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We report the development of a CaZn based bulk glassy alloy (BGA) with combining properties of low Young's
modulus, high fracture strength, good corrosion resistance and cytocompatibility, which make it be potential
as biodegradable bone graft substitute. Compared to commonly investigated biodegradable metals, the
Young's modulus of the BGA is closer to that of cortical bone, and its fracture strength reaches 600 MPa, which
is 2 times higher than that of pure magnesium. The magnetic susceptibility of the CaZn based BGA is as low as
22.3x 10~ 6, which is compatible with magnetic resonance imaging (MRI) diagnosis. The BGAs also show slow
degradation rate and good cytocompatibility. The new class of biodegradable CaZn based BGAs enriches the
family of biomaterials, and the work has implications for developing new biodegradable alloys with active
elements. The formation and the origins of excellent properties of the BGA are discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the latest decade, biodegradable metals as a prominent class
of biomedical materials has received great attention because they can
be used as coronary stent and bone graft substitute [1-3]. Up to now,
magnesium alloys [4-9] and iron alloys [2,10,11] are two dominant
classes of metals with the temporary function. The very slow
degradation rate and possibly interfering with magnetic resonance
imaging (MRI) diagnosis place severe limitation on clinical applica-
tion of iron alloys [2]. The main shortcoming of Mg alloys for bio-
medical applications is their high corrosion rate. Recently, it is found
that the surface modification, [12-15] such as Ca-P coating, [12]
micro-arc oxidation,[13] alkali-heat treatment [14] and biodegradable
polymer-based coating,[15] and alloying with appropriate elements
can modulate the corrosion rate of Mg [16-18]. The advancement in
tailoring degradation rate of Mg alloys and successful clinical appli-
cation of calcium phosphate biomaterials [9,19,20] inspire us to
develop the calcium alloys as potential biodegradable material.

Calcium, which is immediately below magnesium as the same
group member in periodic table, is the most abundant mineral in the
human body, and is important to human metabolism [21,22]. It is
reported that Ca composes approximately 38% of the mineral content
of bone, [21] and the content of Ca is about 1000-1500 g in adult
human body, and 99% of which is found in the bones in the form of
hydroxyapatite, [23] whereas it is estimated that about 25 g Mg was
stored in the body. Calcium also plays a positive effect on bone
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accretion and bone mineral [21]. Moreover, the extracellular ionized
Ca is involved in many physiological functions, such as muscle
contraction, neuronal activity, cellular permeability, hormone secre-
tion, and enzyme activity [23]. The concentration of Ca in blood is
about 2.5 mmol/L, 10 mg/100 mL, higher than that of Mg (0.9 mmol/
L) [22,24]. Calcium homeostasis is maintained by hormonal regulation
of the intestinal absorption and renal reabsorption. The Ca concen-
tration of the blood and body fluids can be kept from varying
erratically by regulating the rates of bone calcium deposition and
resorption [24]. Optimal Ca requirement recommended by the
National Institutes of Health is about 1000 mg/day for adult [23].
Besides, the density of calcium is 1.55 g/cm?®, which is the lightest
alkaline earth metal. And the Young's modulus of calcium is only
20 GPa, which falls in the same range as that of cortical bone [25].

However, calcium is chemically active, the application faces a
series of more serious challenges. The main obstacle is high
degradation rate, especially in physiologic environment containing
chloride ion. The standard potential of calcium is —2.868 V (Ca/Ca™,
vs. SHE), which is more negative than that of Mg [—2.372 V (Mg/Mg?™,
vs. SHE)]. If putting Ca and Mg together, Ca would act as anode and
corrode firstly. For pure Mg or simple Mg alloy, the degradation rate is
still too fast to satisfy the requirement that implant has to perform for at
least 12 weeks, [8] and the situation faced by Ca would be more severe.
To our present knowledge, none of satisfied Ca alloys was reported.
Besides, the yield strength of pure Ca is too small to be used for load-
bearing alone. Especially in physiologic environment, the mechanical
properties would lose gradually [6].

Bulk glassy alloy (BGA) is a newcomer to the glassy material family.
The combining properties of high fracture strength and toughness, high
corrosion and wear resistance and low elastic constants comparing
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with its crystalline counterpart inspires great attention to use the BGA
as biomedical material [26-32]. The formation and properties of the Ca-
based BGA have been recently studied [33]. However, the results show
that the degradation rate of the previously reported Ca-based BGAs is
still too high to satisfy the biodegradable applications [34]. Simple
surface modification cannot effectively reduce the corrosion rate
because the protective film and BGA substrate would split after
immersion in the solution [35]. Considered that alloying element is
another effective method to improve corrosion resistance, we try to
alloy Zn element in the Ca based BGA because zinc is widely used as
anti-corrosion agent and is also an essential element for humans. There
is one to two grams zinc in the human body, and it is a cofactor for
several enzymes, such as alkaline phosphatase (necessary for bone
mineralization) and collagenase (essential for the development of the
collagenous structure of bone) [21]. Zinc also plays an important role in
osteoblast adhesion and operation [36]. Recently, it is verified that the
degradation rates of Mg-Zn alloys can be much slowed down compared
to pure Mg, [16,17] and the Mg-Zn glassy alloys shown good
biocompatibility. Alloying with rare earth elements is another effective
way to improve corrosion resistance and mechanical properties of
magnesium [18,37]. The results of biocompatibility show that rare earth
elements did not lead to significant changes in metabolic activity over a
wide concentration range [38]. Ytterbium has unlimited solubility in
calcium and has been found to be effective for improving corrosion
resistance, glass-forming ability and mechanical properties of metallic
glass. On the other hand, the glassy alloy, frozen liquid configuration,
can alloy high content of zinc exceeding its solid solubility at room
temperature in Ca according to Ca-Zn phase diagram, [39] and the Ca-
Zn alloy with high Zn content can be homogeneous in concentration
and structure, which can minimize the galvanic corrosion. In addition,
the Young's modulus of glassy alloy is generally lower by 20%-40% than
that in its crystalline counterpart, [30,40] while the fracture strength is
close to the theoretical strength of the alloy [41].

In this paper, we report the formation and property improvements
of a series of CaZn based BGAs. We compared the features and
properties of the CaZn based BGA with widely investigated biomedical
metals especially Mg alloys, and evaluated the feasibility of the CaZn
based BGAs to be used as biodegradable bone graft substitute from the
viewpoint of mechanical, physical, corrosion and biocompatibility.
We have interpreted the reasons for the good corrosion resistance and
cytocompatibility of the CaZn based BGAs.

2. Experimental procedure
2.1. Materials fabrication and characterization

The CaZnMgYb alloys with nominal compositions listed in Table 1
were fabricated by induction melting of Ca, Zn, Mg and Yb (purity
better than 99%, 99.99%, 99.9% and 99.95%, respectively) in quartz
crucible in a purified argon atmosphere. The alloy melts were injected
into copper molds to get 2 mm diameter cylinder or 1 mm thick
plate shapes. The phase of the as-cast alloy was identified by X-ray
diffraction (XRD) using a MAC MO03 diffractometer with Cu Ko
radiation source. Differential scanning calorimetry (DSC) was per-
formed under a purified argon atmosphere in a Mettler Toledo
DSC822e with a heating rate of 20 K-min~'. The density p was
measured by Archimedes' principle in absolute alcohol.

Table 1
Thermal parameters of representative CaZn based BGA.

BGA T,(K) T, (K) AT, (K) Tn(K) T(K) Ty

CagsZnaoMes 370 402 32 617 635 0.583
CassZnsoMgiaYbs 382 432 50 634 653 0.585
CasZnssMgiaYbys 391 439 48 634 727 0.539

2.2. Mechanical and physical properties measurement

Samples for mechanical property measurement were cut from the
as-cast 2 mm rods with a gauge aspect ratio of 2:1 according to ASTM
standards [42]. Uniaxial compression was performed on an Instron
5500R1186 testing machine at a constant strain rate of 1x10~4s~!
at room temperature. For physical property measurement, 2 mm thick
disk samples were cut from cylinder shaped glassy alloys with 2 mm
in diameter. Magnetic susceptibility measurement was carried out in
superconducting quantum interference device (SQUID) magnetome-
ter at room temperature, the applied magnetic field of which can
reachup to 5T.

2.3. Immersion test

The immersion test was carried out in the Hank's solution [43]
(NaCl 8.0g, CaCl, 0.14 g, KCl 0.4 g, NaHCO3 0.35¢g, glucose 1.0 g,
MgCl,-6H,0 0.1 g, Na,HPO4-2H,0 0.06 g, KH,PO,4 0.06 g, MgSOy4-7-
H,0 0.06 g-1~ ') according to ASTM-G31-72 [44], and the ratio of
surface area to solution volume was 1 cm?:20 ml. The initial pH value
was adjusted to 7.4, and the temperature was kept at 37 °C using
water bath. The samples were cut from 1 mm thick plate, polished
with SiC paper up to 1200 grit and ultrasonically cleaned with
absolute alcohol and distilled water sequently prior to immersion.
After different immersion periods, the samples were removed from
Hank's solution, gently rinsed with absolute alcohol and distilled
water sequently, and dried at room temperature. The surface
morphologies and chemical composition of the samples were
characterized by scanning electron microscope (SEM, Hitachi S-
4800), equipped with energy-disperse spectrometer (EDS) attach-
ment, and the corrosion products were determined by XRD. The cross-
section of CaZn based BGA immersion in Hank's solution for 10 days
was also characterized by SEM and EDS mapping. The hydrogen
evolution and the pH value of the solution were monitored during the
soaking experiment. An average of three measurements was taken.
The influence of corrosion on the integrity of mechanical property was
also tested by compression test. After immersion in Hank's solution
for 10 and 30 days, the 2 mm rods were removed, gently rinsed with
absolute alcohol and distilled water sequently and dried at room
temperature. The samples were tested on an Instron 5500R1186
machine for uniaxial compression.

2.4. Electrochemical measurements

The electrochemical measurements were conducted on an
electrochemical workstation (CHI 650C) in the Hank's solution. A
three-electrode set-up was used for the measurements. The counter
and reference electrode was made of platinum and saturated calomel
electrode (SCE) respectively. The tested samples cut from 1 mm thick
plate, disposed same as above immersion test, were used as working
electrode. The exposed area to the solution was 0.196 cm2. All
potentials were measured with respect to SCE. The potential
dynamical measurements were carried out at a scan rate of 1 mV/s
and the initial potential was 200 mV below the open circuit potential.
The corrosion rate can be got from the polarization curve using
Faraday's law [45]. Electrochemical impedance spectroscopy (EIS)
analysis was carried out at corrosion potential with a perturbing
signal of 5 mV over the frequency range 10°-10~2 Hz. The surface
morphologies and chemical composition of the samples after
polarization were characterized by SEM and EDS.

2.5. Cytotoxicity test
Human osteosarcoma cells (MG63) were used to evaluate the

cytocompatibility of the experimental alloys. They were cultured in
minimum essential medium (MEM), 10% fetal bovine serum (FBS),



3832 W. Jiao et al. / Journal of Non-Crystalline Solids 357 (2011) 3830-3840

f'!h Cag,Zn,Mg,;

<
E’ Ca4SZnSOMg14Yb8
9
Ca32zn38Mg12Yb18
20 4IO 6I0 80

2 theta (degree)

Fig. 1. XRD patterns of CagsZnyoMgs, CasgZn3oMg4Ybg and Cas,ZnsgMg,Ybg BGAs.

100 U-ml~ ! penicillin and 100 pg-ml~"' streptomycin at 37 °C in a
humidified atmosphere of 5% CO,. The samples used for cytotoxicity
test were 1 mm thick plate. They were disposed in the above-
mentioned way and sterilized by ultraviolet-radiation for at least 2 h
prior to test.

According to the instruction of ISO 10993-5:1999, [46] extraction
medium was prepared using MEM serum free medium with the
surface area/extraction medium ratio 1cm?/mL in a humidified
atmosphere with 5% CO, at 37 °C for 72 h and the extraction medium
was stored at 4 °C before the cytotoxicity test. The control groups
involved the use of MEM medium as negative control and 10% DMSO
MEM medium as positive control. Cells were incubated in 96-well cell
culture plates at 5x 103 cells/100 L. 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 uL MTT was added to each well. The
specimens 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 for more than 10 h in the incubator in a humidified
atmosphere. The spectrophotometrical absorbance of the specimens
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Fig. 2. DSC curves of CagsZnyoMg1s, CasgZnsoMgi4Ybg and CasZnsgMgi,Yb g BGAs.
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Fig. 3. The compression stress-strain curves of CagsZnyoMgs, CasgZnsoMgi4Ybg and
CaszpZnsgMgi,Ybig BGAs.

was measured by microplate reader (Bio-RAD680) at 570 nm with a
reference wavelength of 630 nm.

Direct cytotoxicity was also performed by seeding 200 ml cell
suspension onto the samples at a cell density of 5x 10* cell/ml. After
being cultured in a humidified atmosphere with 5% CO, at 37 °C for 1,
3 and 5days in 96-well plates, the 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
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Fig. 4. The magnetization of Cas;Zn;gMg;,Ybg BGA as function of applied magnetic
field at room temperature and the corresponding linear least square fit.
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Fig. 5. The hydrogen evolution volume against immersion time of Cas;Zn3gMg;,Yb g
BGA and pure Mg.
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Fig. 6. The PH values against immersion time of CasZn3;gMg;,Yb;g BGA and pure Mg.

dehydration in a gradient ethanol/distilled water mixture (50%, 60%,
70%, 80%, 90% and 100%) for 10 min each and dried in hexamethyldi-
silazane (HMDS) solution. The morphology of cell adhered experi-
mental samples was observed by SEM. The concentrations of released

Ca, Zn, Mg and Yb ions in the extraction medium were measured by
ICP-AES (Leeman, Profile). The pH values were also measured for each
experimental group.

3. Results
3.1. Structure, physical and mechanical properties

The Ca-Zn-Mg-Yb alloy shows good glass-forming ability in a wide
composition range. Fig. 1 exhibits the XRD patterns of three represen-
tative alloys CagsZnyoMgqs, CassZnspMgq4Ybg and CaspZnsgMgiYbys.
There are only broad main peaks without detectable sharp peaks
indicating the amorphous nature of these typical CaZn based alloys. The
amorphous structure of the above mentioned alloys at room temper-
ature is further confirmed by DSC curves. As shown in Fig. 2, all the
experimental alloys show distinct glass transition and sharp crystalli-
zation peaks (at heating with a rate of 20 K-min ') which are typical
glassy features of the alloy. The values of glass transition temperature
(Tg) of the Cas_r,anoMg15, Ca4SZn30Mg14Yb8 and C3322n33Mg12Yb1g
are 370K, 382 K and 391 K, respectively. The crystallization tempera-
ture T,, liqudus temperature T;, supercooled liquid region AT=T,— T,
and the reduced glass transition temperature?® T,g=T,/T are listed in
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Fig. 7. (a) SEM images of Ca3,Zn3gMg;,Yb;g BGA after immersion in Hank's solution for 3 h. (b) High magnification image of the framed smooth zone I in (a), and (d) corresponding
EDS spectra. (c) High magnification image of the framed rough zone Il in (a), and (e) corresponding EDS spectrum.
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Fig. 8. (a) SEM images of Ca3;ZnsgMgi.Ybig BGA after immersion in Hank's solution for 30 days. (c) Corresponding EDS spectrum of the zone in (b).

Table 1. The T, and T of these BGAs are much high than the body
temperature indicating that the BGAs can sustain glassy state when is
implanted into human body. With more zinc added, the T, and T of the
CaZn-based BGA increase monotonously.

The magnetization variation of Cas;Zn3gMgq,Ybig BGA under
applied magnetic field at room temperature shown in Fig. 4 indicates
that the glassy alloy is paramagnetic. It results from the diamagnetism
of zinc and paramagnetism of other constitute elements. As magnetic
susceptibility is the ratio between magnetization and the applied
field, the magnetic susceptibility y = M/H, got from the slope through

linear least square fit of the data is 22.3 x 10, close to that of calcium
21.7x107°5,

The compression stress-strain curves of the CagsZn,gMgss,
CaygZn3gMgi4Ybg and CaspZnsgMg,Ybig BGAs are presented in
Fig. 3. The elastic strain limits of the CaZn based BGA is about 2%
similar to that of most other BGAs, and is much higher than that of
their crystalline alloys (typically range between 0.1% and 0.5%). The
values of fracture strength of CagsZn,gMg;s, CasgZnsgMgi4Ybg and
CazyZn3gMgq,Ybyg are 330 MPa, 607 MPa and 613 MPa, respective-
ly; and the values of Young's modulus are 21+ 2 GPa, 32 +2 GPa

Fig. 9. SEM image and corresponding EDS maps of cross-section from stacks of Cas;ZnsgMg;,Yb;g BGA immersed in Hank's solution for 10 days.
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Fig. 10. XRD pattern of Caz,Zn;gMg;,Yb;g BGA after immersion for 30 days.

and 37 42 GPa, respectively. The fracture strength and Young's
modulus increase with zinc content increasing. This is due to the high
Young's modulus of zinc (108 GPa), which is much higher than that of
calcium (20 GPa). The more content of zinc is, the higher fracture
strength and Young's modulus of the CaZn based BGA are. The result is
consistent with the correlation between properties of BGA and the
elastic constants of constitute elements [47]. Because of the wide glass-
formation composition region for the experimental alloy, it is possible to
modulate the value of fracture strength and Young's modulus by varying
the atomic ratio of calcium and zinc. The density of Cas;ZnsgMgi,Ybyg
alloy is 4.194 g/cm®.

3.2. Immersion results

The hydrogen evolution volume over immersion time of the
experimental alloys is shown in Fig. 5. Obviously, the hydrogen
release rate of Cas»ZnsgMg;,Ybig BGA is much smaller than that of
pure Mg. After immersion for 38 h, hardly any hydrogen is newly
formed for the BGA. The PH values of the BGA and pure Mg as
functions of immersion time are presented in Fig. 6. It can be seen that
accompanying with the hydrogen release the PH values increase
rapidly as samples were immersed in the solution. But the PH value of
CaszyZnsgMg,Ybyg gradually gets stable in next 2 days, and then the
corrosion becomes steady. During the immersion period, the Cas;.
Zn3gMgq,Yb g BGA shows a lower PH value. After immersion in Hank's
solution for 30 days, the PH values are 9.18 and 10.48 for the
CaszyZnsgMg,Yb g BGA and pure Mg, respectively.

The surface morphologies and corresponding chemical composi-
tion of the Caz»ZnsgMg,Yb,s BGA immersed in Hank's solution for 3 h
are shown in Fig. 7(a)-(e). A portion of the surface was still flat with
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Fig. 11. Stress-strain curves of Cas;ZnsgMg;,Ybig BGA after immersion in Hank's
solution for various times.
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Fig. 12. Tafel curves of CaZn based BGAs tested in the Hank's solution. Where
CasZnsgMg,Ybyg-4d represents that the test was carried out after Caz;ZnsgMg 2Ybyg
BGA was immersed in the Hank's solution for 4 days.

shallow cracks presented in Fig. 7(b), which may be caused by
dehydration after removing from the solution [48]. While as shown in
Fig. 7(c), the weak regions of sample surface suffered from corrosion
under the attack of chloride and other ions in the solution, the
outmost layer dissolved gradually, and exhibited rough surface. The
EDS result of smooth zone is shown in Fig. 7(d). It can be seen that the
main composition is C, O, Mg, P, Ca, Zn and Yb. In contrast, relatively
low calcium atomic ratio is found in the rough zone as presented in
Fig. 7(e), indicating that Ca had firstly released from the surface. The
surface morphology and composition of CasyZns;gMgq,Ybigs BGA
immersed in Hank's solution for 30 days are shown in Fig. 8(a)-(c).
A nearly uniform corrosion product is deposited on the sample
surface. The EDS data reveal that the corrosion surface is depleted of
Ca and Mg, while Zn, Yb and especially O, P are abundant in the
passive film.

Fig. 9 shows the SEM image of cross-section and corresponding
EDS maps from stacks of Caz;Zn3gMg;,Yb g BGA after immersion for
10 days. It shows that a contact corrosion layer about 3 pm was
formed. According to the micrograph and corresponding EDS maps, it
is reasonable to speculate that the corrosion layer can be divided into
two sublayers. The outmost layer which is the bright phase presented
in SEM image is rich in Ca, P and O, and the subjacent layer,
conversely, is depleted of Ca and P, while Zn, Yb and especially O are
abundant. The XRD pattern of Cas;Zn3gMg;,Ybqg after immersion for
30 days is shown in Fig. 10. There are two obvious humps with several
sharp diffraction peaks. The diffraction hump may origin from the
precipitation!” or the BGA substrate. The diffraction peaks corre-
sponding to the corrosion products are determined to be Hydroxy-
apatite, ZnO and CaCOs.

The compression curves of Cas;Zn3gMgq2Yb g BGA after degrada-
tion in Hank's solution for 10 days and 30 days are shown in Fig. 11.
The compression fracture strength did not show obvious decline,
clearly superior to Mg-6Zn alloy which exhibits a large decrease in
bending strength resulting from surface defects such as holes formed
during non-uniform corrosion [17]. After immersion in Hank's

Table 2
Electrochemical parameters of CaZn based BGAs and pure Mg [16] obtained from
potential dynamical polarization curves.

Sample Corrosion potential E¢or(V) Corrosion current
density icorr(HA/cm?)
Mg —1.533 15.98
CaygZn3oMg;4Ybg —1.401 415
CasyZnsgMg,Ybyg —1.329 10.2
CaszyZnsgMgi,Ybyg —1.281 9.9

immersion 4 days
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Fig. 13. Nyquist plots of Ca3;Zn;sMgq>Yb1s BGA (the imaginary part of the impedance
vs. the real part, in a log-log representation). The inset is the equivalent circuit for
fitting Nyquist plots.
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Fig. 14. SEM images of surface morphology of Cas»Zn3;sMgi2Yb;g BGA after polarized in
Hank's solution (a) low magnification image (b) High magnification image and (c) EDS
spectrum corresponding to area in (b).

solution at 37 °C for 30 days, the Young's modulus of the BGA
increased slightly due to the structural relaxation at 37 °C for 30 days.

3.3. Electrochemical measurements

The potential dynamical polarization curves of CaZn based BGAs
are shown in Fig. 12. The corresponding electrochemical parameters
obtained from the curves are presented in Table 2. After alloying with
zinc and ytterbium, the corrosion potentials E,, of the CaZn based
BGAs are much higher than that of Ca (—3.11 Ca/Ca®* vs. SCE), even
nobler than that of Mg (—1.824 Mg/Mg?™ Vs. SCE). After immersion
in Hank's solution for 4 days, the corrosion potential E.,, of
CaszyZnsgMg,Yb g BGA shifts towards positive direction.

The corrosion current density value of Cas;ZnsgMgi,Ybig BGA is
only 9.9 pA/cm?, much smaller than that of pure Mg (15.98 pA/cm?)
[16]. Whereas, the value for CasgZnspMgi4Ybg BGA is one order in
magnitude higher than that of Mg. The anodic polarization curve of
CaszyZnsgMg,Yb g shows passivation like behavior compared with
CaysZn3pMgi4Ybg BGA, which undergone active corrosion. This means
that high content of Zn and Yb can facilitate protective film formation
and decrease the corrosion current. After immersing the sample in
Hank's solution for 4 days, the passivation region in the potential
dynamical polarization curve of Cas;ZnsgMg;>Yb;s BGA become
longer, about 0.222 V, indicating that formed corrosion layer can act
as protective film on the surface. This is also supported by the
electrochemical impedance spectroscopy (EIS) shown in Fig. 13. The
Nyquist plots of Caz;ZnsgMg;>Ybig BGA presented a complex two-
semicircle-like shape with two time constants like Mg-based bulk
metallic glass [9], the equivalent circuit is shown in the inset of Fig. 13.
The corrosion resistance increases as function of the immersion time
in the first 96 h, and the impedance values obtained from the fitting
range from 600 to 6400 ().

The SEM micrographs and chemical composition of Caz;Zn;gMgy ;.
Yb,s BGA after polarization testing in Hank's solution are shown in
Fig. 14. A rough surface with shallow pockmarks can be seen in the
images [see Fig. 14(a)-(b)]. The EDS spectrum corresponding to area
in Fig. 14(b) is presented in Fig. 14(c). Compared to the nominal
composition of CaspZnsgMgq,Ybig BGA, it is obviously that the
corrosion surface is depleted of Ca and Mg, while Zn, Yb and especially
O are abundant in the passive film.

3.4. Cytotoxicity assessment

According to above corrosion result, Caz;Zn3gMgi>Ybig BGA is
selected to do further cytotoxicity assessment by indirect and direct
methods. Fig. 15 presents the viability of MG 63 cells cultured in 5%,
10%, 50% and 100% Caz,ZnsgMg;,Ybg BGA glassy alloy extraction for
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Fig. 15. The viability of MG63 cells cultured in different concentration of Ca3,Zn3;sMg,Ybsg
BGA extraction (5%, 10%, 50% and 100%) and DMSO for different time (1, 3 and 5 days).
(*p>0.05).
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1,3 and 5 days. Compared to the cell group, the viability of all cultured
in extraction is better than 90%, similar to that of the negative group.
There was no significant difference (p>0.05) between MG63 cells
cultured in extracts and negative group. According to ISO 10993-
5:19996, the grade of cytotoxicity of extract is 0-1 indicating that
CaZn based BGA indeed shows biocompatibility to MG63 cells. The
morphologies for MG63 cells cultured in 5%, 10%, 50% and 100%
CaszpZnsgMgi,Ybig BGA extract for 5 days is shown in Fig. 16. All of
them presented healthy elongated spindle shape. This further
confirms that the Cas;ZnsgMg;,Ybig BGA has good cytocompatibility
with no negative effects on cell morphology and viability.

Based on above high cell viability on extract, direct contact test
was carried out. The morphology of MG63 cells cultured on
CasyZn3gMgq,Yb g BGA and pure Mg substrate for 3 days is presented
in Fig. 17. MG63 cells cultured on CasyZn3gMg;,Yb g BGA substrate
are still in healthy elongated spindle shape as shown in Fig. 17(a).
Fig. 17(b) provides a clear view of MG63 cell which shows a polygonal
shape firmly attached and spread well on the substrate surface.
Whereas MG63 cells after incubation on pure Mg substrate revealed
round shape in unhealthy state in Fig. 17(c).

The concentration of element release from Cas;ZnsgMg;,Yb;g BGA
and pure Mg in culture medium with MG63 cells for 1, 3 and 5 days are
shown in Fig. 18. Compared to pure Mg, the concentration of Mg
released from Cas,Zn3gMg;,Ybig BGA is two orders of magnitude lower.
The highest element release from Caz»ZnsgMg;,Yb,g BGA is Ca, the next
is Mg, which is consistent with the sequence of ions in body solution.
The PH values for CazZnsgMg;,Yb,g BGA and pure Mg cultured in MEM
with MG63 cells variation over immersion time are recorded in Fig. 19. It
is shown that the PH value slightly increases with the prolonged
immersion time. The PH value for Cas;ZnsgMgi,Ybig BGA is much
smaller and closer to initial value compared to that for pure Mg.

4. Discussion

The CaZn based BGA is a newcomer in biodegradable materials
family. We have evaluated the feasibility of CaZn based BGA as
biodegradable materials from the aspect of mechanical properties,
magnetic susceptibility, corrosion behavior and biocompatibility

according to the generalized request for biodegradable metal.!®>!
Next, we will compare CaZn based BGA with commonly investigated
biomedical metals and alloys, especially Mg alloys and propose a
schematic corrosion process to interpret the good corrosion resistance
and cytocompatibility of the CaZn based BGAs.

4.1. Mechanical and physical properties

The combination of high fracture strength and fracture toughness
makes metals more suitable for load-bearing applications compared
with ceramics or polymeric materials, [9,30] so does the CaZn based
BGA. Compared to conventional crystalline alloys, the BGAs possess
high fracture strength and elastic strain limit, relatively low elastic
constants. The Young's modulus of calcium is 20 GPa, which matches
well with cortical bone. By alloying zinc, not only oxidation and
corrosion resistances have been improved greatly, the fracture
strength has also been improved. The fracture strengths versus elastic
constants of the CaZn based BGA and present commonly investigated
biomedical materials [8,9,21,31] are presented in Fig. 20. Compared to
biomedical polymer, like PLA and PGA, the fracture strength of CaZn
based BGA is 1-5 times higher. Besides, the released Ca from CaZn
based BGA may improve the healing rate of the fractured bone.
Compared to bioceramic and biomedical metallic materials, the
Young's modulus of the CaZn based BGA is much closer to cortical
bone. The low elastic modulus may minimize the stress shielding and
facilitate load transfer to the surrounding bone [30]. The combining
properties of the CaZn based BGA indicate that the alloy has great
potential to be used as biomedical material.

One shortcoming for stainless steels, Co-Cr alloys and titanium
alloys for biomedical application is that they may interfere with MRI
diagnosis, [49] which can obtain various cross-sectional views and
diagnose with no invasion and no exposure of the human body to X-
ray radiation. Since metallic implants magnetize in the magnetic field
of the MRI instrument and produce a distortion or blooming in the
MRI image [26,50]. Magnetic susceptibility is an effective indicator for
the amount of distortion of medical MRI image [26]. Fig. 21 shows the
magnetic susceptibility of Caz;ZnsgMg;,Ybg and previously reported
alloys used as biomedical devices [26,50]. The magnetic susceptibility

Fig. 16. Optical morphologies of MG63 cells cultured in (a) negative control, (b) 5%, (c) 10%, (d) 50%, (e) 100% Caz,Znsg BGA extract and (f) positive control for 5 days.
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Fig. 17. The morphologies of MG63 cells directly cultured on Cas,Zn3;gMg;,Ybg BGA (a)
low magnification image (b) High magnification image (c) pure Mg for 3 days.

of CaspZn3gMgi,Ybyg is much smaller than that of commonly used
biomedical alloys, nearly one-tenth of that of Ti. According to MRI
magnetic compatibility categorized by Schenck, the CaZn glassy alloy
is located at the region of the first class but close to the boundary of
the second class [50]. This means that bone graft substitutes made of
CaZn based glassy alloy may produce limited image distortion or
blooming in the MRI image compared to commonly used biomedical
alloys.

4.2. Biocorrosion property

The main obstacle of Mg alloys for biodegradable application is
high degradation rate and consequent loss of the mechanical integrity.
Fig. 22 shows the corrosion rate of Cas;Zn3gMgi,Ybig BGA and as-
reported Mg alloys determined from Tafel extrapolation using
Faraday's law: corrosion rate (mm/year)=3.27x10"> (Mico)/pn,
where M (g/mol), n, and p (g/cm?) are atomic-fraction-weighted
values of the atomic weight, ion valence, and density for the alloy
elements, respectively, and icorr (HA/cm?) is the corrosion current
density obtained from Tafel method [45]. It can be seen that the
degradation rate of CasyZnsgMgi,Ybg in Hank's solution is slower
than that of reported various biomedical Mg alloys [16,22,51]
presented in Fig. 22. The low degradation rate is due to the high
content of corrosion resistance Zn and Yb in the alloy. Zinc benefits the
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Fig. 18. The concentration of element release from Cas,Zn3;gMg;,Yb;g BGA and pure Mg
in culture medium with MG63 cells for 1, 3 and 5 days.

corrosion film formation [17] and zinc oxide/hydroxide are the
important constitutes of protective layer [31]. This is validated by the
EDX maps of cross-section of Cas;Zn3gMgi,Ybg BGA, as Zn and O are
abundant adjacent to the alloy matrix as shown in Fig. 9. Ytterbium, as
a kind of heavy rare earth elements has beneficial effect on the
corrosion resistance of Mg matrix as previously reported in Mg alloy
[18]. Another reason for the low degradation rate is due to the glassy
structure. Different from conventional crystalline Mg alloys, the CaZn
based BGA can alloy high content of Zn exceeding its solid solubility in
calcium according to Ca-Zn phase diagram, and especially, the alloy is
still homogeneity in concentration and structure. This can reduce
galvanic corrosion effectively, which usually happens in multiphase
alloys with different corrosion potentials.

The schematic in vitro corrosion process of the CaZn based BGA is
shown in Fig. 23. As the CaZn based BGA immerse in Hank's solution,
the surface is exposed to the aqueous solution, especially under the
attack of C1~, anodic reaction (M(s) — M"*(aq) + ne ™) taken place at
the weak regions, and corresponding cathode reaction(2H,0 +
2e"—H,+20H™ (aq))also occurs, which lead the region adjacent
to the interface between the sample and solution significantly
alkalized. According to the morphology and corresponding constitute
of CaspZnsgMgi,Ybgg alloy after immersion in Hank's solution for 3 h
shown in Fig. 7, the calcium firstly releases from the matrix. The
released cations are soon combined with OH™ and hydroxide
precipitated on the surface. As existence of CI~ can destroy the
equilibrium of Mg(OH), between precipitation and dissolution, [5]
the formed hydroxides layer is unstable, especially for Ca(OH),. The
released cations are also precipitated in the form of phosphates and
carbonates for HPOZ ~, H,PO4, PO3~, CO3~ and HCO3 existed in the
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Fig. 19. The PH value for Cas,Zn3;gMg;,Yb;g BGA and pure Mg cultured in MEM with
MG63 cells variation over immersion time.
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Fig. 20. Fracture strength vs. elastic constants data of CaZn based BGA and present
commonly investigated biomedical materials [8,9,21,31].

solution. Furthermore, the solubility product constant K, of Casz
(PO4), (2.07x10733) and CaCO; (3.36x10~7) is much smaller than
that of Ca(OH), (5.02x107°), [52] which would stimulate the
dissolution of the hydroxide layer. As the corrosion proceeded,
calcium is depleted from the region adjacent to the surface gradually
and most precipitated as phosphates and carbonates at the outmost
layer, which is confirmed by the results of EDS mapping in Fig. 9 and
XRD pattern in Fig. 10. Simultaneously, the PH value is increased,
which benefits ZnO and Yb(OH); formation according to the Pourbaix
diagram of Zn and Yb [9,53]. Subsequently, the corrosion resistance is
obviously improved. After immersion in Hank's solution for 38 h,
hardly any hydrogen was newly formed.

4.3. Biocompatibility
Biocompatibilty is another important request for biomedical

metal. Simply, to guarantee the biosafety, the selected constitute
elements are either essential to human body, such as Ca, Mg and Zn,
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Fig. 21. The comparison of magnetic susceptibility of Cas;Zn3;sMgq>Ybis BGA with
previously reported biomedical metals [26,50]. The dark region represents the range of
MRI magnetic compatibility of the second kind.
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Fig. 22. Comparison corrosion rate of Cas»ZnsgMg;,Ybg BGA with reported Mg alloys
[16,22,51] determined from Tafel extrapolation.

[21] or have been used in Mg alloys and shown good biocompatibility
for animal tests like rare earth element, Yb [4,37].

Cytotoxicity is the preliminary stage to evaluate the biocompat-
ibility of a new material. The CaZn based BGA is intended to be used as
bone graft substitutes. Therefore, in vitro biocompatibility assessment
is using Human osteoblast-like (MG63) cell lines, which can stimulate
the interactions between implants and tissue cells to some extent. The
indirect cytotoxicity of the CaZn based BGA is Grades 0-1, according to
IS0 10993-5:1999, [46] indicating that this kind of glassy alloy shows
biosafety for biomedical application, which is further verified by direct
cytotoxicity assay.

It is known that cells are very sensitive to the environment [31].
From the viewpoint of morphologies of MG63 cells directly incubated
on the sample surface, the cytocompatibility of the CaZn based BGA is
superior compared to pure Mg. Firstly, this may be assigned to the
released ions. According to evaluation carried out by Feyerabend et al.,
[38,54] when the concentration of Mg, Ca, heavy rare earth element is
2 mM/L, 10 mM/L and 1 mMy/L, respectively, and the viability of MG63
cells is nearly comparable to control group. As reported by Popp et al.,
[55] zinc doesn't show significant effect on cell number and alkaline
phosphate activity of rat bone marrow stromal cells cultured in
osteogenic medium supplemented Zn?* concentrations of 4x 10> M
for up to 3 weeks. The concentration of element released from
CazyZnsgMg;,Ybg BGA shown in Fig. 18 is smaller than the above
value, especially for Mg, Ca and Yb which are one to two orders in
magnitudes smaller. But the concentration of Mg released from pure
Mg is two to three times higher. From the results of immersion or
electrochemical corrosion, the degradation rate of Cas;Zn3gMgq,Ybqs
alloy is slower than that of pure Mg. Consequently, the hydrogen
evolution rate and PH value of Caz;ZnsgMg;,Ybgs BGA is smaller,
which is another reason for the superior direct cytocompatibility.
Furthermore, referring to the result reported by Paul et al, the
osteoblast-like MG63 cells spread completely on calcium zinc
magnesium phosphate surface are comparable to that on hydro-
xypatite after cultured for 5 days, [56] because the outmost corrosion
layer is relatively rich in Ca, P and O as well as the corrosion resistance
layer underneath that layer. The cells growth and differentiation are
promoted by the calcium and other cations (such as Mg, Zn,Yb)
phosphate corrosion layer, and the degradation rate is then slowed
down by ZnO and hydroxides as shown in Fig. 23. Whereas, MG63
cells contact directly on Mg(OH), for pure Mg.

5. Conclusions

We have successfully developed the CaZn based BGAs which have
potential to be used as biodegradable bone graft substitutes.
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Compared to commonly investigated biomedical metal, the new class
of biodegradable CaZn based BGAs presents the merits, such as low
Young's modulus matches with cortical bone, high fracture strength
which is two to three times that of pure Mg, low magnetic sus-
ceptibility which is compatible with MRI diagnosis, and high corrosion
resistance and good cytocompatibility. The glassy alloy also has low
hydrogen release rate when immersed in Hank's solution. The very
low degradation rate is due to the formation of the ZnO and
hydroxides layers adjacent to the CaZn based BGA matrix. The cell
growth and differentiation can also be promoted by calcium and other
cations (such as Mg, Zn,Yb) phosphates in the outmost corrosion
layer. The new class of biodegradable CaZn based BGAs would enrich
the family of biomaterials.
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