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Abstract—Recombinant human bone morphogenetic
protein-2 (rhBMP-2) and basic fibroblast growth factor
(bFGF) are the focus of research pertaining to the stimula-
tion of bone formation. We ascertained the effects of
different concentrations rhBMP-2 on proliferation and
differentiation of bone marrow stromal cells (BMSCs)
in vitro and on ectopic bone formation in rats. BMSCs were
obtained from beagle dogs and cultured in medium contain-
ing different concentrations rhBMP-2 and bFGF (0, 25, 50,
100, or 200 ng/mL). In a separate experiment, BMSCs were
treated with different ratios (1:1, 2:1, 4:1, or 8:1) of rhBMP to
bFGF (in each case the concentration of rhBMP was 100 ng/mL
and the bFGF concentrations 100, 50, 25, or 12.5 ng/mL).
Proliferation and differentiation of BMSCs were quantified
by assessing methyl thiazole tetrazolium (MTT) and alkaline
phosphatase (ALP) over 6 consecutive days. Von Kossa
staining was performed on day 6. For the in vivo tests, porous
calcium phosphate cement (CPC) was seeded with BMSCs
(5 9 104) in medium containing 100 ng/mL rhBMP-2, 50 ng/mL
bFGF or combined 100 ng/mL rhBMP-2 and 50 ng/mL
bFGF. These cells were then subcutaneously implanted in
four sites in nude rats. Bone formation was detected by
histology at weeks 4 and 12 and quantified using a KS400
computer based image analysis system. It was determined
that combined rhBMP-2 and bFGF at a ratio of 2:1
(100:50 ng/mL) promoted significantly increased BMSC
proliferation and differentiation of BMSCs compared to
rhBMP-2 or bFGF alone (p< 0.05). CPC with combined
100 ng/mL rhBMP-2 and 50 ng/mL bFGF stimulated more
bone formation than either 100 ng/mL rhBMP-2 or 100 ng/mL
bFGF (p< 0.05). These results show that a combination of
rhBMP-2 and bFGF effectively induces early BMSC prolif-
eration and differentiation in vitro. When combined, rhBMP-2
and bFGF synergistically promote new bone formation.
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INTRODUCTION

It has been reported that bone morphogenetic pro-
tein (BMP) and basic fibroblast growth factor (bFGF)
can induce bone formation in ectopic and orthotopic
sites in vivo.12–14,31,49 Growth factors are endogenous
regulators of cells responsible for mineralized tissue
formation that are being explored therapeutically for
bone tissue engineering. Growth factors have been
used clinically within scaffolding biomaterial carriers
for bone repair.18,20 They have also been administered
systemically in preclinical models to stimulate bone
deposition throughout skeletal tissues.1,18,43

BMPs belong to the transforming growth factor
superfamily and play an important role in osteogenesis
and bone metabolism.29,30 Among these, BMP-2 has a
very strong osteoinductive activity. Since recombinant
human BMP-2 (rhBMP-2) became available, many
animal studies have been performed examining the
induction of bone formation following implantation of
rhBMP-2 using various carriers.34,36,38,46,48

Fibroblast growth factor (FGF) was originally
identified from extracts of the pituitary gland and
brain, and has been demonstrated to stimulate the
proliferation of fibroblasts.22 The activity was
mainly attributed to two similar proteins, acidic and
basic fibroblast growth factor (bFGF, also known as
bFGF-2).10,21 The basic form has been extensively
studied because of its stronger potency in comparison
with the acidic form. To date, it has been established
through in vitro studies that bFGF is a potent mitogen
not only for fibroblasts, but also for other meso-
derm-derived cells including osteoblasts and vascular
endothelial cells.3,24,43,48 Most in vitro studies have
reported that bFGF can influence differentiation of
bone marrow stromal cells (BMSCs), and enhance
chondrogenic and osteogenic differentiation of BMSCs.
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bFGF stimulates BMSCs to deposit new mineralized
bone yet allows these cells to retain differentiation
potential.41

BMP-2 and bFGF are growth factors that act as
prototypical mitogen and morphogen, respectively.11

bFGF administered via the intravenous route has been
shown to stimulate endocortical bone deposition.
Angiogenic and mitogenic effects of bFGF have been
demonstrated to exert beneficial effects at bone
sites.17,33,45 Systemic administration of BMP-2 in an
osteoporotic mouse model has been reported to
increase femur trabecular bone volume.1 The combi-
nation of growth factors has been shown to result in
synergistic effects that might further stimulate the
complex cellular events and interactions that lead to
new bone formation.2,9,23,28,32,43,47 However, it is not
clear what concentrations and ratios of BMP to bFGF
are optimal for improving bone formation both in vivo
and in vitro.

The aims of this study were to determine the optimal
concentrations and ratios of rhBMP-2 to bFGF and the
effects of these combinations on bone formation in rats
following ectopic administration of cultured beagle dog
marrow stem cells loaded onto porous calcium phos-
phate cement (CPC). We chose to use CPC as the car-
rier in this study as it has been demonstrated to offer
several advantages over other potential carriers. These
include ease of shaping, and excellent bone biocom-
patibility, osteoconductivity and bioresorbabili-
ty.16,27,42 CPC also has an amorphus structure which is
comparable to the bone mineral phase.4

MATERIALS AND METHODS

Preparation of rhBMP-2 and bFGF Solutions

Both rhBMP-2 and bFGF were purchased from
PeproTech, Inc (London, UK). Freeze-dried rhBMP-2

was dissolved in phosphate buffered saline (PBS)
containing BSA (50 lg of BSA per 1 lg of protein) to
give a concentration of 2 lg/mL, while freeze-dried
bFGF was dissolved in PBS containing 10 mM Tris
(pH 8.5) to give a concentration of 2 lg/mL and stored
at �20 �C.

Cytokine Carrier Preparation

CPC was purchased from Rebone Biomaterial Ltd
Co (Shanghai, China). According to the supplier, CPC
was manufactured by mixing the following: hydroxy-
apatite, tetracalcium phosphate, tricalcium phosphate,
dicalcium phosphate dehydrate, and distilled water at
room temperature.35 The cement had an average pore
size of 400 lm and 70% porosity (see Fig. 1). CPC was
used as a carrier (4 mm diameter 9 2 mm thickness)
for rhBMP-2 and bFGF (Fig. 1). The pieces were
submerged in 10 mL of culture medium for 30 min
before in vitro use.

Animal Protocol

A total of 12 male Nu/Balb-c nude rats
(aged 5 weeks, weighing 100–200 g) were used. These
T-lymphocyte deficient, athymic mice were used to
avoid any potential cross-species incompatibility
response to the beagle cells. Three beagle dogs (aged
1.5–2 years, weighing 15–20 kg) obtained from the
animal holding centre of Ninth People’s Hospital,
Shanghai Jiaotong University Medical College
(Shanghai, China) were also used. All animal experi-
mentation protocols were approved by the Institu-
tional Animal Care and Use Committee of Ninth
People’s Hospital, Shanghai Jiaotong University. The
animals were handled according to the guidelines
established for animal care at the center.

FIGURE 1. SEM micrographs of CPC. At low magnification the interconnected porosity of CPC is visualized (L). BMSCs were
attached to the surface of CPC after 4 h (R).
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Preparation of BMSCs

The beagles were injected with 10 mg/kg ketamine.
After routine sterilization, 2 mL of bone marrow was
aspirated from the ilium as described previously.40

BMSCs were plated at a density of 5 9 104 cells per
10 mm diameter culture dish in 10 mL of Dulbecco’s
Modified Eagle Medium (DMEM, Gibco) supple-
mented with 10% fetal calf serum (Hyclone), 2 mM
l-glutamine (Sigma), 100 U/mL penicillin, 100 lg/mL
streptomycin (complete mixture abbreviated to
DMEM) at 37 �C in 95% relative humidity and 5%
CO2.

40 The medium was changed every 3 days. Cells
were passaged when confluent, up to a maximum of
two passages. The cells were washed with 10 mL of
PBS and then detached by exposing to 0.25% trypsin
(Sigma) 1 mM EDTA for 3 min at 37 �C, followed by
tapping of the dishes and addition of 5 mL of culture
medium. The cells were centrifuged then resuspended
in medium and plated at a density of 5 9 105 cells/
dish. The cell number per dish was 3 9 106 cells before
starting the experiments. Remaining cells were stored
at �70 �C until use.

Preparation of Composite for Experimental Groups

Osteogenic medium was basal medium (as already
described) supplemented with 10�8 mol/L dexa-
methasone, 50 lg/mL ascorbic acid, and 2.16 g of
ß-glycerolphosphate. Three series of experiments were
conducted for the purposes of this study to determine
the appropriate concentrations of BMP and FGF and
the ratio of BMP to FGF for optimal proliferation and
differentiation of BMSCs in vitro and ectopic bone
formation.

In the first series of experiments, the effective con-
centrations of rhBMP-2 and bFGF were investigated.
Cells were plated at a density of 5 9 104 cells/well and
a volume of 0.1 mL in 96-well plates. The treatment
groups were as follows: (1) 10 mL osteogenic medium;
(2) 25 ng/mL rhBMP-2; (3) 50 ng/mL rhBMP-2;
(4) 100 ng/mL rhBMP-2; (5) 200 ng/mL rhBMP-2;
(6) 25 ng/mL bFGF; (7) 50 ng/mL bFGF; (8) 100 ng/mL
bFGF; and (9) 200 ng/mL bFGF. Every day for 6 days
after treatment, the cells were collected and methyl thia-
zole tetrazolium (MTT) and alkaline phosphatase (ALP)
analysis was performed (details regarding these assays
ensues).

In the second series of experiments the synergistic
effect of rhBMP-2 and bFGF was investigated.
The treatment groups were as follows: (1) 10 mL osteo-
genic medium; (2) 100 ng/mL rhBMP-2; (3) 100 ng/mL
bFGF; (4) rhBMP-2 and bFGF (1:1, both 100 ng/
mL); (5) rhBMP-2 and bFGF (2:1, rhBMP-2 =

100 ng/mL); (6) rhBMP-2 and bFGF (4:1, rhBMP-2 =

100 ng/mL); and (7) rhBMP-2 and bFGF (8:1,

rhBMP-2 = 100 ng/mL). Treatment exposure was for
6 days, after which the cells were collected and MTT,
ALP, and Von Kossa analysis were performed. All
experiments were repeated in triplicate with three
independent cell seedings.

In the third series of experiments, the effect of
rhBMP-2 and bFGF loaded onto porous CPC on
ectopic bone formation was assessed. The treatment
groups were as follows: (1) CPC loaded BMSCs
(6.0 9 105 cells/mL) with serum-free DMEM; (2) CPC
loaded BMSCs (6.0 9 105 cells/mL) with 100 ng/mL
rhBMP-2; (3) CPC loaded BMSCs (6.0 9 105 cells/
mL) with 50 ng/mL bFGF; and (4) CPC loaded
BMSCs (6.0 9 105 cells/mL) with 100 ng/mL rhBMP-2
and 50 ng/mL bFGF.

The initial dose ranges and ratios were chosen with
reference to previous studies.18,48

Animal Surgical and Treatment Protocols

Rats were anesthetized with a 40 mg/kg body
weight intraperitoneal injection of pentobarbital
sodium. After routine sterilization, four 4 mm longi-
tudinal skin incisions were made to expose the muscle.
Four blocks of porous CPC (as already described)
were placed subcutaneously into the right and left back
(one in each site) of each rat (n = 6), and the skin was
closed with 5-0 nylon suture. The rats were sacrificed at
4 and 12 weeks postoperatively. The specimens were
excised, fixed in 10% buffered formalin and processed
for hematoxylin/eosin histology.

BMSC Proliferation

BMSCs were plated at a density of 5 9 104 cells/
well and a volume of 0.1 mL in 96-well plates. The cells
were grown in basal medium (composition previously
described) and were allowed to adhere for 24 h.
Thereafter, serum-free DMEM culture medium, con-
taining the various growth factors as described per the
first series of experiments was added in 6 wells and the
plates were incubated at 37 �C, 95% relative humidity
and 5% CO2. The rates of proliferation were estimated
by performing MTT analysis every day for 6 days. The
MTT assay has been previously described and is based
on the reduction of MTT by mitochondrial dehydro-
genases of viable cells.33 The MTT reaction product, a
blue formazan derivative, was measured photometri-
cally at 490 nm. Ten microliters of MTT stock solution
(5 g/L) were added to each well and incubated at 37 �C
for 4 h. Dimethylsulphoxide was added to each well to
solubilize the formazan crystals. Thereafter, microtiter
plates were shaken for 5 min and the absorbance at
490 nm determine using a microtiter plate reader.
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BMSCs Differentiation

The extent of cell differentiation was determined by
semi-quantitatively assessing the increase in ALP
enzymatic activity as previously described.1 In multiple
96-well culture plates, BMSCs were cultured as already
described and ALP examined every day for 6 days.
After washing the cells three times with PBS, a lysis
buffer solution containing 0.1% Triton-100, 1 mmol/L
MgCl2, 0.1 mmol/L ZnCl2, and 20 mmol/L Tris (pH
10) was added and the cells were frozen at �80 �C. For
each assay, 100 lL of cell lysate was incubated with
1 mL of P-nitrophenol phosphate solution (10 mmol/L).1

All measurements were performed in triplicate and
the activity of ALP was determined using a spectro-
photometer.

ALP and Von Kossa Staining

ALP analysis and Von Kossa staining were used to
verify the phenotype of cells. Staining for ALP was
performed as previously described.21 The formation of
osteoblast bone nodules in cells cultured in 6-well
plates at an initial density of 105/well were determined.
Experiments were terminated by fixing cell layers in
2% glutaraldehyde for 5 min. Cells were then stained
with an alizarin red (1% solution in water) for 5 min,
and rinsed with 50% ethanol to remove excess
stain. Cells were then air dried and the bone nodules
visualized.

Histological Examination

Following euthanasia, the specimens from the rats
were fixed in 10% buffered formalin, decalcified,
embedded in paraffin, cut into 5 lm-thick sections,
stained with hematoxylin/eosin, and examined for
bone tissue formation. Light microscopic analysis
consisted of morphological assessment of the tissue
response to the different implants. For histomor-
phometry, the following elements were identified:
mineralized bone-like tissue, non-mineralized bone-like
tissue (osteoid), fibrous tissue, scaffold material, and
osteoblast-like cells. The percentage of tissue formed
was calculated by dividing the surface area of each
tissue type by the whole surface area assessed per field
of vision. Five fields of vision were evaluated per sec-
tion. The assessment of tissue types was performed at a
magnification of 109. The amount of newly formed
bone was assessed using a Zeiss Axioplan 2 micro-
scope (Oberkochen, Germany) and quantified using
computer based KS400 image analysis (Wetzlar,
Germany). The perimeter around the newly formed
bone was traced, and the enclosed area was determined
in mm2 using image analysis software. The percentages

of newly formed bone within each specimen outline
were then calculated.40

Statistical Analysis

The results pertaining to MTT and ALP are
expressed as means ± standard deviation. Analysis of
variance was performed to determine within and
between group differences. Statistical analysis was
performed using SPSS statistical software (version
15.0, SPSS Inc., Chicago, IL). Differences were con-
sidered to be statistically significant when p< 0.05.

RESULTS

BMSCs Proliferation

Figure 2 shows that the proliferation of BMSCs was
significantly different in the rhBMP-2 100 ng/mL,
bFGF 100 ng/mL, rhBMP-2 and bFGF (1:1), rhBMP-2
and bFGF (4:1) and rhBMP-2 and bFGF (8:1) groups
compared to the rhBMP-2 and bFGF (2:1) group.
Moreover, compared to both the 100 ng/mL rhBMP-2
and 100 ng/mL bFGF alone groups at day 6, prolif-
eration of BMSCs treated with both rhBMP-2 and
bFGF (2:1) was significantly enhanced (p< 0.001 for
both comparisons).

BMSCs Differentiation

Among the groups, ALP immunostaining was most
pronounced in BMSCs treated with both rhBMP-2
and bFGF (Fig. 3). Compared to control group, the
number of ALP-positive cells was significantly
increased in the rhBMP-2 and bFGF (1:1), rhBMP-2
and bFGF (2:1), rhBMP-2 and bFGF (4:1) and
rhBMP-2 and bFGF (8:1) groups (all p< 0.001). The
number of ALP-positive cells was significantly differ-
ent between both the rhBMP-2 and bFGF (1:1) and
rhBMP-2 and bFGF (2:1) groups compared to the
rhBMP-2 100 ng/mL group (p< 0.001 for both).
Moreover, compared to the rhBMP-2 and bFGF (2:1)
group, the number of ALP-positive cells was signifi-
cantly decreased in the rhBMP-2 and bFGF (4:1) and
rhBMP-2 and bFGF (8:1) groups (p< 0.05). In con-
trast, there was no difference between the rhBMP-2
and bFGF (1:1) and rhBMP-2 and bFGF (2:1) groups.

ALP and Von Kossa Staining

Strongly stained ALP-positive cells with prominent
nodular formations were observed on day 6 in BMSCs
treated with both rhBMP-2 and bFGF. BMSCs trea-
ted with rhBMP-2, and other combinations of rhBMP-2
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and bFGF showed similar nodular formations; however
those treated with bFGF alone did not exhibit miner-
alization in vitro (see Figs. 4 and 5).

Histological Examination

A histological examination of the specimens
revealed that they were encapsulated in a fibrous cap-
sule, and that there was trabecular bone as well as an
amorphous calcified matrix in all the samples. The
trabeculae included many osteocytes regularly lined
with numerous osteoblasts. At the periphery of speci-
mens, the bone had a laminar pattern similar to nor-
mal bone. There was no evidence of inflammation
or foreign-body reaction in the host tissue adjacent to
the new bone. There was bone formation in all treat-
ment groups at 4 weeks. The CPC with BMSC group

exhibited mainly immature cells, with the bone marrow
beginning to appear at 4 weeks. There was basophilic
mineralization throughout in all the BMSCs groups at
4 weeks. The BMSCs treated with both rhBMP-2 and
bFGF exhibited the most advanced bone formation
(both peripheral and central: Fig. 6), with some
osteoblastic linings observed. At 12 weeks basophilic
mineralization was apparent, along with immature
endogenous mesenchymal cells, bone marrow, lamellar
structure and a bone ridge pattern in the BMSC group,
while there were osteocytes surrounded by osteoblasts
or osteoclasts in the groups of cells treated with both
rhBMP-2 and bFGF.

New bone formation was significantly higher in rats
implanted with carrier containing BMSCs + rhBMP+
bFGF at 12 weeks as compared to bone formation in
all other groups (p< 0.001, Fig. 7).

FIGURE 2. BMSC proliferation was compared among treatment groups in vitro. Proliferation of BMSCs treated with both rhBMP-2
and bFGF (2:1) was significantly enhanced at day 6 compared to proliferation in BMSCs treated with either 100 ng/mL rhBMP-2 or
100 ng/mL bFGF alone (both p < 0.01).
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DISCUSSION

A variety of bone growth factors participate in the
regulation of cell proliferation, differentiation and
bone metabolism. New bone formation involves the
recruitment of osteoprogenitor cells, with the rate of
mature bone-formation being dependent on the
commitment and replication of these cells, their dif-
ferentiation into functional osteoblasts, and the life-
span of mature osteoblasts. Osteoblast differentiation
and matrix mineralization are regulated by the
actions of systemic and local signaling factors, such as
BMP-2 and bFGF.15 Growth factors are differentially
expressed during the temporal acquisition of bone-
specific markers as osteoprogenitor cell maturation
proceeds in vitro. BMP-2 and FGF-2 are late-
response growth factors.14 This study investigated the
responsiveness of BMSCs to rhBMP-2 and bFGF,

two regulatory mediators of osteoinduction and
osteogenesis.

BMP-2 is a member of the transforming growth
factor-ß superfamily, and is a powerful inducer of
osteoblast differentiation in vitro and bone formation
in vivo.12,31,44 Dexamethasone/ascorbic acid/glycerol-
phosphate (DAG) and BMP-2 are potent agents of cell
proliferation and differentiation. BMP-2 enhances
DAG-induced osteogenic differentiation in mesenchy-
mal bone marrow cells, and both agents have been
demonstrated to interact and modify osteoblastic bone
formation.15 bFGF has a strong proliferative effect on
various cells involved in angiogenesis, which is a vital
process for early bone formation and remodeling.5,25 A
number of studies have shown that cells exposed to
bFGF appear dystrophic and have low ALP activity or
are incapable of osteoblast differentiation in vitro.6,21

FIGURE 3. BMSC differentiation was compared among the in vitro treatment groups. The number of ALP-positive cells was
markedly increased at day 6 after growth factor treatment; a significant difference was found between both rhBMP-2/bFGF-
treatment groups and the control group (p < 0.05).
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In the present study we found that rhBMP-2 was a
more potent stimulator of BMSC differentiation than
bFGF, while the reverse was true for BMSC prolifer-
ation. These conclusions were drawn on the basis of
ALP activity, which is a well-accepted marker of
osteogenesis in BMSCs.7 bFGF is only an initiation
factor for osteogenesis and cannot further promote the
proliferation of differentiated osteoblasts, osteocytes
and chondrocytes,43,44 while rhBMP-2 irreversibly
induces undifferentiated BMSCs to form cartilage and
bone forming cells.32,50,51

Disruption of the FGF-2 gene results in reduced
bone mass in mice and impairs the expression of
BMP-2, an important mediator of osteoblast and
osteoclast differentiation.26 Endogenous FGF-2 is an
important mediator of the BMP-2 response in bone;
this may be dependent on the p42/44 MAPK signaling
pathway and downstream modulation of Runx2.26

BMP-2 can compensate for any defect in the biological
action of bFGF and vice versa. Co-administration
of osteogenic rhBMP-2 and bFGF may result in
enhanced proliferation and differentiation of BMSCs

in vitro and heightened bone formation in vivo as
cytokines presumably affect BMSCs via an indepen-
dent signal transduction pathway in the bone devel-
opment process.33 Co-treatment with BMP-2 and
bFGF on dexamethasone-dependent osteogenic dif-
ferentiation has been investigated using rat and rabbit
BMSCs in vitro.17,25,32 Maegawa et al.22 reported that
the differentiation of rat BMSCs was further enhanced
by early supplementation of culture medium with
FGF-2, followed by BMP-2. The supplementation
resulted in prompt and extensive osteoblastic activity,
together with abundant bone matrix formation. In the
present study, rhBMP-2 and bFGF were added at the
same time and were found to enhance proliferation and
differentiation of BMSCs. We found that there were
increased nodular formations associated with this
combined treatment, particularly when the ratio of
rhBMP-2 to bFGF was 2:1. BMP-2 may provide
bFGF with numerous target cells after initiating
osteogenesis, hence accelerating osteoinduction and
osteogenesis. The reason for this may be as described
by Singhatadgit et al.,37 namely that BMP receptor

FIGURE 4. Von Kossa staining after 12 days BMSC culture. A greater number of mineralized calcium nodules were apparent in
group BMP-2/FGF (a, c) than group BMP-2 (b, d). (a) and (b) are original images; (c, d) 5 316 magnification.
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(BMPR) expression is differentially modulated by
TGF-b1, FGF-2, and PDGF-AB. All three growth
factors were found to enhance certain BMP-2-induced
functional activities in human bone cells, for example,
ALP activity, which was found to be mediated at least
partly via the BMPR-IB.37

The delivery system releases and localizes the
BMP/FGF, ensuring interaction with mesenchymal
cells that can differentiate into osteoblasts. CPC has
been found to have the capacity to induce rapid
deposition of new bone at the cement surface inter-
face in vivo, and is hence considered to be a good
scaffold material candidate for bone engineer-
ing.4,8,27,39 Scanning electron microscopy of CPC with
BMSCs demonstrated that cells were attached to the
CPC surface 4 h after seeding. In this study we found
that the rhBMP-2/bFGF implantation in rat subcu-
taneous tissue induced bone formation. The ectopic
bone formed in the CPC containing BMP-2, bFGF,
and BMP-2/bFGF groups was similar to normal
bone. CPC with 100 ng/mL rhBMP-2 and 50 ng/mL
bFGF stimulated more bone formation than did CPC

with 100 ng/mL rhBMP-2 or 50 ng/mL bFGF both
centrally and peripherally at weeks 4 and 12. FGF
has been purported to play an important role during
rhBMP-2-induced bone formation.19 In the present
study, treatment with bFGF at an early stage
increased the amount of rhBMP-2-induced minerali-
zation. Generally, FGF family members stimulate
cellular proliferation rather than cellular differentia-
tion and exert an anabolic effect on bone formation
when systemically or locally administered.21 Our
results suggest that rhBMP-2 and bFGF are indis-
pensable in regulating bone induction and formation.
Furthermore, CPC can act as an effective delivery
system for both BMSCs and BMP-2/bFGF.

In conclusion, we have found that rhBMP-2 and
bFGF are effective inducer of BMSC proliferation
and differentiation at an early stage in vitro and in vivo.
Our findings emphasize the importance of bFGF in
BMP-2-induced ectopic bone formation. The concen-
tration ratio of 2:1 rhBMP-2/bFGF was found to be
most effective in stimulating new bone formation. The
combination of rhBMP-2 and bFGF was synergistic

FIGURE 5. Alkaline phosphatase staining after 12 days BMSC culture. The alkaline phosphatase-positive staining area in group
BMP-2/FGF (a, c) was larger than that in group BMP-2 (b, d). (a) and (b) are original images; (c, d) 5 316 magnification.
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FIGURE 6. Histological comparison of the four groups at 12 weeks after implantation. New bone (arrow shows NB) formation was
observed. In group CPC/BMSCs/rhBMP-2(H), more mature bone existed than in other groups. Hematoxylin and eosin staining was
performed. (a, b) 5 CPC/BMSCs; (c, d) 5 CPC/BMSCs/rhBMP-2; (e, f) 5 CPC + BMSCs + bFGF; (g, h) 5 CPC + BMSCs + rhBMP-2 +
bFGF. (a, c, e, g) 5 32 magnification; (b, d, f, h) 5 310 magnification.
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with regards to bone formation. Further studies should
establish the suitability of combined rhBMP-2 and
bFGF for treating bone defects.
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