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Abstract Cartilage extracellular matrix (ECM) is com-

posed primarily of type II collagen (COL II) and large,

networks of proteoglycans (PGs) that contain glycosami-

noglycans such as hyaluronic acid (HA) and chondroitin

sulfate (CS). Since cartilage shows little tendency for

self-repair, injuries are kept unhealed for years and can

eventually lead to further degeneration. During the past

decades, many investigations have pursued techniques

to stimulate articular cartilage repair or regeneration.

The current study assessed the effects of exogenous gly-

cosaminoglycans (GAGs) including CS-A, CS-B, CS-C,

heparan sulfate and HA, administration on human chon-

drocytes in terms of proliferation and matrix synthesis,

while the cells were seeded and grown on the genipin-

crosslinked collagen type II (COL II) scaffold. DNA con-

tent was measured by Hoechst dye intercalation, matrix

deposition was evaluated by DMMB dye. Expression

of collagen II and aggrecan mRNAs was assessed by

RT-PCR, followed by gel electrophoresis. In a 28-day

in vitro culture, administration of 5 lg/ml CS-A, 50 lg/ml

CS-B, 50 lg/ml CS-C, 5 lg/ml HS, and 500 kDa HA led

to significant increase in biosynthesis rate of PGs. Gene

expression of aggrecan and collagen II were upregulated

by CS-A, CS-C and HA. These results showed consider-

able relevance of GAGs to the issue of in vitro/ex vivo

neo-cartilage synthesis for tissue engineering and regen-

erative medical applications.
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1 Introduction

Articular cartilage is limited to have self-repair capacity

due to its avascular characteristic and inactive mitotic

activity of chondrocytes. Inferior fibro-cartilaginous tissue

which may induce osteoarthritis generally forms after

arthroplasty, mosaicplasty, or periosteal autografts. Tissue

engineering approach is currently used to prepare trans-

plantable hyaline-like tissue which may provide a more

suitable alternative to repair defects [1, 2].

Type II collagen (COL II) is the major extracellular

matrix (ECM) component of cartilage, and may be pro-

cessed into porous scaffold to cultivate the chondrocytes

for cartilage repair [3–5]. During in vivo application,

crosslinking of collagen is necessary to reduce its antige-

nicity, prevent enzymatic degradation, and improve

mechanical properties. A number of recent studies have

reported that genipin, a natural crosslinking agent, is non-

toxic [6, 7] and can retard protease degradation of the

collagen scaffold [4].

Chondroitin sulfates (CS-A and CS-C), dermatan sul-

fates (DS, also known as CS-B), heparan sulfates (HS) are

present in aggrecan as the GAGs side chains, whereas

aggrecan is the common type of proteoglycans (PGs) in the

cartilage tissue. They play an important role in directing

cell-to-cell interaction through cell surface receptors, and

mediate cell–cell signaling, recognition and adhesion [8].
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In particular, CS has been employed in scaffolds for

engineering cartilage [9, 10]. HS has been reported to have

inhibitory effects on aggrecan degradation in bovine syn-

ovium explants cultures [11], and may thus have some

potential toward cartilage treatments. In addition, hyalu-

ronic acid (HA), backbone of the PGs, has been reported

potentially beneficial to cartilage development [12, 13].

The aim of this study is to investigate the effects of these

GAGs when present in the culture medium on the chon-

drocytes grown on genipin-crosslinked COL II scaffold in a

more systematic manner. Expression of key cartilage genes

(COL II and aggrecan), cell proliferation rate and ECM

synthesis rate were assessed for this purpose.

2 Materials and methods

2.1 Collagen isolation and matrix preparation

Native insoluble COL II was isolated from bovine trachea

as previously described [5]. COL II thus made was

homogenized in 0.5 M acetic acid at 4�C to give a final

concentration of 1.2% (wt/vol). The solution was poured

into an 8-mm diameter cylindrical mold to a depth of 5 mm.

The mold was placed in a -20�C freezer for 12 h and then

lyophilized at -60�C for 24 h. The fabricated porous COL

II matrix, each weighing ca. 3 mg, was immersed in

4.4 mM genipin (Wako, Japan) solution for 36 h for

crosslinking. The matrix was rinsed with 70% (v/v) ethanol

(3 times 9 30 min) and PBS (5 times 9 60 min).

2.2 Culturing of chondrocytes

Normal human articular chondrocytes were obtained from

Cambrex BioScience (Walkersville, MD, USA). After

seeding with 1 ml cell suspension (third passage, seeding

density showed at Table 1, respectively) through a 24

gauge syringe into each matrix, matrix was placed in

medium-filled 24-well plate in an incubator at 37�C. The

matrix was transferred into a new well every other week

to avoid formation of cell monolayer on the bottom of

the well. The medium consisted of DMEM (Gibco)

Table 1 Effects of exogenous GAGs administration on human articular chondrocyte proliferation and matrix synthesis

GAGs/DNA (lg/lg)a DNA content (lg)

Days cultured 7 14 28 7 14 28

CS-A

BM 7.00 ± 1.73 7.00 ± 1.00 7.66 ± 1.52 0.90 ± 0.12 0.91 ± 0.03 1.24 ± 0.11

5 lg/ml 10.67 ± 0.58* 13.67 ± 2.52* 20.00 ± 1.00** 0.80 ± 0.02 0.82 ± 0.14 1.11 ± 0.16

50 lg/ml 9.33 ± 1.16 11.67 ± 0.06* 12.33 ± 1.15* 0.70 ± 0.12 0.78 ± 0.06* 0.90 ± 0.15*

CS-B

BM 6.67 ± 1.15 7.33 ± 0.58 7.30 ± 0.52 1.40 ± 0.19 1.60 ± 0.08 1.60 ± 0.18

5 lg/ml 11.67 ± 1.53* 8.67 ± 0.58* 8.55 ± 0.78* 0.90 ± 0.12* 1.41 ± 0.15 1.94 ± 0.15

50 lg/ml 10.67 ± 1.15* 11.67 ± 1.53** 12.33 ± 0.58** 1.20 ± 0.22 1.28 ± 0.14* 2.39 ± 0.11**

CS-C

BM 7.67 ± 1.53 7.67 ± 4.04 7.33 ± 2.52 1.06 ± 0.09 1.17 ± 0.16 1.83 ± 0.80

5 lg/ml 9.67 ± 2.30 10.00 ± 2.65 8.33 ± 0.58 1.42 ± 0.10* 1.30 ± 0.17 2.20 ± 0.06**

50 lg/ml 8.67 ± 2.08* 14.33 ± 1.53* 21.00 ± 5.29* 1.82 ± 0.05** 1.95 ± 0.13** 2.00 ± 0.09

HS

BM 7.00 ± 1.73 7.00 ± 1.00 7.33 ± 1.52 0.90 ± 0.12 0.89 ± 0.07 1.30 ± 0.07

5 lg/ml 10.67 ± 0.58* 12.00 ± 1.73* 18.33 ± 3.06** 0.80 ± 0.03 0.93 ± 0.17 1.21 ± 0.12

50 lg/ml 9.33 ± 1.15 11.67 ± 1.15* 12.33 ± 1.54* 0.70 ± 0.10 0.78 ± 0.07 0.90 ± 0.15*

HAb

BM 7.43 ± 0.39 7.41 ± 0.11 8.09 ± 0.55 0.65 ± 0.63 0.97 ± 0.26 1.51 ± 0.08

40 kDa 8.02 ± 0.38 11.21 ± 0.96** 13.50 ± 2.07* 0.98 ± 0.11 1.20 ± 0.06 1.31 ± 0.11

500 kDa 13.04 ± 1.56** 13.45 ± 1.68** 15.20 ± 0.25** 0.85 ± 0.18 1.09 ± 0.13 1.46 ± 0.08

BM basal medium, CS-A chondroitin sulfate A, CS-B chondroitin sulfate B, CS-C chondroitin sulfate C, HS heparan sulfate, HA hyaluronan

Data represented as mean ± SD for all sample n = 5 with * P \ 0.05; ** P \ 0.005 when compared to each BM. Administration with different

kind and dose of exogenous GAGs as a function of time was assessed independently. At the time of seeding was given in each group (cells/per

scaffold): CS-A (1.2 9 105), CS-B (1.6 9 105), CS-C (1.3 9 105), HS (1.1 9 105), HA (1.0 9 105)
a GAGs content of crosslinked collagenous scaffold normalized by DNA content, and corrected for the exogenous GAGs administration
b HA group was evaluated by different M.W. of HA supplemented with given dose (500 lg/ml)
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supplemented with 10% (v/v) fetal bovine serum (FBS,

10270-106, Gibco), together with 100 U/ml penicillin,

100 lg/ml streptomycin, 0.025 lg/ml amphotericin B,

1.5 mg/ml sodium bicarbonate and 1% (v/v) ITS liquid

medium supplement (Sigma, MO, USA). The culture

medium was changed at 3-day intervals.

Exogenous GAGs purchased from Sigma (USA),

including chondroitin sulfate A (C-9819), dermatan sulfate

(C-3788), chondroitin sulfate C (C-4384), heparan sulfate

(H-7640), were administered to basal medium. Two dif-

ferent molecular weights (500 and 40 kDa) HA were from

Lifecore, USA. Effects of each GAGs on human chon-

drocytes as a function of time was assessed independently.

Cultures were terminated at day 7, 14, and 28.

Due to the limited number of cells obtained from a

particular batch of human articular chondrocytes, the

experiments were conducted with cells originated from

more than one batch of cells. However, results of each

group (individual type of GAGs on experimental and

control runs) were derived from a single batch of cells.

2.3 DNA and GAGs content

The DNA content, a measure for cell proliferation, was

evaluated using the Hoechst 33258 fluorescent dye assay.

Cell-seeded matrix was first cut into small pieces and

digested in a papain solution composed of 55 mM sodium

citrate, 150 mM sodium chloride, 5 mM cysteine hydro-

chloride, 5 mM EDTA and 0.56 unit/ml papain (Sigma,

USA). The sample was incubated at 60�C, for 24 h. To

50 ll of cell digested solution was added 1.5 ml Hoechst

dye solution (Hoechst 33258, Fluka, USA). The fluores-

cence of the sample was measured at 350 nm excitation

and 455 nm emission. Calf thymus DNA was used as

standard. The total GAGs content of each cultured con-

struct digested by papain as described before were deter-

mined by a modified DMMB (1,9-dimethylmethylene blue)

dye binding method [14]. A 40 ll of digested solution was

added to 250 ll of DMMB solution at pH 1.5. Absorbance

at 595 nm was measured. A standard curve was established

using a series of CS concentrations.

2.4 RT-PCR analysis

To obtain information about the differentiation status of

chondrocytes in the cell-seeded matrix, mRNA levels of

types II and aggrecan was assessed using RT-PCR at day

28. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

gene was used as standard. Cell within the matrix was

extracted with TRIzol reagent (Invitrogen, USA) for RNA.

A total RNA sample of 0.5 lg was used for a reverse

transcriptase reaction to synthesize the first strand cDNA

using BD PowerScriptTM Reverse Transcriptase (Clontech,

USA). cDNA was amplificated using Taq DNA polymerase

(Life Technologies). To estimate the relative mRNA levels,

samples were taken at increasing cycle numbers with a two

cycle interval, representing approximately a four-fold

increase in mRNA. The PCR products were electrophor-

ised in 2.0% agarose gels containing ethidium bromide.

The primers were shown in Table 2.

2.5 Statistical analysis

Data from at least five independent samples were evaluated

and are represented as mean ± SD. Statistical analysis was

performed by one-way analysis of variance (ANOVA) and

followed by multiple pair wise comparisons of the sample

means using the Student’s t-test to determine the differ-

ences among the groups. The results were considered sig-

nificantly different at P \ 0.05.

3 Results

3.1 Effects of GAGs on cell proliferation and ECM

deposition

Cell proliferation was assayed by DNA content, while

ECM (more exactly PGs) deposition was estimated by the

reaction of sulfated groups on PGs per unit DNA present in

the sample. The results reported in Table 1. Administration

with different kind and dose of exogenous GAGs as a

function of time was assessed independently.

3.1.1 CS-A

The proliferation rate of 50 lg/ml CS-A was significantly

lower at day 14 (P \ 0.05) and day 28 (P \ 0.05). After

day 7, cells continued to synthesize significantly more

GAGs in the presence of 5 lg/ml CS-A (day 7, P \ 0.05;

day 14, P \ 0.05; day 28, P \ 0.005).

3.1.2 CS-B

Administration of the 50 lg/ml CS-B resulted in the

overall highest cell proliferation at day 28 (P \ 0.005).

Table 2 Nucleotide Primers for PCR

Gene Primer sequences Size(bp)

Aggrecan F:50-CCAGGAATCCCTAGCTGCTTA-30

R:50-ATGGCTGGATAGTTGGGAAGT-30
413

Collagen II F:50-AAGAACTGGTGGAGCAGCAAGA-30

R:50-CCTATGTCCACACCAAATTCCT-30
446

GAPDH F:50-AGCCTCAAGATCATCAGCAATG-30

R:50-TTTTCTAGACGGCAGGTCAGG-30
321
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In addition, CS-B showed that at higher dose stimulated

ECM deposition significantly at day 14 (P \ 0.005) and

day 28 (P \ 0.005). The addition of CS-B induced a fur-

ther significant increase in GAGs/DNA levels within the

matrix in a dose-dependent manner.

3.1.3 CS-C

When CS-C was administered, 50 lg/ml CS-C stimulated

growth very significantly at day 7 (P \ 0.005) and 14

(P \ 0.005), but 5 lg/ml CS-C had the faster growth rate

at day 28 (P \ 0.005). Of matrix synthesis rate, 50 lg/ml

CS-C elicited higher ECM deposition throughout the time

course (day 7, P \ 0.05; day 14, P \ 0.05; day 28,

P \ 0.05).

3.1.4 HS

In case of HS, the proliferation decreased for the higher

dose (50 lg/ml) run at day 28 (P \ 0.05), while there was

no significant difference between lower dose run and

control. At a 5 lg/ml of HS, a significant increase in ECM

deposition at day 7 (P \ 0.05), day 14 (P \ 0.05), and day

28 (P \ 0.005).

3.1.5 HA

With exogenous HA administration (500 lg/ml, 40 and

500 kDa), no significant difference was detected in pro-

liferation rate as compared to the control. However, the

higher M.W. HA (500 kDa) had a much more prominent

effect on enhancing the ECM deposition at day 7

(P \ 0.005), 14 (P \ 0.005), and 28 (P \ 0.005).

3.2 Effects on the gene expression

According to the GAGs/DNA results, we selected each

GAGs given higher ECM deposition for further gene

expression examination using RT-PCR. The experimental

group studied were as follows: CS-A(5 lg/ml), CS-

B(50 lg/ml), CS-C(50 lg/ml), HS(5 lg/ml), and two

kinds of M.W. HA(40 and 500 kDa). After 28 days of

culture, we analyzed the mRNA expression of two major

cartilage-specific genes: aggrecan and collagen II.

Results were displayed via gel staining images in

Fig. 1a. It is obvious that both aggrecan and collagen II

gene were up-regulated by exogenous GAGs adminis-

tration. As for HA results, shown in Fig. 1b, indicated

500 kDa HA induced higher collagen II gene expression

than the 40 kDa and control runs, while there was no

significant difference in aggrecan gene expression

between two kinds of M.W. HA administration but were

both higher than the control.

4 Discussion

CS (CS-A and CS-C) are ubiquitously found as compo-

nents of PGs side chains in the ECM and at cell surfaces,

and they are found in cartilage as a major component. The

CS-PGs are thought to play roles in a wide range of bio-

logical processes, including mechanical and structural

support, cell adhesion, motility, and differentiation.

Investigations on the fine structure of CS have revealed

patterns of sulfation affected cartilage development and

maturation [15, 16]. We here reported beneficial effects of

administration GAGs to cultured medium can make

chondrocytes excrete ECM and enhance normal cartilage

gene expression after 28 days culture, especially group CS-

A (5 lg/ml) and CS-C (50 lg/ml).

Heparan sulfate contains polymorphic sulfated sequence

motifs that are responsible for numerous protein binding and

regulatory properties. HS chains are attached to core pro-

teins to form HS-PGs, which are known to have diverse

biological functions [17]. When HS is present, it helps

regulate the main cellular activities. They are involved in

biological processes such as migration, differentiation and

morphogenesis [18]. By dispersing HS (5 lg/ml) to med-

ium, environment promotes cell–cell and cell–matrix

interactions may be formed. Analogous results occurred in

the group of dermatan sulfate (CS-B). Decorin, a small

dermatan sulfate PGs, is regularly and orthogonally arrayed

at the surface of type I collagen fibrils. It is suggested that

DS PGs are involved in the inhibition of the lateral growth

of collagen fibrils, the inhibition of calcification, and in

maintaining the structural integrity of aligned fibrils [16].

Control 

Aggrecan

GAPDH

Collagen II

CS-A CS-B CS-C HS

Aggrecan

GAPDH

Collagen II

Control 40kDa 500kDa

(A)

(B)

Fig. 1 Effects on the gene expression with selected GAGs mRNA

expression as detected by RT-PCR in human chondrocytes cultured

on collagen II scaffold and administration with GAGs (x-axis) for

28 days. a Control: basal medium; CS-A (5 lg/ml); CS-B (50 lg/ml);

CS-C (50 lg/ml); HS (5 lg/ml). b Control: basal medium; 40 kDa:

HA (40 kDa); 500 kDa: HA (500 kDa)
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However, addition of CS-A and CS-C are apparently more

effective than HS and CS-B not only in up-regulating gene

expression of aggrecan and collagen II but also having a

trend towards higher GAGs/DNA accumulation. It may be

related to the fact that the major forms of PGs in the carti-

lage, aggrecan, contain CS as their main GAGs component.

HA is known to interact with chondrocytes via various

surface receptors including CD44. It has been shown to

influence many processes within the ECM including matrix

assembly, cell proliferation, cell migration, and tissue

development [19]. It has been suggested that the age-

related decrease in the size of HA in cartilage reflects a

modification occurring in the matrix [20]. Consequently,

HA size appears to be critical to the response of chon-

drocytes. In our results (Fig. 1b), higher molecular weight

HA can definitely stimulate the gene expression of collagen

II and biosynthesis rate of chondrocytes. We suppose

higher molecular weight HA can assemble more easily to

form the large PGs aggregation.

In conclusion, our results suggest that chondrocytes

cultured on genipin-crosslinked scaffold show better dif-

ferentiation tendency toward functional hyaline cartilage

by administering GAGs to culture medium. This was

supported by the observation of up-regulation of biosyn-

thesis rate (GAGs/DNA ratio) and gene expression of

aggrecan and collagen II in vitro. Particularly, we showed

that treatment with CS-A, CS-C, and 500 kDa HA led to a

significant up-regulation of collagen II and aggrecan

expression. These results suggest that exogenous GAGs

administration are capable of activating normal cartilage

ECM secretion and may find some potential applications in

cartilage treatment.
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