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Abstract

Despite the many advances in tissue engineering approaches, scientists still face significant challenges in trying to
repair and replace soft tissues. Nature-inspired routes involving the creation of polymer-based systems of natural
origins constitute an interesting alternative route to produce novel materials. The interest in these materials comes
from the possibility of constructing multi-component systems that can be manipulated by composition allowing
one to mimic the tissue environment required for the cellular regeneration of soft tissues. For this purpose, fac-
tors such as the design, choice, and compatibility of the polymers are considered to be key factors for successful
strategies in soft tissue regeneration. More recently, polysaccharide-protein based systems have being increasingly
studied and proposed for the treatment of soft tissues. The characteristics, properties, and compatibility of the
resulting materials investigated in the last 10 years, as well as commercially available matrices or those currently

under investigation are the subject matter of this review.
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Introduction

Despite the many advances in tissue engineering (TE)
approaches, scientists still face significant challenges
in repairing or replacing soft tissues such as tendons,
ligaments, skin, liver, nerve, and cartilage to improve
the quality of life for people. The conventional thera-
peutic treatments targeted to reconstruct injured tissues
or organs have some limitations such as donor limita-
tions and graft rejections. Based on the principles of TE
(Langer and Vacanti, 1993; Lanza et al., 2000), alternative
therapeutic strategies have been developed as current
treatments involving biodegradable constructs contain-
ing specific populations of living cells and growth factors.
For example, skin can be regenerated using epidermal
sheets, dermal replacements, and complex skin sub-
stitutes (Metcalfe and Ferguson, 2007; MacNeil, 2007;
Barbul, 2001), while cartilage defects can be treated

with cells seeded on three-dimensional (3D) matrices
(Chung and Burdick, 2008; Temenoff and Mikos, 2000;
Hutmacher, 2000). Nature-inspired routes involving
the creation of polymer-based systems of natural origin
(e.g. polysaccharide-protein) constitute an interesting
alternative to produce novel materials that can fulfil
all the necessary requirements for the success of these
approaches. However, the properties of these systems
will depend on the choice of the composition of the sys-
tem, the intrinsic characteristics (e.g. molecular weight,
charge) of each component, their degree of interaction,
and their miscibility (McClements, 2006; Turgeon et al.,
2003). Both polysaccharides and proteins exhibit the rel-
evant characteristics such as their availability in nature,
chemical diversity, biodegradability, and may be modi-
fied relatively easily (Damodaran, 1997; Lloyd et al., 1998;
Gomes et al., 2008; Mano et al., 2007). These features

Address for Correspondence: Simone S. Silva, 3B’s Research Group - Biomaterials, Biodegradables and Biomimetics, University of Minho, Headquarters of the
European Institute of Excellence on Tissue Engineering and Regenerative Medicine, Avepark, 4806-909 Taipas, Guimaraes, Portugal. Tel.: +351 253510900;

Fax: +351 253510909; E-mail: simonesilva@ dep.uminho.pt

(Accepted 02 June 2010)

ISSN 0738-8551 print/ISSN 1549-7801 online © 2010 Informa Healthcare USA, Inc.

DOI: 10.3109/07388551.2010.505561

http://www.informahealthcare.com/bty

-ﬂll'-llll'l"l'.‘!lr'.!il:i:,.



when combined have proven to be a useful route to
obtain bioengineered biomatrices with better mechani-
cal and biological properties compared to their individual
components. In this review, attention has been focused
on polymer-based systems of natural origins composed
mainly of chitin/chitosan, glycosaminoglycans, alginate,
and cellulose combined with different proteins, which
have been recently proposed for applications for soft tis-
sue repair and regeneration.

Natural origin polymers and their
combinations

Most of the current researchers have headed towards
studying the use of natural biodegradable polymers such
as collagen (Gomes et al., 2008; Stark et al., 2006; Pieper
et al., 2002), chitosan (Gomes et al., 2008; Kumar, 2000;
Kim et al., 2008; Madihally and Matthew, 1999; Suh and
Matthew, 2000), hyaluronic acid (Gomes et al., 2008; Yoo
et al., 2005; Aigner et al., 1998; Kogan et al., 2007), cel-
lulose (Gomes et al., 2008; Pulkkinen et al., 2006), starch
(Malafaya et al., 2006; Gomes et al., 2008; Gomes et al.,
2006; Oliveira et al., 2007; Santos et al., 2007; Silva et al.,
2007a), soy protein (Gomes et al., 2008; Vaz et al., 2002;
Vaz et al., 2003), gelatin (Gomes et al., 2008; Kang et al.,
1999), silk fibroin (Gomes et al., 2008; Vepari and Kaplan,
2007; Altman et al., 2003; MacIntosh et al., 2008; Unger
etal., 2004), and alginate (Gomes et al., 2008; Eiselt et al.,
2000) separately, or combined them for TE applications
(Gomes et al., 2008; Malafaya et al., 2007; Mano et al.,
2007; Seal et al., 2001; Chang et al., 2003a; Funakoshi et al.,
2005; Lee et al., 2005; Liao et al., 2007; Ma et al., 2003). The
material choice for a particular application depends upon
the type of material required, the nature of the tissues to
be regenerated, and their regeneration time. Besides that,
the wide variety of structures and the unique biological,
chemical or physical functionalities of these polymers
can be associated, allowing one to create interesting
materials such as membranes, hydrogels, scaffolds, and
micro/nanospheres. These natural origin polymer-based
materials offer advantages such as the creation of new
opportunities for mimicking the tissue microenvironment
and can stimulate the appropriate physiological responses
required for cellular regeneration. It seems that all these
features associated with a controlled biodegradation rate
and the biocompatibility of these naturally based-systems
can be advantageous when compared to synthetic poly-
mers. Figure 1 shows some devices organized according to
their geometrical dimensions. The polymeric matrices can
be produced using several techniques. For example, mem-
branes can be obtained by solvent casting of polymeric
solutions, while hydrogels can be processed by traditional
synthesis, including cross-linking reactions and copolym-
erization reactions (Kopecek and Yang, 2007; Hennink and
van Nostrum, 2002). However, some methods are limited
with respect to the control of their resulting structures
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due to side reactions, unreacted pendant groups, and
entanglements. Scaffolds are usually prepared by freeze-
drying techniques, emulsion freeze-drying methods,
salt leaching methods, rapid prototyping, fiber bonding,
melt based methodologies, among many others (Gomes
and Reis, 2004; Mano et al., 2007; Mikos and Temenoff,
2000; Correlo et al., 2007a; Chen et al., 2002; Lee et al.,
2009). Among these, the freeze-drying technique is the
most widely used method (Correlo et al., 2007a; Suh
and Matthew, 2000) to produce scaffolds with different
shapes, porosities, and pore size distributions by varying
the parameters such as the polymer concentration, type of
solvent, freezing temperature, and type of molds. Also, the
electrospinning process has become a promising method
for the preparation of 3D porous mats with large surface
areas, and high porosity, which can mimic the extracel-
lular matrix (ECM). Other advantages of this method are
the possibility of large-scale production, easy processing,
easy functionalization, and the availability of advanced
modes of electrospinning (Agarwal et al., 2009; Lee et al.,
2009). Recently, electrospun polyblend nanofibers have
been prepared from a combination of polymers, which
take advantage of the varying strengths, bioactivities, and
degradation rates of all the components involved (Gunn
and Zhang, 2010). Using this approach, the solubilization
and electrospinning issues of some natural polymers have
been overcome, allowing their production in nanofiber
technology.

The selection of the design and processing techniques
to create adequate scaffold architectures allows the prepa-
ration of porous structures with controlled porosity, pore
size, and interconnectivity, as well as tissue matching
mechanical properties (Gomes and Reis, 2004). However,
these requirements will depend on the tissue to be regen-
erated (Lanza et al., 2000). For example, successful nerve
regeneration requires tissue-engineered scaffolds that
provide not only mechanical support for the growing neu-
ritis, but also the biological signals to direct the axonal
growth cone to the distal stump (Schmidt and Leach,
2003; Huang and Huang, 2006). This is particularly true
for osteochondral defects, where the use of single scaf-
folds to regenerate cartilage may not be effective, and the
employment of bilayered constructs has been proposed
as an alternative solution (Mano and Reis, 2007; Malafaya
et al., 2005; Oliveira et al., 2006; Gao et al., 2002). This
approach consists of developing a 3D porous structure
that combines a mechanical support resembling the
subchondral bone, while also providing a chondrogenic
support for cartilage repair.

In this review, the characteristics of the main biopoly-
mers and their combinations are described in the following
sections, and the tables (Tables 1 to 4) summarize the most
frequently proposed blend systems (e.g. polysaccharide-
protein) as applications for soft tissue repair. These tables
also include the methods for production for blend systems,
the matrix shape, the aimed TE application, the biologically
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Figure 1. Scheme of different polymeric architectures proposed for soft
tissue repair.

active biomolecule to be delivered, and the source of the
cell used for the in vitro tests. When applicable the animal
model used is also indicated.

Chitin/chitosan

Chitin is the second most abundant natural polymer in
nature, it is found in the shell of crustaceans, the cuti-
cles of insects, and the cell walls of fungi (Kumar et al.,
2004; Kurita, 2001; Kumar, 2000). Structurally, chitin
is composed of p(1-4)-linked N-acetyl-D-glucosamine
(Kumar, 2000). This polymer has bacteriostatic and
fungistatic activities, which are favorable for promoting
rapid dermal regeneration and for accelerating wound
healing (Kumar, 2000; Peniche et al., 2008). However,
the applications of chitin have been limited due to its
insolubility in water and also in most of the common
organic solvents (Kumar, 2000). Nevertheless, chitin is
soluble in hexafluoroisopropanol, hexafluoroacetone
and dimethylacetamide containing 5% lithium chloride
(Kumar, 2000). Therefore, some researchers have inves-
tigated the use of some types of chitin-based materials
(filaments, granules, sponges, and films) as components
for wound management products (Koji et al., 1987; Fox
and Allen, 1996). Despite the intrinsic properties of chi-
tin, some studies have suggested that an improvement

in the biocompatibility of chitin for use in appropriate
dressings can be achieved by associating the chitin
with other polysaccharides or proteins (Lee et al., 2004;
Hirano et al., 2001), or by creating chitin derivatives (e.g.
carboxymethyl chitin, water-soluble chitin, dibutyl chitin)
(Pielka et al., 2003; Muzzarelli et al., 2005; Cho et al., 1999)
using chemical modification.

Chitosan is a polysaccharide obtained by the alkaline
deacetylation of chitin (Kumar, 2000; Kumar et al., 2004).
This polymer has many properties such as its polyelec-
trolyte and cationic nature, mucoadhesion, hemostatic
action, film-forming ability, biodegradability, bacte-
riostatic, and fungistatic activity (Kumar, 2000; Peniche
et al., 2008). Besides, the presence of functional groups
(hydroxyl, amine) it has been beneficial for chemical
modification to introduce the desired properties into
chitosan, which can be useful for specific uses in diversi-
fied fields (Kumar et al., 2004; Kim et al., 2008; Jayakumar
et al., 2005; Mourya and Inamdar, 2008). Because of the
stable crystalline structure, chitosan is normally insoluble
in water, but soluble in dilute aqueous acidic solutions.
These solutions have been used in the production of gels,
membranes, microparticles, nanofibers, porous struc-
tures, and tubes, which combined with its pH sensitivity
and high charge density (positive electrical charge) has
allowed the development of drug delivery devices, com-
posites, polyelectrolyte complexes, and implants for tissue
engineering applications. Several chitosan-based matri-
ces have been developed to be used as dermal substitutes,
wound dressings, porous structures for cartilage repair,
and other TE applications (see Table 1). Considering
that chitosan promotes good protection of the wound,
accelerated wound healing, and an antibacterial action
(Khor and Lim, 2003; Kim et al., 2008), chitosan mem-
branes have been proposed as simple wound coverings
or as sophisticated artificial skin matrices, and hydrogels.
Although the preparation, properties, and characteriza-
tion of both chitosan films and bilayer membranes for
use as wound dressings have been extensively investi-
gated, (Aoyagi et al., 2007; Khan et al., 2000; Khan and
Peh, 2003; Azad et al., 2004; Marreco et al., 2004; Azevedo
et al., 2006; Mizuno et al., 2003; Queiroz et al., 2003;
Mi et al., 2002b; Ma et al., 2001), a few reports concerned
with clinical trials have been described in the literature
(Azad et al., 2004).

With the rise of nanotechnology, chitosan together
with other macromolecules has been fabricated into vari-
ous bionanocomposites, providing alternative applica-
tions in regenerative medicine and drug delivery vesicles
(Chen et al., 2008; Zhou et al., 2008; Lee et al., 2009). For
example, composite nanofibrous membranes of collagen/
chitosan/polyethylene oxide blends have demonstrated
unique combinations of mechanical, biological, and
structural properties suitable as wound dressings for skin
regeneration (Chen et al., 2008). On the other hand, some
studies have described the complexation of chitosan with
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Table 4. Cellulose-based matrices proposed for application in soft tissue repair.

Processing Active Potential TE Cell type
Composition methodology Matrixtype  substance application (source/line) Animal model Reference
Cellulose-silk Wet spinning Fibers _ Wound dressing _ _ (Strobin et al.,
fibroin 2006)
ORC-collagen Freeze-drying Scaffolds _ Clinical settings Fibroblasts Diabetic mouse (Hart et al.,
Cross-linking in wound repair (human) 2002)
(dehydrothermal)
Freeze-drying Scaffolds PDGF Clinical setting _ Sprague-Dawley (Jeschke et al.,
Cross-linking in acute wounds rats 2005a)
(dehydrothermal)
Freeze-drying Scaffolds PDGF Chronic wounds _ _ (Cullen et al.,
Cross-linking 2002b)

(dehydrothermal)

ORC: oxidised regenerated cellulose; GA: glutaraldehyde; PDGF: platelet-derived growth factor.

selected negatively charged molecules (e.g. proteins, ani-
onic polysaccharides, and nucleic acids) in the design of
different polymeric matrices for tissue engineering appli-
cations (Liu et al., 2007b; Hamman, 2010; Yu et al., 2005).
The chitosan-based complexes have an excellent ability to
be processed into sponges and bilayer scaffolds for use as
dermal equivalents, especially with collagen or alginate,
(Ma et al., 2003; Ma et al., 2007) and also for skin regen-
eration. With regard to collagen/chitosan complexes, the
presence of collagen resulted in the improvement of the
cell compatibility of these matrices, where the additional
use of cross-linking agents increased the biostability of
the chitosan/collagen (CC) composite scaffolds (Ma et al,
2003). Interestingly studies have suggested that the poly-
electrolyte complex (PEC) between alginate and chitosan
should be mechanically stronger at a lower pH where chi-
tosan dissolves (Hamman, 2010). Chitosan also interacts
with gelatin to provide thermosensitive hydrogels for the
controlled release of proteins (Chang et al., 2009) or in
microspheres loaded with basic fibroblast growth factor
(bFGF) to increase the production of laminin by human
fibroblasts, which may be helpful for angiogenesis in
skin regeneration (Liu et al., 2007a). Some examples of
PEC systems formed by chitosan-alginate or chitosan-
heparin, and others are shown in Table 1. Many papers
have been concerned with chitosan/heparin complexes
as nanoparticles (Liu et al., 2007b), and multilayer thin
films (Lundin et al., 2010). Considering that heparin is
well-known for its anti-coagulant activity and for having
a high negative charge density due to its carboxyl and
sulfonate groups (Salmivirta et al., 1996), the result-
ing matrices may have potential therapeutic uses for
enhanced tissue regeneration. Some researchers (Kratz
et al., 1997; Kweon et al., 2003; Jin et al., 2007) have sug-
gested that the heparin-chitosan complex stimulates
re-epithelialization of a full-thickness wound in human
skin, in a heparin dose dependent effect (Kratz et al.,
1997). Recent investigations have focused on the inter-
actions between chitosan and other proteins, besides
gelatin, as pathways to investigate matrices with suitable
mechanical properties, biodegradability, and good bio-
compatibility for skin applications (Kweon et al., 2001;

Figure 2. SEM micrographs of L929 cells cultured on chitosan membrane
(a) and chitosan/soy protein blended membrane cross-linked with 0.1 M
Ga (b). Culture time: 3 days. (Unpublished results).

Silva et al., 2005; Tanabe et al., 2002). In our group, Silva
and co-workers (Silva et al., 2005; Silva et al., 2007b)
have explored the blending of chitosan with soy protein
isolate, the major component of the soybean (Vaz et al.,
2002), in the development of a series of blended mem-
branes. The chitosan/soy protein (CSS) blended systems
are not completely miscible and in situ chemical cross-
linking with glutaraldehyde solutions has been used to
enhance the degree of interaction between chitosan and
the soy protein, and thus overcome the drawback of its
immiscibility. As a consequence, the fibroblast-like cell
attachment on cross-linked CSS membranes was found
to be enhanced in comparison with chitosan membranes
(Figure 2). Subsequent in vivo studies (Santos et al., 2010)
demonstrated that the CSS membranes accelerated skin
wound healing in rats after two weeks of dressing. All
these findings support the suitability of CSS membranes
as wound dressing materials.

Chitosan seems to be a good candidate particularly for
cartilage tissue engineering applications, in that its struc-
ture and characteristics resemble those of glycosaminogly-
cans (GAGs), which are well known constituents of the
cartilage extracellular matrix, and it also has a critical
role in supporting chondrogenesis both in vitro and
in vivo (Suh and Matthew, 2000). Even considering these
characteristics, the development of an ideal chitosan
scaffold for cartilage TE remains a challenging task. The
most well known method to prepare chitosan scaffolds
is freezing and then lyophilizing chitosan solutions in
appropriate molds (Suh and Matthew, 2000; Oliveira
et al., 2006; Silva et al., 2006; Madihally and Matthew,
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1999) and several other methods such as melt processing
(Correlo et al., 2007b; Correlo et al., 2009), sol-gel tech-
nique (Silva et al., 2006), and electrospinning (Lee et al.,
2009) have all been used to produce chitosan scaffolds
with different geometries and porosities, interconnectiv-
ity and so on. Promising results have also been obtained
by associating chitosan with other biomacromolecules
or bioactive agents in order to promote cartilage regen-
eration (Silva et al., 2008; Medrado et al., 2006; Lee et al.,
2004). In addition, multi-component chitosan scaffolds,
whose composition mimics the natural cartilage matrix,
have been proposed to facilitate the formation of articular
cartilaginous both in vitro and in vivo (Yan et al., 2007).
It has also been reported that porous collagen/chitosan/
GAG loaded with transforming growth factor-f1 (TGF-$1)
provided the controlled release of TGF-31 and promoted
cartilage regeneration (Lee et al., 2004). Although the
combination of chitosan with biomacromolecules, as
well as technologies used in the creation of chitosan scaf-
folds have demonstrated some successful findings, other
approaches using chitosan hydrogels/gels as injectable
scaffolds for cartilage repair have also been widely studied
(Hao et al., 2010; Nettles et al., 2002; Tan et al., 2009). For
instance, some strategies involved the reconstruction of
the tissue-engineered cartilage in vitro using injectable
temperature-responsive hydrogel chitosan (Hao et al.,
2010), while others have demonstrated that chitosan
composite hydrogel matrices supported cell survival
retaining the chondrocytic morphology (Tan et al.,
2009).

Apart from the promising findings of chitosan-based
matrices for skin and cartilage regeneration, their appli-
cations and benefits have also been expanded to liver
regeneration. The role of a hepatocyte-specific 3D scaf-
fold involved the creation of a microenvironment that
mimicked the organized architecture of the native liver.
Bearing this in mind, researchers suggested that col-
lagen/chitosan (CC) matrices (Wang et al., 2003) can
create an appropriate environment for the regeneration
of liver cells. Nevertheless, the low mechanical strength
and poor blood compatibility of these natural polymers
have limited their further use in liver TE. Other research-
ers (Tai et al., 2010) have proposed the delivery of liver-
differentiated human mesenchymal stem cells (hMSCs)
from RGD-modified chitosan-alginate fibrous scaffolds
as a potential therapy to aid in liver regeneration. In
view of the complexity of the liver, some approaches
have focused on the design of complex 3D architectures
with predefined internal vascular channels to favor
angiogenesis (Jiankang et al., 2007; Yan et al., 2005; He
et al., 2009). Following these strategies, chitosan/gelatin
scaffolds with well organized architectures and highly
porous structures have been fabricated and combining
rapid prototyping, microreplication, and freeze drying
techniques. With respect to nerve regeneration, various
studies have focused on nerve guidance conduits made

from polyelectrolyte complexes between chitosan and
alginate (Pfister et al., 2008) as well as the associations
of chitosan with proteins (collagen, albumin, and gela-
tine) or poly-L-lysine (Cheng et al., 2003a; Cheng et al.,
2003b) as promising alternatives to the conventional
treatments. More details about these systems are shown
in Table 1. Furthermore, applications of chitosan-based
blended systems to tendon and ligament TE have been
recently reported (Majima et al., 2007; Funakoshi et al.,
2005).

Glycosaminoglycans (hyaluronic acid and
chondproitin-sulfate)

Glycosaminoglycans (GAGs), including hyaluronan (HA)
and chondroitin sulfate (CS), are amino sugar contain-
ing polysaccharides that are present in the extracellu-
lar matrix (ECM) of all vertebrates (Kirker et al., 2002).
Hyaluronic acid or hyaluronan (HA) is a linear polysac-
charide with a repeating disaccharide structure composed
of glucuronic acid and N-acetyl glucosamine residues
(Kogan et al, 2007). This water soluble polysaccharide is
widely distributed throughout the ECM of all connective
tissues in humans and other animals (Kogan et al., 2007)
and has various important biological functions. Based
on its positive biological effects on cell behavior in vitro,
HA have participated in many polymeric systems for dif-
ferent TE applications, as listed in Table 2. There have
been several studies involving HA alone or mixed with
collagen and gelatin for skin applications (see Table 2).
In some cases, the collagen/HA mixture was cross-linked
to stabilize the materials, and then their performance was
improved (Tang et al., 2007; Taguchi et al., 2002; Koller
et al., 2000; Koller et al., 2001; Bakos and Koniarova, 1999;
Kubo and Kuroyanagi, 2003; Park et al., 2003). Park et al.
(2003) showed that dermis treated with EDC-cross linked-
collagen-HA matrix was thicker than the control (porous
polyurethane matrix), and that epithelial regeneration
was accelerated in vivo. The presence of growth factors
into collagen-hyaluronan matrices significantly enhanced
wound healing (Park et al., 2004). As commented previ-
ously, the matrices from combinations of HA and collagen
have been actively developed for wound repair. However,
these and other HA-based combinations have been sug-
gested for both cartilage and neural repair (see examples
in Table 2).

Chondroitin sulfate is quite water soluble, and for
this reason it has been frequently combined with other
polymers (see examples listed in Table 2). In fact, its ani-
onic nature enables efficient interaction with cationic
molecules to form interesting structures for soft tissue
repair. For skin regeneration, Yannas and Burke (Yannas
and Burke, 1980; Burke et al., 1981) developed a bilayer
artificial skin from the association of chondroitin sulfate
with collagen, which is known as Integra® (Integra Life
Sciences Holding, New Jersey). Similarly, bi-layered gela-
tin-chondroitin sulfate-HA constructs with different pore

-ﬂll'-llll'l"l'.‘llr'..'!-l:i:,.



sizes on either side were prepared to mimic the composi-
tion of skin and to create an appropriate microenviron-
ment for cell growth, differentiation, and migration (Wang
et al., 2006). As a component of cartilage ECM, chondroi-
tin sulfate has a stimulatory potential on both cell-pro-
liferation and matrix retention, in turn this polymer has
been used as an interesting component in the produc-
tion of multi-component scaffolds for use in cartilage TE.
For instance, chondrocytes seeded on gelatin/chon-
droitin sulfate/hyaluronan scaffolds were evenly dis-
tributed in matrices, secreted new ECM, retained their
phenotype, and secreted type II collagen (Chang et al.,
2003a). Moreover, TGF-Bf1 was immobilized onto the
surface of gelatin/hyaluronic acid/chondroitin-6-
sulfate (GHCS) to suppress any undesired differentia-
tion during cartilage growth in vitro (Chou et al., 2006).
As proposed by Murray et al. (Murray et al., 2003), the
addition of selected growth factors to medium for an
implantable collagen-glycosaminoglycan (CGG) scaf-
fold may enhance ligament cell behavior within the CG
scaffold.

Alginate

Alginate is a polymer derived from sea algae, formed by
linear block copolymers of 1-4 linked -D-mannuronic
acid and L-guluronic acid. It is water soluble at room tem-
perature and in the presence of certain divalent cations,
such as calcium, barium, and strontium; it forms stable
hydrogels that have been explored for a broad range of
biomedical applications (Gomes et al., 2008; Eiselt et al.,
2000; Hunt and Grover, 2010). One of the drawbacks of
alginate hydrogels can be that degradation occurs via
a slow and unpredictable dissolution process in vivo
(Boontheekul et al., 2005; Bouhadir et al., 2001). Alginate
has been used as a wound dressing (Qin, 2008; Suzuki
et al., 1998; Chiu et al., 2008), delivery vehicles for drugs
(Hunt et al., 2009), and cell encapsulation (Hunt and
Grover, 2010). Furthermore, combinations of alginate
with another polysaccharide have led to the formation
of biopolymeric matrices for soft tissue repair (see Table
3). Most of these have been based on the addition of one
or two components of ECM to alginate in order to create
composites that mimic the properties of natural tissues
and then to enhance the functionality of the engineered
materials. For instance, a commercial collagen-alginate
topical wound dressing (FIBRACOL PLUS Dressing,
Johnson & Johnson Gateway®) has demonstrated its effi-
cacy and safety in the treatment of diabetic foot ulcers
(Donaghue et al., 1998). Although these strategies are of
interest for TE, the inclusion of other biomacromolecules
such as silk fibroin to alginate could also contribute use-
ful properties for wound treatment (Roh et al., 2006). In
cartilage studies (Gerard et al., 2005), beads composed of
alginate-hyaluronan that combine the gel forming ability
of alginate with the healing properties of hyaluronan have
been proposed. However, studies involving alginate-based
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systems have also been expanded towards liver regenera-
tion, where conjugations of alginate with galactosylated
chitosan (Seo et al., 2006b), and also with heparin (Seo
et al.,, 2006a) have been suggested to enhance their
liver specific function for the design of bioartificial liver
devices.

Cellulose

Cellulose is the most abundant organic polymer in the
world. It is insoluble in most solvents due to its strong
intra or intermolecular hydrogen bonding (Klemm et al.,
2005). Despite this, it is still used in the mass production
of conventional dressing materials (Boateng et al., 2008).
Cellulose derivatives can be associated with proteins (e.g.
silk fibroin, collagen) with the formation of sponges for
cartilage tissue engineering (Pulkkinen et al., 2006), and
as scaffolds in clinical settings for wound repair (Hart
et al., 2002; Jeschke et al., 2005; Cullen et al., 2002) (see
Table 4). Oxidized regenerated cellulose and its blends
have been applied as a wound dressing, this is because
oxidized cellulose has proved be an effective hemostat
and also has antibacterial activity (Martina et al., 2009).
For instance, in the presence of chronic wound exudates,
ORC/collagen forms a soft, conformable, and biodegrad-
able gel that physically binds and inactivates the matrix
metalloproteases (MMPs), stabilizing their levels and
contributing to a positive effect on the wound healing
process, since a high level of MMPs in chronic wounds
may lead to the degradation of important proteins and
inactivate growth factors (Hart et al., 2002; Cullen et al.,
2002). Promogran® is an example of a spongy matrix
containing oxidized regenerated cellulose (45% ORC)
and collagen (55%), which has been introduced to both
the USA and EU markets. Recently, room temperature
ionic liquids have been proposed as possible new sol-
vents for the derivatization of cellulose, opening new
paths for the shaping of cellulose through its precipita-
tion with an excess of polar solvents like water, acetone
or a combination of these (Pinkert et al., 2009). Also,
cellulose composites in different shapes (films, beads,
scaffolds) can be obtained by changing the composition,
the precipitation method and conditions, which have a
potential use in tissue engineering. Cellulose can also
be produced by Gluconacetobacter xylinus (Acetobacter
xylinum) (Klemm et al., 2005; Svensson et al., 2005;
Czaja et al., 2007). Although identical to the cellulose
of plant origin in terms of molecular formula, bacte-
rial cellulose is characterized by a crystalline nano and
microfibril structure that determines its extraordinary
physical and mechanical properties (Czaja et al., 2007;
Klemm et al., 2005). Bacterial cellulose or microbial
cellulose has unique properties, including high purity,
high crystallinity, moldability in situ, biocompatibility,
and high water holding ability. In addition to its cost
efficient production, it has high mechanical strength in
the wet state (Czaja et al., 2007; Svensson et al., 2005).
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Due to its versatility, bacterial cellulose has been stud-
ied as a wound dressing, for tubular implants, and as
scaffolds for cartilage repair, among other applications
(Czaja et al., 2007; Svensson et al., 2005; Klemm et al.,
2005). Bacterial cellulose/chitosan wound dressings have
good antibacterial and barrier properties; they also have
mechanical properties in the wet state and optimal mois-
ture conditions for rapid wound healing without irrita-
tion (Ciechanska, 2004). In cartilage studies (Svensson
et al., 2005), bacterial cellulose has been shown to be a
potential scaffold for cartilage TE since the chondrocytes
maintained their differentiated form and the scaffold
supported cell ingrowth.

Consideration of polysaccharide and protein
interactions

In biological systems, proteins and polysaccharides
have an important role in the organization of living cells,
and the interactions between these polymers of natural
origin leads to the formation of macromolecular struc-
tures through association. Basic information related
to the phase behavior and the interactions between
polysaccharides and proteins have been obtained dur-
ing the last three decades, mainly in the field of food
science (McClements, 2006; Turgeon et al., 2003; Ya and
Tolstoguzov, 1997; Tolstoguzov, 2000; Doublier et al.,
2000; Kruif and Tuinier, 2001). Mixed systems of globu-
lar proteins and polysaccharides have been widely used
to control the structure, texture, and stability of food
products (Musampa et al., 2007; Berthand and Turgeon,
2007), whereas polymer based systems of natural origin
can also be used for biomedical applications. Different
examples of the biomedical applications of these systems
are shown in Tables 1 to 4. Besides the low cost and ver-
satility of this strategy, the introduction of proteins into
matrix materials may improve its cell behavior because
they are able to interact favorably with cells through
specific recognition domains present in their structure.
Also, the interaction between natural polymers with dif-
ferent chemical structures through hydrogen bonding
or electrostatic interactions in nature may reinforce the
mechanical properties of the materials obtained from
such mixtures. Nevertheless, most polymer blends are
immiscible or only partially miscible. Depending on the
polymer characteristics (molecular weight, polysaccha-
ride/protein ratio, conformation, and charge density),
and on the solution conditions (pH, ionic strength, total
concentration, solvent quality, etc.), the association of
biomacromolecules may result in the formation of a com-
plex or a phase separation (Turgeon et al., 2003). When
polysaccharides and proteins attract each other through
electrostatic interactions, the polymers associate exclud-
ing the solvent from their vicinity (complex coacervation),
thus allowing the formation of soluble complexes or an
aggregative phase separation (precipitate) (Doublier

et al., 2000; de Kruif et al., 2004). Sometimes the com-
plex coacervates are highly unstable and a structural
stabilization by chemical agents can become necessary
(Sanchez and Renard, 2002). The formation of complexes
and coacervates induced by electrostatic interactions is
a fundamental physico-chemical phenomenon, which
is relevant to a number of known biological processes
such as protein transcription and antigen-antibody
reactions (Turgeon et al., 2003). Additionally, protein-
polysaccharide complexes are important in the design of
multi-layered structures (Noel et al., 2007), encapsula-
tion processes (Xing et al., 2005), and the formation and
stabilization of food emulsions (Dickinson, 2006). On
the other hand, the phase separation can occur due to a
strong repulsion between the polymers caused by similar
electrical charges or because one or both polymers are
uncharged (McClements, 2006; Doublier et al., 2000).
At low concentrations, the polymers can be intimately
mixed and form a one phase solution. However, when the
total concentration of the system increases, exceeding a
certain critical value of about 4% for globular proteins
and polysaccharide mixtures (Musampa et al., 2007), a
phase separation occurs. As a result, the system exhibits
one phase that is rich in protein and the other is rich in
polysaccharide (Doublier et al., 2000; McClements, 2006).
Miscibility in a polymer blend is associated with specific
interactions between the polymeric components. The
major forces responsible for the polymer interactions
are electrostatic in nature but other common interactions
such as hydrogen bonding or hydrophobic interactions
may be significant in the stabilization of the interactions
(McClements, 2006; Feldman, 2005). Several authors
(Taravel and Domard, 1995; Yin et al., 2005; Yin et al.,
1999; Silva et al., 2007b; Berthand and Turgeon, 2007;
Malay et al., 2007; Palmiere et al., 1999; Naidu et al., 2005;
Sionkowska et al., 2004) have studied the interactions
between polymers of natural origin regarding their prom-
ising applications in food formulation, biotechnological,
and biomedical areas. For example, studies performed by
Taravel and Domard (Taravel and Domard, 1993; Taravel
and Domard, 1995) and Sionskowsha et al. (2004) sug-
gested that chitosan/collagen blends are miscible and
that the interactions between them are electrostatic in
nature with the formation of low complexes. These matri-
ces have been proposed as films for dermal regeneration
templates (Gao et al., 2003), as wound dressings (Guan
et al., 2007), and as scaffolds for liver TE (Wang et al.,
2003). Malay et al. (Malay et al., 2007) investigated the
formation of pH-induced complexation of silk fibroin and
hyaluronic acid, while Naidu et al. (Naidu et al., 2005)
evaluated the compatibility of sodium alginate/hydrox-
yethylcellulose blends both in solution and as solid
films. One study (Christopoulou et al., 2000) indicated
that the compatibility between the polymers in solution
would remain, even when the solvent is absent (“memory
effect”). Besides the miscibility, the nature and strength
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of interactions involved between polymer based systems
of natural origin can be studied using a wide variety of
analytical techniques. For example, in polymer blend
solutions, the existence of the thermodynamic interac-
tion (attraction or repulsion) between polymers induces
a non-ideal mixing, resulting in changes of viscosity.
Therefore, viscosimetry is an effective, quick, and inex-
pensive method to determine the miscibility of polymers
(Naidu et al., 2005). Also, the compatibility of a blend
system can be studied by its glass transition temperature
(T,), which is usually determined by differential scanning
calorimetry (DSC). An immiscible blend usually exhibits
the T of the components, while miscible polymers involve
thermodynamic solubility and should have one phase
and only a single T . On the other hand, the type of mor-
phology in a blend system is dependent on the nature
and amount of the polymers in the mixture, viscosity, and
also on their miscibility (Malay et al., 2007; Koning et al.,
1998). Heterogeneous blends can appear as a dispersion
of one polymer in the matrix of the other polymer, with
the formation of co-continuous morphology.

Strategies for compatibilization and surface
modification on polymeric blends

Compatibilizers and chemical cross-linking treatments

As most polymeric blends are immiscible, compatibiliza-
tion could be required. The compatibilization of polymer
blends is possible by adding to the system non reactive
or reactive compatibilizers (Feldman, 2005; Koning et al.,
1998). Reactive compatibilizers chemically react with the
blend components, while non-reactive compatibilizers are
block and graft copolymers, having chain segments that
are identical or similar to the components to be mixed
(Feldman, 2005; Koning et al., 1998). Graft copolymers
work as emulsifiers reducing the interfacial tension of
blends. This leads to a phase size small enough for the
material to be considered as macroscopically homo-
geneous and consequently improving the mechanical
properties of the system (Feldman, 2005). Besides the
usual compatibilizers, cross-linking methods have been
used to improve the structural stability and mechanical
properties of binary systems. A particular cross-linker
should be chosen based on its chemical reactivity, solu-
bility, spacer length, and compatibility of the reaction
with the application. Glutaraldehyde (GA), formalde-
hyde, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC), polyepoxide, and polyglycidyl ether are com-
monly used as cross-linking agents (Hennink and van
Nostrum, 2002; Silva et al., 2005; Park et al., 2003; Park
et al., 2002; Harriger et al., 1997; Silva et al., 2004; Sung
et al., 1996). Of these, glutaraldehyde and EDC are the
most widely used for polymeric systems due to their high
cross-linking efficiency. However, depending on the con-
centration used, extracts from the cross-linked materials
can be released into the tissue, resulting in cytotoxicity
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and inflammation. In contrast to glutaraldehyde, water-
soluble carbodiimide (EDC) does not remain as a part of
the linkage but simply changes into water-soluble urea
derivatives with low cytotoxicity. Park et al. (Park et al.,
2002) reported that a collagen/HA matrix cross-linked
with EDC had good resistance to enzymatic degradation
with acceptable toxicity. Genipin has been considered
as a natural cross-linking agent with a lower cytotoxicity
when compared to the alternative cross-linkers like glu-
taraldehyde (Sung et al., 1998). Genipin is obtained from
its parent compound geniposide, which is extracted from
the fruits of Gardenia jasminoides Ellis (Koo et al., 2004).
Genipin has been used to cross-link gelatin (Chang et al.,
2003b; Liu et al., 2004), collagen (Sundararaghavan et al.,
2008), kappa-carrageenan (Meena et al., 2007), chitosan
(Mi et al., 2002a; Kuo and Lin, 2006; Chen et al., 2005;
Muzzarelli, 2009), alginate/chitosan (Chen et al., 2006),
chitosan/gelatin blends (Chiono et al., 2008), and the chi-
tosan/silk fibroin system (Silva et al., 2008). One interest-
ing characteristic of the reaction of genipin with amino
acids lies in the formation of dark blue pigments, which
are the result of oxygen radical induced polymerization
of genipin (Sung et al., 1998). These blue pigments are
used as a natural colorant in foods (Park, 2002), and can
also aid in following the evolution of genipin cross-linking
reactions (Chen et al., 2005). Typically, matrices cross-
linked with genipin present good mechanical properties,
reduced swelling, a slower degradation rate, and good
biocompatibility (Chang et al., 2003b; Mi et al., 2002a).
Proanthocyanidins (PAs) have also been indicated as non-
toxic cross-linkers (Han et al., 2003). PAs are widespread
in fruits and vegetables, and belong to the category known
as condensed tannins, which consist of highly hydroxy-
lated structures capable of forming insoluble complexes
with carbohydrates and proteins (Han et al., 2003). Studies
have indicated that PAs are less cytotoxic than glutaralde-
hyde, could efficiently cross-link collagen matrices (Han
etal., 2003), and chitosan/gelatin membranes (Kim et al.,
2005). Kim et al. (Kim et al., 2005) reported that proan-
thocyanidin cross-linked chitosan/gelatin membranes
have good mechanical properties, thermal properties, and
a slower degradation rate in vivo with no inflammatory
reaction found in all the implants that were tested when
compared to uncross-linked gelatin films and chitosan/
gelatin membranes.

Surface modification

A biomaterial with good bulk properties does not neces-
sarily possess the surface characteristics suitable for a
given biomedical application. Therefore, modification of
the biomaterial surface is often needed (Oehr, 2003; Chu
et al., 2002). Various methods have been employed for
modifying polymer surfaces including chemical modifica-
tion (Pashkuleva et al., 2005; Tangpasuthadol et al., 2003),
ultra-violet (UV) (Olbrich et al., 2007; Welle et al., 2005;
Gumpenberger et al., 2003), gamma irradiation (Yang
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et al., 2002; Mao et al., 2004), and plasma surface modi-
fication (Oehr, 2003; Pashkuleva et al., 2005; Silva et al.,
2007c; Zhu et al., 2005; Pashkuleva and Reis; 2005; Huang
et al., 2007; Lopez-Perez et al., 2007; Ratner, 1995). For
instance, these modifications will determine the possible
interactions of polymers with bioactive agents, namely
drugs, growth factors as well as the possibility of allowing
for their clinical use in the regeneration of hard/soft tis-
sues (Pashkuleva and Reis, 2005; Goddard and Hotchkiss,
2007; Ratner, 1995). Depending of the chosen method
and conditions, a surface can be modified to become
hydrophilic or hydrophobic, be functionalized or only
be activated for further reactions (Pashkuleva and Reis,
2005; Goddard and Hotchkiss, 2007). Chemical etching
with a potassium permanganate-nitric acid system has
been shown to enhance the surface energy and wettabil-
ity of starch based blends (Pashkuleva et al., 2005). UV
irradiation has been used to create patterned polystyrene
substrates for tissue engineering applications, especially
in neuroscience (Welle et al., 2005). Plasma surface modi-
fication is a method widely used to tailor surface func-
tionality using different atmospheres (Chu et al., 2002;
Pashkuleva and Reis, 2005). Usually, plasma treatment
only affects the outermost layers (2.5-10 nm) of the mate-
rial’s surface, while the bulk properties of the polymer
remain intact (Oehr, 2003). When a material is exposed to
a partially ionized gas, its surface is bombarded with ions,
electrons, and radicals from the plasma. This process
results in the formation of radicals on the polymer sur-
face. The highly reactive species so formed combine with
the radicals from the working gas to modify the surface
(Chu et al., 2002). Depending on the interaction between
the plasma and the polymer, and on the operating con-
ditions (gas, power, and exposure time), the reactions
of modification and degradation can occur (Chu et al.,
2002; Oehr, 2003; Khonsari et al., 2003). When degrada-
tion is prominent, etching will take place on the polymer
surface. An etching reaction occurs when the polymers
are exposed to plasma for a long period, and the exposed
layers of the polymers are etched off (Chu et al., 2002).
As a result, etching produces nano-roughness on the
polymer surface, which can create the desirable features
on biomaterials to meet the requirements of biocompat-
ibility in vivo (Chu et al., 2002). Figure 3 shows that the
prolonged exposure time on chitosan/soy protein mem-
branes to argon plasma (Figure 3B and 3C) promoted an
increase of the surface roughness when compared to the
initial surface membrane (Figure 3A). On the other hand,
plasma can also be used to create functionalized surfaces
with direct binding of new chemical groups or their inclu-
sion after surface activation by plasma treatment (Chu
et al., 2002; Lopez-Perez et al., 2007). For example, oxygen
(-OH, -C=0, -COOH groups) or nitrogen (-NO,, -NH,, -
CONH, groups) plasma have been used to increase
the material hydrophilicity (Inagaki, 1996). As a result,

Figure 3. SEM micrographs showing the effect of the prolonged time
exposure to argon plasma on surface of chitosan-soy protein (CSS) based
membranes; (a) CSS membrane without treatment, (b) CSS after argon
plasma (40 watts, 5 minutes) and (c) CSS after argon plasma (40 watts, 20
minutes). (Unpublished results)
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improved adhesion strength, biocompatibility, and other
relevant properties were observed (Inagaki, 1996; Chu
et al., 2002). Similar results were obtained in our group
by Silva et al. (Silva et al., 2007c) who investigated the sur-
face modification of chitosan membranes using nitrogen
and argon plasma to improve its fibroblast cell adhesion
in vitro. The proposed modifications would facilitate the
use of chitosan-based materials as wound dressings. In
addition, plasma grafting polymerization can be used
to modify inert surfaces. This includes activation of the
surface by plasma followed by polymerization reactions,
resulting from the contact between the activated surface
with monomers in the liquid or gas phase (Chu et al.,
2002; Pashkuleva and Reis, 2005; Lopez-Perez et al.,
2007; Forch et al., 2005). Therefore, grafted copolymers
are formed onto the surface. Using such procedures,
smart surfaces may be produced, where the wettability
can be responsive to the change of external variables,
being useful for some biomedical applications (Ando
et al., 2007; da Silva et al., 2007). Recently, Huang et al
(Huang et al., 2007) suggested that oxygen plasma is a
better method to incorporate laminin onto the surface of
chitosan membrane, resulting in a significant increase of
the attachment of Schwann cells and to help the affinity
for directing peripheral nerve regeneration.

Final remarks

Several polymers based on natural origins, either alone or
in binary or ternary blend systems, are proposed for use in
soft tissue repair. Among the various tissues that these sys-
tems can target, skin, and cartilage are probably the most
prominent. The features of a particular blended system, in
general, must be modulated and designed in an appropri-
ate shape for a determined biomedical application. Most
of the polymer combinations have been used as a means
to overcome problems observed in simple systems with
regard to the mechanical strength of the scaffolds, pro-
liferation ability, and implantation difficulties. Although
some successful findings have been reported, these sys-
tems still need some improvement in terms of structural
stability due to water-solubility for some polysaccharides,
which have been solved through their complexation or
cross-linking reactions. In addition, the construction of
adequate surface properties is also important for the tis-
sue/cell interface, making it necessary to apply surface
modification on the polymer matrix. With regard to tissue
targets, interesting strategies have been proposed such
as co-cultures of keratinocytes and fibroblasts on bilayer
constructs (scaffold/membrane) as dermal equivalents,
as well as the development of multi-component scaffolds
with living cells for cartilage repair have shown promise.
In some cases, a sustained release of a bioactive sub-
stance (drugs or growth factors) incorporated into these
biomatrices enhanced the cell response, and thus tissue
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regeneration. Moreover, advanced processing techniques
such as a solid-free form have been proposed to produce
porous matrices with complex geometric shapes and suit-
able porosities tailored to the tissue target, for example in
the design of bioartificial livers. Although the approaches
described have demonstrated promising results both
in vitro and in vivo, there are still many challenging
issues to be addressed in order to obtain clinically suc-
cessful materials as well as to create novel therapeutic
approaches. Bearing this in mind, extensive research
must be done to develop materials interacting with cells
on healing tissue and other host processes. Also, further
study is needed to understand the in vivo interactions
among biomaterials, cells and growth factors at the
molecular level. Current trends also suggest that the
intensification of the development of hydrogel materials
from blended systems with thermosensitive materials can
be a powerful tool for the production of multifunctional
materials that can provide complex biological signals
and respond to environmental stimuli. For all these
purposes, it is essential to have collaborative research
between material researchers, biologists, and clinicians
which could lead to advanced materials that fulfill all the

needs of polymer combinations for soft tissue
regeneration.
Acknowledgements

The authors wish to thank J. Benesch, I. Paskuleva,
J. Grech, and J.M. Oliveira for their useful discussions.

Declaration of interest

S.S. Silva would like to acknowledge the Portuguese
Foundation for Science and Technology (FCT) for a post doc-
toral fellowship (SFRH/BD/45307/2008). This work was par-
tially supported by the European-Union-funded FP7 Project:
Find and Bind (NMP4-SL-2009-229292) and STREP project
HIPPOCRATES (NMP3-CT-2003-505758) and was carried
out under the scope of the European NoE EXPERTISSUES
(NMP3-CT-2004-500283).

References

Agarwal S, Wendorff JH, Greiner A. (2009). Progress in the field of electro-
spinning for tissue engineering applications. Adv Mater, 21, 3343-
3351.

Aigner J, Tegeler ], Hutzler P, Campoccia D, Paveio A, Hammer C, Kastenbauer
E, Naumann A. (1998). Cartilage tissue engineering with novel nonwoven
structured biomaterial based on hyaluronic acid benzyl ester. ] Biomed Mater
Res, 42, 172-181.

Altman GH, Diaz F, Jakuba C, Calabro T, Horan RL, Chen JS, Lu H, Richmond
J, Kaplan DL. (2003). Silk-based biomaterials. Biomaterials, 24,
401-416.

Ando W, Tateishi K, Hart DA, Katakai D, Tanaka Y, Nakata K, Hashimoto J,
Fujie H, Shino, K, Yoshikawa H, Nakamura N. (2007). Cartilage repair
using an in vitro generated scaffold-free tissue-engineered construct
derived from porcine synovial mesenchymal stem cells. Biomaterials,
28, 5462-5470.

-ﬂll'-llll'l"l'.‘llr'..'!-l:i:,.



216 Simone S. Silva et al.

Angele P, Kujat R, Nerlich M, Yoo J, GolbergV, Johnstone B. (1999). Engienering
of osteochondral tissue with bone marrow mesenchymal progenitor
cells in a derivatized hyalurona-gelatin composite sponge. Tissue Eng
5,545-553.

Aoyagi S, Onishi H, Machida Y. (2007). Novel chitosan wound dressing loaded
with minocycline for the treatment of severe burn wounds. Int ] Pharm
330, 138-145.

Azad AK, Sermsintham N, Chandrkrachang S, Stevens WF. (2004). Chitosan
membrane as a wound-healing dressing: Characterization and clinical
application. ] Biomed Mater Res B, 69B, 216-222.

Azevedo EP, Saldanha TDP, Navarro MVM, Medeiros AC, Ginani MF, Raffin
FN. (2006). Mechanical properties and release studies of chitosan
films impregnated with silver sulfadiazine. J Appl Polym Sci, 102,
3462-3470.

Bakos D, Koniarova D. (1999). Collagen and collagen/hyaluronan complex
modifications. Chem Papers, 53, 431-435.

Balakrishnan B, Mohanty M, Umashankar PR, Jayakrishnan A. (2005).
Evaluation of an in situ forming hydrogel wound dressing based on oxi-
dized alginate and gelatin. Biomaterials 26,6335-6342.

Balakrishnan B, Mohanty M, Fernandez AC, Parayanthara VM, Jayakrishnan A.
(2006). Evaluation of the effect of incorporation of dibutyryl cyclic adenos-
ine monophosphate in an in situ forming hydrogel wound dressing based
on oxidized alginate and gelatin. Biomaterials 27,1355-1361.

Barbul A. (2001). Wound Healing: Physiology And Possible Role Of Skin
Substitutes. In: Horch RE, Munster AM, Achauer BM, eds. Cultured
Human Keratinocytes And Tissue Engineered Skin Substitutes. NewYork:
Georg Thieme Verlag. p. 23-36.

Berthand ME, Turgeon SL. (2007). Improved gelling properties of whey
protein isolate by addition of xantham gum. Food Hydrocolloid, 21,
159-166.

Black AF, Berthod F, LHeureux N, Germain L, Auger FA. (1998). In vitro recon-
struction of a human capillary-like network in a tissue-engineered skin
equivalent. FASEB J 12, 1331-1340.

Boateng JS, Matthews KH, Stevens HNE, Eccleston GM. (2008). Wound heal-
ing dressings and drug delivery systems: A review. ] Pharm Sci, 97,
2892-2923.

Boontheekul T, Kong HJ, Mooney DJ. (2005). Controlling alginate gel degrada-
tion utilizing partial oxidation and bimodal molecular weight distribution.
Biomaterials, 26, 2455-2465.

Bouhadir KH, Lee KY, Alsberg E, Damm KL, Anderson KW, Mooney DJ. (2001).
Degradation of partially oxidized alginate and its potential application for
tissue engineering. Biotechnol Progr, 17, 945-950.

Burke JF, Yannas IV, Quinby WC, Bondoc CC, Jung WK. (1981). Successful use
of a physiologically acceptable artificial skin in the treatment of extensive
burn injury. Ann Surg 194, 413-428.

Chamberlain L], Yannas IV, Hsu, H.-P., Strichartz G, Spector M. (1998). Collagen-
GAG substrate enhances the quality of nerve regeneration through col-
lagen tubes up to level of autograft. Exp Neurol 154,315-329.

Chang CH, Liu HC, Lin CC, Chou CH, Lin FH. (2003a). Gelatin-chondroitin-
hyaluronan tri-copolymer scaffold for cartilage tissue engineering.
Biomaterials, 24, 4853-4858.

Chang WH, Chang, Lai PH. Sug HW. (2003b). A genipin-crosslinked gelatin mem-
brane as wound-dressing material: in vitro and in vivo studies. ] Biomater Sci
Polym Ed, 14, 481-495.

Chang YH, Xiao L, Tang Q. (2009). Preparation and Characterization of a Novel
Thermosensitive Hydrogel Based on Chitosan and Gelatin Blends. ] Appl
Polym Sci, 113, 400-407.

Chen G, Ushida T, Tateishi T. (2002). Scaffold design for tissue engineering.
Macromol Biosci, 2, 67-77.

Chen H, Ouyang W, Lawuyi B, Martoni C, Prakash S. (2005). Reaction of chi-
tosan with genipin and its fluorogenic attributes for potential microcap-
sule membrane characterization. ] Biomed Mater Res A 75, 917-927.

Chen H, Ouyang W, Lawuyi B, Prakash S. (2006). Genipin cross-linked alginate-
chitosan microcapsules: membrane characterization and optimization of
cross-linking reaction. Biomacromolecules, 7, 2091-2098.

Chen JP, Chang GY, Chen JK. (2008). Electrospun collagen/chitosan nanofi-
brous membrane as wound dressing. Colloid Surface A, 313, 183-188.

Chen YL, Lee HP, Chan HY, Sung LY, Chen HC, Hu YC. (2007). Composite chon-
droitin-6-sulfate/dermatan sulfate/chitosan scaffolds for cartilage tissue
engineering. Biomaterials 28, 2294-2305.

Cheng M, Cao W, Gao Y, GongY, Zhao N, Zhang X. (2003a). Studies on nerve cell
affinity of biodegradable modified chitosan films. ] Biomater Sci Polym
Ed, 14, 1155-1167.

Cheng M, Deng]J, Yang F, Gong Y, Zhao N, Zhang, X. (2003b). Study on physical
properties and nerve cell affinity of composite films from chitosan and
gelatin solutions. Biomaterials, 24, 2871-2880.

Chiono V, Pulieri E, Vozzi G, Ciardelli G, Ahluwalia A, Giusti P. (2008). Genipin-
crosslinked chitosan/gelatin blends for biomedical applications. ] Mater
Sci-Mater M, 19, 889-898.

Chiu C-T, Lee J-S, Chu C-S, Chang Y-P, Wang Y-]. (2008). Development of two
alginate-based wound dressings. ] Mater Sci-Mater M, 19, 2503-2513.

Cho YW, Cho YN, Chung SH, Yoo G, Ko SW. (1999). Water-soluble chitin as a
wound healing accelerator. Biomaterials, 20, 2139-2145.

Choi YS, Hong SR, Lee YM, Song KW, Park MH, Nam YS. (1999). Studies on gela-
tin-containing artificial skin: II. Preparation and characterization of cross-
linked gelatin-hyaluronate sponge. ] Biomed Mater Res 48,631-639.

Choi YS, Lee SB, Hong SR, Lee YM, Song KW, Park MH. (2001). Studies on gel-
atin-based sponges. Part III: A comparative study of cross-linked gelatin/
alginate, gelatin/hyaluronate and chitosan/hyaluronate sponges and their
application as a wound dressing in full-thickness skin defect of rat. ] Mater
Sci-Mater M 12,67-73.

Chou CH, Cheng WT, Lin CC, Chang CH, Tsai CC, Lin FH. (2006). TGF-betal
immobilized tri-co-polymer for articular cartilage tissue engineering. J
Biomed Mater Res B, 77, 338-348.

Christopoulou V, Papanagopoulos D, Dondos A. (2000). Relation between
the repulsion of incompatible and compatible polymers in solution and
their degree of mixing in the solid state: the memory effect. Polym Int,
49, 1365-1370.

Chu PK, Chen JY, Wang LP, Huang N. (2002). Plasma surface modification of
biomaterials. Mater Sci Eng R, 36, 143-206.

Chung C, Burdick JA. (2008). Engineering cartilage tissue. Adv Drug Deliver
Rev 60, 243-262.

Ciechanska D. (2004). Multifunctional bacterial cellulose/chitosan composite
materials for medical applications. Fibres Text East Eur, 12, 69-72.

Correlo VM, Boesel LF, Pinho E, Costa-Pinto AR, Da Silva MLA, Bhattacharya
M, Mano JE, Neves NM, Reis RL. (2009). Melt-based compression-molded
scaffolds from chitosan-polyester blends and composites: Morphology
and mechanical properties. ] Biomed Mater Res A, 91A, 489-504.

Correlo VM, Gomes ME, Tuzlakoglu K, Oliveira JM, Malafaya PB,
Mano JE, Neves N M, Reis RL. (2007a). Tissue Engineering Using Natural
Polymers In: Jenkins M, ed. Biomedical Polymers. Woodhead Publishing
and Maney Publishing, Cambridge, p. 197-217.

Correlo VM, Pinho ED, Pashkuleva I, Bhattacharya M, Neves NM,
Reis RL. (2007b). Water absorption and degradation characteristics of
chitosan-based polyesters and hydroxyapatite composites. Macromol
Biosci, 7, 354-363.

Cullen B, Watt PW, Lundqvist C, Silcock D, Schmidt RJ, Bogan D,
Light ND. (2002). The role of oxidised regenerated cellulose/collagen in
chronic wound repair and its potential mechanism of action. Int ] Biochem
Cell Biol, 34, 1544-1556.

Czaja WK, Young DJ, Kawecki M, Brown RM. (2007). The future prospects of
microbial cellulose in biomedical applications. Biomacromolecules, 8,
1-12.

Dambuyant CD, Black A, Bechetoille N, Bouez C, Maréchal S, Auxenfans C,
Cenizo V, Pascal P, Perrier E, Damour O. (2006). Evolutive skin recon-
structions: From the dermal collagen-glycosaminoglycan-chitosane
substrate to an immunocompetent reconstructed skin. Biomed Mater
Eng 16,585-594.

Damodaran S. (1997). Food Proteins and Their Applications. New York, Marcel
Dekker.

da Silva RMP, Mano JF, Reis RL. (2007). Smart thermo-responsive coatings
and surfaces for tissue engineering: switching cell-material boundaries.
Trends Biotechnol 25, 577-583.

Dawlee S, Sugandhi A, Balakrishnan B, Labarre D, Jayakrishnan A. (2005).
Oxidized chondroitin sulfate-cross-linked gelatin matrixes: A new class
of hydrogels. Biomacromolecules 6,2040-2048.

De Kruif CG, Weinbreck F, De Vries R. (2004). Complex coacervation of proteins
and anionic polysaccharides. Curr Opin Colloid In, 9, 340-349.

Dickinson E. (2006). Colloid science of mixed ingredients Soft Matter, 2,
642-652.

Donaghue VM, Chrzan JS, Rosenblum BI, Giurini JM, Habershaw GM, Veves A.
(1998). Evaluation of a collagen-alginate wound dressing in the manage-
ment of diabetic foot ulcers. Adv Wound Care, 11, 114-119.

Doublier JL, Garnier C, Renard D, Sanchez C. (2000). Protein-polysaccharide
interactions. Curr Opin Colloid In, 5, 202-214.

Eiselt P, Yeh, ], Latvala RK, Shea LD, Mooney D]J. (2000). Porous carriers for
biomedical applications based on alginate hydrogels. Biomaterials 21,
1921-1927.

Fan H, Hu 'Y, Qin L, Li X, Wu H, Lv R. (2006). Porous gelatin-chondroitin-hy-
aluronate tri-copolymer scaffold containing microspheres loaded with
TGF-betal induces differentiation of mesenchymal stem cells in vivo for
enhancing cartilage repair. ] Biomed Mater Res A 77,785-794.

-ﬂll'-llll'l"l'.'llr'.ll-l:i:,'.



Fan JY, Shang Y, Yuan Y], Yang J. (2010). Preparation and characterization of
chitosan/galactosylated hyaluronic acid scaffolds for primary hepatocytes
culture. ] Mater Sci-Mater M 21,319-327.

Fan LH, Du YM, Huang RH, Wang Q, Wang XH, Zhang LN. (2005). Preparation
and characterization of alginate/gelatin blend fibers. J Appl Polym Sci
96,1625-1629.

Farrell E, O’Brien FJ, Doyle P, Fischer J, Yannas I, Harley BA, O’Connell B,
Prendergast PJ, Campbell VA. (2006). A collagen-glycosaminoglycan
scaffold supports sdult rat mesenchymal stem cell differentiation along
osteogenic and chondrogenic Routes. Tissue Eng 12,459-469.

Feldman D. (2005). Polyblend compatibilization. ] Macromol Sci Pure, 42,
587-605.

Forch R, Zhang Z, Knoll W. (2005). Soft plasma treated surfaces: tailoring of
structure and properties for biomaterial applications. Plasma Process
Polym, 2, 351-372.

Fox AS, Allen AE, inventors; Gel forming system for use as wound dressing pat-
ent US Patent No. 5578661. 1996.

Funakoshi T, Majima T, Iwasaki N, Yamane S, Masuko T,
Minami A, Harada K, Tamura H, Tokura S, Nishimura SI. (2005). Novel
chitosan-based hyaluronan hybrid polymer fibers as a scaffold in ligament
tissue engineering. ] Biomed Mater Res A, 74A, 338-346.

Gao CY, Wang DY, Shen JC. (2003). Fabrication of porous collagen/chitosan
scaffolds with controlling microstructure for dermal equivalent. Polym
Adv Technol, 14, 373-379.

Gao J, Dennis JE, Solchage LA, Golberg VM, Caplan AL. (2002). Repair of oste-
ochondral defect with tissue-engineered two-phase composite material
of injectable calcium phosphate and hyaluronan sponge. Tissue Eng, 8,
827-837.

Gerard C, Catuogno C, Amargier-Huin C, Grossin L, Hubert P,
Gillet P, Netter P, Dellacherie E, Payan E. (2005). The effect of alginate,
hyaluronate and hyaluronate derivatives biomaterials on synthesis of
non-articular chondrocyte extracellular matrix. ] Mater Sci-Mater M, 16,
541-551.

Goddard JM, Hotchkiss JH. (2007). Polymer surface modification for
the attachment of bioactive compounds. Prog Polym Sci, 32,
698-725.

Gomes ME, Azevedo HS, Malafaya PB, Silva SS, Oliveira JM, Sousa
RA, Mano JE Reis RL. (2008). Natural polymers in tissue engi-
neering applications. In Blitterswijk C, Lindahl A, Thomsen P,
Williams D, Hubbell J. Cancedda R. Eds. Tissue Eng. Amsterdam: Elsevier
p. 145-192.

Gomes ME, Holtorf HL, Reis RL, Mikos AG. (2006). Influence of the porosity
of starch-based fiber mesh scaffolds on the proliferation and osteogenic
differentiation of bone marrow stromal cells cultured in a flow perfusion
bioreactor. Tissue Eng, 12, 801-809.

Gomes ME, Reis RL. (2004). Biodegradable polymers and composites in bio-
medical applications: from catgut to tissue engineering. Part 2 Systems
for temporary replacement and advanced tissue regeneration. Int Mater
Rev, 49, 274-285.

Guan M, Ren L, Wu T, Sun LP, Li LR, Zhang QQ. (2007). Potential wound
dressing with improved antimicrobial property. J Appl Polym Sci, 105,
1679-1686.

Gumpenberger T, Heitz J, Bduerle D, Kahr H, Graz I, Romanin C,
Svorcik V, Leisch F. (2003). Adhesion and proliferation of human
endothelial cells on photochemically modified polytetrafluoroethylene.
Biomaterials, 24, 5139-5144.

Gunn J, Zhang M. (2010). Polyblend nanofibers for biomedical applications:
perspectives and challenges. Trends Biotechnol, 28, 189-197.

Guo T, Zhao JN, Chang JB, Ding Z, Hong H, Chen JN, Zhang JF. (2006). Porous
chitosan-gelatin scaffold containing plasmid DNA encoding transform-
ing growth factor-beta 1 for chondrocytes proliferation. Biomaterials 27,
1095-1103.

Hamman JH. (2010). Chitosan Based Polyelectrolyte Complexes as Potential
Carrier Materials in Drug Delivery Systems. Mar Drugs, 8, 1305-1322.

Han B, Jaurequi J, Tang BW, Nimni ME. (2003). Proanthocyanidin: A natural
crosslinking reagent for stabilizing collagen matrices. ] Biomed Mater Res
A, 65,118-124.

Hao T, Wen N, Cao JK, Wang HB, Lu SH, Liu T, Lin QX, Duan CM,
Wang CY. (2010). The support of matrix accumulation and the promotion
of sheep articular cartilage defects repair in vivo by chitosan hydrogels.
Osteoarthr Cartilage, 18, 257-265.

Harriger MD, Supp AP, Warden GD, Boyce ST. (1997). Glutaraldehyde crosslink-
ing of collagen substrates inhibits degradation in skin substitutes grafted
to athymic mice. ] Biomed Mater Res, 35, 137-145.

HartJ, Silcock D, Gunnigle S, Cullen BD, Light ND, Watt PW. (2002). The role of
oxidised regenerated cellulose/collagen in wound repair: effect in vitro

Potential applications of natural origin polymer 217

on fibroblast biology and in vivo in a model of compromised healing. Int
] Biochem Cell Biol 34, 1557-1570.

Harvanova D, Rosocha J, Bakos D, Svihla R, Vasko G, Hornak S, Ledecky V,
Gromosova S, Cibur P, Rasi R. (2009). Collagen/hyaluronan membrane
as a scaffold for chondrocytes cultivation. Biologia 64,1032-1038.

Hashimoto T, Suzuki Y, Tanihara M, Kakimaru Y, Suzuki K. (2004). Development
of alginate wound dressings linked with hybrid peptides derived from
laminin and elastin. Biomaterials 25,1407-1414.

HeJK, Li DC, Liu YX, Yao B, Zhan HX, Lian Q, Lu BH, Lv Y. (2009). Preparation
of chitosan-gelatin hybrid scaffolds with well-organized microstructures
for hepatic tissue engineering. Acta Biomaterialia, 5, 453-461.

Hennink WE, Van Nostrum CF. (2002). Novel crosslinking methods to design
hydrogels. Advanced Drug Reviews, 54, 13-36.

Hirano S, Zhang M, Nakagawa M. (2001). Release of glycosaminoglycans in
physiological saline and water by wet-spun chitin-acid glycosaminoglycan
fibers. ] Biomed Mater Res, 56, 556-561.

Hong SR, Lee SJ, Shim JW, Choi YS, Lee YM, Song KW, Park MH, Nam YS, Lee SI.
(2001). Study on gelatin-containing artificial skin IV: a comparative study
on the effect of antibiotic and EGF on cell proliferation during epidermal
healing. Biomaterials 22,2777-2783.

Huang Y-C, Huang C-C, Huang Y-Y, Chen K-S. (2007). Surface modification and
characterization of chitosan or PLGA membrane with laminin by chemical
and oxygen plasma treatment for neural regeneration. Journal of Biomedical
Materials Research - Part A, 82A, 842-851.

Huang YC, Huang YY. (2006). Biomaterials and strategies for nerve regenera-
tion. Artif Organs, 30, 514-522.

Hunt NC, Grover LM. (2010). Cell encapsulation using biopolymer gels
for regenerative medicine. Biotechnol Lett, 32, 733-742.

Hunt NC, Shelton RM, Grover L. (2009). An alginate hydrogel matrix for the
localised delivery of a fibroblast/keratinocyte co-culture. Biotechnol J, 4,
730-7.

Hutmacher DW. (2000). Scaffolds in tissue engineering bone and cartilage.
Biomaterials, 21, 2529-2543.

Inagaki N. (1996). Plasma modification by implantation. Plasma Surface
Modification and Plasma Treatment. Basel: Technomic Publishing
Company.

Iwasaki N, Yamane ST, Majima T, Kasahara Y, Minami A, Harada K, Nonaka
S, Maekawa N, Tamura H, Tokura S, Shiono M, Monde K, Nishimura SI.
(2004). Feasibility of polysaccharide hybrid materials for scaffolds in car-
tilage tissue engineering: Evaluation of chondrocyte adhesion to polyion
complex fibers prepared from alginate and chitosan. Biomacromolecules
5, 828-833.

Jayakumar R, Prabaharan M, Reis RL, Mano JF. (2005). Graft copolymerized chi-
tosan- present status and applications. Carbohydr Polym, 62, 142-158.

Jeschke MG, Sandmann G, Schubert T, Klein D. (2005). Effect of oxidized regen-
erated cellulose/collagen matrix on dermal and epidermal healing and
growth factors in an acute wound. Wound Repair Regen, 13, 324-331.

Jiankang H, Dichen L, Yaxiong L, Bo Y, Bingheng L, Qin L. (2007). Fabrication
and characterization of chitosan/gelatin porous scaffolds with predefined
internal microstructures. Polymer 48, 4578-4588.

JinY, Ling PX, He YL, Zhang TM. (2007). Effects of chitosan and heparin on early
extension of burns. Burns, 33, 1027-1031.

Kang H-W, Tabata Y, Ikada Y. (1999). Fabrication of porous gelatin scaffolds for
tissue engineering. Biomaterials, 20, 1339-1344.

Kataropoulou M, Henderson C, Grant H. (2005). Metabolic studies of hepato-
cytes cultured on collagen substrata modified to contain glycosaminogly-
cans. Tissue Eng 11,1263-1273.

Kellouche S, Martin C, Korb G, Rezzonico R, Bouard D, Benbunan M, Dubertret
L, Soler C, Legrand C, Dosquet C. (2007). Tissue engineering for full-thick-
ness burns: A dermal substitute from bench to bedside. Biochem Bioph
Res Co 363, 472-478.

Khan TA, Peh KK. (2003). A preliminary investigation of chitosan film as dress-
ing for punch biopsy wounds in rats. ] Pharm Pharmaceut Sci, 6, 20-26.

Khan TA, Peh KK, Ch'ng HS. (2000). Mechanical, bioadhesive strength
and biological evaluations of chitosan films for wound dressing.
J Pharm Pharm Sci, 3, 303-311.

Khonsari FA, Tatoulian M, Shahidzadeh N, AmourouxJ. (1997). Study of the plasma
treated polymers and the stability of the surface properties. In Agostino R,
Favia P, Fracassi F eds. Plasma Processing Of Polymers. The Netherlands:
Kluwer Academic Publishers; 1997. p. 165-207. Please correct the year of the
reference for 1997 instead 2003.

Khor E, Lim LY. (2003). Implantable applications of chitin and chitosan.
Biomaterials, 24, 2339-2349.

Kim I-Y, Seo S-J, Moon H-S, Yoo M-K, Park I-Y, Kim B-C, Cho C-S. (2008).
Chitosan and its derivatives for tissue engineering applications. Biotechnol
Adyv, 26, 1-21.

-ﬂll'-llll'l"l'.'llr'.ll-l:i:,'.



218 Simone S. Silva et al.

Kim S, Nimni ME, Yang Z, Han B. (2005). Chitosan/gelatin-based films
crosslinked by proanthocyanidin. J Biomed Mater Res B, 75B, 442-
450.

Kirker KR, Luo Y, Nielson JH, Shelby J, Prestwich GD. (2002). Glycosaminoglycan
hydrogel films as bio-interactive dressings for wound healing. Biomaterials,
23, 3661-3671.

Klemm D, Heublein B, Fink HP, Bohn A. (2005). Cellulose: fascinating
biopolymer and sustainable raw material. Angew Chem Int Ed Engl 44,
3358-3393.

Kogan G, Soltes L, Stern R, Gemeiner P. (2007). Hyaluronic acid: a natural
biopolymer with a broad range of biomedical and industrial applications.
Biotechnol Lett, 29, 17-25.

Koji K, Yasuhiko Y, Hiroyuki T, inventors; Wound dressing patent US Patent
No. 4651725. 1987.

Koller J, Bakos D, Sadlonova I. (2000). Biocompatibility studies of a new bio-
synthetic dermal substitute based on collagen/hyaluronan conjugate. Cell
Tissue Bank 1, 75-80.

Koller J, Bakos D, Sadlonova I. (2001). Biocompatibility studies of modified
collagen /hyaluronan membranes after implantation. Cell Tissue Bank
2,135-142.

Koning C, Van Duin M, Pagnoulle C, Jerome R. (1998). Strategies
for compatibilization of polymer blends. Prog Polym Sci, 23,
707-757.

Koo HJ, Song YS, Kim HJ, Lee YH, Hong SM, Kim §J, Kim BC, Jin C, Lim CJ,
Park, EH. (2004). Antiinflammatory effects of genipin, an active principle
of gardenia. European J Pharmacol 495, 201-208.

Kopecek J, Yang J. (2007). Review - Hydrogels as smart biomaterials. Polym
Int, 56, 1078-1098.

Kratz G, Arnander C, Swedenborg J, Back M, Falk C, Gouda I, Larm O. (1997).
Heparin-chitosan complexes stimulate wound healing in human skin.
Scand J Plast Recons, 31, 119-123.

Kruif CG, Tuinier R. (2001). Polysaccharide protein interactions. Food
Hydrocolloid, 15, 555-563.

Kubo K, Kuroyanagi Y. (2003). Development of a cultured dermal substitute
composed of a spongy matrix of hyaluronic acid and atelo-collagen
combined with fibroblasts: fundamental evaluation. ] Biomat Sci-Polym
E 14,625-641.

Kubo K, Kuroyanagi Y. (2004). Development of a cultured dermal substitute
composed of a spongy matrix of hyaluronic acid and atelo-collagen com-
bined with fibroblasts: cryopreservation. Artif Organs 28,182-188.

Kubo K, Kuroyanagi Y. (2003). Spongy matrix of hyaluronic acid and collagen as
a cultured dermal substitute: evaluation in an animal test. J Artif Organs,
6, 64-70.

Kumar MNVR. (2000). A review of chitin and chitosan applications. React Funct
Polym, 46, 1-27.

Kumar MNVR, Muzzarelli RAA, Muzzarelli C, Sashiwa H, Domb AJ. (2004).
Chitosan chemistry and pharmaceutical perspectives. Chem Rev 104,
6017-6084.

Kuo YC, Lin CY. (2006). Effect of genipin-crosslinked chitin-chitosan scaffolds
with hydroxyapatite modifications on the cultivation of bovine knee
chondrocytes. Biotechnol Bioeng, 95, 132-144.

Kurita K. (2001). Controlled functionalization of the polysaccharide chitin. Prog
Polym Sci, 26, 1921-1971.

Kweon D-K, Song S-B, Park Y-Y. (2003). Preparation of water-soluble chitosan/
heparin complex and its application as wound healing accelerator.
Biomaterials, 24, 1595-1601.

Kweon H, Ha HC, Um IC, Park YH. (2001). Physical properties of silk fibroin/
chitosan blend films. ] Appl Polym Sci, 80, 928-934.

Langer R, Vacanti J. (1993). Tissue engineering. Science, 260, 920-926.

Lanza R, Langer R, Vacanti JP. (2000). Principles of Tissue Engineering. New
York: Academic Press.

Lee CR, Grodzinsky AJ, Spector M. (2001). The effects of cross-linking of col-
lagen-glycosaminoglycan scaffolds on compressive stiffness, chondro-
cyte-mediated contraction, proliferation and biosynthesis. Biomaterials
22,3145-3154.

Lee JE, Jeong MH, Ahn HJ, Kim JK, Choi K, Chang CB, Kim H]J,
Seong SC, Lee MC. (2005). Evaluation of chondrogenesis in collagen/chi-
tosan/glycosaminoglycan scaffolds for cartilage tissue engineering. Tissue
Eng Regen Med, 2, 41-49.

Lee JE, Kim KE, Kwon IC, Ahn HJ, Lee S-H, Cho H, Kim HJ, Seong SC, Lee MC.
(2004). Effects of the controlled-released TGF-b1l from chitosan micro-
spheres on chondrocytes cultured in a collagen/chitosan/glycosaminogly-
can scaffold. Biomaterials, 25, 4163-4173.

Lee KY, Jeong L, Kang YO, Lee S], Park WH. (2009). Electrospinning of
polysaccharides for regenerative medicine. Adv Drug Deliver Rev, 61,
1020-1032.

Lee SB, Lee YM, Song KW, Park MH. (2003). Preparation and properties of poly-
electrolyte complex sponges composed of hyaluronic acid and chitosan
and their biological behaviors. ] Appl Polym Sci 90,925-932.

LiZS, Zhang MQ. (2005). Chitosan-alginate as scaffolding material for cartilage
tissue engineering. ] Biomed Mater Res A 75A,485-493.

Liao E, Yaszemski M, Krebsbach P, Hollister S. (2007). Tissue-engineered carti-
lage constructs using composite hyaluronic acid/collagen I hydrogels and
designed poly(propylene fumarate) scaffolds. Tissue Eng, 13, 537-550.

Lindenhayn K, Perka C, Spitzer RS, Heilmann HH, Pommerening K, Mennicke J,
Sittinger M. (1999). Retention of hyaluronic acid in alginate beads: aspects
for in vitro cartilage engineering. ] Biomed Mater Res 44,149-155.

Liu BS, Yao CH, Hsu SH, Yeh TS, Chen YS, Kao ST. (2004). A novel use of genipin-
fixed gelatin as extracellular matrix for peripheral nerve regeneration. J
Biomater Appl, 19, 21-34.

Liu HE Fan HB, Cui YL, Chen YP, Yao KD, Goh JCH. (2007a). Effects of the
controlled-released basic fibroblast growth factor from chitosan-gelatin
microspheres on human fibroblasts cultured on a chitosan-gelatin scaf-
fold. Biomacromolecules, 8, 1446-1455.

LiuZG, Jiao YP, LiuF, ZhangZY. (2007b). Heparin/chitosan nanoparticle carri-
ersprepared by polyelectrolyte complexation.] Biomed Mater Res A, 83A,
806-812.

Lloyd LL, Kennedy JE, Methacanon P, Paterson M, Knill CJ. (1998). Carbohydr
Polym as wound management aids. Carbohydr Polym 37, 315-322.
Lopez-Perez PM, Marques AP, Da Silva RMP, Pashkuleva I, Reis RL. (2007).
Effect of chitosan membrane surface modification via plasma induced
polymerization on the adhesion of osteoblast-like cells. ] Mater Chem,

17, 4064-4071.

Lundin M, Blomberg E, Tilton RD. (2010). Polymer dynamics in lay-
er-by-layer assemblies of chitosan and heparin. Langmuir, 26,
3242-3251.

Ma JB, Wang HJ, He BL, Chen JT. (2001). A preliminary in vitro study on the
fabrication and tissue engineering applications of a novel chitosan bilayer
material as a scaffold of human neofetal dermal fibroblasts. Biomaterials,
22, 331-336.

Ma L, Gao C, Mao Z, Zhou J, Shen J, Hu X, Han C. (2003). Collagen/chitosan
porous scaffolds with improved biostability for skin tissue engineering.
Biomaterials, 24, 4833-41.

Ma L, Shi YC, Chen YX, Zhao HH, Gao CY, Han CM. (2007). In vitro and in vivo
biological performance of collagen-chitosan/silicone membrane bilayer
dermal equivalent. ] Mater Sci-Mater M, 18, 2185-2191.

MacIntosh AC, Kearns VR, Crawford A, Hatton PV. (2008). Skeletal tissue engi-
neering using silk biomaterials. J Tissue Eng Regen Med, 2, 71-80.

MacNeil S. (2007). Progress and opportunities for tissue-engineered skin.
Nature, 445, 874-880.

Madihally SV, Matthew HWT. (1999). Porous chitosan scaffolds for tissue engi-
neering. Biomaterials, 20, 1133-1142.

Majima T, Irie T, Sawaguchi N, Funakoshi T, Iwasaki N, Harada K, Minami A,
Nishimura SI. (2007). Chitosan-based hyaluronan hybrid polymer fibre
scaffold for ligament and tendon tissue engineering. P I Mech Eng H,
221, 537-546.

Majima T, Funakosi T, Iwasaki N, Yamane S-T, Harada K, Nonaka S, Minami A,
Nishimura S-H. (2005). Alginate and chitosan polyion complex hybrid
fibers for scaffolds in ligament and tendon tissue engineering. ] Orthop
Res 10, 302-307.

Malafaya PB, Pedro AJ, Peterbauer A, Gabriel C, Redl H, Reis, RL. (2005).
Chitosan particles agglomerated scaffolds for cartilage and osteochondral
tissue engineering approaches with adipose tissue derived stem cells. J
Mater Sci-Mater M, 16, 1077-1085.

Malafaya PB, Silva GA, Reis RL. (2007). Natural-origin polymers as carriers and
scaffolds for biomolecules and cell delivery in tissue engineering applica-
tions. Advanced Drug Reviews, 59, 207-233.

Malafaya PB, Stappers E Reis RL. (2006). Starch-based microspheres produced
by emulsion crosslinking with a potential media dependent responsive
behavior to be used as drug delivery carriers. ] Mater Sci-Mater M, 17,
371-377.

Malay O, Bayraktar O, Batigun A. (2007). Complex coacervation of silk fibroin
and hyaluronic acid. Int J Biol Macromol, 40, 387-393.

Mano JE Reis RL. (2007). Osteochondral defects: present situation and tissue
engineering approaches. J Tissue Eng Regen Med, 1, 261-273.

Mano JF, Silva GA, Azevedo HS, Malafaya PB, Sousa RA, Silva SS, Boesel LE,
Oliveira JM, Santos TC, Marques AP, Neves NM, Reis RL. (2007). Natural
origin biodegradable systems in Tissue Eng Regen Med: present status
and some moving trends. J R Soc Interface, 4, 999-1030.

Mao C, Qiu YZ, Sang HB, Mei H, Zhu AP, Shen J, Lin SC. (2004). Various
approaches to modify biomaterial surfaces for improving hemocompat-
ibility. Adv Colloid Interfac, 110, 5-17.

-ﬂll'-llll'l"l'.'llr'.ll-l:i:,'.



Marreco PR, Da Luz Moreira P, Genari SC, Moraes AM. (2004). Effects of differ-
ent sterilization methods on the morphology, mechanical properties, and
cytotoxicity of chitosan membranes used as wound dressings. ] Biomed
Mater Res B, 71B, 268-277.

Martina B, Krej C, Kate O, Rcaron I, Miloslava R, Jan G, Ruta, M. (2009).
Oxycellulose: Significant characteristics in relation to its pharmaceutical
and medical applications. Adv Polym Tech , 28, 199-208.

Mcclements DJ. (2006). Non-covalent interactions between proteins and
polysaccharides. Biotechnol Adv, 24, 621-625.

Medrado GCB, Machado CB, Valerio P, Sanches MD, Goes AM. (2006). The
effect of a chitosan-gelatin matrix and dexamethasone on the behavior
of rabbit mesenchymal stem cells. Biomed Mater, 1, 155-161.

Meena R, Prasad K, Siddhanta AK. (2007). Effect of genipin, a naturally occur-
ring crosslinker on the properties of kappa-carrageenan. Int J Biol
Macromol, 41, 94-101.

Metcalfe, AD, Ferguson MW. (2007). Tissue engineering of replacement
skin: the crossroads of biomaterials, wound healing, embryonic
development, stem cells and regeneration. J] R Soc Interface, 4, 413-
437.

Mi FL, Tan YC, Liang HE, Sung HW. (2002a). In vivo biocompatibility and
degradability of a novel injectable-chitosan-based implant. Biomaterials,
23,181-191.

Mi FL, Wu YB, Shyu SS, Schoung JY, Huang YB, Tsai YH, Hao, JY. (2002b).
Control of wound infections using a bilayer chitosan wound dressing with
sustainable antibiotic delivery. ] Biomed Mater Res, 59, 438-449.

Mikos AG, Temenoff]JS. (2000). Formation of highly porous biodegradable scaf-
folds for tissue engineering. EJB, 3, 1-6.

Miralles G, Baudoin R, Dumas D, Baptiste D, Hubert P, Stoltz JF, Dellacherie
E, Mainard D, Netter P, Payan E. (2001). Sodium alginate sponges with or
without sodium hyaluronate: In vitro engineering of cartilage. ] Biomed
Mater Res 57,268-278.

Mizuno K, Yamamura K, Yano K, Osada T, Saeki S, Takimoto N, Sakurai T,
Nimura Y. (2003). Effect of chitosan film containing basic fibroblast growth
factor on wound healing in genetically diabetic mice. ] Biomed Mater Res
A, 64A, 177-181.

Mourya VK, Inamdar NN. (2008). Chitosan-modifications and applications:
Opportunities galore. Reactive Functional Polymers, 68, 1013-1051.
Murakami K, Aoki H, Nakamura S, Nakamura S, Takikawa M, Hanzawa M,
Kishimoto S, Hattori H, Tanaka Y, Kiyosawa T, Sato Y, Ishihara M. (2010).
Hydrogel blends of chitin/chitosan, fucoidan and alginate as healing-

impaired wound dressings. Biomaterials 31, 83-90.

Murray MM, Rice K, Wright RJ, Spector M. (2003). The effect of selected growth
factors on human anterior cruciate ligament cell interactions with a three-
dimensional collagen-GAG scaffold. ] Orthop Res 21, 238-244.

Musampa RM, Alves MM, Maia JM. (2007). Phase separation, rheology and
microstructure of pea protein-kappa-carrageenan mixtures. Food
Hydrocolloid, 21, 92-99.

Muzzarelli RAA. (2009). Genipin-crosslinked chitosan hydrogels as biomedical and
pharmaceutical aids. Carbohydr Polym, 77, 1-9.

Muzzarelli RAA, Guerrieri M, Goteri G, Muzzarelli C, Armeni T, Ghiselli R,
Cornelissen M. (2005). The biocompatibility of dibutyryl chitin in the
context of wound dressings. Biomaterials, 26, 5844-5854.

Naidu BVK, Sairam M, Raju KVSN, Aminabhavi TM. (2005). Thermal, viscoelas-
tic, solution and membrane properties of sodium alginate/hydroxyethyl-
cellulose blends. Carbohydr Polym, 61, 52-60.

Nehrer S, Breinan HA, Ramappa A, Young G, Louie LK, Sledge CB, Yannas IV,
Spector M. (1997). Matrix collagen type and pore size influence behaviour
of seeded canine chondrocytes Biomaterials 16,769-776.

Nehrer S, Breinan HA, Ramappa A, Hsu HP, Minas T, Shortkro S, Sledge CB,
Yannas IV, Spector M. (1998). Chondrocyte seeded collagen matri-
ces implated in a chondral defect in a canine model Biomaterials
19,2313-2328.

Nettles DL, Elder SH, Gilbert JA. (2002). Potential use of chitosan as a
cell scaffold material for cartilage tissue engineering. Tissue Eng, 8,
1009-1016.

Noel TR, Krzeminski A, Moffat ], Parker R, Wellner N, Ring SG. (2007). The dep-
osition and stability of pectin/protein and pectin/poly-L-lysine/protein
multilayers. Carbohydr Polym, 70, 393-405.

Oehr C. (2003). Plasma surface modification of polymers for biomedical use.
Nucl Instrum Meth B Research B 208, 40-47.

Olbrich M, Punshon G, Frischauf I, Salacinski H, Rebollar E,
Romanin C, Seifalian AM, Heitz J. (2007). UV surface modification of a
new nanocomposite polymer to improve cytocompatibility. ] Biomater
Sci Polym Ed , 18, 453-468.

Oliveira JM, Rodrigues MT, Silva SS, Malafaya PB, Gomes ME, Viegas CA, Dias
IR, Azevedo JT, Mano JF, Reis RL. (2006). Novel hydroxyapatite/chitosan

Potential applications of natural origin polymer 219

bilayered scaffold for osteochondral tissue-engineering applications:
Scaffold design and its performance when seeded with goat bone mar-
row stromal cells. Biomaterials, 27, 6123-6137.

Oliveira JT, Crawford A, Mundy JM, Moreira AR, Gomes ME,
Hatton PV, Reis RL. (2007). A cartilage tissue engineering approach com-
bining starch-polycaprolactone fibre mesh scaffolds with bovine articular
chondrocytes. ] Mater Sci-Mater M, 18, 295-302.

Palmiere GP, Lauri D, Martelli S, Wehrle P. (1999). Methoxybutropate micro-
encapsulation by gelatin-acacia complex coacervation. Drug Dev Ind
Pharm, 25, 399-407.

Park JE. (2002). Isolation and characterization of water-soluble intermediates
of blue pigments transformed from geniposide of gardenia jasminoides.
J Agric Food Chem, 50, 6511-6514.

Park SN, Kim JK, Suh H. (2004). Evaluation of antibiotic-loaded collagen-hy-
aluronic acid matrix as a skin substitute. Biomaterials, 25, 3689-3698.

Park SN, Lee HJ, Lee KH, Suh H. (2003). Biological characterization of EDC-
crosslinked collagen-hyaluronic acid matrix in dermal tissue restoration.
Biomaterials, 24, 1631-1641.

Park SN, Park JC, Kim HO, Song MJ, Suh H. (2002). Characterization of porous
collagen/hyaluronic acid scaffold modified by 1-ethyl-3-(3-dimetylami-
nopropyl)carbodiimide cross-linking. Biomaterials, 23, 1205-1212.

Pashkuleva I, Marques AP, Vaz F, Reis RL. (2005). Surface modification of starch
based blends using potassium permanganate-nitric acid system and its
effect on the adhesion and proliferation of osteoblast-like cells. ] Mater
Sci-Mater M, 16, 81-92.

Pashkuleva I, Reis RL. (2005). Surface Activation And Modification - A Way For
Improving The Biocompatibility Of Degradable Biomaterials. In: Reis RL,
Romadn JS, eds. Biodegradable Systems in Tissue Eng Regen Med. CRC
Press. Boca Raton, p. 429-454.

Peniche C, Argiielles-Monal W, Goycoolea E (2008). Chitin and Chitosan: Major
Sources, Properties and Applications. In: Belgacem M, Gandini A, eds.
Monomers, Polymers and Composites from Renewable Resources. Elsevier,
Oxford: Elsevier 2008. p. 517-542.

Pfister LA, Alther E, Papaloizos ML, Merkle HP, Gander B. (2008). Controlled
nerve growth factor release from multi-ply alginate/chitosan-based nerve
conduits. Eur ] Pharm Biopharm, 69, 563-572.

Pielka S, Paluch D, Staniszewska-Kus J, Zywicka B, Solski L, Szosland L, Czarny
A, Zaczynska E. (2003). Wound healing acceleration by a textile dressing
containing dibutyrylchitin and chitin. Fibres Text East Eur, 11, 79-84.

Pieper JS, Van Der Kraan PM, Hafmans T, Kamp J, Buma P, Van Susante JLC,
Van Den Berg WB, Veerkamp JH, Van Kuppevelt TH. (2002). Crosslinked
type II collagen matrices: preparation, characterization, and potential for
cartilage engineering. Biomaterials 23, 3183-3192.

Pinkert A, Marsh KN, Pang SS, Staiger MP. (2009). Ionic Liquids And Their
Interaction With Cellulose. Chem Rev, 109, 6712-6728.

Powell HM, Boyce ST. (2006). EDC cross-linking improves skin substitute
strength and stability. Biomaterials 27,5821-5827.

Pulkkinen H, Virpi Tiitu V, Lammentaust E, H&madldinen ER,
Kiviranta I, Lammi M]J. (2006). Cellulose sponge as a scaffold for cartilage
tissue engineering. Biomed Mater Eng 16, S29-S35.

Qin Y. (2008). Alginate fibres: an overview of the production processes and
applications in wound management. Polym Int, 57, 171-180.

Queiroz AAA, Ferraz HG, Abraham GA, Fernandez M, Bravo AL, Roman JS.
(2003). Development of new hydroactive dressings based on chitosan
membranes: characterization and in vivo behavior. Journal of Biomedical
Materials Research - Part A, 64A, 147-154.

Ratner BD. (1995). Surface modification of polymers:chemical, bio-
logical and surface analytical challenges. Biosens Bioelectron 10,
797-804.

Roh DH, Kang SY, Kim JY, Kwon YB, Kweon HY, Lee KG, Park YH,
Baek RM, Heo CY, Choe J, Lee JH. (2006). Wound healing effect of silk
fibroin/alginate-blended sponge in full thickness skin defect of rat. ] Mater
Sci-Mater M, 17, 547-552.

Salmivirta M, Lidholt K, Lindahl U. (1996). Heparan sulfate: a piece of informa-
tion. FASEB J, 10, 1270-1279.

Sanchez C, Renard D. (2002). Stability and structure of protein-polysaccha-
ride coacervates in the presence of protein aggregates. Int ] Pharm, 242,
319-324.

Santos MI, Fuchs S, Gomes ME, Unger RE, Reis RL, Kirkpatrick J. (2007).
Response of micro- and macrovascular endothelial cells to starch-based
fiber meshes for bone tissue engineering. Biomaterials 28,240-248.

Santos TC, Marques AP, Silva SS, Oliveira JM, Mano JF, Reis RL. (2010). In vivo
performance of chitosan/soy-based membranes as wound dressing
devices for acute skin wounds. Tissue Eng. In press

Schmidt C, Leach JB. (2003). Neural tissue engineering: strategies for repair and
regeneration. Ann Rev Biomed Eng 5, 293-347.

-ﬂll'-llll'l"l'.'llr'.ll-l:i:,'.



220 Simone S. Silva et al.

Seal BL, Otero TC, Panitch A. (2001). Polymeric biomaterials for tissue and
organ regeneration Mater Sci Eng R, 34, 147-230.

Seo SJ, Choi YJ, Akaike T, Higuchi A, Cho CS. (2006a). Alginate/galactosylated
chitosan/heparin scaffold as a new synthetic extracellular matrix for hepa-
tocytes. Tissue Eng, 12, 33-44.

Seo SJ, Kim IY, Choi Y], Akaike T, Cho CS. (2006b). Enhanced liver functions
of hepatocytes cocultured with NIH 3T3 in the alginate/galactosylated
chitosan scaffold. Biomaterials, 27, 1487-1495.

She ZD, Liu WQ, Feng QL. (2009). Self-assembly model, hepatocytes attach-
ment and inflammatory response for silk fibroin/chitosan scaffolds.
Biomed Mater 4,045014

She ZD, Liu WQ, Feng QL. (2010). Silk fibroin/chitosan/heparin scaffold:
preparation, antithrombogenicity and culture with hepatocytes. Polym
Int 59,55-61.

Shi H, Ma L, Zhou J, Mao Z, Gao C. (2005). Collagen/chitosan-silicone mem-
brane bilayer scaffold as a dermal equivalent Polym Adv Technol 16,
789-794.

Silva GA, Coutinho OP, Ducheyne P, Shapiro IM, Reis RL. (2007a). Starch-based
microparticles as vehicles for the delivery of active platelet-derived growth
factor. Tissue Eng, 13, 1259-1268.

Silva RM, Silva GA, Coutinho OP, Mano JE Reis RL. (2004). Preparation
and characterisation in simulated body conditions of glutaralde-
hyde crosslinked chitosan membranes. J] Mater Sci-Mater M, 15,
1105-1112.

Silva SS, Goodfellow BJ, Benesch J, Rocha ], Mano JF, Reis RL. (2007b).
Morphology and miscibility of chitosan/soy protein blended membranes.
Carbohydr Polym, 70, 25-31.

Silva SS, Luna SM, Gomes ME, Benesch ], Paskuleva I, Mano JF, Reis RL. (2007c).
Plasma surface modification of chitosan membranes: characterization
and preliminary cell response studies. Macromol Biosci. Macromol Biosci,
8, 568-576.

Silva SS, Motta A, Rodrigues MT, Pinheiro AFM, Gomes ME, Mano JE Reis RL,
Migliaresi C. (2008). Novel genipin-cross-linked chitosan/silk fibroin
sponges for cartilage engineering strategies. Biomacromolecules, 9,
2764-2774.

Silva SS, Oliveira JM, Mano JE Reis RL. (2006). Physicochemical characteri-
zation of novel chitosan-soy protein/TEOS porous hybrids for tissue
engineering applications. Mater Sci Forum Iii, Pts 1 and 2, 514-516, 1000-
1004.

Silva SS, Santos MI, Coutinho OP, Mano JF, Reis RL. (2005). Physical properties
and biocompatibility of chitosan/soy blended membranes. ] Mater Sci-
Mater M, 16, 575-579.

Sionkowska A, Wisniewski M, Skopinska ], Kennedy CJ, Wess TJ. (2004).
Molecular interactions in collagen and chitosan blends. Biomaterials,
25, 795-801.

Stark Y, Suck K, Kasper C, Wieland M, Van Griensven M, Scheper T. (2006).
Application of collagen matrices for cartilage tissue engineering. Exp
Toxicol Pathol, 57, 305-311.

Strobin G, Wawro D, Steplewski W, Ciechanska D, J6Zwicka J, Sobczak S, Haga
A. (2006). Formation of cellulose/silk fibroin blended fibres. Fibres Text
14,32-35.

Suh JKE, Matthew HWT. (2000). Application of chitosan-based polysaccharide
biomaterials in cartilage tissue engineering: a review. Biomaterials, 21,
2589-2598.

Sundararaghavan HG, Monteiro GA, Lapin NA, Chabal Y], Miksan JR, Shreiber
DI. (2008). Genipin-induced changes in collagen gels: Correlation of
mechanical properties to fluorescence. ] Biomed Mater Res A, 87A,
308-320.

Sung H-W, Huang R-N, Huang LLH, Tsai C-C, Chiu C-T. (1998). Feasibility study
of a natural crosslinking reagent for biological tissue fixation. ] Biomed
Mater Res, 42, 560-567.

Sung HW, Hsu CS, Lee YS, Lin DS. (1996). Crosslinking characteristics of an
epoxy-fixed porcine tendon: effects of pH, temperature and fixative con-
centration. ] Biomed Mater Res, 31, 511-518.

Suzuki Y, Yoshihiko N, Tanihara M, Suzuki K, Kitahara AK, Yamawaki Y,
Nakamura T, S.himizu Y, Kakimaru Y. (1998). Development of alginate
gel dressing. J Artif Organs, 1, 28-32.

Svensson A, Nicklasson E, Harrah T, Panlaitis B, Kaplan DL, Brittberg M,
Gatenholm P. (2005). Bacterial cellulose as a potential scaffold for tissue
engineering of cartilage. Biomaterials, 26, 419-431.

Taguchi T, Ikoma T, Tanaka J. (2002). An improved method to prepare hyaluronic
acid and type II collagen composite matrices. ] Biomed Mater Res, 61,
330-336.

Tai BCU, Du C, Gao SJ, Wan ACA, Ying JY. (2010). The use of a polyelectrolyte
fibrous scaffold to deliver differentiated hMSCs to the liver. Biomaterials,
31, 48-57.

Tan HP, Chu CR, Payne KA, Marra KG. (2009). Injectable in situ

forming biodegradable chitosan-hyaluronic acid based
hydrogels for cartilage tissue engineering. Biomaterials, 30, 2499-
2506.

Tan HP, Gong YH, Lao LH, Mao ZW, Gao CY. (2007). Gelatin/chitosan/hyaluro-
nan ternary complex scaffold containing basic fibroblast growth factor for
cartilage tissue engineering. ] Mater Sci-Mater Med 18, 1961-1968.

Tanabe T, Okitsu N, Tachibana A, Yamauchi K. (2002). Preparation and
characterization of keratin-chitosan composite film. Biomaterials, 23,
817-825.

Tang SQ, Vickers SM, Hsu HP, Spector M. (2007). Fabrication and characteriza-
tion of porous hyaluronic acid-collagen composite scaffolds. ] Biomed
Mater Res A, 82A, 323-335.

Tangpasuthadol V, Pongchaisirikul N, Hoven VP. (2003). Surface modification of
chitosan films. Effects of hydrophobicity on protein adsorption. Carbohyd
Res, 338, 937-942.

Taravel MN, Domard A. (1993). Relation between the physicochemical char-
acteristics of collagen and its interactions with chitosan. Biomaterials 14,
930-938.

Taravel MN, Domard A. (1995). Collagen and its interaction with chitosan II.
Influence of the physicochemical characteristics of collagen. Biomaterials,
16, 665-671.

Temenoff JS, Mikos AG. (2000). Review: tissue engineering for regeneration of
articular cartilage. Biomaterials, 21, 431-440.

Tigli RS, Gumusderelioglu M. (2009). Evaluation of alginate-chitosan semi IPNs
as cartilage scaffolds. ] Mater Sci-Mater M 20, 699-709.

Tolstoguzov VB. (2000). Phase behaviour of macromolecular components in
biological and food systems. Nahrung, 44, 299-308.

Tsai SP, Hsieh CY, Hsieh CY, Wang DM, Huang LLH, Lai JY, Hsieh HJ. (2007).
Preparation and cell compatibility evaluation of chitosan/collagen com-
posite scaffolds using amino acids as crosslinking bridges. ] Appl Polym
Sci 105, 1774-1785.

Turgeon SL, Beaulieu M, Schmitt C, Sanchez C. (2003). Protein-
polysaccharide interactions: phase-ordering kinetics, thermodynamic
and structural aspects. Curr Opin Colloid In, 8, 401-414.

Unger RE, Peters K, Wolf M, Motta A, Migliaresi C, Kirkpatrick CJ. (2004).
Endotheliazation of a non-woven silk fibroin net for use in tissue engineer-
ing: growth and gene regulation of human endothelial cells. Biomaterials,
25, 5137-5146.

Vaz CM, De Graaf LA, Reis RL, Cunha AM. (2003). In vitro degradation behav-
iour of biodegradable soy plastics: effects of crosslinking with glyoxal and
thermal treatment. Polym Degrad Stab 81, 65-74.

Vaz CM, Graaf LA, Reis RL, Cunha AM. (2002). Soy protein-based sys-
tems for different tissue regeneration applications. In Reis RL,
Cohn D, eds. Polymer Based Systems on Tissue Engineering, Replacement
and Regeneration. Kluwer Academic Publishers. Dordrecht

Veilleux MS, Spector M. (2005). Effects of FGF-2 and IGF-1 on adult canine
articular chondrocytes in type II collagen-glycosaminoglycan scaffolds
in vitro Osteoarth Cartilage 13,278-286.

Vepari C, Kaplan DL. (2007). Silk as a biomaterial. Prog Polym Sci, 32,
991-1007.

Wang TW, Sun JS, Wu H-C, Huang Y-C, Lin F-H. (2007). Evaluation and bio-
logical characterization of biolayer gelatin/chondroitin-6-sulphate/
hyaluronic acid membrane ] Biomed Mater Res B 82B,390-399.

Wang TW, Wu HC, Huang YC, Sun JS, Lin FH. (2006). Biomimetic bilay-
ered gelatin-chondroitin-6-sulfate-hyaluronic acid biopolymer as
a scaffold for skin equivalent tissue engineering. Artif Organs, 30,
141-149.

Wang XH, Li DP, Wang W], Feng QL, Cui FZ, Xu YX, Song XH, Werf M. (2003).
Crosslinked collagen/chitosan matrix for artificial livers. Biomaterials, 24,
3213-3220.

Wang XM, Zhang J, Chen H, Wang QR. (2009). Preparation and Characterization
of Collagen-Based Composite Conduit for Peripheral Nerve Regeneration.
] Appl Polym Sci 112, 3652-3662.

Wang LH, Khor E, Wee A, Lim LY. (2002). Chitosan-alginate PEC membrane
as a wound dressing: Assessment of incisional wound healing.. ] Biomed
Mater Res, 63, 610-618.

Welle A, Horn S, Schimmelpfeng J, Kalka D. (2005). Photo-chemically patterned
polymer surfaces for controlled PC-12 adhesion and neurite guidance. J
Neurosci Methods, 142, 243-250.

Xia WY, Liu W, Cui L, Liu YC, Zhong W, Liu DL, Wu JJ, Chua KH, Cao YL. (2004).
Tissue engineering of cartilage with the use of chitosan-gelatin complex
scaffolds. ] Biomed Mater Res B 71B, 373-380.

Xing F, Cheng GX, Yang B, Ma L. (2005). Nanoencapsulation of capsaicin by
complex coacervation of gelatine, Acacia, and tannins. ] Appl Polym Sci,
96, 2225-2229.

-ﬂll'-llll'l"l'.'llr'.ll-l:i:,'.



Xu HT, Ma L, Shi HE, Gao CY, Han CM. (2007). Chitosan-hyaluronic acid hybrid
film as a novel wound dressing: in vitro and in vivo studies. Polym Advan
Technol 18, 869-875.

Ya GV, Tolstoguzov VB. (1997). Thermodynamic incompatibility of proteins and
polysaccharides in solutions. Food Hydrocolloid 11, 145-158.

Yamane S, Iwasaki N, Majima T, Funakoshi T, Masuko T, Harada K, Minami A,
Monde K, Nishimura S. (2005). Feasibility of chitosan-based hyaluronic
acid hybrid

Yan JH, Qi NM, Zhang QQ. (2007). Rabbit articular chondrocytes seeded on
collagen-chitosan-GAG scaffold for cartilage tissue engineering in vivo.
Artif Cell Blood Sub, 35, 333-344.

Yan_J._H., Li XM, Liu LR, Wang FJ, Zhu TW, Zhang QQ. (2006). Potential use of
collagen-chitosan-hyaluronan tri copolymer scaffold for cartilage tissue
engienering Artif Cells Blood Sub 34, 27-39.

Yan Y, Wang X, Pan Y, Liu H, Cheng J, Xiong Z, Lin F Wu R, Zhang R,
Lu Q. (2005). Fabrication of viable tissue-engineered constructs with 3D
cell-assembly technique. Biomaterials, 26, 5864-5871.

Yan Y, Wang X, Pan Y, Liu H, Cheng J, Xiong Z, Lin E Wu R, Zhang R, Lu Q.
(2005b). Fabrication of viable tissue-engineered constructs with 3D cell-
assembly technique. Biomaterials 26,5864-5871.

Yang F, Li X, Cheng M, GongY, Zhao N, Zhang X. (2002). Performance modifica-
tion of chitosan membranes induced by gamma irradiation. J Biomater
Appl, 16, 215-226.

Potential applications of natural origin polymer 221

Yang J, Chung TW, Nagaoka M, Goto M, Cho CS, Akaike T. (2001). Hepatocyte-
specific porous polymer-scaffolds of alginate/galactosylated chitosan
sponge for liver-Tissue Eng. Biotechnol Lett 23, 1385-1389.

Yannas IV, Burke JE (1980). Design of an artificial skin. I. Basic design princi-
ples. ] Biomed Mater Res, 14, 65-81.

Yin Y], Li ZY, Sun YB, Yao KD. (2005). A preliminary study on chitosan/gelatin
polyelectrolyte complex formation. ] Mater Sci, 40, 4649-4652.

Yin YJ, Yao KD, Cheng GX, Ma JB. (1999). Properties of polyelectrolyte complex
films of chitosan and gelatin. Polym Int, 48, 429-432.

Yoo HS, Lee EA, Yoon JJ, Park TG. (2005). Hyaluronic acid modified biodegradable
scaffolds for cartilage Tissue Eng. Biomaterials, 26, 1925-1933.

Yu X, Bichtelen A, Wang XH, Yan YN, Lin F Xiong Z, Wu RD, Zhang R]J,
Lu QP. (2005). Collagen/chitosan/heparin complex with improved
biocompatibility for hepatic Tissue Eng. ] Bioact Compat Pol, 20,
15-28.

Zhou YS, Yang DZ, Chen XM, Xu Q, Lu FM, Nie J. (2008). Electrospun water-
soluble carboxyethyl chitosan/poly(vinyl alcohol) nanofibrous membrane
as potential wound dressing for skin regeneration. Biomacromolecules,
9, 349-354.

Zhu X, Chian KS, Chan-Park MBE, Lee ST. (2005). Effect of argon-
plasma treatment on proliferation of human-skin-derived fibrob-
last on chitosan membrane in vitro. ] Biomed Mater Res A, 73A,
264-274.

-ﬂll'-llll'l"l'.'llr'.ll-l:i;l.



