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Abstract: Due to the excellent biocompatibility of Zn and Zn-based alloys, researchers have shown
great interest in developing biodegradable implants based on zinc. Furthermore, zinc is an essential
component of many enzymes and proteins. The human body requires ~15 mg of Zn per day, and
there is minimal concern for systemic toxicity from a small zinc-based cardiovascular implant, such
as an arterial stent. However, biodegradable Zn-based implants have been shown to provoke local
fibrous encapsulation reactions that may isolate the implant from its surrounding environment and
interfere with implant function. The development of biodegradable implants made from Zn-Fe-Ca
alloy was designed to overcome the problem of fibrous encapsulation. In a previous study made by
the authors, the Zn-Fe-Ca system demonstrated a suitable corrosion rate that was higher than that of
pure Zn and Zn-Fe alloy. The Zn-Fe-Ca system also showed adequate mechanical properties and a
unique microstructure that contained a secondary Ca-reach phase. This has raised the promise that
the tested alloy could serve as a biodegradable implant metal. The present study was conducted to
further evaluate this promising Zn alloy. Here, we assessed the material’s corrosion performance
in terms of cyclic potentiodynamic polarization analysis and stress corrosion behavior in terms of
slow strain rate testing (SSRT). We also assessed the ability of cells to survive on the alloy surface by
direct cell culture test. The results indicate that the alloy develops pitting corrosion, but not stress
corrosion under phosphate-buffered saline (PBS) and air environment. The direct cell viability test
demonstrates the successful adherence and growth of cells on the alloy surface.
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1. Introduction

The past decade has seen a growing interest in biodegradable implants made of Zn
and Zn-alloys [1-6]. The consensus of recent studies has been the potential for Zn and
its alloys to serve as a biocompatible structural implant material. Zn exhibits chemical
activity with the electrode potential of —0.762 V, falling between the accelerated corrosion
of Mg [7,8] with electrode potential of —2.372 V and the insufficient corrosion activity of Fe
(—0.444 V) [9]. Zn and its alloys are also attractive for producing implants due to their low
melting points, low chemical reactivity, and good machinability [10].

An important consideration for implantable devices that are designed to degrade is
that the degradation byproducts have beneficial uses within the host system. Indeed, ionic
Zn is a component of hundreds of enzymes and proteins. Furthermore, optimal nucleic
acids, protein metabolism, cell growth, division and function require sufficient availability
of ionic Zn [11]. The human body contains 2-3 g of Zn, and nearly 90% is found in muscle
and bone [11]. The daily allowance of Zn in the human body is 15 mg/day [12], and
the body is able to absorb this amount from the environment, regulate its concentration
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in body fluids, transport it safely throughout the body, and excrete excess amounts [11].
Therefore, there is minimal concern for systemic side effects [9] from the ionic Zn byproduct
of Zn-based implants, particularly from small devices such as arterial stents.

The mechanical properties of pure Zn suffer from low strength (oyTs below 20 MPa)
and reduced ductility (e of 0.2%) that are insufficient for most medical applications [13].
Not surprisingly, many studies have been performed to improve the strength of pure Zn
through conventional metallurgical approaches, including alloying. Among these alloys
include Zn-Mg [14], Zn-Ca and Zn-Sr [15], Zn-Fe-Mg [16], Zn-Mg-Sr [17], Zn-Mg-Mn [18],
Zn-Fe [19]. These alloys exhibit increased strength, although the degradation rates are
still too low or, in some cases, too high to serve as biodegradable implants. Importantly,
Zn-based implants with insufficient degradation rates may elicit fibrous encapsulation
responses that interfere with the implant’s function [20].

Another very important aspect that needs to be addressed as part of the development
process of biodegradable Zn-based implants is their resistance to stress corrosion failure
in in-vivo conditions. Stress corrosion cracking (SCC) is one of the major reasons for
premature implant failure, for example, in orthopedic applications [21]. This is mainly due
to the combined effect of external loading and corrosive physiological environment [22].

The present study continued to investigate the feasibility of using Zn-Fe-Ca alloy to
produce biodegradable implants. Fe is an essential nutrient element in the human body
and plays an important role in vital biochemical activities, such as oxygen sensing and
transport, electron transfer and catalysis [23]. Therefore, the release of ionic Fe from the
degrading implant may be beneficial for the host system. Ca is an essential bone constituent
and one of the vital elements in the human body [24]. Therefore, there is little concern for
systemic toxicity from Ca release from the degrading material. Furthermore, the amount of
Ca alloyed into the tested alloy (0.6%) is systemically negligible relative to the 0.8 g daily
allowance in the human body [12].

The overall goal of these studies is to develop Zn-based implant metals with suitable
mechanical properties and corrosion behavior for clinical applications that avoid fibrous
encapsulation (degradation rate too low) or local toxicity (degradation rate too high)
responses. In an earlier contribution, the mechanical properties, environmental behavior,
and indirect cell viability of Zn-Fe-Ca alloys containing different concentrations of Ca were
examined [25]. In the present study, the effect of strain rate on stress corrosion resistance of
Zn-Fe-Ca alloy and the direct cell viability was tested. This study aims to ensure that the
Zn-Fe-Ca alloy does not develop stress corrosion in a physiological environment and that
there is a possibility of tissues growth around the implant. This is to enable the research to
progress to in vivo tests.

2. Materials and Methods

The experimental program included the casting of alloys, microstructure analysis,
followed by the preparation of suitable models for each experiment. Several tests were
designed to test the resistance of the alloy to stress corrosion and to grow cells directly on
the alloy. For each test, at least three models were prepared, and three repetitions were
performed for statistical analysis.

2.1. Alloy Preparation

An alloy with the composition of Zn-2%Fe-0.6%Ca was prepared by gravity casting.
The Ca concentration was selected due to its embrittlement effect on Zn-based alloys. A
previous article by the author [25] examined the mechanical properties of Zn-based alloys
with Ca inclusions. The results showed that extrusion could not be performed on alloys
containing more than 0.6% Ca. Therefore, a calcium concentration of 0.6% was selected
for the present alloy. The cast was performed in a graphite crucible using pure Zn ingots
(99.99%), pure Fe (99%) with powder size up to 44 microns (—325 mesh) and pure Ca in the
form of granules. The alloying process was performed at 750 °C for 3 h along with active
stirring every 30 min. The molten alloy was cast as bars in rectangular steel die with the
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following dimensions: 6 cm X 6 cm X 15 cm. The as-cast bars were machined to obtain rods
with 13 mm diameter and then extruded with a 1:5 ratio. Prior to the extrusion process,
the rods were preheated to 350 °C. A final dimension of 6 mm diameter was obtained for
the rods.

2.2. Microstructure Characterization

X-ray diffraction analysis was performed by an X-ray diffractometer (RIGAKU-2100H
(RIGAKU, Tokyo, Japan) with Cu-Ke. Diffraction patterns were generated between 10-90°
at 40 kV, 30 mA, and a scanning rate of 0.02°/min. The relatively reduced scanning
rate aims at detecting small modifications in the microstructure created by the minor
addition of calcium to the tested alloy. Microstructural analysis was carried out using
a JEOL JSM-5600 (JEOL, Tokyo, Japan) scanning electron microscope (SEM) equipped
with an Energy-dispersive X-ray spectroscopy (EDS) detector (Thermo Fisher Scientific,
Waltham, MA, USA) for spot chemical analysis [26]. All the tested samples for SEM evalu-
ation were polished and etched using a 5% Nital (5 mL HNO;3 + 100 mL ethanol) solution.

2.3. Cyclic Potentiodynamic Polarization

The Electrochemical behavior was evaluated in terms of cyclic potentiodynamic po-
larization and carried out using a Bio-Logic SP-200 potentiostat equipped with EC-Lab
software V11.18. The three-electrode cell method used for the test included a saturated
calomel reference electrode (SCE), a platinum counter electrode, and the tested sample as
a working electrode. The exposed area of the working electrode was 1 cm? and the test
solution was phosphate-buffered saline (PBS) at ambient temperature. The PBS solution
was produced from one standard tablet of PBS and 200 mL of deionized water, which
consequently contained the concentration of 0.01 M phosphate buffer, 0.0027 M potassium
chloride, and 0.137 M sodium chloride. Based on the previous experience of the authors [25],
the potential scanning rate was selected as 1 mV/s, and the corrosion rates were calculated
by Tafel extrapolation. The test was performed three times for statistical analysis.

2.4. Slow Strain Rate Tensile (SSRT)

The stress corrosion behavior in terms of SSRT was performed at room temperature
using a CORMET slow strain rate machine (C76, Cormet Testing Systems, Vantaa, Finland).
The SSRT analysis was carried in PBS solution at 37 °C and in the air (for reference consid-
erations) at strain rates of 2.5 x 107°,2.5 x 107°,2.5 x 10~7 S~!. The tested samples with
a rod shape had a diameter of 8 mm, and a total length of 70 mm. The gauge length was
16 mm length with a diameter of 4 mm. The tested samples were inserted in a cylindrical
chamber containing PBS corrosive solution that was attached to the SSRT testing system.
The test was performed three times for each strain rate.

2.5. Direct Incubation of Cells on Zn-2%Fe-0.6%Ca Alloy

Direct cell testing was performed to evaluate cell adhesion and viability on the alloy
surface. Sample preparation and the experimental protocol were carried out according
to ISO 10993-5/12 standards [27,28]. Mus musculus (mouse) 4T1 cells were culture in an
incubator under a humidified atmosphere with 5% CO; at 37 °C using Dulbecco Modified
Eagle’s Medium (DMEM) supplemented with 4.5 g L~! D-Glucose, 10% Fetal Bovine
Serum (FBS), 4 mM L-Glutamine, 1 mM Sodium Pyruvate, and 1% Penicillin Streptomycin
Neomycin (PSN) antibiotic mixture (Biological Industry, Beit Haemek, Israel). In total,
4T1 cells were selected due to their homogeneity and rapid proliferation with maintained
properties following each passage. This reduces experimental variability relative to primary
cells. It also facilitates a direct comparison of results between experiments and different
studies [29]. Cylindrical samples (D = 10 mm, h = 2 mm) made from a Zn-2%Fe-0.6%Ca
alloy and a Ti-6Al-4V reference alloy (control group) were prepared using four samples
from each alloy for each of the two independent repetitions of the experiment. Prior to the
experiment, the samples were polished up to 2500 grit, ultrasonically cleaned for 5 min in
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ethanol and 2 min in acetone, and then air-dried followed by sterilization in an autoclave.
All the samples were pre-incubated for 24 h in Dulbecco Modified Eagle’s Medium (DMEM)
at 37 °C in a humidified atmosphere. The surface area to volume ratio of the culture medium
was 1.25 cm? mL !, according to the standards. After the pre-incubation, the samples
were placed in 24-well cell culture plates. Subsequently, the cells were seeded directly onto
the sample surface at a density of 50,000 cells per well. DMEM was added to each well
according to the required standard ratio. The plates were incubated under a humidified
atmosphere with 5% CO, at 37 °C for 24 and 48 h.

The number of adherent cells was visualized using NucBlue™ Live Cell Stain Formu-
lation kit (RHENIUM, Modi'in, Israel) and then documented by a CoolLED pe-2 collimator
fitted to an inverted phase-contrast microscope (Eclipse Ti, Nikon) equipped with a digital
camera (D5-QilMc, Nikon, Tokyo, Japan) using the appropriate fluorescent filters. Cell
adhesion per unit field was quantified by averaging cell counts at three random locations
on the sample surface.

Cell viability was evaluated using a Live and Dead Cell Assay (Abcam, Cambridge, UK)
following the manufacturer’s protocol. The Live and Dead Assay stain solution is a mixture
of two highly fluorescent dyes that differentially label live and dead cells: The live cell
dye labels intact, viable cells green. It is membrane-permeant and non-fluorescent until
ubiquitous intracellular esterases remove ester groups and render the molecule fluorescent.
The Excitation (max) and Emission (max) are 494 nm and 515 nm, respectively. The dead cell
dye labels cells with compromised plasma membranes red. It is membrane-impermeant and
binds to DNA with high affinity. Once bound to DNA, the fluorescence increases >30-fold.
The excitation (max) and emission (max) are 528 nm and 617 nm, respectively [30].

3. Results

Three phases were found in the results of the X-ray diffraction analysis: pure Zn, a
Fe-rich phase, and a Ca-rich phase, as shown in Figure 1. The Fe-rich phase was identified
as Zny; Fe (according to ICDD (045-1184), and the Ca-rich phase was identified as CaZn;3
(according to ICDD 028-0258).
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Figure 1. XRD diffraction analysis of Zn-2%Fe-0.6%Ca alloy.

Figure 2 and Table 1 show the typical microstructure obtained by SEM and EDS
analysis results. The microstructure of the ternary alloy contains the Fe-rich phase (Zn;;Fe)
and Ca-rich phase (CaZn;3) in addition to the pure Zn matrix, as also shown in the previous
article of the author [25]. In this composition, the Ca-rich phase is present in the form of a
three-petaled flower.
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Figure 2. Typical microstructure of biodegradable Zn-2%Fe-0.6%Ca alloy obtained by SEM in two
different magnifications (a) X500, (b) X1000.

Table 1. EDS results summary.

Point Ca [wt.%] Fe [wt.%] Zn [wt.%]
1 0.00 £ 0.00 6.36 = 0.38 93.64 + 1.79
2 0.00 £ 0.07 5.60 + 0.37 94.39 4+ 1.74
3 420+0.14 0.36 = 0.15 95.45 +1.78
4 4254 0.14 0.11 £ 0.15 95.65 + 1.78

The general corrosion behavior of the tested alloy under in vitro conditions is shown
in the previous paper of the author, which included the following results: Eoc of —1.06 V,
corrosion parameters from potentiodynamic polarization analysis: Ecorr [V] of —1.1287,
Icorr [MA/cm?] of 0.41, and Corrosion rate [mmpy] of 0.0062 [25]. In order to try and eval-
uate the sensitivity of the tested alloy to localized corrosion attack, cyclic potentiodynamic
polarization was performed, although this research tool is mainly applicable to metals
with clear passivation characteristics. The results are shown in Figure 3, and the Tafel
extrapolation measurements are shown in Table 2. As expected, the corrosion parameters
are similar to those obtained in the potentiodynamic polarization of the previous study.
The cyclic potentiodynamic polarization results show a hysteresis curve that may indicate
that the alloy is sensitive to pitting corrosion attack [31].
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Figure 3. Typical cyclic potentiodynamic polarization analysis of Zn-2%Fe-0.6%Ca alloy in PBS solution.

Table 2. Tafel extrapolation measurements obtained from the cyclic potentiodynamic poilariza-
tion analysis.

Corrosion Parameter Ecorr [V] Icorr [HA/cm?] Corrosion Rate [mmpy]

—1.1575 +£ 0.0064 0.332 £ 0.065 0.0049 £ 0.0010
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Stress corrosion examination of the tested alloy and reference metal by slow strain rate
testing (SSRT) in PBS and air is shown in Figure 4. The PBS and air curves were relatively
similar for all the strain rates apart from slight elongation loss in the PBS solution. The
minor stress drops that accrue along the stress—strain curves can be related to inherent
defects generated during the solidification phase of the tested alloy.
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Figure 4. Typical stress—strain curves of Zn-2%Fe-0.6%Ca alloy in air and PBS solution for strain rates
between 107 to 1077 S~1.

Stress corrosion analyses in terms of ultimate tensile strength (UTS) and yield point
(YP) vs. strain rate are shown in Figures 5 and 6, respectively. As expected from the SSRT
stress—strain curves, the UTS and YP increased with the increase of the strain rate, although
the values in PBS and air are almost identical, with similar trend lines in the UTS figure.
The fitting equation of this trend line is oyrs = ¢ x €™ [32], while the strain rate sensitively
factor (m) of the alloy in PBS and air were very close: 0.06, 0.07, respectively. It can therefore
be determined that the strength of the alloy do not suffer from stress corrosion. However,
the slight elongation loss in PBS solution, as shown in Figure 7, may signify some stress
corrosion sensitivity which did not have a significant effect on time to failure vs. strain rate
in both environmental conditions, as shown in Figure 8.
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Figure 5. UTS vs. strain rate of Zn-2%Fe-0.6%Ca alloy in air and PBS solution.
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Figure 6. Yield point vs. strain rate of Zn-2%Fe-0.6%Ca alloy in air and PBS solution.
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Figure 7. Elongation vs. strain rate of Zn-2%Fe-0.6%Ca alloy in air and PBS solution.
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Figure 8. Time to failure vs. strain rate of Zn-2%Fe-0.6%Ca alloy in air and PBS solution.
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Fractography analysis obtained by SEM is shown in Figure 9. All fractures are inter-
granular fractures, which is an expected embrittlement effect due to the presence of Ca.
Altogether the fact that the performance of Zn-2%Fe-0.6%Ca alloy under SSRT conditions
in air and PBS solution was quite similar clearly indicate that the sensitivity of this alloy to
stress corrosion in a simulated physiological environment is insignificant.

50um

Figure 9. Typical fracture surface images after tensile testing of Zn-2%Fe-0.6%Ca alloy in PBS solution
and air, respectively, at various strain rates. (a,b) 25107° 57 (¢,d) 2.5-1076 S1; (e,f) 2.5-10~7 S~ 1.

The ability of cells to adhere and remain viable on the surface of the alloy is critical
information for determining the ability of the alloy to serve as a biodegradable implant.
The adherent cells on the surface of Zn-2%Fe-0.6%Ca and TigAl4V alloys are shown in
Figure 10. It is apparent that the number of cells increases from 24 to 48 h in both the
tested alloy and reference metal. This demonstrates that the cells were able to adhere and
proliferate on the surface of the alloy.

The number of adherent cells per unit field on the alloy surfaces was counted, as
presented in Figure 11. Although more cells were able to adhere to the biostable reference
metal, the number of adherent cells increased two-fold from 24 to 48 h for both materials.
The ability of cells to adhere and proliferate on the Zn-alloy surface demonstrates its
suitable biocompatibility.
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Figure 10. Typical fluorescence micrographs of NucBlue stained 4T1 cells attached to the surface of
Zn-2%Fe-0.6%Ca and Ti6Al4V alloy, respectively (a,b) after 24 h of incubation; (c,d) after 48 h of incubation.
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Figure 11. Typical number of cells per unit field after 24 and 48 h of incubation (a) Zn-2%Fe-0.6%Ca,
(b) Ti6AI4V.
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Cell viability and adhesion were further investigated using the Live and Dead Cell
Assay for both Zn-2%Fe-0.6%Ca and Ti6 Al4V alloys, as shown in Figure 12. The 4T1 cells
demonstrate the normal appearance of live cells (green) with only a few dead cells (red)
on both alloys after 24 h. Hardly any dead cells are seen on the surface after 48 h, likely
because dead cells lose their surface adhesion and are washed in the DMEM.

Figure 12. Typical fluorescence images of live (green) and dead (red) 4T1 cells attached to Zn-2%Fe-
0.6%Ca and to Ti6Al4V, respectively (a,b) after 24 h incubation; (c,d) after 48 h incubation.

The reduction in cell adhesion and growth on Zn-2%Fe-0.6%Ca alloy compared to the
reference metal may be attributed to the release and accumulation of Zn?* cations near
the surface of the alloy during the incubation period. It is a well-known property of Zn
implants that cells are viable at the surface under in vivo conditions but experience some
degree of local toxicity under in vitro conditions [33]. In this context, the increased cell
numbers on the alloy surface from 24 to 48 h demonstrates the good biocompatibility of the
new alloy.

4. Discussion

Zn-based implants that are being developed may exhibit disadvantageous properties
in terms of biodegradation characteristics in physiological environments. Specifically, low
degradation rates for Zn and Zn-based alloys may provoke inflammation and fibrous
encapsulation responses [20], which hinder implant function and integration into the
surrounding biological environment. High degradation rates may provoke cytotoxicity.
The first part of our study showed that the addition of Ca to Zn-Fe alloy increased the
degradation rate (from ~0.3 mmpy in pure Zn to ~0.57 mmpy in alloy contained 0.6%
Ca [25]), achieved good mechanical properties, and was not cytotoxic by evaluation in an
indirect cell culture test [25]. The potential of the CaZn;3 phase is lower than that of pure
Zn. Hence, the CaZn;3 phase acts as the cathode in the Zn alloys, accelerating the corrosion
of the alloy through the micro galvanic effect [34]. An increase in the degradation rate is
vital for avoiding fibrous encapsulation of Zn-based implants [20].
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The present study demonstrates that Zn-2%Fe-0.6%Ca alloy nearly avoids stress corro-
sion deficiencies and permits cell growth directly on the surface. The very similar UTS, YP,
and time to failure values in PBS and air under different strain rates suggest that prior to
natural degradation, the tested alloy will not experience a premature failure due to stress
corrosion effects. This is mainly related to the critical service period where the implant
should maintain its mechanical integrity. In parallel, it is believed that the relatively slight
elongation loss in PBS solution can have only a minor effect on the overall stress corrosion
performance. The microstructure analysis revealed that in the tested alloy, there are two
phases that create a micro-galvanic effect between them and the Zn matrix. Previous research
revealed that micro-galvanic corrosion along grain boundaries is a major factor affecting
stress corrosion crack (SCC) [35]. In this context, we would expect that the development of
stress corrosion will take place at the grain boundaries of the tested alloy. The fractography
analysis in Figure 9 shows that the nature of the fractures was inter-granular without any sig-
nificant oxidation. This comes in line with other studies [35,36], which indicate that plastic
deformation such as extrusion, as performed by this study, may reduce the micro-galvanic
effect of the secondary phases on SCC performance due to their homogenized distribution.

A critical feature of a biodegradable implant is that the implant should be biocom-
patible. Therefore, the alloying elements should be functionally inert [37] or preferably
have a beneficial effect on the body. In this study, the tested Zn-based alloy contains Fe
and Ca as alloying elements. These two elements are not just biocompatible materials,
but they also provide beneficial effects on the human body functions as they are released
from the degrading implant [13]. For instance, Zn is considered to be an anti-bacterial and
anti-viral element [38,39], Ca is an important element for skeleton development and for
maintaining bone mass [13,37,40], and Fe has a crucial role in the respiratory process. In
this study, the ability of cells to grow on the tested alloy surface was examined in terms of
direct cell viability analysis. The obtained results suggest that the increased corrosion rate
of the alloy will not produce any toxic accumulation of Zn ions at the implant surface. It
should be noted that the direct cell viability test showed reduced numbers of cells on the
surface of the Zn alloy relative to the reference Ti-base alloy. This phenomenon may be
due to the inevitable accumulation of Zn?* cations on the alloy surface during degradation
under in vitro conditions. Such a mild effect is not expected to be a limitation under in vivo
conditions due to endogenous buffering and clearance mechanisms. Moreover, there is
a good possibility that these Zn cations can promote healing processes of the biological
matrix in the vicinity of the biodegradable implant by preventing undesired inflammations.
Altogether, the results suggest that biodegradable implants made from the tested alloy
may be able to serve as a mechanical scaffold for biomedical applications. Research efforts
should proceed to in vivo testing of the alloy.

5. Conclusions

The tested alloy Zn-2%Fe-0.6%Ca was not sensitive to stress corrosion under the
simulated physiological environment. The tested alloy is suitable for cell growth under
in vitro conditions, as seeded cells were adherent and viable on the alloy surface. Consistent
with other in vitro studies, we have found that the rate of cell adhesion and growth is
reduced on the surface of Zn-based alloys.
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