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Abstract: Zn-based materials have attracted increasing attention in the biodegradable materials field
due to their unique combination of suitable biodegradability and good biological functionalities.
However, the currently existing Zn alloys exhibited poor mechanical reliability and insufficient
anti-bacterial activity. In this study, the microstructure, mechanical properties, corrosion behavior and
antibacterial properties of Zn-1Cu-0.5Ag and Zn-1Cu-1Ag alloys were investigated. The average grain
size of the alloys decreased from 1.91 µm in the Zn-1Cu-0.5Ag alloy to 1.64 µm in the Zn-1Cu-1Ag
alloy with the increasing Ag concentration. Due to the grain refinement effect, Zn-1Cu-1Ag exhibited
higher ductility (elongation of 36.0%) compared with its Zn-1Cu-0.5Ag counterparts (elongation
of 26.3%). In the meantime, the Zn-1Cu-1Ag alloy possessed the ultimate tensile strength (UTS)
of 292.04 MPa, the yield strength (YS) of 269.49 MPa, and the Vickers hardness value of 96.9. The
anti-bacterial properties of the material were evaluated by the inhibition zone test. The addition of Cu
and Ag endowed strong anti-bacterial activity to staphylococcus aureus (S. aureus) and escherichia
coli (E. coli) with the zinc matrix. The Zn-1Cu-1Ag alloy exhibited improved mechanical properties, a
moderate degradation rate of 0.0484 mm/y, acceptable cytocompatibility, and efficient anti-bacterial
properties which should be useful for orthopedic applications.

Keywords: zinc-based alloys; corrosion behavior; mechanical properties; cytocompatibility; anti-
bacterial properties

1. Introduction

With the development of society, the demand for orthopedic implant materials has
gradually increased due to the increase in bone injuries, bone defects, etc., caused by the
aging of the population, diseases, and accidents [1–3]. In recent years, biodegradable
metallic materials have become a new research hot spot in the orthopedic materials field.
The biodegradable metallic materials are mainly divided into three categories: Mg-based,
Fe-based [4,5], and Zn-based materials. The essential features of biodegradable metallic
biomaterials are the suitable biodegradation period in the human body and the biosafety
of the degradation products. Mg-based materials exhibited an excessive degradation rate,
while the corrosion products of the Fe-based materials were hardly metabolized and could
possibly induce severe side effects on the human body [6,7].

On the other hand, Zn-based biodegradable materials possessed a moderate degra-
dation rate, and the corrosion products were non-toxic and soluble in the human body
environment. More importantly, Zn is an essential trace element in the human body [8]
closely related to the development, wound healing, reproductive genetics, immune re-
sponse, and endocrine functions of the body. Zn can stimulate bone formation and mineral-
ization by promoting osteoblast proliferation and inhibiting osteoclast production. Hence,
biodegradable Zn-based materials show great potential as orthopedic implants with high
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osteogenic capability. Furthermore, Zn ions exhibited anti-bacterial activity, indicating that
the controllable release of Zn ions from the Zn-based materials could result in anti-bacterial
activity against post-operation inflammation and infection [9,10].

However, there are some limitations of pure zinc for orthopedic applications. Pure Zn
has low YS (~29.3 MPa) and elongation (~1.2%) due to its hexagonal close-packed crystal
structure [11]. The degradation period was higher than two years, which is much longer
than the bone healing period. Moreover, the degradation rate of pure zinc was too slow
to release the sufficient Zn ion to endow the anti-bacterial activity with the Zn matrix.
Alloying is a simple and effective means to improve the mechanical properties and adjust
the degradation rate of the Zn-based material. Cu and Ag, as alloying elements, have a large
solid solubility in the Zn matrix and form a fine second phase with Zn, which induce the
second phase strengthening in the alloy and enhance the mechanical properties of the Zn
matrix [10,12]. Further, the formation of second-phase particles after the addition of Cu and
Ag will accelerate the corrosion of the alloy, thus increasing the corrosion rate of the alloy
to match the healing cycle of human bone. More significantly, the addition of Cu and Ag as
alloying elements could endow the metallic matrix with substantial broad-spectrum anti-
bacterial ability. Tang et al. [10] demonstrated that the Zn-4Cu alloy exhibited improved
mechanical performance and anti-bacterial activity. Sikora-Jasinska et al. [13] found that
silver addition improved the mechanical and antimicrobial properties of zinc alloys. At
the same time, platelet adhesion and hemolysis experiments showed that zinc-silver alloys
had good biological properties. However, the synergistic effect of Cu and Ag addition
on the microstructure, mechanical performance, degradation behavior, and anti-bacterial
capability was still obscure and needs to be verified.

In this study, in order to enhance the mechanical properties of the Zn matrix and
endow the Zn-based materials with anti-bacterial properties, the Zn-1Cu-0.5Ag and Zn-
1Cu-1Ag alloys were developed via gravity cast and hot extrusion process. Microstructure,
mechanical properties, corrosion behavior in simulated body fluid (SBF), in vitro cytotox-
icity, and the anti-bacterial properties to S. aureus and E. coli of the Zn-1Cu-0.5Ag and
Zn-1Cu-1Ag alloys were systemically investigated.

2. Materials and Methods
2.1. Preparation of the Zn-1Cu-0.5Ag and Zn-1Cu-1Ag Alloys

The raw materials used in this study are commercial pure zinc (purity, 99.995%), pure
copper particles (purity, 99.99%), and pure silver particles (99.99%). A self-modified furnace
with high-speed agitation and ultrasonication accessories was employed to fabricate the Zn-
1Cu-0.5Ag and Zn-1Cu-1Ag alloys under a protective atmosphere of SF6 and N2 mixture,
and the alloy composition was determined by the weight percentage. The alloy was cast in
a cylindrical mold with a diameter of 60 mm. Before the hot extrusion process, the prepared
materials were subjected to a homogenization heat treatment at 633 K for 8 h. Thereafter,
the as-cast billets were hot-extruded at 473 K with an extrusion speed of 2 mm/s and an
extrusion ratio of 56.25:1. Finally, as-extruded Zn-1Cu-0.5Ag and Zn-1Cu-1Ag bars with a
diameter of 8 mm were obtained for characterization.

2.2. Microstructure Observation

The microstructure of the experimental specimens was investigated by the field emis-
sion scanning electron microscope (FE-SEM, Quanta FEG 250,) with a high-resolution
detector for the X-ray energy spectrum (EDS). The accelerating voltage of 10 kV, the spot
size of 0.3 and working distance of 10 mm were employed for the SEM investigation. The
Samples for SEM investigation were prepared by twin-jet electropolishing after a general
metallurgical polishing method. The electrolyte is composed of 55% methanol, 37% iso-
propanol alcohol and 8% perchloric acid. Electropolishing temperature was −30 ◦C and
the applied voltage was 25 V.
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2.3. Mechanical Test

A Vicker hardness meter (HMV-2, Shimadzu, Kyoto, Japan) was employed for the
evaluation of Vickers hardness. The loading time was 20 s and the applied load was
490.3 mN. At least 11 locations per sample were tested and the Vicker hardness value were
averaged. Tensile tests were performed according to the ASTM E8 standard. As shown
in Figure 1, the sample with the gauge length of 25 mm was processed for the tensile test,
and the test orientation was parallel to the extrusion direction. A universal testing machine
(DDL020-50, Sinotest equipment Co., Ltd., Changchun, China) were used for the tensile
test with a crosshead speed of 1.5 mm/min, and at least three replicates were measured
for each composition. The yield strength of the material was determined pursuant to the
ASTM E8 2021a standard. The fracture morphology was analyzed by FE-SEM.
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Figure 1. The Schematic diagram of tensile specimen.

2.4. Degradation Behavior

In vitro immersion experiments were performed according to the ASTM-G31-72 [14].
Samples were sequentially polished to 5000 #, sonicated and dried, weighed by an elec-
tronic balance as M1 and placed in a 50 mL centrifuge tube. The experimental specimens
were immersed in SBF solution at 310 K with an exposed area of 1.759 cm2. The specific
composition of SBF solution is shown in Table 1. The immersion periods were 3 d, 7 d,
14 d, 21 d, and 30 d. After predetermined immersion period, specimens were taken out
and the corrosion products were removed by a solution containing 200 g/L CrO3. After the
removal of corrosion product, the samples were weighed by an electronic balance as M2.
Three parallel samples were immersed for each immersion period. The corrosion rate of
the immersion sample is calculated by the following equation:

DR = (k × w)÷ (A × t × D) (1)

Table 1. The components of the SBF solution.

Reagents Amount (g·L−1)

NaCl 6.5453
NaHCO3 2.2683

KCl 0.3728
Na2HPO4. 7H2O 0.2681

MgCl2. 6H2O 0.3050
CaCl2. 2H2O 0.3676

Na2SO4 0.0711
(CH2OH)3CNH2 6.0570

In the formula, DR is degradation rate (mm/y), coefficient k is a constant and equal
to 8.76 × 104 [15], the value of k is calculated by 365 (1 year has 365 days) times 24 (1 day
has 24 h) times 10 (the unit conversion from cm to mm), w is weight loss (g), its value is
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equal to M1 minus M2, A is specific surface area (cm2), t is immersion period (h), and D is
apparent density of the experimental specimens (g·cm−3).

The corrosion morphology and corroded surface (after removal of corrosion product)
was analyzed by FE-SEM and EDS.

2.5. Evaluation of Cytocompatibility and Anti-Bacterial Properties

The model bacteria used for the evaluation of anti-bacterial activity were S. aureus
and E. coli. After resuscitation, monoclonal colonies were collected and cultured at 37 ◦C
in Luria Bertani (LB) medium containing 5 g/L yeast extract, 10 g/L trypsin and 10 g/L
of NaCl for 12 h. The model bacteria were cultured under aerobic conditions for 12–16 h
at 37 ◦C in a shaking incubator, after which 1 mL of bacterial suspension was collected
and centrifuged at 7500 rpm for 5 min. The supernatant was discarded and the bacteria
were collected. Medium was added to the bacteria, and the concentration of the bacterial
suspension was adjusted to 1 × 108 cfu/mL for later use.

The samples were sequentially polished to 5000 #, and were sterilized by UV irradia-
tion after sonication in anhydrous ethanol. Then the prepared S. aureus suspension and
E. coli suspension have been inoculated on agar medium plates, fully and uniformly coated
on the whole plates, and samples of Zn-1Cu-xAg (x = 0.5, 1) alloy were attached to the
center of the plates. The plates were then incubated in a biochemical incubator (DZ-1BC,
Keelrein, Shanghai, China) at 37 ◦C for 24 h, and then the growth of S. aureus and E. coli
was observed. According to the standard EN ISO 20645-2004 [16], the size of the inhibition
zone diameter (IZD) around the alloy was observed and measured, and the anti-bacterial
performance of the material was evaluated by the calculation below the equation:

IZD = (D − d)/2, (2)

where D refers to the total inhibition zone diameter in mm; d refers to the diameter of
the sample in mm. when IZD ≥ 1 mm, it means that the material has good anti-bacterial
properties. The D and d values were determined by image analysis method via an Image J
software. The antibacterial assays were performed at least in triplicates, and the IZD values
were averaged.

Cytocompatibility evaluations were performed by direct and indirect contact assays
using MC3T3-E1 osteoblast. To assess cell viability and cell proliferation on the surface of
the extruded Zn-1Cu-xAg (x = 0.5, 1) samples, the samples were co-cultured with the cells.
The sterilized circular samples were plated on a 24-well plate and MC3T3-E1 osteoblast
seeded directly on the surface of the experimental samples at a density of 5000 cells/well
and cultured in 37 ◦C medium for 1 day. After that, live and dead cells were stained with
Hoechst 33342 and propidium iodide (Propidium iodide/DNA), respectively. Stained
cells were visualized under a laser scanning confocal microscope (LSCM, Nikon A 1,
Tokyo, Japan).

In vitro cytotoxicity of experimental materials was also assessed using MC3T3-E1
preosteoblasts. These samples (Φ 8 mm × 3 mm) were sterilized by UV radiation and then
sonicated in anhydrous ethanol. Extracts were prepared by soaking the samples in the
culture medium at 37 ◦C for 24 h. The culture medium used in this study was modified Ea-
gle’s medium (α-MEM; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; Hyclone laboratories, Inc., Logan, UT, USA) and antibiotics
(100 U·mL−1 penicillin and streptomycin). Cells were cultivated in a humidified atmo-
sphere of 5% CO2 at 37 ◦C for 72 h, and then cells were seeded in 96-well plates with
5 × 103 cells per well for 1 day. Subsequently, the original medium was replaced with
the extracts with different concentrations (100%, 50%, 25%, 12.5% and 6.25%), and then
incubated for 1, 2, and 3 days to assess cell viability. After 1, 2, and 3 days of incubation,
20 µL of MTT solution was added to each well and incubated for 3 h. The optical density
of the specimens was measured at 490 nm using a microplate absorbance reader (iMARK,
Bio-Rad, Bowie, MD, USA). The culture medium was used as a negative control. Cell
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analysis was performed at least three times. MC3T3-E1 cells’ survival were calculated
according to the following formula:

RGR% = (ODt/ODblack)× 100%, (3)

where RGR% value is the cell survival rate, ODt is the absorbance of the experimental
group, and ODblack is the absorbance of the negative control group.

2.6. Statistical Analysis

Student’s t-test was employed to determine the statistical significance of the differences
observed between groups. p value < 0.005 was accepted as statistically significant.

3. Results
3.1. Microstructure Observation and Phase Analysis

Figure 2 showed SEM, corresponding grain size distribution, EDS results, and XRD
patterns of Zn-1Cu-xAg (x = 0.5, 1) in the extruded state, respectively. According to
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Figure 2a,b, equiaxed microstructures decorated with white second phase particles
were confirmed in the Zn-1Cu-xAg alloys. Moreover, Zn-1Cu-1Ag showed a relatively
smaller grain size than its Zn-1Cu-0.5Ag counterparts due to the Ag-induced grain refine-
ment, as shown in Figure 2c,d. A small average grain size of 1.64 µm was achieved in the
Zn-1Cu-1Ag alloy. The EDS results (Figure 2e) revealed that Ag and Cu enrichment were
found in the white second phase indicating the precipitation of (Ag, Cu)Zn4, while limited
Ag and Cu contents were detected in the equiaxed grains. Moreover, the grain sizes of the
second phase were all in the sub-micrometer range, which could substantially suppress the
grain growth.

Figure 2f was the XRD pattern of extruded Zn-1Cu-xAg (x = 0.5, 1), verifying that
the as-extruded Zn-1Cu-xAg alloys consist of the α-Zn phase and the (Ag, Cu)Zn4 second
phase. No other phases were detected in the XRD sensitivity range. Based on the phase
diagram [17] and Figure 2f, it is clear that (Ag, Cu)Zn4 should be the only second phase
in the as-extruded Zn-1Cu-xAg ternary alloy. A coherent interface derived from an ori-
entational relationship could be confirmed between the Zn matrix and (Ag, Cu)Zn4 [18],
thereby facilitating the dynamic recrystallization and grain refinement during the hot
extrusion process.
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3.2. Mechanical Properties and Fracture Observation

Figure 3 exhibited the tensile stress–strain curves, and fracture observations, while
the hardness values and tensile properties were summarized in Table 2. As exhibited in
Table 2, the Vickers hardness of Zn-1Cu-0.5Ag and Zn-1Cu-1Ag are 101.9 HV and 96.9 HV,
respectively. According to Figure 3a, Zn-1Cu-0.5Ag shows a UTS of 332.90 MPa, a YS of
318.70 MPa, and an elongation of 26.32%, while Zn-1Cu-1Ag alloys possesses a UTS of
292.04 MPa, a YS of 269.49 MPa, and an elongation of 35.99%. Compared with Zn-1Cu-
0.5Ag, the addition of 1wt% Ag leads to a slight decrease in the hardness and strength but
improves the ductility. Figure 3b,c revealed the fracture morphology of the as-extruded
Zn-1Cu-xAg alloy. With the addition of Ag, the necking shrinkage became larger and
the fracture diameter reduced. Furthermore, deep dimples, which are a typical feature
of ductile fracture, were observed on the fracture surface of both the Zn-1Cu-0.5Ag and
Zn-1Cu-1Ag alloys. The ductile fracture morphology is consistent with the results shown
in the tensile stress–strain curve in Figure 3a.
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Table 2. Hardness values and tensile properties of the Zn-1Cu-xAg alloys.

Materials Hardness (HV) UTS (MPa) YS (MPa) δ (%)

Zn-1Cu-0.5Ag 101.9 ± 3.2 332.90 ± 5.67 318.70 ± 9.20 26.32 ± 3.63
Zn-1Cu-1Ag 96.9 ± 2.8 292.04 ± 3.25 269.49 ± 8.71 35.99 ± 2.12

3.3. Degradation Behavior of the Zn-1Cu-xAg Alloys in SBF Solution

Figure 4a,b shows the representative SEM images of the Zn-1Cu-xAg (x = 0.5, 1) alloy
immersed in SBF solution for 30 days. More corrosion products formed on the surface of
Zn-1Cu-1Ag than the Zn-1Cu-0.5Ag counterparts. EDS analysis revealed that Ca and P en-
richment were detected in white precipitations, indicating the formation of CaZn2(PO4)2 or
other phosphates of Zn. Contrarily, the domain with relatively smooth corrosion morphol-
ogy mainly consisted of Zn and O, indicating the existence of ZnO or Zn(OH)2. Moreover,
the atom ratio of Zn to O in these smooth domains was higher than 1, which illustrates the
detection of the Zn substrate signal, thereby implying the thin corrosion product layer and
uniform corrosion rates. Figure 4c,d shows the corroded surface after removing corrosion
products. Homogeneous corroded morphology with several shallow corrosion pits was
confirmed in the experimental alloys, and the increase in Ag contents seems to facilitate
the localized corrosion. Figure 4f shows the corrosion rates of the Zn-1Cu-xAg alloys
in SBF solution after various immersion periods. The Zn-1Cu-xAg alloys exhibit a large
corrosion rate at the beginning of corrosion, which gradually slows down with prolonged
immersion time. Moreover, the addition of Ag accelerates the corrosion progress during
the whole immersion period. This may be due to the standard potential difference between
the zinc matrix and the (Ag, Cu)Zn4 second phase. The increased Ag contents promote the
precipitation of (Ag, Cu)Zn4 second phase, thus accelerating the corrosion process.
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3.4. Anti-Bacterial Performance Evaluation

Figure 5 shows the inhibition zone after 24 h co-culturing of the Zn-1Cu-xAg alloys
with S. aureus and E. coli. A significant bacteriostatic ring was confirmed around the Zn-
1Cu-xAg alloys. Table 3 summarizes the inhibition zone diameter (IZD) values of the
experimental materials for S. aureus and E. coli. Despite the different bacterial model, the
IZD value of the experimental alloys was significantly higher than 1 mm, showing a strong
anti-bacterial capability pursuant to ISO 20645. In spite of the different bacterial model,
the Zn-1Cu-1Ag alloy shows significantly higher IZD value than Zn-1Cu-0.5Ag (p value
obtained by student’s t test was lower than 0.005). Interestingly, the Zn-1Cu-xAg alloys
exhibited a more significant anti-bacterial effect against S. aureus than against E. coli. The
anti-bacterial mechanism in the Zn-1Cu-xAg alloys will be discussed in Section 4.2.
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(a,b) S. aureus and (c,d) E. coli for 24 h.

Table 3. Inhibition zone diameter (IZD) values of the Zn-1Cu-xAg alloys against model bacteria.

Materials IZD against S. aureus (mm) IZD against E. coli (mm)

Zn-1Cu-0.5Ag 11.1 ± 0.3 6.5 ± 0.3
Zn-1Cu-1Ag 15 ± 0.5 8 ± 0.2

3.5. Cytocompatibility Evaluation

Figure 6 illustrates the survival rates of MC3T3-E1 cells cultured with different extracts
concentrations for 1, 2, and 3 days. According to the current ISO 10993-5 in vitro cytotoxicity
standard, when the cell viability is above 75%, the cytotoxicity grade is 0–1, indicating
acceptable cytocompatibility for biomedical applications. From Figure 6a,b, diluted extracts
derived from the Zn-1Cu-0.5Ag alloy contribute to the cell viability of about 100% for all
groups, indicating that the Zn-1Cu-0.5Ag alloy is favorable for MC3T3-E1 cell growth.
In contrast, the cells cultured with the diluted extracts of the Zn-1Cu-1Ag alloys show
decreased cell viability of about 80%. With the increased culture time, the cell viability
slightly decreased, probably caused by nutrient consumption. Although the cell viability of
MC3T3-E1 cell slightly decreased with the increasing Ag content and increasing culture
time, the cell viability values were still above 70%, indicating acceptable cytocompatibility.
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Figure 7 displayed the fluorescence images of MC3T3-E1 cells adhering to the surface
of Zn-1Cu-xAg (x = 0.5, 1) alloy after co-culture for 24 h. This fluorescence image can
visualize the adhesion ability and cytocompatibility of the Zn-1Cu-xAg alloys’ surface
to the cells. In spite of the different Ag contents, only a small number of cells adhere
to the Zn-1Cu-xAg alloys’ surface, suggesting the limited cell adhesion capability of the
experimental alloys. In other words, the alloys’ surface environment was not sensitive
to the Ag concentrations. A possible mechanism is that the corrosion progression and
limited dispersion rate lead to elevated ion concentration and increased pH value, thereby
deteriorating the cell adhesion ability of the Zn-1Cu-xAg alloys. Furthermore, some
dead cells were identified on the surface of the samples, illustrating the severe surface
environment caused by increased pH values and released metallic ions. This may be due
to the corrosion of the material resulting in the considerable release of zinc, copper, silver,
and hydroxyl.
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4. Discussion
4.1. Degradation Behavior of the Zn-1Cu-xAg Alloys in SBF Solution

In the present study, the degradation behavior of the Zn-1Cu-xAg alloys was eval-
uated via a typical immersion test with various immersion periods in SBF solution. The
increasing immersion period resulted in a gradually decreased corrosion rate because of
the formation of a protective corrosion product layer with the corrosion progress. After
30 days of immersion, a degradation rate of 0.0387 mm/y and 0.0484 mm/y were deter-
mined in the Zn-1Cu-0.5Ag and Zn-1Cu-1Ag alloy, respectively. Hence, the addition of
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Ag could accelerate the degradation progress. A possible mechanism responsible for the
increased corrosion rate is described as follows. The Ag addition resulted in increased
precipitation of (Ag, Cu)Zn4 second phase, and this kind of the second phase possessed
relatively higher equilibrium potential than Zn. Thus, Zn could act as a potential anode
forming a galvanic couple with (Ag, Cu)Zn4 second phase as a potential cathode, thereby
promoting the selective dissolution of the Zn anode. The selective dissolution of Zn matrix
led to more severe localized corrosion and was harmful to the integrity of the protective
corrosion products layer. Hence, the Zn-1Cu-0.5Ag alloy possessed a more complete pro-
tective layer and significantly inhibited the corrosion progress, thereby resulting in lower
degradation rates, as compared with Zn-1Cu-1Ag alloy. Moreover, a relatively homoge-
neous corrosion morphology was observed in the as-extruded Zn-1Cu-xAg alloys. That
is due to the homogeneous microstructure and uniformly distributed second phase after
the hot extrusion process. Thus, the corrosion pits induced by the localized corrosion were
uniformly distributed on the corroded surface. In summary, the as-extruded alloy exhibits
macroscopic uniform corrosion and moderate corrosion rate, which can basically meet the
requirements of degradable implantable materials. More significantly, the deposition of
Ca and P was confirmed on the corroded surface. Ca and P could play a crucial role in
the osteogenesis process, thus facilitating the whole bone healing process. The biological
response to the experimental materials will be discussed in the next section in detail.

4.2. Antimicrobial Properties and Cytocompatibility of Zn-1Cu-xAg Alloy

In this study, the anti-bacterial activity of the Zn-1Cu-xAg alloys to S. aureus and E. coli
were estimated, and a strong antimicrobial capability was confirmed in these alloys. During
orthopedic treatment, S. aureus and E. coli are the most common causative agents inducing
infection and osteomyelitis after internal fixation of fractures. The released Zn, Cu, and Ag
ions could be responsible for the substantial anti-bacterial properties of the Zn-1Cu-xAg
alloys. Studies have shown that zinc ions are less likely to be resistant to anti-bacterial
agents than antibiotics. Zinc ions can disrupt the integrity of bacterial cell membranes and
interfere with the production of cytoderm, which in turn exerts an anti-bacterial effect [19].
Nida et al. studied zinc-doped composite coatings, and the results showed that the Zn
surface reduced the activity of adhering bacterial colonies. Moreover, silver ions are highly
bioactive and penetrate rapidly into bacterial membranes where they interact with other
proteins of bacteria causing cellular disorders and loss of viability. In addition, silver ions
inhibit bacterial DNA and RNA, causing impairment of bacterial replication [20–22]. The
bactericidal mechanism of silver ions depends on the concentration ion of silver, contact
time, temperature, pH, and the presence of free water [23]. Silver as an alloying element can
therefore also endow the Zn-based alloy with excellent anti-bacterial properties. Meanwhile,
Cu and its ions also had good anti-bacterial effects on pathogenic bacteria, including
E. coli and methicillin-resistant S. aureus. A previous study reported that the anti-bacterial
activity of Zn–xCu (x = 1, 2, 3, 4%) alloys increased with an increase in Cu content [10]. The
values of standard potential of Cu and Ag is higher than that value of Zn, indicating that
the primary constituent of the released metallic ions was Zn2+. Further, a small amount
of Ag and Cu ions were released with Zn2+ during degradation of the Zn matrix due to
the solid solution of Ag and Cu in the Zn matrix. However, it is hard to determine the
concentrations of the released metallic ions in agar medium during the antibacterial assays.
On the other hand, the ions released were generally proportional to the degradation rate.
As shown in Figure 4f, the Zn-1Cu-1Ag alloy showed am apparently higher degradation
rate than the Zn-1Cu-0.5Ag alloy, indicating the more severe ion release from Zn-1Cu-1Ag
than those from the Zn-1Cu-0.5Ag during the antibacterial assays. Therefore, Zn-1Cu-1Ag
exhibited higher IZD values against both S. aureus and E. coli as compared with Zn-1Cu-
0.5Ag counterparts. The Ag addition as an alloying element can therefore adjust and
significantly improve the anti-bacterial performance of the Zn-based alloy. Furthermore,
according to Figure 6, Zn-1Cu-xAg showed a significantly larger H-value than the Zn-Cu
or Zn-Ag-based alloy, whose alloying elements contents were over 2wt% [10,24]. That
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may be due to the synergistic anti-bacterial effect between copper and silver ions, which
resulted in the simultaneous improvement of anti-bacterial properties and broad-spectrum
anti-bacterial properties of the Zn-based biomaterials. A previous study reported much
stronger synergistic anti-bacterial activity by the simultaneous addition of various metals
than the addition of a single element [25], which is inconsistent with the present results. In
addition, it can be seen that the diameter of the inhibition circle of the material for S. aureus
is larger than that of E. coli. In other words, the Zn, Cu, and Ag tolerance of S. aureus were
lower than those of E. coli. That may be due to the different bacterial membrane structure
of S. aureus and E. coli. E. coli belongs to the Gram-negative bacterium and possesses a thick
cell wall, which could inhibit the ion exchange and restrain the anti-bacterial effect of Zn,
Cu, and Ag ions.

On the other hand, the biocompatibility was also essential to the Zn-based biomaterial
as orthopedic implants. In this study, the biocompatibility of the Zn-1Cu-xAg alloy was
estimated by both indirect and direct culture assays. In light of the extremely high material
exchange rate in the human body, the groups cultured with 100% extracts could not reflect
the biocompatibility of the experimental materials. More importantly, when the extract’s
concentrations were equal to or lower than 50%, acceptable cell viabilities over 75% were
confirmed for both Zn-1Cu-0.5Ag and Zn-1Cu-1Ag groups despite the different culture
times. Thus, pursuant to ISO 10993–5: 2009, the diluted extracts originated from the Zn-
1Cu-xAg alloy possessed a grade 1 cytotoxicity. Moreover, direct co-culture assays were
employed to disclose the cell adhesion and cell proliferation behavior on the specimens’
surface. The cell adhesion properties and cell activity of the Zn-1Cu-xAg alloy are limited.
That may relate to the ions released during degradation, and the elevated pH value in
the vicinity of specimens’ surface. Qu Xinhua et al. [26] investigated the effect of Zn-Cu
alloys on cell adhesion and cell proliferation, and osteogenic differentiation. An inhibiting
effect was confirmed in these osteoblast cells co-cultured with Zn-Cu alloys, which was in
conformance with the current results of the Zn-1Cu-xAg alloys. However, according to the
estimation based on corrosion rate and the trim size of the orthopedic implant, the content
of released ions could be far below the tolerable daily intake values for the human body,
indicating high biosafety of the Zn-1Cu-xAg alloys.

To sum up, biodegradable Zn-1Cu-xAg alloys with acceptable cytocompatibility and
strong anti-bacterial activity were developed in the current study.

5. Conclusions

The main conclusions drawn from the current study are exhibited as follows:

(1) For the Zn-1Cu-xAg (x = 0.5, 1) alloy, equiaxed microstructure with intergranular (Ag,
Cu)Zn4 second phases were confirmed. The average size of the equiaxed α-Zn grains
decreased from 1.91 µm to 1.64 µm with the increase in Ag content from 0.5 wt% to
1 wt%. The Zn-1Cu-1Ag alloy possessed the UTS of 292.04 MPa, the YS of 269.49 MPa,
the elongation of 26.3% and the Vickers hardness value of 96.9, which can meet the
mechanical requirement of biodegradable implants.

(2) The primary corrosion behavior of the Zn-1Cu-xAg alloys was homogeneous cor-
rosion, mainly because of the fine and homogeneous microstructure of the Zn-1Cu-
xAg (x = 0.5, 1) alloys, which could circumvent the localized corrosion and avoid
premature failure after implantation. Increased degradation rates of the Zn-1Cu-
xAg alloy were to the benefit of well-matching between bone healing time and
biodegradation period.

(3) The results of anti-bacterial experiments show that the Zn-1Cu-xAg (x = 0.5, 1) alloy
has a good anti-bacterial effect on both S. aureus and E. coli, suggesting the synergistic
anti-bacterial effect of Zn, Cu and Ag. The cytotoxicity grade of the 2-fold diluted
extracts of Zn-1Cu-xAg alloy is 0–1 and the cytocompatibility meets the requirements
for orthopedic applications.
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(4) The Zn-1Cu-1Ag alloy possessed sufficient mechanical performance, moderate degrada-
tion rate, acceptable cytocompatibility and strong anti-bacterial properties, meaning that
it could be a promising candidate for biomedical applications as orthopedic implants.
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