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ABSTRACT

Copper-containing intrauterine devices (Cu-IUD) are adopted by worldwide women for contraception
with the advantages of long-term effectiveness, reversibility and affordability. However, adverse effects
occur in the initial implantation stage of Cu-IUD in uterine because of the burst release of Cu?*. To mini-
mize the burst release, in this study, we designed a series of Cu-Fe alloys with 0.5 wt%, 1 wt% and 5 wt%
Fe and also further produced ultrafine grained (UFG) structure for these alloys via equal-channel angular
pressing. The microstructures and properties of the coarse grained (CG) Cu, CG Cu-Fe alloys and UFG
Cu-Fe alloys were systematically investigated, including grain structure and phase compositions, metal-
lic ions release behavior, electrochemical corrosion performance, and in vitro cytotoxicity. With careful
comparison and selection, we chose the CG Cu-5Fe and UFG Cu-5Fe for in vivo tests using rat model,
including tissue biocompatibility, in vivo corrosion behavior, and contraceptive effectiveness. Moreover,
the corrosion mechanism of the Cu-5Fe alloy and its improved biocompatibility was discussed. Both CG
and UFG Cu-5Fe alloys exhibited dramatic suppression of Cu?* release in simulated uterine fluid for the
long-term immersion process. The in vivo tissue compatibility was significantly improved with both CG
and UFG Cu-5Fe alloys implanted in the rats’ uterine while the high contraceptive efficacy was well
maintained. Due to the superior biocompatibility, the CG and UFG Cu-5Fe alloys can be the promising
candidate material for Cu-1UD.

Statement of significance

A highly biocompatible Cu-Fe alloy was designed and fabricated for Cu-containing intrauterine devices
(Cu-1UD). With 5 wt% Fe, the burst release of Cu?* is inhibited due to the formed galvanic cell of Cu and
Fe, resulting in earlier release of Fe3*. As Fe is the most abundant essential trace element of human body,
it can mitigate the toxic effects of Cu?*, thus significantly improving both in vitro cell compatibility and
in vivo tissue compatibility. More importantly, the Cu-5Fe alloy exhibits 100 % contraceptive efficiency as
the CG Cu, but with greatly reduced adverse effects to the uterus tissues. An advanced Cu-IUD can be
developed using Cu-Fe alloys.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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1. Introduction

The copper-containing Intrauterine Device (Cu-IUD) has been
widely used for female contraception with the advantages of high
effectiveness, long-lasting lifetime and affordability [1-3]. Its con-
traceptive mechanism involves a sterile inflammatory response in
the uterine cavity [4-7], interferences with sperm motility by re-
leased Cu?* [8], and potential toxicity effect of Cu?* to embryos
[9]. However, initial implantation of Cu-IUD can cause side effects
like pelvic inflammatory disease, menstrual irregularities, or uter-
ine perforation [10-12], attributed to the burst release of Cu?t
from the freshly implanted Cu-IUD [13].

Efforts of mitigating these side effects while maintaining the
Cu-IUD’s efficacy have led to the design and development of al-
ternative materials. Nanocomposites, such as CuCl,/SiO,/PVA, were
designed, and the reduced burst release of Cu?t as well as the
uterine bleeding were achieved. However, the low mechanical
properties affected the long-term usage of the IUD [14-16]. An-
other Cu nanocomposite with Cu micro/nanoparticles in the dense
or porous Low-Density Polyethylene (Cu/LDPE) inhibited initial
Cu?* release, but exhibited very low long-term Cu?trelease [17-
19]. Furthermore, surface modifications with anti-inflammatory
drugs on Cu-IUD helped severe bleeding reactions but induced is-
sues with drug burst release [20].

Bulk metals and alloys with refined structure and/or varied
compositions are being explored for IUDs. Ultrafine grained Cu
(UFG Cu) with uniform grains less than 1 pm presented enhanced
mechanical properties, well-maintained contraceptive efficacy and
greatly reduced Cu?* burst release to 160 pg/day [21]. To further
eliminate the burst release of Cu2*, electrochemically active alloy
elements like Mg and Zn were alloyed into Cu to suppress Cu cor-
rosion via anodic sacrificial method [22]. The Cu-0.4Mg alloys with
coarse grained structure and ultrafine grained structure were de-
veloped and investigated as the active materials for Cu-IUD [24].
The addition of 0.4 wt% Mg into Cu exhibited significant improve-
ment in the cell compatibility and obviously decreased burst re-
lease of Cu®* from the early corrosion of Mg. Moreover, Cu-38 Zn
alloys were also studied and demonstrated very much reduced
Cu?* owing to the high concentration of Zn [23,24]. The Cu?t
burst release was alleviated to a great extent with these purposely-
designed alloys, but completely mitigating burst release is still the
goal of developing more Cu alloys.

Iron (Fe) is another promising alloy element due to its lower
electrochemical potential and high biocompatibility. The standard
electrode potential of Fe is lower than that of Cu, making it more
susceptible to oxidation, hence reducing the corrosion rate of Cu
[25]. Moreover, Fe is the most abundant essential trace element in
the human body, involved in oxygen transport and storage, met-
alloenzymes synthesis, hematopoietic function, and immune func-
tion. The Fe content in the human body is around 4 g [26], and
its concentration in human serum is higher than 0.1 mmol/L [27].
Since the physiological baseline concentration of Fe in the body is
relatively high, the threshold for Fe3* to cause systemic toxicity is
also high [28]. In addition, adding Fe to biodegradable metal im-
plants may serve as a supplement to the human body [25]. Car-
diovascular stents made of Fe-based alloys demonstrated satisfied
biocompatibility, without any local or systemic toxicity [29].

In this work, we developed a series of Cu-Fe alloys for Cu-IUD.
Following the Cu-Fe binary alloy phase diagram and the solubility
of Fe in Cu [30], three different compositional Cu-Fe alloys were
fabricated, Cu-0.5wt%Fe, Cu-1 wt%Fe and Cu-5 wt%Fe. Further-
more, we prepared ultra-fine grained (UFG) Cu-Fe alloys via equal-
channel angular pressing (ECAP). We compared the microstructure,
corrosion performance, in vitro and in vivo biocompatibility, contra-
ceptive effectiveness of the coarse grained (CG) Cu-Fe alloys and
the UFG Cu-Fe alloys with pure CG Cu as the control. The feasi-
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bility of Cu-Fe alloys for Cu-IUDs was comprehensively evaluated,
along comparisons with other developed IUD Cu alloys.

2. Materials and methods
2.1. Materials

The pure CG Cu ingot (diameter (d)=10 mm, 99.99 %) was pur-
chased from Yunnan Kuntong Co. Ltd., China. The Cu-Fe alloys in-
gots with the diameter of 100 mm and length of 100 mm, in-
cluding CG Cu-0.5Fe, CG Cu-1Fe, and CG Cu-5Fe (all were weight
percentage, wt%), were manufactured in the Hunan Rare-Earth
Material Research Institute, China. The CG Cu-Fe alloys under-
went equal-channel angular pressing (ECAP) for 8 passes to obtain
ultrafine-grained alloy structures and were labeled UFG Cu-0.5Fe,
UFG Cu-1Fe and UFG Cu-5Fe.

The experimental specimens were cut into circular discs
(d = 10 mm, thickness (t)=2 mm) or cylinders (d = 1.5 mm,
L = 10 mm). The circular discs were ground using the SiC sand-
paper with grits of 400, 800, and 2000, then sonicated in anhy-
drous ethanol for 15 min and air dried. For the microstructure ob-
servation, the discs were further polished with 3 ym and 50 nm
SiO, suspension in sequence, followed by final surface polishing
using a Gatan PECS II ion miller. Once mirror-smooth, the discs
were etched with an etchant solution, rinsed with Milli-Q water,
and dried with an N, gun. The prepared discs were examined us-
ing a Zeiss Supra 55VP Scanning Electron Microscopy.

2.2. Electrochemical measurement

The circular discs were used in the electrochemical mea-
surements. The Simulated Uterine Fluid (SUF) was prepared in
the following compositions: NaHCO3 (0.25 g/L), NaH,PO4-2 H,0
(0.072 g/L), CaCl, (0.167 g/L), KCl (0.224 g/L), NaCl (4.97 g/L) and
glucose (0.5 g/L) [31-33]. The pH of the SUF was adjusted to 7.0.
An electrochemical workstation (Autolab, Metrohm, Switzerland)
was used with a three-electrode system consisting of a platinum
sheet auxiliary electrode (counter electrode), a saturated calomel
electrode (reference electrode), and the working electrode (sam-
ple). The exposed surface area of the alloys to the SUF was 0.196
cm?. Open-circuit potential measurements were carried out for
3600 s, followed by the Potentiodynamic polarization tests at a
scan rate of 1 mV/s. The experimental data were analyzed using
Nova 1.11 software, and the corrosion potential (Ecrr) and corro-
sion current density (icorr) Were calculated through Tafel analysis
of the polarization curves.

2.3. Long-term immersion test

Long-term immersion experiments were conducted using the
prepared circular discs (d = 10 mm, h = 2 mm) of the 7 al-
loys in SUF with a solution volume-to-sample surface area ratio
of 20 mL/cm?. Following the ASTM G31-72 standard, the solution
temperature was kept at 37 &+ 0.1 °C. Five parallel discs were uti-
lized for each alloy, and each disc was weighed and recorded. The
immersion time points were set at 1, 10, 20, 30, 45, 60, 90, 120,
150, 180, 210, 240, 270, and 300 days. At each time point, SUF was
replaced, and the pH of the used SUF was measured using a pH
meter. The concentrations of Cu?* and Fe3* in the SUF were deter-
mined using an Inductively Coupled Plasma Atomic Emission Spec-
trometer (ICP-AES, iCAP6300, Thermo). The released concentration
rates of the Cu?* and Fe3+ was then converted to an exposure sur-
face area of 200 mm? for direct comparison with the released rate
of Cu?t from typical Cu-IUD200 [32,34]. At each time point of the
1st, 10th, 30th, 60th, 150th, and 300th day of immersion, the im-
mersed discs of each alloy were taken out, rinsed with deionized
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water to clean the sample surface, and air-dried at room temper-
ature. Four samples were treated with concentrated sulfuric acid
to remove corrosion products, followed by deionized water rinse.
The discs were weighted after these were completely dried in air.
The corrosion rates of the CG Cu, CG Cu-Fe alloys and UFG Cu-Fe
alloys in SUF were calculated using the following formula:

Am

C:,OxAxt

Where C is the corrosion rate in mm/year, Am is the weight
loss of the discs before and after immersion in SUF (mg), p is the
density of the disc (g/cm3), A is the surface area of the disc ex-
posed to SUF (mm?), and t is the immersion time of the sample in
SUF (year).

2.4. Corrosion morphology observation and corrosion product
composition analysis

The corrosion morphology of the alloy surface and the composi-
tion of the corrosion products were analyzed using one of the im-
mersed discs from each alloy group. The morphology of the alloy
surface was imaged using a scanning electron microscope (SEM, S-
4800, Hitachi, Japan). Energy dispersive X-ray spectrometer (EDX,
Quanta 200FEG, FEI) was adopted to analyze the elemental com-
position of the corrosion products. The phase composition of the
products was analyzed using a Cu Ko radiation X-ray diffractome-
ter (XRD, DMAX2400, Rigaku) with the following conditions: tube
voltage of 40 kV, tube current of 100 mA, scan range of 20-80°
and scan step of 0.02°.

2.5. In vitro studies on biocompatibility of alloys

2.5.1. Sample preparation

Circular thin discs (d = 10 mm, h = 2 mm) were used. The
discs were subjected to UV irradiation for 30 min on each side
for sterilization. The discs were placed in the complete cell cul-
ture medium with a solution volume-to-sample surface area ratio
of 1.25 cm?/mL at 37 °C for 24 h. After 24 h, the extract solution
was collected, labeled, and centrifuged (1000 rpm, 5 min) to obtain
the supernatant for further use.

2.5.2. Cell culture

Human endometrial stromal cells (HESC) were purchased from
the American Type Culture Collection (ATCC), human endometrial
epithelial cells (HEEC) were purchased from Bnbio Company (Bei-
jing, China), and human umbilical vein endothelial cells (HUVEC)
were obtained from the National Experimental Cell Resource Shar-
ing Platform. HEEC and HESC were cultured in Dulbecco’s Modi-
fied Eagle Medium/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).
HUVEC was cultured in Endothelial Cell Medium (ECM, ScienCell,
USA) supplemented with 10 % fetal bovine serum, 100 U/mL peni-
cillin, 100 pg/mL streptomycin and 1 % Endothelial Cell Growth
Supplement. The cells were maintained in a humidified atmo-
sphere at 37 °C with 5 % CO,.

2.5.3. Cytotoxicity test

The cytotoxicity of the seven metallic materials, CG Cu, CG Cu-
0.5Fe, CG Cu-1Fe, CG Cu-5Fe, UFG Cu-0.5Fe, UFG Cu-1Fe, and UFG
Cu-5Fe, was evaluated using the cell lines of HEEC, HESC and HU-
VEC. Cells were seeded into 96-well plates with a density of 1 x 10
4 cell/well and cultured at 37 °C with 5 % CO, for 24 h. Nega-
tive control was the cells that were cultured in complete culture
medium without any extract. Positive control was the cells that
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were treated with 10 % DMSO, and the blank control was the com-
plete culture medium without cells. Experimental groups were the
cells cultured in the complete culture with 100 %, 50 %, 10 % of ex-
tract (200 pL/well) for 1, 2, and 3 days. At each time point, the cul-
ture medium from each well was removed and 100 pL fresh culture
medium containing 10 % CCK-8 reagent (Dojindo, Japan) was added
to each well for a further 2 h culture at 37 °C. The absorbance
value of the cell culture medium in each well was measured at
450 nm using a microplate reader (Bio-Rad 680). The experiment
was performed in triplicate with five duplicates for Cu and each
Cu-Fe alloy.

2.5.4. Transcriptomic cell treatment

As the HESC makes up the largest proportion of uterine tis-
sue cells, we subsequently conducted transcriptomic analysis on
HESC for the CG Cu and CG Cu-5Fe. HESC was seeded into 6-well
plates and cultured until it reached 80 %—90 % confluence. The ex-
tract from the CG Cu and CG Cu-5Fe was collected and diluted
to 50 % with complete culture medium (89 % DMEM/F12 + 10 %
FBS + 1 % penicillin-streptomycin). For the experimental group,
cells were treated with the 50 % concentrated extract of the CG Cu
and CG Cu-5Fe for 12 h, respectively, while the negative control
group only with 100 % complete culture medium, Three replicates
for each group.

2.5.5. RNA extract, library construction and sequencing

Total RNA was extracted using Trizol reagent kit (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA
quality was assessed on an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) and checked using RNase free
agarose gel electrophoresis. After total RNA was extracted, eukary-
otic mRNA was enriched by Oligo(dT) beads. Then the enriched
mRNA was fragmented into short fragments using fragmentation
buffer and reversely transcribed into cDNA by using NEBNext Ultra
RNA Library Prep Kit for Illumina (NEB #7530, New England Bio-
labs, Ipswich, MA, USA). The purified double-stranded cDNA frag-
ments were end repaired, A base added, and ligated to Illumina
sequencing adapters. The ligation reaction was purified with the
AMPure XP Beads(1.0X). Ligated fragments were subjected to size
selection by agarose gel electrophoresis and polymerase chain re-
action (PCR) amplified. The resulting cDNA library was sequenced
using Illumina Novaseq6000 by Gene Denovo Biotechnology Co.
(Guangzhou, China). The sequencing results were analyzed using
bioinformatics methods, including GO (Gene Ontology) Enrichment
Analysis, Pathway Enrichment Analysis.

2.6. In vivo studies on biosafety and contraceptive efficiency

2.6.1. Sample preparation

Cylindrical samples (d = 1 mm, L = 10 mm) were ground using
the 400, 800, and 2000 grit SiC sandpapers. They were then soni-
cated in anhydrous ethanol for 15 min and air-dried at room tem-
perature on lint-free paper. At one end of the material, a groove
was created and a sterile surgical suture (5#) was fixed in the
groove to secure the sample inside the rat uterus. The sutured
sample was placed in a 12-well plate and subject it to UV irra-
diation for 30 min on each side for sterilization.

2.6.2. Animal care

Adult Sprague-Dawley (SD) rats, both females and males, 8-9
weeks old and the average weight of 200-230 g, were obtained
from the Beijing Vital River Laboratory Animal Technology Co. Ltd
(Beijing, China). The rats were housed and maintained according to
standard protocols. They had free access to sterile water and con-
ventional food. All rats were allowed to acclimate for one week
before experiment was conducted. All animal care and treatment
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protocols were approved by the Ethical Committee of the National
Research Institute for Family Planning.

2.6.3. Implantation

Sixty female SD rats were randomly divided into 5 groups: nor-
mal control group (n = 12), sham surgery group (n = 12), CG Cu
group (n = 12), CG Cu-5Fe group (n = 12), and UFG Cu-5Fe group
(n 12). The normal control group received no treatment. The
sham surgery group underwent the entire surgical procedure with-
out implantation of any sample. The alloy implantation groups had
CG Cu, CG Cu-5Fe, and UFG Cu-5Fe implanted into the right uter-
ine cavity of the rats. There were 4 time points of 3, 7, 14, and 28
days implantation with 3 rats at each time point. Throughout the
experiment, the rats were examined daily to ensure their health
status.

2.6.4. Histological analysis

After 3, 7, 14, and 28 days implantation, uterine tissues directly
contacting with the implanted alloys were harvested from the ma-
terial implantation groups and fixed in 4 % (w/v) paraformaldehyde
(Sigma-Aldrich, USA). After fixation, the samples were processed
for embedding and staining following the methods described in
the referenced articles [23,24]. In brief, the samples were dehy-
drated through a series of ethanol gradients (70 %, 75 %, 80 %,
95 % I and II, and 100 % I and II), followed by xylene I and II,
and paraffin I and II. After embedding in paraffin, the tissues were
sectioned into 5 pum thick slices, which were then mounted on ad-
hesive slides. The slides were baked at 65 °C for 1.5 h, followed
by dehydration through a series of ethanol gradients (100 % I and
II, 95 % I and 1I, 80 %, and 75 %) and staining with hematoxylin
and eosin (H&E). The H&E-stained uterine tissue sections were ob-
served and imaged using an optical microscope.

2.6.5. Corrosion morphology observation of the implanted Cu and
Cu-Fe alloys

The Cu and Cu-Fe alloy cylinders were collected after 3, 7, 14,
and 28 days implantation. Corrosion morphology and corrosion
products of the alloys were analyzed through SEM, EDX, XRD, and
X-Ray Photoelectron Spectroscopy (XPS, Axis Ultra Analytical, Great
Britain) with Al K« radiation as the excitation source. The binding
states between different elements were determined through high-
resolution narrow scans. The calibration of binding energy shifts
that occurred during the testing process was performed using the
characteristic energy peak C 1s (284.8 eV) of the carbon source.
The composition and chemical states were analyzed using Avan-
tage software.

2.6.6. Antifertility experiment

To evaluate the contraceptive effect of the Cu and Cu-Fe al-
loys, 80 sexually mature female SD rats and 20 male SD rats were
used in this experiment. The female rats were randomly divided
into 5 groups: normal control group (n = 10), sham surgery group
(n = 10), CG Cu group (n = 20), CG Cu-5Fe group (n = 20) and
UFG Cu-5Fe group (n = 20). The normal control group received no
treatment. The sham surgery group underwent the entire surgical
procedure without implantation of any material in the rat uterine
cavity. In the material implantation groups, CG Cu, CG Cu-5Fe, and
UFG Cu-5Fe alloys were implanted into the right uterine cavity of
the female rats. After a recovery period of two weeks, the female
rats were mated with the male rats. The female rats were evalu-
ated for the presence of vaginal plugs in the following morning,
and the day on which the vaginal plug was observed was recorded
as gestation day 0.5. On gestation day 11.5, the rats were sacrificed,
and the number of embryos in the left and right uterine horn was
examined and recorded.
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2.7. Statistical analysis

In this study, the data are shown as the mean values + stan-
dard deviation. The statistical difference was analyzed using the
unpaired t-test and defined it as significant differences when
p < 0.05.

3. Results
3.1. Microstructures of the CG Cu and CG/UFG Cu-Fe alloys

The grain and phase microstructures of the CG Cu and Cu alloys
were observed using SEM after the polishing and surface etching.
In Fig. 1, the CG Cu exhibited uniform single-phase structure with
grains in geometric shapes. The grain size ranges from 2 pm to
25 pm. After the addition of 0.5 % and 1 % Fe into the pure Cu
matrix, uniform single-phase structure with large grains up to mil-
limeters were observed and the grain boundary continues in a long
distance and separates the grains in different crystal orientations
indicated by the varied etching morphologies. It is worth noting
that the CG Cu-5Fe alloy presented two distinguished phases with
the dominate grains in the size of 50-250 um. The second phase
in the size of 5-10 pm was dark and scatters in the Cu matrix. EDX
was performed on both the dark phase and the surrounding ma-
trix. The EDX spectrum of the dark phase presented much high Fe
content (~80 wt%) than Cu (~10 wt%) while the surrounding ar-
eas showed the absence of Fe. The Cu-Fe alloys after ECAP process
showed much fine grains compared to the CG Cu-Fe alloys. Both
the UFG Cu-0.5Fe and UFG Cu-1Fe displayed single-phase struc-
ture with elongated and thin grains (1-2 pm in width and ~10 pm
in length). Similar to the CG Cu-5Fe, there were two phases pre-
senting in the narrow and long grains microstructure of the UFG
Cu-5Fe alloy. The EDX spectrum on the dark phase presented 79.0
wt% Fe and 9.2 wt% Cu, suggesting the Fe-rich phase. The Fe-rich
phases were further confirmed via EDX elemental mapping results
shown in Fig. S1.

3.2. The release rates of Cu?>* and Fe3*+ in SUF for 300 days

Fig. 2 presents the release rates of Cu?* and Fe3* from the
CG Cu and CG/UFG Cu-Fe alloys in SUF at 37 °C for 300 days. In
Fig. 2A, the CG Cu and CG/UFG Cu-0.5/1Fe alloys exhibited higher
Cu?* release rates during the first month, indicating a burst re-
lease. As shown in Fig. 2B, the initial Cu>* release from day 1
to day 30 peaked on the 2nd day at 2514 ng/day for CG Cu,
206.9 pg/day for UFG Cu-0.5Fe, and 286.9 pg/day for CG Cu-1Fe.
After 30 days, the Cu*>* release rates gradually decreased, peak-
ing again on the 180th day at 88.0 pg/day for UFG Cu-0.5Fe and
55.8 pg/day for UFG Cu-1Fe. The release rates for CG Cu and CG
Cu-0.5/1Fe alloys fell between these values, eventually stabilizing
at 4-15 ng/day.

For the alloys with 5 % Fe, the UFG Cu-5Fe alloy showed
a Cu?t burst release on the 6th day of immersion in the SUF
(181.9 pg/day) and 9th day (207.2 pg/day). In contrast, the CG Cu-
5Fe alloy exhibited exceptionally steady CuZ*release with slight
fluctuations in the first 10 days (maximum 43.9 pg/day) and a con-
sistent release rate at 2.0 pg/day thereafter (Fig. 2B). The CG Cu-
5Fe presented an ideal release of Cu2* with no initial burst release
but a sustained release over long term for contraceptive efficacy
[22,35].

Fig. 2C&D shows the Fe3+ release rates of the Cu-Fe alloys. The
alloys with low Fe content, both CG/UFG Cu-0.5Fe and CG/UFG
Cu-1Fe, had very low Fe** release rates (as low as 0.005 ng/day).
On the contrary, both the CG Cu-5Fe and UFG Cu-5Fe alloys ex-
hibited significantly higher Fe3* release rates, 627.3 ng/day and
316.0 pg/day, respectively, in the early stage of immersion. Such
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UFG Cu-1Fe UFG Cu-0.5Fe CG Cu-5Fe CG Cu-1Fe CG Cu-0.5Fe CGCu

UFG Cu-5Fe

Fig. 1. Microstructure images of the CG Cu and CG/UFG Cu-Fe alloys at different magnifications.

high early-stage Fe3*release suggests the 5 % Fe effectively inhib- The pH values of the SUF after immersed with the Cu and
ited the Cu>* release. The Fe3* release rate then decreased to a alloys were also monitored throughout the immersion process
stable release rate in 15 days at ~0.06 pg/day which was similar (Fig. S2). The pH trend was similar among the CG Cu and Cu-
to that of the low Fe content alloys. Fe alloys between 6.9 and 7.8, while the pH values of the SUF
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Fig. 2. The release rates of the Cu?* (A, B) and Fe3* (C, D) in SUF from the CG Cu and CG/UFG Cu-Fe alloys for 300 days.
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Fig. 3. The corrosion rates of the CG Cu and CG/UFG Cu-Fe alloys in SUF for 300
days.

with Cu-Fe alloys were slightly higher than that of the SUF with
CG Cu.

3.3. Corrosion rates

Fig. 3 illustrates the corrosion rates of both the CG Cu and Cu-Fe
alloys in SUF over a span of 300 days. Overall, the corrosion rates
of all materials exhibited a gradual decrease with the prolonged
immersion time. This decline can be attributed to the accumula-
tion of corrosion products on the material surfaces, impeding di-
rect exposure to SUF. This corrosion rate trend aligns with the ion
release profiles observed in Fig. 2 for the CG Cu and the CG/UFG
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Cu-Fe alloys. Initially, the CG Cu-5Fe alloy demonstrated a signif-
icantly higher corrosion rate compared to CG Cu and all other al-
loys, particularly within the first 30 days, attributing to the release
of Fe3*(627.3 ng/day on the first day). However, beyond 30 days of
immersion, as corrosion rates decreased for all materials, the cor-
rosion rate of CG Cu-5Fe became lower than all others. The corro-
sion rate of UFG Cu-5Fe consistently remained lower than that of
CG Cu due to its ultrafine grain structure and higher Fe content.

The corrosion rates of the CG/UFG Cu-0.5Fe, and the CG/UFG
Cu-1Fe alloys were lower than that of the CG Cu in the first 30
days and the opposite trend was exhibited from 60 to 300 days,
suggesting the suppressed burst release in the beginning and well-
maintained high release in long-term immersion for the Cu-Fe al-
loys.

3.4. Characterization of corrosion morphology and products

Figs. 4 and S3 show the surface corrosion morphology and cor-
rosion product composition of the CG Cu and the Cu-Fe alloys after
the immersion in SUF for 1, 10, 30, 60, 150, and 300 days. It can
be seen clearly from Fig. 4 that there were more accumulated cor-
rosion products on the surface for all the materials with the longer
immersion time and the components of the corrosion products in-
creased as well (Fig. S3). Consistent with the ion release results,
the evolution of the corrosion morphology and composition exhib-
ited two distinct patterns. The Cu alloys containing low Fe con-
tent (CG/UFG Cu-0.5Fe/1Fe) presented similar corrosion morphol-
ogy and composition progress to the CG Cu. The corrosion prod-
ucts of the CG Cu and Cu-0.5/1Fe alloys were in the form of par-
ticles covering the surface along the grinding groves as a thin sin-
gle layer. With the prolonged immersion time, the thickness and
density of corrosion product layer gradually increased in 30 days.
The main corrosion product was Cu,0 on the surfaces within 60
days’ immersion (Fig. S3). The corrosion products started to ac-
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Fig. 4. Surface corrosion morphology of the CG Cu and CG/UFG Cu-Fe alloys after the

images were 5 pm.

cumulate into three-dimensional flower-shaped particles, forming
loose but thick layers from 150 to 300 days. However, the main
corrosion product was still Cu,0 with increased amount. KCI was
detected from the corrosion products of CG/UFG Cu-0.5/1Fe for
150- and 300-days’ immersion. It could be the deposition of the
salt from SUF. On the other hand, the CG/UFG Cu-5Fe alloys dis-
played bumpy surfaces with non-uniform large particles within 1
day’s immersion already. Thick corrosion product layers formed in
10 days with larger porous particles in flower shape and kept in-
creasing the density and thickness of the corrosion product layers
from 30 days to 300 days. The detected corrosion product was also
only Cu,0. A small peak at 44.6 ° was presented in the XRD spec-
tra of only the CG/UFG Cu-5Fe alloys, attributing to the signature
peak of Fe, suggesting the Fe phase in the alloy and the different
corrosion morphology might be attributed the corrosion products
related to Fe phase.

The EDX spectra in Fig. S4 exhibited the elemental composi-
tions of the corrosion products of all the materials immersed for
1 day and 300 days. It can be observed that on the first day of im-
mersion, Cu and O were detected in the corrosion products of all
materials, but the additional Fe, P, Ca, and C were detected on the
surfaces of CG/UFG Cu-5Fe, which could correspond to the amor-
phous spheres. Table S1 listed the quantitative analysis of the ele-
ments in the corrosion surface of the CG Cu and all Cu alloys. The
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300d

immersion in SUF for 1, 10, 30, 60, 150, and 300 days. The scale bars in the SEM

weight percent of Cu on the surfaces of CG/UFG Cu-5Fe (4.9 wt¥%,
& 4.7 wt%) were much lower than that of the CG Cu and low Fe
content Cu alloys. This also suggested the Fe predominated corro-
sion of CG/UFG Cu-5Fe in early immersion period. By the 300th
day of immersion, Cu, O, P, Cl and Ca were detected on the sur-
faces of both the CG Cu and low Fe content Cu alloys, while Fe
was presented for high Fe content in CG/UFG Cu-Fe alloys.

3.5. Electrochemical analysis of the CG Cu and CG/UFG Cu-Fe alloys
in SUF

Since the CG/UFG Cu-0.5Fe and CG/UFG Cu-1Fe alloys exhib-
ited very similar corrosion properties and Cu?t* release with the
CG Cu, we focused on the comparison of the CG/UFG Cu-5Fe al-
loys and the CG Cu in the electrochemical tests. Fig. 5A showed the
polarization curves of the CG Cu, CG Cu-5Fe, and UFG Cu-5Fe in
SUF. The similar polarization plots of the three materials exhibited
passive-like dissolution behaviors in SUF [36]. The corrosion cur-
rent density followed the order: CG Cu > CG Cu-5Fe > UFG Cu-
5Fe, respectively. Fig. 5B showed the Tafel slopes of the selected
region of the polarization plots of CG Cu, and CG/UFG Cu-5Fe in
Fig. 5A. The slopes calculated in Fig. 5B descended in the order of
CG Cu > CG Cu-5Fe > UFG Cu-5Fe.
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Fig. 5. The electrochemical polarization curves (A) and the Tafel slops (B) of the CG Cu, CG Cu-5Fe, and UFG Cu-5Fe alloys in SUF.

The polarization and the Tafel results suggested that the
CG/UFG Cu-5Fe alloys were more easily corroded than the CG Cu
before corrosion equilibrium was reached in SUF, but it turned
more difficult for these two alloys to corrode after equilibrium
was reached. It could be deduced from both ion release results in
Fig. 2 and the electrochemical results that the corrosion occurred
to Fe first in the Cu-5Fe alloys owing to the galvanic corrosion as
Fe is more electrochemically active than Cu, so that the CG/UFG
Cu-5Fe alloys more easily corroded than the CG Cu. Moreover, the
Cu-5Fe alloys showed the inhibited burst release of Cu2t. The cor-
rosion rates of both the alloys was reduced after equilibrium with
a passivation film quickly formed on the surface of the alloys.

3.6. Cytotoxicity assay

Figs. 6 and S5 exhibit the results of the cytotoxicity evaluation
on the CG Cu and all Cu-Fe alloys. It can be observed that the
viabilities of all the cells of HEEC, HESC and HUVEC treated with
100 % (Fig. 6A, C, &E) and 50 % (Fig. S5) extracts of the CG Cu, Cu-
0.5Fe and Cu-1Fe alloys were within the range of 3.5-30.2 % which
is significantly lower than the negative control group and even
lower than the positive control group (treated with 10 % DMSO).
The low cell viability was consistent across the 1, 2, and 3 days,
indicating severe cytotoxicity of the CG Cu, Cu-0.5Fe and Cu-1Fe
alloys towards all the cell lines. There was no significant differ-
ence in the cell viability between the CG and UFG structured alloys
of Cu-0.5Fe and Cu-1Fe, suggesting that the grain size reduction
within the two low Fe containing Cu alloys did not affect biocom-
patibility noticeably. However, it is worth noting that the high Fe
containing Cu alloy, Cu-5Fe in both coarse and ultra-fine grains,
displayed dramatically high cell viability of all three cell lines. The
cell viability of the HEEC treated with 100 % exact of CG Cu-5Fe
alloy was 90.7 % in the first day and then decreased to 35.8 % and
17.7 % in the day 2 and 3. On the contrary, the viability of the
HEEC treated with 100 % UFG Cu-5Fe exact presented increased
trend with the culture time from 56.1 % to 79.2 %. For the cell line
of HESC, the viability after treated with 100 % exacts of CG Cu-5Fe
alloy shows extraordinarily high (88.3-121.0 %) through 3 days. The
viability of the HESC treated with 100 % UFG Cu-5Fe alloy exact
was also very consistent through the 3 days (~80 %). For the cell
line of HUVEC, the effect of the 100 % extract of CG Cu-5Fe alloy
to the viability was relatively obvious, the viability ranging from
50.4 % to 14. 3 % in day 1 to 3. On the other hand, the cell com-
patibility UFG Cu-5Fe alloy to the HUVEC was very high with the
viability values of 72.7-112.5 %, especially in day 2 and 3.
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Fig. 6B, D, &F present the cell viabilities of the HESC, HEEC and
HUVEC treated with 10 % alloy extracts of the CG Cu and Cu-
Fe alloys. It can be seen that all the cell viability with the di-
luted alloys extracts were greatly increased. In generally compari-
son, the CG/UFG Cu-0.5Fe and Cu-1Fe presented similar or slightly
higher cell compatibility than the CG Cu, while the Cu-5Fe alloys
in both CG and UFG microstructures exhibited higher viability of
all three cell lines than CG Cu. It is also can be found that the
viability of the cell lines treated with the of UFG Cu-5Fe alloy ex-
acts in all concentrations (100 %, 50 % and 10 %) were consistently
high.

Overall, the in vitro cytotoxicity experiments display that the CG
Cu-5Fe and UFG Cu-5Fe exhibit much enhanced cell biocompati-
bility, which might be attributed to the reduced Cu?* from the al-
loying Fe and further owing to the ultrafine grained structure.

3.7. Transcriptomic analysis

To further explore the different cell response of the CG Cu and
CG Cu--5Fe alloy, the transcriptomic analysis using the cell line of
HESC was carried out. The experimental group cells were treated
with the 50 % extracts of the CG Cu, and CG Cu-5Fe for 12 h. The
cell morphology was observed and shown in Fig. 7A. It can be seen
that there was no observable difference in the cell morphology for
the CG Cu-5Fe alloy compared to the control group, whereas the
cell edges of the HESC cultured in the extract of the CG Cu pre-
sented brightened wrinkles and the cells tended to round up, indi-
cating that the HESC cells had been subjected to toxicity environ-
ment.

Fig. 7B shows the principal component analysis among the
three groups, from which it can be observed that the CG Cu group
can be significantly distinguished from both the NC group and CG
Cu-5Fe. Fig. 7C showed the Wayne diagram results of the three
groups of genes, with 9520 common genes in the three groups.
In addition, there were1043 common genes presented only in the
NC group and CG Cu-5Fe group, which was significantly higher
than the number of common genes only presented in both the NC
and CG Cu group (21) or only presented in both the CG Cu and
CG Cu-5Fe group (160). The results illustrated that the CG Cu-5Fe
group had higher similarity to NC group. Furthermore, the expres-
sion levels of genes in the three groups were compared among the
three groups (Fig. 7D). The quantitative analysis in Fig. 7E shows
that the CG-Cu group displayed significant differences compared
to the control and CG Cu-5Fe groups, and the greatly higher num-
ber of gene expression were 4280 and 1033. Statistical analysis of
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Fig. 6. The cell viabilities of the HEEC (A and B), HESC (C and D), and HUVEC (E, F) treated with 100 % and 10 % extracts of the CG Cu and CG/UFG Cu-Fe alloys for 1, 2, and
3 days. ***P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05 when the cell viability of the Cu-Fe alloys extracts compared with that of the CG Cu extracts.

these two situations were carried out and showed in Fig. 7F& G.
The P-values were 3.1e-08 and O for the profile #2 and #5, re-
spectively, indicating significant differences. Fig. 7H& I shows the
GO enrichment analysis and it can be seen that significantly highly
expressed genes in the CG Cu group were mainly involved in cell
death, cell death regulation, apoptosis regulation, and negative reg-
ulation of cellular and biological processes. On the contrary, genes
with significantly low expression in the CG Cu group were mainly
involved in DNA repair, various biological processes, and synthe-
sis and metabolism of various molecules (Fig. 7I). These results
indicate that high concentration of Cu?* can deactivate cell sur-
vival processes such as intracellular biosynthesis, and would pro-
mote cell apoptosis and cell death. In the CG Cu-5Fe group, the
release of iron inhibited the release of copper, and the concentra-
tion of copper ion was significantly reduced, which protected the
cells from the damage caused by high concentration of Cu2+.
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3.8. The Cu?t and Fe3* concentrations in the extracts and pH values

The concentrations of the Cu?* and Fe3*in the extracts of the
CG Cu and Cu-Fe alloys were measured in the in the DMEM/F12
complete medium for HEEC/HESC and ECM complete medium for
HUVEC using ICP-MS and the results are listed in Table 1. In both
mediums, the original concentration of Cu?t and Fe3t* were very
low, 0.021-0.025 pg/mL and 0.271-0.304 pg/mL. In the DMEM/F12,
the CG Cu, CG/UFG Cu-0.5/1Fe alloys released the Cu?* and Fe3+
in the ranges of 153-196 pg/mL and 0.58-1.3 pg/mlL, respectively.
While in the ECM, the concentrations of the released Cu?* were
similar, around 93.4 pg/mL, and Fe3+ was at roughly 0.25 pg/mL.
There was no significant difference in either Cu2* or Fe3* released
from the CG Cu and CG/UFG Cu-0.5/1Fe. However, the Cu?* con-
centrations in the CG Cu-5Fe and UFG Cu-5Fe extracts were sig-
nificantly decreased to 14 pg/mL and 1.6 pg/mL within DMEM/F12,
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Table 1
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The Cu?* and Fe3* concentrations in the cell medium extracts of the CG Cu and Cu-Fe alloys.

DMEM/F12 for HEEC/HESC

ECM for HUVEC

Cu** (pg/mL)

Fe3* (ug/mL)

Cu?* (pg/mL) Fe3* (ug/mL)

NC 0.0210 + 0.0004 0.304 + 0.008 0.0250 + 0.0005 0.271 + 0.004
CG Cu 192 + 15 0.150 + 0.004 93+ 6 0.119 + 0.007
CG Cu-0.5Fe 159 + 12 0.58 + 0.03 91+3 0.231 £+ 0.004
CG Cu-1Fe 153 + 8 1.3+03 92 +4 0.248 + 0.009
CG Cu-5Fe 14 + 11* 48 + 24* 18 + 12* 54 + 13###
UFG Cu-0.5Fe 194 + 8 0.54 + 0.02 102 £+ 2 0.27 £ 0.04
UFG Cu-1Fe 196 + 17 0.53 + 0.03 97 £+ 4 0.21 + 0.01
UFG Cu-5Fe 1.6 £ 0.2*** 92 + 4### 1.5 £ 0.2** 82 + 8###

*P < 0.05 and ***P < 0.001 when compared with the concentration of Cu2+ of CG Cu group in ECM and DMEM/F12 complete medium respectively.
# P < 0.05 and ### P < 0. 001 when compared with the concentration of Fe3+ of CG Cu group in ECM and DMEM/F12 complete medium respectively.

Table 2
Antifertility evaluation of the CG Cu, CG Cu-5Fe alloy, and UFG Cu-5Fe alloy.

Number of embryos in the uterine horn

Number of

Group Number of rats - - - - pregnant rats Antifertility rate (%)
with rod specimen without rod specimen

NC 10 7.9 + 1.7 79 +13 10 0

Sham 10 77 £ 1.0 7.8 £1.2 10 0

CG Cu 20 0 78 £13 0 100

CG Cu-5Fe 20 0 79 £ 15 0 100

UFG Cu-5Fe 20 0 79 +£19 0 100

and 18 pug/mL and 1.5 pg/mL within ECM. Meanwhile, Fe3+ concen-
trations much increased to 48 pg/mL and 92 pg/mL in DMEM/F12
and 54 pg/mL and 82 pg/mL in ECM, respectively.

The pH values of the extracts within both mediums in Fig. S6
were very close without significant difference among the CG Cu
and CG/UFG Cu-Fe alloys.

3.9. In vivo antifertility tests

The contraceptive effectiveness of the CG Cu, CG Cu-5Fe alloy,
and UFG Cu-5Fe alloy was evaluated by implanting the rod spec-
imen into the rats’ right-side uterine horn for 28 days. The re-
sults are summarized in Table 2. In the control and sham surgery
groups, 8 embryos on average were found in each side of uterine
and all rats were pregnant. In the group of rats with the implan-
tations, no embryo was observed in the right-side uterine bearing
the CG Cu or CG/UFG Cu-5Fe rods, while 8 embryos on average
were found in the contralateral uterine without the rod implants.
Despite of the formation of embryos in one uterine horn, there was
no pregnancy found in the rats. The contraceptive rate for all Cu
and Cu-5Fe alloys was 100 %. The same embryos number in the
contralateral uterine exhibited no statistically significant difference
among the three materials, suggesting that the addition of 5 % Fe
to the Cu did not affect the contraceptive effectiveness within the
28 days of contraceptive experiments.

3.10. Histological observation

Fig. 8 shows the tissue morphology of the rats’ uterine cavity
in the control group and in the rats bearing CG Cu and CG/UFG
Cu-5Fe alloys implants at the time points of 3 days, 7 days, 14
days and 28 days. It can be observed that, at each time point, the
uterine cavity tissues of the rats in the control group remained in-
tact, the epithelial cell layer was complete, and no sign of inflam-
mation was found. While on the 3rd day of the CG Cu implan-
tation, the rat’s uterine already exhibited significant tissue damage
and severe acute inflammatory reactions were induced. The uterine
cavity was narrow, neither epithelial cells nor glands were present
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on the top surface. A substantial infiltration of inflammatory cells
was observed (pointed using red arrows). On the 3rd day of the
CG Cu-5Fe alloy implantation, the epithelial cell layer of the uter-
ine cavity was partially lost with a relatively small area infiltration
of inflammatory cells. The inflammatory symptoms were not sig-
nificant. On the same time point of the UFG Cu-5Fe alloy implan-
tation, the rat’s uterine tissue presented a mostly intact epithelial
cell layer with only a much smaller amount of inflammatory cell
infiltration, suggesting the mildest inflammation. Further observa-
tion on the 7th day implantation, the inflammatory reactions in
the uteri of the rats bearing the CG Cu, CG Cu-5Fe, and UFG Cu-
5Fe alloy implants all were intensified compared to that on the 3rd
day. In the uterine cavity bearing with the CG Cu, many inflamma-
tory cells had spread into the uterine muscle layer, accompanied
with a few neutrophils (black arrows). With the CG Cu-5Fe or UFG
Cu-5Fe alloy, the inflammation of the uterine cavity was still mild
with a small number of neutrophils presenting in the uterine cav-
ity with the UFG Cu-5Fe.

After 14 days of implantation, the inflammatory reaction in the
uterine cavity implanted with the CG Cu further intensified, while
the uterine cavity with the CG Cu-5Fe alloy exhibited the phase
of recovery. The epithelial cell layer became intact, and a small
number of inflammatory cells, very few neutrophils in the uterine
muscle layer, and no inflammatory exudate were presented. With
the UFG Cu-5Fe group, the uterine cavity displayed partially in-
tact epithelial cell layer, a few of inflammatory cells, and a small
number of neutrophils in the uterine tissue. By the 28th day of
the implantation, the symptoms of inflammatory damage in the
uterine cavity with the implanted materials were all significantly
reduced although a few neutrophils could be found in the uter-
ine tissue. In the CG Cu implanted uterine cavity, inflammatory
cells decreased and the epithelial cell layer was gradually formed.
While in the CG Cu-5Fe or UFG Cu-5Fe implanted uterine cavity,
the uterine tissues had almost fully recovered to the condition of
control group. At each time point, the extent of uterine tissue dam-
age in the groups of CG/UFG Cu-5Fe was lower than that in the
CG Cu group. This suggests that 5 % Fe alloyed with Cu can signifi-
cantly improve the histocompatibility of Cu-containing materials as
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Fig. 8. Histopathology images of the endometrium of the rat uterine cavity implanted with the CG Cu, CG Cu-5Fe, and UFG Cu-5Fe rods for 3 days, 7 days, 14 days and 28

days. Red arrow indicates inflammatory cells, and black arrow points to neutrophils.

the active material of Cu-IUD, reduce the degree of inflammatory
reaction at the implantation site, and at the same time promote
the repair of inflammation-induced tissue damage.

3.11. Characterizations of the in vivo implanted materials

The corrosion morphology of the CG Cu, CG Cu-5Fe and UFG
Cu-5Fe rods after implanted in the rat uterine for 3 days, 7 days,
14 days and 28 days was shown in Fig. 9. It can be seen that with
the prolonged implantation time, there were more corrosion prod-
ucts formed on the surface of the rods. Multiple layers of corro-
sion products were found from 14 days and products on the sur-
face could peel off from 14 to 28 days for CG Cu and CG Cu-5Fe
rods. The UFG Cu-5Fe rod exhibited much more uniform corrosion
products on the rod surface without much peelings, suggesting the
uniform surface corrosion of UFG Cu-5Fe owing to the ultrafine
grained structure.

XPS for composition analysis was performed on the rod surfaces
of the CG Cu, CG Cu-5Fe, and UFG Cu-5Fe alloys after implantation
for different time points. The XPS survey spectra are shown in Fig.
S7. It can be observed that the elements on the superficial surface
of the CG Cu contained Cu, O, Ca, C and N for all the implanted
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time durations (3, 7, 14, and 28 days). Other than aforehand ele-
ments, on the surfaces of the CG Cu-5Fe and UFG Cu-5Fe alloys,
the element of Fe was shown for both 3 and 7 days of implanta-
tion. However, Fe element was not observable in the survey spectra
for the Cu-5Fe alloys after the implantation for 14 and 28 days. It
might be because the thicker corrosion products were accumulated
on the surface too much to detect Fe.

Fig. 10 displays the XPS region spectra of Cu 2p3, (from 929 eV
to 947 eV) and the region spectra of Fe 2ps; (from 705 eV to
720 eV) of the corrosion products on the surfaces of the three ma-
terials after implanted for 3, 7, 14, and 28 days. Two valences of
Cu, specifically Cu™ and Cu?*, were found from the fitted analy-
sis on the Cu region spectra of Cu 2p3, (Fig. 10A-D). The bind-
ing energy of Cu?t at 934.4 eV in Cu(OH),, 933.8 eV in CuO, and
934.5 eV in Cuy(OH),CO3 were all found [37]. The binding energy
of Cut at 932.5 eV in Cu,0, and 9319 eV in CuCl [38] was ob-
served as well, demonstrating the corrosion product on the sur-
face containing possible compounds like these. The binding energy
of zero valence Cu metal is around 932.5 + 0.2 eV [39,40] which
is too close to that of Cu,0O to be distinguished using the region
spectra of Cu 2p3p,. The Kinetic Energy of Cu LMM Auger peak of
Cu,0 at 916.8 eV and the peak of Cu metal at 918.6 eV confirmed
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Fig. 9. Corrosion morphology of the CG Cu, CG Cu-5Fe, and UFG Cu-5Fe after implanted in rats’ uterus for 3, 7, 14 and 28 days.

the presence of Cu (Fig. S7). With the prolonged implantation time,
the detected compounds on the Cu and Cu-5Fe alloys were similar,
containing both Cu, Cu* and Cu®* compounds.

Fig. 10E-H display the XPS region spectra of Fe 2psj, within the
range of 710-715 eV. From both the region spectra of the CG Cu-
5Fe and UFG Cu-5Fe alloy for all the time duration, the compound
of Fe,03 with the binding energy at 710.8 eV and other states of
Fe3t+ were observed in the corrosion layers after 3, 7, 14, and 28
days. Furthermore, CG Cu-5Fe showed FeO with the binding en-
ergy at 708.4 eV [41] in the corrosion product. At 28 days, Fe(OH)3
with the binding energy at 711.5 eV was also presented. UFG Cu-
5Fe exhibited the similar corrosion components to the CG Cu-5Fe,
however, the additional component, such as FeO, appeared in a rel-
atively late stage. The Fe(OH); was not found in 28 days corrosion
product for the UFG Cu-5Fe alloy.

The EDX analysis of the corrosion products on the CG Cu and
CG Cu-5Fe and UFG Cu-5Fe alloys was carried out and the results
were shown in Table S2. The main metallic elements found in the
corrosion products on the material surfaces were Cu, Fe and Ca
and non-metallic elements were C, O, P, S and N. The presence of
Fe was found only in the Cu-5Fe alloys. The P might be attributed
to the uterus fluid while the S and N might be attributed to the
attachment of protein or other biological molecules in the uterine.
The EDX results are consistent with the XPS analysis.

Fig. S8 displays the XRD analysis on the phase composition of
the corrosion product of the implanted CG Cu, CG Cu-5Fe, and UFG
Cu-5Fe alloys in rats uterine for different days. It can be observed
that the main corrosion products of all the three materials were
Cu related compounds CuO, Cu,0, CuCl, and Cu(OH)CI and also the
high peaks of CaCO3. The Cu related compounds agreed well with
the XPS analysis results.

4. Discussion

After systematic investigations in various properties of the CG
Cu and CG/UFG Cu-Fe alloys, we can see that the CG Cu-5Fe is the
best candidate for Cu-IUD as it is capable of significantly inhibiting
the burst release of Cu?*, remarkably improving biocompatibility
for both in vivo and in vitro evaluations, and exceptionally effec-
tive of contraception. We did a careful analysis on the corrosion
mechanism of the CG Cu-5Fe and also a through summary and
comparisons on the Cu alloys as active materials for IUD.
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4.1. Corrosion mechanism of the CG Cu and CG Cu-5Fe

The corrosion process of Cu in SUF has been studied previously
[42,43]. When pure Cu is immersed in SUF, a porous Cu,O layer is
firstly generated, as indicated by Egs. (1) and (2).

8Cu + 2H,0 + 0 — 4Cu,0 + 4H' + 4e” (1)

Cu,0 +2H* — 2Cu'* + H,0 (2)

The Cu,0 film surface can freely contact with oxygen, forming
a large cathodic area. Here, Cu,0 is highly prone to oxidation into
Cu2+* [44,45], as shown in Egs. (3).

4Cu'™ + 2H,0 +0, — 4Cu*" + 40H- (3)

In the small pore areas of the Cu,O film, the entry of oxygen is
restricted, leading to the formation of an anodic zone where solid
Cu metal participates in the reaction.

Cu®* + Cugy — 2Cu'™* (4)

At this point, due to the absence of a stable protective layer
on the material surface, the above process continues, leading to
burst release of Cu?t. As the immersion time prolongs, and with
the presence of ClI-, HCO3- in the solution, precipitates gradu-
ally formed on the material surface, forming a stable protective
layer that impedes the corrosion of the material, as indicated by
Egs. (5) [46] and (6) [47].

Cu't 4+ CI- > Cudl (5)

4CuCl + 2HCO; + 0, — CuCOs - Cu(OH), + CO3~ +2CuCl,  (6)

EDX results show the presence of second phase in CG Cu-5Fe
material. Since Fe is more easily oxidized than Cu in SUF, the Fe-
rich phase and Cu-rich phase would form a galvanic cell, with Fe
as the anode and undergoing rapid oxidation reactions, as depicted

in Egs. (7) and then Fe(OH), as in the following equations.
Fe — 2e~ — Fe?*

(7)

0, + 2H, + 4e~ — 40H~ (8)

Fe?* + 20H- — Fe(OH), (9)
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Fig. 10. The Cu2p spectra (A-D) and Fe 2p spectra (E-H) of the CG Cu, CG Cu-5Fe and UFG Cu-5Fe alloys after the implantation for 3, 7, 14, 28 days in rats’ uterine cavity.

Fe(OH), is unstable, forming a precipitate of Fe(OH)3 that cov- With longer immersion time, Fe;03 and FeO are generated on
ers the surface of the material, as depicted in the following equa- the surface of the alloys, as in the following equations
tion.
2Fe(OH); — Fe,03 + 3H,0 (11)
4Fe(OH)2 4 03 + 2H,0 — 4Fe(OH), (10)  Fe + Fe,0; — 3FeO (12)
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Fig. 11. Schematic illustration of the corrosion behavior of CG Cu and CG Cu-5Fe in SUF.

Due to the strong competition between the galvanic process of
Fe and the pit corrosion of Cu, the precipitation of corrosion prod-
ucts forms a protective layer on the material surface and hinders
direct contact between the alloys and SUF. The corrosion rate of
Cu significantly decreases, and the release of Cu?t also markedly
reduces. With prolonged immersion time, the formed corrosion
product layer on the alloys surface enables a minimal but steady
release of ions. The corrosion mechanisms of CG Cu and CG Cu-
5Fe are depicted in Fig. 11.

4.2. The summary and comparison of the Cu alloys as active
materials for IUD

We summarized the properties of the CG Cu, CG Cu-5Fe and
UFG Cu-5Fe in Table 3 and also compared these properties with
the reported other Cu alloys and Zn alloy for the application of
IUD.

The blue-shaded columns are the results from this work. By
linking the grain sizes, and composition, we can see that with the
addition of the 5 wt% Fe, the grain size of the CG Cu-5Fe increased
to 50-250 pum. The grain size was reduced to the similar dimen-
sions of 1-20 ym with CG Cu when the CG Cu-5Fe was processed
via ECAP. The corrosion rates of the Cu and Cu alloys varied along
with the grain size, the corrosion rates followed the decreasing se-
quence of CG Cu-5Fe, CG Cu and UFG Cu-5Fe. However, the re-
leased rate of Cu?t of the CG Cu-5Fe was the lowest among the
three although the released Fe3* was the highest, which made up
of the highest corrosion rate in total. The measured concentrations
of Cu?t and Fe3* in cell medium extracts were much lower for
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CGJUFG Cu-5Fe than CG Cu, so that the cell compatibility of the
alloys was much higher than the pure Cu. However, the concentra-
tion of Cu?* in the extracts of CG Cu-5Fe was higher and the Fe3+
was lower comparing to these in the extracts of UFG Cu-5Fe. It
could be the different corrosion process of the alloys in cell medi-
ums with the presence of biological molecules, such as proteins.
Under the simultaneous stimulations of low Cu?* and high Fe3+,
the UFG Cu-5Fe alloy demonstrated better cell compatibility in 3
days while CG Cu-5Fe presented exceptionally high cell viability of
HESC. For In vivo, both CG Cu-5Fe and UFG Cu-5Fe elicited sterile
inflammatory responses in uterine cavity owing to foreign body re-
sponse to the implantation of the cylindrical samples. However, the
tissue damage induced by CG Cu-5Fe and UFG Cu-5Fe is signifi-
cantly reduced compared to CG Cu, because of substantial decrease
in Cu?* release. In the later stages post-implantation, both CG Cu-
5Fe and UFG Cu-5Fe groups also demonstrated enhanced damage
repair capabilities, which probably because of simultaneously re-
leased Fe3*. There are two main reasons. (1) Fe is the most abun-
dant essential trace element in human body, approximately 4 g in
total and 0.1 ~1 mmol/L in serum, playing a crucial physiologi-
cal role [27]; (2) Commonly, the daily intake of Fe of most people
is lower than the recommended dose [25], so that relatively high
level of additional Fe3* would lead to benefits rather than issues
to health.

Our findings on the CG/UFG Cu-5Fe alloys showed superior per-
formance in biocompatibility and also comparable contraceptive
efficacy with other reported Cu, Cu alloys or Zn alloy for the ap-
plication of IUD. The inhibition to the burst release of Cu?* from
the CG Cu-5Fe is much more effective than UFG Cu, UFG Cu-0.4Mg
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Table 3

Comparisons in structure, composition, and properties of the CG Cu, CG-5Fe, UFG Cu-5Fe and other Cu, Zn alloys as the active material of IUD.

CG Cu-5Fe UFG Cu-5Fe UFG Cu [21, 24] UFG Cu-0.4Mg [24] Cu-38 Zn [25] Zn-1Cu [42]

CG Cu

Alloys

0.1-0.2

0.3

1-10 0.26-0.6

50-250

2-25

Grain size (um)
Second phase

~38.95 % Zn

Fe phase
5-10 pm

Fe phase
5-10 pm

73

27 14 53

31

61

Corrosion rate (um/year)
Cu?* release rate (ug/day)
Fe3+ release rate (ug/day)

[Cu®*]

12.2 67.0 (Zn2*)

76.6

112.3-146.2

439 207.2

2514

6.9 (Zn?+)

22.6

316.0
1.6
1.5
923

627.3

0.021

116.6
141.8

153.2
234.0

13.7

192.1
93.4

DMEM]/F12

ECM

17.7

(pg/mL)
[Fe3*]

16.3 (zn2*)

10.9 (Zn2+)

17.7 (Mg?*)
21.1 (Mg2+)

~15 %
~15 %
~20 %
100 %

48.4

0.15
0.12

DMEM/F12

ECM

822

53.7

(ng/mL)

~35%
~60 %

~32 %
~78 %

~12.5 %
~15 %
~15 %
100 %

56.1 %
~80 %
72.7 %
100 %

90.7 %
883 %
50.4 %
100 %

~20 %
~5%

HEEC

Cell Viability

HESC

(Day 1, 100 % Extract)

~15 %
100 %

HUVEC

100 %

100 %

Antifertility efficacy

Uterine Tissue
Compatibility

Damaged

Almost no EECs No EECs layer

Microvesslesin

Intact EECs layer &
presence of glands

Partially intact

EECs layer

No EECs, or glands

3 days

endometrial, & no

EECs layer

sub-epithelial
stroma

Self- recovery

Self- recovery

started

Self- recovery

Squamous

Partially intact

EECs layer

Self- recovery

Intensive

14 days

partially completed

partially completed

metaplasia present

almost completed

inflammatory

reaction

EECs: endometrial epithelial cells.

666

Acta Biomaterialia 189 (2024) 651-667

and Zn-1Cu alloys, and it is also comparable to that of Cu-38 Zn.
More prominently, the in vitro cell compatibility and in vivo tissue
compatibility from our work present dramatically attractive per-
formance. The contraceptive efficacy of all alloys is maintained at
100 %. Cu-5Fe alloys in both coarse and ultrafine structures are
more promising to eliminate the adverse effects owing to the burst
release of Cu?* for Cu-IUD and will be a highly effective and com-
patible candidate as the active material for IUD.

5. Conclusions

In this work, we have produced a series of Cu-Fe alloys with
different compositions, including 0.5 wt%Fe, 1 wt% and 5 wt%Fe.
We also fabricated the ultrafine grained structures for these alloys
via ECAP treatment, reducing the grain size from 50-200 pm to
1-10 pm. The systematic investigations on both the coarse grained
and ultrafine grained Cu-Fe alloys demonstrated that Cu-5Fe alloy
exhibited the best properties compared to the coarse grained Cu,
which was attributed to the second phase of Fe embedded within
Cu matrix. The corrosion behavior of the coarse grained Cu-5Fe al-
loy in the SUF differed from that of the CG Cu as a galvanic cell
(Cu-Fe) formed with 5 wt% Fe, with Fe corroding earlier than Cu.
This inhibited the burst release of the Cu2t substantially while si-
multaneously released the Fe3* at a high rate. As the most abun-
dant essential trace element in human body, the early and substan-
tial release of Fe3+ significantly improved the cell compatibility of
the Cu-5Fe alloys. The Cu-5Fe alloy maintained the high contra-
ceptive efficiency with greatly reduced adverse effects on the uter-
ine tissue. Therefore, the Cu-5Fe alloy can be used as a more active
and biocompatible material for the Cu-IUD.
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