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Mg-Zn-Ca bulk metallic glass with different compositions (Mg66Zn30Ca4 and Mg70Zn25Ca5) have
been prepared for this study and their feasibility as biodegradable metallic materials have been eval-
uated by the microstructural, surface analysis, mechanical testing, corrosion and cytotoxicity tests. It was
found that the Mg66Zn30Ca4 sample presents a more uniform corrosion morphology than as-rolled
pure Mg and Mg70Zn25Ca5 samples, with much smaller micro-scale uniformly distributed pores
beneath the corrosion product layer. The corrosion products were identified to be Mg(OH); and Zn(OH)j;,
and a uniform corrosion mechanism is proposed. Both indirect cytotoxicity and direct cell culture
experiments were carried out using L929 and MG63 cell lines. The results show higher cell viabilities for
Mg-Zn-Ca extracts than that for as-rolled pure Mg. In addition, L929 and MG63 cells were found to
adhere and proliferate on the surface of Mg66Zn30Ca4 sample.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Magnesium alloys have attracted considerable attention as
potential implant materials in recent years [1-5]. This interest in
magnesium alloys has been particularly motivated by their good
mechanical properties, biocompatibilities and biodegradation
properties [6]. One group of magnesium alloys, containing the
essential elements Zn and Ca for humans, have been especially
studied with reference to biosafety and biocompatibility of released
alloying elements [3-5,7]. For example, Zhang et al. [7] reported
that an Mg-Zn alloy had high tensile strength (279.5 MPa) and no
adverse effect had been caused by the zinc released. Our study
indicated that Mg-1Ca alloy degraded gradually within bone at the
corrosion rate of 2.28 mg/mm?/yr and an enhanced bone formation
was visible around implanted pins [5].

However, the practical usage of biodegradable magnesium
alloys faces some challenges. Firstly, a much higher inherent
strength will be required since their strength would deteriorate
gradually during the corrosion/degradation process [7]. Zhang et al.
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[7] reported that the bending strength of Mg-Zn alloy decreased
fast at the initial corrosion stage (from about 625 MPa to 390 MPa
with about 6% loss of weight). Secondly, magnesium alloys usually
suffer from non-uniform corrosion. Pitting corrosion is the typical
corrosion mode of Mg alloys even in neutral or alkaline salt solu-
tions [8] and the pits tend to spread laterally resulting in the
disintegration of the alloys during the corrosion period [5,9]. Witte
et al. [2] indicated that LAE442 and AZ91D alloys showed irregular,
uneven surface after 18 weeks implantation in guinea pigs femora.
Our previous study on Mg-1Ca alloy also showed non-uniform
corrosion properties within bone [5]. Moreover, pitting corrosion,
resulting in the surface defects, will also lead to the fast loss of the
strength of magnesium alloys. Thirdly, current magnesium alloys
have corrosion/degradation rates under physiological conditions
that are too fast and indeed faster than that of bone healing rates
[5,6,10]. At the same time, the release of hydrogen and localized
alkalization caused by the fast corrosion [1,11] may also be dele-
terious to the surrounding tissues. Therefore, it is very important to
explore new kinds of magnesium-based biomaterials with good
mechanical properties, low corrosion rates as well as the uniform
corrosion properties in order to be applied clinically.
Magnesium-based bulk metallic glasses are attractive due to
their single-phase, chemically homogeneous alloy system and the
absence of second phases [12-14] which may improve the
mechanical properties and corrosion resistance and also result in
more uniform corrosion properties. Various Mg-based glasses have
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been developed, including Mg-Cu-Y, Mg-Ni-Y, Mg-Cu-Gd and
Mg-Zn-Ca [12]. Among them, Mg-Zn-Ca exhibits a high specific
strength (o¢/p) of 250-300 MPa cm?/g [15], which is about 40%
higher than that of conventional crystalline Mg alloys (about 220
and 176 MPa cm?/g for diecasting AZ91D and WE43 [16]). With the
physiologically compatible alloying element Zn and Ca [17,18],
Mg-Zn-Ca glass might be an appropriate choice for magnesium-
based biodegradable materials. In this study, Mg-based glasses with
good glass forming ability (GFA) and different Mg content,
Mg66Zn30Ca4 and Mg70Zn25Ca5 glasses, were fabricated, and
their corrosion properties and the indirect and direct cytocompa-
tibilities were studied.

2. Experimental
2.1. Materials preparation and characterization

A mixture of pure elements (>99.9 wt%) of Mg, Ca and Zn were melted under an
argon atmosphere in an induction furnace with the nominal composition (in atomic
percentage). The master alloy was then remelted by induction melting in a quartz
tube and injected into the copper mold with the diameter of 2 mm. The amorphous
nature of the as-cast Mg-Zn-Ca samples was verified by X-ray diffraction (XRD)
using a Rigaku DMAX 2400 diffractometer with CukK, radiation and differential
scanning calorimetry (DSC) (Perkin-Elmer, DSC-diamond) examination at a constant
heating rate of 40 K/min. The as-cast Mg66Zn30Ca4 and Mg70Zn25Ca5 samples were
further cut into 2 mm thick disks for the electrochemical tests with the surface being
polished up to 2000 grit. All the samples were then ultrasonically cleaned in acetone,
absolute ethanol and distilled water. For the cytocompatibility tests, the 2 mm thick
disk samples were sterilized by ultraviolet-radiation for at least 2 h.

2.2. Mechanical tests

Uniaxial compression testing was conducted with an Instron 8562 testing
machine at a constant nominal strain rate of 2 x 10~ s~ at room temperature. The
test samples with 2 mm in diameter and 4 mm in length were prepared according to
ASTM standards.

2.3. Electrochemical tests

A three-electrode cell was used for electrochemical measurements. The counter
electrode a platinum and the reference electrode a saturated calomel electrode
(SCE). A wire lead was attached to the one round section of each sample and was
closely sealed with epoxy resin leaving an-end surface (with a cross-section area of
about 3.14 mm?) exposed to solution. The electrochemical tests were conducted
with an electrochemical workstation (CHI600C, China) at the temperature of 37 °C
in simulated body fluid (SBF, NaCl 8.035 g, NaHCOs 0.355 g, KCl 0.225 g,
K;HPO4-3H,0 0231 g, MgCl,-6H,0 0311 g, CaCl, 0.292 g, NaySO4 0.072 g,
(HOCH;)3CNH; 6.118 g). The open circuit potentials (OCP) were monitored for
4000 s. The potentiodynamic polarization tests were carried out at a scanning rate
of 1 mV/s and the initial potential was about 300 mV below the corrosion potential
(Ecorr) after 4000 s OCP measurements. After polarization testing, samples were
washed with acetone, distilled water and finally air-dried. Changes in the surface
morphologies were characterized by environmental scanning electron microscopy
(ESEM, Quanta 200FEG). Afterwards, samples were immersed in chromic acid
(180 g/l CrO3) for 5-10 min to remove the corrosion products. The samples were
then washed and dried again and were observed under ESEM. The XPS data were
taken on an AXIS-Ultra instrument from Kratos Analytical using monochromatic
AlK,, radiation (225 W, 15 mA, 15 kV) and low-energy electron flooding for charge
compensation. To compensate for surface charge effect, binding energies were
calibrated using C 1s hydrocarbon peak at 284.80 eV. The data were converted into
VAMAS file format and imported into CasaXPS software package for manipulation
and curve-fitting.

2.4. Indirect cytotoxicity evalution

Murine fibroblast cells (L929) and human osteosarcoma cells (MG63) were used
in the vitro cell culture experiment. They were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), 10% fetal bovine serum (FBS), 100 U ml~" penicillin and
100 pg ml~! streptomycin at 37 °C in a humidified atmosphere of 5% CO,.

The extraction media were prepared using DMEM serum free medium with
the surface area/extraction medium ratio 1 cm?/ml in a humidified atmosphere
with 5% COy at 37 °C for 72 h. The supernatant fluid was withdrawn and
centrifuged to prepare the extraction medium, then refrigerated at 4 °C before the
cytotoxicity test. The control groups involved the use of DMEM medium as
negative control and 10% DMSO DMEM medium as positive control. Cells were
incubated in 96-well cell culture plates at 5 x 10> cells/100 pl medium in each

well and incubated for 24 h to allow attachment. The medium was then replaced
with 100 pl of extraction medium. After incubating the cells in a humidified
atmosphere with 5% CO, at 37 °C for 1, 3 and 5 days, respectively, the 96-well cell
culture plates were observed under an optical microscope. After that, 10 pl MTT
was added to each well. The samples were incubated with MTT for 4 h at 37 °C,
and then 100 pl formazan solubilization solution (10%SDS in 0.01 m HCl) was
added in each well overnight in the incubator in a humidified atmosphere. The
spectrophotometrical absorbance of the samples was measured by microplate
reader (Bio-RAD680) at 570 nm with a reference wavelength of 630 nm. The pH
values and the concentrations of Mg, Zn and Ca ions in the extraction medium at
different time point were also measured.

2.5. Direct cell adhesion experiment

200 pl cell suspension were seeded onto the Mg66Zn30Ca4 and Mg70Zn25Ca5
samples as well as the as-rolled pure magnesium sample (control) at a cell density of
1 x 10° (for L929 cell), 5 x 10* (for MG63 cells) cell/ml. After 1, 3 and 5 days culture in
a humidified atmosphere with 5% CO, at 37 °C in 96-well plates, the parallel samples
were fixed in 2.5% glutaraldehyde solution for 2 h at room temperature and rinsed 3
times with phosphate buffer solution (PBS, pH = 7.4), followed by dehydration in
a gradient ethanol/distilled water mixture (50%, 60%, 70%, 80%, 90%, 100%) for 10 min
each and dried in hexamethyldisilazane (HMDS) solution. The surface of cell
adhered experimental samples was observed by ESEM. The pH values and the
concentrations of magnesium and alloying element ions in the culture medium were
also measured for each culture interval.

3. Results
3.1. Microstructure and mechanical properties

Fig. 1 shows the XRD patterns of as-rolled pure Mg,
Mg66Zn30Ca4 and Mg70Zn25Ca5. The typical amorphous features
of two Mg-Zn-Ca samples can be confirmed by the absence of
detectable crystalline diffraction peaks, together with the broad
scattering signals around 38° and 66°. The broad scattering
maximum peak of Mg70Zn25Ca5 sample shifts slightly toward the
low angle side, compared with Mg66Zn30Ca4 sample, which can be
attributed to its slightly higher Mg content since we know that Mg
has a larger atomic radius than Zn does [15].

Fig. 2 shows the corresponding DSC curves of Mg66Zn30Ca4 and
Mg70Zn25Ca5. The glass transition temperature (T;) and the first
crystallization temperature (Ty;) of Mg66Zn30Ca4 sample are
higher than those of Mg70Zn25Ca5 sample. Zhao et al. [19] also
observed that with the increase of the Mg content in the Mg-Zn-Ca
glasses both the T; and Ty decreased.

102
Mg(103)

Mg(100

g\ng(zoZ)

gg(m)
g(201) Mg(004)

L

as-rolled pure Mg

Mg66Zn30Ca4 BMG

Intensity/a.u.

Mg70Zn25Ca5 BMG

10 20 30 40 50 60 70 80
2theta/deg

Fig. 1. XRD patterns of as-rolled pure Mg, Mg66Zn30Ca4 and Mg70Zn25Ca5.
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Fig. 2. DSC measurement of Mg66Zn30Ca4 and Mg70Zn25Ca5.

Fig. 3 presents the typical compression stress—strain curves of
Mg66Zn30Ca4 and Mg70Zn25Ca5 samples. The fracture strength ¢
for Mg70Zn25Ca5 and Mg66Zn30Ca4 samples is (565.8 4- 23.2) and
(531.2 &+ 22.8) MPa, respectively, which is much higher than that of
pure Mg sample (198.1 & 4.5) MPa [20].

3.2. Electrochemical measurements

Fig. 4 shows the OCP curves and potentiodynamic polarization
curves of as-rolled pure Mg, Mg66Zn30Ca4 and Mg70Zn25Ca5 at
37 °C in SBE. The OCP values of the two Mg-Zn-Ca samples shift
toward the positive potential fast in the initial 1000 s, and clearly
they are higher than that of as-rolled pure Mg sample.
Mg66Zn30Ca4 sample indicates a more positive OCP value than
that of Mg70Zn25Ca5 sample, possibly attributed to the different
amount of Zn in the two Mg-Zn-Ca samples, since the electrode
potential of Zn (—1.02Vscg) is more positive than Mg (—1.65Vscg)
[9]. In addition, obvious fluctuation can be observed for the OCP
curves of Mg70Zn25Ca5 and as-rolled pure Mg samples, whereas
Mg66Zn30Ca4 sample exhibits more steady OCP value. As shown in
Fig. 4(b), the two Mg-Zn-Ca samples show reduced kinetics of
anodic and cathodic reactions than that of as-rolled pure Mg
sample. Alloying with the more noble component Zn can give rise
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Fig. 3. Compression properties of Mg66Zn30Ca4 and Mg70Zn25Ca5.

to a strong diminution of the well-known reaction of Mg with
water under hydrogen evolution [21,22]. The .o of Mg66Zn30Ca4,
Mg70Zn25Ca5 and as-rolled pure Mg samples are 3.53 pAjcm?,
11.2 pA/cm? and 36.8 pA/cm?, respectively. It can be inferred from
the above results that the two Mg-Zn-Ca samples show improved
corrosion resistance comparing with the as-rolled pure Mg sample,
with Mg66Zn30Ca4 better than Mg70Zn25Ca5.

Fig. 5 shows the SEM images of experimental samples after
polarization. The surface of Mg66Zn30Ca4 after polarization is
relatively homogeneous and even with few cracks, whereas a rough
surface with obvious deep cracks can be seen with Mg70Zn25Ca5
and as-rolled pure Mg. After removing the corrosion products,
many micro-pores can be seen for Mg66Zn30Ca4 (2-10 pm),
compared with the relatively large and uneven distributed holes
beneath the surface of as-rolled pure Mg (10-60 pm). The XPS
results indicate that the compositions of the corrosion product
film of the Mg-Zn-Ca samples are Mg, Zn, Ca, P and O. The ZnO and
0%~ species are much richer at the surface of Mg66Zn30Ca4 than
that of Mg70Zn25Ca5.

3.3. Immersion tests

Fig. 6 shows the change of pH values for the SBF incubating
as-rolled pure Mg and Mg-Zn-Ca samples. The Mg66Zn30Ca4
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Fig. 4. (a) OCP curves and (b) potentiodynamic polarization curves of as-rolled pure
Mg, Mg66Zn30Ca4 and Mg70Zn25Ca5.
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Fig. 5. SEM images showing the surface morphologies of (a) Mg66Zn30Ca4, (b) Mg70Zn25Ca5 and (c) as-rolled pure Mg after polarizations in SBF at 37 °C; SEM images showing the
surface morphologies of (d) Mg66Zn30Ca4, (e) Mg70Zn25Ca5 and (f) as-rolled pure Mg after immersing in CrOs solution for 10 min.

exhibited a slower change of pH than that of as-rolled pure Mg and
Mg70Zn30Ca5. Moreover, the as-rolled pure Mg and Mg70Zn25Ca4
disintegrated into several parts and further observation was not
carried out.

Fig. 7 shows the surface morphologies of as-rolled pure Mg,
Mg66Zn30Ca4 and Mg70Zn25Ca5 samples immersed in SBF for
different times. The Mg66Zn30Ca4 shows a flat surface, after 3 d
immersion in SBF at 37 °C, with the surface composition
including C, O, Mg, P, Ca, Zn and the Zn content is extremely high
compared to Mg content. In the case of Mg70Zn25Ca5, some
micro-pores are visible on the surface and the EDS results

indicate that the Zn content is higher than Mg content, whereas
the difference value is not as large as that for Mg66Zn30Ca4
sample. After 30 d immersion, Mg66Zn30Ca4 sample almost
maintains the original geometric configuration. The observations
show that a compact and uniform corrosion product layer forms
on the surface of Mg66Zn30Ca4 sample and the Mg content in the
corrosion product layer is slightly higher than the Zn content.
Moreover, the O content increases greatly with the prolonged
immersion time. In contrast, as-rolled pure Mg shows a crackled
surface after 3 d immersion and the surface compositions are
0O, Mg, P and Ca.
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Fig. 6. The change of pH values of the SBF incubating as-rolled pure Mg, Mg66Zn30Ca4
and Mg70Zn25Ca5 during 30 d immersion.

3.4. Cytotoxicity measurements

Fig. 8 shows the cytotoxicity results of Mg66Zn30Ca4 and
Mg70Zn25Ca5 samples for indirect and direct cell assay using L929
and MG63 cells. It can be concluded that Mg66Zn30Ca4 and
Mg70Zn25Ca5 extracts indicate improved cell viability for the two

cell lines, compared with as-rolled pure Mg extract. The cell
viability obtained in indirect assay is higher than that obtained in
direct assay. Furthermore, Mg66Zn30Ca4 sample shows higher cell
viability than that of Mg70Zn25Ca5 sample.

Fig. 9 shows the morphologies of L929 and MGG6E3 cells
cultured on as-rolled pure Mg, Mg66Zn30Ca4 and Mg70Zn25Ca5
samples for 5 days. For the as-rolled pure Mg sample, a few cells
are observed on the surface after 1 day culture. After 3 days
culture, much elongated cell morphology and increased cell
number can be seen, whereas unhealthy cells with round shape
can be seen after 5 days culture for the two experimental cell
lines. For Mg66Zn30Ca4, the number of cells adhered on the
surface is also few on day 1, whereas increased cell number with
healthy cell morphologies is observed after 3 and 5 days culture.
In the case of Mg70Zn25Ca5, few cells adhere on its surface on
day 1. Thereafter, the cells number increases slowly on day 3 and
day 5, compared with that for Mg66Zn30Ca4. It is noted that the
micro-cracks can be seen on the Mg70Zn25Ca5 after 5 days
culture (Fig. 9(c)) and sometime samples disintegrate into several
parts.

Fig. 10 shows the release of Mg, Zn and Ca into the extraction
medium at days 1, 3 and 5. Mg66Zn30Ca4 extraction medium and
DMEM culturing with Mg66Zn30Ca4 show lowest Mg ions
concentrations, compared with that of the Mg70Zn25Ca5 and
as-rolled pure Mg samples. The Mg ions in the culture medium of
Mg70Zn25Ca5 indicate a close amount compared with that for as-
rolled pure Mg. In addition, the culture medium for

Fig. 7. The surface morphologies and compositions of (a) Mg66Zn30Ca4, (b)Mg70Zn25Ca5 and (d) as-rolled pure Mg after 3 d immersion in SBF at 37 °C; and the surface

morphologies and compositions of (c) Mg66Zn30Ca4 after 30 d immersion in SBF at 37 °C.



1098 X. Gu et al. / Biomaterials 31 (2010) 1093-1103

a 120 |- I as-rolled pure Mg
| B Mg66Zn30Ca4 BMG
Bl Mg70Zn25Ca5 BMG
__ 100}
g
5 80
Q
‘G
® 60
Z
5 40
3
>
40
0
1 3 5
Time in culture/ day
C 140
. I as-rolled pure Mg
120 - M Mg66Zn30Ca4 BMG
Il Mg70Zn25Ca5 BMG
B 100
€ I
Q
S 80
o -
®
b 60
8 40
> L
20

1 3 5
Time in culture/ day

b 120 | HEM as-rolled pure Mg
Il Mg66Zn30Ca4 BMG
[ Il Mg70Zn25Ca5 BMG
100
9
S 80
G
£ 60
2
g 40
s
20
0
1 3 5
Time in culture/ day
d 140
| M as-rolled pure Mg
| I Mg70Zn25Ca5 BMG
g 100
= I
8 80
o .
= 60
__é\ 3
S 40
&
S I
20
0

1 3 5
Time in culture/ day

Fig. 8. Cytotoxicity of (a) L929 and (b) MG63 cells cultured in as-rolled pure Mg, Mg66Zn30Ca4 and Mg70Zn25Ca5 extraction mediums; and the cytotoxicity of (c) L929 and
(d) MG63 cells cultured with as-rolled pure Mg, Mg66Zn30Ca4 and Mg70Zn25Ca5 samples directly.

Mg70Zn25Ca5 shows almost equal amount of Ca ions but much
higher amount of Zn ions, compared with that from
Mg66Zn30Ca4.

The pH values of as-rolled pure Mg, Mg66Zn30Ca4 and
Mg70Zn25Ca5 extractions medium and DMEM culturing with
1929 and MG63 cells for 1, 3 and 5 days are shown in Fig. 11. It
can be seen that, during the 5 days incubation period, the pH
value of DMEM culturing with the as-rolled pure Mg and two
Mg-Zn-Ca samples slightly increase with the prolonged incuba-
tion time. The medium culturing with as-rolled pure Mg shows
higher pH value than that of Mg70Zn25Ca5, and the medium
incubating Mg66Zn30Ca4 sample indicates the lowest pH value.
There is no obvious change in pH values between the 1929 and
MGG63 cells group. Moreover, the extract mediums, incubating the
experimental samples without serum and cells for 3 days, show
slightly higher pH values than the DMEM incubating the experi-
mental samples with serum and cells.

4. Discussion

Recent studies on magnesium-based alloys as biodegradable
materials have demonstrated that high mechanical properties and
minimized corrosion rate are required for clinical applications. The
Mg-Zn-Ca materials are clearly of good potential.

4.1. Comparison of the mechanical properties of Mg-Zn-Ca glass
with as-reported biomedical Mg alloys

Fig. 12(a) presents the mechanical properties comparison of the
previously reported Mg alloys and cortical bone as well as that of
present Mg66Zn30Ca4 and Mg70Zn25Ca5. The two Mg-Zn-Ca
glasses show and may exhibit higher strength after partial deteri-
oration process during the degradation period. The elastic modulus
of the Mg-Zn-Ca samples is closer to those of cortical bone,
compared with the other biomedical Mg alloys. The different
mechanical properties of the Mg-Zn-Ca samples and the Mg alloys
can be attributed to the differences in their intrinsic local structure.
Samples are single-phase, chemically homogeneous, with the
absence of the easy crystal slip systems than crystalline Mg alloys
and therefore exhibit higher strength.

4.2. Comparison of the corrosion behavior of Mg-Zn-Ca glass with
as-reported biomedical Mg alloys

As can be seen from Fig. 12(b), Mg66Zn30Ca4 and Mg70Zn25Ca5
samples show reduced corrosion rates, compared to other previously
reported Mg alloys, as calculated according to ASTM-G102-89 [25].
On the one hand, it can be attributed to the chemical homogeneity
and the absence of the second phase in Mg-Zn-Ca even added with
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Fig. 9. The morphology of (a-c) L929 and (d-f) MG63 cells cultured on (a,d) as-rolled pure Mg, (b,e) Mg66Zn30Ca4 and (c,f) Mg70Zn25Ca5 samples for 5 days.

a high Zn content exceeding its solid solubility in Mg matrix. This
homogeneous structure, which minimizes the galvanic corrosion,
may be also the reason forming the more uniform corrosion surface
morphologies for the Mg-Zn-Ca samples than that of the as-rolled
pure Mg. On the other hand, the formation of zinc oxide/hydroxide
together with magnesium oxide/hydroxide or formation of a double
oxide/hydroxide to give a continuous and uniform coverage of the
Mg-Zn-Ca samples surface also plays an important role. The EDS
results show the presence of zinc (oxide/hydroxide), which is even
higher than magnesium (oxide/hydroxide) in the initial 3 d immer-
sion periods. Furthermore, the different corrosion behaviors

between two Mg-Zn-Ca samples may be attributed to the higher
content of Zn in Mg66Zn30Ca4. Similarly, Li [26] showed that
Mg65Cu20Zn5Gd10 possessed better corrosion resistance than
Mg65Cu25Gd10 which had been attributed to the existence of Zn in
the former. In addition, the micro-alloying with Ca, about 0.04 wt% in
Mg66Zn30Ca4 and 0.06 wt% in Mg70Zn25Ca5, may be also advan-
tageous to the enhancement of corrosion resistance. It had been
widely revealed that Ca had beneficial effect on the corrosion
behaviors of magnesium alloys [4,27,28] with less than 1 wt%
alloying but a deleterious effect while the adding Ca content
exceeding 1 wt% [5,28,29].
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The evolution of the corrosion process of the Mg-Zn-Ca glass is
schematically illustrated in Fig. 13 based on the morphologies and
compositions of surface corrosion product layer in the present
study. (1) When the Mg-Zn-Ca sample is immersed in body fluid,
the anodic dissolution of magnesium occurs and the magnesium
hydroxide layer will be formed on the surface of the sample. The
attack of CI~ occurs at the weak sites of the magnesium hydroxide
layer and transforms the magnesium hydroxide into soluble
magnesium chloride. The fresh substrate, exposed to the medium
directly, suffers further corrosion and results in the releasing of
Mg?* and Zn®* (Fig. 13(a)). (2) When the immersion time is pro-
longed, the Zn?* concentration is promoted due to the continuous
dissolution of Zn. Thereafter, Zn(OH), precipitates preferentially,
with the low solubility Kp (1.8 x 107'% [30]), compared to that of
Mg(OH); (5.61 x 10~'2 [30]), which will also result in a better
protection effect than the case of single Mg(OH), precipitates. As
shown in Fig. 13(b), the Zn(OH), precipitations will repair the
defects in the surface layer because the higher content of OH™ with
the dissolution of Mg(OH),, and then form a continuous and
uniform layer on the surface of the Mg-Zn-Ca sample. (3) With the
corrosion proceeds, the corrosion product layer will be thickened
and the Zn(OH); precipitates spread, which are evidently depicted
in Fig. 13(c). Meanwhile, the undissolved Mg(OH), and Zn(OH),
precipitation area on the surface of the Mg-Zn-Ca sample is
considered to provide favorable sites for apatite nucleation [31].
Consequently, lots of apatite nuclei are formed on the corrosion
product layer and then apatite will grow spontaneously by
consuming the calcium and phosphate from the surrounding
medium [31].

4.3. Comparison of the in vitro biocompatibility of Mg-Zn-Ca glass
with as-reported biomedical Mg alloys

The results of the indirect cytotoxicity tests show that the
present Mg-Zn-Ca samples exhibit similar cytotoxicity Grades 0-1
(according to ISO 10993-5:1999 [32]) as the investigated Mg—Ca [5],
Mg-Zn [7] and Mg-Zn-Ca alloys [23], which proves their biosafety
for further biomedical applications. In the case of the direct assay,
the present study indicates well adhered cells on the surface of the
Mg66Zn30Ca4 sample as well as 0-1 cytotoxicity Grades. The good
adhesion of the osteoblast-like and elliptical cells was also
observed on the surface of Mg-0.51 wt%Ca alloy whereas statisti-
cally significant decreases ALP activity and total protein were seen
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Fig. 12. The comparison of (a) the mechanical properties and (b) corrosion behavior
among Mg66Zn30Ca4 and Mg70Zn25Ca bulk metallic glasses as well as the as-
reported biomedical Mg alloys [5,7,16,23,24].

after 8 day cell culture [29]. Zhang et al. [33] reported the early
adhesion of MC3T3-E1 cells on the surface of Mg-Zn alloys and
pointed out that the peeling off of some corrosion layer will weaken
the adhesion of cell. This phenomenon is also seen in the case of as-
rolled pure Mg from the corroded surfaces observation with some
deep pits on the surfaces. However, few peeling off of the corrosion
layer can be seen for the Mg66Zn30Ca4 with combined protection
by magnesium hydroxide and zinc hydroxide. Xu et al. [34] found
that only a few 1929 cells were observed on the naked Mg-Mn-Zn
alloy surface after 1-day culture and the number of the cells
increased slowly after 3-day and 5-day culture periods (about 700/
mm?, deduced from Fig. 7 in [34]). In the present study, about
a number of 1000/mm? cells adhered on the surface of the
Mg66Zn30Ca4 samples after 3-day culture time, which was
comparable to the Ca-P coated Mg-Mn-Zn alloy and pure Ti in
reference [34].

As reported by Witte et al. [35], the direct cell assay leads to the
reduced cell viability than the indirect cytotoxicity tests. It is known
that cells are very sensitive to the environment fluctuation
(including ion releasing, pH changes, hydrogen evolution, the dis-
integrated particles and corrosion product Mg(OH), for Mg-based
biomaterials) and the influencing factors would increase when the
cells culture with the experimental material directly. Firstly, the
reduced cell viability in the direct assay may be attributed to the
hydrogen evolution, since no distinct differences can be seen from
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Fig. 13. The sketch map for the evolution of corrosion process of Mg-Zn-Ca bulk
metallic glass immersed in SBF. (a) Initial stage; (b)Middle stage; (c) Final stage.

the ion releasing and pH changes results from the indirect and
direct assays (Figs. 10 and 11). And the 1929 cells did not show
toxicity (RGR at O cytotoxicity Grades) while the Mg and Zn
concentration is up to 1000 mg/L and 60 mg/L [36], which was
much higher than the concentration obtained in this study. Once
a Mg-based material is immersed in the cell culture medium, the
hydrogen gas will evolve from the surface of the sample which may
deteriorate the cells adhesion and the following proliferation
process. Secondly, with the high pH value, magnesium hydroxide
and zinc hydroxide will precipitate easily during the incubation
period not only on the surface of sample but also in the culture
medium. Witte et al. [37] reported the presence of small corrosion
products at the micro-scale size inside the giant cells. It was
assumed that micro-size Mg(OH); might not be extremely toxic
to cells in the consideration of slight toxicity can be seen for

nano-scale MgO particles [38]. However, the toxicity of micro-size
Zn(OH), may be related to the concentration of the particles. Lin
et al. [39] reported the micro-sized ZnO particles (420 nm) did not
induce statistically significant toxicity (p < 0.05) to the human
bronchoalveolar carcinoma-derived cell line (A549) at the dosage
lower than 10 pg/ml. Nair et al. [40] indicated that micro-ZnO is
extremely toxic (about 50% reduced cell viability) to MG63 cell at
concentration above 100 pm. Thirdly, the forming cracks and the
disintegration of Mg70Zn25Ca5 sample may also contribute to the
poor adhesion and cell viability compared to Mg66Zn30Ca4
sample.

5. Conclusions

In this study, Mg66Zn30Ca4 and Mg70Zn25Ca5 bulk metallic
glass were prepared. They showed close compression strength,
three times of the compression strength of pure Mg. They also
exhibited improved corrosion potential and reduced current
densities compared to as-rolled pure Mg. Their surfaces show much
more even corrosion morphologies, with more uniformly distrib-
uted micro-pores than those with a larger and quite different scale
pores enveloping on the surface of as-rolled pure Mg. The corrosion
product layer, formed on the two Mg-Zn-Ca samples after 3 d
immersion, exhibits higher Zn content than Mg, and thereafter
a comparable content of Zn and Mg and increased O content can be
seen after 30 d. The indirect and direct cytocompatibility tests show
that Mg66Zn30Ca4 and Mg70Zn25Ca5 samples indicate higher cell
viability than that of as-rolled pure Mg. Moreover, L929 and MG63
cells are found to be well adhered and proliferated on the surface of
the Mg66Zn30Ca4 samples.
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Appendix

Figures with essential color discrimination. Figs. 1-4, 6-8,10-13
in this article are difficult to interpret in black and white. The full
color images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.11.015
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