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In  this  study,  we  developed  bio-active  molecules  immobilized  chitosan  scaffolds  with  controlled  pore
architectures  for  enhanced  viability  of human  mesenchymal  stem  cells  (hMSCs).  The  decreasing  in  molec-
ular weight  of  chitosan  by  ultrasonication  of chitosan  solution  was  effective  in  the  formation  of porous
chitosan  scaffolds,  resulting  in  an  increase  of  inter-connecting  micropores  (∼10  �m)  between  macrop-
ores.  Using  a layer-by-layer  method,  we  then  prepared  heparin-coated  chitosan  scaffolds  as  depots  for
basic fibroblast  growth  factors  (bFGF).  Enzyme-linked  immunosorbent  assays  confirmed  that  heparin-
coated  chitosan  scaffolds  could  bind  higher  amount  of bFGF  (24.21  ng/mg)  compared  to 2.53  ng/mg  of
nter-connecting micropores
orous chitosan scaffolds
ltrasonication
ayer-by-Layer method
eparin binding growth factors
FGF
uman mesenchymal stem cells

non-coated  scaffold.  Moreover,  we  were  able  to manipulate  the  release  profiles  of  bFGF  from  the  scaffolds
for 7  days.  In  vitro  studies  showed  that  chitosan  scaffolds  induced  the  improved  viability  and  proliferation
of  hMSCs  through  their  synergetic  effects  of  the  inter-connecting  micropores  and  the  sustained  released
of  bFGF.  Our  results  suggest  that  bFGF  immobilized  chitosan  scaffolds  with  controlled  inter-connecting
pores,  in  combination  with  other  heparin-binding  growth  factors,  have  potential  implants  for  controlling
biological  functions  in  regenerative  medicine.

Crown Copyright ©  2011 Published by Elsevier Ltd. All rights reserved.
. Introduction

Chitosan, a partially deacetylated chitin composed of glu-
osamine and N-acetyl-d-glucosamine in a �(1–4) linkage, offers a
umber of advantages as a candidate scaffolding material for tissue
ngineering applications; notably, it is non-immunogenic, bio-
ompatible, biodegradable, and possesses hemostatic properties
Muzzarelli et al., 2011). Moreover, previous research of chitosan
caffolds with controlled porous structures has shown that an
nterconnected-pore structure is favorable for the diffusion of gases
nd nutrients necessary to support cell growth as well as the in-
rowth of large numbers of cells in vitro and in vivo (Choi, Xie & Xia,
009; Ko, Kawazoe, Tateishi & Chen, 2010).

Recent years have seen a number of efforts to accelerate tissue
egeneration, including attempts to incorporate therapeutic pro-
eins, such as growth factors and specific peptides, into porous

caffolds (Kobsa & Saltzman, 2008; Tan, Choong & Dass, 2010).
asic fibroblast growth factor (bFGF), which can stimulate prolif-
ration of various cell types and act as a potent mitogen for tissue

∗ Corresponding author at: Laboratory of Tissue Engineering, Korea Institute of
adiological and Medical Sciences, 215-4, Gongneung-dong, Nowon-gu, Seoul 139-
06, Republic of Korea. Tel.: +82 2 970 1319; fax: +82 2 970 1317.

E-mail address: chkim@kcch.re.kr (C.-H. Kim).

144-8617/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier Ltd. All ri
oi:10.1016/j.carbpol.2011.11.060
regeneration, wound healing and angiogenesis, is a representative
therapeutic protein that has been widely used in tissue-engineering
and drug-delivery applications (Tayalia & Mooney, 2009). However,
bFGF rapidly denatured under physiological conditions, prompting
research into the use of heparin as a means to maintain the bio-
logical activity and control the release profile of bFGF (Murphy
& Mooney, 1999). Heparin, a highly sulfated glycosaminoglycan
containing negatively charged carboxylic and sulfonic groups, is
capable of binding to several growth factors, including bFGF as
well as vascular endothelial growth factor (VEGF) and platelet
derived growth factor (PDGF), with high affinity through inter-
action with the heparin-binding domains of these proteins (Lee,
Silva & Mooney, 2010). Importantly, the interactions between hep-
arin and heparin-binding growth factors are reversible and depend
on the physiological properties of the surrounding environment.
Heparin has been incorporated into scaffolds using various meth-
ods, including physical blending, biochemical conjugation, and the
layer-by-layer (LBL) method (Nie, Baldwin, Yamaguchi & Kiick,
2007; Pavinatto, Caseli & Oliveira Jr., 2010).

The LBL method is advantageous in that functional substrates
are created in an aqueous environment through a gentle pro-

cess that preserves the activity of fragile proteins. In the LBL
method, positively and negatively charged polymers are adsorbed
sequentially onto a charged surface. This LBL method can be used
to develop functional scaffolds composed of positively charged

ghts reserved.

dx.doi.org/10.1016/j.carbpol.2011.11.060
http://www.sciencedirect.com/science/journal/01448617
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olymeric substrates and negatively charged polymers with ther-
peutic proteins (Ariga, McShane, Lvov, Ji & Hill, 2011; Ma,  Zhou,
ao & Shen, 2007; Muzzarelli, 2011).

Our ultimate goal is to develop novel scaffolds that provide a
iomimetic environment capable of promoting or suppressing spe-
ific biological signals as natural ECM would. Here, we fabricated
hitosan scaffolds with controllable pore architectures containing
epots of the growth factor, bFGF. We  accomplished this by exploit-

ng decreased molecular weight chitosan solutions, created using
ltrasonic treatment, and heparin coating with the LBL method. The
bjectives of our study were as follows: (1) to investigate the pore
rchitectures of chitosan scaffolds as a effect of molecular weight;
2) to evaluate heparin and bFGF binding to chitosan scaffolds; (3)
o monitor the in vitro release profile of heparin-bound bFGF; and
4) to assess the effects of pore architectures and released bFGF on
he viability of human mesenchymal stem cells (hMSCs) in vitro.

. Materials and methods

.1. Materials

Chitosan powder (average MW,  370 kDa; deacetylation degree,
5%), heparin sodium salt (average MW,  15 kDa), and toluidine
lue O (TB; MW,  305.83 kDa) were purchased from Sigma–Aldrich
St. Louis, MO,  USA). Acetic acid (extra-pure grade) was  purchased
rom JUNSEI Chemical Industries (Chuo-ku, Osaka, Japan). Butanol
as purchased from Tokyo Chemical Industry (Kita-Ku, Tokyo,

apan). Ethanol (absolute for analysis) was purchased from Merck
Darmstadt, Germany). Paraformaldehyde, Triton X-100, dimethyl
ulfoxide (DMSO), sucrose (MW,  342.24), lysozyme (from chicken
gg white, 47,700 units/mg, #117K1547) and ethylene diamine
etra acetic acid (EDTA) were purchased from Sigma–Aldrich.
ovine serum albumin (BSA) Fraction V (from bovine blood)
as purchased from Amersham/USB (Arlington Heights, IL, USA).

FGF (MW,  17.3 kDa) was purchased from Peprotech (Rocky
ill, NJ, USA). Low-glucose, Dulbecco’s Modified Eagle’s Medium

DMEM), Dulbecco’s phosphate buffered saline (DPBS), and 0.05%
rypsin–EDTA were purchased from Gibco BRL (Carlsbad, CA,
SA). Fetal bovine serum (FBS) and penicillin–streptomycin (p/s)
ere purchased from Wel  Gene Inc. (Daegu, South Korea). Cell
ounting Kit-8 (CCK-8) was purchased from Dojindo Laboratories
Kumamoto, Japan).

.2. Preparation of chitosan scaffolds with controlled molecular
eights

First, chitosan powder was purified to remove impurities; then
% chitosan powder (wt/v) was dissolved in 1% acetic acid (v/v) at
◦C until the solution became transparent, and homogeneous. The

esulting chitosan solution was filtered through glass filters (25G2)
o remove impurities. The filtrate was precipitated by adding 1 M
aOH, and washed by deionized (DI) water until neutral pH. Then,

he resulting chitosan was lyophilized for 2 days. Chitosan scaffolds
ere fabricated as described in our previous studies (Lim et al.,

007). Briefly, chitosan solutions, prepared by dissolving 2% puri-
ed chitosan (wt/v) in 1% acetic acid (v/v), were ultrasonicated at
◦C for 0, 30, 60, 90, and 120 min  using an ultrasonicator (HD2070,
ANDELIN, Berlin, Germany) to achieve different molecular-weight
olutions. Then, ultrasonicated 2% (wt/v) chitosan solutions were
iluted to 1% chitosan by adding 16% (v/v) butanol (dissolved in
% acetic acid) and stirring for 1 h. The resulting chitosan solu-

ions were lyophilized for 1 day, and then washed sequentially with
00%, 70% and 50% ethanol, and DI water for 1 h each. After wash-

ng, the morphology of finished scaffolds, designated CS 0, CS 30, CS
0, CS 90, and CS 120 corresponding to ultrasonication times of 0,
mers 87 (2012) 2683– 2689

30, 60, 90, and 120 min, respectively, was  characterized by a MIRA
II field emission-scanning electron microscope (FE-SEM; Tescan,
Libusinatr, Czech Republic).

2.3. Viscosity of chitosan solutions

We investigate the decreased viscosity of ultrasonicated solu-
tion with AR 2000 EX rheometer (TA instrument, New Castle, DE,
USA) using a cone and plate geometry of 4 cm diameter and 1◦ cone
angle. 1% (wt/v) of each chitosan scaffolds dissolved in 1% (v/v)
acetic acid solution and chitosan solution subjected into rotational
cone and plate at controlled shear rates. The viscosity of chitosan
solutions was measured at 20 ◦C for 5 min  with a constant shear
stress of 1 Pa.

2.4. Fourier transform-infrared analysis

The chemical integrity of chitosan scaffolds was investigated by
Fourier transform-infrared (FTIR) spectroscopy (Tensor 27; Bruker
Optics, Ettlingen, Germany). The scaffold was cut into small pieces
for the preparation of KBr discs and FTIR spectra over a range from
4000 to 500 cm−1 was  recorded.

2.5. Degradation of chitosan scaffolds in vitro

The degradation behavior of chitosan scaffolds was determined
in vitro by measuring changes in the weight of samples treated with
lysozyme over time under specific conditions. The initial dry weight
of each scaffold was determined and recorded as W1.  The scaffolds
were sterilized in 70% ethanol for 30 min  under a UV lamp and
washed sequentially in DPBS for 30 min. After sterilization, 10 mg
of scaffolds were incubated in 1 ml  of lysozyme solution (50 �g/ml
in DPBS) under standard cell culture conditions (37 ◦C, 5% CO2)
for up to 4 weeks. Lysozyme solutions were replaced weekly with
freshly prepared solutions. Scaffolds were collected after 1, 2, 3,
and 4 weeks, washed with DI water, and lyophilized. The remained
weight of the lyophilized scaffolds was recorded as W2,  and cal-
culated as a percentage of the starting weight using following
equation: The percentage of remained weight (%) = 100 × (W2/W1).

2.6. Fabrication of bio-active molecules immobilized chitosan
scaffolds

Heparin-coated chitosan scaffolds were fabricated using the LBL
method. Chitosan scaffolds and heparin were prepared as positively
and negative charged polymers, respectively. First, each scaffold (CS
0, 30, 60, 90, and 120) was immersed in a 2 mg/ml heparin solution
(dissolved in DPBS) at room temperature for 30 min. After washing
heparin-coated scaffolds (CS-H 0, 30, 60, 90, and 120) three times
for 30 min  with DPBS, a bFGF solution (100 ng/ml bFGF, 0.1% BSA, 5%
sucrose, and 0.01% EDTA) was  added and allowed to react with CS-
H scaffolds for 30 min. The resulting heparin and bFGF immobilized
scaffolds (CS-HB 0, 30, 60, 90, and 120) were washed three times for
30 min with DPBS. Chitosan scaffolds containing passively adsorbed
bFGF (CS-PA 0, 30, 60, 90, and 120) were prepared as controls.

2.7. Investigation of heparin on chitosan scaffolds

Negatively charged ionic groups of heparin on chitosan scaffolds
were quantified using TB staining assays, as previously described
(Kim et al., 2010). Briefly, scaffolds were immersed in a 0.1 mM TB
solution for 1 h at room temperature, and the ionic complexes of

TB on the scaffolds were dissolved by reacting with a mixture of
0.1 M NaOH and ethanol (1:4, v/v). The optical density (OD) of each
sample was  then measured at 640 nm using a plate reader (Spectra
Max M2e; Molecular Devices, Sunnyvale, CA, USA).
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Heparin on the chitosan scaffold (CS 60) was observed by immo-
ilizing 0.1 mM fluorescein isothiocyanate (FITC)-labeled heparin
Invitrogen, Carlsbad, CA, USA) on the scaffold, as previously
escribed above. Scaffolds containing FITC-labeled heparin were
isualized using confocal laser scanning microscopy (CLSM, C1;
ikon Corp., Chiyoda-ku, Japan).

.8. Analysis of heparin-bound bFGF on chitosan scaffolds

bFGF bound to heparin on chitosan scaffolds was  quantified by
easuring the amount of bFGF remaining in solution after incubat-

ng with CS-H scaffolds using an enzyme-linked immunosorbent
ssay (ELISA) kit (Invitrogen). A standard calibration curve
as prepared using solutions containing known concentrations

f bFGF.
The release kinetics of bFGF from chitosan scaffolds was deter-

ined by incubating samples in 5 ml  of PBS at 37 ◦C for up to 7
ays with continuous agitation. Samples (100 �l) were collected
t designated time points. The cumulative amount of released
FGF was determined using the same ELISA kit, as described
bove.

.9. Viability of hMSCs on chitosan scaffolds

Two in vitro tests were conducted to evaluate the viability of
MSCs (Lonza, Basel, Switzerland) on chitosan scaffolds. During
he first test, the viability of hMSCs on scaffolds with different
ore structures was investigated. In the second test, the synergetic
ffects of inter-connecting pore structure and released bFGF were
valuated using hMSCs cultured on chitosan scaffolds. Before in
itro tests, CS 0, CS 60, and CS 120 were prepared for analysis of the
ffect of pore structure, and CS 0 (control), CS-PA 0, CS-HB 0, and
S-HB 60 were prepared for evaluation of the effects of released
FGF. All scaffolds were prepared as circular shapes (diameter:
5 mm).  hMSCs were maintained in DMEM supplemented with 10%
BS and 1% p/s under standard culture conditions (37 ◦C, 5% CO2).
hen the cells had reached approximately 70% confluence, they
ere enzymatically detached using trypsin/EDTA and seeded onto

he scaffolds at a density of 2 × 103 cells/cm2 (passage 7) in DMEM
ith 10% FBS and 1% p/s. For evaluating the effects of pore struc-

ure, fresh medium with the same composition (DMEM with 10%
BS and 1% p/s) was added after 1 day in culture. For evaluating the
ffects of bFGF released from scaffolds, the medium was  changed to
MEM containing 1% FBS and 1% p/s. The viability of hMSCs grown
n scaffolds was evaluated at designated time points using CCK-8
ssays.

.10. Immunofluorescence staining of hMSCs cultured on
hitosan scaffolds

At 1 and 7 days post-seeding, hMSCs cultured on CS 0 (control),
S-PA 0, CS-HB 0 and CS-HB 60 were immune stained using Alexa
luor 488 phalloidin (Invitrogen) and propidium iodide (Sigma
ldrich) for actin filaments and nuclei, respectively. Cells on scaf-

olds were investigated using CLSM; fluorescence images were
btained from a depth of 150 �m.

.11. Statistical analysis

Quantitative data were obtained in triplicate and are reported as

eans ± standard deviations, where indicated. Statistical analyses
ere performed using a one-way analysis of variation (ANOVA),

ollowed by Tukey HSD for multiple comparisons. A p-value < 0.05
as considered statistically significant.
mers 87 (2012) 2683– 2689 2685

3.  Results and discussion

In order to the controlled molecular weight of chitosan, chi-
tosan solutions were ultrasonicated for 0, 30, 60, 90, and 120 min.
And then, we  investigated the viscosity of chitosan solutions as
an effect of ultrasonication time (data was not shown). The vis-
cosity of CS 0 solutions was  299.63 ± 0.21 mPa·s; the viscosity
of scaffold solutions decreased with increasing ultrasonication
time to 230.44 ± 0.32 mPa·s (CS 30), 195.40 ± 0.15 mPa·s (CS 60),
155.04 ± 0.11 mPa·s (CS 90), and 126.46 ± 0.17 mPa·s (CS 120). From
FTIR spectrum of chitosan scaffolds, we observed a broad hydroxyl
band near 3400 cm−1 in all samples attributable to the –OH stretch-
ing mode (data was  not shown). Characteristic peaks at 2932,
1675, 1411, 1385, and 1240 cm−1 due to CH2 stretching, amide I,
OH vibration, CH3 bending, and amide III, respectively, were also
observed in all samples. FTIR spectral analyses showed that the
changes caused by ultrasonication treatment did not involve effects
on the chemical integrity of chitosan scaffolds, but instead reflected
partial breaks of �-linkage in chitosan (Wu,  Zivanovic, Hayes &
Weiss, 2008). These results indicate that ultrasonication was an
effective method for controlling the molecular weight of chitosan.

In previous studies, we  confirmed that addition of butanol,
and the resulting phase separation between the chitosan solu-
tion and butanol, produces chitosan scaffolds with a well defined
porous structure, characterized by inter-connecting smaller micro-
pores (size, ∼10–60 �m)  between larger micropores. Moreover, the
proportion of smaller micropores increased with increasing con-
centrations of butanol (Lim et al., 2007). On  the basis of these
previous studies, we investigated the morphological changes in
chitosan scaffolds (prepared using a constant, lower concentra-
tion of butanol) due to ultrasonication of chitosan solutions. As
shown in Fig. 1, lyophilized chitosan scaffolds exhibited porous
structures. However, a porous structure with small micropores
(∼10 �m)  in the frame of chitosan scaffolds with large micropores
(80–100 �m)  was observed only in CS 60, 90, and 120; the others
contained only larger pores. In a previous study, chitosan solutions
with lower molecular weights yielded lyophilized chitosan scaf-
folds with smaller pores (Chung et al., 2002). In the present study,
we found that chitosan solutions with lower molecular weights,
which have higher diffusion rates due to lower viscosity, exhibited
enhanced formation of smaller and inter-connecting micropores
(∼10 �m)  through thermally induced phase separation between
chitosan solutions and butanol during lyophilized process of chi-
tosan scaffolds. These results indicate that the molecular weights
of chitosan solutions determine the size and inter-connectivity of
pores in chitosan scaffolds.

We  next investigated lysozyme-mediated degradation of chi-
tosan scaffolds as an effect of molecular weight. As shown in
Fig. 2, the degradation behavior of all scaffolds in the presence of
lysozyme followed a similar trend. For examples, the initial weight
remaining of CS 0, 30, 60, 90, and 120 were 95.4 ± 1.63, 95.5 ± 1.29,
94.25 ± 0.96, 94.51 ± 1.27, and 95.25 ± 1.71%, respectively, at 2
weeks; the corresponding values at 4 weeks were 86.5 ± 5.26,
89.25 ± 2.75, 87.25 ± 2.98, 85.75 ± 2.56, and 88.25 ± 2.63%, respec-
tively. Ren et al. reported that the enzymatic degradation of
chitosan depended on its degree of deacetylation (DD); chitosan
with a lower DD was  degraded faster by lysozyme than chitosan
with a higher DD (Ren, Yi, Wang & Ma,  2005). Using a previously
described method, we  calculated DD values for our chitosan scaf-
folds from hydroxyl and amide I bands of FTIR analysis (Baxter,
Dillon, Anthony Taylor & Roberts, 1992). The calculated DD values
were 82.03%, 82.43%, 82.44%, 82.37%, and 82.94% for CS 0, 30, 60, 90,

and 120, respectively. The similarity of the DD values of chitosan
scaffolds regardless of its molecular weights is consistent with the
molecular weight-independent degradation behaviors shown in
Fig. 2. In agreement with this, previous research showed that there
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heparin coating on scaffolds.
Next, the amount of immobilized bFGF on chitosan scaffolds was

evaluated using ELISA. As shown in Fig. 5A, the amount of passively
ig. 1. Representative SEM images of chitosan scaffolds: (A) CS 0, (B) CS 30, (C) CS 6
espectively. Smaller and inter-connecting micropores (∼10 �m)  were observed on

as no relationship between ultrasonication treatment and DD val-
es of chitosan (Fan, Saito & Isogai, 2008; Wu,  Zivanovic, Hayes &
eiss, 2008).
We quantified the amount of coated heparin on porous chitosan

caffolds using TB assay for immobilization of bio-active molecules.
s shown in Fig. 3A, the amount of TB taken up by CS 0 (without
eparin) was 0.06 ± 0.02 mM,  a value that increased to 0.30 ± 0.04
nd 0.32 ± 0.05 mM for CS-H 0 and CS-H 30, respectively, after
he reaction with heparin. In the case of chitosan scaffolds with
nter-connecting micropores, the amount of TB taken up by CS-H
0 increased to 0.44 ± 0.09 mM,  which represented the saturation
oint; chitosan scaffolds beyond CS-H 60 exhibited slight increase

n TB uptake upon reacting with heparin. Photographs of TB-stained
caffolds illustrate this trend in TB uptake (Fig. 3B). To visualize
eparin on chitosan scaffolds (CS 60), we coated FITC-heparin on

caffolds. The resulting fluorescence images confirmed that coated
eparin was not affected by the thickness of scaffolds. Heparin
ould be observed throughout cross-sectional areas of samples,
eflecting the inter-connecting pore structure of scaffolds, as shown

ig. 2. Enzymatic degradation of chitosan scaffolds incubated at 37 ◦C for up to 4
eeks in a 50 �g/ml lysozyme solution.
 CS 90, and (E) CS 120, prepared using ultrasonication of 0, 30, 60, 90, and 120 min,
, 90, and 120. Scale bar is 100 �m.

in Fig. 4. These results suggest that the increased surface area of chi-
tosan scaffolds caused by inter-connecting micropores increased
the amount of coated heparin and confirm that the controlled
molecular weight of chitosan and LBL method were effective for
Fig. 3. (A) Quantification of negatively charged functional heparin groups on chi-
tosan scaffolds, analyzed by TB-uptake assays. The number of negatively charged
groups on chitosan scaffolds significantly increased after heparin coating. (B) Pho-
tograph of TB-stained chitosan scaffolds.
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ig. 4. Fluorescence images of FITC-heparin on chitosan scaffolds: (A) phase-contr
ross-sectional areas of scaffolds. Scale bar is 500 �m.

bsorbed bFGF on CS-PA 0 was 2.53 ± 0.28 ng/mg. Notably, the
resence of heparin and inter-connecting micropores substantially

ncreased bFGF binding to chitosan scaffolds; in groups of CS-
B 0, CS-HB 60, and CS–HB 120, the amount of bound bFGF was

2.10 ± 1.97, 20.77 ± 2.31, and 24.21 ± 3.01 ng/mg, respectively.
hese trends were consistent with the quantification results of hep-
rin (Fig. 3A). Heparin is able to bind to several growth factors with

ig. 5. (A) Quantification of bFGF on chitosan scaffolds by ELISA. The amount of
mmobilized bFGF on scaffolds was greater than that in groups without heparin.
B) Release profiles of bFGF from scaffolds incubated in PBS at 37 ◦C (CS-PA and CS-
B  were abbreviated by passively bFGF absorbed on chitosan scaffolds and bFGF

mmobilized on heparin coated chitosan scaffolds, respectively).
) fluorescence, and (C) merged images. FITC-heparin was observed throughout the

high affinity and specificity (Lee, Silva & Mooney, 2010). In the case
of bFGF, these interactions are primarily due to electrostatic bind-
ing between positively charged amino groups of the arginine- and
lysine-rich bFGF molecule and negatively charged sulfonyl and car-
boxyl groups in heparin (Tayalia & Mooney, 2009; Uebersax, Merkle
& Meinel, 2009).

The release profiles of bFGF from chitosan scaffolds are shown
in Fig. 5B. Scaffolds containing passively adsorbed bFGF (CS-
PA 0) showed an initial burst of bFGF release, amounting to
74.99 ± 10.61% and 90.72 ± 4.91% of initial bFGF on days 1 and 3,
respectively; thereafter, no further release of bFGF was  observed.
However, bFGF immobilized scaffolds (CS-HB 0, 60, and 120) was
released over the course of 7 days. For example, immobilized bFGF
on CS-HB 0, 60, and 120 was released at rates of 6.72 ± 1.73%,
6.06 ± 1.45% and 5.33 ± 0.89%, respectively, at day 1; the corre-
sponding values at day 7 were 79.36 ± 6.21%, 86.56 ± 4.07%, and
93.29 ± 3.26%, respectively. The release of bFGF from heparin-
coated scaffolds appeared to be linear with minimal burst release,
regardless of the amount of immobilized bFGF on the scaffolds.
Our results indicate that heparin-coated chitosan scaffolds con-
trol the release of bFGF, and also strongly protect bFGF from
degradation.

In aspect of scaffolds for tissue formation, the pore architectures
are known to play a critical role in tissue engineering, as it provides
the vital framework for the seeded cells to organize into a func-
tional tissue (Hollister, 2005). The pore architectures of scaffolds
have been presented in previous studies, which showed that pore
size and inter-connectivity of scaffolds are critical factors in the
regulation of hMSCs proliferation and differentiation (Hu, Feng, Liu
& Ma,  2009; Kasten et al., 2008; Majd et al., 2009; Ragetly et al.,
2010). In this study, we controlled the pore size (pore sizes rang-
ing from 10 to 100 �m)  of chitosan scaffolds by not only different
molecular weight of chitosan, but also addition of non-solvent to
chitosan solution. To evaluate the effects of the pore architectures of
chitosan scaffolds on cellular attachment and proliferation, hMSCs
were seeded on scaffolds.

Fig. 6A shows the viability of hMSCs on chitosan scaffolds with
different pore architectures. On day 1, the viability of hMSCs was
similar, exhibiting OD values on CS 0, 60, and 120 of 0.42 ± 0.06,
0.46 ± 0.04, and 0.45 ± 0.05, respectively, in CCK-8 assays. However,
on day 4, the OD values of CS 60 and 120 increased significantly to
0.79 ± 0.04 and 0.75 ± 0.04, respectively, whereas that of the CS 0
increased only slightly (0.59 ± 0.04). By comparison, conventional
chitosan scaffolds with only large micropores (CS 0) showed lim-
ited regulation of cellular behavior (Fig. 6A). However, our results
suggest that CS 60 and 120 with the controlled pore size and

inter-connectivity (SEM images in Fig. 1) were able to actively
supply gas and nutrients to cultured hMSCs on scaffold. Indeed,
fluid and gas flow through the scaffolds is a combination of vari-
ous important factors: porosity, size, distribution of pore, and their
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ig. 6. The viability of hMSCs on chitosan scaffolds. (A) hMSCs cultured on CS 0,
0, and 120 in conventional media for 4 days. (B) hMSCs cultured on CS 0 (control),
S-PA 0, CS-HB 0, CS-HB 60, and CS-HB 120 in conditioned media for 7 days.
nter-connectivity (Lee, Cuddihy & Kotov, 2008). During our in vitro
tudy, differences in those pore architectures could therefore affect
MSCs and nutrient interaction, possibly resulting in better prolif-
ration for one scaffold type compared to the other. In our previous

ig. 7. CLSM images of hMSCs on chitosan scaffolds after 7 days of cultivation. Scale bar 

S-HB  60 on day 1. Images of hMSCs on (E) CS 0 (control), (F) CS-PA 0, (G) CS-HB 0, and (
tained with propidium iodide and Alexa Fluor 488 phalloidin, respectively. CLSM images
his  figure legend, the reader is referred to the web  version of the article.)
mers 87 (2012) 2683– 2689

study, we  also found similar results using human dermal fibrob-
lasts on chitosan scaffolds containing inter-connecting micropores
(created by preparing with different butanol content) (Chun, Kim
& Kim, 2008). Consistent with these results, Kasten et al. reported
that scaffolds with smaller and inter-connecting pore size (<40 �m)
induced higher proliferation and the ECM protein content of hMSCs,
since facilitated transport of oxygen and nutrients to hMSCs, com-
pare to the scaffolds with bigger pore size (<136 �m)  (Kasten et al.,
2008).

bFGF is generally implicated in the enhancement of in vitro for-
mation of focal adhesion and proliferation of various types of cell in
a concentration-dependent manner. To assess the biological activ-
ity of bFGF released from the chitosan scaffolds, we first tested the
effect of soluble bFGF on the proliferation of hMSCs according to
the previous study, and found that greater than 5 ng/ml bFGF was
effective concentration (Schmidt et al., 2006). As shown in Fig. 6B,
on day 1, the viability of hMSCs treated with conditioned media
obtained after incubating scaffold containing passively adsorbed
bFGF (CS-PA 0) was higher (OD = 0.47 ± 0.03) than that of CS-HB 0
(0.33 ± 0.02), CS-HB 60 (0.35 ± 0.01), CS-HB 120 (0.34 ± 0.02), and
CS-0 (control; 0.39 ± 0.02). This trend extended to day 4, when the
OD values of the CS-PA 0 increased to 0.64 ± 0.05. However, the
trend was reversed on day 7, at which point the proliferation of cul-
tured hMSCs in CS 0 and CS-PA 0 significantly decreased compared
to the other groups. These results may  reflect the burst-type pattern
of bFGF release from CS-PA 0, in which approximately 95% of bFGF
was released within 3 days (Fig. 5B). However, the sustained release
of bFGF from the heparin-coated CS-HB 0, 60, and 120, which
might maintain effective concentration of bFGF in culture medium,
resulted in the continuous proliferation of hMSCs. Similar results
have been reported that bFGF released from a heparin-incorporated
system enhanced the proliferation of hMSCs in vitro to a greater
extent than bFGF released from passively adsorbed groups (Ariga,
McShane, Lvov, Ji & Hill, 2011; Benoit, Collins & Anseth, 2007). The
proliferation of hMSCs on CS-HB 60 and 120, in particular, was sig-
nificantly increased compared to that on CS-HB 0. These trends
correlated with the results of Fig. 6A: inter-connecting micropores
on CS-HB 60 and 120 accelerated the viability of hMSCs regardless
of the amount of bFGF bound to chitosan scaffolds (CS-HB 0, 60,

and 120). Our in vitro studies showed that the viability and prolif-
eration of hMSCs was enhanced through the synergetic effects of
inter-connectivity between macropores and the sustained released
of bFGF from chitosan scaffolds.

is 100 �m.  Images of hMSCs on (A) CS 0 (control), (B) CS-PA 0, (C) CS-HB 0, and (D)
H) CS-HB 60 on day 7. Cell nuclei (red) and actin filaments (green) of hMSCs were

 were taken from 150 �m in depth. (For interpretation of the references to color in
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Finally, we confirmed the synergetic effects of pore architec-
ures and released bFGF on hMSCs cultured on chitosan scaffolds
sing immunofluorescence staining. As shown in Fig. 7B, on day
, hMSCs cultured on CS-PA 0 reached a much higher density of
uclei compared to other groups. Moreover, they were well spread
ut with mature formation of actin filaments. On day 7, hMSCs
n CS 0 (Fig. 7E) and CS-PA 0 (Fig. 7F) exhibited a thinner spindle

orphology compared to hMSCs cultured on CS-HB 0 and 60. Also,
MSCs on CS-HB 60 showed a well-spread morphology compared
o those on CS-HB 0. These cellular morphologies correlate with
ellular viability (Fig. 6), measured by CCK-8 assays.

. Conclusions

In this study, we were able to manipulate chitosan scaffolds
ith inter-connecting micropores and amount of immobilized

FGF on scaffolds. In particular, an in vitro study using hMSCs
evealed that the well defined architectures and presence of bFGF
ndicated significantly enhanced biocompatibility of chitosan scaf-
olds compared to ordinary chitosan scaffold. Furthermore, our
hitosan system with other heparin-binding growth factors has
ide-ranging application to actively control the proliferation and
ifferentiation of various cells for tissue regeneration.
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