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In this work, three widely used commercial Zn alloys (ZA4-1, ZA4-3, ZA6-1) were purchased and pre-
pared by hot extrusion at 200 °C. The microstructure, mechanical properties, corrosion behaviors,
biocompatibility and hemocompatibility of Zn alloys were studied with pure Zn as control. Commercial
Zn alloys demonstrated increased strength and superb elongation compared with pure Zn. Accelerated
corrosion rates and uniform corrosion morphologies were observed in terms of commercial Zn alloys
due to galvanic effects between Znmatrix and α-Al phases. 100% extracts of ZA4-1 and ZA6-1 alloys showed
mild cytotoxicity while 50% extracts of all samples displayed good biocompatibility. Retardant cell cycle
and inhibited stress fibers expression were observed induced by high concentration of Zn2+ releasing during
corrosion. The hemolysis ratios of Zn alloys were lower than 1%while the adhered platelets showed slightly
activated morphologies. In general, commercial Zn alloys possess promising mechanical properties, ap-
propriate corrosion rates, significantly improved biocompatibility and good hemocompatibility in
comparison to pure Zn. It is feasible to develop biodegradable metals based on commercial Zn alloys.

Copyright © 2016, The editorial office of Journal of Materials Science & Technology. Published by
Elsevier Limited.

1. Introduction

Biodegradable metals are expected to degrade progressively after
fulfilling the mission to support tissue healing. During this period,
the released corrosion products should be biologically tolerable and
can be metabolized by the human body. During the last decade, re-
searches have focused on magnesium, iron[1–5] and their alloys as
biodegradable materials. Magnesium is an essential element of
human body and plays an important role in biological functions of
human body. However, rapid degradation and loss of mechanical
properties of Mg and its alloys are critical issues during implanta-
tion. Moreover, gas bubbles, which formed due to fast hydrogen
evolution during corrosion of magnesium-based implants under
physiological conditions, could exert negative effects on healing
processes[6]. In contrast, the excellent corrosion resistance of iron
and its alloys gives rise to relatively slow corrosion rates in body
fluids, and their corrosion products are stable in long-term
implantation[7,8]. In addition, the corrosion products of iron induce

a stenosis of lumen and compromise the integrity of arterial wall.
Therefore, great efforts such as addition of noble metals[9] and ma-
terial modification[10] have been exerted to accelerate the degradation
rates of iron.

Recently, increasing works have focused on zinc as an alterna-
tive tomagnesium and iron. Zinc is often used as an alloying element
in magnesium alloys and it shows beneficial effects on corrosion re-
sistance and strength of magnesium[11–13]. Zinc has a standard
potential between magnesium and iron and may performmore ap-
propriate degradation rates close to clinical requirements than
magnesium and iron. The mechanical performances of Zn alloys and
Mg alloys are similar. Moreover, zinc is an essential element of
human body. Pure zinc wires were implanted into the abdominal
aorta of Sprague–Dawley rats, and the subjects exhibited a prom-
ising corrosion behavior in vivo after 6-months implantation[14].
Moreover, no signs of restenosis-inflammatory response, local-
ized necrosis, and intimal hyperplasia were observed[15]. Zn-Mg
binary alloys were developed and Zn-1Mg exhibited the optimal me-
chanical properties[16]. Besides, the 1-day extracts of Zn-Mg alloys
were neither mutagenic nor genotoxic for U-2 OS and L929 cell
lines[17]. The Zn-1X (Mg, Ca and Sr) alloys[18] exhibited signifi-
cantly improved mechanical properties and biocompatibility
compared with pure Zn. Furthermore, in vivo tests of Zn-1X alloys
indicated promoted effect on new bone formation, especially the
Zn-1Sr alloy. Ternary Zn alloys like Zn-Mg-Ca, Zn-Ca-Sr, Zn-Mg-Sr
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and Zn-Mg-Mn[19–21] were also developed. Mechanical perfor-
mances and biocompatibility were improved after alloyingwith these
nutrient elements. Superior properties were further achieved via
thermal deformation. Until now, pure Zn and Zn alloying with nu-
trient elements like Mg, Ca, and Sr are the mainstream of current
researches. However, little attention has been focused on alloy
systems originally developed for industrial applications. Zn-Al alloys
(ZA family with different Al contents) form a variety of commer-
cial Zn alloys with diverse properties and applications. Many
elements like copper and magnesium are added into Zn-Al alloys
to further improve mechanical performances and corrosion
resistance[22]. Zn-Al based alloys are designed for applications in both
structural and decorative parts for automotive, electrical and elec-
tronic industries as well as general-purpose machinery and
equipment requiring high manufacturing precision[23–25]. In con-
trast to novel designed Zn alloys, commercial Zn alloys exhibit a
variety of alloy systems and attractive physical andmechanical prop-
erties including excellent cast ability, high strength and promising
plasticity[26,27]. Furthermore, commercial Mg alloys such as AZ and
WE alloy series[1] have been widely studied as biodegradable metals
initially, and the first clinical study of magnesium alloy coronary
stent wasmade fromWE43 alloys[28]. Therefore, commercial Zn alloys
are also worth studying as potential candidates for biomedical
applications.

For applications as implants, toxicity of materials is a critical issue.
Zinc is a nutritionally essential element in human body. 85% of the
whole body zinc is found in muscle and bone. Zinc plays a crucial
role in diverse biological functions from enzymatic catalysis to cel-
lular neuronal systems. Zinc participates in the functions of plenty
of metalloproteins including members of oxido-reductase, hydro-
lase ligase, and lyase family and cooperates with copper to activate
superoxide and dismutase or phospholipase C[29]. The recom-
mended dietary allowance (RDA) for zinc is 15 mg/day, and
40 mg/day is set as the upper limit[30]. Zinc deficiency may severe-
ly affect the homeostasis of a biological system. However, zinc is
also a ubiquitous element in human body, and its excess can have
severe negative impacts such as copper deficiency and impaired
immune functions[31]. Copper is another essential element for
humans. It is a component of numerous enzymes and affects a wide
variety of metabolic processes[32]. Alterations in copper metabo-
lism have potential connections to inflammation, immune system,
cancer, atherosclerosis and anemia[33]. In contrast, excess copper can
generate free radicals which induce lipid peroxidation and inter-
fere with bonemetabolism[31]. As for aluminum, its relationship with
neuro-toxicity is still under debate[34,35].

In the present study, ZA4-1, ZA4-3 and ZA6-1 alloys were chosen
as experimental materials due to their widespread applications and
low contents of Al. Microstructure, mechanical performances, in vitro
corrosion behaviors and biological characteristics of Zn alloys were
carried out. Materials were hot extruded to achieve high mechan-
ical performances and pure Zn was set as control. For in vitro cell
tests, human umbilical vein endothelial cells (HUVECs) were se-
lected. The biocompatibility of commercial Zn alloys was evaluated
by indirect assay, flow cytometry analysis and cell morphologies were
taken by a fluorescent microscope. The objective of this study is to
evaluate the feasibility of commercial Zn alloys as potential biode-
gradable metals.

2. Materials and Methods

2.1. Material preparation

The high-pure Zn (HP-Zn, 99.99%, Huludao Zinc Industry Co.
China) and commercial Zn alloys (ZA4-1, ZA4-3, ZA6-1 alloys,
Dongguan Xin Liang Metal Materials Co. China) were used as raw

materials. The chemical compositions of studied materials are given
in Table 1. Then pure Zn and Zn alloys were hot extruded at a tem-
perature of about 200 °Cwith an extrusion ratio of 10:1. Disk samples
(φ10 x 1mm3) for microstructure characterizations, corrosion tests,
cell experiments, hemolysis tests, platelet adhesion were cut from
the extruded ingots perpendicular to the extrusion direction. All
samples were grounded with SiC paper up to 2000 grit, followed
by ultrasonic cleaning in acetone, absolute ethanol and distilledwater
for 10 min, respectively. For cytocompatibility tests, samples were
sterilized by ultraviolet-radiation for at least 2 h for one side, and
then samples were turned over for another 2 h of ultraviolet radi-
ation sterilization.

2.2. Microstructure characterizations

X-ray diffractometer (XRD, Rigaku DMAX 2400, Japan) using CuKα

radiationwith scanning range from 10° to 90° at a scan rate of 4°/min
operated at 40 kV and 100 mA at room temperature was em-
ployed for the identification of constituent phases of pure Zn and
Zn alloys (ZA4-1, ZA4-3, ZA6-1). The microstructure was exam-
ined by SEM (S-4800, Hitachi, Japan). Samples for SEMwere polished
by a standard metallographic procedure and then etched in a so-
lution of 4% HNO3/alcohol solution.

2.3. Mechanical tests

The tensile and uniaxial compression testing samples were cut
from the extruded cylinders according to ASTM standards. The tensile
and uniaxial compression tests were carried out in a universal ma-
terial test machine (Instron 5969, USA) at room temperature in
accordance with ASTM-E8M-09 and ASTM E9-89a standards, re-
spectively. Five duplicate specimens were taken for each group. The
hardness of experimental samples was determined by a digital
Vickersmicrohardness tester (HMV-2T, Shimadzu Corporation, Japan)
with a 0.98 N load and 15 s dwell time.

2.4. Electrochemical tests

The electrochemical tests were conducted with an electrochemi-
cal working station (Autolab, Metrohm, Switzerland) at room
temperature in Hank’s solution (NaCl 8.00 g L−1, KCl 0.40 g L−1, CaCl2
0.14 g L−1, NaHCO3 0.35 g L−1, glucose 1.00 g L−1, MgCl2·6H2O 0.10 g L−1,
MgSO4·7H2O 0.06 g L−1, Na2HPO4·12H2O 0.06 g L−1 and KH2PO4

0.06 g L−1, pH 7.4). Before electrochemical tests, surfaces of samples
were polished. A three-electrode cell with a platinum counter-
electrode and a saturated calomel electrode (SCE) as the reference
electrode was utilized for electrochemical tests. The open-circuit
potential (OCP) of each sample was monitored for 5400 s. After-
wards, potentiodynamic polarization tests were carried out at a
scanning rate of 1 mV/s. At least five measurements were taken for
each sample group. Corrosion parameters including open-circuit po-
tential (OCP), corrosion potential (Ecorr) and corrosion current density
(icorr) were analyzed by linear fit and Tafel extrapolation to the ca-
thodic and anodic parts of polarization curves. A potential range of
130–300mV away from Ecorr both on the cathodic and anodic curves
was selected to determine the Tafel slope[36]. In vitro corrosion rates
were calculated by electrochemicalmeasurements based on Faraday’s

Table 1
Chemical compositions (wt%) of commercial Zn alloys

Alloy Al Cu Mg Zn

ZA4-1 3.5–4.5 0.75–1.25 0.03–0.08 Bal.
ZA4-3 3.5–4.3 2.5–3.2 0.03–0.06 Bal.
ZA6-1 5.6–6.0 1.2–1.6 — Bal.
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Laws: C =Micorr/nFρ, where C represents the corrosion rate in mm/
year,M is the molar mass, n is the number of electrons involved in
the corrosion reaction, F is the Faraday’s constant, ρ is the density
of the material. After electrochemical tests, surface morphologies
were observed by SEM (S-4800, Hitachi, Japan).

2.5. In vitro compatibility

2.5.1. Cytotoxicity test
The cytotoxicity test was carried out according to ISO 10993-

5:2009. Human umbilical vein endothelial cells (HUVECs) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL strepto-
mycin at 37 °C in a humidified atmosphere of 5% CO2. The cytotoxicity
test was evaluated using the 100% and 50% extracts of metal plates,
prepared with a surface area to extraction medium ratio of 1.25mL/
cm2 in a humidified atmosphere, with 5% CO2 at 37 °C for 24 h. The
supernatant fluid was withdrawn, centrifuged and kept at 4 °C prior
to use. Cells were incubated in 96-well culture plates at a density
of 3 × 104 cells/mL in each well and incubated for 24 h to allow at-
tachment. The medium was then replaced with 100 μL extracts of
pure Zn, ZA4-1, ZA4-3 and ZA6-1 groups. DMEMmediumwas used
as control. After 1, 2 and 4 days of incubation, 10 μL Cell Counting
Kit-8 (CCK-8, Dojindo, Kumamoto, Japan) was added to each well
and incubated for 1 h. The spectrophotometrical absorbance of
samples was measured at 450 nm using a microplate reader (Bio-
RAD680). Zn, Al, Cu, Mg ion concentrations in extracts were
measured by ICP-OES and ICP-MS. The cells were obtained fromATCC
and maintained in our lab.

2.5.2. Flow cytometry analysis of cell cycle
Human umbilical vein endothelial cells (HUVECs) were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL strepto-
mycin at 37 °C in a humidified atmosphere of 5% CO2. Flow
cytometry analysis (FACSAria II, BD Bioscience, US) with 7-Amino-
Actinomycin D (7-AAD, BD Pharmingen, US) staining was performed
to evaluate the effect of alloy extracts on the cell cycle of HUVECs.
Briefly, HUVECswere seeded into 6-well plates with 5 × 104 cells/well
and cultured until confluence, and then themedia was replacedwith
DMEM (without FBS). After serum starvation for 22 h, cells were
treated with extracts for 24 h. After the cultivation period, cells were
harvested, washed once with cold phosphate buffered saline (PBS),
fixed in ice-cold 70% ethanol and stored at 4 °C. Prior to analysis,
cells were treated with RNase A at 37 °C and stained with 10 μL
7-AAD in the dark. Next, flow cytometry was conducted, and using
BD FACSDiva software v6.1.3 (BD Bioscience, USA) all data were ac-
quired and analyzed. The ratios of cells in G0/G1, S and G2/M phases
were calculated.

2.5.3. Confocal laser scanning microscopy
FITC Phalloidin (Yeasen, China) and Hoechst 33258 (Sigma,

Germany) dyeswere used to visualize actinmicrofilament and nuclei.
Metal plates were placed flat in the bottom of 24-well plates,
5 × 104/well HUVECs were seeded on the surfaces of metal plates
and incubated for 24 h at 37 °C with 5% CO2. Cells seeded in cover
glass-bottom dishes (SPL, Korea) were used as control. HUVECs were
fixed on metal plates using formaldehyde for 30 min at 25 °C and
then washed thoroughly with PBS. After that, cells were
permeabilized using PBS containing 0.1% Triton X-100 to allow the
dyes to penetrate the nuclei. Then, 200 μL of FITC Phalloidin was
added and incubated for 30min, then washed with PBS twice. Sub-
sequently, 200 μL Hoechst 33258 was added and incubated for
10 min. Finally, metal plates were inverted in cover glass-bottom

dishes and viewed under an inverted confocal laser scanning mi-
croscope (CLSM, Leica TCS SP5, Germany).

2.6. Hemocompatibility tests

Healthy human blood from a volunteer was applied to conduct
hemolysis and platelet adhesion tests. For hemolysis test, healthy
human blood containing sodium citrate (3.8 wt%) in the ratio of 9:1
was taken and diluted with normal saline (4:5 ratio by volume).
Specimens were dipped in centrifuge tubes containing 10 mL of
normal saline that were previously incubated at 37 °C for 30 min.
Then 0.2 mL of diluted blood was added to a centrifuge tube and
then incubated for 60 min at 37 °C. Similarly, normal saline solu-
tion was set as a negative control and deionized water as a positive
control. Afterwards, all tubes were centrifuged for 5min at 3000 rpm,
and the supernatant was carefully removed and transferred to 96-
well cell culture plates for spectroscopic analysis at 545 nm using
a microplate reader (Bio-RAD680). The hemolysis rates were cal-
culated according to Eq. (1):

Hemolysis
OD test group OD negative control

OD positive
%( ) = ( ) − ( )

  control OD negative control( ) − ( )
×100%

(1)

For platelet adhesion test, platelet-rich plasma (RPR) was pre-
pared by centrifuging the whole blood for 10 min at a rate of
1000 rpm. The RPR was overlaid atop specimens and incubated at
37 °C for 1 h. Samples were rinsed with PBS to remove the
nonadherent platelets. The adhered platelets were fixed in 2.5% glu-
taraldehyde solutions for 2 h at room temperature followed by
dehydrated in a gradient ethanol/distilled water mixture (50%, 60%,
70%, 80%, 90%, 100%) for 10 min each and finally dried in air. The
morphologies of adhered platelets were observed by SEM (S-
4800, Hitachi, Japan).

2.7. Statistical analysis

Statistical analysis was performed with SPSS 18.0 for windows
software (SPSS Inc. Chicago, USA). One-way analysis of variance
(ANOVA) followed by Turkey post hoc tests was used to statistical-
ly analysis the data. A p-value <0.05 was considered statistically
significant.

3. Results

3.1. Microstructure

Fig. 1 shows the XRD patterns of pure Zn and Zn alloys. For pure
Zn, only the peaks originated from Zn matrix are detected. The mi-
crostructure of Zn alloys is composed of a primary zinc-rich phase
(η-Zn, hexagonal close packed) and a second phase which is rich
in Al (α-Al, face centered cubic). Moreover, additions of Cu and tiny
amounts of Mg in Zn alloys do not contribute to the formation of
new phases, as XRD does not indicate the presence of any other
phases. This is inconsistent with the Zn-Cu phase diagram[37]; Cu
fully dissolves into Zn matrix when its concentration is lower than
1 wt%. However, with the addition of 3 wt% Cu, ZA4-3 alloy shows
no diffraction peak of Cu contained phase, whichmay due to its small
quantities. Although the solubility of Mg in Zn is less than 0.01 wt%,
the Mg contained phase is hard to detect due to limited measur-
ing resolution.

The microstructure of pure Zn and Zn alloys observed by SEM
are illustrated in Fig. 2. Typical metallographic features can be seen
from the SEM images. Pure Zn (Fig. 2(a)) is composed of almost equi-
axed grains with approximately 20 μm in size. The structures of
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ZA4-1 (Fig. 2(b)) and ZA4-3 (Fig. 2(c)) alloys contain fine microm-
eter sized particles of α-Al intermetallic phase, which distributes
along the grain boundaries. Due to low contents (Table 1), Cu remains
dissolved in both Zn and Al which leads to similar microstructure
of ZA4-1 and ZA4-3 alloys. As for ZA6-1 alloy (Fig. 2(d)), its mor-
phology dominates by lamellar structures along with uniformly
distributed particles. It is known that as-cast Zn-Al-Cu alloys are
composed by primary dendrites of η-Zn and (α-Al + η-Zn) eutec-
tic matrix. Addition of Mg leads to formation of eutectoid
microconstituents[22]. However, after hot extrusion process, the eu-
tectic networks and eutectoid structures are broken and the η-Zn
dendrites are deformed, thereafter, creating uniform and finer struc-
tures than before.

Chemical compositions of second phases and matrix indicated
by * in Fig. 2 are detected by EDS analysis and listed in Table 2. Com-
positions of Zn matrix among Zn alloys are identical, all of which
are consisted of Zn, Al, Cu and O. Mg is absent due to its tiny quan-
tities and limitedmeasuring resolution of EDS. O can be derived from
oxidation reactions during polishing and etching processes. The
second phases of ZA4-1 and ZA4-3 alloys have similar composi-
tions that are rich in Al, while much more Zn and less Al are found
in the lamellar structure regions of ZA6-1 alloy.

3.2. Mechanical properties

The mechanical properties of pure Zn and Zn alloys are dis-
played in Figs. 3 and 4. The overall mechanical performances of Zn
alloys are more superior to that of pure Zn, especially in terms of
elongation. ZA4-1 alloy and ZA4-3 alloy exhibit similar strength and
microhardness. Comparedwith ZA4-1 alloy, ZA4-3 alloy shows higher
tensile strength, compressive strength and hardness but worse tensile
plasticity. With higher Al content, ZA6-1 alloy displays further in-
creased strength and hardness while its tensile plasticity is inferior
to that of ZA4-1 and ZA4-3 alloys. Excellent elongation of Zn alloys
can be observed from both tensile and compressive stress-stain
curves (Fig. 3(c) and (d)). In contrast to the limited elongation of
pure Zn, an increase of the ductility concomitant with a reduction
of the stress and a pronounced work softening is observed in tensile
stress-stain curves of Zn alloys. Good compressive plasticity of both
pure Zn and Zn alloys is confirmed by compressive tests.

With the addition of alloying elements Al, Cu and Mg, overall
improvements in mechanical performances are seen in Zn alloys.
The Al-rich phase (α-Al) is a hard and brittle intermetallic com-
pound and the uniformly distributed α-Al results in a second phase
strengthening effect. Moreover, the dissolution of Cu in Zn matrix
creates a solid solution strengthening effect. As a result, the above-
mentioned strengthening effects contribute to the increased strength
and hardness of Zn alloys compared with pure Zn. As for the ex-
cellent plasticity, after alloying and hot extrusion, α-Al particles are
mostly spherical in-shape and decompose mainly along the η-Zn
boundaries. During tension, the grain boundary sliding, which is gen-
erally the predominant mode of deformation during plastic flow,
can easily take place along inter-phase boundaries. Moreover, the
α/η interface has weaker binding with original Zn crystal and grain
boundary sliding can take place easily on these phase boundaries[38].
All these reasons lead to the superb plasticity of Zn alloys.

3.3. Corrosion behaviors

Potentiodynamic polarization curves of pure Zn and Zn alloys
examined in Hank’s solution are shown in Fig. 5. The corrosion po-
tentials of Zn alloys are lower than that of pure Zn, which indicates
a higher corroding tendency compared with pure Zn. Polarization
characteristics of formation and breakdown of a passive film formed
on the sample surface is quite different between pure Zn and Zn
alloys. For Zn alloys, the current plateau that corrosion current stops
increasing and starts to drop rapidly emerges in the cathodic part
of the curves. The current plateau indicates a formation of a passive
film on the surface of sample. Another passive region is observed
on the anodic branch of polarization curves before the occurrence
of transpassivation. This region indicates a thickening and growth
of the passive film. Breakdown of the passive film and rapidly in-
creasing of current densities happen at nobler potentials. However,
no passive region is observed in the polarization curve of pure Zn,
which indicates the effect of alloying elements in alteration of cor-
rosion behaviors of pure Zn.

Fig. 1. X-ray diffraction patterns of the experimental alloys.

Fig. 2. SEM images of the microstructure of pure Zn and Zn alloys: (a) pure Zn, (b)
ZA4-1 alloy, (c) ZA4-3 alloy, (d) ZA6-1 alloy. Matrix and second phases in images
are indicated by *.

Table 2
Chemical compositions (at.%) of areas indicated by * in Fig. 2

Area Zn Al Cu O

A 17.68 77.13 5.19
B 89 3.39 3.15 4.46
C 11.21 84.84 3.94
D 86.23 4.56 3.3 5.92
E 70.8 26.21 2.99
F 89.53 2.89 3.55 4.03
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The corrosion parameters, including corrosion current density
(Icorr) and corrosion potential (Ecorr), are determined by the Tafel ex-
trapolation. The corrosion rate is calculated by the corrosion current
density. Average values of corrosion parameters are listed in Table 3.
The corrosion potentials are in the order of pure Zn > ZA6-1 > ZA4-
1 > ZA4-3. Pure Zn shows the lowest corrosion rate, followed by
ZA4-1 and ZA6-1 alloys. ZA4-3 alloy exhibits the worst corrosion
resistance among all the samples.

Fig. 6 shows typical SEM images of pure Zn and Zn alloys after
electrochemical tests. Localized attacks with pits around 100–
200 μm distribute on the surface of pure Zn (Fig. 6(a)). In the bottom
of pits, lamellar structures can be observed. As for Zn alloys (Fig. 6(b),
(c) and (d)), more uniform corrosion attacks and larger corrosion
areas can be seen in comparison to pure Zn. The dark regions rep-
resent corrosion areas while light ones are intact surfaces. Tiny and
numerous pits on surfaces of Zn alloys are in stark contrast to the
corrosion morphology of pure Zn. ZA4-3 alloy (Fig. 6(c)) shows a

more intense corrosion morphology with deeper corrosion depth
than that of ZA4-1 and ZA6-1 alloys.

Chemical compositions of selected areas in Fig. 6 are illus-
trated in Fig. 7. Corrosion products of pure Zn after electrochemical
tests in Hank’s solution are composed of Zn, C, O and P. As for Zn
alloys, distinctions can be recognized among intact regions and

Fig. 3. Mechanical properties of pure Zn and Zn alloys: (a) yield strength, ultimate tensile strength and elongation, (b) compressive yield strength and ultimate compres-
sive strength, (c) tensile stress-stain curves, (d) compressive stress-stain curves, *p < 0.5, compared with pure Zn.

Fig. 4. Microhardness of pure Zn and Zn alloys, *p < 0.5, compared with pure Zn.

Fig. 5. Polarization curves of pure Zn and Zn alloys.

Table 3
Electrochemical parameters of pure Zn and Zn alloys in Hank’s solution

Material Icorr (μA cm−2) Ecorr (V) Corrosion rate
(mm year−1)

Pure Zn 1.799 (0.587) −0.958 (0.074) 0.027 (0.009)
ZA4-1 2.986 (0.430) −1.145 (0.007) 0.047 (0.007)
ZA4-3 7.209 (1.451) −1.196 (0.105) 0.374 (0.431)
ZA6-1 5.331 (1.231) −1.142 (0.007) 0.086 (0.020)

Note: numbers in the brackets represent the standard deviation.
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corroded regions. Intact areas are mainly composed of Zn and small
amounts of O, C, Al and Cu. However, increasing amounts of Al, O
and Cwith less Zn is typical in compositions of corroded areas. More-
over, small quantities of Mg and P are detected as well. To further
investigate the major elemental constituents of corrosion prod-
ucts, elemental mappings are performed and results are shown in
Fig. 8. For pure Zn and Zn alloys, intact matrix is mainly composed
of Zn and O. Different from intact regions, intensified O signal and
appearance of Al compositional maps can be observed in cor-
roded areas of Zn alloys. This result indicates that Al-rich regions
are more susceptible to corrosion than matrix.

In the nearly neutral solution like Hank’s solution, the anodic
reaction of Zn is dissolution of the metal (Eq. (2)), and the cathod-
ic reaction is based on the reduction of oxygen (Eq. (3)) which is
different from the hydrogen evolution reaction that happens in the
corrosion of Mg alloys[17]. Zinc ions react with hydroxyl ions, which
gives rise to the formation of zinc hydroxide rust (Eq. (4))[39]:

Anodic reaction:

Zn Zn e→ ++2 2 .

Cathodic reaction:

2 4 42 2H O O e OH+ + → −.

Formation of zinc hydroxide rust:

Zn OH Zn OH2
22+ −+ → ( ) .

Corrosion products of pure Zn and Zn alloys after electrochemi-
cal tests are predominantly composed of Zn, Al or O and other
elements such as C and P (Fig. 7). Such composition points to oxides,
hydrated oxides and carbonates of Zn or Al and phosphate prod-
ucts on sample surfaces. After alloying with Al, Cu and Mg, the
corrosion resistance of pure Zn decreases which could be attributed

Fig. 6. SEM images of pure Zn and Zn alloys after electrochemical tests: (a) pure
Zn, (b) ZA4-1 alloy, (c) ZA4-3 alloy, (d) ZA6-1 alloy.

Fig. 7. Chemical compositions of regions in Fig. 6 detected by EDS analysis.

Fig. 8. Elemental (EDS) maps for typical corroded regions in pure Zn and Zn alloys: (a) pure Zn, (b) ZA4-1 alloy, (c) ZA4-3 alloy, (d) ZA6-1 alloy.
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to the alteration in microstructure and appearance of second phases.
Through alloying with Al, the Al-rich phase (α-Al) arises and dis-
tributes uniformly in the Zn matrix (Fig. 2). The standard potentials
of Zn and Al are −0.762 and −1.662 V (versus SHE), respectively[40].
Thus, the Al-rich phase achieves a more negative potential than that
of Znmatrix. α-Al works as an active phase which is prone to corrode
when immersed in Hank’s solution[41,42]. The increased corrosion rates
of Zn alloys are derived from the galvanic effects of Zn matrix and
Al-rich phase. Increasing amounts of Al creates more Al-rich phases,
therefore, accelerating corrosion rates. Accordingly, ZA6-1 alloy has
a higher corrosion rate than that of ZA4-1 alloy. Similarly, the ad-
dition of Cu (0.342 versus SHE) works in the same way in speeding
up corrosion[43]. Corrosion properties of pure Zn and Zn alloys in
Hank’s solution have been previously reported in several works[16,18,20].
The corrosion current densities are in the range of 1.2 to 16.76 μA
cm−2. The reasons for the discrepancy of results are derived from
different compositions, microstructures and varied experiment pa-
rameters. Pure Zn shows a relatively slow corrosion rate, and serious
localized corrosion with large corrosion pits and deep corrosion
depth is typical of its morphology. Pitting corrosion jeopardizes the
integrity and normal functions of implants greatly. After alloying
with Al, Cu and Mg, commercial Zn alloys illustrate more uniform
corrosion morphologies and increased corrosion rates, as a result,
improving the corrosion properties of pure Zn as a biodegradable
metal.

3.4. In vitro compatibility

The viability of HUVECs cultured in extraction mediums of pure
Zn and Zn alloys for 1, 2 and 4 days is shown in Fig. 9. Results in-
dicate different cytotoxicity of pure Zn and Zn alloys. However,
significantly improved cell viability can be observed in ZA4-1 and
ZA6-1 groups in comparison to pure Zn group. For 100% extracts
of materials, cell viability is in the following order, ZA6-1 > ZA4-
1 > ZA4-3 > pure Zn after 1 d of intervention. Among which, extracts
of pure Zn and ZA4-3 alloy reduce the cell viability to lower than
20%, while extracts of ZA4-1 and ZA6-1 alloys reduce the cell via-
bility to 50%–60%. After 2 d of incubation, the cell viability continues
to deteriorate. Nevertheless, the cell viability of ZA4-1 and ZA6-1
alloy groups increases in the incubation of the 4th day while nearly
no cell survives in the extract of pure Zn group, implying a severe
cytotoxicity of pure Zn extract. As for the diluted extracts, the cell
viabilities of all samples are around 100%, which indicate a good
biocompatibility of Zn alloys.

The ion concentrations of 100% extraction mediums are listed
in Table 4. Zn2+ concentrations in pure Zn, ZA4-1, ZA4-3 and ZA6-1
alloy extracts are 12.24, 9.51, 10.78 and 9.52 μg/mL, respectively.
All of which are much higher than that of control group. Trace

amounts of Al3+ and Cu2+ are released into culture mediums. No
notable difference is observed in Mg2+ concentrations among dif-
ferent groups.

The influence of extracts of pure Zn and ZA4-1, ZA4-3, ZA6-1
alloys on cell cycle progression is studied using a flow cytometer
to analyze cell percentages in each cycle phase: G1/G0, S and G2/M
and results are shown in Fig. 10. After 24 h culture, decreased per-
centages of S phase while increased ratios of G0/G1 phase can be
observed in cells treated with extracts of pure Zn and ZA4-3 alloy
compared with control group (Fig. 10(f)). The cell cycle distribu-
tions of ZA4-1, ZA6-1 alloy groups and control group are similar
which indicates less negative effects on cell cycle induced by their
alloy extracts in comparison to the other two groups.

Themorphologies and cell cytoskeletal reorganizations of HUVECs
seeded on the surfaces of samples are shown in Fig. 11. The numbers
of adhesive cells on experimental samples are in the following order:
ZA6-1 alloy > ZA4-1 alloy > ZA4-3 alloy > pure Zn, which is consis-
tent with the 1 d cell viability result. Cells on surfaces of ZA4-1 and
ZA6-1 alloy specimens show good morphologies. Most of them
exhibit healthy polygonal or spindle shapes while more well spread
morphologies can be seen in control group. For pure Zn and ZA4-3
alloy groups, cells are sparse and display shrunken shapes. Stain-
ing of actin filaments with FITC-phalloidin reveals prominent stress
fibers in HUVECs. After 24 h of intervention, actin expression of cells
in test groups is weakened comparing with cells in control group.

3.5. Hemocompatibility

The hemolysis percentages of experimental samples are shown
in Fig. 12. For pure Zn and Zn alloys, the hemolysis ratios are much
lower than the 5% judging criterion for excellent blood compati-
bility in ASTM F756-08[44]. The low hemolysis ratios of pure Zn and
Zn alloys are ascribed to their superb corrosion resistance. The mor-
phologies of adhered human platelets on the experimental specimens
are shown in Fig. 13. After immersed in PRP for 1 h, obvious cor-
roded surfaces can be observed in all specimens. No significant
difference can be found in the numbers of adhered platelets on pure
Zn and Zn alloys. Platelets adhered on the experimental samples
show brain-like morphologies and some of them stretch out

Fig. 9. Cell viability after culturing in extraction mediums of pure Zn and Zn alloys for 1, 2 and 4 days: (a) 100% extracts, (b) 50% extracts, *p < 0.5, compared with pure Zn.

Table 4
Ion concentrations of extraction mediums of pure Zn and Zn alloys

Material Mg (μg/mL) Zn (μg/mL) Al (μg/mL) Cu (μg/mL)

Pure Zn 12.24
ZA4-1 18.42 9.51 0.050 0.054
ZA4-3 18.65 10.78 0.051 0.058
ZA6-1 18.63 9.52 0.053 0.062
Control 18.05 0.067 0.100 0.041
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pseudopodia, which indicate an early dendritic state. Previous study
showed similar results[45], and a better anti-activation property is
obtained after Zn alloying with Mg, Ca and Sr[18]. The initial acti-
vated status of platelets on pure Zn and Zn alloys can be explained
by the role of Zn2+ in platelet aggregation in vitro as well as in vivo.
Single bolus of nutritional zinc intake can significantly increase plate-
let reactivity and Zn2+ stimulates tubulin assembly and modulates
fibrin reactions[46,47]. Tubulin is important for platelet mobiliza-
tion, shape change, and pseudopod formation. Fibrin modulates

extracellular coagulation and platelet adhesion. Taken the extreme-
ly low hemolysis ratios and slightly activated effects on platelets into
consideration, it is concluded that pure Zn and Zn alloys exhibit good
hemocompatibility.

4. Discussion

Commercial Zn alloys possess a promising combination of
strength and plasticity. The elongation of Zn alloys reported in this

Fig. 10. Cell cycle analysis of HUVECs cultured in extraction mediums of pure Zn and Zn alloys for 24 h: (a) control group, (b) pure Zn, (c) ZA4-1 alloy, (d) ZA4-3 alloy, (e)
ZA6-1 alloy, (f) graphic representations of the cell cycle distributions of HUVECs.

Fig. 11. Fluorescent microscopic images of HUVECs after 24 h culture on the sample surfaces: (a, f) control group, (b, g) pure Zn, (c, h) ZA4-1 alloy, (d, i) ZA4-3 alloy, (e, j)
ZA6-1 alloy. Actin and nuclei are in green and blue, respectively.
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study (111%–169%) indicates superplasticity at room tempera-
ture. This property endows commercial Zn alloys a great advantage
in fabricating implants with complex shapes. Biocompatibility is a
critical issue for biodegradable metals. The cytotoxicity of pure Zn
and Zn alloys have been examined through both direct and indi-
rect tests. A cytotoxic effect is observed in 100% extracts of both pure
Zn and Zn alloy groups, this effect could be induced by the re-
leased ions from chemical reactions during corrosion. In the
cytotoxicity test, the cell viability after 1 d of intervention was in
the following order, ZA6-1 > ZA4-1 > ZA4-3 > pure Zn, and the cor-
responding concentrations of Zn2+ in these extracts were 146.3, 146.5,
165.8 and 188.3 μM/L, respectively. Since significant lower concen-
trations of the alloy ions (Cu2+, Al3+, Mg2+) were in the extracts and
there was no significant difference among these groups, Zn2+ should
be responsible for the various toxicities of the Zn-based materials.
An increasing cytotoxic effect with increased Zn2+ concentrations,
which is generally consistent with several studies, can be seen[48,49].
However, the 50% extracts of materials all showed great cell vi-
abilities, which indicated no cytotoxicity of extracts after dilution.
It has been reported that Zn2+ exhibits a biphasic effect at different
ion concentrations[50]. Zn2+ concentrations higher than 100 μM de-
creases the viability of HCECs significantly, while low concentrations
(0—60 μM) of Zn2+ promotes viability, proliferation, adhesion and
migration of cells. Furthermore, the maximum safe Zn2+ concen-
trations for the U-2 OS and L929 cell lines are 120 μM and 80 μM,
respectively[17]. Moreover, excess Cu2+ and Al3+ might cause cyto-
toxicity as well. However, the ion concentrations of Cu2+ and Al3+

in extracts are negligible (Table 4). It has been proved that low con-
centrations of Cu2+ (<5 μg/mL) have no toxic effect on the viability

of HUVECs[51], and the half maximal inhibitory concentration (IC50)
of Al3+ on HCAECs is about 64.8 μg/mL[52]. The safe values of con-
centrations of Cu2+ and Al3+ mentioned above are much higher than
the concentrations examined in this study. Al is a nonessential
element, excess aluminum is considered toxic. If Al is consumed in
amounts larger than 40 mg/(day kg), some toxicity may be traced
to deposition in bone and the central nervous system[53]. The ac-
cumulation of Al has been demonstrated to be associated with
various neurological disorders including Alzheimer’s disease[54].
However, trace amounts of aluminum can be excreted through the
kidneys and these would not accumulate to produce toxic effects[55].
In this work, the ion concentration of Al in extracts of commercial
Zn alloys was only about 0.05 μg/mL (Table 4), indicating a slow
release of Al ion. These Al ions could be cleared by the kidneys in
the metabolic processes. Furthermore, it has been reported that the
ZnO nanowires can photo inactivate Escherichia coli in visible light,
and this effect is greatly strengthened by hybridizing with reduced
graphene oxide sheets and functionalized multi-wall carbon
nanotubes. However, the viability test was done in the cell incu-
bator without visible light, thus the photoinactivation effect should
contribute little to the cytotoxic effect induced by corrosion of pure
Zn and commercial Zn alloys[56–58]. Therefore, high concentrations
of Zn2+ should be responsible for the cytotoxic effect on HUVECs.

Cell cycle is a series of events during replication of eukaryotic
cells, which is divided into three periods: interphase, the mitotic
phase, and cytokinesis. There are three checkpoints to ensure the
proper division of the cell: the G1 checkpoint, the G2/M check-
point, and the metaphase checkpoint. Based on our data, more cells
cultured in extracts of pure Zn and ZA4-3 alloy are arrested in G1
phase, and the percentages of S phase decrease with increasing Zn2+

concentrations. This finding suggests that high concentrations of Zn2+

are probably related to retardant of cell cycle. Zn2+ can efficiently
affect cell cycle progression of MDAMB231 cells by inhibiting cells
in G1 phase frommoving to the subsequent S phase. Moreover, cell
cycle is affected by Zn2+ in a dose-dependent manner. Cell popula-
tion in S phase decreases dramatically when concentrations of Zn2+

reach 150 μM[59]. The mechanism of how Zn2+ influence cell cycle
is complicated and could be simply explained by the influence of
Zn2+ on cyclin-dependent kinase inhibitor 1 (p21). Excess Zn2+ can
upregulate p21 protein and mRNA levels as well as p21 promoter
activity[60]. Thus, over-expressed p21 causes the arrest of cell cycle
in G1 and G2/M and leads to a profound inhibition of S-phase
progression[61].

The cytoskeleton is an interconnected network of filamentous
polymers and regulatory proteins. It is equipped to resist deforma-
tion, transport intracellular cargo and change shape during
movement. There are threemain types of cytoskeletal polymer: actin
filaments, microtubules and intermediate filaments, they control the
shapes and mechanics of cells together[62]. Various factors can in-
fluence local organization of filaments in the networks. The intensity
of actin microfilaments, microtubules and cytoskeletal alterations
in HUVECs after 24 h of incubation in different extracts are re-
corded. The expression of stress fibers is inhibited in all experimental
groups, which indicates that high concentrations of Zn2+ might
account for the suppressed expression of actin. This finding is in
agreement with a previous report that Zn2+ inhibits the expres-
sion of stress fibers at high concentrations[50]. In addition, high
concentrations of Zn2+ have been proved to disturb the dynamicity
of cell structures and cause morphological changes[49]. The reasons
mentioned above explain the different morphologies of HUVECs
between control group and material groups. The molecular mech-
anism of how Zn2+ modulates actin networks in endothelial cells
is still unclear, further investigation need to be carried out.

The findings in this study suggest that commercial Zn alloys
with additions of Al, Cu and Mg display promising mechanical

Fig. 12. Hemolysis percentages of pure Zn and Zn alloys.

Fig. 13. SEM images of adhered platelets on surfaces of pure Zn and Zn alloys: (a)
pure Zn, (b) ZA4-1 alloy, (c) ZA4-3 alloy, (d) ZA6-1 alloy.
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performances and good biocompatibility. The strength of commer-
cial Zn alloys and novel biodegradable Zn alloys are comparable. As
for the plasticity, commercial Zn alloys display superb elongations
(111%–169%), while the elongations of novel biodegradable Zn alloys
like Zn-Mg, Zn-Ca and Zn-Sr are below 20%[17,18]. This property is crit-
ical when fabricating implants that need severe deformation like
cardiovascular stents or sutures. As for the biological properties, the
100% extracts of commercial Zn alloys exhibit cytotoxic effects on
HUVECs while ZA4-1 and ZA4-3 alloys demonstrate a significantly
improved biocompatibility compared with pure Zn. However, no cy-
totoxicity is observed after dilution of extracts. Moreover, 100%
extracts of Zn-Mg alloy also exhibit cytotoxic effects on U-2 OS cells,
L929 cells and NHOst cells[17,49]. In fact, for both commercial Zn alloys
and novel biodegradable Zn alloys, the cytotoxic effect should not
be a problem because the in vivo environment is dynamic and the
degradation products can bemetabolized by flowing fluid and active
transport processes. This has been verified by several in vivo
tests[14,15,18]. Therefore, commercial Zn alloys can be potential can-
didates as biodegradable metals.

5. Conclusion

The feasibility of commercial Zn alloys as biodegradable metals
was evaluated in the present study. In the as-extruded state, α-Al
was detected as the only second phase in Zn alloys. The strength
and hardness of Zn alloys were significantly improved compared
with pure Zn. Superb elongation of Zn alloys that higher than 100%
was achieved at room temperature. The galvanic corrosion formed
between Zn matrix and α-Al increased the corrosion rates of pure
Zn in Hank’s solution. Cytotoxic effect was found in 100% extracts
of both pure Zn and Zn alloys while no cytotoxicity was observed
after dilution. Significantly improved biocompatibility was ob-
served in ZA4-1 and ZA6-1 alloys compared with pure Zn. Both pure
Zn and Zn alloys showed good hemocompatibility. In summary, com-
mercial Zn alloys exhibit a great potential as new kinds of
biodegradable metals.

Acknowledgments

This work was supported by the National Basic Research Program
of China (973 Program) (Grant Nos. 2012CB619102 and
012CB619100), National Science Fund for Distinguished Young Schol-
ars (Grant No. 51225101), National Natural Science Foundation of
China (Grant Nos. 51431002 and 31170909), the NSFC/RGC Joint Re-
search Scheme (Grant No. 51361165101), State Key Laboratory for
Mechanical Behavior of Materials (Grant No. 20141615), and Beijing
Municipal Science and Technology Project (No. Z141100002814008).

References

[1] Y.F. Zheng, X.N. Gu, F. Witte, Mater. Sci. Eng. R Rep. 77 (2014) 1–34.
[2] X.N. Gu, Y.F. Zheng, Front China 4 (2010) 111–115.
[3] F. Witte, N. Hort, C. Vogt, S. Cohen, K.U. Kainer, R. Willumeit, F. Feyerabend,

Curr. Opin. Solid State Mater. Sci. 12 (2008) 63–72.
[4] M.P. Staiger, A.M. Pietak, J. Huadmai, G. Dias, Biomaterials 27 (2006) 1728–1734.
[5] X. Gu, Y. Zheng, Y. Cheng, S. Zhong, T. Xi, Biomaterials 30 (2009) 484–498.
[6] T. Kraus, S.F. Fischerauer, A.C. Hänzi, P.J. Uggowitzer, J.F. Löffler, A.M. Weinberg,

Acta Biomater. 8 (2012) 1230–1238.
[7] P.K. Bowen, J. Drelich, R.E. Buxbaum, R.M. Rajachar, J. Goldman, Emerg. Mater.

Res. 1 (2012) 237–255.
[8] H. Hermawan, A. Purnama, D. Dube, J. Couet, D. Mantovani, Acta Biomater. 6

(2010) 1852–1860.
[9] T. Huang, J. Cheng, Y.F. Zheng, Mater. Sci. Eng. C Mater. Biol. Appl. 35 (2014)

43–53.

[10] W.J. Lin, D.Y. Zhang, G. Zhang, H.T. Sun, H.P. Qi, L.P. Chen, Z.Q. Liu, R.L. Gao, W.
Zheng, Mater. Des. 91 (2016) 72–79.

[11] S. Zhang, X. Zhang, C. Zhao, J. Li, Y. Song, C. Xie, H. Tao, Y. Zhang, Y. He, Y. Jiang,
Acta Biomater. 6 (2010) 626–640.

[12] Z. Li, X. Gu, S. Lou, Y. Zheng, Biomaterials 29 (2008) 1329–1344.
[13] B. Zberg, P.J. Uggowitzer, J.F. Löffler, Nat. Mater. 8 (2009) 887–891.
[14] P.K. Bowen, J. Drelich, J. Goldman, Adv. Mater. 25 (2013) 2577–2582.
[15] P.K. Bowen, R.J. Guillory, E.R. Shearier, J.-M. Seitz, J. Drelich, M. Bocks, F. Zhao,

J. Goldman, Mater. Sci. Eng. C Mater. Biol. Appl. 56 (2015) 467–472.
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