
REVIEW

Improving polymeric surfaces for biomedical applications:
a review

P. Ferreira, P. Alves, P. Coimbra, M. H. Gil

� American Coatings Association 2015

Abstract The performance of a material in a biolo-
gical environment is mediated by its surface properties
and by the combination of physical and mechanical
properties that are required for a specific application.
The more relevant surface properties in these respects
include its chemical structure (hydrophilicity and the
presence of functional groups that could initiate
reactions in biological systems) and the morphology
(the distribution and abundance of hydrophilic/hy-
drophobic phases, crystalline/amorphous phases and
surface topographical assets). In surface modification,
one aims to tailor the surface characteristics of a
material toward a specific application without detri-
mentally affecting the bulk properties. This strategy
allows for an increase in the success of implants’
application by increasing their lifetime. In this review,
several approaches to the surface modification of
polymers are described, as are a number of viable
applications.
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Introduction

One of the more frequent, expensive, and serious
problems faced by human healthcare is the loss or
failure of organs or tissues. The medical need for tissue
and organ substitutes can arise from trauma, infections,
inherited problems, age-related diseases, and organ
failure.1

The field of biomaterials embraces a wide range of
applications. Polymers have been extensively used as
coatings in biomedical devices. They are also used as
the bulk material in devices such as catheters, heart
valves, and dialysis membranes. These polymers that
were originally developed for a variety of industrial
applications were then adapted for use as biomaterials,
based on their favorable characteristics.

The performance of a material in a range of
biological environments is initially dependent on its
surface properties. Cell attachment and consequent
cell behavior are determined by a complex set of
occurrences that involve processes such as protein
adsorption and intercellular signaling. Most biological
reactions occur on surfaces and interfaces. Therefore,
the surface of the biomaterial is a key factor deter-
mining the biological response and, therefore, the
biocompatibility.2 Properties such as the wettability,
chemical composition, porosity, softness/stiffness,
roughness, and the surface charge of the biomaterial’s
surface, are highly significant with respect to the
existing physiological environment.3,4

When designing a biomaterial, these factors should be
taken into consideration in optimizing those features
that are related to the overall biocompatibility. Among
the surface properties that can be tuned by the judicious
choice and use of coating are the surface chemical
structure (such as the inherent hydrophilicity), the
presence of functional groups on the surface (that could
be used to inter as sites for action/reaction with
biological systems, in biological media), the surface
morphology (the distribution and abundance of speci-
fied hydrophilic/hydrophobic regions and the presence
of ordered/disordered phases), and the overall surface
topography.5 For example, surface chemical properties
aremajor factors in determining the nature and extent of
any adhesion of proteins in ‘‘in vivo’’ systems. This
behavior is directly related to subsequent cellular
interactions with the coating and, therefore, to the
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materials’ biocompatibility.Also, it has to be recognized
that if a coating is inappropriately chosen, pathological
microorganisms may easily adhere to the resultant
surfaces, causing infection. The incidence of such infec-
tions varies from 1% (in hip prostheses) up to 100% (for
urinary tract catheters) and up to 50% in aortic vascular
graft infections.6 An infection involves three major
steps: microbial adhesion, microbial proliferation, and
the formation of a bacterial film (biofilm). The surface
modification (coating and surface deactivation) of the
parent substrate has been one of the more used and
studied approaches to avoid the biofilm deposition
(biofouling). Surface modifications are used to tailor
the surface characteristics of a material to a specific
application without destructively affecting the bulk
properties. This approach provides a basis for increasing
the success of implants’ application by increasing their
service lifetime.

Two major strategies have been used by researchers
to increase the overall biocompatibility of substrates.
One involves the synthesis of new materials and the
other concerns the modification of the surface of pre-
existing materials, for example by the use of appropri-
ate coating technologies and pretreatments. Some of
the available techniques that are used to enhance
biocompatibility are described below.

Interaction of surfaces with biological systems

When a biomaterial is implanted in a living organism,
several types of interaction can become established
between the host tissue and the biomaterial, perhaps
more specifically with its surface. These interactions,
although being classified as being normal, may lead, if
not properly controlled, to a failure of the implant and,
in the worst case scenario, to the host’s death.

In order to understand, to predict, and to avoid such
effects, it is important to recognize that, besides the
effect of the implant on the host’s tissues, additional
factors should be considered. Other very important
considerations include the events occurring at the
biomaterial–tissue interface, the effect of the host on
the material, and the consequences that such interac-
tion might bring about. Several instances of biomate-
rial–tissue interactions have been reported and are

listed in Table 1. The most significant will be further
described in this article.

Immediately after implantation of a biomaterial into
a biological environment, adsorption of lowermolecular
weight proteins onto its surface begins. Among these
proteins are usually albumin and immunoglobulins
(antibodies involved in physiological defense mechan-
isms). Proteins adsorption to a surface is a highly
complex and dynamic process. Figure 1 gives an exam-
ple of the dynamics of this process. Over time, the
initially adsorbed proteins are displaced by others that
are larger and lessmotile, presenting amore pronounced
affinity for the material’s surface. This phenomenon is
commonly known as the Vroman effect.7,8

At the end of this process, a film that is composed of
proteins and extracellular matrix (ECM) material coats
the surface. This film is commonly referred to as the
‘‘conditioning layer’’. The logic behind this termi-
nology is that the nature of these proteins is a major
factor of interactions with any biological environment,
including blood, of the attachment of posterior cells
and of their behavior (such as the attachment and
activation of neutrophils, macrophages, and other
inflammatory cells) and bacterial adhesion.10

Blood–material interactions

When a medical device is brought into contact with
blood, several responses can occur at the blood/
biomaterial interface. One of the more common and
severe events is that of blood coagulation at the
material surface, ending up with the development of
thromboemboli. This is a highly intricate process which
begins with the adsorption of proteins onto the surface
followed by the interaction with blood cells, namely
with platelets.11,12 Once attached to the surface,
platelets aggregate and become active. This activation
is translated in the release of several molecules which
act as a signalization system activating additional
platelets. At this stage, a series of complex and
succeeding reactions take place (coagulation cascade).
During this process, thrombin (a protease) converts the
soluble fibrinogen into insoluble fibrin strands. These
strands are then crosslinked to form a blood clot or
thrombus. Figure 2 represents this process.

Table 1: Interactions usually established between a biomaterial and a host tissue

Effect of implant on host tissue

Local effects Systemic/distant effects

Blood-material interactions (e.g. protein adsorption, coagulation,
haemolysis, platelet, or leukocytes activation, …)

Embolization (e.g. thrombus formation, …)

Toxicity Hypersensitivity
Inhibition of normal healing (e.g. encapsulation, foreign body reaction, …) Mutagenicity
Bacterial adhesion (infection) Teratogenicity
Carcinogenesis
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The resultant thrombus may become unattached
and get carried by the blood stream finally resulting in
blocking a blood vessel (thromboembolism). This
process usually occurs in the lungs, brain, gastroin-
testinal tract, kidneys, or legs and is a significant cause
of patient morbidity and mortality.

Several factors are known to influence protein
deposition and posterior blood clotting on foreign

surfaces. Among these, special emphasis is given to the
characteristics of the biomaterial’s surface (namely the
composition, the surface energy, the hydrophilicity,
and the roughness) to the hemodynamics (the nature of
blood flow to which the biomaterial is subjected) and
to the biological environment.

Cell adhesion

Once attached to the material, a complex system of
communication that is initiated by the proteins begins
to take place. This involves the release of signals, the
attraction of cells, and the adherence of those cells to
the surface. The process of cell attachment to a surface
occurs in three consecutive stages: (1) attachment
initiation, (2) spreading and growth, and (3) the
formation of focal adhesions and stress fibers.13

The adhesion of animal cells is mediated by the
adhesion receptor proteins that exist in the cells
membranes, the integrins. Structurally, integrins are a
large family of transmembrane heterodimers (com-
plexation of nonidentical monomers14) of noncova-
lently associated a and b subunits. They act as bridges
for cell–cell and cell–ECM interactions.15 Despite the
existing variety of integrins, their basic shape is similar
since they are all composed of subunits with large
extracellular domains, a single transmembrane seg-
ment, and a relatively short cytoplasmic extremity
(Fig. 3).16,17

Polymer surface

Polymer surface

Protein
          displacemnet

Exposure time

Protein A

Protein B

Fig. 1: Representation of the Vroman effect. After expo-
sure to the physiological medium, small, and abundant
proteins (protein A) adsorb and interact with the polymeric
surface. These weakly surface-active proteins are subse-
quently displaced by other larger proteins that give a
greater affinity with the coated material (adapted from
Palacio et al.9)

Fig. 2: Representation of the blood/biomaterial interface
showing development of thromboemboli at the material’s
surface

α β

Cytosol

Extracellular medium

Ligand binding site

Cytosolic domains
(bind to the cytoskeleton)

Fig. 3: Schematic representation of the basic structure of
the transmembrane protein integrin, composed of an a

(alpha) subunit and a b (beta) subunit. These proteins work
as receptors mediating attachment of cells to surrounding
tissues or to extracellular matrix
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The first stage of the adhesion process is initiated by
contacts between those receptor proteins and the
proteins that coat the surface. This phase will result
in the activation of the integrins, a phenomenon that
includes their clustering and the increase of their
affinity toward the protein-coated surface.18,19

Following this process, filaments of actin, the major
cytoskeletal protein, are formed by the polymerization
of actin and stress fibers are created. This phenomenon
allows the cells to spread, enhancing their surface
contact area (second stage). Finally, strong points of
attachment, termed focal adhesions, are formed. These
sites work as linkage spots between the fibers of actin
and the extracellular medium, via the transmembrane
integrins. At the end of this process, the animal cell is
tightly attached to the coated surface. The described
process is summarized in Fig. 4.

When coated biomaterials are used, cell adhesion
may become either an advantage or a shortcoming,
depending on the circumstances. While for some
applications it is vital that cells become attached,
spread, and even divide on the surface (as in the case of
the development of materials that are designed for use
in tissue engineering), in other cases such processes will
result in implant failure and the need for consequential
removal and replacement. The most obvious example
of undesirable cell adhesion to a material is that which
occurs in bacteria attachment.

Bacterial adhesion and biofilm formation

Bacterial attachment and the subsequent spreading on
biomaterials results in the formation of a secondary
coating, a biofilm, which is frequently associated with
the failure of implants, as in the failure seen in joint
prostheses, heart valves, vascular catheters, and con-
tact lenses.20 Biofilm formation occurs through several
consecutive stages (Fig. 5), starting with the attach-
ment of bacteria to the surface, followed by cell–cell
adhesion and proliferation. Finally, cells start to
accumulate in multilayer clusters and to produce an

ECM (mainly composed of polysaccharides), which
works as an enclosing structure. The spreading of the
resultant coating biofilm is mainly due to the release of
some bacteria from the cluster structures, which then
adhere to the coating surface and start a new cycle.21

Studies concerning the mechanisms of bacterial
adhesion, leading to an understanding of how to avoid
this drawback, are constantly being updated. However,
the complexity of such processes and all the factors of
relevance (e.g. material properties, bacterial strain
type, and patient condition), makes it a task that is/will
be difficult to accomplish.

Surface modification

The success or failure of a medical device is often
determined by its surface properties and its bulk
properties. For a specific medical application, the
desired characteristics for the implant must be known
prior to its implantation. Thus, implanted devices need
to present specific bulk and surface characteristics if
they are to be recognized and accepted by the medium
into which they are presented.

In most applications, a polymeric material is chosen
according to its bulk properties, such as the stiffness,
the polymer type, conductivity, the optical properties,
the strength, and the freedom from deterioration.22,23

For most biomedical applications, the two properties of
greatest importance are the bulk strength (mechanical)
and the surface reactivity (chemical). Some synthetic
materials have the suitable bulk properties. However,
the surfaces of the majority of materials do not have
the same composition and features as the bulk. Thus,
their surfaces have to be modified, if they are not to be
recognized as a foreign material.

Thus, surface modification (coating) plays an impor-
tant role in biomedical applications since coatings can be
used to adapt the surface to the desired characteristics
without compromising its bulk properties.

Surface modification techniques are used across
various technologies including biomedical devices,

Integrin Actin filaments

Stage 1

Strength of adhesion

Stage 2 Stage 3
Focal adhesion

stress fibers
Cell attachment Cell spreading

Fig. 4: Stages of cell adhesion to a coated surface: attachment, spreading, and formation of focal adhesions and stress
fibers (adapted from Murphy-Ullrich18)
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textile materials, microelectronic components, and
food industry products. Surface modification materials
and methods are tried and tested in a variety of fields,
giving confidence in the appropriateness of the modifi-
cation techniques that are available.

Several methods for tailoring surfaces to suit specific
applications have been reported. Three major classes of
surface modification techniques can be considered. The
first concerns surface modifications by physical agents.
These include flame treatment, corona discharge treat-
ment, plasma treatment, etching, ultraviolet (UV)
radiation exposure, laser ablation treatment, gamma
irradiation, and X-ray treatments. The second class
includes surface modifications by using chemical agents
and functional group incorporation, such as surface
oxidation, hydrolysis, chemical grafting, and surface
coating.24 Finally, the third class involves the use and
immobilization of biological molecules or cells onto the
surface of the materials. Thus, several different biomo-
lecules can be immobilized using various techniques.

Over the years, several surface modification methods
have been developed. Some of these are listed below:

– The physical deposition of active compounds on the
surface by coating.25,26

– The covalent immobilization of polymer chains onto
a surface by chemical reactions, taking place after
coating.27

– The grafting of polymer chains on the surface after
and during plasma treatment,28–30 by corona dis-
charge,31–33 and by grafting that has been initiated by
c-radiation treatment.34–36

Surface modification by ultraviolet irradiation

Surface graft polymerization, induced by UV irra-
diation induced photoactivation (Fig. 6), has been

shown to offer advantages over alternative treatments.
These include their fast reaction rate, the relatively low
cost of processing, the availability of a variety of
formulation options and items of equipment, relatively
facile development to industrial scale processing, and,
probably most importantly, the creation of viable
products in which the distribution of the grafted chains
is limited to the surface of the material.37

Such grafting can be viewed as a controlled coating
option. Surface modification by the photografting of
coating formulations provides another basis for the
modification of the surface properties without inter-
fering with the bulk material.

Surface polymerization after coating, using UV
radiation induction/initiation, is usually performed in
the presence of a photoinitiator or a photosensitizer.
This photoinitiator (after its photodecomposition), can
induce the formation of monomer radicals, leading to
subsequent atom abstraction processes, (usually involv-
ing H-atoms), resulting in radicals on the backbone of
the substrate surface. The introduction of monomers
(vapor phase or solution) can bring about graft pho-
topolymerization through the usual routes of propaga-
tion and eventual chain termination.38–40 A range of
photoactivators is available for use in this context. These
allow the initiation of the surface activation process by
inducing radical formation in the substrate surface. The
radical produced may be symmetrical or asymmetrical,
depending on the molecular structure of the initiator.
Thus, frequently used photoinitiators, such as the
isopropylthioxanthone, xanthone, anthraquinone, 2,2-
azo-bis-isobutyronitrile, among others, are used for
nonaqueous media.37 Water soluble/compatible deriva-
tives of these initiator types are used when aqueous
formulations are required, usually based on quaternary
salts and sulphonic acid salts. The curing reaction time
and the wavelength of the radiation that is used in the
reaction are determined by the chosen photoinitiator
and the spectral output of the radiation source. An

1         2 3 4 5

Begining
of new
cycle

Dispersion of bacteria

Fig. 5: Stages of biofilm development: (1) bacterial attachment to the coated surface; (2) synthesis of extracellular matrix;
(3) formation of bacterial microcolonies; (4) maturation of biofilm architecture; (5) dispersion of bacteria
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example is given by 1-[4-(2-hydroxyethoxy)-phenyl]-2-
hydroxy-2-methyl-1-propane-1-one (Irgacure�2959), a
highly efficient nonyellowing radical photogenerator
that is used for the UV curing of systems comprising of
unsaturated monomers and pre-polymers, which gener-
ates the acetone ketyl radical (Fig. 7).

This photoinitiator has been widely used since
Williams et al.41 studied its biocompatibility, along with
that of other photoinitiators. In their study, this initiator
gave the best results in terms of cytocompatibility.

The main application of UV radiation in the bioma-
terials field has been targeted toward the modification of
surfaces. However, in some cases, such as in the
improvement of biocompatibility and haemocom-
patibility, UV irradiation can be also used to modify the
bulk of thematerial.Moreover, crosslinkedmaterials and
cell immobilization systems,42,43 antifouling surfaces,44

and bioscaffolds for tissue engineering,45–47 can also be
prepared by UV irradiation-based techniques.

This technique has been used to modify polyur-
ethanes, in order to develop and control cell adhesion
on the surface of the material in the development of a
new biosensor48–50 and for heart valves.51 The surfaces
were activated with Irgacure�2959 and then different
vinyl monomers (e.g. acrylic acid, hydroxyethyl
methacrylate, sulfobetaine methacrylate) with a de-
sired composition was grafted to the surface, as shown
in Fig. 8.

Surface modification by plasma treatment

Nowadays, plasma technologies are being widely used
to tailor the surface properties of polymers without

affecting their bulk properties. Hydrophilicity, chemi-
cal structure, and roughness are some of the surface
properties that can be modified by plasma treatment in
order to adapt a material for a specific application.
Plasma treatment is also being used to free polymer
surfaces from organic contamination.52

A plasma is a mixture of highly excited electrons,
negatively charged particles and positively charged
particles, neutral atoms, and molecules. For this reason
the plasma state is sometimes referred to as the fourth
state of matter.

Plasma polymerization has been studied intensively
since the 1950s and especially in the 1960s. Over the
years, plasma polymerization has gained importance as
a surface modification technique and, nowadays, is a
well-recognized method,53,54 especially in the biome-
dical field. This is because it is a relatively economical
and effective technique for the processing of polymeric
materials. Table 2 lists some of the common research
areas and applications in which plasma treatment is
used for the creation of more effective biomaterials.55

The surface modification of polymers by plasma
treatment is widely used with gases such as argon,
helium, nitrogen, and oxygen, among others. This
treatment leads to the formation of free radicals at the
surface of the polymer. These radicals, under appro-
priate circumstances, are able to react with the excited
species in the plasmas. Therefore, treatment with O2

gases leads to oxygen atom containing functionalities
such as hydroxyl groups, carbonyl groups and, in some
cases, carboxylic groups (Fig. 9). Other chemical
groups can be introduced using the appropriate gas
(gas mixture). Inert gases can be used if surface
roughness features are required.

UV irradiation

Cured coated layer

Monomer(s)

Photoactive
initiator(s)

Surface graft
polymerization

Fig. 6: Schematic representation of surface graft polymerization by UV irradiation
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Fig. 7: Chemical structure and photochemistry of Irgacure�2959
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In the biomedical field, plasma surface modifications
are mostly used to improve adhesion, increase surface
wettability, and induce surface roughness. Plasma
surface modifications include52:

– removing the surface contaminants such as air
pollutants or fingerprints,

– etching, leading to an increase of roughness by
selective removal of material from surfaces by
chemical reaction and/or physical sputtering,

– substitution of chemical groups on the surface that
might allow covalent bonding, by the modification of
the surface characteristics with reactive gases.

As previously mentioned, plasma processing can be
used for the cleaning, the activation, and the etching of

a surface (metal, ceramics, glass, and plastics) as well as
for coating by plasma-induced polymerization. The
various effects of the plasma treatment of a polymer
surface may be categorized as surface modification,
grafting, and film deposition (plasma polymeriza-
tion).56

Plasma grafting is a two-step, incorporation process
whereby functional groups and reactive sites can be
created on the polymer surface (Fig. 10). Using inert
gas plasmas, free radicals can be formed on the surface.
To generate a grafted/coated polymer on this surface, a
monomer solution is introduced in the reaction cham-
ber, allowing the monomer to react with the surface
free radicals, resulting in a grafted/coated surface
treatment.56

Alves et al.48 introduced carboxylic groups onto a
thermoplastic polyurethane substrate using the plasma
method. In this way, the authors grafted acrylic acid
and methacrylic acid onto the surface of the polymeric
substrate to improve wettability and to reduce cell
adhesion. Poly(dimethyl siloxane) surfaces can be
modified by using a low-pressure plasma to improve
their characteristics toward biomedical applications.
Pluronic�F-68 (polyoxyethylene–polyoxypropylene
block copolymer; a relatively nontoxic difunctional
surfactant) and poly(ethylene glycol)methyl methacry-
late can be grafted to poly(dimethyl siloxane) surfaces
to improve their wettability and to reduce bacterial
adhesion.57 These surface modification findings show
that these kind of materials (polyurethanes and
polysiloxanes) can be used in medical devices (e.g.
catheters, vascular grafts,51 and voice prostheses.57,58).

Irgacure®2959
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Fig. 8: Schematic representation of the UV grafting mechanism (adapted from Alves et al.49,51)

Table 2: Common research areas and applications of plasma treatment in biomaterials (adapted from Chu et al.43)

Areas Applications

Blood-containing surfaces Vascular grafts, catheters, stents, heart valves, membranes
(hemodialysis), filters (blood cell separation)

Nonfouling surfaces Intraocular lenses, contact lenses, wound healing, catheters, biosensors
Tissue engineering and cell culture Cell growth, antibody production, essays, vascular grafts
Sterilization of surgical tools and devices Cutting tools of surgeon, tweezers
Biosensors Biomolecules immobilized on surfaces
Barriers coatings Drug-release, gas-exchange membranes, device protection,

corrosion protections, reduction of leaches (additives, plasticizers, …)

O2

OH

OOH

OH

O

O

O

Plasma

Fig. 9: Schematic representation of the oxygen plasma
surface activation mechanism leading to various active
centers due to surface oxidation (adapted from Alves
et al.49)
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Plasma-induced polymerization leads to the forma-
tion of a thin coating film that can provide unique
chemical properties and physical properties. In order
for the polymerization process to occur, radicals can be
formed in the presence of the gas in which a monomer
is usually mixed. Then, as the molecular weight of the
polymer in the chamber increases, it is deposited on
the surface of the substrate. The deposition of the
polymers is mainly mediated by the geometry of the
plasma system, the working gas pressure, the power
and frequency of the signal, the temperature of the
substrate and the flow rate, and reactivity of the
monomer. This technique leads to the production of
thin films that are highly crosslinked and are strongly
bound to the surface.52,56

Vilani et al.59 studied the influence of the acrylic
acid plasma parameters on the treatment of polysilox-
ane substrates and on polyurethane substrates. They
treated both surfaces by using a radio frequency (RF),
low-pressure plasma using acrylic acid as the monomer.
They concluded that the formed thin film was
chemically similar to poly(acrylic acid) films conven-
tionally created.

Biomolecule attachment

As previously mentioned, the adsorption/desorption
behavior of blood proteins or the adhesion and
proliferation of different types of cells on polymeric
materials depends mainly on the surface characteristics
of the substrate such as wettability, hydrophilicity/
hydrophobicity, bulk chemistry, surface charge type
and strength of charge distribution, and surface rough-
ness.60 Routes to dealing with such issues involve the
surface modification of biomaterials with proteins to
control cell adhesion and the subsequent cellular
response to material surfaces as reported.61–64 For this
purpose, molecules such as laminin, fibronectin, colla-
gen, and the arginylglycylaspartic acid (RGD, a
tripeptide composed of L-arginine, glycine, and L-
aspartic acid) can be used. Some studies have shown
that by modifying the biomaterial surface with mole-
cules that induce cell adhesion, such as fibronectin,
improvement of the cellular response and in tissue
repair can be achieved.65,66

Some serum proteins, such as fibronectin and
vitronectin, show a preferential adsorption onto mod-

erately aqueous medium wettable surfaces. These
proteins are also known as cell-adhesive proteins. If a
surface offers suitable hydrophilicity, these proteins
can adhere on the surface and, consequently, can
improve cell adhesion, spreading, and growth.60 Thus,
if a surface is tailored to process the ideal hy-
drophilicity the cellular response can be controlled.

The RGD peptide sequence is known as a cell
recognition site for numerous adhesive proteins that
are present in the ECM and in whole blood. Surfaces
immobilized with RGD groups are known to enhance
cell attachment, while any RGD components that are
present in solution can inhibit cell attachment by
competing with endogenous ligands for the same
recognition site.67

The bovine serum albumin (BSA) protein gives
different responses to different interfacial environ-
ments. BSA is often used to coat biomedical devices.
Albumin is often used for coating vascular grafts in
order to passivate surfaces that are in contact with
blood and thus minimize surface-induced platelet
activation. The albumin reduces both the number of
adherent platelets and the extent of platelet activation
on the albumin-adsorbed surface.68,69

Poly-D-lysine (PDL) is a synthetic polypeptide
which is used as a culture substrate to enhance cell
attachment to plastic surfaces and to glass surfaces. It is
also used with a wide variety of cell cultures, par-
ticularly neurons, glial cells, and transfected cells. In
addition, PDL-coated surfaces are often used to reduce
cell detachment, which may occur during multiple
washing steps that are associated with cell assays.70

Surface coating by polyelectrolyte multilayer
(PEMs) thin films

The preparation of polyelectrolyte multilayer (PEMs)
thin films via the layer-by-layer assembly (LbL) of
oppositely charged polyelectrolytes (PELs) on a
charged surface was first introduced by Decher and
co-workers in 1992.71 Since then, this concept has
generated a new and very active field of research. In
the biomedical area, PEMs are being investigated
mainly for applications as drug delivery systems and
for surface coating and biofunctionalization of biome-
dical devices. This technique is based on electrostatic
attractions, where aqueous solution of two oppositely
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Fig. 10: Schematic representation of the Argon plasma grafting mechanism (adapted from Alves et al.48–52)
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charged polymers or polyelectrolytes (PELs) are
alternatively deposited on a substrate. The deposition
of each layer is defined by the surface charge, which is
reversed after each dipping cycle. This process allows
the formation of a multilayer structure stabilized by
electrostatic forces.72 The formation of PEMs by LbL
assembly is depicted in Fig. 11.

Each polyelectrolyte layer is formed by the absorp-
tion of charged polyelectrolyte species from solution
onto an oppositely charged surface. The excess ad-
sorption of the substances, i.e., charge neutralization
and resaturation, leads to a reversion of the surface
charge, which allows the deposition of an additional
layer of a polyelectrolyte with a charge opposite to that
of the first one.73 The LbL assembly process is driven
by electrostatic interactions that are established be-
tween the oppositely charged domains of PELs,
although forces of other nature can contribute to the
formation and stabilization of the assemblies.74 Also,
thermodynamically this process is favored by the gain
in entropy due to the release of counterions.

One of the attractive features of the LbL method is
its simplicity. In fact, the LbL strategy allows the
construction of PEMs films without the need for
expensive or sophisticated equipment, using only
simple procedures. The dip coating method, illustrated
in Fig. 11, is the most simple and common way to LbL

built-up. This method consists in the sequential dipping
of an object with its charged surface into aqueous
solutions of oppositely charged polyelectrolytes. Other
techniques that have been developed to produce PEMs
by LbL include the spin-coating method75 and spraying
LbL.76 The structure and properties of PEMs are
determined not only by the intrinsic properties of the
polyelectrolytes themselves but also by the experimen-
tal conditions, mainly the ionic strength and the pH of
the deposition solutions.

Besides its appealing simplicity, the LbL assembly is
regarded as an extremely versatile bottom-up nanofab-
rication technique, since it allows the construction of
PEMs films that have a great variety of architectures,
by changing the types of polyelectrolyte components,
the number of layers, and the layering sequence.73 The
LbL process is viewed as being applicable to virtually
any pair of synthetic polyelectrolytes or charged
biopolymers such as ionic polysaccharides, proteins,
enzymes, and nucleic acids. Indeed, all these classes of
materials have been already successfully used in the
construction of PEMs films.77,78 Already proven to be
possible is the incorporation in PEMs films of charged
nano-objects such as metal nanoparticles, carbon
nanotubes, and clay platelets, among others.79,80 PEMs
films can also be assembled on the surface of materials
with various shapes and chemistries. Besides being
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Fig. 11: Schematic representation of PEMs formation by LbL assembly
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applied to flat supports (glass, metals, and polymers),
PEMs films have been used to coat the surface of a
variety of device surfaces such as microneedles for
transdermal drug delivery,78 stents77 and vascular
prostheses,81,82 and even for cryopreserved arteries.83

Polyelectrolyte LbL assembly is also adaptable to the
coating of particles of micro- or nano-dimensions.73

PEMs coatings have been extensively used to tailor
the biological properties of biomedical devices sur-
faces. Surfaces that need to possess specific properties,
such as antimicrobial surfaces or antithrombogenic
surfaces, or those with decreased cell adhesion or
enhanced cell adhesion can be constructed by the
employing the appropriate combination of polyelec-
trolytes.84 Often, this meeting of desired characteristics
is achieved by the use of natural biopolymers, such as
ionic polysaccharides, proteins, and DNA. For exam-
ple, sulfated polysaccharides, such as heparin and
chondroitin sulfate, are frequently used as building
blocks for the construction of PEMs coatings that
exhibit antithrombogenic and endothelialization prop-
erties.85 Also, chitosan, due its inherent antimicrobial
properties, is used to produce microbial-resistant LbL
coatings.86

The biofunctionalization of surfaces, by PEMs
coatings, can also be achieved by the immobilization
of bioactive molecules with the structure of the PEMs
and their subsequent localized release. In fact, the
layer-by layer assembly of PEMs is regarded as being
an excellent method for functionalizing surfaces with
bioactive molecules without the risk of bioactivity loss.
This is because PEMs can be formed in exclusively
aqueous environments, at room temperature, and
without the need for organic solvents or other aggres-
sive chemicals. The immobilization of growth factors
has been regarded with particular interest, since this
protein controls the proliferation and differentiation of
cells. Basic fibroblast growth factors (bFGFs), vascular
endothelial growth factors (VEGFs), and bone mor-
phogenetic proteins (BMPs) are examples of different
classes of growth factor that have already been
immobilized in LbL made PEMs coatings.87 For
example, Hu et al.88 coated titanium substrates with
chitosan/gelatin PEMs, with embedded BMP2 (a BMP
which is shown to stimulate the production of bone)
and fibronectin, demonstrating that this coating was
osteoinductive and was able to promote osteogenesis,
in vivo.

Conclusions

The surface modification of polymeric materials has
been growing in the expansion of the range of
biomaterials field over the recent past decades due to
its ability to provide materials that have the required
bulk properties for use in several biomedical applica-
tions, such as their use as catheters, artificial vein,
endoprostheses, cardiac valves, and voice prosthesis.

For these reasons, this technique is currently a very
important issue.

Approaches to creating surface modification tech-
niques that meet essential criteria are converging
toward the ability to introduce desired functional
groups without leading to irregular etching or the
production of significant hazardous waste. However,
these functional groups must be presented in as close
to a monolayer as possible.

From all the methods available for surface modifi-
cation, those based on photoactivation (UV and
plasma) have been shown to be the simpler, faster,
and more effective methods.
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