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Abstract: Objective: To evaluate the therapeutic effects of AACB/BMP/bFGF, a novel tissue-engineered bone, in 
repairing femoral head defect and necrosis in dog models. Methods: Dog models of avascular necrosis of femoral 
head (ANFH) were established by liquid nitrogen freezing method. Group A was untreated; Groups B, C, and D were 
implanted with AACB, AACB/BMP, and AACB/BMP/bFGF complex, respectively; Group E was grafted with autologous 
cancellous bone. Samples were collected at 3 w, 6 w, and 12 w after operation. A series of examinations were 
carried out to investigate the effects of the materials in repairing femoral head defect, including anatomical obser-
vation, X-ray examination, histological analysis, and vascular immunohistochemical staining. Results: Our results 
indicated that, compared with AACB alone and AACB/BMP, AACB/BMP/bFGF complex could exert the most efficient 
therapeutic effects in dog ANFH models. X-ray examination further confirmed that AACB/BMP/bFGF complex could 
effectively repair the injuries in dog ANFH models, almost to a comparable level with cancellous bone autografts. 
Moreover, histological analysis indicated that AACB/BMP/bFGF complex greatly enhanced the new bone forma-
tion, which would contribute to the healing of ANFH. Furthermore, vascular immunohistochemical staining revealed 
that AACB/BMP/bFGF complex could significantly stimulate the revascularization in defect areas, reflecting the 
post-injury healing process in these models. Conclusion: AACB/BMP/bFGF complex has great potential in repairing 
femoral head defect by enhancing osteogenesis and revascularization. The novel tissue-engineered bone would be 
widely used in clinical applications for ANFH treatment, especially as an alternative for autografts. 
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Introduction 

Avascular necrosis of the femoral head (ANFH) 
is one of the most common orthopedic diseas-
es, and the treatment of the disease has always 
been a big challenge in clinic. With the develop-
ment of tissue engineering, bone tissue engi-
neering technique provides a promising tool to 
repair femoral head necrosis [1]. As is known to 
all, in tissue engineering strategies, the scaf-
fold is a key component. Certain strength, easy 
to degrade, and minimized immunogenicity 
make excellent scaffold materials [2].

Polyvinylpyrrolidone (PVP) is a good carrier for 
growth factors [3, 4], and the surface of an allo-
geneic antigen-extracted cancellous bone 
(AACB) could be modified by PVP to serve as 

sustained release carrier for bone growth fac-
tors. Bone morphogenetic protein (BMP) and 
basic fibroblast growth factor (bFGF) represent 
two well studied bone growth factors in recent 
years [5, 6]. The efficient osteoinductive activity 
of BMP has been proven in numerous experi-
mental and clinical studies [7]. Meanwhile, 
bFGF has also been shown to be able to pro-
mote the osteogenesis induced by BMP, and 
stimulate the growth of capillaries [8-10]. 
However, recent studies about the effects of 
these two important growth factors in ANFH 
repairing have been mainly involving single 
applications.

In the present study, AACB was prepared out of 
dog vertebrae through decalcification, degreas-
ing, and deproteinization, according to a previ-
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ous method from our laboratory [11]. AACB was 
combined with BMP and bFGF, and then the 
AACB/BMP/bFGF complex artificial bone was 
implanted into dog ANFH models established 
by liquid nitrogen freezing method. Osteogenesis 
and angiogenesis was evaluated after implan-
tation, and the feasibility of the AACB/BMP/
bFGF complex in clinical use was discussed.

Materials and methods

AACB/BMP/bFGF complex preparation

AACB/BMP/bFGF complex was prepared by the 
Department of Orthopaedics, the First Affiliated 
Hospital of Kunming Medical College, as 
described previously [11]. Briefly, vertebral can-
cellous bone was harvested from 1-year dogs, 
and then subjected to degreasing with 1:1 chlo-
roform/methanol for 12 h, deproteinization 
with 30% hydrogen peroxide for 48 h, and 
decalcification with 0.6 mmol/L hydrochloric 
acid for 2 min. AACB was obtained after the 
materials were freeze-dried at -50°C for 24 h, 
and then stored at 4°C. 

Totally 300 mg BMP was dissolved in 10 ml 
guanidine hydrochloride solution with homoge-
nization, and then dialyzed for 48 h (BMP was 
provided by the Institute of Orthopaedics, the 
Fourth Military Medical University, PLA, which 
has been proven by the mouse muscle pouch 
test to have osteoinductive activity). 

Polyvinylpyrrolidone (PVP; 18 g) was mixed with 
30 ml distilled water to make solution with cer-
tain viscosity, and used as release carriers for 
bFGF (15,000 units per package, provided by 
Essex Bio-Pharmaceutical Co., Ltd. Zhuhai, 
Guangdong, China). 12 g AACB was mixed with 
the PVP solution, and then divided into three 
aliquots (20 g each). One aliquot was mixed 
with 150 mg BMP solution, and another was 
mixed with both 16 μL bFGF solution (contain-
ing 24,000 IU bFGF) and 150 mg BMP solution. 
These mixtures were placed in 900-mmHg vac-
uum, at -40°C for vacuum suction and lyophili-
zation. The complex was packaged under ster-
ile conditions, and then stored at 4°C until 
further use.

Animal modeling

Models of femoral head necrosis were estab-
lished as described by Yuekun Gong et al. [12]. 
Thirty healthy adult dogs, male or female, 

weighing 12.0 ± 1.9 kg, were provided by the 
Experimental Animal Center of Kunming 
Medical College. 3% (v/v) pentobarbital sodium 
was used for anesthesia through intravenous 
injection. Lateral hip incisions were made bilat-
erally to expose the femoral heads. Bone defect 
with a diameter of about 1 cm was created 
between femoral head and neck. Liquid nitro-
gen was maintained in the defect region for 1 
min. The incisions were sutured after the defect 
area was treated with warm salt water. 

At 8 w after modeling, through the same surgi-
cal approach, necrotic subchondral bone tis-
sues were scraped until reaching the healthy 
red normal cancellous bone, forming bone 
defect with a diameter of 1.5 cm. These 30 
dogs were then divided into 5 groups for implan-
tation: Group A was the control group without 
any implantation; Group B was implanted with 
AACB; Group C was implanted with AACB/BMP; 
Group D was implanted with AACB/BMP/bFGF, 
and Group E was implanted with autologous 
cancellous bone (ilium). These dogs were sacri-
ficed at 3 w, 6 w, and 12 w after implantation, 
respectively, for the following examinations and 
detections.

Anatomical observation

The diets, activities, and wound conditions 
were observed and recorded after implanta-
tion. After the dogs were sacrificed, femoral 
head samples were collected for the observa-
tion of collapse. Then the femoral heads were 
cut along the coronal plane, and the repairing 
processes were examined.

H & E staining

Femoral head samples were fixed with 10% 
(v/v) formaldehyde for 48 h, and then placed in 
EDTA solution for decalcification (solution 
changed weekly). When these samples become 
soft (about 5 w later), they were washed, dehy-
drated, and then embedded in paraffin. The 
samples were cut into 5 µm serial sections for 
H&E staining, and observed under microscope 
for bone formation.

The detection and analysis of bone formation 
were performed according to Thomopoulos et 
al. [13]. For the samples at 3 w, 6 w, and 12 w 
after implantation, three random fields of 100× 
magnification were selected in the defect 
region in each slice. According to the Delesse 
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principle of stereology [13], the area percent-
age of a specific component in the entire profile 
area is a consistent estimate of the volume 
fraction of this component. HPIAS-1000, a 
high-resolution pathological image analysis 
system, was applied to observe the new born 
formation. The area percentage was then cal-
culated according to the following formula: area 
percentage of new bone formation = new bone 
area/statistical field area (100×) × 100%.

Immunohistochemistry

CD34 monoclonal antibody (Maixin Reagent 
Company, Shanghai, China) was used for the 
immunohistochemical staining of femoral 
heads to detect the vascularization. Paraffin-
embedded samples were cut into 4 μm serial 
sections, and the immunohistochemical stain-
ing was performed with the avidin-biotin-perox-
idase complex (ABC) method. A distinct brown 
staining in the cytoplasm of endothelial cells 
was considered as positive. Three random 
fields of 100× magnification were selected in 
the defect area of each section, and the num-
bers of blood vessels were counted and 
calculated.

Statistical analysis

Data were expressed as mean ± SD. SPSS 11.5 
statistical package was used for statistical 
analysis. ANOVA analysis was performed for 
comparison between groups. P < 0.05 was con-
sidered statistically significant.

Results

Anatomical observation of the femoral heads 
in ANFH models

All animal models behaved and started to eat 
on the very day of surgery, without inflamma-

tion at the incision site, femoral head disloca-
tion and collapse, or femoral neck fracture. No 
death occurred as a result of the procedures. 
To evaluate the repairing effects of the implan-
tations, anatomical observation of the femoral 
heads was performed at 3 w, 6 w, and 12 w 
after implantation. Our results indicated that, 
in the blank control group (Group A), at 12 w 
after operation, the defect area was always 
clearly distinguishable and filled with connec-
tive tissue. In the group implanted with AACB 
alone (Group B), sparse bone tissue was 
observed in the implanted region at 12 w. In 
the group implanted with AACB and BMP (Group 
C), newly generated bone tissues were found in 
the implanted region at 6 w after surgery, and 
incomplete bone remodeling was observed at 
12 w. Moreover, in the group implanted with 
AACB/BMP/bFGF complex (Group D), at 3 w 
after operation, granulation tissue grew active-
ly; at 6 w, the grafted complex was mostly 
absorbed, and there was plenty of new bone 
formation; at 12 w, bone remodeling was 
almost complete, and the boundary between 
grafts and host bone was blurred. In the group 
implanted with autologous cancellous bone 
(Group E), the grafts was absorbed, with mod-
erate amount of newly generated bone tissues, 
at 6 w after surgery, and bone remodeling was 
complete at 12 w. These results suggest that 
the mixture of AACB/BMP/bFGF exerts the 
most efficient therapeutic effects in these dog 
ANFH models, compared with AACB alone and 
AACB plus BMP.

X-ray examination of the femoral heads in 
ANFH models

To further evaluate the effects of these grafts 
on the femoral heads in the ANFH models, X-ray 
examination was performed. At 3 w after sur-

Figure 1. X-ray examination of the femoral heads in ANFH models at 12 w. A: Necrotic defect did not heal without 
any implantation (Group A); B: Bone density in the implanted region was lower than the surrounding bone tissue in 
the group implanted with AACB alone (Group B); C: Bone density was uneven in grafted areas in the group implanted 
with AACB/BMP (Group C); D: When implanted with AACB/BMP/bFGF complex (Group D), bone densities in the im-
planted region were comparable to the host bone area, and the boundary between these regions was indistinguish-
able, and similar results were observed in the group treated with autologous cancellous bone (Group E).
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gery, no evidence of new bone generation was 
observed in Group A, while in all the other 
implanted groups, bone density in the implant-
ed region was lower than the surrounding bone 
tissue. At 6 w, defect was clearly visible in 
Group A, while in other groups, the boundary 
between grafts and host bone started to be 
blurred. At 12 w after surgery, as shown in 
Figure 1, in Group A, defect did not heal; in 
Group B, bone density in the implanted region 
was lower than the surrounding bone tissue; in 
Group C, bone density was uneven in grafted 
areas; in both groups D and E, bone densities 
in the implanted region were comparable to the 
host bone area, and the boundaries between 
the implanted and surrounding regions were 
indistinguishable. These results further confirm 
that AACB/BMP/bFGF complex could effective-
ly repair the injuries in these dog ANFH models, 
almost to a comparable level with cancellous 
bone autografts.

pairing. So the newly generated bone tissues 
were investigated in these ANFH models with H 
& E staining (Figure 2A-E). Our results indicated 
that, in the control group (Group A), the defect 
region was mainly filled with the connective tis-
sue all the time, which was loosely connected 
with host bone tissues. On the other hand, 
there were obvious differences between the 
other implanted groups. At 3 w after operation, 
in Group C, sporadic bone precursor cells and 
osteoblasts were found in the implanted region. 
In Group D, active new bone formation (as indi-
cated by the large amount of bone precursor 
cells and osteoblasts), as well as angiogenesis, 
were observed. At 6 w, as shown in Figure 2A-E, 
the grafts were incompletely absorbed, and lim-
ited new bone tissues were formed in Group B, 
while the repairing processes were more effec-
tive and prevalent in Group C. In Group D, the 
grafts were completely absorbed, and there 
were plenty of newly formed bone trabeculae 

Figure 2. Histological observation and immunohistochemical staining. (A-E) Histological observation of new bone 
formation in ANFH models at 6 w. (A) In Group A, the defect region was mainly filled with connective tissues, loosely 
connected with host bone; (B) In Group B, limited new bone tissues were formed, and the grafts were incompletely 
absorbed (arrowhead); (C) In Group C, repairing processes were more effective and prevalent; (D) In Group D, the 
grafts were completely absorbed, and there were plenty of newly formed bone trabeculae and blood vessels (double 
arrowhead) in the implanted region; (E) In Group E, plenty of newly formed bone trabeculae were observed in the im-
planted region. Representative new bone formation was designated by arrows (H & E staining 100×). (F-J) Vascular 
immunohistochemical staining of the femoral heads in ANFH models at 3 w. The vascular densities were relatively 
low in Group A (F), B (G), and C (H), whereas the density was relatively high in Groups D (I) and E (J). Representative 
newly formed blood vessels were marked with open arrows in each group. (ABC method, 100×).

Table 1. Quantitative analysis of the newly formed bone area at 3 w, 6 w, and 
12 w after implantation

Group A Group B Group C Group D Group E
3 w 0.00 ± 0.00 0.00 ± 0.00 3.45 ± 1.28*,# 7.73 ± 1.15*,#,&,$ 3.57 ± 1.27*,#

6 w 2.35 ± 1.14 4.79 ± 1.43 8.67 ± 1.34*,# 32.28 ± 2.17*,#,&,$ 17.26 ± 1.20*,#,&

12 w 4.52 ± 1.30 8.45 ± 1.01 33.73 ± 4.35*,# 37.3 ± 3.40*,# 40.40 ± 3.69*,#

Compared with Group A, *P < 0.05; compared with Group B, #P < 0.05; compared with Group C, &P 
< 0.05; compared with Group E, $P < 0.05.

Histological 
observation of 
the newly formed 
bone tissues in 
ANFH models

New bone forma-
tion is one of the 
important indica-
tors for ANFH re- 
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and blood vessels in the implanted region. 
Similar results were also seen in Group E. At 12 
w, the bone densities were uneven in the defect 
area in Group B, and the bone remodeling pro-
cesses were not complete in Group C. In Groups 
D and E, however, the bone remodeling pro-
cesses were as good as the normal cancellous 
bone. 

As shown in Table 1, further quantitative bone 
measurement indicated that, at 3 w after oper-
ation, significantly more new bone tissues were 
formed in Group D (7.73 ± 1.15%), as compared 
with Groups C and E, where lower levels of bone 
formation were observed (P < 0.05). At 6 w, 
32.28 ± 2.17% newly generated bone tissues 
were detected in Group D, which was still supe-
rior to any of the other implanted groups (P < 
0.05). While at 12 w after implantation, there 
were significantly more new bone tissues in 
Group D (37.30 ± 3.40%) than Groups A and B 
(P < 0.05). However, no significant differences 
were observed in the relative amount of newly 
formed bone between Groups D, C, and E (P > 
0.05). Taken together, these results suggest 
that AACB/BMP/bFGF complex could enhance 
new bone formation to contribute to the healing 
of ANFH. 

Vascular immunohistochemical staining of the 
femoral heads in ANFH models

Angiogenesis is another important aspect of 
the healing of femoral head necrosis, especial-
ly ANFH. To further evaluate the therapeutic 
effects of these grafts on AMFH, vascular 
immunohistochemical staining and the subse-
quent quantitative analysis were carried out 
(Figure 2F-J; Table 2). Our results showed that, 
at 3 w after implantation, the lowest number of 
vessels was in Group A (1.75 ± 0.50), and high-
est was in Group D (7.75 ± 0.96), both signifi-
cantly different from other groups (P < 0.05). 
Similar results were observed at 6 w after sur-
gery. Groups A and D made the lowest and the 
highest number of vessels (2.50 ± 0.58 for 
Group A, and 11.00 ± 1.63 for Group D), 

e revascularization in the defect areas, contrib-
uting to the post-injury healing process in ANFH 
models.

Discussion

To date, there is still not a generally accepted 
method that can be used to treat adult ANFH. 
Bone growth factors have been shown to be 
able to promote bone formation and angiogen-
esis, offering a breakthrough for the improve-
ment of the ANFH therapy [5]. It has been 
shown that polyvinylpyrrolidone (PVP), when 
mixed with distilled water to make solution with 
certain viscosity, could be used as a controlled 
release carrier for bFGF [3]. Moreover, AACB 
can be used not only as scaffold materials, but 
also as a BMP carrier. In the present study, PVP, 
AACB, bFGF, and BMP were mixed by a certain 
percentage, to obtain AACB/BMP/bFGF com-
plex artificial bone [11, 14], which was trans-
planted into the dog ANFH models through fen-
estration/decompression. Our results indicated 
that implantation of the complex significantly 
promoted the angiogenesis and osteogenesis 
by releasing of bFGF and BMP, contributing to 
the repair of ANFH defect. 

For the study of graft treatment for ANFH, ani-
mal models could be established by the graft 
implantation procedures after removing the 
sequestrum and surgical fenestration/decom-
pression, rather than simply mimicking the eti-
ology and pathogenesis of the disease [15-18]. 
Our results showed that femoral head defect 
and necrosis started to appear only three days 
after surgery, and bone repair gradually stopped 
without any treatment [12]. Eight weeks after 
modeling, through the same surgical approach, 
necrotic subchondral bone tissues were scra- 
ped, reaching the healthy red normal cancel-
lous bone. The bone defect with 1.5 cm diam-
eter would not self-heal at 12 w (Group A), indi-
cating our modeling method was suitable for 
the study of the disease. On the other hand, the 
articular cartilage fragmentation and the col-
lapse of femoral heads were not observed, 

Table 2. Numbers of blood vessels at 3 w and 6 w after implantation
Group A Group B Group C Group D Group E

3 w 1.75 ± 0.50 3.25 ± 0.96* 3.75 ± 0.50* 7.75 ± 0.96*,#,&,$ 4.25 ± 0.50*,#

6 w 2.50 ± 0.58 4.25 ± 0.96* 5.75 ± 0.96* 11.00 ± 1.63*,#,&,$ 8.00 ± 0.82*,#,&

Compared with Group A, *P < 0.05; compared with Group B, #P < 0.05; compared with Group 
C, &P < 0.05; compared with Group E, $P < 0.05.

respectively, which we- 
re significantly differ-
ent from the other 
groups (P < 0.05). Th- 
ese results suggest 
that AACB/BMP/bF- 
GF complex could sig-
nificantly stimulate th- 
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probably due to the fact that these model dogs 
were housed in cages, with less heavy burden 
and walking. To this end, the AMFH models 
should be modified to investigate the specific 
functions of AACB/BMP/bFGF complex in pre-
venting the articular cartilage fragmentation 
and the collapse of femoral heads. 

Ideal bone graft material should be easily 
absorbed and degraded, with good histocom-
patibility [19]. In Group B implanted with AACB, 
the materials were degraded and absorbed at 
12 w, just as natural cancellous bone, without 
obvious inflammation and lymphocyte infiltra-
tion in histological sections. Six weeks after 
AACB implantation, new bone tissues begun to 
form, although with uneven maturity, indicating 
that the performance of this material alone is 
insufficient to repair the defect in femoral 
heads. When mixed with BMP, an osteoinduc-
tive growth factors [5, 20], AACB/BMP complex 
transplantation (Group B) showed dramatically 
higher osteogenic capability than Group C. At 3 
w after implantation, there were osteoblast pre-
cursor cells and osteoblasts, and at 6 w, new 
bone formation started. However, at 12 w, the 
bone remodeling has not been completed, indi-
cating the combination of AACB and BMP is still 
not enough to fix the defect in this particular 
part of femoral heads.

Osteoinduction and bone formation involve var-
ious growth factors and regulators [21]. The 
bFGF has been shown to be able to promote 
the bone maturation and cartilage cell prolifer-
ation, and stimulate the secretion of other 
growth factors. Furthermore, bFGF is also a 
potent angiogenic growth factor [20]. In our 
experiments, PVP was used as a soluble carrier 
for bFGF, and then mixed with BMP and AACB to 
form AACB/BMP/bFGF complex artificial bone. 
Results from histology and immunohistochem-
istry showed that this AACB/BMP/bFGF com-
plex was superior to the materials used in 
Group C in inducing osteogenesis and angio-
genesis. These effects might be attributed to 
the fact that bFGF could improve the cartilage 
cell proliferation, and stimulate other growth 
factors to induce angiogenesis. Moreover, the 
undifferentiated mesenchymal stem cells could 
thereby enhance osteogenesis by BMP induc- 
tion.

Autologous bone graft is known as the gold 
standard for bone graft [22]. The X-ray detec-

tion indicated that, in Group D (implanted with 
AACB/BMP/bFGF complex) and Group E (graft-
ed with autologous cancellous bone), at 12 w 
after implantation, the bone densities in the 
implanted area were similar as the host bone, 
with blurred boundaries. Meanwhile, the ana-
tomical observation and histochemical detec-
tion indicated that, in Groups D and E, bone 
remodeling was comparable to normal cancel-
lous bone, without significant differences 
between these two groups. However, at early 
time in bone repairing (such as at 3 w or 6 w), 
the amounts of new blood vessels and new 
bone formation in Group D was significantly 
more than Group E, suggesting that AACB/
BMP/bFGF complex is more effective in induc-
ing revascularization and osteogenesis, com-
pared with autologous cancellous bone grafts.

In conclusion, AACB/BMP/bFGF complex artifi-
cial bone could repair the defect in femoral 
head necrosis models, with rapid and sufficient 
effects. The efficacy of AACB/BMP/bFGF com-
plex was comparable or even superior, in some 
aspects, to that of autologous cancellous bone 
grafts. When the safety has been further con-
firmed, AACB/BMP/bFGF complex would be 
widely used in clinical applications for ANFH 
treatment.
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