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Abstract: Originally regarded as auxiliary additives, nanoparticles have become important
constituents of polyelectrolyte multilayers. They represent the key components to enhance mechanical
properties, enable activation by laser light or ultrasound, construct anisotropic and multicompartment
structures, and facilitate the development of novel sensors and movable particles. Here, we discuss
an 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 development of such novel materials
are also identified.
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1. Introduction

Versatile LbL (layer-by-layer) polyelectrolyte multilayer coatings have steadily drawn the
increasing attention of researchers. This is driven by various factors including the versatility of the
approach and an extensive range of applications, which is steadily continuing to increase. Originally,
LbL was developed as planar layers [1]. In such an assembly [2], the structure of polyelectrolytes,
the influence of water, pH, and salts on the LbL assembly have been investigated Various interactions and
assembly methods [3,4] in the LbL assembly have been explored, including the electrostatic interaction,
hydrogen bonding [5], while micrometre thick films have been also developed [6]. The extensive
range of application of planar LbL coatings has included antifog [7] and ultraviolet (UV)-protective
coatings [7], cell adhesion and tissue engineering [8]. A fundamental understanding of the interaction
of polyelectrolytes has opened opportunities for versatile assembly of polymers incorporating diverse
building blocks. Nanoparticles (NPs) have been explored as components of the LbL assembly in earlier
publications [9–11] but their full potential has been recognised somewhat later, after enabling remote
opening, increasing the efficiency of the effect of ultrasound on affecting the polyelectrolyte coatings,
enhancing mechanical properties of capsules, extending the range of materials for sensors.
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Originally developed for planar structures and substrates, the LbL approach has been transferred
to spherical templates, which led to preparation of an LbL assembly freely suspended in water. This can
be done by applying the LbL coatings onto colloidal particles, and subsequently dissolving the colloidal
particle, which is also called a template for LbL assembly. The spherical shells, also called capsules,
enable the polyelectrolytes to be freely suspended in an aqueous solution: the substrate holding the
planar polyelectrolyte multilayers is thus not present. In this case, the zeta-potential of capsules can be
easily measured, and polyelectrolytes are bound to each other directly, without a substrate. As a result,
various stimuli can now be applied to control the LbL assembly [12], as it was shown, for example,
studying the influence of pH and salt on the interaction of polyelectrolytes [13,14].

In this overview, we describe progress in the area of polyelectrolyte multilayer capsules and planar
coatings with the emphasis on functionalization of LbL coatings with nanoparticles, which would
constitute the so-called hybrid (organic coatings with incorporated inorganic components) [15–20].
We analyse the assembly of polyelectrolytes on both planar coatings and polyelectrolyte multilayer
capsules. Furthermore, the assembly of nanoparticles is analysed, while the functionality of resultant
structures is also described.

2. Functionalization of Polyelectrolyte Multilayers—Organic versus Inorganic Building Blocks

2.1. Incorporation of Dyes in Layer-by-Layer (LbL) Coatings—Bringing Multifunctionality through Organic Moieties

Various materials [21] can be incorporated into self-assembled LbL coatings. Although charged
molecules have been traditionally employed in the LbL assembly, non-charged molecules or dyes can be
ordered in LbL films by means of chemical bonding or by carriers. Pyrene molecules were shown to be
incorporated in polyelectrolyte layers in a liposome-mediated process. In this regard, pyrene molecules
were encapsulated into poly(acrylic acid)-stabilized cetyltrimethylammonium bromide micelles
followed by LbL assembly of the micelles in a poly(diallyldimethylammonium chloride) (PDADMAC)
framework [22], where optical signal is detected by detecting optical resonances of light propagating
around a sphere, also referred to as whispery gallery modes. Moreover, the inclusion of dye into
nanocomposite LbL-assembled film was found to be a simple method to provide spectroscopic analysis
of stability (both structural and chemical) and adsorption properties of the film [23]. Additionally,
fluorescent dyes bound to non-fluorescent particles via LbL films were shown to generate a strong
whispering gallery modes signal for bioanalysis [24]. Incorporated in LbL layers electroactive dyes
have also received substantial attention. It was shown that the way to incorporate electroactive
anthraquinone dye to LbL films strongly influences its electrochemical properties and chemical
properties [25]. Metachromic cationic dye methylene blue was investigated for organization in the
LbL framework [26]. In addition, photocleavable chromophores [27], laser absorbing dye (IR-806) [28],
bacteriorhodopsin [29], phthalocyanine [30], porphyrin [31,32], and naphthalocyanine [33] have been
also incorporated in microcapsules for remote opening by laser light, but it was also noticed that
inorganic nanoparticles appeared to be much more effective laser light absorbers

2.2. 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, nanocomposite films with nanoparticles embedded in the
layered structure have been shown to be a highly effective class of material to tune various properties
(among which mechanical stiffness) with a high accuracy [34], Figure 1. Various methods have
been used for LbL assembly with nanoparticles, where in addition to a dipping or incubation,
spin-spray LbL assembly [35], spin-coating [36], spray assisted alignments [37], and cross-linking after
infiltration [38] were used. Nanocomposite LbL films containing immobilized ZnO/SiO2 nanoparticles
were investigated to provide UV protection properties [39]. Alternating layers of cerium oxide
nanoparticles (CONP)/alginate were fabricated on top of beta cells via LbL exhibiting robust antioxidant
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activity and providing excellent protection to these cells upon exposure to 10−4 M of H2O2 without
affecting the metabolism of the cells [40].
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resembling bones [51]. In another example, incorporating of inorganic particles [52] into hybrid 
(organic-inorganic) coatings enabled effective cell growth, which is seen of a particular importance 
to various areas of tissue engineering [53]. 
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Figure 1. Schematics of incorporation of inorganic nanoparticles, nanowires and nanosheets in
layer-by-layer (LbL) assembly. Reproduced with permission from [34]. Copyright 2008 American
Chemical Society.

3. Planar LbL 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 quantum dots incorporation and corrosion protection.

3.1. Enhancement of Mechanical Properties and Remote Acteivation 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. In regard with mechanical properties of planar coatings, mechanical properties of
nanometre-thin [41] LbL films [42] (each LbL layer was reported to be 1–2 nm) resemble those of the
substrate on which they are assembled (often glass, metal or plastic). But thicker LbL films [43], with a
high molecular dynamic of polyelectrolytes [44], are rather soft, hindering cell growth in biomedical
applications. One way to increase the stiffness of the coatings is to use chemical cross-linking [45,46].
Another possibility to improve the mechanical properties and enable the adherence of cells on
the coatings is to functionalize the surface with metal nanoparticles [47]. Recently, particles and
nanoparticles have been used to stimulate cell adhesion on the planar and soft hydrogel coatings
relevant for osteoblasts and different types of cells [48].

3.2. Passive and Active Activation of LbL Coatings

Passively active coatings are those in which they or some of their components exhibit a certain
functionality. For example, alternating layers of hyaluronic acid–dopamine conjugate with silver
nanoparticles demonstrated a remarkable antibacterial [49,50] effect as well as improved adhesion,
proliferation, and viability of cells to the surface, which promoted the formation of an apatite layer
resembling bones [51]. In another example, incorporating of inorganic particles [52] into hybrid
(organic-inorganic) coatings enabled effective cell growth, which is seen of a particular importance to
various areas of tissue engineering [53].

An active functionality of nanoparticles was to functionalize the micrometre thick LbL coatings
with nanoparticles and use them as active absorption centres for remote laser action. Nanoparticle
functionalization of such a soft LbL coating is depicted in Figure 2 (left), where step-by-step assembly
is presented for non-aggregated (red) and aggregated (blue) states of nanoparticles. Choosing
proper aggregation state of nanoparticles and laser wavelength corresponding to the maximum
absorption of NPs, one can locally cross-link the surface of films exposed to laser, Figure 2 (right).
Even more drastic action of laser-nanoparticle interaction has been implemented in cell detachment [54],
differentiation [55], and cell death induction [56].
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has been regulated by the stiffness of the coatings, which is proportional to the concentration of 
nanoparticles incorporated into the surface of the coatings. 

An interesting uncomplicated way of polyampholyte Janus-like particles formation was shown 
recently [76]. There, sites of molecules with opposite charge were pooled apart. The polyampholyte 
structure suggests that such Janus-like particles are dependent on both pH of the solution and its 
temperature. To create biocompatible Janus polyelectrolyte particles with a high monodispersity, the 
layer-by-layer technique was combined with multiphasic fabrication and patterned wettability [77]. 

Figure 2. (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. (Right) Confocal laser
scanning microscope images of a (PLL/HA)24 film functionalized with aggregated gold nanoparticles
(a). The zoomed-in 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 µm. 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 µm. Reproduced with permission from [57]. Copyright 2010 Wiley-VCH
Verlag GmbH.

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.

3.3. Assembling Janus Particles and Capsules Using LbL Coatings

Janus particles have at least two different surfaces referred to one structural unit [58]. Interest in
Janus capsules is associated with a combination of delivery [12,59] for various therapies and self-propelled
micro-/nanomotor approaches [60–62]. Applied to the encapsulation process, Janus particles combine
different properties and provide a range of functions such as delivery, recognition, release of therapeutics,
enzymatic activity, physical and chemical sensing [63,64]. In particular, drug delivery is focused on:
(i) encapsulation of active chemicals [65], (ii) targeted delivery [66], and (iii) stimuli-responsive
release [12]. Therefore, approaches for Janus structure creation aim for a high loading capacity [67] via
hierarchical organization.

Methods for fabrication of the Janus particles can be grouped into three main approaches:
direct synthesis, chemical modification of particles at biphasic interfaces, and topographically
selective modification of particles [68–70]. Typically, the following methods are used for fabrication:
sputtering [71], gel trapping [72], microcontact printing [73], and masking [74]. Another example
of such an application is where nanoparticles were used to control the stiffness of the coatings,
which, in turn, were used as a substrate-template for assembly of Janus particles and capsules [75].
The embedding has been regulated by the stiffness of the coatings, which is proportional to the
concentration of nanoparticles incorporated into the surface of the coatings.

An interesting uncomplicated way of polyampholyte Janus-like particles formation was shown
recently [76]. There, sites of molecules with opposite charge were pooled apart. The polyampholyte
structure suggests that such Janus-like particles are dependent on both pH of the solution and its
temperature. To create biocompatible Janus polyelectrolyte particles with a high monodispersity, the
layer-by-layer technique was combined with multiphasic fabrication and patterned wettability [77].
Engineering self-propelled motors having a controllable speed can be of interest for many applications.
For example, it was suggested to use bubble propulsion to move Janus polyelectrolyte particles [78].
Janus microcapsules were formed by grafting polyelectrolyte salt-responsive brushes onto preformed
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(poly(styrene sulfonate) PSS/(polyallylamine hydrochloride) PAH)4 microcapsule protected from one
side. Depending on the presence of chlorate and polyphosphate anions brush modulation between
hydrophobic and hydrophilic configurations was achieved. Upon gradually changed ion concentration,
brushes could partially change their state, thereby adjusting the speed of the particle. In other words,
it was possible to create particles with continuously propagating with adjustable speeds completely
autonomously due to the surrounding chemical concentration gradients in the solution.

Recently, near-infrared (IR) irradiation was used to induce propulsion of Janus motors [79].
There, the particles constructed with erythrocyte membrane-cloak were used to ablate thrombus.
Positively charged chitosan and negatively charged heparin were assembled using the LbL approach
for building biocompatible and biodegradable capsules. The sensitivity to near infrared irradiation
of capsules was achieved by using a sputtered gold layer on a part of the capsule. We note also
that other polyelectrolyte systems modified with Au, e.g., hyaluronic acid (HA)/poly-L-lysine (PLL)
(HA/PLL)12 [75], became sensitive to near-infrared irradiation. Due to asymmetric coverage of particles
with gold IR irradiation crates a local thermal gradient. That led to self-propulsion of the particles, based
on thermophoresis effect. Consequently, the intensity of the irradiation directly influences the motile of
the particles up to on-off switching behaviour. Besides Au, other nanoparticles, e.g., Pt, and enzymes,
were assembled to self-propel capsules [80,81]. In addition, bending and rotational motions of
micromotors were also implemented [82] in polymer tubes with poly(allylamine hydrochloride) as
positively charged and poly(acrylic acid) as negatively charged polyelectrolytes. Alkaline treatment
of one longitudinal side of the tube leads to asymmetry in action (swellability), thereby providing a
bent motion. When placed in a fuel solution, such supramolecular structure demonstrates bending
for soft connector tubes, and stable rotation for rigid angled ones. In addition, the connection angle
determines the rotation velocity. It was noted that such structures could find their application in micro-
and nano-machine engineering and biomedicine, such as microscale surgery and drug delivery.

Systematic description and comparison of the influence of grafting density onto interface
properties [83] showed that swelling on planar and curved substrates upon changing of grafting density
behave in different ways. In other applications, moving Janus capsules was suggested for separation
of organics [84], where a reversible adsorption of organic dye by multilayered polyelectrolyte structure
was shown. Thus, it is claimed to adsorb about 90% of dye species at pH higher than 9.0 and to
release them back at the neutral pH value. The adsorption process is presumably ruled by electrostatic
interaction of positive sites of polymer structure and the anionic form of dyes. Application of the
above structures in water analysis has been proposed. Contrary to the approach used in classical drug
delivery [85], a method of HeLa controlled transportation of cells was also presented. The system is
based on relatively known and popular bubble-propelled particles, constructed of polyelectrolytes.
It is reported that cells survive both the Janus particle attachment and subsequent movement in 5%
H2O2 solution for over 20 min. A magnetic field is also claimed to be guideline technique by tuning
the friction of moving object. Thereby, up to 90% of moderation could be achieved. Similarly, a high
suitability of anisotropic shell for cell or cellular compartments has been also highlighted [86].

Janus capsules coated with leucocyte membranes were proposed as the possible treatment of
some cancer cases [87]. The photothermal effect combined with a rapid water evaporation was
used to deliver and attach capsules to the cancer cell wall and subsequently induce a damage to
cells. Another publication [88] also highlights the possibility of coating Janus particles with leucocyte
membrane to adhere to cancer cells. The second step of phagocytose is also observed for such cells
labeled by Janus particles. Janus particles constructed to exhibit thermophoresis were applied for
welding of mouse tissue via infrared laser heating [89] with the photothermal heating confined on
single particles. Eventually, mechanical restoration of welded mouse tissue was proved with a set of
mechanical characterization techniques.

Nanoparticle functionalization of planar LbL coatings has been shown to play an important role
in controlling the patches of Janus particles and capsules, but nanoparticles have been also directly
applied to release adsorbed materials on the surface coatings [90].
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3.4. Corrosion Protection of the Coatings

Application of polyelectrolyte layer-by-layer deposition spurred interest in the field of corrosion
protection as a possible way to replace toxic Cr(VI)-compounds [63]. 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 seems to be useful both for steel alloys [91] and non-ferrous materials [63,64,92–94].

The protective layer can consist of pure polyelectrolytes [92] (optionally with corrosion protective
additives) and could be multi-layered with sol-gel [64] and/or corrosion inhibitor coatings [91]. The more
sophisticated way is based on creation micro- and nanocapsules with PE coatings. Capsules can be
templated (the template is the dissolvable core) on SiO2 particles [63,93,95], TiO2 nanoparticles [95],
nanotubes, and pure polyelectrolyte nanocapsules [96,97]. Different corrosive protection substances,
such as benzotriazole [64,93–95] and its derivatives [97], and monomers for filling scratches for further
induced polymerization, could be loaded inside these capsules. They are then incorporated in a more
complex matrix such as sol-gel [93,95,98], epoxy [97] coatings, or polyelectrolyte multilayers [96].
Combined, these structures demonstrate mechanical strength, corrosion protection, and self-healing
processes [99], triggered by initiation of corrosion or laser irradiation.

We highlight here the development of light-sensitive capsule-based active materials [95,100–102].
The principle of the approach is shown in Figure 3. Corrosion mitigating inhibitors encapsulated
in the capsule with 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 [100] can provide
multilayers with photosensitivity. 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 inhibitor upon UV light irradiation.Coatings 2020, 10, x FOR PEER REVIEW 7 of 28 
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assembled into LbL arrays have been used in catalytic production of H2 [106]. Photocatalytic 
reduction [107] of noble metal particles on titania core [95] leads to dual-wavelength responsiveness: 
in the UV to near-IR regions of electromagnetic spectrum. It is possible to regulate photocatalytically 
(auto-catalytic) waves of enzymatic reactions [108], switch biofilm fluorescence [109], build a 
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Figure 3. (a) Scheme 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)2 containers: (d) at
the beginning moment on the artificial defect; (e) after 64 h of corrosion; (f) is (e) after UV-irradiation
and inhibitor release. Solution: 0.1 M NaCl. Reproduced with permission from [100]. Copyright 2009
The Royal Society of Chemistry.
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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 permeability of the structure.
Thereby, the system could demonstrate both self-healing and self-regulation behaviour when pH
changes due to corrosion process starts self-healing process. The reversible changes of polyelectrolyte
permeability could be explained by locally changed pH of the solution, as the consequence of
photocatalytic degradation of water on the titania. The end of irradiation or corrosion cause thus system
relaxation, and particle returns to their initial structure. Visualization of local pH gradient is possible
by model physico-chemical properties—scanning ion-selective electrode technique (SIET) [103–105].

The inclusion of metal nanoparticles via LbL procedure enabled the synthesis of materials for
unusual applications too. Electroactive (2 nm in diameter) polyelectrolyte-capped Pt nanoparticles
assembled into LbL arrays have been used in catalytic production of H2 [106]. Photocatalytic
reduction [107] of noble metal particles on titania core [95] leads to dual-wavelength responsiveness:
in the UV to near-IR regions of electromagnetic spectrum. It is possible to regulate photocatalytically
(auto-catalytic) waves of enzymatic reactions [108], switch biofilm fluorescence [109], build a platform
for a chemical logic device [110], and perform sustainable diagnostics [111–113]. 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 [114], while a
prospective approach can lead to building self-regulating biocide systems [115].

3.5. Development of Sensors and Biosensors Based on Layer-by-Layer Assembled Coatings

Gold nanoparticles (AuNP) embedded into the polyelectrolyte matrices on the top of optical fibre
exhibited a high accuracy pH sensing functionality based on the localized surface plasmon resonance
(SPR) [116]. Measurement of pH shifts [117] was also implemented by incorporating gold nanorods,
by detecting the surface plasmon shift of dispersed nanorods upon pH rise [118]. In another application,
starch-stabilized silver nanoparticles in 3-n-propylpyridinium silsesquioxane chloride matrices were
shown to function as SPR-based electrochemical sensors [119].

Hybrid materials assembled using carbon nanotubes and polyelectrolytes were shown to operate
as effective membranes for the separation and rejection of ions [120]. Furthermore, the high electric
conductivity of carbon nanotubes in a polymer framework allowed the development of multi-walled
carbon nanotubes-based thin film electrodes transparent in the mid-IR (infrared) range [121].

It can be mentioned that sensory functions in planar coatings [122], Figure 4, represent a
complementary area to those broadly implemented by polyelectrolyte multilayer capsules [123–125].

Coatings 2020, 10, x FOR PEER REVIEW 8 of 28 

 

resonance (SPR) [116]. Measurement of pH shifts [117] was also implemented by incorporating gold 
nanorods, by detecting the surface plasmon shift of dispersed nanorods upon pH rise [118]. In 
another application, starch-stabilized silver nanoparticles in 3-n-propylpyridinium silsesquioxane 
chloride matrices were shown to function as SPR-based electrochemical sensors [119]. 

Hybrid materials assembled using carbon nanotubes and polyelectrolytes were shown to 
operate as effective membranes for the separation and rejection of ions [120]. Furthermore, the high 
electric conductivity of carbon nanotubes in a polymer framework allowed the development of multi-
walled carbon nanotubes-based thin film electrodes transparent in the mid-IR (infrared) range [121]. 

It can be mentioned that sensory functions in planar coatings [122], Figure 4, represent a 
complementary area to those broadly implemented by polyelectrolyte multilayer capsules [123–125]. 

  

(a) (b) 

Figure 4. Schematics of LbL assemblies of: (a) polymer/nanoparticle (NP)/enzyme, and (b) carbon 
nanotube/NP/polymer sensors. Reproduced with permission from [122]. Copyright 2015 Elsevier. 

3.6. Other Nanostructured Inorganic Building Blocks in LbL Planar Coatings 

Recently, a variety of materials were applied to design advanced LbL coatings. Quercetin-loaded 
tripolyphosphate nanoparticles were ordered in a film (by an alternative with hyaluronic acid) 
resulting in a multilayer film capable to improve anticoagulation performance of surfaces [126]. 
Polysaccharides and nanogels were employed in polyelectrolyte multilayers proving that the 
presence of nanogel particles is beneficial for construction of a drug depot system [127]. Linear 
photochromic norbornene polymers assembled in LbL films exhibited a drastic decrease of the 
merocyanine band under a prolonged white light irradiation that potentially could be employed as 
photo-controlled drug depot system [128]. Bioactive thin films were prepared via encapsulation of 
biomacromolecules such as an enzyme (beta-lactamase, BlaP) into aluminosilicate halloysite 
nanotubes and their subsequent use for the fabrication of enzymatic coatings by LbL that potentially 
could act for effluent decontamination [129]. 

Application of quantum dots (QD) in capsules makes it possible to bring multifunctionality of 
encapsulation processes and sensor capabilities. Easily adjustable luminescence of QD has a high 
potential for applying QD-containing polyelectrolyte-based coatings and capsules for biological, 
particularly medical, and materials science as devices and theragnostic agents [130]. There are two 
trends in design of composite materials based on quantum dots and layer-by-layer technique. In the 
first approach, QD are incorporated into layer-by-layer films, Figure 5. For application of LbL 
technique, QDs are usually chemically modified with thioglycolic acid (TGA) [131], 
mercaptopropionic acid (MPA) [132], or mercaptoacetic acid (MAA) [133], and they have a negative 
zeta potential when cysteamine is applied [132]. 

Figure 4. Schematics of LbL assemblies of: (a) polymer/nanoparticle (NP)/enzyme, and (b) carbon
nanotube/NP/polymer sensors. Reproduced with permission from [122]. Copyright 2015 Elsevier.



Coatings 2020, 10, 1131 8 of 28

3.6. Other Nanostructured Inorganic Building Blocks in LbL Planar Coatings

Recently, a variety of materials were applied to design advanced LbL coatings. Quercetin-loaded
tripolyphosphate nanoparticles were ordered in a film (by an alternative with hyaluronic acid) resulting
in a multilayer film capable to improve anticoagulation performance of surfaces [126]. Polysaccharides
and nanogels were employed in polyelectrolyte multilayers proving that the presence of nanogel
particles is beneficial for construction of a drug depot system [127]. Linear photochromic norbornene
polymers assembled in LbL films exhibited a drastic decrease of the merocyanine band under a
prolonged white light irradiation that potentially could be employed as photo-controlled drug depot
system [128]. Bioactive thin films were prepared via encapsulation of biomacromolecules such as an
enzyme (beta-lactamase, BlaP) into aluminosilicate halloysite nanotubes and their subsequent use for the
fabrication of enzymatic coatings by LbL that potentially could act for effluent decontamination [129].

Application of quantum dots (QD) in capsules makes it possible to bring multifunctionality of
encapsulation processes and sensor capabilities. Easily adjustable luminescence of QD has a high
potential for applying QD-containing polyelectrolyte-based coatings and capsules for biological,
particularly medical, and materials science as devices and theragnostic agents [130]. There are two
trends in design of composite materials based on quantum dots and layer-by-layer technique. In the
first approach, QD are incorporated into layer-by-layer films, Figure 5. For application of LbL technique,
QDs are usually chemically modified with thioglycolic acid (TGA) [131], mercaptopropionic acid
(MPA) [132], or mercaptoacetic acid (MAA) [133], and they have a negative zeta potential when
cysteamine is applied [132].Coatings 2020, 10, x FOR PEER REVIEW 9 of 28 
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Figure 5. Schematic for the preparation of all-quantum dot (QD) multilayer films based on spin-assisted
layer-by-layer assembly by sequentially depositing oppositely charged QDs (blue QDs and red QDs
represent negatively charged QDs (QD-mercaptopropionic acid (MPA)) and positively charged QDs
(QD-cysteamine (CAm)), respectively). Reproduced with permission from [132]. Copyright 2010
American Chemical Society.

The first approach has been conducted by reducing the toxicity of QDs, stabilization of dispersity,
and optimization of distribution, while the QD optical properties were unaffected [134]. CdSe is
the typical material for quantum dots, which are used for layer-by-layer coating functionalization.
For example, MAA-treated QDs were coated by alternatively applying polyallylamine and polyvinyl
sulfonic acid [133].
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Materials prepared by the second approach find applications in designing flexible, organo-electronic
devices [135]. Stabilization of QDs with polyelectrolytes provides the possibility of the energy transfer
between bilayers of the charged polymers. The resulting film is reported to be sensitive for the detection
of paraoxon [136] or deltamethrin. Incorporation of QD with graphene NPs in an alternative stacking
manner in the PAH layers [137] leads to augmentation of the separation of charges and transport in
GNs–CdS QDs composite film. A drawback of such methods is that CdSe 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 [138–140]. In this case, polyelectrolyte film decreases the
typical cytotoxic effect of the QD with the fluorescence properties remained. For example, compared to
empty PLL/polyglutamic acid (PGA) capsules that do not influence the cell viability, CdTe- labelling
of the same capsules displayed a higher cytotoxicity, but lower compared to pure CdTe QD [140].
A prospective field of engineering structures with semiconductor nanocrystals involves construction
of complex ordered building blocks similar to those used in photonic crystals. Thus, demonstrated
luminescence in both the IR and visible ranges from CdTe and HgTe [141] 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-IgG) were shown to render some bio-specific properties to particles [142].
Considering the interesting info-chemistry [143,144], the 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 colour ration. Combining these structures with
some receptors makes it possible to identify various bio-processes [145], while gradient coatings [146]
can stimulate combinatorial studies [99,147].

LbL were also functionalized by carbon-based fillers [148]. Polyelectrolyte-assisted layer-by-layer
fabrication of carbon-containing coatings was proposed to order carbon fillers providing superior
properties of the films. The unique combination of carbon materials properties together with versatility
of the LbL assembly allows fabrication of multifunctional nanocomposite materials with improved
mechanical, optical, thermal, electromagnetic, electrochemical properties [149]. The unique properties
of graphene enabled high-performance capacitors and effective electromagnetic shielding [150]. A wide
range of coatings functionalized by carbon fillers is aimed at the development of materials with a
gas barrier function [151]. The change in permeability of microcapsules tuned by graphene oxide
was also applied in drug delivery to reduce the permeability of low molecular substances [152].
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. Functionalisation of
microchambers by graphene oxide enabled release on demand by near-infrared (NIR) laser in the
“therapeutic window” [153], Figure 6. An unusual application of graphene oxide was shown by the
binary hybrid-filled LbL coatings, composed of graphene oxide and β-FeOOH nanorods, which enabled
the reduction of flammability of polyurethane foams [154]. 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 as DNA electrochemical biosensors [155]
along with Pd nanoparticle-based RNA biosensor [156].
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Figure 6. SEM (scanning electron microscopy) images of LbL-assembled microchambers constructed
from a pure polyelectrolyte film (a) and functionalised by graphene oxide (b,c) and its corresponding
confocal laser scanning microscopy (CLSM) image (d). Reproduced with permission from [153].
Copyright 2018 Wiley-VCH Verlag GmbH. (e) Schematics of the layered functionalization of
microchambers by polyelectrolyte polymers and graphene.

In addition, carbon nanotubes and carbon-based fibres exhibit anisotropy upon ordering—a
property useful in some applications, for example, in porous membranes [157]. It can be noted
that many essential properties of LbL coatings, and particularly their permeability [158], depend on
the concentration of polyelectrolytes, which was studied by the tangential streaming potential
revealing that higher concentrations of polyelectrolytes are preferred for an effective adsorption [159].
In addition, some other nanostructured blocks, which extend functionalities of LbL coatings, include
halloysites [160,161].

4. Spherical LbL Capsules and Their Functionalization by Nanoparticles

Nanoparticles have become an integral part of LbL assembly and have been also coated by
LbL [162–164] and brushes [165] for producing nanocapsules, but frequently nanoparticles are
incorporated into the shell of capsules and microcapsules. Many materials have been applied to
functionalize multilayer capsules to control the surface properties of the shells; these include metal
and magnetic NPs, carbon-based materials (graphene, nanotubes) click moieties, polymers as well as
other biomolecules including proteins, peptides, nucleic acids, enzymes, etc.

4.1. Nanoparticle Incorporation into the Shell of LbL Capsules

Among various polymer-nanoparticle capsule systems, metal nanoparticles have been used
most frequently [166,167]. AuNP were used as light-absorption centres of NIR light—the property
used for release of encapsulated material from capsules. Alternative deposition of polymeric and
AuNP layers in hybrid capsules, as shown in Figure 7 led to the possibility of an enhanced Raman
microscopy-based detection [168]. The schematic of a capsule with alternatively deposited polymeric
layers and nanoparticles is shown in Figure 7G. Another type of nanoparticle, LaVO4:Ln3+, has been
used in polyethylene glycol (PEG)-functionalized or PEGylated polymer capsules fabricated using
the LbL assembly for internalization by cells [169]. Dextran polymers with ferrocene or azobenzene
groups were used for changing their electrical properties and conformational states reversibly with the
aim to develop nano-capsules with on/off switching capabilities [170].
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Figure 7. SEM images of (A) CaCO3 microparticles containing fluorescein isothiocyanate (FITC)-dextran
before LbL-coating and (B) after coating with four bilayers AuNP/PAH (polyallylamine hydrochloride).
(C) SEM image of hollow (AuNP/PAH)4 capsules obtained after the dissolution of the CaCO3 core.
(D) Confocal microscopy image of FITC-dextran filled (AuNP/PAH)4 capsules. (E) TEM (transmission
electron microscopy) images of a hollow (AuNP/PAH)4 capsule and (F) the periphery of a hollow
(AuNP/PAH)4 capsule at a high magnification. Reproduced with permission from [168]. Copyright 2007
Wiley-VCH Verlag GmbH. (G) Schematic of a hybrid capsule with alternatively deposited polymeric
layers (green) and nanoparticles (blue/pink) described in (A–F).

Besides metal nanoparticles, silica provides a physically robust, inert substrate with a strong
resistance to damage when compared to bare polymer additives. The hybrid materials formed
from hydrophilic polymers coated with thin silica layers are remarkably rigid and, at the same time,
are capable of surface modification. Thus, straightforward and adoptable silane coupling reactions
allow for functionalization of the surface while preserving the functionality of the core [171,172].

4.2. Supramolecular Functionalization and Click Chemistry

Supramolecular functionalization spurred development of the so-called “smart polymers” leading
to new functionalities such as the reversibility of non-covalent interactions. Such functionality is
expected to extend the range of stimuli for controlling the LbL assembled polymers [2]. Another enabling
technology is click chemistry.

Click chemistry is the method of adding click-functionality to polymers with capability of
forming covalent bonds within the polyelectrolyte multilayer films. This technique is applicable
not only to polymers, biopolymers, proteins, but also to NPs. High stability and excellent
physicochemical properties are some other advantages of LbL assembled using click chemistry.
Polyelectrolyte multilayer films and capsules assembled using the ‘click’ chemistry have excellent
biocompatibility which is particularly sought in drug delivery and tissue engineering [173]. An example
of nanoparticle/polyelectrolyte multilayer assembly with click functionality is silver nanoparticle
functionalized poly(N-isopropylacrylamide) (PNIPAM) nanocapsules, which were prepared combining
the surface-initiated atom transfer radical polymerization (ATRP) and “click” chemistry approaches [174].

Fabrication of thin multilayer films was reported based on the ‘click’ chemistry approach possessing
azide and alkyne modified poly(acrylic acid) [175]. Furthermore, biodegradable capsules were shown
to be attractive candidates for biomedical applications [176]. Another example is poly(acrylic acid)
(PAA) synthesized with alkyne (PAA-Alk) and azide (PAA-Az) moieties alternately deposited on silica
particles and transformed into capsules by dissolving the silica template. Such capsules were shown to
be pH-responsive confirmed by their reversible size changes upon cycling between basic and acidic
solutions [177].
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4.3. Release from Microcapsules by Laser Light, Magnetic Fields and Ultrasound

Laser light activation. Heat generation is at the core of the second law of thermodynamics and
it drives various chemical reactions and processes. Applied to polyelectrolyte multilayer films and
capsules, volume (global) heat is used to encapsulate molecules, but the local heating is used for the
release from capsules [178]. Light-induced heat generation can be employed for opening of capsule
shells and release of encapsulated molecules [28,179], which is particularly interesting for intracellular
release, [180] multi-substance delivery [181] or endosomal escape [182]. This is because nanoparticles
incorporated into the shells of capsules have been shown to control remotely by laser light [183]
treatment of capsule shells modified by metal nanoparticles, heat is generated around NP causing a
complete rupture or a permeability change of the capsule walls [184,185]. In this way, the remote release
of tagged proteins from silver alginate microcapsules was demonstrated in vivo [186]. Silver-grafted
poly-methacrylic acid, sodium salt (PMA) capsules loaded with an anticancer drug sorafenib tosylate
(SFT) were used for controllable laser-induced release [187,188].

Various parameters (including the distribution of nanoparticles, which can be controlled by
direct in-situ synthesis [189,190], their aggregation state, the power of illuminating laser) affect the
responsiveness of the capsule to illuminating light. Aggregated NPs absorb more laser light, due to an
increased absorption, generating more heat, thus lower laser powers are needed to achieve the release.
At lower light intensity, the microcapsule shell is minimally affected upon the release of encapsulated
cargo, and under some conditions (a low nanoparticle concentration on the polyelectrolyte multilayer
shell and minimal laser intensity) the polymeric shell is not affected upon release. Various functionalities
have been achieved upon releasing encapsulated drugs, including direction-specific release [191].

Graphene oxide functionalized microcapsules exhibited photothermal response and enhanced
permeability of the shells by NIR laser treatment [192]. Polyelectrolyte microcapsules modified by
photodynamic dye (zinc phthalocyanine) via thermal treatment were shown to provide selective
therapy after internalization into cancer cells under treatment by NIR laser [193]. Also, microcapsules
functionalized by single-wall carbon nanotubes were shown to release drugs in response to the NIR
laser [194]. Emulsions have been also widely used for LbL coating [195]. Furthermore, microcapsules
with a layer of AuNP fabricated by the oil-in-water Pickering emulsion method were proposed as
biomedical theragnostic systems due to photothermal and sensor functionality [196].

Ultrasound effect. The use of ultra-sonication in medical applications has proved its effectiveness and
opens a venue for the release of cargo without affecting healthy tissues, and that has been demonstrated
both in vitro and in vivo. The disruption of the microcapsule shells occurs as a result of a cavitation in
liquids under the action of ultrasound waves with a frequency of higher than 20 kHz. Ultrasound
wave passing through a sound probe induces the formation of air micro-bubbles, which oscillate in
the surrounding fluid and, finally, are destroyed, causing cavitation and the concentration of high
energy in the fluid [12]. Applicability of ultrasound for nanoparticle-modified capsules opening has
been widely investigated [197–199]. Recently, opening of metal NP-containing microcapsules was
demonstrated by means of ultrasonication with parameters corresponding to those used in medical
applications [200,201]. Ultrasound was also applied to release encapsulated materials from silver
alginate hydrogel containers [202]. Polyelectrolyte microcapsules functionalized with magnetite and
silica nanoparticles were shown to be raptured by high-intensity ultrasound and compared to each other
enabling the conclusion that magnetite-based microcapsules are the most sensitive to sonication [203].

Furthermore, PAH/ PSS microcapsules containing nanoparticles in the shell were investigated
in terms of sensitivity to ultrasonication in dependence on the location of magnetite within the shell.
It was shown that capsules with iron oxide nanoparticles are readily ruptured [204]. Most ultrasonic
approaches induce rapture of capsules via cavitation bubbles which means the unidirectional release
of cargo. However, large capsules (above 300 µm) were shown to release cargo in a controllable and
direction-specific manner by application of conventional ultrasound at frequencies between 1 and
4 MHz and intensity of a few W/cm2 [205].
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Hydrogel-based multilayer microcapsules composed of poly(methacrylic acid)/poly(N-vinylpyrrolidone)
were shown to release cargo in response to ultrasonic treatment even without additional
functionalization by nanoparticles enabling the release of 7 kDa G-quadruplex DNA [206], which was
found to maintain their secondary structure. But addition of nanoparticles would further stimulate
ultrasound based release, because they increase density in the walls. In addition, carbon dots synthesis
within polyelectrolyte shell obtained via the hydrothermal method in the presence of the carbon-reach
precursor was shown to stimulate ultrasound induced release [207].

Magnetic field-generated release. Biological tissues are transparent to magnetic fields which open
a venue for designing targeted drug delivery systems based on microcapsules functionalized by
magnetic nanoparticles facilitating the release of cargo in response to the magnetic field. For example,
authors [208] observed rotation of (Co@Au) NPs coated by ferromagnetic gold imbedded into PAH/PSS
shells under treatment by the magnetic field at 100–300 Hz. That accompanied by disruption of the
shells and drastic increase in permeability of the capsules for model cargo fluorescein isothiocyanate
(FITC)-labelled dextran.

Magnetic fields were shown not only to rapture magnetically responsive microcapsules, but also
to enable delivery of microcapsules at a designated site or within a cell. Non-directional cell migration
of phagocytosing cells was significantly inhibited when the cells were put in a magnetic field.
Also, magnetic fields were used to retain magnetite containing microcapsules under flow conditions
at the physiologic wall shear stress of 0.751 dyne cm−2; under such conditions, release of drugs was
achieved for more than 30 h [209]. Release of a model drug (doxycycline) was demonstrated by
manipulating the permeability of microcapsules without causing a significant damage to the capsule
shells. This was achieved as a result of a long-term treatment of the capsules by low frequency [181]
alternating magnetic fields as a non-cytotoxic intracellular trigger [210].

Magnetic prednisolone microcapsules exhibiting the loading capacity of ~18% and encapsulation
efficiency of up to 63% were successfully delivered to arthritic joints followed by prolonged drug
release of 88.3% over 36 h [211]; 18 nm iron oxide cubes were embedded into the polyelectrolyte shell
to exhibit photothermal effect followed by the release of the model drug in response to treatment by
an alternating magnetic field [212]. Poly-L-lysine/poly glutamic acid nanocapsules functionalized
by Fe3O4 nanoparticles were employed to mediate the hyperthermia effect from the radiofrequency
magnetic field with maximum fields up to 0.025 T and frequencies up to 430 kHz, which led to
increasing temperatures at the rate of 0.46 ◦C/min accompanied by disruption of capsule shells [213].
In addition, polyelectrolyte multilayer capsules functionalized with lipids were used for release upon
application of a magnetic field [214].

Magnetic NPs have shown greater cytotoxicity in comparison to microcapsules containing an
equivalent amount of magnetite [215]. Moreover, nanoparticles embedded into the shell lead to the
remediation of organic compounds within the capsules [216].

4.4. Strengthening of Mechanical Properties of LbL Microcapsules by Nanoparticles

The mechanical stability of capsules [217] is one of the most important conditions for using
them as delivery carriers. Various approaches have been used for mechanical characterization of
capsules, including application of AFM (atomic force microscopy) for single-capsule measurement [218].
Polymeric microcapsules can be either strengthened by adding nanoparticles or, alternatively, another
strategy can be considered where they would resemble red blood cells [219], because both carriers
represent potent delivery systems [220]. It should be noted that particle elasticity and drug/intracellular
delivery data point to a rather complex connection [221]. Additional studies of the elasticity of capsules
involved atomic-force microscopy and Raman imaging confocal microscopy [222]. A method to handle
agarose gel beads covered with assembled inwardly interweaved poly(allylamine) and poly(styrene
sulfonate) was proposed [223], where an AFM colloidal probe technique was applied to measure
elastic properties of capsules. To monitor the influence of the composition of mechanically deformed
polyelectrolyte reflectometry techniques are useful. Thus, by analysing electron density and scattering
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length density it is possible to find the thickness and density of the material. Overall and internal
transformations are investigated via neutron and X-ray reflectometry, respectively [224]. Compared to
classical measurements, which are dependent on the contact area, rheology investigation via pendant
capsule elastometry has a number of advantages, since in this method there is no contact with capsules
in situ, while surface tension provides information about viscoelastic properties of capsules [225].
A reference to software program written in C/C++ for analysis of pendant capsule elastometry data is
also provided in [225].

There are several ways to overcome the challenge of capsule mechanical strength enhancement.
Varying the number of polyelectrolyte layers, the molecular weight of polyelectrolytes, applying a
thermal shrinking as well as nanoparticles incorporation were used for enhancing mechanical properties
of polyelectrolyte shells. Increasing the number of polyelectrolyte layers is the simplest method to
enhance mechanical stability [223,226], where the elastic modulus was reported to increase from to 10
to 190 kPa (and even higher) by creation of the corresponding shell structure of 10–24 µm or thicker.
Polyelectrolyte molecular weight affects mechanical properties of capsules, and that was demonstrated
for PDADMAC (molecular weight (MW) 13 kD) assembled with PSS (MW 70 kDa). The study is
based on the axisymmetric shape analysis in the process of hydrostatic inflation with varying sodium
chloride concentration in water [227] and demonstrates salo-plasticity. In other words, the higher
the concentration of the salt, the higher the plasticization of assembled polymers. At certain point,
type of response to deformation changes from elastic to plastic one. The complexation charge transfer
from intrinsic to extrinsic lead to restoration of polymer mobility. That, in turn, results in a liquid-like
interface, which is experimentally observed upon load. Another empirical fact is that the structure with
a higher MW demands lower concentration of salt for plasticization. To rephrase it, a higher molecular
weight leads to a lower melting point. That can be attributed to fewer electrostatic cross-linkages.

Crosslinking affects the mechanical properties of a capsule. For example, it was shown recently
that synthesis of hollow polyelectrolyte capsules with ultraviolet-B-induced crosslinking was achieved
by inclusion of thymine pendant groups in polyelectrolyte molecule [228]. One more recent example
includes investigation of capsules crosslinked via amino/betaine dual-functional copolymers, also used
for cell encapsulation [229]. Genipin-crosslinked capsules are significantly more stable as pipette
aspiration tests showed. Thus, to simulate immune recognition a protein adhesion was carried out,
where capsules were treated with FITC-labelled bovine serum albumin (BSA). The results show fine
mechanical stability and very low binding of BSA to genipin-crosslinked capsules. Finally, sodium
polyphosphate was used as a cross-linking agent for chitosan-modified cellulose capsules [230].
Hydrogen bonding affects the mechanical properties of capsules. For example, mechanically robust but
soft spherical capsules based on a hydrogen-bonded (poly(N-vinylpyrrolidone) and (poly(methacrylic
acid) were recently proposed [231]. The mechanical properties of capsules were evaluated via the
method of osmotic pressure difference. The resulting elasticity lay in the range of Young’s modulus that
is common for elastomeric networks and was measured to be 97± 8 MPa. The deformation was induced
by the osmotic pressure due to polystyrene sulfonate addition to the solution. Thus, hydrogen-bonded
capsules showed recovery close to their initial shape within 12 h after the rinsing off the PSS.
Investigation showed that capsules were capable of withstanding large deformations. This feature
seems to be essential for the creation of adaptable delivery particles.

The approach of thermal shrinking of capsules [232] has been widely used for encapsulation of
molecules and recently of enzymes [233], which found the optimal temperature for the encapsulation of
enzymes. Temperature-dependence (in the range from 20 to 70 degrees ◦C) of mechanical properties of
capsules (filled with air, oil, and water) was also studied by AFM [234]. Water significantly influences
the thermal transition, e.g., as it was observed for PDADMAC)/ PAA complexes [235], where the
glass-transition temperature was investigated by differential scanning calorimetry. This thermal
transition occurs at a lower temperature when hydration is increased and/or complexation pH is
decreased. Nevertheless, for some systems the thermal transition appears to be only water dependent.
Therefore, a hypothesis for the thermal transition (T-tr) was proposed involving are two steps of
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hydrated capsule thermal transition. Both T-tr are due to restructuring of hydrogen bonds in the
water-polyelectrolyte system and subsequent chain relaxation.

Although research on LbL planar coatings often preceded that on polyelectrolyte capsules,
strengthening the capsule by nanoparticles was reported quite early. Indeed, strengthening of mechanical
properties of capsules was performed by introduction of gold nanoparticles into the polymeric layers
assigned to the introduction of an inorganic components and the formation of additional linkages of
polymers [236]. Other examples of incorporation of nanoparticles include carbon nanotubes [237],
graphene oxide [238], high stiffness cellulose nanofibrils [239], iron oxide nanoparticles [240], etc.
It should be noted that the suspension of polyelectrolytes in polyelectrolyte multilayer capsules allows
for a very sensitive assessment of polyelectrolyte multilayer properties [236].

4.5. Other Nanostructured Inorganic Building Blocks in LbL Microcapsules

Employment of carbon nanotubes as a filler in composite shells of polyelectrolyte microcapsules
allowed reinforcement of their mechanical properties and tuning barrier properties together with the
possibility of controlled opening by a NIR laser [237,241]. The conductivity of the polyelectrolyte films
was also shown to be increased by carbon nanostructures (so-called carbon dots) via in situ “green”
synthesis [242]. A similar procedure was applied to polyelectrolyte capsules in order to provide bright
fluorescence induced by biocompatible carbon nanoparticles [207].

5. 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. This is evidenced
by the first published results, where the focus lay on understanding the assembly and properties, and to
a much lesser degree were applications investigated then. But 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 the LbL assembly, which serves as a matrix to order
functional components in a predetermined manner with a high spatial 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, smart coatings including those with anti-corrosion function and improved mechanical
properties or barrier function. These advances enabled the fabrication of multifunctional drug
carriers with controllable and switchable parameters for advanced coatings in response to external
stimuli. Several publications demonstrated possibilities of creating carriers for theranostics based on a
combination of sensing properties with responsiveness towards external stimuli of different natures.
For hybrid coatings containing nanoparticles, external stimuli have been also shown to control the
surface cross-linking, its mechanical properties, corrosion functionality, etc.

Some disadvantages of adding nanoparticles are also 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 nanoparticle, for example for semiconductor quantum dots. But advantages of
adding nanoparticles or nanocomponents are experienced particularly at a larger scope of applications.
That is why the advantages of adding nanoparticles and nanocomponents completely outweigh these
potential disadvantages.

Assessing future trends of research and development activities, one can say that nanoparticles
have become indispensable components of the LbL assembly. Although some challenges remain for
solving issues related to the circulation of drug carries within the body, targeting them to the site of
interest, designing advanced coatings controllable by various stimuli, developing mechanisms for
sensing physico-chemical parameters, and adjusting the influence of the system response to external
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stimuli. Research work is underway to develop truly advanced coatings both on spherical and flat
interfaces. In this regard, the LbL-assembly has proved to be a very versatile method assembly of
coatings with an enormous potential for control of their properties and a rich mix of stimuli available
for achieving that. Many scientific groups are working on this subject and many of those groups have
had links and have been influenced by Helmuth Möhwald [243], whose dedication, profoundness,
and accommodating way of thinking have encouraged many of his students, collaborators, followers,
and researchers. His inspiration has influenced development in this area and will certainly do so in
the future.
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Tailoring Polyelectrolyte Architecture To Promote Cell Growth and Inhibit Bacterial Adhesion. ACS Appl.
Mater. Interfaces 2018, 10, 7882–7891. [CrossRef]

51. Carvalho, A.L.; Vale, A.C.; Sousa, M.P.; Barbosa, A.M.; Torrado, E.; Mano, J.F.; Alves, N.M. Antibacterial
bioadhesive layer-by-layer coatings for orthopedic applications. J. Mater. Chem. B 2016, 4, 5385–5393.
[CrossRef]

52. Abalymov, A.A.; Van Der Meeren, L.; Saveleva, M.; Prikhozhdenko, E.; Dewettinck, K.; Parakhonskiy, B.;
Skirtach, A.G. Cells-Grab-on Particles: A Novel Approach to Control Cell Focal Adhesion on Hybrid
Thermally Annealed Hydrogels. ACS Biomater. Sci. Eng. 2020, 6, 3933–3944. [CrossRef]

53. Abalymov, A.A.; Parakhonskiy, B.; Skirtach, A.G. Polymer- and Hybrid-Based Biomaterials for Interstitial,
Connective, Vascular, Nerve, Visceral and Musculoskeletal Tissue Engineering. Polymers 2020, 12, 620.
[CrossRef]

http://dx.doi.org/10.1021/acsnano.5b03578
http://www.ncbi.nlm.nih.gov/pubmed/26344174
http://dx.doi.org/10.1021/acs.langmuir.8b03311
http://www.ncbi.nlm.nih.gov/pubmed/30673291
http://dx.doi.org/10.1039/C6NR08045F
http://www.ncbi.nlm.nih.gov/pubmed/28059411
http://dx.doi.org/10.1039/c3ta12699d
http://dx.doi.org/10.1007/s10570-019-02815-0
http://dx.doi.org/10.1002/adhm.201801493
http://dx.doi.org/10.1021/la401632x
http://dx.doi.org/10.1016/j.tsf.2008.10.036
http://dx.doi.org/10.1021/ma0119833
http://dx.doi.org/10.3390/polym12091949
http://www.ncbi.nlm.nih.gov/pubmed/32872246
http://dx.doi.org/10.1039/C5RA23019E
http://dx.doi.org/10.1021/la0521802
http://www.ncbi.nlm.nih.gov/pubmed/16430283
http://dx.doi.org/10.1021/la300635z
http://www.ncbi.nlm.nih.gov/pubmed/22509757
http://dx.doi.org/10.1016/j.colsurfa.2020.125185
http://dx.doi.org/10.1021/acsami.8b00666
http://dx.doi.org/10.1039/C6TB00841K
http://dx.doi.org/10.1021/acsbiomaterials.0c00119
http://dx.doi.org/10.3390/polym12030620


Coatings 2020, 10, 1131 19 of 28

54. Kolesnikova, T.A.; Kohler, D.; Skirtach, A.G.; Möhwald, H. Laser-Induced Cell Detachment, Patterning,
and Regrowth on Gold Nanoparticle Functionalized Surfaces. ACS Nano 2012, 6, 9585–9595. [CrossRef]
[PubMed]

55. Bai, J.; Zuo, X.; Feng, X.; Sun, Y.; Ge, Q.; Wang, X.; Gao, C. Dynamic Titania Nanotube Surface Achieves
UV-Triggered Charge Reversal and Enhances Cell Differentiation. ACS Appl. Mater. Interfaces 2019,
11, 36939–36948. [CrossRef] [PubMed]

56. Xing, R.; Jiao, T.; Ma, K.; Ma, G.; Möhwald, H.; Yan, X. Regulating Cell Apoptosis on Layer-by-Layer
Assembled Multilayers of Photosensitizer-Coupled Polypeptides and Gold Nanoparticles. Sci. Rep. 2016,
6, 26506. [CrossRef] [PubMed]

57. Skirtach, A.G.; Volodkin, D.V.; Möhwald, H. Bio-interfaces-Interaction of PLL/HA Thick Films with
Nanoparticles and Microcapsules. ChemPhysChem 2010, 11, 822–829. [CrossRef]

58. De Gennes, P.-G. Soft Matter (Nobel Lecture). Angew. Chem. Int. Ed. Engl. 1992, 31, 842–845. [CrossRef]
59. Skorb, E.V.; Möhwald, H. 25th Anniversary Article: Dynamic Interfaces for Responsive Encapsulation

Systems. Adv. Mater. 2013, 25, 5029–5043. [CrossRef]
60. Li, J.; Gao, W.; Dong, R.; Pei, A.; Sattayasamitsathit, S.; Wang, J. Nanomotor lithography. Nat. Commun. 2014,

5, 5026. [CrossRef]
61. Guix, M.; Meyer, A.K.; Koch, B.; Schmidt, O.G. Carbonate-based Janus micromotors moving in ultra-light

acidic environment generated by HeLa cells in situ. Sci. Rep. 2016, 6, 21701. [CrossRef]
62. Dong, R.; Li, J.; Rozen, I.; Ezhilan, B.; Xu, T.; Christianson, C.; Gao, W.; Saintillan, D.; Ren, B.; Wang, J.

Vapor-Driven Propulsion of Catalytic Micromotors. Sci. Rep. 2015, 5, 13226. [CrossRef]
63. Shchukin, D.G.D.G.; Zheludkevich, M.L.; Yasakau, K.a.; Lamaka, S.; Ferreira, M.G.S.M.G.S.; Möhwald, H.

Layer-by-Layer Assembled Nanocontainers for Self-Healing Corrosion Protection. Adv. Mater. 2006,
18, 1672–1678. [CrossRef]

64. Andreeva, D.V.; Fix, D.; Möhwald, H.; Shchukin, D.G. Self-Healing Anticorrosion Coatings Based on
pH-Sensitive Polyelectrolyte/Inhibitor Sandwichlike Nanostructures. Adv. Mater. 2008, 20, 2789–2794.
[CrossRef] [PubMed]

65. 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]

66. Vergaro, V.; Scarlino, F.; Bellomo, C.; Rinaldi, R.; Vergara, D.; Maffia, M.; Baldassarre, F.; Giannelli, G.;
Zhang, X.; Lvov, Y.M.; et al. Drug-loaded polyelectrolyte microcapsules for sustained targeting of cancer
cells. Adv. Drug Deliv. Rev. 2011, 63, 847–864. [CrossRef] [PubMed]

67. Zhao, T.; Chen, L.; Wang, P.; Li, B.; Lin, R.; Abdulkareem Al-Khalaf, A.; Hozzein, W.N.; Zhang, F.; Li, X.;
Zhao, D. Surface-kinetics mediated mesoporous multipods for enhanced bacterial adhesion and inhibition.
Nat. Commun. 2019, 10, 4387. [CrossRef] [PubMed]

68. Ling, X.Y.; Phang, I.Y.; Acikgoz, C.; Yilmaz, M.D.; Hempenius, M.A.; Vancso, G.J.; Huskens, J. Janus
Particles with Controllable Patchiness and Their Chemical Functionalization and Supramolecular Assembly.
Angew. Chem. Int. Ed. 2009, 48, 7677–7682. [CrossRef]

69. Pawar, A.B.; Kretzschmar, I. Fabrication, Assembly, and Application of Patchy Particles.
Macromol. Rapid Commun. 2010, 31, 150–168. [CrossRef]

70. Yoshida, M.; Roh, K.-H.; Mandal, S.; Bhaskar, S.; Lim, D.; Nandivada, H.; Deng, X.; Lahann, J. Structurally
Controlled Bio-hybrid Materials Based on Unidirectional Association of Anisotropic Microparticles with
Human Endothelial Cells. Adv. Mater. 2009, 21, 4920–4925. [CrossRef]

71. Chen, R.T.; Muir, B.W.; Such, G.K.; Postma, A.; McLean, K.M.; Caruso, F. Fabrication of asymmetric “Janus”
particles via plasma polymerization. Chem. Commun. 2010, 46, 5121–5123. [CrossRef]

72. Paunov, V.N.; Cayre, O.J. Supraparticles and “Janus” Particles Fabricated by Replication of Particle Monolayers
at Liquid Surfaces Using a Gel Trapping Technique. Adv. Mater. 2004, 16, 788–791. [CrossRef]

73. Li, Z.; Lee, D.; Rubner, M.F.; Cohen, R.E. Layer-by-Layer Assembled Janus Microcapsules. Macromolecules
2005, 38, 7876–7879. [CrossRef]

74. Cui, J.-Q.; Kretzschmar, I. Surface-Anisotropic Polystyrene Spheres by Electroless Deposition. Langmuir 2006,
22, 8281–8284. [CrossRef] [PubMed]

75. Kohler, D.; Madaboosi, N.; Delcea, M.; Schmidt, S.; De Geest, B.G.; Volodkin, D.V.; Möhwald, H.; Skirtach, A.G.
Patchiness of embedded particles and film stiffness control through concentration of gold nanoparticles.
Adv. Mater. 2012, 24, 1095–1100. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/nn302891u
http://www.ncbi.nlm.nih.gov/pubmed/23066742
http://dx.doi.org/10.1021/acsami.9b11536
http://www.ncbi.nlm.nih.gov/pubmed/31513367
http://dx.doi.org/10.1038/srep26506
http://www.ncbi.nlm.nih.gov/pubmed/27211344
http://dx.doi.org/10.1002/cphc.200900676
http://dx.doi.org/10.1002/anie.199208421
http://dx.doi.org/10.1002/adma.201302142
http://dx.doi.org/10.1038/ncomms6026
http://dx.doi.org/10.1038/srep21701
http://dx.doi.org/10.1038/srep13226
http://dx.doi.org/10.1002/adma.200502053
http://dx.doi.org/10.1002/adma.200800705
http://www.ncbi.nlm.nih.gov/pubmed/25213908
http://dx.doi.org/10.1039/c2cs35088b
http://www.ncbi.nlm.nih.gov/pubmed/22695830
http://dx.doi.org/10.1016/j.addr.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/21620912
http://dx.doi.org/10.1038/s41467-019-12378-0
http://www.ncbi.nlm.nih.gov/pubmed/31558724
http://dx.doi.org/10.1002/anie.200903579
http://dx.doi.org/10.1002/marc.200900614
http://dx.doi.org/10.1002/adma.200901971
http://dx.doi.org/10.1039/c0cc00474j
http://dx.doi.org/10.1002/adma.200306476
http://dx.doi.org/10.1021/ma0513012
http://dx.doi.org/10.1021/la061742u
http://www.ncbi.nlm.nih.gov/pubmed/16981737
http://dx.doi.org/10.1002/adma.201103958
http://www.ncbi.nlm.nih.gov/pubmed/22266798


Coatings 2020, 10, 1131 20 of 28

76. Xu, W.; Rudov, A.; Oppermann, A.; Wypysek, S.; Kather, M.; Schroeder, R.; Richtering, W.; Potemkin, I.I.;
Wöll, D.; Pich, A. Synthesis of Polyampholyte Janus-like Microgels by Coacervation of Reactive Precursors
in Precipitation Polymerization. Angew. Chem. Int. Ed. 2020, 59, 1248–1255. [CrossRef] [PubMed]

77. Kobaku, S.P.R.; Snyder, C.S.; Karunakaran, R.G.; Kwon, G.; Wong, P.; Tuteja, A.; Mehta, G. Wettability
Engendered Templated Self-Assembly (WETS) for the Fabrication of Biocompatible, Polymer–Polyelectrolyte
Janus Particles. ACS Macro Lett. 2019, 8, 1491–1497. [CrossRef]

78. Ji, Y.; Lin, X.; Wang, D.; Zhou, C.; Wu, Y.; He, Q. Continuously Variable Regulation of the Speed of
Bubble-Propelled Janus Microcapsule Motors Based on Salt-Responsive Polyelectrolyte Brushes. Chem. Asian J.
2019, 14, 2450–2455. [CrossRef] [PubMed]

79. Shao, J.; Abdelghani, M.; Shen, G.; Cao, S.; Williams, D.S.; van Hest, J.C.M. Erythrocyte Membrane Modified
Janus Polymeric Motors for Thrombus Therapy. ACS Nano 2018, 12, 4877–4885. [CrossRef] [PubMed]

80. Wu, Y.; Lin, X.; Wu, Z.; Möhwald, H.; He, Q. Self-Propelled Polymer Multilayer Janus Capsules for Effective
Drug Delivery and Light-Triggered Release. ACS Appl. Mater. Interfaces 2014, 6, 10476–10481. [CrossRef]

81. Wu, Y.; Si, T.; Lin, X.; He, Q. Near infrared-modulated propulsion of catalytic Janus polymer multilayer
capsule motors. Chem. Commun. 2015, 51, 511–514. [CrossRef]

82. Yoshizumi, Y.; Suzuki, H. Self-Propelled Metal–Polymer Hybrid Micromachines with Bending and Rotational
Motions. ACS Appl. Mater. Interfaces 2017, 9, 21355–21361. [CrossRef]

83. Marschelke, C.; Raguzin, I.; Matura, A.; Fery, A.; Synytska, A. Controlled and tunable design of polymer
interface for immobilization of enzymes: Does curvature matter? Soft Matter 2017, 13, 1074–1084. [CrossRef]

84. Lin, Z.; Wu, Z.; Lin, X.; He, Q. Catalytic Polymer Multilayer Shell Motors for Separation of Organics.
Chem. Eur. J. 2016, 22, 1587–1591. [CrossRef] [PubMed]

85. Hu, N.; Zhang, B.; Gai, M.; Zheng, C.; Frueh, J.; He, Q. Forecastable and Guidable Bubble-Propelled
Microplate Motors for Cell Transport. Macromol. Rapid Commun. 2017, 38, 1600795. [CrossRef] [PubMed]

86. Gilbert, J.B.; O’Brien, J.S.; Suresh, H.S.; Cohen, R.E.; Rubner, M.F. Orientation-Specific Attachment of
Polymeric Microtubes on Cell Surfaces. Adv. Mater. 2013, 5948–5952. [CrossRef] [PubMed]

87. He, W.; Frueh, J.; Wu, Z.; He, Q. Leucocyte Membrane-Coated Janus Microcapsules for Enhanced Photothermal
Cancer Treatment. Langmuir 2016, 32, 3637–3644. [CrossRef] [PubMed]

88. He, W.; Frueh, J.; Wu, Z.; He, Q. How Leucocyte Cell Membrane Modified Janus Microcapsules are
Phagocytosed by Cancer Cells. ACS Appl. Mater. Interfaces 2016, 8, 4407–4415. [CrossRef] [PubMed]

89. He, W.; Frueh, J.; Hu, N.; Liu, L.; Gai, M.; He, Q. Guidable Thermophoretic Janus Micromotors Containing
Gold Nanocolorifiers for Infrared Laser Assisted Tissue Welding. Adv. Sci. 2016, 3, 1600206. [CrossRef]

90. Volodkin, D.; Skirtach, A.; Möhwald, H. Bioapplications of light-sensitive polymer films and capsules
assembled using the layer-by-layer technique. Polym. Int. 2012, 61, 673–679. [CrossRef]

91. Andreeva, D.V.; Skorb, E.V.; Shchukin, D.G. Layer-by-Layer Polyelectrolyte/Inhibitor Nanostructures for
Metal Corrosion Protection. ACS Appl. Mater. Interfaces 2010, 2, 1954–1962. [CrossRef]

92. Andreeva, D.V.; Fix, D.; Möhwald, H.; Shchukin, D.G. Buffering polyelectrolyte multilayers for active
corrosion protection. J. Mater. Chem. 2008, 18, 1738–1740. [CrossRef]

93. Haneder, S.; Da Como, E.; Feldmann, J.; Lupton, J.M.; Lennartz, C.; Erk, P.; Fuchs, E.; Molt, O.; Münster, I.;
Schildknecht, C.; et al. Controlling the Radiative Rate of Deep-Blue Electrophosphorescent Organometallic
Complexes by Singlet-Triplet Gap Engineering. Adv. Mater. 2008, 20, 3325–3330. [CrossRef]

94. Grigoriev, D.O.; Köhler, K.; Skorb, E.; Shchukin, D.G.; Möhwald, H. Polyelectrolyte complexes as a “smart”
depot for self-healing anticorrosion coatings. Soft Matter 2009, 5, 1426–1432. [CrossRef]

95. Skorb, E.V.; Skirtach, A.G.; Sviridov, D.V.; Shchukin, D.G.; Möhwald, H. Laser-Controllable Coatings for
Corrosion Protection. ACS Nano 2009, 3, 1753–1760. [CrossRef] [PubMed]

96. Jafari, A.H.; Hosseini, S.M.A.; Jamalizadeh, E. Investigation of Smart Nanocapsules Containing Inhibitors for
Corrosion Protection of Copper. Electrochim. Acta 2010, 55, 9004–9009. [CrossRef]
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241. Chojnacka-Górka, K.; Rozpędzik, A.; Zapotoczny, S. Robust polyelectrolyte microcapsules reinforced with
carbon nanotubes. RSC Adv. 2016, 6, 114639–114643. [CrossRef]

242. Ermakov, A.V.; Prikhozhdenko, E.S.; Demina, P.A.; Gorbachev, I.A.; Vostrikova, A.M.; Sapelkin, A.V.;
Goryacheva, I.Y.; Sukhorukov, G.B. Composite multilayer films based on polyelectrolytes and in situ-formed
carbon nanostructures with enhanced photoluminescence and conductivity properties. J. Appl. Polym. Sci.
2019, 136, 47718. [CrossRef]

243. 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]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.macromol.6b00742
http://dx.doi.org/10.1039/B812553H
http://dx.doi.org/10.1002/adfm.201000846
http://dx.doi.org/10.1039/C5NR07665J
http://www.ncbi.nlm.nih.gov/pubmed/26892453
http://dx.doi.org/10.1039/C7SM00092H
http://www.ncbi.nlm.nih.gov/pubmed/28358160
http://dx.doi.org/10.1039/C7SM00705A
http://www.ncbi.nlm.nih.gov/pubmed/28581001
http://dx.doi.org/10.1039/C6RA21220D
http://dx.doi.org/10.1002/app.47718
http://dx.doi.org/10.1021/acsnano.9b03326
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Functionalization of Polyelectrolyte Multilayers—Organic versus Inorganic Building Blocks 
	Incorporation of Dyes in Layer-by-Layer (LbL) Coatings—Bringing Multifunctionality through Organic Moieties 
	Incorporation of Nanoparticles in LbL Coatings—Hardness Enhancement and Additional Properties through Inorganic Building Blocks 

	Planar LbL Coatings and Their Functionalization by Nanoparticles 
	Enhancement of Mechanical Properties and Remote Acteivation of LbL Coatings 
	Passive and Active Activation of LbL Coatings 
	Assembling Janus Particles and Capsules Using LbL Coatings 
	Corrosion Protection of the Coatings 
	Development of Sensors and Biosensors Based on Layer-by-Layer Assembled Coatings 
	Other Nanostructured Inorganic Building Blocks in LbL Planar Coatings 

	Spherical LbL Capsules and Their Functionalization by Nanoparticles 
	Nanoparticle Incorporation into the Shell of LbL Capsules 
	Supramolecular Functionalization and Click Chemistry 
	Release from Microcapsules by Laser Light, Magnetic Fields and Ultrasound 
	Strengthening of Mechanical Properties of LbL Microcapsules by Nanoparticles 
	Other Nanostructured Inorganic Building Blocks in LbL Microcapsules 

	Conclusions and Perspectives 
	References

