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Magnesium and its alloys were widely investigated in many body fluid microenvironments including
bone, blood, bile, saliva, and urine; however, no study has been conducted in the intrauterine microen-
vironment. In this study, the degradation behaviors of HP-Mg, Mg-1Ca, and Mg-2Zn alloys in simulated
uterine fluid (SUF) were systematically investigated, and then the biological response of four kinds of
uterine cells to these materials was observed. For this purpose, the gluteal muscle of rat was used as
the implantation position to study the in vivo biocompatibility as a mimic of the intrauterine device
(IUD) fixation part. The 120-day immersion test indicated that the Mg-1Ca alloy had a faster degradation
rate than the Mg-2Zn alloy and HP-Mg and dissolved entirely in the SUF. Indirect cytotoxicity assay
showed that the extracts of HP-Mg, Mg-1Ca, and Mg-2Zn alloys have positive effects on human uterine
smooth muscle cells (HUSMC), human endometrial epithelial cells (HEEC), and human endometrial stro-
mal cells (HESC), especially for the Mg-1Ca alloy group. Furthermore, the in vivo experiment showed that
HP-Mg, Mg-1Ca, and Mg-2Zn alloy implants cause a light inflammatory response in the initial 3 days, but
they were surrounded mainly by connective tissue, and lymphocytes were rarely observed at 4 weeks.
Based on the above facts, we believed that it is feasible for using biomedical Mg alloys in obstetrics
and gynecology and proposed three kinds of medical device candidates for future R&D.

Statement of Significance

Magnesium alloys were widely investigated in various body microenvironments including bone, blood,
bile, saliva, and urine; however, no study has been conducted in the intrauterine environment. In this
work, the degradation behaviors of Mg alloys in simulated uterine fluid were systematically investigated,
and then the biological response of four kinds of uterine cells to these materials was observed. For this
purpose, the tibialis anterior of a rat model was used as the implantation position to study the in vivo
biocompatibility. The comprehensive in vitro and in vivo testing results indicated that biomedical Mg
alloys are feasible for use in obstetrics and gynecology. Further, three kinds of medical device candidates
were proposed.
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1. Introduction

As degradable metallic biomaterials, magnesium and its alloys
have received much attention in the past 10 years [1-7]. The main
focuses were bone fixation devices, biliary, esophageal and cardio-
vascular stents, and tissue-engineered scaffolds; the majority of
in vitro and in vivo studies involved physiological microenviron-
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ments such as bone, blood, bile, saliva, and urine [8-12]. In 2013,
a magnesium-based screw devoted to bone fixation received Con-
formity European (CE) mark approval for class Il medical device
[13], and in 2016, a magnesium-based drug-eluting stent received
CE mark approval for obstructive coronary disease [14]. To date,
there is no report on the feasibility of using magnesium and its
alloys in obstetrics and gynecology.

For in vitro biocompatibility study, different simulated body
fluids (SBFs) and cell lines were employed to mimic different phys-
iological micro-environments. (1) Skeletal musculature: SBF is used
to simulate the orthopedic environment in bone research, and L929
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and MG63 cells are used to evaluate the cytocompatibility of mate-
rials [15-20]. (2) Hematological system: In the study of vascular
stents, Hank’s solution was used as the corrosive medium. Vascular
smooth muscle cells (VSMC), vascular endothelial cells (VEC), and
umbilical vein epithelial cells (UVEC) were used to evaluate the
cytocompatibility of the materials [21-23]. (3) Digestive system:
Simulated saliva was used to evaluate the degradable behavior of
esophageal stents, and esophageal epithelial cells were used to
assess the biocompatibility of materials [10]. (4) Urinary system:
In the related study of urethral stents, simulated urine was used
as the corrosive medium of the materials [24]. Urinary epithelial
cells were used to evaluate the biocompatibility of the materials
[25]. Thus far, the results of existing studies showed that the degra-
dation rate and degradation products of magnesium alloys were
different because of different chemical reactions with body fluids
in various physiological environments.

Intrauterine device (IUD) has been extensively studied as a
medical device implanted into the uterine environment of the
human body [26,27], such as GyneFix®, which contains a fixed
device for postpartum [28]. The fixing device is made of a poly
(DL-lactide-co-glycolide) (PDLGA) material. However, its limitation
is the strong hygroscopicity, low heat stability, and poor flexibility
to elongate. As the strength of the fixation part, which is made of
polymers, is not strong enough, it has to be built into a large cone.
Another medical equipment commonly used in the uterus is the
polymer balloon uterine stent (Cook Medical). This stent is
implanted inside the uterus immediately after surgery for
intrauterine adhesions (IUA) because it can conform to the cavity
of a normal uterus and maintain separation at the margins of the
uterine cavity; this stent was placed for 1 month after hystero-
scopic adhesiolysis to prevent adhesion reformation[29,30]. Con-
sidering the degradation characteristics of magnesium and its
alloys, the uterus may be a potentially applicable organ for the
above-mentioned applications. However, there has been no report
concerning the effects of magnesium and its alloys on the cells in
the uterine micro-environment by cell culture and in regions sur-
rounding the uterine tissue by animal testing. In the uterine tissue,
human endometrial epithelial cells (HEEC), human endometrial
stromal cells (HESC), and human uterine smooth muscle cells
(HUSMC) are important to maintain the tissue micro-
environment. Presently, most of the related studies on the uterine
environment use simulated uterine fluid (SUF) [26,31] to carry out
related experiments in vitro. In the evaluation of IUD, HEEC were
used for related cellular descriptive experiments [32]. Their
response to materials plays a crucial role in the future application
of magnesium alloys in the intrauterine environment.

In this work, the degradation behaviors of HP-Mg, Mg-1Ca, and
Mg-2Zn alloys in SUF were systematically investigated to deter-
mine its performance in the intrauterine environment through
electrochemical tests; immersion corrosion experiments; and
scanning electron microscopy (SEM), energy-dispersive spec-
troscopy (EDS), and X-ray diffraction (XRD), and cell proliferation
experiments to detect cytocompatibility. Later on, the materials
were implanted into the animal model, and H&E staining was
adopted to assess histocompatibility.

2. Experimental details
2.1. Material preparation

Magnesium alloy ingots with the nominal composition of Mg-
1Ca and Mg-2Zn (wt.%) were prepared from commercial pure Mg
(99.99%), pure Ca (99.95%), and pure Zn (99.99%) in a crucible, then
they were hot extruded into rod samples with an extrusion ratio of
11. Details about material preparation can be found in our previous

publication [33]. The raw ingot of HP-Mg was purchased from Hebi
Wuhua Magnesium Processing Co. Ltd., China and then extruded
with a reduction ratio of 12 at 320 °C. All experimental rods were
cut into samples with 10 mm diameter and 2 mm thickness, pol-
ished with SiC papers with granulations from 800 to 2000 grit, then
cleaned ultrasonically in absolute ethanol for 15 min, and, finally,
air-dried.

2.2. Immersion tests

Static immersion tests were carried out in SUF (NaCl 4.97 g/L,
KCl 0.224 g/L, CaCl, 0.167 g/L, NaHCO3 0.25 g/L, Glucose 0.50 g/L,
NaH,P04-2H,0 0.072 g/L; Table 1 shows the concentration of ions
and other components in SUF and other SBFs) according to
ASTM-G31-72 at 37 °C in a water bath lasting for up to 120 days,
with a ratio of solution volume to sample surface area (V/S) at
20 mL/cm?. During the immersion test, the SUF solution remained
unchanged and was not replaced. A previous study proved that, in
Hank’s solution, the corrosion rates of HP Mg, AZ91, and ZE41
decreased with increasing pH value [34], which means that differ-
ent pH values and solution compositions can also have an impact
on corrosion rates and the formation of corrosion products.
Reported values for the pH of human uterine solutions vary from
6.0 to 7.9 with the female menstrual physiological cycle [35-37].
Therefore, in this study, we set 6.0, 7.0, and 7.9 as the initial pH
of the SUF and monitored the change in pH values of the samples
from 1 to 10, 15, 20, 25, 30, 35, 42, 90, and 120 days. After 10,
42, and 120 days, some samples were taken out of the solution,
gently rinsed with distilled water, and subsequently air-dried.
Then corrosion products on the surface of the samples were
removed with chromic acid (200g/L CrOs;+10g/L AgNOs) for
5 min at room temperature. The degradation rate was determined
using the following equation:

Am
C:prxt

where C is the corrosion rate in mm/year, Am is the reduction in
weight, p is the density of the material, A is the initial implant sur-
face area, and t is the implantation time. At least four measure-
ments were taken for each group.

2.3. Surface characterization

Surface characterization of the samples was performed using a
scanning electron microscope (S-4800 Field-Emission Scanning
Electron Microscope; Hitachi), and corrosion products were identi-
fied using an X-ray diffractometer (Rigaku D/MAX 2400) using Cu
Ko radiation at a scan rate of 4°/min operated at 40 kV and
100 mA after immersion for 10, 42, and 120 days.

2.4. Electrochemical tests

Electrochemical tests were performed with a traditional three-
electrode cell, with the control or treated samples as the working
electrode, a saturated calomel electrode (SCE) as the reference
electrode, and a platinum plate electrode as the counter electrode.
Electrochemical tests were carried out in SUF. The exposure area of
the specimen was 0.2826 cm?. Variations in the free corrosion
potential were monitored as a function of time under open circuit
potential (OCP) conditions for approximately 1 h. Then potentiody-
namic polarization was performed at a scanning rate of 1 mV/s.
Corrosion parameters including OCP, corrosion potential (Eco),
and corrosion current density (i) were estimated from the polar-
ization curves by Tafel analysis based on the polarization plots. The
Tafel slope was carefully determined in the potential range of 130-
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Table 1

Ion concentrations in simulated uterine fluid (SUF) and other simulated body fluids or cell culture medium.
Body Na* K* ca* Mg?* cr HCO3 H,PO; HPO%~ S03~ Glucose  Amino acids Reference
fluids (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (g/L) (mg/L)
SUF 88.5 3.0 1.5 - 91.0 3.0 0.5 - - 0.5 - [59]
Plasma 142.0 5.0 2.5 15 103.0 27.0 - 1.0 0.5 - - [43]
SBF 142.0 5.0 2.5 15 148.5 4.2 - 1.0 0.5 - - [60]
m-SBF 142.0 5.0 2.5 15 103.0 10.0 - 1.0 0.5 - - [61]
Hank's 145.0 5.8 13 0.4 144.6 26.2 - 0.8 0.4 5.5 - [43]
Earle(+) 151.0 54 1.8 0.8 125.0 26.2 0.9 - 0.8 1.0 0.9 [42]
E-MEM 151.0 54 1.8 0.8 125.0 26.2 0.9 - 0.8 11 0.9 [42]
DMEM 154.9 53 1.8 0.8 1189 44.0 0.9 - 0.8 25 0.9 [62]

300 mV vs. SCE away from E,, both on the cathodic curve and on
the anodic curve, as the selection may cause large variations. Each
test was conducted five times.

2.5. In vitro studies

2.5.1. Immunofluorescence assay

Human vascular smooth muscle cells (HVSMC) and three types
of human uterine cells, namely, HUSMC, HEEC, and HESC, were
adopted for the experiments. They were obtained from Shenzhen
Procell Company, China. Some cells were fixed in cold ethanol/ace-
tone (1:1, v/v) for 15 min and then washed with phosphate-
buffered saline (PBS) 3 times, 5 min/wash. The cells were then
incubated with 2% Triton X-100 for 5 min at room temperature
for penetration. The cells were pretreated with 3% bovine serum
albumin (BSA) before incubation with monoclonal anti-a-smooth
muscle actin (1:300), anti-cytokeratin actin, or anti-vimentin actin
antibody and incubated overnight at 4 °C. The cells were then
washed 3 times with PBS, 5 min/wash and then incubated with
secondary antibody in PBS with Tween 20 (PBST) in dark for 2 h
at room temperature. The sections were mounted with an anti-
fading mounting medium and visualized under a fluorescence
microscope. Specificity of all the cells was found to be appropriate,
as shown in Fig. S2.

2.5.2. CCK8 assay

All experimental cell lines were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) or Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F12; VSMC and HUSMC were cul-
tured in DMEM, while HEEC and HESC were cultured in DMEM/
F12) supplemented with 10% fetal bovine serum (FBS), 100 U-mL™!
penicillin, and 100 g-mL~! streptomycin in a humidified atmo-
sphere with 5% CO, at 37 °C. Polished samples were washed, air-
dried, and sterilized by ultraviolet radiation for at least 4 h. Four
kinds of extracts were prepared by incubating the samples in
DMEM and DMEM/F12 supplemented with 10% FBS for 24 h at
an extraction ratio of 1.25 cm?/mL under standard cell culture con-
ditions. The supernatant fluid was withdrawn and stored at 4 °C
before use. The pH values of the extracts were measured using a
pH meter (PB-10, Sartorius). Ion concentration in the extracts
was determined using an inductively coupled plasma optical emis-
sion spectroscope (ICP-OES, iCAP6300, Thermo Scientific). The con-
ventional medium was used as the negative control, and the
culture medium added with 10% dimethylsulfoxide (DMSO) was
adopted as the positive control.

Cell suspension (100 pL) was seeded in 96-well plates at a seed-
ing density of 1 x 10* cells, and the cells were incubated for 24 h to
allow attachment. Afterwards, the normal culture medium was
replaced with 100% extract. To prevent interference, on 1, 3, and
5 days before the test, the extracts were replaced with normal cul-
ture medium. The cell viability was detected using Cell Counting

Kit-8 (CCK-8, Dojindo Molecular Technologies, Japan). Each well
of the plate was added with 10 pL of CCK-8 solution and subse-
quently incubated for 1 h in the incubator. The spectrophotometric
absorbance of each well was measured with a microplate reader
(Bio-Rad 680) at a single wavelength of 450 nm. Each test was per-
formed five times.

2.6. In vivo studies

2.6.1. Animal treatment

Sexually mature female Sprague Dawley rats (weight range,
190-220 g, age, 8-9 weeks) were obtained from Charles River Lab-
oratories, China. The animals were allowed to acclimatize for
1 week before carrying out the experiment and were bred under
standard conditions. Drinking water and conventional feed were
provided ad libitum. All protocols for animal care and treatment
were approved by the Ethical Committee of National Research
Institute for Family Planning. Thirty-six sexually mature female
Sprague Dawley rats were randomly divided into four groups
depending on the implanted materials, namely, the non-
operation group (control group), the HP-Mg group, the Mg-1Ca
group, and Mg-2Zn group, with nine rats in each group. Materials
in the different groups were cut as a pin with 2 mm diameter
and 2 mm thickness for use. To evaluate the possibility of future
application as a fixing device for IUD, materials were implanted
in the gluteal muscle of rats to measure the response of the muscle
tissue. The animals in the HP-Mg, Mg-1Ca, and Mg-2Zn groups
were anesthetized, and the corresponding material was implanted
into the gluteus maximus muscle.

2.6.2. Histological analysis

The muscle tissues were collected on days 3, 10, and 28 after
implantation. Muscle tissue samples were cut into 4 x 3 mm?
pieces and fixed immediately in 4% (w/v) paraformaldehyde (pH
7.2) and incubated overnight at 4 °C; they were then transferred
to a graded series of ethanol (70%, 75%, 80%, 95% I and II, and
100% I and II) and immersed in xylene and paraffin. Before hema-
toxylin and eosin (H&E) staining, 5-pm-thick muscle tissue sec-
tions were dewaxed in xylene, rehydrated with decreasing
concentrations of ethanol (100% I and II, 95% I and II, 80%, 75%,
70%), and washed in PBS. Then they were stained with H&E. After
staining, sections were dehydrated through increasing concentra-
tions of ethanol (75%, 95% I and II, and 100% I and II) and xylene.

2.7. Statistical analysis

All repeated measurements data were presented as
mean * standard deviation (SD). Statistical significance of data
was estimated through one-way analysis of variance (ANOVA) for
multiple comparisons, and non-paired Student’s ¢t test was used
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Fig. 1. Variation in pH values during immersion testing of HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy in SUF with preseted pH values of (a) 6.0, (b) 7.0, and (c) 7.9.
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(a) HP-Mg Mg-2Zn Mg-1Ca

Fig. 3. SEM images of HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy immersed in SUF with preseted pH values of 6.0, 7.0, and 7.9 at different time points (a) 10 days, (b) 42 days,
and (c) 120 days.
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to compare two groups. Unless otherwise mentioned, the limit
value of significance was set as p-value = 0.05 in all instances.

3. Results
3.1. Immersion tests

Fig. 1 presents the variation of measured pH values of SUF dur-
ing the immersion period for different experimental material
groups. As shown in Fig. 1(a), in the preseted pH = 6.0 group, the
pH value of SUF increased rapidly to 10.5 after the first 4 days
and then became stable. Compared with the preseted pH=6.0
group, the preseted pH = 7.0 and preseted pH = 7.9 groups exhib-
ited much longer time to reach a stable pH value, Mg-1Ca alloy
took approximately 10 days, and Mg-2Zn alloy took approximately
30 to 35 days. In addition, the pH value of the HP-Mg in the pre-
seted pH = 7.0 and preseted pH = 7.9 groups increased rapidly on
the first day but later increased slowly during the whole immer-
sion period.

Fig. 2 shows the average corrosion rate data at different time
points calculated from the immersion tests. It showed the same
tendency as the variation in pH value that the corrosion rate of
Mg-1Ca alloy was significantly faster than those of HP-Mg and
Mg-2Zn alloy, and the corrosion rate of Mg-2Zn alloy was higher

G. Bao et al. / Acta Biomaterialia 97 (2019) 623-636

than that of HP-Mg; these variation trends would weaken with
the increase in the pH value of the SUF solution. Surface morpholo-
gies were observed using a three-dimensional microscope for HP-
Mg, Mg-1Ca, and Mg-2Zn alloys exposed to the SUF solution after
10, 42, and 120 days of immersion as shown in Fig. S2, and the
findings were in good agreement with the results of the corrosion
rate test. After 10 days of immersion, in the three preseted pH
groups, more white corrosion products formed on the surface of
the Mg-1Ca alloy, and such products appeared to accumulate until
they covered the entire surface up to day 42. In contrast, on the
surface of HP-Mg, corrosion occurred at a random location
throughout the entire 120 days of immersion, and white corrosion
products could be seen on it. The extent of corrosion of the Mg-2Zn
alloy was placed in between those of HP-Mg and Mg-1Ca alloy.

3.2. Surface characterization

The change in surface morphologies, observed by SEM, of HP-
Mg, Mg-1Ca, and Mg-2Zn alloy samples throughout 120 days of
immersion in the SUF of preseted values = 6.0, 7.0, and 7.9 is shown
in Fig. 3. After immersion in SUF for 10 days, more corrosion prod-
ucts (a layer of loose corrosion products) were formed on the sur-
face of Mg-1Ca alloy than on the surface of HP-Mg and Mg-2Zn
alloys. Among the samples with three preseted pH values, less cor-
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Fig. 4. XRD patterns of HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy immersed in SUF with preseted pH values of 6.0, 7.0, and 7.9 at different time points (a) 10 days, (b) 42 days,

and (c) 120 days.
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rosion products were formed on the surface of the preseted
pH=7.9 sample than on the surface of the other two preseted
pH groups, and the original metal surface could be seen clearly.
With the increase in immersion time, the corrosion product layer
gradually thickened, and Mg-1Ca and Mg-2Zn alloys formed a
dense corrosion product layer on the surface at 42 days. After
90 days of immersion, the Mg-1Ca alloy bulk disc sample was seg-
mented into powder, and at 120 days, it completely dissolved in
the SUF. HP-Mg and Mg-2Zn alloy samples remained there after
120 days of immersion, but more corrosion products formed on
the surface of the Mg-2Zn alloy sample, whereas the least corro-
sion products formed on the surface of the HP-Mg sample. The
chemical composition of corrosion products for the three experi-
mental materials were detected by EDS mapping analysis at differ-
ent time points; the results showed that the products were mainly
composed of the elements Mg, Ca, C, O, and P as illustrated in
Fig. S3.

Fig. 4(a)-(c) shows XRD patterns of HP-Mg, Mg-1Ca, and Mg-
2Zn alloy samples immersed in the SUF for 10, 42, and 120 days.
Based on XRD results, after immersion in the SUF for 10 days, the
surface corrosion product on HP-Mg, Mg-1Ca, and Mg-2Zn alloy
samples was mainly composed of Mg(OH),. On day 42 after
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immersion in the SUF, in addition to Mg(OH),, CaCO3 was detected
as new corrosion products on the Mg-1Ca alloy surface. With the
increase in soaking time, in addition to Mg(OH),, CaCO3; was iden-
tified on the Mg-2Zn alloy surface, whereas CaCO5-H,0 was formed
on the surface of HP-Mg.

3.3. Electrochemical measurements

Fig. 5 depicts the potentiodynamic polarization curves of vari-
ous experimental materials in the SUF solution. The results of cor-
rosion potentials (E.,), corrosion current densities (i), and
corrosion rates, determined by the Tafel extrapolation method,
are listed in Table 2. As expected, Mg-1Ca alloy showed the highest
corrosion current density among the three material groups and
exhibited the fastest corrosion rate in the preseted pH=6.0 and
pH=7.9 groups.

3.4. In vitro cytocompatibility studies
Fig. 6 displays the cell viabilities in extract media of the HP-Mg,

Mg-1Ca, and Mg-2Zn alloy samples. The effects of material compo-
sition on cell viabilities were found to be similar. Except for the
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Fig. 5. Potentiodynamic polarization curves of HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy in SUF with preseted pH values of (a) 6.0, (b) 7.0, and (c) 7.9.

Table 2

Parameters E.,. and ico and corrosion rates of HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy in SUF with (a) preseted pH = 6.0, (b) preseted pH = 7.0, and (c) preseted pH = 7.9.
pH value 6.0 7.0 7.9
Material ~ Ecor/V Vs. icorr AJcm? Corrosion Ecor|V Vs. icorr AJcm? Corrosion  Ecorr/V Vs. icorr AJcm? Corrosion

SCE rate SCE rate SCE rate
mm/year mm/year mm/year

HP-Mg ~1.54+0.01 1.76+0.01 x10°" 0.80+0.01° —-1.59+0.04 135+038x10° 062%0.17 -1.59+0.02° 1.42+0.62x 10> 0.65+0.28°
Mg-1Ca ~1.59+0.01 287+030x10°° 1.33%0.12° -158+0.01 129%0.13x10° 0594006 -156+0.01° 1.69+021x10°" 0.78+0.10"
Mg-2Zn -1.57+0.02 5.61+1.07x10% 027+0.05° -1.64+0.02 1.10£020x10° 053+£0.10 -1.64+0.01° 1.13£0.09 x 10°® 0.55+0.042

Different letters (a, b, c) mean statistically significant difference between HP-Mg, Mg-1Ca, and Mg-2Zn alloys.
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104

pH value

Il Before extraction
B HP-Mg extraction
B Mg-1Ca extraction
Bl Mg-2Zn extraction

Fig. 6. Viability of (a) HVSMCs, (b) HUSMCs, (¢) HEECs, and (d) HESCs after 1, 3, and 5 days of incubation of HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy extracts, normal medium,

and normal (negative control) with 10% DMSO (positive control).

HUSMC, the viabilities of other three kinds of cells increased in
three days and decreased slightly in five days. As for HUSMC, the
cell viability decreased slightly in three days and increased signif-
icantly in five days.

The cell cycle growth states, along with proliferation index after
culturing in extracts of HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy, are

Table 3

listed in Table 3. Compared to the control, the S phase of HESC
exposed to HP-Mg, Mg-1Ca, and Mg-2Zn alloy extracts possessed
high percentage, and among them, the Mg-1Ca alloy group has a
statistically significant level and higher proliferation index (PI).
Fig. 7 presents the pH values of the extract media. Because of
the presence of the agent in DMEM and DMEM/F12, there is no sig-

Cell cycle and proliferation index (PI) of HESC exposed to culture media (mean + SD). # Proliferation index (PI) represents the ratio of between the S phase and the G2/M phase in
the whole cell cycle (i.e., PI = (S+ G2/M) | (GO [ G1 + S + G2/M), cell proliferation ratio = PI x 100%).

Groups GO/G1 (%) S (%) G2/M (%) Pl (%)*

NC 69.1+0.65 18.66 + 0.41 12.25+0.26 30.91 +0.65
HP-Mg 64.42 +0.49 19.23 £ 0.86 16.36£0.37 35.59 +0.49"
Mg-1Ca 64.47 £ 0.83 19.78 £0.18* 15.76 £1.01 35.53+0.83"
Mg-2Zn 64.54+0.35 19.61+0.21 15.87£0.13 35.47 £0.34"

*Statistically significant difference between HP-Mg, Mg-1Ca alloy, Mg-2Zn alloy, and MEM Control, * p < 0.05, ** p < 0.01

(@)

Il Positive (b)

?200- 6200- Il Positive
] =]
5 B HP-Mg S M B8 HP-Mg
ok
E 150 [ B Mg-1Ca §150- |_| B Mg-1Ca
§ B Mg-2Zn :g El Mg-2Zn
N 1004 < 1004
2 2
S 504 5 50
S ©
> >
3 o T o
© N S o © N K °
Time(day) Time(day)
(c)= (d) 5 200- i
S 150+ £ rl x Hl Positive
€ Il Positive s I_| oY
<] o x B HP-Mg
o * B HP-Mg o 150+
o s B Mg-1Ca
£ 100+ Bl Mg-1Ca 5
s < 100- B Mg-2Zn
° Il Mg-2Zn S
< z
2 504 Z 50
3 -
(] >
2 z
g o = N S o
o N LY ) .
. Time(day)
Time(day)

Fig. 7. pH values of the DMEM and DMEM/F12 before and after adding the extract.
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nificant difference in the pH values among the three kinds of
extracts.

Table 4 shows the ion concentration in HP-Mg, Mg-1Ca alloy,
and Mg-27n alloy extracts. The concentrations of Mg?* in the
extracts of the four cell culture media were ranked as HP-
Mg > Mg-1Ca > Mg-2Zn. Moreover, it is apparent that the Mg?*
content of the HP-Mg group extract in the culture medium of HESC
was highest.

To investigate the inflammatory response, we studied the IL-18,
IL-6, IL-8, and TNF-a expression, representative of pro-
inflammatory cytokines. Fig. 8 shows the IL-1B, IL-6, IL-8, and
TNF-o expression in HESC treated with HP-Mg, Mg-1Ca alloy,
and Mg-2Zn alloy extracts. Compared with the control group, IL-
1B and IL-6 expression in HP-Mg and Mg-1Ca alloy groups was sig-
nificantly decreased (p < 0.05). IL-8 expression in the HP-Mg group
was lower than that in the control group (p <0.05), while IL-8
expression in the Mg-2Zn alloy group was higher than that in the
control group (p <0.05). Additionally, TNF-ot expression in the
HP-Mg group was significantly decreased compared with that in
the control group (p < 0.05).

Table 4
Ion concentration of HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy immersed in four
culture media for 24 h.

Mg (mM) Ca (mM) Zn (mM)
HP-Mg Mg-1Ca Mg-2Zn Mg-1Ca Mg-2Zn
VSMC 4.59 4.61 3.85 1.24 0.005
HUSMC 3.62 3.19 2.73 1.28 0.005
HEEC 3.85 3.42 3.29 1.26 0.002
HESC 37.75 28.21 7.44 0.69 0.011
Mg(mM) Ca(mM) Zn(mM)
VSMC 0.74 1.30 0.004
HUSMC 0.76 1.46 0.004
HEEC 0.75 1.28 0.001
HESC 0.71 1.32 0.009
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3.5. In vivo animal experiment

To evaluate the tissue response to the implant, the gluteus max-
imus muscle of rat was used as the implantation position. Fig. 9
shows the histological images of the tissues around the HP-Mg,
Mg-1Ca alloy, and Mg-2Zn alloy implants after 3, 10, and 28 days
of implantation. For the control group, there is no inflammation
reaction in the muscle tissue at the three time points. In contrast,
an obvious connective tissue was formed around the HP-Mg
implant, and a distinct cavity (indicated by triangle) can be
observed at low magnification. The connective tissue layer formed
on the implanted HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy sample
surfaces was more pronounced as the implantation time increases.
Furthermore, the inflammatory response gradually reduced. In the
first 3 days, it was mainly an acute inflammatory reaction, and the
nucleus of neutrophils could be significantly observed for all the
three experimental materials (indicated by arrows). The inflamma-
tory reaction was the least for the HP-Mg group, followed by the
Mg-1Ca alloy group and the Mg-2Zn alloy group. After 28 days of
implantation, it could be seen that the implants were surrounded
mainly by connective tissue and lymphocytes were rarely
observed. To study the effects of metal ion release on the muscle
tissue, we observed the reaction of connective tissue and muscle
layer and found that implants had little effect on muscle tissue.

4. Discussion

4.1. Comparison of degradation products in SUF with those in other
simulated body fluids

Several in vitro studies have revealed the corrosion products of
HP Mg, Mg-Ca alloy, and Mg-Zn alloy after immersion in various
simulated body solutions as listed in Table 5. Generally, it was rec-

ognized that the initial oxidation of Mg proceeds through three
steps: (1) oxygen chemisorption, (2) formation of the oxide layer,

1.5

1.04

0.5

IL-6 mRNA expression
*

0.0-

2.0+

1.5

1.0

0.5+

TNF-a mRNA expression

0.0-
& Q'\@ & P
B P O

Fig. 8. IL-1B, IL-6, IL-8, IFN-v, and TNF-o expression in HESCs in HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy extract media.
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Control HP-Mg Mg-1Ca Mg-2Zn

Fig. 9. Histological photographs of hematoxylin-eosin staining of Sprague Dawley rat muscle with HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy after implantation for A (3 d), B
(10 d), and C (28 d).

and (3) oxide thickening. In general, the Mg(OH), phase was the which is similar to that reported in the NaCl solution [42] and
main product on the surface of the previously reported Mg alloys Hank’s solution added with HEPES buffer [43]. CaCO3-H,0 was
[22,33,38-41]. In this study, Mg(OH), was first formed due to the detected as the corrosion products of HP-Mg and CaCOs; was
biodegradation of HP-Mg, Mg-1Ca, and Mg-2Zn alloys in the SUF, detected in the corrosion products of Mg-1Ca and Mg-2Zn alloys
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after immersing in the SUF for 42 days and 120 days, respectively.
First, Ca was first soluble in the magnesium matrix, and then, a sec-
ond Mg,Ca phase could be identified in the Mg-1Ca alloy [33].
When the magnesium matrix first corrodes, Ca is released in the
form of ions into the solution. Second, when the Mg matrix cor-
rodes to a certain extent, the second phase will also peel into the
solution to undergo corrosion; this process also releases Ca ions
into the solution. In addition, a study of the characterization of cal-
cified deposits on IUD indicated that the rate of CaCOs; formation
depended not only on the size and quality of the IUD but also on
the individual capability of the uterus to produce calcium ions
[44]. Compared with the HP-Mg and Mg-2Zn alloy, the composi-
tion of calcium in the Mg-1Ca alloy may be the reason for the for-
mation of CaCO; after immersion for 42 days. In a previous work,
CaCO3 or MgCO3 and Ca/P were found in Hank’s solution added
with NaHCO3/CO, buffer [43], in which CO, or NaHCO; reacted
with Mg(OH), and formed carbonates. Clearly, different chemical
compositions of the tissue would result in different chemical reac-
tions, forming different corrosion products. For example, in human
bile, Mg(H,PO,4), was formed on the HP-Mg surface and increased
the corrosion resistance [45]. In addition, in the artificial saliva,
complex Ca/P products (OCP, DCPD, TCP) were detected [12]. In
artificial urine, EDS results showed that Mg, O, P, Ca, and Na were
present on the corrosion surface [10]. In the present work, CaCOs-
-H,0 appeared in the corrosion products of HP-Mg after immersion
for 120 days, which is likely due to the pH value and the ratio of
Mg?*/Ca%* in the solution [46].

4.2. Feasibility of Mg alloys used in intrauterine microenvironment
and proposed medical device

The uterus is an inverted pear-shaped, hollow, thick-walled
fibromuscular female reproductive organ. Biomaterial-based prod-
ucts should meet certain requirements to be compatible with
specific physiological and pathological processes of the uterus. As
recommended by the World Health Organization (WHO) for post-
partum family planning (PPFP) programs, IUD is a safe, convenient,
and effective option for postpartum contraception [47]. However,
the fall out of IUD, which occurs when immediately inserted after
cesarean, remains to be solved [48-50]. GyneFix® is a specially
designed IUD that can be anchored into the myometrium using a
PDLGA cone. It is the only [UD with an anchor. The biodegradable
cone part is made of PDLGA, and it would degrade into lactic acid
and water after 2-3 months [51]. However, its limitation is the
strong hygroscopicity, low heat stability [52], and poor flexibility
to elongate [53]. As the strength of the fixation part, which is made
of polymers, is not strong enough, it has to be built into a large
cone. Compared with traditional metal biomaterials, biodegradable
magnesium and its alloys can be used as future biomaterials owing
to their good biodegradability, higher strength than polymers,
acceptable ductility, good machinability, and potential for prevent-
ing a reoperation after the implant has fulfilled its purpose in the
human body [1]. The potential applications of magnesium alloys
for obstetrics and gynecology are proposed as follows: (i) absorb-
able IUD fixation device, (ii) IUA treatment pad as mechanical

Table 5
Comparison of degradation products in the SUF with those in other simulated body fluids.
Materials Composition Medium Corrosion products Reference
HP Mg 99.99% SUF Mg(OH), In this paper
CaCO05-H,0
99.99% SBF Mg(OH), [63]
HA
Cco3*
99.99% SBF Mg(OH), [54]
Ca/P
99.98% Hank’s + HEPES Mg(OH), [43]
Earle + HEPES
MEM + HEPES
Hank’s + NaCO3/CO, Mg(OH),
Ca/P
Cco3*
99.95% DMEM Mg(OH), [64]
99.95% Bile Mg(H,PO4), [22]
99.9% NaCl Mg(OH), [42]
NaCl + NaCO; MgCOs
NaCl + HEPES Mg(OH),
Earle(+) Ca/P
E-MEM Ca/P
Mg-Zn alloy Mg-2Zn SUF Mg(OH), In this paper
CaCOs;
Mg-6Zn SBF Mg(OH), [65]
HA
Mg-1,3Zn NaCl Mg(OH), [66]
Mg-6Zn Ring’s SBF Mg(OH), [67]
10%-Ca(P0O4)/Mg-6Zn Ring’s SBF Mg(OH),
HA
B-Ca(PO4)
Mg-2Zn DMEM 0O Mg Zn Cl [64]
Mg-Ca alloy Mg-1Ca SUF Mg(OH), CaCO3 In this paper
Mg-1,2,3Ca SBF Mg(OH), [33]
HA
Mg-1,5,10Ca DMEM Mg(OH), [62]
HA
CaCOs
MgCOs-3H,0
Mg-1Ca Hank’s Mg(OH), [15]

Ca/P



634 G. Bao et al. / Acta Biomaterialia 97 (2019) 623-636

Myometrium ~__

/ 1.1UD Fixed device

“—— 2.Fallopian tube occlusion
treatment stent

\S.Intrauterine adhesion

Treatment pad

Fig. 10. Proposed future application of biomedical Mg alloys in obstetrics and gynecology.

barriers to separate traumatized tissues during the healing period
and can reduce postoperative adhesions, and (iii) fallopian tube
occlusion treatment stent, as shown in Fig. 10. The implantation
positions for in vivo studies on devices used in obstetrics and gyne-
cology, such as IUD fixation/anchoring part, IUA treatment pad,
and fallopian tube occlusion treatment stent, are the uterus myo-
metrium, uterine cavity, and fallopian tube, respectively. Future
studies are expected to optimally design related medical devices
based on the geometric size of the implantation position and the
degradation rate of the magnesium alloys of interest and to test
the feasibility with the correct animal models. Parallel comparative
studies on existing materials or medical devices used in obstetrics
and gynecology are also needed to prove the superiority with mag-
nesium alloys.

The uterine tissue is composed by multiple kinds of cells,
including HEEC, HESC, HUSMC, VSMC, and so on. In the present
study, we examined the effects of the extract of experimental mag-
nesium alloys on the cell proliferation and differentiation and
found that the three kinds of experimental magnesium alloys have
no cytotoxic effect on HEEC, HESC, HUSMC, and VSMC, as shown in
Fig. 6, which is consistent with the results of previous studies
[33,54]. Moreover, endometrial stromal cells play a key role in
the periodic changes of the uterus and the process of placental
implantation [55-57]; therefore, we have mainly observed the
effects of the material on stromal cells. The expression of inflam-
matory factors, namely, IL-1B, IL-6, and IL-8 expression, in the
HP-Mg and Mg-1Ca alloy groups is significantly lower than that
in the control and Mg-2Zn alloy groups. TNF-o. expression also
demonstrated a similar trend. In previous studies, magnesium
alloys were applied in orthopedic implants and showed the effect
of promoting osteogenesis [33,58]. The human uterine wall is rel-
atively special and has a very thick myometrium, but it is difficult
to make an implantation in situ in other animals. Therefore, we
used muscle tissues to replace the myometrium implantation in
this paper. Three days after the implantation of magnesium and
its alloys, an acute inflammatory response was observed around
the implants (Fig. 9). The sequencing of the inflammatory response
at the initial level was HP-Mg < Mg-1Ca < Mg-2Zn, which is similar
to the reaction of inflammatory factors in cells. After 10 days of
implantation, the fibrous connective tissue was wrapped around
the implant, forming a wrapping layer with a slight chronic inflam-
matory reaction. Furthermore, after 28 days of implantation, the
fibrous tissue layer on the implant surface was more pronounced.
The results from H&E staining showed that there were very few
inflammatory cells in the fibrous connective tissue in direct contact
with the implant, indicating that magnesium and its alloys have
good histocompatibility with the muscle tissue.

5. Conclusions

In this study, the biomedical Mg alloys HP-Mg, Mg-1Ca, and
Mg-2Zn alloys were investigated for their feasibility to be used
as uterine medical devices by in vitro and in vivo tests. The results
indicate that the corrosion products of magnesium and its alloys
immersed in the SUF were slightly different from those of magne-
sium and its alloys degraded within other microenvironments, and
the results showed satisfactory in vitro and in vivo biocompatibil-
ity. The following conclusions could be drawn:

(1) Mg(OH), could be formed as the main corrosion product
during the degradation of HP-Mg, Mg-1Ca alloy, and Mg-
2Zn alloy in the SUF. In addition, CaCO5 and CaCO3-H,0 were
formed with longer immersion time.

(2) HP-Mg, Mg-1Ca alloy, and Mg-2Zn alloy showed no cyto-
toxic effect on the uterine cells (HUSMCs, HEECs, and HESCs)
and VSMCs.

(3) In vivo experiment shows that HP-Mg, Mg-1Ca alloy, and
Mg-2Zn alloy implants cause a slight inflammatory response
in the initial 3 days, but they were surrounded mainly by
connective tissue, and lymphocytes were rarely observed
at 4 weeks.
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