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A B S T R A C T

In this work, TieMg metal-metal composites (MMCs) were successfully fabricated by spark plasma sintering
(SPS). In vitro, the proliferation and differentiation of SaOS-2 cells in response to TieMg metal-metal composites
(MMCs) were investigated. In vivo, a rat model with femur condyle defect was employed, and TieMg MMCs
implants were embedded into the femur condyles. Results showed that TieMg MMCs exhibited enhanced cy-
tocompatibility to SaOS-2 cells than pure Ti. The micro-computed tomography (Micro-CT) results showed that
the volume of bone trabecula was significantly more abundant around TieMg implants than around Ti implants,
indicating that more active new-bone formed around TieMg MMCs implants. Hematoxylin-eosin (H&E) staining
analysis revealed significantly greater osteointegration around TieMg implants than that around Ti implants.

1. Introduction

Titanium (Ti) and its alloys have been widely employed for bone
replacement due to their good mechanical properties and corrosion
resistance [1–3]. However, Ti is known to be non-osteoinductive. Un-
satisfying and unsufficient osteointegration of the implanted Ti with
surrounding bone tissue still remains as a great challenge at the early
stage of implantation [4–6]. Therefore, improving the in vivo perfor-
mance of Ti implants after implantation is required. Particularly, the
bone healing efficiency related to Ti implants needs to be improved.
Moreover, desired biological performances of implants are mandatory,
involving bioactivity, osteoconduction and osseointegration.

Mg and its alloys with excellent bioactivity are potential candidates
for biodegradable metallic implants [7–9]. In particular, MgeZn alloys
exhibited good histocompatibility, the released Mg2+ and Zn2+ are
both essential elements in human body which can promote bone for-
mation and mineralization [10–12].

To improve the bioactivity of Ti, the further modification of Ti is
one of the most active research areas [13]. Several techniques have
been developed to fabricate TieMg composites through the combina-
tion of Ti and Mg, such as infiltration, extrusion and spark plasma
sintering (SPS) [14–16]. The SPS technique utilizes a pulsed direct
current simultaneously with an uni-axial pressure to sinter powders

[17]. This process is normally characterized by rapid heating rate and
short sintering time [18]. Due to these favorable characteristics, SPS is
considered as a promising method for the manufacturing of MMCs.
Previous results indicate that TieMg composites improved the bioac-
tivity of Ti, and the TieMg composites possessed good biocompatibility
to osteoblasts [16]. However, the in vivo osteoconductivity and os-
seointegration of the TieMg MMCs still remain to be investigated. It is
of great importance to explore that whether TieMg implants show
greater capability in up-regulating the osteogenic activity of SaOS-
2 cells than Ti implants, and if the bone tissue could grow into the pores
of implanted TieMg.

In this work, TieMg MMCs were fabricated by SPS. In vitro and in
vivo experiments were conducted on TieMg MMCs to investigate the
biological performances. Particularly, the in vitro alkaline phosphatase
(ALP) activity of SaOS-2 cells was evaluated. For in vivo study, peri-
implant bone regeneration and the osseointegration at the bone-im-
plant interface in femur were also investigated in a rat model.

2. Experiment

2.1. Material preparation

Mg-3 wt.%Zn powder (99.9%, −180 mesh, Tangshan Weihao,
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China) and Pure Ti powder (99.5%, −325 mesh, Xi'an Sailong, China)
were used as raw materials. Mge3Zn powder was mixed in volume
percent of 20% with Ti powder under argon atmosphere for 8 h. The
samples were marked as TieMg MMCs. The mixed powder was filled
into graphite molds with diameter of 20mm, and then sintered by using
SPS-D 25/3 (FCT Systeme GmbH, Germany) under a vacuum of
10−3 Pa. The mixed powders were pre-pressed with a load of 40MPa
and then heated to 650 °C for 5min. The heating rate was 100 °C/min.
The as-sintered TieMg MMCs (diameter: 20mm, thickness: 10mm)
were machined into disk-shaped and cylindrical samples. The disk
samples (diameter: 14.5 mm, thickness: 1 mm) were used for bio-
compatibility and immersion tests. The cylindrical ones with a diameter
of 2mm and a length of 3mm were used for compression tests. Other
cylindrical samples with a diameter of 2mm and a length of 5mm were
used for in vivo tests.

2.2. Microstructural characterization and compression tests

Microstructures of TieMg MMCs were observed by Quanta FEG 250
scanning electron microscope (SEM) with an energy dispersive spec-
troscopy (EDS) attachment. X-ray diffractometer (XRD, Rigaku D/MAX-
2250) with a Cu-Kα radiation was used to identify the phase composi-
tion. Compression tests were conducted by MTS Alliance RT with the
crosshead speed of 0.5 mm/s at room temperature.

2.3. In vitro study

2.3.1. Immersion tests
The samples were soaked in simulated body fluid (SBF) at 37 °C, and

the ratio of the samples to solution was 1 cm2 to 20ml. The solutions
were analyzed by ICP-AES (IRZS Advantage 1000) at different time
intervals. After 3 weeks of immersion, the corrosion products on sample
surfaces were removed. Thereafter, the samples were cleaned, dried and
observed by SEM.

2.3.2. Cell growth evaluation
SaOS-2 cells were cultured in McCoy's 5A medium containing 15%

fetal bovine serum (FBS), 100 Uml−1 penicillin and 100 μgmL−1

streptomycin at 37 °C in a humidified atmosphere of 5% CO2. Cell
cultured was using the 100% extracts of metal plates, prepared with a
surface area to extraction medium ratio of 1.25ml cm−2 in a humidi-
fied atmosphere, with 5% CO2 at 37 °C for 24 h. The supernatant fluid
was withdrawn, centrifuged and kept at 4 °C prior to use. Cell viability
was measured using Counting Kit-8 (CCK-8, Dojindo, Kumamoto,
Japan) assay for 1, 2 and 3 days. The spectrophotometrical absorbance
of samples was measured at the wavelength of 450 nm with a micro-
plate reader (Model 680; Bio-RAD, USA).

2.3.3. Alkaline phosphatase (ALP) activity
After culturing for 3, 7 days, the cells were washed three times with

PBS and then lysed in RIPA cell lysis buffer (Beyotime, China). The ALP
activity was measured by ALP testing kit (Jiancheng bio-engineering
research institute of Nanjing, China) and then normalized by the total
protein content determined with the BCA assay kit (Beyotime, China).

2.4. In vivo study

2.4.1. Surgical procedure
A rat model with femur condyle defect was used to evaluate the in

vivo performance of TieMg MMCs and Ti implants (diameter: 2 mm,
length: 5 mm). Six adult white rats obtained from the Second Xiangya
Hospital were divided into two groups. The rats were anesthetised by
injecting 3% Nembutal (30mg/kg), and then drilled circular holes
2.2 mm in diameter and 5mm deep by using a surgical electronic drill.
Circular holes were thoroughly rinsed with physiological saline to re-
move shards of bone. The samples and surrounding tissues were

analyzed at 3 weeks after surgery. After being fixed in 10% buffered
formalin for 24 h, the tissue samples were paraffin-embedded and then
stained hematoxylin for 1min and eosin for 5min.

2.4.2. Micro computed tomography analysis
Distal femurs with implants were collected under aseptic conditions,

fixed in 4% paraformaldehyde for 2 days, and then rinsed with running
water for 24 h. For the assessment of the bone architecture around the
different implants after 3 months of implantation, femur condyles with
implants were examined using a desktop micro X-ray computed tomo-
graphy (micro-CT; GE Locus SP, American) machine equipped with an
80 kV X-ray source with a camera pixel size of 15mm. During scanning,
the femur condyles were placed in polyethylene tubes filled with 75 vol
% alcohol. Micro-CT images along the transection planes in the region
around the implant were obtained. The scans resulted in reconstructed
data sets with a voxel size of 28.79mm. To determine the trabecular
volume of interest (VOI) in the axial direction, the region of interest
was chosen with its closest edge at 4.0 mm distally from the growth
plate. The bone volume (BV, mm3), total volume (TV, mm3), bone
volume fraction (BV/TV, %), bone surface/bone volume (BS/BV, 1/
mm) and trabecular thickness (Tb.Th, mm) were calculated as assess-
ment of trabecular bone mass and its distribution to investigate the in
vivo performance of implants on bone formation.

2.5. Statistical analysis

All quantitative data were expressed as the mean ± standard de-
viation. All assays of in vitro study were repeated three times. Statistical
differences were determined by an analysis of variance. P < 0.05 was
considered statistically significant.

3. Results and discussion

3.1. Microstructures and phase composition

The morphology of TieMg MMCs was shown in Fig. 1. It can be
observed that TieMg MMCs synthesized by SPS were dense, and the
bonding of Ti and MgeZn area appeared to be strong. The EDS line scan
results showed the interfacial elemental distributions between two
different areas (Fig. 1b). The white area was defined as pure Ti. The Ti
grains exhibited an average size of 10 μm. The black area was defined as
MgeZn area, the size of MgeZn area was in the range of 30–100 μm. In
addition, MgeZn areas were homogeneously distributed among Ti
matrix.

The phase composition was identified by XRD, the major phase is α-
Ti, the characteristic peaks of Mg and a small amount of MgO phase
were also noticed (Fig. 2). Combing the results of XRD and EDS ana-
lysis, the composites were composed primarily of Ti and Mg. No in-
termediate phase formed between Ti and MgeZn area. In the phase
diagram of TieMg, Ti and Mg are immiscible. Furthermore, the melting
point of Ti (1678 °C) is much higher than that of Mg (649 °C). There-
fore, it is hard to obtain TieMg composites via the traditional casting
methods. SPS can consolidate powders with non-equilibrium and im-
miscible structures, showing unique advantages over other methods for
preparing metal-metal composites. In general, TieMg MMCs with dense
microstructure were successful synthesized by SPS in this work.

The compressive properties of TieMg MMCs were shown in Table 1.
The yield stress and ultimate tensile strength (UTS) of TieMg MMCs
were measured to be 634.2 and 1156.8MPa, respectively. The breaking
elongation of TieMg MMCs was around 20%. The results indicate that
TieMg MMCs exhibited good mechanical properties.

Fig. 3 showed the morphology of pores generated on the surface of
TieMg MMCs after being soaked in SBF for 3 weeks. The shape of the
pores was consistent with that of MgeZn areas. The MgeZn areas were
in direct contact with Ti. Thus, the composite structure could suffer
from the galvanic corrosion. The electrode potential of Mge3Zn alloy is
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lower than that of Ti [19,20]. Therefore, the MgeZn areas were cor-
roded, and the pores were left within the surface of Ti matrix. The size
of pores ranged from 50 to 120 μm, and was a little larger than that of
MgeZn area. According to some reports, the pore size of 75–100, 140
and 200–300 μm could promote osteoinduction and osteointegration
[21,22]. In general, the pore size which range from 100 to 400 μm is
proper to allow bone tissue to adhere, proliferate and remodel inside
the pores [23].

The released kinetics of Mg2+ and Zn2+ from TieMg MMCs were
shown in Fig. 4. The concentration of Mg2+ and Zn2+ both increased
with prolonged immersion time. During the first 3 days, the release
rates of Mg2+ and Zn2+ were relatively fast. Till 14 days, the con-
centrations of Mg2+ and Zn2+ remained almost unchanged for longer
durations.

3.2. Cell proliferation and differentiation

SaOS-2 cells were cultured by Ti and TieMg MMCs extraction
medium, respectively. The SaOS-2 cell viability was measured by CCK-8
assay at day 1, 2 and 3 (Fig. 5). The viability of SaOS-2 cells grown in
TieMg MMCs extraction medium was higher than that of Ti group all
the time. Compared to Ti group, TieMg MMCs extraction medium
promoted the proliferation of SaOS-2 cells.

The differentiation of SaOS-2 cells was evaluated by ALP activity.
The ALP activity can imply the differentiation of osteoblasts at early
stage. It is commonly defined as the amount of phenol catalyzed by 1
milligram of proteins per minute at 37 °C (U/mg protein). As shown in
Fig. 6, the ALP activity of SaOS-2 cells cultured by TieMg MMCs ex-
traction medium was higher than that of Ti group. In our previous
work, when TieMg composites were soaked in SBF, Mg2+ released
from the composites into the solution, and the concentration of Mg2+

increased with prolonged soaking duration [16]. Huang et al. [24] in-
vestigated the proliferation and differentiation of SaOS-2 cells in re-
sponse to exogenous Mg2+. The results showed that Mg2+ at an ap-
propriate concentration range exhibited stimulatory effect on SaOS-
2 cell response. Therefore, when SaOS-2 cells were cultured on TieMg
MMCs, Mg2+ released from TieMg MMCs is considered as an important
factor in promoting the proliferation and differentiation of SaOS-2 cells.
In addition, Zn is also known to promote osteogenesis. Therefore, the
release of Zn from MgeZn area may also contribute to the enhanced
proliferation and ALP activity.

Fig. 1. (a) SEM images and (b) EDS line scan results of TieMg MMCs.

Fig. 2. The XRD pattern of TieMg MMCs.

Table 1
The compressive properties of TieMg MMCs.

Composition Yield Stress (Mpa) UTS (Mpa) Strain at fracture (%)

TieMg MMCs 634.2 ± 23.8 1156.8 ± 186.7 19.7 ± 0.2

Fig. 3. The morphology of TieMg MMCs after immersion test in SBF.
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3.3. Micro-CT image analysis

Fig. 7 showed the micro-CT images of cross section and longitudinal
section in the region around the implants after 3 weeks of implantation.
Micro-CT imaging can provide valuable information on the integrity of
the entire implant. It can be observed that Ti and TieMg implants could
maintain the mechanical integrity, and TieMg implant had rougher
surface than Ti implants, after 3 weeks of implantation. The average
thickness value of the TieMg MMCs-bone interface was 0.12mm higher
than that of the Ti-bone interface (Fig. 7b).

The parameters of trabecular in the axial direction were shown in
Fig. 8. The BV, BV/TV, Tb.Th values of TieMg MMCs were increased by
19.6, 13.5 and 17.9% compared to those of Ti, respectively. It indicates
that the bone formation around TieMg implant was promoted than that
around Ti implant. In addition, TieMg group had higher level of Tb.Th
than Ti group, suggesting that the structure of bone trabecula around

implanted TieMg was more mature than that around implanted Ti. The
BS/BV of TieMg group was decreased by 16.7% compared to that of Ti
group, also indicating that volume of bone around TieMg implant in-
creased more than that around Ti implant.

3.4. Hematoxylin-eosin (H&E) staining analysis

Fig. 9 further showed the staining of interface between implants and
bone tissue. The Ti group, as permanent implant material, can maintain
its original shape, after being implanted in rats. The results indicated
that the implanted TieMg significantly increased the number of tra-
becula attached to the surfaces than control. In addition, new bone can
be found on the surface of implanted TieMg and had much closer
contact with implanted TieMg. Therefore, the interaction between
implanted Ti and surrounding bone tissue is considered to be weaker
than that of the TieMg MMCs group. In general, the osseointegration
around TieMg MMCs was found to be stronger than that around Ti.

Fig. 4. Ion concentrations of TieMg MMCs immersed in SBF for various durations: (a) Mg2+; (b) Zn2+.

Fig. 5. The CCK-8 assay of SaOS-2 cells cultured by Ti and TieMg MMCs ex-
traction medium for 1, 2 and 3 days (*P < 0.05, compared with Ti).

Fig. 6. The ALP activity of SaOS-2 cells cultured by Ti and TieMg MMCs ex-
traction media for 3 and 7 days (*P < 0.05, * *P < 0.01, compared with Ti).

Fig. 7. Micro-CT analysis of femoral condyle containing pure Ti and TieMg
MMCs implants at 3 week: (a) micro-CT reconstruction images of femoral
condyle with implants (b) without implants and (c) cross section of femoral
condyle.
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4. Conclusions

In the current work, TieMg MMCs were fabricated by SPS. The in
vitro and in vivo biological performances of TieMg MMCs were in-
vestigated by taking pure Ti as the control group. Two main findings
were listed as below:

(1) In vitro assay showed that TieMg MMCs exhibited excellent cyto-
compatibility, evidenced by the promoted proliferation and ALP
activity of SaOS-2 cells.

(2) In vivo study showed that TieMg MMCs enhanced in vivo os-
seointegration compared to Ti, evidenced by the promoted peri-
implant bone regeneration and interfacial reactions.
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