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Abstract. For avascular necrosis of the femoral head (ANFH),
repair and regeneration are difficult because of the edema and
high pressure caused by continuous ischemia and hypoxia.
Core decompression (CD) is a classic method for treating early
ANFH before the collapse of the femoral head; however, its
effect is still controversial. To improve the therapeutic effect
of CD on ANFH, a novel tissue-engineered bone (TEB) was
constructed by combining bone marrow mesenchymal stemcells
(BMSCs) with nano-hydroxyapatite/collagen I/poly-L-lactic
acid (nHAC/PLA) scaffolds and implanting the TEB into the
bone tunnel of CD. Cell attachment was observed by scan-
ning electron microscopy and hematoxylin and eosin staining.
The authors' previous studies confirmed that nHAC/PLA is
an excellent scaffold material with favorable biocompatibility
and no cytotoxicity. A total of 24 New Zealand rabbits with
ANFH were randomly divided into three groups, as follows:
Group A (n=8), pure CD; group B (n=8), CD+nHAC/PLA; and
group C (n=8), CD+BMSCs-nHAC/PLA. The favorable effect
of BMSCs-nHAC/PLA on angiogenesis and bone formation
in necrotic areas was further evaluated via radiographic and
histological analyses. Computerized tomography (CT) scan-
ning and H&E staining showed more capillaries and new
osteoid tissue in group C compared with in groups B and A.
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Micro-CT showed that the new bone coverage rate and
implanted material degradation degree were each increased in
group C compared with in group B. These results indicate that
BMSCs-nHAC/PLA scaffolds may improve the curative effect
of CD and provide a strategy for treating ANFH.

Introduction

Avascular necrosis of the femoral head (ANFH) is a common
orthopedic disease that is caused by alcohol abuse, long-term
use of hormones and trauma (1-3). It has a high incidence,
difficult early diagnosis and prevention, and core decompres-
sion (CD) can only stop the progression of the disease (4,5).
Determining how to promote regeneration and repair in ANFH,
especially in young patients, and how to further reduce or even
avoid total hip arthroplasty has attracted extensive attention
from researchers (6). Previous studies have reported that CD
combined with autogenous bone transplantation has a certain
therapeutic effect (2,7); however, it makes patients suffer more
trauma and carries the risk of there being insufficient autog-
enous bone. Therefore, the present study hopes to find a method
to reverse necrosis and promote tissue regeneration and repair
through CD and implantation of tissue-engineered bone (TEB).

BMSCs are an ideal candidate for tissue engineering
because the cells are easily isolated and cultured and have
rich differentiation potential (8,9). Scaffold materials with
3D micropore structures can promote the growth of neovas-
cularization and induce MSC differentiation to enhance
osteogenesis at the bone defect site (10,11). A 3D porous biomi-
metic scaffold, nano-hydroxyapatite/collagen I/poly-L-lactic
acid (mHAC/PLA), with properties similar to natural bone, has
drawn increasing attention (12). The authors' previous study
demonstrated that nHAC/PLA has excellent biocompatibility,
osteoconduction and biodegradability when used to repair
long bone defects (13). CD combined with stem cell or bone
substitute transplantation has been reported in animal and
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clinical studies, but still has not achieved high tissue regenera-
tion and repair efficiency (7,14).

In the present study, bone marrow mesenchymal stem cells
(BMSCs) were first successfully inoculated into nHAC/PLA
scaffolds and then implanted the scaffolds into CD bone
tunnels in rabbits. All results of radiological and histological
examination confirmed that BMSCs-nHAC/PLA scaffold
implantation can effectively promote the therapeutic effect of
CD for ANFH, supporting the pursuit of BMSCs-nHAC/PLA
scaffolds as a new treatment for ANFH.

Materials and methods

BMSC culture. The current study was carried out in accor-
dance with the Guidelines on the Care and Use of Laboratory
Animals issued by the Animal Research Council of China (15)
and was approved by the Animal Research Ethics Committee
of the Second Hospital of Shandong University. Fig. 1 shows a
brief flow of modeling, grouping and experimentation. At the
same time, the bone coverage and microvessel density of each
group were compared.

Primary high-purity rabbit BMSCs, confirmed by direc-
tional differentiation and phenotypic identification, were
provided by Dr Xiaoshuai Xie (Second Hospital of Shandong
University) (16). BMSCs were resuspended in 89% Dulbecco's
modified Eagle's medium (Gibco; Thermo Fisher Scientific,
Inc.), 10% fetal bovine serum (HyClone; GE Healthcare) and
1% penicillin/streptomycin/amphotericin B (Sangon Biotech,
Co., Ltd.). Then, cells were cultured at 37°C with 5% CO, and
95% humidity. The culture medium was changed every 2 days.
Cells were passaged when they reached 80-90% confluence
and used for subsequent experiments at passage 3.

BMSC-seeded scaffolds. Briefly, the 2-mm? nHAC/PLA scaf-
folds (Beijing Allgens Medical Science & Technology Co.,
Ltd.) were pre-wetted overnight and placed in a 96-well culture
plate (1/well). Then, 5x10° cells/ml (100 ul) were injected into
a stent using a 29 G fine needle (Ultra-Fine; Becton-Dickinson
and Company). Then, 100 ul culture medium was added to
each well and replaced every 6 h.

BMSC attachment to scaffolds. The morphology and quantity
of BMSCs in the scaffolds was assessed by hematoxylin and
eosin (H&E) staining under light microscopy at a magnifica-
tion of x100 and scanning electron microscopy (SEM; Hitachi
SU8010; Hitachi, Ltd.) at a magnification of x1,000 after 24 h.
Simply, the BMSCs-nHAC/PLA scaffolds were rinsed three
times with phosphate-buffered saline (PBS; pH=7.4), fixed in
4% paraformaldehyde for 2 days at 4°C, decalcified in 10%
EDTA and embedded in paraffin. Then, the samples were cut
to a 5-um thickness and stained with hematoxylin for 3 min
and 30 sec, and water-soluble eosin for 2 min and 30 sec at
35°C. The rinsed BMSCs-nHAC/PLA scaffolds were then
fixed in 2.5% glutaraldehyde for 12 h at 4°C, dehydrated in
graded ethanol, dried at the critical point and sputter coated
with gold for SEM examination.

Animal model. A total of 30 healthy New Zealand rabbits
(age, 2 months old; weight, 1.5-2.5 kg; male:female ratio, 1:1)
were purchased from the Animal Laboratory Center of the

Second Hospital of Shandong University and used to estab-
lish ANFH models. The rabbits were housed at 24°C, with
50% humidity, a light and dark cycle of 12 h/12 h and free
access to food and water in a single cage, according to the
protocols outlined in a previous study (9). First, lipopolysac-
charide (LPS; 10 pg/kg; Sigma-Aldrich; Merck KGaA) was
implemented intravenously on day 1 and then methylpred-
nisolone acetate (20 mg/kg; Pfizer, Inc.) was administered
intramuscularly into the right gluteus medius muscle on
days 2, 3 and 4. A total of three rabbits died of pulmonary
infection within 2 weeks of model establishment. Three
rabbits were randomly sacrificed by intravenous injection of
an overdose of sodium pentobarbital solution (100 mg/kg) to
verify ANFH using magnetic resonance imaging, conducted
by two experts from the Department of Radiology, Affiliated
Hospital of Shandong Traditional Chinese Medicine
University, at 6 weeks after the last injection of methylpred-
nisolone (MPSL).

CD and BMSCs-nHAC/PLA implantation. The rabbits with
ANFH were randomly divided into 3 groups, as follows:
Group A (n=8), pure CD; group B (n=8), CD+nHAC/PLA;
and group C (n=8), CD+BMSCs-nHAC/PLA. All rabbits were
anesthetized by ear vein injection of pentobarbital sodium
(30 mg/kg). A 2 cm incision was made from the femoral
greater trochanter of the right hind limb to the hip and the
posterior lateral capsule of the hip joint was opened. A 3-mm
surgical drill bit was used to create a 3x4 mm decompression
tunnel from the junction of cartilage and bone to the medul-
lary core, then the nHAC/PLA scaffolds (2x2 mm?, group B)
and BMSCs-nHAC/PLA scaffolds (2x2 mm?, group C) were
placed into the bone tunnels by fit pressure (Fig. 2). Finally, the
incision was stitched down layer by layer. After the operation,
the animals received the same diet in single cage in a clean,
dry and well-ventilated animal house.

Radiology and histology analyses. At 4 weeks post-surgery,
rabbits were sacrificed using the same procedure as that for
establishing ANFH models described above for CT (General
Electric Company; groups A-C) and micro-CT (Sky Scan;
Bruker Corporation; groups B and C). New bone around
the decompression tunnel and implants in the tunnel were
observed, and the bone coverage was calculated automati-
cally by CT-An analysis software (version 1.15.4.0; Bruker
Corporation). Then, to further observe histopathological
changes in the bone tunnel area, the femoral heads of each
group were stained with H&E, as described above. The new
bone, vascular tissue and implant degradation were evaluated
by two histopathology specialists from the Second Hospital of
Shandong University.

Statistical analyses. Each experiment was repeated three
times. The data obtained are expressed as the mean + standard
deviation. The differences between groups were analyzed using
an unpaired two-sided Student's t-test when only two groups,
or by one-way analysis of variance followed by post hoc
Bonferroni's tests when more than two groups were compared.
All analyses were performed with SPSS version 18.0 (SPSS,
Inc.). P<0.05 was considered to indicate a statistically signifi-
cant difference.
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Figure 1. General flow chart of the experiment and some experimental results.
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Figure 2. CD and graft filling. (A) After successful anesthesia, the incision was marked, the operative area was disinfected and the sterile opening was covered
with a towel. (B) Demonstration of the CD approach to the femoral head in vitro. (C) nHAC/PLA scaffold size measurement (2 mm?®). (D) nHAC/PLA or
BMSCs-nHAC/PLA were implanted into the decompression tunnel by fit pressure. CD, core decompression; BMSC, bone marrow stem cells; nHAC/PLA,
nano-hydroxyapatite/collagen I/poly-L-lactic acid; H&E, hematoxylin and eosin; CT, computed tomography; ANFH, avascular necrosis of the femoral head;

MRI, magnetic resonance imaging.

Results

Cell culture. To observe and evaluate the growth and
morphology of BMSCs, the cell phenotype of which was

identified by Dr Xiaoshuai Xie (16). Primary rabbit BMSCs
were incubated in 25-cm? plastic tissue culture flasks. On
day 1, all cells were adherent and mostly spindle-shaped,
though a few irregular cells were triangular or rhomboid. At
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Figure 3. BMSCs could attach to scaffolds. (A) A total of 24 h after seeding, hematoxylin and eosin staining showed that a large number of BMSCs adhered
to the scaffold and were distributed evenly (x200). (B) Scanning electron microscopy micrographs revealed that BMSCs were uniformly distributed inside the
scaffold; the cell bodies and filamentous pseudopodia contacted the micropore wall. (C) The bodies of the poorly attached cells were spherical in shape and
only two to three short and thick pseudopods contacted the inner surface of the scaffold. (D) The adherent cell bodies were long and oval-shaped, or spherical.
One side of which was closely attached to the pore wall of the scaffold and many banded pseudopodia radiated from it (denoted by the green arrowhead).

BMSCs, bone marrow stem cells.

day 5, the cells reached 80-90% confluence. These findings
are consistent with those reported by Xie et al (16), confirming
that well-grown purified BMSCs were obtained.

Scaffold and cell attachment. To assess the 3D microstructure of
nHAC/PLA, SEM was used to verify the size and direction of the
stent micropores. The results are similar to those reported before;
the pore sizes are ~300+£250 ym, with a porosity of 70-90% (12).
The number of cells in the scaffold was evaluated by H&E
staining under light microscopy and the micro-morphology of
adherent cells was further observed by SEM, which confirmed
that the cells was firmly attached to the scaffold. At 24 h, a
number of spindle cells were uniformly distributed inside the
scaffold; the cell bodies and filamentous pseudopodia contacted
the micropore wall. The adherent cell bodies were long and oval,
one side of which was closely attached to the pore wall of the scaf-
fold, and a number of banded pseudopodia radiated from it. The
bodies of the poorly attached cells were spherical in shape and
only 2-3 short and thick pseudopods contacted the inner surface
of the scaffold (Fig. 3). Using SEM, similar were found results
compared with the authors' previous studies (10,13,17). These
results confirm that the 3D inoculation of cells into scaffolds can
be accomplished by multi-point injection via fine needles.

CD and general condition. The present study aimed to not
only avoid radiation exposure, but also to complete the opera-
tion quickly and accurately. In the process, without X-rayed
guiding, all surgical operations were completed in 20-30 min,
with an incision of ~2 cm and intraoperative bleeding of
~3-5 ml. All rabbits were awake 1-2 h post-surgery. The diet and
behavior of the rabbits had returned to normal by 3 days after

surgery. Within 4 weeks post-surgery, no rabbits developed
femoral fractures or hip dislocation. Despite being without
antibiotic use, all rabbits exhibited no obvious wound infec-
tion after 4 weeks. These results proved that the posterolateral
subchondral approach, without X-rayed guiding, could quickly
and accurately complete the CD, avoiding radiation exposure
of the operator, and was conducive to the rapid recovery of
experimental animals after surgery.

Radiology analyses. To observe osteogenesis in the early
decompression tunnel, all rabbits were examined by CT at
4 weeks after the operation and bone formation and scaf-
fold degradation in the B and C groups were observed more
intuitively by micro-CT. Via CT test, group C showed a
homogeneous high-density signal in the decompression tunnel
and the outlet of the tunnel was closed. In group B, the first
half of the decompression tunnel shows an inhomogeneous
high-density signal; the second half shows an inhomogeneous
low-density signal and the tunnel opening was not closed.
However, in group A, the entire tunnel shows an uneven
low-density signal and there was no marked high-density
signal in the decompression tunnel, and the external opening
was not shut (Fig. 4). The micro-CT results further showed
more bone trabeculae around the decompression tunnel in
group C (Fig. 5A-C) relative to in group B (Fig. 5D-F); the
trabeculae gradually spread to the center, making the tunnel
narrow and irregular; the outlet was closed; and the implant
was decomposed into multiple small pieces. The bone
coverage percentages of groups B and C were 19.93 and
29.08%, respectively and they were significantly different to
each other (P<0.01; Fig. 6A). These results confirmed that
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Group A Group B Group C

H&E |

Figure 4. CT images and HE micrographs at 4 weeks post-operation. The CT images suggested that the osteogenesis in the decompression tunnel of group C
was significantly higher than that in the other two groups. Histology micrographs of H&E staining of bone tunnels (x200) of the three groups. CT, computer-
ized tomographic scanning; NB, new bone; HB, host bone; VT, vascular tissue; H&E, hematoxylin and eosin.

Cor Sag Tra

Figure 5. Micro-CT examination. (A) Cor, (B) Sag and (C) Tra micro-CT examination showed that the trabeculae around the subfemoral decompression tunnel
in group C were compact and arranged regularly, the new bone gradually grew into the center of the tunnel, and tissue-engineered bone was wrapped well and
degraded. At the same time, the exit of the tunnel was sealed by a thin layer of new bone. (D) Cor, (E) Sag and (F) Tra micro-CT examination showed that the
trabeculae around the subfemoral decompression tunnel in group B were loose and disordered. No new bone was found in the inner wall and scaffold of the
tunnel, and the degraded nHAC/PLA was not tightly wrapped by the new bone, and the exit of the tunnel was not sealed by the new bone (green arrows point
to decompression tunnels and red arrows point to implants). CT, computerized tomography; Cor, coronal section; Sag, sagittal section; Tra, transverse section;
nHAC/PLA, nano-hydroxyapatite/collagen I/poly-L-lactic acid.

CD combined with BMSCs-nHAC/PLA stent implantation  Histology analyses. To evaluate the angiogenesis of osteoid
had stronger osteogenic activity compared with the other two  tissues in early bone tunnels, H&E staining was performed
groups in the decompression tunnel and micro-CT showed on the decompression areas 4 weeks after the operation and
that BMSCs-nHAC/PLA had better biodegradability than  counted the microvessel density by randomly selecting multiple
pure nHAC/PLA. visual fields under a microscope. In group C, a large number of
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Figure 6. Bone coverage and microvascular density. (A) The percentage of bone coverage (group B and C) was measured at the experimental site. Data are
presented as the mean + SD. “P<0.01 according to the Student's two-sided unpaired t-tests. (B) The number of vessels at the experimental site (groups A,
B and C) was calculated. Data are presented as the mean + SD. “P<0.01 according to one-way analysis of variance and post hoc Bonferroni's tests.
nHAC/PLA, nano-hydroxyapatite/collagen I/poly-L-lactic acid; CD, core decompression.

new bones were connected to the host bone at the edge of the
decompression tunnel. The scaffolds were divided into a number
of islets by new osteoid tissue and abundant neovascularizations
were observed around and inside the tunnel. Compared with
group C, group B had similar changes at the edge of the tunnel,
but fewer new bones, new osteoid tissues and blood vessels.
Undecomposed stents were still observed in the center of the
decompression tunnel and the distribution of new blood vessels
in the stents was not obvious. However, in group A, almost no
new bone or new vessels were observed (Fig. 4). Quantification
of vessel densities showed that the neovascularization in group C
(35.17 vessels/mm?) was significantly increased compared with
in groups B (25.26 vessels/mm?), and markedly increased
compared with A (12.15 vessels/mm?; P<0.01; Fig. 6B). These
findings showed that BMSCs promoted angiogenesis in the inner
wall of the tunnel and nHAC/PLA stent in the early stage of post
operation, which was beneficial to the degradation of the stent
and to tissue regeneration and repair.

Discussion

In the current study, TEB was constructed with BMSCs and
nHAC/PLA and implanted into the bone tunnel created in CD.
In vivo, BMSCs-nHAC/PLA promoted the regeneration of
bone tissue and vascular tissue in the necrotic area, which may
be beneficial for preventing or repairing ANFH.

BMSCs are one of the most commonly used cells in basic
research and the clinical treatment of orthopedic diseases (18);
BMSCs provide not only cell sources, but also cytokines and
growth factors to accelerate the healing process of femoral head
necrosis (19). PLA, hydroxyapatite (HA) and collagen are widely
used in the manufacture of bionic artificial bone materials,
which have achieved good results in clinical treatment (19). HA
or collagen has the potential to promote the osteogenic differen-
tiation of stem cells independently (20). Highly interconnected
3D microporous nHAC/PLA, which is a suitable scaffold for
penetration by cells, organizes blood vessels to support growth
and provides nutrients for regenerating tissue (21). When the

volume of TEB is larger than 3 mm?, seeded cells have difficulty
surviving due to the lack of a vascular network (22). Therefore,
2 mm? nHAC/PLA was selected to produce TEB by seeding
with BMSCs; this size ensures that cells on the surface and
inside the scaffolds will have a nutrient and oxygen supply.
During the construction of TEB, some researchers have directly
dripped the cell suspension onto the scaffold surface and then
performed co-culture (12,17,21). It is difficult to uniformly
distribute seed cells on the surface of and the inside of the scaf-
fold. Most of the seed cells form a cell sheet covering the surface
of the scaffold. Additionally, the self-propagation of cells in the
scaffold requires long-term in vitro culture, which undoubtedly
increases the TEB production time. In the present study, the cell
suspension was injected into the scaffolds at different depths
and points with a fine needle and then vertically dripped onto
the surface of the scaffolds so that the seed cells were quickly
and well distributed inside and outside the scaffolds. The
experiment confirmed that, after 1 day, the cells were evenly
distributed inside and outside the scaffold, and firmly attached.

The ANFH model, generated by combining LPS with a
large dose of MPSL, does not require dislocation of the hip
joint (8,23); in contrast to liquid nitrogen freezing of the
cartilage surface (24), early damage to blood flow and motor
function of the femoral head was avoided. Unfortunately,
three rabbits died in the preliminary stages of establishing the
model. Previous studies (9,25) have shown that the procedure
for CD of the femoral head in rabbits usually involves drilling
a bone tunnel from 1 cm below the femoral trochanter to the
subchondral region of the femoral head through the femoral
neck. This approach not only carries the risk of damaging the
femoral neck and proximal lateral cortical bone, but it also
exposes the model animals and the operators to radiation. In
the present study, the posterolateral femoral head was exposed
through a 2-cm incision and a 3x4 mm bone tunnel was
drilled into the medullary center of the femoral head through
the cartilage-bone junction. In this way, not only could the
CD could be carried out accurately, but the risk of radiation
exposure was also avoided. Additionally, by keeping bleeding
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and the operation time close to their estimates, all rabbits
were restored to their pre-operative state, as determined by
observing their post-operative diet and activities, at 2-3 days
after operation without having been given prophylactic anti-
biotics. To a certain extent, the modified CD approach is fast,
accurate and minimally invasive, which is conducive to rapid
post-surgery recovery.

In the present study, it was confirmed that it is feasible to
construct TEB by fine needle injection and decompression of
the posterolateral approach to the femoral head to treat ANFH
in rabbits. A total of four weeks after the operation, imaging
and histological analyses showed more degradation of the
implants in group C compared with in group B, and that the
osteogenesis and vascularization activities in group C were
better than those in groups B and A. These results indicate that
BMSCs-nHAC/PLA stent implantation can promote the repair
and regeneration of a necrotic area and improve the therapeutic
effect of CD on ANFH. BMSCs-nHAC/PLA stent implantation
may become a new method for treating ANFH. However, there
are some limitations in the current study. Firstly, the BMSCs
were not characterized by cell surface specific markers and
their osteogenic/adipogenic differentiation potential was also
not identified. However, in fact, the BMSCs used in the present
study were just the same as those used in a prior study (16),
which had demonstrated identification and characterization of
BMSCs. Secondly, the femoral head necrosis negative control
group and CD + BMSCs group were not included and analyzed
in the current study. Thus, the experimental design appeared
to be not rigorous enough. Therefore, further investigations
should be undertaken to improve the above shortcomings.

In conclusion, good blood circulation and the osteogenic
capability of the femoral head are key factors preventing the
progression of ANFH. The results of the current study confirmed
that the combination of decompression of the medullary center,
removal of dead bone and implantation of BMSCs-nHAC/PLA
scaffolds are conducive to regeneration and repair in cases of
femoral head necrosis, and to the prevention of further necrosis.
To some extent, BMSCs-nHAC/PLA enhances the therapeutic
effect of CD on ANFH; combining the two may represent a
novel treatment for femoral head necrosis.
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