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Background: Unique properties of graphene and its derivatives make them attractive in the
field of nanomedicine. However, the mass application of graphene might lead to side effects,
which has not been properly addressed in previous studies, especially with regard to its effect
on the cell cycle.

Methods: The effect of two concentrations (100 and 200 pg/mL) of nano- and microsized
graphene oxide (nGO and mGO) on apoptosis, cell cycle, and ROS generation was studied.
The effect of both sizes on viability and genotoxicity of the embryonic fibroblast cell cycle
was evaluated. MTT and flow cytometry were applied to evaluate the effects of graphene
oxide (GO) nanosheets on viability of cells. Apoptosis and cell cycle were analyzed by flow
cytometry.

Results: The results of this study showed that GO disturbed the cell cycle and nGO impaired
cell viability by inducing cell apoptosis. Interestingly, both nGO and mGO blocked the cell
cycle in the S phase, which is a critical phase of the cell cycle. Upregulation of 7P53-gene
transcripts was also detected in both nGO- and mGO-treated cells compared to the control,
especially at 200 pg/mL. DNA content of the treated cells increased; however, because of
DNA degradation, its quality was decreased.

Conclusion: In conclusion, graphene oxide at both nano- and micro-scale damages cell
physiology and increases cell population in the S phase of the cell cycle.

Keywords: apoptosis, cell cycle, fibroblast cell, graphene, 7P53 gene

Introduction
As one of the thinnest two-dimensional sheets of graphitized carbon material,
graphene is one of the most important nanomaterials used in industry and
medicine." It has several unique properties, such as large surface area, high
electrical and thermal conductivity, and enhanced mechanical properties and
biocompatibility.*” Graphene nanoplatelets are currently used in drug delivery,
photothermal cancer therapy, biosensing, biocompatible scaffolds, bioimaging,
and as antimicrobial components.® ' However, increased applications of graphene
nanoplatelets might increase the risk of human exposure to this material in the
environment. Some studies reported on the toxicity of graphene and its derivatives
ondifferent cell lines and revealed its size, surface-functional groups, and dose-
dependent toxicity;'?"'> however, what is the threshold of graphene concentration
as toxic or safe?

Today, MTT and XTT assays are applied to measure the in vitro toxicity of
nanomaterials; however, the effects of atoxic doses of nanomaterials on physiolo-
gical cell pathways has not properly been investigated. Nanomaterials, occasionally
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like mutagenic materials, may enhance cell division by
regulating genes or proteins. To consider a particle bio-
compatible, not only should its effect on cell viability and
apoptosis be evaluated but also its effects on the cell cycle,
mutagenesis, and genotoxicity. As one of the most impor-
tant events in mammalian cells, the cell cycle plays a
crucial role in the biology of living cells, eg, cell growth
and cell division.'® This biological phenomenon is regu-
lated by some genes and proteins, and in some conditions,
such as DNA damage, hypoxia, hyperproliferative signals,
growth-factor deprivation, and matrix detachment, the cell
cycle goes out of control. In these abnormal conditions,
the TP53 gene usually regulates the cell cycle by either
arresting or activing apoptosis pathways.'” At this time,
the effect of nanomaterials, especially graphene oxide
(GO), on the cell cycle has not been studied properly.
There have been some controversial reports on the effect
of GO on the cell cycle. For example, some studies have
reported that GO decreases HepG2 cells in the G, phase;'®
however, it increased the hemangioblast population in the
G,/M phase. Arrest of the cell cycle in the S and Gy/G;
phases in cell lines and macrophages were detected.'’
Moreover, it has been reported that through induction of
ROS, cell-membrane damage, and DNA damage, smaller
nanomaterials exhibit more toxicity than larger ones.?’
Smaller nanoparticles can easily penetrate a cell and inter-
act with biomacromolecules, resulting in side effects.”'
GO size, due to its available surface area and chemical
functional groups, affects cell uptake and interactions.
Therefore, as the effect of GO on the cell cycle has not
investigated adequately the main goal of this study was to
investigate the effects of GO on the cell cycle and beha-
vior of embryonic fibroblast cells.

Methods

All experimental methods were carried out in accordance
with protocol IR.UMSHA.REC.1397.98, approved by the
Institutional Cell Culture and Animal Care and Use
Committee of the Hamadan University of Medical
Sciences of Iran.

Synthesis of Micro- and Nanoscale
Graphene Oxide Sheets

Both micro- and nanoscale GO sheets were synthesized
using a modified Hummers method.”> To prevent toxic
NO,-gas formation, we proceeded in the absence of
NaNOj;. Briefly, 1 g natural graphite powder (Sigma-

Aldrich) was added at room temperature to 100 mL con-
centrated H,SO, and stirred for 5 hours at 26 g at 80°C.
The mixture was cooled in an ice bath for 10 minutes, then
6 g KMnO, was added slowly to the mixture. The suspen-
sion was stirred at 103 g in an oil bath for 2 hours at 35°C.
After dilution of the mixture to 100 mL with deionized
(DI) water, its temperature was maintained at <60°C. In
continue, in order to reduce the residual permanganate into
soluble manganese ions, 6 mL H,O, and 200 mL DI water
were added. An anodic membrane filter (47 mm diameter,
0.2 pm pore size; Whatman) was used to remove residual
salts and acids from the suspension. To remove any unex-
foliated graphitic particles, the filtered material was dis-
persed in DI water and centrifuged at 2,582 g for 10
minutes. Finally, a suspension containing microscale GO
sheets was obtained by sonication at a frequency of 40
kHz and power 150 W for 15 minutes. To obtain the
nanoscale GO sheets, sonication was continued for an
additional 100 minutes, followed by centrifugation at
10,329 g for 30 minutes, which was carried out in four
cycles.

Cell Culture and Staining

MEF cells were cultured.” Briefly, cells were extracted
from pregnant mice 12.5 days postcoitus and isolated from
tissue by 0.05% trypsin-EDTA dissociation. Extracted
MEF cells were cultured in DMEM supplemented with
10% FBS, 100 U/mL penicillin, 2 mM inessential amino
acid, 2 mM glutamine, and 10 ug/mL streptomycin at an
atmosphere of CO, (5%) at 37°C. Cultured MEF cells
were exposed to 100 pg/mL and 200 pg/mL of both
mGO and nGO particles, and untreated cells were consid-
ered the control group. To stain MEF cells with fluorescein
diacetate (FDA) and propidium iodide (PI), cultured cells
in six-well plates were washed with PBS and incubated
with 5 mg/mL FDA and 2 mg/mL PI at 37°C in the dark
for 30 minutes. After incubation, cells were washed three
times with PBS and monitored with an inverted flores-
cence microscope (Ti-U; Nikon, Japan) at excitation wave-
length of 490 nm and emission wavelength of 526 nm for
FDA and excitation wavelength of 490 nm and emission
wavelength of 617 nm for PL.

MTT Assay

The viability of treated cells was measured with MTT
assays.”* Briefly, treated cells were cultured in a 96-well
plate and incubated for 3 hours with MTT solution. DMSO

was added to solubilize formazan particles, and
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absorbance was read at 580 nm using a microplate reader
(LabSystems Multiskan; BioTek, USA).

ROS Measurement

ROS was measured in GO-treated fibroblast cells using
2'7'-dichlorofluorescein diacetate (DCFH-DA; D6883;
Sigma-Aldrich). Untreated cells were used as controls.
Briefly, cells were incubated in a CO, atmosphere (5%)
at 37°C for 30-60 minutes with 10 uM DCFH-DA. Cells
were detached with trypsin and washed three times with
PBS. The resulting cell suspension was centrifuged for 5
minutes at 112 g. The conversion rate of DCFH to dichlor-
ofluorescein was measured with fluorescence spectropho-
tometry (Cary Eclipse; Agilent, USA) at excitation and
emission wavelengths of 480 and 520 nm, respectively.

DNA Extraction and Electrophoresis
Genomic DNA was extracted from both treated and con-
trol cells using a commercial DNA-extraction kit based on
the kit manual (11796828001; Roche, Germany). The
extracted DNA was run in 1% agarose for 45 minutes.
The gel was stained in ethidium bromide dye and visua-
lized on gel documentation (Fusion FX, Vilber Lourmat,
France) under 260 nm wavelength.

RNA Extraction, cDNA Synthesis, and
qRT-PCR

Cell total RNA was isolated with a commercial kit
(11828665001; Roche) based on the manufacturer’s guide-
lines. The extracted RNA was stored at —=70°C until use.
The quality and quantity of RNA was checked with a
NanoDrop 2000(Thermo Fisher Scientific). Then, 100 ng
extracted RNA was used for cDNA synthesis. cDNA was
synthesized with a RevertAid first-strand cDNA-—synth-
esis kit (K1622; Fermentas, USA). TP53-gene expression
was quantified with a real-time qPCR system (Applied
Biosystems, USA) using primers of forward 5 CCC
TTCCCAGAAAACCTACC 3’ and reverse 5 CTCCG
TCATGTGCTGTGACT 3’ and SYBR Green PCR
Master Mix (Applied Biosystems). qRT-PCR measure-
ments were carried out three times using cDNA obtained
from three independent experiments.

Apoptosis Assays with Flow Cytometry

Treated and control MEF cells (10°) deattached as pre-
viously described and then resuspended in 500 pL binding
buffer, and 5 uL annexin V-FITC and 5 pLPI incubated at

room temperature for 5 minutes in the dark. Finally,
annexin V-FITC binding was analyzed with flow cytome-
try at excitation wavelength 488 nm and emission wave-
length 350 nm using a FITC-signal detector and PI
staining with a phycoerythrin emission—signal detector.

Cell-Cycle Analysis with Flow Cytometry
Treated and control MEF cells (3x10°) were cultured and
the cell cycle analyzed with flow cytometry. Briefly, har-
vested cells (10°) were washed with PBS, then detached
by trypsin and washed with PBS. The suspension was
centrifuged for 5 minutes at 112 g and incubated in the
dark in 500 pL staining solution (100 pg/mL RNase A, 50
pg/mL PI, and 1% FBS in PBS) at 37°C for 30 minutes.
Finally, DNA content of the stained cells was evaluated
with a FACSCalibur (BD Biosciences).

Statistical Analysis

ANOVA and comparisons among obtained data were done
using SPSS version 24. One-way ANOVAs followed by
Duncan’s test were used for analysis of the experimental
data. All experiments were replicated three times, and the
significance level was p<0.05.

Results
Synthesis and Characterization of Micro-

and Nanoscale Graphene Oxide Sheets

Micro- and nanoscale GO sheets were synthesized using
the modified Hummers method.”?> mGO and nGO sheets
were obtained after 15 and 100 minutes ultrasonication,
respectively. The synthesized mGO and nGO sheets were
characterized by using FTIR, XRD, SEM, AFM, and XPS.
SEM, AFM and XPS data of synthesized mGO and nGO
by our group have been reported elsewhere.'>!'> To inves-
tigate the structure and functional groups of mGO and
nGO, FTIR analysis was performed. Adsorption bands at
1,620, 1,721, 1,230, 1,036, and 3,430 cm ! were assigned
to aromatic C=C, carboxyl C=0, epoxy C-O, alkoxy C-O,
and hydroxy —OH groups, respectively. A C—H stretching
vibration peak was observed at 2,880 cm '. As shown in
Figure 1A, transmittance percentages of all oxygen-con-
taining functional groups in nGO were more than those of
mGO sheets, which may have been due to more exfolia-
tion of nGO sheets than mGO.”> 2’ To determine the
average crystalline properties of GO sheets, XRD analysis
was performed. Figure 1B shows the XRD pattern of mGO
and nGO samples. GO sheets exhibited a sharp 001
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Figure | FTIR and XRD analyses of GO particles. (A) FTIR spectra; (B) XRD patterns of nGO and mGO.

reflection at 20=11.95°, corresponding to their interlayer  spacing, respectively, in agreement with AFM data.'*'?

spacing. Thickness of mGO and nGO sheets was calcu- This explains the existence of oxygen-functional groups
lated using the Scherrer equation. This revealed that mGO  increasing the interlayer distance between GO sheets.
and nGO thickness were about 1.5 nm and 0.8 nm in basal ~ Furthermore, XRD patterns of mGO and nGO samples
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Figure 2 Microscopic analysis of cell death. Fluorescence imaging of cells stained by Pl and FDA: (A) viable cells in control, (B) dead cells in control, (C) viable cells in 200
pg/mL mGO-—treated culture, (D) dead cells in 200 yg/mL mGO-—treated culture, (E) viable cells in 200 ug/mL nGO-treated culture, and (F) dead cells in 200 pg/mL nGO-
treated culture. (G) MTT assay of cell-viability rate. *P<0.05 (n =3).
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were different, showing that the crystal size of nGO was
decreased by more sonication, which confirms that after
oxidation, the crystalline structure was distorted.”®

Cell Viability

The viability of treated cells was evaluated by both fluores-
cence microscopy and MTT assays. As shown in Figure 2A,
microscopy revealed more cell viability in the control group
(green cells) than the treated groups. The number of dead
cells (red cells) in the control group was fewer than other
groups (Figure 2B). Viable and dead cells treated with mGO
and nGO are shown in Figure 2C—F. As shown in Figure 2G,
MTT assays revealed that cell-viability rates in the control,
100 pg/mL mGO, 200 pg/mL mGO, 100 pg/mL nGO, and
200 pg/mL nGO were 100%, 79%+ 5%, 66%+ 4%, 72%=+
5%, and 60+4%, respectively.

Cell Apoptosis

Programmed cell death was analyzed by flow cytometry.
As shown in Figure 3, cellviability rates in 100 and 200
pg/mL mGO were 71.6% and 44.1%, respectively, sig-
nificantly less than the control group. Cell apoptosis in
these groups was 5.86%, which was greater than the

A @

control group. Cell viability in nGO-treated groups
decreased to 63% and 27.5% with 100 and 200 pg/mL
nanoparticles, respectively. Cell apoptosis in the nGO-
treated group at concentrations of 100 and 200 pg/mL
was 6.21% and 6.14%, respectively, significantly greater
than the control group. The proportion of necrotic cells
was also measured (Figure 3F), and results showed that
the percentage of necrotic cells in 200 pg/mL of both
mGO and nGO was significantly higher than the control
group. A size- and concentration-dependent sub-G; apop-
tosis can be seen in Figure 4B—E. This confirmed the
results of apoptosis assays, in which the rate of apoptosis
was higher in nGO and 200 pg/mL than mGO and
100 pg/mL.

Cell Cycle

The effect of nGO and mGO on different phases of the cell
cycle was studied with flow cytometry. As shown in
Figure 4, graphene particles triggered cell division and
boosted the S phase in the treated cells. The cell population
in the S phase in the 200 pg/mL nGO group was 27.1%
+1.4%, significantly greater than the other groups (p<0.05).
Levels for cells treated with 100 and 200 pg/mL mGO were
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Figure 4 Cell-cycle analysis by flow cytometry: (A) control group, (B) treated with 100 ug/mL mGO, (C) 200 pg/mL mGO, (D) 100 pg/mL nGO, (E) and 200 pg/mL nGO.
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(results are for 200 pg/mL mGO and nGO). *P<0.05; **P<0.01 (n=3).

8.2%+0.5% and 16.8%*1.1%, respectively, and 5.2%+0.2%
for the control cells, showing a significant difference
between the 200 pg/mL mGO-treated group and the control
group.

ROS Assays

A significant increase in ROS level was detected in mGO and
nGO treated fibroblasts at both concentrations of 100 and 200
pg/mL (p<0.05) (Figure 4G). The ROS level in 200 pug/mL
nGO was 205, which was meaningfully greater than that of
control group as 27 (p<0.05). The ROS level in nGO treated
cells was higher than mGO, which might be because of the
smaller size of nGO, as nanoscale graphene could easily
penetrate cells, damage membranes due to sharp-edges, impair
cellular organelles and increase intracellular free radicals.

Genotoxicity
Quantitative real-time PCR analysis revealed a significant
increase in TP53-transcript levels in GO-treated groups.
Treatment with nGO 200 pg/mL increased the TP53-tran-
script level to 1.9+0.2-fold that of control. Also, this level
was 1.6+0.15-fold in 100 pg/mL nGO. Transcript levels
for 100 and 200 pg/mL mGO were 1.2+0.1-fold and 1.5
+0.13-fold respectively (Figure 4H).

Figure 41 presents the gel-electrophoresis pattern of
genomic DNA of treated and untreated cells. The measure
of DNA in treated cells was higher than that control group,

but DNA damage in the treated cells was greater than
controls. As shown in Figure 4H, DNA of treated cells
was broken and smeared on gel electrophoresis, but
a sharp DNA band was detected by the DNA of control
cells.

Discussion

Micro- and nanoscale GO sheets were obtained by sonica-
tion of the suspension at different times using a modified
Hummers method.?? As mentioned in the Methods section,
mGO and nGO sheets were obtained at 15 and 100 minutes’
ultrasonication, respectively. mGO and nGO nanosheets
were fully characterized by FTIR, XRD, SEM, AFM, and
XPS. SEM, AFM, and XPS data of synthesized mGO and
nGO are reported elsewhere.'>'> The structure and func-
tional groups of mGO and nGO were evaluated using FTIR
analysis. The main adsorption bands at 1,620, 1,721, 1,230,
1,036, and 3,430 cm ' are registered for both mGO and
nGO, and can be assigned to aromatic C=C, carboxyl C=0,
epoxy C-0, alkoxy C-0O, and hydroxy-OH groups, respec-
tively (see Figure 1A).2>?7 The crystalline structure of GO
sheets was evaluated using XRD analysis. A sharp (001)
reflection peak at 26=11.95° is shown in Figure 1B. In the
XRD pattern of synthesized GO in Figure 1B, only a (001)
peak at 20=11.95° is found, which shows an increase in
interplanar d-spacing of GO nanoplatelets due to the
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existence of oxygen-functional groups and confirms the
success of the oxidation process.”” > Intensity of the
(001) band seems to be oxygen-functional group—depen-
dent. A more intense (001) Miller index value in nanoscale
GO indicates more progressive exfoliation of nGO sheets
than mGO and its crystalline structure.™

Cytotoxicity of fibroblast cells exposed to mGO and
nGO was studied with flow cytometry. Results indicated
an increase in the cell population in the S phase, whereas
no increase was detected in untreated cells. This finding
shows that the accumulation of cells in the S phase was
mainly associated with GO particles. Furthermore, gene-
expression variation contributed to S-phase accumulation,
and DNA damage was investigated. 7P53 is the most
important gene in the cell cycle related to DNA damage,
and quantification of 7P53 expression of revealed changes.
TP53 also regulates the cell cycle through cell arrestin the
G, phases and triggers apoptosis in cells by indirect con-
trol of cyclin-dependent kinases 2, 3, 4, and 6.3

Synthesis of DNA is a crucial step in cell division,
and any change in this step may lead to undesired results
in cell behavior and biology. Mutagenic materials
usually trigger the S phase in the cell cycle and increase
DNA synthesis.>® Previous research has shown that the
GO family can change the cell cycle: Wang et al
revealed that GO blocked cells in the S phase.*® The
results of this study revealed that GO particles increased
DNA synthesis through such mechanisms as ROS pro-
duction, damaged DNA, and caused double-strand
breaks in the DNA of fibroblast cells. The genotoxicity
of GO and its derivates was assessed using Comet and
12,1337 Tpe
results are also in agreement with Mohamed et al, as
they showed that GO trigger DNA and chromosomal
damage in in vivo conditions when orally administered

chromosomal-aberration  assays. current

to Swiss mice.”®

Through either direct interaction of extremely sharp
edges or ROS generation, GO particles can penetrate
exposed cells and interact with biological membranes,
causing impairment of intracellular organelles and increas-
ing production of free radicals, which in turn can have an
impact on cell nuclei and vital processes, such as inter-
ference with the cell cycle, damage to DNA and RNA and
protein synthesis.***! Apoptosis of treated cells was also
evaluated to find by which mechanism GO triggered cell
toxicity. Our results revealed size- and concentration-
dependent apoptosis when cells were treated with GO.

Cell-cycle analysis also revealed sub-G; apoptosis in
GO-treated groups, which increased with concentration.
These data confirmed our apoptosis assays in treated
cells. The apoptosis and viability results of Kang et al
are in agreement with our results, as they showed GO
and reduced GO increased cell toxicity and apoptosis in
the PC12 cell line. However, their cell-cycle results were
in contrast with ours, as they revealed an increase in Go/G;
phases in PC12-treated cells.*’

RNA-sequencing data analysis by Gurunathan et al
revealed that GO, through changingexpression of genes
involved in apoptosis-related biological pathways in
HEK293 cells, triggered apoptosis and cell death, in
agreement with our results.*> Tang et al showed that
exposing K7M2 cells to GO increased cell apoptosis
due to generation of ROS, confirmed our apoptosis- and
ROS-assay results, as more ROS generation led to higher
levels of apoptosis.*® Cell cycle-analysis also showed
a block in the G,/M phase in GO-treated groups, but the
pattern for 200 pg/mL nGO was completely different, as
this treatment increased the G,/M phase more than the
control group. This may have been due to abnormal
growth of treated cells showing an altered capacity for
mitotic division. The results of Kang et al also confirm
ours, as they detected a decrease in the G,/M cell
population.*

The results of this study are in agreement with those
previously reported, as GO particles not only changed the
cell-cycle pattern but also increased DNA damage.
However, these results contradict those of Liu et al, who
concluded that nanoparticles cannot impair DNA.** This
inconsistency may be related to cell and nanoparticle types
used and also differences in physicochemical properties.
The interaction of nanoparticles with biological molecules
is highly dependent on size and surface area.*’ Our results
confirmed the size-dependent toxicity of GO.

Conclusion

In conclusion, GO at both nano- and microscale disrupted
cell physiology and increased the cell population in the S
phase of the cell cycle. GO acts as mutagenic material
that triggers cell division and DNA synthesis. DNA
damage and TP53-transcript levels were increased by
GO treatment. These results indicated GO not only
boosted cell division and DNA synthesis but also exhib-
ited cellular apoptosis. The DNA damage and 7P53 tran-
scripts were in contrast to the increase in cell population
in the S phase of the cell cycle. These conflicting data
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may be because of toxic effects of ultrasharp-edged GO
leading to ROS generation and interaction with cellular
macromolecules.
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