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ABSTRACT

Injection of hyaluronan into osteoarthritic joints restores the viscoelasticity, augments the flow of joint
fluid, normalizes endogenous hyaluronan synthesis, and improves joint function. Chitosan easily forms
polyelectrolyte complexes with hyaluronan and chondroitin sulfate. Synergy of chitosan with hyaluro-
nan develops enhanced performances in regenerating hyaline cartilage, typical results being structural
integrity of the hyaline-like neocartilage, and reconstitution of the subchondral bone, with positive carti-
lage staining for collagen-Il and GAG in the treated sites. Chitosan qualifies for the preparation of scaffolds

Ié?r/tv‘ﬂzrgd:: intended for the regeneration of cartilage: it yields mesoporous cryogels; it provides a friendly environ-
Chitosan ment for chondrocytes to propagate, produce typical ECM, and assume the convenient phenotype; it is a
Chondrocyte good carrier for growth factors; it inactivates metalloproteinases thus preventing collagen degradation; it
Chondroitin is suitable for the induction of the chondrogenic differentiation of mesenchymal stem cells; it is a potent
Growth factors means for hemostasis and platelet delivery.
Hyaluronan © 2012 Elsevier Ltd. All rights reserved.
Stem cells
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Abbreviations: ATDC5, murine chondrogenic cell line; BMP, bone morphogenetic protein; CM, chitin carboxymethyl chitin; DA, degree of acetylation; DD, degree of
deacetylation; DPBS, Dulbecco’s phosphate-buffered saline; ECM, extracellular matrix; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide.HCl; FGF, fibroblast growth
factor; GAG, glycosaminoglycan(s); IL1, interleukin 1; MMP, matrix metalloproteinase(s); MSC, mesenchymal stem cell(s); MW, average molecular weight; NHS,
N-hydroxysuccinimide; NO, nitric oxide (chemical formula); N/P, molar ratio of the amino group of chitosan to phosphate group of DNA; OA, osteoarthritis; pEGFP, plasmid
with enhanced green fluorescent protein; PGE2, prostaglandin E,; PLGA, poly(lactide-co-glycolide); PNIPAM, poly(N-isopropylacrylamide); RTPCR, real time polymerase
chain reaction; SOX9, sex determining region Y box 9; TGF-(3, transforming growth factor beta; TNFa, tumor necrosis factor alpha.
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1. Introduction

The hyaline articular cartilage covers both ends of opposing
bones in synovial joints and forms the bearing surface that allows
for a nearly frictionless articulation; it withstands the demand
of repetitive loading with no wear, even with recurring loading
cycles largely exceeding the body weight of the individual. The
anisotropic, nonlinear, inhomogeneous and viscoelastic properties
of the cartilage have been attributed to its complex structure and
composition (Makris, Hadidi, & Athanasiou, 2011; Mow, Ratcliffe,
& Poole, 1992). In fact, friction between the opposing joint sur-
faces is minimized by the excellent lubrication that allows for
effortless motion under the mechanical stress. Each diarthrodial
joint is enclosed in a strong fibrous capsule which is lined on
the inside with a synovial membrane, a metabolically active layer
that releases the viscous synovial fluid. The latter contains sev-
eral components of the hyaline cartilage such as hyaluronan,
proteoglycans (mainly aggrecan), chondroitin sulfate and keratan
sulfate.

1.1. Characteristic properties of the articular cartilage

The cartilage lacks a spontaneous wound repair capacity
owing to limited proliferating potential of chondrocytes and their
catabolic response to pathological mediators; the avascular nature
prevents immigration of regenerative cells except when the lesion
provides access to bone marrow. Vascularization is present in ca.
10-30% of the meniscus at 10 years of age, but only the peripheral
10-25% of the meniscus at maturity age contains blood vessels and
nerves (Clark & Ogden, 1983). Later on, two regions of the menis-
cus can be distinguished: the outer, vascular/neural region, and the
inner, completely avascular/aneural region (Arnoczky & Warren,
1982). Therefore, in adult patients and animals, the injured cartilage
tissue is unable to heal spontaneously.

The meniscus is highly hydrated (72wt% water), with the
remaining 28 wt% comprised ECM and cells: in general, collagens
make up the majority (75%) of this organic matter, followed by
GAG (17%), DNA (2%), adhesion glycoproteins (<1%), and elastin
(<1%). Said percentages might vary depending on age and injuries.
Aside from collagen, another fibrillar component is elastin: mature
and immature elastin fibers are present in very low concentrations
(<0.6%) in the adult meniscus (Herwig, Egner, & Buddecke, 1984;
Proctor, Schmidt, Whipple, Kelly, & Mow, 1989).

The transport of nutrients and metabolites to and from the car-
tilage occurs mainly via the synovial fluid; nutritional supply may
also occur via the subchondral bone as a second route (Arkill &
Winlove, 2008; Pan et al., 2009). The chondrocytes within the car-
tilage are exposed to hypoxia (oxygen concentrations ranging from
1 to <5%) since the distance to the supplying vessels of the syn-
ovial membrane is exceptionally large compared to other tissues.
Chondrocytes, however, sustain the hypoxia by making use of an

anaerobic energy metabolism. Superficial chondrocytes consume
only little of the oxygen available that therefore diffuses to chon-
drocytes at deeper levels.

Collagen-I and -IIl genes, which pertain to fibrous tissue pheno-
types and are commonly observed in cartilage formation in vitro,
and in cartilage regeneration in vivo, are repressed in hypoxia
via specific factors. Beneficial effects of hypoxia on chondrocyte-
specific gene expression, matrix deposition, and metabolism were
observed in cultures of primary chondrocytes and cartilages across
several species. The expansion of human articular chondrocytes at
5% O, is detrimental for chondrogenesis in agreement with exper-
iments using bovine chondrocytes which suggest that 1.5% but not
5% O, could improve the chondrogenic differentiation (Coyle, 1zzo,
& Chu, 2009; Egli, Bastian, Ganz, Hofstetter, & Leunig, 2008).

The matrix is considered as a porous network of solid compo-
nents with interconnecting channels. The elasticity of the tissue
is due to proteoglycans, heavily glycosylated proteins that con-
stitute a major component of the meniscal ECM (S.Y. Lee et al,,
2009; Taylor & Miller, 2006; Yanagishita, 1993). They are made of a
core protein decorated with GAG, that in normal human meniscal
tissue are chondoitin-6-sulfate (60%), dermatan sulfate (20-30%),
chondroitin-4-sulfate (10-20%), and keratan sulfate (15%); aggre-
can is the main large proteoglycan of the meniscus (Fig. 1). They
enable the meniscus to absorb water, whose confinement supports
the tissue under compression. Aggrecan, composed of a ~300 kDa
core protein, is a member of the hyaluronan-binding proteoglycan
family: in fact it associates non-covalently with hyaluronan to form
>200 MDa aggregates. In the cartilage, these aggregates are a dense
hydrated gel enmeshed within a network of reinforcing collagen
fibrils.

Electrostatic repulsion between the anionic GAG of aggrecan
is the major contribution to the equilibrium compressive mod-
ulus of cartilage. Aggrecan exhibits exceptional insensitivity to
calcium ions in the physiological ion concentration range and
beyond. This property allows aggrecan to play a role of ion reser-
voir that can mediate calcium metabolism in cartilage and bone
(Chandran & Horkay, 2012; Horkay, Basser, Hecht, & Geissler,2011).
The main adhesion glycoprotein present in the human meniscus is
fibronectin, an indispensable component of the meniscus matrix,
as it serves as a link between ECM and cells. Moreover, the ECM
composition includes growth factors, and controls cell proliferation
and differentiation for homeostasis and regeneration of damaged
tissue.

1.2. Major challenges and new approaches

Damage to the articular cartilage occurs frequently as a
result of sport-related injury, disease, trauma and tumor: fail-
ure to treat damaged cartilage may lead to osteoarthritis, a
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Fig. 1. Atomic force microscopy image of (left) fetal aggrecan monomer obtained from epiphyseal cartilage in the load-bearing region of an articular joint, and (right) fetal
epiphyseal and mature nasal aggrecan monomer. In confined compression, the equilibrium modulus of human articular cartilage is ca. 600 kPa whilst that of human nasal
cartilage is 233 kPa, owing to the fact that aggrecan from the load-bearing cartilage has a denser chondroitin sulfate-GAG brush region, longer chondroitin sulfate chains,

and a greater stiffness, when compared to the non-load-bearing nasal cartilage.
Source: from Ng et al. (2003). Elsevier Science, San Diego.

disease affecting elderly people, and more and more diag-
nosed in young individuals as well. Although the latter is a
broad clinical syndrome, it is characterized by the progressive
loss of articular cartilage and chondrocytes within the synovial
joints, thus cells must be replenished. Repair procedures can be
broadly categorized into four groups: arthroscopic lavage and
debridement (very small defects), marrow stimulating techniques,
osteochondral autografts and allografts and, more recently, cell
implantation.

The isolation of a sufficient number of undifferentiated menis-
cal cells from an injured meniscus is most difficult, and the search
for alternative cell sources has led researchers to use allogeneic
cells for meniscus tissue engineering, based on the positive out-
comes of allogeneic articular, auricular, and costal chondrocytes
in lesions of the avascular zone of the meniscus, in an animal
model (Weinand, Peretti, Adams, Randolph, et al., 2006). Experi-
mental surgery showed that in pigs, for example, both allogeneic
and autologous cell-seeded scaffolds after 12 weeks were capable
of promoting healing (Weinand, Peretti, Adams, Bonassar, et al.,
2006). These facts suggested that the use of allogeneic cells was
feasible and that certain difficulties with autologous cells could be
overcome.

On the other hand, the surgical stimulation of bone marrow
involving drilling or microfracture in the base of the debrided car-
tilage lesion induces subchondral bleeding and generates conduits
that permit bone marrow stem cell migration into the cartilage
lesion. This would appear to be a favorable aspect, however in
skeletally mature human patients and animal models, this surgical
approach usually results in the formation of a repair tissue pre-
dominantly composed of fibrous tissue or fibrocartilage with weak
biomechanical properties compared to the desirable hyaline artic-
ular cartilage (Abarrategi et al., 2010; Brittberg & Gersoff, 2010;
Cancedda, Dozin, Giannoni, & Quarto, 2003).

Thus, the failure to obtain hyaline cartilage rather than fibro-
cartilage stimulated research in the field of cartilage engineering.
For this purpose, cells harvested from patients are grown in vitro
with the aid of scaffolds, biochemical factors, and mechanical stim-
ulations: the intention is to provide a tissue construct that once
implanted into a cartilage defect, sustains the physiological chal-
lenges and integrates into the recipient site with all desirable
characteristics. This is why chemical, biochemical and histological
aspects become important.

In fact, with the development of tissue engineering, the partly
artificial reconstruction of the cartilage provides a new approach
to its repair: scaffolds are used because they provide highly desir-
able 3D environments for cell growth and consequent production
of cartilaginous tissue. The manufacture of scaffolds requires chem-
ical knowledge for the choice of their constituents, and biochemical
knowledge for the optimization of their behavior.

Cartilage-specific extracellular matrix components such as
collagen-Il and GAG play the crucial role of regulating the
expression of the chondrocytic phenotype, and supporting chon-
drogenesis both in vitro and in vivo. This means that the chosen
biomaterials should provide the appropriate biochemical and
biomechanical environment needed for cells to regenerate a long-
lasting hyaline cartilage at the defect site. For example, in a hydrogel
containing chitosan and hyaluronan with entrapped primary chon-
drocytes and meniscal cells, the mechanical deformation applied at
15% tensile strain, 0.5 Hz, and 10 min per day for 43 days resulted in
substantial GAG increase and collagen production (all >31%) over
static controls, while not significantly affecting cell proliferation
and viability (Beris, Lykissas, Papageorgiou, & Georgoulis, 2005; J.P.
Chen, Liao, & Cheng, 2011; Suh & Matthew, 2000; Getgood, Brooks,
Fortier, & Rushton, 2009; Hunziker, 2002; Marimuthu & Kim, 2009;
Puppi, Chiellini, Piras, & Chiellini, 2010; Spiller, Maher, & Lowman,
2011).

1.3. Chemical and biochemical characteristics of the materials

Cartilage engineering requires crucial combinations of cells,
factors, and biomaterials endowed with specific chemical and bio-
chemical characteristics (Chung, Erickson, Mauck, & Burdick, 2008;
Vinatier, Bouffi, et al., 2009; Vinatier, Mrugala, et al., 2009) as
well as two phases of cell/tissue culture: in the first phase, cells
increase their number, whereas in the second phase the cells are
induced to their specific cartilaginous phenotypes. Because pri-
mary chondrocytes expanded in cell culture lose their capacity to
form cartilaginous matrix in subsequent chondrogenic cultures, the
media are supplemented with growth factors, mainly FGF-2 and
TGFb. The delivery of bioactive compounds in cartilage engineering
has been reviewed by Lee and Shin (2007).

The scaffold material has to be resorbed enzymatically: it should
give way to the new tissue. Inflammatory reactions by degra-
dation products, or immune responses by the natural materials
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should not be generated within the newly formed tissues. The nat-
ural materials suitable for scaffold preparation include proteins
such as collagen, elastin, keratin and fibroin; polysaccharides such
as chitosan, hyaluronan, and alginate; polyesters, such as poly-
hydroxybutyrate. These materials, once processed into scaffolds,
contribute to impart features of pore architecture, namely pore size,
shape, and distribution; elasticity, including modulus and time-
dependent deformation; the surface energetic parameters such as
hydrophobic-hydrophilic balance and molecular mobility. More-
over, chemical functionality, environmental responsiveness with
respect to pH, stress and temperature; the surface micro- and
nano-topography; biodegradation mechanisms, and metabolism of
degradation products are all important aspects.

Invivo, the cell-tissue constructs are exposed to the harsh condi-
tions of a synovial joint subjected to load, hypoxia, and the synovial
fluid. The latter is an ultrafiltrate from blood plasma without fib-
rinogen, supplemented with products from synovial lining cells
and chondrocytes. The main difference from serum is the pres-
ence of ca. 2mg/ml hyaluronan, and a protein content as low as
ca. 30 mg/ml. As in blood plasma, a complex mixture of growth fac-
tors and cytokines is found within the synovial fluid that stimulates
or suppresses chondrogenic and antichondrogenic actions (Punzi,
Calo, & Plebani, 2002). It can be considered as a tool in cartilage
repair whereby cells are obtained from the patient, seeded on a
scaffold and implanted directly at the place of a cartilage defect
(Egli, Wernike, Grad, & Luginbuhl, 2011).

The conceptual approach to cartilage regeneration evolved
during the last decade. The first-generation technology (autolo-
gous chondrocyte transplantation) involved the transplantation of
in vitro expanded chondrocytes to cartilage defects. The second
generation involves the seeding of chondrocytes in a 3D scaffold,
and has several advantages: in vitro pre-differentiation of cells,
arthroscopic implantation, and implant stability.

Embryonic stem cells, induced pluripotent stem cells, amniotic
fluid derived stem cells, or autologous adult stem cells represent
today an attractive alternative to recombinant cell lines and pri-
mary cells, particularly when in polysaccharide gels (Green, Li,
Milthorpe, & Ben-Nissan, 2012; Hook, 2011; Wang et al., 2010).
The environment of stem cells in culture, including the material
substrate has a powerful influence in determining their perfor-
mance. Control of hydrophilicity and molecular mobility becomes
important because once cells are seeded into a scaffold, they should
adhere to its surface. Ideally, MSC could be harvested from the
patient prior to surgery, expanded in vitro, and then implanted into
the same patient. Human and bovine MSC undergo chondrogenesis
in hyaluronan hydrogels, supporting upregulation of chondrocyte-
specific genes and producing cartilage-like matrix rich in aggrecan
and collagen-II (L.L. Kim, Mauck, & Burdick, 2011; Pittenger et al.,
1999). They represent an autologous supply of cells which can be
easily harvested from different tissues, including synovium, skele-
tal muscle, periosteum, bone marrow, and adipose tissue (Da Silva
etal,,2011; Merceron et al., 2008). Bone marrow-derived MSC have
generally shown superior chondrogenesis when compared to MSC
from adipose tissue. The superiority of synovium-derived MSC over
stem cells from other human tissues was demonstrated in com-
parative studies, in particular with respect to the chondrogenic
potential. In fact, Li et al. (2012) indicate that adipose stem cells
transfected with insulin-like growth factor benefit articular carti-
lage treated with chitosan-gelatin by inducing chondrogenesis and
matrix biosynthesis.

1.4. Scope of the present review
In consideration of the above, the scope of the present review

is to identify the lines of applied research that are now consol-
idating quite significant advances made with hyaluronan during

the last decade, and that today involve most often chitosans
and modified chitosans either alone or in conjunction with other
polysaccharides. The novelty of these aspects is underlined by
the fact that they are totally absent in the otherwise exhaus-
tive review article on the articular cartilage repair authored by
Hunziker (2002). While the complexity of the cartilage constituents
is astonishing and certainly cannot be reproduced in an artifi-
cial construct, emerging results show that chitosan can strongly
enhance the performances of hyaluronan in regenerating/repairing
the cartilage in vitro and in vivo. This review therefore intends to
convey to the reader detailed chemical information on preparative
chemistry and pre-clinical applications of chitosan, optionally in
conjunction with hyaluronan, specific factors and other biopoly-
mers such as chondroitin sulfate. Because said materials are
intended for interaction with chondrocytes and with undifferen-
tiated cells, full knowledge of their capacity to enhance/depress
key cellular functions, as well as to preserve/change phenotype, is
indispensable.

2. Chitosan

Basic information on chitins and chitosans is amply available
to the reader: besides the most recent review article celebrating
the bicentennial of the discovery of chitin, the first polysaccharide
known (Muzzarelli et al., 2012), interdisciplinary documentation
can be found in Chen (2008), Jollés and Muzzarelli (1999), Kasaai
(2009), Kennedy and White (1983), Keong and Halim (2009),
Kim et al. (2008), Kumar, Muzzarelli, Muzzarelli, Sashiwa, and
Domb (2004), Kurita (2006), Muzzarelli (1977, 2011a), Muzzarelli,
Jeuniaux, and Gooday, (1986), Muzzarelli and Muzzarelli (1998,
2009), Neville (1993), Pillai, Paul, and Sharma (2009), Rudall and
Kenchington (1973), Sashiwa and Aiba (2004), Stankiewicz and
VanBergen (1998). Chemical and technological advances relevant
to the present title matter, namely biochemical exploitation of
chitosan, absence of allergenicity, nanochitosans, formulations
of biopharmaceuticals, stem cells for bone regeneration, were
reviewed by Muzzarelli (2010, 2011b, 2011c, 2011d, 2011e).

The review article by Balakrishnan and Banerjee (2011) besides
chitosan covers hyaluronan, chondroitin sulfate, alginate, agarose,
fibrin, collagen and silk; moreover various hybrid scaffolds and
composites are dealt with (but unfortunately the bibliography does
not include articles more recent than 2007). They underline that
injection of chitosan solution into the murine knee joint caused
a significant increase in the density of newly formed chondro-
cytes, suggesting that it could facilitate the healing of the cartilage.
Chitosan promotes attachment, proliferation, and viability of mes-
enchymal stem cells, and thanks to these promising features,
chitosan and its derivatives are considered as very interesting bio-
materials. Most of the studies have been short term and were
conducted on animal models using animal cells. Few works are
reported on human chondrocytes/mesenchymal cells seeded onto
hydrogels for cartilage engineering. The focus of all those studies is
on the biosynthesis rate of matrix components such as proteogly-
cans and collagen, and the macroscopic mechanical properties of
the constructs.

In a further review article, Jayakumar et al. (2011) put empha-
sis on chitin instead of chitosan, and the fact that most of the
researchers working in regenerative biotechnology attempt to cre-
ate tissue replacements by culturing cells onto synthetic porous
3D polymeric scaffolds: this approach is currently regarded as the
best one because it creates and maintains channels that facilitate
progenitor cell migration, proliferation and differentiation. Chitin
scaffolds have been widely used in tissue engineering due to their
non-toxic, biodegradable and biocompatible nature. The advantage
of chitin as a tissue engineering biomaterial lies in the fact that it
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can be easily processed into hydrogels and xerogels (Dutta et al.,
2011).

Chitosan possesses a number of peculiar properties that make
it unique among polysaccharides and biomaterials, summarized as
follows: chitosan has found commercial applications in the area of
wound bandages, as an hemostatic capable to stop severe bleeding
and suitable for use in emergencies and on battle fields, thanks to
redundant chemical and biochemical mechanisms of clot formation
(Millner, Lockhart, & Marr, 2010; Muise-Helmericks, Demcheva,
Vournakis, & Seth, 2011). It exhibits exceptionally good versatil-
ity in drug delivery (Saboktakin, Tabar, Tabatabaie, Maharramov, &
Ramazanov, 2012; Sonia & Sharma, 2011; Sridhar et al., 2011), as
a vehicle of DNA (Y.K. Kim et al., 2011; Peng et al., 2011; Saranya,
Moorthi, Saravanan, Devi, & Selvamurugan, 2011), in the recon-
struction of nerves (Cho & Ben Borgens, 2012) and for targeting
tumors (Vinsova & Vavrikova, 2001; Wang et al., 2011).

Chitosan exhibits even more surprising biochemical actions: it
is recognized as an immune adjuvant (C.A. Da Silva et al., 2010)
exempt from toxicity (Waibel et al., 2011); reportedly it inactivates
matrix metalloproteinases, that promote collagen degradation (Li
et al,, 2011; Liu, Qiu, Chen, Peng, & Du, 2005) and interacts with
growth factors in such a way as to retain them in the site under
treatment; when the degree of acetylation is close to 0.2, chi-
tosan is also susceptible to partial and slow depolymerization
by lysozyme so that its permanence in a living tissue is longer
than that of hyaluronan, but reasonable resorption times can be
optimized. The sustained release of glucosamine oligomers pro-
vides building blocks that enter the peptidoglycan and hyaluronan
synthesis pathways (Liu, Liu, Li, Du, & Chen, 2011; Muzzarelli,
1993); reportedly, chitosan is quite suitable for the induction of
the chondrogenic differentiation of the human bone marrow mes-
enchymal stem cells, thus qualifying for a key role in exploitation
of the latter (Schwartz, Griffon, Fredericks, Lee, & Weng, 2011).
Chitin and chitosan preserve the round morphology of chondro-
cytes and their capacity to synthesize cell-specific extracellular
matrix.

The only limitation of chitin used as a scaffold for bone
and cartilage seems to be the poor mechanical strength and
elasticity. However, the mechanical properties can be improved
with the addition of genipin, the safest and most biocompatible
crosslinker, or bioinorganics such as hydroxyapatite and bioactive
glass ceramic; in fact Mwale, Wertheimer, and Antoniou (2009)
showed that Protasan®, a biomedical grade chitosan, once cross-
linked with 5% genipin is a promising hydrogel for disc and cartilage
engineering, as confirmed by Yan et al. (2010) and by Hrabchak et al.
(2010) who found that genipin, used in the treatment of an osteo-
chondral knee defect, was biocompatible and non-immunogenic.

E I 200 pm

2.1. Chitosan scaffolds

2.1.1. Advantages of chitosan in the preparation of scaffolds

In their review article concerning the applications of chitosan-
based biomaterials in cartilage engineering, Suh and Matthew
(2000) underlined a number of positive characteristics of chitosan,
among which the physiological depolymerization in the presence
of ubiquitous lysozyme (a most convenient feature because scaf-
fold must be temporary), minimal foreign body reaction, absence of
chronic inflammatory response, absence of fibrous encapsulation,
favorable chemoattractive and immuno-enhancing effects, accom-
panied by excellent technological features that permit to process
it into tailor-made porous or nanofibrillar structures, as recently
described by Muzzarelli (2011b). Its filmogenicity permits to obtain
porous structures by freezing and lyophilizing chitosan solutions,
for use in cell transplantation and tissue regeneration: chondro-
genic cell adhesion and proliferation onto these structures has been
reported. Early measurements indicated that a lyophilized scaffold
had apparent density 0.31 g/ml, total pore area 0.8 m2/g, porosity
81%, and pore diameter in the range 40-100 wm with prevailing
value of 67 wm (Nettles, Elder, & Gilbert, 2002; Oliveira, Amaral,
Barbosa, & Teixeira, 2009). Biologically active chitosans obtained
via entrapment or chemical immobilization of oligopeptides and
proteins, and the associated strategies to develop them for tissue
engineering, were reviewed by Jiang, Kumbar, Nair, and Laurencin
(2008).

Scaffolds made of either pure chitosan, or pure (-chitin, or
3:1, 1:1 and 1:3 admixtures of (-chitin +chitosan, showed the
same efficiency in supporting chondrocytes (ca. 98%), and the same
concentration of generated chondroitin sulfate. The content of
hydroxyproline in the (B-chitin sponge was significantly greater
than in other sponges at week 4 post-culture. Based on histochem-
ical and immuno-histochemical findings, the cartilage-like layer in
the chondrocyte-bearing sponges was similar to hyaline cartilage;
however, only in the pure 3-chitin sponge the collagen-11 was closer
to normal rabbit cartilage (Suzuki et al., 2008).

The formation of chitosan scaffolds takes place also upon addi-
tion of n-butanol to aqueous chitosan solutions: the initial adhesion
and the proliferation rate of human dermal fibroblasts in the scaf-
fold were nearly twice the control, after 3 days of culture, mainly
because the specific surface area was large enough for cell attach-
ment and tissue growth (Chun et al., 2008).

An example of the versatility of chitosan in terms of filmo-
genicity and pore formation is provided by Zhong et al. (2011)
who adopted the emulsion technique followed by lyophilization
to fabricate chitosan-poly(e-caprolactone) xerogels. Fig. 2 shows
that the choice of the freezing temperature and the composition

Fig. 2. SEM images of chitosan xerogels containing 25 wt% poly(e-caprolactone) freeze-dried after being frozen at [a] —196 °C (liquid nitrogen), and [b] —20°C. The major
feature in [b] is the formation of fine pores (less than 10 wm) in the macropore walls, generated by the evaporation of organic solvents during freeze-drying.

Source: from Zhong et al. (2011). Springer, Dordrecht.
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Fig. 3. SEM micrographs of chitosan-poly(e-caprolactone) aerogel (PCL content ca.
42 wt%) housing TGF(31-loaded microspheres [arrows and elsewhere] made of chi-
tosan and 2.5 wt% genipin.

Source: From Wu et al. (2011). Elsevier Science, Oxford.

of the emulsion permits to prepare scaffolds made up of thin and
porous films.

2.1.2. Incorporation of growth factors in chitosan scaffolds

From a porous freeze-dried chitosan scaffold incorporating TGF-
[31-loaded microspheres, and used for the treatment of cartilage
defects, TGF-31 was released in a sustained fashion, and promoted
chondrocyte proliferation and matrix synthesis (Kim et al., 2003).
In the study by Wu et al. (2011), TGF-31 was loaded into chitosan
microspheres crosslinked with genipin, that were then incorpo-
rated into porous chitosan-poly(e-caprolactone) scaffolds (Fig. 3).
It was expected that TGF-31 could be released from these scaffolds
over a long period of time without significant bursts whereas the
scaffolds have desired compressive strength in wet state. Quen et al.
(2009) promoted new hyaline cartilage formation in the sheep with
the use of TGF-[33.

BMP signaling is involved in the proper development of many
components of the skeletomuscular system including cartilage.
BMP belongs to the transforming growth factor-[3 gene superfamily
that comprises ca. 30 structurally related members. Similar to TGF-
3, BMP signal through trans-membrane serine/threonine kinase
receptors. The N,N-dicarboxymethyl chitosan associated with bone
morphogenetic protein-7 was also found to repair femoral articu-
lar cartilage lesions in the rabbit, indicative of synergism of their
respective biological properties (Mattioli-Belmonte, Gigante, et al.,
1999; Mattioli-Belmonte, Nicoli-Aldini, et al., 1999). Indeed, BMP-
7 enhanced the in vivo proliferation of chondrocytes, leading to
partial healing of the articular surface of the lesions. Thus, a con-
nection was established between chitosan and larger proliferation
of fibro-vascular tissue, that is the initial process of ossification,
and therefore chitosan was considered a crucial carrier for BMP-7,
the latter being approved by FDA for clinical use as well as BMP-2
(Kamiya & Mishina, 2011; Seeherman & Wozney, 2005).

2.1.3. Physical stimuli for the correct cellular response

Along the lines set by Xia et al. (2004), rabbit chondrocytes were
cultured in chitosan-gelatin scaffolds for 3 days before dynamic
compression. The seeded constructs were subjected to short-term
(3 or 9h) or long-term (6h/day for 3 weeks) cyclic compres-
sion with 40% strain and 0.1 Hz. The expression of collagen-II and
aggrecan was upregulated after 3h of compression in compari-
son with the free-swelling samples. Moreover, long-term culture
under dynamic compression facilitated cellular proliferation and
deposition of GAG (Wang, Chow, Lai, Liu, & Tsai, 2009). By mim-
icking the combination of collagen and polysaccharide in the ECM,

Li, Matsuda, Bao, Teramoto, and Abe (2010) manufactured a porous
hybrid scaffold for cartilage engineering. The stem cell line ATDC5
on chitosan:gelatin 1:4 showed higher differentiation rate than on
other films and culture dishes.

Synovium-derived stromal cells were coupled with
chitosan-collagen-I: scaffolds and then manufactured via freeze-
drying and cross-linking with carbodiimide (Gong et al., 2010).
Those cells were cultured onto said scaffolds, incubated in serum-
free chondrogenic medium with sequential application of TGF-31
and bFGF for up to 21 days and then implanted into nude mice.
The DNA content of the cells in the porous scaffolds increased at
1 week. The constructs in vitro and the implants were examined
histologically, and the implants with positive collagen-Il were
tested immunohistochemically. RT-PCR of the implants indicated
that aggrecan and collagen-II were expressed.

2.1.4. Significance of the hybrid scaffold composition

Han, Wei, Wang, and Song (2009, 2010) evaluated the effect of
hybrid microspheres composed of TGF31-loaded gelatin and chi-
tosan on the enhancement of the differentiation of adipose-derived
stem cells (ASC) into chondrocytes in pellet culture. Quantita-
tive PCR was used to analyze the expression of collagen-II and
aggrecan. Proliferation of ASC was higher in the TGF(31-loaded
hybrid than in the TGFp1-loaded gelatin. The GAG content and
the gene expression of collagen-II and aggrecan were significantly
higher in the loaded chitosan-gelatin than in the loaded gelatin.
Thus the enhanced differentiation of ASCs by the TGF@1-loaded
chitosan-gelatin microspheres provides an easy and effective way
to construct cartilage.

The silk fibroin-chitosan 1:1 scaffold supported cell attachment
and growth, and chondrogenetic phenotype; it showed higher com-
pressive strength and modulus over its individual components
(Bhardwaj & Kundu, 2011; Bhardwaj et al., 2011) in agreement
with Chung and Chang (2010). Cell number, matrix amount, and
expression of genes specific for chondrogenesis were improved
after culture of MSC in chitosan constructs coated with collagen-II,
but not when reacetylated chitosan was used (Ragetly, Griffon, &
Chung, 2010; Ragetly, Griffon, Lee, & Chung, 2010). Gelatin asso-
ciated to chitosan in the form of microspheres was also used in
conjunction with adipose-derived stem cells for cartilage regener-
ation (Han et al., 2010).

Kuo and Hsu (2009) investigated chitosan and poly(ethylene
oxide) (PEO) composites for the culture of bovine knee chon-
drocytes: PEO and chitosan with various weight ratios were
crosslinked and freeze-dried. The range of pore diameters was
200-400 pm, and the porous surface of the PEO-chitosan scaffolds
were chemically modified with human fibronectin for accelerat-
ing cell adhesion and growth. A high content of PEO generated
high porosity, moisture content, ductility, biodegradation rate, and
cell viability, as well as low Young’s and compression moduli.
High levels of PEO, human fibronectin, and extracellular cal-
cium were favorable to the chondrocytes, as indicated by the
enhanced amounts of cells, glycosaminoglycans, and collagen.
Genipin-crosslinked scaffolds comprising PEO and chitosan with
pore size ca. 200-250 pm and pore surface modified with the
peptide CDPGYIGSR favored the production of cartilage in the con-
structs because said sequence was recognized by the receptor on
mammalian cells (Fig. 4). The surface peptide also avoided the gen-
eration of hypertrophic chondrocytes (Kuo & Wang, 2011).

Tigli and Gumusderelioglu (2009a, 2009b) originally inves-
tigated the suitability of chitosan scaffolds loaded with BMP6
in both stationary and dynamic conditions for cartilage engi-
neering. They also observed that alginate-chitosan scaffolds can
promote chondrocyte proliferation and retain cell functionality
and phenotype significantly compared to alginate scaffolds. Fur-
ther to work by Hsu et al. (2004 ) on chitosan-alginate-hyaluronate
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Fig. 4. SEM micrographs of the CDPGYIGSR-coated chitosan-PEO scaffolds. (a) PEO:chitosan=1:4; (b) PEO:chitosan=1:3. The pores in this size range are the most suitable
for the growth of chondrocytes, and the presence of the peptide favors the production of cartilage.

Source: from Kuo and Wang (2011). Elsevier Science, Amsterdam.

complexes modified with an RGD-containing protein, Tigli and
Gumusderelioglu (2008) linked covalently the cell adhesion fac-
tor arginine-glycine-aspartic acid (RGD) or the epidermal growth
factor (EGF) to chitosan with the intention of enhancing cell attach-
ment and proliferation of ATDC5 murine chondrogenic cells. After
4 weeks of incubation, the chondrogenesis within plain chitosan,
RGD-chitosan and EGF-chitosan was quantified as 7.5, 9.7 and
10.2 mg GAG/g, respectively. The cell density in chitosan scaffolds
was quantified on the basis of their DNA contents: the chondro-
cytes cultured on chitosan, RGD-chitosan and EGF-chitosan for 4
weeks in vitro reached 1.95 x 107, 2.23 x 107 and 2.30 x 107 cells
respectively in each 3-mg scaffold. After 14, 21 and 28 days of
cultivation, the EGF-chitosan had the highest DNA content, thus
it was indicated as the best one. According to Tsai et al. (2011)
a more refined method for linking peptides to chitosan can be
adopted: for example, equimolar quantities of the RGD peptide,
EDC and N-hydroxy-2,5-pyrrolidinedione were dissolved in N-
dimethylformamide and then mixed with 2% chitosan solution, to
be optionally photo-crosslinked. After 10 days of culture, the num-
ber of osteoblasts in the RGD-chitosan scaffolds increased by 50%
compared to the control.

Cellular responses of mesenchymal stem cells derived from
human embryonic stem cells, were assessed for chondrogenic
potential in 3D culture by Tigli et al. (2009) who were motivated
by the need to determine suitable cell sources for the in vitro for-
mation of cartilage. For this purpose, freshly lyophilized fibroin or
chitosan scaffolds were rehydrated, aspersed with BMP6 in DPBS
and lyophilized again. The cells were differentiated in said scaf-
folds in the presence and absence of BMP6, along with the standard
chondrogenic differentiating factors such as TGFf3, insulin and dex-
amethasone. The differentiation of all of the cell sources in the
fibroin and chitosan scaffolds was made evident by the upregu-
lation of mRNAs for cartilage-related genes (AGC, Col-II, Col-X and
Sox-9). The upregulated AGC, Col-II and Sox-9 genes in embryonic
stem cells and MSCs suggest enhanced potential for these cell
sources compared to chondrocytes. MSCs derived from embryonic
stem cells showed unique characteristics, with preserved chondro-
genic phenotype in both scaffolds with regard to chondrogenesis,
as determined by RTPCR, histological and microscopical analyses.
After 28-day cultivation, said MSC were prone to chondrogene-
sis. These results suggest that among the variables considered in
the study, the human embryonic stem cell-derived MSC were the
preferable ones, and BMP6 was important for cell differentiation
in chitosan scaffolds. The authors admit that the pore size (ca.
100 wm) was possibly somewhat small despite the interconnec-
tions, and in fact Yamane et al. (2005, 2007) while investigating
similar hyaluronan-chitosan polyelectrolyte complexes, reported
that the 400 p.m pore size was better (Table 1).

2.1.5. Scaffolds with expanded specific surface area

An expanded specific surface area of the scaffold can be obtained
with new preparative techniques such as electrospinning, a process
that gained attention in the last quinquennium, and that gen-
erates chitosan fibers with diameters in the nano range, which
may be fabricated layer-by-layer, or can be of hybrid nature
(Bhardwaj & Kundu, 2010; K.Y. Lee, Jeong, Kang, Lee, & Park,
2009; Sasmazel, 2011; Sonina, Uspenskii, Vikhoreva, Filatov, &
Gal'braikh, 2011). Nano- and microfibrous double-face supports
were fabricated with chitosan by electrospinning nanofibers onto a
microfibrous mesh, that provided a significantly greater microen-
vironment for chondrocytes to proliferate and produce GAG as
compared with only microfibrous 3D support. The chitosan nanofi-
brous surface facilitated cellular attachment and proliferation, and
efficiently prevented phenotypic changes of chondrocytes (S.Y.
Lee et al., 2009). Subsequent reviews describe design criteria and
fabrication methods to be considered in cartilage biochemical engi-
neering (Klossner, Queen, Coughlin, & Krause, 2008; Jayakumar,
Prabaharan, Nair, & Tamura, 2010; Venugopal, Low, Choon, &
Ramakrishna, 2008).

Iwasaki et al. (2004) demonstrated that alginate—chitosan
fibers: (1) adhered better to chondrocytes in comparison with plain
alginate fibers; (2) favored the characteristic round morphology of
the chondrocytes; (3) promoted the production of dense fibers of
collagen-II by the chondrocytes. More recently, Iwasaki etal. (2011)
published a review of the data relevant to chitosan-hyaluronan
spun fibers used as a scaffold for cartilage regeneration in the rab-
bit knee (hyaluronan content 0.04-0.07%). Nehrer et al. (1997) long
before clarified the effects of scaffold pore sizes (20-86 pwm) on
chondrocyte behavior using collagen sponges: the cells cultured
on the material with small pore diameter lost the chondrocytic
morphology over time, whilst they kept it in suitably cross-linked
chitosan (Senkoylu et al., 2001). Frenkel et al. (2005) implanted
in rabbits a preformed xerogel made of the polyelectrolyte com-
plex hyaluronan-chitosan (respective MW 1680 and 950kDa).
The degree of bonding to the host, the structural integrity of the
hyaline-like neocartilage, and the reconstitution of the subchon-
dral bone were greater than in controls; cartilage in the treated
sites stained positive for collagen-Il and GAG. It should be remarked
that plain collagen scaffolds are not recommended for practical use
owing to fast enzymatic degradation and poor mechanical strength
(Zhu et al., 2009). By using poly(ethylene-glycol)-terephthalate-
poly(butylene terephthalate) scaffolds with different pore sizes,
Maldaetal.(2005) demonstrated that scaffolds with larger pores (in
the 182-525 pm range) significantly increased the GAG production
of cultured chondrocytes.

The typical pore diameter of the chitosan scaffolds prepared by
Kuo and Leou (2010) was 250 p.m, indicating a void space suitable
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Table 1

Effects of pore size in chitosan-based hybrid scaffolds (0.07% hyaluronan) on gene expression of cartilage specific extracellular matrix and glycosaminoglycans produced by

chondrocytes after 28-day cultivation.

Pore size (n=5) Type Il collagen Type I collagen Type II/type I ratio Aggrecan GAGS (pg/sample)
100 pwm 0.66 + 0.08 0.61 +0.11 1.12 £ 0.35 0.79 + 0.05 359+28
200 pm 0.67 +£0.13 0.44 + 0.10 1.63 + 0.48 0.64 + 0.14 452 + 3.1
400 pm 0.79 + 0.08 0.46 + 0.19 1.95 £ 0.78" 0.67 £ 0.16 56.2 + 5.9""

Modified from Yamane et al., 2007.

Mean + standard deviation. Values under type II collagen, type I collagen, and aggrecan, are mean normalized ratios (experimental integrated density/GAPDH integrated
density) of mRNA. Those under glycosaminoglycans are the mean contents of each sample.

" p<0.05 vs. 100 pm.
" p<0.05 vs. 200 wm.

for chondrocyte growth. After deposition of hydroxyapatite on the
pore surfaces of the scaffolds, the characteristic diameter of needle-
like hydroxyapatite crystals was 85 nm. Over 4-week cultivation of
bovine knee chondrocytes in the hydroxyapatite-chitosan scaffolds
supplemented with pituitary extract with TGF-31 (ca. 33 ng/ml),
the constructs revealed newly formed mature cartilage, and the
chondrocytes, GAG and collagen increased linearly with the con-
centration of TGF-f31.

As shown by many authors, control over the porosity of chitosan
xerogels optionally containing hyaluronan can be exerted quite
easily; in all cases however the planning of a scaffold should take
into consideration ab initio a number of aspects relevant to material
science, chemistry, biochemistry, orthopedics and surgery.

2.1.6. Chondrogenic differentiation induced by insulin or
carboxymethyl chitin

Because insulin is a potent bioactive substance known to induce
chondrogenic differentiation, various formulations of insulin-
loaded chitosan were developed as a model for cartilage and
osteochondral tissue engineering. The insulin encapsulation effi-
ciency was high, up to 87.2+1.6% for loading of 5%. The effect
on pre-chondrogenic ATDC5 cells was investigated for 4 weeks by
studying the influence of these release systems on cell morphology,
DNA and glycosaminoglycan content, histology, and gene expres-
sion of collagen types I and II, Sox-9, and aggrecan assessed by
RTPCR. The 5% insulin-loaded system was the most effective tested
formulation in promoting chondrogenic differentiation (Malafaya,
Oliveira, & Reis, 2010).

Chitin and chitosan derivatives too are interesting: after the
pioneering work with N-carboxybutyl chitosan, that was found
suitable for the repair of the meniscus in adult rabbits (Muzzarelli,
Bicchiega, Biagini, Pugnaloni, & Rizzoli, 1992), carboxymethyl
chitin has been recently reported to promote chondrogenesis by
inducing the production of growth factors by immune cells. The
murine pluripotent cell line C3H10T1/2 was maintained as a micro-
mass culture in the CM-chitin conditioned medium that induced
RNA expression of the chondrogenic factor Sox9, and the aggre-
can. The tissues cultured in the presence of CM-chitin at day 21
were clearly stained by Toluidine blue or Alcian blue (histological
staining) and collagen-II antibody (immuno-histological staining),
showing the expression of acidic GAG and collagen-II. These results
indicate that CM-chitin is a potent generator of chondrogenesis
mediated by the induction of TGF-31 in immune cells (Kariya et al.,
2010).

Finally, it is worth mentioning an elegant work by J. Chen
et al. (2011) who demonstrated that the bilayered gene-activated
osteochondral scaffold consisting of plasmid TGF-1-activated
chitosan-gelatin as a chondrogenic layer, and plasmid BMP-2-
activated hydroxyapatite-chitosan-gelatin as an osteogenic layer,
induced MSC present in each layer to differentiate into chondro-
cytes and osteoblasts in vitro, respectively, while supporting the
regeneration in vivo of the articular cartilage and the subchon-
dral bone. Evidence was provided that multi-tissue regeneration

through the combination of biomimetic and multi-phasic scaffold
design, spatially controlled and localized gene delivery system and
multi-lineage differentiation of a single stem cell population rep-
resents a promising strategy for promoting the development of
complex tissues (Shao, Hutmacher, Ho, Goh, & Lee, 2006).

2.2. Injectable chitosan hydrogels

The chemical functionalization of hydrogels has been pursued
to create native-like microenvironment for cells. Another princi-
pal advantage of hydrogels, the so-called “smart” biomaterials, is
their ability to reversibly gel in response to temperature, pH, ionic
strength, ultrasound, and electric field (Soppimath, Aminabhavi,
Dave, Kumbar, & Rudzinski, 2002).

Injectable hydrogels, formed in situ after injection at the defect
site, are suitable for minimally invasive procedures. Moreover, the
incorporation of cells and growth factors can be readily made, and
the gels assume any shape to conform with the surrounding tissue.

Early works indicated that the chitosan gels delivered to rats
via intra-articular injection generated thicker epiphyseal cartilage
in the tibial and femoral joints, together with chondrocyte pro-
liferation (Hasegawa et al., 2008; Lu, Prudhommeaux, Meunier,
Sedel, & Guillemin, 1999; Nolte & Klimkiewicz, 2003). While these
hydrogels can be readily degraded by lysozyme, in vitro culturing
of chondrocytes in glycolamido chitosan gels revealed that after 2
weeks the cells were viable and retained their round shape. Thus
the gelation process does not compromise cell viability; sufficient
mass transport of nutrients and oxygen to the cells inside the gly-
colamido chitosan gel takes place. The enzymatically crosslinked
chitosan hydrogels have better biocompatibility toward chondro-
cytes as compared to other injectable hydrogel systems based on
chitosan methacrylate (Jin et al., 2009). A recent example of sus-
tained release of BMP-2 from an injectable chitosan gel is the
study made by S. Kim et al. (2011) who examined the responses
of pre-osteoblast mouse stromal cells and human embryonic mes-
enchymal cells to BMP-2.

2.2.1. Chitosan glycerophosphate hydrogels

The chitosan glycerophosphate hydrogels are attracting much
attention since the early research works by Chenite et al. (2000);
the possibility of tuning the gelling ability as well as the mechani-
cal properties of these hydrogels was recently demonstrated by Qiu
etal. (2011). A thermo-responsive chitosan hydrogel was prepared
by Hoemann, Sun, Légaré, McKee, and Buschmann (2005) who used
medical grade chitosan hydrochloride. The powder was dissolved
in distilled water at 2% and then sterilized in an autoclave. The
chitosan solutions were mixed with concentrated stock solutions
of filter-sterilized Na P-glycerophosphate to yield a chitosan-
glycerophosphate solution with 1.6% chitosan with final pH 6.8.
Chitosan hydrogels were formed by mixing said solution with
hydroxyethyl cellulose. About 4 x 107 chondrocytes were mixed
with 1 ml chitosan hydrogel, poured into a cell culture plate, and
then incubated at 37 °C for 10-15 min for gelation. Likewise, Hao
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Fig. 5. Histology and immunohistochemistry of chondrocytes cultured in chitosan glycerophosphate hydrogels for 3 weeks. The chondrocytes in the chitosan hydrogels
accumulated pericellular sulfated GAG-containing matrix. (A) Hematoxylin and eosin staining; (B) type Il collagen immunohistochemical staining; (C) toluidine blue staining;
(D) safranin-O staining. Star: chitosan hydrogel; Arrowhead: cell nucleus; Arrow: matrix of the chondrocytes. Bar length 100 wm.

Source: from Hao et al. (2010). Elsevier, Oxford.

et al. (2010) used chitosan hydrogel as a scaffold for chondrocytes
for repairing cartilage defects in the sheep. Thermo-responsive
chitosan hydrogels were prepared by combining medical grade
chitosan -glycerophosphate (10 ml) and hydroxyethyl cellulose
(2.5ml) both filter sterilized. The cartilage was reconstructed
in vitro by using said hydrogels. The staining showed that >90%
chondrocytes remained viable in the chitosan matrix after being
cultured for 1 day in vitro. After implantation in vivo, the hydrogel
conformed to the shape of the defects, thus avoiding liquid chi-
tosan runoff into the articular cavity (Chung & Burdick, 2008). The
reconstructions cultured for 1 day were transplanted to the freshly
prepared defects of the articular cartilage of sheep. At 12 and 24
weeks after transplantation, the grafts were extracted and analyzed
histologically and immuno-histochemically (Fig. 5). The chondro-
cytes in the reconstructed cartilage survived and retained their
ability to secrete matrix when cultured in vitro. Once transplanted
in vivo, the reconstructed specimens repaired the cartilage defects
completely within 6 months. The implantation of chitosan hydro-
gels without chondrocytes also helped repair cartilage defects in
the same time (Hao et al., 2010).

According to Song et al. (2010), a hydrogel composed of chi-
tosan, glycerophosphate and collagen when compared to hydrogels
composed of only chitosan and glycerophosphate, has better
cellular compatibility and more uniform pore structure to sup-
port cellular growth. It should be added that these hydrogels
are prone to the regeneration of bone: in fact thermo-sensitive
chitosan-collagen-glycerophosphate hydrogels were proven to
sustain in vivo osteogenesis after being loaded with pre-
osteodifferentiated canine BMSC in vitro (Sun et al., 2011).

The chitosan glycerophosphate hydrogel was used as a con-
trolled release system of ferulic acid for the regeneration of nucleus
pulposus. In the latter, proteoglycans (core protein with attached
chondroitin sulfate and keratan sulfate) and collagen-II provide
mechanical support to the disc. In the course of degeneration, a

decrease in the content of chondroitin sulfate results in a decrease
of water content that affects the capability to offset the external
stress. Overproduction of oxygen radicals can directly damage the
cell and degrade the ECM; moreover, the cells change their phe-
notype and become unable to keep anabolism and catabolism of
the extracellular matrix in balance because matrix metallopro-
teinases, apoptotic factors and inflammatory cytokines accelerate
the degenerative process of the intervertebral disc. The antioxi-
dant ferulic acid can be a remedy if delivered with the chitosan
glycerophosphate-gelatin hydrogel (Cheng, Yang, & Lin, 2011).

2.2.2. Solidification of chitosan glycerophosphate with blood
Because subchondral drilling initiates a cartilage repair response
involving formation of chondrogenic foci in the subchondral
compartment, Chevrier, Hoemann, Sun, and Buschmann (2011)
characterized these sites. Rabbits were submitted to bilateral car-
tilage defects bearing four subchondral drill holes. One knee per
rabbit was treated by solidifying a chitosan glycerophosphate-
blood implant over the defect. The animals were observed at 1-56
days post-surgery: chondrogenic foci were categorized as nascent,
mature or resorbing based on global morphology, while the tim-
ing of foci appearance and foci position relative to the articular
surface were recorded. They were also characterized using GAG his-
tostaining, collagens typel, II, and X immunostaining, and polarized
light microscopy for the collagen structure. Patched immunostain-
ing was used to identify pre-hypertrophic chondrocytes and Ki-67
immunostaining was used to identify proliferating cells. By this
approach the temporal and spatial modulation of the chondrogenic
foci in subchondral microdrill holes became possible with the aid of
chitosan glycerophosphate-blood implants (Chevrier et al., 2011).
The solidification mechanism of said chitosan hydrogel in the
presence of blood was studied with a view at a most rapid gel for-
mation (Hoemann et al., 2007; Marchand, Rivard, Sun, & Hoemann,
2009). Chitosan 3-glycerophosphate (obtained from medical-grade
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chitosan, sterile solutions 2.05 w/v%, 80% degree of deacetylation,
1200-2000 mPas, pH 5.6, <100 endotoxins units/ml and <5 ppm
heavy metal content) when mixed with whole blood solidifies
over micro-fractured or drilled articular cartilage and elicits a
more hyaline cartilage; for clinical use, rapid in situ solidification
is preferred. Therefore, Marchand et al. (2009) investigated the
solidification of chitosan glycerophosphate-blood implant with or
without added clotting factors by thrombo-elastography (clotting
time and clot tensile strength). Serum was analyzed for the onset
of thrombin, platelet, and FXIII activation. In vivo solidification
of chitosan glycerophosphate-blood mixtures, with and without
clotting factors, was evaluated in 41 microdrilled cartilage defects
of adult rabbits. Chitosan-glycerophosphate-blood clots solidified
with high initial viscosity and minor platelet activation followed by
the development of clot tensile strength concomitant with throm-
bin generation, burst platelet and EXIII activation.

Whole blood and chitosan-glycerophosphate-blood clots
developed a similar final clot tensile strength, while polymer-blood
clots showed a unique, sustained platelet factor release and
greater resistance to lysis by tissue plasminogen activator. Throm-
bin, tissue factor, and recombinant human activated factor VII
(rhFVIIa) accelerated chitosan-glycerophosphate-blood solidifica-
tion in vitro. Pre-application of thrombin or rhFVIla + tissue factor
to the surface of drilled cartilage defects accelerated implant solid-
ification in vivo (P<0.05). The authors concluded that chitosan
glycerophosphate-blood implants solidify through coagulation
mechanisms involving thrombin generation, platelet activation
and fibrin polymerization, leading to a fibrin—polysaccharide clot
scaffold that resists lysis, and more stable than controls. Higher
viscosity of blood + polymer mixtures could be related to chitosan
precipitation or gelation at blood pH which is above the chi-
tosan pKj,, to early platelet activation, or to the agglutination of
red blood cells by chitosan that protected the clot against lysis
(Marchand et al., 2009). These data are supported by Lord, Cheng,
McCarthy, Jung, and Whitelock (2011) who showed that chitosan
alone promotes both platelet adhesion and activation: when pro-
teins are adsorbed to chitosan they modulate activation. Further,
microdrilled cartilage defects, treated with thrombin-solidified
chitosan/blood implants, regenerate a more hyaline, stable, and
structurally integrated osteochondral unit than drilled controls
(Marchand et al., 2012).

Platelet adhesion to chitosan on the other hand was found to be
enhanced in the presence of adsorbed plasma and ECM proteins,
while platelet adhesion to protein-coated chitosan was found to be
mediated by integrins, with the main integrin involved being oy, 83
as widely reported. Therefore plasma and ECM proteins have a role
in promoting platelet adhesion to chitosan while modulating the
activation of bound platelets, which has important positive down-
stream effects on wound healing, as reported.

3. Hyaluronan

A relevant point of similarity between hyaluronan and partially
deacetylated chitin is the GIcNAc repeating unit present in both.
Hyaluronan is composed of units of glucuronic acid (GlcUA) and
N-acetylglucosamine joined alternately by (3-1,3 and 3-1,4 anhy-
droglycosidic bonds. Hyaluronan is a key compound in the ECM of
cartilage, thanks to its hydrogel-like nature, extremely high molec-
ular weight, and moderate anionicity (Almond, 2007; Garg & Hales,
2004; Hillel, Shah, & Elisseeff, 2007; D.D. Kim, Kim, & Son, 2011;
Kogan, Soltes, Stern, Schiller, & Mendichi, 2008; Kong & Mooney,
2005; Laurent, 1998; Milas & Rinaudo, 2005; Tamai et al., 2003).

Hyaluronan contributes to the elasticity and viscosity of the syn-
ovial fluid, and acts as a fluid shock absorber while maintaining the
structural and functional characteristics of the cartilage matrix. This
highly viscoelastic polymer fills the intercellular space between the

collagen fibrillar network, surrounding all of the cells, the blood and
lymph vessels and the neural elements in the fibrous tissue of the
joint. It also inhibits the formation and release of prostaglandins,
induces proteoglycan aggregation and synthesis, and modulates
the inflammatory response (Adams et al., 1995; Gomis, Miralles,
Schmidt, & Belmonte, 2009).

Hyaluronan is produced industrially with the aid of Streptococ-
cus sp., nevertheless that approach is facing a growing concern due
to the risk of accompanying endotoxins. In this light, the recom-
binant hyaluronan production has attracted increasing interest,
and Novozymes has produced it with recombinant Bacillus subtilis
(Widner, Behr, & Von Dollen, 2005). In their review, Liu et al. (2011)
report history, current markets, and production of hyaluronan
by Streptococcus zooepidemicus and recombinant systems, along
with the challenges facing the production with microbial cells.
While S. zooepidemicus remains the current microbial strain in
the industrial production of hyaluronan, the recombinant hyaluro-
nan production has emerged as an attractive alternative. Bacteria
used as hosts include Bacillus sp., Lactococcus lactis, Agrobacterium
sp., and Escherichia coli, that produce hyaluronans of different
chain length in a mixture, thus a monodisperse product still rep-
resents a challenge. However, hyaluronans with relatively low
MW (>10kDa) have good viscoelasticity, moisture retention, and
mucoadhesion, i.e. qualities desirable in ophthalmology, orthope-
dics, wound healing, and cosmetics. Nonetheless, for the purpose
of cartilage regeneration, much higher MW values in the range
700-6000 kDa are necessary. Interestingly, Yamada and Kawasaki
(2005) indicated that it is possible to produce simultaneously
hyaluronan and chitin by the Chlorella-virus system.

Alarge number of different preparations of hyaluronan are com-
mercially available in Europe and USA: each is produced from
either rooster combs or by recombinant biotechnology and dif-
fers by molecular weight and hence residence time in the joint,
and rheological properties. Low molecular weight products such as
Sinovial® (800-1200 kDa) and Hyalgan® (500-730 kDa) differ from
the high molecular weight hyaluronans because the latter are cross-
linked, for example Synvisc® with 6000 kDa (Gigante & Callegari,
2011).

With the knee osteoarthritis patients increased by 26% from
15 million in 2000 to 19 million in 2010, the demand for
visco-supplements is expected to escalate. In the US, the first
single-injection hyaluronan for visco-supplementation, Synvisc-
One®, was approved in early 2009. Likewise, the global market for
dermal fillers is booming: nowadays there are almost 100 different
dermal fillers on the market for aesthetic plastic surgery and about
half of them are based on hyaluronan (Liu et al., 2011).

The continuous rise in the cost of the raw materials necessary
for the operation of fermentation reactors and for the optimiza-
tion of the biosynthesis of hyaluronan, weakens the commercial
competitiveness of microbial hyaluronan production, and thus it
is necessary either to find cheaper products for the fermentation,
or to surrogate part of the hyaluronic acid with chitosan that per-
forms equally well in the main applications, as demonstrated in the
previous sections (Liu et al., 2011).

Visco-supplementation refers to the concept of synovial fluid
replacement with intra-articular injections of hyaluronan mainly
for the relief of pain associated with osteoarthritis (Balazs &
Denlinger, 1993; Marshall, 2003). This treatment was approved
by the US Food and Drug Administration in 1997. It is included
in the guidelines for the treatment of knee OA of the American Col-
lege of Rheumatology; the Orthopedic Consensus Conference made
similar recommendations (Watterson & Esdaile, 2000)

For example, Sun, Chou, Hsu, and Chen (2009) studied
5 injectable hyaluronans, ie. Hyalgan®, Supartz®, Orthovisc®,
Synvisc®, and Euflexxa®, the latter being from bacterial fermen-
tation and the other four from rooster combs; all of them are in the
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form of sodium hyaluronate but Synvisc® is chemically modified.
Cross-linked hyaluronans are called hylans. These products dif-
fer in their molecular weight (in the range 500-6000 kDa), dosing
instructions, biochemical characteristics, and possibly clinical out-
comes. So far there is no consistent evidence from clinical studies
that documents the superior efficacy of one product over another.
However, a review of the clinical research on viscosupplementa-
tion of the knee in patients and animals has been published by
Edouard et al. (2011)Edouard, Rannou, and Coudeyre (2011) who
highlighted the clinical improvements promoted by injections of
hyaluronan after surgery.

Any degradation of endogenous hyaluronan in vivo is associ-
ated with vulnerability of the articular cartilage. While OA leads
to a reduction in average molecular size and concentration of
hyaluronan in the synovial fluid, the injection of hyaluronan into
osteoarthritic joints is claimed to restore the viscoelasticity of the
synovial fluid, augment the flow of joint fluid, normalize endoge-
nous hyaluronan synthesis, inhibit hyaluronan degradation, reduce
joint pain, and improve joint function.

The review by Gigante and Callegari (2011) mentions that in
knee OA, visco-supplementation with 3-5 weekly intra-articular
hyaluronan injections diminishes pain and disability, generally
within one week and for up to 3-6 months. Visco-supplementation
making use of Sinovial® is a valuable treatment, particularly when
other therapies are contraindicated or have failed. Intra-articular
injections of hyaluronan are approved worldwide for the mitigation
of pain associated with OA of the knee.

Hyaluronans have comparable efficacy as non-steroidal anti-
inflammatory drugs, but no gastrointestinal adverse events, and
their benefits last longer than with intra-articular corticosteroids.
In mild/moderate hip OA, intra-articular injections of hyaluronan
ameliorate pain and function, generally for up to 3 months with
no serious adverse events. Intra-articular injections of low/medium
MW hyaluronans relieve pain and improve the function of the knee,
shoulder, and the carpo-metacarpal joint of the thumb. Hyaluro-
nans in most commercial preparations have the same structure as
endogenous hyaluronan, although high molecular weight products
containing cross-linked hyaluronan (hylans) with MW 6000 kDa
exhibit greater elastoviscosity and intra-articular dwell-time.

Clinical efficacy is maintained for several months despite the
half-life of intra-articular hyaluronan being only a few days.
Hyaluronans are generally administered as a weekly injection
over a course of 3-5 weeks: the pain relief obtained gener-
ally lasts several months. It should be kept in mind that the
hyaluronan macromolecules are quite vulnerable in the presence
of hyaluronidases and in unfavorable media, and that their cos-
meceutical applications often give unsatisfactory results owing to
prompt degradation. Therefore, the lasting action of hyaluronans
injected in the knee is justified by stimulated de novo synthesis
or, even better, by stimulated proliferation of chondrocytes. It has
been suggested that exogenous hyaluronan induces the biosynthe-
sis of hyaluronan by stimulating the regenerative process within
the joint. Indeed, in studies of synoviocytes from joints of patients,
exogenous hyaluronan was related to de novo synthesis of hyaluro-
nan in vitro (Dixon, Jacoby, Berry, & Hamilton, 1988; Maheu, Ayral,
& Dougados, 2002). Also, according to Jansen et al. (2008), rab-
bits were treated with hyaluronan after receiving partial-thickness
articular cartilage wounds in the medial femoral condyle. Two days
postoperatively, in hyaluronan-treated cartilage the percentage of
dead cells was 6.7%, which was significantly lower compared to
16.2% in saline-treated cartilage. After 3 months the percentages
of dead cells in both groups were statistically similar. Hyaluronan
treatment resulted in significantly higher 35S-sulfate incorpora-
tion compared to controls. These results suggest a potential role
of hyaluronan in preventing cell death consequent to damages to
the cartilage.

3.1. Scaffolds containing both chitosan and hyaluronan

Thanks to its cationic nature, chitosan forms polyelectrolyte
complexes with a large variety of anionic polysaccharides, among
which hyaluronan (Muzzarelli, Stanic, Gobbi, Tosi, & Muzzarelli,
2004). Scaffolds of chitosan and hyaluronan in different weight
ratios have been prepared, based on the hypothesis that hyaluro-
nan could enhance structural and biological properties of the
chitosan scaffolds: they were found to be non-cytotoxic and
to promote cell adhesion. The incorporation of hyaluronan
enhanced cartilage extracellular matrix production as observed
after safranin-O and Alcian blue staining (Correia et al., 2011). Like-
wise, chitosan-hyaluronan membranes with seeded keratinocytes
indicated that chitosan and hyaluronan were compatible at the
blending ratios of interest; they had homogeneous structure, suit-
able chemical properties and biocompatibility with cells, which
implied that the polyelectrolyte complex could be used not only as
a membrane for corneal cell culture in vitro (Yao & Wu, 2011), but
also as a crosslinked injectable hydrogel for cartilage regeneration
(Tan, Wu, Lao, & Gao, 2009), besides as a scaffold with large surface
area for dental pulp regeneration (Coimbra et al., 2011). Mature
cartilage constructs regenerated with chitosan-hyaluronan scaf-
folds were implanted into 5-mm diameter osteochondral defects
in the patellar groove of rabbits. At 12 weeks after implantation,
the reparative tissues consisted of hyaline-like cartilage with stable
fusion to native cartilage and normal reconstitution of subchondral
bone. The histological score was higher than for controls in terms
of hematoxylin and eosin staining, and collagen-II immunohisto-
chemical staining. Biomechanically, the compression modulus of
reparative tissue at 12 weeks postoperatively was comparable to
that of normal articular cartilage (Kasahara et al., 2008).

Articular cartilage repair with tissue-engineered hyaline car-
tilage reconstructed in a chitosan-hyaluronan scaffold by costal
chondrocytes was obtained by Lee, Choi, Kim, Kim, and Son (2011)
who partially re-acetylated the porous chitosan scaffolds with
acetic anhydride to DA 0.60 to enhance hydrophilicity while main-
taining structural integrity and porosity. Said scaffolds with or
without hyaluronan coating were used for cartilage reconstruc-
tion in vitro: the chondrocytes within the scaffolds re-differentiated
to hyaline cartilage-like constructs, featuring GAG and collagen-II
expression and presence of lacunae. The obtained hyaline cartilage
was transplanted to full thickness cartilage defects made on the
patellar grove of rabbit knee, and was evaluated by immunohis-
tology and Wakitani’s scoring: hyaline cartilage and subchondral
bone were restored, as opposite to the fibrocartilage formed in the
control.

Gene therapy treats the causes of osteoarthritis by targeting spe-
cific pathological mechanisms; however, the transfection efficiency
of hyaluronan-chitosan nanoparticles in chondrocytes was found
inadequate (Zhang et al., 2006). As an advancement in this area,
Lu et al. (2011) reported on hyaluronan-chitosan nanoparticles as
delivery vectors capable of transferring exogenous genes into pri-
mary chondrocytes for the treatment of joint diseases; the pEGFP
was incorporated into said cationic particles (Fig. 6). Transfection
efficiency was maximized for the medium pH ca. 6.8, N/P ratio 5,
plasmid concentration of 4 pwg/ml, and chitosan MW 50kDa. The
average viability of cells transfected with said nanoparticles was
over 90%.

It is reasonable to make use of collagen to accompany
chitosan and hyaluronan in the preparation of scaffolds. Collagen-
II and hyaluronan are the two major components of the
native ECM: both provide the associated tissues with tensile
strength, and also serve for cell adhesion and growth. Lin
et al. (2009) identified the optimum ratio 9:1:1 for the man-
ufacture of collagen-hyaluronan-chitosan scaffolds. The mean
pore diameter was in the range 120-182um and decreased
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Fig. 6. Hyaluronan of low MW (<10kDa) was used at pH 5.5 and at the constant
concentration of 11.25 pg/ml, and the chitosan concentration varied (from left to
right): 5.625, 11.25, 22.5, 33.75, 45, 56.25, 67.5, and 78.25 p.g/ml. The size and zeta
potential of the nanoparticles were dependent on the composition, with a decrease
in size and an increase in the zeta potential with increasing chitosan content. At this
pH (5.5) all zeta potential values are in the positive range, owing to the prevailing
cationic nature of the polyelectrolyte complex.

Source: From Lu et al. (2011). Elsevier BV, Amsterdam.

as the chitosan quantity in the mix increased; all scaffolds
showed high pore interconnectivity, and could bind 35-40-fold
of physiological fluid without loosing shape and stability. The
enzymatic depolymerization assay demonstrated that the pres-
ence of chitosan can markedly improve the biostability of the
collagen-hyaluronan-chitosan scaffolds under EDC treatment.
Based on the amount of 4-hydroxyproline and reducing sugar
released from the various collagen-hyaluronan-chitosan scaffolds
degraded by collagenase and lysozyme for 1, 3, 5 and 7 days, a
steady increase in the biostability of the scaffolds was observed
when the chitosan concentration was increased. Absence of chi-
tosan meant extremely high susceptibility to hydrolysis: this
implies that resistance to collagenase increased along with the dose
of chitosan.

With the intention of increasing the compressive modulus,
microspheres were incorporated into scaffolds: for exam-
ple poly(lactide-co-glycolide)-based microspheres were prepared
with gelatin powder and Na hyaluronate in water: then, at room
temperature, the chitosan acetate solution was added. The PLGA
accounted for weight ratios 30, 50 and 70% of the total poly-
mer mass. The system was then crosslinked with EDC before
being frozen and freeze-dried. Chondrocytes proliferated and
secreted extracellular matrix at the same level as in the con-
trol gelatin-chitosan-hyaluronan scaffold provided that the PLGA
weight ratio did not exceed 50%, i.e. the porosity was ade-
quate (Tan, Chu, Payne, & Marra, 2009). In chitosan-hyaluronan
films manufactured layer-by-layer, polyacrylate when deposited
sparsely between the layers, disturbs the soft hyaluronan, and
forms diffusion barriers. It imparts more mechanical strength to the
rather soft hyaluronan-chitosan films. Likewise, chitin nanofibrils
255456 x 314+ 6 nm were incorporated into hyaluronan-gelatin
(Hariraksapitak & Supaphol, 2010). As for polyacrylate, it is still
unclear whether the mechanical properties are improved without
impairing their biocompatibility (Salomaki & Kankare, 2009).

Tan et al. (2010) focused on fabrication and characterization of
biomimetic surfaces with the aid of hyaluronan-chitosan multi-
layers, endowed with a surface of major extracellular matrix
components of native meniscus, namely collagen-I and -1l or chon-
droitin sulfate. The surface modification involved a hyaluronan
solution incubated with EDC/NHS for 15 min at room temperature

followed by deposition of chitosan solution to a total of 3.5 bilay-
ers: the outermost hyaluronan layer contained EDC/NHS-activated
carboxylic groups ready for covalent reaction with collagen or
chondroitin-6-sulfate. This multi-layered material was chemically
stable because all 3 polysaccharides were covalently linked to each
other, and therefore it was suitable as a biomimetic material for
phenotype-stable meniscal cell expansion. In fact, dedifferentiation
of meniscal cells (that normally occurs during monolayer expan-
sion) could be avoided by culturing the cells on said chondroitin
sulfate surfaces, as indicated by increased collagen-II and aggre-
can gene expression, proteoglycan production, and abundant lipid
vacuoles evident over an extended culture period.

4. Chondroitin sulfate scaffolds with chitosan and other
polymers

Associations of chondroitin sulfate with hyaluronan and
GIcNAc are known to repair cartilage after surgery because
chondroitin sulfate increases the synthesis of hyaluronan, glu-
cosamine and collagen-II, while inhibiting ECM degrading
enzymes (Henson, Getgood, Caborn, Mcllwraith, & Rushton, 2012).
Chitosan-chondroitin sulfate nanoparticles are recognized as vehi-
cles for protein drug delivery via endocytosis (Yeh, Cheng, Hu,
Huang, & Young, 2011); they can be reinforced by calcium chelation
(Hyland, Taraban, Hammouda, & Yu, 2011). A hydrogel containing
40% chitosan and 60% chondroitin sulfate was studied to be used
as a chondroitin sulfate carrier. The polyelectrolyte complex pre-
sented macromolecular reorganization at pH values ranging from
6 to 12; the lowest zeta potential values occurred at pH 1 and 9
but remained positive over the entire pH range (Piai, Rubira, &
Muniz, 2009). The effect of chondroitin sulfate in patients with
osteoarthritis is possibly the result of the stimulation of the syn-
thesis of proteoglycans and the decrease in catabolic activity of
chondrocytes by inhibiting the synthesis of proteolytic enzymes
and other factors that contribute to cartilage matrix damage and
cause the death of these cells. Chondroitin sulfate also exerts
anti-inflammatory activity. The comparison of the effects of chon-
droitin sulfate of different origins and levels of purity on human
osteoarthritic cartilage revealed the existence of disparate effects,
the positive ones being possibly due to its contribution to a proper
balance between anabolism and catabolism in the articular tis-
sues (Kwan Tat, Pelletier, Mineau, Duval, & Martel-Pelletier, 2010;
Martel-Pelletier, Kwan Tat, & Pelletier, 2010).

Intelligent biopolymer systems with in situ gel-forming capabil-
ity are of increasing importance in the development of therapeutic
implants and drug delivery systems. Poly(N-isopropylacrylamide)
is a thermoresponsive polymer exhibiting reversible sol-to-gel
phase transition in water, where it is soluble below its lower
critical temperature (ca. 30°C). Poly(N-isopropylacrylamide) end-
capped with a carboxyl group (PNIPAM-COOH) was grafted to
chitosan for synthesizing thermo-reversible chitosan-g-poly(N-
isopropylacrylamide), further grafted with hyaluronan to form
hyaluronan-g-chitosan-PNIPAM (Table 2) (Chen & Cheng, 2009).
Overall, rabbit articular chondrocytes and meniscal cells cultured
in hyaluronan-g-chitosan-PNIPAM hydrogels showed beneficial
effects on cell phenotypic morphology, proliferation, and differ-
entiation. This should be a favorable consequence of the change
of surface potential from positive to moderately negative (—9.35,
Table 2).

In fact, the surface potential values of pure hyaluronan and pure
chitosan were —47.8+1.7mV and +11.34+0.3mV, respectively.
Progressive tissue formation was demonstrated by monotonic
increase in extracellular matrix amounts and mechanical prop-
erties (Chen & Cheng, 2009). Likewise, chitosan-poly(butylene
succinate) scaffolds were assayed by using bovine articular



R.A.A. Muzzarelli et al. / Carbohydrate Polymers 89 (2012) 723-739 735

Table 2

Properties of PNIPAM-COOH, chitosan-g-PMIPAM and hyaluronan-g-chitosan-PNIPAM.

Polymers aGrafting ratio MW (kDa) Yield (%) Potential (mV)
PNIPAM-COOH - 21 73 -3.26 + 0.39
Chitosan-g-PNIPAM 46 1120 67 +8.64 £+ 0.56
Hyaluronan-g-chitosan-PNIPAM 27 32200 94 -9.35 + 1.17

(Modified from Chen & Cheng, 2009).

All experiments were conducted at room temperature with 1% (w/v) polymers in water.

3 Number of PNIPAM-COOH chains grafted onto each chitosan macromolecule, or the number of chitosan-g-PNIPAM chains grafted onto each hyaluronan macromolecule.

b Calculated from end-group titration or from grafting ratio, and expressed in kDa.

chondrocytes: thanks to suitable pore size and geometry, the for-
mation of cartilagineous tissue took place. Cells colonized the entire
scaffolds and were able to produce ECM; GAG production was
enhanced by stirring (M.L.A. Da Silva et al., 2010).

5. Conclusion

The keys to the comprehension of the exciting advances made
during the last quinquennium are the chemical manufacture of
porous scaffolds made of hyaluronan and chitosan, the biological
functionality imparted by growth factors, and the tissue gener-
ation achieved via induced stem cells from a variety of sources.
The engineered functional hyaline cartilage that meets specific
mechanical requirements, and the study of cell populations capable
of synthesizing ECM with appropriate composition and structure
made it possible to circumvent the obstacle represented by the
fibrous nature of the repair cartilage obtained in early therapeutic
approaches.

The planning of a scaffold today takes into consideration aspects
relevant to chemistry, biochemistry, material science, orthopedics
and surgery. Porous chitosan xerogels are easily manufactured
with advanced technologies that permit control over surface area
and pore size, two key parameters for maximum compatibil-
ity. Scaffolds with or without hyaluronan were used for cartilage
reconstruction in vitro: the chondrocytes within the scaffolds
re-differentiated to hyaline cartilage-like constructs, featuring
presence of lacunae and expressing GAG and collagen-II. The hya-
line cartilage and subchondral bone can be restored, as opposite to
the fibrocartilage formed in the control.

The implantation of chitosan hydrogels without chondrocytes
also helps repair cartilage defects: this surprising finding parallels
the documented capacity of hyaluronan hydrogels to stimulate car-
tilage growth for a relatively long period, notwithstanding their
susceptibility to depolymerization by hyaluronidases. In fact, the
injection of hyaluronan into osteoarthritic joints is reported to
restore the viscoelasticity of the synovial fluid, augment the flow of
the joint fluid, normalize endogenous hyaluronan synthesis, inhibit
hyaluronan degradation, reduce joint pain, and improve joint func-
tion. Clinical efficacy is maintained for months despite the half-life
of intra-articular hyaluronan being only a few days. The lasting
action of hyaluronans injected in the knee is justified by stimulated
de novo synthesis or by stimulated proliferation of chondrocytes.

Chitosan exhibits a number of properties favorable for use in
cartilage regeneration and repair, particularly when in admixture
or chemically linked to fibroin, gelatin and collagen, or combined
with safe man-made polymers such as PEO and PCL, or in the form
of polyelectrolyte complexes with hyaluronan and chondroitin sul-
fate, as testified by many research groups.

One of the recent approaches involves the seeding of chondro-
cytes in a hyaluronan scaffold, resulting in pre-differentiation of
cells in vitro, suitability for arthroscopic implantation, and implant
stability. On the other hand, chitosan induces the chondrogenic
differentiation of the human bone marrow mesenchymal stem
cells; it preserves the round morphology of chondrocytes, and

their capacity to synthesize cell-specific extracellular matrix.
Thanks to the inherent high biochemical significance of chitosan,
gene therapy supported by the use of chitosan-hyaluronan hybrid
vectors will certainly develop, in consideration of the excellent
transfection efficiency so far obtained.

Bioreactors represent an attractive tool to enhance the bio-
chemical and mechanical properties of the engineered tissues by
providing adequate mass transfer and physical stimuli. Concaro,
Gustavson, and Gatenholm (2009) expressed the view that devel-
opment of automatic culture systems and non-invasive monitoring
of matrix production will take place soon, and will improve the
qualitative and economical aspects of said biochemical products.

Acknowledgments

This article has been conceived and completed as a spontaneous
and independent initiative of the authors, with no financial support.
Thanks are due to Dr. Marilena Falcone for assistance in handling
the bibliographic information, and to Mrs. Maria Weckx for assis-
tance in the preparation of the manuscript.

References

Abarrategi, A., Lopiz-Morales, Y., Ramos, V., Civantos, A., Lopez-Duran, L., Marco, F.,
et al. (2010). Chitosan scaffolds for osteochondral tissue regeneration. Journal of
Biomedical Materials Research, A-95, 1132-1141.

Adams, M. E., Atkinson, M. H., Lussier, A. J., Schulz, J. I, Siminovitch, K. A., Wade, ]. P.,
et al. (1995). The role of viscosupplementation with hylan G-F 20 (Synvisc®) in
the treatment of osteoarthritis of the knee: A Canadian multicenter trial com-
paring hylan G-F 20 alone, hylan G-F 20 with non-steroidal anti-inflammatory
drugs (NSAID) and NSAID alone. Osteoarthritis and Cartilage, 3, 213-225.

Almond, A. (2007). Hyaluronan. Cellular and Molecular Life Sciences, 64, 1591-1596.

Arkill, K. P., & Winlove, C. P. (2008). Solute transport in the deep and calcified zones
of articular cartilage. Osteoarthritis and Cartilage, 16, 708-714.

Arnoczky, S. P., & Warren, R. F. (1982). Microvasculature of the human meniscus.
American Journal of Sports Medicine, 10, 90-95.

Balakrishnan, B., & Banerjee, R. (2011). Biopolymer-based hydrogels for cartilage
tissue engineering. Chemical Reviews, 111, 4453-4474.

Balazs, E. A., & Denlinger, J. L. (1993). Viscosupplementation: A new concept in the
treatment of osteoarthritis. Journal of Rheumatology, 39, 4-9.

Beris, A. E., Lykissas, M. G., Papageorgiou, C. D., & Georgoulis, A. D. (2005). Advances
in articular cartilage repair. Injury, 36, 14-23.

Bhardwaj, N.,, & Kundu, S. C. (2010). Electrospinning: A fascinating fiber fabrication
technique. Biotechnology Advances, 28, 325-347.

Bhardwaj, N., & Kunduy, S. C. (2011). Silk fibroin protein and chitosan polyelectrolyte
complex porous scaffolds for tissue engineering applications. Carbohydrate Poly-
mers, 85, 325-333.

Bhardwaj, N., Nguyen, Q. T., Chen, A. C,, Kaplan, D. L, Sah, R. L, & Kunduy, S. C.
(2011). Potential of 3-D tissue constructs engineered from bovine chondro-
cytes/silk fibroin-chitosan for in vitro cartilage tissue engineering. Biomaterials,
32,5773-5781.

Brittberg, M., & Gersoff, W. (2010). Cartilage surgery. Oxford: Elsevier.

Cancedda, R., Dozin, B., Giannoni, P., & Quarto, R. (2003). Tissue engineering and cell
therapy of cartilage and bone. Matrix Biology, 22, 81-91.

Chandran, P. L., & Horkay, F. (2012). Aggrecan, an unusual polyelectrolyte: Review
of solution behavior and physiological implication. Acta Biomaterialia, 8, 3-12.

Chen, J., Chen, H., Li, P., Diao, H., Zhu, S., Dong, L., et al. (2011). Simultaneous regen-
eration of articular cartilage and subchondral bone in vivo using MSCs induced
by a spatially controlled gene delivery system in bilayered integrated scaffolds.
Biomaterials, 32, 4793-4805.

Chen, J. P., & Cheng, T. H. (2009). Preparation and evaluation of thermo-reversible
copolymer hydrogels containing chitosan and hyaluronic acid as injectable cell
carriers. Polymer, 50, 107-116.



736 R.A.A. Muzzarelli et al. / Carbohydrate Polymers 89 (2012) 723-739

Chen, J. P, Liao, H. T., & Cheng, T. H. (2011). Cultivation of chondrocytes and menis-
cus cells in thermo-responsive hydrogels containing chitosan and hyaluronic
acid under mechanical tensile stimulation. Journal of Mechanics in Medicine and
Biology, 11, 1003-1015.

Chen, R. H. (2008). Preparation, characteristics and applications of chitinous hydro-
gels. Transactions of the Materials Research Society of Japan, 33, 417-423.

Cheng, Y. H, Yang, S. H, & Lin, F. H. (2011). Thermosensitive
chitosan-gelatin-glycerol phosphate hydrogel as a controlled release
system of ferulic acid for nucleus pulposus regeneration. Biomaterials, 32,
6953-6961.

Chenite, A., Chaput, C., Wang, D., Combes, C., Buschmann, M. D., Hoemann, C. D.,
et al. (2000). Novel injectable neutral solutions of chitosan form biodegradable
gels in situ. Biomaterials, 21, 2155-2161.

Chevrier, A., Hoemann, C. D., Sun, J., & Buschmann, M. D. (2011). Temporal and
spatial modulation of chondrogenic foci in subchondral microdrill holes by
chitosan-glycerol phosphate/blood implants. Osteoarthritis and Cartilage, 19,
136-144.

Cho, Y., & Ben Borgens, R. (2012). Polymer and nano-technology applications for
repair and reconstruction of the central nervous system. Experimental Neurology,
233,126-144.

Chun, H. J., Kim, G. W., & Kim, C. H. (2008). Fabrication of porous chitosan scaffold
in order to improve biocompatibility. Journal of Physics and Chemistry of Solids,
69, 1573-1576.

Chung, C., & Burdick, J. A. (2008). Engineering cartilage tissue. Advances in Drug
Delivery Reviews, 60, 243-262.

Chung, C., Erickson, I. E., Mauck, R. L, & Burdick, J. A. (2008). Differential behav-
ior of auricular and articular chondrocytes in hyaluronic acid hydrogels. Tissue
Engineering, A-14, 1121-1131.

Chung, T. W., & Chang, Y. L. (2010). Silk fibroin-chitosan-hyaluronic acid versus silk
fibroin scaffolds for tissue engineering: Promoting cell proliferations in vitro.
Journal of Materials Science: Materials in Medicine, 21, 1343-1351.

Clark, C. R, & Ogden, ]. A. (1983). Development of the menisci of the human knee
joint. Morphological changes and their potential role in childhood meniscal
injury. Journal of Bone and Joint Surgery, 65, 538-547.

Coimbra, P., Alves, P., Valente, T. A. M., Santos, R., Correia, 1. ]., & Ferreira, P. (2011).
Sodium hyaluronate-chitosan polyelectrolyte complex scaffolds for dental pulp
regeneration: Synthesis and characterization. International Journal of Biological
Macromolecules, 49, 573-579.

Concaro, S., Gustavson, F., & Gatenholm, P. (2009). Bioreactors for tissue engineering
of cartilage. Bioreactor Systems for Tissue Engineering, 112, 125-143.

Correia, C. R,, Moreira-Teixeira, L. S., Moroni, L., Reis, R. L., van Blitterswijk, C. A.,
Karperien, M., et al. (2011). Chitosan scaffolds containing hyaluronic acid for
cartilage tissue engineering. Tissue Engineering, C-17, 717-730.

Coyle, C. H., Izzo, N. ]., & Chu, C. R. (2009). Sustained hypoxia enhances chondrocyte
matrix synthesis. Journal of Orthopaedic Research, 27, 793-799.

Da Silva, C. A, Pochard, P., Lee, C. G., & Elias, J. A. (2010). Chitin particles are mul-
tifaceted immune adjuvants. American Journal of Respiratory and Critical Care
Medicine, 182, 1482-1491.

DaSilva, M. L. A, Martins, A., Costa-Pinto, A. R, Correlo, V. M., Sol, P., Bhattacharya, M.,
et al. (2011). Chondrogenic differentiation of human bone marrow mesenchy-
mal stem cells in chitosan-based scaffolds using a flow-perfusion bioreactor.
Journal of Tissue Engineering and Regenerative Medicine, 5, 722-732.

Da Silva, M. L. A, Crawford, A., Mundy, ]J. M., Correlo, V. M., Sol, P., Bhattacharya,
M, et al. (2010). Chitosan/polyester-based scaffolds for cartilage tissue engi-
neering: Assessment of extracellular matrix formation. Acta Biomaterialia, 6,
1149-1157.

Dixon, A.S.,Jacoby, R. K., Berry, H., & Hamilton, E. B. (1988). Clinical trial of intraartic-
ular injection of sodium hyaluronate in patients with osteoarthritis of the knee.
Current Medical Research Opinions, 11,205-213.

Dutta, P. K., Rinki, K., & Dutta, J. (2011). Chitosan: A challenging biomaterial for tissue
engineering scaffolds. InR. Jayakumar, A. Prabaharan, & R. A. A. Muzzarelli (Eds.),
Advances in polymer science: Chitosan for biomaterials. Berlin: Springer-Verlag
(Ch. 11).

Edouard, P., Rannou, F., & Coudeyre, E. (2011). Hyaluronic acid in orthopaedic knee
injuries: Basic evidence of efficacy. Lettres Médicales de Physiologie de la Réadap-
tation, 27, 41-45 (in French).

Egli, R. J., Wernike, E., Grad, S., & Luginbuhl, R. (2011). Physiological cartilage tissue
engineering: Effect of oxygen and biomechanics. International Review of Cell and
Molecular Biology, 289, 37-87.

Egli, R.]., Bastian, J. D., Ganz, R., Hofstetter, W., & Leunig, M. (2008). Hypoxic expan-
sion promotes the chondrogenic potential of articular chondrocytes. Journal of
Orthopedic Research, 26, 977-985.

Frenkel, S.R., Bradica, G., Brekke, J. H., Goldman, S. M., leska, K., Issack, P., et al. (2005).
Regeneration of articular cartilage: Evaluation of osteochondral defect repair in
the rabbit using multiphasic implants. Osteoarthritis and Cartilage, 13, 798-807.

Garg, H. G., & Hales, C. A. (Eds.). (2004). Chemistry and biology of hyaluronan. (pp.
475-504). Amsterdam: Elsevier.

Getgood, A., Brooks, R., Fortier, L., & Rushton, N. (2009). Articular cartilage tissue
engineering: Today’s research, tomorrow’s practice. Journal of Bone and jJoint
Surgery, B-91, 565-576.

Gigante, A., & Callegari, L. (2011). The role of intra-articular hyaluronan (Sinovial®)
in the treatment of osteoarthritis. Rheumatology International, 31, 427-444.
Gomis, A, Miralles, A., Schmidt, R. F., & Belmonte, C. (2009). Intra-articular injections
of hyaluronan solutions of different elastoviscosity reduce nociceptive nerve
activity in a model of osteoarthritic knee joint of the guinea pig. Osteoarthritis

and Cartilage, 17, 798-804.

Gong, Z.C., Xiong, H., Long, X., Wei, L. L., Li,]. A, Wu, Y., et al. (2010). Use of synovium-
derived stromal cells and chitosan/collagen type I scaffolds for cartilage tissue
engineering. Biomedical Materials, 5, 217-225.

Green, D. W., Li, G., Milthorpe, B., & Ben-Nissan, B. (2012). Adult stem cell coatings
for regenerative medicine. Materials Today, 15, 60-66.

Han, Y. S., Wei, Y. Y., Wang, S. S., & Song, Y. (2009). Enhanced chondrogenesis of
adipose-derived stem cells by the controlled release of transforming growth
factor-beta 1 from hybrid microspheres. Gerontology, 55, 592-599.

Han, Y. S., Wei, Y. Y., Wang, S. S., & Song, Y. (2010). Cartilage regeneration using
adipose-derived stem cells and the controlled-released hybrid microspheres.
Joint, Bone, Spine, 77, 27-31.

Hao, T., Wen, N., Cao, J. K., Wang, H. B, Lu, S. H,, Liy, T, et al. (2010). The support
of matrix accumulation and the promotion of sheep articular cartilage defects
repair in vivo by chitosan hydrogels. Osteoarthritis and Cartilage, 18, 257-265.

Hariraksapitak, P., & Supaphol, P. (2010). Preparation and properties of a-chitin-
whisker-reinforced hyaluronan-gelatin nanocomposite scaffolds. Journal of
Applied Polymer Science, 117, 3406-3418.

Hasegawa, M., Nakoshi, Y., Tsujii, M., Sudo, A., Masuda, H., & Yoshida, T. (2008).
Changes in biochemical markers and prediction of effectiveness of intra-
articular hyaluronan in patients with knee osteoarthritis. Osteoarthritis and
Cartilage, 16, 526-529.

Henson, F. M. D., Getgood, A. M. ]., Caborn, D. M., Mcllwraith, C. W., & Rushton,
N. (2012). Effect of a solution of hyaluronic acid—chondroitin sulfate-N-acetyl
glucosamine on the repair response of cartilage to single-impact load damage.
American Journal of Veterinary Research, 73, 306-312.

Herwig, J., Egner, E., & Buddecke, E. (1984). Chemical changes of human knee joint
menisci in various stages of degeneration. Annals of Rheumatic Diseases, 43,
635-640.

Hillel, A., Shah, P., & Elisseeff, J. (2007). Hydrogels in cell encapsulation and tissue
engineering. In M. Jenkins (Ed.), Biomedical polymers (pp. 57-82). Boca Raton:
Woodhead.

Hoemann, C. D., Sun, ]., Légaré, A., McKee, M. D., & Buschmann, M. D. (2005). Tissue
engineering of cartilage using an injectable and adhesive chitosan-based cell-
delivery vehicle. Osteoarthritis and Cartilage, 13, 318-329.

Hoemann, C. D, Sun, ]J., Mckee, M. D., Chevrier, A., Rossomacha, E., Rivard, G. E.,
etal.(2007). Chitosan-glycerol phosphate-blood implants elicit hyaline cartilage
repair integrated with porous subchondral bone in microdrilled rabbit defects.
Osteoarthritis and Cartilage, 15, 78-89.

Hook, L. (2011). High throughput stem cell technologies. Innovations in Pharmaceu-
tical Technologies, 39, 70-74.

Horkay, F., Basser, P. J., Hecht, A. M., & Geissler, E. (2011). Hierarchical organization
of cartilage proteoglycans. Macromolecular Symposia, 306-307, 11-17.

Hrabchak, C., Rouleau, ]J., Moss, 1., Woodhouse, K., Akens, M., Bellingham, C., et al.
(2010). Assessment of biocompatibility and initial evaluation of genipin cross-
linked elastin-like polypeptides in the treatment of an osteochondral knee defect
in rabbits. Acta Biomaterialia, 6, 2108-2115.

Hsu, S. H., Whu, S. W., Hsieh, S. C, Tsai, C. L., Chen, D. C,, & Tan, T. S. (2004).
Evaluation of chitosan-alginate-hyaluronate complexes modified by an RGD-
containing protein as tissue-engineering scaffolds for cartilage regeneration.
Artificial Organs, 28, 693-703.

Hunziker, E. B. (2002). Articular cartilage repair: Basic science and clinical progress.
A review of the current status and prospects. Osteoarthritis and Cartilage, 10,
432-463.

Hyland, L. L., Taraban, M. B., Hammouda, B., & Yu, Y. B. (2011). Mutually reinforced
multicomponent polysaccharide networks. Biopolymers, 95, 840-851.

Iwasaki, N., Kasahara, Y., Yamane, S., Igarashi, T., Minami, A., & Nisimura, S. . (2011).
Chitosan-based hyaluronic acid hybrid polymer fibers as a scaffold biomaterial
for cartilage tissue engineering. Polymers, 3, 100-113.

Iwasaki, N., Yamane, S. T., Majima, T., Kasahara, Y., Minami, A., Harada, K,
et al. (2004). Feasibility of polysaccharide hybrid materials for scaffolds in
cartilage tissue engineering: Evaluation of chondrocyte adhesion to polyion
complex fibers prepared from alginate and chitosan. Biomacromolecules, 5,
828-833.

Jansen, E.]. P.,,Emans, P.]., Douw, C. M., Guldemond, N. A., Van Rhijn, L. W., Bulstra, S.
K., et al. (2008). One intra-articular injection of hyaluronan prevents cell death
and improves cell metabolism in a model of injured articular cartilage in the
rabbit. Journal of Orthopaedic Research, 26, 624-630.

Jayakumar, R., Chennazhi, K. P., Srinivasan, S., Nair, S. V., Furuike, T., & Tamura, H.
(2011). Chitin scaffolds in tissue engineering. International Journal of Molecular
Sciences, 12, 1876-1887.

Jayakumar, R., Prabaharan, M., Nair, S. V., & Tamura, H. (2010). Novel chitin and
chitosan nanofibers in biomedical applications. Biotechnology Advances, 28,
142-150.

Jiang, T., Kumbar, S. G., Nair, L. S., & Laurencin, C. T. (2008). Biologically active chi-
tosan systems for tissue engineering and regenerative medicine. Current Topics
in Medicinal Chemistry, 8, 354-364.

Jin, R, Teixeira, L. S. M., Dijkstra, P. J., Karperien, M., van Blitterswijk, C. A., Zhong,
Z.Y., et al. (2009). Injectable chitosan-based hydrogels for cartilage tissue engi-
neering. Biomaterials, 30, 2544-2551.

Jollés, P., & Muzzarelli, R. A. A. (Eds.). (1999). Chitin and chitinases. Basel: Birkhauser.

Kamiya, N., & Mishina, Y. (2011). New insights in the roles of BMP signaling in bone:
A review. Biofactors, 37, 75-82.

Kariya, H., Yoshihara, Y., Nakao, Y., Sakurai, N., Ueno, M., Hashimoto, M., et al. (2010).
Carboxymethyl-chitin promotes chondrogenesis by inducing the production of
growth factors from immune cells. Journal of Biomedical Materials Research, A-94,
1034-1041.



R.A.A. Muzzarelli et al. / Carbohydrate Polymers 89 (2012) 723-739 737

Kasaai, M. R. (2009). Chitosan: A review. Journal of Agricultural and Food Chemistry,
57,1667-1676.

Kasahara, Y., Iwasaki, N., Yamane, S., Igarashi, T., Majima, T., Nonaka, S., et al. (2008).
Development of mature cartilage constructs using novel three-dimensional
porous scaffolds for enhanced repair of osteochondral defects. Journal of Biomed-
ical Materials Research, A-86, 127-136.

Kennedy, ]. F., & White, C. A.(1983). Bioactive carbohydrates in chemistry, biochemistry
and biology. New York: Ellis Horwood.

Keong, L. C., & Halim, A. S. (2009). In vitro models in biocompatibility assessment
for biomedical-grade chitosan derivatives in wound management. International
Journal of Molecular Sciences, 10, 1300-1313.

Kim, D. D., Kim, D. H., & Son, Y. J. (2011). Three-dimensional porous scaffold of
hyaluronic acid for cartilage tissue engineering. Active Implants and Scaffolds
for Tissue Regeneration, 8, 329-349.

Kim, L. L., Mauck, R. L., & Burdick, J. A. (2011). Hydrogel design for cartilage tissue
engineering: A case study with hyaluronic acid. Biomaterials, 32, 8771-8782.

Kim, S., Tsao, H., Kang, Y. Q., Young, D. A,, Sen, M., Wenke, ]. C,, et al. (2011). In vitro
evaluation of an injectable chitosan gel for sustained local delivery of BMP-2
for osteoblastic differentiation. Journal of Biomedical Materials Research, 99-B,
380-390.

Kim, S. E., Park, J. H,, Cho, Y. W,, Chung, H., Jeong, S. Y., Lee, E. B., et al. (2003). Porous
chitosan scaffold containing microspheres loaded with transforming growth
factor-betal: Implications for cartilage tissue engineering. Journal of Controlled
Release, 91, 365-374.

Kim, S. K., Ravichandran, Y. D., Khan, S. B., & Kim, Y. T. (2008). Prospective of the
cosmeceuticals derived from marine organisms. Biotechnology and Bioprocess
Engineering, 13,511-523.

Kim, Y. K., Jiang, H. L., Choi, Y. ]., Park, I. K., Cho, M. H., & Cho, C. S. (2011). Polymeric
nanoparticles of chitosan derivatives as DNA and siRNA carriers. In R. Jayakumar,
R. A. A. Muzzarelli, & M. Prabaharan (Eds.), Chitosan for biomaterials (pp. 1-21).
Berlin: Springer-Verlag.

Klossner, R. R., Queen, H. A., Coughlin, A. J., & Krause, W. E. (2008). Correlation of
chitosan rheological properties and its ability to electrospin. Biomacromolecules,
9,2947-2953.

Kogan, G., Soltes, L., Stern, R., Schiller, J., & Mendichi, R. (2008). Hyaluronic acid: Its
function and degradation in in vivo systems. In A. U. Rahman (Ed.), Studies in
natural products chemistry (pp. 789-882).

Kong, H., & Mooney, D. J. (2005). Polysaccharide-based hydrogel in tissue engineer-
ing. In S. Dumitriu (Ed.), Polysaccharides (2nd ed., Vol. 34, pp. 817-837). New
York: Marcel Dekker.

Kumar, R. H. M. N., Muzzarelli, R. A. A., Muzzarelli, C., Sashiwa, H., & Domb, A. J.
(2004). Chitosan chemistry and pharmaceutical perspectives. Chemical Reviews,
104, 6017-6084.

Kuo, Y. C., & Wang, C. C. (2011). Surface modification with peptide for enhancing
chondrocyte adhesion and cartilage regeneration in porous scaffolds. Colloids
and Surfaces, B-84, 63-70.

Kuo, Y. C, & Hsu, Y. R. (2009). Tissue-engineered polyethylene oxide/chitosan
scaffolds as potential substitutes for articular cartilage. Journal of Biomedical
Materials Research, A-91, 277-287.

Kuo, Y. C., & Leou, S. N. (2010). Chondrogenesis of articular chondrocytes in
hydroxyapatite/chitin/chitosan scaffolds supplemented with pituitary extract.
Engineering in Life Sciences, 10, 65-74.

Kurita, K. (2006). Chitin and chitosan: Functional biopolymers from marine crus-
taceans. Marine Biotechnology, 8, 203-226.

Kwan Tat, S., Pelletier, ]. P., Mineau, F., Duval, N., & Martel-Pelletier, ]. (2010). Variable
effects of three different chondroitin sulfates on human osteoarthritic cartilage:
Relevance of origin, purity and production process. Journal of Rheumatology, 37,
656-664.

Laurent, T. C. (Ed.). (1998). The chemistry, biology and medical applications of hyaluro-
nan and its derivatives. London: Portland Press.

Lee, ]., Choi, Y.].,Kim, C. H.,Kim, H. Y., & Son, Y. (2011). Articular cartilage repair with
tissue-engineered hyaline cartilage reconstructed in a chitosan-hyaluronic acid
scaffold by costal chondrocytes. Tissue Engineering and Regenerative Medicine, 8,
446-453.

Lee, K. Y., Jeong, L., Kang, Y. O., Lee, S. ]., & Park, W. H. (2009). Electrospinning of
polysaccharides for regenerative medicine. Advanced Drug Delivery Reviews, 61,
1020-1032.

Lee, S. H., & Shin, H. (2007). Matrices and scaffolds for delivery of bioactive molecules
in bone and cartilage tissue engineering. Advanced Drug Delivery Reviews, 59,
339-359.

Lee, S. Y., Pereira, B. P, Yusof, N., Selvaratnam, L., Yu, Z., Abbas, A. A,, et al. (2009).
Unconfined compression properties of a porous poly(vinyl alcohol)-chitosan-
based hydrogel after hydration. Acta Biomaterialia, 5, 1919-1925.

Li, J. J., Zhao, Q., Wang, E. B, Zhang, C. H., Wang, G. B., & Yuan, Q. (2012). Dynamic
compression of rabbit adipose-derived stem cells transfected with insulin-like
growth factor 1 in chitosan/gelatin scaffolds induces chondrogenesis and matrix
biosynthesis. Journal of Cellular Physiology, 227, 2003-2012.

Li, N. G., Shi, Z. H,, Tang, Y. P., Wang, Z. ]., Song, S. L., Qian, L. H,, et al. (2011). New
hope for the treatment of osteoarthritis through selective inhibition of MMP-13.
Current Medicinal Chemistry, 18, 977-1001.

Li, Y. A., Matsuda, N., Bao, X. X., Teramoto, A., & Abe, K. (2010). The development
of gelatin/chitosan hybrid scaffold for mouse embryonic stem cell line ATDC5.
Multi-Functional Materials and Structures, I[I(Pts 1-2), 123-125, 395-398.

Lin, Y. C, Tan, F. J., Marra, K. G., Jan, S. S., & Liu, D. C. (2009). Synthesis and char-
acterization of collagen/hyaluronan/chitosan composite sponges for potential
biomedical applications. Acta Biomaterialia, 5, 2591-2600.

Liu, L, Liu, Y.F, Li,]. H,, Du, G. C.,,& Chen, ]. (2011). Microbial production of hyaluronic
acid: Current state, challenges, and perspectives. Microbial Cell Factories, 10,
99-124.

Liu, S. Q. Qiu, B., Chen, L. Y., Peng, H., & Du, Y. M. (2005). The effects of car-
boxymethylated chitosan on metalloproteinase-1,-3 and tissue inhibitor of
metalloproteinase-1 gene expression in cartilage of experimental osteoarthritis.
Rheumatology International, 26, 52-57.

Lord, M. S., Cheng, B., McCarthy, S. ]., Jung, M., & Whitelock, J. M. (2011). The mod-
ulation of platelet adhesion and activation by chitosan through plasma and
extracellular matrix proteins. Biomaterials, 32, 6655-6662.

Lu, H. D., Zhao, H. Q., Wang, K., & Lv, L. L. (2011). Novel hyaluronic acid-chitosan
nanoparticles as non-viral gene delivery vectors targeting osteoarthritis. Inter-
national Journal of Pharmaceutics, 420, 358-365.

Ly, J. X., Prudhommeausx, F., Meunier, A., Sedel, L., & Guillemin, G. (1999). Effects of
chitosan on rat knee cartilages. Biomaterials, 20, 1937-1944.

Maheu, E., Ayral, X., & Dougados, M. (2002). A hyaluronan preparation (500-730 kDa)
in the treatment of osteoarthritis: A review of clinical trials with hyalgan. Inter-
national Journal of Clinical Practice, 56, 804-813.

Makris, E. A., Hadidi, P., & Athanasiou, K. A. (2011). The knee meniscus: Structure,
function, pathophysiology, current repair techniques, and prospects for regen-
eration. Biomaterials, 32, 7411-7431.

Malafaya, P. B., Oliveira, J. T., & Reis, R. L. (2010). The effect of insulin-loaded chitosan
particle-aggregated scaffolds in chondrogenic differentiation. Tissue Engineering,
A-16,735-747.

Malda, ., Woodfield, T. B., van der Vloodt, F., Wilson, C., Martens, D. E., Tramper, J.,
et al. (2005). The effect of PEGT/PBT scaffold architecture on the composition of
tissue engineering cartilage. Biomaterials, 26, 63-72.

Marchand, C., Chen, G. P., Tran-Khanh, N., Sun, ]., Chen, H. M., Buschmann, M. D.,
et al. (2012). Microdrilled cartilage defects treated with thrombin-solidified
chitosan/blood implant regenerate a more hyaline, stable, and structurally inte-
grated osteochondral unit compared to drilled controls. Tissue Engineering, A-18,
508-519.

Marchand, C., Rivard, G. E., Sun, J., & Hoemann, C. D. (2009). Solidification mech-
anisms of chitosan-glycerol phosphate/blood implant for articular cartilage
repair. Osteoarthritis and Cartilage, 17, 953-960.

Marimuthu, M., & Kim, S. (2009). Survey of the state of the art in biomaterials,
cells, genes and proteins integrated into micro- and nanoscaffolds for tissue
regeneration. Current Nanoscience, 5, 189-203.

Marshall, K. W. (2003). Intra-articular hyaluronan therapy. Foot and Ankle Clinics of
North America, 8, 221-232.

Martel-Pelletier, ]J., Kwan Tat, S., & Pelletier, J. P. (2010). Effects of chondroitin
sulfate in the pathophysiology of the osteoarthritic joint: A narrative review.
Osteoarthritis and Cartilage, 18, S7-S11.

Mattioli-Belmonte, M., Gigante, A., Muzzarelli, R. A. A,, Politano, R., De Benedittis,
A., Specchia, N,, et al. (1999). N,N-Dicarboxymethyl chitosan as delivery agent
for bone morphogenetic protein in the repair of articular cartilage. Medical &
Biological Engineering & Computing, 37, 130-134.

Mattioli-Belmonte, M., Nicoli-Aldini, N., DeBenedittis, A., Sgarbi, G., Amati, S., Fini,
M., et al. (1999). Morphological study of bone regeneration in the presence of
6-oxychitin. Carbohydrate Polymers, 40, 23-27.

Merceron, C., Vinatier, C., Clouet, ]., Colliec-Jouault, S., Weiss, P., & Guicheux, ]. (2008).
Adipose-derived mesenchymal stem cells and biomaterials for cartilage tissue
engineering. Joint Bone Spine, 75, 672-674.

Milas, M., & Rinaudo, M. (2005). Characterization and properties of hyaluronan. In S.
Dumitriu (Ed.), Polysaccharides (2nd ed., pp. 535-550). New York: Marcel Dekker.

Millner, R., Lockhart, A. S., & Marr, R. (2010). Chitosan arrests bleeding in major
hepatic injuries with clotting dysfunction: An in vivo experimental study in a
model of hepatic injury in the presence of moderate systemic heparinisation.
Annals of The Royal College of Surgeons of England, 92, 559-561.

Mow, V. C,, Ratcliffe, A., & Poole, A. R. (1992). Cartilage and diarthrodial joints as
paradigms for hierarchical materials and structures. Biomaterials, 13, 67-97.
Muise-Helmericks, R. C., Demcheva, M., Vournakis, J. N., & Seth, A. (2011). Poly-N-
acetyl glucosamine fibers activate bone regeneration in a rabbit femur injury

model. Journal of Trauma-Injury Infection and Critical Care, 71, S194-S196.

Muzzarelli, C., Stanic, V., Gobbi, L., Tosi, G., & Muzzarelli, R. A. A. (2004). Spray-drying
of solutions containing chitosan together with polyuronans and characterisation
of the microspheres. Carbohydrate Polymers, 57, 73-82.

Muzzarelli, R. A. A. (1977). Chitin. Oxford: Pergamon Press.

Muzzarelli, R. A. A. (1993). Biochemical significance of exogenous chitins and chi-
tosans in animals and patients. Carbohydrate Polymers, 20, 7-16.

Muzzarelli, R. A. A. (2010). Chitins and chitosans as immunoadjuvants and non-
allergenic drug carriers. Marine Drugs, 8, 292-312.

Muzzarelli, R. A. A. (2011a). Chitin nanostructures in living organisms. In S. N. Gupta
(Ed.), Chitin formation and diagenesis. New York: Springer.

Muzzarelli, R. A. A. (2011b). Review: Biomedical exploitation of chitin and chitosan
viamechano-chemical disassembly, electrospinning, dissolution inimidazolium
ionic liquids, and supercritical drying. Marine Drugs, 9, 1510-1533.

Muzzarelli, R. A. A. (2011c). Chitosan composites with inorganics, morphogenetic
proteins and stem cells, for bone regeneration. Carbohydrate Polymers, 83,
1433-1445.

Muzzarelli, R. A. A. (2011d). New techniques for optimization of surface area and
porosity in nanochitins and nanochitosans. In R. Jayakumar, A. Prabaharan, & R.
A. A. Muzzarelli (Eds.), Advances in polymer science: Chitosan for biomaterials (pp.
167-186). Berlin: Springer-Verlag.

Muzzarelli, R. A. A. (2011e). Chemical and technological advances in chitins and
chitosans useful for the formulation of biopharmaceuticals. In B. Sarmento, &



738 R.A.A. Muzzarelli et al. / Carbohydrate Polymers 89 (2012) 723-739

J. DasNeves (Eds.), Chitosan-based systems for biopharmaceuticals. New York:
Wiley.

Mugzzarelli, R. A. A., & Muzzarelli, B. B. (1998). Structural and functional versatility
of chitins. In S. Dumitriu (Ed.), Polysaccharides: Structural diversity and functional
versatility of polysaccharides (pp. 569-594). New York: Marcel Dekker.

Muzzarelli, R. A. A., & Muzzarelli, C. (2009). Chitin and chitosan hydrogels. In G. O.
Phillips, & P. A. Williams (Eds.), Handbook of hydrocolloids (2nd ed., Vol. 2, pp.
849-888). Cambridge, UK: Woodhead Publishing Ltd.

Muzzarelli, R. A. A., Bicchiega, V., Biagini, G., Pugnaloni, A., & Rizzoli, R. (1992). Role
of N-carboxybutyl chitosan in the repair of the meniscus. Journal of Bioactive &
Compatible Polymers, 7, 130-148.

Mugzzarelli, R. A. A, Boudrant, J., Meyer, D., Manno, N., DeMarchis, M., & Paoletti,
M. G. (2012). Current views on fungal chitin/chitosan, human chitinases, food
preservation, glucans, pectins and inulin: A tribute to Henri Braconnot, precursor
of the carbohydrate polymers science, on the chitin bicentennial. Carbohydrate
Polymers, 87,995-1012.

Muzzarelli, R. A. A, Jeuniaux, C., & Gooday, G. W. (Eds.). (1986). Chitin in nature and
technology. New York: Plenum.

Mwale, F., Wertheimer, M. R., & Antoniou, J. (2009). Novel nitrogen rich polymers and
chitosan for tissue engineering of intervertebral discs. Biomedical Applications of
Smart Materials, Nanotechnology and Micro/Nano Engineering, 57, 117-124.

Nehrer, S., Breina, H. A., Ramappa, A., Shortkroff, S., Young, G., Minas, T., et al. (1997).
Canine chondrocytes seeded in type I and type II collagen implants investigated
in vitro. Journal of Biomedical Materials Research, 38, 95-104.

Nettles, D. L., Elder, S. H., & Gilbert, J. A. (2002). Potential use of chitosan as a
cell scaffold material for cartilage tissue engineering. Tissue Engineering, 8,
1009-1016.

Neville, A. C. (1993). Biology of fibrous composites: Development beyond the cell mem-
brane. New York: Cambridge University Press.

Ng, L., Grodzinsky, A. ]., Patwari, P., Sandy, ]., Plaas, A., & Ortiz, C. (2003). Individual
cartilage aggrecan macromolecules and their constituent glycosaminoglycans
visualized via atomic force microscopy. Journal of Structural Biology, 143,
242-257.

Nolte, R. M., & Klimkiewicz, ]. ]. (2003). Pharmacologic treatment alternatives. Sports
Medicine and Arthroscopy Review, 11, 102-106.

Oliveira, S. M., Amaral, I. F., Barbosa, M. A., & Teixeira, C. C. (2009). Engineering
endochondral bone: In vitro studies. Tissue Engineering, A-15, 625-634.

Pan, J., Zhou, X., Li, W., Novotny, J. E., Doty, S. B., & Wang, L. (2009). In situ measure-
ment of transport between subchondral bone and articular cartilage. Journal of
Orthopaedic Research, 27, 1347-1352.

Peng, S. F., Tseng, M. T., Ho, Y. C., Wei, M. C, Liao, Z. X., & Sung, H. W. (2011).
Mechanisms of cellular uptake and intracellular trafficking with chitosan-DNA-
poly(y-glutamic acid) complexes as a gene delivery vector. Biomaterials, 32,
239-248.

Piai, J. F., Rubira, A. F, & Muniz, E. C. (2009). Self-assembly of a swollen chi-
tosan/chondroitin sulfate hydrogel by outward diffusion of the chondroitin
sulfate chains. Acta Biomaterialia, 5, 2601-2609.

Pillai, C. K. S., Paul, W., & Sharma, C. P. (2009). Chitin and chitosan polymers:
Chemistry, solubility and fiber formation. Progress in Polymer Science, 34,
641-678.

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., & Mosca, J. D.
(1999). Multilineage potential of adult human mesenchymal stem cells. Science,
284, 143-147.

Proctor, C.S., Schmidt, M. B., Whipple, R.R,, Kelly, M. A., & Mow, V. C.(1989). Material
properties of the normal medial bovine meniscus. Journal of Orthopedic Research,
7,771-782.

Punzi, L., Calo, L., & Plebani, M. (2002). Clinical significance of cytokine determination
in synovial fluid. Critical Reviews in Clinical Laboratory Science, 39, 63-88.

Puppi, D., Chiellini, F., Piras, A. M., & Chiellini, E. (2010). Polymeric materials for bone
and cartilage repair. Progress in Polymer Science, 35, 403-440.

Qiy, X. Y., Yang, Y. H., Wang, L. P., Ly, S. L., Shao, Z. Z., & Chen, X. (2011). Synergistic
interactions during thermosensitive chitosan-beta-glycerophosphate hydrogel
formation. RSC Advances, 1, 282-289.

Quen, O. T., Shakib, K., Heliotis, M., Tsiridis, E., Mantalaris, A., Ripamonti, U., et al.
(2009). TGF-B3, a potential biological therapy for enhancing chondrogenesis.
Expert Opinion on Biological Therapy, 9, 689-701.

Ragetly, G., Griffon, D. J., & Chung, Y. S. (2010). The effect of type Il collagen coating
of chitosan fibrous scaffolds on mesenchymal stem cell adhesion and chondro-
genesis. Acta Biomaterialia, 6, 3988-3997.

Ragetly, G., Griffon, D. ], Lee, H. B., & Chung, Y. S. (2010). Effect of collagen-II
coating on mesenchymal stem cell adhesion on chitosan and on reacetylated
chitosan fibrous scaffolds. Journal of Materials Science: Materials in Medicine, 21,
2479-2490.

Rudall, K. M., & Kenchington, W. (1973). The chitin system. Biological Reviews, 48,
597-636.

Saboktakin, M. R,, Tabar, N. A, Tabatabaie, R. M., Maharramov, A., & Ramazanov, M. A.
(2012). Intelligent drug delivery systems based on modified chitosan nanopar-
ticles. Letters in Organic Chemistry, 9, 56-70.

Salomaki, M., & Kankare, ]. (2009). Influence of synthetic polyelectrolytes on the
growth and properties of hyaluronan-chitosan multilayers. Biomacromolecules,
10,294-301.

Saranya, N., Moorthi, A., Saravanan, S., Devi, M. P., & Selvamurugan, N. (2011). Chi-
tosan and its derivatives for gene delivery. International Journal of Biological
Macromolecules, 48, 234-238.

Sashiwa, H., & Aiba, S. I. (2004). Chemically modified chitin and chitosan as bioma-
terials. Progress in Polymer Science, 29, 887-908.

Sasmazel, H. T. (2011). Novel hybrid scaffolds for the cultivation of osteoblast cells.
International Journal of Biological Macromolecules, 49, 838-846.

Schwartz, Z., Griffon, D. ]., Fredericks, L. P., Lee, H. B., & Weng, H. Y. (2011). Hyaluronic
acid and chondrogenesis of murine bone marrow mesenchymal stem cells in
chitosan sponges. American Journal of Veterinary Research, 72, 42-50.

Seeherman, H., & Wozney, ]. M. (2005). Delivery of bone morphogenetic proteins for
orthopedic tissue regeneration a review. Cytokine & Growth Factor Reviews, 16,
329-345.

Senkoylu, A., Simsek, A., Sahin, F. L., Menevse, S., Ozogul, C., Denkbas, E. B., et al.
(2001). Interaction of cultured chondrocytes with chitosan scaffold. Journal of
Bioactive and Compatible Polymers, 16, 136-144.

Shao, X. X., Hutmacher, D. W, Ho, S. T., Goh, J. C., & Lee, E. H. (2006). Evaluation
of a hybrid scaffold/cell construct in repair of high-load-bearing osteochondral
defects in rabbits. Biomaterials, 27, 1071-1080.

Song, K. D., Qiao, M., Liu, T. Q., Jiang, B., Macedo, H. M., Ma, X. H,, et al. (2010).
Preparation, fabrication and biocompatibility of novel injectable temperature-
sensitive chitosan-glycerophosphate-collagen hydrogels. Journal of Materials
Science: Materials in Medicine, 21, 2835-2842.

Sonia, T. A., & Sharma, C. P. (2011). Chitosan and its derivatives for drug delivery
perspective. InR. Jayakumar, R. A. A. Muzzarelli, & M. Prabaharan (Eds.), Chitosan
for biomaterials (pp. 23-53). Berlin: Springer-Verlag.

Sonina, A. N., Uspenskii, S. A, Vikhoreva, G. A,, Filatov, Y. N., & Gal’braikh, L. S. (2011).
Production of nanofibre materials from chitosan by electrospinning. Fibre Chem-
istry, 42, 350-358.

Soppimath, K. S., Aminabhavi, T. M., Dave, A. M., Kumbar, S. G., & Rudzinski, W. E.
(2002). Stimulus-responsive smart hydrogels as novel drug delivery systems.
Drug Development and Industrial Pharmacy, 28, 957-974.

Spiller, K. L., Maher, S. A., & Lowman, A. M. (2011). Hydrogels for the repair of articular
cartilage defects. Tissue Engineering, Part B: Reviews, 17, 281-299.

Sridhar, R, Venugopal, J. R., Sundarrajan, S., Ravichandran, R., Ramalingam, B.,
& Ramakrishna, S. (2011). Electrospun nanofibers for pharmaceutical and
medical applications. Journal of Drug Delivery Science and Technology, 21,
451-468.

Stankiewicz, B.A.,&VanBergen, P. (Eds.).(1998). Nitrogen-containing macromolecules
in the bio- and geosphere. Washington: American Chemical Society.

Suh, ]. K., & Matthew, H. W. T. (2000). Application of chitosan-based polysaccha-
ride biomaterials in cartilage tissue engineering: A review. Biomaterials, 21,
2589-2598.

Sun, B, Ma, W., Sy, F,, Wang, Y., Liy, ]. Q., Wang, D. S., et al. (2011). The osteogenic dif-
ferentiation of dog bone marrow mesenchymal stem cells in a thermo-sensitive
injectable chitosan-collagen-glycerophosphate hydrogel: In vitro and in vivo.
Journal of Materials Science: Materials in Medicine, 22,2111-2118.

Sun, S. F,, Chouy, Y. J., Hsu, C. W., & Chen, W. L. (2009). Hyaluronic acid as a treat-
ment for ankle osteoarthritis. Current Reviews in Musculoskeletal Medicine, 2,
78-82.

Suzuki, D., Takahashi, M., Abe, M., Sarukawa, ]., Tamura, H., Tokura, S., et al. (2008).
Comparison of various mixtures of beta-chitin and chitosan as a scaffold for
three-dimensional culture of rabbit chondrocytes. Journal of Material Science:
Materials in Medicine, 19, 1307-1315.

Tamali, Y., Miyatake, K., Okamoto, Y., Takamori, Y., Sakamoto, K., & Minami, S. (2003).
Enhanced healing of cartilaginous injuries by N-acetyl-p-glucosamine and glu-
curonic acid. Carbohydrate Polymers, 54, 251-262.

Tan, G. K., Dinnes, D. L. M., Butler, L. N., & Cooper-White, ]. J. (2010). Interactions
between meniscal cells and a self assembled biomimetic surface composed of
hyaluronic acid, chitosan and meniscal extracellular matrix molecules. Bioma-
terials, 31,6104-6118.

Tan, H. P., Chu, C. R, Payne, K. A., & Marra, K. G. (2009). Injectable in situ form-
ing biodegradable chitosan-hyaluronic acid based hydrogels for cartilage tissue
engineering. Biomaterials, 30, 2499-2506.

Tan, H. P.,, Wy, J. D,, Lao, L. H,, & Gao, C. Y. (2009). Gelatin-chitosan-hyaluronan
scaffold integrated with PLGA microspheres for cartilage tissue engineering. Acta
Biomaterialia, 5, 328-337.

Taylor, Z. A., & Miller, K. (2006). Constitutive modeling of cartilaginous tissues: A
review. Journal of Applied Biomechanics, 22, 212-229.

Tigli, R. S., & Gumusderelioglu, M. (2008). Evaluation of RGD- or EGF-immobilized
chitosan scaffolds for chondrogenic activity. International Journal of Biological
Macromolecules, 43, 121-128.

Tigli, R. S., & Gumusderelioglu, M. (2009a). Evaluation of alginate-chitosan semi
IPNs as cartilage scaffolds. Journal of Materials Science: Materials in Medicine, 20,
699-709.

Tigli, R. S., & Gumusderelioglu, M. (2009b). Chondrogenesis on BMP-6 loaded
chitosan scaffolds in stationary and dynamic cultures. Biotechnology and Bio-
engineering, 104, 601-610.

Tigli, R. S., Ghosh, S., Laha, M. M., Shevde, N. K., Daheron, L., Gimble, J., et al. (2009).
Comparative chondrogenesis of human cell sources in 3D scaffolds. Journal of
Tissue Engineering and Regenerative Medicine, 3, 348-360.

Tsai, W. B., Chen, Y. R, Liu, H. L, & Lai, J. Y. (2011). Fabrication of UV-crosslinked
chitosan scaffolds with conjugation of RGD peptides for bone tissue engineering.
Carbohydrate Polymers, 85, 129-137.

Venugopal, J., Low, S., Choon, A. T., & Ramakrishna, S. (2008). Interaction of cells
and nanofiber scaffolds in tissue engineering. Journal of Biomedical Materials
Research, B-84, 34-48.

Vinatier, C., Bouffi, C., Merceron, C., Gordeladze, J., Brondello, J. M., Jorgensen,
C., et al. (2009). Cartilage tissue engineering: Towards a biomaterial-assisted
mesenchymal stem cell therapy. Current Stem Cell Research and Therapy, 4,
318-329.



R.A.A. Muzzarelli et al. / Carbohydrate Polymers 89 (2012) 723-739 739

Vinatier, C., Mrugala, D., Jorgensen, C., Guicheux, J., & Noel, D. (2009). Cartilage engi-
neering: A crucial combination of cells, biomaterials and biofactors. Trends in
Biotechnology, 27, 307-314.

Vinsova, ]., & Vavrikova, E. (2001). Chitosan derivatives with antimicrobial, antitu-
mour and antioxidant activities: A review. Current Pharmaceutical Design, 17,
3596-3607.

Waibel, K. H., Haney, B., Moore, M., Whisman, B., & Gomez, R. (2011). Safety of chi-
tosan bandages in shellfish allergic patients. Military Medicine, 176, 1153-1156.

Wang, G., Ao, Q. A, Gong, K., Wang, A.]., Zheng, L., Gong, Y. D., et al. (2010). The effect
of topology of chitosan biomaterials on the differentiation and proliferation of
neural stem cells. Acta Biomaterialia, 6, 3630-3639.

Wang, J. J., Zeng, Z. W., Xiao, R. Z,, Xie, T. A, Zhou, G. L., Zhan, X. R,, et al. (2011).
Recent advances of chitosan nanoparticles as drug carriers. International Journal
of Nanomedicine, 6, 765-774.

Wang, P. Y., Chow, H. H, Lai, ]J. Y., Liuy, H. L, & Tsai, W. B. (2009). Dynamic
compression modulates chondrocyte proliferation and matrix biosynthesis
in chitosan/gelatin scaffolds. Journal of Biomedical Materials Research, B-91,
143-152.

Watterson, J. R., & Esdaile, ]. M. (2000). Viscosupplementation: Therapeutic mech-
anisms and clinical potential in osteoarthritis of the knee. Journal of American
Academy of Orthopaedic Surgery, 8, 277-284.

Weinand, C., Peretti, G. M., Adams, S. B., Jr., Bonassar, L. ]., Randolph, M. A, & Gill, T.
J.(2006). An allogenic cell-based implant for meniscal lesions. American Journal
of Sports Medicine, 34, 1779-1789.

Weinand, C., Peretti, G. M., Adams, S. B, Jr., Randolph, M. A.,, Savvidis, E., & Gill,
T. J. (2006). Healing potential of transplanted allogeneic chondrocytes of three
different sources in lesions of the avascular zone of the meniscus: A pilot study.
Archives of Orthopedy and Trauma Surgery, 126, 599-605.

Widner, B., Behr, R., & Von Dollen, S. (2005). Hyaluronic acid production in Bacillus
subtilis. Applied Environmental Microbiology, 71, 3747-3752.

Wu, J. L, Liao, C. Y., Zhang, J., Cheng, W. Z., Zhou, N., Wang, S., et al. (2011). Incorpo-
ration of protein-loaded microspheres into chitosan—polycaprolactone scaffolds
for controlled release. Carbohydrate Polymers, 86, 1048-1054.

Xia, W. Y., Liu, W, Cui, L, Liy, Y. C,, Zhong, W., Liu, D. L., et al. (2004). Tissue engi-
neering of cartilage with the use of chitosan-gelatin complex scaffolds. Journal
of Biomedical Materials Research, B-71, 373-380.

Yamada, T., & Kawasaki, T. (2005). Microbial synthesis of hyaluronan and
chitin: New approaches. Journal of Bioscience and Bioengineering, 99,
521-528.

Yamane, S., Iwasaki, N., Kasahara, Y., Harada, K., Majima, T., Monde, K., et al.
(2007). Effect of pore size on in vitro cartilage formation using chitosan-based
hyaluronic acid hybrid polymer fibers. Journal of Biomedical Materials Research,
A-81,586-593.

Yamane, S., Iwasaki, N., Majima, T. Funakoshi, T. Masuko, T., Harada, K.,
et al. (2005). Feasibility of chitosan-based hyaluronic acid hybrid bioma-
terial for a novel scaffold in cartilage tissue engineering. Biomaterials, 26,
611-619.

Yan, L. P.,, Wang, Y. J., Ren, L., Wu, G., Caridade, S. G., Fan, J. B,, et al. (2010).
Genipin-cross-linked collagen/chitosan biomimetic scaffolds for articular car-
tilage tissue engineering applications. Journal of Biomedical Materials Research,
A-95, 465-475.

Yanagishita, M. (1993). Function of proteoglycans in the extracellular matrix. Acta
Pathologiae Japan, 43, 283-293.

Yao, Z. A., & Wu, H. G. (2011). Characterization of chitosan-hyaluronic acid blended
membranes and their effects on the growth of keratocytes. Polymers & Polymer
Composites, 19, 573-580.

Yeh, M. K., Cheng, K. M., Hu, C. S., Huang, Y. C,, & Young, J. J. (2011). Novel
protein-loaded chondroitin sulfate-chitosan nanoparticles: Preparation and
characterization. Acta Biomaterialia, 7, 3804-3812.

Zhang, X., Yu, C, Xushi, Zhang, C, Tang, T., & Dai, K. (2006). Direct
chitosan-mediated gene delivery to the rabbit knee joints in vitro
and in vivo. Biochemical and Biophysical Research Communications, 341,
202-208.

Zhong, X,, Ji, C. D,, Chan, A. K. L,, Kazarian, S. G., Ruys, A., & Dehghani, F. (2011).
Fabrication of chitosan-poly(e-caprolactone) composite hydrogels for tissue
engineering applications. Journal of Materials Science: Materials in Medicine, 22,
279-288.

Zhu, Y. X, Liuy, T. Q. Song, K. D., Jiang, B., Ma, X. H.,, & Cui, Z. F. (2009).
Collagen-chitosan polymer as a scaffold for the proliferation of human adipose
tissue-derived stem cells. Journal of Materials Science: Materials in Medicine, 20,
799-808.



	Chitosan, hyaluronan and chondroitin sulfate in tissue engineering for cartilage regeneration: A review
	1 Introduction
	1.1 Characteristic properties of the articular cartilage
	1.2 Major challenges and new approaches
	1.3 Chemical and biochemical characteristics of the materials
	1.4 Scope of the present review

	2 Chitosan
	2.1 Chitosan scaffolds
	2.1.1 Advantages of chitosan in the preparation of scaffolds
	2.1.2 Incorporation of growth factors in chitosan scaffolds
	2.1.3 Physical stimuli for the correct cellular response
	2.1.4 Significance of the hybrid scaffold composition
	2.1.5 Scaffolds with expanded specific surface area
	2.1.6 Chondrogenic differentiation induced by insulin or carboxymethyl chitin

	2.2 Injectable chitosan hydrogels
	2.2.1 Chitosan glycerophosphate hydrogels
	2.2.2 Solidification of chitosan glycerophosphate with blood


	3 Hyaluronan
	3.1 Scaffolds containing both chitosan and hyaluronan

	4 Chondroitin sulfate scaffolds with chitosan and other polymers
	5 Conclusion
	Acknowledgments
	References


