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Abstract The architecture and biomaterial are vital for

three-dimensional culture of cells in scaffolds, so collagen–

chitosan scaffolds suitable for the proliferation of adipose

tissue-derived stem cells (ADSCs) were fabricated in this

study. Chitosan was fully mixed with collagen with dif-

ferent volume ratio and cross-linked. The microstructure,

pore size, bibulous ability, water content, interval porosity,

enzyme degradation and affinity were examined before and

after cross-linking. During ADSCs cultured in scaffold, the

viability and metabolic rates were measured. After

14 days, the surface markers, specific transcription factors

and multi-differentiation potential were assayed to identify

the stemness of expanded cells. According to the pore size,

bibulous ability, interval porosity, degradation rate and

affinity of the scaffold, we chose cross-linked scaffolds of

7:3 material ratio as a better scaffold for ADSCs prolifer-

ation, and ADSCs could be expanded by more than 20

times. All expanded cells still maintained stem cell char-

acteristics and pluripotency. So our developed collagen–

chitosan scaffolds can promote ADSCs adhesion, expan-

sion, and maintain pluripotency.

1 Introduction

A cell-based tissue engineering technique has been proved

to be one of the most promising alternative therapies for

regenerative medicine. This approach consists of an inter-

active triad of responsive cells, supportive matrix, and

bioactive molecules promoting differentiation and regen-

eration [1]. Stem cell will be a promising cell for its

renewable ability and multipotential. In recent years,

interest has rapidly grown in the developmental plasticity

and therapeutic potential of stromal cells isolated from

adipose tissue, called adipose tissue-derived stem cell

(ADSC). Therefore, adipose tissue represents an abundant,

practical, and appealing source of donor tissue for autolo-

gous cell replacement and tissue engineering. ADSC will

play a prominent role in the context of regenerative

medicine.

However, the static amplification of stem cells is a time-

consuming procedure and prone to contamination [2]. The

increasing clinical applications appeal for an alternative to

rapidly expand stem cells [3]. In the previous study, we

have demonstrated that our isolated ADSC can be easily

harvested and expanded rapidly and permanently (three

logarithmic phase in one month) without losing their

multiple mesenchymal-lineage differentiation potentials

[4]. After the cell slice formed however, the slice was

rolled and the growth of cells was inhibited, which resulted

from the space and nutrient diffusion limitation inside the

cell slice.

In contrast, inside a tissue structure, the extracellular

matrix (ECM) could provide tissues with the appropriate

three-dimensional (3D) architecture, ECM molecules also

influence cell migration, proliferation, and differentiation

through cell–cell and cell–substrate interactions [5, 6].

Such a complex biological microenvironment does not
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exist in traditional two-dimensional (2D) tissue culture

plates. To mimic this 3D growth environment in vitro, a

variety of biomaterials have been used as substitutes for

ECM, providing a physical support matrix and increasing

cell–cell and cell–substrate interactions [5, 7]. Bioengi-

neered scaffolds have been introduced to provide a

microenvironment that facilitates cell proliferation and

differentiation [8, 9]. It is therefore necessary to construct

biomimetic scaffolds that improve the interactions between

the scaffolds and cells.

Collagen as one of exocellular matrixes has well-docu-

mented structural, chemical and physical properties, low

antigenicity, good biocompatibility, and the ability to

promote cell attachment and proliferation [10–12]. Mes-

enchymal stem cells were cultured on a collagen scaffold

and differentiated into osteocytes [13]; ADSCs were also

cultured in collagen scaffold and differentiated into other

cells [14, 15]; and Collagen I gel can facilitate homogenous

bone formation of ADSCs in PLGA-beta-TCP scaffold

[16].

However, the fast biodegrading rate and the low

mechanical strength of the untreated collagen scaffold are

the crucial problems that limit the further use of this

material [17]. Chitosan with high mechanical strength on

the other hand has been proved to be biologically

renewable, biodegradable, biocompatible, non-antigenic

and non-toxic, and recognized as prominent biomaterials

[11, 18].

Nevertheless, the rigid crystalline structure makes them

hard to dissolve in water, which has retarded their potential

for application in the biological field [18, 19]. So com-

bining collagen and chitosan as a porous scaffold can avoid

the disadvantage of two materials.

The applications of porous collagen–chitosan scaffolds

for tissue engineering have been reported. Tan et al. [7]

demonstrated that the addition of chitosan greatly influ-

enced the ultrastructure of collagen and changed the

collagen fiber cross-linking, which reinforced the structure

and increased pore size. Variety of collagen–chitosan

scaffolds have been fabricated for fibroblasts, chondrocytes

and periodontal ligament cells [1, 11, 20, 21]. To date

however, there is no report about ADSC response to the

collagen–chitosan scaffold.

Herein we describe the fabrication of collagen–chitosan

porous scaffold, and the further treatment of the scaffold

with EDC cross-linkage. The microstructure, the swelling

capacity, as well as the degradability of the collagen–

chitosan scaffold were investigated. Then, a better scaffold

that has good affinity with ADSC was prepared for the

expansion of ADSC. In vitro culture tests of ADSC in

plates and in scaffolds demonstrated that the scaffolds can

promote the expansion of ADSCs efficiently.

2 Materials and methods

2.1 Fabrication of porous collagen–chitosan scaffolds

Collagen–chitosan composite scaffolds were made by the

freeze-drying method. About 0.5% (w/v) type I collagen

solution and 2% chitosan solution were prepared in 0.1 M

acetic acid. The two solutions were then mixed in the ratios

9:1, 7:3, 5:5, 3:7 and 1:9 (collagen:chitosan, v/v). These

mixtures were then frozen at -80�C for 2 h and then

lyophilized for 24 h in a freeze dryer (LABCONCO Co.,

Kansas, MO, USA).

The scaffolds were then cross-linked by carbodiimide

(EDC). Briefly, scaffolds with uniform size (15 mm in

diameter, 2 mm in thickness) were cross-linked by

immersing them in 2 ml of 40% (v/v) ethanol containing

50 mM methyl ethanesulfonate (MES) (pH 5.0), 33 mM

EDC and 8 mM N-hydroxyl succinimide NHS for 10 h.

The scaffold acidity was neutralized with 0.1 M Na2HPO4

(pH 9.1) for 1 h. Excess base was then removed by repe-

ated washing with 40% ethanol and distilled water until the

matrix pH returned to the physiologic range (7.0–7.4) and

then freeze-dried. Cross-linked porous scaffolds were

sterilized with ethylene oxide gas, and sufficient period of

time was allowed to pass for full release of ethylene oxide

gas.

2.2 Scanning electron microscope (SEM) observation

Scaffolds were placed on a copper mount and coated using

a gold-coating apparatus. Scaffold morphology was

investigated using scanning electron microscope (JEM-

1200EX, Japan). Distinct sections from each sample were

imaged (4 images per sample), and the pore size was

determined using the Image-Pro Plus software analysis

system. At least 30 pores were assessed for each sample.

Data are presented as mean pore size ± standard error.

2.3 Bibulous ability

The initial weights of scaffolds with same size

(1.5 9 1.5 9 0.2 cm) were measured with analytic bal-

ance, then penetrated in distilled water until equilibrium.

The swollen weights of various scaffolds were accurately

determined after removing the water from the surface with

filter paper. Bibulous ability and water content of scaffolds

were calculated from the formula:

Bibulous ability X = (We - W0)/W0; water content H

(%) = (We - W0)/We 9 100%, where We is the weight of

the scaffold at swelling equilibrium, W0 is the initial weight

of the scaffold.
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2.4 Interval porosity

The initial weights of scaffolds with same size were

examined by analytic balance, and then the scaffolds were

soaked in dehydrated alcohol at room temperature for 24 h.

After the excess ethanol was wiped from the surface of

scaffolds, the scaffolds were weighted once again. Then the

interval porosity of collagen–chitosan scaffolds can be

calculated according to the following equation:

Interval porosity ð%Þ ¼ ðW �W0Þq1

q1W þ ðq2 � q1ÞW0

� 100%

where W0 is the initial weight of the scaffold, W the

swollen weight, q1 the average density of collagen–chito-

san (1.41 g/ml), and q2 is the density of dehydrated alcohol

(0.79 g/ml).

2.5 In vitro enzymatic biodegradability

Enzymatic degradation of collagen–chitosan scaffolds was

investigated by monitoring the mass loss of scaffold sam-

ples as a function of exposure time to collagenase solution.

Each scaffold sample (1.5 9 1.5 9 0.2 cm) was suspended

in PBS (pH 7.4) in a shaking water bath at 37�C until the

scaffolds became swollen. Then the initial weights of the

swollen samples were measured after the excess water was

wiped from the surfaces of the scaffolds. The scaffolds

were then placed in PBS containing 10 mg/ml collagenase

at pH 7.4 and 37�C with gentle shaking. Mass loss of the

samples was tracked at 6, 12, 24, 48, 72 h, based on the

initial swollen weight. Three specimens were tested for

each kind of scaffold. The remaining weight percentage of

collagen–chitosan scaffolds was calculated according to

the following equation:

Residual mass ð%Þ ¼ Wt

W0

� 100%

where W0 is the initial weight of the swollen scaffold and

Wt is the swollen weight of the scaffold at each time point.

2.6 Affinity of ADSC with scaffolds

Human adipose tissue-derived stem cells were isolated

with our improved method [4]. ADSCs over passage four

were used in experiments. After 100% confluence, the cells

were digested by trypsin–EDTA and cell density was

adjusted to 1 9 107/ml in culture medium (HG-

DMEM ? 10% FBS). Based on the porosity and biode-

gradability etc. properties of the fabricated scaffolds, we

selected collagen–chitosan scaffolds in the ratio 7:3 and 5:5

as better scaffolds. The sterilized scaffolds were shaped

into 5 9 5 9 1 mm pieces and transferred into 24-well

plastic culture plates. After rinsed with sterile PBS for

three times and prewetted with culture medium overnight,

10 ll cell suspensions were seeded into each scaffold.

After 3 h incubation, the scaffolds were transferred into 96-

well culture plate and supplied 100 ll culture medium each

well. The culture was set at 37�C in 5% CO2 humidified

atmosphere.

The cells were fixed on scaffold after 7 days of culture

and observed by SEM, or stained with hematoxylin–eosin

(H&E) for the nucleus and cytoplasm and visualized under

microscope.

2.7 ADSC expansion in scaffold

According to the physical and chemical characteristics, as

well as affinity with ADSCs, we selected collagen–chitosan

scaffold with volume ratio of 7:3 as the best scaffold to

ADSCs. Then ADSCs with concentration of 1 9 107/ml

were seeded in scaffolds and cultured for 14 days. ADSCs

were also seeded in plate as 2D control. The percentage of

viable cells was determined by CCK-8 kit every other day;

the variation in glucose and lactic acid concentration dur-

ing the experimental period were analyzed every day. After

14 day expansion, the morphology of cells attached to the

scaffold was observed by SEM; surface markers of

expanded ADSCs were analyzed by flow cytometry; tran-

scription factors Oct-4, Sox-2 and Rex-1 were examined by

reverse transcription polymers enzyme reaction (RT-PCR);

multi-differentiation ability of expanded cells was also

identified by inducing ADSCs into adipocytes, osteocytes

and chondrocytes.

2.8 Statistical analysis

All experiments were performed three times, with each

treatment conducted in triplicate. Means and standard error

were calculated, and the statistical significance of differ-

ences among each group was examined by one-way

analysis of variance (ANOVA) and a post hoc t-test. The

post hoc t-test was performed when the ANOVA test

indicated significance at the P \ 0.05 levels.

3 Results

3.1 Microstructure of scaffolds

After lyophilization, all scaffolds showed white color with

rough surface. The interior of scaffolds was porosity

structure as sponginess. The scaffolds with collagen–

chitosan ratio of 9:1 were the most porous, while with the

ratio of 1:9 were the most compact. The volume of scaf-

folds decreased with the decrease of collagen

concentration, especially for the scaffolds with collagen–

J Mater Sci: Mater Med (2009) 20:799–808 801

123



chitosan ratio of 9:1. The cross-section in contact with the

mold of collagen scaffolds revealed an interconnected

network pore configuration and high porosity throughout

the cross-section. As shown in Fig. 1a, collagen–chitosan

scaffolds with high concentration of collagen exhibited

macroporous microstructure. The pores were intercon-

nected with pore size of about 180 lm, the largest pore size

could achieve 300 lm. With the decreasing of collagen

concentration, pore size of scaffolds decreased obviously

(Table 1). Accompanying with reduction of collagen fibers

in between pores, more sheet-like structure appeared

together with condensed walls. The interconnected 3D

porous structure of the scaffolds was retained after EDC

treatment, elongated pores were existed in the cross-linked

scaffolds (Fig. 2).

3.2 Bibulous ability and interval porosity

From comparative studies of the swelling properties of

various scaffolds, scaffolds of 7:3 groups showed maxi-

mum bibulous ability of 17.54% in phosphate buffer. After

cross-linking, the bibulous ability and water content were

lower than those of non-cross-linking. Interval porosity of

all scaffolds exceeds 90% (Table 1).

3.3 In vitro biodegradability

The enzymatic degradation of collagen–chitosan scaffolds

was investigated by monitoring the residual mass percent

of the matrix as a function of time. As shown in Fig. 3,

collagen–chitosan scaffolds that were not cross-linked with

EDC degraded rapidly, faster than those cross-linked. The

residual mass decreased to approximately 55% when cross-

linked scaffolds were treated with 10 mg/ml collagenase

solution for 6 h, whereas non-cross-linked scaffolds left

\50% and almost completely degraded after 72 h. Deg-

radation rate of uncross-linked scaffolds increased with the

decrease of collagen density, while that of cross-linked

scaffolds decreased.

3.4 The affinity with ADSCs

ADSCs were cultured in the scaffolds with collagen–

chitosan volume ratio 7:3 and 5:5. After 1 day cultivation,

it showed positive attachment and growth. Finally cells-

scaffold structures were observed with SEM. The

Fig. 1 SEM photographs of non-cross-linked scaffold surface. Volume ratios of collagen–chitosan: a 9:1, b 7:3, c 5:5, d 3:7, e 1:9

Table 1 The pore size, bibulous ability, water content and interval

porosity of scaffolds with different ratios

Volume ratios

of collagen–

chitosan

Pore

diameter

(lm)

Bibulous

ability (X)

Water

content

(H%)

Interval

porosity

(%)

Non-cross-linked

9:1 103 ± 30 7.24 ± 1.2 87.5 ± 4.3 90.01 ± 0.3

7:3 79 ± 15 11.33 ± 1.5 92.3 ± 3.9 91.21 ± 0.2

5:5 53 ± 11 17.54 ± 2.1 94.6 ± 4.5 90.96 ± 0.4

3:7 22 ± 7 15.51 ± 1.7 92.5 ± 3.7 90.78 ± 0.2

1:9 21 ± 9 11.64 ± 1.1 88.8 ± 2.9 91.25 ± 0.3

Cross-linked

9:1 154 ± 71 7.87 ± 1.3 89.7 ± 3.8 91.71 ± 0.2

7:3 139 ± 48 10.92 ± 1.3 90.9 ± 4.1 95.22 ± 0.3

5:5 71 ± 29 11.69 ± 1.6 91.5 ± 4.3 93.33 ± 0.4

3:7 29 ± 13 9.14 ± 1.8 90.5 ± 3.9 95.41 ± 0.3

1:9 26 ± 10 8.26 ± 1.2 88.5 ± 2.7 94.12 ± 0.5
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morphology of ADSCs displayed polygon and grew crawly

in scaffolds (Fig. 4a, b). Histology staining of two kinds of

scaffolds showed amount of cells presented in the pores

and on the surface of scaffold with volume ratio of 7:3,

however, there were only a few cells presenting in scaffold

of 5:5 after 7 days cultivation (Fig. 4c, d).

3.5 Culture of ADSCs in scaffold

According to the characteristics of scaffolds and biocom-

patibility with ADSCs, we chose the scaffold with volume

ratio of 7:3 as the suitable scaffold for the expansion of

ADSCs. The expansion rate of ADSCs in scaffold was

higher than that in plate (Fig. 5a). By the end of 14 day

culture, the density of cells cultured in plate was nearly 9-

fold higher over initial, while almost 20-fold expansion

was realized in scaffold (Fig. 5b). We also could see that

the ADSCs in scaffolds remained high proliferation rate by

the end of experimental period, while in plate, the prolif-

eration of ADSCs was inhibited after 14 days cultivation.

Glucose consumption and lactic acid production of

ADSCs in scaffold during the culture time are higher than

those in plate. By the end of culture, ADSCs in scaffolds

still remained high glucose consumption and lactic acid

production (Fig. 6). The metabolic rates were consistent

with the growth dynamics of ADSCs in scaffold (Fig. 5a).

To assess cell morphology and matrix deposition, SEM

was performed on the surfaces of scaffolds (Fig. 7). On day

14 of cultivation, a thin sheet of cells and matrix covered

the scaffolds (Fig. 7a), a net structure formed in 3D cul-

tures, which not only connected most of the ADSCs but

also extended toward the scaffolds and formed physical

connections between ADSCs and the scaffolds (Fig. 7a, b).

We also examined the expression of surface markers

CD29, CD44, CD34, CD45, CD73, CD105, CD166 and

HLA-DR of ADSCs cultured with the two methods by flow

cytometry. CD29, CD44, CD13, CD105 and CD166 were

positive expression, while CD34, CD45, and HLA-DR were

negative (Fig. 8). The positive expression ratios of the two

kind of expanded cells had no significant difference.

The expression of transcription factors which represent

multi-differentiation ability, such as Oct-4, Sox-2 and Rex-

1 was also examined for the expanded cells. The Oct-4,

Sox-2 and Rex-1 mRNA expression of ADSCs in scaffold

was higher than that in plate (P \ 0.05) (Fig. 9a, b).

The differentiation potential of the ADSC was evaluated

by histochemistry staining (Fig. 10). After 14 days

Fig. 2 SEM photographs of cross-linked scaffold surface. Volume ratios of collagen–chitosan: a 9:1, b 7:3, c 5:5, d 3:7, e 1:9

Fig. 3 In vitro enzymatic degradation speed of collagen–chitosan

scaffolds with different collagen contents. (Each data point represents

the average of three samples)
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Fig. 4 Up: SEM images of

ADSCs growing in collagen–

chitosan scaffolds; a
(7:3) 9 800, b (5:5) 9 1000.

Down: Images of ADSCs

growing on collagen–chitosan

scaffolds with HE stain. a (7:3),

b (5:5) 9 200

Fig. 5 Growth dynamics of ADSCs in 2D and 3D microenvironment.

a The growth curve of ADSCs. b Expansion fold of total expanded

cells. *P \ 0.05

Fig. 6 Changes of glucose and lactic acid concentration during

culture period. Glucose (a) and lactate acid (b). Values displayed

represent the average of three independent experiments
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expansion, cells and cells–scaffold complexes were

induced toward the adipogenic, chondrogenic and osteo-

genic cell lineage. Oil Red O staining, Toluidine blue

staining and von Kossa staining indicated that the expan-

ded ADSCs in scaffold also have strong multi-

differentiation ability (Fig. 10d–f), almost the same as

ADSCs cultured in plate (Fig. 10a–c). The results of

histochemistry staining also identified the multi-

differentiation ability of expanded cells further, and con-

sistent with the results of RT-PCR.

4 Discussion

Tissue engineering approach, which consists of an inter-

active triad of responsive cells, supportive matrix, and

Fig. 7 Scanning electron

microscopy of ADSCs in

scaffolds

Fig. 8 Expression of stem cell

relative surface markers of

expanded ADSCs in 2D and 3D

cultures. a Flow cytometry

analysis shows the surface

immunophenotype of ADSCs in

each culture system. b
Expression levels of each

phenotype in expanded ADSCs

in each culture system

(P [ 0.05)
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bioactive molecules, utilizes both engineering and life

science discipline to promote organ or tissue regeneration

and to sustain, recover their functions [1, 22, 23]. A three-

dimensional scaffold provides an extra cellular matrix

analog which functions as a necessary template for host

infiltration and a physical support to guide the proliferation

and differentiation of cells into the targeted functional

tissue or organ [14, 24]. The optimal scaffold should sup-

port the movement, proliferation, and differentiation of

specific cells.

The biomaterials (collagen and chitosan) used in this

work are of natural origin, and especially collagen is an

integral component in the human physiological structures.

However, because of the fast biodegrading rate and the low

mechanical strength, chitosan was added. One of the

important purposes adding chitosan is providing additional

amino groups which function as binding cites with collagen

to improve the stability of the collagen without signifi-

cantly altering the chemical characteristics of the both

polymers. Therefore, the interpenetration of collagen and

chitosan in the scaffold is crucial.

It is known that the microstructure properties such as

pore size and its distribution, porosity as well as pore shape

all have prominent influence on cell intrusion, proliferation

and function in tissue engineering [12, 20]. The results

indicate that the morphology difference is mainly caused

by rehydration and relyophilization process in the EDC

cross-linking treatment. This additional refreeze-drying can

induce the collagen fibers to be combined again to form

sheets, leading to the fusion of some smaller pores to

Fig. 9 Transcription factors mRNA expression of expanded ADSCs.

a Total cellular RNA was analyzed by RT-PCR for Oct-4, Sox-2 and

Rex-1 mRNA expression. b Semi-quantitative analysis of RT-PCR

results. *P \ 0.05

Fig. 10 Multi-differentiation of expanded ADSCs. ADSCs were induced toward adipocytes (a, d), chondrocytes (b, e) and osteocytes (c, f). a–c
ADSCs expanded in 2D. d–f ADSCs expanded in 3D
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generate larger ones. It has to be noted that the slight

collapse of the scaffold during this process can reduce the

pore size. On the other hand, this collapse, if not occurs

homogeneously in 3D, will inevitably produce elongated

pores as shown in Fig. 2c. Because of the suitable pore size

for the growth of cell in scaffold is 50–200 lm, so the

scaffolds with the collagen–chitosan ratio of 9:1, 7:3 and

5:5 can be used for cell culture.

The water-binding ability, another important factor

influencing the proliferation of cells in scaffold, could be

attributed to their hydrophilicity and the maintenance of

their 3D structure. In general, the water content is

decreased after cross-linking because of the decrease of the

hydrophilic groups [25]. As mentioned above, the collapse

during the refreeze-drying procedure will cause the

reduction of the porosity, hence, the decrease of bibulous

ability and water content. However, the interval porosities

of our scaffolds are all exceed 90% and the absolute value

of water content is still over 80 times of its initial weight

after EDC treatment, which are high enough for tissue

engineering [26]. When the scaffolds are capable of

swelling they allow their pore size to increase in diameter

in order to swell thus facilitating the cells not only to attach

but also to penetrate inside the scaffold to grow in a three-

dimensional pattern. Moreover the cells avail the maxi-

mum internal surface area of the scaffold. Since cross-

linked scaffolds of 7:3 and 5:5 show maximum percentage

of bibulous ability than any other scaffolds, it is obvious

that they can avail nutrients of the culture media more

effectively during in vitro culture.

The stability of scaffold is important in tissue engi-

neering. The presence of chitosan can obviously improve

the biostability of the collagen–chitosan scaffold, and the

ability to resist collagenase degradation was further

enhanced by EDC cross-linking. Cross-linking of the col-

lagen-based scaffolds is an effective method to modify the

biodegrading rate and to optimize the mechanical property

[17, 27]. EDC has become popular as a cross-linking

reagent for collagen-based biomaterials [28, 29]. EDC

cross-links collagen molecules by the formation of iso-

peptides without being incorporated itself, thus precluding

depolymerization and possible release of potentially cyto-

toxic reagents [17, 30]. Furthermore, the by-product of the

cross-linking reaction is urea [31], which has no cytotox-

icity and can be easily removed during routine rinsing of

the matrices. Cross-linked collagen–chitosan sponges

reveal that cross-linking produces noconsiderable altera-

tions to scaffold morphology but distinct changes to

scaffold stability and mechanical property. Cross-linked

scaffolds with high concentration of chitosan showed

better biostability than those non-cross-linked, and the

biostability was increased with the increase of chitosan

concentration.

Comprehensively considering pore size, bibulous ability,

interval porosity and biodegradation of all kinds of scaf-

folds, we chose the scaffolds of 7:3 and 5:5 volume ratios to

analyze the biocompatibility with ADSC. Chitosan-com-

bined and EDC-treated scaffold preserves the original good

cytocompatibility of collagen. Because cell infiltration and

proliferation are crucial for a scaffold to support and guide

tissue regeneration, we observed the infiltration and pro-

liferation of ADSCs by SEM and H&E staining. Our

developed scaffold with volume ratio 7:3 has better cyto-

compatibility than that of 5:5. This mainly because

collagen has better biocompatability with cells than chito-

san, and suitable for cell attachment and proliferation.

Since scaffold provided more area in 3D space, the cell

density was over 2 9 106 cells/ml after 14 days culture of

ADSCs in collagen–chitosan scaffold, the cell number

increased up to 26-fold, which was obviously higher than

that in 2D. On the basis of its morphological characters, we

suppose that this structure is composed of cells and

extracellular matrix proteins which play an important role

in cell–cell and cell–scaffold interactions [5]. Thus the

proteins promoted the signal transduction for efficient

ADSC expansion. This may be the part of reasons for the

considerable proliferation of ADSC in scaffolds.

What’s more, even the concentration of lactic acid is

above 20 mM after 9 days incubation of ADSCs in scaf-

folds, an extended exponential growth phase was still

observed. While in 2D, the growth and metabolism of

ADSCs were nearly inhibited by the end of the experi-

mental period. Some studies indicated that the proliferation

will be inhibited when lactate concentration is above

20 mM [32, 33]. However, because of the unique proper-

ties of 3D scaffold-based cell cultures, loading capacities

for growth or inhibitive factors [34], 20 mM lactate con-

centration is no longer the inhibitory for ADSC growth in

3D environment.

Whether the expanded ADSCs in collagen–chitosan

scaffolds still remained their stem cell characteristics is

another important issue. As we all know, mesenchymal

stem cells are characterized by their fibroblastic cell mor-

phology, their high expansion capacity in vitro, and their

expression of typical cell surface markers, their potential to

avoid allogenic rejection after transplantation, and their

pronounced differentiation potential into distinct mesen-

chymal tissues [35]. Stem cell relative surface markers

CD29, CD44, CD13, CD105 and CD166 [36–38] of

expanded cells in 3D were positive expression. Meanwhile

all expanded cells positively expressed Oct-4, Sox-2 and

Rex-1 mRNA, which play important role in differentiation

potentials of stem cells [39, 40]. It suggested that the

expanded cells remained their multi-differentiation

potency. Furthermore, based on the histological staining,

the differentiation potential of the cells after expansion was
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successfully demonstrated by their adipogenesis, osteo-

genesis and chondrogenesis. Therefore, the prerequisite for

in vitro expansion of ADSCs is accomplished by main-

taining the differentiation potential.

According to the above characteristics of collagen–

chitosan scaffold, we can see that it is a promising scaffold

for tissue engineering with ADSC. We have applied this

scaffold to expand ADSCs, and constructe an engineered

cardiac tissue with ADSCs. ADSCs grew in the scaffold

very well, expanded cells can easily be collected from

scaffold and still remianed the characteristics of stem cells

and multi-differentiation ability. We also successfully dif-

ferentiate ADSCs into cardiomyocytes in the scaffold.

(These papers have not published yet.) All these experi-

ments demonstrated that our fabricated scaffold suitable for

the proliferation and differentiation of ADSCs, and can be

use for cell expansion and tissue engineering.

5 Conclusions

Our developed collagen–chitosan scaffolds have suitable

pore size, interval porosity, bibulous ability, biodegrada-

tion and good biocompatibility with ADSCs, and can

effectively support and accelerate the proliferation and

differentiation of ADSCs.
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