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ABSTRACT

The existing adverse effects of copper in copper-containing intrauterine devices (Cu-IUDs) have raised
concerns regarding their use. These adverse effects include burst release of cupric ions (Cu?*) at the ini-
tial stage and an increasingly rough surface of the Cu-IUDs. In this study, we investigated the use of two
copper alloys, Cu-38Zn and H62 as the new upgrading or alternative material for IUDs. Their corrosive
properties were studied in simulated uterine fluid (SUF) by using electrochemical methods, with pure Cu
as a control. We studied the in vitro long-term corrosion behaviors in SUF, cytotoxicity to uterine cells
(human endometrial epithelial cells and human endometrial stromal cells), in vivo biocompatibility and
contraceptive efficacy of pure Cu, H62, and Cu-38Zn. In the first month, the burst release rate of Cu?*
in the Cu-38Zn group was significantly lower than those in the pure Cu and H62 groups. The in vitro
cytocompatibility Cu-38Zn was better than that of pure Cu and H62. Moreover, Cu-38Zn showed im-
proved tissue biocompatibility in vivo experiments. Therefore, the contraceptive efficacy of the Cu-38Zn
is still maintained as high as the pure Cu while the adverse effects are significantly eased, suggesting
that Cu-38Zn can be a suitable potential candidate material for IUDs.

Statement of significance

The existing adverse effects associated with the intrinsic properties of copper materials for copper-
containing intrauterine devices (Cu-IUD) are of concern in their employment. Such as, burst release of
cupric ions (Cu?*) at the initial stage and an increasingly rough surface of the Cu-IUD. In this work, Cu
alloyed with a high amount of bioactive Zn was used for a Cu-IUD. The Cu-38Zn alloy exhibited reduced
burst release of Cu?t within the first month compared with the pure Cu and H62. Furthermore, the Cu-
38Zn alloy displayed significantly improved biocompatibility and a much smoother surface. Therefore,
high antifertility efficacy of the Cu-38Zn alloy was well maintained, while the adverse effects are signif-
icantly eased, suggesting that the Cu-38Zn alloy is promising for a Cu-IUD.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Copper-containing intrauterine devices (Cu-IUDs) are the safe,
long-term effective, and reversible contraception tools that have
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been used extensively worldwide for population control [1,2]. Cu-
IUDs have a satisfactory contraception efficacy and a high usage
rate. However, the undesirable adverse effects of the existing Cu-
IUDs such as irregular bleeding, spotting, pelvic pain and infection
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limit their usage [3-6]. These adverse effects are associated with
the inherent corrosive behavior of Cu, such as including the burst
release of cupric ions (Cu2*) in the first few months [7-9] and in-
creased roughness of the material surface due to long-term corro-
sion in the uterine cavity [10].

Various attempts have been made to solve the existing prob-
lems associated with Cu-IUDs, such as by changing the shape
and size of copper components [11,12] or by adding non-steroidal
anti-inflammatory drugs in the device [13,14]. However, the re-
sults have been unsatisfactory. Other than the structural modifi-
cations of Cu-IUDs, new types of Cu-IUDs have been developed us-
ing polymers of Cu or nano/microparticles composites of Cu with
controlled release of Cu?* rather than Cu bulk metal as the ac-
tive material. Xie et al. [15-17] designed Cu/low-density polyeth-
lene nanocomposites. Li et al. [18-20] developed a new type of
crosslinked composite cupric chloride/ silicon dioxide/poly (vinyl
alcohol) (CuCl,/SiO,/PVA). Although the polymer composite-based
IUDs have enabled the controlled release of Cu®*, other concerns
such as poor mechanical properties, complex fabrication process,
sensitive surface functional groups and unstable internal structure
of the polymer were raised [17,21,22], Furthermore, Xu et al. cre-
ated fabricated ultrafine- grained copper (UFG Cu) by using the
equal-channel angular extrusion (ECAP) technique and used it as
the active material for the Cu-IUD. A lower Cu®* burst release was
observed in UFG Cu than that in coarse-grained copper; however,
UFG Cu was highly cytotoxic. Hence, the clinical application of UFG
Cu in Cu-IUDs presents challenges, and more studies are warranted
to identify suitable potential candidate Cu materials for Cu-IUD.

In the present study, we propose the use of alloys of Cu and
other metal to reduce the bio-corrosion and increase the biocom-
patibility of Cu-IUDs. Zinc (Zn) is the second most abundant trace
element in the human body that participates in various enzymatic
and metabolic processes [23]. Meanwhile, it possesses contracep-
tive [24], wound healing [25], and antibacterial properties [26]. A
combination of Cu?* and zinc ions (Zn?*) was found to have an
antagonistic effect on the cytotoxicity and a synergistic effect on
the antibiotic activity [27]. Therefore, the use of Zn in copper alloys
to design IUDs can improve the efficacy, adaptability and antibacte-
rial activity of these devices, promote endometrial repair, and pre-
vent abnormal uterine bleeding.

The present study attempted to reduce the initial burst release
of Cu?* and minimize the adverse effects of the existing Cu-IUDs.
Our study proposes a novel Cu-38Zn alloy as a potential candidate
for the IUDs. We used industrial H62 alloy as a control. We studied
the bio-corrosion properties, in vitro cytocompatibility, and in vivo
histocompatibility of the Cu-38Zn alloy, H62 alloy, and pure Cu.
We also performed antifertility experiments to evaluate the con-
traceptive efficacy of Cu-38Zn alloy.

2. Materials and methods
2.1. Material preparation

Pure copper (99.99%) and commercial H62 (62.5wt% Cu,
0.12wt.% Fe, 0.07 wt.% Pb, remainder Zn) rods of 10 mm diameter
and 1 m length were purchased from Yuandelai Industrial Materials
Co. (Shenzhen, China) and Meihang Copper & Aluminum Co. (Shen-
zhen, China), respectively. The as-cast Cu-38Zn alloys (38.5wt.%
Zn, remainder Cu) was prepared in the Hunan Rare-Earth Mate-
rial Research Institute. All the experimental samples were sliced in
discs 10 mm in diameter and 2 mm thickness.

2.2. Microstructure characterization

For the microstructure observation, the Cu samples were
ground to 2000 grits by using silicon carbide (SiC) paper, fol-
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lowed by polishing it with 3 um and 50 nm colloidal silicon dioxide
(Si0,) suspensions. Electron backscatter diffraction (EBSD) analysis
was performed using an FEI Helios G4 PFIB UXe DualBeam scan-
ning electron microscope and interpreted using ‘CHANNEL 5’ EBSD
software. The data were analysed using Aztec analysis software.
Field-Emission scanning electron microscope (Zeiss, Supra 55VP)
equipped with an energy dispersive X-ray spectrometer was used
to observe the surface of the materials and analysis the elemental
composition.

2.3. Electrochemical measurement

The electrochemical tests were performed using a typical three-
electrode cell with a platinum plate as the counter-electrode, a
saturated calomel electrode as the reference electrode, and a Cu
specimen as the working electrode. The tests were performed in
a simulated uterine fluid (SUF) solution at 37 +0.5°C by using
an electrochemical workstation ((Autolab, Metrohm, Switzerland).
Each sample was mechanically polished with SiC paper to obtain
2000 grits. It was then ultrasonically cleaned for 15min in ace-
tone and ethanol. The exposure area of the specimen was 0.242
cm?2. Each specimen was monitored under an open circuit poten-
tial (OCP) for approximately 0.5h. The potentiodynamic polariza-
tion measurements were evaluated at a scan rate of 1 mV/s. Simi-
larly, we measured five different samples. Electrochemical parame-
ters including OCP, corrosion potential (Ecorr), and corrosion cur-
rent density (icorr) Were calculated from the polarization curves
through the Tafel analysis.

2.4. Long-term immersion test

The long-term corrosion behaviors of Cu, Cu-38Zn, and H62
samples were identified in the SUF solution (comprising NaCl
497 g/L; KCI 0.224g/L; CaCl, 0.167 g/L; NaHCO3 0.25g/L; Glucose
0.5g/L and NaH,P04+2H,0 0.072 g/L), according to the method de-
scribed by ASTM-G31-72 at 37 °C for 300 days, with a SUF volume
to specimen exposure surface area ratio of 20 mL/cm?2. Before the
experiment, all the samples were mechanically polished with SiC
paper to 2000 grits and then ultrasonically cleaned for 15 min in
acetone and ethanol. The initial pH of the SUF solution was ad-
justed to 7.0 (PB-10, Sartorius). The pH of the SUF solution and the
released Cu?t and Zn?t during the immersion tests were detected
on the 1st, 10th, 20th, 30th, 45th, 60th, 90th, 120th, 150th, 180th,
210th, 240th, 270th and 300th day. The ion concentrations in the
SUF solutions were measured using inductively coupled plasma
atomic emission spectrometry (ICP-OES, iCAP6300, Thermo Scien-
tific). The metallic ion release rates are expressed as microgram per
day (pg/day).

After being immersed for 1, 10, 30, 60, 150, and 300 days, the
Cu and Cu alloy samples were taken out from the SUF solution, and
these samples were fully rinsed and air-dried. The corrosion rate
was calculated by measuring the sample weight before and after
immersion in the SUF solution. The corroded layer was removed
by immersing the samples in the concentrated hydrochloric acid
for 3 min, according to the method described by ASTM G1-03 [28].
The corrosion rate was calculated using the following equation:

Am
Cz,oxAxt

where C is the corrosion rate in mm/year, Am is the weight loss in
grams, p is the material density in g/cm3, A is the initial exposed
surface area in cm?2, and t is the time of immersion in days (d). At
least four measurements were taken for each group.
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2.5. Corrosion morphology and composition characterization

The surface morphologies and composition of the long-term
immersed Cu and Cu alloy samples were characterized through
scanning electron microscopy (SEM, S-4800 Emission Scanning
electron microscopy, Hitachi, Japan) equipped with an energy dis-
persive X-ray spectrometer (EDS, Bruker Quantax, Germany). The
surface phase analysis was performed using the X-ray diffraction
technique (XRD, Rigaku DMAX 2400, Japan), with Cu-Ko radia-
tion at a scan rate of 4 °C/min operated at 40kV and 100 mA. The
chemical composition of the corroded products was identified us-
ing an X-ray photoelectron spectroscope (XPS, Axis Ultra Analytical,
Britain) with AlKo radiation.

2.6. In vitro studies

2.6.1. Cell culture and immunofluorescence assay

Human endometrial epithelial cells (HEECs) and human en-
dometrial stromal cells (HESCs) were used to detect the cytocom-
patibility of Cu and Cu alloys. All cell lines were purchased from
Bnbio Company (Beijing, China). HEECs and HESCs were cultured
in Dulbecco’s Modified Eagle medium containing Nutrient Mixture
F-12 (DMEM/F12, Gibco, USA), 10% foetal bovine serum (FBS, Gibco,
Australia), 100 U/mL penicillin, and 100 pg/mL streptomycin (Gibco,
USA). The cells were incubated in a humidified atmosphere with
5% CO, at 37 °C.

For the immunofluorescent assay, both types of cells were cul-
tured on coverslips and fixed with methanol/acetone (1:1, v/v) for
15min at —20 °C, washed three times (5min for each time) with
phosphate-buffered saline (PBS), and then permeabilised with 0.2%
Triton-X-100 in PBS for 5min at room temperature. Nonspecific
protein binding was blocked by adding 3% bovine serum albumin
at room temperature for 1 h. Monoclonal anti-cytokeratin, or anti-
vimentin actin antibody was added to the cells, and the coverslips
were kept at 4 °C overnight. The next day, the cells were washed
with PBS and incubated with the corresponding secondary anti-
bodies for 2h at room temperature in dark. The cell structures
were visualized using a fluorescence microscope, as shown in Fig.
S1.

2.6.2. Cytotoxicity test

The in vitro cytotoxicity of Cu and Cu alloys was determined us-
ing an indirect cell assay. The polished Cu samples were first rinsed
and air dried. Each side of the samples was placed under ultravi-
olet radiation (UV) for at least 2 h. The sample extracts were pre-
pared according to the method described by ISO 10,993-12: 2012
[29]. The samples were incubated in the cell culture medium at a
volume to area ratio of 1.25 cm?/mL. The extracts were incubated
at 37 °C, under 5% CO, for 24h and were then centrifuged and
stored at 4 °C. The positive control cell culture was added with 10%
dimethylsulfoxide (DMSO, Sigma-Aldrich, USA), and negative con-
trol cell culture was added with the conventional medium. The pH
and ion concentrations of the extracts were measured using a pH
meter and an inductively coupled plasma optical emission spec-
trometer (ICP-OES), respectively.

The cells were seeded in 96-well cell culture plates at a density
of 1x10% cells per 100 pL medium. The plates were then incu-
bated for 24 h to allow the attachment of cells. The next day, the
extracts were added to each well, and plates were incubated for 1,
2, and 3 days. Then, the extracts were replaced with a cell culture
medium containing 10% Cell Counting Kit-8 (CCK8, Dojindo Molec-
ular Technologies, Japan) solution and subsequently incubated at
37 °C for 1h. A microplate reader (Bio-Rad 680) was used to mea-
sure the absorbance of the solution in each well at a wavelength
of 450 nm.
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2.7. In vivo studies

2.7.1. Animal care

Sexually mature female Sprague-Dawley (SD) rats (8-10 weeks
old, weight 200-240g) were obtained from the Beijing Vital River
Laboratory Animal Technology Co. Ltd (Beijing, China). The Animals
were acclimatized to the laboratory conditions for one week prior
to the experiments. They were bred under standard conditions and
provided access to conventional food and drinking water ad libi-
tum. All the protocols were approved by the Ethical Committee of
the National Research Institute for Family Planning.

2.7.2. Animal treatment

We adopted rats to analyze the contraceptive efficacy of the Cu
and Cu alloy materials following a large volume of previous reports
[30-32]. In total, 48 sexually mature female SD rats were randomly
assigned to the following four groups (n=12 for each group):
sham-operated group (SO group), pure Cu group (Cu group), H62
group, and Cu-38Zn group. The SD rats in the Cu, H62, and Cu-
38Zn groups were anesthetized. Each corresponding material of
1 mm diameter and 10 mm length was implanted in the uterine
cavity and fixed on the uterine wall of the SD rats. In the SO group,
SD rats underwent similar surgical procedures but without their
insertion of Cu materials in the uterine cavity. The activity, stan-
dard diet and health status of all the SD rats were closely moni-
tored during experimentation.

2.7.3. Histological analysis

The uterine tissues of the SD rats were collected for histolog-
ical analysis after 3, 7, 14, and 28 days of implantation. Uterine
tissue samples were fixed in 4% (w/v) paraformaldehyde (Sigma-
Aldrich, USA), dehydrated using a series of ethanol (70%, 75%, 80%,
95% 1 and 1II, and 100% I and II), placed in xylene, embedded in
paraffin blocks, and sliced into 5pum sections. Paraffin-embedded
tissue sections were deparaffinized by immersing them in xylene
and rehydrated in a decreasing concentration of ethanol (100% I
and I, 95% I and 11, 80%, 75%, and 70%). Finally, the sections from
each sample were stained with haematoxylin-eosin (H&E). Images
of the stained sections were obtained using an optical microscope
(XS-23C, PuZhe Thotoelectric, China). Tissues sections were stained
with H&E to determine the compatibility of the tissues with the Cu
samples and the extent of inflammatory response and tissue dam-
age.

2.7.4. Antifertility experiment

A total of 40 sexually mature female SD rats were randomly di-
vided into the following five groups: normal control group (n=>5),
SO group (n=5), pure Cu group (n=10), H62 group (n=10), and
Cu-38Zn group (n=10). We are determined the oestrous cycle
stage from the histological examination of the vaginal smears. Fif-
teen days after Cu materials insertion, pro-oestrous female rats
were selected to mate with fertile males. The female SD rate were
evaluated for the presence of vaginal plugs the following morning.
The day on which the vaginal plug was observed and designated as
day 0.5 (D 0.5) of pregnancy. The pregnant SD rats were sacrificed,
and the pregnancy outcome was observed at D 11.5.

2.7.5. Observation of the Cu and Cu alloys after being implanted

The implanted Cu materials were removed from the SD rats
at 3, 7, 14, and 28 days after insertion. The surface morphologies
and compositions of the corroded product were examined through
SEM coupled with EDS. Three samples were examined at each time
point for each type of Cu material in this experiment.
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2.8. Statistical analysis

Data are reported as mean (x)+standard deviation (x4SD). One-
way analysis of variance was used to determine the statistically
significant difference, which was followed by the Tukey post hoc
tests. P values of<0.05 were considered statistically significant un-
less noted otherwise.

3. Results
3.1. Microstructural study

Microstructures of pure Cu, Cu-38Zn, and H62 were charac-
terized using the EBSD, SEM, and EDS techniques, as shown in
Fig. 1. We observed an area of pure Cu surface in the EBSD im-
age, as shown in Fig. 1a-(I). we also observed the presence of ran-
domly orientated grains with relatively uniform sizes. The size of
the grains ranged from 0.13 to 2.14pm. As shown in Fig. 1a-(II), the
majority of the EDS peaks attributed to Cu, with a trace amount
of Si and O from the polishing agent SiO,, and a trace amount
of C from the ambient environment. The predominant presence of
Cu in the EDS spectrum suggested the purity of the Cu material.
Fig. 1a-(Ill) shows the elemental mapping of the square area in
the Cu surface, as shown in Fig. 1a-(I). The intensity of the Cu sig-
nal was evenly distributed within the whole area, which indicates
that Cu is uniformly present without segregations. As shown in
Fig. 1b-(I), the low magnification SEM image reveals an area of Cu-
38Zn alloy with distinctly different phases. The two main phases
show a difference in contrast with scattered dark spots. Fig. 1b-
(I1) shows grain boundaries at high magnification. The grains were
in an elongated shape, with approximately 0.1-0.2 um width and
> 1pm length. Some small grains of ~ approximately 50 nm size
were also present. Fig. 1b-(Ill) corresponds to the square area from
Fig. 1b-(I) and shows clear phase boundaries. The EDS spectrum in
Fig. 1b-(IV) corresponds to the entire area from Fig. 1b-(IlI), and
it represents the main elements Cu and Zn. The concentrations of
Cu and Zn were quantitatively analyzed. We found the two phases
contained different Zn concentrations, 39.5wt.% in the dark area
and 45.3wt.% in the bright area. In the equilibrium phase diagram,
the Cu-Zn solid solution covered a wide range, with 38.95wt.% Zn.
Above this Zn content, the intermetallic S-CuZn (CsCl type) would
be formed [33,34]. Fig. 1b-(V and VI) are the Cu and Zn elemental
mapping of the entire area from Fig. 1b-(Ill). The two phases can
be differentiated from the contrast of the SEM image (1b-(I & III))
that presents Cu-rich phase in the dark area and the Zn rich phase
in the bright area. The low-magnification SEM image in Fig. 1c-(I)
shows different phases of the H62 sample. Fig. 1c-(II) shows high-
magnification distinct phases and grain boundaries with randomly
shaped grains of size 0.1 - 1.5um. We also observed some small
grains of size 50 - 100 nm. Fig. 1c~(Ill) is the combined elemental
mapping image of Cu, Zn, Pb, and Fe, corresponding to the squared
area in Fig. 1c~(I). Cu and Zn were found to be distributed uni-
formly within the whole area, whereas Pb was concentrated in the
center spot. This observation confirmed that Pb precipitated as a
particle. Fe also existed in the small spots; however, its low inten-
sity suggested a low Fe concentration. The EDS spectrum in Fig. 1c-
(IV) corresponds to the whole area of Fig. 1c-(IlI), which confirmed
that the main elements are Cu and Zn, with a trace amount of Pb
and Fe. Fig. 1c-(V & VI) depict the individual Cu and Pb elemental
mapping.

3.2. Immersion tests
Fig. 2a shows the release rate of Cu?* from Cu, Cu-38Zn, and

H62 materials in the SUF solution for 300 days at 37 °C. As shown
in Fig. 2a, within the first 30 days of immersion, the initial burst
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Table 1

Electrochemical parameters of pure Cu, H62 and Cu-38Zn in SUF solution.
Materials Ieorr (MA/cm?) Ecorr (V) Corrosion rate (mm)/year)
Cu 3.520+0.226 —0.201+0.008  0.041+0.003
H62 1.065+0.201*  —0.197+0.003  0.012+0.002*
Cu-38Zn 1.198+0.347*  —0.194+0.001  0.014+0.004*

*P<0.05 when compared with the pure Cu group.

release rate of Cu2*from pure Cu was significantly higher than that
from the Cu-38Zn and H62 alloys. However, the burst release rate
of Cu?t from the Cu-38Zn was lesser than that from the H62.
The initial Cu2* release rates were 12.24ng/day, 21.53 ug/day, and
38.91pg/day from Cu-38Zn, H62 and pure Cu, respectively. Dur-
ing the steady release phase between the days 60 - 300, we ob-
served constant slow Cu?* release rates of 0.68 pg/day, 0.60g/day,
and 0.93pg/day from Cu-38Zn, H62 and pure Cu, respectively. The
long-term release profiles of Zn?+ from Cu-38Zn and H62 samples
are shown in Fig. 2b. The release of Zn2* from Cu-38Zn and H62
samples showed two phases, similar to the Cu®* release, which
included an initial burst release phase and a relatively stable re-
lease phase. The high release rate of Zn?* in the initial day was
accompanied by the burst release of Cu2*. The initial Zn%* release
rates from Cu-38Zn and H62 were 6.9pg/day and 9.2 pg/day, re-
spectively. The long-term Zn?* release rate from Cu-38Zn and H62
gradually became steady after 90 days of immersion, which was
maintained at approximately 0.56 ug/day and 0.26 pg/day, respec-
tively.

The weight-loss method was used to calculate the corrosion
rate of the three Cu materials during immersion, as shown in
Fig. 2c. The corrosion rate of the Cu materials was significantly
high in the first 30 days of immersion, especially for the pure Cu.
The corrosion rates decreased for all Cu materials upon prolonged
immersion. Both Cu-38Zn and H62 corroded much slower than
pure Cu at all time points. This result indicated that the corrosion
resistance of Cu-38Zn and H62 is better than that of pure Cu.

3.3. Electrochemical measurements

Each specimen was monitored under an OCP for approximately
0.5h. The potentiodynamic polarization curves of the samples in
the SUF solution were obtained, shown in Fig. 3. To minimize
the variations, the Tafel slopes were carefully determined in the
potential range of 70-200mV away from Ecorr on both the ca-
thodic curve and the anodic curves. The corresponding electro-
chemical parameters are presented in Table 1. No significant differ-
ence was observed in the corrosion potentials of the three Cu ma-
terials (P>0.05). The corrosion current density and corrosion rate
of the pure Cu group were significantly higher than those of the
Cu-38Zn and H62 groups (P<0.05). The Cu-38Zn group showed
higher corrosion current density and corrosion rate than the H62
group; however, no significant difference was observed (P>0.05).

3.4. Surface characterization

The long-term corrosion behaviors of pure Cu, Cu-38Zn, and
H62 were determined by immersing the materials in the SUF solu-
tions at 37 °C for 300 days. The phase and chemical compositions
of the corroded Cu, Cu-38Zn and H62 were characterized using
XRD and XPS spectra, as shown in Fig. 4.

We observed that the pure Cu and Cu alloys corroded as their
oxides. Cu,0O was the main crystalline product from pure CU,
whereas Cu,0 and ZnO were the main crystallised product from
Cu-38Zn and H62. The peak intensity of Cu,0 increased compared
with that of the Cu, with increase in the immersion time. This
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Fig. 1. The microstructures of the pure Cu (a), Cu-38Zn (b) and H62 (c); a-(I): EBSD image of the Pure Cu showing grains; a-(I): EDX spectrum of the pure Cu corresponding
to the squared area in a-(I); a-(Ill): the Cu elemental mapping of pure Cu corresponding to the squared area in a-(I). b-(I-Ill): SEM images of the Cu-38Zn showing phases
and grains at different magnifications; b-(IV): EDX spectrum of the Cu-38Zn in b-(Ill) corresponding to the squared area in b-(I); b-(V & VI): Cu and Zn elemental mapping
of the area of b-(III); c-(I-II): SEM images of the H62 showing phases and grains at low and high magnification; c-(Ill): is the combined elemental mapping of the squared
area in c-(I); c-(IV): EDX spectrum of H62 in c-(IlI); c-(V&VI): Cu and Pb elemental mapping of H62 corresponding to c-(III).

result suggested that more Cu,O was formed. No new corroded
products were detected through XRD after long-term immersion.
XPS analysis was performed for Cu materials after 300 days of
immersion to obtain the detailed chemical compositions of the cor-
roded products. The XPS results for pure Cu, H62, and Cu-38Zn
are shown in Fig .4b. In the survey spectra of Cu materials, gen-
eral elements such as Cu, Zn, C, O, P, Cl, and Ca were detected. In
the high-resolution spectra of Cu 2p from Cu, H62, and Cu-38Zn,
the peak binding energies of 932.5eV, 933.8-934 eV, 934.5eV and
935.8 eV were attributed to Cu/Cu,0, CuO, Cu(OH),, and CuCl,, re-

565

spectively [35-37]. The Cu and Cu,0 peaks were difficult to distin-
guish because of their similar binding energy. Therefore, they were
labelled as Cu/Cu,0. The high-resolution spectra of Ca 2p and P 2p
detected from pure Cu, H62, and Cu-38Zn demonstrated that Ca
2p had two peaks; one peak was between 347.3-347.5eV (2p3p,),
which can be assigned as Ca3(PO4), [38]. Additionally, the inten-
sity of Ca 2p spectra in the Cu-38Zn sample was higher that of
the H62 sample. Meanwhile, the peak of P 2p detected at 133.3 eV,
was consistent with that of the P 2p in Ca3(PO4), [39]. In the high-
resolution spectra of Zn 2p, the peak binding energy of 1021.8 eV
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suggested the existence of Zn (OH), [40]. The peak binding energy
between 1021.6-1021.9 eV can be characterized as ZnO [41,42]. The
peak located at 1022.2-1022.4eV can be attributed to Zns(COs),
(OH)g [40,42]. These compositions were detected through XPS but
not by XRD. This finding suggests the presence of low amounts of
amorphous phases. The Cu-38Zn sample exhibited low intensity of
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Potentiodynamic polarization curves of pure Cu, H62 and Cu-38Zn in SUF with pH values of 7.0.

Cu spectra and high intensity of Zn 2p spectra in the SUF solution.
By contrast, the H62 sample exhibited high intensity of Cu spectra
and low intensity of Zn 2p spectra in the SUF solution.

The morphological changes in the corroded surfaces of Cu, H62,
and Cu-38Zn are shown in Fig. 5. A corroded layer was formed on
pure Cu after it was immersed in the SUF solution for one day.
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Fig. 4. XRD patterns (a) and XPS spectra (b) of pure Cu, H62 and Cu-38Zn immersed in SUF for different times.

After prolonged immersion for 10 and 30 days, the layer became
increasingly dense, with clusters of porous corroded product on
the top. The second layer of the fully developed porous clusters
was formed after 60 days of immersion. More solid dense clusters
were formed as the third corroded layer after 150 and 300 days
of immersion. The H62 and Cu-38Zn sample surfaces were nearly
intact after immersion in the SUF solution for one day. Scratches
were observed on the surface that was caused by mechanical pol-
ishing. After prolonged immersion, a white granular corroded layer
was formed on the surfaces. After 60 days of immersion, the white
granular corroded layer became thicker, and this layer covered the
majority of the H62 sample surface. However, the surface mor-
phology of the Cu-38Zn sample remained nearly unchanged dur-
ing the 60 days of immersion. However, as the immersion time
prolonged, the number and size of the corroded layer gradually
increased. After 300 days of immersion, a compact layer covered
the H62 surface, and clusters of white granular corroded product
were dispersed on the Cu-38Zn surface. Cu was found to exhibit
a much more obvious color change and corroded surface, followed
by H62 and then Cu-38Zn. As shown in Table 2 and Fig. S2, ac-
cording to the EDS mapping analysis of surfaces of corroded prod-
ucts, the surface corroded product of the Cu sample was mainly

composed of Cu, C, O, P, Cl, and Ca. The surface corroded product
Cu-38Zn and H62 samples was composed of Cu, Zn, C, O, P, Cl, and
Ca. These results are consistent with those of the previous XPS el-
emental analysis.

3.5. In vitro cytocompatibility analysis

Fig. 6 shows the cell viability measurement results of the 100%
extracts from pure Cu and Cu alloys. The viability of HEECs in the
100% extracts of both pure Cu and Cu alloys was extremely low on
the first day. In the following days, HEEC viability in the 100% ex-
tracts (Fig. 6a) of both pure Cu and H62 exhibited a slight increase.
However, the viability of HEECs in the Cu-38Zn extracts showed an
obvious increase. As shown in Fig. 6b, on the first day, the cell vi-
ability in the pure Cu 100% extracts was significantly lower than
that of the Cu alloys extracts. Unlike HEECs, the HESC viability af-
ter day 2 and day 3 in the pure Cu extract increased a bit but re-
duced markedly Cu alloys extracts. The concentration of ions in the
extracts was determined and is presented in Table 3. The concen-
tration of Cu?* was significantly lower in the Cu-38Zn and H62
extracts than that in the pure Cu extract. The Cu2*concentration
in the Cu-38Zn extracts was noticeably less than that in the H62
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Fig. 5. Surface morphologies of pure Cu, H62 and Cu-38Zn after immersion in SUF for different times.

Table 2
EDS analysis of pure Cu, H62 and Cu-38Zn in SUF solutions.
Cu Zn (6] C P Ca Cl

Cu sample
Day 1 - layer 68.82 - 3118 - - - -
Day 10 -layer 58.26 - 26.66 15.08 - - -
Day 10 -porous corrosion product 40.7 - 40.61 7.84 6.87 2.02 1.96
Day 300 -porous corrosion product  15.92 - 54.83 8.23 13.71 426  3.04
H62 sample
Day 1 - layer 51.88 32.88 1524 - - - -
Day 10 -layer 11.74 17.57 49.07 4.46 1153 563 -
Day 10 -white corrosion product 22.01 841 45.60  8.20 10.05 359 214
Day 300 -white corrosion product 14.11 2.08 53.16 1074 1337 349 3.05
Cu-38Zn sample
Day 1 - layer 56.95 3030 1275 - - - -
Day 10 -layer 4140 19.28 24.04 1045 293 1.89 -
Day 10 -white corrosion product 17.18  7.55 5296 6.58 10.79 331 1.65
Day 300 -layer 3433 2011 31.16 8.28 3.39 284 -
Day 300 -white corrosion product 1317 295 4635 2272 985 3.07 190

Table 3

Ion concentrations of culture media incubated with pure Cu, H62 and Cu-38Zn for 24 h.

(mean & SD; n=3).

Extracts DMEM/F12

Cu?* (ug/mL)

Zn** (ug/mL)

Fe?* (ug/mL)  Pb** (ug/mL)

Normal Control 0.02+0.01 0.28+0.01 0.25+0.01 -
Pure Cu 130.13+5.63 0.32+0.02 / /
H62 30.96+3.85* 12.19+0.76* 0.26+0.01 0.30+0.02
Cu-38Zn 22.64+1.71* 10.86+0.73* / /

“-" means the absence of this kind of element. “/” means not tested.
* P<0.05 when H62 and Cu-38Zn groups compared to with the pure Cu group.

extracts. No difference was observed in the Zn?* concentrations of
the Cu-38Zn and H62 extracts. To further determine the effect of
Cu2* and Zn%* on cell viability, the cytotoxicity of Cu?* and a mix-
ture of Cu?* and Zn?* on HEECs and HESCs was tested, as shown
in Fig. 6¢c-f. By comparing the toxicity of Cu?* from pure Cu extract
with that from the H62 and Cu-387Zn extracts, we found that the
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cell viability increased when the concentration of Cu?t decreased.
Meanwhile, cell viability in the Cu?* from the H62 and Cu-38Zn
extract groups was significantly lower than that in the Cu?* and
Zn%*+ mixtures groups. The systemic characterization and compari-
son suggested that the H62 and Cu-38Zn samples have better cy-
tocompatibility than the pure Cu sample because of the reduced
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Fig. 6. Viability of HEECs (a) and HESCs (b) cells after 1, 2 and 3days incubation in 100% pure Cu, H62 and Cu-38 Zn extracts. (c, d) viability of HEECs and HESCs at Cu?* and
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deviation. *P<0.05 when compared with the Cu/Cu?* group, ¥P<0.05 when H62 group compared with the Cu-38Zn group.

Cu?t release rate and the antagonistic effect of Zn2* on Cu?*. In
addition, no significant difference was observed in the pH of the
Cu materials after incubation, as shown in Fig. S3.

3.6. In vivo tests

3.6.1. Histological observations

To evaluate tissue compatibility of the Cu, Cu-38Zn and H62
materials with the endometrium, we compared the histological
changes in the endometrium on days 3, 7, 14, and 28 after the im-
plantation of the materials (Fig. 7). In the SO group at every point,
the endometrium epithelial cells and stromal cells were neatly ar-
ranged with a clear outline. Complete glandular epithelium and
a normal number of glands were observed. Three days after im-
plantation, the endometrial stromal cells were arranged in a dis-
ordered manner, in the case of all three materials. Furthermore,
the uterine cavity exudated (indicated by black arrowhead) and
the uterine luminal epithelial cells disappeared. We also observed
bare endometrial lamina propria (indicated by red arrowhead) in
the endometrium from the pure Cu and H62 implantation group.
This was not observed in the endometrium from the Cu-38Zn im-
plantation group. Continuous damage was visible in the endome-
trial tissues 7 days after the pure Cu implantation. We observed
an increase in the uterine cavity exudation and shedding of en-
dometrial stromal cells. We also observed cavities in the endome-
trial stroma of the H62 group, which suggested local edema of
the uterine tissue. For the uterine tissue that was in contact with
the Cu-38Zn implantation, slight destruction in the endometrium
epithelium and stroma structure was observed. After 14 day of
pure Cu implantation, the endometrial tissue structure did not im-
prove significantly. Furthermore, we observed large blocks of uter-
ine exudation and endometrial stromal stripping. The uterus tis-
sues that were in contact with the H62 and Cu-38Zn implantation
showed clear signs of repair response, and endometrial stromal
cells started to arrange in an orderly manner gradually. Small areas
of endometrial epithelium were covered in the H62 group, whereas
large areas were covered in the Cu-38Zn group. after 28 days of
implantation, partially recovered endometrial epithelium was ob-
served in the uterus tissues that were in contact with pure Cu.
We also observed the disappearance of uterine luminal epithelial
cells and the irregular arrangement of endometrial stromal cells.
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In the H62 group, we also observed a progressive expansion of en-
dometrial epithelial coverage with well-arranged endometrial stro-
mal cells. The structure of the endometrium and the number of
glands were close to normal with well-arranged cells in the Cu-
38Zn group after 28 days of implantation.

3.6.2. Antifertility effectiveness

To determine the contraceptive effect of Cu materials, the an-
tifertility test was carried out in the SD rats; the results are shown
in Table 4. Embryos were not observed in the material-bearing
uterine horns of the rats, while normal embryos were found in the
contralateral uterine horns. The antifertility rate in the material-
bearing groups was all 100%, which indicate that Zn addition did
not attenuate the antifertility efficacy of Cu materials.

3.6.3. Surface characteristics of the implanted Cu materials

To study the characteristics of surface corrosion on Cu mate-
rials after their implantation in the uterine of SD rats for 3, 7,
14, and 28 days, we observed the surface morphologies and ex-
tent of corrosion on the implanted Cu materials. As shown in the
SEM images (Fig. 8), the surface of pure Cu was severely corroded
and some areas were peeling off. Compared with those of the Cu
group, the SEM images of the Cu-38Zn and H62 groups showed
relatively smooth surfaces. Minor peeling was observed on the H62
surfaces, whereas no peeling and a much smoother and cleaner
surface were observed on Cu-38Zn.

The chemical compositions of the corroded products of Cu ma-
terials after implantation for 28 days were analysed and are shown
in Fig. 9. For the pure Cu group, the corroded products were mainly
composed of C, N, O, S and Cu. However, the corroded products of
the H62 group were composed of C, N, O, S, Cu, P and Zn, and
the corroded products of the Cu-38Zn group were composed of
C N, O, S, Cu, and Zn. Unlike in vitro experiments, N and S were
present on the corroded surface of Cu materials implanted in the
SD rat uterine cavity. This result indicated that apart from the ox-
ides, some SD rat uterine tissue or organic matter was also de-
posited on the surface of the Cu materials.

4. Discussion

In the present study, Cu-38Zn and H62 exhibited better instan-
taneous and long-term corrosion properties and biocompatibility



K. Wang, G. Bao, Q. Fan et al.

Z9H no oS

uzge-nd

Acta Biomaterialia 138 (2022) 561-575

Fig. 7. Histopathology of endometrium in Sprague-Dawley rat after insertion of pure Cu, H62 and Cu-38Zn for 3, 7, 14 and 28 days. Scale bar =100 pm.

Table 4
Antifertility effectiveness of pure Cu, H62 and Cu-38Zn.

No. of embryos in
material-bearing uterine

No. of embryos in

contralateral uterine horn No. of pregnant Antifertility

Group n horn (x£SD) (x£SD) animals rate (%)
NC 5 74+14 6.0+1.9 5 0

Nej 10 53+1.2 47409 5 0

Pure Cu 10 0 72+£12 0 100*
H62 10 0 64+14 0 100*
Cu-38Zn 10 0 58+1.5 0 100*

* P<0.05 when compared with the normal control group.

than pure Cu, indicating that Cu-Zn can be considered a potential
alternative for the conventional Cu-IUDs.

4.1. Comparison of surface characteristics among Cu materials in
vitro and in vivo

The conventional Cu-IUD consists of an inert bracket and a cop-
per wire or sleeve. Copper was oxidized and release soluble corro-
sion product Cu?* into the uterine cavity to enhance the contra-
ceptive action of Cu-IUDs [4,24]. However, it was found that the
corrosion surfaces of Cu materials varied a lot. The insoluble cor-
rosion products adhered to the surface of the corroded Cu materi-
als could induce friction in the interface between Cu materials and
endometrium and increase the chance of adverse effects. In other
words, the rougher the Cu-IUD surface, the greater is the dam-
age to the endometrium, leading to adverse effects such as cramp-
ing, irregular vaginal bleeding, pelvic inflammatory disease, lum-
bosacral pain [43]. Additionally, some insoluble corrosion products
due to peristalsis of the uterine cavity, may be peeling from the
Cu materials and eliminated through the cervix of the body. SEM
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images analysis of Cu materials used in vitro and in vivo showed
that the surface of corroded Cu was rougher than those of the cor-
roded Cu-38Zn and H62. The results of the electrochemical test
and weight loss measurement showed that Cu-38Zn and H62 ex-
hibited better corrosion resistance than Cu. In addition, the prod-
ucts released by Cu-38Zn corrosion were lesser in number than
those released by Cu and H62 corrosion., and stiff corrosion prod-
ucts might have been involved in incrustation formation and in-
creased the chance of adverse effects [44-46]. In the present study,
the surface of corroded Cu-38Zn was smoother and cleaner than
that of the corroded Cu and H62. Cu-38Zn implants caused lesser
damage than the other two implants, indicating that the adverse
effects associated with the rough surface can be alleviated.

4.2. Degradation properties of Cu materials in SUF
In this study, SUF was used as the corrosion media to investi-

gate the corrosion behaviors of Cu materials. A schematic illustra-
tion of the corrosion process involved is presented in Fig. 10.
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Fig. 8. SEM images of pure Cu, H62 and Cu-38Zn after implantation for 3, 7, 14 and 28 days.

The corrosion process of copper in SUF has been studied pre-
viously [47,48]. The reactions taking place during copper corrosion
in SUF are given as Egs. (1) and (2).

8CU+2H20+02—)4 CU20+4H++ 4e- (1)

Cuy0+2H* — 2Cu?t + Hy,0+ ¢~ (2)

Cu,0 is thermodynamically unstable and is easily oxidised into
Cu?t [49,50]. As immersion time in SUF progresses, redox trans-
formations occur from Cu,0 to cupric oxide (CuO) or Cu (OH), oc-
curred (Egs. (3) and 4) [51].

Cuy0 +H,0 — 2Cu0 +2H*+ 2e- (3)

Cu,0+2H,0 — 2Cu (OH), +2H*+ 2e~ (4)
The optical micrograph and XRD results (Fig. 1 and Fig. 5)
showed that Cu-38Zn alloy contains Cu matrix and Cu-Zn inter-
metallic phases unlike pure copper. Consequently, Cu and Zn were
corroded (Egs. (1),2, and 5), accompanied by the reduction of oxy-
gen as the cathodic reaction (Eq. (6)). Copper corrosion resulted in
the formation of a Cu,O film on the alloy surface. In addition, the
increased levels of Zn?* and OH~ promoted the generation of Zn
(OH); (Eq. (7)), followed by transformation into ZnO (Eq. (8)) [52].
The presence of Zns5(C0O3),(OH)s on Cu-38Zn surface, as described
in Eq. (9), was confirmed by XPS analysis. Other studies have re-
ported Zns(CO3),(OH)g as the corrosion product of zinc formed in
the presence of NaCl and simulated body fluid solutions [53,54].

Zn— Zn2+ 4 2e- (5)
0, + 2H,0 + 4e~ — 40H- (6)
Zn?* +20H- — Zn (OH), )
Zn (OH), — Zn0 + H,0 (8)
5702+ 4 2HCO-3 + 80H- — Zns(CO3 ),(OH)s + 2H,0 9)
Zn (OH), + 2C1- — Zn?* + 20H- + 2C1- (10)
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3Ca%* +2P03- 4— Ca3(P0O4); (11)

Three types of anions are present in SUF: chlorine, bicarbonate,
and dihydrogen phosphate ions. Chlorine ions attack the hydrox-
ide group, as described in Eq. (10) [55]. Moreover, Ca3(POg4), was
formed on the surface of Cu materials (Eq. (11)). It is generally ac-
cepted that the alkalization of the solution could promote the gen-
eration of Caz(PO4), [56]. In the present study, increased pH values
were observed in SUF after 300 days of immersion (Fig. S4), which
favored the formation of Ca3(POg4),.

The corrosion rates were determined 28 days after implan-
tation, and the pure Cu, H62 alloy and Cu-38Zn alloy im-
plants exhibited corrosion rates of 0.055mm/y, 0.008 mm/y, and
0.007 mm/y, respectively. The corrosion rates observed in-vivo im-
plantation into the uterine cavity were higher than those observed
in the in-vitro immersion tests. Previously, when Cu was used as
the implanted material, its corrosion rate was accelerated because
of the presence of organic components in the uterine fluid such as
serum albumin and fibrinogen [57]. Another cause of the difference
in corrosion between the in vivo and in vitro results could be dif-
ferent hydrodynamic conditions affecting the implant surface [58].
Therefore, the uterine environment might have accelerated the cor-
rosion process of Cu materials in the present study.

4.3. Biocompatibility of Cu materials in-vitro and in-vivo studies

Adverse effects of the conventional Cu-IUD, such as irregular
bleeding and pain have not been resolved in clinical practice. It
is believed that the occurrence of these adverse effects is associ-
ated with the initial burst release of Cu2* [47]. Many studies have
reported the initial burst release of Cu* in vitro [7,8,16-21,47,59-
69]. The comparison between the results of the present study and
those of previous in-vitro studies on Cu?t release from Cu-IUDs
and bulk copper materials in SUF is presented in Table S5. Briefly,
some differences exist in the burst release of Cu?t under differ-
ent SUF conditions. The maximum Cu2* release rate of pure Cu in
the present study was 38.91pg/day. However, the Cu-38Zn group
showed more than 60% reduction in the initial burst release of
Cu?* than that in the pure Cu group, indicating that the Cu-IUDs
prepared from Cu-38Zn materials could alleviate the adverse ef-
fects resulting from the initial burst release of Cu?t. In the later
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stage, Cu+ release rates of Cu materials decreased slowly with im-
mersion time. The comparison of corrosion properties among the
materials showed that the Cu-38Zn alloy exhibited better instan-
taneous and long-term corrosion properties than pure Cu, derived
from the different metal activities. The metal activity of Zn was

33 44 55 66 7 88 99 u

Fig. 9. EDS analysis of pure Cu, H62 and Cu-38Zn after implantation for 3, 7, 14 and 28 days.
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stronger than that of Cu. A large amount of Zn in the Cu-38Zn al-
loy can form a galvanic cell with Cu, thereby inhibiting the corro-
sion of Cu and reducing the Cu?* release. In addition, the corrosion
of Zn in the uterine cavity involves the formation of a ZnO pro-
tective layer, which can further improve the corrosion resistance



K. Wang, G. Bao, Q. Fan et al.

Acta Biomaterialia 138 (2022) 561-575

Immersion time

SUF

ca?* PO,>

Cu?t

Cu,0
CuO

Cu

Cu(OH),
Cucl,

Immersion time

Zn0O/Zn(OH),
Zn5(CO;),:(OH)g
Ca;(PO,),

Zn2* Cu?t Cu?t

® O @ ©¢ o © o

SUF

Zn?** HCO; Ca?* PO

Zn2*

Cu-38Zn

Cu-38Zn

Fig. 10. Schematic illustration of the corrosion behavior of (a) pure Cu and (b) Cu-38Zn in SUF.

of Cu-38Zn alloy and reduce the release of ions in the initial and
sustained release. Liang et al. [7] reported the Cu?*t release rates
of TCu380A in SUF to be 0.55+0.12ug/day from day 50 to 250.
Additionally, Bastidas [67] reported that the release rate of Cut
from copper was 0.1 - 0.3 ng/day at 360 days. In the present study,
Cu?* release from pure Cu, Cu-38Zn, and H62 was approximately
1.69-, 1.09- and 1.24-fold higher than that reported by Liang, and
approximately 3.1-, 2.27- and 2-fold higher than the maximum re-
lease reported by Bastidas. Hagenfeldt et al. [70] measured the
concentrations of copper in the uterine fluid from women by us-
ing the Cu-T200 device for intrauterine contraception. The copper
concentrations in the uterine washing fluid (2mL) in the prolifer-
ative and secretory phases during the 6th - 7th menstrual cycle
were 0.31 pg/mL and 0.29 pg/mL, respectively. Specifically, Cu2* re-
lease from pure Cu and Cu-38Zn was 1.5 - 1.60 and 1.1 - 1.17 times
higher than that reported by Hagenfeldt, respectively, whereas that
from H62 was within the reported range. These results suggested
that Cu?* release from pure Cu, Cu-38Zn, and H62 is sufficient for
antifertility.

Cu-IUDs vary in corrosion process for their different character-
istics. It is reported [8] that Cu?* release was mainly controlled
by frame, copper type (disk, wire, sleeve) and indomethacin while
the shape variation had little influence on Cu?* release. Besides,
the effect of copper surface area was only noticeable during the
first month. In our report, we simplified the Cu materials and cut
them into disks and measured, compared their corrosive perfor-
mance under the same environment. The exposed surface areas
of the Cu materials were normalized to the wires in the typical
IUD220. In the further studies, we will continue to investigate the
influence of device characteristics on Cu material corrosion process
in the uterine environment.

Cu?* plays a crucial role in the contraceptive mechanism of
Cu-IUDs [71]. It stimulates an inflammatory response or foreign
body reaction, which exhibits spermicidal effect, impedes ovum
development, and inhibits embryo implantation after fertilization
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[72,73]. However, the cytotoxicity of Cu®* is significant at a higher
concentration [64]. Furthermore, exposure to higher concentra-
tion of Cu?* can lead to changes in biochemical factors and en-
dometrium morphology, which may result in undesirable adverse
effects [15,74]. Wu et al. [27] reported that 50% toxic concentration
of Cu?* to HEECs is 170 1M (10.80pg/mL) at 24 h of incubation. In
the present study, we evaluated the effects of Cu material extracts
on cell viability, The supernatant is collected and centrifuged to
prepare the extract, mainly considering the effect of copper and
zinc ions released in the extract on the cytotoxicity. It is found
that pure Cu exhibited significant cytotoxicity to HEECs and HESCs
(cell viability lower than 20%), as shown in Fig. 6. By contrast, cell
viability was dramatically increased when Cu-38Zn and H62 ex-
tracts were used. It suggested that the concentration of Cu?t re-
leased by Cu-38Zn and H62 extracts media was significantly less
than that released by Cu extracts. On the other hand, the Cu2* of
Cu-38Zn and H62 alloy materials in combination with Zn?+ exhib-
ited antagonistic effect on cytotoxicity against HEECs and HESCs.
In addition, the results showed that cell viability was significantly
higher in the presence of Cu-38Zn extracts than that the presence
of in H62 extracts. It may be because of the impurities present (Pb
and Fe) in the commercial H62 sample that might have inhibited
cell viability. At the cellular scale, Pb ions disrupts the energy state
of cells, causing ultrastructural and functional disorders in mito-
chondrial metabolism by decreasing mitochondrial membrane po-
tential, depleting adenosine triphosphate (ATP) pool, and increas-
ing the production of reactive oxygen species [75]. Moreover, Pb
influences the expression of mRNAs in the immediate early genes
fos and jun [76-77], inhibits DNA repair, and exerts indirect geno-
toxic effects by acting as a co-mutagen [78]. Cu?* in combination
with Zn%*+exhibited a significant bimodal antagonistic cytotoxicity
effect on HEECs when the Cu?* concentration ranged between 200
and 500uM (12.7 - 31.75pug/mL) and Zn?* concentration ranged
between 50 and 150uM (3.25 - 9.75ug/mL) [27]. The Cu?t+Zn2+
system of Cu-38Zn exhibited stronger antagonistic effect than that
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of H62. Therefore, Cu?+ and Zn2* released from Cu-38 Zn exhibited
a better cellular response than those from Cu and H62.

The soluble and insoluble corrosion products are formed in vivo
implantation, which produce different effect respectively. Histolog-
ical observation in the endometrium showed that the Cu-38Zn ex-
hibited relatively better compatibility than pure Cu and H62. Fur-
thermore, the integrity of the endometrial structure was recovered
in the Cu-38Zn group after 28 days of observation. However, obvi-
ous damage to the endometrium structure was observed in the Cu
and H62 groups after 14-day and 28-day implantation. All these re-
sults showed that the Cu-38Zn material exhibits good biocompat-
ibility, corrosion resistance, and satisfactory contraceptive efficacy.

5. Conclusion

In this study, Cu-38Zn alloy was developed as an active metal
material for use in IUDs. Corrosion performance, biocompatibility,
and contraceptive efficacy of Cu-38Zn alloy were systematically
studied, and main findings are as follows:

(1) Compared with pure Cu and H62, Cu-38Zn exhibited markedly
reduced burst release of Cu?t in the first few days of the in
vitro immersion test.

Compared with pure Cu and H62, Cu-38Zn induced less cyto-
toxicity to the uterine cells (HEECs and HESCs) in vitro.
Histopathological observations of the endometrium showed
that Cu-38Zn induced less endometrium tissue damage and
shorter recovery period compared with pure Cu and H62 and
that the surface of Cu-38Zn was smoother than that of pure
and H62.

The contraceptive efficacy of Cu-38Zn and H62 is comparable
to that of pure Cu.

Cu-38Zn alloy exhibited better biocompatibility than the pure
Cu and H62, and therefore, it might be considered a promising
candidate for developing IUDs.
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