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Abstract
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Layer-by-layer (LbL) assembly is an easier, inexpensive, and highly versatile
bottom-up methodology to modify surfaces and fabricate functional multi-
layer thin films and nanocomposites with fine-tuned compositions, struc-
tures, properties, and functions at the nanoscale. Since the early stages of its
development, LbL technology has gathered increasing attention across dif-
ferent fields of application, including in the biomedical field owing to its
mild processing conditions. In this chapter, we review the multitude of
templates, spanning from the zero-dimensional to the three-dimensional,
for shaping a diverse set of multifunctional soft-based LbL structures aiming
for biomedical applications. Several examples are given on multilayered
structures, including nano-to-macro particles and hollow capsules or tubes,
multilayered thin films and free-standing membranes, multi-
compartmentalized systems, porous scaffolds, and even dynamic living
cell platforms, which can act as unprecedented building blocks to create
highly complex LbL devices. We envisage that such a multitude of functional
LbL devices will stimulate scientists to pursue the further development of
LbL technology and foster its effective translation to practical biomedical
applications.



CHAPTER 18

Shaping Soft Structures Using
Bottom-up Layer-by-layer
Assembly Technology for
Biomedical Applications

J. BORGES,* C. F. V. SOUSA, I. M. BJØRGE, S. NADINE,
C. R. CORREIA, S. G. PATRÍCIO AND J. F. MANO

CICECO – Aveiro Institute of Materials, Department of Chemistry, University
of Aveiro, Campus Universitário de Santiago, 3810-193 Aveiro, Portugal
*Email: joaoborges@ua.pt

18.1 Introduction – Overview of the Layer-by-layer
Assembly Technology

Over the last three decades, the layer-by-layer (LbL) assembly technology has
proven to be a simple, cost-effective, reproducible, and highly versatile
bottom-up methodology to functionalize surfaces and fabricate robust and
conformal multilayered architectures with precisely tailored compositions,
structures, properties, and functions at the nanoscale. The simplicity of the
LbL technique relies on the sequential deposition of complementary multi-
valent materials on a substrate into a diverse set of LbL structures. Dating
back to the seminal work by Iler on the fabrication of electrostatically-driven
multilayers of oppositely-charged colloidal particles on flat glass substrates
in 1966,1 the LbL assembly technique only started to be recognized after the
work by Decher, Hong, and co-workers on the build-up of multilayers of
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oppositely charged bipolar

TS:1

amphiphiles,2 polyelectrolyte multilayers,3 and
combinations thereof onto charged planar solid surfaces in the early 1990s.4

Since then, the LbL technique has taken off and has quickly extended to the
build-up of multifunctional multilayered assemblies encompassing an
unprecedented array of materials (e.g. polymers, proteins, viruses, living
cells, nucleic acids, nanoparticles, carbon nanotubes, clays) on virtually any
kind of surface by resorting to a multitude of intermolecular interactions.5

The fact that the assembly process can be performed at room temperature, in
entirely aqueous solutions under mild conditions is a key advantage of the
LbL technology, especially when aiming for biomedical and biotechnological
applications.6–8 Besides, the versatility endowed by the LbL technology is
also unlocked by the panoply of deposition methods9 and substrates10 used
to molecularly engineer the multilayer assemblies. Despite the tedious as-
sembly process and the relatively large amount of materials needed for each
deposition step, the dip-coating methodology is still the one that reunites
more consensus to date due to the feasibility and easiness in coating flat,
non-flat, and even substrates with more convoluted geometries. The LbL
assembly process can be performed in any type of substrate, regardless of
size, shape, surface chemistry, texture, and inanimate or animate nature,
thus enabling shaping a diverse set of soft multilayered structures for
addressing a wide variety of applications, including biomedical and bio-
technological applications. In this chapter, we provide a comprehensive
overview on the different types of substrates that have been conformally
coated with an unprecedented choice of materials in a LbL fashion towards
the preparation of a diverse set of multifunctional soft multilayered
structures and devices, spanning from the zero-dimensional (0D) to the
three-dimensional (3D), aimed for addressing a wide variety of biomedical
applications. We anticipate that this chapter will spotlight the immeasurable
possibilities and advantages imparted by the LbL technology, as well as fuel
the academic and industrial communities with enlightened ideas for pushing
up the development of innovative multilayered structures, exhibiting distinct
composition, geometries, levels of complexity and (multi)functionalities,
towards addressing practical biomedical applications.

18.2 Shaping Soft Structures Across Multiple Length
Scales Using Inanimate Surfaces

The preparation of soft matter-based multidimensional nanostructures via
template-assisted LbL assembly has gathered considerable attention in the
biomedical and biotechnological fields, including as drug/gene/therapeutic
carriers, bioreactors, intracellular trafficking devices, cell culture platforms,
biomineralizable matrices, and tissue engineering scaffolds.6–8 In this sub-
chapter, emphasis will be given to the fabrication of 0D to 3D solid-core and
hollow multilayered structures by LbL assembly of complementary single-
component or multiple building blocks on a variety of inanimate templates.
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18.2.1 0D Nanostructures

LbL-coating solid-core nanoparticles and hollow multilayered nanocapsules
obtained after core template dissolution present themselves as highly at-
tractive candidates for numerous biomedical applications owing to their
straightforward synthesis, availability in different sizes, high biocompati-
bility, and enhanced surface-area-to-volume ratio. Herein, we will spotlight
the most widely employed organic and inorganic cores to produce core–shell
nanoparticles and hollow nanocapsules for biomedical applications.

18.2.1.1 Inorganic Core

18.2.1.1.1 Gold. Gold nanoparticles (AuNPs; 7–50 nm diameter) have
been applied as templates for the production of electrostatically driven
multilayered nanoparticles and hollow multilayered nanocapsules
encompassing up to twenty oppositely-charged polyelectrolyte layers.11

Grafting multifunctional molecules to polyelectrolytes is an attractive
option to impart the developed layered structures with any desired multi-
functionalities. For example, the fluorescence quenching effect of Au cores
allows increasing the fluorescence intensity emitted from both core–shell
nanoparticles and hollow nanocapsules while increasing the number of
poly(allylamine hydrochloride) (PAH)/poly(sodium 4-styrenesulfonate) (PSS)
bilayers assembled in-between the outer fluorescently labeled PAH layer
and the Au core. These core–shell nanoparticles and hollow nanocapsules
hold great promise in diagnostics, therapeutics, and theranostics appli-
cations, including as fluorescent sensors or photocontrollable delivery
agents.12 AuNPs are also suitable as nanodelivery vehicles of small inter-
fering ribonucleic acid (siRNA) to cells, as demonstrated via dose-
dependent knock-down of enhanced green fluorescent protein (eGFP) by
CHO-K1/eGFP cells internalizing poly(ethyleneimine) (PEI)-functionalized
AuNPs coated with PEI/siRNA multilayers.13

18.2.1.1.2 Iron Oxide. Multilayered iron oxide nanoparticles (IONPs;
B10 nm diameter) have been reported as suitable nanocarriers for the
encapsulation and sustained release of model hydrophobic drugs. For
instance, doxorubicin (DOX) loaded IONPs were orally administered for
targeted DOX intestinal release by the inclusion of an outer milk protein
casein layer, which was stable in acidic gastric conditions but degraded by
the intestinal protease. Due to the magnetic core, the IONPs themselves
and the guided drug release can be easily tracked in vivo by the generated
magnetic resonance imaging (MRI) contrast enhancement.14 Interestingly,
the LbL technology can be used to improve the MRI contrast via the
formation of multilayered clusters containing several IONPs, which yield a
better contrast than single non-coated nanoparticles.15 In turn, water-
soluble magnetic luminescent nanoparticles were produced by coating
iron oxide cores with cadmium selenide-based quantum dot (QD) layers,
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spaced by PAH/PSS bilayers. The QD distribution and the number of
bilayers allowed tailoring the photoluminescence intensity, turning these
nanostructures into attractive platforms for the detection of water-soluble
bioconjugates in immunoassays or bioseparation protocols.16

18.2.1.1.3 Silica. Antigen-loaded nanocarriers allow the direct targeting
of labile vaccine antigens to antigen presenting cells (APCs), locally increas-
ing cell proliferation and the immune response. In this regard, nonporous
silica cores were used as templates to produce ovalbumin (OVA)-loaded
thiolated poly(methacrylic acid) (PMA)/poly(vinylpyrrolidone) multilayered
nanoparticles and hollow nanocapsules after silica template dissolution
with hydrofluoric acid. Upon internalization by APCs, OVA-epitope presen-
tation and activation of OVA-specific CD4 and CD8 T cells both in vitro and
in vivo led to enhanced T cell proliferation when compared to OVA protein
administered alone.17 Moreover, silica nanospheres with a bimodal meso-
porous structure (2–3 nm and 10–40 nm pores) have also been loaded with
the enzyme catalase and successfully used for the effective encapsulation
of the enzyme by LbL particle surface-coating with a multilayer nanoshell
encompassing either oppositely-charged poly(diallyldimethylammonium
chloride) (PDADMAC)/PSS or PDADMAC/silica nanoparticle hybrid multi-
layers. The combination of the bimodal mesoporous silica spheres and
multilayered nanoshell not only protected the enzyme but also significantly
improved its stability and maintained the enzymatic activity when com-
pared with monomodal mesoporous silica spheres (2–3 nm pores) even
upon exposure to enzyme-degrading substances, thus being a highly suit-
able nanocarrier for biocatalytic applications.18

18.2.1.1.4 Other. Given the importance of the outer-layer chemistry on
the in vivo biological performance, the functionalization of carboxyl-
modified QDs with a multilayer nanoshell comprising either oppositely-
charged poly(L-lysine) (PLL)/dextran sulfate (DS) or PLL/hyaluronic acid
(HA) bilayers was assessed for application in immunotherapeutic
approaches to cancer therapy based on the enhanced permeation and
retention (EPR) effect. In comparison with the uncoated and DS-ended
QDs, the HA-ended QDs not only demonstrated an increased stability and
lower liver accumulation, but also accumulation and clearance profiles in
subcutaneously induced tumors in mice, being indicative of passive
EPR-based targeting.19

Due to their antibacterial properties, silver nanoparticles (AgNPs) have
gathered increasing attention. However, the low stability and inherent
cytotoxicity extensively limit their biomedical applications. Tzanov and
co-workers recently reported an attractive way to circumvent these issues
by the electrostatic driven LbL decoration of AgNPs with oppositely-charged
aminocellulose and acylase multilayers. This approach imparted the
LbL-coated nanoparticles with enhanced antibacterial and antibiofilm
activities without compromising cell viability.20
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18.2.1.2 Organic Core

18.2.1.2.1 Polystyrene. Polystyrene (PS) cores are commonly employed to
produce multilayered nanoparticles and hollow nanocapsules.21 As an im-
munotherapeutic approach, the adsorption of A33 monoclonal antibody
onto PAH/PSS multilayered nanoparticles and hollow nanocapsules enabled
selective binding and internalization by A33 antigen-presenting colorectal
carcinoma-derived cells. The cell binding specificity was tuned by varying
the nanoparticle/nanocapsule size and outer polyelectrolyte layer.22 More-
over, the release rate of rhodamine B from the multilayered nanocapsules
composed of photocrosslinkable benzophenone modified-PAH/PSS was
tuned by varying the degree of UV crosslinking and the number of bilayers.23

18.2.1.2.2 Other. The multilayer nanoshell composition also impacts
the nanoparticle colloidal stability. A combination of PEI with either poly-
anions tripolyphosphate or DS multilayers on chitosan (CHT) nano-
particles showcased that the DS-coated nanoparticles (250 nm diameter)
presented a higher stability, while both multilayered strategies enabled a
pH-independent controlled release of nicotinic acid.24 The development of
a sandwich immunoassay for the detection of immunoglobulin G (IgG)
consisted of coating microcrystalline fluorescein diacetate nanoparticles
(B500 nm diameter) with PAH/PSS multilayers and subsequent adsorption
of IgG antibodies. Following the nanoparticle immunoreaction with the
substrate, the fluorescein diacetate core was dissolved by exposure to an
organic solvent and converted into soluble fluorescein, where the emitted
relative fluorescence intensity rivaled that of commercially available fluor-
escein isothiocyanate (FITC)-labeled IgG.25

18.2.2 1D Nanostructures

The development of 1D solid multilayered nanofibers and hollow multi-
layered nanotubes after template dissolution has been receiving increasing
attention in biomedicine. Herein, we will focus on the role of porous and
nonporous nanosized templates to assemble 1D multilayered nanofibers
and hollow nanotubes.

18.2.2.1 Porous Nanosized Templates

Sacrificial membrane templates containing uniform and vertically-oriented
nanometer-sized cylindrical pore arrays, such as track-etched polycarbonate
(PC) and anodic aluminum oxide (AAO), have been employed to precisely
fabricate 1D hollow nanotubular LbL nanoensembles after coating the inner
pores with complementary molecules in a multilayered fashion and template
liberation.26–29 Caruso and co-workers reported the preparation of either
polyelectrolyte or polyelectrolyte/AuNPs hybrid multilayered nanotubes onto
PC membrane templates containing cylindrical pores of 400 nm in diameter,
followed by template dissolution in dichloromethane (DCM).26 Martin and
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co-workers reported the covalent bonding-driven LbL assembly of protein-
based nanotubes by alternate assembly of either glutaraldehyde (GA)/glucose
oxidase (GOx) or GA/hemoglobin (Hb) multilayers onto 3-amino propylpho-
sphonic acid functionalized nanoporous AAO template walls.29 However, most
of the nanotubes were broken during the template dissolution process. Hence,
Komatsu and co-workers LbL-assembled electrostatic-driven multilayers com-
prising human serum albumin (HSA) and oppositely-charged synthetic poly-
electrolytes (e.g. poly-L-arginine hydrochloride (PLA)) onto nanoporous PC
templates to produce conformal and robust multilayered nanotubes in the
form of a lyophilized powder after template dissolution and rapid freeze-drying
of the extracted nanocylindrical cores (Figure 18.1A and B), as denoted by
scanning electron microscopy (SEM) (Figure 18.1C and D).30,31 The HSA-
containing multilayered nanotubes not only retained their tubular structures
but also denoted a high propensity to capture a series of molecules in their
nanocylindrical inner walls, including DNA,32 biotinylated nanoparticles
(Figure 18.1E), enzymes,30,31 and viruses,33 among others.34 An alternative
nanotube quantitative collection method was also proposed by Jonas and
co-workers based on adjuvant-assisted filtration.35 Fully biocompatible and
biodegradable nanotubes encompassing protein/lipid,36 single-component
protein,37 and either wholly polypeptide38 or marine polysaccharide39 multi-
layers have been also prepared, thus extending their potential applicability in
the biomedical field. More recently, Wang et al. made use of a PC membrane
template exhibiting well-defined cone-shaped pore arrays with a diameter
of 200 nm at the small opening and 800 nm at the big opening to develop
(PAH/PSS)10 multilayer tubular nanoswimmers functionalized with gold
nanoshells on the inner walls.40 Their ability to photomechanically perforate
the membrane of a single-HeLa cancer cell was demonstrated aided by
near-infrared light irradiation of the big opening pores enclosing the gold
nanoshells. One can foresee the development of similar self-propelled
nanoswimmers by resorting to fully biocompatible and biodegradable extra-
cellular matrix (ECM)-derived nanosized multilayers, offering great prospects in
a wide variety of biomedical and biotechnological applications, including as
smart drug/gene/therapeutic nanoreservoirs.

18.2.2.2 Nonporous Nanosized Templates

High-aspect-ratio polymeric electrospun fiber mats with nanometer-size
diameter and centimeter length have been produced by electrospinning
and used as templates to produce multilayered nanofibers and even nano-
tubes, after core fiber template dissolution. These 1D nanostructures hold
great promise for use in several biomedical applications, including in bio-
sensing, separation, controlled drug delivery, and tissue engineering and
regenerative medicine. In this regard, negatively charged electrospun cellu-
lose acetate and PS nanofibrous mats, as well as glass fibers have been
widely used as cylindrical templates to assemble a series of multilayered
nanofibers and hollow multilayered nanotubes,41–44 comprehending
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different combinations of functional complementary materials, after
template removal via either chemical42 or thermal treatment.43 Müller et al.
reported the successful and uniform LbL decoration of 400 nm diameter
sulfonated PS nanofibers with electrostatic-driven (PAH/PSS)n multilayers
after the treatment of the PS nanofibers with sulfuric acid to obtain a
negatively charged surface.42 Furthermore, the formation of conformal
hollow polyelectrolyte multilayered nanotubes was revealed after template
removal, denoting that the nanofiber’s multilayered coating was kept intact.
Besides, the preparation of nanotubes encompassing either electrostatic
polyelectrolyte/AuNPs hybrid multilayers or non-electrostatic DNA oligonu-
cleotide multilayers was also attempted. It was shown that the nanofiber’s
composition, length, and inner and outer (i.e. wall thickness) diameters
could be precisely tailored by playing with the assembled materials,
nanofiber template length, template diameter, and number of deposited
layers, respectively.

18.2.3 2D Nanostructures

Since an early stage, LbL technology has been employed to coat a variety of
flat non-patterned and patterned templates to produce 2D nanostructured
multilayered thin films and thick and robust free-standing membranes with
a wide variety of applications in the biomedical field.

18.2.3.1 Nanostructured Multilayered Thin Films

The fabrication of 2D multilayered nanostructures tightly bound to under-
lying substrates has received considerable attention in biomedical and bio-
technological applications mainly due to their ability to encapsulate, protect,
and spatiotemporally release on-demand a variety of bioactive molecules at a
well-defined target site.45 Herein, emphasis will be given to the fabrication of
nanostructured multilayered thin films on flat non-patterned and patterned
templates by resorting to a wide variety of ingredients.

Figure 18.1 (A) Schematic illustration of the template-assisted LbL assembly of
protein-based multilayered nanotubes on track-etched nanoporous
PC membrane template. (B) Schematic representation of (PLA/HSA)3
multilayered nanotube prepared using a 400 nm porous PC template.
(C and D) SEM micrographs of the lyophilized powder (C) of the
aqueous dispersion (D) of (PLA/HSA)3 multilayered nanotubes prepared
using a 400 nm porous PC template 12 h after freeze-drying in vacuo.
(E) Transmission electron microscopy micrographs of (PLA/HSA)2PLA/
poly-L-glutamic acid/Avidin multilayered nanotubes before (left) and
after (right) the encapsulation of 100 nm biotinylated fluorescent
nanoparticles (biotin-FNPs) and respective schematic illustration of
the biotin-FNPs capture in the nanotubes.
Adapted from ref. 31 with permission from American Chemical Society,
Copyright 2010.
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18.2.3.1.1 Flat Non-patterned Templates

18.2.3.1.1.1 Glass Substrates. Glass substrates have been one of the
most widely reported templates used to prepare multilayered thin films.
For instance, Criado-Gonzalez et al. reported the loading of sprayable
(ALG/CHT)5 functionalized PEI-modified glass substrate with tamoxifen, a
well-known breast cancer drug, followed by the spraying-induced de-
position of a distinct number of (CHT/ALG)n bilayers (n¼ 5, 10, and 20).46

It was shown that the drug release profile could be modulated by playing
with the number of bilayers, with the highest tamoxifen release being
obtained for the lowest number of bilayers. Furthermore, the in vitro cellu-
lar assays revealed that the human breast cancer cell viability decreased
upon exposure to tamoxifen-loaded multilayered assemblies.

18.2.3.1.1.2 Quartz Substrates. Almost thirty years ago, Decher et al.
successfully developed LbL multilayered assemblies encompassing
oppositely-charged polyelectrolytes on quartz substrates as monitored by
UV–vis spectroscopy and small angle X-ray scattering.47 Since then, the
development of multilayered thin films on quartz substrates has gained
increasing attention. Yang and co-workers developed (CHT/HA)4/(CHT/
HA-siRNA)n (n¼ 0–15 bilayers) multilayered thin films on a quartz substrate
via UV–vis spectroscopy, denoting the effective loading and sustained release
of siRNA from the multilayered films up to nine siRNA-loaded bilayers.48

This kind of surface-mediated non-viral platform holds great promise in the
localized and sustained release of siRNA in mucosal tissues.

18.2.3.1.1.3 Silicon Wafer Substrates. Silicon wafers have also been widely
used as substrates to build-up multilayered nanoensembles for fulfilling
biomedical purposes. Recently, Hong and co-workers reported the LbL
build-up of biocompatible carboxymethyl cellulose (CMC)/CHT multilayered
nanofilms on a silicon wafer and revealed that, by playing with the inner
structure of the multilayered film, one can easily control and screen the
loading and release profile of drugs according to their molecular weight
(Figure 18.2I-A).49 Moreover, the antibacterial and anti-inflammatory activity
imparted by the CMC/CHT nanofilms turn them into highly suitable
assemblies to coat ophthalmic silicone tubes to produce a multifunctional
tube for the surgical treatment of nasolacrimal duct obstruction.50

18.2.3.1.1.4 Gold Substrates. Gold substrates have been one of the most
widely used substrates for the LbL deposition of multilayered thin films
for biomedical applications owing to their bioinert properties. In this
regard, Jayakumar et al. developed a biosensor-based LbL film with con-
trollable 3D nanoarchitecture encompassing first-generation poly(amido
amine) dendrimer (PAMAM)-functionalized reduced graphene oxide and
AuNPs layers assembled onto a mercaptopropionic acid-functionalized
gold substrate for the analysis of DNA hybridization at ultra-trace levels,
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allowing the rapid diagnosis of genetic diseases.51 Moreover, Borges et al.
reported for the first time the LbL assembly of biocompatible supramole-
cular thin films encompassing ALG biopolymer and oppositely-charged
self-assembling peptide amphiphile (K3PA), revealing that the K3PA-ended
nanofibrous LbL films enhanced C2C12 myoblast cell functions.52 How-
ever, the preparation of LbL films has not been limited to supramolecular
interactions. Jerry and co-workers prepared smooth, homogeneous, and
biocompatible LbL single component poly(ethylene glycol) (PEG)
nanofilms on gold substrates by the sequential deposition of bifunctional
and tetrafunctional PEG molecules via thiol/maleimide click chemistry,
denoting great potential for biomedical purposes.53

18.2.3.1.1.5 Polystyrene Substrates. Silva et al. developed non-crosslinked
and genipin-crosslinked biocompatible (CHT/ALG)5 multilayered thin films

Figure 18.2 (I) (A) Schematic illustration of the cross-linking-induced structural
change of the CMC/CHT multilayered films and its influence on the
loading of drugs with different molecular weights. Adapted from ref. 49
with permission from American Chemical Society, Copyright 2017.
(B) Confocal laser scanning microscopy micrograph of micropatterns
of FN/BMP-2. (C) Immunofluorescence micrograph of C2C12 myoblasts
after 4 h of culture on the surface of FN/BMP-2 micropatterns. (B and C)
Adapted from ref. 56 with permission from Springer Nature, Copyright
2017. (II) (A) Shape memory behavior of (CHT/ALG)100 free-standing
multilayered membranes induced by hydration. Reproduced from ref.
67 with permission from John Wiley & Sons, Copyright 2015 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (B) SEM and (C) DAPI-
phalloidin fluorescence images at 7 days of culture of (CHT/ALG)100
free-standing multilayered membranes patterned with micro-wells.
Adapted from ref. 69 with permission from Elsevier, Copyright 2017.
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on inert and hydrophobic PS substrates aiming to spotlight the key role of
the nanocoating’s surface chemistry on tailoring the human umbilical vein
endothelial cell’s (HUVECs) fate.54 It was shown that the non-crosslinked
nanofilms did not trigger cell adhesion owing to their low stiffness and high
hydration level, whereas the crosslinked ones denoted an increase in stiffness
and a more hydrophobic behavior while increasing the concentration of
genipin, thus enhancing cell adhesion, spreading, and proliferation. More-
over, the deposition of an additional CHT/ALG bilayer on top of the cross-
linked nanofilms led to a decrease in the adhesion, spreading, and
proliferation of HUVECs to similar levels to those obtained on the non-
crosslinked films, highlighting the key role of nanofilm surface properties in
modulating cell–nanofilm interactions and cell functions.

18.2.3.1.2 Flat Patterned Templates. Besides flat smooth and non-
patterned substrates, the versatility imparted by the LbL assembly technology
has also been effectively applied to coat other types of flat surfaces, including
rough, porous, and patterned substrates. Cho et al. developed (poly(b-amino
ester)/OVA)10 multilayered thin films in PC-based cylindrical porous mem-
brane templates of various pore diameters to modulate the release kinetics of
OVA, as well as suppress the initial burst release encountered in multilayered
films assembled onto flat substrates without altering the film properties.55 In
another study, micropatterns of fibronectin (FN)-bound bone morphogenetic
protein-2 (BMP-2) were transferred into slightly crosslinked soft PLL/HA LbL
films via microcontact printing promoting C2C12 myoblast adhesion
(Figure 18.2I-B and C), as opposed to the FN/BMP-2-free non-cell adhesive
PLL/HA multilayers.56 The proposed micropatterns offer a promising route to
investigate the mechanisms triggering BMP-2-mediated mechanotransduc-
tion or to explore other combinations of ECM proteins and growth factors
aiming to recreate tissue-specific niches in in vitro microenvironments.
Likewise, flat superhydrophobic PS surfaces were decorated with patterned
wettable regions of modular size and shape for the build-up of LbL films
encompassing different combinations of CHT and oppositely charged
dopamine-modified HA (HA-DN) for a fast high-throughput screening.57

In situ mechanical tests and in vitro cellular assays revealed that multilayered
films containing a higher amount of catechol groups, i.e. CHT/HA-4DN de-
noted the highest adhesive strength and cell adhesion, with both parameters
increasing while increasing the number of bilayers.

18.2.3.2 Nanostructured Free-standing Multilayered Membranes

Over the past two decades, the fabrication of robust, thick, and detachable
multilayered films and innovative devices with intrinsic mechanical integrity
and fine-tuned properties and functions at the nanoscale has gathered
tremendous attention in numerous biomedical and biotechnological
applications. Herein, we will spotlight the different strategies that have
been employed to gently detach thick films from the underlying substrates,
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thus producing self-sustained films, usually termed as free-standing multi-
layered membranes.

18.2.3.2.1 Flat Non-patterned Templates

18.2.3.2.1.1 Hydrophilic Substrates. A typical approach to detach multi-
layered films from hydrophilic surfaces consists of the deposition of weak sac-
rificial layers on the underlying substrate prior to the multilayered film build-
up. The release of the LbL films is subsequently carried out through the se-
lective dissolution of the bottom sacrificial layers via solvent-assisted method-
ologies58 or by specific triggering mechanisms, including pH variations, salt
concentration, redox, or even light irradiation.59–61 Both strategies have been
successfully applied to develop free-standing membranes with envisioned
drug delivery ability to be applied as drug releasing patches.58,59 In particular,
the pH-induced dissolution of the sacrificial layers has been widely used to
break-up the hydrogen-bonding interactions between the pre-deposited layer
and the substrate under mild conditions, thus avoiding the use of undesirable
organic solvents.61,62 In fact, when dealing with hydrogen-bonded multi-
layered assemblies, a pre-crosslinking treatment should be applied, before the
pH triggering dissolution of the sacrificial layer, aiming to increase the chem-
ical stability and mechanical strength of the further hydrogen bond-driven
free-standing multilayered membranes.62 Nevertheless, the pH-triggered re-
lease of multilayered assemblies may represent a harsh condition that can af-
fect the original pristine bulk properties and the chemical stability of sensitive
biological materials, including proteins and cells, jeopardizing the biological
performance of the developed multilayered assemblies. One innovative and
biologically friendly way to induce the detachment of pH- and ionic strength-
stable multilayered films under mild conditions was recently proposed by
Rubner and co-workers, who reported the assembly of biologically specific
mucin/lectin multilayers capable of being completely disassembled from the
underlying glass substrate, under physiological conditions, upon exposure to
a competitive melibiose-based inhibitor sugar.63 The released free-standing
multilayered films were further attached to the cell surfaces as cell ‘‘back-
packs’’, without any sign of cytotoxicity, denoting their intrinsic ability to be
used as reservoirs for the effective loading and release of drugs.

18.2.3.2.1.2 Hydrophobic Substrates. Taking advantage of the hydrophobic
nature and low surface energy of polypropylene (PP) substrates, Hammond
and co-workers firstly reported the concept of detachable multilayered films,
i.e. free-standing films without the use of sacrificial layers.64 Such substrates
have also been used for assembling free-standing LbL membranes en-
compassing biological materials, including polysaccharides, nucleic acids,
peptides, growth factors, and therapeutic agents without jeopardizing their
chemical stability and biological activity. For instance, natural-based biopoly-
mers have been combined with bioactive glass nanoparticles on PP sub-
strates to produce nacre-inspired bioresorbable free-standing membranes for
tackling periodontal diseases. The membranes can act both as a physical
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barrier to protect the defect site and as a scaffold for triggering bone tissue
regeneration.65 Besides, biopolymer-based free-standing membranes
imparted with adhesive catechol groups have been used as advanced
bio-adhesive patches for wound healing.66 In addition, the functional ca-
techol moieties can be used as a crosslinking strategy to tune the mechanical
strength of the free-standing membranes that would impact cellular attach-
ment. Biopolymer-based free-standing membranes have also exhibited shape
memory ability, undergoing reversible geometric transformation upon hydra-
tion or ionic crosslinking (Figure 18.2II-A).67,68 These smart biomaterials
hold great promise for being used as implantable devices, being inserted in
the defect site (e.g. bone or cartilage defects) through a small incision in a
temporary shape and subsequently reaching a permanent shape after a
certain hydration level is achieved.

18.2.3.2.2 Flat Patterned Templates. Patterned hydrophobic and low
surface energy substrates have been widely used for the fabrication of free-
standing patterned multilayered membranes to modulate cell functions. Poly-
dimethylsiloxane substrates with patterned geometrical features were used to
produce biopolymeric free-standing multilayered membranes with a tuned
array of micro-wells where osteoblast-like cells tended to colonize preferen-
tially (Figure 18.2II-B and C).69 Such well-defined micro-pore arrays could act
as micro-reservoirs for the delivery of bioactive agents or as cell carrier pat-
ches for regenerative medicine. While microscale geometrical motifs are
known to influence cell adhesion, migration, and organization, nanoscale to-
pographical features have been employed to regulate cell proliferation, differ-
entiation, alignment, or gene expression. Sousa et al. produced nanogrooved
multilayered films by LbL coating nanopatterned PC templates denoting
nanogrooved features.70 These nanotopographical features played a pivotal
role in modulating C2C12 myoblast cell alignment along the nanopattern dir-
ection and in triggering their differentiation into myotubes, thus holding
great promise in muscle tissue regeneration. This approach could be adapted
to other cell types that respond to topographical features, including neuronal
or endothelial cells, to prompt the regeneration of nerves or blood vessels.

18.2.4 3D Structures

Beyond the preparation of 0D, 1D, and 2D LbL architectures, LbL technology
has shown remarkable potential to coat more convoluted 3D surfaces, in-
cluding colloidal particles, tube-like or cylindrical, and porous and inter-
connected structures, demonstrating that LbL technology can coat virtually
any kind of surface and find widespread use in many biomedical applications.

18.2.4.1 Micro/Macro-particles and Hollow Capsules

LbL technology can be scaled-up to the third dimension simply by alter-
natively assembling multilayers onto 3D substrates. The current subchapter
will focus on the fabrication of micro- and macro-sized core–shell colloidal
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particles and hollow LbL structures by resorting to either a variety of organic
or inorganic core templates and LbL ingredients for addressing a wide
variety of biomedical applications.

18.2.4.1.1 Inorganic Templates. The LbL assembly of complementary
materials onto biocompatible micro-sized inorganic templates into core–shell
microparticles and further hollow multilayered microcapsules after core tem-
plate dissolution has been widely reported.71–74 For instance, Sukhorukov and
co-workers reported the preparation of biocompatible hollow multilayered
microcapsules by LbL coating calcium carbonate (CaCO3) microcores with
either electrostatic-driven ALG/PLA or DS/PLA multilayered shells, followed by
core template dissolution with ethylenediaminetetraacetic acid (EDTA).75 The
encapsulation of the model protein bovine serum albumin (BSA) during the
synthesis of the CaCO3 microcores (i.e. ‘‘pre-loading’’) and in the preformed
hollow multilayered microcapsules (i.e. ‘‘post-loading’’) revealed that the
protein’s release kinetics was faster in the ‘‘post-loaded’’ microcapsules than
in the ‘‘pre-loaded’’ ones, as well as for the multilayered shells encompassing
the lowest number of bilayers. More recently, Mano and co-workers reported
the fabrication of biomimetic hollow microcapsules comprising either
CHT/elastin-like recombinamer (ELR)72 or CHT/ALG multilayered shells71 for
intracellular delivery and enhanced cellular internalization, respectively.
Silk-on-silk microcapsules with the desired permeability were also templated
onto silica microparticles for being used in sustained drug delivery.74 Another
way of controlling the release of encapsulated loads from inorganic colloidal
microcores concerns the development of stimuli-responsive multilayered
shells. These include light- and pH-responsive DNA-based microcapsules
templated on PAH-functionalized CaCO3 microcores enclosing six layers of
photocleavable DNA multilayered nanoshells (Figure 18.3I-A).76 When exposed
to UV light irradiation (l¼ 365 nm), the all-DNA microcapsules disrupted
and released the respective content due to the cleavage of the o-nitrobenzyl
linkers that formed o-nitrosobenzophenone units. Likewise, pH-responsive
DNA-based microcapsules were prepared consisting of DNA bridging units
that were reconfigured at acidic pH values into i-motif structures. The
exposure to a pH 5 environment resulted in the dissociation of the DNA
multilayered shell, promoting the release of the encapsulated loads.

18.2.4.1.2 Organic Templates. Biocompatible and biodegradable CHT
microparticles prepared by an aerodynamically-assisted jetting technique
and further coated in a stepwise LbL fashion with biopolymeric materials
have been used for the encapsulation and sustained release of a hydrophilic
local anesthetic drug.77 For that, the deposition of up to three poly(D-lactic
acid)/poly(L-lactic acid) (PDLA/PLLA) bilayers onto CHT microparticles was
attempted via stereocomplexation. The presence of the hydrophobic stereo-
complex multilayered nanoshell decreased the porosity of the microparticle
surface, slowing down the release kinetics of the model drug procaine
hydrochloride. Such core–shell microparticles offer a promising route for the
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development of anesthetic release systems. Organic core–shell microcores
have also been envisioned as cell carriers for tissue engineering applications.
In this regard, Mano and co-workers encapsulated human osteoblasts
and adipose-derived stem cells (hASCs) in liquefied ALG microcapsules
encompassing a ten-layered PLL/ALG/CHT membrane to be used as
mini-reactors for the in vitro production of bone-like microtissues
(Figure 18.3I-B).78 Besides, LbL technology has been proposed to create
spherical synthetic carriers that resemble the structural features of red blood
cells (RBCs). Mitragotri and co-workers sequentially assembled nine layers of
either PAH/BSA or Hb/BSA onto the surface of biocompatible poly(lactic
acid-co-glycolide) (PLGA) microparticles, followed by chemically crosslinking
the multilayered shell with GA prior to the core template dissolution.79

Figure 18.3 (I) (A) Schematic illustration of light- and pH-induced DNA microcapsules.
SEM micrographs corresponding to (I) bare CaCO3 microparticles, (II)
DNA-coated CaCO3 microparticles, and (III) DNA microcapsules. Adapted
from ref. 76 with permission from American Chemical Society, Copyright
2016. (B) Liquefied and multilayered microcapsules encapsulating stem
cells and microparticles. The fluorescence microscopy image (left image)
represents bone-like microtissues and the corresponding histological
section staining collagen in blue (right image). Adapted from ref. 78 with
permission from IOP Publishing, Copyright 2019. (II) (A) Schematic repre-
sentation of the formation of capsosomes composed by a cationic liposome
core surrounded by a HA/CHT LbL membrane coated with smaller sized
liposomes encapsulated in a single HA/CHT bilayer. Reproduced from
ref. 86 with permission from Elsevier, Copyright 2016. (B) Schematic
illustration denoting the hierarchical organization of multifunctional
multicompartmentalized capsules: liquefied ALG beads composed by
(CHT/ALG)3 LbL nanoshells encapsulating molecular compounds and
CaCO3-templated multilayered microcapsules delimited by (CHT/ELR)3
LbL nanoshells and loaded with other types of molecular compounds
and magnetic nanoparticles. Reproduced from ref. 92 with permission
from American Chemical Society, Copyright 2013. (III) (A) Schematic
representation of the (ALG/CHT)100 macro hollow tube preparation.
(B) Optical microscopy image of (ALG/CHT)100 macro hollow tube in dry
state. (C) Histological cross-section of (ALG/CHT)100 macro hollow tubes
seeded with HUVECs and HASMCs after 7 days of culture. (A and C)
Adapted from ref. 96 with permission from American Chemical Society,
Copyright 2016. (B) Reproduced from ref. 95 with permission from
John Wiley & Sons, Copyright 2013 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (IV) (A) Schematic representation of HAp/CHT-coated
spiral PLGA scaffold production. Scaffold implantation in rabbit ulnar
defect with corresponding micro-CT reconstructions at 10 weeks post-
implantation for (1) cylindrical and (2) spiral scaffolds. Adapted from
ref. 99 with permission from American Chemical Society, Copyright 2018.
(B) Schematic representation of the preparation of C-CHT/DFO multilayers
on PCL scaffolds (left upper panel) and four distinct scaffolds used in the
animal study (left lower panel). Digital reconstructed radiographs after
micro-CT scanning of newly formed vascular structure 2 weeks after scaf-
fold insertion in the defect site for the four distinct scaffolds (right panel).
Adapted from ref. 108 with permission from Elsevier, Copyright 2019.
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The shape, flexibility, and size of the synthetic RBC-shaped PLGA template
microparticles were shown to be reminiscent of natural RBCs, with high
oxygen binding levels, even after 1 week, thus mimicking the natural
function of the native cells. These synthetic carriers were denoted as
excellent candidates for the treatment of thrombosis, simply by loading
them with anti-coagulant heparin, or even for medical imaging, through the
incorporation of IONPs as contrast agents for MRI.

18.2.4.2 Hierarchical (Multi)Compartmentalized Capsules

Living systems have served as inspiration for the development of engineered
systems with confined and multiple spatiotemporal metabolic reactions with
high accuracy and specificity.80 Although considerable progress has been
made to date in developing single compartment systems, ranging from
liposomes and cellosomes (yeast cells surrounded by a polymer membrane)
to polymersomes (polymer-based liposomes fabricated by the controlled
self-assembly of amphiphilic block copolymers) and LbL capsules, the con-
struction of highly complex multicompartmentalized systems as cell-inspired
synthetic analogs has proven to be challenging. Several approaches, including
multistep emulsification,81 microfluidics,82 and LbL assembly,83 have been
employed to engineer multicompartmentalized systems that could be em-
ployed for therapeutic cell mimicry via the encapsulation and/or conversion
of biologically active materials. Different subcompartmentalized assemblies
have been reported, namely in the form of vesosomes (liposomes-in-lipo-
somes), polymersomes-in-polymersomes, capsosomes (liposomes-in-polymer
capsules), cubosomes (highly stable nanoparticles formed from the lipid cubic
phase and stabilized by a polymer-based outer corona), multicompartment
microparticles, and subcompartmentalized polymer capsules. The current
subchapter will focus on multicompartmentalized systems developed using
the LbL technique for at least one of its components.

18.2.4.2.1 LbL Capsules Loaded with Liposomes. Capsosomes, fabri-
cated via the alternate deposition of polymer and liposome layers onto a
sacrificial colloidal template, have demonstrated their effectiveness as micro-
reactors84 and drug delivery vehicles.85 A polymer precursor layer is first
absorbed onto the template, followed by the deposition of a liposome to
form the initial polymer/liposome bilayer. After the adsorption of the desired
number of bilayers, a polymer capping layer is then absorbed followed by
the LbL assembly of the membrane of the polymer carrier capsule and sub-
sequent dissolution of the particle template. The colloidal template is
mainly composed by a silica core, although other alternatives have recently
been explored, such as a liposomal core, which eliminates the need for core
dissolution (Figure 18.3II-A).86 Different polymers, namely PLL, cholesterol-
modified PLL, poly(methacrylic acid)-co-cholesteryl methacrylate, or a
combination thereof, have shown to allow for multilayer formation atop of
liposomes without jeopardizing their own structural integrity.87 Electrostatic
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interactions alone can be limiting in the selection of the liposomes and poly-
mers that can be assembled to produce capsosomes due to restrictions in
the affinity between the liposomes and the precursor and/or capping
polymer layers. In particular, cholesterol provides a widely applicable
noncovalent anchor between polymer layers and liposomes.88,89 The
co-encapsulation of multiple enzymes and/or small molecules requires an
understanding of the size-dependent retention of different cargoes in capso-
somes, especially during their assembly. Although several studies have been
reported on cargo encapsulation and pH properties in liposomes, there are
different aspects that ought to be considered in the development of capso-
somes, namely the effects assigned to the immobilization of liposomes onto
polymer-coated silica particle surfaces and environmental pH changes
during the assembly process. The cargo retention and pH changes within
the liposomal counterpart can be simultaneously monitored using
pH-sensitive fluorescent dyes.87 The presence of liposomes allows fine-
tuning of the permeability of capsosomes using temperature stimulus since
their lipidic membrane enables the combination of different lipid com-
positions and, consequently, different phase transition temperatures.90

18.2.4.2.2 LbL Capsules Loaded with Synthetic Subcompartments.
Multicompartmentalized systems relying exclusively on the LbL methodology
are scarce in the literature. The strategy relies on the presence of a multi-
layered capsule enveloping several smaller multilayered capsules, and it has
been suggested for vaccination purposes as ‘‘self-exploding’’ systems that
release the entrapped LbL microcapsules,91 or as a proof-of-concept nano-to-
macro system triggered by temperature or magnetic stimuli (Figure 18.3II-B).92

The majority of the reported multicompartmentalized polymeric capsules rely
on a polymer capsule with concentric independently-loaded compartments
prepared by the co-precipitation method employing hard, inorganic sacrificial
templates, such as CaCO3,93 silica,94 or hybrid all-in-water emulsion
droplets.81 Alternatively, LbL capsules have been successfully combined with
polymersomes. Polymersomes present higher flexibility, tunable permeability,
higher mechanical and colloidal stability, and enhanced durability compared
to liposomes. Appelhans and co-workers reported the development of LbL
capsules surface-functionalized with PEG and encapsulating adamantly-
functionalized polymersomes with metabolism mimicry of cell mimics,
demonstrated by performing enzymatic cascade and competitive reactions in
diffusion-controlled metabolite trafficking.83

18.2.4.3 Micro/Macro-hollow Tubes

LbL technology has also been employed to engineer hollow tube-shaped
multilayered devices for tackling vascular diseases. In an attempt to develop
blood vessel substitutes, Silva et al. constructed self-sustained multilayered
hollow macro-tubes through the LbL build-up of ALG/CHT multilayers onto
sacrificial paraffin-coated glass tubes followed by core template leaching
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with DCM (Figure 18.3III-A and B).95,96 Subsequently, tubes were crosslinked
with genipin to increase the mechanical properties and decrease the water
uptake and further functionalized with FN to enhance the cell adhesiveness
of the multilayers. The developed hollow tubes were successfully co-cultured
with HUVECs and human aortic smooth muscle cells (HASMCs) on the inner
and outer sides of the tubes (Figure 18.3III-C), respectively, mimicking native
blood vessels.96 More recently, Colino et al. reported the LbL assembly of
ELRs onto a metal mesh-like tube for developing free-standing membrane-
coated stents for the treatment of coronary artery disease.97 The ELR-
membrane coated coronary stent not only exhibited mechanical stability
upon exposure to arterial flow and pressure conditions, but also denoted the
intrinsic ability to support the formation of a confluent endothelial layer,
thus holding great promising to seal aneurysms or arterial perforations and
successfully healing after stent implantation.

18.2.4.4 Porous Scaffolds

LbL technology is an attractive technique to tailor the surface properties,
improve the mechanical properties, or modify the scaffold porosity and in-
terconnectivity. This technology can be applied to either bulk scaffold
coating developed in a top-down strategy or for bottom-up scaffold pro-
duction via the aggregation and/or envelopment of unitary blocks.

18.2.4.4.1 Bead-based Scaffold. Mechanically robust 3D porous scaffolds
have been prepared by combining poly(acrylic acid) (PAA)-grafted PLLA
microspheres with the stepwise LbL assembly of either PAA/PAH or PAA/
polyacrylamide multilayers onto the microsphere’s surface, which main-
tained their structure through electrostatic or hydrogen-bonding inter-
actions, respectively. Scaffolds could be rendered electrically conductive by
the incorporation of a final graphene oxide or IONP layer.98 Alternatively,
spiral microparticle-based scaffolds were produced via roll-up of a mono-
layer of sintered PLGA microparticles with deposited PLGA nanofibers,
which was further LbL coated with hydroxyapatite (HAp)/CHT multilayers for
the controlled release of calcium.99 In a rabbit bone defect model, the spiral
scaffolds improved the bone formation when compared to their cylindrical
counterpart, likely due to a facilitated cell infiltration (Figure 18.3IV-A). Sher
et al. reported the perfusion-based LbL deposition of ALG/CHT multilayers
on softer calcium crosslinked cell-laden ALG-based structures to produce 3D
self-sustaining liquefied scaffolds via mild calcium chelation, thus ensuring
cell survival.100,101 Upon multilayer build-up on packed ALG microbeads or
reeled fibers, the subsequent chelation of the ALG template led to the for-
mation of a liquefied interconnected environment for cells to proliferate
freely. Cells themselves and the deposited ECM have also been applied as
aggregation mediators of PLL/CHT/ALG multilayered microcapsules having
an outer layer encompassing ALG functionalized with the bioactive cell ad-
hesion motif arginine–glycine–aspartic acid (RGD).102
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18.2.4.4.2 Bulk Scaffold

18.2.4.4.2.1 Electrospinning. The LbL coating of porous nanofibrous
structures produced by electrospinning constitutes a promising strategy
for the development of biologically relevant structures to be used in mul-
tiple biomedical applications. Hu et al. reported that the LbL deposition of
an increasing number of oppositely-charged quaternized chitin/silk fibroin
(SF) bilayers onto polycaprolactone (PCL)/SF electrospun scaffolds allowed
tailoring the mechanical properties of the scaffolds and enhancing their
antibacterial properties.103 Although the coating did not significantly
increase the wound healing rates in rat full-thickness cutaneous defects, it
enhanced the revascularization and led to the formation of hair follicles.
Furthermore, the surface functionalization of electrospun PCL scaffolds
with multilayers comprehending single-component SF further decorated
with heparin disaccharide triggered the non-covalent binding of
interleukin-4 in a murine subcutaneous implantation model, with the in-
trinsic capacity to tailor macrophage polarization. The functionalized scaf-
fold promoted host cell infiltration and integration into the surrounding
tissue, while reducing the formation of foreign body giant cells and fi-
brous tissue.104 Besides, biodegradable PLGA-based electrospun microfiber
scaffolds were functionalized with CHT/ALG nanolayers to promote the
immobilization and subsequent controlled release of plasmid DNA
(pDNA)/dendrimer complexes over time, while protecting the pDNA
degradation. The functionalization with BMP-2 codifying pDNA not only
promoted the adhesion and growth of human mesenchymal stem cells
(MSCs), but also triggered gene transfection and induced osteogenic differ-
entiation.105 An advantage of the LbL technique is its application for the
selective positioning of bioactive molecules between layers, which will be
sequentially exposed upon degradation of the outer layers. Hence, osteo-
conductive PLGA/nano-HAp electrospun scaffolds have been coated with
PSS/PAH multilayers grafted with distinct biofunctional peptide sequences
along the multilayer build-up to direct bone marrow-derived MSCs ad-
hesion and proliferation, induce osteogenesis, and ultimately promote
matrix mineralization, with promising results in a rat calvarial model.106

18.2.4.4.2.2 Rapid Prototyping. Rapid prototyping is a promising techni-
que to quickly fabricate 3D structures, which may be combined with LbL
technology to produce customized micro/macro-scaffolds with precisely
tailored properties and functions for biomedical purposes. Oliveira et al.
reported the preparation of PCL macro-scaffolds functionalized with
nanostructured multilayers encompassing human platelet lysate (PL) and
marine-origin polysaccharides. Upon the LbL assembly process, the hier-
archical scaffolds were freeze-dried to shape the PL-based LbL assemblies
into nanofibrillar structures to direct the osteogenic differentiation of
hASCs into osteoblasts.107 More recently, Yan et al. also functionalized 3D
porous aminated PCL scaffolds with carboxymethyl CHT (C-CHT)/
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deferoxamine (DFO) multilayers to stimulate the sustained release of
DFO.108 DFO is an iron chelator that functions as a hypoxia mimic com-
pound under normoxia condition and renders similar outcomes by acti-
vating hypoxia inducible factor 1-alpha (HIF1-a), which modulates the
expression of angiogenic and osteogenic related genes. Accordingly, both
angiogenesis and osteogenesis were induced in a rat femur defect mode
for the scaffolds presenting ten C-CHT/DFO bilayers (Figure 18.3IV-B).

18.2.4.4.2.3 Other. Scaffolds produced by alternative methods may also
be functionalized via LbL to promote the loading of bioactive molecules.
The LbL deposition of HA/CHT multilayers onto PEI-functionalized porous
biphasic calcium phosphate scaffolds produced via hydrogen peroxide
foaming was shown to sustain the loading of calcitriol at lower concen-
trations.109 Calcitriol reportedly activates the calcium sensing receptor, a
key modulator of osteogenic differentiation, which led to an enhanced
regeneration of a critical-size rat calvarial bone defect model. Alternatively,
dual drug-loaded PLGA microparticles were immobilized on porous HAp
scaffolds produced via sol–gel and sugar particle leaching.110 Prior to
immobilization, osteogenic growth peptide-loaded microparticles were LbL
coated with CHT/HA multilayers containing a central BMP-2/heparin
bilayer. The system induced an increased expression of osteogenic-related
genes in seeded human bone marrow stem cells in vitro and directed
ectopic bone formation and vascularization in vivo.

The LbL methodology has the intrinsic capacity to deliver a multitude of
functionalities. For instance, porous biocompatible polyurethane scaffolds
coated with oppositely-charged methylene blue-loaded CHT and fluorescein
sodium-loaded graphene oxide hybrid multilayers demonstrated a dual
pH-dependent release of multiple therapeutic agents.111 Due to the energy
conversion of graphene oxide into heat upon NIR light absorption, the
potential application in photothermal cancer therapy may be unveiled.
Moreover, antimicrobial activity could also be conferred by alternatively
loading CHT with AuNPs. On spiral titanium scaffolds, LbL pulse electro-
deposition of polypyrrole–polydopamine nanoparticles and HAp nano-
particles synthesized via co-electropolymerization conferred seeded cells
with protection against damage by reactive oxygen species due to the redox
behavior of the electroactive nanoparticles. The synergistic activity of the
electrical stimulation and the presence of HAp enhanced bone marrow
stromal cells osteogenic differentiation in vitro, while an improved new bone
formation was observed in vivo in a rabbit injury model.112

18.3 Shaping Soft Structures Across Multiple Length
Scales Using Dynamic and Animate Surfaces

In the past few years, considerable efforts have been made within the LbL
community to functionalize dynamic and animate surfaces, including living
cells. Since the LbL assembly process can be performed in aqueous media
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under mild conditions, it has become a very appealing tool for pursuing
biomedical strategies.113 The conventional electrostatic-driven LbL tech-
nology has been widely applied to create nanosized multilayer films onto the
surface of cells by firstly functionalizing the negatively charged cell mem-
brane surface with a cationic polymer, followed by the multilayer build-up
with alternating oppositely charged polymers. This powerful technology can
protect the cells against numerous foreign aggressions, thus quickly ex-
panding to coat the surface of a vast array of living cells,114 including bac-
teria,115 yeasts,116 stem cells,117 tumor cells,118 and islet cells.119,120 In this
subchapter, two different templates will be described for LbL cell-surface
functionalization: single-cells and cell aggregates.

18.3.1 Coating of Single Cells

Due to the challenges experienced during the gastrointestinal transit, such
as the extreme acidic pH and the presence of bile salts, cell viability is sig-
nificantly reduced, thus limiting the clinical applications of probiotics.121 As
such, the encapsulation of probiotic microbes in LbL assemblies has been
widely used to protect probiotics from the gastrointestinal tract’s environ-
ment. For instance, Anselmo et al. sequentially encapsulated the probiotic
strain Bacillus coagulans (BC) in CHT/ALG bilayers to improve their delivery
in vivo (Figure 18.4I-A).115 After the probiotic delivery via oral gavage, it was
shown that the LbL protective coating not only significantly enhanced the
BC viability, but also facilitated both the probiotic mucoadhesion and
growth on the porcine intestine model surface when compared to plain-BC.
In an attempt to treat myocardial infarction by minimally invasive pro-
cedures, Liu et al. encapsulated MSCs in a thin, three-layered vascular
endothelial growth factor (VEGF)-loaded gelatin (G)/ALG multilayered shell
to improve angiogenesis and cardiac function (Figure 18.4I-B).117 The in vitro
studies denoted that the proposed delivery system induced a sustained re-
lease of VEGF and tropism to stromal cell-derived factor-1, which is re-
sponsible for the recruitment of MSCs. The in vivo assays demonstrated that
the delivery of VEGF-encapsulated MSCs via the tail vein enhanced cardiac
function, perfused the infarct area and promoted angiogenesis.

The LbL assembly technology can also be used to enhance and modulate
host immune responses, aiming for cell transplantation strategies. In this
regard, the LbL encapsulation of living Bacille–Calmette–Guérin (BCG)
mycobacteria with a nanocoating encompassing alternate layers of
oppositely-charged CHT and microbial double-stranded RNA mimetic
polyinosinic–polycytidylic acid (poly(I:C)) was proposed as an efficient
strategy to co-deliver the poly(I:C) immunostimulating agent along BCG and
to enhance BCG’s immunogenicity, inducing a stronger and long-term
protective immune response against adult pulmonary tuberculosis
(Figure 18.4I-C).122 It was shown that the multilayer coating enhanced the
macrophage production of pro-inflammatory factors, including nitric oxide
and cytokine production when compared to uncoated BCG.

1

5

10

15

20

25

30

35

40

45

Shaping Soft Structures Using Bottom-up Layer-by-layer Assembly Technology 467



1

5

10

15

20

25

30

35

40

45

468 Chapter 18

USER
Nota
The authors propose that Figure 18.4 should be shown horizontally for better clarity.Alternatively, please consider the revised Figure 18.4 that is sent together with this PDF and would allow to have the figure displayed horizontally (like the Figure 18.2).



18.3.2 Coating of Cell Aggregates

The electrostatic interaction between oppositely-charged polyelectrolytes is
often used to encapsulate cells to replace dysfunctional tissues or organs.
However, positively charged polyelectrolytes generally elicit cytotoxic effects
by transposing the cell membrane and accumulating intracellularly, trig-
gering the formation of nanosized cell membrane pores, which may result in
cell death. Having this in mind, Chaikof and co-workers synthesized a library
of cytocompatible PLL-grafted-PEG (PLL-g-PEG) copolymers aiming to reduce
the cytotoxicity of PLL upon deposition onto the islet cell membrane surface
for pancreatic islet transplantation strategies.119 PLL-g-PEG copolymers
reduced the cell membrane disruption while simultaneously facilitating
the deposition of oppositely-charged polyelectrolytes on the cell surfaces,
denoting the viability and functionality of the proposed approach
(Figure 18.4II-A). Besides, the successful encapsulation of living pancreatic
islets was also confirmed via non-ionic LbL assembly using poly(N-vi-
nylpyrrolidone) (PVPON) and natural polyphenol tannic acid (TA).120

Figure 18.4 (I) (A) Schematic illustration of CHT/ALG coating on probiotic strain BC.
Representative IVIS images of (i) plain-BC and (ii) LbL-BC 1 h after oral
gavage. Adapted from ref. 115 with permission from John Wiley & Sons,
Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(B) Schematic illustration of VEGF-loaded MSCs coated with G/ALG
multilayers. In vivo micro-CT shows the perfused infarct area in
(i) untreated mice, (ii) LbL-MSCs group, (iii) control-MSCs group, and
(iv) VEGF group after 4 weeks post-myocardium infarction. (v) Border
zone of the myocardium in the different groups. Adapted from ref. 117
with permission from Elsevier, Copyright 2017. (C) Representation of the
LbL coating of live BCG with CHT/poly(I:C) bilayers. TEM micrographs of
(CHT/poly(I:C))2 coated BCG: (i) Transverse section showing a two
double-layer nanocoating on the bacterial surface (arrows), (ii) high
magnification image showing that the nanocoating (arrows) lies on top
of the electron-lucent capsule-like matrix (asterisks). Adapted from
ref. 122 with permission from Elsevier, Copyright 2016. (II) (A) Schematic
illustration of the pancreatic islets surface functionalized with PLL-g-PEG/
ALG multilayered films. (i) Cell membrane is crossed by FITC-labeled PLL,
whereas (ii) AlexaFlour488-labeled P12Pn[Dc] copolymers remain extra-
cellular and adsorb to cell surfaces. Adapted from ref. 119 with permis-
sion from American Chemical Society, Copyright 2011. (B) Schematic
illustration of the LbL pancreatic islet surface functionalization with
PAMAM functionalized with MDT, SIL, and GA, and N3-functionalized
hyperbranched ALG via covalent bonds. (i) Immunohistochemistry im-
aging of insulin (green), f-actin (red), and nuclei (blue) of four-layer coated
islets. Adapted from ref. 123 with permission from American Chemical
Society, Copyright 2020. (C) Schematic illustration of the fabrication of 3D
cellular multilayers by LbL coating L929 fibroblast cell surfaces with FN/G
multilayered nanofilms. (i and ii) 3D reconstructed CLSM cross-section
images of bilayered human umbilical artery smooth-muscle cells and
HUVECs with (i) or without (ii) seven-step-assembled FN/G nanofilms.
Adapted from ref. 124 with permission from John Wiley & Sons, Copyright
2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The hydrogen-bonded PVPON/TA nanocoating did not affect islet viability
and denoted immunomodulatory properties by suppressing Th1 pro-
inflammatory cytokine release. More recently, an alternative approach to
generate uniform and stable nanocoatings on pancreatic islets was proposed
by Gattás-Asfura et al., who reported the functionalization of cell surfaces
with oppositely-charged hyperbranched polymers enclosing complementary
Staudinger ligation groups (Figure 18.4II-B).123 The functionalization of
PAMAM dendrimer with triethoxysilane reduced the polymer charge density,
further enabling the stable covalent-based LbL encapsulated islets to
maintain high cell viability, lack foreign body responses, and enable stable
normoglycemia after implantation in diabetic mice. Moreover, the LbL
technique has been also employed to build hierarchically ordered 3D cellular
architectures to resemble the complex and organized structure and function
of native tissues. Akashi’s group reported the dip-assisted LbL coating of
mouse L929 fibroblast cell monolayers with FN/G nanolayers to provide a
suitable cell-adhesive surface to mimic the native ECM (Figure 18.4II-C).124

The authors reported the need for at least 6 nm thick FN/G films to act as a
stable adhesive surface for adhesion of the second cell layer. Therefore, a
four-layered cellular architecture has been successfully developed and
envisioned to be applied for different biomedical applications.

18.4 Conclusions and Future Perspectives
Although starting with the modification and functionalization of smooth flat
substrates with 2D multilayered ultrathin films more than thirty years ago,
the prominent LbL assembly technology has quickly expanded to coat
substrates exhibiting more complex geometries across all dimensional scales.
This chapter disclosed the multitude of templates that can be used to assemble
soft LbL structures for biomedical applications. Numerous examples were
given on the LbL nanocoating of templates of different sizes, shapes, surface
chemistry, topology, and spanning from 0D to 3D with an unprecedented array
of ingredients to develop a plethora of LbL devices to fulfill a wide array of
biomedical applications, including controlled drug delivery, biosensing,
bioreactors, and tissue engineering and regenerative medicine. Those include
inanimate 0D nanoparticles and hollow nanocapsules, 1D solid nanofibers
and nanotubes, 2D flat and patterned thin films and free-standing mem-
branes, as well as 3D architectures, including micro- and macro-particles and
hollow capsules, micro- and macro-tubes, multicompartmentalized systems,
porous constructs, and even dynamic and animate living cell platforms. In fact,
the simplicity, cost-effectiveness, and high versatility endowed by the LbL
technology are elucidated not only by the wide array of inexpensive templates
and materials assembled by resorting to a multitude of intermolecular inter-
actions, but also by the variety of methodologies that altogether enable the
fabrication of a plethora of multifunctional LbL devices with fine-tuned
compositions, structures, and properties at the nanometer-scale level.
Hence, it comes with no surprise that LbL technology has attracted
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tremendous interest in the scientific research community working across
different fields. Although there are still major bottlenecks to address prior to
translating the LbL technology to the clinics, noteworthily the scalability of the
process, the amount and need for highly biocompatible and biodegradable
materials, the use of clean rooms and strict sterilization protocols, and the
huge technological developments denoted by the LbL methodology over the
past decades assign it a bright future. Furthermore, the combination of its
unique features with other prominent nano- and micro-technologies, such
as 3D printing will enable the rational molecular design of more complex
biomaterial architectures exhibiting adaptive, bioactive, and multi-stimuli
responsive behavior, as well as a self-healing ability, bioinstructive behavior,
and multi-scale organization, which will put the LbL technology one-step
closer to reaching the clinics.
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