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A B S T R A C T   

Novel ternary Zn-Cu-xAg alloys are designed and fabricated by the casting method under a vacuum atmosphere 
and then homogenized at 350 ◦C for 15 h. The effect of Ag concentration (x: 0, 1, 2, 3, and 4 wt%) on micro
structure, hardness, in vitro corrosion, biodegradability, and bacterial sensitivity was studied systematically. The 
structural analysis of the alloys was investigated by using a scanning electron microscope (SEM-EDS), and an 
optical microscope (OM). Besides, phase characterization of the samples was conducted using X-ray diffraction 
(XRD). The degradation behaviors of the alloys were determined under in vitro conditions, electrochemical 
polarization, and immersion tests (up to 21 days) in artificial urine (AU) solution. The maximum hardness value 
for Zn-1Cu-4Ag alloy was about 2.38 times higher than pure Zn due to solid-solution strengthening and pre
cipitation hardening of (Ag, Cu)Zn4 phases. The highest and lowest Icorr values, reference also corrosion rate, 
were calculated in Zn-1Cu and Zn-1Cu-3Ag alloys as 17.13 and 1.318 mA⋅cm− 2, respectively. The alloys’ bac
terial sensitivities were evaluated with the disc diffusion test for E. coli and S. aureus. The inhibition ratio of the 
Zn-1Cu-1Ag was higher than the inhibition rates of the other alloys on E. coli and S. aureus. In addition, the 
biological properties of the generated material were promising by altering cell survival/death ratio in both 
prostate epithelial and bladder cancer cells related to their use potential in urology.   

1. Introduction 

Biodegradable metallic implant materials are a relatively new area of 
research and development in biomedical engineering. These materials 
are designed to be absorbed by the human body over time, eliminating 
the need for a second surgical operation to remove the implant. The 
main advantage of these materials is that they reduce the risk of implant- 
related complications and provide a more natural healing process [1,2]. 
Recent studies showed that the most popular biodegradable materials 
are Fe, Mg, and Zn metals and their alloys. Several clinical studies have 

evaluated the performance of biodegradable (or bioresorbable) metallic 
implants, and the results have been encouraging [3,4]. The 
time-dependent degradation of these materials is promising to reduce 
implant-based problems on the tissue site. However, the degradation 
time may vary between patients according to disease or metabolic 
conditions. If the implant degrades before the tissue regeneration, it may 
not provide adequate support for the surrounding tissue, leading to 
failure. On the other hand, if it takes too long to degrade, it may cause 
discomfort or irritation for the patient [5]. 

The urinary tract is susceptible to various clinical problems such as 
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blockage or obstruction and injuries, which present an economic and 
societal burden worldwide. A urinary tract obstruction can occur at any 
part of the urinary system, such as the ureter, which connects the kid
neys to the bladder. The human ureters are essential to tissue that 
connects the kidney and the bladder and plays a role in evacuating 
urinary fluid. Urological diseases like kidney stones and retroperitoneal 
tumors can cause obstruction of the approximately 4 mm in diameter 
and 30 cm in length tubular structure of soft ureter tissues, leading to 
kidney failure and other complications [6]. 

For over a century, urological practitioners have widely utilized 
ureteral stents to bypass obstructions and reinstate urine flow in the 
upper urinary tract, but patient discomfort, crusting, and permanent 
stent-related infection (biofilm formation, lower urinary tract symp
toms, hematuria) are frequently encountered. In addition, general 
anesthesia is typically necessary in pediatric cases, and a second oper
ation is required to remove the stent [7]. Biodegradable metallic ma
terials can be a unique alternative to solve these problems. 

An ideal material for urological tissue applications should be able to 
reduce bacterial colonization and provide a healthy environment for the 
neighbor cells while being degradable in the body [6]. The degraded 
material should be beneficial in the future time to release therapeutics. 
Due to their biocompatibility and mechanical benefits, Fe and Mg alloys 
have been extensively investigated as degradable materials for medical 
applications [8–11]. However, it was observed during the studies that 
besides these advantages, there are some functional deficiencies and a 
low degradation rate of Fe or causing the formation of H2 gas cavities of 
Mg alloys in vivo [12–16]. 

In recent years, Zn-based alloys have garnered more interest as a 
potential alternative. The advantages of Zn include a corrosion rate that 
falls between that of Mg and Fe, no generation of hydrogen gas during 
degradation, ease of fabrication due to its low melting temperature, and 
low reactivity during melting [17]. Pure Zn does not possess the 
required mechanical properties for stent applications, thus requiring 
alloying. Numerous research groups investigating alternative biode
gradable materials have studied various alloying elements, such as Mg, 
Ca, Sr, Fe, and Mn, to enhance the mechanical properties of Zn [18–24]. 
The studies reported mechanical instability for Zn-based alloys due to 
low thermal stability and self-aging [25]. 

To mimic the potential effects of biodegradable materials, cell cul
ture tests are critical to evaluate the undesired outcomes of the mate
rials. On other side, the biocompatibility of alloy material is crucial to 
understand the biological responses in related tissue sites. The 
morphological properties of the cells on the material are definitive to 
evaluate the adhesive characteristics of cell lines. Additionally, the cell 
viability of seeded cells on or near the side of the material in the same 
Petri dish is exemplary [26]. 

In the search for a suitable biodegradable material for cardiovascular 
stent applications, Zn-based alloys have been widely investigated [27]. 
Of these alloys, the Zn-Cu binary alloy has been systematically studied 
by Niu et al. [28] and Tang et al. [29], with promising results due to its 
good mechanical properties, high thermal stability, and self-aging 
resistance resulting from solid solution strengthening. Because of the 
high solubility of Cu in Zn, almost all of the Cu atoms dissolve in the Zn if 
Cu in Zn has 1 wt%. Furthermore, Sikora-Jasinska et al. [30] demon
strated that adding the Ag element to Zn-based alloys could improve 
their yield strength and ultimate tensile strength values. For instance, 
the Zn-1.5 Cu-1.5 Ag alloy displayed better cell viability than both the 
negative control group and pure Zn, particularly after 1-day and 3-day 
cultures [31]. In another study, biodegradable Zn-Cu-0.5Ag and 
Zn-Cu-1.0Ag Ag alloying were studied by Di et al. [32] for their 
microstructure, corrosion behavior, mechanical features, and antibac
terial capabilities. The study demonstrated that as the Ag concentration 
in the Zn-Cu master alloy increased, the average grain size of the alloys 
decreased. When compared to Zn-1Cu-0.5Ag alloy, Zn-1Cu-1Ag showed 
higher ductility, hardness, and ultimate tensile strength as a result of the 
grain refining effect. Additionally, Zn-1Cu-1Ag alloy showed effective 

anti-bacterial properties and a mild deterioration rate of 0.0484 
mm/year, which made it suitable for orthopedic applications. Jin et al. 
[33] investigated the effects of the Ag content on the microstructure and 
mechanical characteristics of the Zn-1.5Cu-xAg-0.1Zr (x: 0, 0.1, 0.5, and 
1.0) alloy. The mechanical properties of the alloys were significantly 
improved with the increasing Ag ratio in the master alloy, as well as the 
alloys’ yield and ultimate tensile strength was increased due to precip
itated AgZn3 phases in the microstructure. Thus, the Zn-Cu alloy, with 
the addition of the Ag element, can be considered a suitable candidate 
for a urethral stent. 

The degradation rate of biodegradable materials is critical for con
sistency with the surrounding tissue’s healing process. However, further 
research is needed to evaluate these materials’ long-term performance 
and safety fully. By the way, although the Zn-xCu alloys for stent ap
plications were detailly researched in the literature, systematic in
vestigations directly on biodegradable Zn-1Cu-xAg alloys are very 
limited. Thus, novel ternary Zn-1Cu-xAg alloys are designed and fabri
cated by the casting method in this study. The effect of Ag concentration 
(x: 0, 1, 2, 3, and 4 wt%) on microstructure, hardness, in vitro corrosion, 
biodegradability, and bacterial sensitivity was studied systematically. 

2. Experimental methods 

2.1. Fabrication of alloys 

In this study, biodegradable Zn-1Cu-xAg (x: 0, 1, 2, 3, and 4 wt%) 
alloys were fabricated by the casting method. For this purpose, 99.99% 
pure Zn (CAS: 7440–66–6), Cu (CAS: 7440–50–8), and Ag (CAS: 
7440–22–4) were used to prepare the alloys. The elements were melted 
at 550 ◦C in a vacuum atmosphere to prevent oxidation of the alloys 
using a high-purity graphite crucible. The melting process was repeated 
by three times by reversing the poured bar to maintain homogeneous 
distribution of the alloys. The final molten alloys were poured into a 
preheated (270 ◦C) steel mold to obtain metal bars of 15 mm diameter 
and 100 mm length. Finally, a homogenization heat treatment was 
applied to the bars at 350 ◦C for 15 h followed by the quenching. The 
alloys were cut using wire-cutting machining for the preparation of 
samples. The sample surfaces were ground (up to #2000 abrasive 
paper), and polished with diamond suspensions of 3, 1, and 0.25 µm, 
respectively. The samples were etched with % 2 HCl solutions for the 
microstructural characterizations. 

2.2. Biodegradation analysis with in-vitro immersion tests 

The samples were ultrasonically cleaned in ethanol and then steril
ized under UV radiation (a wavelength of 365 nm) for 1 h before the 
immersion tests. The tests were conducted with artificial urine (AU) 
solution, whose chemical composition is similar to healthy human urine. 
The composition of the AU solution is also given in Table 1. The prep
aration of the AU solution was described in ref. [34]. The equipment 
used in AU solution preparation has been sterilized by washing it with 
alcohol. Ultrapure water was heated to 37 ◦C with continuous stirring 
with a magnetic stirrer. The reagents in Table 1 were added and dis
solved in ultrapure water respectively. The AU solution was balanced at 

Table 1 
Reagents for preparing a 1 L of the synthetic urine [31].  

Reagents Amount (g⋅L− 1) 

Diammonium phosphate (NH4)2HPO4 1.70 
Calcium chloride (CaCl2) 0.24 
Magnesium chloride hexahydrate (MgCl2⋅6 H2O) 0.50 
Potassium chloride (KCl) 2.02 
Sodium sulfate (Na2SO4) 2.02 
Urea 0.76 
Creatine 1.50 
Uric Acid added until reaches a pH of 7  
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a pH of 7.0 using uric acid. Firstly, the initial weight of each sample was 
measured for further calculations. The surface area of the samples was 
calculated and the AU solution of approximately 20 mL/cm2 was used 
during the tests [35]. The samples were subjected to the immersion tests 
in the AU solution at 37 ◦C up to 21 days. The AU solution was refreshed 
every 48 h without any change in the position of the samples. The 
samples were washed using a chromium oxide solution (200 g⋅L− 1) to 
remove corrosion products before measuring the final weight after the 
immersion tests. 

2.3. Microstructural characterization 

Microstructures of the alloys were observed using an optical micro
scope (OM) integrated with a digital camera with image analysis tech
niques (NIS-Elements Version 4.3). The phase composition of the 
samples was conducted by X-ray diffraction (XRD, Bruker Discovery D8) 
having a Cu Ka (a wavelength of 1,54 A) radiation source at an operating 
voltage of 35 kV and a tube current of 40 mA. Besides, the inductively 
coupled plasma mass spectrometry (ICP-MS, Agilent Technologies 
7700x) method was used to determine the precise composition of all 
produced alloys. 

2.4. In-vitro electrochemical corrosion tests 

The electrochemical potentiodynamic scanning (PDS) tests were 
applied to the samples by using a potentiostat/galvanostat (Gamry, 
PCII4/750) at body temperature (37 ± 0.5 ◦C). AU solution was used as 
an electrolyte to mimic the urinary environment during the tests. Tests 
were carried out according to the three-electrode technique within 400 
mL volume electrolyte. A Pt wire electrode and an Ag/AgCl electrode 
were used as a counter, and a reference, respectively. The open circuit 
potential (OCP) changes for stabilizing the alloy surfaces with electro
lytes were monitored before the potentiodynamic scanning (PDS) tests. 
After equilibrium, the scanning was started on the alloys from − 0.3 V vs 
OCP value and continued the anodic side with a 1 mV⋅s− 1 scan rate. 
Besides, surface observations before and after the corrosion test were 
carried out using a scanning electron microscope (SEM, Hitachi TM- 
1000) attached electron dispersive spectroscope (EDS). 

2.5. Hardness tests 

The hardness values of the samples were measured with a Vickers 
hardness (HV) machine under a load of 1000 gf for a dwell duration time 
of 15 s at room temperature. The average hardness values of the alloys 
were calculated using 10 individual values taken from the random 
points of the sample surface. During the hardness tests of Ag added Zn- 
1Cu alloys, by covering an adequate number of grains with the hardness 
indent, we aimed to capture a representative sample of the material’s 
microstructure. Thus, the indenter load magnitude was set in a way that 
the indenters’ trace covered at least 10 grains. 

2.6. Bacterial sensitivity tests 

The antibacterial activity of the alloys was determined using the disc 
diffusion test [36]. In order to achieve the appropriate bacterial density, 
suspensions of E. coli (ATCC 25922) and S. aureus (ATCC 25923) were 
taken from 18-hour nutritional broth cultures and modified to 0.5 
McFarland standard density (1.5 ×108 CFU⋅mL− 1). 0.1 mL of the bacterial 
suspensions (1.5 ×106 CFU⋅mL− 1) were used to inoculate Mueller-Hinton 
agar plates. The samples were sterilized for 30 min under UV light with a 
wavelength of 254 nm after being washed in an ultrasonic bath for 3 min 
with water and ethyl alcohol. The test samples were prepared and then 
put on Petri dishes with bacterium plates. A digital micrometer was used 
to measure the inhibition zone surrounding the discs after the plates were 
incubated at 37 ◦C for 24 h [37]. Different groups were formed to select 
the best samples, and tests were carried out three times. 

2.7. Determination of cell survival and death 

The samples were taken under the Class II Laminar flow before UV 
sterilization for 30 min before cell culture studies. After sterilization, 
samples were placed onto the 24-well plate. Normal prostate epithelial 
cells (PNT1A) (ECACC 95012614), and human urinary bladder cancer 
cells (T24) (ATCC HTB-4) were grown with DMEM high glucose with 
4.5 g⋅L− 1 D-Glucose, L-Glutamine, and sodium pyruvate (NutriCulture, 
Ecobiotech) medium supplemented with 10% Fetal Bovine Serum 
(Gibco) and 1% penicillin-streptomycin (PAN Biotech) in a humidified 
CO2 incubator (Thermo). When cells reached 80% confluency, cells 
were detached with trypsin/EDTA and counted with Haemocytometer 
(Marienfield). After 5 min of centrifugation at 1500 rpm, the cell pellet 
was dissolved with the appropriate amount of DMEM to obtain 28.000 
cells/well for the 24-well plate and 10.000 cells/well for the 96-well 
plate for PNT1A and T24, respectively. The dissolved cells were 
seeded onto the material with a seeding volume of 1 mL per well for 
PNT1A prostate epithelial cells and 300 μL per well for T24 urothelial 
cancer cells. Moreover, the seeding was examined directly to the top of 
the samples and the cells were incubated for 48 h under the same con
ditions with growth. After 48 h incubation, the existing medium was 
removed with a staining medium, including serum- and antibiotic-free 
DMEM, 4 nM DiOC6 (3,3′-Dihexyloxacarbocyanine Iodide) (Thermo 
Fisher) for living cells examination, and 2 mg/mL Propidium Iodine (PI) 
(Sigma-Aldrich) to identify dead cells. Then, 15 min of incubation at 37 
◦C with 5% CO2 was applied, and the fluorescence images were taken at 
a ZOE Fluorescence cell imager (BioRad) with the relevant excitation 
and emission wavelengths. 

2.8. Statistical analysis 

The samples were analyzed with a one-way ANOVA test and 
independent-sample t-tests were used to describe significant differences 
between samples. Results were presented as mean ± standard deviation. 
The level of significance was selected as p < 0.05. 

3. Results and discussion 

This study was organized mainly in two parts. In the first part, 
fabrication, microstructure, hardness, and in-vitro degradation behav
iors of the alloys were performed and evaluated. In the second part of the 
study, bacterial sensitivity, cell survival, and death of the alloy’s sur
faces were researched and determined. 

3.1. Microstructure 

ICP-MS analysis of the produced alloys’ composition revealed that 
the alloying elements Zn, Cu, and Ag were relatively near to their 
nominal compositions (Table 2). 

Besides, the EDS analysis of the alloys produced by the casting 
method are given in Table 3. 

While producing alloys, a fixed amount of Cu (1.13 ± 0.9 wt%) and 
Ag were added as alloying elements according to the determined alloy 
(1–4 ± 0.1 wt%). It was seen that the alloy ratios planned to be produced 
cast within the tolerance ranges. After casting, atomic diffusion was 

Table 2 
Chemical compositions of the alloys (wt%).  

Alloys Cu Ag Others Zn 

Pure Zn - -  0.012 bal. 
Zn-1Cu 1.121 -  0.025 bal. 
Zn-1Cu-1Ag 1.185 1.082  0.034 bal. 
Zn-1Cu-2Ag 1.176 2.132  0.031 bal. 
Zn-1Cu-3Ag 1.143 3.127  0.035 bal. 
Zn-1Cu-4Ag 1.136 4.158  0.039 bal.  
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allowed by providing sufficient time and temperature with the homog
enization process conclusions. 

XRD patterns of the pure Zn, Zn-1Cu, and Zn-1Cu-xAg alloys are 
presented in Fig. 1. 

It is well known that the Ɛ-CuZn5 phase solidifies first consistent with 
the Zn-Cu binary phase diagram. The Zn phase also forms rapidly by 
surrounding the Ɛ phase. Later, the peritectic transformation continues 
with the solid-state diffusion of Cu and Zn atoms through this Zn layer, 
gradually slowing down. During this process, the Ɛ-CuZn5 phase goes 
into the solution and gives out Cu atoms by diffusion. In the layered Zn 
phase, the layers near the Ɛ-CuZn5 phase are rich in Cu, while the Cu 
density decreases as the layer progresses. 

In the case of equilibrium solidification, this phase is expected to 
dissolve completely in the Zn matrix and disperse into the structure as 
Cu atoms. In the case of non-equilibrium solidification, the dissolution of 
the primary Ɛ-CuZn5 phase may be quite limited. When the temperature 
passes below the solvus line, the Ɛ-CuZn5 phase is expected to precipi
tate as the secondary phase in balanced cooling. Considering the Zn-1Cu 
casting microstructure, it can be said that this is why the Ɛ-CuZn5 phase 
is not seen [38,39]. In the Zn-Cu and Zn-Ag binary phase diagram, 
peritectic transformations are observed in the high rate of the Zn region, 
so peritectic transformation should also be observed in the ternary alloy. 
It can be said that with the addition of silver to the system, the solidi
fication process similar to the Zn-1Cu alloy also occurs in the silver alloy 
casting samples. 

In addition, when Fig. 1 was examined, it was also determined (Ag, 
Cu)Zn4 phase. Considering the ternary phase diagram and starting from 
the literature reviews, it is logical as this is the first intermediate phase 
that can occur for this system [40,41]. In the Zn-1Cu-4Ag alloy, which 
has the highest alloy ratio, the (Ag, Cu)Zn4 phase is seen as bright white. 
The reason why these phases reach micron sizes in the casting structure 
of the Zn-1Cu-4Ag alloy is that as a result of the increased alloy ratio, it 
precipitates as a secondary (Ag, Cu)Zn4 phase instead of dispersing in 
the structure. 

Fig. 2 shows the optical micrographs of the pure Zn, Zn-1Cu, and Zn- 
1Cu-xAg alloys. 

Pure Zn showed quite a large grain structure aligned through heat 
transition directions during solidification when the optical OM images 
were examined. The grains had twin structures in the microstructure of 
all samples (marked with white arrows in Fig. 2). Furthermore, the 
alloying increased the networks of the twins in the microstructure. The 
twin networks became complex after alloying with Cu and Ag. It is well 
known that during homogenization annealing for some as-cast alloys 
with dendritically cored microstructure, the diffusion mechanism pro
duces stress fields to be trapped which could cause the existence of 
recrystallization or another process that might remarkably affect the 
twin formation [42,43]. For example, Liu et al. [42] reported that the 
density of twins increased with both the alloying element (Sn) content 
and annealing time in alloys. This is also valid for the increase of 
alloying elements in the present study. On the other hand, when the 
Zn-1Cu-4Ag alloy was examined, it was observed that the twin orien
tation was distributed and decreased. This may be due to the precipitates 
formed at the grain boundaries after annealing because the precipitates 
formed at the grain boundaries affect the diffusion and the twinning 
energy [42,44,45]. The precipitates were generally observed at grain 
boundaries in Zn-1Cu-3Ag samples while they were formed in-grains at 
Zn-1Cu-4Ag samples as shown in Fig. 2 (marked with yellow arrows). It 
is observed that the grain size decreases with the increase in the alloying 
ratio (Fig. 3). The grain size reduction drastically increases with the ratio 
of Ag element, which indicates that the Ag alloying element acts strongly 
as a grain refiner. The results are in good agreement with the findings of 
the refs [32,33]. 

3.2. Hardness behavior of the alloys 
The average hardness values of the produced alloys comparatively 

with their pure Zn and Zn-1Cu counterparts are also shown in Fig. 3. The 
pure Zn’s hardness values were measured as about 29 ( ± 2.2) HV. The 
alloying with 1 wt% Cu element increased the hardness of pure Zn at 
about 50 ( ± 1.3) HV. Similarly, the hardness progressively improved 
with increasing the Ag element in the Zn-1Cu master alloy. The 
maximum hardness value was measured as 69 ( ± 1.3) HV for Zn-1Cu- 
4Ag alloy, which has the highest alloy ratio among the developed 
alloy systems. This increase is because of the solid solution and precip
itation strengthening mechanisms. Because the grain size reduction by 
the heterogeneous nucleation and grain boundary hardening (Hall Patch 
relation) increases the hardness and strength of the alloys [11,46]. It is 
noticeable that the strengthening effect of Cu and Ag at the maximum 
solubility becomes much stronger because of their relatively high solu
bility in the Zn matrix. This is also due to Ag and Cu atomic radii 
(0.144 nm and 0.128 nm, respectively) being so close to those of Zn 
(0.134 nm) [47,48]. 

There is no difference crystallographically, between the annealing 
and deformation twins [49]. Besides, the twins can strongly inhibit 
dislocation slippage by acting as grain boundaries in the structure, 
which may cause the alloy to harden [50–52]. Therefore, the hardness 
values of the alloys were evaluated with Figs. 1 and 3 outputs together, 
the hardness increase is rising due to the (Ag, Cu)Zn4 phase starting to 
appear as seen in XRD patterns (Fig. 1) after 1 wt% Ag adding to Zn-1Cu 
master alloy. The results confirm that the hardness values increase in 
parallel with the increase in the alloying element ratio with the effect of 
the hard phases formed in the structure of Zn-1Cu-3Ag and Zn-1Cu-4Ag 
by the alloying (Fig. 2). 

3.3. Evaluation of in-vitro corrosion and immersion tests 
The potentiodynamic scanning (PDS) curves of alloys under in-vitro 

conditions (in AU electrolyte at body temp.) are presented in Fig. 4. 
Besides, important electrochemical corrosion parameters calculated 
from these curves are also given in Table 4. These parameters are 
corrosion current density (Icorr), corrosion potential (Ecorr), corrosion 
rate (CR), and polarization resistance (Rp). 

The Eocp values of the produced alloys were monitored in the AU 
electrolyte at body temperature for at least 40 min. The Eocp values of 

Table 3 
Chemical composition of pure Zn, Zn-1Cu, and Zn-1Cu-xAg alloys (wt%).  

Alloy Zn Cu Ag 

Pure Zn  99.91 - - 
Zn-1Cu  98.87 1.13 - 
Zn-1Cu-1Ag  97.98 1.12 0.90 
Zn-1Cu-2Ag  97.10 1.02 1.88 
Zn-1Cu-3Ag  96.20 1.09 2.90 
Zn-1Cu-4Ag  95.78 1.12 4.10  

Fig. 1. XRD patterns of the a) pure Zn, b) Zn-1Cu, c) Zn-1Cu-1Ag, d) Zn-1Cu- 
2Ag, e) Zn-1Cu-3Ag, and f) Zn-1Cu-4Ag. 
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Fig. 2. Optical microscope images of the pure Zn, Zn-1Cu, and Zn-1Cu-xAg alloys (white arrows show twins, and yellow arrows show precipitations on the images).  
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the alloys reached stable values, demonstrating the following: 
− 1160 mV for pure-Zn, − 940 mV for Zn-1Cu, − 975 mV for Zn-1Cu- 
1Ag, − 1070 mV for Zn-1Cu-2Ag, − 1075 mV for Zn-1Cu-3Ag, 
− 1050 mV for Zn-1Cu-4Ag. By the way, the Ecorr values presented in 
this study were within the ranges reported in the literature in different 
simulated body fluids [2]. 

The highest and lowest Icorr values were calculated in Zn-1Cu and Zn- 
1Cu-3Ag alloys as 17.13 and 1.318 mA⋅cm− 2, respectively. Besides, the 
polarization resistance of the alloys increased with increasing the Ag 
ratio in the Zn-1Cu master alloy. This is probably due to the grain 
refinement in the Zn-1Cu alloys to the addition of Ag. Some researchers 
have reported the general opinion that the refinement in grain size of Zn 
and Mg-based biodegradable alloys provides better corrosion resistance 
in NaCl electrolytes [53–56]. However, the corrosion resistance again 
decreased rapidly with the 4 wt% Ag additions to Zn-1Cu. The larger the 
cathodic areas (nobler intermetallic CuZn5 phases, and Cu-rich regions) 
in Zn-1Cu alloy compared with pure Zn forms, the bigger the galvanic 
current in the alloy (Table 4). The rapid decrease in the cathodic 
branches of the PDS curves indicates an activation-controlled corrosion 
mechanism in the alloys. 

The Ecorr value of the pure Zn was towards the move to nobler values 
with the addition of Cu due to the big difference between the standard 
electrode potentials of Zn (− 0.76 V) and Cu (− 0.34 V). The big potential 
difference triggers the formation of micro-galvanic cells between Zn-Cu 
grains and CuZn4/CuZn5 phases in the microstructure and causes heavy 
corrosion damage in the structure [57]. Thus, a sudden increase was 
observed in the corrosion rate after the Cu-addition (0.256 mpy) to the 
pure-Zn (0.054 mpy). Notably, the degradation rate of the Zn-1Cu alloy 

was higher than about four times that of pure-Zn. In the morphological 
analyses of the pure-Zn and Zn-1Cu alloys after the corrosion test, heavy 
corrosion marks were visible on the Zn-1Cu surface, relatively (Fig. 5). 

However, after the Ag ratio (>2 wt%) in the master alloy reached a 
dominant rate, the Ecorr value of the alloys again approached the Ecorr 
value of pure Zn. By the way, according to Table 4 and Fig. 4, there were 
slight differences in Eocp and Ecorr values of the alloys probably due to the 
corrosion products formed at electrolyte/film interfaces [57]. Besides, a 
clear breakdown was observed in the passivation region (plateau region) 
of pure-Zn and Zn-1Cu-4Ag alloy during the anodic scanning (Fig. 4). In 
other words, pitting corrosion more dominantly occurred in the samples. 
The reduction of grain size and presence of small intermetallic phases 
(AgZn4) after the addition of 4 wt% Ag contributed to many pit forma
tions on the alloy surfaces and caused more uniform corrosion marks in 
the samples (Fig. 5a and Fig. 6d) [46]. By the way, it is noteworthy that 
the number of corrosion nucleation points increases with the increasing 
amount of Ag in the Zn-1Cu master alloy (Fig. 6). However, the size of 
the pits is smaller with increasing the Ag. The observations also agreed 
with PDS results (Fig. 4 and Table 4). 

Fig. 7 shows corrosion products (oxides and hydroxides) accumu
lated on the film of the Zn-1Cu-1Ag alloy. 

It is well known that different factors that affect the corrosion be
haviors of metallic alloys such as chemical composition, grain size, or 
presence of intermetallic phases [8,29–31,58–60]. However, probably 
the main factor, causing the cracking of the protective surface film and 
the progression of corrosion on the surface, is the thermal expansion 
differences between the alloy and formed oxide film on its surface. Be
sides, the locally mixed potential differences of the oxide film due to the 
presence of intermetallic phases in it, and alloy composition increases 
this effect. Undoubtedly, aggressive Cl- ions in the AU electrolyte espe
cially attack these cracks in the film (such as region 1 in Fig. 7), where 
the pit progress in depth or as filiform and increases the corrosion failure 
on the surface (region 2 in Fig. 7). Finally, increasing the polarization 
level increased the corrosion products such as Zn(OH)2 or ZnO, signif
icantly (Fig. 7b) according to following equations: 2Zn2+ + 4OH− → 2Zn 
(OH)2 and Zn(OH)2 → ZnO + H2O [30,61]. In addition, it has been re
ported that ZnCl2 salts can be formed in corroded films as a result of the 
reaction of Cl- ions in the electrolyte with these oxides [35,46]. When all 
experimental results are evaluated together, it was seen that the 
Zn-1Cu-1Ag and Zn-1Cu-4Ag samples have a high degradation rate 
among the Ag alloyed samples. 

Immersion tests are also an essential evaluation method for biode
gradable metallic implant materials. Besides, the immersion tests use to 
evaluate the biodegradation trend of the material and to determine how 
it will perform over time in the body [62]. The tests involve immersing 
the implant material in the simulated environments for a specified 
period. Overall, immersion tests play a crucial role in the progression 
and evaluation of biodegradable metallic implant materials. Thus, 
samples were submerged in the AU electrolyte for 1, 7, 14, and 21 days 
at body temperature (37 ◦C) in this study, and the samples were eval
uated for changes in weight loss and their biodegradation rate during the 
immersion period. 

The weight loss of each sample was calculated to the following eq. 
[63]: Wt% = 100×

(Wf − Wi)

Wi
, where Wi is the initial dry weight of the alloy 

Fig. 3. Average grain sizes of the pure Zn, Zn-1Cu, and Zn-1Cu-xAg alloys.  

Fig. 4. The comparison of the PDS curves of pure Zn, Zn-1Cu, and Zn-1Cu-xAg 
alloys under in-vitro conditions. 

Table 4 
Electrochemical corrosion parameters of the alloys calculated from the PDS 
curves.  

Alloy Ecorr (mV) Icorr (µA⋅cm− 2) Rp (ohm⋅cm− 2) CR (mpy) 

Pure Zn -1151 3.581 4761 0.054 
Zn-1Cu -930 17.130 1763 0.256 
Zn-1Cu-1Ag -991 6.912 4596 0.105 
Zn-1Cu-2Ag -1093 2.302 11648 0.036 
Zn-1Cu-3Ag -1060 1.318 17185 0.021 
Zn-1Cu-4Ag -1161 9.480 2448 0.152  
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Fig. 5. SEM images of corroded surfaces of a) pure-Zn, and b) Zn-1Cu alloy.  

Fig. 6. SEM images of the corroded surfaces of a) Zn-1Cu-1Ag, b) Zn-1Cu-2Ag, c) Zn-1Cu-3Ag, and d) Zn-1Cu-4Ag alloys under in-vitro conditions.  

Fig. 7. The corrosion morphology of the Zn-1Cu-1Ag alloy at the extensive stage of polarization: a) lower and b) higher magnifications.  
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and Wf is the dry weight of the alloy after immersion test. The corrosion 
rate was determined with the CR = K•Wt

A•t•ρ formula described in ref. [57], 
where CR means to the corr. rate, Wt the weight loss of the alloy as 
described above, A the corroded area, ρ is the density, and t is immersion 
time. 

Fig. 8 shows the weight loss in AU at 37 ◦C, and calculated degra
dation rates of produced alloys. In the 21-day test results, it was deter
mined that the Zn-1Cu-1Ag alloy had the highest degradation rate and 
this value was 0.135 mm⋅year− 1. This result was relatively in well- 
agreement with the electrochemical results presented above (Table 4). 
The other samples had a near degradation rate each other at the end of 
the 21st day which indicates the reliability of the electrochemical tests. 

The comparative analysis of the immersion and electrochemical 
corrosion tests provides valuable insights into the corrosion behavior of 
Zn-Cu-Ag alloys. In the electrochemical corrosion tests, the Zn-1Cu-3Ag 
alloy demonstrated the lowest corrosion rate with 0.021 mpy, indicating 
its lower degradation rate in all samples. But it was noted that the Zn- 
1Cu-2Ag alloy (0.036 mpy) exhibited a corrosion rate that was 
remarkably close to that of Zn-1Cu-3Ag, suggesting its potential as a 
similar behavior to corrosion. Both alloys displayed high polarization 
resistances, indicating their ability to withstand aggressive AU electro
lytes. In contrast, the Zn-1Cu-1Ag and Zn-1Cu-4Ag alloys exhibited 
corrosion rates that were over four times higher than Zn-1Cu-2Ag and 
Zn-1Cu-3Ag, highlighting their higher degradation rate. At the end of 
the 1 day of the immersion tests, all the Zn-Cu-Ag alloys demonstrated 
significantly higher degradation rates (average 1.26 mm•year-1) 
compared to pure Zn sample (~0.7 mm•year-1), indicating their 
increased susceptibility to degradation in the AU environment. How
ever, after 7 days, the degradation rates of the alloys decreased 
dramatically, suggesting the formation of a protective passive layer, 
probably (Fig. 8). Among the alloys, the Zn-1Cu-2Ag alloy exhibited the 
lowest degradation rate (0.01543 mm•year-1) after 21 days, indicating 
its higher corrosion resistance in the AU solution. In contrast, the Zn- 
1Cu-1Ag alloy showed the highest degradation rate among all the 
samples at 0.1797 mm•year-1. The degradation rates of the other alloys 
were relatively close to each other (~0.033 mm•year-1). These findings 
emphasize the influence of alloy composition on the corrosion behavior 

of Zn-Cu-Ag alloys. The addition of Cu and Ag elements in specific ratios 
can significantly affect the corrosion rate, with Zn-1Cu-2Ag and Zn-1Cu- 
3Ag alloys demonstrating higher performance in the AU environments. 

3.4. Bacterial sensitivity of the alloys 
The antibacterial activity against E. coli and S. aureus were studied in 

pure Zn, Zn-1Cu, and Zn-1Cu-xAg alloys groups as shown in Fig. 9. 
The bacteria were incubated in a growth medium with the uncoated 

and these material groups. The inhibition rate of the Zn-1Cu-1Ag was 
higher than the inhibition rates of the other groups on E. coli and 
S. aureus. When the average of inhibition rate was 18.5 mm in Zn-1Cu- 
1Ag, 11.5 mm in pure Zn, 14.1 mm in Zn-1Cu, 15.3 mm in Zn-1Cu-2Ag, 
14.5 mm in Zn-1Cu-3Ag, 17.3 mm in Zn-1Cu-4Ag in the E. coli incuba
tion (Fig. 9a). Similarly, average of inhibition rate was 16.5 mm in Zn- 
1Cu-1Ag, 12.5 mm in the pure Zn, 13.5 mm in Zn-1Cu, 14.5 mm in 
Zn-1Cu-2Ag, 15.1 mm in Zn-1Cu-3Ag, 16 mm in Zn-1Cu-4Ag in the 
S. aureus incubation (Fig. 9b). Ag can directly react with the membrane 
of the bacteria, because of the large membrane area, resulting in more 
efficient interaction. Silver ions bind negatively charged proteins and 
nucleic acids, causing structural changes and deformations in the bac
terial cell’s walls, membranes, and nucleic acids. Ag is most likely to 
affect the respiratory chain in bacterial cells [64,65]. As a result, com
binations of Zn-1Cu and Ag blocked bacteria and demonstrated a strong 
antibacterial property. 

3.5. Cell survival/death in prostate epithelial and bladder cancer cells of the 
alloys 

Fluorescence images of the PNT1A prostate epithelial cells were 
taken on the pure Zn, Zn-1Cu, and Zn-1Cu-xAg alloys, respectively 
(Fig. 10). Besides, seeded cells onto the empty cell culture dishes to 
evaluate the cell structure before seeding them onto different samples. 
DiOC6 staining indicates a healthy cell population with active mito
chondria and inner membrane network, the cells were stained on the 
pure Zn, Zn-1Cu, and Zn-1Cu-3Ag alloys on the materials. Other samples 
did not show cell attachment to the material (Fig. 11). However, the 
shape of the cells on the attached zones did not show similarity to un
treated control. While untreated cells were alive and not showing 

Fig. 8. a) Weight lost values, and b) degradation rates of pure Zn, Zn-1Cu, and 
Zn-1Cu-xAg alloys measured by immersion tests in AU solution at 37◦C. 

Fig. 9. Antibacterial effects of the pure Zn, Zn-1Cu, and Zn-1Cu-xAg alloys at 
24 h against a) E. coli, b) S. aureus, and c) histogram of inhibition zone di
ameters obtained after antibiotic susceptibility test with against E. coli and 
S. aureus incubation. 

H. Yilmazer et al.                                                                                                                                                                                                                               



Journal of Alloys and Compounds 965 (2023) 171290

9

propidium iodide (PI) staining on a petri dish, pure Zn, Zn-1Cu, and Zn- 
1Cu-3Ag led to an increased dead cell population within 48 h (Fig. 11). 
In accordance with previous findings [8–11], metal alloys are promising 
to increase cell viability on the material or at the edge of the produced 
samples. Similarly, both cell lines showed different sensitivities against a 
mixture of zinc, silver, and copper metals. Optimization of the mixtures 
increased the biocompatibility of the produced materials. 

In addition, it was checked the healthy/dead status of the cells via 
fluorescence microscopy on the side of the samples (Fig. 12). The fluo
rescence images of T24 human urinary bladder cancer cells for the Zn 
(pure), Zn-1Cu, Zn-1Cu-1Ag, Zn-1Cu-2Ag, Zn-1Cu-3Ag, Zn-1Cu-4Ag 
were taken with a fluorescent microscope. Before seeding cells on the 
samples, the cells were seeded onto the plate as a control, and the 
cellular morphology was observed (Fig. 13). 

Zn-1Cu-2Ag was the most promising material compared to others 
due to the increased number of viable cells stained with DiOC6. 
Concomitantly, PI-stained cells were also detectable on the Zn-1Cu-2Ag 
compared to pure Zn, Zn-1Cu, and Zn-1Cu-3Ag. Zn-1Cu-3Ag showed a 
diminished number of attached T24 cells on material with less PI 
staining for the dead cell population. However, we did not obtain any 
staining results for cells on the Zn-1Cu-1Ag and Zn-1Cu-4Ag (data not 
shown). The cell morphology was not the same with untreated control 
T24 cells (Fig. 13). The cells attached to the Petri dishes near the ma
terial were promising for T24 cells (Fig. 14). All samples except Zn-1Cu 
showed promising results for the number of attached cells near the 
material within 48 h. The best results like pure Zn were obtained from 
Zn-1Cu-1Ag, Zn-1Cu-2Ag, and Zn-1Cu-3Ag with higher cytoplasmic 
content compared to Zn-1Cu and Zn-1Cu-4Ag. The increasing amount of 
Ag in the alloys caused a significant decrease in the attached cell number 
on the material or side. 

In this study, the Zn-Cu-Ag alloys have been studied for urological 
applications such as ureteral stents. All results have been considered 
together, Zn-1Cu-1Ag alloy exhibited promising behaviors such as 
adequate biodegradation rate and cellular responses for the primary 
cells. Consequently, these materials have the potential to provide a more 
natural healing process and reduce the risk of implant-related compli
cations. However, only static degradation behavior was investigated in 
this paper, further research is needed to fully evaluate the performance 
and in-vitro dynamic degradation tests simulated by a human ureter 
channel, biomechanical and in-vivo studies. 

4. Conclusions 

In this study, the biodegradable Zn-Cu-xAg (x: 1, 2, 3, and 4) alloys 
have been fabricated by a low-cost casting method, successfully. It has 
been revealed that the grains get smaller with the increase of the Ag 
element ratio. Thus, it can be concluded that Ag acts as a grain refiner for 
this ternary system. By the way, the (Ag, Cu)Zn4 phase has been 
precipitated as a secondary phase during the heat treatment. However, 
the dissolution of the primary Ɛ-CuZn5 phase was quite limited in the 
lower content of Ag in the Zn matrix. The hardness values of the Zn-1Cu 
master alloy were gradually increased with the increasing Ag content as 
expected. The maximum hardness was measured as 69 ( ± 1.3) HV for 
Zn-1Cu-4Ag alloy, which has the highest alloy ratio among the devel
oped alloy systems, due to the solid solution strengthening and precip
itation hardening. The highest and lowest Icorr values, which are 
references also corrosion rate, were calculated in Zn-1Cu and Zn-1Cu- 
3Ag alloys as 17.13 and 1.318 mA⋅cm− 2, respectively. The big poten
tial differences between the alloying elements and precipitates trigger 
the formation of micro-galvanic cells in Zn-Cu-xAg alloy and cause 
heavy corrosion damage in the microstructure. The morphological ob
servations after the corrosion tests in the AU electrolyte showed that the 
number of corrosion nucleation points increases with the increasing 
amount of Ag in the Zn-1Cu master alloy. However, the size of the pits is 
smaller with increasing Ag. Besides, the results of the bacterial test 
revealed that Zn-1Cu and 1Ag combinations had a better antibacterial 
impact than other combinations. However, the increasing amount of Ag 
in the samples caused a significant decrease in the attached cell number 
on the material or by the side for both PNT1A prostate epithelial or T24 
urothelial carcinoma cells. Although PNT1A cells responded better 
against Zn-1Cu, T24 cells did not adhere to or side of the material. For 
both cell lines, Zn-1Cu-1Ag was the most promising material for the 
number of attached cells. Considering both the hardness, corrosion, and 
cell culture tests together, the Zn-1Cu-3Ag system is the best option for 
the stent to withstand the high radial forces exerted by the vessel 
without shrinking under in-vitro conditions. 
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