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Background: Graphene and graphene-based nanocomposites are used in various research 

areas including sensing, energy storage, and catalysis. The mechanical, thermal, electrical, and 

biological properties render graphene-based nanocomposites of metallic nanoparticles useful 

for several biomedical applications. Epithelial ovarian carcinoma is the fifth most deadly cancer 

in women; most tumors initially respond to chemotherapy, but eventually acquire chemore-

sistance. Consequently, the development of novel molecules for cancer therapy is essential. 

This study was designed to develop a simple, non-toxic, environmentally friendly method for 

the synthesis of reduced graphene oxide–silver (rGO–Ag) nanoparticle nanocomposites using 

Tilia amurensis plant extracts as reducing and stabilizing agents. The anticancer properties of 

rGO–Ag were evaluated in ovarian cancer cells.

Methods: The synthesized rGO–Ag nanocomposite was characterized using various analytical 

techniques. The anticancer properties of the rGO–Ag nanocomposite were evaluated using a 

series of assays such as cell viability, lactate dehydrogenase leakage, reactive oxygen species 

generation, cellular levels of malonaldehyde and glutathione, caspase-3 activity, and DNA 

fragmentation in ovarian cancer cells (A2780).

Results: AgNPs with an average size of 20 nm were uniformly dispersed on graphene sheets. The 

data obtained from the biochemical assays indicate that the rGO–Ag nanocomposite significantly 

inhibited cell viability in A2780 ovarian cancer cells and increased lactate dehydrogenase leak-

age, reactive oxygen species generation, caspase-3 activity, and DNA fragmentation compared 

with other tested nanomaterials such as graphene oxide, rGO, and AgNPs.

Conclusion: T. amurensis plant extract-mediated rGO–Ag nanocomposites could facilitate 

the large-scale production of graphene-based nanocomposites; rGO–Ag showed a significant 

inhibiting effect on cell viability compared to graphene oxide, rGO, and silver nanoparticles. 

The nanocomposites could be effective non-toxic therapeutic agents for the treatment of both 

cancer and cancer stem cells.

Keywords: graphene–silver nanocomposites, silver nanoparticles, ovarian cancer cells, cancer 

stem cells, cell viability, caspase-3

Introduction
Graphene is a single, tightly packed monolayer of carbon atoms arranged in a two-dimen-

sional honeycomb network of sp2 hybridized carbon atoms.1 Graphene has recently 

attracted considerable attention in scientific and industrial research areas due to it’s excel-

lent properties, such as high electron mobility, excellent mechanical stiffness, extraordi-

nary electronic transport, and high electrical conductivity.2–4 The graphene material is used 

in nanoelectronics,5 nanocomposites,6 and energy-storage devices.7,8 Further, graphene 

has recently been researched in biological applications; in addition to the physical and 
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chemical properties already mentioned, the nanomaterial 

has excellent biological properties such as antibacterial,9–11 

biosensing,12 cellular imaging, and drug delivery capabilities,13 

as well as displaying anticancer activity.14–17

A limited number of studies have reported the anticancer 

activity of graphene or graphene oxide (GO). The anticancer 

behavior of a novel GO–hypocrellin A hybrid was superior 

to that of free hypocrellin A in aqueous solution.18 A GO–

TiO
2
 hybrid caused significant elevation in caspase-3 activity 

inducing apoptotic death; the hybrid showed excellent photo-

dynamic anticancer activity without dark cytotoxicity.19,20 Hu 

et al19 and Wang et al20 demonstrated the dual functionality of 

graphene quantum dots as targeted anticancer drug carriers 

and DNA cleavage activity enhancers, which could be use-

ful in cancer therapy. Transferrin-conjugated polyethylene 

glycolated GO was demonstrated as an efficient nanovector 

for the targeted delivery of anticancer drugs to brain tumors 

both in in vitro and in vivo conditions.21,22 Cheng et al showed 

a novel pH-sensitive nanostructured antitumor drug from 

a GO-CONH-Schiff base compound in which chitosan-

xanthone Schiff base and GO acted as the tumor inhibitor 

and drug delivery carrier, respectively.21

GO is used as a precursor for reduced GO (rGO) as it is 

strongly hydrophilic and generates stable and homogeneous 

colloidal suspensions of negatively charged GO sheets in 

aqueous and polar organic solvents.5 The subsequent deoxy-

genation of GO is necessary by chemically reducing oxygen-

containing groups. Maintaining the individual separation of 

the graphene sheets is the most important and challenging 

part of the rGO production process.23 GO reduction by chemi-

cal methods results in the formation of limited solubility or 

even irreversible agglomerates of rGO during preparation in 

water and most organic solvents (unless capping reagents are 

used) because of the strong π–π stacking tendency between 

rGO sheets.24–26 Agglomeration of rGO can be limited by 

attaching other molecules or polymers to the sheets. The 

most commonly used chemical reducing agents are hydrous 

hydrazine,27 hydrazine monohydrate, sodium borohydride, and 

hydrogen sulfide, which are highly toxic to living organisms 

and the environment.14,28 Several laboratories have developed 

biological reducing and stabilizing agents, such as ascorbic 

acid,29 amino acids,30 melatonin,31 glucose,14 humanin,32 

microorganisms,33–35 and plant extracts.16

Ag nanoparticles (AgNPs) exhibit very small sizes 

and large surfaces compared to the bulk metal. For several 

decades, AgNPs have been of considerable interest in several 

areas of research, including optics, electronics, magnetics, 

mechanics, catalysis, energy science, nanobiotechnology, 

and nanomedicine – particularly as antimicrobial agents for 

diagnostic purposes.36 AgNPs also have potential applications 

in surface enhanced Raman scattering,37 catalysis,38 nanoscale 

electronics,39 and imaging.40 Several studies have reported the 

use of AgNPs as anticancer41 and antiangiogenic agents in 

retinal endothelial cells. AgNPs showed significant toxicity in 

various human cell lines such as human lung fibroblast cells 

(IMR-90) and human glioblastoma cells (U251),42 endothe-

lial cells,43 and MDA-MB-231 human breast cancer cells.44 

However, Ag and graphene as individual agents both show 

weaker biological activity than graphene–silver nanocompos-

ites. Yu et al45 showed the enhanced antibacterial activity of 

AgNPs/halloysite nanotubes/graphene nanocomposites against 

Escherichia coli and Staphylococcus aureus. Several previ-

ous studies reported the toxicity of GO and graphene-related 

materials in human cells, including neural pheochromocytoma-

derived PC12,46 human lung epithelial cells or fibroblasts,47 

A549 cells,48 MCF-7 cells,17 and MDA-MB-231 human breast 

cancer cells.16 No study has yet detailed the use of graphene–

AgNP nanocomposites in ovarian cancer cells.

The synthesis of graphene composites with various metal 

NPs has recently generated extensive interest for the novel 

optical, electronic, mechanical, and catalytic properties of the 

composites.8,49–51 AgNP-decorated graphene is most promising 

for optoelectronics,51 catalysis,52 and electrochemistry53 appli-

cations; it also shows enhanced antibacterial activity.45,54,55 

Therefore, the fabrication of graphene–Ag nanocomposites 

is of great interest. Until now, most studies focused on the 

synthesis of AgNPs–graphene composites used hazardous 

reducing agents such as sodium borohydride, formaldehyde, 

and hydrazine. These synthesis processes involve multiple 

steps and complex operations.8,54,56,57 The use of surfactants as 

stabilizing agent molecules, which are strongly absorbed on 

the surface of the metal NPs, decreases the performance of the 

metal nanoparticle–rGO composite.58 Efforts have focused 

on the synthesis of metal nanoparticle–rGO composites by 

physical and chemical methods. Few studies have exploited 

green synthesis methods to produce AgNP–rGO films.59

No data exist concerning the biological activity of 

rGO–Ag nanocomposites in human cancer cells and cancer 

stem cells (CSCs), particularly in human ovarian cancer 

cells. It is clinically necessary to identify possible new thera-

peutic molecules that may significantly enhance cancer cell 

apoptosis. These aspects of nanomedicine remain subjects 

of particular interest.

Ovarian cancer accounts for approximately 3% of cancers 

among women; it primarily develops in women over the age 

of 50. Most ovarian cancer cells are initially chemosensitive, 
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as evidenced by high initial chemotherapy response rates; 

however, high recurrence rates suggest the development 

of chemoresistance. To address the anticancer activity of 

rGO–Ag nanocomposites, the well-characterized human 

ovarian cancer cell line A2780 served as a biological model 

in the in vitro experiments presented here. The A2780 cell 

lines are poorly differentiated, highly tumorigenic, and het-

erogeneous with certain phenotypic subsets attributable to 

CSC-like properties.60–62

Considering the current state of nanomedical research, 

we chose the following objectives. The first goal of this 

study aimed to develop a simple, non-toxic, cost-effective, 

quick, and environmentally friendly synthesis approach for 

rGO–Ag nanocomposites using Tilia amurensis plant extracts 

(TAPE). The second objective was to determine the efficacy 

of the rGO–Ag nanocomposite in the ovarian cancer cell line 

A2780 using an in vitro model system.

Materials and methods
Penicillin–streptomycin solution, trypsin–EDTA solution, 

Dulbecco’s Modified Eagle’s Medium (DMEM), Roswell 

Park Memorial Institute (RPMI) 1640 medium, and 1% 

antibiotic–antimycotic solution were obtained from Thermo 

Fisher Scientific (Waltham, MA, USA). Polyethylene, 

AgNO
3
, fetal bovine serum, and the in vitro toxicology 

assay kit were purchased from Sigma-Aldrich Co. (St Louis, 

MO, USA). Graphite (Gt) powder, NaOH, KMnO
4
, NaNO

3
, 

anhydrous ethanol, 98% H
2
SO

4
, 36% HCl, 30% H

2
O

2
 aque-

ous solution, and all other chemicals were purchased from 

Sigma-Aldrich Co., unless otherwise stated.

Synthesis of AgNPs
The synthesis of AgNPs was conducted according to the 

method described previously.63 T. amurensis leaves were col-

lected at the Konkuk University campus in Seoul, Republic 

of Korea, and stored at 4°C until needed. Twenty grams of 

T. amurensis leaves were washed thoroughly with double-

distilled water, and then sliced into fine pieces, approximately 

1–5 cm, using a sharp stainless steel knife. The finely cut 

T. amurensis leaves were suspended in 100 mL sterile dis-

tilled water and boiled for 5 minutes. The resulting mixture 

was filtered through a Whatman number 1 filter paper. The 

filtered extract was used for the synthesis of AgNPs by adding 

10 mL to 100 mL 5 mM aqueous AgNO
3
; the mixture was 

incubated for 6 hours at 60°C at pH 8.0. The bio-reduction 

of the silver ions was monitored spectrophotometrically at 

420 nm. Further characterizations of the synthesized AgNPs 

were performed as described previously.64

Synthesis of GO
GO was synthesized as described previously10,65,66 with 

suitable modifications. In a typical synthesis process, 2 g 

natural Gt powder was added to 350 mL H
2
SO

4
 at 0°C; 

8 g KMnO
4
 and 1 g NaNO

3
 were added gradually while 

stirring. The mixture was transferred to a 40°C water bath 

and stirred for 60 minutes. Deionized water (250 mL) was 

slowly added and the temperature was increased to 98°C. 

The mixture was maintained at 98°C for 30 minutes; the 

reaction was terminated by the addition of 500 mL deion-

ized water and 40 mL 30% H
2
O

2 
solution. The color of the 

mixture changed to brilliant yellow, indicating the oxida-

tion of pristine Gt to Gt oxide. The mixture was filtered 

and washed with diluted HCl to remove metal ions. The 

product was washed repeatedly with distilled water until a 

pH of 7.0 was achieved; the synthesized Gt oxide was further 

sonicated for 15 minutes.

Reduction of GO by TAPE
The reduction of GO was accomplished as described earlier.16 

Briefly, rGO was obtained from the reaction of TAPE 

with GO. In a typical reduction experiment, 10 mL TAPE 

was added to 90 mL 1.0 mg/mL aqueous GO; the mixture 

was sealed tightly in a glass bottle and stirred at 30°C for 

12 hours. Subsequently, by using a magneto-stirrer heater, 

the rGO suspension was stirred at 400 rpm at a temperature 

of 30°C for 30 minutes. A homogeneous TAPE–rGO sus-

pension was obtained without aggregation. The obtained 

material was washed with distilled water several times to 

remove the excess TAPE residue and re-dispersed in water 

by sonication. The suspension was centrifuged at 5,000 rpm 

for 30 minutes; the final product was collected by vacuum 

filtration and vacuum-dried.

Synthesis of rGO–Ag nanocomposite
Synthesized rGO–Ag nanocomposites were prepared using 

TAPE. An aqueous solution of 100 mg GO and 5 mM of 

AgNO
3
 was used as precursors for the rGO–Ag nano-

composites. Initially, 100 mg GO was dispersed in 60 mL 

water by 60 minutes sonication. The reaction mixture was 

prepared in a 250 mL round bottom flask by dissolving 

5  mM AgNO
3
 in 30 mL water. To this solution, 60 mL 

GO dispersion and 10 mL of aqueous TAPE were added 

and the mixture was stirred at 90°C for 12 hours. After 

12 hours, the reaction was stopped and the resultant mixture 

was washed three times with water using centrifugation. 

The product was obtained as a black powder and used for 

further experiments.
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Characterization of rGO and rGO–Ag 
nanocomposite
GO, rGO, and the rGO–Ag nanocomposite were character-

ized according to the methods described previously.16,67 

Ultraviolet-visible (UV-Vis) spectra of GO, rGO, and 

rGO–Ag were recorded using an OPTIZEN POP spectro-

photometer (Mecasys Co., Seoul, Republic of Korea). X-ray 

diffraction (XRD) analyses were performed in a Bruker D8 

DISCOVER X-ray diffractometer (Bruker AXS GmBH, 

Karlsruhe, Germany). The X-ray source was 3 kW with a Cu 

target; high-resolution XRD patterns were measured using 

a scintillation counter (λ=1.5406 Å). The XRD was run at 

40 kV and 40 mA, and samples were recorded at 2θ values 

between 10° and 80°. The dried powders of GO, rGO, and 

rGO–Ag nanocomposite were diluted with KBr to perform 

Fourier transform infrared (FTIR) spectroscopy (PerkinElmer 

Inc., Waltham, MA, USA) and spectrum GX spectrometry 

within a range of 500–4,000 cm−1. A JSM-6700F semi-in-lens 

field emission scanning electron microscope (SEM) (JEOL, 

Tokyo, Japan) was used to acquire SEM images. The solid 

samples were transferred to a carbon tape held in an SEM 

sample holder, and the analyses were performed at an average 

working distance of 6 mm. Transmission electron microscopy 

(TEM; Hitachi H-7500, Hitachi Ltd., Tokyo, Japan) was 

used to determine the size and morphology of the dispersed 

AgNPs. Raman spectra of GO, rGO, and rGO–Ag were 

measured using a WITEC Alpha300 laser with a wavelength 

of 532 nm. The calibration was initially performed using an 

internal Si reference at 500 cm-1, yielding a peak position 

resolution of less than 1 cm-1. The spectra were measured 

from 500 to 4,500 cm−1. All samples were deposited on glass 

slides in powdered form without a solvent.

Cell culture and exposure of ovarian 
cancer cells A2780 to rGO–Ag 
nanocomposite
Human ovarian cancer cells A2780 were cultured in DMEM 

supplemented with 10% fetal bovine serum, 2 mM glutamine, 

and 100 U/mL penicillin–streptomycin in a humidified 5% 

CO
2
 incubator at 37°C. At approximately 75% confluence, 

the cells were harvested using 0.25% trypsin and subcul-

tured in 75 cm2 flasks, six-well plates, or 96-well plates, 

depending on the intended use. The cells were allowed to 

attach to the substratum for 24 hours prior to treatment. The 

medium was replaced three times per week, and the cells 

were passaged at subconfluency. The cells were prepared 

in 100 µL aliquots at a density of 1×105 mL−1 and plated 

in 96-well plates. After the cells were cultured for 24 hours, 

the medium was replaced with a medium containing GO 

(0–100 µg/mL), rGO (0–50 µg/mL), rGO–Ag (0–25 µg/mL), 

or AgNPs (0–50 µg/mL). After incubation for an additional 

24 hours, the cells were analyzed for viability. The cells that 

were not exposed to GO, rGO, rGO–Ag, or AgNPs served 

as controls.

Cell viability assay
The WST-8 assay was performed as described previously.16,44 

Typically, 1×104 cells were seeded in a 96-well plate and cul-

tured in DMEM supplemented with 10% fetal bovine serum 

at 37°C under 5% CO
2
. After 24 hours, the cells were washed 

twice with 100 μL of serum-free DMEM and incubated with 

100 μL of different concentrations of GO, rGO, rGO–Ag, 

or AgNPs, as described above. After 24 hours of exposure, 

the cells were washed twice with serum-free DMEM, and 

15 μL of WST-8 solution was added to each well containing 

100 μL of serum-free DMEM. After 1 hour of incubation at 

37°C under 5% CO
2
, 80 μL of the mixture was transferred 

to another 96-well plate. The absorbance of the mixture 

solutions was measured at 450 nm using a microplate reader. 

Cell-free control experiments were performed to determine 

the reactivity of the GO, rGO, rGO–Ag, and AgNPs with the 

WST-8 reagents. Typically, 100 μL of GO, rGO, rGO–Ag, or 

AgNP suspensions with different concentrations was added 

to a 96-well plate and 10 μL of WST-8 reagent solution was 

added to each well; the mixture was incubated at 37°C under 

5% CO
2
 for 1 hour. After incubation, the GO, rGO, rGO–Ag, 

or AgNPs were centrifuged, and 100 μL of the supernatant 

was transferred to another 96-well plate. The optical density 

was measured at 450 nm.

Cell morphology
Ovarian cancer cells were plated in six-well plates (1×104 

cells per well) and incubated with the respective inhibitory 

concentration (IC)
50

 concentrations of GO, rGO, rGO–Ag, 

or AgNPs for 24 hours. Cells cultured in a medium without 

the addition of GO, rGO, rGO–Ag, or AgNPs were used as 

the control. Cell morphology was analyzed using an opti-

cal OLYMPUS IX71 microscope (Olympus Corporation, 

Tokyo, Japan) at 24 hours post-treatment using the appro-

priate filter sets.

Membrane integrity
The cell membrane integrity of the human ovarian cancer 

cells was evaluated by determining the activity of lactate 

dehydrogenase (LDH) leaking out of the cells according 

to the manufacturer’s instructions (in vitro toxicology 

assay kit, TOX7; Sigma-Aldrich Co.) and also as described 

previously.16,44 Briefly, the cells were exposed to the 

Powered by TCPDF (www.tcpdf.org)

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


International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

6261

Reduced graphene oxide–silver nanoparticle nanocomposite

respective IC
50

 concentrations of GO, rGO, rGO–Ag, or 

AgNPs for 24 hours, and then 100 μL per well of each cell-

free supernatant was transferred in triplicate into the wells 

of a 96-well plate; subsequently, 100 μL of the LDH assay 

reaction mixture was added to each well. After 3 hours of 

incubation under standard conditions, the optical density 

of the color generated was determined at a wavelength of 

490 nm using a microplate reader.

Determination of ROS
Reactive oxygen species (ROS) was estimated according to 

a method described previously.16,44 Intracellular ROS was 

measured based on the intracellular peroxide-dependent 

oxidation of 2′,7′-dichlorodihydrofluorescein diacetate 

(DCFH-DA, Molecular Probes, Thermo Fisher Scientific, 

Waltham, MA, USA) to form the fluorescent compound 

2′,7′-dichlorofluorescein, as previously described. The cells 

were seeded onto 24-well plates at a density of 5×104 cells 

per well and cultured for 24 hours. After washing twice with 

phosphate-buffered saline (PBS), fresh media containing 

respective IC
50

 concentrations of GO, rGO, rGO–Ag, or 

AgNPs were added and incubated for 24 hours. The cells 

were then supplemented with 20 μM DCFH-DA, and the 

incubation continued for 30 minutes at 37°C. The cells were 

rinsed with PBS, 2 mL of PBS was added to each well, and 

the fluorescence intensity was determined using a spectro-

fluorometer (Gemini EM) with excitation at 485 nm and 

emission at 530 nm.

Determination of MDA
Malonaldehyde (MDA) was measured according to the 

method described earlier68 with slight modifications. The 

A2780 cells were seeded into six-well microplates at 

2.0×106 cells per well. The cells were treated with the respec-

tive IC
50

 concentrations of GO, rGO, rGO–Ag, or AgNPs 

for 24 hours. After incubation, the cells were harvested and 

washed twice with an ice-cold PBS solution. The cells were 

collected and disrupted by ultrasonication for 5 minutes on 

ice. The cell extract (100 μL) was used to detect MDA accord-

ing to the procedure recommended by the manufacturer of the 

MDA assay kit (Sigma, St Louis, USA). The concentration of 

MDA was measured on a microplate reader at a wavelength 

of 530 nm. The protein concentration was determined using 

the Bio-Rad protein assay kit (Bio-Rad Laboratories Inc., 

Hercules, CA, USA).

Determination of GSH
The cellular extract was prepared similar to that used to 

measure MDA. The concentration of glutathione (GSH) 

was expressed as nmol per milligram of protein. The cell 

suspension (100 μL) was mixed with 100 μL of precipitant 

and centrifuged at 5,000 rpm for 10 minutes. After centrifu-

gation, 100 μL supernatant was used for the GSH assay, 

performed according to the manufacturer’s protocol. The 

reaction was monitored at 405 nm in a microplate reader. 

The protein concentration was determined using the Bio-Rad 

protein assay kit (Bio-Rad Laboratories Inc.).

Measurement of caspase-3 activity
The measurement of caspase-3 was performed according 

to the method described earlier.45 The cells were treated 

with  the respective IC
50

 concentrations of GO, rGO, 

rGO–Ag, and AgNPs or caspase-3 inhibitor for 24 hours. 

The activity of caspase-3 was measured in the cancer 

cells using a kit from Sigma-Aldrich Co., according to 

the manufacturer’s instructions. The cells were washed 

with ice-cold PBS and lysed with 100 μL of lysis buffer 

(50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1 mM ethylene 

glycol tetraacetic acid; 1 mM NaF; 1% Nonidet P-40; 1 mM 

phenylmethylsulfonyl fluoride protease inhibitor cocktail) 

for 30 minutes at 4°C. The protein extracts were collected 

after centrifugation at 10,000 rpm for 10 minutes. The 

protein concentration was determined using the Bio-Rad 

protein assay kit (Bio-Rad Laboratories Inc.). Equal amounts 

(50 μg) of protein extracts were mixed with the assay buffer 

(20 mM HEPES, pH 7.4; 100 mM NaCl; 0.1% CHAPS; 

10 mM DTT; 1 mM EDTA; 10% sucrose), added to 96-well 

microtiter plates, and incubated with the caspase-3 substrate 

(acetyl-Asp-Glu-Val-Asp p-nitroanilide, Ac-DEVD-pNA) 

and caspase-3 inhibitor (Ac-DEVD-CHO) for 1 hour before 

the absorbance at 405 nm was read. The calorimetric assay 

was based on the hydrolysis of the caspase-3 substrate by 

caspase-3 resulting in the release of the p-nitroaniline (pNA) 

moiety. The concentration of pNA released from the sub-

strate was calculated from the absorbance values at 405 nm. 

The assay was done with non-induced cells and also in the 

presence of the caspase-3 inhibitor (Ac-DEVD-CHO) for 

a comparative analysis.

TUNEL assay
Apoptosis induced by GO, rGO, rGO–Ag, and AgNPs 

was determined using the TUNEL assay. Apoptotic cells 

were determined using a DNA Fragmentation Imaging Kit 

(Hoffman-La Roche Ltd., Basel, Switzerland) following the 

manufacturer’s instruction. Briefly, 1.5×106 A2780 cells per 

well were cultured in six-well plates to study the apoptosis 

in adherent cells. Cells were treated with the respective 

IC
50

 concentrations of GO, rGO, rGO–Ag, and AgNPs for 
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24 hours. After the incubation period, the culture medium was 

aspirated and the cell layers trypsinized. The trypsinized cells 

were reattached on 0.01% polylysine-coated slides, fixed with 

4% methanol-free formaldehyde solution, and stained accord-

ing to the manufacturer’s instructions for the TUNEL protocol 

(Sigma, St Louis, USA). The stained cells were observed with 

a Carl Zeiss epifluorescence microscope (Axiovert, Carl Zeiss 

Meditec AG, Jena, Germany) using a triple bandpass filter. 

To determine the percentage of cells experiencing apoptosis, 

1,000 cells were counted in each experiment. Based on the 

TUNEL reaction using terminal deoxynucleotidyl transferase 

and fluorescein-labeled dUTP, fluorescence detection of cells 

with apoptotic DNA strand breaks was performed. To examine 

the total cell numbers, the nuclei were labeled simultaneously 

with DAPI (4′,6-diamidino-2-phenylindole). Merged images 

of both channels were shown using a fluorescence microscope 

(Olympus Corporation) at 500× magnification.

Statistical analyses
All assays were conducted in triplicate and each experiment 

was repeated at least three times. The results are presented as 

means ± standard deviation. All the experimental data were 

compared using the Student’s t-test. A P-value less than 0.05 

was considered statistically significant.

Results and discussion
Synthesis and characterization of 
rGO–Ag nanocomposite using UV-Vis 
spectroscopy
The nanocomposite was synthesized by mixing GO and 

AgNO
3
 using TAPE as a reducing and stabilizing agent. 

Figure 1 shows the UV-Vis spectrum of GO, rGO, and the 

rGO–Ag nanocomposite. GO exhibits two characteristic 

peaks at 230 and 300 nm, corresponding to the π–π* transi-

tions of aromatic C–C bonds and n–π* transitions of C=O 

bonds, respectively. The UV-Vis spectrum of rGO exhibits a 

characteristic band at 261 nm, indicating the restoration of the 

extensive conjugated sp2 carbon network.10,57,69–71 A new peak 

at 410 nm is observed after the deposition of AgNPs on the 

rGO surface; the band at 410 nm in the absorption spectrum of 

the rGO–Ag nanocomposite is attributed to surface plasmons 

and indicates the presence of AgNPs.64,69,71,72 The disappear-

ance of the characteristic peaks of rGO and the emergence 

of a new band originating from AgNPs clearly indicate the 

simultaneous reduction of both rGO and AgNO
3
 and the 

formation of the rGO–Ag composite. Pasricha et al54 reported 

the synthesis of Ag–GO nanocomposites under alkaline 

conditions. NaBH
4
 was used to reduce Ag ions to generate 

GO nanosheet-based nanocomposites.73 Al-Marri et al74 

reported the simultaneous reduction of both GO and Ag ions 

using Pulicaria glutinosa plant extract as the reducing agent. 

GO–Ag nanocomposites have been prepared with AgNO
3
 

using various reducing agents such as sodium citrate,69 

ammonia,52 and poly(N-vinyl-2-pyrrolidone).75 However, 

rGO–Ag nanocomposites can also be obtained using TAPE, 

which possesses better reducing abilities at normal pH values 

without requiring alkali and additional reductants as TAPE 

contains a large amount of natural antioxidants such as 

alkaloids, tannin, steroids, phenol, saponins, and flavonoids 

in aqueous extracts. These molecules are demonstrated by 

the results in Figure 1 to be strong reducing and stabilizing 

agents, with numerous OH groups found in the extracts. This 

method provides a simple, easy, and biomolecule-mediated 

synthesis of rGO–Ag nanocomposites.

XRD analysis of GO, rGO, and rGO–Ag 
nanocomposite
To support the data obtained by UV-Vis spectroscopy, GO, 

rGO, and rGO–Ag were further characterized using XRD. 

The XRD patterns of GO, rGO, and rGO–Ag are shown 

in Figure 2, which confirms the crystalline nature of the 

rGO–Ag nanocomposites. GO exhibits a reflection at a 

low angle (2θ=10.9°) compared with the pattern of pristine 

Gt (2θ=26.5°). The reflection at 2θ=10.9° in GO disappears 

and a new reflection emerges at 2θ=26.4°, indicating the 

reduction of GO. However, in the rGO–Ag nanocomposites, 

Figure 1 Synthesis and characterization of graphene oxide (GO), reduced graphene 
oxide (rGO), and rGO–Ag nanocomposite using ultraviolet-visible spectroscopy.
Notes: Spectra of GO exhibit a maximum absorption peak at ~231 nm corresponding 
to the π–π transitions of aromatic C–C bonds. The absorption peak for rGO 
is red-shifted to 261 nm. A new peak at 410 nm is observed after deposition of 
Ag nanoparticles (AgNPs) on the rGO surface; the band at 410 nm in the absorption 
spectrum of the rGO–Ag nanocomposite is attributed to surface plasmons and the 
presence of AgNPs. At least three independent experiments were performed for 
each sample and reproducible results were obtained. The data present the results 
of a representative experiment.
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θ (°)

Figure 2 X-ray diffraction (XRD) patterns of graphene oxide (GO), reduced graphene oxide (rGO), and rGO–Ag nanocomposite.
Notes: In the XRD pattern of GO, a strong sharp peak at 2θ=10.9° corresponds to an interlayer distance of 7.6 Å. rGO has a broad peak centered at 2θ=26.4° corresponding 
to an interlayer distance of 3.6 Å. Apart from the characteristic reflections of rGO (2θ=26.4°), the rGO–Ag nanocomposite shows two different distinct reflections in the 
diffractogram at 33.1° and 45.3° corresponding to the (111) and (200) planes, respectively, of face centered cubic Ag. At least three independent experiments were performed 
for each sample and reproducible results were obtained. The data present the results of a representative experiment.

apart from the characteristic reflections of rGO (2θ=26.4°), 

two different distinct reflections in the diffractogram appear 

at 33.1° and 45.3°, corresponding to the (111) and (200) 

planes, respectively, of the cubic Ag crystal of AgNPs (JCPD 

No 04-0783).55,69,70,75,76 This confirms the formation of metallic 

AgNPs after reduction. Compared with the patterns of GO 

and rGO, the XRD pattern of the rGO–Ag nanocomposite 

shows clear peaks corresponding to the (111) and (200) 

diffraction peaks of fcc Ag, confirming that Ag exists in 

a crystalline state.55 The absence of any additional reflec-

tions besides those of graphene and Ag clearly indicates the 

reduction of GO and Ag ions and suggests that the rGO–Ag 

nanocomposite lattice is unaffected by other molecules in 

the plant extract.74

In contrast, GO shows a peak at 10.7° from the stacking 

of the GO layers, which may be intensified by inter-lamellar 

water trapped between the hydrophilic GO sheets;49 the peak 

disappears after the decoration of GO with AgNPs. The XRD 

results suggest that Ag ions were reduced and AgNPs formed 

and then loaded on the surface of the GO sheets, preventing the 

stacking of the GO layers. This phenomenon may be associ-

ated with the destruction of the pre-existing lamellar structure 

of the GO sample after the incorporation of Ag.69,70,72

FTIR analysis of rGO–AgNP 
nanocomposite
FTIR spectroscopy was used to verify the biomolecule-mediated 

rGO–Ag nanocomposite synthesis. The FTIR spectra of GO, 

rGO, and rGO–Ag nanocomposite are shown in Figure 3. The 

GO spectrum shows dominant peaks at 1,020, 1,200, 1,350, 

1,600, 1,720, and 3,430 cm-1. The peak at 1,020 cm-1 cor-

responds to a stretching vibration from the C–O–C bonds of 

epoxy or alkoxy groups. The peak at 1,200 cm-1 is attributed 

to C–OH bonds, while the peak centered at 1,600 cm-1 is 

assigned to C=C bonds associated with the skeletal vibrations 

of unoxidized Gt domains. The peak at 1,720 cm-1 is attributed 

to C=O bonds in carboxylic acid and carbonyl moieties.34,77,78 

The adsorption band at approximately 1,600 cm-1 corresponds 

to the C=C bonding of aromatic rings within the GO carbon 

skeleton structure.16 Other oxygenated functional groups 

identified include OH at approximately 3,430 and 1,350 cm-1;  

C=O at approximately 1,720 cm-1; C–OH at approximately 

1,200 cm-1; and C–O at approximately 1,050 cm-1. Notably, 

the rGO–Ag nanocomposite shows a new band at 1,420 cm-1, 

resulting from the C–N stretching vibration of TAPE-reduced 

rGO–Ag. In addition, the rGO–Ag nanocomposite spectrum 

shows a significant decrease in the intensity of the adsorption 
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Figure 3 Fourier transform infrared (FTIR) spectra of graphene oxide (GO), reduced graphene oxide (rGO), and rGO–Ag nanocomposite.
Notes: Dried powders of GO, rGO, and rGO–silver nanoparticle (AgNP) nanocomposite were diluted with KBr to perform FTIR spectroscopy and spectrum GX 
spectrometry within the range of 500–4,000 cm−1.

bands of the oxygenated functional groups; this could 

result from the interaction of GO with TAPE that produces 

C=O groups on the surface, the presence of Ag on the rGO 

surface, or the slight reduction of GO during the synthesis 

of the rGO–Ag nanocomposite.79 Similarly, Chook et al52 

reported the synthesis of Ag–GO nanocomposites using 

glucose as a reducing agent in the presence of an AgNH
3
 

complex with a GO suspension. In the FTIR spectrum of the 

rGO–Ag nanocomposite, the peaks at 1,020, 1,230, 1,320, 

1,720, and 3,430 cm-1 are relatively weak compared to those 

of GO. Furthermore, the absorption peak at approximately 

1,270  cm-1 is attributed to the C–OH bond, and the new 

absorption band at 1,570 cm-1 is attributed to the skeletal 

vibration of the graphene sheets.71,80 These results clearly 

demonstrate that GO was successfully exfoliated and reduced 

to graphene and that strong interactions may exist between 

AgNPs and the remaining surface hydroxyl groups.81

SEM analysis of GO, rGO, and rGO–Ag 
nanocomposite
Figure 4 shows the SEM images of GO (Figure 4a), rGO 

(Figure 4b), and rGO-Ag (Figure 4c). GO shows a closely 

packed lamellar structure and a flaky texture, reflecting the 

multilayered microstructure (Figure 4A). The GO samples 

contain several layers of aggregated and square-shaped 

crumpled sheets closely associated with each other to form 

a continuous conducting network.10,65,67 With the exfolia-

tion of Gt into GO, the edges of the GO sheets become 

crumpled, folded, and closely restacked, and the surface of 

GO exhibits a soft carpet-like morphology, possibly because 

of the presence of residual H
2
O molecules and hydroxyl or 

carboxyl groups.82 In contrast to GO, rGO exhibits trans-

parent rippled silk-like waves or a flaky, scale-like, layered 

structure.16 These observations agree well with a previous 

study in which graphene sheets obtained from GO by rapid 

thermal expansion in atmospheric N
2
 showed curled mor-

phologies consisting of thin, wrinkled, paper-like structures, 

with fewer layers (approximately four) and larger specific 

surface areas than GO.83 Figure  4C shows typical SEM 

images of the as-prepared rGO–Ag hybrids; well-dispersed 

AgNPs with sizes from 10 to 20 nm are deposited on the 

graphene. Interestingly, in the rGO doped with Ag particles 

and reduced, the Ag crystallites are deposited on graphene 

surfaces as spacers between neighboring sheets, and a 

curled and wavy morphology is observed. The AgNPs are 

well separated from each other and randomly distributed 
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Figure 4 SEM images of GO, rGO, and rGO–Ag nanocomposite.
Notes: Representative SEM images of (A) GO, (B) rGO, and (C) rGO–Ag nanocomposite dispersions at 500 μg/mL.
Abbreviations: SEM, scanning electron microscopy; GO, graphene oxide; rGO, reduced graphene oxide.

Figure 5 TEM images of (A) GO, (B) rGO, and (C) rGO–Ag nanocomposite.
Abbreviations: TEM, transmission electron microscopy; GO, graphene oxide; rGO, reduced graphene oxide; AgNPs, silver nanoparticles.

on the graphene sheets as spacers keeping the neighboring 

sheets separate.

Analysis of surface morphological features 
of GO, rGO, and rGO–Ag by TEM
The morphological features of GO, rGO, and the rGO–Ag 

nanocomposite were determined by TEM analysis. Figure 5 

shows typical TEM images of GO, rGO, and rGO–Ag; GO 

exhibits a closely packed lamellar and plate structure with a 

clean surface. In contrast to GO, rGO shows a typical sheet-

like structure with a size of 100 nm. The synthesis of smaller 

GO sheets is extremely tedious; these results show that the 

synthesis method may be useful for several applications. 

In addition, the rGO–Ag nanocomposite shows many NPs 

anchored to the surfaces of both samples. The adhered NPs 

have spherical morphologies, an even distribution, and a 

homogeneous dispersion on the rGO surfaces; most of the 

NPs have a diameter of  20 nm. In addition, the presence 

of evenly distributed silky waves of rGO sheets can be 

observed. As shown in Figure  5, well-dispersed AgNPs 

are homogeneously deposited on rGO sheets with sizes 

uniformly distributed around 20 nm. On the surface of the 

rGO–Ag nanocomposite, the sheets exhibit very clean silky 

and wavy structures. These may be important for preventing 

the aggregation of rGO and maintaining a surface facilitating 

the attachment of AgNPs to the graphene sheets. The TEM 

image of the rGO–Ag nanocomposite clearly indicates strong 

interactions between the AgNPs and GO because almost all 

AgNPs are distributed within the GO sheets and very few 

AgNPs reside outside the GO support.75

Recently, Yuan et al81 fabricated graphene/Ag nano-

composites (GNS/AgNPs) via a green and facile method 

employing GO as a precursor of graphene, AgNO
3
 as a 

precursor of AgNPs, and sodium citrate as the reducing and 

stabilizing agent. Chook et al52 demonstrated the fabrication 

of AgNPs and Ag–GO nanocomposites by green microwave 

irradiation; the resulting Ag–GO samples showed the depo-

sition of AgNPs with an average size of 40.7±7.5 nm on the 

GO sheets. The presence of transparent and uniform silk 

waves of rGO sheets can also be observed and attributed to 
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the deposition of AgNPs on the surface of the GO sheets. 

Yun et al84 reported thiolated carbon nanotube (CNT)–Ag 

and GO–Ag surfaces with average sizes of 2 to 4 nm. Hu 

et al75 fabricated rGO and AgNPs using poly(N-vinyl-2-

pyrrolidone) as a reductant and stabilizer. The prepared 

rGO–Ag nanocomposite showed nearly transparent GO 

sheets decorated with large amounts of well-dispersed 

AgNPs with average sizes of 13 nm and confined within 

the rGO sheets.

de Faria et al69 reported the preparation and mechanisms 

of GO decorated with biogenic AgNPs with an average size 

of 3.5 nm. During the chemical synthesis of the GO–Ag 

nanocomposites, the AgNPs were attached to GO via the 

interaction of the Ag ions with the oxygenated groups on 

the GO surface; the carboxylic, epoxy, and hydroxyl groups 

could have provided sites for the anchoring and growth 

of the AgNPs.54,76,85 de Faria et al69 proposed a possible 

mechanism of GO–Ag synthesis using biological molecules 

in which a protein surrounding the metallic NPs could 

interact with oxygenated groups to allow the anchoring of 

AgNPs on the GO surface. The data from our experiments 

suggest similar mechanisms for rGO–Ag nanocomposite 

synthesis in which the amine groups available in TAPE 

could be involved in the interaction of Ag with the oxygen-

ated groups of GO.

Raman spectroscopy analysis of GO, rGO, 
and rGO–Ag nanocomposite
Raman spectroscopy was used to analyze information related 

to the electronic and structural properties of GO, rGO, and 

rGO–Ag nanocomposite as it is a powerful nondestructive 

tool for the characterization of carbonaceous materials and 

distinguishing ordered and disordered carbon structures.71,86,87 

This technique provided additional evidence of the reducing 

ability of TAPE for GO and AgNO
3
. As shown in Figure 6, 

in the Raman spectrum of GO, the G band is broadened and 

shifted to 1,599 cm-1 while a broadened D band at 1,347 cm-1 

also appears (Figure 6A). After the GO reduction, the Raman 

spectrum of rGO shows a G band at 1,584 cm-1 and a D band 

at 1,351 cm-1 (Figure 6B). The Raman spectrum shows that 

the typical features of rGO are a D band at approximately 

1,351 cm−1 and a G band at approximately 1,584 cm-1. The 

D band is assigned to the breathing mode of the k-point 

phonons with A
1g

 symmetry, whereas the G band introduces 

the E
2g

 phonon of the carbon sp2 atoms.88,89 The prominent 

D peak is derived from the structural imperfections created 

by the attachment of hydroxyl and epoxide groups on the 

carbon basal plane. In  the corresponding Raman spectra, 

the G bands of rGO and rGO–Ag are broadened because of 

the enhanced isolated double bonds, whereas the D bands 

intensify because of the enhanced disorder of the rGO and 

rGO–Ag nanocomposite. As shown in Figure 6C, the G 

band of the rGO–Ag nanocomposite at 1,611 cm-1 is clearly 

upshifted by 27 cm-1 with respect to that of rGO (1,584 cm-1), 

consistent with previous research showing that the introduc-

tion of Au caused the upshift of the G band by electron–

phonon coupling.55 Wang et al90 also showed that the G band 

of the Au–rGO nanocomposite was clearly upshifted by 11 

cm-1 with respect to that of GO. The intensity ratio of the D 

to G bands (I
D
/I

G
) is often used as a measure of the defect 

Figure 6 Raman spectroscopy analyses of (A) graphene oxide (GO), (B) reduced graphene oxide (rGO), and (C) rGO–Ag nanocomposite.
Notes: Raman spectra of (A) GO, (B) rGO, and (C) rGO–Ag nanocomposite were obtained using a laser excitation wavelength of 532 nm at the power of 1 mW after the 
removal of background fluorescence. The intensity ratio of the D to G bands (ID/IG) increases to 2.09 (rGO–Ag nanocomposite) from 1.74 (rGO) and 1.54 (GO). At least 
three independent experiments were performed for each sample and reproducible results were obtained.
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levels in graphitic systems.90 Upon the introduction of Ag, 

the ratio of I
D
/I

G
 increases to 2.09 (rGO–Ag nanocomposite) 

from 1.74 (rGO) and 1.54 (GO), indicating that the size of 

the sp2 domain decreases as the graphene sheet is broken 

into fragments during the AgNP treatment. In addition, 

the presence of rGO–Ag in the composites enhances the 

relative intensity ratio of D/G, which represents the degree 

of disorder. The 2D band is well known for distinguishing 

the thickness of the graphene sheets. For the simultaneous 

reductions of GO and AgNPs by TAPE, a broad 2D band 

at 2,672 cm–1 for the rGO–Ag nanocomposites is observed, 

confirming the presence of a few layers of graphene sheets 

in the as-prepared nanocomposite.

Dose-dependent effect of rGO–Ag 
nanocomposite on cell viability of ovarian 
cancer cells
The as-prepared rGO–Ag nanocomposite materials showed 

significant stability and solubility in water with no aggrega-

tion after 3 months owing to the strong interactions between 

the rGO sheets and Ag molecules.79 To show the potential 

applications of the rGO–Ag nanocomposite as an anticancer 

agent, the in vitro cytotoxicity of the rGO–Ag nanocomposite 

on ovarian cancer cells was determined using the MTT 

assay. Here, we evaluated the efficiency of the rGO–Ag 

nanocomposite as a potential inhibitory agent for ovarian 

cancer cells and used three different nanomaterials of GO, 

Figure 7 (A) Effects of graphene oxide (GO), (B) reduced graphene oxide (rGO), (C) rGO–Ag nanocomposite, and (D) Ag nanoparticles (AgNPs) on the viability of human 
ovarian cancer cells.
Notes: The viability of A2780 human ovarian cancer cells was determined after 24-hour exposure to different concentrations of GO, rGO, rGO–Ag nanocomposite, and 
AgNPs using the WST-8 assay. The results are expressed as the mean ± standard deviation of three independent experiments. A significant difference was observed above 
50 µM. The viability of treated cells compared to the untreated cells by the Student’s t-test (*P,0.05).
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rGO, and AgNPs as controls. Figure  7 shows the results 

of the cell viability analysis. A dose-dependent inhibition 

of the cell viability is observed with GO in the range of 

20–100  μg/mL with an IC
50

 of ~60 μg/mL (Figure  7A). 

Using rGO, a dose-dependent inhibition of the cell viability 

is observed in the range of 10–50 μg/mL with an IC
50

 

of ~25 μg/mL (Figure 7B). With rGO–Ag, a dose-dependent 

inhibition of the cell viability is observed in the range of 

5–25 μg/mL with an IC
50

 of ~12.5 μg/mL (Figure  7C). 

A dose-dependent inhibition of the cell viability is observed 

with AgNPs in the range of 10–50 μg/mL with an IC
50

 of 

~20 μg/mL (Figure 7D). rGO–Ag is shown to have a more 

pronounced inhibitory effect on the cell viability than the 

other tested nanomaterials. Altogether, the results suggest 

that the rGO–Ag nanocomposite is a promising material for 

inhibiting the viability of ovarian cancer cells. Similarly, 

Hu et al75 observed significant solubility and toxicity against 

HeLa cells using rGO–AgNP–folic acid. Earlier findings 

from other laboratories also support the reduced toxicity 

effect of GO observed in our results.91,92 Akhavan et al14 dem-

onstrated effective photothermal therapy in cancer cells and 

observed that the activity of the transparent GO sheets was 

not as effective as the action of the rGO produced through the 

reduction by glucose in the presence of an Fe catalyst. In our 

previous studies, we also reported that GO is less toxic than 

rGO for several cancer and non-cancer cells.16,44,67 Yu et al45 

reported the efficacy of a graphene/Ag nanocomposite in 

bacteria.39 Recently, Fiorillo et al15 using large GO flakes, 

observed a dose-dependent inhibition of tumor sphere 

formation; interestingly, neither small nor large GO flakes 

affected the viability of the bulk non-CSC population of the 

MCF7 cells indicating the selectivity of GO toward CSCs 

of ovarian, prostate, pancreatic, and lung cancers as well as 

glioblastoma. This is the first comprehensive study show-

ing the efficacy of GO, rGO, rGO–Ag nanocomposite, and 

AgNPs. Based on the cell viability assay above, the results 

suggest that the obtained rGO–Ag nanocomposite has a 

stronger inhibitory effect than GO, rGO, and AgNPs.

Effect of rGO–Ag nanocomposite on cell 
morphology of ovarian cancer cells
Previous studies showed that the use of GO and rGO induce 

apoptosis in cancer and non-cancer cells. Therefore, we exam-

ined whether the addition of the rGO–Ag nanocomposite to 

A2780 cultures produced any pronounced effect on the cel-

lular morphology. In addition, to support the results of the cell 

viability assay, we further evaluated the effect of GO, rGO, 

rGO–Ag nanocomposite, and AgNPs on the cell morphol-

ogy of ovarian cancer cells. To this end, we selected the IC
50

 

concentrations of GO, rGO, rGO–Ag nanocomposite, and 

AgNPs, and treated the cells for 24 hours. Figure 8 shows a 

photomicrograph composite of the A2780 cells incubated for 

24 hours in the presence or absence (control) of the respective 

IC
50

 concentrations of GO, rGO, rGO–Ag nanocomposite, 

Figure 8 Morphology of human ovarian cancer cells treated with GO, rGO, rGO–Ag nanocomposite, and AgNPs.
Abbreviations: Con, control; GO, graphene oxide; rGO, reduced graphene oxide; AgNPs, silver nanoparticles.
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and AgNPs. The control A2780 cells appear as small, 

round, dense clumps of cells with indistinct cell borders.  

A reduced number of cells and a significant effect on the cell 

morphology are observed in the A2780 cells treated with 

GO. The GO-treated cells look slightly different from those 

of the control group. A clear difference is observed between 

the rGO and rGO–Ag nanocomposite-treated cells and the 

control sample. The rGO and rGO–Ag nanocomposite-treated 

cells are denser and more oval, with shorter protrusions than 

those in the control cells. The AgNP-treated cells also show 

dramatic differences, but these are less evident than those 

observed on the rGO–Ag nanocomposite-treated cells. Simi-

larly, Jaworski et al93 reported the differential toxicity effect 

of GO and rGO in glioma cells. Interestingly, a severe effect 

on the morphology and number of the cells was observed in 

cells treated with rGO and rGO–Ag nanocomposite (Figure 

8). With the exception of the control cells, all samples show 

a decrease in the number of cells after treatment with GO, 

rGO, rGO–Ag nanocomposite, and AgNPs. A more pro-

nounced effect on cell growth is observed in the rGO–Ag 

nanocomposite-treated cells than on AgNP-, rGO-, and 

GO-treated cells. The order of degree of the cell growth 

inhibition is observed as rGO–Ag nanocomposite, AgNPs, 

rGO, and lastly GO.

Effect of rGO–Ag nanocomposite on 
membrane integrity
The measurement of the cell membrane integrity is widely 

used to assess the cytotoxicity of chemical agents used in 

cells.94 Among several enzymatic assays, the measurement 

of the extracellular activity of LDH in the culture medium 

is routine for toxicity assays. In this experiment, we treated 

the cells with IC
50

 concentrations of GO, rGO, rGO–Ag 

nanocomposite, and AgNPs for 24 hours. The intracellular 

LDH molecules were released into the culture medium upon 

the damage of the cell membrane by the treatment with gra-

phene nanomaterials.16,44,93 The level of LDH in the culture 

media indicates the extent of damage caused by the agent. 

The results obtained from this experiment are consistent with 

those of the cell viability assays, indicating that the rGO–Ag 

nanocomposite causes a higher leakage of LDH than the 

other tested nanomaterials (Figure 9). Although all nano-

materials induce LDH leakage, the rGO–Ag nanocomposite 

has a remarkable response and a significant impact on the 

membrane integrity compared with the control sample. The 

cytotoxicity strongly depends on the type of graphene materi-

als as well as on physical and chemical properties and the 

type and level of chemical functionalization.10,14,16,24,44,95,96

Figure 9 Effect of GO, rGO, rGO–Ag nanocomposite, and AgNPs on the leakage 
of LDH to culture supernatant of human ovarian cancer cells.
Notes: LDH activity is measured at 490 nm using the LDH cytotoxicity kit. The 
results are expressed as the mean ± standard deviation of three independent 
experiments. There was a significant difference in the LDH activity of rGO–Ag 
nanocomposite-treated cells compared to that of the untreated cells by the 
Student’s t-test (*P,0.05).
Abbreviations: Con, control; GO, graphene oxide; rGO, reduced graphene oxide; 
AgNPs, silver nanoparticles; LDH, lactate dehydrogenase.

Impact of rGO–Ag nanocomposite on 
ROS generation
Several studies have reported the importance of ROS in cyto-

toxicity. Oxidative stress is one proposed toxicological mech-

anism of various nanomaterials, including graphene.10,14,49 To 

investigate the effect of the rGO–Ag nanocomposite on ROS 

generation, the cells were treated with rGO–Ag nanocom-

posites and the other nanomaterials of GO, rGO, and AgNPs. 

The results clearly indicate that rGO–Ag profoundly affects 

ROS generation when compared to control. Although other 

nanomaterials also induce ROS generation, the effect of the 

rGO–Ag nanocomposite is considerably stronger (Figure 10). 

Our results are consistent with previous reports on vari-

ous cancer cell lines with graphene and graphene-related 

materials. These results show the increased generation of 

ROS in rGO–Ag nanocomposite-treated cells, which may 

result from the high cellular uptake of the rGO nanocom-

posite.97 Chang et al48 reported that GO did not enter A549 

cells and exerted no significant cytotoxic effects, but induced 

oxidative stress in cells at high concentrations. Lammel  

et al98 demonstrated that GO was cytotoxic to HepG2 cells 

through the induction of plasma membrane damage and oxi-

dative stress. Zhang et al46 clearly demonstrated the role of 

ROS in the cytotoxicity of PC12 cells. Our previous studies 

also showed that GO and rGO induced significant oxidative 

stress in various cancer cells, including MCF-7 cells17 and 

MDA-MB-231 human breast cancer cells.16 Interestingly, 

this study shows that the toxicity of the rGO–Ag nanocom-

posite has a more dramatic effect on ROS generation than 
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that of rGO, GO, or AgNPs. Thus, the mechanisms behind 

the cytotoxicity of the rGO–Ag nanocomposite may relate 

to oxidative stress.

Effect of rGO–Ag nanocomposite on the 
levels of MDA and GSH
Oxidative stress plays an important role in the cytotoxic-

ity mechanism of nanomaterials. To support the oxidative 

responses of the rGO–Ag nanocomposite, we assayed the 

cellular levels using the two well-known biomarkers of 

pro-oxidant MDA and antioxidant GSH. The levels of MDA 

are shown in Figure 11A. In the cells treated with GO, rGO, 

rGO–Ag nanocomposite, and AgNPs, MDA increases from 

0.5 nmol/mg protein to 1, 1.5, 2.5, and 2.0 nmol/mg protein, 

respectively, compared with that in control cells. These 

results suggest that the rGO–Ag nanocomposite significantly 

increases the intracellular production of MDA. Although all 

tested nanomaterials affected MDA production, the strongest 

effect is observed in rGO–Ag nanocomposite-treated cells.

Figure 11 (A) Cellular MDA levels of A2780 cells exposure to GO, rGO, rGO–Ag nanocomposite, and AgNPs. (B) Cellular GSH levels of A2780 cells after exposure to 
GO, rGO, rGO–Ag nanocomposite, and AgNPs.
Notes: (A) A2780 cells were treated with the respective IC50 concentrations of GO, rGO, rGO–Ag nanocomposite, and AgNPs for 24 hours. After incubation, the 
cells were harvested and washed twice with an ice-cold PBS solution. The cells were collected and disrupted by ultrasonication for 5 minutes on ice. The concentration 
of MDA was measured on a microplate reader at a wavelength of 530 nm. (B) A2780 cells were treated with the respective IC50 concentrations of GO, rGO, rGO–Ag 
nanocomposite, and AgNPs for 24 hours. After incubation, the cells were harvested and washed twice with an ice-cold PBS solution. The cells were collected and disrupted 
by ultrasonication for 5 minutes on ice. The concentration of GSH was expressed as nmol per milligram of protein. The reaction was monitored at 405 nm in a microplate 
reader. *P,0.05.
Abbreviations: Con, control; IC, inhibitor concentration; MDA, malonaldehyde; GO, graphene oxide; rGO, reduced graphene oxide; AgNPs, silver nanoparticles; PBS, 
phosphate-buffered saline; GSH, glutathione.

Figure 10 GO-, rGO-, rGO–Ag nanocomposite-, and AgNP-induced ROS 
generation in human ovarian cancer cells.
Notes: Relative fluorescence of 2′,7′-dichlorofluorescein was measured at the 
excitation wavelength of 485 nm and emission wavelength of 530 nm using a 
spectrofluorometer. The results are expressed as the mean ± standard deviation of 
three independent experiments. The treated groups showed statistically significant 
differences from the control group by the Student’s t-test (*P,0.05).
Abbreviations: Con, control; GO, graphene oxide; rGO, reduced graphene oxide; 
AgNPs, silver nanoparticles; ROS, reactive oxygen species.
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In cells, an imbalance between pro-oxidant (MDA) and 

antioxidant (GSH) compounds may lead to oxidative stress.68 

Therefore, we examined the levels of GSH (Figure 11B). The 

GSH decreased from 50 to 30, 20, 5, and 10 in cells treated 

with GO, rGO, rGO–Ag nanocomposite, and AgNPs, respec-

tively, when compared with the control cells. This suggests 

that the rGO–Ag nanocomposite reduces the intracellular 

GSH level more than the other tested nanomaterials do.

In this study, the oxidative stress was evaluated by the 

measurement of intracellular MDA and GSH levels. The lev-

els of MDA indicated that the lipid peroxidation significantly 

increased when the cells were treated with the rGO–Ag nano-

composite. Interestingly, the amounts of intracellular MDA 

in cells treated with the rGO–Ag nanocomposite were twice 

that of the control cells whereas the intracellular GSH level 

of the cells treated with the rGO–Ag nanocomposite was four 

times lower than that of the control cells. This agrees with the 

suggestion from previous works that an imbalance between 

MDA and GSH compounds could lead to oxidative stress.68 

Recently, Dinh et al99 reported that the antibacterial activity 

and mechanisms of Ag-decorated multi-walled CNTs induced 

toxicity in bacteria. They concluded that the significant anti-

bacterial activity resulted from synergistic effects between 

AgNPs and multi-walled CNTs. Our data also suggest that 

the possible mechanism of the cell toxicity activity is related 

to the synergy between membrane stress and oxidative stress. 

Membrane stress is mediated by the direct physical contact 

of rGO and Ag with the cell membrane walls, while oxida-

tive stress is caused by the induction of ROS mediated by the 

functionalized rGO and Ag materials.99–101

rGO–Ag nanocomposite-induced 
caspase-3 activity
ROS and caspases have been implicated as potential media-

tors of cell death.102 Caspase-3, a cysteine protease, has been 

shown to be critical in Fas-mediated,103 spontaneous,104 and 

staurosporine-mediated105 apoptosis. However, the mecha-

nistic relationship remains unclear in the context of graphene 

and graphene-related material-induced toxicity. Therefore, 

we investigated the role of caspases in apoptosis induced by 

the ROS generated by rGO–Ag and other carbon nanomate-

rials. To determine the importance of caspase-3 activation 

in the apoptotic pathway of the cells, the cells were treated 

with respective IC
50

 concentrations of GO, rGO, rGO–Ag 

nanocomposite, and AgNPs. When the cells are treated for 

24 hours, the activity of caspase-3 increases significantly 

compared to that of the control (Figure 12). However, as with 

the other biochemical assays, the rGO–Ag nanocomposite-

treated culture shows a remarkably higher level of caspase-3 

activity than cultures treated with other tested nanomaterials. 

Figure 12 Effects of GO, rGO, rGO–Ag nanocomposite, and AgNPs on caspase-3 activity in human ovarian cancer cells.
Notes: Ovarian cancer cells were treated with GO, rGO, rGO–Ag nanocomposite, and AgNPs with or without the caspase-3 inhibitor Ac-DEVD-CHO for 24 hours. The 
concentration of p-nitroanilide released from the substrate was calculated from the absorbance at 405 nm. The results are expressed as the mean ± standard deviation of 
three separate experiments. The treated groups showed statistically significant differences from the control group by the Student’s t-test (*P,0.05).
Abbreviations: Con, control; GO, graphene oxide; rGO, reduced graphene oxide; AgNPs, silver nanoparticles; Ac-DEVD-CHO, N-Ac-Asp-Glu-Val-Asp-CHO; Ac-DEVD-
pNA, acetyl-Asp-Glu-Val-Asp p-nitroanilide.
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Treatment with iron oxide NPs in MCF-7 cells revealed that 

the mode of cell death was apoptosis, mediated by the ROS-

triggered mitochondrial pathway, as evidenced by the cleavage 

of the caspase-3 activity.106 The activation signal of caspase-3 

seemed to be through the induction of ROS; generally, toxic 

chemicals like iron oxide NPs,107 cadmium, and mercury108 

induce ROS generation. Here, a similar phenomenon may 

occur for the caspase-3 activation by GO, rGO, rGO–Ag 

nanocomposite, and AgNPs. The activation of poly(ADP-

ribose)polymerase cleavable protease, such as caspase 3-like 

protease, has been suggested to be promoted by ROS.109 The 

results of this assay suggest that graphene materials cause 

the direct involvement of a caspase-family protease in ROS-

induced apoptosis. In addition, we also show that the irrevers-

ible caspase-3 inhibitor prevents the caspase-3 activation.

rGO–Ag nanocomposite-induced 
apoptosis in ovarian cancer cells
The data from the previous experiments, such as the 

increased production of ROS and MDA and the reduced 

activity of the antioxidant enzymes and GSH, suggested 

that the rGO–Ag nanocomposite caused induced oxidative 

stress, which may result in cell damage and apoptosis via 

DNA damage. Therefore, this experiment was designed 

to address whether the rGO–Ag nanocomposite could 

induce DNA fragmentation by oxidative stress. The DNA 

fragmentation assay enables the assessment of cell death, 

which is a hallmark of apoptosis. To confirm the induction 

of apoptosis in A2780 cells, the cells were treated with 

GO, rGO, and rGO–Ag nanocomposite for 24 hours; the 

TUNEL analysis was performed on the treated cells. The 

results indicate that treatment with GO, rGO, and rGO–Ag 

nanocomposite causes the appearance of a significant num-

ber of TUNEL-positive A2780 cells, whereas no apoptotic 

cells are observed in the control (Figure 13A–C). Interest-

ingly, the rGO–Ag nanocomposite-treated cells show an 

advanced degree of fragmentation when compared with 

the cells treated with other tested nanomaterials. This indi-

cates that the cytotoxicity of the rGO–Ag nanocomposite 

is associated with the induction of apoptosis. Recently, 

Figure 13 (Continued)
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Figure 14 The hypothetical model for synthesis of rGO–Ag and its mechanisms in inducing cell death in human ovarian cancer cells.
Abbreviations: GO, graphene oxide; rGO, reduced graphene oxide; AgNO3, silver nanoparticle; LDH, lactate dehydrogenase; TAPE, Tilia amurensis plant extracts; ROS, 
reactive oxygen species.

Akhavan et al14 observed that both DNA fragmentations 

and chromosomal aberrations in human mesenchymal stem 

cells treated with low concentration rGO–NPs were caused 

by penetration into the cells, which resulted in interactions 

between the penetrated nanosheets and the cell nuclei. Ear-

lier studies suggested that carbon nanomaterials, including 

multi-walled CNTs and nanodiamonds, could induce the 

expression of chromosomal DNA-damage biomarkers, 

p53, MOGG-1, and Rad51, and DNA fragmentation in 

mouse embryonic stem cells and embryonic stem cells, 

respectively.110,111 In our study, we observed similar DNA 

fragmentation in the cells treated with the rGO–Ag nano-

composite; the fragmentation is significantly higher than 

that in rGO-treated cells. Altogether, the data suggest that 

the rGO–Ag nanocomposite is a promising agent to inhibit 

the growth of cancer cells. The hypothetical mechanism is 

shown in Figure 14.

Conclusion
In this work, we demonstrated a simple, environmentally 

friendly, and dependable approach for the synthesis of 

rGO–Ag nanocomposites using the natural enzyme TAPE. 

The synthesized rGO–Ag nanocomposite was characterized 

by UV-Vis, FTIR, Raman spectroscopy, XRD, SEM, and 

TEM, which demonstrated that AgNPs with diameters of 

approximately 20 nm were deposited uniformly and com-

pactly on rGO. Moreover, the rGO–Ag nanocomposite nano-

sheets showed excellent solubility and stability for more than 

3 months. The rGO–Ag nanocomposite displayed significant 

cytotoxicity and showed highly effective apoptotic activity 

against ovarian cancer cells. The combined nanomaterials 

in our assays yielded a synergistic effect, which indicated 

that the combined process efficacy was higher than the sum 

of the individual efficacies of the individual nanomaterials. 

This novel formulation may aid the development of better 

Figure 13 rGO–Ag nanocomposite-induced apoptosis in human ovarian cancer cells.
Notes: The cells were treated with respective IC50 concentrations of GO, rGO, rGO–Ag nanocomposite, and AgNPs for 24 hours. Apoptosis of human ovarian cancer 
cells after 24-hour treatment was assessed by the TUNEL assay; the nuclei were counterstained with DAPI. Representative images show apoptotic (fragmented) DNA (red 
staining) and the corresponding cell nuclei (blue staining).
Abbreviations: Con, control; GO, graphene oxide; rGO, reduced graphene oxide; AgNPs, silver nanoparticles.
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anticancer therapeutics and could provide new treatments for 

the cancer and CSC-targeted cancer therapies.
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