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In the recent decades, zinc (Zn) and its alloys have been drawing attention as promising candidates for bio-
resorbable cardiovascular stents due to its degradation rate more suitable than magnesium (Mg) and iron (Fe)
alloys. However, its mechanical properties need to be improved in order to meet the criteria for vascular stents.
This work investigates the mechanical properties, biodegradability and biocompatibility of Zn-Mg and Zn-Cu
alloys in order to determine a proper alloy composition for optimal stent performance. Nanoindentation mea-
surements are performed to characterize the mechanical properties at the nanoscale as a function of the Zn
microstructure variations induced by alloying. The biodegradation mechanisms are discussed and correlated to
microstructure, mechanical performance and bacterial/cell response. Addition of Mg or Cu alloying elements
refined the microstructure of Zn and enhanced yield strength (YS) and ultimate tensile strength (UTS) propor-
tional to the volume fraction of secondary phases. Zn-1Mg showed the higher YS and UTS and better performance
in terms of degradation stability in Hanks’ solution. Zn-Cu alloys presented an antibacterial effect for S. aureus
controlled by diffusion mechanisms and by contact. Biocompatibility was dependent on the degradation rate and
the nature of the corrosion products.

1. Introduction represented a revolutionary advance in the treatment of cardiovascular

disease, in-stent restenosis (ISR) and late-stent thrombosis (LST) remain

Coronary artery disease (CAD) is the leading cause of death world-
wide and it is characterized by the progressive occlusion of the artery
blood flow due to the formation of a plaque. Percutaneous Coronary
Intervention (PCI) with stent placement has become the most popular
treatment for atherosclerosis, with around three million stents being
implanted worldwide each year [1]. The purpose of the cardiovascular
stents implantation is to provide support to the artery to avoid vessel
recoil during the remodeling process. Although the use of stents has
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the major limitations of coronary intervention. Bare metal stents (BMS)
deployment inside an artery disrupt the healthy endothelium and causes
uncontrolled proliferation of smooth muscle cells (SMCs) leading to ISR
in 15-30% of PCI. The occurrence of ISR has been reduced to <5% since
the introduction of the drug-eluting stents (DES) into clinical routine.
However the risk of LST increases due to a delay of endothelial cells
(ECs) migration and proliferation and a longer exposition of the plain
metal to the blood flow [2]. Thus, a new generation of bioresorbable
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stents (BRS) has emerged to overcome the side effects by assisting the
arterial healing and dissolving with no implant residues [3].

During the last two decades, bioresorbable materials have been
widely investigated for their use in both cardiovascular and orthopedic
applications [4-6]. The degradability and resorbability of the materials
within the body after implantation simplifies many surgical in-
terventions. The mechanical properties of an ideal stent should be close
to those of stainless steel 316L and its total degradation should be ful-
filled after one year of the implantation [7]. Bioresorbable polymers
predominantly undergo hydrolytic or enzymatic degradation, releasing
biocompatible products [8]. Nevertheless, their limited mechanical
strength requires thicker struts to match the structural strength of cur-
rent metallic stents, disrupting laminar blood flow, and potentially
increasing the incidence of acute thrombotic events [4]. Magnesium
(Mg)- and iron (Fe)-based bioresorbable metals have received much
attention in the past years due to their inherent mechanical properties,
which make them more attractive stent material candidates than their
polymeric counterparts [3,9]. Unfortunately, Mg shows a relatively high
degradation rate and release of hydrogen gas which can induce cyto-
toxicity and can create gas bubbles at the adjacent areas to the implant
promoting the separation of the surrounding tissue [10,11]. Fe corrodes
at a slow degradation rate for stenting applications and accumulates
corrosion products at the artery wall [5,12].

In 2011, zinc (Zn) was proposed as a potential bioresorbable metals
for BRS applications with reasonable biocompatibility and an appro-
priate biodegradation rate between Fe and Mg [13]. However, the
development and characterization of Zn and its alloys as bioresorbable
metals is an ongoing research and rigorous studies must be performed in
order to determine and control their biocompatibility, degradation rate,
and optimal mechanical properties. In fact, the risks associated with BRS
restrain the growth of the market. Problems are related to limited me-
chanical material characteristics or unsuitable corrosion characteristics
[14]. Nowadays, only Magmaris RMS stent (BIOTRONIK, Germany)
bioresorbable metal stent has been CE approved for its clinical use [15].
Thus, a thoroughly understanding of the mechanical properties at the
nanoscale of the different alloys phases and the oxidation by-products
and species with the biological fluids is needed.

Biocompatibility of Zn alloys and its corrosion products is crucial for
stenting applications. Bowen et al. [16] revealed no necrosis or rejection
Zn wires when implanted in the abdominal aorta of Sprague-Dawley rats
during six months. However, Sherier et al. [17] suggested that free Zn*"
ions might hinder cell mobility and adhesion. Kubasek et al. [18] re-
ported a maximum safe Zn?" ion concentration for U20S and 1929 cell
lines. Differences in the in vitro response depend on the studied alloy,
selected cell line and cell culture medium, and the obtained products of
corrosion. Zn alloys bacterial response is of interest since stent infection
is a rare complication with high mortality (32%), in which the S. Aureus
and the P. Aeruginosa bacteria are responsible for over 80% of the cases
[19].

The mechanical properties of Zn are not optimal and thus, different
strategies (e.g. alloying, thermal treatments and plastic deformation)
have been evaluated. Katarivas Levy et al. [20] reviewed a numerous list
of Zn-based formulations along with the reported mechanical properties
and corrosion rates, and suggested essential elements Mg, calcium (Ca),
copper (Cu), manganese (Mn), and strontium (Sr) as alloying elements
for biomedical zinc alloys. Indeed, ternary alloys as Zn-Mg-Ca [21] or
Zn-Mg-Cu [22,23] have been evaluated as promising compositions for
biodegradable implants. Yang et al. [24] performed an extensive eval-
uation of binary Zn alloys for bioresorbable bone implants. Among all
tested conditions, Zn-Li and Zn-Mg alloys showed noteworthy im-
provements in terms of strength, uniform degradation behavior, and
biocompatibility [25,26].

However, the ductility significantly declined with respect to pure Zn,
while Zn-Cu alloys have elongation values above 30%, which success-
fully accomplishes the criteria for cardiovascular stents applications
[27]. Moreover, Cu is well-known for its antibacterial properties [1,
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28-30] and it is reported to stimulate endothelial cell migration and
angiogenesis [31-33]. Alloying with peritectic-forming elements such as
Cu or eutectic-forming elements such as Mg, refines the microstructure
of pure Zn and enhances its mechanical properties [34,35]. The
importance of controlling topography, chemistry, and mechanical
properties at micro and nanoscale is fundamental for obtaining the
desired cellular response [28]. However, no studies have been devoted
to evaluate the mechanical behavior of Zn-Mg and Zn-Cu alloys different
phases at the nanoscale depth range.

This work aims to gain a better understanding of the addition of the
peritectic and eutectic phases at the Zn matrix and their effect on the
corrosion and nanoscale mechanical properties of Zn-Mg and Zn-Cu al-
loys. To that end, a thoroughly nanoindentation characterization and
corrosion evaluation of Zn-based alloys was studied by potentiodynamic
polarization (PDP) and electrochemical impedance spectroscopy (EIS) in
Hanks’ solution. The ion release of the alloys was evaluated through an
immersion test by analyzing the released Zn?>*, Mg?*, and Cu?* cations.
Finally, it has been evaluated the in vitro biological response with human
aortic endothelial cells (HAOECs), the bacterial activity via agar diffu-
sion tests and the bacterial adhesion with both S. aureus and
P. aeruginosa of Zn-based alloys.

2. Materials and methods
2.1. Materials

Pure Zn (99.9% purity), Zn-xMg (x = 0.5 and 1 wt%) and Zn-xCu (x
= 3, and 5 wt%) alloys were provided by Goodfellow, UK, in rods of 10
mm diameter. The as-received condition of Zn was extruded, and Zn-Mg
and Zn-Cu bars were extruded and cold rolled. The chemical composi-
tions of the zinc alloys as determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) are presented in Table 1.

2.2. Microstructural characterization

Metallographic samples for the microstructural characterization
were prepared from cross-sections and longitudinal samples using
standard metallographic procedures followed by etching. The rods were
cut into 2.5 mm thick discs, abraded with silicon carbide grinding papers
(P800, P1200, P2500 and P4000 from Neuertek S.A., Spain). The grin-
ded samples were polished using 0.05 pm silica suspension (Buehler,
Germany) while lubricated with ethanol (>96% (v/v) Sigma-Aldrich,
USA) until achieving smooth surfaces. A previous step of polishing
using 6 pm diamond suspension (ATM, Germany) was required for Zn-
Cu alloys. All polished samples were ultrasonically cleaned in absolute
ethanol (Sigma-Aldrich, USA) and acetone (Sigma-Aldrich, USA) for 5
min. Pure Zn and Zn-Cu alloys were etched by a solution of 200 g/L CrO3
(Sigma-Aldrich, USA) and 15 g/L NaySO4 (Sigma-Aldrich, USA), and
rinsed of 200 g/L CrOs. Zn-Mg alloys were etched by a solution of 4.2 g
picric acid (Sigma-Aldrich, USA), 10 mL acetic acid (Sigma-Aldrich,
USA), 70 mL absolute ethanol, and 10 mL of deionized water, and rinsed

Table 1
Chemical composition (wt.%) of Zn-Mg and Zn-Cu alloys determined by ICP-
OES.

Sample Zn (wt. Mg (wt. Cu (wt. Pb (wt. S (wt. Others
%) %) %) %) %)
Pure Zn 99.939 - - 0.030 - <0.02"
Zn- 99.393 0.464 - 0.099 - <0.01"
0.5Mg

Zn-1Mg 98.498 0.904 - 0.113 - <0.01"
Zn-3Cu 97.144 - 2.708 0.094 0.032 <0.01¢
Zn-5Cu 95.385 - 4.482 0.084 0.011 <0.01¢
2 As, Cd, Sn, Fe.

> Ag, Al, As, Cu, S, Se, Si.
¢ Ag, Al, As, Fe, Sb, Se, Si.
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in absolute ethanol. Microstructure was observed by scanning electron
microscopy (SEM) equipped with X-ray energy-dispersive spectrometry
(EDS) (JSM-7001F, JEOL, Japan). X-ray diffractometer (XRD) (D8
ADVANCE Twin, Bruker, USA) using CuKa was operated at 40 kV and
100 mA to identify the phase composition of samples with scanning
range from 20° to 90° at a scan rate of 2° min~! and step size of 0.02°.
The volume fraction percentage of secondary phase area was calculated
using ImageJ software (National Institutes of Health, MD).

2.3. Mechanical characterization

Mechanical properties of the different Zn alloys were evaluated
through tensile testing, Vickers micro-hardness, and nanoindentation.
The tensile tests were carried out on a universal material test loading
machine (Bionix 858 uniaxial, MTS Systems) according to ASTM E8-04
standard [36]. Tensile dog-bone samples (30 mm gage length, 6 mm
diameter and 6 mm radius of fillet) were cut from the rolled rods with
long axis parallel to the extrusion direction. The tensile tests were car-
ried out at room temperature and at strain rate of 1 mm/min. Fracture
surfaces after tensile tests were observed with SEM. Surface
micro-hardness, Hy, was measured using a Vickers micro-hardness tester
(Durascan G5, Emcotest) with a load of 100 g and dwelling time of 10 s.
Mean hardness was averaged from 5 measurements.

Nanoindentations were performed on a MTS Nanoindenter XP
equipped with a continuous stiffness measurement (CSM) using a Ber-
kovich diamond tip with its area function determined against fused silica
standard. Matrixes of 10 by 10 indentations were done with constant
strain rate of 0.05 s_! and a maximum penetration depth of 200 nm. The
distance between consecutive indentations was set to 5 pm in order to
avoid the interaction of the plastic deformation field between in-
dentations. Results were analyzed with the Oliver and Pharr method
[37], usually applied for metallic samples and sharp indenters. This
approach minimizes the plastic effects providing a more accurate
calculation of the elastic properties of the material [38,39]. Nano-
indentation mapping was performed by KLA iMicro nanoindenter (KLA,
USA). High-speed nanoindentations performed one complete indenta-
tion cycle per second. Matrixes of 60 by 60 indentations were done at
constant load up to 2 mN. A constant distance around 5 pm was held
between each imprint in order to avoid any overlapping effect. Results
were analyzed by InView software (KLA, USA). Prior to nanoindentation
studies, the metallic discs were abraded up to 4000 grit and polished
with silica.

2.4. Corrosion evaluation

The corrosion behavior of Zn and Zn alloys was studied by poten-
tiodynamic polarization (PDP) test [40], static immersion test [41], and
electrochemical impedance spectroscopy (EIS). The solution used for all
corrosion tests was Hanks’ solution (H4891, Sigma-Aldrich, USA) sup-
plemented with NaHCOg3 (Sigma-Aldrich, USA) and CaCl,-2H20 (Sig-
ma-Aldrich, USA) to simulate the ionic composition of blood plasma but
without Mg?* to avoid interfering with the inductively coupled plasma
mass spectroscopy (ICP-MS) measurements. The chemical composition
of the solution is listed in Table S1. The volume of the solution was 20
mL for all tests. The metallic discs were abraded up to 4000 grit and
ultrasonically cleaned with absolute ethanol and acetone. The area of
the samples exposed to the solution was 0.79 cm? in all cases. For this
purpose, Lacomit varnish (Agar Scientific, UK) was used for electro-
chemically isolate the non-exposed areas.

2.4.1. Potentiodynamic polarization test

Electrochemical analysis was performed in Hanks’ modified solution
at 37 + 1 °C and pH 7.4 using a PARSTAT 2273 potentiostat (Princeton
Applied Research, USA). Saturated calomel electrode (SCE) and plat-
inum electrode were used as the reference electrode and counter elec-
trode, respectively. After 30 min of stabilization of the open circuit
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potential (OCP), polarization curves were obtained by scanning from
—1.4 to —0.6 V potential against the OCP at a scan rate of 0.16 mV/s,
according to ASTM G5-14 [40]. The corrosion current density (icorr) and
the corrosion potential (Eor) were determined by extrapolating the
cathodic Tafel line with Origin 2020 software (OriginLab, USA). The
corrosion rate (CR) (um/year) was calculated from the corrosion current
density using Eq. (1) [42]:

CR=3.27-1073 (€))

icurrEW

p
where ico is the corrosion current density (pA/cmz), EW is the equiv-
alent metal weight and p is the metal density. According to ASTM G102-
89 [42], the EW and p used for calculation were 32.68, 32.42, 32.15,
33.70, 34.41, and 7.14, 7.11, 7.09, 7.19, 7.23 g/cm® for Zn, Zn-0.5Mg,
Zn-1Mg, Zn-3Cu, and Zn-5Cu, respectively.

2.4.2. Static immersion test

Static immersion test was performed according to ASTM G31-72
[41]. Samples were first weighted and then totally immersed during
10 days in 20 mL of Hanks’ modified solution under non-aerated
controlled conditions (T = 37 + 1 °C, pH 7.4 + 0.1). The whole solu-
tion was renewed every 48 h. Aliquots of the solution collected at 1, 3, 7,
and 10 days of immersion time were filtered with 0.2 pm filter and the
released concentration of Zn?*, Mg?*, and Cu?" was determined by
using ICP-MS (7800 ICP-MS, Agilent Technologies). The redox potential
(E) and the pH were monitored during the immersion test with Hanna HI
5521 multiparameter (Hanna Instruments, Italy). After 10 days of im-
mersion, the corrosion products accumulated onto the sample surface
were ultrasonically removed with a solution of 200 g/L CrOs at 70 °C
according to ISO 8407 [43]. Degraded samples were then weighted to
calculate the CR through weight loss according to Eq. (2) [41]:

CR=(8.76-10* x W) /(Ax T x D) 2
where W is the weight loss (g) after the removal of the corrosion prod-
ucts, A is the sample surface area exposed to the solution (cmZ), T is the
immersion time (h), and D is the metal density (g/cm™3).

Surface morphology and chemical composition of the Zn alloys
before and after the removal of corrosion products were examined by
SEM, EDS, and confocal Raman microscopy (inVia™ Qontor® confocal
Raman microscope, Renishaw Inc.).

2.4.3. Electrochemical impedance spectroscopy (EIS)

EIS experiments were carried out in Hanks’ solution at 37 + 1 °C and
pH 7.4 £ 0.1 for 7 days. A conventional three-electrode electrochemical
cell as described in 2.4.1 was used with an exposed area of the working
electrode of 0.8 cm?. The EIS data were recorded at OGP applying AC
amplitude of 10 pA-rms from 10° Hz down to 102 Hz. ZSimpWin v3.21
software, Princeton Applied Research was used to treat the raw data.

2.5. Wettability

Static contact angles (SCA) measurements on Zn and Zn alloys sur-
faces were performed using a Contact Angle System OCA15 plus
(Dataphysics, Germany) with the sessile drop method. All measurements
were done at room temperature with 3 pL ultrapure Milli-Q water drop.
SCA were calculated at 5, 10, 15, 20, 25, and 30 s after drop deposition
using a Laplace-Young fitting with SCA20 software (Dataphysics, Ger-
many). Prior to wettability measurements, the metallic discs were
abraded up to 4000 grit and ultrasonically cleaned with absolute ethanol
and acetone.

2.6. Antibacterial activity

Staphylococcus aureus (S. aureus, CCUG 15915, Culture Collection
University of Goteborg (CCUG), Goteborg, Sweden) and Pseudomonas
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aeruginosa (P. aeruginosa, CECT 110, Coleccién Espanola de Cultivos
Tipo (CECT), Valencia, Spain) were used as Gram positive and Gram
negative bacteria model to determine the antibacterial properties of Zn
and the Zn alloys samples in vitro. Bacteria in frozen stock were aero-
bically cultured in a brain heart infusion (BHI, Scharlab, Spain) medium
at 37 + 1 °C overnight. Afterwards bacteria were diluted in BHI medium
to achieve a final optical density of 0.2 at 600 nm, corresponding to 108
colony forming units (CFU) per milliliter.

The inhibition effect on S. aureus and P. Aeruginosa of Zn and Zn
alloys was measured by the agar diffusion plate test. Agar plates were
prepared by mixing the culture medium with 7.5g of agar (Agar bacte-
riological, Scharlab, Spain). Sterilized agar plates were inoculated with
100 pL of the bacteria suspension at 108 CFU/mL. Based on CLSI M07-A9
[44], the samples were sterilized by immersion in ethanol 96% (v/v) for
30 min, washed with phosphate buffered saline (PBS, Sigma-Aldrich) ,
put in contact with the plates with spread bacteria and incubated at 37
+ 1 °C for 24 h. The antibacterial activity is related to the size of inhi-
bition zone (H), which can be calculated as describes Eq. (3) [44]:

H=(D—-d)/2 3)
Where H is the inhibition zone in mm, D is the total diameter of spec-
imen and inhibition zone in mm, d is the diameter of specimen in mm.
The ideal antibacterial effect occurs when H > 1. When H = 0 and few
bacteria are observed, the antibacterial effect is limited; when H = 0 and
many bacteria observed, there is no antibacterial effect. The image
analysis was performed using ImageJ software (National Institutes of
Health, MD).

Moreover, the adhesion test was performed by adding 20 pL of the
bacteria suspension at 108 CFU/mL to each sample and incubating at 37
+ 1 °C for 2h. After incubation, samples were rinsed in PBS three times
to remove the non-adhered bacteria. The adhered bacteria were fixed
with 500 pL of 2.5% glutaraldehyde in PBS at 5 + 1 °C for 30 min.
Samples were then dehydrated sequentially in a series of ethanol water
mixtures (50%, 70%, 90%, 96%, and 100%) for 10 min each. The
morphology and number of the adhered bacteria were analyzed by SEM.

2.7. Endothelial cell in vitro assays

Human aortic endothelial cells (HAOEC, 304-05a Cell Applications®)
were cultured under standard conditions (humidified atmosphere, 5%
CO3 at 37 £ 1 °C) in Growth Medium ready to use (211-500, Cell ap-
plications®) in Nunc tissue culture flasks (Termo Fisher Scientific) and
passaged when reached 60-70% confluency. Cell isolation from culture
flasks was made by 1 mL-trypsinization (Trypsin/EDTA, Sigma-Aldrich)
at room temperature for 5 min followed by cell rinsing and resuspension
in Growth Medium. Cells were used for experiments at passage 8-12.
Cell viability was determined using cytotoxicity detection kit"""S lactate
dehydrogenase (LDH, Roche®) assay, a microplate reader and calcu-
lated as a ratio to the positive control group. Each material was assessed
by triplicate.

Cytotoxicity assays were performed according to ISO 10993-5/12
[45,46]. Indirect cell viability of HAOEC was measured after 24 h in-
cubation in supernatant at various dilutions. Prior to cell experiments,
the discs were sterilized by immersion for 20 min in ethanol followed by
three baths with PBS solution. The supernatants were prepared by im-
mersion of discs (surface finish: polished with 4000 grit emery paper) in
Growth Medium ready to use under standard conditions for 3 days at a
surface-to-volute ratio of 3 cm?/mL [46]. Aliquots of supernatants were
prepared at 1, 1:1, 1:10, 1:100 and 1:1000 volume-to-volume ratio.
Prior to the addition of supernatants, cells were incubated for 24 h in
fresh Growth Medium on 96-well plate at a cell density of 10.000
cells/well to allow attachment. After that, the medium was replaced by
the diluted supernatants. Cell viability was determined using cytotox-
icity detection kit""US LDH assay. The optical density was measured at
the wavelength of 492 nm using a microplate reader (Synergy HTX,
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Biotek) and calculated as a ratio to the positive control group.

HAOEC adhesion/proliferation tests were performed for 1 day, 3 days
and 7 days (500 pl with 3 x 10* cells/sample). Cells were seeded onto
the alloys polished surfaces previously sterilized as described-above and
cultured under standard conditions. Experiments were performed by
triplicate for viability measurements by LDH assay as described above
and additional samples were run for microscopical observation. For this
purpose, cells were fixed with 4% paraformaldehyde (PFA, Sigma-
Aldrich, USA) for 30 min followed by three baths with PBS solution to
remove residual PFA and dehydrated through an ascending series of
50%, 70%, 95% and 100% ethanol for SEM observation. For confocal
laser scanning microscopy characterization (Carl ZEISS LSM 800) of
viable/dead cells, a double staining Kit (Sigma-Aldrich) of Calcein-AM
and Propidium Iodide (PI, Sigma-Aldrich, USA) was used.

2.8. Statistical analysis

The experimental data collected in this study were reported as mean
+ standard deviation (SD). Unless previous specified, all physicochem-
ical characterization and cell culture experiments were performed with
n = 3 samples for each specimen group for each assay used in this study.
A normality test (Shapiro-Wilk test) was performed to determine if data-
set were modeled by a normal distribution. An equality of variances test
(ANOVA) was used to determine statistically significant differences
when data were normally distributed. A non-parametric test (Kruskal-
Wallis test) was used for non-normally distributed data (p-value < 0.05
for all tests). Statistical analysis was performed using Minitab Statistical
Software (Minitab Inc., USA).

3. Results
3.1. Microstructure

Fig. 1 shows SEM images of the microstructure of metallic discs in the
cross-section (left) and longitudinal section (right), the detected phases,
and their volume fraction. The microstructure of the longitudinal section
confirmed the preferential grain orientation due to cold rolling
manufacturing for Zn-based alloys (Fig. 1d, f, h, j). Pure Zn micro-
structure consisted of heterogeneous grains of Zn, ranging from 200 pm
up to 1 mm at the cross-section, with partial recrystallization [47]. On
the other hand, the microstructure of Zn-Mg alloys consisted of Zn
matrix and eutectic mixture of Zn + MgyZn;; formed along the grain
boundaries of a—Zn (Fig. 1c—f). Image analysis confirmed an increase of
the volume fraction for the eutectic mixture from 10% to 19%, for
Zn-0.5Mg and Zn-1Mg alloys respectively, with increasing content of
alloying element (Fig. Sla-d). Zn-Cu alloys presented a dual-phase
microstructure of Zn and the dendritic e-CuZns phase (Fig. 1g-j).
Fig. 1h and i showed elongated e-dendrites and n-Zn grains following the
rolling direction. The volume fraction of intermetallic e-phase signifi-
cantly increased with the higher percentage of Cu content in the alloy,
7% for Zn-3Cu alloy and 25% for Zn-5Cu alloy (Fig. Sle-f). XRD results
confirmed the phases composition of studied samples are in Fig. S2.

3.2. Mechanical properties

Tensile mechanical properties and Vickers hardness results are
shown in Fig. 2 with ultimate tensile strength (UTS), yield strength (YS),
elongation at break (E%) and Vickers hardness (HV) parameters. Pure
Zn showed low values of YS (30 + 6 MPa), UTS (97 + 7 MPa), and
elongation (8 + 2%) for this application. As expected, the increasing Mg
concentration significantly enhanced the YSup to 192 + 13 and 222 + 6
MPa for Zn-0.5Mg and Zn-1Mg, respectively. The UTS values also
increased to 219 + 7 MPa for Zn-0.5Mg, and 260 + 8 MPa for Zn-1Mg
alloy. However, the elongation at break reached 28 + 6% for Zn-
0.5Mg but dramatically decreased down to 11 + 1% for Zn-1Mg alloy.

The tensile mechanical properties of Zn-Cu alloys were improved
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Zn+Mg,Zn,, (10%)
Zn (90%)

Zn+Mg,Zn,, (19%)
Zn (81%)

e-CuZng (7%)
Zn (93%)

€-CuZn,(25%)
Zn (75%)

Fig. 1. Microstructure of the cross-section (left) and longitudinal section (right) of: extruded Zn (a, b), and cold rolled Zn-0.5Mg (c, d), Zn-1Mg (e, f), Zn-3Cu (g, h),

and Zn-5Cu (i, j) alloys.

compared to pure Zn. Both YS and UTS parameters were 128 + 4 and
147 £+ 1 MPa for Zn-3Cu alloy, and 154 + 5 and 208 + 2 MPa, for Zn-5Cu
alloy, respectively. As observed, elongation to fracture consistently
increased up to 117% for Zn-Cu alloys. No statistical differences in
fracture elongation were observed between Zn-3Cu and Zn-5Cu alloys.
Vickers micro-hardness of pure Zn resulted of 41 + 2 HV while Zn-Mg
alloys showed higher values up to 90 £ 6 HV for Zn-1Mg alloy
(Fig. 2a). This trend is attributed to the increasing volume fraction of the
hard Zn + Mg,Zn;; eutectic phase. For Zn-Cu alloys, the hardness was
also enhanced up to 73 + 5 HV for Zn-5Cu alloys, correlated with the
larger the volume fraction of e-CuZns intermetallic phase.

The morphology of the fracture surfaces after tensile testing tests is
shown in Fig. 2b. The fracture surface of pure Zn presented fully trans-
granular morphology, indicating a brittle fracture without plastic
deformation, in accordance to its low fracture elongation (8 + 2%). Zn-
0.5Mg alloy exhibited dimple-fracture features, which is consistent with
the enhanced elongation to fracture (28 + 6%) compared to pure Zn.
The number of plastic dimples decreased with the increasing in Zn-1Mg
alloy, and the predominance of cleavage planes confirmed the macro-
scopic fragility and lower elongation to fracture (11 + 1%). Zn-Cu alloys
fracture surface exhibited a ductile fracture behavior, coherent with the
larger elongation at break value of around 117%. The magnitude of the
ridges suggested more refined microstructure of Zn-Cu alloys when
compared to Zn, and larger grain size than Zn-Mg alloys.

As shown in Fig. 3, nanoindentations on Zn matrix and secondary
phases (eutectic Zn + MgsZn;; for Zn-Mg alloys, and peritectic e-CuZns
for Zn-Cu alloys) provided the hardness and elastic modulus (E) of each
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specific phase (Table 2). The Zn matrix showed hardness of 1.11 + 0.08
GPa for pure Zn. Statistically higher values for Zn-0.5Mg, and Zn-1Mg
alloys (1.18 £ 0.15, and 1.19 + 0.12 GPa, respectively), and statisti-
cally lower values for Zn-3Cu (0.82 + 0.13 GPa) and Zn-5Cu (0.84 +
0.15 GPa) were reported. E values ranged from 71 up to 89 GPa but no
statistical differences were found between studied surfaces.

High-speed nanoindentation test provided values of Zn matrix
hardness of 0.89 4 0.272, 1.104 4+ 0.216, and 1.112 + 0.329 GPa for
pure Zn, Zn-1Mg, and Zn-3Cu, respectively. The reported hardness of the
e-CuZns secondary phase was 2.008 + 0.328 GPa, and higher hardness
was obtained for Zn + MgeZn; (2.684 + 0.457 GPa). Hardness histo-
grams and maps compiled from the high-speed nanoindentation test are
shown in Fig. S3. The E values of Zn matrix were 69.73 + 11.88,72.47 +
9.41, and 75.36 + 17.32 GPa for Zn, Zn-1Mg, and Zn-3Cu, respectively.
The E of secondary phases was 95.70 + 9.15 GPa, for Zn + MgyZn;1, and
109.92 + 11.26 GPa for CuZns,

3.3. Corrosion behavior

3.3.1. Potentiodynamic polarization test

The corrosion resistance of the alloys was first evaluated by poten-
tiodynamic measurements in modified Hanks’ solution at 37 + 1 °C.
Prior, OCP curves measured upon stabilization are presented in Fig. S4.
The most representative polarization curves for pure Zn and Zn alloys
are shown in Fig. 4. The behavior of the cathodic region was similar for
all materials, whereas some differences were observed in the anodic
region as a function of the alloy composition. In all cases, a net anodic
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= Sample YS (MPa) | UTS (MPa) | Elongation at break (%) | Micro-hardness (HV)
Pure Zn 306 97+7 812 412
Zn-0.5Mg 192 +13 2197 28+6 732
Zn-1Mg 222+ 6 260 + 8 11+1 90+ 6
Zn-3Cu 128 + 4 1471 117+ 14 67%3
Zn-5Cu 154 +5 208 £ 2 117 +21 73+5

Fig. 2. Tensile test of pure Zn and Zn-Mg and Zn-Cu alloys: a) mechanical parameters obtained after tensile and micro-hardness testing. *  symbols join groups with
non-statistically significant differences. b) SEM morphology of the tensile fracture surfaces.

Fig. 3. SEM image of nanoindented Zn-0.5Mg alloy with the matrix of 10 by 10
nanoindentations and the phases composition. Scale bar: 10 pm.

potential was observed at approximately —1.1 V (see Ecqr in Table 3).
Three regions are observed in the anodic branch: first, an activation
region around the E.y; followed by a passive region where potential
shifts towards to more positive values with low variation of current
density; and finally, a third region where it is detected a change in the
anodic-current slope around —0.9 V. In the case of Zn-3Cu and Zn-5Cu,
the passive region is not as pronounced as in the case of Zn, Zn-0.5Mg
and Zn-1Mg. The passive region for Zn-5Cu is much smaller than that
of the other materials, with an evident breakdown of the passive
corrosion layer at about —1.0 V. The constant increasing of the current
density for Zn-3Cu and Zn-5Cu above E,, suggest that the passive layer
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Table 2
Elastic modulus and hardness of the zinc matrix and the secondary phases of the
tested samples.

Surface Zn matrix Secondary phase”

Hardness (GPa) E (GPa) Hardness (GPa) E (GPa)
Pure Zn 1.11 + 0.08* 8945 n.d. n.d.
Zn-0.5Mg 1.18 + 0.15° 80 +12 2.50 + 0.64* 98 + 22
Zn-1Mg 1.19 +0.12° 71 £ 21 2.65 + 0.46% 100 £ 117
Zn-3Cu 0.82 4 0.13° 75+5 1.85 + 0.33° 104 + 5°
Zn-5Cu 0.84 + 0.15° 80+9 1.84 + 0.43° 106 + 4°

# Zn + Mg»Znj; for the Zn-Mg alloys, and e-CuZns for the Zn-Cu alloys, n.d.
not determined.*™¢ symbols join groups with non-statistically significant
differences.

formed on these alloys is less protective than the layer formed on Zn and
the Zn-Mg alloys. Moreover, Zn-Mg alloys displayed higher anodic
current density than Zn-Cu alloys and pure Zn (see icor in Table 3). The
calculated CR from potentiodynamic curves was around 0.03 mm/year
for all samples (see CR from PDP test in Table 3).

3.3.2. Static immersion test

CR was calculated from degraded samples after 10 days of immersion
into modified Hank’s solution and subsequent removing of corrosion
products, obtaining a value of approximately 0.1 mm/year for all sam-
ples (see CR, immersion test in Table 3). Fig. 5a shows the curves of Zn?t
release after 1, 3, 7, and 10 days of immersion in Hanks’ solution. The
released Zn** reached a maximum between 100 and 150 pg/dL at day 1,
and decreased towards a minimum below 8.0 pg/dL at day 10 for all
samples. For Zn-Mg alloys, the Mg?" concentration detected was below
10 pg/dL. The detection limit for ICP-MS is 0.01 pg/dL, and Cu?" cations
were not detected in any case. Indicating that Cu®>" concentration in
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Fig. 4. Potentiodynamic polarization curves of Zn, Zn-0.5Mg, Zn-1Mg, Zn-3Cu,
and Zn-5Cu in Hanks’ solution at 37 + 1 °C.

Table 3

Corrosion parameters obtained from PDP test (Ecorr, icorr, and CR), and calcu-
lated CR by weight loss after 10 days of immersion in Hanks’ solution at 37 +
1°Cand pH 7.4.

Surface Corrosion parameters from PDP test CR, immersion test

Ecorr (V) icore CR,PDPtest  TM/YeA)
(pA-cm~?) (mm/year)

Pure Zn —-1.1237 + 2.10 £ 0.05 0.031 + 0.132 + 0.046
0.0171 0.001

Zn- —1.1289 + 2.34 £0.29 0.035 + 0.115 + 0.004

0.5Mg  0.0348 0.004

Zn-1Mg —1.1298 + 2.45 £+ 0.65 0.036 + 0.105 + 0.017
0.0202 0.010

Zn-3Cu —1.1479 £ 2.02 £ 0.56 0.031 + 0.094 + 0.005
0.0215 0.009

Zn-5Cu —-1.1293 + 2.21 £0.51 0.034 + 0.103 + 0.009
0.0234 0.008

inorganic Hanks’ solution was lower than 0.01 pg/dL.

Fig. 5b showed a pH increase from 7.4 + 0.1 of Hanks’ solution
during the immersion test confirming the corrosion of all studied sam-
ples. Finally, negative values of redox potentials were maintained during
the degradation of all samples, maintaining the redox homeostasis for a
normal physiological steady state (Fig. 5c¢) [48]. SEM images of the
corroded samples before and after the removal of the corrosion products
are presented in Fig. 6. SEM images of corroded surfaces showed similar
rounded-features for pure Zn (Fig. 6a) and Zn-5Cu (Fig. 6i). The
Zn-0.5Mg alloy combined these rounded-shapes with crystals with
morphology typical of hydroxyapatites (Fig. 6¢), which formed a uni-
form corrosion layer in the case of the Zn-1Mg alloy (Fig. 6e). EDS
confirmed the presence of Ca, O and P. The corrosion products of Zn-3Cu
alloy were clustered in specific areas suggesting localized corrosion
(Fig. 6g). EDS analysis confirmed the presence of Zn, Ca, C, O, P, and Cl
in the corroded surfaces of the samples. Mg and Cu were detected at the
surface of corroded Zn-Mg alloys and Zn-Cu alloys, respectively. Raman
spectra of the corroded mineral surfaces (Fig. S5) confirmed the pres-
ence of complex Zn mineral phases (simonkolleite (Zns(OH)gCle-H20),
hydrozincite  (Zns(CO3)2(OH)g) and  skorpionite  (CazZny(PO4)s.
CO3(0OH)2-H20)), and hydroxyapatite (Fig. S5).

After removal of the corrosion products, a uniform corroded surface
of pure Zn was revealed (Fig. 6b). On the other hand, micro-galvanic
activity between Zn matrix and the secondary phases for the alloys
confirmed galvanic corrosion mechanisms. SEM images of the corroded
surfaces of Zn-Mg alloys (Fig. 6d, f) indicated faster degradation of Zn +
MgyZn;1 eutectic than Zn matrix over all surfaces. On the contrary, Zn-
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Cu alloys showed areas nearly impassive and others with localized
corrosion in which the degradation of Zn matrix is preferred over the
e-CuZns phase (Fig. 6h, j). The powerful galvanic cell Zn/e-CuZng led to
noticeable galvanic corrosion in Zn-5Cu alloy (Fig. 6j).

The release of Zn?" reached a maximum after 24 h of immersion and
decreased to a minimum after 10 days. At every time point, the total
Zn?* concentration in solution is within the range of regular blood zinc
level (60-240 pg/dL) [49,50]. Although similar CR values were ob-
tained from weight difference, different corrosion mechanisms were
evidenced. Uniform degradation behavior was evidenced for pure Zn.
However, the presence of secondary phases forms galvanic pairs with Zn
matrix that resulted in galvanic corrosion. The degradation of both Zn +
Mg,Zn;; eutectic and e-CuZng peritectic has been observed. Faster
degradation of Zn + MgyZn;; than Zn matrix was observed all over the
surface of Zn-Mg alloys, whereas Zn-Cu alloys showed points of localized
corrosion in which the e-CuZns peritectic remained impassive and Zn
matrix considerably degraded. This behavior is coherent with the po-
larization curves that showed less protective passive film for Zn-Cu al-
loys than those for Zn-Mg alloys (Fig. 4).

3.3.3. Corrosion evolution by EIS

The corrosion behavior of Zn and the four Zn alloys was determined
by EIS measurements at OCP. The most representative Nyquist plots of
all materials and the equivalent circuits (EC) are depicted in Fig. 7. The
corrosion degradation behavior was based on the formation and
breakdown of the corrosion products layer as previously reported
[51-53].

The Nyquist plots for pure Zn (Fig. 7b) and Zn-0.5Mg alloy (Fig. 7¢)
evidenced dynamic corrosion mechanisms where initially a corrosion
layer was formed, followed by its rupture at later stages. Two capacitive
loops appeared for pure Zn at 2 h after immersion. The high frequency
capacitive loop could be assigned to charge transfer resistance, and the
mid-frequency capacitive loop could be attributed to the electrolyte
resistance inside the corrosion film pores. The EC used for the fitting the
experimental data is presented in Fig. 7a,ii. The circuit consists of the
following elements: Ry (solution resistance), R (charge transfer resis-
tance), CPEq4 (double layer capacitance), R (resistance of the solution
inside the pores of the corrosion film), and Warburg component (W)
which represents diffusion controlled processes through the corrosion
layer [54]. The impedance modulus (|Z|) of pure Zn at 2 h was 3389 Q
cm? and decreased down to 2501 Q cm? at 4 h, indicating the progres-
sion of the corrosion processes. The evolution of |Z| suggested that the
corrosion layer appeared between 4 and 8 h. After 8 h of immersion, the
mid-frequency loop transformed and better fitted to an EC without W
component (Fig. 7a,i), suggesting a densification of the corrosion film.
The local breakdown of this film was recorded after 26 h. The increase of
|Z| up to 2018 Q em? at 2 days could be assigned to the thickening of a
corrosion film, whose barrier properties were deteriorated after 7 days
of immersion leading to lower corrosion resistance (|Z| = 1516 Q cm?).

Fig. 7c shows the Nyquist plots of Zn-0.5Mg alloy. A corrosion layer
appeared after 4 h of immersion (fitted to Fig. 7a,i). At 8 h of immersion
the Nyquist plots fitted to the EC shown in Fig. 7a,iii, which is modeled
by an inner layer (R;, CPE;) and an outer layer (Roj, CPE)) [51]. Here,
the inner layer and the outer layer corresponded to the oxide film
initially formed and the later deposited hydroxyapatite crystals shown in
Fig. 6¢, respectively. The |Z| of Zn-0.5Mg decreased from 2138 Q cm? at
3d to 1213 Q em? at 7d, suggesting the deterioration of the corrosion
layer (fitted to Fig. 7ii).

In the case of Zn-1Mg, the |Z| decreased from 2 h to 8 h (Fig. 7d).
After 8 h, the increase of |Z| suggested a corrosion layer formation.
Beyond 2 days, minor fluctuations of |Z|, which was 2100 Q cm?, were
observed; this indicated a more stable corrosion products film compared
to those formed on Zn and Zn-0.5Mg. EC used for the fitting was Fig. 7ii.

The impedance of Zn-3Cu (Fig. 7e) continuously decreased from 2 h
to 2 days. After this period, |Z| slightly raised and stabilized about 1300
Q cm?. In the case of Zn-5Cu (Fig. 7f), it showed a rather stable behavior
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Fig. 5. Immersion evaluation of studied Zn and Zn-based surfaces after 1, 3, 7, and 10 days in Hanks’ solution at 37 °C: (a) Values of released Zn%* expressed as (pg/

dL), (b) pH, and (c) redox potential.

at early immersion (2 h-8 h) after which |Z| had a sharp drop between 8
and 26 h (both Zn-Cu alloys fitted to Fig. 7a,ii). After 26 h, impedance of
Zn-5Cu slightly increased and continued with minor fluctuations over
the remaining of the immersion. The curves fitted to the EC in Fig. 7d. In
general, both Zn-Cu alloys showed lower corrosion resistance than the
Zn-Mg alloys in Hanks’ solution under the here studied conditions.

3.4. Wettability

Fig. S6 illustrates the wettability of studied Zn and Zn-based alloys
with deionized water. For all studied surfaces, the contact angle slightly
decreased with increasing deposition time, but no statistically signifi-
cant differences were observed after 30 s. The contact angle of pure Zn at
5 s after the deposition of the droplet was 91.70 + 1.03°. The Zn-Cu
alloys were more hydrophobic (92.71 + 0.70° for Zn-3Cu; and 97.32
=+ 3.61° for Zn-5Cu), while the Zn-Mg alloys showed a more hydrophilic
behavior compared to Zn (87.19 + 0.60° for Zn-0.5Mg; and 85.73 +
1.65° for Zn-1Mg). The wettability behavior of Zn-Mg and Zn-Cu alloys
may be attributed to changes in the surface chemistry. Chemically het-
erogeneous surfaces (as multiphase alloys) count with multiple states
individually associated with a local minimum in the Gibbs energy [55].
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Here, samples series with higher fraction of Zn + MgsZn;; are more
hydrophilic, whereas series with higher e-CuZns shown a more hydro-
phobic behavior.

3.5. Antibacterial activity

Agar diffusion test showed no inhibition zone for S. Aureus cultured
on pure Zn, Zn-0.5Mg, and Zn-1Mg, indicating no antibacterial effect.
On the opposite, both Zn-Cu alloys manifested inhibition zone of 1 mm
size (1 4+ 0.07 mm for Zn-3Cu, and 0.88 &+ 0.03 mm for Zn-5Cu).
Moreover, no inhibition zone was observed for P. Aeruginosa bacteria
for any studied surface.

Fig. 8 shows the SEM images of the morphology of adhered S. aureus
and P. aeruginosa after 2 h of culturing on the investigated samples. No
morphology changes were observed in the S. aureus after 2 h in contact
with the samples. However, the number of adhered bacteria on Zn-Mg
alloys increased compared to pure Zn (Fig. 8a, ¢, e). On the other
hand, there was much less S. aureus adhesion on the Zn-Cu alloys
(Fig. 8g, i), especially the Zn-5Cu alloy, which showed an anti-adhesion
performance against the S. aureus. Moreover, localized evidences of
degradation of the Zn-5Cu surface were observed (Fig. 8i). The adhesion
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Fig. 6. SEM images of the corroded samples after 10 days of immersion in Hanks’ solution at 37 °C, before (left column) and after (right column) the removal of the
corrosion products: Zn (a, b), Zn-0.5Mg (c, d), Zn-1Mg (e, f), Zn-3Cu (g, h), and Zn-5Cu (, j).
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studies with P. aeruginosa showed that morphology remained intact after
the culturing. Similar bacteria adhesion is observed for pure Zn, Zn-
0.5Mg, and Zn-1Mg alloys (Fig. 8b, d, f, respectively). The number of
bacteria adhered on the Zn-Cu alloys surfaces were lower in comparison
to pure Zn (Fig. 8h, j). Additionally, it was observed surface morphology
changes of Zn and Zn-Mg alloys after incubation with P. aeruginosa. SEM
images showed that P. aeruginosa adhesion was higher onto degraded
areas of Zn and Zn-Mg alloys compared to smoother parts (Fig. 8b, d, f).

No adhered bacteria were found onto non-degraded Zn-5Cu surface
(Fig. 8j).

3.6. Endothelial cell response
3.6.1. Indirect contact cytotoxicity
Fig. 9 shows the results from cytotoxicity assays by indirect contact

of HAoEC with metal extracts obtained from incubating alloys discs for 3
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Fig. 8. SEM images of bacterial morphology for both S. aureus (left) and P. aeruginosa (right) after culturing for 2 h on pure Zn (a, b), Zn-0.5Mg (c, d), Zn-1Mg (e, f),
Zn-3Cu (g, h), and Zn-5Cu (i, j). Scale bar: 20 pm. Yellow arrows indicate P. aeruginosa bacteria.
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Fig. 9. Indirect HAOEC viability after 24 h of culture in supernatants prepared
by immersion of the alloys in Growth Medium for 3 days. Aliquots of super-
natants at decreased concentrations were added to adhered cells.

days in Growth Medium. Viability results suggested that Zn and the here
studied alloys are cytotoxic to HAOEC. According to the ISO 10993-5
[45], a cell viability reduction larger than 30% is considered as cyto-
toxic. Since we measure viability as a ratio to the positive control group,
a value below 70% indicates cytotoxicity. This was the case of cells
cultured in undiluted and 50% diluted extracts. For diluted extracts
below 1:10 v/v, there was not an evident cytotoxic effect, particularly in
the case of Zn-Mg alloys. Among the alloys with Cu content, the results
suggested cytotoxicity of Zn-5Cu.

3.6.2. HAOEC viability by direct contact

HAOEC adhesion/proliferation of the cells were evaluated at day 1,
day 3 and day 7. Fig. 10 summarizes the results for all alloys including
pure Zn. In general, all materials showed poor cell adhesion with
viability values below 30% after day 1. After 3 and 7 days, there was a
prominent decrease in HAOEC population particularly on Zn-Cu alloys.

To further investigate cytotoxicity effects, cell morphologies in direct
contact with the alloys were observed with SEM at day 1, day 3 and day
7, and cell distribution was determined at day 7 by confocal microscopy.
Representative images of HAoOEC morphologies on the different mate-
rials are depicted in Fig. 11. Cells exhibited spread morphology on Zn
(Fig. 11a—c) and Zn-0.5Mg (Fig. 11le-g) throughout the immersion
period. This morphology was an indication of good cell adhesion to the
surface; however, cell population showed to be low as observed from
live/dead confocal images of both Zn (Fig. 11d) and Zn-0.5Mg
(Fig. 11h). This was in accordance to cell viability results in Fig. 10. In
the case of Zn-1Mg and Zn-Cu alloys (Fig. 11i, m, q), HA0EC tended to

30
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Fig. 10. Cell viability of HAOEC seeded on the alloys measured by LDH test. (*)
Statistically significant differences in comparison to Zn control group, P < 0.05.
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gather in bundles. In the case of healthy cells, such bundles might be an
indication of local cell proliferation. However, it is probably not the
current case. Anchorage dependent cells attach to each other to survive
when they are not able to attach to the underlying surface.

Formation of localized corrosion products was observed for Zn-1Mg
(Fig. 11j and k) and both Zn-Cu (Fig. 11n-o, r-s) alloys at day 3 and day
7, respectively, in contrast to a rather smooth corrosion layer observed
at day 1 for all materials. In general, cell viability results (Fig. 10) agreed
with cell morphology observations with SEM and dead/live confocal
microscopy images. HAOEC adhesion and proliferation on the here
studied Zn alloys and conditions, is negligible.

4. Discussion

Among bioresorbable metals, Zn and its alloys are becoming popular
as part of the next generation of temporary implant materials that
potentially prevent complications related to the use of permanent
metals. From the mechanical point of view, Zn alloys have shown to
have potential for cardiovascular stents. The requirements for cardio-
vascular stents include suitable stiffness that provide radial support to
help restore the blood flow [56,571; avoiding cracking during crimping
and reinflation in order to prevent early loss of mechanical integrity;
fatigue resistance to endure the stretching during cyclic heart contrac-
tions; and durability to avoid fracture that may lead to in-stent throm-
bosis [58].

The degradation rate, degradation products and biocompatibility are
also key properties. Ideally, the degradation rate of a bioresorbable
vascular stent should be about 20 pm/year to prevent excessive accu-
mulation of degradation products that can cause long-term symptoms
[59]. Unalloyed Zn has an appropriate degradation rate for cardiovas-
cular stents application in comparison to Mg- and Fe-based alloys.
Moreover, it is also an essential element for healthy bones, muscles and
liver. However, the mechanical properties are lower compared to
metallic materials used for commercial BMS. The addition of alloying
elements such as Mg and Cu has been reported to effectively refine the
microstructure of Zn [34]. Moreover, extrusion process may modify the
texture of alloyed Zn showing grain texture which also may influence
the mechanical properties [60].

As expected, the microstructure of Zn-Mg alloys consisted of a pri-
mary a-Zn dendritic grains along with a Zn + MgyZn;; eutectic, mainly
located at grain boundaries (Fig. 1c—f) [61]. The reason is that Zn-Mg
phase diagram shows a maximum of Mg solubility in Zn of 0.1 wt% at
364 °C [62], consistent with the results reported by Li [63], Prosek [64]
and Yao [65]. Fig. 1e shows the eutectic phase surrounding the grains of
30 pm size, suggesting a refinement of the microstructure by alloying.
The microstructure of the longitudinal sections showed Zn grains and
the eutectic phase elongated to the rolling direction (Fig. 1d,f). Zn-Cu
phase diagram indicates a peritectic reaction where a Cu content be-
tween 2.7 and 22 wt % results in the formation of a two-phase alloy
consisting of a primary e-CuZns dendrites and Zn matrix [62,66,67].

The addition of Mg as an alloying element enhanced the mechanical
properties of pure Zn. In fact, among the tested materials, Zn-1Mg the
highest YS and UTS (Fig. 2). The limited elongation of Zn-1Mg alloy is
due to the interconnected network of Zn + MgsZn;; eutectic phase
(Fig. 1e), which facilitates the growth of fracture cracks before the onset
of plastic strain [18]. The statistically higher plasticity of Zn-0.5Mg is
due to the absence of a continuous network (Fig. 1¢). On the other hand,
Zn-Cu alloys showed a larger elongation compared to Zn and Zn-Mg
alloys. Superplastic behavior (>400% fracture elongation) has been
previously reported for Zn-Cu alloys with Cu content below 1 wt%, with
preferential sliding at Zn/e-CuZns interphase rather than at Zn/Zn grain
boundaries [68,69]. The obtained lower values can be attributed to the
grain size and to the non-homogeneous distribution of e-CuZng inter-
metallic phase. The higher volume fraction of the secondary phases in
both Zn-Mg and Zn-Cu alloys increased the final mechanical properties,
as confirmed by nanoindentation results. The extremely low solubility of
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Fig. 11. SEM (scale bar 10 pm) and confocal (scale bar 100 pm) images of HAoEC morphology and distribution after 1 day (left hand column), 3 days (2nd column)
and 7 days (right hand 2 columns) of culturing on Zn (a)-(d), Zn-0.5Mg (e)-(h), Zn-1Mg (i)-(1), Zn-3Cu (m)-(p), and Zn-5Cu (q)—(t).
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Mg in the Zn matrix (0.1 wt%) [62] was enough to increase the hardness
of Zn matrix. Similarly, the Cu dissolved into Zn matrix (2.75 wt%) [62]
reduces its hardness. As seen in Table 2, the secondary phases man-
ifested statistically larger hardness in comparison to Zn matrix, 2.6 GPa
for Zn + MgoZnj; and 1.82 GPa for e-CuZns, confirming that the pres-
ence of secondary phases enhances the macroscopic mechanical prop-
erties of Zn (Fig. 2a).

The anodic and catodic reactions involved in the corrosion mecha-
nism of bioresorbable Zn-based alloys are summarized in Eqs (4)-(8).
The released electrons from the oxidation of the metal (Eq. (4)) are
involved in cathodic processes as the reduction of protons from water
molecules (Eq. (5)) or the reduction of O2(g) (Eq. (6)). Both cathodic
reactions produce hydroxide ions increasing the pH of the solution and
that could promote the formation of zinc hydroxides (Zn(OH)2(s)) (Eq.
(7)) or zinc oxide (ZnO(s)) (Eq. (8)).

Zn(s)— Zn2+(aq) + 2e” (anodic reaction) “4)
2H,0 + 2e” — Hj(g) + 20H (aq) (cathodic reaction) (5)
2H,0 + Oy(g) + 4e” — 40H (aq) (cathodic reaction) 6)
Zn>* + 20H - Zn(OH);(s) (by-product formation) 7
Zn?* 4+ Hy0 — ZnO(s) + 2H" (by-product formation) (8)

This is a simplified model where it has not been considered the in-
fluence of other major species present in Hanks’ solution, chloride, bi-
carbonate and phosphate ions. These ions are potentially responsible for
the formation of chloride, carbonate and phosphate minerals as it is
described in Egs. (9)-(11).

Zn?* + 2CI'> ZnCly(s) (by-product formation) 9
Zn*t + HCO3 — ZnCOs(s) + 2H™ (by-product formation) (10)
3Zn** + 2HPO; 2 — Zn3PO4(s) + 2H" (by-product formation) 11

Oxidation-reduction reactions involve electron exchanges that
require optimal balance for proper cell function. Enzymes as superoxide
dismutase (SOD) and catalase act as redox buffers modulating different
cellular processes. Redox homeostasis is governed by the presence of
these antioxidants that absorb and buffer reductants and oxidants [48,
70]. Under optimal cellular conditions, SOD and catalase are maintained
in a highly reduced state (E < 0 V) and buffer the reactive oxygen species
(ROS). A redox misbalance could transform the superoxide anion (0O3) to
hydrogen peroxide (H202) (E, O3/H202 = +0.94 V). The subsequent
reduction of HyO5 produces the hydroxyl radical (OH") (E, H,02/OH™ =
+0.54 V), an extremely reactive electron and hydrogen acceptor whose
reduction potentially comprises unselective oxidation of cellular com-
ponents as the lipids present in the lipidic bilayers, amino acids, or DNA
[71]. Indeed, oxidative stress have been demonstrated to be related to
atherosclerosis [72]. The degradation of studied Zn and Zn alloys
occurred at negative redox potentials without subjecting cells to
oxidative stress.

Pourbaix diagrams for Zn-Mg and Zn-Cu alloys in Hanks’ modified
solution at 37 °C were calculated using HSC 5.1 Software (Fig. S7). At
the measured pH and E values, the expected species for Zn?" are ZnCOgz/
ZnO (Fig. S7a); for Mg?": Mg?t/MgO (Fig. 57b), and for Cu®*: Cu/Cuy0
(Fig. S7c) According to Pourbaix diagrams of Fig. S7c, it is not expected
any oxidized form of Cu as Cu?>* which is in agreement with the non-
detection of Cu?", values were below the detection limit (<0.01 pg/
dL). On the contrary, Fig. S7a, suggested to expect very low concen-
trations of Zn?" in these conditions. However, it should be pointed out
that Pourbaix diagrams provide a thermodynamic prediction and it
should be added the integration of the kinetics of the different processes
(Egs. (4)-(10)) describing the degradation mechanism of Zn and Zn
alloys.

Regarding the corrosion degradation properties, the corrosion
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products layer formed on both Zn-Mg alloys demonstrated to be more
protective to Zn than the corrosion layers of Zn-Cu alloys. Zn-1Mg
showed the better performance in terms of corrosion layer stability
and protection in Hanks’ solution under the studied conditions. Some
studies have reported that this is due to the presence of magnesium
hydroxyl carbonate (Mg(OH)(HCO3)(s)) that improve the corrosion
resistance of Zn-based alloys as it is electrochemically inert in aqueous
solutions [62]. Zn-1Mg alloy also showed the highest current density
among the tested materials. The larger amount of fine intermetallic Zn
+ MgyZn1; in the microstructure, results in a higher number of galvanic
couples, which may explain the higher current density value. Immersion
test stated that the total released Zn?" concentration is within the levels
of Zn** in blood (60-240 pg/dL) [49,50]. Another challenge associated
to cardiovascular stents is the platelet adhesion and thereby blood
clotting. A strategy for the inhibition of the coagulation cascade is the
control of the wettability, which could inhibit the adsorption of specific
proteins and, thereby, promote hemocompatibility [73,74]. Moreover,
the higher hydrophobicity is directly related to a better corrosion
resistance [73,74]. Therefore, the values obtained suggested that Cu
addition to Zn matrix increases the corrosion resistance of Zn. The hy-
drophilicity of Zn-1Mg alloy suggested a lower corrosion resistance of
Zn, which is in accordance with the highest current density value re-
ported in PDP studies (Table 3) and the galvanic couples homogeneously
distributed (Fig. 6d,f).

Bacterial activity is related to the kinetics of degradation as well as
the nature of the degradation products. Cu is an antibacterial agent and
the minimum inhibitory concentration (MIC) needed is 100 mg/L [75].
According to the results of the immersion test, the detected concentra-
tion of Cu?" was below 0.01 mg/L. However, it must be pointed out the
different conditions established for both experiments: immersion test
comprises the total immersion of the materials into inorganic Hanks’
solution; whereas in the agar diffusion test the samples are deposited
onto the agar plate with BHI Hence, it is hypothesized that Cu®" dis-
solved into the Zn matrix in Zn-Cu alloys may diffuse with the degra-
dation of the material at this primary stage, leading to an antibacterial
effect for S. aureus controlled by diffusion mechanisms [76]. Cu?* cat-
ions are often introduced to render antimicrobial properties to inert
materials. Different antibacterial mechanisms based on Cu?" diffusion
have been reported. Cu?* cations can interact with microbial membrane
and alter their structure and permeability, or they can prevent microbial
replication via interaction with microbial nucleic acids [1,28-30].
Pseudomonas have been used as metal resistant strains capable of bio-
accumulation of multiple metals as zinc or copper and their dissolution
[77]. Bacterial SEM images suggested that P. aeruginosa stimulates the
degradation of Zn and Zn-Mg alloys under studied conditions modifying
the chemical composition of the surface and its morphology. Moreover,
the results showed a preferential adhesion of P. aeruginosa bacteria onto
the degraded and rougher areas compared to non-degrades and
smoother ones. Thus, controlling the degradation products and conse-
quent roughness of BRS is also critical for avoiding bacterial infection
[78].

Zn and its alloys indicated a deficient in vitro biocompatibility,
however in vivo studies have shown positive results [16,17,20]. Shearier
et al. [17] discussed two reasons for this: (i) the formation of a confluent
protein layer over the material surface, that occurs in vivo, avoids the
cells to be in direct contact with the implant surface; and (ii) the blood
flow might help to alleviate the local concentration of cytotoxic ions or
degradation products that may be harmful for cells. The absence of these
conditions in vitro might lead to local high Zn?* ions concentration that
promotes cell dead [17]. This hypothesis is in accordance with the
viability results in Fig. 10. The longer the incubation time of the cells in
direct contact with the metallic surfaces, the lower the viability values
were observed. Besides the exposure to local high Zn?" ion concentra-
tion, cells are also exposed to degradation products that might also be
cytotoxic. The nature and morphology of these corrosion products
certainly impacted cell viability and, as shown in Fig. 10, cells are in
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direct contact with these degradation products. HAoEC rounded shape
surrounded by either corrosion products, is characteristic of weak cell
adhesion. Once upon immersion, Zn degradation starts with oxidation
processes releasing Zn?* cations to the aqueous solution. Li et al. [79]
reported there is an apparent lethal dose depending on the cell type.
Human aortic endothelial cells showed to be more resilient to the
presence of Zn>* in comparison to human aortic smooth muscle cells and
human dermal fibroblasts [79]. Previous studies [62,30] have also re-
ported a toxic effect for undiluted extracts in standard ISO 10993-5/12
test. Moreover, significant differences of cytotoxicity results among
different studies have been also reported. It is important to remark that
the ISO standards 10993-5/12 were originally developed for biocom-
patibility evaluation of inert materials. Due to their traditional use and
simplicity of implementation, these standards were rapidly adopted for
screening biocompatibility of bioresorbable materials. However, cyto-
toxicity is affected by degradation products released from the materials
and sensitive to different extraction vehicles [79]. According to Li et al.,
cytotoxicity results are directly affected by three main factors: alloy
nature, cell line used and the extraction condition [79]. As stated by Li
et al. [79], the medium and conditions of extraction influence the
outcome of standardized in vitro cytotoxicity tests. In the same way,
Wang et al. [81] recommend a minimal of 6 times to maximum 10 times
dilution extracts since in vitro data should match in vivo data for cyto-
toxicity tests. However, still for HAOEC type Zn alloys inhibitory effect
on cell viability confirms the need of functionalize Zn alloys surface
intended for biomedical applications.

In general, Zn-based materials showed high potential to be used as
BRS. As proven, their mechanical properties and degradation rate can be
adjusted by alloying with Mg and Cu. However, cell adhesion and pro-
liferation still need significant improvement. Therefore, future work
should be focused on surface functionalization of these alloys in order to
achieve the desired in vitro and in vivo biocompatibility.

5. Conclusions

In this study, mechanical, corrosion and biocompatible properties of
Zn, Zn-0.5Mg, Zn-1Mg, Zn-3Cu, and Zn-5Cu alloys were thoroughly
characterized in order to select an adequate material for stenting ap-
plications. Tensile mechanical testing and Vickers assays confirmed that
alloying with Mg or Cu alloying significantly increased YS and UTS of
Zn. This is due to the formation of hard Zn + MgsZn;; and e-CuZns
secondary phases on Zn-Mg and Zn-Cu alloys, respectively, as deter-
mined by nanoindentation tests. Nanoindentation tests determined the
hardness and elastic modulus of the matrix and the secondary phases of
the studied alloys. Fractured surfaces images were in accordance to
tensile tests results showing the differences in grain size among the
tested materials. Potentiodynamic results indicated that the corrosion
layer of Zn-Mg is more protective than the formed onto Zn-Cu alloys,
also confirmed by the nyquist spectra from EIS measurements. Imped-
ance and polarization results showed that the corrosion mechanisms
consisted of galvanic corrosion followed by the formation of an inner
corrosion layer plus local precipitation of compounds rich in Ca, C, O, P,
and Cl Static immersion assay in Hanks’ modified solution indicated
Zn?" released values within normal blood levels, Mg?* release was 10
pg/dL, and Gu?* was not detected by ICP-MS. The formation of these
compounds and the Zn?" release compromises the adhesion and pro-
liferation of HAOECs in tested conditions. Cytotoxicity assays suggested
that such products are cytotoxic to HAOECs. S. aureus showed to be more
resilient to Zn-Mg alloys, different from this strain on Zn-Cu alloys evi-
denced by diffusion and adhesion tests. In vitro tests proved the need of
functionalizing Zn-Mg and Zn-Cu alloys for the intended application.
Among the tested materials, Zn-1Mg showed the best compromise in
mechanical and degradation properties for cardiovascular stents.
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