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Abstract: Zinc alloys have recently been researched intensely for their great properties as bioab-
sorbable implants for osteosynthesis. Pure zinc (Zn) itself has relatively poor strength, which makes it
insufficient for most clinical use. Research has already proven that the mechanical strength of zinc can
be enhanced significantly by alloying it with silver. This study evaluated zinc silver alloys (ZnAg) as
well as novel zinc silver titanium alloys (ZnAgTi) regarding their mechanical properties for the use as
bioabsorbable implants. Compared to pure zinc the mechanical strength was enhanced significantly
for all tested zinc alloys. The elastic properties were only enhanced significantly for the zinc silver
alloys ZnAg6 and ZnAg9. Regarding target values for orthopedic implants proposed in literature, the
best mechanical properties were measured for the ZnAg3Ti1 alloy with an ultimate tensile strength of
262 MPa and an elongation at fracture of 16%. Besides the mechanical properties, the corrosion rates
are important for bioabsorbable implants. This study tested the corrosion rates of zinc alloys in PBS
solution (phosphate buffered solution) with electrochemical corrosion measurement. Zinc and its
alloys showed favorable corrosion rates, especially in comparison to magnesium, which has a much
lower degradation rate and no buildup of hydrogen gas pockets during the process. Altogether, this
makes zinc alloys highly favorable for use as material for bioabsorbable implants for osteosynthesis.

Keywords: biodegradation; zinc alloy; mechanical stability; tensile testing; zinc silver; zinc titanium;
corrosion testing

1. Introduction

Especially in the last two decades, research for bioabsorbable implants has been inten-
sified [1–4] because they offer great advantages in comparison to conventional implants.
Conventional implant materials are associated with many adverse effects like stress shield-
ing [5–7], chronic inflammation [8,9], soft tissue damage, and stress on the body through
metallosis [8,10,11]. Bioabsorbable implants include materials that not only degrade within
the body but also offer no harm to the body during corrosion and focus especially on
how they affect the host’s metabolism [12]. In the search for bioabsorbable implants for
osteosynthesis, there is still a lot of room for improvement. There is an ongoing search for
implants, which exhibit mechanical properties that match those of bone and offer the suffi-
cient strength needed. Mechanical stability is critical for fracture healing, as a great stability
in connection with only a minimal volume change of the fracture gap and without shearing
of the fragments leads to optimal conditions for bone healing [13,14]. Reviews have dis-
cussed different target values for bone implants. Targets for ultimate tensile strength have
been set between 200 and 300 MPa, an elongation at fracture of around 15% to 20% and
a Young’s modulus of 10 to 30 GPa [15–19]. Venezuela et al. [20], for instance, proposed
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target values of a yield strength of >230 MPa, a tensile strength of >300 MPa, a Young’s
modulus of 10–20 GPa, and an elongation at fracture of 15–18% for orthopedic internal
fixation devices.

During the research for bioabsorbable implants interest has been increasingly drawn
to zinc alloys as zinc exhibits favorable mechanical properties regarding the use as bioab-
sorbable implants, while also showing reasonable low corrosion rates [21–23]. Furthermore,
zinc is not converted to hydrogen during its degradation process, as is the case with magne-
sium, where there have been issues with hydrogen accumulating in the surrounding tissue
and, therefore, possible adverse effects on the process of bone healing [11,24,25]. With an ul-
timate tensile strength of 100 to 150 MPa [26,27] and a small Young’s modulus, zinc exhibits
properties that are close to those of bone [27]. Notably, the strength of zinc is considerably
lower than the required target values of implants for osteosynthesis. There has been a
significant effort put into researching the process of alloying zinc to gain higher strength
values and more favorable mechanical properties for the use as orthopedic implants [28,29].
For instance, Sikora-Jasinska et al. [30] showed that the ultimate tensile strength of zinc
could be increased over 200 MPa when alloyed with silver, while also keeping its beneficial
elastic properties.

Regarding its use as a bioabsorbable implant, zinc is also expected to show good
biocompatibility [28,31]. It is closely regulated by zinc transporters and metallothioneins
and is one of the most abundant essential elements in the body [32,33]. A daily intake of
about 8 to 11 mg is recommended for adults, whereas the maximum daily intake of zinc is
limited to 40 mg/day [34,35]. Additionally, studies have shown positive effects of zinc on
cell proliferation, differentiation, and mineralization of extracellular matrix as well as bone
growth [36–40].

For a better suitability of zinc as a material for implants for osteosynthesis it can be
alloyed with different metals. In this study we focused on zinc alloys with silver and
titanium. Titanium is the most used metal for implants in orthopedics today. It has been
used since the 1950s and it has been studied intensively [41]. Its biocompatibility with a
slow corrosion rate and bioinertness have been already established in literature [42]. Silver
has also been used as an implant material in humans for a long time and has shown a very
good biocompatibility [43]. Silver is also an essential trace element and it is recommended
to consume 0.4 to 27 µg of silver daily [44]. As early as 1924, Zierold et al. [45] proved
that silver is excellently suited for implantation in bone. In this study, an improved
regeneration of the bone occurred in the cancellous bone, while the cortical regeneration
was not influenced. Furthermore, it was demonstrated that silver nanoparticles improved
fracture healing in the rat model [46]. In addition, silver has a direct antibacterial effect and
is used in therapy for particularly resistant bacteria [43,47,48]. In this study, novel zinc alloys
were biomechanically analyzed and evaluated for future use as bioabsorbable implants
in orthopedic fixation devices. Therefore, mechanical properties were measured and
compared to target values as well as mechanical properties of implants already available
for clinical use like MgYERZr (Syntellix AG, Hannover, Germany). Additionally, corrosion
measurements were performed in order to get an idea of the corrosion characteristics of the
novel zinc alloys.

2. Materials and Methods
2.1. Tensile Testing

This study used tensile tests to determine the tensile strength of zinc alloys in com-
parison to pure zinc. Dog bone-shaped test specimens were manufactured by Limedion
GmbH., Mannheim, Germany, according to ISO standard 6892-1:2019 [49], with a grain
size of <15 µm. Testing was carried out at room temperature with the material testing
machine Z005 (ZwickRoell, GmbH & Co. KG, Ulm, Germany) under position control with
a nominal stress of 30 MPa s−1 until failure. Failure was defined as an increase of strain
by 500% to the previous measuring point or a stress drop to 2% of the maximum stress.
Strain–stress curves were recorded with TestXpert3 software, Version 3.31 (ZwickRoell,
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GmbH & Co. KG, Ulm, Germany) and used to analyze ultimate tensile strength (UTS) and
yield strength (YS). Elongation at fracture (A) was calculated by measuring the test speci-
mens after breakage with the stereomicroscope Olympus SZ61 (Olympus K.K., Shinjuku,
Japan) and the software ImageJ (FIJI modification). Tensile testing was carried out with Zn,
ZnTi0.5, ZnAg6, ZnAg9, ZnAg1Ti1, and ZnAg3Ti1 alloys.

2.2. Corrosion Measurements
2.2.1. Samples

The electrochemical measurement was carried out on cylinders of the different alloys
(Zn, ZnTi0.5, Zn3, ZnAg6, ZnAg1Ti1 and ZnAg3Ti1) with the dimensions d = 6 mm and h
= 10 mm, with a surface area of 0.2826 cm2. The samples were each fixed as watertight in a
specially made sample holder made of FC52 polyol and FC52 isocyanate (see Figure 1). The
samples were placed in this mold with a precise fit and attached to the measuring apparatus
using the mold. Each sample was measured twice with 10 min between measurements,
and the mean was calculated.
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Figure 1. Corrosion sample attached to sample holder.

2.2.2. Electrochemical Testing

To determine the corrosion rate of the prepared samples, potentiodynamic polarization
tests were carried out in PBS solution (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4 and
0.245 g/L KH2PO4)) at 37 ± 2 ◦C and pH = 7.4 ± 0.2. The electrochemical measurement
was carried out with a three-electrode measuring system, with a potentiostat/galvanostat
PS2000, the corrosion measuring cell KMZ5 from Sensortechnik Meinsberg (Xylem Analyt-
ics Germany Sales GmbH & Co. KG, Waldheim, Germany), and the Ag/AgCl reference
electrode SE11. A 2 cm × 2 cm Pt foil (Xylem Analytics Germany Sales GmbH & Co. KG,
Waldheim, Germany) was used as counter electrode (see Figure 2). Immediately before the
measurements all samples were polished with 1200 SiC (silicon carbide) paper.

Measurements were conducted at a 0.25 mV scan rate with ±50 mV around the rest
potential. Open circuit potential (OCP) was measured for 30 min before the corrosion
measurement to ensure the potential stability of the studied system. The corrosion current
and the corrosion potential were defined as the intersection of two straight lines. For this
purpose, Tafel fittings were applied to the linear sections of the log current-potential curve
of the individual measurements in Origin Pro 2020 (OriginLab, Northampton, MA, United
States) and their intersection point was determined (see Figure 3).
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Using Faraday’s law, the corrosion rate was calculated with the following equation:

RM =
M

nFρ
icorr

where M is Atomic mass, n is the number of electrons involved in the reaction, ρ is density,
and F is 96,485 C/mol.

This was calculated for each alloy accordingly (see Table 1).

Table 1. Values for calculating the corrosion rate per year for each element according to Faraday’s law.

Element M
[g/mol] n ρ

[g/cm3]
Rm
icorr

[mm/year]

Zn 65.38 2 7.14 0.05
Ti 47.87 4 4.51 0.03
Ag 107.87 2 10.49 0.06
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2.3. Statistical Analysis

Statistical analysis was conducted with Microsoft Office Excel®, Version 2013 (Mi-
crosoft Cooperation, Redmond, WA, United States) and Origin Pro 2020 (OriginLab,
Northampton, MA, United States). All quantitative data were given as mean ± stan-
dard deviation. Statistical significance was determined with unpaired one-way analysis of
variance (ANOVA) and the significance level was set to p < 0.05.

3. Results
3.1. Tensile Testing

The mechanical properties of zinc and its alloys are shown in Table 2. Comparison
revealed an increase of ultimate tensile strength (UTS) as well as elongation at fracture [A].
Elongation at fracture was only enhanced significantly in comparison to pure zinc for the
zinc silver alloys ZnAg6 and ZnAg9 with p = 0.009 and p = 3.09 × 10−4 respectively. The
UTS was increased significantly (p < 0.05) for all alloys.

Table 2. Mechanical properties of zinc and zinc alloys during tensile testing according to DIN ISO
6892-1:2019.

Materials
Mechanical Properties

Elongation
[%]

UTS
[MPa]

YS
[MPa]

Zn 9.72 ± 7.87 114.98 ± 4.87 110.66 ± 6.79
ZnTi0.5 16.81 ± 1.57 186.71 ± 3.40 189.06 ± 2.04
ZnAg6 25.39 ± 4.08 211.06 ± 11.58 213.78 ± 6.59
ZnAg9 32.40 ± 6.44 232.75 ± 10.55 232.64 ± 10.19

ZnAg1Ti1 20.99 ± 2.98 241.46 ± 1.00 240.41 ± 0.53
ZnAg3Ti1 16.00 ± 3.55 262.11 ± 4.98 261.59 ± 5.14

As seen by comparing the stress–strain curves shown in Figure 4, the ultimate tensile
strength was also enhanced with increasing silver content. The alloys ZnAg9 and ZnAg3Ti1
showed higher tensile strengths compared to ZnAg6 and ZnAg1Ti1, respectively. This
increase was significant for ZnAg9 in comparison to ZnAg6 (p = 0.02) but not for ZnAg3Ti1
in comparison to ZnAg1Ti1 (p = 0.06). Ultimate tensile strength was also enhanced signif-
icantly for ZnAg3Ti1 in comparison to the zinc silver alloys (ZnAg6 p = 1.5 × 10−5 and
ZnAg9 p = 0.048).

3.2. Corrosion Measurement

The corrosion measurements are used as an indication of the corrosion processes
happening in the body. Table 3 shows the results of the electrochemical corrosion testing.
Corrosion rates of zinc were accelerated by alloying it with titanium or silver. This was
significant for ZnAg3, ZnAg6, and ZnTi0.5 in comparison to pure zinc with p < 0.05 (see
Figure 5). The corrosion rates of the ZnAgTi alloys were not significantly different to the
corrosion rate of pure zinc (see Figure 5). The highest corrosion rates were measured for
the ZnAg alloys with a corrosion rate of 0.11 mm/year for ZnAg6 and 0.14 mm/year for
ZnAg3, respectively.
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Table 3. Measurements of the corrosion testing with mean and standard deviation.

Materials OCP
[mV]

Ecorr.
[mV]

Icorr.
[µA]

Corrosion Rate
[mm/year]

Zn −967 ± 2.50 −959 ± 6.24 0.85 ± 0.11 0.04
ZnTi0.5 −998 ± 16.62 −1002 ± 14.24 1.78 ± 0.22 0.09
ZnAg3 −993.25 ± 12.63 −1000.5 ± 15.95 2.55 ± 0.40 0.14
ZnAg6 −977 ± 19.08 −965 ± 20.86 2.14 ± 0.34 0.11

ZnAg1Ti1 −996.75 ± 14.93 −999 ± 12.73 1.32 ± 0.31 0.07
ZnAg3Ti1 −982.25 ± 8.30 −979.67 ± 18.23 1.52 ± 0.12 0.08
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4. Discussion
4.1. Tensile Testing

This study verified that alloying zinc with silver increases the tensile strength in
comparison to pure zinc significantly. Tensile strength rose with increasing content of silver
for both zinc silver alloys as well as zinc titanium silver alloys. This is in accordance with
previous studies.

In this study, we measured an ultimate tensile strength of pure zinc of 115 MPa with
an elongation at fracture of 10%. Xiao et al. [50] reported very similar properties with an
ultimate tensile strengths of 110 MPa and an elongation at fracture of 15% for pure zinc in
dog bone-shaped specimens.

For zinc silver alloys, Sikora-Jasinska et al. [30] described, for example, a tensile
strength of 203 MPa for ZnAg2.5 alloys and a tensile strength of 287 MPa for ZnAg7
alloys. These values correspond to the results of our study, with a tensile strength of
ZnAg6 of about 211 MPa and for ZnAg9 of about 233 MPa. A similar tensile strength was
also reported by Yang et al. [51], with a tensile strength of ZnAg0.8 of 190 MPa and for
ZnAg2 of 240 MPa. Both studies reported an increase of strength with higher silver content
of the alloys. The difference in the values can be explained by different manufacturing
techniques. The test specimens we used were manufactured by Limedion (Limedion
GmbH., Mannheim, Germany), which were hot extruded at 325 ◦C with an extrusion rate
of 25:1 and showed a grain size of <15 µm. Sikora-Jasinska et al. [30] used specimens that
were hot extruded at 250 ◦C with an extrusion rate of 14:1, whereas Yang et al. [51] tested
specimens, which were hot extruded at 260 ◦C with an extrusion rate of 36:1 and showed
a grain size of <10 µm. Hot extrusion is known to enhance the mechanical properties
of metal alloys as it refines the grain size and homogenizes the alloy [29]. Homogenous
alloys with smaller grain size showed more favorable mechanical properties [8]. This could
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be one explanation for the higher mechanical properties measured by Yang et al. [51] in
comparison to our measurements.

The elastic properties of zinc in our tests were only significantly altered by alloying
with silver for ZnAg6 and ZnAg9. There was no significant enhanced elongation at fracture
for the zinc silver titanium alloys. The measured elastic values for the tested zinc silver
alloys can also be confirmed by comparing it to literature. Sikora-Jasinska et al. [30] and
Yang et al. [51] reported elongation at fracture of 30% to 40% for their tested zinc silver
alloys. The zinc silver alloys tested by us showed an elongation at fracture of 25 to 30% for
ZnAg6 and ZnAg9, which are quite similar.

The zinc titanium alloys had a slightly lower elongation at fracture with 16 to 21%
in our measurements. These values are very close to and, for ZnAg3Ti1, even meet the
target values proposed by Venezuela et al. [20] for orthopedic fixation devices. Additionally,
the tested zinc silver titanium alloys showed even greater mechanical strength properties
compared to the zinc silver alloys. ZnAg1Ti1 and ZnAg3Ti1 tested for an ultimate tensile
strength of 241 and 262 MPa, respectively.

In comparison to the mechanical target values suggested in the literature, the ZnAg3Ti1
and ZnAg6 alloys showed excellent properties for the values we measured. They both met
an ultimate tensile strength of 200 to 300 MPa, while also possessing good elastic properties
with a reasonably low elongation at fracture. ZnAg3Ti1 could also meet the criteria of an
elongation at fracture of 15 to 18% with a measured elongation of 16%.

Our zinc silver titanium alloys achieved a combination of good mechanical stability as
well as favorable elastic properties. This makes them also stand out in comparison to tested
zinc alloys in the literature, as seen in Figure 6. In comparison to the reported mechanical
values of bioabsorbable alloys and also in regards of the MgYERZr alloys already in clinical
use, the ZnAg3Ti1 alloy displayed especially excellent mechanical properties.
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Figure 6. Comparison of elongation at fracture (A) and ultimate tensile strength (UTS) of the alloys
measured in this study (blue icons) with measurements reported in the literature [30,52–58]. The
area highlighted in green corresponds to the target values given in the literature of an elongation at
fracture between 15 to 20% and an ultimate tensile strength between 200 to 300 MPa.

Both ZnAg1Ti1 and ZnAg3Ti1 showed a good ultimate tensile strength as well as a
reasonably low elongation at fracture. The only two alloys achieving the target values of
15 to 20% elongation at fracture, as well as an ultimate tensile strength between 200 and
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300 MPa, were the ZnAg3Ti1 alloy tested in this study and the MgYERZr alloy used for the
MAGNEZIX Pin from Syntellix (Syntellix AG, Hannover, Germany) [57,58] (see Figure 7).
This makes the zinc silver titanium alloys suitable for further testing for bioabsorbable
implants. Their biocompatibility as well as their corrosion rates are important for future
clinical use and need to be evaluated in future testing.
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4.2. Corrosion Measurements

The measurements showed that the corrosion rates of the zinc alloys can be sig-
nificantly influenced by the composition of the alloys (see Figure 5). Furthermore, all
measured corrosion rates proved to be significantly lower than the corrosion rates of the
magnesium alloys [52,59]. Thus, the zinc alloys had a better corrosion resistance than
magnesium alloys.

For example, Vojtech et al. [52] reported a significantly higher corrosion tendency for
magnesium in contrast to zinc. They described a resting potential for zinc of 0.89 V in SBF
with a pH of 7. For magnesium, they reported a resting potential of –1.64 V. The resting
potential of zinc was higher than that of magnesium. The resting potential of zinc in our
measurements was 0.97 V and, thus, was in a similar order of magnitude.

Törne et al. [21] reported corrosion rates in PBS solution of zinc of less than 0.1 mm/year.
This corresponds closely to the corrosion rate of pure zinc of about 0.04 mm/year measured
during our experiment (see Figure 7). Additionally, Hehrlein et al. [60] measured the
immersion corrosion rate of ZnAg3 alloy in SBF (simulated body fluid) over a period of
60 days, where they measured a corrosion rate of 0.16 mm/year. This is also very close to
the corrosion rate measured by us in PBS.

The corrosion rates of pure zinc can be increased by alloying zinc with silver. For ex-
ample, the corrosion rate increased for the zinc silver alloys measured by us. We measured
the highest corrosion rates for ZnAg3 with 0.14 mm/year. For ZnAg6 the corrosion rate
decreased slightly to 0.11 mm/year instead.

Sikora-Jasinska et al. [30] also measured the corrosion rates for zinc and zinc silver
alloys in electrochemical corrosion tests in Hank’s solution. For zinc, they determined a
resting potential of −0.98 V and a corrosion rate of 0.133 mm/year. As the silver content
increased, so did the corrosion rates. Thus, the corrosion rate for ZnAg2.5 was about
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0.137 mm/year and for ZnAg7, 0.147 mm/year. Static immersion with subsequent deter-
mination of the weight also showed an increasing corrosion rate with increasing silver
content. The increased corrosion rate of the zinc-silver alloys resulted, among other things,
from the formation of two phases by alloying silver with zinc. This resulted in localized
increased corrosion rates on the ZnAg3 phases with increased cathodic reaction rates [22].

This different dynamic of the corrosion rates with increasing silver content in com-
parison to our measurement can possibly be explained by the use of a different corrosion
medium. The use of PBS led to less corrosion on average and the alloys had the opportunity
to repassivate through the phosphate-based buffer [8]. For example, the corrosion rates in
Törne et al. [22] were 0.1 mm/year for pure Zn and 1.7 mm/year for ZnAg4 in Ringer’s
solution (see Figure 7). This is higher than the corrosion rate of the zinc silver alloys
we measured. Zaludin et al. [61] also showed that the corrosion rates changed greatly
when SBF (simulated body fluid), Ringer’s solution, or PBS were used. For example, the
corrosion currents of magnesium increased from 11.19 µA in PBS to 236.05 µA in SBF and
676.87 µA in Ringer solution. Li et al. [59] described corrosion rates of zinc in SBF of about
0.102 mm/year and in Gamble’s solution (GS) of 0.034 mm/year. Correlating to this, the
surfaces of the zinc samples in SBF showed more significant corrosion damage than the
zinc samples in GS.

Another reason for the different dynamics of the corrosion rates could be that the
ZnAg3 alloys had a larger grain size due to the manufacturing process and, thus, an
increased corrosion rate. The corrosion rates in the measurement can be influenced by the
processing, microstructure, and especially the grain size of the alloy. A particularly smooth
surface, a homogeneous alloy, and the smallest possible grain size led to lower corrosion
rates [2]. A change in grain size from 400 µm to 10 µm can reduce the corrosion rate by up
to 50% [19]. This also needs to be considered in evaluating the corrosion rates.

The dynamics of the corrosion rates for zinc silver alloys with increasing silver content
is, thus, not yet conclusively solved.

The electrochemical corrosion tests represent an important building block in the
research for new materials for bioabsorbable implants. General requirements for bioab-
sorbable stents were summarized in a table by Bowen et al. [17]. Here they claimed that
corrosion rates of 0.02 mm/year are required. In the review by Venezuela et al. [20] a
corrosion rate of approx. 0.5 mm/year is required for bioabsorbable plates and screws.
Generally, implanted screws must maintain mechanical integrity for 6 months to a certain
degree and then dissolve completely within 1 to 2 years. The zinc alloys we investigated
had corrosion rates of 0.04 mm/year to 0.14 mm/year, which is within the range of cor-
rosion rates required in the literature for bioabsorbable implants. The electrochemically
measured corrosion rates can also be approximated in comparison with in vivo tests.

Bowen et al. [28], for example, investigated the corrosion rates of zinc by implant-
ing zinc wires into the abdominal aorta of rats. Uniform corrosion rates for zinc were
demonstrated for the first 3 months. Localized corrosion damage, such as pitting, did not
form on the zinc implants until 4.5 and 6 months. They also reported a corrosion rate of
0.02 to 0.05 mm/year. These in vivo corrosion rates correlate with the corrosion rates we
measured for zinc of 0.04 mm/year in the electrochemical measurements; thus, it can be
assumed that the measured corrosion rates of the zinc alloys may also be transferred to the
in vivo experiments and corrode homogeneously at the beginning.

Kafri et al. [23] also measured a corrosion rate within the first 14 weeks of pure zinc
implanted subcutaneously in rats of approximately 0.06 mm/year in in vivo experiments.

Xiao et al. [50] confirmed the homogeneous corrosion and biocompatibility of zinc
alloys in bone. With a corrosion rate of 0.15 mm/year, the implants showed good osteointe-
gration already after 12 weeks. Therefore, it can be assumed that the zinc alloys we tested
may also achieve the desired corrosion properties while implanted in bone. This still must
be confirmed in corresponding tests.

For magnesium alloys, Huehnerschulte et al. [62] already examined magnesium alloys
with rare earth elements, similar to the magnesium alloy of the Syntellix products, in
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in vivo tests in 2011. The calculated corrosion rates of the ZEK100 and AX30 alloys were
0.07 mm/year for the first 3 months. Thus, the corrosion rates of the zinc alloys measured
by us with, for example, 0.08 mm/year for the ZnAg3Ti1 alloy or 0.11 mm/year for the
ZnAg6 alloy are also in similar orders of magnitude compared to magnesium alloys with
rare earths. With that, they achieved similar corrosion properties like bioabsorbable alloys
that are already in clinical use.

For a correct assessment, additional investigations should be carried out in vivo, as
the corrosion properties differ significantly depending on the implantation site and the
environmental milieu [50,63]. Furthermore, especially for clinical utility, an assessment
of the change in mechanical properties under corrosion is needed to better evaluate the
mechanical integrity of the implant. For example, Huehnerschulte et al. [62] showed that
the various magnesium alloys exhibited significant differences in flexural strength after
corrosion, despite the same corrosion rates. For zinc, studies here showed that aging
and creep processes could lead to an impairment of the mechanical properties [29]. Kafri
et al. [23] also showed that the corrosion rate weakened significantly over time. This
requires further investigation after corrosion in vitro and in vivo.

5. Conclusions

Zinc and its alloys are promising candidates for further investigation as materials
for bioabsorbable implants for osteosynthesis. ZnAg6 and ZnAg3Ti1 showed excellent
mechanical values in tensile testing. With a UTS of above 200 MPa, they met the criteria
mentioned in literature for implants for osteosynthesis. These mechanical properties and
their corrosion rates, which are significantly lower as common magnesium alloys, make
them highly favorable for clinical use. We could prove that the corrosion rates of these
alloys also lay within target values mentioned in literature for bioabsorbable implant
materials. With the analysis of these alloys, novel zinc alloys are brought into the focus
for further investigation for bioabsorbable implants. These findings make them promising
candidates, but they still must be investigated further, especially with clinical trials.

Author Contributions: Conceptualization, S.H. and M.S.; methodology, S.H., M.S. and S.Z.; software,
S.H.; validation, S.H. and M.S.; formal analysis, S.H., M.S. and S.Z.; investigation, S.H., M.S. and
S.Z.; resources, M.S.; R.B. and A.K.; data curation, S.H.; writing—original draft preparation, S.H.;
writing—review and editing, M.S., A.K. and S.Z.; visualization, S.H.; supervision, M.S. and S.Z.;
project administration, M.S. and A.K.; funding acquisition, A.K., R.B.; All authors have read and
agreed to the published version of the manuscript.

Funding: This project was funded as an R&D cooperation project under the Central Innovation
Programme for SMEs (ZIM) of the Federal Ministry for Economic Affairs and Energy (BMWi)
(funding code ZF 4517402TS8). The article processing charge was funded by the Baden-Wuerttemberg
Ministry of Science, Research and Art and the University of Freiburg in the funding program Open
Access Publishing.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this article are available on request from the
corresponding author.

Acknowledgments: This contribution originally was intended to be published together with Anke
Bernstein for Musculoskeletal Biomaterials of the Research Center for Tissue Replacement, Regen-
eration and Neogenesis (G.E.R.N.) and the Deputy Director of the G.E.R.N in the Department of
Orthopaedics and Trauma Surgery at the University Hospital Freiburg in Breisgau, Germany. Tragi-
cally, Bernstein died during her holidays at the end of June 2021. She was supervising and leading
this project. We are beyond grateful for her great leadership, her thoughtful advice, and her way to
always push for the next level. Thank you, indeed, for always being there. We offer Anke Bernstein’s
family, friends, and colleagues our sincere condolences on her passing.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 421 12 of 14

References
1. Waizy, H.; Weizbauer, A.; Maibaum, M.; Witte, F.; Windhagen, H.; Lucas, A.; Denkena, B.; Meyer-Lindenberg, A.; Thorey, F.

Biomechanical characterisation of a degradable magnesium-based (MgCa0.8) screw. J. Mater. Sci. Mater. Med. 2012, 23, 649–655.
[CrossRef] [PubMed]

2. Brar, H.S.; Wong, J.; Manuel, M.V. Investigation of the mechanical and degradation properties of Mg-Sr and Mg-Zn-Sr alloys for
use as potential biodegradable implant materials. J. Mech. Behav. Biomed. Mater. 2012, 7, 87–95. [CrossRef] [PubMed]

3. Bai, L.; Gong, C.; Chen, X.; Sun, Y.; Zhang, J.; Cai, L.; Zhu, S.; Xie, S.Q. Additive Manufacturing of Customized Metallic Orthopedic
Implants: Materials, Structures, and Surface Modifications. Metals 2019, 9, 1004. [CrossRef]

4. Amano, H.; Miyake, K.; Hinoki, A.; Yokota, K.; Kinoshita, F.; Nakazawa, A.; Tanaka, Y.; Seto, Y.; Uchida, H. Novel zinc alloys for
biodegradable surgical staples. World J. Clin. Cases 2020, 8, 504–516. [CrossRef]

5. Wolff, J. The Law of Bone Remodelling; Springer: Berlin/Heidelberg, Germany, 1986; ISBN 978-3-642-71031-5.
6. Gefen, A. Computational simulations of stress shielding and bone resorption around existing and computer-designed orthopaedic

screws. Med. Biol. Eng. Comput. 2002, 40, 311–322. [CrossRef]
7. Huiskes, R.; Weinans, H.; Van Rietbergen, B. A review between stress shielding and bone resorption. Clin. Orthop. Relat. Res.

1992, 124–134.
8. Eliaz, N. Corrosion of Metallic Biomaterials: A Review. Materials 2019, 12, 407. [CrossRef]
9. Bressan, E.; Ferroni, L.; Gardin, C.; Bellin, G.; Sbricoli, L.; Sivolella, S.; Brunello, G.; Schwartz-Arad, D.; Mijiritsky, E.; Penarrocha,

M.; et al. Metal Nanoparticles Released from Dental Implant Surfaces: Potential Contribution to Chronic Inflammation and
Peri-Implant Bone Loss. Materials 2019, 12, 2036. [CrossRef]

10. Noronha Oliveira, M.; Schunemann, W.V.H.; Mathew, M.T.; Henriques, B.; Magini, R.S.; Teughels, W.; Souza, J.C.M. Can
degradation products released from dental implants affect peri-implant tissues? J. Periodont. Res. 2018, 53, 1–11. [CrossRef]

11. Plaass, C.; Ettinger, S.; Sonnow, L.; Koenneker, S.; Noll, Y.; Weizbauer, A.; Reifenrath, J.; Claassen, L.; Daniilidis, K.; Stukenborg-
Colsman, C.; et al. Early results using a biodegradable magnesium screw for modified chevron osteotomies. J. Orthop. Res. 2016,
34, 2207–2214. [CrossRef]

12. Liu, Y.; Zheng, Y.; Hayes, B. Degradable, absorbable or resorbable—what is the best grammatical modifier for an implant that is
eventually absorbed by the body? Sci. China Mater. 2017, 60, 377–391. [CrossRef]

13. Märdian, S.; Seemann, R.; Schmidt-Bleek, K.; Heyland, M.; Duda, G. Biologie und Biomechanik der Frakturheilung und
Osteosynthese. Orthopädie Unf. Up2date 2019, 14, 163–183. [CrossRef]

14. Ilizarov, G.A. The tension-stress effect on the genesis and growth of tissues. Part I. The influence of stability of fixation and
soft-tissue preservation. Clin. Orthop. Relat. Res. 1989, 238, 249–281. [CrossRef]

15. Zhang, J.; Xu, C.; Jing, Y.; Lv, S.; Liu, S.; Fang, D.; Zhuang, J.; Zhang, M.; Wu, R. New horizon for high performance Mg-based
biomaterial with uniform degradation behavior: Formation of stacking faults. Sci. Rep. 2015, 5, 13933. [CrossRef]

16. Patel, N.R.; Gohil, P.P. A Review on Biomaterials Scope, Applications and Human Anatomy Significance. Int. J. Emerg. Technol.
Adv. Eng. 2012, 2, 91–101.

17. Bowen, P.K.; Shearier, E.R.; Zhao, S.; Guillory, R.J.; Zhao, F.; Goldman, J.; Drelich, J.W. Biodegradable Metals for Cardiovascular
Stents: From Clinical Concerns to Recent Zn-Alloys. Adv. Healthc. Mater. 2016, 5, 1121–1140. [CrossRef]

18. Navarro, M.; Michiardi, A.; Castaño, O.; Planell, J. Biomaterials in orthopaedics. J. R. Soc. Interface 2008, 5, 1137–1158. [CrossRef]
[PubMed]

19. Salahshoor, M.; Guo, Y. Biodegradable Orthopedic Magnesium-Calcium (MgCa) Alloys, Processing, and Corrosion Performance.
Materials 2012, 5, 135–155. [CrossRef] [PubMed]

20. Venezuela, J.; Dargusch, M.S. The influence of alloying and fabrication techniques on the mechanical properties, biodegradability
and biocompatibility of zinc: A comprehensive review. Acta Biomater. 2019, 87, 1–40. [CrossRef] [PubMed]

21. Törne, K.; Larsson, M.; Norlin, A.; Weissenrieder, J. Degradation of zinc in saline solutions, plasma, and whole blood. J. Biomed.
Mater. Res. Part B Appl. Biomater. 2016, 104, 1141–1151. [CrossRef] [PubMed]

22. Törne, K.B.; Khan, F.A.; Örnberg, A.; Weissenrieder, J. Zn-Mg and Zn-Ag degradation mechanism under biologically relevant
conditions. Surf. Innov. 2017, 6, 1–41. [CrossRef]

23. Kafri, A.; Ovadia, S.; Yosafovich-Doitch, G.; Aghion, E. In vivo performances of pure Zn and Zn-Fe alloy as biodegradable
implants. J. Mater. Sci. Mater. Med. 2018, 29, 94. [CrossRef] [PubMed]

24. Witte, F.; Kaese, V.; Haferkamp, H.; Switzer, E.; Meyer-Lindenberg, A.; Wirth, C.J.; Windhagen, H. In vivo corrosion of four
magnesium alloys and the associated bone response. Biomaterials 2005, 26, 3557–3563. [CrossRef] [PubMed]
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