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ABSTRACT: The development of porous biodegradable scaffolds is of great interest in tissue engineering. In this regard, exploration of

novel biocompatible materials is needed. Silk fibroin-chondroitin sulfate-sodium alginate (SF-CHS-SA) porous hybrid scaffolds were

successfully prepared via lyophilization method and crosslinked by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide-ethanol treat-

ment. According to the scanning electron microscopy studies, mean pore diameters of the scaffolds were in the range of 60–187 lm.

The porosity percentage of the scaffold with SF-CHS-SA ratio of 70 : 15 : 15 (w/w/w %) was 92.4 6 3%. Attenuated total reflectance

Fourier transform infrared spectroscopy, X-ray diffraction, and differential scanning calorimetry results confirmed the transition from

amorphous random coil to crystalline b-sheet in treated SF-CHS-SA scaffold. Compressive modulus was significantly improved in

hybrid scaffold with SF-CHS-SA ratio of 70 : 15 : 15 (3.35 6 0.15 MPa). Cytotoxicity assay showed that the scaffolds have no toxic

effects on chondrocytes. Attachment of chondrocytes was much more improved within the SF-CHS-SA hybrid scaffold. Real-time

polymerase chain reaction analyses showed a significant increase in gene expression of collagen type II, aggrecan, and SOX9 and

decrease in gene expression of collagen type I for SF-CHS-SA compared with SF scaffold. This novel hybrid scaffold can be a good

candidate to be utilized as an efficient scaffold for cartilage tissue engineering. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131,

41048.
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INTRODUCTION

The cocoon of Bombyx mori silkworm is mainly composed of

sericin and fibroin.1,2 The silk fibroin (SF) fibers are consisting

of two kinds of proteins, a light chain (26 kDa) and a heavy

chain (390 kDa), which are linked by a single disulfide bond.

These proteins are coated with sericin, a family of hydrophilic

proteins (20–310 kDa). The main amino acids present in the SF

from B. mori are glycine (Gly) (43%), alanine (Ala) (30%), and

serine (Ser) (12%).3 SF is an attractive material for biomedical

applications because it has good cell adhesion and growth, low

inflammatory response, permeability to oxygen and water,

adjustable mechanical properties, slow degradation, and the ease

of sterilization. However, scaffolds based on pure SF demon-

strate very brittle structure.1,4–6

The molecular conformation of SF affects the physical and

chemical properties of the final structure. There are two types

of molecular conformation for the secondary structure of SF

called silk I and silk II. Silk I is a form of SF that is soluble in

water and noncrystalline with random coil and a-helix confor-

mations. Conversely, silk II with an organized structure is insol-

uble in water and highly stable; the b-sheet conformation is

called silk II.2 The rate of degradation of SF scaffold is directly

attributed to the amount of b-sheet crystalline structures pres-

ent within the scaffold. Various processing methods could be

used to modify the amount of b-sheet in silk-based biomateri-

als.7 To promote the presence of b-sheet conformation in SF

scaffolds, some researchers suggested physical and chemical

treatments using high temperature, high humidity, and immer-

sion in organic solvents such as methanol.7 In contrast, the

physical properties of SF-based scaffold can be improved by

blending it with other natural polymers such as chitosan,1,4,8,9

elastin,10 hyaluronic acid,11 keratin,12 gelatin,13 and alginate.14

Blending SF with other polymers allows the modulation of
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biodegradation and release rates, which are important parame-

ters in the biomaterials field.10

Sodium alginate (SA) is one of the linear polyanionic copoly-

mers derived from brown algae and composed of 1,4-linked b-

D-mannuronic (M) and a-L-guluronic acid (G) residues.14

Chondroitin sulfate (CHS) is a linear anionic polysaccharide

composed of repeated disaccharide units: one of the monosac-

charides is N-acetyl galactosamine sulfate and the other is glu-

curonic acid that contains a carboxylate group. CHS has two

different chemical structures depending on the position of sul-

fated group: CHS-C, sulfated on the C6 position of N-acetyl

galactosamine and CHS-A, sulfated on the C4 position of

N-acetyl galactosamine.15–18 In essence, CHS and SA contain

carboxylic groups which are available for carbodiimide-

mediated modification. Covalent binding of polysaccharide

(CHS and SA) to SF may offers the advantage of extending the

degradation time of CHS and SA for better modulation of bio-

activity of chondrocytes.15,19,20

In this research, porous hybrid scaffolds were prepared from

three natural macromolecules: SF, CHS, and SA. Carboxylic

groups of CHS and SA were activated by 1-ethyl-3-(3-dimethy-

laminopropyl)carbodiimide (EDC) solution in order to react

with amine groups of SF chains. The effect of the ratio of poly-

saccharide in the blended scaffold on the porosity and crystal-

linity of the scaffolds was studied. The structural conformation

of the samples was analyzed by attenuated total reflection Fou-

rier transformer infrared spectroscopy (ATR-FTIR) and X-ray

diffraction (XRD). The morphology and microstructure of the

scaffolds were observed by scanning electron microscopy (SEM).

Compressive moduli of the samples were also determined. Ther-

mal properties of the samples were analyzed by differential

scanning calorimetry (DSC) technique, 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay used to

study the in vitro cytotoxicity of the scaffolds, and chondrocytes

were cultured in the scaffolds to evaluate the cell attachment by

SEM analysis and also gene expression was measured by real-

time polymerase chain reaction (real-time PCR).

EXPERIMENTAL

Materials

Fresh cocoons of B. mori silkworm were purchased from Iranian

Silkworm Research Center. CHS, low viscosity SA, and dialysis

membrane (molecular-weight cut-off of 12,400 Da) were pur-

chased from Sigma (Sigma-Aldrich, USA). Absolute ethanol,

Lithium bromide (LiBr), sodium carbonate (Na2CO3), EDC,

and N-hydroxysuccinimide (NHS) were purchased from Merck

chemicals, Germany.

Preparation of Silk Fibroin Aqueous Solution

With slight modification, an aqueous SF solution was prepared

according to the method of Rockwood et al.21 Briefly, silk

cocoons were cut into small pieces and degummed with a boil-

ing 0.02M Na2CO3 solution to remove sericin. After 1 h, they

were washed with deionized water and dried at room tempera-

ture overnight. Purified fibers were dissolved in 9.3M LiBr at

60�C, and then dialyzed against deionized water using a 12 kDa

molecular weight cutoff dialysis membrane for 48 h. The final

concentration of the prepared aqueous SF solution was deter-

mined gravimetrically via drying a determined volume of the

solution.9,21

Preparation of Scaffolds

The SF aqueous solution (6 w/vol %) was obtained by men-

tioned process. CHS and SA solutions (6 w/vol %) were pre-

pared by dissolving the CHS and SA powder in distilled water.

Different ratios of SF, CHS, and SA solutions were mixed

together. The aqueous SF (100 : 0 : 0), SF/CHS/SA (90 : 5 : 5,

w/w/w %), SF/CHS/SA (70 : 15 : 15, w/w/w %), and SF/CHS/

SA (50 : 25 : 25, w/w/w %) blends were prepared (Table I) and

used to fabricate scaffolds. Fabrication of scaffolds was per-

formed by freezing the solution at 220�C, and then lyophilizing

(Mini Lyotrap freeze-dryer, LTE, UK) for 48 h at 250�C. The

scaffolds were then immersed in the aqueous ethanol solution

(70 vol %) containing EDC/NHS (5 mM EDC, 2.5 mM NHS)

at 5�C for 24 h. EDC crosslinking of SF was performed in the

presence of ethanol. The crosslinked scaffolds were washed with

PBS (pH 7.4) and deionized water. At the final step of process,

the crosslinked scaffolds were lyophilized for 24 h at 250�C for

next usage.

Porosity Measurements

The porosity of the SF-based scaffolds with different blending

ratios was measured by the liquid displacement method. Each

sample of prepared scaffolds was immersed in a known volume

(V1) of hexane in a vacuum oven for 30 min. The total volume

of hexane after impregnation into the scaffold (V2) was meas-

ured. The scaffold was removed and the residual hexane volume

was measured (V3). The experiment was carried out in triplicate

for all different types of the prepared scaffold samples. The

porosity percentage of each scaffold (P) was calculated accord-

ing to the equation10:

P ð%Þ5 V12V3

V22V3

3100 (1)

The final determined result for each type of scaffolds was

expressed by mean value and standard deviation (SD).

Scanning Electron Microscopy

Freeze-dried scaffolds were sectioned in liquid nitrogen and

were sputter-coated with a thin layer of gold. The microstruc-

ture of the scaffolds was observed and studied by SEM (Hitachi

S4160, Cold Field Emission, Japan). The morphology of the SF

scaffold was studied and identified before and after EDC-

ethanol treatment. The mean pore diameter of the scaffolds was

also calculated by ImageJ (Wayne Rasband, National Institute of

Table I. Sample’s Compositions and Codes

Sample
SF-CHS-SA
scaffold (w/w/w %) Sample

Treated SF-CHS-SA
scaffold (w/w/w %)

100F 100 : 0 : 0 100FT 100 : 0 : 0

90F 90 : 5 : 5 90FT 90 : 5 : 5

70F 70 : 15 : 15 70FT 70 : 15 : 15

50F 50 : 25 : 25 50FT 50 : 25 : 25
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Health, USA), image analysis software. The diameters of the

pores were given as mean value 6 SD.

ATR-FTIR Spectroscopy

The ATR-FTIR spectroscopy of the prepared scaffold samples was

performed using an ATR-FTIR spectrophotometer (Brucker, Ger-

many). The spectra were recorded between 600 and 4000 cm21.

X-Ray Diffraction Analysis

An X-ray diffractometer (Siemens, D5000, Germany) with CuKa

radiation was used to phase structural analysis and determine

the crystallinity of the scaffolds. Data were collected for 2h val-

ues of 0–35� with a step size of 0.02� and a time per step of

2 sec.

Differential Scanning Calorimetry

Thermal analysis of the samples was performed by DSC appara-

tus (METTLER TOLEDO, Switzerland) and equipped with N2

gas flow. DSC measurements were performed from 250�C to

350�C at a heating rate of 10�C min21.

Mechanical Test

The compressive mechanical analysis was carried out on

cylindrical-shaped scaffolds with 6 mm diameter and 8 mm

height, according to a modification based on ASTM method

F451-95. The tests were performed by a Santam SMT-20 testing

machine equipped with a 60 N load cell at room temperature.

The crosshead speed was 1 mm min21, until obtaining a maxi-

mum reduction in sample’s height of 60%. The compressive

modulus of each sample was calculated from the slope of the

stress–strain curve at its initial linear section. The values of

compressive modulus presented in this report are the average

values of three measurements 6 SD.

Extraction Method

In order to measure the cell viability percentage, an extraction

process was done according to the ISO 10993-5 standard test

method. In this procedure, 1 mL of culture medium, Dulbecco’s

Modified Eagle’s Medium (GIBCO, Scotland), was added to

each sample with surface area of 3.5 6 0.5 cm2. Similar amount

of the culture medium was kept in the same condition to be

used as a control. The plate was incubated at 37�C with 5%

CO2 for 3 and 7 days. After the specific period of time, the

medium of each sample was taken out and used for prolifera-

tion test.

Cytotoxicity Assay

Chondrocytes were isolated from rabbit cartilage tissue22 and

cultured into a 96-well microtiter plate at 1 3 104 cells/well.

After 24 h, the culture medium of each well was replaced with

90 lL extract of the samples plus 10 lL of fetal bovine serum

(Seromed, Germany). After 24 h, the medium of each well were

removed and 100 lL of MTT solution (0.5 mg mL21) was

added. The plate was then incubated for 4 h at 37�C in a CO2

incubator. After this period of time, the purple formazan crys-

tals were dissolved by addition of 100 lL isopropanol for 15

min at 37�C under shaking. The optical density (OD) of each

well was recorded at 545 nm using a multiwell microplate

reader (STAT FAX-2100) and normalized to the control OD.

Cell Morphology

The chondrocytes were cultured on the surface of the UV-

sterilized scaffolds at 2 3 104 cells per 30 lL of culture medium

in a 24-well plate. The plate was incubated at 37�C, 5% CO2.

Three hours later, the culture medium (1 mL) was added to

each well. After 3 days, the cells were fixed with 4% glutaralde-

hyde solution. In order to observe and study the chondrocytes

morphology by SEM, cellular scaffolds were dehydrated in

graded alcohols (10, 30, 50, 70, 80, 90, 95, 100%), each for

about 10 min, and sputter-coated with a thin layer of gold. The

scaffolds which were seeded with chondrocytes were in circular

shape with diameter of 6 mm and thickness of 3 mm.

RNA Extraction and Gene Expression (Real-Time PCR)

The chondrocytes were cultured at a density of 2 3 104 cells

within the scaffolds. After 14 days culture, total RNA of the cells

was extracted using RNA-isolation kit (Qiagen, RNeasy Plus Mini

Kit 50) according to the manufacturer’s protocol. The RNA was

quantified using spectrophotometer (Nanophotometer, Implen

GmbH, Germany) at the wavelength of 260 nm. RNA was con-

verted to cDNA according to the manufacturer’s protocol. Each

reaction contained 2 lL cDNA sample, 10 lL Real-time Master

Mix (Takara), 6 lL water, and 1 lL of each primer. The mixture

was incubated at 95�C for 15 min, followed by 40 cycles at 95�C
for 15 sec, and 60�C for 1 min. Finally, the mixtures were further

evaluated by real-time quantitative PCR instrument (Applied Bio-

systems, USA). Collagen type I, collagen type II, aggrecan, and

SOX9 were chosen as target genes. The primer sequences are

listed in Table II. Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was used as an endogenous housekeeping gene. All

experiments were performed in triplicate.

Statistical Analysis

For cell culture studies, statistical calculations were performed

using SPSS 16.0 Software with the level of statistical significance

set at P< 0.05.

RESULTS AND DISCUSSION

SEM Observations

The microstructure of the SF scaffolds before and after EDC-

ethanol treatment was studied by SEM (Figure 1). As it is

Table II. Primer Sequences for Real-Time PCR

Primer Sequence Direction

GAPDH 50 CGTCTGCCCTATCAACTTTCG 30 Forward

50 CGTTTCTCAGGCTCCCTCT 30 Reverse

Collagen
type I

50 GCGGTGGTTACGACTTTGGTT 30 Forward

50 AGTGAGGAGGGTCTCAATCTG 30 Reverse

Collagen
type II

50 CAGGCAGAGGCAGGAAACTAAC 30 Forward

50 CAGAGGTGTTTGACACGGAGTAG 30 Reverse

Aggrecan 50 ATGGCTTCCACCAGTGCG 30 Forward

50 CGGATGCCGTAGGTTCTCA 30 Reverse

SOX9 50 GTACCCGCACCTGCACAAC 30 Forward

50 TCCGCCTCCTCCACGAAG 30 Reverse
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shown in Figure 1(a), the average diameter of the pores was

187.14 6 3.00 lm, which was calculated by average diameter of

50 pores. A total of 100F scaffold showed a disordered porous

structure. Crosslinking the scaffolds by EDC solution and treat-

ing by ethanol were used to induce insolubility and conforma-

tional transition from random coil to crystalline b-sheet. The

microstructure of 100FT scaffold is shown in Figure 1(b). It can

be seen that the EDC-ethanol treatment changed the scaffold

morphology. A total of 100FT scaffold showed more ordered

porous structure. During the crosslinking process, polymer

chains could rearrange themselves into a more ordered structure

which is beta-sheet conformation. This result is in agreement

with the ATR-FTIR and XRD results, which are discussed later.

Thus, the structural conformation of SF scaffold was changed

under EDC-ethanol treatment. The conformational change was

mainly attributed to the swelling of the SF scaffold in ethanol

solution. Swelling of the scaffold provided enough space for the

rearrangement of molecular chains of SF.

As it is shown in Figure 1(b), the presence of ethanol in this stabiliza-

tion method preserved the porosity of matrix structure and pre-

vented matrix collapse. Pieper et al. also reported the similar effect of

ethanol on preventing matrix structure collapse.23 Moreover, as

could be seen in the SEM image [Figure 1(b)], 100FT scaffold had

closed pores in its structure. In the other words, the pores of 100FT

scaffold did not have interconnectivity with each other.

Figure 2 shows the influence of CHS and SA ratio on scaffold

porous structure. Addition of CHS and SA created more open

pores with thinner walls. By introducing CHS and SA into the

scaffold, the number of closed pores, which were seen in 100FT

scaffold, was decreased and as it can be seen in Figure 2, smaller

pores were formed. The internal morphology of 90FT, 70FT,

and 50FT scaffolds were significantly influenced by the ratio of

the polysaccharide. For example, the mean diameter of the pore

of 50FT scaffold was 60.00 6 5.00 lm, which was less than that

of 100FT scaffold (121.45 6 3.00 lm; Table III).

Figure 1. SEM micrographs of the samples, 100F (a) and 100FT (b).

Figure 2. SEM micrographs of the scaffolds after EDC-ethanol treatment, 90FT (a), 70FT (b), and 50FT (c) samples.
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The porosity percentage of 100FT and 50FT scaffolds were

78.1 6 3.5% and 95.3 6 4%, respectively. Consequently,

although the scaffold with higher ratio of the polysaccharide

had smaller mean pore diameter, the porosity of the scaffold

was higher rather than pure SF scaffold (Figure 3). This fact

could be related to the formation of numerous small pores after

adding the CHS and SA which could enhance porosity. The

results of Yan et al. are in agreement with this aspect.24

ATR-FTIR Spectra

The positions of the amide bonds are sensitive to the molecu-

lar conformation. Thus, IR spectroscopy is commonly used to

investigate the conformation of SF and SF in its blends.25 The

ATR-FTIR spectra of untreated and EDC-ethanol treated scaf-

folds are shown in Figure 4. A total of 100F scaffold showed

peaks at 1648 cm21, 1530 cm21, and 1240 cm21 correspond-

ing to amide I, II, and III, respectively. After treatment with

EDC-ethanol solution, the amide I and amide II peaks shifted

to 1623 cm21 and 1523 cm21 for 100FT scaffold [Figure 4(e)].

Thus, it could be concluded that treatment of the scaffold with

EDC-ethanol solution are able to change the conformation of

the scaffold. According to the literature, the transition from

random coil to b-sheet conformation confirmed by the shifting

to lower wavenumbers of amide I (1623 cm21) and amide II

(1523 cm21) bonds.26 The ATR-FTIR spectrum of pure CHS

[Figure 4(b)] exhibited peaks at 3350 cm21 (OH stretching

vibration), 1030 cm21 (CAOAC stretching vibration attrib-

uted to the saccharide structure), and 1228 cm21 (S@O
stretching vibration attributed to the negatively charged SO 2-

4

groups). In addition, the CAO stretching vibration and OAH

variable angle vibration had absorption at 1403 and

1365 cm21, respectively; they indicated the existence of the

free carboxyl groups.15 The ATR-FTIR spectrum of pure SA

was studied [Figure 4(c)]. Generally, the peaks around

3239 cm21, 1591 cm21, and 1408 cm21 were attributed to the

stretching of OAH, ACOO2 (asymmetric), and ACOO2

(symmetric), respectively.14 According to the spectra of 70FT

sample, the peak intensity at 1403 cm21 decreased and gradu-

ally disappeared with respect to the untreated sample (70F)

[Figure 4(d,f)]. It could be related to the interactions occurred

between SF, CHS, and SA in the blend after treating with

EDC-ethanol solution. Formation of amide bonds between SF,

CHS, and SA may involve the consumption of free carboxyl

groups in the sample. Thus, it is proved that EDC activated-

carboxyl groups of CHS and SA are able to react with the

amino groups of SF chains. In the amide III region, 100F and

70F scaffolds had main peak at 1230 cm21 related to random

coil conformation [Figure 4(a,d)]. In contrast, 70FT sample

had a main peak at 1260 cm21 which is related to beta sheet

Table III. Mean Diameter of Pore of the Scaffolds

Sample code Mean pore diameter (lm)

100FT 121.45 6 3.00

90FT 116.80 6 1.20

70FT 105.50 6 2.00

50FT 60.00 6 5.00

Figure 3. Porosity percentages of the scaffolds after EDC-ethanol

treatment.

Figure 4. ATR-FTIR spectra of 100F and 100FT sample (a, e), CHS (b),

SA (c), 70F, and 70FT sample (d, f), respectively. B: This image is higher

magnification of (A).
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formation [Figure 4(f)]. According to the report of Garcia-

Fuentes et al., this shift in wavenumbers may be due to the

beta sheet formation.27

XRD Phase Structural Analysis

XRD analysis was performed to confirm the conformational

changes of the scaffolds. In this case, the diffraction peaks cor-

responding to silk I and II of SF-based scaffolds were studied.

A total of 100FT scaffold could be characterized by the pres-

ence of three peaks at 11.45�, 24.68�, and 28.02� corresponding

to the silk I crystalline spacing of 7.72, 3.6, and 3.18 Å, respec-

tively [Figure 5(a)]. When the SF scaffold was treated with

EDC-ethanol, the diffraction peak at 11.45� which assigned to

the silk I structure was disappeared [Figure 5(b)]. However,

after treatment, 100FT scaffold exhibited three major peaks at

8.4�, 20.02�, and 24.92� corresponding to the crystalline spac-

ing of 10.5, 4.43, and 3.57 Å related to the growth of the

b-sheet structures. Based on the previous studies of research-

ers, the peak at 20.02� could be assigned to silk II.28–30 All the

peaks were broad and had low intensity, which are indications

of low crystallinity of the prepared scaffolds. The results

showed that the silk II structure exists in the fibroin sponge

after EDC-ethanol treatment. Therefore, XRD results are in

agreement and consistent with the ATR-FTIR results to con-

firm the presence of b-sheet structures in the SF-based scaffold

after EDC-ethanol treatment. The XRD patterns of CHS and

SA were similar to a typical XRD pattern of an amorphous

material consist of a halo without any sharp peaks. A total of

70FT scaffold showed nearly the same pattern as 100FT scaf-

fold [Figure 5(d)]. However, the XRD pattern of 50FT scaffold

[Figure 5(e)] showed a little decrease in the intensity of the

crystalline peaks.

DSC Spectra

DSC spectra of the samples are shown in Figure 6. The DSC

thermograms showed a peak at �100�C that was attributed to

the loss of water during temperature elevation. DSC spectrum

of 100F sample showed an endothermic peak at 176�C, which

was related to the glass transition temperature (Tg). An exother-

mic peak at 225�C was ascribed to the crystallization of amor-

phous SF chains caused by the transition to b-sheet structure.

As it was previously observed by the ATR-FTIR and XRD

results, the thermal behavior of 100F sample showed a random

coil conformation of the SF. An intense endothermic peak at

282�C was related to the decomposition of the SF chains (Td).10

DSC spectrum of 100FT scaffold showed that the degradation of

the treated scaffolds occurred at two different temperatures,

280�C and 310�C [Figure 6(b)]. One of them may be related to

the degradation of amorphous silk I structure (280�C), and the

other may be attributed to crystalline silk II structure (310�C).

Moreover, the exothermic peak at 225�C disappeared. This is an

additional evidence that the SF conformation was changed from

random coil to b-sheet after EDC crosslinking. Therefore, EDC-

Figure 5. XRD spectra of 100F (a), 100FT (b), 90FT (c), 70FT (d), and

50FT (e) scaffold.

Figure 6. DSC spectra of the scaffolds.
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ethanol treatment induced an increase in the decomposition

temperature. This may be due to the increase in the extent of

covalent crosslinks between the chains.3

The interaction between SF, CHS, and SA in the sample, which

was treated with EDC-ethanol solution, further investigated by

using DSC spectrum. The intensive endothermic peaks at 242�C

and 239�C [Figure 6(a)] are, respectively, related to decomposi-

tion of CHS and SA at high temperature. In 70FT scaffold, CHS

and SA degradation peaks (242�C and 239�C) disappeared [Fig-

ure 6(b)], it means that there was no phase separation between

SF, CHS, and SA. The degradation temperature of 70FT sample

was at 280�C. This result indicated that the SF, CHS, and SA

not only blended homogenously without phase separation but

also formed strong interactions that could change the confor-

mation of SF, CHS, and SA. These events make the conforma-

tion and structure of SF, CHS, and SA in 70FT sample different

from those of the pure SF, CHS, and SA.13

As could be seen in Figure 6(b), the 70FT sample was degraded in

a specific decomposition temperature in comparison with 100FT

sample which was degraded at two different temperatures. In 70FT

scaffold, the degradation completely occurred at 280�C. Thus, the

stability of 70FT scaffold was lower than 100FT scaffold. It could

be related to the formation of interactions between SF, CHS, and

SA. During the interaction of SF, CHS, and SA, their chains may

be disordered. Thus, as confirmed by XRD patterns, the interac-

tions may induce a little decrease in the crystallinity of the sample.

Mandal and Kundu as well as Polexe and Delair had reported this

effect for SF, chitosan, and hyaluronic acid, too.31,32

Compatibility of the polymers was also studied by DSC experi-

ment. The DSC curves of CHS and SA [Figure 6(a)] showed

endothermic peaks at 69�C and 101�C assigned to the Tg of the

polymers, respectively. A total of 70FT scaffold exhibited the Tg at

141�C [Figure 6(b) and Table IV]. DSC spectra showed that the

Tg temperatures of the polymers (SF, CHS, and SA) were merged

together and 70FT scaffold showed one Tg. Thus, it could be con-

cluded that these polymers are compatible and can be blended

homogenously. Moreover, the Tg of 70FT scaffold (141�C) was

lower than 100FT scaffold (177�C). Therefore, lower Tg of the scaf-

fold indicated that the crystallinity of the scaffold was decreased.

Mechanical Analysis

The compressive modulus values of the scaffolds are reported in

Figure 7. The compressive modulus of 100FT was 2.68 6 0.20

MPa. The compressive modulus of 70FT was slightly greater

among the samples (3.35 6 0.15 MPa). It can be related to the

chemical crosslinking between carboxylic groups of CHS and

SA and amino groups of SF. However, compressive modulus of

50FT was decreased significantly (1.02 6 0.25 MPa). It may be

due to the higher porosity and lower crystallinity (XRD results)

of 50FT sample. Zhang et al. had reported similar trend for

collagen-CHS-hyaluronic acid hydrogel.33

Cytotoxicity

The cytotoxic activity of the scaffolds was evaluated using the

MTT assay. Figure 8 shows the cell proliferation results for 3

and 7 day’s extraction. After exposure with 7 day’s scaffold

extract, the cell proliferation on 70FT scaffold was enhanced sig-

nificantly compared to 100FT sample and control group

(P< 0.05). These results also suggested that 70FT hybrid scaf-

fold with the highest cellular compatibility (among the samples)

could promote chondrocyte proliferation.

Table IV. Glass Transition Temperature and Thermal Degradation Temper-

ature of the Samples Determined by DSC Spectra

Sample Tg (�C) Td (�C)

100F 176 282

CHS 69 242

SA 101 239

100FT 177 280, 310

90FT 165 282

70FT 141 280

50FT 131 278

Figure 7. Compressive modulus values of the scaffolds (* and **P< 0.05).

Figure 8. Cell proliferation assessed by MTT test after exposure with 3

and 7 day’s scaffold extract: (a) control, (b) 100FT, (c) 90FT, (d) 70FT,

and (e) 50FT (n 5 3; *P< 0.05).
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Cell Morphology

SEM images of cell growth on the prepared 100FT and 70FT

scaffolds are shown in Figure 9. As can be seen in the images,

the spherically shaped morphology of the cells is indicative for

the chondrocytic phenotype. By observation of the SEM micro-

graphs, it is evident that the initial cell attachment in 70FT scaf-

fold was superior compared with 100FT scaffold and owing to

its highly porous structure and interconnected pores. Moreover,

glycosaminoglycans are the main components of extracellular

matrix of cartilage. Thus, the presence of CHS and SA in the

scaffold may promote the adhesion of the seeded

chondrocytes.33,34

Real-Time PCR

Real time-PCR analysis was carried out to study the gene

expression of the cells cultured on the samples. The results of

the relative expression levels of the genes in the scaffolds are

presented in Figure 10. Chondrocytes grown within 70FT scaf-

fold showed the highest chondrogenic gene expressions of colla-

gen type II, aggrecan, and SOX9 and the lowest gene expression

of collagen type I. Aggrecan and collagen type II are in the

extracellular matrix of cartilage.35 In tissue culture polystyrene,

as control, and 100FT scaffold the cartilogenous genes were sup-

pressed and the cells were dedifferentiated. Proper differentia-

tion microenvironment is helpful for cell growth, which is in

consistent with other reports.36 Therefore, the differentiation of

the chondrocytes could be controlled by the chemical composi-

tion, structural conformation (amorphous or crystalline), and

compressive modulus of the scaffold. According to the results,

SF, CHS, and SA can provide more suitable microenvironment

for chondrocytes. The hybrid scaffold could up-regulate chon-

drogenesis gene expression compared with SF scaffold.

CONCLUSIONS

Novel porous SF-CHS-SA hybrid scaffolds were prepared by

freeze-drying of aqueous blended solutions. In order to improve

the porosity percentage of the pure SF scaffold, CHS and SA

were introduced. Results confirmed that by adding CHS and

SA, the mean pore diameter of the scaffolds was decreased while

the porosity percentage and interconnectivity of the pores was

interestingly increased rather than pure SF scaffold. After EDC-

ethanol treatment, chain conformation of the scaffolds changed

from amorphous random coil to crystalline b-sheet. Moreover,

adding CHS and SA to SF scaffold did not have major effect on

the intensity of the crystalline peaks. Compressive modulus was

increased significantly in hybrid scaffold compared with

untreated SF scaffold. Maximum compressive modulus was

related to the scaffold with SF-CHS-SA ratio of 70 : 15 : 15.

The attachment and gene expression of the chondrocytes has

improved in SF-CHS-SA scaffold rather than untreated SF scaf-

fold. Furthermore, the whole process of preparing scaffolds was

all conducted in aqueous media and performed at room tem-

perature, offering possibility to load bioactive drugs or growth

factors into the scaffold. According to the good cytocompatibil-

ity of the scaffolds combined with other advantages of the scaf-

folds, these hybrid scaffolds are promising candidates for tissue

engineering applications.
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