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Abstract. Currently, a number of strategies including the 
implantation of bone marrow-derived mesenchymal stem 
cells  (BMSCs) and growth factors have been developed to 
regenerate the tendon-to-bone interface after performing ante-
rior cruciate ligament reconstruction. However, the mechanisms 
behind the interactions of the implanted BMSCs and tendon 
cells remain to be elucidated. The aim of this study was to 
evaluate the early cellular responses of BMSCs genetically 
modified with basic growth factor growth factor (bFGF)/bone 
morphogenic protein 2 (BMP2) and ligament fibroblasts in 
a three-dimensional co-culture model. BMSCs and ligament 
fibroblasts were both isolated from male Wistar rats. The BMSCs 
were then transfected with an adenoviral vector carrying bFGF 
or BMP2. The transfected BMSCs and ligament fibroblasts both 
encapsulated in alginate beads were co-cultured for 6 days in 
three-dimensional model. On days 0, 3 and 6, cell proliferation 
was assayed. On day 6, the expression of several tendon-bone 
related markers was evaluated. In the co-culture system, bFGF 
and BMP2 were highly expressed at the mRNA and protein 
level. During the process, bFGF significantly promoted cell 
proliferation, as well as the expression of scleraxis  (SCX) 
and collagen (COL) type Ⅰ (COL1) in the BMSCs; however, it 
markedly decreased the expression of phenotype markers in 
the ligament fibroblasts, including COL1 and COL3. BMP2 
markedly increased the expression of alkaline phosphatase and 
osteocalcin in the BMSCs and ligament fibroblasts, whereas it 
had no obvious effect on cell proliferation and collagen synthesis 

in the ligament fibroblasts. The combination of bFGF and BMP2 
resulted in the similarly enhanced proliferation of BMSCs and 
ligament fibroblasts as observed with bFGF alone; however, this 
combination more potently promoted osteogenic differentiation 
than did BMP2 alone. The findings of our study demonstrate the 
superiority of the combined use of growth factors in inducing 
osteogenic differentiation and provide a theoretical foundation 
for the regeneration of the tendon-to-bone interface.

Introduction

The anterior cruciate ligament (ACL) plays a pivotal role in 
maintaining the stability of the knee (1). The normal structural 
composition of the native ACL-to-bone interface consists of four 
distinct tissue regions, including the ligament, the non-mineral-
ized fibrocartilage, mineralized fibrocartilage and bone. Due to 
the relative avascularity of the fibrocartilage zone and bone loss 
at the site of injury (2), the anatomic insertion site is difficult 
to regenerate, which has led orthopedic surgeons to perform 
ACL reconstructions in the majority of cases (3). Functional 
rehabilitation post-ACL reconstruction largely depends on the 
successful healing of the tendon-to-bone interface (4).

In recent years, a number of strategies, including cell therapy 
and various growth factors in tissue engineering have been 
investigated in an aim to biologically accelerate and improve 
the healing of tendon-to-bone interface (5,6). Bone marrow-
derived mesenchymal stem cells (BMSCs) have been utilized 
to investigate the regeneration of the tendon-to-bone interface 
due to their self-renewal potential and pluripotency for possible 
clinical use (7-11). However, there is still unsatisfactory reha-
bilitation resulting from the lack of adequate growth factors 
which have been shown to be powerful regulators of biological 
function (12). Bone morphogenetic protein 2 (BMP2) belongs 
to the transforming growth factor (TGF)-β superfamily, known 
for its osteoinductive capacity, which has been well-investi-
gated in the study of tendon-to-bone healing (13,14). Dong et al 
reported that the topical application of BMSCs infected with 
recombinant BMP2 lentivirus promoted the formation of 
fibrocartilage‑like tissue and further improved the mechanical 
properties of the reconstructed ACL (15), indicating that the 
interactions between cells derived from BMSCs and tendon 

Early cellular responses of BMSCs genetically modified with  
bFGF/BMP2 co-cultured with ligament fibroblasts 

in a three-dimensional model in vitro
BIN LI1*,  RAMESH KUMAR JHA1*,  YONG-JIAN QI1,  QU-BO NI1,   

HUI WANG2,  BIAO CHEN1  and  LIAO-BIN CHEN1

1Department of Orthopaedic Surgery, Zhongnan Hospital, Wuhan University;  
2Department of Pharmacology, Basic Medical School, Wuhan University, Wuhan, P.R. China

Received January 1, 2016;  Accepted September 7, 2016

DOI: 10.3892/ijmm.2016.2752

Correspondence to: Dr Biao Chen or Professor Liao-Bin Chen, 
Department of Orthopaedic Surgery, Zhongnan Hospital, Wuhan 
University, Donghu Road 169, Wuhan, Hubei 430071, P.R. China
E-mail: chenbiao20030701@163.com
E-mail: lbchen@whu.edu.cn

*Contributed equally

Key words: bone marrow-derived mesenchymal stem cells, ligament 
fibroblasts, basic fibroblast growth factor, bone morphogenic protein 2, 
transfection, co-culture

https://www.spandidos-publications.com/10.3892/ijmm.2016.2752
https://www.spandidos-publications.com/10.3892/ijmm.2016.2752


LI et al:  EARLY RESPONSES OF GENETICALLY MODIFIED BMSCs CO-CULTURED WITH LIGAMENT FIBROBLASTS 1579

cells (fibroblasts) play a role in fibrocartilage formation by initi-
ating the differentiation of BMSCs and phenotypic alteratoins 
in fibroblasts through suitable growth factors.

Basic fibroblast growth factor (bFGF) has been found to 
be involved in numerous cellular functions, including angio-
genesis, cell proliferation, wound healing, limb formation and 
tissue remodeling (16-19). However, to date, there are only a 
few studies available on the effects of bFGF (by gene therapy) 
on tendon-to-bone regeneration following ACL reconstruction. 
Kohno et al demonstrated the abundance of bFGF and BMP2 
at the tendon-bone interface through an immunohistochemical 
investigation during the early post-operative stage (12). Their 
results implied that the implanted BMSCs genetically modified 
with both bFGF and BMP2 may potentially promote tendon-to-
bone regeneration.

To examine this hypothesis, we designed a three-dimen-
sional BMSC-ligament fibroblast co-culture model using an 
alginate hydrogel microsphere, which mimics the cellular 
organization at the interface in vivo, as well as facilitating 
paracrine interactions. To the best of our knowledge, this is the 
first report of the interaction of gene-transfected BMSCs with 
ACL-derived fibroblasts. We also evaluated the early effects of 
co-culture on the differentiation of BMSCs and the phenotypic 
maintenance of ligament fibroblasts. The findings of our study 
provide a theoretical foundation for the regeneration of the 
tendon-to-bone interface.

Materials and methods

Construction of adenoviral vectors. Replication-defective 
human adenovirus type 5 (SinoGenoMax Co., Ltd., Beijing, 
China) was used to generate the recombinant adenoviral vectors 
as previously described  (20). To obtain adenoviral vectors 
carrying bFGF and BMP2, the human entire coding sequence 
of bFGF (480 bp) and BMP2 (1.2 kb) was inserted into an 
adenoviral plasmid containing an enhanced green fluorescent 
protein (EGFP) under the control of the cytomegalovirus (CMV) 
promoter (SinoGenoMax Co., Ltd.). The produced vectors were 
designated as AdbFGF and AdBMP2. Subsequently, 293 cells 
purchased from the American Type Culture Collection (ATCC, 
Manassas, VA, USA) were used to reproduce recombinant 
viruses, as previously described (21). Viral titers were measured 
using a fluorescence spectrophotometer (F-4500; Hitachi, Tokyo, 
Japan), as previously described (22). The 50% tissue culture 
infective dose (TCID50/ml) was utilized to detect the quantifica-
tion of virus infectious titers, as previously described (23).

Isolation, expansion and characterization of BMSCs. Two 
specific pathogen-free Wistar rats weighing 80-100 g (male) 
were purchased from the Laboratory Animal Center of Wuhan 
University (Wuhan, China). The protocol for the use of rats was 
approved by the Committee on the Ethics of Animal Experiments 
of Wuhan University. The animals were sacrificed by anesthesia 
with 5% isoflurane. The femurs and tibias were harvested and 
the metaphysis on both sides was removed using a rongeur 
under sterile conditions. Bone marrow was collected by flushing 
the femur and tibia with medium. Following centrifugation at 
150 x g for 8 min at 25˚C, the cell pellets were mixed thoroughly 
with Dulbecco's modified Eagle's medium  (DMEM)/F12 
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal 

bovine serum (Gibco, Grand Island, NY, USA) and 100 U/ml 
penicillin-streptomycin in 5% CO2 at 37˚C and the cells were 
subcultured to passage 3 for the following experiments. The 
pluripotency of the BMSCs was confirmed by culturing for osteo-
genic and chondrogenic differentiation in controlled medium as 
previously described (24,25). Generally, for osteogenic differ-
entiation, the BMSCs were seeded at a density of 4x104 cells/
cm2 in a 6-well plate for 2 weeks in the osteogenic medium and 
von Kossa staining (Baso Biotech Co., Ltd., Wuhan, China) was 
then utilized to detect the calcium deposits. For chondrogenic 
differentiation, the BMSCs were suspended at a concentration of 
5x106 cells/ml in 1.25% alginate (Sigma-Aldrich, St. Louis, MO, 
USA) in 0.15 M NaCl and slowly dropped into 102 mM CaCl2 
solution and then encapsulated in alginate beads. After 4 weeks 
of culture, the alginate bead sections were stained with Alcian 
blue (ALB; Baso Biotech Co., Ltd.) and Safranin O (Saf-O; 
Baso Biotech Co., Ltd.) for the evaluation of chondrogenesis. 
Furthermore, BMSC markers were also analyzed by flow 
cytometry. Approximately 5x105 cells were incubated with 
specific phycoerythrin- or fluorescein isothiocyanate-conju-
gated monoclonal antibodies for rat CD29 (25‑0291), CD90 
(15‑0900), CD45 (11‑0461) and CD11 (12‑0110) (Biolegend, 
San Diego, CA, USA) and subjected to flow cytometric analysis 
using a BD FACSAria™ III flow cytometer (BD Biosciences, 
San Jose, CA, USA).

Isolation and expansion of ligament fibroblasts. The tissue of 
ACLs were removed from both knee joints of the rats under 
aseptic conditions and sliced into sections (approximately 
1 mm3) and then digested with 0.2% collagenase type Ⅰ (Sigma, 
Santa Clara, CA, USA) for 3 h at 37˚C in an incubator. Following 
centrifugation at 150 x g for 8 min at 25˚C, the supernatant was 
discarded, and the recovered cells were cultured with the same 
growth medium described above and subcultured to passage 3 
for use in the following experiments.

Gene transfer and establishment of three-dimensional co-culture 
model. Adenoviral vectors were transfected into the BMSCs at 
a multiplicity of infection (MOI) of 0, 25, 50, 100, 150 and 200. 
After 48 h, the cells were harvested and used to detect EGFP 
expression by flow cytometry, and the cells were also observed 
under an inverted fluorescence microscope (4J41302; Olympus, 
Tokoyo, Japan). The percentage of live infected cells expressing 
EGFP was counted to determine the optimal MOI value. Each 
experiment was repeated at least 3  times. Additionally, the 
expression of the transfected genes was examined by reverse 
transcription-quantitative polymerase chain reaction (RT-qPCR).

The BMSCs were transfected with AdEGFP, AdbFGF, 
or AdBMP2, or with AdbFGF plus AdBMP2. At 24 h post-
transfection, the BMSCs were trypsinized and encapsulated 
in the beads following the method described above. Twenty 
beads were placed on one side of the well each containing a 
sterile satinless metal cell strainer. The third passage ligament 
fibroblasts cultured in alginate beads at a concentration of 
5x106 cells/ml were placed on the other side of the well. Based 
on the different treatment of the BMSCs, the co-culture model 
was divided into 4 groups as follows: i) the AdEGFP group, 
ii) the AdbFGF group, iii) the AdBMP2 group, iv) the AdbFGF 
plus AdBMP2 group. The co-cultured cells were incubated for 
6 days and the medium was changed every 3 days in all groups.
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Cell proliferation assay. The proliferation of the transfected 
BMSCs and the ligament fibroblasts in the co-culture model was 
determined on days 0, 3 and 6. Briefly, on days 0, 3 and 6, the tests 
were performed on 96-well plates with one bead in each well. 
Culture medium containing MTS solution (Promega, Shanghai, 
China) was added followed by incubation for 4 h at 37˚C, as 
previously described (26). The absorbance at 490 nm was then 
measured using a spectrophotometer (Shimadzu, Kyoto, Japan).

Concentration of bFGF and BMP2 in the cell supernatant. 
The concentrations of bFGF and BMP2 in the cell supernatant 
following co-culture for 3 days were determined using enzyme 
linked immunosorbent assay  (ELISA) kits (R&D Systems, 
Minneapolis, MN, USA) according to the manufacturer's 
instructions.

RNA extraction and RT-qPCR. mRNA expression of related 
genes in the BMSCs and ligament fibroblasts was detected by 
RT-qPCR. Following co-culture for 6 days, the BMSCs and 
ligament fibroblasts were recovered from the alginate beads. 
Total RNA was isolated using TRIzol reagent  (Invitrogen) 
following manufacturer's instructions, and was converted 
to cDNA using the PrimScript®  RT reagent kit  (Takara 
Biotechnology Co., Ltd., Dalian, China). cDNA was assayed for 
mRNA expression, including that of glyceraldehyde-3-phosphate 
dehydrogenase  (GAPDH), scleraxis  (SCX), collagen (COL) 
type 1 (COL1), alkaline phosphatase (ALP), osteocalcin (OCN) 
and COL3. The tests were performed on an ABI Step One 
RT-PCR thermal cycler (ABI Stepone, Applied Biosystems, 
Foster City, CA, USA) using the SYBR® Premix Ex Taq™ 

kit (Takara Biotechnology Co., Ltd.). The housekeeping gene, 
GAPDH, was used as a quantitative control. The sequences of 
the primers used for PCR and the annealing temperature for the 
genes used in this experiment are shown in Table I. The PCR 
cycling conditions were as follows: pre-denaturation at 95˚C 
for 30 sec, denaturation at 95˚C for 5 sec, and the annealing 
conditions for each gene, and final elongation at 72˚C for 30 sec. 
The Ct value of fluorescent product was detected at the exten-
sion period, and gene expression in all samples was analyzed by 
applying the 2-ΔΔCt relative quantification method.

Western blot analysis. Proteins were extracted from the 
harvested BMSCs and ligament fibroblasts on day 6 following 
co-culture. The protein concentrations were determined by 
BCA assay  (Sigma). Samples of 50  µl protein were sepa-
rated on 12%  sodium dodecyl sulphate-polyacrylamide 
gels before being transferred onto polyvinylidene difluoride 
membranes (Millipore, Boston, MA, USA). The membranes 
were blocked with 5% non-fat milk powder and incubated 
with anti‑SCX (1:250; sc‑87425), anti‑ALP (1:200; sc‑79839), 
anti-OCN  (1:1,000; sc‑18319), anti-COL1 (1:100; sc‑8784) 
and anti-COL3  (1:150; sc‑8781) antibodies (all from Santa 
Cruz Biotechnology Co., Ltd., Santa Cruz, CA, USA), and 
then incubated with peroxidase-conjugated secondary anti-
bodies (A0001H; Bluegene Biotech Co., Ltd., Shanghai, China). 
The proteins were visualized by ECL detection (Amersham 
Pharmacia Biotech, Piscataway, NJ, USA) following the 
manufacturer's instructions. GAPDH (sc‑48166; Santa Cruz 
Biotechnology Co., Ltd.) was used as an internal control.

Statistical analysis. For the quantification of data, each assay 
was repeated at least 3  times independently. The results of 
the quantitative analyses are expressed as the means ± stan-
dard error of mean (SEM). The means were compared using 
one-way analysis of variance (one-way ANOVA) followed by 
Tukey's post-hoc assuming equal variances with the SPSS 17 
(SPSS, Inc., Chicago, IL, USA). A value of P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Characterization of BMSCs. Firstly, BMSCs exhibited a 
long spindle-like shape and grew well under the micro-
scope (Fig. 1A). Subsequently, to identify whether the isolated 
cells were rat BMSCs, the pluripotency of the BMSCs was 
assessed by differentiation toward the osteogenic lineage by 
von Kossa staining (Fig. 1B) and the chondrogenic lineage by 
ALB staining (Fig. 1C) and Saf-O staining (Fig. 1D). Black 
calcium deposits were spotted and the alginate beads sections 
were positively stained for glycosaminoglycan with ALB and 
Saf-O staining, which indicated the pluripotency of the BMSCs. 
Lastly, we performed flow cytometric analysis to demonstrate 
that the rat BMSCs expressed the specific mesenchymal stem 
cell markers, CD29 and CD90, but not the hematopoietic 
lineage markers, CD11 and CD45 (Fig. 1E).

Efficiency of adenoviral infection of BMSCs and successful 
establishment of the co-culture model. The infection effi-
ciency firmly correlated with the dosage of adenoviral vectors. 
The efficiency was 89.1% at an MOI of 50 and 95.5% of the 

Table I. Sequences of primers for used for RT-qPCR.

		  Annealing 
Genes	 Primer sequences	 temp (˚C)

GAPDH	 F:	GCAAGTTCAACGGCACAG	 60
	 R:	GCCAGTAGACTCCACGACA

bFGF	 F:	GTGTTACGGATGAGTGTTTCT	 60
	 R:	CAGCTCTTAGCAGACATTGG

BMP2	 F:	AGTGGGTGCTGCTCTTCCTA	 60
	 R:	ATGGGACACTCCTCTGTTGG

SCX	 F:	TGGGTGAAGCCTGCGGTGAC	 60
	 R:	CGTCTTTCTGTCACGGTCTTTGCT

OCN	 F:	CAGACCTAGCAGACACCATG	 60
	 R:	GCTTGGACATGAAGGCTTTG

ALP	 F:	GCCTTACCAACTCATTTGTGC	 60
	 R:	CATACCATCTCCCAGGAACATG

COL1	 F:	CATGTCTGGTTTGGAGAGAG	 60
	 R:	CGCTGTTCTTGCAGTGATA

COL3	 F:	CTGGAGTCGGAGGAATGG	 60
	 R:	GCCAGATGGACCAATAGCA

PCR, polymerase chain reaction; GAPDH, glyceraldehydes-3-phosphate dehy-
drogenase; bFGF, basic growth factor growth factor; BMP2, bone morphogenic 
protein  2; SCX, scleraxis; OCN, osteocalcin; ALP, alkaline phosphatase; 
COL1, collagen type Ⅰ; COL3, collagen type III; F, forward; R, reverse.
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Figure 2. Determination of adenoviral infection efficiency and establishment of co-culture model. (A) Quantitative assessment of transfection efficiency was 
performed by flow cytometric analysis. (B) Photomicrograph of transfected bone marrow-derived mesenchymal stem cells (BMSCs) showing the GFP-positive 
cells at an MOI of 50 visualized under a fluorescence microscope. Scale bar, 300 µm. (C and D) Presentation of co-culture model of transfected BMSCs and 
ligament fibroblasts both encapsulated in alginate beads.

Figure 1. Characterization of rat bone marrow-derived mesenchymal stem cells (BMSCs). (A) The morphology of BMSCs was photographed under a phase-con-
trast microscope. (B) BMSCs were stained with von Kossa staining following osteogenic differentiation. BMSCs in alginate beads were stained with  (C) Alcian 
blue (ALB) and (D) Safranin O (Saf-O) following chondrogenic differentiation. Scale bar, 100 µm. (E) Flow cytometric analysis of expression of the BMSCs 
markers (CD29 and CD90) and hematopoietic markers (CD11 and CD45).
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BMSCs were infected at an MOI of 100 (Fig. 2A). The basic 
principle to determine the optimal MOI is selecting the most 
cost-effective recombinant virus with the least cytotoxicity and 
higher infection efficiency; we selected the MOI of 50 as the 
optimal MOI. Fluorescence microscopic visualization revealed 
a high efficiency of adenovirus at an MOI 50 following trans-
fection (Fig. 2B). The co-culture model developed by our own 
laboratory was established using a stainless metal cell strainer 
in a 6-well plate (Fig. 2C and D).

Gene and protein expression of bFGF and BMP2. The gene 
expression of bFGF and BMP2 within 72 h following trans-
fection was verified by RT-qPCR. The mRNA expression of 
bFGF was markedly increased in the AdbFGF group and in the 
AdbFGF plus AdBMP2 group, compared with the AdEGFP 
group (Fig. 3A). The mRNA expression of BMP2 was signifi-
cantly enhanced in the AdBMP2 group and in the AdbFGF plus 
AdBMP2 group, compared with the AdEGFP group (Fig. 3D).

Similar to the increase observed in mRNA expression, 
the protein concentrations in the supernatant were also 

increased. The protein concentration of bFGF was higher in 
the AdbFGF group (4731.57±224.82 pg/ml) and in the AdbFGF 
plus AdBMP2 group (5835.27±568.27  pg/ml), than in the 
AdEGFP group (343.17±134.18 pg/ml) following co-culture for 
3 days (Fig. 3B). The protein concentration of BMP2 was higher 
in the Ad-BMP2 group  (1948.47±326.86 pg/ml) and in the 
AdbFGF plus AdBMP2 group (2135.33±228.09 pg/ml), than in 
the AdEGFP group (312.16±31.85 pg/ml) following co-culture 
for 3 days (Fig. 3C).

Cell proliferation assay. BMSC proliferation exhibited no 
obvious changes among the groups on day 0, which suggested 
the non-toxicity of the adenovirus on BMSC viability following 
transfection at the indicated MOI. Cell proliferation was mark-
edly enhanced in the AdbFGF group and in the AdbFGF plus 
AdBMP2 group on days 3 and 6. However, there was no signifi-
cant difference between the AdBMP2 group and AdEGFP 
group (Fig. 4A).

Moreover, ligament fibroblast proliferation exhibited 
similar changes to those of the BMSCs. Cell proliferation was 

Figure 3. mRNA and protein expression of basic growth factor growth factor (bFGF) and bone morphogenic protein 2 (BMP2) in the supernatant of bone 
marrow-derived mesenchymal stem cells (BMSCs) transfected with adenovirus. mRNA expression of (A) bFGF and (D) BMP2 in BMSCs within 72 h of 
transfection analyzed by RT-qPCR. Following co-culture for 6 days, the protein concentration of (B) bFGF and (C) BMP2 was determined by ELISA. Bars 
represent the means ± SEM. *P<0.05 compared with the AdEGFP group.
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distinctly increased in the AdbFGF group and in the AdbFGF 
plus AdBMP2 group on days 3 and 6; however, no significant 
difference was observed between the AdBMP2 group and 
AdEGFP group (Fig. 4B).

mRNA and protein expression in cells by RT-qPCR and western 
blot analysis. As regards the BMSCs  (Figs.  5A  and  6A), 

compared with the AdEGFP group, the mRNA and protein 
expression of SCX and COL1 was significantly elevated in the 
AdbFGF group. In addition, the mRNA and protein expression 
of ALP and OCN was distinctly increased in the AdBMP2 
group and in the AdbFGF plus AdBMP2 group. As regards 
the ligament fibroblasts (Figs. 5B and 6B), compared with the 
AdEGFP group, the mRNA and protein expression of COL1 

Figure 5. mRNA expression of bone marrow-derived mesenchymal stem cells (BMSCs) and ligament fibroblasts determined by RT-qPCR. The mRNA expres-
sion of scleraxis (SCX), collagen (COL) type Ⅰ (COL1), alkaline phosphatase (ALP) and osteocalcin (OCN) in (A) BMSCs and that of COL1, COL3, ALP and 
OCN in (B) ligament fibroblasts was analyzed by RT-qPCR following co-culture for 6 days. Bars represent the means ± SEM. *P<0.05 and **P<0.01 compared 
with the AdEGFP group. NS, not significant.

Figure 4. Analysis of the proliferation of bone marrow-derived mesenchymal stem cells (BMSCs) and ligament fibroblasts by MTS assay. BMSCs were co-
cultured with ligament fibroblasts and the proliferation of (A) BMSCs and (B) ligament fibroblasts was then determined by MTS assay on days 0, 3 and 6. Bars 
represent the means ± SEM. **P<0.01 compared with the AdEGFP group.
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and COL3 was significantly decreased in the AdbFGF group 
and in the AdbFGF plus AdBMP2 group, although there was 
no obvious difference between the AdBMP2 group and the 
AdEGFP group. Moreover, the mRNA and protein expression 
of ALP and OCN was markedly enhanced in the AdBMP2 
group and AdbFGF plus AdBMP2 group. In addition, a higher 
expression of ALP and OCN in both the BMSCs and ligament 
fibroblasts was observed in the AdbFGF plus AdBMP2 group 
compared with the AdBMP2 group.

Discussion

Our goal was to elucidate the possible mechanisms respon-
sible for the regeneration of the tendon-to-bone interface, and 
this study focused on the early cellular interactions between 
BMSCs expressing bFGF/BMP2 and ligament fibroblasts. A 
biomimetic three‑dimensional co-culture model was developed 
to evaluate the interactions between transfected BMSCs and 
ligament fibroblasts and to analyze the potential effects of these 
communications on the interface. Our results revealed that the 
combination of bFGF and BMP2 promoted the proliferation 
and osteogenic differentiation of the BMSCs. On the other 
hand, the two cytokines not only promoted the proliferation and 
differentiation of the ligament fibroblasts, but also decreased the 
expression of COL1 and COL3, which are the main components 
of the ligament matrix. These effects in the co-culture system 
suggest that the implantation of BMSCs expressing bFGF/BMP2 
at the interface may achieve a solid osseointegration between the 
grafts and the bone tunnel.

Scaffolds are important components of the tissue engineering 
strategy as they define the ultimate shape of the construct while 
providing the required mechanical strength during regeneration 
and proper cell attachment sites (27). The alginate hydrogel 
microsphere as a unique three-dimensional cell delivery scaf-
fold, has been widely used in tissue engineering, drug delivery 
and wound healing, due to retainment of the structural similarity 
with the extracellular tissues (28). Due to these features, we 
adopted this strategy to encapsulate both genetically modified 
BMSCs that served as a source of growth factors and ligament 
fibroblasts for maintaining the phenotype during culture (29). It 
has been confirmed that macromolecules with molecular weight 
of <49 kDa can penetrate the pores of the alginate hydrogel 
microspheres to influence cell behavior (30), which suggessts 
that bFGF and BMP2 can enter the microsphere and regulate 
the biological behavior of encapsulated BMSCs and ligament 
fibroblasts. Furthermore, our previous study also reported the 
proliferation and differentiation of BMSCs in alginate hydrogel 
microspheres for cartilage tissue engineering (25). Thus, it is 
possible for alginate hydrogel microspheres to be used as scaf-
folds in tissue engineering techniques.

SCX, detected in the ligament progenitor cells, is important 
for the development of the musculoskeletal system and COL1 
and COL3 is the major constituent of ligament (31,32). In our 
study, for the AdbFGF group, our results demonstrated that cell 
proliferation and the expression of SCX and COL1 in the BMSCs 
was markedly enhanced, indicating a shift of BMSCs towards 
the more mature state of fibroblast-like cells following the gene 
transfer of bFGF. Our findings collaborate with the findings of 

Figure 6. Protein levels in bone marrow-derive3d mesenchymal stem cells (BMSCs) and ligament fibroblasts confirmed by western blot analysis following 
co-culture for 6 days. The protein expression of scleraxis (SCX), collagen type Ⅰ (COL1), alkaline phosphatase (ALP) and osteocalcin (OCN) in (A) BMSCs and 
that of COL1, COL3, ALP and OCN in (B) ligament fibroblasts was detected by western blot analysis following co-culture for 6 days. GAPDH was used as an 
internal control. *P<0.05 and **P<0.01 compared with the AdEGFP group.
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the in vitro model by Cai et al, which suggested that bFGF may 
be an important regulator of the proliferation and differentiation 
of BMSCs (33). As regards the ligament fibroblasts, cell prolif-
eration was markedly enhanced, and this was accompanied by 
the decreased expression of COL1 and COL3. Qiu et al reported 
similar results, showing that the expansion of tenocytes treated by 
bFGF was supported, while collagen synthesis was significantly 
decreased (34). Caliari and Harley also confirmed that bFGF 
increased the proliferation of equine tenocytes, but reduced the 
expression of phenotype-related genes (COL1 and COL3) within 
an anisotropic collagen-GAG scaffold, for which they considered 
that a single factor led to a dose-dependent trade-off between 
driving tenocyte proliferation versus the maintenance of a teno-
cyte phenotype (31). In this study, the possible reason may be that 
for the expansion phase of fibroblasts in vitro, early cell differ-
entiation and target structure formation has to be minimized to 
enhance nutrient diffusion. Fully differentiated fibroblasts tend 
to form thick layers of collagen around the scaffold, which could 
prevent the cells within the scaffold from gaining sufficient 
nutrients from the culture medium and consequently would be 
less likely to proliferate.

In this study, with respect to the AdBMP2 group, the early 
osteogenic differentiation of the BMSCs was noted, evidenced 
by the increased expression of OCN and ALP, which was 
consistent with other findings reported by other studies (35,36). 
However, the proliferation and the expression of collagen (COL1 
and COL3) concerning the exposure of ligament fibroblasts to 
BMP2 exhibited no obvious changes. Other in vitro studies 
have reported consistent results that neither the proliferation 
of tenocyte-like cells nor collagen production was influenced 
by BMP2 (13,37,38). In our study, the increased expression of 
OCN and ALP in ligament fibroblasts was also observed. This 
result supports those of the study by Salingcarnboriboon et al, 
who showed that the mRNA expression of ALP and osterix 
in tendon cell lines (TT-E4, TT-G11 and TT-D6) was exten-
sively increased following culture in the presence of BMP2 
for 3 days (38). Additionally, Steinert et al demonstrated that 
ACL-derived cells express stem cell markers and are able to 
undergo osteogenic differentiation (39). Our present results 
indicated that BMP2 promoted the osteogenic differentiation 
of ligament fibroblasts. Hashimoto et al reported that an engi-
neered bone-to-bone graft, generated by injecting BMP2 into 
the semitendinosus tendon to achieve ectopic ossicles, resulted 
in the restoration of morphology and function equivalent to 
those of the normal ACL (40). Martinek et al reported that 
adenoviral BMP-2 transfection of ACL grafts led to improved 
bone tunnel integration in rabbits (41). The effects of osteogenic 
differentiation of BMP2 on the ligament fibroblasts in our find-
ings may be a reason for the improved tendon-to-bone healing 
as reported above and further suggest that a beneficial effect of 
implanted BMSCs expressing BMP2 may be partially caused 
by enhancing the osteogenic differentiation of both BMSCs 
and ligament fibroblasts.

A cocktail of various growth factors has been developed 
to manipulate the biological healing of the tendon-to-bone 
interface. Hou et al revealed that the healing of experimen-
tally injured Achilles tendons in rabbits would be enhanced 
by the cell-based gene transfer of vascular endothelial 
growth factor (VEGF) and TGF-β1 (42). In an in vitro study, 
Pauly et al investigated BMP-2 in combination with BMP-7 

and showed that it could positively affect human rotator cuff 
ligament fibroblasts in terms of stimulating cell activity and 
COL1 production and the expression of several markers (13). In 
this study, the combination of bFGF and BMP2 yielded better 
results, since the combination of both factors more potently 
promoted the proliferation and osteogenic differentiation of 
BMSCs and ligament fibroblasts along with the decreased 
expression of collagen in the ligament fibroblasts, suggesting 
the synergistic effects of bFGF and BMP2 in the co-culture 
system. Wang et al demonstrated similar results, showing that 
the combination of BMP-2 and bFGF was more effective than 
either one alone in promoting the formation of new bone (43). 
Based on the findings of this study, it may be presumed that 
the synergistic effects firstly began with the continuous fission 
and proliferation of BMSCs and ligament fibroblasts, as well 
as the decreased expression of phenotype makers in ligament 
fibroblasts induced by bFGF. During this process, BMP2 was 
provided to induce cell differentiation. However, the detailed 
mechanisms responsible for these synergistic effects and 
whether more benefits could be achieved if more genes are 
transfected warrants further investigation.

The duration (6 days) was simply provided for our prelimi-
nary knowledge about the early cellular responses of BMSCs 
transfected with bFGF/BMP2 and ligament fibroblast in three-
dimensional co-culture. However, as a limitation to our study, 
the terminal effects of long term co-culture between the two 
types of cells in vitro remain unknown. In addition, further 
studies are required to confirm whether the co-application of 
bFGF and BMP2 will achieve a solid osseointegration between 
the grafts and the bone tunnel in vivo.

In conclusion, we developed a biomimetic three-dimen-
sional co-culture model to evaluate the interactions between 
transfected BMSCs and ligament fibroblasts. Co-culture of two 
types of cells gave rise to cell differentiation and phenotypic 
changes. The findings of this study demonstrated the superi-
ority of combinational growth factors in inducing osteogenic 
differentiation and provided a theoretical foundation for the 
improvement of the tendon-to-bone interface in vivo.
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