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Zinc-based nanoparticles, nanoscale metal frameworks and metals have been considered
as biocompatible materials for bone tissue engineering. Among them, zinc-based metals
are recognized as promising biodegradable materials thanks to their moderate
degradation rate ranging between magnesium and iron. Nonetheless, materials’
biodegradability and the related biological response depend on the specific implant
site. The present study evaluated the biodegradability, cytocompatibility, and
hemocompatibility of a hot-extruded zinc-copper-iron (Zn-Cu-Fe) alloy as a potential
biomaterial for craniomaxillofacial implants. Firstly, the effect of fetal bovine serum
(FBS) on in vitro degradation behavior was evaluated. Furthermore, an extract test was
used to evaluate the cytotoxicity of the alloy. Also, the hemocompatibility evaluation was
carried out by a modified Chandler-Loop model. The results showed decreased
degradation rates of the Zn-Cu-Fe alloy after incorporating FBS into the medium. Also,
the alloy exhibited acceptable toxicity towards RAW264.7, HUVEC, and MC3T3-E1 cells.
Regarding hemocompatibility, the alloy did not significantly alter erythrocyte, platelet, and
leukocyte counts, while the coagulation and complement systems were activated. This
study demonstrated the predictable in vitro degradation behavior, acceptable cytotoxicity,
and appropriate hemocompatibility of Zn-Cu-Fe alloy; therefore, it might be a candidate
biomaterial for craniomaxillofacial implants.

Keywords: biodegradable metals, zinc, cytocompatibility, hemocompatibility, corrosion, implant, bone tissue
engineering
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INTRODUCTION

Craniomaxillofacial (CMF) areas present unique challenges to
reconstructive surgery because of the complex bone morphology
and stress distribution (Susarla et al., 2011). Metallic materials, in
the form of mini-plates, mini-screws, and meshes, have been
widely adopted for CMF implant applications due to the
advantage of high mechanical strength (Schumann et al., 2013;
Zwahlen, 2014). The fabrication and development of nanoscale
metallic materials can improve their biological properties for
bone tissue engineering (Zhang et al., 2020; Zhong et al., 2020;
Fardjahromi et al., 2022). Conventionally, bioinert metallic
materials, such as titanium-based alloy, cobalt-chromium-
based alloy, and 316L stainless steel, have been used due to
their excellent biocompatibility and high mechanical strength
(Chen and Thouas, 2015). Nevertheless, bioinert metallic
materials have several disadvantages. Regarding long-term
clinical use, several adverse side effects have been documented,
including infection, bone resorption caused by stress shielding,
and even foreign-body host response (Alexander and Theodos,
1993; Hernandez Rosa et al.,, 2016). Furthermore, after tissue
healing, an additional surgical procedure is required to remove
these implants, probably leading to potential surgical risks
(Busam et al., 2006; Schepers et al, 2011). In addition, most
bioinert metallic materials lack appropriate biofunctionality
(i.e, osteoinductivity and osteoimmunomodulation) to
promote tissue regeneration and remodeling (Xie et al., 2020).
Therefore, increasing research interests and clinical demands are
shifting toward new metallic materials.

Biodegradable metals (BMs, also referred to as absorbable
metals), i.e., magnesium (Mg), iron (Fe), zinc (Zn), and their
alloys, refer to metals that degrade safely in a physiological
environment and are considered promising materials as
temporary medical implants (Zhao et al., 2017; Liu Y. et al,
2019; Han et al., 2019). Meanwhile, the applications of metal
nanoparticles have recently been reported, as well as nanoscale
metal-organic frameworks (Zhang et al., 2020). In the 19th
century, Mg-based wires were first used as ligatures. Until
now, Mg and Mg-based alloys have been widely investigated
as biomedical implants due to their superior biocompatibility and
appropriate mechanical properties (Witte, 2010; Rahman et al.,
2020). Nonetheless, concerning Mg biodegradation, its rapid
degradation rate with the massive accumulation of hydrogen
around Mg-based implants could impede local tissue healing and
reconstruction (Geis-Gerstorfer et al., 2011; Kraus et al., 2012).
To overcome this drawback, Fe-based BMs have been proposed
and investigated. Fe and Fe-based alloys have been considered
absorbable biocompatible materials for osteosynthesis implants
due to their high strength (Gorejovd et al., 2019). Regarding
biosafety of Fe-based materials, previous in vivo studies revealed
no iron excess or organ damage caused by iron-based degradation
products, indicating acceptable biocompatibility (Peuster et al.,
2006; Waksman et al., 2008; Wu et al., 2013). According to ISO
10993-4, Fe-based materials exhibited excellent blood
compatibility with a hemolysis rate below 5% as well as anti-
platelet adhesion (Schinhammer et al., 2013; Verhaegen et al.,
2019). However, some previous in vivo studies demonstrated that
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Fe-based implants within physiologic environments had a
relatively slow degradation rate and formed insoluble
degradation products, adversely affecting the local tissue
remodeling (Pierson et al., 2012; Drynda et al., 2015).

Zinc plays an important role in physiological bone
homeostasis and pathological bone turnover. Indeed, it has
been found that zinc can stimulate osteoblast proliferation,
differentiation, and mineralization. (O’Connor et al., 2020;
Wang et al., 2021). Thus, Zn-based BMs have attracted ever-
increasing attention for over one decade, mainly due to their
superior biocompatibility and moderate degradation behavior
(Katarivas et al, 2017; Zhang et al., 2021a; Li et al, 2021).
Interestingly, Zinc-based nanoscale metal-organic frameworks
have attracted a raising attention due to the toxicity of Zn**
(Zhang et al,, 2020). As the main degradation product of Zn-
based metallic materials, the ionic Zn is regarded as an essential
mineral of the human body, participating in multiple functional
roles in metabolism and the immune system (O’Neill et al., 2018;
Su et al., 2019) Based on standard corrosion potential, the
potential of Zn (-0.77 Vgcg) is between those of Mg
(=2.37 Vscg) and Fe (—0.44 Vscg), indicating that the intrinsic
biodegradability of Zn is between Mg and Fe (Zheng et al., 2017;
Eliaz, 2019). Previous studies on the hemocompatibility of Zn and
Zn-based alloys have demonstrated that they have acceptable
hemolysis and platelet aggregation percentages (Kafri et al., 2018;
Kralova et al, 2021). Additionally, Zn-based alloys might be
potential anticoagulation, due to their ability to slow
prothrombin and partial thromboplastin times (Yin et al,
2019). In fact, previous in vivo investigations also
demonstrated that Zn-based stent showed a steady
degradation rate in the arterial environment, and systemic
toxicity could be detected 1year after implantation (Drelich
et al,, 2017; Yang et al., 2017).

Nonetheless, pure Zn as a CMF implant is not without its
issues. The main shortcoming of pure Zn is its relatively poor
mechanical strength and ductility, making it insufficient for CMF
implant applications (Li et al, 2019b; Zhang et al., 2021a).
Mechanical properties were improved by adding alloying
elements such as Mg, Cu, Fe, Sr, etc, and/or
thermomechanical treatment, including extrusion, rolling,
forging, and annealing, to overcome this drawback (Li et al,
2018a; Sagasti et al., 2019; Capek et al, 2021). Furthermore,
various novel alloy systems have been developed and investigated,
including the Zn-Mg alloy, Zn-Ag alloy, and Zn-Cu alloy systems.
Copper is a critical component and catalytic agent in many
enzymes and proteins in the body, so it has various effects on
human health. Furthermore, previous studies reported that the
incorporation of Cu ions into biomaterial could positively impact
healing mechanisms, particularly angiogenesis (Barralet et al,
2009; Kong et al,, 2014). In addition, released Cu ion could
promote the differentiation of mesenchymal stem cells and
osteoblastic  cells, which means that Cu-containing
biomaterials have the potential to help accelerate bone
regeneration (Rodriguez et al., 2002; Ewald et al., 2012). Due
to copper’s biological activities and benefits, increasing research
interests are shifting toward the development of new copper-
containing biomaterials with improved cardioprotection and
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TABLE 1 | The main compositions of DMEM, McCoy's 5A, and FBS, compared to the human extracellular fluid.

Composition Human Extracellular Fluid

Blood Plasma Interstitial Fluid

Inorganic ions (mM)

Na* 142.0 139.0
K* 4.2 4.0
Mg* 0.8 0.7
Ca?* 1.3 1.2
Cr 106.0 108.0
S0* 05 05
HPO,* 2.0 2.0
HCO3~ 24.0 28.3
Organic components
Protein 1.2 (MM) 0.2 (mM)
Glucose (MM) 5.6 5.6
Amino acids 2.0 (mM) 2.0 (mM)
Concentrations of buffering agents (mM)
HCO3~ 24.0 28.3
HPO,2 2.0 2.0
HPr 16.0-18.0 —
Tris-HCI — —
Total 42.0-44.0 30.3
References Li et al. (2019a) Li et al. (2019a)

bone regeneration. Additionally, the Zn-Cu-Fe alloys with
superior mechanical properties have been fabricated and
investigated for potential biomedical implants (Yue et al,
2019; Yue et al,, 2020; Zhang et al, 2021b). Nonetheless, the
in vitro degradation behavior, cytocompatibility, and
homonormativity should be further evaluated concerning the
craniomaxillofacial area.

Compared with most-reported biodegradable Zn-based alloys,
a hot-extruded Zn-Cu-Fe alloy with excellent mechanical
properties has been developed (Zhang et al,, 2021b). In this
study, we first aimed to investigate the effect of serum on the
in vitro degradation behavior of the Zn-Cu-Fe alloy using an
immersion test under cell culture conditions. Furthermore, the
cytotoxicity of the Zn-Cu-Fe alloy was evaluated by an extract
test. Different bone-related cell lines, i.e., macrophages, venous
endothelial cells, and osteoprogenitor cells, were used. In
addition, the dynamic hemocompatibility of the Zn-Cu-Fe
alloy was tested through a modified Chandler-Loop model.
Finally, blood parameters of clinical relevance were analyzed,
such as hematological parameters (erythrocytes, leukocytes, and
platelets) and the related plasma markers.

MATERIALS AND METHODS

Specimen Preparation

A Zn-0.5Cu-0.2Fe (wt%) alloy (denoted as Zn-Cu-Fe) was
fabricated and cast from pure Zn ingot (99.99 wt%), Cu wire
(99.9 wt%), and Fe wire (99.9 wt%) followed by a series of
thermochemical treatments, as previously reported (Zhang
et al., 2021b). In short, the elements were melted under 1-bar
argon in a graphite crucible and then cast in a rectangular
graphite mold. Next, homogenization was carried out in a
furnace at 300°C by hot rolling at 200°C and annealing at

HBSS FBS DMEM
141.2 137.0 127.3
5.8 1.2 5.3
0.7 n.m 0.8
1.3 3.4 1.8
144.8 108.0 90.8
0.2 n.m 0.8
0.6 n.m 0.9
4.2 n.m 441
— 38.0 (/L) -
5.6 6.9 4.5

— n.m 1.6 (/L)
4.2 n.m 441
0.6 n.m 0.9
_ n.m _
— n.m 25.0
4.8 n.m 70.0
Li et al. (2019b) Li et al. (2019a) Li et al. (2019b)

390°C for 15 min. After that, the as-rolled pure Zn and Zn-
Cu-Fe sheets were cut into 23 x 7 x 1.5 mm size and reduced to
1.5 mm thickness for further immersion tests and cytotoxicity
evaluation. Also, the specimens were cut into strips measuring
50 x 7 x 1.5 mm for hemocompatibility tests. Before all the tests,
the specimens were mechanically ground with silicon carbide
abrasive paper up to grit 600. Next, the samples were
ultrasonically cleaned in absolute ethanol for 10min and
immediately disinfected under ultraviolet radiation for at least
1h in a workbench.

Immersion Test

A semi-static immersion test was performed for pure Zn and Zn-
Cu-Fe alloy. Hank’s balanced salt solution (HBSS) was used in the
presence or absence of fetal bovine serum (FBS, ExCell Bio,
Shanghai, China) as two different immersion media to
evaluate the influence of serum on long-term degradation.
Table 1 lists the compositions of the immersion media
compared to the human extracellular fluid (Schille et al., 2011;
Jung et al., 2015; Li et al., 2019a). Each specimen was individually
weighed with a sensitivity of 0.1 mg using a digital steelyard
(Q125, Sartorius AG, Germany). Next, five specimens per group
were immersed in the HBSS with or without FBS, respectively.
The surface area-to-solution volume ratio was set to 1.0 cm*/ml
according to ISO 10271: 2011 (International Organization for
Standardization (ISO), 2011). Furthermore, the samples were
incubated under cell culture conditions (37°C, 5% CO,, 95%
humidity) for 21 days to simulate physiologic conditions. The
immersion media were refreshed every 48 h to simulate a semi-
static immersion test. At the end of the immersion period, one
sample per group was selected to analyze the visible insoluble
products on surfaces under a scanning electron microscope
(SEM) equipped with an energy dispersive x-ray (EDS)
spectrometer at 10kV (Gemini 300, Zeiss, Germany). In
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addition, degradation products on the material surfaces were
removed by glycine (NH,CH,COOH) (250g/L) for 10 min,
according to ISO 8407: 2009 to determine degradation rates
and modes (International Organization for
Standardization(ISO), 2009b). Afterward, the degradation rate
(DR) was measured by weight loss using the following equation:
DR = AW/(D x T), where W is the weight loss before immersion
and after removing degradation tests (ug) A is the surface area
(cm?), and T is the immersion time (day). In addition, specimen
surfaces were further analyzed by SEM-EDS after removing the
degradation products.

Cytotoxicity Test

An extract test was used for the cytotoxicity evaluation of the Zn-
Cu-Fe alloy based on ISO 10993-5: 2009 (International
Organization for Standardization(ISO), 2009a) and ISO 10993-
12: 2012 (International Organization for Standardization (ISO)
(2011)). Also, a titanium-based alloy (Ti-6Al-4V) was used as a
negative control, and pure copper (Cu) was used as a positive
control. Three different types of bone-related cell lines,
i.e, murine macrophages (RAW264.7), human umbilical vein
endothelial cells (HUVEC), and mouse preosteoblast cell line
(MC3T3-El), were used. RAW264.7 and HUVEC cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Thermo Fisher Scientific, United States) with 10% FBS, 1%
penicillin/streptomycin, and 1% GlutaMAX (Life Technologies,
United Kingdom). MC3T3-E1 cell was cultured in Alpha
Minimum Essential Medium (a-MEM, Thermo Fisher
Scientific, United States) with 10% FBS, 1% penicillin/
streptomycin. The specimens were immersed in a cell culture
medium with a surface area-to-extraction medium ratio of
1.25cm*/ml for 72h under standard cell culture conditions.
Afterward, the extracts were gradient-diluted to 50, 25, and
12.5% extracts, respectively.

Cytocompatibility was qualitatively evaluated by the cell
membrane integrity and quantitatively analyzed by
determining metabolic activity and detecting lactate
dehydrogenase (LDH) release. The cells were seeded at a
density of 3 x 10* cells/cm® and pre-cultivated overnight. Cell
culture media were replaced by sample extracts for 24h.
Subsequently, the cells were stained by live/dead staining
containing a calcein acetoxymethyl (Calcein-AM) reagent and
propidium iodide (PI), following the manufacturer’s instructions.
Cell morphology and viability were observed under an inverted
fluorescence microscope (DMi8, Leica Microsystems GmbH,
Germany). A tetrazolium-based assay (CCK-8, Dojindo, Japan)
and an LDH assay (Beyotime Biotechnology, China) were used to
determine the results quantitatively. Briefly, after incubation with
the extracts, the cell supernatants were collected and incubated
with LDH reaction reagent as per the manufacturer’s instructions.
The absorbance data were collected using a microplate reader
(SpectraMax plus384, Molecular Devices, China) at a wavelength
0f 490/600 nm. Meanwhile, the CCK-8 reagent was added to each
well for 2 h. Next, the absorbance data were detected at 450 nm.
Finally, the relative metabolic activity and LDH release were
calculated, as reported before (Jung et al., 2015; Li et al., 2019a).

Biodegradable Zn-Cu-Fe Alloy

Rotation Unit

Accurate Tube
Connector

PVC tubes
filled with blood

Zn-based sample

Water bath (37 °C)

FIGURE 1 | Schematic representation showing the modified Chandler-
Loop model.

Chandler-Loop Experiments
Hemocompatibility was evaluated using a modified Chandler-

Loop model for 1h, according to ISO 10993-4: 2017
(International Organization for Standardization(ISO), 2017).
As shown in Figure 1, a closed-loop circulation model
consists of a controlled rotation unit with polyvinyl chloride
(PVC) loops in a thermostated water bath (37°C) to mimic blood
physiologic circulation. Four specimens per group were
individually placed into the PVC loop (ECC-noDOP 3/8”,
Raumedic AG, Rehau, Germany). Before the tests, human
peripheral blood samples were collected, as we previously
reported (Zhang et al., 2021a). Subsequently, each PVC tube
was filled with 30 ml of fresh human blood. The rotation rate was
set vertically at 30 rpm in the water bath at 37°C. After 60 min of
circulation, the blood was collected for hemocompatibility
evaluation in each. In addition, the blood sample without
circulation was set as “baseline”, and the blood without
specimen after 1h of circulation was used as a “control”.

After circulation, clinical blood parameters were analyzed
from three aspects, namely erythrocytes, leukocytes, and
platelets. Erythrocytes were counted using an automated
hematology analyzer (ABX Micros 60, Montpellier, France).
Also, hemolysis was measured by a colorimetric assay for free
plasma hemoglobin. Hematocrit and hemoglobin values were
determined by a photometric test. For the platelets and induced
coagulation, the platelet counts were determined. Beta-
thromboglobulin (B-TG) levels were measured to determine
platelet activation following the manufacturer’s instructions
(Diagnostica  Stago/Roche, Mannheim, Germany). Also,
thrombin-antithrombin complex-III (TAT) was detected for
coagulation  (Siemens Healthcare, Marburg, Germany).
Concerning the leukocytes and the related inflammation, the
cell counts were determined. Polymorphonuclear elastase (PMN-
elastase) secretion was assessed by an enzyme-linked
immunosorbent assay (Demeditec Diagnostics GmbH, Kiel,
Germany) according to the manufacturer’s instructions. In
addition, the product of terminal pathway complement
activation (SC5b-9) was measured (Osteomedical GmbH,
Biinde, Germany) to evaluate complement activation.
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SEM images

500 x

HBSS

HBSS + FBS

indicate the elemental composition of degradation products.

FIGURE 2 | Surface characterization of pure Zn and Zn-Cu-Fe alloy after immersion in HBSS with or without FBS under cell culture conditions for 21 days.
Representative SEM images show degradation products on the surfaces after the immersion test (magnification: 100 x and 500 x) at 15 kV. The results of EDS mapping

EDS mapping

Statistical Analysis

The degradation rate data were tested by a two-way analysis
of variance (ANOVA) with serum and alloying as
independent factors, followed by Tukey’s multiple
comparisons. Regarding the cytotoxicity results, an
unpaired Student’s t-test was used to evaluate significant
differences between Zn and Zn-Cu-Fe. Furthermore, the
results of hemocompatibility analysis were measured by
one-way ANOVA between different groups, followed by
Tukey’s test for the subsequent multiple comparisons. The
GraphPad Prism software (V6.01, GraphPad Software, San
Diego, CA, United States) was used for all statistical analyses
at a significance level of a = 0.05.

RESULTS

In vitro Degradation Behavior
Figure 2 presents the degradation products and their elemental
composition on specimen surfaces after 21 days of immersion in

the HBSS with or without FBS. The degradation precipitates
dispersed on sample surfaces showed obviously different
degradation morphologies in the HBSS in the absence or
presence of FBS. Regarding samples in HBSS without FBS,
SEM images at low magnification revealed the distribution of
some spherical-like degradation particles and thick degradation
layers covering the whole surfaces. Samples in HBSS with FBS
showed tiny conifer-like degradation precipitates spreading over
the whole surfaces, but the grinding scratches could still be
observed at high magnification (500 x). No apparent
differences in surface morphologies were observed between Zn
and Zn-Cu-Fe in the same simulate body fluid. However, the
concentration of degradation products on the Zn surface in the
HBSS was obviously higher than the counterpart Zn-Cu-Fe alloy.
Additionally, EDS analysis showed that the main elemental
components of the degradation products on sample surfaces in
HBSS without FBS were Zn, O, C, P, Ca, and Cl, indicating the
formation of phosphate and carbonate corrosion products.
Interestingly, degradation products on sample surfaces in
HBSS with FBS had a similar elemental composition (Zn, O,
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FIGURE 3 | The in vitro degradation rates of Zn and Zn-Cu-Fe were
calculated by weight loss (n = 4). The hashtag indicates a significant difference
(o < 0.05) between HBSS and HBSS with FBS, determined by two-way
ANOVA. The asterisk represents a significant difference in Zn and Zn-
Cu-Feinthe HBSS (p < 0.05) by two-way ANOVA followed by Tukey’s multiple
comparisons.

C, and Cl) along with N and K elements, indicating that the
organic product layers from the serum were formed on the
surfaces.

As shown in Figure 3, the degradation rates of pure Zn and
the Zn-Cu-Fe alloy were calculated in different solutions. A
two-way ANOVA was conducted to examine the effects of
serum and alloying on the degradation rates. The serum had
statistically significant interactions with different materials
concerning its effect on degradation rate (F(;, 1) =9.934,p =
0.008), confirmed by two-way ANOVA. Each main effect also
exhibited significant impact: serum (F;, 12) = 582.1, p <

Biodegradable Zn-Cu-Fe Alloy

0.0001) and alloying (F(;, 12y = 40.640, p < 0.0001).
Notably, regarding the HBSS groups, the degradation rate
of the pure Zn (80.10 + 2.59 um cm > day ') was significantly
higher than that of the Zn-Cu-Fe alloy (62.54 + 4.84 um cm >
day™', p = 0.001). However, for the groups of HBSS with FBS,
Tukey’s multiple comparison tests revealed no significant
differences between pure Zn and (29.83 + 3.91 umcm™°
day™') Zn-Cu-Fe alloy (23.89 + 2.98 umcm > day ', p =
0.158). Taken together, higher degradation rates of
specimens were observed in HBSS. Also, there were no
obvious differences in degradation rates in HBSS with
serum between Zn and Zn-Cu-Fe.

Figure 4 illustrates the corroded morphologies of Zn and Zn-
Cu-Fe after removing the degradation products from the surfaces.
Pure Zn exhibited corrosion morphology with large pits and
extensive localized corrosion after immersion with HBSS.
Additionally, the Zn-Cu-Fe showed a relatively uniform
degradation morphology in HBSS, with fewer pits. In contrast,
Zn and Zn-Cu-Fe immersed in HBSS with FBS exhibited milder
and more uniform degradation, and grinding scratches remained
on the surfaces. Only a few localized corrosion spots could be
found on both surfaces.

Cytocompatibility Evaluation

The effects of sample extracts on cell membrane integrity were
qualitatively determined by live/dead fluorescence staining, as
illustrated in Figure 5. Three different cells exposed to sample
extracts had consistent cellular responses. In the original
undiluted extracts, almost all the cells were round-shaped
and fluorescent-stained, consistent with the positive control,
indicating that the apoptotic cells occurred in 100% of sample
extracts. In contrast, cells exposed to the diluted sample
extracts exhibited predominantly spindle-shaped cell
morphology with green fluorescence, with only limited red
fluorescent staining, consistent with the negative controls. This

HBSS

Zn-Cu-Fe

100 x

500 x

500 x).

FIGURE 4 | Representative SEM images of pure Zn and Zn-Cu-Fe alloy after removing degradation products (low magnification: 100 x and high magnification:

HBSS + FBS
Zn-Cu-Fe
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Concentration of extract

50%

Zn

RAW264.7

Zn-Cu-Fe

HUVEC
Zn

Zn-Cu-Fe

MC3T3-E1
Zn

Zn-Cu-Fe

fluorescence indicates apoptotic cells stained by EB.

25%

FIGURE 5 | Representative fluorescence images of RAW264.7 cells, HUVEC cells, and MC3T3-E1 cells exposed to sample extracts for 24 h. Ti-based alloy extract
was used as a negative control, with Cu extracts as a positive control. Green fluorescence represents viable cells with membrane integrity stained by calcein AM, and red

12.5% Controls

Positive

)| Positive

|| Positive

finding indicates that the cytotoxic effects decreased after
diluting the sample extracts.

The relative metabolic activity and LDH release were further
measured to determine cytocompatibility quantitatively. Figures
6A-C depict the relative metabolic activities of RAW264.7 cells,
HUVEC cells, and MC3T3-E1 cells cultured in the Zn and Zn-
Cu-Fe extracts. In undiluted extracts, lower metabolic activities
(<20%) could be observed. However, the diluted extracts showed
that the relative metabolic activities significantly increased to
>70% of the negative control, indicating non-cytotoxic effects.
Furthermore, relative LDH releases exposed to sample extracts
were determined, as illustrated in Figures 6D-F. Three different
cells cultured in 100% sample extracts showed much higher LDH
release, corresponding to the positive control. In contrast, cells
exposed to the diluted extracts showed a much lower LDH

release, <30% of the positive control, considered non-toxic
effects. Notably, regarding the respective extract, there were no
statistically significant differences in cell metabolic activity and
LDH release between Zn and Zn-Cu-Fe groups (p > 0.05), based
on an unpaired Student’s t-test. Therefore, the overall tendency
demonstrated that apparent cytotoxic effects were observed in
undiluted sample extracts while the toxic effect decreased
significantly after the sample extracts were diluted.

Hemocompatibility Evaluation

Human blood contact with Zn and Zn-Cu-Fe was evaluated
before and after circulation in the Chandler-Loop model. As
shown in Figure 7A, the applied statistics indicated no significant
differences in erythrocyte counts between the different groups
(Fs, 12) = 0.039, p = 0.988). Meanwhile, hemolysis values by the
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MCS3T3-E1 cells (C) exposed to sample extracts for 24 h. The red dashed line (70% of the negative control) stands for the cut-off level between non-toxic and toxic
effects. Relative LDH release of RAW264.7 cells (D), HUVEC cells (E), and MC3T3-E1 cells (F) cultured in sample extracts for 24 h. The red dashed line (30% of the
positive control) represents the cut-off between toxic and non-toxic results.
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erythrocytes (108/uL), (B) hemolysis calculated by the amount of cyan hemoglobin (mg/dl), (C) hematocrit values (%), and (D) hemoglobin concentrations (g/dl). Blood in

amount of cyanhemoglobin showed no significant differences
(F, 12) = 0.273, p = 0.843) between the groups, determined by the
ANOVA (Figure 7B). As illustrated in Figures 7C,D, there were
no significant differences in hematocrit values (F3 15y =0.031, p =

0.992) and hemoglobin concentrations (F3, 12 = 0.216, p = 0.883)
between the different groups. Therefore, these findings indicated
that Zn and Zn-Cu-Fe did not adversely affect the erythrocyte
function.
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After 60 min of circulation, platelets and the related plasma
markers were analyzed. Although the number of platelets exposed
to Zn and Zn-Cu-Fe had slightly decreased, no significant
differences could be observed between different groups (F, 12
= 0.347, p = 0.791), as shown in Figure 8A. However, the
concentration of B-TG was regarded as an efficient marker of
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FIGURE 9 | The number of leukocytes and plasma markers after 60 min

of exposure to blood using the Chandler-Loop model: (A) the number of
leukocytes (10%/uL), (B) the amount of PMN-elastase (ng/mi), and (C) the
complement factor SC5b-9 (ng/ml). * indicates p < 0.05 according to
one-way ANOVA followed by post hoc Tukey’s test, compared to the
baseline.

platelet activation (Figure 8B). ANOVA was used to confirm
statistically significant differences in p-TG concentration (F3, 12
=9.288, p = 0.002). Post hoc pairwise comparisons indicated that
the B-TG value of the control (350.9 + 67.87 IU/ml) was
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significantly lower than those of Zn (1,131 + 552.0 IU/ml, p =
0.032) and Zn-Cu-Fe (1,120 + 393.6 IU/ml, p = 0.034),
respectively. Furthermore, the TAT complex as a plasma
marker was used to detect coagulation activation (Figure 8C).
ANOVA confirmed statistically significant differences in TAT
levels between different groups (F; 12y = 3.811, p = 0.039).
However, post hoc pairwise comparisons showed no
significant differences between different groups (p > 0.05),
probably due to the limited sample size and high deviations.

As illustrated in Figure 9A, the number of leukocytes was not
significantly different between different groups after 60 min (F;,
12y = 0.001, p > 0.999). Moreover, the PMN-elastase level
indicated the amount of the unbound elastase complexed with
the 1-proteinase inhibitor released after leukocyte activation.
Figure 9B shows no significant differences in PMN-elastase
levels between the different groups (Fs 12y = 2.041, p =
0.162). Moreover, plasma protein SC5b-9 was a marker of the
inflammatory reaction following complement activation by
biomaterials. As illustrated in Figure 9C, significant
differences were detected in SC5b-9 values between different
groups (Fi 12y = 7.826, p = 0.004). Specifically, Tukey’s
multiple comparisons showed significantly higher values in the
Zn (949.4 +293.2 ng/ml, p = 0.004) and Zn-Cu-Fe (832.7 + 339.2,
p = 0.012) groups than the baseline (144.2 + 10.11 ng/ml).

DISCUSSION

An ideal degradable biomaterial for craniomaxillofacial implants
should have the following properties: 1) satisfactory biological
safety, with no carcinogenicity, teratogenicity, and adverse side
effects on the tissue; 2) sufficient mechanical properties for load-
bearing; 3) gradual degradation rates, with the body’s ability to
metabolize the degradation products safely; 4) appropriate
bioactive properties to promote tissue regeneration and reduce
inflammation; and 5) easy processing and sterilization. Therefore,
a hot-extruded Zn-Cu-Fe alloy was used in this study to evaluate
its in vitro degradation behavior, cytotoxicity, and dynamic
hemocompatibility.

In vitro Degradation Behavior of Zn-Cu-Fe
Predicting in vivo degradation behavior is of considerable
significance because biodegradability can determine the
mechanical integrity and related biocompatibility. Nonetheless,
a standardized degradation evaluation for biodegradable Zn-
based metals is still lacking. Therefore, considering the
potential clinical applications, the Zn-based implants are
placed in a blood-filled implant site, which directly affects the
corrosion behavior. In this study, to mimic the bone implantation
environment, the fetal bovine serum was used as an in vitro model
of blood. Additionally, the immersion test was performed under
standard cell culture conditions to verify that the experimental
set-up is similar to the physiological environment (Johnston et al.,
2017; Gonzalez et al., 2018).

In this study, the in vitro degradation behavior of Zn-Cu-Fe
alloy in the HBSS with and without FBS was investigated

Biodegradable Zn-Cu-Fe Alloy

compared to the Zn degradation behavior. According to the
results, the following Zn degradation mechanism of the alloy
in HBSS with and without FBS could be deduced, as illustrated in
Figure 10. When Zn and Zn-Cu-Fe are immersed in HBSS
(slightly alkaline solution, Table 1), anodic dissolution of the
metal and the cathodic reduction of oxygen can occur, referring
to Eq. 1 and Eq. 2 (Bowen et al., 2013; Chen et al., 2016; Katarivas
etal,, 2017). Subsequently, with the dissolution of Zn, the released
Zn ions can be detected, and the released OH™ increases the pH
value in the HBSS. Based on the Pourbaix diagram, passivated
precipitation layers of, i.e., Zn(OH), and ZnO, are formed on the
Zn surfaces, as described in Eq. 3 and Eq. 4 (Chen et al., 2016;
Yang et al.,, 2017). Also, phosphate ions (HPO, 7) and carbonate
ions (HCO;3") in the HBSS can further react with free Zn ions to
produce Zn phosphate [Zn;(PO,),-4H,0] and Zn carbonate
(ZnCOs3) (Liu X. et al,, 2019; Venezuela and Dargusch, 2019),
as described in Eq. 5. Meanwhile, some complex degradation
products, i.e., hydrozincite [Zns(CO5),(OH)s] and simonkolleite
[Zn5(OH)4Cl,-H,0], can be deposited, as previously reported
(Venezuela and Dargusch, 2019). Considering the chemical
reactions mentioned above, it was confirmed that the
elemental composition of degradation products in HBSS was
mainly composed of Zn, O, C, P, Ca, and Cl. Additionally, when
the samples were immersed in HBSS with FBS, the degradation
layers mainly consisted of Zn, C, O, and a small amount of N, K,
and Cl, indicating a mixture of inorganic and organic
constituents, as previously reported (Zhang et al., 2021a).

Anodic reaction: 2Zn (s) — 2Zn’* (aq) + 4e” (1)
Cathodic reaction: 2H,0 + O, + 4¢ — 40H 2)
Zn (OH),formation: Zn**OH™ — Zn (OH), (3)
ZnO formation: Zn** + OH™ — ZnO
+ H,0, Zn(OH), — ZnO + H,0 4)
Zinc phosphate formation: 3Zn** + 20H"
+2H,0 + 2HPO?™ — Zn; (PO,), - 4H,0 (5)

Notably, the degradation layers formed in HBSS with or
without FBS exhibited distinct patterns. Relatively thin
degradation layers were formed on the surfaces in HBSS with
FBS, indicating that the serum protein in FBS might delay the Zn
degradation process. Also, according to the weight loss results,
the degradation rates of Zn and Zn-Cu-Fe in the HBSS were
significantly higher than their counterpart in the HBSS with
FBS. To date, the effects of serum on the degradation behavior of
Zn and its alloys have been controversially discussed since
experimental parameters were considered independently.
Although FBS was used to provide serum proteins in
simulated body fluids, it is still unclear how the serum affects
degradation mechanisms. Li et al. (Li et al., 2019a) demonstrated
that FBS in cell culture media could effectively accelerate initial
Zn ijon release (the first 24h), probably because protein
attachment prevented the formation of the initial
passivated layer.

On the contrary, Zhang et al. (Zhang et al., 2021a) reported
that pure Zn and Zn-Cu alloy were immersed in human
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peripheral blood, human serum, and Dulbecco’s phosphate-
buffered saline (DPBS) for 28 days. The results showed that the
Zn-based metals in the blood and serum had uniform
degradation behavior, while severe localized corrosion could
be found in DPBS, verified by the main finding of this study.
The seemingly conflicting results of the degradation
process might be explained by the different stages of Zn
degradation under exposure to serum protein (Liu L. et al.,
2019; Dong and Virtanen, 2022). Accordingly, we assume that
organic layers on the Zn surfaces could prevent the chloride
from diffusing into and attacking the matrix, retarding the
degradation.

In general, the degradation rates of Zn-based alloys are
higher than pure Zn, principally due to the micro-galvanic
effect between the Zn matrix (anode) and its secondary phase
(cathode), as previously reported (Li et al., 2018a; Sagasti et al.,
2019; Capek et al., 2021). Nonetheless, in the present study, the
degradation rate of pure Zn was significantly higher than that
of the Zn-Cu-Fe alloy, probably contributing to its
microstructure characteristics. A recent study reported that
a hot-extruded Zn-2Cu-0.5Zr alloy had a lower degradation
rate than pure Zn due to its refined grains (Tan et al., 2021).
Our previous study also demonstrated that hot-extruded Zn-
Cu-Fe alloy possessed a relatively well-distributed FeZn;
secondary phase in the Zn matrix (Figures 10A,C).
Therefore, we postulate that the refined grains of the Zn-
Cu-Fe alloy resulted in a more uniform degradation mode
in the Zn matrix than pure Zn. As shown in Figures 10B,D, the
Zn matrix exhibited coarse grains, and the degradation
product layer formed on the surface was loose and porous,
making it difficult to cover the Zn matrix completely. The
chloride ion in Hank’s solution can directly attack the matrix
through the defects within the degradation product layer

(Figure 10B), promoting the corrosion of the matrix and
accelerating the formation of local corrosion galvanic cells
(Yue etal., 2019). After adding an alloying element, the matrix
phase was further refined (Figure 10C). The corrosion product
layer on the surface was more uniform and denser, and the
degradation layer showed more integrity (Figure 10D). The
relatively complete passivated layer on the Zn-Cu-Fe can
prevent its localized corrosion, probably delaying the
degradation process of the Zn-Cu-Fe alloy. It should be
noted that the in vivo degradation of the Zn-Cu-Fe alloy
might be more complicated due to the intervention of the
host’s immune system. Medical imaging techniques (Zhang
et al., 2011) might be useful for a dynamic examination in
future animal studies.

Cytotoxicity and Hemocompatibility of
Zn-Cu-Fe Alloy

Biocompatibility refers to a biomaterial performing with an
appropriate host response, which is the most important
prerequisite for clinical applications. Zn-based metals have
emerged as a new generation of biodegradable materials, and
their biological safety has attracted increasing attention. Zn ion
is the primary degradation product released from Zn-based
degradable metals. The ionic Zn is well known and is regarded
as the most abundant transition metal ion in the human body
(Tapiero and Tew, 2003). The Zn ion plays a significant role in
various physiological functions, including the development
and maintenance of bone health (Yamaguchi, 1998),
protection against coronary artery disease (Little et al,
2010), and even the integrity of the immune function
(Dardenne, 2002). Notably, an independent cross-sectional
study demonstrated that human serum zinc levels are
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significantly associated with increased bone mineral density in
the total spine and total femur (Qu et al., 2020). Zinc-based
biomaterials were developed and investigated to treat bone-
related diseases considering the biological advantages of zinc.
Nonetheless, excessive Zn exposure led to detrimental effects
on the organs (Chasapis et al,, 2012). At the cellular level,
excessive Zn jons can inhibit the electron transport mechanism
in uncoupled mitochondria (Kleiner, 1974). In addition, Zn
ions exert biphasic effects on cell viability, adhesion, and
proliferation (Li et al., 2020). High serum zinc levels were
associated with increased risks of diabetes mellitus and
cardiovascular diseases (Qu et al., 2020). Therefore, the
biosafety of Zn-based alloys and their degradation products
must be carefully identified and evaluated.

In this study, based on the ISO standards (10993-5 and -12),
an extract test was used for the cytotoxicity evaluation of Zn
and Zn-Cu-Fe. The results showed that Zn and Zn-Cu-Fe had
consistent cytotoxic effects on macrophages, osteoblast
precursor cells, and endothelial cells, i.e., the undiluted
original sample extracts had apparent cytotoxic effects while
the toxic effects decreased after the extracts were diluted. This
overall tendency is in line with the cytotoxicity results of
previous investigations, including zinc-copper alloys (Tang
et al, 2017; Lin et al, 2020), zinc-magnesium alloys
(Kubasek et al., 2016; Shen et al., 2016), zinc-germanium
alloys (Tong et al., 2018), and zinc-silver alloys (Li et al,
2018a; Sagasti et al., 2019). In principle, the extract test
investigates the influence of released degradation products
on cell viability, principally attributed to two elements:
released Zn-based degradation products during the
extraction process and cellular tolerance capability (Wang
et al.,, 2015; Li et al.,, 2018b). In undiluted extracts, Zn ion
concentration might be beyond the related cellular tolerance,
leading to apoptosis, as previously reported (Tang et al., 2017;
Lin et al., 2020). Previous studies also reported that undiluted
extracts of Zn-based alloys exhibited no apparent cytotoxic
effects (Li et al., 2019b; Zhang et al., 2021b). The inconsistent
results can be attributed to the absence of serum in extraction
vehicles. A previous study reported that a serum-
supplemented extract medium could accelerate the
degradation, leading to additional cytotoxic effects (Li et al.,
2019a). Nonetheless, these conflicting results should not be
overestimated. The ISO standards are designed to evaluate
bioinert materials, neglecting the degradability of BMs
(Bruinink and Luginbuehl, 2011; Li et al., 2018b). At least a
six-fold dilution of the extracts for Mg-based alloys was
recommended for the cytotoxicity evaluation to mimic the
physiologic metabolism and elimination in vivo (Fischer et al.,
2011; Wang et al., 2015). Herein, the Zn-Cu-Fe alloy exhibited
good cytotoxicity results. In response to a specific stimulus,
mature macrophages can transfer into different phenotypes,
which indicates that mature macrophages have a self-renewal
capability similar to that of stem cells (Sieweke and Allen,
2013). The regulation of zinc homeostasis has also been found
to be important to the maintenance of macrophage function in
recent years. The dysregulation of zinc homeostasis in
macrophages resulted in an abnormal inflammatory
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response as well as impaired phagocytosis (Gao et al., 2018).
Meanwhile, zinc deficiency leads to the abnormal secretion of
factors in response to specific infections.
Furthermore, oxidative stress caused by altered levels of
zinc can cause the innate immune system to malfunction
during acute inflammation (Roy et al, 2014; Summersgill
et al., 2014; Wong et al,, 2015; Pyle et al., 2017). Previous
studies demonstrated that zinc deficiency is capable of
inducing apoptosis through a mitochondria-mediated
pathway in osteoblastic cells (Guo et al., 2012).

Under physiologic conditions, most CMF implant materials
initially come into contact with human blood components
after implantation. In fact, the material surface and released
degradation products can trigger a series of blood cell
reactions, including serum protein absorption, blood cells’
adhesion/activation, coagulation, and complement system
cascade reactions. (Weber et al., 2018). In the present study,
a modified Chandler-Loop model was used to evaluate the
blood compatibility of Zn-Cu-Fe, and erythrocytes, platelets,
and leukocytes were investigated. Regarding erythrocytes, the
results indicated that Zn and Zn-Cu-Fe did not dramatically
decrease erythrocyte counts, and their hemolysis was not
affected adversely under the circulation conditions
(Figure 7), consistent with previous findings that Zn and
Zn-based alloys have relatively low induction of hemolysis
(<5%) in static or dynamic models (Yin et al., 2019; Zhang
et al, 2021a). Concerning platelets and their activation,
platelet counts exhibited no apparent differences in the
present study. However, the concentration of B-TG was
significantly increased, as a marker for granule release,
indicating platelet activation. Also, an increased tendency of
TAT concentration was observed, implying a potential risk of
thrombin formation. These findings are inconsistent with the
previous results obtained from the static test, which indicated
that the prothrombin time and partial thromboplastin time of
Zn and Zn-based alloys were significantly prolonged (Yin
et al., 2019). This discrepancy is probably caused by the
increased degradation release of Zn-Cu-Fe under dynamic
conditions, leading to the activation of coagulation.
Notably, leukocytes are believed to play a critical role in the
innate immune system. Also, leukocyte counts indirectly
reflect the inflammatory response triggered by an implant
(Jaffer and Weitz, 2019). In the Chandler-Loop model, the
Zn-Cu-Fe did not adversely affect the leukocyte number under
the dynamic condition. Released PMN-elastase complexes are
a highly sensitive marker of inflammation. There were no
significant differences in PMN-elastase complexes between
different groups. However, the tendency for upregulating
Sc5b-9 could be observed, indicating that the early
inflammation was probably induced by Zn and Zn-Cu-Fe.
Regarding the implant applications with a bony
environment, Sc5b-9 positively affected bone regeneration,
which not only did upregulate the osteoprotegerin
expression but inhibited the osteoclast activity as well
(Corallini et al., 2009). Taken together, the results indicated
that the Zn-Cu-Fe alloy had acceptable cytocompatibility and
hemocompatibility.

immune
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CONCLUSION

The present study investigated the in vitro biodegradability,
cytocompatibility, and hemocompatibility of a hot-extruded
Zn-Cu-Fe alloy as a potential implant material for
craniomaxillofacial reconstructive surgery. The immersion tests
indicated that incorporating FBS into HBSS could decrease the
degradation rate of the Zn-Cu-Fe alloy, probably due to the
formation of a protein layer. Compared with pure Zn, an
apparent decrease in the degradation process could be found
following the incorporation of alloying elements into the Zn
matrix. Although the undiluted sample extracts had apparent
cytotoxic effects, RAW264.7, HUVEC, and MC3T3-E1 cells
cultured in the diluted extracts exhibited relatively high cell
viability, indicating good cytotoxic effects. Furthermore, the
Chandler-Loop test demonstrated that the Zn-Cu-Fe alloy did
not adversely affect blood cell counts while the coagulation and
complement systems were upregulated. In summary, the hot-
extruded Zn-Cu-Fe alloy exhibited good performance in terms of
biodegradability, cytocompatibility, and hemocompatibility and
might be a promising degradable material for CMF implants.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

YX and YX designed the experiments. WZ and ML prepared the
experimental materials. YX performed experiments, collected the
experimental data. HW and JG analyzed the experimental data.
XY, PL, and XY wrote the original draft. SX, GW, TH provided the

REFERENCES

Alexander, R., and Theodos, L. (1993). Fracture of the Bone-Grafted Mandible
Secondary to Stress Shielding: Report of a Case and Review of the Literature.
J. Oral Maxillofac. Surg. 51 (6), 695-697. doi:10.1016/s0278-2391(10)80273-3

Asadniaye Fardjahromi, M., Nazari, H., Ahmadi Tafti, S. M., Razmjou, A,
Mukhopadhyay, S., and Warkiani, M. E. (2022). Metal-organic Framework-
Based Nanomaterials for Bone Tissue Engineering and Wound Healing. Mater.
Today Chem. 23, 100670. doi:10.1016/j.mtchem.2021.100670

Barralet, J., Gbureck, U., Habibovic, P., Vorndran, E., Gerard, C., and Doillon, C. J.
(2009). Angiogenesis in Calcium Phosphate Scaffolds by Inorganic Copper Ion
Release. Tissue Eng. Part A 15 (7), 1601-1609. doi:10.1089/ten.tea.2007.0370

Bowen, P. K., Drelich, J., and Goldman, J. (2013). Zinc Exhibits Ideal Physiological
Corrosion Behavior for Bioabsorbable Stents. Adv. Mat. 25 (18), 2577-2582.
doi:10.1002/adma.201300226

Bruinink, A., and Luginbuehl, R. (2011). Evaluation of Biocompatibility Using In
Vitro Methods: Interpretation and Limitations. Adv. Biochem. Eng. Biotechnol.,
117-152. doi:10.1007/10_2011_111

Busam, M. L., Esther, R. J., and Obremskey, W. T. (2006). Hardware Removal:
Indications and Expectations. J. Am. Acad. Orthop. Surg. 14 (2), 113-120.
doi:10.5435/00124635-200602000-00006

Capek, J., Kubasek, J., Pinc, J., Fojt, J., Krajewski, S., Rupp, F., et al. (2021).
Microstructural, Mechanical, In Vitro Corrosion and Biological

Biodegradable Zn-Cu-Fe Alloy

financial support for the project to this publication. All the authors
contributed to the article and approved the submitted version.

FUNDING

This research was supported by the research project of Health
Commission of Sichuan Province (Grant No. 20PJ088), West
China School/Hospital of Stomatology Sichuan University
(Grant No. RCDW]JS 2020-13), Research and Develop
Program, West China Hospital of Stomatology, Sichuan
University (Grant No. RD-03-202002 and RD-02-202114),
the Sichuan Science and Technology Program of China
(Grant No. 2020YFH0077 and 2021YFS0085), the program of
project-related personal exchange of person promoting
international mobility of researchers (PPP) jointly funded by
the German Academic Exchange Service (DAAD) and China
Scholarship Council (CSC): DAAD grant OsteoZink
(Projekt-ID 57390341), Science research cultivation program
of stomatological hospital, Southern medical university
(PY2021003 and PY2020011), Science and Technology
Projects in Guangzhou (202102080148), Medical Research
Foundation of Guangdong Province, China (A2018485), and
the Scientific Research Program of Traditional Chinese
Medicine of Guangdong Province, China (20211274 and
20221267).

ACKNOWLEDGMENTS

We would also like to acknowledge the excellent scientific
assistance of Lutz Scheideler from Section Medical Materials
Science and Technology, University Hospital Tiibingen. We
acknowledge Bernd Neumann and Hanna Haag from
University Hospital Tiibingen for their technical assistance.

Characterization of an Extruded Zn-0.8Mg-0.2Sr (Wt%) as an Absorbable
Material. Mat. Sci. Eng. C 122, 111924. doi:10.1016/j.msec.2021.111924

Chasapis, C. T., Loutsidou, A. C., Spiliopoulou, C. A., and Stefanidou, M. E. (2012).
Zinc and Human Health: an Update. Arch. Toxicol. 86 (4), 521-534. doi:10.
1007/s00204-011-0775-1

Chen, Q., and Thouas, G. A. (2015). Metallic Implant Biomaterials. Mater. Sci. Eng.
R Rep. 87, 1-57. doi:10.1016/]. MSER.2014.10.001

Chen, Y., Zhang, W., Maitz, M. F., Chen, M., Zhang, H., Mao, J., et al. (2016).
Comparative Corrosion Behavior of Zn with Fe and Mg in the Course of
Immersion Degradation in Phosphate Buffered Saline. Corros. Sci. 111,
541-555. doi:10.1016/j.corsci.2016.05.039

Corallini, F., Bossi, F., Gonelli, A., Tripodo, C., Castellino, G., Mollnes, T. E., et al.
(2009). The Soluble Terminal Complement Complex (SC5b-9) Up-Regulates
Osteoprotegerin Expression and Release by Endothelial Cells: Implications in
Rheumatoid ~ Arthritis. Rheumatology 48 (3), 293-298. doi:10.1093/
rheumatology/ken495

Dardenne, M. (2002). Zinc and Immune Function. Eur. J. Clin. Nutr. 56 (Suppl.
33), §20-S23. doi:10.1038/sj.ejcn.1601479

Dong, H., and Virtanen, S. (2022). Influence of Bovine Serum Albumin on
Biodegradation Behavior of Pure Zn. J. Biomed. Mater Res. 110 (1),
185-194. doi:10.1002/jbm.b.34901

Drelich, A. J., Zhao, S., Guillory, R. J., 2nd, Drelich, J. W, and Goldman, J. (2017).
Long-term Surveillance of Zinc Implant in Murine Artery: Surprisingly Steady
Biocorrosion Rate. Acta Biomater. 58, 539-549. doi:10.1016/j.actbio.2017.05.045

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 860040


https://doi.org/10.1016/s0278-2391(10)80273-3
https://doi.org/10.1016/j.mtchem.2021.100670
https://doi.org/10.1089/ten.tea.2007.0370
https://doi.org/10.1002/adma.201300226
https://doi.org/10.1007/10_2011_111
https://doi.org/10.5435/00124635-200602000-00006
https://doi.org/10.1016/j.msec.2021.111924
https://doi.org/10.1007/s00204-011-0775-1
https://doi.org/10.1007/s00204-011-0775-1
https://doi.org/10.1016/J.MSER.2014.10.001
https://doi.org/10.1016/j.corsci.2016.05.039
https://doi.org/10.1093/rheumatology/ken495
https://doi.org/10.1093/rheumatology/ken495
https://doi.org/10.1038/sj.ejcn.1601479
https://doi.org/10.1002/jbm.b.34901
https://doi.org/10.1016/j.actbio.2017.05.045
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xu et al.

Drynda, A, Hassel, T., Bach, F. W., and Peuster, M. (2015). In Vitro and In Vivo
Corrosion Properties of New Iron-Manganese Alloys Designed for
Cardiovascular Applications. J. Biomed. Mat. Res. 103 (3), 649-660. doi:10.
1002/jbm.b.33234

Eliaz, N. (2019). Corrosion of Metallic Biomaterials: a Review. Materials 12 (3),
407. doi:10.3390/mal2030407

Ewald, A., Kdppel, C., Vorndran, E., Moseke, C., Gelinsky, M., and Gbureck, U.
(2012). The Effect of Cu(II)-loaded Brushite Scaffolds on Growth and Activity
of Osteoblastic Cells. J. Biomed. Mat. Res. 100 (9), a-n. doi:10.1002/jbm.a.
34184

Fischer, J., Profrock, D., Hort, N., Willumeit, R., and Feyerabend, F. (2011).
Improved Cytotoxicity Testing of Magnesium Materials. Mater. Sci. Eng. B
176 (11), 830-834. doi:10.1016/j.mseb.2011.04.008

Gao, H., Dai, W., Zhao, L., Min, J., and Wang, F. (2018). The Role of Zinc and Zinc
Homeostasis in Macrophage Function. J. Immunol. Res. 2018, 1-11. doi:10.
1155/2018/6872621

Geis-Gerstorfer, ., Schille, C., Schweizer, E., Rupp, F., Scheideler, L., Reichel, H.-P.,
etal. (2011). Blood Triggered Corrosion of Magnesium Alloys. Mater. Sci. Eng.
B 176 (20), 1761-1766. doi:10.1016/j.mseb.2011.06.006

Gonzalez, J., Hou, R. Q. Nidadavolu, E. P. S., Willumeit-Romer, R., and
Feyerabend, F. (2018). Magnesium Degradation under Physiological
Conditions - Best Practice. Bioact. Mater. 3 (2), 174-185. doi:10.1016/j.
bioactmat.2018.01.003

Gorejové, R, Haverovd, L., Orinakova, R., Orinak, A., and Orinak, M. (2019).
Recent Advancements in Fe-Based Biodegradable Materials for Bone Repair.
J. Mat. Sci. 54 (3), 1913-1947. d0i:10.1007/s10853-018-3011-z

Guo, B., Yang, M, Liang, D., Yang, L., Cao, J., and Zhang, L. (2012). Cell Apoptosis
Induced by Zinc Deficiency in Osteoblastic MC3T3-E1 Cells via a
Mitochondrial-Mediated Pathway. Mol. Cell.. Biochem. 361 (1), 209-216.
doi:10.1007/s11010-011-1105-x

Han, H.-S., Loffredo, S., Jun, 1., Edwards, J., Kim, Y.-C., Seok, H.-K,, et al. (2019).
Current Status and Outlook on the Clinical Translation of Biodegradable
Metals. Mater. Today 23, 57-71. doi:10.1016/j.mattod.2018.05.018

Hernandez Rosa, J., Villanueva, N. L., Sanati-Mehrizy, P., Factor, S. H., and Taub,
P.J. (2016). Review of Maxillofacial Hardware Complications and Indications
for Salvage. Craniomaxillofacial Trauma & Reconstr. 9 (2), 134-140. doi:10.
1055/s-0035-1570074

International Organization for Standardization(ISO) (2011). ISO 10271 Corrosion
Test Methods for Metallic Materials. Geneva: International Organization for
Standardization.

International Organization for Standardization(ISO) (2017). ISO 10993-4 Biological
Evaluation of Medical Devices - Part 4: Selection of Tests for Interactions with
Blood. Geneva: International Organization for Standardization.

International Organization for Standardization(ISO) (2009a). ISO 10993-5
Biological Evaluation of Medical Devices-Part 5: Tests for in Vitro
Cytotoxicity. Geneva: International Organization for Standardization.

International Organization for Standardization(ISO) (2009b). ISO NF8407
Corrosion of Metals and Alloys-Removal of Corrosion Products from
Corrosion  Test ~Specimens. Geneva: International Organization for
Standardization.

Jaffer, I. H., and Weitz, J. I. (2019). The Blood Compatibility Challenge. Part 1:
Blood-Contacting Medical Devices: The Scope of the Problem. Acta Biomater.
94, 2-10. doi:10.1016/j.actbio.2019.06.021

Johnston, S., Dargusch, M., and Atrens, A. (2017). Building towards a Standardised
Approach to Biocorrosion Studies: a Review of Factors Influencing Mg
Corrosion In Vitro Pertinent to In Vivo Corrosion. Sci. China Mat. 61 (4),
475-500. doi:10.1007/s40843-017-9173-7

Jung, O., Smeets, R., Porchetta, D., Kopp, A., Ptock, C., Miiller, U, et al. (2015).
Optimized In Vitro Procedure for Assessing the Cytocompatibility of
Magnesium-Based Biomaterials. Acta Biomater. 23, 354-363. doi:10.1016/j.
actbio.2015.06.005

Kafri, A., Ovadia, S., Goldman, J., Drelich, J., and Aghion, E. (2018). The Suitability
of Zn-1.3%Fe Alloy as a Biodegradable Implant Material. Metals 8 (3), 153.
doi:10.3390/met8030153

Katarivas Levy, G., Goldman, J., and Aghion, E. (2017). The Prospects of Zinc as a
Structural Material for Biodegradable Implants-A Review Paper. Metals 7 (10),
402. doi:10.3390/met7100402

Biodegradable Zn-Cu-Fe Alloy

Kleiner, D. (1974). The Effect of Zn2+ Ions on Mitochondrial Electron Transport.
Archives Biochem. Biophysics 165 (1), 121-125. doi:10.1016/0003-9861(74)
90148-9

Kong, N,, Lin, K., Li, H., and Chang, J. (2014). Synergy Effects of Copper and
Silicon Ions on Stimulation of Vascularization by Copper-Doped Calcium
Silicate. J. Mat. Chem. B 2 (8), 1100-1110. doi:10.1039/c3tb21529f

Kralova, Z. O., Gorejovd, R., Oriakova, R., Petrakovd, M., Orinak, A., Kupkova,
M, et al. (2021). Biodegradable Zinc-Iron Alloys: Complex Study of Corrosion
Behavior, Mechanical Properties and Hemocompatibility. Prog. Nat. Sci. Mater.
Int. 31 (2), 279-287. doi:10.1016/j.pnsc.2021.01.002

Kraus, T., Fischerauer, S. F., Hinzi, A. C., Uggowitzer, P. J., Loffler, J. F., and
Weinberg, A. M. (2012). Magnesium Alloys for Temporary Implants in
Osteosynthesis: In Vivo Studies of Their Degradation and Interaction
with Bone. Acta Biomater. 8 (3), 1230-1238. doi:10.1016/j.actbio.2011.11.008

Kubdsek, J., Vojtéch, D., Jablonskd, E., Pospisilova, I, Lipov, J., and Ruml, T.
(2016). Structure, Mechanical Characteristics and In Vitro Degradation,
Cytotoxicity, Genotoxicity and Mutagenicity of Novel Biodegradable Zn-Mg
Alloys. Mater. Sci. Eng. C 58, 24-35. doi:10.1016/j.msec.2015.08.015

Li, P, Dai, J., Schweizer, E., Rupp, F., Heiss, A., Richter, A, et al. (2020). Response
of Human Periosteal Cells to Degradation Products of Zinc and its Alloy. Mater.
Sci. Eng. C 108, 110208. doi:10.1016/j.msec.2019.110208

Li, P, Qian, J., Zhang, W., Schille, C., Schweizer, E., Heiss, A., et al. (2021).
Improved Biodegradability of Zinc and its Alloys by Sandblasting Treatment.
Surf. Coatings Technol. 405, 126678. doi:10.1016/j.surfcoat.2020.126678

Li, P., Schille, C., Schweizer, E., Kimmerle-Miiller, E., Rupp, F., Heiss, A., et al.
(2019a). Selection of Extraction Medium Influences Cytotoxicity of Zinc and its
Alloys. Acta Biomater. 98, 235-245. doi:10.1016/j.actbio.2019.03.013

Li, P., Schille, C., Schweizer, E., Rupp, F., Heiss, A., Legner, C., et al. (2018a).
Mechanical Characteristics, In Vitro Degradation, Cytotoxicity, and
Antibacterial Evaluation of Zn-4.0Ag Alloy as a Biodegradable Material.
Ijms 19 (3), 755. doi:10.3390/ijms19030755

Li, P,, Zhang, W., Dai, J., Xepapadeas, A. B., Schweizer, E., Alexander, D., et al.
(2019b). Investigation of Zinc-copper A-lloys as P-otential M-aterials for
C-raniomaxillofacial O-steosynthesis I-mplants. Mater. Sci. Eng. C 103,
109826. doi:10.1016/j.msec.2019.109826

Li, P,, Zhou, N,, Qiu, H., Maitz, M. F., Wang, J., and Huang, N. (2018b). In Vitro
and In Vivo Cytocompatibility Evaluation of Biodegradable Magnesium-Based
Stents: a Review. Sci. China Mat. 61 (4), 501-515. doi:10.1007/s40843-017-
9194-y

Lin, J., Tong, X., Shi, Z., Zhang, D., Zhang, L., Wang, K, et al. (2020). A
Biodegradable Zn-1Cu-0.1Ti Alloy with Antibacterial Properties for
Orthopedic Applications. Acta Biomater. 106, 410-427. doi:10.1016/j.actbio.
2020.02.017

Little, P. J., Bhattacharya, R., Moreyra, A. E., and Korichneva, I. L. (2010). Zinc and
Cardiovascular Disease. Nutrition 26 (11-12), 1050-1057. doi:10.1016/j.nut.
2010.03.007

Liu, L, Meng, Y., Volinsky, A. A.,, Zhang, H.-J., and Wang, L-N. (2019a).
Influences of Albumin on In Vitro Corrosion of Pure Zn in Artificial
Plasma. Corros. Sci. 153, 341-356. doi:10.1016/j.corsci.2019.04.003

Liu, X, Yang, H., Liu, Y., Xiong, P., Guo, H., Huang, H.-H,, et al. (2019b). Comparative
Studies on Degradation Behavior of Pure Zinc in Various Simulated Body Fluids.
Jom 71 (4), 1414-1425. doi:10.1007/s11837-019-03357-3

Liu, Y., Zheng, Y., Chen, X. H,, Yang, J. A, Pan, H,, Chen, D,, et al. (2019¢c).
Fundamental Theory of Biodegradable Metals-Definition, Criteria, and Design.
Adv. Funct. Mat. 29 (18), 1805402. doi:10.1002/adfm.201805402

O’Connor, J. P., Kanjilal, D., Teitelbaum, M., Lin, S. S., and Cottrell, J. A. (2020).
Zinc as a Therapeutic Agent in Bone Regeneration. Mater. (Basel) 13 (10), 2211.
do0i:10.3390/mal3102211

O’Neill, E., Awale, G., Daneshmandi, L., Umerah, O., and Lo, K. W.-H. (2018). The
Roles of Ions on Bone Regeneration. Drug Discov. Today 23 (4), 879-890.
doi:10.1016/j.drudis.2018.01.049

Peuster, M., Hesse, C., Schloo, T., Fink, C., Beerbaum, P., and von Schnakenburg,
C. (2006). Long-term Biocompatibility of a Corrodible Peripheral Iron Stent in
the Porcine Descending Aorta. Biomaterials 27 (28), 4955-4962. doi:10.1016/j.
biomaterials.2006.05.029

Pierson, D., Edick, J., Tauscher, A., Pokorney, E., Bowen, P., Gelbaugh, J., et al.
(2012). A Simplified In Vivo Approach for Evaluating the Bioabsorbable

Frontiers in Chemistry | www.frontiersin.org

14

June 2022 | Volume 10 | Article 860040


https://doi.org/10.1002/jbm.b.33234
https://doi.org/10.1002/jbm.b.33234
https://doi.org/10.3390/ma12030407
https://doi.org/10.1002/jbm.a.34184
https://doi.org/10.1002/jbm.a.34184
https://doi.org/10.1016/j.mseb.2011.04.008
https://doi.org/10.1155/2018/6872621
https://doi.org/10.1155/2018/6872621
https://doi.org/10.1016/j.mseb.2011.06.006
https://doi.org/10.1016/j.bioactmat.2018.01.003
https://doi.org/10.1016/j.bioactmat.2018.01.003
https://doi.org/10.1007/s10853-018-3011-z
https://doi.org/10.1007/s11010-011-1105-x
https://doi.org/10.1016/j.mattod.2018.05.018
https://doi.org/10.1055/s-0035-1570074
https://doi.org/10.1055/s-0035-1570074
https://doi.org/10.1016/j.actbio.2019.06.021
https://doi.org/10.1007/s40843-017-9173-7
https://doi.org/10.1016/j.actbio.2015.06.005
https://doi.org/10.1016/j.actbio.2015.06.005
https://doi.org/10.3390/met8030153
https://doi.org/10.3390/met7100402
https://doi.org/10.1016/0003-9861(74)90148-9
https://doi.org/10.1016/0003-9861(74)90148-9
https://doi.org/10.1039/c3tb21529f
https://doi.org/10.1016/j.pnsc.2021.01.002
https://doi.org/10.1016/j.actbio.2011.11.008
https://doi.org/10.1016/j.msec.2015.08.015
https://doi.org/10.1016/j.msec.2019.110208
https://doi.org/10.1016/j.surfcoat.2020.126678
https://doi.org/10.1016/j.actbio.2019.03.013
https://doi.org/10.3390/ijms19030755
https://doi.org/10.1016/j.msec.2019.109826
https://doi.org/10.1007/s40843-017-9194-y
https://doi.org/10.1007/s40843-017-9194-y
https://doi.org/10.1016/j.actbio.2020.02.017
https://doi.org/10.1016/j.actbio.2020.02.017
https://doi.org/10.1016/j.nut.2010.03.007
https://doi.org/10.1016/j.nut.2010.03.007
https://doi.org/10.1016/j.corsci.2019.04.003
https://doi.org/10.1007/s11837-019-03357-3
https://doi.org/10.1002/adfm.201805402
https://doi.org/10.3390/ma13102211
https://doi.org/10.1016/j.drudis.2018.01.049
https://doi.org/10.1016/j.biomaterials.2006.05.029
https://doi.org/10.1016/j.biomaterials.2006.05.029
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xu et al.

Behavior of Candidate Stent Materials. J. Biomed. Mat. Res. 100B (1), 58-67.
doi:10.1002/jbm.b.31922

Pyle, C. J., Akhter, S., Bao, S., Dodd, C. E., Schlesinger, L. S., and Knoell, D. L.
(2017).  Zinc Modulates Endotoxin-Induced Human Macrophage
Inflammation through ZIP8 Induction and C/EBPp Inhibition. PLOS ONE
12 (1), €0169531. doi:10.1371/journal.pone.0169531

Qu, X, Yang, H,, Yu, Z, Jia, B., Qiao, H., Zheng, Y., et al. (2020). Serum Zinc Levels
and Multiple Health Outcomes: Implications for Zinc-Based Biomaterials.
Bioact. Mater. 5 (2), 410-422. doi:10.1016/j.bioactmat.2020.03.006

Rahman, M., Dutta, N. K., and Roy ChoudhuryDutta, N. (2020). Magnesium
Alloys with Tunable Interfaces as Bone Implant Materials. Front. Bioeng.
Biotechnol. 8 (564). doi:10.3389/fbioe.2020.00564

Rodriguez, J. P., Rios, S., and Gonzalez, M. (2002). Modulation of the Proliferation
and Differentiation of Human Mesenchymal Stem Cells by Copper. J. Cell.
Biochem. 85 (1), 92-100. doi:10.1002/jcb.10111.abs

Roy, R, Singh, S. K., Das, M., Tripathi, A., and Dwivedi, P. D. (2014). Toll-like
Receptor 6 Mediated Inflammatory and Functional Responses of Zinc Oxide
Nanoparticles Primed Macrophages. Immunology 142 (3), 453-464. doi:10.
1111/imm.12276

Sagasti, A., Palomares, V., Porro, J. M., Orte, L, Sdnchez-Ilirduya, M. B., Lopes, A.
C., et al. (2019). Magnetic, Magnetoelastic and Corrosion Resistant Properties
of (Fe-Ni)-Based Metallic Glasses for Structural Health Monitoring
Applications. Materials 13 (1), 57. doi:10.3390/ma13010057

Schepers, T., Van Lieshout, E. M. M., de Vries, M. R., and Van der Elst, M. (2011).
Complications of Syndesmotic Screw Removal. Foot Ankle Int. 32 (11),
1040-1044. doi:10.3113/FAL2011.1040

Schille, C., Braun, M., Wendel, H. P., Scheideler, L., Hort, N., Reichel, H.-P., et al.
(2011). Corrosion of Experimental Magnesium Alloys in Blood and PBS: A
Gravimetric and Microscopic Evaluation. Mater. Sci. Eng. B 176 (20),
1797-1801. doi:10.1016/j.mseb.2011.04.007

Schinhammer, M., Gerber, I, Hanzi, A. C., and Uggowitzer, P. J. (2013). On the
Cytocompatibility of Biodegradable Fe-Based Alloys. Mater. Sci. Eng. C 33 (2),
782-789. doi:10.1016/j.msec.2012.11.002

Schumann, P., Lindhorst, D., Wagner, M. E. H,, Schramm, A., Gellrich, N.-C,, and
Riicker, M. (2013). Perspectives on Resorbable Osteosynthesis Materials in
Craniomaxillofacial Surgery. Pathobiology 80 (4), 211-217. doi:10.1159/
000348328

Shen, C., Liu, X,, Fan, B., Lan, P., Zhou, F., Li, X,, et al. (2016). Mechanical
Properties, In Vitro Degradation Behavior, Hemocompatibility and
Cytotoxicity Evaluation of Zn-1.2Mg Alloy for Biodegradable Implants. RSC
Adv. 6 (89), 86410-86419. doi:10.1039/c6ral4300h

Sieweke, M. H., and Allen, J. E. (2013). Beyond Stem Cells: Self-Renewal of
Differentiated Macrophages. Science 342 (6161), 1242974. doi:10.1126/
science.1242974

Su, Y., Cockerill, I, Wang, Y., Qin, Y.-X,, Chang, L., Zheng, Y., et al. (2019). Zinc-
based Biomaterials for Regeneration and Therapy. Trends Biotechnol. 37 (4),
428-441. doi:10.1016/j.tibtech.2018.10.009

Summersgill, H., England, H., Lopez-Castejon, G., Lawrence, C. B., Luheshi, N. M.,
Pahle, ]., et al. (2014). Zinc Depletion Regulates the Processing and Secretion of
IL-1B. Cell. Death Dis. 5 (1), e1040. doi:10.1038/cddis.2013.547

Susarla, S. M., Swanson, E., and Gordon, C. R. (2011). Craniomaxillofacial
Reconstruction Using Allotransplantation and Tissue Engineering. Ann.
Plastic Surg. 67 (6), 655-661. doi:10.1097/SAP.0b013e31822c00e6

Tan, G., Zhang, W. T., Zhou, C, Ji, H. Z, Luo, E,, Zhang, H. ], et al. (2021).
Mechanical Properties and Degradation Behavior of Hot-Extruded Zn-2Cu-0.5
Zr Alloy. Acta Metall. Sin., 0. doi:10.11900/0412.1961.2020.00537

Tang, Z., Huang, H., Niu, J., Zhang, L., Zhang, H., Pei, J., et al. (2017). Design and
Characterizations of Novel Biodegradable Zn-Cu-Mg Alloys for Potential
Biodegradable Implants. Mater. Des. 117, 84-94. doi:10.1016/j.matdes.2016.
12.075

Tapiero, H., and Tew, K. D. (2003). Trace Elements in Human Physiology and
Pathology: Zinc and Metallothioneins. Biomed. Pharmacother. 57 (9), 399-411.
doi:10.1016/s0753-3322(03)00081-7

Tong, X., Zhang, D., Zhang, X., Su, Y., Shi, Z, Wang, K, et al. (2018).
Microstructure, Mechanical Properties, Biocompatibility, and In Vitro
Corrosion and Degradation Behavior of a New Zn-5Ge Alloy for
Biodegradable Implant Materials. Acta biomater. 82, 197-204. doi:10.1016/j.
actbio.2018.10.015

Biodegradable Zn-Cu-Fe Alloy

Venezuela, J., and Dargusch, M. S. (2019). The Influence of Alloying and
Fabrication Techniques on the Mechanical Properties, Biodegradability and
Biocompatibility of Zinc: A Comprehensive Review. Acta Biomater. 87, 1-40.
doi:10.1016/j.actbio.2019.01.035

Verhaegen, C., Lepropre, S., Octave, M., Brusa, D., Bertrand, L., Beauloye, C,, et al.
(2019). Bioreactivity of Stent Material: &lt;i&gt;In Vitro&lt;/i&gt; Impact of
New Twinning-Induced Plasticity Steel on Platelet Activation. Jbnb 10 (4),
175-189. doi:10.4236/jbnb.2019.104010

Waksman, R., Pakala, R., Baffour, R., Seabron, R., Hellinga, D., and Tio, F. O.
(2008). Short-Term Effects of Biocorrodible Iron Stents in Porcine Coronary
Arteries. J. Interv. Cardiol. 21 (1), 15-20. doi:10.1111/j.1540-8183.2007.
00319.x

Wang, J., Witte, F., Xi, T., Zheng, Y., Yang, K, Yang, Y. et al. (2015).
Recommendation for Modifying Current Cytotoxicity Testing Standards for
Biodegradable Magnesium-Based Materials. Acta Biomater. 21, 237-249.
doi:10.1016/j.actbio.2015.04.011

Wang, S., Li, R, Xia, D., Zhao, X., Zhu, Y., Gu, R,, et al. (2021). The Impact of
Zn-Doped Synthetic Polymer Materials on Bone Regeneration: a
Systematic Review. Stem Cell. Res. Ther. 12 (1), 123. doi:10.1186/s13287-
021-02195-y

Weber, M., Steinle, H., Golombek, S., Hann, L., Schlensak, C., Wendel, H. P, et al.
(2018). Blood-contacting Biomaterials: In Vitro Evaluation of the
Hemocompatibility. Front. Bioeng. Biotechnol. 6, 99. doi:10.3389/fbioe.2018.
00099

Witte, F. (2010). The History of Biodegradable Magnesium Implants: A Review.
Acta Biomater. 6 (5), 1680-1692. doi:10.1016/j.actbio.2010.02.028

Wong, C. P, Rinaldi, N. A,, and Ho, E. (2015). Zinc Deficiency Enhanced
Inflammatory Response by Increasing Immune Cell Activation and
Inducing IL6 Promoter Demethylation. Mol. Nutr. Food Res. 59 (5),
991-999. doi:10.1002/mnfr.201400761

Wu, C., Qiu, H., Hu, X. Y., Ruan, Y. M,, Tian, Y., Chu, Y., et al. (2013). Short-term
Safety and Efficacy of the Biodegradable Iron Stent in Mini-Swine Coronary
Arteries. Chin. Med. ]. Engl. 126 (24), 4752-4757. d0i:10.3760/cma.j.issn.0366-
6999.20131120

Xie, Y., Hu, C, Feng, Y., Li, D, Ai, T, Huang, Y., et al. (2020).
Osteoimmunomodulatory Effects of Biomaterial Modification Strategies on
Macrophage Polarization and Bone Regeneration. Regen. Biomater. 7 (3),
233-245. doi:10.1093/rb/rbaa006

Yamaguchi, M. (1998). Role of Zinc in Bone Formation and Bone Resorption.
J. Trace Elem. Exp. Med. 11 (2-3), 119-135. doi:10.1002/(sici)1520-670x(1998)
11:2/3<119::aid-jtra5>3.0.c0;2-3

Yang, H., Wang, C,, Liu, C,, Chen, H., Wu, Y., Han, J,, et al. (2017). Evolution of the
Degradation Mechanism of Pure Zinc Stent in the One-Year Study of Rabbit
Abdominal Aorta Model. Biomaterials 145, 92-105. doi:10.1016/j.biomaterials.
2017.08.022

Yin, Y. X., Zhou, C., Shi, Y. P,, Shi, Z. Z., Lu, T. H., Hao, Y., et al. (2019).
Hemocompatibility of Biodegradable Zn-0.8 wt% (Cu, Mn, Li) Alloys.
Mater Sci. Eng. C Mater Biol. Appl. 104, 109896. doi:10.1016/j.msec.2019.
109896

Yue, R, Niu, J, Li, Y., Ke, G, Huang, H., Pei, ], et al. (2020). In Vitro
cytocompatibility, Hemocompatibility and Antibacterial Properties of
Biodegradable Zn-Cu-Fe Alloys for Cardiovascular Stents Applications.
Mater. Sci. Eng. C 113, 111007. doi:10.1016/j.msec.2020.111007

Yue, R, Zhang, J., Ke, G,, Jia, G., Huang, H., Pei, J., et al. (2019). Effects of Extrusion
Temperature on Microstructure, Mechanical Properties and In Vitro
Degradation Behavior of Biodegradable Zn-3Cu-0.5Fe Alloy. Mater. Sci.
Eng. C 105, 110106. doi:10.1016/j.msec.2019.110106

Zhang, R,, Yang, H., Yu, X,, Wang, H., Hu, T., and Dummer, P. M. H. (2011). Use
of CBCT to Identify the Morphology of Maxillary Permanent Molar Teeth in a
Chinese Subpopulation. Int. Endod. . 44, 162-169. doi:10.1111/j.1365-2591.
2010.01826.x

Zhang, S., Pei, X,, Gao, H., Chen, S, and Wang, J. (2020). Metal-organic
Framework-Based Nanomaterials for Biomedical Applications. Chin. Chem.
Lett. 31 (5), 1060-1070. doi:10.1016/j.cclet.2019.11.036

Zhang, W., Li, P., Neumann, B., Haag, H., Li, M., Xu, Z, et al. (2021a). Chandler-
loop Surveyed Blood Compatibility and Dynamic Blood Triggered Degradation
Behavior of Zn-4Cu Alloy and Zn. Mater. Sci. Eng. C 119, 111594. doi:10.1016/j.
msec.2020.111594

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 860040


https://doi.org/10.1002/jbm.b.31922
https://doi.org/10.1371/journal.pone.0169531
https://doi.org/10.1016/j.bioactmat.2020.03.006
https://doi.org/10.3389/fbioe.2020.00564
https://doi.org/10.1002/jcb.10111.abs
https://doi.org/10.1111/imm.12276
https://doi.org/10.1111/imm.12276
https://doi.org/10.3390/ma13010057
https://doi.org/10.3113/FAI.2011.1040
https://doi.org/10.1016/j.mseb.2011.04.007
https://doi.org/10.1016/j.msec.2012.11.002
https://doi.org/10.1159/000348328
https://doi.org/10.1159/000348328
https://doi.org/10.1039/c6ra14300h
https://doi.org/10.1126/science.1242974
https://doi.org/10.1126/science.1242974
https://doi.org/10.1016/j.tibtech.2018.10.009
https://doi.org/10.1038/cddis.2013.547
https://doi.org/10.1097/SAP.0b013e31822c00e6
https://doi.org/10.11900/0412.1961.2020.00537
https://doi.org/10.1016/j.matdes.2016.12.075
https://doi.org/10.1016/j.matdes.2016.12.075
https://doi.org/10.1016/s0753-3322(03)00081-7
https://doi.org/10.1016/j.actbio.2018.10.015
https://doi.org/10.1016/j.actbio.2018.10.015
https://doi.org/10.1016/j.actbio.2019.01.035
https://doi.org/10.4236/jbnb.2019.104010
https://doi.org/10.1111/j.1540-8183.2007.00319.x
https://doi.org/10.1111/j.1540-8183.2007.00319.x
https://doi.org/10.1016/j.actbio.2015.04.011
https://doi.org/10.1186/s13287-021-02195-y
https://doi.org/10.1186/s13287-021-02195-y
https://doi.org/10.3389/fbioe.2018.00099
https://doi.org/10.3389/fbioe.2018.00099
https://doi.org/10.1016/j.actbio.2010.02.028
https://doi.org/10.1002/mnfr.201400761
https://doi.org/10.3760/cma.j.issn.0366-6999.20131120
https://doi.org/10.3760/cma.j.issn.0366-6999.20131120
https://doi.org/10.1093/rb/rbaa006
https://doi.org/10.1002/(sici)1520-670x(1998)11:2/3<119::aid-jtra5>3.0.co;2-3
https://doi.org/10.1002/(sici)1520-670x(1998)11:2/3<119::aid-jtra5>3.0.co;2-3
https://doi.org/10.1016/j.biomaterials.2017.08.022
https://doi.org/10.1016/j.biomaterials.2017.08.022
https://doi.org/10.1016/j.msec.2019.109896
https://doi.org/10.1016/j.msec.2019.109896
https://doi.org/10.1016/j.msec.2020.111007
https://doi.org/10.1016/j.msec.2019.110106
https://doi.org/10.1111/j.1365-2591.2010.01826.x
https://doi.org/10.1111/j.1365-2591.2010.01826.x
https://doi.org/10.1016/j.cclet.2019.11.036
https://doi.org/10.1016/j.msec.2020.111594
https://doi.org/10.1016/j.msec.2020.111594
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Xu et al.

Zhang, W., Li, P., Shen, G., Mo, X., Zhou, C., Alexander, D., et al. (2021b).
Appropriately Adapted Properties of Hot-Extruded Zn-0.5Cu-xFe Alloys
Aimed for Biodegradable Guided Bone Regeneration Membrane
Application. Bioact. Mater. 6 (4), 975-989. doi:10.1016/j.bioactmat.2020.
09.019

Zhao, D., Witte, F.,, Lu, F., Wang, J,, Li, ], and Qin, L. (2017). Current Status on
Clinical Applications of Magnesium-Based Orthopaedic Implants: A Review
from Clinical Translational Perspective. Biomaterials 112, 287-302. doi:10.
1016/j.biomaterials.2016.10.017

Zheng, Y. F, Xu, X. X, Xu, Z, Wang, J. Q.,, and Cai, H. (2017). Metallic
Biomaterials: New Directions and Technologies. John Wiley & Sons.

Zhong, L., Chen, J., Ma, Z., Feng, H., Chen, S., Cai, H,, et al. (2020). 3D Printing of
Metal-Organic Framework Incorporated Porous Scaffolds to Promote
Osteogenic Differentiation and Bone Regeneration. Nanoscale 12 (48),
24437-24449. doi:10.1039/DONR06297A

Zwahlen, R. A. (2014). “Internal Fixation in Oral and Maxillofacial Surgery,” in
Handbook of Oral Biomaterials, 435.

Biodegradable Zn-Cu-Fe Alloy

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xu, Xu, Zhang, Li, Wendel, Geis-Gerstorfer, Li, Wan, Xu and Hu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

16

June 2022 | Volume 10 | Article 860040


https://doi.org/10.1016/j.bioactmat.2020.09.019
https://doi.org/10.1016/j.bioactmat.2020.09.019
https://doi.org/10.1016/j.biomaterials.2016.10.017
https://doi.org/10.1016/j.biomaterials.2016.10.017
https://doi.org/10.1039/D0NR06297A
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Biodegradable Zn-Cu-Fe Alloy as a Promising Material for Craniomaxillofacial Implants: An in vitro Investigation into Degra ...
	Introduction
	Materials and Methods
	Specimen Preparation
	Immersion Test
	Cytotoxicity Test
	Chandler-Loop Experiments
	Statistical Analysis

	Results
	In vitro Degradation Behavior
	Cytocompatibility Evaluation
	Hemocompatibility Evaluation

	Discussion
	In vitro Degradation Behavior of Zn-Cu-Fe
	Cytotoxicity and Hemocompatibility of Zn-Cu-Fe Alloy

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


