformation, degree of intermolecular 
association, and specifi c secondary structure in aqueous media, 
and thus modify their binding affi nity. [ 66,67,80 ]  As illustrated in 
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 Figure 2.    Schematic illustration of the different chemical/biochemical/
physical stimuli used to control the response of LbL multilayer assem-
blies displaying materials that exhibit switchable properties.
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Figure  2 , the independent or simultaneous application of one 
or several external stimuli may induce reversible or irrevers-
ible changes in the composition, structure, and properties of 
multilayer systems. In the case of reversible systems a well-
defi ned control over the structure and properties of the multi-
layer fi lms and capsules such as thickness, roughness, mor-
phology, permeability, wettability, and swelling behavior can 
be accomplished by slight changes in the environmental con-
ditions (e.g. pH, ionic strength, temperature, etc). Moreover, 
the structures and properties of the multilayer assemblies can 
be restored completely by returning to the initial conditions. 
Several examples on stimuli-responsive multilayer assem-
blies exhibiting reversible behavior have been reported. For 
example, polymeric multilayer microcapsules exhibiting great 
control over the loading or release of desired molecules have 
been constructed making use of a temperature-responsive poly-
peptide, such as biomimetic elastin-like recombinamer (ELR), 
and chitosan (CHT) biopolymer. [ 312,313,317 ]  Moreover, other ther-
mosensitive systems displaying reversible behavior, such as 
poly( N -isopropylacrylamide) (PNIPAAm)-based fi lms, enable to 
control the surface wettability and loading/release properties, 
and have been proposed for cell sheet engineering, allowing 
the non-invasive detachment of cells by simply reducing the 
temperature. [ 90,95,97 ]  Overall, both thermoresponsive polymer 
systems play an important role on several biomedical and bio-
technological applications. Furthermore, multilayer assem-
blies may also disrupt when responding to specifi c triggers 
such as electric, magnetic or ultrasonic fi elds, light, mechan-
ical stress, or electric potential, thus revealing an irreversible 
behavior. For instance, the formation and stability of multilayer 
assemblies was found to be dependent on the applied electric 
potential, which triggered the fi lm dissolution upon achieving 
1.8 V. [ 269 ]  Such assemblies show enormous potential as smart 
drug delivery and controlled release devices.  

 Stimuli-responsive LbL systems can dramatically change 
their physicochemical properties (e.g. size, shape, confor-
mation, thickness, solubility, swelling/shrinking behavior, 
hydrophilic/hydrophobic balance, or release of a bioactive 
molecule) by the interruption of weaker intermolecular inter-
actions between the adsorbed layers through the application 
of specifi c external stimuli. Therefore, those assemblies are 
extremely important for many emerging applications in tissue 
engineering and regenerative medicine, protein adsorption, 
cell adhesion/detachment, biosensors, controlled drug delivery, 
bioseparation, bioreactors, actuators, diagnostics, chromato-
graphy, coatings and textiles, as well as electronics, optics, and 
energy. [ 78–85,261,284,296,306–308,310–313,317–322 ]  

 The great majority of works in the literature dealing with 
stimuli-responsive LbL assemblies are dedicated to macro-
molecular systems that are sensitive to common triggers, 
namely temperature, ionic strength, or pH triggers. In this 
regard, thermosensitive fi lms and capsules have been widely 
explored and are mostly achieved by the use of synthetic 
thermoresponsive polymers comprising PNIPAAm deriva-
tives, which present interesting properties for biomedical pur-
poses. [ 90,95,97,125,323–325 ]  Such polymers undergo a sharp transi-
tion in water at a lower critical solution temperature (LCST) of 
32 °C, changing from a hydrophilic to a hydrophobic state upon 
heating. [ 281,326–329 ]  This transition, which involves the disruption 

of secondary forces, namely intermolecular hydrogen bonds 
between water molecules and the amide groups in the poly-
meric chains, enables not only a very precise control over cell 
growth, since PNIPAAm hydrophobicity allows cells to attach 
to it at physiological conditions, as well as a well-defi ned con-
trolled release upon decreasing the temperature due to the 
increase of the polymer hydrophilicity. [ 72,330,331 ]  Indeed, such 
thermoresponsive polymers allow us to fi nely tune the perme-
ability and morphology of LbL fi lms and capsules, which is 
vital to achieve superior performance for each application. For 
example, such thermosensitive polymers have great potential 
for cell sheet technology. However, besides PNIPAAm, other 
thermoresponsive polymers such as ELRs, could be used for 
biomedical purposes. For instance, intelligent thin coatings 
were fabricated in a LbL fashion by simple alternate deposi-
tion of an aqueous-soluble ELR, containing the cell attachment 
sequence arginine-glycine-aspartic acid (RGD), and CHT. [ 284,296 ]  

 Another important and widely investigated group of stimuli-
responsive materials are pH-responsive polymers, in which 
ionizable functional groups have the ability to give or accept 
protons upon pH changes. In this context, Granick and co-
workers [ 250,255 ]  reported for the fi rst time the fabrication of an 
erasable multilayer thin fi lm by disruption of hydrogen bonding 
interaction between acid-base pairs through the manipulation of 
the surrounding environmental conditions, such as pH or ionic 
strength. Few years later, a similar approach was also devel-
oped by Zhang and co-workers [ 332,333 ]  using a base to selectively 
extract the acidic component from a multilayer fi lm. These 
stimuli have been used to modulate the permeability of fi lms 
and capsules incorporating polyelectrolyte multilayers (PEMs) 
towards remote release and encapsulation of desired molecules. 
The preferred polyacids to be employed in LbL assemblies 
present a p K a   around 5 since they exhibit rapid transitional 
changes at relevant physiologically conditions. In this concern, 
poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA) are 
the most commonly used polyacids to be incorporated in pH-
responsive systems. [ 334–338 ]  For instance, Kozlovskaya et al. [ 334 ]  
fabricated LbL multilayer fi lms and capsules comprising PMAA 
and poly( N -vinylpyrrolidone) (PVPON) via hydrogen bonding. 
These fi lms and capsules presented reversible swelling 
behavior in response to changes in solution pH and ionic 
strength. Upon increasing the solution pH, the carboxylic acid 
groups of PMAA became deprotonated, thus leading to the dis-
ruption of hydrogen bonding interactions. Moreover, PVPON is 
then completely removed from the multilayer system forming 
PMAA hydrogel fi lms and capsules, which enable the loading 
of therapeutic cargo. These smart systems have demonstrated 
to be increasingly important when aiming for biomedical and 
biotechnological applications. For instance, they have already 
been tested in intracellular drug delivery, [ 339 ]  and pH switching 
for the accurate control of protein adsorption or cell attachment 
phenomena. [ 340 ]   

  4.     Light-Responsive LbL Polymeric Multilayer 
Assemblies 

 Similar to other external stimuli, which are employed in 
order to induce a specifi c response in 2D and 3D polymeric 
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multilayer systems, light stimulus is specifi cally applied from 
an external source, thus offering the ability to accomplish a 
precise and easily adjusted spatiotemporal control over the 
attachment/detachment of cells or biomolecules, biosensors/
diagnostics, and diffusion of encapsulated molecules for con-
trolled drug delivery purposes. Nonetheless, 2D polymeric mul-
tilayer systems that are sensitive to light stimulus are rarely 
mentioned in the literature, probably due to the fact that most 
light-sensitive molecules respond to UV light, which is harmful 
to biological molecules. Such remote stimulus has the capa-
bility of being applied in a non-invasive and highly controlled 
fashion. Moreover, it is inherently present and widely used in 
natural living systems as an environmentally friendly and effi -
cient power source, inducing much less damage to the cell 
membrane and proteins than conventional enzyme treatment 
techniques. Therefore, this stimulus is highly suitable for in 
vivo biomedical applications. [ 177,225,228,291,307,340–342 ]  Moreover, 
light stimulus has also the capability of deeply penetrate into 
tissues and fi nely-tune its intensity, thus reinforcing its unique 
potential in the biomedical fi eld. In this concern, the design and 
fabrication of multilayer assemblies incorporating absorbing 
activation centers deserves further comprehensive attention. 

 To date, the strategies adopted by few research groups willing 
to this goal are from different nature. Such strategies are con-
cerned with the incorporation of several light-responsive mate-
rials, such as metal nanoparticles (NPs), functional dyes, and 
metal oxides in LbL multilayer systems (see  Figure    3  ), mostly in 
3D polymeric multilayer assemblies. For instance, Pasparakis, 
Sukhorukov, and Caruso’s research groups have all included 

on polyelectrolyte multilayer walls noble metal NPs or infrared 
(IR)-dyes that exhibit high absorption in the near-infrared (NIR) 
region. [ 228,259,291,298,341 ]  These kind of smart delivery systems, 
which are highly suitable for biomedical applications due to 
the low absorption of NIR radiation by skin and most of the 
tissues, are used for photothermal drug release either alone or 
as components within polymer nanocomposites. Therefore, the 
incorporation of several light-sensitive moieties within multi-
layer assemblies seems to be an excellent strategy when aiming 
for biomedical applications because these absorbing activation 
centers help to shift the absorption wavelengths toward the vis-
ible spectrum region, thus surpassing the limitations imposed 
by UV light.  

 In this section we focus on the design and fabrication of 
photoresponsive multilayer assemblies by using materials that 
exhibit photoswitchable properties, as well as on their proper-
ties, future challenges, and potential applications. 

  4.1.     Incorporation of Metal Nanoparticles within LbL Polymeric 
Multilayer Assemblies 

 The incorporation of metal NPs within LbL polymeric multi-
layer assemblies (i.e. polymer-based LbL fi lms and capsules) 
allows the direct conversion of laser light, absorbed in the vis-
ible spectrum, into thermal energy which may result in changes 
in the fi lm or capsule permeability, morphology, composition, 
and structure, and thus potentially leading to the rupture of 
the walls of such assemblies. Furthermore, the large amount of 
heat, produced locally within LbL assemblies, generally leads to 
irreversible disruption of these constructs and, subsequently, to 
the remote release of encapsulated therapeutics or detachment 
of deposited substances from surfaces. [ 343–346 ]  Such metallic 
nanostructures display several desired characteristics, namely 
well-defi ned surface chemistry, size, shape, composition, func-
tion, and properties, which enable their appropriate surface 
functionalization with suitable molecules for directly improving 
desired applications. All these features are due to unique inter-
actions of such metallic nanostructures embedded within the 
adsorbed layers with light, which turn them very useful con-
stituents to load or release desired materials. Under light irra-
diation, electrons in metals are driven to collectively oscillate 
in phase, process commonly known as surface plasmon reso-
nance absorption of the NPs, whose absorption cross-section 
is drastically more intense than for a typical dye due to their 
high surface-to-volume ratio. The increase in temperature 
acquired for the metal NPs to values above the spinodal point 
of water and the melting point of the metal, and the thermal 
stress resulting from the different thermal expansion coeffi -
cients of materials within the shell could be the reasons for 
the disruption of the assemblies. [ 347 ]  Caruso and co-workers 
were the fi rst to report the remote release of encapsulated 
materials from the capsule wall upon NIR irradiation of gold 
nanoparticles (AuNPs)-functionalized polyelectrolyte micro-
capsules. [ 347 ]  Such strategy could be used for the controlled 
delivery/release of drugs encapsulated in capsules. This work 
was followed by the studies performed by Skirtach et al. [ 348 ]  
who explored in detail the fabrication of nanoengineered 
polyelectrolyte capsules containing gold sulfi de core/gold 
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 Figure 3.    Schematic illustration of the different light-responsive building 
blocks (nanoparticle – NP, polyoxometalate – POM, dye) that can be 
incorporated together with polyelectrolytes (PE) in 2D and 3D LbL poly-
meric multilayer assemblies via electrostatic interactions.
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shell NPs in their walls, and their response to laser light in 
order to mediate the remote release of encapsulated fl uorescent 
materials. In an attempt to fully address biomedical applica-
tions, those LbL microcapsules can be optimized by function-
alizing their surface with certain specifi c biologically relevant 
molecules, such as antibodies, proteins, peptides, enzymes, 
nucleic acids, or growth factors, thus improving their bioac-
tivity, binding affi nity, and specifi city. [ 349–353 ]   Figure    4   depicts 
a schematic illustration of the fabrication of LbL polymeric 
multi layer fi lms incorporating silver nanoparticles (AgNPs) 
and polyelectrolytes, and their further interaction with NIR 
light that can be controlled in space.  

 Meanwhile, similar approaches have been followed using 
different colloidal templates. Several types of metals and metal 
nanostructures, which are useful molecules in triggering bio-
logically inspired materials, are being included within LbL 
multilayer assemblies with the main aim of controlling the 
load or release of desired molecules. [ 354 ]  The incorporation 
of metal NPs in LbL assemblies has been the main focus of 
several research groups owing to their strong light absorp-
tion as well as unique electrical, optical, catalytic, and mag-
netic properties when compared with those of bulk metals or 
metal atoms. Therefore, such properties turned LbL assemblies 
highly-suitable for a wide range of applications. For example, 
the incorporation of noble metal NPs, namely AgNPs [ 259,355 ]  
and AuNPs, [ 132,344,347,356–358 ]  and metal oxide NPs, such as tita-
nium dioxide (TiO 2 ), [ 359–362 ]  zinc oxide (ZnO), [ 363 ]  or iron oxide 
(Fe 2 O 3 , Fe 3 O 4 ) [ 364,365 ]  on 2D and 3D LbL multilayer assemblies 
has been widely investigated. Nonetheless, other materials 
exhibiting different sizes and shapes such as AuNP aggre-
gates, [ 366–368 ]  nanorods, [ 369,370 ]  nanowires, [ 371 ]  and nanobelts [ 372 ]  
have been also extensively studied in order to fully explore their 
great potential in several applications. Upon NIR irradiation, all 
these materials further lead to reversible changes in the perme-
ability of polymeric multilayer systems or irreversible disrup-
tion of such multilayer fi lms or capsule walls, thus enabling the 
controlled load or release of desired molecules. 

 Photoresponsiveness of metal NPs occurs in the NIR spec-
trum section, with wavelengths between 650–900 nm, [ 373 ]  
which reveals advantageous conditions for biomedical applica-
tions, such as controlled drug delivery, since NIR radiation is 
minimally absorbed by skin and most tissues. For this reason, 
light can penetrate into the tissues in the order of hundreds of 
micrometers to centimeters, thus enabling whole-body optical 
imaging. [ 373,374 ]  

 In this context, one of the fi rst studies 
where remotely triggered release of encapsu-
lated materials was revealed involved the use 
of very large amounts of metal NPs, resulting 
in the destruction of the containers. [ 259,347 ]  
This issue constitutes the main drawback of 
such processes due to the potential toxicity 
induced by the NPs to the surrounding envi-
ronment after the disintegration of the con-
tainers, [ 259,375 ]  which limits their application 
in the biomedical fi eld. 

 Skirtach et al. [ 259 ]  were the fi rst to report 
the fabrication of multilayer systems con-
taining AgNPs. In that work, poly(allylamine 

hydrochloride) (PAH) and poly(styrene sulfonate) (PSS) multi-
layer microshells were doped with AgNPs and their response 
to light irradiation studied. It was found that such capsules 
could be destroyed upon NIR irradiation, thus leading to the 
remote release of encapsulated materials. AgNPs present 
a higher absorption maxima at wavelengths between 380–
430 nm, being this value largely infl uenced by the size and 
shape of such particles. [ 376 ]  However, this range of wavelengths 
is not considered ideal for therapeutic treatments, as drug or 
gene delivery, because a wide range of biomolecules absorb 
light outside the so-called “biologically friendly window” 
(700–1200 nm). Nonetheless, upon NIR light irradiation, poly-
meric capsules can be also tuned in order to release desired 
encapsulated materials without the disruption of their walls. 
This goal could be achieved by using NPs with well-defi ned 
size, shape, and concentration which reduce the irradiation 
requirements. In this context, Skirtach et al. showed that, when 
using a certain particle concentration, polymeric microcon-
tainers comprising poly(diallyldimethylammonium chloride) 
(PDADMAC) and PSS multilayer shells containing AgNPs or 
AuNPs, [ 377 ]  or AuNPs aggregates [ 366,367 ]  did not disrupt while 
releasing their encapsulated materials, being highly suitable 
for drug/therapeutic delivery purposes. The replacement of 
single NPs for aggregates within multilayer assemblies not 
only allows for low laser irradiation intensities but also pro-
motes an improvement of the optical absorption at longer 
wavelengths in the NIR region due to the enhanced control 
over the localization of heat induced by such building blocks, 
thus enabling an enhanced release or encapsulation of desired 
materials. These features further enable to reversibly control 
the permeability of the assemblies while preserving their integ-
rity. Moreover, such aggregates also promote an enlargement 
of the opened pores. [ 366,367 ]  In this regard, the partial remote 
release observed for PDADMAC/PSS microcapsules func-
tionalized with aggregated AuNPs further corroborated these 
ideas, proving that under mild laser light illumination the 
AuNPs produce only suffi cient heat to locally release desired 
encapsulated contents, thus making the heat production more 
effi cient ( Figure    5  a). Upon a second laser light exposure, the 
microcapsule completely released its content. Between the 
fi rst and second laser light illumination, i.e., when the laser 
was switched off, no change in the fl uorescence intensity was 
observed which reveals that the capsules resealed itself, thus 
enabling to reversibly change the permeability of polymeric 
microcapsules (Figure  5 b).  

Adv. Funct. Mater. 2014, 24, 5624–5648

www.afm-journal.de
www.MaterialsViews.com

 Figure 4.    Schematic representation of the LbL build-up of polymeric multilayer thin fi lms incor-
porating polyelectrolytes and silver nanoparticles (AgNPs), and their further interaction with 
NIR light.
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 Multilayer assemblies containing AuNPs absorb light 
mainly in the visible region, thus changing the wavelength 
range of the main absorption band with the shape, size, and 
aggregation coeffi cient of such particles. This issue enables 
an increase in the versatility of the interaction between laser 
pulses and NPs, which work as sensitizers of visible and 
NIR radiation for microcontainers. The controlled release of 
encapsulated materials from AuNPs-functionalized capsules 
by pulsed IR irradiation and the well-defi ned control over the 
permeability of the capsules occur partially due to the laser/
NPs interaction. [ 347,356,378–380 ]  However, the mechanico-chem-
ical effects induced by pulsed lasers on polymeric microcap-
sules, such as laser ablation, cannot be neglected. [ 380 ]   Figure    6   
shows two possible release scenarios of encapsulated material 
induced by laser/NPs interaction.  

 Nowadays, promising approaches involving the fabrication 
of customized multicompartments, which allow the combi-
nation of several properties from distinct compartments and, 
thus, functions, for controlled delivery and release of encap-
sulated materials have also been addressed. [ 378,379 ]  Such multi-
compartmentalized functional systems, which can be fabricated 
by coating spherical sacrifi cial templates (e.g. calcium car-
bonate, polystyrene, silicon oxide) with polyelectrolyte multi-
layer assemblies and embedding light-sensitive carriers, such 
as NPs, in the inner core, followed by dissolution of the particle 
template, allow the controlled loading and release of desired 
materials. Moreover, these systems can be further used as bio-
reactors, enabling the mixing of several active agents confi ned 
in separated compartments by light irradiation, and hence the 

start of several reactions.  Figure    7   shows a 
schematic illustration of such multicompart-
mental capsules incorporating two distinct 
compartments and the intermixing between 
the contents of both containers stimulated by 
laser light irradiation (Figure  7 a). Moreover, 
confocal laser scanning microscopy (CLSM) 
images of such systems before (Figure  7 b) 
and after (Figure  7 c,d) laser illumination are 
also shown.  

 Recently, Sukhorukov and co-workers [ 381 ]  
reported the LbL assembly of polymeric 
microcapsules using polyelectrolyte/nano-
particle composite microcontainers incor-
porating PDADMAC and PSS microshells 
doped with citrate-stabilized AuNPs and 
studied the mechanical stability of such poly-
meric containers. It was found that doping 
polyelectrolyte microshells with AuNPs of 
increasing concentrations greatly increased 
their size (see  Figure    8  a), stiffness and 
strength (Figure  8 b), thus providing prom-
ising interest for practical biomedical appli-
cations, namely intracellular delivery. There-
fore, the increase in particle concentration 
not only leads to a decrease in the thermal 
shrinkage behavior of microcapsules but 
also limits the lower size that they may be 
shrunk to. Overall, the shells of the micro-
capsules shrunk upon light irradiation, thus 

decreasing their permeability. In spite of these fi ndings, the 
authors did not make any observation regarding the system 
reversibility.  
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 Figure 6.    Schematic of the two possible release scenarios of encapsu-
lated material by the laser/NP interaction. 1) Upon illumination, the NPs 
produce a large amount of heat that breaks the capsule wall. 2) During 
illumination, the NPs produce a small quantity of heat suffi cient to exceed 
the glass transition of the polymer complex of the capsule, decreasing the 
shell’s permeability until illumination is stopped. The increased perme-
ability allows for encapsulated material to be released from the capsules 
without the shell being damaged. Adapted with permission. [ 380 ]  Copyright 
2010, Elsevier.

 Figure 5.    Schematic illustration of the remote release of encapsulated materials from poly-
meric microcapsules containing aggregates of AuNPs. a) Schematics of AuNPs functionalized 
polymeric nanomembranes opening channels upon laser illumination. b) Polymeric microcap-
sule shell acts as a reversible permeable nanomembrane. Upon laser light illumination the 
microcapsule (left image) partially releases encapsulated fl uorescent polymeric materials and 
reseals (middle). After the second illumination the microcapsule completely releases its con-
tent (right). Adapted with permission. [ 366 ]  Copyright 2008, American Chemical Society.
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 Regarding the use of AuNPs to optically induce changes 
in the capsule wall, Volkov et al. [ 382 ]  studied the theoretical 
energy transfer of colloidal gold in water when irradiated with 
laser pulses. They demonstrated that the irradiation of AuNPs 
in water at high energy density can exceed the water critical 
temperature (T c  = 647 K), thus leading to the explosive forma-
tion of vapor bubbles. Moreover, such AuNPs irradiation may 
induce more extensive photothermal and mechanical damage 
at sub-micron scale, thus providing potential interesting oppor-
tunities for biomedical applications, namely tissue engineering 
and wound healing. A very interesting review on NP-modifi ed 

polymeric capsules was published by Parak 
and co-workers, mainly focusing on the bio-
logical applications of such shells. [ 383 ]  

 However, besides the fabrication of 3D 
multilayer structures, the construction of 
2D planar fi lms incorporating NPs and their 
light triggered release of bioactive molecules 
have also been the focus of few studies. 
In this context, Möhwald and co-workers 
reported the functionalization of 2D fl at plat-
forms comprising poly(L-lysine)/hyaluronic 
acid (PLL/HA) or PAH/PSS multilayers with 
absorbing heating centers, such as NPs or 
polymeric microcapsules modifi ed with NPs, 
as well as their further use to remotely heat 
specifi c fi lm sites, through laser light, in 
order to trigger the release of desired fi lm 
components. [ 384–386 ]  For instance, the fabri-
cation of biocompatible PLL/HA composite 
multilayer fi lms doped with AuNPs, their fur-
ther activation by light stimulation, and the 
remote release of their contents have recently 
been addressed, [ 384 ]  as shown in  Figure    9  .  

 As can be seen from this fi gure, PLL/
HA multilayer fi lms embedding AuNPs and 
DNA (Figure  9 I) or AuNPs-modifi ed poly-
electrolyte multilayer capsules (Figure  9 II) on 
their surface can lead to the release of their 
contents upon irradiation with laser light. 

Such release, which is triggered by changes in the permeability 
of such assemblies, is irreversible for LbL fi lms modifi ed with 
AuNPs, whereas it is reversible in the case of fi lms modifi ed 
with AuNPs-functionalized microcapsules, as the capsules 
retain their spherical shape after laser irradiation, thus enabling 
the remote release of their content. In opposition to the above 
mentioned studies, which reported the fabrication of multilayer 
assemblies based on synthetic polymers, this work focused on 
biopolymeric systems which open new avenues for the design 
and development of novel functional devices highly suitable for 
a variety of biomedical applications, including drug/gene/thera-

peutic delivery devices, coatings for implant-
able medical devices, supports for protein 
and cell adhesion, and biosensors. Moreover, 
Möhwald and co-workers also performed 
mechanical tests with highly swollen HA/
PLL multilayer fi lms and showed that the 
incorporation of light-sensitive AuNPs in the 
fi lm surface enhanced the mechanical prop-
erties and increased the fi lm surface proper-
ties, namely stiffness and roughness, thus 
greatly improving the cell adhesion. [ 387 ]  They 
demonstrated that a single step deposition of 
negatively charged AuNPs on the fi lm surface 
led to enormous changes in the fi lm proper-
ties due to the complexation of the NPs with 
the large reservoir of PLL in the fi lm. Gen-
erally, the increase of AuNP surface concen-
tration led to an improvement of cell adhe-
sion behavior (see  Figure    10  ). Nonetheless 
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 Figure 7.    Multicompartmental LbL polymeric systems. a) Schematic illustration of a multi-
compartment capsule containing two compartments, and intermixing of the contents of both 
compartments triggered by laser light illumination, which caused the disruption of the inner 
shell. CLSM images taken b) before and c) after laser illumination of the inner shell doped with 
AuNPs. In some cases, the laser irradiation can further lead to the d) rupture of the outer shell 
of the capsules accompanied by the release of the inner capsule. Adapted with permission. [ 378 ]  
Copyright 2007, Wiley-VCH.

 Figure 8.    a) SEM images of thermally shrunk capsules with a AuNP surface coverage of 7 and 
28% (F S  = 0.07 and 0.28), top and bottom row, respectively. Each column shows an image of 
each type of capsule shrunk under the same conditions with their average diameter (d A ). The 
two d A  values that are shaded had a broad size distribution with a signifi cant number of fused 
or damaged capsules. b) The force-deformation curves of exemplifi ed individual capsules with 
different gold content and different sizes. A small stiffness increase is found in shells with sur-
face fi lling ratio of 0.01 or 0.07, whereas a large increase is found in shells with the highest load 
of gold nanoparticles. Adapted with permission. [ 381 ]  Copyright 2009, Royal Society of Chemistry.
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such improvement was only evident until reaching an AuNP 
surface concentration ( γ ) of 3%, i.e., at this concentration the 
fi lm would have accumulated an amount of AuNPs that would 
correspond to three closed packed AuNP monolayers. Larger 
amounts of AuNPs led only to partial cell spreading, similar to 
the one observed at low AuNPs concentrations (1.5%), as shown 
in Figure  10 . These (HA/PLL) AuNPs composite coatings could 
fi nd promising applications in the biomedical fi eld, such as 
in drug delivery and cell culture applications for the remote 
release of desired agents. Other authors also demonstrated 
the key role triggered by AuNPs on enhancing the mechanical 
properties of polyelectrolyte multilayer assemblies. [ 358,381,388 ]   

 Besides the incorporation of AuNPs on multilayer structures, 
Skirtach et al. [ 369 ]  have also tested, under mild conditions, the 

inclusion of gold nanorods with even higher 
absorption in the NIR region of the electro-
magnetic spectrum. Such nanorods, which 
present small size and strong absorption, 
were deposited on PEM capsules and sub-
sequently used, upon laser illumination, as 
selective light-sensitive vehicles for opening 
“small” pores in the capsule walls for the 
remote release of encapsulated contents. 

 However, despite the well-known and 
previously stressed advantages of using NIR 
light irradiation for biological applications, 
UV light irradiation has also been used by 
several researchers to study the properties of 
LbL assembled fi lms and polymeric capsules, 
and to control the release of encapsulated or 
loaded components. [ 359,389 ]  For example, the 
use of UV light irradiation has been shown 
on several studies involving TiO 2  nanoparti-
cles and related nanocomposites, that present 
catalytic activity and oxidative potential. This 
strategy offers an option to damage capsules, 
or detach cells, by chemically using UV irra-
diation, [ 360,361 ]  thus leading to the release 
of encapsulated molecules. This induced 
detachment or disruption is most probably 
due to the transition of the wettability from 
hydrophilic to hydrophobic state on the basis 
surface. The developed mechanism is sim-
ilar to the one that occurs with AuNPs, and 
involves the production of reactive oxygen 
species that could infl uence the stability of 
chemisorbed bonds, where encapsulated spe-
cies can be released on demand by irradia-
tion. [ 390 ]  ZnO NPs present the same working 
mechanism, based on the reversible changes 
in wettability. However, despite the applica-
tion of UV light radiation in several research 
fi elds, it is commonly accepted that this 
wavelength range will have limited practical 
applications in vivo due to the strong absorp-
tion of light by biomolecules such as proteins 
or DNA, and subsequently by the tissues. 

 In summary, the application of LbL 
assembly approach to regulate surface behav-

iors under external triggers, namely light-stimulus, is an excel-
lent solution which has been employed by several research 
groups over the last few years. The incorporation of materials 
that may absorb electromagnetic radiation and reduce the irra-
diation requirements, such as AuNPs and TiO 2  NPs, within 
LbL assemblies assures that such systems are highly sensitive 
to such kind of irradiation, being extremely suitable for the 
development of novel smart devices, including next-generation 
biomedical devices. Furthermore, such versatile NPs can also 
be incorporated within LbL multilayers to add new function-
alities to the multilayer systems, thus constituting promising 
building blocks presenting key physicochemical properties for 
several potential applications in several fi elds ranging from 
optics, electronics, photonics, catalysis, and energy conversion 
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 Figure 9.    LbL polymeric multilayer assemblies incorporating I) AuNPs or II) AuNPs-func-
tionalized microcapsules and further release of encapsulated materials. I) CLSM images of 
(PLL/HA) 24 /PLL fi lm with embedded AuNPs a) before and b) after NIR irradiation, and of the 
same fi lm with embedded AuNPs and DNA c) before and d) after laser light illumination. PLL 
in the multilayer fi lms is labeled with fl uorescein isothiocyanate (FITC), and DNA with eth-
idium bromide (EtBr). e) Schematic illustration of the proposed mechanism of DNA release 
induced by the distortion of the DNA-doping PLL interaction as a result of partial thermal fi lm 
decomposition around NPs aggregates. II) CLSM images of AuNP-functionalized microcap-
sules (PDADMAC/PSS) 4 /AuNPs embedded in the (PLL/HA) 24 /PLL fi lm a) before and b) after 
exposure to NIR light. The inset fi gures show transmission electron microscopy images of the 
microcapsules before and after light illumination. Adapted with permission. [ 384 ]  Copyright 2009, 
American Chemical Society.
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to tissue/cell engineering, wound healing, drug/therapeutic 
delivery, targeting, diagnostics, or biomaterials and biosensors 
in biomedicine.  

  4.2.     Incorporation of Functional Dyes within LbL Polymeric 
Multilayer Assemblies 

 Dyes are colored compounds that absorb or emit light in the 
visible spectrum region. They present promising properties 
such as high versatility, optical stability and small size being 
highly suitable for several emerging applications, including 
light-based technological applications. Those that become 
colored or change color exclusively when under light irradia-
tion, i.e., change their electronic and molecular structure, are 
known as photochromic dyes. Photochromic compounds can 
be regarded as photochromic switches as they can exist in two 
forms of different spectral properties, being thus considered 
active molecules. When combined with polyelectrolytes, such 
dyes can form hybrid materials that offer a precise approach to 
optically control the properties of multilayer thin fi lms. 

 The use of fl uorescent dyes as building blocks within LbL 
assembled fi lms is diffi cult due to the neutralizing effect of the 
electrostatic charge. So, the incorporation of fl uorescent labels 
in such assemblies could be done by adopting one of the fol-
lowing strategies: (a) include monomer units into the poly-
meric shell after capsule formation [ 259,381 ]  or (b) covalent bound 
monomers onto a polymer constituent of the multilayer. [ 391,392 ]  

Fluorescent dyes are usually applied to 
enable the visualization of certain bioin-
spired active materials embedded in poly-
meric multilayer fi lms or polymeric micro-
capsules. Nonetheless, they can be replaced 
by inorganic fl uorophores, such as quantum 
dots or NPs, which present enhanced photo-
physical properties. [ 259,375,393–395 ]  

 In this regard, Skirtach et al. [ 259 ]  have 
reported the incorporation of fl uorescent 
IR dye (IR-806 Dye) in the outmost layer 
of PAH/PSS multilayer fi lm to induce the 
absorption of light. In opposition to that 
observed in PAH/PSS shells of the non-
coated microcapsules, the capsules coated 
with IR-806 dye disrupted when irradiated 
with NIR light, even at moderated intensi-
ties, thus enabling the release of encapsu-
lated materials. However, the use of simple 
fl uorescent dyes entails the costs of pho-
tobleaching the dye, which is irreversible 
and constitutes a source of active degradable 
by-products, such as radicals, which limit 
the range of possible applications as drug 
delivery systems. 

 Besides irreversible processes, reversible 
systems containing organic molecules have 
also been studied. Porphyrin and phthalo-
cyanine dyes are planar aromatic macro-
cycles, being members of the larger group 
of porphyrinoid conjugated cyclic systems 

of methine groups that present photoactivity. Moreover, such 
dyes contain 4 and 8 aza (–N=) groups within the ring system, 
respectively. [ 396,397 ]  They are highly stable and versatile building 
blocks, displaying great physicochemical properties, and are 
well-suited to be incorporated within multilayer fi lms and 
microshells of LbL capsules owing to their broad catalytic, spec-
troscopic and self-assembly properties. [ 398–402 ]  Therefore, such 
chromophores and multilayer systems fabricated from them 
are highly promising for optics, electronics, as well as biomed-
ical applications. [ 403,404 ]  Azobenzene chromophore is also a very 
interesting group of switchable molecules that respond to both 
near-UV and visible light radiation. [ 405,406 ]  Such photoactive 
molecules are one of the most studied examples of materials 
exhibiting photoresponsive properties which can be integrated 
within 2D and 3D polymeric multilayer systems making use of 
the LbL assembly technique. [ 407–421 ]  Such structurally simple 
and readily accessed molecules, which display two phenyl rings 
linked by an azo (–N=N–) bond, experiment under UV light 
stimulation a uniquely simple, fast, effi cient, clean, and revers-
ible photochemical isomerization from the most energetically 
stable  trans  to the least stable  cis  geometric isomeric state, 
being accompanied by fast and signifi cant changes in the phys-
ical properties such as polarity, viscosity, geometric shape, elec-
tronic structure, and absorbance (see  Figure    11  ). [ 380,396,409,422–424 ]  
Such  trans -to- cis  isomerization states, which are highly 
dependent on the irradiation intensity, quantum yields and rate 
constants for the two processes, free volume, and on the func-
tional groups attached to the chromophores, have been used to 
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 Figure 10.    Overview of the cell adhesion behavior and HA/PLL fi lm surface morphology for dif-
ferent AuNP surface coverage  γ . a) Optical microscopy (phase contrast) of the cells on the fi lms 
after incubation for fi ve days; the cell adhesion is most pronounced for  γ  = 3%. b) AFM topog-
raphy (height) images show the increase in surface roughness upon NP treatment. c) Scanning 
electron micrographs indicate increase of the AuNP cluster size on the fi lm surface increases 
as more AuNPs are added to the fi lms. Adapted with permission. [ 387 ]  Copyright 2012, American 
Chemical Society.



FEA
TU

R
E A

R
TIC

LE

5635wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

trigger several photoresponsive changes on several matrices. [ 425 ]  
However, the metastable  cis  isomeric form is not stable and the 
molecule tend to isomerize back to the  trans  state once the UV 
light source is removed either thermally or by optical activa-
tion, due to the increase in the free volume 
provided by the expansion of the fi lms. [ 426,427 ]  
Overall, both  trans -to- cis  and  cis -to- trans  reac-
tions proceed with high quantum yields and 
are completely reversible. The incorporation 
of azobenzene moieties into substrates modi-
fi ed with polymeric multilayer structures 
may lead to novel smart functional mate-
rials presenting different properties, namely 
polarity, molecular geometry, viscosity, solu-
bility, degradability, and therefore adaptable 
self-assembling behavior, well-suited for a 
broad range of scientifi c studies covering sev-
eral areas of research. [ 380,425–428 ]  In addition 
the permeability of such LbL assemblies can 
be tuned by controlling the amount of azodye 
embedded in the polymer backbone. [ 429 ]   

 Tanchak et al. [ 430 ]  were the fi rst to report 
the photomechanical response of a light-
responsive system with thermoreversible 
volume changes. It was found that multilayer 
thin fi lms composed by azobenzene-function-
alized PAA change their conformation when 
submitted to light irradiation, being of great 
value for several applications. Controlling the 
permeability or wettability of surfaces using 
dyes that have the potential to change their 
conformation between two isomers with dif-
ferent polarity and chemical properties may 

be a promising strategy to obtain photo-
responsive systems with high potential, for 
example, for the controlled release of encap-
sulated substances without any thermal phe-
nomena. Wang and co-workers [ 415 ]  reported 
the buildup of electrostatically assembled 
LbL fi lms comprising highly conductive 
polymers, such as polyaniline (PANI), and 
colorful azobenzene-containing polyelectro-
lyte, and revealed the photoresponsive and 
electrochromic properties of such multilayer 
assemblies. 

 Wang et al. [ 431 ]  reported the fabrication of 
patterned photoresponsive multilayer thin 
fi lms incorporating PAA and azobenzene-
containing surfactant (AzoTEA) via LbL 
assembly, and their disassembly by photo-
irradiation. As shown in  Figure    12  , when 
the surface of the (PAA/AzoTEA) 8  fi lm 
(Figure  12 a) was covered with a PAA layer 
larger aggregates (Figure  12 b) were formed as 
the result of the electrostatic complex estab-
lished between PAA and AzoTEA. In the fi rst 
instance AzoTEA aggregates were disassem-
bled in a very controlled manner by exposure 
to UV light irradiation, and subsequently led 

to the destruction of the whole multilayer fi lm. These fi lms 
were found to be stable in acetic acid solution (AcOH) at pH 4, 
unless submitted to UV light irradiation. Nevertheless, by using 
a mask, it is possible to selectively erase only desired regions of 
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 Figure 12.    Fabrication of patterned photoresponsive multilayer thin fi lms consisting of PAA 
and AzoTEA. AFM image of the surface of a) (PAA/AzoTEA) 8  and b) (PAA/AzoTEA) 8 /PAA. 
c) AFM image showing the selectively erased multilayer fi lm after its irradiation with UV light for 
600 s under the cover of a photomask. Adapted with permission. [ 431 ]  Copyright 2010, American 
Chemical Society.

 Figure 11.    a) Geometrical and electronic changes accompanying the azobenzene isomerization 
process. b) Fast and reversible changes in spectral properties of an azobenzene (here, 4-(11-mer-
captoundecano-xyazobenzene)) exposed to UV and visible light (intensity ≈ 1.0 mW/cm 2  each). 
The band centered at λ max  ≈ 365 nm originates from the π–π* transition in trans-azobenzene. 
The band centered at λ max  ≈ 445 nm originates from the n–π* transition in  cis -azobenzene. It 
is important to highlight that the UV-irradiated sample is not a pure  cis  isomer but a photo-
stationary state comprising the  cis  form (usually up to ∼90%) and the  trans  form due to the 
constant thermal relaxation of the former to the latter. Reproduced with permission. [ 424 ]  Copy-
right 2010, IUPAC.
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the multilayer fi lm through selective photo-
irradiation (Figure  12 c), thus allowing the 
light to irradiate the surface in a precisely 
patterned fashion. [ 431 ]  This fact, together with 
the accurate control of the multilayer thick-
ness assures a new framework for the easy 
fabrication of precisely patterned surfaces for 
protein or cell adhesion as well as controlled 
drug delivery. Furthermore, the use of light 
to promote the disassembly of photorespon-
sive azo-polyelectrolyte multilayer systems 
is highly attractive because the reactions are 
generally clean, simple, and fast and the pro-
cess does not produce additional chemicals.  

 In addition to the fabrication of photo-
responsive multilayer systems based on 
synthetic polymers and azopolymers, the 
construction of light-sensitive systems based 
on natural-origin polymers and azopoly-
mers has been attracting considerable atten-
tion within the scientifi c community. In this 
sense, Tercjak and co-workers [ 432 ]  reported 
the fabrication of photoresponsive multilayer 
fi lms comprising alternating layers of CHT 
biopolymer and a water-soluble azopolymer 
consisting of a poly(vinyl amine) backbone 
with an azo dye as a side chain, and evalu-
ated the infl uence of pH and bilayer number on the structure 
and properties of the fi lms. They found that the decrease of 
the pH of the CHT solution and the increase of the number of 
layers induced an increase in the surface and mechanical prop-
erties of the fi lms, such as thickness, roughness, and elastic 
modulus, and achieved a higher level of photo-orientation due 
to a larger concentration of photoactive azobenzene moieties in 
the fi lms and cooperative effects among them. These optically 
active multilayer systems could fi nd promising applications in 
a wide range of fi elds, including in optics, electronics, as well 
as in biotechnological and biomedical fi elds, owing to the high 
degree of biocompatibility and biodegradability ensured by the 
CHT biopolymer. 

 Besides the construction of 2D photoresponsive multilayer 
assemblies containing azopolymers, the fabrication of 3D 
structures, such as hollow capsules, has also been receiving 
increasing attention. For instance, Sukhorukov and co-
workers [ 413 ]  reported the fabrication of light-sensitive hollow 
polymeric microcapsules by alternate deposition of an azoben-
zene polymer and PAH on a polystyrene (PS) latex sacrifi cial 
template, followed by its dissolution with tetrahydrofuran. The 
microcapsules evidenced a photo-induced shrinkage behavior 
when submitted to light illumination (see  Figure    13  I) and 
allowed the effi cient encapsulation of a fl uorescently labeled 
dextran when a mixture of dye and hollow shells was exposed 
to intense light irradiation (Figure  13 II).  

 Other highly studied chromophore molecules, which belong 
to the class of organic photochromic switches and thus pre-
sent photochromic properties, are spirooxazines (SPO) and 
spiropyrans (SP). Owing to their photochromic properties, 
these compounds have the capability of being used in biotech-
nology and biomedical applications, as well as optical memory 

devices and optical switches. [ 433–435 ]  SPO molecule structurally 
consists of two π systems linked by a tetrahedral spiro-carbon. 
Multilayer fi lms consisting of SPO and PSS have been fabri-
cated making use of electrostatic-based LbL assembly, as sche-
matically shown in  Figure    14  a. [ 436 ]  Under UV light irradiation, 
the C spiro –O bond of the colorless SPO is cleaved, thus leading 
to the hydrophilic zwitterionic merocyanine (MC) counterpart 
which is intensively colored. [ 436–438 ]  MC compound is an iso-
meric opened form of SPO and SP molecules that is colored 
due to its extended conjugation and  quasi -planar conformation. 
Reversible photoinduced ionic conductivity response, synchro-
nized with reversible heterolytic cleavage of the C spiro –O bond 
under UV light irradiation, was found for the multilayer fi lms 
comprising PSS and SPO, and raised upon increasing UV light 
irradiation (see Figure  14 b). Nevertheless, to the best of our 
knowledge, this system has never been applied to controlled 
release or detachment devices.  

 Similarly to this system, SP chromophore has been used 
to functionalize polymers endowing the multilayer fi lms 
with light-responsive adaptive behavior. [ 439 ]  Likewise to that 
observed behavior for SPO molecule, the irradiation of hydro-
phobic SP moieties with light leads to the highly polar hydro-
philic zwitterionic MC counterpart that presents a larger 
dipole moment. [ 406 ]  Pennakalathil and Hong [ 440 ]  have studied 
the inclusion of poly(acrylate-spiropyran) (PSP) [ 435,438,440,441 ]  as 
a sacrifi cial layer in a LbL system, which is triggered by irra-
diation with visible light. The multilayer fi lms, constructed 
with 100 layers of PDADMAC and PSS bilayers, were depos-
ited over a light-responsive sacrifi cial layer composed of 
fi ve PDADMAC/poly(acrylate-merocyanine) (PMC) bilayers 
on a silicon substrate. [ 440 ]  Even after the deposition of the 
desired PDADMAC/PSS multilayer fi lms the sacrifi cial layers 
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 Figure 13.    Light-responsive polymeric hollow microcapsules. I) Scanning electron microscopy 
(SEM) images of the capsules a) before irradiation, b) after 60 min, and c) after 8 h of light 
irradiation. II) Confocal laser scanning microscopy (CLSM) images illustrating the effect of 
light irradiation on microshells in the presence of a fl uorescently labeled dextran. The capsules 
are permeable to the fl uorescent polymer a) prior to irradiation but cannot retain the dye if 
b) washed unless it is c) irradiated fi rst. Encapsulation is observed after only a few minutes of 
light irradiation. Adapted with permission. [ 413 ]  Copyright 2007, Wiley-VCH.
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were rapidly disassembled in deionized water after irradiation 
with visible light. This behavior was probably due to the dis-
appearance of the attractive electrostatic interaction between 
the neighboring bilayer pairs, as well as to the increase of the 
hydrophobicity of the light responding layer due to the photo-
isomerization of zwitterionic PMC to neutral PSP, as con-
fi rmed by AFM measurements. Upon UV-light irradiation the 
neutral SP ring opens, by the heterocyclic cleavage of the bond 
between the oxygen of the pyran ring and the spiro-carbon, 
resulting in the intensely colored MC form. This process is 
reversible through electrocyclization upon UV-Visible light 
irradiation. [ 440 ]  This simple yet effi cient way of preparing free-
standing multilayer fi lms avoids the use of harsh release condi-
tions, thus broadening the number and variety of materials that 
can be incorporated in the free-standing fi lms and extending 
the potential applications in biomedical fi eld. 

 Last but not least, the fabrication of hybrid LbL assemblies 
containing dendritic macromolecules and the factors infl u-
encing their construction have been explored within the last 
two decades. [ 442–448 ]  This class of materials is constituted by 
highly branched macromolecules that have unique core–shell 

structures consisting of an initiator core, 
interior layers of repeating branch–cell units 
attached to the initiator core, and exterior 
terminal functional groups attached to the 
outermost interior generation. [ 447 ]  Den-
drimers, with regular and highly branched 
3D structure, are very promising materials 
for biomedical applications providing high 
local densities of active functional groups 
and though several functionalities that 
simultaneously solve problems of biocom-
patibility, toxicity, in vivo stability and speci-
fi city. [ 449,450 ]  Moreover, the chemical and 
physical properties of these materials can be 
tuned by the introduction of appropriate ter-
minal functional groups as well as internal 
components, [ 405,451 ]  which make them auspi-
cious candidates for biomedical and biotech-
nological applications, including biosensing, 
drug/gene delivery, tissue/cell engineering, 
catalysis, photonics, electronics, and molec-
ular targets. [ 448,452–457 ]  

 The construction of electrostatically 
assembled LbL fi lms incorporating den-
drimers and different types of polymeric 
materials such as azobenzene molecule, [ 458 ]  
PAA, [ 459 ]  sulfonated PANI, [ 460 ]  PSS, [ 461 ]  and 
poly(glycerol) [ 462 ]  is possible since den-
drimers often contain charged surface 
groups such as amine or carboxyl residues 
in their constitution. [ 448 ]  Moreover, dendrons 
with negatively charged carboxylate terminal 
groups would exhibit electrostatic affi nity 
toward the positively charged layered double 
hydroxides (LDH) nanosheet surface. [ 463 ]  The 
combination and modifi cation of dendrons 
with other functional species, such as anthra-
cene, fullerene, porphyrin, or azobenzene 

moieties, [ 458 ]  to produce poly(amidoamine) dendrimers have 
been investigated by several research groups as photorespon-
sive materials to be applied in several devices. [ 464–466 ]  Neverthe-
less, the fabrication of such materials is still challenging, thus 
deserving further comprehensive attention. 

 As reported above, dendrimer-based LbL assemblies have 
been widely applied in promising applications such as bio-
sensing and drug delivery. However, when aiming for bio-
sensing purposes, one needs to improve the response induced 
by such dendrimers, by modifying them for instance with 
electron transfer mediators or NPs. Moreover, small thera-
peutic drugs can be covalently attached to the dendrimer sur-
face in order to increase the water solubility of hydrophobic 
drugs or included in the dendrimer interior through host-
guest complexation. Therefore, LbL assemblies incorporating 
dendrimers can be promising platforms for the development 
of advanced drug delivery systems. In spite of the already dis-
closed applications of such assemblies, there is still plenty of 
room for novel scientifi c investigations that will fully address 
dendrimer properties, toxicity and potential behavior in 
human body.  
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 Figure 14.    a) Schematic representation of the LbL deposition process consisting of SPO 
and PSS multilayers. b) Absorbance change at 610 nm and photoinduced ionic conductivity 
response, following periodic UV irradiation, for SOP/PSS multilayers on ITO substrate at room 
temperature. Adapted with permission. [ 436 ]  Copyright 2007, Elsevier.
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  4.3.     Incorporation of Metal Oxides within LbL Polymeric 
Multilayer Assemblies 

 Another strategy commonly used for the preparation of photo-
responsive multilayer systems consists in the incorporation of 
metal oxides within LbL multilayer assemblies. The LbL buildup 
of composite fi lms incorporating polyoxometalate (POM) clus-
ters has been widely studied along the years in order to evaluate 
their optical, electrochemical, catalytic, photo chromic, electro-
chromic, and photoluminescent properties. [ 467–485 ]  POMs are 
highly versatile, thermally stable, and water-soluble building 
blocks, being thus of great relevance for promising applica-
tions in several fi elds, including biomedical, photoluminescent, 
photo chromic, electrochromic, electronic, optical, magnetic, 
and catalysis research fi elds. [ 486–494 ]   Figure    15   shows a sche-
matic representation of the LbL assembly process consisting of 
POM and PDADMAC multilayers.  

 When seeking for photochromic hybrid materials, POMs 
are associated with organic amines, π-conjugated molecules, or 
polymers. In such kind of systems the mechanism that usually 
allows the photoreducible site in the POM is based on the light-
induced transfer of a proton from a hydrogen-bonded atom in 
the organic molecule to a bridging oxygen atom. This issue has 
been reported as a reversible option of photoresponsive fi lms 
where the bleaching process is observed when the hybrid mate-
rial is put in the dark, being the process accelerated by heat and 

the presence of oxygen. Such mechanism 
was recently proposed by Dessapt et al. [ 495 ]  
who reported the combination of kinetic 
studies and theoretical calculations to reveal 
that the photochromic behavior of organoam-
monium polyoxomolybdates was based on 
the homolytic dissociation of N + –H bonds 
involved in the N + –H···O hydrogen bond 
associated with the reducible Mo(VI) site. [ 495 ]  
Moreover, it was postulated that such kind of 
observation could be extended to other types 
of POMs. 

 Several reports have appeared over the 
last decade on inorganic-organic hybrid 
light-responsive LbL multilayer assemblies 
incorporating POMs and organic mole cules. 
For instance, multilayer thin fi lms incorpo-
rating dye-POM composite systems such 
as [BW 12 O 40 ] 5−  or [Co 4 (H 2 O) 2 (PW 9 O 34 ) 2 ] 10−  
with heterocyclic planar and rigid pheno-
thiazine or phenoxazine composite fi lms, 
and iron-substituted crown-type POM 
[P 8 W 48 O 184 Fe 16 (OH) 28 (H 2 O) 4 ] 20−  with meth-
ylene blue dye have been prepared by elec-
trostatic LbL assembly approach. [ 496,497 ]  
Furthermore, multilayer assemblies com-
prising Preyssler- or Keggin-type POMs 
([NaP 5 W 30 O 110 ] 14−  and [SiMo 11 VO 40 ] 5− , 
respectively) and poly(ethyleneimine) 
(PEI), [ 277 ]  poly(4-vinylpyridine) (P4VP) [ 498,499 ]  
or PAH, [ 500 ]  europium phosphomolybdate 
[EuP 2 Mo 22 O 78 ] 11−  or Keggin-type POM and 
natural-based polymers, such as CHT, [ 501,502 ]  

lanthanide POM ([EuP 4 W 34 O 122 ] 17− , [EuSi 2 W 22 O 78 ] 13− ) or euro-
pium derivative of the Preyssler-type POM [EuP 5 W 30 O 110 ] 12−  
and PAH, [ 503,504 ]  and Keggin-type POM [PW 12 O 40 ] 3−  and 
1,12-diaminododecane [ 505 ]  have also been fabricated by the 
same technology. 

 In this concern, Kurth and co-workers [ 499 ]  showed that multi-
layer fi lms based on Keggin-type POM [NaP 5 W 30 O 110 ] 14-  and 
P4VP reversibly changed their color from transparent to blue 
by either photo- or electroinduced stimulation or by combi-
nation of both modes (see  Figure    16  ), thus showing excellent 
photo chromic and electrochromic properties.  

 Nagaoka et al. [ 277 ]  designed and fabricated photochromic mul-
tilayer fi lms comprising Preyssler-type POM (NaP 5 W 30 O 110 ) 14−  
and PEI multilayers using LbL assembly technology. It was 
shown that the outermost PEI layer could be detached by UV light 
irradiation in aqueous solution, thus exposing the underlying 
POM layer (see  Figure    17  I). Such polymer release was assigned 
to the photoreduction of the tungsten atom (W 6+  → W 5+ ). 
Further dipping of the substrate into the PEI solution enabled 
the deposition of a new PEI layer, thus allowing a reversible and 
high degree of control over the surface properties. Although 
this work acts as a proof-of-concept which demonstrates the fea-
sibility of such light-responsive systems to disassemble desired 
layers, to the best of our knowledge, such concept has never 
been effectively tested and applied to any smart delivery device. 
The authors also reported the photopatterning of the detached 
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 Figure 15.    Schematic illustration of the preparation of ultrathin silicotungstic heteropolyanion 
[SiW 12 O 40 ] 4− /poly(diallyldimethylammonium chloride) (PDADMAC) multilayer fi lms. Repro-
duced with permission. [ 467 ]  Copyright 2000, Royal Society of Chemistry.
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PEI layer, with highly-site selective adsorption of small fl uo-
rescent particles, by the inclusion of photomasks in the sub-
strate just before the image-wise UV irradiation (Figure  17 II). 
The obtained fi lms displayed a well-defi ned form which resem-
bled the used photomasks. Indeed, the photochromism exhib-
ited by the POM layer is the main reason for the disappearance 
of the electrostatic interaction at the interface between PEI and 
(NaP 5 W 30 O 110 ) 14− , being the hydrogen bonding interaction 
between the nitrogen of PEI and transferred hydrogen gener-
ated instead of the electrostatic bonding. [ 277,488 ]   

 Beyond 2D planar surfaces, hybrid LbL multilayer assem-
blies incorporating POMs and polymers have also been con-
structed on the shell of 3D spherical capsules, [ 506–512 ]  obtained 
after the removal of the particle core by suitable solvents. For 
instance, Xu and co-workers [ 506 ]  and Cui et al. [ 510 ]  constructed 
hybrid multilayer fi lms comprising different types of POMs and 
PAH on the surface of manganese carbonate (MnCO 3 ), PS, or 

poly(styrene-acrylic acid) (PSA) core particles (see  Figure    18  ). 
After the formation of the multilayer shells, the sacrifi cial par-
ticle core was dissolved with appropriated solvents, and hollow 
capsules were then obtained (Figure  18 I). Such capsules showed 
an apple-like shape (see Figure  18 II) probably due to the fact 
that the shell was not consistent enough to maintain the initial 
spherical structure of the PSA latex particles and would collapse 
at the thin place. Nonetheless, the hollow capsules remained 
intact over the fabrication process, as confi rmed by the absence 
of holes of rupture on it. These capsules incorporating POM-
based materials could be potentially used as highly versatile 
reactors, which would enable to mix several compounds.  

 Although several promising potential applications have 
already been assigned to this technology, i.e., to inorganic–
organic hybrid POM-based multilayer assemblies, to the best 
of our knowledge none has been effectively tested. Meanwhile, 
as the LbL assembly technique is well established [ 277,496–512 ]  and 
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 Figure 17.    Fabrication of photochromic multilayer fi lms comprising Preyssler-type POM NaP 5 W 30  and PEI multilayers. I) Schematic illustration of 
the a) photodetachment of the outer layer of (NaP 5 W 30 O 110 ) 14− /PEI multilayer fi lms, and b) zeta potential switching for the multilayer fi lms by alter-
nate irradiation with UV light for 15 min in aqueous solution and further dipping in a PEI solution for 20 min. II) Optical microscope images of the 
a,c) copper TEM grid photomasks and b,d) fl uorescence microscope images of fl uorescent particles assembled on a photopatterned (PEI/NaP 5 W 30 ) 3 /
PEI surface. The inset images in a) and c) show overall images of the photomasks (both of 3 mm diameter). Adapted with permission. [ 277 ]  Copyright 
2008, American Chemical Society.

 Figure 16.    Schematic illustration of the photochromic and electrochromic behaviors of the [NaP 5 W 30 O 110 ] 14−  Preyssler-type POM/P4VP multilayer fi lm. 
The multilayer fi lm can be colored by either irradiation with UV light (i → ii) or by reduction (i → iii) or by both modes in succession. Bleaching is effected 
by irradiation with visible light (ii → i) or oxidation (iii → i). In addition, photoinduced coloration (i → ii) can be followed by oxidation (ii → iv), or elec-
trochemically induced coloration (i → iii) can be followed by bleaching with visible light (iii → iv). Also shown are the corresponding spectra (right). The 
center of the fi gure shows a representative photograph of a colored window. Reproduced with permission. [ 499 ]  Copyright 2006, American Chemical Society.
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the photoremoval of the electrostatic interactions between the 
interfacial layers will generate instability, and subsequently fi lm 
disassembling, promising devices are envisaged which will 
cover several practical applications. Therefore, in our point of 
view the fabrication of hybrid multilayer assemblies incorpo-
rating POMs may be successfully applied to create advanced 
and smart biomedical devices, including drug delivery or cell 
detachment systems, and tissue engineering devices or proto-
types. However, the in vivo application of such systems is for 
now only a desired issue that would face further insights and 
challenges, thus deserving an in-depth research.   

  5.     Concluding Remarks 

 LbL assembly of multilayer fi lms is a highly promising strategy 
to create dynamic smart systems both from simple 2D planar 
platforms and complex 3D substrates. The main advantages 

of this technique are its low-cost, fl exibility, 
and versatility which allows the incorpora-
tion of a plethora of materials (e.g. biomac-
romolecules, inorganic compounds, organic 
molecules, colloids) in the multilayer system. 
Moreover, such powerful technology enables 
the modifi cation of any kind of surface as 
well as the fabrication of robust and highly 
ordered nanostructured polymeric thin fi lms 
and nanocomposites with tailored architec-
tures, structures, compositions, thicknesses, 
properties, and functions well-suited for 
several applications in emerging areas such 
as biomedicine, biosensing, drug delivery, 
tissue engineering and regenerative medi-
cine, electronics, optics, textiles, and so forth. 

 Smart systems incorporating polymers 
with optically addressable properties are 
being widely investigated within the last few 
years due to their extremely mild conditions 
responsiveness and potential applications in 
the biomedical and biotechnological fi elds, 
especially in tissue engineering, and as drug 
delivery vehicles or cell detachment supports. 
Moreover, inspired by nature, such light-
responsive systems can be also combined 
with other external triggers in order to design 
and develop novel promising dynamic smart 
multifunctional materials exhibiting complex 
multiresponsive behavior, improved sensitivi-
ties, capabilities and functions, and desirable 
properties to adjust to our demands. Although 
much has been achieved to date on stimuli-
responsive LbL assemblies, there are still 
remaining scientifi c and technical challenges 
and opportunities that need to be addressed 
and new avenues to be explored in several 
research fi elds. In this context, the work of 
many research groups such as Möhwald, 
Sukhorukov, Caruso, or Sukhishvili’s 
research groups on photoresponsive mul-

tilayer assemblies is well-known and of great interest for the 
scientifi c community, mainly due to their great contribution to 
fully understand the environmental conditions behind the dis-
ruption of polymeric thin fi lms and polymer-based microcap-
sules, constructed via LbL assembly approach, to further release 
or encapsulate active desired molecules in a very controlled 
fashion. 

 To date, most of the studied fi lms were designed, developed, 
and investigated for near-UV irradiation. Depending on the 
strategies employed and on the UV irradiation intensity, dif-
ferent responses can be achieved. For instance, the incorpora-
tion of NPs in LbL multilayer fi lms and polymeric capsules is 
undoubtedly one of the most effi cient ways to trigger an optical 
response and to damage structures, such as microcapsules, 
and subsequently release encapsulated materials through UV 
light irradiation. However, UV and visible light are not the best 
choice for applications in devices with medical purposes because 
human body is opaque to this radiation section. Oppositely, NIR 
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 Figure 18.    Construction of organic-inorganic hybrid multilayer assemblies incorporating POMs 
and polyelectrolytes on the shells of 3D spherical structures. I) Schematic illustration of the LbL 
assembly of PAH, PSS and POM [Mo 72 Fe 30 ] on PSA latex particles and further hollow micro-
capsules. The fi rst stage (a–b) involves stepwise deposition of polyelectrolyte on PSA colloidal 
particles. (b–e) Alternative assembly of PAH and POM [Mo 72 Fe 30 ] on spherical PSA particles. 
(e–f) Dissolution of PSA cores and formation of hollow microcapsules. II) SEM (a–c) and 
TEM (d–f) images of PSA latex particles (a, d), [(PAH/PSS) 2 (PAH/[Mo 72 Fe 30 ]) 6 PAH] capsules 
assembled on PSA particles (b, e), and hollow [(PAH/PSS) 2 (PAH/[Mo 72 Fe 30 ]) 6 PAH] capsules 
(c, f). Adapted with permission. [ 510 ]  Copyright 2009, Elsevier.
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radiation has proven to be a very promising tool for triggered 
drug delivery, [ 356 ]  photothermal cancer treatment, [ 359 ]  and in vivo 
imaging [ 360 ]  overcoming many of the drawbacks coming from 
UV and visible light irradiation. As stated above, one of the 
main shortcomings of UV-Visible light irradiation is its min-
imal absorption by skin and tissues, which would only enable 
the penetration into the body up to 10 cm. In this context, the 
use of NIR light is particularly attractive for biomedical applica-
tions since most of the tissues do not absorb or at least show 
weak absorption of NIR radiation, and such radiation does not 
induce signifi cant heating in the application area. 

 A well-known strategy to obtain light-responsiveness to NIR 
radiation section consists in including Ag and/or AuNPs in the 
LbL multilayer assemblies. Such particles not only improve the 
optical, mechanical, electrical, magnetic, and catalytic proper-
ties of LbL assemblies, but also allow an enhanced control over 
the release of encapsulated materials. These metal NPs absorb 
photons and convert them into heat using low energy irradia-
tion sources, thus potentially affecting all the materials in the 
surrounding environment. The size and shape of the particles 
can signifi cantly decrease the demand of irradiation needed, 
as well-proved by the use of nanorods and aggregates. The 
nanorods also allow the attainment of a reversible system due 
to the small size of the pores produced that get sealed when 
irradiation is stopped. However, due to the incorporation of 
particles within the LbL assemblies, the remote release of (bio)-
degradable materials, resulting from the disruption of the cap-
sules, still encloses toxicity concerns. Therefore, the evaluation 
of the materials in terms of toxicity, biodegradability, and bio-
compatibility is a crucial step when looking for biotechnological 
or biomedical applications. 

 In this review we have provided an overview about the fab-
rication of photoresponsive LbL multilayer assemblies using 
different building blocks (e.g. polymers, metal NPs, functional 
dyes, metal oxides) with well-defi ned architectures, compo-
sitions, properties, and functions as well as their potential 
applications. Moreover, future challenges and opportunities 
concerning the combination of such materials and light stim-
ulus to create precisely assembled 2D and 3D dynamic smart 
functional systems or devices with controlled accessibility and 
tailored architectures, structures, properties, and functions for 
several “new cutting-edge applications” are also addressed.  

  6.     Future Perspectives 

 The overwhelming majority of studies reported in the literature 
are focused on the fabrication of LbL multilayer assemblies with 
light-induced responsiveness without taking many considera-
tions about the polymer features, stability, and toxicity induced 
by its by-products which are key issues to address several prac-
tical applications. Moreover, most of the works on light-sensitive 
systems are based on synthetic polymers. Therefore, in order to 
obtain a real system, that could resemble the natural living sys-
tems and be applied in biomedical devices, natural-based mate-
rials should be used and explored. The use of natural-inspired 
polymeric systems offers great advantages for several applica-
tions, namely biomedical applications, owing to the high levels 
of similarity with biomolecules. [ 513 ]  Furthermore, natural-based 

materials also overcome some undesired issues, such as toxicity 
and instability, often perceived with synthetic polymers. In addi-
tion, when aiming for the application of smart photoresponsive 
devices in the biomedical fi eld, the adjustment to NIR radia-
tion in replacement to UV and visible light is highly required, 
due to the low absorption of NIR radiation by skin and most of 
the tissues. Having this in mind, new chromophore groups are 
needed with larger two-photon absorption cross sections, as well 
as new procedures that would allow a reduction of the resource 
to high power density-lasers, actually associated to effi cient drug 
release. The speed, diversity, modulability, and reversibility of 
generated stimuli-responsive LbL assemblies is also a key point 
in order to design and engineer desirable and novel functional 
smart materials exhibiting complex responsive behavior highly 
suitable to be applied in various research fi elds including in 
chemistry, physics, biology, materials science, medicine, engi-
neering, or biotechnology. Moreover, a better understanding of 
the structure-property relationship and wavelength correlation 
in such switchable materials is vital in order to shed light on 
the mechanisms and processes of molecules formation as well 
as improve and rational design “next generation” smart multi-
functional systems with specifi c response features and tailored 
properties and functions increasingly attractive for practical 
applications in a wide range of areas, such as biotechnology and 
biomedicine. Besides the materials used, topography plays also 
a very important role on how light interacts with surfaces. One 
great example of the use of natural-based textured materials and 
their response to light irradiation found in nature is the case 
of butterfl y’s wings. The cuticle on the scales of the butterfl ies, 
which is composed of semitransparent natural polymer chitin 
separated by thin air layered nanostructures (known as lam-
inae), selectively refl ect certain wavelengths of light depending 
on the exact structure and interspatial distances of light-inter-
acting layers. By learning from these natural systems and trying 
to mimic their behaviors, novel coatings, patterned surfaces, or 
smart photonic materials, that would change color on demand, 
could be designed and fabricated, which would be very useful 
for several emerging applications, such as in biomedicine, bio-
technology, textiles, energy, or optics. 

 Furthermore the evaluation of the in vivo performance of the 
biomedical or biotechnological devices developed through the 
use of switchable materials is also a crucial issue that has not 
been studied in detail and, thus, deserves further comprehen-
sive attention in the near future. This is a very limitative step 
that will allow us to transpose the knowledge gathered from 
the research laboratories to practical clinical applications, thus 
having a great impact on our daily lives. In this concern, while 
remarkable progress has been achieved to date through the 
introduction of stimuli-responsive materials, exciting oppor-
tunities and challenges still remain open in the fi eld of smart 
materials in order to obtain real devices with proper specifi city 
and uniqueness, and proven applicability in the biotechnology 
and biomedical fi elds.  
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[57]     J.    Kopeček  ,   J.    Yang  ,  Polym. Int.    2007 ,  56 ,  1078 .  
[58]     I.    Tokarev  ,   S.    Minko  ,  Soft Matter    2009 ,  5 ,  511 .  
[59]     I.    Tomatsu  ,   K.    Peng  ,   A.    Kros  ,  Adv. Drug Delivery Rev.    2011 ,  63 , 

 1257 .  
[60]     T. M.    Fulghum  ,   N. C.    Estillore  ,   C.-D.    Vo  ,   S. P.    Armes  , 

  R. C.    Advincula  ,  Macromolecules    2008 ,  41 ,  429 .  
[61]     N. C.    Estillore  ,   R. C.    Advincula  ,  Langmuir    2011 ,  27 ,  5997 .  
[62]     I. G.    Galaev  ,   B.    Mattiasson  ,  Trends Biotechnol.    1999 ,  17 ,  335 .  
[63]     K. Y.    Lee  ,   D. J.    Mooney  ,  Chem. Rev.    2001 ,  101 ,  1869 .  
[64]     B.    Jeong  ,   A.    Gutowska  ,  Trends Biotechnol.    2002 ,  20 ,  305 .  
[65]     T. P.    Russell  ,  Science    2002 ,  297 ,  964 .  
[66]     R.    Langer  ,   N. A.    Peppas  ,  AIChE J.    2003 ,  49 ,  2990 .  
[67]     I.    Luzinov  ,   S.    Minko  ,   V. V.    Tsukruk  ,  Prog. Polym. Sci.    2004 ,  29 , 

 635 .  
[68]     E. S.    Gil  ,   S. M.    Hudson  ,  Prog. Polym. Sci.    2004 ,  29 ,  1173 .  
[69]     W.    Senaratne  ,   L.    Andruzzi  ,   C. K.    Ober  ,  Biomacromolecules    2005 ,  6 , 

 2427 .  
[70]     D.    Schmaljohann  ,  Adv. Drug Delivery Rev.    2006 ,  58 ,  1655 .  
[71]     R. V.    Ulijn  ,  Mater. Today    2007 ,  10 ,  40 .  
[72]     R. M. P.    Silva  ,   J. F.    Mano  ,   R. L.    Reis  ,  Trends Biotechnol.    2007 ,  25 , 

 577 .  
[73]     A.    Kumar  ,   A.    Srivastava  ,   I. Y.    Galaev  ,   B.    Mattiasson  ,  Prog. Polym. 

Sci.    2007 ,  32 ,  1205 .  
[74]     S.    Ganta  ,   H.    Devalapally  ,   A.    Shahiwala  ,   M.    Amiji  ,  J. Controlled 

Release    2008 ,  126 ,  187 .  
[75]     J. F.    Mano  ,  Adv. Eng. Mater.    2008 ,  10 ,  515 .  
[76]     P. M.    Mendes  ,  Chem. Soc. Rev.    2008 ,  37 ,  2512 .  
[77]     M. A. C.    Stuart  ,   W. T. S.    Huck  ,   J.    Genzer  ,   M.    Muller  ,   C.    Ober  , 

  M.    Stamm  ,   G. B.    Sukhorukov  ,   I.    Szleifer  ,   V. V.    Tsukruk  ,   M.    Urban  , 
  F.    Winnik  ,   S.    Zauscher  ,   I.    Luzinov  ,   S.    Minko  ,  Nat. Mater.    2010 ,  9 , 
 101 .  

Adv. Funct. Mater. 2014, 24, 5624–5648

www.afm-journal.de
www.MaterialsViews.com



FEA
TU

R
E A

R
TIC

LE

5643wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[78]     M.    Motornov  ,   Y.    Roiter  ,   I.    Tokarev  ,   S.    Minko  ,  Prog. Polym. Sci.    2010 , 
 35 ,  174 .  

[79]     F.    Liu  ,   M. W.    Urban  ,  Prog. Polym. Sci.    2010 ,  35 ,  3 .  
[80]     D.    Roy  ,   J. N.    Cambre  ,   B. S.    Sumerlin  ,  Prog. Polym. Sci.    2010 ,  35 , 

 278 .  
[81]     J. M.    Hu  ,   S. Y.    Liu  ,  Macromolecules    2010 ,  43 ,  8315 .  
[82]     Y.    Wang  ,   L.    Hosta-Rigau  ,   H.    Lomas  ,   F.    Caruso  ,  Phys. Chem. Chem. 

Phys.    2011 ,  13 ,  4782 .  
[83]     J.    Hu  ,   H.    Meng  ,   G.    Li  ,   S. I.    Ibekwe  ,  Smart Mater. Struct.    2012 ,  21 , 

 053001 .  
[84]     F. P.    Nicoletta  ,   D.    Cupelli  ,   P.    Formoso  ,   G.    De Filpo  ,   V.    Colella  , 

  A.    Gugliuzza  ,  Membranes    2012 ,  2 ,  134 .  
[85]     L.    Zhai  ,  Chem. Soc. Rev.    2013 ,  42 ,  7148 .  
[86]     E. V.    Skorb  ,   D. V.    Andreeva  ,  Adv. Funct. Mater.    2013 ,  23 ,  4483 .  
[87]     A.    Baba  ,   M.-K.    Park  ,   R. C.    Advincula  ,   W.    Knoll  ,  Langmuir    2002 ,  18 , 

 4648 .  
[88]     C. A.    Constantine  ,   S. V.    Mello  ,   A.    Dupont  ,   X.    Cao  ,   D.    Santos   Jr.  , 

  O. N.    Oliveira ,  Jr.  ,   F. T.    Strixino  ,   E. C.    Pereira  ,   T.-C.    Cheng  , 
  J. J.    Defrank  ,   R. M.    Leblanc  ,  J. Am. Chem. Soc.    2003 ,  125 ,  1805 .  

[89]     T.    Serizawa  ,   N.    Kawanishi  ,   M.    Akashi  ,  Macromolecules    2003 ,  36 , 
 1967 .  

[90]     J. F.    Quinn  ,   F.    Caruso  ,  Langmuir    2004 ,  20 ,  20 .  
[91]     T. I.    Croll  ,   A. J.    O’Connor  ,   G. W.    Stevens  ,   J. J.    Cooper-White  ,  Bio-

macromolecules    2006 ,  7 ,  1610 .  
[92]     J. T.    Stricker  ,   A. D.    Gudmundsdóttir  ,   A. P.    Smith  ,   B. E.    Taylor  , 

  M. F.    Durstock  ,   J. Phys. Chem. B    2007 ,  111 ,  6322 .  
[93]     S. W.    Lee  ,   B.-S.    Kim  ,   S.    Chen  ,   Y.    Shao-Horn  ,   P. T.    Hammond  , 

 J. Am. Chem. Soc.    2009 ,  131 ,  671 .  
[94]     T.    Crouzier  ,   C.    Picart  ,  Biomacromolecules    2009 ,  10 ,  433 .  
[95]     G. V.    Martins  ,   J. F.    Mano  ,   N. M.    Alves  ,  Carbohydr. Polym.    2010 ,  80 , 

 570 .  
[96]     G. V.    Martins  ,   E. G.    Merino  ,   J. F.    Mano  ,   N. M.    Alves  ,  Macromol. 

Biosci.    2010 ,  10 ,  1444 .  
[97]     G. V.    Martins  ,   J. F.    Mano  ,   N. M.    Alves  ,  Langmuir    2011 ,  27 ,  8415 .  
[98]     Z.-D.    Qi  ,   T.    Saito  ,   Y.    Fan  ,   A.    Isogai  ,  Biomacromolecules    2012 ,  13 , 

 553 .  
[99]     M. T.    Cook  ,   G.    Tzortzis  ,   V. V.    Khutoryanskiy  ,   D.    Charalampopoulos  , 

 J. Mater. Chem. B    2013 ,  1 ,  52 .  
[100]     S. M.    Oliveira  ,   T. H.    Silva  ,   R. L.    Reis  ,   J. F.    Mano  ,  J. Mater. Chem. B   

 2013 ,  1 ,  4406 .  
[101]     A. P.    Gomes  ,   J. F.    Mano  ,   J. A.    Queiroz  ,   I. C.    Gouveia  ,  Polym. Adv. 

Technol.    2013 ,  24 ,  1005 .  
[102]     A. J.    Leite  ,   P.    Sher  ,   J. F.    Mano  ,  Mater. Lett.    2014 ,  121 ,  62 .  
[103]     I.    Ichinose  ,   H.    Senzu  ,   T.    Kunitake  ,  Chem. Lett.    1996 ,  831 .  
[104]     I.    Ichinose  ,   H.    Senzu  ,   T.    Kunitake  ,  Chem. Mater.    1997 ,  9 ,  1296 .  
[105]     I.    Ichinose  ,   T.    Kawakami  ,   T.    Kunitake  ,  Adv. Mater.    1998 ,  10 ,  535 .  
[106]     Q.    Wang  ,   L.    Zhong  ,   J.    Sun  ,   J.    Shen  ,  Chem. Mater.    2005 ,  17 ,  3563 .  
[107]     B.    Zebi  ,   A. S.    Susha  ,   G. B.    Sukhorukov  ,   A. L.    Rogach  ,   W. J.    Parak  , 

 Langmuir    2005 ,  21 ,  4262 .  
[108]     S.    Ai  ,   Q.    He  ,   Y.    Tian  ,   J.    Li  ,  J. Nanosci. Nanotechnol.    2007 ,  7 ,  2534 .  
[109]     A. A.    Mamedov  ,   N. A.    Kotov  ,   M.    Prato  ,   D. M.    Guldi  ,   J. P.    Wicksted  , 

  A.    Hirsch  ,  Nat. Mater.    2002 ,  1 ,  190 .  
[110]     M.    Zhang  ,   Y.    Yan  ,   K.    Gong  ,   L.    Mao  ,   Z.    Guo  ,   Y.    Chen  ,  Langmuir   

 2004 ,  20 ,  8781 .  
[111]     M. A.    Correa-Duarte  ,   A.    Kosiorek  ,   W.    Kandulski  ,   M.    Giersig  , 

  L. M.    Liz-Márzan  ,  Chem. Mater.    2005 ,  17 ,  3268 .  
[112]     H.    Paloniemi  ,   M.    Lukkarinen  ,   T.    Ääritalo  ,   S.    Areva  ,   J.    Leiro  , 

  M.    Heinonen  ,   K.    Haapakka  ,   J.    Lukkari  ,  Langmuir    2006 ,  22 ,  74 .  
[113]     J.    Kim  ,   S. W.    Lee  ,   P. T.    Hammond  ,   Y.    Shao-Horn  ,  Chem. Mater.   

 2009 ,  21 ,  2993 .  
[114]     M. N.    Hyder  ,   S. W.    Lee  ,   F. Ç.     Cebeci  ,   D. J.    Schmidt  ,   Y.    Shao-Horn  , 

  P. T.    Hammond  ,  ACS Nano    2011 ,  5 ,  8552 .  
[115]     J.    Shen  ,   Y.    Hu  ,   C.    Li  ,   C.    Qin  ,   M.    Shi  ,   M.    Ye  ,  Langmuir    2009 ,  25 , 

 6122 .  

[116]     J. S.    Park  ,   S. M.    Cho  ,   W.-J.    Kim  ,   J.    Park  ,   P. J.    Yoo  ,  ACS Appl. Mater. 
Interfaces    2011 ,  3 ,  360 .  

[117]     F.-X.    Xiao  ,   J.    Miao  ,   B.    Liu  ,  J. Am. Chem. Soc.    2014 ,  136 ,  1559 .  
[118]     Z.    Xiong  ,   T.    Gu  ,   X.    Wang  ,  Langmuir    2014 ,  30 ,  522 .  
[119]     A. Y. W.    Sham  ,   S. M.    Notley  ,  Langmuir    2014 ,  30 ,  2410 .  
[120]     K.    Ariga  ,   Y.    Lvov  ,   T.    Kunitake  ,  J. Am. Chem. Soc.    1997 ,  119 ,  2224 .  
[121]     M. R.    Linford  ,   M.    Auch  ,   H.    Möhwald  ,  J. Am. Chem. Soc.    1998 ,  120 , 

 178 .  
[122]     Y.    Zhang  ,   W.    Cao  ,  New J. Chem.    2001 ,  25 ,  483 .  
[123]     F.    Hua  ,   T.    Cui  ,   Y. M.    Lvov  ,  Nano Lett.    2004 ,  4 ,  823 .  
[124]     Y.-H.    Yang  ,   F. A.    Malek  ,   J. C.    Grunlan  ,  Ind. Eng. Chem. Res.    2010 , 

 49 ,  8501 .  
[125]     A.    Zhuk  ,   R.    Mirza  ,   S.    Sukhishvili  ,  ACS Nano    2011 ,  5 ,  8790 .  
[126]     E. R.    Kleinfeld  ,   G. S.    Ferguson  ,  Science    1994 ,  265 ,  370 .  
[127]     S. W.    Keller  ,   H.-N.    Kim  ,   T. E.    Mallouk  ,  J. Am. Chem. Soc.    1994 ,  116 , 

 8817 .  
[128]     Y.    Lvov  ,   K.    Ariga  ,   M.    Onda  ,   I.    Ichinose  ,   T.    Kunitake  ,  Langmuir    1997 , 

 13 ,  6195 .  
[129]     F.    Caruso  ,   R. A.    Caruso  ,   H.    Möhwald  ,  Science    1998 ,  282 ,  1111 .  
[130]     D. G.    Shchukin  ,   E. A.    Ustinovich  ,   G. B.    Sukhorukov  ,   H.    Möhwald  , 

  D. V.    Sviridov  ,  Adv. Mater.    2005 ,  17 ,  468 .  
[131]     H.    Zhang  ,   H.    Lu  ,   N.    Hu  ,  J. Phys. Chem. B    2006 ,  110 ,  2171 .  
[132]     M.    Chirea  ,   C. M.    Pereira  ,   F.    Silva  ,  J. Phys. Chem. C    2007 ,  111 ,  9255 .  
[133]     S.    Srivastava  ,   N. A.    Kotov  ,  Acc. Chem. Res.    2008 ,  41 ,  1831 .  
[134]     D. S.    Couto  ,   N. M.    Alves  ,   J. F.    Mano  ,  J. Nanosci. Nanotechnol.   

 2009 ,  9 ,  1741 .  
[135]     C. M.    Anders  ,   N. A.    Kotov  ,  J. Am. Chem. Soc.    2010 ,  132 ,  14496 .  
[136]     K. E.    Tettey  ,   J. W. C.    Ho  ,   D.    Lee  ,  J. Phys. Chem. C    2011 ,  115 ,  6297 .  
[137]     H.    Jin  ,   S.    Choi  ,   R.    Velu  ,   S.    Kim  ,   H. J.    Lee  ,  Langmuir    2012 ,  28 ,  5417 .  
[138]     Q.    Xi  ,   X.    Chen  ,   D. G.    Evans  ,   W.    Yang  ,  Langmuir    2012 ,  28 ,  9885 .  
[139]     Y.    Yan  ,   M.    Björnmalm  ,   F.    Caruso  ,  Chem. Mater.    2014 ,  26 ,  452 .  
[140]     Y.    Kim  ,   K.    Kook  ,   S. K.    Hwang  ,   C.    Park  ,   J.    Cho  ,  ACS Nano    2014 ,  8 , 

 2419 .  
[141]     K. H.    Boubbou  ,   T. H.    Ghaddar  ,  Langmuir    2005 ,  21 ,  8844 .  
[142]     P. M.    Nguyen  ,   N. S.    Zacharia  ,   E.    Verploegen  ,   P. T.    Hammond  , 

 Chem. Mater.    2007 ,  19 ,  5524 .  
[143]     M. A.    Saab  ,   R.    Abdel-Malak  ,   J. F.    Wishart  ,   T. H.    Ghaddar  ,  Langmuir   

 2007 ,  23 ,  10807 .  
[144]     Y.    Lvov  ,   K.    Ariga  ,   T.    Kunitake  ,  J. Am. Chem. Soc.    1995 ,  117 ,  6117 .  
[145]     F.    Caruso  ,   D. N.    Furlong  ,   K.    Ariga  ,   I.    Ichinose  ,   T.    Kunitake  ,  Lang-

muir    1998 ,  14 ,  4559 .  
[146]     T.    Cassier  ,   K.    Lowack  ,   G.    Decher  ,  Supramol. Sci.    1998 ,  5 ,  309 .  
[147]     J.-i.    Anzai  ,   T.    Hoshi  ,   N.    Nakamura  ,  Langmuir    2000 ,  16 ,  6306 .  
[148]     G.    Ladam  ,   P.    Schaaf  ,   F. J. G.    Cuisinier  ,   G.    Decher  ,   J.-C.    Voegel  , 

 Langmuir    2001 ,  17 ,  878 .  
[149]     P.    He  ,   N.    Hu  ,   G.    Zhou  ,  Biomacromolecules    2002 ,  3 ,  139 .  
[150]     P.    He  ,   N.    Hu  ,  J. Phys. Chem. B    2004 ,  108 ,  13144 .  
[151]     H.    Liu  ,   N.    Hu  ,  J. Phys. Chem. B    2006 ,  110 ,  14494 .  
[152]     J. M.    Campiña  ,   H. K. S.    Souza  ,   J.    Borges  ,   A.    Martins  , 

  M. P.    Gonçalves  ,   F.    Silva  ,  Electrochim. Acta    2010 ,  55 ,  8779 .  
[153]     T.    Komatsu  ,   X.    Qu  ,   H.    Ihara  ,   M.    Fujihara  ,   H.    Azuma  ,   H.    Ikeda  , 

 J. Am. Chem. Soc.    2011 ,  133 ,  3246 .  
[154]     Y.    Song  ,   L.    Wan  ,   Y.    Wang  ,   S.    Zhao  ,   H.    Hou  ,   L.    Wang  ,  Bioelectro-

chemistry    2012 ,  85 ,  29 .  
[155]     J.    Borges  ,   J. M.    Campiña  ,   H. K. S.    Souza  ,   M. P.    Gonçalves  , 

  A. F.    Silva  ,  Soft Matter    2012 ,  8 ,  1190 .  
[156]     A. P. R.    Johnston  ,   H.    Mitomo  ,   E. S.    Read  ,   F.    Caruso  ,  Langmuir   

 2006 ,  22 ,  3251 .  
[157]     Q.    Xing  ,   S. R.    Eadula  ,   Y. M.    Lvov  ,  Biomacromolecules    2007 ,  8 ,  1987 .  
[158]     H.    Baek  ,   C.    Lee  ,   K.-i.    Lim  ,   J.    Cho  ,  Nanotechnology    2012 ,  23 , 

 155604 .  
[159]     O. S.    Sakr  ,   G.    Borchard  ,  Biomacromolecules    2013 ,  14 ,  2117 .  
[160]     Y. M.    Lvov  ,   G.    Decher  ,   G.    Sukhorukov  ,  Macromolecules    1993 ,  26 , 

 5396 .  

Adv. Funct. Mater. 2014, 24, 5624–5648

www.afm-journal.de
www.MaterialsViews.com



FE
A
TU

R
E 

A
R
TI

C
LE

5644 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[161]     G. B.    Sukhorukov  ,   H.    Möhwald  ,   G.    Decher  ,   Y. M.    Lvov  ,  Thin Solid 
Films    1996 ,  284–285 ,  220 .  

[162]     R.    Pei  ,   X.    Cui  ,   X.    Yang  ,   E.    Wang  ,  Biomacromolecules    2001 ,  2 ,  463 .  
[163]     J.    Zhang  ,   L. S.    Chua  ,   D. M.    Lynn  ,  Langmuir    2004 ,  20 ,  8015 .  
[164]     C. M.    Jewell  ,   J.    Zhang  ,   N. J.    Fredin  ,   D. M.    Lynn  ,  J. Controlled Release   

 2005 ,  106 ,  214 .  
[165]     A. P. R.    Johnston  ,   E. S.    Read  ,   F.    Caruso  ,  Nano Lett.    2005 ,  5 ,  953 .  
[166]     F.    Yamauchi  ,   Y.    Koyamatsu  ,   K.    Kato  ,   H.    Iwata  ,  Biomaterials    2006 , 

 27 ,  3497 .  
[167]     F.    Boulmedais  ,   V.    Ball  ,   P.    Schwinte  ,   B.    Frisch  ,   P.    Schaaf  , 

  J.-C.    Voegel  ,  Langmuir    2003 ,  19 ,  440 .  
[168]     D. T.    Haynie  ,   L.    Zhang  ,   J. S.    Rudra  ,   W.    Zhao  ,   Y.    Zhong  ,   N.    Palath  , 

 Biomacromolecules    2005 ,  6 ,  2895 .  
[169]     R. R.    Costa  ,   A. M.    Testera  ,   F. J.    Arias  ,   J. C.    Rodríguez-Cabello  , 

  J. F.    Mano  ,  J. Phys. Chem. B    2013 ,  117 ,  6839 .  
[170]     Y.    Lvov  ,   H.    Haas  ,   G.    Decher  ,   H.    Möhwald  ,   A.    Mikhailov  , 

  B.    Mtchedlishvily  ,   E.    Morgunova  ,   B.    Vainshtein  ,  Langmuir    1994 , 
 10 ,  4232 .  

[171]     K. T.    Nam  ,   D. W.    Kim  ,   P. J.    Yoo  ,   C. Y.    Chiang  ,   N.    Meethong  , 
  P. T.    Hammond  ,   Y. M.    Chiang  ,   A. M.    Belcher  ,  Science    2006 ,  312 , 
 885 .  

[172]     M.    Dimitrova  ,   Y.    Arntz  ,   P.    Lavalle  ,   F.    Meyer  ,   M.    Wolf  ,   C.    Schuster  , 
  Y.    Haïkel  ,   J.-C.    Voegel  ,   J.    Ogier  ,  Adv. Funct. Mater.    2007 ,  17 ,  233 .  

[173]     A.    Liu  ,   G.    Abbineni  ,   C.    Mao  ,  Adv. Mater.    2009 ,  21 ,  1001 .  
[174]     P. T.    Hammond  ,  Adv. Mater.    2004 ,  16 ,  1271 .  
[175]     Z.    Tang  ,   Y.    Wang  ,   P.    Podsiadlo  ,   N. A.    Kotov  ,  Adv. Mater.    2006 ,  18 , 

 3203 .  
[176]     K.    Ariga  ,   J. P.    Hill  ,   Q.    Ji  ,  Phys. Chem. Chem. Phys.    2007 ,  9 ,  2319 .  
[177]     T.    Boudou  ,   T.    Crouzier  ,   K.    Ren  ,   G.    Blin  ,   C.    Picart  ,  Adv. Mater.    2010 , 

 22 ,  441 .  
[178]     R. R.    Costa  ,   J. F.    Mano  ,  Chem. Soc. Rev.    2014 ,  43 ,  3453 .  
[179]     P. A.    Chiarelli  ,   M. S.    Johal  ,   J. L.    Casson  ,   J. B.    Roberts  , 

  J. M.    Robinson  ,   H.-L.    Wang  ,  Adv. Mater.    2001 ,  13 ,  1167 .  
[180]     P. A.    Chiarelli  ,   M. S.    Johal  ,   D. J.    Holmes  ,   J. L.    Casson  , 

  J. M.    Robinson  ,   H.-L.    Wang  ,  Langmuir    2002 ,  18 ,  168 .  
[181]     M.    Michel  ,   A.    Izquierdo  ,   G.    Decher  ,   J.-C.    Voegel  ,   P.    Schaaf  ,   V.    Ball  , 

 Langmuir    2005 ,  21 ,  7854 .  
[182]     J. B.    Schlenoff  ,   S. T.    Dubas  ,   T.    Farhat  ,  Langmuir    2000 ,  16 ,  9968 .  
[183]     M.    Kolasinska  ,   R.    Krastev  ,   T.    Gutberlet  ,   P.    Warszynski  ,  Langmuir   

 2009 ,  25 ,  1224 .  
[184]     E.    Kharlampieva  ,   V.    Kozlovskaya  ,   J.    Chan  ,   J. F.    Ankner  , 

  V. V.    Tsukruk  ,  Langmuir    2009 ,  25 ,  14017 .  
[185]     H.    Mjahed  ,   J.-C.    Voegel  ,   B.    Senger  ,   A.    Chassepot  ,   A.    Rameau  , 

  V.    Ball  ,   P.    Schaaf  ,   F.    Boulmedais  ,  Soft Matter    2009 ,  5 ,  2269 .  
[186]     M.    Kiel  ,   S.    Mitzscherling  ,   W.    Leitenberger  ,   S.    Santer  ,   B.    Tiersch  , 

  T. K.    Sievers  ,   H.    Möhwald  ,   M.    Bargheer  ,  Langmuir    2010 ,  26 , 
 18499 .  

[187]     J.    Hong  ,   H.    Park  ,  Colloid Surf. A    2011 ,  381 ,  7 .  
[188]     P.    Schaaf  ,   J.-C.    Voegel  ,   L.    Jierry  ,   F.    Boulmedais  ,  Adv. Mater.    2012 , 

 24 ,  1001 .  
[189]     Y.    Li  ,   X.    Wang  ,   J.    Sun  ,  Chem. Soc. Rev.    2012 ,  41 ,  5998 .  
[190]     M.    Lefort  ,   L.    Jierry  ,   F.    Boulmedais  ,   K.    Benmlih  ,   P.    Lavalle  , 

  B.    Senger  ,   J.-C.    Voegel  ,   J.    Hemmerlé  ,   A.    Ponche  ,   P.    Schaaf  ,  Lang-
muir    2013 ,  21 ,  8532 .  

[191]     A.    Izquierdo  ,   S. S.    Ono  ,   J.-C.    Voegel  ,   P.    Schaaf  ,   G.    Decher  ,  Lang-
muir    2005 ,  21 ,  7558 .  

[192]     K. C.    Krogman  ,   N. S.    Zacharia  ,   S.    Schroeder  ,   P. T.    Hammond  , 
 Langmuir    2007 ,  23 ,  3137 .  

[193]     G. M.    Nogueira  ,   D.    Banerjee  ,   R. E.    Cohen  ,   M. F.    Rubner  ,  Langmuir   
 2011 ,  27 ,  7860 .  

[194]     K.-H.    Kyung  ,   S.    Shiratori  ,  Jpn. J. Appl. Phys.    2011 ,  50 ,  025602 .  
[195]     K.-H.    Kyung  ,   K.    Fujimoto  ,   S.    Shiratori  ,  Jpn. J. Appl. Phys.    2011 ,  50 , 

 035803 .  
[196]     H.-J.    Kim  ,   K.    Lee  ,   S.    Kumar  ,   J.    Kim  ,  Langmuir    2005 ,  21 ,  8532 .  

[197]     Y.    Fu  ,   S.-J.    Li  ,   J.    Xu  ,   M.    Yang  ,   J.-D.    Zhang  ,   Y.-H.    Jiao  ,   J.-C.    Zhang  , 
  K.    Zhang  ,   Y.-G.    Jia  ,  Langmuir    2011 ,  27 ,  672 .  

[198]     P.    Sher  ,   C. A.    Custódio  ,   J. F.    Mano  ,  Small    2010 ,  6 ,  2644 .  
[199]     J. M.    Silva  ,   N.    Georgi  ,   R.    Costa  ,   P.    Sher  ,   R. L.    Reis  , 

  C. A.    Van Blitterswijk  ,   M.    Karperien  ,   J. F.    Mano  ,  PLoS ONE    2013 , 
 8 ,  e55451 .  

[200]     L.    Ma  ,   M.    Cheng  ,   G.    Jia  ,   Y.    Wang  ,   Q.    An  ,   X.    Zeng  ,   Z.    Shen  , 
  Y.    Zhang  ,   F.    Shi  ,  Langmuir    2012 ,  28 ,  9849 .  

[201]     P.    Calvert  ,  Chem. Mater.    2001 ,  13 ,  3299 .  
[202]     J.    Hiller  ,   J. D.    Mendelsohn  ,   M. F.    Rubner  ,  Nat. Mater.    2002 ,  1 ,  59 .  
[203]     R.    Suntivich  ,   O.    Shchepelina  ,   I.    Choi  ,   V. V.    Tsukruk  ,  ACS Appl. 

Mater. Interfaces    2012 ,  4 ,  3102 .  
[204]     T.    Akagi  ,   T.    Fujiwara  ,   M.    Akashi  ,  Langmuir    2014 ,  30 ,  1669 .  
[205]     G. B.    Sukhorukov  ,   E.    Donath  ,   S.    Davis  ,   H.    Lichtenfeld  ,   F.    Caruso  , 

  V. I.    Popov  ,   H.    Möhwald  ,  Polym. Adv. Technol.    1998 ,  9 ,  759 .  
[206]     G. B.    Sukhorukov  ,   E.    Donath  ,   H.    Lichtenfeld  ,   E.    Knippel  , 

  M.    Knippel  ,   A.    Budde  ,   H.    Möhwald  ,  Colloids Surf. A    1998 ,  137 ,  253 .  
[207]     G.    Bantchev  ,   Z.    Lu  ,   Y.    Lvov  ,  J. Nanosci. Nanotechnol.    2009 ,  9 ,  396 .  
[208]     C. R.    Correia  ,   R. L.    Reis  ,   J. F.    Mano  ,  Biomacromolecules    2013 ,  14 , 

 743 .  
[209]     C. R.    Correia  ,   P.    Sher  ,   R. L.    Reis  ,   J. F.    Mano  ,  Soft Matter    2013 ,  9 , 

 2125 .  
[210]     L.    Zhai  ,   F. Ç.    Cebeci  ,   R. E.    Cohen  ,   M. F.    Rubner  ,  Nano Lett.    2004 , 

 4 ,  1349 .  
[211]     T.    Soeno  ,   K.    Inokuchi  ,   S.    Shiratori  ,  Appl. Surf. Sci.    2004 ,  237 ,  543 .  
[212]     F. Ç.     Cebeci  ,   Z.    Wu  ,   L.    Zhai  ,   R. E.    Cohen  ,   M. F.    Rubner  ,  Langmuir   

 2006 ,  22 ,  2856 .  
[213]     J.    Bravo  ,   L.    Zhai  ,   Z.    Wu  ,   R. E.    Cohen  ,   M. F.    Rubner  ,  Langmuir    2007 , 

 23 ,  7293 .  
[214]     N.    Fukao  ,   K.-H.    Kyung  ,   K.    Fujimoto  ,   S.    Shiratori  ,  Macromolecules   

 2011 ,  44 ,  2964 .  
[215]     F. S.    Gittleson  ,   D. J.    Kohn  ,   X.    Li  ,   A. D.    Taylor  ,  ACS Nano    2012 ,  6 , 

 3703 .  
[216]     K. C.    Krogman  ,   R. E.    Cohen  ,   P. T.    Hammond  ,   M. F.    Rubner  , 

  B. N.    Wang  ,  Bioinspir. Biomim.    2013 ,  8 ,  045005 .  
[217]     A. J.    Mateos  ,   A. A.    Cain  ,   J. C.    Grunlan  ,  Ind. Eng. Chem. Res.    2014 , 

 53 ,  6409 .  
[218]     K.    Ariga  ,   Y.    Yamauchi  ,   G.    Rydzek  ,   Q.    Ji  ,   Y.    Yonamine  ,   K. C.-W.    Wu  , 

  J. P.    Hill  ,  Chem. Lett.    2014 ,  43 ,  36 .  
[219]     F.    Caruso  ,   K.    Niikura  ,   D. N.    Furlong  ,   Y.    Okahata  ,  Langmuir    1997 , 

 13 ,  3427 .  
[220]     S.-H.    Lee  ,   J.    Kumar  ,   S. K.    Tripathy  ,  Langmuir    2000 ,  16 ,  10482 .  
[221]     C. A.    Constantine  ,   K. M.    Gattás-Asfura  ,   S. V.    Mello  ,   G.    Crespo  , 

  V.    Rastogi  ,   T.-C.    Cheng  ,   J. J.    DeFrank  ,   R. M.    Leblanc  ,  Langmuir   
 2003 ,  19 ,  9863 .  

[222]     C. S.    Peyratout  ,   L.    Dähne  ,  Angew. Chem., Int. Ed.    2004 ,  43 ,  3762 .  
[223]     J. A.    Jaber  ,   J. B.    Schlenoff  ,  Curr. Opin. Colloid Interface Sci.    2006 ,  11 , 

 324 .  
[224]     M.    Goldberg  ,   R.    Langer  ,   X.    Jia  ,  J. Biomater. Sci. Polym. Ed.    2007 ,  18 , 

 241 .  
[225]     B. G.    De Geest  ,   N. N.    Sanders  ,   G. B.    Sukhorukov  ,   J.    Demeester  , 

  S. C.    De Smedt  ,  Chem. Soc. Rev.    2007 ,  36 ,  636 .  
[226]     K.    Ariga  ,   J. P.    Hill  ,   M. V.    Lee  ,   A.    Vinu  ,   R.    Charvet  ,   S.    Acharya  ,  Sci. 

Technol. Adv. Mater.    2008 ,  9 ,  014109 .  
[227]     B. G.    De Geest  ,   S.    De Koker  ,   G. B.    Sukhorukov  ,   O.    Kreft  , 

  W. J.    Parak  ,   A. G.    Skirtach  ,   J.    Demeester  ,   S. C.    De Smedt  , 
  W. E.    Hennink  ,  Soft Matter    2009 ,  5 ,  282 .  

[228]     A. L.    Becker  ,   A. P. R.    Johnston  ,   F.    Caruso  ,  Small    2010 ,  6 ,  1836 .  
[229]     P.    Horcajada  ,   T.    Chalati  ,   C.    Serre  ,   B.    Gillet  ,   C.    Sebrie  ,   T.    Baati  , 

  J. F.    Eubank  ,   D.    Heurtaux  ,   P.    Clayette  ,   C.    Kreuz  ,   J.-S.    Chang  , 
  Y. K.    Hwang  ,   V.    Marsaud  ,   P.-N.    Bories  ,   L.    Cynober  ,   S.    Gil  ,   G.    Férey  , 
  P.    Couvreur  ,   R.    Gref  ,  Nat. Mater.    2010 ,  9 ,  172 .  

[230]     M.    Delcea  ,   H.    Möhwald  ,   A. G.    Skirtach  ,  Adv. Drug Delivery Rev.   
 2011 ,  63 ,  730 .  

Adv. Funct. Mater. 2014, 24, 5624–5648

www.afm-journal.de
www.MaterialsViews.com



FEA
TU

R
E A

R
TIC

LE

5645wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2014, 24, 5624–5648

www.afm-journal.de
www.MaterialsViews.com

[231]     M. M.    De Villiers  ,   D. P.    Otto  ,   S. J.    Strydom  ,   Y. M.    Lvov  ,  Adv. Drug 
Delivery Rev.    2011 ,  63 ,  701 .  

[232]     G. K.    Such  ,   A. P. R.    Johnston  ,   F.    Caruso  ,  Chem. Soc. Rev.    2011 ,  40 , 
 19 .  

[233]     R. J.    El-khouri  ,   R.    Szamocki  ,   Y.    Sergeeva  ,   O.    Felix  ,   G.    Decher  , in 
 Functional Polymer Films , Vol.  2  (Eds:   W.    Knoll  ,   R. C.    Advincula  ), 
 Wiley-VCH ,  Weinheim, Germany    2011 ,  Ch. 2 .  

[234]     K.    Ariga  ,   M.    McShane  ,   Y. M.    Lvov  ,   Q.    Ji  ,   J. P.    Hill  ,  Expert Opin. Drug 
Delivery    2011 ,  8 ,  633 .  

[235]     N.    Nuraje  ,   R.    Asmatulu  ,   R. E.    Cohen  ,   M. F.    Rubner  ,  Langmuir   
 2011 ,  27 ,  782 .  

[236]     S. A.    Marcott  ,   S.    Ada  ,   P.    Gibson  ,   T. A.    Camesano  ,   R.    Nagarajan  , 
 ACS Appl. Mater. Interfaces    2012 ,  4 ,  1620 .  

[237]     W. C.    Mak  , in  Biomedical Materials and Diagnostic Devices  (Eds: 
  A.    Tiwari  ,   M.    Ramalingam  ,   H.    Kobayashi  ,   A. P. F.    Turner  ),  John 
Wiley & Sons, Inc .,  Hoboken, NJ, USA    2012 ,  Ch. 3 .  

[238]     T.    Komatsu  ,  Nanoscale    2012 ,  4 ,  1910 .  
[239]     P. T.    Hammond  ,  Mater. Today    2012 ,  15 ,  196 .  
[240]     V.    Gribova  ,   R.    Auzély-Velty  ,   C.    Picart  ,  Chem. Mater.    2012 ,  24 ,  854 .  
[241]     W.    Tong  ,   X.    Song  ,   C.    Gao  ,  Chem. Soc. Rev.    2012 ,  41 ,  6103 .  
[242]     M.    Matsusaki  ,   H.    Ajiro  ,   T.    Kida  ,   T.    Serizawa  ,   M.    Akashi  ,  Adv. Mater.   

 2012 ,  24 ,  454 .  
[243]     R. M.    Iost  ,   F. N.    Crespilho  ,  Biosens. Bioelectron.    2012 ,  31 ,  1 .  
[244]     S.    De Koker  ,   R.    Hoogenboom  ,   B. G.    De Geest  ,  Chem. Soc. Rev.   

 2012 ,  41 ,  2867 .  
[245]     Z.    Matharu  ,   A. J.    Bandodkar  ,   V.    Gupta  ,   B. D.    Malhotra  ,  Chem. Soc. 

Rev.    2012 ,  41 ,  1363 .  
[246]     D.    Wang  ,   H.    Shakeel  ,   J.    Lovette  ,   G. W.    Rice  ,   J. R.    Hefl in  ,   M.    Agah  , 

 Anal. Chem.    2013 ,  85 ,  8135 .  
[247]     H.    Lee  ,   M. L.    Alcaraz  ,   M. F.    Rubner  ,   R. E.    Cohen  ,  ACS Nano    2013 , 

 7 ,  2172 .  
[248]     S. S.    Qureshi  ,   Z.    Zheng  ,   M. I.    Sarwar  ,   O.    Félix  ,   G.    Decher  ,  ACS 

Nano    2013 ,  7 ,  9336 .  
[249]     S. T.    Dubas  ,   J. B.    Schlenoff  ,  Macromolecules    1999 ,  32 ,  8153 .  
[250]     S. A.    Sukhishvili  ,   S.    Granick  ,  J. Am. Chem. Soc.    2000 ,  122 ,  9550 .  
[251]     S. T.    Dubas  ,   T. R.    Farhat  ,   J. B.    Schlenoff  ,  J. Am. Chem. Soc.    2001 , 

 123 ,  5368 .  
[252]     S. T.    Dubas  ,   J. B.    Schlenoff  ,  Macromolecules    2001 ,  34 ,  3736 .  
[253]     S. T.    Dubas  ,   J. B.    Schlenoff  ,  Langmuir    2001 ,  17 ,  7725 .  
[254]     D.    DeLongchamp  ,   P. T.    Hammond  ,  Adv. Mater.    2001 ,  13 ,  1455 .  
[255]     S. A.    Sukhishvili  ,   S.    Granick  ,  Macromolecules    2002 ,  35 ,  301 .  
[256]     B.    Schwarz  ,   M.    Schönhoff  ,  Langmuir    2002 ,  18 ,  2964 .  
[257]     H. L.    Tan  ,   M. J.    McMurdo  ,   G.    Pan  ,   P. G.    Van Patten  ,  Langmuir   

 2003 ,  19 ,  9311 .  
[258]     D. M.    DeLongchamp  ,   P. T.    Hammond  ,  Adv. Funct. Mater.    2004 ,  14 , 

 224 .  
[259]     A. G.    Skirtach  ,   A. A.    Antipov  ,   D. G.    Shchukin  ,   G. B.    Sukhorukov  , 

 Langmuir    2004 ,  20 ,  6988 .  
[260]     C.    Picart  ,   A.    Schneider  ,   O.    Etienne  ,   J.    Mutterer  ,   P.    Schaaf  ,   C.    Egles  , 

  N.    Jessel  ,   J.-C.    Voegel  ,  Adv. Funct. Mater.    2005 ,  15 ,  1771 .  
[261]     S. A.    Sukhishvili  ,  Curr. Opin. Colloid Interface Sci.    2005 ,  10 ,  37 .  
[262]     E.    Kharlampieva  ,   V.    Kozlovskaya  ,   J.    Tyutina  ,   S. A.    Sukhishvili  , 

 Macro molecules    2005 ,  38 ,  10523 .  
[263]     K.    Ren  ,   J.    Ji  ,   J.    Shen  ,  Biomaterials    2006 ,  27 ,  1152 .  
[264]     K.    Katagiri  ,   A.    Matsuda  ,   F.    Caruso  ,  Macromolecules    2006 ,  39 ,  8067 .  
[265]     R. v.    Klitzing  ,  Phys. Chem. Chem. Phys.    2006 ,  8 ,  5012 .  
[266]     W.    Tong  ,   C.    Gao  ,   H.    Möhwald  ,  Macromolecules    2006 ,  39 ,  335 .  
[267]     B. G.    De Geest  ,   A. M.    Jonas  ,   J.    Demeester  ,   S. C.    De Smedt  ,  Lang-

muir    2006 ,  22 ,  5070 .  
[268]     D. G.    Shchukin  ,   D. A.    Gorin  ,   H.    Möhwald  ,  Langmuir    2006 ,  22 , 

 7400 .  
[269]     F.    Boulmedais  ,   C. S.    Tang  ,   B.    Keller  ,   J.    Vörös  ,  Adv. Funct. Mater.   

 2006 ,  16 ,  63 .  
[270]     D. M.    Lynn  ,  Adv. Mater.    2007 ,  19 ,  4118 .  

[271]     D.    Mertz  ,   J.    Hemmerlé  ,   J.    Mutterer  ,   J.    Ollivier  ,   J.-C.    Voegel  , 
  P.    Schaaf  ,   P.    Lavalle  ,  Nano Lett.    2007 ,  7 ,  657 .  

[272]     S.-H.    Hu  ,   C.-H.    Tsai  ,   C.-F.    Liao  ,   D.-M.    Liu  ,   S.-Y.    Chen  ,  Langmuir   
 2008 ,  24 ,  11811 .  

[273]     V.    Kozlovskaya  ,   A.    Shamaev  ,   S. A.    Sukhishvili  ,  Soft Matter    2008 ,  4 , 
 1499 .  

[274]     A. N.    Zelikin  ,   Q.    Li  ,   F.    Caruso  ,  Chem. Mater.    2008 ,  20 ,  2655 .  
[275]     T.    Levy  ,   C.    Déjugnat  ,   G. B.    Sukhorukov  ,  Adv. Funct. Mater.    2008 ,  18 , 

 1586 .  
[276]     K. C.    Wood  ,   N. S.    Zacharia  ,   D. J.    Schmidt  ,   S. N.    Wrightman  , 

  B. J.    Andaya  ,   P. T.    Hammond  ,  Proc. Natl. Acad. Sci. USA    2008 ,  105 , 
 2280 .  

[277]     Y.    Nagaoka  ,   S.    Shiratori  ,   Y.    Einaga  ,  Chem. Mater.    2008 ,  20 ,  4004 .  
[278]     S.    Sortino  ,  Photochem. Photobiol. Sci.    2008 ,  7 ,  911 .  
[279]     O.    Guillaume-Gentil  ,   Y.    Akiyama  ,   M.    Schuler  ,   C.    Tang  ,   M.    Textor  , 

  M.    Yamato  ,   T.    Okano  ,   J.    Vörös  ,  Adv. Mater.    2008 ,  20 ,  560 .  
[280]     C.    Li  ,   J.    Zhang  ,   S.    Yang  ,   B.-L.    Li  ,   Y.-Y.    Li  ,   X.-Z.    Zhang  ,   R.-X.    Zhuo  , 

 Phys. Chem. Chem. Phys.    2009 ,  11 ,  8835 .  
[281]     Z.    Zhu  ,   S. A.    Sukhishvili  ,  ACS Nano    2009 ,  3 ,  3595 .  
[282]     D.    Mertz  ,   C.    Vogt  ,   J.    Hemmerlé  ,   J.    Mutterer  ,   V.    Ball  ,   J.-C.    Voegel  , 

  P.    Schaaf  ,   P.    Lavalle  ,  Nat. Mater.    2009 ,  8 ,  731 .  
[283]     J. S.    Barbosa  ,   R. R.    Costa  ,   A. M.    Testera  ,   M.    Alonso  , 

  J. C.    Rodríguez-Cabello  ,   J. F.    Mano  ,  Nanoscale Res. Lett.    2009 ,  4 , 
 1247 .  

[284]     R. R.    Costa  ,   C. A.    Custódio  ,   A. M.    Testera  ,   F. J.    Arias  , 
  J. C.    Rodríguez-Cabello  ,   N. M.    Alves  ,   J. F.    Mano  ,  Adv. Funct. Mater.   
 2009 ,  19 ,  3210 .  

[285]     L.    Diéguez  ,   N.    Darwish  ,   N.    Graf  ,   J.    Vörös  ,   T.    Zambelli  ,  Soft Matter   
 2009 ,  5 ,  2415 .  

[286]     D. J.    Schmidt  ,   F. C.    Cebeci  ,   Z. I.    Kalcioglu  ,   S. G.    Wyman  ,   C.    Ortiz  , 
  K. J.    Van Vliet  ,   P. T.    Hammond  ,  ACS Nano    2009 ,  3 ,  2207 .  

[287]     Md. A.    Rahim  ,   W. S.    Choi  ,   H.-J.    Lee  ,   I. C.    Jeon  ,  Langmuir    2010 ,  26 , 
 4680 .  

[288]     D. J.    Schmidt  ,   J. S.    Moskowitz  ,   P. T.    Hammond  ,  Chem. Mater.   
 2010 ,  22 ,  6416 .  

[289]     D. J.    Schmidt  ,   P. T.    Hammond  ,  Chem. Commun.    2010 ,  46 ,  7358 .  
[290]     P. M.    Beaujuge  ,   J. R.    Reynolds  ,  Chem. Rev.    2010 ,  110 ,  268 .  
[291]     A. L.    Becker  ,   A. P. R.    Johnston  ,   F.    Caruso  ,  Macromol. Biosci.    2010 , 

 10 ,  488 .  
[292]     R.    Zahn  ,   J.    Vörös  ,   T.    Zambelli  ,  Curr. Opin. Colloid Interface Sci.   

 2010 ,  15 ,  427 .  
[293]     K.    Katagiri  ,   M.    Nakamura  ,   K.    Koumoto  ,  ACS Appl. Mater. Interfaces   

 2010 ,  2 ,  768 .  
[294]     C. M.    Amb  ,   A. L.    Dyer  ,   J. R.    Reynolds  ,  Chem. Mater.    2011 ,  23 ,  397 .  
[295]     H.    Sá-Lima  ,   K.    Tuzlakoglu  ,   J. F.    Mano  ,   R. L.    Reis  ,  J. Biomed. Mater. 

Res. A    2011 ,  98A ,  596 .  
[296]     R. R.    Costa  ,   C. A.    Custódio  ,   F. J.    Arias  ,   J. C.    Rodríguez-Cabello  , 

  J. F.    Mano  ,  Small    2011 ,  7 ,  2640 .  
[297]     L.    Han  ,   L.    Wang  ,   K.-K.    Chia  ,   R. E.    Cohen  ,   M. F.    Rubner  , 

  M. C.    Boyce  ,   C.    Ortiz  ,  Adv. Mater.    2011 ,  23 ,  4667 .  
[298]     G.    Pasparakis  ,   T.    Manouras  ,   A.    Selimis  ,   M.    Vamvakaki  ,   P.    Argitis  , 

 Angew. Chem., Int. Ed.    2011 ,  50 ,  4142 .  
[299]     M.    Lundin  ,   F.    Solaqa  ,   E.    Thormann  ,   L.    Macakova  ,   E.    Blomberg  , 

 Langmuir    2011 ,  27 ,  7537 .  
[300]     M. N.    Antipina  ,   G. B.    Sukhorukov  ,  Adv. Drug Delivery Rev.    2011 ,  63 , 

 716 .  
[301]     K.    Sato  ,   K.    Yoshida  ,   S.    Takahashi  ,   J.-i.    Anzai  ,  Adv. Drug Delivery Rev.   

 2011 ,  63 ,  809 .  
[302]     O.    Guillaume-Gentil  ,   M.    Gabi  ,   M.    Zenobi-Wong  ,   J.    Vörös  ,  Biomed. 

Microdevices    2011 ,  13 ,  221 .  
[303]     A. P.    Esser-Kahn  ,   S. A.    Odom  ,   N. R.    Sottos  ,   S. R.    White  , 

  J. S.    Moore  ,  Macromolecules    2011 ,  44 ,  5539 .  
[304]     R.    Zahn  ,   E.    Thomasson  ,   O.    Guillaume-Gentil  ,   J.    Vörös  ,   T.    Zambelli  , 

 Biomaterials    2012 ,  33 ,  3421 .  



FE
A
TU

R
E 

A
R
TI

C
LE

5646 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 5624–5648

www.afm-journal.de
www.MaterialsViews.com

[305]     D.    Mawad  ,   P. J.    Molino  ,   S.    Gambhir  ,   J. M.    Locke  ,   D. L.    Offi cer  , 
  G. G.    Wallace  ,  Adv. Funct. Mater.    2012 ,  22 ,  5020 .  

[306]     Y.    Cho  ,   J.    Lim  ,   K.    Char  ,  Soft Matter    2012 ,  8 ,  10271 .  
[307]     B. M.    Wohl  ,   J. F. J.    Engbersen  ,  J. Controlled Release    2012 ,  158 ,  2 .  
[308]     D.    Volodkin  ,   A.    Skirtach  ,   H.    Möhwald  ,  Polym. Int.    2012 ,  61 ,  673 .  
[309]     B. S.    Aytar  ,   M. R.    Prausnitz  ,   D. M.    Lynn  ,  ACS Appl. Mater. Interfaces   

 2012 ,  4 ,  2726 .  
[310]     I.    Drachuk  ,   O.    Shchepelina  ,   M.    Lisunova  ,   S.    Harbaugh  , 

  N.    Kelley-Loughnane  ,   M.    Stone  ,   V. V.    Tsukruk  ,  ACS Nano    2012 ,  6 , 
 4266 .  

[311]     A.    Yu Mironenko  ,   A. A.    Sergeev  ,   S. S.    Voznesenskiy  ,   D. V.    Marinin  , 
  S.    Yu Bratskaya  ,  Carbohydr. Polym.    2013 ,  92 ,  769 .  

[312]     R. R.    Costa  ,   E.    Castro  ,   F. J.    Arias  ,   J. C.    Rodríguez-Cabello  , 
  J. F.    Mano  ,  Biomacromolecules    2013 ,  14 ,  2403 .  

[313]     R. R.    Costa  ,   C. A.    Custódio  ,   F. J.    Arias  ,   J. C.    Rodríguez-Cabello  , 
  J. F.    Mano  ,  Nanomedicine: NBM    2013 ,  9 ,  895 .  

[314]     C.    Cho  ,   J.-W.    Jeon  ,   J.    Lutkenhaus  ,   N. S.    Zacharia  ,  ACS Appl. Mater. 
Interfaces    2013 ,  5 ,  4930 .  

[315]     W.    Li  ,   P.    Zhao  ,   C.    Lin  ,   X.    Wen  ,   E.    Katsanevakis  ,   D.    Gero  ,   O.    Félix  , 
  Y.    Liu  ,  Biomacromolecules    2013 ,  14 ,  2647 .  

[316]     G.    Findenig  ,   R. J.    Kargl  ,   K.    Stana-Kleinschek  ,   V.    Ribitsch  ,  Langmuir   
 2013 ,  29 ,  8544 .  

[317]     R. R.    Costa  ,   A.    Girotti  ,   M.    Santos  ,   F. J.    Arias  ,   J. F.    Mano  , 
  J. C.    Rodríguez-Cabello  ,  Acta Biomater.    2014 ,  10 ,  2653 .  

[318]     Y.    Wang  ,   Z.    Tang  ,   P.    Podsiadlo  ,   Y.    Elkasabi  ,   J.    Lahann  ,   N. A.    Kotov  , 
 Adv. Mater.    2006 ,  18 ,  518 .  

[319]     P.    Lavalle  ,   J.-C.    Voegel  ,   D.    Vautier  ,   B.    Senger  ,   P.    Schaaf  ,   V.    Ball  , 
 Adv. Mater.    2011 ,  23 ,  1191 .  

[320]     A.    Zhuk  ,   S. A.    Sukhishvili  ,  Soft Matter    2013 ,  9 ,  5149 .  
[321]     P. K.    Deshmukh  ,   K. P.    Ramani  ,   S. S.    Singh  ,   A. R.    Tekade  , 

  V. K.    Chatap  ,   G. B.    Patil  ,   S. B.    Bari  ,  J. Controlled Release    2013 ,  166 , 
 294 .  

[322]     A. S.    Hoffman  ,  Adv. Drug Delivery Rev.    2013 ,  65 ,  10 .  
[323]     M. J.    Serpe  ,   C. D.    Jones  ,   L. A.    Lyon  ,  Langmuir    2003 ,  19 ,  8759 .  
[324]     K.    Glinel  ,   G. B.    Sukhorukov  ,   H.    Möhwald  ,   V.    Khrenov  ,   K.    Tauer  , 

 Macromol. Chem. Phys.    2003 ,  204 ,  1784 .  
[325]     K.    Glinel  ,   C.    Déjugnat  ,   M.    Prevot  ,   B.    Schöler  ,   M.    Schönhoff  , 

  R. v.    Klitzing  ,  Colloids Surf. A    2007 ,  303 ,  3 .  
[326]     H. G.    Schild  ,  Prog. Polym. Sci.    1992 ,  17 ,  163 .  
[327]     M.    Ebara  ,   M.    Yamato  ,   M.    Hirose  ,   T.    Aoyagi  ,   A.    Kikuchi  ,   K.    Sakai  , 

  T.    Okano  ,  Biomacromolecules    2003 ,  4 ,  344 .  
[328]     F.    Eeckman  ,   A. J.    Moës  ,   K.    Amighi  ,  Eur. Polym. J.    2004 ,  40 ,  873 .  
[329]     H.    Vihola  ,   A.    Laukkanen  ,   L.    Valtola  ,   H.    Tenhu  ,   J.    Hirvonen  ,  Bioma-

terials    2005 ,  26 ,  3055 .  
[330]     M.    Yamato  ,   O. H.    Kwon  ,   M.    Hirose  ,   A.    Kikuchi  ,   T.    Okano  , 

 J. Biomed. Mater. Res.    2001 ,  55 ,  137 .  
[331]     K.    Uchida  ,   K.    Sakai  ,   E.    Ito  ,   O. H.    Kwon  ,   A.    Kikuchi  ,   M.    Yamato  , 

  T.    Okano  ,  Biomaterials    2000 ,  21 ,  923 .  
[332]     Y.    Fu  ,   S. L.    Bai  ,   S. X.    Cui  ,   D. L.    Qiu  ,   Z. Q.    Wang  ,   X.    Zhang  ,  Macro-

molecules    2002 ,  35 ,  9451 .  
[333]     H. Y.    Zhang  ,   Y.    Fu  ,   D.    Wang  ,   L. Y.    Wang  ,   Z. Q.    Wang  ,   X.    Zhang  , 

 Langmuir    2003 ,  19 ,  8497 .  
[334]     V.    Kozlovskaya  ,   E.    Kharlampieva  ,   M. L.    Mansfi eld  ,   S. A.    Sukhishvili  , 

 Chem. Mater.    2006 ,  18 ,  328 .  
[335]     G. K.    Such  ,   J. F.    Quinn  ,   A.    Quinn  ,   E.    Tjipto  ,   F.    Caruso  ,  J. Am. 

Chem. Soc.    2006 ,  128 ,  9318 .  
[336]     G. K.    Such  ,   E.    Tjipto  ,   A.    Postma  ,   A. P. R.    Johnston  ,   F.    Caruso  , 

 Nano Lett.    2007 ,  7 ,  1706 .  
[337]     L. A.    Connal  ,   Q.    Li  ,   J. F.    Quinn  ,   E.    Tjipto  ,   F.    Caruso  ,   G. G.    Qiao  , 

 Macromolecules    2008 ,  41 ,  2620 .  
[338]     A. L.    Becker  ,   A. N.    Zelikin  ,   A. P. R.    Johnston  ,   F.    Caruso  ,  Langmuir   

 2009 ,  25 ,  14079 .  
[339]     N.    Murthy  ,   J.    Campbell  ,   N.    Fausto  ,   A. S.    Hoffman  ,   P. S.    Stayton  , 

 Bioconjugate Chem.    2003 ,  14 ,  412 .  

[340]     J.    Gensel  ,   T.    Borke  ,   N. P.    Pérez  ,   A.    Fery  ,   D. V.    Andreeva  , 
  E.    Betthausen  ,   A. H. E.    Müller  ,   H.    Möhwald  ,   E. V.    Skorb  ,  Adv. 
Mater.    2012 ,  24 ,  985 .  

[341]     A. P. R.    Johnston  ,   L.    Lee  ,   Y.    Wang  ,   F.    Caruso  ,  Small    2009 ,  5 ,  1418 .  
[342]     J.    You  ,   J. S.    Heo  ,   J.    Kim  ,   T.    Park  ,   B.    Kim  ,   H.-S.    Kim  ,   Y.    Choi  , 

  H. O.    Kim  ,   E.    Kim  ,  ACS Nano    2013 ,  5 ,  4119 .  
[343]     S.    Eustis  ,   M. A.    El-Sayed  ,  Chem. Soc. Rev.    2006 ,  35 ,  209 .  
[344]     A. O.    Govorov  ,   H. H.    Richardson  ,  Nano Today    2007 ,  2 ,  30 .  
[345]     A. O.    Govorov  ,   W.    Zhang  ,   T.    Skeini  ,   H.    Richardson  ,   J.    Lee  , 

  N. A.    Kotov  ,  Nanoscale Res. Lett.    2006 ,  1 ,  84 .  
[346]     X. H.    Huang  ,   P. K.    Jain  ,   I. H.    El-Sayed  ,   M. A.    El-Sayed  ,  Nanomedi-

cine    2007 ,  2 ,  681 .  
[347]     B.    Radt  ,   T. A.    Smith  ,   F.    Caruso  ,  Adv. Mater.    2004 ,  16 ,  2184 .  
[348]     A. G.    Skirtach  ,   C.    Déjugnat  ,   D.    Braun  ,   A. S.    Susha  ,   A. L.    Rogach  , 

  W. J.    Parak  ,   H.    Möhwald  ,   G. B.    Sukhorukov  ,  Nano Lett.    2005 ,  5 , 
 1371 .  

[349]     L. L.    del Mercato  ,   P.    Rivera-Gil  ,   A. Z.    Abbasi  ,   M.    Ochs  ,   C.    Ganas  , 
  I.    Zins  ,   C.    Sönnichsen  ,   W. J.    Parak  ,  Nanoscale    2010 ,  2 ,  458 .  

[350]     H.    Ai  ,  Adv. Drug Delivery Rev.    2011 ,  63 ,  772 .  
[351]     A. P. R.    Johnston  ,   M. M. J.    Kamphuis  ,   G. K.    Such  ,   A. M.    Scott  , 

  E. C.    Nice  ,   J. K.    Heath  ,   F.    Caruso  ,  ACS Nano    2012 ,  6 ,  6667 .  
[352]     J.    Cui  ,   M. P.    van Koeverden  ,   M.    Müllner  ,   K.    Kempe  ,   F.    Caruso  ,  Adv. 

Colloid Interface Sci.    2014 ,  207 ,  14 .  
[353]     L. L.    del Mercato  ,   M. M.    Ferraro  ,   F.    Baldassarre  ,   S.    Mancarella  , 

  V.    Greco  ,   R.    Rinaldi  ,   S.    Leporatti  ,  Adv. Colloid Interface Sci.    2014 , 
 207 ,  139 .   

[354]     T.    Soike  ,   A. K.    Streff  ,   C.    Guan  ,   R.    Ortega  ,   M.    Tantawy  ,   C.    Pino  , 
  V. P.    Shastri  ,  Adv. Mater.    2010 ,  22 ,  1392 .  

[355]     D.    Radziuk  ,   D. G.    Shchukin  ,   A.    Skirtach  ,   H.    Möhwald  , 
  G.    Sukhorukov  ,  Langmuir    2007 ,  23 ,  4612 .  

[356]     A. S.    Angelatos  ,   B.    Radt  ,   F.    Caruso  ,  J. Phys. Chem. B    2005 ,  109 , 
 3071 .  

[357]     S.    Wang  ,   C.    Li  ,   F.    Chen  ,   G.    Shi  ,  Nanotechnology    2007 ,  18 , 
 185707 .  

[358]     B. G.    De Geest  ,   A. G.    Skirtach  ,   T. R. M.    De Beer  ,   G. B.    Sukhorukov  , 
  L.    Bracke  ,   W. R. G.    Baeyem  ,   J.    Demeester  ,   S. C.    De Smedt  , 
 Macromol. Rapid Commun.    2007 ,  28 ,  88 .  

[359]     K.    Katagiri  ,   K.    Koumoto  ,   S.    Iseya  ,   M.    Sakai  ,   A.    Matsuda  ,   F.    Caruso  , 
 Chem. Mater.    2009 ,  21 ,  195 .  

[360]     N.    Li  ,   D. S.    Kommireddy  ,   Y.    Lvov  ,   W.    Liebenberg  ,   L. R.    Tiedt  , 
  M. M.    De Villiers  ,  J. Nanosci. Nanotechnol.    2006 ,  6 ,  3252 .  

[361]     E. V.    Skorb  ,   L. I.    Antonouskaya  ,   N. A.    Belyasova  ,   D. G.    Shchukin  , 
  H.    Möhwald  ,   D. V.    Sviridov  ,  Appl. Catal. B: Environ.    2008 ,  84 ,  94 .  

[362]     Y.    Hong  ,   M.    Yu  ,   W.    Weng  ,   K.    Cheng  ,   H.    Wang  ,   J.    Lin  ,  Biomaterials   
 2013 ,  34 ,  11 .  

[363]     E. L.    Papadopoulou  ,   M.    Barberoglou  ,   V.    Zorba  ,   A.    Manousaki  , 
  A.    Pagkozidis  ,   E.    Stratakis  ,   C.    Fotakis  ,  J. Phys. Chem. C    2009 ,  113 , 
 2891 .  

[364]     M.    Ochs  ,   S.    Carregal-Romero  ,   J.    Rejman  ,   K.    Braeckmans  , 
  S. C.    De Smedt  ,   W. J.    Parak  ,  Angew. Chem., Int. Ed.    2013 ,  52 ,  695 .  

[365]     H.-J.    Yoon  ,   T. G.    Lim  ,   J.-H.    Kim  ,   Y. M.    Cho  ,   Y. S.    Kim  ,   U. S.    Chung  , 
  J. H.    Kim  ,   B. W.    Choi  ,   W.-G.    Koh  ,   W.-D.    Jang  ,  Biomacromolecules   
 2014 ,  15 ,  1382 .  

[366]     A. G.    Skirtach  ,   P.    Karageorgiev  ,   M. F.    Bédard  ,   G. B.    Sukhorukov  , 
  H.    Möhwald  ,  J. Am. Chem. Soc.    2008 ,  130 ,  11572 .  

[367]     M. F.    Bédard  ,   D.    Braun  ,   G. B.    Sukhorukov  ,   A. G.    Skirtach  ,  ACS 
Nano    2008 ,  2 ,  1807 .  

[368]     S.    Carregal-Romero  ,   M.    Ochs  ,   P.    Rivera-Gil  ,   C.    Ganas  , 
  A. M.    Pavlov  ,   G. B.    Sukhorukov  ,   W. J.    Parak  ,  J. Controlled Release   
 2012 ,  159 ,  120 .  

[369]     A. G.    Skirtach  ,   P.    Karageorgiev  ,   B. G.    De Geest  ,   N.    Pazos-Perez  , 
  D.    Braun  ,   G. B.    Sukhorukov  ,  Adv. Mater.    2008 ,  20 ,  506 .  

[370]     X.    Feng  ,   L.    Feng  ,   M.    Jin  ,   J.    Zhai  ,   L.    Jiang  ,   D.    Zhu  ,  J. Am. Chem. Soc.   
 2004 ,  126 ,  62 .  



FEA
TU

R
E A

R
TIC

LE

5647wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2014, 24, 5624–5648

www.afm-journal.de
www.MaterialsViews.com

[371]     C.    Badre  ,   T.    Pauporté  ,   M.    Turmine  ,   D.    Lincot  ,  Nanotechnology   
 2007 ,  18 ,  365705 .  

[372]     C. S.    Lao  ,   Y.    Li  ,   C. P.    Wong  ,   Z. L.    Wang  ,  Nano Lett.    2007 ,  7 ,  1323 .  
[373]     B. P.    Timko  ,   T.    Dvir  ,   D. S.    Kohane  ,  Adv. Mater.    2010 ,  22 ,  4925 .  
[374]     V.    Ntziachristos  ,   J.    Ripoll  ,   L. H. V.    Wang  ,   R.    Weissleder  ,  Nat. Bio-

technol.    2005 ,  23 ,  313 .  
[375]     C.    Kirchner  ,   A.    Muñoz Javier  ,   A. S.    Susha  ,   A. L.    Rogach  ,   O.    Kreft  , 

  G. B.    Sukhorukov  ,   W. J.    Parak  ,  Talanta    2005 ,  67 ,  486 .  
[376]     C. J.    Murphy  ,   T. K.    San  ,   A. M.    Gole  ,   C. J.    Orendorff  ,   J. X.    Gao  , 

  L.    Gou  ,   S. E.    Hunyadi  ,   T.    Li  ,  J. Phys. Chem. B    2005 ,  109 ,  13857 .  
[377]     A. G.    Skirtach  ,   A.    Muñoz Javier  ,   O.    Kreft  ,   K.    Köhler  ,   A. P.    Alberola  , 

  H.    Möhwald  ,   W. J.    Parak  ,   G. B.    Sukhorukov  ,  Angew. Chem., Int. Ed.   
 2006 ,  45 ,  4612 .  

[378]     O.    Kreft  ,   A. G.    Skirtach  ,   G. B.    Sukhorukov  ,   H.    Möhwald  ,  Adv. 
Mater.    2007 ,  19 ,  3142 .  

[379]     O.    Kreft  ,   M.    Prevot  ,   H.    Möhwald  ,   G. B.    Sukhorukov  ,  Angew. Chem., 
Int. Ed.    2007 ,  46 ,  5605 .  

[380]     M. F.    Bédard  ,   B. G.    De Geest  ,   A. G.    Skirtach  ,   H.    Möhwald  , 
  G. B.    Sukhorukov  ,  Adv. Colloid Interface Sci.    2010 ,  158 ,  2 .  

[381]     M. F.    Bédard  ,   A.    Muñoz-Javier  ,   R.    Mueller  ,   P.    del Pino  ,   A.    Fery  , 
  W. J.    Parak  ,   A. G.    Skirtach  ,   G. B.    Sukhorukov  ,  Soft Matter    2009 ,  5 , 
 148 .  

[382]     A. N.    Volkov  ,   C.    Sevilla  ,   L. V.    Zhigilei  ,  Appl. Surf. Sci.    2007 ,  253 , 
 6394 .  

[383]     P.    Rivera Gil  ,   L. L.    del Mercato  ,   P.    del-Pino  ,   A.    Muñoz Javier  , 
  W. J.    Parak  ,  Nano Today    2008 ,  3–4 ,  12 .  

[384]     D. V.    Volodkin  ,   N.    Madaboosi  ,   J.    Blacklock  ,   A. G.    Skirtach  , 
  H.    Möhwald  ,  Langmuir    2009 ,  25 ,  14037 .  

[385]     D. V.    Volodkin  ,   M.    Delcea  ,   H.    Möhwald  ,   A. G.    Skirtach  ,  ACS Appl. 
Mater. Interfaces    2009 ,  1 ,  1705 .  

[386]     A. G.    Skirtach  ,   D. V.    Volodkin  ,   H.    Möhwald  ,  ChemPhysChem    2010 , 
 11 ,  822 .  

[387]     S.    Schmidt  ,   N.    Madaboosi  ,   K.    Uhlig  ,   D.    Köhler  ,   A.    Skirtach  , 
  C.    Duschl  ,   H.    Möhwald  ,   D. V.    Volodkin  ,  Langmuir    2012 ,  28 , 
 7249 .  

[388]     C.    Lu  ,   I.    Dönch  ,   M.    Nolte  ,   A.    Fery  ,  Chem. Mater.    2006 ,  18 ,  6204 .  
[389]     W.    Xu  ,   I.    Choi  ,   F. A.    Plamper  ,   C. V.    Synatschke  ,   A. H. E.    Müller  , 

  V. V.    Tsukruk  ,  ACS Nano    2013 ,  7 ,  598 .  
[390]     E. V.    Skorb  ,   H.    Möhwald  ,  Adv. Mater.    2013 ,  25 ,  5029 .  
[391]     F.    Caruso  ,   H.    Lichtenfeld  ,   E.    Donath  ,   H.    Möhwald  ,  Macromolecules   

 1999 ,  32 ,  2317 .  
[392]     Z.    Dai  ,   A.    Voigt  ,   S.    Leporatti  ,   E.    Donath  ,   L.    Dähne  ,   H.    Möhwald  , 

 Adv. Mater.    2001 ,  13 ,  1339 .  
[393]     N.    Gaponik  ,   I. L.    Radtchenko  ,   M. R.    Gerstenberger  ,   Y. A.    Fedutik  , 

  G. B.    Sukhorukov  ,   A. L.    Rogach  ,  Nano Lett.    2003 ,  3 ,  369 .  
[394]     T.    Jamieson  ,   R.    Bakhshi  ,   D.    Petrova  ,   R.    Pocock  ,   M.    Imani  , 

  A. M.    Seifalian  ,  Biomaterials    2007 ,  28 ,  4717 .  
[395]     P.    Sharma  ,   S.    Brown  ,   G.    Walter  ,   S.    Santra  ,   B.    Moudgil  ,  Adv. Colloid 

Interface Sci.    2006 ,  123 ,  471 .  
[396]     H.    Zollinger  ,  Color Chemistry: Syntheses, Properties, and Applica-

tions of Organic Dyes and Pigments ,  3rd Ed. ,  VHCA and Wiley-VCH , 
 Zürich and Weinheim, Switzerland and Germany    2003 .  

[397]     G.    de la Torre  ,   C. G.    Claessens  ,   T.    Torres  ,  Chem. Commun.    2007 , 
 2000 .  

[398]     K.    Araki  ,   M. J.    Wagner  ,   M. S.    Wrighton  ,  Langmuir    1996 ,  12 ,  5393 .  
[399]     Y.    Egawa  ,   R.    Hayashida  ,   J.-i.    Anzai  ,  Langmuir    2007 ,  23 ,  13146 .  
[400]     R. R.    Carballo  ,   V.    Campodall’ Orto  ,   J. A.    Hurst  ,   A.    Spiaggi  , 

  C.    Bonazzola  ,   I. N.    Rezzano  ,  Electrochim. Acta    2008 ,  53 ,  5215 .  
[401]     M. F.    Bédard  ,   S.    Sadasivan  ,   G. B.    Sukhorukov  ,   A.    Skirtach  ,  J. 

Mater. Chem.    2009 ,  19 ,  2226 .  
[402]     R.    Teixeira  ,   P. M. R.    Paulo  ,   A. S.    Viana  ,   S. M. B.    Costa  ,  J. Phys. 

Chem. C    2011 ,  115 ,  24674 .  
[403]     J.    Han  ,   X.    Xu  ,   X.    Rao  ,   M.    Wei  ,   D. G.    Evans  ,   X.    Duan  ,  J. Mater. 

Chem.    2011 ,  21 ,  2126 .  

[404]     H.    Yaku  ,   T.    Fujimoto  ,   T.    Murashima  ,   D.    Miyoshi  ,   N.    Sugimoto  , 
 Chem. Commun.    2012 ,  48 ,  6203 .  

[405]     A.    Natansohn  ,   P.    Rochon  ,  Chem. Rev.    2002 ,  102 ,  4139 .  
[406]     G.    Wang  ,   J.    Zhang  ,  J. Photochem. Photobiol. C: Photochem. Rev.   

 2012 ,  13 ,  299 .  
[407]     Y.    Lvov  ,   S.    Yamada  ,   T.    Kunitake  ,  Thin Solid Films    1997 ,  300 ,  107 .  
[408]     A.    Laschewsky  ,   E.    Wischerhoff  ,   M.    Kauranen  ,   A.    Persoons  ,  Macro-

molecules    1997 ,  30 ,  8304 .  
[409]     S.    Dante  ,   R.    Advincula  ,   C. W.    Frank  ,   P.    Stroeve  ,  Langmuir    1999 ,  15 , 

 193 .  
[410]     R.    Advincula  ,   M.-K.    Park  ,   A.    Baba  ,   F.    Kaneko  ,  Langmuir    2003 ,  19 , 

 654 .  
[411]     S. K.    Kumar  ,   J.-K.    Park  ,   J.-D.    Hong  ,  Langmuir    2007 ,  23 ,  5093 .  
[412]     E.-H.    Kang  ,   T.    Bu  ,   P.    Jin  ,   J.    Sun  ,   Y.    Yang  ,   J.    Shen  ,  Langmuir    2007 , 

 23 ,  7594 .  
[413]     M.    Bédard  ,   A. G.    Skirtach  ,   G. B.    Sukhorukov  ,  Macromol. Rapid 

Commun.    2007 ,  28 ,  1517 .  
[414]     S. K.    Kumar  ,   J.-D.    Hong  ,  Langmuir    2008 ,  24 ,  4190 .  
[415]     H.    Zhang  ,   X.    Yan  ,   Y.    Wang  ,   Y.    Deng  ,   X.    Wang  ,  Polymer    2008 ,  49 , 

 5504 .  
[416]     X.    Li  ,   P.    Fan  ,   X.    Tuo  ,   Y.    He  ,   X.    Wang  ,  Thin Solid Films    2009 ,  517 , 

 2055 .  
[417]     N. M.    Ahmad  ,   M.    Saqib  ,   C. J.    Barrett  ,  J. Macromol. Sci., Part A: 

Pure Appl. Chem.    2010 ,  47 ,  571 .  
[418]     J.    Han  ,   D.    Yan  ,   W.    Shi  ,   J.    Ma  ,   H.    Yan  ,   M.    Wei  ,   D. G.    Evans  , 

  X.    Duan  ,  J. Phys. Chem. B    2010 ,  114 ,  5678 .  
[419]     M.    Sailer  ,   R.    Fernández  ,   X.    Lu  ,   C. J.    Barrett  ,  Phys. Chem. Chem. 

Phys.    2013 ,  15 ,  19985 .  
[420]     Y.    Zhang  ,   Y.    Ma  ,   J.    Sun  ,  Langmuir    2013 ,  29 ,  14919 .  
[421]     D.    Wang  ,   X.    Wang  ,  Prog. Polym. Sci.    2013 ,  38 ,  271 .  
[422]     G. S.    Kumar  ,   D. C.    Neckers  ,  Chem. Rev.    1989 ,  89 ,  1915 .  
[423]     K. G.    Yager  ,   C. J.    Barrett  ,  J. Photochem. Photobiol. A: Chem.    2006 , 

 182 ,  250 .  
[424]     R.    Klajn  ,  Pure Appl. Chem.    2010 ,  82 ,  2247 .  
[425]     R. H.    El Halabieh  ,   O.    Mermut  ,   C. J.    Barrett  ,  Pure Appl. Chem.    2004 , 

 76 ,  1445 .  
[426]     C.    Barrett  ,   A.    Natansohn  ,   P.    Rochon  ,  Chem. Mater.    1995 ,  7 ,  899 .  
[427]     Y.    Zhang  ,   Y.    Ma  ,   J.    Sun  ,  Langmuir    2013 ,  29 ,  14919 .  
[428]     A.    Goulet-Hanssens  ,   K. L. W.    Sun  ,   T. E.    Kennedy  ,   C. J.    Barrett  ,  Bio-

macromolecules    2012 ,  13 ,  2958 .  
[429]     H.    Kitano  ,   T.    Oehmichen  ,   N.    Ise  ,  Makromol. Chem.    1991 ,  192 , 

 1107 .  
[430]     O. M.    Tanchak  ,   C. J.    Barrett  ,  Macromolecules    2005 ,  38 ,  10566 .  
[431]     Y.    Wang  ,   P.    Han  ,   G.    Wu  ,   H.    Xu  ,   Z.    Wang  ,   X.    Zhang  ,  Langmuir   

 2010 ,  26 ,  9736 .  
[432]     R.    Fernández  ,   C.    Ocando  ,   S. C. M.    Fernandes  ,   A.    Eceiza  ,   A.    Tercjak  , 

 Biomacromolecules    2014 ,  15 ,  1399 .  
[433]     G.    Berkovic  ,   V.    Krongauz  ,   V.    Weiss  ,  Chem. Rev.    2000 ,  100 ,  1741 .  
[434]     F. M.    Reymo  ,   S. P.    Giordani  ,  Proc. Natl. Acad. Sci. USA    2002 ,  99 , 

 4941 .  
[435]     R.    Klajn  ,  Chem. Soc. Rev.    2014 ,  43 ,  148 .  
[436]     S.-H.    Kim  ,   C.    Yu  ,   C.-J.    Shin  ,   M.-S.    Choi  ,  Dyes Pigments    2007 ,  75 , 

 250 .  
[437]     S.-H.    Kim  ,   C.    Yu  ,   C.-J.    Shin  ,   S.-R.    Keum  ,   K.    Koh  ,  Dyes Pigments   

 2007 ,  72 ,  378 .  
[438]     S.-H.    Kim  ,   S.    Wang  , in  Dyes and Pigments: New Research  (Ed: 

  A. R.    Lang  ),  Nova Science Publishers, Inc ,  NY, USA    2008 ,  Ch. 4 .  
[439]     V. S.    Joseph  ,   S.    Kim  ,   Q.    Zhang  ,   R.    Hoogenboom  ,   J.-D.    Hong  , 

 Polymer    2013 ,  54 ,  4894 .  
[440]     J.    Pennakalathil  ,   J.-D.    Hong  ,  ACS Nano    2011 ,  5 ,  9232 .  
[441]     V. I.    Minkin  ,  Chem. Rev.    2004 ,  104 ,  2751 .  
[442]     S.    Watanabe  ,   S. L.    Regen  ,  J. Am. Chem. Soc.    1994 ,  116 ,  8855 .  
[443]     V. V.    Tsukruk  ,   F.    Rinderspacher  ,   V. N.    Bliznyuk  ,  Langmuir    1997 ,  13 , 

 2171 .  



FE
A
TU

R
E 

A
R
TI

C
LE

5648 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 5624–5648

www.afm-journal.de
www.MaterialsViews.com

[444]     J.    Wang  ,   J.    Chen  ,   X.    Jia  ,   W.    Cao  ,   M.    Li  ,  Chem. Commun.    2000 , 
 511 .  

[445]     A. J.    Khopade  ,   F.    Caruso  ,  Langmuir    2002 ,  18 ,  7669 .  
[446]     L.    Shen  ,   N.    Hu  ,  Biomacromolecules    2005 ,  6 ,  1475 .  
[447]     T.    Tanaka  ,   S.    Nishimoto  ,   Y.    Kameshima  ,   M.    Miyake  ,  Mater. Lett.   

 2011 ,  65 ,  2315 .  
[448]     K.    Sato  ,   J.    Anzai  ,  Molecules    2013 ,  18 ,  8440 .  
[449]     C. C.    Lee  ,   J. A.    MacKay  ,   J. M. J.    Fréchet  ,   F. C.    Szoka  ,  Nat. Bio-

technol.    2005 ,  23 ,  1517 .  
[450]     G. R.    Newkome  ,   C. D.    Shreiner  ,  Polymer    2008 ,  49 ,  1 .  
[451]     G.    Lamanna  ,   J.    Russier  ,   C.    Ménard-Moyon  ,   A.    Bianco  ,  Chem. 

Commun.    2011 ,  47 ,  8955 .  
[452]     C.    Dufés  ,   I. F.    Uchegbu  ,   A. G.    Schatzlein  ,  Adv. Drug Delivery Rev.   

 2005 ,  57 ,  2177 .  
[453]     S. H.    Medina  ,   M. E. H.    El-Sayed  ,  Chem. Rev.    2009 ,  109 ,  3141 .  
[454]     L.    Quanming  ,   J.    Guohua  ,   T.    Kangkang  ,  Des. Monomers Polym.   

 2010 ,  13 ,  301 .  
[455]     D.    Astruc  ,   E.    Boisselier  ,   C.    Ornelas  ,  Chem. Rev.    2010 ,  110 ,  1857 .  
[456]     J. M.    Oliveira  ,   A. J.    Salgado  ,   N.    Sousa  ,   J. F.    Mano  ,   R. L.    Reis  ,  Prog. 

Polym. Sci.    2010 ,  35 ,  1163 .  
[457]     G.    Lamanna  ,   J.    Russier  ,   H.    Dumortier  ,   A.    Bianco  ,  Biomaterials   

 2012 ,  33 ,  5610 .  
[458]     J. L.    Casson  ,   H.-L.    Wang  ,   J. B.    Roberts  ,   A. N.    Parikh  , 

  J. M.    Robinson  ,   M. S.    Johal  ,  J. Phys. Chem. B    2002 ,  106 ,  1697 .  
[459]     B. Y.    Kim  ,   M. L.    Bruening  ,  Langmuir    2003 ,  19 ,  94 .  
[460]     C.    Li  ,   K.    Mitamura  ,   T.    Imae  ,  Macromolecules    2003 ,  36 ,  9957 .  
[461]     A. J.    Khopade  ,   F.    Caruso  ,  Nano Lett.    2002 ,  2 ,  415 .  
[462]     D. H.    Kim  ,   O.-J.    Lee  ,   E.    Barriau  ,   X.    Li  ,   A.-M.    Caminade  , 

  J.-P.    Majoral  ,   H.    Frey  ,   W.    Knoll  ,  J. Nanosci. Nanotechnol.    2006 ,  6 , 
 3871 .  

[463]     A. S.    Costa  ,   T.    Imae  ,   K.    Takagi  ,   K.    Kikuta  ,  Prog. Colloid Polym. Sci.   
 2004 ,  128 ,  113 .  

[464]     Y.    Takaguchi  ,   T.    Tajima  ,   K.    Ohta  ,   J.    Motoyoshiya  ,   H.    Aoyama  , 
 Chem. Lett.    2000 ,  29 ,  1388 .  

[465]     Y.    Takaguchi  ,   T.    Tajima  ,   K.    Ohta  ,   J.    Motoyoshiya  ,   H.    Aoyama  , 
  T.    Wakahara  ,   T.    Akasaka  ,   M.    Fujitsuka  ,   O.    Ito  ,  Angew. Chem., Int. 
Ed.    2002 ,  41 ,  817 .  

[466]     C.    Hirano  ,   T.    Imae  ,   S.    Fujima  ,   Y.    Yanagimoto  ,   Y.    Takaguchi  ,  Lang-
muir    2005 ,  21 ,  272 .  

[467]     S.    Liu  ,   Z.    Tang  ,   Z.    Wang  ,   Z.    Peng  ,   E.    Wang  ,   S.    Dong  ,  J. Mater. 
Chem.    2000 ,  10 ,  2727 .  

[468]     L.    Cheng  ,   J.    Liu  ,   S.    Dong  ,  Anal. Chim. Acta    2000 ,  417 ,  133 .  
[469]     L.    Cheng  ,   J. A.    Cox  ,  Chem. Mater.    2002 ,  14 ,  6 .  
[470]     S.    Liu  ,   D. G.    Kurth  ,   B.    Bredenkötter  ,   D.    Volkmer  ,  J. Am. Chem. Soc.   

 2002 ,  124 ,  12279 .  
[471]     L.    Xu  ,   H.    Zhang  ,   E.    Wang  ,   D. G.    Kurth  ,   Z.    Li  ,  J. Mater. Chem.    2002 , 

 12 ,  654 .  
[472]     Y.    Wang  ,   X.    Wang  ,   C.    Hu  ,   C.    Shi  ,  J. Mater. Chem.    2002 ,  12 ,  703 .  
[473]     Y.    Shen  ,   J.    Liu  ,   J.    Jiang  ,   B.    Liu  ,   S.    Dong  ,  J. Phys. Chem. B    2003 ,  107 , 

 9744 .  
[474]     M.    Jiang  ,   E.    Wang  ,   G.    Wei  ,   L.    Xu  ,   Z.    Kang  ,   Z.    Li  ,  New J. Chem.   

 2003 ,  27 ,  1291 .  
[475]     Y.    Wang  ,   C.    Guo  ,   Y.    Chen  ,   C.    Hu  ,   W.    Yu  ,  J. Colloid Interface Sci.   

 2003 ,  264 ,  176 .  
[476]     Y.    Wang  ,   C.    Hu  ,  Thin Solid Films    2005 ,  476 ,  84 .  
[477]     G.    Gao  ,   L.    Xu  ,   W.    Wang  ,   W.    An  ,   Y.    Qiu  ,   Z.    Wang  ,   E.    Wang  ,  J. Phys. 

Chem. B    2005 ,  109 ,  8948 .  

[478]     Y.    Feng  ,   J.    Peng  ,   Z.    Han  ,   H.    Ma  ,  J. Colloid Interface Sci.    2005 ,  286 , 
 589 .  

[479]     L.    Wang  ,   D.    Xiao  ,   E.    Wang  ,   L.    Xu  ,  J. Colloid Interface Sci.    2005 ,  285 , 
 435 .  

[480]     M.    Lu  ,   B.    Xie  ,   J.    Kang  ,   F.-C.    Chen  ,   Y.    Yang  ,   Z.    Peng  ,  Chem. Mater.   
 2005 ,  17 ,  402 .  

[481]     T.    Dong  ,   H.    Ma  ,   W.    Zhang  ,   L.    Gong  ,   F.    Wang  ,   C.    Li  ,  J. Colloid Inter-
face Sci.    2007 ,  311 ,  523 .  

[482]     G.    Bazzan  ,   W.    Smith  ,   L. C.    Francesconi  ,   C. M.    Drain  ,  Langmuir   
 2008 ,  24 ,  3244 .  

[483]     B.    Xu  ,   L.    Xu  ,   G.    Gao  ,   W.    Guo  ,   S.    Liu  ,  J. Colloid Interface Sci.    2009 , 
 330 ,  408 .  

[484]     D.    Fan  ,   G.    Li  ,   J.    Hao  ,  J. Colloid Interface Sci.    2010 ,  351 ,  151 .  
[485]     S.    Gao  ,   D.    Pan  ,   R.    Cao  ,  J. Colloid Interface Sci.    2011 ,  358 ,  593 .  
[486]     M.    Sadakane  ,   E.    Steckhan  ,  Chem. Rev.    1998 ,  98 ,  219 .  
[487]     A.    Müller  ,   F.    Peters  ,   M. T.    Pope  ,   D.    Gatteschi  ,  Chem. Rev.    1998 ,  98 , 

 239 .  
[488]     T.    Yamase  ,  Chem. Rev.    1998 ,  98 ,  307 .  
[489]     J. T.    Rhule  ,   C. L.    Hill  ,   D. A.    Judd  ,  Chem. Rev.    1998 ,  98 ,  327 .  
[490]     D. E.    Katsoulis  ,  Chem. Rev.    1998 ,  98 ,  359 .  
[491]     W.    Qi  ,   L.    Wu  ,  Polym. Int.    2009 ,  58 ,  1217 .  
[492]     D.-L.    Long  ,   R.    Tsunashima  ,   L.    Cronin  ,  Angew. Chem., Int. Ed.    2010 , 

 49 ,  1736 .  
[493]     A.    Dolbecq  ,   E.    Dumas  ,   C. R.    Mayer  ,   P.    Mialane  ,  Chem. Rev.    2010 , 

 110 ,  6009 .  
[494]     Y.-F.    Song  ,   R.    Tsunashima  ,  Chem. Soc. Rev.    2012 ,  41 ,  7384 .  
[495]     R.    Dessapt  ,   M.    Collet  ,   V.    Coué  ,   M.    Bujoli-Doeuff  ,   S.    Jobic  ,   C.    Lee  , 

  M.-H.    Whangbo  ,  Inorg. Chem.    2009 ,  48 ,  574 .  
[496]     S.    Gao  ,   R.    Cao  ,   C.    Yang  ,  J. Colloid Interface Sci.    2008 ,  324 ,  156 .  
[497]     N.    Anwar  ,   M.    Vagin  ,   R.    Naseer  ,   S.    Imar  ,   M.    Ibrahim  ,   S. S.    Mal  , 

  U.    Kortz  ,   F.    Laffi r  ,   T.    McCormac  ,  Langmuir    2012 ,  28 ,  5480 .  
[498]     L.    Cheng  ,   L.    Niu  ,   J.    Gong  ,   S.    Dong  ,  Chem. Mater.    1999 ,  11 ,  1465 .  
[499]     S.    Liu  ,   H.    Möhwald  ,   D.    Volkmer  ,   D. G.    Kurth  ,  Langmuir    2006 ,  22 , 

 1949 .  
[500]     V.    Ball  ,   C.    Ringwald  ,   J.    Bour  ,   M.    Michel  ,   R.    Al-Oweini  ,   U.    Kortz  , 

 J. Colloid Interface Sci.    2013 ,  409 ,  166 .  
[501]     D. M.    Fernandes  ,   C.    Freire  ,  J. Appl. Electrochem.    2014 ,  44 ,  655 .  
[502]     Y.    Feng  ,   Z.    Han  ,   J.    Peng  ,   J.    Lu  ,   B.    Xue  ,   L.    Li  ,   H.    Ma  ,   E.    Wang  , 

 Mater. Lett.    2006 ,  60 ,  1588 .  
[503]     Y.    Wang  ,   X.    Wang  ,   C.    Hu  ,  J. Colloid Interface Sci.    2002 ,  249 ,  307 .  
[504]     S. Q.    Liu  ,   D. G.    Kurth  ,   H.    Möhwald  ,   D.    Volkmer  ,  Adv. Mater.    2002 , 

 14 ,  225 .  
[505]     A. M.    Douvas  ,   E.    Makarona  ,   N.    Glezos  ,   P.    Argitis  ,   J. A.    Mielczarski  , 

  E.    Mielczarski  ,  ACS Nano    2008 ,  2 ,  733 .  
[506]     L.    Gao  ,   E.    Wang  ,   Z.    Kang  ,   Y.    Song  ,   B.    Mao  ,   L.    Xu  ,  J. Phys. Chem. B   

 2005 ,  109 ,  16587 .  
[507]     L.    Cronin  ,  Angew. Chem., Int. Ed.    2006 ,  45 ,  3576 .  
[508]     R.-J.    Zhang  ,   J.-w.    Cui  ,   D.-M.    Lu  ,   W.-G.    Hou  ,  Chem. Commun.    2007 , 

 1547 .  
[509]     J. M.    Breen  ,   W.    Schmitt  ,  Angew. Chem., Int. Ed.    2008 ,  47 ,  6904 .  
[510]     J.    Cui  ,   D.    Fan  ,   J.    Hao  ,  J. Colloid Interface Sci.    2009 ,  330 ,  488 .  
[511]     L.    Liu  ,   S.    Wang  ,   W.    Chen  ,   E.    Wang  ,  Mater. Lett.    2012 ,  78 ,  22 .  
[512]     R.    Zhang  ,   J.    Shang  ,   J.    Xin  ,   B.    Xie  ,   Y.    Li  ,   H.    Möhwald  ,  Adv. Colloid 

Interface Sci.    2014 ,  207 ,  361 .   
[513]     J. F.    Mano  ,   G. A.    Silva  ,   H. S.    Azevedo  ,   P. B.    Malafaya  ,   R. A.    Sousa  , 

  S. S.    Silva  ,   L. F.    Boesel  ,   J. M.    Oliveira  ,   T. C.    Santos  ,   A. P.    Marques  , 
  N. M.    Neves  ,   R. L.    Reis  ,  J. R. Soc. Interface    2007 ,  4 ,  999 .   




