International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Silver-doped graphene oxide nanocomposite
triggers cytotoxicity and apoptosis in human
hepatic normal and carcinoma cells

Daoud Ali
Saud Alarifi
Saad Alkahtani
Rafa S Almeer

Department of Zoology, College of

Science, King Saud University, Riyadh,

Saudi Arabia

Correspondence: Saud Alarifi
Department of Zoology, College of
Science, King Saud University, PO Box
2455, Riyadh 11451, Saudi Arabia

Tel +966 1467 9816

Fax +966 1467 8514

Email salarifi@ksu.edu.sa

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Introduction: Graphene oxide nanoparticles have been widely used in industry and biomedical
fields due to their unique physicochemical properties. However, comparative cytotoxicity of
silver-doped reduced graphene oxide (rGO—Ag) nanoparticles on normal and cancerous liver
cells has not been well studied yet.

Materials and methods: This study aimed at determining the toxic potential of rGO-Ag
nanocomposite on human liver normal (CHANG) and cancer (HepG2) cells. The rGO-Ag
nanocomposite was characterized by using different advanced instruments, namely, dynamic
light scattering, scanning electron microscope, and transmission electron microscope.
Results: The rGO-Ag nanocomposite reduced cell viability and impaired cell membrane integ-
rity of CHANG and HepG2 cells in a dose-dependent manner. Additionally, it induced reactive
oxygen species generation and reduced mitochondrial membrane potential in both cells in a
dose-dependent manner. Moreover, the activity of oxidative enzymes such as lipid peroxide,
superoxide dismutase, and catalase were increased and glutathione was reduced in both cells
exposed to rGO—Ag nanocomposite. Pretreatment with N-acetylcysteine inhibited cytotoxic-
ity and reactive oxygen species generation in CHANG and HepG?2 cells exposed to rtGO-Ag
nanocomposite (50 ug/mL). DNA damage was determined by Comet assay and maximum DNA
damage occurred at rtGO—Ag nanocomposite (25 pg/mL) for 24 h. It is also valuable to inform
that HepG2 cells appear to be slightly more susceptible to rGO—Ag nanocomposite exposure
than CHANG cells.

Conclusion: This result provides a basic comparative toxic effect of rGO—Ag nanocomposite
on hepatic normal and cancerous liver cells.

Keywords: oxidative stress, CHANG and HepG2 cells, cytotoxicity, DNA fragmentation,
apoptosis

Introduction

Nowadays, nanotechnology has become a necessary and important tool to form different
kinds of nanomaterials with large surface area to volume ratios and unique properties.'
Graphene has developed as an extraordinary nanoscale carbon with unique properties.
It is a two-dimensional planar with six carbon atoms. In graphene, carbon atoms are
arranged in a honeycomb lattice with a thickness of a single atom. Graphene is useful
in the field of bone tissue applications.? Graphene oxide nanoparticles are useful in
bone tissue engineering and cell growth.> Ma et al* had used graphene nanoparticles
to find out various types of cancer biomarkers. CA-125 (ovarian cancer biomarker)
was distinguished using chemiluminescence resonance energy transfer to graphene
nanoparticles.’ Silver nanoparticles (AgNPs) are usually used in different types of
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biomedical applications, including drug delivery, diagnostics,
biomarkers, distinct antibacterial, antifungal, and anti-biofilm
agents.® AgNPs-decorated graphene oxide is the most promis-
ing for optoelectronics, catalysis, and electrochemistry appli-
cations; it also shows enhanced antibacterial activity.””’

In spite of their benefits, current studies have reported the
toxicological effects of silver-doped reduced graphene oxide
(rGO—Ag) nanocomposite under certain conditions. In partic-
ular, toxicity of nanoparticles in various cells is governed by
the interactions and distribution patterns of the nanoparticles. !’
The size of nanoparticles impacts on the binding and activa-
tion of membrane receptors and consequent protein expres-
sion in cancer cells.!! Silver nanoparticles induced cell death
and decreased cell viability of different types of cell lines by
inducing apoptosis through the mitochondrial pathway and
generation of reactive oxygen species (ROS).'>!* Human nor-
mal and cancerous liver cells appear to be an excellent in vitro
model for toxic experiments due to their deficiency of infec-
tion and ability of multiplying in culture for longer durations.
The purpose of this experiment was to identify the mechanism
of comparative toxicity of rGO-Ag nanocomposite in the
human liver normal (CHANG) and cancer (HepG2) cells.

Materials and methods

Chemical and reagents

The rGO—Ag nanocomposite was obtained from the US
Research Nanomaterial Inc. (Houston, TX, USA). The 5,
5-dithio-bis-(2-nitrobenzoic acid) (DTNB), MTT, lactate
dehydrogenase (LDH) cytotoxicity assay kit (Cayman item no
601170), 2, 7-dichlorofluorescein diacetate (H2-DCFH-DA),
DMSO, Annexin V-FITC, and propidium iodide (PI) were
obtained from Sigma-Aldrich (St Louis, MO, USA). DMEM,
fetal bovine serum (FBS), and antibiotics were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). All
other chemicals were purchased from local suppliers.

Cell culture and nanoparticles exposure

CHANG and HepG2 cells were bought from American Type
Culture Collection (Manassas, VA, USA). Both the cells were
grown in DMEM culture medium supplemented with FBS
(10%) and 100 U/mL antibiotics at CO, (5%) incubator at
37°C. At ~80% confluence, both the cells were subcultured
into 96-well plates, 6-well plates, and 25 cm? flasks accord-
ing to designed experiments. The cells were precultured
for 24 h before exposure to rGO-Ag nanocomposite. The
nanocomposite powder was suspended in culture medium
(1 mg/mL) and diluted according to the experimental concen-
trations (5-50 pg/mL). The suspension solution of rGO-Ag

nanocomposite was sonicated by using probe sonicator at
room temperature for 15 min at 40 W to avoid nanoparticles’
aggregation before treatment. The CHANG and HepG2
cells were exposed for 60 min to 5 mM of N-acetylcysteine
(NAC) before 24-h coexposure with or without rGO-Ag
nanocomposite. The cells that were not treated with rGO-Ag
nanocomposite served as controls in each experiment.

Characterization of rGO-Ag

nanocomposite

Electron microscopy characterization of rGO-Ag
nanocomposite

The size, shape, and morphology of rGO—Ag nanocomposite
were observed by scanning electron microscope (SEM) and
transmission electron microscope (TEM). The dry powder of
rGO—Ag nanocomposite was mixed in double distilled water
at | mg/mL and homogenous suspension was formed after
sonicating by a Q700 sonicator (Qsonica L.L.C, Newtown,
CT, USA) at room temperature for 15 min at 40 W. Next, a
drop of diluted rGO—Ag nanocomposite suspension was put
onto a carbon-coated copper grid, air dried, and observed
with TEM.

EDX observation of rGO—-Ag nanocomposite

The energy-dispersive X-ray (EDX) analysis was done by
using a high-resolution TEM (JEM-2100; JEOL Ltd., Tokyo,
Japan) to check the presence of graphene oxide and silver in
the particles as well as to detect other elementary composi-
tions of the particles.

Characterization of rGO—Ag nanocomposite by
dynamic light scattering (DLS)

The mean hydrodynamic size and zeta potential of rGO-Ag
nanocomposite in culture medium and distilled water were
observed by DLS (Nano-ZetaSizer-HT; Malvern Panalytical,
Malvern, UK) as reported by Murdock et al.'* The dry powder
of rGO—Ag nanocomposite was suspended in distilled water
and cell culture medium (DMEM with 10% FBS) at a con-
centration of 50 pg/mL. Then, the suspension was sonicated
using a sonicator at room temperature for 15 min at 20 W,
and the hydrodynamic size was determined. We have used
the rGO—Ag nanocomposite (50 pg/mL) for hydrodynamic
size examination because it is the highest treatment level
used in cytotoxicity studies.

Cell morphology

CHANG and HepG2 cells (1x10%well) were seeded in
6-well plates, and after 24 h, the cells were exposed to
rGO-Ag nanocomposite (0, 5, 10, 25, and 50 pg/mL) for
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24 h. Morphology of both the cells was observed after 24-h
exposure by using an inverted microscope (Leica DMIL,
Houston, TX, USA).

MTT assay

The cytotoxicity of rGO—Ag nanocomposite on CHANG
and HepG?2 cells was measured as described by Mosmann'
with little modification.!'® Briefly, 1x10* cells per well were
cultured in culture plates (96-well) and treated with various
doses (0, 5, 10,25, and 50 pg/mL) of rtGO-Ag nanocomposite
for 24 h. After exposure, the culture medium was removed
from 96-well plates and changed with culture medium with
MTT solution (5%) and put for 210 min at 37°C until a violet-
colored formazan product formed. The formazan crystal was
dissolved in dimethyl sulfoxide. After dissolving the crystal,
the absorbance was measured at 570 nm using a microplate
reader (Synergy-HT; BioTek, Winooski, VT, USA).

LDH assay

LDH enzyme leakage was measured by using Cayman
Chemical LDH assay kit (Item No 601170; Cayman
Chemical, Ann Arbor, MI, USA) according to the manufac-
turer’s protocol. Briefly, 1x10* cells per well were plated in
96-well plates and treated with different doses of rGO-Ag
nanocomposite (0, 5, 10, 25, and 50 pg/mL) for 24 h. After
treatment, the culture plates were centrifuged at 2,000 x g
for 5 min to settle the NPs present in the solution.

The cell lysate (100 uL) was transferred to new 96-well
plates and the reaction mixture (100 uL) from the kit was
added and the culture plates were incubated for 30 min at
room temperature. After incubation, we determined the OD
at 340 nm by using microplate reader (Synergy-HT; BioTek).
The level of LDH in culture medium vs in the cells was
examined and compared with the control data according to
the manufacturer’s instructions.

Reactive oxygen species

The production of intracellular ROS in both the cells due to
exposure to rGO—Ag nanocomposite for 24 h was determined
by using DCFH-DA as described by Alarifi et al.'” The cells
(1x10%) were seeded in 96-well black-bottom culture plates
and allowed to adhere for 24 h in a CO, incubator at 37°C.
After treatment, the cells were washed three times with
chilled PBS before adding 100 uL of working solution of
10 uM DCFH-DA per well at 37°C for 60 min. Again, the
cells were washed with PBS, and fluorescence was mea-
sured at 485 nm excitation and 520 nm emissions using the
microplate reader (Synergy-HT; BioTek). The values were

expressed as percent of fluorescence intensity relative to the
control wells.

An analogous set of cells (1x10° cells/well in a 6-well
transparent plate) was analyzed for intracellular fluores-
cence using a fluorescence microscope (Olympus CKX41;
Olympus, Center Valley, PA, USA), with images taken at
10x magnification.

Cell lysate

The cell lysate was formed from control and rGO-Ag
nanocomposite exposed cells for oxidative stress biomarker,
namely, lipid peroxide (LPO), glutathione (GSH), superoxide
dismutase (SOD), and catalase (CAT). In brief, both the cells
were grown in 25 cm? culture flask and treated with different
concentrations of rGO-Ag nanocomposite (5-50 pg/mL)
for 24 h. After exposure, the cells were scraped and washed
with PBS at 4°C. The cell pellets were then lysed in cell lysis
buffer (1x20 mM Tris—HCI [pH 7.5], 150 mM NaCl, 1 mM
Na,EDTA, 1% Triton, 2.5 mM sodium pyrophosphate). After
centrifugation (13,000 x g for 10 min at 4°C), the supernatant
(cell extract) was maintained on ice for further assays.

Lipid peroxide test

The level of LPO was determined by measuring the malon-
dialdehyde (MDA) formed using the method of Ohkawa
et al.”® The cell lysate (100 uL) was mixed with 1.9 mL of
sodium phosphate buffer (0.1 M, pH 7.4) and incubated for
60 min at 37°C. After incubation, 5% trichloroacetic acid
(TCA) was added and centrifuged at 3,000 X g for 10 min at
room temperature to obtain a supernatant. The supernatant
was mixed with 1 mL thiobarbituric acid (1%) and put in a
water bath at 100°C for 30 min. The OD of the cooled mix-
ture was examined at 532 nm and was converted to MDA
and expressed in terms of percentage when compared with
the control.

Glutathione assay

The GSH level was measured using Ellman’s method.!® The
cell lysate (100 uL) was mixed with 900 uL. TCA (5%) and
centrifuged at 3,000 X g for 10 min at 4°C. The supernatant
(500 uL) was mixed with DTNB (0.01%, 1.5 mL), and the
reaction was observed at 412 nm. The quantity of GSH was
represented in terms of percentage when compared with
the control.

Superoxide dismutase
The SOD level was measured according to the method
of Ali et al.?® After exposure to rGO—-Ag nanocomposite
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(0, 5, 10, 25, and 50 ug/mL), the cells were harvested and
lysed in lysis buffer at 4°C. The reaction mixture (2.1 mL)
contained 1.9 mL sodium carbonate buffer (50 mM), 30 uL
nitro blue tetrazolium (1.6 mM), 6 uL Triton X-100 (10%),
and 20 puL hydroxylamine-HCI (100 mM). Subsequently,
100 uL cell lysate was mixed and absorbance was taken
at 560 nm for 5 min against a blank (reaction mixtures
and cell extract). In this experiment, a specific control
containing reaction mixture with cell extract (unexposed
cells) was also run.

Catalase

The activity of CAT was determined by using the method of
Aebi.?! After exposure to rGO—Ag nanocomposite (0, 5, 10,
25, and 50 pg/mL), the cells were harvested, and cell lysate
was prepared by lysing the crude extract in cell lysis buffer.
In this, absorbance (240 nm) of 1 mL reaction mixture con-
taining 0.8 mL H,O, phosphate buffer (H,O, diluted 500 folds
with 0.1 M phosphate buffer of pH 7), 100 uL cell extract,
and 100 uL distilled water was recorded for 4 min against a
blank (H,O, phosphate buffer).

Mitochondrial membrane potential
(MMP) test

The MMP was observed according to the protocol of
Sakamuru et al.?> Both the cells (5x10* cells per well) were
exposed to different concentrations of rGO—Ag nanocom-
posite for 24 h. After exposure, the cells were washed with
chilled PBS and again exposed to Rhodamine-123 fluorescent
stain for 60 min at 37°C in the dark. The cells were washed
with chilled PBS, and the fluorescent intensity of the Rh-123
stain was examined at 488 nm in an upright fluorescence
microscope (Olympus CKX41) by capturing the images at
20x magnification.

We have examined the loss of MMP by Rhodamine-123.
1x10* cells/well in a 96-well plate were cultured, and the loss
of MMP was analyzed at 488 nm (excitation wavelength)
and 530 nm (emission wavelength) by using the microplate
reader (Synergy-HT; BioTek).

Assessment of caspase-3 enzyme and

chromosome fragmentation

The caspase-3 enzyme was measured in CHANG and HepG2
cells after exposure to rGO—Ag nanocomposite for 24 h by
using Biovision colourimetric assay kits (BioVision, Inc.,
Milpitas, CA, USA). After exposure to rGO—Ag nanocom-
posite for 24 h, the cell lysate was prepared. This assay is
based on the principle that activated caspases in apoptotic

cells cleave the synthetic substrates to release free chro-
mophore p-nitroanilide (pNA), which is measured at 405 nm.
The pNA was produced after reaction of caspase-3 on tetra-
peptide substrates DEVD-pNA. Briefly, cell lysate protein
(50 pL), reaction buffer with 10 mM dithiothreitol (50 UL,
2X) and 4 mM DEVD-pNA (5 uL, for caspase-3) substrate
were mixed. The reaction mixture was put at 37°C for 1 h,
and the absorbance of the product was measured using the
microplate reader (Synergy-HT; BioTek) at 405 nm accord-
ing to the manufacturer’s protocol.

The qualitative analysis of normal and condensed chro-
matin in cells was performed through the Hoechst 33342
staining test, and apoptosis is based on nuclear fragmentation
and condensation. After exposure to rGO—Ag nanocomposite
for 24 h, the cells were incubated with a mixture of Hoechst
33342 (10 uL). After 30 min incubation, the cells were washed
three times with normal PBS. The condensed chromosome was
observed by using fluorescence images in the upright micro-
scope (Nikon Eclipse; Nikon Corporation, Tokyo, Japan).

Analysis of cellular apoptosis

Both the cells (5x10* cells per well) were seeded into 6-well
plates and incubated for 24 h at 37°C under an atmosphere of
5% CO,. The different concentration of rtGO-Ag nanocom-
posite was treated. After incubation for 24 h, the treated cells
were trypsinized and washed with PBS twice and centrifuged
at 300x g to collect the cells. The binding buffer (500 mL)
was used to suspend the cells. Then, 5 uL of Annexin V-FITC
and 10 UL of PI were mixed successively and mixed very
well. The cells were incubated for 15 min at room tempera-
ture in dark, and the cell apoptosis was analyzed with flow
cytometry (FACS Calibur Becton-Dickinson).

Quantitative real-time PCR analysis
The cells were subcultured in a small culture flask (25 cm?)
and treated with rGO-Ag nanocomposite (25 pg/mL) for
24 h. The total RNA was extracted from exposed cells by
using the Qiagen RNeasy Mini Kit (Qiagen, Germantown,
MD, USA) according to the manufacturer’s instructions. The
quantity of RNA was measured by using a Nanodrop8000
spectrophotometer (Thermo Fisher Scientific). We have
synthesized cDNA from RNA (1 ug) by the reverse tran-
scriptase and applied M-MLV (Promega, Madison, WI,
USA) and oligo (dT) primers (Promega) as described in the
manufacturer’s protocol.

The real-time polymerase chain reaction (PCR) was
done by applying the QuantiTect SYBR Green PCR
kit (Qiagen) using the ABI PRISM 7900HT Sequence
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Detection System (Applied Biosystems, Foster City, CA,
USA). The template cDNA (2 uL) was mixed with the reac-
tion mixture (20 uL). Real-time PCR cycle have 10 min
at 95°C followed by 40 cycles involving denaturation at
95°C for 15 s, annealing at 60°C for 20 s, and elongation
at 72°C for 20 s.

PCR analysis was done using primer sequences of apop-
totic genes such as Bax, bcl2, and caspase-3, and B-actin
expression was used as a control. Gene-specific primer
sequences are below:

B-Actin-F-CCAACCGCGAGAAGATGA,

R-CCAGAGGCGTACAGGGATAG

Bax-F-TTCATCCAGGATCGAGCAGG,

R-TGAGACACTCGCTCAGCTTC

Bcl2-F-TGGACAACCATGACCTTGGACAATCA,

R-TCCATCCTCCACCAGTGTTCCCATC

Caspase-3-F-AGGACTCTAGACGGCATCCA,

R-CAGTGAGACTTGGTGCAGTGA.

The selected gene expression was normalized to the
B-actin gene, which was used as an internal housekeeping
control.

Comet assay

Comet assay is a qualitative and quantitative assay for
determining DNA strand breakage in single cells.” Both the
cells (5x10° cells/well) were cultured in 6-well culture plates
for 24 h. After 24 h, the old culture medium was replaced
by a new one with rGO-Ag nanocomposite (0, 10, 25, and
50 nug/mL) added to culture medium and incubated at 37°C
for 24 h in the CO, incubator. After exposure, the cells were
trypsinized and centrifuged at 1,200 rpm for 5 min at 4°C.
A total of 200 comets on each slide were visually scored
according to the intensity of fluorescence in the tail and
analyzed by using an image analysis system (Komet-5.5;
Kinetic Imaging Ltd., Liverpool, UK) attached to a fluores-
cent microscope (Leica Microsystems, Wetzlar, Germany)
equipped with appropriate filters.

Protein assay
Protein quantity in cell lysis was determined by Bradford
method? using bovine serum albumins as the standard.

Statistical analysis

The statistical differences were determined by analysis of
variance, and the significant and highly significant differ-
ences were noted at p<<0.05 and p<<0.01, respectively. The
data are expressed as average of three independent experi-
mental points.

Results
Characterization of rGO-Ag

nanocomposite

We have characterized rGO—Ag nanocomposite by SEM,
TEM, and DLS methods. The SEM image indicates surface
morphology of graphene oxide (Figure 1A) and rGO-Ag
nanoparticle (Figure 1B). The average size of graphene
oxide and silver nanoparticles are 100+2.5 and 16.0+2 nm,
respectively. The TEM images revealed the transparent and
sheet-like structure of chemically reduced graphene oxide
(Figure 1C). An enormous number of scrolls and wrinkles
were observed on the surface of the chemically reduced
graphene oxide nanoparticle. The silver nanoparticles were
observed in the high-resolution TEM (Figure 1D). We have
found carbon (as graphene) 67.62% and silver element
17.92% in rGO—Ag nanocomposite through EDX analysis
(Figure 1E). Figure 1F represents the frequency of size dis-
tribution of Ag nanoparticle.

The size of rGO—Ag nanocomposite in culture medium
and double-distilled water was 194 and 217 nm, respectively.
Next, the zeta potential of rtGO—Ag nanocomposite in culture
medium and water was —8 and —13 mV, respectively.

Morphology of CHANG and HepG2 cells

and cytotoxicity

The change in morphology of CHANG and HepG?2 cells after
exposure to rGO—Ag nanocomposite for 24 h is presented in
Figure 2. The figure shows that control cells are in spindle
shape with high confluence, but exposed cells are detached
from culture plate and become slightly round in shape.

The CHANG and HepG2 cells were treated with dif-
ferent concentrations (5-50 pg/mL) of rGO—-Ag nanocom-
posite for 24 h and the cytotoxicity was measured by the
MTT and LDH assays. These tests indicate that rGO-Ag
nanocomposite (5 wg/mL) did not induce cytotoxicity in
CHANG cells but slightly induced toxic effect in HepG2
cells. The rGO—Ag nanocomposite induced cytotoxicity
in a concentration-dependent manner. After exposure to
rGO—Ag nanocomposite, MTT results showed that viabilities
of CHANG cells were 96%, 84.9%, 68.7%, and 35%, while
percent viabilities of HepG2 cells were 92%, 78%, 42.9%,
and 23% (Figure 3A).

In addition, we found LDH leakage in CHANG and
HepG2 cells in a concentration-based manner after rtGO-Ag
nanocomposite exposure. Leakage of LDH in CHANG cells
raised up to 106%, 111.49%, 135.7%, and 1,189%, whereas in
HepG2 cells, LDH leakage was increased to 109%, 120.90%,
172%, and 237% for the same concentrations of 5, 10, 25,

International Journal of Nanomedicine 2018:13

submit your manuscript

5689

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Ali et al

Dove

x250

E 1,600 F
1.400 - Element keV  Mass% Error% At% Compound
' cK 0277 6762 022  84.03 <
O-K 0525 1445 264 1349 S
1,200 ’(OG_Ephe”e) Ag-L 2983 1792 122 248 4
Total 100.00 100.00 =
» 1,000 o
£ £
> 800
§
600 [
&
400 - Ag-L o
i P - <10 10-20 >20-40 >40
200 - Ro—k Ag-L . .
) Particle size (nm)
0 s b AR A ha? s

keV

Figure | Electron microscopy characterization of rGO—Ag nanocomposite.
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Notes: (A) SEM image of GO. (B) SEM image of rGO-Ag nanocomposite. (C) TEM image of GO. (D) TEM image of rGO-Ag nanocomposite. (E) EDX spectrum recorded
showing sharp peak between 0 and 0.5 keV and 2.7 and 4 keV confirming the presence of carbon (graphene) and silver, respectively. (F) Frequency (%) of Ag nanoparticle

size distribution.

Abbreviations: At, atomic; EDX, energy-dispersive X-ray; rGO-Ag, silver-doped reduced graphene oxide; rGO-Ag, silver-doped reduced graphene oxide; SEM, scanning

electron microscope; TEM, transmission electron microscope.

and 50 pg/mL, respectively (Figure 3B). Moreover, a positive
correlation was seen between cell viability and leakage of
LDH in CHANG cells (r°=0.9834; Figure 3C) and HepG2
cells (#*=0.9509; Figure 3D).

Oxidative stress

Researchers reported that oxidative stress involved mutagen-
icity, apoptosis, and DNA damage.?>*® ROS generation due
to rGO—Ag nanocomposite in both cells was concentration
dependent (Figure 4A and B). Fluorescent microscopy result

demonstrated that the rtGO—-Ag nanocomposite-exposed cells
show greater fluorescent DCF intensity (a biomarker of ROS
production) in comparison to the untreated cells (Figure 4A).
The MDA level, which is an end product of lipid peroxide,
was highly significant, while the level of GSH was lowered
significantly according to the dose-dependent manner in both
cells (Figure 5A and B).

Figure 5C and D shows the levels of SOD and CAT
activities in CHANG and HepG2 cells after treatment with
rGO—Ag nanocomposite for 24 h. In relation to the untreated
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Control 25 pg/mL 50 pg/mL

CHANG cells

HepG2 cells

Figure 2 Morphological changes in CHANG and HepG2 cells exposed to different concentrations of rGO-Ag nanocomposite for 24 h. Scale bar=50 um.
Abbreviation: rGO-Ag, silver-doped reduced graphene oxide.

cells, the SOD activity was significantly increased in  to rGO—Ag nanocomposite, the enzyme activity of CAT
exposed cells at a concentration between 25 and 50 pg/mL,  increased in a dose-dependent manner but slightly decreased
while it had no effect on the SOD activity at lower doses at a higher concentration in the CHANG and HepG2 cells
when compared with the control. After 24-h exposure  (Figure 5D).
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Figure 3 Cytotoxicity of rGO-Ag nanocomposite in CHANG and HepG2 cells for 24 h, as determined by (A) MTT and (B) LDH tests. Each value represents the mean+SE
of three experiments. n=3, *p<<0.05 and **p<<0.01 vs control. A significant positive correlation between the LDH leakage and MTT cell viability in CHANG cells (C) and
HepG2 cells (D) after rGO-Ag nanocomposite exposure.

Abbreviations: rGO-Ag, silver-doped reduced graphene oxide; LDH, lactate dehydrogenase; SE, standard error.
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production due to rGO-Ag nanocomposite in cells. CHANG and HepG2 cells were pretreated with NAC (1.2 mM) for | h and then exposed to rGO-Ag nanocomposite
(50 pg/mL) for 24 h. Each value represents the meantSE of three experiments. ¥p<<0.05 and **p<<0.01 vs control. #p<<0.05 and #p<<0.01 vs control and rGO-Ag

nanocomposite (50 pg/mL).

Abbreviations: DCFH-DA, 2,7-dichlorofluoresceindiacetate; rGO-Ag, silver-doped reduced graphene oxide; NAC, N-acetylcysteine; ROS, reactive oxygen species; SE,

standard error.

Induction of MMP

Webster?” had reported that MMP was decreased in apop-
totic cell death. Fluorescence images were captured from
fluorescence microscope, and it supported our quantitative
data (Figure 6A—C). The low fluorescence intensity in the
rGO-Ag nanocomposite-exposed cells demonstrates a sig-
nificant loss of MMP (Figure 6C). In this experiment, we have
observed that the rGO—-Ag nanocomposite declined MMP in
CHANG and HepG2 cells, and it was quantified in the form
of fluorescence intensity of Rh-123 dye (Figure 6D).

Induced apoptosis
We analyzed mRNA level of various genes (Bax, bcl-2,
and caspase-3) involved in the apoptosis in rGO-Ag

nanocomposite (50 pg/mL)-treated CHANG and HepG2 cells
for 24 h by using quantitative real-time PCR. The rGO-Ag
nanocomposite altered the regulation of genes in both cells.
The preapoptotic gene Bax was upregulated while the anti-
apoptotic bcl2 was downregulated in the cells.

Caspase-3 enzymes are the hallmark of apoptosis and are
determined in nanocomposite exposed cells for confirmation
of our real-time PCR data. The level of the caspase-3 enzyme
was significantly increased in both the cells (Figure 7B).

The live cells exhibited normal intact nuclear chromatin
with blue fluorescence, but apoptotic cells have fragmented
chromatin. The rGO-Ag nanocomposite treatment described
a significant number of apoptotic cells when compared with
control (Figure 7A).
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The apoptotic and necrotic effects of rGO—Ag nanocom-
posite in CHANG and HepG2 cells were studied by using
Annexin V-FITC assay. In this experiment, the CHANG
and HepG?2 cells were exposed to rGO—Ag nanocomposite
for 24 h at 50 pg/mL concentration to examine the apoptotic
effect. The results, as shown in Figure 8, suggest that the
rGO-Ag nanocomposite induced significant apoptosis in
CHANG and HepG?2 cells. The caspase-3 gene was highly
expressed in the exposed cells compared with control cells
(Figure 9).

DNA damage

The strand breakage of DNA in both the cells after rtGO-Ag
nanocomposite exposure was determined as olive tail
moment and % tail DNA in the control and exposed cells.
CHANG and HepG2 cells were treated with rGO—Ag nano-
composite, and it expressed maximum DNA strand breakage
in exposed cells compared with control cells (Figure 10).

Effects of NAC on cytotoxicity and ROS

generation
To confirm the role of ROS generation in the induction
of cytotoxicity of rGO—Ag nanocomposite, CHANG and

HepG2 cells were treated with rGO—Ag nanocomposite
(50 pg/mL) in the presence of NAC, a potent ROS hunter.
Our data indicated that that NAC significantly inhibited the
production of ROS (Figure 4B) and ended near about the
cytotoxicity of the rGO-Ag nanocomposite in CHANG and
HepG2 cells (Figure 11).

Discussion

Graphene has been found useful in the field of bone tissue
applications and drug delivery. The size of graphene oxide
affects its application in drug carrier. The large size of rGO
hinders drug delivery in the bloodstream. Mendonga et al*®
reported that small-size graphene oxide is easily phagocy-
tosed and more applicable for drug loading. In this study,
we used rGo—Ag nanocomposite. The adverse effects of
engineered nanoparticles have been considered as a serious
limitation for their different applications, and so, the toxi-
cological characterization of these nanoparticles is essential
before application of these nanoparticles.

Murdock et al'* suggested that nanomaterials produced
adverse effects due to their chemical nature and size.
Therefore, it is obligatory to find out the properties of the
rGO—-Ag nanocomposite prior to its biological application.
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The main parameters of a nanocomposite are its purity,
crystalline nature, shape, size, hydrodynamic size, and
clumping, which control the biological activities of the
nanocomposite.”?* We have determined the size of the
rGO-Ag nanocomposite by DLS, SEM, and TEM methods.
The greater size of nanocomposite in liquid suspension in
comparison to the primary size is due to aggregation of
nanocomposite in liquid.*

The larger diameter of the nanocomposite in water sus-
pension than the basic diameter might be due to the tendency
of nanocomposite to clump in aqueous suspension.>! Wang
et al*? reported that nanoparticles interact with proteins
of culture medium and construct a protein layer (corona).
Therefore, not only the size of the primary nanoparticles
but also the size of the secondary nanoparticles could be
used as a characteristic parameter to determine the in vitro

toxicity of nanoparticles in a cell culture medium.* The TEM
images revealed the transparent and sheet-like structure of
chemically reduced graphene oxide. An enormous number
of scrolls and wrinkles were observed on the surface of the
chemically reduced graphene oxide. The GO sheet remains
stable under the high-energy electron beam. It has been
noticed that the edges of the suspended graphene layers
were folded back, and thickness of few-layer in chemically
reduced graphene.

Furthermore, the cytotoxicity and apoptotic effect of the
rGO—Ag nanocomposite on CHANG and HepG2 cells were
detected by using MTT, LDH, and DNA fragment assay.
The rGO-Ag nanocomposite reduced cell growth in a con-
centration-dependent manner in CHANG and HepG2 cells.
The cytotoxicity tests used were MTT (mitochondrial
function) and membrane integrity (LDH leakage). These
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tests served as a sensitive and integrated examination of cell
integrity and inhibition of cell growth. Cells were stained
with Hoechst stains, and significantly fragmented nuclei
were observed in both the nanocomposite-exposed cells.
In the control cells without treatment, the cell nuclei were
round intact shape.

To confirm whether prevention of cell growth was
induced by the apoptotic/necrotic activity, we used Annexin-
V-FITC and PI fluorescence stains for analyzing apop-
totic and necrotic cells by FACS (BD FACSCanto™ II
flow cytometry analyzer systems; BD Biosciences, San
Jose, CA, USA) and observed that relevant rGO—Ag nano-
composite induced a much higher apoptosis cell rate than
the untreated cells. In CHANG/HepG2 cells treated with
rGO-Ag nanocomposite, the percentage of DNA damage in
comet tail was much higher than that observed in untreated
cells. Our observations supported the hypothesis that the
remarkable enhancement of apoptosis was induced by the

synergistic effect of the rtGO—-Ag nanocomposite. We mea-
sured apoptotic enzyme activity as caspase-3 in CHANG/
HepG2 cells after exposure to rGO—Ag nanocomposite. The
caspase-3 activity increased in a dose-dependent manner.

Oxidative stress generated by ROS is linked to the activa-
tion of caspase pathway. The activation of caspase-3 leads
to fundamentally different cellular responses, including
proliferation, differentiation, survival, and death. Castiglioni
et al* reported that in some types of cells (T24 cells), anti-
oxidants do not inhibit cytotoxicity, thus suggesting that
different mechanisms are responsible for cell toxicity in
different cells. For the first time in normal hepatic cells, we
present evidence that the rtGO—Ag nanocomposite is toxic in
a dose-dependent fashion through the activation of the ROS
and caspase-3 signaling pathway, which leads to the death
of the cells. MTT, LDH assay, and FACS demonstrate the
toxicity and the induction of apoptosis by rGO—-Ag nano-
composite in CHANG and HepG2 cells.
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Abbreviations: rGO-Ag, silver-doped reduced graphene oxide; Pl, propidium iodide; SE, standard error.

In numerous biochemical studies, it has been estab-
lished that most tumor cells present very few antioxidative
enzymes, such as CAT, SOD, and GSH peroxidase, which
are known to play a protective role against ROS in nor-
mal cells. An early and remarkable effect of the rGO-Ag
nanocomposite on the cells is the alteration of cell shape.
Indeed, after 24 h of exposure to rGO—Ag nanocomposite,

morphological alterations were clearly detectable. The cells
lost their typical spindle shape and the cytoskeleton was dis-
organized, despite the evidence that the total content of actin
did not vary. Moreover, some fragmented nuclei, a typical
feature of apoptosis, could be observed. It is noteworthy that
the reorganization of the cytoskeleton is a necessary event in
apoptosis. Reshetnikova et al* suggested that cytochalasin D

submit your manuscript

5696

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove rGO-Ag nanocomposites effects on human normal and carcinoma hepatic cells

Bax Bcl2
3.5 1.2 1
sk
31 1 % %
251 * 0.8 - 1
2 « X
0.6
1.5
—_ 0.4
g’ 1 !
c | 054 0.2 - 3
© vl
L 0- d . 0 b : 2
3}
-t Control 10 pg/mL 25 pg/mL Control 10 yg/mL 25 pg/mL
o
"‘_-" Caspase-3
[ 3
>
—~ | 254 i
<
2| 2
E 1.5
1 4
0.5 )
0 i

Control 10 pg/mL 25 pg/mL

rGO-Ag nanocomposite

O CHANG cells = HepG2 cells

Figure 9 Quantitative real-time PCR analysis of mRNA levels of apoptotic genes in CHANG and HepG2 cells exposed to rGO-Ag nanocomposite for 24 h.
Notes: Results are expressed as average+SE of triplicate experiments. *p<<0.05 and **p<<0.0| compared to control.
Abbreviations: rGO-Ag, silver-doped reduced graphene oxide; PCR, polymerase chain reaction; SE, standard error.

A B

§ 25 Hok = 61 s

a oo GE) 5

8 45 B g=*

] ok £ =) 3] *ok

)] — < Kk

g 10 . 8=

g * * o * *

s N | 5 H

¢ | Il S

Control 5 pg/mL 10 pg/mL 25 pg/mL Control 5 pg/mL 10 pg/mL 25 pg/mL

Concentration Concentration

™ CHANG cells M HepG2 cels |

Head DNA

Head DNA

Head DNA" Tail DNA Head DNA

Tail DNA

Figure 10 DNA strand breakage in CHANG and HepG2 cells due to the rGO-Ag nanocomposite.

Notes: (A) Tail DNA (%). (B) Olive tail moment. (C) Untreated (CHANG) cell. (D) Treated CHANG cell (25 ng/mL of rGO-Ag nanocomposite). (E) Untreated (HepG2)
cell. (F) Treated HepG2 cell (25 pug/mL of rGO-Ag nanocomposite). Each value represents the meantSE of three experiments. ¥p<<0.05 and **p<<0.01 vs control. Scale
bar =50 um.

Abbreviations: rGO-Ag, silver-doped reduced graphene oxide; SE, standard error.

International Journal of Nanomedicine 2018:13 submit your manuscript 5697
Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Ali et al Dove
120 1 Disclosure
= 50 pg/mL . . oo
_ = 50 pg/mL + 5 mM NAC The authors report no conflicts of interest in this work.

20

=

= E References

] 8 1. Zhang X-F, Liu Z-G, Shen W, Gurunathan S. Silver nanoparticles:
: — Synthesis, characterization, properties, applications, and therapeutic
o) 2 approaches. Int J Mol Sci. 2016;17(9):1534.

(8] é 2. La WG, Jin M, Park S, et al. Delivery of bone morphogenetic

CHANG cells

Control

HepG2 cells

Figure 11 CHANG and HepG2 cells were exposed to rGO-Ag nanocomposite
(50 ug/mL) in the presence of 5 mM NAC for 24 h.

Notes: NAC significantly reversed the viability (MTT assay) of CHANG and HepG2
cells caused by the rGO-Ag nanocomposite. Each value represents the mean+SE of
three experiments. n=3, *p<<0.05 and **p<<0.0| vs control.

Abbreviations: rGO-Ag, silver-doped reduced graphene oxide; NAC, N-acetyl-
cysteine; SE, standard error.

induces apoptosis due to depolymerization of actin filaments
in cells.

We found the levels of LPO, SOD, and CAT were raised
and GSH level was dropped in both the cells due to the
exposure to rGO—Ag nanocomposite, which demonstrates
oxidized stress of cells. LPO enzyme generates more free
radicals and damages the biomolecules with ROS. Ott et
al?® reported that too much ROS generation initiates apop-
tosis. The rGO—Ag nanocomposite induced apoptosis in
epithelial ovarian carcinoma cells.’® The DNA damage
and the oxidative stress observed in the present study are
in accordance with the findings of Alarifi et al’” in the
human hepatocarcinoma cells for palladium nanoparticles
and with Alkahtane®® in the A549 for indium tin oxide
nanoparticles.

We have found that rGO-Ag nanocomposite induced
cytotoxicity in human hepatic normal and cancerous cells
in a dose-dependent manner. The rGO-Ag nanocomposite
induced apoptosis and oxidative stress in a dose-dependent
basis, as confirmed by the increase in ROS generation and
LPO and decrease in GSH. In this study, we found that
HepQ2 cells were slightly more susceptible to nanocomposite
than the CHANG cells. More examinations are underway
to find the toxic mechanisms of rGO—Ag nanocomposite at
in vivo level.
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