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Safety and reliability are crucial issues for medical instruments and implants. In the past few decays, bulk metallic
glasses (BMGs) have drawn attentions due to their superior mechanical properties, good corrosion resistance, an-
tibacterial and good biocompatibility. However, most Zr-based and Ti-based BMGs contain Ni as an important el-
ement which is prone to human allergy problem. In this study, the Ni-free Ti-based and Zr-based BMGs,
TigoZr10CusePd14, and ZrygCuscAlgAgs, were selected for systematical evaluation of their biocompatibility. Several
biocompatibility tests, co-cultural with L929 murine fibroblast cell line, were carried out on these two BMGs, as
Bulk metallic glass well as the comparison samples of Ti6Al4V and pure Cu. The results in terms of cellular adhesion, cytotoxicity,
1929 murine fibroblast cell line and metallic ion release affection reveal that the TizoZroCussPd;4 BMG and Ti6Al4V exhibit the optimum bio-
MTT compatibility; cells still being attached on the petri dish with good adhesion and exhibiting the spindle shape
Biocompatibility after direct contact test. Furthermore, the TizoZr;9CussPd;4 BMG showed very low Cu ion release level, in agree-
ment with the MTT results. Based on the current findings, it is believed that Ni-free Ti-based BMG can act as an
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ideal candidate for medical implant.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Metallic materials can be ideal biomaterials due to their enough me-
chanical properties and good formability. Therefore, metallic biomate-
rials were commonly used for load bearing medical devices, for
example, orthopedic devices (bone screw, bone plate and artificial
joint), dental devices (dental implant and dental brace), or cardiovascu-
lar stents or surgical instruments. Currently, the metal biomaterials in
use are commonly stainless steel, Co-Cr-Mo alloy, and titanium alloy
(such as Ti-6Al1-4V or Ti-6Al-7Nb). These materials have been demon-
strated to possess excellent biocompatibility and good corrosion resis-
tance. Unfortunately, some of the physical and mechanical properties
of these metallic implant materials do not match well with human
bone (Table 1) [1-6], frequently causing the stress shielding effect and
resulting in osteoporosis. Moreover, the wear debris generated from
the metallic implant due to friction could induce osteolysis. Therefore,
the safety and long-period stability of metallic materials are always cru-
cial issues for implant in human body [5-11].
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Bulk metallic glasses (BMGs) (also call bulk amorphous alloys) have
attracted attention because of their special properties and microstruc-
ture. Compared with the traditional crystalline materials, the atomic
configuration of the metallic glass lacks long-range order. This specific
random atomic packing structure can offer higher strength (mainly
owing to no dislocation), lower Young's modulus (owing to looser
atomic packing) [12-15], higher corrosion resistant (due to no grain
boundary) [16-19], higher wear resistant (due to high hardness) [20],
excellent biocompatibility (when with right composition) [17-23],
and antibacterial capability (when with Al or Ag) [24-26]. Therefore,
BMGs may be another candidate for application for medical instruments
and orthopedic implants. Recently, the Ni-free TigoZr;oCusgPd4 BMG
with relatively good glass forming ability (GFA) has been developed
[12]. This BMG possesses yield strength of 1950 MPa and yield strain
of 2.3%, promising for biomedical implant applications.

In order to systematically assess the biocompatibility of such Ni-free
BMGs, two nickel-free TizgZr;oCuszgPd 4 and ZrgCusgAlgAgs BMGs were
selected for detailed investigation. Three comparison metals, Ti6Al4V
alloy, pure Cu, and pure Zr, are also examined concurrently according
to 1IS010993-5 (Biological evaluation of medical devices) [25]. The
tests were divided into direct contact and indirect contact (MTT
assay). In addition, the relationship between cell viability and the values
of metallic ions release from samples, as well as the cell adhesion mor-
phologies, were also investigated.
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Table 1
The physical and mechanical properties of various implant materials.

Properties Natural bone Ti alloy Co-Cr alloy Stainless steel Ti-based BMG Zr-based BMG
Density (g/cm?) 1.8-2.1 44-45 8.3-9.2 7.9-8.1 44-52 5.9-6.7
Young's modulus (GPa) 3-20 110-117 230 189-205 78-115 80-100
Compressive yield strength (MPa) 130-180 758-1117 450-1000 170-310 1950-2165 ~2000
Fracture toughness (MPa m'/?) 3-6 55-115 N/A 50-200 40-100 50-90

2. Experimental procedures
2.1. Sample preparation and microstructure analyses

The alloy ingots based on the atomic compositions (at%) of
TigoZr10CusgPd4 and ZrygCuszgAlgAgs were prepared by arc-melting
of the appropriate mixture of high purity elements (>99.9 wt%)
under a Ti-gettered argon atmosphere. The melting processes were
repeated four times to ensure the homogeneity of ingot ingredients.
Then the alloy ingots were remelted by arc-melting under a purified
argon atmosphere. After complete melting, the liquid alloy was suc-
tion cast into a water-cooled Cu mold to form alloy plates with di-
mension of 40 mm in length x 10 mm in width x 2 mm in
thickness. The samples were then cut into 10 mm? square by wire
electrical discharge machining (EDM) and fine-polished for their 6
surfaces to make sure the flat surface roughness, which was mea-
sured by atomic force microscopy (Bruker DI3100 AFM) operated
by the contact mode with a SisN4 probe and a load <100 nN. The
amorphous states of samples were examined by X-ray diffractome-
try (XRD, BRUKER, D8A XRD, Germany) with monochromatic Cu-
Ko radiation. The chemical compositions of samples were analyzed
by energy dispersive spectroscopy (EDS, FEI, Inspect F50, US), at-
tached with scanning electron microscopy (SEM, FEI-Inspect F50,
US), to confirm their compositions as originally designed.

2.2. Biocompatibility test

The mouse fibroblast cell line (L929) was used to examine the bio-
COmpatlblllty of the Ti4ng1 0CU36Pd14 BMG, Zr48Cu35A13Ag8 BMG, com-
mercial Ti6Al4V alloy, pure Cu (negative control), and pure Zr
(positive control) in this study. L929 cells were cultured in Dulbecco's
modified Eagle medium (DMEM) and 10% fetal bovine serum (FBS).
The biocompatibility tests were executed by the direct contact and indi-
rect contact methods. All the biocompatibility tests were conducted
three times to ensure repeatability.

2.2.1. Cell adhesion observation

The cell morphologies adhered on sample surfaces were observed
by SEM. The samples with a dimension of 10 mm x 10 mm x 2 mm
were cleaned by ultrasound cleaner after polishing. This cell adhe-
sion experiment was conducted following the procedures below.
(1) The 75% ethanol was used to immerse the samples to make
sure that the samples were sterile. (2) The samples were co-
cultured with cells in 1 ml of cell suspension (5 x 10* cell/ml) in a
24-well culture plates. (3) After 48-hour culturing, until the cells at-
tached to the samples, the medium was removed and each well was
rinsed by 0.1 M phosphate-buffered saline (PBS). Then, the 500 pl 4%
formaldehyde was added to the well to play the role of fixation.
(4) After 2 h, the formaldehyde removal and cellular dehydration
treatment were carried out with different concentrations of ethanol.
(5) The critical point dry method was applied to dehydrate the sam-
ples before it is sent into the SEM chamber, then the morphologies of
cells were observation by SEM.

2.2.2. Direct contact

For the direct contact method in this study, TigoZroCusgPd;4 BMG,
Zr43CuzAlgAgs BMG, Ti6AI4V alloy, pure Cu, and pure Zr were used to
contact with cells directly. Firstly, the samples were co-cultured with
cells in 2 ml/well of cell suspension (5 x 10* cells/ml) in a 23-well cul-
ture plate and cultured in the incubator with 37 °C and 5% CO, atmo-
sphere for 48 h. Secondly, all samples were put on the cells after
surface cleaning and cultured in the incubator with 37 °Cand 5% CO, at-
mosphere for another 24 h. Finally, the cell morphology was observed
by optical microscopy (OM, OLYMPUS-CKX41, Japan).

2.2.3. Indirect contact

In this method, a precipitate medium was extracted from the DMEM
immersed with the Ti4OZr1 0CU35Pd14 BMG, Zr43CU35AlgAgg BMG,
Ti6Al4V alloy, and pure Cu, and pure Zr at different time periods (Day
1,3, and 5). The samples were co-cultured with 100 pl of cell suspension
(1 x 10 cells/well) in a 96-well culture plate and cultured in the incu-
bator with 37 °C and 5% CO, atmosphere in another 24 h. According to
1S010993-12 [27], the volume of culture medium can be calculated by
the dimension of sample (10 mm x 10 mm x 2 mm), 0.667 ml. Finally,
50 pl/well of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT solution) was added to each well carefully and incubated
the plates at 37 °C and 5% CO, atmosphere. After 2 h, 100 pl Isopropanol
was added and the optical density (OD) values can be read over the
wavelength of 560 nm by the Enzyme-linked Immuno-sorbent Assay
(ELISA) reader. The extraction medium was distilled and analyzed for
its concentration of metallic ions by inductively coupled plasma-mass
spectrometer (ICP-MS, Agilent 7500ce, Japan).

3. Results and discussion

The EDS results revealed that the measured chemical compositions
of TigeZroCusePd;4 and Zr,gCussAlgAgs plates are close to their pre-set
readings, as listed in Table 2. The XRD patterns of these two BMGs pres-
ent a typical amorphous nature with a diffuse hump around 30° ~ 50°
and no apparent crystalline peak, as shown in Fig. 1. After standard
polishing, the average surface roughness Ra readings, measured by
atomic force microscope (AFM), of the as-polished TizoZroCusePd 4
BMG, Zr4gCussAlgAgs BMG, and Ti6Al4V alloy exhibit similar values,
around 2.0-3.5 nm, as some illustrated in Fig. 2. According to the litera-
ture report, the rough surface can promote the attachment and differen-
tiation of bone cells [28,29], but the smooth surface is favorable for the

Table 2
Chemical compositions of TizoZr;oCusgPd;4 BMG and ZrsgCuscAlgAgs BMG analyzed by
EDS.

Ti Zr Cu Pd
TigoZr10CusePd4 Preset (at%) 40 10 36 14
Analyzed (at%) 41.7 8.9 383 11.1
Zr Cu Al Ag
Zr45CuscAlgAgs Preset (at%) 48 36 8 8
Analyzed (at%) 48.9 36.1 7.7 73
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Fig. 1. XRD patterns of the TisoZr;oCussPd;4 BMG and ZrsgCussAlgAgs BMG.

attachment and differentiation of fibroblast [30]. Therefore, it is expect-
ed that all of the samples of TizpZr;oCuzgPd;4 BMG, Zr4gCussAlsAgs BMG,
Ti6AI4V alloy, pure Cu and pure Zr will stand at the same base condition
for the cell adhesion test.

After 48 hours culturing, the anchorage-dependent cells (L929 cell
line) on the surface of TigoZr;oCusgPd;4 BMG, ZrsgCusgAlgAgs BMG,
Ti6Al4V alloy, pure Cu and pure Zr, the morphologies of cell adhesion
characterized by SEM are illustrated in Fig. 3. Both of the health L929
cells that cultured on the surface of TisoZr;oCusgPdi4 BMG, Ti6Al4V
alloy, and pure Zr show a very well spread and extended morphology,
a spindle shape accompanied with filopodium which is similar to the
cell morphology of blank control. However, the L929 cells on

50 nm

25 nm

0 nm

(a)

0 pm

25 pm

50 pm

0 pm 25 pm

Zr43CussAlgAgs BMG present a totally different morphology and looks
like apoptosis. This may be caused by the increase in local concentration
of Cu ion that release from the ZrsgCussAlgAgs BMG and will be
discussed in the ICP analysis. Moreover, more cells in number were
found to attach on the surface of TizpZr;oCusgPd;4 BMG than those on
the surface of Ti6Al4V alloy. Eisenbarth et al. [31] have reported that
the cells may lead to a decrease in adhesion on the Ti6AI4V alloy after
14 days culture time due to an increase in local concentration of vanadi-
um ions released from the Ti6Al4V alloy after longer incubation time.
Therefore, the cells adhesion behavior not only depends on the surface
roughness but also depends on the type and concentration of ions re-
leased from the material.

In the direct contact test, after 24 hours culturing, the metallic ions
were released to the culture medium and contact with cells. The cell
growth degrees on the five specimens (TigoZrioCusgPd;4 BMG,
Zr43CuscAlgAgs BMG, Ti6Al4V alloy, pure Cu, and pure Zr) were revealed
by this direct contact test. It appeared that the L929 cells were totally
killed in the culture environment of pure Cu (negative control) due to
its very high concentration of Cu ions released from the pure Cu sub-
strate during the culturing and poison the cell [32]. Meanwhile, only
small portion of cells can survive in the culture environment of the
Zr43CuseAlsAgs BMG. Conversely, the 1929 cells can entirely survive in
the environments of the TizgZr;oCusgPd;4 BMG and Ti6AI4V alloy, as il-
lustrated in Fig. 4 (top view) and Fig. 5 (bottom view). The large differ-
ences on the results of direct contact test between the TigoZr;oCusePd 4
BMG and Zr4gCusgAlgAgs are suggested due to the different releasing
rates of cu ion in the culture media between these two BMGs, and will
be explained by the ICP results later. In summary, according to the ISO
10993-5 [27], TigoZr10CusgPd 4 BMG can be classified to the first level
(slight cytotoxicity) which is the same level as Ti6AI4V alloy and pure
Zr, but ZrsgCusgAlgAgs BMG and pure Cu would be classified to the
fourth level (severely cytotoxicity).

Fig. 6 shows the quantitative viability of L929 cell cultured in the
extraction medium with the TigoZr;9CusgPd4 BMG, ZrsgCuseAlgAgs
BMG, Ti6Al4V alloy, pure Cu, and pure Zr, and the cell viability were
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Fig. 2. AFM images of surface morphology of the as-polished (a) TizoZr1oCusgPd;4 BMG, ZrygCussAlgAgs BMG and (c) Ti6AI4V alloy.
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Fig. 3. SEM images of cell adhesion on the surface of (a) TisoZr0CussPd14 BMG, (b) ZrssCussAlsAgs BMG, (c) Ti6AI4V alloy, (d) pure Cu, and (e) pure Zr. The enlarged image is located at the

up-right corner of each figure, respectively.

normalized with blank group. On the first day, the cell viability in
the extracts of TizoZr;oCusePd;4 BMG and Ti6Al4V alloy groups pre-
sented slightly lower percentage values than that of the blank
group. However, until day 5, both of the cell viability in the extracts
of TigoZr,0CuszgPd 4 BMG and Ti6Al4V alloy exhibited higher per-
centage values than that of the blank group. This result indicates
that the lower viability values at initial contact between cells and
metallic ions was caused by the cell maladjustment, then the cells

would adapt to the environment gradually until day 5. In general,
both of TigeZr;oCuzgPdi4 BMG and Ti6Al4V alloy groups show simi-
lar result in biocompatibility test with >90% viability that is even
better than the cell viability of pure Zr group (positive). On the con-
trary, the cell viability of Zr4sCusgAlgAgs BMG and pure Cu groups
are <30% after 5 days culturing. This means that both
Zr48CuszsAlgAgs BMG and pure Cu have apparent cytotoxicity effects
on the L929 cell.
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Fig. 4. The situation of L929 cells around the sample (top view): (a) TisoZr10CusgPd4 BMG, (b) ZrsgCussAlgAgs BMG, (c) Ti6Al4V, (d) Pure Cu (negative), (e) Pure Zr (positive), (f) Blank

(control).

Finally, the ICP-MS ion release analyses are illustrated in Fig. 7 for the
extraction medium of both the Ti4OZr10Cu36Pd14 and Zl'48CU35A18Ag8
BMGs, after immersion for 1, 3, and 5 days. From Fig. 7, it can be seen
that the TigoZr;0CuscPd;4 BMG basically only release very small amount
of Cu ions (<3600 ppb even after 5 days). The strong atomic mutual
bonding from Ti/Zr/Pd atoms attracting the Cu atoms (due to negative
heat of mixing) would create strong resistance from Cu to be released.
This effect imposes the positive biocompatibility response of the
TigoZr19CusgPd 4 BMG, even with 36% Cu content in the glass. In con-
trast, the Cu ion release from the Zr43CusgAlgAgs BMG is significantly
higher in Fig. 7, >20.000 ppb after 1 day, and even 80,000 ppb after
3 days culturing. In addition, note that there are other ion releases,

100 pm

including Al Zr, and Ag ions. For example, the Ag ion release can be as
high as 40,000 ppb after 5 days. The atomic mutual bonding in this
Zr43CuseAlgAgs BMG is much weaker. It follows that the combined se-
verer ion releases from Cu, Al, Zr, and Ag together would result in the in-
ferior cell viability for the ZrssCusgAlgAgs BMG. This is in good
agreement with the indirect contact (MTT) results.

4. Conclusion

Based on the results of biocompatibility test, the following conclu-
sions can be drawn.

Fig. 5. The situation 0f L929 cells around the sample (bottom view): (a) TizoZr10Cu3ePd14 BMG, (b) ZrssCussAlsAgs BMG, (c) Ti6Al4V, (d) Pure Cu (negative), (e) Pure Zr (positive), (f) Blank

(control).
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Fig. 6. Cell cytotoxicity of L929 cells cultured in the extraction medium from
TigoZr10CusePdy4 BMG (TZCP), ZrssCuseAlgAgs BMG (ZCAA), Ti6Al4V alloy, Pure Cu, and
Pure Zr groups, respectively were normalized to the same control. Note that reduction
of cell viability by >30% (dash line) is considered a cytotoxic effect.

1. Both the TigoZr;0CusePd 4 BMG and Ti6Al4V alloy present similar cell
adhesion behavior after 48 hours culturing, the health L929 cells
show a very well spread and extended morphology with a spindle
shape filopodium. Moreover, more cell numbers were found to at-
tach on the surface of TigoZr;0CuzgPd 4 BMG than that on the surface
of Ti6AI4V alloy.

2. The cell survival rate of TizoZr1oCusegPd;4 BMG and Ti6AI4V alloy can
reach to 99% + 5% by direct as well as indirect contact tests. Accord-
ing to ISO 10993-5, TizeZr;oCusgPdi4 BMG can be classified to the first
level (slight cytotoxicity) which is the same level as Ti6Al4V alloy,
but Zr45CuzsAlgAgs BMG would be classified to the fourth level (se-
verely cytotoxicity).

3. In summary, the TigoZr;oCusgPd 4 BMG is believed to have great po-
tential in medical field due to its excellent biocompatibility similar to
or even better than the Ti6Al4V alloy.
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