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Abstract. – OBJECTIVE: Bone marrow mes-
enchymal stem cells (BMMSCs) have been
widely applied in osteonecrosis. However, lack
of biomechanical support limited application of
BMMSCs. And porous tantalum (PTA) has been
identified as a cell-friendly scaffold for bone re-
generation. Herein, we aimed to investigate the
efficacy of PTA seeded with BMMSCs in the
treatment of osteonecrosis.

MATERIALS AND METHODS: After the pro-
duction of PTA seeded with BMMSCs, MTT and
GFP were performed to identify the proliferation
and adhesion of BMMSCs respectively, which
was further examined by scanning electron mi-
croscopy (SEM). And real-time PCR was also
used to determine mRNA level of osteogenic
markers, including Alp, OCN, OPN, Col I and
Runx-2 in BMMSCs. Nineteen adult rabbits were
applied for building steroid-associated os-
teonecrosis (SAON) models. Bone formation rate
(BFR) and mineral apposition rate (MAR) were
determined. And Goldner Trichrome Staining
was used in these SAON models, which further
confirmed the efficacy of PTA seeded with BMM-
SCs in SAON.

RESULTS: PTA seeded with BMMSCs showed
excellent biocompatibility. Additionally, SEM as-
say showed that BMMSCs adhered tightly and
spread fully in the pores of PTA. Next, the ex-
pression of ALP and OPN mRNA in BMMSCs
were significantly (p < 0.05) higher in the PTA-
treated group compared to those in the PTA-un-
treated group. Furthermore, compared to those
treated by only PTA, the dynamic bone forma-
tion in rabbits treated by PTA seeded with
BMMSCs was significantly increased (p < 0.001)
at both week 3rd and week 6th.

CONCLUSIONS: The product, PTA seeded
with BMMSCs, was successfully produced, and
was determined as high efficacy for treatment
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Introduction

Bone marrow mesenchymal stem cells (BMM-
SCs) have been widely used in tissue engineer-
ing. BMMSCs can differentiate into a variety of
cell lineages, including osteoblasts, adipocytes,
and chondrocytes1,2. Zhao et al3 suggested that
transplanted BMMSCs were applied to treat os-
teonecrosis, which received a promising outcome
in delaying or avoiding femoral head collapse.
However, lack of biomechanical support is a ma-
jor drawback for BMMSCs to preventing the
progression of osteonecrosis, including hip joint
collapse4,5. Porous tantalum (PTA) serves as a
cell-friendly scaffold for bone regeneration. It is
reasonable for us to speculate that combining
BMMSCs with PTA would achieve a better out-
come in the treatment of osteonecrosis.
Metallic implants have been widely used in or-

thopedic treatment. And titanium (Ti) is the most
widely used metal with strong mechanical proper-
ty6, which can replace the role of the bone after
implantation in vivo. However, Ti has a high elas-
tic modulus, which will induce stress shielding,
and consequently bone loss7. Therefore, investiga-
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into small cylinders with 5 mm in diameter, and
8 mm in height (this size is suitable for further in
vivo experiments). These cylinders were steril-
ized by autoclaving prior to cell seeding.

Isolation and Culture of BMMSCs
BMMSCs were isolated from 3-month-old

New Zealand rabbit (with ~2.0 kg body weight)
as previously described14. In brief, under intra-
muscular anesthesia [ketamine (10 mg/kg) and
xylazine (3 mg/kg)] in rabbits, bone marrow was
isolated from the femur, and the isolated BMM-
SCs were cultured in α-MEM (Gibco, Waltham,
MA, USA) with 10% fetal bovine serum (FBS,
Gibco, USA) in an incubator for 37 oC, 5% CO2,
and 100% humidity, as described previously14.
The cells used in the subsequent tests were at
Passage 3rd-5th, which have been confirmed as the
most suitable objects.

Proliferation Assay of BMMSCs
PTA and Ti were autoclaved for 1 h. Accord-

ing to the test guideline15, the standard dilution
ratio for the surface area of the sample to cell
culture medium was 3 cm2/ml. And the extracted
solutions were made by soaking the specified
material in sterile conditions of 37 oC, 5% CO2

and 100% humidity, for 72 hours15. The initial
density of BMMSCs was 4000 cells/well in 96-
well plates. After incubating the cells for another
24 hours in complete α-MEM, the medium was
changed into the diluted solutions or basal com-
plete culture medium. Then MTT tests were per-
formed at 24th hour and 48th hour post-treatment,
respectively.

Cell Adhesion in PTA
Three PTA cylinders were placed in the 12-

well plate, respectively. The cells (2.0 × 104

cells) were seeded onto the materials. The medi-
um was changed every two days. At day 2nd, day
5th and day 7th, GFP (Life Technology, Waltham,
MA, USA) was used to stain the cells adhered
onto the materials, respectively. Cells adhesion
was observed under the fluorescence microscopy
(Zeiss, Jena, Germany).

Scanning Electron Microscopy (SEM)
SEM was used to examine the adhesion and

differentiation of BMMSCs cultured into the
PTA pores or on surfaces. PTA scaffolds were
placed into 6-well plates, with one cylinder per
well. We washed the materials with phosphate-
buffered saline (PBS) for twice, and then seeded

tion on potential substitutes for Ti was necessary.
Tantalum (Ta) can meet the demands of weight-
bearing, and its elastic modulus (quite close to the
cancellous bone) is much lower than Ti. Recently,
successful design of porous tantalum (PTA) al-
lows wide application of PTA for orthopedic im-
plant8. PTA is designed as three-dimensional
porous structure without significant reduction in
mechanical strength, and this structure is suggest-
ed to be more favorable for the growth, adhesion,
and differentiation of the transplanted cells9.
Meanwhile, the higher friction coefficient of PTA
leads to better stability compared with traditional
Ti10. Ever since 1997, PTA has received approval
from the Food and Drug Administration (FDA) in
the USA as an optional treatment for osteonecro-
sis at an early stage. Promising effect was found
in the early small-scale clinical trial11,12, but failed
in the subsequent large-scale clinical trial13. Thus,
it requires further investigation on the application
of PTA for the treatment of osteonecrosis, using
animal models or continuing well-controlled clin-
ical trial.
In the current study, we aimed to confirm the

biocompatibility of PTA, and investigate the effi-
cacy of PTA seeded with BMMSCs for the treat-
ment of osteonecrosis. We tested the proliferation
and adhesion of BMMSCs on the surface of PTA
in vitro. Real-time PCR was also applied to mea-
sure the differentiation of BMMSCs. After con-
firming that PTA is a suitable scaffold for main-
taining the survival and differentiation of BMM-
SCs, we further evaluated the potential of PTA
seeded with BMMSCs in attenuating the progres-
sion of steroid-associated osteonecrosis (SAON)
in the femoral head of a rabbit. Our results indi-
cated that PTA seeded with BMMSCs afforded a
promising option for treating osteonecrosis.

Materials and Methods

Fabrication of PTA
The PTA was produced according to the proto-

col (China Patent No ZL2013I0447227.6;
ZL2013I0444808.4). In brief, commercially pure
tantalum was fabricated onto a vitreous carbon
scaffold via carbon vapor deposition/infiltration,
to achieve the structure of repeating dodecahe-
drons. The fabricated metal possessed the follow-
ing properties: porosity (70%-80%), elastic mod-
ulus (~3 MPa). Parameters were further con-
firmed by scanning electronic microscopy
(SEM). Then, these large PTA blocks were cut
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cell suspension (containing 2.0 x 104 cells). The
cultures were incubated at 37 oC with 5% CO2.
The culture medium was changed every two
days. At day 2nd, day 5th and day 7th, these PTAs
were taken out respectively. The loosely adher-
ent or unbound cells from the experimental
wells were removed by aspiration, the PTAs
were washed twice with PBS, and the remaining
bound cells were fixed in 4% paraformaldehyde
in PBS for 15 min. The fixative was then aspi-
rated. After washed with PBS, the PTAs were
dehydrated in a graded series of ethanol solu-
tions. After critical point drying (HCP-2, Hi-
tachi, Tokyo, Japan), the samples were sputtered
with Au/Pd using an SEM coating system (Quo-
rum Q150T-S, Quorum Technologies, West Sus-
sex, UK), and the probes were examined by
field emission-SEM (FE-SEM; Hitachi S-4700,
Hitachi) at 15.0 kV.

RNA Extraction and Real-Time RT-PCR
This included four experimental groups, three

replicates for each group. The first group was
BMMSCs group, the second group was PTA with
BMMSCs group, the third group was bone in-
duction group, and the fourth group was bone in-
duction with PTA group. Then six PTAs were
placed in six wells respectively, which was a
metal group as control. The second generation of
BMMSCs were digested by trypsin and then
putted into a sterile tube; the cell number was ad-
justed to 2.0 × 104 for every dish, and then putted
them into the incubator. The medium was
changed every two days until BMMSCs over-
grew on the well bottom. The bone induction
group and bone induction with PTA group were
subjected to induction medium (dexamethasone,
10 µl/100 ml; ascorbate-2-phosphate, 100 µl/100
ml; Glycerol-2-phosphate-disodium salt hydrate,
1000 µl/100 ml). The other groups were subject-
ed to normal cell culture medium. The medium
was changed every two days during three weeks
of culture. After washing with PBS for twice, cell
lysis solution was added into 12-well plates. The
cells were then repeated pipetting down from the
board and PTAs respectively. Total RNA was ex-
tracted from the separated aqueous phase with
RNA Tissue Kit SII on the QuickGene extraction
robot (Fujifilm Life Science, Tokyo, Japan) ac-
cording to manufacturer’s instructions. All RNA
samples were analyzed for RNA quantity with
Nano Drop ND-1000 spectrophotometer (Ther-
mo Scientific Nano Drop Technologies, Wilm-
ington, DE, USA). All RT was performed using
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Script cDNA Synthesis kit (Bio-Rad Laborato-
ries, Hercules, CA, USA) to generate cDNA for
relative quantification on mRNA. After reverse
transcription, cDNA samples were stored in -20
°C. Real-time quantitative reverse transcription
(RT-PCR) with custom-designed primers (Tech
Dragon Co., Ltd, Hong Kong, China) was per-
formed in 20 µl reaction in triplicate for each
sample (Table I).

In vivo Test the Efficacy of PTA Seeded
with BMMSCs in the Treatment of SAON
Model
Totally nineteen healthy adult rabbits (six-

month-old, male) were used in our study. All ani-
mal procedures were approved by the Institution-
al Animal Care and Use Committee at the Chi-
nese University of Hong Kong. All the experi-
mental procedures were strictly performed ac-
cording to the approved guidelines. SAON model
was established using our published protocol16.
In brief, all the animals received one intravenous
injection of 10 µg/kg lipopolysaccharide (LPS,
Sigma-Aldrich, Inc., St. Louis, MO, USA).
Twenty-four hours later, three injections of 20
mg/kg methylprednisolone (MPS, Pharmacia &
Upjohn, Peapack, NJ, USA) were given intra-
muscularly at a time interval of 24 h. Two weeks
later, three animals were sacrificed for harvesting
bilateral femoral heads to confirm that os-
teonecrosis model has been successfully estab-
lished. The rest sixteen animals were injected
with MPS, and two weeks later these animals
were randomly divided into two groups (n =
8/group), including PTA seeded with BMMSCs
group, and PTA without BMMSCs group. The
rabbits were anesthetized with xylazine (2 mg/kg
body weight) and ketamine (50 mg/kg body
weight). At day 3rd and day 10th before sacrificed,

Gene Primer sequences

ALP 5’–TGGACCTCGTGGACATCTG’–3’ (F)
5’–CAGGAGTTCAGTGCGGTTC–3’ (R)

OPN 5’–ACAAGAGACCCTCCCGAGTA–3’ (F)
5’–GTCGGATTCATTGGAGTCCT–3’ (R)

OCN 5’–CTCACTCTGCTGGCCCTGAC–3’ (F)
5’–CCTTACTGCCCTCCTGCTTG–3’ (R)

RUNX-2 5’–TACTGTCATGGCGGGTAATG–3’ (F)
5’–AGGTGAAACTCTTGCCTCGT–3’ (R)

GAPDH 5’–TCTGGCAAAGTGGATGTTGT–3’ (F)
5’–GTGGGTGGAATCATACTGGA–3’ (R)

Table I. Primer sequences used for real-time RT-PCR.
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Goldner Trichrome Staining
For dynamic histology, undecalcified samples

embedded in MMA were cut into 200 µm thick
sections. Then the sections were polished into 50
µm thick. The osteoid area was measured by
Goldner Trichrome staining and analyzed using
OsteoMeasure image analysis software (Osteo-
Metrics, Atlanta, GA, USA).

Statistical Analysis
All the quantitative data were expressed as

mean ± SD (n ≥3 for each experiment). Graph-
pad Prism software (version 6.0) was used for
statistical analysis. Two groups were compared
by using two independent sample t-test. For com-
parison in multiple groups, One-way ANOVA
was used. p <0.05 was considered as statistically
significant.

animals were injected with green (calcein green)
and red (xylenol red) fluorescent calcium-bind-
ing dye, which could label new bone deposition
at bone-formation site, respectively, according to
our published protocol17. Four animals from each
group were sacrificed at week 3rd and week 6th,
respectively. The femoral heads were harvested
and embedded with methylmethacrylate (MMA)
for hard tissue sectioning.

Calculation of Bone Formation Rate
(BFR) and Mineral Apposition Rate (MAR)
Polished 100 µm thick MMA sections were

observed using a microscope (model DMLB; Le-
ica, Oskar, Germany), 3 CCD color video DXC-
390 camera (Sony) and the OsteoMeasure Analy-
sis System (OsteoMetrics, Atlanta, GA, USA).
Kinetic index, including BFR and MAR were
measured for bone histomorphometry18.

Figure 1. Macroscopic performance of the fabricated cylindrical PTA in (A) its original form, and (B) representative SEM
image showing the porosity of PTA.

Figure 2. Morphology of the isolated BMMSCs under magnification of x 50 (A) and x100 (B).



3494

W.-M. Fu, L. Yang, B.-J. Wang, J.-K. Xu, J.-L. Wang, L. Qin, D.-W. Zhao

transplanted BMMSCs to promote the osteoge-
nesis. A consistent result was observed using
SEM (Figure 5). Co-cultured of PTA with
BMMSCs for 2 days, we observed few BMM-
SCs adhesion to either the surface or the dis-
persing pores of PTA (Figure 5A). Co-cultured
of PTA with BMMSCs for 5 days, the number
of cells increased significantly, which indicated
that these BMMSCs were undergoing prolifera-
tion (Figure 5B). Co-cultured of PTA with
BMMSCs for 7 days, we observed a lot of
BMMSCs adhered to the inner surface as well
as the porous of PTA (Figure 5C).

The Osteogenesis of BMMSCs is
Enhanced when Seeded with PTA
The expressions of OCN and OPN mRNA in

BMMSCs (p < 0.05; Figure 6A, 6B) were detect-
ed by real-time PCR. And the expression was
significantly higher in the pores of PTA than
those cultured in osteogenic induction medium,

Results

Biomaterial Properties of Fabricated PTA
was Confirmed for Commercial
Application
Figure 1A showed the gross view of our fabri-

cated PTA. The results from SEM indicated that
the PTA was of high volumetric porosity (around
80%) (Figure 1B), which was similar to commer-
cial porous tantalum19.

Good Biocompatibility of PTA for BMMSCs
Rabbit BMMSCs were successfully isolated

and cultured (Figure 2A, 2B). Cell proliferation
assay showed that the proliferation of BMMSCs
in the extracted solution of PTA grew the same as
that of those cultured in complete culture medi-
um or extraction from Ti (Figure 3), which indi-
cated that our fabricated PTA was of good bio-
compatibility.

Morphology of BMMSCs on the Surface
of PTA
GFP cells were used to investigate if the mor-

phology of BMMSCs was altered when cultured
on PTA. Bright field image showed the normal
morphology of BMMSCs in a plastic culture dish
(Figure 4A). GFP-positive cells were showed in
Figure 4B. And BMMSCs seeded onto the sur-
face of PTA were recorded using a fluorescent
microscope (Figure 4C). At day 2nd, only some
scattered green dots could be detected (Figure
4C-c1, c2). At day 5th, more cells could be ob-
served with increased area of cells adhered onto
the surface of PTA (Figure 4C-c3, c4), and cells
at day 7th grew more (Figure 4C-c5, c6). As the
enhancement in adhesion and spreading of MSCs
can lead to promotion in osteogenesis20, our re-
sults indicated that PTA was favorable for

Figure 3. Quantitative analysis of cell proliferation using
MTT test (N = 6).

Figure 4. Comparison of cell morphology seeding with or
without PTA. (A-B) GFP-positive cells were observed under
a magnification of x 100. (C) Representative fluorescent im-
ages showed the change of cell morphology over time.
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which indicated that BMMSCs in pores of PTA
showed comparable osteogenic differentiation
ability. BMMSCs surrounding PTA also have a
good potential osteogenic differentiation, with an
increase in ALP and Runx-2 gene expression lev-
els (p < 0.05; Figure 6C, 6D). In addition, we al-
so examined the expression of type I collagen
mRNA, but there is no statistical difference be-
tween these groups (Figure 6E). Perhaps, the rea-
son was that the collected specimens were just
for the early stage of osteogenesis, and type I
collagen is a marker for the late stage of os-
teogenic differentiation. In conclusion, the
BMMSCs with PTA performed more potential
for the osteogenic differentiation.

Bone Formation is Increased in SAON
Model Treated with PTA Seeded with
BMMSCs
Our study further investigated the efficacy of

PTA seeded with BMMSCs on SAON model.
To investigate the dynamic bone formation, we
used calcein green and xylenol orange to se-
quentially label the regenerated osteoid. We
found more extensively calcein and xylenol la-
beling and a larger width between two labeling
bands in PTA seeded with BMMSCs group
compared to those in PTA without BMMSCs
group (Figure 7A). The quantification of the
distance between the xylenol and calcein label-
ing was also reflected in the bone-formation-

Figure 5. Representative SEM images of PTA seeded with BMMSC at day 2nd (A), day 5th (B), and day 7th (C).
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related parameters, including MAR (Figure 7B)
and BFR (Figure 7C). In addition, Goldner
Trichrome Staining also showed that there was
significantly more new bone formation in PTA
with BMMSCs group compared to that in PTA
without BMMSCs group (Figure 8A). Quantita-
tive measurement of the total tissue area showed
that newly regenerated bone tissue was in-
creased at either week 3rd or week 6th (Figure
8B), while there was increased of osteoid at on-
ly early time point, including week 3rd (Figure

8C). All these results suggested that PTA seeded
with BMMSCs could serve as a better option
for the treatment of SAON.

Discussion

The mechanical properties and porous struc-
ture of the Tantalum have been investigated for
decades21. Tantalum has the advantages of great
strength, suitable elastic modulus ranging be-

Figure 6. The mRNA expression levels of osteogenic markers, including (A) Alp, (B) OCN, (C) OPN, (D) Col I and (E)
Runx-2 in BMMSCs. *p < 0.05 presented as statically significance.
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tween cortical bone and cancellous bone, which
makes the stress shielding significantly lower
compared to Ti. PTA with 75%-80% porosity has
been determined to be favorable for cell growth
and proliferation22. T [3]hough PTA has been
used in the treatment of osteonecrosis in clinical
practice for more than ten years, the outcome is
far from expected23. Despite the PTA can provide

effective mechanical support and good cell
growth environment, the unsatisfactory outcome
is likely resulted from that insufficient cells grew
in the pores of PTA.
BMMSCs are considered as one of the most

promising seed cells for tissue engineering24-27,
including application in the treatment of os-
teonecrosis. At present, a large number of clinical

Figure 8. Goldner Trichrome staining of the bone-like tissue within the pores as well as the surrounding of PTA. (A) Newly
formed bone was stained with red, while mineralized bone matrix was stained with green. Quantitative measurement of total
regenerated tissue (in red and green) and osteoid positive area (in red only) were performed. And the results were summarized
as B and C in Figure 8.

Figure 7. Dynamic bone formation in animal models receiving different treatments. (A) Representative fluorescent images
from non-calcified bone sections showed significantly increased labeling area and width, with an increase in MAR (B) as well
as BFR (C). N = 5/group/time point. *p < 0.05, **p <0.01 presented as statically significance.



reports confirmed that BMMSCs were of great
potential for the treatment of early osteonecrosis.
Hernigou et al25 used core decompression com-
bined with autologous BMMSCs transplantation
to treat osteonecrosis in the femoral head, and fi-
nally determined that only 3% Phase I and 8%
Phase II osteonecrosis needed a hip replacement
after 5-10 years of follow-up. Juan et al26 have
successfully used PTA combined with BMMSCs
to increase the spinal fusion rate. Moreover, in
the treatment of osteonecrosis, there are many re-
ports for a single application with PTA or BMM-
SCs27, but until now few report is available about
the combination of PTA and BMMSCs for os-
teonecrosis. To our knowledge, it is the first time
that we used PTA seeded with BMMSCs to treat
SAON.

Conclusions

Our study demonstrated that our fabricated
PTA is of good biocompatibility in the promotion
of BMMSCs adhesion and differentiation on the
surface or within the pores. PTA seeded with
BMMSCs showed a superior therapeutic effect in
attenuating the progress of SAON, presenting
with the significantly more new bone formation.
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