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ABSTRACT

Microstructure and elemental characterizations have indicated that the finish of a coating with a Layer-by-Layer (LbL) film results
in a closely multilayered coating with a smoother surface. In this paper, the principles of assembly are discussed together with
the properties of nanoparticles and LbL polymeric assembly essential in building hybrid coatings. Such coatings represent the
key components in enhancing mechanical properties, enabling activation by laser light or ultrasound, constructing anisotropic
and multicompartment structures and facilitating the development of novel sensors and movable particles. Here, we discuss the
increasingly important role of inorganic nanoparticles in the Layer-by-Layer assembly, effectively leading to the construction of
the so-called hybrid coatings. The principles of assembly are discussed together with the properties of nanoparticles and Layer-
by-Layer polymeric assembly essential in building hybrid coatings. Applications and emerging trends in the development of such
novel materials are also identified.

Key Words and phrases: multilayer, corrosion, impedance, Layer-by-Layer, nanoparticles, polymers, films, LbL coatings,
polyelectrolyte multilayers, the properties of nanoparticles and Layer-by Layer polymeric assembly essential in building hybrid
coatings, the binary pore, Layer-by-Layer films

1. Introduction

The design and fabrication of soft nano/micro-sized assemblies for encapsulation and controlled release of active compounds
has been a very active field in the past few decades. The extensive development of this field has been due to its important
implications in many areas of science and technology, from functional foods to pest control and from cosmetics to drug delivery.

The growing interest in the application of supramolecular functional materials in such applications has led to the development of
different techniques for the self-assembly of materials in a controlled manner. Building blocks can be chosen so that they have
the appropriate properties and structures to fuffill the requirements associated with different applications.

Different methods have been developed for manufacturing materials with tunable composition, structure and shape. The Layer-
by-Layer (LbL) technique is one of the more noteworthy due to its extraordinary simplicity and versatility." The LbL method
initially consisted of the alternate deposition of oppositely charged materials, mainly polyelectrolytes onto flat macroscopic solid
charged substrates through electrostatic interactions.23 The LbL method can be considered as a template-assisted
methodology, which needs a precursor structure, sacrificial or not, to build the final supramolecular material.

Beyond the use of macroscopic flat solid substrates, other types of substrates with multiple chemical natures, shapes and sizes
are frequently used as templates, including colloidal particles,* liposomes or vesicles® and fluid interfaces.®

In addition to the classical LbL assembly mediated through electrostatic interactions, it is also possible to build materials by the
LbL method taking advantage of other types of interactions including hydrogen bonds, chemical bonds, host- guest interactions
or acid-base reaction.”?

This has expanded the range of materials used as building blocks, beyond simple polyelectrolytes. Currently, the list of potential
materials includes different chemical compounds, and nano-and micro-objects, ranging from simple molecules to carbon
nanotubes or nano- or micro-particles, as well as from synthetic polymers to different types of biomolecules (nucleic acids,
proteins, peptides or lipids).8.10-17
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The final structure of the materials-built ranges from particles with onion-like structures to sponges, membranes or nanotubes, 8
which offer many possibilities for the use of LbL materials as platforms for the encapsulation and controlled delivery of active
compounds.'$20  Furthermore, the LbL method provides the bases to tailor the optical, electrical, mechanical and many other
physico-chemical properties of the fabricated materials.
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Figure 1 - Main advantages and characteristics of the LbL approach on the fabrication of functional materials. Reproduced from
Ref. 21, Copyright (2016), with permission from the Royal Society of Chemistry.

In addition to the variables mentioned above, there are many other variables having an important impact on the fabrication of
functional materials, including charge density of the molecules, concentration, ionic strength and the type of ions, solvent quality
for the molecules, pH and temperature.?228 The precise understanding of their role is essential for the fabrication of
supramolecular materials with controlled and tunable structures and physico-chemical properties.

The knowledge of the effect of these variables is important for determining the properties of any material. In the case of the LbL
films however, their control is even more important. This review intends to afford a complete overview of some of the most
relevant physico-chemical aspects related to the building of LbL films, paying particular attention to the aspects relevant to the
fabrication of functional materials with applications as platform for the encapsulation and controlled release of active molecules.

The advantages and disadvantages of using modified sol-gel polymer films and hybrid system coatings will also be discussed, as
well as the methodologies for the chemical characterization and the feasibility of evaluating the mechanical properties of the
coatings.

The microstructure and elemental characterization indicate that the finish of the coating with the LbL film results in a closely
connected multilayered coating with a smoother surface. The principles of assembly are discussed together with the proprieties
of nanoparticles and Layer-by-Layer polymeric assembly essential in building hybrid coatings

2. Layer-by-layer assembly methodology

The assembly methodologies used for the fabrication of Layer-by-Layer materials have not changed so much since the seminal
works. Only slight modifications due to particular characteristics of the templates have been introduced. Figure 2 shows the
alternate dipping of flat macroscopic substrates into solutions including intermediate rinsing cycles for removing the material not
strongly absorbed. This is most necessary in the case of polyelectrolytes, because undesirable interpolyelectrolyte complexes
can precipitate, thus modifying the composition structure and properties of the final material.2®
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Figure 2 — Schematic diagram of the polyelectrolyte LbL deposition using a common dipping methodology. Reproduced from
Ref. 29, Copyright (2012), with permission from the Royal Society of Chemistry.
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Figure 3 - Schematic diagram of the polyelectrolyte LbL deposition using (a) spin coating and (b) spraying. Reproduced from
Ref. 30, Copyright (2012), with permission from the Royal Society of Chemistry.

Figure 3 shows two more methods for the deposition of Layer-by-Layer films onto flat macroscopic templates: spin coating and
spraying.30 They will not be discussed in this review because they can only be used for flat substrates that have a limited use as
cargo systems.

Most interesting from the practical point of view for fabrication on platforms for encapsulation and controlled release of active
compounds is the use colloidal particles, vesicles and liposomes or micelles as templates for the Layer-by-Layer deposition.53!

The classical approach is based on the alternate deposition of the polyelectrolytes onto the particle surface in aqueous media
with intermediate cleaning and centrifugation steps in order to remove the excess of non-absorbed polyelectrolyte, thus avoiding
the formation of interpolyelectrolyte complexes in the media during the addition of the subsequent opposite charged
polyelectrolytes.32 Once the desired number of layers is reached, hollow capsules can be obtained by chemical dissolution of the
core, using an appropriate agent that does not affect the integrity of the shell, while being able to dissolve the core. This
treatment depends on the chemical nature of the template, and some classical methods used are (1) diluted hydrochloride acid
for melamine formaldehyde resin particles, (2) fluoride acid for silicon oxide particles and (3) tetrahydrofuran when polystyrene is
used as template.32
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Figure 4 — Schematic diagram of the polyelectrolyte LbL deposition onto a colloidal microparticle: Steps 1 and 3 involve the
adsorption of polyelectrolyte layers; Steps 2 and 4 refer to the cleaning process (centrifugation or other procedure); Steps 5 and
6 indicate the repetition of the sequence of the steps from 1 to 4 the number of times needed to reach the required number of
layers, and Step 7 is the dissolution stage of the core to manufacture the hollow capsule. Reproduced from Ref. 32, Copyright
(2011), with permission from the Royal Society of Chemistry.

Figure 4 shows a schematic diagram of the protocol most frequently used for the assembly of the polyelectrolyte onto colloidal
templates. However, this method presents some problems associated with the fact that some polyelectrolyte remains in solution
after each deposition cycle.

Another interesting alternative for scaling up the fabrication of LbL capsules is the use of microfluidic chips. However, its use is
limited by the monitorization and optimization of the process for each case. Also, expensive instrumentation is necessary.

The growing interest in the application of LbL materials in fields such as drug delivery requires the use of biocompatible
templates, which explains the attention received by liposomes and vesicles as templates in the last few years.53334 These
templates can be coated with other biocompatible polymers, which make them suitable for their use as cargo systems of both
hydrophobic and hydrophilic actives solubilized in the lipid shell or in the inner region of the vesicle or liposome, respectively.

Furthermore, these systems can be easily functionalized for targeted delivery. Despite these advantages, the coating process of
vesicles is trickier than that of conventional colloidal particles. This is due in part to the fact that the centrifugation step can lead
to the fusion of vesicles or liposomes or to the aggregation of emulsion drops. Thus, centrifugation can be used for cleaning the
dispersion only after the deposition of a certain number of coating layers that ensure the formation of a shell rigid enough to
avoid these undesired effects
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Figure 5 - Schematic representation of the assembly process of LbL fi Ims onto liposomes or vesicles. Reprinted from Ref. 34,
Copyright (2014), with permission of Springer.
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Figure 5 shows a schematic diagram of an LbL assembly protocol for the fabrication of capsules using liposomes or vesicles.34
A dilute liposome/vesicle suspension is mixed with a solution of the compound forming the first layer. After the adsorption, the
second component is added in excess to form the interpolyelectrolyte complex that precipitates and to form the second layer of
the LbL film. Once the first bilayer is formed, the suspension of coated liposomes is mixed again with the first component to start
the formation second bilayer.

The adsorption/separation steps are repeated the number of times needed until the desired number of layers is deposited. It is
worth mentioning that around 8% of the total number of liposomes/vesicles is lost after each bilayer is deposited, which is an
important limiting factor on the maximum number of layers. The maximum number of layers deposited onto vesicles/liposomes
is generally not higher than 12, not a significant problem for capsules used for delivering active compounds.

It is worth mentioning that the above method for vesicles, liposomes and suspension droplets is limited to dilute solutions. This is
an important drawback for the application of this type of system in the development of commercial products.3> Emulsions are
particularly interesting systems because they allow the encapsulation of a higher number of lipophilic actives.
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Figure 6 - Schematic diagram of the possibilities offered for the fabrication of nanocarriers using emulsions as templates.
Reprinted from Ref. 35, Copyright (2015), with permission from Elsevier.

Figure 6 shows a schematic representation of the Layer-by-Layer approach used for the fabrication of this type of nano carrier. It
is worth noting that LbL multilayers are generally highly hydrated systems, containing counterions. In addition, the adsorption of
macromolecules onto the surface can be considered-an irreversible process. These issues are very important for potential
application of these systems because they confer enhanced stability to the multilayer in different environments.

3. Electrostatic entropic factors: assembly driving forces

The degree of charge inversion strongly depends on the specific polyelectrolyte pair but shows no significant dependence on the
assembly conditions (ionic strength, pH, etc.). The degree of over-compensation is maximum at the surface of the layers and
decays exponentially towards the inner region of the multilayer.24.26

Despite the importance of charge overcompensation, it is possible to build LbL films using neutral species.® This imposes a zero
net charge condition for the multilayer stability, which can be considered as the underlying physico-chemical reason for the
appearance of different compensation mechanisms in polyelectrolyte multilayers. Two different mechanisms can be found in LbL
polyelectrolyte films to ensure their neutrality and are related to the different extension of the entropic factors in the assembly of
the materials.

The first mechanism, the so-called intrinsic compensation for the charge compensation in LbL polyelectrolyte films, involves the
complexation of oppositely charged polyelectrolyte in adjacent layers. Therefore, the intrinsic mechanism presents the highest
degree of ionic cross-linking that can appear in LbL films. The formation of these complexes is associated with the release of a
large number of counterions from the polymer material to the solution, thus highly increasing the entropy that leads to a
significant decrease of free energy. In these films the entropic factors become the main driving force for the multilayer assembly.
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On the other hand, when counterions remain trapped in the

structure of the film, a second compensation mechanism appears,

the so-called extrinsic one. In films presenting this type of compensation, the counterions are mandatory for the charge
compensation and a broad range of stoichiometries is possible. In this case entropy, has a smaller effect. Figure 7 shows
schematically both types of charge compensation mechanism.

-

A~ 7\
- //A\\"
R . y \/
Vil %JA LAVA
¢ 41t
Intonsic

\4:\\/‘/ +/‘F\+C‘i
o C 4
+ ++\ﬁ/ '

Extansic

Figure 7 — Schematic diagrams of the two different types of charge compensation appearing in polyelectrolyte multilayers.
Reproduced from Ref. 24, Copyright (2009), with permission from The Royal Society of Chemistry.
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Figure 8 - Ratio between the surface densities of
monomers, pmonomer, containing nitrogen
(PDADMAC) and sulphur (PSS) in (PDADMAC +
PSS) in multilayers with different ionic strengths,
as obtained by ellipsometry (m) and XPS (o).
Notice that the different amount of adsorbed
PDADMAC and PSS is strong evidence of the
existence of extrinsic compensation. Reproduced
from Ref. 25, under license Creative Common
2.0, with permission from Beilstein-Institute, Copy-
right (2016).

Most of the Layer-by-Layer, polyelectrolyte films have extrinsic
compensation,8.11.1224.26:36 the intrinsic one appearing mainly when
highly charged polyelectrolytes are assembled. However, the
compensation mechanism also depends on the assembly
conditions.2

Precise control of the compensation mechanism is essential for
controlling the structure and properties of the final material. Among
the parameters influencing the compensation mechanism, the ionic
strength of the solutions is probably the most important because of its
effect on the charge density of the chains.2425 The ionic strength can
change the compensation mechanism from mainly intrinsic to
extrinsic, explained in terms of the entropic effects on the assembly
process. At low ionic strength, the counterions strongly increase the
entropy, leading to primarily intrinsic compensation. At high ionic
strengths, the ionic concentration in the bulk is high, and thus the
release of more counterions does not significantly affect the entropy
of the system. Therefore, counterions remain trapped in the polymer
matrix as shown in Fig. 8.

The figure shows the increase of the extrinsic compensations with
the ionic strength for the poly (dialiimetylammonium chloride)
PDADMAC, PSS, system as obtained by two independent
techniques - ellipsometry and X-ray photoelectron spectroscopy
(XPS). The increase of the ratio between the number of nitrogen and
sulphur with the ionic strength is a good indication of the
compensation mechanism. The formation of more swollen layers,

with a higher ionic concentration, leads to increased roughness. .25

The ionic equilibrium in Layer-by-Layer films can be modified by changing any parameter affecting the charge compensation
mechanism such as the type of polyelectrolyte and their charge density, the pH and the solvent quality.!1.12.37-3
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Other variables that effect the entropic contributions of the assembly process# are the release and reorientation of hydration
water molecules, and the entropy penalty arising from the decrease of the degrees of freedom of the molecules due to their
attachment to the surface. Despite this unfavorable effect, its role in is usually rather small, and can be neglected in most cases.

From a basic physico-chemical point of view, it is possible to assume that electrostatic control does not sufficiently explain the
assembly of LbL films, particularly when low charge density materials are used, or when the assembly occurs under conditions in
which the screening of the charge is too high. A clear indication is that it is possible to assemble multilayers using neutral
polymers.?

4. Growth mechanisms of Layer-by-Layer materials

Beyond the different interactions involved in multilayer assembly,
there is incomplete knowledge of different aspects related to the
control of the assembly of LbL multilayers. Among them, the origin
of the appearance of two different types of dependence of the

L
. Non-Linear

adsorbed amount on the number of layers, N, (growth mechanisms)
in still under discussion. Two types of growth, linear and non-linear,
frequently referred to as exponential, are the most frequently, found
in literature, 232441 although more exotic dependences have been
described in recent years.#2 Figure 9 shows the schemes of the
linear and non-linear dependencies.

. Linear

Adsorbed amount

Linear growth is characterized by the appearance of a quasi-linear
dependence of the adsorbed amount on N, being typically found in
(PAH+PSS) multilayers independent of assembly conditions, and for
the (PDADMAC+PSS) system, when assembled under conditions in
which a high charge density of the polymers, mainly PDADMAC, are
guaranteed. In non-linear growth, the dependence of the adsorbed
amount on N grows more rapidly than that expected for linear
growth.

Number of Layers

Figure 9 — Schematic diagram of the two common
growth dependences on LbL films: linear vs non-linear.

This mechanism is often considered to be exponential even though the dependence is not purely exponential, and it is observed
in the (PDADMAC+PSS) system under conditions in which there is a reduced effective charge of the polymers under conditions
of high ionic strength?324.36 and in many biopolymer-based materials.43-45

There are several explanations to justify the appearance of different growth trends in Layer-by-Layer materials. The first
considers that the appearance of two different growth mechanisms is associated with the in-and-out diffusion of at least one of
the building blocks within the supramolecular architecture during the successive deposition cycles, leading to an increase of the
adsorbed amount in the successive deposition cycles.647 This explanation has been long accepted as the main justification of
the appearance of two different growth mechanisms. Even in recent years, a detailed analysis of the adsorption kinetics of the
layers has evidenced that the interdiffusion is not limited to non-linear growth materials.2?

The explanation based on the role of the interdiffusion considers the existence of a potential along the LbL material, associated
with a charge excess due to the layer's adsorption. Thus, the interdiffusion must take place until the equilibration of the potential
is reached.¥

An alternative explanation considers the differences in the multilayer roughness as the source for the appearance of two different
growth dependences. For high roughness, the adsorption of successive layers involves a continuous increase of the area
available for the adsorption, which leads to an increase of the adsorbed amount in the successive deposition cycles, and thus
leading to non-linear growth.24.2548
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The models do not rule out the possible appearance of interdiffusion, which is the basis for the explanation of the transition from
linear to non-linear growth in the most classical model. However, they do not limit the appearance of interdiffusion to one of the
growth mechanisms.

5. Incorporation of nanoparticles in LbL coatings: Hardness enhancement and additional properties through inorganic
building blocks

Although nanoparticles have been perhaps most frequently used for LbL functionalization, various nanostructured building
blocks, i.e., nanocomposite films with nanoparticles embedded in the layered structure, have been shown to be a highly effective
class of material to tune various properties (including mechanical stiffness) with a high degree of accuracy (Fig. 10).4

Device fabrication
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Figure 10 - Schematics of incorporated inorganic nanopartlcles, nanowires and nanosheets in Layer-by-Layer assemblies.
Reproduced with permission from Ref. 49, Copyright 2008 American Chemical Society.
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Various methods have been used for LbL assembly with nanoparticles where, in addition to dipping or incubation, spin-spray LbL
assembly, spin-coating, spray assisted alignments and cross-linking after infiltration5® were used. Nanocomposite LbL films
containing immobilized ZnO/SiO2 nanoparticles were investigated to provide UV protection properties.5! Alternating layers of
barium oxide nanoparticles/alginate were fabricated on top of beta cells via LbL, exhibiting robust antioxidant activity and
providing excellent protection to these cells upon exposure 10-3M of H202 without affecting the metabolism of the cells.52

6. Planar Layer-by-Layer coatings and their functionalization by nanoparticles

Nanoparticles have been essential components of planar layers, where they were used for enhancement of mechanical
properties, remote activation, controlling the stiffness of the coatings, for incorporating quantum dots and corrosion protection.

7. Enhancement of mechanical properties and remote activation of LbL coatings

Mechanical stability of capsules and films plays an essential role in enabling practical applications. The addition of nanoparticles
would, thus increase the shell stiffness. It should be added that the same concept of strengthening mechanical properties of
LbL, by adding nanoparticles, has been also shown for planar coatings. Regarding mechanical properties of planar coatings,
mechanical properties of nanometer thin LbL films,53.54 (layer reported to be 1-2 nm) resemble those of the substrate on which
they were assembled (often glass, metal or plastic). However, thicker LbL films% with a high molecular dynamic of
polyelectrolytes, are rather soft, hindering cell growth in biomedical applications. One way to increase the stiffness of the
coatings is to use chemical cross-linking.56.57

Another possibility of improving the mechanical properties and enabling the adherence of cells on the coatings is to functionalize
the surface with metal nanoparticles.® Recently, particles and nanoparticles have been used to stimulate cell adhesion on the
planar and soft hydrogel coatings relevant to osteoblasts, and different types of cells.5

8. Passive and active activation of Layer-by-Layer coatings

Passively active coatings are those in which they or some of their components exhibit a certain functionality. An active
functionality of nanoparticles was to functionalize the micrometer thick LbL coatings with nanoparticles and use them as active
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absorption centers for remote laser action. Nanoparticle functionalization of such a soft LbL coating is depicted in Figs. 11 and
12.

However, this is not the only functionality of the nanoparticles in the coatings. They can be also used to control the masking for
fabricating Janus particles, i.e., special types of nano- or microparticles whose surfaces have two or more distinct physical
properties.

<)

300 600 900
Wavelength [nm)

00 800 600 900
Wavelangth [mﬁo Wavalength [nm]

Figure 11 - (Left) Kinetics of adsorption of non-aggregated (a-c) and aggregated (d-f) nanoparticles onto biocompatible poly-L-
lysine (PLL)/hyaluronic acid (HA) films. (Adsorption on (PLL/HA)24 films are shown in (a—c), while adsorption on (PLL/HA)24PLL
films is demonstrated in (d—f)). Ultraviolet-visible (UV/Vis) absorption spectra of the supernatant solution during adsorption in (a)
and (d) were recorded at 15 min time intervals. Schematics of the interaction of nanoparticles and the films in non-aggregated
and aggregated states are demonstrated in (b) and (e), and the corresponding UV/Vis absorption spectra of the films after
nanoparticle adsorption are given in (c) and (f), respectively. Reproduced with permission from Ref. 60. Copyright 2010, Wiley-
VCH Verlag GmbH.

a)

Figure 12 — (a) Confocal laser scanning microscope images of a (PLL/HA)24 film functionalized with aggregated gold
nanoparticles. The enlarged area shown in (b) was exposed to a near-infrared (NIR) laser leaving characteristic dark spots (c).
The dark spots (c) affected by the near-IR laser can be also seen in the transmission image (d). The scale bars in (a—d)
correspond to 15 ym. The technique described in (a—d) is used to write MPI-KG (Max-Planck Institute of Colloids and Interfaces
(German spelling))(e); the scale bar here corresponds to 20 ym. Reproduced with permission from Ref. 60. Copyright 2010,
Wiley-VCH Verlag GmbH.
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9. Corrosion protection

Applications of polyelectrolyte Layer-by-Layer deposition spurred interest in the field of corrosion protection as a possible means
of replacing toxic Cr(VI) compounds.5' One of the main advantages of polyelectrolyte structures is their light, pH and humidity
responsiveness, which would enable a self-healing process by changes of environment that existed at the beginning of the
corrosion. Such a system would seem to be useful both for steel alloys®? and non-ferrous materials. 61.63-66

The protective layer can consist of pure polyelectrolytes,® optionally with corrosion protective additives and could be multi-
layered with sol-gel63 and/or corrosion inhibitor coatings.62 A more sophisticated method is based on creating micro and
nanocapsules with PE coatings. Capsules can be templated (the template is the dissolvable core) on SiOz2 particles,8'67 TiOz,
nanoparticles,” nanotube and pure polyelectrolyte nanocapsules.8.69

Other corrosion protection substances, such as benzotriazole38567 and its derivatives® and monomers for filling scratches for
further induced polymerization can be loaded inside these capsules. They are then incorporated in a more complex matrix such
as sol-gel,t466.70 epoxys? coatings or polyelectrolyte multilayers.6® Combined, these structures demonstrate mechanical strength,
corrosion protection and self-healing processes,’! triggered by the initiation of corrosion or laser irradiation. We highlight here
the development of light-sensitive capsule-based active materials.5”.7274 The principle of the approach is shown in Fig. 13.

Initial coatin
@l 9

Irradiation with
heallng effect

Corrosion process
In progress

Figure 13 - (a) Schematic of light-responsive protective coating. Luminescent confocal images of polyelectrolyte containers with
titania cores incorporated into SiOx-ZrOx films. The images are obtained (b) before and (c) after UV irradiation. The particles in
the figures correspond to aggregates of nanocontainers. Three-dimensional (3D) maps of the ionic currents above the surface
area correspond to a mechanical defect in sol-gel coating loaded with TiO2(benzotriazole)/(PEI/PSS). containers: (d) at the initial
moment on the artificial defect; (e) after 64 hr of corrosion; (f) is () after UV-irradiation and inhibitor release. Solution: 0.1M
NaCl. Reproduced with permission from Ref. 72. Copyright 2009. The Royal Society of Chemistry.

Corrosion mitigating inhibitors encapsulated in the capsule with a mesoporous core and light-controlled permeability of the shell
have been used for developing coatings with self-healing functions, which are enabled by controllably releasing the inhibitor upon
exposure to laser (infra-red) irradiation. Titania nanoparticles can provide multilayers with photo sensitivity. Thus, titania was
used both as containers for loading benzotriazole (BTA), for corrosion inhibition and as photosensitive agents. Such capsules
were then covered with polyelectrolytes, and they released upon UV light irradiation.
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The conformational structure of polyelectrolytes depends on the pH of the environment. Thus, change in pH for certain
configurations will result in different values of permeability of the structures. The system can demonstrate both self-healing and
self-regulation behavior when the pH changes resulting from the corrosion process starts the self-healing process. The
reversible changes of polyelectrolyte permeability can be explained by locally changed solution pH as the consequence of
photocatalytic degradation of water on the titania. The end of irradiation causes system relaxation, and the particles return to
their initial structure. Visualization of the local pH gradient is possible by modeling physico-chemical properties via a scanning
ion-selective electrode technique (SIET).76-78

The inclusion of metal nanoparticles using the LbL procedure enabled the synthesis of materials for other unusual applications.
Electroactive (2 nm in diameter) polyelectrolyte-capped Pt nanoparticles assembled into LbL arrays have been used in the
catalytic production of H278 Photocatalytic reduction? of noble metal particles on titania cores®” leads to dual-wavelength
responsiveness in the UV to near-IR regions of the electromagnetic spectrum. By auto-catalysis, it is possible to regulate
photocatalytically waves of enzymatic reactions,® switch biofilm fluorescence,®" build a platform for a chemical logic device,8?
and perform sustainable diagnostics.8385 The trend in the field of encapsulated systems is to combine different functions in one
capsule matrix. One such functionality is to control the release of biocides together with corrosion inhibitors,8 while a potential
approach can lead to building self-regulating biocide systems.8”

10. Development of sensors and biosensors based on Layer-by-Layer assembled coating

Gold nanoparticles (AuNP) embedded into the polyelectrolyte matrices on optical fiber exhibited a high accuracy pH sensing
functionality based on the localized surface plasmon resonance (SPR).88 Measurement of pH shifts® was also implemented by
incorporating gold nanorods which detect the surface plasmon shift of the dispersed nanorods with the pH rise.%0 In another
application, starch-stabilized silver nanoparticles in 3-n-propylpyridinium silsesquioxane chloride matrices were shown to function
as SPR-based electrochemical sensors.9!

{Polymer*{MaNP)/enzyme},

{CNT_MaNFypolymer*},

a)‘

(a) (b)
Figure 14 - Schematic diagrams of LbL assemblies of: (a) polymer/nanoparticle (NP)/enzyme and (b) carbon
nanotube/NP/polymer sensors. Reproduced with permission from Ref. 94. Copyright 2015 Elsevier.
Hybrid materials assembled using carbon nanotubes and polyelectrolytes were shown to operate as effective membranes for the
separation and rejection of ions.®2 Furthermore, the high electric conductivity of carbon nanotubes in a polymer framework
allowed the development of multi-walled carbon nanotube-based thin film electrodes which were transparent in the mid-IR
(infrared) range.%3

It can be mentioned that biosensory functions in planar coatings have been developed.% Figure 14 represents a complementary
area to those broadly implemented by polyelectrolyte multilayer capsules.95-97

11. Other nanostructured inorganic building blocks in LbL planar coatings

Recently, a variety of materials were applied to the design of advanced LbL coatings. Quercetin-loaded tripolyphosphate
nanoparticles were ordered in a film by an alternative with hyaluronic acid, resulting in a multilayer film capable of improving the
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anticoagulation properties of surfaces.% Polysaccharides and nanogels were employed in polyelectrolyte multilayers, showing
that the presence of nanogel particles is beneficial for construction of a drug delivery system.® Linear photochromic norbornene
polymers assembled in LbL films exhibited a drastic decrease of the merocyanine band under a prolonged white light irradiation
that could potentially be employed as photo-controlled drug delivery system.100 Bioactive thin films were prepared by
encapsulation of biomacromolecules such as an enzyme (beta-lactamase) into aluminosilicate halloysite nanotubes and their
subsequent use for the fabrication of enzymatic coatings by LbL, that could potentially be used for effluent decontamination. 0t

The application of quantum dots (QD) in capsules makes it possible to bring the multifunctionality of encapsulation processes
and sensor capabilities. The easily adjustable luminescence of QD has a high potential for applying QD-containing
polyelectrolyte-based coatings and capsules for biological uses, particularly in medical and materials science as devices and
theragnostic agents. 02

There are two trends in the design of composite materials based on

quantum dots and layer-by-layer techniques. In the first approach,

quantum dots are incorporated into Layer-by-Layer films. Here, the

QDs are usually chemically modified with thioglycolic acid (TGA),103 J

mercaptopropionic acid (MPA)'% or mercaptoacetic acid (MAA),105 [avarbv-Laver s 2
and they have a negative zeta potential when cysteamine is applied J;\ssejr:‘: bl y A afis A
(Fig. 15).This first approach has been conducted by reducing the y &

toxicity of QD, the stabilization of dispersity and the optimization of i

distribution while the QD optical properties were unaffected.'% CdSe
is the typical material for quantum dots used for Layer-by-Layer

coating functionalization. For example, MAA-treated QDs have been
coated by alternatively applying polyallylamine and polyvinyl sulfonic

acid. 1% All-QD Multilayer Film

Materials prepared by the second approach find applications in Figure 15 - Schematic diagram for the preparation
designing flexible organo-electronic devices.'0” Stabilization of QDs of all-quantum dot (QD) multilayer films based on
with polyelectrolytes provides the possibility of the energy transfer spin-assisted Layer-by-Layer assembly, by sequen-
between bilayers in charged polymers. The resulting film is reported ~ tially depositing oppositely charged QDs (blue QDs
to be suffciently sensitive for the detection of paraoxon%8 or and red QDs represent negatively charged QDs
deltamethrin. Incorporation of quantum dots with graphene NPsinan  (QD-mercaptopropionic acid (MPA)) and positively
alternative stacking manner in the PAH layers'®® leads to charged QDs (QD-cysteamine (CAm)), respectively).
augmentation of the separation of charges and transport in a GNs- Reproduced with permission from Ref. 104. Copy-

CdS QDs composite film. A drawback to such methods is that CdSe right 2010, American Chemical Society.
nanoparticles undergo photooxidation in the polyelectrolyte matrix.

The LbL assembled polyelectrolyte capsules can be functionalized with QD as biocompatible fluorescent agents for live cell
targeting.1%-112 |n this case, the polyelectrolyte film decreases the typical cytotoxic effect of the QD with the fluorescence
properties remaining.

A prospective field of engineering structures with semiconductor nanocrystals involves the construction of complex ordered
building blocks similar to those used photonic crystals. Thus, demonstrated luminescence in both the IR and visible ranges
could be a starting point for development of sophisticated optoelectronics and optical telecommunications devices.

Biologically active QD-based hybrid nanocrystal polyelectrolyte structures with an outer layer of anti-immunoglobulin G(anti-lgG)
were shown to render some bio-specific properties to particles''3

Considering the interesting info-chemistry,'14.15 optical coding and multiplexing can be achieved at different wavelengths and

intensities by bringing in QDs in polyelectrolyte multilayers. To achieve that effect, it is possible to create bits of information by
tuning the amount of red, green, and blue QD for achieving some characteristic color ration. Combining these structures with
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some receptors makes it possible to identify various bioprocesses, 6 while gradient coatings''? can stimulate combinatorial
studies.”t.118

LbL assemblies were also functionalized by carbon-based fillers.1® Polyelectrolyte-assisted layer-by -layer fabrication of carbon-
containing coatings was proposed to order carbon fillers providing superior film properties. The unique combination of carbon
material properties together with versatility of LbL assembly allows the fabrication of multifunctional nanocomposite materials
with improved, mechanical, optical, thermal, electromagnetic and electrochemical properties.’® The unique properties of
graphene enable high-performance capacitors and effective electromagnetic shielding.12" A wide range of coatings
functionalized by carbon fillers is aimed at the development of materials with a gas barrier function.'?2 The change in
permeability of microcapsules tuned by graphene oxide was also applied in drug delivery to reduce the permeability of low
molecular substances.!23

Furthermore, coatings can be obtained on surfaces with complex shapes to provide additional functionality. For example,
coatings containing arrays of closed cavities can be obtained (so-called microchambers) to store and release functional cargo in
a controlled manner. Functionalization of microchambers by graphene oxide enable release on demand by a near-infrared (NIR)
laser in the therapeutic window (Fig. 16).124

An unusual application of graphene oxide was shown by binary hybrid-filled LbL coatings composed of graphene oxide and f-
FeOOH nanorods which enable reduction of flammability of polyurethane foams.'2> AuNP assembled in unconventional LbL
architectures enabled analysis of hybridization reactions with the ssDNA monitored via methylene blue as the electrochemical
indicator. Such an architecture was used in DNA electrochemical biosensors'? along with Pd nanoparticle-based RNA
biosensors.127

== Polyelectrolyte layer
mmenmssm Graphene oxide layer

) o - A\ 1 w
Figure 16 - SEM (scanning electron microscope) images of LbL-assembled microchambers constructed from a pure
polyelectrolyte film (a) and functionalized by graphene oxide (b,c) and its corresponding confocal laser scanning microscopy
(CLSM) image (d). Reproduced with permission from Ref. 124. Copyright 2018, Wiley-VCH Verlag GmbH. (e) Schematic
diagrams of the layered functionalization of microchambers by polyelectrolyte polymers and graphene.

12. Conclusions and perspectives
At the beginning of research on Layer-by-Layer assembly, nanoparticles carried rather auxiliary functions. In fact, they were
simply other additives among available building blocks. The corrosion mitigation/prevention of metallic substrates is not only an

engineering effort, but also a fundamental scientific difficulty. Ideally, an anticorrosion coating should be designed to be
stimulus-responsive, multifunctional, resistant and durable in a wide range of application.
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However, during later research and development phases, nanoparticles emerged as key enabling components, which drove
advances and pushed the development of many applications. Nowadays, nanoparticles are broadly used in LbL assembly,
which serves as a matrix to order functional components in a predetermined manner with a high special resolution.

This enables a variety of functionalities from smart coatings to drug-delivery systems. Introducing nanoparticles of a different
nature into polyelectrolyte matrices is shown to produce alternative materials with superior properties for optical applications
(light-emitting materials, light-harvesting materials), sensors and smart coatings, including those with anticorrosion function and
improved mechanical properties or barrier function. These advances have enabled the fabrication of multifunctional drug carriers
with controllable and switchable parameters for advanced coatings in response to external stimuli.

For hybrid coatings containing nanoparticles, external stimuli have also been shown to control the surface cross-linking, its
mechanical properties, corrosion functionality, etc.

Some disadvantages of adding nanoparticles have also been identified. First, adding nanoparticles increases the costs and may
prolong the time required for the LbL assembly. In addition, and specifically for biological applications, potential biocompatibility
issues need to be addressed for some specific types of nanoparticles, for example for semiconductor quantum dots. That is why
the advantages of adding nanoparticles and nanocomponents completely outweigh these potential disadvantages.

In assessing future trends of research and development activities, one can say that nanoparticles have become indispensable
components of the LbL assembly. Research work is underway to developed truly advanced coatings both at spherical and flat
interfaces. In this regard, LbL-assembly has proved to be a very versatile method for the assembly of coatings with an enormous
potential for control of their properties and a rich mix of stimuli available for achieving that.
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