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In this study, a high glass forming system, Ti41.5Zr2.5Hf5Cu37.5Ni7.5Si1Sn5 (TZHCNSS) bulk metallic glass
(BMG), is studied in terms of microstructure, surface analysis, mechanical properties, corrosion resistance,
in vitro cytotoxicity and in vivo biocompatibility. It is found that the as-prepared TZHCNSS samples are
fully amorphous by XRD and TEM observations, as well as DSC curve. Comparing with pure Ti, TZHCNSS
BMG shows superior mechanical properties with higher hardness and better wear resistance. Due to the
oxide film formed on its surface, TZHCNSS BMG shows great corrosion resistance close to pure Ti in electro-
chemical measurements. The pitting corrosion potential in artificial saliva solution is much higher than that
in SBF solution. The indirect and direct cytotoxicity results show that TZHCNSS extracts had obvious low cell
viability on both L929 and NIH3T3 cells. However, the in vivo testing results proved that TZHCNSS BMG could
integrate with bone tissue, showing excellent osseointegration.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Amorphous metallic alloy, also called metallic glasses (BMGs), with
uniquemechanical and chemical properties, are being intensely investi-
gated for application in biomedical area in recent years, based on the
following four aspects that most of them highlight their promising
potential: (i) BMG lacks grain boundaries and thus has microstructure
homogeneity, and is hoped to be resistant against corrosion; (ii) BMG
has low modulus (50–100 GPa), high toughness, strength (~2 GPa)
and hardness which make it attractive for loading bearing applications
[1]; (iii) BMGhas relatively high biocompatibility; and (iv) it has attrac-
tive processing capability in the glass transition region [2].

Since the early 1990s, various BMG systems have been developed,
such as La-, Mg-, Zr-, Ti-, Fe-, Al-, Ni-, Pd-, Co-, Cu-, and Ca-based bulk
metallic glasses, and most of them could be obtained by conventional
copper mold casting. Among these systems, Ti-based bulk metallic
glasses have comparative advantages for quick application in biomed-
ical area, mostly because Ti alloys have a very long history of being
used as orthopedic implants and also are considered as the ultimate
choice in biomedical fields [3]. The superiorities of Ti-based BMG
compared to crystalline Ti alloys are listed in Table 1 [4], from which

we can see that it is quite suitable for Ti-BMG to serve as structural and
functional biomaterials. In addition, it was reported that the recovery
strain of natural biological materials could be as high as 2%, which is
very different from that of the conventional metallic materials [5,6]. In
this sense, high elastic deformation strain limit of BMG may satisfy this
mechanical requirement. Several pioneering works have been done to
investigate Ti-based BMGs as biomedical materials, mainly by electro-
chemical corrosion studies [7–14]. Very recently, Huang et al. developed
a new Ti-based system, Ti41.5Zr2.5Hf5Cu37.5Ni7.5Si1Sn5 bulk metallic
glass, which has been demonstrated to be the best Be-free BMG former
in the Ti–Cu system and presented a critical forming diameter of 6 mm
[15,16]. This size of glass forming ability is suitable for potential dental
implant applications. As for present dental implants materials, commer-
cially pure titanium (cpTi) is still the most widely used bio-metal with
excellent biocompatibility and corrosion resistance. However, its low
hardness fails to endure mechanical damage and the dental surface
would get scratched and become rough. Coarse surface would easily
affect dental plaque accumulation and lead to the risk for both caries
and periodontal inflammation if the surface roughness is over 0.2 μm
[17,18]. With very high hardness, TZHCNSS BMG would maintain a
smooth surface even under tooth brushing or ultrasonic treatment.

In order to have a better understanding of the feasibility of this BMG
to be used as biomaterials, in this present work, we have systematically
investigated itsmechanical properties, corrosion resistance in simulated
body fluids, in vitro and in vivo biocompatibility and meanwhile we
used pure Ti as a comparison.
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2. Materials and methods

2.1. Materials and characterization

Ti41.5Zr2.5Hf5Cu37.5Ni7.5Si1Sn5 (in atomic percentage, hereafter
abbreviated as TZHCNSS) alloy button ingots were prepared bymelting
the constituent metals (of purity between 99.7% and 99.999%) using an
arcmeltingmethod under Ar atmosphere. The ingotswere re-melted in
quartz tubes by induction heating under vacuum and injection-casted
into copper mold using high purity Ar. Cylindrical BMG samples with
a diameter of 3 mm and a length of 3 cm were made. Pure Ti ingot
was fabricated with high purity metal by arc melting method. Before
the tests, the samples were mechanically polished to mirror like sur-
faces by both sides, and then degreased in acetone, alcohol and distilled
water in turn in an ultrasonically way for 15 min each and then dried in
air. X-ray diffraction (XRD) was performed to verify the amorphous
structure of the samples using Cu Kα radiation with a scan rate of
4°/min (Rigaku-D/maxrB diffractometer operated at 40 kV and 100 mA
at room temperature). Transmission electronmicroscopy (TEM)observa-
tionwas performedusing a Tecnai F30 TEMoperated at 120 kV. Thin foils
for TEM observation were prepared by using an ion-milling instrument
after fine grinding to 50 μm. DSC Q100 (Thermal Analysis Corp., USA)
was used to identify the thermal dynamic properties of prepared samples
at 10 K/min scan rate.

2.2. XPS analysis

The surface composition of TZHCNSS BMG samples were confirmed
by X-ray photoemission (XPS) analysis with an Axis Ultra spectrometer
using mono Al Kα (1486.6 eV) radiation at a vacuum pressure of
10−9 bar, 15 kV and 15 mA. The binding energy was calibrated
using Cls hydrocarbon peak at 284.8 eV.

2.3. Mechanical properties

The nanoindentation tests were undertaken on TriboIndenter with a
Berkovich diamond tip of a nominal radius of curvature equal to
~100 nm. Indentations were performed in load-control mode to load
as high as 9 mN using loading rate 1 mN/s. Nine indents were made
to obtain average values of the Young's modulus and hardness. The
microhardness of BMG and pure Ti was measured at 200 g for 30 s, by
a Shimadzu HVT-2 T microhardness tester. The wear resistance of
TZHCNSS BMG was evaluated by sliding wear tests on a reciprocal
pin-on-disc type wear device. The pin was made of 316 L SS and the
samples acted as a disk. Before tests, the pin and the disc were cleaned
ultrasonically using ethanol. A normal load of 120 g was applied to the
samples. The disk was reciprocated at a velocity of 120 rpm.

2.4. Corrosion tests

The corrosion behavior of the experimental materials were char-
acterized by electrochemical measurements in simulated body fluid
(SBF) [19] with a pH value of 7.4 and an artificial saliva solution
(AS) [20] with a pH value 6.3 prepared from the analytical reagents
and deionized water. The electrochemical measurements were car-
ried out with a computer-controlled electrochemical analyzer (CHI
650C, CHI, Austin, TX) in a three-electrode cell. The experimental

samples were used as a working electrode, a platinum foil as an aux-
iliary electrode, and a saturated calomel electrode (SCE) as a
reference electrode. The electrolyte cell which was made of glass
had a capacity of ~150 ml and was maintained at 37 °C throughout
the test. The anodic polarization curves were measured from −0.5 V
(vs. SCE) to +0.8 V (vs. SCE) with a scan rate of 0.5 mV/s after dipping
the specimen into the corresponding electrolyte for 7200 s. The corro-
sion potential (Ecorr) and the corrosion current density (icorr) can be
estimated from the anodic polarization plots.

2.5. Cytotoxicity evaluation

The indirect cytotoxicity and direct cytotoxicity tests were carried
out according to a standard procedure ISO 10993-5:1999 using
murine fibroblast cells (L929 cell and NIH3T3 cell). Cells were cultured
in the Dulbecco's modified Eagle's medium (DMEM), 10% fetal bovine
serum, 100 U/ml penicillin and 100 μg/ml streptomycin at 37 °C in a
humidified atmosphere of 5% CO2. For indirect tests, extractionmedium
was prepared for 72 h incubation in a humidified atmosphere with 5%
CO2 at 37 °C. ICP-AES was used to measure the concentration of ions
dissolved into DMEM. Pure Ti was used as control group and 100%
alloy extracts were used during the test. 96-well cell culture plates
were employed for incubating cells. 5 × 103 cells/100 μl of medium
was placed in each well and incubated for 24 h for cell attachment.
Medium was then replaced with 100 μl extracts. For direct tests, clean
sample slices with 28 mm2 surface were used and steam sterilized at
121 °C for 1 h. 5 × 103 cells/100 μl of medium was placed in each
well and incubated directly on sample surfaces. Cell group is used as a
negative control for both direct and indirect tests, and DMSO group is
used as positive control for indirect test. After 2 and 4 days of incuba-
tion, 10 μl MTT was added to each well for 4 h incubation. And then
100 μl formazan solubilization solution was added to each well. 12 h
later the measurement was carried out spectrophotometrically at
570 nm by Elx-800 (BioTek Instruments, Inc.) with a reference at
630 nm.

2.6. Animal tests

Six adolescent beagle dogs were used for animal studies. Cylindrical
TZHCNSS BMG and Pure Ti implant specimenswith a diameter of 3 mm
and a length of 5 mm were prepared. The surfaces of samples were
mechanically polished up to 600# sandpaper. The implantation sites
were prepared as a diameter of 3 mm by drilling into the flat surfaces
of the mandible. Finally, surgical sites were sutured with suture thread.

Table 1
Mechanical properties comparison of Ti-based BMG and Ti alloys.

Properties Young's modulus Yield strength Elastic deformation limit

Pure Ti (100 ± 7) GPa (800 ± 50) MPa b1%
Ti-based BMG (80 ± 12) GPa (2000 ± 78) MPa ~2%
Cortical bone (40 ± 10) GPa (200 ± 100) MPa ~2%

Fig. 1. XRD patterns of TZHCNSS BMG and pure Ti with inlets of TEM images of
TZHCNSS (left) and DSC curve of TZHCNSS (right).
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Fig. 2. XPS survey spectra (a) and high resolution spectra of TZHCNSS BMG sample surface: (b) Ti2p; (c) Zr3d; (d) Hf4f; (e) Cu2p; (f) Ni2p; (g) Si2p; (f) Sn3d.
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The Peking University Animal Research Committee approved this pro-
tocol and all experiments were performed in accordance with the stan-
dards of Beijing Association on Laboratory Animal Care. Beagles were
set euthanasia and the mandible containing cylindrical implants were
retrieved after 1 month of implantation and then store in 10% buffered
formalin. Then, specimens were dehydrated in an ascending series of
alcohol rinses and embedded in light curing epoxy resin without decal-
cification. Embedded specimens were sawed along to the longitudinal
axis of the cylindrical implants. Specimens were ground to a thickness
of 30 μm with a grinding system (EXAKT Apparatebau, Norderstedt,
Germany). The sections of specimens were stained with methylene
blue, and observed via a light microscope at 100× magnification.

2.7. Statistical analysis

All data were expressed as the mean ± SD of 3–6 replicates.
Statistical procedures were performed with SPSS 16.0. A difference
between two groups was analyzed using one-way ANOVA and
followed by a t-test. p b 0.05 was considered statistically significant.

3. Results

3.1. Microstructure and phase identification

Fig. 1 shows the amorphous structure of TZHCNSS BMG by XRD
patterns and HRTEM observation and diffraction. DSC curve is also
included in the inset. In XRD pattern, it exhibited a hump at diffrac-
tion angles (2θ) of about 38° and no sharp Bragg peaks corresponding
to a crystalline phase was seen. The amorphous structure is also
proved by HRTEM image and amorphous diffraction ring. The Tg, Tx
and ΔTx values obtained from the DSC curve were 369 K, 406 K and
37 K respectively, which indicated that the experimental TZHCNSS
BMG had a relatively high glass forming ability.

3.2. XPS analysis

The XPS survey spectra obtained from mechanically polished
TZHCNSS BMG was shown in Fig. 2. It was evident that the surface
of the BMG mainly consisted of TiO2. From the survey spectra, we
can also see that all the composition elements are present in the
surface oxide film. The Ti2p spectrum is treated as doublet peaks,
which were assigned to TiO2 (Ti2p3/2 at 458.4 eV and Ti2p1/2 at
463.9 eV) and Ti0 states (Ti2p3/2 at 454.1 eV and Ti2p1/2 at 460.2 eV).
Zr3d mixed peaks denote to ZrO2 (with Zr3d5/2 at 182.2 eV and Zr3d3/2
at 184.7 eV) and metallic Zr0 (with Zr3d5/2 at 178.3 eV and Zr3d3/2 at
180.7 eV). The Hf4f spectrum is also treated as doublet peaks, HfO2

(Hf4f5/2 at 18.61 eV and 16.02 eV) and Ti0 states (with Hf4f7/2 at
16.89 eV and 14.21 eV). Cu2p peaks located at binding energy position
of 932 eV and 952 eV andNi2ppeaks located at binding energy position
of 852.1 eV and 869.4 eV indicate that Cu and Ni elements are both in
their metallic states, unoxidized. Si2p at 101.60 eV proved Silicon was
not oxidized. Sn3d5/2 at 486.69 eV and 484.37 eV indicates the exis-
tence of SnO2.

3.3. Mechanical properties

3.3.1. Nanoindentation
The load-displacement (P–h) curves and surface deformation fea-

tures for nanoindentation on TZHCNSS BMG and pure Ti are presented
in Fig. 3(a) and (b). Both samples showed the elastic–plastic loading
and elastic-unloading characteristics as can be seen from their curves.
For the TZHCNSS BMG, it can be found that the displacement was
not fully recovered; with about 150 nm depth was left, while about
300 nm in depthwas left for Pure Ti. The elasticmodulus (Er) and hard-
ness values (Hv) were experimentally measured and statistically
analyzed: for TZHCNSS, the average Er is 150.4 ± 4.7 GPa and the

average Hv is 4.47 ± 0.31 GPa; From the hardness test, we can also
found that the surface hardness of TZHCNSS BMG is much higher than
pure Ti.

3.3.2. Wear resistance
Pure titanium usually has poor tribological characteristics [3]

which may cause occlusion disharmony and masticatory lowering.
Having an amorphous microstructure and high hardness value,
TZHCNSS BMG may have very good wear resistance. Fig. 4 shows
the friction coefficients for TZHCNSS BMG and pure Ti samples (as a
comparison). For both samples, the friction coefficients as a function
of sliding time exhibited similar tendency. At the initial state,
TZHCNSS exhibits much lower COF than that of pure Ti, indicating
better anti-wear resistance and very smooth surface. After about
100 s friction, the COF of TZHCNSS sample increase sharply, and is
close to that of pure Ti (around 0.1). When further sliding, a stable
friction was achieved for both samples. The increase of COF of
TZHCNSS was caused by the change of surface roughness by sliding,
which can be observed from Fig. 5. At the end of friction, the COF of
pure Ti is much higher than that of TZHCNSS sample. This is also
proved by the SEM images in high magnification (Fig. 5b,d), showing
that there are more severe morphology changes in pure Ti than in
TZHCNSS sample.

Fig. 3. Typical load-displacement (p–h) curves of nanoindentation experiments of
Ti-based BMG and Pure Ti (a) and surface hardness (b).

Fig. 4. Friction coefficient curves of TZHCNSS BMG and pure Ti.

3492 Y.B. Wang et al. / Materials Science and Engineering C 33 (2013) 3489–3497



Author's personal copy

3.4. Electrochemical properties

Fig. 6 presents the potentiodynamic curves for the TZHCNSS BMG
and pure Ti measured in SBF with a pH value of 7.4 and artificial saliva
solution with a pH value of 5.3. It can be clearly seen that the BMG
samples passivated spontaneously with the passive current density
in the order of 10−5 A/cm2 in SBF and in artificial saliva solution
after the Tafel region, which are quite close to that of pure Ti. In
SBF, an apparent rise in the current density indicating pitting corrosion
occurs at 0.42 V for TZHCNSS BMG and in AS, the pitting potential is
around 0.61 V. They exhibit repassive region after the transpassive
dissolution (pitting corrosion). Apparently, TZHCNSS BMG has better
anti-corrosion properties in artificial saliva solution than them inHank's
solution. Although there is pitting corrosion, but the potential is high
enough to avoid corrosion when used in vivo.

3.5. Cytotoxicity

For a candidate material to be used in living tissues, excellent bio-
compatibility is an essential property in order to avoid any adverse
effect. MTT assay has been extensively used as a common method
to investigate new materials' cytotoxicity that is an important aspect
in biocompatibility evaluations. A higher cell proliferation rate is
expected for biocompatible candidate. In the present study, both indi-
rect cytotoxicity and direct cytotoxicity tests were carried out. Figs. 7
and 8 show the indirect and direct results of MTT assay for TZHCNSS
BMG, and pure Ti after cell culture for 2 and 4 days, respectively. It
can be clearly observed that cells incubated with the extracts from

TZHCNSS samples or directly with the TZHCNSS sample have signifi-
cantly lower proliferation rate compared with the negative control
group and pure Ti group for both L929 cell and NIH3T3 cell. Fig. 9
shows the SEM images of cell morphologies on different sample sur-
faces. In accordance with the MTT results, there are fewer cells on the
TZHCNSS samples than on the pure Ti samples for both L929 and
NIH3T3 cells, indicating the inhibition of cell growth. However, cells
could attach very well on all sample surfaces with numerous cyto-
plasmic extensions and filopodia. As for the L929 cell, spindle-like
cells accumulated together forming overlapped layers on the Ti sur-
face after 4 days of culture, but the cells on the TZHCNSS sample sur-
face exhibit a triangle-like shape because of less cell numbers and
thus enough stretching area for cells to grow. There is not much dif-
ference for the NIH3T3 cells grown on pure Ti and TZHCNSS samples,
since cells on both samples have connected to other cells and tiled on
the surface.

3.6. Animal test

In order to evaluate its in vivo biocompatibility, internal implanta-
tion was carried out by animal test. Pure Ti and TZHCNSS specimens
with 3 mm in diameter and 5 mm in length were implanted in one
side of the beagle dogs' mandible. After one month implantation there
is no inflammation observed around the operation sites. Fig. 10(a)
shows the as prepared BMG samples and the surfaces of the cylindrical
samples are polished with 600# sandpaper to make a coarse surface.
Fig. 10(b) shows the representative X-ray image of the beagle's
mandibula integrated with pure Ti and TZHCNSS samples after one

Fig. 5. SEM morphologies of pure Ti and TZHCNSS samples after 1400 s pin-on-disc friction test (a) pure Ti in low magnification; (b) pure Ti in high magnification; (c) TZHCNSS in
low magnification; (d) TZHCNSS in high magnification.
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month implantation, from which we can see that the implants are well
positioned. Due to difference in density, the BMG sample was clearly
differentiable from the surrounding bony tissue and no bone resorption

could be observed for both pure the Ti sample and TZHCNSS sample.
The histological examination after one month implantation is shown
in Fig. 10(c,d). There is no significant difference between two samples.
Both the pure Ti and TZHCNSS samples are well integrated with the
bone tissue. New bone was formed around the implants. The EDS anal-
ysis shown in Fig. 11 also proved that the bones integrated well with
both the pure Ti and TZHCNSS samples, the gap between the bone tissue
and metallic samples are no more than 5 μm.

4. Discussions

For the last decade, the BMGs are being considered for application in
biomedical area mainly because of its excellent mechanical strength
and great anti-corrosion properties [1,21–25]. Several works have
been carried out to evaluate their in vitro or vivo biocompatibilities,
and most of them are Zr-based systems since Zr-BMGs are relatively
more developed than other systems [26–30]. However, as the best bio-
medical alloys with excellent mechanical and biomedical properties,
Ti-based alloys are currently being used in most biomedical areas. The
developing of Ti-based BMGs is of importance to insure a quick applica-
tion. Based on the above results and discussions, TZHCNSS BMG has the
following advantages that could be considered as biomaterials for appli-
cation and some drawbacks that need to be overcome.

4.1. Processability and mechanical properties

The criteria to select biomedical alloys are not only based on its
properties and biocompatibilities, but also its ability to be fabricated
to desired shapes [24]. The BMGs can be fabricated directly to a pre-
shaped copper mold. Because copper is easy to be processed, complex
parts can be produced in this way. And it is worthy of knowing that
BMG could be machined in its glass region in the temperature
above its glass forming point and under the crystalline point. This
makes it suitable to be made for most of the biomedical devices
used in vivo, for instance, with high hardness and excellent wear re-
sistance, especially qualified to be used as dental parts.

4.2. Corrosion resistance

Because of its homogeneous distributions of elements and alsomicro-
structure, amorphous alloys are supposed to have better anti-corrosion
resistance than crystalline alloys because of the lack of grain boundaries.

Fig. 7. MTT results for indirect cytotoxicity tests for TZHCNSS BMG and pure Ti extracts using L929 and NIH3T3 cells (data are expressed as mean value ± SD from 3 to 6 samples).

Fig. 6. Presentative potentiodynamic polarization curves of TZHCNSS and pure Ti (a) in
Hank's solution; (b) in artificial saliva solution.
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But, the key factor that determines its corrosion properties is having
a very stable surface which could survive in severe environments,
e.g., body fluid. TZHCNSS has a stable surface that is comparable to the

surface of pure Ti which is proved by the anodic polarization test in
Fig. 6. This is attributed to the oxide film formed on the TZHCNSS sample,
which has been identified by XPS analysis. TiO2, ZrO2 and HfO2 are the

Fig. 8. MTT results for direct cytotoxicity tests for TZHCNSS BMG and pure Ti extracts using L929 and NIH3T3 cells (data are expressed as mean value ± SD from 3 to 6 samples).

Fig. 9. SEM images of L929 and NIH3T3 cells on different sample surfaces after 4 days of incubation. (a) L929 cell on pure Ti; (b) NIH3T3 cell on pure Ti; (c) L929 cell on TZHCNSS;
(d) NIH3T3 cell on TZHCNSS.
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main compositions in the oxide film and all of them are highly corrosion
resistant, thus, TZHCNSS is corrosion resistant both in SBF and AS
solutions.

5. Biocompatibility

The inhibition of cell growth is probably caused by Cu2+ ions,
which has been reported to be able to induce cell apoptosis by oxida-
tive stress or direct reactive oxygen species damage to cellular com-
ponents [31]. Copper has been frequently used as a positive control
group in cytotoxicity evaluations [27,32] because its cytotoxicity is
well defined [33]. Possible mechanisms for Cu-induced cell death
may relate to the affinity to RNA and DNA of Cu ion and inhibition
of the transcription process [34,35]. Another possible mechanism is
that Cu ion may suppress the activation of the transcription factor
NF-κB, which is suggested to be anti-apoptotic and also may induce
cell apoptosis by oxidative stress or direct reactive oxygen species
(ROS) damage to cellular components [36,37]. There is 37.5% (in

atomic ratio) copper content in TZHCNSS BMG; and surface XPS anal-
ysis has also proved that there is significant Cu in the oxidized film.
During the extraction for 3 days, Cu+ has been released from the
TZHCNSS samples. From Schedle's work [38], TC50 toxicity level of
Cu ion to L929 cell is about 0.097 mmol/L, which is about 6 μg/ml,
meanwhile, from Wataha's work, TC50 is about 8.65 μg/ml [39]. For
the indirect test, the Cu ion concentration tested by ICP is about
1.9–2.3 μg/ml. For direct cell incubation, the Cu ion concentration is
expected to be higher than that of indirect tests.

Although TZHCNSS BMG or its extracts caused low cell viability due
to Cu content, it has shown very good biocompatibility from in vivo
evaluation for one month implantation in beagle's mandible. To our
knowledge, our experiment is the first time in in vivo test for Ti-BMG
systems. Comparing to other groups' works of in vivo studies on other
BMG systems [24,40,41], TZHCNSS also has a good osseointegration to
living tissues. The good result obtained from in vivo tests is different
from the result shown in in vitro tests. A possible explanation is that,
other than the in vitro test, it is a dynamic environment in animal test,

Fig. 10. Implantation of TZHCNSS BMG and pure Ti samples (a) BMG sample; (b) representative X-ray images for the implants and (c,d) representative histological images stained
by methylene blue after 1 month implantation.

Fig. 11. SEM images of implants and bone interface and EDS analysis.
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and the metabolism of beagle would make the local Cu ion to be much
lower than the in vitro test. However, further investigation for a long
implantation period is still needed if copper releasing is a concern. In
otherways, copper reduced or copper free Ti-BMG system can be devel-
oped [21,42]. From our point of view, Fe replacing Cu element or partly
replacing Cu may be of benefit to the biomedical area.

6. Conclusions

In summary, TZHCNSS BMG demonstrates excellent mechanical
properties with high hardness and wear resistance. With these char-
acteristics, it has the potential to be used as dental implant materials.
It also shows corrosion resistance-like pure Ti in simulated body
fluids. This may guarantee its safety in human body. In in vivo animal
test, TZHCNSS could integrate with the bone tissue spontaneously
and showed excellent biocompatibility. But, long time implantation
is still needed for further investigation because obviously, high con-
tent of copper leads to low cell proliferation for both testing cell lines.
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