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Background  Cartilage injury has a very poor capacity for intrinsic regeneration. The cell-based treatment strategy for 
the cartilage repair using differentiated bone marrow mesenchymal stem cells (BMSCs) is, however, a promising 
approach to the chondral repair. This study was aimed to explore the chondrogenic potential of the goat BMSCs in the 
Transwell co-culture system and the poly-laetide-co-glycolide (PLGA) scaffolds.  
Methods  The BMSCs were isolated from the goat iliac crest while the chondrocytes were obtained from the goat’s last 
costal cartilage. In the Transwell co-culture system, the BMSCs co-cultured with chondrocytes were designed as group A, 
whereas the goat’s BMSCs induced with the chondrogenic medium were group B. Both groups A and B were the 
experimental groups, while group C that only contained BMSCs was the control group. In the PLGA scaffolds co-culture 
system, BMSCs were seeded into the PLGA scaffolds, which were suspended in the 24-well plate, and the control group 
was established by presence or absence of chondrocytes at the bottom of the 24-well plate. Toluidine blue staining, 
Alcian blue staining, collagen II immunofluoresence, collagen II immunochemical staining, collagen I, collagen II, COL2a 
Q-PCR and osteopontin Q-PCR were used to examine the chondrogenic conditions as well as the expressions of 
chondrogenic and osteogenic genes. 
Results  Cells isolated from the aspirates of the goat bone marrow proliferated rapidly and gained characteristics of 
stem cells in Passage 4. However, the differentiations of chondrocytes were not apparent in Passage 3. The results from 
Toluidine blue staining, collagen II immunofluoresence and PCR showed the transformation of BMSCs to chondrocytes in 
the Transwell co-culture system and PLGA scaffolds. Although the cartilage gene expressions were upgraded in both 
chondrogenesis group and co-culture system, the osteopontin gene expression, which represents osteogenic level, was 
also up-regulated. 
Conclusions  The Transwell co-culture system and the PLGA scaffolds co-culture system can promote the 
chondrogenic differentiation of the goat’s BMSCs, while up-regulated osteopontin gene expression in the Transwell 
co-culture system implies the osteogenic potential of BMSCs.  
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roblems such as limited cell sources, high cell loss 
rates and unsure therapeutic effects exist in the 

conventional surgical treatment for cartilage lesion. The 
development of cartilage tissue engineering has increased 
the possibility of the repair of cartilage damage. One of 
the problems we are faced with in the cartilage tissue 
engineering is the source of cells.1,2 The bone marrow 
mesenchymal stem cells (BMSCs) are considered to be 
one of the most important cell sources due to their easy 
availability and multiple differentiation potential. Many 
protocols have been developed to induce BMSCs to 
differentiate into chondroblast, such as applying cytokine, 
biomechanics stimulation, microenvironment inducing, as 
well as co-culture system, etc., of which the co-culture of 
BMSCs and chondrocytes is considered to be an 
economical, easy-performing and theoretically reasonable 
strategy.3 
    
According to previous studies,4,5 the goat is one of the 
most frequently used large animals in cartilage repair 
studies due to its availability and its relatively large stifle 

size which facilitates ease of use and management. 
Besides, the goat knee’s intercondylar notch, cortical and 
trabecular bone structure are similar to those of humans. 
However, few reports on the goat models in the 
co-culture system have been published.  
      
The purpose of the present study was, therefore, to 
explore whether co-culture of goat BMSCs and 
chondrocytes in vitro in the Transwell system, which was 
loaded with two populations cultured in monolayer, of 
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which BMSCs were planted in the bottom of six-well 
plate and chondrocytes were seeded upon the surface of 
the Transwell insert chamber, is able to promote the 
expression of extracellular matrix (ECM) in BMSCs, and 
to compare chondrogenic effect of BMSCs induced by 
chondrocytes with that done by chondrogenic medium. It 
also aims to examine whether BMSCs planted in 
3-dimesional poly-laetide-co-glycolide (PLGA) sponge 
also gained increased chondral differentiation capacity by 
co-culturing with chondrocytes.  
 

METHODS 
 

All experimental procedures involving animal 
experiments conformed to the National Institue of Health 
Guidelines for the Care and Use of Laboratory Animals 
and were approved by the Administration Committee of 
Experimental Animals, Guangdong Province, China. 
 
Materials and instruments 
Chondroitin sulfate was purchased from BELLANCOM 
(USA). Heparin sodium, penicillin G and streptomycin, 
type II coIIagenase, 1,9-dimethylmethylene blue 
(1,9-DMMB), Alizarin Red, Alcian Blue, Toluidine Blue, 
sexamethasone, ascorbate 2-phosphate, indomethacin and 
Oil Red O were obtained from Sigma (USA). Dulbecco’s 
modified Eagles medium (DMEM) and fetal bovine 
serum (FBS) were obtained from Gibco (USA). Trizol 
was obtained from Invitrogen (USA), QuantiTect Rev 
Transcription kit and QuantiTect SYBR Green PCR kits 
was obtained from TAKARA (Japan), SABC kit, DAB kit 
and anti-collagen type II were purchased from Wuhan 
Boster Company (China). AKP kit and alkaline 
phosphatase (ALP) staining kit were obtained from 
Nanjing JianCheng Company (China). Chondrogenic 
medium was obtained from Cyagen (Guangzhou, China). 
Transwell plate and cell culture dish were obtained from 
Corning (USA). We also used an inverted phase contrast 
fluorescence microscope (Olmpus,  Japan), an ABI 7500 
real-time PCR system, a carbon dioxide incubator (Harris, 
USA), a flow cytometer (Beckman Coulter, USA), and a 
SPECTRA max PLUS microplate spectrophotometer 
(Molecular Devices, USA).   
 
Isolation, culture and expansion of BMSCs  
BMSCs were isolated following the conventional 
protocol of the laboratory.6 The bone marrow aspirates 
(about 5 ml), which were obtained from the crest of ilium 
of goat, were diluted with 20 ml low-glucose DMEM 
containing 5000 U heparin. The sediment was collected 
by centrifuging at 1000 r/min for 10 minutes under the 
room temperature, washed twice with the phosphate 
buffered solution (PBS), and then re-suspended in 3 ml 
DMEM with 10% FBS, 100 U/ml penicillin G and 100 
μg/ml streptomycin and seeded in 10 cm culture dish, and 
cultured at 37°C under 5% CO2 atmosphere. The medium 
was changed 3 days later and then every 3 days with the 
removal of non-adherent hematopoietic cells. The cells 
were harvested by using trypsinization 12 days later, 

when the cells grew to approximately 80% confluence. 
Passage 4 cells were used in this study. The cell number 
and viability were assessed with a hemocytometer.   
 
Chondrocyte culture 
Chondrocytes were isolated from the goat rib cartilage. In 
brief, the goat was anesthetized by injection with 
Sumianxin (a mixture of xylidinothiazole, 
dihydroetorphine hydrochloride, EDTA and haloperidol, 
0.1 ml/kg i.m.) and atropine (0.1 mg/kg i.m.) as the basic 
anesthesia, and then further anesthetized with 3% 
Butaylone (30–35 mg/kg i.v.) and 3 cm free edge of the 
last rib was removed by sterile dissection. The rib 
cartilage was finely minced and washed with PBS, and 
digested with 0.25% trypsin (w/v) for 30 minutes, then 
0.1% type II collagenase in DMEM for 8 hours at 37°C. 
The mixtures were shaken every 30 minutes. The isolated 
chondrocytes were re-suspended in DMEM supplemented 
with 10% FBS, 100 U/ml penicillin G, and 100 μg/ml 
streptomycin. The cells were then seeded at a density of 
1×105 cells/ml and placed in a 5% CO2 incubator at 37°C. 
The culture medium was changed every 3 days. 
 
Evaluation of BMSCs differentiation  
Oil Red O staining was used to identify intracellular lipid 
vesicles coming from the adipogenic monolayer cultures. 
Calcium node from differentiated or differentiating 
osteoblasts was stained with Alizarin Red. Alcian Blue 
and Toluidine Blue staining confirmed the cartilaginous 
phenotype of the induced cells.  
 
Chondrogenic induction of BMSCs 
In the transwell co-culture system, the passage 3 
chondrocytes and passage 4 BMSCs were mixed to 
achieve chondrogenesis. In this study, group A and B 
were established as the experiment groups while group C 
was made the control group. In group A, chondrocytes 
and BMSCs (ratio 1:2) which were seeded respectively in 
the insert chamber and the bottom of the six-well plate, 
were co-cultured in DMEM supplemented with 10% FBS, 
50 μg/ml Ascorbate 2-phosphate, 100 U/ml penicillin G, 
and 100 μg/ml streptomycin. In groups B, BMSCs were 
simply induced in the six-well plate by the chondrogenic 
medium composed of DMEM supplemented with 10% 
FBS, 100 U/ml penicillin G, 100 μg/ml streptomycin, 40 
μg/ml ITS+ (Sigma), 10 ng/ml transforming growth 
factor (TGF)-β3 (Invitrogen), 10-7 mol/L dexamethasone, 
and 50 μg/ml Ascorbate 2-phosphate. In group C, BMSCs 
were cultured in the six-well plate containing DMEM 
which was supplemented with 10% FBS, 50 μg/ml 
Ascorbate 2-phosphate, 100 U/ml penicillin G and 100 
μg/ml streptomycin. Both experiment and control groups 
contained 1×105 cells initially and were plated at a 
density of 1×104 cells per cm2. The medium was changed 
every 3 days and the removed mediums were collected 
and stored at –80° for glycosaminoglycans (GAG) 
content assay. Cells were harvested on day 14 for 
Quantitative real-time polymerase chain reaction (Q-PCR) 
detection and day 21 for histological assess. 
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Table. Primers used in the PCR analysis 
Gene name  Primer Sequence Length (bp) 

Col 2a  R: 5′-gcggctggtacttgtagtcc-3′ L: 5′ -cagcaagactctgggcaag-3′ 149 
Collagen II  R: 5′-tgtccttgctcttgctgctc-3′ L: 5′-atggagactggcgagacctg-3′ 82 
collagen I  R: 5′-agggagtttacaggaagcagaca-3′ L: 5′-cgaatacaaaaccaccaagacc-3′ 122 
osteopontin R: 5′-cagtccataagccacactatcacc-3′ L: 5′-ccaacaatcgca gttttcactc-3′ 81 
GAPDH R: 5′-ccctccacgatgccaaa-3′ L: 5′-ttgtgatgggcgtgaacc-3′ 127 

 
In the PLGA sponge co-culture system, the constructs of 
BMSCs seeded into the PLGA sponge were suspended in 
the medium in the 24-well plate. The experimental groups 
were set when chondrocytes were planted in the bottom 
of the 24-well plate. The culture medium was made up of 
DMEM which was supplemented with 10% FBS, 100 
U/ml penicillin G and 100 μg/ml streptomycin. The 
culture medium was changed every other day, and the 
sponges were sectioned for histologically assess by the 
end of week 3. 
 
Histological assess 
By the end of week 3, the BMSCs in the Transwell 
co-culture system were fixed with 4% paraformaldehyde 
for 30 minutes, rinsed twice with PBS and stained with 
Toluidine Blue. Immunofluorescence was detected briefly 
as follows: (1) Take out the cell-climbing cover glass; (2) 
Rinse it twice with PBS; (3) Fix it in 4% 
paraformaldehyde; (4) Rinse it three times with PBS; (5) 
Incubate it overnight with a monoclonal primary antibody 
against collagen II at a dilution of 1:200 in a humid 
chamber at 4°C; (6) Rinse it three times with PBS (5 
min/time); (7) Incubate it with goat anti rabbit secondary 
antibody labeling with green fluorescence for 2 hours at 
37°C; (8) Mark the nucleus with DAPI for 10 minutes or 
so. 
 
The PLGA sponges were fixed in 4% paraformaldehyde 
for 6 hours, embedded in paraffin and cut into 7 μm thick 
sections. To prepare for the histological evaluation, these 
sections were stained with Toluidine Blue and HE. 
Immunohistochemistry (IHC), which was employed to 
detect collagen II, was performed briefly as follows: (1) 
Pretreatment with 0.1% trypsin for 20 minutes at 37°C; (2) 
Block endogenous peroxidase and non-special reaction by 
pretreatment with 3% H2O2 and goat serum; (3) Incubate 
the sections overnight with a monoclonal primary 
antibody against collagen type II at a dilution of 1:200 in 
a humid chamber at 4°C; (4) Rinse it three times with 
PBS (5 min/time); (5) Incubate with secondary antibody 
labeled with horseradish peroxidase (HRP) for 2 hours; (6) 
Reveal the staining with DAB kit for 30 minutes. 
Incubation without primary antibody was used as the 
negative control.  
  
GAG content assay 
The identification of GAG was preformed according to 
the method introduced by Barbosa et al.7 The removed 
culture medium was collected at each time point. 
Absorbance was measured at 525 nm in a SPECTRA 
max PLUS micro plate spectrophotometer after the 40 μl 
sample, with the 250 μl 1,9-dimethylmethylene blue, 
reacted for 10 minutes. The GAG content was calculated 

with a standard curve of chondroitin sulfate C. 
 
Q-PCR analysis 
Q-PCR was performed to assess the expression of several 
chondrocyte-related genes in the Transwell co-culture 
system by the end of week 2. The extraction of total RNA 
was completed by using Trizol reagent. PCR was 
performed with 0.5 mg RNA by using a QuantiTect Rev 
Transcription kit (Qiagen, USA). The quantitative PCR 
was performed on an ABI 7500 Real-Time PCR system 
(USA) and a QuantiTect SYBR Green PCR kits. The 
β-actin was used as an endogenous reference, and each 
sample was normalized to its β-actin content. All 
experiments were performed in duplicate which were 
repeated twice. Primers for Q-PCR are shown in Table.  
 
We used the software 7500 (version 2.0.1) supplied by 
Applied Biosystems (USA) to analyze the data. The 
threshold cycle (Ct) value for each sample was defined as 
the cycle number at which the fluorescence intensity 
reached a certain threshold and at which amplification of 
each target gene was within the linear region of the 
reaction amplification curves. The relative expression 
level for each target gene was normalized by the Ct value 
of the housekeeping gene GAPDH by using the 2ΔCt 
relative quantification method, with the undetected levels 
treated as zero. In brief, the copy number of the relative 
gene was derived from the formula 2-ΔCt, where ΔCt is the 
difference in amplification cycles required to detect the 
amplification products of the target genes (aggrecan and 
type II collagen) relative to the internal control, GAPDH; 
namely, relative copy number = 2-[Ct(target) – Ct(GAPDH)]. Each 
sample was analyzed in triplicate.  
  
Statistical analysis 
SPSS 13.0 (SPSS Inc., IL, USA) was used for data 
analysis. One-way analysis of variance was performed to 
compare the difference of GAG content and the relative 
quantity of gene expression level in the Transwell system. 
A probability of 95% (P <0.05) was used to determine 
significance. 
 

RESULTS 
 

Chondrocytes and BMSCs cultivation and 
identification 
Cells began to adhere to the surface of the culture plate 
surface within 24 hours after culture initiation. During 
this period, the majority of cells appeared to be flat and 
polygonal, and they gradually became spindle within 48 
hours after culture initiation. Confluence was achieved 12 
days later, when the adherence emerged in shorter time 
around 3 to 4 hours after culture. The increasing 
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proportion of spinal cells was observed with the growing 
passage times. Cultured cells uniformly appeared as 
spinal after passage 3. According to the flow cytometry, 
the positive CD29, CD44 and CD105 cells were more 
than 95 percent, while the percentage of cells with 
positive markers of hemopoietic stem cell like CD14, 
CD34 and CD45 were lower than 5 percent. Staining 
results from Alcian Blue, Oil Red-O and Alizarin Red 
indicated the chondrogenic, osteogenic and adipogenic 
differentiation capacity (Figure 1).   

Histological evaluation of BMSCs’ chondrogenic effect 
in co-culture system   
In the Transwell co-culture system, metachromatic 
Toluidine Blue staining as well as positive collagen II 
immunofluorescence in group A and group B indicated 
the successful secretion of GAG and collagen II, while 
group C failed to do so (Figure 2). 
 
In the PLGA scaffolds, results from HE staining, 
Toluidine Blue staining and collagen II 

 
Figure 1. Identification of BMSCs and chondrocytes. A: Identification of BMSCs’ CD molecular using flow cytometry. B: Morphology 
of goat BMSCs in the passage 4 (Inverted phase contrast microscope, original magnification ×100). C: Alican blue staining of BMSCs 
induced into chondrogenic cell on day 14 (original magnification ×100). D: Oil-red staining of BMSCs induced into adipogenic cells on 
day 14 (original magnification ×200). E: Alizarin red staining of BMSCs induced into osteogenic cell on day 14 (original 
magnification ×200). F: Toluidine blue staining of 3rd passage goat chondrocyte (original magnification ×200). G: Morphology 
observation of the 3rd passage goat chondrocyte (Inverted phase contrast microscope, original magnification ×100). 

 

Figure 2. Toluidine blue staining (A–C) and collagen II (D–F) 
immunofluoresence of BMSCs in the transwell plate. A, D: Group 
A; B, E: group B; C, F: Group C. Group A and group B have a 
similar intensity of metachromatic effect and fluorescence but not 
positive in group C. 
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immunohistochemistry demonstrated intensive 
proliferation of BMSCs and secretion of ECM including 
abundant collagen II and GAG in the experimental group. 
Negative collagen II immunohistochemistry and negative 
GAG Toluidine Blue staining as well as light staining 
ECM were observed in the control group (Figure 3). 
 
The GAG content in the Transwell co-culture system 
The amount of GAG was assessed on week 1 and week 3. 
The GAG content in group A and group B were (96.0±1.0) 
μg/ml and (116.2±26.5) μg/ml at the 7th day culture, 
which were significantly different from that in group C (P 
<0.05) (Figure 4A). At the point of the 21st day culture, 
group A obtained (243.9±5.5) μg/ml GAG, which was 
significantly lower than that in group B ((299.9±3.8) 
μg/ml) and higher than that in group C ((92.6±6.8) μg/ml) 
(Figure 4B). 
 
Gene expression analysis by Q-PCR 
The 7500 fast real-time-PCR software was employed to 
analyze the gene expression in the Tanswell co-culture 
system. We utilized GAPDH as the housekeeping gene 
and controlled group C as the reference group. By the end 
of the 2 weeks culture, up-regulated expression of 
collagen II gene, COL2a and osteopontin were found in 
group A and in group B, of which 2.17 times and 2.94 
times more collagen II gene, 2.23 times and 5.50 times 
more COL2a, 4.81 times and 3.65 times more osteopontin 
were obtained respectively. The expression of collagen I 
in group A was down-regulated as 0.18 times as much as 
that in group C, while group B achieved 1.68 times 
collagen I as much as that in group C (Figure 5A–5D). 
However, no significant change was observed in the 
expression of COL2a in group A and group C (P >0.05) 
(Figure 5A). Besides, group B obtained significantly 
higher expression of collagen I and collagen II than group 
A (Figure 5B and 5C). 

 
DISCUSSION 

 
Owing to the notoriously poor self-healing capacity, 

cartilage damage has long been a challenge in the clinical 
treatment.8-10 With respect to the undesired effects that the 
conventional clinical cartilage repair strategies achieve, it 
is urgent to develop a new repairing method. The recent 
advance of cartilage tissue engineering has presented a 
promising cartilage regeneration solution. The further 
development of cartilage tissue engineering, however, is 
limited by the source of cells.11 BMSCs are considered as 
an excellent cellular source because of ease of availability 
and multiple differentiation potential.   
 
Although BMSCs possess great advantages in cartilage 
tissue engineering, no unanimous opinion was achieved 
about how to better induce them to differentiate into 
chondrocytes. The co-culture system, which displays 
uplifted chondrongenic capacity, presents a new way out 
of the difficulty.3,12-14 
 
In our study, we found that the goat chondrocytes had 
positive influence in inducing BMSCs’ chondrogenic 
effects, in terms of increased GAG content, up-regulated 
expression of chondrogenic genes such as COL2a and 
collagen II, and down-regulated expression of collagen I 
gene. These results indicated that the goat 
chondrocytes/BMSCs co-culture system could serve as a 
proper microenvironment for cartilage repair.3 
 
Dedifferentiation is a unique feature of chondrocyte. With 
the increase in the culture time, more obvious phenotypic 
changes were observed, and the irreversible dedifferenti- 
ation appeared at the stage of passage 4.15 To take into 
consideration the stronger secretive capacity, the earlier 
passage chondrocytes, usually those no later than passage 
2, were often utilized in the previous co-culture studies. 
However, more passages were cultured in order to obtain 
sufficient chondrocytes in the clinical setting. Aiming at 
exploring the chondro-inductive potential of later passage 
chondrocytes, passage 3 ones were co-culture system and 
the PLGA scaffolds indicated that passage 3 chondrocytes 
had chondro-inductive effect on applied in our study. 
Results from both the Transwell BMSCs. 

Figure 3. HE staining, Toluidine blue staining and
immunohistochemistry staining of sections of PLGA and BMSCs 
constructs (arrow show PLGA scaffolds). A, B, C: experiment 
groups; D, E, F: control groups. A, D: A contains more ECM than D 
(HE staining, original magnification ×40). B, E: metachromatic 
staining in group B while not in group E (B: Toluidine blue staining, 
original magnification ×200, E: Toluidine blue staining, original 
magnification ×100). C, F: collagen II immunohistochemistry 
staining, positive staining showing a brown color in group C while
not obviously in group F (Original magnification ×100). 
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Figure 4. The GAG content. *Compared with group C, P <0.05. †Compared with group B, P <0.05. 
Figure 5. The different expression of each gene. *Compared with group C, P <0.05. †Compared with group B, P <0.05. 

 
The interactive influence appeared in the co-culture 
system. More active secretion and proliferation of 
chondrocytes were observed in the presence of BMSCs, 
while the proliferation capacity of BMSCs could be 
prohibited in the co-culture system. In the direct 
cell-to-cell contact co-culture system, it was difficult to 
distinguish the source of ECM, which could be secreted 
by both the original chondrocytes as well as the 
differentiated chondrocytes from induced BMSCs.3 
Besides, some researches demonstrated that the 
chondrogenic effect presented no association with pure 
cell-to-cell contact, but were influenced by cellular 
juxtacrine and gap junction.3,16  
 
Consequently, we employed two indirect co-culture 
systems to study the chondrogenic effect of BMSCs. In 
the first part of our study, the Transwell co-culture system 
demonstrated that the pure existence of paracrine 
mechanism was sufficient to induce BMSCs. In the 
second part of our study, the PLGA scaffolds, which 
overcame the cell-harvest difficulties, provided powerful 
evidence for further in vivo indirect co-culture study.  
  
The 3D BMSCs-scaffold constructs, by means of the 
indirect contact human BMSCs (loaded in the scaffolds) 
with animal chondrocytes (seeded in the plate), presents a 
promising prospect in the clinical application due to the 
simplified operation process, the mitigated suffering from 
surgery, the lower financial burden on patients and 
exemption of auto-immunization. Tsuchiya and his 
colleagues tried to explore the differentiation in the 
inductive effect of bovine mature articular chondrocytes 
on human BMSCs.13 Though chondro-inductive effect of 
bovine articular chondrocytes on human BMSCs was 
absent in their study, they claimed the beauty of 3D 
scaffolds co-culture protocol in cartilage tissue 

engineering and called on further studies to explore the 
appropriate animal model and scaffolds. In our study, we 
have successfully applied the goat model in the PLGA 
scaffolds to induce goat BMSCs to chondrocytes, and in 
future we will apply the constructs to repair 
osteochondral defects in vivo and try to induce human 
BMSCs with goat cartilage cells. 
 
The co-culture system needs proper cells ratio in the 
microenvironment. According to Andrew et al, more than 
20 percent of chondrocytes are required in the co-culture 
system and the proportion of chondrocytes should be 
controlled to avoid the undesired osteogenic 
differentiation.12,17 
 
In our study, the up-regulated osteopontin gene 
expression was discovered, suggesting an osteogenic 
potential. The osteogenic potential could be overcome by 
using a proper cell ratio.18-20 
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