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Abstract: Osteonecrosis of the femoral head is a debilitating
and painful orthopedic condition characterized by joint
collapse. Salvage of the femoral head is highly desirable to
preserve the contour and mechanical properties and prevent
joint collapse. This study aimed to develop a new tissueengineering approach for treatment of large bone defect in
femoral head, that is, after osteonecrosis. The biphasic
calcium phosphate (BCP) ceramic scaffolds were fabricated
by a 3D gel-lamination technique based on micro-computed
tomography (micro-CT) images of the cancellous bone microarchitecture of femoral heads. After seeding with autologous
bone marrow-derived mesenchymal stem cells (BMSCs)
in vitro, the cell-scaffold composite was implanted into a
bone defect surgically induced in canine femoral head via
trapdoor procedure, which was a common procedure for
treatment of osteonecrosis. A total of 24 adult dogs were randomly divided into three groups (n ¼ 8 each) for implantation

of the BCP scaffold with or without with BMSCs, and also the
autologous bone chips for comparisons. All animals were sacriﬁced at 30 weeks postoperatively and processed for radiological and histological evaluations. The contour of the femoral
head was well preserved with implantation of BCP scaffolds
with or without BMSCs, whereas joint collapse was found after
treatment with autologous bone chips. The osteointegration
and new bone formation was signiﬁcantly greater with BCP
scaffold implantation with than without BMSC seeding and
showed greater strength and compressive modulus in the
repair site. Micro-CT-based bone ceramic scaffolds seeding
with BMSC might be a promising way to repair bone defects in
C 2010 Wiley Periodicals, Inc. J Biomed Mater Res
the femoral head. V

INTRODUCTION

Previous studies have revealed that the pathophysiology
of osteonecrosis was destructive repair with increased
osteoclastic activities, leading to deterioration of mechanical
properties of femoral head and ultimately joint collapse.1,2,5
The conventional method for treatment is autologous bone
grafting and impaction after removal of osteonecrotic
lesion.6 Natural remodeling of the osteonecrotic areas by
adjacent normal bone is characterized by osteoclastic
resorption, which weakens the cancellous bone and allows
microfractures to occur before full healing can take place.7
To improve the initial mechanical strength of the impacted
morsellized cancellous bone and prevent the collapse of
femoral head, Rijnen et al. proposed to mix morsellized
cancellous bone with calcium phosphate, which was
believed to be slowly resorbed.8 Calcium phosphate cement
has been reported successful in treating fractures, especially

Osteonecrosis of the femoral head leads to joint collapse
and secondary osteoarthritis in patients aged 20–40 years
old1,2 and accounts for 12% of hip arthroplasties performed in developed countries.3,4 Because hip arthroplasty
in relatively young people can lead to early wear and joint
failure, preventing collapse once osteonecrosis is detected
is important. Treatment to salvage the hip joint before
joint collapse includes high-energy shockwave treatment,
hyperbaric oxygen, electrical stimulation, core decompression, vascular or nonvascular bone grafting, and osteotomy,1 but the prognosis remains poor for large necrotic
lesions in the loading-bearing region of the femoral head.3
Therefore, salvage procedures that preserve the contour
and mechanical properties of the femoral head, prevent
joint collapse and avoid arthroplasty are highly desirable.
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FIGURE 1. Representative micro-CT images showing the trabecular bone template (A, B, and C) and the biphasic calcium phosphate (BCP)
ceramic scaffold (D, E, and F). The macroporous structure of the BCP scaffold was similar to the trabecular bone template in both 2D (A–D) and
3D (E, F). A and D, original micro-CT image; B and E, micro-CT binary image.

depressed tibial plateau fractures, and is slowly resorbed
and gradually replaced by bone, thus allowing for prolonged
support of periarticular fractures during healing.
The microarchitecture of cancellous bone is critical for
the load bearing of the femoral head in the hip joint.9,10 The
microarchitecture of a given tissue is also believed to be
vital to the coordination of cellular processes and the integration of the scaffold with surrounding tissues and microcirculation.11 Fabricating a bone ceramic scaffold to mimic
the microarchitecture of the load-bearing region of the
femoral head to treat large osteonecrotic lesions would be
promising. An advanced imaging tool—micro-computed
tomography (micro-CT)—has been widely used for bone
and material research in our previous work.12–14
Bone marrow derived-mesenchymal stem cells (BMSCs)
are a group of nonhematopoietic stem cells residing in the
perivascular niches in bone marrow. These cells have the
capacity to differentiate mainly into mesoderm-type cells
such as osteoblasts, chondrocytes, and adipocytes. Recently,
there has been an increased interest in understanding
the biology of MSC due to their potential use in cell-based
therapy for ONFH.15–17 We wondered whether micro-CTbased bone ceramic scaffolding with seeding by BMSCs
might prevent joint collapse in a canine model with surgically induced bone defects.
We aimed to (1) acquire 3D imaging datasets of cancellous bone in load-bearing areas of the femoral head of
healthy canines by micro-CT to produce biomimetic biphasic
calcium phosphate (BCP) porous ceramic scaffolds by a 3D
gel-lamination technique; (2) seed BMSCs into the pores of

the biomimetic porous scaffold in vitro; and (3) compare
the efﬁcacy of the cell–scaffold composite and conventional
bone grafting in vivo for repair of load-bearing bone defects
of the femoral head in canines.
MATERIALS AND METHODS

Biomimetic ceramic scaffold fabrication and evaluation
Preparation of bone ceramic scaffold. Six cancellous bone
specimens were harvested along the longitudinal axis of
bilateral femoral heads by use of a 10-mm internal-diameter
trephine from six healthy hybrid canines (12 months old,
male). The dogs were provided by the Institutional Animal
Care and Use Committee of the Laboratory Animal Research
Center at Chinese PLA General Hospital (Beijing). The 3D
microarchitecture of cancellous bone was captured by a
desktop micro-CT system (micro-CT-40, Scanco Medical,
Brüttisellen, Switzerland) according to our established
protocol.18 Consecutive scans were perpendicular to the
long axis of the limb at an isotropic resolution of 20 lm3.
The acquired 3D dataset was ﬁrst ﬁltered by a 3D Gaussian
ﬁlter with ‘‘width’’ and ‘‘support’’ of 1.2 and 2, respectively.
A threshold = 210 represented bone tissue, and the parameters of bone microarchitecture were evaluated by the builtin software of the micro-CT instrument. The image data
were converted into computer-aided design program for
biomimetic bone ceramic scaffolding (Figure 1). After scanning, the upper and lower part of specimens were sawed
with use of a microtome (Leica1600, Nussloch, Germany),
and specimens (n ¼ 6) 10 mm in diameter and 12 mm high
were created for biomechanical testing.
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In the ceramics phase, hydroxyapatite (HA, Institute of
Nuclear Energy Technology, Tsinghua University, China) and
b-tricalcium phosphate (b-TCP, Institute of Nuclear Energy
Technology, Tsinghua University, China) powder (HA:bTCP50% ¼ 1:1, v/v) were synthesized by chemical precipitation from aqueous solutions of triammonium phosphate
trihydrate and calcium nitrate tetrahydrate. The initiator
was calcium chloride (Tianjin Tanggu Dengzhong Chemical
Plant, China). The BCP powder was mixed with deionized
water, dispersant D-9300 (Beijing Eastern Rohm & Haas),
foaming agent sodium lauryl sulfate (Tianjin Chemical
Plant), stabilizing agent lauryl (Beijing Yili Fine Chemical),
and the gelling polymer, sodium alginate solution (Beijing
Xudong Chemical Plant) to form foamy ceramic slurry by
means of ball milling in a polyethylene jar.
With the gel-lamination system, the foamy HA and b-TCP
slurry was gelled layer by layer by use of the 3D Gel-lamination Machine (Institute of Nuclear Energy Technology,
Tsinghua University, China), maintaining proper speed and
compounding according to 2D micro-CT images of the canine
femoral head. Then the 3D gel-lamination specimens were
dried at 37 C and relative humidity 60% for 48 h. After
drying, the specimens were burned at a slow heating rate of
increments of 1 C/min up to 300 C, maintained at 300 C for
1 h, then up to 600 C, and maintained at 600 C for 1 h to
burn off the volatiles, then sintered at 1250 C for 2 h.
Characterization of biomimetic ceramic scaffold. We compared the structure and mechanics of six specimens of
cylindrical biomimetic ceramic scaffolds 10 mm diameter
and 12 mm high and six specimens of cancellous bone from
the femoral heads of healthy canines. The microarchitecture
of the biomimetic ceramic scaffold was captured by use of a
desktop micro-CT system. Consecutive scans were perpendicular to the long axis of the limb at an isotropic resolution
of 20 lm3. The acquired 3D dataset was evaluated by the
built-in software of the micro-CT instrument with ‘‘width,’’
‘‘support,’’ and ‘‘threshold’’ of 1.2, 2, and 210, respectively.
After micro-CT evaluations, the scaffolds underwent compression testing with 2-kN load cells (MTS, 858 Mini Bionix
XII, MTS Corp). The crosshead speed was 0.4 mm/min, and
the load was applied until the scaffold was displaced by 3
mm. The elastic modulus was calculated as the slope of
the initial linear portion of the stress–strain curve. The
yield strength was determined from the cross point of the
2 tangents on the stress–strain curve at maximal stress.
Preparation of cell–scaffold constructs
Isolation and culture of BMSCs. BMSCs were isolated and
cultured as described.18 Brieﬂy, 2 mL of canine bone marrow
was collected via iliac aspiration into a heparinized 10-mL
syringe. A 0.5-mL portion of the aspirate was cultured in an
80-cm2 ﬂask with 20 mL Dulbecco’s modiﬁed Eagle’s medium with a low glucose concentration and 10% fetal bovine
serum (FBS). Cells were cultivated at 37 C under 5% CO2.
The medium was changed twice a week until cells were 80%
conﬂuent. Adherent cells were released from the ﬂasks
by exposure to 0.05% trypsin and passaged. Cells were
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harvested and centrifuged at 100 g for 10 min and then
washed with culture medium at 6  106 cells/mL in medium containing 15% FBS. BMSCs at ﬁrst passage were used.
Preparation of cell–scaffold constructs. Before inoculation,
scaffolds were rinsed with medium for 8 h. Scaffolds were
statically seeded with 0.5 mL BMSC suspension containing 5 
106 cells dropped on each side, then incubated at 37 C for 2 h
to allow cell attachment. Scaffolds were cultured for 7 days in
FBS medium with 10 nM dexamethasone and 10 mM b-glycerophosphate (Sigma, St. Louis, MO) to stimulate BMSCs to
differentiate into osteogenic lineages. The cell–scaffold constructs were then processed for in vitro and in vivo evaluations.
Cell attachment and viability assay. After incubation of
the BCPþBMSC scaffold for 4 days, cell attachment in the
scaffold was conﬁrmed by scanning electronic microscopy
(SEM). The cell–scaffold construct was ﬁxed in 2.5% glutaraldehyde, dehydrated in a graded ethanol series to 100%
ethanol, treated with hexamethyldisilazane, and sputter
coated with gold-palladium before viewing. The viability of
attached cells on the scaffold was conﬁrmed by histology.
The specimens were ﬁxated in 4% formaldehyde, dehydrated by graded ethanol series, and embedded in polymethylmethacrylate, then cut in 25-lm-thick sections by use of
a sawing microtome (Leica1600, Nussloch, Germany).
The viability of attached cells on the scaffold was conﬁrmed by a live/dead assay kit (Molecular Probes; Eugene,
OR). Brieﬂy, after incubation of the BCPþBMSCs scaffold for
48 h, live pieces of cell-scaffold construct were prepared as
previously described19 and incubated in 2 mM calcein
AM (staining live cells) and 4 mM ethidium homodimer
(EthD-1) (dead cells) in phosphate-buffered saline (PBS) for
30–45 min at room temperature and washed again with PBS.
Samples were viewed on laser scanning confocal microscopy
(excitation/emission: 495/515 nm; Bio-Rad MRC-1024).
Repair of cancellous bone defect in the loading region
of the canine femoral head
Animal surgery. The animal protocol was approved by the
Research Ethics Committee of the Chinese PLA General Hospital. Twenty-four adult hybrid dogs (12 months old, male,
18–20 kg), obtained at least 4 weeks before surgery, were
randomly divided into 3 groups for treatment (n ¼ 8 each).
The dogs underwent surgery under general anesthesia with
10% ketamine/2% xylazine (Kethalar, 1 mL:1 mL) and were
sedated with 2.5% sodium phenobarbital injected intravenously (Sigma). Surgical procedures were performed on the
left hip for all animals under standard conditions. In brief,
after disinfecting and shaving the hip joint area, a central
skin incision was made from the iliac crest to proximal
lower limb to expose the muscle fascia and femoral head
through an anterolateral approach, where the lateral circumﬂex branch of the profunda femoris was preserved. At
the top of the femoral head, a 12-mm-diameter trapdoor
composed of articular cartilage and its underlying subchondral bone was removed by a thin chisel. Under constant
saline cooling, a central guide hole was drilled, and then a
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TABLE I. Micro-CT Evaluation on BCP Scaffold and Trabecular Bone Implanted into the Canine Femoral Head
Micro-CT Parameters
Groups
BCP scaffold (n ¼ 6)
Trabecular bone (n ¼ 6)
t value
p value

BV/TV%
39.77 6 3.66
42.25 6 3.81
2.094
0.086

1

BS/BV mm

15.86 6 0.71
20.42 6 0.27
13.42
0.000a

Tb.Th lm

Tb.N mm1

Tb.Sp lm

SMI

Tb.Pf mm1

169.2 6 27.5
193.4 6 14.5
2.297
0.069

1.91 6 0.38
2.02 6 0.14
1.373
0.225

406.6 6 48.2
310.2 6 35.63
4.949
0.004a

0.37 6 0.31
0.89 6 0.21
3.735
0.009a

2.11 6 1.01
2.46 6 0.35
0.548
0.603

Note: Data were shown as mean 6 standard deviation.
BV/TV, bone volume fraction; BS/BV, bone surface/bone volume; Tb.Th, trabecular thickness; Tb.N, trabecular number, Tb.Sp, trabecular
spacing; SMI, structure model index; Tb.Pf, pattern factor.
a
p < 0.01 compared between the biomimetic BCP scaffold and canine trabecular bone.

10-mm trephine bone defect was made in the femoral head
to mimic the trap-door technique, which is routinely used
for surgically treating osteonecrosis. In group I dogs, the
cancellous bone defects were implanted with porous BCP
scaffolds and autologous BMSCs; in group II dogs, the
defects were implanted with BCP scaffolds without cells. In
the control group, the defects were packed with conventional
autologous bone grafts chiseled from the iliac crest and
made into bone chips (2–4 mm in diameter) with use of a
bone rongeur. The implants were press-ﬁtted into the bone
defect and covered with the cartilage-bone ﬂap held in place
by a secure suture. After the capsule was closed, the hip
abductors were sutured tightly to the greater trochanter. The
fascia was closed with a nonresorbable suture, and the skin
was closed in two layers. All animals were observed daily for
wound healing and received one preoperative shot of gentamicin (4 mg/kg, Dragon Pharmaceuticals, China). Animals
were killed by overdose of pentobarbital at 30 weeks after
surgery, and the femoral head specimens were harvested for
radiological, histological, and biomechanical evaluations.
Radiological evaluation. Anteroposterior radiographs were
obtained in each group immediately after and then at 12
and 30 weeks after implantation. The degree of bone
collapse was measured as described.20 The normal contour
of the femoral head was established by the use of concentric
circles, and the depth of the collapse was then measured.
Histological evaluation. At 30 weeks after surgery, all dogs
were killed by overdose of pentobarbital sodium after
passive range of motion was assessed. The femoral heads of
operated animals and eight normal heads obtained randomly from the normal hips of dogs in group I, group II,
and the control group were cut in half along the midcoronal axis from the head to neck, with the front half used
for histological evaluations and the posterior half used for
indentation testing. The front half of the specimens were
ﬁxed in 4% formaldehyde, dehydrated by graded ethanol
series, and embedded in polymethylmethacrylate. The middle coronal portion of the femoral head, 200 lm thick, was
cut by use of a microtome, then ground by use of a
grinder/polisher (RotoPol-21, Struers, Denmark) and
mounted onto plastic slides for polycutting in 25-lm-thick
sections (Leica, Nussloch, Germany). The sections were
stained with Giemsa-Eosin for light microscopy examination.

For quantiﬁcation of new bone regeneration, we used
semi-automatic analysis software (Image-Pro Plus 5.0, Media
Cybernetics, Silver Spring, MD) to calculate ﬁve representative areas at 10 magniﬁcation from each group. The ratio
of new bone to total area of tissue and that of the BCP area
to total area of the tissue were calculated for group I and II
dogs. For the implanted bone area in the control group and
middle region of normal femoral heads, the ratio of bone to
total area was calculated only.
Biomechanical testing. The posterior half of the femoral
head specimens were stored at 20 C and thawed at room
temperature for the indentation test. A section 4-mm-thick
near the mid-sagittal region was sawed. The middle region
of the femoral heads underwent indentation testing (MTS
858 Mini BionixII, MTS Corp). Specimens were placed on a
ﬂat steel cylinder, and the middle region of the specimen
was loaded at a rate of 1 mm/min to a displacement of
2 mm by use of a ﬂat stainless steel indenter of diameter
3.2 mm.21 The load-displacement data were converted into
a stress–strain curve by dividing load by the area of the
indenter and displacement by the initial thickness of the
bone slice. The stiffness was generated from the load-deformation curve. The elastic (Young’s) modulus was calculated
by E ¼ S(1  v2)/d, where E is elastic modulus, S is stiffness,
v is Poisson’s ratio, and d is the diameter of the indenter.
Poisson’s ratio of 0.25 was chosen as an average value.
Statistical analysis
Comparison of microarchitecture and mechanical properties
of the BCP ceramic scaffold and cancellous bone specimens of
femoral heads involved Student t test. The in vivo comparisons
among the groups involved one-way ANOVA, with post-hoc
Tamhane testing for multiple comparison of variables with
signiﬁcance. The level of signiﬁcance was set at p < 0.05. All
data analyses involved use of SPSS v15.0 (SPSS, Chicago, IL).
RESULTS

In vitro characterization of cell–scaffold constructs
The biomimetic ceramic scaffolds did not differ from the
trabecular bone specimens of the healthy intact canine
femoral head in micro-CT 3D parameters, including bone
volume fraction, trabecular thickness, trabecular number,
and trabecular pattern factor (Figure 1; Table I).
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FIGURE 2. The SEM and histological image showing the attachment of BMSCs (arrow) on the surface of BCP scaffold (gray color). Giemsa-Eosin
stain. Bar ¼ 200 lm. [Color ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The ultimate strength of the scaffolds was lower than
that of the canine cancellous bone (5.62 6 0.78 vs. 12.06 6
3.24 MPa), and Young’s modulus for the scaffold was higher
than that of canine bone (664 6 36.03 vs. 556.10 6 56.84
MPa) (p < 0.05 for both).
It was revealed by SEM and histology for the satisfactory
BMSC attachment on the surface of BCP scaffold (Figure 2).
Confocal microscopy of cell–scaffold constructs also revealed
the viability of the majority of cells with green ﬂuorescence
after 48-h culture in cell-scaffold constructs (Figure 3).

In vitro evaluation of cell–scaffold constructs for
reconstruction of bone defects
All 24 dogs walked without assistance after 2 weeks of
surgery. One dog in the group of BCP scaffold without
BMSCs died accidentally at week 8 after surgery, so 23 dogs
were alive up to week 30 for evaluation. No dogs showed
signs of infection or abnormal gait patterns during the ﬁrst
10 weeks after surgery. Lameness developed in two dogs in
the control group, but the hip functions of groups I and II
dogs were normal.

Radiological evaluation. At week 12, the femoral heads of
eight dogs in the control group were collapsed to a certain
extent, with the bone of the loading area in the femoral
heads undergoing absorption and becoming ﬂatter. At week
30, the femoral heads in the control group were collapsed
further and the hip joint space became narrower. At week
12, the femoral heads of groups I and II dogs remained
round without collapse. At week 30, the osteointegrity of
the femoral joint in ﬁve of eight femoral heads in group I
and six of seven heads in group II remained intact. Two
femoral heads in group I and one head in group II dogs
were partly collapsed where the cancellous bone was partly
rebsorbed. The integrity of contours of the BCP scaffold
remained unchanged in both groups I and II (Figure 4).
Anteroposterior radiographs revealed a signiﬁcant difference in the collapse index of the femoral heads among the
control group and groups I and II (2.1 6 0.8, 0.9 6 0.7, and
0.9 6 0.6 mm, respectively) (p ¼ 0.003).
Histological evaluation. At 30 weeks after surgery, the
contour of the femoral head remained unchanged in all
group I and II dogs (Figures 5 and 6) and the new bone

FIGURE 3. Dead/live analysis of cell–scaffold constructs 48 h after cell seeding by confocal laser scanning microscopy. Live (green) cells were
stained with calcein (A) and dead (red) cells were stained with ethidium homodimer (B). Image C was a merger of image A, B, and light scope
of the cell-scaffold construct. Bar ¼ 100 lm. [Color ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 4. Representative plain radiographs showing the postoperative changes in the femoral heads of canines at 12 and 30 weeks after reconstruction in experimental and control groups. Joint collapse was noted in the control group, whereas the contours of the femoral heads were
well preserved in groups I and II. [Color ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

was formed within the porous surface of the implanted BCP
scaffold. New bone formed with osteointegration between
the BCP scaffold and the host bone, with no degradation of
the scaffolds in group I and II dogs (Figure 7). Histomorphometric analysis revealed the new bone area signiﬁcantly
greater in group I than group II dogs (20.3 6 2.1 vs. 9.0 6
2.9, p < 0.01). Although the new bone area was signiﬁcantly
greater in the control group (39.0 6 4.5) than in groups I
and II (p < 0.01), femoral heads collapsed and lost their
round shape in the control group. Osteophytes were formed
at the edge of the femoral heads and a ﬁbrous tissue zone
appeared in the upper part of the femoral heads (Figure 8).
Groups I and II did not differ in ceramic area but the total
area of ceramic scaffold and new bone was signiﬁcantly
higher for group I than II (56.6 6 3.5 vs. 45.9 6 2.9, p <
0.01), the control group (39.0 6 4.5, p < 0.01) and normal
femoral heads (47.8 6 2.8, p < 0.01). The total area of

ceramic scaffold and bone area in group I was higher than
that of control group (p < 0.05) and there was no difference between normal group (p > 0.05).

Biomechanical testing
The ultimate strength and Young’s modulus were signiﬁcantly higher for group I (59.10 6 10.87 MPa, 655.71 6
121.93 MPa) than group II (34.54 6 6.04 MPa, 442.50 6
88.31 MPa, p < 0.05), the control group (19.14 6 7.04 MPa,
203.25 6 53.85 Mpa, p < 0.05), and the normal group
(43.30 6 2.93 MPa, 423.38 6 106.29 MPa, p < 0.05). The
ultimate strength and Young’s modulus were signiﬁcant
lower for the control group than the three other groups
(p < 0.01) and was higher for group I than the normal
group (p < 0.01), group II (p < 0.01) and the control group
(p < 0.01). The normal group and group II did not differ in
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FIGURE 5. A representative femoral head from group I at 30 weeks after surgery. A general view of the femoral head in the coronal plane (A). A
representative histological section of the femoral head in the coronal plane showing well-preserved femoral head (B); Magniﬁed region of the
implanted BCP scaffold showing formation of new bone (trabecular bone) on the cavity surface of the implanted BCP scaffold (C and D).
Right: Giemsa-Eosin stain. Bar ¼ 1 mm for A, B, C, and D. [Color ﬁgure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Young’s modulus (p > 0.05), although the ultimate strength
was lower for group II than the normal group.
DISCUSSION

Apart from restoring the normal anatomy of the femoral
head with osteonecrosis with proper biomaterial, maintaining and preventing destruction of mechanical properties and
restoring joint function during the repair process is also
important to prevent the collapse of the femoral head. In
this study, we tested bone-defect reconstruction at the
weight-bearing part of canine femoral heads using BCP scaffolds with and without BMSCs. At 30 weeks after surgery,
the BCP scaffolds seeded with BMSCs produced more new
bone formation and greater strength than did BCP scaffolds
alone.
The occurrence of joint collapse with a depressive
change greater than 2 mm can lead to disabling pain or subsequent secondary osteoarthritis of the hip, whereas
patients with no or minimal collapse might remain asymp-

322

PENG ET AL.

tomatic even if the necrotic region does not progress.22–24
Repair of bone defects in femoral heads after osteonecrosis
is a critical salvage procedure to preserve the joint and
avoid the need for arthroplasty, yet remains a major challenge for orthopedic surgeons and researchers. Femoral
head collapse is induced by the repair reaction, which
involves recruitment of macrophages and osteoclast precursors. Excessive osteoclast activity decreases mechanical
strength of the repair region and can lead to collapse of the
femoral head.23–26 Bone defects implanted with bone chips
is the current approach to repair non-loading regions but
cannot prevent the collapse of the femoral head. The major
drawback of the implantation of autologous bone chips is
its high rate of bone resorption to bone formation, which
leads to decreased bone strength, lack of bone formation,
loss of mechanical support and, ultimately, joint collapse.27
About 30% of autologous bone is resorbed at postoperative
12 weeks in vivo, and the resorption of autologous bone
chips should be faster.28 Rijnen et al. proposed to mix
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FIGURE 6. Representative femoral head in group II at 30 weeks after surgery. A general view of the femoral head in the coronal plane (A). Histology (right) of a femoral head section in the coronal plane showing the postoperative changes of canine femoral head 30 weeks after reconstruction. The contour of the femoral heads was well preserved and the scaffold was integrated with the surrounded host bone (B and C).The new
bone formation is less than for group I (C and D). Right: Giemsa-Eosin stain. Bar ¼ 1 mm for A, B, C, and D. [Color ﬁgure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

slowly degraded BCP granules with bone chips to minimize
the loss of bone strength and load bearing on the osteonecrotic defect in the femoral head.8 Actually, the use of BCP
is not new for orthopedic surgery to repair fractures.29 One
study found that autologous bone chips in polytetraﬂuoroethylene cylinders in femoral epiphyses resorbed rapidly,
whereas balanced bone resorption with bone formation was
observed when cylinders were packed with BCP granules.27
BCP is based on an optimal balance between the more
stable phase (HA) and the more soluble phase (b-TCP), is
soluble and gradually dissolves in vivo, and forms new bone
as it releases calcium and phosphate ions into the biological
medium.27,29 In this study, we employed the slow-degradation characteristics of BCP to fabricate a biomimetic scaffold
to maintain mechanical support in load-bearing regions of
the canine femoral head.
As well as the biomimetic architecture, the material for
the scaffolding is also important. Ideally, the bone scaffold

could provide a temporary load-bearing function of femoral
head to prevent joint collapse. The scaffolding for bone
defects should match the material properties,30,31 outer
geometry and inner architecture of the host bone in the local
environment.32 We used the micro-CT images to attempt to
optimize the overall mechanical properties and minimize the
stress shielding at the bone–scaffold interface. We showed
the long-term performance of such micro-CT-based bone
ceramic scaffold, that it well maintained the contour and
mechanical function of the femoral head for as long as 30
weeks postoperatively in a canine model. The micro-CTbased bone ceramic scaffold formed a ﬁrm bonding with
host bone without any evidence of stress-shielding–associated bone resorption at the interface. In our study, although
the bone area was lower with BCP scaffolding alone than
in normal femoral heads, the trabecula of the porous BCP
scaffold were covered by a layer of new bone, which was
greater with BCP scaffolding plus BMSC seeding. The newly
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FIGURE 7. A representative femoral head in the control group 30 weeks after surgery. General view (A); representative radiograph in the coronal
plane showing the femoral head contour (B); representative histological section of the femoral head in the coronal plane (C); ﬁbrous tissue
formed between the graft bone chips and bone-cartilage ﬂap region (C and D). Right: Giemsa-Eosin stain. Bar ¼ 1 mm for A, B, C, and D. [Color
ﬁgure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

formed bone and BCP scaffold trabeculae integrated and
cooperated together to bear the loading of the femoral head.
In contrast with autologous bone chip grafting, the BCP
scaffolds we implanted showed integrity in structure. The
trabeculae of the porous BCP scaffold and the newly formed
bone on the surface could appear as one biomechanical unit
for load bearing. The total area of the BCP ceramic scaffold
and new bone reached 56.6 6 3.5% with BCP scaffolding
and BMSC seeding, which was higher than that with BCP
scaffolding alone (45.9 6 2.9, p < 0.01), the control treatment (39.0 6 4.5, p < 0.01) and normal femoral heads (47.8
6 2.8, p < 0.01). This ﬁnding may have contributed to the
greater strength and Young’s modulus found with BCP scaffolding in the indentation test as compared with the other
groups. However, the tissue integration between the upper
surface of subchondral bone and the articular cartilage was
not as good as expected. This observation needs further
osteochondral tissue engineering.
Moreover, the BCP scaffolding should provide a
biomimetic environment to promote bone healing after the
removal of necrotic bone; that is, it should offer optimal
porosity, pore size, interconnectivity, volume fraction, perme-
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ability, and material surface chemistry facilitating BMSC proliferation and matrix synthesis. BMSCs have been introduced
for treatment of osteonecrosis both experimentally and clinically.15–17 Our data suggested that this biomimetic scaffold
facilitated BMSC attachment and survival and favored new
bone formation on the surfaces of the scaffold. The pathophysiology of osteonecrosis is destructive repair with increased
osteoclastic activities, leading to deterioration of mechanical
properties of the femoral head and ultimately joint
collapse.1,2,5 The biomimetic scaffold seeded by BMSCs might
be helpful to balance bone resorption with bone formation
during the repair of bone defects in the femoral head.
The animal model of bone defect of the femoral heads
was an important concern in the present study. A great deal
of work have been devoted to develop a relevant model for
osteonecorsis, yet few could successfully mimic human-like
mechanical failure and joint collapse.5,33–35 In this study, we
used the common trapdoor procedure for surgical removal
of osteonecrotic bone36 to create a critical defect in femoral
head and successfully mimic the human-like mechanical failure and joint collapse in the control group. Thus, we used
this model to test the mechanical support of the biomimetic
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bone ceramic scaffold to repair bone defects in the femoral
head. However, the biological milieu of this model differs
from that of osteonecrosis.
CONCLUSIONS

We demonstrated the feasibility of developing a biomimetic
BCP scaffold prepared by 3D gel-lamination with BMSC
seeding in a canine model. The BCP scaffold has good structure, initial strength, cancellous bone like Young’s modulus.
and biocompatibility, which makes it a suitable candidate as
a supportive structure for cell seeding. Block BCP scaffolds
seeded with BMSCs could be promising for treating large,
load-bearing bone defects in the femoral head. However, the
interface between the subchondral scaffold and overlying
cartilage needs further improvement. As well, autologous
cancellous bone chip grafting, which has no initial strength,
is not optimal for repairing bone defects of the loading area
of the femoral head and cannot prevent femoral head
collapse, although it has good ability for bone formation.
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