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Background. The dental pulp is a heterogeneous soft tissue that supplies nutrients and acts as a biosensor to identify pathogenic
stimuli. Regeneration of the dental pulp is one of the desirable topics for researchers. Graphene oxide nanosheets (nGOs) help
overexpression of the genes related to odontogenic differentiation of stem cells from dental pulps and increases attachment and
proliferation of dental pulp stem cells. Despite its benefits, nGO may be considered as a threat to the environment and human
health. Therefore, the purpose of this study was to evaluate the biocompatibility potential of graphene oxide (nGO), chitosan
functionalized graphene oxide (nGO-CS), and carboxylated graphene (nGO-COOH) when exposed to human dental pulp stem
cells (hDPSCs). Material and Methods. Some different aspects of biocompatibility of nGO, nGO-CS, and nGO-COOH were
synthesized, and several intracellular effects induced by different concentrations of graphene-based nanosheets, including cell
viability, intracellular oxidative damages, and various factors such as LDH, GSH, SOD, MDA, and MMP, were studied on
hDPSCs. Results. According to results, IC;, was determined as 232.01, 467.81, and >1000 ug/mL for nGO, nGO-CS, and nGO-
COOH, respectively. These results demonstrated the lower toxicity and higher cytocompatibility of nGO-CS and nGO-COOH
compared to nGO. nGO-COOH not only has any adverse effect on the cell membrane and mitochondrial activity but also
shows slight antioxidant activity at some concentrations. Conclusion. The findings help design safe and cytocompatible nGO
derivatives for biomedical applications in dental fields.

1. Introduction

The dental pulp is placed in the center of teeth and is a het-
erogeneous soft tissue. This tissue contains various cell types
and extracellular matrix molecules. As dental pulp supplies
nutrients and detects the pathogenic stimuli, the vitality
and freshness of dental pulp are crucial for the survival of a
tooth [1]. Inflammation of the dental pulp called pulpitis is
one of the most common dental diseases caused by bacterial
infections and tooth decay. A pulpectomy is a traditional
treatment for the irreversible pulpitis, in which the pulp tis-
sue is removed and substituted by biocompatible materials

such as gutta-percha via root canal therapy (RCT) [2].
RCT-treated teeth lost the vitality leading to fragility and vul-
nerability to fractures [3]. Therefore, a therapeutic strategy is
required to revascularize and regenerate dental pulp [2].
Regenerative endodontics is one of the newfangled fields of
regenerative medicine that its cellular and molecular aspects
are yet to be discovered. Three elements are required to
achieve pulp revascularization and regeneration, including
dental pulp stem cells, proper scaffold, and growth factors
[3]. One of the useful scaffolds is graphene derivatives that
have attracted significant attention for biomedical applica-
tions due to their unique mechanical, thermal, electrical,
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optical, and biological properties, high surface-area-to-vol-
ume ratio, and unique atomic structure [4-7]. Graphene-
based nanomaterials can interact with cells, supporting their
adhesion, migration, proliferation, and differentiation [8, 9].
nGO as one the popular graphene derivatives can induce
translation of some crucial intracellular protein and promote
proliferation and differentiation of bone-producing cells and
help bone formation [10]. The capability of nGO for bone
formation was denoted by Nishida et al. in an ex vivo animal
study and showed that it is fivefold more potent than the col-
lagen scaffold [11]. Interestingly, nGO helps the expression
of the genes upregulating in mineral-producing cells leading
to odontogenic differentiation of stem cells from dental pulps
and increases attachment and proliferation of human dental
pulp stem cells (hDPSCs) [8]. Furthermore, recently, gra-
phene oxide composites have shown the ability to differenti-
ate hDPSCs into odontoblast-like cells and induce dentin
formation via the Wnt/-catenin pathway [12].

Despite all the biomedical applications of the nanostruc-
tures, there is a need for more strategies and techniques for
better understanding the effects of nGO derivatives on
human health and the environment [13, 14]. nGO may be
considered as a threat due to its cytotoxicity. Thus, it is nec-
essary to realize every aspect of its toxicity on hDPSCs before
using it as a scaffold for pulp revascularization or any type of
bioapplications to achieve a healthy and clean environment
[15-17]. Many studies on the cytotoxicity and genotoxicity
of nGO on different cell lines and animal models have con-
firmed its significant cytotoxicity [18-20]. Studies indicated
that organs were affected by nGO after the migration to the
human body and accumulated in tissues, resulting in the
inflammation and formation of small nodules in the lungs
or atherosclerotic lesions in arteries [21]. Other organs, such
as reticuloendothelial systems, including the spleen, liver,
and sexual organs, were triggered by nGO when exposed to
a specific dose of nGO [22]. Researchers suggest that the
functionalization of nGO with biocompatible molecules,
such as polyethylene glycol (PEG), folic acid, and pluronic
acid, can convert nGO to a nontoxic material [23-26]. Also,
epoxide structures in the nGO family, when the ring is
opened, were very reactive, which makes them more toxic;
thus, converting the epoxide groups to the carboxyl group
can lower the potential toxicity [27].

However, excellent studies on using nGO as a scaffold for
tissue engineering, developing biocompatible nGO deriva-
tives for pulp degeneration, and also a comprehensive study
assessing all the factors related to cytotoxicity are still lacking.
Therefore, the purpose of this study is to develop a safe and
biocompatible derivative of nGO, including nGO-CS and
nGO-COOH, and evaluate the biocompatibility potential of
them in comparison to naked nGO. For this purpose, all
the cytotoxicity assays including cell viability, membrane
damage, cellular lactate dehydrogenase (LDH) activity, mito-
chondrial membrane damage and intracellular oxidative
damage, and parameters related to superoxidase dismutase
(SOD) and malondialdehyde (MDA) were measured to make
sure about all aspects of the nGO derivative cytotoxicity on
hDPSCs. According to the best knowledge of us, this work
is the first study that provides a piece of comprehensive
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knowledge about the toxicity/safety of the graphene family
on hDPSCs.

2. Material and Methods

2.1. Chemicals and Analytical Kits. Graphite powder, sulfuric
acid (H,SO,), potassium permanganate (KMnO,), hydrogen
peroxide (H,0,), HCI (hydrochloric acid), chloroacetic acid
(C,H4CIO,), sodium hydroxide (NaOH), chitosan (CS), 2-
(N-morpholino)-ethanesulfonic acid )MES bufter: pH ~6),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
hydroxysuccinimide (NHS), type I collagenase, dispase II,
penicillin, streptomycin, fetal bovine serum (FBS), L-gluta-
mine, phosphate-buffered saline (PBS), sodium pyrophos-
phate, sodium chloride (NaCl), Tris/hydrochloride, sodium
ethylenediaminetetraacetic acid (EDTA), doxorubicin,
dimethyl sulfoxide (DMSO), sodium phosphate, trichloro-
acetic acid (TCA), 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB), sodium carbonate (Na,CO,), nitro blue tetrazo-
lium, Triton X-100, hydroxylamine-HCI, and rhodamine-
123 were purchased from Sigma-Aldrich (St. Louis, USA).

Dulbecco’s modified Eagle’s medium (DMEM) was
obtained from Merck Company (Germany).

The LDH cytotoxicity detection kit was purchased from
Pars Azmoon company (Iran). Also, MDA and GSH assay
kits were obtained from NanoAlvand company (Iran).

2.2. Preparation of nGO. nGOs were synthesized using Hum-
mers’ method with a slight modification [28]. Five successive
stages include (a) dissolution of (1g) graphite powder in
(23mL) absolute H,SO, (v/v) with three days of stirring;
(b) slowly pouring (6g) potassium permanganate onto the
solution at 4°C; (c) heating and stirring at 40°C for 30 min
and, then, stirring at a higher temperature (70°C) for another
45 min; (d) adding 6 mL sterile water at 105°C and stirring for
15 min, again adding 40 mL sterile water at 100°C while stir-
ring for another 15min; (e) adding 15mL H,0, 35% and
150 mL sterile water; and (f) two consecutive centrifugation
processes at 10,000g for 5 min. Finally, the precipitated sub-
stance was gathered and washed twice with 5% HCI and five
times with sterile water.

2.3. nGO-COOH Preparation. A modified protocol devel-
oped by Yu et al. was used to obtain carboxylate nGO [29].
A total of one mg chloroacetic acid, along with 1.2mg
sodium hydroxide, was added to a vessel containing nGO
suspension 20 ug/mL. The mixture was sonicated at 80°C
for 180 min until the hydroxyl and epoxy groups were con-
verted entirely to carboxyl. Centrifugation at 13,000g and
washing twice were the next steps, and the resultant superna-
tant was redispersed in sterile water.

2.4. nGO-CS Preparation. With the presence of EDC and
NHS, nGO was covalently attached to low-molecular-
weight chitosan (CS) via an amidation process [28]. For this,
125 mg CS was dissolved in 25 mL MES bufter (pH ~6) along
with 100 mg nGO and sonicated at room temperature for
60 min. Under N, gas, 300 mg EDC and 400 mg NHS were
carefully poured into the reaction vessel, stirred for 20 min,
and sonicated for 300 min. In the final step, the product
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FIGURE 1: The synthesis pathway of used nanostructures.

was stirred overnight and filtered by a 0.2-micron micropo-
rous membrane. In order to remove remnant CS, the product
was subsequently washed with acetic acid 0.1 M and dialyzed
in 10kDa cut-oft dialysis bag for four days. Figure 1 illus-
trated schematically the synthesis pathway of nanostructures
used in this study.

2.5. SEM, TEM, UV-Vis, and FT-IR Characterizations of
Nanosheets. A Fourier transform infrared (FT-IR) spectrom-
eter (Perkin Elmer, UK) was used with KBr pellet to record
the FT-IR spectra. The UV-Vis spectra were recorded using

a T80+ UV-Vis spectrometer (PG Instruments, Australia).
The Transmission Electron Microscopy (TEM) micrographs
were obtained using a Zeiss EM900 (Carl Zeiss, Germany)
microscope operating at 80kV on formvar/carbon-coated
copper grids. A scanning electron microscopy (SEM)
VEGA2-LMU microscope (Tescan, Czech) was utilized for
SEM characterizations along with energy-dispersive X-ray
spectroscopy (EDS) which has been used to determine com-
binations of samples. X-ray diffraction (XRD: Bruker DS,
advance, ka:Cu) was used to examine crystalizing material
nanostructures.



2.6. Cell Culture Process. After informed consent, hDPSCs
were extracted from the molar tooth of 40-year-old adult
subjects. After isolating cells from dental pulp, they were har-
vested and soaked in a solution containing type I collagenase
(3 pg/uL) and dispase II (4 yug/uL) in DMEM incubated at
37°C for about one h. Then, to get a suspension of cells, the
solution was filtered through Falcon Cell Strainers (100 ym).
The mixture was incubated at 37°C, in flasks, and cultivated
in medium containing DMEM with penicillin (100 IU/mL),
streptomycin (100 mg/L), fetal bovine serum (FBS, 10% v/v),
L-glutamine (2mM), and 5% CO,. After 72 hours, reached
cells were consequently trypsinized, appended, and overlaid
at clonal bulk (1.6 cells/mL). On the 7' day, four colonies
were selected. Afterward, hDPSCs were extended to get
85% confluency and around 4 x 10° cells, which have been
used for the experimental study.

2.7. Cell Exposure to Compounds. All biological assays,
including cell viability, intracellular oxidative damage, and
membrane mitochondrial potential assessments, needed
exposure of cells to all experiment compounds. In order to
achieve sufficient cell numbers, specific concentrations of
grapheme family nanosheets were added to cells in a 12-well
cell culture plate. After 24h, the cells were detached using
trypsin/EDTA and then washed at 4°C with phosphate-
buffered saline (PBS) three times. Then, the cells were centri-
fuged at 4000 rpm for 10min. A cocktail of cell lysis buffer
including Triton X-100 (1%), sodium pyrophosphate
(2.5mM), sodium chloride (150mM), Tris/hydrochloride
(20mM), and sodium EDTA (1 mM) was supplemented to
the cell biomass and then centrifuged at 13,000rpm for
10 min at 4°C. Finally, the biomass was discarded and solution,
which contains all components of the cell, but the cell wall was
kept at -20°C until the following biological assays.

2.8. Cell Viability Assessment. In vitro cytotoxicity investiga-
tion was conducted using MTT assays [30, 31]. The hDPSCs
were seeded in 96-well plates at a density of 10,000 cells/well
in 100 uL DMEM. After overnight incubation at 37°C in
humidified 5% CO,-containing atmosphere, the medium
was added to the 96-well plates with doxorubicin (as a
standard cytotoxic agent), nGO, nGO-COOH, and nGO-
CS at six different concentrations (25, 50, 100, 250, 500,
and 1000 pg/mL); the cells were cultured for 24 h. After the
extraction, 25uL MTT solution was added, and the cells
continued to be incubated for an additional four h. Finally,
the medium was removed, and 100 uL DMSO was added to
96-well plates and thoroughly shaken for 15min. The
absorption strength of each well was recorded at 570 nm by
using a microplate reader. The relative cell viability was mea-
sured by comparing the tested wells (containing cells and
nanostructures) with the control wells (containing cells).
The cell viability was measured from

OD, - OD,

cell viability (%) = oD —0D
< b

x 100, (1)

where OD,, OD_, and ODy are optical density values of
sample wells, positive control, and background wells, respec-
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tively. IC,, was defined as the concentration leading to 50%
inhibition of cell viability.

2.9. LDH Assay. Cell membrane damage that occurred with
the nanomaterials was assessed using an LDH cytotoxicity
detection kit, according to Zamani et al. [32]. In this test,
the release of cytoplasm enzyme lactate dehydrogenase
(LDH) was spectrophotometrically measured using a micro-
plate reader. The hDPSCs were cultured in 96-well cell cul-
ture plates and treated with different concentrations of the
graphene-based nanomaterials (25, 50, 100, 250, 500, and
1000 ug/mL) for 24 h. Then, the supernatant was transferred
to vials, which are incubated with the reaction mixture.
Absorbance was read at 340 nm, and the activity of lactate
dehydrogenase enzyme was showed in units per mL using

OD340 * (Vreaction
6.22 %V,

enzyme

+V

enzyme)

Volume activity (U/mL):

* dilution factor.

(2)

2.10. Lipid Peroxide (LPO) Level. The level of LPO was
defined by calculating the MDA made using Nalondi™-
Lipid Peroxidation Assay Kit-MDA. According to the
instruction of the kit, 100 L cell lysate was combined with
1.9mL sodium phosphate buffer (0.1 M, pH 7.4) and incu-
bated at 37°C for 60min. Then, before centrifugation
(13,000 rpm for 10 min) at room temperature, 5% TCA was
supplemented. The supernatant was blended with thiobarbi-
turic acid (1%, 1 mL) and set at 100°C in a water bath for
about half of an hour. The OD of the cooled suspension
was observed at 532nm and converted to MDA (percent
compared to the control).

2.11. GSH Level. NarGul™-Glutathione assay kit-GSH was
used to determine the level of GSH. A total of 100 uL of
the cell lysate was added to TCA (5%, 900 uL) then centri-
fuged (13,000 rpm) for 10 min at a cold temperature (4°C).
500 L supernatant was mixed with 0.01%, 1.5mL Ellman’s
reagent (DTNB), and detected at 412nm using a UV-
Spectrophotometer. The GSH amount was declared in terms
of percentage after comparing it with the control.

2.12. SOD Level. The Nasdox™ superoxide dismutase (SOD)
activity assay kit was used to measure the effect of nanoma-
terials on intracellular SOD levels. After exposure to different
concentrations of graphene-based nanomaterials (0, 25, 50,
100, 250, 500, and 1000 pug/mL), the cells were harvested
and lysed in lysis buffer at 4°C. A total of 2.1 mL of the mix-
ture contained 1.9mL sodium carbonate buffer (50 mM),
30 L nitro blue tetrazolium (1.6 mM), 6 uL Triton X-100
(10%), and 20 uL hydroxylamine-HCI (100 mM). Conse-
quently, absorbance at 560 nm for 5 min was measured.

2.13. MMP. MMP was calculated using a lipophilic cationic
dye, rhodamine-123. In brief, the hDPSCs were cultured in
a 12-well cell culture plate and incubated with nanomaterials
at 37°C for 24 h, and then, the nanomaterials were removed,
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FIGURE 2: UV-Vis spectra of graphite, nGO, nGO-CS, and nGO-COOH.

and rhodamine-123 (2uM) was added to the cells and
incubated for 30 min at 37°C. Rhodamine-123, a fluorescent
molecule, enters the mitochondrial matrix; therefore, fluo-
rescence emission is an index for mitochondrial transmem-
brane potential, and it was quantitatively measured by a
fluorescence microplate reader (CLARIOstar, Germany) at
the wavelength of 480 nm. The MMP percent for untreated
cells (control) was considered as 100%, and the other sam-
ples were calculated in comparison with the control.

2.14. Statistical Analysis. The data were illustrated as the
mean + standard deviation. Statistical difference was ana-
lyzed using the one-way analysis of variance (ANOVA)
followed by the Tukey post hoc test. p value < 0.05 was con-
sidered significant.

3. Results

3.1. Characterization of Graphene Nanosheets. According to
Hummer’s method, graphite was peroxidized by H,SO, and
KMnO, to maintain oxygen-containing groups (such as car-
boxylic acid, epoxy, and hydroxyl) on the surface of nGO
[33]. The extra amount of KMnO, was used to ascertain
the oxidation. In the presence of N-(3-dimethylaminopro-
pyl)-N'-ethyl carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) in 4-morpholineethanesulfonic
acid (MES buffer), chitosan molecules were attached to
nGO via amide covalent bonds. EDC activated the carboxyl
groups on nGO to form an active ester, which was stabilized
further by NHS. The active ester tends to become an amide
linkage between nGO and low molecular CS. nGO-COOH
was synthesized in an alkaline condition (pH >9) in which
nGO was activated in the presence of chloroacetic acid; all
nGO hydroxyl groups were converted to carboxylic acid moi-
eties. Figure 2 shows the UV-Vis spectra of graphite, nGO,
nGO-COOH, and nGO-CS. After the dissolution of samples
in sterile distilled water, the UV-Vis apparatus was set to a
range of 200-700 nm. The characteristic peak of 7 — 7 * tran-
sition of C=C bonds at 230-235nm wavelength is seen in
nGO, nGO-COOH, and nGO-CS while the graphite spectra
lack such a peak. A small shoulder in the range of 300-

375nm is contributed to the m—m * transition of C=0,
which is shifted to <300 nm after coupling nGO with CS.
The FT-IR analysis of nGO, nGO-COOH, and nGO-CS
is verified upon a wide and strong peak at around
3420cm™! (Figure 3). For nGO, nGO-COOH, and nGO-
CS, this peak is correlated with the absorption of O-H
stretching bonds; the graphite spectrum does not have such
a peak. For nGO, a relatively small peak is seen at around
2920 cm™", which is related to C-H stretching bond, and at
around 1050 to 1250cm™ corresponding to O-H primary
bonds. Concisely, the analysis of peaks confirms the presence
of oxygen-containing groups in nGO and the absence of that
in graphite. There is another characteristic peak for nGO and
nGO-COOH at around 1700 cm™, which corresponded to
C=0 bonds in carboxyl groups. As shown in Figure 3, this
peak in nGO-COOH is sharper than the one for nGO, indi-
cating that the number of carboxylic acid groups increased.
It seems that these groups originated from the treatment of
nGO with chloroacetic acid. Comparing with nGO and
nGO-COOH, the peak disappeared in the nGO-CS spectra,
which demonstrates that carboxyl groups of nGO react with
amine groups of CS. The FT-IR spectrum of nGO-CS shows
a peak at 1640 cm™ !, which contributed to the stretching
vibrations of NHCO at 1640 cm ™" due to the amide linkage
between amine groups of CS chains and carboxyl groups of
nGO. Because of the interaction between hydroxyl groups
of nGO and functional groups of CS, the intensity of the peak
of C-O stretch for nGO-CS (at 1074 cm™) is higher than the
ones for nGO (at 1056cm™) and nGO-COOH (1079 cm™).
In short, the strong presence of -COOH bonds in nGO-
COOH and the attachment of CS to nGO are confirmed.
Figure 4 presents the TEM and SEM morphology images
of nGO, nGO-COOH, and nGO-CS nanosheets. The SEM
micrographs of nGO (Figure 4, Al) and nGO-COOH
(Figure 4, B1) demonstrate a similar structure for nGO before
and after carboxylation. Also, the EDS analysis of nGO,
nGO-CS, and nGO-COOH has been summarized in
Table 1. Both nGO and nGO-COOH have loosely stacked
and typical wrinkled sheet structure. The wrinkled nature is
essential to prevent the collapse-back phenomenon to gra-
phitic form. There are some nanopores on the surface of
nGO-COOH, maybe due to partial destruction of nGO
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N 0 242 0 between nGO, nGO-COOH, and nGO-CS and larger and
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smoother surface in nGO-CS (Figure 4, C1) corresponds to

amide and hydrogen linkage between functional groups of
nGO and CS.
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FIGURE 6: Viability of hDPSCs exposed to graphene-based nanomaterials at the concentrations of 25, 50, 100, 250, 500, and 1000 g/mL
determined by the MTT assay after 24 hours. The results are given in percent compared to the untreated control group. Results are the
mean + SEM (bars) of three independent experiments each carried out in triplicate. *p value < 0.05.

The XRD pattern of nGO is also displayed in Figure 5(a).
A sharp peak was observed at approximately 10.85°, indicat-
ing the crystal plane of exfoliated nGO. nGO-CS showed a
broad peak at 20 =19.37°, 21.92° (Figure 5(b)), exhibiting
an amorphous structure and physical and noncovalent inter-
actions such as hydrogen bond between chitosan and nGO.
Also, the diffraction intensity of nGO-CS composites at 20
=18.71° showed an increase in the crystallinity of CS after
adding loading on nGO. The XRD patterns for GO-COOH
(Figure 5(c)) exhibit the main peaks at 24.86 and 45.02.

3.2. Cell Viability Assays. The cytocompatibility of nGO and
its functionalized derivatives at the concentrations of 25, 50,
100, 250, 500, and 1000 pg/mL were evaluated on hDPSCs
using the MTT assay and LDH assay. As shown in Figure 6,
the cytotoxicity of nGO, nGO-CS, and nGO-COOH is
dose-dependently increased. At each concentration, the cell
viability of the nGO-COOH group was significantly more
than that of the nGO and nGO-CS groups. Even at
1000 pg/mL of nGO-COOH, the cell viability was about
90%, obviously lower toxicity than others. On the contrary,



TaBLE 2: IC,, values of graphene oxide nanosheets corresponding to
human dental pulp stem cells.

nGO
232.01

nGO-COOH
>1000

nGO-CS
467.81

IC,, (ug/mL)

the cell viability of nGO at the concentration of 1000 yg/mL
is lower than 20%, which is considered as potentially cyto-
toxic. According to MTT results, the survival curves were
drowned, and IC,, of components were showed in Table 2,
and the results showed that the highest biocompatible nano-
sheet was nGO-COOH (IC, above 1000 yg/mL).

The LDH activity assay was also done to evaluate the
effect of graphene nanosheets on the cell membrane integrity
of hDPSCs. The results demonstrated that nGO exposure
caused membrane damage, and LDH leakage was increased
in a dose-dependent manner (Figure 7). Although exposure
to nGO-CS leads to lower LDH leakage than nGO, nGO-
COOH had no significant effect on LDH leakage in hDPSCs.
The results obtained from cytotoxicity assessments showed
that some types of graphene nanosheets affect their biocom-
patibility (Figures 6 and 7). nGO without any functionaliza-
tion, at the examined concentrations, did not show
sufficient biocompatibility for biomedical applications, and,
on the contrary, nGO-COOH did not induce cytotoxicity to
hDPSCs.

3.3. Intracellular Oxidative Damage. Increasing oxidative
processes in the cells, along with inhibition of mitochondrial
activity and increased membrane permeability, is another
important pathway for nanomaterial cytotoxicity. Glutathi-
one (GSH) is an antioxidant molecule that protects the cell
and intracellular organelles against damage caused by oxida-
tive stress and plays a crucial role in establishing cellular
redox homeostasis. Therefore, the concentration of GSH
straightly represents the antioxidant level of the tissue. Expo-
sure to nGO and their functionalized derivatives at the con-
centrations of 25, 50, 100, 250, 500, and 1000 ug/mL for
sixh affects intracellular GSH levels in a dose-dependent
manner (Figure 8). There was a significant decrease in the
level of GSH in the nGO group compared to the control
(p value < 0.05). In contrast, cell exposure to nGO-COOH
did not lead to GSH depletion, and CS-nGO had an interme-
diate effect. These results revealed that the oxidative stress
level was elevated in the nGO-treated cells.

In addition to the GSH level, we examined some other
parameters which are correlated with oxidative stress, such
as the superoxide dismutase (SOD) activity as well as malon-
dialdehyde (MDA). SOD is an enzyme which is considered as
a primary antioxidant mechanism of the cell. It converted O,
radicals into H,O,. Therefore, the antioxidant ability of
materials was correlated with SOD activity in the cells. In this
study, the effect of nGO and its functionalized derivatives was
investigated on SOD activity using a commercial colorimet-
ric assay kit (Navand Salamat, Iran). The results showed that
nGO significantly lowered the SOD activity compared to the
control (Figure 9) (p value < 0.05). The lowest decrease in
SOD activity has been seen in the cell, which is exposed to
nGO-COOH. Interestingly, 100 ug/mL of nGO-COOH sig-
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nificantly elevated SOD activity in the cells in comparison
with the control group, while, at this concentration of naked
nGO, we observed a severe decrease in superoxide dismutase
activity. Although nGO-CS displayed a lower reduction in
superoxide dismutase activity compared to nGO, it still
caused a significant decrease compared to the control group,
especially at high concentrations.

MDA level measurement was applied to elucidate the
lipid membrane peroxidation induced by the graphene fam-
ily. A concentration-dependent pattern was also observed in
increasing the MDA level of cells after 24 h exposure to nGO
and nGO-CS (Figure 10). However, nGO-COOH did not sig-
nificantly increase the intracellular MDA concentration at
any concentration compared to the control group (p value
> 0.05). The nGO-treated group at 500 and 1000 yg/mL
resulted in the highest MDA concentration, approximately
twice the nGO-COOH level group.

3.4. Mitochondrial Membrane Potential (MMP). Since we
intended to conduct a comprehensive study on the cyto-
toxicity of the nGO family to human dental stem cells,
mitochondrial function was further explored under gra-
phene exposure. The loss of MMP was investigated using
rhodamine-123, which revealed a dose-dependent decrease
in the MMP following exposure to graphene nanosheets
(Figure 11). At a high concentration (1000 yg/mL) of nGO,
MMP was reduced to 12.3% of the control group in the
hDPSCs. nGO disturbed the MMP of hDPSCs significantly
more than the control group, and nGO-COOH did not impair
it even at high concentrations (85.59% of the control group).
In comparison, nGO-CS disrupted the MMP only at high
concentrations (47.27% of the control group).

4. Discussion

Exceptional mechanical strength, electrical conductivity, and
thermal stability of nGO derivatives provided the high poten-
tial for tissue engineering in dental fields and regenerative
dentistry. The critical point to the exciting future of graphene
and its related nanomaterials in the dental field is that gra-
phene can induce osteogenic stem cell differentiation. How-
ever, there is an increasing concern about their adverse
biological effects and toxicity not only to humans but also
to the environment [22, 34, 35]. Liao et al. reported that the
high toxicity of graphene and graphene oxide attributes to
the type of media and interaction with cells [34]. Although
Chang et al. reported nGO toxicity only at higher concentra-
tions (1000 pg/mL), many other studies revealed much lower
biocompatibility [36]. As a solution, several attempts have
focused on the functionalization of the nGO family to reduce
their cytotoxicity. For example, functionalization by poly-
ethyleneimine (PEI) increased their cytocompatibility on
the human epithelial carcinoma cell line, even at concentra-
tions higher than 300 ug/mL [37]. In the present study,
nGO-COOH and nGO-CS are demonstrated with a high
cytocompatibility than nGO with IC.,>1000, 500, and
250 pg/mL, respectively. It is well known that plasma mem-
brane damage and induction of oxidative stress play a crucial
role in the toxicity property of nGO [38, 39]. However, some
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studies showed that nGO could not easily damage the cell
membrane after penetrating various cells [40, 41]. This con-
troversy may be related to different modes of synthesis, dis-
persants, and cell lines. It seems that the dominant
mechanism of nGO cytotoxicity is oxidative stress and dam-
ages to crucial organelles such as mitochondria and mem-
branes. It is expected that changing nGO’s functional group
to more soluble and biocompatible groups can alter their
cytocompatibility [36].

In our study, the epoxide and ester groups of nGO were
activated by the dissociation of H" and nucleophilic substitu-
tion reaction of oxygen ions in an alkaline environment. In
the final stage, the epoxide and ester groups were converted
to carboxyl moieties. nGO sheets were decorated with many
hydroxyl groups at basal planes and carbonyl groups at the
edges, which inherited more solubility and low toxicity
[42]. Besides, the hydrogen bond between water (the most
dominant biologic solvent) and the carboxyl group was more
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robust than the hydroxyl bonds. Thus, carboxylation of nGO
can create a more biocompatible nanosheet with excellent
colloidal stability. Some studies on other carbon-based nano-
materials, such as carbon nanotubes, revealed that carboxyl-
ation could make them more cytocompatible [43, 44].

In this research, we investigated the effects of nGO, nGO-
CS, and nGO-COOH on LDH, GSH, SOD, and MDA that we
found varying results.

The LDH activity assay was done to evaluate the effect of
graphene nanosheets on the cell membrane integrity of
hDPSCs. The results demonstrated that nGO exposure
caused membrane damage, and LDH leakage was increased
in a dose-dependent manner (Figure 7). Although exposure
to nGO-CS leads to lower LDH leakage than nGO, nGO-
COOH had no significant effect on LDH leakage in hDPSCs
(p value > 0.05). These findings are in line with the results of
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Sasidharan et al. [45] and Zhang et al. [46], which reported
that high concentrations of graphene could damage the
membrane. In a study, Chang et al. did not found any unde-
sirable effect of GO nanoplatelets with a concentration of
>50 pg/mL on the plasma membrane in the human lung cell
line [40]. Contrary to these results, Lammel et al. have
reported that the graphene family tends to bind to the cell
and organelle membranes and, even at low concentrations,
can disrupt their integrity [47]. Liao et al. also showed that
both graphene and nGO sheets were capable of disorganizing
in the plasma membrane [34]. The difference between our
results and other results could be due to a discrepancy in
the size of the test platelets, the assay protocol, and the sensi-
tivity of the cells.

Furthermore, we investigated the effect of nGO and its
functionalized derivatives on SOD activity in hDPSCs. The
results showed that nGO significantly lowered the SOD activ-
ity compared to the control (p value < 0.05) (Figure 9). The
lowest decrease in SOD activity has been seen in the cell,
which is exposed to nGO-COOH. Although nGO-CS dis-
played a lower reduction in superoxide dismutase activity
compared to nGO, it still caused a significant decrease com-
pared to the control group, especially at high concentrations.
Besides, there was a significant decrease in the level of GSH in
the nGO group compared to the control. In contrast, cell
exposure to nGO-COOH did not lead to GSH depletion,
and CS-nGO had an intermediate effect. These results
revealed that the oxidative stress level was elevated in the
nGO-treated cells. In agreement with our results, there are
various studies on the toxicity of graphene in cells. For exam-
ple, in a study, Gurunathan et al. indicated that nGO reduced
the rate of GSH and SOD compared to the control group
[48]. Also, Yuan and Gurunathan showed that nGO deriva-
tives reduced GSH and SOD levels compared to the control
group [49]. Also, in a study, Wang et al. displayed that GO
reduced the rate of SOD [50]. In addition, nGO-COOH did

not significantly increase the intracellular MDA concentra-
tion at any concentration compared to the control group
(p value > 0.05). The nGO-treated group at 500 and
1000 ug/mL resulted in the highest MDA concentration,
approximately twice the nGO-COOH level group. These
results are in agreement with those previous studies [51,
52], which revealed that some graphene-based nanomater-
ials, including nGO, intensified the intracellular oxidative
stress in a time and dose-dependent pattern. Also, in a study,
Gurunathan et al. revealed that MDA levels increased after
exposure to nGO derivatives [48]. In addition, Yuan and
Gurunathan exhibited that nGO derivatives increased MDA
levels compared to the control group [49]. In this study, it
was found that at a high concentration (1000 yg/mL) of
nGO, MMP was reduced to 12.3% of the control group in
the hDPSCs. nGO disturbed the MMP of hDPSCs signifi-
cantly more than the control group, and nGO-COOH did
not impair it even at high concentrations (85.59% of the con-
trol group). In comparison, nGO-CS disrupted the MMP
only at high concentrations (47.27% of the control group)
(Figure 11). In previous studies, some researchers revealed
that some graphene derivatives could reduce MMP of the
macrophage cell line in a time- and concentration-
dependent manner [53, 54]. It seems that two important
mechanisms are involved in causing damage to mitochon-
dria: (a) direct and physical interactions between nGOs and
mitochondrial and/or lysosomal membranes and conse-
quently structural degradation [41] and (b) creating oxida-
tive stress for mitochondrial infrastructures resulting in
functional impairment [55, 56]. Gurunathan et al. [48] and
Yuan and Gurunathan [49] revealed that MMP levels
reduced after exposure to nGO derivatives. Conclusively,
although nGO has been extensively attracting in biotechnol-
ogy and biomedicine, its cytotoxicity had remained a signifi-
cant concern. Here, according to comprehensive cytotoxicity
assays, IC;, of nGO, nGO-CS, and nGO-COOH were 232.01,
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467.61, and >1000 pug/mL, respectively. Our data confirm
that carboxylation of nGO provides a lattice with better
biocompatibility. In addition to reducing the cytotoxicity,
carboxylation makes nGO a suitable carrier for loading many
low-soluble drugs, especially anticancer agents [27, 57, 58].
As nGO-COOH is concentrated in intracellular vesicles, it
can provide a promising platform for drug delivery.

5. Conclusion

Results illustrated nGO-CS more cytocompatible than nGO
but not as safe as nGO-COOH. The most biocompatible
derivative in this study was nGO-COOH, synthesized via a
secure and cost-effective method that introduced it as a better
candidate than nGO and nGO-CS for bioapplications.

The results of this research demonstrated the lower
toxicity and higher cytocompatibility of nGO-CS and nGO-
COOH compared to nGO. nGO-COOH not only has any
adverse effect on the cell membrane and mitochondrial activ-
ity but also shows slight antioxidant activity at some concen-
trations. The findings help design safe and cytocompatible
nGO derivatives for biomedical applications in dental fields.

Despite this study, further investigations are still needed
to determine the long-term toxicity potential of these nano-
materials on dental cells and tissues along with their effects
on different tissues and organs, especially cells in the oral
cavity. Also, an in-depth evaluation of the mechanisms and
processes involved in the osteogenic effect of the graphene
family and the identification of intracellular signaling and
metabolic pathways are needed in the future. Eventually,
our study revealed that when deeply explored, the use of
well-characterized, surface-modified graphene nanosheets
leads to even more reliable dental treatments in the next
years.
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