
Materials Letters 75 (2012) 74–76

Contents lists available at SciVerse ScienceDirect

Materials Letters

j ourna l homepage: www.e lsev ie r .com/ locate /mat le t
In vitro investigation of novel Ni free Zr-based bulk metallic glasses
as potential biomaterials

H.F. Li a,b, Y.F. Zheng a,b,⁎, F. Xu c, J.Z. Jiang c,⁎⁎
a State Key Laboratory for Turbulence and Complex System, College of Engineering, Peking University, Beijing 100871, China
b Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China
c Laboratory of New-Structured Materials, Department of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, China
⁎ Correspondence to: Y.F. Zheng, Department of Mate
College of Engineering, Peking University, Beijing 100
62767411.
⁎⁎ Corresponding author.

E-mail addresses: yfzheng@pku.edu.cn (Y.F. Zheng),

0167-577X/$ – see front matter © 2012 Elsevier B.V. Al
doi:10.1016/j.matlet.2012.01.105
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 2 December 2011
Accepted 23 January 2012
Available online 28 January 2012

Keywords:
Amorphous solids
Metals and alloys
Microstructure
Biomaterials
A series of novel Ni free Zr-based bulk metallic glasses (BMGs) with composition of Zr48Cu45Al7 (Ag0),
Zr48Cu42Al7Ag3 (Ag3), Zr48Cu37Al7Ag8 (Ag8) Zr48Cu33Al8Ag11 (Ag11) were fabricated by arc-melting/cop-
per mold suction-casting under a purified argon atmosphere. The microstructure, hardness, hemocompatibility
and cellular responses were investigated in this study. The results indicated that the Ni free Zr-based BMGs
exhibited much higher Vickers hardness than that of pure Zr. The Ni free Zr-based BMGs possessed a lower he-
molysis ratio than the safe value of 5% according to ISO 10993–4 and a significant lower number density of ad-
hered platelets. MTT assay results revealed that the relative growth rate (RGR) values of the Ni free Zr-based
BMG samples were Grade 1 according to ISO 10993–5:2009, which means that the BMG samples have good
cell viability.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Bulk metallic glasses (BMGs) are relatively novel and interesting
metallic materials because they can have exceptional properties or
combinations of properties which are often not achievable by their
conventional crystalline counterparts [1]. Among the various BMG
systems, Zr-based BMGs show the promising potential for biomedical
applications owing to their combination properties of superior
strength, high elastic strain limit, relatively low Young's modulus, ex-
cellent corrosion resistance and wear resistance [2]. However, most of
the Zr-based BMG alloys that have been studied contained high con-
tents of nickel, which is usually blamed for the occurrence of allergy
[3] and is possibly carcinogenic to the human body [4]. Therefore,
Ni-free Zr-based BMGs need to be developed and studied for further
biomedical applications. In this study we fabricated a series of novel
Ni-free Zr-based BMGs and evaluated their in vitro biocompatibilities.

2. Materials and methods

Metallic ingots of Zr48Cu45Al7 (Ag0), Zr48Cu42Al7Ag3 (Ag3),
Zr48Cu37Al7Ag8 (Ag8) Zr48Cu33Al8Ag11 (Ag11) alloys were pre-
pared by arc-melting a mixture of pure Zr (99.8 at.%), Cu (99.9 at.%),
Al (99.99 at.%) and Ag (99.9 at.%) in a Ti-gettered argon atmosphere.
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Each ingot was arc-melted at least four times to achieve chemical ho-
mogeneity. The master alloys were further processed by suction-
casting into copper mold in a high vacuum (2×10−5 torr) chamber
under a purified argon atmosphere. The samples were then cut into
10×10×1 mm3 plates by a low speed diamond saw, with the sur-
faces being mechanically polished up to 2000 grit.

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).

Vickers microhardnesss was determined using a microhardness tes-
ter (HMV-2 T, Shimadzu corporation, Japan), with an applied 200 g load
and a loading time of 15 s. Six indentations were made for each sample
and the diagonal lengths of the indentationsweremeasured using a cal-
ibrated micrometer attached to the eyepiece of the microscope. The in-
dentations'morphologywas observed by scanning electronmicroscope
(SEM) (S-4800, Hitachi, Japan). The Vickers hardness number HV is
computed using the formula ofHV=1.8544P/d2whereHv is the Vickers
hardness number in kg/mm2, P is the indenter load in kg and d is the di-
agonal length of the indentation in mm [5].

Platelet-rich plasma (PRP) was prepared by centrifuging the
whole blood for 10 min at a rate of 1000 rpm/min. The PRP was over-
laid atop the experimental alloys plates and incubated at 37 °C for 1 h.
The samples were rinsed with PBS to remove the nonadherent plate-
lets. The adhered platelets were fixed in 2.5% glutaraldehyde solu-
tions for 1 h at room temperature followed by dehydration in a
gradient ethanol/distilled water mixture (50%, 60%, 70%, 80%, 90%
and 100%) for 10 min each and dried in hexamethyldisilazane
(HMDS) solution. The surfaces of platelet attached experimental
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Fig. 1. XRD patterns of Ni free Zr-based BMGs.
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alloy plates were observed by SEM (S-4800, Hitachi, Japan). Different
fields were randomly counted and values were expressed as the aver-
age number of adhered platelets per mm2 of surface.

Healthy human blood from a volunteer containing sodium citrate
(3.8 wt.%) in the ratio of 9:1 was taken and diluted with normal saline
(4:5 ratio by volume). Samples were dipped in a standard tube con-
taining 10 ml of normal saline that were previously incubated at
37 °C for 30 min. Then 0.2 ml of diluted blood was added to this stan-
dard tube and the mixtures were incubated for 60 min at 37 °C. Sim-
ilarly, normal saline solution was used as a negative control and
deionized water as a positive control. After this period, all the tubes
were centrifuged for 5 min at 3000 rpm and the supernatant was
carefully removed and transferred to the cuvette for spectroscopic
analysis at 545 nm using microplate reader (Bio-RAD680).

The indirect cell experiments were carried out using human
osteoblast-like cells (MG 63 cell). MG 63 cells were cultured in mini-
mum essential medium (MEM) containing 10% fetal bovine serum
(FBS), 100 U/ml penicillin and 100 μg/ml streptomycin at 37 °C in a
humidified atmosphere of 5% CO2. The extract was prepared using
MEM with a ratio of 1 ml/3 cm2 for 72 h. Cells were seeded in 96-
well flat bottomed cell culture plates at 5×103 cells/100 μl and incu-
bated for 24 h to allow attachment. The medium was then replaced
with the extract and incubated for 1, 2 and 4 days. 10 μl MTT was
Fig. 2. Vickers microhardness HV of pure Zr and the Ni free Zr-based BMGs. The difference inm
(i.e. HV~1/ d2, where d is the diagonal of the indent): (a) pure Zr; (b) Ag0; (c) Ag3; (d) Ag8; (
added to each well and incubated at 37 °C for 4 h. After that, 100 μl
formazan solubilization solution was added overnight in the incuba-
tor. The spectrophotometrical absorbance was measured by micro-
plate reader (Bio-RAD680) at 570 nm with a reference wavelength
of 630 nm. The control groups involved the use of MEM medium as
negative control and 10% DMSO MEM medium as positive controls.

The statistical analyses were performed with SPSS 16.0 software,
and Pb0.05 was considered to be statistically significant.
3. Results and discussion

Fig. 1 shows the XRD patterns recorded of the Ni free Zr-based
bulk metallic glasses. It is found that all experimental alloys show
broad diffraction humps, indicating their glassy nature. Fig. 2 shows
the Vickers microhardness HV of pure Zr and the Ni free Zr-based
BMGs. The difference in microhardness is indicated by the size of
the indents as well, visible in the SEM micrographs (i.e. HV~1/ d2,
where d is the diagonal of the indent). It can be seen from Fig. 2
that the indents of the Ni free Zr-based BMGs are much smaller
than that of pure Zr, which determines that the Vickers hardness of
the Ni free Zr-based BMGs are much higher than that of pure Zr.

Fig. 3 illustrates the morphologies and the number of adhered
human platelet on pure Zr and Ni free Zr-based BMG samples after in-
cubation in PRP for 1 h. The results showed that platelets present
round shape with no pseudopodia spreading on the surface of alloys,
implying that the Ni free Zr-based BMGs have good antithrombotic
properties in vivo [6]. Moreover, the Ni free Zr-based BMGs have rel-
atively fewer platelets adhered on the surface, indicating their excel-
lent anti-platelets adhesion property in comparison with pure Zr.

Fig. 4 shows the hemolysis and cytotoxicity of the Ni free Zr-based
BMG samples. The hemolysis rates of Ag0, Ag3, Ag8 and Ag11 are
0.63%, 0.61%, 0.91% and 1.93% respectively, which are far below the
safe value of 5% and means that the Ni free Zr-based BMGs will not
lead to severe hemolysis according to ISO 10993–4:2002 [7]. Therefore,
it is suggested that the Ni free Zr-based BMGs have no destructive effect
on erythrocyte. The relative growth rate (RGR) values of the Ni free Zr-
based BMG samples are Grade 1 according to ISO 10993–5:2009 [8],
which means they are tolerant in cellular application.
icrohardness is indicated by the size of the indents as well, visible in the SEMmicrographs
e) Ag11.
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Fig. 3. Morphologies and the number of adhered human platelet on pure Zr and the Ni free Zr-based BMGs: (a) pure Zr; (b) Ag0; (c) Ag3; (d) Ag8; (e) Ag11.
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4. Conclusions

The present study investigated themicrostructure, hardness, platelet
adhesion, hemolysis and cytotoxicity of a series of novel Ni free Zr-based
BMGs. The results showed that, comparedwith pure Zr, the novel Ni free
Zr-based BMGs have much higher hardness. The round shape platelets
with no pseudopodia spreading on the surface of alloys implied that
the Ni free Zr-based BMGs have good antithrombotic properties in
vivo, besides, their low hemolysis rates suggested that the Ni free Zr-
based BMGs have no destructive effect on erythrocyte. The cytotoxicity
Fig. 4. Hemolysis rate and cell viability of Ni free Zr-based BMGs (* represents pb0.05
compared with negative control group).
evaluation tests indicated that theNi free Zr-based BMGs are safe for cel-
lular applications with RGR Grade of 1. All these results indicate that the
novel Ni free Zr-based BMGs would be promising as biomedical devices
with excellentmechanical behavior and outstanding hemocompatibility
and biocompatibility.
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