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Abstract: In order to develop the Mg—Zn—Ag metallic glasses (MGs) for biodegradable implant applications, the glass
formation ability (GFA) and biocompatibility of Mg—Zn—Ag alloys were investigated using a combination of the
calculation of phase diagrams (CALPHAD) and experimental measurements. High GFA potentiality of two alloy series,
specifically Mgos-Zn.Ags and Mgos-ZnAges (x=17, 20, 23, 26, 29, 32, 35), was predicted theoretically and then
substantiated through experimental testing. X-ray diffraction (XRD) and differential scanning calorimetry (DSC)
techniques were used to evaluate the crystallinity, GFA, and crystallization characteristics of these alloys. The results
showed that compositions between Mg73Zn23Ags and MgesZnsAgy for Mgos—ZnAga, MgessZnasAge and MgesZnzi Age
for Mgos—Zn.Ages displayed a superior GFA. Notably, the GFA of the Mgos—Zn,Ags series was better than that of the
Mgos—Zn.Ags series. Furthermore, the MgnZnosAgs, MgraZnooAgs, and Mg7ZnyAgs alloys showed acceptable
corrosion rates, good cytocompatibility, and positive effects on cell proliferation. These characteristics make them
suitable for applications in medical settings, potentially materials as biodegradable implants.

Key words: glass forming ability; calculation phase diagram (CALPHAD);, Mg—Zn—Ag metallic glasses;
cytocompatibility

This quality enables the potential application of
Mg-based MGs as medical materials. Moreover,
compared to crystalline Mg-based alloys, the Mg-
based MGs exhibit superior anti-corrosion properties,

1 Introduction

Magnesium  (Mg) alloys have been

investigated as promising materials in the field of
biomedicine due to their remarkable cyto-
compatibility, biodegradability, high specific
strength, and stiffness [1]. However, the clinical
application of current commercial Mg alloys has
been constrained by their high rates of corrosion
and hydrogen release [2]. Fortunately, the
development of Mg-based metallic glasses (MGs)
provides a potential solution. By incorporating Mg
with transition elements and rare earth elements,
these MGs exhibit superior glass formation ability
(GFA) in the supercooled liquid phase region [3].
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mechanical strength, and hardness, as well as
appropriate degradability, makes them extremely
attractive for biomedical applications [4]. In terms
of improved anti-corrosion and mechanical properties,
Mg—Zn-based MGs, particularly Mg— Zn—Ca MGs,
have made significant advancements recently.
However, the limited GFA and inherent
brittleness of Mg—Zn—Ca MGs have remained
challenging [5,6]. To get over these restrictions,
researchers [7] have tried to add silver (Ag) and
zinc (Zn) elements. The addition of Ag has
been found to enhance the GFA and improve various
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mechanical properties, including microhardness,
final fracture strength, and plastic strain [8—10]. It
has reported that Ag can also enhance the
anti-corrosion characteristics of alloys [11,12].
Moreover, Ag has also been noted for its ability to
promote bone formation and growth [13], to exhibit
antibacterial characteristics [14,15], and to serve as
an effective antibacterial agent [16]. Aside from
that, the micro-alloying Zn into Mg-based MGs
has produced promising outcomes, including
enhanced  corrosion  resistance, mechanical
capabilities, biocompatibility traits, etc. Therefore,
the characteristics of Mg—Zn—Ag MGs, including
desirable mechanical properties, excellent GFA, and
cytocompatibility, provide a practical and effective
approach to enhancing the potential of Mg-based
alloys for biomedical applications.

The formation of MGs can be facilitated by
avoiding the formation of crystalline phases during
the rapid solidification of liquid metals. Thus, it is
possible to predict compositions with optimal GFA
by identifying alloy compositions with the lowest
tendency to form crystalline phases [17]. The
CALPHAD method is commonly employed to
gather and phase equilibrium and
thermodynamic properties of alloys. Through the
selection of appropriate thermodynamic models,
and optimization of model parameters
experimental data, a reasonable description of the
Gibbs energy for each phase in the alloys system
can be obtained [18]. The CALPHAD approach
may be wused to calculate thermodynamic
characteristics related to the formability of
compounds, such as driving force (DF), metastable
phase equilibria, and 7 curve, making them useful
for forecasting the initial GFA of alloys [19]. In
conclusion, it is feasible and efficient to develop
Mg—Zn—Ag MGs as biodegradable materials
combined with the CALPHAD technique.

Therefore, in this study, the phase equilibria
and thermodynamic properties of the Mg—Zn—Ag
ternary system were systematically evaluated and
optimized using the CALPHAD method [20],
which provides a solid foundation for the present
and subsequent research. It also represents a novel
and innovative aspect of this study. Based on these
present calculations, two series of Mg—Zn—Ag
alloys were created using the spinning melting
process. The resulting Mg—Zn—Ag MGs were
subjected to the comprehensive characterization,

evaluate

using

including the evaluations of their anti-corrosion
properties and cytocompatibility through the SBF
solution immersion and cell culture experiments.
The ultimate goal of this work is to develop
Mg—Zn—Ag-based MGs with superior GFA,
desirable anti-corrosion properties, and excellent
cytocompatibility, which could be considered as
potential clinical applications [21-27].

2 Experimental

2.1 MGs preparation and analysis

Mg blocks with a purity of 99.8%, Ag grains
with a purity of 99.9%, and Zn ingots with a purity
of 99.99% were used as raw materials for
preparation of Mgos—Zn,Ags and Mgos—Zn.Age
(x=17, 20, 23, 26, 29, 32, 35) alloys. Cubic
crucibles made from Ta foil (0.15 mm in thickness)
with a purity of 99.5% were utilized for the sample
melting process. These alloys were melted using the
induction melting method. Prior to melting, the
oxidation layer on the pure metal surface was
removed with diluted hydrochloric acid (~0.1%
HCI). Since Zn has a low boiling point (~907 °C),
the initial melting process involves the Ag and Mg
elements, which were melted first to form eutectic
alloys with a lower melting temperature (~600 °C).
To achieve a homogeneous microstructure, all the
alloys were re-melted at least three times under an
argon atmosphere. The mass loss that occurred from
the evaporation during the melting process was
compensated for during the sample weighing
process. An estimate of the evaporation mass of Mg
and Zn was used to control the mass loss less than
5% for each sample. The composition of each
melted sample was examined using an inductively
coupled plasma emission spectrometer (ICP). The
results of the analysis are presented in Table 1.

The preparation of the MGs samples was
carried out VTC-500W furnace
manufactured by Shenyang Kejing Automation
Equipment Co., Ltd. The cast samples were first cut
into small pieces. Then, they were placed inside a
12 mm-diameter quartz pipe with a 1 mm-diameter
hole at the bottom, and positioned about 2 mm from
the copper roller. The chamber was evacuated using
a mechanical pump and a molecular pump to create
a vacuum, and argon gas was introduced to achieve
a pressure of —0.04 MPa in the vacuum chamber.
The amorphous strip furnace had a copper diameter

using a
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Table 1 Characteristic temperatures of Mgos—Zn.Ags and Mgos—,Zn,Ags (x=y=17, 20, 23, 26, 29, 32) metallic glasses

Jian WANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2814-2827

obtained by DSC measurements

Sample TJ/K Ty /K TWK Ty/K Tp/K Tw/K Ti/K
Mg79Zni7Aga 344.4 348.5 353.1 356.7 373.5 652.3 698.1
Mg76Zn20Aga 338.1 339.8 347.7 359.4 378.3 641.6 681.5
Mg7ZnasAgs 337.2 346.9 357.1 368.3 385.9 638.5 664.9
Mg70ZnasAga 336.8 358.6 365.0 377.7 396.7 638.0 662.6
Mgg7Zn29Ags 3433 359.9 366.3 388.8 403.8 637.2 654.7
MgsiZnzAgs 336.8 355.8 369.5 390.5 406.2 643.1 691.9
Mg77Zn17Ags 333.2 338.2 342.1 359.2 385.4 657.1 683.2
Mg7aZnoprAgs 335.4 347.6 345.7 362.8 389.1 651.3 680.5
Mg71Zn2sAgs 338.4 353.3 351.5 376.7 396.8 648.1 675.6
MggsZnasAgs 341.2 352.5 364.3 385.5 405.1 650.2 677.9
MgssZnagAgs 346.8 359.3 373.7 393.4 414.8 653.5 673.3
MgsZnsAgs 340.4 351.2 354.4 395.7 416.8 653.2 710.1

Ty: glass transition temperature; 7%: glass transformation peak temperature; 7Ti: crystallization temperature; Tp: crystallization peak

temperature; 7m: melting temperature; 71.: solidification temperature

of 30 mm, and the speed was set at 1800 r/min for
induction melting. Once the sample was completely
melted into the liquid, the spray casting process was
initiated under a pressure of —0.02 MPa, according
to the vacuum meter. The final obtained ribbons had
an average thickness of approximately 30 um and a
width of 2—3 mm.

The prepared samples underwent analysis
using powder XRD to determine their crystallinity.
The characteristic “steamed bread peak” of metallic
glasses’ diffraction patterns was used to identify
the MGs. XRD tests were conducted using a
D8 Advance polycrystalline X-ray diffraction
instrument produced by the Bruker company in
Germany. In order to minimize oxidation, the
samples were pre-ground into powder and liquid
paraffin was added during the grinding process. The
scanning range for all samples was set at 20°—90°
with a scanning speed of 5 (°)/min. XRD profiles
were acquired using 45kV and 40 mA CuK,
irradiation.

2.2 Biocompatibility and biodegradability analysis
2.2.1 SBF solution immersion test

The immersion test was conducted to evaluate
the anti-corrosion properties of MGs samples. The
pH of the SBF solution was adjusted to 7.4 using
NaOH and NaHCOs. The mass of each sample was
measured using an electronic balance. The SBF

solution composition consisted of 8.035 g/LL NaCl,
0.355 g/l NaHCOs;, 0.225g/LL KCl, 0.231 g/L
K>HPO4-3H,0, 0.311 g/L. MgCl,-6H,0, 0.292 g/L
CaCl,, 0.072 g/L MgSOs4, 0.06 g/L NaHPO,, 1 m/L
HCI, and pure water. Ribbons with an average size
of 30m in thickness, 2-3 mm in breadth, and
10 mm in length were used for the present
immersion test.

The prepared MG samples were placed in the
SBF solution and incubated at 37 °C with 5% CO»
for 3 d. The ratio of MGs sample surface area to the
volume of the SBF solution is 1.25 cm*mL. The
SBF solution was renewed every 24 h. The samples
were taken out, then rinsed with deionized water
and dried after the 1, 2, and 3 d immersion. After
that, corrosion products were removed from the
samples using a solution of 100 g of NH4C1 and
1000 mL of deionized water. Subsequently, the
samples were reweighed using an electronic balance.
The average corrosion rate (CR, mm/a) can be
calculated using the following equation:

_Km

CR=——
ATp

(1)
where the constant K is 8.76x10% m is the mass loss;
A is the contact area; T is the soaking time; p is the
density.
2.2.2 Cytotoxicity evaluation

Murine fibroblast cells (L929) were used in the
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in vitro cell culture experiment. The L929 cells
were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen Gibco) supplemented
with 10% fetal bovine serum (FBS, Hyclone) and
penicillin/streptomycin (100 U/mL each). The cells
were cultured in a humid incubator set to be 37 °C,
with 95% relative humidity and 5% CO,. 2.4x10°
cells in 1 mL of cell culture media were seeded into
24-well plates for the experiment, resulting in a
surface area to medium ratio of 1.25 cm?’/mL. The
L929 cells were cultured directly on the surfaces of
the samples for 1, 4, and 7 d, respectively. A control
group was set up with only blank medium
containing the same concentration of L1929 cells.
The morphology of cultured L929 cells was observed
using a high-magnification light microscope (BDS
400), and various assay procedures were performed
at each selected time point.
2.2.3 Cell proliferation evaluation

The L1929 cells soaked for 7d were further
assessed for the cytotoxicity evaluation to
investigate the effect of the two series of
Mg—Zn—Ag MGs on the cell proliferation culture.
The L929 cells were stained with DAPI (Invitrogen,
US) to visualize the total nuclei, which appears blue.

Additionally, EDU (E6032, US EVERBRIGHT
INC, China) staining was performed to identify new
nuclei, which are labeled as green. This staining
technique allows for the assessment of cell
proliferation in response to the Mg—Zn—Ag MGs.

3 Results and discussion

3.1 Composition design of Mg—Zn—Ag MGs with
CALPHAD method

3.1.1 Thermodynamic modeling of Mg—Zn—Ag

ternary system

The phase equilibria of the Mg—Zn—Ag ternary
system were modeled using the FactSage
software [28]. Thermodynamic parameters from
previous studies on the Mg—Z7n [29], Mg—Ag [30],
and Ag—Zn [31] binary systems were employed
with slight modification. The solid phases were
modeled using the compound energy formalism
model [32] with sublattice structures, such as
(Ag,Mg,Zn),(Ag,Mg,Zn),. The final -calculated
phase diagrams of the Mg—Zn, Mg—Ag, and Zn—Ag
binary subsystems are presented in Fig. 1.

The ternary thermodynamic parameters of the
liquid phase (in the Mg-rich region) were optimized

10 20 30 40

Mgs,Zny,

T hep (Mg)

Liquid

Fig. 1 Calculated phase diagrams of binary sub-systems of Mg—Zn—Ag ternary system
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based on the DSC results obtained in this study. The
Gibbs energy of the ternary liquid phase was
derived from the three binary subsystems using the
‘Troop-like’ interpolation technique [33] (see Fig. 1).
The melting temperatures of Mgos—Zn.Ags and
MgosZnAgs (x=17, 20, 23, 26, 29, 32, 35) alloys
were measured using DSC (as summarized in
Table 1). The ternary parameters of the liquid phase
were optimized accordingly. The present calculated
isothermal section of the Mg—Zn—Ag ternary
system at 300 °C, along with experimental data [34],

Ag
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is present in Fig. 2. The isopleths of MgZn—4Ag
and MgZn—6Ag, calculated using the present obtained
thermodynamic parameters, are in good agreement
with the DSC results (see Fig.3). The present
modeling work successfully reproduced all the
experimental results, as illustrated in Figs. 2 and 3.
3.1.2 Theoretical calculation of GFA in Mg—Zn—

Ag alloys

As mentioned above, the prediction of GFA
can be achieved by calculating the DFs of all
crystalline phases of alloys during the solidification

B Two-phases equilibrium

A Three-phases equilibrium

o\
3
&
40 /
Mgs,(AgZn)y, 30 AgsZng
\ ?. beet+tMgZn,+ hep
/ZQ ‘ Mgs,(AgZn)y,
Mg,Ag A\
Mg, (AgZn),,+ &
gs51(AgZn)y, & MgZn,

MgZn,

M e 1 1 1 Z
g hep 10 [ 20 30 40 50 \60\ 70 80 \ 90 n
beetMgs (AgZn)y Mg,Zn, Mg,Zn,,

x(Znys M€

Fig. 2 Calculated isothermal section of Mg—Zn—Ag ternary system at 300 °C with experimental data [34]
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Fig. 3 Calculated isopleths of MgZn—4Ag (a) and MgZn—6Ag (b) systems with present experimental data measured

using DSC technique
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process. In the case of the Mg—Zn binary system,
the DFs of all crystalline phases at 300 °C were
calculated using the self-consistent thermodynamic
database developed in this study (see Fig. 4(a)). The
DFs of crystalline phases were plotted as a function
of decreasing Mg content, exhibiting a “U” shaped
curve with a minimum point at approximately
72 at.% Mg, as shown in Fig. 4(a). According to
this criterion, the optimal composition range for
achieving amorphous formation in Mg—Zn alloys is
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Fig. 4 Calculated DFs for individual crystalline phases

and composition range of glass formation for Mg—Zn (a),

Mgos—Zn.Agas (b), and Mgos—Zn,Ags (c) alloys

expected to fall within this composition region,
where the DFs are minimized. It is noted that the
present calculations have a good agreement with
previous experimental data [33,34], which
demonstrated that the metallic glass formation
region was identified at 20-35at.% Zn in the
Mg—Zn binary system.

Upon comparison with the results obtained for
Mg—Zn system (see Fig. 4(a)), it can be concluded
that Mg—Zn—Ag alloys also exhibit a favorable
composition range with better GFA, which can be
predicted using the CALPHAD methodology. To
verify this, two series compositions of alloys,
Mgos—Zn.Ags and Mgos-Zn,Ags, were selected.
The DFs of crystalline phases were calculated for
both series at 300 °C, as shown in Figs. 4(b, c). The
curves of the DFs obtained for both series also
demonstrated a “U” shape, with the lowest DFs
value in the composition range of 19at.% to
29 at.% Zn for Mgos-ZnxAgs alloys and 15 at.% to
28 at.% Zn for Mgos-.ZnAgs alloys, respectively.
Furthermore, as shown in Figs. 4(b,c), the
composition range with the lowest DF shifts
towards the Mg-rich region with an increasing Ag
component. In other words, alloys with 4 at.% Ag
are expected to exhibit better GFA compared with
those with 6 at% Ag, as indicated by their
relatively low DF. Additionally, the calculation
results suggest that the addition of Ag leads to a
smoother change in the GFA of the Mg—Zn alloy
compared with the binary Mg—Zn alloys, as
illustrated in Fig. 4. Moreover, for a fixed Ag
composition, the variation trend of GFA in
Mg—Zn—Ag alloys closely aligns with that of the
Mg—Zn binary alloys. However, the alloy
composition with the highest GFA shifts from
Mg732n27 to Mg67Zn29Ag4 and Mgésznnggé.

3.2 Effect of Zn and Ag components on
crystallization and thermal stability of
Mg—Zn—Ag MGs

The thermodynamic database was utilized to
calculate the Mg—Zn—Ag system, which led to
the experimental preparation of 14 samples with
nominal compositions varying of 4 at.% Ag as

Mgos—Zn,Ags and 6at% Ag as Mgos-ZnAgs

(x=17, 20, 23, 26, 29, 32, 35). The XRD analysis

was performed on the free side of the as-prepared

Mg—Zn—Ag strip samples. The present obtained

XRD patterns are illustrated in Fig. 5. The XRD
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Fig. 5 XRD npatterns obtained from free side of
Mg—Zn—Ag MGs: (a) Mgos—Zn.Ags; (b) Mgos—Zn.Ages

data confirmed that all samples, except for A7
(Mgs1Zn3sAgs) and B7 (MgseZnssAgs), exhibited
broad diffraction peaks spanning 260 of 38°-66°
without any crystalline diffraction peaks, indicating
their non-crystalline (metallic glass) nature.
Additionally, the broad scattering maximum
observed in Fig. 5 was slightly shifted towards a
higher diffraction angle, which can be attributed to
the atomic substitution of Mg atoms with the
smaller atomic radius of Zn atoms, resulting in a
slightly altered atomic arrangement.

Figure 6(a) illustrates the dependence of the
characteristic temperature on the heating rate for the
Mgs7Zn20Ags MG sample. It can be observed that
these characteristic temperatures increase with the
increasing heating rate. Figure 6(b) illustrates the
characteristic temperatures of Mgos—ZnAgs (x=17,
20, 23, 26, 29, 32, 35) MGs using DSC with a
heating rate of 5 K/min.

The composition dependence of the reduced
glass transition temperature (7x=7¢/Twm) for both
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Fig. 6 DSC curves of Mg—Zn—Ag MGs showing metallic

glasses formation, crystallization and melting behavior:

(a) Mge7Zny9Ags with heating rates of 5, 10, 20 and

40 K/min; (b) Mgos—~Zn,Age with heating rate of 5 K/min

series of MGs is illustrated in Fig. 7(a). The
calculated results indicate that the regions with
superior GFA fall within the composition ranges of
Mg732n23Ag4 to Mg64ZIl32Ag4 for Mg967XZnXAg4,
and MgesZnogAgs to MgesZns Ags for Mgos—Zn Ags.
Additionally, it is observed that MgosZn,Ags

alloys exhibit better GFA compared with
Mgos—Zn,Ags alloys, which aligns with the
prediction from the thermodynamic database

calculations presented in Fig.4. This finding
addresses the limitation of the restricted size of
existing Mg—Zn—Ca metallic glasses [6].

The apparent activation energy (AE, FE) of each
characteristic transformation was calculated by the
Kissinger method [35]. The Kissinger equation is
based on the shift of the DSC curves with respect to
different heating rates and is given by

In(B/T*)=—E/(RT)+C )
where B is the heating rate, £ is the activation
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Fig. 7 Composition dependence of reduced glass
transition temperature T (a) and activation energies (b)
of Mg—Zn—Ag alloys

energy, R is the gas molar constant, C is a constant,
and T is the characteristic temperature (such as T,
and 7%). The calculated values of E are presented in
Fig. 7(b). Alloys with more negative E values are
expected to have higher anti-crystallization ability,
indicating easier formation of MGs. The highest £
values were observed for MgeZnwAgs and
MgesZnaoAgs, suggesting that they have the highest
GFA. Moreover, the Mgos rZn,Ags alloys exhibited
a wider formation range and better GFA compared
with the MgosZn,Ags alloys. These findings
are consistent with those obtained from DFs
calculations (Fig.4) and T
(Fig. 7(a)). The experimental findings confirm that
the GFA effect of Ag addition on the Mg—Zn alloys
follows a similar tendency observed in the binary
Mg—Zn alloys. However, there is a shift in the
composition of the ternary alloys with the highest
GFA, as shown in Figs. 4 and 7.

measurements

3.3 Effect of component on biocompatibility and
biodegradability of Mg—Zn—Ag MGs

3.3.1 Immersion

According to the previous studies [36,37],
degradable Mg-based alloys should have corrosion
rate below 0.5 mm/a in order to be appropriate for
clinical applications. The corrosion rates of the
Mgos-ZnAgs and Mgos-Zn.Ags MGs submerged
in SBF solution for 1, 2 and 3 d were therefore
assessed, as shown in Fig. 8. It can be observed that
the corrosion rates of the present samples are lower
than those of Mg— Zn—Ca MGs (1.04+0.83 mm/a
for 12 weeks) [5]. This may be due to the instability
of the corrosion product layer formed on the sample
surface during immersion, which does not provide
long-term protection against erosion [38].
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Fig. 8 Corrosion rates of Mgo-.ZnAgs (a), and
Mgos-ZnAge (b) immersed in SBF solution for 1, 2 and
3 d, respectively
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According to the current findings, the tendency
in corrosion rates of the Mg—Zn—Ag MGs did not
show a clear linear correlation with the composition
change in Ag and Zn elements, indicating that the
anti-corrosion ability of these alloys was also
affected by additional unclear factors. Overall, the
corrosion resistance of the Mgos—.Zn.Ags MGs was
higher than that of the Mgos .Zn,Ags MGs. Samples
A4 and B2 had average corrosion rates of
(0.25£0.08) and (0.13£0.1) mm/a  following
immersion, respectively. However, the corrosion
rates of these samples increased significantly after 3
days of immersion, reaching (0.41+0.08) and
(0.22+0.07) mm/a, respectively. In summary,
Samples A2 and A4, as well as Samples Bl, B2,
and B3, meet the suggested corrosion rate criterion
for orthopedic implantation.

3.3.2 Cytotoxicity

The cytotoxicity of the Mg—Zn—Ag MGs was
assessed through cell culture experiments using
L929 cells. The proportion of cell death was
measured after culturing the cells directly on the
alloys for 1, 4 and 7 d. The results are plotted in
Fig. 9. The cell death proportion increased for all
samples with increasing incubation time. This trend
was similar to the corrosion rate trend observed for
the alloys (see Fig. 8), which indicates a correlation
between corrosion rate and cell death proportion.
Fewer metal ions are released when the corrosion
rate is lower, which reduces the cytotoxicity of the
alloys to cells. While Samples B2 and B3 displayed
comparable cell death proportions to the control
group, which were below 1%. Sample A4 displayed
a slightly higher cell death proportion in
comparison to the control group. These findings
were consistent with the immersion test results,
highlighting the significant impact of anti-corrosion
properties on cytotoxicity [39].

Figure 10 shows the cell morphologies of the
L929 cells cultured on Samples A4, B2 and B3 as
well as the control group. The 1929 cells on
Samples A4, B2, and B3 exhibited minimal
pathological changes and retained high activity
levels (Figs. 10(d, g, j)) after 1 d of culture, similar
to the control group (Fig. 10(a)). The morphology
of L929 cells on Samples A4, B2 and B3 remained
unchanged after 4 and 7 d of culture, except for a
small number of dead cells (<1%), indicating low

cytotoxicity. This can be attributed to the formation
of a corrosion product film on the Mg—Zn—Ag
MGs, which hinders the release of Ag ions and
consequently reduces the cytotoxicity of the MGs.
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Fig. 9 Cell death proportion of control group and 1929
cells cultured on Mg—Zn—Ag amorphous alloys for 1, 4,
and 7 d: (a) Mgos—~ZnAgs; (b) Mgos—Zn.Ags

3.3.3 Cell proliferation

A high-content image analysis performed to
quantitatively assess the impact of the two series of
Mg—Zn—Ag MGs on the proliferation of L929 cells
is shown in Fig. 11. The results indicate that the
L929 cells are able to proliferate normally on both
types of Mg—Zn—Ag MGs.

Additionally, the biocompatibility of Mg—Zn—Ag
MGs was confirmed by observing the normal
proliferation of 1929 cells cultured on these
materials. Among the two series of MGs analyzed,
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(c)

Fig. 10 Cell morphologies of control group and L.929 cells cultured on Mg—Zn—Ag MGs for different time: (a) Control
group, 1 d; (b) Control group, 4 d; (c) Control group, 7 d; (d) MgrZnasAgs, 1 d; (€) MgroZnasAgs, 4 d; (f) MgroZnosAga,
7 d; (g) Mg74anoAg6, 1 d; (h) Mg74Zn20Ag6, 4 d; (1) Mg74Zn20Ag6, 7 d; (]) Mg712n23Ag6, 1 d; (k) Mg712n23Ag6, 4 d;
(l) Mg712n23Ag6, 7d

Mgos—Zn.Ags showed only slight difference in among Samples B1 to B6. Sample B4 showed the
the cell division ability of L929 cells, while best capacity for cell division, whereas Sample B5
Mgos-ZnAgs showed more significant variation had the worst capacity. 1929 cells, in particular,
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Fig. 11 Cell proliferation of L929 cells cultured on

Mg—Zn—Ag amorphous alloys for 7 d

showed enhanced cell proliferation rates greater
than 50% in Samples B2, B3 and B4.

Additionally, before and after cell divisions,
representative images of L929 cell nuclei on
Samples B2, B3 and B4 are shown in Fig. 12. The
total nuclei of 1929 cells cultivated on Samples B3,
B4 and B5 can be obtained in Figs. 12(a—c).
Similarly, in Figs. 12(d—f), the green-stained new
nuclei of 1929 cells on Samples B3, B4 and BS5
are visualized to demonstrate cell proliferation more
effectively. It is worth noting that the number of

new nuclei of L929 cells cultured on Samples B3
and B4 is higher compared with that on Sample B5.
The evident proliferative behavior of L929 cells on
B3, B4 and B5 strongly suggests that Mg—Zn—Ag
MGs can effectively promote the cell proliferation,
confirming their excellent cytocompatibility.

4 Conclusions

(1) Using the CALPHAD technique, the GFA
of Mg—Zn—Ag alloys was evaluated. Based on the
predictions, Mgos +Zn.Ags and MgosZn,Age (x=17,
20, 23, 26, 29, 32, 35) alloys were designed and
prepared. XRD analysis confirmed that the samples
of Mgos «ZnyAgs and MgosZn.Age alloys (x=17,
20, 23, 26, 29, 32) were completely amorphous.
DSC analysis revealed that the composition regions
Of Mg73ZIl23Ag4 to Mg64Zn32Ag4 and Mg662n28Ag6
to MgeZniAgs exhibited superior GFA  for
Mgos—ZnAgs and MgosZnAgs, respectively.
Moreover, the Mgos-Zn.Ags alloys demonstrated a
wider formation range and higher GFA compared
with the Mgos—Zn,Ags alloys.

(2) In terms of corrosion resistance property,
the MgosZn.Ags alloys showed
superior anti-corrosion properties compared with
the Mgos «Zn,Ags alloys. Notably, the corrosion
rates of Samples A2, A4, B1, B2 and B3 were
within the recommended range medical application.

amorphous

-
(D

100 um

Fig. 12 Images of cell proliferation showing total nuclei (in blue) and newly formed nuclei (in green)
of L929 cells cultured for 7 d on Mg712n23Ag6 (a, b) and MgesZnroAgs: MgesZnosAgs (c, d), and B5-MgssZnaoAgs

(e, )
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Additionally, the present findings indicated that
Mg—Zn—Ag amorphous alloys had a positive effect
on the cell proliferation.

(3) Based on the present results, it can be
concluded that Mg—Zn—Ag metallic glasses
exhibit favorable degradability and excellent
cellular compatibility, making them a promising
choice for implantable biomaterials. These findings
contribute to our objective of developing multi-
component Mg-based alloys for biodegradable
implants.
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