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Abstract: Mg-Zn-Ca alloys are attractive biodegradable metals but suffer from accelerated
degradation and limited antibacterial functionality under physiological environments. Here, minor
Ag additions (0, 0.1, 0.3 and 0.5 wt.%) were introduced into an as-cast Mg-2Zn-0.2Ca alloy to
regulate degradation behavior and antibacterial performance. Electrochemical and immersion
results show that 0.1 wt.% Ag stabilizes the corrosion product layer, suppresses localized
degradation, and reduces the corrosion rate to 0.12 + 0.02 mm/year. Increasing Ag content
progressively enhances antibacterial activity against Escherichia coli and Staphylococcus aureus,
with antibacterial efficiencies rising from 61.4 + 3.9% (Ag-free) to 89.6 = 3.0% at 0.1 wt.% Ag
and exceeding 99% at 0.3-0.5 wt.% Ag. The improved antibacterial performance correlates with
increased Ag' release during degradation, while excessive Ag promotes micro-galvanic effects that
accelerate corrosion. These results elucidate the competing roles of Ag in governing degradation
kinetics and antibacterial efficacy, providing useful insight for designing multifunctional
biodegradable Mg alloys.
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Introduction

Traditional metallic implants made from stainless steels, titanium (Ti) and their alloys are
widely used in clinical fixation of bone defects owing to their high mechanical strength and
durability. However, these permanent implants are largely biologically inert, unable to actively
promote tissue regeneration, and often lead to stress-shielding due to their elastic moduli being
significantly higher than that of natural bone, which can cause peri-implant bone resorption and
delayed healing'?. For temporary orthopedic fixation devices such as plates and screws, the lack
of degradability often necessitates a secondary surgical procedure for implant removal after
fracture healing, thereby increasing medical risks and healthcare costs®*. Moreover, conventional
metallic implants are prone to bacterial adhesion and subsequent biofilm formation, which may
lead to persistent implant-associated infections requiring prolonged antibiotic treatment and may
further contribute to antibiotic resistance. Clinical reports indicate that implant-associated
infections remain a major complication in orthopedic surgery, although the incidence varies



markedly with the clinical scenario and can be particularly high in severe open fractures, where
reported infection rates may exceed 15%° and, in some reports, reach much higher levels®. These
clinical challenges underscore the need for effective antibacterial strategies. Accordingly,
increasing attention has been directed toward biodegradable metallic implants that can provide
temporary mechanical support while also offering antibacterial functionality.

Magnesium (Mg) and its alloys have emerged as promising candidates for biodegradable
orthopedic implants due to their advantageous combination of biocompatibility, bioactivity, and
an elastic modulus close to that of cortical bone, which helps mitigate stress-shielding effects’!°.
Mg alloys undergo controlled corrosion in physiological environments'!, resulting in gradual loss
of mechanical integrity synchronized with tissue healing and enabling eventual resorption without
the need for implant removal'?. However, the rapid and heterogeneous degradation of many Mg
alloys in chloride-rich body fluids remains the principal challenge limiting their clinical translation,
as accelerated corrosion can lead to excessive hydrogen gas evolution, localized alkalization and
premature mechanical failure before complete bone regeneration. Consequently, controlling the
degradation rate of Mg alloys while maintaining desirable mechanical and biological properties
continues to be a key focus in biomaterials research.

Alloying has been widely recognized as an effective strategy to tailor the degradation and
mechanical characteristics of Mg alloys'>. Among the alloying elements investigated, zinc (Zn)
and calcium (Ca) are particularly attractive because they are essential trace elements in human
physiology and play indispensable roles in bone metabolism. Zn also possesses intrinsic
antibacterial activity. The release of Zn>* ions can disrupt bacterial membrane integrity and
interfere with essential metabolic processes'*. Zn addition into Mg can enhance mechanical
performance through solid-solution and precipitation strengthening and has been associated with
reduced corrosion rates when optimized below certain concentrations'>!’. Ca can react with Mg
and Zn to form stable intermetallic phases that refine the microstructure and improve strength, and
low Ca levels (e.g., <1 wt%) show good biocompatibility without compromising corrosion
resistance'®!°. In particular, Mg-2Zn-0.2Ca was selected as the baseline composition because it
provides a suitable balance between mechanical performance and microstructural stability. At this
composition, the low Ca content (~0.2 wt.%) helps suppress excessive formation of brittle Mg2Ca
along grain boundaries while allowing sufficient Ca2MgeZns3 precipitation to strengthen the alloy.
Meanwhile, Zn at 2 wt.% provides solid-solution strengthening and is beneficial for improving
ductility and fracture tolerance?®??. Prior research on Mg-Zn-Ca systems has identified
compositions such as Mg-27Zn-0.2Ca that exhibit a favorable balance between mechanical strength,
degradation behavior and cytocompatibility, making them attractive for biodegradable implant
applications®*?*. Additional studies have demonstrated that appropriately designed Mg-Zn-Ca
formulations can promote bone cell adhesion and proliferation, while simultaneously mitigating
adverse corrosion behavior?*. Nevertheless, improvement of functional properties, especially
antibacterial activity, is still needed for broader clinical application.

Incorporating antibacterial functionality into biodegradable Mg alloys is critical to addressing
peri-implant infections without reliance on systemic antibiotics. Metal ions provide broad-
spectrum antibacterial activity by disrupting microbial cell membranes and biochemical pathways,



and unlike antibiotics they are less prone to resistance development®. Silver (Ag), a biologically
tolerated trace element, has been shown to endow alloys with effective antibacterial properties
while contributing to microstructural refinement, grain size reduction and mechanical
strengthening through the promotion of fine precipitates?. Prior studies have shown that minor
additions of Ag to Mg-Zn-Ca alloys can enhance antibacterial performance while maintaining
acceptable biocompatibility?*?°. However, the detailed dose-dependent relationship between Ag
release, antibacterial efficacy, and cytocompatibility remains insufficiently understood, and the
reported effects of Ag on corrosion resistance are not fully consistent across the literature?’-2%-32,
Small Ag additions (<0.5 wt.%) are generally unlikely to form independent new phases, but can
modify the nucleation and distribution of existing precipitates, thereby accelerating precipitation
kinetics and refining the microstructure, which may improve strength and hardness?®***. In
contrast, very low Ag additions (<0.1 wt.%) may be insufficient to provide a clear antibacterial
effect, whereas excessive additions (>0.5 wt.%) may increase Ag enrichment in second phases and
thus aggravate micro-galvanic corrosion, resulting in reduced corrosion resistance?’*>%. This is
consistent with previous studies showing that Ag can either improve or deteriorate corrosion
behavior depending on the alloy composition and microstructural condition?®*’. Such
discrepancies underscore the need for systematically evaluating the effect of Ag on balancing
antibacterial function and biodegradation in Mg-Zn-Ca systems.

In the present study, as-cast Mg-2Zn-0.2Ca-xAg (x = 0, 0.1, 0.3, 0.5 wt.%) alloys were
developed as biodegradable metals to clarify the effects of minor Ag additions on microstructure,
corrosion behavior, and antibacterial properties. Microstructural characterization, electrochemical
testing, immersion and mass-loss measurements in Hank’s solution, and antibacterial assays were
performed to elucidate the mechanisms underlying alloy degradation and bactericidal performance.
Unlike our previous studies on extruded alloys*-®, which focused on processing-induced
microstructural evolution, mechanical properties, and corrosion behavior after thermomechanical
treatment, the present work examines the intrinsic degradation behavior and antibacterial
performance of the as-cast alloys. Together, these studies provide complementary insight into the
structure-degradation-function relationship of this alloy system and may guide the design of
biodegradable Mg alloys with balanced corrosion control and antibacterial activity for orthopedic
fixation.

Results

Microstructure characterization

Fig. 1 demonstrates the optical microstructure of the as-cast Mg-2Zn-0.2Ca-xAg alloys. A
large number of discontinuously distributed secondary phases were observed along the grain
boundaries, accompanied by a small amount of spherical secondary phases within the grains. The
second dendrite arm spacing of the alloys was measured using the linear intercept method in
accordance with ASTM E112-10. The average second dendrite arm spacing of the as-cast ZX20,
7XQO0.1, ZXQO0.3 and ZXQO0.5 alloys were 71.0 + 24.9 pm, 86.0 + 24.2 um, 78.1 £ 21.7 um, and
86.8 £ 23.3 um, respectively (Fig. 2a), indicating that the trace addition of Ag slightly increased
the second dendrite arm spacing of the as-cast alloys. The effect of Ag addition on the as-cast



microstructure is mainly reflected in the evolution of dendritic morphology, particularly the
variation in secondary dendrite arm spacing (SDAS), rather than in obvious changes in eutectic
morphology. Because Ag has limited solubility in the a-Mg matrix, it is expected to partition into
the CaxMgeZns phase during solidification, thereby modifying local solute redistribution and
affecting dendritic growth behavior. As a result, the SDAS shows a non-monotonic variation with
increasing Ag content, suggesting a competitive effect between solute segregation and growth
restriction. The volume fractions of the secondary phases in ZX20, ZXQO0.1, ZXQ0.3, and ZXQO0.5
were 3.5 £ 0.3%, 3.7 £ 0.4%, 4.0 £ 0.3%, and 2.3 £ 0.02%, respectively (Fig. 2b). However, the
morphology and spatial distribution of the eutectic phases remain essentially unchanged with Ag
addition (<0.5 wt.%). This indicates that Ag does not alter the fundamental solidification path, but
mainly influences dendritic growth kinetics through its redistribution within the pre-existing
secondary phases.

Fig. 3 shows the SEM micrographs and compositional analyses of selected micro-regions of
the as-cast Mg-27Zn-0.2Ca-xAg (x = 0, 0.1, 0.3, 0.5 wt.%) alloys. A bright secondary phase,
discontinuously distributed along the grain boundaries, is clearly visible, while only a limited
amount of secondary phase is observed within the grains. Elemental analysis revealed pronounced
segregation of Zn and Ca within the secondary phase (Table 1). Based on the Mg-Zn-Ca ternary
phase diagram, this secondary phase is inferred to be Ca2MgsZn3. Moreover, EDS results also
indicated co-segregation of Ag with Zn and Ca, and the Ag concentration within the secondary
phase increased progressively with increasing nominal Ag content in the alloy. Specifically, the
Ag contents in the secondary phases of ZXQO0.1, ZXQ0.3, and ZXQO0.5 alloys were 0.4 at.%, 0.8
at.%, and 2.5 at.% , respectively (corresponding to points 4, 7 and 11 in Fig. 3; Table 1). The
volume fractions of the secondary phases quantified from SEM images using ImageJ software are
shown in Fig. 2b. The values were 3.5 + 0.3%, 3.7 = 0.4%, 4.0 + 0.3%, and 2.3 £ 0.02% for ZX20,
7XQ0.1,Z2XQ0.3, and ZXQO0.5 alloys, respectively. Trace additions of Ag (0.1 wt.% and 0.3 wt.%)
resulted in an increase in the secondary phase fraction, whereas further increasing Ag content
significantly reduced the secondary phase volume fraction to below that of the Ag-free alloy, with
7XQ0.3 exhibiting the highest secondary phase content. This non-monotonic variation suggests
that Ag influences the solidification behavior and solute redistribution of the Mg-Zn-Ca system,
thereby affecting competitive phase formation and stability.

To further investigate the effect of Ag addition on phase constitution, XRD analysis was
performed, and the results are presented in Fig. 4. All alloys exhibited similar phase compositions.
The as-cast ZX20, ZXQO0.1, ZXQO0.3, and ZXQO0.5 alloys were predominantly composed of an a-
Mg matrix, and no new Ag-containing phases were detected. Diffraction peaks located at 26 =
32.5°, 34.8°, 37.0°, and 48.2° correspond to the (1010), (0002), (1011), and (1012) planes of a-
Mg, respectively. In addition, characteristic diffraction peaks appeared at 26 = 21.4° and 41.5°,
corresponding to the (200) and (222) planes of CaxMgsZn3, confirming the presence of this phase
in the as-cast alloys; however, these peaks were relatively weak due to their limited contents
compared with the dominant a-Mg matrix. The weak yet distinct reflections further validate the
consistency between XRD and EDS observations, supporting the presence of Ca2MgesZn3 as a
stable grain boundary phase in the studied composition range.



Electrochemical characterization

Fig. 5(a) shows the variation in OCP of the as-cast Mg-2Zn-0.2Ca-xAg (x = 0, 0.1, 0.3, 0.5
wt.%) alloys during immersion in Hank’s solution at 37.0 £ 0.5 °C for 12 h. A sharp increase in
OCP was observed in the initial immersion stage, indicating the rapid passivation of the alloys,
which shifts the mixed potential toward a more positive direction. After approximately 900 s, the
OCP reached a peak value, followed by a gradual decrease attributed to localized film breakdown
and the initiation of pitting corrosion. Subsequently, the alternating formation of new corrosion
products and the detachment of unstable products resulted in OCP fluctuations. The stabilized OCP
values of the alloys showed limited differences: ZX20 and ZXQO0.1 exhibited similar OCP values
of approximately -1.60 V, while ZXQO0.5 displayed a slightly higher value of -1.59 V and reached
its peak more rapidly, suggesting a faster initial electrochemical response and more rapid surface
film evolution. This behavior suggests that although Ag promotes initial film formation, excessive
Ag content may simultaneously accelerate localized film instability.

Fig. 5(b) presents the PDP curves of the alloys after 12 h immersion. Compared with ZX20,
7XQO0.5 exhibited a more positive Ecor consistent with the OCP results. All alloys displayed weak
passivation behavior in the anodic region, indicative of the formation of a protective corrosion
product film. A passive-active transition was observed in each anodic branch, corresponding to
film breakdown. The stability of the film was evaluated using the potential difference between
Ecorr and Ebreak. ZXQO0.1 exhibited the largest potential difference (0.139 V), followed by ZX20
and ZXQO0.3, whereas ZXQ0.5 showed the smallest difference (0.03 V), suggesting inferior
stability of'its product film. Therefore, the addition of 0.1 wt.% Ag improves film stability, whereas
higher Ag contents promote film instability and facilitate rupture.

Because no reliable linear anodic Tafel region was observed, only the relatively stable quasi-
linear cathodic segments near Econ were used for approximate extrapolation to estimate icor (Table
2). The same fitting criterion was applied to all alloys, enabling consistent comparative analysis,
although these cathodic segments did not represent fully developed classical Tafel regions. The
fitted cathodic Tafel slopes (fc) were -224.41 +£5.16, -221.58 + 19.95, -297.55 £ 18.32 and -205.25
+ 38.59 mV-dec! for ZX20, ZXQO.1, ZXQ0.3 and ZXQO0.5, respectively. Combined with the
estimated icorr values, these results suggesting a lower short-term electrochemical corrosion
tendency, whereas ZXQO0.5 exhibited an approximately an order of magnitude higher icon than
7XQO0.1, indicating substantially accelerated degradation. Both ico and weight-loss results
consistently show that 0.1 wt.% Ag slightly reduces the degradation rate, whereas 0.3 wt.% and
0.5 wt.% Ag significantly accelerate degradation.

Fig. 5(c, d) shows the EIS spectra after 12 h immersion. The Nyquist semicircle diameter
varied significantly with Ag content. The semicircle of ZXQO0.1 expanded markedly, whereas those
of ZXQ0.3 and ZXQO0.5 progressively decreased, indicating reduced corrosion resistance.
Generally, a larger Nyquist diameter corresponds to superior corrosion resistance; thus, ZXQO0.1
exhibits the lowest degradation rate, while ZXQ0.5 shows the highest, consistent with PDP results.
The Bode impedance modulus plots further confirm this corrosion trend. ZXQO0.1 exhibits the
highest impedance modulus in the low-frequency region, whereas ZXQ0.3 and ZXQ0.5 show
markedly reduced values. Since the low-frequency impedance modulus reflects the overall



corrosion resistance of the alloy/electrolyte interface, including the barrier performance of the
corrosion product layer, these results indicate that minor Ag addition improves film protectiveness,
while excessive Ag weakens the barrier effect. The Bode phase-angle spectra provide further
insight into the interfacial corrosion process. ZXQ0.1 shows the phase-angle maximum at the
lowest frequency, suggesting a slower interfacial electrochemical response and a longer
characteristic relaxation time. This suggests that the surface film formed on ZXQO0.1 is more stable
and more effective in retarding electrochemical reactions. In contrast, the phase-angle maxima of
7XQ0.3 and ZXQO0.5 shift toward higher frequencies, suggesting faster interfacial electrochemical
kinetics and reduced surface-film protectiveness. This interpretation is consistent with their lower
low-frequency impedance modulus values.

The EIS spectra were fitted using the equivalent circuit shown in Fig. 5(c). Here, Rs represents
the solution resistance; R and CPEa correspond to charge transfer resistance and double-layer
capacitance; Rrand CPEyrepresent the resistance and capacitance of the surface product film; and
the R.-L series simulates adsorption/desorption-related impedance. The experimental EIS spectra
were fitted against the proposed equivalent circuit, and the fitting parameters are listed in Table 3.
Robust fitting goodness has been verified by the x> shown in Table 3. The total resistance R, (Rr+
Rc) is widely used to assess corrosion resistance, and 1/ R, can be correlated with corrosion rate*” .
In general, higher R, values indicate better protective ability of corrosion products on Mg alloys™.
The result shows that R, increased with 0.1 wt.% Ag, whereas a further increase in Ag content led
to a reduction in R,. Overall, these findings indicate a degradation trend characterized by “initial
improvement followed by deterioration”, confirming that ZXQ0.1 exhibits the most favorable
corrosion resistance among the as-cast alloys.

The R« values obtained from equivalent-circuit fitting increase at 0.1 wt.% Ag but decrease
significantly at higher Ag contents, confirming that minor Ag addition suppresses interfacial
charge-transfer kinetics, whereas excessive Ag accelerates electrochemical reactions. Combined
with the increased icor values for ZXQ0.3 and ZXQO0.5, these results suggest intensified micro-
galvanic coupling between Ag-enriched second phases and the Mg matrix at higher Ag levels.
Overall, the trends in low-frequency |Z|, characteristic phase-angle frequency, R, Rp, and icor
consistently support an initial improvement followed by deterioration in corrosion resistance,
confirming that ZXQO0.1 exhibits the most favorable corrosion resistance among the investigated
alloys.

In vitro corrosion behavior analysis

The detailed corrosion rates and corresponding mass-loss data of the as-cast alloys are
summarized in Table 4. Fig. 6(a, b) presents the average corrosion rates and the mass loss of the
alloys, determined from weight-loss measurements after immersion in Hank’s solution for 168 h.
Compared with the Ag-free ZX20 alloy, the alloy containing 0.1 wt.% Ag (ZXQO0.1) exhibited a
comparable corrosion rate at 168 h, with only a slight tendency toward reduction. A modest
decrease in long-term corrosion rate was further observed at 672 h (Table 4). In contrast, when the
Ag content increased to 0.3 wt.% and 0.5 wt.%, the corrosion rate markedly increased. Although
the absolute corrosion rates derived from electrochemical and weight-loss measurements differed,
both methods showed a consistent ranking of alloy degradation behavior, which reflects the



distinction between instantaneous electrochemical response and cumulative mass loss during
immersion.

Magnesium alloy degradation inherently generates hydroxyl ions (OH), elevating the
surrounding pH. Such pH changes not only reflect corrosion progress but also significantly
influence cellular responses and osteogenesis. In this study, the pH evolution of Hank’s solution
during immersion was monitored to assess degradation behavior of the Mg-2Zn-0.2Ca-xAg alloys.
As shown in Fig. 6(c), the pH variation over 168 h at 37 °C displays three distinct phases: an initial
rapid rise due to aggressive Mg dissolution (0-12 h), a moderated increase as corrosion products
form, and a slight late-stage decline potentially due to OH™ consumption during secondary product
transformations (as will be confirmed by XRD evaluation of the corroded samples). Notably,
7XQ0.1 maintained lower pH than other samples during the first 168 h, with final pH values of
9.36 = 0.52 (ZX20), 9.25 + 0.45 (ZXQO0.1), 9.41 + 0.42 (2XQO0.3), and 9.61 = 0.40 (ZXQO.5),
indicating slowed degradation in the 0.1 wt.% Ag alloy.

Magnesium alloys continuously release Mg?" ions during degradation; thus, monitoring Mg>*
concentration evolution provides another important indicator of degradation behavior, while also
being biologically relevant owing to its regulatory effects on cellular activity. As shown in Fig.
6(d), the initial Mg?" concentration in Hank’s solution was 23.0 = 0.3 mg/L. As immersion
progressed, Mg?* concentration gradually increased with ongoing corrosion. A rapid increase
occurred within the first 12 h, indicating vigorous early dissolution. Thereafter, the growth rate
slowed, implying that the formation of corrosion products partially consumed Mg" and provided
a temporary protective barrier, thereby establishing a dynamic balance between dissolution and
consumption. After 120 h, Mg?" concentration increased more rapidly again, suggesting renewed
degradation, possibly due to detachment of accumulated corrosion products from the alloy surface.
As shown in Fig. 6(d), the Mg?" concentration for ZXQO0.1 remained the lowest throughout
immersion; after 168 h, Mg" concentrations for ZX20, ZXQO0.1, ZXQ0.3, and ZXQ0.5 were 49.7
+2.6,42.8+1.8,51.1£0.1,and 58.8 = 2.3 mg/L, respectively, which is consistent with the weight-
loss data.

Fig. 7 presents the macroscopic morphologies of the alloys after immersion, with dark regions
corresponding to corroded areas that progressively expanded over time, indicating a nonuniform
degradation pattern. In ZX20, only a few discrete corrosion pits were observed after 12 h,
suggesting predominant pitting corrosion. With extended immersion, both the number and size of
pits increased, though large areas of uncorroded matrix still remained after 168 h, indicating
relatively slow lateral propagation. Surface corroded areas were statistically analyzed using three
independent samples for each alloy (Fig. 8), reflecting the lateral spread of corrosion over the
sample surface. Within the first 72 h, corrosion coverage remained below ~4%, indicating slow
lateral expansion. Beyond 72 h, the slope of the corrosion-time curve increased, indicating
accelerated propagation, especially between 120-168 h, when corrosion area increased by ~12-
15% per 48 h. ZX20 tended to show a larger corroded surface fraction, although no statistically
significant differences were observed among the alloys. This is likely because surface coverage
reflects lateral corrosion spreading rather than corrosion depth or total material loss. ZX20
mainly exhibited relatively uniform and shallow corrosion, leading to broader surface coverage.



In contrast, ZXQ0.3 and ZXQ0.5 showed smaller corroded surface fractions, indicating that
corrosion was more localized than uniformly distributed. Therefore, surface observations alone
reveal only part of the degradation behavior, and further evaluation of corrosion depth and
material loss is necessary for a comprehensive assessment.

To further determine whether the reduced surface corrosion fraction in ZXQ0.3 and ZXQ0.5
reflects milder degradation or a change in corrosion mode, three-dimensional tomographic analysis
was conducted to evaluate corrosion penetration depth. Fig. 9(a-d) shows three-dimensional
topography of the as-cast alloys after 14 days of immersion in Hank’s solution at 37.0 + 0.5 °C,
following removal of corrosion products. Discrete pitting corrosion was observed on the alloy
surfaces, with significant variation in pit depth. The depth distribution of the deepest pits for each
alloy is shown in Fig. 9(e). The maximum corrosion depths of ZX20, ZXQO0.1, ZXQ0.3, and
7XQ0.5 were 170 um, 239 pum, 265 um, and 322 pum, respectively, indicating that Ag addition
increased localized corrosion depth.

Fig. 10 shows the SEM images of the as-cast alloys after immersion in Hank’s solution for
168 h. In each column, the image on the right represents a magnified view of the region indicated
by the yellow arrow in the left image. During degradation, the primary corrosion mode of the as-
cast alloys was pitting, initiated near the secondary phases due to micro-galvanic effects. Initially,
the a-Mg matrix acted as the anode, gradually losing electrons and dissolving, while the secondary
phases, having higher electrochemical potential, served as cathodic sites. This galvanic interaction,
accompanied by electron transfer, caused the a-Mg regions in contact with the secondary phases
to be preferentially corroded. Subsequently, the a-Mg adjacent to grain boundaries acted as anodic
regions, further losing electrons and undergoing corrosion. As shown in Fig. 10, this process
continued until the surrounding a-Mg matrix was consumed, ultimately forming pits comparable
in size to the grains, after removal of corrosion products. All alloys exhibited accumulated
corrosion products containing spherical and irregular phases, underlain by relatively dense product
films.

Table 5 shows the EDS results of the corrosion products, confirming the presence of Mg, O,
Ca, P, and C, reminder of Mg(OH)2 and hydroxyapatite (HA) species***'*2, which was later
validated by XRD. The addition of Ag did not change the overall composition of the corrosion
products but enhanced Ca and P deposition on the alloy surface, indicating more pronounced
accumulation of phosphate and carbonate species. Through continuous deposition of calcium and
phosphate ions and their gradual mineralization into HA, the alloy creates a bone-like
microenvironment that supports osteoblast attachment, thereby potentially promoting the repair of
defect sites*’. These results suggest that Ag incorporation may enhance the osteogenic potential of
the alloy surface. After removal of the surface films, numerous pits and micro-pores remained,
serving as pathways for electrolyte penetration and accelerating pit propagation, particularly in
7XQ0.3 and ZXQO0.5.

The cross-sectional morphologies and elemental distributions of the as-cast alloys after
immersion in Hank’s solution for 168 h are shown in Fig. 11(a-d). Low-magnification overviews
reveal that the ZXQO0.1 alloy exhibits the smallest proportion of locally corroded regions (27%)
after the addition of 0.1 wt.% Ag, whereas the fraction of localized corrosion areas increases



dramatically to 75% when the Ag content reaches 0.5 wt.%. Distinct corrosion pits with discrete
spatial distribution were observed across all samples. For the ZX20 alloy, the maximum pit depth
reached 184 um. After introducing 0.1 wt.% Ag, ZXQO0.1 showed a corrosion morphology similar
to ZX20, but with slightly reduced pit depth (170 um). When the Ag content increased to 0.3 wt.%,
the ZXQO0.3 alloy exhibited a markedly altered degradation profile, characterized by a significant
increase in the number of corrosion pits and reduced spacing between adjacent pits, with the
deepest pit extending up to 281 pm. Further increasing the Ag content to 0.5 wt.% led to a higher
pit density within the selected cross-sectional area, whereas the average size of individual pits
decreased, together with a reduction in the maximum pit depth compared with the 0.3 wt.% alloy.

To clarify the composition of the degradation products, the alloys were immersed in Hank’s
solution for 672 h, after which the surface corrosion products were analyzed by XRD and XPS.
The XRD spectra are shown in Fig. 12, indicating that the alloy surfaces mainly consisted of Mg,
along with Mg(OH):2 and hydroxyapatite (Caio(PO4)s(OH)2, HA). Wang et al. * reported that the
thickness of MgO is typically very low and that it is usually covered by Mg(OH)2, which explains
why MgO was not detected by XRD. With the addition of 0.1 wt.% Ag, the a-Mg matrix in ZXQO0.1
exhibited the strongest XRD signal, while further increases in Ag content resulted in thicker
corrosion product layers, leading to weaker a-Mg signals and a relative increase in the diffraction
peak intensities of Mg(OH)2, HA, and other corrosion products.

The chemical composition of the samples after immersion in Hank’s solution for 28 days was
analyzed by XPS. Mg, O, Ca, P, and C were identified in the XPS survey spectra. The
corresponding high-resolution spectra of each element are presented in Fig. 13. The spectra shown
in the left column were obtained from the ZX20 alloy, whereas those in the right column
correspond to the ZXQO0.5 alloy. The binding energy of the C Is transition associated with
adventitious carbon was calibrated to 284.8 eV. The C 1s spectra of the two samples exhibited
similar characteristics, featuring doublet peaks that were deconvoluted into three sub-peaks with
binding energies of 284.8 eV, 286.2 eV, and 289.0 eV (with a BE deviation of 0.2 eV), suggesting
the presence of C-C, C-O-C, and CO3* compounds, respectively. The O 1s spectra acquired from
both samples exhibited a single, well-defined peak with excellent Gaussian symmetry. The
deconvolution analysis of the Ols peak revealed two sub-peaks at binding energies around 531.5
+0.2 eV and 532.4 = 0.1 eV, which can be attributed to PO4* and OH" %, respectively. The P 2p
signal obtained from the ZX20 alloy exhibited greater spectral noise and a poorer signal-to-noise
ratio compared to that of the ZXQO0.5 alloy. Nevertheless, the characteristic peak profile remained
discernible around BE = 133.4 eV, confirming the presence of PO4>" compounds *° - a finding
consistent with the O 1s spectral analysis. The P 2p profile was resolved into two peaks associated
with the spin-orbit components of P 2p12 (BE=134.1 £ 0.1 eV) and P 2p32(133.1 £ 0.1 eV). The
Ca 2p profile are also presented in Fig.13. The Ca 2p profile of the ZX20 alloy present a broad
peak with a distinct shoulder at the lower-binding-energy side, while that of the ZXQO0.5 alloy
exhibits two well-resolved peaks. Given the presence of Mg on the sample surface, the acquired
Ca2p signal is inevitably affected by the overlapping Mg KLL Auger region. Consequently, the
Ca 2p spectrum was deconvoluted into three components, corresponding to the Mg KLL transition
(351.7+0.1eV), Ca2ps32 (347.4eV), and Ca2pi2 (350.9 eV). The deconvolution was rigorously



constrained by fixing the spin-orbit splitting (Ca 2p12 - Ca 2p3/2) at 3.55 eV and the peak-area ratio
at 0.5. The Ca 2p32 at BE = 347.4 eV suggests the presence of Ca in the form of hydroxyapatite
(HA) on the sample surface *°, which further corroborated the identification of OH™ and PO4*
compounds derived from the O 1s and P 2p spectral analysis. The Mg KLL Auger spectrum at BE
=351.7+0.1 eV may be attributed to metallic Mg covered by the corroded film. The Mg present
within the corrosion film predominantly existed as MgO, as confirmed by the single Mg 1s peak
at BE = 1304.4 + 0.1 V. Based on the XPS analysis, the HA as well as MgO/Mg(OH)2 may have
formed on the sample surface during the immersion in Hank’s solution, which is consistent with
the XRD analysis shown in Fig. 12.

Antibacterial activity in vitro

To investigate the antibacterial behavior of the as-cast Mg-2Zn-0.2Ca-xAg(x =0, 0.1, 0.3, 0.5
wt.%) alloys, extract solutions were prepared and co-cultured with mixed suspensions of
Escherichia coli and Staphylococcus aureus for 12 h, followed by plate spreading. The bacterial
growth results are presented in Fig. 14(a—f). Compared with the negative control group, all Mg
alloy extract solutions exhibited a noticeable reduction in bacterial colonies. Notably, the
introduction of Ag markedly enhanced the antibacterial activity; the Ag-containing as-cast Mg-
27Zn-0.2Ca alloys demonstrated significantly fewer bacterial colonies than the Ag-free ZX20 alloy.
Fig. 14(g) summarizes the antibacterial rates of the different alloy extract solutions against E. coli
and S. aureus after 12 h co-culture. The antibacterial rate of the Ag-free Mg-2Zn-0.2Ca alloy was
only 61.38%. After the addition of 0.1 wt.% Ag, the antibacterial efficiency of ZXQO0.1 increased
significantly (p < 0.0001), reaching 89.59%, which was even higher than that of the commercial
WEA43 alloy (positive control). With further Ag addition (0.3 wt.% and 0.5 wt.%), the antibacterial
rate continued to increase, although the improvement margin narrowed, and both alloys achieved
antibacterial rates exceeding 99%. The antibacterial capability of the extract solutions followed
the order: ZX20< ZXQO0.1 < ZXQO0.3/2XQ0.5, indicating a progressive enhancement of
antibacterial activity with increasing Ag content.

To elucidate the underlying causes of the antibacterial differences among the alloy extracts,
the pH values and ion concentrations in the extract solutions were analyzed. Fig. 15 presents the
concentrations of Mg>* and Ag" ions, as well as solution pH, after immersion of the alloys in
Hank’s solution for 72 h (Ca*" concentrations were excluded due to non-significance in
antibacterial contribution). As shown in Fig. 15(a), the Mg** concentration slightly increased from
81.8 + 2.8 mg/L to 82.5 £ 1.3 mg/L after adding 0.1 wt.% Ag, although the difference was not
statistically significant. In contrast, further Ag addition resulted in a remarkable increase in Mg?"*
concentration (p <0.001), reaching 95.0 = 1.0 mg/L for ZXQ0.3 and 100.1 + 3.7 mg/L for ZXQO0.5.
The WEA43 alloy exhibited the highest Mg®" concentration (163.9 = 6.1 mg/L). As shown in Fig.
15(b), the Ag" concentration in the ZXQO.1 extract solution was 8.63 + 1.39 pg/L. With increasing
Ag content (0.3 and 0.5 wt.%), the Ag" concentration increased significantly (p < 0.0001) and
reached a maximum value of 20.95 + 2.18 pg/L in ZXQO0.5. In contrast, Zn** concentrations
showed no statistical difference among the alloys (Fig. 15(c)). As presented in Fig. 15(d), the
extract solution pH values remained approximately 11.1 for ZXQO0.1 and ZXQO0.3, and slightly
increased to 11.2 £ 0.4 for ZXQO0.5, comparable to WE43, although the difference was not



statistically significant.

Discussion

The corrosion behavior of the as-cast Mg-2Zn-0.2Ca-xAg alloys in Hank’s solution is
governed by micro-galvanic coupling between the a-Mg matrix and the Ca2MgeZn3 secondary
phase, as well as the formation and evolution of surface corrosion products. Although trace Ag
additions did not introduce new detectable intermetallic phases, EDS analysis confirmed
progressive Ag enrichment within the CazMgeZn3 grain-boundary phase. This compositional
redistribution is expected to modify the electrochemical characteristics of the secondary phase.
Specifically, Ag segregation increases the electrochemical nobility of the secondary phase relative
to the a-Mg matrix, thereby enlarging the local potential difference between adjacent phases and
altering the intensity of micro-galvanic coupling?®. Microstructural characterization shows that
discontinuously distributed Ca2MgeZn3 phases are mainly located along grain boundaries, and Ag
preferentially co-segregates into these phases without forming independent Ag-containing
compounds, as shown in Fig. 3. Because these phases are distributed along grain boundaries, the
galvanic interaction is spatially concentrated in these regions, leading to preferential anodic
dissolution of the adjacent a-Mg matrix during immersion. The a-Mg matrix therefore acts as the
anodic region and dissolves preferentially, while the secondary phases behave as local cathodes,
resulting in localized pit initiation along grain boundaries (Fig. 10 and 11). The degradation of
magnesium alloys in aqueous solution proceeds via the following electrochemical reactions:
Anodic dissolution

Mg —Mg* + 2¢” (1)
Cathodic hydrogen evolution
H2O +2¢ — 20H + Ha 1 ()
Formation of corrosion product
Mg?* + 2H,0—Mg(OH)2 + Hz 1 3)

Anodic dissolution produces Mg?** and electrons, while cathodic hydrogen evolution
generates OH™ and H2 leading to a rapid increase in local pH, followed by the precipitation of
Mg(OH): and calcium—phosphate compounds. Such local alkalinization has been demonstrated to
promote osteogenesis and mineralized matrix deposition; therefore, the alkaline microenvironment
generated during Mg alloy degradation may provide a biologically favorable condition for peri-
implant bone regeneration*’->°, XRD and XPS analyses confirm that the corrosion products mainly
consist of Mg(OH): and hydroxyapatite (HA), forming a partially protective surface layer that
temporarily retards pit propagation and suppresses further corrosion expansion (Fig. 12, Fig. 13).
Magnesium is an essential micronutrient involved in cellular metabolism, membrane stability, and
tissue homeostasis. The recommended dietary magnesium intake for adults is 280-360 mg/day for
females and 350-420 mg/day for males, significantly higher than that of Fe (8-18 mg/day) or Zn
(8-11 mg/day)®'. As shown in Fig. 6, the Mg*" release of the novel magnesium alloy in this study
remained within a safe range. Notably, cells tolerate magnesium ion concentrations up to
approximately 16 mmol/L, far exceeding physiological baseline levels®32. Moreover, animal
studies further revealed that excessive Mg?* generated from degradable implants does not induce



systemic toxicity, even in chronic renal insufficiency models®?, nor does it result in pathological
deposition in lymph nodes after cranial implantation.

The effect of Ag on corrosion is highly concentration-dependent. An appropriate addition of
Ag can refine secondary phases, optimize the cathode-to-anode area ratio, and suppress micro-
galvanic corrosion, thereby improving corrosion resistance®®. In Mg-Zn-Ca systems, the
introduction of 0.3 wt.% Ag has been reported to promote grain refinement and homogenize
precipitates, leading to enhanced corrosion resistance?®. In the present study, at a low addition level
(0.1 wt.%), Ag segregation remains limited, and the increase in cathodic nobility of the secondary
phase is relatively small. As a result, the galvanic driving force between the grain-boundary phase
and the a-Mg matrix is not significantly intensified. Under this condition, the corrosion behavior
is more strongly influenced by the formation of a relatively compact and protective corrosion
product layer, which contributes to improved film stability and slightly reduced degradation.
Consequently, electrochemical measurements reveal that ZXQO0.1 exhibits the lowest corrosion
current density and the highest polarization resistance, together with the largest Nyquist semicircle
diameter (Fig. 5), indicating enhanced charge transfer resistance and improved stability of the
surface product film. The lowest Mg** release and pH variation (Fig. 6) further confirm the
suppressed degradation kinetics.

However, higher Ag content enhances micro-galvanic coupling with the Mg matrix and
aggravates localized corrosion®’ *3. In the present study, further increasing Ag content (0.3-0.5
wt.%) led to greater Ag enrichment within the grain-boundary secondary phases, thereby
strengthening their cathodic character and intensifying micro-galvanic coupling with the Mg
matrix. This accelerates localized anodic dissolution adjacent to grain boundaries and aggravates
localized corrosion. Consequently, corrosion current density increases by nearly one order of
magnitude, while polarization resistance and EIS impedance decrease markedly (Fig. 5). Cross-
sectional morphologies (Fig. 11) reveal deeper localized pits, consistent with the enhanced micro-
galvanic attack. In addition, excessive Ag appears to destabilize the corrosion product film.
Although thicker corrosion product layers are detected at higher Ag contents, these layers are more
porous and prone to detachment. Frequent film breakdown exposes fresh Mg substrate, which
further accelerates localized dissolution and promotes pit deepening resulting in destabilized films
and reduced protective efficiency. This positive feedback between galvanic coupling and film
instability explains the pronounced deterioration in corrosion resistance at 0.3-0.5 wt.% Ag.

Overall, the observed degradation trend of “initial improvement followed by deterioration”
reveals a composition-dependent mechanistic link among Ag segregation, local electrochemical
potential difference, film stability, and the resulting corrosion morphology and kinetics.

The antibacterial activity of Mg alloys is primarily attributed to the release of antibacterial
ions during degradation and the resulting alkaline microenvironment. Local pH elevation (pH > 9)
induced by Mg alloy degradation can contribute to bacterial inhibition by collapsing the proton
electrochemical gradient and reducing bacterial surface hydrophobicity>-¢. Rahim et al.*’ reported
that bacterial proliferation was inhibited in Mg alloy extracts, with antibacterial activity increasing
at higher pH values, whereas neutralization of the extract completely abolished the effect. However,
it should be noted that elevated pH is not universally beneficial; excessive alkalization can disrupt



cellular function, impair osteoblast activity, or even induce cell necrosis, underscoring the
necessity of thorough cytocompatibility assessment. Accumulating evidence indicates that pH
elevation alone cannot fully explain the composition-dependent differences in antibacterial
efficacy observed among Mg-based alloys, with metal ion release and associated mechanisms
playing important roles in governing antibacterial performance®®>. In the present study, the pH
values of the different Mg-27Zn-0.2Ca-xAg alloys were comparable, indicating that differences in
antibacterial performance among the alloys cannot be attributed to pH variations.

The role of Mg?" also remains controversial, with different studies reporting varying results.
High Mg?* concentrations have been reported to inhibit bacterial adhesion and biofilm formation,
enhancing susceptibility to adverse conditions®®S!. Yet, other studies found no correlation between
Mg?* concentration and antibacterial efficacy. Robinson et al.®? and Liu et al.®* observed negligible
antibacterial effects from increased Mg?" or pure Mg under neutral conditions. Consistently, in this
study, although WE43 leachates contained the highest Mg?* (Fig. 15), they did not exhibit the
strongest antibacterial activity, confirming that Mg?* is not the primary determinant. Similarly,
Zn*" levels in Mg-2Zn-0.2Ca-xAg leachates did not vary significantly, suggesting that Zn** release
is also not a key factor underlying antibacterial differences.

Statistically significant differences in Ag" concentration were observed among the alloy
groups, establishing a direct correlation between Ag incorporation and antibacterial performance.
Although infection prevention within the first 48 h after implantation is clinically critical,
antibacterial protection should not be limited to this initial period. Compared with surface coating
strategies, alloying-based incorporation of Ag enables intrinsic antibacterial functionality that is
synchronized with material degradation, thereby potentially providing more sustained antibacterial
protection during degradation than short-lived surface-restricted strategies. The progressive
increase in Ag" concentration with increasing Ag content further indicates that compositional
regulation effectively governs ion release during degradation, thereby dictating the biological
response. The results suggest that Ag" release is the dominant contributor. Ag" ions disrupt
bacterial membrane integrity, bind to thiol-containing proteins, and interfere with DNA replication,
ultimately leading to bacterial cell death®. In addition, alkalization induced by Mg degradation
may exert a synergistic inhibitory effect on bacterial growth. However, excessive alkalization
could impair host cell viability, underscoring the need to balance antibacterial efficacy with
cytocompatibility through controlled degradation and ion release.

Silver exhibits broad-spectrum antimicrobial activity at low concentrations (0.1 ng/mL-0.1
ng/mL)%%7 and Mg-Ag alloys with appropriate Ag contents have been reported to show enhanced
antibacterial performance together with acceptable biocompatibility with minimal cytotoxicity at
antibacterial-relevant levels>®®®. However, the biological effects are strongly dose-dependent: low
Ag" concentrations may provide effective antibacterial action without impairing osteoblast
proliferation, whereas higher concentrations may induce cytotoxicity or exacerbate micro-galvanic
corrosion. Previous studies have shown that high concentrations of AgNPs can inhibit cell
proliferation® | whereas lower concentrations may support cell growth or exert adverse effects
depending on the exposure conditions and cell type’® 7!, In addition, fibronectin-conjugated AgNPs
at approximately 30 pug/mL have been reported to enhance proliferation, migration, and anti-



inflammatory responses’?. In the present study, Ag* concentrations in the alloy extracts remained
below 30 pg/L (Fig. 15b), which is lower than concentration ranges commonly associated with
obvious cytotoxicity’>. These findings suggest that minor Ag additions may contribute to
antibacterial efficacy while maintaining acceptable cytocompatibility under the present in vitro
conditions, although direct cytocompatibility evaluation is still required.

Recent studies on Mg-based alloys have further shown that minor Ag incorporation can
significantly enhance antibacterial efficacy through sustained Ag" release, with the antibacterial
performance closely associated with Ag-induced changes in degradation behavior and ion-release
characteristics?”-?%3%74 Moreover, the interplay among degradation rate, pH evolution, Ag* release,
and antibacterial activity has been increasingly recognized as a key factor in balancing corrosion
regulation and antibacterial function’.

In the present study, Ag® concentrations varied markedly with alloy composition.
Correspondingly, antibacterial efficacy correlated strongly with Ag* levels: higher Ag content led
to increased Ag" release and enhanced antibacterial performance (Fig. 14, Fig. 15). These results
indicate that, although local alkalization and Mg?"/Zn>" release may provide supportive
antibacterial effects, Ag" release is the dominant factor

Given the well-known dose-dependent cytotoxicity of silver ions, direct cytocompatibility
evaluation and systematic in vivo biosafety assessment are essential before any definitive
conclusion regarding biosafety can be drawn. In the present study, antibacterial testing based on
the extract method primarily reflects ion-mediated antibacterial effects and does not capture direct
bacteria-surface interactions or biofilm-related behavior. In addition, although the measured Ag*
concentrations were relatively low, long-term in vivo studies are still required to assess the
potential systemic fate and accumulation of released silver during degradation.

The corrosion behavior and antibacterial performance of Mg-2Zn-0.2Ca-xAg alloys are
closely linked through degradation-driven ion release and surface reactions. A moderate corrosion
rate helps maintain a relatively stable local environment and supports sustained ion availability,
which favors both biocompatibility and antibacterial effectiveness. In the present study, Ag
addition showed a concentration-dependent effect: 0.1 wt.% Ag facilitated the formation of a more
stable corrosion product layer while still providing sufficient Ag* release for effective antibacterial
action, whereas further increasing the Ag content intensified micro-galvanic corrosion and
impaired film stability. Among all the investigated alloys, ZXQ0.1 (Mg-2Zn-0.2Ca-0.1Ag)
exhibited the most balanced overall performance, combining the lowest corrosion rate with
significantly improved antibacterial activity. These findings demonstrate that precise regulation of
Ag content is critical for balancing corrosion stability and antibacterial functionality, and identify
7XQO0.1 as a promising candidate for biodegradable implant applications.

Methods

Sample preparation and characterization

The alloys with designed compositions were prepared through conventional melting and
vertical DC casting technique. High-purity Mg ingots (99.95 wt.%), Zn granules (99.99 wt.%), a
Mg-25 wt.% Ca master alloy, and Ag billets (99.99 wt.%) were used as feeding materials for



melting. The alloys were melted in a steel crucible under argon protection, subsequently refined,
and cast under a CO2 + SFs shielding gas mixture at 680 °C using a vertical DC casting technique
with a casting speed of around 80 mm/min to produce cylindrical billets with a diameter of 140
mm. The Mg-2Zn-0.2Ca-xAg (x = 0, 0.1, 0.3, 0.5 wt.%) alloys investigated in this study were
fabricated according to the designed compositions. The actual chemical compositions were
determined by ICP-OES (Spectro Blue Sop, Germany) in our previous work and were found to be
consistent with the nominal compositions. The detailed measured compositions have been reported
in our previous study?’.

Specimens with dimension of 10 mm x 10 mm x 50 mm were machined directly from the as-
cast ingots for immersion and electrochemical tests, while plates measuring 20 mm % 20 mm x 10
mm were prepared for extract preparation. Prior to the designated tests, all samples were ground
using SiC abrasive papers, followed by ultrasonic cleaning in ethanol and deionized water, and
then air-dried. The samples intended for extract preparation were subsequently sterilized using
low-temperature hydrogen peroxide plasma (LK/MJQ-100, Chengdu Laoken Medical Technology
Co., Ltd., China) in standard mode (maximum temperature 57.3 °C; maximum chamber pressure
170 Pa) before biological testing to ensure sterility while minimizing potential surface alterations,
as hydrogen peroxide gas plasma sterilization has been demonstrated to preserve surface integrity
and material properties in medical devices’>’¢.

Metallographic observation was performed using an optical microscopy (OM, Olympus
BX51M, Japan). Microstructural and compositional features were further characterized using SEM
(Tescan Mira3, Czech Republic) equipped with an EDS detector. Phase constitution was assessed
using X-ray diffraction (XRD, Rigaku D/MAX-2500VB, Japan) within a 26 range of 20°-80° at a
scan rate of 1°/min (Cu Ka radiation). SEM/EDS were used to characterize the surface corrosion
morphology and cross-sectional features after 168 h of immersion, whereas three-dimensional
corrosion topography was obtained by optical tomography after 14 d of immersion. To further
identify the corrosion products, XRD (10°-90°) and XPS (Thermo ESCALAB 250Xi) analyses
were performed after 28 d of immersion. The binding energies in the XPS spectra were calibrated
using the C 1s peak at 284.8 eV as the reference.

Electrochemical corrosion tests

The corrosion resistance of the samples was evaluated using open circuit potential (OCP),
potentiodynamic polarization curves (PDP) and electrochemical impedance spectroscopy (EIS),
conducted with a CS310 workstation (China) in Hank’s solution (Biosharp, BL561A) at 37 £ 1 °C.
The solution contained NaCl 8.00 g L-!, glucose 1.00 gL', KC1 0.40 gL', NaHCO3 0.35 g/,
CaCl2 0.14 g L', MgCl2-6H20 0.10 g L', MgSO4-7H20 0.06 g L', Na2HPO4-12H20 0.06 g L™,
and KH2PO4 0.06 gL', A three-electrode cell was employed, consisting of a saturated calomel
reference electrode, a counter electrode made of Pt foil, and the specimen serves as the working
electrode. The surface area exposed to the corrosive electrolyte was 1 ¢m?. Potentiodynamic
polarization was performed after the OCP had stabilized, and the potential was scanned from -0.3
V to +0.3 V vs. OCP at a rate of 1 mV/s. The corrosion current density (icorr) Was estimated by
approximate extrapolation of the relatively stable quasi-linear cathodic branch near Ecor, because
no reliable linear anodic Tafel region was observed. The fitting region was selected from the



cathodic segment close to Ecorr while avoiding portions showing obvious curvature or instability.
The fitted cathodic Tafel slope (fc) was obtained from this linear region. Since the cathodic quasi-
linear region was limited in extent, the obtained icor values were used primarily as comparative
electrochemical indicators to assess the relative corrosion tendency among the alloys. Corrosion

rate Pi (mm/year) was calculated as:
Pi=22.85 icorr (4)

In vitro degradation evaluation

Corrosion behavior was evaluated in Hank’s solution (Biosharp, BL561A) following ASTM
G31-72*'. The solution volume-to-surface area ratio was maintained at 20 mL/cm?, and tests were
conducted at 37 £ 0.5 °C for 168 h and 672h. During 168 hours’ immersion, pH was measured
using a calibrated digital pH meter (PHS-3C, Leici, China). Mg?" concentration was quantified by
ICP-OES (Spectro Blue Sop, Germany). After immersion, corrosion products were removed by
rinsing the samples using 200 g/L CrOs solution for 10 min, and the corrosion rates (mm/year)
were calculated using:

K X AW
b = AXtxD 5)

Where K = 8.76 x 10% AW = weight loss (g); 4 = exposed surface area (cm?); ¢ = immersion time
(h); D = alloy density (g/cm?). The experiment was repeated three times to ensure data reliability.

In-vitro Antibacterial Activity

Extract solutions were prepared according to ISO 10993-12 guidelines’’. Sterilized samples
were immersed in Hank’s solution at a surface-area-to-volume ratio of 1.25 cm?/ 1 mL and
incubated at 37 °C for 72 h. The solutions were centrifuged (3000 rpm, 5 min), and supernatants
were collected and stored at 4 °C. The pH of the extracts was recorded (PHS-3C, Leici, China),
and concentrations of released Mg?*, Ca**, Zn?>" and Ag" were quantified using ICP-OES (Spectro
Blue Sop, Germany) and ICP-MS (NexION 2000, PerkinElmer, USA).

Escherichia coli (E. coli ATCC 25922) and Staphylococcus aureus (S. aureus ATCC 29213)
were selected to evaluate the in vitro antibacterial properties of various Mg alloys. The two strains
were mixed at a 1:1 ratio to assess the overall antibacterial effect of the alloy extracts in a dual-
species bacterial system. This mixed-culture model was adopted to better reflect a polymicrobial
environment relevant to implant-associated infection’®. Revived strains were cultured on TSA
plates (BD Difco, 236950) at 37 °C for 24 h, followed by incubation in LB broth (Miller's,
12795027) at 37 °C and 120 rpm to obtain logarithmic-phase suspensions. Bacterial suspensions
were adjusted to ~10” CFU/mL, and alloy extracts were used for antibacterial assessment. Briefly,
100 pL bacterial suspension, 250 pL extract, and 650 uL LB medium were co-incubated at 37 °C,
5% CO2 for 12 h; Hank’s solution served as control. Suspensions were serially diluted, plated,
incubated for 12 h, and colonies (30-300 CFU) were counted according to GB 4789.2-2016.
Antibacterial rate was calculated as:

Antibacterial rate(%) = <1 — %) X 100% (6)

b
Where (Nx) and (NV») represent the number of colonies on the experimental and control plates,



respectively. The experiment was repeated three times to ensure data reliability.

Statistical Methods

Data were presented as mean values + standard deviation. Statistical analyses were conducted
using SPSS 21, and intergroup differences were evaluated using one-way ANOVA followed by
Tukey's post-hoc test. Differences of p-values < 0.05 were considered statistically significant.

Data availability

The datasets generated and/or analyzed during the current study are not publicly available as the analysis is part
of an ongoing larger project and future publications are planned. However, they are available from the
corresponding author on reasonable request.
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Figure legends

Figure 1. Optical microstructure of the as-cast alloys. (a) ZX20, (b) ZXQO0.1, (c) ZXQ0.3, and (d) ZXQO.5.
Figure 2. Second dendrite arm spacing and volume fraction of secondary phases (recrystallization) of the as-
cast Mg-2Zn-0.2Ca-xAg alloys.

(a) Second dendrite arm spacing, (b) volume fraction of secondary phases.

Figure 3. Microstructure of the as-cast alloys.

(a)-(d) show SEM images of the as-cast alloys: (a) ZX20, (b) ZXQO0.1, (c) ZXQO0.3, and (d) ZXQO0.5. In (a)-(d),
red crosses and red numbers indicate selected EDS analysis positions, and yellow horizontal lines indicate the
paths used for line-scan analysis. The corresponding elemental maps displayed to the right of each SEM image
show the distributions of Mg, Zn, Ca, and Ag. (e)-(h) show the corresponding line-scan profiles of ZX20,
7XQ0.1, ZXQO0.3, and ZXQO0.5, respectively, obtained along the yellow horizontal lines marked in (a)-(d).
Figure 4. XRD patterns of the as-cast Mg-2Zn-0.2Ca-xAg alloys.

Figure 5. Electrochemical behavior of the as-cast Mg-2Zn-0.2Ca-xAg alloys.

(a) The open circuit potential, (b) Potentiodynamic polarization curves, (c) Nyquist plots, and (d) Bode plots.
Electrochemical tests were performed after immersion of the alloys in Hank’s solution at 37 °C for 12 h. The



potentiodynamic polarization curves were measured from -0.3 V to +0.3 V versus OCP at a scan rate of 1 mV/s.
Figure 6. Weight loss test results and associated solution changes of the as-cast Mg-2Zn-0.2Ca-xAg alloys.

(a) Corrosion rate, (b) mass loss rate, (c) pH value, and (d) Mg?" concentration measured at different time points
during immersion in Hank’s solution over 168 h.

Figure 7. Optical macroscopic morphologies of the as-cast Mg-2Zn-0.2Ca-xAg alloys.

This figure shows the optical macroscopic images of the surfaces of the as-cast Mg-2Zn-0.2Ca-xAg alloys after
immersion in Hank’s solution for different times up to 168 h.

Figure 8. Fraction of the sample surface attacked by corrosion.

This parameter was measured at different time points during immersion in Hank’s solution at 37 + 1 °C over 168
h.

Figure 9. 3D tomographic maps of the as-cast alloys.

(a)-(d) show the 3D corrosion penetration of the alloys after 14 days of immersion in Hank’s solution: (a) ZX20,
(b) 2XQO0.1, (c) ZXQ0.3, (d) ZXQO0.5. (e) shows the corresponding corrosion depth profiles along selected lines.
Figure 10. Surface corrosion morphologies of the as-cast alloys.

This figure shows SEM images with and without corrosion products of the as-cast Mg-2Zn-0.2Ca-xAg (x=0, 0.1,
0.3, 0.5 wt.%) alloys after immersion in Hank’s solution for 168 hours. In each column’s right image is an
enlarged view of the area indicated by the yellow arrow in the left image.

Figure 11. Cross-sectional corrosion morphologies of the as-cast alloys.

(a)-(d) show the cross-sectional corrosion morphologies of the as-cast Mg-2Zn-0.2Ca-xAg alloys after
immersion in Hank’s solution for 168 h: (a) ZX20, (b) ZXQO0.1, (c) ZXQO0.3, (d) ZXQO0.5. The red dashed lines
and red numbers indicate the measured corrosion depth. (e) and (f) show higher-magnification cross-sectional
SEM images of ZX20 and ZXQO0.3 respectively, and the corresponding elemental maps of representative
corroded regions.

Figure 12. XRD patterns of the surface corrosion product films on the as-cast alloys.

XRD patterns were obtained from the surface corrosion product films after 28 days of immersion in Hank’s
solution at 37 + 1 °C.

Figure 13. High-resolution XPS spectra of the as-cast alloys after immersion.

(a), (c), (e), (g), and (i) show the high-resolution XPS spectra of C, Mg, O, P, and Ca, respectively, for ZX20
after 28 days of immersion in Hank’s solution. (b), (d), (f), (h), and (j) show the corresponding high-resolution
XPS spectra of C, Mg, O, P, and Ca, respectively, for ZXQO0.5 after 28 days of immersion in Hank’s solution.
Figure 14. Antibacterial activity of extracts from the as-cast alloys.

(a)-(f) show representative bacterial colonies on agar plates formed after 12 h co-culture of E. coli and S. aureus
with diluted extracts of the as-cast Mg-2Zn-0.2Ca-xAg alloys: (a) control, (b) ZX20, (c) ZXQO0.1, (d) ZXQO0.3,
(e) ZXQO.5, and (f) WE43. The extracts were diluted 100 times before plating. (g) shows the corresponding
antibacterial rates. n=3, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Figure 15. lonic concentrations and pH values in the extracts of the as-cast alloys.

(a, b, ¢) concentrations of Mg?*, Ag" and Zn>" ions and (d) the pH values in the extracts of the as-cast Mg-2Zn-
0.2Ca-xAg alloys. n=3, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



Table 1. EDS results (at. %) of the selected points shown in Fig. 3.

ZX20 7XQ0.1 7XQ0.3 7XQ0.5

Element
1# 2# 3# 4# S# 6# T# 8# o# 10# 11# 12#

Mg 852 853 99.1 77.8 819 99.2 84.4 89.7 987 76,6 776 994
Zn 10.8 115 09 15.6 125 0.8 11 7.5 1.3 16.9 17.1 0.6
Ca 4.0 32 0 6.6 5.6 0 4.6 2.8 0 6.5 53
Ag 0 0 0 0.4 0.5 0 0.8 0.6 0 2.0 2.5

Table 2. Electrochemical data obtained via the Tafel fitting of PDP curves.

Samples Ecorr (V vs SCE) icorr (WA/cm?) Sc (mV/decade) P; (mm/year)
7X20 -1.53+0.01 1.99+0.33 -224.4145.16 0.05+0.01
7XQ0.1 -1.52+0.03 1.77+0.67 -221.58+19.95 0.04+0.02
7XQ0.3 -1.51+0.05 4.80+0.93 -297.55+18.32 0.21£0.17
7XQO0.5 -1.48+0.08 13.41£1.56 -205.25+38.59 0.31£0.04

Table 3. Electrochemical data obtained from the equivalent circuit fitting of EIS curves.

CPE-T  Rp

R Rt CPEy-T = CPEs- Ry 2> CPE~ R L

Samples . cm2 /Q-cm? AFs"cm? P /Qcm? i F'Snz_l om’ em” et gem? MHoem? K
ZX20 2.15 588.1 13.2 0.66 12270 4.78 12858.1 0.89 1 3.97  0.003
7ZXQ0.1 245 529.0 10.4 0.68 16985 4.28 17514.0 091 1 3.40  0.003
7XQ0.3 2.12 13.7 13.4 0.73 1252 77.2 1265.7 0.77 - - 0.001
7ZXQ0.5 196 16.7 49.7 0.55 1091 44 .4 1107.7 0.78 1 0.23  0.003
Table 4. Corrosion rate and the mass loss of the as-cast alloys.
168 h 672 h
Samples Corrosion rate Mass loss Corrosion rate Mass loss
(mm/y) (%) (mm/y) (o)
7X20 0.127+0.031 0.213+0.045 0.635+0.095 3.713+0.680
7XQO0.1 0.121+0.016 0.208+0.032 0.560+0.145 3.744+1.100
7XQ0.3 0.223+0.045 0.389+0.086 0.660+0.083 4.346+0.458

7XQ0.5 0.232+0.029 0.370+0.038 0.745+0.09 4.985+0.615




Table 5. EDS results (at. %) of the marked points in Fig. 10.

7X20 7XQ0.1 7XQ0.3 7XQ0.5

Element 1# 24 34 4# 54 6 T4 8#
C 193 163 12.9 276 3.9 18.8 13.8 10.9
0 572 59.3 55 37.6 523 49.1 53.6 435

Na 1.4 0.8 0.5 0.5 1.1 0.7 0.1 0
Mg 5.9 7.1 55 16.8 12 6.6 5.5 292

P 76 7 11.4 74 13 10.8 11.5 0
Ca 8.5 9.1 142 9.4 16.8 13.7 15.1 0.4
cl 0.1 02 0.3 0.2 0.4 0 0.4 15.8
Zn 0.1 0.1 0.1 0.3 03 0.1 0 02
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