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ARTICLE INFO ABSTRACT

Keywords: Zinc (Zn) is a new class of bioresorbable metal that has potential for cardiovascular stent material, orthopedic

Degr?dation implants, wound closure devices, etc. However, pure Zn is not ideal for these applications due to its low me-

Cardiovascular chanical strength and localized degradation behavior. Alloying is the most common/effective way to overcome

Orthopedic Qe . . . . . . . .
this limitation. Still, the choice of alloying element is crucial to ensure the resulting alloy possesses sufficient

Subcutaneous . . X . s

Antibacterial mechanical strength, suitable degradation rate, and acceptable biocompatibility. Hereby, we proposed to blend

selective transition metals (i.e., vanadium-V, chromium-Cr, and zirconium-Zr) to improve Zn’s properties. These
selected transition metals have similar properties to Zn and thus are beneficial for the metallurgy process and
mechanical property. Furthermore, the biosafety of these elements is of less concern as they all have been used as
regulatory approved medical implants or a component of an implant such as Ti6Al4V, CoCr, or Zr-based dental
implants. Our study showed the first evidence that blending with transition metals V, Cr, or Zr can improve Zn’s
properties as bioresorbable medical implants. In addition, three in vivo implantation models were explored in
rats: subcutaneous, aorta, and femoral implantations, to target the potential clinical applications of bioresorbable

Zn implants.

1. Introduction

Bioresorbable implants are designed to provide temporary mechan-
ical support for the injured tissue and degrade appropriately in vivo to
avoid a removal surgery for medical implant devices. When compared to
the other two bioresorbable metals, magnesium (Mg) and iron (Fe), zinc
(Zn) is a new class of bioresorbable metal that exhibits a more promising
biodegradation behavior to match the clinical requirement [1,2]. As the
second most abundant trace mineral in the human body, Zn is pivotal in
maintaining cardiac function and stimulating bone formation and
mineralization [3]. Therefore, Zn has great potential as new generation
cardiovascular stents [1,2,4-6], orthopedic implants [7,8], and wound
closure devices [9].

In addition to the favorable biodegradation rate and significant
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biological roles, Zn possesses a much higher mechanical strength than
bioresorbable polymers. However, pure Zn still lacks sufficient me-
chanical strength for cardiovascular stents and load-bearing orthopedic
implants [5]. Furthermore, pure Zn has shown localized degradation in
previous studies, which could lead to a high risk of sudden implant
failure [1,2,4]. Alloying is the most common but simple and effective
way to overcome the limitations of Zn’s mechanical and corrosion
properties. The choice of blending element is crucial to ensure the
resulting alloy possesses sufficient mechanical strength, suitable
degradation behavior, and acceptable biocompatibility. Various alloy-
ing elements have been explored, including Mg [7,10-13], strontium
(Sr) [7,14,15], calcium (Ca) [7,14], lithium (Li) [16,17], and rare earth
elements [18,19].

Transition metals are attractive in biomedical applications benefiting

Received 15 February 2022; Received in revised form 27 May 2022; Accepted 27 May 2022
2452-199X/© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:Donghui.Zhu@stonybrook.edu
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2022.05.033
https://doi.org/10.1016/j.bioactmat.2022.05.033
https://doi.org/10.1016/j.bioactmat.2022.05.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2022.05.033&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Su et al.

from their good mechanical and chemical properties. Zn, Ti, Fe, and Co
have been used as metallic substrates. In contrast, the Vanadium (V),
Chromium (Cr), manganese (Mn), copper (Cu), Zirconium (Zr), and
silver (Ag) have been blended into the metallic biomaterials [20].
Among them, Mn [21], Ag [22], Fe [23], and Cu [24-26] have been
explored previously in Zn alloys. In surveying more alloying possibil-
ities, three transition metallic elements, Cr, Zr, V, have been targeted in
the present study because of their similar metallurgy properties to Zn.
Specifically, a low atomic percentage of 0.5% were chosen based on the
phase diagrams in the Zn-Cr, Zr, V binary system. This atomic per-
centage is higher than their solid solubilities in Zn and could ensure a
certain amount of intermetallic phase precipitated in the metallurgical
process [27-29]. In addition, the transition metals could potentially
form strong local atomic bonding with Zn based on a first-principle
study of their effects on the basal-plane stacking fault energies of Zn
alloys [30]. This could potentially be beneficial to improve the me-
chanical property of Zn materials.

Biosafety is one of the most critical issues to consider when designing
these Zn materials. Cr and V are the trace elements in the human body,
while Zr is deemed to be nontoxic trace elements with unknown func-
tions [31]. It is noteworthy that biosafety is generally dose dependent.
When these elements are used at appropriate concentration ranges, the
biosafety is of less concern and could have potential biological benefits.
Therefore, in the present study, the biological performances of these Zn
binary alloys blended with a low percentage (0.5 at. %) of V, Cr or Zr
were explored. Moreover, biodegradation and biological performances,
including biosafety of biodegradable materials, depend on the implan-
tation locations. Thus, three in vivo locations in rat model were used in
the present study: subcutaneous, arterial, and femoral tissues. This could
provide a comprehensive evaluation of the novel Zn materials in soft and
hard tissues, which could be first-hand evidence of these biodegradable
materials in specific biomedical applications, including cardiovascular,
wound closure, and orthopedic applications.

2. Experimental section
2.1. Material preparation and microstructure characterization

Zn binary alloys ingots blended with different alloying elements
were prepared from pure Zn (99.99%), pure Cr (99.99%), pure Zr
(99.99%), and pure V (99.9%) ingots by gravity casting. The casted
cylinders were heat-treated at 350 °C for 48 h and water quenched and
further extruded at 260 °C from @ 28 mm to @ 10 mm. The extruded
alloys were labeled as Zn-0.5 V, Zn-0.5Cr, and Zn-0.5Zr alloys. Pure Zn
(99.99%) was also extruded as a comparison. All the Zn materials were
cut into discs (@ 10 mm x 5 mm) for in vitro tests or drawn to thin wires
(@ 0.25 mm) for in vivo tests. The disc samples were polished using
#1200 sandpaper, while the wire 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 [32]. Zn samples’ micro-
structure and phase composition were characterized using optical mi-
croscopy (Olympus BX51 M) and X-ray diffraction (XRD, Rigaku
DMAX240), respectively. The XRD was equipped with Cu Ka radiation
and operated at 40 kV and 100 mA with the scanning rate and step of
4°/min and 0.02°, respectively.

2.2. Mechanical test

The Zn and its alloys specimens were machined along the extrusion
direction for the mechanical test according to ASTM-E8/E8M standards
[33]. The test was carried out on a universal material test machine
(Instron 5969, USA) at a strain rate of 1 x 10~ 571, The yield strength
was determined as the stress at which the 0.2% plastic deformation
occurred.
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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 [34-37]. The immersion
degradation tests were performed for 1 and 3 months according to a
previous study [35]. Briefly, the solution was refreshed every week due
to the slow degradation of Zn materials. The pH values of the solution
with Zn and its alloys were monitored during the immersion tests. The
surface morphologies and phase composition of Zn and its alloys after 1
and 3 months of immersion were characterized using a scanning elec-
tron microscope (SEM) and XRD. The CR,, (mm/y) was calculated based
on weight loss (Wiess, mg) according to the following equation [38]:

CR,, =87.6 x ——

where p is the material density (g/cm?’), tis immersion time (h), A is the
sample surface area before the immersion test (cm?). It is noteworthy
that the surface area change over time was not considered.

2.4. Hemocompatibility

The hemolysis and platelet adhesion tests were performed according
to the method described previously [8,39]. In brief, healthy human
blood (Zen-Bio, US) was diluted by 0.9% sodium chloride solution with a
volume ratio of 4:5. Zn and its alloys were pre-treated with 9.8 ml 0.9%
sodium chloride solution at 37 °C for 30 min. 0.2 mL diluted blood was
then added to each tube and incubated at 37 °C for 60 min. Deionized
water and 0.9% sodium chloride solution were incubated with 0.2 mL
diluted blood as positive and negative control. After centrifuging at
3000 rpm for 5 min, the supernatants were transferred into 96-well
plates and the absorbance (A) was measured by a plate reader (Cyta-
tion 5, Biotek, US) at 545 nm. The hemolysis rate (HR) was calculated by
the following equation: Hemolysis = (Asample — Anegative)/ (Apositive —
Anegative)-

Platelet-rich plasma (PRP) (Zen-Bio, US) was used for the platelet
adhesion test. 50 ul PRP containing 108/ul platelets was overlaid on Zn
samples and incubated at 37 °C for 1 h. After gently rinsing with PBS
three times to remove the non-adherent platelets, adherent platelets on
samples were fixed with 4% paraformaldehyde (PFA, Affymetrix, U.S.)
and 2% glutaraldehyde solution (Fisher Chemical, U.S.) at room tem-
perature for 2 h. Samples were then dehydrated with a gradient alcohol
solution (30%, 50%, 70%, 90%, and 100%) and hexamethyldisilazane
(HMDS) for 10 min, respectively, before they were dried in a desiccator.
The samples were sputtered with gold and observed by SEM. At least five
different SEM images were selected for counting the number of adherent
platelets on each sample.

2.5. Cytocompatibility

Human endothelial cells (EA.hy926, ATCC CRL-2922, US) were
cultured in 75 cm? flask (BD Bioscience) with Dulbecco’s Modified Eagle
Medium (DMEM, ATCC, US) containing 10% fetal bovine serum (FBS,
ScienCell) and 1% penicillin/streptomycin solution (P/S, ScienCell)
[40]. Indirect MTT assay (Thermo Fisher Scientific, US) was used to
measure the cell viability with extracts prepared by incubating Zn
samples in the culture media at a ratio of 1.25 cm?/mL for 3 days. The Zn
ion concentrations in the collected extracts were measured using a Zn
colorimetric assay kit (Bio-Vision, US). The extracts were diluted with
culture media to specific concentrations of 25% [41-43]. The cell
viability was measured after cultured with the extract solution for 1, 3,
and 5 days. Cells with a density of 1 x 10°/well were seeded onto each
Zn sample in a 24 well plate. After three days of cell culture, the cell
morphology was observed by SEM after fixation and dehydration in the
same method described above.
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2.6. Antibacterial property

Escherichia coli (E. coli, ATCC 25922, U.S.) and Staphylococcus aureus
(S. aureus, ATCC 29213, U.S.) were cultured according to the procedures
from a previous study [44]. 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 from our previous study [41]. 2 ml of the diluted
bacterial suspension with a 5 x 105/mL concentration in TSB media was
incubated with samples for 24 h at 37 °C and 120 rpm. Diluted bacterial
suspension without samples was used as the negative control. The
absorbance of the collected bacteria suspension was read at 600 nm.
Antibacterial 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.

2.7. Animal experiments

To compare different tissue responses on pure Zn and its alloys,
samples were implanted into the subcutaneous tissues, the aortas, and
the femurs in rats. All procedures were approved by the Cornell Uni-
versity IACUC and Stony Brook University IACUC, following NIH
guidelines for the care and use of laboratory animals. Before implanta-
tion, samples were sterilized by ultraviolet irradiation for 1 h and sub-
sequently soaked in 70% ethanol for another hour.

2.8. Subcutaneous implantation

The study of subcutaneous implantation adopted young male CD IGS
rats (strain code: 001, 8-10 weeks, body weight = 300-325 g, Charles
River Laboratories, Boston, MA). Each group of samples was implanted
into three different rats (n = 3). Subcutaneous implantation was per-
formed as described previously [45,46]. Briefly, five incisions were
made to the subcutaneous tissues of the back and subcutaneous pockets
by separating subcutaneous layers with muscle layers. Zn and Zn alloy
implants were inserted into separated subcutaneous pockets, and the
incisions were closed by absorbable sutures.

2.9. Aortic implantation

Male young CD IGS rats (strain code: 001, 8-10 weeks, body weight
= 300-325 g, Charles River Laboratories, Boston, MA) were chosen for
the aortic implantation. Each group of samples was implanted into 3
different rats (n = 3). Before implantation, samples were sterilized in
70% ethanol for 1 h for sterilization and then soaked in heparin solution
(1 mg/mL in saline) overnight for anticoagulation. Aortic implantation
was performed as described previously [2]. Briefly, the midline of the
abdominal incision was made to expose the abdominal aorta. The aorta
was separated from the inferior vena cava. Blood flow in the aorta was
blocked with a microvascular clamp. Zn and Zn alloy wire implants were
inserted into the aorta with middle parts (6-8 mm in length) within the
lumen and two ends (1-2 mm in length) outside of vessel walls. The
microvascular clamp was then removed from the aorta to recover the
blood flow. The surgical site was closed with absorbable sutures. No
anticoagulation or antiplatelet treatments were administrated pre- or
post-operatively.

2.10. Femoral implantation

Male young Sprague Dawley rats (8-10 weeks, body weight =
300-325 g, Taconic Biosciences, NY) were used for the in vivo analysis of
the femoral implantation, and each group of samples was implanted into
5 different rats (n = 5). Briefly, a 2 cm incision was made longitudinally
along the lateral side of the right femur. A cylindrical hole (0.3 mm in
diameter) was drilled in the femoral condyle perpendicular to the long
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axis of the femur. Zn and Zn alloy implants were inserted into the cy-
lindrical hole. The incision was closed in layers with sutures.

2.11. Patency monitoring with ultrasonography

VisualSonics Vevo-2100 High-Resolution Ultrasound was used to
monitor blood flow in the abdominal aortas that were implanted with
wires in weeks 2, 4, 8, and 12 post-implantations. Animals were anes-
thetized by isoflurane inhalation (5% for induction and 1.5% for
maintenance). The hair on the abdomen areas was removed, and ul-
trasound gel was applied to the skin before imaging. Ultrasound detector
MS 400 was used for ultrasound imaging at 30 MHz. B-mode, color
mode, and PW mode images on cross-section planes of the abdomen
were acquired. Color mode images determined the patency of the
abdominal aorta, and P.W. mode images measured the flow rate in the
abdominal aortas.

2.12. X-ray micro-computed tomography (micro-CT)

Three months after implantation, the rats were sacrificed, and the
wire implants and the surrounding tissue samples were explanted for
analysis. In vivo degradation of wire implants was evaluated by high-
resolution micro-CT (G.E. eXplore CT-120). The explanted samples
were scanned with micro-CT at a resolution of 40 ym/pixel. The volume
of each wire was calculated from the 3-dimensional (3D) reconstruction
of CT scanning images. In vivo degradation rate of wires was calculated
based on the wire volume change after 12 weeks of implantations:

CR, = (Vo-Vp /At

Where V) and V; are the implant volume before and after implantation,
A is the initial implant surface area, and t is implantation time (3
months). It is noteworthy that the surface area change over time was not
considered.

2.13. Histological analysis

Fixed subcutaneous and aortic tissue were soaked in 30% sucrose
solution at 4 °C for 24 h and embedded into the optimal cutting tem-
perature compound (OCT, Sakura Finetek, Torrance, CA), snap-frozen at
—80 °C, and cryosectioned at 10 pm. Slides were then stained with he-
matoxylin and eosin (H&E), Masson’s trichrome, and Verhoeff’s elastin.
Fixed femoral tissue was embedded with polymethyl methacrylate
(PMMA) and sectioned at 4 pm. Slides were then stained with Masson
Goldner’s trichrome and Verhoeff’s elastin. All the histological images
were captured with a microscope (Eclipse Ti2, Nikon, Japan).

2.14. Immunofluorescence staining

Subcutaneous and aortic tissue sections were first blocked with 1%
(in PBS) bovine serum albumin (BSA, Sigma-Aldrich) solution for 30 min
and then incubated with the following primary antibodies in 1% BSA
solution overnight at 4 °C: CD11b (rabbit polyclonal IgG, PA5-90724,
Thermo Fisher Scientificc USA), CD68 (rabbit polyclonal IgG,
ab125212, Abcam, USA), CD206 (rabbit polyclonal IgG, ab64693,
Abcam, USA), alpha-smooth muscle Actin (aSMA, mouse monoclonal
IgG2a, ab7817, Abcam, USA), and endothelial nitric oxide synthase
(eNOS, mouse monoclonal IgGl, ab76198, Abcam, USA). After that,
samples were washed with PBS and incubated with goat anti-rabbit
secondary antibody (Alexa Fluor 594, A-11037, Thermo Fisher Scienti-
fic, USA) or goat anti-mouse antibody (Alexa Fluor 488, A-11029,
Thermo Fisher Scientific, USA) for 1 h at room temperature. Nuclei were
counterstained with 4°, 6-diamidino-2-phenylindole (DAPI, Krackeler
Scientific, USA). Tissue sections without primary antibody incubation
were used as negative controls. The stained samples were imaged with
the inverted immunofluorescence microscope (Eclipse Ti2, Nikon,
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Japan).
2.15. SEM characterizations

The explanted wires with surrounding subcutaneous or aortic tissue
were rinsed with phosphate-buffered saline (PBS, pH 7.2), fixed in 4%
paraformaldehyde in PBS at 4 °C for 1 h. For SEM examination, the
samples were dehydrated in gradient ethanol (50%, 70%,80%, 90%, and
100%, 10 min for each concentration) and then coated with gold. Tissue
coverage on wire surface along long axes and cross-section views was
observed with SEM and attached EDS. The explanted wires with sur-
rounding femoral tissue were embedded in PMMA, then polished and
gold-coated to observe the cross-sections with SEM and attached EDS.
The bone area (BA) and bone-to-implant contact (BIC) were quantified
based on at least five cross-sectional SEM images. BA was the ratio of
bone area to a total area extending 100 pm from the implant. BIC was
calculated by normalizing the implant perimeter directly in contact with
bone over the whole perimeter length [47].
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2.16. Statistical analysis

All data were presented as mean + standard deviation. One-way or
two-way ANOVA followed by Turkey’s post-hoc test was used to analyze
the statistical significance. P < 0.05 was considered statistically
significant.

3. Results
3.1. Microstructure and mechanical property

Optical micrographs, XRD patterns, and the tensile mechanical
properties of the extruded Zn and its alloys were characterized (Fig. 1).
All the Zn materials showed similar crystal sizes, and all the alloys
showed an equiaxed o-Zn phase with uniformly distributed second
phases (Fig. 1a). Especially, the Zn-0.5 V alloy exhibited a much finer
grain size and second phase structure when compared to the other two
alloys. The XRD patterns indicated that all the alloys showed a similar
hexagonal close-packed structure with different second phases for
different alloys (Fig. 1b). Compared to pure Zn, all the alloys

Zn-0.52r

10 60‘ g1 f,\l
T

Z/n-0.57

‘“’ V‘ % ?\( k|
o 3

Fig. 1. Microstructure and mechanical property of pure Zn and Zn alloys. (a) Microstructures, (b) XRD patterns, and (c-f) mechanical properties of the as-extruded
Zn alloys. (c¢) Ultimate tensile strength (UTS), (d) yield strength (YS), (e) elongation rate to failure (ER), (f) fracture morphology after tensile test.
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significantly improved the mechanical strengths to around 200 MPa without obvious plastic deformation, while the Zn alloys showed a
(UTS) and 120-160 MPa (YS), while the elongations were also signifi- quasi-cleavage fracture morphology with numerous cleavage planes.
cantly increased to 20-30% simultaneously (Fig. 1c—e). The Zn-0.5 V Many dimples appeared on the fracture surface of Zn-0.5 V alloy, indi-
alloy possessed the best combination of mechanical strength and cating its excellent plastic deformation ability.

ductility among all groups. The fracture morphology also indicated
similar trends (Fig. 1f). The pure Zn exhibited a smooth fracture surface
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Fig. 2. Degradation behavior of Zn and its alloys in Hank’s solution for 1 month and 3 months. (a) Surface morphology, (b) XRD patterns, (c) corrosion rates (CRy,),
(d) pH change.
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3.2. Invitro degradation behavior
The degradation behaviors were characterized by the degraded

morphology, degradation products, corrosion rate, and pH change, as
shown in Fig. 2. At one month of immersion, there was similar corrosion

a
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product morphology on the pure Zn and Zn-0.5Zr and Zn-0.5 V alloys
with the formation of a fine-structured layer made of nanorods clusters,
while a porous and cracked corrosion products layer formed on the Zn-
0.5Cr surface (Fig. 2a). Correspondingly, the corrosion rate of Zn-0.5Cr
was higher than the other groups (Fig. 2¢). XRD indicated that the main
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Fig. 3. In vitro biocompatibility of different Zn samples. (a) MTT assay for cell viability of endothelial cell. (b) Zn ion concentration in the corresponding exacts. (c)
Endothelial cell adhesion morphology when cultured on Zn samples for 3 days. (d) Platelet adhesion morphology when cultured on Zn samples for 24 h, (e) the
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degradation products were similar on these samples, which consisted of
Zn(OH), and CaZny(PO4)2-2H20 (Fig. 2b). After three months of im-
mersion, the pure Zn and Zn-0.5Cr alloy had severe corrosion
morphology with loosely packed corrosion products, but deep corrosion
pits were observed on pure Zn (Fig. 2a). There were some flake-like
corrosion products formed on the surfaces of Zn-0.5Zr and Zn-0.5 V
alloys, which correspond to Zng(PO4)2-4H20 and CaZny(PO4)2-2H20
(Fig. 2b). All the samples showed similar corrosion rates and stable pH
change during the three months of immersion (Fig. 2¢ and d).

3.3. Invitro cytocompatibility and hemocompatibility

Endothelial cell viability and adhesion, platelet adhesion, and he-
molysis tests were conducted to evaluate the cytocompatibility and
hemocompatibility of Zn and its alloys (Fig. 3). The endothelial cells in
all Zn alloy groups showed similar cell viability but better attachment
and adhesion when compared to pure Zn group (Fig. 3 a and c). The Zn
ion releases from all Zn samples were similar due to their similar
degradation rates (Fig. 3b). A few adhered platelets were dispersedly
distributed on all the Zn surfaces with little spreading (Fig. 3c). The
numbers of adhered platelets on all Zn surfaces were similar (Fig. 3d),
and their hemolysis rates were also much lower than the hemolysis limit
(5%) (Fig. 3e), indicating their good hemocompatibility.

3.4. Antibacterial property

The antibacterial performance of different Zn samples was tested
with two bacteria strains E. coli and S. aureus (Fig. 4). There was a small
amount of bacterial adhesion and no biofilm formation on the pure Zn
and Zn alloy surfaces, indicating their antiadhesion performance for
both bacteria strains. There was much less S. aureus adhesion on the pure

a

E. coli

Samwsb
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Zn and Zn-0.5 V surfaces when compared with other groups (Fig. 4a).
Compared to the control groups, the antibacterial rate significantly
increased to more than 50% for E. coli and around 99% for S. aureus
when cultured with pure Zn and Zn alloys (Fig. 4 b and c). The Zn ion
concentrations were measured after 24 h of bacterial culture. There were
no significant differences in different Zn groups, although the Zn-Cr
group showed slightly higher Zn ion release (Fig. 4 b and c).

3.5. Subcutaneous implantation

Zn and its alloys were first implanted into subcutaneous pockets of
rats to evaluate the responses of subcutaneous tissues to the alloys.
Micro-CT scanning showed similar morphologies and degradation pro-
files between Zn, Zn-0.5Zr, and Zn-0.5 V (Fig. 5a and b). However,
fractures (arrows in Fig. 5a) and increased degradation could be
observed in the Zn-0.5Cr group. Accordingly, macroscopic views of the
Zn and the other two alloys showed no noticeable difference after three
months of subcutaneous implantation (Fig. 5c¢), while Zn-0.5Cr broke
into two segments (arrows in Fig. 5¢). Zn-0.5Cr showed a 5-fold faster
degradation rate than the other groups. To evaluate host responses to the
implanted alloys, tissues surrounding the alloys were examined with
SEM. The SEM images showed a complete cell coverage on the surfaces
of all the samples from both axial and cross-section views (Fig. 5d).

To further identify the subcutaneous tissue response and inflamma-
tion responses, different histology staining and immunofluorescence
staining of CD11b and CD68 were performed (Fig. 6). The H&E staining
showed that all the samples were surrounded by an inner layer of
necrotic tissues and an outer layer of inflamed tissues. The necrotic
tissues were primarily necrotic inflammatory cells and degradation
products of the alloys, while the inflamed tissues were mainly living
inflammatory cells and fibroblasts. These results indicate parallel host
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Fig. 4. Antibacterial performance of different Zn surfaces after culture with E. coli and S. aureus for 24 h. (a) SEM images of bacterial adhesion. Antibacterial rates
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responses between Zn and its alloys. However, there was no significant
difference in the positively stained cells between Zn and its alloys.
Abundant collagen and a thin layer of elastin were observed around all
the samples (Fig. 6), which is probably deposited by dermal fibroblasts
that can produce extracellular matrix, such as collagen and elastin [48].
CD11b is a marker for pan-white blood cells and is expressed on the
surface of monocytes/macrophages, granulocytes, and activated lym-
phocytes, a subset of NK cells, and a subset of dendritic cells, while CD68
is a monocyte/macrophage-specific marker. CD11b™ cells surrounded
all the implants. These cells were also positively stained with CD68
(Fig. 6), which suggests monocytes/macrophages are the primary in-
flammatory cells that participated in alloy degradation under the skin.

3.6. Aortic implantation

Zn and its alloys were further implanted into the abdominal aortas of
rats to investigate vascular responses to the alloys. The overall success
rate of the surgeries was 100%, and no surgery-associated complications
were observed. The implanted alloys could be easily identified through B
mode of ultrasound, which presented as white dots above shadows of
ultrasound in the abdominal aortas (arrowheads in Fig. 7a). In addition,
blood flows in the lumens of the aortas existed all the time, and no oc-
clusion occurred over a 3-month observation window (blue color in
Fig. 7a), indicating a good hemocompatibility of the implanted alloys.
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However, the flow rate in the aortas gradually decreased with time in all
the groups, with a significant difference observed only between Zn and
Zn-0.5Cr groups in Week 2 (Fig. 7b). The degradation rates were
0.05-0.07 mm/y for all the implants, where the Zn-0.5Cr group still
showed the highest value (Fig. 7c). Macroscopic views showed that the
two ends of the wires outside of the lumens were wrapped up by fibrotic
capsules (Fig. 7d).

The explanted samples were then analyzed by histology. H&E
staining showed that the segments of all alloys in the lumens of the
aortas were wrapped by neointimas and the quantification data of the
neointimal areas showed no significant difference in different groups
(Fig. 8a and c). Interfaces between the alloys and the surrounding tissues
were clear for Zn, Zn-0.5 V, and Zn-0.5Zr. However, the interfaces be-
tween Zn-0.5Cr and the surrounding tissues were blurry with numerous
necrotic tissues, which indicates a strong inflammation response (arrows
in Fig. 8a). For the segments of the alloys outside of the lumens, metal-
vascular matrix interfaces were clear for Zn-0.5 V but a little blurry for
Zn, Zn-0.5Zr, and Zn-0.5Cr due to tissue necrosis (arrowheads in
Fig. 8b). There were larger inflammation areas surrounding the Zn, Zn-
0.5Zr, and Zn-0.5Cr wire implants than that of Zn-0.5 V implant, with
the largest inflammation areas observed in Zn-0.5Cr group (Fig. 8d).
This result suggests that inflammation induced by Zn-0.5 V is milder
than that caused by Zn, Zn-0.5Zr, or Zn-0.5Cr. Besides, the segments of
all the alloys in and outside of the lumens were surrounded by collagens
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and elastin (Fig. 9 a and b). Fewer collagens were found in Zn-0.5Cr
group than those in Zn-0.5Zr and Zn-0.5 V groups, but the elastin con-
tents were similar between different groups (Fig. 9c and d). For the
segments of the alloys outside of the lumens, the contents of collagen
and elastin were comparable between different groups (Fig. 9e and f).

Monocytes/macrophages were also investigated by immunofluores-
cence staining (Fig. 10). For segments of the alloys in and outside of
lumens, Zn, Zn-0.5Zr, and Zn-0.5 V groups had only a few CD68™ cells
and most of them were close to the alloys. However, there were quite a
lot of CD68™ cells in the Zn-0.5Cr group (Fig. 10a—c and e), indicating an
active inflammation. We further stained samples with CD206, an M2
macrophage marker. Interestingly, for the segments of all the alloys in
and outside of lumens, most cells surrounding the alloys were CD206
positive, with a higher percentage in the Zn-0.5Cr group as compared to
the pure Zn group (Fig. 10d and f). Since M2 macrophages promote
wound healing [49], monocytes/macrophages may differentiate into M2
macrophages, promoting regeneration of the tissues surrounding the
alloys. Finally, we evaluated SMC and EC coverage on the surface of the
alloys. For the segments of all the alloys in lumens, most cells sur-
rounding the alloys were aSMA positive (Fig. 11a), and the cells in direct
contact with the blood were eNOS positive despite some background
staining (arrows in Fig. 11a). Larger aSMA positive areas could be
observed in the Zn-0.5Cr group (Fig. 11c), while smaller eNOS positive
areas were seen in Zn-0.5Cr and Zn-0.5Zr group as compared to pure Zn
(Fig. 11d). On the other hand, for the segments of all the alloys outside of
lumens, only SMC layers and endothelium of the abdominal aortas were
positive for aSMA (Fig. 11b) and eNOS (arrows in Fig. 11b),
respectively.

3.7. Femoral implantation

Invivo degradation and hard tissue compatibility were tested for pure
Zn and its alloys following 3-month implantation in femur tissue using
micro-CT and cross-sectional SEM imaging together with the elemental
compositions (Fig. 12). Micro-CT scanning showed similar morphologies
and degradation rates (~0.03 mm/y) between Zn, Zn-0.5Zr, and Zn-0.5
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V groups, while deep pitting morphology and higher degradation rate
(~0.05 mm/y) were observed in the Zn-0.5Cr group (Fig. 12 a-b). The
SEM images showed the different gray scales, corresponding to the
elemental compositions in EDS mapping. Therefore, the new-formed
bone tissue and osteoid tissue were identified together with the im-
plants and the degradation products in the enlarged SEM images. All
implants had similar bone formation and osteoid tissue formation sur-
rounding the Zn implants (Fig. 12 d and f). Zn—Cr alloy induced a slightly
higher bone formation, which might result from its marginally higher
degradation rate when compared to other groups. Zn-0.5Zr alloy showed
more degradation products in the cross-sectional images, but it did not
induce any significant tissue response. All three Zn alloys induced
significantly higher bone-implant contact ratios, indicating the higher
bone tissue integration. Masson-Goldner and Elastica van Gieson stain-
ing were carried out to further study the femur tissue response with pure
Zn and its alloys (Fig. 13). The brick red color in Masson-Goldner
staining and the corresponding light red color in Elastin staining are
related to the osteoid tissue [50,51]. The identification of the tissues
through histological staining confirmed the results in SEM images.
New-formed bone tissue was also observed within the osteoid layer
(arrows in Fig. 13), indicating the conversion of osteoid tissue to bone
tissue.

4. Discussion
4.1. Mechanical improvement

Zn has been regarded as the most promising biodegradable metallic
material for biomedical applications, e.g., cardiovascular stents, ortho-
pedic implants, and wound closure devices [5,9,47]. In the exploration
for more load-bearing biomedical applications, many alloying elements
(Mg, Ca, Sr, Li, Mn, Fe, Cu, and Ag) have been blended to improve the
mechanical properties of pure Zn [47]. Among them, only the Mg, Li, Cu,
and Ag could stably improve the tensile strength of Zn alloy to over 200
MPa for load-bearing clinical applications [47]. For the first time, the Cr,
Zr, and V were provided in the present study as three more alloying
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options to improve the tensile strength and elongation to 200 MPa and
20%, respectively (Fig. 1). This mechanical combination enables the
fabrication of implants with complex structures [2,47,52]. Moreover, a
low amount (0.5%) of alloying elements was screened and chosen due to
the low solid solubility of these three elements in Zn. The mechanical
strength could be higher after more amount or a third element was
added, while the ductility could be diminished [47,53,54].

4.2. Invitro and in vivo degradation behaviors

Although the degradation rate of Zn materials has shown to be
potentially ideal for many biomedical applications [5,9], the

degradation mode is more critical to maintain the mechanical integrity
during the degradation process. Compared to the uniform degradation,
localized degradation would deteriorate the mechanical integrity and
induce the unexpected failure of the load-bearing implants. It has been
reported that localized degradation occurred in vitro and in vivo for pure
Zn [1,2,4]. Moreover, localized degradation easily occurs for alloys due
to the galvanic coupling between the second phases and the Zn matrix.
However, the extrusion treatment could improve the homogenization of
the second phase and thus change the precipitation of the degradation
products, which could also alter the degradation modes. In the present
study, all the Zn alloys presented similar degradation rates in vitro
(Fig. 2c), but the degradation products differed. The dense-structured
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degradation products made a passive film for the Zn-0.5Zr and Zn-0.5 V
alloys, which is helpful to reduce the localized degradation behavior.
When compared to Zn-0.5Zr and Zn-0.5 V alloys, there is less interme-
tallic phase (Zn;7Cr) in Zn-0.5Cr alloy (Fig. 1a) due to the relatively
higher solubility of Cr in Zn [27-29]. The small amount of Zn;,Cr could
act as an electrochemical couple with Zn substrate and thus induce
galvanic corrosion reactions. This could possibly explain why the
Zn-0.5Cr possessed loosely packed degradation products.

It is known that the degradation behaviors of biodegradable implants
heavily depend on the micro-environment [4,8]. However, the Zn-0.5Cr
alloy showed similar degradation rates in both in vitro and in vivo con-
ditions. The main reason is that the porous degradation products on the
Zn-0.5Cr surface could not act as a physical barrier to slow down the
corrosion reactions in these conditions. Different from Zn-0.5Cr, pure Zn
and the other two Zn alloys showed environment-dependent degrada-
tion rates. Compared to the similar degradation rates of around 0.05
mm/y in vitro and in aorta vessels (Figs. 2c and 7c), the subcutaneous
and femoral tissue degradation rates were much slower, ~0.01 mm/y,
and 0.03 mm/y, respectively (Figs. 5b and 12b). Previous studies indi-
cated that the degradation rates were closely relative to the fluid cir-
culation conditions in different implantation locations [55]. Among
these in vivo scenarios, a thick and dense degradation products film
could not be easily formed in the blood vessels due to the stronger blood
circulation. In contrast, the dense degradation products film could be
easily formed, accumulated, and thickened in the subcutaneous tissue to
decrease the degradation reactions, where there is much less fluid cir-
culation. The scenario in femoral tissue is in between that of subcu-
taneous tissue and blood vessels.

4.3. Invitro and in vivo biological performances

Different in vitro and in vivo models were used to systematically study
the biocompatibility of Zn materials. All the Zn materials showed similar
in vitro cell adhesion and cytocompatibility through the indirect and
direct assays (Fig. 3). To target the three main clinical applications:
wound closure, cardiovascular stents, and orthopedic implants, three in
vivo implantation models were explored in rats: subcutaneous, aorta,
and femoral implantations. Different host responses to the same kind of
Zn alloys implanted in different locations of rats were noticed in this
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study. For example, Zn-0.5Cr showed a similar inflammation response to
pure Zn when implanted subcutaneously (Fig. 6). However, when
inserted into the abdominal aortas, quite strong inflammation responses
occurred (Figs. 8 and 10). There were more necrotic tissues could be
observed around segments of Zn-0.5Cr in lumens of the aortas. The
strong inflammation response from Zn-0.5Cr could result from its porous
and loose degradation products as well. On the other hand, the Zn-0.5Zr
and Zn-0.5 V alloy showed the optimum inflammation responses when
implanted in the aortas (Figs. 8 and 10). In addition, collagens and
elastin that covered the surface of the alloys implanted subcutaneously
were loose (Fig. 6), which were different from the compact structures of
collagen and elastin that covered the surface of the alloys in the lumens
of the aortas (Fig. 9a). Moreover, SMCs and ECs could be found in re-
generated tissues surrounding the alloys in the lumens of the aortas.
However, these cells were absent in the regenerated tissues surrounding
the wires outside of the vascular walls (Fig. 9a). When implanted in the
femoral tissue, all Zn implants were covered by collagens but little
elastin. The osteoid layer thickness was quite similar surrounding all the
implants, but the contact percentages of the osteoid with pure Zn
implant were higher than those of the Zn alloys. This is possibly related
to the unstable bone tissue-implant interface due to the more localized
degradation behavior of pure Zn (Figs. 2a and 12c¢) [2]. Therefore, all the
Zn alloy implants exhibited higher osseointegration than pure Zn,
indicating their improved histocompatibility.

The implantation period of three months is one limitation of this
study when evaluating the long-term biological performances of these
three biodegradable materials. However, because of the slow degrada-
tion rates of the proposed Zn implants, their systemic toxicity is minimal
when comparing the ion releasing rates with the respective tolerable
upper intake level (UL) values. Specifically, in the present study, the
degradation rates in femoral and subcutaneous tissues were much
slower than that in the cardiovascular aorta, where the highest degra-
dation rate was ~0.07 mm/y occurred on the Zn-0.5Cr alloy. Consid-
ering the entire surface area of a real stent is approximately 100 mm?
[56], the expected daily release of Zn will be 0.14 mg/day. This is only
1.4% of the recommended daily allowances (RDAs) (~10 mg/day) and
far below its UL value for adults (~40 mg/day) [57]. In terms of the
three alloying elements studied here, the expected daily release will be
lower than 0.8 pg/day, which is also far below their intake values for
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adults: RDA value of Cr is 20-35 pg/day, and the average intake levels of
Zr and V (are around 4 mg/day and 1.8 mg/day, respectively [57,58].
All three alloying elements together with Zn in such concentration
ranges could be considered beneficial. Cr is a micronutrient for mam-
mals and has shown significant biological roles in carbohydrate and
lipid metabolism [59,60]. Zr has been blended in the substrate and
coating materials for the dental, knee, and hip applications [58,61]. V
plays a significant role in cardiovascular and neuronal functions [62,
63]. Thus, the Zn implants’ systemic toxicity appears not a concern, but
a longer-term evolution is still necessary in future clinical applications.

Another limitation of the aortic implantation model is that it cannot
replicate the mechanical conditions that a stent is subjected to when
deployed in arteries. Due to the size limit of the abdominal aortas in rats
(2 mm in diameter), a wire with a 0.2-0.3 mm diameter is preferred for
this model [64,65]. However, it only represents a strut of a stent and
cannot simulate all aspects of a real stent. For example, it will not be
affected by the pulsatile movement of vessels. Thus, following a quick
evaluation of degradation behavior and biocompatibility of candidate
stent materials in small animals, stent manufacturing and large animal
implantation studies are still required.

Antibacterial properties could help prevent biofilm formation and
infection during the initial implantation period. As a promising anti-
bacterial agent in biomaterials, Zn could react with bacterial surfaces
and result in bacteriolysis during the degradation of Zn materials [6,41,
66]. Therefore, all the Zn alloys in this study showed good antiadhesion
properties to both bacterial strains (Fig. 4). Although there were no
significant differences of Zn ion concentrations in the two bacterial
culture media, the antibacterial rate for E. coli is around 50%, and that
for S. aureus is much higher (~99%). This is related to the different
surface structures of E. coli and S. aureus. When compared to S. aureus,
E. coli has an additional outer membrane composed of phospholipids
and lipopolysaccharides, facilitating its higher tolerance to the Zn ions
and other antibiotic agents [67,68]. Thus, the good antibacterial
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property of the Zn alloys is another benefit as ideal candidates for
biomedical implants.

5. Conclusions

In the exploration of alloying elements for the promising Zn
biomaterial, for the first time to our best knowledge, three transmit
metal elements, Cr, Zr, V, were used to significantly improve the tensile
strength and elongation to 200 MPa and 20%, respectively. The three Zn
alloys exhibited more uniform degradation morphology than pure Zn.
The Zn-0.5Cr alloy showed similar degradation rates in vitro and in vivo
due to its porous degradation products. Pure Zn and the other two Zn
alloys showed environment-dependent degradation rates in the range of
0.01-0.05 mm/y. Although the in vitro cell behaviors were similar on all
Zn materials, the tissue responses in vivo are slightly different and
depended on the implantation locations. All Zn implants exhibited
similar tissue responses with mild inflammation responses when
implanted subcutaneously. Zn-0.5Zr and Zn-0.5 V alloys showed the
optimum pro-regenerative inflammation responses in the aorta. All
three Zn alloy implants exhibited higher osseointegration than pure Zn.
Hence, as biodegradable implant candidates, Zn-0.5Cr, Zn-0.5Zr, and
Zn-0.5 V alloys could provide significantly improved mechanical prop-
erties and uniform degradation behavior while exhibiting good
biocompatibility and antibacterial performance. Although the systemic
toxicity of these Zn implants appears not a concern due to the slow
degradation rates, a longer-term evolution on large animal models is still
necessary in further in vivo studies.
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