Oka K, Murase T, |Patterns of bone defect in|J Hand Surg 30 359-65 2005
Moritomo H, scaphoid nonunion: a [Am]

Goto A, 3—dimensional and

Sugamoto K, quantitative analysis

YoshikawaH.

Goto A, In vivo three—dimensional | Journal of 23 750-756 2005
Moritomo H, wrist motion analysis Orthopaedic

Murase T, Oka K, |using magnhetic resonance|Research

Sugamoto K, imaging and volume-based

Arimura T, registration.

Masumoto J,

Tamura S,

Yoshikawa H,

Ochi T

Murase T, Does three-dimensional |[Clinical 434 143-150 2005
Moritomo H, computer simulation Orthopaedicsa

Goto A, improve results of nd Related

Sugamoto K, scaphoid nonunion Rescearch.

Yoshikawa H. surgery?

Moritomo H, Invivo three—~dimensional [J Bone Joint 88A 611-621 2006
Murase T, Goto A, |kinematics of the mid Surg

Oka K, carpal joint of the

Sugamoto K, wrist

Yoshikawa H.

Namba J, Modulation of Journal of 80 273-279 2007
Shimada K, peritendinous adhesion |[Biomedical

Saito M, formation by alginate Material

Murase T, solution in a rabbit Research

Yamada H, flexor tendon model. Part B

Yoshikawa H.

Kitamura T, Radiographic study of Clinical Epub 2006
Hashimoto J, joint destruction Rheumatology |ahead of

Murase T, patterns in the print

Tomita T, rheumatoid elbow.

Hattori T,

Yoshikawa H,

Sugamoto K.




828

Biomacromolecules 2004, 5, 828—833
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The ideal cell-carrier material for cartilage regeneration should be one that closely mimics the natural
environment in a living articular cartilage matrix. In the current study, we considered that alginate-based
chitosan hybrid biomaterials could provide excellent supports for chondrocyte adhesion. To test this hypothesis,
we investigated the adhesion behavior of rabbit chondrocytes onto an alginate polymer versus the adhesion
of the chondrocytes onto some alginate-based chitosan hybrid polymer fibers in vitro. We demonstrated
that the alginate-based chitosan hybrid polymer fibers showed much improved adhesion capacity with
chondrocytes in comparison with alginate polymer fiber. Additionally, morphologic studies revealed
maintenance of the characteristic round morphology of the chondrocyte and the dense fiber of the type Il
collagen produced by the chondrocytes in the hybrid polymer. On the basis of these results, we conclude
that an alginate-based chitosan hybrid polymer fiber has considerable potential as a desirable biomaterial

for cartilage tissue scaffolds.

Introduction

The limited potential for self-repair of articular cartilage
necessitates surgical procedures to treat injured cartilage.
However, no current procedures for cartilage repair have
successfully regenerated long-lasting hyaline cartilage tissue
to replace a cartilaginous lesion. On the other hand, a large
number of tissue engineering studies, involving the regenera-
tion of hyaline cartilage by culturing isolated chondrocytes
on biocompatible and biodegradable polymers as scaffolds
onto which cells are seeded, have been performed.!~!° Some
of these studies have shown the importance of selecting the
appropriate biomaterials as scaffolds for the chondrocyte
adhesion and supporting cell proliferation. Although a
variety of biomaterials, including both naturally occurring
and synthetic, have been introduced as potential scaffolds
for cartilage repair,’*4¢~1% we believe that the ideal cell-
carrier substance should be one that closely mimics the
natural environment in the cartilage-specific extracellular
matrixes (ECMs).
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5937. Fax: 81-11-706-6054. E-mail: niwasaki@med.hokudai.ac.jp.

* Hokkaido University School of Medicine.
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Given the importance of glycosaminoglycans (GAGs) in
stimulating chondrogenesis in vitro,>%° the uses of GAGs
or GAGs-like materials as components of a scaffold seems
to be a reasonable approach for enhancing chondrogenesis.
In the current study, we focused on simplifying complicated
three-dimensional (3D) networks of ECMs composed of a
variety of cell adhesive proteins and proteoglycans. This was
achieved by preparing a novel model of polyion complex
fibers from alginate and chitosan. Alginate is one of the
naturally abundant and anionic polysaccharides composed
of a disaccharide repeating unit, [GlcAf (1—4) Glcf
(1—3)]."' Moreover, this polysaccharide is known as a
hyaluronic acid-like biocompatible polymer often used in
biomaterials science because it contains D-glucuronic acid
as a main sugar residue of the repeating unit.!>!> Alginate
could be considered to be a good mimic for cartilage GAGs.
However, because of its anionic nature, the cellular adhesivity
of the chondrocytes to alginate is limited.™

On the other hand, chitosan has been employed as an ex-
cellent biocompatible material for wound healing and tissue
repair.’*~"7 Since chitosan is regarded as a cationic polysac-
charide showing excellent cell adhesive properties, we hypo-
thesized that a hybrid material composed of alginate com-
bined with chitosan could improve the chondrocyte adhesion
to the material. To test this hypothesis, we investigated the
in vitro adhesion behavior of rabbit chondrocytes onto

© 2004 American Chemical Society
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Figure 1. Original spinning apparatus for alginate fiber coated with
chitosan.

alginate-based chitosan hybrid polymer fibers. The objectives
of the current study are to quantify the degree of rabbit
chondrocyte adhesion onto alginate-based chitosan hybrid
polymer fibers and onto an alginate polymer fiber and to
compare the data obtained from the respective fiber types.
In addition, we present the chondrocyte proliferation and the
morphologic findings onto the alginate-based chitosan hybrid
polymer fibers. The results derived from this study provide
the essential information on the interactions between chon-
drocytes and the novel hybrid polymer fibers as a biomedical
material for cartilage tissue scaffolds.

Experimental Section

Preparation of Polyion Complex Fiber. The process of
preparing the alginate polymer fiber and the alginate-based
chitosan hybrid polymer fibers was essentially the same as
that reported by coauthors.!® A solution of sodium alginate
(4% wiw, M,, = 600 000, Kibun Food Chemifa, Co. Ltd.,
Tokyo, Japan) and chitosan oligomer (0, 0.035, or 0.05%
wiw, M,, = 18 000, Kimitsu Chemical, Co. Ltd., Tokyo,
Japan) in water was poured subsequently into the coagulation
system (a: 3% CaCl, in H,O; b: 3% CaCl; in H;O/MeOH)
through a nozzle containing 50 holes, each with a diameter
of 0.1 mm (Figure 1). The fibers were washed with methanol
and dried at room temperature and used for the further
experiments after sterilization. In the current study, alginate
polymer fiber (alginate group) and alginate-based chitosan
hybrid polymer fibers (alginate with 0.035% chitosan,
alginate-chitosan 0.035% group; alginate with 0.05% chi-
tosan, alginate-chitosan 0.05% group) were originally pre-
pared. Polymer fiber of polyglactin 910, a 90:10 copolymer
of glycolide and lactide, coated with polyglactin 370 and
calcium stearate (9—0 Vicryl suture material, Ethicon Co.,
Somerville, NJ) was also used as a control material. This
fibrous material, which has the same diameter as the novel
fibers, has been widely used in clinical fields.

Measurement of Mechanical Properties. The mechan-
ical properties of each fiber group were measured according
to the Japanese Industrial Standards 1.1015. Tensile tests for
five samples of each fiber group were performed at a
crosshead speed of 20 mm/min using the material testing
machine (P/N346-51299-02, Shimadzu, Kyoto, Japan). The
cross-sectional area was determined using a microscope
(BX50, Olympus, Tokyo, Japan) and a video dimension
analyzer (VM-30, Olympus, Tokyo, Japan).
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Microscopic Observation of Fibers. Microarchitecture
of each fiber was observed by scanning electron microscopy
(SEM, S-4500, Hitachi, Ltd., Tokyo, Japan). To quantita-
tively evaluate the alteration in the fibrous structure through
the degradation process, the diameter of each fiber in wet
and dry conditions {(# = 10 in each group) was measured
with a SEM image analysis system (Quartz PCI, Quartz
Imaging Corporation, Tokyo, Japan).

Preparation of Chondrocyte Suspension. Chondrocytes
were isolated from the articular surfaces of a Japanese white -
rabbit (2.0 kg, Hokudo Co. Ltd., Sapporo, Japan) under sterile
conditions using a technique described by Wakitani et al.'®
Articular cartilage slices, gathered from the knee, hip, and
shoulder joints were detached from the adherent connective
tissues. The cartilage specimens were minced like paste and
washed in sterile 0.9% sodium chloride. Then, the chondro-
cytes were isolated with 0.25% trypsin in sterile saline for
30 min followed by 0.25% type II collagenase in Dullbecco’s
modified Eagle’s medium (Gibco, Grand Island, NY)
supplemented with 10% fetal bovine serum, 100 1U/mL
penicillin, 100 pug/mL streptomycin, and 0.25 pg/mL am-
photericin B for 6 h at 37 °C in a culture bottle. Finally, the
isolated cells were collected by centrifugation at 1500 g for
5 min at 37 °C after removal from the culture bottle and
washed three times with the culture medium. The isolated
cells were quantitated using a hemocytometer, and then the
higher concentrated chondrocyte suspension was diluted to
5 x 106 cells/mL.

Cell Adhesion Study. Cell adhesion to the fibrous
materials was basically assessed by the method as pre-
viously reported by Nishimura et al.?* The fibrous samples
were cut into 10 mm pieces and packed in Teflon tubes
(25 mm length, 4.8 mm inner diameter, Sanplatec, Osaka,
Japan). Each fibrous sample consisted of 230 fibers. Then,
0.1 mL of chondrocyte suspension containing 0.5 x 109
cells was loaded on the column at room temperature. The
cells were allowed to adhere in a humidified incubator (37
°C and 5% CO,) for 1 h. Each column was gently rinsed
with 1 mL of 1 M phosphate-buffered saline (PBS) per 30
s using a syringe and the number of unattached cells was
quantified by the microscopic observation of the rinsed
solution. Parallel samples of n = 5 were used for each group
of polymer fibers.

Cell Proliferation Study. To assess the cell proliferation
on each fibrous material, the sheets consisting of each
polymer fiber were created in a perpendicular pattern with
one layer (8 x 8 mm). At 1, 7, and 14 days after cultivation,
five cultured materials of each fiber group were harvested
to quantify the total amount of DNA. The DNA content was
measured in aliquots of the sodium citrate (0.05 M phos-
phoric acid, 2 M NaCl) dissolved powdered samples by a
modified fluorometric assay using a bisbenzididazole dye
(Hoechst dye 33258, Polyscience Inc., Northampton, U.K.).2!
In fluorescence measurements, the excitation wavelength was
356 nm and the emission wavelength was 458 nm. The
results were extrapolated from a standard curve using salmon
testis DNA (Worthington, Freehold, NJ).

Morphological Observations. Cell morphology in the
fiber was observed by light microscopy and SEM after 14
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Table 1. Mean Mechanical Properties in Each Fiber Group?
alginate-chitosan aiginate-chitosan

alginate 0.035% 0.05%
tensile strength 242.6 4 3.2 246.4 + 4.1 229.0 + 2.2°
(N/mm?)
strain at failure  11.4 + 0.1 11.5+ 0.8 11.0+0.2
(%)

2Mean + SE. 2 p < 0.05 vs alginate group. p < 0.005 vs alginate-
chitosan 0.035% group.

days in culture. For the SEM observations, the samples with
chondrocyte adhesion were rinsed with Ringer’s solution and
then fixed with 2.5% glutaraldehyde in 0.1 M PBS. The
samples were covered with 1% osmium tetroxide (OsO4) and
1% tannic acid to fix the samples for the electron microscope.
After dehydration in a graded series of ethanols starting at
50% and continuing to 100%, samples were critical-point
dried with CO, and sputter coated with gold. Samples were
visualized by SEM.

Statistical Analysis. All data were represented as mean
+ standard error. Statistical comparisons among the fiber
groups were performed using one-way analysis of variance
(ANOVA) and Fisher’s PLSD test. The alterations in the
fibrous diameter between dry and wet conditions in each
group were analyzed using a paired t-test. Differences were
considered significant for p < 0.05.

Results

Mehanical Properties. Table 1 summarizes the mechan-
ical properties in each fiber group. The tensile strength in
the alginate-chitosan 0.05% group was significantly lower
than that in other groups (p < 0.05 vs the alginate group, p
< 0.005 in the alginate-chitosan 0.035% group). In terms of
the strain at failure, there were no statistically significant
differences among the three groups.

Microarchitecture of Fibers. Figure 2 shows the SEM
images of fibers with altered concentrations of chitosan in
dry and wet conditions. Although the surface of the alginate
nonhybrid fiber was uneven, it became smooth as the chito-
san concentration increased. The diameters of each fiber
group in dry and wet conditions are summarized in Table 2.
There were no statistically significant differences in the diam-
eter of fiber among the three groups. No significant alter-
ations in the values were found from dry to wet condition
in any groups.

Cell Adhesion. Adhesivities of chondrocytes are ex-
pressed by the percentage of chondrocyte trapped in the
column (percentage of adhesion), which is calculated using
the equation given in Figure 3. As shown in Figure 3, the
value in the alginate-chitosan 0.05% group was significantly
higher than that in the control (83.4 & 4.5% vs 19.2 & 6.2%,
p < 0.0001) and the alginate groups (83.4 + 4.5% vs 67 +
4.6%, p < 0.05).

DNA Quantification. The total amount of DNA in each
fibrous material was expressed as the amount per dry weight
of the cultured material (ug/g). The value at each time period
is summarized in Table 3. At day 1, the value in the alginate-
chitosan 0.05% group was significantly higher than that in
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Figure 2. SEM image of fibers with altered concentrations of
chitosan. A, Alginate polymer fiber; B, Alginate-based 0.035% chi-
tosan hybrid polymer fiber; C, Alginate-based 0.05% chitosan hybrid
polymer fiber. Left, dry condition; Right, wet condition. Although the
surface of the alginate nonhybrid fiber is uneven, it becomes smooth
as the chitosan concentration increases. No significant alterations in
the microarchitecture are found between dry and wet conditions in
any fiber groups.

Table 2. Mean Diameter of Each Fiber Group?

alginate-chitosan  alginate-chitosan

alginate 0.035% 0.05%
dry condition 283+13  275%12 232+ 0.8
{um)
wet condition 29.8 + 1.7 286+ 1.7 313415
{um)
2Mean 4 SE.

other groups (p < 0.01 vs the alginate group, p < 0.05 vs
the alginate-chitosan 0.035% group). Although there were
no statistically significant differences in the DNA amount
at day 7 and day 14 among the three groups, the values in
the alginate-chitosan hybrid groups tended to increase from
day 7 to day 14.

Cell Morphology. Phase contrast micrographs showed
the adhesion of the chondrocytes to the polymer fibers. There
was no significant effect of the compositions of the polymer
fiber on cell morphology after 14 days in culture. Scanning
electron micrographs revealed the characteristic round mor-
phology of the chondrocyte on an alginate-based 0.05%
chitosam hybrid fiber (Figure 4). The image shows the
proliferated cells in the dense fiber of the type II collagen
produced by the chondrocytes (Figure 4).
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Figure 3. Percentage of chondrocytes trapped in the column
(percentage of adhesion). Percentage of adhesion = (5 x 108 cells
— the number of unattached cells in rinsed solution)/5 x 108 cells x
100. 0.5 x 10°¢ cells, initial cell number in chondrocyte suspension
on the column. *p < 0.0001, compared with the control group. **p <
0.05, compared with the alginate group.

Table 3. Mean Total Amount of DNA in Each Fiber Group?

day 1 day 7 day 14
(ug/g) (ug/g) “(uglg)
alginate 192410 288+08 275+1.0

alginate-chitosan 0.035% 20212 246+23 357+54
alginate-chitosan 0.05%  26.2 + 23> 26.0+27 387+6.2

aMean =+ SE. 2p < 0.01 vs alginate group. p < 0.05 vs alginate-
chitosan 0.035% group.

Figure 4. SEM image of rabbit articular chondrocytes seeded on
alginate-based 0.05% chitosan hybrid fiber after 14 days of cuilture.
The characteristic round morphology of the chondrocyte and the
dense fiber of the type Il collagen produced by the chondrocytes can
be seen on the composite fibers.

Discussion and Conclusions

In articular cartilage tissue engineering, we must consider
that the articular cartilage is subject to excessive mechanical
stress. Therefore, to maintain the number of attached chon-
drocytes, highly cellular adhesivity is a requirement for
scaffold materials in cartilage tissue engineering. Several
studies have shown that alginate has an excellent potential
of enhancing chondrogenesis in vitro culture systems,22724
However, one drawback of alginate is that the cells within
this material do not strongly adhere to the surface due to its
anionic nature. To improve the cellular adhesivity, Genes et
al." introduced an RGD peptide to alginate material. They
demonstrated that the adhesion of chondrocytes to the RGD-
alginate was 10—20 times higher than that to unmodified
alginate. The background of developing the current alginate-
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based chitosan hybrid material is also to improve the
chondrocyte adhesivity to alginate. This study demonstrated
that the adhesivity of chondrocytes was significantly higher
on the alginate-based chitosan hybrid polymer fiber than on
the alginate polymer fiber. Madihally et al. al.b reported that
the cationic nature of chitosan allowed for electrostatic
interactions with anionic GAGs, proteoglycans, and other
negatively charged species. These ionic interactions may
serve as a mechanism for retaining and recruiting cells,
growth factors, and cytokines within a tissue scaffold. In
addition, the DNA quantification of cultured chondrocytes
showed that the attached chondrocytes to the alginate-
chitosan hybrid fibers tended to proliferate, as compared with
those to the alginate polymer fiber. Consequently, alginate-
based chitosan hybrid polymer has great potential as a
desirable biomaterial for cartilage tissue scaffolds,?s27

Although several basic studies have demonstrated the
chondrogenic potential of GAG-augmented chitosan hydro-
gels, 289282 these hydrogels do not have the required
mechanical strength. Several studies have shown a critical
role of mechanical stimulations to the chondrocytes in
enhancing cartilage tissue regeneration.’*~3 In vivo studies,
using animal models, have clearly demonstrated that moder-
ate exercise leads to an increase in the proteoglycan content
of aricular cartilage.>3? In vitro studies have indicated that
cyclic loading to cartilage explants stimulates synthesis of
ECMs by chondrocytes.%3334 In addition, Démarteau et al 3
showed that GAGs accumulation in the chondrocyte culture
system increased in response to dynamic compression only
if the GAGs content prior to compression was sufficiently
high. This indicates that the response of chondrocytes to
dynamic compression directly depends on the GAGs amount
surrounding the cells. Therefore, if the mechanical stimula-
tion is applied to cartilage tissue engineering, a strategy for
enhancing deposition of GAGs at the early culture stages
must be considered. We believe that the use of alginate,
which is one of the cartilage GAGs mimics, as a component
of a scaffold biomaterial should be a rational strategy for
cartilage tissue engineering.

A scaffold for cartilage tissue engineering requires
adequate mechanical strength to maintain the initial shape
of the implanted scaffold. To achieve this requirement, we
have developed a new polymer fiber as a fundamental
material for 3D fabricated scaffold. In the development of
the novel fibers, one of the most critical points was to
increase the mechanical strength of the fibers for 3D
fabrication. The obtained mechanical properties of the novel
fibers indicated enough mechanical strength to create a 3D
fabricated scaffold using the original apparatus. On the other
hand, Silver et al.3® reported that the tensile strength of the
type II collagen fibrous tissue in the cartilage was between
1000 N/mm? and 3000 N/mm?. In the current study, the
tensile strength of the fiber was 242.6 N/mm? in the alginate
group, 246.4 N/mm? in the alginate-chitosan 0.035% group,
and 229.0 N/mm? in the alginate-chitosan 0.05% group.
Theoretically, the mechanical property of a scaffold material
consisting of a large number of the current fibers should be
comparable to that of the type II collagen fibrous tissue.
Therefore, a 3D fabricated scaffold based on the novel fibers
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may have suitable mechanical strength for cartilage tissue
regeneration.

Regarding technical limitations in preparing the novel
fiber, we must consider the following point: alginate is an
anionic polysaccharide consisting of polyguluronate and
polymannuronate residues. Its is well-known that the calcium
ion chelates to alginate chains of polyguluronate sequences,
and the strength and specificity of the complexes are ex-
plained in terms of an egg-box model.?® In contrast, chitosan
is a cationic polysaccharide consisting of glucosamine resi-
dues. The calcium ion and chitosan exist in the first coag-
ulation bath. The strength of alginate fibers would decrease
due to the inhibition of chelation of calcium ion with alginate
chains at high concentration of chitosan. Therefore, in this
study, we did not prepare the hybrid fibers coated with over
0.05% chitosan concentration.

In conclusion, the alginate-based chitosan hybrid polymer
fibers promoted favorable biological responses of seeded
chondrocytes including enhanced cell attachment and pro-
liferation in vitro. In addition, the mechanical strength of
these fibers could make it possible to create a 3D fabricated
scaffold using an apparatus formed from the novel fibers.
Ideally, the mechanical properties of 3D scaffolds based on
the alginate-based chitosan hybrid fibers must be tested to
determine the optimum properties for cartilage regeneration.
However, the data obtained here strongly suggest that the
novel fibers may be a suitable candidate for 3D scaffold
biomaterial in cartilage tissue engineering. Further studies
will be performed to design a desirable 3D fabricated scaffold
for cartilage regeneration based on the novel fibers, to clarify
the biodegradability and biocompatibility in living joints, and
to evaluate the in vivo cartilage regeneration using the
developed 3D scaffold.
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Abstract

In this study, we hypothesized that hyaluronic acid could provide superior biological effects on the chondrocytes in a three-
dimensional culture system. To test this hypothesis, we investigated the in vitro behavior of rabbit chondrocytes on a novel chitosan-
based hyaluronic acid hybrid polymer fiber. The goal of the current study was to show the superiority of this novel fiber as a scaffold
biomaterial for cartilage tissue engineering. Chitosan polymer fibers (chitosan group) and chitosan-based hyaluronic acid hybrid
polymer fibers (HA 0.04% and HA 0.07% groups, chitosan coated with hyaluronic acid 0.04% and 0.07%, respectively) were
originally developed by the wetspinning method. Articular chondrocytes were isolated from J apanese white rabbits and cultured in
the sheets consisting of each polymer fiber. The effects of each polymer fiber on cell adhesivity, proliferation, morphological
changes, and synthesis of the extracellular matrix were analyzed by quantitative a cell attachment test, DNA quantification, light
and scanning electron microscopy, semi-quantitative RT-PCR, and immunohistochemical analysis. Cell adhesivity, proliferation
and the synthesis of aggrecan were significantly higher in the hybrid fiber (HA 0.04% and 0.07%) groups than in the chitosan group.
On the cultured hybrid polymer materials, scanning electron microscopic observation showed that chondrocytes proliferated while
maintaining their morphological phenotype and with a rich extracellular matrix synthesis around the cells. Immunohistochemical
staining with an anti-type II collagen antibody demonstrated rich production of the type II collagen in the pericellular matrix from
the chondrocytes. The chitosan-based hyaluronic acid hybrid polymer fibers show great potential as a desirable biomaterial for
cartilaginous tissue scaffolds.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In Living organisms, the authentic substrate for most
cells is the extracellular matrix (ECM). The ECM
adheres to cells via integrins, which are membrane-
spanning heterodimeric receptors [1]. Through the cell-
matrix adhesions, the ECM transduces physiological
signals regulating cell growth, cell proliferation, cell
differentiation, and matrix remodeling to the cells [1].
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Therefore, the ECM plays an important role in living
tissue development and regeneration.

In a tissue engineering technique, tissue regeneration
is achieved by culturing isolated cells on biocompatible
and biodegradable materials as scafollds onto which
cells are seeded. A large number of studies have shown
the importance of selecting the appropriate biomaterials
as scaffolds for the cell adhesion and supporting the
proliferation [2-10]. For the reason given above, the
ideal scaffold material should be one which closely
mimics the natural environment in the tissue-specific
ECM [9].

Once damaged, the articular cartilage consisting of
hyaline cartilage tissue has little capacity for spontaneous
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healing. Although the limited potential for self-repair of
the articular cartilage necessitates operations to treat
injured cartilage, no current procedures for cartilage
repair have successfully regenerated long-lasting
hyaline cartilage tissue to replace a cartilaginous lesion
[11,12]. To solve this limitation, tissue engineering
techniques by culturing isolated chondrocytes on a
variety of scaffold materials, including naturally occur-
ring and synthetic, have been developed [4-10]. How-
ever, there have been no ideal materials for cartilage
tissue engineering.

One of the considerable characteristics in the cartilage
tissue is that a small number of chondrocytes are
embedded in the rich ECM. Therefore, cell-matrix
interactions play a crucial role in the development and
regeneration of the cartilage tissue. To successfully
achieve cartilage tissue regeneration, a cell-carrier
substance which closely mimics the natural environment
in the cartilage-specific ECM must be developed. In the
current study, hyaluronic acid, which is a main
component of the proteoglycans (PGAs) in the cartilage,
was applied to chitosan as a fundamental biomaterial.

Recently, several studies have demonstrated that
cellular functions differ in two-dimensional and three-
dimensional (3D) systems [13,14]. In cartilage tissue
engineering, a closer approximation to in vivo environ-
ments should be attained by culturing cells in 3D
materials. Additionally, the articular cartilage must be
considered for its mobility as an excessively stressed
tissue. To structurally mimic the environments of the
cartilage tissue, the fundamental structure of a scaffold
should be a 3D system with adequate mechanical
strength. In the current study, the authors have
structurally developed a novel polymer fiber—chito-
san-based hyaluronic acid hybrid fiber—as a biomaterial
to easily fabricate 3D scaffolds.

In this study, we hypothesized that hyaluronic acid
could provide superior biological effects on the chon-
drocytes in a 3D culture system. To test this hypothesis,
we investigated the in vitro behavior of rabbit chon-
drocytes on a novel chitosan-based hyaluronic acid
hybrid polymer fiber. The objectives of the current study
were to evaluate the chondrocyte adhesion, prolifera-
tion, and the synthesis of the ECMs in the chitosan-
based hyaluronic acid hybrid polymer fiber and to show
the superiority of this novel fiber as a scaffold
biomaterial for cartilage tissue engineering.

2. Materials ahd methods
2.1. Polymer fibers
Polymer fibers were developed by the wet spinning

method as described by Tamura et al. [15] with the
following modification. Fig. 1 shows the process of

Side to side at a rate of 100 mm/ 30 sec
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Fig. 1. The original roller system.

developing the fibers using an original apparatus [15].
Chitosan is a commercial material purchased from
Kimitu Chemical Co. Inc., (Tokyo, Japan). Hyaluronic
acid produced by lactic acid bacteria, with a viscosity
average molecular weight of 2,400,000, was gifted from
DENKI KAGAKU KOUGYO Co. Ltd. (Tokyo,
Japan). The degree of deacetylation of the chitosan
was 81%, and viscosity average molecular weight was
600,000. To prepare the polymer fiber 7g of chitosan
powder was dissolved in 200ml of 2% aqueous acetic
acid solution to give 3.5% of polymer concentration.
Dope of chitosan was spun into a calcium coagulant
bath (64% CaCl, dissolved in 50% aqueous methanol
solution) through a stainless steel spinnlet (0.1 mm
diameter, 50 holes) at a winding speed of 4.4 m/min at
room ‘temperature. Then, 50% aqueous methanol
solution was used as a second coagulation bath and
0.04 or 0.07% hyaluronic acid dissolved in 50% aqueous
methanol solution was a third coagulation bath. Using
an original roller system (Okada Co. Inc., Sapporo,
Japan), the resulting fibers were stretched and treated
with 0.8% sodium hydroxide (NaOH) dissolved in 90%
aqueous methanol solution to neutralize the acidity of
the fibers. The fibers wound in the roller were washed
with methanol and dried at room temperature. The
diameter of each fiber was 0.03 mm.In the current study,
chitosan polymer fiber (chitosan group) and chitosan-
based hyaluronic acid hybrid polymer fiber (chitosan
coated with hyaluronic acid 0.04%, HA0.04% group;
chitosan coated hyaluronic acid 0.07%, HAO0.07%
group) were originally developed. For further investiga-
tions of the chondrocyte culture system, we automati-
cally made a fiber sheet using the original apparatus
(Fig. 1). Coagulated fibers were passed through a cross
feeding guide and wound onto a stainless roller (120 mm
diameter and 120 mm wide) at the rate of 17rpm. The
cross feeding guide set forward in the roller was moved
from side to side at a rate of 100 mm/30s. The cross-feed
length and rotation count were 100 mm and 40 times,
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Fiber sheet (8mm x 8 mm) : 6 layers
Thickness : 1mm
(A)

Fig. 2. (A,B) Three-dimensional (3D) scaffold material for the
chondrocyte culture. Sheets consisting of each polymer fiber are
stacked in a perpendicular pattern with six layers (8 x 8 mm, 1 mm
thickness). (C) Scanning electron micrograph of the 3D scaffold
material.

respectively. The fibers wound onto the roller were
washed and dehydrated with methanol, and then dried
at room temperature. The dry filaments were cut from
the roller and a sheet fiber of filaments were piled 40
high (380mm length, 100mm wide and 0.25mm
thickness). The sheets consisting of each polymer fiber
were cut into small sheets and stacked in a perpendicular
pattern with six layers (8 x 8mm, 1mm thickness)
(Fig. 2A,B,C). Each sheet was peripherally adhered
with 2% chitosan gel and dried at 40°C for over night.
During this process, we constantly obtained the same
3D fabrications. These 3D materials were sterilized in
autoclave at 135°C for 20 minutes for the chondrocyte
culture.

2.2. Measurement of material properties

Material properties of five samples in each fiber group
were measured according to the Japanese Industrial

Standards 1.1015. Tensile tests for each fiber group were
performed at a crosshead speed of 20 mm/min using a
material testing machine (P/N346-51299-02, SHIMAD-
ZU, Kyoto, Japan). The cross-sectional area was
determined using a microscope (BX50, OLYMPUS,
Tokyo, Japan) and a video dimension analyzer (VM-30,
OLYMPUS, Tokyo, Japan).

2.3. Chondrocyte suspension

Ten week old Japanese white rabbits with a mean
body weight of 2.0kg (Hokudo, Sapporo, Japan) were
used in this study. Articular cartilage slices, gathered
from the knee, the hip, and the shoulder joints of each
animal, were detached from the adherent connective
tissues. Cartilage specimens were minced like paste and
washed three times in sterile 0.9% sodium chloride.
Then, the chondrocytes were isolated with 0.25%
trypsin (Difco Lab., Detroit, MI) in sterile saline for
30minutes followed by 0.25% collagenase (Worthing-
ton, Freehold, NJ) in Dullbecco’s modified Eagle’s
medium (SIGMA Chemical Co., St. Louise, MO)
supplemented with 10% fetal bovine serum (Invitrogen
Corp., Carlsbad, CA), 100IU/ml penicillin, 100 pg/ml
streptomycin, and 0.25pug/ml fungizone (BIOWHIT-
TAKER, Walkersville, MD) for 6 h at 37°C in a culture
bottle.Finally, the isolated cells were collected by
centrifugation (1,500 g, 37°C, Smin) after removal from
the culture bottle and washed three times with the
culture medium. The final cell density of chondrocyte
suspension was adjusted for further investigations.

2.4. Cell adhesion study

Chondrocyte adhesion to the polymer fibers was
assessed by the method as previously reported by
Nishimura et al. [16]. The polymer fibers of Polyglactin
910, a 90:10 copolymer of glycolide and lactide, coated
with polyglactin 370 (9-0 Vicryl suture material, Ethicon
Co., Somerville, NJ), were used as control materials.
The fibrous samples were cut into 10mm pieces and
packed in Teflon tubes (25mm length, 4.8 mm inner
diameter) and then 0.1ml of chondrocyte suspension
containing 0.5 x 10° cells was loaded on the column at
room temperature. The cells were allowed to adhere in a
humidified incubator (37°C, 5% CO,) for 1h. Each
column was gently rinsed with 1ml of 1 M phosphate-
buffered saline (PBS), and the number of unattached
cells in the rinsed solution was quantified by microscopic
observation using a hemocytometer. Parallel samples of
n = 5 were used for each group of polymer fiber.

2.5. Chondrocyte culture

The 3D scaffold materials mentioned previously were
used for the chondrocyte culture. Chondreyte suspension
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containing 0.6 x 10° cells was embedded on the materi-
als. These samples were placed in a 37°C, humidified 5%
CO, incubator for 1 h and then overlaid with 2 ml of the
culture medium. Chondrocyte cultures were placed in a
humidified incubator and replaced with a fresh medium
twice a week.

2.6. DNA quantification

At 1, 7, and 14 days after cultivation, 5 cultured
materials of each fiber group were harvested to quantify
the total amount of DNA. The DNA content (pg/
sample) was measured in aliquots of the sodium citrate
(0.05 M phosphoric acid, 2 M NaCl) dissolved powdered
samples by the modified fluorometric assay using a
bisbenzididazole dye (Hoechst dye 33258, Polyscience
Inc., Northampton, UK) [17]. In fluorescence measure-
ments, disposable cuvettes were used; the excitation
wavelength was 356nm and the emission wavelength
was 458nm. The results were extrapolated from a
standard curve using salmon testis DNA (Worthington,
Freehold, NJ).

2.7. RNA isolation

After 14 days of culture, samples of each fiber group
were frozen in liquid nitrogen prior to RNA extraction.
Total RNA was extracted by the TRIspin method
described previously [18]. Briefly, frozen samples were
powdered in liquid nitrogen cooled with Brown Dis-
membrater vessels (B. Braun Biotech., Allentown, PA).
The TRIzole reagent (Life Technologies, Gaitherburg,
MD) was added to the powdered tissue at the rate of
1 ml/100 mg sample weight and the samples warmed to
room temperature. The samples, to which chloroform
was added, were centrifuged at 12,000 g for 15min at
4°C. Then, the upper aqueous phase containing the
RNA was obtained and mixed with 70% ethanol.
Finally, total RNA was isolated using the RNeasy total
RNA kit (Qiagen, Chatsworth, CA) according to the
manufacturer’s protocol.

2.8. Semiquantitative reverse transcriptase-polymerase
chain reaction (RT-PCR) analysis

Total RNA yield was fluorometrically quantified with
the SYBR® Green reagent (Molecular Probes, Eugene,
OR) according to the manufacturer’s recommendations.
According to the previous reports, semiquantitative
RT-PCR analysis was performed using rabbit specific
primer sets for type I collagen, type II collagen,
aggrecan, and a housekeeping gene, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) {19-22]. First, 1 ug
of total RNA was reverse-transcribed into cDNA using
the StratScript RNase H™ kit (Stratagene, La Jolla,
CA). Second, aliquots (1.5 pl of 50 ul total value) of the

resulting cDNA were amplified in a total volume of 50 pl
containing PCR buffer, 0.2 uM dNTP mixture, 1.5 mM
MgCl, 0.5uM of each primer, and 1 unit of the Taq
DNA polymerase (Life Technologies Inc., Gaithersburg,
MD). As reported previously, conditions were deter-
mined to be in the linear range for both the PCR
amplification and the image analysis system [19-22]. The
PCR products were separated by electrophoresis of
20 pl of each reaction mixture in a 2% agarose gel at
100 V/cm in 1 x Tris-acetate-EDTA buffer. Following
electrophoresis, the gels were stained with ethidium
bromide, destained in distilled water and photographed
using a charge coupled device (CCD) camera. Compar-
ison to the standard 1kb DNA ladder (Life Technolo-
gies Inc., Gaithersburg, MD) ensured proper size of
PCR products. Then, the PCR products were separated
by electrophoresis. Finally, the images were captured
with a CCD camera and analyzed with Quantity One
(PDI., Inc., Huntington Station, NY). To yield a semi-
quantitative assessment of the gene expression, the data
were expressed as normalized ratios by comparing the
integrated density values for the genes in question with
those for GAPDH.

2.9. Morphological and immunohistochemical analysis

Cell morphology in the 3D scaffold material was
observed by light microscopy and scanning electron
microscopy (SEM) at 14 days after cultivation. At the
end of the cultivation period, all samples were rinsed
with Ringer’s solution to remove nonattached cells. The
cells in the material were fixed over night with 2.5%
glutaraldehyde supplemented with 0.1 M phosphate
buffer. After fixation, the SEM specimens were rinsed
with 0.1 M phosphate buffer and fixed in 1% OsO, for
1 h, then soaked in 1% tannic acid for an additional 1 h.
These processes were repeated three times. The speci-
mens were dehydrated through a graded ethanol series
and dried at the critical point of CO,. The specimens
were then mounted on an aluminum stub and sputtered
with argon using an ion coater (Hitachi, Tokyo, Japan),
and viewed with a SEM (Hitachi S-4500, Hitachi,
Tokyo, Japan) immediately after preparation. Immuno-
histochemical stains were performed with anti-type I
and anti-type II collagen antibodies (Fuji Pharm. Lab.,
Toyama, Japan) to detect expression of the type I and
type II collagen products.

2.10. Statistical analysis

All data were represented as mean -+ standard
error. Statistical comparisons were performed using
one-way analysis of variance (ANOVA) and Fisher’s
PLSD test. Differences were considered significant

for p<0.05.
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3. Results
3.1. Material properties

The tensile strength of each fiber group was
87.442.0 N/mm? in the chitosan group, 168.24+7.0 N/
mm? in the HA0.04% group, and 144.4+2.1 N/mm? in
the HA0.07% group. The values of the hyaluronic acid
hybrid fiber significantly increased as compared with
that of the chitosan fiber (p<0.0001). The strain at
failure was 11.2+1.7% in the chitosan group,
9.8%+2.4% in the HA0.04% group, and 9.74+1.9%
in the HA0.07% group. There were no significant
differences among the 3 groups.

3.2. Cell adhesion

Adhesivities of the chondrocytes were expressed by

the percentage of chondrocytes trapped in the column to
the total chondrocytes loaded on the column (0.5 x 10°
cells). The percentage was 53.34+7.1% in the control
group, 79.342.2% in the chitosan group, 95.1+1.3 in
the HA0.04% group, and 90.543.2% in the HA0.07%
group. The values in the HA 0.04% and HA 0.07%
groups were significantly higher than that in the control
(»<0.0001) and in the chitosan groups (p<0.05).

3.3. Cell proliferation

Light micrographs (Fig. 4) showed the proliferation
of chondrocytes on all the fibers at 14 days after
cultivation. From day 1 to day 14 of the culture period,
the total amount of DNA increased in all the fiber
groups (Fig. 3). After 7days in culture, the total amount
of DNA in each group was 134.5+3.9 ug/sample in the
chitosan group, 142.2411.2 ug/sample in the HA0.04%
group, and 240.1+23.0 pg/sample in the HA0.07%
group. The value in the HA 0.07% group was
significantly higher than that in the chitosan and
HAO0.04% groups (p<0.05). On the other hand, at 14
days after cultivation, there were no significant differ-
ences among the 3 groups.

300
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Fig. 3. The increase of DNA content per sample (jug/sample) in the
chitosan and hybrid 3D scaffolds seeded with chondrocytes. *p<0.05
versus the other groups. N = 5, mean 4 standard error.

3.4. Cell morphology

There was no effect of fiber material on cell
morphology at 14 days after cultivation. Light micro-
graphs (Fig. 4) and SEM micrographs (Fig. 5A,B)
revealed the characteristic round morphology of the
chondrocytes on all the fibers.

3.5. Extracellular matrix products

The SEM micrographs revealed the dense fiber, which
indicated the type II collagen, in interstitial space
between the fibers (Fig. 5B). At 14 days after cultivation,
the quantity of total mRNA yield per mg wet weight in
the chitosan group, in the HA0.04% group, and in the
HAO0.07% group were 0.2740.02, 0.2440.02, and
0.1540.02 ng/mg, respectively. The mRNA for
GAPDH was well expressed in all samples. Based on
the analysis of 1 jig of total RNA converted to cDNA by
RT from each sample, integrated density values of
GAPDH in the linear PCR range (25 cycles) of the
chitosan group, of the HA0.04% group, and of the
HAO0.07% group were 0.2040.01, 0.2240.01, and
0.20+0.01 integrated density units, respectively. There
were no significant differences in GAPDH band density
among the 3 groups. These results support the normal-
ization of subsequent assessments to this gene. At 14
days the culture materials, normalized ratio of mRNA
of type I collagen, of type II collagen, and of aggrecan to
that of GAPDH is summarized in Table 1. In the values
of type I and type II collagen, there were no statistically
significant differences among the 3 groups (Table 1 and
Fig. 6). On the other hand, no expression of the mRNA
of the aggrecan was identified in the chitosan group
(Table 1 and Fig. 6). The normalized ratio of the
HAO0.07% group significantly increased, as compared to
that in the HA0.04% group (p<0.05). In a histochem-
ical study, safranin O lightly stained the pericellular
matrix around the chondrocytes in all the fibers at 14

Fig. 4. Light micrograph of chondrocytes proliferated in the 3D
scaffold material consisting of the chitosan-based 0.04% hyaluronic
acid hybrid polymer fiber at 14 days after cultivation (hematoxylin—
eosin staining, original magnification x 50).
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(A)

B)

Fig. 5. Scanning electron micrographs of the chondrocytes seeded on
the 3D scaffold material consisting of the chitosan-based 0.07%
hyaluronic acid hybrid polymer fiber at 14 days after cultivation. (A)
Scaffold superficial surface; (B) scaffold sagittal surface. The
characteristic round morphology of the chondrocytes (white arrows)
and the dense fibers of the type II collagen can be found around the
chondrocytes. Arrow heads, polymer fiber.

Table 1

Material groups Type I Aggrecan Type 1
(n=25) collagen collagen
Chitosan group 1.51+0.07 No expression 0.45+0.04
HA 0.04% group 1.5940.07 1.074£0.17 0.60+0.11
HA 0.07% group 1.374+0.12 1.59+0.09* 0.43+0.11

*p = 0.025 versus HA 0.04% group.

days after cultivation. Immunohistochemical staining
with an anti-type II collagen antibody demonstrated
rich type II collagen production in the pericellular
matrix (Fig. 7A). However, there was no staining for
type I collagen in all the fibers (Fig. 7B).

4. Discussion

The final goal of the current study was to clarify the
feasibility of the novel chitosan-based hyaluronic acid

Chitosan

HAO0.04%

HA0.07%

1 2 3 4 5

Fig. 6. Reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis in the chitosan, the HA0.04%, and the HAO0.07% group
specimens. Lane 1, ladder marker; lane 2,GAPDH; lane 3, type II
collagen; lane 4, aggrecan; lane 5, type I collagen. At 14 days after
cultivation, the mRNA for type II collagen was well expressed in all
specimens. On the other hand, no expression of the mRNA of the
aggrecan was identified in the chitosan group specimens.

Fig. 7. Immunohistochemical stainings with anti-type I and II collagen
antibodies. A, Rich production of type II collagen is indicated in the
HAO0.07% group. B, No staining of type I collagen is found in the
HAO0.07% group. (original magnification x 100).

hybrid polymer fibers as a scaffold biomaterial for
cartilage tissue engineering. Recently, several reports
have shown the potential of chitosan scaffold biomater-
ial for cartilage tissue engineering [6,8,9,44]. Suh and
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Matthew [9] reported that chitosan is well suited as a
carrier material for the transplant of autologous
chondrocytes. Our results demonstrated that adhesion,
proliferation, and ECM products of the chondrocytes
were significantly higher on the hybrid polymer fibers
than on the non-hybrid chitosan polymer fiber, which is
well accepted as a scaffold material. Based on these
previous and our current results, we reasonably con-
clude that the chitosan-based hyaluronic acid hybrid
polymer fibers have a great potential as a desirable
biomaterial in cartilage tissue scaffolds.

Of emphasis in our novel biomaterial is that
hyaluronic acid, which is 2 main component of cartilage
glycosaminoglycans (GAGs), is applied to chitosan as a
fundamental substance. The ideal cell-carrier substance
should be one which closely mimics the natural
environment in the cartilage ECM. Glycosaminogly-
cans, which are parts of the cartilage ECM components,
play an important role in regulating expression of the
chondrocyte phenotype and in supporting chondrogen-
esis [8,23-26]. Therefore, the application of hyaluronic
acid as a component of the cartilage scaffold biomaterial
must be a reasonable approach for enhancing chon-
drogenesis. Concerning the cell adhesivity of hyaluronic
acid, Zimmerman et al. [27] showed that hyaluronic acid
is an adhesion modulator molecule, which can mediate
the early stage of cell-substrate interaction. On the other
hand, CD44 is well known as a cell surface receptor for
hyaluronic acid [28,29]. CD44 is a transmembrane
glycoprotein expressed in a variety of cell types in
connective tissues and a major cell surface protein in
chondrocytes. This has been postulated to have a
function as the principal receptor for hyaluronic acid,
a common GAG component of the ECMs [29-31].
Murdoch et al. [32] demonstrated that there was a
dramatic increase of CD44 expression on the isolated
chondrocytes from the cartilage. Based on these
previous data and the current results, we reasonably
conclude that scaffold biomaterials introducing hya-
luronic acid can provide excellent chondrocyte adhesive
activity.

In the current study, another important point is that a
polymer fiber has been applied to the scaffold biomater-
ial. A scaffold for cartilage tissue engineering requires
adequate mechanical strength to maintain the initial
shape of the implanted scaffold. Several studies have
demonstrated the chondrogenic potential of GAGs-
augumented chitosan hydrogels [8,45]. However, these
hydrogels do not have the required mechanical strength
as mentioned above. Therefore, scaffolds consisting of
these hydrogels cannot be transplanted into large
cartilaginous lesions in advanced degenerative diseases
such as osteoarthritis and rheumatoid arthritis. To solve
this drawback, we have developed a new polymer fiber
as a fundamental material for 3D fabric. The obtained
data showed a significant increase of mechanical

strength in the hyaluronic acid hybrid fibers. This
indicates that introducing hyaluronic acid to the
fundamental materials plays an important role in
increasing the material properties of the scaffold.
Tamura et al. [15] reported the enhancement of tensile
strength by the coating of alginate fiber with chitosan.
Tonic interaction is the most convenient way to form a
tight bond between two molecules. They concluded that
the tight bond of chitosan to alginate increased the
tensile strength of the hybrid fibers. In the current study,
the tensile strength of a chitosan polymer fiber increased
by applying hyaluronic acid coating. As chitosan is a
cationic polysaccharide consisting of glucosamine resi-
dues and hyaluronic acid has anionic behavior, a tight
bond between both molecules was expected. The main
reason for the increase of mechanical strength in the
novel hybrid fiber is this tight bond between chitosan
and hyaluronic acid polymers. The novel fabric consist-
ing of chitosan-based hyaluronic acid hybrid polymer
fibers will serve as an ideal scaffold with adequate
strength for cartilage tissue engineering.

Chitosan is a partially deacetylated derivative of
chitin, the primary structural polymer in arthropod
exoskeletons. Structurally, chitosan is a linear poly-
saccharide consisting of B(1—4) linked D-glucosamine
residues with a variable number of randomly located
N-acetyl-glucosamine groups. The average molecular
weight ranges from 50 to 1000kDa. The potential of
chitosan as a biomaterial is based on its cationic nature
and high charge density in solution. Madihally et al. [6]
reported that the cationic nature of chitosan allowed for
electrostatic interactions with anionic GAGs, PGAs,
and other negatively charged species. These ionic
interactions may serve as a mechanism for retaining
and recruiting cells, growth factors, and cytokines
within a tissue scaffold. Consequently, chitosan has
been already employed as an excellent biomaterial for
wound healing and tissue repair [33-35]. Since chitosan
is regarded as a cationic polysaccharide showing
excellent cell supporting properties, a hybrid material
composed of chitosan combined with hyaluronic acid
might prove to be a novel class of polyion complex
effective for cartilage specific scaffolds.

The current strategies for the treatment of damaged
adult articular cartilage are lmited. To solve the
limitations of the current operations such as osteotomies
and total joint arthroplasties, several tissue engineering
techniques have been developed and clinically applied to
such lesions [42,43]. However, because of the mechanical
weakness of scaffold materials and the limited number
of donor cells, the present techniques can be used only
for relatively small cartilaginous lesions following
traumatic injuries and osteochondritis dessecans. Ide-
ally, a tissue engineering technique could be available as
an alternative to the current operations mentioned
above for the treatment of large cartilaginous lesions
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in degenerative diseases, including osteoarthritis and
rheumatoid arthritis. In articular cartilage tissue en-
gineering, we must consider that the articular cartilage is
subject to excessive compression and shear stress.
Therefore, to maintain the initial shape of the scaffold
surface and the number of attached chondrocytes,
adequate mechanical strength and highly cellular
adhesivity are requirements for scaffold materials in
cartilage tissue engineering. The other consideration is
that the chondrocytes exhibit a profound change in their
phenotype after isolation from the ECM. They show the
development of a fibroblastic morphology and a switch
in production from type II collagen to type I collagen.
To maintain the chondrocyte phenotype through the
process of cartilage regeneration, scaffold material must
have the potential to support the chondrogenesis while
maintaining the chondrocyte phenotype. Based on the
current data, for cartilage tissue engineering, we may
reasonably conclude that our novel chitosan-based
hyaluronic acid hybrid polymer fiber serves as an ideal
biomaterial to create a 3D fabricated scaffold with
adequate strength, high cellular adhesivity, and excellent
support for chondrogenesis. In the current study, we
focused not on the shape or structure of the 3D
fabrication for cartilage tissue, but on the development
and assessment of the chitosan-based hyaluronic acid
hybrid fiber as a cartilage tissue engineering scaffold.
Using the novel 3D scaffold material with these
properties, this tissue engineering technique would be
applied to the treatment of large cartilaginous lesions in
a variety of diseases such as osteoarthritis and rheuma-
toid arthritis.

A considerable limitation of this study is that the
results were derived from an in vitro experimental model.
Therefore, the biocompatibility of the current fibrous
material in living joints is still unclear. A number of
studies have reported the tissue response to various
chitosan-based materials [36-41]). In general, these
chitosan materials have been observed to evoke a
minimal foreign body reaction. Sue and Matthew [9]
stated that this reaction may play a role in inducing local
cell proliferation and ultimately integration of the
implanted material with the host tissue. However, the
biocompatibility or immunological reaction of fibrous
chitosan material to the joint tissue remains unclear. In
addition, the process of degradation or absorption of the
current fibrous material in the articular environment is
still unknown. A further direction of our study will be to
clarify these points using animal experimental models.
Finally, further research will be needed to determine the
adequate shape, pore size and mechanical properties of a
3D fabrication for cartilage tissue regeneration.

Although there is a considerable limitation as men-
tioned above, the data derived from this study suggest
great promise for the future of chitosan-based hyaluro-
nic acid hybrid polymer fibers as a scaffold biomaterial.

The novel scaffold material will be applied to cartilage
tissue engineering for relatively wide cartilaginous
lesions caused by various joint diseases, including
osteoarthritis and rheumatoid arthritis.
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Abstract

In the present study, we have developed a novel and versatile method for the preparation of chitosan-peptide complex based on
the selective reaction of chitosan with 2-iminothiolane. The new type of SH-chitosan derivative showed an excellent solubility to
aqueous solution even in the alkaline conditions. This characteristic greatly facilitated further modification study of chitosan with a
variety of bioactive substances. A synthetic peptide, RGDSGGC containing RGDS moiety that is known as one of the most
important cell adhesive peptides, was readily coupled by disulfide bonds formation with sulfhydryl groups of SH-chitosan in the
presence of dimethyl sulfoxide. Next, the effect of the introduction of RGDSGGC moiety to chitosan on cell adhesion and
proliferation activity of chondrocytes and fibroblasts were evaluated. As a result, it was suggested that this polysaccharide-peptide
conjugate exhibited excellent capacities for both cell adhesion and cell proliferation of chondrocytes and fibroblasts. Considering the
growing importance of the biocompatible scaffolds in the recent tailored tissue engineering technique, these results indicate that the
present strategy of 2-iminothiolane-based conjugation of polysaccharides with biologically active peptides will become a key and
potential technology to develop desirable scaffold materials for the tissue regenerations.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The ideal treatment for severely injured tissues is that
the involved tissues are replaced with functional ones.
However, the current advanced treatments such as
reconstructive surgeries and allogeneic transplantations
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have the possibility of occurring functional loss of a self-
donor organ or tissue and lethal side effects derived
from immunosuppressants. Recently, to overcome these
limitations in the current treatments, various tissue
engineering techniques have been developed for tissue
regeneration [[-4].

The fundamental concept of tissue engineering
technique is that a culturing isolated cell on a scaffold
is transplanted into the target tissue for its regeneration
[5]. Therefore, in tissue engineering, the importance of
selecting the appropriate biomaterials as scaffolds for
the cell attachment and supporting cell proliferation has
been emphasized [6—15]. The biological tissues basically
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consist of the cells and the extracellular matrix (ECM).
It has been well documented that the interactions
between the cells and the ECM are essential for various
basic biological systems [16-19]. The ECM serves at
least three functions in controlling cell behavior such as
adhesion signals, growth factor binding sites, and
degradation sites. Especially, interaction between the
cells and their ECM plays an important role in hypo-
cellular and hypo-vascular tissue regeneration such as
cartilage and ligament tissue regeneration [1,13].
Although a variety of biomaterials, including naturally
occurring, synthetic, or composite of the both, have
been introduced as potential scaffolds, we believe that
the ideal cell-carrier substance should be one that closely
mimics the natural environment in the ECM.

It was subsequently shown that various ECM
molecules contain specific peptide motifs that allow
them to directly bind to cell surface receptors [20-24].
One of the best characterized motifs is the tri(tetra)pep-
tide Arg-Gly-Asp-(Ser) [RGD(S)], first found in fibro-
nectin. The peptides containing this amino acid
sequence promote the adhesion of cells and inhibit the
adhesive properties of fibronectin. On the other hand,
integrins were the first identified ECM receptor. It is well
established that, on the ligand binding, integrins can
directly induce the biochemical signals into the cells. The
cytoplasmic domain of the integrins interacts with the
cytoskeleton, suggesting that the ECM signalings
through integrins are transduced via the cytoskeletal
elements and induce cell shape changes leading to the
growth and/or differentiation. It is well known that
RGD(S) motif of fibronectin could bind with integrin
and the signal transduction was regulated through this
RGD(S) motif.

Although cell adhesion molecules are crucial for the
relationship between cells and ECM, little attention has
been paid to their application to scaffold materials.
Therefore, our attention was directed toward the
mimicking the ECM functions through the conjugation
of cell adhesive molecules to scaffold materials. For
introducing functional molecules such as peptides,
proteins, and carbohydrates, to stable scaffolds in order
to acquire additional preferable interactions, functions,
and specific cellular responses, Davis et al. reported

three major methods of immobilization of biomolecules

and cells [25]: physical adsorption, physical entrapment,
and covalent attachment. The first and second ap-
proaches are physically based, while the third one is
based on covalent or chemical attachment to the
support molecules. Concerning sustainable tissue en-
gineering, the immobilization must be preferable to last
the time when damaged tissue is replaced with regener-
ating tissue. This long-standing immobilization of
biomolecules to scaffolds will be achieved with covalent
bonds. Although a number of methods have been
developed for the conjugation of biomolecules to soluble

or solid materials by covalent bonds, few methods are
currently applied to develop a practically available
scaffold material [25,26].

We focused on the effect of the introduction of cell
adhesive peptides to chitosan on the cell adhesion and
proliferation activity of this abundant aminopolysac-
charide material. Chitosan had long been expected as
one of the most potential polysaccharides for the
biocompatible and wound healing materials
[10,11,27-29]. The hypothesis of this study was that
introducing the RGDS-containing sequence to this
aminopolysaccharide could provide the versatile bio-
compatible scaffold materials with the enhanced cell
adhesion and cell proliferation activities through the
interaction with integrins. To test this hypothesis, for
reasons mentioned above, we established a novel and
efficient method to conjugate the RGDS-containing
peptide with chitosan and evaluated its adhesivity
and cell proliferation activity of chondrocytes and
fibroblasts.

2. Materials and methods
2.1. Synthesis of RGDSGGC

A model peptide, Arg-Gly-Asp-Ser-Gly-Gly-Cys
(RGDSGGC), was synthesized by solid-phase manner
on Model 433A Peptide Synthesizer by Applied
Biosystems (Foster City, CA, USA) using standard
Fmoc/HOBt/DCC protocols. The Fmoc-L-amino acids
and solvents used in the solid-phase peptide synthesis
(SPPS) were purchased from Nova Biochem (Liufelfin-
gen, Switzerland). The solid-phase synthesis was per-
formed on HMP resin and trifluoroacetic acid (TFA), 1-
hydroxybenzotriazole in N-methylpyrrolidone (HOBt in
NMP) and dicyclohexylcarbodiimide in N-methylpyrro-
lidone (DCC in NMP) were used for the coupling
reactions in dichloromethane (DCM) or dimethylifor-
mamide (DMF) as solvents. Deprotection and cleavage
of the peptide from the resin were carried out by treating
with 10 ml of reagent mixture containing 9.5 ml of TFA
and 0.5ml of water, for 3h at room temperature. After
releasing the products from the resin, the peptides
were purified by HPLC. As shown in Fig. I, the
MALDI-TOF mass spectrum of fully deprotected and
purified peptide was measured on an Ultraflex TOF/
TOF mass spectrometer (Bruker Daltonics GmbsH,
Bremen, Germany).

2.2. Introduction of the RGDSGGC to chitosan by means
of 2-iminothiolane

Derivatization of chitosan with 2-iminothiolane was
basically performed by employing the modified condi-
tion reported by Fu and Gowda [30], in which this
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reaction was used for derivatization of some proteins
[31-33] (Schemes 1 and 2). Four gram of chitosan
powder (ca. 500 kDa, degree of deacetylation ca. 80%,
Yaizu Suisankagaku Industry Co., Yaizu, Japan) was
mixed with 1% acetic acid (200 ml) to make a 2% (w/v)
stock chitosan solution (pH 2.68). Chitosan solution
(3.5 g) was added to 50 mm potassium phosphate buffer
solution (44ml, pH 8.0) containing 2mMm EDTA and
150 mM NaCl. To a suspension containing chitosan was
added with 2-iminothiolane (112mg) and the mixture
was incubated for 3h at room temperature in a nitrogen
atmosphere. The unreacted 2-iminothilane was removed
by dialysis against distilled water with Seamless Cellu-
lose Tubing (MWCO 12,000-14,000, Viskase Sales Inc.,
Chicago, IL, USA) for 7 days. Although the total
volume of this reaction mixture increased to 68 ml after
dialysis, it was found that the novel chitosan derivative
showed much improved solubility to alkaline aqueous
solution (pH 7-8, data not shown). Since this inter-
mediate seemed to be easily converted into insoluble
form by oxidative crosslinking even in an air atmo-
sphere, we directly employed the homogeneous solution
containing the key SH-chitosan intermediate for the
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Fig. 1. MALDI-TOF mass spectrum of synthetic RGDSGGC.
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subsequent disulfide bond formation with synthetic
peptide as shown in Scheme 3. A synthetic peptide
(45 mg of RGDSGGC in 6 ml of DMSO) was added to
the solution of SH-chitosan prepared by the above-
mentioned procedure (22.5ml) according to the proce-
dure reported by Tam et al. [34]. The mixture was
incubated for 4 h at room temperature and subsequently
dialyzed against distilled water for 7 days. Since the
resulted solution was used as a stock solution for testing
cell adhesion or proliferation assay, the half volume of
the final solution was lyophilized to determine the
precise concentration of the chitosan-RGDSGGC con-
jugate. As a result, the concentration of chito-
san—RGDSGGC was estimated to be 0.12% (w/v). In
the present study, the 96-well microtiter plates coated
with this stock solution was termed as ““0.12% hybrid”,

2.3. Amino acid analysis

For the purpose of the determination of the degree of
substitution by RGDSGGC moiety to SH-chitosan,
amino acid analysis was carried out. The lyophilized
sample was dissolved in 6 N HCI and placed in a thick-
wall pyrex tube. The tube was then vacuum sealed and
placed in the oven at 110°C for 24 h. The hydrolysate
was evaporated to dryness under reduced pressure and
the residue was dissolved in 0.01 N HCI or citrate buffer
(PIERCE, Rockford, IL, USA). The solution was
loaded to the JLC/500V Amino Acid Analyzer (JEOL
Ltd., Tokyo, Japan). Only the basic amino acids were
analyzed on the basis of HPLC analysis.

2.4. Cell culture

Human articular chondrocyte of the knee was
provided by BioWhittaker (Walkersville, MD, USA)
and cultured in Chondrocyte Growth Medium Bullet-
Kit®, Human fibroblast was provided by Cascade
Biologics, Inc. (Portland, OR, USA) and cultured in
medium containing Medium 106S®, 1LSGS®. Each
medium was changed thrice a week.

OH’ OH
o] O
O
H&/O HO (0]
NH n NH, m
HSMNH

Scheme 1. Ring opening reaction of 2-iminothiolane with chitosan.

RSH + (CH3),SO
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Scheme 2. DMSO initiated disulfide bond formation.
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Scheme 3. Coupling reaction of SH-chitosan with RGDSGGC in the presence of DMSO.

2.5. Cell adhesion assay

Cell adhesion assay was performed essentially accord-
ing to the method described previously [35,36]. In brief,
wells of 96-well microtiter plates (Nunc-Immuno®
Plates, NUNC, Rochester, NY, USA) were coated with
50 pl of the RGDSGGC—chitosan solution to each well
and incubated at 37°C for 1h in a 5% CO, incubator.
Three kinds of plates were prepared in accordance with
the concentration of the material and were termed as
0.12% hybrid, 0.012% hybrid, and 0.0012% hybrid. In
addition, 0.00185% RGDSGGC solution, which is
equivalent to the amount of RGDSGGC in 0.12%
hybrid, was also used for coating the plate (in the text,
this plate was called as ‘“non-hybrid™). As a control,
non-coating wells were prepared. Nonspecific binding
sites were blocked by incubating the plates with 100 pl of
1% bovine serum albumin for | h at room temperature.
The wells were then washed three times with PBS.
Chondrocytes and fibroblasts (1 x 10°cells/well) in
100 1l of HEPES buffer were added to the wells and
incubated for 1h at 37°C. After the removal of the
unbound cells by gently rinsing the wells three times
with PBS, the cells attached to the 96-well plates were
added 50ul of 0.25% crystal violet (WAKO Pure
Chemicals Co. Ltd., Osaka, Japan) in 20% methanol
and incubated for 30 min at room temperature. After
rinsing by distilled water, 100 pl/well of 20% acetic acid
was added. The degree of cell adhesion was quantified
with an optical density at 590 nm by Microplate Reader
Model 550 (Bio-Rad, Hercules, CA, USA).

2.6. Cell proliferation assay
Cell proliferation assay was performed by 2-(2-

methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2, 4-disul-
fophenyl)-2H-tetrazolium, monosodium salt (WST-8)

procedures basically as previously described [37,38]. 1-
methoxy-5-methylphenazinium methosulfate (I-Meth-
oxy PMS) and other reagents were obtained from
Dojindo Laboratories (Kumamoto, Japan). 96-well
microtiter plates (Nunc MicroWell ™ Plates, NUNC,
Rochester, NY, USA) were coated with 50pul of
RGDSGGC—chitosan conjugate solutions in a similar
manner as described in the section of cell adhesion
agsay. As controls, non-coating plate (Control 1) and
0.12% SH-chitosan-coated plate [chitosan-2-iminothio-
lane complex, the intermediate without RGDSGGC
{Control 2)] were also prepared. Non-specific binding
sites were blocked by incubating the plates with 100 pl/
well of 1% bovine serum albumin for 1h at room
temperature. The wells were then washed three times
with PBS. Chondrocytes (100pl, 2.25 x 10° cells/mi)
suspension was added to the wells and incubated at
37°C for 24h. Fibroblasts (100pl, 2.6 x 10° celis/ml)
suspension was added to the wells and incubated for
24h at 37°C. A 10pl of the working solution containing
WST-8 and [-Methoxy PMS (0.5mM and 20um,
respectively, as the final concentration) was added to
each well. Then, the mixtures were incubated for an
additional 2h. The absorbance of each well was
measured at 490 nm by using Microplate Reader Model
550 (Bio-Rad, Hercules, CA, USA). Statistical analyses
were performed by using variance (ANOVA) and with
Fisher’s protected least significant difference post hoc
test. Differences were considered significant for p <0.05.

3. Results and discussion
3.1. Preparation of chitosan— RGDSGGC conjugate

It has been known that 2-iminothiolane reacts with
general primary amines including N-terminal o-and





