
����������
�������

Citation: Mateos-Maroto, A.;

Fernández-Peña, L.;

Abelenda-Núñez, I.; Ortega, F.; Rubio,

R.G.; Guzmán, E. Polyelectrolyte

Multilayered Capsules as Biomedical

Tools. Polymers 2022, 14, 479.

https://doi.org/10.3390/

polym14030479

Academic Editor: Alejandro Sosnik

Received: 10 January 2022

Accepted: 22 January 2022

Published: 25 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Review

Polyelectrolyte Multilayered Capsules as Biomedical Tools
Ana Mateos-Maroto 1,2 , Laura Fernández-Peña 1,3, Irene Abelenda-Núñez 1, Francisco Ortega 1,4 ,
Ramón G. Rubio 1,4 and Eduardo Guzmán 1,4,*

1 Departamento de Química Física, Facultad de Ciencias Químicas, Universidad Complutense de Madrid,
Ciudad Universitaria s/n, 28040 Madrid, Spain; ana.mateos@ucm.es (A.M.-M.);
laura.fernandez.pena@ucm.es (L.F.-P.); irenabel@ucm.es (I.A.-N.); fortega@quim.ucm.es (F.O.);
rgrubio@quim.ucm.es (R.G.R.)

2 Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany
3 Centro de Espectroscopía y Correlación, Universidad Complutense de Madrid, Ciudad Universitaria s/n,

28040 Madrid, Spain
4 Instituto Pluridisciplinar, Universidad Complutense de Madrid, Paseo Juan XXIII 1, 28040 Madrid, Spain
* Correspondence: eduardogs@quim.ucm.es

Abstract: Polyelectrolyte multilayered capsules (PEMUCs) obtained using the Layer-by-Layer (LbL)
method have become powerful tools for different biomedical applications, which include drug
delivery, theranosis or biosensing. However, the exploitation of PEMUCs in the biomedical field
requires a deep understanding of the most fundamental bases underlying their assembly processes,
and the control of their properties to fabricate novel materials with optimized ability for specific
targeting and therapeutic capacity. This review presents an updated perspective on the multiple
avenues opened for the application of PEMUCs to the biomedical field, aiming to highlight some of
the most important advantages offered by the LbL method for the fabrication of platforms for their
use in the detection and treatment of different diseases.

Keywords: biomedical; capsules; drug delivery; layer-by-layer; multilayers; polyelectrolyte;
controlled release

1. Introduction

From the seminal works dealing with the fabrication of polyelectrolyte multilayered
capsules (PEMUCs) [1–5] to date, the optimization of the fabrication procedures and
development of their potential applications have stimulated a very important piece of
research, which allows including PEMUCs among the most exploited objects of polymer
nanotechnology [6]. The extensive development of LbL materials for the fabrication of
capsules takes advantage of the simplicity and versatility offered for this methodology,
combined with their low cost and modularity. This has made possible the exploitation of
LbL multilayered nanostructures for the fabrication of functional materials with controlled
thickness and composition, and tunable properties and structure, which can be used in a
broad range of technological fields, including food and cosmetic industries, or the fabrica-
tion of different biomedical devices [7–13]. The widespread use of PEMUCs, especially in
the biomedical field, has been also stimulated by the absence of shape and size restrictions
offered by the LbL method for manufacturing capsules by combining different assembled
blocks interacting through different types of interactions. Therefore, the existence of a
true electrostatic interaction is not necessary for the fabrication of PEMUCs, allowing
the fabrication of capsules with molecules of very different natures, i.e., the LbL method
is not limited only to polyelectrolytes [14]. Furthermore, the possibility to perform the
assembly process in aqueous media at room temperature is a very important aspect for the
application of the LbL method, especially when the biomedical applications of the obtained
materials are considered [15–17]. This allows minimizing the possible degradation of the
bioactive properties of the used molecules [11].
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PEMUCs contain two well-defined compartments: The cavity and the polyelectrolyte
shell. The semipermeable character of the polyelectrolyte shell provides a suitable envi-
ronment enabling the permeation of encapsulated molecular compounds, with relatively
low molecular weight (less than 1 kDa), and ions inside the cavity, avoiding the perme-
ation of compounds with high molecular size [18]. This allows the use of PEMUCs for
loading in a protected environment and for delivery of a broad range of substances, e.g.,
inorganic nanoparticles, carbon nanotubes, antibodies, dyes, quantum dots, antitumoral
drugs, proteins, or nucleic acids [19–26], which contributes to the enhanced bioavailability
and solubility of active compounds [27,28]. This has stimulated the exploitation of poly-
electrolyte multilayered capsules as cargo platforms in several biomedical applications
inside the bloodstream [29–31]. Furthermore, these micro-/nanocontainers offer a very
interesting capacity for controlled stimulus-sensitive release of the encapsulated functional
components in response to specific external physical (ultrasound, magnetic field, laser
pulse, or optical radiation), chemical (pH, ionic strength, or polarity of the environment),
or biochemical (receptors or target cells) stimuli [32–36]. Therefore, it is possible to exploit
PEMUCs as targeted drug delivery systems or for designing treatments with prolonged
action through a controlled release of the encapsulated drugs [37,38]. Furthermore, PE-
MUCs can be functionalized with a broad range of components enabling the fabrication
of complex theranostics systems [39,40], or sensors for determining the concentration of
specific molecules or the pH of the medium [41].

This review presents an updated overview on the different possibilities offered for
LbL PEMUCs in the biomedical field, with the aim of highlighting the advantages provided
by the LbL method in the assembly of novel materials for biomedical applications.

2. Assembly Methodologies for the Fabrication of PEMUCs

This section is intended to provide a general overview of the state of the art of the
fabrication of PEMUCs by exploiting the LbL method, and presents a general description
of the most common methodological approach for obtaining hierarchical LbL capsules.
A more complete perspective on the manufacturing of LbL material can be found in
previous publications [14,42,43].

2.1. Immersive Assembly: Dip-Coating Deposition on Flat Surfaces

The most common method used for LbL assembly continues to be the dip-coating
deposition, or some of their adaptions [7,14,43–48]. This method offers a very simple and
versatile alternative for coating flat or non-flat substrates, or even substrates with very
complex geometries. The approach presents two main drawbacks: The long time required
for material fabrication, and the high quantities of material demanded for the fabrication of
each coating layer. In brief, the deposition of a multilayer by alternate dip-coating relies
on the alternate exposure of the substrate to solutions containing the mutual interacting
molecules that will form the multilayer, i.e., the layering solutions, with intermediate
washing cycles between the deposition of adjacent layers to avoid cross-contamination
phenomena [42,47,49,50]. This method has been traditionally used for the assembly of LbL
materials using flat macroscopic substrates as templates, providing an important guide for
optimizing the assembly of LbL films on more complex geometries. This is very important
for the optimization of capsule fabrication processes, which commonly require the use of
colloidal objects as a template. Figure 1 presents a sketch of the dip-coating methodology
for the fabrication of LbL materials.
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Figure 1. Sketch representing the use of dip-coating deposition for the fabrication of LbL materials
using a negatively charged flat substrate as template. Reprinted from Mateos-Maroto et al. [42], with
permission under Open access CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/
(accessed 20 January 2021).

2.2. Towards the Fabrication of Hollow Capsules: Immersive Assembly on Colloidal Templates

The adaption of the immersive deposition approach to the fabrication of PEMUCs
using colloidal templates that are generally dissolved or dispersed in a liquid, normally
water, is not trivial, and requires additional steps to ensure an effective separation of the
assembled systems from the excess of non-adsorbed material. This is possible by pelleting
the decorated colloids by combining, during the washing process, the separation of the
unbound and assembled material, commonly using centrifugation, with the redispersion
in the solvent [1–4,51–54]. Thus, after the deposition of each layer, the polymer-decorated
colloids are settled at the bottom of the tube by centrifugation, and the supernatant con-
taining the excess of unbound material is removed. Afterwards, the decorated colloids
are redispersed in the solvent, and the cycle including the sedimentation and redispersion
is repeated several times (normally three times) to ensure the complete removal of the
excess of unbound material from the dispersion. This allows the deposition of a new layer
by repeating the adsorption + washing sequence [55,56]. However, the scalability of the
above-described immersive process is commonly limited by the long time required for the
fabrication process and its labor-intensive character [57].

The above-described approach for the fabrication of PEMUCs using colloidal tem-
plates requires an additional step in the template (sacrificial template) dissolution for the
fabrication of the final capsule (hollow capsules). The dissolution process is commonly
achieved by a chemical treatment that depends on the specific chemistry of the colloidal
template. Thus, fluoride acid is used for dissolving silicon dioxide templates, diluted
hydrochloride acid when melamine formaldehyde resins are used, and tetrahydrofuran for
polystyrene latex templates [58]. In recent years, the use of calcium carbonate particles as
templates has gained relevance. This requires the use of ethylene-diamine-tetracetic acid
for ensuring the template dissolution [29,31]. It is worth mentioning that the preparation of
PEMUCs using sacrificial colloidal particles as templates is not recommended for specific
application because the obtained capsules can retain some toxic residues from the templates
(dirty capsules), or solvent traces. Figure 2 presents a scheme representing the different
steps involved in the fabrication of PEMUCs using colloidal particles as templates.

https://creativecommons.org/licenses/by/4.0/
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MUCs using colloidal particles as templates. Reprinted from Yan et al. [52], Copyright (2014), with
permission from American Chemical Society.

The dip-coating methodology, and its adaption for fabricating LbL films on the surface
of colloidal templates, offer a very simple approach for fabricating PEMUCs. However,
as was stated above, it requires the use of centrifugation for separating the polymer-
decorated colloidal particles and the excess of unbound material, which can force the
aggregation of the obtained capsules, especially when high rotation speeds are used,
making it very difficult to apply this methodology for templates with nanometric size,
or lower density than the water. Furthermore, the inclusion of centrifugation steps reduces
the possibilities for automatization and scaling of the fabrication procedure, which can be
partially solved using the serum replacement method for the separation step, thus helping
reduce the aggregation of the obtained capsules [59].

The necessity of avoiding the centrifugation steps, or more specifically the separation
methodology, is a very important driving force of the development of new approaches for
immersive LbL deposition on colloidal substrates. It should be noted that the necessity to
introduce separation steps emerges from the use of layering solutions with concentrations
exceeding those necessary for the saturation of the substrate surface [53,60]. However,
the separation methodologies can be removed from the assembly protocol by controlling
carefully the number of layering species, and by adding only the amount required for
the saturation of the surface of the colloidal template, which provides an increase in the
speed of the assembly process by a factor of 3 [3,61]. This requires a careful evaluation of
the dependence of the surface charge, normally evaluated in terms of the zeta potential,
and the concentration of the layering solution, to avoid the aggregation of the obtained
capsules. The latter can be also partially prevented by sonication of the dispersion during
the assembly process [61–64].

The use of colloidal objects lighter than water as templates, e.g., emulsion droplets,
vesicles, or liposomes, introduces additional problems to the separation of the obtained
capsules and the excess of unbound materials, making it necessary to significantly modify
the assembly protocol. These modifications include the use of creaming/skimming cycles
instead of centrifugation/redispersion to ensure the separation of the coated droplets from
the excess unbound material when emulsion droplets are used as templates. Thus, the lower
density of the emulsion droplets in relation to the aqueous continuous phase facilitates
their recovery by flotation in the layering solutions [65,66], and the use of centrifugation
can be exploited to obtain an enhanced creaming yield [67–69]. Conversely, the separation
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of the excess unbound material when vesicles or liposomes are used as templates for
the LbL assembly becomes even more complex, involving in some cases up to three
different steps for each pair of deposited bilayers [70,71]: (i) The first layering solution is
added to a diluted suspension containing vesicles/liposomes to form the first layer; (ii) the
second layering solution is added to the dispersion containing the polyelectrolyte-decorated
vesicles/liposomes, and the excess unbound material resulting after the deposition of the
first layer, leading to the formation of the second layer and interpolyelectrolyte complexes;
and (iii) the interpolyelectrolyte complexes are settled by centrifugation, and a dispersion
containing the polyelectrolyte-decorated vesicles/liposomes is obtained. It should be noted
that after the deposition of the first bilayer, the deposition of the subsequent bilayers can
be obtained following a similar sequence. However, this procedure limits the maximum
number of bilayers that can be deposited to five or six because, during the separation step,
the formed interpolyelectrolyte complexes can interact with the obtained capsules, leading
to a loss in capsules during the centrifugation. The loss in capsules has been estimated to
be around 5% of the total per deposited bilayer [70].

2.3. Deposition Assisted by Magnetic Fields

Magnetic fields can be used for controlling the layering process, or moving magnetic
colloids in and out of the layer solution [40]. Therefore, the use of magnets is another very
interesting methodology for ensuring the separation of the excess unbound molecules from
the assembled capsules [40], making it necessary to load the capsules, commonly with
lower density than water, with magnetic nanoparticles. This approach has been exploited
for the separation of emulsion droplets coated by LbL films [72] or LbL films deposited on
magnetic colloids [73], allowing a recovery close to 100% of the obtained capsules.

It should be noted that the use of deposition assisted by magnetic fields is far from
being a general methodology. However, the possibility of handling the substrate by the
application of a magnetic field provides an interesting perspective for the assembly of
PEMUCs, and especially when small colloids are used as templates.

2.4. Deposition on Immobilized Colloids

The complicated separation steps can be avoided by fixing the colloidal templates in
immobilization matrices, e.g., agarose hydrogels, in such a way that allows considering the
systems as a planar substrate. This reduces the layer deposition on the colloids to a simple
dip-coating procedure, which is followed, after the deposition of the desired number of
layers, by the erosion of the immobilization matrix by heating at 37 ◦C. The final step for
obtaining a clean dispersion containing the PEMUCs relies on the separation of the agarose
and the capsules by at least three cycles of centrifugation+redispersion in the aqueous
medium. This methodology allows the automatization of the assembly process of LbL
films on colloidal templates [74]. Figure 3 represents a sketch showing a typical process of
fabrication of LbL PEMUCs using immobilized templates.

It is worth mentioning that the design of automatized methodologies for LbL assem-
bly is one of the current challenges towards the industrial scaling of the fabrication of
PEMUCs, for which several promising attempts have been made [43,74–76]. An exam-
ple of automatization emerged from the work by Peiffre et al. [77]. They introduced a
computer-controlled device allowing for the fabrication of up to 1000 polyelectrolyte layers
on colloidal particles with a diameter of about 100 µm. Another very interesting alternative
towards the automatization is the use of a porous matrix that is filled with polyelectrolyte
molecules and colloidal particles by the application of pressure. This allows fabricating a
broad range of supramolecular LbL structures, including nanotubes, after the dissolution
of the matrix [78].
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Figure 3. Sketch of the fabrication of PEMUCs using immobilized colloids as templates. The different
letters indicate the different steps of the process. (a) Immersion of the immobilized colloid into
the first layering solution and subsequent rinsing (the rinsing step is not shown for simplicity).
(b) Immersion on the second layering solution and subsequent rinsing. (c) The coated colloids are
recovered from the agarose matrix. The steps (a,b) are repeated until the desired number of layers is
obtained. Reprinted from Richardson et al. [74], Copyright (2013), with permission from John Wiley
and Sons.

2.5. Towards the Scalability of the Fabrication of PEMUCs

The solvent-induced precipitation emerges as a very promising alternative for facilitat-
ing the separation of the excess unbound material [79], avoiding the use of centrifugation.
This approach increases the assembly velocity and the recovery yield, which are impor-
tant issues for the scaling up of the fabrication process of PEMUCs. The scalability of
the fabrication of PEMUCs can be achieved by performing the assembly in tubular flow
reactors, which allows the fabrication of capsules with a fixed number of layers through a
continuous process. However, the use of this type of process has an important drawback
associated with the retention of small amounts of the last deposited polyelectrolyte in the
medium, which can lead to cross-contamination during the preparation of the capsules [80].
Figure 4 presents a sketch of the experimental flow for the fabrication of PEMUCs using a
tubular reactor.
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Figure 4. Sketch representing the experimental approach for the assembly process of LbL PEMUCS
using a tubular reactor. Reprinted from Elizarova et al. [80], Copyright (2016), with permission
from Elsevier.

2.6. New Avenues on the Fabrication of PEMUCs: Microfluidic Approaches

The use of microfluidic approaches for fabricating PEMUCs has gained importance in
recent years [76,81–83], contributing to the reduction in the number of aggregation processes
during the assembly process [84–88]. Microfluidic techniques offer multiple possibilities
for fabricating LbL capsules, with the alternate displacement of the layering and washing
solutions within the microfluidic chip by the application of pressure or vacuum being the
most extended [89–91]. Thus, it is possible to coat the particulate template by exposing
the particle flow stream to the layering or washing solutions flowing in a perpendicular
direction [85]. The alternate exposure of the colloidal template to the polyelectrolyte and
washing streams is another possibility for the fabrication of PEMUCs using microfluidic
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methods [88]. Figure 5 shows a sketch of one of the possible configurations for fabricating
LbL PEMUCs using a methodology using a microfluidic device.
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Figure 5. Sketch representing an experimental configuration for the assembly of LbL PEMUCS using
a microfluidic device. (a) General view representing the inputs and outputs of the assembly process.
(b) Expanded view of the process of deposition of one bilayer. Reprinted from Kantak et al. [88],
Copyright (2011), with permission from The Royal Society of Chemistry.

A fluidized bed can be also exploited for the fabrication of PEMUCs using colloidal
particles as templates [92]. This type of methodology exploits the upward force of the
washing or layering solutions that counteract the gravitational forces driving particle
sedimentation. This leads to a situation in which particles are lifted to form a fluidized bed,
which allows the fabrication of PEMUCs on substrates having a diameter of up to 3 µm [93].
It should be noted that although the use of microfluidic approaches for the fabrication of
PEMUCs provides very interesting perspectives, their current implementation remains
rather limited because of the high cost associated with the required instrumentation and
the implementation of each individual process [57].

3. A Brief Introduction to the Physico-Chemical Aspects Driving the Formation of LbL
Polyelectrolyte Multilayers

The optimization of the fabrication processes of PEMUCs using the LbL methods
requires the understanding of fundamental aspects governing the assembly of multilayered
films. This is important because modulating the fabrication processes of PEMUCs to obtain
systems with ad hoc designed properties and functionalities is only possible with a deep
understanding of the physico-chemical-based underlying the assembly process of LbL
materials [14,94]. This section focuses on providing a brief description of the foundations
of the LbL assembly.

3.1. Growth of Polyelectrolyte Multilayers

The ability of polyelectrolytes to assemble in self-organized supramolecular structures,
in addition to their capacity to form interpolyelectrolyte complexes upon their mixing with
oppositely charged polyelectrolytes, play a central role in the control of the fabrication
processes of LbL materials [44,46,95–97], allowing the fabrication of LbL multilayered films
in which the thickness can be tuned almost at will. This is important for the optimization
of different properties associated with the potential of LbL materials, e.g., transparency,
retention of encapsulated drugs or wetting properties, and adhesion.

It is now well accepted that the adsorbed amount (or thickness) of LbL films can have
two different dependences on the number of deposited bilayers. This is strongly dependent
on the specific pair of molecules assembled in the multilayer and the conditions used for
the multilayer assembly, which can drive the emergence of two different types of multilayer
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growths: Linear and non-linear. The latter is commonly defined as exponential growth,
even though the dependence of the adsorbed amount on the number of deposited bilayers
is not always strictly exponential. In the following, the multilayers are defined following
the notation (A − B)n, with A and B representing the species forming each layer, and the
subindex n accounting for the number of deposited bilayers. Figure 6 shows a general
representation of the most common growth emerging in LbL polyelectrolyte films.
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Figure 6. Idealized representation of the dependences of the adsorbed amount on the number of
bilayers for LbL polyelectrolyte multilayers undergoing linear and non-linear growth. Reprinted
from Mateos-Maroto et al. [42], with permission under Open access CC BY 4.0 license, https://
creativecommons.org/licenses/by/4.0/ (accessed 20 January 2022).

Linear growth is characterized by a quasi-linear increase in the adsorbed amount on
the number of deposited bilayers. This means that the adsorbed amount is constant for
each bilayer, which leads to the growth in the multilayer of only a few nanometers after
the deposition of a single bilayer. This thickness increase is approximately the sum of
the characteristic lengths of the deposited polyelectrolytes, i.e., polycation and polyanion.
Some examples of multilayers with linear growth are (PAH-PSS)n (where PAH and PSS are
poly(allylamine hydrochloride) and poly(4-styrenesulfonate of sodium), respectively), and
(PDADMAC-PSS)n (where PDADMAC is poly(diallyldimethylammonium chloride) under
conditions in which the polyelectrolytes present a high charge density [98,99]. There are
other examples of multilayers presenting linear growth, e.g., (PAH-PAA)n and (PM2VP-
PSS)n (where PAA and PM2VP are poly(acrylic acid) and poly(N-methyl-2-vinyl pyri-
dinium chloride), respectively) [100]. By comparison, non-linear growth is characterized
by an increase in the deposited amount per bilayer that is faster than in the case of linear
growth, which leads to a supralinear dependence of the adsorbed amount on the number
of deposited bilayers. This means that the bilayer thickness does not remain constant
per bilayer, and hence it is not directly related to the characteristic length of the layering
polymers. Non-linear growth is frequently found in LbL films containing biopolymers (nor-
mally polypeptides or polysaccharides) e.g., (CHI-PAA)n, (PLL-HA)n or (PLL-PGA)n (with
CHI, PLL, HA and PGA being chitosan, poly(L-lysine), hyaluronic acid and poly(glutamic
acid), respectively) [101–105]. Furthermore, non-linear growth can also be found in mul-
tilayers containing synthetic polymers when the effective charges of the polyelectrolytes
are relatively low, e.g., (PDADMAC-PSS)n multilayers assembled from solutions with high
ionic strengths or using solvents of reduced polarity [106–109]. This evidences that the
thickness and growth dependence of polyelectrolyte multilayers can be tuned by changing
the assembly conditions. In addition to the above discussed dependences of the adsorbed
amount on the number of deposited bilayers, it should be mentioned that for specific
combinations of polyelectrolyte pairs, exotic growth dependences can emerge. In this
case, the multilayer growth occurs without respecting the general rules guiding the LbL
assembly [110,111].

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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The fabrication of LbL films is a well-established research field with more than three
decades of effort trying to elucidate the main rules governing the assembly process. How-
ever, to date, the origin of the different types of dependences of the adsorbed amount on the
number of bilayers is far from clear. A critical discussion about the different perspectives
that attempts to explain the different types of growth in LbL films can be found in our
previous works [14,42].

3.2. Charge Balance in Polyelectrolyte Multilayers: Inversion and Compensation

The electrostatically driven self-assembly of LbL multilayers emerges from a direct elec-
trostatic interaction between oppositely charged polyelectrolytes in adjacent layers. How-
ever, this picture is an oversimplification, and a true description of the interaction balance
requires the inclusion of a broad range of interactions between the different components
of the systems, which in many cases do not present a strictly electrostatic origin [108,112].
Therefore, the description of the assembly of LbL materials must consider the intricate
balance between different types of interactions, which depends on two different aspects: (i)
Solvent quality for the polyelectrolytes (ionic strength, pH, or temperature), and (ii) compe-
tition between electrostatic and entropic contributions [94,106,113].

It is commonly accepted that the assembly of polyelectrolytes, and many other charged
entities, onto oppositely charged surfaces is driven by charge inversion phenomena, i.e.,
the adsorption is not stopped after the neutralization of the charge of the surface, and
progressed until the initial surface adopts a charge with the same sign as that of the layering
molecule [114]. This results from the contribution of the steric hindrance, which makes it
very difficult to obtain a perfect mismatch between the charges of the adsorbing species
and those existing on the surface. This leads to the adsorption of additional molecules
in relation to the number that is required to ensure the neutralization of the surface,
and hence the formation of a polyelectrolyte layer on an oppositely charged surface is
associated with charge inversion phenomena. This results in the formation of fuzzy layers
containing multiple polyelectrolyte segments (loops, tails, and trains) protruding into the
liquid environment surrounding the film. Therefore, an overcompensation of the charge
of the bare surface after the deposition of the polyelectrolyte may be expected, which is
self-limited due to the repulsions between the adsorbed molecules and those with the
same sign remaining in solution. The addition of additional layers to the LbL film occurs
following a similar mechanism, in which the overcompensation plays a central role in
governing the multilayer growth [104,106,115,116].

The most common approach for evaluating the emergence of overcompensation in
the growth of LbL relies on the measurement of specific physico-chemical parameters
accounting for the effective charge of the surface, e.g., zeta potential, streaming potential,
or surface potential [62,101,104,106–108,115,117–120], which allows evaluation of the os-
cillation of the surface charge of the multilayer between positive and negative values as
alternate layers of polycation and polycation are assembled. Figure 7 shows the changes
of the zeta potential, ζ, with the alternate deposition of positive and negatively charged
layers of the (PAH-PSS)n multilayer on liposomes with different densities of positive charge
(indicated by the percentage of DODAB). The results evidence an oscillation in the zeta
potential between values of about +40 mV and −50 mV upon the deposition of polycation
and polyanion layers, respectively. It is worth mentioning that even though the results in
Figure 7 suggest the existence of a quasi-symmetric overcompensation for the deposition
of polyelectrolyte layers bearing opposite charges, the emergence of asymmetrical growth
can result in a dependence of the overcompensation level on the specific nature of the
last-deposited layer [121].
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The results in Figure 7 highlight the self-limiting character of the charge inversion
process. This means that charge inversion depends almost exclusively on the specific
nature of the assembled entities, with the effect of other parameters such as the assem-
bly conditions (e.g., ionic strength or pH) on the overcompensation degree being almost
negligible [106,113]. It is commonly accepted that the overcompensation reaches its maxi-
mum on the surface of the deposited layers, decaying very fast towards the inner region
of the film [107,108]. However, there are no general rules for determining the extension of
the overcompensation within the layers, depending on the type of multilayer growth and
the layer fuzziness. This leads to a situation in which the overcompensation is propagated
along the whole layer for multilayers with non-linear growth [102], whereas in multilayers
exhibiting linear growth the overcompensation is mostly restricted to the most external
region of the deposited layer [7].

The above discussion evidences that the overcompensation emerges as a result of the
absence of a perfect matching between the charges of the monomers deposited in adjacent
layers, which leads to a charge excess on the film. This charge excess must be compensated
for to fulfil the electroneutrality boundary condition, guaranteeing the stability of the
deposited films [107,122]. Therefore, it is necessary to make an additional contribution
that allows counter-balancing of the charge excess to form supramolecular films with
zero net charge at the macroscopic scale (beyond the Debye length). This is possible by
the incorporation of small ions in the LbL films, thus allowing the compensation of the
charge excess emerging from the deposition of the polyelectrolytes [106,109,123,124]. Thus,
it is possible to define the compensation of the multilayer charge as a function of the
role of small ions in the neutralization process, which leads to two different mechanisms
for charge compensation [125–128]: (i) Intrinsic and (ii) extrinsic. The former charge
compensation mechanism is characterized by the perfect matching between the charges
deposited in adjacent layers. This means that during multilayer assembly small ions
are expelled from the film, leading to the formation of multilayers with stoichiometry
of 1:1 between monomers of polycation and polyanion, which in turn results in a high
ionic cross-linking between the chains of oppositely charged polyelectrolyte. Therefore,
it may be expected that the release of counterions from the multilayered film leads to an
important increase in the system entropy, which is favorable for reducing the free energy,
and hence the entropy gain becomes the main driving force for the assembly of multilayers
having intrinsic compensation. The situation changes for those cases in which the matching
between charges of adjacent layers is not enough to ensure the electroneutrality of the
multilayered films, and the presence of counterions is necessary for fulfilling the charge
balance, resulting in the so-called extrinsic compensation that can drive the formation of
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multilayers with a broad range of different stochiometries. Furthermore, the retention
of counterions within the multilayered films reduces the contribution of the entropy to
the assembly process. Extrinsic-like compensation is most common in polyelectrolyte
multilayer films [104,105,107–109,129], with intrinsic compensation emerging only when
highly charged polyelectrolytes are assembled [107,121,130]. Figure 8 displays an idealized
picture showing the distribution of polyelectrolyte and counterions in multilayers having
different compensation types.

Polymers 2022, 14, 479  11  of  45 
 

mechanism is characterized by the perfect matching between the charges deposited in ad‐

jacent layers. This means that during multilayer assembly small ions are expelled from 

the film, leading to the formation of multilayers with stoichiometry of 1:1 between mono‐

mers of polycation and polyanion, which in turn results in a high ionic cross‐linking be‐

tween the chains of oppositely charged polyelectrolyte. Therefore, it may be expected that 

the release of counterions from the multilayered film leads to an important increase in the 

system entropy, which is favorable for reducing the free energy, and hence the entropy 

gain becomes the main driving force for the assembly of multilayers having intrinsic com‐

pensation. The situation changes for those cases in which the matching between charges 

of adjacent layers is not enough to ensure the electroneutrality of the multilayered films, 

and the presence of counterions is necessary for fulfilling the charge balance, resulting in 

the so‐called extrinsic compensation  that can drive  the  formation of multilayers with a 

broad range of different stochiometries. Furthermore, the retention of counterions within 

the multilayered films reduces the contribution of the entropy to the assembly process. 

Extrinsic‐like  compensation  is  most  common  in  polyelectrolyte  multilayer  films 

[104,105,107–109,129], with intrinsic compensation emerging only when highly charged 

polyelectrolytes are assembled [107,121,130]. Figure 8 displays an idealized picture show‐

ing  the distribution of polyelectrolyte  and  counterions  in multilayers having different 

compensation types.   

 

Figure  8.  Idealized  representation  of  polyelectrolyte  layers  and  counterions  in  polyelectrolyte 

multilayers presenting intrinsic and extrinsic compensation mechanisms. Reprinted from Mateos‐

Maroto  et  al.  [42],  with  permission  under  Open  access  CC  BY  4.0  license, 

https://creativecommons.org/licenses/by/4.0/ (accessed 20 January 2022). 

It should be noted that the compensation mechanism in polyelectrolyte multilayers 

can be modified by changing the physico‐chemical parameters controlling the ionic equi‐

librium, e.g., ionic strength or pH, which affects the structure and properties of the LbL 

films [106–108]. This is clear from the studies by Schlenoff and Dubas [108], where it was 

evidenced  that  the  compensation mechanism of  (PDADMAC‐PSS)n multilayers  can be 

switched from a mainly intrinsic‐like compensation at low ionic strength, to an extrinsic 

one at high ionic strength. Thus, the release of counterions occurring at low ionic strength 

leads to a favorable entopic contribution to the multilayer assembly process. However, 

this is not true for multilayers assembled at high ionic strengths, in which a high concen‐

tration of counterions remains trapped within the multilayer, and the entropic contribu‐

tion becomes less important. This leads to two very different energetic landscapes for mul‐

tilayers following intrinsic and extrinsic compensation mechanisms as a consequence of 

the different entropic contributions associated with the release of counterions [106,107]. 

This can be evaluated by introducing the so‐called compensation ratio, Rc, evaluating the 

ratio  between  the  density  of  positively,  𝜌௠௢௡௢௠௘௥
ା ,  and  negatively,  𝜌௠௢௡௢௠௘௥

ି ,  charged 

monomers in adjacent layers [129]: 

𝑅௖ ൌ
ఘ೘೚೙೚೘೐ೝ
శ

ఘ೘೚೙೚೘೐ೝ
ష .  (1) 

Intrinsic

+
+

+
++

+
+

_
_

_ _ _
_

_

+

+
+++

+
+

_
_

_ _ _
_

_

Cl-
Na+

Cl-
Na+

Cl-
Na+

Extrinsic

Figure 8. Idealized representation of polyelectrolyte layers and counterions in polyelec-
trolyte multilayers presenting intrinsic and extrinsic compensation mechanisms. Reprinted
from Mateos-Maroto et al. [42], with permission under Open access CC BY 4.0 license, https:
//creativecommons.org/licenses/by/4.0/ (accessed 20 January 2022).

It should be noted that the compensation mechanism in polyelectrolyte multilayers
can be modified by changing the physico-chemical parameters controlling the ionic equi-
librium, e.g., ionic strength or pH, which affects the structure and properties of the LbL
films [106–108]. This is clear from the studies by Schlenoff and Dubas [108], where it was
evidenced that the compensation mechanism of (PDADMAC-PSS)n multilayers can be
switched from a mainly intrinsic-like compensation at low ionic strength, to an extrinsic one
at high ionic strength. Thus, the release of counterions occurring at low ionic strength leads
to a favorable entopic contribution to the multilayer assembly process. However, this is
not true for multilayers assembled at high ionic strengths, in which a high concentration of
counterions remains trapped within the multilayer, and the entropic contribution becomes
less important. This leads to two very different energetic landscapes for multilayers fol-
lowing intrinsic and extrinsic compensation mechanisms as a consequence of the different
entropic contributions associated with the release of counterions [106,107]. This can be
evaluated by introducing the so-called compensation ratio, Rc, evaluating the ratio between
the density of positively, ρ+monomer, and negatively, ρ−monomer, charged monomers in adjacent
layers [129]:

Rc =
ρ+monomer

ρ−monomer
. (1)

Thus, intrinsic compensation may be expected for Rc ≈ 1, whereas extrinsic compen-
sation emerges when Rc assumes values above or below 1, which indicates an excess of
cationic or anionic monomers, respectively. For the particular case of (PDADMAC-PSS)n
multilayers [106], the Rc values indicate an excess of PDADMAC monomers in relation
to PSS one in adjacent layers, with independence of the ionic strength value, which evi-
dences the extrinsic-like character of the compensation process. Furthermore, the increase
in the ionic strength pushes Rc from values close to 1 at low values of the ionic strength,
i.e., a quasi-intrinsic compensation, to an extrinsic compensation at high ionic strengths
(Rc > 1). Furthermore, the compensation presents an asymmetric character, which means
that the degree of extrinsic compensation is strongly dependent on the nature of the cap-
ping layer [107,131]. Thus, for (PDADMAC-PSS)n multilayers, PDADMAC-capped films
present a higher charge excess than those ended in PSS, which suggests a clear extrinsic
compensation in the PDADMAC layer, becoming intrinsic for PSS one. The asymmetry of
the compensation influences the structure and properties of the layers, which emerge as
being strongly dependent on the specific physico-chemical characteristics of the polyelec-

https://creativecommons.org/licenses/by/4.0/
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trolytes. Therefore, if the different compensation in (PDADMAC-PSS)n multilayers is again
considered, it may be expected that the presence of counterions in PDADMAC-capped
films induces a strong swelling and hydration of these layers, which is associated with
a very noticeable roughness. However, the roughness is reduced for PSS layers, which
present a more collapsed character. The above picture suggests that the internal balance of
charges within the multilayers leads to the presence of extrinsic (polyelectrolyte/counterion
pairing) and intrinsic sites (pairing between oppositely charged polyelectrolytes) [107,132].

The differences emerging in the compensation mechanism in polyelectrolyte multi-
layers as a result of the specific chemical nature of the assembled polyelectrolytes, and the
assembly conditions, lead to differences in the balance between the enthalpic and entropic
contributions driving the assembly [133]. Thus, (PDADMAC-PSS)n multilayers undergo
strong exothermic complexation when they are assembled from solutions of low ionic
strength, whereas the complexation process emerges as endothermic with the increase in
the ionic strength [14], which leads to a very favorable contribution of the entropy to the as-
sembly at low ionic strength. However, the enthalpy and entropy are counteractive for the
assembly when high ionic strengths are used. This explains the deconstruction of the films
when the multilayers are assembled from solutions of very high ionic strength [134,135].

4. Encapsulation in LbL Materials

The exploitation of LbL materials as cargo systems requires a careful examination
of the final use of the assembled device [38]. PEMUCs have been commonly fabricated
by depositing polyelectrolyte layers onto small drug particles (2–10 µm) or sacrificial
cores [136,137]. The former approach is commonly used for the encapsulation of drugs
with a reduced solubility in water, allowing the preparation of capsules containing a drug
concentration in the range of 70–80% w/w. Furthermore, the use of sacrificial particles
requires the template removal by a chemical or thermal treatment after the deposition
of the layers followed by the encapsulation of the drugs. This requires, in many cases,
opening capsules to allow the diffusion of the drugs to the inner region, making it possible
to encapsulate the drugs until concentrations in the range of 5–10% w/w are reached [138].
Therefore, it is clear that the use of LbL materials with encapsulation purposes requires a
careful control of the multilayer shell thickness and chemical composition to ensure the
diffusion of the drugs during the loading or release processes.

Moreover, the LbL method offers the possibility to include specific functionalities on
the capsule surface, which provides molecular recognition mechanisms for a specific target,
and increases the effectiveness of the drugs. In recent years, the exploitation of the LbL
method for the fabrication of nanosystems with sizes in the range of 100–200 nm has gained
interest, allowing the fabrication of injectable platforms that take advantage of the small
size of the fabricated capsules [139,140].

It should be noted that the surface charge of the LbL film used as capsules, and their
swelling degree, cross-linking density and mechanical properties, play a very important
role in the control of the release profiles of the encapsulated compounds [141]. Therefore,
careful control of the above parameters is necessary, which can be achieved directly during
the assembly process or by a post-treatment once the capsule is assembled [37]. The
importance of the increase in the thickness, and the degree of cross-linking, of the capsules
in the release profile was demonstrated by Antipov et al. [142]. They studied (PAH-PSS)n
multi-layered capsules with encapsulated fluorescein, and found that the thicker the shell,
the smaller the permeability of the capsules. Similar conclusions were obtained by studying
the release profiles of the ions obtained upon dissolution of calcium oxalate crystals inside
a polyelectrolyte shell [143].

LbL capsules offer an alternative to the uncontrolled release, commonly mediated
by erosion or diffusion, emerging in traditional capsules. Thus, LbL capsules provide
strategies for a controlled release taking advantage of the stimuli responsiveness of this
type of materials. This allows triggering the release and specific targeting of the encapsu-
lated compounds as a response to a specific external stimulus [144,145], having chemical
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(pH, solvent or electrochemistry) or physical (temperature, light, ultrasounds, magnetic
fields, mechanical deformation) origins, or mediated in an autonomous fashion by living
tissue itself [146]. The possibility of controlling the release profile of the encapsulated
compounds is essential for the application of LbL capsules in the biomedical field, allowing
the optimization of the dosing to obtain a specific therapeutic effect, with the next step
towards the fabrication of LbL capsules being the inclusion of a multi-triggered stimuli
responsiveness allowing a better mimicking of natural systems [37,146].

The application of stimuli is not only useful for a controlled release, and contributes in
many cases to the correct distribution of the encapsulated compounds towards a specific
target, as was demonstrated by Podgórna and Szczepanowicz [147]. They tested the
possibility of driving LbL capsules of poly(L-lysine) and poly(glutamic acid) to their specific
target using magnetic fields, which was made possible by including magnetic responsive
Fe3O4 nanoparticles within the capsule core. Light activation with low intensity ultraviolet
or near infrared radiations can be also exploited to drive capsules to the target, especially
when the interaction of capsules with biological entities is considered [148].

In recent years, the design of hierarchical multifunctional capsules containing many
compartments (multicapsules) formed by the LbL assembly of several independent subunits
has gained interest in different scientific and technological fields, ranging from biomedicine
and drug delivery to the fabrication of optical materials, and from the fabrication of
biosensors to the design of microreactors [149–151]. Figure 9 represents an idealized sketch
of the fabrication procedure of multicapsules, which commonly includes the coating of a
colloidal template by combining polymer layers and layers of intact vesicles, followed by
the removal of the colloidal template.
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The fabrication of multicapsules, the so-called capsosomes, has gained attention due to
their potential uses as microreactors in chemical synthesis or in the fabrication of artificial
cells or organelles with an interest in biomedical applications [149,152]. These hybrid
systems combine the advantages of their constituent systems, i.e., traditional LbL systems
and liposomes, providing a partial solution to some of their main limitations, e.g., poor
mechanical stability of the liposomes. In addition, these multicapsules can include several
functionalities, providing interesting avenues for the design of new cargo systems for drug
delivery applications [153].

It should be stressed that the promising properties of LbL systems as delivery plat-
forms cannot hide their poor stability under specific physiological conditions, which is a
very important drawback when the drug accumulation in specific organs and tissues is
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necessary. A promising alternative for overcoming the instability issues is the coating of
the obtained capsules with a layer of a hydrophilic polymers, e.g., polyethylenglycol (PEG),
which enhances the stability of the capsules in physiological environments, reducing the
fouling phenomena [154,155]. The increase in the number of layers of the LbL shell is also
a very common alternative for enhancing capsule stability [156].

4.1. Encapsulation Approaches

A very important feature of PEMUCs is their potential use for loading specific car-
gos into their inner cavity. This allows protecting the cargo materials from inactivation
and dissolution, reducing simultaneously their toxicity against cells. There are several
approaches for entrapping different cargo materials within PEMUCs. This relies in two
types of strategies: (i) Post-loading and (ii) pre-loading [25,157].

4.1.1. Post-Loading

The use of post-loading strategies for the encapsulation of compounds relies on the in-
clusion of the compounds in the capsules during the final steps of the fabrication procedure,
i.e., it is necessary to manufacture a preformed capsule before the loading process, which
requires modifying the permeability of the shell by changing some environmental parame-
ter, e.g., temperature, pH, ionic strength, or microenvironmental polarity. This allows the
penetration of the compounds to the inner core of the capsule due to the segregation of the
polyelectrolyte network and the formation of defects in the shell [158,159]. Once molecules
penetrate the capsule shell, the capsules are transferred to their original environment to
ensure the retention of the encapsulated molecules. Therefore, it is very important that the
modification of the shell permeability does not lead to irreversible changes in the encapsu-
lation matrix to avoid the leaking of the encapsulated compounds from the capsules [160].
This requires choosing the encapsulation methodology depending on the physico-chemical
properties of both shell and template to ensure an optimal accumulation of the drug within
the inner core of the capsule.

The main drawback of the encapsulation by post-loading approaches is the possible
effect associated with the harsh conditions used for template removal, which many times
involves the use of toxic solvents, e.g., acid solutions or organic solvents, and hence results
in a detrimental effect on the activity of the encapsulated molecules [161]. Furthermore,
the dissolution of some templates, e.g., melamine formaldehyde resins, can lead to the
formation of residues with an important cytotoxicity effect [137]. It should be noted that
post-loading strategies are time consuming, thus limiting their efficiency. They require a
high concentration of initial material and the final encapsulation yield is rather limited.
Furthermore, the stimuli required for encapsulation and release of the molecules are, in
many cases, extreme, which can alter the activity of the encapsulated compounds.

There are several examples involving the encapsulation of drugs in LbL capsules by
exploiting post-loading strategies. One of the first examples deals with the inclusion of FITC
labelled dextran (FITC: Fluorescein isothiocianate) in (PDADMAC-PSS)n capsules [137].
The results showed that the permeability of the dextran, a high molecular weight polymer
(70 kDa), can be modulated through the capsule core by increasing the ionic strength,
which leads to an increase in the capsule porosity, enhancing its permeability. Once the
dextran was loaded, the capsules were resealed by taking them above the glass transition
temperature, forcing shell thickening and densification, which in turn avoided the leakage
of the encapsulated compounds. This strategy can be exploited for the encapsulation of
materials with a broad range of molecular sizes, from small molecules to larger ones, as was
demonstrated by Kozlovskaya et al. [162]. They fabricated capsules of poly(methacrylic
acid) and poly(N-vinylpyrrolidone) for the encapsulation of a broad range of molecules,
and found that the pH responsiveness of the capsules was enough to enable reversible
opening and resealing of the capsules, facilitating the encapsulation of small molecules,
such as doxorubicin (DOX) or Alexa Fluor 532 dye. However, capsules cannot incorporate
species with high molecular weights. Furthermore, the encapsulation of the molecules
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occurs selectively, with the molecules being distributed within the capsule depending on
their charge. Thus, negatively charged molecules are encapsulated within the cavity of the
capsules, whereas positively charged molecules are distributed preferentially within the
capsule shell. Very recently, Ermakov et al. [163] designed capsules loaded with a photosen-
sitizer for dynamic phototherapy by combining dextran sulfate and poly-(L-arginine), and
found that the loading of the drug inside the capsules using a post-loading strategy may
be enhanced by increasing the concentration of capsules in the dispersion. Furthermore,
they demonstrated that the heating of the capsules after drug encapsulation may be a good
strategy to ensure capsule resealing, thus avoiding the leaking of the encapsulated drugs.
She et al. [164] also used a post-loading strategy for encapsulating bovine serum albumin
labeled with tetramethylrhodamine isothiocyanate in capsules of dextran or alginate and
poly-arginine by the incubation of the capsules in a solution containing the labeled proteins
for one day at 37 ◦C, and found a strong dependence of the encapsulation yield on the
nature of the shell. Thus, the protein retention in capsules containing alginate is 2.5 times
higher than in that encapsulated in capsules containing dextran. The important role of
the nature of the shell in the control of the encapsulation process was also evidenced by
Ermakov et al. [165]. They showed that the encapsulation of rhodamine B by permeation
through the walls of capsules formed by PDADMAC and PSS, and a second formed by
poly-arginine and dextran, can be obtained upon thermal treatment, but the emerging
thermal treatment is different depending on the shell nature. Thus, rhodamine B is encap-
sulated in the system formed by PDADMAC and PSS upon thermal treatment at 50 ◦C for
20 min, whereas for the shell formed by poly-arginine and dextran, greater heating (90 ◦C)
for a longer time (1 h). Is necessary Furthermore, the increase in temperature used for the
loading results in very different loading efficacy depending on the specific system. The
post-loading by direct incubation in a solution containing the target molecules was also
used by Jeannot et al. [166] for the encapsulation of rhodamine 6G in PEMUCs formed by
combining PDADMAC and PSS layers.

4.1.2. Pre-Loading

The pre-loading strategies for the encapsulation of active compounds rely on including
the target molecules in the PEMUCs during the initial preparation stages, which has been
exploited for the encapsulation of poorly water-soluble compounds [137]. The encapsula-
tion during the capsule fabrication procedure leads to a significant reduction in the time
involved in the preparation of drug delivery platforms [167].

A very promising option, when pre-loading is considered, is the use of porous colloids,
either inorganic or organic, as templates, which allows the incorporation of a high quantity
of bioactive compounds within their porous matrix. Among this type of colloid, CaCO3
particles are probably the most commonly used particles as templates for the fabrication
of PEMUCs, particularly due to their biofriendly character [168]. This is in part due to
the possible fabrication with a narrow size distribution, generally in the 2–4 µm range.
Furthermore, they present a large specific surface area, which allows the encapsulation of
large quantities of target molecules [25]. The use of CaCO3 allows encapsulation directly
during their synthesis by co-precipitation, or once the colloids are obtained by diffusion
and incorporation into the pores [168,169]. Therefore, encapsulation can be performed in
preformed capsules or carried out simultaneously during the template preparation [170].
It should be noted that the final encapsulation yield obtained using pre-loading strategies
depends on the specific nature of both capsules and encapsulated molecules [25,171]. The
final capsules are generally obtained upon removal the template by a mild treatment.
However, this can limit in many cases the materials that can be encapsulated. Thus,
CaCO3 particles, which are commonly removed upon exposure to slightly acids aqueous
solutions of ethylene-diamine-tetraacetic acid, cannot be used for the encapsulation of
pH responsive molecules, or molecules containing di- or trivalent metal ions. Some of
the molecules pre-loaded in capsules obtained using CaCO3 particles as templates are
dextran, α-lactoalbumin, lysozyme, horseradish peroxidase, glucose oxidase, catalase,
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ovalbumin, bovine serum albumin, α-chemotrypsin, insulin, DNA, and pronase [172].
Balabushevich et al. [170] demonstrated that the use of a pre-loading approach for including
proteins within sacrificial CaCO3 allows reaching high protein concentrations within the
final PEMUCs. However, the concentration of encapsulated compounds appears strongly
dependent on the methodology used for the pre-loading. Thus, the encapsulated amount is
higher when co-precipitation methods are used than when the molecules are encapsulated
by simple adsorption on the colloidal template. The use of mesoporous silica particles as
templates is a possible alternative to calcium carbonate ones [173,174]. However, silica
presents a very important drawback related to its dissolution process, which requires the
use of harsh conditions (hydrofluoric acid solutions). However, this is not a problem
for its application in encapsulation of different molecules, including urease, DNA, and
catalase [175].

The use of reticulate hydrogel beads (agarose, hyaluronic acid, alginate, chitosan,
or dextran) as templated for the fabrication of PEMUCs, instead of porous inorganic
colloids, has gained interest in recent years, especially because they offer very interesting
responsiveness against different stimuli (pH, T, ionic strength), which allows a controlled
loading and release of active molecules [152,176,177]. Hydrogel beads have been commonly
exploited for the encapsulation of water-soluble compounds taking advantage of the high
water content of the hydrogel matrix. In particular, hydrogel beads have been exploited
for the encapsulation of different peptides or proteins ensuring the protection of their
bioactivity [178].

The use of reverse-phase LbL encapsulation (RP-LbL) is also a very interesting method-
ology for the encapsulation of drugs with a high solubility in water [179], e.g., the enzymatic
pair formed by horseradish peroxidase (HRP) and glucose oxidase (GOD) [180]. This is
enabled by including the molecules to be encapsulated in water droplets, whereas the
polymer is included within the continuous organic phase. Beyer et al. [181] demonstrated
that RP-LbL can be exploited for the encapsulation of a broad range of water-soluble
molecules, including high molecular weight proteins (e.g., bovine serum albumin, 65 kDa),
low molecular weight organic substances (e.g., glucose, vitamin C, citric acid sodium salt),
and inorganic salts (e.g., sodium chloride). This was enabled by the use of non-ionized
polyelectrolytes with high solubility in organic medium, which can be obtained following
a protonation process. The advantage of the use of this approach is associated with the
possibility of obtaining capsules that can be lyophilized under mild conditions, allowing
their redispersion in an aqueous environment. This simplifies the encapsulation of water-
soluble drugs. Pan et al. [182] demonstrated that the application range of capsules obtained
by RP-LbL approaches can be expanded, e.g., for the fabrication of edible capsules [183], by
controlling different parameters during the assembly of the capsules. Thus, the change in
the polyelectrolyte concentration, number of formed layers, nature of the polyelectrolyte,
and water fraction used during the assembly allows modulating the thickness of the LbL
shell in addition to its density, adhesive properties, and fuzziness. A very interesting
application of the capsules obtained by RP-LbL is their use as micro-reactors for performing
reactions in controlled environments. In particular, Mak et al. [184] demonstrated that this
type of capsule may be exploited for performing a high number of individual polymerase
chain reactions (PCR). This offers a good alternative for the designing of new diagnostic
strategies. Figure 10 presents a sketch in which the preparation of LbL capsules using a
RP-LbL methodology is depicted.
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The pre-loading encapsulation can be also exploited by the direct coating of crystalline
templates formed by the molecules to be encapsulated, which is very useful for drugs with
low solubility under the conditions used for the encapsulation [137].

The encapsulation of hydrophobic drugs requires the design of complex strategies
guaranteeing their trapping in the LbL structure, which can be achieved using templates in-
cluding well-defined hydrophobic regions, e.g., oil droplets in emulsions, micelles, vesicles,
or liposomes, or simply hydrophobically modified polyelectrolytes [185,186]. The latter
were exploited for paclitaxel encapsulation in capsules formed by hydrophobic modified
hyaluronic acid and quaternized chitosan [187]. The use of this type of capsule offers a
controlled release of the encapsulated drug, which can be more finely controlled using
hyaluronidase, thus allowing a controlled opening of the shell [188]. Emulsion droplets,
which act as an encapsulation/solubilisation environment, are widely used as templates for
the fabrication of PEMUCs, allowing the use of pre-loading strategies for the encapsulation
of different molecules [186], e.g., anticancer drugs such as 5-fluorouracil and doxorubicin,
DNA, RNA, or different oligonucleotides [189,190]. The strong development of the encap-
sulation in emulsion droplets occurs due to the high concentration of drugs that can be
included within the oil droplets. Furthermore, this type of carrier allows the enhancement
of some properties of the encapsulated materials, e.g., their permeability through cellular
membranes or susceptibility to chemical or enzymatic degradation [191].

4.2. Controlling the Release of Encapsulated Molecules

A successful release of the encapsulated drug is essential for the design of suitable
platforms for biomedical applications, ensuring an effective action in a controlled manner.
This is possible by exploiting the stimuli responsiveness of the capsules, which requires
consideration of the specific physico-chemical properties of the encapsulated compounds
and capsule shell. The origin of the stimuli contributing to the release of encapsulated
compounds can be very different. Thus, there are different chemical or biological stimuli
that emerge directly as a result of the environmental conditions encountered internally, e.g.,
pH, ionic strength, polarity, temperature, enzymes, or receptor recognition. Conversely,
different external stimuli associated with the interaction of the capsules with externally
applied fields, e.g., magnetic field, ultrasound, light irradiation, or mechanical stress, can
also be exploited for triggering the release of encapsulated compounds. Therefore, the
drug release can be triggered following different strategies, with the choice of the more
suitable approach depending on the type of drug, the exposure area, and the purpose of
the delivery. Figure 11 shows a scheme displaying the different type of stimuli that can be
exploited for the controlled release of encapsulated compounds from PEMUCs.
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4.2.1. Environmental Induced Release

The environmental conditions, i.e., pH, ionic strength, solvent nature, etc., are fre-
quently used for controlling the interaction balance during the assembly of LbL mate-
rials to obtain supramolecular systems with a defined structure and physico-chemical
properties [14]. However, the change in the environmental conditions can be also exploited
in preformed PEMUCs for modulating the release profiles of encapsulated compounds.
Thus, ionic strength changes allow a reversible modification of the polyelectrolyte shell as
a result of the induced osmotic stress. This has been demonstrated for (PDADMAC-PSS)n
and (PAH-PSS)n multilayers, which undergo a strong swelling upon the decrease in the
ionic strength of the environment. This favors the release of counterions from the inner
region of the shell, and can be useful for triggering the release of encapsulated compounds
from PEMUCs [107,118].

Moreover, the change in the ionic strength can be also exploited for a controlled erosion
of the LbL shell by inducing desorption of polyelectrolyte layers favoring the release of the
encapsulated compounds. This has been probed in (PDADMAC-PAA)n capsules, where
an increase in the ionic strength above a threshold concentration of 600 mM leads to the
disassembly of PAA layers, helping the release of the encapsulated compounds [192].
A similar result was found for capsules formed by hydrogen bonds [193].

The modification of the environmental pH also plays a very important role in the
control of the interaction balance within the multilayer, and can be exploited for triggering
the loading and release of compounds from PEMUCs. However, in contrast to the case
of the ionic strength, the pH changes can be only used for controlling the release profiles
of capsules containing weak polyelectrolytes, i.e., polyelectrolytes having an ionization
degree that depends on the specific environmental pH. Thus, when the pH is modified
in the vicinity of the pKa value, it is possible to modulate the protonation/deprotonation
equilibrium of the polyelectrolytes, which leads to a swelling of the multilayers due to the
change in the ionization degree of the polyelectrolyte films forming the multilayer [194].

Müller et al. [195] demonstrated that pH changes can be exploited for the reversible
loading and release of positively charged proteins from multilayers formed by poly
(ethylenimine) and PAA. Thus, at neutral pH it is possible to load the positively charged
proteins in the capsules due to their electrostatic interactions with the negatively charged
PAA layers, whereas the decrease in the pH leads to the protonation of PAA monomers,
inducing the release of the trapped proteins. The controlled release by pH changes is key
for applications in physiological media that can present very different pH, e.g., (pH 1–2), in-
testine (pH 8.4), or endosome (pH 6.0–6.5) [13]. Therefore, the pH changes can be exploited
for targeting in different parts of the body [196]. This plays a central role for a specific drug
release in carcinogenic tissues due to the differences between their pH (pH < 6.8) and that
of healthy tissues (pH around 7.4) [144]. Therefore, it may be expected that the design of
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delivery platforms with strong responsiveness to pH changes within a defined pH range
can contribute to the enhancement of the efficacy of different biomedical treatments. The
power of the pH to modulate the release profile in carcinogenic tissues of doxorubicin from
PEMUCs formed by chitosan and hyaluronic acid was evidenced by Zhao and Liu [197],
who showed that, for capsules formed by such specific polyelectrolyte pairs, a faster release
of the encapsulated drug in carcinogenic tissues than in healthy ones is possible. This
offers important advantages for modulating the release of doxorubicin in tumors from
other PEMUCs [198,199]. It should be noted that the pH effect on the modulation of the
release profile is strongly dependent on the specific nature of the multi-layered structure,
as was demonstrated by Han et al. [200]. They explored the pH-induced release of a model
drug encapsulated (coumarin) in two different pH responsive multilayers formed by the
assembly of an amphiphilic block copolymer of polystyrene and PAA with amino function-
alized graphene oxide and branched poly(ethyleneimine), and found a faster release from
multilayers containing the latter than from those containing graphene oxide, which was
explained considering that the ionization degree depends strongly on the specific chemical
characteristic of the assembled species.

The specific nature of the solvent, and in particular its polarity, can also be exploited
for modulating the properties of the capsule shell. In particular, organic solvents allow
modulating the permeability of capsules by inducing changes in the shell porosity, which
can be rationalized considering that the solvent polarity alters the balance of interactions
within the multilayer, and consequently its structure [175,201]. Thus, (PAH-PSS)n are
insoluble after their fabrication in aqueous medium. However, they become soluble in
ethanol, which allows controlling their permeability by changing the ethanol content in
the solution. This has been exploited for the controlled loading and release of urease from
(PAH-PSS)n capsules via a reversible opening and closing of their shell by adding ethanol
and water, respectively. However, the addition of ethanol leads to a partial inactivation of
the enzyme [175].

4.2.2. Physically Induced Release

There are different external physical stimuli that can contribute to trigger the release
of encapsulated compounds from PEMUCs. Temperature-triggered release is probably
the most commonly used external physical stimuli, allowing the control of the layer or-
ganization and hydration degree, which can be exploited for modulating the capsule
permeability and consequently the release profiles [202]. This is enabled by incorporating
elements undergoing a reversible hydrophilic-hydrophobic phase transition as response
to temperature changes. Thus, the temperature changes provide a suitable strategy for
altering the properties of specific materials such as the poly(N-isopropylacrilamide) hy-
drogels. These colloidal systems undergo a swelling-shrinking reversible transition at a
temperature close to the physiological one [203], which can be exploited for loading and
controlled release of drugs from the hydrogel matrix [204]. Zhu et al. [205] fabricated a
LbL material by including thermoresponsive micelles of poly(N-vinylpyrrolidone)-block-
poly(N-isopropylacrylamide) loaded with doxorubicin in a LbL material, and found that
the increase in the temperature above the physiological one (around 37 ◦C) allows trapping
the drug within the LbL material, whereas the decrease in the temperature to values of
about 20 ◦C allows triggering a fast release of the encapsulated doxorubicin. Thus, the
release and retention of the drug can be triggered cyclically on demand several times (up to
15 cycles) as a response to temperature changes. Temperature-triggered release can be also
used in classical multilayers such as those formed for PDADMAC and PSS. Zhuo et al. [206]
demonstrated that temperature changes can stimulate the release of dexamethasone from
(PDADMAC-PSS)n capsules in such a way that is strongly dependent on the number of
layers, ionic strength, temperature, and nature of the outermost layer.

Laser light activation can be used for inducing a local heating of the capsule, which
triggers the release of the encapsulated compounds [207]. This requires introducing opti-
cally active components in the LbL shell, which is commonly achieved by embedding metal
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nanoparticles, playing a very important role in intracellular release [208], multi-substance
delivery [209], or endosomal escape [210]. The mechanism of the laser light activation
relies on the heating of the particles by light irradiation, which can induce the rupture of
the shell or the modification of its permeability [31,211]. Thus, the use of near infrared
radiation allows triggering the release of doxorubicin from multilayers formed with poly(L-
lysine), bovine serum albumin, and a thermoresponsive gelatin hydrogel in which gold
nanoparticles were embedded [212]. Similar results can be obtained by the embedding
of silver nanoparticles within the capsule shell [208]. It should be noted that the choice
of near infrared radiation for triggering the release of compounds from LbL capsules is
associated with their limited impact for cells and tissues [213]. The use of pulsed lasers
can be also a good alternative for the release of different compounds from capsules as
a result of the formation of pores in the shell, as was demonstrated by Radt et al. [214]
and Skirtach et al. [208] in the release of lysozyme from (PAH-PSS)n capsules and dextran
from (PDADMAC-PSS)n capsules into hippocampal neuron cells, respectively. Gupta
and Sivakumar [215] demonstrated the power of light-triggered release as a tool for the
treatment of gangliosidosis. For this purpose, they studied the internalization into different
type of cells of (PAH-PSS)n PEMUCs with embedded gold nanoparticles and loaded with
β-galactoside, which was easily released for the heating resulting from the exposure to near
infrared radiation (with a wavelength of 980 nm and a power of 1 W). Similarly, Kurapati
and Raichur [216] designed capsules formed from alternate layers of PAH and graphene
oxide, which were loaded by doxorubicin. These capsules can release the encapsulated
drug upon laser irradiation, with the velocity of the release being strongly dependent on the
time of irradiation. This can be explained considering that the irradiation of the capsules
with near infrared radiation results in the formation of a hole in the capsule which grows
as a function of the progress of the heating process.

Light irradiation can be also exploited for triggering the release of encapsulated
compounds by the addition of photosensitive groups, e.g., benzyl, 3-methoxybenzyl,
3,5-dimethoxybenzyl, or 2-nitrobenzyl, to the capsule shell [217]. This was used by
Wang et al. [218] for triggering by visible light irradiation the in vitro release of Hypocrellin
B from capsules of chitosan and alginate in human cancer breast cells.

Ultrasounds can also be exploited for triggering the release of encapsulated com-
pounds from LbL capsules. However, their exploitation requires inclusion of materials
that confer the sensitivity to this type of radiation. Shchukin et al. [219] demonstrated
the possibilities of the use of ultrasound irradiation for the release of FITC-dextran from
(PAH-PSS)n capsules by including Fe3O4 particles. Kolesnikova et al. [220] obtained similar
results using ZnO nanoparticles to ensure the capsule responsiveness to ultrasound radia-
tion. Despite the interest in the use ultrasound for triggering the release of encapsulated
compounds, its in vivo uses are limited due to the difficulties associated with the use of an
ultrasound acceptable intensity suitable for the release in medical applications. Stavarache
and Paniwnyk [221] showed that the release profile can be modulated depending on the
position of the polyelectrolyte shell where ultrasound sensitive particles are placed. Thus,
when particles are placed close to the central core of (PAH-PSS)n capsules, the drug release
occurs following a sustained profile, whereas a burst release mediated for the capsule
breakage is found when particles are placed close to the capsule surface. Microwave radia-
tion can be also used as an alternative to trigger the release process as demonstrated by
Borodina et al. [29]. They recently proposed the use of nanodiamonds embedded within
a polyelectrolyte shell as a tool for triggering the release of the encapsulated compounds.
Thus, the thermal stress induced in the multilayer upon microwave irradiation leads to
nanodiamond detonation, which heats the surrounding polyelectrolyte layers, contributing
to the opening of the microcapsules and enabling the release of the encapsulated molecules.

The application of magnetic fields can be used for triggering the release from LbL
capsules, as shown the studies by Lu et al. [222]. They used alternate electromagnetic
fields to induce the oscillation of gold-coated cobalt nanoparticles loaded in (PAH-PSS)n
capsules, inducing a disturbance in the polyelectrolyte shell, which modifies its perme-
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ability. However, the application of magnetic fields can induce a strong temperature
increase, which limits their application in real systems due to their potential effects on the
stability of the encapsulated molecules, and their undesirable impact on target tissues and
cells [223]. This can be solved by using low frequency magnetic fields, as demonstrated
Burmistrov et al. [224]. They embedded single domain maghemite nanoparticles integrated
within the shell of (PAH-PSS)n shells, which can act as magneto-mechanical actuators that
modify the permeability of the capsules without any significant modification of the system
temperature, allowing a sustained release of the encapsulated compounds by increasing
the exposure time [225].

4.2.3. Redox Induced Release

Redox processes are also an excellent approach for modulating the release of encapsu-
lated drugs from LbL capsules [144,226], taking advantage of the reductive environment
provided for the intracellular region. Thus, redox processes can modify the potentials, thus
breaking the charge balance, which in turn leads to an increase in the osmotic pressure.
This induces a deformation of the capsule, which can lead to its disintegration. The use
of this approach for triggering the release is possible when LbL capsules are fabricated in
such a way that they maintain their stability during their transport along the extracellular
fluid, and they undergo a destabilization process once they penetrate into the interior
cellular, which triggers the release of the encapsulated compounds [227]. This type of
release allows enhancing the cytotoxicity of doxorubicin against colon cancer cells by its
encapsulation in capsules formed by poly(methacrylic acid) and poly(vinylpyrrolidone)
chemically cross-linked by using a redox active bisazide linker [228]. The use of redox
controlled release has also been explored for the release of FITC-bovine serum albumin
from capsules composed of cysteamine conjugated chitosan and dextran sulphate [229].

4.2.4. Biochemical Induced Release

The release of encapsulated compounds can be triggered as a result of biochemical
reactions originated for the specific physiological conditions of the systems or induced
by enzymatic activity. Thus, the physiological conditions, mainly pH or salinity, can in-
duce the release of the encapsulated compounds without the application of any external
stimulus [230]. This may occur as a result of two different types of processes: (a) Cap-
sule erosion [231] or (b) breaking of the bonds allowing the binding of the drug to the
capsule [232].

The release triggered by enzymatic action is used frequently in capsules containing
some biofunctional materials, e.g., polypeptides or polysaccharides, which can be suitable
substrates for specific enzymes [233]. Thus, drugs encapsulated in capsules composed by
poly(lactic acid) and poly(ethylenimine) can be released by α-chymotrypsin [234], whereas
chitonase can be used for triggering the release of drugs from capsules formed by the
combination of dextran sulfate and chitosan [235]. Proteases can triggering the in vivo
release of drugs encapsulated in capsules of poly(L-arginine) and dextran sulphate [236].
Similarly, Borodina et al. [237] enabled triggering of the release of encapsulated compounds
from capsules formed by poly(L-arginine) and poly(L-aspartic acid), with the release
being spanned in time-scales ranging from a few seconds to several hours, or even days,
depending on the nature of the protease involved.

5. Layer-by-Layer Capsules for Antibiotic Release

The design of strategies to control the release kinetics of antibiotics is essential for
effective therapy, and, in particular, to reduce sub-inhibitory levels, which can induce
resistance phenomena [238]. This can be solved, at least in part, by exploiting the potential
of LbL PEMUCs. Al Thaher [239] proposed that the use of LbL (PAH-PSS)n capsules can be
a good alternative for an optimal release of the antibiotic gentamicin. The capsules undergo
a sustained release of the antibiotic (during 2 weeks) triggered by acidic conditions. This
is important because it can be exploited for antibiotic release under acidosis conditions
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induced by the microbial infection, as was demonstrated by Craig et al. [240]. They used
(PLL-HA)n capsules loaded with specific antibiotics (vancomycin and polyhexamethylene
biguanide) against Pseudomonas aeruginosa and found that the acidic conditions originated
for the action of the protease segregated for the bacteria leads to a degradation of the
polyelectrolyte shell, allowing the release of the drug. The release in the acidic conditions
induced as a result of the bacterial infection was also probed by Zhuk et al. [241] as a
very promising tool for exploiting the therapeutic action of several antibiotics (tobromycin,
gentamicin, and polymyxin B) against Staphylococcus epidermidis and Escherichia coli.

Pawlak et al. [242] tried to fight against kamayicin-resistant Escherichia coli using cap-
sules formed by the alternate assembly of two dextran derived polymers, the first cationic
(diethylaminoethyl-dextran hydrochloride) and the second anionic (dextran sulphate), and
loaded with kamayicin. They found that the encapsulation overcame the resistance of
bacteria, resulting in an inhibitory effect of the bacterial growth. This inhibitory effect
is enhanced with the increase in the biopolymer layers, and the removal of the template
used for the capsules’ assembly (calcium carbonate), which is associated with an improved
adhesion to the bacterial membrane due to the higher flexibility of the capsules. Table 1
summarizes some examples of LbL capsules used for the release of antibiotics.

Table 1. Summary of multilayered capsules used for antibiotic release.

Multilayer Components Encapsulated Drug Loading Release Reference

PAH and PSS gentamicin
Pre-loading

(trapping in silicon
dioxide templates)

pH-induced Al Thaher [239]

PLL and HA vancomycin
Polyhexamethylene biguanide

Post-loading
(direct incubation)

pH-induced
(bacteria

protease-triggered)
Craig et al. [240]

branched
polyethyleneimine and

tannic acid

tobramycin
gentamicin

polymyxin B

Pre-loading
(combined with

tannic acid layers)
pH-induced Zhuk et al. [241]

diethylaminoethyl-dextran
hydrochloride and
dextran sulphate

kamayicin Post-loading
(direct incubation) pH-induced Pawlak et al. [242]

6. Layer-by-Layer Capsules for Anticancer Therapy

The encapsulation and delivery of anticancer drugs is extremely difficult due to the
impact of different parameters, including their poor permeability in solid tumors, the
difficulties associated with reaching the tumor, and the strong side effects associated with
the systemic administration of drugs. The use of LbL capsules for encapsulating antitumoral
drugs with a broad spectrum of activities provides important avenues for a more efficient
antitumoral drug administration [144,243].

Jing et al. [244] proposed the use of paclitaxel loaded multilayered capsules formed
by alternate layers of hyaluronic acid modified with β-cyclodextrin and poly-(L-lysine)
as a therapeutic tool against breast cancer cells (MDA-MB-231). These capsules remain
stable under physiological conditions, undergoing a sustained release of the encapsulated
drug (a complete release of the encapsulated drug was reached after 5 days). Furthermore,
capsules can bind specifically to the tumoral cells, even they are not internalized, through
the CD44 receptor sensitive to hyaluronic acid, which is overexpressed, resulting in a strong
reduction in cell viability (about 80% of mortality after 3 days of exposure). The encapsula-
tion of the paclitaxel enhances its anticancer power due to its direct and continuous release
from the capsules to the tumoral cell. This is possible because the hyaluronidase enzyme
secreted by breast cancer cells can degrade the hyaluronic acid, facilitating the drug release.

Vergaro et al. [245] explored the behavior of different polyelectrolyte multilayered
capsules loaded with cisplatin against different lines of tumoral cells, including MCF-7
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(breast cancer), SKOV-3 (ovarian cancer), HeLa (cervical cancer), and CACO-2 (human
epithelial colorectal adenocarcinoma). This was considered a good strategy for an enhanced
bioavailability of the encapsulated drug, with the internalization of the capsules being in all
cases above 50%, and achieving the maximum uptake value for breast cancer cells (75% of
the capsules). Furthermore, the release of the cisplatin was found to be slower than the time
scale involved in the internalization of the capsules, providing potential therapeutic uses of
the fabricated capsules. However, encapsulation of cisplatin does not induce any significant
change in their cytotoxicity with respect to the free form, even though the internalization
of the capsules is clearly enhanced. An enhanced internalization was also found for dox-
orubicin in the study by Shen et al. [246]. They reported that the cellular uptake and the
cytotoxicity of doxorubicin is significantly enhanced upon encapsulation on LbL capsules
obtained by deposition of chitosan and alginate layers on bovine serum albumin hydrogels.
Thus, the capsules ensure a high drug accumulation in MCF-7/ADR tumoral cells, pro-
viding a prolonged retention in tumor sites, which contributes to reduction in the tumor
growth. Similar results were reported by Trushina et al. [247] using capsules formed by
dextran sulphate and poly(L-arginine). Furthermore, it was found that the effect of encapsu-
lated doxorubicin is enhanced when the structure of the capsules is suitable for ensuring a
sustained release. Other LbL PEMUCS with a good ability for a long-term retention of dox-
orubicin are those formed by combining tannic acid and poly(N-vinylpyrrolidone) [248].
(PAH-PSS)n multilayers have also been used for the fabrication of capsules for doxorubicin
encapsulation. These capsules offer the most suitable conditions for drug release at low
pH and relatively high ionic strength. Furthermore, both pH and ionic strength allows
modulating the release of the encapsulated drug [249].

The encapsulation of cisplatin was also tested from (PLL-PGA)n capsules, resulting in
the formation of capsules with the anticancer drug embedded within the polyelectrolyte
shell. The drug release was shown to be possible under acidic or reductive conditions; this
finding is interesting for the release of the drug in the cytoplasm of carcinogen cells. This
induces a stronger cytotoxic effect upon capsule internalization for colon cancer cells CT-26
than the free cisplatin, which is the result of the enhanced internalization of the drug as a
result of its encapsulation within PEMUCs [250].

Capsules formed by the anticancer protein drug protamine and heparin loaded with
doxorubicin were used as platforms for antitumoral therapy in MCF-7 breast cancer cells.
This type of capsule was internalized by cells where they were eroded as result of the
pH change. This allows the release of the encapsulated drug, resulting in cell death.
Furthermore, the encapsulation allows enhancing the bioavailability of the encapsulated
drug [251]. LbL capsules of poly(methacrylic acid) and poly(N-vinylpyrrolidone) were
used for the encapsulation of the potent anticancer drug 7-(benzylamino)-3,4-dihydro-
pyrrolo[4,3,2-de]quinolin-8(1H)-one (iminoquinone). This type of capsule presents an
in vitro sustained drug release as a result of the differences in the redox potential between
the intra- and extra-cellular environments. This leads to a fast release of the encapsulated
drug (80% of the encapsulated concentration after 24 h) upon penetration into the cells as a
result of the reducing environment provided for the presence of glutathione. Furthermore,
the encapsulation enhances the cellular uptake of the drug in relation to the free form,
reducing the concentration required for inducing a therapeutic effect in HepG2 and Huh7
hepatocellular carcinoma cells, with a minimal impact on healthy tissues. In addition, the
release of the drug encapsulated within the LbL capsules results in a significant alteration
of the metabolism pathways involved in the proliferation and growth of HepG2 liver
cancer cells and Huh7 hepatocellular carcinoma cells. Thus, the encapsulation amplifies the
potency of the drug to downregulate the expression of oncogenic proteins, and upregulate
the expression of tumor suppressor and cell proliferation suppressor proteins, indicating
the good selectivity of the capsules in anticancer therapy [252].

Kittitheeranun et al. [253] exploited capsules formed by the classical polyelectrolyte
combination of PDADMAC and PSS for encapsulating curcumin, with the drug-loading
efficiency and release profile being mediated for the hydrophobic interactions between
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the drug and the capsule shell. The optimal release of the anticancer drug was obtained
under acidic conditions, which can assist with a suitable curcumin release into tumoral
cells, as evidenced by the inhibition of the growth of HeLa cells and their negligible impact
on healthy cell viability (human fibroblast cells).

LbL capsules are not limited to the encapsulation of single drugs, as evidenced by the
work by Sharma et al. [254]. They combined PAH and poly(methacrylic acid) with embed-
ded gold nanoparticles for encapsulating doxorubicin and nimbin, which can be released
upon photothermal activation using near infrared irradiation. It should be noted that the en-
capsulation of the drug occurred in a selective way, with the hydrophilic drug (doxorubicin)
being encapsulated within the inner cavity of the capsules, and the hydrophobic one within
the porous polymer shell. Thus, the release of the drug from the capsules into THP-1 cancer
cells results in an excellent antitumoral activity. The encapsulation of more than one drug
was also exploited by Ramasamy et al. [255] for simultaneously encapsulating doxorubicin
and mitoxantrone. They prepared multilayered capsules poly-(L-lysine) and poly(ethylene
glycol)-block-poly(L-aspartic acid) on liposomes, which offer many functional groups and
compartments for ensuring an optimal encapsulation of the anticancer drugs. Furthermore,
this type of capsule offers a different release profile for each drug, which is modulated
for the acidic conditions emerging in cancer cells. Furthermore, the encapsulation of the
drugs extends the time of the systemic circulation of the drug, reducing the elimination
rates. The pH responsiveness of capsules formed by chitosan and poly(ethylene glycol
dimethacrylate-co-methacrylic acid) was also exploited by Kazemi-Andalib et al. [256] for
the controlled release of the combination of anticancer drugs formed by curcumin and
gemcitabine. Thus, the acidic conditions encountered by the PEMUCs, following uptake
for colorectal carcinoma cells, trigger the drug release, inducing a high cytotoxicity, which
emerges in a dose-dependent manner.

One of the most important drawbacks in the biomedical application of PEMUCs is
associated with their biocompatibility, which can significantly affect the capsule internal-
ization. This can be partially overcome by modifying the external surface by the deposition
of a lipid bilayer, as was demonstrated by Shao et al. [257]. They fabricated LbL capsules
loaded with doxorubicin by the alternate assembly of chitosan, alginate, and gold nanorod
layers. These capsules can undergo a remotely photoactive drug release upon irradiation
with near infrared light, which induces a fast death of the tumoral cell, inhibiting the tumor
growth without side effects on healthy tissues. Table 2 summarizes some examples of LbL
capsules used for the release of antitumoral drugs.

Table 2. Summary of multilayered capsules used for antitumoral drug release.

Multilayer
Components

Encapsulated
Drug Loading Release Type of Tumor Reference

HA modified with
β-cyclodextrin and PLL paclitaxel

Pre-loading
(host-guest

interactions with
β-cyclodextrin)

environmentally
triggered

(hyaluronidase
enzyme action)

breast cancer
(MDA-MB-231 cells) Jing et al. [244]

alginic acid and
protamine cisplatin Post-loading

(direct incubation) pH-induced

human breast cancer
(MCF-7 cells)

human cervical cancer
(HeLa cells)

human ovarian cancer
(SKOV-3 cells)

human epithelial
colorectal

adenocarcinoma
(CACO-2 cells)

Vergaro et al. [245]

chitosan and alginate doxorubicin
Post-loading

(direct incubation
with pH changes)

pH-induced
(acidic conditions)

human breast cancer
(MCF-7 and

MCF-7/ADR cells)
Shen et al. [246]
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Table 2. Cont.

Multilayer
Components

Encapsulated
Drug Loading Release Type of Tumor Reference

poly(L-arginine) and
dextran sulphate doxorubicin

Post-loading
(direct incubation
with temperature

changes)

pH-induced
human breast cancer

(MCF-7 and
MCF-7/ADR cells)

Trushina et al. [247]

PAH and PSS doxorubicin
Post-loading

(direct incubation
with pH changes)

pH-induced
(acidic conditions) without tests Yang et al. [249]

PLL and PGA cisplatin
Pre-loading

(combined with
PLL layers)

pH-induced
(acidic conditions)

redox induced
(reductive
conditions)

colon cancer
(CT-26 cells) Zhou et al. [250]

protamine and heparin doxorubicin
Post-loading

(direct incubation
with pH changes)

pH-induced
(erosion in acid

medium)

human breast cancer
(MCF-7 cells) Radhakrishnan et al. [251]

poly(N-
vinylpyrrolidone) and
poly(methacrylic acid)

iminoquinone
Pre-loading

(included within
the template)

redox induced
(reductive conditions

induced by
glutathione)

hepatocellular
carcinoma (HepG2 and

Huh7cells)
Xue et al. [252]

PDADMAC and PSS doxorubicin Post-loading
(direct incubation) pH-induced human cervical cancer

(HeLa cells) Kittitheeranun et al. [253]

7. Layer-by-Layer Capsules for Gene Delivery

Gene delivery relies on the introduction of exogenous genes into host cells for thera-
peutic purposes. This is enabled by the translation of information contained in the genes for
the production of functional proteins exploiting the machinery of the cells [258–260]. Thus,
gene delivery can be exploited for the treatment of different diseases, and also has appli-
cations in vaccination [259,261]. However, the success of gene delivery therapies requires
technologies that allow an effective introduction of the genetic information using viral or
non-viral vectors. The latter is the preferred option for avoiding the high immunogenicity
of viral vectors [259,262,263], with LbL capsules being suitable alternatives for the delivery
of genetic material [264]. Thus, the LbL shell provides protection against nucleases and
other aggressive factors, minimizing any potential degradation of the genetic material
during its transport into the nucleus of the cell. The polyelectrolyte character of nucleic
acids enables their inclusion in LbL capsules as a part of the shell combined with a cationic
polyelectrolyte [265,266], or in the inner cavity of the capsule [267].

Santos et al. [268] proposed the fabrication of non-viral gene vectors based on the use
of LbL capsules. They efficiently encapsulated DNA plasmids in LbL capsules formed
by (PAH-PSS)n multilayers and (dextran sulphate-poly-(L-arginine))n, and found a very
efficient transfection into NIH 3T3 fibroblasts for both types of vector. This was significantly
improved by adding iron oxide particles within the capsule. However, the biodegradability
of the polymers forming the capsules is a very important control parameter modulating
the gene expression level. The encapsulation of a DNA plasmid in LbL capsules was also
shown as a suitable alternative for the preparation of vaccines against swine fever, as
in vivo tested by Selina et al. [269]. Reibetanz et al. [270] designed LbL capsules formed for
the alternate deposition of protamine and dextran sulphate incorporating DNA plasmids
as antitumoral therapy. These capsules were taken up for HEK 293 cells through a non-
receptor-mediated endocytotic pathway, resulting in a defoliation-induced release of the
plasmids once they penetrated the cells, as evidenced by the expression of the proteins,
enhanced green fluorescence protein (pEGFP-C1), and a red fluorescence protein (pDsRed1-
N1), for which the plasmids encoded. Furthermore, the release mechanism was found to
be enhanced when protamine appeared as the last layer.
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Tarakanchikova et al. [271] probed the efficiency of LbL capsules of dextran and
poly-L-arginine, with sizes ranging from several nanometers to a few micrometers for the
intracellular delivery of messenger RNA (mRNA) and small interfering RNA (siRNA). They
found that this type of non-viral vector allows the packing, and subsequent transfection, of
both types of genetic material into human mesenchymal stem cells (hMSCs). No significant
differences were found in relation to the cellular uptake of the capsules as a result of
their size. However, microcapsules have the highest efficiency of siRNA transfection.
Furthermore, the transfection efficiency of the genetic material encapsulated within LbL
capsules was reported to be almost two-fold higher than that found in commercially
available formulations. Therefore, LbL capsules may be considered to be a universal vector
for nucleic acid transfection into primary human cells.

Kakran et al. [272] demonstrated that the encapsulation of mRNA within LbL capsules
of poly-(L-arginine) and dextran sulphate prevents the degradation of the nucleic acid as a
result of the action of the RNAse inside cells. However, the efficiency of the transfection
was rather low because the used capsules do not allow the release of the nucleic acid in the
right place.

Xie et al. [273] demonstrated the transfection ability on different cellular lines of poly-
plexes formed by the alternate assembly of DNA with different polycations (poly(ethyleneimine)
and poly(amino pentanol)), finding that the transfection is enhanced and the cytotoxicity
reduced when lipoplexes with poly(amino pentanol) are used. Polyelectrolyte capsules
with siRNA included within a polyelectrolyte shell formed by the alternate deposition
of hyaluronic acid and poly(ethyleneimine) were tested for inducing the knockdown of
the ICAM-1 gene in human umbilical vein cell line EA.hy926. The efficiency of this gene
delivery vector was found to be higher as the number of siRNA layers included in the
polyelectrolyte shell increased, even for systems in which the concentration of siRNA
is comparable [274]. Table 3 summarizes some examples of LbL capsules used for gene
therapy and the type of genetic material contained for such capsules.

Table 3. Summary of multilayered capsules used for gene therapy.

Multilayer
Components Genetic Material Loading Release Reference

PAH and PSS
dextran sulphate and

poly-(L-arginine)
DNA plasmid

Pre-loading
(trapping in CaCO3

templates)

environmentally
triggered

(trip sine action)
Santos et al. [258]

PAH, protamine sulfate
and dextrane sulfate DNA plasmid Pre-loaded

(incorporated as a layer)

environmentally
triggered

(erosion process)
Reibetanz et al. [270]

poly(L-arginine) and
dextran sulphate

mRNA
siRNA

Pre-loading
(trapping in CaCO3

templates)

environmentally
triggered Tarakanchikova et al. [271]

poly(L-arginine) and
dextran sulphate mRNA

Pre-loading
(trapping in CaCO3

templates)

environmentally
triggered Kakran et al. [272]

poly(ethyleneimine) or
poly(amino pentanol)

and DNA
DNA Pre-loaded

(incorporated as a layer)
environmentally

triggered Xie et al. [273]

poly(ethyleneimine)
and HA siRNA Pre-loaded

(incorporated as a layer)
environmentally

triggered Koenig et al. [274]

It should be noted that the transfection capacity of non-viral LbL capsules in gene
delivery depends on several parameters, including the strategy used for loading the genetic
material, the incorporation of additives together with the genetic material, and the variation
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in the incubation conditions. The optimization of these three factors allows a highly efficient
transfection [275].

8. Layer-by-Layer Capsules for Diabetes

Diabetes is a metabolic disease associated with an abnormal increase in the levels of
glucose in blood, which leads to several health complications [276]. As a result, the regula-
tion of the level of insulin and its delivery to the liver to reduce the risks of hypoglycemia
and hyperinsulinemia are challenges for diabetes therapy [277]. In addition, this therapy
requires the cell barrier to be overcome to ensure the distribution of insulin along the blood
stream, making it necessary to design carriers with a high drug loading. Zhang et al. [278]
attempted to address this important health challenge using liposomes decorated with a LbL
shell formed by the combination of chitosan and insulin layers, in which the increase in the
chitosan was essential for an enhanced loading of insulin. This is due to the condensation
of more insulin molecules as a result of the increase in the available charges. The release of
the insulin is mediated by the erosion of the capsules under acidic conditions, in which both
chitosan and insulin are positively charged and undergo a strong electrostatic repulsion.
Conversely, the release of insulin is slowed at neutral or slightly basic pH. The obtained
capsules allow the retention of the insulin bioactivity and crossing of the epithelial barriers
of 3T3 L1-MBX adipocytes, resulting in a good response upon glucose exposure. Capsules
formed by alternately deposited poly(vinyl alcohol) and poly(acrylamide phenyl boronic
acid-co-N–vinylcaprolactam) layers on porous poly(lactic-co-glycolic acid) particles loaded
with insulin were used by Wu et al. [279] for controlling the blood sugar levels in diabetic
mice. The treatment with capsules resulted in an effective control of the levels of sugar
in blood for at least 18 days due to the sustained release of the insulin triggered for the
glucose concentration. This is a significant improvement compared to the result found for
the bare poly(lactic-co-glycolic acid) particles, which could provide regulation of the sugar
levels for only seven days.

Balabushevich et al. [280] designed capsules loaded with insulin and coated by dextran
sulphate and chitosan, which allowed a sustained release of the insulin at pH of around
7.4, providing a fast decrease in the glucose levels (1 h after the oral administration of
the formulation). Furthermore, the addition of protease inhibitors to the capsules avoids
the proteolysis of the encapsulated insulin, ensuring the delivery of active insulin in the
intestine. Verma et al. [281] designed capsules loaded with insulin by combining layers of
sodium alginate and vitamin B12 grafted chitosan, trying to take advantage of the role of
the vitamin B12 in the control of the sugar levels in blood. The release of insulin triggered
by the pH resulted in a significant increase in the insulin bioavailability and sustained
hypoglycemic effects up to 12 h after the administration with respect to the multilayers
without vitamin B12, evidencing the role of this component due to its pH sensitivity and
targeting of the capsules. Furthermore, the mucoadhesive character of chitosan, and its
ability to open tight junctions, enable the fabrication of pH-sensitive platforms for the oral
delivery of insulin.

Song et al. [282] fabricated LbL PEMUCs for the alternate assembly of chitosan
and heparin layers on particles of insulin and chitosan capped by the adsorption of
poly(ethylenglycol) on the external surface avoiding the biofouling processes. Thus, it
is possible to enhance the stability and availability of insulin in biological environments.
Furthermore, the oral administration of the capsules provides a fast decrease in the sugar
levels in blood, with good intestinal adsorption. Table 4 summarizes some examples of LbL
capsules with potential use in diabetes treatment.
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Table 4. Summary of multilayered capsules used for diabetes treatment.

Multilayer Components Loading Release Reference

chitosan and insulin Pre-loading
(insulin incorporated as a layer)

pH-induced
(acidic condition) Zhang et al. [278]

poly(vinyl alcohol) and
poly(acrylamide phenyl boronic

acid-co-N-vinylcaprolactam)

Pre-loading
(trapping in

poly(lactic-co-glycolic acid)
templates)

environmentally triggered
(glucose levels) Wu et al. [279]

chitosan and dextran sulphate Pre-loading
(incorporated as core) pH-induced Balabushevich et al. [280]

vitamin B12 grafted chitosan
and sodium alginate

Pre-loading
(incorporated in the template) pH-induced Verma et al. [281]

chitosan and heparin Pre-loading
(as hybrid core with chitosan) pH-induced Song et al. [282]

9. Layer-by-Layer Capsules for Theranostic Purposes

Theranosis is referred to the use of devices combining therapeutic and diagnostic
utilities. This involves the use of nanotools to simultaneously obtain molecular and cellular
information related to the disease, allowing for a personalized treatment. This requires
combining both an imaging probe and a therapeutic agent in a single platform [283],
which can be attained by taking advantage of the modularity of LbL for the assembly of
hierarchical multifunctional structures using different molecular or colloidal entities [144].

Wang et al. [284] prepared theranostic LbL capsules by decorating calcium carbon-
ate particles by the alternate deposition of poly-(L-ornithine) and fucoidan, which were
loaded with doxorubicin, taking advantage of its attractive interactions with fucoidan. The
obtained PEMUCs evidenced a sustained release of the encapsulated drug, inducing a
very efficient inhibition of the proliferation of carcinogen cells (MCF-7 cells) without any
cytotoxicity against healthy cells. LbL capsules including layers of PLL and folic acid, or a
mixture of folic acid and folate antimetabolites, were tested as a theranostic device to exam-
ine their uptake and cytotoxicity in CT26 murine colorectal cancer cells [285]. According
to fluorescence microscopy images, the cellular uptake of the capsules is enhanced when
the capping layer contains folic acid or a mixture of folic acid and folate antimetabolites.
Furthermore, the internalized capsules present a strong cytotoxicity against carcinogen
cells with limited impact on healthy cells.

Svenskaya et al. [286] designed different types of polyelectrolyte capsules loaded with
magnetite particles as NMR imaging contrast agents and for magnetically driven targeting,
and found that the loading of PEMUCs with magnetite particles allows the manufacture of
non-cytotoxic platforms for magnetic resonance imaging and specific targeting in tumor
cells. These capsules contain magnetic nanoparticles within the inner cavity and embedded
within the polyelectrolyte shell, and provide enhanced in vivo targeting in tumor cells
under the action of external applied magnetic fields, offering a good contrast for tissue
visualization. Furthermore, the inclusion of specific anticancer drugs contributes to the
manufacturing of high power theranostic devices. Szczepanowicz et al. [287] proposed the
preparation of nanocapsules for theranosis by coating oil droplets containing drugs with
a hybrid shell containing poly-L-glutamic acid, poly-(L-lysine), and Fe2O3 nanoparticles.
This type of capsule offers a good contrast for NMR imaging. Furthermore, capping
the capsules with a pegylated polyelectrolyte ensures their stability in biological media,
avoiding biofouling phenomena. The modification of the external surface of PEMUCs
with specific polymers, such as chitosan, was proposed by Hanafy [288] for enhancing
the theranostic power of LbL capsules. Thus, the combination of chitosan and folic acid
in the capping layer enhances the capsule adhesion to the target cell, resulting in a better
diagnosis of breast cancer and contributing to a more localized therapeutic effect of the
encapsulated curcumin.
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Kalinechenko et al. [36] developed size-homogenous (PAH-PSS)n PEMUCs with differ-
ent structures (core/shell and shell types) loaded with doxorubicin as an anticancer drug,
and fluorescent quantum dots following the procedures schematized in Figure 12.
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The results by Kalinechenko et al. [36] evidenced that (PAH-PSS)n capsules provide a
sustained release of the encapsulated doxorubicin at pH 7.4, with the decrease in the pH
resulting in a burst release, probably mediated by the erosion of the capsules. Furthermore,
the different permeability of the capsules depending on their structure also influences the
release profile. Thus, the release from microbeads (MBs) containing the drug embedded
within a calcium carbonate core is slower than that from microcapsules (MCs) in which
the drug is distributed within the inner cavity of the capsule and the shell. This leads to a
situation in which drug release from MBs is more easily induced by erosion of the layers
than as a result of the permeability changes. Furthermore, the inclusion of quantum dots
allows the acquisition of bright fluorescence capsules that can be exploited for diagnosis
using fluorescence imaging.

Ultrasound irradiation is also an alternative that can be exploited for theranosis, as
shown by the results of Chen et al. [289]. They prepared multilayered capsules combining
tannic acid and poly(N-vinylpyrrolidone) and loaded with doxorubicin, and showed that
this type of capsule provides a high contrast for imaging using brightness and harmonic
modes upon the irradiation with low-power ultrasound (∼100 mW/cm2), allowing their
use for diagnostics. The diagnostic power can be tuned by modifying the number of layers,
the properties of the multilayers, or the nature of the assembled polymers. In particular,
the increase in the shell rigidity provides a significant enhancement of the imaging contrast,
which is also increased as the drug concentration is increased. Furthermore, the release of
doxorubicin from the capsules can be triggered upon irradiation with high-power ultra-
sound (>10 W/cm2), allowing the use of the capsules as a therapeutic tool, as evidenced
by their ability to induce a 97% cytotoxicity on MCF-7 human cancer cells with only 50%
of released doxorubicin. The combination of tannic acid and poly(N-vinylpyrrolidone)
was also exploited for dual triggering of theranostic biocompatible platforms, including
iron nanoparticles as a contrast agent for magnetic resonance imaging, and encapsulated
doxorubicin, which can be released upon irradiation with ultrasound [290]. This type of
capsule presents an improved circulation in the blood stream in relation to free doxorubicin,
providing a 16-fold increase for the doxorubicin targeting in breast cancer cells. Dual
triggering was also used by Kozlovskaya et al. [291] with multilayers of tannic acid and
poly(N-vinylpyrrolidone) containing doxorubicin and chelated on their surface with 89Zr.

https://creativecommons.org/licenses/by/4.0/
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This type of system offers very good properties for in vivo imaging via positron emission
tomography (PET) and doxorubicin targeting tumors cell through therapeutic ultrasound-
triggered release. Furthermore, this type of capsule offers good stability and long-term
duration of its imaging and therapeutic properties. This has pushed further developments
of capsules combining PET imaging and therapeutic approaches. Muslimov et al. [292]
prepared multilayered capsules combining tannic acid and bovine serum albumin and
chelated with 89Zr for PET imaging, which were radiolabeled using 225Ac for antitumoral
treatment. This type of capsule demonstrated radiochemical stability and good ability for
the retention of the 225Ac and its daughter isotopes (221Fr and 213Bi) [293]. The in vivo
injection of the capsules results in a significant accumulation of the capsule in the tumoral
region, as evidenced by PET analysis, which agrees with the radiometry values. Further-
more, the capsules containing the antitumoral preparation do not affect healthy tissues
after treatment, whereas they lead to a significant inhibition of tumor growth, resulting in a
prolonged survival of individuals upon treatment.

Novoselova et al. [294] designed more sophisticated theranostic platforms than those
discussed above. They combined magnetic nanoparticles and doxorubicin in LbL cap-
sules, and a fluorescent dye. This enables an enhanced contrast for magnetic resonance
experiments while facilitating the magnetic targeting of the capsules. Furthermore, the
magnetic particles allow a remote-controlled release of the encapsulated doxorubicin upon
the application of high-intensity focused ultrasound. The presence of the magnetic par-
ticles combined with the dyes also enables evaluation of the release of the drug by the
optoacoustic signal and fluorescent tomography. Therefore, this type of carrier is a very
useful alternative for simultaneous imaging and focal therapy. This is supported by the
higher toxicity induced for the encapsulated doxorubicin in relation to its free form. Table 5
summarizes some examples of LbL systems designed for theranostic purposes.

Table 5. Summary of multilayered capsules used for theranostic purposes.

Multilayer Components Drug Diagnostic Probe Purpose Reference

poly-(L-ornithine)
and fucoidan

doxorubicin (pre-loaded
combined with fucoidan layers) fluorescent probe anticancer Wang et al. [284]

PLL and folic acid (or
mixture of folic acid and
folate antimetabolites)

folic acid (or mixture of folic acid
and folate antimetabolites)

included as layers
fluorescent probe anticancer Rosch et al. [285].

poly-L-arginine and
dextran sulfate

magnetite particles
(pre-loaded within the template

or adsorbed as layers)

magnetite particles
(NMR imaging) anticancer Svenskaya et al. [286]

PLL and
poly-L-glutamic acid

doxorubicin
(preloaded in the oil core of the

emulsion droplets used
as template)

Fe2O3 nanoparticles
(NMR imaging) anticancer Szczepanowicz et al. [287]

dextran, protamine,
chitosan, and folic acid

curcumin
(post-loaded by

direct incubation)

fluorescent probe
(dextran marked with
rhodamine as layer)

anticancer Hanafy [288]

PAH and PSS doxorubicin
(pre-loaded in CaCO3 templates)

quantum dots
(fluorescence

imaging)
anticancer Kalinechenko et al. [36]

tannic acid and poly(N-
vinylpyrrolidone)

doxorubicin
(pre-loaded in the template)

capsule itself
ultrasound imaging anticancer Chen et al. [289]

tannic acid and poly(N-
vinylpyrrolidone)

doxorubicin
(pre-loaded in the template)

capsule itself
ultrasound imaging anticancer Chen et al. [289]
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Table 5. Cont.

Multilayer Components Drug Diagnostic Probe Purpose Reference

tannic acid and poly(N-
vinylpyrrolidone)

doxorubicin
(pre-loaded in the template)

capsule itself
ultrasound imaging anticancer Chen et al. [289]

tannic acid and poly(N-
vinylpyrrolidone)

doxorubicin
(pre-loaded in silicon

dioxide templates)

iron nanoparticles
(NMR imaging) anticancer Alford et al. [290]

tannic acid and poly(N-
vinylpyrrolidone)

doxorubicin
(post-loaded by

direct incubation)

89Zr
(PET imaging)

anticancer Kozlovskaya et al. [291]

tannic acid and bovine
serum albumin

225Ac
(pre-loading by radiolabeling)

89Zr
(PET imaging)

anticancer Muslimov et al. [292]

poly-L-arginine and
dextran sulfate

doxorubicin
(pre-loaded in CaCO3 templates)

fluorescent probes
and magnetic
nanoparticles
(fluorescent

tomography and
optoacoustic signal)

anticancer Novoselova et al. [294]

The above discussion evidences the power of LbL capsules as theranostic agents
in externally triggered chemotherapy, presenting a high encapsulation efficiency and
biocompatibility, and tunable drug release.

10. Layer-by-Layer Capsules for Hyperthermia Treatments

Hyperthermia relies on the treatment of tumors based on the localized heating of cells
by the application of an external electromagnetic field to magnetic probes incorporated
in the diseased tissues or organs. This type of treatment ensures a deep tissue penetra-
tion, and a high selectivity for killing cells without harmful effects on the surrounding
tissues [295,296].

Zharkov et al. [297] proposed the design of hyperthermia platforms based on LbL
capsules formed with dextran sulphate and poly-(L-arginine), and embedded iron oxide
particles within the LbL shell. The obtained capsules were taken up by human fibroblasts
upon the application of an alternating magnetic field, inducing a stronger cytotoxic effect
than that of free magnetic nanoparticles. Furthermore, the use of capsules ensures a local
hyperthermia with minimal heating of the environment. Zuyzin et al. [298] designed hyper-
thermia platforms for a sustained and predictable heating dose inside biological matrices.
For this purpose, they assembled PEMUCs loaded with iron oxide cubes in the inner cavity
of capsules formed by the alternate assembly of PAH and PSS. This allows retaining a
certain degree of the particles’ mobility, minimizing their aggregation, which enables the
preservation of the heating power of magnetic particles upon their magnetization. After
capsule uptake, the specific adsorption rate of particles is enhanced in relation to that of
free particles, indicating a very promising platform for hyperthermia applications.

Cristofolini et al. [299] designed highly efficient hyperthermia platforms by embedding
Fe3O4 particles in (PLL-PGA)n capsules, which were decorated with poly(ethylenglycol)
chains grafted to the external surface to ensure the cellular uptake. The obtained capsules
can be guided and concentrated at the target tissue by applying a radio frequency magnetic
field, which can also be exploited for magnetic hyperthermia treatments as a result of the
magnetization-induced heating.

11. Conclusions

This review highlighted the potential of PEMUCs as drug delivery and diagnosis
platforms, providing an updated perspective on the most novel advances that enable appli-
cation of LbL microcapsules in the field of biomedicine. These advances are being pursued
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due to the versatility and simplicity of the LbL method for the controlled fabrication of
supramolecular systems with a broad range of molecules, including polymers, colloids,
biomolecules, and even cells. This approach can thus be exploited for the fabrication of
high-performance nanosystems combining different drugs, and due to the multiple possibil-
ities offered by the LbL method for the fabrication of PEMUCs with different structures and
a broad range of compositions. This allows the manufacture of systems with patient-specific
agents for precision medicine, providing new opportunities for the development of new
diagnoses and therapeutic tools. However, further research on the potential applications of
PEMUCS to this field is currently in progress. In particular, research is currently examining
the optimization of the biocompatibility of manufactured PEMUCs because most of the
proposed options involve the use of components that are toxic themselves.
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189. Bazylińska, U.; Saczko, J. Nanoemulsion-templated polylelectrolyte multifunctional nanocapsules for DNA entrapment and
bioimaging. Colloids Surf. B 2016, 137, 191–202. [CrossRef]

190. Jain, S.; Patil, S.R.; Swarnakar, N.K.; Agrawal, A.K. Oral Delivery of Doxorubicin Using Novel Polyelectrolyte-Stabilized
Liposomes (Layersomes). Mol. Pharm. 2012, 9, 2626–2635. [CrossRef]

191. Ibraheem, D.; Elaissari, A.; Fessi, H. Gene therapy and DNA delivery systems. Int. J. Pharm. 2014, 459, 70–83. [CrossRef]
192. Dubas, S.T.; Schlenoff, J.B. Swelling and Smoothing of Polyelectrolyte Multilayers by Salt. Langmuir 2001, 17, 7725–7727. [CrossRef]
193. Sukhishvili, S.A.; Granick, S. Layered, Erasable Polymer Multilayers Formed by Hydrogen-Bonded Sequential Self-Assembly.

Macromolecules 2002, 35, 301–310. [CrossRef]
194. Sui, Z.; Schlenoff, J.B. Phase Separations in pH-Responsive Polyelectrolyte Multilayers: Charge Extrusion versus Charge

Expulsion. Langmuir 2004, 20, 6026–6031. [CrossRef] [PubMed]
195. Mueller, M.; Kessler, B.; Adler, H.J.; Lunkwitz, K. Reversible Switching of Protein Uptake and Release at Polyelectrolyte

Multilayers Detected by ATR-FTIR Spectroscopy. Macromol. Symp. 2004, 210, 157–164. [CrossRef]
196. Sharma, V.; Sundaramurthy, A. Multilayer capsules made of weak polyelectrolytes: A review on the preparation, functionalization

and applications in drug delivery. Beilstein J. Nanotechnol. 2020, 11, 508–532. [CrossRef]
197. Zhao, X.; Liu, P. pH-sensitive fluorescent hepatocyte-targeting multilayer polyelectrolyte hollow microspheres as a smart drug

delivery system. Mol. Pharm. 2014, 11, 1599–1610. [CrossRef]
198. Luo, G.F.; Xu, X.D.; Zhang, J.; Yang, J.; Gong, Y.H.; Lei, Q.; Jia, H.Z.; Li, C.; Zhuo, R.X.; Zhang, X.Z. Encapsulation of an

Adamantane-Doxorubicin Prodrug in pH-Responsive Polysaccharide Capsules for Controlled Release. ACS Appl. Mater. Interfaces
2012, 4, 5317–5324. [CrossRef]

199. Li, Q.L.; Sun, Y.; Sun, Y.L.; Wen, J.; Zhou, Y.; Bing, Q.M.; Isaacs, L.D.; Jin, Y.; Gao, H.; Yang, Y.W. Mesoporous Silica Nanoparticles
Coated by Layer-by-Layer Self-assembly Using Cucurbit [7] uril for in Vitro and in Vivo Anticancer Drug Release. Chem. Mater.
2014, 26, 6418–6431. [CrossRef]

200. Han, U.; Seo, Y.; Hong, J. Effect of pH on the structure and drug release profiles of layer-by-layer assembled films containing
polyelectrolyte, micelles, and graphene oxide. Sci. Rep. 2016, 6, 24158. [CrossRef]

201. Lvov, Y.; Caruso, F. Biocolloids with Ordered Urease Multilayer Shells as Enzymatic Reactors. Anal. Chem. 2001, 73, 4212–4217.
[CrossRef]

202. Kohler, K.; Sukhorukov, G.B. Heat treatment of polyelectrolyte multilayer capsules: A versatile method for encapsulation.
Adv. Funct. Mater. 2007, 17, 2053–2061. [CrossRef]

203. Quinn, J.F.; Caruso, F. Facile Tailoring of Film Morphology and Release Properties Using Layer-by-Layer Assembly of Thermore-
sponsive Materials. Langmuir 2004, 20, 20–22. [CrossRef] [PubMed]

http://doi.org/10.1021/nl0100015
http://doi.org/10.1016/j.polymer.2008.01.027
http://doi.org/10.1016/j.addr.2008.08.002
http://doi.org/10.1002/mabi.200500061
http://doi.org/10.1021/la8029962
http://doi.org/10.1016/j.addr.2011.03.014
http://doi.org/10.1021/la7011777
http://doi.org/10.1021/acsami.6b13545
http://doi.org/10.1039/C4RA04750H
http://doi.org/10.1002/adfm.200800388
http://doi.org/10.1021/la504558z
http://www.ncbi.nlm.nih.gov/pubmed/25469556
http://doi.org/10.1016/j.cis.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25453660
http://doi.org/10.1002/adma.201100600
http://doi.org/10.1016/j.jconrel.2012.01.022
http://doi.org/10.1016/j.colsurfb.2015.07.056
http://doi.org/10.1021/mp300202c
http://doi.org/10.1016/j.ijpharm.2013.11.041
http://doi.org/10.1021/la0112099
http://doi.org/10.1021/ma011346c
http://doi.org/10.1021/la0495985
http://www.ncbi.nlm.nih.gov/pubmed/16459626
http://doi.org/10.1002/masy.200450618
http://doi.org/10.3762/bjnano.11.41
http://doi.org/10.1021/mp400774v
http://doi.org/10.1021/am301258a
http://doi.org/10.1021/cm503304p
http://doi.org/10.1038/srep24158
http://doi.org/10.1021/ac010118d
http://doi.org/10.1002/adfm.200600593
http://doi.org/10.1021/la0360310
http://www.ncbi.nlm.nih.gov/pubmed/15744991


Polymers 2022, 14, 479 40 of 43

204. Kaneko, Y.; Nakamura, S.; Sakai, K.; Aoyagi, T.; Kikuchi, A.; Sakurai, Y.; Okano, T. Rapid Deswelling Response of Poly
(N-isopropylacrylamide) Hydrogels by the Formation of Water Release Channels Using Poly (ethylene oxide) Graft Chains.
Macromolecules 1998, 31, 6099–6105. [CrossRef]

205. Zhu, Z.; Gao, N.; Wang, H.; Sukhishvili, S.A. Temperature-triggered on-demand drug release enabled by hydrogen-bonded
multilayers of block copolymer micelles. J. Control. Release 2013, 171, 73–80. [CrossRef] [PubMed]

206. Zhou, J.; Pishko, M.V.; Lutkenhaus, J.L. Thermoresponsive layer-by-layer assemblies for nanoparticle-based drug delivery.
Langmuir 2014, 30, 5903–5910. [CrossRef] [PubMed]

207. Lengert, E.V.; Koltsov, S.I.; Li, J.; Ermakov, A.V.; Parakhonskiy, B.V.; Skorb, E.V.; Skirtach, A.G. Nanoparticles in Polyelectrolyte
Multilayer Layer-by-Layer (LbL) Films and Capsules—Key Enabling Components of Hybrid Coatings. Coatings 2020, 10, 1131.
[CrossRef]

208. Skirtach, A.G.; Javier, A.M.; Kreft, O.; Köhler, K.; Alberola, A.P.; Möhwald, H.; Parak, W.J.; Sukhorukov, G.B. Laser-induced
release of encapsulated materials inside living cells. Angew. Chem. Int. Ed. 2006, 45, 4612–4617. [CrossRef]

209. Brueckner, M.; Hollenbach-Latzko, S.; Reibetanz, U. Dual Transport of Active Substances with a Layer-by-Layer-Based Drug
Delivery System to Terminate Inflammatory Processes. Macromol. Biosci. 2020, 20, 2000097. [CrossRef]

210. Brkovic, N.; Zhang, L.; Peters, J.N.; Kleine-Doepke, S.; Parak, W.J.; Zhu, D. Quantitative Assessment of Endosomal Escape of
Various Endocytosed Polymer-Encapsulated Molecular Cargos upon Photothermal Heating. Small 2020, 16, 2003639. [CrossRef]

211. Zograf, G.P.; Timin, A.S.; Muslimov, A.R.; Shishkin, I.I.; Nominé, A.; Ghanbaja, J.; Ghosh, P.; Li, Q.; Zyuzin, M.V.; Makarov, S.V.
All-Optical Nanoscale Heating and Thermometry with Resonant Dielectric Nanoparticles for Controllable Drug Release in Living
Cells. Laser Photonics Rev. 2020, 14, 1900082. [CrossRef]

212. Wu, Z.; Lin, X.; Zou, X.; Sun, J.; He, Q. Biodegradable Protein-Based Rockets for Drug Transportation and Light-Triggered Release.
ACS Appl. Mater. Interfaces 2015, 7, 250–255. [CrossRef]

213. Javier, A.M.; del Pino, P.; Bedard, M.F.; Ho, D.; Skirtach, A.G.; Sukhorukov, G.B.; Plank, C.; Parak, W.J. Photoactivated release of
cargo from the cavity of polyelectrolyte capsules to the cytosol of cells. Langmuir 2008, 24, 12517–12520. [CrossRef] [PubMed]

214. Radt, B.; Smith, T.A.; Caruso, F. Optically Addressable Nanostructured Capsules. Adv. Mater. 2004, 16, 2184–2189. [CrossRef]
215. Gupta, M.; Sivakumar, S. Light responsive Gold NPs-polymer hybrid LBL capsules for the Lysosomal Storage Disorder. Int. J.

Commun. Sci. Technol. 2021, 4, 1–15.
216. Kurapati, R.; Raichur, A.M. Near-infrared light-responsive graphene oxide composite multilayer capsules: A novel route for

remote controlled drug delivery. Chem. Commun. 2013, 49, 734–736. [CrossRef] [PubMed]
217. Jensen, A.W.; Desai, N.K.; Maru, B.S.; Mohanty, D.K. Photohydrolysis of Substituted Benzyl Esters in Multilayered Polyelectrolyte

Films. Macromolecules 2004, 37, 4196–4200. [CrossRef]
218. Wang, K.; He, Q.; Yan, X.; Cui, Y.; Qi, W.; Duan, L.; Li, J. Encapsulated photosensitive drugs by biodegradable microcapsules to

incapacitate cancer cells. J. Mater. Chem. 2007, 17, 4018–4021. [CrossRef]
219. Shchukin, D.G.; Gorin, D.A.; Mohwald, H. Ultrasonically induced opening of polyelectrolyte microcontainers. Langmuir 2006, 22,

7400–7404. [CrossRef]
220. Kolesnikova, T.A.; Gorin, D.A.; Fernandes, P.; Kessel, S.; Khomutov, G.B.; Fery, A.; Shchukin, D.C.; Möhwald, H. Nanocomposite

microcontainers with high ultrasound sensitivity. Adv. Funct. Mater. 2010, 20, 1189–1195. [CrossRef]
221. Stavarache, C.E.; Paniwnyk, L. Controlled rupture of magnetic LbL polyelectrolyte capsules and subsequent release of contents

employing high intensity focused ultrasound. J. Drug Deliv. Sci. Technol. 2018, 45, 60–69. [CrossRef]
222. Lu, Z.H.; Prouty, M.D.; Guo, Z.H.; Golub, V.O.; Kummar, S.S.R.; Lvov, Y.M. Magnetic switch of permeability for polyelectrolyte

microcapsules embedded with Co@Au nanoparticles. Langmuir 2005, 21, 2042–2050. [CrossRef]
223. Kummar, P.; Bohidar, H.B. Interaction of soot derived multi-carbon nanoparticles with lung surfactant and their possible

internalization inside alveolar cavity. Indian J. Exp. Biol. 2010, 48, 1037–1042.
224. Burmistrov, I.A.; Veselov, M.M.; Mikheev, A.V.; Borodina, T.N.; Bukreeva, T.V.; Chuev, M.A.; Starchikov, S.S.; Lyubutin, I.S.;

Artemov, V.V.; Khmelenin, D.N.; et al. Permeability of the Composite Magnetic Microcapsules Triggered by a Non-Heating
Low-Frequency Magnetic Field. Pharmaceutics 2022, 14, 65. [CrossRef]

225. Luo, D.; Poston, R.N.; Gould, D.J.; Sukhorukov, G.B. Magnetically targetable microcapsules display subtle changes in permeability
and drug release in response to a biologically compatible low frequency alternating magnetic field. Mater. Sci. Eng. C 2019, 94,
647–655. [CrossRef] [PubMed]

226. Temmerman, M.-L.D.; Demeester, J.; Smedt, S.C.D.; Rejman, J. Tailoring layer-by-layer capsules for biomedical applications.
Nanomedicine 2012, 7, 771–788. [CrossRef] [PubMed]

227. Huo, M.; Yuan, J.; Tao, L.; Wei, Y. Redox-responsive polymers for drug delivery: From molecular design to applications.
Polym. Chem. 2014, 5, 1519–1528. [CrossRef]

228. Yan, Y.; Johnston, A.P.R.; Dodds, S.J.; Kamphuis, M.M.J.; Ferguson, C.; Parton, R.G.; Nice, E.C.; Heath, J.K.; Caruso, F. Uptake and
intracellular fate of disulfide-bonded polymer hydrogel capsules for doxorubicin delivery to colorectal cancer cells. ACS Nano
2010, 4, 2928–2936. [CrossRef]

229. Shu, S.J.; Zhang, X.G.; Wu, Z.M.; Wang, Z.H.; Li, C.X. Gradient cross-linked biodegradable polyelectrolyte nanocapsules for
intracellular protein drug delivery. Biomaterials 2010, 31, 6039–6049. [CrossRef]

230. Seras-Franzoso, J.; Sanchez-Chardi, A.; Garcia-Fruitos, E.; Vazquez, E.; Villaverde, A. Cellular uptake and intracellular fate of
protein releasing bacterial amyloids in mammalian cells. Soft Matter 2016, 12, 3451–3460. [CrossRef]

http://doi.org/10.1021/ma971899g
http://doi.org/10.1016/j.jconrel.2013.06.031
http://www.ncbi.nlm.nih.gov/pubmed/23831052
http://doi.org/10.1021/la501047m
http://www.ncbi.nlm.nih.gov/pubmed/24787428
http://doi.org/10.3390/coatings10111131
http://doi.org/10.1002/anie.200504599
http://doi.org/10.1002/mabi.202000097
http://doi.org/10.1002/smll.202003639
http://doi.org/10.1002/lpor.201900082
http://doi.org/10.1021/am507680u
http://doi.org/10.1021/la802448z
http://www.ncbi.nlm.nih.gov/pubmed/18844388
http://doi.org/10.1002/adma.200400920
http://doi.org/10.1039/C2CC38417E
http://www.ncbi.nlm.nih.gov/pubmed/23232330
http://doi.org/10.1021/ma035321k
http://doi.org/10.1039/b708477c
http://doi.org/10.1021/la061047m
http://doi.org/10.1002/adfm.200902233
http://doi.org/10.1016/j.jddst.2018.02.011
http://doi.org/10.1021/la047629q
http://doi.org/10.3390/pharmaceutics14010065
http://doi.org/10.1016/j.msec.2018.10.031
http://www.ncbi.nlm.nih.gov/pubmed/30423750
http://doi.org/10.2217/nnm.12.48
http://www.ncbi.nlm.nih.gov/pubmed/22630156
http://doi.org/10.1039/C3PY01192E
http://doi.org/10.1021/nn100173h
http://doi.org/10.1016/j.biomaterials.2010.04.016
http://doi.org/10.1039/C5SM02930A


Polymers 2022, 14, 479 41 of 43

231. Zelikin, A.N. Drug Releasing Polymer Thin Films: New Era of Surface-Mediated Drug Delivery. ACS Nano 2010, 4, 2494–2509.
[CrossRef]

232. Thierry, B.; Kujawa, P.; Tkaczyk, C.; Winnik, F.o.M.; Bilodeau, L.; Tabrizian, M. Delivery Platform for Hydrophobic Drugs:
Prodrug Approach Combined with Self-Assembled Multilayers. J. Am. Chem. Soc. 2005, 127, 1626–1627. [CrossRef]

233. Serizawa, T.; Takeshita, H.; Akashi, M. Electrostatic Adsorption of Polystyrene Nanospheres onto the Surface of an Ultrathin
Polymer Film Prepared by Using an Alternate Adsorption Technique. Langmuir 1998, 14, 4088–4094. [CrossRef]

234. Orozco, V.H.; Kozlovskaya, V.; Kharlampieva, E.; López, B.L.; Tsukruk, V.V. Biodegradable self-reporting nanocomposite films of
poly (lactic acid) nanoparticles engineered by layer-by-layer assembly. Polymer 2010, 51, 4127–4139. [CrossRef]

235. Itoh, Y.; Matsusaki, M.; Kida, T.; Akashi, M. Enzyme-responsive release of encapsulated proteins from biodegradable hollow
capsules. Biomacromolecules 2006, 7, 2715–2718. [CrossRef] [PubMed]

236. De Koker, S.; De Geest, B.G.; Singh, S.K.; De Rycket, R.; Nessens, T.; Van Kooyt, Y.; Demeester, J.; De Smedt, S.C.; Grooten, J.
Polyelectrolyte microcapsules as antigen delivery vehicles to dendritic cells: Uptake, processing, and cross-presentation of
encapsulated antigens. Angew. Chem. Int. Ed. 2009, 48, 8485–8489. [CrossRef]

237. 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. [CrossRef]

238. Li, S.; Li, W.; Khashab, N.M. Stimuli responsive nanomaterials for controlled release applications. Nanotechnol. Rev. 2012, 1,
493–513. [CrossRef]

239. Al Thaher, Y. Tailored gentamicin release from silica nanocarriers coated with polyelectrolyte multilayers. Colloids Surf. A 2021,
614, 126210. [CrossRef]

240. Craig, M.; Altskär, A.; Nordstierna, L.; Holmberg, K. Bacteria-triggered degradation of nanofilm shells for release of antimicrobial
agents. J. Mater. Chem. B 2016, 4, 672–682. [CrossRef]

241. Zhuk, I.; Jariwala, F.; Attygalle, A.B.; Wu, Y.; Libera, M.R.; Sukhishvili, S.A. Self-Defensive Layer-by-Layer Films with Bacteria-
Triggered Antibiotic Release. ACS Nano 2014, 8, 7733–7745. [CrossRef]

242. Pawlak, A.; Michely, L.; Belbekhouche, S. Multilayer dextran derivative based capsules fighting bacteria resistant to Antibiotic:
Case of Kanamycin-Resistant Escherichia coli. Int. J. Biol. Macromol. 2022, 200, 242–246. [CrossRef]

243. Zhang, X.; Liang, T.; Ma, Q. Layer-by-Layer assembled nano-drug delivery systems for cancer treatment. Drug Deliv. 2021, 28,
655–669. [CrossRef] [PubMed]

244. Jing, J.; Szarpak-Jankowska, A.; Guillot, R.; Pignot-Paintrand, I.; Picart, C.; Auzély-Velty, R. Cyclodextrin/Paclitaxel Complex in
Biodegradable Capsules for Breast Cancer Treatment. Chem. Mater. 2013, 25, 3867–3873. [CrossRef]

245. Vergaro, V.; Papadia, P.; Leporatti, S.; De Pascali, S.A.; Fanizzi, F.P.; Ciccarella, G. Synthesis of biocompatible polymeric nano-
capsules based on calcium carbonate: A potential cisplatin delivery system. J. Inorg. Biochem. 2015, 153, 284–292. [CrossRef]
[PubMed]

246. Shen, H.; Li, F.; Wang, D.; Yang, Z.; Yao, C.; Ye, Y.; Wang, X. Chitosan-alginate BSA-gel-capsules for local chemotherapy against
drug-resistant breast cancer. Drug Des. Dev. Ther. 2018, 12, 921–934. [CrossRef]

247. Trushina, D.; Akasov, R.; Khovankina, A.; Borodina, T.; Bukreeva, T.; Markvicheva, E. Doxorubicin-loaded biodegradable capsules:
Temperature induced shrinking and study of cytotoxicity in vitro. J. Mol. Liq. 2019, 284, 215–224. [CrossRef]

248. Liu, F.; Kozlovskaya, V.; Zavgorodnya, O.; Martinez-Lopez, C.; Catledge, S.; Kharlampieva, E. Encapsulation of anticancer drug
by hydrogen-bonded multilayers of tannic acid. Soft Matter 2014, 10, 9237–9247. [CrossRef]

249. Yang, X.; Han, X.; Zhu, Y. (PAH/PSS) 5 microcapsules templated on silica core: Encapsulation of anticancer drug DOX and
controlled release study. Colloids Surf. A 2005, 264, 49–54. [CrossRef]

250. Zhou, D.; Xiao, H.; Meng, F.; Zhou, S.; Guo, J.; Li, X.; Jing, X.; Huang, Y. Layer-by-Layer Assembled Polypeptide Capsules for
Platinum-Based Pro-Drug Delivery. Bioconjugate Chem. 2012, 23, 2335–2343. [CrossRef]

251. Radhakrishnan, K.; Thomas, M.B.; Pulakkat, S.; Gnanadhas, D.P.; Chakravortty, D.; Raichur, A.M. Stimuli-responsive protamine-
based biodegradable nanocapsules for enhanced bioavailability and intracellular delivery of anticancer agents. J. Nanopart. Res.
2015, 17, 341. [CrossRef]

252. Xue, B.; Wang, W.; Qin, J.-J.; Nijampatnam, B.; Murugesan, S.; Kozlovskaya, V.; Zhang, R.; Velu, S.E.; Kharlampieva, E. Highly
efficient delivery of potent anticancer iminoquinone derivative by multilayer hydrogel cubes. Acta Biomater. 2017, 58, 386–398.
[CrossRef]

253. Kittitheeranun, P.; Sajomsang, W.; Phanpee, S.; Treetong, A.; Wutikhun, T.; Suktham, K.; Puttipipatkhachorn, S.; Ruktanonchai,
U.R. Layer-by-layer engineered nanocapsules of curcumin with improved cell activity. Int. J. Pharm. 2015, 492, 92–102. [CrossRef]
[PubMed]

254. Sharma, V.; Vijay, J.; Ganesh, M.R.; Sundaramurthy, A. Multilayer capsules encapsulating nimbin and doxorubicin for cancer
chemo-photothermal therapy. Int. J. Pharm. 2020, 582, 119350. [CrossRef] [PubMed]

255. Ramasamy, T.; Haidar, Z.S.; Tran, T.H.; Choi, J.Y.; Jeong, J.-H.; Shin, B.S.; Choi, H.-G.; Yong, C.S.; Kim, J.O. Layer-by-layer
assembly of liposomal nanoparticles with PEGylated polyelectrolytes enhances systemic delivery of multiple anticancer drugs.
Acta Biomater. 2014, 10, 5116–5127. [CrossRef] [PubMed]

256. Kazemi-Andalib, F.; Mohammadikish, M.; Divsalar, A.; Sahebi, U. Hollow microcapsule with pH-sensitive chitosan/polymer
shell for in vitro delivery of curcumin and gemcitabine. Eur. Polym. J. 2022, 162, 110887. [CrossRef]

http://doi.org/10.1021/nn100634r
http://doi.org/10.1021/ja045077s
http://doi.org/10.1021/la9713661
http://doi.org/10.1016/j.polymer.2010.06.060
http://doi.org/10.1021/bm060289y
http://www.ncbi.nlm.nih.gov/pubmed/17025343
http://doi.org/10.1002/anie.200903769
http://doi.org/10.1002/marc.200700409
http://doi.org/10.1515/ntrev-2012-0033
http://doi.org/10.1016/j.colsurfa.2021.126210
http://doi.org/10.1039/C5TB01274K
http://doi.org/10.1021/nn500674g
http://doi.org/10.1016/j.ijbiomac.2021.12.123
http://doi.org/10.1080/10717544.2021.1905748
http://www.ncbi.nlm.nih.gov/pubmed/33787431
http://doi.org/10.1021/cm4019925
http://doi.org/10.1016/j.jinorgbio.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26560986
http://doi.org/10.2147/DDDT.S158001
http://doi.org/10.1016/j.molliq.2019.03.152
http://doi.org/10.1039/C4SM01813C
http://doi.org/10.1016/j.colsurfa.2005.05.017
http://doi.org/10.1021/bc300144e
http://doi.org/10.1007/s11051-015-3145-8
http://doi.org/10.1016/j.actbio.2017.06.004
http://doi.org/10.1016/j.ijpharm.2015.06.040
http://www.ncbi.nlm.nih.gov/pubmed/26143232
http://doi.org/10.1016/j.ijpharm.2020.119350
http://www.ncbi.nlm.nih.gov/pubmed/32315747
http://doi.org/10.1016/j.actbio.2014.08.021
http://www.ncbi.nlm.nih.gov/pubmed/25169256
http://doi.org/10.1016/j.eurpolymj.2021.110887


Polymers 2022, 14, 479 42 of 43

257. Shao, J.; Xuan, M.; Si, T.; Dai, L.; He, Q. Biointerfacing polymeric microcapsules for in vivo near-infrared light-triggered drug
release. Nanoscale 2015, 7, 19092–19098. [CrossRef]

258. Mintzer, M.A.; Simanek, E.E. Nonviral vectors for gene delivery. Chem. Rev. 2009, 109, 259–302. [CrossRef]
259. Santos, J.L.; Pandita, D.; Rodrigues, J.; Pêgo, A.P.; Granja, P.L.; Tomás, H. Non-viral gene delivery to mesenchymal stem cells:

Methods, strategies and application in bone tissue engineering and regeneration. Curr. Gene Ther. 2011, 11, 46–57. [CrossRef]
260. Gupta, V.; Lourenço, S.P.; Hidalgo, I.J. Development of Gene Therapy Vectors: Remaining Challenges. J. Pharm. Sci. 2021, 110,

1915–1920. [CrossRef]
261. Nguyen, D.N.; Green, J.J.; Chan, J.M.; Langer, R.; Anderson, D.G. Polymeric Materials for Gene Delivery and DNA Vaccination.

Adv. Mater. 2009, 21, 847–867. [CrossRef]
262. Li, S.D.; Huang, L. Non-viral is superior to viral gene delivery. J. Control. Release 2007, 123, 181–183. [CrossRef]
263. Mastrobattista, E.; Bravo, S.A.; van der Aa, M.; Crommelin, D.J. Nonviral gene delivery systems: From simple transfection agents

to artificial viruses. Drug Discov. Today Technol. 2005, 2, 103–109. [CrossRef] [PubMed]
264. Linnik, D.S.; Tarakanchikova, Y.V.; Zyuzin, M.V.; Lepik, K.V.; Aerts, J.L.; Sukhorukov, G.; Timin, A.S. Layer-by-Layer technique as

a versatile tool for gene delivery applications. Exp. Opin. Drug Deliv. 2021, 18, 1047–1066. [CrossRef] [PubMed]
265. Zakeri, A.; Kouhbanani, M.A.J.; Beheshtkhoo, N.; Beigi, V.; Mousavi, S.M.; Hashemi, S.A.R.; Zade, A.K.; Amani, A.M.;

Savardashtaki, A.; Mirzaei, E.; et al. Polyethylenimine-based nanocarriers in co-delivery of drug and gene: A developing
horizon. Nano Rev. Exp. 2018, 9, 1488497. [CrossRef] [PubMed]

266. Lyu, D.; Chen, S.; Guo, W. Liposome Crosslinked Polyacrylamide/DNA Hydrogel: A Smart Controlled-Release System for Small
Molecular Payloads. Small 2018, 14, 1704039. [CrossRef]

267. Shchukin, D.G.; Patel, A.A.; Sukhorukov, G.B.; Lvov, Y.M. Nanoassembly of biodegradable microcapsules for DNA encasing.
J. Am. Chem. Soc. 2004, 126, 3374–3375. [CrossRef]

268. Santos, J.L.; Nouri, A.; Fernandes, T.; Rodrigues, J.; Tomás, H. Gene delivery using biodegradable polyelectrolyte microcapsules
prepared through the layer-by-layer technique. Biotechnol. Progr. 2012, 28, 1088–1094. [CrossRef]

269. Selina, O.E.; Belov, S.Y.; Vlasova, N.N.; Balysheva, V.I.; Churin, A.I.; Bartkoviak, A.; Sukhorukov, G.B.; Markvicheva, E.A.
Biodegradable microcapsules with entrapped DNA for development of new DNA vaccines. Russ. J. Bioorg. Chem. 2009, 35,
103–110. [CrossRef]

270. Reibetanz, U.; Claus, C.; Typlt, E.; Hofmann, J.; Donath, E. Defoliation and Plasmid Delivery with Layer-by-Layer Coated Colloids.
Macromol. Biosci. 2006, 6, 153–160. [CrossRef]

271. Tarakanchikova, Y.V.; Muslimov, A.R.; Zyuzin, M.V.; Nazarenko, I.; Timin, A.S.; Sukhorukov, G.B.; Lepik, K.V. Layer-by-Layer-
Assembled Capsule Size Affects the Efficiency of Packaging and Delivery of Different Genetic Cargo. Part. Part. Syst. Charact.
2021, 38, 2000228. [CrossRef]

272. Kakran, M.; Muratani, M.; Tng, W.J.; Liang, H.; Trushina, D.B.; Sukhorukov, G.B.; Ng, H.H.; Antipina, M.N. Layered polymeric
capsules inhibiting the activity of RNases for intracellular delivery of messenger RNA. J. Mater. Chem. B 2015, 3, 5842–5848.
[CrossRef]

273. Xie, L.; Ding, X.; Budry, R.; Mao, G. Layer-by-layer DNA films incorporating highly transfecting bioreducible poly (amido amine)
and polyethylenimine for sequential gene delivery. Int. J. Nanomed. 2018, 13, 4943–4960. [CrossRef] [PubMed]

274. Koenig, O.; Neumann, B.; Schlensak, C.; Wendel, H.P.; Nolte, A. Hyaluronic acid/poly (ethylenimine) polyelectrolyte multilayer
coatings for siRNA-mediated local gene silencing. PLoS ONE 2019, 14, e0212584. [CrossRef] [PubMed]

275. Tarakanchikova, Y.V.; Linnik, D.S.; Mashel, T.; Muslimov, A.R.; Pavlov, S.; Lepik, K.V.; Zyuzin, M.V.; Sukhorukov, G.B.; Timin, A.S.
Boosting transfection efficiency: A systematic study using layer-by-layer based gene delivery platform. Mater. Sci. Eng. C 2021,
126, 112161. [CrossRef] [PubMed]

276. Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.;
Ogurtsova, K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from
the International Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res. Clin. Pract. 2019, 157, 107843. [CrossRef]

277. Arbit, E.; Kidron, M. Oral insulin: The rationale for this approach and current developments. J. Diabetes Sci. Technol. 2009, 3,
562–567. [CrossRef]

278. Zhang, Y.; Xiong, G.M.; Ali, Y.; Boehm, B.O.; Huang, Y.Y.; Venkatraman, S. Layer-by-layer coated nanoliposomes for oral delivery
of insulin. Nanoscale 2021, 13, 776–789. [CrossRef]

279. Wu, J.-Z.; Williams, G.R.; Li, H.-Y.; Wang, D.-X.; Li, S.-D.; Zhu, L.-M. Insulin-loaded PLGA microspheres for glucose-responsive
release. Drug Deliv. 2017, 24, 1513–1525. [CrossRef]

280. Balabushevich, N.G.; Pechenkin, M.A.; Shibanova, E.D.; Volodkin, D.V.; Mikhalchik, E.V. Multifunctional Polyelectrolyte
Microparticles for Oral Insulin Delivery. Macromol. Biosci. 2013, 13, 1379–1388. [CrossRef]

281. Verma, A.; Sharma, S.; Gupta, P.K.; Singh, A.; Teja, B.V.; Dwivedi, P.; Gupta, G.K.; Trivedi, R.; Mishra, P.R. Vitamin B12
functionalized layer by layer calcium phosphate nanoparticles: A mucoadhesive and pH responsive carrier for improved oral
delivery of insulin. Acta Biomater. 2016, 31, 288–300. [CrossRef]

282. Song, L.; Zhi, Z.-L.; Pickup, J.C. Nanolayer encapsulation of insulin-chitosan complexes improves efficiency of oral insulin
delivery. Int. J. Nanomed. 2014, 9, 2127–2136. [CrossRef]

283. Chen, H.; Zhang, W.; Zhu, G.; Xie, J.; Chen, X. Rethinking cancer nanotheranostics. Nat. Rev. Mater. 2017, 2, 17024. [CrossRef]
[PubMed]

http://doi.org/10.1039/C5NR06350G
http://doi.org/10.1021/cr800409e
http://doi.org/10.2174/156652311794520102
http://doi.org/10.1016/j.xphs.2020.11.035
http://doi.org/10.1002/adma.200801478
http://doi.org/10.1016/j.jconrel.2007.09.004
http://doi.org/10.1016/j.ddtec.2005.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24981762
http://doi.org/10.1080/17425247.2021.1879790
http://www.ncbi.nlm.nih.gov/pubmed/33599154
http://doi.org/10.1080/20022727.2018.1488497
http://www.ncbi.nlm.nih.gov/pubmed/30410712
http://doi.org/10.1002/smll.201704039
http://doi.org/10.1021/ja036952x
http://doi.org/10.1002/btpr.1576
http://doi.org/10.1134/S1068162009010130
http://doi.org/10.1002/mabi.200500163
http://doi.org/10.1002/ppsc.202000228
http://doi.org/10.1039/C5TB00615E
http://doi.org/10.2147/IJN.S162353
http://www.ncbi.nlm.nih.gov/pubmed/30214199
http://doi.org/10.1371/journal.pone.0212584
http://www.ncbi.nlm.nih.gov/pubmed/30889177
http://doi.org/10.1016/j.msec.2021.112161
http://www.ncbi.nlm.nih.gov/pubmed/34082966
http://doi.org/10.1016/j.diabres.2019.107843
http://doi.org/10.1177/193229680900300322
http://doi.org/10.1039/D0NR06104B
http://doi.org/10.1080/10717544.2017.1381200
http://doi.org/10.1002/mabi.201300207
http://doi.org/10.1016/j.actbio.2015.12.017
http://doi.org/10.2147/IJN.S59075
http://doi.org/10.1038/natrevmats.2017.24
http://www.ncbi.nlm.nih.gov/pubmed/29075517


Polymers 2022, 14, 479 43 of 43

284. Wang, P.; Kankala, R.K.; Fan, J.; Long, R.; Liu, Y.; Wang, S. Poly-L-ornithine/fucoidan-coated calcium carbonate microparticles by
layer-by-layer self-assembly technique for cancer theranostics. J. Mater. Sci. Mater. Med. 2018, 29, 68. [CrossRef] [PubMed]

285. Rosch, J.G.; DuRoss, A.N.; Landry, M.R.; Sun, C. Formulation of Folate-Modified Raltitrexed-Loaded Nanoparticles for Colorectal
Cancer Theranostics. Pharmaceutics 2020, 12, 133. [CrossRef]

286. Svenskaya, Y.; Garello, F.; Lengert, E.; Kozlova, A.; Verkhovskii, R.; Bitonto, V.; Ruggiero, M.R.; German, S.; Gorin, D.; Terreno, E.
Biodegradable polyelectrolyte/magnetite capsules for MR imaging and magnetic targeting of tumors. Nanotheranostics 2021, 5,
362–377. [CrossRef] [PubMed]
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