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Abstract

Biodegradable metals are promising candidates for osteomyelitis
management because they can provide mechanical support, enable
tunable degradation, display inherent antibacterial effects, and
stimulate osteogenesis. Here, Zn alloys incorporating Cu and Mg
were designed as multifunctional implant materials to concurrently
suppress infection and promote bone regeneration. Equal channel
angular pressing (ECAP) was used to refine grains to the submicron
scale and substantially fragment secondary phases. Mechanical
testing showed that Zn-1Cu-1Mg alloy achieved the highest hardness
and tensile strength among the investigated alloys, which is
attributed to the combined contributions of grain refinement and
second-phase strengthening. Electrochemical and immersion
evaluations further indicated that the addition of Cu improved
corrosion resistance of Zn-1Mg alloy. The reduced corrosion rate is
associated with the formation of compact corrosion layers enriched
in Zn, O, C, Ca, P, and Cl. In vitro assays using BMSCs demonstrated
high cell viability, meanwhile, osteogenic assessments revealed
enhanced ALP activity, increased mineralized nodule formation, and
upregulated osteogenic gene expression. All Zn alloys also showed
pronounced antibacterial activity against S. aureus and E. coli.
Collectively, these results suggest that Zn-1Cu-1Mg alloys offer a
multifunctional biodegradable option for osteomyelitis through the

integration of infection control and bone regeneration.
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1. Introduction

Osteomyelitis is a severe, persistent inflammatory disorder of bone
tissue that is most commonly caused by bacterial infection, with
Staphylococcus aureus as the predominant pathogen 12, Despite
advances in surgical techniques and antimicrobial therapy, clinical
management remains difficult because of intrinsic disease features,
including bacterial colonization of bone and implants, biofilm
formation, extensive bone destruction, chronic inflammation, and
impaired bone regeneration 3. The rising prevalence of antibiotic-
resistant strains further limits treatment efficacy, underscoring the
need for alternative strategies. Conventional care, typically
combining systemic antibiotics with surgical debridement, often fails
to fully eradicate infection and restore functional bone integrity.
Therefore, implant materials are needed that can provide
mechanical stability while inhibiting bacterial growth, modulating

the local microenvironment, and promoting new bone formation.

Biodegradable metals have attracted increasing interest as next-
generation biomaterials because they gradually degrade and can be
replaced by regenerated tissue, potentially eliminating the need for
secondary removal surgery 46, Magnesium (Mg) and iron base
systems have been widely investigated, but both have inherent
drawbacks. Magnesium degrades rapidly and produces hydrogen
gas, which can compromise mechanical stability and tissue
integration 7-8. In contrast, iron corrodes too slowly for many clinical
applications 910, Zinc (Zn) and its alloys have recently emerged as a
promising third class of biodegradable metals, offering moderate
corrosion rates, release of essential trace ions, favorable

biocompatibility, and substantial room for alloy design 11-13, Notably,



zinc contributes to bone metabolism, immune regulation, and
antibacterial defense, making Zn-based alloys particularly appealing

for orthopedic use 1416,

However, pure Zn has limited mechanical strength and inadequate
antibacterial activity, restricting its use in load-bearing settings and
infection-related bone diseases 17. Alloying Zn with biologically
relevant elements such as copper (Cu) and Mg is an effective
approach to address these limitations 1819, Cu provides broad-
spectrum antibacterial activity by disrupting bacterial membranes,
inhibiting key respiratory enzymes, and suppressing biofilm
formation 2021, Mg enhances strength through solid-solution and
precipitation strengthening, and its degradation releases Mg?* ions
that support osteogenic differentiation and extracellular matrix
mineralization 22, Despite the promising antibacterial and
strengthening effects of Cu addition in Zn-based alloys, potential
risks should also be considered 2324 Although Cu?* ions exhibit
antibacterial properties, elevated Cu ion concentrations may induce
cytotoxic effects in mammalian cells. Therefore, precise control of
Cu content and microstructural distribution is critical to avoid
excessive ion release and to maintain biocompatibility. Co-alloying
Zn with Cu and Mg offers a rational route to engineer multifunctional
biomaterials that jointly meet the demands of infection control and

bone regeneration for osteomyelitis treatment.

In addition to compositional engineering, microstructural
refinement is critical for improving the performance of
biodegradable metals. Equal-channel angular pressing (ECAP), a
severe plastic deformation technique, enables the formation of
ultrafine- or submicron-grained microstructures 2°. Such refinement

typically increases strength, modifies corrosion behavior through a



higher grain-boundary density, and may influence cell-material
interactions. Notably, copper's inclusion in Zn alloys not only
enhances the antibacterial properties but also has a specific ability
to penetrate and disrupt biofilms, a key challenge in osteomyelitis
treatment 20, Liu et al. investigated the evolution of Mg-containing
phases in Zn-Mg alloys by varying ECAP passes and processing
temperature 26. When the grain size of Zn-0.033Mg was reduced to
the submicron scale by ECAP, elongation exceeded 30% 27. ECAP-
processed Zn-Cu alloys have also been studied extensively. For
example, Bednarczyk et al. refined Zn-0.5Cu to an average grain size
of ~1 nm, enabling room-temperature superplasticity. High-Cu Zn-
Cu alloys have likewise been reported to develop ultrafine-grained
microstructures and achieve high elongation 4829, In addition, Yang
et al. fabricated Zn-3Cu-1Mg alloys and examined the evolution of
CuZns and Mg;Zn;; particles during ECAP, demonstrating
simultaneous improvements in strength and ductility 3°. However,
the recommended daily intake of Cu is only 0.9 mg/day for adults,
indicating the necessity to decrease Cu content in Zn alloys to avoid
the excess reiease of Cu ions 31, In addition, despite the well-
established benefits of ECAP for grain refinement and mechanical
enhancement in Zn-Cu-Mg alloys, their corrosion behavior and
biological performance—including cytocompatibility, osteogenic

activity, and antibacterial efficacy—remain insufficiently explored.

Accordingly, this study systematically evaluates the microstructure,
mechanical properties, corrosion behavior, cytocompatibility,
osteogenic potential, and antibacterial performance of ECAP-
processed Zn-Cu, Zn-Mg, and Zn-Cu-Mg alloys. By integrating
these results, we identify Zn-1Cu-1Mg as a promising

multifunctional biodegradable metal platform for osteomyelitis-



related applications. The in vitro evidence presented here supports
the potential of Zn-Cu-Mg alloys to address key limitations of

current biomaterials for treating infected bone defects.

2. Materials and Methods

2.1. Alloy preparation

High-purity Zn (99.99 wt.%), Cu (99.99 wt.%), and Mg (99.99 wt.%)
were melted in a high-purity graphite crucible under a protective
argon atmosphere to minimize oxidation. Four target compositions,
Zn-1Cu, Zn-2Cu, Zn-1Mg, and Zn-1Cu-1Mg, were designed to
impart antibacterial (Cu) and osteogenic (Mg) functionalities to the
Zn matrix. The melts were cast into carbon ciucibles to produce
cylindrical ingots. The chemical compositions of the as-cast alloys
were quantified by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES; iCAP6300, USA). As summarized in Table.
1, the measured compositions were close to the nominal values.
After solidification, the ingots were cut into cubic shape with sizes
of 20 mm X 20 mamX 45 mm by electrical discharge wire cutting
machine. The cubic samples were homogenized at 330°C for 24h to
reduce solute segregation and improve microstructural uniformity.
Subsequently, the homogenized Zn alloys were cooled to room

temperature in the air.

Table. 1: Chemical compositions of the designed Zn alloys.

Elemental compositions (wt.%)

Samples
Mg Cu Zn
Zn-1Cu / 0.991 Basal
Zn-2Cu / 2.039 Basal

Zn-1Mg 0.986 / Basal



Zn-1Cu-1Mg 1.025 0.994 Basal

The homogenized alloys were processed by equal-channel angular
pressing (ECAP) using route Bc to refine the grain structure and
enhance mechanical and corrosion performance 25. The square cross
section dies with 90° angle between channels and outer curvature
with 0° angle are in ECAP molds. ECAP was conducted at different
processing temperatures and numbers of passes, producing bulk
specimens. The final deformation parameters were set as 12 passes
and 100°C to promote microstructural stability and ensure

reproducible mechanical properties.

2.2 Microstructural characterization

Scanning electron microscopy (SEM; Thermo Fisher Scientific, USA)
was employed to examine surface morphology and the distribution
of alloyed phases in both as-cast and ECAP-processed samples.
Specimens were mechanicaily ground using sequential SiC papers,
polished, and then etched in a 4 vol.% nitric acid ethanol solution.
SEM was also used to evaluate corrosion morphologies after
immersion tests, both before and after removal of corrosion products.
Elemental distributions and secondary phases were assessed by
energy-dispersive X-ray spectroscopy (EDS) using point analyses
and area mapping on selected regions. Electron backscatter
diffraction (EBSD; Oxford Instruments, UK) was performed to
quantify crystallographic orientation, grain-size distribution,
dynamic recrystallization (DRX), and geometrically necessary
dislocation (GND) density in ECAP-processed alloys. Prior to EBSD,
specimens were ion-polished to obtain a high-quality surface.
Transmission electron microscopy (TEM; JEOL, Japan) was used to

resolve submicron features in ECAP-processed Zn-1Cu-1Mg. Thin



foils were prepared by mechanical thinning followed by ion milling,
and selected-area electron diffraction (SAED) was collected to

confirm the crystal structures of secondary phases.

2.3. Mechanical characterization

Vickers microhardness was measured using Micro Hardness Tester,
performing at a 100 g load and a 15 s dwell time. Nine indentations
were performed per specimen, and the average value was reported.
Dog-bone tensile specimens were machined from the cubic samples
according to ASTM E8. Tensile tests were conducted at room
temperature using a universal testing machine at a strain rate of 1
x 1073 s71. Engineering stress-strain curves were used to determine
yield strength, ultimate tensile strength, and elongation to failure.
Fracture surfaces were examined by SEM to identify dominant
failure modes (e.g., ductile dimples) and to relate fracture

morphology to microstructure and mechanical performance.

2.4. Corrosion behavior

Electrochemical and imimersion tests of Zn alloys were conducted in
the Hank’s solution with pH of 74 = 0.1 at 37 = 0.5 °C.
Electrochemical measurements were carried out using an
electrochemical workstation (CS350M; CorrTest, China) in a three-
electrode configuration, with a platinum counter electrode, a
saturated calomel reference electrode, and the specimen as the
working electrode. The exposed surface area of Zn alloys was fixed
at 1 cm?. Open-circuit potential was recorded for 3600 s, followed by
potentiodynamic polarization from —1.8 to —0.6 V at a scan rate of
0.1 mV-'s~1. For immersion testing, specimens were immersed in
Hank’s solution for 30 days and the solution was refreshed every two
days. The solution volume-to-exposed area ratio was maintained at

20 mL-cm~? in accordance with ASTM G31. Corrosion product



morphologies were examined by SEM. After immersion, specimens
were rinsed with distilled water and dried, then chemically cleaned
in 200 g-L-! chromium trioxide (CrOs) solution to remove corrosion
products. Weight loss was measured (n = 3) and corrosion rates

were calculated using:
Am
Veorr = Gat
Where Am is mass loss, p is density, A is the exposed area, and t is
the immersion time. The cleaned surfaces were subsequently re-
examined by SEM to reveal the underlying corrosion patterns. For
each type of Zn alloy, at least four samples were used for

electrochemical and immersion tests.

2.5. Cell viability tests

Bone mesenchymal stem cells (BMSCs; Cell Bank, Chinese Academy
of Sciences) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco) supplementied with 10% fetal bovine serum (FBS) at
37°C in a humidified atmosphere containing 5% CO-2. Cell viability
was evaluated using the Cell Counting Kit-8 (CCK-8) in an indirect
contact (extract) assay. Disc specimens were prepared using the
same procedure as those used for immersion tests and exposed to
ultraviolet light on a clean workbench for 24 hours for sterilization.
In accordance with ISO 10993-12:2012, extracts were prepared by
immersing discs (exposed area: 2.2 cm?) in DMEM for 24 h at a
surface area-to-medium volume ratio of 1.25 cm?-mL-'. The
undiluted extracts (100%) and extracts diluted to 50% and 25% were
prepared for subsequent testing. Ion concentrations in the extracts
were quantified by inductively coupled plasma mass spectrometry
(ICP-MS; Thermo Fisher Scientific, USA). BMSCs were seeded in 96-
well plates at 2,000 cells per well and allowed to attach for 24 h. The



culture medium was then replaced with the diluted extracts, and
cells were cultured for 3 days. Thereafter, 10 uL of CCK-8 reagent
was added to each well, and absorbance at 450 nm was recorded

after 2 h using a microplate reader (iMARK; Bio-Rad, USA).

Cytotoxicity was further assessed by live/dead staining. BMSCs were
seeded in 96-well plates and cultured with Zn-alloy extracts for 24 h,
with pure Ti as a negative control. After incubation, cells were
washed with phosphate-buffered saline (PBS) and stained with
Calcein AM (1 puM; Thermo Fisher Scientific, USA) and propidium
iodide (PI; 2 ng-mL-*; Thermo Fisher Scientific, USA) for 15 min at
room temperature. Fluorescence images were acquired using an

inverted fluorescence microscope (Olympus, Tokyo, Japan).

2.6. Osteogenesis-induction tests

BMSCs were seeded in 6-well plates at 6 X 10% cells per well. Upon
reaching ~80% confluence, the medium was replaced with
osteogenic induction medium containing 50% extract and refreshed
every 48 h. Alkaline phosphatase (ALP) staining (day 7) and alizarin
red S (ARS) staining (day 14) were performed to evaluate early
osteogenic diiferentiation and matrix mineralization, respectively.
Staining outcomes were documented using an optical microscope

(Olympus, Tokyo, Japan).

Gene expression was analyzed by quantitative real-time PCR (qPCR).
BMSCs were seeded in 6-well plates at 6 x 104 cells per well and, at
~80% confluence, cultured in osteogenic induction medium
containing 50% extract for 10 days. Total RNA was isolated using
the RNeasy Mini Kit (Qiagen), and RNA concentration and purity
were determined. For each sample, 1 ng of RNA was reverse-
transcribed to cDNA using SuperScript™ III Reverse Transcriptase

(Thermo Fisher Scientific, USA). Reverse transcription was



performed at 65°C for 5 min, 4°C for 1 min, 50°C for 60 min, and
70°C for 15 min. qPCR was conducted using SYBR Premix Ex Taq II
(Takara, Japan) with the following cycling conditions: 95°C for 30 s,
followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. The
expression of osteogenesis-related genes (Runx2, OPN, and COL1)
was normalized to GAPDH, and relative expression levels were
calculated using the 22ACt method. qPCR was performed using a

real-time PCR system (model/manufacturer).

2.7. Antibacterial tests

Antibacterial activity against Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) was evaluated using a spread-plate assay.
Pure Ti served as the control. S. aureus and E. coli were cultured at
37°C for 24 h with shaking (150 rpm) in tryptic soy broth (TSB) and
Luria-Bertani (LB) broth, respectiveiy. The bacteria were then
subcultured on LB agar plates ior 3-5 passages to ensure stable
growth. Bacterial suspensions were adjusted to 5 x 107 CFU-mL?,
and 1 mL was added {o each well containing the specimens. After
incubation, aliquots were serially diluted in PBS (100x), spread on
LB agar plates, and incubated at 37°C for 24 h. Antibacterial rate
(AR) was calculated as: AR = [(Nc - Ns) / Nc] x 100%, where Nc is
the average colony count on pure Ti and Ns is the average colony

count on the tested specimens.

2.8. Statistical analysis

Statistical analyses were performed using one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. Data are
presented as mean * standard deviation (SD). Differences of *p <
0.05, **xp < 0.01, x*x*xp < 0.001, and ****p < 0.0001 were
considered statistically significant and statistically highly significant,

respectively.



3. Results

3.1. Microstructural evolutions

As shown in Figure 1la, the as-cast Zn alloys exhibited
heterogeneous microstructures composed of a primary a-Zn matrix
and dispersed secondary phases. The Zn-1Cu and Zn-2Cu alloys
contained dendritic Cu-rich phases, which were identified as CuZna
based on the Zn-Cu phase diagram 32. The Zn-1Mg alloy showed a
continuous, network-like secondary phase surrounding Zn grains,
whereas Zn-1Cu-1Mg additionally contained CuZns phases.
Consistent with prior reports, Zn-Mg alloys typically exhibit a
lamellar eutectic structure comprising Mg2Zni: and Zn 2630, The
EDS results (Figure 1b and c) confirmed that Cu and Mg were
enriched in the dendritic phases of Zn-2Cu and the network-like
phases of Zn-1Mg, respectively. In Zni-1Cu-1Mg, trace Cu was also
detected within the eutectic regions (Figure 1d). After ECAP, all
alloys displayed characteristic deformation bands aligned with the
extrusion direction (Figure 1e), indicating substantial plastic
deformation, grai refinement, and disruption of coarse
intermetallic phases. Higher-magnification SEM images further
verified grain refinement to the submicron scale. Overall, ECAP-
induced microstructural refinement involved both grain subdivision

and fragmentation/redistribution of secondary phases.
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Figure 1: Microstructures of Zn alloys. (a) SEM images of as-cast
Zn alloys. (b) EDS results of different regions in Zn-2Cu alloy. (c)
EDS results of different regions in Zn-1Mg alloy. (d) EDS results of
different regions in Zn-1Cu-1Mg alloy. (e) SEM images of as-

deformed Zn alloys.

EBSD was employed to quantify grain orientation and size in the
ECAP-processed alloys. The inverse pole figure (IPF) maps (Figure
2a) showed that the microstructures were dominated by dynamically
recrystallized (DRX) grains with diverse orientations. As summarized
in Figure 2b, the average grain size decreased from 1.06 pm in Zn-
1Cu to 0.92 pm in Zn-2Cu, indicating enhanced refinement with
increasing Cu content. Zn-1Mg exhibited an average grain size of

0.92 pm, which was further reduced to 0.58 pm after adding 1 wt.%



Cu (Zn-1Cu-1Mg). The fraction of submicron grains increased
markedly, reaching 87% in Zn-1Cu-1Mg, suggesting that secondary
phases effectively restricted DRX grain growth. The (0001) pole
figures (Figure 2c) revealed pronounced textures; notably, Zn-1Cu
exhibited the strongest basal texture, which is known to affect
deformation mechanisms and anisotropy in HCP metals. The
geometrically necessary dislocation (GND) maps (Figure 2d)

indicated a lower GND density in Zn-1Cu-1Mg, consistent with its

finer grain structure.
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Figure 2: EBSD analysis of as-deformed Zn alloys. (a) IPF



images. (b) Grain size distributions and the fraction of small grains
with sizes smaller than 1 pm. (c) 0001 PF images. (d) GND densities

and the fractions of DRXed grains.

Texture variations directly influence the Schmid factor (SF) and,
consequently, the activation of different slip systems. Figure 3
summarizes SF distributions for the major slip systems in the ECAP-
processed alloys. The average SF for basal (a) slip increased from
0.31in Zn-1Cu to 0.34 in Zn-1Cu-1Mg. In contrast, prismatic (a) slip
exhibited average SF values below 0.30 for all compositions,
suggesting limited activation under the present loading orientation.
The SF trends for pyramidal (a) slip were similar to those for basal
(a) slip, with the lowest average value (~0.30) observed in Zn-1Cu.
Importantly, the broader SF distributions in the Cu- and Mg-
containing alloys imply an increased likelihood of activating multiple
slip systems, which would improve deformation compatibility and
ductility—an advantageous feature for implants subjected to

complex physiological loading.
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Figure 3: Schmid factors (SF) of Zn alloys. (a) Basal <a>

dislocations. (b) Prismatic <a> dislocations. (c) Pyramidal <a>



dislocations.

3. 2 TEM characterization of nanoscale strengthening phases
TEM observations of the ECAP-processed Zn-1Cu-1Mg alloy
revealed a high number density of finely dispersed particles (Figure
4a). These particles were distributed throughout the matrix and
exhibited a characteristic size on the order of ~100 nm (Figure 4b).
Selected-area electron diffraction (SAED) patterns (Figure 4c)
identified the nanoparticles as CuZns. In addition, numerous
dynamically recrystallized (DRX) grains and equiaxed Mgz2Zni
particles were observed (Figure 4d), consistent with fragmentation
of the as-cast eutectic constituents during severe plastic deformation.
Notably, abundant nanoscale precipitates were also present within
Mg2Zn11 (Figure 4e). Diffraction rings in the corresponding SAED
pattern (Figure 4f) were indexed to MgZnz, in agreement with
previous reports 26, The nanoscale size and high dispersion density
of these secondary phases provide a microstructural basis for the

enhanced mechanica!l performance of Zn-1Cu-1Mg alloy.
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3.3. Mechanical and corrosion behaviors

To evaluate the mechanical performance of the ECAP-processed
alloys, Vickers microhardness and uniaxial tensile tests were
conducted. As shown in Figure 5a, Zn-1Cu exhibited a hardness of
71 = 10 HV, which increased slightly to 77 £ 11 HV for Zn-2Cu. Zn-
1Mg showed a substantially higher hardness (112 + 14 HV) than the
Zn-Cu alloys, indicating a stronger strengthening contribution from
Mg. With the combined addition of Cu and Mg, hardness further
increased to 129 = 9 HV in Zn-1Cu-1Mg. This trend was consistent
with the tensile results. The engineering stress-strain curves

(Figure 5b) showed ultimate tensile strengths (UTS) of 232 MPa and



342 MPa for Zn-1Cu and Zn-1Mg, with corresponding elongations
of 41.3% and 20.4%, respectively. These results indicate that Mg
provides more pronounced strengthening than Cu, but at the
expense of ductility. Importantly, introducing 1 wt.% Cu into Zn-
1Mg increased the UTS to 424 MPa while improving elongation to
28.6%. Thus, Zn-1Cu-1Mg achieved a favorable strength-ductility
balance, supporting its potential for load-bearing orthopedic fixation.
Fractography (Figure 5c) indicated predominantly ductile failure
across all compositions, characterized by fine and relatively uniform
dimples. The improved ductility of Zn-1Cu-1Mg is plausibly
associated with ultrafine grains and dispersed nanoscale
precipitates, which promote more homogeneous load transfer and

strain accommodation.
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Figure 5: Mechanical and corrosion behaviors of as-deformed
Zn alloys. (a) Microhardness. (b) Tensile curves. (c) Fracture

morphologies. (d) PDP curves. (e) Corrosion rates.

Figure 5d presents the potentiodynamic polarization (PDP) curves
of the as-deformed Zn alloys. The corrosion potential (Ecor) and
corrosion current density (i.orr), determined using conventional Tafel
extrapolation from the quasi-linear regions of the anodic and
cathodic branches near E.,, are summarized in Table. 2. The Zn-
1Cu and Zn-2Cu alloys exhibited more positive Ecor at -1.23 = 0.04
and -1.22 + 0.08 Vscg. The oy 0f Zn-1Cu and Zn-2Cu alloys were
6.19 = 0.82 and 4.72 * 0.96 pA/cm?. After alloying with Mg element,
Ecorr shifted negatively, while i.or progressively increased. For the
Zn-1Mg alloy, its Ecorr was -1.29 = 0.06 Vscr and o was 15.61 =
1.07 pA/cm?2. Addition of 1 wt.%Cu in Zn-1Mg alloys slightly shifted
Ecorr positively from -1.29 * 0.06 Vgcg to -1.28 = 0.03 Vgce and
reduced I.or from 15.61 = 1.07 pA/cm? to 14.65 = 0.94 pA/cm?.
These results suggest that Mg promotes corrosion of Zn alloys. The
addition of Cu to Zn-1Mg shows a slight reduction trend in icorr;
however, given the overlapping standard deviations, this difference
cannot be conclusively regarded as statistically significant.
Therefore, the effect of Cu should be interpreted as moderating

corrosion behavior rather than definitively suppressing it.

Table. 2: Corrosion parameters obtained from PDP curves.

Samples Ecorr (VscE) Igorr (A/cm?)
Zn-1Cu -(1.23 = 0.04) 6.19 = 0.82
Zn-2Cu -(1.22 £ 0.08) 4.72 = 0.96
Zn-1Mg -(1.29 = 0.06) 15.61 = 1.07

Zn-1Cu-1Mg -(1.28 = 0.03) 14.65 £ 0.94




Immersion testing in Hank’s solution further supported the
electrochemical trends. As shown in Figure 5e, the corrosion rate
of Zn-1Cu was 0.163 = 0.008 mm-year-! and decreased to 0.152 *
0.006 mm-year! for Zn-2Cu. Zn-1Mg exhibited the highest
corrosion rate (0.182 = 0.005 mm-year-1!), which decreased to 0.167
+ 0.005 mm-year-! after adding 1 wt.% Cu. Overall, Cu-containing
alloys corroded more slowly than Mg-only alloys, consistent with

improved corrosion resistance imparted by Cu.

After 30 days of immersion, SEM images revealed continuous
corrosion product layers on all alloys (Figure 6a). Particle-like
corrosion products were distributed across the surfaces with similar
areal densities among the groups. EDS mapping of the corrosion
layers (Figure 6b) showed enrichment of O, Cl, Ca, and P in micron-
scale particles, whereas submicron particles were primarily
enriched in C and O. After removing corrosion products, the
underlying surfaces exhibited localized corrosion features (Figure
6¢), including micrometer-scale pits. Notably, Cu-containing alloys
displayed a reduced pit density compared with Mg-only alloys,
indicating more controlled localized corrosion. Such moderated
degradation is desirable for biodegradable implants, as it can help
maintain mechanical integrity during early healing while allowing
gradual resorption as infection resolves and bone regeneration

proceeds.
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Figure 6: Surface morphologies of Zn alloys after immersion
for 30 days. (a) SEM images before removing corrosion products.
(b) Corrosion products and the corresponding EDS mappings. (c)

SEM images after removing corrosion products.

3.4. Cytocompatibility with BMSCs

To evaluate biocompatibility, bone mesenchymal stem cells (BMSCs)
were cultured in alloy extracts, with bioinert titanium (Ti) serving as
a negative control. Figure 7a shows BMSC viability after 3 days of
exposure to extracts at different concentrations. In undiluted (100%)
extracts, all Zn-alloy groups initially exhibited lower metabolic
activity than the Ti control. Notably, Zn-1Mg and Zn-1Cu-1Mg
supported higher cell activity than the Zn-Cu alloys, which may be
associated with reduced Zn?* exposure and increased Mg?+
availability in the Mg-containing extracts. After 5 days of culture

(Figure 7b), the Zn-Cu groups still showed comparatively lower



viability in both undiluted and diluted conditions. In contrast, the
one-fold diluted (50%) extracts of Mg-containing alloys maintained
high viability (>90%), and all alloys exhibited good cytocompatibility
at the two-fold dilution (25%). Live/dead staining (Figure 7c) further
demonstrated minimal cytotoxicity for Zn-1Mg and Zn-1Cu-1Mg

extracts, indicating favorable biosafety for BMSC culture.

Ion concentrations in the undiluted extracts are summarized in
Figure 7d. Zn-1Cu exhibited the highest Zn?* concentration, while
Zn-2Cu showed the highest Cu?* level, which likely contributed to
reduced cell viability. Alloying with Mg decreased Zn?*
concentration. Consistently, at 50% dilution, the reduction in Zn?*
was accompanied by improved BMSC viabilitv relative to the
undiluted condition. In some groups, viability exceeded 100%,
further supporting the cytocompatibility of the extracts under

appropriate dilution.



Hedosks

(a) ook

150 150 150
Hkkok O -ri
. ‘é’ 100 ‘é’ 100 s T % ;f’ 100 |5 1r
E- = . 3
o 8 = - =z
= - -
= 50 S 50+ < 50+ © Zn-1Cu
& = 53
@] v [
0 0 0
HeH ok
(b) O Zn-2Cu
150+ 1504 150
o g 9 e O Zn-1Mg
@ E: 1004 }° o 100 o004 PR
- = = 1
= = = =
= =2 = =
v 3 | =
& £~ B
3 507 = 501 = 50+ O Zn-1Cu-1Mg
CF) "
] &) ]
0- 0- 0-
100% concentration 50% concentration 25% congentration
Zn-1Cu Zn-2Cu Zn-1Mg Zn-1Cu-1Mg

@

15

sk

concentration
— o
th =
1 1
—
[ 123
= =
S
=
1

Mg“ concentration
ygm)
”
Cu®’ concentration
(ng/L)
th
1

’ (mg/L)

T 5

li

I
I

1
=

Figure 7: In vitro cytocompatibility of Zn alloys. (a) Cell
viabilities to BMSCs after culturing for 3 days. From left to right, the
concentrations of the extracts are 100%, 50%, and 25%. (b) Cell
viabilities to BMSCs after culturing for 5 days. From left to right, the
concentrations of the extracts are 100%, 50%, and 25%. (c)
Live/dead images after culturing for 3 days. (Green = Live, Red =
Dead). (d) Ionic concentrations in undiluted Zn alloy extracts. *p <

0.05, *p < 0.01, ***p < 0.0001.



3.5. Osteogenic activity

Early osteogenic potential was assessed using alkaline phosphatase
(ALP) staining (days 7 and 14) and Alizarin Red S (ARS) staining
(days 14 and 21) in BMSCs cultured in 50% alloy extracts. As shown
in Figure 8a and b, ALP activity and ARS staining intensity were
higher in the Zn-alloy groups than in the Ti control, indicating
enhanced osteogenic differentiation and matrix mineralization. This
response is attributed to the release of bioactive metal ions during
degradation, which are known to regulate osteogenic signaling and
mineral deposition. Among the tested compositions, Zn-1Mg and Zn-
1Cu-1Mg induced more pronounced osteogenic responses than the
Zn-Cu alloys, suggesting that elevated Mg?* levels together with
moderated Zn?* concentrations create a more favorable

osteoinductive microenvironment.

Gene expression analysis (Figure 8e) further supported these
observations. Osteogenesis-related markers—including ALP,
collagen I (COL1), Runx2, and osteopontin (OPN)—were upregulated
in the Zn-alloy groups compared with the control, showing trends
consistent with the staining results. Collectively, these findings
indicate that the Zn-based alloys, particularly the Mg-containing
compositions, promote osteogenic activity in BMSCs and are

promising candidates for orthopedic applications.
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3.6. Antibacterial performance

The antibacterial activity of the alloys against E. coli and S. aureus
is summarized in Figure 9. Numerous bacterial colonies were
observed on Ti for both strains, confirming the lack of intrinsic
antibacterial activity for bioinert Ti. In contrast, all Zn-based alloys
reduced colony counts for both E. coli and S. aureus, indicating
measurable antibacterial efficacy. At earlier time points, Zn-2Cu
showed a lower S. aureus colony density than Zn-1Mg (Figure 9c),
consistent with the antibacterial contribution of Cu. With prolonged
incubation, the antibacterial effects among the Zn alloys became
more comparable (Figure 9d), suggesting that sustained ion release
and/or corrosion-associated microenvironmental changes

contributed to antibacterial activity across compositions.
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Figure 9: In vitro antibacterial capabilities of Zn alloys.
Representative CFU images of bacteria growth after co-culturing for
(a) 1 day, (b) 3 days. (c) CFU numbers of bacteria after co-culturing
for (a) 1 day, (b) 3 days. ****p < 0.0001.

4. Discussions

This study shows that Zn-based alloys containing Cu and Mg can

integrate antibacterial function, osteogenic stimulation, regulated



degradability, and improved mechanical performance, indicating
strong promise as multifunctional biodegradable metals for
osteomyelitis treatment. Systematic evaluations of microstructure,
corrosion behavior, mechanical response, cytocompatibility, and
antibacterial efficacy further clarify how alloy composition together
with processing conditions jointly determines the performance of
Zn-Cu-Mg systems. The discussion therefore focuses on (i)
microstructure-driven strengthening and enhanced ductility, (ii)
corrosion processes and the associated degradation rates, and (iii)
how ion release mediates the balance between osteogenesis and
antibacterial activity.

4.1. Improving mechanical properties by microstructural
evolutions in Zn alloys

Micron-scale grain refinement often enables concurrent increases in
strength and ductility in metals 33.34, Here, the Zn grain size is
reduced to 0.58 pm after Cu and Mg alloying. Prior work indicates
that Zn-Cu alloys can achieve high elongation through multiple
deformation modes 2°35, whereas ECAP-processed Zn-Mg alloys
typically exhibit high strength but limited elongation due to brittle
eutectic structures 36.37 38, In line with this trend, the elongation of
the Zn-1Cu-1Mg alloy is 140% higher than that of the Zn-1Mg alloy.
As grain size decreases to the submicron scale, deformation behavior
may shift toward enhanced grain-boundary-mediated
accommodation mechanisms. 3940 Although classical grain-
boundary sliding (GBS) is typically dominant at elevated
temperatures or low strain rates, ultrafine grains at room
temperature can facilitate cooperative grain-boundary activity and
improved strain compatibility. In the present study, tensile testing

was conducted at 1 x 1073 s7!, and strain-rate sensitivity was not



evaluated; therefore, we do not assert GBS as the dominant
mechanism. Instead, the improved ductility is attributed to combined
effects of grain refinement, texture weakening, and enhanced
activation of multiple slip systems. Similar behavior has been
reported in other Zn alloys: Jarzebska et al. showed that refining Zn-
1Mg to 0.7 pym produced an elongation of 35% 4!, and Bednarczyk et
al. reported that refining Zn-0.5Cu to 1.32 pm enabled exceptionally
high elongation under specific testing conditions 42. It should be
noted that elongation values are highly sensitive to strain rate and
testing parameters. Since the present tensile tests were conducted
at a fixed strain rate of 1 x 1073 s, direct numerical comparison
with literature values obtained under different strain rates is not
strictly valid. Therefore, the comparison here is intended to highlight
general deformation trends associated with grain refinement rather

than to equate absolute elongation values.

Secondary-phase particles influence recrystallization behavior in a
size-dependent manner. Classical particle-stimulated nucleation
(PSN) generally requires particles larger than ~1 pm to generate
sufficient local lattice curvature 43. In the present Zn-1Cu-1Mg alloy,
ECAP processing fragmented the original eutectic structures into
submicron to micron-scale particles, which may introduce local
strain heterogeneity and facilitate recrystallization initiation in their
vicinity. In contrast, the nanoscale (~100 nm) CuZns and MgZn:
precipitates observed by TEM primarily exert Zener pinning
pressure, restricting grain boundary migration and stabilizing the
refined grain structure rather than directly stimulating nucleation.
A comparable effect has been observed in Zn-0.2Mg, where
Mg2Znl11 particles facilitate recrystallization during tensile

deformation 44 As shown in Figure 2b, the Zn-1Cu-1Mg alloy



exhibits the highest fraction of submicron grains. With increasing
particle dispersion, the microstructural evolution is governed by two
competing mechanisms. Fragmented eutectic particles may
contribute to localized strain gradients that assist recrystallization
initiation, whereas nanoscale precipitates inhibit grain boundary
migration through Zener pinning. The observed high fraction of
dynamically recrystallized grains in Zn-1Cu-1Mg is therefore more
reasonably attributed to severe plastic deformation-induced
continuous dynamic recrystallization, with particle effects primarily
stabilizing the ultrafine grain structure rather than directly driving
nucleation. When recrystallization-induced softening outweighs
work hardening from dislocation accumulation, alloy strength
decreases while plasticity increases. Consistently, GND density
maps show that GND density declines as grain size is reduced,
reaching the lowest level in the Zn-1Cu-1Mg alloy. This decrease in
dislocation density is aftributed to continuous dynamic
recrystallization. Overall, the coexistence of fragmented submicron
particles and nanoscale precipitates results in a dual effect: localized
strain accommodation that may assist recrystallization onset, and
strong Zener pinning that suppresses excessive grain growth. This
synergistic interaction explains the high fraction of ultrafine
dynamically recrystallized grains without invoking classical PSN by

nanoscale particles.

Texture modification is an effective strategy for improving room-
temperature ductility and formability in hexagonal close-packed
(HCP) metals 45. In Zn (c/a = 1.85), twinning behavior differs from
that of Mg due to its higher axial ratio. Under tensile loading along
the RD, grains with the c-axis parallel to RD experience c-axis

tension, which does not favor compression-type twinning 46.



Therefore, the observed (0001) pole distribution near the RD is more
reasonably interpreted in terms of basal slip activation and possible
orientation rotation during severe plastic deformation, rather than
dominant compressive twinning. Texture evolution subsequently

alters the Schmid factor (SF) for basal slip. The SF distributions for

basal <a> slip {0001<1120> in the two alloys are shown in Figure

3. The Zn-1Cu alloy contains a higher proportion of grains with low
SF values than the Zn-1Cu-1Mg alloy, suggesting that basal slip is
more readily activated in the latter. Zn-1Mg and Zn-1Cu-1Mg alloys
show similar SF values for basal, prismatic, and pyramidal <a> slip
systems; therefore, the elongation difference between these two
alloys may primarily arise from fragmentation of the eutectic
structures. In addition, texture weakening also contributes to the
improved elongation 47. The Zn-1Cu-1Mg alloy presents a relatively
weak (0001) basal texture, with a maximum intensity of 5.23 mrd,
which is lower than that of thie Zn-1Mg alloy. For hexagonal Zn, the
primary extension twinning mode is {1012} <1011>, whereas {1120}
corresponds to compression twinning. Given the applied tensile
loading along RD in this study, grains with c-axis parallel to RD
would experience tensile stress along the c-axis, suppressing
compression twinning. Therefore, twinning activity at room
temperature is likely limited compared with basal slip, and the
texture evolution observed after ECAP and tensile deformation is
mainly governed by slip-dominated plasticity and dynamic
recrystallization. Beyond strength, adequate ductility is critical for
formability and intraoperative handling of orthopedic implants,
allowing shaping/bending without cracking and improving damage
tolerance under complex loading during healing. The presence of

dispersed nanoscale precipitates contributes to improved ductility



not by classical precipitation strengthening alone, but by promoting
microstructural homogenization. After ECAP processing, coarse
eutectic phases were fragmented into fine and uniformly distributed
particles, which reduced stress concentration and suppressed crack
initiation sites. Such refined precipitate dispersion facilitates more
uniform plastic deformation and delays localized strain accumulation,

thereby improving tensile elongation.

4.2. Appropriate corrosion rates for biodegradable implants

Earlier work has described the in vitro corrosion behavior of Zn
alloys containing Mg and Cu 4849, A frequently used medium is
simulated body fluid (SBF), whose ionic composition is similar to that
of Hank’s solution. During immersion, Zn dissolves through the

anodic reaction °9:
Zn-7Zn2t + 2e°

while hydroxide ions form via the cathodic oxygen reduction:
O, + H,O0 + 2e=40H"

The resulting OH~- combines with Zn?* to generate Zn(OH)2, which

can further transform into the more stable ZnO by reaction:
Zn(OH)z_)ZﬂO + Hzo

Chloride ions in the solution can destabilize the Zn(OH)2 layer,
facilitating dissolution and releasing Zn2+, thereby accelerating Zn-
alloy corrosion. At the early immersion stage, the main corrosion
products are ZnO and Zn(OH)2, consistent with the high O signal
observed in EDS maps. As shown in Figure 6b, micrometer-scale
corrosion particles exhibit high levels of Cl, Ca, and P, in addition to
O. Under the local electric field, Cl1- migrates toward anodic areas

and reacts with Zn?*, OH-, and Zn(OH)2 to likely form



Zns(OH)sCl2-H20 through the reactions °1:
5Zn?* + 80H + 2CI" + H,0-Zn5(0OH)gCl>*H,0
And
5Zn(0OH), + 2CI" + H,0 -»Zn5(0OH)gCl,'H,0 + 20H"

The enrichment of Cl is therefore indicative of Zns(OH)sCl2-H20

formation. Beyond Cl-, Hank’s solution also contains PO; HPOZ",

HCO3, and Ca?*, which collectively resemble inorganic components
of physiological fluids. Accordingly, the elevated P and Ca signals
are attributed to phosphate deposition, including Zn3(PO4)2-4H>0 by

the reaction:
3Zn2* + 2HPOZ + 20H" + 2H,0-Zn5(P0,), 4H,0
and Caz(POgy), by the reaction:
3Ca’* + 2P03 ~Cas3(P0,),

For submicron corrosion products, a strong C signal is detected,

which is associated with Zns(CO3)2(OH)s produced by

5Zn2* + 2HCO3 + OH = Zn5(C0Os)2(OH)g + 2H,0

Importantly, the presence of HPOZ and HCO3 likely promotes the

deposition of Ca3(PO4); and CaCO3, which can partially impede Cl-

attack and thereby slow the corrosion of Zn alloys.

Electrochemical tests together with immersion results show that Zn-
Cu alloys possess better corrosion resistance than Zn-Mg-based
alloys. The higher corrosion rate in the Mg-containing alloys is
associated with microstructural changes, particularly the

appearance of Mg-containing phases and grain refinement.



Literature reports that increasing Mg content in Zn-Mg alloys raises
the corrosion rate 5253, implying that Mg addition promotes Mg2Zni1
formation and thus accelerates corrosion. In addition, the

relationship between average grain size (d) and corrosion current

density can be expressed as: icorr = A + Bd"%> 54, Where A and B are

constants, d is the average grain size. When i, is below 10 pA/cm?,
smaller grains may facilitate the development of a compact oxide
film that improves corrosion resistance. In this study, icorr is 6.19 =
0.82 pA/cm? for the Zn-1Cu alloy and 4.72 + 0.96 pA/cm? for the Zn-
2Cu alloy, whereas Zn-1Mg and Zn-1Cu-1Mg show higher values of
15.61 £ 1.07 pA/cm? and 14.65 = 0.94 pA/cm?, respectively. These
lower i values for the Zn-Cu alloys support the formation of a
dense oxide film during corrosion. Although grain refinement can
promote more uniform surface film formation in certain alloy
systems, the present results indicate that grain size is not the
dominant factor controlling corrosion in Zn-Cu-Mg alloys. Notably,
the Zn-1Cu-1Mg alloy exhibits the finest grain size yet shows higher
corrosion rates than the Zn-Cu binary alloys. This suggests that the
electrochemical activity and distribution of secondary phases play a
more critical role in determining corrosion behavior than grain
refinement alone. The incorporation of Mg introduces Mgz2Zni1
intermetallic phases, which create micro-galvanic coupling with the
Zn matrix. These galvanic interactions accelerate anodic dissolution
and override the potential passivation benefit associated with
refined grains. Therefore, phase composition—particularly the
presence of Mg-containing phases—constitutes the primary

determinant of corrosion kinetics in this system.

Although Cu is electrochemically nobler than Zn and Cu-rich phases

may act as local cathodes, the overall corrosion behavior of Zn-Cu



alloys results from competing micro-galvanic and passivation effects.
In the present ECAP-processed alloys, CuZna precipitates are refined
and homogeneously dispersed, which reduces severe cathode-anode
area mismatch and mitigates localized corrosion intensity.
Meanwhile, surface analysis indicates the formation of corrosion
products enriched in Zn, O, Ca, and P, suggesting the development
of compact and chemically stable layers under physiological
conditions. The combined effects of refined microstructure and
stabilized corrosion products contribute to the relatively improved
corrosion resistance of Zn-Cu alloys compared with Mg-containing
alloys. Importantly, introducing Cu into the Zn-1Mg alloy moderates
the corrosion behavior. While Mg addition increases the corrosion
rate due to the formation of Mg-containing intermetallic phases that
may act as micro-galvanic couples, the incorporation of Cu appears
to promote the formation of a more compact and stable corrosion
layer. As evidenced by EDS mapping (Figure 6b), the corrosion
products in Zn-1Cu-1Mg are enriched in Zn, O, Ca, P, and CI,
suggesting the formation of protective phosphate- and carbonate-
containing compounds. These deposits can partially hinder
aggressive Cl- attack and reduce pit propagation. Therefore, Cu
addition does not simply enhance antibacterial performance, but
also contributes to a more controlled degradation profile in Zn-Mg
alloys, balancing mechanical integrity  retention and

biodegradability-an essential requirement for osteomyelitis implants.

4.3. Osteogenesis and antibacterial properties of Zn alloys

Antibacterial rates against S. aureus and E. coli were quantified and
are summarized in Table. 3. All Zn alloys show antibacterial rates
above 80% after 1 and 3 days of co-culture, indicating strong

antimicrobial activity that is mainly associated with the broad-



spectrum effect of released Zn?* ions °%°6, Zn2* can stimulate
reactive oxygen species (ROS) generation, damage bacterial
structures, interfere with intracellular metabolism and DNA
replication, and thereby suppress bacterial growth and proliferation
57, In addition, positively charged Zn?+ can adsorb onto bacterial
membranes and compromise membrane integrity, leading to
bacterial inactivation 8. Overall, the antibacterial performance of Zn
alloys generally increases with higher Zn?+ release 5°. A previous
report found that the antibacterial rate against S. aureus reached
~80.6% when Zn?+* concentration was ~12.2 mg/L 69, In the present
work, undiluted extracts from the two Zn-Cu alloys contain 15.5 +
0.3 mg/L and 14.7 = 0.4 mg/L Zn?*, both exceeding 12.2 mg/L,
whereas Zn-1Mg releases 10.3 *+ 0.3 mg/L Zn2*. Consistent with
these concentrations, the two Zn-Cu alloys exhibit stronger

antibacterial effects than Zn-1Mg

Table. 3: Antibacterial rates of Zn alloys

Antibacterial rates

Samples Culturing for 1 day Culturing for 3 days
S. aureus E. coli S. aureus E. coli
87.8 = 99.2 + 92.7 + 99.7 =

Zn-1Cu
1.6% 0.2% 0.7% 0.2%
92.9 + 99.6 = 96.8 + 99.8 +

Zn-2Cu
0.7% 0.1% 0.5% 0.1%
82.8 = 97.7 = 89.1 + 99.5 +

Zn-1Mg
2.3% 0.6% 0.1% 0.2%
Zn-1Cu- 88.7 = 994 + 92.4 + 99.7 =

1Mg 0.5% 0.1% 1.2% 0.1%




Beyond Zn?*, Cu?* also contributes to antibacterial action by binding
to and inactivating proteins, altering membrane structure and
permeability, promoting oxidative damage within microorganisms,
and disrupting protein structures 6!. Accordingly, introducing Cu
markedly enhances the antibacterial performance of the Zn-1Mg
alloy. Moreover, the released Zn?* from these Zn alloys shows strong
inhibition of E. coli, with antibacterial rates reaching 99% as co-
culture time is extended. The extent of improvement against E. coli
is comparable to that against S. aureus, which may relate to

differential ion tolerance among bacterial species.

As shown in Figure 7, despite the pronounced antibacterial activity
of the Zn-Cu alloys, BMSC viability in 100% extracts is below 50%.
This outcome reflects the dose dependence of BMSCs on Zn?* and
Cu2* 62 : when ion concentrations rise beyond a tolerable range,
BMSC proliferation is inhibited, leading to reduced viability 16.
Because ion levels in undiluted extracts exceed the cytocompatible
threshold, diluted extracts are typically adopted to evaluate the
cytotoxicity of biodegradable metals 63. Notably, no cytotoxicity is
detected when Zn-1Cu-1Mg extracts are diluted to 50%, suggesting
that Mg?* improves BMSC tolerance to Zn?* and Cu?*, effectively
increasing the optimal concentration window. ALP and ARS assays
further demonstrate superior osteogenic performance of Zn-1Cu-
1Mg toward BMSCs, which is attributed to the co-release of Zn?+ and
Mg?+ 6465 Consistently, PCR results show upregulated expression of
osteogenic markers (OPN, COL-I, ALP, and RUNX-2), in agreement
with prior studies 2266, Mechanistically, Zn2+ in diluted extracts can
activate the PI3K-AKT pathway and thereby promote osteogenic
differentiation of BMSCs 67. Zn has also been reported to enhance

osteogenesis by activating RUNX-2 via the cAMP-PKA-CREB



signaling axis 8. In parallel, Mg?*+ plays an important regulatory role
in bone metabolism and regeneration; previous studies reported that
Mg?*+ promotes BMSC osteogenic differentiation by increasing ALP
activity and elevating OPN and OCN levels 7. Taken together, the
combined effects of Zn?* and Mg?* underpin the enhanced
osteogenic properties of the Zn-1Cu-1Mg alloy. The correlation
between cytocompatibility and osteogenic differentiation suggests
the existence of an optimal ionic microenvironment. Excessive Zn?*
and Cu?* concentrations may suppress proliferation, thereby limiting
the number of cells available for differentiation. In contrast,
moderated Zn2* release combined with Mg?* supplementation
appears to simultaneously sustain viability and promote osteogenic
signaling pathways. This dual effect likely underlies the superior
performance of Zn-1Cu-1Mg alloy. Therefore, the biological
response is not solely concentration-dependent but reflects a
balanced ion-mediated regulation of proliferation and differentiation
processes. It should be noted that antibacterial assays were
performed under direct-contact conditions, which allow localized ion
accumulation at the implant-bacteria interface. In contrast,
osteogenic differentiation was evaluated using diluted extracts to
ensure cytocompatibility. These models simulate distinct biological
environments—early infection control versus host tissue integration.
Therefore, the dual-functionality described here reflects a design
strategy to optimize the trade-off between antimicrobial efficacy and
osteogenic support, rather than identical performance under

identical dilution conditions.

5. Conclusions

This work indicates that the Zn-Cu, Zn-Mg and Zn-1Cu-1Mg alloys



integrates mechanical robustness, regulated biodegradation,
favorable cytocompatibility, enhanced osteogenic potential, and
inherent antibacterial performance. Microstructural analyses
identified ultrafine grains together with nanoscale precipitates. The
refined microstructures underpin the improved mechanical strength
by grain boundary strengthening and secondary phase
strengthening. Moreover, addition of Cu in Zn-1Mg alloys promotes
the fragmentation of eutectic structures and weakens texture
intensity, resulting in the improvement of elongation. Zn-1Mg alloy
alloying with Cu reduces the corrosion rates, which is associated
with the formation of compact corrosion layers enriched in Zn, O, C,
Ca, P, and Cl. The Zn-1-Cu-1Mg alloy maintain BMSCs’ viability and
markedly promoted osteogenic differentiation, while effectively
suppressing S. aureus and E. coli. Overall, these results suggest that
Zn-based alloys may help address infection, a key constraint in

current osteomyelitis management.
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