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Biomedical Applications of Layer-by-Layer
Assembly: From Biomimetics to Tissue

Engineering**

By Zhiyong Tang, Ying Wang, Paul Podsiadlo,

and Nicholas A. Kotov*

The design of advanced, nanostructured materials at the molecular lev-
el is of tremendous interest for the scientific and engineering commu-
nities because of the broad application of these materials in the biomed-
ical field. Among the available techniques, the layer-by-layer assembly

method introduced by Decher and co-workers in 1992 has attracted extensive attention because
it possesses extraordinary advantages for biomedical applications: ease of preparation, versatili-
ty, capability of incorporating high loadings of different types of biomolecules in the films, fine
control over the materials’ structure, and robustness of the products under ambient and physio-
logical conditions. In this context, a systematic review of current research on biomedical appli-
cations of layer-by-layer assembly is presented. The structure and bioactivity of biomolecules in
thin films fabricated by layer-by-layer assembly are introduced. The applications of layer-by-
layer assembly in biomimetics, biosensors, drug delivery, protein and cell adhesion, mediation
of cellular functions, and implantable materials are addressed. Future developments in the field
of biomedical applications of layer-by-layer assembly are also discussed.

1. Introduction

In the second half of the 20th century, scientists have been
attracted to the design of thin solid films at the molecular lev-
el because of their potential for applications in the fields of
biology and medicine. Two techniques dominated research in
this area: Langmuir-Blodgett deposition!?! and self-as-
sembled monolayers (SAMs).*!

Both Langmuir-Blodgett deposition, invented by Lang-
muir'® and Blodgett,m and the SAM technique, developed by
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Nuzzo and Allara,®! and by Whitesides and co-workers,’)
have shown remarkable capability for the immobilization of
proteins and cells and subsequent application in biocatalysis,
drug delivery, and tissue engineering.[3’4’10'12] However, sever-
al intrinsic disadvantages of both methods limit their applica-
tion in the field of biology. For Langmuir-Blodgett deposi-
tion, the drawbacks are expensive instrumentation and long
fabrication periods for preparation of the biomolecule films,
limited types of biomolecules that can be embedded in the
film (Langmuir-Blodgett deposition requires the assembly
components to be amphiphilic), and the considerable instabil-
ity of biomolecules resulting from weak physical attraction in-
side the films. For SAMs, the disadvantages are low loading of
biological components in the films because of their monolayer
nature, a limited number of substrate types, since SAMs are
only fabricated by the adsorption of thiols onto noble metal
surfaces or by silanes onto silica surfaces, and the limited sta-
bility of films under ambient and physiological conditions.

An alternative to Langmuir-Blodgett deposition and SAMs
is layer-by-layer (LBL) assembly, introduced by Decher,
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Hong, and co-workers in 1992531 for preparing structure-con-
trolled thin films for biological applications. The preparation
principles and procedures of LBL assembly are quite simple,
shown in Figure 1. It is known that many surfaces, such as
metals, silicones, and glasses, have net negative charges in solu-
tion because of surface oxidation and hydrolysis. When im-
mersed in a solution of positively charged polyelectrolyte, such
as poly(diallyldimethylammonium chloride) (PDDA), poly(al-
lylamine hydrochloride) (PAH), or polyethyleneimine (PEI),
and subsequently rinsed by pure water (the aim of rinsing is
the removal of loosely adsorbed polyelectrolyte from the sub-
strate), the net charge of the substrate’s surface becomes posi-
tive because of the adsorption and overcompensation of poly-
electrolyte with opposite charges (middle image in Fig. 1B).
Subsequent execution of the analogous procedure with a nega-
tively charged polyelectrolyte solution, such as poly(styrene
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Figure 1. A) Scheme of the LBL film-deposition process using glass
slides and beakers. Steps 1 and 3 represent the adsorption of a polyan-
ion and polycation, respectively, and steps 2 and 4 are washing steps.
The four steps are the basic buildup sequence for the simplest film archi-
tecture, (A/B),. The construction of more-complex film architectures
requires only additional beakers and a different deposition sequence.
B) Simplified molecular picture of the first two adsorption steps, depict-
ing film deposition starting with a negatively charged substrate. The poly-
ion conformation and layer interpenetration are an idealization of the
surface-charge reversal with each adsorption step. Reproduced with per-
mission from [14]. Copyright 1997 American Association for the Advance-
ment of Science.

sulfonate) (PSS), poly(vinyl sulfate), or poly(acrylic acid)
(PAA), leads to the reversal of net charge on the substrate,
bringing it back to the starting point (right image in Fig. 1B).
As a result, a double polyelectrolyte layer (bilayer) is built up
on the substrate. With such cyclic depositions, one can achieve
multilayer films on the substrates with desired structures and
thicknesses (Fig. 1A). Since the thickness of a single bilayer of
polyelectrolyte is typically below 1 nm, the LBL technique
allows for nanometer-scale control of the thickness of thin
films.'"*'! In comparison with the SAM technique, the multi-
layer structure of LBL-deposited films allows for much higher
loadings of biologically interesting species, while in compari-
son with the Langmuir-Blodgett technique it is not only much
simpler and faster, but also results in more stable films.

The LBL technique is not only applicable for polyelectro-
lyte/polyelectrolyte systems. Almost any type of charged spe-
cies, including inorganic molecular clusters,"*!”) nanoparticles
(NPs),[lg] nanotubes and nanowires,!'>?") nanoplates,[ﬂ’zz] or-
ganic dyes, ™ dendrimers,*! porphyrins,®! biological polysac-
charides, 2?7 polypeptides,[zs’zg] nucleic acids and DNA
proteins,[3 134 and viruses,®! can be successfully used as com-
ponents to prepare LBL films. The universality of the LBL
process has catalyzed the rapid development of biomedical
applications of polyelectrolyte multilayers and related nano-
structured organic-inorganic composites. This translates into
an exceptionally wide variety of structural characteristics and,
thus, functional properties.

The formation forces of LBL films are not only limited to
electrostatic interactions. Assemblies based on hydrogen
bonding,m charge transfer,*’! covalent bonding,[38’39] biologi-
cal recognition,[40] and hydrophobic interactions*'*?l have
also been investigated. Besides charged inorganic substrates,
hydrophobic polymer surfaces have also been shown to pro-
vide good scaffolds for LBL growth based upon hydrophobic
interactions.[’! Overall, availability of a wide spectrum of
fabrication components, variety of substrates, and versatility
of assembly methods dramatically enriches the biological
applications of LBL films. Moreover, multiple interactions in
the LBL films can potentially increase the stability of films
while being exposed to physiological or even harsh condi-
tions.
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Owing to their simplicity, versatility, and robustness, an in-
creasing number of research groups are becoming involved in
LBL research. A review of the current literature reveals that
there were around 600 articles dealing with LBL films
published in internationally distributed journals in 2004.[441
Although the application of LBL films has been reviewed in
several journals''** 1 and books,***"! reviews that include
the biological field are rare.5'3 In this Review, we attempt
to provide the readers with a full survey of the biological ap-
plications of LBL films grown on 2D flat substrates. It should
be noted that LBL films can actually be prepared on sub-
strates of any shape, including 1D tubesP** or 3D colloids,
which result in microcapsules.[56’57] Since the biological appli-
cations of microcapsules fabricated by LBL deposition have
been extensively discussed and reviewed,***” this paper will
focus only on more-conventional LBL films.

2. Structure and Bioactivity of Biomolecules in
LBL Films

The formation of LBL films is usually based on a multipli-
city of intermolecular interactions where the cooperative ef-
fect of multipoint attractions may play the most important
role. As such, several questions concerning application of
LBL films in biology emerge: Will different types of biomole-
cules and biologically important entities, such as vesicles,
retain their structure and bioactivity after incorporation into
multilayer films? Can we maintain or even improve the bio-
logical functions of the films by taking advantage of LBL
methods? This section offers some answers to these questions.

2.1. Lipid Vesicles

It is known that lipid vesicles are composed of low-molecu-
lar-weight amphiphilic organic molecules. Embedding vesicles
into multilayers using strong electrostatic interactions inevita-
bly results in the rupture and fusion of the spherical structures
of the vesicles.[”! In order to enhance the mechanical proper-
ties, Katagiri et al.[*4%?] stabilized vesicles by designing a poly-
merized silica shell at the vesicle surface by self-condensation
of triethoxysilyl groups in water, and Michel et al [63:64 rigidi-
fied vesicles by adsorbing one layer of polyelectrolyte with
opposite charge onto the surface of vesicles before performing
LBL deposition. Analysis using atomic force microscopy
(AFM) confirmed that the vesicles prepared from both meth-
ods remained intact after being immobilized in the multilayer
films and could be used as reservoirs for drug delivery or bio-
molecular reactors.

2.2. Polypeptides
The secondary structures of polypeptides embedded in LBL

films have been explored by several groups.[zs’”’(’s‘m] Muel-
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ler®! and Boulmedais et al.”! showed that both poly(L-ly-

sine) (PLL) and poly(r-glutamic acid) (PLGA) underwent a
transition from random coils to a-helixes when adsorbed from
solution onto the partner PDDA, PAH, or poly(vinyl sulfate)
layer because of the lower local pH in the LBL film. Interest-
ingly, the LBL films from the alternative assembly of PLL and
PLGA exhibited extensive [-structure formation, whereas
such B-structure elements could not be detected in similar
LBL films made of PLL and poly(L-aspartic acid) (PLAA).!°
The authors concluded that interactions between PLGA and
PLL chains induced the formation of B-sheets where the posi-
tive charges of PLL were stabilized by the negative charges of
the carbonyl groups of PLGA.[*! On the other hand, Haynie
et al.l”) found that the deposition of PLGA and PLL per ad-
sorption step scaled with the average secondary structure con-
tent in the solution, whether a-helix or B-sheet. In other
words, the secondary structures of polypeptides immobilized
in the LBL films did not change compared with those in solu-
tion. The difference in the observed results reflects the fact
that the interactions between polypeptides and polyelectro-
lytes in the LBL films, including hydrogen bonding, hydro-
phobic forces, and electrostatic attraction, are multifold and
complex.

2.3. Nucleic Acids and DNA

Sukhorukov et al.[! and Montrel et al.[%] fabricated DNA-
based LBL films by alternative assembly of anionic DNA
strands and cationic polyelectrolytes such as PEI, PLL, and
polyallylamine, and studied the DNA structures in the films
by IR, UV-vis, and circular dichroism (CD) spectroscopy. The
authors proved that formation forces in the films originated
from the electrostatic attraction between the negatively
charged PO, groups of DNA and the positively charged
groups on the polycations. The DNA conserved its double-he-
lical structure in all of the films. Water molecules were found
to easily penetrate into all types of films and bind with DNA
hydration centers (phosphate groups). In contrast to usual
DNA films, the hydration in the LBL films did not initiate the
B-to-A conformational transition of the double helix. More
importantly, the DNA-containing films retained good bioac-
tivity and exhibited remarkable binding abilities with differ-
ent DNA-intercalated molecules, including antitumor drugs.

2.4. Proteins

One of the main trends in the biological applications of
LBL assembly is embedding bioactive proteins into thin films
and utilizing their unique functions in opto-electrical devices,
sensors, drug delivery, cell seeding and growth, tissue engi-
neering, and implantable materials. In the following sections,
with the description of specific applications we will discuss the
stability and bioactivity of different types of proteins in LBL
films.
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In this section, one example is illustrated in order to evalu-
ate the stability and activity of proteins in films. A multilayer
film containing the enzyme glucose oxidase (GOD) was pre-
pared by alternative adsorption of anionic GOD and cationic
PDDA or PEI In order to test the bioactivity of GOD in the
LBL films, Onda et al.” designed a sequential enzymatic re-
action by immersing the GOD films into solutions of p-glu-
cose, peroxidase (POD), and DA67 dye mixtures. As shown
in Figure 2A, GOD in the film catalytically converts n-glucose
and O, into Dp-glucono-4-lactone and H,0,. POD subse-
quently oxidizes DA67 dye (an indicator) using H,O, as the
oxidant. Since the oxidized product of DA67 has a large molar
extinction coefficient of 90000 Mm'cm™ at 665 nm, the enzy-
matic reaction and activity of GOD enzymes in the films
could be followed by monitoring the absorbance spectrum.
Compared with native GOD in solution, the activity of GOD
enzymes in the films was reduced by about 20 %, indicating
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that the immobilization process did not cause significant de-
naturation of enzymes. The enzymatic activity of the GOD
film was maintained for 14 weeks when stored in buffer and
in air at 4 °C. Notably, the GOD enzymes showed a tremen-
dous improvement in environmental tolerance after being em-
bedded in the films. For example, immediately after incuba-
tion at 50 °C the relative activity of aqueous GOD decreased
to almost zero, whereas that of GOD in the film maintained
90 % of its activity (Fig. 2B). The pH dependence of activity
also showed that GOD in the films exhibited better stability
in alkaline media compared with aqueous GOD (Fig. 2C). In-
deed, the enhancement in the stability was almost the same
for GOD enzymes either encapsulated by a silica gel matrix
or immobilized inside a LBL multilayer (Fig. 2C). The reader
should keep in mind that in comparison to LBL both the
amount encapsulated and the enzyme structure in the sol-gel
matrix are very difficult to control. As an assembly technique

Relative activity / %

80

80

Relative activity / %

20 +

pH

Figure 2. A) Sequential enzymatic process based on film-immobilized GOD and POD, glucose, and DA67 in solution. B) Thermostability of GOD im-
mobilized in aqueous solution (a,b) and in a GOD-PEI film (c,d): a) relative activity of aqueous GOD immediately after incubation at the given tem-
peratures; b) relative activity of aqueous GOD 30 min after incubation; c) relative activity of GOD in the film immediately after incubation; d) relative
activity of GOD in the film 30 min after incubation. C) pH profiles of relative activity of GOD: a) water; b) GOD-PEI film; c) silica gel matrix. Repro-

duced with permission from [70]. Copyright 1999 Elsevier.
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with nanometer accuracy, LBL assembly will play an impor-
tant role in the immobilization of biomolecules and the reali-
zation of their applications in different fields.

3. Biomimetics by LBL Techniques

Mimicking the structures and functions of natural materials
has recently been a hot research area because of the superior
mechanical, optical, electrical, and biological properties of
these materials in comparison with synthetic composites. The
LBL technique offers an excellent platform for duplication of
natural materials since both share an important feature—
spontaneous organization.

3.1. Superstrong Materials

Many natural materials such as seashells and animal bones
possess exceptional mechanical properties, which are believed
to originate from the ordered layered structure of inorganic—
organic composites (a “brick-and-mortar” structure).m]
Kleinfeld and Ferguson® and Kotov et al.’? duplicated
layered seashell structures by LBL assembly of PDDA and
anionic clay nanoplatelets. Tang et al.”?! further studied the
structure and mechanical properties of freestanding films of
PDDA/clay multilayers prepared by the chemical elimination
of electrostatic attractions between the multilayers and the
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glass substrate.[””! Scanning electron microscopy (SEM) imag-
ing (Fig. 3A) revealed the striated architecture of the free-
standing film, which is very similar to that of natural seashells.
AFM imaging further revealed that the PDDA in the film was
adsorbed on the clay nanoplatelets in a tightly coiled confor-
mation (Fig. 3B). The yield stress (¢) and Young’s modulus
(E) of the LBL films were measured to be about 100 MPa
and 10 GPa, respectively, values close to those of natural sea-
shells (Fig. 3C). More interestingly, for intermediate-stress re-
gions (10<o <35 MPa), all films exhibited a characteristic
stepping pattern in the stress—strain curves (Fig. 3C). The in-
elasticity of the materials can be seen even better in the differ-
ential form of the stretching curves (Fig. 3D). As shown by
AFM (Fig. 3B), such a pattern was attributed to a successive
opening of polymer intrachain loops formed from different
polymer segments connected by ionic linkages that were se-
quentially broken when the macromolecule was extended.
These sacrificial bonds were found to be the molecular basis
for the mechanical toughness of biocomposites, e.g., bones
and seashells, helping to effectively dissipate the energy re-
sulting from stretching deformations. The similar structure
and mechanical properties demonstrates that the LBL tech-
nique provides a unique nanometer-scale method for the
preparation of biomimetic materials with remarkable me-
chanical properties. More recently, Podsiadlo et al.” demon-
strated that such nacrelike nanostructured composites exhib-
ited excellent antimicrobial properties after incorporation of
Ag NPs into the LBL multilayer.
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Figure 3. A) SEM image of an edge of a film containing 100 layers of PDDA/clay. B) AFM image (1 pm x 1 um) of PDDA molecules adsorbed between

the clay platelets. C) Mechanical properties of the films. Stress (o) versus strain () curves of freestanding films made from 50, 100, and 200 layers of

PDDA/clay, and 100 layers of PDDA/clay ion-exchanged with 1m Ca(NO;) for 24 h. D) The derivatives of the stretching curves in (C). Reproduced with

permission from [73]. Copyright 2003 Nature Publishing Group.
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3.2. Superhydrophobic Surfaces

Superhydrophobicity is universally found in Nature, such as
in lotus leaves, rice leaves, and the legs of water striders. Since
superhydrophobicity is believed to arise from the unique mi-
cro- or nanostructures found in Nature,[75] the ability to fabri-
cate specific structures using LBL assembly allows one to de-
sign functional materials with superhydrophobic surfaces.
Soeno et al.”® were the first to prepare superhydrophobic
surfaces by alternative assembly of anionic SiO, NPs and cat-
ionic PAH. After subsequent heating to remove PAH and hy-
drophobic treatment with dichlorodimethylsilane, they pro-
duced a surface with a water contact angle larger than 160°.
Zhang et al.,””! Shi et al.[® and Zhao et al.””! built on this
work by electrodeposition of Ag and Au NPs into the matrix
of a LBL film and subsequent spontaneous adsorption of hy-
drophobic alkanethiols. Sangribsub et al.’”! developed super-
hydrophobic materials by LBL assembly of cationic PEI or
PAH and anionic polystyrene NPs followed by immersion of
the films into a Nafion solution. Jisr et al.®!! showed that, be-
sides NPs, superhydrophobic surfaces can be fabricated by
LBL assembly of clay nanorods with perfluorinated polyelec-
trolytes. Moreover, Zhai et al.®?l mimicked the superhydro-
phobic behavior of the lotus-leaf structure by creating a hon-
eycomb-like PAH/PAA multilayer surface overcoated with
silica NPs. Superhydrophobicity was achieved by coating this
highly textured multilayer surface with a semifluorinated si-
lane. All of the above superhydrophobic surfaces prepared by
LBL assembly have potential applications as antifogging and
self-cleaning materials.

3.3. Artificial Photosynthesis Membranes

Photosynthesis is an essential biological process that pro-
vides the energy necessary to sustain cellular life, and genera-
tion of artificial photosynthesis membranes has always been a
dream of scientists. He et al.®*®! were the first to prepare
such photosynthesis membranes by LBL assembly of bacte-
riorhodopsin (BR) and PDDA. BR is a photochromic protein
present in purple membrane, belonging to an important class
of light-absorbing proteins that can convert photon energy
into a membrane potential. The PDDA/BR LBL films showed
a remarkable light-on photocurrent of 52 nA cm™ for PDDA/
wild-type BR and 80 nA cm™? for PDDA/D96N mutant BR.
Later studies by Li et al.® and Jussila et al.®”) revealed the
mechanism of the highly efficient photoconversion in PDDA/
BR LBL films. In addition to BR, other types of biomolecules
such as thylakoids,®™® porphyrins,®*"! and cytochrome C!
were immobilized to form photosynthesis membranes via
electrostatic assembly with oppositely charged partners. It is
well known that thylakoids are closed-membrane vesicles in-
side chloroplasts, the energy-transducing organelles of plant
cells, while porphyrin and cytochrome C are responsible for
oxygen transport and storage in living tissues. Thus, light-in-
duced electron-transport processes analogous to those occur-

www.advmat.de

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ring in chloroplasts, porphyrin, or cytochrome C were realized
in LBL films that could be used as bio-based solar cells.

3.4. Biomotors

Automatic and highly accurate motor protein systems are
scientifically intriguing. Replication of this biomechanical be-
havior would allow us, for example, to develop miniaturized
chemical analysis systems. Jaber et al.’” investigated acto-
myosin motility on PAH/PSS LBL films with a PAH-terminat-
ing surface. Myosin-driven motion of actin filaments was
found to have a mean speed of 2.9+0.08 ums™ on the multi-
layer surface, compared with 2.5+0.06 pms™ on the mono-
layer surface. Average filament length increased when a non-
ionic surfactant was added to myosin, and speed increased
with increasing ionic strength of the motility buffer. The re-
markable motion of motor proteins shows that LBL films of-
fer a good environment for mimicking biomechanical systems.
Furthermore, the speed of motion can be controlled by archi-
tectural engineering of the film structure or by an external sti-
mulus.

3.5. Bioreactors

Biological systems containing multiple and different types
of enzymes are excellent reactors with high efficiency and
product selectivity. Finding a good platform with which to
load bioactive enzymes is becoming key to the realization of
many different reactions. Figure 2 exemplifies a route towards
organic synthesis of oxidized DA67 by taking advantage of
LBL assembly. Generally speaking, different types of en-
zymes can be immobilized into films by LBL assembly with-
out loss of bioactivity; these assemblies can then act as highly
specific bioreactors. For example, catalyzed oxidation of sty-
rene and cis-f-methylstyrene was performed using LBL films
of cytochrome P450 and myoglobin,[93] while dioxygen reduc-
tion and hydrogen oxidation were realized by utilizing LBL
films of oxidase!*! and hydrogenase,”” respectively.

4. Biosensors Prepared by LBL Methods

Preparation of thin-film biosensors is currently one of the
most active research areas in the LBL field.*>***7l Different
types of proteins, and even inorganic or organic colloids, can
be incorporated into multilayer films and then used as biosen-
sors. In this context, we classify biosensors based on the active
sensing components inside the LBL films.

4.1. Enzyme Biosensors
Enzyme films as biosensors can be catalogued as two types:

oxyreductase biosensors and nonoxyreductase biosensors.

Adv. Mater. 2006, 18, 3203-3224
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4.1.1. Oxyreductase Biosensors

The principles of operation for using oxyreductase LBL
films as biosensors are quite simple. As shown in Figure 4, thin
films of oxyreductase enzymes are prepared on electrode sur-
faces via LBL assembly with oppositely charged species. When

m
(]
2
8
<
(]

Figure 4. Mechanism of detection for oxyreductase biosensors.

the films are immersed in a solution containing the specific
substrates and electric mediators, the oxyreductase will cata-
lyze the conversion of the substrates from type I (reduced or
oxidized state) to type II (oxidized or reduced state). At the
same time, the oxyreductases themselves are also changed
from type I (oxidized or reduced state) to type II (reduced or
oxidized state) via the coupling redox reaction. The electronic
mediators in solution then react with the oxyreductases of
type II and allow the oxyreductases of type II to revert back
to type I. By utilizing electrochemical detection of the redox
changes of the electronic mediators, we can calculate the con-
centration of reactants in the solution. Practical preparation
and application of LBL films loaded with oxyreductases has
proven to be relatively simple and versatile. Almost all types
of oxyreductases, including glucose oxidase, 104 glucose de-
hydrogenase,[ws’w(’] lactate oxidase,'"1%] soybean peroxi-

dase, ' pyruvate oxidase,'" horseradish peroxidase,[“z’ns]
fructose dehydrogenase,!'"®! polyphenol oxidase,"” ") cho-
line oxidase,"?*"? cholesterol oxidase,'"?*'*! uricase,['**

[125] [126]

xanthine oxidase, cytochrome P450 monooxygenases,
manganese peroxidase, and lignin peroxidase!'?”! have been
immobilized to form biosensors. The analytes measured by
these sensors also cover a variety of important, biorelated sub-
stances: glucose,[99] maltose, ™ lactate, ') hydrogen perox-
ide," fructose,® methanol,!''®! phenol,[m] choline,"?!! cho-
lesterol,l'? uric acid,"®  xanthine,'*! poisons,[m] and
environmental pollutants.[m] The range of mediators used is
relatively small, normally including ferrocene,”” osmium com-
pounds,[m] nicotinamide adenine dinucleotide,[mé] or
H202.[123] Note that the mediators, like ferrocenel"® and os-
mium compounds,“m] can be directly grafted onto the poly-
electrolyte chains by chemical reaction, and as a result multi-
layer films with grafted mediators do not need additional
mediators in solution; these are known as “wired” enzyme
electrodes."?® The electrochemical detection methods used in-
clude measurement of current, potential, or impedance.[5’52‘97]
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4.1.2. Nonoxyreductase Biosensors

Films containing nonoxyreductase enzymes such as conca-
navalin A, organophosphorus hydrolase, urease, and arginase
can also be used as biosensors. Because of the absence of re-
dox properties, nonelectrochemical methods are used to char-
acterize the biosensors. Lvov et al.'*! and Sato et al.l'3*13!]
prepared LBL films from anionic concanavalin A and cation-
ic glycogen and subsequently exposed the film to sugar solu-
tions of p-glucose, b-mannose, Me-a-p-glucose, and Me-a-D-
mannose. Free sugars in solution replaced the sugar residues
of glycogen at the binding sites of concanavalin A and re-
sulted in the decomposition of the LBL films. The depen-
dence of decomposition rate of the film on the type of sugar
and its concentration was evaluated by monitoring the overall
mass change of the film using a quartz crystal microbalance
(QCM). Constantine et al.'**!*!  fabricated organopho-
sphorus hydrolase films by electrostatic assembly with oppo-
sitely charged CdSe quantum dots or a highly photolumines-
cent poly(thiophene-3-acetic acid) polyelectrolyte. The
presence of organophosphorus compounds in the solution was
detected by measuring a change in the photoluminescence of
the film after immersion of the film in the solution. Disawal
et al.,[m] Nabok et al.,“35] and Forrest et al.'*! built up ur-
ease and arginase multilayer films by alternating assembly
with a cationic polyelectrolyte. By using a pH-sensitive dye,
bromocresol purple, as a tracer and recording the optical
changes with UV-vis spectroscopy, they were able to study the
catalytic activity of the film.

The possible detection methods are multifold. Besides the
above electrochemical, gravitational, and optical measure-
ments, the mechanical properties of the film can also be uti-
lized for characterization.'*"'*! For example, a GOD multi-
layer film was prepared on the surface of a microcantilever by
Yan et al.'¥*1% When exposed to a glucose solution, the func-
tionalized microcantilever underwent selective bending. The
formation of the GOD and glucose complex in the films was
attributed to the deflection of the cantilever.

4.2. Immunosensors

Caruso et al.'"!! were the first to prepare an immunosensor
by embedding anti-immunoglobulin G (anti-IgG) monoclonal
antibodies into LBL films. QCM and surface plasmon reso-
nance (SPR) confirmed that the films had a specific and sensi-
tive response to IgG in solution. Brynda et al.!'**1*l fabri-
cated multilayer assemblies by the alternating adsorption of
monolayers of anti-horseradish peroxidase (anti-HRP) mono-
clonal antibodies and dextran sulfate at acidic pH. The
authors indicated that a sensor employing an LBL multilayer
of antibodies exhibited an enhanced sensitivity to the HRP
antigens in comparison with those utilizing 2D monolayers,
mainly because of the higher number of receptors accessible
to the antigens and the better binding properties of antibod-
ies, which were not immobilized directly on the sensor surface.
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The unique advantages of immunosensors prepared by LBL
methods including low unspecific background reactivity, high
sensitivity, and good response linearity over a large magnitude
of antigen concentrations are further disclosed by Diederich
et al.144]

4.3. Protein Sensors

In this Section, we refer to protein sensors that do not in-
clude enzymes, antigens, or antibodies. Analogous to the oxy-
reductases described in Section 4.1, the redox proteins re-
sponsible for oxygen transport and storage in living tissues,
e.g., cytochrome, " myoglobin,'*'* and hemoglo-
bin,** were immobilized on the surface as electrochemical
sensors to detect oxygen and superoxide in solution. As other
examples, Anzai et al.l®?13] and Inoue et al.™ took advan-
tage of specific biorecognition between biotin and avidin and
prepared biosensors. By immobilizing either biotin or avidin
in the LBL films, QCM measurements showed that the pre-
pared film had an excellent response to its complementary
partner.

4.4. Nucleic Acids and DNA Sensors

The specific and strong interactions of double-stranded
DNA (dsDNA) has also been utilized to prepare biosensors.
QCM measurements have shown that single-stranded DNA
(ssDNA) contained in LBL films exhibit extremely high sensi-
tivity and selectivity towards their complementary ssDNA in
solution.'>>*! This biosensor could lead to a rapid, low-cost,
and convenient diagnostic method for detection and recogni-
tion of genetic diseases. Besides direct monitoring of comple-
mentary DNA strands, Rusling and co-workers extended the
application of DNA sensors to the detection of chemical tox-
icity.146157159 Thejr method was based on two facts: guanine
is the most easily oxidized of the four DNA bases, and ssDNA
is more easily oxidized at the guanine or adenine sites than
dsDNA because of easier access to the bases. When LBL films
of dsDNA were exposed to a solution of toxic chemicals, the
dsDNA in the film was damaged and the double helix was un-
wound. Easier access to the nucleobases was enabled, leading
to faster reaction rates and larger electrochemical detection
signals.

4.5. Biosensors from Inorganic Colloids and Organic
Molecules

Immobilization of inorganic colloids or organic molecules
in LBL films can be utilized in the preparation of sensors for
the detection of substances that may have a significant impact
on biological processes. Liu et al.'%*®!l fabricated films of
heteropolyanion clusters and used them as pH- or NO-sensi-
tive probes. Yu et al."? and Qian et al.'®! incorporated Au
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NPs into films that exhibited a fast response to NO and ascor-
bic acid. Ram et al.'*! detected CO by using LBL films of
SnO, or TiO, NPs. Koktysh et al.'®! and Zhang et al.'®! em-
bedded TiO, nanoshells and multiwalled carbon nanotubes,
respectively, into LBL films and studied their dopamine-sens-
ing properties. Cheng et al.lt7] prepared ruthenium metallo-
dendrimer multilayer films and used them as sensors for insu-
lin. Fiorito et al.[1l explored the application of Prussian blue
NP LBL films as H,O, sensors.

4.6. Selectivity of Biosensors

Selectivity is always one of the most important parameters
in determining the efficiency of biosensors. Since LBL assem-
bly enables assembly on the molecular level, their application
as biosensors can certainly benefit from smart structural de-
sign of the films. Koktysh et al.l'%! were the first to utilize the
nanometer-scale properties of inorganic materials for LBL-
fabricated biosensors. They fabricated a LBL film of PAA
and TiO, nanoshells, which had an external diameter of 10—
30 nm and a wall thickness of 3-5 nm and were synthesized
by dissolving the silver cores of Ag@TiO, NPs in a concen-
trated solution of ammonium hydroxide (Fig. SA-C). As
shown in Figure 5B and C, there were some pores in the TiO,
shells, the diameters of which are comparable to the thickness
of the electrical double layer in porous matter (0.3-30 nm).
As a result, formation of a network of voids and channels in
the interior of the TiO,-shell film produced strong ion-sieving
properties because of the exclusion of some ions from the dif-
fusion region of the electrical double layer. The authors con-
firmed the ion-separation effect of the TiO,-shell film by se-
lective characterization of one of the most important
neurotransmitters, dopamine, on a background of ascorbic
acid (Fig. 5SD-F). Under physiological conditions, the negative
charge on the surface of TiO, facilitated permeation of posi-
tively charged dopamine through the LBL film to the elec-
trode, thus preventing access of the negatively charged ascor-
bic acid. The deposition of the nanoshell/polyelectrolyte film
resulted in a significant improvement of the selectivity for do-
pamine. As such, creative design of LBL structures has al-
lowed for the preparation of films that could be used as im-
plantable biomedical devices for nerve-tissue monitoring.
Hoshi et al.l1®] successfully used Pt electrodes coated with
polyallylamine/poly(vinyl sulfate) or poly(allylamine)/PSS
films to detect H,O, in the presence of potentially interfering
agents. It was suggested that H,O, diffused into the multilayer
film smoothly while the ascorbic acid, uric acid, and acetami-
nophen could not penetrate the film because of a size-exclu-
sion mechanism. On the other hand, the electrodes coated
with films containing cationic PEI or PDDA were not useful
for the selective detection of H,O,. Malaisamy et al.l70l pre-
pared 4.5 bilayers of PSS/PDDA on polyethersulfone ultrafil-
tration supports and showed that the selectivity of the film is
100:1 for a glucose:raffinose system. Rmaile et al.'’"! and
Kamande et al.'” developed ultrathin films of chiral L- and
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Figure 5. A) Transmission electron microscopy (TEM) image of Ag/TiO, core/shell NPs. B) AFM and C) TEM images of TiO, shell NPs. D,E) Differen-
tial pulse voltammograms (DPVs) for 1) 1 mm dopamine; 2) 1 mwm ascorbic acid; and 3) a mixture of 1 mm dopamine and 1 mm ascorbic acid in 0.1 m
phosphate buffer for a nascent electrode (D) and an electrode coated with PDDA(PAA/TiO,),0 (E). F) A plot of the peak currents of the DPVs. Repro-

duced from [165].

p-poly(lysine), poly(glutamic acid), and poly(N-(S)-2-methyl-
butyl-4-vinyl pyridinium iodide), and applied the films as chi-
ral separators for different types of organic compounds.

S. Applications of LBL Assembly in Drug
Delivery

A major challenge in the development of advanced drug
formulations is the elaboration of delivery systems capable of
providing sustained release of bioactive materials. Sustained-
and controlled-release mechanisms offer greater effectiveness,
lower toxicity, and improved patient convenience over con-
ventional formulations.'"’*!7* In the context of controlled
release, the LBL fabrication procedure offers potential advan-
tages over conventional protein and nucleic acid encapsula-
tion strategies, including 1) the ability to control the order
and location of multiple polymer layers with nanometer-scale
precision and 2) the ability to define the concentrations of
incorporated materials simply by varying the number of poly-
mer layers.*!

The release behavior would be dependent on the perme-
ability or breakdown of the multilayer structure. In this Sec-
tion, we review this research according to the different stimuli
pathways utilized for triggering the “deconstruction”, or dis-
solution, of multilayered assemblies.
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5.1. pH-Stimulated Release

Chung et al.'’! studied loading capability and release be-
havior of multilayer films of PAH and PAA using the dye
methylene blue as an indicator. PAA/PAH multilayers as-
sembled at pH2.5/2.5 had the capability to load methylene
blue inside the multilayers because of the available binding
sites—carboxylate groups on PAA—and its permeable struc-
ture. Release studies demonstrated a pH-sensitive unloading
mechanism, where lower-pH environments increased the re-
lease rate. This resulted from the disruption of the electro-
static bonds between methylene blue and the carboxylate
groups of PAA as carboxylate groups were converted to car-
boxylic acid groups. In addition, a diffusion barrier was built
up by assembling capping layers of PAA/PAH at pH6.5/6.5
on top of the 2.5/2.5 PAA/PAH multilayers. These fully ion-
ized polymer chains formed a highly ionically crosslinked sys-
tem, which prevented the multilayer from expanding and
swelling and, in turn, hindered methylene blue diffusion.
Other studies of pH-dependent loading and release behavior
in polyelectrolyte multilayer films have drawn similar conclu-
sions: incorporation and release of materials from such films
depends on the degree of film swelling, the ability of the
probe molecules to aggregate in the film, and the attractive
and repulsive interactions occurring between the probe mole-
cules and the acidic/basic functional groups in the film.l”®!
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pH-stimulated reversible switching of dye or protein uptake
and release in LBL-assembled multilayered films has also
been achieved.'"””'”8) For example, Mueller et al.l'”’! con-
structed LBL thin films consisting of PEI and PAA. It was
demonstrated that adsorption of a positively charged protein
took place at pH 7.3, where the outermost layer of the film
was negatively charged. Complete desorption was obtained at
pH4, where the external layer was neutral. An alternative
means of realizing controlled release stimulated by pH
changes is to fabricate thin films using components that exhib-
it pH-dependent degradation. Based on this concept, Wood
et al.l”’! produced LBL thin films by alternate deposition of a
degradable poly(B-amino ester) and polysaccharides, which
show pH-induced degradation and release behavior. The
highly versatile and tunable properties of these materials
make them suitable candidates for the controlled release of a
wide spectrum of therapeutics.

5.2. Ionic-Strength-Stimulated Release

Similar to the delamination mechanism of multilayer thin
films using pH as the stimulus, changing the ionic strength of
a solution has also been utilized to control the electrostatic in-
teractions between polyelectrolytes or macromolecules and
proteins, leading to improvements in stability or degradation
of thin films depending on the chemical compositions within
the composites.[lso’m] Dubas et al.'® have shown that PAA/
PDDA multilayered films were rapidly removed at salt con-
centrations greater than 0.6 M because the polyelectrolytes
within multilayers were dissociated by ion-exchange competi-
tion of salt ions for polymer/polymer ion pairs. Sukhishvili
et al."® demonstrated that in highly concentrated salt solu-
tions the instability and erasability of multilayer thin films
fabricated using hydrogen-bonding polymer complexes de-
creased. The reason is that the ions reduce the intensity of
electrostatic repulsion between a given number of ionized
groups within a multilayer assembly.

5.3. Electrically Stimulated Release

Studies of strategies for introducing a programmed de-
crease of polymer—polymer interactions, and thus controlled
degradation of polymer thin films, have suggested that the
charge status of the macromolecules within the films is one of
the key factors for decomposition of LBL multilayers. Analo-
gous to the effect of changing environmental pH and ionic
strength, an external electric field is known to shift the equi-
librium between neutral and charged states of polyelectro-
lytes,[183] which suggests the potential usefulness of this strat-
egy for controlling the stability of multilayers.'"®?! In addition,
an electric field facilitates the build-up of LBL multilayer
films. Yamauchi et al.'® demonstrated LBL deposition of
PEI and plasmid DNA on indium tin oxide (ITO) electrodes
for specific gene transfer. The sequential assembly process
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was highly effective in stable loading of plasmids onto the
ITO surface under physiological conditions. The loaded plas-
mids were subsequently released from the electrode upon
application of an electric pulse and transferred into cells cul-
tured on the electrode.

5.4. Thermo-Stimulated Release

As an alternative to the examples discussed above, novel
thermoresponsive thin-film systems have been produced using
the LBL method that show thermal tunability in uptake and
release. Among all the studied systems, hydrogels have been
the most extensively studied as a vehicle for controlled drug
release.'831%¢] Poly(N-isopropylacrylamide) (PNIPAm) is one
of the most widely studied thermoresponsive hydrogels. These
gels undergo a reversible volume phase transition at a lower
critical solution temperature of 31 °C, where the hydrogel hy-
drophobically collapses upon itself, expelling water in an en-
tropically favored fashion.'™”! This reversible shrinking event
has been used as a means of controlling the uptake and re-
lease of various model drugs. Quinn et al.8813 demonstrated
that multilayers containing PNIPAm could be reversibly
loaded with dye tracers and emptied by varying the tempera-
ture of the surrounding solution. Inspection of the kinetics of
adsorption and release of the multilayer PAA/PNIPAm films
revealed a strong dependence on both the solution tempera-
ture and film preparation temperature, as shown in Figure 6A
and B, leading to tunable loading/release properties. Nolan
et al.® also investigated thermally triggered insulin release
from LBL multilayer films, which were constructed by alter-
nating assembly of microgel particles with PAH.

5.5. Photo-Stimulated Release

It is worth mentioning that hydrolysis of a polyelectrolyte
can also be stimulated by light. Such photohydrolysis tech-
niques have been employed to tune the permeability of multi-
layered polyelectrolyte membranes. Jensen et al.'!! built up
photohydrolyzable films of PAH and PAA that was first
partially esterified with various benzyl groups (e.g. benzyl,
3-methoxybenzyl, 3,5-dimethoxybenzyl, 2-nitrobenzyl). Upon
exposure to UV light, the benzyl groups photohydrolyzed, the
permeability of the resulting films increased dramatically, and
a certain degree of ion selectivity was achieved.

5.6. Hydrolytically Induced Release

The integration of design elements that enable the dissolu-
tion, disintegration, or erosion of multilayered polyelectrolyte
assemblies under physiological conditions would facilitate ap-
plication of these structured materials in therapeutic con-
texts,'”?! where changes in ionic strength or pH are restricted
or undesirable. Towards this goal, there are a few reports on
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Figure 6. A) Impregnation profiles at different temperatures for multi-
layer thin films exposed to 0.01 mgmL™' Rhodamine B, pH3.0. B) Re-
lease profiles at different temperatures for multilayer thin films impreg-
nated with Rhodamine B upon exposure to dilute HCl (pH3.0).
Reproduced with permission from [188]. Copyright 2004 American Chem-
ical Society.

preparation of multilayer assemblies incorporating hydrolyti-
cally degradable macromolecules that erode gradually when
incubated under physiological conditions.'”*! Zhang et al.'*!
fabricated multilayered assemblies consisting of alternating
layers of plasmid DNA and a synthetic degradable polyamine.
These assemblies eroded gradually upon incubation in phos-
phate-buffered saline at 37 °C and sustained the release of in-
corporated plasmid for a period of up to 30 h. They further
demonstrated that the plasmid was released in a transcription-
ally active form that promoted significant levels of gene ex-
pression in mammalian-cell-transfection experiments. Based
on the same concept, the so-called “prodrug approach”, i.e.,
when a drug is linked to a biocompatible polymer via a hydro-
lyzable bond, has emerged as a powerful method for control-
ling the release of a variety of therapeutics to a targeted site.
Thierry et al.'®! designed a platform for delivery of hydro-
phobic drugs such as paclitaxel, one of the most potent che-
motherapeutic agents in the treatment of breast and ovarian
cancers, via a prodrug approach combined with the LBL tech-
nique. They used a hyaluronan (HA) ester prodrug of pacli-
taxel as the polyanion to construct polyelectrolyte multilayers
with chitosan (CH), a polyamine. Release of the drug from
the paclitaxel-loaded multilayers upon hydrolysis of the ester
linkage resulted in rapid cell death.
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5.7. Enzymatically Induced Release

As mentioned before, the scope of materials that can be in-
corporated into multilayered polyelectrolyte assemblies is
broad and includes enzymes. Degradation of multilayer films
can be achieved via suitable combinations of biopolymers and
enzymes, which hydrolyze the corresponding biopolymers in
the LBL assembly. Serizawa et al."®® first reported desorp-
tion of the LBL assembly between cationic CH and anionic
dextran sulfate through the hydrolysis of CH by chitosanase.
Later, the same group demonstrated time-controlled desorp-
tion of polymer films triggered by enzymatic degradation.'’]
In this case, they developed a LBL assembly consisting of an
anionic biopolymer (DNA), a cationic synthetic polymer
(PDDA), and an endonuclease (DNase I) as a single-compo-
nent-specific enzyme (Fig. 7A). Time-controlled desorption
was accomplished based on the fact that the activity of
DNase I was strongly dependent on the concentration of
essential metal ions, Mg®* and Ca®*, which accelerated hydro-
lysis of the DNA (Fig. 7B).
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Figure 7. A) Schematic representation of the enzymatic hydrolysis of a
DNA/PDDA assembly. B) Desorption (%) of the LBL assembly with an
outer surface composed of PDDA triggered by the enzymatic degradation
of DNA in the assembly at 258 °C and at Mg®* and Ca®* concentrations of
a) 0, b) 0.5, ¢) 1, d) 3, e) 5, and f) 50 mwm after electrostatic condensa-
tion of the enzyme at 48 °C. Reproduced from [197].

5.8. Self-Degradable Multilayers
All the systems we have discussed so far use external stimuli

to trigger deconstruction of the multilayered thin films. An al-
ternative approach to realize film degradation without trigger-
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ing events but rather by introduction of self-biodegradable
products into the LBL process is also possible.“g&m] This not
only contributes to the list of unique biomedical functional-
ities of LBL biomaterials but also to chemical recycling. One
example is provided by Serizawa et al.,"* who prepared mul-
tilayered thin films made of biodegradable and also naturally
produced CH and poly(y-glutamic acid) (PGGA).

6. Adhesion of Proteins and Cells on LBL Films

Controlling adhesion of proteins and cells on surfaces is one
of the critical steps towards preparation of biomedical devices.
The simplicity of coating with LBL films on geometrically
complex substrates provides a rational method towards reali-
zation of this target at a molecular level.

6.1. Protein Adsorption and Diffusion inside LBL Films

Adsorption of proteins onto LBL films is a complex phe-
nomenon attributed to electrostatic forces, hydrogen bonds,
hydrophobic interactions, and hydrophilic repulsion 2?0202
Ladam et al.,[203'204] Gergely et al.,[zml Muller et al.,ms] and
Salloum et al.’™! studied the charge effect of LBL surfaces on
the adsorption behavior of different types of proteins, includ-
ing serum albumin, fibrinogen, and lysozyme. They found that
proteins strongly interacted with the LBL films regardless of
the sign of the charges for both the multilayers and the pro-
teins. When the charges of the multilayers and the proteins
were similar, one monolayer of proteins was observed to ad-
here on the film because of the hydrogen-bonding and hydro-
phobic interactions. When the protein and the multilayer were
oppositely charged, the electrostatic interactions became
dominant. Therefore, the adsorbed amount of protein dramat-
ically increased and the formation of thick protein layers, ex-
tending up to several times the largest dimension of the pro-
tein, was observed. Schwinte et al.’*! further investigated the
effect of surface charges on the secondary structure of the ad-
sorbed protein and found that the structural changes were
larger when the charges of the multilayer outer layers and the
proteins were opposite. Salloum et al.?®! took advantage of
hydrophilic repulsion to minimize the protein adsorption

through fabrication of LBL films of a diblock copolymer com-
prising a hydrophilic poly(ethylene oxide) block.

Szyk et al.?"’?% investigated the diffusion behavior of hu-
man serum albumin adsorbed on, or embedded inside, a PSS/
PAH multilayer film. Although the diffusion coefficients of
proteins varied as a function of the surface concentration of
adsorbed proteins and the types of terminating polyelectro-
lytes, the proteins were found to exhibit large lateral mobili-
ties regardless of their position on the surface and inside the
LBL films, which constituted a key result for the practical ap-
plication of LBL films as targeted biomaterial coatings.”"

6.2. Cell Attachment to LBL Films

Modification of the surface properties of substrates by LBL
coating can effectively control the attachment behavior of
cells. Boura et al.?®! reported that the adhesion of human
umbilical vein endothelial cells (HUVEC) was enhanced after
modification of the substrate’s surface with multilayer films of
PSS/PAH or PLGA/poly(p-lysine) (PDL). In comparison with
modification of PDL or PAH monolayers, the multilayer re-
markably increased the initial cell attachment (Table 1). More
importantly, the biological responses of HUVEC cells seeded
onto the LBL films were not altered by the evaluation in
terms of initial attachment, growth, cellular metabolic activity,
endothelial phenotype, or adhesion (Table 1). Cell growth on
the LBL films was found to be similar to that on tissue culture
polystyrene. Gheith et al.”!% showed that single-walled car-
bon nanotube polyelectrolyte multilayers and freestanding
films could serve as biocompatible platforms for seeding and
differentiation of neuronal cells and might be used in neuro-
prosthetic implantable devices. LBL techniques were also
used to cover hydrophobic or cell-resistant substrates in order
to promote cell attachment. Y. Zhu et al.P"! and H. Zhu
et al.?1?! prepared LBL films on polyester and poly(p,L-lac-
tide) scaffolds and observed enhancement of the cell attach-
ment and differentiation. Ai et al.”"*! also coated LBL multi-
layers on silicone rubber in order to improve cell adhesion
and growth. One of the most prominent features of the LBL
technique is the capability of modifying substrates with any
geometry (in contrast to conventional 2D coating techniques
like spin-coating). Glawe et al.2!*l coated microchannel scaf-

Table 1. Initial attachment, growth, and adhesion after trypsin treatment of HUVEC cells seeded on polyelectrolyte multilayers and control surfaces.
TCPS: tissue-culture polystyrene. Reproduced with permission from [209]. Copyright 2003 Elsevier.

Surfaces Initial cell attachment Number of cells at 24 h Number of cells at 72 h Adherent cells after trypsin treatment
[%6] [x10* cells cm™] [x10* cells cm™ [%6]

PEI-(PSS-PAH),-PGA-PDL 77.5410.0 1.6520.54 4.08+0.68 [b] 33.849.3 [a]
PEI-(PSS-PAH),-PSS-PAH 106.8+£19.3 1.7240.62 4.93+0.96 [b] 83.1+13.3 [a,b]

PDL 51.8+13.8 [a,b] 0.7940.14 [a,b] 2.89+0.62 [a,b] 88.626.2 [a,b]

PAH 55.5+15.7 [a,b] 0.7540.20 [a,b] 2.0240.43 [a,b] 83.8+10.3 [a,b]

Glass 95.5+4.0 1.75£0.14 6.67+0.36 [a] 32.5+4.0 [a]

TCPS 100 1.40£0.18 4.73£1.03 [b] 63.9113.2

[a] p<0.05 versus TCPS. [b] p<0.05 versus glass.
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folds for the promotion of smooth muscle cell adhesion by
LBL multilayers and controlled the cell alignment inside the
channels. Zhu et al.,*"™ Liu et al.,”'®! and Lee et al.?'"! dem-
onstrated that LBL multilayers could be coated on the surface
of 3D scaffolds for the promotion of cell seeding and growth.

LBL coating can also be used to alter the cytotoxicity of sub-
strates, as demonstrated by Sinani et al.?'* LBL films of semi-
conductor NPs have unique optical, magnetic, and electrical
properties, and can be interfaced with different types of cells
for the fabrication of artificial biomedical devices.*’) However,
semiconductor NP materials based on heavy metals are cyto-
toxic, as evidenced by the fact that rare C2CI2 myoblast cells
could not be grown on films of PDDA/CdTe NPs (Fig. 8A).
When the CdTe NPs films were coated with a single PAA/col-
lagen bilayer, the behavior of cells changed dramatically
(Fig. 8B). They attached in large quantities and spread over
the surface, indicating that the cytotoxicity of Cd and Te was
markedly screened. They also showed signs of aggregation into
large colonies. When the number of collagen bilayers was in-
creased to (PAA/collagen)s, the total number of cells that at-
tached also increased—they covered the entire surface of the
film in a confluent monolayer (Fig. 8C). PC12 cells reacted dif-
ferently: the cells tended to clump and remained loosely at-
tached (Fig. 8D), in comparison with PC12 cells grown on glass
(Fig. 8E) treated with the standard attachment factor polyor-
nithine. Cytotoxicity was determined by assaying the activity
of lactate dehydrogenase in the media. The cytotoxicity of
CdTe NPs films coated with (PA A/collagen)s was measured to
be the same as the control polystyrene dish, which indicated
excellent screening of Cd and Te cytotoxicity by LBL films.

It should be noted that there are many factors affecting the
adhesion and growth behaviors of cells on LBL films under
cell-culture conditions. Analogous to the adsorption of pro-
teins, cells with negative charges prefer to seed on LBL films

Figure 8. Optical microscopy images of a—c) C2CI2 myoblast and d,e) PC12 culture cells on the surface of
c) (PDDA/CdTe);PDDA(PAA/collagen)s,
d) (PDDA/CdTe);PDDA(PAA/collagen)s, and e) glass. Reproduced with permission from [218]. Copyright

a) (PDDA/CdTe);, b) (PDDA/CdTe);PDDA(PAA/collagen),,

2003 American Chemical Society.
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terminated with positively charged polyelectrolytes.?%)

When cell culture was performed in serum-containing media,
competitive adsorption against proteins in the serum led to a
decrease in cell adhesion on the LBL films.”"**"! The intrinsic
structures of LBL films also have large effects on the cell at-
tachment. Kreke et al.”?! and Jessel et al.”??! demonstrated
that incorporation of heparin and protein A in LBL films im-
proved the adhesion of mouse-calvaria-derived osteoprogeni-
tor cells and monocytic THP-1 cells, respectively, whereas
Hahn et al.??! and Hwang et al.”?*! showed that embedding
hyaluronic acid in the LBL film prevented seeding of periph-
eral blood mononuclear cells. Engler et al.”?! tested adhesion
of smooth muscle cells on PLL/hyaluronic acid LBL films and
found that adhesive spreading of cells correlated closely with
the effective stiffness of the films. Mendelsohn et al.,* Yang
et al.,”” and Richert et al.?! reported the design of cytophi-
lic and cytophobic surfaces by controlling the intrinsic struc-
tures of LBL films. It is known that, in contrast to PDDA and
PSS, the ionization and surface charges of PAH, PAA, PLL,
and PLGA are strongly dependent on the pH of the solution
because they are weak polyelectrolytes.[229] For instance, the
negative charges of PAA decrease with the solution pH, and
thus PAA adopts a more coiled structure in a LBL film be-
cause of the decrease of charge repulsion in the polyelectro-
lyte chain. On the other hand, cationic PAH adopts a more-
coiled structure in a high-pH solution. As shown in Figure 9C,
the surface of a PAH/PAA multilayer film prepared from
pH 6.5 solutions (denoted as 6.5/6.5 PAH/PAA) was thin and
smooth because the large number of net charges in both
chains of PAA and PAH allowed them to be immobilized in
the film in the stretched conformation. When PAH and PAA
were deposited at pH7.5 and at pH3.5, respectively (7.5/
3.5 PAH/PAA), both the partially ionized PAA and PAH mol-
ecules adsorbed in loop-rich conformations, forming thick
layers with a high degree of in-
ternal charge pairing and many
interior water molecules
(Fig. 9A).l " The  abundant
charges of the 6.5/6.5 PAH/PAA
film provided a good niche for
murine NR6WT fibroblast cells
to seed and grow, whereas the
strong hydrophilic repulsion of
7.5/3.5 PAH/PAA films pre-
vented cell adhesion (Fig. 9D,E).

Some groups[230'232] are endea-
voring to position cell growth on
the substrates by LBL tech-
niques. The general idea is to
deposit cytophilic or cytophobic
LBL films for the improvement
or prevention of cell adhesion at
desired positions on the sub-
strates by ink-jet printing, photo-
lithography, or polymer-on-poly-
mer stamping.**!
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Figure 9. Schematics of A) 2.0/2.0, B) 7.5/3.5, and C) 6.5/6.5 PAH/PAA multilayer as-
semblies shown with PAA as the outermost layer. D-F) Phase-contrast microscopy
images acquired on day 3 of murine NR6WT fibroblasts seeded at 10000 cells cm™
onto D) a 2.0/2.0 (20 layer) PAH/PAA multilayer, E) a 7.5/3.5 (20 layer) PAH/PAA
multilayer, and F) a 6.5/6.5 (50 layer) PAH/PAA multilayer. Scale bars are 200 um. Re-
produced with permission from [226]. Copyright 2003 American Chemical Society.

7. Mediation of Cellular Functions by LBL Films

The ease of controlling the structure of LBL films possibly
allows us to manipulate adhesion, differentiation, prolifera-
tion, and even function of the attached cells at the molecular
level, which will eventually allow for their application in tissue
engineering.?4

7.1. Endothelial Cells

Endothelial cells make up the inside of blood vessels. The
adhesion of endothelial cells onto functional biomaterials
can improve the nonthrombogenic properties of these sur-
faces. Boura et al.”*>#*! evaluated the adhesion properties of
endothelial cells onto two types of LBL films capped either
by PDL or PAH, and compared them to data obtained for
PDL or PAH monolayers, glass, and fibronectin-coated glass.
The results showed higher cell viability on the LBL multi-
layers, inducing higher cell numbers compared with polyelec-
trolyte monolayers after 1 and 3 days of culture. Moreover,
the cells showed a normal cytoskeleton morphology. The
phenotype of the endothelial cells was maintained and a low
level of leukocyte adhesion molecules was observed. Zhu
et al.l?%7 reported that the polymer scaffolds after LBL coat-
ing exhibited excellent biocompatibility for seeding and pro-
liferation of endothelial cells. All of the above studies dem-
onstrate the possible application of LBL techniques in
vascular-tissue engineering.
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7.2. Bone Cells

LBL multilayer films can potentially also be
used as new biocompatible coatings for bone
implants. Tryoen-Toth et al.l3l systematically
investigated the viability, adhesion, and bone phe-
notype of SaOS-2 osteoblast-like cells and human
periodontal ligament cells on different polyelec-
trolyte multilayer architectures: PEI-(PSS/PAH),,
PEI-(PSS/PAH),-PGA, PEI-(PSS/PAH),-(PGA/
PLL),, PEI-(PSS/PAH),-PSS, and PEI-(PSS/PEI),
(Fig. 10). Higher cell adhesion was observed on
PAH-, PGA-, and PLL-terminating films for both
cell types than for control plastic or glass surfaces,
while the number of attached cells was intermedi-
ate and low for both cell types on PSS and PEI
surfaces, respectively (Fig. 10A and B). The phe-
notype expression in SaOS-2 and periodontal liga-
ment cells grown on different polyelectrolyte mul-
tilayer films was explored using two osteoblast
phenotypic markers, alkaline phosphatase as an
early marker and osteocalcin as a later osteoblast
expression marker. Significant downregulation of
alkaline phosphatase mRNA was measured in both cell types
after 24 h of contact with PEI-terminating constructs, while
slight downregulation was observed for SaOS-2 cells seeded
on PAH or PGA surfaces and for periodontal ligament cells
seeded on PAH or PLL surfaces, respectively (Fig. 10C and
D). Osteocalcin mRNA expression in SaOS-2 cells at 24 h
did not seem to be influenced by any of the polyelectrolyte
films tested, while in PDL cells clearly detectable downregu-
lation of the osteocalcin message was found when the cells
were grown on PAH- or PEI-terminating films (Fig. 10E and
F). Interleukin-8 (IL-8) secretion in SaOS-2 and PDL cells
after 24 h of contact was used to evaluate the behavior of
the polyelectrolyte multilayer constructions toward pro-in-
flammatory processes. As shown in Figure 10G, in the cul-
ture supernatant of SaOS-2 for cells grown on PAH- or PEI-
terminating films, the IL-8 level was increased by 45 or 35 %,
respectively, and no effect was detected with PGA-, PLL-, or
PSS-terminating layers. The stimulating effect of PAH and
PEI surfaces on IL-8 production was even more drastic. On
PAH- and PEI-terminating films, periodontal ligament cells
secreted 3.5 and 5.5 times more IL-8, respectively, than the
cells grown on plastic (Fig. 10H). Summarizing this investiga-
tion, one can draw the conclusion that PSS- and PGA-ending
films have good biocompatibility towards periodontal liga-
ment cells, and PSS-, PGA-, and PLL-terminating films are
good candidates for SaOS-2 cell growth. The LBL films have
also been used to coat the surface of polymer scaffolds, ex-
hibiting excellent biocompatibility for bone-cell attachment
and growth.[239’240]
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Figure 10. A,B) Adhesion of SaOS-2 osteo-
blast-like cells (A) and human periodontal
ligament cells (B) on various coated sur-
faces 20 min after seeding. OD: optical
density. C,D) Effect of different polyelectro-
lyte multilayer constructions on the expres-
sion of alkaline phosphatase (ALP) specific
mRNA in SaOS-2 cells (C) and periodontal
ligament cells (D), and E,F) osteocalcin
(OC) RNA in SaOS-2 cells (E) and period-
ontal ligament cells (F) grown on different
polyelectrolyte films after 24 h of contact
with the substratum. GAPDH: glyceralde-
hyde-3-phosphate dehydrogenase. G,H) Ef-
fect of polyelectrolyte multilayer films on
interleukin-8 (IL-8) production by SaOS-2
cells (G) and human periodontal ligament
cells (H). TNF-alpha: tumor necrosis factor
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alpha. Reproduced from [238].
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7.3. Tumor Cells

Melanoma cells are a cancerous form of melanocytes, the
cells that produce skin color or pigment (melanin). Melanoma
cells respond specifically to a small peptide hormone, a-mela-
nocortin, which is a potent stimulator of melanogenesis. Chlu-
ba et al.”*!! showed remarkable conservation of full biological
activity of a-melanocortin both for covalently bonded pep-
tides to the surface of LBL films and when peptides were em-
bedded in a LBL multilayer. In comparison with conventional
coating methods, polyelectrolyte multilayers are easily pre-
pared and retain their bioactivity after storage in the dry state,
allowing for broad medical applications as implantable de-
vices or artificial tissues. Vautier et al.>*?l investigated the
growth behavior of chondrosarcoma cells on polyelectrolyte
multilayers with various terminating layers in the presence of
serum. Chondrosarcoma is a malignant tumor that produces
cartilage matrix. Induction of IL-8 secretion was detected on
PAH- and PLL-terminating polyelectrolyte films. Early cellu-
lar adherence was enhanced with PGA-, PAH-, PLL-, and, to
a lesser extent, with PSS-terminating layers. The presence of
actin filaments and vinculin focal adhesions was observed on
PSS- or PAH-terminating films, while such phenomena were
partially or totally absent on PGA- and PLL-terminating mul-
tilayer architectures. For PLL-terminating films, vinculin and
actin organization was clearly dependent on the number of
deposited layers. The results of this study suggest that PSS-ter-
minating multilayered films constitute a controlling interfacial
microenvironment at the material surface for chondrosarco-
ma cells.

7.4. Fibroblast Cells

Fibroblasts are the cells that make up the structural fibers
and foundation of connective tissues. Mao et al.**’) made use
of acidic fibroblast growth factor (aFGF) in the presence of
heparin (as a negatively charged polyelectrolyte) and fabri-
cated multilayer films by alternate assembly with cationic
PEI The fibroblasts proliferated faster on the surface as-
sembled with five bilayers of (aFGF/heparin)/PEI, with ap-
parent higher cytoviability than on those surfaces modified by
one bilayer of (aFGF/heparin)/PEI, five bilayers of aFGF/
PEIL or five bilayers of heparin/PEI, or just tissue-culture
polystyrene. Enhanced secretion of collagen type I and inter-
leukin-6 by the fibroblasts seeded on the five bilayers of
(aFGF/heparin)/PEI was also verified by immunohistochem-
ical examination.

7.5. Tissue Engineering
One of the final targets of LBL coating is their application

in tissue engineering.*! Elbert et al.***! prepared thin poly-
mer films on model tissue surfaces, like the fibroblast extra-
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cellular matrix, using the LBL technique in order to evaluate
the feasibility of using such a technique to build barrier ma-
terials on the surfaces of tissues to improve post-surgical
healing, or on the surfaces of tissue-engineered implants.
Their results indicated that the thin polymer layers were rela-
tively bioinert and that the thicknesses of the assemblies cor-
related with the degree of bioinertness, such that interactions
of cells with the underlying proteinaceous surface could be
prevented. Khademhosseini et al.P*2%! and Fukuda et al.*”)
took advantage of patterned LBL films for the study of cellu-
lar co-cultures. It is well known that co-cultures of two or
more cell types may better mimic in vivo systems and ex-
plore cell-cell interactions, which is important for the devel-
opment of tissue-engineering constructs and in vitro cultures
that mimic the organization and complexity of normal tissue
architecture.”*! As shown in Figure 11A, non-biofouling HA
micropatterns can prevent the adsorption of fibronectin pro-
teins and subsequent seeding of a cell type A. In the next
step, ionic adsorption of poly(rL-lysine) onto HA patterns was
used to switch the HA surfaces from cell-repulsive to cell-ad-
herent, thereby facilitating the adhesion of a second cell
type B. To adopt this strategy, Khademhosseini et al.*l gyc-
cessfully fabricated patterned co-cultures of embryonic stem
cells with NIH-3T3 fibroblasts (Fig. 11B) or AML12 hepato-
cyte cells with NIH-3T3 fibroblasts (Fig. 11C). The fact that
such co-cultures remained stable for at least five days further
confirmed that the patterned LBL technique can potentially
provide a valuable tool for studying cell-cell interactions,
maintaining cells in culture, and engineering organs for tissue
engineering.

Very recently, Lee et al.27l developed an alternative LBL
method to realize co-culture of cells. LBL assembly of clay/
PDDA multilayers was used to modify the surface of 3D scaf-
folds and to enhance the adhesion of thymic epithelial cells.
Simultaneously, the spherical chambers of 3D scaffolds were
used to entrap the floating monocyte cells, which spent most
of the time in close proximity to the matrix and bone epithe-
lial cells adhering to the walls of the 3D scaffold. Using this
approach, they efficiently simulated the differentiation niches
for different components of the hematopietic system, includ-
ing T-cells, B-cells, and stem cells.

8. Implantable Materials Prepared by LBL

Armed with the knowledge introduced above, scientists
have fabricated implantable devices using the LBL technique
for possible in vivo diagnosis and therapy.
8.1. Anti-Biofouling Properties

One of the basic requirements of implantable devices is

good anti-biofouling properties, which encompass antiadhe-
sion, anti-inflammatory, and antibacterial properties.
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stent in the presence of a nitric oxide donor,
sodium nitroprusside. Stents have been ex-
tensively used in cardiovascular surgery

HA
Exposed
surface | glass

| where they are inserted into clogged ar-

¥ \

U Fibronectin

Fibronectin

teries, previously opened using a procedure
such as balloon angioplasty or atherectomy,
to prevent localized constriction of the ar-
tery. Enhanced thromboresistance of the
LBL multilayer together with the anti-in-
flammatory and wound-healing properties

Seed cell * *

type A

cell A

cell A

of HA and CH are expected to reduce the
neointimal hyperplasia, or thickening of the
interior layer of the blood vessel, associated
with the stent implantation. Moreover,
LBL films of collagen and immunosuppres-
sive agents, such as sirolimus, on the surface
of stents could serve as reservoirs for sus-

\

polylysine

tained drug release.’”

8.1.2. Anti-Inflammatory Properties
Benkirane-Jessel et al.?*®?*! incorpo-

rated a melanocortin derivative and piroxi-

cam into multilayer films on a model im-

plant surface and evaluated its anti-
inflammatory properties by detecting the
inhibition of TNF-alpha produced by hu-
man monocyte cells stimulated with lipopo-
lysaccharide bacterial endotoxin. Such a
surface coating upon LBL modification

Figure 11. A) Schematic diagram of the HA-PLL layering approach to pattern co-cultures. Pat-
terned co-cultures of B) embryonic stem cells with NIH-3T3 fibroblasts and C) AML12 hepato-
cyte cells with NIH-3T3 fibroblasts. Scale bars represent 200 um. Reproduced with permission
from [246]. Copyright 2004 Elsevier.

8.1.1. Antiadhesion Properties

Implantable devices should have the capability to prevent
platelet adhesion and then blood coagulation. Many research
groups confirmed that coating with LBL films containing ser-
um  albumin,B825251 heparin 8248250252253 qex(ran 196254
and CHIY0%223%255] can efficiently enhance resistance to
blood coagulation. As an example, Thierry et al.?l con-
structed a multilayer film of HA and CH on the surface of a
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exhibited a remarkable anti-inflammatory
response; thus, this coating may be applied
to implants or prostheses.

8.1.3. Antibacterial Properties

Bacterial infection of implanted materials
is one of the most severe concerns following
prosthetic surgery. Because of the abun-
dance of hydrogen bonds and strong hydro-
philic repulsion, polysaccharide multilayers
of HA and CH can be used not only to pre-
vent adhesion of cells, as introduced in Sec-
tion 8.1.2, but also as an antibacterial coat-
ing.”® In order to take advantage of the
hydrophilic repulsion, Boulmedais et al.l**!!
constructed multilayer films of PLL and
PLGA with surface-grafted poly(ethylene glycol), and pre-
pared films with good bacterial resistance. Etienne et al.2622%
further showed that the antibacterial capability of LBL coat-
ings was dramatically enhanced by the insertion of an antimi-
crobial peptide (e.g., defensin, chromofungin) into the multi-
layers. Another antibacterial agent, silver, has been recognized
for over a century.[264] Grunlan et al,[265] Podsiadlo et al.,[74]
and Lee et al.** incorporated silver NPs into LBL multilayers
and achieved films with good antibacterial properties. Overall,
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the tremendous improvement of antibacterial capability, which
can be realized by LBL coatings with multiple antibacterial
agents, will ensure the safety of implanted materials.

8.2. Biosensors

In vivo diagnosis requires biosensors with small sizes. Chen
et al.”*”! coated the tips of gold wires having diameters of
250 um with GOD using the LBL technique. The biosensors
allowed for >2 nAmm™ sensitivity, 0-30 mm dynamic range,
drift of about 5 % per 24 h at 37 °C at a glucose concentration
of 15 mmMm, and about a 5% current increment using a combi-
nation with 0.1 mm ascorbate, 0.2 mm acetaminophen, and
0.5 mm urate. Sensors with LBL micromembranes accurately
measured glycemia in the jugular vein and in the interstitial
subcutaneous fluids. Multilayer films containing humic acids
were prepared on the surfaces of biosensors as a potential
semipermeable membrane.*®! The permeability of glucose
through these membranes was shown to be regulated by vary-
ing the number of assembled layers. Moreover, a 200 nm thick
LBL film had a shear modulus of about 80 MPa, implying sta-
bility upon implantation. These films were also found to be
biocompatible, since in vivo studies indicated only mild tissue
reactions along with some neovascularization.

Silicon microelectrode arrays have great potential for en-
abling chronic in vivo recording of neural activity; however,
this promise is hampered by scar-tissue formation at the site
of implantation.[%g] He et al.*®! reported that a LBL multi-
layer coating on the silicon microelectrode arrays significantly
enhances cortical neuronal attachment and differentiation
in vitro with no deleterious effects on impedance of the elec-
trodes. Therefore, LBL techniques could benefit development
of biosensors for in vivo monitoring.

8.3. Repair of Vessels

Thrombogenesis easily occurs at the position where an ar-
tery is damaged, resulting in one of the leading causes of
death today.'®? Thierry et al.?™! coated the interior of dam-
aged arteries with a polysaccharide multilayer of HA and CH.
An 87 % reduction in platelet adhesion was observed for the
damaged artery coated by the polysaccharide film (Fig. 12).
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Figure 12. Platelet (PLT) adhesion on damaged endothelium (“damaged
endo”), (CH/HA)s-coated damaged endothelium, and (CH/HA-L-Arg)s-
coated damaged endothelium. Reproduced with permission from [270].
Copyright 2003 American Chemical Society.

www.advmat.de

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The cause of the reduction in platelet adhesion for the poly-
saccharide multilayer has been discussed in Section 8.1. A ni-
tric oxide precursor, L-arginine, was used as a drug model and
incorporated within the multilayer films. Nitric oxide is known
to affect vascular tone and wall dynamics, to inhibit monocyte
and platelet adhesion, and to prevent vascular-cell prolifera-
tion. As shown in Figure 12, arginine-loaded polysaccharide
multilayers further reduced platelet adhesion by 91 %, dem-
onstrating the potential of LBL technique in artery repair.

9. Concluding Remarks

As a molecular-assembly technique, LBL assembly has
been extensively used in biology, spanning biomimetics to tis-
sue engineering. However, the biological applications of the
LBL method are still in the early stages, and many treasures
still await scientific discovery. From a theoretical viewpoint,
the effects of LBL films on seeding and growth behavior of
cells remain elusive. All parameters of LBL films, including
the surface charges, surface hydrophobicity or hydrophilicity,
surface roughness, intrinsic structures, and mechanical
strength, can influence the biological behavior of cells. More
importantly, as described in Section 7, different types of cells
exhibit different attachment and differentiation, even on LBL
films with the same structure. General theoretical models that
offer a full understanding of the LBL effect on the behavior
of the attached cells are urgently required.

There are also numerous opportunities regarding the practi-
cal biomedical applications of LBL techniques. For instance,
the LBL method is known to have the capability to incorpo-
rate almost all types of high-molecular-weight hydrophilic
species with a variety of functionalities. This property makes
LBL deposition a central technique for the incorporation of
the achievements of nanotechnology in biomaterials and bio-
medical devices. Thus, organic-inorganic LBL films with
unique optical, electric, magnetic, and thermal properties
originating from NPs, nanowires, carbon nanotubes, clay
platelets, and other nanocolloids can be fabricated and subse-
quently interfaced with attached proteins and cells. Such com-
plexes of nanostructured and biological entities with specific,
finely tuned functions have no analogues in conventional ma-
terials, offering promise for a broad range of applications in
diagnosis and treatment.

The LBL method is also a unique technique for preparing
coatings not only on 2D flat substrates, but also on 3D scaf-
folds. It can be expected that LBL-assembled films with spe-
cific embedded growth factors, receptors, or ligands depos-
ited on complex 3D scaffolds will push the development of
tissue engineering. In summary, we truly believe that the
LBL method has a very bright future in biological applica-
tions and can become a pivotal and enabling technique for
the development of a variety of biomedical procedures and
devices.
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