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a  b  s  t  r  a  c  t

Biomimetic  chitosan  scaffolds  were  prepared  using  two types  of  chitosan  derivatives,  one containing
photoreactive  azides  for UV-crosslinking  and the  other  tethered  with  RGD  peptides.  Mesenchymal  stem
cells  (MSCs)  isolated  from  rat  bone  marrow  were  cultured  in  the  RGD-conjugated,  UV-crosslinked  chi-
tosan  scaffolds  for bone  tissue  engineering.  RGD-incorporation  to  the  chitosan-based  scaffolds  increased
the cell  contents  from  2.4 × 104 to  3.8  × 104 cells/scaffold  and  3.4 ×  104 to  5.1  × 104 cells/scaffold  after
1 and  10  days  of culture,  respectively.  Furthermore,  osteogenic  differentiation  of  MSCs,  indicated  by
eywords:
hitosan
caffold
esenchymal stem cells

GD
V-crosslinking

ALP activity  and  expression  of Runx2  and  osteocalcin  genes,  was  enhanced  on  the  RGD-conjugated
surface  compared  with  the  unmodified  surfaces.  After  14  days  of  osteogenic  culture,  calcium  deposi-
tion  in  the  RGD-conjugated  scaffolds  (711  nmol  Ca/scaffold)  was  significantly  higher  than  the  control
(390  nmol  Ca/scaffold).  The  results  demonstrate  a potential  application  of  RGD-immobilized,  crosslinked
chitosan  scaffolds  for bone  tissue  engineering  applications.
one tissue engineering

. Introduction

Chitosan, the deacetylated derivative of chitin, has been
 popular material for fabricating tissue engineering scaffolds
Muzzarelli, 2009a, 2011), which allow cells to accommodate, grow,

igrate and organize to form a functional tissue. Advantages of
his material include its biodegradability, good biocompatibility
VandeVord et al., 2002), resemblance to glycosaminoglycans and
mproved mechanical properties compared to many natural poly-

ers (Majima et al., 2005). Nevertheless, chitosan still possesses
ome shortcomings for such a purpose. For example, the mechani-
al properties of chitosan scaffolds may  not be suitable to match
ome specific tissue engineering applications. Furthermore, chi-
osan lacks bioactive signals equivalent to those existing in the
xtracellular matrix (ECM) for cell attachment, growth and dif-

erentiation. The above problems can be improved by chemical
rosslinking to improve the mechanical properties of chitosan scaf-
olds (Hsieh et al., 2007; Muzzarelli, 2009b),  and incorporation of

∗ Corresponding author. Tel.: +886 2 3366 3996; fax: +886 2 2362 3040.
∗∗ Corresponding author.

E-mail addresses: weibortsai@ntu.edu.tw (W.-B. Tsai), med403@gmail.com
Y.-R. Chen), wtli@cycu.ntu.edu (W.-T. Li), jylai@cycu.edu.tw (J.-Y. Lai),
10894@ntut.edu.tw (H.-L. Liu).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
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bioactive signals, such as ECM adhesion proteins and cell-binding
peptides into chitosan substrates to enhance cell adhesion (Chung,
Lu, Wang, Lin, & Chu, 2002; Ho et al., 2005; Wang, Chow, Lai, Liu, &
Tsai, 2009; Wang, Chow, Tsai, & Fang, 2009).

The most commonly used cell-binding peptide sequence is
arginine-glycine-aspartic acid (RGD), which is found in ECM adhe-
sive proteins such as fibronectin and laminin (Massia & Hubbell,
1990; Pittenger et al., 1999). RGD conjugation has been shown
to enhance cell attachment, growth and differentiation (Clements
et al., 2011; Tsai et al., 2009; Tsai, Chen, Wei, Tan, & Lai, 2010) and
is a widely used strategy in tissue engineering applications. Never-
theless, three dimensional (3D) crosslinked chitosan scaffolds with
RGD conjugation are not often found in the literature regarding tis-
sue engineering. The reason, we suspect, is that it is difficult to find
a suitable protocol for the conjugation of RGD to chitosan scaffolds
uniformly while crosslinking the scaffolds simultaneously.

Recently, we developed a simple and versatile method to
overcome the above technical obstacles to the fabrication of
RGD-conjugated, crosslinked chitosan scaffolds for bone tissue
engineering (Tsai, Chen, Liu, & Lai, 2011). In this process, two chi-
tosan derivatives were synthesized: one containing photoreactive

azido groups for UV-crosslinking (Chien, Chang, & Tsai, 2009) and
the other tethered with RGD peptides. The solution of two chi-
tosan derivatives was fabricated into scaffolds by freeze-drying
and subsequent UV crosslinking. We  showed that the mechanical

dx.doi.org/10.1016/j.carbpol.2012.03.017
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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roperties and pore structures of chitosan scaffolds can be tuned by
ontrolling the content of crosslinkers. Attachment, proliferation
nd differentiation of osteoblasts were all significantly enhanced
n the RGD-conjugated chitosan scaffolds compared to unmodified
caffolds, demonstrating the potential of our technique in regard to
he preparation of chitosan-based scaffolds for tissue engineering.

This study was aimed at applying RGD-conjugated chitosan
caffolds combined with bone marrow stromal cells, also referred
o as mesenchymal stem cells (MSCs), to bone tissue engineer-
ng. The cells possess the ability of extensive self-renewal and
ifferentiation along the osteogenic and various other cell lin-
ages (Caplan, 1991; Pittenger et al., 1999), and play a pivotal
ole in bone regeneration and repair in vivo (Phillips, 2005). Chi-
osan has been reported to be a suitable substrate for the culture
nd differentiation of MSCs (Mathews, Gupta, Bhonde, & Totey,
011; Venkatesan & Kim, 2010; Yang, Chen, & Wang, 2009). On
he other hand, RGD-containing peptides are known to be capable
f promoting osteogenesis of MSCs in poly(ethylene glycol)-based
ydrogels (Shin et al., 2005; Yang et al., 2005), and chitosan films
Lee et al., 2009). Nevertheless, culture and osteogenic differentia-
ion of MSCs in 3D RGD-containing chitosan scaffolds has not been
eported. In this study, mouse MSCs were isolated and cultured
n RGD-modified UV-crosslinked chitosan substrates. The effect of
GD-incorporation on the attachment, growth and osteogenesis
f MSCs was then evaluated with regard to the suitability of this
aterial for bone tissue engineering applications.

. Materials and methods

.1. Materials

Reagents were purchased from Sigma–Aldrich (USA)
nless specified otherwise. N-(3-dimethylaminopropyl)-N’-
thylcarbodiimide hydrochloride was purchased from Fluka
USA). RGD-peptide (N-acetyl-GRGDSPGYG-amide) was  obtained
rom Kelowna International Scientific Inc. (Taipei, Taiwan). The
eptide concentration was calculated from the absorbance at
75 nm which is characteristic for the tyrosine residue (Y, molar
dsorption coefficient 1420 M−1 cm−1).

MSC  culture medium consisted of 90% (v/v) low glucose
MEM, 2 mM l-glutamine, 100 U/mL penicillin, 100 �g/mL strep-

omycin, 250 ng/mL amphotericin B, 0.1 mM MEM  nonessential
mino acid, 3.7 g/mL sodium bicarbonate, and 10% FBS, pH 7.4. The
SC  culture medium supplemented with 0.1 �M dexamethasone,

 mM �-glycerophosphate and 50 �g/mL ascorbic acid comprised
steogenic medium. Red blood cell lysis buffer consisted of 150 mM
mmonium chloride, 10 mM potassium bicarbonate, 0.1 mM EDTA
isodium salt.

.2. Conjugation of phenylazide groups and peptides to chitosan

Photoreactive azido groups were conjugated to chitosan (molec-
lar weight 50–190 kDa, 75–85% deacetylation) via a reaction form-

ng covalent amide bonds between the amino groups of chitosan
nd the carboxyl groups of an azidobenzoic acid ester. Briefly, 5-
zido-2-nitrobenzoic acid N-hydroxysuccinimide ester (47 mg;  cat.
o. A3282, Sigma) was dissolved in 0.2 mL  of dimethylsulfoxide and

hen mixed with the chitosan solution (0.1 g chitosan in 4.8 mL  of
% acetic acid). N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
ydrochloride (61 mg)  and N-hydroxysuccinimide (33.5 mg)  were

hen added and incubated at room temperature for 3 h. Unre-
cted chemicals were removed by dialysis against deionized water
hrough a cellulose tube (MWCO  12,400 Da) in the dark for two
ays with changes of fresh deionized water every 12 h. After
lymers 89 (2012) 379– 387

freeze-drying, the azide-conjugated chitosan (CHI-g-AZ) was kept
at 4 ◦C until further use.

The content of azido groups in CHI-g-AZ was determined by 1H
nuclear magnetic resonance (1H NMR, Avance-500MHz, Bruker),
as shown in Fig. A1 of the Appendix. The molar percentage of the
azido groups in CHI-g-AZ was estimated to be 3.8 mol% of the amino
groups of chitosan, calculated from the ratio of the peak areas of
the aromatic protons at 6.84–8 ppm to the –CH–NH2 proton at
2.86 ppm, according to a previous study (Tsai et al., 2011).

RGD peptides were conjugated onto chitosan molecules via a
carbodiimide reaction according to a previously developed pro-
cedure (Tsai et al., 2011). The graft ratio of RGD to chitosan
(CHI-g-RGD) was  estimated as 2.75 mol% with respect to the total
moles of the amino groups of chitosan molecules, as described in a
previous study (Tsai et al., 2011).

2.3. Preparation of chitosan films and scaffolds

Mixtures of unmodified chitosan, CHI-g-AZ and CHI-g-RGD with
a total concentration of 10 mg/mL  in 1% acetic acid, were prepared
at weight percentages (%) as listed below:

Types of films or scaffolds Chitosan CHI-g-AZ CHI-g-RGD

Chitosan 100 0 0
c-Chitosan 50 50 0
c-Chitosan-RGD 46 50 4

The preparation of chitosan films started with adding 70 �L/well
of the chitosan mixture in 96-well TCPS plates, which were then
allowed to dry in air at room temperature. Chitosan scaffolds
were prepared by freeze-drying. Briefly, the chitosan mixture was
poured into 96-well TCPS plates (70 �L/well for cell culture experi-
ments and 336 �L/well for mechanical testing), followed by freeze
drying in the dark to form scaffolds. Subsequently, chitosan sub-
strates were crosslinked by UV irradiation for 30 min  (12 cm below
a halogen UV lamp, wavelength range 280–380 nm). A light inten-
sity of 65 mW/cm2 was determined at this distance using a UV
radiometer.

2.4. Characterization of chitosan scaffolds

The porous structure of chitosan scaffolds was investigated
by scanning electron microscopy (SEM) images (JSM-5310, JEOL,
Japan) according to a previous procedure (Wang, Chow, Tsai, et al.,
2009). Average pore sizes of each type of scaffold were determined
from more than 100 pores.

The compressive stress–strain properties of chitosan scaffolds
was determined using a compressive testing machine (FGS-50V-H,
NIDECSIMPO Corporation, Japan) and a digital force gauge (FGP-0.5,
NIDECSIMPO Corporation, Japan), according to a previous proce-
dure (Tsai et al., 2011).

2.5. Culture of MSCs

Standard sterile cell culture techniques were used for all cell
experiments. The animal procedure followed the ethical guidelines
of Care and Use of Laboratory Animals (National Taiwan University,
National Institutes of Health Publication No. 85-23, revised 1985)
and was approved by the Animal Center Committee of National
Taiwan University. Mesenchymal stem cells (MSCs) were isolated
from femurs and tibias of female Wistar rats (∼100 g) according to
a previously published procedure (Wang, Tsai, & Voelcker, 2012).

Cells at passage 3 were used in this study. The cells tested positive
for their ability to differentiate to bone-like (Alizarin Red-positive)
and lipid containing (Oil Red-positive) cells and therefore were
considered as MSCs (Javazon, Colter, Schwarz, & Prockop, 2001).
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icroscopic images of MSCs (magnification 200×). The scale bar in the images repre

 = 4. * indicates p < 0.001 vs. CHITOSAN and c-CHITOSAN at the same culture period

Prior to cell seeding, the chitosan samples were soaked in 70%
thanol for 30 min, followed by three rinses with sterilized PBS.
or cell culture on chitosan films, the cells suspended in the MSC

ulture medium (8 × 104 cells/mL) were added onto the chitosan
lms (50 �L/well), making the seeding density 1.25 × 104 cells per
m2. The cell morphology was observed under a phase contrast
icroscope. For cell culture in chitosan scaffolds, 50 �L of a MSC
 for 1, 7 and 14 days of incubation in the MSC  culture medium. (A) Phase contrast
 100 �m.  (B) The number of MSCs. The values represent mean ± standard deviation,
ue culture polystyrene (TCPS) was used as a control.

suspension (6 × 106 cells/mL) was  inoculated into the chitosan scaf-
folds, making the seeding density 3 × 105 cells per scaffold.

The cell numbers in chitosan films or scaffolds were determined

by a lactate dehydrogenase (LDH) assay, which was modified from
a previous procedure (Grunkemeier, Tsai, Alexander, Castner, &
Horbett, 2000) and reported previously (Tsai et al., 2010). Intra-
cellular ALP activities were assayed by determining the release of
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Fig. 2. MSCs were seeded on CHITOSAN, c-CHITOSAN and c-CHITOSAN-RGD films
for  1 day, followed by 1, 5 and 10 days of osteogenic culture: (A) the number and (B)
the  alkaline phosphatase activity of MSCs. The values represent mean ± standard
deviation, n = 4. * indicates p < 0.001 vs. CHITOSAN and c-CHITOSAN at the same
82 W.-B. Tsai et al. / Carbohydr

-nitrophenol from 4-nitrophenyl phosphate disodium salt at pH
0.2, as reported previously (Tsai et al., 2009).

.6. Reverse-transcription polymerase chain reaction (RT-PCR)
or analysis of the expression of osteogenic genes

After MSCs were cultured on chitosan films in the osteogenic
edium for 2 or 3 weeks, the expression of Runx2 and osteocalcin

OCN) genes was analyzed by RT-PCR. The extraction of mRNA and
he preparation of complementary DNA (cDNA) were performed
ccording to a previous procedure (Tsai, Chen, Chen, & Chang,
006). PCR was performed in a thermocycler (PS320, ASTEC, Japan)
y using Taq polymerase (M1865, PROMEGA, Taiwan).

The sequences of PCR primers (forward and backward, 5′ to 3′)
ere (the numbers in parenthesis indicating the length of PCR
roducts/annealing temperature/cycle number): glyceraldehyde-3
phosphate dehydrogenase (GAPDH), 5′-ACCACAGTCCATGCCAT
AC-3′ and 5′-TCCACCACCCTGTTGCTGTA-3′ (452 bp/60 ◦C/35);
unx2, 5′-GCTTCATTCGCCTCACAAACA-3′ and 5′-TGCTGTCCTCCT
GAGAAAGTT-3′ (387 bp/52 ◦C/40); OCN, 5′-GTCCCACACAGC
ACTCG-3′ and 5′-CCAAAGCTGAAGCTGCCG-3′ (611 bp/61 ◦C/24).

The PCR operation profile included initial denaturation at 94 ◦C
or 10 min, the desired cycle numbers of denaturation at 94 ◦C for
0 s, annealing for 30 s, and extension at 72 ◦C for 30 s, and final
xtension at 72 ◦C for 5 min. PCR products were analyzed by sep-
rating in a 2% agarose gel, followed by staining with ethidium
romide solution for 30 min. The images of electrophoresis gels
ere taken under UV light and the band intensity of every PCR
roduct was quantified by NIH Image J. The intensities of the bands
or Runx2 and OCN were first normalized to that of GAPDH from the
ame sample, and then divided by the value on TCPS on the same
ay.

.7. Mineralization culture of the MSC/scaffold constructs

The MSC/scaffold constructs were seeded in the MSC  culture
edium for 1 day, followed by culture in the osteogenic medium

or 1, 5 or 10 days with daily replenishment of freshly l-ascorbate
50 �g/mL). Calcium deposition was analyzed by determination of
he calcium content and histological analysis. The total amount
f calcium deposition was determined using a calcium assay kit
Diagnostic Chemicals Limited, USA) according to a previous pro-
ocol (Tsai et al., 2010). The preparation of histological samples of

SC/scaffold constructs and the staining of histological samples of
lizarin red S followed a previous procedure (Tsai et al., 2011).

.8. Statistical analysis

Each experiment has been repeated at least three times. Sta-
istical assessment of significant variations was  performed by
raphPad Instat® 3.00 (GraphPad Software Inc.). Significance was
ssessed by one way analysis of variance (ANOVA) and two-tailed
tudent–Newman–Keuls multiple comparison. A probability of

 ≤ 0.05 was considered a significant difference.

. Results and discussion

.1. The attachment, growth and osteogenic differentiation of
SCs on RGD-conjugated chitosan films

First of all, we evaluated whether RGD conjugation via our
ethod possessed the capability of enhancing the attachment, pro-
iferation and osteogenic differentiation of MSCs. The cells were
rst cultured on 2D chitosan films without osteogenic induction
o evaluate their adhesion and proliferation. After incubation in
he MSC  culture medium for 1 or 7 days, few cells were found
culture period. # indicates p < 0.01 vs. CHITOSAN on Day 1. Tissue culture polystyrene
(TCPS) was used as a control.

to attach and spread on Chitosan and c-Chitosan, while most of
those on c-Chitosan-RGD displayed elongated and spread morphol-
ogy (Fig. 1A). Furthermore, MSCs tended to form aggregates on
c-Chitosan-RGD after 7 or 14 days of incubation, in contrast to those
on TCPS remaining their spread morphology without formation of
aggregates.

Quantification of cell numbers indicated that RGD incorporation
in the chitosan films increased one-day cell attachment to 5.4 × 103

cells/cm2, significantly higher than the cell numbers observed
on Chitosan and c-Chitosan (2.7 and 2.2 × 103 cells/cm2, respec-
tively) (Fig. 1B, p < 0.001). After 7 days of culture, the cell numbers
on c-Chitosan-RGD was  increased to 14.4 × 103 cells/cm2, roughly
twice the number observed on Chitosan (6.3 × 103 cells/cm2) or
c-Chitosan (7.1 × 103 cells/cm2) (Fig. 1B, p < 0.001). This trend
remained after 14 days of culture. The results indicated that RGD
conjugation by our method maintained the ability to enhance the
attachment and proliferation of MSCs on chitosan films over this
time frame.

Next, the efficacy of RGD-conjugated chitosan on prolifer-
ation and osteogenic differentiation of MSCs was investigated
under osteogenic culture. MSCs were seeded and cultured in
the MSC  culture medium for 1 day, followed by culture in the
osteogenic medium for 1, 5 and 10 days. Cellular morphology
after the osteogenic culture was very similar to that in the MSC
culture medium, except that no cell aggregate was found on c-
Chitosan-RGD (microscopic images shown in Fig. A2 of Appendix).
Incorporation of RGD increased not only 1-day cell attachment
but also cell proliferation in the osteogenic medium (Fig. 2A).
After 5 days of culture, the cell number on c-Chitosan-RGD was

3 2
6.4 × 10 /cm , representing an almost three fold increase com-
pared to the values observed on Chitosan or c-Chitosan (2.8 and
2.0 × 103 cells/cm2, respectively; p < 0.001). After 10 days of cul-
ture, the cell numbers between Chitosan and c-Chitosan were still
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Fig. 3. After cultured in the osteogenic medium for 2 or 3 weeks on CHITOSAN, c-CHITOSAN and c-CHITOSAN-RGD, the expression of Runx2. osteocalcin (OCN) and GADPH
of  MSCs was  determined by RT-PCR. (A) Electrophoresis images for the RT-PCR products of Runx2, OCN and GADPH. Tissue culture polystyrene (TCPS) was used as a control.
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ormalized band intensity for (B) Runx2 and (C) OCN.

omparable (4.3 and 4.2 × 103 cells/cm2, respectively), and much
maller than that those on c-Chitosan-RGD (10.4 × 103 cells/cm2,

 < 0.001).
The osteogenic differentiation of MSCs on the chitosan films

as analyzed by several early and late osteogenic markers. Alka-
ine phosphatase (ALP), an essential enzyme for ossification, is an
arly bone marker protein and one of the most frequently used
arkers to demonstrate osteoblast differentiation (Grunkemeier

t al., 2000). Runx2 (also known as Cbfa1), a transcription factor,
as been suggested to be the ‘master switch’ responsible for ini-
iation of osteoblast differentiation from MSCs (Otto et al., 1997).
unx2 plays a pivotal role in bone formation through the transcrip-
ional regulation of its target genes at developmental transitions.
steocalcin (OCN), a 10-kDa non-collagenous bone-specific pro-

ein, is exclusively secreted by mature osteoblasts towards the end
f mineralization and is thought to be a late-stage differentiation
arker (Makita et al., 2008; Yang et al., 2005). Together, Runx2

nd OCN are the early and late regulators of osteoblast differenti-
tion and functions (Ducy, 2000; Schroeder, Jensen, & Westendorf,
005). The final stage of osteoblast differentiation is mineralization,
t which mineral matrix containing mainly calcium phosphate is
ecreted and deposited by mature osteoblasts.

After osteogenic culture for 5 days, the cellular ALP activity on
-Chitosan-RGD (9.3 nM/cell/h) was significantly higher than those
n Chitosan (6.5 nM/cell/h) and c-Chitosan (7.2 nM/cell/h) (Fig. 2B,

 < 0.001). After 10 days of osteogenic culture, the enhancement
as further enlarged by c-Chitosan-RGD (14.9 nM/cell/h) com-
ared with Chitosan (9.43 nM/cell/h) or c-Chitosan (5.8 nM/cell/h)
Fig. 2B, p < 0.001).
The expression of Runx2 and OCN genes was  analyzed by RT-
CR. The expression of both genes was not detected on all three
ypes of chitosan films until 2 weeks of osteogenic culture. Runx2
as expressed on all three types of samples, but to a higher
rom the same sample, and then divided by the value on TCPS on the same day: the

extent on c-Chitosan-RGD (Fig. 3A). On the other hand, the expres-
sion of OCN was not obvious on Chitosan and c-Chitosan, but
detectable on c-Chitosan-RGD. After 3 weeks of osteogenic cul-
ture, the level of Runx2 expression on Chitosan and c-Chitosan
was increased to a level comparable to that on c-Chitosan-RGD.
The expression of OCN was  detectable on Chitosan and c-Chitosan
at this time, but the level was  still much lower when compared
with c-Chitosan-RGD. The quantitative analysis of gene expression
indicated that the expression of Runx2 on c-Chitosan-RGD was sig-
nificantly higher than those on Chitosan and c-Chitosan after two
weeks of osteogenic culture (Fig. 3B). The expression of Runx2 was
increased on all substrates during the third week of osteogenic cul-
ture, but was still higher on c-Chitosan-RGD. The expression of
OCN was much higher on c-Chitosan-RGD compared to Chitosan
and c-Chitosan after 2 and 3 weeks of osteogenic culture (Fig. 3C).
The expression of Runx2 and OCN was  only better on c-Chitosan-
RGD when compared to TCPS. These results demonstrate that RGD
increases the transcript levels of the early osteogenesis marker,
Runx2, which in turn up-regulates the OCN promoter activity
(Makita et al., 2008).

After the MSCs were cultured in the osteogenic medium for 2
weeks, more red Alizarin red S-stained spots were found on c-
Chitosan-RGD compared to the other two  types of chitosan samples
(Fig. 4A). The total amounts of calcium on Chitosan and c-Chitosan
were quantified as 81 and 74 nmol/well, much less than the amount
observed on c-Chitosan-RGD (155.17 nmol/well, Fig. 4B; p < 0.001).
Our results therefore indicate that calcium deposition was  better
on c-Chitosan-RGD.

The results on 2D chitosan films demonstrate that azido

crosslinking does not adversely affect the adhesion, proliferation
and osteogenic differentiation of MSCs on chitosan films. Further-
more, RGD conjugation significantly enhances the performance of
MSCs on chitosan films. Therefore, the applicability of crosslinked
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Fig. 4. (A) The images of MSC  culture on CHITOSAN, c-CHITOSAN and c-CHITOSAN-RGD for 14 days of osteogenic culture, followed by Alizarin red staining. The images were
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aken  from a digital camera. The scale bar represents 0.5 mm.  (B) Quantitative calc
f  osteogenic culture. The values represent mean ± standard deviation, n = 4. * indic
s  a control.

GD-containing 3D chitosan scaffolds in bone tissue engineering
pplications was next evaluated.

.2. Fabrication and characterization of UV-crosslinked
GD-containing chitosan scaffolds

The porous structure of the chitosan-based scaffolds, exam-

ned by SEM, was similar with an open inter-connective pore

icrostructure (Fig. 5A). No obvious difference was  found among
ifferent scaffolds. The average pore size in Chitosan was approx-

mately 104 �m,  which was significantly smaller than the pore
eposition by MSCs on CHITOSAN, c-CHITOSAN and c-CHITOSAN-RGD after 14 days
< 0.001 vs. CHITOSAN and c-CHITOSAN. Tissue culture polystyrene (TCPS) was used

size observed in c-Chitosan and c-Chitosan-RGD scaffolds (approx-
imately 124 �m)  (Fig. 5B, p < 0.05).

The compressive stress–strain plots of these chitosan scaffolds
are shown in Fig. A3 of the Appendix. UV-crosslinking increased
the compressive stress at 95% strain from 3.39 MPa  for Chitosan
to 9.08 MPa  for c-Chitosan (Fig. 5C, p < 0.001), while RGD incorpo-
ration did not influence the compressive properties of c-Chitosan.

The equilibrium stress of these three types of chitosan scaffolds
displayed a similar trend. The results show that UV-crosslinking
via azido groups enhances the mechanical properties of chitosan
scaffolds.
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Fig. 5. (A) The SEM images of CHITOSAN, c-CHITOSAN and c-CHITOSAN-RGD scaffolds. The scale bar represents 100 �m.  (B) The average pore diameters of the chitosan-
based  scaffolds. The data represent mean ± standard error of the mean, n > 100. p < 0.05 vs. c-CHITOSAN and c-CHITOSAN-RGD. (C) The maximal compressive stresses of
t ion. The values represent mean ± standard deviation, n = 4. p < 0.001 vs. c-CHITOSAN and
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he  chitosan-based scaffolds at 95% strain and the equilibrium stresses after relaxat
-CHITOSAN-RGD.

.3. Culture of MSCs in RGD-incorporated chitosan scaffolds for
one tissue engineering

MSCs were seeded and cultured in the chitosan-based scaf-
olds for 1 day in the MSC  culture medium, followed by osteogenic
ulture for 1, 5 or 10 days. After one-day culture, cell attach-
ent to c-Chitosan-RGD (3.8 × 104 cells/scaffold) was significantly

igher compared to Chitosan and c-Chitosan (2.38 and 2.35 × 104

ells/scaffolds, respectively) (Fig. 6A, p < 0.001). After 5 days of
steogenic culture, the cell numbers in Chitosan and c-Chitosan
ere still comparable (2.7 and 2.4 × 104 cells/scaffold, respec-

ively), while the cell number in c-Chitosan-RGD was increased
o 4.15 × 104 cells/scaffold (p < 0.05). After 10 days of osteogenic
ulture, the cell numbers in Chitosan and c-Chitosan scaffolds
ere still similar (3.4 and 3.3 × 104 cells/scaffold, respectively),

nd smaller than the cell number in c-Chitosan-RGD (5.14 × 104

ells/scaffold, p < 0.001).
After 1 day of osteogenic incubation, the ALP activity in the

-Chitosan-RGD scaffolds (10.50 nM/cell/h) was slightly higher
han Chitosan and c-Chitosan (8.33 and 8.62 nM/cell/h, respec-
ively) (Fig. 6B). After 5 days of osteogenic culture, the ALP
ctivity was increased in all scaffolds, while that in c-Chitosan-
GD (16.03 nM/cell/h) was still higher than the other two  types
∼10.50 nM/cell/h). The ALP activity continued to increase on all
ubstrates for 10 days of culture. The ALP activity on c-Chitosan-
GD (19.54 nM/cell/h) remained the highest among all types of
hitosan scaffolds (p < 0.05).

After 14 days of osteogenic culture, more red Alizarin red S-
tained regions were found on c-Chitosan-RGD compared to the
ther two types of chitosan samples (Fig. 7A), suggesting that

ore calcium was deposited by the MSCs cultured in c-Chitosan-

GD. No obvious difference in the red-staining areas in the central
nd peripheral portion of c-Chitosan-RGD scaffolds was  found,
hile the red-staining area was more profound in the peripheral

Fig. 6. (A) The number and (B) the alkaline phosphatase activity of MSCs in CHI-
TOSAN, c-CHITOSAN and c-CHITOSAN-RGD scaffolds after at 1, 5 and 10 days of
osteogenic culture. The values represent mean ± standard deviation, n = 4. * and **
indicates p < 0.05 and 0.001, respectively, vs. CHITOSAN and c-CHITOSAN at the same
culture period.
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Fig. 7. MSCs were cultured in CHITOSAN, c-CHITOSAN and c-CHITOSAN-RGD scaf-
folds  for 14 days in the osteogenic medium. (A) The images of the dissection of
MSC/scaffold constructs, stained by Alizarin red staining. The scale bar represents
100 �m.  (B) Quantitative calcium deposition by MSCs in CHITOSAN, c-CHITOSAN
and c-CHITOSAN-RGD scaffolds. The values represent mean ± standard deviation,
n  = 4. * indicates p < 0.001 vs. CHITOSAN and c-CHITOSAN. (C) The maximal com-
pressive stresses of the chitosan-based scaffolds at 95% strain before or after cell
c
v

r
o
e
a
t
w
a
p

s
o
o
l

to unmodified substrates. Furthermore, MSCs showed progres-
ulture. The values represent mean ± standard deviation, n = 4. * indicates p < 0.001
s.  c-CHITOSAN-RGD.

egion compared to the center of Chitosan and c-Chitosan. This
bservation suggests that RGD conjugation facilitates the pen-
tration of MSCs into chitosan scaffolds as well as osteoblast
ctivity. The quantified data of calcium deposition also indicated
hat the calcium content in c-CHITOSAN-RGD (711 nmol/scaffold)
as significantly higher than the calcium content in Chitosan

nd c-Chitosan (387 and 297 nmol/scaffold, respectively) (Fig. 7B,
 < 0.001).

The compressive properties of the bone tissue engineered con-
tructs were also analyzed. The inoculation of MSCs and 14-day

steogenic culture increased the maximum compressive stress
f Chitosan scaffolds from 3.13 MPa  to 5.87 MPa  (Fig. 7C). Simi-
arly, the maximum compressive stress of c-Chitosan scaffolds was
lymers 89 (2012) 379– 387

increased from 9.68 MPa  to 11.42 MPa  after cell culture. Neverthe-
less, c-Chitosan-RGD scaffolds possessed the highest compressive
stress after mineralization culture (13.6 MPa, p < 0.001 vs. Chitosan
and c-Chitosan).

The above results clearly demonstrate that RGD conjuga-
tion benefits bone tissue engineering in 3D chitosan scaffolds.
The behavior of MSCs in regard to attachment, proliferation,
osteogenic differentiation and mineralization was  enhanced in
RGD-conjugated incorporation chitosan scaffolds. The mechanical
properties of chitosan scaffolds after cell culture were enhanced by
UV-crosslinking and RGD conjugation. Therefore, crosslinked RGD-
containing chitosan scaffolds combined with MSCs are expected to
be advantageous in bone tissue engineering applications.

3.4. Application of RGD-conjugated chitosan scaffolds in bone
tissue engineering

The development of scaffolds to support and regulate bone
regeneration by functioning as the structural part of the ECM and
maintaining the space and shape of the defect is still a major con-
cern in tissue engineering research. In this field, Chitosan, which is
structurally similar to hyaluronic acid of the ECM (Peniche et al.,
2007), is thought to be suited for the application as a base material
in tissue engineering. Chitosan is suggested to possess osteogenic
properties and suitable for the tissue engineering of bone (Mathews
et al., 2011; Yang et al., 2009). Immobilization of RGD on chitosan
molecules to enhance chitosan’s cellular affinity has been demon-
strated on two-dimensional film structures (Chung et al., 2002;
Hacker et al., 2003), but rarely in three-dimensional scaffolds. In
this study, we demonstrated that the proliferation and differen-
tiation of MSCs were enhanced on RGD-conjugated crosslinked
chitosan scaffolds, which thus possess a high potential for bone
tissue engineering.

A new method for the preparation of RGD-conjugated,
crosslinked chitosan scaffolds was  applied in this study. This
method possesses several advantages over the commonly used
strategy, post-conjugation, by which RGD peptides are conjugated
to pre-formed chitosan scaffolds via suitable chemical reactions
(e.g. amide bond-forming reactions) to the amino or hydroxyl
groups of chitosan (Ho et al., 2005). Several drawbacks of the
post-conjugation strategy, such as difficulty in precise control of
the density of conjugated RGD and uniform distribution of RGD
peptides throughout chitosan scaffolds, could be overcome by our
method. RGD peptides are first conjugated onto chitosan molecules
prior to scaffold fabrication. As we expected, MSCs grew into
the center of the c-Chitosan-RGD scaffolds and deposited calcium
minerals (Fig. 7), indicating that our RGD-conjugated chitosan
scaffolds enhance cellular penetration and function inside the chi-
tosan scaffolds. Furthermore, our method provides simultaneous
crosslinking and peptide-conjugation in chitosan scaffolds. There-
fore, chitosan scaffolds are strengthened and bio-functionalized at
the same time, which benefits their application to regeneration
medicine.

4. Conclusion

The suitability of RGD-conjugated UV-crosslinked chitosan
scaffolds for bone tissue engineering applications has been demon-
strated in this study. Rat MSCs showed improved attachment and
proliferation on RGD-conjugated chitosan substrates compared
sive osteogenesis in RGD-conjugated chitosan scaffolds. Taken
together, these results indicate that the conjugation of RGD  pep-
tides to chitosan scaffolds leads to a favorable microenvironment
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or MSCs, which promotes the proliferation and/or differentiation
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