
Fabrication and characterization of chondroitin

sulfate-modified chitosan membranes for

biomedical applications

Nai-Yi Yuana, Ruei-Yi Tsaia, Ming-Hwa Hob, Da-Ming Wanga,
Juin-Yih Laic, Hsyue-Jen Hsieha*

aDepartment of Chemical Engineering, National Taiwan University, Taipei 106, Taiwan

Tel. þ886(2)23633097; Fax þ886(2)23623040; email: hjhsieh@ntu.edu.tw
bDepartment of Chemical Engineering, National Taiwan University of Science and Technology,

Taipei 106, Taiwan
cResearch and Development Center for Membrane Technology, Chung Yuan University,

ChungLi 320, Taiwan

Received 31 July 2007; accepted revised 21 September 2007

Abstract

Chitosan (CH) is a biomaterial with antiseptic, bioactive, and biocompatible properties. To further enhance the
performance of chitosan membranes, chondroitin sulfate (CS) was utilized to modify the porous chitosan mem-
branes fabricated by the freeze-gelation method. The cross-linking of CS to CH was mediated by ionic interaction
and covalent cross-linking using EDC/NHS coupling reagents. The pore structures, mechanical properties, and
surface hydrophilicity of the porous chondroitin sulfate-modified chitosan (CH/CS) membranes could be altered
by varying the weight ratio of CS to CH. The membranes had interconnected stratiform pore structure with surface
pore size ranging from 10 to 40 mm. Among various CH/CS membranes the one with the weight ratio of 90/10
(CH to CS) possessed the highest mechanical strength (18.61 N/g), about 40% increase as compared with the
unmodified CH membrane. The addition of CS improved the hydrophilicity of the membranes. Preliminary cell
culture experiments revealed that the proliferation of the gingival fibroblasts on the CH/CS surface was slightly
better than that on the CH surface. In summary, the CH/CS membranes (especially the 90/10 membrane), due to
their higher mechanical strength, hydrophilicity, and better cell compatibility, are promising biomaterials for
tissue engineering applications.
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1. Introduction

Biocompatibility and biodegradability are

of the materials for tissue engineering applica-

tions [1]. Chitosan (CH) is well known for its

numerous and interesting biological properties

[2]. Chitosan, a copolymer of glucosamine and

N-acetylglucosamine, is a biomaterial with anti-

septic, bioactive, and biocompatible properties

[3,4]. The protonation of the amino groups on

the chitosan molecules lead to dissolution in

organic acid at low pH value. The amino groups

can be utilized for coupling chitosan with other

biomolecules such as lectins [5].

Previous researches have discovered that the

hydrophobic property of chitosan often leads to

problems such as poor cell attachment, thus lim-

iting its application as a biomaterial [6,7]. To

further enhance the performance of chitosan

membranes, chondroitin sulfate (CS) was utilized

to modify the chitosan membranes for preparing

composite membranes with better hydrophilicity

and biological compatibility [8]. Chondroitin

sulfate belongs to the GAG (glycosaminogly-

can) family. It is an alternating copolymer of

�-(1,4)-D-glucuronic acid and �-(1,3)-N-acetyl-

D-galactosamine that is sulfated at the 4-position

or at the 6-position for three isomers: chondroitin

sulfate A (chondroitin 6-sulphate), chondroitin

sulfate B (dermatan sulphate), chondroitin sulfate

C (chondroitin 4-sulphate) [9]. According to the

study of Denuziere et al., the carboxylic groups

and sulfite groups of CS could form negatively

charged functional groups in weak acid and

react with positively charged molecules such

as chitosan to produce polyelectrolyte complexes

(PEC) [10].

However, due to the formation of PEC between

CH and CS mediated by the strong ionic interac-

tion, it was a difficult task to prepare homogeneous

CH/CS composite membranes. To resolve the dif-

ficulty, we used a two-step cross-linking method

followed by a freeze-gelation method to prepare

CH/CS composite membranes with enhanced

mechanical properties. The freeze-gelation method,

based on thermally induced phase separation [11],

is a novel method developed by Ho et al. [12].

The key steps of freeze-gelation are the freeze

of a polymer solution, followed by the gelation

of the polymer under the freezing condition to

preserve the porous structure. In this work, we

used the freeze-gelation method to prepare the

porous CH/CS membranes with different weight

ratios of CH to CS. The pore structures, mechan-

ical properties, and surface hydrophilicity of

these membranes were determined. The cell

compatibility test of these membranes was also

carried out.

2. Materials and methods

2.1. Materials

Chitosan (molecular weight ¼ 300,000,

degree of deacetylation ¼ 90%) was purchased

from Kiotek Co. (Taiwan). Chondroitin sulfate,

N-(3-dimethylamino-propyl)-ethylcarbodiimide

hydrochloride (EDC) and N-hydroxysuccinimide

(NHS) and other chemicals were purchased from

Sigma (USA). Materials for cell culture including

Dulbecco’s modified eagle medium (DMEM),

fetal bovine serum (FBS), penicillin–streptomycin

(10,000 U/mL), phosphate-buffered saline (PBS),

and trypsin-EDTA were purchased from GIBCO

BRL (USA). Tissue culture flasks, 12-well plates

and 96-well plates were obtained from Iwaki

(Japan). Gingival fibroblasts (GF) were provided

by Prof. L.T. Hou (National Taiwan University

Hospital, Taiwan).

2.2. The preparation of porous CH/CS

membranes

Chondroitin sulfate (CS) powders were dis-

solved in water, and then the solution was mixed

with EDC (twice the moles of CS) and NHS

(equal to the moles of CS) to react for 2 h. After-

wards chitosan (CH) powders were added and
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stirred for 1 h for complete dispersion. The

following weight ratios of CH/CS: 100/0, 95/5,

90/10, 87.5/12.5, 85/15, 80/20, 70/30 were

selected to prepare various CH/CS composite

membranes (Table 1). Then the acetic acid solution

was added slowly under continuous stirring at

25�C and incubated for 24 h to generate a homo-

genous mixture containing 3 wt.% of chitosan

and chondroitin sulfate. The mixture was then

poured into a mould and frozen at –80�C for

12 h. The frozen mixture (membrane) was soaked

in a NaOH/ethanol aqueous solution at�15�C for

6 h and then immersed in a 95% ethanol solution

for 6 h [12]. The membrane was washed 3 times

(30 min each time) at 25�C with phosphate-

buffered saline (PBS) solution and then subjected

to various analyses. In addition, the amounts of

CS in the spent PBS were measured to calculate

the amounts of CS cross-linked to the chitosan

membranes [13]. The efficiency of the cross-

linking of CS to CH was calculated as follows:

Cross-linking efficiency ð%Þ

¼ CSA � CSR

CSA

� 100%

where CSA and CSR denote the amount of CS

initially added and the amount of CS in the spent

PBS (unbound CS), respectively.

2.3. Preparation of dense CH/CS films

For the preparation of dense CH/CS films,

the 1 wt.% CH/CS solution (CH/CS¼ 90/10) was

poured into dishes and dried in a vacuum oven

for 24 h at 37�C. The dehydrated films were

then immersed in a NaOH/70% ethanol solution

for 6 h, and then rinsed with ethanol. The films

were washed 3 times using a PBS solution (30 min

each time). The films were dried again in the

oven at 37�C for 24 h and then stored at 4�C.

2.4. Scanning electron microscopy (SEM)

The membranes were dehydrated step-wise

with ethanol solution starting at 50% and conti-

nuing to 100% for approximately 15 min in each

step. Afterwards, the samples were dried in a

Tousimis PVT-3D critical point dryer (USA),

sectioned, sputter-coated with gold in a Hitachi

JEOL JFC-1100E and JEOL JEE-4X vacuum

evaporator (USA), attached to sample stubs and

then visualized using a Hitachi JSM-6300 scan-

ning electron microscope (USA).

2.5. Differential scanning calorimetry (DSC)

and thermogravimetric analysis (TGA)

DSC analysis was conducted in a Mettler

Toledo DSC821 differential scanning calorimeter

(Switzerland) to examine the thermal properties

of the prepared membranes. The samples of

5–8 mg were precisely weighted using an A&D

HF-3000 electronic balance (Japan) in hermetic

DSC aluminum sample pans. These sample pans

were sealed. An empty sealed pan served as a

reference standard. For DSC analysis, the sample

and the reference standard were pre-equilibrated

at 30�C, and then heated from 30 to 250�C at a

heating rate of 5�C/min.

Thermogravimetric analysis (TGA) was per-

formed in a Perkin Elmer Pyris 1 thermogravi-

metric analyzer (USA) to examine the thermal

properties of the membranes. The samples of

10 mg were precisely weighted using an A&D

Table 1

Abbreviations and compositions of the various CH/CS

composite membranes or films

Abbreviations Composition

CH (g) CS (g) EDC (g) NHS (g)

100/0 3.000 0.000 0.000 0.000

95/5 2.850 0.150 0.114 0.045

90/10 2.700 0.300 0.228 0.090

87.5/12.5 2.625 0.375 0.285 0.113

85/15 2.550 0.450 0.342 0.135

80/20 2.400 0.600 0.456 0.180

70/30 2.100 0.900 0.683 0.270
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HF-3000 electronic balance (Japan). The sample

and reference standard were pre-equilibrated at

30�C, and then heated from 30 to 500�C at a

heating rate of 10�C/min.

2.6. Determination of membranes porosity

The porosity of a porous membrane was

calculated as follows:

Porosity ð%Þ ¼ Vm � Vc

Vm

� 100%

¼ l � A� ðWm=�cÞ
l � A

� 100%

where Vm and Vc are the volume of membrane

and the volume occupied by the polymer (i.e. CH

and CS), respectively. �c is the intrinsic density

of chitosan (1.342 g/cm3 [14]). After measuring

the area A, the mass Wm and the thickness l of

the membrane, overall membrane porosity can

be estimated using the above equation.

2.7. Determination of the mechanical

properties

The mechanical properties of the porous

membranes were determined using a Lloyd LRX

tensile strength instrument (UK). The prepared

membranes were swollen in PBS for 30 min and

cut into a specific dog bone shape (6 cm long, 2 cm

wide at the ends, and 1 cm wide in the middle).

The thickness of each individual membrane was

measured. The mechanical property analysis was

performed at a stretching rate of 10 mm/min with

a pre-load of 0.1 N to determine the tensile

strength and elongation for each membrane.

2.8. Measurement of water uptake

The water uptake of the porous membrane was

defined as the weight ratio of water to membrane

in the swollen membrane. Since the membranes

were vacuum-dried and stored in an electric

desiccator with relative humidity maintained at

30%, only little water bound to the membranes

as bound water and there was virtually no free

water entrapped in the pores of membranes. Each

membrane was soaked at room temperature in

PBS and weighed repeatedly. The water uptake

of a membrane was calculated as follows:

Water uptake ¼Wm �Wd

Wd

where Wm and Wd are the weights of swollen and

dried membrane, respectively.

2.9. The FT-IR spectra analysis

Fourier-transformed infrared (FT-IR) spectra

of membranes and powders were obtained in a

Perkin-Elmer Spectrum One FT-IR spectrometer

(USA). The range of the wave number was from

750 to 3750 cm�1, and each sample was scanned

32 times.

2.10. Measurement of contact angle

The contact angles of the porous membrane

surfaces were measured by the water-vapor con-

tact angle measurement method [15]. The air bub-

ble was released from a syringe (internal diameter

of the needle: 0.65 mm) into a glass chamber con-

taining water, so that the bubble floated 2 to 3 cm

from the point of release to rest against a the

membrane which was attached onto the polypro-

pylene film (4.5 cm� 7.5 cm) fixed horizontally

on a stage at the top of the water. The average

bubble size was 2.5 + 0.15 mm in diameter.

Water contact angles were measured directly

with a video camera mounted on a microscope

to record the bubble image. The water contact

angle of a membrane was calculated as follows:

� ¼ 2 tan�1ðb=2hÞ

where � is the contact angle of swollen mem-

brane in water; h is the height of the bubble;
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b is the interface length between bubble and

membrane.

2.11. Cell compatibility test

For preliminary cell compatibility studies,

the dense films were prepared in 12-well plates

as described in Section 2.3. The films were ster-

ilized in a 70% ethanol solution for 24 h. Gingival

fibroblast (GF) cells cultured in MEM supple-

mented with 10% FBS were seeded onto various

films at a density of 1.6 � 104 cells/well. After

1–6 days, cultured cells (on the films) were

washed three times with PBS. Lysis buffer was

introduced to the cells with a reaction time of

10 min. The resulting cell lysate was recovered

for the protein concentration assay using a Pierce

BCA protein assay kit (USA). The number of cells

was indirectly expressed by the amount of cell

proteins.

3. Results and discussion

3.1. Microstructure of porous CH/CS

membranes

Fig. 1 shows the cross-section (a–h) and

surface (i–l) of the CH/CS membranes with dif-

ferent weight ratios of CH/CS. The surface pore

size ranged from 10 to 40 mm. The cross sec-

tional micrographs revealed that interconnected

stratiform pore structures were present in the

interior region.

3.2. Thermal properties of the membranes

DSC and TGA were used to determine the

changes in the membrane microenvironment that

occurred during the fabrication process of the

membrane. The DSC scans for the membranes

are shown in Fig. 2. Endothermic peaks of the

CH/CS membranes were around 90–110�C, which

was close to the boiling point of water (100�C),

and thereby these peaks indicated that the bound

water of the CH/CS membranes was lost [16].

The TGA scans for the CH/CS membranes

are shown in Fig. 3. There was a weight loss

of 8–12% between 30 and 120�C. The results

were consistent with that of DSC analysis.

(a)

(b)

(c)

(d) (h)

(g)

(f)

(e) (i)

(j)

(k)

(l)

1 mm 100 µm 60 µm

Fig. 1. The SEM images of the cross-section (a–h) and

surface (i–l) of the CH/CS membranes. (a, e and i) for

the 100/0 membrane; (b, f and j) for the 95/5

membrane; (c, g and k) for the 90/10 membrane;

(d, h and l) for the 85/15 membrane.

Fig. 2. The DSC curves of the CH/CS membranes: (a)

100/0, (b) 95/5, (c) 90/10 and (d) 85/15 membranes

(heating rate 5�C/min).
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3.3. Porosity, water uptake and cross-linking

efficiency of the membranes

The porosity, water uptake and cross-linking

efficiency of the CH/CS membranes were

defined and measured as described in the mate-

rials and methods. The results are shown in

Table 2. The porosities of the membranes were

all about 96%, demonstrating that the membranes

prepared by the freeze-gelation method were

highly porous. As for the water uptake, the

87.5/12.5 group had the maximum water uptake,

reaching 23.66 + 0.46. In the 70/30 group, due

to very strong ionic interaction between CH and

CS, precipitation occurred and thereby porous

membranes could not be fabricated. The cross-

linking efficiency of the CH/CS membranes was

increased when the amount of CS was increased

and the efficiencies were all above 90%, demon-

strating that two-step cross-linking method may

result in very high cross-linking efficiency.

3.4. Mechanical properties of the membranes

The tensile strength and elongation of the

CH/CS membranes are shown in Fig. 4. The ten-

sile strength of chitosan (100/0) membrane was

lower than that of CH/CS membranes (except

80/20 ones). Among various CS/CH membranes

the 90/10 membrane possessed the highest

tensile strength (18.6 N/g), about 40% increase

as compared with the unmodified CH (100/0)

membrane. The addition of small amounts of

chondroitin sulfate that can be cross-linked to

chitosan may increase the tensile strength of the

CH/CS membranes such as 95/5, 90/10 and

87.5/12.5 membranes. However, because chito-

san is a crystallizable material [17,18], the addi-

tion of large amounts of chondroitin sulfate may

decrease the crystallinity of chitosan and thus

reduce the strength the membranes such as 85/15

and 80/20 membranes. The elongation property

of the membranes also followed similar trend.

Among various CS/CH membranes the 95/5

Fig. 3. The TGA curves for the CH/CS membranes:

(a) 100/0, (b) 95/5, (c) 90/10 and (d) 85/15 membranes

(heating rate 10�C/min).

Table 2

The porosity, water uptake and cross-linking efficiency of the CH/CS membranes

Sample Porosity Water uptake Cross-linking efficiency

100/0 96.52 + 0.11 20.73 + 0.63 –

95/5 96.53 + 0.04 20.71 + 0.27 90.55 + 0.50

90/10 96.61 + 0.07 21.22 + 0.43 94.60 + 0.27

87.5/12.5 96.94 + 0.06 23.66 + 0.46 97.82 + 0.17

85/15 96.40 + 0.07 19.95 + 0.42 97.26 + 0.07

80/20 96.25 + 0.28 18.86 + 1.47 97.50 + 0.15

70/30a – – 99.27 + 0.054

aPrecipitation occurred.
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membrane possessed the highest elongation

(72%), about 25% increase as compared with the

unmodified CH (100/0) membrane.

3.5. Contact angles of the membranes

Hydrophilicity is an important property for

biomaterials. The water contact angles of the

CH/CS membrane surfaces as well as the chitosan

control are shown in Fig. 5. The results indicated

that the contact angles decreased when more

chondroitin sulfate was mixed with chitosan to

form porous membranes. In other words, the

addition of chondroitin sulfate enhanced the

hydrophilicity of the membranes.

It looked like that the data in Fig. 5 were not

consistent with the result from the Table 2,

because for the content of CS over 12.5% the

water uptake started to decrease (Table 2), even

though the hydrophilicity continued to increase

(Fig. 5). To explain this discrepancy, it should

be mentioned that the water uptake of a porous

membrane is affected by many factors includ-

ing: 3-D pore structure, porosity, mechanical

strength, and hydrophilicity of the membrane

material. Thus hydrophilicity is only one of the

factors that have to be considered. Even though

the hydrophilicity was enhanced with increasing

of CS contents (Fig. 5), the tensile strength of

the membranes started to decrease when the

content of CS reached over 12.5 (Fig. 4), making

the 3-D pore structure of the membrane probable

partially collapsed during the measurement of the

water uptake due to lower mechanical strength,

thus resulting in lower value of water uptake

in Table 2. Therefore, the hydrophilicity shown

in Fig. 5 only partially contributed to the water

uptake. Other factors have to be considered.

That could be why there was discrepancy of the

data between Table 2 and Fig. 5.

3.6. FT-IR analysis

FT-IR spectra of chitosan powder, chitosan

membrane, chondroitin sulfate powder, and

CH/CS membranes were shown in Fig. 6. The

peak at 2950 cm�1 in the CH/CS membranes but

not in chitosan corresponded to the protonated

carboxylic acid (COOH). The O¼C–NH

adsorption peak at 3311 cm�1 was stronger

Fig. 5. Water contact angles of the CH/CS membranes

(n ¼ 4, mean+S.D.).

Fig. 4. The mechanical properties (tensile strength and

elongation) of the porous CH/CS membranes (n � 5,

mean + S.D.). The tensile strength is defined as the

load to fracture (maximum load) divided by the weight

of membrane. The elongation is defined as the strain at

maximum load. The fabrication conditions for the mem-

branes: 3 wt.% CH/CS solution (see Table 1), frozen at

–80�C, gelled in NaOH/ethanol solution at –15�C, and

rinsed with 95% ethanol solution (*p < 0.05: significantly

different from each other by the student’s t-test).
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in the CH/CS membranes than that in chitosan

and chondroitin sulfate powders. The peak at

1240 cm�1 corresponding to the R-OSO2-OR

decreased in the CH/CS membranes. The above

evidence indicated that the EDC/NHS-mediated

coupling reaction between chitosan and chon-

droitin sulfate might occur. Moreover, the

electrostatic interaction between SO�3 /COO�

groups (on CS) and NHþ3 groups (on CH) might

drive CS and CH to form polyelectrolyte

complexes (PEC).

3.7. Cell compatibility of the membranes

The preliminary cell compatibility experi-

ments were carried out on the TCPS and CH/

CS surfaces. As shown in Fig. 7, the prolifera-

tion of the gingival fibroblast (GF) cells on the

CS/CH surface was slightly better than that on

the CH surface, and the TCPS was used as the

control surface. In Fig. 8 the morphology of

GF cells on the CH/CS surface was similar to

that on the TCPS surface, suggesting that the

CH/CS surface was more suitable than the CH

surface for GF cells to proliferate.

4. Conclusions

By using the freeze-gelation method, we suc-

cessfully prepared the porous CH/CS composite

membranes. The pore structure, mechanical prop-

erties, and water uptake of these membranes could

be altered by varying the weight ratio of CH to

CS. The two-step crosslinking method developed

in this study increased the crosslinking efficiency

to more than 90%. The addition of small amounts

of CS increased the mechanical strength of

the membranes. Among these membranes, the

Fig. 6. The FT-IR spectra of CH, CS and CH/CS

membranes: (a) CH powder, (b) 100/0 membrane,

(c) CS powder, (d) 95/5 membrane, (e) 90/10

membrane and (f) 85/15 membrane.

Fig. 7. The proliferation of GF cells on the surfaces of

TCPS, CH/CS (90/10) and CH (100/0) (n ¼ 4,

mean+S.D.).

(a) (b) (c)

(d) (e) (f) 

(g) (h) (i) 

Fig. 8. Microscopic images of GF cells cultured on the

surfaces of TCPS, CH (100/0) and CH/CS (90/10) for

different times. (a, d, g): TCPS; (b, e, h): 100/0 surface;

(c, f, i): 90/10 surface. (a, b, c): 1 day; (d, e, f ): 7 days;

(g, h, i): 14 days (100�).
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90/10 membrane possessed higher tensile

strength, appropriate hydrophilicity, and better

biocompatibility. Therefore, it is a promising bio-

material for a variety of biomedical applications.
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