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Abstract Synthetic biodegradable polyesters are commonly used in biomedical
applications, especially as three-dimensional porous scaffolds for soft and hard
tissue engineering. In addition to straightforward fabrication procedures, good
mechanical strength and adjustable degradation properties all contribute to the
appeal of these polymers. Still, scaffolds synthesized from polyesters are hydro-
phobic in nature and lack cell recognition signals. Coating or modifying their
surface with molecules that enhance cellular adhesion and activity is therefore
necessary to make them suitable as biomaterials, while preserving their bulk
properties. This chapter reviews current strategies used to modify the surface of
polyester-based scaffolds, with a specific focus on the modifications necessary to
stimulate soft and hard tissue regeneration. The methods reviewed mostly involve
two steps. During the first step, the polymer hydrophilicity is increased by gen-
erating carboxylic, amino or hydroxyl groups on the surface by either chemically
or photochemically breaking the polymeric ester bonds, or by plasma treatment.
This step also allows introducing functional groups on the polymeric surface,
which can be used as anchors to bind biomolecules in the next step. In the second
step, biomolecules of different types are bound to the previously modified polymer
surface, to stimulate a specific tissue response. After providing an overview and
many recent examples of the strategies used to achieve both steps, the chapter
concludes by summarizing the main achievements to date and the challenges that
still remain open.
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7.1 Introduction

7.1.1 The Importance of Surfaces in Tissue Engineering

Tissue engineering is an emerging discipline at the junction of engineering,
biology and medicine, which is changing the traditional ways of improving peo-
ple’s health by restoring, maintaining, or enhancing tissue and organ functions [1].
The main goal of tissue engineering is to recreate living tissue in the lab, for
applications that can be either therapeutic (for example, replace a damaged organ
in a patient), or diagnostic (for example, check the metabolism and toxicity of
drugs). To achieve this goal, cells related to the tissue to be recreated are harvested
from the target organ and cultured in a petri dish. Once enough cells are generated,
they are seeded onto porous structures called scaffolds and kept in an incubator to
grow. Then they are implanted in the patient’s body in order to enhance regen-
eration of the damaged tissue or organ (Fig. 7.1).

Most of the current research in tissue engineering focuses on improving the
scaffolds used for tissue culture. Optimal scaffolds should not only provide a
physical support for the cells, but also an environment for their proliferation,
growth and differentiation, which can finally lead to successful tissue regeneration.
Said in a different way, scaffolds should mimic the extra cellular matrix (ECM),
which is the natural support over which cells bind and grow in the body. To
achieve this, the scaffolds should meet four basic requirements: (1) they should be
biocompatible, so no infection occurs when they are implanted in the patient body;
(2) they need to be porous, to support two dimensional (2D) expansion and three
dimensional (3D) growth of the cells, and the pores must be interconnected, to
allow for easy delivery of nutrients to the cells and waste removal; (3) they should

Fig. 7.1 Basic principles of
tissue engineering
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be mechanically stable, so they do not deform and collapse before complete
regeneration of tissue; and (4) they should be biodegradable, i.e. gradually
decompose as the tissue is regenerated, meanwhile producing residues that can be
removed by normal metabolic activity of the body. In addition to these basic
requirements, it is crucial that the scaffold’s surface elicit the desired response
from the cells in contact with it. Indeed, it is the scaffold’s surface that determines
the initial cellular response to the implant, and therefore its acceptance and
durability in the body [2].

Many biological reactions happen at interfaces [3]. As chemists have known for
more than a century, surfaces can provide catalytic sites that can lower reaction
energy barriers, and enhance turnover rate. In a similar way, biological surfaces
can expose enzymatic sites, facilitate interactions between biomolecules, and
encourage specific aspects of cellular activity. The ECM represents one of the
most important examples of a biological surface: cells anchor on it through actin
filaments, and their proliferation and differentiation is affected by the presence of
several signaling complexes on the ECM, such as growth and differentiation
factors [4]. Cells respond to biomaterial surfaces somewhat similarly to ECM, and
spread and anchor on them if they recognize them as a suitable environment
(Fig. 7.2).

Serum proteins adsorb on a biomaterial’s surface within minutes from its
implantation, and these in turn influence the type and quantity of cells that adhere
and spread on it [5]. A successful scaffold for tissue engineering will thus be able
to attract the desired type of proteins and cells at its interface, to regenerate the
originally damaged tissue. To achieve this, scaffold’s surface properties such as
wettability, surface charge, and morphology need to be carefully controlled [6]. In
addition, the scaffold’s surface can be modified to generate functional groups for
the immobilization of drugs, receptors, enzymes, signaling molecules, antibodies
or other biologically active molecules for different biomedical applications.

Fig. 7.2 Scanning electron
microscopy picture of a
myoblast cell (length is
approximately 10 lm)
interacting with a synthetic
biomaterial surface [3]
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7.1.2 Scaffold Materials for Soft and Hard Tissue
Regeneration

The material chosen to fabricate the scaffolds influences both surface and
mechanical properties of the implants, and therefore material selection is dictated
by the final scaffold application. For example, a scaffold to be used in bone tissue
engineering must be able to bear loads, and therefore should have sufficient
mechanical strength [7]. For soft tissue regeneration, such as skin, the material
should be able to act as a barrier, allow for water flow above it, and be adherent to
the tissues underneath [8]. Materials currently used to prepare scaffolds for hard or
soft tissue regeneration can be divided into three main categories: bioceramics,
natural and synthetic polymers.

Bioceramics are produced by sintering or melting inorganic raw materials to
create an amorphous or crystalline solid piece, which can be used as an implant.
Products used for scaffold applications are usually porous. Bioceramics can be
further classified in three groups. (1) Nonresorbable ceramics: these are relatively
inert, and include alumina, zirconia and silicon nitride. Implants made with this
type of bioceramics are mainly used as fixtures in medical applications and they
need to be removed from the body during a second surgery. (2) Bioactive or
surface active ceramics: examples include Bioglass� or porous hydroxyapatite
Ca10(PO4)6(OH)2—these materials are mostly used for surface modification and
fabrication of scaffolds with enhanced surface properties; (3) Biodegradable or
resorbable ceramics, like coralline hydroxyapatite [9] and ferrite calcium phos-
phates [10]. These materials degrade after some time of implantation in the body,
and can be completely resorbed.

Among the natural polymers, both polypeptides such as collagen, gelatin and
silk, and polysaccharides such as agarose, alginate and chitosan have been used.
These polymers are biocompatible and enzymatically biodegradable. The main
advantage for using natural polymers is that they contain bio-functional molecules
that aid the attachment, proliferation, and differentiation of cells. Their main
disadvantage lies in the difficulty of controlling their degradation rate; this is
mainly dependent on enzymes, whose level may vary from patient to patient.
Additionally, natural polymers are often mechanically weak, although cross-
linking has shown to enhance their structural stability [11].

Synthetic polymers are chemically synthesized, which implies that properties
such as mechanical strength and degradation rate can be tuned by changing
composition and synthesis parameters. Also, since most of them degrade hydro-
lytically, the degradation rate of scaffolds made with these polymers does not vary
significantly between different patients. The most common synthetic polymers are
polyesters such as poly(glycolic) acid (PGA), poly(d,l-lactic) acid (PDLLA),
poly(l-lactic) acid (PLLA), and poly(d,l-lactic acid-co-glycolic acid) (PLGA) [12].
Other types include polyanhydrides, polycarbonates, and polyphosphazenes [11–
13]. Most of these polymers degrade forming acidic compounds that are naturally
occurring in the body. Although these products are not toxic, high concentrations
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of them may increase local acidity, resulting in inflammation or fibrous encap-
sulation [12, 14, 15]. Despite this potential disadvantage, synthetic polymers are
among the most promising materials for biomedical applications due to their low
production costs and the ease of controlling their properties.

Among biodegradable synthetic polymers, polyesters such as PDLLA and
PLGA have been explored extensively because of their excellent biodegradability
and non-toxicity, which allowed them to be FDA approved [16]. However, their
inherent hydrophobicity hinders the interactions between scaffolds made with
these polymers and biomolecules, proteins and cells—especially if compared with
hydrophilic biomaterials such as polyvinyl alcohol [17]. Surface treatments are
thus necessary to optimize the properties of these polymers for biomedical
applications.

This chapter will focus on surface modifications of scaffolds made with poly-
esters for orthopedic and soft tissue regeneration. Surface treatments of these
scaffolds aim first at increasing their hydrophilicity, while maintaining their bio-
compatibility and bulk properties. Both physical methods such as plasma treatment
and chemical methods such as hydrolysis can be used to achieve this goal. The
functional groups introduced with either method can then be used as anchors to
bind specific biomolecules, such as cell signaling molecules and proteins, to
improve cell adhesion, proliferation and growth. Compared with relatively recent
reviews on surface modification of biomaterials [5, 18–21], the present book
chapter aims at giving a more in-depth perspective on the modifications adopted so
far on polyesters, and providing examples from recent literature relative to
applications in soft (mainly skin and cartilage) and hard (mainly bone) tissue
engineering. After reviewing plasma treatments (Sect. 7.2) and chemical methods
(Sect. 7.3) used to increase scaffold hydrophilicity and generating anchoring
groups, we will provide examples of modifications that have increased the scaf-
folds’ biological activity (Sect. 7.4). In the last section of this review (Sect. 7.5),
we will summarize the most important trends of research so far and describe what
is left to be done to achieve a complete control of scaffold’s surface properties. The
large number of examples proposed from the most recent literature together with
the final summary and perspective should provide the reader with a comprehen-
sive, up-to-date understanding of the importance and potential of surface modifi-
cations for biomaterial development.

7.2 Plasma Treatment

Treating polymeric materials with plasma is perhaps the only method that allows
modifying their surface without resorting to wet chemistry. In this section we will
quickly describe the principles of plasma surface modification, and we will then
provide examples of plasma surface modification of biodegradable polyesters used
as thin films or scaffolds for soft and hard tissue engineering.
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7.2.1 The Principles of Plasma Surface Modification

Plasma is a state of matter composed of highly excited atomic, molecular, ionic,
and radical species, achieved by gas excitation with radio frequency [22], or
electrons from a hot filament discharge [23]. Since plasma processing has been
widely used in microelectronics, coating and painting, the underlying physics and
chemistry of plasma is relatively well-known [24]. Plasma is generated by ionizing
atoms or molecules in a medium. The ionization takes place when the components
of the plasma absorb enough energy from an external excitation source or by
collisions with one another. There are many different plasma sources, but the most
common ones are gas discharge [23], pulsed vacuum arcs initiated on the surface
of a consumable cathode [25–27], and laser [28].

Plasma surface modification techniques can be categorized into plasma sput-
tering, etching, cleaning, implantation and deposition. In plasma sputtering and
cleaning, the surface is bombarded with inert gases such as neon or argon; some of
the material surface is etched away, and a clean layer is eventually exposed [29].
Plasma implantation can introduce elements on the surface of the materials by
bombarding them with ions coming from a target material [30, 31]. In plasma
deposition different groups such as amine and carboxyl groups are deposited on the
surface of polymer to change its surface charge and prepare it for attachment of
other functional groups and bio molecules [32].

Plasma’s highly reactive chemical environment can modify the surface of
materials exposed to it. Indeed plasma engineering has been used to modify almost
any type of materials, and change their surface chemical, physical, tribological,
electrical, or mechanical properties. Plasma treatments are reproducible and rel-
atively inexpensive, and they can be monitored precisely, and work extremely well
on 2D polymer films [86–90]. In biomedical engineering, plasma treatments have
been used for many diverse applications, ranging from surface treatment of
devices in contact with human blood such as blood bags and vascular grafts to
prevent thrombosis [33, 34], sterilization of surgical tools [35], and enhancing
anti-bacterial properties [36].

7.2.2 Plasma Treatment of Polyesters for Soft and Hard
Tissue Engineering

The advantages of plasma treatment such as easy preparation, achievement of a
homogenous surface layer, and sterilization during the treatment, make this
method a strong candidate for surface modifications of polyester-based implants
and devices. Most commonly, plasma modification of biodegradable polyesters
involves their exposure to gases like air, NH3, SO2 and CO2. These treatments aim
at introducing polar functionalities on the polymer surfaces, such as hydroxyl,
carboxyl, amino and sulfate groups, to increase their hydrophilicity. For example,
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Yang et al. [32] showed that plasma treatment using N2, NH3 and/or O2 gas could
decrease the water contact angle on PDLLA films from a starting value of 78� all the
way to 17� in just 2 min of exposure, thus indicating a very large increase in
hydrophilicity of the polymer surface. The NH3 plasma-treated PDLLA samples
were then exposed to a collagen-containing solution. 3T3 fibroblast adhesion and
spreading was compared on these materials and on PDLLA samples coated with
collagen without the plasma pretreatment, as well as on PDLLA treated with NH3

plasma only. Cell spreading and growth was maximized by the combination of
plasma treatment and collagen exposure (Fig. 7.3). This was attributed to the fact that
collagen was present in larger amounts and was more stably anchored to the plasma-
treated PDLLA. Positively charged groups present on collagen were suspected to be
responsible for the greater interactions with negatively charged cells [32].

Shen et al. [37] investigated immobilization of basic fibroblast growth factor
(bFGF) on PLGA after plasma treatment. They introduced acid carboxylic func-
tional groups on the surface of PLGA scaffolds via a CO2 plasma, and incubated
the samples in a solution containing bFGF. They characterized the composition of
PLGA films before and after CO2 plasma treatment with X-ray photoelectron
spectroscopy (XPS) and water contact angle, and observed an increase in the
fraction of carboxylated species and in hydrophylicity of the PLGA films with
longer plasma treatments. To characterize cell adhesion on these surfaces, they
cultivated 3T3 fibroblasts on them, and then applied a constant shear stress. They

Fig. 7.3 Photomicrograph (x150) of 3T3 fibroblasts cultured on different PDLLA films for 9 h.
a control; b sample modified by NH3 plasma (50 W, 20 Pa, 300 s); c sample modified by
collagen coating, and d sample modified by ammonia plasma pre-treatment collagen anchorage
[32]

7 Surface Modification of Biodegradable Polyesters 235



found that plasma treatment followed by bFGF coating drastically increased the
amount of cells remaining on the surface, compared with uncoated PLGA or
PLGA coated with bFGF without the plasma pretreatment (Fig. 7.4).

In another work, Shen et al. [38] studied immobilization of human bone mor-
phogenetic protein-2 (rhBMP-2) on PLGA scaffolds. BMP-2 is a powerful oste-
ogenic factor that promotes proliferation, migration and osteogenic differentiation
of stem cells. In this paper, the authors modified PLGA scaffolds with different
plasma treatments, such as O2, NH3 and CO2, and then incubated them in rhBMP-
2 solution to bind the protein onto the surface of the scaffolds. In order to measure
the amount of the attached protein on the surface of non-treated and plasma treated
PLGA scaffolds, they used a modified enzyme-linked immunosorbent (ELISA)
assay method used by other researchers [39, 40]. The results revealed that O2

plasma allowed for the largest binding of rhBMP-2 (Fig. 7.5). The adsorption of
rhBMP-2 allowed mouse OCT-1 osteoblast-like cells to better attach and spread on
the scaffolds.

Khorasani et al. [41] studied the radio frequency (RF) oxygen plasma surface
treatment of PLLA and PLGA used in nerve tissue engineering. Their water drop
contact angle results showed a large increase in polymer hydrophilicity: 1 h of
plasma treatment caused a decrease in contact angle from 85� to 10� for PLLA,
and from 74.5� to 36.6� for PLGA. B65 nervous tissue cells showed much larger
adhesion and growth both on PLLA and PLGA treated samples compare to the
untreated ones (Fig. 7.6).

Demina et al. [42] investigated the effect of direct current (DC) discharge
plasma modification on composite films made of chitosan, gelatin and PLLA
(CGP). This composite has a homogenous bulk structure due to the strong
molecular interactions between its components, and thus keeps its chemical and

Fig. 7.4 The fraction of adherent 3T3 fibroblasts on different PLGA films as a function of time
under 36.5 N/m2 of shear stress. While on untreated PLGA films (UT-PLGA) about 76 % of
cells detached within 10 min and on PLGA samples just coated with bGFG (UT-PLGA/bFGF)
about 80 % detached after 60 min, only *23 % of cells detached from plasma treated PLGA
(PT-PLGA) and less than 5 % on bFGF coated, plasma treated PLGA (PT-PLGA/bFGF) after
60 min [37]
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Fig. 7.5 Untreated (UT-PLGA), ammonia treated (AT-PLGA), CO2 treated (CT-PLGA) and O2

treated (OT-PLGA) PLGA films with a diameter of 7 mm were loaded with 100 ml rhBMP-2
solution (15 mg/ml) for 1 h. rhBMP-2 binding ability is shown here based on ELISA assay
results. *p \ 0.05 against UT-PLGA films; #p \ 0.05 against AT-PLGA films; $p \ 0.05 against
CT-PLGA films [38]

Fig. 7.6 B65 cell attachment
on: (a) untreated PLGA; (b)
O2 plasma treated PLGA
(magnification 400x) [41]
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mechanical properties during in vivo degradation. To see the effect of DC dis-
charge plasma treatment on CGP films, a set of samples was treated while con-
nected to the anode side of the DC plasma, and another other set to the cathode.
The same treatments were performed on PLLA and chitosan films. The water
contact angle measurements showed more than 55� decrease from untreated to
plasma-treated CGP samples. Mouse fibroblasts (L929) viability was tested on all
the films. Cell viability decreased on CGP after plasma treatment, while it
increased on treated PLLA samples (Fig. 7.7). This result indicated that while cell
viability on PLLA was mainly affected by changes in wettability, which increased
upon plasma treatment, other physicochemical properties such as surface mor-
phology and charge affected cell viability on CGP samples. Differences in cell
viability observed upon changes in surface morphology and charge was observed
by other researchers as well [43, 44].

All these examples show why plasma treatments are becoming more and more
common ways to modify the surface of polyesters and biomaterials in general: they
allow changing surface properties without altering the bulk properties of the
material, thereby offering a high degree of quality control, reliability and repro-
ducibility that is difficult to achieve with other methods. The main drawback of
plasma treatment is its difficulty in penetrating pores, which is a major obstacle
when trying to modify the surface of 3D scaffolds [45–48].

7.3 Chemical Modifications

Similar to plasma treatment, chemical modifications have the goal of increasing
the hydrophilicity of polyesters while generating surface reactive groups that can
be used as anchors to immobilize biomacromolecules. In this section we will
describe the two main avenues available for chemical modification of polyester
scaffolds, i.e. wet chemistry or photochemistry.

Fig. 7.7 Relative viability of
L929 mouse fibroblasts
cultured on the PLLA, CGP,
and chitosan films for
1 week. Results of MTT-test
expressed as
mean ± standard deviation
for three replicates. Viability
of the cells cultivated on
polystyrene plates was used
as a control (100 %) [42]
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7.3.1 Wet Chemistry Modifications

The two most commonly used and simplest wet chemical techniques to modify
polyesters are aminolysis and alkali hydrolysis. In both cases, the abundant ester
bonds are hydrolyzed, and either amide or carboxylate groups are formed, along
with hydroxyl and primary or secondary amine functional groups [49, 50].

Alkali hydrolysis is performed by simply immersing the scaffolds in solutions
of concentrated NaOH, for periods ranging from minutes [51] to hours [52]. This
treatment leads to cleavage of the ester –COO– bonds and formation of carboxyl
and hydroxyl groups. Aminolysis is most commonly achieved by exposing the
scaffolds to diamine solutions, which can react with the ester bonds and form
amide bonds and amino groups. Both treatments are schematically shown in
Fig. 7.8.

Aminolysis can be performed with reactants other than diamines. For example,
PDLLA can be exposed to poly(ethyleneimine) [53], which leads to the formation
of a surface containing a high density of positively charged secondary and tertiary
amino groups that can be used as a starting point for further modification with
negatively and positively charged biopolymers using the layer-by-layer assembly
technique described in Sect. 7.4.4.

The introduction of carboxyl/hydroxyl and amino/amide groups on the scaffolds
changes both their chemical properties and topography. Croll et al. [49] performed
a thorough physico-chemical study of the changes in chemical properties of thin
PLGA films upon both hydrolysis and aminolysis, and found that both treatments
caused a decrease in advancing contact angle of approximately five degrees after
few minutes of treatment; the decrease was faster for alkali hydrolysis. Major
changes in surface topography and a large increase in surface roughness accom-
panied this modification, as shown in Fig. 7.9 [51]. Indeed, if aminolysis is per-
formed for several hours on PLLA fibers, complete breakdown can occur, leading
to the formation of irregularly shaped particles in the nano to micron size range
[54]. Thapa et al. prepared a silastic mold to reproduce the nanofeatures obtained
on PLGA films treated with NaOH, in an attempt to decouple to changes in
chemical surface features and topography induced by the treatment. They found
that the increase in nanometer roughness achieved with NaOH treatment was alone
responsible for an increase in density of bladder smooth muscle cell attachment to

Fig. 7.8 Schematic
representation of alkali
hydrolysis and amynolysis to
achieve functionalization of
PLGA films adapted from
[49]
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PLGA films [55]. This result shows the complexity of the changes occurring upon
chemical treatments of polyester materials, and how hard it is to pinpoint the
variables responsible for a specific biological response to the modified surfaces.

Although in most cases chemical modifications were performed on polymeric
films, a few reports show examples of extension of this technique to 3D scaffolds
[51, 52]. For example, Zhang et al. [56] extended the 2D immobilization of the Arg-
Gly-Asp (RGD) peptide on film surfaces to 3D scaffold constructs on which amino
functional groups were prior introduced with 1,6-hexanediamine. In a later study
[57], they conjugated bone morphogenetic protein-2 (BMP-2) to 3D poly(e-cap-
rolactone) (PCL) scaffolds following aminolysis and demonstrated the effectiveness
of this technique for surface modification versus simple adsorption. The group of
Zhu et al. [58] took a similar appraoch to create functional groups in a first ami-
nolysis step followed by grafting of fibronectin on poly(L-lactide-co-caprolactone)
(PLLC) scaffolds for epithelium regeneration. 3D PLLA surfaces have also been
chemically modified by hydrolysis. Hydrolyzed PLLA scaffolds rich in COOH and
OH has been shown to promote hydroxyapatite formation after incubation in SBF
[59]. When carrying out chemical surface modifications, reaction conditions must
be properly controlled in order to maintain the inherent properties of the polymer
and avoid accelerated degradation. Furthermore, thorough rinsing is necessary to
remove excess reactants from the porous structure [18, 19].

7.3.2 Photochemical Modification

The photochemical strategy uses high-energy photons (ultraviolet (UV) rays, x-
rays, c-rays) to break chemical bonds and introduce initiators (free radicals) on the
chemically inert surface of polyesters [18, 60]. Upon exposure of the free radicals
to air or oxygen and in the presence of a monomer and heat or UV light, a

(a) (b)

Fig. 7.9 SEM images showing increase in surface roughness upon NaOH treatment: PLGA
porous films before (a), and after (b) 10 min exposure to 1 N NaOH. Scale bars are 10 mm.
Adapted from [51]
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polymeric layer is grafted (Fig. 7.10). This technique has been often used to
modify the surface of polyesters with polymers rich in reactive groups (for
example, carboxylic groups in polyacrylic acids), which serve as anchors to
subsequently bind biomolecules [61].

To create a biomimetic film for meniscus regeneration, poly(3-hydroxybuty-
rate-co-3-hydroxyvalerate) (PHBV), a polyester extracted from microorganisms,
was photo-grafted with polyacrylamide, a spacer subsequently used for collagen
immobilization [62]. In the first step, the amide-modified PHBV was generated by
dipping the polymeric films into benzophenone and aqueous acrylamide solutions
followed by UV lamp irradiation under nitrogen purge. In a second step, the films
were functionalized with collagen, a main constituent of meniscal ECM, via the
hydrophilic polyacrylamide spacers.

PHBV was similarly studied by Grondahl et al. [63] for grafting acrylic acid
(AAc), this time using gamma irradiation. The extent of modification and intro-
duction of carboxylic acid groups was controlled through adjustment of AAc
concentration, thus avoiding a radiation dose that could have resulted in polymer
degradation. The polymeric coating obtained was apt for subsequent covalent
attachment of glucosamine.

The photochemical technique can also be applied for bulk modification. Shibata
et al. [64], for instance, synthesized linear polyesters having pendant azido groups.
They used UV irradiation to generate unstable nitrene radicals. These radicals then
reacted with the surrounding polymer backbone and yielded cross-links. The
reactive nitrene radicals could attack other chemical bonds as well (C–H, N–H and
O–H), and be reduced to corresponding amines. Thus, the photo-crosslinking of

Polymer

Polymer

Polymer

Polymer

OO- OOH OO

UV rays, x-rays, -rays

radicals

Expose to 
air or oxygen

Heating or UVMonomer

Monomer

Fig. 7.10 Photochemical
modification for graft
copolymerization on polymer
surface (Adapted from [19])
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azidopolyesters occurred without the use of any photo- or radical-initiator. This
technique established an important design strategy for advanced materials, since
the azidopolyester can be used as a photolithography material.

Gamma irradiation was applied by Bat et al. [65] to cross-link trimethylene
carbonate and d,l-lactide (co)polymers using pentaerythritol triacrylate as cross-
linking agent. This is an effective and simple method to prepare form stable and
creep resistant materials with low glass transition temperatures and tunable deg-
radation properties.

Overall, photochemical modification is advantageous because of its low oper-
ation cost and mild reaction conditions compared to other chemical modification
techniques [5]. In addition, the target species can be selectively immobilized at
specific regions of the substrate [18]. The need for specialized equipment that
provides an irradiation source is the inconvenience of this approach [66]. Fur-
thermore, similar to wet chemical methods, high energy treatments can weaken the
polymer’s mechanical properties and accelerate degradation. These factors have so
far limited the application of photochemical modification mostly to 2D substrates
rather than 3D scaffolds [18].

7.4 Functionalization with Biomolecules

Functional groups such as carboxylates, hydroxyls, and amino groups are intro-
duced on the surface of polyesters with plasma or chemical techniques not only to
increase their hydrophilicity, but also to provide anchors to bind specific bio-
molecules that can improve the performance of the materials when implanted in
the body. A few examples of biomolecules bound to polyesters were provided in
Sects. 7.2 and 7.3. Here we describe more specifically the main techniques used to
perform this step, and we give more examples showing the changes in biological
properties upon functionalization.

7.4.1 Physical Adsorption

One of the most common methods for protein immobilization on a polymeric
scaffold consists in immersing it in a solution containing the molecule of interest
and simply allowing the molecule to physisorb on the material’s surface [18].
ECM proteins like fibronectin, collagen, laminin, or molecules such as gelatin
have often been coated on polymeric scaffolds with this technique, to make them
more biomimetic [5, 67]. Since a protein layer may not form at all or be uneven
and unstable if the protein solution is simply cast on a hydrophobic surface [66],
polyesters are often treated with plasma or chemicals before contacting them with
the protein-containing solutions.
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7.4.1.1 ECM Protein Coating

Collagen, fibronectin and laminins are among the most commonly used proteins to
modify the surface of scaffolds intended to be used for soft and hard tissue
regeneration. Gamboa-Martínez et al. [68] prepared macroporous PLLA scaffolds
and coated their walls with a thin network of fibrin, without any chemical or
physical pretreatment. The scaffolds were simply evacuated and then exposed to a
fibrinogen solution and later to a thrombin solution. The result was scaffolds
coated with a network of fibrin fibrils (Fig. 7.11). This coating doubled the elastic
modulus of the scaffolds (from 0.29 MPa for pure PLLA to 0.65 MPa for the
coated scaffolds), and improved the uniformity of mouse pre-osteoblastic cells
seeded on the scaffolds.

Zhang et al. [69] used a salt leaching method to construct PDLLA/biphasic
calcium phosphate bone scaffolds. The applicability of this construct for drug
delivery was then analyzed by coating the scaffold with the hydrophilic polymer
poly(ethylene glycol) (PEG) and the antibiotic vancomycin. The surface modifi-
cation of the scaffold with the mixed coating took place by simple adsorption, by
immersing the scaffolds in a solution of PEG/antibiotic after evacuation. The drug
on the scaffold surface was active as demonstrated by a standardized bacterial
assay. In vitro drug release showed that the antibiotic release profile could be
controlled by the concentration of the PEG solution used during the co-adsorption.

Another composite scaffold, in this case made from PCL and mesoporous
bioactive glass (MBG) was developed by Yun et al. [70]. MBG is an attractive
addition in scaffolds for hard tissue regeneration because it encourages hydroxy-
apatite (HA) growth, which is the mineral component of bone, when immersed in
body fluid. However, the bioactive glass component induces local pH variations
during its dissolution, which can result in inflammation in vivo. In this study, the
MBG-PCL constructs were immersed in a solution of collagen and simulated body
fluid (SBF) in an attempt to create a mixed coating of hydroxyapatite and collagen,

Fig. 7.11 SEM images of PLLA and fibrin coated PLLA scaffolds [68]
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and eliminate the potential negative side effects of MBG. Both osteoblast
attachment and mineralization were significantly improved after this adsorptive
surface modification method (Fig. 7.12).

Finally, another study [71] employed a 100 ll poly(dopamine) solution as
coating agent in an attempt to increase the cell affinity for synthetic polyester films
such as PCL, PLLA, and PLGA. Although not an ECM protein, this coating was
inspired by the repeated 3,4-dihydroxy-L-phenylalanine-lysine (DOPA-K) motif
found in mussel adhesive proteins. The presence of the physisorbed poly(dopa-
mine) coating increased chondrocyte adhesion 1.35–2.69-fold compared with the
untreated substrates. The coating was then further extended to 3D polyurethane
scaffolds with success.

7.4.1.2 Osteogenic Proteins

Several researchers have coated scaffolds for bone repair with BMP-2. A recent
example was provided by Dupont et al. [72], who coated synthetic PCL cylindrical
scaffolds with adeno-associated virus encoding BMP-2 to promote endogenous

Fig. 7.12 Field emission SEM images of PCL, MBG-PCL, and ECM-coated PCL scaffolds
(left), and same scaffolds after 21 days of MC3T2-E1 culture [70]
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bone repair. The researchers did not pretreat the scaffold surface before exposure
to biomolecules; however they physically adsorbed both the biomimetic peptide
GFOGER and collagen type I before adding particles of adenoassociated viral
vectors encoding for BMP-2 (scAAV2.5-BMP2). Two sets of experiments were
performed, with and without preseeding of human mesenchymal stem cells
(hMSCs) on the scaffolds prior to implantation in rat femoral defects. The results
showed more mineral formation on the scaffolds containing BMP after 12 weeks
of implantation (Fig. 7.13). BMP2 scaffolds preseeded with hMSCs did not display
significant differences of bone ingrowth in comparison with those containing no
hMSCs. Overall, scaffolds coated with BMP2, whether preseeded with hMSCs or
not, showed a significant increase of mineral formation and mechanical properties
at all time points.

Another recent study [73] involved the direct physisorption of BMP2 on PLGA
scaffolds either as-prepared or pre-coated with an hydroxyapatite layer by
immersion in SBF. The osteogenic differentiation of hMSCs was then assessed on
both the uncoated and hydroxyapatite-coated scaffolds. Mineralized scaffolds were

Fig. 7.13 Mineral formation post-mortem (12 weeks) on rat femoral defects, with scaffolds
containing scAAV2.5-BMP2 particles, without (a, e, i) or with (b, f, j) the pre-seeding with
hMSCs, compared with control samples coated with AAV-luciferase (AAV-Luc) without (c, g,
k) or with (d, h, l) pre-seeding with hMSCs. Bony bridge formation was observed on 5/10 defects
for scAAV2.5-BMP2 scaffolds, 3/10 for scAAV2.5-BMP2 scaffolds ? hMSCs scaffolds, 1/6
defects for AAV-Luc scaffolds and 0/8 for AAV-Luc ? hMSCs scaffolds [72]
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more hydrophilic and adsorbed more BMP2. It was found that the hydroxyapatite/
BMP2 combination enhanced the osteogenic response of hMSCs. Another
example of the coating of polyester scaffolds with BMP2 is provided by Yanoso-
Scholl et al. [74]. These authors coated PLLA scaffolds with beta-tricalcium
phosphate (TCP), and then physisorbed on the PLLA/beta-TCP composites a mix
of BMP2 and vascular endothelial growth factor (VEGF). Although the retention
efficiency of the growth factors was suboptimal, a 1.8-fold increase in neo vessel
formation was nevertheless observed in scaffolds containing the growth factors.

7.4.1.3 Limitations

Although these recent examples show successful enhancement of mechanical and
biological properties of scaffolds coated with biomacromolecules (alone or in
conjunction with pre-mineralization treatments), physical adsorption has its limi-
tations. For example, the orientation of the adsorbed proteins is random and
influenced by factors such as surface topography, charge, and wettability [75, 76].
In addition, the protein may lose its structural conformation upon adsorption [18].
Oriented immobilization of ECM proteins on the material’s surface can overcome
this challenge, and is thus the topic of the next section [77].

7.4.2 Covalent Immobilization

Covalent immobilization of biological molecules is an effective method to modify
the surface properties of polymers controllably and permanently. Proteins can be
covalently bonded by reacting their amino, carboxyl, hydroxyl and thiol func-
tionalities with complementary reactive groups [18, 78]. Unlike physical adsorp-
tion, this approach allows oriented protein immobilization [78]. Though similar to
coating, the chemically inert polymeric surface needs modification prior to bio-
molecule immobilization.

One of the most common methods to covalently immobilize biomolecules on
polymer surfaces is to crosslink them using carbodiimides such as N,N-(3-
Dimethylaminopropyl)-N,N-ethylcarbodiimide (EDC) [52, 79, 80]. These are
referred to as zero length cross-linking agents because they form bonds without
addition of other atoms or spacers [81]. In a recent example, Ghasemi-Mobarakeh
et al. [52] covalently crosslinked a mix of ECM proteins found in basement
membranes (collagen IV, fibronectin, heparin sulphate proteoglycans, AKA
‘‘matrigel’’) to PCL nanofibrous scaffolds. Before crosslinking, carboxylate groups
were formed on PCL surfaces by alkaline hydrolysis. The importance of cross-
linking was proved by characterizing nerve precursor cells (NPC) adhesion and
proliferation on scaffolds that were built with PCL fibers, fibers treated with
alkaline hydrolysis (PCL-H), fibers made by simple blending PCL with matrigel
(PCL-B), and PCL fibers covalently modified with matrigel (PCL-F). The results
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of the study showed that cells adhered and proliferated to a greater extent on fibers
modified by covalent crosslinking, while simple blending was ineffective
(Fig. 7.14).

EDC was used to covalently bind cationized gelatin (CG) gelatin to electrospun
PLLA nanofibers (NF) also by Chen et al. [82]. In this case, surface carboxylation
was achieved using a DC-pulsed plasma system [83]. The goal of this work was to
prove the potential of this modified scaffold for cartilage tissue engineering. XPS
characterization successfully confirmed CG binding to PLLA NF membranes (CG-
PLLA NFMs). Rabbit articular chondrocytes showed enhanced viability, prolif-
eration and differentiation on CG-PLLA NFMs. In-vivo tests in New Zealand
white rabbits carried out with chondorocyte-seeded CG-PLLA NFMs showed only
a small inflammatory reaction (Fig. 7.15). Also, the seeded chondrocytes main-
tained their ability to generate and secrete cartilage ECM markers after 4 weeks of
in vivo culture, which confirmed the ability of CG-PLLA NFM to induce ectopic
cartilage formation after long-term in vivo implantation.

Fig. 7.14 SEM of NPC cultured for 4 days on PCL (A), PCL-H(B), PCL-B(C), and PCL-F(D)
[52]
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In a very recent example, Grafahrend et al. [84] covalently functionalized
electrospun PLGA fibers with the cell-adhesion-mediating peptide sequence Gly-
Arg-Gly-Asp-Ser (GRGDS). Covalent crosslinking was not performed directly on
PLGA, but on the additive star-shaped poly(ethylene oxide-stat-propylene oxide)
containing isocyanate end groups (NCO-sP(EO-stat-PO)), which was mixed with
PLGA during electrospinning. Isocyanate end groups allowed for covalent binding
with amino groups from GRGDS, and the resulting fibers had several advantages
over plain PLGA because they were hydrophilic and resisted non-specific protein
adsorption thanks to the presence of sP(EO-stat-PO), and able to support cell
adhesion and proliferation because of the presence of the RGD domain in the
GRDGS peptide. Indeed, human fibroblast cells did not adhere on scaffolds
composed by just PLGA and sP(EO-stat-PO), while thrived on those covalently
modified with GRGDS (Fig. 7.16).

Fig. 7.15 Histological images of (a–d) control CG-PLLA NFM and (e–h) chondrocyte-seeded
CG-PLLA NFM 4 weeks post-implantation. Sections were stained with H&E (a, e), Alcian blue
(b, f) Saffranin O (c, g), and immunohistochemically for collagen type II (d, h). N nanofiber; IC
inflammatory cells; ST surrounding tissue. Bar 100 lm [82]

Fig. 7.16 Optical
microscope image of human
dermal fibroblasts after 24 h
in cell culture on GRGDS-
functionalized PLGA/sP(EO-
stat-PO) fibers [84]
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Covalent immobilization has been tested also to bind inorganic particles to
polyester scaffolds. Koo et al. [85] first introduced carboxylate groups on a PLLA
scaffolds by chemical modification (treatment in NaOH); then they aminated the
surface using ethylenediamine (EDA), covalently bound to the carboxylate groups
through EDC coupling. Nanohydroxyapatite (N-HAp) was modified with ethylene
glycol methacrylate phosphate (EGMP), and the phosphonate groups on N-HAp
could be crosslinked with the amino groups on the PLLA surface again with the
use of EDC (Fig. 7.17). Using XPS, the authors showed a higher surface Ca atomic
ratio (4.6 %) when N-HAp was surface immobilized on the scaffolds rather than
bulk-mixed (0.4 %). The covalently immobilized N-HAp provides a favorable
environment for enhanced in vivo bone tissue growth in comparison to the
unmodified and N-HAp bulk-modified surfaces. The phosphonic acid groups on
the immobilized N-HAp surface could also provide opportunities for fuctional-
ization with other biomolecules.

Wu et al. [86] even used covalent immobilization as a means to create a stable
gelatin gradient on the surface of PLLA scaffolds in order to obtain a continuous
increment of signaling for chondrocytes adhesion and viability. To aminolyze the
PLLA surface, 1,6-hexanediamine/propanol solution was continuously injected by
a micropump into a glass vial where the scaffold stood vertically fixed (Fig. 7.18).
The reaction time difference along the longitude of the PLLA scaffold resulted in
an increase of –NH2 groups from the bottom upward, thus enabling a graded
coupling with gelatin.

One of the challenges of covalent biomolecule immobilization on polymeric
surfaces is that chemicals and crosslinkers can result in the loss of the protein’s
natural conformation [66]. Furthermore, the complex architecture of the scaffold
surface and buried ligand sites may lead to below optimal cell-receptor

Fig. 7.17 Surface immobilization of N-HAp on PLLA scaffolds [85]
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interactions [18]. This technique is nevertheless effective and surface immobilized
proteins can be quantified [87].

7.4.3 Entrapment

Entrapment was first introduced by Desai and Hubbell as a non-covalent but stable
technique to modify polyester surfaces with biomacromolecules [88]. The two-step
method first involves swelling the polymer in a mixture of solvent and non-solvent
of the polymer, containing the molecules. A gel-like layer then forms on the
surface of the polymer, within which proteins diffuse. These proteins are then
‘‘entrapped’’ in the gel through immersion of the polymer in a pure non-solvent
(Fig. 7.19) [89].

Different molecules have been confined in polyester films or scaffolds through
entrapment. In one of the earliest examples, Quirk et al. modified PLLA films with
both PEG and a cell adhesive peptide conjugate poly(L-lysine)-RGD (PLL-RGD).
Their results showed that bovine aortal endothelial cell adhesion was drastically
decreased in the presence of PEG alone, due to the suppression of non-specific
protein adsorption on the PLLA surface, while the entrapment of both PEG and
PLL-RGD allowed cells to adhere on the PLLA [89].

Fig. 7.18 Creation of an
amino gradient along the
surface of PLLA scaffold [86]
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Fig. 7.19 Surface modification by entrapment (adapted from [5])
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Another early work using entrapment is that by Liu et al. [90], who modified
PDLLA films with baicalin, a flavonoid compound purified from the herbal
medicinal plant Scutellaria baicalensis Georgi, known for its antioxidant and anti-
inflammatory properties. The entrapment procedure consists of (1) firstly
immersing the polymer film in an acetone/water mixture (solvent/nonsolvent), (2)
exposing the film to the baicalin solution, and finally (3) rinsing with distilled
water and phosphate buffered saline (PBS). The behavior of osteoblasts on the
modified films was then compared with controls. The results of MTT assay and
alkaline phosphatase activity reveal higher cell attachment, greater cell prolifer-
ation and viability, and an overall improvement in biocompatibility for the surface-
modified PDLLA.

Recently, a similar entrapment of PEG on PDLLA nanofibrous mats prepared
by electrospinning was reported by Xie et al. [54]. Water contact angles before and
after entrapment indicated an increase in the hydrophilicity of the surface of the
mats. In this case, although PEG was the sole entrapped species, an improvement
in biocompatibility after surface modification was visible following canine fibro-
blast cell seeding and cell viability tests by MTT assay.

In another recent study, Duan et al. [91] designed 3D composite scaffolds for
bone tissue engineering from calcium phosphate (Ca–P) nanoparticles and PHBV.
Selective laser sintering (SLS), which is a form of rapid prototyping technique,
was used to create the structures. The high crystallinity of PHBV makes it such
that the overall surface is hydrophobic, impairing cell affinity and weakening cell-
scaffold interactions. Gelatin was therefore physically entrapped in the scaffold to
increase its hydrophilicity. A decrease in contact angle proved the efficacy of the
modification. At the same time, the entrapment did not affect surface morphology
and mechanical properties, as demonstrated by SEM analysis (Fig. 7.20) and
compression tests, respectively.

Entrapment is thus a commonly used method for protein immobilization, where
the amount of entrapped biomolecules can be controlled through adjustment of
solvent composition and reaction time [18, 91]. Limitations of the technique
include random orientation and over-crowding of the proteins [76].

7.4.4 Self-Assembly

The most common technique that exploits molecular self-assembly for surface
modification is layer-by-layer self-assembly. This consists of alternate depositions
of oppositely charged polyanions and polycations on the polymer surface
(Fig. 7.21) [92, 93]. Prior to the multilayer build-up, initial charges are usually
introduced on the substrate. The thickness and charge of the assembly can be
precisely controlled. Additionally, the nature of polyelectrolytes, pH, and ionic
strength of the deposition solutions are adjustable and affect both the physical and
chemical properties of the coating [92].
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Layer-by-layer assembly has been used by several authors to coat polyester
films or scaffolds with ECM proteins or other naturally occurring polypeptides.
Most commonly, positively charged polypeptides are deposited in alternating
layers with negatively charged polyelectrolytes such as poly(styrene sulfonate)
(PSS) [94, 95].

Fig. 7.20 SEM images of
Ca–P/PHBV scaffold surface
before (a) and after
(b) gelatin entrapment [91]

Fig. 7.21 Constructing layer
by layer film by adsorption of
positively and negatively
charged species [93]
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Li et al. [94] used layer-by-layer deposition to coat electrospun PCL scaffolds
with gelatin. The deposition started with the immersion of the PCL scaffolds for
20 min in a 2 mg/mL gelatin solution in 20 mM acetic buffer. This was followed
by rinsing the matrix with water and dipping for another 20 min in a 3 mg/mL PSS
sodium salt solution in 20 mM acetic buffer. The aforementioned process was
repeated to reach the desired number of layers. When the gelatin-surface modified
scaffolds were mineralized in SBF, a drastically higher amount of bonelike cal-
cium phosphate was deposited on their surface. The incorporation of gelatin thus
promoted nucleation and growth of calcium phosphate. The authors also showed
that MC3T3-E1 preosteoblastic cells adhered and spread to a greater extent on the
mineralized scaffolds compared to the pure PCL scaffolds (Fig. 7.22).

A different kind of self-assembly strategy was adopted by Stendahl et al. [96]
for PLLA fiber surface modification. The authors synthesized a triblock molecule
containing cholesterol, an oligomer of L-lactic acid, and lysine moieties
(Fig. 7.23). The cholesterol and oligo-lactic acid segments are hydrophobic, and
thus have an affinity for PLLA, while the hydrophilic dendron is displayed on the
outer surface upon self-assembly. Cholesterol has the added advantages of

Fig. 7.22 Fluorescence micrographs of MC3T3-E1 cells cultured for 7 days on (a, b) membranes
of electrospun PCL fibers and (c, d) membranes of electrospun PCL fibers coated with gelatin and
then calcium phosphate. The F-actin was stained with fluorescein isothiocyanate-phallodin (green
color), while the cell nucleus was stained with 40-6-diamidino-2-phenylindole (DAPI) (purple
color) [94]
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generating ordered layers on PLLA, and having a strong affinity to plasma
membranes. The study showed that the ordered self-assembled layer formed on
PLLA resulted in biomaterials that were more biocompatible. Indeed, both the
adhesion and proliferation of 3T3 mouse calvaria cells was enhanced on the
surface modified structures.

Self-assembly is a simple and conceptually intriguing technique, since it
exploits the chemical properties of biomolecules to generate truly ‘‘bottom-up’’
structures. The structures are stable without the need for extra cross-linkers, and
therefore this method can be applied not only to modify material surfaces, but also
to create bulk structures that include biological functionalities [97].

7.5 Conclusions and Perspective

In this chapter we have shown that many different techniques can be used to
modify the surface of polyesters for biomedical applications. Such modifications
are necessary in order to make the materials suitable for interactions with cells and
implantation. Indeed, polyesters are hydrophobic materials, which might attract
unwanted proteins on their surface if implanted as they are. Also, since they do not
have any biological activity, they cannot provoke a specific reaction in the sur-
rounding tissue. Therefore, although biodegradable and bioresorbable in most
cases, in a certain sense these materials should be compared to bioinert materials.
Altering their surface properties and binding biological molecules on their surface
allows them to overcome this limitation.

Table 7.1 summarizes the biomolecules bound to 2D or 3D polyester scaffolds
discussed in this chapter. As we can see, many examples relate to proteins found in
the ECM. Synthetic polyesters are used as scaffolds to simulate the organic matrix
on which osteoblasts lay down hydroxyapatite (for bone tissue engineering), or
chondrocites, fibroblasts or endothelial cells start building soft tissue (for cartilage
and skin engineering). ECM proteins therefore can be used to make the scaffolds
biomimetic, and imitate the physiological matrix that cells meet in the body, thus
promoting their attachment and spreading. Other examples related to proteins

Fig. 7.23 The amphiphilic triblock molecule made from a rigid cholesterol segment, a flexible
oligomer of L-lactic acid, and an L-lysine dendron used to modify PLLA scaffold fibers [96]

254 H. Mahjoubi et al.



T
ab

le
7.

1
S

um
m

ar
y

of
th

e
bi

om
ol

ec
ul

es
bo

un
d

to
po

ly
es

te
r

2D
or

3D
sc

af
fo

ld
s

re
vi

ew
ed

in
th

is
ch

ap
te

r.
T

he
ta

bl
e

hi
gh

li
gh

ts
th

e
te

ch
ni

qu
e

us
ed

fo
r

im
m

ob
il

iz
at

io
n

an
d

th
e

ap
pl

ic
at

io
n

st
ud

ie
d

in
ea

ch
w

or
k

C
la

ss
S

pe
ci

fi
c

ex
am

pl
e

P
ri

m
ar

y
su

rf
ac

e
m

od
ifi

ca
ti

on
S

ec
on

da
ry

bi
nd

in
g

st
ep

O
bt

ai
ne

d
be

tt
er

at
ta

ch
m

en
t/

sp
re

ad
in

g/
fu

nc
ti

on
s

fo
r

M
at

ri
x

R
ef

.

E
C

M
pr

ot
ei

ns
C

ol
la

ge
n

N
H

3
pl

as
m

a
P

hy
si

so
rp

ti
on

F
ib

ro
bl

as
ts

2D
[3

2]
P

ho
to

ch
em

ic
al

gr
af

ti
ng

of
po

ly
ac

ry
la

m
id

e
C

ov
al

en
t

co
up

li
ng

C
ho

nd
ro

cy
te

s
2D

[6
2]

N
on

e
P

hy
si

so
rp

ti
on

O
st

eo
bl

as
ts

2D
,

3D
[7

0]
M

ix
of

E
C

M
pr

ot
ei

ns
(m

at
ri

ge
l)

H
yd

ro
ly

si
s

C
ov

al
en

t
co

up
li

ng
N

er
ve

pr
ec

ur
so

r
ce

ll
s

2D
[5

2]
G

el
at

in
D

C
pl

as
m

a
C

ov
al

en
t

co
up

li
ng

C
ho

nd
ro

cy
te

s
2D

[8
3]

A
m

in
ol

ys
is

C
ov

al
en

t
co

up
li

ng
C

ho
nd

ro
cy

te
s

2D
[8

6]
N

on
e

E
nt

ra
pm

en
t

F
ib

ro
bl

as
ts

2D
[9

1]
N

on
e

L
ay

er
-b

y-
la

ye
r

as
se

m
bl

y
P

re
os

to
bl

as
ti

c
ce

ll
s

3D
[9

4]
F

ib
ro

ne
ct

in
A

m
in

ol
ys

is
C

ov
al

en
t

co
up

li
ng

E
pi

th
el

ia
l

ce
ll

s
2D

[5
8]

F
ib

ri
n

N
on

e
P

hy
si

so
rp

ti
on

P
re

os
te

ob
la

st
ic

ce
ll

s
2D

[6
8]

B
io

ac
ti

ve
pr

ot
ei

ns
or

pe
pt

id
es

B
as

ic
fi

br
ob

la
st

gr
ow

th
fa

ct
or

(b
F

G
F

)
C

O
2

pl
as

m
a

P
hy

si
so

rp
ti

on
F

ib
ro

bl
as

ts
2D

[3
7]

B
on

e
m

or
ph

og
en

et
ic

pr
ot

ei
n-

2
(B

M
P

-2
)

V
ar

io
us

pl
as

m
as

P
hy

si
so

rp
ti

on
O

st
eo

bl
as

ts
2D

[3
8]

A
m

in
ol

ys
is

C
ov

al
en

t
co

up
li

ng
C

ho
nd

ro
cy

te
s

2D
[5

7]
N

on
e

or
ap

at
it

e
co

at
in

g
P

hy
si

so
rp

ti
on

M
es

en
ch

ym
al

st
em

ce
ll

s
3D

[7
3]

P
hy

si
so

rp
ti

on
of

co
ll

ag
en

an
d

G
F

O
G

E
R

P
hy

si
so

rp
ti

on
In

-v
iv

o
bo

ne
fo

rm
at

io
n

3D
[7

0]

C
oa

ti
ng

w
it

h
T

C
P

P
hy

si
so

rp
ti

on
C

ho
nd

ro
cy

te
s

2D
[7

4]
R

G
D

-c
on

ta
in

in
g

m
ol

ec
ul

es
A

lk
al

in
e

hy
dr

ol
ys

is
C

ov
al

en
t

co
up

li
ng

N
er

ve
pr

ec
ur

so
r

ce
ll

s
3D

[5
6]

F
or

m
at

io
n

of
is

oc
ya

na
te

gr
ou

ps
on

po
ly

m
er

m
ix

ed
w

it
h

P
L

G
A

C
ov

al
en

t
co

up
li

ng
F

ib
ro

bl
as

ts
3D

[8
4]

N
on

e
E

nt
ra

pm
en

t
E

nd
ot

he
li

al
ce

ll
s

3D
[8

9]
P

ol
y(

do
pa

m
in

e)
N

on
e

P
hy

si
so

rp
ti

on
C

ho
nd

ro
cy

te
s

2D
,

3D
[7

1]
D

ru
gs

or
dr

ug
-l

ik
e

co
m

po
un

ds
G

ly
co

sa
m

in
e

P
ho

to
ch

em
ic

al
gr

af
ti

ng
of

po
ly

ac
ry

li
c

ac
id

s
C

ov
al

en
t

co
up

li
ng

N
on

e
2D

[6
3]

V
an

co
m

yc
in

N
on

e
P

hy
si

so
rp

ti
on

O
st

eo
bl

as
ts

(n
o

de
tr

im
en

ta
l

ef
fe

ct
ob

se
rv

ed
)

3D
[6

9]

B
ai

ca
li

n
N

on
e

E
nt

ra
pm

en
t

O
st

eo
bl

as
ts

3D
[9

0]

7 Surface Modification of Biodegradable Polyesters 255



belonging to the extended family of growth factors. Incorporating these molecules
on the surface of a polymeric scaffold makes it bioactive: the molecules are able to
elicit specific functions in the cells that adhere on the substrates, and improve the
success of the implant. Finally, the last few examples listed in the table relate to
the binding of drugs. In this case, the overall goal is to achieve controlled release
of these substances. Binding the drugs to a biodegradable scaffold surface allows
for a controlled local delivery, since the scaffold is to be implanted at the site
where the drug needs to be delivered. In this case, we could say that the scaffolds
are transformed into local delivery vectors.

Table 7.1 also shows the techniques used to bind the biomolecules to the
polymeric surfaces. Pros and cons of these methods as well as all those presented
in this chapter are summarized in Table 7.2.

By looking at Table 7.1, we can observe that the most prevalent methods used
for biomolecule attachment are physisorption and covalent binding, which are also
the simplest methods to (a) achieve a continuous coverage (in the case of physi-
sorption) and (b) control the orientation of the molecules bound to the polymer
surface (in the case of covalent binding) (see Table 7.2). Both methods require a
preliminary surface modification step, i.e. introducing anchoring groups that the
biomolecules will interact with or will be crosslinked to. As shown in Table 7.2,
there is no ideal preliminary surface modification technique. Methods explored so
far are either limited mostly to 2D film modification (plasma and photochemical
treatment) or, if they allow for 3D modification, they tend to degrade the poly-
meric bulk structure (chemical treatment based on hydrolysis or aminolysis). Since
3D and not 2D structures are mainly implanted in vivo, there is clearly a strong
need to find a new way to improve the preliminary surface modification step. We
recently showed a different type of chemical modification based on diazonium
salts. This method allowed us to generate anchoring groups on a PDLLA 3D
scaffold without modifying its bulk structure. The amino groups introduced with
this technique were used to covalently bind phosphonate-containing molecules
without the use of crosslinkers, which improved scaffold mineralization when
immersed in SBF [98].

The second step of the functionalization, i.e. the biomolecule attachment, could
be improved as well. Even covalent binding, despite offering a better control of
protein orientation compared to simple physisorption, cannot always ensure that
the protein will maintain its natural configuration. In fact, covalent bonding works
with crosslinkers that can bind to any amino, carboxylates, or thiol groups present
in the protein. Since there are many of them, the protein can end up being bound in
different ways depending on which of the groups react more easily, or in a more
open configuration than in its natural state. Although not ideal, in some cases this
could be an advantage, especially for bone tissue engineering—in fact, the same
phenomenon happens when proteins interact with the ECM. It is well known that
the same proteins (e.g. osteopontin) are able to inhibit mineralization when in
solution, while promote it when bound to the ECM [99]. In view of this, one could
consider modifying scaffold surfaces not necessarily with the physiological bio-
molecules, but with synthetic analogues that are designed to mimic the density and
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spacing of important functional sites present on the natural proteins when they are
bound to the ECM. Several researchers have worked on understanding the amount
and density of negatively charged amino acids in the structure of proteins involved
in bone mineralization [99]. A recent study showed that by controlling the density
of hydroxyl and carboxylate groups on a hydrogel, a hydroxyapatite-like layer
could be easily produced when the hydrogels were immersed in Ca and P-con-
taining solutions [100]. If a similar strategy was applied to modify the surface of a
scaffold with the correct density of functional groups, one could obtain a bioma-
terial able to improve mineralization without using natural proteins. Such con-
trolled density could be obtained using photoligraphy, or by covalent binding of
small molecules containing the groups of interest, e.g. amino acids.

Possibly a similar method could be used to mimic more complex functions of
natural proteins, and not only their ability to induce mineralization. Binding small
peptides mimicking the active sites of natural proteins goes in this direction. Most
of the work done so far in this respect involves binding peptides containing the cell
adhesive RGD sequence. Still, active peptides other than RGD have been recently
discovered. For example, D’Andrea et al. [101] found a short peptide part of
VEGF responsible for its activity. Leslie-Barbick et al. [102] then bound this
peptide to PEG hydrogels, and found that it was able to promote vascularization
better than the whole VEGF, most likely because it suffered less from steric
hindrance from the hydrogel. Peptides are much easier to bind to scaffold surfaces
with the correct orientation than the whole growth factor, they are stable in harsher
solvents, which implies that they could be incorporated in synthetic scaffolds even
during their preparation, and are definitely less expensive. For all these reasons, we
predict that in the near future many more researchers will work on binding small
peptides rather than the complete biomolecules to polyester-based scaffolds.

As a final remark, we would like to point out that all the work described in this
chapter on surface functionalization of polyester scaffolds aims at making mate-
rials that are able to better communicate with the body, by exposing signaling
molecules able to elicit a specific response. However, true communication can be
achieved only if the scaffolds were able to not only talk the same language of the
body, but also listen to its response. The next generation of scaffolds and bio-
materials will have both functional groups bound to their surfaces able to provide
correct signals, and sensors able to track changes in physiological variables.
Ideally, scaffolds should be able to dynamically respond to these changes, for
example by releasing drugs on demand. A scaffold that was at the same time
biomimetic, bioactive, local delivery vector, and able to sense physiological
changes could cause a real paradigm shift in tissue engineering.
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