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Abstract

Chitosan scaffolds were modified with RGDS (Arg–Gly–Asp–Ser) in the present work via an imide-bond forming reaction

between amino groups in chitosan and carboxyl groups in peptides. Successful immobilization was verified with FTIR spectroscopy,

and the immobilized amount was determined to be on the order of 10�12mol/cm2 through analysis of the immobilized amino acids.

Results of experiments of cell culture with rat osteosarcoma (ROS) cells demonstrated that RGDS immobilization could enhance

the attachment of ROS cells onto the chitosan, resulting in higher cell density attached to the RGDS-modified scaffold than to the

unmodified scaffold. It should be noted that only RGDS, but not other peptide such as RGES, is effective in enhancing cell

attachment and possible proliferation. Experiments of in vitro mineralization indicated that there were more cells on the RGDS-

modified scaffold than on the unmodified scaffold, which tended to form bone-like tissues. The results presented in this work suggest

that immobilization of RGDS can make chitosan scaffolds more compatible for the culture of osteoblast-like cells and the

regeneration of bone-like tissues.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Tissue engineering, a technique for generating new
tissues from cultured cells, is now being considered as a
potential alternative to organ or tissue transplantation
[1,2]. One of the key research areas in tissue engineering
is the development of techniques to fabricate biocom-
patible scaffolds, which play an important role in
transforming cultured cells into new tissues [1,3–6]. In
e front matter r 2004 Elsevier Ltd. All rights reserved.
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such an area, a lot research efforts have been devoted to
control the material’s chemistry for promotion of highly
specific binding interactions between materials and cells,
generally involving enrichment of the material surface to
promote cell adhesion with extracellular matrix (ECM)
components or their functional domains [7–9].
Many studies have attempted to immobilize specific

sequences that can promote cell adhesion. RGD
(Arg–Gly–Asp) isolated from adhesive proteins is the
most widely used one [7–10]. Most researches about
immobilization of RGD on biomaterials were carried
out in two-dimensional environment (flat surface)
[10–15], which cannot reflect the actual environment
for cell growth and differentiation [1–3]. Therefore,
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experiments of immobilization of RGD on scaffolds
with a three-dimensional structure should be performed
to adequately evaluate the effect of RGD immobiliza-
tion. Researches in this regard have recently attracted
much attention [16–20].
The major aim of the present study is to improve the

biocompatibility of porous chitosan scaffolds with
immobilization of the RGD sequence. Chitosan, a
polysaccharide, is an attractive biomaterial for prepara-
tion of scaffolds, especially for bone regeneration
[21–24]. Immobilization of RGD on chitosan to enhance
its biocompatibility was recently carried out on two-
dimensional chitosan films [19,25]. However, conjuga-
tion of RGD to chitosan scaffolds with a three-
dimensional structure has not yet been described. In
the present work, immobilization of RGD in chitosan
scaffolds was performed with the help of carbodiimide
and hydroxysucccinimide. The formation of covalent
bonds was confirmed with IR spectroscopy, and the
concentration of immobilized RGD was quantified by
analyzing the amount of immobilized amino acids. In
addition, cell culture experiments were carried out to
evaluate the effect of RGD immobilization on the
attachment and growth of osteoblast-like cell.
2. Materials and methods

2.1. Materials

Chitosan used in the present work was purchased
from Sigma with a deacetyl degree of 85%. Acetic acid,
ethanol, N,N-dimethyl formide (DMF), 1-ethyl-3-di-
methylaminopropyl carbodiimide (EDC), hydroxysucci-
nimide (NHS), sodium hydroxide (NaOH), RGDS
(Arg–Gly–Asp–Ser), and RGES (Arg–Gly–Glu–Ser),
glutaraldehyde were all purchased from Sigma. All
solvents are of analytical grade, and the purities of
RGDS and RGES are higher than 95%. For cell
culture, a-minimum essential medium (aMEM), sodium
b-glycerophosphate, ascorbic acid, and dexamethasone
were purchased from Sigma, and fetal bovine serum
(FBS), penicillin-streptomycin-amphotercin, trypsin-
EDTA solution from GIBCO BRL.

2.2. Preparation of chitosan films and scaffolds

Chitosan powder was dissolved in an acetic acid
aqueous solution (1M) to form a 2wt% polymer
solution. The solution was used to prepare chitosan
films and scaffolds. To prepare dense films, the solution
was coated onto a petri dish and then dried at 50 1C. The
film for cell attachment was circular with a diameter of
6 cm. After the drying stage, the coated film was
immersed in a NaOH aqueous solution (2 N) to
neutralize the remaining acetic acid. Porous chitosan
scaffolds were prepared with the so-called freeze-
gelation method, with details described in our previous
work [26]. The 2wt% chitosan solution was placed in a
glass petri dish and frozen at �20 1C. The frozen
chitosan solution was immersed in a NaOH/ethanol
aqueous solution (40 g NaOH powder in 1000ml
50 vol% ethanol aqueous solution; the molarity of
NaOH was 1M and the pH value was 12.8) at �20 1C
to allow the adjustment of pH and the gelation of
chitosan. The gelled solution was dried at room
temperature to remove the contained liquid. Porous
chitosan scaffolds were thus obtained. The size of
scaffolds used for cell culture was 5mm in length and
width, and 2mm in height.

2.3. Peptide immobilization

Carbodiimide was used to immobilize the RGDS and
RGES on chitosan. The protocol was similar to that
reported in previous studies of the immobilization of
peptides on an amino-phase substrate [27–29]. Peptide
(0.2mM in DMF) was mixed with EDC (2.5mg/ml in
DMF) and NHS in a 25:25:1 v/v/v ratio. The prepared
chitosan scaffolds or films were immersed in the peptide
solution at 4 1C for 72 h to assure that the immobiliza-
tion reaction was complete.

2.4. SEM analysis

For analysis with scanning electron microscopy (SEM),
a gold layer was coated on the specimen surface.
Morphologies of specimens were then examined by using
a JEOL (JSM-6300, Japan) scanning electron microscope.

2.5. FTIR-ATR spectroscopy

Fourier transform infrared spectrometer-attenuated
total reflectance (FTIR-ATR) spectra for the unmodi-
fied, RGDS-modified, and RGES-modified chitosan
scaffolds were obtained with a Perkin-Elmer Spectrum
One IR spectrometer (USA).

2.6. Amino acid analysis

Samples (0.05 g) of unmodified, RGDS-modified, and
RGES-modified chitosan scaffolds were, respectively,
mixed with 3ml of a 6N HCl aqueous solution to
hydrolyze the attached amino acids. The mixtures were
kept at 110 1C for 24h and then dried in the oven at 70 1C
for 4–5 days. The hydrolyzed samples were analyzed with
an amino acid analyzer (Beckman 6300, USA).

2.7. Cell attachment on chitosan films

Cells used for culture experiments were ROS 17/2.8
cells, originally isolated from a rat osteosarcoma. The
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ROS cells possess a typical osteoblastic phenotype and
responses similar to those of normal bone cells to
hormone stimulation [30,31], and are extensively used in
researches about the interaction between bone cells and
materials [32,33]. The cells were cultured in aMEM,
supplemented with 10% FBS and 100U/ml penicillin–
streptomycin–amphotericin, at 37 1C in 5% CO2. ROS
cells suspended in culture medium (5� 104 cells/ml) were
added to the dishes previously coated with unmodified
or modified circular chitosan films with a diameter of
6 cm. After incubation for a certain period of time
(0–10 h), the dish was washed with PBS buffer to remove
the unattached cells, and the number of the attached
cells was then counted under a microscope (model IX70,
Olympus, Japan).

2.8. Cell culture with chitosan scaffolds

Modified and unmodified scaffolds were first fixed on
culture dishes (Corning, USA) with silicone gel. The
scaffold was first placed in the dishes and two or three
spots of silicone gel were then applied around the
scaffold. A coverslip was placed on the top of the
scaffold and adjacent silicone gel spots. Silicone gel was
used to glue together the coverslip and the culture dish.
ROS cells suspended in the culture medium
(5� 104 cells/ml) were then added to the dishes to allow
the ingrowth of cells onto the scaffolds which were 5mm
in length and width and 2mm in height. The constitu-
ents in the medium were described in follows, and the
medium was changed every 2 days. After incubation for
various periods (1 and 2 weeks), cells on the scaffolds
were harvested for analysis. For SEM analysis, scaffolds
with ROS cells were fixed with a 2wt% glutaraldehyde
solution and dehydrated in ethanol aqueous solutions.
Drying with supercritical CO2 was performed to prevent
deformation of the cells attached to the scaffolds.

2.9. Determination of the number of cells attached to

scaffolds

Scaffolds with cultured cells, maintained in culture for
1–4 weeks, were washed with PBS 3 times to remove
unattached cells. The washed scaffolds were then
immersed in a trypsin-EDTA aqueous solution (0.05%
w/v trypsin and 0.02% w/v EDTA) and incubated at
37 1C for 10min to depart the attached cells. The
number of detached cells for each culture period was
determined with a hemacytometer.

2.10. In vitro mineralization

The mineralization performed according to reported
procedures by Hou et al. [34]. In the mineralization
stage, the culture medium was replaced with serum-free
a-MEM medium containing 10mM sodium b-glycero-
phosphate, 50 mg/ml ascorbic acid, and 10�7M dexa-
methasone. Cell culture in scaffolds was maintained for
4–14 days and then subjected to von Kossa staining and
determination of Ca content. Except for the culture
medium, the conditions of cell culture were the same as
those described in the previous section on cell culture.

2.11. Histochemical staining: von Kossa staining

The scaffolds with suspected mineralized cells were
stained with a silver nitrate solution and counterstained
with Nuclear Fast Red solution [35]. The stained
samples were then examined with microscopy (model
IX70, Olympus, Japan).

2.12. ESCA

The ratio of C and Ca contained in the chitosan
scaffolds with mineralized ROS cells (cultured for 2
weeks) were determined by electron spectroscopy for
chemical analysis (ESCA; VG Microtech, MT-500,
UK). Scaffolds were fixed and dehydrated using the
same procedure as those for SEM specimens.
3. Results and discussion

3.1. Fabrication of porous scaffolds

The porous chitosan scaffolds used in this study were
prepared by the so-called freeze-gelation process [26]. In
this process, the chitosan solution was frozen to
generate phase separation, which results in a porous
structure. To prevent destruction of porous structure
during the solvent-removal stage, the structure con-
tained in the frozen solution is first fixed by adjustment
of the solvent pH to allow the gelation of chitosan. The
gelation process was carried below the freezing point of
the polymer solution. After gelation, the contained
solvent was removed by vacuum drying at room
temperature. The structure of the obtained chitosan
scaffolds is shown in Fig. 1a.

3.2. Peptide immobilization on chitosan

In the present work, the RGDS sequence was
immobilized on chitosan by formation of imide bonds
between amino groups on the chitosan and carboxyl
groups on the peptides [36–38]. Carbodiimide (EDC)
and NHS were involved in this reaction, forming
intermediate reactants that led to the formation of
imide bonds.
The IR spectra shown in Fig. 2 verify that RGDS and

RGES were successfully grafted onto the chitosan. Lines
1 and 2 in Fig. 2 are the IR spectra of the unmodified
and RGDS-modified chitosan scaffolds, respectively.
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Fig. 1. Morphology of the chitosan scaffold prepared by the freeze-

gelation method (SEM, � 200). (a) Before RGDS immobilization, (b)

after RGDS immobilization.

Fig. 2. IR spectra of unmodified, RGDS-modified and RGES-

modified chitosan scaffolds. Line 1: unmodified; line 2: RGDS-

modified; line 3: RGES-modified chitosan scaffolds.
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For the unmodified chitosan scaffold (line 1), a peak can
be seen clearly at 1542 cm�1, corresponding to the
primary N–H bending region (1500–1550 cm�1) [39].
For the RGDS-modified scaffold, the peak at 1542 cm�1

disappears, indicating that, molecules have been grafted
at the primary amino group of chitosan. Similar results
can also be observed for the RGES-modified chitosan,
as indicated by line 3 in Fig. 2. The results presented in
Fig. 2 provide evidence supporting RGDS and RGES
successfully being immobilized onto chitosan by the
procedure discussed in Section 2.3.
Quantitative analysis of the concentration of the

grafted amount of RGDS (or RGES) on chitosan was
also performed by analyzing the concentration of the
amino acids. There were four different immobilized
amino acids (R, G, D, and S, or R, G, E, and S). For
this analysis, they were stripped from the scaffolds, and
their concentrations in the stripping solution were
determined using an amino acid analyzer. The concen-
trations of the four amino acids were roughly the same,
and their smallest value was taken to be the peptide
concentration. With the volume of the peptide stripping
solution, the corresponding peptide concentration, and
the mass of the chitosan scaffold, the amount of the
immobilized peptide per unit mass of scaffold was
determined, and the results are shown in Table 1.
Further calculations can be made by assuming that all
pores are spherical. Using this assumption, the porosity
of the scaffold, and the density of the chitosan, the
surface area per unit mass of the scaffolds can be
calculated. Thus, the amount of immobilized peptide per
unit surface area was calculated, and the results are also
shown in Table 1. The immobilized peptide concentra-
tion was on the order of 10�12mol cm�2. It has been
reported that a peptide (RGD) density of
1� 10�12mol cm�2 was sufficient to support the adhe-
sion and spreading of fibroblast cells, clustering of
integrin receptors, and organization of actin stress fibers
[40,41]. Results in Table 1 indicate that the surface
concentration of the immobilized RGDS was on the
same order as the effective peptide concentration.
Hence, the immobilized amount should be high enough
to ensure the effect of RGD on cell attachment.
The effect of the immobilization process on the

morphology of scaffolds was also investigated. Shown
in Figs. 1a and b are the structures of a chitosan scaffold
before and after the immobilization process. By
comparing Figs. 1a and b, it can clearly be seen that
the scaffold remained its original structure after the
immobilization process.

3.3. Effect of RGD immobilization on cell culture

It has been reported [7–12] that the RGD sequence
can promote attachment of cells because it can be
recognized by the adhesion receptors on the cell
membrane. Thus, the affinity between cells and materi-
als should be improved with the immobilization of
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Table 1

Amounts of immobilized peptides per unit mass of scaffold and per unit surface area of scaffold for RGDS and RGES-modified chitosan scaffolds

Chitosan-RGDS Chitosan-RGES

Per unit mass of scaffold (mol RGDS or RGES/g) 1.1� 10�8 3.9� 10�8

Per unit surface area of scaffold (mol RGDS or RGES/cm2) 8.1� 10�12 2.9� 10�11
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Fig. 3. Cell attachment densities on unmodified, RGDS-modified, and

RGES-modified chitosan films.
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RGD, which can mimic the natural extracellular matrix.
To determine if the initial attachment of ROS cells on
chitosan film could be improved by immobilization of
RGDS, the number of attached ROS cells at early
period after plating (within 10 h) on unmodified and
RGDS-modified chitosan films was measured, and the
results are shown in Fig. 3. Obviously, the ROS cells
attached much faster and in greater numbers to the
RGDS-modified chitosan film than to the unmodified
film. It can also be seen from Fig. 3 that such an effect
was strongly related to the peptide used. When the
surface was modified with RGES instead of RGDS, the
enhancement on cell attachment was not observed. The
results support ROS cells being able to recognize the
immobilized RGDS sequence, thus attaching faster onto
the modified chitosan film.
The culture of ROS cells on RGDS-modified and

unmodified chitosan scaffolds was also carried out.
SEM micrographs of cultured cells on scaffolds are
shown in Figs. 4 and 5. Shown in Figs. 4a and b are
ROS cells cultured on RGDS-modified scaffolds for 2
weeks. The fibrils of the ROS cells can clearly be seen,
indicating that the cells attached well to the scaffold. In
Fig. 5, the SEM micrographs of cells on unmodified and
modified scaffolds are presented. It can be seen that,
after 1 week of culture, more cells can be found on the
RGDS-modified scaffold (Fig. 5c) than on the unmodi-
fied (Fig. 5a) and RGES-modified scaffolds (Fig. 5e).
Similar results were observed with 2 weeks of culture
(Figs. 5b, d, and f). Obviously, with the same culture
time, more cells were observed on the RGDS-modified
scaffold, compared to the unmodified and RGES-
modified scaffolds.
The number of the ROS cells attached to the scaffolds

at different culture times was determined using the
method discussed in Section 2.9. The results are depicted
in Fig. 6. When the chitosan scaffold was modified with
RGDS, with the same culture times, the cell density
attached to the modified scaffold was significantly
higher than that attached to the unmodified scaffold,
which can clearly be seen in Fig. 6. On the other hand,
when the scaffold was modified with RGES, cell
numbers attached to both the modified and unmodified
scaffolds were roughly the same. The results suggest that
cells can recognize the difference between RGDS and
RGES, and that RGDS, not RGES, is the effective
peptide for enhancing cell attachment.
According to the data shown in Fig. 6, the effect of

RGDS can clearly be seen after 1 week of culture. After
4 weeks of culture, the cell number attached to the
RGDS-modified scaffold seemed to reach a plateau,
indicating that the space in the scaffold was almost
completely occupied by cells. On the other hand, for
scaffolds without modification or modified with RGES,
the plateau had not yet been reached by 4 weeks of
culture.
On the basis of the above discussion, it is now known

that RGDS immobilization can promote the attachment
of ROS cells onto the material, as evidenced by the
results shown in Fig. 3. The fast attachment of cells
resulted in higher cell density attached to the scaffold in
the initial culture period. Because of the higher initial
density of attached cells, RGDS-modified scaffolds
possessed higher cell density than unmodified scaffolds,
and thus reached the plateau faster, as shown in Fig. 6.
During the first 2 weeks of culture, the effect of RGDS
modification could easily be identified. However,
because of space limitations in the scaffold, after a
longer culture time, such as 4 weeks, the difference
became small between the RGDS-modified and unmo-
dified scaffolds.

3.4. Effect of RGDs immobilization on in vitro

mineralization

Experiments on in vitro mineralization were per-
formed to investigate the tendency of the cultured ROS
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Fig. 4. Morphological characterization of ROS cells attached to RGDS-immobilized chitosan scaffolds (SEM, (a) � 3000, (b) � 1000).

Fig. 5. Morphological characterization of ROS cells attached to chitosan scaffolds (SEM, � 500). (a) and (b): unmodified scaffolds; (c) and (d):

RGDS-modified scaffolds; (e) and (f): RGES-modified. (a), (c), and (e): 1 week of cell culture; (b), (d), and (f): 2 weeks of cell culture.

M.-H. Ho et al. / Biomaterials 26 (2005) 3197–32063202
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Fig. 6. Densities of ROS cells attached to unmodified, RGDS-modified, and RGES-modified chitosan scaffolds.
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cells to form bone-like tissue. After a certain period of
culture time, the culture medium was replaced
with a mineralization-inducing medium [42] to see
if mineralized foci would form from the cultured cells.
The ROS cells grew and proliferated in the original
culture medium; however, in the mineralization-
inducing medium, because of a lack of serum, it was
believed that the confluent ROS cells could only
mineralize in such an environment without growth and
proliferation.
von Kossa staining was performed to investigate

mineralization of cultured ROS cells on the scaffold.
With von Kossa staining, the calcium in the calcium salt
deposits, formed during mineralization, is replaced by
silver. The resultant silver salt undergoes reduction to
form metallic silver. Thus, dense black spots, markers of
the sites of calcium salts, should be observed if the cells
are mineralized. In the present study, ROS cells were
cultured on RGDS-modified and unmodified scaffolds
and were then placed in the mineralization-inducing
medium for different time periods. Sign of in vitro
mineralization were examined by von Kossa staining,
and the results are shown in Fig. 7. The area containing
calcium salt (black spots) increased with increasing
culture time, indicating that a higher degree of miner-
alization was obtained with a longer time for in vitro
mineralization. Meanwhile, with the same time for
culture and mineralization, the scaffold immobilized
with RGDS had larger areas of black spots, suggesting
that more cells had been mineralized (Fig. 7). Obviously,
under the same culture conditions, there were more
cells on the RGDS-modified scaffold than on the
unmodified scaffold, which tended to have formed
bone-like tissue.
The amount of calcium deposited in the cell-miner-

alized scaffold was further examined using ESCA. With
2 weeks of regular culture and 2 weeks of mineraliza-
tion, the Ca/C ratio was 0.86 for the RGDS-modified,
much higher than for the unmodified (0.37) and RGES-
modified (0.40) scaffolds. Because only mineralized foci
of the extracellular matrix around cells contain calcium,
a higher Ca/C ratio indicates a higher degree of
mineralization. The results are in good agreement with
those from von Kossa staining, supporting that a higher
degree of mineralization can be obtained with RGDS-
modified chitosan scaffolds.
4. Conclusions

Chitosan scaffolds were successfully modified with
RGDS, and the concentration of the immobilized
RGDS in the chitosan was measured to be on the order
of 10�12mol cm�2. RGDS immobilization enhanced
attachment and possible proliferation of ROS cells on
chitosan, resulting in higher cell densities attached to the
RGDS-modified scaffold than to the unmodified scaf-
fold. It should be noted that only RGDS, but not
polypeptides such as RGES, is effective in enhancing cell
attachment. It was also found that the greater number of
cells in the RGDS-modified scaffold than on the
unmodified scaffold tended to enhance the formation
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Fig. 7. Results after von Kossa staining (optical microscopy, � 200). (a), (b), and (c): ROS cells cultured on RGDS-modified scaffolds; (d), (e), and

(f): ROS cells on unmodified scaffolds; (a) and (d): mineralization for 4 days; (b) and (e): mineralization for 1 week; (c), and (f): mineralization for 2

weeks.

M.-H. Ho et al. / Biomaterials 26 (2005) 3197–32063204
of mineralized foci. The results presented herein suggest
that immobilization of RGD makes chitosan scaffolds
very suitable for the culture of osteoblast-like cells and
facilitates its application to tissue engineering of bone
tissue.
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