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Purpose: Graphene oxide (GO) has promising biomedical applications, but its potential toxicity to the female reproductive system is
underexplored. This study investigates the short-term effects of a single dose of GO nanosheets on human ovarian granulosa cells,
focusing on mitochondrial damage.

Materials and Methods: First, cell viability was detected by CCK-8 and apoptosis was detected by flow cytometry to assess the
cytotoxicity of GO on KGN. Second, reactive oxygen species (ROS), mitochondrial membrane potential (MMP), and mitochondrial
morphology were observed by confocal microscopy, mitochondrial and sub-mitochondrial structure by transmission electron micro-
scopy (TEM), quantitative analysis of ATP and mitochondrial complex I enzyme activity by luminosity value and autophagy by flow
cytometry to assess the mitochondrial toxicity of GO on KGN cells.

Results: The 72h half-maximum effective concentration (EC50) value of GO was determined to be 29.73 pg/mL. GO induced cell
death in a dose-dependent manner, with significant effects on cell viability even at low doses (1 pg/mL). Exposure to low GO
concentrations resulted in abnormal mitochondrial morphology and function, including mitochondrial breakage, membrane damage,
reduced mitochondrial cristae, enhanced autophagy, decreased ATP production, decreased MMP, and decreased enzymatic activity of
mitochondrial complex I. Mitochondrial function returned to normal levels on day 7 after KGN cells left the GO-exposed environment.
Conclusion: This study demonstrates that short-term exposure to low-dose GO causes mitochondrial damage in human ovarian
granulosa cells, highlighting the need for further research on the safety of GO, particularly regarding its potential effects on
reproductive health. However, GO-induced transient mitochondrial damage is highly likely to negatively affect ovarian reserve
function, which needs to be further verified in animal models.
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Introduction

Two-dimensional (2D) nanomaterials began with the successful advent of single-layer graphene in 2004 and have
developed rapidly.' Due to its excellent electronic and thermal conductivity, as well as mechanical properties, graphene
is increasingly used in biomedical applications.” Graphene Oxide (GO) is a derivative of graphene, and its superior
colloidal properties and dispersibility make the material extremely attractive in biomedical applications, including
antimicrobials, biosensing, bioimaging, and drug delivery.*® Due to its high stability and biocompatibility, GO also
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has applications in the field of reproductive medicine, such as improving in vitro fertilization.™
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However, the risk of exposure to GO has increased due to the increasing potential applications of GO in the
biomedical field. According to previous studies, GO exposure occurs via several routes, including intravenous injection,
subcutaneous injection, intraperitoneal injection, oral gavage, and intratracheal instillation.'' ™' In addition, GO can also
accumulate in tissues and organs through biological barriers such as blood tests and blood-placental barriers, and cause
acute and chronic toxicity.'®'” Therefore, its potential toxicity remains a significant concern, especially in the context of
human reproductive health. Graphene oxide has been shown to enter cells via endocytosis or phagocytosis and induce
cytotoxicity such as oxidative stress and mitochondrial dysfunction in a dose-dependent manner in a variety of cell
types.'®!” However, its effects on the female reproductive system are not well understood, whether short-term effects
(germ apoptosis) or long-term effects (impaired fertility).

Mitochondria are key organelles with a bilayer membrane structure, which can be divided into the outer mitochon-
drial membrane (OMM), mitochondrial membrane space, inner mitochondrial membrane (IMM), and mitochondrial
matrix from the outside to the inside.?® The IMM folds towards the mitochondrial matrix to form mitochondrial cristae.
They undergo a continuous and stable process of division and fusion through the membrane, forming a dynamic
interconnected network to preserve the integrity of the mitochondrial functional network.>'? Given that the ATP
synthase complex and the mitochondrial electron transport chain (ETC) are located in the mitochondrial cristae, the
integrity of cristae morphology is critical for mitochondrial function. Mitochondria are involved in regulating signal
transduction, electron transport, aerobic phosphorylation, calcium homeostasis, and other cellular functions, and are
therefore critical in maintaining intracellular homeostasis.>>** In addition, mitochondria are the main sites for energy
conversion to produce most of the energy that cells use to sustain life, as well as to produce ROS.*> Normally,
intracellular ROS is beneficial for regulating cellular function. However, excessive ROS accumulation caused by
mitochondrial dysfunction can further lead to oxidative stress, decreased mitochondrial membrane potential (MMP),
and impaired mitochondrial structure. Mitophagy is activated when mitochondrial damage occurs due to oxidative stress
in cells. Autophagy selectively removes abnormal mitochondria to maintain mitochondrial homeostasis and prevent cells
from being further damaged.**’

Previous studies have shown that the ovaries exhibit a high degree of sensitivity to the invasion of foreign particles
and chemicals and lead to reproductive toxicity such as premature ovarian failure, follicular atresia, hormonal imbal-
ances, delayed puberty, and increased incidence of female infertility.?**° Ovarian granulosa cells, which are crucial for
hormone synthesis and oocyte maturation, play a vital role in female fertility.’>>' Ovarian granulosa cells are also
involved in the synthesis of important growth factors required during oocyte development to maintain the microenviron-
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ment required for oocyte growth and maturation.”” Damage to ovarian granulosa cells can disrupt the normal
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reproductive process and lead to hormonal imbalances, follicular atresia, and impaired oocyte growth and development.?
Studies have shown that mitochondrial dysfunction in human granulosa cells may lead to decreased steroid production,
fertilization rates, oocyte maturation rates, and oocyte quality, ultimately endangering fertility.*® Previous studies on the
toxicity of GO have shown that GO internalization can disrupt mitochondrial homeostasis by activating NOX2 signaling
to increase ROS in neuroblastoma cells, but its effects on ovarian granulosa cells are unclear.>* This study aims to fill this
gap by evaluating the effects of GO nanosheets on mitochondrial function and cell viability in human ovarian granulosa
cells, providing crucial insight into the potential risks of GO exposure on female reproductive health.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and penicillin-streptomycin were purchased
from Gibco (Thermo Fisher Scientific, Waltham, USA). Mito-Tracker Deep Red FM (MTDR) was obtained from
Invitrogen (Thermo Fisher Scientific, Waltham, USA). The detection dye for autophagy (DAPGreen) was purchased
from Dojindo Molecular Technologies, Inc. (Japan) and Graphene oxide nanosheets were gifts from the laboratory of
Professor Qixin Chen of Shandong First Medical University.

Cell Line Culture

The ovarian granulosa cell line KGN has been widely used as an in vitro model for various studies related to female
reproductive function.>>*® The human ovarian granulosa cell line KGN was a gift from Associate Professor Yajing Liu of
Anhui Medical University. The cell line KGN was cultured in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin antibiotic. The cells were cultured in a cell culture incubator (Thermo Fisher Scientific, Waltham, USA) at
37°C, 100% humidity, and 5% CO,.

Preparation of GO Nanosheet Solutions and Characterization of GO

1’7 before cell experiments, GO nanosheet dispersion solution was first prepared in

According to the previous protoco
PBS at a concentration of 10 pg/mL by sonication. Dilute to different treatment concentrations with DMEM solution with
10% FBS and disperse by sonication (50 W, 30 min). The topography of GO nanosheets was assessed using atomic force

microscopy (AFM, NanoWizard 4XP, Bruck, Massachusetts, USA).

CCK-8 Cytotoxicity Assay

Cytotoxicity of cells treated with GO nanosheets at different concentrations was detected by a Cell Counting Kit-8
(CCK-8, Beyotime, Shanghai, China). The cells were seeded in 96-well plates with 5x10° cells/well. After adherent
incubation for 24 h, the KGN cells were treated with GO nanosheets at increasing concentrations (0.1, 1, 10, 50, and
100 pg/mL) for 48 h and 72 h. The control group was treated with the complete medium. After 48—72h of GO nanosheet
treatment, cells were washed three times with phosphate buffered saline (PBS). 100 uL of 10% CCK-8 solution was
added to each well, and incubated in a 37°C incubator for one hour, and the absorbance at 450 nm was detected using
a multifunctional microplate reader (Molecular Devices, Sunnyvale, USA). Cell viability was calculated as per the
previous protocol.*® In this experiment, six replicates were set up for each concentration, and three biological replicates
were performed.

Flow Cytometry Analysis of Apoptosis

Apoptosis was determined using the FITC-Annexin V/PI Apoptosis Assay Kit (UElandy, Suzhou, China). The experi-
mental group cultured KGN cells with a final concentration of 1 pg/mL GO nanosheet solution for 72 h, and the control
group was supplemented with an equal volume of fresh complete medium. After 72 h, KGN cells were collected by
centrifugation at 1000 rpm for 5 min following the manufacturer’s instructions and washed twice with PBS. The KGN
cells were resuspended with PBS and cell density was calculated, and 1x10° cells were centrifuged at 1000 rpm for
5 min. Resuspended the cells in 100 pL of 1x Annexin V binding buffer and added 5 pL Annexin V-fluorescein
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isothiocyanate (FITC) and 5 pL PI working solution. The KGN cells were incubated at room temperature (20-25°C) for
15 min in the dark. After the incubation was complete, 400 pL of 1x Annexin V binding buffer was added and gently
mixed. Before testing, all samples were kept on ice, and testing of all samples was required to be completed within
one hour. Apoptosis assay was performed essentially as previously described.® Data were collected using a FACS
Calibur flow cytometer (BD Biosciences, Franklin Lakes, USA) and analyzed using FlowJo software to quantify
apoptotic cells. The experiment was independently assayed three times.

Quantitative Analysis of Cellular Reactive Oxygen Species (ROS)

The effect of GO nanosheets on ROS production in human ovarian granule cell line KGN was analyzed using the
DCFDA/H2DCFDA-Cellular ROS Assay Kit (Abcam, Waltham, USA). The KGN cells were cultured on six-well culture
plates. The cells were then treated with 1 ug/mL GO nanosheets and incubated at 37°C in a 5% CO, incubator for
72 h. The control group was treated with fresh complete medium without GO nanosheets. After 72 h of treatment, the
cells were rinsed twice with buffer. 20 uM DCFHDA was added to each group and incubated in a 37°C incubator for
45 minutes in the dark. After 45 min, the cells of each group were washed three times with buffer and resuspended in
buffer protected from light. Cells were then added to a black-edged, clear-bottomed 96-well plate (2.5x10 cells/well)
and immediately measured at Ex/Em=485/535 nm in endpoint mode on a fluorescence plate reader (Molecular Devices,
Sunnyvale, USA) to quantify ROS.* The experiment was independently tested three times.

ATP Content Assay

The KGN cells were cultured on six-well plates, then treated with 1 pg/mL GO nanosheets and incubated for 72 h at
37°C in a 5% CO, incubator. The cells were treated according to the instructions of the manufacturer of the ATP
Bioluminescence Detection Kit CLS II (Roche, Basel, Switzerland). The KGN cells were collected by centrifugation at
1000 rpm for 5 min and washed twice with PBS. The KGN cells were resuspended with PBS and cell density was
calculated, and 2x10° cells were centrifuged at 1000 rpm for 5 min. The KGN cells were resuspended in 150 pL of
distilled water and 150 pL of lysate, and KGN cells were incubated for 10 minutes at room temperature (20-25°C). After
incubation, the cells were centrifuged at 12,000 rpm for 1 min, and then the supernatant was transferred to a new 1.5 mL
centrifuge tube and kept on ice. ATP standards were gradually diluted with distilled water to 10~ '°~10> M. Transfer the
treated cell supernatant and ATP standard to a white-walled opaque bottom 96-well plate (Beyotime, Shanghai, China).
Read the luminescence by a multimode microplate reader (Molecular Devices, Sunnyvale, USA). The assay was
independently tested three times.

Confocal Fluorescence Imaging of MMP

MMP fluorescence analysis based on previous protocols.*”*' The KGN cells were treated with 1 pg/mL of GO
nanosheets for 72 h. GO nanosheet-treated and untreated cells were subcultured in glass-bottom dishes and incubated
for 24 h. The KGN cells were washed twice with PBS and stained with Rhodamine 123 at a concentration of 10 pg/mL
and incubated in a 37°C incubator for 20 min in the dark. Hoechst-33342 (Beyotime, Shanghai, China) dye is used for
staining nuclei. Cells were washed twice with PBS and then stained with Hoechst 33342 dye (10 ug/mL) and incubated
for 20 min at 37°C away from light. After the end of the incubation, the cells were washed three times with PBS and
observed under a confocal laser scanning microscope. All images were acquired by ZEISS LSM-980 confocal laser
scanning microscope (Carl Zeiss, Inc., Jena, Germany) and analyzed using ZEN version 3.8 software (Carl Zeiss, Inc.,
Jena, Germany) and ImageJ software (https://imagej.nih.gov/ij/).

Mitochondrial Permeability Transition Pore (mPTP) Analysis

MPTP analysis was performed according to the protocol of the previous study.>* MPTP was studied using the mPTP
assay kit (Beyotime, Shanghai, China). KGN cells were treated with 1 pg/mL GO nanosheets and cultured in a 37°C
incubator with 5% CO, for 72 h. Then, GO nanosheet-treated and untreated cells were subcultured in glass-bottom petri
dishes for 24 h. KGN cells were stained with 0.5x calcein AM, 1x fluorescent quenching agent CoCl,, or 1 uM positive
treatment Ionomycin and incubated for 45 min at 37°C in the dark. After incubation, replaced with fresh complete
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medium and incubated for 30 min at 37°C in the dark. After staining, the cells were washed once with PBS and then
twice with DMEM to thoroughly remove residual reagents and observed under a fluorescence microscope. All images
were acquired by ZEISS LSM-980 confocal laser scanning microscope (Carl Zeiss, Inc., Jena, Germany).

Mitochondrial Complex | Activity Assay

Mitochondrial complex I activity was assayed using the complex I enzyme activity assay kit (Abcam, Waltham, USA).
KGN cells were treated with 1 pg/mL GO nanosheets and cultured in a 37°C incubator with 5% CO, for
72 h. Mitochondrial complex I activity assay was performed according to the previous protocol.** Briefly, KGN cells
were resuspended with DMEM and washed twice with PBS. 1x107 cells were collected by centrifugation at 1000 rpm for
5 min. Proteins were then extracted with 1/10 of the cell suspension, and protein concentrations were subsequently
measured using a BCA protein assay kit (Thermo Fisher Scientific, Waltham, USA). Adjust the remaining cells to
achieve a final protein concentration of 5.5 mg/mL. Detergent equivalent to one-tenth of the pellet volume was added and
the mixture was incubated for 30 min (maintained on ice). Centrifugation at 16,000 rpm for 20 min at 4°C, collected the
supernatant, and diluted the protein to 1000 pg/mL with the incubation solution. After incubation, wash buffer (300 pL,
1x) was added to each well and washed three times. Finally, added 200 pL of working solution to each well in the dark.
The absorbance at 450 nm was detected using a multifunctional microplate reader (Molecular Devices, Sunnyvale, USA).

Confocal Fluorescence Imaging and Quantification of Mitochondrial Morphology
The KGN cells were cultured on six-well plates, then treated with 1 pg/mL GO nanosheets and incubated for 72 h at
37°C in a 5% CO, incubator. GO nanosheet-treated and untreated cells were subcultured in glass-bottom dishes (BS-20-
GJM, Biosharp, Hefei, China) and incubated for 24 h. The KGN cells were washed twice with PBS and stained with 100
nM MTDR (Thermo Fisher Scientific, Waltham, USA) and incubated in a 37°C incubator for 30 min in the dark. After
the end of the incubation, the cells were washed three times with DMEM and observed under a confocal microscope. All
images were acquired by ZEISS LSM-980 confocal laser scanning microscope (Carl Zeiss, Inc., Jena, Germany).
Mitochondrial morphology quantification was performed as previously described.* Briefly, fluorescence images of
a single cell containing bright mitochondria are imported into the ImageJ software (https://imagej.nih.gov/ij/). First,

change the image type and adjust the threshold. Check the area, shape descriptor, and threshold limit in the “Set
Measurements” option, and then click “Analyze Particles” to get the “L/W” ratio (data in the “AR” column).

Transmission Electron Microscopy (TEM)

Mitochondrial and submitochondrial structures were observed using electron microscopy. The KGN cells were cultured
on six-well plates, then treated with 1 pg/mL GO nanosheets and incubated for 72 h at 37°C in a 5% CO, incubator. Cells
were collected by centrifugation at 1000 rpm for 5 min. TEM photography was performed as per the previous protocol.*”
GO nanosheet-treated and untreated cell samples were dehydrated after fixation and embedded in Alalite. Subsequently,
ultrathin sections were placed on a coated grid. Individual sections were stained and observed under a TEM (Tecnai T12,

FEIL Inc, Hillsboro, USA) at an accelerating voltage of 120 kV.

Autophagy

Autophagy was detected by the autophagosome detection probe DAPGreen (Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan). KGN cells were incubated in a 37°C incubator for 72 h with and without GO nanosheets. After
treatment, the cells were washed twice with PBS and incubated with DAPGreen dye (0.1 uM) for 30 min at 37°C
following the manufacturer’s instructions. Finally, data were collected using a FACS Calibur flow cytometer (BD
Biosciences, Franklin Lakes, USA) and quantified using FlowJo software. The assay was independently tested three
times.

Data Statistics and Analysis
The different types of experiments were repeated independently more than three times, and each treatment of each
independent experiment was assessed more than twice. The results were similar, and all images shown were
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representative results of biological replicates. Statistical differences between GO-treated and untreated groups were
determined using Student’s #-test. The statistical significance of differences in means was determined using Tukey’s post
hoc test (for comparisons between multiple groups). Statistical differences were analyzed and all results were plotted via
GraphPad Prism 9.4.1 (GraphPad Software Inc., California, USA). All experimental values are expressed as Mean +
SEM (standard error of the mean), with p-values < 0.05 being recognized as statistically significant. *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001. EC50 value was calculated using the nonlinear regression model “log[agonist] vs
response-variable slope (four parameters)” in GraphPad Prism 9.4.1 software.

Results
Cytotoxicity of GO Nanosheets

Studies have found that physical chemistry such as the size and functional groups of GO nanomaterials can greatly affect their
biological behavior, resulting in a wide variety of effects on cell viability and function.*** In view of this, we characterized
GO nanosheets by atomic force microscopy (AFM) before studying their cytotoxicity to KGN cells. The results show that the
lateral size of GO nanosheets can reach 3 um and the thickness can reach tens of nanometers (Figure S1). The single GO
nanosheets used in this study were obtained from Graphene Supermarket (NY, USA). Graphene oxide can be dissolved in
water because its oxygen-containing groups have a high affinity to water molecules.”> The GO nanosheets used in this study
have good dispersion in aqueous solutions.

As the largest population of cells in the follicle, ovarian granulosa cells play a key role in ovarian functional activities
such as follicular growth and development and estrogen production and are also involved in maintaining the micro-
environment required for oocyte growth and maturation. Apoptosis of ovarian granulosa cells will inevitably lead to
abnormal follicular development and sex hormone levels. Therefore, we chose the ovarian granulosa cell line KGN as
a cell model to study the potential damage of GO nanosheets to the female reproductive system in vitro.

To understand whether GO causes cytotoxicity in human ovarian granulosa cells, we first incubated different
concentrations (0.1, 1, 10, 50, and 100 pg/mL) of GO nanosheets with KGN cells for 48 h and 72 h, respectively. We
then used CCK-8 to determine the effect of GO on the cell viability of KGN. We measured the cell viability of KGN
cells treated with GO nanosheets at different concentrations. As shown in Figure 1A, a tendency to decrease in cell
viability in a time- and dose-dependent manner was observed at different periods of 48 h and 72 h when the KGN cells
were treated with GO nanosheets. We found that the cell viability was approximately 65% when cells were exposed to
100 pg/mL GO nanosheets for 48 h, and further decreased to 45% when the incubation time was increased to
72 h. Cell viability was approximately 70% when cells were exposed to 50 pg/mL GO nanosheets for 48 h and
further decreased to 52% when the incubation time was increased to 72 h. When exposed to GO nanosheets for
72 hours, KGN cells maintained high cell viability at concentrations up to 10 pg/mL, with a viable cell rate of nearly
80%. However, when cells were exposed to GO nanosheets for 48 h, the cell viability of KGN cells was significantly
affected even at low concentrations (0.1 and 1 pg/mL) of GO nanosheets compared to normal cells. In addition, the
72h half-maximum effective concentration (72h-EC50) value of GO nanosheets was determined to be 29.73 pg/mL
using a regression model (Figure S2). A previous study observing the reproductive toxicity of GO in Japanese medaka
showed that the germ cell development of females only began to show abnormalities at doses higher than 1 pg/mL.*®
This suggests that 1 pg/mL may be the lowest threshold for reproductive toxicity caused by GO. Therefore, we chose
1 pg/mL as the treatment dose of GO in our experiments to observe the damage caused by very low doses of GO on
mitochondria of human ovarian granulosa cells.

To further explore the potential patterns or types of KGN cell death induced by GO nanosheets, we employed FITC-
Annexin V/PI to detect apoptosis. As shown in Figure 1B, exposure to GO nanosheets at a concentration of 1 pg/mL
resulted in 14.2% apoptosis and 7.99% necrosis. Treatment with GO nanosheets resulted in a significant increase in the
overall apoptosis rate in cells compared to the control group (Figure 1C). In summary, our findings suggested that despite
the promising biocompatibility of some GO-based applications and biologics,*”** GO still exhibits inevitable cytotoxi-
city, including the induction of apoptosis. This underscores the importance of carefully determining the safe dosage range
for all GO-based biomedical applications.
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Figure | Cytotoxic effects of graphene oxide nanosheets on KGN cells. (A) Human ovarian granulosa cells were cultured and exposed to graphene oxide nanosheets (0.1-100 pug/mL)
at varying concentrations for 48 h and 72 h, respectively. Subsequently, a CCK-8 assay was conducted to determine the percentage of viable cells that were expressed. (B) Flow
cytometry was used to analyze apoptosis in KGN cells treated with Annexin V-FITC/PI after 72 h of different treatments. (C) Quantitative analysis of the ratio of apoptosis and cell
necrosis in (B). Data are expressed as Mean * SEM (n=3). Statistical differences between experimental groups were analyzed by the Student’s t-test. *p < 0.05, **p < 0.01, **p < 0.001
and ¥¥¥p < 0.0001.

GO Nanosheets Interact With Mitochondria After Being Engulfed by Cells

Studies have shown that the sharp edges of nanomaterials can interact with cell membranes.*’ Therefore, we hypothesize
that GO nanosheets can enter cells and cause a series of cellular changes that ultimately lead to cell death. To verify this
hypothesis, we further investigated the deposition and distribution of GO nanosheets in cells. Transmission electron
microscopy (TEM) was used to observe that GO nanosheets could be engulfed by cells and deposited intracellularly
(Figure 2A). Mitochondria often play a key role in cell apoptosis.”® To determine whether GO nanosheets affect
mitochondria, we investigated the effect of GO nanosheets on mitochondrial structure by performing TEM imaging on
normal cells and GO nanosheet-treated cells. The results showed that GO nanosheet treatment disrupted the integrity of
the mitochondrial cristae compared to healthy mitochondria with clear cristae structure observed in normal cells
(Figure 2B), preliminarily suggesting that GO nanosheets can indeed be engulfed by cells and that GO can interact
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with mitochondria once it enters the cell, leading to mitochondrial damage. To further observe mitochondrial and
submitochondrial structures, representative transmission electron microscopy (TEM) images of mitochondria from
both groups of cells were performed at higher magnification (Figure 2C). The mitochondria of the cells in the control
group showed clearly visible mitochondrial cristae, which are complemented by a densely packed mitochondrial matrix.
The inner mitochondrial membrane (IMM) of the control group was normally invaginated. In contrast, mitochondria in
the GO nanosheet-treated group exhibited abnormal invagination and dissolution of IMM. In addition, the GO nanosheet
treatment group exhibited a reduced number and structural disorder of mitochondrial cristac and brighter mitochondrial
matrix. Damage to mitochondrial membrane structure and submitochondrial structure may be caused by the interaction
between GO nanosheets and mitochondria after being engulfed by cells and deposited around the mitochondria
(Figure 2D). We also observed a decrease in the number of mitochondria (Figure 2E). Subsequently, we quantified
healthy mitochondria and damaged mitochondria from normal cells and GO nanosheet-treated cells. As shown in
Figure 2F, GO nanosheet treatment resulted in significant mitochondrial damage compared to control cells, with the
proportion of abnormal mitochondria being as high as 80% and healthy mitochondria being only 20%. In summary, GO
nanosheets can indeed induce apoptosis by damaging mitochondria, which is consistent with previous reports.>

GO Nanosheet Treatment Induces Autophagy
To survive, cells may trigger autophagy to eliminate damaged mitochondria. Through TEM imaging, we observed an
increase in autophagosomes in GO nanosheet-treated cells compared to normal cells (Figure 3A and B). To investigate
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Figure 3 Autophagy induced by GO nanosheets in KGN cells. (A) Representative TEM images of KGN cells treated with and without GO nanosheets. (B) Enlarged image
of autophagosomes represented by the white rectangles in A. (C and D) Autophagy intensity and quantification of GO-induced DAPGreen assays; (+) indicate DAPGreen
(+) (%). Statistical differences between experimental groups were analyzed by the Student’s t-test. *p < 0.05.

International Journal of Nanomedicine 2025:20 https: 4469



Li et al

whether GO nanosheet treatment triggers autophagy, we quantitatively analyzed the level of autophagy after GO
nanosheet treatment using the DAPGreen autophagosome detection probe. As shown in Figure 3C and D, the intensity
of autophagy following GO nanosheet treatment was nearly double that of normal cells, suggesting that GO nanosheets

do induce autophagy to eliminate damaged cells or mitochondria for survival.

GO Nanosheet Treatment Results in Mitochondrial Fragmentation

Mitochondrial damage typically manifests as changes in mitochondrial morphology and damage to the mitochondrial
cristae.”'*? Mitochondrial morphological changes are characterized by the loss of mitochondrial membrane structural
integrity, membrane lysis, mitochondrial fragmentation, and mitochondrial cristac damage characterized by cristae
breakage.” To gain a deeper understanding of the mitochondrial damage caused by GO interaction with mitochondria,
we further investigated the morphological changes of mitochondria before and after GO nanosheet treatment. Cells were
first treated with 1 pg/mL GO nanosheets for 72 h, stained with the commercial probe Mito-tracker Deep Red FM
(MTDR), and then confocal fluorescence microscopy was used to capture morphological changes in mitochondria,
allowing visualization of the effects of GO on mitochondria. As shown in Figure 4A, mitochondria exhibit different
morphologies, with most of the mitochondria in normal cells being filamentous, while mitochondrial morphology in GO
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Figure 4 The damage to mitochondrial morphology induced by GO nanosheets in KGN cells. (A) Representative images of mitochondrial morphology of KGN cells treated
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nanosheet-treated cells partially transformed into punctate structures (Figure 4B), suggesting that GO nanosheet treat-
ment leads to mitochondrial breakage.

According to the previously reported protocol,**>>

the length and width of mitochondria were analyzed, and the
distribution of different mitochondrial morphologies was quantified by calculating the ratio of mitochondrial length and
width (L/W). Mitochondrial morphology is divided into four categories based on L/W values (Figure 4C): round (1.0 <
L/W < 1.5), intermediate (1.5 < L/W < 2.0), tubular (2.0 < L/W < 5.0), and hyperfused (L/W > 5.0).>® We found that
1 pg/mL of GO nanosheet treatment increased the proportion of round and intermediate mitochondria and decreased the
proportion of tubular and hyperfused mitochondria (Figure 4D). These findings undoubtedly suggest that the use of GO
at concentrations greater than 1 pg/mL does cause serious damage to mitochondrial morphology. This finding is

consistent with what we have observed with TEM (Figure 2).

GO Nanosheet Treatment Reduces Mitochondrial Function

The function of mitochondria is maintained by mitochondrial kinetic stability, ie, mitochondria undergo continuous
fission and fusion.* Therefore, changes in mitochondrial morphology may cause mitochondrial dysfunction. GO has
been reported to lead to cytotoxicity by inducing membrane damage, mitochondrial dysfunction, and ROS
overproduction.”’ It has been reported that GO treatment may affect mitochondrial membrane potential (MMP) by
inducing changes in mitochondrial morphology.’® We hypothesize that GO nanosheet treatment causes mitochondrial
dysfunction. To test this hypothesis, firstly, GO nanosheets were co-incubated with KGN cells for 72 h and the levels of
MMP were assessed by Rhodamine 123 staining assay. From the results of Figure SA and C, the fluorescence intensity of
GO nanosheet-treated cells was reduced compared to cells without any treatment, suggesting that GO caused a decrease
in MMP.

Mitochondria are organelles that provide energy to cells, studies have shown that mitochondria are the main site of
ROS production®® and that excess ROS production may lead to biomolecular damage, which in turn can lead to cell
death.®™! The increased production of ROS, a byproduct of mitochondrial energy metabolism, will also lead to an
increase in oxidative stress. Nanomaterials have been found to induce an increase in oxidative stress, which can
negatively affect cells.®> ** To explore the effect of GO nanosheets on ROS production in KGN cells, cells were treated
with 1 pg/mL GO nanosheets for 72 h. Subsequently, the ROS level was detected using DCFH-DA staining. Confocal
fluorescence microscopy showed that GO nanosheet-treated cells exhibited enhanced fluorescence intensity (Figure 5B
and D), indicating an increase in intracellular ROS level following GO nanosheet treatment. This finding was further
supported by quantitative analysis using a microplate reader (Figure S3), providing strong evidence that GO induces cell
apoptosis by stimulating excessive ROS production.

To gain a more comprehensive understanding of GO-induced mitochondrial dysfunction and to further determine
whether GO nanosheet treatment affected other mitochondrial functions, ATP production analysis was performed with
and without GO nanosheet treatment. Quantitative analysis of ATP production showed that GO-treated cells exhibited
significantly reduced ATP production compared to GO-untreated cells (Figure 5E).

Mitochondrial electron transport chain (ETC) coupled to oxidative phosphorylation. Mitochondrial ETC is divided into
two respiratory chains depending on the hydrogen donor (NADH or FADH,). However, studies have shown that ATP
synthesis is only associated with NADH.®® To further explore the underlying mechanism of GO reducing mitochondrial
function, we investigated whether GO affects the activity of mitochondrial complexes. Complex I, as the most important
and typical complex in the NADH respiratory chain, plays a crucial role in determining mitochondrial function.®®-¢”
Therefore, we hypothesize that GO may reduce mitochondrial function by affecting the activity of complex I. To test this
hypothesis, we assessed the activity of complex I using the mitochondrial complex I enzymatic activity assay Kit (Abcam,
Waltham, USA) to assess the effect of GO on mitochondrial complex activity. As shown in Figure 5F, the activity of
complex I in the GO-treated cells was significantly reduced compared to normal cells.

Mitochondria are the main energy providers within the cells, and the normal opening of the mPTP and the integrity of
the membrane are necessary to maintain the membrane potential and energy metabolism of the mitochondria.®® The
fluorescent reagent calcein-AM is passively transported into cells and aggregates in the cytoplasm and mitochondria,®®
resulting in strong green fluorescence (Figure 5G). Under normal physiological pH conditions, mPTP does not open so
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that the fluorescent quenchant CoCl, cannot enter the mitochondria, thus showing green fluorescence only in the
mitochondria. As a positive control, further treatment with the calcium ionophore Ionomycin induces a large amount
of extracellular Ca" into the intracellular and mitochondrial matrix and induces mPTP opening, resulting in almost total
quenching of intracellular green fluorescence. The data in Figure 5C showed that the GO nanosheet treatment group
reduced the mitochondrial membrane potential by 20% compared to the control group, possibly due to GO-induced
abnormal opening of mPTP. To further explore the underlying mechanism of GO leading to the reduction of MMP, we
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investigated whether GO affects mPTP. We observed that GO exposure for 72h led to a decrease in fluorescence intensity
within mitochondria (Figure 5H). This suggests that GO exposure leads to mPTP opening, which further alters
mitochondrial permeability. This may increase the level of cellular stress and accelerate the process of apoptosis. This
result is also consistent with previous studies.”

Mitochondrial Dysfunction Due to Short-Term GO Exposure Is Reversible

Previous studies have shown that short-term GO exposure results in acute toxicity, such as cell death.'® Therefore, we
hypothesize that the mitochondrial damage caused by short-term GO exposure is an acute injury caused by cellular stress
and that the damaged mitochondria may gradually return to normal when the cells leave the GO exposure environment.
To test this hypothesis, we further investigated the changes in mitochondrial function after the cells left the GO-exposed
environment. We first incubated 1 pg/mL of GO nanosheets with KGN cells for 72 h. After incubation, cells in both GO-
treated and untreated groups were thoroughly washed with PBS and seeded into new cell culture plates. Mitochondrial
function, including ATP production, intracellular ROS content, and MMP, was determined on the third and seventh days.
As shown in Figure 6A—C, we observed that the cells in the GO treatment group still had mitochondrial dysfunction on
the third day, such as reduced ATP production, excessive ROS accumulation, and decreased MMP. However, it is worth
noting that the ATP production and intracellular ROS levels in the GO treatment group gradually approached those of
normal cells, suggesting that mitochondrial function was gradually restored in the GO treatment group. This suspicion
was confirmed in the mitochondrial function assay on day 7. We found that mitochondrial function returned to normal
on day 7 after KGN cells left the GO-exposed environment. There were no differences in ATP production, intracellular
ROS levels, and MMP levels between GO-exposed and normal cells (as shown in Figure 6A, B and D).

Discussions

In recent years, with the continuous development of biomedical applications of nanomaterials, nanotoxicity has gradually
attracted widespread attention.*>’! Determining the penetration and retention of nanomaterials in different cells or tissues
is critical in nanotoxicity studies. At present, the toxicity of nanomaterials to various cell lines and animal models has
been well studied, however, the study of nanomaterials on the human reproductive system at the subcellular level has
been largely neglected. Graphene Oxide is becoming more widely used in the field of reproductive medicine, however, its
toxicity to the human reproductive system at the cellular and subcellular levels has not been effectively assessed.
Therefore, we investigated the cytotoxicity and mitochondrial toxicity of GO nanosheets on the human ovarian granulosa
cell line KGN to explore GO-induced female reproductive toxicity.

In this study, we first explored the toxic effects of GO nanosheets on the human ovarian granulosa cell line KGN
through a cell viability assay. KGN cells were treated with different concentrations of GO nanosheets ranging from 0.1 to
100 pg/mL, and we found that GO promoted its cytotoxic effects in a time- and dose-dependent manner. Low doses (0.1
and 1 pg/mL) of GO nanosheets that were considered to be far from lethal concentrations were used in this experiment.
Interestingly, cell viability was significantly reduced in the GO-treated group at a concentration of 0.1 pg/mL compared
to the untreated group. Several studies on the in vitro toxicity of nanoparticles have shown that there are differences in
the thresholds at which different types of nanomaterials lead to different types of cytotoxicity. For example, although
0.5 pg/mL multi-walled carbon nanotubes did not cause significant damage to the spermatogonial cell line GC-2 spd
cells, their accumulation in mitochondria was detected.”® A study investigating the reproductive toxicity of GO in boars
showed that doses above 5 pg/mL were toxic to spermatocytes (reduced viability, fertilization ability), but low doses of
1 pg/mL promoted sperm fertilization ability.”* A toxicity study of Ag-NP on bovine ovarian granulosa cells showed that
granulosa cell viability was significantly impaired after 24 h exposure to Ag-NP at doses greater than 5 ug/mL. However,
Ag-NP did not cause significant damage to ovarian granulosa cells at a dose of 1 pg/mL.”* These findings may be related
to differences in nanomaterial characteristics and cell phenotypes. In conclusion, KGN cells showed higher sensitivity to
GO, which may cause impairment of reproductive function at low doses. Considering that GO exposure in realistic
scenarios (occupational or clinical scenarios) may be continuous, it is recommended to further explore whether long-term
bioaccumulation of GO in vivo causes chronic or irreversible damage to human reproductive health.
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Mitochondrial metabolic processes such as oxidative phosphorylation produce ROS,”® and cellular redox bias caused
by increased ROS may eventually trigger apoptosis.>* In this study, the results of DCFH-DA staining showed an increase
in ROS in KGN cells in the GO nanosheet treatment group compared to the control group, demonstrating that GO
nanosheet treatment resulted in excessive ROS production in the cells and induced apoptosis in KGN. This is consistent
with the FITC-Annexin V/PI results showing an increase in the number of apoptotic cells in the GO nanosheet-treated
group (Figure 1B and C). According to a recent study, GO-induced increase in ROS in neuroblastoma cells reduces
cellular antioxidant capacity mainly through activation of the NADPH oxidase 2 (NOX 2) signaling pathway.>* However,
GO-induced ROS increases in different cell types may be through different mechanisms or molecular pathways. Further
studies are needed on the intrinsic mechanism of GO-induced ROS overproduction in ovarian granulosa cells. It has been
reported that excessive ROS may affect ovarian granulosa cell functions such as steroidogenesis, hormone signaling, and
oocyte maturation, and ultimately negatively impact reproductive outcomes.”® To avoid adverse effects on female
reproductive health, it is crucial to further understand the mechanisms by which GO induces ROS overproduction in
ovarian granulosa cells.

GO has been reported to disrupt membrane integrity by enhancing its ability to interfere with membranes.”” GO
nanosheets triggered lipid peroxidation during adhesion to cell surface membranes,®* and the overproduction of ROS
might be the first step in oxidative stress. Therefore, the microdamage of the mitochondrial membrane caused by GO
nanosheet treatment in this study could also be due to the overproduction of ROS. It leads to mitochondrial dysfunction
by destroying the integrity of the mitochondrial membrane, which leads to KGN cell apoptosis. In terms of GO-induced
mitochondrial membrane damage, Wang et al have reported that small GO nanosheets can be inserted into biological

membranes,”®"’

and our previous study showed that GO nanosheets are most likely to cause membrane damage by
“cutting” the mitochondrial membrane.*°

As previously reported, excessive opening of mPTP leads to increased mitochondrial permeability and translocation
of pro-apoptotic factors from mitochondria to cytoplasm, which further activates endogenous apoptotic pathways in
mitochondria.**®*' Regulation of apoptosis by endogenous mitochondrial pathways has also been reported in other types
of nanomaterials such as zinc oxide, cuprous oxide, and silica nanoparticles.** ¥ In this study, GO exposure leading to
mPTP opening may have induced mitochondrial stress, which in turn led to KGN cell apoptosis. The specific mechanism
needs to be further explored. However, mitochondrial stress does not always lead to apoptosis and may also stimulate
autophagy to remove damaged mitochondria and prevent further cell damage. The above conjecture was also verified by
the observation of increased autophagosomes in the cells of the GO-treated group using the DAPGreen autophagosome
detection probe and TEM. It has been reported that cells can regulate autophagy by influencing AMPK and mTORCI1
signaling to sense energy changes.® This suggests a potential link between mitochondrial dysfunction, such as reduced
ATP production, and autophagy. However, the specific mechanism by which GO induces KGN autophagy remains
unclear. In addition, autophagy under physiological conditions has been reported to contribute to the maintenance of
healthy primordial follicle numbers and germ cell survival. However, excessive autophagy can alter the quality and
quantity of oocytes, ultimately causing adverse effects on female reproductive health.®® This suggests that excessive
levels of autophagy in ovarian granulosa cells may also affect oocyte maturation, leading to female reproductive
dysfunction. Therefore, the detailed mechanisms by which GO leads to enhanced autophagy in ovarian granulosa cells
and its effects on female reproductive health warrant further investigation. This may require validation in animal models.

In summary, our study demonstrated that GO nanosheets induced mitochondrial damage in human ovarian granulosa
cells, including mitochondrial breakage, mitochondrial dysfunction, and ultimately cell death, even at low concentrations
within the generally accepted safe concentration range. However, due to the limitations of the ovarian granulosa cell line
KGN, it might not fully represent the physiological responses to GO exposure in human ovarian granulosa cells and
in vivo. Therefore, it is necessary to further explore the cellular and mitochondrial toxicity induced by GO in primary
ovarian granulosa cells or oocytes and its molecular mechanisms. In addition, our study suggests that single-dose GO
treatment leads to reversible mitochondrial damage in the short term. However, given the high sensitivity of the ovary to
nanoparticles or invasive substances, transient mitochondrial dysfunction and ovarian granulosa cell apoptosis may also
negatively affect female reproductive function, including follicular atresia, and impaired oocyte maturation. This needs
further validation in animal models. However, in real-life scenarios or clinical scenarios, GO exposure is a long-term
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ongoing process. Thus, damage to ovarian granulosa cells and mitochondria by repeated doses of GO long-term exposure
is a continuous process. Whether this causes permanent mitochondrial damage and leads to female reproductive
dysfunction, such as infertility, remains unclear. Further validation in animal models is necessary regarding mitochondrial
damage and female reproductive dysfunction caused by single-dose short-term exposure and repeated-dose long-term
exposure to GO. GO-based biomedical applications require further toxicity studies to find a clearer safety window, as
GO-induced ovarian granulosa cell death can negatively affect female reproductive function.

Conclusion

In summary, a single dose of GO exposure for 72 h resulted in the death of KGN cells in a dose-dependent manner and
led to reversible damage (acute damage) to mitochondrial structure and function, such as abnormalities in membrane
structure and mitochondrial cristae, mitochondrial fragmentation, reduced ATP production, excessive ROS accumulation,
and reduced MMP. Mitochondrial dysfunction caused by short-term GO exposure gradually recovered after leaving the
GO-exposed environment. However, transient damage to ovarian granulosa cells may have caused irreversible damage to
ovarian reserve function. This needs to be further verified in animal experiments. Therefore, it is recommended to further
investigate the cellular and mitochondrial toxicity induced by repeated doses of GO for short-term exposures (within
a few hours or 72 hours) or long-term exposures (days or weeks) and their possible mechanisms. Validation in animal
models will further elucidate the short- or long-term effects of GO exposure in vivo on mitochondrial or reproductive
function. Given that mitochondrial dysfunction is associated with a wide range of diseases, our study demonstrates the
importance of mitochondrial health in exploring the toxicological effects and broad cellular functions of nanomaterials.
In addition, our findings fill an important gap in the female reproductive toxicity of GO, which is critical for evaluating
its safety in female reproductive health applications. Therefore, the safe dose range of GO for biomedical applications
needs to be further explored and investigated, especially in human reproductive health.
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