Journal of Non-Crystalline Solids 571 (2021) 121060

Contents lists available at ScienceDirect

= JOURNAL OF
NON-CRYSTALLINE SOLIDS

Journal of Non-Crystalline Solids

journal homepage: www.elsevier.com/locate/jnoncrysol

ELSEVIER

t.)

Check for

Formation and properties of biocompatible Ti-based bulk metallic glasses in  [&&s"
the Ti—-Cu-Zr-Fe-Sn-Si—Ag system

Wei Yang?, Ying Liu °, Nengbin Hua ¢, Shujie Pang>®", Yan Li ¢, Peter K. Liaw ¢, Tao Zhang

@ Key Laboratory of Aerospace Materials and Performance (Ministry of Education), School of Materials Science and Engineering, Beihang University, Beijing, 100191,
China

b AVIC Manufacturing Technology Institute, Beijing, 100024, China

¢ Department of Materials Science and Engineering, Fujian University of Technology, Fuzhou, 350118, China

4 Advanced Innovation Center for Biomedical Engineering, Beihang University, Beijing, 100191, China

¢ Department of Materials Science and Engineering, The University of Tennessee, Knoxville, TN 37996, USA

ARTICLE INFO ABSTRACT

Keywords:
Biomaterial
Metallic glass
Titanium alloy
Corrosion
Biocompatibility

The Ni-free Ti-based bulk metallic glasses (BMGs) with high glass-forming ability (GFA) can be synthesized in the
(Ti, Cu, Zr)ga sFe 5Sn,Si1Ag, alloy system over a wide composition range by copper-mold casting. Especially, the
TisgCus;Zry sFey 5SnpSijAgo glassy alloy can form the BMG rod with a diameter up to 6 mm and showed a high
compressive strength of ~ 2.05 GPa, elastic modulus of ~ 100 GPa, and microhardness of ~ 571 Hv. The Ti-
based BMGs presented good bio-corrosion resistance in a simulated physiological environment attributed to
the formation of Ti-, Zr-, Si-, and Fe-enriched passive films. The biocompatibility of the Ti-based glassy alloys was
systematically investigated by both indirect cytotoxicity test and direct cell-culture experiments. The Ti-based
BMG extracts had no cytotoxic effects on the proliferation of the cells. The good cell adhesion, proliferation,
differentiation, and mineralization of bone-forming MC3T3-E1 pre-osteoblasts on the BMGs were parallel to
those on the Ti-6Al-4V alloy. These results manifested that the present Ti-based BMGs are promising candidates

as biomaterials.

1. Introduction

Metallic biomaterials are widely used in implant devices, especially
reconstruction of a failed hard tissue, including dental implants, per-
manent implants (e.g., joint implants), and temporary devices (e.g.,
bone screws and pins) due to their good mechanical properties, flexible
workability and durability [1-4]. Compared with other commonly-used
metallic biomaterials (e.g., the Co-Cr-based alloys and stainless steels),
the Ti alloys with the combination of relatively-low elastic moduli and
great corrosion resistance and biocompatibility have garnered great
attention as biomedical materials [5-8]. However, for the long-term
implantations, some problems of Ti alloys need to be overcome, such
as the relatively low wear resistance related to particle disease, the host
tissue damage and the immune rejection, etc. [2,3,5]. Therefore,
exploring novel biomedical alloys with suitable mechano- and
bio-compatibility is of great significance.

Bulk metallic glasses (BMGs) with a unique amorphous structure free
from defects, like dislocations and crystalline boundaries, exhibit
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superior mechanical properties and high corrosion resistance [9,10].
They also possess good net-shaping and thermoplastic-forming ability in
the supercooled liquid region, which are beneficial for fabricating the
implants in complex geometries with high dimensional accuracy [9,11].
Because of these comprehensive properties, great efforts have been
devoted to developing novel BMGs for the biomedical purpose and
evaluating their feasibility as biomaterials by in vitro and in vivo testing
[10,12-15]. Among the BMG systems, Ti-based BMGs have attracted
attention due to their good biocompatibility and the distinctive
osseointegration of titanium [1,5,12]. As is well known, most Ti-based
metallic glasses with high glass-forming ability (GFA) usually contain
highly-toxic elements Be and Ni that would cause the long-term
biosafety issues [16-20]. In the last decades, some Be- and Ni-free
Ti-based metallic glasses have been developed in the Ti-Zr-Fe-Si [21],
Ti-Zr-Nb-Si [22],  Ti-Zr-Ta-Si [23],  Ti-Cu-Hf-Si [24],
Ti-Zr-Cu-Fe-Sn-Si [25], and Ti-Zr-Nb-Hf-Si [26] systems. These
Ti-based metallic glasses present good mechanical properties and
corrosion resistance in various physiological solutions, such as the
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Hank’s solution [21], Ringer’s solution [22], and phosphate-buffered
saline (PBS) [25], etc. However, their rather low GFA limits the appli-
cations in biomedical fields. The Ti-Zr—Cu-Pd(-Sn) BMGs present su-
perior GFA, whereas the high content of the noble metal Pd is
disadvantageous for the cost of their productions [27,28].

In our previous study, it has been found that the TisyCusgZry s
Fe; 5Sn,SijAgy alloy free from Ni and Be possesses high GFA and can be
prepared into bulk glassy rods with a diameter up to 7 mm [29].
Moreover, the Ti-based BMG presents superior mechanical properties
and anti-corrosion performance, and can support the initial cell
attachment and proliferation [29,30]. Therefore, in this study, the
metallic glasses in the Ti-Zr—Cu—Fe-Sn-Si-Ag system were systemically
investigated to find new Ti-based BMGs with high GFA, which are
suitable for biomedical applications. The composition range for forming
BMGs in the (Ti, Cu, Zr)gs sFe 5Sn,SiyAgo (atomic percent, at%) alloys,
the mechanical properties and corrosion behaviors were examined. The
present work further studied the biocompatibility of the present BMGs in
detail. Both indirect cytotoxicity test and direct cell-culture experi-
ments, including cell adhesion, proliferation, differentiation and
mineralization, were carried out, using the bone-forming MC3T3-E1
pre-osteoblasts. The related mechanisms are also discussed.

2. Materials and methods
2.1. Materials preparation

Alloy ingots of Tiga5.x.yCuxZryMAgy and TigyCugoZry sM (at.%),
where M represents the combination of FejsSnySi; for convenience,
were fabricated by arc-melting the mixtures of the pure metals in a Ti-
gettered argon atmosphere. The ribbon specimens of about 30 pm in
thickness and 2 mm in width were fabricated by melt-spinning, and the
rod specimens with diameters of 2 - 5 mm and a length of 50 mm and the
plate samples (50 x 10 x 1 mm?®) were obtained by injection casting.
The larger specimens were fabricated by tilt-pouring casting. For me-
chanical testing, the specimens (¢ 2 mm x 4 mm) were cut from the rods
with a low-speed diamond saw. For bio-corrosion and biocompatibility
tests, the glassy specimens (¢ 6 mm x 1 mm) were machined from the
plate samples by electro-discharge machining, and commercial
Ti-6A1-4V alloy (denoted as Ti64) specimens with the same geometry
were used as the reference material. Surfaces of these specimens were
prepared in the same procedure as that presented in Ref. [29]. For the
biocompatibility tests, the specimens were sterilized by the 1-hour ul-
traviolet (UV) light.

2.2. Microstructure and mechanical tests

Microstructure of the cast specimens with different diameters was
examined by a Bruker AXS D8 X-ray diffraction (XRD, Cu-Ka). Trans-
mission electron microscopy (TEM) observation was carried out with a
JEM 2100F TEM. Thermal behaviors were analyzed at a heating rate of
0.33 K/s by the NETZSCH 404C differential scanning calorimetry (DSC).
Compressive mechanical properties were conducted at a strain rate (2.0
x 107* s71) with a SANS CMT5504 testing machine. After the defor-
mation, the samples were observed, using a JEOL JSM-6010LA scanning
electron microscope (SEM). Vickers microhardness was performed with
a Vickers microhardness tester (Future-tech FM800) at a 200-gf load for
15 s. An ultrasound velocity measurement (Olympus Panametrics-NDT
5703PR) was employed to characterize the Young’s modulus (E). The
densities of the BMGs were determined according to the Archimedean
principle, using the deionized water.

2.3. Bio-corrosion resistance characterization
The immersion and electrochemical tests in the PBS at 310 K were

performed to examine the bio-corrosion behaviors of the BMGs [31].
The electrochemical tests were examined, employing a Princeton
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VersaSTAT III electrochemical workstation and a three-electrode system
consisting of a sample as the working electrode, a saturated calomel
reference electrode (SCE) and a platinum counter electrode. After the
samples were kept in the PBS for 1,800 s to achieve a steady open-circuit
potential (OCP), anodic polarization tests were started from the poten-
tial of 0.5 V below the OCPs. For the immersion experiments, specimens
were immersed in the PBS referring to ASTM-G31-72 standard [32].
After 30-day immersion in the PBS, a weight loss of the studied Ti alloys
was measured, using an analytical balance with a precision of 1 x 10° g,
and the corrosion rates were determined by the weight loss. An ESCA-
LAB250 X-ray photoelectron spectroscopy (XPS, Al-Ka) was employed to
study the passive films formed on the BMGs after the immersion for 30
days. The XPS spectra were further analyzed, using the XPSPEAK 4.1
analytical software. An Agilent 7800 inductively-coupled plasma-mass
spectrometry (ICP-MS) was employed to monitor the ion concentrations
dissolved into the PBS.

2.4. Cellular behaviors

Mouse MC3T3-E1 pre-osteoblasts were cultured in a minimum
essential medium (MEM) supplemented with 10 % fetal bovine serum
(FBS) in the incubator (310 K, 5 vol.% CO5). The medium was changed
every 3 days. Cells were harvested with 0.25% trypsin and ethyl-
enediaminetetraacetic acid (EDTA) and used for cellular-behavior
investigation.

2.4.1. Cell adhesion and morphology

Cells were seeded on the surface of each alloy at a density of 5 x 10°
cells/well. After 4-hour incubation, the specimens were fetched out and
immersed with the PBS. Then the cells were fixed and dehydrated ac-
cording to the procedure described in Ref. [33]. The morphologies of the
adhered cells were observed, using SEM. For the adhered cell number
quantification, images of five randomly-selected areas on the surfaces of
each alloy were utilized by the ImageJ software (NIH, USA).

2.4.2. Cytoskeleton organization

Fluorescent staining of actin filaments demonstrates the develop-
ment of actin cytoskeleton. After the incubation for 4 h, the cells were
fixed with 4% paraformaldehyde (Beyotime Biotech) and permeabilized
with 0.1% Triton X-100 (Beyotime Biotech) in the PBS, for 15 min. each.
To label the actin filaments, samples were incubated with a fluorescein
isothiocyanate (FITC)-phalloidin (Actin-tracker green, Beyotime
Biotech) for 1 h, followed by rinsing with PBS. Subsequently, cell nuclei
were stained with 4’,6-diamindino-2-phenylindole (DAPI, Beyotime
Biotech) for 5 min.. After rinsing with PBS, the specimens were mounted
on a coverslip with an antifade-mounting medium (Beyotime Biotech).
Then, the fluorescent images were viewed under fluorescence micro-
scopy (Olympus IX71).

2.4.3. Cell proliferation and cytotoxicity evolution

The cell-proliferation behavior was measured by a water-soluble
tetrazolium salt (WST-1 assay) at time points of 2, 4, and 7 days. At
each harvest time, 10 pl WST-1 was added to each well, and samples
were further cultured with WST-1 for 4 h. The optical density (0.D.) was
recorded at 450 nm on a plate reader (BioTek) against a blank control.

Cytotoxicity tests of the BMGs were examined by the indirect contact
based on the procedure ISO 10993-5:2009 [34], using the sample ex-
tracts and the WST-1 assay. The sample extracts were prepared by
immersing the alloys in MEM with a ratio of the surface area to the
extraction medium volume of 1 cm?/ ml at 310 K for 3 days. Cells at a
density of 1 x 10* cells/well were seeded in the 96-well plate with 100
pl MEM and cultured for 24 h. Then the medium was changed with the
100 pl extract for incubation of 1 day and 7 days, respectively. Cells
incubated only with the MEM were as a negative control. The detailed
procedures of the WST-1 experiment were the same as that described
above. The absorbance was carried out using a plate reader at 450 nm
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Fig. 1. Composition dependence of critical diameter (d.) for (Ti, Cu,
Zr)oy sFep 5Sn,SijAg, BMGs fabricated by injection copper-mold casting.
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Fig. 2. (a) XRD patterns and (b) DSC curves of the TisgCus;Zr; sMAg, cast rods
and melt-spun ribbon.
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Fig. 3. TEM images with the insets showing the SAED patterns of the
TiygCusz;Zr; sMAg, rods with diameters of (a) 6 mm and (b) 7 mm.

(cell viability in negative control).

2.4.4. Cell differentiation and mineralization

For the osteoblast differentiation and mineralization tests, cells were
cultured on quadruplicate specimens for each alloy at a density of 1 x
10* cells/well After 7-day proliferation, the cells were cultured in dif-
ferentiation media composed of culture media added 8 mM f-glycer-
ophosphate (MP Biomedicals), 50 pg/ml ascorbic acid, and 10~ M
dexamethasone (Sigma). After 21-day incubation, cell differentiation
and mineralization were determined by the alkaline phosphatase (ALP)
activity and calcification of the extracellular matrix (ECM), respectively.

2.4.5. Determination of ALP activity and calcification of ECM

Cell differentiation from pre-osteoblasts to osteoblasts was deter-
mined as the ALP activity. The detailed experimental procedure was the
same as that presented in a previous study [33]. Briefly, cells were
cultured in a lysis buffer, and then the supernatant was collected to
assess the ALP activity and the total protein contents. The ALP activity
was evaluated as the release of p-nitrophenol from the p-nitrophenyl
phosphate. The absorbance of the specimens was recorded at 405 nm.
The results of ALP activity were performed as normalization by the total
protein contents obtained with a Protein Assay Reagent Kit.

Alizarin Red S staining (ARS) was used to characterize the calcifi-
cation of ECM. After differentiation, the cells were washed with PBS, and
then fixed with 4% paraformaldehyde for 30 min. Afterwards, the fixed
cells were rinsed with PBS and stained with 2% ARS (pH 4.2). The
stained specimens were rinsed with the deionized water and visualized
with an optical microscope (Nikon Eclipse MA200).
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Fig. 5. (a) Changes in the open circuit potential with immersion time and (b)
potentiodynamic-polarization  curves of the TigyCugoZr;sM  [25],
Tis7CusgZry; sMAg, [29], and TisgCusyZry; sMAgs BMGs and the Ti-6A1-4V alloy
in the PBS at 310 K.

Table 1
Values of corrosion parameters derived from potentiodynamic-polarization
curves for the Tis;CugueZry;sM [25], TisyCusgZr; sMAg; [29], and
TisgCuszyZr; sMAg> BMGs and the Ti64 alloy in the PBS at 310 K.
Alloy Ecorr icorr(x1078 Epie Epic - Corrosion
W) A/em?) W) Econ(V)  rate (x107*
mm/y)
TisyCusoZry sM 0.02 47 £ 1.4 1.20 118+  44+13
+0.01 + 0.04
0.03
TigyCussZry sMAgs  -0.11 6.5+ 0.5 0.99 110+  65+04
+0.04 + 0.08
0.06
TissCusyZr; sMAg,  -0.06 5.2+ 0.9 1.04 110+ 5117
+0.02 + 0.07
0.09
Ti64 -0.44 7.5+£04 - - 6.8 £0.3
+0.05

2.5. Statistical analysis

For any cellular-behavior tests, at least three samples were per-
formed. The statistical analysis was conducted with the Student’s t-test
(JMP Software, USA). The differences at p < 0.05 were considered sta-
tistically significant.

3. Results
3.1. Microstructures and mechanical properties

The microstructure of the (Ti, Cu, Zr)gysFes5Sn,SijAgy rods with
different diameters fabricated by injection copper-mold casting was
examined by XRD. The critical diameters of the glassy alloys are shown
in Fig. 1. The Ti-based metallic glasses with diameters of 3 — 5 mm can be
formed in the composition range of 48 — 50 at.% Ti, 37 — 39 at.% Cu and
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Fig. 6. (a) XPS survey spectra and (b) cationic fractions of surface films formed
on the TigyCugoZr; sM, TisyCusgZr; sMAg,, and TisgCusyZry; sMAg, BMGs after
the 30-day immersion in the PBS at 310 K.

Table 2

The concentrations (ppb) of metal ions released from the Tis;CuspZr; sM,
TiqyCusgZr; sMAg,, and TisgCus;Zr; sMAg,; BMGs and the Ti64 alloy after im-
mersion in the PBS for 30 days.

Alloy Cu Fe Si Ag Al \Y
Tis7CugpZr; sM 12 1.5 150 -

TiszCusgZry; sMAg, 12 2.6 190 <1

TisgCusz;Zr; sMAg, 19 4.5 180 <1 -
Ti64 - - - - 2.8 1.4

7.5-9.5 at.% Zr. The GFA of the Ti-based metallic glasses is sensitive to
alloy compositions. It is notable the TisgCus;Zr;sMAg, and
Tis7CusgZry sMAg> BMGs possess high GFA with d. up to 4 mm and 5
mm, respectively. Our previous study indicated that the Tis;CusgZry s.
MAg> BMG with a d. of 7 mm can be prepared by the tilt-pouring casting
method [29]. Compared with injection casting, the tilt-pouring casting
with a shorter filling time and higher casting velocity is beneficial to
obtaining bulk glassy samples with larger sizes [35]. In the present
work, preparation of the TiygCusyZr; sMAgo rod samples with larger
diameters were further performed. As given in Fig. 2(a), the XRD pat-
terns of the TisgCusyZry sMAg, rods with diameters of 6 mm and 7 mm
present a main halo corresponding to the amorphous structure, similar
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to that of a glassy ribbon sample. However, for the 8-mm-diameter rod
sample, sharp crystalline peaks corresponding to Ti,Cu, Ti3Cuy4, and
TiCu phases are observed in the XRD pattern.

Fig. 2(b) presents the DSC plots of the alloy rods of 6 mm and 7 mm in
diameter, and the DSC curve of the melt-spun ribbon is also shown for
comparison, where Ty and Ty correspond to glass transition tempera-
tures and onset temperatures of crystallization. The DSC traces of the
ribbon and the 6-mm-diameter rod samples sequentially exhibit almost
identical glass transition at 638 K, supercooled liquid region (AT = Tk -
Tg) of 53 K prior to crystallization at 691 K. The large supercooled liquid
region of the TisgCusyZry;sMAg, BMG, similar to that of the
Tis7CusgZr; sMAgs BMG (AT, = 52 K) [29], suggests the high thermal
stability of the supercooled liquid against crystallization. However, the
DSC curve of the 7-mm-diamter TizgCusyZr; sMAg, rod sample exhibits
the indistinctive glass transition and supercooled liquid region, indi-
cating the precipitation of crystallites. The microstructure of the
TisgCusyZry sMAg, rod samples with diameters of 6 mm and 7 mm was
further examined, using TEM. As demonstrated in Fig. 3(a), the
high-resolution transmission election microscopy (HRTEM) image of the
6-mm-diameter rod sample and the selected area electron diffraction
(SEAD) with only halo rings demonstrate a fully-amorphous structure.
The TEM bright-field image of the 7-mm-diameter rod [Fig. 3(b)] reveals
that nanocrystallites with grain sizes of 10 — 30 nm are dispersed in the
amorphous matrix. As presented in the inset of Fig. 3(b), the SAED
pattern shows continuous spotty rings, which are identified as the
tetragonal TizCu phase. Besides, the morphology of the specimen with a
diameter of 6 mm after etching exhibited a uniform gray background,
and no distinct contrast revealing the precipitation of a crystalline phase
is seen, further confirming the amorphous structure of the 6-mm-dia-
meter sample. Therefore, the critical diameter of the TisgCusyZrys.
MAg, bulk metallic glass prepared by tilt-pouring casting is 6 mm. The
novel Ti-based metallic glass with high GFA is promising as a potential
biomaterial.

Fig. 4(a) displays the compression behavior of the TisgCusyZr;s.
MAg> BMG. The TisgCus;Zr; sMAgs BMG exhibits an elastic limit of ~ 2
%, followed by yielding at about 1.94 GPa, and then deforms in a plastic
manner with serrations. A plastic strain of about 2.8% prior to the
fracture at 2.05 GPa is observed. The surface morphologies of the
TisgCusyZry sMAg> BMG after the compressive test are presented in
Fig. 4(b) and (c). Many shear bands are observed of the deformed BMG.
The fracture angle between the main fracture plane and the applied load
is ~ 41°. The fracture surface displays vein-like patterns typical of BMGs
with good plasticity. The elastic modulus (E) of the TisgCus;Zry sMAg,
BMG measured by the ultrasound velocity measurement were ~ 100.8
GPa. The TisgCusyZr; sMAgy BMG also exhibited high hardness (Hv) of
about 571 Hv.

3.2. Bio-corrosion behavior

Fig. 5 shows the time-dependence of open-circuit potentials and the
potentiodynamic-polarization plots of TisgCus;Zr;sMAgs BMG,
together with the curves of Tis;CusgZry sMAgs, TisyCugeZrysM, and
Ti64 alloys reported in Refs. [25,29]. As shown in Fig. 5(a), the OCPs of
the BMGs increase abruptly initially and then achieve the constant
values, implying an improved stability of the surface films during the
immersion. The BMGs (around - 0.1 V) exhibit nobler OCP values than
that of the Ti64 (around - 0.40 V), suggesting the higher stability of the
passive films formed on the BMGs. The potentiodynamic-polarization
plots of the samples are demonstrated in Fig. 5(b). Table 1 summa-
rizes the corrosion parameters. The Ti-based BMGs are spontaneously
passivated with a low passive current density (ipess) of approximately
107% A/em?, following a wide passive region. Pitting corrosion occurs in
the potential range of 1.0 — 1.2 V. As noticed in Table 1, the
Ag-incorporated Ti-based BMGs exhibit a slightly-higher passive current
density (icorr), lower pitting potential (Ep;), corrosion potential (Ecorr),
and corrosion rates than those of the Ag-free Ti-based BMG, implying the
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Fig. 7. Morphologies of MC3T3-E1 cells on (a)-(b) Tig7CusoZr; sM BMG, (c)-(d) TisyCuzgZr; sMAgs BMG, (e)-(f) TiggCuszyZr; sMAgs BMG, and (g)—(h) the Ti64 alloy

after incubation for 4 h.

negative effect of Ag microalloying on the corrosion resistance of the
BMGs. Moreover, the values of the corrosion parameters of the
TisgCus;Zr; sMAg, BMG are parallel to those of the TigyCusgZr; sMAg2
BMG, suggesting that the slightly-higher Ti/Cu ratio has little influence
on the corrosion resistance. The low iy and the corrosion rates in the
order of 10~* mm/year indicate the good bio-corrosion resistance of the
Ti-based metallic glasses.

The bio-corrosion resistance was also investigated by the immersion
test. No weight loss was detected for the Ti-based BMGs, and the Ti64
after immersion in the PBS for 30 days, indicating the corrosion rates of
less than 10~3 mm/year, which is consistent with those presented in

Table 1. For understanding the origin of the good corrosion resistance of
these BMGs, the chemical composition of the oxide films formed on the
surface of the Ti4gCu372r7.5MAg2, Ti47CU3ng7.5MAg2, Tig7CugoZry sM
BMGs after 30-day immersion was characterized by XPS. The peaks of C,
O, Zr, Cu, Ti, Sn, Si, Fe, and Ag are found in the XPS survey spectra, as
presented in Fig. 6(a). The C 1s peaks are related to the surface carbon
contamination of the specimens. The cationic concentrations for the
BMGs are illustrated in Fig. 6(b). In the surface films formed on the al-
loys, Ti, Zr, Fe, and Si are enriched, while Cu and Ag are deficient with
respect to the nominal compositions after the 30-day immersion.
Consequently, these results indicate that the passive films of the BMGs
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mainly consist of TiOy, ZrOo, SiO and FeO/Fe;03, which is responsible
for their good bio-corrosion resistance. Furthermore, the amounts of the
cationic ions in the surface film of the Ag-free BMG are not significantly
different from those of the Ag-incorporated BMGs, implying the similar
corrosion resistance of these BMGs.

The ion concentrations of extracts of the four Ti alloys after the 30-
day immersion were tested to further investigate the anti-corrosion
performance and biocompatibility. As listed in Table 2, Cu, Fe, Si, and
Ag ions are detected from the extracts of the Ti-based BMGs, and Al and
V ions are detected from the extract of the Ti64. The BMG extracts
exhibit similar concentrations of the released metallic ions. The low ion
concentrations also demonstrate the good bio-corrosion resistance,
which is advantageous to implant applications. Moreover, the concen-
trations of the released metal ions are far below the corresponding
threshold values for bio-safety [36].
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3.3. In vitro biocompatibility

Good biocompatibility of biomaterials is essential to avoiding
harmful effects on the tissues of the human body. In this study, the in
vitro biocompatibility of the present Ti-based BMGs was systemically
evaluated. Both indirect cytotoxicity test and direct cell-culture experi-
ments, including cell adhesion, proliferation, differentiation, and
mineralization, were carried out, employing the MC3T3-E1 pre-
osteoblasts.

3.3.1. Cell adhesion and morphology

As revealed in Fig. 7, the cells adhere on the surfaces of the
Ti47Cll4oZI‘7_5M, Ti47CL13gZI‘7_5MAg2, and Ti48Cu37Zr7_5MAg2 bulk glassy
alloys and the Ti64 after the 4-hour incubation. Numerous cells are
initially adhered on the different sample surfaces without regular
orientation. The cells present typical polygonal and irregular shapes
with the extended cytoplasm and numerous pseudopodia (as denoted by
the arrows). In Fig. 8, the quantities of attached cells for all the samples
are presented as the percentages of the result on the Ti64. No statistical
difference is distinguished among the four Ti alloys, indicating the good
cell viability on the Ti-based BMGs parallel to that on the Ti64.

The actin cytoskeleton is of great significance for controlling cell
shape and supporting cell adhesion [37]. The cytoskeleton development
in MC3T3-E1 pre-osteoblasts after culturing on the Ti alloys for 4 h was
observed by fluorescent staining (Fig. 9). It can be found that cells
adhered on the alloys exhibit similar actin cytoskeletal organizations.
The actin filaments (green) are formed in various directions, mainly in
the directions parallel to the cellular axises and sometimes circling the
cytoplasm. The nuclei (blue) of cells on all the Ti alloys can be clearly
observed without distinguishable difference. The results manifest that
the Ti-based BMGs can support the normal cell adhesion and spreading
of the MC3T3-E1 cells.

3.3.2. Cell proliferation and in vitro cytotoxicity evolution

The proliferation of the cells on the Ti-based alloys after the 2-, 4-
and 7-day incubation are monitored, using the WST-1 assay, as

50 pum

Fig. 9. Fluorescence images for MC3T3-E1 cells adherent on (a) Tis7Cu49Zr; sM BMG, (b) Tis;CusgZry sMAg> BMG, (c¢) TisgCus;Zr; sMAg,> BMG, and (d) the Ti64

alloy after 4 h, showing actin filaments (green) and the nuclei (blue), respectively.
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cell culture for 2, 4, and 7 days, respectively.
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Fig. 11. Cytotoxicity of MC3T3-E1 cells cultured in the extraction media of the
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alloy for 1 and 7 days.
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Fig. 12. Normalized ALP activities of MC3T3-E1 cell lysates after 7-day growth
followed by 21-day differentiation on the alloys. Results are presented as per-
centages of that on the Ti64 alloy.

presented in Fig. 10. The gradually increased O.D. values from days 2 to
7, corresponding to the viable cell numbers, suggest that the cells
proliferated continuously. At day 2, the O.D. value of the Ag-free BMG is
slightly greater than those of the Ag-incorporated BMGs and is in
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parallel to that of the Ti64. After incubation for 4 and 7 days, the cell
proliferation on the Ti-based BMGs is slightly better than that on the
Ti64, indicating the better cell proliferation of the BMGs. Besides, the
cell proliferation test shows no statistically-significant difference for
these Ti-based BMGs, indicating that the Ag microalloying and the
slightly-different Ti/Cu ratios of the BMGs has no distinct influence on
the cell-proliferation behavior.

The cytotoxicity of the Ti-based BMGs was evaluated by an indirect
method according to ISO 10993-5:2009 [34]. The cells were cultured in
the extracts for 1 — 7 days, and the related results presented as per-
centages to the results on a blank control after 1- and 7-day incubation
are shown in Fig. 11. The cell viability in the extracts of the BMGs is at
the same level as that in the extract of the Ti64. Additionally, the
viability in all the extracts is above 90%, indicating their
non-cytotoxicity.

3.3.3. Cell differentiation and mineralization

Cell differentiation is a significant performance for the MC3T3-E1
cells to reveal the osteogenic function. The ALP expression is an early
sign of osteogenesis differentiation. The results of ALP activities
normalized to the total protein contents are shown in Fig. 12. The cells
cultured on the Ti-based BMGs present relatively-higher ALP activity
than that on the Ti64, indicating that the Ti-based BMGs could support
the differentiation of the cells. Additionally, the ALP activities of cells on
the three Ti-based BMGs showed no statistical difference.

Fig. 13 displays the SEM images of the cells after differentiation.
MC3T3-E1 cells can form thick cell multilayers with surrounding ECM
on the alloys. The visual detection of mineralization of the osteoblast
cells grown on the Ti alloys was characterized using ARS staining (insets
in Fig. 13.) It can be qualitatively concluded that the cells can produce
calcium deposits on the studied Ti alloys after 7-day incubation, fol-
lowed by 21-day differentiation. Furthermore, the ARS-stained areas for
the BMGs are larger than that for the Ti64, suggesting that MC3T3-E1
cells can exhibit a stronger osteogenic function on these Ti-based BMGs.

4. Discussion

The Ti-based bulk metallic glasses are promising candidates for
biomedical applications, especially for orthopedic implants (e.g., arti-
ficial prostheses, bone plates, screws, and dental roots), because of their
high strength, low Young’s modulus, and good corrosion and wear
resistance [10,21-30]. The present work indicates that (Ti, Cu,
Z1)g2 sFeg 5Sn,Si;Aga BMGs with diameters of 3 — 6 mm can be formed
over a composition range of 48 — 50 at.% Ti, 37 — 39 at.% Cu, and 7.5 -
9.5 at.% Zr, and the GFA is sensitive to the alloy compositions. The
present TisgCus;Zry sMAg, and the TisyCusgZry sMAgs [29] BMGs with
a large d. of 6 mm and 7 mm, respectively, can be obtained. It is well
known that the large difference in the atomic size and the
relatively-strong atomic attraction (relatively large negative heat of
mixing) among the constituent elements may improve the GFA [38]. The
(Ti, Cu, Zr)gssFessSnySijAgo alloys consist of multicomponent with
relatively-strong attractive interactions and large mismatch in the
atomic size, including relatively-large Zr, and medium-sized Sn, Cu, Ti,
Fe, and Ag, as well as small Si [39], which would improve the
atomic-packing density and promote the stability of atomic clusters,
leading to a high GFA [38]. Besides, the TisgCus;Zr; sMAgs BMG ex-
hibits a large supercooled liquid region (AT, = 53 K), similar to that of
the TisyCusgZry; sMAgo BMG (AT, = 52 K) [29], suggesting the high
stabilization of the supercooled liquid region. Additionally, the BMGs
can be precisely made into applications in complex shapes by using the
thermoplastic forming ability in the supercooled liquid region, which
may suggest them as promising biomaterials [9,11].

The Ti-based BMGs exhibited high compressive strength up to ~
2.05 GPa. The strength of the present Ti-based BMGs would be higher
than that of the Ti64 (~ 930 MPa) even under tension [1], since the
tensile strength of metallic glasses is usually slightly lower than
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Fig. 13. SEM in-lens images of MC3T3-E1 cells cultured on (a) TisyCusoZr; sM BMG, (b) Tis;CuszgZr; sMAgs BMG, (c) TisgCus;Zr; sMAg, BMG, and (d) the Ti64 alloy
after 7-day growth, followed by 21-day differentiation (insets: ARS Ca-staining visualized ECM).
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Fig. 14. Comparison of mechanical properties among the Ti-based BMGs and
some typical biomedical materials [2,3,5,29,41].

compressive fracture strength [40]. High specific strength is also
required for load-bearing biomaterials, especially those served as joint
or dental implants, which can reduce the implant dimensions and
mitigate immune rejection and host tissue damage. Fig. 14 illustrates the
specific strength and the elastic moduli of the Ti-Zr—Cu-Fe-Sn-Si-Ag
BMGs and some typical biomaterials as well as cortical bone [2,3,5,29,
41]. The specific strengths of these Ti-based bulk glassy alloys are higher
than those of the crystalline titanium alloys, Co-Cr-Mo alloys, and
stainless steels. In addition, high fatigue strength of the Ti-based BMGs
can be expected [42,43], which would be favorable for the biomedical
applications. Furthermore, these Ti-based bulk glassy alloys possess
lower elastic moduli of ~ 100 GPa in comparison with that of the Ti64
(~ 110 GPa) [3], which is advantageous for mitigating the
stress-shielding effect of the implants. The p-Ti alloys possess lower
elastic moduli, whereas the strength and hardness reduce concurrently
[44]. In comparison, the Ti-based BMGs presented high hardness in the

range of 571 — 590 Hv. Their high ratio of hardness to elastic modulus
(H/E) may also lead to good wear resistance of the Ti-based BMGs in the
simulated physiological environment, which may alleviate the risk of
particle disease during the implantation [30]. The high strength, low
elastic moduli, and good wear performance would make the present
Ti-based metallic glasses suitable for biomedical applications from the
perspective of mechano-compatibility.

Good corrosion resistance is also an essential feature of metallic
biomaterials to inhibit the release of metallic ions into the tissue and
maintain the implant integrity during service in the aggressive physio-
logical environment. The results of the immersion and electrochemical
measurements in the PBS demonstrated the great anti-corrosion per-
formance of the Ti-based bulk glassy alloys, i.e., higher Ecorr, and lower
icorr and ipaes than those of the Ti64. For the Ti-based BMGs, although
occurrence of pitting corrosion is recognized at high potentials above
1.0 V (vs. SCE) during anodic polarization, their corrosion rates are
similar to that of the Ti64, suggesting their similar capability of with-
standing in the aggressive physiological fluid. On the basis of the
abovementioned XPS results (Fig. 6), the surface films of the BMGs after
30-day immersion in the PBS are mainly consisted of TiO,, ZrOo, SiOa,
and FeO/Fey03.The TiO,, ZrO2, and SiO; are chemically stable, which
are responsible for the great corrosion resistance of these Ti-based BMGs
[25,35,45]. It has also been reported that the TiO, oxide adopted with Si
would reduce the diffusion coefficient of oxygen and resulted in a higher
resistance to oxygen penetration in the passive film based on the
point-defect model [45,46]. Meanwhile, the unique amorphous feature
of the BMGs may provide the formation of uniform passive films [47]. As
mentioned above, the Ti-based BMGs suffered pitting corrosion at high
potentials, which is attributed to the susceptibility of ZrO, to the chlo-
ride containing solutions [48]. Whereas the passive films are sufficiently
protective to hinder the release of metallic ions into the PBS, which can
be revealed by the ICP-MS results (Table 2) and negligible weight loss
after the long-term immersion. Thus, the great bio-corrosion resistance
of the Ti-Cu-Zr-Fe-Sn-Si(-Ag) BMGs, is considered sufficient for
biomedical implants.

In vitro cellular responses to the present Ti-based BMGs were
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employed to study their biocompatibility. As revealed by the results of
the cell-culture tests, the BMGs can support the cell adhesion and pro-
liferation, suggesting the initial biosafety of the present glassy alloys
[33,49-51]. The Ti-based BMGs can also support the regular functions of
MC3T3-E1 pre-osteoblasts, such as cell differentiation and mineraliza-
tion. Additionally, no significant difference is found in the cell responses
to these Ti-based BMGs with different compositions, implying the
indistinctive influence of the minor Ag addition and the slight difference
in Ti/Cu ratios on the biocompatibility. The indirect cell-culture study
revealed that similar to the Ti64, the Ti-based BMGs exhibited cyto-
toxicity of Grade 0-1 (according to ISO 10993-5:2009 [34]), suggesting
their biosafety for the application as biomaterials. The good biocom-
patibility of these BMGs can be mainly due to the formation of the
protective passive surface films mainly composed of the biocompatible
elements [15,35,50,51]. Furthermore, the high corrosion resistance
would also guarantee the good biocompatibility by effectively main-
taining the mechanical integrality for a long life during implantation
[12,15,25,52,53].

Additionally, the present (Ti, Cu, Zr)g2 sFez 5Sn2Si; Ags BMGs are free
from highly-toxic elements Be and Ni, which is blamed for the occur-
rence of an allergy and has antiproliferative effects on cell cultures.
There are a lot of controversies about element Cu used in biomedical
applications. On one hand, it has been reported that the excessive Cu
might affect the cell growth and proliferation [54,55]. On the other
hand, some Cu-containing stainless steels and Ti-Cu alloys can exhibit
good mechanical properties and antibacterial activity induced by Cu
alloying [56-58]. Furthermore, in vitro cytotoxicity studies and animal
implantation have demonstrated the good biocompatibility and anti-
bacterial effects of Cu-containing BMGs [12,13,25,59]. Meanwhile, sil-
ver and its ions possess well-established anti-bacterial properties with a
broad spectrum of antimicrobial activities [60-62]. The combination of
the low Ag content and great bio-corrosion resistance would lead to their
bacteria-killing behavior and minimize the potential cytotoxicity
concurrently. Thus, the current Ti-based BMGs with the good biocom-
patibility and the potential anti-bacterial property are promising
biomedical materials.

5. Conclusions

In the present study, the Ti-based BMGs with diameters of 3 — 6 mm
have been synthesized in the Ni-free (Ti, Cu, Zr)gy sFe3 5Sn,Si;Ags alloy
system over a wide composition range by copper-mold casting. Espe-
cially, the TisgCusyZry sFes 5SnaSijAgas BMG can be prepared into the
BMG rod with a diameter up to 6 mm. The novel Ti-based BMG shows a
high strength (~ 2.05 GPa), high specific strength (~ 3.1 x 10°N m/kg),
low elastic modulus (~ 100 GPa), and high microhardness (~ 571 Hv).
The great bio-corrosion resistance of Ti-based BMGs revealed by low
corrosion rates and corrosion densities are attributed to the formation of
passive films consisted of the Ti-, Zr-, Si-, and Fe-oxides. The results of
the indirect cytotoxicity test and direct cell-culture experiments
demonstrate the good biocompatibility of the Ti-based metallic glasses.
All these findings indicate that the Ti-Cu-Zr-Fe-Sn-Si-Ag BMGs are
promising candidates for biomaterials.
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