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Abstract: Iron oxide–reduced graphene oxide (Fe3O4-RGO) nanocomposites have attracted
enormous interest in the biomedical field. However, studies on biological response of Fe3O4-RGO
nanocomposites at the cellular and molecular level are scarce. This study was designed to synthesize,
characterize, and explore the cytotoxicity of Fe3O4-RGO nanocomposites in human liver (HepG2) cells.
Potential mechanisms of cytotoxicity of Fe3O4-RGO nanocomposites were further explored through
oxidative stress. Prepared samples were characterized by UV-visible spectrophotometer, X-ray
diffraction, scanning electron microscopy, transmission electron microscopy, and energy dispersive
spectroscopy. The results demonstrated that RGO induce dose-dependent cytotoxicity in HepG2
cells. However, Fe3O4-RGO nanocomposites were not toxic. We further noted that RGO induce
apoptosis in HepG2 cells, as evidenced by mitochondrial membrane potential loss, higher caspase-3
enzyme activity, and cell cycle arrest. On the other hand, Fe3O4-RGO nanocomposites did not
alter these apoptotic parameters. Moreover, we observed that RGO increases intracellular reactive
oxygen species and hydrogen peroxide while decrease antioxidant glutathione. Again, Fe3O4-RGO
nanocomposites did not exert oxidative stress. Altogether, we found that RGO significantly induced
cytotoxicity, apoptosis and oxidative stress. However, Fe3O4-RGO nanocomposites showed good
biocompatibility to HepG2 cells. This study warrants further research to investigate the biological
response of Fe3O4-RGO nanocomposites at the gene and molecular level.
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1. Introduction

Graphene is a single layer of carbon atoms in a tightly packed two-dimensional honeycomb
lattice with unique structural, optoelectronic, thermal, and mechanical characteristics [1,2]. Due to
unique physicochemical properties, graphene has shown great potential for various applications in
fields such as energy and biomedicine [3,4]. However, poor solubility of graphene in physiological
media hindered its application in the biomedical field. Graphene derivatives such as graphene oxide
(GO) and reduced graphene oxide (RGO) has now received great attention due to their excellent
solubility in physiological media, good biocompatibility at real human exposure level, cost effective
production and ability to integrate with other nanomaterials [5,6]. The GO and RGO contains a large
number of residual oxygen functional groups with a large number of surface defects. The oxygen
functional groups and surface defects are very reactive and can be utilized in developing advanced
GO/RGO-based nanocomposites that are useful in numerous applications including imaging, targeted
drug delivery, and cancer therapy [7,8].

The integration of inorganic nanoparticles (NPs) with GO/RGO to form nanocomposites has become
a hot topic of current research because of their superior properties that cannot be achieved by either
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component alone. Generally, it is believed that the anchoring of inorganic NPs onto GO/RGO sheets may
prevent the restacking of sheets and enhance their physicochemical properties [9]. In addition, to keep
the surface area to volume ratio high, which is required for biomedical applications, incorporation of
inorganic NPs on GO/RGO sheets is very important [10]. Recently, Gurunathan et al. [11] reported that
GO-platinum nanocomposite induces cytotoxicity and genotoxicity in human prostate cancer (LNCaP)
cells. The GO-silver nanocomposites enhanced the anticancer potential of salinomycin against ovarian
cancer stem cells (OvCSCs) [12].

Superparamagnetic Fe3O4 NPs emerged as an excellent candidate for biomedical applications
because of their chemical stability, low toxicity and ease of functionalization with other
nanomaterials [13,14]. Various nanocomposites containing Fe3O4 NPs in thermo-sensitive polymeric
micelles, liposomes, and lipid NPs loading anticancer drugs for targeted delivery have been
reported [15,16]. Researchers are now investigating the potential of Fe3O4-RGO nanocomposites
for their application in environmental remediation, lithium ion batteries, and biomedicine [4,10,17].
Recent studies also suggested that Fe3O4-RGO is a suitable multifunctional nanocomposite for
magnetic-targeted drug delivery and magnetic resonance imaging (MRI) [18,19]. Therefore,
it is necessary to assess the biocompatibility/toxicity of Fe3O4-RGO nanocomposites before their
wide-spread application. Information on the biocompatibility/toxicity of Fe3O4-RGO nanocomposites
at cellular and molecular level is scarce. This study was designed to synthesize, characterize, and assess
the cytotoxicity and apoptosis response of Fe3O4-RGO nanocomposites in human liver (HepG2) cells.
Potential mechanisms of cytotoxicity of Fe3O4-RGO nanocomposites were further explored through
reactive oxygen species (ROS) generation and oxidative stress. We also prepared RGO nanosheets
to compare their toxicity with Fe3O4-RGO nanocomposites. The HepG2 cell line is a human hepatic
model that has been widely used in nanotoxicity and nanomedicine research [20,21]. The HepG2 cell
line was chosen in this study because several animal model studies demonstrated that the liver is one
of the target organs of GO and RGO after intravenous administration [22,23].

2. Materials and Methods

2.1. Synthesis of RGO, Fe3O4 NPs and Fe3O4-RGO Nanocomposites

Graphene oxide (GO) was prepared from graphite powder using a modified Hummers’ method [24,25].
Reduced graphene oxide (RGO) was prepared by the chemical reduction of GO using hydrazine
hydrate. The Fe3O4-RGO nanocomposites were synthesized by a chemical co-precipitation procedure.
Briefly, 50 mg of GO powder were suspended in 100 mL of deionized water by ultra-sonication for
30 min, followed by the addition of 0.2 g of FeCl3.6H2O and 0.1 g of FeCl2.4H2O. Then, reaction mixture
was purged with N2 gas to remove dissolved O2 and stirred for 1 h. Ammonium hydroxide (15 mL of
8M NH4OH) aqueous solution was mixed drop wise to precipitate ferrous and ferric ions. Hydrazine
hydrate (1 mL of 70% w/w) was further added to the mixture, and the reaction was carried out at
60 ◦C for 2 h under magnetic stirring. The Fe3O4-RGO product was collected by magnetic separation,
washed several times with water/ethanol, and dried under vacuum at 60 ◦C. Bare Fe3O4 NPs were also
synthesized by the same method without adding GO.

2.2. Characterization

Optical absorption spectra of Fe3O4 NPs and Fe3O4-RGO nanocomposites were measured between
300–900 nm wavelengths using UV-visible spectrophotometer (Shimadzu, Columbia, MD, USA). X-ray
diffractometer (XRD, PanAnalytic X’Pert Pro) (Malvern, WR14 1XZ, United Kingdom) with Cu-Kα

radiation (λ = 0.15405 nm, at 45 kV and 40 mA) was employed to examine the phase purity and
crystallinity of prepared RGO, Fe3O4 NPs, and Fe3O4-RGO nanocomposites. Structural characterization
of RGO, Fe3O4 NPs, and Fe3O4-RGO nanocomposites were further assessed by scanning electron
microscopy (SEM, JSM-7600F, JEOL, Inc., Tokyo, Japan) and transmission electron microscopy (TEM,
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JEM-2100F, JEOL, Inc., Tokyo, Japan). Elemental composition of Fe3O4-RGO nanocomposites were
evaluated by energy dispersive spectroscopy (EDS) (JEOL, Inc., Tokyo, Japan) associated with TEM.

2.3. Cell Culture and Exposure of NPs and Nanocomposites

Human liver (HepG2) cells were cultured in Dulbecco’s modified eagle’s medium (DMEM)
(Invitrogen, CA, USA) containing 10% fetal bovine serum (Invitrogen), 100 U/mL penicillin,
and 100 µg/mL streptomycin (Invitrogen) with the supply of 5% CO2 at 37 ◦C. At 75%–85% confluence,
cells were harvested and further cultured for biochemical studies.

Cells were allowed for 24 h to attach on surface of culture plate before exposure of NPs and
nanocomposites. Dry powder of NPs and nanocomposites were suspended in DMEM at a concentration
of 1 mg/mL. Stock solution was further diluted to different concentrations required for cytotoxicity
experiments. The various concentrations of NPs and nanocomposites were sonicated at room
temperature for 30 min at 40 W to avoid agglomeration before exposure to cells. Cells not exposed to
NPs or nanocomposites served as control for each experiment.

2.4. Biochemical Studies

The HepG2 cells were treated with different concentrations (1, 5, 10, 25, 50, 100 and 200 µg/mL)
of Fe3O4 NPs, RGO and Fe3O4-RGO nanocomposites for 24 h. Cell viability was assessed by MTT
assay [26]. Live cells have the ability to reduce MTT in blue formazon product dissolved in a solvent,
and absorbance was recorded at 570 nm employing a microplate reader (Synergy-HT, Biotek, Vinnoski,
VT, USA). Based on the MTT cell viability results, we chose one concentration (100 µg/mL) of each
material for further experiments.

LDH enzyme leakage was assayed using a BioVision kit (BioVision, Milpitas, CA, USA) and
detail procedures were explained in our previous work [27]. Cationic fluorochrome rhodamine-123
(Rh-123) was used to examine the mitochondrial membrane potential (MMP) [28]. The Rh-123 binds
to the mitochondria of living cells in a membrane potential-dependent manner. MMP level was
estimated by two distinct procedures—qualitative examination by a fluorescent microscope (DMi8,
Leica Microsystems, Wetzlar, Germany) and quantitative assay by a microplate reader (Synergy-HT,
Biotek, Vinnoski, VT, USA). Activity of caspase-3 enzyme was assayed using a commercial kit (BioVision,
Milpitas, CA, USA). A propidium iodide (PI) probe was used to assess the cell cycle phases using a
Flow cytometer (Coulter Epics XL/XI-MCL) (Beckman, Ramsey, MN, USA) via FL4 filter (585 nm) [28].
Intracellular reactive oxygen species (ROS) level was assessed using dichlorofluorescin diacetate
(DCFH-DA) probe as described in our previous work [26]. DCFH-DA passively enters the cells
and reacts with ROS to form a fluorescent compound called dichlorofluorescein (DCF). Fluorescent
intensity of DCF was determined by two different methods—qualitative analysis by a fluorescent
microscope (DMi8, Leica Microsystems, Wetzlar, Germany) and quantitative assay by a microplate
reader (Synergy-HT, Biotek, Vinnoski, VT, USA). Intracellular level of hydrogen peroxide (H2O2)
was assayed using a commercial kit (Sigma-Aldrich, St. Louis, MO, USA). The intracellular level of
glutathione (GSH) was measured following the protocol of Ellman [29] using 5,5-dithio-bis-nitrobenzoic
acid (DTNB). Protein content was estimated by Bradford’s method [30].

2.5. Statistics

One-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison tests were used
for statistical calculation of biochemical studies. The p < 0.05 was ascribed as statistically significance.

3. Results and Discussion

3.1. Characterization of RGO, Fe3O4 NPs, and Fe3O4-RGO Nanocomposites

Optical characterization of Fe3O4 NPs and Fe3O4-RGO nanocomposites was assessed by UV-visible
spectroscopy. It should be noted that the absorption edge was red shifted (absorption graph not
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given). Absorption coefficient (α) is measured utilizing the known relation α = 2.303A/x, where A is
the absorbance and x is the cuvette’s thickness. Then, utilizing absorption coefficient and frequency (ν)
of incident radiation. Band gap energy (Eg) was estimated by Tauc’s formula, αhν = B(hν-Eg)n, where
h is the Plank’s constant, B is the constant and n is equal to 1/2 for the allowed direct optical transition.
From the Tauc plot of (αhν)2 versus hν, the direct band gap energy (Eg) values were 2.25 eV and
2.17 eV for Fe3O4 NPs and Fe3O4-RGO nanocomposites, respectively (Figure 1). Our results were in
agreements with other reports [31]. This phenomenon (decreasing of band gap) is useful for enhancing
the light absorption of Fe3O4-RGO nanocompsoties that can be applied in the biomedical field.
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Figure 1. Optical characterization of Fe3O4 NPs and Fe3O4-RGO nanocomposites. Fe3O4: iron oxide,
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Crystal structure and purity of prepared samples (RGO, Fe3O4 NPs, and Fe3O4-RGO
nanocomposites) were examined by XRD. The XRD spectra of RGO represents an intense reflection
plane (002) at 2θ = 26.54 (Figure 2A). Presence of another diffraction peak at 2θ = 44.42, which is
attributed to the (100) plane indicated the polycrystalline nature of RGO [31). Figure 2B presents the
XRD spectra of bare Fe3O4 NPs and Fe3O4-RGO nanocomposites. All the diffraction peaks of both
Fe3O4 NPs and Fe3O4-RGO nanocomposites were well indexed to the face center cubic (fcc) crystal
structure of magnetite (JCPD No. 65-3107). The average particle size was calculated using Scherrer’s
formula for the most intense diffraction peak (311). The average crystallite size of Fe3O4 NPs was
estimated to be 14.8 nm for bare Fe3O4 and 12.3 for Fe3O4-RGO nanocomposites. No clear diffraction
peak of RGO was observed in the XRD spectra of the Fe3O4-RGO nanocomposites, suggesting that
homogeneous distribution of Fe3O4 NPs effectively inhibited the restacking of the RGO sheets [32].

Structural characterization of prepared samples was further done by SEM and TEM. The SEM
image of RGO (Figure 3A) depicted the formation of a few layers of RGO with visible wrinkles and
silky morphology due to high aspect ratio. The SEM micrograph of the Fe3O4-RGO nanocomposites
(Figure 3B) suggested that Fe3O4 NPs were well anchored on the RGO sheets. The TEM image
(Figure 4A) presents a nearly homogenous size distribution of almost spherical shaped Fe3O4 NPs.
Figure 4B depicted that Fe3O4 NPs were tightly anchored on the surface of thin RGO sheets. Isolated
Fe3O4 NPs were rarely observed in TEM study, indicating that most of the Fe3O4 NPs were attached
on the surface of RGO sheets [33]. Besides, Fe3O4NPs on the surface of RGO may act as spacers
to reduce the restacking of RGO sheets and to avoid the reduction of their high surface area [34].
The average size of Fe3O4 NPs in bare Fe3O4 and Fe3O4-RGO nanocomposites was around 15.6
and 13.8 nm, which was almost close to size calculated from XRD. The high resolution TEM images
(Figure 4C,D) suggested high crystalline phase of NPs with lattice fringes of 0.241 and 0.619 nm, which
corresponds to the d-spacing of the intense peaks (311) and (002) of face-centered cubic Fe3O4 NPs and
Fe3O4-RGO nanocomposites [4]. The chemical composition of prepared Fe3O4-RGO nanocomposites
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was determined by EDS. The EDS spectra suggest that Fe, O, and C were main elements in Fe3O4-RGO
nanocomposites. The peaks of Cu and C were observed due to the use of a carbon-coated copper TEM
grid (Figure S1). Large surface area to volume ratio of prepared Fe3O4-RGO nanocomposite can be
utilized in targeted drug delivery. Our characterization data of prepared Fe3O4-RGO nanocomposite
were similar to other reports [31].
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3.2. Cytotoxicity of Fe3O4 NPs, RGO and Fe3O4-RGO Nanocomposites

Cells were exposed to different concentration (1–200 µg/mL) of Fe3O4 NPs, RGO, and Fe3O4-RGO
nanocomposites for 24 h, and cytotoxicity was determined by MTT cell viability assay. Figure 5A
demonstrated that the Fe3O4 NPs did not induce cytotoxicity in HepG2 cells in all selected concentrations.
Low cytotoxicity to no cytotoxicity of Fe3O4 NPs was also reported by other investigators [35–37]).
However, RGO exposure induced dose-dependent cytotoxicity in HepG2 cells in the concentration
range of 50–200 µg/mL (Figure 5B). RGO did not decrease cell viability below the concentration of
50 µg/mL. The cytotoxic potential of the RGO sheets was previously reported in several studies [38,39].
Interestingly, Fe3O4-RGO nanocomposites were shown not to be cytotoxic to HepG2 cells in the
concentration range of 1–200 µg/mL (Figure 5C). These preliminary results suggested Fe3O4-RGO
nanocomposite as promising materials for biomedical applications such as targeted drug delivery.
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Figure 5. Dose-dependent cytotoxicity of Fe3O4 NPs, RGO, and Fe3O4-RGO nanocomposites in HepG2
cells exposed for 24 h. Cell viability against exposure of Fe3O4 NPs (A), RGO (B), and Fe3O4-RGO
nanocomposites (C). LDH leakage in HepG2 cells after exposure to 100 µg/mL of RGO and Fe3O4-RGO
nanocomposites for 24 h (D). Data are represented are mean ± SD of three independent experiments
(n = 3). ∗ indicates significant difference from the control (p < 0.05). # indicates significant difference
from the RGO (p < 0.05). RGO: reduced graphene oxide, Fe3O4: iron oxide, NPs: nanoparticles, LDH;
lactate dehydrogenase.
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Based on MTT cell viability data, we have chosen a single concentration (100 µg/mL) of RGO and
Fe3O4-RGO nanocomposites to further explore the cytotoxicity mechanisms of these two nanomaterials.
Lactate dehydrogenase (LDH) is a cytosolic enzyme that oxidized lactate into pyruvate. LDH enzyme
leakage into the culture media is an indicator of membrane damage. LDH leakage has been used
as a marker of cell membrane damage [40]. As we can see in Figure 5D, RGO at a concentration of
100 µg/mL significantly induced LDH leakage as compared to control (p < 0.05). However, Fe3O4-RGO
nanocomposites were not able to induce significant amount of LDH leakage in culture media and level
was almost close to control group. These results suggested that Fe3O4-RGO nanocomposites showed
good biocompatibility toward HepG2 cells.

3.3. Apoptotic Response of RGO and Fe3O4-RGO Nanocomposites

Apoptosis is a highly regulated phenomenon of cell death through which tissue get rid of damaged
cells [41]. Apoptosis is regulated by various factors such as environmental contaminants, growth
factors and deficiency of nutrients [42]. Apoptotic response to GO and RGO is also reported in recent
literature [43,44]. Ali et al. [45] observed that Ag-doped RGO induce apoptosis in human liver cells.
In this study, we further assessed the apoptotic response of RGO and Fe3O4-RGO nanocomposites in
HepG2 cells. Mitochondria have been shown to play a major role in NPs-induced cytotoxicity [46].
MMP loss is an important incident in deciding cell fate, especially in apoptosis. We examined the
MMP level in HepG2 cells after exposure to 100 µg/mL of RGO and Fe3O4-RGO nanocomposites for
24 h. Fluorescent microscopy data demonstrated that brightness of Rh-123 probe in RGO group was
much lower (indicator of MMP loss) than those of control cells (Figure 6A). The fluorescence Rh-123
probe in the Fe3O4-RGO nanocomposite was similar to the control group. Similar to microscopy
data, quantitative results also indicated that MMP level in RGO was significantly lower as compared
to control (p < 0.05). However, MMP level in Fe3O4-RGO nanocomposites was significantly higher
than the RGO group (p < 0.05) and very close to the control group (Figure 6B). We also noted that
activity of apoptotic enzyme caspase-3 was significantly higher in the RGO group in comparison to the
control group. Again, the activity of caspase-3 enzyme in the Fe3O4-RGO nanocomposite group was
significantly lower than the RGO group (p < 0.05) and similar to the control group (Figure 6C).
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Figure 6. Apoptotic response of HepG2 cells exposed for 24 h to 100 µg/mL of RGO and Fe3O4-RGO
nanocomposites. Fluorescent microscopy images of Rh-123 probe (MMP level) (A) and quantitative
analysis of MMP level (B). Activity of caspase-3 enzyme (C) and cell cycle phases (D). Quantitative
data are represented as mean ± SD of three independent experiments (n = 3). ∗ indicates significant
difference from the control (p < 0.05). # indicates significant difference from the RGO (p < 0.05). MMP:
mitochondrial membrane potential, RGO: reduced graphene oxide, Fe3O4: iron oxide.
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Cell cycle phases were further analyzed in HepG2 cells after exposure to 100 µg/mL of RGO and
Fe3O4-RGO nanocomposites for 24 h. Cells with damaged DNA accumulated in G1 (gap1), S (DNA
synthesis), or in G2/M (gap2/mitosis) phases. However, the cells with damaged DNA are destined
to apoptotic cell death and gathered in the subG1 phase [47]. Flow cytometer results showed that
RGO induce apoptosis. However, Fe3O4-RGO nanocomposites did not induce apoptosis in HepG2
cells. Cell gathering in the SubG1 phase of the RGO group was higher (5.86%) compared to the control
group (3.98%) (p < 0.05) (Figure 6D). Interestingly, cells accumulated in SubG1 phase of the cell cycle
in the Fe3O4-RGO nanocomposite–treated group (4.11%) were similar to the control group (3.98%)
(Figure 6D). These results suggested that RGO induce apoptosis in HepG2 cells, whereas Fe3O4-RGO
nanocomposites were not able to cause apoptosis in HepG2 cells.

3.4. Oxidative Stress Response of RGO and Fe3O4-RGO Nanocomposites

The high surface area to volume ratio of nano-scale materials leads to higher chemical reactivity
causing increased generation of intracellular ROS [48,49]. Oxidative stress arises from an imbalance
between ROS generation and their degradation by antioxidants in the cells. Higher production of
ROS and oxidative stress is responsible for many ill effects including DNA damage, protein and
lipid oxidation, apoptosis, carcinogenesis, and aging [50]. ROS such as superoxide anion (O2

•−),
hydroxyl radical (HO•), and hydrogen peroxide (H2O2) serve as signaling molecules in the pathway of
apoptosis [51]. Induction of oxidative stress by GO and RGO nanosheets in human cells was earlier
reported by several investigators [38,52]. Recently, Shaheen et al. [53] demonstrated that GO-ZnO
nanocomposites induce cytotoxicity in human breast cancer (MCF-7) cells through the generation of
ROS. Hence, we examined the various biomarkers of oxidative stress in HepG2 cells after exposure to
100 µg/mL of RGO and Fe3O4-RGO for 24 h. The DCFH-DA probe was used to examine the intracellular
level of ROS. Fluorescent images (Figure 7A) depicted that brightness of DCF probe (marker of ROS
level) was higher in RGO treated cells than those of control. On the other hand, the brightness of DCF
probe in Fe3O4-RGO nanocomposite—treated cells was similar to that of the control cells. Rounded
morphology and detachment of cells from surface after RGO exposure also supported the ROS data.
In the control and Fe3O4-RGO nanocomposite groups, cellular morphology was normal. Besides, our
quantitative data suggested that the ROS level was significantly higher in the RGO group than those of
the control group. Interestingly, ROS level in Fe3O4-RGO nanocomposites group was significantly
lower than RGO group (p < 0.05) and nearly close to the control group (Figure 7B). We further examined
the intracellular H2O2 level in HepG2 cells after exposure to RGO and Fe3O4-RGO nanocomposites for
24 h. Figure 7C demonstrates that the H2O2 level in RGO group was significantly higher as compared
to the control group. Again, the H2O2 level in the Fe3O4-RGO nanocomposite group was significantly
lower than the RGO group (p < 0.05) and close to the control group.

Cells have several antioxidant molecules and enzymes that maintain the redox homeostasis.
For example, glutathione (GSH) plays an important role in defense of cells against oxidative damage.
Several enzymes such as thiol reductases and peroxidases depend on GSH pool as their source of
reducing equivalents [54]. GSH molecule is also associated with either stimulation or induction
of apoptosis [55]. We can see in Figure 7D that RGO significantly decreased the GSH level in
HepG2 cells as compared to control cells. Interestingly, GSH level in Fe3O4-RGO nanocomposite
group was significantly higher than the RGO group (p < 0.05) and very close to the control group.
These results suggested that RGO induces ROS generation and oxidative stress in HepG2 cells. However,
Fe3O4-RGO nanocomposites did cause oxidative stress in HepG2 cells. Possible mechanisms through
which biocompatible bare Fe3O4 NPs converted the cytotoxic RGO into biocompatible Fe3O4-RGO
nanocomposites is still remains a future task.
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Figure 7. Oxidative stress response of HepG2 cells exposed for 24 h to 100 µg/mL of RGO and
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II depicts the fluorescent microscopy images of DCF probe (ROS level). (B) Quantitative analysis of
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4. Conclusions

Prepared Fe3O4 NPs, RGO, and Fe3O4-RGO nanocomposites were characterized by UV-visible
spectrophotometer, XRD, SEM, TEM, and EDS. Toxicity of RGO and Fe3O4-RGO nanocomposites
were examined in human liver (HepG2) cells. RGO significantly induced cell viability reduction,
LDH leakage, MMP loss, and cell cycle arrest. RGO was also found to increase intracellular ROS
& H2O2 levels while decrease the antioxidant GSH level. Interesting results were that Fe3O4-RGO
nanocomposites did not induce cytotoxicity, oxidative stress and apoptosis response in HepG2 cells.
Overall, our data demonstrated that Fe3O4-RGO nanocomposites showed good biocompatibility at
cellular level (HepG2). This preliminary study warrants further research for the development of
inorganic nanoparticles and graphene-based nanocomposites for biomedical applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/3/660/s1,
Figure S1: Chemical composition of prepared Fe3O4-RGO nanocomposites was determined by energy dispersive
spectroscopy (EDS) associated with transmission electron microscopy (TEM). The EDS spectra suggest that Fe, O
and C were main elements in Fe3O4-RGO nanocomposites. The peaks of Cu and C were observed due to use of
carbon coated copper TEM grid.
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Pantovic, A.C.; Dramićanin, M.D.; Trajkovic, V.S. In vitro comparison of the photothermal anticancer activity
of graphene nanoparticles and carbon nanotubes. Biomaterials 2011, 32, 1121–1129. [CrossRef]

7. Bai, S.; Shen, X. Graphene–inorganic nanocomposites. RSC Adv. 2012, 2, 64–98. [CrossRef]
8. Darabdhara, G.; Das, M.R.; Singh, S.P.; Rengan, A.K.; Szunerits, S.; Boukherroub, R. Ag and Au

nanoparticles/reduced graphene oxide composite materials: Synthesis and application in diagnostics
and therapeutics. Adv. Colloid Interface Sci. 2019, 271, 101991. [CrossRef]

9. How, G.T.; Pandikumar, A.; Ming, H.N.; Ngee, L.H. Highly exposed {001} facets of titanium dioxide modified
with reduced graphene oxide for dopamine sensing. Sci. Rep. 2014, 4, 5044. [CrossRef]

10. Madhuvilakku, R.; Alagar, S.; Mariappan, R.; Piraman, S. Green one-pot synthesis of flowers-like Fe3O4/rGO
hybrid nanocomposites for effective electrochemical detection of riboflavin and low-cost supercapacitor
applications. Sens. Actuators B 2017, 253, 879–892. [CrossRef]

11. Gurunathan, S.; Jeyaraj, M.; Kang, M.H.; Kim, J.H. Graphene Oxide–Platinum Nanoparticle Nanocomposites:
A Suitable Biocompatible Therapeutic Agent for Prostate Cancer. Polymers 2019, 11, 733. [CrossRef] [PubMed]

12. Choi, Y.J.; Gurunathan, S.; Kim, J.H. Graphene Oxide-Silver Nanocomposite Enhances Cytotoxic and
Apoptotic Potential of Salinomycin in Human Ovarian Cancer Stem Cells (OvCSCs): A Novel Approach for
Cancer Therapy. Int. J. Mol. Sci. 2018, 19, 710. [CrossRef] [PubMed]

13. Liu, Z.; Ding, J.; Xue, J. A new family of biocompatible and stable magnetic nanoparticles: Silica cross-linked
pluronic F127 micelles loaded with iron oxides. New J. Chem. 2009, 33, 88. [CrossRef]

14. Gupta, J.; Bhargava, P.; Bahadur, D. Methotrexate conjugated magnetic nanoparticle for targeted drug
delivery and thermal therapy. J. Appl. Phys. 2014, 115, 17B516. [CrossRef]

15. Maeng, J.H.; Lee, D.H.; Jung, K.H.; Bae, Y.H.; Park, I.S.; Jeong, S.; Jeon, Y.S.; Shim, C.K.; Kim, W.; Kim, J.;
et al. Multifunctional doxorubicin loaded superparamagnetic iron oxide nanoparticles for chemotherapy
and magnetic resonance imaging in liver cancer. Biomaterials 2010, 31, 4995–5006. [CrossRef]

16. Ying, X.Y.; Du, Y.Z.; Hong, L.H.; Yuan, H.; Hu, F.Q. Magnetic lipid nanoparticles loading doxorubicin
for intracellular delivery: Preparation and characteristics. J. Magn. Magn. Mater. 2011, 323, 1088–1093.
[CrossRef]

17. Narayanaswamy, V.; Obaidat, I.M.; Kamzin, A.S.; Latiyan, S.; Jain, S.; Kumar, H.; Srivastava, C.; Alaabed, S.;
Issa, B. Synthesis of Graphene Oxide-Fe3O4 Based Nanocomposites Using the Mechanochemical Method
and in Vitro Magnetic Hyperthermia. Int. J. Mol. Sci. 2019, 20, 3368. [CrossRef]

18. Gupta, J.; Prakash, A.; Jaiswal, M.K.; Agarrwal, A.; Bahadur, D. Superparamagnetic iron oxide-reduced
graphene oxide nanohybrid-a vehicle for targeted drug delivery and hyperthermia treatment of cancer.
J. Magn. Magn. Mater. 2018, 448, 332–338. [CrossRef]

19. Gonzalez-Rodriguez, R.; Campbell, E.; Naumov, A. Multifunctional graphene oxide/iron oxide nanoparticles
for magnetic targeted drug delivery dual magnetic resonance/fluorescence imaging and cancer sensing.
PLoS ONE 2019, 14, e0217072. [CrossRef]

20. Chen, P.; Wang, H.; He, M.; Chen, B.; Yang, B.; Hu, B. Size-dependent cytotoxicity study of ZnO nanoparticles
in HepG2 cells. Ecotoxicol. Environ. Saf. 2019, 171, 337–346. [CrossRef]

21. Liu, L.; Dai, H.; Wu, Y.; Li, B.; Yi, J.; Xu, C.; Wu, X. In vitro and in vivo mechanism of hepatocellular carcinoma
inhibition by β-TCP nanoparticles. Int. J. Nanomed. 2019, 14, 3491–3502. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1158877
http://dx.doi.org/10.1126/science.1150878
http://dx.doi.org/10.1016/j.biomaterials.2011.01.002
http://dx.doi.org/10.1039/C3TA15426B
http://dx.doi.org/10.1039/c0nr00672f
http://dx.doi.org/10.1016/j.biomaterials.2010.10.030
http://dx.doi.org/10.1039/C1RA00260K
http://dx.doi.org/10.1016/j.cis.2019.101991
http://dx.doi.org/10.1038/srep05044
http://dx.doi.org/10.1016/j.snb.2017.06.126
http://dx.doi.org/10.3390/polym11040733
http://www.ncbi.nlm.nih.gov/pubmed/31018506
http://dx.doi.org/10.3390/ijms19030710
http://www.ncbi.nlm.nih.gov/pubmed/29494563
http://dx.doi.org/10.1039/B810302J
http://dx.doi.org/10.1063/1.4866080
http://dx.doi.org/10.1016/j.biomaterials.2010.02.068
http://dx.doi.org/10.1016/j.jmmm.2010.12.019
http://dx.doi.org/10.3390/ijms20133368
http://dx.doi.org/10.1016/j.jmmm.2017.05.084
http://dx.doi.org/10.1371/journal.pone.0217072
http://dx.doi.org/10.1016/j.ecoenv.2018.12.096
http://dx.doi.org/10.2147/IJN.S193192
http://www.ncbi.nlm.nih.gov/pubmed/31190806


Materials 2020, 13, 660 11 of 12

22. Sydlik, S.A.; Jhunjhunwala, S.; Webber, M.J.; Anderson, D.G.; Langer, R. In vivo compatibility of graphene
oxide with differing oxidation states. ACS Nano 2015, 9, 3866–3874. [CrossRef] [PubMed]

23. Mendonca, M.C.P.; Soares, E.S.; de Jesus, M.B.; Ceragioli, H.J.; Irazusta, S.P.; Batista, A.G.; Vinolo, M.A.R.;
Júnior, M.R.M.; Cruz-Höfling, M.A. Reduced graphene oxide: Nanotoxicological profile in rats.
J. Nanobiotechnol. 2016, 14, 53. [CrossRef] [PubMed]

24. Yu, H.; Zhang, B.; Bulin, C.; Li, R.; Xing, R. High-efficient Synthesis of Graphene Oxide Based on Improved
Hummers Method. Sci. Rep. 2016, 6, 36143. [CrossRef]

25. Liang, J.J.; Li, P.; Zhao, X.L.; Liu, Z.Y.; Fan, Q.H.; Li, Z.; Li, J.X.; Wang, D. Distinct interface behaviors of Ni(II)
on graphene oxide and oxidized carbon nanotubes triggered by deferent topological aggregations. Nanoscale
2018, 10, 1383–1393. [CrossRef]

26. Ahamed, M.; Akhtar, M.J.; Siddiqui, M.A.; Ahmad, J.; Musarrat, J.; Al-Khedhairy, A.A.; AlSalhi, M.S.;
Alrokayan, S.A. Oxidative stress mediated apoptosis induced by nickel ferrite nanoparticles in cultured A549
cells. Toxicology 2011, 283, 101–108. [CrossRef]

27. Ahamed, M.; Akhtar, M.J.; Alhadlaq, H.A.; Khan, M.A.; Alrokayan, S.A. Comparative cytotoxic response of
nickel ferrite nanoparticles in human liver HepG2 and breast MFC-7 cancer cells. Chemosphere 2015, 135,
278–288. [CrossRef]

28. Siddiqui, M.A.; Alhadlaq, H.A.; Ahmad, J.; Al-Khedhairy, A.A.; Musarrat, J.; Ahamed, M. Copper oxide
nanoparticles induced mitochondria mediated apoptosis in human hepatocarcinoma cells. PLoS ONE
2013, 8, e69534. [CrossRef]

29. Ellman, G.I. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 1959, 82, 70–77. [CrossRef]
30. Bradford, M.M. A rapid and sensitive for the quantitation of microgram quantities of protein utilizing the

principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]
31. Khan, M.A.M.; Khan, W.; Ahamed, M.; Alhazaa, A.N. Investigation on the structure and physical properties

of Fe3O4/RGO nanocomposites and their photocatalytic application. Mat. Sci. Semicond. Process. 2019, 99,
44–53. [CrossRef]

32. Zhu, S.; Fan, L.; Lu, Y. Highly uniform Fe3O4 nanoparticle–rGO composites as anode materials for high
performance lithium-ion batteries. RSC Adv. 2017, 7, 54939–54946. [CrossRef]

33. Sanchez, J.S.; Pendashteh, A.; Palma, J.; Anderson, M.; Marcilla, R. Anchored Fe3O4 Nanoparticles on rGO
Nanosheets as High-Power Negative Electrodes for Aqueous Batteries. ChemElectroChem 2017, 4, 1295–1305.
[CrossRef]

34. Zhou, L.; Deng, H.; Wan, J.; Shi, J.; Su, T. A solvothermal method to produce RGO-Fe3O4 hybrid composite
for fast chromium removal from aqueous solution. Appl. Surf. Sci. 2013, 283, 1024–1031. [CrossRef]

35. Chen, D.; Tang, Q.; Li, X.; Zhou, X.; Zang, J.; Xue, W.; Xiang, J.; Guo, C. Biocompatibility of magnetic Fe3O4
nanoparticles and their cytotoxic effect on MCF-7 cells. Int. J. Nanomed. 2012, 7, 4973–4982. [CrossRef]

36. Ankamwar, B.; Lai, T.C.; Huang, J.H.; Liu, R.S.; Hsiao, M.; Chen, C.H.; Hwu, Y.K. Biocompatibility of
Fe3O4 nanoparticles evaluated by in vitro cytotoxicity assays using normal, glia and breast cancer cells.
Nanotechnology 2010, 21, 7. [CrossRef]

37. Li, J.; Liu, Y.; Cha, R.; Ran, B.; Mou, K.; Wang, H.; Xie, Q.; Sun, J.; Jiang, X. The biocompatibility evaluation of
iron oxide nanoparticles synthesized by a one pot process for intravenous iron supply. RSC Adv. 2016, 6,
14329–14334. [CrossRef]

38. Das, S.; Singh, S.; Singh, V.; Joung, D.; Dowding, J.M.; Reid, D.; Anderson, J.; Zhai, L.; Khondaker, S.I.;
Self, W.T.; et al. Oxygenated functional group density on graphene oxide: Its effect on cell toxicity. Part. Part.
Syst. Charact. 2013, 30, 148–157. [CrossRef]

39. Mittal, S.; Kumar, V.; Dhiman, N.; Chauhan, L.K.; Pasricha, R.; Pandey, A.K. Physico-chemical properties
based di_erential toxicity of graphene oxide/reduced graphene oxide in human lung cells mediated through
oxidative stress. Sci. Rep. 2016, 6, 39548. [CrossRef]

40. Zhang, B.; Lung, P.S.; Zhao, S.; Chu, Z.; Chrzanowski, W.; Li, Q. Shape dependent cytotoxicity of PLGA-PEG
nanoparticles on human cells. Sci. Rep. 2017, 7, 7315. [CrossRef]

41. Tang, D.; Kang, R.; Berghe, T.V.; Vandenabeele, P.; Kroemer, G. The molecular machinery of regulated cell
death. Cell Res. 2019, 29, 347–364. [CrossRef] [PubMed]

42. Zhuang, C.; She, Y.; Zhang, H.; Song, M.; Han, Y.; Li, Y.; Zhu, Y. Cytoprotective e_ect of deferiprone against
aluminum chloride-induced oxidative stress and apoptosis in lymphocytes. Toxicol. Lett. 2018, 285, 132–138.
[CrossRef] [PubMed]

http://dx.doi.org/10.1021/acsnano.5b01290
http://www.ncbi.nlm.nih.gov/pubmed/25849074
http://dx.doi.org/10.1186/s12951-016-0206-9
http://www.ncbi.nlm.nih.gov/pubmed/27342277
http://dx.doi.org/10.1038/srep36143
http://dx.doi.org/10.1039/C7NR07966D
http://dx.doi.org/10.1016/j.tox.2011.02.010
http://dx.doi.org/10.1016/j.chemosphere.2015.03.079
http://dx.doi.org/10.1371/journal.pone.0069534
http://dx.doi.org/10.1016/0003-9861(59)90090-6
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/j.mssp.2019.04.005
http://dx.doi.org/10.1039/C7RA11779E
http://dx.doi.org/10.1002/celc.201700048
http://dx.doi.org/10.1016/j.apsusc.2013.07.063
http://dx.doi.org/10.2147/IJN.S35140
http://dx.doi.org/10.1088/0957-4484/21/7/075102
http://dx.doi.org/10.1039/C5RA25729H
http://dx.doi.org/10.1002/ppsc.201200066
http://dx.doi.org/10.1038/srep39548
http://dx.doi.org/10.1038/s41598-017-07588-9
http://dx.doi.org/10.1038/s41422-019-0164-5
http://www.ncbi.nlm.nih.gov/pubmed/30948788
http://dx.doi.org/10.1016/j.toxlet.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29309810


Materials 2020, 13, 660 12 of 12

43. Gurunathan, S.; Kang, M.-H.; Jeyaraj, M.; Kim, J.-H. Di_erential cytotoxicity of deferent sizes of Graphene
oxide nanoparticles in leydig (TM3) and sertoli (TM4) cells. Nanomaterials 2019, 9, 139. [CrossRef] [PubMed]

44. Qiang, S.; Wang, M.; Liang, J.; Zhao, X.; Fan, Q.; Geng, R.; Luo, D.; Li, Z.; Zhang, L. E_ects of
morphology regulated by Pb2+ on graphene oxide cytotoxicity: Spectroscopic and in vitro investigations.
Mater. Chem. Phys. 2020, 239, 122016. [CrossRef]

45. Ali, D.; Alarifi, S.; Alkahtani, S.; Almeer, R.S. Silver-doped graphene oxide nanocomposite triggers cytotoxicity
and apoptosis in human hepatic normal and carcinoma cells. Int. J. Nanomed. 2018, 13, 5685–5699. [CrossRef]

46. Li, J.; Zhang, B.; Chang, X.; Gan, J.; Li, W.; Niu, S.; Kong, L.; Wu, T.; Zhang, T.; Tang, M.; et al. Silver
nanoparticles modulate mitochondrial dynamics and biogenesis in HepG2 cells. Environ. Pollut. 2020,
256, 113430. [CrossRef]

47. Rees, P.; Wills, J.W.; Brown, M.R.; Barnes, C.M.; Summers, H.D. The origin of heterogeneous nanoparticle
uptake by cells. Nat. Commun. 2019, 10, 2341. [CrossRef]

48. Ahamed, M.; Akhtar, M.J.; Alhadlaq, H.A.; Alrokayan, S.A. Assessment of the lung toxicity of copper oxide
nanoparticles: Current status. Nanomedicine 2015, 10, 2365–2377. [CrossRef]

49. Flores-López, L.Z.; Espinoza-Gómez, H.; Somanathan, R. Silver nanoparticles: Electron transfer, reactive
oxygen species, oxidative stress, beneficial and toxicological effects. Mini review. J. Appl. Toxicol. 2019, 39,
16–26. [CrossRef]

50. Carocho, M.; Ferreira, I.R. A review on antioxidants, prooxidants and related controversy: Natural and
synthetic compounds, screening and analysis methodologies and future perspectives. Food Chem. Toxicol.
2013, 51, 15–25. [CrossRef]

51. Nel, A.; Xia, T.; Madler, L.; Li, N. Toxic potential of materials at the nano-level. Science 2006, 311, 622–627.
[CrossRef] [PubMed]

52. Jarosz, A.; Skoda, M.; Dudek, I.; Szukiewicz, D. Oxidative Stress and Mitochondrial Activation as the Main
Mechanisms Underlying Graphene Toxicity against Human Cancer Cells. Oxidative Med. Cell. Longev.
2016, 2016, 5851035. [CrossRef] [PubMed]

53. Shaheen, F.; Aziz, M.H.; Fatima, M.; Khan, M.A.; Ahmed, F.; Ahmad, R.; Ahmad, M.A.; Alkhuraiji, T.S.;
Akram, M.W.; Raza, R.; et al. In Vitro cytotoxicity and morphological assessments of GO-ZnO against the
MCF-7 Cells: Determination of singlet oxygen by chemical trapping. Nanomaterials 2018, 8, 539. [CrossRef]
[PubMed]

54. Franco, R.; Panayiotidis, M.I.; Cidlowski, J.A. Glutathione depletion is necessary for apoptosis in lymphoid
cells independent of reactive oxygen species formation. J. Biol. Chem. 2007, 282, 30452–30465. [CrossRef]

55. Circu, M.L.; Aw, T.Y. Reactive oxygen species, cellular redox systems, and apoptosis. Free Radic. Biol. Med.
2010, 48, 749–762. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/nano9020139
http://www.ncbi.nlm.nih.gov/pubmed/30678270
http://dx.doi.org/10.1016/j.matchemphys.2019.122016
http://dx.doi.org/10.2147/IJN.S165448
http://dx.doi.org/10.1016/j.envpol.2019.113430
http://dx.doi.org/10.1038/s41467-019-10112-4
http://dx.doi.org/10.2217/nnm.15.72
http://dx.doi.org/10.1002/jat.3654
http://dx.doi.org/10.1016/j.fct.2012.09.021
http://dx.doi.org/10.1126/science.1114397
http://www.ncbi.nlm.nih.gov/pubmed/16456071
http://dx.doi.org/10.1155/2016/5851035
http://www.ncbi.nlm.nih.gov/pubmed/26649139
http://dx.doi.org/10.3390/nano8070539
http://www.ncbi.nlm.nih.gov/pubmed/30021935
http://dx.doi.org/10.1074/jbc.M703091200
http://dx.doi.org/10.1016/j.freeradbiomed.2009.12.022
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Synthesis of RGO, Fe3O4 NPs and Fe3O4-RGO Nanocomposites 
	Characterization 
	Cell Culture and Exposure of NPs and Nanocomposites 
	Biochemical Studies 
	Statistics 

	Results and Discussion 
	Characterization of RGO, Fe3O4 NPs, and Fe3O4-RGO Nanocomposites 
	Cytotoxicity of Fe3O4 NPs, RGO and Fe3O4-RGO Nanocomposites 
	Apoptotic Response of RGO and Fe3O4-RGO Nanocomposites 
	Oxidative Stress Response of RGO and Fe3O4-RGO Nanocomposites 

	Conclusions 
	References

