E encyclopedia

Entry

Substance Release from Polyelectrolyte Microcapsules

Egor V. Musin *, Aleksandr L. Kim and Sergey A. Tikhonenko *

Citation: Musin, E.V.; Kim, A.L.;
Tikhonenko, S.A. Substances Release
from Polyelectrolyte Microcapsules.
Encyclopedia 2022, 2, 428-440. https://
doi.org/10.3390/encyclope-
dia2010026

Academic Editors: Raffaele Barretta,
Mark J. Jackson and Krzysztof Kamil
Zur

Received: 30 November 2021
Accepted: 1 February 2022
Published: 4 February 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

Institute of Theoretical and Experimental Biophysics, Russian Academy of Science, Institutskaya St. 3,
142290 Puschino, Russia; kimerzent@gmail.com
* Correspondence: eglork@gmail.com (E.V.M.); tikhonenkosa@gmail.com (S.A.T.)

Definition: Controlled release of substance from polyelectrolyte microcapsules is a triggered deg-
radation of the microcapsule membrane that is extensive enough to release the contained substances
out into the environment. Membrane degradation can be a result of enzymatic digestion, ultrasound
or light exposure, heating, application of a magnetic field, pH or ionic strength changes in the solu-
tion or bacteria-mediated processes. This technology can be used for the targeted release of drugs,
and for the development of self-healing materials and new generation pesticides.
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1. Introduction

Compared to other types of encapsulations, polyelectrolyte microcapsules have one
of the main advantages—a variety of methods for the controlled release of the encapsu-
lated substance. Due to the variability in the composition of a PMC shell, there are many
ways to achieve the controlled release of the contained macromolecules. A variety of
methods for the controlled release of substances from a PMC will allow the delivery of
drugs to the target organ and release it locally, to create self-healing materials, pesticides
(gradual release of pesticides) and genomic editing tools. Thus, the systematization of the
results obtained over the past few decades on the controlled release of substances from
polyelectrolyte microcapsules, will clarify the perception of the researcher in this field of
study.

2. History

In the early 1990s, Decher and coauthors [1,2] were the first ones to demonstrate that
it was possible to modify a surface with a layer-by-layer (LbL) technique, which later be-
came widely used. A step-by-step buildup of a multilayer film is mediated by the for-
mation of ionic interactions between oppositely charged areas of polyelectrolytes. Starting
in 1998 [3], the LbL self-assembly technique was used as a novel tool for nano- and micro-
encapsulation. In this method, multilayer polyelectrolyte films were built around differ-
ent particles by the consecutive adsorption of oppositely charged polyelectrolytes via
their electrostatic attraction, together with other association-mediating interactions, such
as hydrogen bond formation, hydrophobic effects, charge transfer reactions, etc. Efficient
microencapsulation of biologically or chemically active substances—drugs, proteins, vit-
amins, flavors, gas bubbles and even whole living cells—is getting more and more im-
portant for numerous purposes in the fields of biochemistry, pharmaceutics, cosmetology
and catalysis [4].

The control over the microcapsule shell composition allows the creation of polyelec-
trolyte microcapsules (PMCs) that are able to release the encapsulated drug in response
to some trigger. Decapsulation is necessary for targeted therapy development, which al-
lows the delivery and release of a drug to the organs or tissues of interest. Such an ap-
proach minimizes the side effects of the drug and reduces the patient’s rehabilitation
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duration. Moreover, gradual release of small amounts of the drug would allow its effect
in the organism to be prolonged, for example, gradual release of insulin into the circula-
tion. This technology is also used for the development of self-healing materials, pesticides
and for cell culture cultivation.

The first triggered decomposition of PMCs was shown in the work of C. Schiiler and
F. Caruso (2001) [5]. They created polyelectrolyte capsules using DNA/spermidine. It is
known that DNA/spermidine interactions weaken in solutions with higher ionic strength.
Thus, after DNA/spermidine capsules had been placed into the 5M salt solution, the mul-
tilayers dissolved, leading to the degradation of the capsule.

Microcapsule shell degradation, in response to the pH change of the surrounding
solution, appeared to be the newly developed way of decapsulation in the history of
PMCs. In this case, microcapsules must consist of strong and weak polyelectrolytes, and
when the pH of the solution becomes higher (in the case of polybase) or lower (in the case
of polyacid) than the pKa of the weak polyelectrolyte, polyelectrolytes lose their charge,
which results in capsule degradation (2002) [6].

Later on, numerous ways of decapsulation were discovered: heating (2002) [7], light-
sensitive degradation (2004) [8], magnetic field application (2005) [9], microwave radia-
tion (2006) [10], ultrasound application (2006) [11] and even bacterial spore germination
(2020) [12]. Today, the most widespread technique for decapsulation is enzymatic diges-
tion. In this case, microcapsules are created with the use of biodegradable polyelectrolytes,
such as polysaccharides, polypeptides or polynucleotides [13].

3. The Ways of Encapsulated Substance Release

One of the essential questions in using PMCs as microcontainers for targeted drug
delivery is the release of the encapsulated substance. Since both physical and chemical
media factors strongly affect the polyelectrolyte shell of a PMC, release of the drug from
the capsule can be initiated by acidity, ionic strength or polarity of the solution, glucose
concentration, light, ultrasound, magnetic field application, redox state of the solution,
enzymatic reactions or bacterial growth (Table 1).

Table 1. Methods for controlled release of substances from polyelectrolyte microcapsules.

The Initiator of Substance

Release

Microcapsule’s Constitution

. Released Subst Citati
(First Layer/Second Layer)Number of Repeats eleased Substance tration

Acidity of the solution (pH)
Ionic strength of the solu-
tion
Glucose

Light

Ultrasound

BSA/(PAH/PSS)s Doxorubicin 14
(PSS/PAH)9/PSS Fluorescein 15
(PAD/PSS)s FITC-BSA 17
(Mannan/PAH-BOH)7 TRITC-BSA 18
(PSS/PDADMAC)s/PSS/DDAB/SiO2-TiO2 Phenol red 19
MEF/(PSS/PAH):PSS FITC-dextran 20
(PAH-BP/PSS)4 Rhodamine B 21
(PSS/PAH)>-Ag-(PSS/PAH). - 2
Bt-SiO2/PEI/PSS/PEI/PSS B triazol 23
Bt-TiO:/PEI/PSS/ PEI/PSS enzotnazole
(PDADMAC/Au/PSS)s Alexa Fluor 555 24
dextran
(PAH/PMA): /NR Nimbin and 25
Doxorubicin

(PSS/PAH)/Ag/(PSS/PAH).
(PSS/PAH)./Ag/(PSS/PAH)s FITC-PAH z
(PAH/DS)3/AgNPs/(PAH/DS) FITC-dextran 28

(PSS/PAH)s )

(AUNP/PAH): FITC-dextran 30
(PAH/PSS)2(PAH/Fes04)s(PAH/PSS)2 FITC-dextran 11
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Magnetic field

Redox

Enzymatic digestion

Osmotic pressure

Spore germination

(PAH/ FesOs NPs)4 Insulin 32
(PSS/PAH)s/Pd Phenol red 33
(PDADMAC/PSS)s FITC-dextran 34
(PSS/PAH)/(PSS/P(Am-DDA)/ NPs/ (PAH)(PSS/PAH) lia:l'f:‘;‘;iz‘:n 35
(PVPON/PMAsH)s FITC-transferrin 42
(PSS-Rh/PAH)/(PSS/PAH)s
(PSS-Rh/PAH)2/(PSS/PAH)3/PSS 9-amino-acid peptide 43
(PSS-Rh/PAH)2/(PGA/PLL)4 KP9
(PSS-Rh/PAH)2/(PGA/PLL)4/PGA
(PSS/P(HPMA-DMAE))4 FITC-dextran 44
(DS/PLA) _Rhodamine 45
isothiocyanate
(CT/DS)s FITC-albumin 46
(CHI/ALG)s Indomethacin 47
(Dex-HEMA-DMAEMA)/(PSS/PAH)3 FITC-dextran 53
(Dex-HEMA-DMAEMA)/(PSS/PAH)s TRITC-dextran 54
(spore forms of Bacillus subtilis)/(PSS/PAH)s FITC-dextran 12

3.1. Acidity of the Solution (pH)

The proof of principle of controlled, pH-dependent decapsulation was shown in the
study of Shen et al. [14]. The authors used PMCs containing BSA gel. Such microcapsules
were obtained by heating the PMCs with BSA up to 80 °C; this led to the formation of
polyampholitic gel, which changed its charge in response to the change in the pH of the
solution. The efficacy of the method was proved by the example of doxorubicin
encapsulation: at pH > 4.8 doxorubicin was charged positively, BSA was charged
negatively and an electrostatic interaction between them emerged. The interaction
between BSA and doxorubicin led to the loading of the latter into the capsule. When the
pH of the solution was decreased, BSA changed its charge to positive, which disrupted its
electrostatic interactions with and led to the decapsulation of doxorubicin. In theory, this
method can be used for reciprocal situations as well: cargo load at low pH, if the cargo
has a negative charge, and decapsulation of the cargo at high pH, when BSA could change
its charge to negative [14].

3.2. lonic Strength of the Solution

In contrast to pH-controlled decapsulation, drug release in response to the ionic
strength of the solution can happen for PMCs containing both weak and strong
polyelectrolytes. Antipov et al. [15] showed that the mechanism of ionic strength-
mediated decapsulation is quite similar to the pH-controlled one: with an increase in ionic
strength of the solution, free energy of interactions within the polyelectrolyte layers
decreases leading to higher permeability of the capsules and to the release of fluorescein
from the PMC ((PSS/PAH)s/PSS). In another study [16], it was reported that an increase in
the ionic strength of the solution resulted in the generation of local defects in the capsule
and, as a result, in increased shell permeability. However, lack of linear dependence
between the permeability of the capsule, salt concentration in the solution and the inability
to use this approach for controlled decapsulation in vivo, resulted in a significant
limitation to its applications.

3.3. Glucose Content

In the study of De Geest et al. [17], the authors created polyelectrolyte microcapsules
using a glucose-sensitive polymer. Polystyrene sulphonate and copolymer of
dimethylaminoethyl acrylate and 3-acrylaminophenylboronic acid were used as the main
components of the capsule shell in this work. The glucose-responsive component here was
a derivative of the phenylboronic acid —it could form complexes with glucose, leading to
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the shift in chemical equilibrium towards charged acid molecules. This resulted in in-
creased electrostatic interactions, repulsion of microcapsule layers and capsule shell deg-
radation [17].

Levy et al. [18] created another system based on forming ester bonds between poly-
saccharides and phenylboronic acid derivatives. In this case, the PMC shell contained
complexes of polyacrylic acid with hemisulphate of aminophenylboronic acid, which
bound with mannans through ester bonds. It was observed that the increase in simple
carbohydrates (fructose, glucose, mannose and galactose) led to the disruption of the mi-
crocapsule shell. It likely occurred as a result of simple carbohydrates replacing mannans
in complexes with the phenylboronic acid derivatives, which led to destabilization of the
capsule shell layers and capsule degradation [18].

3.4. Light Exposure

Light exposure appears to be a convenient way to control decapsulation (Figure 1).
For instance, Katagiri et al. [19] created UV-sensitive PMCs with the shell consisting of
polystyrenesulfonate and polydiallyldimethylammonium layers coated with a lipid bi-
layer and SiOx-TiO2 oxide system. In this study it was shown that encapsulated low mo-
lecular weight substances could be released by UV irradiation due to TiOz photocatalytic
activity, which promoted degradation of the polyelectrolyte layers of the capsule. The rate
of capsule disruption and, as a result, the rate of the cargo release were regulated by the
Si02:TiOz2 ratio in the outer layer of the capsule [19]. Another example of UV-controlled
microcapsules was demonstrated in the study of Koo et al. [20]. The authors of this work
developed PMCs with photoacid generators (PAGs) in the outer layer of the capsule shell.
After UV irradiation of such capsules the PAGs released protons into the surrounding
solution, which led to a local decrease in pH. Thus, long UV exposure, caused by main-
taining low pH values, resulted in the swelling and disruption of the PMCs [20].

A

Figure 1. Diagram showing the effect of light on substance release from polyelectrolyte microcap-
sules. A—formation of polyelectrolyte microcapsules with metal particles; B—irradiation of micro-
capsules with light; C—destruction of microcapsules after light irradiation.
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The work of Park et al. [21] is another example of UV application for controlled de-
capsulation. Authors used photosensitive benzophenone-modified polystyrenesulpho-
nate (PSS) and polyallylamine (PAH) for the microcapsule shell assembly. After UV ex-
posure, the proton in the C-H bond in the polymer layer was easily abstracted by excited
benzophenone, leading to the formation of a new C—C bond between the polymers of the
shell. It was demonstrated that the time of UV irradiation affected the extent of cross-
linking and the pore size, which allowed the fine-tuning of the rate of the drug release
from the microcapsule [21].

Other than UV light, light-controlled decapsulation can also be implemented via use
of near-infrared (IR) band frequencies (700-900 nm). In contrast to UV light, IR does not
have any negative effects on the living cells and can penetrate quite deeply into an organ-
ism’s tissues. In the work of Skirtach et al. [22], the authors created microcapsules consist-
ing of PAH and PSS and containing either silver nanoparticles or IR-absorbing dyes. It
was reported that after exposure to laser light of IR band frequencies, multiple gaps in the
PMC shell appeared and the capsule’s cargo was released [22]. The same phenomenon
was demonstrated by Skorb et al. [23]. In this work, they created capsules consisting of
PSS and polyethylenimine (PEI), which were modified by silver nanoparticles. IR laser
irradiation of such capsules resulted in the formation of pores large enough for anticorro-
sion cargo compound release.

In the study of Skirtach et al. [24], the authors used aggregates of gold nanoparticles
to create IR-controlled PMCs. They incorporated gold nanoparticle aggregates into the
microcapsule shell, which consisted of polydiallyldimethylammonium (PDADMA) and
PSS. As a result, PMCs with the peak of the light absorption in the IR part of the spectrum
were obtained. Gold particles absorbed the IR light and heated up, leading to the local
melting of polymer layers and an increase in their permeability. At the same time, after
the light exposure was stopped, the permeability of the PMC shell returned to its initial
values [24].

This decapsulation method was extensively used in the application of PMCs to pho-
tothermal cancer therapy. It allowed substances to act on cancerous cells in two different
ways—via a therapeutic chemical compound and via microcapsule heating. A recent
study demonstrated the considerable potential of IR-absorbing microcapsules and laser-
triggered decapsulation for applications in anticancer therapy [25]. Authors created PMCs
containing two drugs: hydrophilic doxorubicin and hydrophobic anticancer drug, nimbin
[25]. Decapsulation of these PMCs was triggered by near-infrared (NIR) light exposure
and, in contrast to other studies, this work demonstrated the ability to use a low power
laser (0.5 W/cm?) for decapsulation initiation.

3.5. Ultrasound

Ultrasound-based tools are widely used for medical applications; therefore, ultra-
sound use for controlled drug release from PMCs appeared to be very promising since its
safety and overall effect on the human organism are well described. In general, ultrasound
affects the permeability of microcapsules through the cavitation effect in the liquid me-
dium, which occurs when applied ultrasound waves have frequencies of 20 kHz or
greater. Ultrasound waves cause the formation of microbubbles from the gases dissolved
in the medium. Longer ultrasound exposure leads to microbubble oscillation and collapse,
which is called the cavitation phenomenon. Bubble collapse, in turn, causes the redistri-
bution of energy in the media and the generation of additional shear force between liquid
layers [26]. As a result of all these processes, the PMC shell can be disturbed or destroyed.
The majority of works in this field were performed based on PMCs, which consisted of
PSS as a polyanion and PAH as a polycation. One of the first works in the field is the study
by Skirtach et al. [27]. Using FITC-dextran as a cargo, the authors demonstrated the pos-
sibility of using ultrasound for controlled drug release and, moreover, they proved that
the sensitivity of PMCs and the rate of their destruction could be increased by adding
silver nanoparticles to the microcapsule shell. Similar results with the release of FITC-
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dextran in decapsulation were obtained in the study of Anandhakumar et al. [28], which
used PAH/DS (dextran sulphate) capsules with incorporated silver particles. Another
early work in the field of ultrasound-sensitive PMCs was the work by Shchukin et al. [11].
The authors used the same polycations and polyanions for PMC assembly, but they incor-
porated iron oxide (II-III) FesOs into one of the middle layers. The addition of iron oxide
increased the susceptibility of microcapsules to ultrasound exposure. The strongest effect
on ultrasound susceptibility of PMCs was reported in the study of Kolesnikova et al. [29],
where the authors used zinc oxide particles in the formulation of PAH/PSS capsules.

It is worth mentioning that the incorporation of metal into the capsule shell did not
always affect its susceptibility to ultrasound in this way. For instance, De Geest et al. [30]
created two types of PMCs: one consisted only from PSS and PAH, while another con-
tained PAH and gold nanoparticles carrying carboxyl groups on their surface. When two
types of microcapsules were compared using their sensitivity to ultrasound, it turned out
that PMCs containing gold nanoparticles were more resistant to ultrasound exposure.
Such an effect possibly occurred due to polyanionic carboxyl groups, which made the
multilayered shell of the microcapsule more rigid [30].

3.6. Magnetic Field

Another example of a trigger for the controlled substance release from PMCs is the
application of a magnetic field. One of the main advantages of this method is a high per-
meability of biological tissues to magnetic fields. In one of the pioneering works about this
topic, Caruso et al. [31] created PMCs that not only contained polyelectrolytes in the shell,
but also had a polystyrene core. However, the proof of concept of magnetically triggered
microcapsule decapsulation was first demonstrated in 2005 by Lu et al. [9]. For this pur-
pose, the authors used microcapsules carrying FITC-dextran as a cargo. The shell of these
microcapsules consisted of PAH and PSS with incorporated cobalt nanoparticles, which
were coated with gold. After the application of a magnetic field, nanoparticles began to
rotate with a frequency corresponding to the frequency of oscillating magnetic field. Thus,
these particles destabilized adjacent polyelectrolyte layers and increased the permeability
of the PMC shell. At the same time, it was shown that the increase in permeability has its
limits, which were imposed by the rate of nanoparticle rotation—if the frequency of the
magnetic field became too high, nanoparticles were not able to rotate with the same cor-
responding rate, and the permeability increase was minimal. Later on, the possible appli-
cation of capsules containing iron oxide nanoparticles was reported in the study of Zheng
et al. [32]. The authors optimized conditions of insulin loading into magnetoresponsive
PMCs and demonstrated magnetically controlled decapsulation, thus suggesting the use
of this technology in diabetes therapy.

For targeted drug delivery implementation, it is important to create microcapsules
with low permeability that can hold compounds with a low molecular weight. Such mi-
crocapsules became the main topic of the research carried out by Katagiri et al. [33]. This
group developed improved magnetoresponsive PMCs containing FesOs and coated with
a lipid bilayer. Such microcapsules can be used for the transportation of substrates with
different molecular weights. When a magnetic field was applied, magnetic nanoparticles
FesOuincreased the permeability of the lipid bilayer of the capsule via particle heating and
not through their movements [33].

At present, there have been PMCs developed containing magnetic particles both in
the shell and in the core of the microcapsule. Hu et al. [34] created microcapsules contain-
ing iron pentacarbonyl Fe(CO)s. Microcapsules were prepared using the layer-by-layer
method. First, the magnetoresponsive core was created from iron pentacarbonyl and sili-
con dioxide, then polyelectrolytes were applied in layers. In the end, silicon dioxide was
washed out of the capsules using sodium hydroxide solution. It was shown in this study
that microcapsules constructed in such a way were distorted in response to the magnetic
field application, which led to the cargo release from the capsule. In this case the fine-
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tuning of decapsulation was possible by changing the strength of the magnetic field: the
stronger the field was, the higher the decapsulation rate was [34].

A similar technique for the fine-tuning of magnetoresponsive microcapsules was de-
veloped by Carregal-Romero et al. [35]. The authors created microcapsules containing
iron oxide magnetic particles shaped as cubes, which increased their ability to heat up
under the influence of the magnetic field. Another way to regulate decapsulation of mag-
netoresponsive capsules is based on the alteration of the magnetic particle concentration
in the shell of a PMC [36]. The higher the concentration, the higher the heat capacity is,
and, in turn, higher temperatures can be reached when a magnetic field is applied. Local
temperature increases in the shell of the capsule led to capsule structure damage and, as
a consequence, to cargo release [36].

Allin all, approaches for decapsulation of magnetoresponsive microcapsules can be
divided into two categories. In the first one, an alternating magnetic field is used to in-
crease mobility and temperature of magnetic particles [9,36,37], which leads to partial or
total destruction of the capsule shell. This approach caused local heating, which could be
potentially harmful for healthy tissues and organs, thus limiting its use in clinical appli-
cations. The second approach is based on the use of a constant magnetic field, which could
be enough for capsule deformation without them heating up [38—40]. However, this way
of decapsulation usually requires fabricating microcapsules through an emulsification
process, which, in turn, leads to an increase in the size of the resulting microcapsules, up
to dozens or even several hundreds of micrometers. Such a large capsule size significantly
limits opportunities to use this approach in targeted drug delivery.

3.7. Redox

Redox potential is varied across cellular organelles, and this feature can be used to
develop PMCs that are sensitive to this kind of stimuli. One of the first works in this field
was dedicated to the development of PMCs, which, in addition to polyelectrolyte com-
pounds, contained cysteine residues in the shell [41]. When put in a solution containing
DMSO, disulfide bonds were formed between cysteines, which increased the stability of
the capsule shell under low pH values. However, if such capsules were placed in the re-
ducing environment with TCEP, disulfide bonds were disrupted, and the microcapsule
shell became susceptible to the action of the acidic pH. Such a system allowed a double-
triggered release, which was responsive to both redox potential and the pH of the envi-
ronment [41].

In another study PMCs were created that released their cargo only in response to the
reducing potential of the surrounding solution. Zelikin et al. [42] created microcapsules
based on polyvinylpyrrolidone and polymethacrylic acid, modified by thiol groups. Mi-
crocapsules were then placed in a strong oxidizing environment to form disulfide bonds
between thiol groups. The authors demonstrated that when a reducing agent, such as di-
thiothreitol (DTT), was applied to these microcapsules, the shell became gradually de-
graded, releasing the cargo from the capsule [42].

One outstanding example of the use of such PMCs is their possible application as
peptide vaccine carriers. In an in vitro study by Rose et al. [43], it was reported that PMCs,
loaded with polypeptides, could persistently present in the circulatory system of a human
and be engulfed by antigen-presenting cells (APCs). The environment within the cells was
reducing, which allowed the release of the cargo inside the cells in response to the change
in redox potential. APCs, in turn, became able to present cargo peptides within the main
histocompatibility complexes (MHC) on their surface [43].

3.8. Enzymatic Digestion

One of the alternative methods of decapsulation is enzymatic digestion of the shell
of the PMC. This may be a convenient way to deliver a drug if it should act inside the cell
(as it is in the case of oligonucleotides and proteins). The first example of enzymatically
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triggered capsules was published by De Geest et al. [44]. The authors developed capsules
with two different types of shell: the first consisted of polyarginine and dextran sulphate,
and the second consisted of poly(hydroxypropylmethacrylamide dimethylaminoethyl)
and PSS. These capsules were then added to the African green monkey kidney cell culture.
It was observed that added PMCs were actively engulfed by the cells, and the shell of the
capsules was enzymatically degraded, releasing the loaded substance [44]. Such capsules
were later investigated using in vivo experiments with mice [45].

One more example of enzymatically driven decapsulation of PMCs was developed
in the study of Itoh et al. [46]. The authors obtained microcapsules based on chitosan and
sulphate dextran, and used chitosanase as a decapsulation triggering agent. The shell deg-
radation and controlled cargo release was demonstrated after addition of the enzyme to
the capsules. Based on these results, the authors decided to go further and try to optimize
the system in such a way that the drug release happened slower (so called ‘sustained re-
lease’ of the drug). To do this, they added an additional outer layer of positively charged
chitosan. In the buffer (pH 5.6) chitosanase (pI 9.3) was also positively charged, thus, the
interaction between the enzyme and the modified capsules was weakened, due to the
static repulsion [46].

Most of the works in the field of enzymatically controlled capsule degradation in-
clude the use of two lytic enzymes, which are present in the human organism: pepsin (in
the stomach) and hyaluronidase (in salivary and seminal glands). For pepsin-controlled
capsule development, chitosan and poly(2-acrylamido-2-methylpropanesulphonic) acid
were used. It was reported that pepsin action led to the degradation of the PMC shell and
to the release of the encapsulated indomethacin [47]. Hyaluronidase-responsive PMCs
contain the residues of hyaluronic acid [48,49] or chondroitin sulphate [50] in their shells.

As it was shown by Cardoso et al. [51], enzymatic digestion of capsules could be
driven not only by action of lytic enzymes from the outside solution, but also by the action
of encapsulated enzymes from within the capsule itself. One of the examples of such cap-
sules is the case of the capsules created from chitosan and hyaluronic acid, which are de-
scribed above. Together with the drug, hyaluronidase was placed into the hollow of the
capsule for the triggered release of the capsule shell [51]. One more example of a similar
system is the type of capsules described in the work of Borodina et al. [52]. In this work,
investigators created a capsule shell consisting of poly-L-arginine and poly-L-aspartic
acid. As a decapsulation agent deposited inside the capsule authors used a mix of lytic
enzymes from Streptomyces griseus called Pronase. It was also shown that the fine-tuning
of the capsule degradation rate could be achieved through the alteration of the Pronase
content inside the capsule.

3.9. Osmotic Pressure

All the methods that use osmotic pressure as a decapsulation force are based on the
same main principle of placing hydrogel from biodegradable material (such as dextran
and its derivatives) into the capsule. In water, under the influence of osmotic forces, water
molecules start to enter the capsule. This leads to an increase in osmotic pressure on the
shell of the capsule, which, in the very end, results in shell damage facilitated by the sim-
ultaneous gradual hydrolysis of dextran. The control of decapsulation rate could be per-
formed by changing the extent of crosslinking in the polyelectrolyte layers, the number of
polyelectrolyte layers and the amount of the hydrogel inside the capsule [53,54].

3.10. Bacterially Driven Decapsulation

This type of decapsulation is based on the germination of encapsulated bacterial
spores. The efficiency of this method was demonstrated in the work of Musin et al. [12].
The authors prepared microcapsules consisting of PSS/PAA that contained Bacillus subtilis
spores together with FITC-dextran (Figure 2).
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(A) (B)

Figure 2. Scheme of bacterially driven decapsulation. (A)—PMC with encapsulated bacterial spores
of Bacillus subtilis; (B)—release of FITC-dextran and destruction of PMC after spore germination.

When favorable conditions for bacterial growth were created, spores within the cap-
sules became activated, since the created nanoscale shell was semi-permeable and allowed
for nutrients to get into the capsule. When encapsulated bacterial spores germinated in-
side the microcapsule, they disturbed and destroyed the shell of the PMC, which resulted
in decapsulation and release of the FITC-dextran. The main advantage of this decapsula-
tion method was that it did not require any specialized, highly technological equipment,
such as ultrasound or laser generators.

4. Practical Relevance and Applications

One of the main applications of microencapsulated substances is their triggered con-
trolled release. The diversity of polyelectrolytes and nanoparticles used to create PMCs
allows the development of a whole set of microcapsule types with various release triggers.
Polyelectrolyte microcapsule decapsulation can be used in medicine, in genome editing,
in the development of targeted delivery techniques, in agricultural and paint manufactur-
ing industries and in ‘smart’/functional surface development.

In medicine polyelectrolyte microcapsule are mostly used for targeted drug delivery
techniques [55]. The main advantage of polyelectrolyte microcapsules as drug carriers
here is that the capsules protect the drug from degradation along the way to the targeted
region (cell, inflammation area, disease ‘hot’ spot) and they also protect the organism from
the possible side effects of the drug. One important feature for successful targeted drug
delivery is its controlled release from the microcapsule without any loss of therapeutic
effect [56]. Versatility of LbL technology allows the production of polymeric capsules con-
sisting of biodegradable materials with different sizes and unique surface properties,
which are required for the development of successful decapsulation strategies. Another
feature of PMCs, which makes them convenient to use in targeted drug delivery, is their
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active engulfment by several cell types, including breast cancer cells, hepatocytes, fibro-
blasts, colon carcinoma cells and the model kidney cell line “Vero’, as well as phagocytic,
dendritic cells and macrophages. In addition to this, polyelectrolyte microcapsules can be
used for genetic construct delivery in genome editing techniques [57].

In the paint manufacturing industry, PMCs are used for the development of self-
healing coatings. Mikhail L. Zheludkevich and coauthors created anticorrosion coatings
with a self-healing effect, which consisted of hybrid sol-gel films doped with special nano-
containers. These nanocontainers were covered with the polyelectrolyte and corrosion in-
hibitor (benzotriazole) layers, which were released in response to pH changes caused by
the corrosion process [58]. During the anticorrosion system development, pH-sensitive
components, which allowed the decapsulation corrosion inhibitors, were usually used,
such as ZnO [59], SiO2 nanoparticles [60], halloysite nanotubes [61,62], TiO2 nanotubes
[63] and others.

Another possible application of polyelectrolyte microcapsules in the agricultural in-
dustry is the controlled release of pesticides. Such a technology would allow a decrease in
the rate of active compound release and prolong its action. Moreover, it may become a
solution to the problem of pesticide pollution of the environment. Xiaojing Wang and Jing
showed in their work the ability to encapsulate the herbicide picloram and to perform its
gradual controlled decapsulation [64].
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Abbreviations

The list of abbreviations
Poly 3-acrylaminophenylboronic acid: dimethyl aminoethyl acry-

PAD
late

PAH-BOH Amide bonds betw?en t.he carbloxylic groups of acrilic acid and
aminophenylboronic acid hemisulfate

PSS Poly(sodium 4-styrenesulfonate)

DDAB Dioctadecyldimethylammonium bromide

MF Melamine formaldehyde

PAH-BP Benzophenone-modified PAH

Bt Benzotriazole

PDADMAC Poly(diallyldimethylammonium chloride)

PMA Poly(methacrylic acid)

NRs gold nanorods

DS Dextran sulfate

PVPON Poly(vinylpyrrolidone)

PMAs Poly(methacrylic acid) (PMA) conjugated with cysteamine (NH2-
(CH2)2)-SH)

PLL Poly(L-lysine)

PGA Poly(L-glutamic acid)

PSS-Rh Rhodamine B-labelled PSS

p(HPMA-DMAE
CT
ALG

Poly(hydroxypropylmethacrylamide dimethylaminoethyl)
Chitosan
Alginate
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Microgel dextran-hydroxyethylmethacrylate dimethylaminoethyl

(dex-HEMA-DMAEMA)
methacrylate

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

Decher, G.D.; Hong, J.-D. Buildup of ultrathin multilayer films by a self-assembly process, 1 consecutive adsorption of anionic
and cationic bipolar amphiphiles on charged surfaces. In Makromolekulare Chemie. Macromolecular Symposia;, Hiithig & Wepf
Verlag: Basel, Switzerland, 1991; pp. 321-327.

Decher, G.; Schmitt, J. Fine-Tuning of the film thickness of ultrathin multilayer films composed of consecutively alternating
layers of anionic and cationic polyelectrolytes. In Progress in Colloid & Polymer Science; Springer Science and Business Media
LLC: Berlin/Heidelberg, Germany, 2007; pp. 160-164.

Donath, E.; Sukhorukov, G.B.; Caruso, F.; Davis, S.A.; Mohwald, H. Novel Hollow Polymer Shells by Colloid-Templated As-
sembly of Polyelectrolytes. Angew. Chemie Int. 1998, 37, 2201-2205. https://doi.org/10.1002/(SICI)1521-
3773(19980904)37:163.0.CO;2-E.

Wang, C.; Ye, S.; Sun, Q.; He, C.; Ye, W.; Liu, X,; Tong, Z. Microcapsules for controlled release fabricated via layer-by-layer self-
assembly of polyelectrolytes. J. Exp. Nanosci. 2008, 3, 133-145. https://doi.org/10.1080/08927020802036005.

Schiiler, C.; Caruso, F. Decomposable Hollow Biopolymer-Based Capsules. Biomacromolecules 2001, 2, 921-926.
https://doi.org/10.1021/bm010052w.

Antipov, A.A.; Sukhorukov, G.B.; Leporatti, S.; Radtchenko, L.L.; Donath, E.; M6éhwald, H. Polyelectrolyte multilayer capsule
permeability control. Colloids Surf. A Physicochem. Eng. Asp. 2002, 198-200, 535-541. https://doi.org/10.1016/s0927-7757(01)00956-
6.

Ibarz, G.; Dahne, L.; Donath, E.; Méhwald, H. Controlled Permeability of Polyelectrolyte Capsules via Defined Annealing. Cherm.
Mater. 2002, 14, 4059-4062. https://doi.org/10.1021/cm011300y.

Tao, X.; Li, J.; Mohwald, H. Self-Assembly, Optical Behavior, and Permeability of a Novel Capsule Based on an Azo Dye and
Polyelectrolytes. Chem. A Eur. |. 2004, 10, 3397-3403. https://doi.org/10.1002/chem.200400024.

Lu, Z; Prouty, M.D.; Guo, Z.; Golub, V.; Kumar, C.S.S.R.; Lvov, Y.M. Magnetic Switch of Permeability for Polyelectrolyte Mi-
crocapsules Embedded with Co@Au Nanoparticles. Langmuir 2005, 21, 2042-2050. https://doi.org/10.1021/1a047629q.

Gorin, D.A.; Shchukin, D.G.; Mikhailov, A.L; Kohler, K.; Sergeev, S.A.; Portnov, S.A.; Taranov, L; Kislov, V.V.; Sukhorukov, G.B.
Effect of microwave radiation on polymer microcapsules containing inorganic nanoparticles. Tech. Phys. Lett. 2006, 32, 70-72.
https://doi.org/10.1134/s1063785006010238.

Shchukin, D.G.; Gorin, D.A.; Méhwald, H. Ultrasonically Induced Opening of Polyelectrolyte Microcontainers. Langmuir 2006,
22, 7400-7404. https://doi.org/10.1021/1a061047m.

Musin, E.V.; Kim, A.L.; Dubrovskii, A.V.; Kudryashova, E.B.; Tikhonenko, S.A. Decapsulation of Dextran by Destruction of
Polyelectrolyte ~Microcapsule Nanoscale Shell by Bacillus subtilis Bacteria. Nanomaterials 2019, 10, 12.
https://doi.org/10.3390/nano10010012.

Picart, C.; Schneider, A.; Etienne, O.; Mutterer, J.; Schaaf, P.; Egles, C.; Jessel, N.; Voegel, J.-C. Controlled Degradability of Pol-
ysaccharide  Multilayer Films In Vitro and In Vivo. Adv. Funct. Mater. 2005, 15, 1771-1780.
https://doi.org/10.1002/adfm.200400588.

Shen, H.-].; Shi, H.; Ma, K,; Xie, M.; Tang, L.-L.; Shen, S.; Li, B.; Wang, X.-S; Jin, Y. Polyelectrolyte capsules packaging BSA gels
for pH-controlled drug loading and release and their antitumor activity. Acta Biomater. 2013, 9, 6123-6133.
https://doi.org/10.1016/j.actbio.2012.12.024.

Antipov, A.A_; Sukhorukov, G.B.; Méhwald, H. Influence of the Ionic Strength on the Polyelectrolyte Multilayers’ Permeability.
Langmuir 2003, 19, 2444-2448. https://doi.org/10.1021/1a026101n.

Klitzing, R.; M6hwald, H. A realistic diffusion model for ultrathin polyelectrolyte films. Macromolecules 1996, 29, 6901-6906.
De Geest, B.G.; Jonas, A.M.; Demeester, J.; De Smedt, S.C. Glucose-Responsive Polyelectrolyte Capsules. Langmuir 2006, 22,
5070-5074. https://doi.org/10.1021/1a0533680.

Levy, T.; Déjugnat, C.; Sukhorukov, G.B. Polymer Microcapsules with Carbohydrate-Sensitive Properties. Adv. Funct. Mater.
2008, 18, 1586—1594. https://doi.org/10.1002/adfm.200701291.

Katagiri, K.; Koumoto, K.; Iseya, S.; Sakai, M.; Matsuda, A.; Caruso, F. Tunable UV-Responsive Organic-Inorganic Hybrid Cap-
sules. Chem. Mater. 2009, 21, 195-197. https://doi.org/10.1021/cm802873f.

Koo, H.Y.; Lee, H.-J.; Kim, J.K.; Choi, W.S. UV-triggered encapsulation and release from polyelectrolyte microcapsules deco-
rated with photoacid generators. . Mater. Chem. 2010, 20, 3932-3937. https://doi.org/10.1039/b924282a.

Park, M.-K,; Deng, S.; Advincula, R.C. Sustained Release Control via Photo-Cross-Linking of Polyelectrolyte Layer-by-Layer
Hollow Capsules. Langmuir 2005, 21, 5272-5277. https://doi.org/10.1021/1a047008x.

Skirtach, A.G.; Antipov, A.A.; Shchukin, D.G.; Sukhorukov, G.B. Remote Activation of Capsules Containing Ag Nanoparticles
and IR Dye by Laser Light. Langmuir 2004, 20, 6988-6992. https://doi.org/10.1021/1a048873k.

Skorb, E.V.; Sviridov, D.V.; Shchukin, D.G.; Borisenko, V.E.; Gaponenko, S.V.; Gurin, V.S. Light-controllable coatings for corro-
sion protection. Phys. Chem. Appl. Nanostructures 2009, 515-518. https://doi.org/10.1142/9789814280365_0123.

Skirtach, A.; Karageorgiev, P.; Bédard, M.F.; Sukhorukov, G.B.; Méhwald, H. Reversibly Permeable Nanomembranes of Poly-
meric Microcapsules. ]. Am. Chem. Soc. 2008, 130, 11572-11573. https://doi.org/10.1021/ja8027636.



Encyclopedia 2022, 2, 26 439

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Sharma, V.; Vijay, J.; Ganesh, M.; Sundaramurthy, A. Multilayer capsules encapsulating nimbin and doxorubicin for cancer
chemo-photothermal therapy. Int. J. Pharm. 2020, 582, 119350. https://doi.org/10.1016/j.ijpharm.2020.119350.

Rae, J.; Ashokkumar, M.; Eulaerts, O.; von Sonntag, C.; Reisse, J.; Grieser, F. Estimation of ultrasound induced cavitation bubble
temperatures in aqueous solutions. Ultrason. Sonochemistry 2005, 12, 325-329. https://doi.org/10.1016/j.ultsonch.2004.06.007.
Skirtach, A.G.; De Geest, B.G.; Mamedov, A.; Antipov, A.A.; Kotov, N.A.; Sukhorukov, G.B. Ultrasound stimulated release and
catalysis using polyelectrolyte multilayer capsules. ]. Mater. Chem. 2007, 17, 1050-1054. https://doi.org/10.1039/b609934c.
Anandhakumar, S.; Mahalakshmi, V.; Raichur, A.M. Silver nanoparticles modified nanocapsules for ultrasonically activated
drug delivery. Mater. Sci. Eng. C 2012, 32, 2349-2355. https://doi.org/10.1016/j.msec.2012.07.006.

Kolesnikova, T.A.; Gorin, D.A.; Fernandes, P.; Kessel, S.; Khomutov, G.B.; Fery, A.; Shchukin, D.G.; Méhwald, H. Nanocompo-
site.  Microcontainers ~ with  High  Ultrasound Sensitivity. ~Adv.  Funct.  Mater. 2010, 20, 1189-1195.
https://doi.org/10.1002/adfm.200902233.

De Geest, B.G.; Skirtach, A.G.; Mamedov, A.A.; Antipov, A.A.; Kotov, N.A.; De Smedt, S.C.; Sukhorukov, G.B. Ultrasound-
Triggered Release from Multilayered Capsules. Small 2007, 3, 804-808. https://doi.org/10.1002/sm11.200600441.

Caruso, F.; Susha, A.S.; Giersig, M.; Mohwald, H. Magnetic Core-Shell Particles: Preparation of Magnetite Multilayers on Poly-
mer Latex Microspheres. Adv. Mater. 1999, 11, 950-953. https://doi.org/10.1002/(SICI)1521-4095(199908)11:113.0.CO;2-T. .
Zheng, C.; Ding, Y.; Liu, X;; Wu, Y.; Ge, L. Highly magneto-responsive multilayer microcapsules for controlled release of insulin.
Int. ]. Pharm. 2014, 475, 17-24. https://doi.org/10.1016/j.ijpharm.2014.08.042.

Katagiri, K.; Nakamura, M.; Koumoto, K. Magnetoresponsive Smart Capsules Formed with Polyelectrolytes, Lipid Bilayers and
Magnetic Nanoparticles. ACS Appl. Mater. Interfaces 2010, 2, 768-773. https://doi.org/10.1021/am900784a.

Hu, Y,; Liu, C,; Li, D,; Long, Y.; Song, K.; Tung, C.-H. Magnetic Compression of Polyelectrolyte Microcapsules for Controlled
Release. Langmuir 2015, 31, 11195-11199. https://doi.org/10.1021/acs.langmuir.5b02229.

Carregal-Romero, S.; Guardia, P.; Yu, X.; Hartmann, R.; Pellegrino, T.; Parak, W.]. Magnetically triggered release of molecular
cargo from iron oxide nanoparticle loaded microcapsules. Nanoscale 2015, 7, 570-576. https://doi.org/10.1039/c4nr04055d.
Katagiri, K.; Imai, Y.; Koumoto, K. Variable on-demand release function of magnetoresponsive hybrid capsules. J. Colloid Inter-
face Sci. 2011, 361, 109-114. https://doi.org/10.1016/j.jcis.2011.05.035.

Hu, S.-H.; Tsai, C.-H.; Liao, C.-F.; Liu, D.-M.; Chen, S.-Y. Controlled Rupture of Magnetic Polyelectrolyte Microcapsules for
Drug Delivery. Langmuir 2008, 24, 11811-11818. https://doi.org/10.1021/1a801138e.

Degen, P.; Peschel, S.; Rehage, H. Stimulated aggregation, rotation, and deformation of magnetite-filled microcapsules in exter-
nal magnetic fields. Colloid Polym. Sci. 2008, 286, 865-871. https://doi.org/10.1007/s00396-008-1841-y.

Long, Y.; Liu, C.; Zhao, B.; Song, K,; Yang, G.; Tung, C.-H. Bio-inspired controlled release through compression-relaxation
cycles of microcapsules. NPG Asia Mater. 2015, 7, e148. https://doi.org/10.1038/am.2014.114.

Patel, R.; Upadhyay, R.V.; Mehta, R. Microscopic observation of magnetodeformational effects in magnetic nanocomposite mi-
celles. J. Phys. Condens. Matter 2008, 20, 204116. https://doi.org/10.1088/0953-8984/20/20/204116.

Haynie, D.T.; Palath, N.; Liu, Y.; Li, A.B.; Pargaonkar, N. Biomimetic Nanostructured Materials: Inherent Reversible Stabiliza-
tion of Polypeptide Microcapsules. Langmuir 2005, 21, 1136-1138. https://doi.org/10.1021/1a047833d.

Zelikin, A.N.; Quinn, J.F.; Caruso, F. Disulfide Cross-Linked Polymer Capsules: En Route to Biodeconstructible Systems. Biom-
acromolecules 2006, 7, 27-30. https://doi.org/10.1021/bm050832v.

De Rose, R.; Zelikin, A.N.; Johnston, A.P.R.; Sexton, A.; Chong, S.-F.; Cortez, C.; Mulholland, W.; Caruso, F.; Kent, S.J. Binding,
Internalization, and Antigen Presentation of Vaccine-Loaded Nanoengineered Capsules in Blood. Adv. Mater. 2008, 20, 4698—
4703. https://doi.org/10.1002/adma.200801826.

De Geest, B.G.; Vandenbroucke, R.E.; Guenther, A.M.; Sukhorukov, G.B.; Hennink, W.E.; Sanders, N.N.; Demeester, J.; De
Smedt, S.C. Intracellularly Degradable Polyelectrolyte Microcapsules. Adv. Mater. 2006, 18, 1005-1009.
https://doi.org/10.1002/adma.200502128.

De Koker, S.; De Geest, B.G.; Cuvelier, C.; Ferdinande, L.; Deckers, W.; Hennink, W.E.; De Smedt, S.C.; Mertens, N. In vivo
Cellular Uptake, Degradation, and Biocompatibility of Polyelectrolyte Microcapsules. Adv. Funct. Mater. 2007, 17, 3754-3763.
https://doi.org/10.1002/adfm.200700416.

Itoh, Y.; Matsusaki, M.; Kida, T.; Akashi, M. Enzyme-Responsive Release of Encapsulated Proteins from Biodegradable Hollow
Capsules. Biomacromolecules 2006, 7, 2715-2718. https://doi.org/10.1021/bm060289y.

Wang, C.; Ye, S.; Dai, L.; Liu, X.; Tong, Z. Enzymatic desorption of layer-by-layer assembled multilayer films and effects on the
release of encapsulated indomethacin microcrystals. Carbohydr. Res. 2007, 342, 2237-2243.
https://doi.org/10.1016/j.carres.2007.06.025.

Lee, H; Jeong, Y.; Park, T.G. Shell Cross-Linked Hyaluronic Acid/Polylysine Layer-by-Layer Polyelectrolyte Microcapsules
Prepared by Removal of Reducible Hyaluronic Acid Microgel Cores. Biomacromolecules 2007, 8, 3705-3711.
https://doi.org/10.1021/bm700854;.

Szarpak, A.; Cui, D.; Dubreuil, F.; De Geest, B.G.; De Cock, L.J.; Picart, C.; Auzély-Velty, R. Designing Hyaluronic Acid-Based
Layer-by-Layer Capsules as a Carrier for Intracellular Drug Delivery. Biomacromolecules 2010, 11, 713-720.
https://doi.org/10.1021/bm9012937.

Radhakrishnan, K.; Tripathy, J.; Raichur, A.M. Dual enzyme responsive microcapsules simulating an “OR” logic gate for bio-
logically triggered drug delivery applications. Chem. Commun. 2013, 49, 5390-5392. https://doi.org/10.1039/c3cc42017e.



Encyclopedia 2022, 2, 26 440

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Cardoso, M.].; Caridade, S.G.; Costa, R.R.; Mano, J.F. Enzymatic Degradation of Polysaccharide-Based Layer-by-Layer Struc-
tures. Biomacromolecules 2016, 17, 1347-1357. https://doi.org/10.1021/acs.biomac.5b01742.

Borodina, T.; Markvicheva, E.; Kunizhev, S.; Mohwald, H.; Sukhorukov, G.B.; Kreft, O. Controlled Release of DNA from Self-
Degrading Microcapsules. Macromol. Rapid Commun. 2007, 28, 1894-1899. https://doi.org/10.1002/marc.200700409.

De Geest, B.G.; Déjugnat, C.; Sukhorukov, G.B.; Braeckmans, K.; De Smedt, S.C.; Demeester, J. Self-Rupturing Microcapsules.
Adv. Mater. 2005, 17, 2357-2361. https://doi.org/10.1002/adma.200401951.

De Geest, B.; Dejugnat, C.; Verhoeven, E.; Sukhorukov, G.; Jonas, A.; Plain, J.; Demeester, ].; De Smedt, S. Layer-by-layer coating
of degradable microgels for pulsed drug delivery. J. Control. Release 2006, 116, 159-169. https://doi.org/10.1016/j.jcon-
rel.2006.06.016.

Kim, B.-S.; Choi, ].-W. Polyelectrolyte multilayer microcapsules: Self-assembly and toward biomedical applications. Biotechnol.
Bioprocess Eng. 2007, 12, 323-332. https://doi.org/10.1007/bf02931052.

Johnston, A.; Cortez, C.; Angelatos, A.S.; Caruso, F. Layer-by-layer engineered capsules and their applications. Curr. Opin. Col-
loid Interface Sci. 2006, 11, 203-209. https://doi.org/10.1016/j.cocis.2006.05.001.

Santos, ].L.; Nouri, A.; Fernandes, T.; Rodrigues, J.; Tomas, H. Gene delivery using biodegradable polyelectrolyte microcapsules
prepared through the layer-by-layer technique. Biotechnol. Prog. 2012, 28, 1088-1094. https://doi.org/10.1002/btpr.1576.
Zheludkevich, M.L.; Shchukin, D.G.; Yasakau, K.A.; Mohwald, H.; Ferreira, M.G.S. Anticorrosion Coatings with Self-Healing
Effect Based on Nanocontainers Impregnated with Corrosion Inhibitor. Chem. Mater. 2007, 19, 402-411.
https://doi.org/10.1021/cm062066k.

Kartsonakis, I.A.; Danilidis, I.L.; Pappas, G.S.; Kordas, G.C. Encapsulation and release of corrosion inhibitors into titania nano-
containers. J. Nanosci. Nanotechnol. 2010, 10, 5912-5920. https://doi.org/10.1166/jnn.2010.2571.

Feng, Y.; Cheng, Y.F. An intelligent coating doped with inhibitor-encapsulated nanocontainers for corrosion protection of pipe-
line steel. Chem. Eng. . 2017, 315, 537-551. https://doi.org/10.1016/j.cej.2017.01.064.

Shchukin, D.G.; Lamaka, S.V.; Yasakau, K.A.; Zheludkevich, M.L.; Ferreira, M.G.S.; Mohwald, H. Active Anticorrosion Coatings
with Halloysite Nanocontainers. J. Phys. Chem. C 2008, 112, 958-964. https://doi.org/10.1021/jp076188r.

Lvov, Y.M.; Shchukin, D.; Moehwald, H.; Price, R.R. Halloysite Clay Nanotubes for Controlled Release of Protective Agents.
ACS Nano 2008, 2, 814-820. https://doi.org/10.1021/nn800259q.

Balaskas, A.; Kartsonakis, I.; Tziveleka, L.A.; Kordas, G. Improvement of anti-corrosive properties of epoxy-coated AA 2024-T3
with  TiO2 nanocontainers loaded with  8-hydroxyquinoline. = Prog. Org.  Coat. 2012, 74, 418-426.
https://doi.org/10.1016/j.porgcoat.2012.01.005.

Wang, X.; Zhao, J. Encapsulation of the Herbicide Picloram by Using Polyelectrolyte Biopolymers as Layer-by-Layer Materials.
J. Agric. Food Chem. 2013, 61, 3789-3796. https://doi.org/10.1021/jf4004658.



