Advanced Accepted Manuscript (unedited)

Pharmaceutical
Bulletin The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

Research Article

How to cite this article:
Kabiri F, Foroutan T, Pashaei-Asl R, Pashaei-Asl M, Ganjian M, Vatanpour V. Magnetic graphene oxide

improves the expression of some human cumulus cells biomarkers. Advanced Pharmaceutical Bulletin, doi:
10.34172/apb.47289

Magnetic graphene oxide improves the expression of some human cumulus cells biomarkers

Fahimeh Kabiri !, Tahereh Foroutan 1", Roghiyeh Pashaei-Asl 23, Maryam Pashaei-Asl %", Mohammad Ganjian
8, Vahid Vatanpour ’

! Department of Animal Biology, Faculty of Biological Sciences, Kharazmi University, Tehran, Iran.

2 Interdisciplinary Research Development Center, Iran University of Medical Sciences, Tehran, Iran.

3 Department of Biochemistry, School of Medicine, Iran University of Medical Sciences, Tehran, Iran.

4 Department of Reproductive Biology, Faculty of Advanced Medical Sciences, Tabriz University of Medical
Sciences, Tabriz, Iran.

>Women’s Reproductive Health Research Center, Tabriz University of Medical Sciences, Tabriz, Iran.

& Department of Electronic Technology, TU llmenau, Iimenau, Germany

7 Faculty of Chemistry, Kharazmi University, Tehran, Iran.

ARTICLE INFO ABSTRACT
Keywords: Purpose: Developing non-invasive, accurate methods for selecting high-implantation
Cumulus cells, embryos is crucial for assisted reproductive technologies (ART). Cumulus cells (CCs)
Magnetic graphene oxide, are reliable indicators of oocyte quality. This study investigated the effects of
Apoptosis, magnetic graphene oxide (MGO) on the viability, apoptosis, oxidative status, and
Antioxidant proliferation-related proteins of human CCs in vitro.

Methods: Human CCs were treated with MGO (1.5-400 pg/mL) for 24, 48, and 72
Avrticle History: hours. Viability was assessed via MTT and Annexin V-FITC/PI flow cytometry.
Submitted: March 19, 2026 Expression of apoptosis-related (Bcl-2, Bax, cleaved/pro-caspase-3), antioxidant
Revised: July 18, 2026 (Nrf2, SOD2), and cell-cycle (cyclin D1) proteins was analyzed using Western

Accepted: August 14, 2026 blotting. Additionally, Catalase (CAT) activity, Reduced glutathione (GSH), and total

ePublished: September 26, 2026 5 ijoxidant capacity (TAC) were determined using colorimetric assays.
Results: MGO showed dose- and time-dependent effects, with low concentrations
showing high biocompatibility at 48 hours. Flow cytometry revealed MGO
significantly increased cell viability from 88.06+1.7% (control) to 94.58+2.88%,
92.87+0.43%, 97.09+£2.69%, and 97.61+1.72% at 3.125, 12.5, 50, and 100 pg/mL,
respectively (p < 0.0001), while total apoptosis decreased from 11.05+0.55% to
4.9610.27%, 6.74+0.46%, 2.50+0.21%, and 2.16+0.10% (p < 0.0001). MGO
upregulated Bcl-2 (p < 0.001), Nrf2 (>2-fold, p < 0.0001), SOD2 (>2.5-fold, p <
0.0001), and cyclin D1 (1.5-fold, p < 0.01), but downregulated Bax (p < 0.05) and
cleaved caspase-3 (p < 0.0001). CAT, GSH, and TAC were significantly elevated (p
< 0.001).
Conclusion: Low concentrations of MGO enhanced human CC viability, reduced
apoptosis, and boosted antioxidant defenses and proliferation-related pathways. These
findings suggest MGO’s biomedical potential in cell survival and anti-apoptotic
effects on reproductive medicine research. However, more comprehensive studies are
needed to determine its long-term safety and efficacy.

*Corresponding Authors
Tahereh Foroutan, Email: foroutan@khu.ac.ir, ORCID: 0000-0002-1476-3928
Maryam Pashaei-Asl, Email: pashaimaryam@yahoo.com, ORCID: 0000-0002-4490-6627


mailto:pashaimaryam@yahoo.com

Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

1. Introduction

The use of assisted reproductive technologies (ART) has been introduced as an effective approach to the
management of infertility. Currently, more than 4% of births are achieved through ART methods, but the overall
success rate remains limited, with only about 35% of ART cycles resulting in live births.- Today, in addition to
ART, various technologies such as stem cell therapy, regenerative medicine, the use of nanomaterials, and
blastocyst artificial collapse prior to vitrification are used to enhance fertility.*® Single embryo transfer has
become the preferred strategy in in vitro fertilization (IVF) programs to reduce the incidence of multiple
pregnancies and associated risks such as preterm birth and their associated complications. Therefore, the accurate
identification of embryos with high implantation potential is a major challenge in reproductive medicine.
Traditionally, oocyte quality has been assessed based on morphological criteria, including the appearance of the
cytoplasm, polar bodies, zona pellucida thickness, and meiotic spindle position.” However, the low accuracy of
these methods is considered to be one of their limiting factors.®° The bidirectional communication between
oocytes and their surrounding cumulus cells plays a fundamental role in oocyte maturation and fertilization, as
well as subsequent embryonic development.t® Cumulus cells accomplish this by secreting paracrine signals and
regulatory molecules, thereby facilitating meiotic progression and influencing the organization of the cytoskeleton
within the oocyte.!! Recent research, emphasizing non-invasive indicators of oocyte competence, has paid special
attention to cumulus cells as indirect indicators of oocyte quality.*? Dysfunction or structural changes in cumulus

cells are associated with impaired oocyte maturation and reduced developmental competence.

Evidence suggests that cumulus cell apoptosis is a reliable molecular marker of oocyte quality in ART. Clinical
studies have shown that cumulus cell apoptosis is lower in pregnant women than in non-pregnant women.3
Similarly, laboratory animal models have linked increased DNA fragmentation and apoptotic activity to reduced
oocyte viability and diminished fertility potential.'* Taken together, these findings support the use of cumulus cell
apoptosis as a predictive marker for implantation success.'® Furthermore, interventions aimed at reducing
apoptotic activity in cumulus cells increase oocyte growth potential and improve subsequent fertilization and

embryo implantation outcomes.*®

Nowadays, nanomaterials science has attracted much attention with diverse applications in biomedicine, including
targeted drug delivery, biosensors, tissue engineering, cancer therapy, and infertility treatment.'® Among various
nanomaterials, graphene-based compounds have been widely used due to their exceptional physicochemical
properties. Graphene nanosheets with high electrical and thermal conductivity, mechanical strength, optical
transparency, and favorable biocompatibility have been excellent candidates for medical and biological
applications.t” Some of its derivatives, such as graphene oxide (GO), have been widely investigated for their
potential to differentiate stem cells, enhance synaptic connectivity in neuronal cells, and improve the mechanical
properties of biological tissues.'®2 GO has been reported to exhibit less cytotoxicity than graphene due to its
surface functional groups.

Magnetic nanoparticles have been widely used in biomedical research due to their magnetic response, chemical
stability, and low toxicity. Their applications include magnetic resonance imaging, thermotherapy, tissue repair,
biosensors, and drug delivery systems.?>?> Magnetic graphene oxide (MGO) is a hybrid nanomaterial that
possesses properties such as high surface area, magnetic responsiveness, and tunable chemical functionality.?6-28

The aforementioned properties make this compound a promising candidate for biomedical applications.
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The incorporation of magnetic properties into graphene oxide (GO) nanosheets, resulting in magnetic graphene
oxide (MGO), enhanced biocompatibility and high chemical stability, and also the magnetic iron oxide (Fe30,)
component provides the nanocomposite with superparamagnetic properties, which facilitate the non-invasive,
remote manipulation of the carrier under external fields, while simultaneously minimizing the mechanical stress
often induced by traditional separation methods in delicate primary cell cultures.?® Furthermore, the integration
of these magnetic cores allows for real-time monitoring and tracking of the nanocarriers’ internalization within
the cells, providing a robust platform to assess their impact on the expression of developmental competence

biomarkers without compromising cellular viability.*°

Cumulus cells surrounding the oocyte play a vital supporting role for the oocyte until fertilization and are
considered a non-invasive biomarker for assessing the quality and developmental competence of the oocyte. The
aim of the present study was to investigate the possible antioxidant role of MGO and also to evaluate its effect on

the viability and apoptosis of human CCs.

2. Materials and Methods

2.1. Synthesis of the MGO

In the present experimental laboratory study, MGO with an average size of 200-400 nm was produced according
to our previous study (supplementary section).?* The GO prepared from graphite and the Fe304@GO composites
were obtained by co-precipitation of FeCI3-6H20 and FeClI2-4 H20 in the presence of GO. The temperature was
raised to 85°C, and ammonia solution was added to increase the pH to 10. A mixture of styrene and benzoyl
peroxide was added under a stream of N2 over a period of in 10 min. The final mixture was homogenized by
sonication at 0°C for another 30 min. Polymerization was carried out by increasing the temperature of the mixture
in an oil bath to 80°C for 4 h under an inert nitrogen blanket. GO and MGO were characterized by X-ray diffraction
(XRD, Philips Xpert MPD, Co K irradiation, = 1.78897A), Raman spectroscopy, scanning electron microscopy
(SEM, Philips XL30 microscope with an accelerating voltage of 25 kV), vibrating sample magnetometry (VSM),
energy-dispersive X-ray spectroscopy (EDX), dynamic light scattering (DLS), Zeta potential and transmission
electron microscopy (TEM) (PHILIPS, EM208S, Netherlands), at 100 kV of acceleration voltage. The synthesized

MGO was then used to treat isolated human CCs.

2.2. Study Design and Participants

This experimental in vitro study involved the analysis of follicular fluid from 40 women diagnosed with male
factor infertility who had been referred to Al-Zahra Hospital in Tabriz, Iran, between August 2021 and March
2023.

2.3. Inclusion Criteria

Participants included women aged 20 to 38 with male-factor infertility. The study focused on CCs from women

whose oocytes showed a maturation rate of more than 80% at the metaphase 11 stage.
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2.4. Exclusion Criteria

Women who had pre-existing medical conditions such as diabetes or cardiovascular disease were excluded from

participating in the study.
2.5. Sample Size

Follicular samples were collected from several women during the puncture procedure. Approximately 20 follicles
were transferred to the cell culture medium. Experimental conditions were kept constant in all study groups. The
MTT assay was performed after the third passage. For flow cytometry, TUNEL staining, and Western blotting

experiments, sample collection and cell culture were repeated to ensure the accuracy of the experiments.
2.6. Isolation and Culture of Human Cumulus Cells
2.6.1. Follicular Aspiration

Follicular fluid was collected from patients undergoing vaginal oocyte retrieval as part of ICSI procedures. The
retrieval process was performed 36 hours after hCG injection by ultrasound guidance and intravenous sedation.
Using a stereomicroscope, CCs surrounding the oocyte-cumulus complexes were mechanically dissociated and

transferred to the culture medium. Only CCs from MII stage oocytes were selected for experiments.
2.6.2. Primary Culture of Cumulus Cells

The extracted CCs were washed twice in enzyme-free culture medium and centrifuged at 200 g for 10 minutes at
room temperature. Viability and cell number were assessed using the trypan blue exclusion method. For

subsequent experiments, the cells were cultured until the third passage.
2.7. Cell Viability Assessment Using MTT Assay

A volume of 100 pl of a cell suspension containing 10,000 CCs in DMEM/F12 medium supplemented with 10%
FBS was added to 96-well plates. After a 24-hour attachment period, MGO was added in concentrations ranging
from 1.5 to 400 pg/mL. Control wells received the medium alone. The plates were incubated at 37°C in 5% CO2
for 24, 48, and 72 hours. After incubation, 20 ul of MTT solution (5 mg/mL in PBS) was added to each well, and
the plates were incubated for an additional 4 hours. During this period, viable cells reduced MTT to purple
formazan crystals. The crystals were dissolved with 100 pl of DMSO, and the optical density (OD) at 570 nm was
measured using an ELISA reader (BioTek Instruments, Winooski, VT). Each experiment was conducted in

triplicate.3!
2.8. Detection of Cell Apoptosis via Annexin V-FITC/PI Staining

Approximately 3x10° CCs/well were seeded into 6-well plates for 24 hours before being treated with various
MGO concentrations (3.12, 12.5, 50, and 100 pug/mL). The control group received no treatment. After 48 hours,
apoptosis was assessed using the ApoFlowEx® FITC kit (Exbio, Czech Republic). Both treated and untreated
cells were trypsinized, washed with PBS, and resuspended in annexin-binding buffer. Cells were stained with 5
pl Annexin V and 5 pl propidium iodide and incubated in the dark at room temperature for 15 minutes. Finally,

the samples were analyzed via flow cytometry.
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2.9. TUNEL Assay

The terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assay is designed to detect
apoptotic cells undergoing extensive DNA degradation during the late stages of apoptosis. This method relies on
the ability of TdT to label blunt ends of double-stranded DNA breaks independently of a template. For this
purpose, an enhanced FITC TUNEL kit (Elabscience, USA) was used. Briefly, cells treated with 50 pg/ml of
MGO for 48 hours and control cells were fixed with a polyformaldehyde fixative buffer at room temperature (15-
25°C) for 15-60 minutes. The cells were then washed three times with PBS, each wash lasting 5 minutes.
Following this, 1x Proteinase K was added and incubated at 20-37°C for 15-30 minutes. The slides were then
placed in Triton X-100 on an ice bath for 2 minutes. After washing the cells three times with PBS (5 minutes
each), the TdT Equilibration Buffer (5%) (E-CK-A334A) was diluted with ddH20 to create a 1x TdT Equilibration
working buffer. Then, 100 pL of the 1x TdT Equilibration working buffer was added to each slide and incubated
at room temperature for 30 minutes. Subsequently, 50 uL. of TdT Enzyme working solution was added to each
slide and incubated at 37°C for 60 minutes in a humidified chamber. The cells were then washed three times with
PBS (5 minutes each). DAPI was added and incubated at room temperature for 5 minutes, followed by four washes
with PBS. Finally, the slides were examined, and images were captured using a fluorescence microscope
(Olympus BX50). To quantify apoptosis, TUNEL-stained images were analyzed using ImageJ (ImageJ Software,
National Institutes of Health, Bethesda, MD, USA).

2.10. Western blotting

Cumulus cells were cultured and treated with MGO at a final concentration of 50 pg/ml for 48 hours. Following
treatment, cells were harvested by scraping and lysed in RIPA buffer (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with protease and phosphatase inhibitor cocktails (Cell Signaling Technology, Danvers, MA,
USA) on ice for 30 minutes. The lysates were centrifuged at 14,000 x g for 15 minutes at 4°C to collect the
supernatant containing the total protein. Protein concentration was quantified using a Bradford protein assay kit

(Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer’s instructions.

Western blot analysis was performed as described previously.®* Equal amounts of total protein (30 g per sample)
were denatured with Laemmli sample buffer and separated by SDS-PAGE using 10-12.5% polyacrylamide gels
at 100 V for approximately 90 minutes. Proteins were then transferred onto 0.45 um polyvinylidene fluoride
(PVDF) membranes (Millipore Sigma, Burlington, MA, USA) using a wet transfer system (Bio-Rad Laboratories)
at 100 V for 2 hours at 4°C. After transfer, the membranes were blocked with 5% non-fat dry milk (Bio-Rad
Laboratories) in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 hour at room temperature with

gentle agitation to minimize non-specific binding.

The PVDF membranes were subsequently incubated overnight at 4°C with primary antibodies diluted in TBST.
The antibodies used were: rabbit anti-Bcl-2 (1:1000 dilution, Cat. No. sc-492), rabbit anti-Bax (1:1000 dilution,
Cat. No. sc-7480), rabbit anti-caspase-3 (1:1000 dilution, Cat. No. sc-136219), rabbit anti-Nrf-2 (1:1000 dilution,
Cat. No. sc-365949), rabbit anti-SOD2 (1:1000 dilution, Cat. No. sc-137254), rabbit anti-cyclin D1 (1:1000
dilution, Cat. No. sc-8396), rabbit anti-p53 (1:1000 dilution, Cat. No. sc-126), and mouse anti-actin (1:3000
dilution, Cat. No. sc-517582) as an internal loading control. All primary antibodies were purchased from Santa
Cruz Biotechnology, Inc. (Dallas, TX, USA).
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Following primary antibody incubation, the membranes were washed three times with TBST for 10 minutes per
wash. The blots were then incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary
antibodies (goat anti-rabbit IgG HRP, Cat. No. sc-2054; or goat anti-mouse 1gG HRP, Cat. No. sc-2005; Santa
Cruz Biotechnology, Inc.) diluted 1:3000 in TBST for 1 hour at room temperature. After secondary antibody

incubation, the membranes were washed again three times with TBST for 10 minutes each.

Enhanced chemiluminescence (ECL) detection reagent (Amersham, GE Healthcare, UK) was applied to the
membranes for 1 minute at room temperature. Protein bands were visualized using an Amersham Imager 600
system (GE Healthcare) and exposed to chemiluminescence-sensitive film (Kodak, USA). Densitometric analysis
of the bands was performed using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The

relative expression levels of target proteins were normalized to the expression of S-actin.
2.11 Colorimetric assessment of CAT, GSH, and TAC

Reduced glutathione (GSH) levels, catalase (CAT) activity, and total antioxidant capacity (TAC) were evaluated
using established colorimetric methods. GSH was determined using Ellman’s reagent [5,5’-dithiobis-(2-
nitrobenzoic acid), DTNB], based on the formation of the yellow-colored 5-thio-2-nitrobenzoic acid, with
absorbance measured at 412 nm. Catalase activity was measured based on the decomposition of hydrogen
peroxide, and residual H,O, was quantified by the ammonium molybdate method at 405 nm. TAC was assessed
by the ferric reducing antioxidant power (FRAP) assay, in which antioxidants reduce ferric (Fe3*) to ferrous (Fe?*)
ions, producing a colored ferrous—tripyridyltriazine complex measured at 593 nm. Cumulus cells were treated
with 12.5 pg/ml of MGO. After 48 hours the levels of CAT, GSH, and TAC were assessed using colorimetric

assays.
2.11. Ethical considerations

This study received ethics approval from the Ethics Committee of Kharazmi University (Code:
IR.KHU.REC.1400.006). In addition, permission to conduct the research at Al-Zahra Hospital was granted by the
Ethics Committee of Tabriz University of Medical Sciences. Written informed consent was obtained from all

participants for the use of CCs in this study.
2.12. Statistical analysis

Graphs and statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA,
USA). The effects of different MGO doses on cell viability across three time points were analyzed using repeated
measures ANOVA. One-way ANOVA was used to examine the effects of varying MGO doses at the same time
point. Differences between the control and MGO-treated groups were evaluated using Student’s t-test. All data
were presented as mean £ SEM. Statistical significance was defined as follows: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.

3. Results
3. 1. Microscopic image of cultured cumulus cells

Images of CCs were taken using an inverted microscope at early stages and different passages of culture (Figure
1. A).
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3. 2. Dose- and time-dependent effects of MGO on cumulus cell viability

The impact of magnetic graphene oxide (MGO) nanosheets on the viability and morphological integrity of human
cumulus cells (CCs) was evaluated across various concentrations (1.5 to 400 pg/ml) and exposure durations (24,
48, and 72 hours) (Figure 1. B). The MTT assay revealed a distinct dose- and time-dependent response. After 24
hours treatment, low concentrations of MGO (specifically 1.5 pg/ml) exhibited a mild stimulatory effect on cell
viability. However, a significant reduction in cell survival was observed at higher doses; viability dropped sharply
t0 34.76 % at 12.5 pg/ml and reached a minimum of 22.48 % at 200 pg/ml and 21.53% at 400 pg/ml compared
untreated control (p < 0.0001). At 48 hours exposure, low doses of MGO (up to 12.5 pg/ml) maintained high
biocompatibility, with cell viability remaining comparable to or slightly higher than the control group.
Nevertheless, further increases in MGO concentration triggered significant cytotoxicity, with viability decreasing
progressively to 49.23% at 100 pg/ml , 35.93% at 200 pg/ml and 30.08% at 400 pg/ml (p < 0.01, p < 0.0001 and
p < 0.0001). By 72 hours, the cells demonstrated a tolerance to low-dose treatments (1.5, 3.125, 2.5 and 25
ug/ml), where viability remained above the control. Cell viability fell to 39.85% at 400 ug/ml (p < 0.001). Based
on the MTT assay results, 48 hours was selected as the optimal treatment duration for assessing the effects of

MGO in subsequent experiments.
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Figure 1. MTT assay: A: Light inverted microscopic images of cultured human CCs at different passages (a-d) and their
viability after MGO treatment (B). (a) Primary culture, (b) first passage, (c) second passage, and (d) third passage. Scale bar:
100 um. B: different concentrations of MGO on human CCs viability at 24, 48, and 72 hours. Repeated measures Two-way
ANOVA were performed to do statistical analysis. Data were expressed as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001

3. 3. MGO reduces apoptosis in cumulus cells

To evaluate the effect of MGO on cell survival and death, we performed flow cytometry using Annexin VV-FITC
and Propidium lodide (PI) double staining. This assay allows the distinction between viable, apoptotic, and
necrotic cells based on phosphatidylserine exposure and membrane integrity. As shown in Figure 2, MGO
treatment shifted the cell population toward the viable quadrant compared with the control group. According to
Table 1, cell viability increased significantly after treatment with MGO at concentrations of 3.125, 12.5, 50, and
100 pg/mL, rising from 88.06 + 1.10% in the control group to 94.58 + 0.60%, 92.87 + 0.75%, 97.09 + 0.46%, and
97.61 + 0.26%, respectively (p < 0.0001). In parallel, total apoptosis, including both early and late stages,
decreased markedly from 11.05 + 0.98% in the control group to 4.96 + 0.47%, 6.74 + 0.80%, 2.50 + 0.35%, and

2.16 £ 0.19% in the treated groups (p < 0.0001). Necrotic cells also remained low across all MGO-treated groups
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and were significantly reduced compared with the control. Overall, these findings suggest that MGO exerts a clear

cytoprotective effect by enhancing cell viability and suppressing apoptosis and necrosis.

3M
104 Q1 Q2
30.580% 151%
g 103—
=
=}
£
2 2
2 1074
o
o
+
&
2 10
Q3
10 3.91%
T T
10 10
FL1-H:: Annexin-V FITC
50 M
'04 [e]] Q2
0.470% 0.880%
% 103—
=
=
£
E}
2 1074
3
o
%
3 1
[
4 % a3
10 |967% 7 1.98%
L T T T
10 10 107 10 10

FL1-H: Annexin-V FITC

Control

FL2-H:: Propidium lodide

430
1.12%

Q2
6.09%

FL2-H:: Propidium lodide
=
|

FL1-H:: Annexin-V FITC

FL2-H:: Propidium lodide

125M

J0.410%

a1

Q2
1.97%

FL1-H:: Annexin-V FITC

100 M

90.290%

Q3
1.57%
T

T b T

100 101 107

e, !

103 104

FL1-H: Annexin-V FITC

Figure 2. Flow cytometry quantitative analysis of CCs after 48 hours of treatment with MGO in different concentrations (0,
3.125, 12.5, 50, 100 pg/ml.).

Table 1: Flow cytometry results measuring the levels of apoptosis and necrosis in cumulus cells under the MGO treatment.

MGO 3.125ug/ml | 12.5 pg/mi 50 pg/ml 100 pg/ml Control P-value
concentration
Viability (%) 94.58+2.88 | 92.87+0.43 97.09+2.69 97.61+1.72 88.06+1.7 p<0.0001
Apoptosis (%) 4.96+0.27 6.740+0.46 2.50+0.21 2.16+0.10 11.05+0.55 p<0.0001
(ea“y + Iate) Hk Kk Fk Kk Fk Kk Fk Kk
Necrosis (%) 0.45+0.85 0.41+0.07 0.42+0.88 0.25+0.49 0.88+0.24 p<0.05
* * * *% p<0.01

Values (Mean + SEM) are from three independent experiments (n = 3). ANOVA (one way) was used to do statically analysis.
P-value indicates the level of significance between each concentration of MGO on the control group. *P < 0.05, **P < 0.01,

***4P < 0.0001

3. 4. Evaluation of apoptosis by DAPI and TUNEL staining methods

DAPI is a fluorescent nuclear color that stains the cell nucleus and fragmented chromatin, allowing for the

observation and examination of nuclear morphological changes can be observed and examined under a fluorescent

microscope. As figure 3 illustrates, in apoptotic cells, the nucleus becomes condensed and fragmented, which can

be detected by DAPI staining. DNA fragmentation is a characteristic feature of apoptosis. TUNEL is a specific

staining method for apoptosis that detects DNA breaks caused by apoptotic processes. Therefore, in the present
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study, DAPI and TUNEL staining were used simultaneously to demonstrate apoptosis, and images of their overlap

were taken.
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Figure 3. DAPI and TUNEL staining: (A) Effects of MGO on CCs after 48 hours with DAPI at different concentration (a-e)
and (B) TUNEL staining at 50 pg/ml concentration. (C) The quantified results of the TUNEL staining. Student’s t-test was
used to do statically analysis. Data were expressed as mean + SEM. **P < 0.01. (A) 0.0, (B) 3.125 pg/ ml, (C) 12.5 pg/ ml,
(D) 50 pg/ ml, (E) 100 pg/ mi

3. 5. Protein expression levels by Western Blotting
3.5.1. MGO increases cell viability by reducing mitochondrial apoptosis proteins

To investigate apoptosis, the expression levels of intrinsic or mitochondrial apoptosis pathway proteins, including
Bcl-2, Bax, pro-caspase-3 and cleaved caspase-3, were measured using Western blotting. The results showed that
MGO reduced the level of apoptosis. The levels of Bax (p < 0.05) and cleaved caspase-3 (p < 0.0001) were

significantly decreased, while the level of Bcl-2 was increased (p < 0.001) (Figure 4).

3.5.2. In CCs, the levels of Nrf2 and SOD-2 proteins level are increased by MGO

The results in figure 4 shows that the expression of Nrf2 and SOD2 proteins, which are components of the
oxidative stress response pathway, increased significantly after treatment with 50 ug/ml MGO. As shown in Figure
4, Nrf2 and SOD2 protein levels were significantly increased by MGO by more than 2-fold and 2.5-fold,
respectively, compared with the control group (p < 0.0001) (Figure 4).

3.5.3. MGO increases cell proliferation by increasing the expression of cyclinD1 protein

In this study, we investigated the cyclin D1, a cell cycle regulatory protein. MGO significantly increased cyclin

D1 expression by 1.5-fold compared with the control group (p < 0.01) (Figure 4).
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Figure 4. Western blot analysis of selected proteins. (A) Confirmation of two-dimensional gel electrophoresis results by
western blotting of Bcl-2, Bax, pro-caspase-3 and cleaved caspase-3 proteins using (-actin as an internal control (left), and
quantification of the western blot results (right). (B) Confirmation of two-dimensional gel electrophoresis results by western
blotting of Nrf22* and SOD2 using B-actin as an internal control (left), and quantification of the western blot results (right).
(C) Confirmation of two-dimensional gel electrophoresis results by western blotting of cyclin D1 using B-actin as an internal
control (down), and quantification of the western blot results (up). Data were expressed as mean + SEM. *P < 0.05, **P <
0.01, ***P < 0.001.

3. 6. Colorimetric assessment of CAT, GSH, and TAC

Figure 5 shows CAT activity was significantly increased in the MGO (12.5 pg/mL) group compared with the
control group (p < 0.001). GSH level was also increased in the MGO-treated group (p < 0.001). Similarly, TAC
was elevated in the MGO group (p < 0.001) (Figure 5). Given that the 50 pg/ml concentration of MGO, like the
12.5 pg/ml concentration, was determined to be non-toxic by the MTT assay, these findings are likely applicable
to this concentration as well.
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Figure 5. Colorimetric assessment of CAT, GSH, and TAC in the control and MGO-treated (12.5 pg/mL) groups. The results
showed that CAT activity, GSH level, and TAC were increased in the MGO-treated group compared with the control group.
Student’s t-test was used for statical analysis. Data were expressed as mean + SEM. ***P < 0.001.

4. Discussion

In recent years, the benefits of using nanomaterials in cell imaging, targeted drug delivery, biosensors, cancer
therapy, immunotherapy, and tissue regeneration have been demonstrated. A concentration of 10 pg/ml MGO was
able to induce toxicity in adipose-derived mesenchymal stem cells, causing survival inhibition, dose-dependent
inhibition of cell proliferation, and cell cycle arrest in the G1/G0 phase.?® Urbas et al. examined the compatibility
of L929 cell line treated with GO and MGO at different concentrations and concluded that the best
biocompatibility was observed with MGO at a concentration of 12.5 pg/ml, while GO showed the greatest
reduction in cell survival rate at a dose of 100 ug/ml for GO (1-3 puM).® In their opinion, the difference in
nanoparticle size does not lead to a change in cell viability. In the present study, exposure of human CCs to MGO
at a concentration of 1.5 pg/ml for 24 hours initially increased proliferation; however, cell viability subsequently
declined significantly, reaching 34.76 % at 12.5 pg/ml and 22.48 % at 200 pg/ml. After 48 hours of exposure,
MGO at12.5 pg/ml led to increased growth and proliferation in cumulus cells; at higher concentrations, viability
decreased to 49.23% at 100 pg/ml, 35.93% at 200 pg/ml and 30.08 at 400 pg/ml. After 72 hours, cell viability at
certain concentrations (1.5 pg/ml, 3 pg/ml and 25 pg/ml) exceeded that of the control group (100%), and then
gradually decreased, reaching 39.85% at concentration of 400 pg/ml, respectively (p < 0. 001).

Previous studies showed that after 24 hours of simultaneous incubation with Fe304/GO, a portion of HBE cells
underwent apoptotic cell death, and the number of dead cells increased at higher concentrations (100 and 200
ug/ml), indicating the induction of apoptosis of HBE cells at high concentrations of Fe304/GO.% In the present
study, MGO treatment reduced the apoptosis rate of CCs at concentrations of 3.125, 12.5, 50 and 100 pug/ml to
4.96%, 6.47%, 2.50% and 2.16% ,which was lower than the control level 11.05%, and further experiments were
performed to clarify the underlying mechanism. Western blot results of key apoptotic pathway proteins Bcl-2,
Bax, pro-caspase-3 and cleaved caspase-3 showed that treatment with 50 pg/ml of MGO for 48 hours reduced
CCs apoptosis. The expression level of Bcl-2 protein in MGO-treated cells was significantly higher than that in
the control group (p < 0.001), while the expression of Bax protein (p < 0.05) and cleaved caspase-3 protein (p <

0.0001) were significantly less than the control group.
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Tang and colleagues found that GO at certain concentrations induced Nrf2 translocation from the cytoplasm to
the nucleus in MG-63 cells but not in K7M2 cells. Our findings demonstrated that treatment with 12.5 pug/ml of
MGO led to a significant increase in CAT activity, GSH levels, and TAC (p < 0.001), which is in complete
alignment with the upregulated expression of Nrf2 and SOD2 proteins. The Nrf2 transcription factor serves as a
master regulator of cellular antioxidant defense. This suggests the engagement of the Nrf2—ARE antioxidant
signaling axis is essential for maintaining redox homeostasis.* While the concurrent increase in SOD2 and CAT
levels aligns with an enhanced cellular antioxidant capacity that may prevent cumulus cell apoptosis, direct
evidence of Nrf2 nuclear translocation or transcriptional activation remains to be established. Oxidative stress
could stimulate Nrf2 nuclear translocation, where it binds to antioxidant elements in the DNA promoter, initiating
the transcription of antioxidant genes such as SOD2 and heme oxygenase-1. Therefore, while these findings
indicate the involvement of oxidative stress-responsive mechanisms, further studies utilizing immunofluorescence
or gene silencing are required to definitively confirm direct Nrf2 pathway activation. By stimulating the
transcription of its downstream target genes—including SOD2, CAT, and enzymes involved in GSH biosynthesis,
it effectively supports the intracellular antioxidant network. Consequently, the concurrent elevation of TAC, GSH,
and CAT levels observed in our study substantiates the active downstream function of the Nrf2 signaling pathway.
Furthermore, given that the 50 pg/ml concentration was classified as non-toxic based on the MTT assay results,
it is highly probable that these protective effects and the activation of the Nrf2/SOD2 axis are maintained at this
concentration as well. These data suggest that at optimal and safe concentrations, MGO nanoparticles effectively
enhance the free radical scavenging capacity and oxidative stress resistance of cumulus cells. This is achieved by
orchestrating the Nrf2 pathway and upregulating SOD2 expression, together with enriching the levels of other key

enzymatic and non-enzymatic antioxidants.

While studies have investigated the anticancer and antiproliferative effects of GO, there is no data on the effect of
graphene derivatives on cyclin D1 protein expression. In the present study, the expression of cyclin D1 was
evaluated after treatment with MGO. The increase in cyclin D1 expression after treatment with 50 pg/ml of MGO
for 48 hours showed that this concentration of MGO was not only nontoxic to cumulus cells but also increased
cell proliferation, which is consistent with previous results in this study. The increase in cyclin D1 in MGO-treated
cells, together with the increase in the expression of the anti-apoptotic protein Bcl-2 and the decrease in the
expression of pro-apoptotic markers, indicates a protective and proliferative cellular response. These results
indicate that MGO induces a controlled level of oxidative stress that remains within the threshold of cellular
antioxidant tolerance. The activation of Nrf2 and SOD?2 as antioxidant biomarkers suggest the stimulation of the
cellular antioxidant response and enhanced compensatory capacity. The concurrent increase in SOD2 and CAT
implies the generation of a specific amount of ROS that has been effectively neutralized by the cellular defense
system. Elevated ROS levels are not always detrimental; under certain conditions, they can have a stimulatory
effect, strengthen cellular resilience and promote survival. The upregulation of Bcl-2 and downregulation of Bax
and caspase-3 indicate a shift toward cell survival rather than apoptosis. Since the antioxidant system was activated
without exceeding the cellular tolerance limit, the cells likely entered a compensatory phase, potentially leading
to proliferation. This finding supports the potential application of these nanomaterials in strategies for drug

delivery, apoptosis reduction, and cell survival.
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Limitations

This study has several limitations. First, all experiments were performed in vitro; therefore, the findings cannot
be directly extrapolated to the in vivo reproductive microenvironment or to clinical outcomes of ART. Second,
since no experiments were performed on oocytes or embryos, the effects of MGO should not be extrapolated to
improved oocyte competence, fertilization potential, or embryonic development. Third, the methods evaluated
were limited and did not fully cover other potentially relevant pathways such as DNA damage, epigenetic changes,
aging, mitochondrial dysfunction, or long-term ultrastructural changes. These aspects should be investigated in
future in vitro and in vivo studies to provide a more comprehensive understanding of the biological and
translational significance of the present findings. For example; stating that future studies are required to directly
map the molecular mechanisms of Nrf2 signaling in this context. Finally, the experimental design lacked a positive
control for apoptosis (e.g., H, 0, treatment). While our findings were validated across multiple independent assays
(flow cytometry, TUNEL, and Western blotting), future studies should incorporate pro-apoptotic controls to better
distinguish between the reduction of spontaneous culture-induced apoptosis and direct cytoprotection against

external oxidative stressors.

Conclusion

Homeostasis of the cumulus-oocyte complex is critically dependent on bidirectional signaling pathways between
the oocyte and surrounding cumulus cells. Physiological disruption of these paracrine/autocrine interactions
usually triggers apoptotic cascades in cumulus cells through the activation of the mitochondrial pathway. MGO
at low concentrations (e.g., 50 pg/ml) exhibits cellular protective properties by inducing nontoxic oxidative stress,
thereby activating endogenous antioxidant defense mechanisms. Exposure of cells to MGO results in controlled
ROS production and facilitates the nuclear translocation of the transcription factor Nrf2 and subsequently
increases the expression of phase 1l detoxifying enzymes (e.g., SOD2, CAT, glutathione peroxidase). In addition
to activating proteins related to the antioxidant pathway, MGO may also increase cell viability and proliferation,
as supported by the increased expression of cyclin D1. Further studies are needed to explore the use of MGO in

cell survival.
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