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A B S T R A C T   

Polyelectrolyte multilayer (PEM) films and particularly hollow capsules composed of PEM shells have gained 
significant interest since their introduction. Their compositional versatility and easiness of preparation via so- 
called layer-by-layer assembly led to the development of numerous systems containing also stimuli-responsive 
components. This paper reviews the achievements related to the formation, determination of structure, and 
properties of PEM films and capsules responding to major physical, chemical, and biological stimuli. Their ap
plications as e.g., microcarriers for controlled delivery release of active components, substrates for controlled 
cells’ growth, coatings for enhanced surface adhesion, or self-healing anticorrosive systems are shown and 
discussed. The influence of various stimuli on integrity, permeability of the films or capsules shell are presented 
together with related applications in biomedicine for controlled drug release as well as in biotechnology and 
industrial protective coatings.   

1. Introduction 

Electrostatically driven self-assembly of charged polymers, often 
referred to as the layer-by-layer (LbL) approach, represents a facile and 
powerful path for fabrication of ultrathin polymer films of desired 
structure [1]. Since the pioneering report of G. Decher [2], the LbL 
technique has attracted increasing attention due to its versatility and 
simplicity. It is based on alternating adsorption of polyanions and pol
ycations on charged surfaces and leads to the formation of ultrathin 
polyelectrolyte multilayers (PEM) (Fig.1). 

The physicochemical parameters of the films, like thickness, stiff
ness, chemistry, stability, permeability, composition, biofunctionality, 
and dynamics might be modified to a certain extent by changing the 
assembly conditions. The thickness of the LbL coating might be well- 
controlled by varying the degree of protonation of the applied compo
nents changing ionic strength and/or pH of their solutions [3]. When 
PEM assemblies at a pH value near the pKa value of any of the poly
electrolyte (PE), the polymer chains are not fully expanded leading to 
the formation of relatively thick films. As strong polyelectrolytes are 
charged over a wide pH range, it is not easy to control the properties of 
PEM based on such polymers unless one takes specific measures to 
disturb the polymer-polymer interactions by manipulating other stimuli 

like ionic strength, temperature, solvent polarity. Weak polyelectrolytes 
are charged in a smaller pH window, therefore, polymeric conforma
tions could be easily modulated upon changing the pH of their solutions 
[4]. 

The LbL method was later extended to different types of interactions, 
e.g. ion-dipole interaction, hydrogen bonding, hydrophobic interaction, 
and biospecific recognition [6] as well as to many other charged nano
objects (nanoparticles, dendrimers) and virtually to any flat or curved 
surfaces [7,8]. The films may be deposited on a colloidal template and 
after its removal the hollow capsules in the nano or micrometer range 
may be formed [9,10] (Fig. 2). Other hollow micro/nanoobjects like 
vesicles, silicone spheres, polymersomes may be covered by LbL films to 
obtain functional capsules. Thus, using the LbL technique, very sophis
ticated systems may be obtained easily and inexpensively. Generally, 
multilayer formation by LbL technique is developed towards the for
mation of functional coatings, capsules [11,12,13] as well as free- 
standing planar membranes [14] for filtration and separation applica
tions and as vehicles for delivering substances especially in biomedical 
applications [15,16]. They can be used in tissue engineering [17], as 
wound dressings [18], self-healing materials [19], biomimetic and/or 
bio-responsive surfaces [20], drug delivery systems [21], (bio)sensors, 
photovoltaics, microreactors, optoelectronic devices, or energy storage 
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[22,23,24,25]. 
A variety of materials can be used as cores and walls in the formation 

of the capsules via the LbL method, leading to fabrication of multi
functional carriers responding to various stimuli thus giving rise to 
diverse approaches for encapsulation and release of substances. 

2. Fabrication of LbL capsules 

The group led by Helmuth Möhwald demonstrated in 1998 the 
fabrication of hollow polymeric capsules by alternate deposition of 
oppositely charged polyelectrolytes on solid colloidal particles that were 
decomposed after formation of the polymeric multilayer shell. [26]. The 
deposition can be performed either by adding the exact amount of a 
polyelectrolyte necessary to form a monolayer at each step on the 
template particles (saturation method), or applying solutions with the 
excess of polyelectrolytes followed by washing steps. The former 
approach seems to be less time-consuming due to omitting the washing 
cycles and adventegeous thanks to lower consumption of poly
electrolytes, but the major problem such as formation of free poly
electrolyte complexes in solution and aggregation of colloidal particles 
remain challanging [27,28]. Therefore, rather the former method has 
been used more oftenly. In this approach, the nonadsorbed poly
electrolyte molecules must be removed before adding the next poly
electrolyte solution to the particles to avoid formation of polyelectrolyte 
complexes in the solution. This is usually done by performing at least 
three washing cycles with pure water. Each cycle consists of centrifu
gation and subsequent re-dispersion of core particles in water. An 
alternative to centrifugation is filtration of the particles’ dispersion 
through size-matched filters [29]. Ones the deposition of desired num
ber of polyelectrolyte layers is accomplished, the dissolution of the 
sacrificial template is required in order to obtain hollow capsules. This is 
done by a chemical treatment of core/shell particles in conditions that 
decompose core templates. Commonly used CaCO3 particles are typi
cally dissolved in ethylenediaminetetraacetic acid disodium salt 
(EDTA), SiO2 particles in fluoric acid, melamine formaldehyde resins are 

decomposed in diluted hydrochloride acid, and polystyrene latex par
ticles in tetrahydrofuran [30]. For soft colloidal templates like vesicles, 
liposomes, micelles, and emulsion droplets the decomposition step is not 
considered to be necessary, however the washing process requires more 
sophisticated approach, as a typical centrifugation/re-dispersion may 
not work [31].When droplets of oil in water are used as templates, the 
excess polylectrolyte molecules can be remove by creaming/skimming 
cycles [32,33]. Application of liposomes or other vesicles as a core 
material involves a more complex procedure. After deposition of the first 
layer of polyelectrolyte, counter-polyelectrolyte is added without puri
fication step in-between. This results in formation of soft templates with 
one bilayer of polyelectrolytes deposited and inter-polyelectrolyte 
complexes disspersed in the solution. At that stage polyelectrolyte 
complexes can be remove by centrifugation as the soft templates with 
polylelectrolyte shell are much more stable. 

Fig. 1. Schematic illustration of alternating adsorption cycle. (1) initial negatively charged substrate, (2) polycation solution, (3) first adsorbed layer with weakly 
bounded chains, (4), (8) rinsing solutions, (5) first irreversibly adsorbed layer, (6) polyanion solution, (7) two-layers film with weakly bounded chains, (9) two-layers 
film after rinsing (reproduced from [5] with permission, copyright 2009 American Chemical Society). 

polycation polyanion
(1) (2)

(1), (2)…

core
dissolution

CAPSULE

COLLOIDAL
PARTICLE

Fig. 2. The multistep process of the formation of hollow multilayered capsules 
via the LbL technique. 
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3. Capsules loading and releasing strategies 

In general, encapsulation could be performed in three ways. 
(I) In the simplest method, the substance to be encapsulated is used 

as a core. This method can be applied for substances that can form 
colloidal crystals with a desired size and shape that are resistant to the 
conditions of adsorption of polyelectrolytes. For cores with low inherent 
surface charge, excipients such as surfactants can be applied to increase 
their surface charge. For example, paclitaxel nanoparticles were pre
pared in the presence of sodium docusate -negatively charged amphi
philic surfactant that remained adsorbed on the drug surface providing 
negative surface charge [34]. 

This method was used for encapsulation of ibuprofen [35,36], insulin 
[37], curcumin [38], vitamin K3 [39] dexamethasone [40], campto
thecin [34,41], biotin and naproxin crystals [42,43], docetaxel [44], 
furosemide, isoxyl, nifedipine [45], paclitaxel [46], indomethacin [47], 
meloxicam [48], prednisolone [49], resveratrol [50]. Poorly water- 
soluble drugs can be also encapsulated in oil-core capsules [51,52]. 
While highly water-soluble compounds like e.g. proteins and vitamin C 
could be encapsulated in the organic phase with an assembly of non- 
ionized polyelectrolytes [53]. Very interesting group of core materials 
that can be used for encapsulation are soft colloidal nanosurfaces. This 
includes vesicles, liposomes, micceles and emulsion droplets that can be 
loaded with therapeutic compaunds and latter cover with shell material 
that can provide control over cargo release [16]. 

(II) The second approach involves adsorption of active substances on 
the surface of the sacrificial templates (the substance to be encapsulated 
can be the wall consistuent at the same time) [54] and loading [55] or 
co-precipitation of them within solid cores [56], followed by the shell 
formation. Hereby, encapsulated substances are entrapped within such 
created core/shell particles that the dissolution of the templating cores 
results in the formation of capsules [57]. In this context, colloidal 
mesoporous silica particles [58] and CaCO3 particles [59] are the most 
representative and well-established inorganic materials that are under 
extensive research as drug carriers’ systems. Both materials can be easily 
chemically modified giving them great potential for achieving multi
functionality and they are naturally applicable for LbL electrostatic as
sembly due to their negative surface charge, which can also be converted 
into a positive one after chemical modifications. 

Both types of particles were demonstrated to be loaded with various 
hydrophobic and hydrophilic compounds. Mesoporous silica particles 
are characterized by a very high surface area (up to 1500 m2/g) and 
controllable pore size (2–50 nm) [60,61,62]. Most substances, including 
a wide range of proteins [63] such as therapeutic lysozyme [64,65], 
lipase [66] and insulin [67] as well as chemotherapeutic drugs like 
doxorubicin (DOX) [68] and camptothecin [62] can be loaded inside the 
pores through a simple diffusion mechanism. Other methods of loading 
are less common. For example, gemcitabine (chemotherapeutic) was 
encapsulated during the evaporation of solvent from the casting 
ethanol/gemcitabine solution [69]. Another interesting, fast and easily 
scalable method was reported for loading ibuprofen by co-spray drying 
[70]. While direct medical applications of silica particles are hindered 
due to their toxicity [58,71], the problem can be overcome in LbL- 
modified systems by the application of biocompatible polyelectrolytes 
and the formation of core/shell particles [67,72,73,74] or capsules 
[60,75,76] after the dissolution of silica. 

CaCO3 particles have been widely investigated as a carrier medium 
[77,78] but also as sacrificial cores for the fabrication of capsules 
[79,80]. After core dissolution, polymeric microcapsules with loaded 
cargo molecules are obtained. Nowadays, CaCO3 particles have become 
one of the mostly used decomposable matrices due to their biocompat
ibility, easiness of preparation, and dissolution in mild conditions. In 
addition, polymeric microcapsules as carriers provide a wide range of 
possibilities to apply various stimuli for the release of encapsulated 
substances in a controlled manner. 

Encapsulation in the porous CaCO3 particles is done mostly by the 

co-precipitation during particles synthesis by the addition of cargo 
molecules to the salt solutions. This approach can be performed either 
by encapsulation into the crystals fabricated by the solution precipita
tion or reverse emulsion method [78]. Cargo molecules added to the 
reaction mixture can affect the crystallization process influencing the 
structure, morphology, stability, size, and shape of resulting crystals, 
which can play either a positive or negative role [81,82]. A wide variety 
of bioactive compounds were demonstrated to be encapsulated in such a 
way, e.g., proteins [83], chemotherapeutic drugs such as 5-fluorouracil 
[84], DOX [85,86,87], antibiotics like tetracycline [88] and silver 
nanoparticles for antibacterial applications [89,90]. Another frequently 
used method to encapsulate molecules within CaCO3 particles is based 
on infiltration. Cargo molecules are mixed with the CaCO3 crystals fol
lowed by decreasing solubility of the molecules to be encapsulated via 
changing the pH or solvent evaporation [78,91]. 5-fluorouracil and Na- 
L-thyroxine were demonstrated to be loaded within CaCO3 pores by a 
simple diffusion mechanism [84]. Cargo molecules can be also adsorbed 
on the CaCO3 surface by mixing CaCO3 crystals with a solution of cargo 
molecules. The investigation of the adsorption process for different 
therapeutic proteins (aprotinin, catalase, insulin, protamine) indicated 
that the main driving force in this process is inter-protein interactions 
[92,93]. 

A recently developed method of loading of CaCO3 particles is based 
on the mixing of pre-synthesized particles with the material to be 
encapsulated while freezing at − 20 ◦C. Freezing-induced loading 
method allowed for 3 times higher loading of magnetite nanoparticles 
and 4 times higher loading of protein molecules in comparison to the 
adsorption and coprecipitation methods [94]. 

(III) The third method of encapsulation is based on the reduction of 
capsules’ walls permeability for molecules that initially easily permeate 
the walls of hollow capsules. It can be done by chemical cross-linking 
and rising of the temperature that leads to densification of microcap
sules walls and irreversible decreasing of their permeability or by 
changes of pH [95], ionic strength, and UV irradiation that could lead to 
reversible changes in the walls of the microcapsules [96]. 

Once encapsulation and delivery are finalized the cargo molecules 
should be released in response to certain stimuli. Due to the deposition 
method and components used, most LbL multilayers have a structure 
that is kinetically trapped, meaning that they are prone to post- 
treatment under certain triggering factors, resulting in different types 
of reconfigurations [22]. Thus, they are perfect candidates to be utilized 
in the fields of stimuli-responsive materials. However, for this to happen, 
certain conditions must be met. First of all, external stimuli must 
generate a visible/measurable effect, typically caused by a change in the 
structure of the coating leading to e.g.: release of cargo molecules, 
enhancing/inhibition of surface adhesion. Secondly, the user should be 
able to control this process by changing the applied stimuli [97]. 
Possible external triggers may be classified into two groups: physical or 
chemical stimuli. Changes in temperature, application of light, ultra
sounds, or magnetic field are examples of physical stimuli [98]. The 
chemical ones are: variations of pH, ionic strength, or proceeding 
chemical reactions. Effective action of the triggers requires the usage of 
specific components/additives in PEM that show desired behavior upon 
exposure to the selected stimuli. They can be metal nanoparticles, light/ 
thermosensitive polymers, dyes, etc. [1] In the case of capsules the 
release could be induced by changes in parameters of the capsules me
dium like pH [99] ionic strength, and temperature or the presence of 
appropriate enzymes that can cause damaging of the capsules [100]. 
Reduction of the electrostatic interactions between oppositely charged 
polymeric units by pH and ionic strength can be used to stimulate 
reversible changes in microcapsules permeability and allow for cyclic 
loading and unloading of them. Another possibility is the remote release 
of the encapsulated molecules by external stimuli like electromagnetic 
waves (UV-VIS, NIR, microwaves), magnetic forces, and ultrasounds 
[101,102]. Remote triggers often lead to damaging of the capsules and 
burst release of the encapsulated substances. 
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4. Physical stimuli 

4.1. Temperature 

Variations of temperature is one of the environmental parameters 
applied to cause changes in the structure of some PEM that imply 
changes in their properties [103]. The mechanism of the temperature- 
driven structural rearrangements in polyelectrolyte films known as the 
coil-globule transition is a reversible switch of polymer chains confor
mation from an expanded coiled conformation into a globular one 
[104,105]. 

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most explored 
in the field of temperature-sensitive polymers. Films containing PNIPAM 
were found to exhibit thermo-sensitive behavior [106,107,108]. The 
phase transition of an aqueous solution of PNIPAM observed by raising 
the temperature above ca. 32 ◦C (so-called lower critical solution tem
perature, LCST) originates from the breaking of the hydrogen bonds 
between the functional groups of PNIPAM and water molecules. 
Destruction of these hydrogen bonds leads to the exclusion of water from 
the chains and the formation of insoluble globules [109]. This process is 
reversible and can be inverted by lowering the temperature below LCST 
[103]. Jaber and Schlenoff discovered that the permeability of mem
branes built-up from cationic and anionic polymers containing PNIMAM 
segments was controlled by temperature [110]. The selected poly
electrolytes were: poly(allylamine hydrochloride) (PAH) serving as a 
polycation and poly(sodium 4-styrenesulfonate) (PSS) as polyanion, 
leading to the formation of PAH-co-PNIPAM/PSS-co-PNIPAM co
polymers PEM. Its permeability upon heating was reduced by about 50% 
for potassium ferricyanide as an electroactive probe and the process was 
found reversible. It was a promising result for potential controlled drug 
release systems. On the other hand, PNIPAM-grafted interfaces proved 
to be useful in cells controlling the attachment/detachment of cells by 
switching the temperature above and below the phase transition one 
[111]. These studies were followed by others, confirming that the 
removal of cells from PNIPAM surface allows preserving the cells 
structure and surrounding [112,113,114,115], and thus, to maintain 
their size and secretion ability [103]. Ferreira et al. showed that poly[1- 
[4-(3-carboxy-4 hydroxyphenylazo)benzene sulfonamido]-1,2- 
ethanediyl, sodium salt] (PAZO) alternated with PAH interact with 
biomolecules in a controlled manner [116]. Those films were applied for 
the one-pot cell seeding approach which leads to an alignment of human 
dermal fibroblasts. Temperature decrease caused the formation of 
monolayers of such aligned cells. Those so-called “cell sheets” exhibited 
advantageous mechanical properties, showing differential shrinkage, 
which was direction-dependent, while maintaining the cells and poly
peptides orientation [117]. 

Another impact of varying temperature on already formed PEMs was 
demonstrated by Diamanti et al. [118]. They showed the temperature 
annealing of poly-L-lysine (PLL) and alginate (ALG) multilayers. Reor
ganization of both PLL and ALG within the film into complexes resulting 
in maximal charge compensation was shown using AFM analysis - the 
PEM surface became smoother with increasing temperature. Simulta
neously, the wetting properties of its surface changed from hydrophilic 
to hydrophobic. Kolasinska et al. [119] described the PAH/PSS films 
under exposure to elevated temperature. PAH/PSS subjected to hot 
(70 ◦C) water underwent glass-to-melt transition [117,120,121]. The 
structural changes of PAH/PSS after exposure to elevated temperature 
were also analyzed using neutron reflectometry [119]. The authors 
found that upon heating, water was excluded from the multilayer inte
rior which resulted in the film densification and the multilayers became 
less rough. Koehler et al. observed a similar, but stronger effect for 
capsules, which will be described more in detail below [122]. Addi
tionally, they observed the shrinkage of capsules’ walls. In the case of 
films bounded to the surface, the change in PEM thickness was minor 
probably due to the fact that oppositely to free-standing capsules, PEM 
being assembled on the macroscopic surface reduced the freedom of 

chain conformations [123]. Kolasinska et al. observed also an increase in 
hydrophobicity of PEM upon heating. Moreover, they found a significant 
difference in the subsequent deposition of nanoparticles on PAH/PSS 
films depending on previous heating of PEM. In the case of nontreated 
films nanoparticles diffused inside the film resulting in a “mixture” of 
polyelectrolytes and nanoparticles. However, when multilayers were 
previously exposed to 70 ◦C water, a 2D “ordered” monolayer of nano
particles formed on the surface of PAH/PSS [119]. 

Effect of densification of PEM upon heating, indicated by the 
decrease in scattering length density was also observed by Steitz et al. for 
poly(diallyldimethylammonium chloride) (PDADMAC)/PSS [115] and 
Zerball et al. [124]. Although different aspects of controlled loading/ 
releasing of PEM are described mostly for polyelectrolyte capsules, some 
studies are dealing with PEM deposited on macroscopic supports. Sai
kaew et al. showed temperature-dependent loading/releasing of 
PDADMAC/PSS films by curcumin solution. Loading (additionally 
driven by solvent partitioning) reached the maximum at 5 ◦C, while 
releasing of curcumin occurred spontaneously by exposing the PEM to 
water at body temperature (37 ◦C) [125]. 

Golonka et al. studied the temperature-response of multilayers built 
up using thermosensitive polypeptides – ionic elastin-like recombi
namers (ELR) [126]. ELR are artificial biopolymers, consisting of 
repeating sequences present in the tropoelastin domains, obtained by 
DNA recombination technique, which provides almost unlimited ability 
to tune their properties by a selection of components. Ionic mers built-in 
for this study were lysine (cationic) and glutamic acid (anionic). The 
authors observed reversible, thermally-induced shrinking-swelling 
behavior with a meaningful ratio of the thickness measured for the range 
of temperature from 25 ◦C to 40 ◦C. They showed that structural changes 
upon rising temperature stabilized the multilayers making them good 
candidates for biomedical applications as tissue scaffolds or coatings for 
implants. Sausa et al. studied LbL multilayers based on sequential 
cycloaoctyne- and azide-modified ELRs. They showed that the structure 
of the film depends on the incubation temperature, i.e., multilayers kept 
above the transition temperature were more rough and hydrophobic 
oppositely to films kept below this temperature (changes in the range 
25 ◦C - 37 ◦C) [127]. They studied also cellular response for these two 
types of ELR, showing that cell adhesion, activity, and differentiation 
were related mainly to the chemistry of the ELR, which means that any 
designed ELR must be tested to prove its ability to some biomedical 
applications. 

Other interesting studies on thermoresponsive multilayer systems 
were described by Xu et al. [128]. They presented films of hyaluronic 
acid (HA) with block copolymer micelles (BCM) containing PNIPAM. 
The use of BCM was to enhance the loading capacity of the films for 
active agents. They demonstrated reversible swelling/shrinking 
behavior upon the temperature change induced by alternating proton
ation/deprotonation of PNIPAM in BCM, indicating possible applica
tions of such systems as hydrophobic drug nanocontainers. 

As it is mentioned above, the behavior of capsules shells upon 
changing temperature was studied by Köhler et al. [122]. PEM at room 
temperature are typically in a kinetically stable glassy phase. When the 
temperature of a solution increases above the temperature of a glass 
transition, multilayers turn into a viscoelastic state. More mobile poly
electrolyte chains rearrange towards more thermodynamically stable 
systems that could lead to swelling or shrinking of capsules. The direc
tion of polyelectrolyte rearrangement depends on the charge balance 
within shells and is forced by the interplay between competing elec
trostatic and hydrophobic forces. When the number of opposite charges 
within the shells is balanced so they compensate each other to a large 
extent, hydrophobic interactions dominate and the capsules shrink to 
reduce the interface area between the polymer layer and water. Other
wise, when in the polyelectrolyte shells there is an excess of the un
compensated charged groups, the electrostatic interactions dominate 
and capsules swell due to repulsion between the like charges. For better 
clarity discussed examples of temperature controlled polyelectrolyte 
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multilayer films are collected in the Table 1. 
Capsules consisting of PDADMAC and PSS can swell or shrink upon 

exposure to temperature depending on which polyelectrolyte is the 
outermost layer. When the outermost layer is formed by more hydro
phobic PSS the charge balance is more or less equilibrated. PSS adsorbs 
on the capsule’s surface without diffusion within the shell and slightly 
overcompensates the outer positive charge. Due to the domination of 
hydrophobic interaction such capsules shrink. When the PDADMAC is 
the outermost layer electrostatic interactions dominate [129,130]. This 
is because of the penetration of PDADMAC chains within multilayers 
that causes irregular growth of the polymeric film and provides an 
excess of the positively charged groups. Repulsion between not 
compensated like charges leads to the capsules swelling. Thermally- 
induced swelling of capsules with PDADMAC as the outermost layer 
was employed to release dexamethasone (glucocorticoid drug) (Fig. 3) 
[40]. It was reported that the capsules formed in the absence of salt 
exhibit greater changes in permeability with increasing temperature 
than those synthesized in 0.5 M NaCl solution. 

In the case of capsules consisting of PAH and PSS, shrinking was 
observed when capsules were terminated with PAH, while no significant 
shrinkage was observed for the capsules with PSS as the outermost layer 
[131]. Nevertheless, in both configurations permeability of the capsules 
was reduced after heating [132]. This is because both PSS, as well as 
PAH during the preparation of the capsules, adsorb on the surface 
without deep penetration within the shell providing an equilibrated 
charges ratio. 

Temperature-sensitive capsules capable of reversible shrinking upon 
changing the temperature were fabricated by application of polymers 
that undergo coil-globular phase transitions. A fluorescence probe, 
fluorescein isothiocyanate (FITC) was entrapped within capsules made 
of PSS and thermo-responsive star polyelectrolyte, poly(N,N-dimethy
laminoethyl methacrylate) (PDMAEMA) upon heating to 45 ◦C and 
subsequently it could be gradually released by cooling down to the room 
temperature [95]. Additionally, those capsules were able to change their 
size in response to the changes in pH and salt concentration. Another 
example of temperature-sensitive capsules that undergo reversible 
changes in their size are the capsules consisting of azido- and acetylene- 
functionalized PNIPAM copolymers. The capsules were synthesized by 
covalent bonding using click chemistry. After shrinking, the capsules 
become impermeable for higher molecular weight molecules [133]. 
Single component capsules made of 7 layers of poly(N- 
vinylcaprolactam) showed reversible thermoresponsive behavior as 

well. The capsules demonstrated a size decrease of 21% and 23% in the 
case of cubic and spherical capsules respectively, after heating from 
25 ◦C to 50 ◦C. The capsules’ size and shell thickness were completely 
recovered when cooling down to 25 ◦C [134]. 

For better clarity the discussed examples of temperature controlled 
polyelectrolyte multilayer capsules are collected in the Table 2. 

Table 1 
Examples of temperature controlled polyelectrolyte multilayer films.  

Multilayer structure Temperature responsive 
compound 

Temperature Mechanism of temperature triggering Literature 

poly(allylamine hydrochloride)-co-poly(N- 
isopropylacrylamide), PAH-co-PNIPAM; and poly 
(styrene sulfonate)- co-poly(N-isopropyl acrylamide), 
PSS-co-PNIPAM 

poly(N-isopropylacrylamide) 
(PNIPAM) 

33 ◦C and 
45 ◦C 

volume phase transition, enhancing 
hydrophobic interaction leading to change of 
its conformation from a well hydrated coil to 
an insoluble globule 

[110] 

poly(styrene sulfonate)- co-poly(N-isopropyl acrylamide), 
PSS-co-PNIPAM 

32 ◦C volume phase transition, enhancing 
hydrophobic interaction leading to change of 
its conformation and increase in 
hydrophobicity of film’s surface 

[111] 

poly(N-isopropylacrylamide) (PNIPAM) [112] 
[114] 

poly-L-lysine (PLL) / alginic acid sodium salt (Alg) poly-L-lysine (PLL) / alginic acid 
sodium salt (Alg) 

37 ◦C, 50 ◦C 
and 80 ◦C 

reorganization of the PEMs from a layered 
structure into complexes with enhanced 
interactions of polycations and polyanions 
(glass-melt transitions) 

[118] 

poly(allylamine hydrochloride) (PAH) /poly(sodium 4- 
styrenesulfonate) 
(PSS) 

poly(allylamine hydrochloride) 
(PAH) 

70 ◦C [119] 

poly(diallyldimethylammonium chloride) (PDADMAC) 
/poly(sodium 4-styrenesulfonate)(PSS) 

poly(diallyldimethylammonium 
chloride) (PDADMAC) 

40 ◦C [123] 
37 ◦C [125] 

elastin-like recombinamers (ELR) with lysine or glutamic 
acid 

elastin-like recombinamers (ELR) 40 ◦C volume phase transition [126] 

cycloaoctyne- and azide-modified ELR cycloaoctyne- and azide-modified 
ELR 

37 ◦C volume phase transition resulted in increase of 
roughness and more hydrophobic behavior 

[127] 

hyaluronic acid (HA) with block copolymer micelles (BCM) 
containing 2- hydroxyethyl methacrylate (PHEMA) and 
poly(N-isopropylacrylamide) PNIPAM 

PNIPAM-b-PHEMA Block 
Copolymers 

55 ◦C volume phase transition resulted in more 
hydrophobic behavior, deswelling and thus, 
shrinkage 

[128]  

PDADMAC/PSS – coated
Dexamethasone nanopar�cle Dexamethasone release

Heat

Fig. 3. Release of dexamethasone from the nanoparticles coated with PDAD
MAC/PSS multilayer upon increasing of temperature (reproduced from [40] 
with permission, copyright 2014 American Chemical Society). 

Table 2 
Examples of temperature controlled polyelectrolyte capsules.  

Capsule’s structure Temperature Mechanism of temperature 
triggering 

Literature 

PDADMAC/PSS/ 
dexamethasone NPs 

37 ◦C above Tg, PDADMAC 
penetrates within 
multilayers providing an 
excess of the positively 
charged groups repulsion 
between not compensated 
like charges leads to the 
capsules swelling 

[40] 

(PSS/PDMAEMA) 45 ◦C 
(pH = 7) 

Due to a coil-globular 
phase transition of 
multilayer component, 
capsules shrink above glass 
transition temperature and 
swell after temperature 
decreasing 

[95] 

Acetylene modified 
PNIPAM/Azido 
modified PNIPAM 

30 ◦C [133] 

poly(N-vinyl- 
caprolactam) 

50 ◦C [134]  
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4.2. Ultrasounds 

The ultrasound is a cyclic sound pressure with more than 20 kHz 
frequency. Ultrasound waves propagating through a certain medium can 
induce localized pressure variations and temperature increase, which 
can be employed for ultrasound-triggered release. Waves passing 
through the probe create microbubbles of air that oscillate in the sur
rounding fluid until they collapse causing cavitation that generates 
enormous energy in the fluid. This induces shear forces in the capsule 
shells and leads to their disintegration. Additionally to the capsule 
damaging it can contribute to local hyperthermia, bulk streaming of the 
fluid, or micro streaming of currents generated locally in the area of 
cavitating bodies [135]. Therefore, in most cases, capsules are 
completely destroyed within seconds and burst release of encapsulated 
molecules takes place. The behavior of the ultrasound-sensitive capsules 
depends on ultrasounds power and frequency as well as the exposure 
time [101]. 

The ultrasound-mediated release is strongly related to the mechan
ical robustness and rigidity of the capsules. Mechanically rigid PSS/PAH 
capsules are quite resistant to ultrasounds and require a very high power 
of ultrasonication for their disintegration [136]. Such capsules became 
more sensitive to ultrasounds after incorporation of ZnO [137], TiO2 
[138], SiO2 [139], gold nanoparticles [140] and superparamagnetic 
Fe3O4 nanoparticles [102] into their shells. This could be related to the 
reduction of the capsules’ elasticity due to the presence of a high amount 
of nanoparticles in the shell that made capsules prone to break upon 

exposure to ultrasounds [136,140]. Another explanation is that higher 
sensitivity for ultrasounds is the result of improved acoustic energy 
absorption due to the increase in density gradient across the water/shell 
with nanoparticles interface [140]. 

Lisunowa et al. demonstrated a broad study on ultrasound-sensitive 
capsules consisting of hydrogen-bonded tannic acid (TA) and poly(N- 
vinylpyrrolidone) (PVPON) that show high imaging contrast and 
release of DOX upon low power irradiation (100 mW/cm2) used for 
diagnostic, as well as high power irradiation (above 10 W/cm2) used for 
cancer therapy (Fig. 4) [141]. It was demonstrated that imaging contrast 
of these capsules was related to the capsules’ mechanical properties and 
can be controlled by the type of polyelectrolyte, number of poly
electrolyte layers, and polyelectrolyte molecular weight. Capsules made 
of relatively rigid TA give lower contrast imaging than capsules with 
flexible poly(methacrylic acid) (PMA) as wall ingredients. Conse
quently, imaging contrast of capsules increased with decreasing number 
of polyelectrolyte layers as well as decreasing molecular weight of 
PVPON. It was demonstrated elsewhere that with decreasing molecular 
weight of PVPON from 1300 kDa to 360 kDa and 55 kDa, the elastic 
modulus of TA/PVPON capsules also decreased from 4.3 MPa to 1.6 MPa 
and 0.89 MPa respectively [142]. 

Other examples are capsules consisting of bovine serum albumin 
(BSA)/TA multilayer’s loaded with magnetite nanoparticles. CaCO3 
microparticles were used as sacrificial core loaded by freezing-induced 
method with magnetite nanoparticles and fluorescently labeled BSA. 
Such prepared ultrasound responsive capsules were disintegrated within 

Fig. 4. Schematic representation of: (A) hydrogen-bonded TA/PVPON capsules with encapsulated DOX; (B) ultrasounds-triggered destruction of capsules (repro
duced from [141] with permission, copyright 2017 American Chemical Society). 
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1 min under high-intensity focused ultrasound. The release behavior was 
tested by in vitro and in vivo studies [143]. Ultrasounds mediated sys
tems are mostly developed towards theranostic applications, where both 
the tracking of drug carriers and triggering drug release in the desired 
place are crucial. 

4.3. Light 

Light irradiation has been used as an external trigger offering the 
ability to accomplish an easily adjusted and precise spatiotemporal 
control over the attachment/detachment of biomolecules, cells, or bio
sensors as well as the release of encapsulated cargo for controlled drug 
delivery. Since light is capable of penetrating deeply into tissues it has 
great potential in the biomedical field. Thus, the design of multilayer 
systems incorporating absorbing centers attracted the attention of re
searchers dealing with stimuli-responsive PEM. A number of various 
strategies based on the incorporation of light-responsive materials into 
polyelectrolyte films, such as metal nanoparticles, metal oxides, func
tional dyes, or polyoxometalate have been proposed to date [144] 
(Fig. 5). 

Light interacting with PEM mainly causes their disassembly and 
(partial) removal from the support or release of cargo from the micro
capsules. It was used in surface patterning as an external stimulus, which 
promotes the dissolution of some polymers [145]. Cao et al. used a 
polyaniline derivative with a photosensitive diazoresin polymer to 
achieve micropatterns of PEM after UV exposure through a photomask 
that led to photo-induced changes in solubility of the resin. Irradiated 
areas became insoluble while not irradiated ones were decomposed and 
removed with an alkaline solution. This system was applied for the 
fabrication of a pattern of fluorescent-labeled antibodies and described 
as a simple and fast immunoassay method of antigen-antibody recog
nition [146]. A similar mechanism was studied by Wang et al. who found 
that films containing poly(acrylic acid) (PAA) and an azobenzene- 
tailored surfactant were decomposed by exposure to UV light [147]. 

By using a photomask they obtained a precisely controlled patterned 
surface. Tercjak et al. described a photoresponsive system of chitosan 
(CH) and water-soluble poly(vinylamine) with an azo dye as a side 
chain. By some manipulations they were able to achieve a high level of 
photo-orientation leading to the optically active system with potential 
applications in optics, electronics, and biotechnology due to biocom
patibility and biodegradability of CH [148]. Tanchak et al. reported the 
photomechanical response of multilayer containing azobenzene- 
functionalized PAA related to conformational changes within the film 
occurring after irradiation [149]. Zhang and coworkers described pho
toresponsive and electrochromic properties of polyaniline and 
azobenzene-modified polyelectrolyte as promising in photonic devices 
[150]. Moreover, the studied structures showed high resistance to 
erosion by organic solvents. Pennakalathil and Hong reported PDAD
MAC/PSS PEM with a sacrificial multilayer composed of poly(acrylate) 
containing merocyanine pendant groups that rapidly disassemble when 
irradiated with visible light [151]. Due to photoisomerization of ionic 
merocyanine to neutral spiropyran the attractive electrostatic in
teractions within the film disappear and its hydrophobicity increases 
that leads to the release of PDADMAC/PSS free-standing film. The films 
with spiropyran groups can be applied for protein and cell adhesion 
control on surfaces [152,153]. When illuminated with UV light, spi
ropyran isomerizes from the hydrophobic spiro structure to the polar, 
zwitterionic merocyanine group. Desorption of fibrinogen, platelets, and 
mesenchymal stem cells from the surface covered with poly(spiropyran- 
co-methyl methacrylate) was observed by Higuchi et al. [152], while 
Edahiro et al. demonstrated reverse adhesion of living cells on films 
containing PNIPAM with spiropyran as side chains [153]. Moreover, 
they showed that different types of cells have unique sensitivity towards 
UV irradiation. 

Another strategy for the use of light as a trigger is the incorporation 
of nanoparticles sensitive to irradiation into PEM. Yuan et al. introduced 
TiO2 nanoparticles into the multilayers to enable their action of contact- 
killing of bacteria. TiO2 was chosen for its potential to create biocidal 
radicals upon UV light irradiation to obtain long-term antimicrobial 
surfaces [154]. Corbitt et al. showed that poly(phenylene ethynylene)- 
type conjugated PEM microspheres entrapped and oxidatively killed 
bacteria in response to illumination with the visible light [155]. 

Möhwald et al. described functionalization of planar PLL/HA and 
PAH/PSS films with nanocapsules and gold nanoparticles used as trig
gers for the release of multilayer components, cargo as DNA for tissue 
engineering and biocoatings [156,157,158]. 

For better clarity the discussed examples of light controlled poly
electrolyte multilayer films are collected in the Table 3. 

Nanoparticles and chromophore molecules that absorb light can be 
incorporated into PEM microcapsules walls for the triggered release of 
encapsulated substances under exposure to light irradiation. UV- and 
visible light-responsive capsules were designed to be applied in e.g. 
agriculture and cosmetics while NIR-sensitive systems are desired for 
biomedical applications. The light absorption by the skin, blood, and 
most tissues is relatively low for wavelengths in the range of 
700–1700 nm (near-infrared therapeutic window) [159] allowing for 
deep and safe penetration of light into tissues by a few centimeters 
[160]. Thus, NIR-sensitive capsules have been intensively studied as 
carriers in intercellular delivery of drugs, time-specific release and as 
bioreactors [161,162,163,164]. Additionally, similar to magnetic hy
perthermia, the NIR-induced local heating was investigated in the 
photodynamic treatment of cancer and could be combined with NIR- 
triggered release of encapsulated drugs in one system [165,166,167]. 

Pioneering research on NIR remote release of cargo from capsules 
concerned the incorporation of plasmonic gold and silver nanoparticles 
that exhibit strong absorption in the NIR region due to the surface 
plasmon resonance (SPR) oscillations [168,169,170]. An increase in 
vibration energy related to absorption of light in the SPR band induces 
temperature rising that can be used to affect capsules’ permeability. SPR 
wavelength region is determined by structural features of the 

Fig. 5. Schematic illustration of various light-responsive components within 
multilayers: NP – nanoparticles, POM-polyoxymetalate, dyes, and dye- 
functionalized polymer (reproduced from [144] with permission, copyright 
2014 WILEY-VCH Verlag GmbH & Co. KGaA). 
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nanoparticles: their size, aspect ratio, and aggregation state [171]. Thus, 
control over capsules permeability can be done by optimization of 
particles shape, size, and particles concentration in the capsules shells 
on the one hand and NIR irradiation power and period on the other 
hand. Gold and silver nanoparticles absorb electromagnetic waves in the 
visible range but it is possible to shift their absorption spectrum into the 
NIR region or to create a second absorption region by changing their size 
and shape [172,173]. 

Skirtach et al. demonstrated that PAH/PSS shells with a high con
centration of silver nanoparticles with a diameter of 8 nm were 
destroyed under exposure to NIR irradiation (803 nm, laser intensity 
25 mW) [169]. Similarly, PAH/PSS capsules with incorporated gold 
nanoparticles with a diameter of 6 nm were destroyed under 1064 nm 
laser pulses (10 ns) [168]. In both systems, capsule rupturing was 
explained by heating of the shells above the spinodal point of water and 
thermal stresses. In later articles, Skirtach et al. demonstrated PAH/PSS 
capsules with incorporated gold sulfide core/gold shell nanoparticles 
[174], and PDADMAC/PSS capsules with gold nanorods [175] and gold 
nanoparticle aggregates [176] as NIR absorbing centers with higher 
absorption in the NIR region as an alternative of single, densely packed 
nanoparticles. In such systems local heating (around NIR absorbing 
agents), above the glass transition temperature of polymer complex, 
provides enough energy to surpass the barrier necessary for polymeric 
chains rearrangements. That in consequence allows for an increase in 
shell permeability and sustained cargo release without capsules 
damaging. 

Another mechanism of non-destructive cargo release was involved in 
the system consisting of hydrogel shells cross-linked by glucosami
ne‑boronate ester complexes and duplex nucleic acids with embedded 
Au nanoparticles with a diameter of 30 nm or Au nanorods [173]. 
Irradiation with the wavelengths of 532 nm in the case of capsules with 
nanoparticles and 910 nm for capsules with nanorods, resulted in 
reversible dissociation of the nucleic acid cross-linkers due to plasmonic 
heating and local temperature increase to 50 ◦C and 54 ◦C, respectively. 
Switching off the irradiation source resulted in shells regeneration and 
blockage of release. 

The release of encapsulated material from capsules containing gold 

[170] and silver [177] nanoparticles was demonstrated also inside living 
cells. Capsules with embedded gold nanostars were used to study the 
intercellular spreading of 43 different fluorescent molecular cargos that 
were released from endocytosed capsules after short laser irradiation. It 
was demonstrated that intracellular spread is not because of free diffu
sion, but it is determined by the interaction of the released molecules 
with intracellular components [178]. Recently, it was shown that opti
cally resonant dielectric iron oxide nanoparticles (α-Fe2O3) have a 
broader spectral range of efficient optical heating as noble metals. Such 
nanoparticles incorporated into the capsules shells were used to deliver 
and remote release of anticancer drug vincristine upon laser irradiation 
within a tumor and healthy cells [179]. 

Other materials that were incorporated into the capsules shells as 
NIR absorbing centers were graphene oxide [180], single-walled carbon 
nanotubes (SWCNTs) [181], and multi-walled carbon nanotubes 
(MWCNTs) (Fig. 6 A) [182]. Microcapsules consisting of alternate layers 
of graphene oxide and PAH were completely destroyed after 45 s of 
irradiation (laser power 30 mW, 1064 nm) [180]. Similarly, PDADMAC/ 
PSS capsules with one layer of partially oxidized SWCNTs within 15 min 
of NIR irradiation were disintegrated into the small fragments (pulsed 
laser power 9 mW, 800 nm) [181]. It was shown that PDADMAC/PSS 
capsules with incorporated MWCNTs in the amount of 7% only can be 
loaded with high molecular weight molecules of both charges after 
irradiation with a NIR broadband lamp (780–1400 nm) [182]. The in
crease of the capsules’ permeability most likely occurred only locally in 
the proximity of the MWCNTs as the whole capsules were not damaged 
even after 40 min of irradiation. On the other hand, it was demonstrated 
that small molecules, which may easily diffuse through capsules shells, 
can be entrapped within their interior by increasing the temperature of 
an aqueous medium and they can be subsequently released from the 
capsules by NIR irradiation. Thus, an increase of temperature can be 
applied to influence the capsules’ permeability and used for encapsu
lation when applied to the bulk capsules dispersion, or for release of 
cargo when applied locally (e.g. optical or magnetic heating; see 
further). 

UV-VIS responsive capsules are fabricated either by application of 
polyelectrolytes with photo-responsive groups or by incorporation of 

Table 3 
Examples of light controlled polyelectrolyte multilayer films.  

Multilayer structure Light responsive compound Wavelength 
[nm] 

Mechanism of light triggering Literature 

polyaniline derivative (PAAA)/ diazoresin 
(DR) 

diazoresin (DR) 360 micropattern formation by DR disassembly 
regulated by DR solubility via irradiation by 
UV light through photo mask 

[146] 

poly(acrylic acid) (PAA)/ azobenzene-containing 
surfactant triethylamine (AzoTEA) 

azobenzene-containing surfactant 
triethylamine (AzoTEA) 

360 micropattern formation by DR disassembly 
regulated by DR solubility via irradiation by 
UV light through photo mask 

[147] 

chitosan (CH)/ azopolymer poly[1-[4-(3-carboxy-4- 
hydroxyphenylazo)benzenesulfonamido]-1,2- 
ethanediyl, sodium salt] (PCBS) 

azopolymer poly[1-[4-(3-carboxy-4- 
hydroxyphenylazo)benzenesulfonamido]- 
1,2-ethanediyl, sodium salt] (PCBS) 

365 photo-orientation upon azobenzene trans- 
cis isomerization cycles 

[148] 

azobenzene-functionalized polyacrylic acid poly-disperse red 1 acrylate (PDR1A) 514 film expansion due to azobenzene trans-cis 
isomerization cycles 

[149] 

polyaniline (PANI) and azo-polyelectrolyte azobenzene-containing polymers: 
PNACN, PPAPE, PNANT or PNATZ 

488 photoinduced dichroism caused by the 
photoisomerization and subsequent 
reorientation of the azo chromophores 

[150] 

poly(acrylate, merocyanine) (PMC).poly 
(diallyldimethylammonium chloride) (PDADMAC) 

PMC 360 photoinduced isomerisation of PMC to poly 
(acrylate), spiropyran PSP leading to film 
disassembly for cell adhesion control 

[151] 

copolymer of nitrobenzospiropyran and methyl 
methacrylate, poly(NSP-co-MMA) 

poly(NSP- co-MMA) 365 [152] 

poly(N-isopropylacrylamide) having spiropyran 
(pNSp-NIPAAm) 

pNSp-NIPAAm 365 [153] 

heparyn/chitosan-TiO2 TiO2 365 photocatalytical, contact-active 
antibacterial agent 

[154] 

hyaluronic acid (HA) and poly-L-lysine (PLL) and poly 
(styrene sulfonate) (PSS) and poly(allylamine 
hydrochloride) (PAH) with au nanoparticles 

au nanoparticles 830 localized heating of the au nanoparticles 
within the film by IR light leading to local 
destruction of the polymer network 

[156] 

hyaluronic acid (HA) and poly-L-lysine (PLL) with gold 
nanoparticles 

[157] 
[158]  
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inorganic nanoparticles that exhibit absorption in the UV-VIS region 
[183]. In capsules composed of photosensitive polymers, permeability 
changes can be the result of changes in a local polarity that is associated 
with (1) a shift in the hydrophobic/hydrophilic balance in the capsules 
shell or (2) degradation of the polymeric structure via selective cleavage 
of photolabile bonds or (3) crosslinking of polymeric components. These 
changes can be reversible or irreversible. 

Poly[1-[4-(3-carboxy-4-hydroxyphenylazo)-benzenesulfonamido]- 
1,2-ethanediyl sodium salt (PAZO) with carbonated azobenzene side 
chains and maximum absorption band at 366 nm is one of the most used 
polyanion for the fabrication of UV-VIS responsive capsules. This is 
because azobenzene groups undergo a reversible cis-trans isomerization 
upon UV or visible light irradiation, and thus polymers with azobenzene 
moieties in their side chains or backbones can be used for fabrication of 
capsules with UV-VIS responsive encapsulation and/or release proper
ties [184]. Capsules composed of PAZO as a polyanion and PAH as a 
polycation were shown to shrink irreversibly under UV irradiation that 
allowed for encapsulation of macromolecules in their interior 
[185,186]. An opposite behavior was observed for capsules composed of 
PAZO and PDADMAC that were damaged under exposure to UV-VIS. 
The different response of both types of capsules is related to the prop
erties of the counterpart polycation that influence azobenzene groups 
orientation in multilayers and photoisomerization kinetics [187]. In the 
presence of PDADMAC, azobenzene moieties form end-to-end aggre
gates that under UV irradiation lead to phase separation and disinte
gration of the capsules [188]. The combination of PDADMAC/PAZO 

layers with diazo-resin/Nafion layers exhibited the opposite behavior 
under UV irradiation allowing to fabricate a system capable of encap
sulation as well as the release of cargo. Diazo-resin/Nafion layers upon 
exposure to 380 nm irradiation underwent a rapid in situ crosslinking 
due to diazonium-related photolysis decreasing capsules permeability. 
On the other hand, PDADMAC/PAZO layers swell under irradiation at 
360 nm and rupture after several hours of exposure [189]. 

Capsules disintegration was also achieved by the application of 
photosensitive host-guest interactions of azobenzene groups with 
α-cyclodextrin. Azobenzene groups in the trans form are well recognized 
by α-cyclodextrin, while the bulky cis form is excluded. Therefore UV- 
VIS switching from trans to cis form of azobenzene groups led to the 
disintegration of the shells and release of cargo molecules (Fig. 6B) 
[190]. Other walls ingredient that may cause capsules unsealing under 
UV-VIS irradiation are photodegradable o-nitrobenzyl derivatives 
[191,192] and photoacid generators (triphenylsulfoniumtriflate) that 
under UV light release protons leading to a decrease of pH of the me
dium that in turn causes capsules swelling [193]. 

There are also some examples of systems that can act reversibly 
under UV-VIS irradiation enabling encapsulation and subsequent release 
of substances. Capsules consisting of star polyelectrolyte, poly[2- 
(methacryloyloxy)ethyl] trimethyl ammonium iodide (PMATEI), and 
PSS in the presence of trivalent hexacyanocobaltate(III) ions shrink due 
to the collapse of PMATEI. While under UV irradiation trivalent ions 
turn into a mixture of mono- and divalent ions that lead to recovery of an 
expanded form of PMATEI (Fig. 6C) [194]. Reversible permeability 

Fig. 6. PEM Capsules with light-sensitive ingredients: (A) Capsules with MWCNTs embedded across multilayer shells capable of nondestructive cargo release under 
NIR irradiation (reproduced from [182] with permission, copyright 2021 American Chemical Society). (B) Capsules containing α-cyclodextrin and azobenzene groups 
with photosensitive host-guest interaction (reproduced from [190] with permission, copyright 2011 American Chemical Society). (C) Capsules with star poly
electrolyte that reversible undergoes form collapse to expand state under UV-VIs irradiation (reproduced from [194] with permission, copyright 2012 American 
Chemical Society). (D) Capsules build of coumarin functionalized polymer capable of loading or unloading of cargo depending on the UV-VIs wavelength (reproduced 
from [195] with permission, copyright 2017 Elsevier). 
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changes were also demonstrated for capsules made of coumarin func
tionalized polymer. Under the irradiation of 254 nm light the capsules 
were unsealed due to the photo-cleavage reaction, while under 365 nm 
light, the capsules’ shells return to the sealed state due to photo
crosslinking (Fig. 6D) [195]. 

Another mechanism was involved for encapsulation in the capsules 
composed of weak polyelectrolytes: PMA modified with benzophenone 
and PAH. Cross-linking of the multilayers was done by hydrogen atom 
abstraction via excited benzophenone groups by UV irradiation. 
Importantly such photocrosslinking does not consume the functional 
groups of the polyelectrolytes thus the capsules preserved pH-responsive 
capability, while their stability in extreme pH conditions was improved 
[196]. 

Another approach involves the application of nanoparticles that 
absorb UV light. Gao et al. reported that polyelectrolyte microcapsules 
with needle-like TiO2 nanoparticles with strong absorption in the UV 
range were destroyed upon exposure to UV light. The mechanism of 
disintegration of the capsules is not known yet but it is suspected that it 
is related to the generation of electron-hole pairs in TiO2 nanoparticles 
that are transferred to the polyelectrolytes and decrease bonding forces 
[138]. 

For better clarity the discussed examples of light controlled poly
electrolyte capsules are collected in the Table 4. 

4.4. Magnetic field 

The use of the magnetic field in the area of polyelectrolyte multi
layers is related to biomedical applications as targeted drug delivery 
systems based on microcapsules functionalized by magnetic nano
particles and tissue visualization since biological tissues are transparent 
to magnetic fields. It opens a venue for designing drug delivery systems 
based on capsules with embedded magnetic nanoparticles that can be 
navigated by the permanent magnetic field and triggered to release the 
encapsulated substances by the alternating magnetic field in the place of 
destination. Biocompatible superparamagnetic nanoparticles have been 
already widely used in the medical field e.g. in intracellular drug 

delivery, magnetic hyperthermia therapy [197,198] magnetic resonance 
imaging [199] and biological sensing [200]. 

The behavior of the magnetic particles in an alternate magnetic field 
depends on the particle size, field frequency, and amplitude and can be 
affected by the environment [201]. At lower frequencies, the magnetic 
relaxation is done by the movement of a whole particle (Brown relaxa
tion). At higher frequencies, where magnetic fields oscillate very fast 
and particles cannot follow it, relaxation takes place due to the move
ment of magnetic moment across an anisotropy barrier (Neel relaxa
tion). The energy released during relaxation is dissipated and leads to 
the heating of the particles and their surroundings [202]. Both mecha
nisms of relaxation can be used to affect the permeability of capsules 
with embedded magnetic nanoparticles or/and to navigate them. Cap
sules responding to the magnetic field can be fabricated either by 
incorporation of magnetic particles into their walls [203] or by encap
sulation of particles in their liquid interior [204,205]. 

Response of magnetic Fe3O4 nanoparticles incorporated into the 
PAH/PSS capsules to the applied alternating magnetic fields was utilized 
to release the encapsulated insulin. Immediate release of the cargo was 
the result of the structural reorganization of the shell caused by the 
movement of magnetic nanoparticles that led to an increase of the 
membrane permeability (Fig. 7A) [206]. Similarly, an alternating 
magnetic field was used to rotate the cobalt and gold nanoparticles 
embedded in PAH/PSS capsules. Deformed capsules became permeable 
for macromolecules with a molecular weight of 20 kDa after 30 min of 
exposure [207]. 

Much broadly investigated are capsules with magnetic nanoparticles 
used as a heat mediator for local heating caused by Nell relaxation or 
mechanical friction. Magnetically induced heating of nanoparticles is 
broadly investigated in hyperthermia treatment of cancer as well [208]. 
Combining both, anticancer drug release and hyperthermia in one sys
tem could give a more effective system for cancer treatment. 

Hu et al. [209] monitored DOX release, capsules morphological 
changes, and temperature rise in the suspension of (Fe3O4/PAH)4 mi
crocapsules exposed to an alternating magnetic field. After 15 min of 
exposure, cracks appeared on the surface of the microcapsules, and after 

Table 4 
Examples of light controlled polyelectrolyte capsules.  

Capsule’s multilayer 
structure 

Light responsive compound Wavelength [nm] Mechanism of cargo release Literature 

(PAH/PSS)/Au ag NPs 803 local heating around NIR absorbing agents due to surface 
plasmon resonance (SPR) oscilations of NPs 

[169] 
(PAH/PSS)/Au au NPs 532, 1064, 830 [168,174] 
(PDADMAC/Au/PSS) au nanorods,  

Au NPs aggregates 
Au sulfide NPs 

830 [170,175,176] 

(PSS/PAH)/ 
α-Fe2O3 

(α-Fe2O3) NPs 632.8 optical heating [179] 

graphene oxide/PAH graphene oxide 1064 optical heating [180] 
PDADMAC/PSS/ 

SWCNTs 
SWCNTs 800 local heating around SWCNTs [181] 

MWCNTs/PDADMAC/ 
PSS 

MWCNTs 780–1400 nm broadband lamp local heating around MWCNTs [182] 

(PAH/PAZO)3/PAH/ 
PVS 

PAZO UV-VIS reversible transition of azobenzene groups from cis to 
trans 

[185] 

PDADMAC/PAZO PAZO 320–400 nm [186] 
PEI/4bromo-methyl- 

3nitro-benzoic acid 
o-nitrobenzyl derivatives 362 nm photodegradation [191] 

(PSS/PAH)/PAG triphenylsulfoniumtriflate-photoacid 
generator (PAG) 

254 nm protons releasing and in turn decreasing of pH of the 
medium 

[193] 

PSS/PMETAI PMETAI 365 nm + trivalent 
hexacyanocobaltate(III) ions 

trivalent ions turn into mono- and divalent ions that lead 
to an expanded form of PMATEI and capsules’ swelling 

[194] 

trivalent hexacyanocobaltate 
(III) ions 

in the presence of trivalent ions capsules shrink due to the 
collapse of PMATEI 

coumarin modified 
capsules 

coumarin groups 254 nm capsules’ unsealing due to the photo-cleavage reaction [195] 
365 nm capsules’ sealing due to photo-crosslinking 

(PAH /PMA-BP) benzophenone groups (BP) 275 nm capsules’ cross-linking by hydrogen atom abstraction via 
excited benzophenone groups 

[196] 

(PAH/PSS)/TiO2 needle TiO2 NPs 32–400 nm electron-hole pairs in TiO2 nanoparticles are transferred 
to the polyelectrolytes and decrease bonding forces 

[138]  
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30 min capsules were completely ruptured, causing a rapid increase in 
the DOX release. Fig. 7B presents the process schematically for a 
fluorescently-labeled dextran as a model cargo. Temperature rise from 
23 ◦C to 46 ◦C was observed. Katagiri et al. [210,211] demonstrated that 
temperature rise in ((PSS/PAH)5/Fe3O4/cationic lipid bilayer) micro
capsules suspension can be controlled by the concentration of Fe3O4 
incorporated into the shells. The temperature rises from 19 ◦C to 58 ◦C in 
alternating magnetic field (within 15 min) was sufficient to induce the 
phase transition of a lipid bilayer that resulted in a non-destructive cargo 
release. Carregal-Romero et al. [212] confirmed that the final equilib
rium temperature of a medium that could be reached depends on Fe3O4 
nanoparticles concentration and their shape. It was observed, that cubic 
magnetic nanoparticles have a higher adsorption rate of magnetic en
ergy compared to spherical ones and thus can be more efficient as heat 
mediators [213,214]. Cubic Fe3O4 nanoparticles incorporated into the 
PAH/PSS microcapsules in the concentration of 2.8 g/l allowed to rise 
suspension temperature up to 62 ◦C under exposure to alternating 
magnetic fields. Whereas, the concentration of 4.8 g/l enabled to reach 
suspension temperature as high as 90 ◦C (within 15 min) that resulted in 
the destruction of microcapsules walls and the release of loaded mole
cules [212]. 

5. Chemical and biological stimuli 

5.1. pH and ionic strength 

The physicochemical parameters of the films, such as thickness, 
stiffness, chemistry, stability, permeability, composition, might be 
modified to a certain extent by changing the assembly conditions. The 
thickness of the PEM coating might be well-controlled by varying the 
degree of protonation of the applied components changing ionic 
strength, pH of their solutions [215]. When PEM are assembled at a pH 
value near the pKa value of any polyelectrolyte (PE), the polymer chains 
are not fully expanded leading to the formation of relatively thick films. 
As strong polyelectrolytes are charged over a wide pH range, it is not 
easy to control the properties of PEM based on such polymers unless one 
takes specific measures to disturb the polymer-polymer interactions by 
manipulating other stimuli like ionic strength, temperature, solvent 
polarity. Weak polyelectrolytes are charged in a smaller pH window, 
therefore, polymeric conformations could be easily modulated upon 
changing the pH of their solutions. The important feature of PEM formed 
from weak PEs is that they might be damaged at extreme pH conditions 
as the pH-induced charge imbalances in the coating overcompensate the 
attractive polymer-polymer interactions [216]. 

The pH-induced excess charge can be used to e.g.: binding and 
release low molecular weight compounds, such as drugs in PEM coatings 
composed of weak polyelectrolytes. Hiller and Rubner presented that 

Fig. 7. (A) Schematic of highly magneto- 
sensitive multilayer microcapsules for 
controlled release of insulin. (reproduced 
from [206] with permission, copyright 2014 
Elsevier). (B) Schematic presentation of the 
encapsulation and release of model macro
molecules (FITC-modified dextran) from the 
magneto-sensitive PEM capsules. After an 
alternating magnetic field treatment, the 
capsules rupture and release the encapsu
lated dextran (reproduced with permission 
from [209], copyright 2008 American 
Chemical Society).   
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PAH and PSS could be embedded into a structured film with specifically 
designed molecular nanoarchitectures (by changing pH conditions 
during LbL adsorption) that made the film either virtually insensitive or 
highly responsive to small changes in post-assembly pH [217]. The 
elastic moduli of the coatings were dependent on the pH at which the 
polyelectrolyte multilayers were deposited. On the other hand, the 
stimulation conformational changes of polyelectrolytes chains in 
already prepared films/gels by varying pH or ionic strength of the 
environment commonly are relatively slow. In addition to limited 
conformational freedom of entangled or cross-linked polymer chains, 
these responses are slowed down by the necessary diffusion of ions into 
the coatings. 

Park et al. showed that crosslinked weak PEMs present selective ion 
permeability for cationic and anionic probe molecules, which may be 
reversibly switched by changes of pH [218]. The most common results of 
the response of PEMs to environmental changes (ionic strength, pH 
variations) are (1) decomposition of the film or (2) selective release of 
the chains [219], which can diffuse through the PEM coating [220], or 
can take part in competition and replacement reactions within the 
multilayers. 

The film thickness, composition, and layer interpenetration in PEMs 
made of weak polyelectrolytes may be precisely tailored at the molec
ular level by adjusting pH during the assembly. The pH effect on PEMs 
formation of synthetic weak polyelectrolytes e.g., PAH and poly(acrylic 
acid) (PAA) has been studied by Yoo et al. [221]. If pH increases from 
2.5 to 4.5, the PAA layer thickness decreases because of the higher 
charge density and reduced loop and tail fragmental density. The PAH 
layer thickness is unchanged since the polyelectrolyte chain is nearly 
fully charged over this pH range. Furthermore, there is a preferred 
penetration of a polyelectrolyte from the thicker layer to the thinner one 
or a high level of interpenetration between thin neighboring layers 
pointing to the strong dependence of the interpenetration degree on pH. 
Similarly, for a natural polysaccharide such as CH and ALG, the layer 
thickness of CH increases with increasing the assembly pH, while that of 
ALG stays nearly the same because of the same assembly pH [75]. It was 
shown that pH-tunability of the natural biocompatible weak poly
electrolytes expands the biomedical applications of PEMs to immobili
zation of antibodies with high loading, and superior binding activity 
could be obtained via adjusting their surface chemical composition 
through pH control [222]. The swelling ability of PEM in aqueous so
lutions plays an important role in other applications related to e.g., 
membrane separation and drug delivery system [223]. The swelling 
behavior studies on PAH/PAA multilayers showed that the degree of 
swelling, swelling rate, and the time to obtain the maximum swelling 
could be tuned by assembly pH, possibly due to pH-tunable ionic cross- 
linking and varying loop density [224]. The highly pH-dependent 
swelling was also noticed for natural weak PEMs. PLL/HA films swell 
much more when formed at pH 9 than at pH 5 as weakly charged PLL 
molecules at the higher pH create loosely cross-linked films with HA 
[225]. The mechanical properties of PEM are associated with interchain 
ionic cross-linking and molecular conformation in the films that are 
tunable by changing the assembly pH [226]. The ionic conductivity of 
PEM made of weak PE could be tailored by assembly pH. For the PE pair 
linear polyethylenimine (LPEI)/PAA, the ionic conductivity of the films 
at pH 5 is one order of magnitude greater than that of multilayers 
assembled at pH 2. It is possible that at pH 5, there is a high content of a 
mobile and uncoordinated polyethylenimine (PEI) chains increasing ion 
mobility more effectively than carboxylic acid groups in PAA [227]. The 
pH-dependent changes of ionic conductivity were noticed also in 
hydrogen-bonded weak polyelectrolyte based multilayers, because of 
the pH-adjustable crosslinking degree of the polymer network, which 
can greatly affect the ion and water transport [228]. Weak poly
electrolyte films might be responsive to post-assembly pH. Novel 
structures were obtained through pH-induced ionic bond-breaking and 
reformation mechanisms. With a slight change in the post-treatment pH, 
various morphologies of PEI/PAA multilayers with pores from the 

nanometer scale to the micrometer scale were noticed (Fig. 8) 
[229,230]. 

The PEI/PAA films formation at pH 5 shows nanoporous morphology 
after rinsing with a solution at pH 1.75, but a heterogeneous structure 
with nanopore and micropore regions at pH 2. Properties such as 
wettability, swelling, and permeability could be also regulated by the 
post-assembly pH. 

Burke et al. presented that the water contact angles of PLL/HA films 
change with the pH values. At high pH, the PLL has more –NH3

+ groups 
deprotonated which decreases hydrophilicity, while HA has more 
-COOH groups ionized enhancing hydrophilicity. The thickness of PAH 
(pH 7.5)/PAA (pH 3.5) multilayers reversibly changes when subjected to 
pH above around 5.5 or 2 [231]. The multilayers swell at pH 2 because 
of the breakage of NH3

+ − COO− ionic cross-links due to protonation of 
the carboxylate groups from PAA and is driven by osmotic forces and 
charge repulsion among the free, positively charged amine groups 
formed from the breakage of the ionic cross-links. However, the film de- 
swells at pH 5.5 because the higher-pH solution deprotonates carboxylic 
acid groups from PAA to carboxylates and reforms carboxylate-based 
ionic linkages. 

The stable weak PEMs formed via the LbL method of benzophenone- 
modified PAA and benzophenone-modified PAH followed by photo- 
cross-linking, show a pH-sensitive bipolar ion-permselective property, 
due to the change of electrostatic interaction between building blocks 
caused by changing the pH [218]. The properties of weak poly
electrolyte multilayers can be tuned by adapting the salt concentration. 
The nanoporous PAH/PAA films were formed by deposition of polymers 
in 0.2 M NaCl, followed by rinsing with pure water [232], making use of 
the distinction of electrostatic interactions with and without salt. The 
salt concentration might affect the formation and stability of weak 
PEMs. A critical “glass transition ionic strength” was reported, as a value 
at which the buildup of layers stops and the dissolution process starts. 
This effect was also found to be dependent on the salt type 
[233,234,235]. 

The pH-adjustable properties of weak polyelectrolytes might be 
maintained in weak polyelectrolyte/strong polyelectrolyte multilayer 
systems, e.g.; the systems of PAH/poly(vinylsulfonic acid) (PVS), PAH/ 
sulfonated polystyrene (SPS), poly(diallyldimethylammonium chloride) 
(PDAC)/PAA, and poly(4- vinylbenzyltrimethylammonium chloride) 
(PVTAC)/PAA. The transition from thin layers to much thicker deposi
tion layers appeared when the charge density of the weak poly
electrolyte decreased from its fully charged state to 70–90% charged 
units, comparable to the weak polyelectrolyte multilayers [236]. 

Elzbieciak et al. studied the formation of PEI/PSS PEMs by changing 
the PEI assembly pH [5]. The polyelectrolyte multilayer thickness 
increased regularly at the low pH of PEI while the nonmonotonic in
crease was observed at high PEI pH. The films formed from the high pH 
PEI solution present higher permeability than those from low pH solu
tions. Additionally, both synthetic and natural pairs of weak and strong 
polyelectrolytes PEMs were investigated. In [237] Elzbieciak et al. 
focused on PAH/PAA system, where both polyions were pH-sensitive, 
giving films of different thickness (including nonmonotonic growth) 
and morphology depending on pH value of the solutions used for the 
deposition. For the LbL assembly of CH and heparin, the charge density 
of CH decreases but the heparin charge density remains constant when 
the pH increases, leading to increased film thickness. Other properties of 
CH/heparin films e.g. surface roughness and wettability could be 
monitored by assembly pH as well [238,239]. 

The LbL deposition of weak polyelectrolytes and nanoparticles (NPs) 
can combine the advantages of both components of PEMs 
[240,241,242]. The formation of PEI/AuNPs multilayers at different pH 
conditions was studied [240]. Due to the pH-controlled charge density 
and conformation of weak polyelectrolytes, the interparticle distance of 
gold NPs might be extensively controlled by the assembly pH (Fig. 9A). 
In the end, the strength of Localized Surface Plasmon Coupling (LSPC) 
was successfully modulated in a broad range (Fig. 9B). The exponential 
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growth of multilayers is highly dependent on pH (in case of weak 
polyelectrolytes embedded). For the film consisting of PEI and PAA 
[243], where both PEI and PAA solutions have neutral pH, the growth is 
nearly linear. Decreasing the assembly pH of PAA or increasing the as
sembly pH of PEI highly accelerates the formation process. The thickness 
of several micrometers after less than 10 deposition cycles was obtained. 
The strong exponential growth could be due to the pH-enhanced PEI 
interdiffusion and pH-tunable charge densities of the film and the 
polyelectrolyte. The pH-dependent interdiffusion and charge density, 
exponentiality of the growth for the PLL/HA film is more or less pro
nounced in different pH regions [225]. Towards low or high pH values, 
PLL interdiffusion causing exponential growth is less relevant for the 
increase in mass coverage, but in the high (pH > 9) and the low (pH < 5) 
pH range, thicker PLL/HA multilayers are obtained. The coatings are 

less viscous and less elastic in comparison to the polyelectrolyte multi
layers created at intermediate pH (5 ≤ pH ≤ 9) conditions [244]. 

Anandhakumar et al. presented a thin film for the encapsulation and 
release of proteins and drugs for a triggered drug delivery system [245]. 
PEM film consisting of weak polyelectrolytes, PAH and PMA was created 
by the LbL technique for a multi-drug delivery system. Environmental 
stimuli: pH and ionic strength demonstrated a significant influence of 
changing the film morphology from pore-free smooth structure to 
porous structure on the privileged triggered release of loaded molecules. 
The films containing BSA and ciprofloxacin hydrochloride were formed 
by controlling the porous polymeric structure. The release studies 
demonstrated that the amount of released substances might be 
controlled by changing the environmental conditions such as pH and 
ionic strength. Fig. 10 presents the scheme of PAH/PMA PEM film 

Fig. 8. SEM cross-section (upper two rows) and top-down images (bottom row) of LPEI/PAA films formed at pH 5 and treated at different pH (reproduced with 
permission from [229], copyright 2008 American Chemical Society). 

Fig. 9. Formation of PEM made of weak polyelectrolyte to tune the interparticle distance of gold NPs (A) and the modulation of LSPC via assembly pH (B) 
(reproduced with permission from [240]. Copyright 2009 American Chemical Society). 

T. Kruk et al.                                                                                                                                                                                                                                    



Advances in Colloid and Interface Science 310 (2022) 102773

14

formation and stimuli-responsive release of loaded protein and drug, 
while Fig. 11 presents AFM images of as-prepared multilayers dipped in 
solutions at different pH values to study their pH responsiveness. In the 
beginning, the new film was uniform and smooth without any pore and 
discontinuity (Fig. 11C). The average roughness and thickness of the 
film were about 5.17 ± 0.5 and 21.4 ± 1.5 nm. When the multilayer 
coating was rinsed with an aqueous solution of different pH, the film 
morphology changed from continuous pore-free to a porous one 
increasing the roughness as determined by AFM studies. It is worth 
noticing that the influence of pH on PEM film is meaningful at acidic and 
basic pH ranges in comparison with neutral pH. The transformation is 
ascribed to repulsion between the same functional groups when the 
degree of ionization of one of the polymer component decreases as a 

function of pH. The influence of ionic strength on film structure was 
investigated by varying the salt concentration from 0 to 0.4 M NaCl at 
pH 5. The presence of salt screens the interaction between charged 
components and the film loosens and creates nanopores [246]. The pore 
formation and growth were observed with increasing ionic strength and 
it did not increase the roughness value significantly up to 0.2 M NaCl. In 
the case when the concentration was grown to 0.4 M NaCl, the rough
ness increased from 4.9 ± 0.5 to 6.8 ± 0.5 nm. The presence of salt 
reduces the interaction between charged components leading to denser 
and folded PEs structures [247]. The reduction in thickness indicates 
that the polyelectrolytes are likely to detach from the surface. 

These results confirm the previous studies [248] that higher salt 
concentration reduces polymer-polymer and polymer–surface 

Fig. 10. The methodology of the formation of PEM films for stimuli-responsive drug and protein delivery. A, glass substrate; A–B, LbL deposition (PAH/PMA)6 
layers; B–C, BSA loading; C–D, additional (PAH/PMA)2 layer adsorption; D–E, CH loading; E–F, stimuli-responsive release (reproduced from [245] with permission, 
copyright 2016 Elsevier). 

Fig. 11. AFM image of LbL assembled (PAH/PMA)8 film to present the influence of pH on topography of the film. (a) pH 1.5, (b) pH 3, (c) pH 5, (d) pH 7, (e) pH 9 
and (f) pH 11. Scale = 5 μm (reproduced from [245] with permission, copyright 2016 Elsevier). 
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interactions, making the films less interpenetrated and unstable, leading 
to detachment of macromolecules and creation of porous coatings. 

The amount of drug released from the films depended on: (a) diffu
sion through pores in the polyelectrolyte structure and (b) release 
associated with the increased permeability when pH or ionic strength 
changes. The environmental stimuli, ionic strength, and pH affect the 
interaction between the drug and films and favor drug release by 
weakening the drug/protein–film interactions [245]. 

Sun presented LbL coatings sensitive to pH which were composed of 
PAH and PAA on electrode surfaces with pH reversible bio
electrocatalytic properties [249]. The type of biomaterials named 
‘smart’ or biomimetic nanomaterials that react to the surrounding 
environment are developing into more complex materials which 
respond to multiple stimuli to maintain many diverse processes. The salt 
and pH-responsive PEM could be formed using a structure consisting of 
PNIPAM, montmorillonite clay nanosheet, and pH-responsive PMMA, 
leading to dual-network PNIPAM/clay/PNIPAM/ PMMA layers. The 
mixed PNIPAM/clay/PNIPAM/PMA coatings present significant desw
elling at acidic pH values caused by hydrogen bonding between the 
PNIPAM and PMAA structure, and the diffusion of particles of 70 kDa 
dextran, in the polymeric network at acidic pH, is inhibited (Fig. 12). 

The films permeability to dextran molecules was selective to solute 
molecular weights and might be further manipulated by pH and/or salt 
stimuli. Moreover, the incorporation of clay nanosheets within respon
sive films enhanced the mechanical robustness of the coating in com
parison to their all-polymer counterparts. These robust “smart” 
materials are interesting candidates for a variety of applications, such as 
e.g. biosensing [250,251]. 

Huang et al. reported self-cross-linked multilayer coatings made of 
CH and ALG dialdehyde (ADA) [252]. Multilayer films of CH and ALG 
are of great interest due to their biocompatibility, biodegradability, and 
stimuli-responsiveness. The disruption of the electrostatic equilibrium 
when exposing the formed films to acidic and alkaline conditions causes 
their swelling independently of the outermost layer indicating the 
responsiveness of the film to ionic strength and pH variations (Fig. 13). It 
was investigated how changing the pH and ionic strength affect the film 
properties depending on its outermost layer. The internal part of the film 
particularly swells when pH is increased from 6 to 9, whereas slight 
swelling is noticed when pH is decreased from 6 to 3. Increasing the 
ionic strength, provides rise to swelling of the inner part specifically at 
pH 9, an effect exclusive to crowded weak polyelectrolyte systems. The 
multilayer film ended with ADA swells most under alkaline conditions, 
while if the outermost layer is CH it swells most under acidic conditions, 

a trend that is expected for “free” weak polyelectrolyte chains. Thus, 
self-cross-linked CH/ADA films are responsive to variations in the pH of 
the medium in terms of reversible swelling/collapse, without collapse of 
the coating that is also promising for their biomedical applications 
[253]. 

In other studies, two polysaccharides: dextran aldehyde (Dex-CHO) 
and carboxymethyl chitosan (CMCS), were synthesized and used to form 
a self-polishing antifouling and antimicrobial multilayer film via LbL 
adsorption using aldehyde-amine reactions [254]. The self-polishing 
capability of the multilayer films was obtained via cleavage of pH- 
responsive imine linkage under acidic environments. The stimuli- 
responsive linkages have been widely applied in drug delivery systems 
as the release of pro-drugs could be manipulated by regulating the pH 
value of a medium. The pH-sensitive linkages, e.g., imine, hydrazide, 
oxime, and β –thiopropionate bonds undergo cleavage at a specific pH 
range from 5.0 to 6.5, [255,256,257] while they are stable at conditions 
slightly above the neutral pH. The pH of seawater is typically basic 
(pH 7.5–8.4), [258] and at these conditions, the linkages undergo 
minimal or slow cleavage. It seeks to evolve pH-cleavable linkages in 
self-polishing films obtained by LbL adsorption [259], to minimization 
biofouling in the aggressive marine environment [254]. 

Burke and Barett [260] showed the pH-dependent loading and 
release behavior of small hydrophilic molecular probes in PAH and HA 
PEM films. The embedding of the cationic dye, Indoine Blue, and the 
anionic dye, Chromotrope 2R, into (PAH/HA)10 PEM showed strong 
dependence on the pH. The maximum loading was reached at pH con
ditions which showed the best electrostatic attraction between the dye 
molecules and the multilayers, minimum repulsive interactions between 
the two, and the largest J-aggregation of the molecules in the layers. The 
release rate and the percentage of dye released from the coatings also 
showed a pH dependence. The swelling of the coating helps to the 
release of the dye molecules by transferring counterions into the mul
tilayers to screen the electrostatic interactions and by forming voids and 
pores through which the molecules could pass. Thus, the studied PEM 
can trap small molecules in their structure at a given pH and release 
them by changing the pH value. Both embedding and release functions 
of the studied PEM depend on the degree of swelling, the capability of 
the dye molecules to aggregate in the film, and the attractive and 
repulsive interactions occurring between the probe molecules and the 
acid-base functional groups in the layers. Both the degree of dissociation 
of the acid-base functional groups and the level of film swelling are pH- 
sensitive. 

Cationic CH with ionizable amino groups, having a pKa value of 
about 6.2, and anionic HA having ionizable carboxyl groups were also 
used to form pH-responsive PEM showing reversible pH-dependent 
swelling and shrinkage [261]. The obtained films were loaded with a 
drug and placed in PBS solutions of varying pH for several days. The 
amount of drug released by the drug-loaded (aspirin derivative) film was 
shown to be dependent on the pH of the PBS solution. 

Cao et al. developed a novel pH-responsive modulated drug-release 
formulation by using PEM as a gate-keeper to cover the meso/micro
pore openings of drug-loaded hierarchical hollow silica spheres. The 
mechanical stability, drug loading, and capacity of the system were 
higher in comparison with the conventional single-shelled hollow silica 
system. The obtained system a cap shell exhibited a stimuli-responsive 
release - the model drug release rate was shown to be well-controlled 
by the changes of the pH values of the releasing medium [262]. 

Han et al. studied some basic properties of the multilayer films built 
from polystyrene-block-polyacrylic acid (PS-b-PAA) amphiphilic BCM 
serving as nano-sized drug vehicles, functionalized graphene oxide 
(GO), and branched polyethylenimine (bPEI) having all a distinct pH- 
dependent ionization (Fig. 14) [263]. The films were formed by LbL 
taking advantage of mainly electrostatic interactions and hydrogen 
bondings between the carboxyl groups of BCM and amine groups of 
functionalized GO or bPEI under different pH conditions. A significant 
dependence of the properties of the films on pH during their formation 

Fig. 12. In situ ellipsometry profiles for (PNIPAM/clay/PNIPAM/PMAA)3 un- 
cross-linked coatings (red - open circles) and the same coatings, cross-linked in 
3 mg/ml solutions of ethylenediamine and CDI for 2.3 h (black-filled circles). 
From acidic pHs, films were exhibited to 0.01 M phosphate buffers with 
increasing pH values for 15 min. After measurements at pH 9, buffer pH was 
gradually lowered. Dashed line indicates dry film (reproduced from [249] with 
permission, copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA). 
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was observed that was related to various pH dependences of each ma
terial used in PEM. A model fluorescence probe was encapsulated in 
BCM and its release rates from the GO/BCM film were found higher than 
those of the bPEI/BCM film in both pH 7.4 and pH 2 solutions. 

Since the change of pH of the medium is an evident stimulus that 
affects the permeability of PEM films, composed of at least one weak 
polyelectrolyte, it has been applied also in PEM microcapsules. Such 
microcapsules exhibit structural alterations triggered by the pH changes 
as a consequence of protonation and/or deprotonation of their charged 
units. 

The polyelectrolytes charge density directly influences the density of 
complexes of polyelectrolyte charge groups which in turn affects the 
mobility and permeability of PEM. Generally, the less charged poly
electrolytes, the more mobile the polyelectrolyte chains and the more 
permeable is the capsule shell. Similarly to PEM films on macroscopic 
supports, when the pH value of the microcapsules environment is close 
to the apparent pKa of one of the polyelectrolyte component the cap
sules’ walls, its charge density decreases, and the microcapsule swells as 
a result of repulsive forces between like-charged groups that become 
dominant in such conditions. Microcapsules in a swollen state are 

permeable for large molecules. This state can be reversed, and micro
capsules shrinking can be triggered by tuning back the pH of a sur
rounding medium to the starting value. Such reversible swelling and 
shrinking of the microcapsules are very advantageous as it allows to 
switch them between permeable and impermeable states. 

Changes in a polyelectrolyte multilayer structure with increasing pH 
can be observed for microcapsules consisting of strong polyanion, PSS, 
with fixed charge density and weak polycation, PAH, with charge den
sity conditioned by pH [264]. The apparent pKa of PAH in the PAH/PSS 
multilayers was determined to be ca. 10.8 [265]. When the pH of the 
surrounding medium is close to this value, the charge density of PAH 
decreases, and the PAH/PSS shells swell as a result of repulsive forces 
between an excess of not compensated negative groups of PSS and also 
because of the local increase of osmotic pressure induced by the 
attraction of counterions by PSS charge units. Swollen PAH/PSS cap
sules in basic conditions, shrunk when the pH is reduced [264]. This 
reversible swelling and shrinking that is accompanied by increasing and 
decreasing of the shell permeability can be applied for loading and/or 
releasing of substances. 

Capsules consisting of two weak polyelectrolytes can react in both 

Fig. 13. The schematic presentation of structural conformation and swelling behavior of (CH/ADA)n films covered with ADA (left panel) or CH (right panel) at 
different pH and ionic strengths (reproduced from [252] with permission, copyright 2019 American Chemical Society). 
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acidic and alkaline pH regions. An example is capsules made of weak 
polyanion, PMA, and weak polycation, PAH, that were able to change 
their diameters reversibly from 4 to 8 μm by varying the pH in the range 
of 2.5–11.5 [266]. Beyond these borders, capsules disintegrate due to 
the loss of most charges in PMA chains below pH 2.5 and in PAH above 
11.5. It happens because repulsive forces between like-charged groups 
are no longer compensated by the attraction forces of the oppositely 
charged groups. When other than electrostatic interactions are addi
tionally engaged within multilayer shells, the capsules become stable in 
a swollen state in a broader range of pH. For PMA/PAH shells it can be 
observed that in acidic conditions, capsules are stable in a swollen state 
in a very narrow pH range, whereas in alkaline conditions hydrophobic 
reactions within PMA chains prevent swollen capsules from disintegra
tion in a wider extent of pH. The swollen state can be stabilized in acidic 
conditions when applying as a polycation weak poly(4-vinylpyridine) 
(PVP) that is insoluble in the water below pH 5. PVP/PMA capsules 
show swelling and shrinking in the pH range of 2–8 and they are sta
bilized in both borders of the swollen state: in acidic as well as alkaline 
conditions due to counteracting hydrophobic as well as hydrogen 
bonding interactions [267]. 

There are many other reported polyelectrolyte systems that respond 
to the pH changes, e.g.: poly(ethylene oxide)/PMA (with disintegration 
threshold of pH = 4.6), poly(N-vinylpyrrolidone)(PVPON)/PMA (with 
disintegration threshold of pH = 6.9), poly(ethylene oxide)/PAA (with 
disintegration threshold of pH = 3.6) [268,269], chondroitin sulfate/ 
PLL [270], PLL/PLG [271], PAA/PVA [272], PLL/HA [273]. An inter
esting example is capsules consisting of poly(2-vinyl-4,4- 
dimethylazlactone) with an acetal-containing linker that are stable 
under physiologically relevant conditions (pH = 7.4), but degrade in the 
acidic environment due to the hydrolysis of the acetal group (Fig. 15A) 
[274]. 

Another group of pH-responsive capsules are capsules composed of 
negatively charged TA with a range of neutral polymers: PVPON, PNI
PAM, and poly(N-vinylcaprolactam) [275] and with positively charged 
CH [276]. Capsules composed of TA/CH layers embedded with triclosan 
(TCS) encapsulated in cetyltrimethylammonium bromide (CTAB) mi
celles (TCS@CTAB/TA/CH) were shown to release antibacterial TCS in 
an acidic environment. In acidic conditions, the ionization of TA de
creases, and the excess of uncompensated positively charged groups of 

CH leads to repulsion within the polymer system and capsules swelling 
(Fig. 15B). 

pH-responsive capsules were also fabricated by application of two 
strong polyelectrolytes PDADMAC and PSS with aminoclays entrapped 
between polyelectrolyte layers. Such capsules swell increasing their 
diameter by 60% as a result of the protonation of the amino group of 
aminoclay when the pH decrease from 9 to 4. That allowed to release of 
encapsulated ibuprofen and eosin [277]. 

A very interesting multifunctional core/shell system for cancer 
therapy with pH-sensitive polyelectrolytes was demonstrated. The 
complex system consists of mesoporous silica particles with entrapped 
DOX molecules, glucose oxidase coupled to the particles surface, and 
pH-sensitive polyelectrolyte bilayer (PAH/PSS). The idea was to use 
glucose oxidase to deprive the cancer cells of glucose (starvation ther
apy), to increase the concentration of poisonous H2O2, and to affect the 
tumor microenvironment by locally reducing the pH. Increased acidity, 
in turn, increases the rate of the depolymerization of the outermost pH- 
sensitive polyelectrolyte layer, causing the DOX release within tumor 
cells (Fig. 15C) [278]. 

The main potential application of pH-responsive capsules is local 
drug delivery in target tissues or cells with specific pH conditions like e. 
g. intestine pH = 8.4, stomach pH = 1–1.5 tumor tissues pH = 6.8, 
normal tissues pH = 7.4 [279], endosome pH = 6.0–6.5, mitochondria 
pH = 8.0 [280], lysosome pH = 4.5 [281], intercellular environment 
pH = 7.0–7.4 [282]. Practical application of capsules with a pH- 
triggered release under physiological conditions is still challenging 
mainlue to the narrow pH range in which the release should take place. 

Unlike the pH-based attempt, the permeability manipulation by 
changing the ionic strength of polyions solutions applied for PEM for
mation is not restricted only to weak polyelectrolytes but can be 
employed for strong polyelectrolyte systems as well. Charge groups 
along the polyelectrolyte chains in an aqueous solution are surrounded 
by small counterions. During the adsorption of oppositely charged 
polyelectrolyte, some of these small ions are released from the close 
surrounding of the polyelectrolyte chains which induces an increase in 
their degrees of freedom and hence in the entropy of a system. Due to the 
gain in counterions entropy, the complexation between polyelectrolyte 
charged units is favored against charge compensation by small coun
terions and assembly can be also performed at high ionic strength. 

Fig. 14. Schematic illustration of the materials, the pH-dependent charge density of the LbL assembly building block (left), and bPEI/BCM and GO/BCM multilayers 
formed by the LbL technique with electrostatic interactions and hydrogen bonding (right) [263]. 
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Fig. 15. (A) Capsules cross-linked by acetal-containing diamine linkages that decompose in acidic environments due to the hydrolysis of acetal groups (reproduced 
from [274] with permission, copyright 2019 American Chemical Society). (B) Schematic illustration of the pH-responsive release of triclosan (TCS) from TCS@CTAB/ 
TA/CH capsules that causes the reduction of bacteria colony with decreasing pH value (reproduced from [276] with permission, copyright 2019 Elsevier). (C) 
Schematic illustration of the preparation of DOX/GOX@HMSN-PEM capsules and release of DOX in an acidic environment, combined with GOX-catalyzed starvation 
therapy (reproduced from [278] with permission; copyright 2019 Royal Society of Chemistry). 

Fig. 16. Effect of salt, pH, and polymer charge density on the multilayer structure.  
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Whereas, in the case of polyelectrolytes with a low charge density or 
short chains, an increase in counterion entropy could be not enough for 
multilayer formation. 

For a variety of systems, it is possible to tune the strength of the 
polyanion-polycation interactions and the mobility of the poly
electrolyte chains within the shell by adjusting the ionic strength during 
the LbL process as well as after completion of the adsorption process. 
Salt concentration directly controls the degree of association and 
interaction between polymer segments and thus can be used to influence 
microcapsules permeability [283]. Generally, higher external salt con
centration leads to the weakening of the interactions between poly
electrolyte chains. 

The multilayer structure depends on the type of polyelectrolyte and 
the type of salt. The addition of salt leads to the screening and thus 
weakening of the electrostatic interactions between the oppositely 
charged polyelectrolytes that become more mobile. This results in an 
increase in capsules permeability until the shell is completely dissolved 
[284,285]. 

The schematic illustration of this phenomenon is presented in 
Fig. 16. 

The ionic strength has a significant influence on the film growing 
mechanism, which switches from a linear regime at low salt concen
trations to an exponential trend at high ionic strengths. As a conse
quence, for a given number of polymer layers, the film thickness and its 
surface roughness are much larger for high concentrations of salt. The 
change of the growing regime is accompanied by a change in the 
mechanism of charge compensation. This mechanism is intrinsic at low, 
and essentially extrinsic at high ionic strengths [286]. 

This phenomenon was utilized for the release of DNA constituting a 
building block of the DNA/PLL capsules, and FITC-dextran encapsulated 
in the interior of those capsules by the dissolution of the DNA/PLL shell 
in the solution of NaCl [287]. Interestingly, an opposite effect was 
observed when one of the polyelectrolyte has hydrophobic groups like 
PSS. Upon increase of salt concentration in a certain range, the elec
trostatic interactions between the charged groups weaken, while hy
drophobic interactions that strive to reduce the interface between PSS 
and water become dominant. That leads to the capsules shrinking and 
reduction of their permeability [288]. 

The changes in the polyelectrolyte shells induced by the increasing 
salt concentration were also employed for a fusion of PDADMAC/PSS 
capsules and mixing their content by solvent evaporation from 3 M NaCl 
solution [289]. 

5.2. Chemical and electrochemical reactions 

Electrosensitive polyelectrolytes have been considered for applica
tions in numerous nanosystems for e.g., tissue engineering, drug de
livery, and biomedical imaging [290,291]. The electrical conductivity of 
conjugated polyelectrolytes might be reversibly tuned through oxida
tion and reduction processes introducing charge carriers to the poly
meric backbone (doping) chemically or electrochemically. However, 
also nonconjugated polyelectrolytes can be used to form PEM sensitive 
to the application of electric field and the implied (electro)chemical 
processes. 

Electric field was applied to manipulate the properties of LPEI/PAA 
films [292]. It locally lowers the pH inducing a morphological change in 
such a PEM film leading to the formation of a porous structure. Non- 
connected nanoscale pores at the electrode/multilayer interface were 
produced first, then an asymmetric porous structure, and finally 
microsized pores connected throughout the film. The capability to 
control the application of electric potential, therefore, enables the 
tailoring of the porous structures of PEM. 

The controlled release of biomolecules from PEM could be achieved 
by the decomposition of the polyelectrolytes through hydrolysis, 
enzyme-triggered degradation, or other chemical reaction. The proper 
design of the coating composition may provide controlled release of e.g., 

plasmid DNA in physiological conditions. An effective approach was 
proposed by the formation of the coatings using DNA and hydrolytically 
degradable polymers, poly(amino ester)s [293]. The decomposition of 
the polymer resulted in small steps of dissolution of the film and slow 
release of DNA during several days. The controlled release of DNA up to 
90 days was obtained by using a new”charge-shifting” cationic poly
electrolyte which inverses the charges upon hydrolysis leading to 
disassembly of the PEM. 

The controlled DNA release might be also triggered by the presence 
of enzymes. The PEM formed from PLL and DNA were stable in PBS but 
decomposed when α-chymotrypsin, an enzyme enhancing degradation 
of PLL, was added to PBS [294]. Chemically triggered DNA release was 
realized using a layer of plasmid DNA and a high molecular weight 
cationic polypeptide with disulfide bonds [295]. This polypeptide is 
stable in non-reducing media, but degrade when the disulfide bonds in 
the backbone are cleaved upon exposure to a chemical reducing agent. 
Finally, the films with loaded DNA were generally stable in physiolog
ical media but disassembled and released plasmid DNA in the presence 
of a reducing agent, dithiothreitol. 

Electrochemically responsive PEM have found numerous applica
tions in the fabrication of sensors, electrochromic devices, light-emitting 
diodes, and controlled drug release. Electroactive PEM composite films 
composed of cationic LPEI and anionic Prussian Blue (PB) nanoparticles 
were shown to change stiffness under electrochemical reduction [296]. 
After immersing a dry film in a potassium hydrogen phthalate electro
lyte solution, the film swells passively due to hydration. When the po
tential of 0.2 V (vs. Ag/AgCl) was applied to the film, PB was 
electrochemically reduced to Prussian White and the negative charge 
generated on PB particles upon the reduction caused an influx of water 
and ions from the solution to the film to maintain the charge neutrality. 
Finally, an influx caused swelling of the film by 2–10% and changes of 
the elastic modulus up to 50%. The reduced system can be oxidized back 
to the PB state by applying +0.6 V (vs. Ag/AgCl). The reversible, elec
trochemically controlled swelling offers important implications for 
responsive mechanically tunable surfaces (Fig. 17). The electrochemical 
reaction at electrodes can also change the structure of the film due to the 
generation of ions which break the electrostatic interaction between PE. 
For example, when an electric current was applied to PLL/heparin PEM 
films, the local decrease in pH near the anode (resulting from the gen
eration of H+ ions) caused a disruption of electrostatic bonds between 
the two oppositely charged PE, leading to a local electrodissolution of 
the multilayers and the release of heparin. 

PEM with electrochromic materials change color with an applied 
potential through a redox process [297]. The redox switchable conju
gated polymers could have an electrochromic (EC) response (e.g. con
current color, transmittance change) to an applied electric field. The 
performance of an EC device depends on several factors including the 
availability of finely tuned color, EC contrast (% transmittance change at 
a certain wavelength), coloration efficiency (electrochemical charges 
required to obtain an absorbance change at a certain wavelength), 
switching rate (time needed to change colors), optical memory (the 
ability to keep the color upon removing the external bias) and stability. 
Using the LbL formation of poly(3,4-ethylenedioxythiophene) (PEDOT) 
colloids doped with PSS (PEDOT:PSS) and poly(aniline) (PANI), an EC 
device was formed by assembling a cathodically coloring film with an 
anodically coloring film [298]. The cathodically coloring film was a 
fabrication from the LPEI polycation and PEDOT:PSS as the polyanion 
while the anodically coloring film was assembled from the PANI poly
cation and poly(2-acrylamido-methane-2-propane-sulfonic acid) 
(PAMPS) as the polyanion. The resulting solid electrochromic device 
gave a maximum transmittance change of 30% within one second. 

5.3. Biology-related stimuli 

An important feature of PEM films is possible functionalization by 
introducing e.g., drugs, biomacromolecules (proteins, DNA, lipids, 
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polypeptides, polysaccharides, etc.) and their subsequent release. The 
porous structure of some PEM films permits the incorporation of 
different therapeutic molecules and a stimuli-responsive release. How
ever, the common problems are related to low encapsulation perfor
mance and too fast release, which limit their use in drug delivery 
systems and biomedicine. 

PEM coatings could be used for the incorporation of free molecules 
directly (e.g., pharmaceutical drug, proteins, DNA, enzymes) or mole
cules in encapsulated form (e.g., in liposomes, polymeric capsules). 
Encapsulation of free molecules is realized by using them as layer 
components or directly embedding them into the film by a dipping 
process. Fig. 18 presents different encapsulation processes that are being 
used to encapsulate drugs, NPs, and other macromolecules in poly
electrolyte coatings [299]. 

Anandhakumar showed dual drug-loaded coatings [299]. The porous 
and supramolecular structures of PEM films were effectively used to 
embed both ciprofloxacin hydrochloride and BSA in the films making 
them very interesting candidates for externally activated drug delivery 
applications. Polymer/NP composite films were formed by in situ 

syntheses of metallic NPs through metal ion-polymer interactions and 
inbuilt of pre-synthesized NPs via electrostatic interactions [300,301]. 
These kinds of approaches give an almost uniform nanocomposite 
structure with good control over NP size and distribution. 

Numerous works have been devoted to encapsulation of bioactive 
molecules: proteins, peptides, nucleic acids, enzymes into the structure 
of PEM films. Biomolecules can interact with the PEM components 
irrespective of the charge of biomolecules and film because it involves 
not only electrostatic but also hydrophobic interactions, and hydrogen 
bonding. The important question which needs to be answered is the 
configurational stability and activity of the films containing such bio
molecules. The reports concerning loaded proteins, enzymes show that 
the PEM-bound molecules are able to keep their secondary structures 
and enzyme activity demonstrating also tolerance against harsh condi
tions [302]. The Lvov’s group reported also that platelets coated with 
anti-IgG-containing multilayers can be targeted to IgG-coated surfaces 
[303]. However, often an encapsulation of bioactive molecules in 
nanocarriers before their embedding into PEM is required to shield them 
from the external environment and preserve their activity. Caruso et al. 

Fig. 17. (a) Schematic of an (LPEI/PB)30 film swelling under the influence of an electric potential. Water molecules and positive charges on the polymer are omitted 
for clarity. (b) Active swelling of two (LPEI/PB)30 films subjected to 10 redox cycles after 1 h and 2 days of passive swelling. Reprinted with permission from ref. 
[296]. Copyright (2009) American Chemical Society. 

Fig. 18. The thin film-based creation for drug delivery system and antibacterial coatings. PEM films with (A) silver NPs for antibacterial coatings, (B) biomolecules 
for tissue engineering applications, (C) drugs for drug delivery, and (D) both Ag or Au NPs and drugs for dual drug delivery system (reproduced from [299] with 
permission, copyright 2013 Elsevier). 
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presented a successful development of dendrimer/PSS coatings and 
showed the release of loaded molecules through concentration- 
dependent diffusion in isotonic saline solutions [304]. Volodkin et al. 
developed HA and PLL film incorporated with a liposomal carrier con
taining carboxyfluorescein, and demonstrated its controlled release by 
varying the temperature [305]. The exponentially growing films, such as 
PGA/PAH [306] and PLL/HA [307] were found to be suitable for the 
incorporation of liposomes due to high water content, and a gel-like 
structure providing a suitable environment for liposomes. The amount 
of substances loaded into the film is largely dependent on carrier 
deposition steps, a charge of the carrier, and nature of the polymeric 
matrix. The release of loaded molecules from the film is of crucial 
importance in developing thin film-based drug delivery platforms for 
various biomedical applications. Films containing biomolecules/drugs 
within their layered architecture offer the ability to vary not only the 
number of active molecules under exposure to diffusion-based envi
ronmental triggers but also the ability to trigger the release using 
external stimuli in proper timing and order (e.g., simultaneous, 
sequential, pulsatile release). 

Serizawa et al. demonstrated the selective degradation of self- 
assembled DNA by DNA-specific enzyme which was deposited on the 
surface layer [308]. The disintegration of the multilayer was induced by 
the presence of Mg2+ and Ca2+ ions in solution and might be tailored by 
varying their concentrations. Hydrolytic degradation of a self-assembled 
polycation was also used as a trigger for releasing DNA in its native form 
from PEM [309]. Biologically active films containing an enzyme, 
organo‑phosphorus hydrolase, are promising as a component of enzy
matic sensors for the detection of a wide range of highly toxic organo
phosphorus compounds in the environment [310]. Inoue et al. showed 
interesting results on the decomposition of PEMs triggered by a specific 
recognition event [311]. Specifically, avidin–biotin specific binding 
between avidin and polymer-conjugated biotin was taken to form LbL 
coatings which decomposed in response to the presence of free biotin 
molecules in solution. 

The responsive polymer conjugates based on host-guest chemistry 
and PEGylated nanoparticles have been assembled to form pH, light, and 
ionic strength multiresponsive coatings for drug-delivery applications 
[312]. By manipulating their supramolecular structure it was possible to 
observe a synergistic effect between their components - an azobenzene- 
containing copolymer, cyclodextrins that could be loaded and release 
drugs by triggered by light, while the PEGylated nanoparticles can be 
triggered by physiological conditions. 

Capsules capable of biologically induced release are developed as a 
biomimetic platform for the intercellular transfer of drugs and genetic 
materials e.g. for genetic therapy purposes. The biologically induced 
release is the result of the interactions of the shell material with bio
molecules, such as enzymes, oligonucleotides, or saccharides that in 
most cases leads to capsule degradation. For example capsules with 
phenylboronic acid as a wall ingredient are glucose-sensitive and could 
be used as a carrier for the delivery of insulin [313]. Capsules composed 
of glucose-sensitive enzymes, glucose oxidase, catalase, and synthetic 
polyelectrolyte, PEI, with prioritized proton binding capability that act 
as a buffer for pH variation, were able to release insulin in response to 
exceeded glucose level, while at normal glucose level (5 mM) insulin 
release was hindered. It was demonstrated that the release threshold can 
be tuned in the desired glucose concentration range from 5 to 20 mM by 
adjusting the amount of PEI within capsules shells. 

Enzymes or reagents of the reactions they catalyze can be used as 
walls materials providing numerous potential triggers with high selec
tivity. Many diseases are accompanied by an anomalous level of specific 
enzymes, which can be a starting point to create enzyme-responsive 
capsules as drugs carriers, especially with an intracellular target such 
as proteins and nucleic acids [98]. An example is a trypsin and other 
trypsin-like enzymes that cleave peptide chains at the carboxyl side of 
the amino acids lysine and arginine, which are on the abnormal level in 
some inflammation conditions [314] and cancer [315]. Following this 

lead, the capsules consisting of arginine-rich cationic protein and 
anionic polysaccharide, heparin, were constructed. Drug molecules 
embedded within such capsules walls were shown to be released in the 
presence of trypsin due to decomposition of the capsules [316]. 

Microcapsules with polypeptide as building blocks can be dis
integrated by the pronase (a mixture of proteolytic enzymes) that hy
drolyses proteins into individual amino acids (Fig. 19) [100]. It was 
demonstrated that the rate of pronase catalyzed degradation of capsules 
shells with the poly(L-arginine) (pArg) as a polycation and poly(L- 
glutamic acid) (pGlu) as polyanions increased with the increasing 
enzyme concentration. Whereas it can be slowed down by increasing the 
number of the polypeptide layers or by incorporation of additional 
layers of synthetic polyelectrolytes like PSS and PAH. 

A similar observation was made for capsules consisting of poly
saccharides: CH as a polycation and heparin as a polyanion. In the 
presence of heparanase, an enzyme degrading polymeric heparin sulfate 
into shorter chain lengths, the capsules were decomposed. Application 
of enzymatically degradable polyelectrolytes together with synthetic 
ones like PAH and PSS in one system led to higher resistivity of capsules 
to the enzymatic degradation, and prolonged release [317]. 

Capsules build of other polysaccharides pair: CH as a polycation and 
HA [318] as a polyanion as well as capsules consisting of HA and PLL 
[319] were degraded by hyaluronidases - a group of enzymes that 
catalyze the degradation of HA. Moreover, capsules containing CH as a 
shell ingredient can be non-specifically decomposed by a variety of 
colonic and pancreatic enzymes. The capsules based on liquid oil cores 
with shells composed of HA derivatives were also shown to be degraded 
by hyaluronidases both in dispersion and after cellular uptake [320]. 
Capsules with DNA as a shell component were degraded by nuclease that 
is an enzyme capable of cleaving the phosphodiester bonds between 
nucleotides of nucleic acids [321]. 

Further examples of capsules that decompose after internalization by 
cells contain enzymatically or hydrolytically degradable polycations 
such as pArg and poly (hydroxypropyl meth
acrylamidedimethylaminoethyl) [322]. Capsules consisting of dextran 
sulfate and pArg were able to transfer and release mRNA and siRNA 
within tumor cell lines. The capsules after cell internalization were 
degraded due to intercellular proteolytic activity and released most of 
their loads within 24–48 h [323]. 

Active compounds can be entrapped not only in the capsule’s interior 
but can be assembled as multilayer constituents. Such a solution was 
used to deliver α1-antitrypsin (AT) (serine protease inhibitor) to cova
lently bind human neutrophile elastase (HNE) that contributes to tissue 
damage in chronic inflammation. The formed HNE-AT complex can be 
then phagocytosed and degraded. Additionally, cefoperazone was 
applied as another wall constituent to protect AT against inactivation. 
Both agents were positioned within separator multilayers composed of 
protamine sulfate and dextran sulfate [324]. To improve the clarity of 
this chapter, the described examples are summarized in the Table 5 

6. Microparticle/microcapsule deposition and controlled 
release 

For some applications, microcapsules have to be immobilized to offer 
soft coatings with tunable mechanical and interfacial properties. The 
potential of such systems results from the compartmentalized structure 
which can be utilized by catalysis or controlled release including drug 
delivery [15]. 

Gahan et al. [325] used the LbL technique to deposit multilayers of 
polymer-coated microparticles containing mutually reactive polymers, 
either poly(2-vinyl-4,4-dimethylazlactone) (PVDMA) or PEI as termi
nated layers. The authors claimed that the template-based approach 
provided opportunities to control the particle packing and to design 
cargo-loaded planar systems that kept the capsules’ internal structure, 
geometry, and interconnections between them, which would not be 
possible by applying an approach based on the deposition of hollow 
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capsules. Such coated microparticles were adsorbed alternately on PEI/ 
PVDMA modified planar substrate followed by subsequent dissolution of 
the microparticle cores leading to the formation of the film of hollow 
microcapsules. It showed a disordered structure indicating that the as
sembly was driven by kinetic entrapment rather than close packing of 

microparticles (Fig. 20). The resulting film of hollow capsules was 
physically stable in an aqueous environment and could be reversibly 
dried and rehydrated without damage. It could also be loaded with 
macromolecular cargo for controlled release. The iterative nature of LbL 
deposition gave the possibility to design a system of different constitu
ents providing various, additional functions/control over the properties 
of assembly as stimuli responsiveness, leading to a versatile technology 
platform. 

Shchukin et al. developed an active corrosion protection system with 
self-healing ability based on nanocontainers that released entrapped 
corrosion inhibitors in response to pH changes caused by the corrosion 
process [326]. As nanocontainers assembled on the metallic support, 
silica nanoparticles were applied. They were coated with LbL poly
electrolyte films modified by benzotriazole molecules acting as a 
corrosion inhibitor. The authors showed that local corrosion activity 
triggered the release of benzotriazole from the polyelectrolyte shell due 
to local change of pH in the corrosive area. Polyelectrolyte shell opened 
upon this pH change and released the corrosion inhibitor to suppress the 
corrosion. Upon the inhibitor activity, the local pH increased closing the 
polyelectrolyte shell, which prevented the further release of benzo
triazole. Such a nanocontainer approach allows substituting the harmful 
chromates with a new generation system of self-healing capacity. 
Similar concepts of an anticorrosion system utilizing capsules assembled 
on flat substrate were further elaborated [327]. Volodkin et al. devel
oped laser-activated releasing system containing PEM microcapsules 
with gold nanoparticles embedded in exponentially growing thick HA/ 
PLL film modified with gold nanoparticles as well. Such microcapsules 
loaded with dextran and assembled onto the film could release cargo 
under triggering with NIR light [158]. 

In addition to research on practical applications of such systems, 
there is a number of fundamental studies on the adsorption of micro
capsules/microparticles onto planar substrates. Szyk-Warszynska et al. 
studied deposition of model microcapsules on a bare mica surface and 
mica modified with PEM [328]. They used oblique impinging jet (OIJ) 
[329,330,331] cell to determine the initial deposition rate of micro
capsules in dependence on the various thickness of polyelectrolyte shells 
around the colloidal cores. They demonstrated that this rate was gov
erned by the charge of the solid/liquid interface and the charge of the 

Fig. 19. Confocal laser scanning microscope images of enzyme-catalyzed degradation of: (a) four layer-pair (pArg/pGlu)4 polyelectrolyte capsules with encapsulated 
FITC-dextran before and 60 min after incubation in a solution containing Pronase; (b) (pArg/pGlu)8 capsules before (at 0 min), after 60 and 90 min of enzyme- 
catalyzed degradation (reproduced from [100] with permission, copyright 2012 Elsevier). 

Table 5 
Biology-related stimuli containing enzymes and degraded polymers.  

Multilayer films/ 
capsules 

Enzym Degradable 
polymer 

Reference 

films - (PDADMAC/ 
DNA)n 

endonuclease 
deoxyribonuclease I 

(DNase I) 

PDADMAC [308] 

films - (CH/PTAA(poly 
(thiophene-3-acetic 

acid))n 

organophosphorus 
hydrolase (OPH) 

PTAA [310] 

capsules - (protamine 
(PRM)/ heparin 

(HEP))n 

trypsin PRM [316] 

capsules - (pArg/pGlu)n 

and ((PAH/PSS) 
(pARG/pGLU))n 

pronase pARG/pGLU 
(PAH/PSS) 

(pARG/ 
pGLU) 

[100] 

capsules - (CH/HEP)n heparinase (HPA) CH/HEP [317] 
films - (CH/HA)n hyaluronidase (Hase) HA [318] 

capsules - (PLL/HA)n 

and (PAH/HA)n 

hase HA [319] 

capsules - (CCH 
(cationic chitosan) 

C12-OA (oleic acid)- 
ACH(anionic 

chitosan))n and 
(HAC12-OA)n and 
(HAC12-CO (corn 

oil))n 

hase CCHC12-OA- 
ACH 

HAC12-OA 
HAC12-CO 

[320] 

capsules - (PEI/DNA)n nuclease PEI/DNA [321] 
capsules - (pARG/ 

dextran sulfate 
(DEXS))n 

pronase (Proteases) pARG/DEXS [322] 

films – (PRM/DEXS)n human Neutrophile 
Elastase (HNE) –AT (α1- 

Antitrypsin) 

PRM/DEXS [324]  
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capsules’ terminating layer. On the other hand, the authors noticed that 
the initial deposition rate was negligibly dependent on the thickness of 
polyelectrolyte shell of the capsules and the thickness of PEM on the 
mica surface. They showed that the depositions rates were in good 
agreement with theoretical predictions based on the convective- 
diffusion theory of particle transport inclusive attractive interactions 
between oppositely charged microcapsules and PEM assembled on mica 
surface [332,333]. In another paper Szyk-Warszynska et al. studied the 
deposition of PEM-coated latex particles serving as model microcapsules 
on heterogeneous metal surfaces bare or covered by PEM [334]. Authors 
coupled already established OIJ cells with the fluorescent microscope to 
enable in situ observations of fluorescently labeled microcapsules’ 
deposition on highly reflective, rough metallic surfaces. Authors found 
that modification of any studied metal surface with several nanometer 
thick PEM unified their surface charge, increasing attractive interactions 
between the surface and the oppositely charged microcapsules, affecting 
the deposition efficiency and resulting in good agreement of microcap
sules’ deposition rate on PEM modified metallic surface with convective- 
diffusion theory. 

Declaration of Competing Interest 

All authors declare no financial and personal relationships with other 
people or organizations that could inappropriately influence (bias) our 
work. 

Acknowledgment 

S.Z. would like to acknowledge the financial support provided by 
Polish National Science Center in a grant Beethoven Classic (2018/31/ 
G/ST5/03955). 

M.K.-S. would like to acknowledge the financial support provided by 
Polish National Science Center in a contract No. 2016/23/B/ST8/ 
03128. 

References 

[1] Decher G, Schlenoff JB. Multilayer thin film. Wiley-VGH Verlag & Co. KGaA; 
2012. 

[2] Decher G. Fuzzy nanoassemblies: toward layered polymeric multicomposites. 
Science 1997;277:1232–7. 

[3] Volodkin D, Von Klitzing R. Competing mechanisms in polyelectrolyte multilayer 
formation and swelling: polycation–polyanion pairing vs. polyelectrolyte–ion 
pairing. Curr Opin Colloid Interface Sci 2014;19:25–31. 

[4] Elzbieciak M, Kolasinska M, Warszynski P. Characteristics of polyelectrolyte 
multilayers: the effect of polyion charge on thickness and wetting properties. 
Colloid Surf A Physicochem Eng Asp 2008;321:258–61. 

[5] Elżbieciak M, Zapotoczny S, Nowak P, Krastev R, Nowakowska M, Warszyński P. 
Influence of pH on the structure of multilayer films composed of strong and weak 
polyelectrolytes. Langmuir 2009;25:3255–9. 

[6] Zhang X, Xu Y, Zhang X, Wu H, Shen J, Chen R, et al. Progress on the layer-by- 
layer assembly of multilayered polymer composites: strategy, structural control 
and applications. Prog Polym Sci 2019;89:76–107. 

[7] Schönhoff M. Self-assembled polyelectrolyte multilayers. Curr Opin Colloid 
Interface Sci 2003;8:86–95. 

Fig. 20. (A − C) Schematic illustrations showing (A) a PVDMA-terminated, PEI/PVDMA multilayer film-coated CaCO3 microparticle (an amine- reactive particle), 
(B) a BPEI-terminated, PEI/PVDMA multilayer film-coated CaCO3 microparticle (an amine-containing particle), and (C) a PEI/PVDMA base layer-coated (yellow) 
planar substrate (black) presenting amine-reactive azlactone functionality. (D − G) Schematic illustrations showing two possible arrangements ((D, F) ordered; (E, G) 
disordered) in assemblies of amine-containing and amine-reactive particles on amine- reactive surfaces before (D, E) and after (F, G) removal of the sacrificial CaCO3 
templates (reproduced with permission from [325]. Copyright 2021 American Chemical Society). 
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