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Abstract: The Layer-by-Layer (LbL) method is a well-established method for the assembly of nanomaterials with controlled structure and functionality through the alternate deposition onto a template
of two mutual interacting molecules, e.g., polyelectrolytes bearing opposite charge. The current
development of this methodology has allowed the fabrication of a broad range of systems by assembling different types of molecules onto substrates with different chemical nature, size, or shape,
resulting in numerous applications for LbL systems. In particular, the use of soft colloidal nanosurfaces, including nanogels, vesicles, liposomes, micelles, and emulsion droplets as a template for the
assembly of LbL materials has undergone a significant growth in recent years due to their potential
impact on the design of platforms for the encapsulation and controlled release of active molecules.
This review proposes an analysis of some of the current trends on the fabrication of LbL materials
using soft colloidal nanosurfaces, including liposomes, emulsion droplets, or even cells, as templates.
Furthermore, some fundamental aspects related to deposition methodologies commonly used for
fabricating LbL materials on colloidal templates together with the most fundamental physicochemical
aspects involved in the assembly of LbL materials will also be discussed.
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The fabrication of nanomaterials with controlled structure and specific functionalities
is currently a challenge for several industrial and technological fields [1–6]. This requires
tools enabling a precise control of the self-assembly and self-organization of molecules and
colloidal objects at the molecular level (nanoscale), and the possibility to modulate such
processes by external fields/stimuli [7–10]. The Layer-by-Layer (LbL) assembly technology
offers many possibilities for fulfilling the above-mentioned requirements by the combination of a broad range of functional building blocks into macromolecular devices [11,12].
The combination of this versatility with their simplicity, modularity, and low cost allows
manufacturing multilayered materials with controlled thickness and composition, and tunable properties and structure. This has fostered the development of the LbL technology
as one of the most extended approaches for the fabrication of nanostructured functional
materials (films, membranes, and capsules) in the last decades [13–16]. The importance of
the LbL method is reflected in the high number of publications related to this fabrication
methodology (more than 1000 per year) and its use in different commercial products,
e.g., contact lens (Ciba Vision, Duluth, GE, USA) or coatings for chromatography column
(Agilent Technologies, Santa Clara, CA, USA) [17].
The simplest LbL approach is based on the fabrication of ordered films by the sequential deposition of two mutual interacting species on a substrate, which works as
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a template for the assembly process. The seminal works on the assembly of LbL films
were focused on the use of conventional flat macroscopic surfaces as a substrate (mainly
glass slides, quartz plates, or silicon wafers) [18]. However, the development of the LbL
approach allows expanding the type of the substrates beyond traditional macroscopic flat
surfaces, and currently, the fabrication of LbL materials on colloidal micro/nanoparticles
(hard and soft particles), liposomes or vesicles, micelles, fluid interfaces (floating multilayers), emulsion droplets, or even cells is possible [19–28]. Furthermore, the richness of
the chemical composition and physical properties (e.g., size, geometry, shape, or roughness) of the substrates make that the LbL can be considered one of the most prominent
tools of the interfacial nano-engineering for manufacturing advanced functional materials [29]. Even though the LbL approach was initially introduced for the fabrication of
the so-called polyelectrolyte multilayers (PEMs) through the electrostatically-driven deposition of alternate layers of oppositely charged polyelectrolytes, i.e., polyanions and
polycations, or bolaamphiphiles [18,30], nowadays, it is possible to assemble LbL materials
through different types of interactions, e.g., hydrogen bonding [31,32], charge transfer
interactions [33], molecular recognition [34,35], coordination interactions [36], chiral recognition [37], host–guest interactions [38], π–π interactions [39], biospecific interactions [40],
sol–gel reactions [41], or even covalent bond (“click chemistry” reactions) [42,43], with the
mutual interaction between the alternately assembled blocks being the only condition
for the assembly of LbL materials [6]. This has increased the number and nature of the
materials used in the LbL films, i.e., the building blocks, and currently, the list includes a
broad range of charged and uncharged molecules and colloidal nano-objects (organic and
inorganic), e.g., synthetic oppositely charged polyelectrolytes (both strong and weak polyelectrolytes); synthetic neutral polymers poly(ethyleneglycol) or poly(vinylpirrolidone);
colloidal particles and nano-objects (graphene and graphene oxide nanoplatelets, carbon nanotubes, dendrimers, clays, microgels, polymeric, ceramic, or metallic particles);
biomolecules (proteins and peptides, polysaccharides, nucleic acid, lipids); dyes; viruses;
and even, in some cases, molecular species [44–69]. Therefore, the LbL assembly technology can be easily modulated for their adaption to the specific nature of a broad range of
building blocks and substrates [70,71].
The innovation in the materials and assembly technologies, together with the increase
of the techniques for film characterization have fueled the intense and growing interest
on the fabrication of LbL materials [11,29]. Nowadays, the LbL approach allows one to
assemble different types of devices/materials with controlled size, shape, and morphology,
ranging from flat films and nano/microcapsules [14,25,72,73] to a broad range of sophisticated systems, including multicapsules with several hierarchically organized nanocontainers, onion-like structures, sponges, membranes, or nanotubes [74–83]. This broad
range of supramolecular architectures combined with the possibility to introduce stimuli
responsiveness on the obtained materials, i.e., the assembled systems can shrink, swell,
burst, or reconfigure upon the application of a certain physicochemical stimuli (e.g., pH,
heat, solvents, mechanical stresses, or salts) has driven the advance on the understanding
and application of the LbL method [84–90].
The last decades have been really fruitful in research efforts aimed to shed light
on the foundations and fringes of the LbL method, as well as on the development of
new applications of the built materials [11,12,14,18,29,30,91–96]. This review is aimed
to spotlight some of the most relevant aspects of the fabrication of LbL multilayers on
liposomes, emulsion droplets, or cells (soft colloidal nanosurfaces). The use of soft colloidal
nanosurfaces as a template for the assembly of LbL materials has gained importance in
the last years mainly because the assembled materials can be easily used for obtaining
capsules with tailored properties and containing different functionalities [79]. Therefore,
the LbL approach may allow a rational design and fabrication of a new class of engineered
materials, which can find applications in several research fields, ranging from medicine
and biotechnology to catalysis or synthetic chemistry.
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of the assembly conditions, i.e., the interaction balance involved in the assembly process.
Paradigms of multilayers following a linear growth are (PAH-PSS)n one (with PAH and PSS
being poly(allylamine hydrochloride) and poly(4-styrenesulfonate of sodium), respectively)
and those built by the deposition of PDADMAC and PSS from solution of low ionic strength
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(with PDADMAC being poly(diallyldimethylammonium chloride). Other linear growth
multilayers are (PAH-PAA)n and (PM2VP-PSS)n (with PAA and PM2VP being poly(acrylic
acid) and poly(N-methyl-2-vinyl pyridinium chloride), respectively) [101]. On the other
side, non-linear growth is associated with an increase faster than linear, i.e., supra-linear
dependence, with the deposition of each bilayer. Therefore, the variation of the thickness is
not the same per each bilayer, and consequently, the multilayer growth does not depend
on the characteristic lengths of the assembled molecules themselves. (PDADMAC-PSS)n
multilayers assembled from solutions in which the effective charge of the polyelectrolyte
is low (generally solutions with high ionic strength) may be considered as a paradigm of
non-linear growth [89,102–104]. Furthermore, there are many other examples of multilayer
following a non-linear growth, with this multilayer being formed in most of the cases
for biopolyelectrolytes, 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) [46,47,105–107]. It should be noted that linear and non-linear growth are
not the only growth tendencies that appear in polyelectrolyte LbL multilayers, and it
can be possible to find, for specific combinations of polyelectrolyte pairs, exotic growth
dependences in which the typical rules driving the assembly of LbL polyelectrolytes are
violated [108,109].
It should be noted that even though the assembly of polyelectrolyte multilayers using
the LbL approach appears to be a well-established field accounting for three decades of
research effort, there is currently a strong controversy about the physical mechanisms
governing the emergence of different types of dependences of the adsorbed amount on the
number of bilayers. In the following, a critical discussion on the most fundamental aspects
of the current knowledge on the polyelectrolyte multilayer growth is included. The main
differences on the growth mechanisms are commonly associated with the existence of
diffusion of the adsorbing molecules within the multilayer structure.
The seminal work trying to provide a physical reliable accounting for the differences on the multilayer growth was performed by Elbert et al. [110]. They reported that
polyelectrolytes can diffuse within the multilayer structure either in linear growth multilayers or in a non-linear one. However, the diffusion process appears slightly different
depending on the type of multilayer growth. For linear growth multilayers, the adsorption
process involves an initial deposition of the molecular polyelectrolyte layers followed
by the diffusion of some chains to the inner region of the multilayer, which leads to a
strong intermingling of the layers, resulting in the formation of polyelectrolyte blend layers.
This agrees with the theoretical description provided by Subbotin and Semenov [111] using
a mean field approach.
The ability for diffusion of the polyelectrolyte together with the final thickness of the
multilayer are closely correlated to the polyelectrolyte molecular weights and charge densities. On the other side, Elbert et al. [110] suggested that the assembly of non-linear growth
multilayers is associated with the adsorption of more than one layer in each deposition
cycle. This is counterintuitive due to the strong repulsion between polyelectrolyte chains.
However, the existence of the diffusion of the polyelectrolyte chains within the multilayer
structure facilitates the deposition of more than one layer per deposition cycle. This is possible for specific polyelectrolyte pairs and assembly conditions through a coacervation-like
process between polyelectrolyte in solution and the polyelectrolyte bearing opposite charge
diffusing from the inner region multilayer to the solution–multilayer interface. The coacervates formed at the interfacial region may precipitate justifying an increase of the thickness
above that expected for a polymer molecular layer [112,113]. Thus, the multilayer behaves
as a polymer reservoir, and the increase of the thickness as the multilayer growth increases
the number of polymer chains diffusing to the solution–multilayer interface, and as a
matter of fact, it increases the coacervate formation (Note that the concentration of the solution
used for layering is commonly several times that required for forming a molecular layer). The above
picture agrees with the theoretical studied by Tang and Besseling [114], in which they
proposed a correlation between the formation processes of inter-polyelectrolyte complexes
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in solution and polyelectrolyte multilayers. Thus, it may be expected that the differences
on the growth mechanisms are related to differences on the dynamics of the polyelectrolyte
chains and in particular to changes on the ionic pairing on the multilayers [115].
The description of the origin of the non-linear growth proposed by Elbert et al. [110]
agrees with the works by Picart et al. [105,106,116–118]. They associated the emergence
of non-linear growth with an in and out diffusion of at least one of the polyelectrolyte
within the multilayer structure, neglecting the role of any diffusion on linear growth films.
The latter can be ascribed to the fact that no control experiments including linear growth
multilayers were performed [105,117,119]. In particular for the case of (PLL–HA)n multilayers, diffusion of the PLL chains within the multilayer structure was found, with this
diffusion being controlled by the nature of the layering solution. Thus, the exposure of
multilayers to PLL solutions results in its diffusion to the inner region of the multilayer,
with the opposite phenomena being found upon exposure of the multilayers to HA solutions. The latter results in a process of PLL-HA complexation at the solution–multilayer
interface, which results in the adsorption of a higher amount of material than that expected
for a single monolayer, and consequently, the bilayer appears thicker than that expected,
considering the adsorption of true molecular layers. Further details on the role of the
in and out diffusion on the emergence of non-linear growth were obtained by confocal
laser scanning microscopy (CLSM) [117]. Thus, it is possible to monitor the adsorption
process within the axis perpendicular to the multilayer by using fluorescently labeled
polyelectrolytes at different heights of the multilayer. CLSM experiments pointed out the
existence of diffusion of fluorescently labeled PLL within the entire multilayer, whereas the
fluorescently labeled HA chains remained trapped at the same positions where they were
initially assembled. These results confirmed the existence of interdiffusion of at least one of
the polyelectrolyte in non-linear growth multilayers, or both as was found for (PLL-PGA)n
films [120]. However, they do not provide any favorable or unfavorable evidences in
relation to the existence of similar processes on linear growth multilayers. The existence
of in and out diffusion of the polyelectrolyte chains may be explained in terms of the
existence of Donnan potential within the LbL film. This potential emerges from the charge
excess originated from the mobile chains, and hence the interdiffussion occurs until the
equilibration of such potential [116,121]. The above discussion indicates the importance
of the interdiffusion processes on non-linear growth multilayers. However, it does not
provide an appropriate explanation of their role in linear growth multilayers. Furthermore,
it appears as inconsistent for accounting the assembly of polyelectrolyte multilayers where
a transition from linear to non-linear growth occurs as result of a modification of the assembly conditions, e.g., (PDADMAC-PSS)n , [89,102,122]. This may be accounted for the picture
proposed by Yuan et al. [123]. They proposed that the emergence of non-linear growth may
be associated with a loose ionic cross-linking, and the existence of a preferential interaction
of the polycation with the polyanion deposited in the film may favor the interdiffusion of
the polycation chains, and consequently the emergence of non-linear growth. This agrees
with the enhanced interdiffusion found by Guzmán et al. [124] associated with the ionic
strength driven transition from linear to non-linear growth in (PDADMAC-PSS)n , and it
does not limit the interdiffusion to non-linear growth. Furthermore, Yuan et al. [123]
reported the importance of the specific chemical nature of the polymer in the control of the
interdiffusion process.
Guzmán et al. [124], by combining structural characterization of the multilayers and a
rigorous analysis of the adsorption kinetics of the polyelectrolyte layers, demonstrates that
the interdiffusion is not the characteristic difference between linear and non-linear growth.
They proposed that the increase of the film roughness upon layer deposition may be an
essential driving force for the emergence of non-linear growth, which may be correlated
to the deposition of coacervates proposed by Elbert et al. [110]. Thus, the increase of the
roughness may be associated with an increase of the area available for the adsorption,
and consequently with an increase of the amount of polyelectrolyte deposited in each
bilayer, which as matter allows a multilayer growth faster than linear. On the other side,
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the deposition of chains respecting its molecular size in each deposition cycle results in
a linear growth [102,122,124–126]. The effect of the roughness as an essential parameter
for controlling the type of multilayer growth is compatible with the model proposed by
Haynie et al. [127], in which the non-linear growth is considered the result of a propagation,
growth, and coalescence of dendritic or isolated aggregates. This leads to an increase of the
film roughness with each adsorption step and consequently to the non-linear growth of
the multilayer. Hernández-Montelongo et al. [128] verified experimentally, using fractal
analysis on Atomic Force Microscopy images, the role of the dynamics of layer adsorption
and the formation of heterogeneous structures on the control of the multilayer growth.
They found that linear growth multilayers assemble by the aggregation of the deposited
molecules followed by a rearrangement process, whereas the non-linear growth is characterized by a diffusion limited aggregation. This leads to the formation of isolated aggregates
as result of diffusion gradients, which results in a significant increase of the multilayer
roughness. On the other side, multilayers exhibiting linear growth appear smooth and
with regular surfaces. The emergence of a heterogeneous growth, at least during the initial
stages of the multilayer assembly, was also reported by Picart et al. [105] in the assembly
of (PLL-HA)n multilayers. However, they neglect the implication of the emergence of
heterogeneous structures in the emergence of non-linear growth on polyelectrolyte multilayers. Very recently, Naas et al. [129] has shown using electron paramagnetic resonance
spectroscopy that the appearance of different types of growth in polyelectrolyte multilayers
results from a combination of different aggregation patterns of polyelectrolyte multilayers
upon the deposition and modifications on the adsorption dynamics.
The importance of the adsorption time on the emergence of non-linear growth in
polyelectrolyte multilayers was furtherly extended by Selin et al. [130] and Sustr et al. [119].
They suggested that the growth rate (linear or non-linear) depends strongly on the specific
diffusivities of the assemble block, with the polyelectrolyte uptake and consequently the
type of growth being strongly correlated to the contact time and the film thickness.
The above picture makes it clear that a true understanding of the origin of the differences on the growth of polyelectrolyte multilayers is far from clear. However, the current
knowledge does not allow considering the interdiffusion as a distinctive signature defining
the growth type. Therefore, the understanding of the type of growth appearing on a
specific multilayer can be only obtained examining carefully the specific pair of assembled polyelectrolytes, their conformations, and the conditions used for the assembly of
the multilayers.
2.2. Charge Compensation and Charge Inversion
The direct electrostatic interactions between polyelectrolytes bearing opposite charges
deposited in adjacent layers should be expected to present a very central role on the control
of the formation of LbL multilayers. However, the true picture involves a more complex
situation where different types of interactions are involved: polyelectrolyte–polyelectrolyte,
polyelectrolyte–solvent, and polyelectrolyte–template [103,131]. The understanding of
the complex interplay of interactions makes necessary a careful examination of two main
aspects that enable modulating the assembly process: (i) quality of the solvent for the polyelectrolytes (ionic strength, pH, or temperature), and (ii) competence between electrostatic
and entropic factor [97,102,122].
The deposition of polyelectrolytes, or other charged molecules, onto oppositely
charged surfaces is commonly associated with the emergence of a charge inversion phenomena, i.e., the adsorption is not stopped once the neutralization of the surface charge
is reached, proceeding until a certain degree of charge with the same sign as that of the
layering species appears on the surface [132]. This may be understood considering the role
of the steric hindrance, which makes the neutralization of the initial charge of the surface
difficult, and hence the adsorption of some additional charged molecules are required to
ensure a true neutralization of the charged surface. Thus, the adsorption of a polyelectrolyte onto a surface bearing an opposite charge results in a charge inversion phenomena

Polymers 2021, 13, 1221

7 of 41

and the formation of a fuzzy layer with charged segments (loops and tails) protruding to
the solution. This leads to an overcompensation of the initial charge of the surface, which
hinders the further adsorption of molecules due to the repulsion appearing between the
multilayer and the solution molecules with the same sign, i.e., polyelectrolyte adsorption
onto the charge surfaces appears as an electrostatically self-limited process. The incorporation of additional layers on the multilayer will follow a similar pathway to the above
described, with the overcompensation of the charge of the previously deposited layer
playing a central role on the alternate deposition of the subsequent layers [21,47,102,133].
Despite the apparent counterintuitiveness of the charge inversion phenomenon, it plays a
very central role either for the electrostatic self-assembly of LbL films [103] or for many
other processes with interest for materials science and biology [134].
Evidence of the overcompensation on LbL films has been found by measuring different
physicochemical parameters related to the effective charge of the surface, e.g., surface potential, streaming potential, or zeta potential [21,47,89,102,103,105,135–138]. These techniques
provide information on the oscillation of the surface charge between positive and negative
values with the alternate stacking of polycation and polyanion layers. Figure 2 shows the
change of the zeta potential for (PDADMAC-PSS)n deposited onto silicon wafers [139],
with the overcompensation being evidenced from the oscillation of the zeta potential values
between values about +100 and −100 mV upon the deposition of polycation and polyanion
layers, respectively. It is worth mentioning that even though Figure 2 presents evidence of a
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significantly different when there is not a perfect matching between the charges in adjacent layers, with the presence of counterions being mandatory for ensuring the electroneutrality of the multilayers. This results in the so-called extrinsic compensation, which
leads to the formation of multilayered structures with a broad range of different stoi-
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The overcompensation can be explained considering that the deposition process
does not lead to a perfect matching between the charges of the monomers in adjacent
layers, appearing a charge excess that must be compensated for avoiding the instability
of the film and fulfilling the electroneutrality boundary conditions [89,141]. Therefore,
Figure 2. Change of the ξ potential (blue symbols) and multilayer thickness (red symbols) with the
a contribution counter-balancing the charge excess is mandatory to result in multilayers
alternate deposition of poly(diallyldimethylammonium chloride (PDADMAC) and
with
a zero net charge at the macroscopic scale (beyond the Debye length). This makes it
poly(4-styrenesulfonate of sodium) (PSS) layers onto silicon wafers from polyelectrolyte solutions
necessary
to incorporate small ions in the multilayer to compensate the excess of charge
with concentration 10 mM, and ionic strength fixed in 100 mM. Reprinted from reference [139],
appearing
from with
the unpaired
segments
the layers [102,104,142,143],
Copyright (2014),
permission polyelectrolyte
from the American
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Society.
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chains. Furthermore, the expulsions of counterions from the vicinity of the multilayers is asaverage free energy of the systems, with the entropy gain resulting from the counterion
sociated with a favorable entropic contribution to the decrease of the average free energy of
release process becoming the main driving force for the assembly process. The scenario is
the systems, with the entropy gain resulting from the counterion release process becoming
significantly different when there is not a perfect matching between the charges in adjathe main driving force for the assembly process. The scenario is significantly different when
cent layers, with the presence of counterions being mandatory for ensuring the electrothere is not a perfect matching between the charges in adjacent layers, with the presence of
neutrality of the multilayers. This results in the so-called extrinsic compensation, which
counterions being mandatory for ensuring the electroneutrality of the multilayers. This releads to the formation of multilayered structures with a broad range of different stoisults in the so-called extrinsic compensation, which leads to the formation of multilayered
chiometries and to an almost negligible role of the entropy on the assembly of the multistructures with a broad range of different stoichiometries and to an almost negligible role
layer. Figure 3 shows a sketch representing an idealized picture of the distribution of
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polyelectrolytes and counterions depending on the type of compensation involved in the
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Figure 3. Scheme of the expected configuration of polyelectrolyte layers and counterions in intrinsically and extrinsically compensated polyelectrolyte multilayers.

The compensation mechanism can be tuned by modifying any parameter impacting
on the ionic equilibrium within the multilayer, which influences both the final structure
and the physicochemical properties of the LbL multilayered films [89,102,103]. Among the
parameters contributing to the ionic equilibrium, the ionic strength is possibly that with the
strongest impact on the modulation of the compensation mechanism due to its ability for
modulating the effective charge density of the polyelectrolyte by ionic condensation [140].
This was verified from the studies by Schlenoff and Dubas [103] on (PDADMAC-PSS)n
multilayers, where they demonstrated that the compensation mechanism of the multilayers
may be switched from a mainly intrinsic-like compensation to a true extrinsic one. Thus,
at low ionic strength, the layer assembly proceeds with a noticeable release of counterions
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from the vicinity of the film to the solution, which is associated with a very favorable
entropic contribution to the assembly process, whereas at high ionic strength, the high
amount of ions on the bulk leads to a situation where the contribution of the counterion
release from the multilayer plays a very limited role on the entropy gain, and hence a high
proportion of counterions remain embedded on the multilayers, resulting in an extrinsiclike compensation. Therefore, it is possible to assume that the energetic landscape is very
different for intrinsic and extrinsic compensated films due to the different role of the entropy
gain associated with the counterion release [89,102]. The type of compensation can be
evaluated in terms of the compensation ratio, Rc , that provides a measurement of the ratio
−
between the density of positively, ρ+
monomer , and negatively, ρmonomer , charged monomers in
adjacent layers [45]
ρ+
Rc = monomer
(1)
ρ−
monomer
According to Equation (1), values of Rc close to 1 indicate a mostly intrinsic compensation, whereas values of Rc above or below 1 evidence the extrinsic compensation of the
films with an excess of cationic or anionic monomers, respectively. Figure 4a shows the
effect of the ionic strength on the type of compensation mechanism for (PDADMAC-PSS)n
multilayers in terms of the dependence of Rc on the ionic strength (I) [102]. The values
of Rc indicate the existence of an excess of PDADMAC monomers in relation to PSS one
in adjacent layer, which is a clear signature of extrinsic-like compensation. Furthermore,
the increase of Rc with the ionic strength evidences the transition from a quasi-intrinsic
compensation to a clearly extrinsic compensation. Furthermore, the values of Rc give an
indication of the asymmetric character of the layer compensation, i.e., the nature of the
capping layer defines the degree of extrinsic compensation within the multilayer [89,149].
This is clear considering that Rc values above one are related to the existence of a higher
charge excess in the PDADMAC-capped layer than in those capped with PSS, and hence,
it may be expected for there to be a clearly extrinsic compensation for PDADMAC layers, whereas the compensation becomes mainly intrinsic when PSS layers are considered.
This asymmetric compensation depends on the specific nature of the polyelectrolyte pair,
and it can influence decisively on the layer structure and physicochemical properties. Thus,
in the particular case of (PDADMAC-PSS)n multilayers, the counterion distribution profile
affects the osmotic stress within the multilayer, which results in the formation of swelled
and highly hydrated PDADMAC layers and a more collapsed PSS layer. This affects
the roughness of the layers, with the PDADMAC-capped films having higher roughness
than the PSS-capped one [89,150] (see inset, Figure 4a). Therefore, the internal charge
balance in polyelectrolyte multilayers involves a combination of both extrinsic sites (polyelectrolyte/counterion pairing) and intrinsic sites (pairing between oppositely charged
polyelectrolytes), as is schematized in Figure 4c.
It should be noted that the differences of the compensation mechanism associated
with the specific nature of the polyelectrolyte pair and the assembly conditions are related
to differences on the forces driving the assembly, i.e., the role of enthalpic and entropic
contributions to the assembly process [151]. For the assembly of (PDADMAC-PSS)n
multilayers, a strongly exothermic complexation is found for multilayers assembled from
solutions having low ionic strength, whereas the complexation becomes endothermic as the
ionic strength increases [11]. Thus, considering a change of Gibbs energy for the assembly
process given ∆G = ∆H − T∆S, it may be expected that both enthalpy ∆H (negative as result of
the ionic pairing) and entropy ∆S (positive as result of the counterion release) presents a
favorable impact for the assembly at low ionic strength. On the other side, enthalpy and
entropy present a counteractive impact for the assembly, which can result in deconstruction
phenomena of the multilayers as the ionic strength is increased [127,152].

Polymers 2021, 13, x FOR PEER REVIEW

10 of 41

Polymers 2021, 13, 1221

10 of 41

12
10
8

Rc

6
4
2
0

(a)
0

100

200

300

400

(b)

500

I (mM)

(c)
Figure
Compensationratio
ratioRRcinin(PDADMAC-PSS)
(PDADMAC-PSS)multilayers
n multilayers as a function of the ionic strengths. Data adapted
Figure 4.
4. (a)
(a) Compensation
as a function of the ionic strengths. Data adapted from
c
n
from
reference
[89]
,
Copyright
(2009),
with
permission
from
The Society
Royal Society
of Chemistry.
(b) displaying
Sketch displaying
the
reference [89], Copyright (2009), with permission from The Royal
of Chemistry.
(b) Sketch
the general
general
internal
charge
balance
in
polyelectrolyte
multilayers.
Reprinted
from
reference
[140]
.
Copyright
(2013),
with
internal charge balance in polyelectrolyte multilayers. Reprinted from reference [140]. Copyright (2013), with permission
permission from American Chemical Society. (c) Representation of the asymmetrical compensation in polyelectrolyte
from American Chemical Society. (c) Representation of the asymmetrical compensation in polyelectrolyte multilayers as
multilayers as a function of the nature of the last deposited layer. Reprinted with permission from reference [149]. Copa function of the nature of the last deposited layer. Reprinted with permission from reference [149]. Copyright (2012)
yright (2012) American Chemical Society.
American Chemical Society.

ItThe
should
be noted
that
the assembly
differences
of the
mechanism
associated
entropic
balance
of the
is not
onlycompensation
associated with
the ionic equilibrium,
with
the
specific
nature
of
the
polyelectrolyte
pair
and
the
assembly
conditions
are reas two other main contributions exist that may influence such balance: (i) entropy associated
lated
the forces driving
the assembly,
i.e., the role
enthalpic
enwith to
thedifferences
release andonreorientation
of hydration
water [153–155],
andof(ii)
entropyand
penalty
tropic
contributions
to
the
assembly
process
[151].
For
the
assembly
of
associated with the reduction of the degrees of freedom of the molecules due to their
(PDADMAC-PSS)
n multilayers, a strongly exothermic complexation is found for multiattachment to the surface [156,157]. However, the impact of these two contributions, in most
layers
from solutions
low ionictostrength,
whereas
the complexation
of the assembled
systems, is smaller
than thathaving
corresponding
the counterion
release,
which allows
becomes
endothermic
as
the
ionic
strength
increases
[11].
Thus,
considering
a change of
one to neglect their role as a driving force of the assembly [158].
GibbsThe
energy
for the assembly
process
ΔG =force
ΔH −
it may
be expected
that both
importance
of the entropy
as given
a driving
ofTΔS,
the LbL
assembly
of polyelecenthalpy
ΔH (negative
the ionic pairing)
and entropy
ΔS points:
(positive
result of
trolyte multilayers
canasberesult
betterofunderstood
considering
three main
(i)as
adsorption
the
counterion
release)
presents
a favorable
for thewithout
assembly
low ionic strength.
beyond
the zero
net surface
charge
point isimpact
not possible
theatcontribution
of nonOn
the
other
side,
enthalpy
and
entropy
present
a
counteractive
impact
for the
assembly,
electrostatic interactions because of the high enthalpic penalty associated
with
charge
which
can result
in deconstruction
phenomena
of thebetween
multilayers
as the(compensation
ionic strength by
is
inversion;
(ii) electrostatic
interactions
do not differ
intrinsic
increased
[127,152].
ionic pairing)
and extrinsic compensations (compensation by counterions condensation),
entropic balance
the assembly
not onlywith
associated
thedensity
ionic equiliband The
(iii) multilayers
can beof
assembled
usingismaterials
reducedwith
charge
or even
rium,
two otherwhere
mainthe
contributions
that may
influence
balance:
entropy
underas
conditions
electrostaticexist
interaction
is more
or lesssuch
screened,
e.g.,(i)high
ionic
associated
with the release and reorientation of hydration water [153–155], and (ii) enstrength [47,89,141,159–163].

Polymers 2021, 13, 1221

11 of 41

3. Fabrication of LbL Assemblies on Colloidal Surfaces
3.1. Hard and Soft Colloids as LbL Templates
The colloidal template used for the LbL determines in most of the cases the shape,
morphology, and properties of the multilayered films, and it can be classified into two main
groups: hard and soft [164]. Among the former, melamine formaldehyde, polystyrene,
SiO2 , and CaCO3 particles are probably the most commonly used [165,166]. The use of
SiO2 particles as a template is particularly interesting because it allows fabricating extremely monodisperse capsules. However, their true application is very limited, because
the dissolution of the SiO2 core requires hydrofluoric acid for obtaining hollow capsules.
The use of polystyrene and melamine formaldehyde particles as a template remain an important challenge because their complete dissolution is difficult, and some residues remain
upon chemical attachment, which makes their application on encapsulation for biomedical
purposes almost impossible. The use of CaCO3 particles deserves particular attention
because their biocompatibility and biodegradability combined with their high porosity
and large surface area make this type of particle a very interesting substrate on the design
of encapsulation platforms based on the LbL method. However, the large polydispersity
and high potential of aggregation during the assembly process reduce the applicability
of CaCO3 templates. On the other side, soft templates include different colloidal systems
ranging from liposomes and vesicles to micro- and nano-gels, and from emulsion droplets
to different types of cells. The main disadvantages of this type of template are related to
their poor stability and elevated polydispersity. Furthermore, their handling is at many
times difficult, making it necessary to use buffers and other special conditions. However,
their utilization in applications requiring the interaction with biological matter can be a
good choice due to their good biocompatibility and biodegradability [167].
The above discussion illustrates the existence of capsules based on the LbL assembly
with a broad range of morphologies and dimensions, which in most of the cases can be
modified almost at will to fulfill the requirements of their specific application.
3.2. Approaches for LbL Assembly on Colloidal Surfaces
The assembly of LbL polyelectrolyte films needs to consider that whereas interpolyelectrolyte complexes formed in the bulk present thermodynamic stability, the assembly process of polyelectrolyte multilayers leads to the formation of kinetically arrested
supramolecular structures [29,97,168,169]. This may be understood considering the release
of a polyelectrolyte chain from the multilayer to the solution, with such processes being
associated with an important gain on the entropy of the released chain (mainly the translational and conformational one) due to the enhanced mobility of the chain in solution with
respect to the situation found in the multilayer [170].
The LbL approach is currently established as a simple and inexpensive methodology
enabling the fabrication of multilayered structures [171,172]. This methodology has been applied on both flat substrates and colloidal templates, using commonly a diffusion-controlled
kinetics to control the deposition of the building blocks on the surface [29]. It should be
noted that most of the assembled LbL systems are obtained following a procedure that is
reminiscent of that initially introduced by Decher et al. [173]. However, even though the
physical bases of the assembly process are quite similar with independence of the used
substrate, it is necessary to make some modifications on the experimental methodology
to adapt the assembly procedure to the specific characteristics of the substrate, e.g., size,
shape, morphology, or chemical nature. Thus, the assembly of layers of LbL films on a
flat substrate has been commonly performed by simple immersion of the substrate into a
solution containing the building block to be assembled, i.e., the so-called dipping deposition. In particular, the deposition of a multilayered film onto a flat substrate relies on the
alternate immersion of the substrate into the layering solutions, with intermediate rinsing
steps between two consecutive adsorption steps. These rinsing steps allow removing the
material weakly adsorbed to the multilayer, avoiding any risk of cross-contamination of
the assembled films due to the formation of aggregates for interaction in solution of the
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building blocks and their subsequent precipitation onto the multilayer (Note: this rinsing
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charged layer, resulting in the formation of inter-polyelectrolyte complexes in solution. These complexes can be deposited on the multilayered structure, affecting the structure and composition of
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sive analysis of the deposition methodologies, the reader is recommended to go through
references [11,12,29,176,184].
The deposition by immersion in flat substrates appears as a rather easy approach
on the fabrication of polyelectrolyte multilayers. However, the use of this approach for
depositing multilayered films onto colloidal templates requires considering that colloidal
particles are commonly dissolved or suspended in a solvent, generally water. This makes
the assembly process tricky, because it needs to include a separation step between the
deposition and washing. Thus, then, the excess of unbound materials is removed by
pelleting the decorated colloids using commonly centrifugation/redispersion cycles on
the washing steps when solid particles are used as a template [20,184–189]. Thus, once the
adsorption of one layer is finished, the suspension containing the polymer-decorated
particles is centrifuged, which results in their sedimentation at the bottom of the tube.
This enables removing the supernatant where the excess of non-adsorbed material remains. Afterwards, the polymer-decorated particles are redispersed in the solvent, and the
sedimentation/redispersion process is repeated (normally three times). The repetition of
the sedimentation/redispersion process allows ensuring that the excess of non-adsorbed
material is removed, resulting in a clean suspension of polymer-decorated particles that
can be used as substrate for the deposition of a new layer following a similar sequence of
adsorption–cleaning [190,191]. Figure 6 shows a sketch where the different steps involved
in the deposition of polyelectrolyte multilayers onto a particulate template are displayed.
This approach allows building both core-shell structures and a hollow capsule. On the fabrication of the latter, an additional step of dissolution of the template (sacrificial substrate)
is required. This is generally done by a chemical treatment that depends on the specific
chemical nature of the colloidal template, e.g., fluoride acid is used for SiO2 templates,
Polymers 2021, 13, x FOR PEER REVIEW
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diluted hydrochloride acid is used for melamine formaldehyde resins, and tetrahydrofuran
is used for polystyrene latex particles [192].
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The above-described methodology allows an easy building of polyelectrolyte multilayers onto colloidal microparticles. However, the separation of the supernatant and the
polyelectrolyte-decorated particles by centrifugation (they require a high centrifugation
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The above-described methodology allows an easy building of polyelectrolyte multilayers onto colloidal microparticles. However, the separation of the supernatant and
the polyelectrolyte-decorated particles by centrifugation (they require a high centrifugation speed, which can favor the aggregation of the polyelectrolyte-decorated particles)
is more complicated when nano-sized colloids are chosen as the template. Furthermore,
the use of centrifugation steps makes the automatization of the assembly process difficult. A possible solution to these problems is the use of the serum replacement method,
which minimizes the aggregation of the obtained materials [193]. Another approach is
the use of solvent-induced precipitation for the separation of the excess of non-adsorbed
material [194]. These methods contribute to the increase of the velocity of the assembly
process and increase the recovery yield (the use of centrifugation as the recovery approach
results in a loosening of material and the subsequent decrease of the concentration in the
successive cycles). The latter is very important in terms of a possible industrial scaling up
of the assembly process, with the preparation of concentrated capsules suspensions being
accounted for as one of the most important challenges for the assembly of materials by the
LbL method. The use of tubular flow-type reactors has solved partially the problems associated with the scaling-up of the LbL fabrication. This approach results in the fabrication of
capsules with a fixed number of layers following a continuous production procedure. However, this type of process may be affected by cross-contamination because a small amount
of the polyelectrolyte forming the last deposited layer is always retained in the medium
after each deposition step, which can result in the precipitation of inter-polyelectrolyte
complexes [195].
An alternative to the centrifugation is the use of a magnet for separating the substrates
from the excess of non-adsorbing molecules [196]. This has been used for the separation
of emulsion droplets, which cannot be easily pelleted using centrifugation. This process
requires the loading of the droplets with magnetic nanoparticles [197]. This approach has
been also used for the separation of solid particles. In such case, the substrate used as
template needs to have the inclusion of a magnetic material [198].
It should be noted that in most of the cases, the LbL assembly on colloidal templates
is performed using highly concentrated polymer solutions (many times the concentration
required for coating the particles) [187,199], which, as was aforementioned, makes it necessary to introduce strategies for separating the polyelectrolyte-decorated colloidal particles
from the excess of non-adsorbing material. However, the washing/separation steps can
be avoided by adding just the amount of polyelectrolyte necessary for saturating the colloidal particles. The optimization of this process requires a careful observation of the zeta
potential of the dispersion for avoiding the aggregation. Furthermore, the sonication of the
dispersion during the layer deposition can also contribute to minimizing the aggregation
phenomena [136,200–202]. The use of the saturation method for LbL assembly allows an
increase of the velocity of the process by a factor of 3 [201,203].
The centrifugation can be a serious problem when particles lighter than water (e.g., emulsion drops, vesicles, or liposomes) are used as templates. This has made it necessary to
adapt the methodology of the LbL fabrication to the specific characteristics of the templates.
The use of creaming/skimming cycles to substitute the centrifugation/redispersion one is a
promising alternative for separation of the excess of non-adsorbed material when droplets
of oil in water emulsions are used as a template. This is possible because the droplets are
generally lighter than water and can float in the polymer solution [204,205]. It is worth
mentioning that the centrifugation can be useful to force a faster creaming process when
emulsion droplets are used as the template [206–208]. The use of vesicles or liposomes
as a template for LbL assembly requires a very complex process involving up to three
different steps for each deposited bilayer [209]. First, the solution containing the first layer
is added to a diluted suspension containing vesicles/liposomes. After the adsorption of the
first layer, the solution of the material forming the second layer is added to the dispersion
containing the polyelectrolyte-decorated vesicles/liposomes and an excess of the polyelectrolyte forming the first layer. This results in the deposition of the second layer and the
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formation of inter-polyelectrolyte complexes. This inter-polyelectrolyte can be sedimented
from the dispersion containing the polyelectrolyte-decorated vesicles/liposomes through
centrifugation in the last step of the process, with the use of centrifugation for the separation being possible because the formation of the polyelectrolyte shell provides stability
to the vesicles/liposomes, hindering the aggregation and fusion phenomena. Once the
first bilayer is deposited, the process can continue by repeating the above commented
procedure up to depositing the desired number of layers. However, it should be noted that
this procedure does not allow depositing more than five to six bilayers, because the formation of inter-polyelectrolyte aggregates that can form supramolecular aggregated with the
polyelectrolyte-decorated vesicles/liposomes and the centrifugation process result in a 5%
reduction of the total number of vesicles/liposomes per each deposited bilayer [209].
Another very interesting approach for avoiding the use of complicated separation
steps relies on fixing the colloidal template by using immobilization agents, e.g., agarose hydrogel. This makes it possible to consider the collected particles as a planar substrate,
allowing the use of conventional dipping for forming the LbL film onto the colloidal particles. Once the required number of layers has been deposited onto the colloid, it is
possible to erode the agarose matrix by heating at 37 ◦ C. Then, the agarose and the
polyelectrolyte-decorated colloids are separated by at least three cycles of centrifugation/redispersion [210]. The use of the above discussed approach has allowed the use of robotic
dipping for the assembly of LbL films on colloidal templates [210]. It should be noted that
the automatization is one of the current challenges of the LbL method; several approaches
exist toward the automatization of LbL deposition on colloidal templates [29,210–212].
Peiffre et al. [213] designed a computer-controlled device that enables the fabrication of
about 1000 layers on particles of 100 µm in diameter. Another very interesting approach
for automatizing the assembly on non-planar substrates involves the filling of pores with
polyelectrolyte and colloid under pressure application. Thus, it is possible to fabricate even
polymer nanotubes upon the dissolution of the substrate [214].
Another approach gaining interest in current years is the use of microfluidic devices.
Thus, it is possible to fabricate LbL films on the channels and colloidal templates placed
in the channels [212,215–217]. In particular, the use of microfluidic devices allows a
minimization of the aggregation processes during the assembly [218–222]. There are many
approaches on the use of microfluidic devices for the LbL assembly. The most common is
based on the application of pressure or vacuum to drive the sequential displacement of
the polymer and washing solutions within the microfluidic chips [120,223,224]. This relies
on coating liquid particles by flowing alternatively the solutions for layer deposition and
washing perpendicularly to the particle flow stream [219]. Another alternative for the
deposition using microfluidic methodologies for LbL deposition involves an alternative
exposure of the colloidal templates to the polyelectrolyte and washing streams [222].
The use of a fluidized bed for the layering process is also a very promising alternative for coating with LbL films on particulate substrates [225]. This methodology takes
advantage of the upward force of the washing or polymer solutions that counteract the
gravitational forces that push the particle to the sedimentation. Thus, the particles are
lifted, forming a fluidized bed allowing the fabrication of LbL film on substrates up to
3 µm by modifying the bed geometry, which also allows controlling the permeability of the
resultant multilayered films [226]. It is true that the use of microfluidic for LbL assembly
on colloidal templates opens new perspectives. However, their implementation is limited,
because it needed an optimization of the methodology in each particular case, and the
instrumentation is expensive [227].
The above discussion shows that the LbL approach offers many opportunities in the
assembly of nanostructured materials on colloidal templates using for such an approach
different fabrication methodologies, which opens many opportunities for both fundamental
and applied sciences. However, any program aimed at the development of the potential
applications of LbL materials requires deeper understanding of the most fundamental
aspects associated with the film formation at the molecular scale and the properties of the
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built materials, with two characteristics of the multilayers being essential: (i) polyelectrolyte
multilayers are highly hydrated systems and contain counterions, and (ii) the adsorption
of polyelectrolyte layers is almost irreversible.
4. LbL Multilayers on Liposomes
Liposomes are small spherical vesicles based on a lipid bilayer and an internal cavity
commonly filled with water [228]. This makes liposomes a very interesting biocompatible
tool on the fabrication of platforms for the encapsulation and delivery of hydrophilic
and/or hydrophobic molecules with technological interest [229]. Furthermore, the encapsulation within liposomes of drugs allows increasing the efficacy and therapeutic index of
the drugs, whereas their toxicity is reduced [230]. However, the applications of conventional liposomes appear very limited due to their low stability in physiological conditions,
presenting a high tendency to degradation or aggregation and fusion, and the limited
efficiency of their adsorption through tissues. In the last few years, researchers have
tested different approaches that allow enlarging the life of liposomes in the bloodstream,
with their coating with a single poly(ethylene glycol) to form the so-called stealth liposomes being accounted among the most extended. This increases the hydrophilicity of the
liposome, and reduces the biofouling phenomena; i.e., the adsorption of plasmatic proteins
and lipoproteins [231,232]. Other polymers used for coating liposomes with a single layer
are chitosan or poly(vinyl alcohol) [233–235].
It should be noted that together with the enlarging of the life of the liposomes, their protection against aggressive environments, such as appearing in many physiological media
(e.g., stomach) is currently a challenge. Chen and Santore demonstrated that the stability
of liposomes can be significantly enhanced by forming a mixed membrane formed by
phospholipid and a grafter copolymer [236]. Other possibilities include (i) the decoration
of the liposome surface with moieties that enable the recognition of specific targets in
some cells; (ii) increasing the number of possible drugs and the amount stored in the
membrane, or (ii) tuning the delivery rate by coating the liposomes with other motives,
such as polyelectrolytes, nanoparticles, or smaller liposomes [237].
The use of LbL layers for coating liposomes and manufacturing core–shell supramolecular systems has become a very promising tool in current years for broaden the application fields of liposomes [238,239] and improving their therapeutic efficiency [240–242].
Cuomo et al. [26,243–245] and Fukui et al. [246,247] showed more than 10 years ago that
the use of the LbL method for coating liposomes with polyelectrolyte multilayers may
be a good opportunity for designing stable drug delivery platforms with tunable release
profiles. Furthermore, the use of the LbL method also makes the construction of different
complex hierarchical multi capsules possible, as evidenced the works by the group of
Caruso [74–77]. Figure 7 shows a scheme of the procedure used for the fabrication of
liposomes coated with LbL films.
The coating of liposomes with LbL films prevents their aggregation by the electrostatic repulsion associated with the surface charge provided by the polyelectrolyte layers.
Furthermore, it was found that the efficiency of liposomes transport in physiological media
and their adsorption through tissues are also strongly enhanced by decoration with LbL
films [248]. Another important advantage of the use of liposomes decorated with layers
deposited using the LbL method is the possibility to introduce controlled release capacity
in the supramolecular system [249–251] and the inclusion of an additional hydrophilic
environment within the deposited layers to increase the payload of active molecules [239].
This was demonstrated by Haidar el al. [239] upon coating cationic liposomes with alternate
layers of alginate (ALG) and chitosan (CHI). They found that the amount of bovine serum
albumin (BSA) may be significantly enhanced by the increase of the number of deposited
bilayers due to the embedding of additional protein molecules within the polyelectrolyte
layers. This agrees with the results by Pereira-Parchen et al. [252] for the encapsulation of
epidermal growth factor, with a 3-fold increase of the encapsulation efficiency for decorated
liposomes in relation to the bare one.
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quercetin-loaded liposomes coated by up to five bilayers formed by CHI and HA, with a
more sustained release emerging as the number of deposited layers [255]. Furthermore,
the multilayered film ensures a better stability of the liposomes against the disruption of
their membranes by detergent (Triton X-100), and it enhances the permeation ability of the
liposomes through the skin barrier. It should be noted that the formation of LbL layers on
the liposomes surface may also provide a partial protection against the action of natural
phospholipases if a minimal thickness of the coating is obtained [256].
Madrigal-Carballo et al. [254] performed a systematic evaluation of the release profile
of ellagic acid from bare and polyelectrolyte multilayer decorated liposomes, and they
found a transition from a burst release in the former to a more sustained release with the
increase of the number of deposited bilayers (see Figure 8). In fact, for bare liposomes,
70% of the load molecules are released during the first week, whereas in formulations
with two bilayers of CHI and DXS, the released amount is reduced to around 35%, and in
those with four bilayers, the released amount is reduced up to 2-fold. This is explained
considering that the increase of the number of bilayers results in an increase of the ionic
cross-linking, leading to the formation of a densely packed polymer network, which reduces
the release rate from the liposomal core. It should be noted that even LbL coating layers
avoid the leakage of cargoes encapsulated from the liposomes. This protection is not
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coated liposomes, and hence, intermediate concentrations were chosen, which results in
The liposomes coated by (GO-PLLgGO)n multilayers were found to present good thermoformulations with a high resistance against destabilization processes. The importance of
(GO has an ability for heat generation upon light adsorption) and pH-responsiveness,
the control of the aggregation mechanism of polyelectrolyte-decorated liposomes by a
which were exploited by the controlled release of the encapsulated doxorubicin. Furthercareful selection of the concentration of the layering solution was also reported by Madmore, the presence of PLLgGO may facilitate the fabrication of effective binding platforms
for active targeting.
It is well known that the assembly conditions of LbL films have a very critical impact
on the physicochemical properties and structure of the assembled material [11,12,97].
This is even more critical when the fabrication of LbL-decorated liposomes for drug
delivery purposes are fabricated, with an optimal film formation making it necessary to
tune the solution conditions during both the layer deposition and the cleaning steps. This
was clear from the work by Correa et al. [260]. They found that the liposomes loaded with
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a 21-base-pair locked nucleic acid siRNA analogue prepared under optimized assembly
conditions (layered in solutions containing 25 mM NaCl and 20 mM HEPES, and cleaned
in deionized water, DI H2 O) allow an effective gene silencing on the human ovarian cancer
cell line OVCAR8. The silencing effect was found to be more limited when the assembly
of the LbL films was performed only using DI H2 O during assembly and cleaning steps.
Figure 9 shows the different gene silencing effect of liposomes loaded with 21-base-pair
locked nucleic acid siRNA analogue on the human ovarian cancer cell line OVCAR8
depending on their preparation protocol.
The optimization of the coating of liposomes with LbL multilayers was also analyzed
by Liu et al. [261]. They prepared liposomes coated by alternated layers of CHI and ALG
for fabricating drug delivery systems, and they found that the concentrations of both
polyelectrolytes play a very significant role in the preparation of the formulation, with the
concentration of CHI and ALG appearing as very important parameters for controlling
the average diameter, zeta potential, and coating efficiency. In fact, it was reported that
high polyelectrolyte concentrations stimulated the flocculation of the coated liposomes,
and hence, intermediate concentrations were chosen, which results in formulations with
a high resistance against destabilization processes. The importance of the control of the
aggregation mechanism of polyelectrolyte-decorated liposomes by a careful selection of the
concentration of the layering solution was also reported by Madrigal-Carballo et al. [254]
and Hermal et al. [256] in liposomes coated by CHI and DXS and PLL and poly(glutamic
acid) (PGA), respectively. Furthermore, the coating process ensures the protection of the
liposomal core against pH changes, whereas the polyelectrolyte shell undergoes a swelling
process with the increase of the pH. The latter is related to a decrease of the ionic crosslinking between the polyelectrolyte chains and the dissolution of ALG for pH > 5. However,
the integrity of the liposomes remains due to the collapse of insoluble CHI chains on the
liposomes, which results in a new reduction of the average size of the polyelectrolytedecorated liposomes. This agrees with the general picture showing that the use of LbL
films for coating the liposomes enhances their stability. However, the increase of liposome
stability depends on both the number of deposited polyelectrolyte layers and the charge
density of the liposomal surface, which indicates the important role of the electrostatic
interactions as driving force for the stabilization [262]. This is compatible with the finding
by Pereira-Parchen et al. [252] for the release of epidermal growth factor from liposomes
decorated with (CHI-ALG)n multilayers. They reported that the drug release is completely
hindered for physiological values of the pH (around 7.2) due to the compact character of the
CHI layers, whereas the swelling of the multilayer with the decrease of the pH favors the
release of the encapsulated drug. Further evidence related to the role of the electrostatic on
the stabilization of liposomes with LbL films was reported by Eivazi et al. [263]. They studied the protection of soft cationic liposomes formed with didodecyldimethylammonium
bromide by coating using two cellulose derived polymers (anionic carboxymethylcellulose and cationic quaternized hydroxyethylcellulose ethoxylate), and they found that the
electrostatic interactions appear as the essential driving force for the assembly of the LbL
layers on the liposomes, with their modulation enabling control of the size and net charge
of the core-shell particles. These particles were found to have a shape that is reminiscent of
the initial template.
The impact of the electrostatic interactions in LbL-decorated liposomes goes beyond
its impact on the protection of encapsulated drugs and the integrity of the bare liposomes.
The surface charge of the bare liposomes should be chosen in such a way that ensures
a strong electrostatic binding between the polyelectrolyte chains and the first deposited
layers [113,168,264–267]. This was clear from the studies by Angelini et al. [262] in which an
analysis of the stability against the detergent of the liposomes coated with LbL layers was
performed. They found that the interaction of charged liposomes with strongly charged
polyelectrolytes results in the formation of regular and homogenous layers with a reduced
porosity, and hence, the stability of the coated liposomes is significantly enhanced. On the
other side, the interaction of polyelectrolytes with poorly charged liposomes leads to a
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On the basis of the above discussion, the optimization of the assembly of LbL films on
liposomes is very important and should consider the following aspects: (i) the saturation of
The impact of the electrostatic interactions in LbL-decorated liposomes goes beyond
the surface of the liposomes is not easy because of the absence of a homogenous distribution
its impact on the protection of encapsulated drugs and the integrity of the bare lipoof charge along the polymer chains and the difficulties associated with a complete binding
somes. The surface charge of the bare liposomes should be chosen in such a way that
between monomers of adjacent layers as a result of the steric hindrance. This can increase
ensures a strong electrostatic binding between the polyelectrolyte chains and the first
the heterogeneity and roughness of the multilayers; (ii) there are difficulties associated
deposited layers [113,168,264–267]. This was clear from the studies by Angelini et al. [262]
with the exact matching in the charge density of assembled polyelectrolytes, which is an
in which an analysis of the stability against the detergent of the liposomes coated with
important requisite for the LbL deposition; (iii) the use of polymer in excess to ensure a
LbL layers was performed. They found that the interaction of charged liposomes with
complete coverage may result in the existence of unattached polymer chains remaining
in solution, which may induce depletion flocculation; (iv) the increase of the size of
the decorated liposomes with each deposition cycle makes it necessary to increase the
concentration required to cover their surface, resulting in an increase of the complexity of
the morphology of the polymer layers, and (v) Lastly, the existence of other interactions
beyond those of electrostatic origin need to be considered as well [274].
It is true that the optimization of the assembly conditions appears as essential for
controlling the efficacy of formulations. However, another very important aspect to analyze
when liposomes coated by LbL films are considered as delivery platforms is related to
the effect of the cargoes on the stability of the supramolecular material. This aspect was
analyzed by Madrigal-Carballo et al. [254] in liposomes coated by CHI and DXS loaded by
ellagic acid, and they found that the introduction of the cargo affects neither the average
size of the decorated-liposomes nor their surface charge. This appears as a signature of the
negligible impact of the encapsulated molecule on the stability of the formulation.
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5. LbL Multilayers on Emulsion Droplets
Another feasible approach for the fabrication of encapsulation platforms for oil-soluble
compounds is the use of the liquid droplets of oil in water (o/w) emulsions as a template for
the assembly of LbL multilayers. The coating of emulsions droplets with LbL films enables
including different functionalities and molecules, both inside the emulsion volume and
in the shell. Furthermore, the LbL coating allows introducing controlled release abilities
to the capsules, which is not possible in most cases when bare emulsions are considered.
It should be noted that capsules obtained by coating emulsions are not as robust as those
obtained using a hard colloidal particle as template [204]. However, these capsules appear
more stable than bare emulsions due to a combination of the thickness, electrical charge,
and packing density of the deposited layers [25]. This can broaden the application range of
LbL polyelectrolyte capsule in cosmetics, food science, or medicine [202,275–282].
There are several preparation strategies, which enable the preparation of LbL coatings
on emulsions droplets and minimize their aggregation as a result of the excess of free
polyelectrolyte chains [193,283–286], with the assembly of the macromolecular layers on
the oil droplets being performed once the bare emulsion droplets are stabilized for the
formation of a layer of the emulsifier at the oil/water interface [287]. This emulsifier can
present different nature, e.g., amphiphilic polymer [288], proteins [289,290], polysaccharides [291], or phospholipids [292]. Furthermore, the possible fabrication of multilayered
films on the emulsion droplets is only possible when complementary interactions appear
between the emulsifier layer and the building block used for assembly of the first layer [293].
The adsorption of the following layers is usually performed trying to reduce the excess of
non-adsorbed molecules through one of the following routes:

•

•

•

Saturation method. It involves the addition of a very limited amount of polyelectrolyte to the emulsion to ensure that almost all the molecules adsorb on the droplet
surface, and only a reduced number of chains remain free in solution. It is convenient
when the saturation method is used to monitor the zeta potential of the emulsions
during the mixing with polyelectrolyte. Thus, it is possible to determine easily the
saturation point by the polymer concentration in which the onset on the plateau
of the dependence of the zeta potential on the polymer concentration is reached.
This value is generally close to that corresponding to the zeta potential of the polyelectrolyte [202,284].
Centrifugation method. It relies on adding an excess of polyelectrolyte to the emulsion, which ensures an optimal coating of the droplets. The decorated droplets are
settled down by centrifugation, separation of the supernatant containing the excess of
polyelectrolyte, and finally re-suspension in an appropriate aqueous solution. The repetition of this procedure several times ensures a complete removal of the free polyelectrolyte before the addition of the next layer. The main problem of this approach is
related with the emergence of aggregation phenomena because the decorated droplets
are deformed and forced to be very close during the centrifugation, which may result
in coalescence phenomena. Furthermore, the centrifugation is difficult when emulsions with small droplets are considered due to the small density difference between
the droplets and the continuous phase.
Filtration. This method also relies on the addition of an excess of polyelectrolyte.
However, the separation of the decorated droplets and the non-adsorbed molecules is
performed using a forced filtration using a membrane (cut-off in the range 50–100 nm),
which allows the polyelectrolyte chains to pass through, but not the coated droplets.
Simultaneously to the filtration process, a polymer-free aqueous solution is added to
the colloidal suspension, ensuring that its concentration remains unchanged.

It should be noted that independently of the method used for the preparation of the
emulsions decorated with polyelectrolyte multilayers, a careful control of the composition
and preparation conditions is necessary to ensure that stable dispersions are obtained.
Thus, it is necessary to ensure that the amount of polyelectrolyte added is high enough to
ensure a complete coating of the droplet, but at the same time, it is not recommended to
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introduce a large excess of polyelectrolyte for avoiding depletion flocculation processes.
This means that the fabrication of emulsions decorated with LbL films is only possible
when the adsorption of the polyelectrolyte molecules on the droplets is faster than the
droplet–droplet collision [294].
One of the first attempts to apply LbL films for increase the stability of o/w emulsions
was performed by Grigoriev et al. [204]. They prepared emulsions of dodecane and chloroform in water stabilized by didodecyldimethylammonium bromide (DODAB), which were
coated by the sequential adsorption of PSS and PDADMAC or PAH layers, and they
demonstrated that o/w droplets were a good substrate for LbL deposition. Furthermore,
by inclusion of an oil-soluble dye on the inner region of the LbL decorated droplets, it
s 2021, 13, x FOR PEER REVIEW
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was demonstrated that the oil phase can be either the core of the capsule or the cargo,
with the latter enabling controlled release upon demand by modification of the media
properties. Figure 10 displays a sketch of the common process used for the fabrication
media properties.
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being found after only the deposition of four layers. Figure 11 shows an image where a
dispersion of cyanine in water, bare, and LbL-coated nanoemulsions is shown [297].
Furthermore, the coated nanoemulsions with the encapsulated cargo presented a good
stability upon storage during 21 days in dark conditions without evidences of photodegradation. The analysis of the assembly process of the multilayered films on the bare
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the coated nanoemulsions with the encapsulated cargo presented a good stability upon storage during 21 days in dark conditions without evidences of photodegradation. The analysis
of the assembly process of the multilayered films on the bare emulsion pointed out that a
strong binding of the initial anionic layer to the surfactant layer may play a central role on
the prevention of the release of the encapsulated dyes. Bazylinska et al. [296] also studied
the release of the encapsulated dyes from the decorated nanoemulsions as a response to a
change of the environmental conditions, and they found that the multilayered coating leads
to a reduction of the typical burst release found in bare nanoemulsions, enabling a more
sustained release. The studies on the dye release indicate that the stronger the binding
Polymers 2021, 13, x FOR PEER REVIEW
24 ofof41
the first polyelectrolyte layer to the surface on the emulsion droplet, the better the ability
for the sustained release.

Figure 11. Cyanine IR-786 (a) dispersed in water, (b) solubilized in bare nanoemulsion, and (c)
Figure 11. Cyanine IR-786 (a) dispersed in water, (b) solubilized in bare nanoemulsion, and (c) enencapsulated in nanoemulsion coated by (PSS-PDADMAC)4.5. Reprinted with permission from
capsulated in nanoemulsion coated by (PSS-PDADMAC)4.5 . Reprinted with permission from referreference [297]. Copyright (2012), with permission from Elsevier.
ence [297]. Copyright (2012), with permission from Elsevier.
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number of layers for ensuring a good protection of the actives without enlarging the release process beyond time-scales far from those involved in practical purposes. Thus, the
number of deposited layers forming the coating should be high enough to avoid a burst
release but not so high to hinder the permeability of the encapsulated molecules.
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layers for ensuring a good protection of the actives without enlarging the release process
beyond time-scales far from those involved in practical purposes. Thus, the number of
deposited layers forming the coating should be high enough to avoid a burst release but
not so high to hinder the permeability of the encapsulated molecules.
McClements et al. [300] evidenced that the number of deposited layers and their
packing may be essential in the protection of the cargoes included within the oil phase,
with the digestion of lipids included in the oil phase of emulsion as result of lipase activity being significantly hindered with the increase of the number of deposited layers.
Thus, a total digestion of the lipids was found for uncoated emulsions after 30 min of
lipase action, whereas this digestion is 2.5 fold reduced upon coating of the emulsions
droplets with a single layer. This was associated with the formation of a dense layer,
which minimizes the access of the lipase to the core of the emulsion, and thereby, the
digestion is retarded. The formation of thick and dense layers appears as essential for the
protection of the molecules contained on the emulsion core, as evidenced by the results
by Lomova et al. [301]. They studied emulsions coated with different numbers of layers
of multilayers formed by poly(L-arginine) (PLARG) and tannic acid (TA) or dextran (DX),
and they found that the stability of the oil phase against oxidation was not enhanced
upon coating with the multilayered films. This was attributed to the small thickness of the
deposited shells.
The above discussion pointed out that the enhanced stability of LbL-decorated emulsions is possible by the steric hindrance and the electrostatic repulsion associated with the
formation of LbL layers, which prevents the approaching of the oil droplets, and hence,
the instability caused by depletion–flocculation is minimized. Furthermore, as was evidenced by the work by Azarikia and Abbasi [302], the increase of the oil concentration also
reduces the instability of the emulsions as a result of the high dispersion viscosity, which retards the droplet motion and consequently their collision. It should be noted that the role
of the electrical properties of the outer layer on the physical stability of emulsion droplets
is very important. Sadovoy et al. [287] encapsulated eight volatile fragrances in emulsions
decorated with multilayers of BSA and TA, and they found that the coating procedure
provides a good protection of the fragrance against evaporation upon storage during two
months. Furthermore, the multilayered films were able to reduce the evaporation even
upon exposure of the dispersion to open air at 40ºC. Furthermore, it was found that the
higher the hydrophobicity of the fragrances, the higher the encapsulation yield. This is
explained considering the partition of the fragrances between the aqueous phase and the
interior of the LbL capsule during the coating procedure.
McClemens et al. [300] studied the stabilization of emulsions droplets with alternate
layers of positive CHI and negative β-lactoglobulin, and they found a strong dependence
of the stability of the emulsions on the nature of the last layer and their charge. Thus, emulsions capped with β-lactoglobulin change their surface charge from positive to negative
with the increase of the pH of the aqueous solution, and hence, they undergo destabilization at intermediate pH due to their low net charge. On the other side, emulsions
capped with CHI present stability for pH < 6 due to the positive charge of CHI, and they
are highly unstable for neutral and basic pH due to the limited charge of the CHI layer.
Other examples of the effect of the net charge of the capping layer are found for emulsions
containing pectin or ALG layers that undergo destabilization for pH < 3 due to the reduced
negative charge of the biopolymers. However, the increase of the pH enhances the stability of emulsions capped with ALG or pectin due to the high negative charge of these
polyanions [300]. Deepening the understanding of the stabilizing role of polyelectrolyte
multilayers on emulsions droplets, Sadovoy et al. [290] analyzed by combination of theoretical predictions and experiments the gravitational separation profiles of coated emulsion
droplets and found that such profiles depend on the shell thickness; the higher the shell
thickness, i.e., the greater the number of deposited layers, the faster the creaming. Figure 12
shows the time evolution of the creaming index of emulsions coated with multilayers of
PSS and PAH including different numbers of layers.
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PDADMAC and silica nanoparticles showed a much higher stability due to their reduced
for encapsulating a broad range of hydrophobic compounds. Liu et al. [208] also used
porosity. This allows fabricating platforms for encapsulating a broad range of hydroPickering emulsions of laponite decorated with polyethyleneimine (PEI) as template for
phobic compounds. Liu et al. [208] also used Pickering emulsions of laponite decorated
the deposition of (ALG-CHI)n multilayers. They found that the use of this approach allows
encapsulating up to five different hydrophobic substances: xylene, chloroform, sunflower
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with polyethyleneimine (PEI) as template for the deposition of (ALG-CHI)n multilayers.
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They found that the use of this approach allows encapsulating up to five different hydrophobic substances: xylene, chloroform, sunflower oil, dodecane, and liquid paraffin.
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6. LbL Multilayers on Cells
6. LbL Multilayers on Cells
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Figure 13. Schematic representation of the positive effect of LbL films on the stability of cells
Figure 13. Schematic representation of the positive effect of LbL films on the stability of cells against
against physical stresses: (a) effect of physical stresses on a nude cell and (b) effect of physical
physical stresses: (a) effect of physical stresses on a nude cell and (b) effect of physical stresses on a
stresses on a LbL coated cell. Reprinted with permission from reference [315]. Copyright (2013),
LbL coated cell. Reprinted with permission from reference [315]. Copyright (2013), with permission
with permission from American Chemical Society.
from American Chemical Society.
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Fukuda et al. [316] used the LbL approach for fabricating pancreatic β-cell spheroids
taking as a template insulin-secreting MIN6 cells. This was possible by coating the initial
cells with multilayers formed by the assembly of fibronectin and gelatin layers. The
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capped with positively charged layers. Furthermore, it was found that the transplantation of the coated spheroids into diabetic mice is an effective tool for disease treatment.
This is possible because LbL-coated spheroids are able to promote the expression of
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Cx36, which is involved in the biosynthesis and release of insulin; hence, its expression
results in better insulin secretory responsiveness of pancreatic β-cells.

Figure 14. Cell viability after centrifugation for human hepatocyte carcinoma cells with (○) and
Figure 14. Cell viability after centrifugation for human hepatocyte carcinoma cells with (#) and withwithout (Δ) fibronectin–gelatin containing nine layers. Reprinted with permission from reference
out (∆) fibronectin–gelatin containing nine layers. Reprinted with permission from reference [315].
[315]. Copyright (2013), with permission from American Chemical Society.
Copyright (2013), with permission from American Chemical Society.
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controlled and sustained release of the encapsulated molecules, which may be triggered
This is firstly a consequence of the difficulties associated with making scalable the proby an external stimuli. These systems may be capped by an external region, which should
duction of LbL systems, which is critical to reproducibility and streamlining preparation.
be modified in such a way that allows the transport of the capsule through the bloodTherefore, it is urgent to advance the design of approaches enabling the manufacture of
stream without being recognized by the immune system as a risk for health. Furtherfunctional platforms and devices. Thus, it will possible to exploit LbL capsules formed
more, the controlled targeting, including both the control of the transport process to the
by coating soft colloidal nanosurfaces for opening new therapeutic avenues on the detarget cell, organ, or tissue, and the delivery to the specific target, should be also considlivery of different drugs. This will be possible by combining layers of different nature,
ered in the design of new LbL platforms for the delivery of therapeutics. In particular, the
taking advantage of the versatility and modularity of the LbL method. Thus, an ideal
multi-functional system can include an inner coating without any interaction with the
encapsulated molecules, ensuring the protecting role and avoiding any modification on
the functionality of the encapsulated molecules and intermediate region, facilitating a
controlled and sustained release of the encapsulated molecules, which may be triggered by
an external stimuli. These systems may be capped by an external region, which should be
modified in such a way that allows the transport of the capsule through the bloodstream
without being recognized by the immune system as a risk for health. Furthermore, the controlled targeting, including both the control of the transport process to the target cell, organ,
or tissue, and the delivery to the specific target, should be also considered in the design of
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new LbL platforms for the delivery of therapeutics. In particular, the design of strategies
for a local delivery and the control of the interactions with the local environment should be
very important challenges to overcome in the future developments of the LbL technology.
This requires work on the modulation of the biocompatibility and biodegradability of the
obtained platform, and the understanding of the interactions of LbL systems with biological
systems to shed light on how the biological response is influenced by the physicochemical
parameters of the capsules (elasticity, shape, and size). Last but not least, before translating
the designed platforms to routine clinical practice, a full characterization of their safety
profiles is necessary.
In summary, the development of LbL platforms based on soft colloidal nanosurfaces
is still in its first stage, and many technical challenges remain to make them common tools
for clinical applications. However, the strong advance of the LbL method in recent years
does not make it difficult to understand that the design of LbL platforms will continue to
enable the design of sophisticated materials.
8. Concluding Remarks
The LbL method was developed over a long time as a methodology for the assembly
of multilayered systems using flat macroscopic substrates or hard colloidal particles as
templates. This has allowed developing its potential on diverse technological areas, including the fabrication of multilayered reactors, conducting electrodes, and stimuli-responsive
drug release devices. However, the conformation of most of the pioneering supramolecular
systems fabricated by the LbL method has limited their efficiency, especially when their
applications on the fabrication of carriers and nanoreactors is concerned. This results
from the absence on such LbL devices of specific sites to include cargoes or reactants,
or when it is possible to fabricate controlled environments for including cargoes (hollow
capsules), the existence of residues of the fabrication process can appear (“dirty capsules”).
This has created an interest in applying the versatility and modularity of the LbL method
to soft colloidal nanosurfaces (e.g., liposomes and vesicles, emulsion droplets, or micelles).
The main advantage of these substrates is that they contain one or several pre-formed environments enabling the inclusion of different cargoes, many times of different philicity, e.g.,
liposomes. Thus, these multilayered structures based on soft colloidal nanosurfaces open
exciting avenues for designing engineered multifunctional nanomaterials with application
potential in a broad range of technological and industrial fields, including biomedical,
cosmetics, food science, or synthetic chemistry, with LbL-decorated soft colloidal nanosurfaces offering a powerful platform for cargo encapsulation, triggered release, and multi
compartmentalized hierarchical devices.
It is true that some significant developments in systems based on LbL-decorated colloidal nanosurfaces have been achieved. However, the design of this type of supramolecular
system is still in its infancy, and more work is required to understand the main parameter
governing the physicochemical properties of the obtained supramolecular systems and
their interactions with biological systems (safety profiles). The understanding of such
aspects will allow a rational design of a broad range of nanocarriers and nanoreactors that
can be introduced into routine practices. However, their true application remains far away,
and more research should be performed on the design, optimization, and engineering of
formulations based on LbL multilayer-decorated soft colloidal nanosurfaces. Furthermore,
the improvement of the modes for remote and/or controlled release and the biodegradability together with the control of the size and aggregation of the supramolecular devices
should be important challenges toward the commercialization of these promising systems.
Author Contributions: Conceptualization, E.G.; methodology, E.G.; software, E.G.; validation, F.O.,
R.G.R. and E.G.; formal analysis, E.G.; investigation, A.M.-M., I.A.-N., F.O., R.G.R. and E.G.; resources,
F.O. and R.G.R.; data curation, E.G.; writing—original draft preparation, E.G.; writing—review and
editing, A.M.-M., I.A.-N., F.O., R.G.R. and E.G.; visualization, E.G.; supervision, F.O., R.G.R. and E.G.;
project administration, F.O., R.G.R. and E.G.; funding acquisition, F.O., R.G.R. and E.G. All authors
have read and agreed to the published version of the manuscript.

Polymers 2021, 13, 1221

29 of 41

Funding: This work was funded by MICINN under grant PID2019-106557GB-C21, by Banco
Santander-Universidad Complutense grant PR87/19-22513 (Spain) and by E.U. on the framework
of the European Innovative Training Network-Marie Sklodowska-Curie Action NanoPaint (grant
agreement 955612).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: There are no data associated with this publication.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

11.
12.
13.
14.

15.
16.
17.
18.
19.
20.
21.

22.

23.

Yoshida, M.; Langer, R.; Lendlein, A.; Lahann, J. From advanced biomedical coatings to multi-functionalized biomaterials.
J. Macromol. Sci. C 2006, 46, 347–375. [CrossRef]
Kim, J.H.; Jin, H.M.; Yang, G.G.; Han, K.H.; Yun, T.; Shin, J.Y.; Jeong, S.-J.; Kim, S.O. Smart Nanostructured Materials based on
Self-Assembly of Block Copolymers. Adv. Funct. Mat. 2020, 30, 1902049. [CrossRef]
Ariga, K.; Ahn, E.; Park, M.; Kim, B.-S. Layer-by-layer assembly: Recent progress from layered assemblies to layered nanoarchitectonics. Chem. Asian J. 2019, 14, 2553–2566. [CrossRef] [PubMed]
Ariga, K.; Yamauchi, Y. Nanoarchitectonics from atom to life. Chem. Asian J. 2020, 15, 718–728. [CrossRef] [PubMed]
Ariga, K.; Yamauchi, Y.; Rydzek, G.; Ji, Q.; Yonamine, Y.; Wu, K.C.-W.; Hill, J.P. Layer-by-layer Nanoarchitectonics: Invention,
Innovation, and Evolution. Chem. Lett. 2014, 43, 36–68. [CrossRef]
Rydzek, G.; Ji, Q.; Li, M.; Schaaf, P.; Hill, J.P.; Boulmedais, F.; Ariga, K. Electrochemical nanoarchitectonics and layer-by-layer
assembly: From basics to future. Nano Today 2015, 10, 138–167. [CrossRef]
Ariga, K. Nanoarchitectonics: A navigator from materials to life. Mat. Chem. Front. 2017, 1, 208–211. [CrossRef]
Aono, M.; Ariga, K. The Way to Nanoarchitectonics and the Way of Nanoarchitectonics. Adv. Mat. 2016, 28, 989–992. [CrossRef]
Akanno, A.; Perrin, L.; Guzmán, E.; Llamas, S.; Starov, V.M.; Ortega, F.; Rubio, R.G.; Velarde, M.G. Evaporation of Sessile Droplets
of Polyelectrolyte/Surfactant Mixtures on Silicon Wafers. Colloids Interfaces 2021, 5, 12. [CrossRef]
Fernández-Peña, L.; Abelenda-Nuñez, I.; Hernández-Rivas, M.; Ortega, F.; Rubio, R.G.; Guzmán, E. Impact of the bulk aggregation
on the adsorption of oppositely charged polyelectrolyte-surfactant mixtures onto solid surfaces. Adv. Colloid Interface Sci. 2020,
282, 102203. [CrossRef]
Guzmán, E.; Rubio, R.G.; Ortega, F. A closer physico-chemical look to the Layer-by-Layer electrostatic self-assembly of polyelectrolyte multilayers. Adv. Colloid Interface Sci. 2020, 282, 102197. [CrossRef] [PubMed]
Guzmán, E.; Mateos-Maroto, A.; Ruano, M.; Ortega, F.; Rubio, R.G. Layer-by-Layer polyelectrolyte assemblies for encapsulation
and release of active compounds. Adv. Colloid Interface Sci. 2017, 249, 290–307. [CrossRef] [PubMed]
Decher, G. Fuzzy nanoassemblies: Toward layered polymeric multicomposites. Science 1997, 277, 1232–1237. [CrossRef]
Zhao, S.; Caruso, F.; Dähne, L.; Decher, G.; De Geest, B.G.; Fan, J.; Feliu, N.; Gogotsi, Y.; Hammond, P.T.; Hersam, M.C.; et al.
The Future of Layer-by-Layer Assembly: A Tribute to ACS Nano Associate Editor Helmuth Möhwald. ACS Nano 2019,
13, 6151–6169. [CrossRef] [PubMed]
Schlenoff, J.B. Retrospective on the Future of Polyelectrolyte Multilayers. Langmuir 2009, 25, 14007–14010. [CrossRef]
Lavalle, P.; Voegel, J.-C.; Vautier, D.; Senger, B.; Schaaf, P.; Ball, V. Dynamic Aspects of Films Prepared by a Sequential Deposition
of Species: Perspectives for Smart and Responsive Materials. Adv. Mat. 2011, 23, 1191–1221. [CrossRef]
Michel, M.; Toniazzo, V.; Ruch, D.; Ball, V. Deposition mechanisms in layer-by-layer or step-by-step deposition methods: From
elastic and impermeable films to soft membranes with ion exchange properties. ISRN Mat. Sci. 2012, 2012, 701695. [CrossRef]
Decher, G.; Hong, J.D.; Schmitt, J. Buildup of ultrathin multilayer films by a self-assembly process: III. Consecutively alternating
adsorption of anionic and cationic polyelectrolytes on charged surfaces. Thin Solid Films 1992, 210–211, 831–835. [CrossRef]
De Temmerman, M.-L.; Demeester, J.; De Smedt, S.C.; Rejman, J. Tailoring layer-by-layer capsules for biomedical applications.
Nanomedicine 2012, 7, 771–788. [CrossRef]
Donath, E.; Sukhorukov, G.B.; Caruso, F.; Davis, S.A.; Möhwald, H. Novel Hollow Polymer Shells by Colloid-Templated Assembly
of Polyelectrolytes. Angew. Chem. Int. Ed. 1998, 37, 2201–2205. [CrossRef]
Caruso, F.; Donath, E.; Möhwald, H. Influence of Polyelectrolyte Multilayer Coatings on Förster Resonance Energy Transfer
between 6-Carboxyfluorescein and Rhodamine B-Labeled Particles in Aqueous Solution. J. Phys. Chem. B 1998, 102, 2011–2016.
[CrossRef]
Guzmán, E.; Ritacco, H.; Ortega, F.; Svitova, T.; Radke, C.J.; Rubio, R.G. Adsorption Kinetics and Mechanical Properties of
Ultrathin Polyelectrolyte Multilayers: Liquid-Supported versus Solid-Supported Films. J. Phys. Chem. B 2009, 113, 7128–7137.
[CrossRef] [PubMed]
Ferri, J.K.; Dong, W.-F.; Miller, R.; Möhwald, H. Elastic Moduli of Asymmetric Ultrathin Free-Standing Polyelectrolyte Nanocomposites. Macromolecules 2006, 39, 1532–1537. [CrossRef]

Polymers 2021, 13, 1221

24.
25.
26.
27.

28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.
47.

48.
49.
50.

30 of 41

Ferri, J.K.; Dong, W.-F.; Miller, R. Ultrathin Free-Standing Polyelectrolyte Nanocomposites: A Novel Method for Preparation and
Characterization of Assembly Dynamics. J. Phys. Chem. B 2005, 109, 14764–14768. [CrossRef] [PubMed]
Shchukina, E.; Shchukin, D. Layer-by-layer coated emulsion microparticles as storage and delivery tool. Curr. Opin. Colloid
Interface Sci. 2012, 17, 281–289. [CrossRef]
Cuomo, F.; Lopez, F.; Miguel, M.G.; Lindman, B. Vesicle-Templated Layer-by-Layer Assembly for the Production of Nanocapsules.
Langmuir 2010, 26, 10555–10560. [CrossRef]
Kozlovskaya, V.; Zavgorodnya, O.; Chen, Y.; Ellis, K.; Tse, H.M.; Cui, W.; Thompson, J.A.; Kharlampieva, E. Ultrathin polymeric
coatings based on hydrogen-bonded polyphenol for protection of pancreatic islet cells. Adv. Funct. Mat. 2012, 22, 3389–3398.
[CrossRef]
Zakharova, L.Y.; Vasilieva, E.A.; Gaynanova, G.A.; Mirgorodskaya, A.B.; Ibragimova, A.R.; Salnikov, V.V.; Uchegbu, I.F.;
Konovalov, A.I.; Zuev, Y.F. The polyacrylic acid/modified chitosan capsules with tunable release of small hydrophobic probe
and drug. Colloids Surf. A 2015, 471, 93–100. [CrossRef]
Richardson, J.J.; Cui, J.; Björnmalm, M.; Braunger, J.A.; Ejima, H.; Caruso, F. Innovation in Layer-by-Layer Assembly. Chem. Rev.
2016, 116, 14828–14867. [CrossRef]
Decher, G.; Hong, J.D. Buildup of ultrathin multilayer films by a self-assembly process. 1. Consecutive adsorption of anionic and
cationic bipolar amphiphiles on charged surfaces. Makromol. Chem. Macromol. Symp. 1991, 46, 321–327. [CrossRef]
Stockton, W.B.; Rubner, M.F. Molecular-Level Processing of Conjugated Polymers. 4. Layer-by-Layer Manipulation of Polyaniline
via Hydrogen-Bonding Interactions. Macromolecules 1997, 30, 2717–2725. [CrossRef]
Wang, L.; Wang, Z.; Zhang, X.; Shen, J.; Chi, L.; Fuchs, H. A new approach for the fabrication of an alternating multilayer film of
poly(4-vinylpyridine) and poly(acrylic acid) based on hydrogen bonding. Macromol. Rapid Commun. 1997, 18, 509–514. [CrossRef]
Shimazaki, Y.; Mitsuishi, M.; Ito, S.; Yamamoto, M. Preparation of the Layer-by-Layer Deposited Ultrathin Film Based on the
Charge-Transfer Interaction. Langmuir 1997, 13, 1385–1387. [CrossRef]
Anzai, J.-i.; Kobayashi, Y.; Nakamura, N.; Nishimura, M.; Hoshi, T. Layer-by-Layer Construction of Multilayer Thin Films
Composed of Avidin and Biotin-Labeled Poly(amine)s. Langmuir 1999, 15, 221–226. [CrossRef]
Bourdillon, C.; Demaille, C.; Moiroux, J.; Saveant, J.-M. Step-by-Step Immunological Construction of a Fully Active Multilayer
Enzyme Electrode. J. Am. Chem. Soc. 1994, 116, 10328–10329. [CrossRef]
Xiong, H.; Cheng, M.; Zhou, Z.; Zhang, X.; Shen, J. A New Approach to the Fabrication of a Self-Organizing Film of Heterostructured Polymer/Cu2S Nanoparticles. Adv. Mat. 1998, 10, 529–532. [CrossRef]
Serizawa, T.; Hamada, K.-i.; Kitayama, T.; Fujimoto, N.; Hatada, K.; Akashi, M. Stepwise Stereocomplex Assembly of Stereoregular
Poly(methyl methacrylate)s on a Substrate. J. Am. Chem. Soc. 2000, 122, 1891–1899. [CrossRef]
Van der Heyden, A.; Wilczewski, M.; Labbé, P.; Auzély, R. Multilayer films based on host–guest interactions between biocompatible polymers. Chem. Comm. 2006, 3220–3222. [CrossRef]
Zhu, J.; Shim, B.S.; Di Prima, M.; Kotov, N.A. Transparent Conductors from Carbon Nanotubes LBL-Assembled with Polymer
Dopant with π−π Electron Transfer. J. Am. Chem. Soc. 2011, 133, 7450–7460. [CrossRef]
Lvov, Y.; Ariga, K.; Ichinose, I.; Kunitake, T. Layer-by-layer architectures of concanavalin A by means of electrostatic and
biospecific interactions. J. Chem. Soc. Chem. Comm. 1995, 1995, 2313–2314. [CrossRef]
Ichinose, I.; Kawakami, T.; Kunitake, T. Alternate Molecular Layers of Metal Oxides and Hydroxyl Polymers Prepared by the
Surface Sol-Gel Process. Adv. Mat. 1998, 10, 535–539. [CrossRef]
Such, G.K.; Quinn, J.F.; Quinn, A.; Tjipto, E.; Caruso, F. Assembly of Ultrathin Polymer Multilayer Films by Click Chemistry.
J. Am. Chem. Soc. 2006, 128, 9318–9319. [CrossRef] [PubMed]
An, Q.; Huang, T.; Shi, F. Covalent layer-by-layer films: Chemistry, design, and multidisciplinary applications. Chem. Soc. Rev.
2018, 47, 5061–5098. [CrossRef] [PubMed]
Kumar, B.; Park, Y.T.; Castro, M.; Grunlan, J.C.; Feller, J.F. Fine control of carbon nanotubes–polyelectrolyte sensors sensitivity by
electrostatic layer by layer assembly (eLbL) for the detection of volatile organic compounds (VOC). Talanta 2012, 88, 396–402.
[CrossRef] [PubMed]
Guzmán, E.; San Miguel, V.; Peinado, C.; Ortega, F.; Rubio, R.G. Polyelectrolyte Multilayers Containing Triblock Copolymers of
Different Charge Ratio. Langmuir 2010, 26, 11494–11502. [CrossRef] [PubMed]
Guzmán, E.; Chuliá-Jordán, R.; Ortega, F.; Rubio, R.G. Influence of the percentage of acetylation on the assembly of LbL
multilayers of poly(acrylic acid) and chitosan. Phys. Chem. Chem. Phys. 2011, 13, 18200–18207. [CrossRef]
Guzmán, E.; Cavallo, J.A.; Chuliá-Jordán, R.; Gómez, C.; Strumia, M.C.; Ortega, F.; Rubio, R.G. pH-Induced Changes in
the Fabrication of Multilayers of Poly(acrylic acid) and Chitosan: Fabrication, Properties, and Tests as a Drug Storage and
Delivery System. Langmuir 2011, 27, 6836–6845. [CrossRef]
del Mercato, L.L.; Ferraro, M.M.; Baldassarre, F.; Mancarella, S.; Greco, V.; Rinaldi, R.; Leporatti, S. Biological applications of LbL
multilayer capsules: From drug delivery to sensing. Adv. Colloid Interface Sci. 2014, 207, 139–154. [CrossRef]
Keeney, M.; Jiang, X.Y.; Yamane, M.; Lee, M.; Goodman, S.; Yang, F. Nanocoating for biomolecule delivery using layer-bylayer self-assembly. J. Mat. Chem. B 2015, 3, 8757–8770. [CrossRef]
Aggarwal, N.; Altgärde, N.; Svedhem, S.; Zhang, K.; Fischer, S.; Groth, T. Study on multilayer structures prepared from heparin
and semi-synthetic cellulose sulfates as polyanions and their influence on cellular response. Colloids Surf. B 2014, 116, 93–103.
[CrossRef]

Polymers 2021, 13, 1221

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
67.
68.
69.
70.

71.
72.
73.

74.
75.

76.

77.

31 of 41

Hsu, B.B.; Hagerman, S.R.; Hammond, P.T. Rapid and efficient sprayed multilayer films for controlled drug delivery.
J. Appl. Polym. Sci. 2016, 133, 43563. [CrossRef]
Zhuk, A.; Mirza, R.; Sukhishvili, S. Multiresponsive Clay-Containing Layer-by-Layer Films. ACS Nano 2011, 5, 8790–8799.
[CrossRef]
He, J.-A.; Valluzzi, R.; Yang, K.; Dolukhanyan, T.; Sung, C.; Kumar, J.; Tripathy, S.K.; Samuelson, L.; Balogh, L.; Tomalia, D.A.
Electrostatic Multilayer Deposition of a Gold-Dendrimer Nanocomposite. Chem. Mat. 1999, 11, 3268–3274. [CrossRef]
Serpe, M.J.; Jones, C.D.; Lyon, L.A. Layer-by-layer Deposition of Thermoresponsive Microgel Thin Films. Langmuir 2003,
19, 8759–8764. [CrossRef]
Suci, P.A.; Klem, M.T.; Arce, F.T.; Douglas, T.; Young, M. Assembly of Multilayer Films Incorporating a Viral Protein Cage Architecture. Langmuir 2006, 22, 8891–8896. [CrossRef]
Casson, J.L.; Wang, H.-L.; Roberts, J.B.; Parikh, A.N.; Robinson, J.M.; Johal, M.S. Kinetics and Interpenetration of Ionically
Self-Assembled Dendrimer and PAZO Multilayers. J. Phys. Chem B 2002, 106, 1697–1702. [CrossRef]
Li, Y.-C.; Schulz, J.; Mannen, S.; Delhom, C.; Condon, B.; Chang, S.; Zammarano, M.; Grunlan, J.C. Flame Retardant Behavior of
Polyelectrolyte-Clay Thin Film Assemblies on Cotton Fabric. ACS Nano 2012, 4, 3325–3337. [CrossRef]
Priolo, M.A.; Gamboa, D.; Holder, K.M.; Grunlan, J.C. Super Gas Barrier of Transparent Polymer-Clay Multilayer Ultrathin Films.
Nano Lett. 2010, 10, 4970–4974. [CrossRef]
Correa-Duarte, M.A.; Kosiorek, A.; Kandulski, W.; Giersig, M.; Liz-Marzán, L.M. Layer-by-Layer Assembly of Multiwall Carbon
Nanotubes on Spherical Colloids. Chem. Mat. 2005, 17, 3268–3272. [CrossRef]
Qin, S.; Qin, D.; Ford, W.T.; Herrera, J.E.; Resasco, D.E. Grafting of Poly(4-vinylpyridine) to Single-Walled Carbon Nanotubes and
Assembly of Multilayer Films. Macromolecules 2004, 37, 9963–9967. [CrossRef]
Salloum, D.S.; Schlenoff, J.B. Protein Adsorption Modalities on Polyelectrolyte Multilayers. Biomacromolecules 2004, 5, 1089–1096.
[CrossRef]
Jackler, G.; Czeslik, C.; Steitz, R.; Royer, C.A. Spatial distribution of protein molecules adsorbed at a polyelectrolyte multilayer.
Phys. Rev. E 2005, 71, 041912. [CrossRef]
Svensson, O.; Lindh, L.; Cárdenas, M.; Arnebrant, T. Layer-by-layer assembly of mucin and chitosan-Influence of surface
properties, concentration and type of mucin. J. Colloid Interface Sci. 2006, 299, 608–616. [CrossRef] [PubMed]
Watanabe, J.; Shen, H.; Akashi, M. Polyelectrolyte droplets facilitate versatile layer-by-layer coating for protein loading interface.
Acta Biomater. 2008, 4, 1255–1262. [CrossRef] [PubMed]
Pedano, M.L.; Martel, L.; Desbrieres, J.; Defrancq, E.; Dumy, P.; Coche-Guerente, L.; Labbé, P.; Legrand, J.-F.; Calemczuk, R.;
Rivas, G.A. Layer-by-Layer Deposition of Chitosan Derivatives and DNA on Gold Surfaces for the Development of Biorecognition
Layers. Anal. Lett. 2004, 37, 2235–2250. [CrossRef]
He, P.; Bayachou, M. Layer-by-Layer Fabrication and Characterization of DNA-Wrapped Single-Walled Carbon Nanotube
Particles. Langmuir 2005, 21, 6086–6092. [CrossRef] [PubMed]
Lvov, Y.; Haas, H.; Decher, G.; Möhwald, H. Successive deposition of alternate layers of polyelectrolytes and a charged virus.
Langmuir 1994, 10, 4232–4236. [CrossRef]
vander Straeten, A.; Lefèvre, D.; Demoustier-Champagne, S.; Dupont-Gillain, C. Protein-based polyelectrolyte multilayers.
Adv. Colloid Interface Sci. 2020, 280, 102161. [CrossRef]
Lipton, J.; Weng, G.-M.; Röhr, J.A.; Wang, H.; Taylor, A.D. Layer-by-Layer Assembly of Two-Dimensional Materials: Meticulous
Control on the Nanoscale. Matter 2020, 2, 1148–1165. [CrossRef]
Seo, J.; Lutkenhaus, J.L.; Kim, J.; Hammond, P.T.; Char, K. Effect of the Layer-by-Layer (LbL) Deposition Method on the Surface
Morphology and Wetting Behavior of Hydrophobically Modified PEO and PAA LbL Films. Langmuir 2008, 24, 7995–8000.
[CrossRef] [PubMed]
Félix, O.; Zheng, Z.; Cousin, F.; Decher, G. Are sprayed LbL-films stratified? A first assessment of the nanostructure of
spray-assembled multilayers by neutron reflectometry. C. R. Chim. 2009, 12, 225–234. [CrossRef]
Denkbas, E.B.; Ottenbrite, R.M. Perspectives on: Chitosan Drug Delivery Systems Based on their Geometries. J. Bioact. Compat. Polym.
2006, 21, 351–368. [CrossRef]
Guzmán, E.; Ortega, F.; Rubio, R.G. Fabrication of Polymeric Nanocoatings by the Layer-by-Layer Method: A Physico-Chemical
Approach. In Comprehensive Guide for Nanocoatings Technology: Deposition and Mechanism; Aliofkhazraei, M., Ed.; Nova Science
Publishers: Hauppauge, NY, USA, 2015; pp. 1–22.
Städler, B.; Chandrawati, R.; Goldie, K.; Caruso, F. Capsosomes: Subcompartmentalizing Polyelectrolyte Capsules Using
Liposomes. Langmuir 2009, 25, 6725–6732. [CrossRef]
Städler, B.; Chandrawati, R.; Price, A.D.; Chong, S.-F.; Breheney, K.; Postma, A.; Connal, L.A.; Zelikin, A.N.; Caruso, F. A Microreactor with Thousands of Subcompartments: Enzyme-Loaded Liposomes within Polymer Capsules. Angew. Chem. Int. Ed. 2009,
48, 4359–4362. [CrossRef]
Chandrawati, R.; Hosta-Rigau, L.; Vanderstraaten, D.; Lokuliyana, S.A.; Städler, B.; Albericio, F.; Caruso, F. Engineering Advanced
Capsosomes: Maximizing the Number of Subcompartments, Cargo Retention, and Temperature-Triggered Reaction. ACS Nano
2010, 4, 1351–1361. [CrossRef]
Hosta-Rigau, L.; Städler, B.; Yan, Y.; Nice, E.C.; Heath, J.K.; Albericio, F.; Caruso, F. Capsosomes with Multilayered Subcompartments: Assembly and Loading with Hydrophobic Cargo. Adv. Funct. Mat. 2010, 20, 59–66. [CrossRef]

Polymers 2021, 13, 1221

78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.

89.
90.
91.

92.
93.
94.
95.
96.
97.
98.
99.
100.
101.

102.

103.
104.
105.

32 of 41

Vikulina, A.S.; Skirtach, A.G.; Volodkin, D. Hybrids of Polymer Multilayers, Lipids, and Nanoparticles: Mimicking the Cellular Microenvironment. Langmuir 2019, 35, 8565–8573. [CrossRef]
Johnston, A.P.R.; Cortez, C.; Angelatos, A.S.; Caruso, F. Layer-by-layer engineered capsules and their applications. Curr. Opin.
Colloid Interface Sci. 2006, 11, 203–209. [CrossRef]
Tong, W.; Song, X.; Gao, C. Layer-by-layer assembly of microcapsules and their biomedical applications. Chem. Soc. Rev. 2012,
41, 6103–6124. [CrossRef] [PubMed]
Silva, J.M.; Reis, R.L.; Mano, J.F. Biomimetic Extracellular Environment Based on Natural Origin Polyelectrolyte Multilayers.
Small 2016, 12, 4308–4342. [CrossRef] [PubMed]
Argudo, P.G.; Guzmán, E.; Lucia, A.; Rubio, R.G.; Ortega, F. Preparation and Application in Drug Storage and Delivery of Agarose
Nanoparticles. Int. J. Polym. Sci. 2018, 2018, 7823587. [CrossRef]
Mamidi, N.; Velasco Delgadillo, R.M.; Gonzáles Ortiz, A.; Barrera, E.V. Carbon Nano-Onions Reinforced Multilayered Thin Film
System for Stimuli-Responsive Drug Release. Pharmaceutics 2020, 12, 1208. [CrossRef]
De Geest, B.G.; Sanders, N.N.; Sukhorukov, G.B.; Demeester, J.; De Smedt, S.C. Release mechanisms for polyelectrolyte capsules.
Chem. Soc. Rev. 2007, 36, 636–649. [CrossRef] [PubMed]
Kozlovskaya, V.; Shamaev, A.; Sukhishvili, S.A. Tuning swelling pH and permeability of hydrogel multilayer capsules. Soft Matter
2008, 4, 1499–1507. [CrossRef] [PubMed]
Srivastava, S.; Ball, V.; Podsiadlo, P.; Lee, J.; Ho, P.; Kotov, N.A. Reversible Loading and Unloading of Nanoparticles in
“Exponentially” Growing Polyelectrolyte LBL Films. J. Am. Chem. Soc. 2008, 130, 3748–3749. [CrossRef]
Gu, Y.; Weinheimer, E.K.; Ji, X.; Wiener, C.G.; Zacharia, N.S. Response of Swelling Behavior of Weak Branched Poly(ethylene
imine)/Poly(acrylic acid) Polyelectrolyte Multilayers to Thermal Treatment. Langmuir 2016, 32, 6020–6027. [CrossRef] [PubMed]
Richardson, J.J.; Tardy, B.L.; Ejima, H.; Guo, J.; Cui, J.; Liang, K.; Choi, G.H.; Yoo, P.J.; De Geest, B.G.; Caruso, F. Thermally Induced
Charge Reversal of Layer-by-Layer Assembled Single-Component Polymer Films. ACS Appl. Mat. Interfaces 2016, 8, 7449–7455.
[CrossRef]
Guzmán, E.; Ritacco, H.; Rubio, J.E.F.; Rubio, R.G.; Ortega, F. Salt-induced changes in the growth of polyelectrolyte layers of
poly(diallyl-dimethylammonium chloride) and poly(4-styrene sulfonate of sodium). Soft Matter 2009, 5, 2130–2142. [CrossRef]
Orsi, D.; Bernardi, D.; Giovanardi, G.; Rossi, F.; Szczepanowicz, K.; Cristofolini, L. Rationale design of a layer-by-layer nanostructure for X-ray induced photodynamic therapy. Colloid Interface Sci. Commun. 2020, 39, 100327. [CrossRef]
Decher, G.; Hong, J.D. Buildup of ultrathin multilayer films by a self-assembly process. 2. Consecutive adsorption of anionic
and cationic bipolar amphiphiles and polyelectrolytes on charged surfaces. Ber. Bunsen-Ges. Phys. Chem. Chem. Phys. 1991,
95, 1430–1434. [CrossRef]
Iler, R.K. Multilayers of colloidal particles. J. Colloid Interface Sci. 1966, 21, 569–594. [CrossRef]
Costa, R.R.; Mano, J.F. Polyelectrolyte multilayered assemblies in biomedical technologies. Chem. Soc. Rev. 2014, 43, 3453–3479.
[CrossRef]
De Villiers, M.M.; Lvov, Y.M. Layer-by-layer self-assembled nanoshells for drug delivery. Adv. Drug Deliv. Rev. 2011, 63, 699–700.
[CrossRef]
Guzmán, E. Physico-Chemical Foundations of Polyelectrolytes LbL Assembly. In Layer-By-Layer Deposition: Development and
Applications; Milne, E.A., Ed.; Nova Science Publishers: Hauppauge, NY, USA, 2020; pp. 57–96.
Picart, C.; Caruso, F.; Voegel, J.C. (Eds.) Layer-by-Layer Films for Biomedical Applications; Wiley-VCH Verlag GmbH & Co.: Weinheim,
Germany, 2015.
Von Klitzing, R. Internal Structure of polyelectrolyte multilayer assemblies. Phys. Chem. Chem. Phys. 2006, 8, 5012–5033.
[CrossRef]
Kabanov, V.A.; Zezin, A.B. Soluble interpolymeric complexes as a new class of synthetic polyelectrolytes. Pure Appl. Chem. 1984,
56, 343–354. [CrossRef]
Philipp, B.; Dautzenberg, H.; Linow, K.J.; Kötz, J.; Dawydoff, W. Polyelectrolyte complexes—Recent developments and open problems. Prog. Polym. Sci. 1989, 14, 91–172. [CrossRef]
Van der Gucht, J.; Spruijt, E.; Lemmers, M.; Cohen Stuart, M.A. Polyelectrolyte complexes: Bulk phases and colloidal systems.
J. Colloid Interface Sci. 2011, 361, 407–422. [CrossRef]
Johansson, E.; Blomberg, E.; LingstroÌm, R.; Wägberg, L. Adhesive Interaction between Polyelectrolyte Multilayers of Polyallylamine Hydrochloride and Polyacrylic Acid Studied Using Atomic Force Microscopy and Surface Force Apparatus. Langmuir
2009, 25, 2887–2894. [CrossRef]
Guzmán, E.; Maestro, A.; Llamas, S.; Álvarez-Rodríguez, J.; Ortega, F.; Maroto-Valiente, Á.; Rubio, R.G. 3D solid supported interpolyelectrolyte complexes obtained by the alternate deposition of poly(diallyldimethylammonium chloride) and poly(sodium 4styrenesulfonate). Beilstein J. Nanotech. 2016, 7, 197–208. [CrossRef]
Schlenoff, J.B.; Dubas, S.T. Mechanism of Polyelectrolyte Multilayer Growth: Charge Overcompensation and Distribution.
Macromolecules 2001, 34, 592–598. [CrossRef]
Dubas, S.T.; Schlenoff, J.B. Factors Controlling the Growth of Polyelectrolyte Multilayers. Macromolecules 1999, 32, 8153–8160.
[CrossRef]
Picart, C.; Lavalle, P.; Hubert, P.; Cuisinier, F.J.G.; Decher, G.; Schaaf, P.; Voegel, J.C. Buildup Mechanism for Poly(Llysine)/Hyaluronic Acid Films onto a Solid Surface. Langmuir 2001, 17, 7414–7424. [CrossRef]

Polymers 2021, 13, 1221

33 of 41

106. Lavalle, P.; Gergely, C.; Cuisinier, F.J.G.; Decher, G.; Schaaf, P.; Voegel, J.C.; Picart, C. Comparison of the Structure of Polyelectrolyte Multilayer Films Exhibiting a Linear and an Exponential Growth Regime: An in Situ Atomic Force Microscopy Study.
Macromolecules 2002, 35, 4458–4465. [CrossRef]
107. Schneider, A.; Richert, L.; Francius, G.; Voegel, J.-C.; Picart, C. Elasticity, biodegradability and cell adhesive properties of
chitosan/hyaluronan multilayer films. Biomed. Mater. 2007, 2, S45–S51. [CrossRef] [PubMed]
108. Cini, N.; Tulun, T.; Decher, G.; Ball, V. Step-by-Step Assembly of Self-Patterning Polyelectrolyte Films Violating (Almost) All
Rules of Layer-by-Layer Deposition. J. Am. Chem. Soc. 2010, 132, 8264–8265. [CrossRef]
109. Cini, N.; Tulun, T.; Blanck, C.; Toniazzo, V.; Ruch, D.; Decher, G.; Ball, V. Slow complexation dynamics between linear short
polyphosphates and polyallylamines: Analogies with “layer-by-layer” deposition. Phys. Chem. Chem. Phys. 2012, 14, 3048–3056.
[CrossRef]
110. Elbert, D.L.; Herbert, C.B.; Hubbel, J.A. Thin Polymer Layers Formed by Polyelectrolyte Multilayer Techniques on Biological
Surfaces. Langmuir 1999, 15, 5355–5362. [CrossRef]
111. Subbotin, A.V.; Semenov, A.N. The Structure of Polyelectrolyte Complex Coacervates and Multilayers. Macromolecules 2021,
54, 1314–1328. [CrossRef]
112. Maestro, A.; Guzmán, E.; Chulía, R.; Ortega, F.; Rubio, R.G.; Miller, R. Fluid to soft-glass transition in a quasi-2D system:
Thermodynamic and rheological evidences for a Langmuir monolayer. Phys. Chem. Chem. Phys. 2011, 13, 9534–9539. [CrossRef]
113. Llamas, S.; Guzmán, E.; Baghdadli, N.; Ortega, F.; Cazeneuve, C.; Rubio, R.G.; Luengo, G.S. Adsorption of poly(diallyldimethylammonium chloride)—sodium methyl-cocoyl-taurate complexes onto solid surfaces. Colloids Surf. A 2016, 505, 150–157.
[CrossRef]
114. Tang, K.; Besseling, N.A.M. Formation of polyelectrolyte multilayers: Ionic strengths and growth regimes. Soft Matter 2016,
12, 1032–1040. [CrossRef]
115. Xu, L.; Pristinski, D.; Zhuk, A.; Stoddart, C.; Ankner, J.F.; Sukhishvili, S.A. Linear versus Exponential Growth of Weak Polyelectrolyte Multilayers: Correlation with Polyelectrolyte Complexes. Macromolecules 2012, 45, 3892–3901. [CrossRef]
116. Lavalle, P.; Picart, C.; Mutterer, J.; Gergely, C.; Reiss, H.; Voegel, J.-C.; Senger, B.; Schaaf, P. Modeling the Buildup of Polyelectrolyte
Multilayer Films Having Exponential Growth. J. Phys. Chem B 2003, 108, 635–648. [CrossRef]
117. Picart, C.; Mutterer, J.; Richert, L.; Luo, Y.; Prestwich, G.D.; Schaaf, P.; Voegel, J.-C.; Lavalle, P. Molecular basis for the explanation
of the exponential growth of polyelectrolyte multilayers. Proc. Nat. Acad. Sci. USA 2002, 99, 12531–12535. [CrossRef] [PubMed]
118. Jourdainne, L.; Lecuyer, S.n.; Arntz, Y.; Picart, C.; Schaaf, P.; Senger, B.; Voegel, J.-C.; Lavalle, P.; Charitat, T. Dynamics of
Poly(l-lysine) in Hyaluronic Acid/Poly(l-lysine) Multilayer Films Studied by Fluorescence Recovery after Pattern Photobleaching.
Langmuir 2008, 24, 7842–7847. [CrossRef]
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