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ABSTRACT

The comprehensively adopted copper-containing intrauterine devices (Cu-IUDs) present typical adverse
effects such as bleeding and pain at the initial stage of post-implantation. The replacement of Cu material
is demanded. Zinc and its alloys, the emerging biodegradable materials, exhibited contraceptive effects
since 1969. In this work, we evaluated the feasibility of bulk Zn alloys as IUD active material. Using pure
Cu and pure Zn as control groups, we investigated the contraceptive performance of Zn-0.5Cu and Zn-
1Cu alloys via in vitro and in vivo tests. The results showed that the main corrosion product of Zn-Cu
alloys is ZnO from both in vitro and in vivo studies. CaZn,(PO4),-2H,0 is formed atop after long-term
immersion in simulated uterine fluid, whereas CaCOs3 is generally formed atop after implantation in the
rat uterine environment. The cytocompatibility of the Zn-1Cu alloy was significantly higher than that of
the pure Zn and pure Cu to the human endometrial epithelial cell lines. Furthermore, the in vivo results
showed that the Zn-1Cu alloy presented much improved histocompatibility, least damage and the fastest
recovery on endometrium structure in comparison to pure Zn, Zn-0.5Cu and pure Cu. The systematic and
comparing studies suggest that Zn-1Cu alloy can be considered as a possible candidate for IUD with great
biochemical and biocompatible properties as well as high contraceptive effectiveness.

Statement of significance

The existing adverse effects with the intrinsic properties of copper materials for copper-containing in-
trauterine devices (Cu-IUD) are of concerns in their employment. Such as burst release of cupric ions
(Cu®*) at the initial stage of the Cu-IUD. Zinc and its alloys which have been emerging as a potential
biodegradable material exhibited contraceptive effects since 1969. In this study, Zn-1Cu alloys displayed
significantly improved biocompatibility with human uterus cells and a decreased inflammatory response
within the uterus. Therefore, high antifertility efficacy of the Zn-1Cu alloy was well maintained, while
the adverse effects are significantly eased, suggesting that the Zn-1Cu alloy is promising for IUD.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

great safety, long life span, complete and quick reversibility, and
high effectiveness [1]. However, there are some issues associated

Copper-containing intrauterine device (Cu-IUD) is one of the with the Cu-IUD adoption, such as increased bleeding or pain that
most widely used contraceptive methods worldwide because of the occurs immediately after insertion in the uterus and relates to the
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burst release of Cu?* [2,3]. The inflammation in genito-urinary sys-
tem could be caused from postoperative bacterial infection while
placing Cu-IUD during intrauterine surgeries such as caesarean sec-
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tion or induced abortion [4]. High chance of intrauterine infection
occurs the first menstrual cycle after insertion of IUD and the high-
est risk of pelvic inflammation occurs after surgical injuries [5,6].
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Great efforts have been attempted to tackle the problems, changing
the shape and size of copper component [7], adding non-steroidal
anti-inflammatory drugs [8], or reducing copper grain microstruc-
tures [3]. Burst release of Cu?* was greatly inhibited while it still
exists.

Among the newly developed IUDs containing a variety of active
materials, Zn exhibits high potential to be an idea candidate of the
active material for IUD. Firstly, Zn?t displays high contraception ef-
fectiveness owing to the significant suppression of sperm motility
by not only bending sperm tail but also inhibiting the anaerobic
and aerobic oxidation processes of sperms [9]. Zinc gluconate has
been comprehensive adopted as a permanent contraception agent
for male dogs and cats via intratesticular administration [10,11].
Zn-bearing IUD was proposed together with Cu-IUD by Zipper et al.
in 1969 and tested for contraception in rabbit models [12,13]. Zinc
and silver contained IUD were evaluated and compared with Cu
contained IUD in ‘T’ shape in 1974 showing comparable contracep-
tive efficiency [14]. Zn and ZnO nanoparticles incorporated into the
low-density polyethylene (LDPE) nanocomposite were also devel-
oped as new type of IUD contraception [15,16]. Furthermore, Zn?+
also possesses superior bacteriostatic and bactericidal capability
[17,18], which might be helpful to prevent or reduce infection risks
of reproductive tract while IUD placement [19,20]. For example,
Zn-xCu alloys (x = 1, 2, 3, and 4 wt%) could effectively inhibit bac-
terial adhesion and biofilm formation when it was adopted in vas-
cular stents as biodegradable material [18,21]. Zhou reported that
the stents made of Zn-0.8Cu could reduce the adverse effects of
vascular pulsation and facilitate better recovery of vessel pulsatil-
ity [22]. Moreover, Zn alloys have been developed with required
biocompatibility and biodegradation rates in various human body
environments for various biomedical applications [23-27]. The cor-
rosion processes of pure Zn were firstly investigated in simulated
body fluidic environments [28-31] and the biological molecule’ ef-
fects within artificial plasma [32,33]. Zn alloys, on the other hand,
were thoroughly evaluated from physical microstructures, mechan-
ical properties, biodegradation behaviours and in vivo biocompat-
ibility. For example, Zn-Li-Mn was explored for surgical staples
towards gastrointestinal anastomosis [34| and Zn-3Cu for biliary
surgery [35]; Zn-Mg alloys [36,37], Zn-Cu-Fe [38] and Zn-Li alloys
[39] were developed for cardiovascular stents; Zn-HAP composites
[40], Zn-Mn alloys [41] with refined and uniform grains [42], Zn-
1.5Mg-Ca/Sr [43], Zn-Sr/Mg alloys [44] and Zn-5Al-4 Mg [45] were
investigated as orthopaedic devices and implants; and Zn-0.1Li and
Zn-0.8Mg alloys were preliminarily studied in the intrauterine mi-
croenvironment for IUD [46].

With the comprehensive investigations of Zn alloys for a variety
of biomedical applications, the feasibility of the Zn alloys as the ac-
tive materials for IUD has yet been systematically evaluated. In the
present study, we chose two Zn-Cu alloys, Zn-0.5Cu and Zn-1Cu to
assess their physical, chemical, and biomedical properties as the
potential replacement of Cu in IUD. The corrosion behaviours, in
vitro cytocompatibility, in vivo tissue compatibility, and contracep-
tive efficacy are thoroughly assessed using the pure Cu and pure
Zn as control groups.

2. Materials and methods
2.1. Material preparation

Zn and its two alloys, Zn-0.5Cu and Zn-1Cu (weight percent-
age, wt%), were prepared from bulk raw materials of high-purity
Zn (99.99%) and Cu (99.99%) at the Hunan Rare-Earth Material
Research Institute. All the experimental material ingots were ho-
mogenized at 350°C for 48 h followed by a water quenching pro-
cess and subsequently annealed at 260°C for 2 h before extrusion.
Extrusion was performed with a reduction ratio of 36:1 at the
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squeeze speed of 1 mmy/s. Pure copper (99.99%) of 10-mm diameter
and 1-m length were purchased from Yuandelai Industrial Materi-
als Co. (Shenzhen, China). The extruded rods were sliced to discs
of 10-mm diameter and 2-mm thickness, followed by polishing us-
ing silicon carbide (SiC) abrasive papers (Beijing Dongxin Grinding
Tools Co. Ltd. China) to obtain granulations from 800 to 2000 grits.
The discs were ultrasonically cleaned with ethanol (Beijing Chemi-
cal works, China) for 15 min and then air-dried.

2.2. Long-term immersion test

The immersion tests were performed according to the method
described by ASTM-G31-72 [47] in a simulated uterine fluid (SUF)
solution (NaCl 4.97 g/L, KCl 0.224 g/L, CaCl, 0.167 g/L, NaHCO5 0.25
g/L, glucose 0.50 g/L, and NaH,PO4-2H,0 0.072 g/L) (all chemicals
were purchased from Beijing Chemical works, China) at 37°C in a
water bath (Tianjin City TAISITE Instrument Co. Ltd., China). The ra-
tio of SUF volume to the Cu exposure surface area was 20 mL/cm?
and the exposed sample surface area was approximately 2.2 cm?.
The tests were continued for 300 days. The SUF was refreshed ev-
ery day from day 1 to day 10, every 5 days from day 11 to day
30, every 15 days from day 31 to day 60, and every 30 days from
day 61 to day 300. The pH values of the immersed solutions and
the Zn?* and Cu®* concentrations in the SUFs were monitored and
recorded during the 300 days immersion. After 1, 10, 30, 60, 150,
and 300 days, five samples were retrieved from the SUF, followed
by gentle rinse using distilled water and air drying. Subsequently,
the corrosion products on the surface of zinc and copper materials
were removed by dipping the samples into chromic acid solution
(200 g/L CrO3) (Beijing Chemical works, China) for 1 min at 80 °C
and then into concentrated sulphuric acid (H,SOy4, specific gravity
1.84) (Beijing Chemical works, China) for 3 min at room environ-
ment [48]. The degradation rate was determined using the follow-
ing equation:

C=Am/(p xAxt)

where C is the corrosion rate in mm/year, Am is the weight reduc-
tion, p is the density of the material, A is the initial surface area of
the disc, and t is the immersion time. At least four measurements
were carried out in each group.

2.3. Corrosion morphology and product characterizations

The surface morphologies of the long-term immersed Zn, Zn
alloys and Cu materials were observed using a scanning elec-
tron microscope (SEM) coupled with an energy dispersive spec-
trometer (EDS) (S-4800 Emission scanning electron microscope,
Hitachi). The constituent phases of the corroded product on the
surfaces were identified by performing X-ray diffraction analysis
(XRD, Rigaku DMAX 2400) under Cu-Ko radiation at a scan rate
of 4°/min, 40 kV, and 100 mA. The scan range was 10°-90° and
5°-95° for Zn and its alloys and Cu respectively for different im-
mersion time durations. The corresponding chemical species from
the XRD results were identified through the peak matching analy-
sis using MDI Jade6 software.

2.4. Electrochemical tests

The electrochemical behaviours of Cu, Zn, Zn-0.5Cu, and Zn-
1Cu in the SUF were analysed using an electrochemical work-
station (Autolab, Metrohm, Switzerland) at room temperature. A
three-electrode cell was used, comprising a saturated calomel elec-
trode (SCE, Tianjin Aida Hengyu Technology Development Co., Ltd.,
China) as the reference electrode, a platinum counter electrode
(Shang Hai Ruosull Technology Co., Ltd., China), and a working
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electrode. The exposed area of the specimen in the working elec-
trode was 0.242 cm?. The stability open circuit potential (OCP) of
each specimen was monitored for 1 h. Electrochemical impedance
spectroscopy (EIS) was performed within 10 mV perturbation and
the measuring frequency ranging from 10° to 10~2 Hz. The poten-
tiodynamic polarisation tests were performed at a scanning rate
of 1 mV/s. The corrosion parameters including OCP, corrosion po-
tential (Ecorr), and corrosion current density (icorr) Were analysed
through a linear fit and Tafel extrapolation to the cathodic and an-
odic parts of the polarisation curves. All the tests were conducted
at least three times to confirm the reproducibility of the results.

2.5. In vitro studies

2.5.1. Cell culture

Human endometrial epithelial cells (HEECs and BNCC354984)
and human endometrial stromal cells (HESCs and BNCC267006)
were used in this study. The cell lines were purchased from Bn-
bio Company (Beijing, China). HEESs and HESCs were cultured in
Dulbecco’s modified eagle medium containing nutrient mixture F-
12 (DMEM/F12, Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, Australia), 100 U/mL penicillin, and 100 pg/mL
streptomycin (Gibco, USA) in a humidified atmosphere, with 5%
CO, at 37 °C.

2.5.2. Cell viability assay

The polished experimental samples were washed, air-dried, and
then sterilised using ultraviolet radiation for at least 4 h. The sam-
ples were incubated in DMEM/F12 medium supplemented with
10% FBS for 24 h and the supernatant was withdrawn and stored
at 4 °C until use. The ratio of the samples’ exposed-area to the
extraction-medium’s volume is 1.25 cm?/mL under standard cell
culture conditions (a humidified atmosphere, with 5% CO, at 37
°C). The pH values of the extracts were measured using a pH me-
ter (PB-10, Sartorius). The Cu?* and Zn?* concentration in the ex-
tracts was determined using an inductively coupled plasma optical
emission spectrometer (ICP-OES, iCAP6300, Thermo). The conven-
tional medium (DMEM/F12 medium supplemented with 10% FBS)
was used as the negative control and the culture medium contain-
ing 10% dimethyl sulfoxide (Sigma-Aldrich, USA) was used as the
positive control.

The cells were seeded in 96-well plates at a density of 1 x 104
cell/mL (Corning2599, USA), followed by a 24 h incubation for
the cell’s attachment. The complete culture medium was replaced
with 100%, 50% and 10% extracts. The extracts were replaced
again on 1, 3, and 5 days before treatment with a normal culture
medium to prevent interference. Cell viabilities were determined
using the Cell-Counting Kit-8 (CCK-8, Dojindo Molecular Technolo-
gies, Japan). CCK-8 solution (10 pL) was added to each well of the
plate and incubated for 1 h. The spectrophotometric absorbance in
each well was measured using a microplate reader (Bio-RAD 680,
USA) at 450 nm. Each test was repeated five times.

2.6. In vivo studies

2.6.1. Animal treatment

Sexually mature female Sprague-Dawley (SD) rats (weight, 190-
220 g and age, 8-9 weeks) were obtained from the Charles River
Laboratories, China. The animals were acclimatised to the labora-
tory conditions for 1 week before starting the experiments and
were bred under standard conditions. Drinking water and con-
ventional feed were provided ad libitum. The protocols for ani-
mal care and treatment were approved by the Ethics Committee
of the National Research Institute for Family Planning (Issue No.
NRIFH200408-1-3). A total of 60 sexually mature female SD rats
were randomly divided into five groups (with twelve SD rats in
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each group) depending on the implanted materials, namely the
sham operation group (SO group), Cu group, Zn group, Zn-0.5Cu
group, and Zn-1Cu group. Cu, Zn, Zn-0.5Cu, and Zn-1Cu rods in
the diameter of 2 mm and length of 10 mm were prepared. The
animals were anaesthetised, and the corresponding material was
implanted into their uterine cavity.

2.6.2. Histological analysis

The uterine tissues were collected after 3, 7, 14, and 28 days
of implantation. The obtained uterine tissue samples were excised
into small pieces of 4 mm size, which were immediately fixed
in 4% (w/v) paraformaldehyde (Sigma-Aldrich, USA) (pH 7.2) with
overnight incubation at 4 °C. The samples were treated using gra-
dient ethanol (70%, 75%, 80%, 95% 1 and II, 100% I and II) and then
immersed in xylene and paraffin. Subsequently, 5-um thick uter-
ine tissue sections were prepared through microtomy (RM2235,
LEICA), which were dewaxed in xylene, rehydrated in decreasing
concentrations of ethanol (100% I and II, 95% I and II, 80%, 75%,
and 70%), and washed with phosphate-buffered saline. The sec-
tions were stained with hematoxylin-eosin (H&E) and then dehy-
drated using increasing concentrations of ethanol (75%, 95% 1 and
I, 100% I and II) and xylene. The stained specimens were exam-
ined, and images were obtained using a high-quality microscope
(Olympus CKX41, Olympus Co. Ltd., Tokyo, Japan). Tissues sections
were stained with H&E to determine the tissue compatibility, the
extent of inflammation, and tissue damage.

2.6.3. Antifertility experiment

A total of 50 sexually mature female SD rats were randomly
divided into the following five groups: normal control group (NC
group) (n = 5), SO group (n = 5), pure Cu group (n = 10), pure
Zn group (n = 10), Zn-0.5Cu group (n = 10), and Zn-1Cu group
(n = 10). The SD rats were allowed to recover for 15 days before
mating. The day on which vaginal plug was observed was desig-
nated as day 0.5 of pregnancy. On day 11.5, the animals were sac-
rificed and the pregnancy outcomes were observed by performing
laparotomy and uterotomy.

2.6.4. Corrosion morphology characterization for the implanted
materials

The implanted materials were removed from three SD rats in
each group after 3, 7, 14, and 28 days of insertion. The corrosion
morphology and corroded layer product on the surface of the ma-
terials were characterized using SEM, EDS, and XRD.

2.7. Statistical analysis

Data are expressed as mean =+ standard deviation (SD). The sta-
tistical significance of these data was analysed using the one-way
analysis of variance for multiple comparisons, which was followed
by the Tukey post hoc tests. P values of <0.05 were considered
statistically significant, unless stated otherwise.

3. Results
3.1. Long-term immersion tests

3.1.1. Zn?* and Cu?* release rate and pH value variation of the SUF
Fig. 1a presents the release rates of Zn2* from Zn, Zn-0.5Cu, Zn-
1Cu, and Cu?* from Cu immersed in the SUF over 300 days. The
released Cu?t from the Zn-Cu alloys could be detected for some
time point, however, the released amount of Cu?t was extremely
low to the nanograms scale or even out of the detection limit for
some time points. Considering the consistent results, we only pre-
sented the Zn?trelease rates from the Zn-Cu alloys in this work.
From Fig. 1a, it can be seen that the Zn%*+ release rates from Zn,
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Fig. 1. (a) The release rate of Zn?+ and Cu?*t of Zn, Zn-0.5Cu, Zn-1Cu, and Cu immersed in SUF over 300 days. The line chart represents mean =+ SD; n = 3. (b) pH variations
of the SUF immersed with Zn, Zn-0.5Cu, Zn-1Cu, and Cu for 300 days. The line chart represents mean + SD; n = 4.

Zn-0.5Cuy, and Zn-1Cu groups all exhibited a rapid increase within
the first 3 days and a similar fast decrease in the next 5 days. The
maximum Zn** release rates from Zn, Zn-0.5Cu and Zn-1Cu were
50.20 pg/day, 68.73 pg/day and 67.02 ng/day respectively. After a
small increase from 8th day to 10th day, the Zn?* release rates of
the three Zn materials decreased to a very low level (5.40 pg/day)
after 15 days’ immersion and continued decreasing until 90 days
at a quite close release rate of 0.38 pg/day. Afterwards, the Zn, Zn-
0.5Cu and Zn-1Cu exhibited a slight increase in the Zn%*+ release
rate. Comparing the overall Zn2t release rates during the entire
immersion process, Zn2t from Zn-Cu alloys was higher than that
from Zn. On the other hand, Cu material exhibited a typical burst
release of Cu?t within initial 10 days from 38.91 pg/day to 13.47
ng/day followed by the decreased release rate up to 25 days and
thereafter a steadily low Cu?* release rate at 0.72 pg/day until 300
days.

The pH values of the SUFs were measured and recorded
throughout the 300 days of the immersion and are shown in
Fig. 1b. The pH values of the SUFs immersed with Zn materials
showed upward trend from day 1 to day 30 with significant fluctu-
ations in first 10 days within the range of 7.0 to 7.6. The pH value
of the Zn-Cu alloys then increased to approximately 10.5 on day
90 when the Zn2* release rates reached to the lowest level and
eventually decreased to approximately 9.0 on day 300. While the
pH value of the SUF immersed with pure Zn presented the similar
trend with relatively slight fluctuations, it decreased from 9.0 to
8.0 during 300 days of immersion. The pH value of the SUF with
Cu showed an increase in the early stage and maintained about a
stable pH of 8.0 after a month.

3.1.2. Morphological characterization, corrosion product, and
corrosion rates

Fig. 2 exhibits the corrosion rates of pure Zn, Zn-0.5Cu, Zn-1Cu,
and pure Cu immersed in the SUF for 300 days. All metallic ma-
terials showed highest corrosion rates in the beginning of immer-
sion, on the first day. Pure Zn corroded at the relative low rate
around 0.03 mm/year since the 10th day immersion until 150th
day and at even lower rate around 0.01 mmy/year until 300 days.
Both the Zn-0.5Cu and Zn-1Cu exhibited a sharp drop of the cor-
rosion rates from 1 day to 10 days immersion, then the corrosion
rates presented increasing trend afterwards until 300 days’ immer-
sion. On the other hand, pure Cu displayed continuously decreased
corrosion rate in SUF over the 300 days from 0.13 mm/year to 0.01
mmy/year. In the first 10 days, the corrosion rate of pure Cu was
significantly higher (P < 0.01) than that of Zn and its alloys. While
from 30 days’ immersion onwards, the corrosion rates of Zn-Cu al-
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Fig. 2. Corrosion rates calculated from the weight loss for the Zn, Zn-0.5Cu, Zn-
1Cu, and Cu immersed in SUF for 1, 10, 30, 60, 150, and 300 days. The bar graph
represents mean =+ SD; n = 4; *P < 0.05 and **P<0.01.

loy were significantly higher (P < 0.01) than that of pure Cu and
pure Zn.

The corrosion processes of the metallic materials were investi-
gated from the corrosion morphology observation after immersion
in the SUF for different days. Fig. 3 is the SEM images showing
the typical morphologies of the materials’ surfaces. After 1 day of
immersion, local pitting was observed on the surface in the Zn,
Zn-0.5Cu, and Zn-1Cu groups while pure Cu surface was fully cov-
ered with a porous layer of corrosion product. After 10 days of im-
mersion, the corrosion products were locally formed at the corro-
sion pits areas and the corrosion pits were more pronounced on
the surface of the Zn and alloys. Considerably large sized corro-
sion product in the shape of spiky spheres could be found on the
pure Zn surface while much more spheres could be observed from
Zn-0.5Cu surface and quite dense corrosion produces in a variety
of sizes covered on the surface of Zn-1Cu. Pure Cu surface after
10 days’ immersion in SUF presented crystal corrosion products in
relatively uniform size covering the whole surface. With the pro-
longed immersion time to 30 days and afterwards, the spiky cor-
rosion products on pure Zn surfaces were increased in size and
density to the whole view suggesting the corrosion was occurred
on the whole surface. While the corrosion products on both Zn al-
loys were gradually increased in dimensions to fully cover the sur-
faces with various morphologies. In comparison to the Zn and Zn
alloys, pure Cu surface formed corrosion products uniformly on the
whole surface area and in relatively smaller size. After 300 days
immersion, pure Cu surface was covered densely with solid micro-
spheres, while the surfaces of Zn, Zn-0.5Cu and Zn-1Cu still pre-
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Cu

Fig. 3. Corrosion morphologies of Zn, Zn-0.5Cu, Zn-1Cu and Cu immersed in the SUF for 1, 10, 30, 60, 150, and 300 days.

sented very porous, spikey and large microspheres, suggesting the
corrosion product layer was very packet on Cu and quite loose cor-
rosion product layer on Zn and Zn alloys.

The EDS results were revealed in Fig. S1 for the four materials
immersed in SUF for 10 days and 300 days respectively. The ele-
ments of Zn, Ca, O, P, and C were detected in the corrosion prod-
ucts of Zn and its alloys since 10 days’ immersion. The corrosion
products of Zn and Zn-0.5Cu samples were found to contain C, Zn,
O, P, and Ca. There was no observed difference in the composi-
tion elements from the short- and long-term immersion. On pure
Cu surface, the majority element detected were Cu and O for the
short time immersion while Ca, P, Cl, and C elements showed up
with Cu and O after immersed in SUF for 300 days.

The phase compositions of the corrosion products of Zn, Zn-
0.5Cu, Zn-1Cu, and Cu immersed in SUF for a series of time pe-
riod were characterized using XRD and shown in Fig. 4. It can be
seen that the corrosion products were not very detectable for 1-
day immersion for Zn and Zn alloys, although the ZnO peaks pre-
sented slightly with Zn patterns. CuZns was found as the orig-
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inal Zn alloy phase from both Zn-0.5Cu and Zn-1Cu. From 10
days’ immersion, ZnO and CaZn,(PO4),-2H,0 were identified as
the main corrosion products for all Zn materials. On the con-
trary, Cu,0 was relatively obvious from one day immersion for
pure Cu material in SUF, which agrees well with the corrosion
morphology observation of Cu presenting uniformly covered corro-
sion product on day 1 (Fig. 3). Cu;O was the only corrosion prod-
uct from XRD characterization, suggesting that the minority ele-
ments detected from EDS (Fig. S1) could be from the amorphous
phases.

3.2. Electrochemical measurements

The OCPs of four materials during 3600 s of immersion in SUF
were recorded and shown in Fig. 5a. The OCP of pure Cu was sta-
bilized at about -0.19 V presenting the highest potential compared
with the pure Zn and its alloys. Additionally, the OCPs of Zn-0.5ZCu
and Zn-1Cu alloys present a higher potential compared with pure
Zn. Fig. 5b presents the potentiodynamic polarisation test results
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Fig. 5. The open circuit potential plots, potentiodynamic polarisation curves and the electrochemical impedance

Zn-1Cu and Cu in the SUF.

Table 1
The parameters of open circuit potential, Ecorr, icorr, and corrosion rates of
Zn, Zn-0.5Cu, Zn-1Cu and Cu in the SUF. * P < 0.05 when compared with
the Zn.

spectra with the electric equivalent circuits of Zn, Zn-0.5Cu,

mmy/year were significantly lower than those of the Zn alloys (P <
0.05). Further comparisons in the two parameters of Zn-0.5Cu and
Zn-1Cu did not show significant variations (P > 0.05), 2.95 pA/cm?
and 3.51 pA/cm2. Zn-1Cu exhibited the highest corrosion current
density. Pure Cu presents the highest corrosion potential compared

Materials  icorr (UA/cM?)  Ecorr (V) Corrosion rate (mm/year)
Zn 2.1+0.1 -0.9540.03 0.031+0.001
Zn-0.5Cu  3.0+0.2* -0.95+0.05 0.044+0.003*
Zn-1Cu 3.5+0.2* -0.96+0.04 0.052+0.003*
Cu 3.5+0.2* -0.20+0.01*  0.041+0.003*

for the four materials in the SUF and the obtained electrochem-
ical corrosion current and potential values are listed in Table 1.
There was no significant difference (P > 0.05) in corrosion poten-
tials among three Zn materials. However, both the corrosion cur-
rent density and corrosion rate of pure Zn, 2.12 pA/cm? and 0.03
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with Zn and its alloys (P < 0.05). Moreover, both the corrosion
current density and corrosion rate of pure Cu, 3.52 pA/cm2?and
0.04 mm/year were significantly higher than those of pure Zn (P
< 0.05). The EIS spectra of Cu, Zn, Zn-0.5Cu, and Zn-1Cu exposed
to SUF are shown in Fig. 5c and the fitting results are listed in
Table 2. The Nyquist plot of Cu presents the incomplete capacitive
resistance arc. It clearly shows that the curvature radius of the Cu
sample is larger than that of the Zn, Zn-0.5Cu, and Zn-1Cu samples,
suggesting the highest charge-transfer resistance of the Cu sample
and thus higher corrosion resistance of Cu comparing to Zn and its
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Table 2
The fitted results of the electrochemical impedance spectra of Cu, Zn, Zn-0.5Cu, and Zn-1Cu.
Rs (Rem?) Ry (Qcm?)  Re (Qcm?)  CPE; (Q7's"em™2) N CPE; (7 's"em™2) n W (Q's"cm~2)
Cu 71.3 4385.0 - 1.83E-04 057 - - 8.42E-05
Zn 90.9 6159.9 1768.1 4.78E-06 0.86  2.94E-04 1.08 -
Zn-0.5Cu  84.8 6676.8 3115.8 5.06E-06 0.82  3.10E-04 089 -
Zn-1Cu 84.9 4864.4 2323.9 5.43E-06 0.82  1.87E-04 078 -
Table 3

alloys. The corresponding electrical equivalent circuit (EEC) of Cu in
the SUF was shown as Fig. 5c¢ (i). Rs is identical to the electrolyte
resistance, the constant phase element (CPE;) is almost like War-
burg impedance when the n value is close to 0.5 while the pres-
ence of the Warburg (W) impedance indicates that the mass trans-
port is limited by the formed oxide layer on the Cu surface. The
EIS responses of Zn and its alloys characteristically appeared two
semicircle-like curves (Fig. 5c) which corresponded to two time
constants, mainly one high frequency and one low frequency ca-
pacitance loop. The model (ii) was used to interpret the result for
Zn and Zn alloys. The semicircle in the high frequency region is re-
lated to the corrosion products formed in the uniformly corroded
region of the sample surface and corresponds to the R and CPE4
in the EEC model (ii) referring to the charge transfer resistance and
the electric layer at the interface of substrate and electrolyte. The
semicircle in the low frequency region, corresponding to the R; and
CPE,, is related to interfacial charge transfer processes and elec-
trochemical double-layer effects at the sample/electrolyte inter-
face. The semicircle diameter of Zn-0.5Cu and Zn-1Cu are smaller
than that of pure Zn, indicating that its corrosion resistance is
reduced.

3.3. In vitro cytocompatibility studies

Variations in the pH of the cell culture media in the presence
of the three material extracts were monitored, and the results are
presented in Fig. S2 No difference was observed between the pH
values of the test materials before and after immersion.

The cytotoxicity evaluation results for 100%, 50%, and 10% ex-
tracts of Zn, Zn-0.5Cu, Zn-1Cu, and Cu are presented in Fig. 6
According to the International Organization of Standardization
(10993-5:2009 Biological evaluation of medical devices-Part 5:
Tests for in vitro cytotoxicity), cell viability higher than 75% is con-
sidered as acceptable cytotoxicity for biomedical devices. It can be
seen from Fig. 6 that the cell viabilities of HEECs cultured in the
100% extracts of all four metallic materials for 1, 3 and 5 days were
very low and the highest one was 62% from the 100% extracts of
Zn-1Cu for 5 days’ culture. All Zn materials presented better HEEC
cell viability than the pure Cu. It is worthy to note that Zn-0.5Cu
exhibited lowest cell viability among the Cu, Cu-0.5Zn and Zn-1Cu.
Similar scenario occurred for the cell viabilities of HESCs cultured
in the 100% extracts of all four metallic materials for 1, 3 and 5
days. Cu exhibited much lower cell viability than the Zn and the al-
loys. The Zn-0.5Cu exhibited slightly higher level cell viability than
Cu, however, it was much lower than pure Zn and Zu-1Cu. Both
pure Zn and Zn-1Cu presented much higher cell viability of the
HESCs than that of the HEECs. The highest cell viability (110%) was
from the 100% extract of Zn-1Cu cultured for 5 days. Furthermore,
the 50% and 10% extracts of Zn, Zn-0.5Cu, and Zn-1Cu exhibited no
cytotoxicity to both HESCs and HEECs, whereas 50% and 10% ex-
tracts of Cu exhibited severe cytotoxicity to both cells cultured for
1 day.

The measured concentrations of Zn?+ and Cu®* in the 100% ex-
tract of Zn, Zn-0.5Cu, Zn-1Cu and Cu were listed in Table 3. There
was no considerable difference in Zn2* or Cu?* concentrations ob-
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Ion concentrations of Zn, Zn-0.5Cu, Zn-1Cu and Cu immersed in the culture
medium (DMEM/F12 + 10% FBS + 100 U-mL~' penicillin and 100 g-mL™"
streptomycin) for 24 h (mean +SD; n = 3).

Materials Zn (pg/mL) Cu (ng/mL)

Before extraction 0.5+0.1 15.4+0.7

Pure Zn 15.4+1.0 -

Zn-0.5Cu alloy 17.7+£1.8 17.5+0.7

Zn-1Cu alloy 16.3+0.9 21.44+0.4

Pure Cu - 130.1+5.6 (pg/mL)

served among Zn materials, but Cu released 130.13 pg/mL Cu®*
which was about 10 times higher than the Zn2* from pure Zn.

3.4. In vivo implantation test

3.4.1. Histological observations

To evaluate tissue compatibility of Zn, Zn-0.5Cu, Zn-1Cu, and
Cu with the endometrium, samples in the rod shape were im-
planted into the rat uterine cavity. Histologic examination of the
endometrial tissues that directly contacted and interacted with the
inserted rod samples for 3, 7, 14 and 28 days are presented in
Fig. 7. The insets show the uterine cross sections and the enlarged
images are the squared area in the insets. The endometrial cells
of the rats in the SO group exhibited clear outlines, normal gland
numbers, complete glandular epithelium, and slight inflammatory
reaction after surgery. There were no changes along the increased
time. Conversely, after 3 days of implantation, strong tissue reac-
tions were observed in the Zn, Zn-0.5Cu, Zn-1Cu, and Cu groups.
With the implantation of Zn, Zn-0.5Cu, Zn-1Cu, and Cu materi-
als for 3 days, the endometrial structures were severely damaged,
which was evident from the disordered arrangement of endome-
trial stromal cells (the area shown using red arrows in the en-
larged images), exudation of inflammatory cells in the uterine cav-
ity (black arrows in the insets images), structural damage to the
glands, and structural disintegrity of the epithelial cells. In addi-
tion, obvious inflammatory cells were found infiltrating into the
endometrial tissues after implantation of the four groups of ma-
terials, which suggested the occurrence of inflammatory reaction
after implantation of the materials. Overall, the tissue reactions in
the Zn-1Cu group were milder than those in the Zn, Zn-0.5Cu, and
Cu groups.

After implanted for 7 days, the endometrial tissues interacted
with the four metallic rods still showed aggravated damages in
the endometrial structures and the inflammatory cell infiltration
in the tissues. The exudation of inflammatory cells in the uter-
ine cavity could be observed in the tissues interacted with pure
Zn, Zn-0.5Cuy, and Cu. The endometrial structure directly contacted
with Zn-0.5Cu and Cu rod presented further damage with obvious
tissue separation. It is worth to note that the endometrial stro-
mal cell structure was considerably improved from the endome-
trial tissue contacted with Zn-1Cu for 7 days although the overall
tissue conditions were similar to the tissues of pure Zn and Zn-
0.5Cu. Therefore, the endometrial structure displayed a self-repair
tendency with the implantation of Zn-1Cu. The pure Cu still caused
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Fig. 6. Viabilities of HEECs and HESCs after 1, 3, and 5 days of incubation in the 1005, 50% and 10% extracts of Zn, Zn-0.5Cu, Zn-1Cu and Cu in SUF, normal medium, and
normal (negative control) with 10% DMSO (positive control). The bar graph represents mean + SD; n = 5, *P < 0.05; each time point and Zn, Zn-0.5Cu, and Zn-1Cu groups
compared with the Cu group; # P < 0.05, each time points and the Zn-Cu group compared with the Zn group; + P < 0.05 the Zn-1Cu group compared with the Zn-0.5Cu

group.

disordered endometrial stromal cells in the endometrial tissue af-
ter 7 days’ implantation.

After 14 days’ implantation, the endometrial tissue structure
inserted with Zn-1Cu exhibited obvious repaired tissue with re-
stored stromal cell morphology, reduced inflammatory cells infil-
trated by tissues, and zero intrauterine exudate. However, for the
endometrial structures implanted with the Zn-0.5Cu and pure Cu,
the intrauterine exudate and tissue separation were persistently
presented without self-repair tendency. Pure Cu still present a lot
of exudations of inflammatory cells in the uterine cavity.

After the Zn-1Cu implanted for 28 days, the overall structure
of the endometrium recovered completely with orderly arranged
endometrial stromal cells showing clear contour and no inflamma-
tory reaction while the glandular epithelial structure was not fully
recovered. The endometrial structures implanted with other three
materials, Zn, Zn-0.5Cu, and Cu also showed self-repair at different
extent after 28 days. For the pure Zn, the endometrial epithelial
cell structure was restored to integrity, and the intrauterine exu-
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date disappeared. However, local inflammatory cell infiltration and
stromal cell disordered arrangement could still be observed. For
Zn-0.5Cu and Cu, the endometrial stromal cells displayed slight or-
dered arrangement. However, a part of the shed tissue and inflam-
matory cells could still be seen in the uterine cavity. It can be seen
that the Zn-1Cu displayed the highest compatibility with uterine
tissue.

3.4.2. Antifertility effectiveness

The antifertility experiment performed using rat model pre-
sented the results in Table 4. No embryos were observed in the
uterine horns where the materials were implanted, whereas nor-
mal embryos were found in the contralateral uterine horns of all
rats as well as bilateral uterine horns of the NC and SO groups.
Antifertility rates for the rats implanted with Zn, Zn-0.5Cu, and Zn-
1Cu were all 100% similar to those with Cu material, suggesting
that the antifertility efficacy of Zn, Zn-0.5Cu, and Zn-1Cu is com-
parable to that of Cu materials.
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Fig. 7. Histological images of the haematoxylin-eosin-stained Sprague-Dawley rat uterine tissues from the Zn, Zn-0.5Cu, Zn-1Cu and Cu materials after implantation in rate

uterine cavity for 3, 7, 14, and 28 days.

Table 4
Antifertility results of the Zn, Zn-0.5Cu, Zn-1Cu and Cu materials. * P < 0.05 when compared with the negative group.
No. of embryos in material-bearing No. of embryos in contralateral No. of pregnant Antifertility
Group n uterine horn (X+SD) uterine horn (X+SD) animals rate (%)
NC 5 7.4+1.4 6.0+1.9 5 0
Nej 5 53+1.2 5.7+0.9 5 0
Cu 10 0 6.8+0.8 0 100*
Zn 10 0 7.8+1.3 0 100
Zn-0.5Cu 10 0 7.0+2.9 0 100*
Zn-1Cu 10 0 5.0+0.6 0 100*

3.5. Post characterizations of the implanted Zn and Cu materials

3.5.1. Corrosion morphology

The surface corrosion morphology of the Cu, Zn, Zn-0.5Cu, and
Zn-1Cu materials were observed after these materials were im-
planted into the rats’ uterine cavity for 3, 7, 14, and 28 days, and
the results are presented in Fig. 8. The SEM images showed gradu-
ally increased corrosion product layers on the surface of the im-
planted Cu, Zn, Zn-0.5Cu, and Zn-1Cu rods with the increase in
the implantation period. The corrosion products on the surface of
pure Zn and Zn alloys formed locally adjacent to the corrosion pits
first and gradually connected together to cover the whole surface,
so the surfaces of the corrosion product layer fluctuated. On the
other hand, the uniform corrosion occurred on the surface of pure
Cu that the corrosion product layer was also uniformly covered the
surface and peeled-off areas on the surface were also quite even.

Fig. S3 shows the EDS analysis on the corrosion products of the
four metallic materials after these were inserted to the rats’ uterine
cavity for 3, 7, 14, and 28 days. In the early stage of implantation,
the corrosion products on the surface of pure Zn mainly contained
C, N, O, Zn, and P. The corrosion products on Zn-0.5Cu and Zn-1Cu
surfaces mainly contained C, N, O, Zn, P, S, and Ca. EDS results in
the later stage of implantation revealed that the corrosion product
elements on the surface of the three groups of materials contained
C N, O, Zn, P, S, and Ca. Compared with the elemental analysis re-
sults of the in vitro immersion experiment, elements N and S were
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detected on the surface of the Zn and Cu materials implanted in
the uterine cavity of the rats, suggesting that in addition to the
oxides on the surface of the Zn and Cu materials, some uterine
tissues or organic matter were deposited on the surface of the ma-
terials.

3.5.2. Composition of corrosion products

The XRD patterns in Fig. 9 show the phase constitutions of the
corrosion products on the surface of the materials after their im-
plantation in the uterine cavity of rats for different periods. Com-
pounds such as Cu,0, CuO, Cu,S, and CaCO3 were observed within
3 days of implantation. With the increase in implantation time, the
amount of Cu,0 deposited on the surface also increased. The main
corrosion products in the Zn, Zn-0.5Cu, and Zn-1Cu materials were
Zn0, Zn(OH),, and CaCOs.

4. Discussion

Zn has been identified with contraceptive effectiveness in the
previous work [49] by comparing the pure Cu with Cu-Zn alloys,
Cu-38Zn and H62 alloy, as the active materials in the Cu-IUD.
The key findings that Cu-Zn alloys exhibited comparable contra-
ceptive effectiveness but much reduced burst release of Cu2t, less
cytotoxicity and greatly improved tissue compatibility with much
smoother corrosion surface suggested Zn and Zn alloys could be
a new contraceptive metallic materials. In this work, we carried
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Fig. 8. Corrosion morphologies of Zn, Zn-0.5Cu, Zn-1Cu and Cu materials after implantation in rate uterine cavity for 3, 7, 14 and 28 days.

out the systematic evaluation on the pure Zn and Zn alloys and
the results demonstrated that the Zn and Zn alloys could be the
potential replacement of Cu in IUD, especially the Zn-1Cu exhibit-
ing the best biocompatibility and excellent contraceptive efficiency.
The working mechanism for Zn and alloys as the active materials
for IUD is discussed here in biocorrosion behaviour, biocompatibil-
ity aspects for the feasibility of the Zn-Cu alloy as an IUD active
material.

4.1. Degradation behaviours of Zn-Cu alloys in the uterine
microenvironment

The Zn and its alloys degrade in a similar manner with the re-
ported investigations in neutral or alkaline solutions [30,50] that
Zn-based alloys undergoes oxygen-absorbing corrosion via the an-
odic oxidation of Zn and cathodic reduction of oxygen. The reac-
tions can be presented as Eq. (1) and Eq. (2), respectively [31].
Therefore, when Zn and its alloys were immersed in the SUF at pH
of 7.0, Zn starts to dissolved to Zn** and OH~ and accumulates in
the solution, thus the pH value of the SUF would increase rapidly,
as Fig. 1b shows the initial increase for Zn, Zn-0.5Cu, and Zn-1Cu
alloys. With the progression of the reaction, the corrosion passi-
vation films of ZnO and Zn(OH), gradually form through the reac-
tions the Zn?t and OH~ and the pH value of the solution would
decrease in the later stage as shown in Fig. 1b. The chemical reac-
tions are represented by Eqs. (3) and (4) [31].

Zn (s) — Zn**(aq) + 2 — (1)
2H,0 + 0, +4e~— — 40H — (2)
Zn?** 4 20H - — Zn(OH), (3)
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Zn** + 20H — — ZnO + H,0 (4)

With the prolonged immersion time (10 days or longer) of Zn
alloys in SUF, a new product can be formed, CaZn,(PO4),-2H,0
(Figs. 4 and5), which is consistent with the previous report for Zn-
0.1Li and Zn-0.8Mg alloys [46]. The later formed corrosion prod-
uct could originate from the reaction of the Zn(OH), and the Cat
and PO,43~ in SUF and formed more stable CaZn,(PO,4),-2H,0 on
the surface of Zn in the spiky and porous morphology. The porous
structures provided channels for the SUF to diffuse to Zn surface,
which enables the continuously steady or even increased corrosion
rate in the later stage of the long-term immersion (Fig. 1a) when
the corrosion products thicken and fully covers the surface. More-
over, with the decreased corrosion rate (Fig. 2), the correspond-
ing cathodic reaction weakened and the generation of hydroxide
decreased, whereas the constantly formed corrosion products con-
sumed OH™ in the solution, which may have led to a decrease in
the pH value of the solution.

When the Zn and its alloys are implanted in the biological envi-
ronments, like rats’ uterus, the corrosion processes are quite simi-
lar to the in vitro tests. The uneven and rolling surfaces with locally
formed corrosion products of all the Zn materials implanted for up
to 30 days. The corrosion products are not in the shape of spiky
sphere but still very porous. However, the corrosion products are
mainly ZnO, CaCO3 and Zn(OH), on the surface of the Zn materials
[43]. Therefore, in a dynamic in vivo environment like rat uterine
microenvironment and the contraction of the uterus, the main re-
actions for Zn and its alloys are the anodic oxidation of Zn and
cathodic reduction of oxygen to form ZnO and Zn(OH),, while the
CaCO3 (Fig. 9) might be the physical attachment from the uterus
fluid calcification [28,33].

The Cu,0 is the main corrosion product formed on the sur-
face of pure Cu when it is immersed in SUF for as long as 300
days. At the initial stage of soaking, the corrosion rate of pure Cu
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Fig. 9. XRD patterns for the (a) Zn, (b) Zn-05Cu, (c) Zn-1Cu and (d) Cu materials after implantation in rate uterine cavity for 3, 7, 14, and 28 days.

was higher than that of Zn alloy; It may be the initial Cu,0 at-
tached to the surface of the Cu matrix that did not dissolve in
the solution, resulting in the release of the initial Cu?* is not as
high as that of Zn. However, after 30 days, the corrosion rate of
Zn alloys became higher than that of pure Cu and Zn. According
to the electrochemical results, the corrosion current density and
corrosion rate of the pure Cu were obviously higher than those
of pure Zn. However, in the long-term soaking process, the dense
cuprous oxide protective layer that was formed on the surface of
pure Cu inhibited further corrosion of Cu, whereas the Zn alloy ex-
hibited potential differences, and the galvanic corrosion accelerated
the corrosion of Zn alloy due to the presence of the second phase
CuZns.

4.2. Biocompatibility of Zn-Cu alloys in the uterine microenvironment

Zn, Zn-0.5Cu and Zn-1Cu presented much better biocompatibil-
ity than Cu from the in vitro and in vivo tests including cytotoxicity
to two types of human endometrial cell (Fig. 6) and uterus cavity
tissue compatibility (Fig. 7). Zn is the second most abundant metal
element in the human body and plays a crucial role in the nor-
mal functions of the body by involving in ~300 types of biological
enzymes reactions [51-54]. The long-term in vitro release rates of
Zn* from pure Zn, Zn-0.5Cu, and Zn-1Cu in SUF are much lower
than the recommended daily intake value, 15 mg/d, for adults
[55,56]. There is no systemic toxicity caused from Zn and its alloys
implants. However, when the Zn and its alloys are implanted into
the uterine cavity, locally high concentration of Zn2* from the cor-
rosive degradation of the materials may result in toxic effects on
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the cells or tissues [3,57,58]. Therefore, in this work we adopted
two types of human endometrial cell lines, HEECs and HESCs
that play an important role in the embryo implantation process
[57,59-62], to evaluate the intrauterine cytotoxicity from Zn and
alloys.

In vitro cytotoxicity results in Fig. 6 showed that the HEECs and
HESCs cultured under high concentrations (100%) of pure Zn, Zn-
0.5Cu, Zn-1Cu, and pure Cu materials extracts showed decreased
cell viability and a certain degree of cytotoxicity compared with
the control group, while cells treated with low concentrations (50%
and 10%) of pure Zn, Zn-0.5Cuy, and Zn-1Cu extracts showed no cy-
totoxicity. Moreover, the cell viability was improved to a certain
extent, suggesting that the dose dependence on Zn and Cu may
exist. The diluted extracts of Zn materials with higher cell viabil-
ity agrees well with the recommended in vitro cytotoxicity evalu-
ation criteria for biodegradable metals [63] and other reports on
Zn alloys’ cytotoxicity of different types of vascular cells [64,65]. A
low concentration of Zn?t can improve cell viability and promote
cell adhesion, migration, and proliferation, whereas a high con-
centration of Zn2* produces opposite effects, indicating the Zn%+
concentration-dependent behaviour. We noticed that the cell via-
bility of the both cells from the 10% extract of pure Cu group was
higher on the first day; however, it decreased significantly with
the extension of culture time. In addition, Zn-1Cu showed better
cell viability than Zn-0.5Cu, which could be attributed to the bi-
modal antagonism from the low concentrations of Zn?t and high
concentrations of Cu2* [66]. The pH values of the extracts did not
exceed the normal pH range of the uterine fluid, 6.0~7.9 [67], sug-
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gesting there is no chemcial effect on uterine fluid from Zn and
alloys.

The issues of pain, abnormal uterine bleeding, and other ad-
verse reactions associated with Cu-IUD have not been completely
resolved yet [58,68]. Studies on the pathogenesis of adverse reac-
tions have mainly focused on endometrial morphology [69] and
changes in local biochemical substances in the uterus [70]. Af-
ter Cu-IUD is implanted in the uterine cavity, it directly comes
in contact with the endometrium and causes physical stimulation
and mechanical compression of the endometrium [71]. In addi-
tion, Cu?* and corrosion products released into the uterine cav-
ity by Cu-IUD can damage the endometrium and induce aseptic
inflammation of the endometrium [72,73]. Notably, in the initial
stage of Cu-IUD implantation, free Cu?t in the uterine cavity in-
creases rapidly, which exerts a strong stimulation effect on the en-
dometrium. Thus Cu-IUD-related adverse reactions usually occur at
the initial stage of implantation,

For the in vivo tissue compatibility tests, we observed the en-
dometrial morphological evolutions after Zn, Zn alloys and Cu im-
planted into uterine cavity using rat model. Analysis of endome-
trial changes at each time point of implantation indicated that the
endometrial histomorphology changed to varying degrees with Zn
and alloys implantation. With the increased implantation time, the
stimulation of the endometrium gradually weakened and the en-
dometrium gradually recovered. The histopathological observation
results showed that the Zn-1Cu group exhibited excellent histo-
compatibility with slightest endometrial structure damage and the
fastest recovery, followed by pure Zn, Zn-0.5Cu, and pure Cu. Be-
cause of the antagonistic effect of Cu?t and Zn2t, we speculate
that Zn-1Cu has good biocompatibility, which may be related to
the release of more Cu?* that may reduce the absorption of Zn?+
by endometrial cells [66].

Analysis of changes in the corrosion surface of the materi-
als at each time point of implantation revealed local corrosion
on the surface of the three Zn materials. The corrosion prod-
ucts formed by local corrosion were relatively loose and showed
a porous structure, which was conducive to the continuous re-
lease of Zn2t [74]. Simultaneously, no local corrosion of the sur-
face was observed for pure Cu; hence, corrosion products were
formed with the extension of implantation time, and the ac-
cumulation of these products could effectively protect the ma-
terial matrix [75]. The structures formed by the two corrosion
modes can reduce the explosive release of Zn?* in the initial
stage of implantation and facilitate the release of Zn?t in the
long-term implantation process. In addition, we observed the ob-
vious peeling phenomenon of the corrosion products on the sur-
face of pure Cu, which may be one of the reasons for poor
histocompatibility.

5. Conclusions

Biodegradable Zn-Cu alloys exhibit a stable corrosion rate and
a continuous Zn2t release in the simulated uterine microenviron-
ment over 300 days, and great biocompatibility to cells and tissues.
The Zn-Cu alloys also exert antifertility effect similar to pure Cu.
The differences of the corrosion behaviours, pit corrosion for Zn
and Zn-0.5/1Cu alloys and uniform surface corrosion for pure Cu, is
the main reason for the improved burst release of the metallic ions
in the initial days of immersion and implantation. Furthermore, the
varied corrosion products formed on the surface of the Zn-Cu alloy
with much more loose morphology could benefit the reduction of
the explosive release of Zn?* and facilitate the release behaviour
of Zn2* in the long-term process. Zn-Cu alloys exhibit the much
more improved cell and tissue compatibility while maintain com-
parable antifertility efficiency, suggesting the Zn-Cu alloys could be
substitution of Cu in the IUD, especially the Zn-1Cu alloy.
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