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Abstract
Background Some porousmaterials have been developed to enhance biologic fusion of the implants to bone in spine fusion surgeries.
However, there are several inherent limitations. In this study, a novel biomedical porous tantalumwas applied to in vitro and in vivo
experiments to test its biocompatibility and osteocompatibility.
Methods Bone marrow-derived mesenchymal stem cells (BMSCs) were cultured on porous tantalum implant. Scanning electron
microscope (SEM) and Cell Counting Kit-8 assay were used to evaluate the cell toxicity and biocompatibility. Twenty-four rabbits
were performed discectomy only (control group), discectomy with autologous bone implanted (autograft group), and discectomy
with porous tantalum implanted (tantalum group) at 3 levels: L3–L4, L4–L5, and L5–L6 in random order. All the 24 rabbits were
randomly sacrificed at the different post-operative times (2, 4, 6, and 12 months; n = 6 at each time point). Histologic examination
and micro-computed tomography scans were done to evaluate the fusion process. Comparison of fusion index scores between
groups was analyzed using one-way analysis of variance. Other comparisons of numerical variables between groups were made by
Student t test.
Results All rabbits survived and recovered without any symptoms of nerve injury. Radiographic fusion index scores at 12 months
post-operatively between autograft and tantalum groups showed no significant difference (2.89 ± 0.32 vs. 2.83 ± 0.38, F = 244.60,
P = 0.709). Cell Counting Kit-8 assay showed no significant difference of absorbance values between the leaching liquor group and
control group (1.25 ± 0.06 vs. 1.23 ± 0.04, t = –0.644, P = 0.545), which indicated the BMSC proliferation without toxicity. SEM
images showed that these cells had irregular shapes with long spindles adhered to the surface of tantalum implant. No implant
degradation, wear debris, or osteolysis was observed. Histologic results showed solid fusion in the porous tantalum and autologous
bone implanted intervertebral spaces.
Conclusion This novel porous tantalum implant showed a good biocompatibility and osteocompatibility, which could be a valid
biomaterial for interbody fusion cages.
Keywords: Porous tantalum; anterior lumbar interbody fusion; bone ingrowth; chemical vapor deposition; three-dimensional
knitted framework

Introduction

Spine fusion has become a routine technique in the field of
spine surgery, and has been widely used in the treatment of
lumbar spine degeneration, cervical spine instability,
intervertebral disc injury, and spinal deformity. Generally
speaking, the spinal fusion surgery is an effective method to
achieve spinal stability and nerve decompression.[1]

However, it is usually associated with a high incidence

of fusion failure and pseudarthrosis (5–35%). Two of the
most important factors are bone grafting materials and
bone transplantation mode selection.[2]

The development of spinal surgery has put forward higher
requirements for bone implants. With the development of
new technologies and new materials, more and more new
bone substitutes, which meet the biomechanical character-
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istics of human body, emerged as the times require.[3-8] The
ideal bone substitute materials should have the character-
istics of bone conduction, bone induction, no immunoge-
nicity, no risk of disease transmission, suitable mechanical
strength, cost-effective, and easy to use. So far autologous
bone is still the best material for intervertebral fusion.
However, it is limited by some of the disadvantages of
autologous bone, including additional surgical trauma,
increased risk of post-operative complications such as
infections, hematomas, and pain in donor-site, and limited
supply of autologous bone.[9-12] The use of allogeneic and
xenogeneic bone is also likely to bring risks such as
immune rejection and bone disease spread.[13,14] The
calcium-based and polymeric artificial bone substitutes
have been plagued by problems such as poor biodegrad-
ability, biocompatibility, and biomechanics so as to lead a
low fusion rate.[15,16] Therefore, a material with good
biocompatibility, bone conduction, and even induction of
bone ingrowth, which can be used to improve the rate of
spinal fusion and bone regeneration, has become a hot
research topic.

In the past 30 years, it has witnessed a fast development in
the medical porous materials which have been substitut-
ing solid metals in bone implantation surgeries. Com-
pared with solid implant metals, the porous ones advance
in lighter weight, larger contact surfaces, as well as closer
mechanic properties to the human bones. Porous tanta-
lum has been proved to be one of the most suitable
substitution materials for human bone due to its similar
structure and mechanic properties as human bone.
Furthermore, tantalum could stimulate cell proliferation,
and improve the ability of osteogenesis of human
osteoblasts.[17] Different types of tantalum interbody
fusion implants evolved over time in shape and quality. A
new generation of porous tantalum called trabecular
metal (TM) came into being, with good biocompatibility,
high porosity and bone similar elastic modulus character-
istics. Clinically, TMs (such as porous tantalum) are
widely used in avascular necrosis of the femoral head,
artificial joints, spinal fusion, and other fields.[18-25]

Especially in the treatment of early avascular necrosis of
the femoral head and total hip/knee reconstruction in
situations of massive bone defect, remarkable results
could be achieved comparedwith the traditionalmaterials
and methods of treatment.[19-22,24] Recently, several
clinical studies have been undertaken on the use of
porous tantalum for spinal interbody fusion.[18,25-29] TM
has been proved effective in obtaining fusion and
improving clinical outcome in patients after lumbar
interbody fusion (LIF).[26-29] However, different fusion
rates have been reported in anterior cervical interbody
fusion by TM implants. Löfgren et al[30] reported that TM
showed a lower fusion rate (69%) than autograft group
(92%) after single-level anterior cervical fusion which led
to controversial views among spine surgeons. Zardiackas
et al[31] evaluated a porous tantalum biomaterial
(Hedrocel) and the results demonstrated a significant
variation in the single-cycle mechanical properties of the
porous tantalum, which was probably caused by the
differences in morphology and processing that resulted in
less precisely controlled microstructural parameters.
Shimko et al[32] explored the effect of porosity on the

fluid flow characteristics and mechanical properties of
TM, and they concluded that a better understanding of
these structure-function relationships was benefit for
enhancing quality of the implant designs.

A biomedical porous tantalum synthesized via three-
dimensional knitted wire framework and chemical vapor
deposition (CVD), was applied to in vitro and in vivo
experiments. The purposes of the present study were to
evaluate the biocompatibility and osteocompatibility of
the novel porous tantalum implant, and to evaluate the
efficacy to achieve LIF by assessing the radiographic and
histologic performance between the novel porous tantalum
implant and autologous bone in a rabbit anterior lumbar
fusion model.

Methods

Ethical approval

The study was approved by the Animal Care and Use
Committee of The Third Affiliated Hospital of Southern
Medical University, according to the National Institute of
Health Guide.

Experimental animals and design

A total of 24 adult healthy New Zealand rabbits (12 males
and 12 females), aged 2–3 months and weight 2.0–2.3 kg
(average 2.2 kg), were maintained under the same housing
conditions. Each rabbit underwent an anterior discectomy
with or without intervertebral lumbar arthrodesis at 3
levels: L3–L4, L4–L5, and L5–L6. Each level was
randomly allocated to be performed one of the 3
procedures: (1) discectomy only (control group); (2)
discectomy with autologous bone implanted (autograft
group); and (3) discectomy with porous tantalum
implanted (tantalum group). All the 24 rabbits were
randomly sacrificed at the different times: 2months (n= 6),
4 months (n = 6), 6 months (n = 6), and 12 months (n = 6).

Porous tantalum spine implants

A cubic porous tantalum (Ning Xia Orient Tantalum
Industry Co. Ltd, Shizuishan, China) synthesized via 3-
dimensional knitted wire framework and CVD (length,
width, and height of 2.5–3.0 mm; Figure 1A) was used in
this study. The porosity was determined by the porous
tantalum volumes and their net weights. It was calculated
by the equation: porosity (%) = (1 – Mporous/MTa) �
100%. Here, Mporous was the weight of the porous block
(measured) while MTa represented the weight of pure and
solid Ta block with the same volume of the corresponding
porous one. The morphology of porous tantalum block
was further characterized through a Zeiss Ultra Plus field
emission scanning electron microscopy (FESEM; Zeiss,
Stuttgart, Germany). The FESEM was equipped with an
energy dispersive spectral (EDS) X-ray detector (Shimadzu,
Tokyo, Japan), which could be applied for the element
determination through the particle-induced X-ray spectra
(PIXS; Shimadzu). An operation voltage of 10 kV was set
for the FESEM, which would be enough to excite the M
and L electrons of Ta atoms.
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Surgical procedure

All rabbits were fasted for 24 hours prior to surgery.
Anesthesia was maintained with injection of 2% sodium
pentobarbital (30 mg/kg; Sigma, MO, USA). For autolo-
gous grafting, an approximately 30 mm3 tricortical iliac
crest autograft was harvested using an osteotome and
mallet, and further cut into cubes so that it could be
implanted into the intervertebral space. For discectomy
and spinal fusion surgery, the rabbit was put into supine
position with the abdomen prepared and draped. A
paramedian abdominal incision was conducted and a
transperitoneal anterior approach was used. The L3–L4,
L4–L5, and L5–L6 intervertebral discs and the superior
and inferior endplates were excised together with part of
the anterior longitudinal ligament. Then each level was
randomly allocated to be performed one of the 3
procedures: (1) discectomy only; (2) discectomy with
autologous bone implanted; and (3) discectomy with
tantalum implanted. The wound was carefully sutured
after being washed and hemostasis. Penicillin (40,000 U/
kg, Sigma) was given before and immediately after surgery,
and twice a day for 3 consecutive days to prevent infection.

General observation and neurologic evaluations

Wound healing conditions and hind leg movements were
closely observed after surgery. Neurologic evaluations
were conducted at 1 week post-operative and before
euthanasia (2, 4, 6, and 12 months post-operative). The
neurologic evaluation criteria were as follows[33]: 0,
walking without any detectable ataxia; 1, walking, slightly
ataxic; 2, walking, but with noticeable weakness on one
side or both sides; 3, able to stand on forelimbs but
dragging rear limbs; and 4, recumbent and unable to rise.

Radiographic and micro-computed tomography evaluation

Radiographs of lumbar spine (anteroposterior and lateral
views) were taken immediately after surgery to determine
the position of tantalum implants and bone grafts. At 2, 4,
6, and 12 months post-operatively, 6 rabbits were
randomly selected to sacrifice and obtain the lumbar
specimens, respectively, which were set for micro-comput-
ed tomography (micro-CT) examination (SCANCO,
Zurich, Switzerland). The spinal fusion performance of
the operation segments was reviewed on sagittal plane

micro-CT views by 3 evaluators in a double-blind
condition. Brantigan-Steffee classification was applied to
confirm the existence of fusion.[34] The criteria included:
the bone in fusion area is denser and more mature than
originally achieved during surgery, no interspace between
the implant (tantalum or autograft) and the vertebral body,
and mature bony trabeculae bridging in fusion area. Any
one of the above 3 criteria not reached would be defined as
non-fusion state. The fusion index scoring according to the
Bridwell grading system was as following[35]: 0, fusion
absent with collapse/resorption of the graft; 1, graft intact,
potential lucency present at the top and bottom of the
graft; 2, graft intact, not fully remodeled and incorporated,
but no lucency present, implies partial fusion (meet 1 or 2
criteria of Brantigan-Steffee classification); and 3, fused
with remodeling and trabeculae present, impling complete
fusion (meet all 3 criteria of Brantigan-Steffee classifica-
tion). At each time point, the number of specimens meeting
the criteria of complete fusion was recorded. The fusion
rate was calculated by the equation: fusion rate (%) = Nf/
Nt � 100%. Here, Nf was the number of complete fusion
specimens and Nt was the total number of specimens
observed.

Histologic examination

Histologic examination was performed in specimens at
12 months post-operatively. Lumbar spine specimens were
trimmed and fixed in 4% paraformaldehyde for 12 hours,
dehydrated with graded alcohols and then embedded in
methylmethacrylate without decalcification. Longitudinal
cutting of 20 mm thick hard tissue sections were performed
using a LEICA SP1600 microtome (LEICA, Heidelberg,
Germany). Only slices near the central sagittal plane were
used for subsequent experiments. Histochemical staining
for toluidine blue was done according to the manufac-
turer’s instruction on these sections of bone, and
microscopic examinations were performed using a Nikon
ECLIPSE E600 stereomicroscope outfitted with a Nikon
Digital Camera DXM1200. The histologic slides and
microscopic images were used to evaluate the presence of
histologic fusion or pseudarthroses. The criterion used to
assess histologic fusion was the existence of a continuous
bony bridge from the cranial to the caudal vertebra.
Analysis of the stained undecalcified sections was also used
to determine the histologic and cytologic response to the

Figure 1: The novel porous tantalum implants. (A) The outlook of cubic porous tantalum implants (length, width and height were 2.5–3.0 mm). The scanning electron microscopic images of
porous tantalum in a lower magnification (B; �85) and a higher magnification (C; �5000).

Chinese Medical Journal 2019;132(1) www.cmj.org

53

http://www.cmj.org


treatments and osteocompatibility of the porous tantalum
plant.

Bone marrow-derived mesenchymal stem cell culture on
porous tantalum plant

Bone marrow cells were isolated by flushing the bone
marrow spaces of femora and tibiae of 1 New Zealand
rabbit. Bone marrow cell suspension was prepared by
flushing the diaphysis with F-12K and 10% fetal bovine
serum for 3–5 times. Bone marrow cells were plated in
75 cm2 tissue flasks in 10 mL of bone marrow-derived
mesenchymal stem cells (BMSCs) media at 37°C with
5% CO2. After 72 hours, the supernatant and non-
adherent cells were removed and fresh medium was added.
When BMSCs achieved 85% confluence, adherent cells
were trypsinized and collected for further assays. All media
were supplemented with 2 mmol/L glutamine, 100 U/mL
penicillin, and 100 mg/mL streptomycin. Cells at the third
passaged generation were used for culture on the sterilized
porous tantalum plant.

The BMSCs were seeded on porous tantalum plant in a 96-
well plate with a cell density of 3 � 104 cells/mL, and
cultured for another 7 days in complete a-medium. The cell
culture media was replaced every other day. To observe
cell morphology, the cells on the porous tantalum plant
were fixed with 4% glutaraldehyde solution for 3 hours,
washed with phosphate-buffered saline solution, and again
fixed in 2% osmic acid, and dried for 1 hour. Then the
constructs were dehydrated using a graded ethanol series
and then transferred to isoamyl acetate, dried at CO2
critical point, and observed under scanning electron
microscope (SEM, H-3000N; HITACHI, Tokyo, Japan).

Cell counting kit-8 assay

Cell counting kit-8 (CCK-8; Dojindo, Tokyo, Japan)
provides a tool for determining the toxicity in cell
proliferation by utilizing highly water-soluble tetrazolium
salt. Sterilized porous tantalum plant was immersed in the
medium for 48 hours and the leaching liquor medium
was collected. Then BMSCs were treated with 200 mL
leaching liquor culture medium for 5 days in a 96-well
plate (leaching liquor group). The control group was
treated with 200 mL culture medium without leaching
liquor for 5 days and then 20 mL of CCK-8 solution was
added to each well for an additional 4 hours. The
absorbance was measured at 450 nm on an automated
microtiter plate reader. Data were expressed as the mean
percentage of viable cell vs. control.

Statistical analysis

All data are presented as the mean± standard deviation.
Comparison of fusion index scores was analyzed between
groups using one-way analysis of variance. Other
comparisons of numerical variables between groups
were made by Student t test. All statistical analyses
were performed using SPSS version 19.0 (IBM Corp.,
Armonk, NY). A P < 0.05 was considered statistically
significant.

Results

Porous tantalum implants

The outlook and SEM of the porous tantalum are depicted
in Figure 1. From the SEM image, it could be seen that the
porous tantalum had a completely open construction,
which was beneficial to the bone ingrowth into the implant
interface, so as to achieve the goal of stable fusion. It was
tested by SEM that the pore size was about 500 mm in a
cubic shape, and the pores in porous tantalum were totally
connected, with an average porosity of 86.8% [Figure 1B].
Such a porosity was much higher than these reported in
previous literatures.[36,37] The connection of porous
tantalum frame was similar to diamond crystal lattices,
which could ensure very strong physical strength between
different layers. A zoomed SEM image showed that the
joints between different wires were connected by the
deposited tantalum reduced from CVD [Figure 1C].
Indeed, the present joining procedure has reinforced the
structure stability, as well as the hardness of the sample. It
was also interesting to note here that the wire surface was
rather rough. A roughness up to tens of micrometers could
be found. Such a rough surface would further help the bone
grown/deposited on the surface of the frame. The Young
module of the porous tantalum was calculated to 0.6 GPa,
which was similar but slightly higher than the human’s
bones. In addition, it was important to note that the
porosity could be adjusted through different knitting
structures of the tantalum frames. This increased the
availability to tailor the present material into different
implanting positions.

A spot was further selected for the EDS analysis to
determine the element components. The selected spot and
the PIXS are shown in Figure 2. The spot size was about 50
mm in diameter [Figure 2A]. Bombarded by the 10 keV
electrons in FESEM, the present samples emitted charac-
teristic X-rays which would be further recorded by the
detector. The PIXS showed that all the emitted X-ray
photons were the characteristic transitions after the
decaying of L- and M-holes of tantalum [Figure 2B]. No
other elements, such as chlorine as the raw material or
carbon, were detected. The EDS proved that the porous
tantalum produced through the present route was pure
without ambient or intermediate contaminations.

Experimental rabbits

All rabbits survived and recovered walking activities
gradually after operation, without any symptoms of
nerve injury. Neurologic function scores of all experimen-
tal rabbits were 0 (normal, no symptoms of nerve
injury, walking without, any detectable ataxia) at 1 week
post-operative and before euthanasia (2, 4, 6, and
12 months post-operatively, respectively). One case had
incision infection and healed after symptomatic treatment.
Abdominal wall hernia occurred in 1 case.

Radiographic results

A post-operative radiograph showed the non-radiolucent
tantalum implant was implanted into the intervertebral
space, while the autograft implantation and discectomy
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