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ARTICLE INFO ABSTRACT

Keywords: Zinc (Zn) is a promising bioresorbable implant material with more moderate degradation rate compared to
Zinc magnesium (Mg) and iron (Fe). However, the low mechanical strength and localized degradation behavior of
MECha“ic_al pure Zn limit its clinical applications. Alloying is one of the most effective ways to overcome these limitations.
Efogcr jri?:t’i?)ility After screening the alloying element candidates regarding their potentials for improvement on the degradation
Antibacterial and biocompatibility, we proposed Fe as the alloying element for Zn, and investigated the in vitro and in vivo

performances of these alloys in both subcutaneous and femoral tissues. Results showed that the uniformly
distributed secondary phase in Zn-Fe alloys significantly improved the mechanical property and facilitated
uniform degradation, which thus enhanced their biocompatibility, especially the Zn-0.4Fe alloy. Moreover, these
Zn-Fe alloys showed outstanding antibacterial property. Taken together, Zn-Fe alloys could be promising can-
didates as bioresorbable medical implants for various cardiovascular, wound closure, and orthopedic

applications.

1. Introduction

Bioresorbable implants made of biodegradable materials are ex-
pected to temporarily support the injured tissue and then degrade
without a secondary surgery after the tissue recovery [1]. When
compared to the biodegradable polymers, biodegradable metals, i.e.
magnesium (Mg), iron (Fe), and zinc (Zn), possess much higher me-
chanical strength and are suitable for the load bearing applications [2].
With moderate degradation rate and significant biological roles, Zn has
been regarded as the most promising candidate in the cardiovascular
[3-5] and orthopedic applications [6,7]. Nevertheless, the mechanical
strength of pure Zn is still not enough for the load bearing applications
[8,9]. Moreover, their mechanical integrity during the degradation
process would be further deteriorated due to the localized degradation
behavior of pure Zn implants [3-5].

Alloying is the most critical and effective way to address the issues
related to mechanical and corrosion properties for metallic materials [1,
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10]. The selection of alloying elements is important in order to improve
these properties while not compromising the biocompatibility. As an
essential element in human body, Mg can not only act as a metallic
substrate but also be an alloying element in Zn alloys. Zn-Mg alloys have
been vastly studied in the past few years [6,11-14]. As another biode-
gradable metal, Fe is also an essential element required for blood pro-
duction and a wide variety of metabolic processes [15], but studies have
been sporadic for Zn-Fe alloys. Electrodeposited Zn-Fe alloys have been
explored as surface coatings for corrosion resistance [16,17]. As cast
Zn-Fe alloys have also been implanted subcutaneously for evaluations of
degradation rate and biocompatibility [18,19].

To study the effects of microstructure of Zn-Fe alloys, 0.4 and 2.5 wt
% of Fe were chosen to obtain two different percentages of intermetallic
phases based on a detailed previous study on the phase diagram in the
Zn-Fe binary system [20]. It is known that the plastic deformation
processing techniques could significantly improve the mechanical
property of metals, including the mechanical strength and toughness
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[21-23]. Therefore, in the present study, we further extruded Zn-Fe
alloys to achieve sufficient mechanical properties for appropriate med-
ical applications. Two in vivo models, subcutaneous and femoral im-
plantations, were explored in rats. These two in vivo locations offer
comprehensive assessments of the Zn alloy implants in both soft and
hard tissues for biomedical applications, such as cardiovascular, wound
closure, and orthopedic applications, respectively.

2. Materials and methods
2.1. Materials preparation and surface characteristics

Zn-0.4Fe and Zn-2.5Fe (w.t.%) alloys were prepared using pure Zn
(99.99%) and pure Fe (99.99%) by gravity casting. The casted alloys
were heat-treated at 350 °C for 48 h followed by water quenching and
then extruded at 260 °C from @ 28 mm cylinder to @ 10 mm cylinder.
Pure Zn were also extruded for comparison. All Zn materials were cut
into cylinder discs (@ 10 mm x 5 mm) for in vitro tests and wires (& 0.25
mm x 5 mm) for in vivo implantation. The disc samples were polished
using #1200 sandpaper and the rod samples were electropolished using
a voltage of 10 V in a mixture of ethanol (885 ml), butanol (100 ml),
aluminum chloride hexahydrate (AlCl3-6H20) (109 g), zinc chloride
(ZnCly) (250 g) and water (120 ml) for 2 min [24]. The microstructure
and phase composition were tested by optical microscopy and X-ray
powder diffraction (XRD), respectively.

2.2. Mechanical test

Mechanical property was measured at a strain rate of 1 x 10™% s~}
using a universal material test machine (Instron 5969, USA). The spec-
imens were machined to the desired dimensions according to ASTM-E8/
E8M standards [25]. The yield strength was determined as the stress at
which the 0.2% plastic deformation occurred.

2.3. In vitro degradation test

All the degradation tests were carried out in a modified Hanks’ so-
lution at 37 + 0.5 °C as described previously [26-29]. Briefly, a
Princeton Versa Stat 3 electrochemistry workstation was used to mea-
sure the electrochemical degradation behaviors. The electrochemical
impedance spectroscopy (EIS) was tested in a frequency range of
10~2-10° Hz with a potential amplitude of 10 mV. The potentiodynamic
polarization test were performed at a scan rate of 1 mV/s. The corrosion
rate (CR, mm/y) was calculated based on the electrochemical corrosion
current density (icorr, pA/cm?) according to the following equation [28,
30]:

CR; =327 x 10’3-%EW

where p is the material density (g/cm®) and EW is the corresponding
equivalent weight (g).

The immersion degradation tests were performed for 1 and 3 months
according to a previous study [27]. Briefly, the solution was refreshed
every week due to the slow degradation of Zn materials. The pH values
of the solution with different samples were monitored and were also
measured during the immersion tests. The surface morphologies and
phase composition of degraded samples after 1 and 3 months of im-
mersion were tested with scanning electron microscopy (SEM) and XRD.
The CRy (mm/y) was calculated based on weight loss (Wjess, mg) ac-
cording to the following equation [31]:

Wloss

CRy =87.6
v * pAt

where p is the material density (g/cm3), t is immersion time (h), A is
sample surface area (cmz).
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2.4. Hemocompatibility

The hemolysis tests and platelet adhesion tests were performed ac-
cording to the method described previously [7,32]. In brief, healthy
human blood (anticoagulant with 3.8% citric acid sodium, Zen-Bio, US)
was diluted by 0.9% sodium chloride solution with a volume ratio of 4:5.
All samples were pre-cultured with 9.8 ml 0.9% sodium chloride solu-
tion at 37 °C for 30 min and 0.2 mL diluted blood was then added to each
tube and incubated at 37 °C for 60 min. Deionized water and 0.9% so-
dium chloride solution were incubated with 0.2 mL diluted blood as the
positive and negative control, respectively. After centrifuging at 3000
rpm for 5 min, the supernatants were collected in 96-well plates and the
absorbance (A) was measured by a plate reader (Cytation 5, Biotek, US)
at 545 nm. The hemolysis rate (HR) was calculated by the following
equation:

HemOIYSiS = (Asample - Anegalive)/(Aposilive - Anegative)

Platelet rich plasma (PRP) with 108/pl platelets (Zen-Bio, US) was
used for platelet adhesion test. 50 ul PRP was overlaid on each sample
surface and incubated at 37 °C for 1 h. After gently rinsed by PBS for 3
times to remove the non-adherent platelets, adherent platelets on sam-
ples were fixed with 4% paraformaldehyde (PFA, Affymetrix, US) and
2% glutaraldehyde solution (Fisher Chemical, US) at room temperature
for 2 h, then dehydrated with gradient alcohol solution (30%, 50%,
70%, 90%, and 100%) and hexamethyldisilazane (HMDS) for 10 min,
respectively, and finally dried in desiccator. The samples were coated
with gold and observed by SEM. The number of adherent platelets was
counted on at least five different SEM images for each sample.

2.5. Cytocompatibility

Human endothelial cells (EA.hy926, ATCC CRL-2922, US) and
human aortic vascular smooth muscle cells (HA-VSMCs, ATCC CRL-
1999, US) were cultured in 75 cm? flask (BD Bioscience) with Dulbec-
co’s Modified Eagle Medium (DMEM, ATCC, US) containing 10% fetal
bovine serum (FBS, ScienCell) and 1% penicillin/streptomycin solution
(P/S, ScienCell) [33-35]. For the indirect assays, extract media was
prepared by incubating samples in the corresponding cell culture media
at a ratio of 1.25 cm?/mL for 3 days. Afterward, the collected extract
solution was diluted with culture media to specific concentrations of
25%. The cell viability was measured with the MTT assay (Thermo
Fisher Scientific, US) after cultured with the extract solution for 1, 3, and
5 days [36,37]. Cells with a density of 1 x 10°/well were seeded onto
different samples with and without being precultured in DMEM for 3
days in a 24 well plate. After 3 days of cell culture, the cell morphology
was observed by SEM after being fixed and dehydration in the same
method with the platelet adhesion test as described above.

2.6. Antibacterial property

Escherichia coli (E. coli, ATCC 25922, US) and Staphylococcus aureus
(S. aureus, ATCC 29213, US) were cultured according to the procedures
in a previous study [38]. Briefly, the bacteria were cultured in Tryptic
Soy Broth (TSB) media at 37 °C and 220 rpm to reach the optical density
of 0.5-0.6 at 600 nm. The antibacterial performance was tested with the
same procedures in our previous study [39]. 2 ml of the diluted bacterial
suspension with a concentration of 5 x 10°/mL in TSB media was
incubated with samples for 24 h at 37 °C and 120 rpm. Diluted bacterial
suspension without samples was used as negative control. The absor-
bance of the collected bacteria suspension was read at 600 nm. Anti-
bacterial rates in the TSB media were calculated with the following
equation: Antibacterial rates = (Apegative — Asample)/Anegative- Before the
SEM imaging, samples were fixed and dehydrated with the same pro-
cedures as described above.
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2.7. In vivo subcutaneous and femoral implantation

The animal protocols were approved by the Stony Brook University
Institutional Animal Care and Use Committee (IACUC) and the Cornell
University IACUC. Male young Sprague-Dawley (SD) rats (8-10 weeks,
body weight = 300-325 g, Taconic Biosciences, NY) were used for
subcutaneous and femoral implantation (n = 5 for each implant at each
time point). Before the surgery, the rats were anesthetized, and the
operation side was shaved and disinfected. Subcutaneous implantation
was conducted as described in previous publications [7,40]. In brief,
incisions were made down to the subcutaneous tissue of the back. A
subcutaneous pocket was built in which the alloys were inserted. 4 in-
cisions were made on the back of each rat. One wire implant (0.25 mm in
diameter, 15 mm in length) was implanted in subcutaneous pocket
through one incision. For the bone implantation, a 2 cm incision will be
made along the lateral aspect of femur. A cylindrical hole (0.3 mm in
diameter) was drilled in the femoral condyle perpendicular to the long
axis of the right femur. Metallic wires (0.25 mm in diameter, 3 mm in
length) were inserted into the cylindrical hole. The incision was closed
in layers with sutures and left un-casted.

After 3 months of implantation, the rats were scanned with micro-CT
and samples were harvested for SEM imaging and histological analysis
including H&E, Masson trichrome, Goldner trichrome, Verhoeffe-Van
Gieson, and CD11b and CD68 immunofluorescent staining [5]. Briefly,
explanted specimens were rinsed in 0.1 mmol/l sodium phosphate

a Zn-0.4Fe

et

UTS (MPa)
YS (MPa)
8

0
1‘1)‘ QAF

Zn-2.5Fe

e
2

2.5¢¢

Bioactive Materials 17 (2022) 334-343

buffer (pH 7.2 + 0.1) and fixed in 4% PFA followed by embedding with
paraffin and polymethylmethacrylate (PMMA) for subcutaneous (n = 5)
and femoral tissue (n = 5), respectively. Embedded wire implant was cut
and sectioned in to 4 pm thick slices perpendicular to the long axis of the
wire implant. The subcutaneous tissue slices were stained with H&E,
Masson trichrome, Verhoeffe-Van Gieson, and CD11b and CD68
immunofluorescent staining, while the femoral tissue slices were stained
with Goldner trichrome and Verhoeffe-Van Gieson. After being polished,
and gold coated, and the cross sections of the wire implants were
observed with SEM imaging and EDS. The bone formation was quanti-
fied using ImageJ software based on the at least 5 cross-sectional SEM
images. Bone-to-implant contact (BIC) is calculated through normalizing
the implant perimeter directly in contact with bone over the implant
perimeter length, while bone area (BA) represents the ratio of bone area
to total area extending 100 pm from the implant [8]. The osteoid layer
thickness was also measured surrounding the implants.

2.8. Statistical analysis

All data was presented as mean + standard deviation. One-way
ANOVA followed by Turkey’s post-hoc test was used to analyze the
statistical significance. Power analysis for ANOVA determined that each
assay had at least three replicates and repeated 3 times independently to
achieve 0.9 power for a = 0.05. P < 0.05 was considered as statistically

significant.

e Zn °
AFeZny; e
> °
=
B A
&lzn25Fe  [[H o
£ [Zn-0.4Fe L
Zn _ 1 ]

10 20 30 40 50 60
2-Theta (degree)

* %
——

Fig. 1. Microstructures and mechanical behaviors of the as-extruded Zn-Fe alloys. (a) Microstructures, (b) XRD patterns, and (c) mechanical properties. UTS: Ul-
timate tensile strength, YS: yield strength, ER: elongation to failure. (d) fracture morphology after tensile test.
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3. Results
3.1. Microstructure and mechanical property

After fabrication, the microstructure, XRD patterns, and mechanical
property of the extruded Zn-Fe alloys were examined. The alloys
showed an n-Zn phase and a uniformly distributed second phase
(Fig. 1a), which is FeZn; 5 as identified by the XRD patterns (Fig. 1b). The
phases’ percentages are different in the two alloys: the n-Zn and FeZn;3
phases are dominant in Zn-0.4Fe and Zn-2.5Fe alloys, respectively. The
different microstructures affect the different mechanical properties of
these two alloys, as shown in Fig. 1c. Both alloys showed significantly
improved mechanical strengths, while the Zn-0.4Fe alloy had signifi-
cantly higher elongations (~30%) than pure Zn (8%) and Zn-2.5Fe alloy
(~10%). This means the Zn-0.4Fe alloy possessed the optimum combi-
nation of mechanical strength and ductility. The fracture morphology
after tensile tests in Fig. 1d showed the deformation mode during the
fracture process. The pure Zn exhibited a cleavage fracture morphology
with cleavage planes, while the Zn-0.4Fe alloy showed dimple fracture
morphology with river patterns. However, as the FeZn;s increased, Zn-
2.5Fe alloy showed a brittle fracture morphology with river patterns.

3.2. Invitro degradation behavior

The different microstructures of Zn and Zn-Fe alloys also have crit-
ical impacts on their degradation behaviors. The electrochemical
corrosion tests were carried out to characterize the corrosion rate and
corrosion resistances. All the polarization and EIS curves showed the
similar trends (Fig. 2a and b), indicating the similar electrochemical
corrosion reactions occurred in the tests. Compared to the pure Zn,
Zn-Fe alloys possessed lower corrosion current density and corrosion
rates (Fig. 2c), while the higher polarization resistances and total
corrosion resistance from the EIS tests (Fig. 2¢). In addition, the Zn-0.4Fe
alloy exhibited a slightly higher corrosion resistance than the Zn-2.5Fe
alloy.

The degradation behaviors were also characterized by the long-term
immersion tests in the Hanks’ solution (Fig. 3). The Zn showed a uniform
degradation morphology up to one month but then turned into localized
degradation with corrosion pitting during 3 months’ immersion,

a .
10
2 Zn-0.4F
b 2f --Zn-0.4Fe
%N,.JO
b S10*
£ <
g2 T10°
S 4t
a2 a3 a2 A1
Potential, E (V , ,yagc)
C 100 —2.0
-’COFI’
__ 8o m CR,; 1.6
E 60 1.2
()
< 40} 108
=
§ 20} 10.4
0 0.0
1“ QA?e 15?0
AR A e

Bioactive Materials 17 (2022) 334-343

consistent with previous studies [3-5]. The small amount of Fe addition
changed the degradation pattern to more uniform degradation pattern.
There were small pits uniformly distributed on its surface after one
month and a thin film composed of corrosion products formed on the
degraded surface after 3 months. However, as the amount of Fe in the
alloy increased, the degradation pattern changed to severely localized
degradation. There were much more degradation products formed
around the degradation pits at one month and grew into localized thick
films after 3 months. According to the XRD patterns (Fig. 3b), all the
degradation products were similar and made of Zn(OH), and CaZny(-
PO4)2-2H0 after 1 month. Compared to the other two groups, there
were less degradation products and no Zn3(PO4)2-4H20 on the Zn-0.4Zn
surface during the 3 months of immersion test. All the samples showed
similar corrosion rates and stable pH change during the 3 months of
immersion (Fig. 3c and d). The corrosion rate of Zn-0.4Fe alloy was
slightly lower than that of the other two groups, which is consistent to
the electrochemical corrosion results.

3.3. Invitro cytocompatibility and hemocompatibility

Two different vascular cells and platelet were used to test the cyto-
compatibility and hemocompatibility of Zn and Zn-Fe alloys, as shown
in Fig. 4. The endothelial cells showed good attachment and elongated
morphology on all Zn materials (Fig. 4a), while the smooth muscle cells
showed isolated and round morphology (Fig. 4b). The cell viabilities of
these two cells with the material extracts were shown in Fig. 4d and e,
respectively. Compared to the pure Zn, two Zn-Fe alloys showed higher
cell viability for endothelial cells, whereas the Zn-0.4Fe alloy induced
lower cell viability for smooth muscle cells.

Platelet adhesion and hemolysis tests were conducted to evaluate the
hemocompatibility of Zn materials. There were a few adhered platelets
dispersedly distributed on pure Zn and Zn-0.4Fe alloy surfaces with little
spreading (Fig. 4c). More platelets on the Zn-2.5Fe alloy were activated
than on the other two groups. The numbers of adhered platelets on all Zn
surfaces were also similar on pure Zn and Zn-0.4Fe alloy, and slightly
increased on Zn-2.5Fe alloy. Their hemolysis rates of the two alloys were
lower than that of pure Zn, but all values were much below the hemo-
lysis limit (5%), indicating their good hemocompatibility.
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Fig. 2. Electrochemical corrosion behaviors of pure Zn and Zn-Fe alloys in Hank’s solution. (a) potentiodynamic polarization, (b) Electrochemical impedance
spectroscopy (EIS); (c) corrosion current density and corrosion rates (d) polarization resistance and total resistance from EIS data.
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Fig. 3. Immersion degradation results of pure Zn and Zn-Fe alloys in Hank’s solution for 1 and 3 months. (a) Degraded surface morphology, (b) XRD patterns, (c)

corrosion rate, (d) evolution of pH values with immersion time.

3.4. Antibacterial property

The antibacterial property of Zn and Zn-Fe alloys was tested with
E. coli and S. aureus, respectively, as shown in Fig. 5. There was a few
bacterial adhesions and no biofilm formation on all Zn materials’ sur-
faces. There were even some broken E-coli cells on these materials
(Fig. 5a). Different with the isolated morphology of E-coli, S. aureus
showed an interconnected morphology. There are no significant differ-
ences of antibacterial rates in the bacterial culture media for these ma-
terials. All Zn materials exhibited much higher antibacterial rate to the
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S. aureus than E-coli (Fig. 5b).

3.5. In vivo subcutaneous implantation

Zn and Zn-Fe alloys were implanted in soft tissues first, i.e., the rat
subcutaneous tissue, to test the degradation behaviors and tissue re-
sponses (Fig. 6). It could be observed from macroscopic views and
micro-CT scanning images that there were more degradation products
aggregated surrounding both Zn-Fe alloy wire implants, and the Zn-
2.5Fe wire implant was fractured with a much higher degradation rate
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Fig. 4. Cytocompatibility and hemocompatibility of Zn and Zn-Fe alloys. Adhesion morphology of (a) endothelial cells, (b) smooth muscle cells, and (c) platelets, cell
viability of (d) endothelial and (e) smooth muscle cells, (f) number of adhered platelets, and (g) hemolysis percentage. *p < 0.05, compared with pure Zn group.
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Fig. 5. Antibacterial performance of pure Zn and Zn-Fe alloys cultured with E. coli and S. aureus for 24 h. (a) SEM images of bacterial adhesion on sample surfaces.

(b) Antibacterial rates in the medium.

than pure Zn wire implant (Fig. 6a—c). The histological staining showed
there were fibrotic encapsulation surrounding all wire implants
(Fig. 6d). The Masson and Verhoeff’s staining also exhibited the for-
mations of collagen and elastin with these Zn implants, respectively. The
immunostaining with CD11b and CD68 shows the aggregation of
monocytes/macrophages. After 3 months of implantation, there was
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little immune response to pure Zn wire implant. There were stronger
immune responses to the Zn-Fe alloys, especially the Zn-2.5Fe alloys,
which might be related to the massive degradation products formed at
the interface between the implants and surrounding tissues.
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Fig. 6. (a) Macroscopic views, (b) micro-CT scanning images, and (c) degradation rates, and (d) H&E, Masson, elastin, and immunofluorescent staining (CD11b and
CD68) of wire implants after implantation with rat subcutaneous tissue for 3 months.

3.6. In vivo femoral implantation

Zn and Zn-Fe alloys were next implanted in bone tissue, i.e., the rat
femur, to test the degradation behaviors and tissue responses, as shown
in Fig. 7 and Fig. 8. The micro-CT scanning images showed the different
surface morphology after degradation (Fig. 7a), but the weight loss of all
implants was similar with slightly higher values for Zn-Fe alloys
(Fig. 7b). The cross-sectional SEM images and EDS mapping in Fig. 7c—f
and histological staining images in Fig. 8 showed more detailed infor-
mation on the degradation products and tissue responses in the im-
plants/tissue interface. The different gray scales in the SEM images are
closely related to the elemental compositions in EDS mapping, corre-
sponding to the different tissues and implants in the histological staining
images. The little Ca and P content in the EDS mapping (Fig. 7c), the
brick red color in Masson-Goldner staining, and the corresponding light
red color in Elastin staining (Fig. 8) indicated the formation of osteoid
tissue, which is the unmineralized bone matrix that forms prior to the
mature bone [41,42].

All implants had similar elemental compositions, bone area per-
centages, and osteoid tissue formation surrounding the Zn implants
(Fig. 7 d and f, Fig. 8). Zn-0.4Fe alloy owned the loosen degradation
products and deeper corrosion in the cross sections, and its significantly
higher bone-implant contact ratio (BIC) indicated its better bone inte-
gration (Fig. 7e). Although the Zn-2.5Fe alloy also had a thick degra-
dation product layer and similar osteoid layer thickness, the osteoid
layer did cover most of the implant surface and thus decreased the BIC
values significantly.

4. Discussion

In exploring of various biomedical applications (e.g., surgical suture,
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orthopedic plates and screws), alloying elements (Mg, Ca, Sr, Li, Mn, Cu,
and Ag) has been added into Zn materials to improve the mechanical
properties [8]. In the present study, two Zn-Fe alloys were fabricated
with different microstructures and mechanical property. Mechanical
property is closely related to the microstructure of metallic materials.
The stiff and fine FeZn;s phase uniformly distributed in the Zn matrix
significantly strengthened the extruded Zn-0.4Fe alloy while simulta-
neously increasing the ductility (Fig. 1c). Although the further addition
of Fe in Zn-2.5Fe alloy could keep similar mechanical strength, but the
ductility decreased significantly due to the dominant amount of the stiff
FeZn,s5 phase. Moreover, the cleavage fracture pattern of pure Zn and
Zn-2.5Fe alloy (Fig. 1d) could induce a sudden failure of the materials
and thus not optimal for the load-bearing applications.

The degradation behavior could influence the mechanical stability of
biodegradable materials during the implantation. Zn materials poten-
tially own the most suitable degradation rate for many biomedical ap-
plications [2,21], but the localized degradation of pure Zn was harmful
for its mechanical integrity in practical service [3-5]. The different
phase composition in the alloys after Fe addition changed the degra-
dation patterns. The fine FeZn;5 phase in Zn-0.4Fe alloy was helpful to
form a thin passive film during the long-term degradation, while the
dominant amount of FeZn;s phase in Zn-2.5Fe alloy promoted the for-
mation of loosen packed degradation products and thus exhibited a
more localized degradation pattern than pure Zn and Zn-0.4Fe alloy.
The uniform degradation pattern of Zn-0.4Fe alloy in this study was
beneficial to maintain sufficient mechanical integrity and long-enough
implantation service life (Fig. 2).

It needs to be noted that the degradation behavior is closely related
to the micro-environments, e.g., corrosive media and implantation sites
[4,43,44]. Compared to the in vitro corrosion rates of around 0.6 and
0.05 mm/year from electrochemical and immersion tests (3 month),
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Fig. 7. In vivo degradation and bone formation of pure Zn and Zn-Fe alloys when implantation with femoral tissue for 3 months. (a) Micro CT scanning images, (b)
degradation rates, (c) cross-sectional SEM images and EDS mapping, (d) new bone area, (e) bone-implant contact ratio (BIC), and (f) osteoid layer thickness sur-
rounding the implants. I: implants, DP: degradation products, OS: osteoid layer, NB: newborn bone.

respectively (Figs. 2¢ and 3c), the in vivo degradation rates decreased to
0.005-0.04 mm/year in both subcutaneous and femoral tissue (Figs. 6¢
and 7b). Although the Zn and Zn-Fe alloys showed quite comparable
corrosion rate in vitro, but the in vivo degradation of Zn were slowed
down, especially in the subcutaneous tissue. The in vivo circulation could
be one of the main reasons. The active osteoid and new bone formation
in the implant/tissue interface could possibly accelerate the body fluid
circulation and thus showed corrosive micro-environment and corrosion
rates closer to the in vitro immersion test.

All Zn materials in this study exhibited good cytocompatibility to the
endothelial cells and antiadhesion and antiproliferation abilities to the
smooth muscle cells and platelets (Fig. 4). The optimal performances of
Zn-0.4Fe alloy is mainly related to its more uniform degradation
behavior and the resulted stable interface. The cell viability of endo-
thelial and smooth muscle cells slightly decreased with increasing cul-
ture time for all the groups (Fig. 4 d-e). This indicates the concentration
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levels of Zn ions in the extract media were slightly higher than the
tolerance limit of both cells, although the endothelial cells have shown a
higher tolerance limit to Zn ions when compared to other cells in our
previous studies [8,39,43]. Compared to in vitro cytocompatibility, in
vivo implantation could directly show the host and tissue response to the
Zn materials. There was subcutaneous fibrotic encapsulation around all
the Zn materials, but the initial stronger macrophage activity from
Zn-Fe alloys could be beneficial for the in immunoregulatory and
pro-healing process (Fig. 5). Similar to the fibrotic encapsulation for-
mation, the osteoid layer also appeared in the femoral implantation. The
degradation products from Zn-Fe alloy could break the coverage of the
osteoid tissue layer and thus were mixed with the osteoid tissue (Fig. 7c).
The osteoid tissue could be mineralized to new-formed bone tissue using
the high content of Ca and P in the degradation products. The uniform
degradation behavior of Zn-0.4Fe alloy could be a favor to this bio-
mineralization process and therefore induced a higher bone integration.
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degradation products, OS: osteoid layer, NB: newborn bone.

Antibacterial property is an additional benefit for the Zn based im-
plants due to the outstanding antibacterial potential of Zn ions [9,39,
45]. As described in our previous comparable antibacterial study on
pure Zn and stainless-steel materials, both bacteria stains could easily
aggregate to form a thick biofilm on the stainless-steel surface [5]. There
was greatly less bacterial adhesion on the surfaces of pure Zn and Zn-Fe
alloys compared to the stainless steel. This indicated that the two Zn-Fe
alloys could successfully prevent the biofilm formation of the two bac-
terial stains we tested. The pH value of bacterial culture media is nor-
mally lower than the normal cell media, so the degradation rates in the
bacterial culture media would be accelerated and thus the degraded
surfaces were quite similar for three Zn materials (Fig. 4). In addition,
the different structure and higher sensitivity of S. aureus to the Zn ions
facilitate the much higher antibacterial rate for S. aureus than that for
E. coli [46].

5. Conclusions

The proposed Zn-Fe alloys in this study possessed different micro-
structures, which were proven to be the determining factor for the me-
chanical and degradation properties, and thus significantly influenced
their biocompatibility. The stiff and fine FeZn;s phase uniformly
distributed in the Zn-0.4Fe alloy provided an optical combination of
mechanical strength and ductility together with a uniform degradation
behavior. Although all Zn materials exhibited similar corrosion rates, in
vitro cell adhesion, and in vivo fibrotic encapsulation and osteoid for-
mation, Zn-0.4Fe alloy exhibited better hemocompatibility and in vivo
osteointegration. Taken together, the proposed Zn-0.4Fe alloy could be a
promising candidate for the load-bearing and other biomedical
applications.
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