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Abstract : This study was designed in the fabricated poly (L-Lactic-co-g-Caprolactone) (PLCL) scaffold using chitosan-
alginate hydrogel, which would be more suitable to maintain the biological and physiological functions continuing
three dimensional spatial organizations for chondrocytes. As a scaffold, hydrogels alone is weak at endure complex
loading within the body. In this study, we made cell hybrid scaffold constructs with poly (L-Lactic-co-g-Caprolactone)
(PLCL) scaffold and hydrogels to make a three-dimensional composition of cells and extracellular matrix, which would
be a mimic of a native cartilage. Using a particle leaching technique with NaCl, we fabricated a highly-elastic scaffold
from PLCL with 85% porosity and 300-500 um pore size. A mixture of bovine chondrocytes and chitosan-alginate
gel was seeded and compared with alginate as a control on the PLCL scaffold. The cell maturation, proliferation,
extracellular matrix synthesis, glycosaminoglycans (SGAG) production and collagen type-II expressions were better in
chondrocytes seeded in chitosan-alginate hydrogel than in alginate only. These results indicate that chondrocytes with
chitosan-alginate gel on PLCL scaffolds provide an appropriate biomimetic environment for cell proliferation and matrix
synthesis, which could successfully be used for cartilage repair and regeneration.
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Introduction

Articular cartilage has a poor intrinsic capacity to heal
under normal physiological circumstances; even minor inju-
ries have the capacity to become severe cartilage defects,
which may eventually lead to further degeneration and func-
tional impairment (44). Untreated lesions can lead to devastate
joint pain and degenerative arthritis. Hence, the management
of articular cartilage defects continues to be one of the most
challenging clinical problems for orthopaedic surgeons (25,
37). Although there are a lot of techniques such as autolo-
gous chondrocyte implantation or marrow-stimulation tech-
niques have widely been used at the clinic, but formation of
fibrocartilage, decreased mechanical strength of the newly
formed tissues were common, which resulted in a limited
repair capacity (5,42). Therefore, to overcome these limita-
tions, the delivery of tissue engineered cartilaginous implant
to the injured site is one of the important strategies to pro-
mote tissue integration and tissue regeneration (40).

In the recent years, tissue-engineered cartilage using scaf-
folds and cells has been considered for improved treatment
of cartilage defects (16,31). Scaffolds can play a crucial role
for cartilage tissue engineering by maintaining the mechani-
cal integrity, withstanding stress loads within the body and
thus providing a sufficient mechanical environment to cells.
Mechanical environment is a vital point to cell fate (16);
especially, the maintenance of chondrocyte phenotype and
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synthesis of the extracellular matrix (31). Additionally, chon-
drocytes tend to lose their phenotype and become fibroblast-
like in monolayer culture but can redifferentiate when return-
ing to a 3-dimensional environment (7).

Hydrogels have structural similarity to the macromolecu-
lar based components within the body and are considered as
a useful biomaterial. These are crosslinked polymeric net-
works, which may absorb from 10-20% (an arbitrary lower
limit) up to thousands times of their dry weight in water.
Hydrogels may be chemically stable or may degrade and
eventually disintegrate and dissolve. Both natural and syn-
thetic polymers of hydrogels are commonly used for encap-
sulation of cells (22,35) and also attractive to the new field of
‘tissue engineering’ as matrices for repairing and regenerat-
ing a wide variety of tissues and organs (14,29). They have
been utilized as an effective carrier for injectable cartilage in
the clinical treatment option and in the preoperative molding
of simple facial implants. On the other hand, neither cell sus-
pension nor the use of hydrogels alone helps to make and
keep shape as an entire structure of a joint or ear. Instead, a
solid porous polymer scaffold can afford the accurate dimen-
sions for materials used for such construction (9). Therefore,
the combination of a biodegradable polymer scaffold and
hydrogels could enhance cellular proliferation and matrix syn-
thesis for three-dimensional tissue regeneration, which would
be applicable to make any desirable shape as our require-
ments. Recently, it was found out that chitosan and many of
its derivatives were potentially favorable materials for the
growth of many cells with supporting the attachment, mor-
phology, and proliferation of various kinds of cells, includ-
ing chondrocytes (13,24). However, in vivo applications of
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alginate matrices induce severe foreign body giant cell reac-
tions and immunological responses when implanted within
full- thickness defects in experimental animals (34). There-
fore, the objectives of this study were to investigate the use
of chitosan-alginate mixed hydrogel that might be useful to
enhance the chondrocytes function in creating cartilage tis-
sue onto the fabricated poly (L-Lactic-co-e-Caprolactone)
(PLCL) scaffold for advanced use for the repair of damaged
cartilage. The cell maturity, extracellular matrix production
and collagen type-II gene expression were investigated up to
28 days in vitro.

Materials and Methods

Fabrication of the PLCL Scaffold

PLCL (LA/CL =17:3; Mw 23000) was kindly provided by
Professor Zigang Ge, Peking University, China, was dissolved
in 1,4-dioxane (10%, w/v) and mixed with a proportional
amount of NaCl (200-500 um, 85% w/w). After agitation,
the NaCl/PLCL mixtures were cast in glass molds and then
frozen at —20°C for 24 h. The frozen mixtures were then
immersed in 70% ethanol aqueous solution for 72 h that was
pre-cooled to —20°C. Then the parts of NaCl were substi-
tuted with ethanol aqueous solution, and the scaffolds were
removed from the template and rinsed with distilled water for
24 h. Porous scaffolds were then dried in hood and sterilized
with ethylene oxide gas and finally stored in a refrigerator in
dry condition until use. The overall fabrication procedures
are summarized in Fig 1.

Isolation and culture of bovine chondrocyte

The chondrocytes were isolated from a six month-old Hol-
stein calf, which died accidentally without suffering any
osteoarthritic disease. Full thickness of articular cartilage was
aseptically collected from the distal condyle of a femur and
digested with collagenase (Welgene, Daegu, South Korea)
for 18 h at 37°C in a shaking water bath. Isolated chondro-
cytes were then cultured with high glucose DMEM containing
10% fetal bovine serum at 37°C in 95% air with 5% CO,
humidified atmosphere. The culture medium was changed
twice a week. At 100% confluence, cells were harvested with
0.25% trypsin-EDTA treatment. Primary chondrocytes were
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Fig 1. Schematic diagram to illustrate the fabrication process of
PLCL scaffold. PLCL scaffold fabricated by the particulate-
leaching method.

used for this experiment. Cell number and viability were
assessed with a hemocytometer by Trypan blue exclusion
assay. More than 95% of the cells were usually viable after
isolation.

Preparation and culture of chondrocyte-chitosan-alg-
inate and chondrocyte-alginate construct

Chitosan and alginate solutions were prepared separately
(2,43) as described elsewhere, with some modifications.
Briefly, 0.5g of chitosan (degree of deacetylation 85%,
Sigma-Aldrich, St Louis, MO, USA, Cat. # 448877) was dis-
solved in 40 ml 5% (v/v) lactic acid solution and then 160 ml
methanol was added to dilute the solution. One and half gram
of succinic anhydride (Sigma-Aldrich, St Louis, MO, USA)
was added to this solution with stirring at room temperature.
The succinyl modified chitosan was precipitated by adjust-
ing the solution pH to 6~7 after 24 h. The precipitate was fil-
tered, re-dissolved in distilled water, and dialyzed for three
days. The purified product was freeze-dried and dissolved in
PBS at a concentration of 24 mg/ml until further use. Algi-
nate (Sigma-Aldrich, St Louis, MO, USA, Cat. # A0682)
solution was prepared by dissolving 0.96 g sodium alginate
(low viscosity) in 40 ml 0.15 M NaCl solution. Chondro-
cytes were added to 8 x 10° cells/20 pL of volume after chi-
tosan and alginate solutions were mixed at ratio 1:1.
Scaffolds were then placed individually in the wells of 6-
well-plate. Half of the cell suspension (10 uL) was slowly
applied on the surface of each scaffold using a pipette. Then
the scaffolds were turned upside down, and the reminder of
the suspension was slowly applied to the other surface. Same
cell concentration and procedure were used for 1.2% algi-
nate suspension in another group as a control. The scaffolds
containing cell suspension were then dropped into 102 mM
CaCl, solution to make suspension to gel, which were cul-
tured with high glucose DMEM containing 10% fetal bovine
serum at 37°C in a humidified atmosphere of 5% CO,. The
medium was changed at three-day intervals, and scaffolds
were harvested at the different time points up to 28 days.

Histological and Immunohistological Assessment

For histological analysis, the constructs were fixed in 10%
(v/v) buffered formalin for 24 h and were dehydrated using a
graded ethanol series and dried. Specimens were then
embedded in paraffin blocks and prepared for sectioning.
Transverse sections were then cut at 8 um and routinely
stained using Hematoxylin and Eosin (H&E) for nucleus and
cytoplasm and Alcian blue (pH-1.0) for sGAG synthesis.
Cell numbers were counted and expressed statistically as the
average number from 10 fields in each group at a magnifica-
tion of x 400.

For immunohistochemical analyses, rabbit polyclonal anti-
body (Rabbit Antibovine collagen type-1I, Chemicon Interna-
tional, USA) was used as the primary antibody for indirect
immunostaining. Deparaffinized sections of the scaffolds were
incubated with 3% H,O, for 30 min to block the endogenous
peroxidase activity before 10 min proteinase-k treatment.
Nonspecific antibody binding sites were blocked by incuba-
tion with normal goat serum in Tris buffer for 60 min. The
sections were then incubated for overnight in primary anti-
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body diluted 1/100 in Tris buffer at 4°C. Control sections did
not receive the primary antibody, otherwise they were treated
identically. The sections were then washed and incubated
with a secondary biotinylated goat anti-mouse antibody, and
peroxidase labeled streptavidin (Chemicon, Millipore). After
color development using 3, 3-diaminobenzidine tetrahydro-
chloride, the sections were dehydrated through an ethanol-
xylene series and mounted permanently in canada balsam by
the usual methods for long-term storage. Photographs were
taken using a DCM-130 1.3-megapixel digital video eye-
piece camera with ScopePhoto 2.0 image software (TrueVi-
sion Microscopes, Incorporated, St. Louis, MO).

Statistical analysis

All data were evaluated as the mean =+ standard deviation.
The statistical significance in the differences between the
mean values among the groups was analyzed by one-way
analysis of variance (ANOVA) with Tukey’s test using the
SPSS 11.5 statistical software (SPSS Inc., Chicago, USA). P
value <0.05 was considered statistically significant.

Results

Scaffold fabrication and morphology

PLCL scaffolds with 85% porosity and a 200-500 um pore
sizes were fabricated using a particle leaching technique. The
scaffolds have homogeneously interrelated and open three-
dimensional porous structures without a skin layer, and pos-
sess a completely rubberlike elasticity. The gross and cross
sectional images of PLCL scaffolds are shown in Fig 2. The
porous surfaces were almost smooth and fiber diameter was
found to be uniform in scaffolds. Individual fibers are found
crossed and/or fused together with neighboring fibers.
Mechanical property was improved on a forceps pressure
during the culture time.

Histological evaluation

The distribution and morphological changes of the cells
were examined by histological staining. Hematoxylin-Eosin
staining revealed that homogenously distributed cells with
high viability were observed throughout the scaffolds during
the culture period. The chondrocytes maintained a typically
round and plumb form, characteristics of chondrocytes,
throughout the culture time. The cells gradually formed lacu-
nae within the scaffolds after 7 days of culture (Fig 3). After

Gross appearance

Fig 2. The gross and microscopic views of fabricated PLCL.
The microscopic view of the PLCL scaffold was taken using a
light microscope connected with a digital video eye-piece camera
with ScopePhoto image software (scale bar = 100 pm).
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Fig 3. Histological studies of bovine chondrocytes cultured in
chitosan-alginate (CA) or alginate (Alg) gel modified PLCL
scaffold. The sections were stained at one week with H&E and
Alcian blue staining methods. Images were taken at x 400 mag-
nification and are representative of two experiments.

7 and 28 days of culture, the average cell numbers of differ-
ent scaffolds were 134 + 4.16 (chitosan-alginate-PLCL), 108.33
+9.01 (alginate-PLCL) and 265 + 6.08 (chitosan-alginate-
PLCL), 218.33 £+ 11.23 (alginate-PLCL) respectively.

The alcian blue-positive stain indicated that glycosamino-
glycans were abundant and homogenously distributed around
the cells. Chondrocytes cultured in PLCL scaffolds showed
the increasing patterns SGAG in the chitosan-alginate group
during the culture time in alcian blue staining (Fig 4).

Immunohistochemistry

Collagen type II expression of chondrocytes was mea-
sured in Immunohistochemistry. Chondrocytes expressed bet-
ter in chitosan-alginate-PLCL compared with the alginate-
PLCL (Fig 4). No staining was detected in negative control.

Discussion

Our previously published article demonstrated that the
bovine chondrocytes enhanced the cell proliferation and
sGAG synthesis in chitosan-alginate gel with maintenance
collagen type Il expressions (41). In this experiment, we
studied the hard scaffold PLCL to find the chondrocytes
nature with production of the extracellular matrix that more
mimics to use iz vivo condition. The results obtained showed
that chitosan-alginate is effectively helpful media for cell
proliferation and matrix production in PLCL scaffold, which
is a new window for cartilage tissue engineering. Chitosan is
a naturally-occurring polysaccharide and has been widely
applied to tissue engineering due to its relatively good bio-
compatibility and ease of usage. It can be considered as a
biochemical counterpart of glycosaminoglycans (sGAG, main
components of proteoglycan) due to its similar hexose con-
sisting of water-soluble structural units. On the other hand,
PLCL is a highly elastic synthetic macromolecular com-
pound which simulated an elastic collagen fiber network in
native cartilage with promoting good cellular interaction and
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Fig 4. Histological studies of bovine chondrocytes cultured in chitosan-alginate (CA) or alginate (Alg) gel modified PLCL scaffold
at 4 weeks. A) The sections were stained with H& E, Alcian blue and type II collagen antibody. Images were taken at x 400 mag-
nification and are representative of two experiments. B) Proliferation of chondrocytes on chitosan-alginate and alginate modified PLCL
scaffold at week 1 and 4 was detected by image analysis. The cell nuclei were counted and analyzed as the mean =+ standard deviation.

P value <0.05 was considered statistically significant.

degrades in a set time period without toxicity (21,45). It was
chosen in place of the broadly adopted PLA and PLGA,
mainly due to its intrinsic elasticity. Furthermore, when
PLCL degrades into relatively mild acidic products com-
pared to PLGA, chitosan could neutralize the acidic products
from the degradation of PLCL (12). In the current study, chi-
tosan-alginate gel was immobilized onto the PLCL scaffold
by CaCl, to maintain the 3D environment for chondrocyte
for proliferation and matrix synthesis. During in vitro cul-
ture, the consistency was well maintained for both scaffold
types. Scaffold degradation was negligible and mechanical
properties were improved after four weeks of culture, proba-
bly due to the deposition of matrix materials by chondro-
cytes. Several in vitro studies prove that the chitosan has a
potential value as a matrix to facilitate articular cartilage
repair, which efficiently supports not only chondrogenic
activities (1,32), but also the in vitro expression of cartilage
extracellular matrix proteins by human chondrocytes (24). It
can also serve as a carrier for growth factors (17). Cell
attachment to the surface of chitosan involves the binding of
negative groups in the cell surface to the positive charges on

the chitosan (15,27) and the number of attached cells on a
chitosan matrix increased in the order of chondrocyte >
fibroblast > keratinocytes (11). They assumed that the nega-
tive charge density in the surface of chondrocyte > fibroblast
> keratinocytes, because a negative surface charge of the
cells preferred to attach on the positive charge surface on the
chitosan matrix. Although, the morphology of attached cells
is dependent on deacetylation procedure of chitosan (3).
Other reports observed that chitosan films supported the pro-
liferation of chondrocyte (11,19). On the other hand, alginate
is a natural polymer used as a biomaterial for cell encapsula-
tion, which can readily redifferentiate from dedifferentiation
of chondrocytes (28). Ionic gelation method is an important
method to form complex between two different ionic classes.
Coacervation between chitosan and alginate (1:1) occurred
by electrostatic attraction between the two oppositely charged
polymers. Therefore, in this study, we mixed the chondro-
cytes with chitosan-alginate gel to seed cells into the porous
PLCL scaffold. When chitosan-alginate was cross-linked, it
formed gel, and chondrocytes were suspended in gel occupy-
ing in porous cavity of PLCL. Advantage of this technique is
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easy to seed cells into the porous scaffold and accomplish
high initial cell concentration. Cell number was noticeably
greater in PLCL containing chitosan-alginate gel than algi-
nate gel only, which may results from a synergistic effect of
chitosan-alginate combination in terms of cell in-growth and
proliferation. The another report also demonstrated that chi-
tosan solution injected into the knee articular cavity of rats
caused a significant increase in the density of chondrocyte
cartilage (26). The physical property of PLCL scaffolds was
also important for proper environments of cell adhesion and
in-growth, which also maintained mechanical integrity and
deliver mechanical signals to adherent cells (20). Surface
topography of the scaffold also directly influenced the tissue
response by affecting protein adsorption and by controlling
different cellular activities with proliferation and differentia-
tion (8,36). In our study, we used chitosan-alginate and algi-
nate only gel in PLCL scaffold, which increased the adhesive
nature on the surface with hydrophilicity of the PLCL scaf-
fold, without altering the scaffold porosity, and the elastic
nature. The enhanced wettability and permeability of the gel
modified PLCL scaffold promoted homogenous distribution
of the seeded chondrocytes throughout the scaffold. Recent
studies also support that small changes in hydrophobicity
through modification of surface chemistry can dramatically
alter cell-matrix interaction, thus making a profound impact
on cellular behaviors such as adhesion, morphology, motil-
ity, cytoskeletal organization, and differentiation (4,30). Alcian
blue staining showed that SGAG production was started as
the same manner in both types of gel containing PLCL scaf-
fold, but it was continued and increased in chitosan contain-
ing PLCL scaffold up to 28 days of culture due to the ionic
nature of chitosan. Several studies have examined that chito-
san has a cationic nature, which is primarily responsible for
electrostatic interactions with anionic SGAG and allows the
formation of insoluble ionic complexes. This property allows
chitosan to retain and concentrate bio-molecules in chitosan
based scaffolds (23,38). However, alginate has a limited abil-
ity to retain the sGAG (41). The results from our study
clearly indicate that the chondrocytes seeded in chitosan-alg-
inate gel showed the increased expression of collagen type-II.
Studies showed that chondrocyte cells retain a round shape
on a chitosan-coated surface (10,33) and produce their char-
acteristic ECM components such as collagen type Il and pro-
teoglycan (18,24). Chondrocytes cultured in alginate also
support the synthesis of collagen type II (6). However, col-
lagen type-Il expression in chitosan mixed alginate is un-
known. Spherical shaped morphology of chondrocytes might
induce the synthesis and secretion of type II collagen by
chondrocytes because they did not undergo phenotypical
change (dedifferentiation) (39). Histological findings gener-
ally concurred with SGAG and immunihistochemical findings.
Seeded chondrocytes effectively penetrated scaffold centers,
proliferated with extracellular matrix demonstrates the affin-
ity of chitosan-alginate modified PLCL scaffold for cartilage
tissue engineering.

In cartilage tissue engineering, it is essential to maintain
the phenotype of seeded chondrocytes and to induce carti-
lage regeneration. Chitosan and alginate are the most com-
mon polysaccharides for cartilage tissue engineering. Both

have advantages for forming engineered cartilage due to their
biological functions. Although, the weak mechanical proper-
ties with rapid degradation of hydrogels have posed prob-
lems in their application for articular cartilage defects. In our
study, we evaluated the potentiality of cell-hydrogel modi-
fied scaffold constructs as an engineered cartilage for the
treatment of articular cartilage defects. The three-dimensional
environment for seeded chondrocytes was maintained, and
the cell seeding efficiency was enhanced in the chitosan-alg-
inate gel with PLCL scaffold. In addition, histological analy-
sis showed that cells onto chitosan-alginate gel in PLCL
scaffolds formed mature and well-developed cartilaginous
tissue, as evidenced by chondrocytes within lacunae similar
to that of native articular cartilage. In summary, the combina-
tion of hydrogels in PLCL scaffold for three-dimensional
culture of cells would provide a biomimetic environment
where cartilage tissue growth is enhanced and facilitated. It
can also promote chondrocytes to preserve their phenotypes,
enhance cartilaginous extracellular matrix production and,
consequently, helps to form the improved quality of cartilag-
inous tissue.

Acknowledgments

This work was supported by the National Research Foun-
dation of Korea (NRF) Grant (NRF-2010-E00009).

References

1. Abarrategi A, Lopiz-Morales Y, Ramos V, Civantos A, Lopez-
Duran L, Marco F, Lopez-Lacomba JL. Chitosan scaffolds
for osteochondral tissue regeneration. J Biomed Mater Res
A 2010; 95: 1132-1141.

2. Almqvist KF, Wang L, Wang J, Baeten D, Cornelissen M,
Verdonk R, Veys EM, Verbruggen G. Culture of chondrocytes
in alginate surrounded by fibrin gel: characteristics of the
cells over a period of eight weeks. Ann Rheum Dis 2001;
60: 781-790.

3. Amaral IF, Sampaio P, Barbosa MA. Three-dimensional
culture of human osteoblastic cells in chitosan sponges: the
effect of the degree of acetylation. J Biomed Mater Res A
2006; 76: 335-346.

4. Ayala R, Zhang C, Yang D, Hwang Y, Aung A, Shroff SS,
Arce FT, Lal R, Arya G, Varghese S. Engineering the cell-
material interface for controlling stem cell adhesion, migra-
tion, and differentiation. Biomaterials 2011; 32: 3700-3711.

5. Bentley G, Biant LC, Vijayan S, Macmull S, Skinner JA,
Carrington RW. Minimum ten-year results of a prospective
randomised study of autologous chondrocyte implantation
versus mosaicplasty for symptomatic articular cartilage lesions
of the knee. J Bone Joint Surg Br 2012; 94: 504-509.

6. Beekman B, Verzijl N, Bank RA, von der Mark K, TeKoppele
JM. Synthesis of collagen by bovine chondrocytes cultured
in alginate; posttranslational modifications and cell matrix
interaction. Exp Cell Res 1997; 237: 135-141.

7. Bonaventure J, Kadhom N, Cohen-Solal L, Ng KH,
Bourguignon J, Lasselin C, Freisinger P. Reexpression of
cartilage-specific genes by dedifferentiated human articular
chondrocytes cultured in alginate beads. Exp Cell Res 1994;
212: 97-104.

8. Boyan BD, Bonewald LF, Paschalis EP, Lohmann CH,



11.

20.

21.

22.

23.

24.

25.

Chitosan-alginate Gel Modified Poly (L-Lactic-co-e-Caprolactone) (PLCL) as a Scaffold for Cartilage Tissue Engineering 229

Rosser J, Cochran DL, Dean DD, Schwartz Z, Boskey AL.
Osteoblast-mediated mineral deposition in culture is depen-
dent on surface microtopography. Calcif Tissue Int 2002;
71: 519-529.

. Cao Y, Vacanti JP, Paige KT, Upton J, Vacanti CA. Trans-

plantation of chondrocytes utilizing a polymer-cell construct
to produce tissue-engineered cartilage in the shape of a
human ear. Plast Reconstr Surg 1997; 100: 297-302.

. Chang SH, Hsiao YW, Lin HY. Low-frequency -electro-

magnetic field exposure accelerates chondrocytic phenotype
expression on chitosan substrate. Orthopedics 2011; 34: 20-26.
Chatelet C, Damour O, Domard A. Influence of the degree
of acetylation on some biological properties of chitosan
films. Biomaterials 2001; 22: 261-268.

. Chouzouri G, Xanthos M. In vitro bioactivity and degradation

of polycaprolactone composites containing silicate fillers.
Acta Biomater 2007; 3: 745-756.

. Dang JM, Sun DD, Shin-Ya Y, Sieber AN, Kostuik JP,

Leong KW. Temperature-responsive hydroxybutyl chitosan
for the culture of mesenchymal stem cells and intervertebral
disk cells. Biomaterials 2006; 27: 406-418.

. Dare EV, Griffith M, Poitras P, Kaupp JA, Waldman SD,

Carlsson DJ, Dervin G, Mayoux C, Hincke MT. Genipin
cross-linked fibrin hydrogels for in vitro human articular
cartilage tissue-engineered regeneration. Cells Tissues Organs
2009; 190: 313-325.

. Dhiman HK, Ray AR, Panda AK. Characterization and

evaluation of chitosan matrix for in vitro growth of MCF-7
breast cancer cell lines. Biomaterials 2004; 25: 5147-5154.

. Discher DE, Janmey P, Wang YL. Tissue cells feel and re-

spond to the stiffness of their substrate. Science 2005; 310:
1139-1143.

. Docherty S, Engstrand T. Bone morphogenetic proteins in

cranial reconstructions: clinical evaluation of heparin-chitosan
as a carrier for BMP-2. Plast Reconstr Surg 2009; 123:
192-193.

. Donati I, Stredanska S, Silvestrini G, Vetere A, Marcon P,

Marsich E, Mozetic P, Gamini A, Paoletti S, Vittur F. The
aggregation of pig articular chondrocyte and synthesis of
extracellular matrix by a lactose-modified chitosan. Bioma-
terials 2005; 26: 987-998.

. Hsu SH, Whu SW, Hsieh SC, Tsai CL, Chen DC, Tan TS.

Evaluation of chitosan-alginate-hyaluronate complexes mod-
ified by an RGD-containing protein as tissue-engineering
scaffolds for cartilage regeneration. Artif Organs 2004; 28:
693-703.

Jung Y, Kim SH, Kim YH. The effect of hybridization of
hydrogels and poly (L-lactide-co-epsilon-caprolactone) scaffolds
on cartilage tissue engineering. J Biomater Sci Polym Ed
2010; 21: 581-592.

Kang Y, Yang J, Khan S, Anissian L, Ameer GA. A new
biodegradable polyester elastomer for cartilage tissue en-
gineering. J Biomed Mater Res A 2006; 77: 331-339.

Khetan S and Burdick J. Cellular encapsulation in 3D
hydrogels for tissue engineering. J Vis Exp 2009; 26: 32.
Kim 1Y, Seo SJ, Moon HS, Yoo MK, Park IY, Kim BC,
Cho CS. Chitosan and its derivatives for tissue engineering
applications. Biotechnol Adv 2008; 26: 1-21.

Lahiji A, Sohrabi A, Hungerford DS, Frondoza CG. Chitosan
supports the expression of extracellular matrix proteins in
human osteoblasts and chondrocytes. J Biomed Mater Res
2000; 51: 586-595.

Li XM, Peng WJ, Wu H, Kacher D, Xia LM, Ai F, Li F,
Xiong W. MRI findings in injured articular cartilage of the

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

knee correlated with surgical findings. Chin Med J 2009;
122: 2624-2630.

Lu JX, Prudhommeaux F, Meunier A, Sedel L, Guillemin
G. Effects of chitosan on rat knee cartilages. Biomaterials
1999; 20: 1937-1944.

Ma J, Wang H, He B, Chen J. A preliminary in vitro study
on the fabrication and tissue engineering applications of a
novel chitosan bilayer material as a scaffold of human
neofetal dermal fibroblasts. Biomaterials 2001; 22: 331-336.
Mandl EW, van der Veen SW, Verhaar JA, van Osch GIJ.
Multiplication of human chondrocytes with low seeding
densities accelerates cell yield without losing redifferentiation
capacity. Tissue Eng 2004; 10: 109-118.

Marler JJ, Guha A, Rowley J, Koka R, Mooney D, Upton
J, Vacanti JP. Soft-tissue augmentation with injectable alginate
and syngeneic fibroblasts. Plast Reconstr Surg 2000; 105:
2049-2058.

Mei Y, Saha K, Bogatyrev SR, Yang J, Hook AL, Kalcioglu
Z1, Cho SW, Mitalipova M, Pyzocha N, Rojas F, Van Vliet
KJ, Davies MC, Alexander MR, Langer R, Jaenisch R,
Anderson DG. Combinatorial development of biomaterials
for clonal growth of human pluripotent stem cells. Nat Mater
2010; 9: 768-778.

Mobasheri A, Barrett-Jolley R, Carter SD, Martin-Vasallo P,
Schulze-Tanzil G, Shakibaei M. 2005. Functional roles of
mechanosensitive ion channels, ssl integrins and kinase
cascades in chondrocyte mechanotransduction. In: Kamkin
A, Kiseleva I, editors. Mechanosensitivity in cells and tissues.
Moscow: Academia 2005: 1-21.

Montembault A, Tahiri K, Korwin-Zmijowska C, Chevalier
X, Corvol MT, Domard A. A material decoy of biological
media based on chitosan physical hydrogels: application to
cartilage tissue engineering. Biochimie 2006; 88: 551-564.
Nettles DL, Elder SH, Gilbert JA. Potential use of chitosan
as a cell scaffold material for cartilage tissue engineering.
Tissue Eng 2002; 8: 1009-1016.

Perka C, Schultz O, Spitzer RS, Lindenhayn K. The in-
fluence of transforming growth factor betal on mesenchymal
cell repair of full-thickness cartilage defects. J Biomed Mater
Res 2000; 52: 543-552.

Poon YF, Cao Y, Liu Y, Chan V, Chan-Park MB. Hydrogels
based on dual curable chitosan-graft-polyethylene glycol-
graft-methacrylate: application to layer-by-layer cell encap-
sulation. ACS Appl Mater Interfaces 2010; 2: 2012-2025.
Prasad BR, Brook MA, Smith T, Zhao S, Chen Y, Shear-
down H, D'Souza R, Rochev Y. Controlling cellular activity
by manipulating silicone surface roughness. Colloids Surf B
Biointerfaces 2010; 78: 237-242.

Rui YF, Du L, Wang Y, Lui PP, Tang TT, Chan KM, Dai
KR. Bone morphogenetic protein 2 promotes transforming
growth factor beta3-induced chondrogenesis of human osteo-
arthritic synovium-derived stem cells. Chin Med J 2010;
123: 3040-3048.

Shi C, Zhu Y, Ran X, Wang M, Su Y, Cheng T. Therapeutic
potential of chitosan and its derivatives in regenerative
medicine. J Surg Res 2006; 133: 185-192.

Shim IK, Suh WH, Lee SY, Lee SH, Heo SJ, Lee MC,
Lee SJ. Chitosan nano-/microfibrous double-layered membrane
with rolled-up three-dimensional structures for chondrocyte
cultivation. J Biomed Mater Res 2009; 90: 595-602.

Steinert AF, Ghivizzani SC, Rethwilm A, Tuan RS, Evans
CH, Noth U. Major biological obstacles for persistent cell-
based regeneration of articular cartilage. Arthritis Res Ther
2007; 9: 213.



Bibek Chandra Sutradhar, Yawon Hwang, Seokhwa Choi and Gonhyung Kim

41. Sutradhar BC, Hong G, Ge Z, Kim G. Coculture of bovine

chondrocytes with demineralized bone matrix in chitosan-
alginate beads enhances chondrogenesis. J Med Biol Eng
2012; 33: 518-525.

. Swieszkowski W, Tuan BH, Kurzydlowski KJ, Hutmacher
DW. Repair and regeneration of osteochondral defects in
the articular joints. Biomol Eng 2007; 24: 489-495.

. Tan H, Chu CR, Payne KA, Marra KG. Injectable in situ
forming biodegradable chitosan-hyaluronic acid based hydro-
gels for cartilage tissue engineering. Biomaterials 2009; 30:
2499-2506.

0|

44, Widuchowski W, Lukasik P, Kwiatkowski G, Faltus R,

Szyluk K, Widuchowski J, Koczy B. Isolated full thickness
chondral injuries. Prevalance and outcome of treatment. A
retrospective study of 5233 knee arthroscopies. Acta Chir
Orthop Traumatol Cech 2008; 75: 382-386.

. Xie J, Thara M, Jung Y, Kwon IK, Kim SH, Kim YH,

Matsuda T. Mechano-active scaffold design based on micro-
porous poly (L-lactide-co-epsilon-caprolactone) for articular
cartilage tissue engineering: dependence of porosity on
compression force-applied mechanical behaviors. Tissue Eng
2006; 12: 449-458.

HEEl F|EA LX|H|O|E & poly (L-Lactic-co-e-Caprolactone)

XX[Hel A= =

X "ot

Bibek Chandra Sutradhar - 0} - A3} - Z2E!
3

ZRstn o Frjst o2l

E .
=

%3 e} 7]

37

9] 7]
X

=)

2 10 kO
WY rlo off rfz

A

=

o
H=

ATE 71EA GAME Fsd S ARE-ste] A
S fAS=8 "3t poly (L-Lactic-co-g-Caprolactone) (PLCL) R|A|A|2] g3l thghk Arolct, Aol
G502 AAA 9GS o= F3kE Ar7lel ksl ool & AFelM= ATA|Ee; FAket Al
9] 3x14 43S WHE7] 98 PLCL AAA S} F3HAS ARgste] 4 AAAE AlZsisich. dshte
3t A A& 7o 85%2] the4d, 300-500 um Z719] 7S 7 ©AE =8 ARAE AFs ek

A8 ABALY 339 TEE fA B, 42

20 A=A} 71EAF SAYO|E A E9hE0] PLCL AAA 85303 thxwre] dxv|o]Eg} vlal A-6i3itt.

71EAE Aol E FapAl} AZA 27 E3HE 7ol EAlo]

E o5 ARGl sl A A, S, Al 7129

34, SGAG A4 11 @ Bekiel 9 5o 3t £ Aoz Itk B A7 A%E F9 PLCL AAA
AL ES) 7N BAYolE A EFES A8F A% AE S5} 71de] Poel AP B4L wE + gon]

=

F20{ :PLCL, & 9IZAM=Z, 9F F8

=
Aol ok Aol Aoz AkgE S Zlos gE
o



