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Background: Graphene and graphene-related materials have gained substantial interest from 

both academia and industry for the development of unique nanomaterials for biomedical appli-

cations. Graphene oxide (GO) and silver nanoparticles (AgNPs) are a valuable platform for the 

development of nanocomposites, permitting the combination of nanomaterials with different 

physical and chemical properties to generate novel materials with improved and effective func-

tionalities in a single platform. Therefore, this study was conducted to synthesize a graphene 

oxide–silver nanoparticle (GO-AgNPs) nanocomposite using the biomolecule quercetin and 

evaluate the potential cytotoxicity and mechanism of GO-AgNPs in human neuroblastoma 

cancer cells (SH-SY5Y).

Methods: The synthesized GO-AgNPs were characterized using various analytical techniques. 

The potential toxicities of GO-AgNPs were evaluated using a series of biochemical and cellular 

assays. The expression of apoptotic and anti-apoptotic genes was measured by quantitative 

real-time reverse transcription polymerase chain reaction. Further, apoptosis was confirmed by 

caspase-9/3 activity and a terminal deoxynucleotidyl transferase dUTP nick end labeling assay, 

and GO-AgNPs-induced autophagy was also confirmed by transmission electron microscopy.

Results: The prepared GO-AgNPs exhibited significantly higher cytotoxicity toward SH-SY5Y 

cells than GO. GO-AgNPs induced significant cytotoxicity in SH-SY5Y cells by the loss of cell 

viability, inhibition of cell proliferation, increased leakage of lactate dehydrogenase, decreased 

level of mitochondrial membrane potential, reduced numbers of mitochondria, enhanced level of 

reactive oxygen species generation, increased expression of pro-apoptotic genes, and decreased 

expression of anti-apoptotic genes. GO-AgNPs induced caspase-9/3-dependent apoptosis 

via DNA fragmentation. Finally, GO-AgNPs induced accumulation of autophagosomes and 

autophagic vacuoles.

Conclusion: In this study, we developed an environmentally friendly, facile, dependable, and 

simple method for the synthesis of GO-AgNPs nanocomposites using quercetin. The synthesized 

GO-AgNPs exhibited enhanced cytotoxicity compared with that of GO at very low concentra-

tions. This study not only elucidates the potential cytotoxicity against neuroblastoma cancer 

cells, but also reveals the molecular mechanism of toxicity.

Keywords: neuroblastoma, cell viability, cytotoxicity, graphene oxide–silver nanoparticles 

nanocomposite, apoptosis, autophagy

Introduction
Neuroblastoma is a childhood cancer, and it is the single most common tumor 

that occurs primarily in children younger than 5 years. It is also the most common 

extracranial solid tumor in children and accounts for 15% of pediatric cancer deaths.1 
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There are ~700 new cases of neuroblastoma each year 

in the United States.2,3 It is one of the most common and 

deadly tumors in children.2 Neuroblastoma accounts for 

7%–10% of childhood cancers with an annual incidence 

of 8 per million children younger than 15 years.4–6 Human 

neuroblastoma SH-SY5Y cells seem to be one of the best 

in vitro model systems for neuronal studies due to their lack 

of contamination and capability of proliferating in culture 

for long periods, a prerequisite for the development of an 

in vitro cell model. The cells can also be maintained in an 

undifferentiated state.7–9 SH-SY5Y cells exhibit properties 

of stem cells and differentiate upon treatment with a variety 

of agents, including retinoic acid and silver nanoparticles 

(AgNPs).7,10,11 Consequently, the SH-SY5Y cell line has been 

widely used in analyses of neuronal differentiation, metabo-

lism, neurodegenerative and neuro-adaptive processes, 

neurotoxicity, and neuroprotection.6,10,12 Therefore, the 

selection of classical cellular models is critical to dissect 

the functional aspects and molecular mechanisms of action 

of new molecules, potential toxins, or cytotoxic agents.13 

Although highly advanced technologies are being developed 

for many types of cancers, including childhood oncological 

disorders, children with metastatic neuroblastoma have only 

a 5%–15% chance of long-term survival.14 Until now, this 

miserable long-term prognosis has not changed in the past 

2 decades. Clearly, neuroblastoma is a tumor for which new 

treatment approaches are needed. Although a wide spectrum 

of toxicity studies have been performed in various cancer cell 

lines with anticancer drugs and different types of nanopar-

ticles, so far no studies have reported the effects of graphene 

oxide–silver nanoparticles (GO-AgNPs) nanocomposites on 

human neuroblastoma cells.

Recently, nanotechnology has become an essential and 

important field tool to develop various kinds of nanoparticles 

with high surface area to volume ratios and unique properties.15 

Among several nanoparticles, AgNPs are the most frequently 

used nanoparticles in a variety of biomedical applications, 

including diagnostics, drug delivery, biomarkers, and dis-

tinct antibacterial, antifungal, and anti-biofilm agents.16–18 

In addition, AgNPs exhibited an anticancer property in 

various cancer cell lines, such as Dalton’s lymphoma ascites 

(DLA) cell lines,19 human lung cancer cells,17 human breast 

cancer cells,20 and human ovarian cancer cells,21 and an 

antiangiogenic property in endothelial cells.22,23 Similarly, 

graphene and graphene-related nanomaterials have attracted 

much interest due to their unique physical and chemical 

properties, such as their exceptionally large surface area, high 

electrical conductivity, good thermal stability, and excellent 

mechanical strength and elasticity,24 and they have been used 

as anticancer agents and in other biomedical applications, 

including bio-imaging, gene delivery, tissue engineering, 

and drug delivery.15 In the development of graphene-related 

materials for biomedical applications under in vivo condi-

tions, cytotoxicity and biocompatibility studies are indis-

pensable. Therefore, many studies have been dedicated to 

examining the effects of graphene, GO, and graphene-related 

nanomaterials in various cell culture systems. For instance, 

Mullick Chowdhury et al25 reported the toxicity of oxidized 

graphene nanoribbons in four different cell lines, including 

HeLa, MCF-7, SKBR3, and NIH3T3, using six different 

biochemical and cellular assays. The results indicated that the 

cytotoxicity differs in a dose- and time-dependent manner and 

also depends on cell type. Similarly, our studies have shown 

the toxicity of GO and biomolecule-functionalized reduced 

graphene in various types of cancer and non-cancer cells, 

including mouse embryonic fibroblast cells,26 human breast 

cancer cells,27 and human ovarian cancer cells.28 GO induced 

cytotoxicity in human neuroblastoma SH-SY5Y cells at 

higher concentrations of 80 µg/mL at 96 h in a dose- and time-

dependent manner,29 and GO nanoribbons induced toxicity 

by generation of reactive oxygen species (ROS), impairment 

of mitochondrial membrane potential (MMP), and formation 

of autophagosomes (APs),30 which also depends on the size, 

charge, surface chemistry, and physical and chemical nature 

of the synthesized graphene.27,28,31,32 On the other hand, the 

biocompatibility was analyzed using a variety of chemically 

and biologically functionalized graphene in several cell lines. 

For example, GO composites containing Tween-20 and 

chemically reduced GO showed excellent stability in water 

and were non-toxic to three different mammalian cell lines, 

including Vero cells, embryonic bovine cells, and Crandell–

Rees feline kidney cells.33 GO reduced with dextran showed 

significant biocompatibility with HeLa cells.34 Lee et al35 

demonstrated that graphene- and GO-coated substrates accel-

erated mesenchymal stem cell (MSC) adhesion, proliferation, 

and differentiation. Biologically functionalized graphene 

showed excellent biocompatibility in various cell lines, such 

as mouse embryonic fibroblast cells,26 human breast cancer 

cells,31 and human embryonic kidney (HEK) 293 cells.36

Although both AgNPs and graphene are widely known 

for their outstanding antimicrobial and anticancer activity 

in a variety of bacteria and cell lines, respectively, the dis-

advantage of AgNPs is their strong tendency to aggregate 

in aqueous solutions and susceptibility to aggregation into 

large particles owing to their high surface energy, resulting 

in deterioration of their unique chemical properties and loss 
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of their antibacterial activities.37 However, surfactants can 

maintain the colloidal stability of AgNPs and also hinder the 

particles’ surface oxidation.38 This leads to a reduced toxicity 

to bacterial cells that might be a result of the decreased rate 

of AgNPs+ ion release.38 Therefore, many researchers are 

interested in developing distinct and effective antimicrobial, 

anticancer, or cytotoxic molecules, and GO seems to be an 

attractive platform for building novel nanocomposites. GO 

sheets act as support layers to allow the combination of nano-

materials with different properties to produce novel materials 

with improved or new functionalities, such as increased 

stability. For example, attachment of AgNPs on the surface 

of GO sheets can prevent AgNPs from aggregating, allowing 

a more controlled release of AgNPs+ ions, which eventually 

can increase antibacterial and anticancer activity.21,37,39–42

Recent studies on basic and translational cancer have been 

focused on development of novel therapeutic agents targeting 

multidimensional aspects that contribute to the development 

and progression of cancers and the resistance of tumors to 

conventional therapies.43,44 Although several studies have 

addressed the molecular mechanism of cancer pathogenesis, 

the process of understanding remains extremely complex, and 

much is still unknown because of intrinsic resistance and loss 

of sensitivity to a therapeutic agent.45 Generally, neuroblas-

toma is sensitive to chemotherapy but eventually develops 

resistance to chemotherapy. Therefore, developing a novel 

nanoparticle-mediated therapy is essential and necessary. For 

instance, nanoparticle-mediated cancer therapy could target 

cancer stem cells, but it may be linked to treatment resistance 

of cancer stem cells.46 Considering the available literature, we 

designed our work with the following objectives. The first 

objective of this study was to synthesize and characterize the 

GO–silver nanocomposite using the biomolecule quercetin. 

The second objective was to evaluate the potential cytotoxicity 

of GO-AgNP nanocomposites in the human neuroblastoma 

(SH-SY5Y) cell line, which is commonly used in studies 

related to neurotoxicity, oxidative stress, and neurodegenera-

tive diseases. The final objective of this study was to determine 

the mechanism of toxicity of GO-AgNP nanocomposites in 

the human neuroblastoma cancer cell line (SH-SY5Y).

Materials and methods
Materials
Penicillin–streptomycin solution, trypsin–ethylenedi-

aminetetraacetic acid (EDTA) solution, Dulbecco’s Modified 

Eagle’s Medium (DMEM), and 1% antibiotic–antimycotic 

solution were obtained from Life Technologies (Thermo 

Fisher Scientific, Waltham, MA, USA). Fetal bovine serum 

(FBS), CCK-8, and an in vitro cell-counting assay kit were 

purchased from Dojindo (ck04; Rockville, MD, USA). 

Quercetin, AgNO
3
, FBS, and the in vitro toxicology assay kit 

were purchased from Sigma-Aldrich (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
 aqueous solution, 

acetaminophen, and all other chemicals were purchased from 

Sigma-Aldrich unless otherwise stated.

Synthesis of GO
GO was synthesized as described previously with suitable 

modifications.26,28,31 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 min. Deionized water (250 mL) was slowly added, and 

the temperature was increased to 98°C. The mixture was 

maintained at 98°C for 30 min; the reaction was terminated 

by the addition of 500 mL deionized water and 40 mL 30% 

H
2
O

2
 solution. The color of the mixture changed to brilliant 

yellow, indicating the oxidation 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 120 min.

Synthesis and characterization of 
GO-AgNPs nanocomposite
Synthesis and characterization of the GO-AgNPs nanocom-

posite was followed as described previously.21,37 Synthesized 

GO-AgNPs nanocomposites were prepared using quercetin. 

Aqueous solutions of 100 mg GO and 1 mM AgNO
3
 were 

used as precursors for the GO-AgNPs nanocomposites. 

Initially, 100  mg GO was dispersed in 60  mL water by 

60 min of sonication. The reaction mixture was prepared in 

a 250 mL round-bottom flask by dissolving 1 mM AgNO
3
 in 

30 mL water. To this solution, 60 mL of the GO dispersion 

was added, followed by a quick addition of 10 mL of aque-

ous 1 mM quercetin. The mixture was stirred at 90°C for 

12 h. After 12 h, the reaction was stopped, and the resultant 

mixture was washed three times with water using centrifuga-

tion. The product was obtained as a black powder and used 

for further experiments.

Cell culture and exposure of SH-SY5Y 
cells to GO-AgNPs nanocomposite
SH-SY5Y human neuroblastoma cells were obtained from 

the American Type Culture Collection and were maintained 
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in DMEM supplemented with 2 mM glutamine, 10% FBS, 

and 1% antibiotic–antimycotic solution.7,8 Cells were grown 

to confluence at 37°C in a 5% CO
2
 atmosphere. All experi-

ments were performed in 96-well plates and 100 mm cell 

culture dishes. The cells were prepared in 100 µL aliquots 

at a density of 1×105 mL and plated in 96-well plates. After 

the cells were cultured for 24 h, the medium was replaced 

with a medium containing GO (0–50 µg/mL) or GO-AgNPs 

(0–10 µg/mL). After incubation for an additional 24 h, the 

cells were analyzed for viability. The cells that were not 

exposed to GO or GO-AgNPs served as controls.

Cell viability assay
The cell viability was measured with a CCK-8 cell-counting 

assay kit. Briefly, the SH-SY5Y cells were plated on to 

96-well flat-bottom culture plates with various concentrations 

of GO or GO-AgNPs. All cultures were incubated for 24 h 

at 37°C in a humidified incubator. After 24 h of incubation 

(37°C and 5% CO
2
 in a humid atmosphere), 10 μL of CCK-8 

reagent was added to each well, and then the plates were 

incubated for a further 1 h at 37°C. The resulting formazan 

absorbance was measured at 450 nm with an ELISA reader 

(Spectra MAX; Molecular Devices LLC, Sunnyvale, CA, 

USA). The results were expressed as the mean of three inde-

pendent experiments. Concentrations of GO and GO-AgNPs 

that showed a 50% reduction in cell viability (ie, IC
50

 values) 

were then calculated.

Trypan blue exclusion assay
A trypan blue exclusion assay was performed according 

to the method described earlier.27 The SH-SY5Y cells 

were plated in 96-well plates. The cells were treated with 

various concentrations of GO (10–50 µg/mL) or GO-AgNPs 

(2–10 µg/mL) for 24 h. After treatment, cells attached to the 

96-well plate were washed using phosphate-buffered saline 

(PBS, pH 7.4) once, trypsinized for 1 min in a 37°C incubator, 

and then neutralized with FBS-supplemented growth media. 

The cells were stained using 4% trypan blue to determine 

live cell numbers. The cell count was performed manually 

with a hemocytometer.

Membrane integrity
The membrane integrity of SH-SY5Y cells was evaluated 

according to the manufacturer’s instructions (LDH Cyto-

toxicity Detection Kit; Takara, Tokyo, Japan). Briefly, cells 

were exposed to IC
50

 concentrations of GO (25  µg/mL), 

GO-AgNPs (5 µg/mL), or doxorubicin (DOX) (1 µg/mL) 

for 24 h, and 100 μL per well of cell-free supernatant was 

transferred in triplicate into 96-well plates. Then, 100 μL of 

the LDH reaction mixture was added to each well. After 3 h 

incubation under standard conditions, the optical density 

of the color generated was determined at a wavelength of 

490 nm using a microplate reader.

Assessment of dead-cell protease activity
A dead-cell protease activity assay was performed accord-

ing to the method described earlier.47 The cytotoxicity assay 

was employed to evaluate the cytotoxicity effects of GO 

(25 µg/mL), GO-AgNPs (5 µg/mL), or DOX (1 µg/mL) for 

24 h on SH-SY5Y cells. The cytotoxicity was determined by 

association of intracellular protease with a luminogenic pep-

tide substrate (alanyl-alanylphenylalanyl-aminoluciferin). 

The degree of protease reaction can measure dead-cell pro-

tease activity. As a control, we treated cells with 1% Triton 

X-100 to exclude the background value of the medium color. 

Luminogenic peptide substrate (5 μL) was added to each well, 

and luminescence was measured to determine the number of 

dead cells. The peptide substrate was incubated for 15 min at 

37°C. The luminescence was measured with a luminescence 

counter (PerkinElmer Inc., Waltham, MA, USA).

Analysis of mitochondrial dysfunction
The cells were exposed to GO (25  µg/mL), GO-AgNPs 

(5  µg/mL), or DOX (1  µg/mL) for 24  h, and then MMP 

was measured as described previously17,46 using the cationic 

fluorescent indicator JC-1 (Molecular Probes, Eugene, OR, 

USA). JC-1 is a lipophilic cation, which, in a reaction driven 

by ΔΨ
m
 in normal polarized mitochondria, assembles into 

a red fluorescence-emitting dimer, forming JC-1-AgNPs 

aggregates. Cells were incubated with 10 μM JC-1 at 37°C for 

15 min, washed with PBS, resuspended in PBS, and then the 

fluorescence intensity was measured. MMP was expressed as 

the ratio of the fluorescence intensity of the JC-1 aggregates 

to that of the monomers.

A mitochondrial dysfunction analysis was also carried out 

by determining the mitochondria copy number using real-time 

polymerase chain reaction (PCR) amplification. The cells 

were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), or 

DOX (1 µg/mL) for 24 h. To determine the copy number, the 

following primers were used: mitochondrial DNA (mtDNA) 

forward primer, CCTATCACCCTTGCCATCAT; mtDNA 

reverse primer, AGNPSGCTGTTGCTTGTGTGAC. 

To quantify the nuclear DNA, we used a primer set that 

detects the PECAM gene on chromosome 6 of nuclear DNA: 

forward primer, ATGGAAAGNPSCCTGCCATCATG; 

reverse primer, TCCTTGTTGTTCAGNPSCATCAC.48
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Determination of ROS
ROS was estimated according to a method described 

previously.17 Intracellular ROS was measured based 

on the intracellular peroxide-dependent oxidation of 

2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; 

Molecular Probes) to form the fluorescent compound 2′,7′-
dichlorofluorescein (DCF), as previously described. The cells 

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

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

PBS, fresh medium containing GO (25 µg/mL), GO-AgNPs 

(5 µg/mL), or DOX (1 µg/mL) was added and incubated 

for 24  h. The cells were then supplemented with 20 μM 

DCFH-DA, and the incubation continued for 30 min at 37°C. 

The cells were rinsed with PBS, and 2 mL of PBS was added 

to each well. The fluorescence intensity was determined using 

a spectrofluorometer (Gemini EM; Molecular Devices LLC) 

with excitation at 485 nm and emission at 530 nm.

Determination of malondialdehyde (MDA)
MDA was measured according to the method described 

earlier.49 The SH-SY5Y cells were seeded into 6-well 

microplates at 2.0×106 cells per well. The cells were treated 

with GO (25  µg/mL), GO-AgNPs (5  µg/mL), or DOX 

(1 µg/mL) for 24 h. 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 min 

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

according to the procedure recommended by the manufac-

turer of the MDA assay kit. 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).

Quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) 
assay
Total RNA was extracted from the cells treated with GO 

(25 µg/mL), GO-AgNPs (5 µg/mL), or DOX (1 µg/mL) for 

24 h using the Arcturus PicoPure RNA isolation kit (Arcturus 

Bioscience, Mountain View, CA, USA), and then samples 

were prepared according to the manufacturer’s instructions. 

Real-time RT-PCR was conducted using a Vill7 (Thermo 

Fisher Scientific) and SYBR Green as the double-stranded 

DNA-specific fluorescent dye (Thermo Fisher Scientific). 

Target gene expression levels were normalized to GAPDH 

expression, which was unaffected by treatment. The RT-PCR 

primer sets are shown in Table 1. Real-time qRT-PCR was 

performed independently in triplicate for each of the different 

samples; the data are presented as the mean values of gene 

expression measured in treated samples versus control.

Measurement of caspase-9/3 activity
The measurement of caspase-9/3 activity was performed 

according to the method described earlier.21 The samples 

were collected from the cells that were treated with GO 

(25 µg/mL), GO-AgNPs (5 µg/mL), or DOX (1 µg/mL) for 

24 h with and without caspase-3/9 inhibitor for 24 h. The 

activity of caspase-9/3 was measured in the cancer cells using 

a kit from Sigma-Aldrich according to the manufacturer’s 

instructions.

TUNEL assay
Apoptosis induced by GO (25 µg/mL), GO-AgNPs (5 µg/mL), 

or DOX (1 µg/mL) 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 instructions. Briefly, SH-SY5Y 

cells were cultured in 6-well plates (1.5×106 per well) to 

study the apoptosis in adherent cells. Cells were treated with 

GO (25 µg/mL), GO-AgNPs (5 µg/mL), or DOX (1 µg/mL) 

for 24 h. After the incubation period, the culture medium 

was aspirated off, and the cell layers were trypsinized. The 

trypsinized cells were reattached on 0.01% polylysine-coated 

slides, fixed with 4% methanol-free formaldehyde solution, 

and stained according to the manufacturer’s instructions for 

the TUNEL protocol. The stained cells were observed with 

Table 1 Primers used for quantitative real-time PCR for the 
analysis of apoptotic, and anti-apoptotic, gene expression

S No Gene Direction Primers (5′–3′)

1 Bax F GAG AGG TCT TTT TCC GAG TGG
R GGA GGA AGT CCA ATG TCC AG

2 p53 F AGG AAA TTT GCG TGT GGA GTA T
R TCC GTC CCA GTA GAT TAC CAC T

3 Bak F CTC AGA GTT CCA GAC CAT GTT G
R CAT GCT GGT AGA CGT GTA GGG

4 Cas3 F CAT ACT CCA CAG CAC CTG GTT A
R ACT CAA ATT CTG TTG CCA CCT T

5 Cas9 F ACT TTC CCA GGT TTT GTT TCC T
R GAA ATT AAA GCA ACC AGG CAT C

6 Bcl2 F CTG AGT ACC TGA ACC GGC A
R GAG AAA TCA AAC AGA GGC CG

7 p21 F ATG TGG ACC TGT CAC TGT CTT G
R CTT CCT CTT GGA GAA GAT CAG C

8 Bcl-xl F GTAAACTGGGGTCGCATTGT
R CGATCCGACTCACCAATACC

Abbreviations: F, forward; PCR, polymerase chain reaction; R, reverse; S No, 
serial number.
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a Carl Zeiss (Axiovert) epifluorescence microscope using a 

triple bandpass filter.

Transmission electron microscopy (TEM) 
analysis of intracellular organelles
TEM analysis was performed to determine the struc-

tural integrity of cellular organelles in SH-SY5Y cell 

lines. The cells were treated with GO (25  µg/mL), GO-

AgNPs (5 µg/mL), or DOX (1 µg/mL) for 24 h, harvested, 

fixed with a mixture of 2% paraformaldehyde and 2.5% 

glutaraldehyde in 0.2 M PBS for 8 h at pH 7.2, washed six 

times in PBS, and then post-fixed in 1.33% osmium tetroxide 

in the same buffer for 1 h at room temperature. After fixation, 

the cells were incubated with 1% osmium tetroxide in PBS 

for 2 h. The fixed cells were dehydrated in ascending con-

centrations of ethanol (70%, 80%, 90%, 95%, and 100%) and 

embedded in EMbed 812 resins (EMS, Hatfield, PA, USA) 

via propylene oxide. Ultrathin sections were obtained using 

an ultramicrotome (Leica Microsystems, Wetzlar, Germany) 

and were double stained with uranyl acetate and lead citrate. 

The stained sections on the grids were then examined with an 

H7000 TEM (Hitachi Ltd., Tokyo, Japan) at 80 kV.

Statistical analyses
All assays were conducted in triplicate, and each experiment 

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

mean ± standard deviation. All the experimental data were 

compared using the Student’s t-test. A P-value ,0.05 was 

considered statistically significant.

Results and discussion
Synthesis and characterization of 
GO-AgNPs nanocomposite
The large surface area of GO and the direct growth of AgNPs 

on the GO surface allow synergistic action of the two mol-

ecules in a single platform, which is extremely important 

for antibacterial and anticancer activity. Therefore, we 

synthesized a GO-AgNPs nanocomposite in the presence of 

quercetin as a reducing and stabilizing agent. The synthesized 

GO-AgNPs nanocomposite was characterized by UV-visible 

spectroscopy. The UV-vis absorption spectrum of the GO 

sample showed a characteristic band at 230 nm, which cor-

responds to the electronic π–π* transitions of C–C aromatic 

bonds and a shoulder at 300 nm, which can be assigned to 

the n–π* transitions of C=O bonds.37,50 GO-AgNPs nano-

composites exhibited a plasmon absorption band at 230 nm 

and 420 nm, indicating the presence of AgNPs in the GO 

dispersion (Figure 1A). As a positive control, we used pure 

AgNPs, which show emblematic characteristic absorption 

band at 420 nm. The presence of a band at 420 nm in the 

GO-AgNPs dispersion is attributed to the surface plasmon 

resonance of silver nanoparticles in the composite.22,37 The 

new absorbance peak for AgNPs was near 420  nm and 

appeared after decoration with AgNPs on the surface of GO, 

which suggested that the change in the curve at 420 nm for 

the GO and AgNPs mixture was indicative of successful 

silver nitrate reduction to AgNPs and their decoration on 

the surface of GO nanosheets.39,41 This is the characteristic 

feature of AgNPs due to the plasmon absorption of GO-

AgNPs.21 In the case of GO-AgNPs nanocomposites, both 

types of absorption signals were observed for AgNPs and GO 

(Figure 1A), and the presence of AgNP and GO peaks within 

the composite clearly indicated the successful synthesis of 

GO-AgNPs nanocomposites. Furthermore, UV-vis analysis 

was performed to demonstrate the spectrum of quercetin, and 

the spectra of quercetin showed presence of a bathochromic 

shift of the absorption peaks of the aromatic region of quer-

cetin from 280 nm to 380 nm (Figure 1A).

The decoration of AgNPs on the surface of GO was 

confirmed by X-ray diffraction (XRD) analysis. As shown 

in Figure 1B, the XRD patterns confirmed the presence of 

AgNPs on the surface of GO. The broad XRD reflection peak 

at 11.7° corresponds to an interlayer distance of 7.6 Å (d002) 

and could be attributed to the diffraction of amorphous GO 

structures and related to the exfoliation of graphite.51,52 The 

composite containing AgNPs showed diffraction peaks at 

31.8°, which could be indexed to the (111) diffractions of 

metallic silver, suggesting the formation of metallic silver 

particles.20 The data obtained from the quercetin-mediated 

synthesis of GO-AgNPs were consistent with that of pepsin-

assisted synthesis of GO-AgNPs.37 Altogether, the results 

from the XRD data confirmed the presence of AgNPs on the 

surface of GO sheets. The results are consistent with those of 

GO-AgNPs produced by other methods, including reduction 

of AgNO
3
 with the chemiluminescent reagent luminol in the 

presence of GO,53 microwave-assisted green synthesis of Ag/

reduced GO nanocomposite,54 the solvo-thermal method,55 

and pepsin-assisted synthesis of GO-AgNPs.37

Fourier transform infrared (FTIR) spectroscopy was used 

to analyze the involvement of biomolecules in the synthesis 

of the GO-AgNPs composite. As shown in Figure 1C, the 

presence of an absorption band at ~1,637 cm−1 corresponded 

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

skeleton structure.37 The presence of other oxygenated func-

tional groups was also detected, including OH at ~3,443 cm−1 

and 1,385 cm−1 and C–O at 1,081 cm−1. In contrast, there was a 
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significant decrease in the intensity of the absorption bands 

of the oxygenated functional groups at ~3,330  cm−1 and 

1,081 cm−1 for the GO-AgNPs sample. This is probably due 

to the existence of AgNPs on the surface of GO. These data 

suggested that the synthesized GO-AgNPs composite is sta-

bilized by a number of quercetin residues through their amine 

functional groups. Variation of the peak between GO and 

GO-AgNPs demonstrated the interaction between silver ions 

Figure 1 Characterization of GO and GO-AgNP nanocomposite using UV-visible spectroscopy.
Notes: (A) GO spectra exhibited a maximum absorption peak at ~230 nm corresponding to the π–π transitions of aromatic C–C bonds. A new peak at 420 nm was observed 
after deposition of AgNPs on the GO surface; the band at 420 nm in the absorption spectrum of the GO-AgNPs is attributed to the surface plasmons and presence of AgNPs. 
(B) XRD patterns of GO and GO-AgNPs. In the XRD pattern of GO, a strong, sharp peak at 2θ=11.7° corresponds to an interlayer distance of 7.6 Å. The GO-AgNPs 
showed distinct reflections in the XRD pattern at 31.8 corresponding to the (111) plane of face-centered cubic Ag. (C) FTIR spectra of GO and GO-AgNPs. Dried powders 
of GO and GO-AgNPs were diluted with KBr to perform FTIR spectroscopy and spectrum GX spectrometry within the range of 500–4,000 cm−1. (D) SEM images of GO and 
GO-AgNP dispersions at 500 μg/mL. (E) TEM images of GO and GO-AgNPs. (F) Raman spectroscopy analyses of GO and GO-AgNP nanocomposite. Raman spectra of GO 
and GO-AgNPs were obtained using a laser excitation wavelength of 532 nm at a power of 1 mW after the removal of background fluorescence. At least three independent 
experiments were performed for each sample, and reproducible results were obtained.
Abbreviations: AgNP, silver nanoparticle; FTIR, Fourier transform infrared; GO, graphene oxide; SEM, scanning electron microscopy; TEM, transmission electron 
microscopy; XRD, X-ray diffraction.
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and carboxylate groups on the edge of the GO sheets through 

the formation of a coordination bond or through simple elec-

trostatic attraction.56 Further, we observed that some of the 

bands were slightly shifted because of the change in the hydro-

phobic nature of the deoxygenated sample compared with 

those of the initial GO. Further analysis showed that although 

the functional group GO was observed in the GO-AgNPs 

nanocomposite, the peak positions of the functional groups 

were significantly reduced; particularly, the intensity of 

C=O carbonyl stretching (1,637  cm−1) and hydroxy-OH 

(3,443  cm−1) was decreased, and this change proves that 

there was an interaction between AgNPs and GO.

The surface morphology of GO and the deposition of 

AgNPs on its surface was confirmed by scanning electron 

microscopy (SEM) analysis. GO sheets showed a well-

packed, folded (with a silky wave-like) morphology formed 

by the stacking of exfoliated nanosheets.27 The surface mor-

phology resembled a strongly folded curtain, and GO flakes 

overlapped rather than aggregated. A significant morphologi-

cal difference was observed between GO and GO-AgNPs 

(Figure 1D). Distinct, spherical AgNPs were uniformly 

spread on the surface of the composite nanosheets. The distri-

bution of AgNPs on the GO sheets suggested a homogeneous 

distribution of AgNPs on the GO sheets. The results obtained 

from this study indicated significant exfoliation of graphite 

during the oxidation process and efficient reduction of GO 

and AgNO
3
 to GO-AgNPs by quercetin (Figure 1D). Our 

results are consistent with structural arrangements of GO/

silver nanoparticle composites formed by the reduction of 

AgNO
3
 and GO in the presence of luminol53 and pepsin.37

TEM analysis was performed to confirm the surface 

and structural morphology of the successfully prepared 

GO-AgNPs composites and measure the uniform distribution 

of AgNPs on the GO sheets.21,37 GO-AgNPs images clearly 

showed transparent, single-layer sheets containing flake-like 

wrinkles (Figure 1E), whereas images of AgNPs-decorated 

GO surfaces showed AgNPs deposited evenly on the GO 

sheets with an average size of 15±3.0 nm. The presence of 

wrinkled silk waves on the GO sheets was also observed, 

which can be attributed to the deposition of AgNPs on the 

surface of the GO sheets.52 The TEM images of GO-AgNPs 

showed that the interaction between the AgNPs and GO 

was significant because most of the AgNPs were distrib-

uted uniformly within the GO sheets with an average size 

of 15 nm.53 Moreover, the GO-AgNPs composite exhibited 

a flat, smooth surface due to the presence of metallic nano-

particles, and the structure of GO-AgNPs had a thin and 

smooth surface (Figure 1E). Our findings are consistent with 

previously reported studies on green synthesis of GO-AgNPs 

nanocomposites using various molecules, including lumi-

nol and tryptophan.53,57 Altogether, our results suggest that 

biomolecules serve as suitable reducing agents for the syn-

thesis of GO-AgNPs nanocomposites with high solubility 

and no aggregation. The TEM image of the GO-AgNPs 

nanocomposite suggested strong interactions between the 

AgNPs and GO.58 It was clearly demonstrated that AgNPs 

were anchored around the surface of the GO, and it was con-

cluded that the presence of quercetin catalyzed the reduction 

of AgNO
3
 to AgNPs on the GO surface.

Finally, we confirmed the structural property of 

GO-AgNP nanocomposites by Raman spectroscopy, which 

is a valuable technique to characterize the structural and 

electronic properties of GO nanosheets and has previously 

been used to characterize the disorder, crystal structure, 

defects, and doping levels of graphite, GO, and graphene-

based materials and nanocomposites.59,60 Figure 1F shows 

that the Raman spectra of GO before and after AgNPs were 

adsorbed on its surface. Two characteristic D and G bands 

around 1,374 cm−1 and 1,596 cm−1 were observed, and after 

the reduction by quercetin, the D and G bands were observed 

around 1,370  cm−1 and 1,593  cm−1. The D band provides 

information on the breathing mode of the κ-point, and the 

G band relates to the tangential stretching mode of the E
2g

 

phonon of the sp2 carbon atom.59,60 Interestingly, the ID/IG 

ratio between GO and GO-AgNPs increased from 1.4 to 1.7 

after the decoration of AgNPs on the surface of GO. This 

indicated that the reduction of GO and AgNO
3
 in the pres-

ence of quercetin was successful. The relative intensity of 

the two main Raman peaks, D and G, indicated the efficient 

reduction of GO by quercetin.

Effect of GO-AgNPs on SH-SY5Y cell 
viability
In order to evaluate the effect of GO-AgNPs on SH-SY5Y 

cell viability, cells were treated with various concentrations 

of GO (10–50 µg/mL) or GO-AgNPs (2–10 µg/mL) for 24 h, 

and the percentage of cell viability is presented in Figure 2A 

and B, respectively. The results showed that both GO and 

GO-AgNPs reduced the percentage of cell viability in human 

SH-SY5Y neuroblastoma cells at 24 h in a dose-dependent 

manner. On the other hand, at a higher IC
50

 concentration, 

the GO (25 µg/mL) showed relatively less cytotoxic effects 

compared to that of GO-AgNPs (5 µg/mL) at 24 h, suggest-

ing that GO requires at least a fivefold higher concentration 

to cause a reduced percentage of viability similar to that 

of GO-AgNPs (5 µg/mL). Therefore, the results from our 
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investigation suggested that neuroblastoma cancer cells are 

more sensitive to GO-AgNPs than GO and that both GO and 

GO-AgNPs decrease the cell viability in a dose-dependent 

manner and significantly decrease the number of viable 

cells with an IC
50

 of 25 µg/mL and 5 µg/mL, respectively. 

Similarly, plant extract-assisted synthesized graphene–silver 

nanocomposites performed significantly better than GO in 

human ovarian cancer cells,28 and the GO-AgNP nanocom-

posite was more toxic than pristine GO and pristine AgNPs 

to both tumoral line macrophages (J774) and peritoneal 

macrophages.40 Previously, several studies suggested that 

GO and AgNPs independently and effectively inhibit the 

cell viability in various types of cancer cells, including 

human breast cancer cells20 and human ovarian cancer 

cells.28 Akhavan et al61 reported the size-dependent toxicity 

of reduced graphene oxide nanoplatelets (rGONPs) in MSCs. 

They concluded that the significant loss of cell viability was 

observed by exposure to 1.0 μg/mL rGONPs with average 

lateral dimensions (ALDs) of 11±4 nm, while the rGO sheets 

with ALDs of 3.8±0.4 μm could exhibit a significant cyto-

toxic effect only at a high concentration of 100 μg/mL after 

a 1-h exposure time. The loss of cell viability by exposure to 

graphene materials depends on the size, surface chemistry, 

charge, and physicochemical properties of the materials. The 

results from our studies suggested that the stronger cytotoxic 

effect of GO-AgNPs is due to the synergistic action of both 

GO and AgNPs in a single platform.

GO-AgNPs influence the proliferation of 
SH-SY5Y cells
To corroborate the results obtained from the cell viability 

assay, we performed a trypan blue assay to assess the effect 

of GO-AgNPs on cell proliferation. The SH-SY5Y cells 

were treated with increasing doses of GO (25 µg/mL) and 

GO-AgNPs (5 µg/mL) for 24 h. A concentration-dependent 

response from GO and GO-AgNPs was observed in the 

SH-SY5Y cells. As shown in Figure 3A and B, GO-AgNPs 

inhibited 50% cell growth even at a low dose of 5 µg/mL. 

The cell proliferation was significantly reduced to 50% at 

25 µg/mL by GO. It was concluded that although both GO 

and GO-AgNPs inhibited cell growth in a dose-dependent 

manner, the greatest potential toxicity was observed with 

GO-AgNPs. Moreover, the trypan blue assay confirmed that 

GO-AgNPs markedly inhibited cell proliferation in SH-SY5Y 

cells. Similarly, GO nanoribbons significantly reduced the 

cell number in the presence of GO (2  µg/mL) after 72  h 

Figure 2 Effects of GO and GO-AgNPs on cell viability of human ovarian cancer cells.
Notes: (A) The viability of human neuroblastoma cancer cells was determined after 24 h exposure to different concentrations of GO (0–50 µg/mL). (B) The viability of 
human neuroblastoma cancer cells was determined after 24 h exposure to different concentrations of GO-AgNPs (0–10 µg/mL) using the CCK-8 assay. 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: AgNP, silver nanoparticle; CCK, cell counting kit; GO, graphene oxide.
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of incubation.30 In contrast, one study has shown that low 

concentrations of GO could support embryonic stem cell 

(ESC) growth, while graphene inhibited the differentiation 

of ESCs to endoderm, GO promoted their differentiation to 

endoderm.62 In addition, GO induced neuronal differentiation 

of neuroblastoma SH-SY5Y cells.29 Our findings suggest that 

GO-AgNPs composites were able to inhibit proliferation and 

would not promote proliferation. Therefore, the mechanism 

of GO on cell proliferation merely depends on the concen-

tration and type of cells, as well as the size, surface charge, 

surface chemistry, oxidation time, and several other factors. 

Since the IC
50

 of GO and GO-AgNPs significantly reduced 

neuroblastoma viability and growth in cell viability and pro-

liferation assays, this particular concentration of 25 μg/mL 

and 5 μg/mL was selected to perform further experiments 

to elucidate the mechanism of toxicity.

Cytotoxic effect of GO-AgNPs on 
SH-SY5Y cells
Cytotoxicity is caused by the adverse actions of nanomaterials 

on cells. LDH and dead-cell protease activity were used to 

assess cytotoxicity through comparison of cellular function 

and/or integrity in control cells and those exposed to GO 

and GO-AgNPs. We also used a well-known anticancer drug 

for neuroblastoma cancer, DOX, as a positive control in the 

following experiments. In order to determine the effect of 

GO-AgNPs on SH-SY5Y human neuroblastoma cytotoxicity, 

cells were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), 

and DOX (1 µg/mL) for 24 h. The percentage of LDH released 

to the culture medium (% LDH released) was measured 

as indices of cellular death. Cells treated with GO-AgNPs 

showed an increased percentage of LDH compared with that of 

untreated cells. Although GO induced LDH leakage, it was not 

at the level of GO-AgNPs-induced LDH leakage. Similarly, 

DOX induced an increase in the percentage of LDH released 

compared with that of control cells. GO-AgNPs treatment 

caused a loss of cell viability, determined as % LDH released, 

ranging from 40% to ~50% 24 h after treatment with GO-

AgNPs (5 µg/mL) (Figure 4A). Similarly, single-walled carbon 

nanotubes and GOs induced LDH leakage in a concentration-

dependent manner in murine peritoneal macrophages.63

Next, to support the results of the LDH assay, we mea-

sured cytotoxicity by dead-cell protease activity. To deter-

mine dead-cell protease activity in GO-AgNPs-treated 

SH-SY5Y cells, the cytotoxicity was represented as a cell 

viability ratio. The results from this assay showed that the via-

bility of SH-SY5Y treated with GO (25 µg/mL), GO-AgNPs 

(5 µg/mL), and DOX (1 µg/mL) significantly declined to 

45%, 60%, and 50%, respectively (Figure 4B). The result 

from this cytotoxicity assay confirmed that GO-AgNPs could 

Figure 3 Effect of GO-AgNPs on proliferation of human neuroblastoma cancer cells.
Notes: (A) Cell proliferation was observed in the cells treated with GO (25 µg/mL) for 24 h by a trypan blue exclusion assay. (B) Cell proliferation was observed in the cells 
treated with GO-AgNPs (5 µg/mL) for 24 h by a trypan blue exclusion assay. 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: AgNP, silver nanoparticle; GO, graphene oxide.
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induce significant toxic effects more effectively than GO in 

SH-SY5Y cells.

Effect of GO-AgNPs on mitochondrial 
dysfunction
Mitochondria are essential to maintain physiology, cellular 

energy balance, synthesis of ATP, and modulation of calcium 

signaling. Hence, the mitochondria play crucial roles in the 

induction of cell death.64 Recently, Zhou et al65 found that 

graphene and graphene-related nanomaterials can interact 

with the mitochondria, modulating their morphology and 

function. Therefore, we examined the effect of GO-AgNPs on 

mitochondrial dysfunction. Among several parameters, deter-

mination of MMP is one of the vital factors. Mitochondrial 

alterations after GO, GO-AgNPs, or DOX treatment were 

assessed by measuring changes in MMP (Δψ
m
) in the SH-

SY5Y cells using the fluorescence probe JC-1. Upon incuba-

tion with GO, GO-AgNPs, or DOX, a profound decrease in 

membrane potential, which was reflected by a decrease in 

the JC-1 aggregate level and increase in the JC-1 monomer 

level, was observed in all reagents tested compared with 

that of the control. We found that the membrane potential 

reduction caused by GO-AgNPs was comparable with that of 

DOX. After 24 h of incubation, Δψ
m
 was collapsed with GO 

(35%), GO-AgNPs (65%), and DOX (60%) (Figure 5A). The 

data showed that both GO-AgNPs and GO treatment caused 

a remarkable decrease of the aggregate ratio compared with 

that of the control, which suggested a reduction in MMP. 

Previously, several studies have reported that AgNPs have 

a potential impact on various types of cancer cells, includ-

ing human lung cancer cells17,66 and male germ cells.67 Other 

studies showed that exposing cells to GO results in the 

perturbation of the mitochondrial structure and function, as 

characterized by a decrease in the MMP and the dysregulation 

of mitochondrial Ca2+ homeostasis.68,69 Similarly, nano-sized 

GO, pristine graphene, and graphene quantum dots caused 

time- and concentration-dependent decreases in the MMP.70,71 

Altogether, the data from our findings clearly indicate that 

GO-AgNPs could cause mitochondrial dysfunction through 

loss of MMP.

Further, we examined whether GO-AgNPs could influ-

ence the number of mitochondria, which could influence 

the physiology of cells. In order to determine the abnor-

mality and function of mitochondria, the cells were treated 

with GO (25  µg/mL), GO-AgNPs (5  µg/mL), and DOX 

(1 µg/mL) for 24 h, and then the mitochondrial abnormality 

and mtDNA copy number were assessed. Surprisingly, we 

found that GO-AgNPs-treated cells had lower mtDNA copy 

numbers compared with that of GO-treated and untreated 

cells (Figure 5B). The positive control cells that were treated 

with DOX also showed decreased numbers of mitochondria 

comparable to that of GO cells. The decreased mtDNA copy 

Figure 4 Effect of GO and GO-AgNPs on cytotoxicity in human neuroblastoma cancer cells.
Notes: (A) The cells were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) for 24 h, and LDH activity was measured at 490 nm using the LDH 
cytotoxicity kit (B) The cells were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) for 24 h, and the dead-cell protease levels were determined by 
a CytoTox-Glo™ cytotoxicity assay. 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: AgNP, silver nanoparticle; Con, control; DOX, doxorubicin; GO, graphene oxide; LDH, lactate dehydrogenase.
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number in GO-, GO-AgNPs-, and DOX-treated cells sug-

gested that ROS could be a major player.72 The intracellular 

ROS could partly regulate mitochondrial network dynam-

ics, which is critical for mitochondrial distribution, density, 

activity, and size.73 Therefore, we investigated the role of 

GO-AgNPs on ROS generation.

GO-AgNPs enhance the generation of 
ROS in SH-SY5Y cells
To determine the correlation between mitochondrial dys-

function and ROS generation in the presence of GO-AgNPs, 

we measured the level of ROS in GO-AgNPs-treated 

SH-SY5Y cells. ROS generation has been demonstrated 

to be responsible for AgNPs- and GO-induced ROS 

generation.20,28 To determine whether ROS is the mediator of 

GO-AgNPs-induced apoptosis in SH-SY5Y cells, the cells 

were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), 

and DOX (1 µg/mL) for 24 h, and ROS levels were mea-

sured by DCFH2-DA as described previously.28 As shown 

in Figure 6A, treatment of cells with GO-AgNPs or DOX 

stimulated a significant increase of ROS. As we reported 

earlier, AgNPs are likely to induce ROS generation in various 

types of cancer cells, including human breast cancer cells, 

lung cancer cells, ovarian cancer cells, germ cells, and sper-

matogonial stem cells.17,27,28,67,74 A similar phenomenon was 

also observed in GO-AgNPs-, and DOX-treated SH-SY5Y 

cells. Lin et al75 reported that DOX extensively promoted 

ROS generation in SH-SY5Y cells. Several studies sup-

ported that the mechanism of ROS generation is due to 

the loss of mitochondrial function by graphene toxicity. Li 

et al76 reported that pristine graphene caused a decrease in 

the MMP and, consequently, increased levels of intracellular 

ROS, which activate the mitochondria-dependent apoptotic 

pathway. On the other hand, GO-AgNPs could target the 

impairment of ATP production and the overproduction of 

ROS by decreasing the membrane potential of mitochon-

dria. The evidence from previous studies suggested that GO 

might act as an electron donor, which increases the supply 

of electrons to complexes I and II of the electron transport 

chain (ETC) and accelerates the generation of ROS as a 

byproduct of mitochondrial respiration.65,77 For instance, 

mitochondrial depolarization is associated with mito-

chondrial dysfunction and the overproduction of ROS.68,78 

Recently, Mari et al30 reported that GO nanoribbons induced 

toxicity in human neuroblastoma cancer cell lines such as 

SK-N-BE(2) and SH-SY5Y. Altogether, the combination 

of GO and AgNPs in a single platform such as GO-AgNPs 

could modulate the regulation of mitochondria and increase 

the generation of ROS.

ROS is thought to be a major player in the alteration of 

macromolecules such as lipids through reactive intermedi-

ates that are produced by oxidative stress and can alter the 

Figure 5 Effect of GO and GO-AgNPs on mitochondrial dysfunction in human neuroblastoma cancer cells.
Notes: (A) The cells were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) for 24 h, and the mitochondrial membrane potential was determined 
using the cationic fluorescent indicator JC-1. (B) The cells were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) for 24 h, and the mitochondria 
copy number was determined by real-time PCR. *P,0.05.
Abbreviations: AgNP, silver nanoparticle; Con, control; DOX, doxorubicin; GO, graphene oxide; PCR, polymerase chain reaction.
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membrane bilayers and cause the lipid peroxidation of 

polyunsaturated fatty acids (PUFAs).79 The lipid peroxida-

tion and the breakage of lipids with the formation of reac-

tive compounds can lead to changes in the permeability and 

fluidity of the membrane lipid bilayer and can dramatically 

alter cell integrity.79,80 The measurement of MDA was used as 

an important indicator of lipid peroxidation, and it is known 

as a gauge of carbonyl stress in a variety of cells. To deter-

mine the level of MDA, the cells were treated with GO 

(25 µg/mL), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) 

for 24 h, and MDA levels were measured.28 As we expected, 

the levels of MDA were significantly higher in cells treated 

with GO-AgNPs than in untreated cells as well as GO-treated 

cells. The GO-AgNPs nanocomposite increased the level of 

MDA from 0.5 nmol/mg protein to 3.0 nmol/mg protein, 

whereas GO and DOX increased the level from 0.4 to 0.9 

and 0.4 to 2.6 nmol/mg protein, respectively (Figure 6B). 

These results suggested that the GO-AgNPs nanocomposite 

significantly increases the intracellular production of MDA. 

Wang et al81 reported that MDA in human RPMI 8226 cells 

increased from 1.6 to 3.1 nmol/mg protein with exposure to 

10–200 mg/L GO. Similarly, MCF-7 cells and human ovarian 

cells treated with AgNPs showed significantly increased 

levels of MDA.49,82 The combination of GO and AgNPs 

strongly induced the breakdown of lipids and subsequently 

increased the level of MDA in SH-SY5Y cells. Collectively, 

the increased level of MDA could induce carbonyl stress in 

the cells, which can influence the cell cycle and proliferation 

of SH-SY5Y cells.

Effect of GO-AgNPs on pro- and 
anti-apoptotic gene expression
ROS is one of the key players for mitochondria-regulated 

intrinsic apoptosis. The protection of the integrity of the 

mitochondrial membrane is afforded by the complex of Bcl-2 

proteins, the expression of which regulates the intrinsic apop-

tosis route.83 It is known that the Bcl-2 family has a key role 

in determining cell death through mitochondria by activation 

of Bcl-2 family members, including Bcl-2 and Bcl-xL, and 

pro-apoptotic proteins such as Bax and Bak. Alteration of 

membrane permeability is the major responsible factor for 

mitochondria-mediated apoptosis by activation of caspases, 

such as caspases-9, -8, and -3.83 Further, several studies 

strongly suggested that graphene and AgNPs induce apop-

tosis in p53 and p21 in a dose-dependent manner.49,84 Collec-

tively, to measure the expression of various genes responsible 

for GO-AgNPs-induced apoptosis, the SH-SY5Y cells were 

treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX 

Figure 6 Effect of GO and GO-AgNPs on ROS generation and MDA levels in human neuroblastoma cancer cells.
Notes: (A) The cells were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) for 24 h. Relative fluorescence of DCF was measured at the excitation 
wavelength of 485 nm and emission wavelength of 530 nm using a spectrofluorometer. (B) The cells were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX 
(1 µg/mL) for 24 h. 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 min on ice. The concentration of MDA was measured on a microplate reader at a wavelength of 530 nm. 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: AgNP, silver nanoparticle; Con, control; DCF, 2′,7′-dichlorofluorescein; DOX, doxorubicin; GO, graphene oxide; MDA, malondialdehyde; PBS, phosphate-
buffered saline; ROS, reactive oxygen species.
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(1 µg/mL) for 24 h, and then we measured the expression 

using qRT-PCR.

The tumor suppressor p53 is known to play an important 

role in cell cycle arrest, apoptosis, or senescence and even-

tually induces DNA damage.85 One of the transcriptional 

targets of p53 is p21, which can act as a cell cycle inhibitor 

and functions independently in response to a variety of 

stresses, including DNA damage.86 Therefore, we chose 

to investigate the p53-mediated pro-apoptotic effect of 

GO-AgNPs. The p53 messenger RNA (mRNA) expression 

levels were significantly higher in GO-AgNPs-treated cells 

than in untreated cells and GO-treated cells (Figure 7).  

Similarly, GO-AgNPs induced the expression of p21 when 

compared with untreated and GO-treated cells. DOX was 

used as a positive control, and the results of DOX expo-

sure also suggested that p53 plays an important role in 

DOX-induced apoptosis. However, the p21 expression 

level was not significantly higher in GO- and DOX-treated 

groups compared with that of GO-AgNP-treated groups. This 

indicates that GO-AgNPs strongly induced apoptosis in SH-

SY5Y cells by the activation of both p53 and p21. Cytotoxic 

agents such as AgNPs, graphene–silver nanocomposites, 

and DOX could induce p53, and the activation of p53 can 

upregulate the pro-apoptotic proteins, such as Bax, Bak, or 

BH3 family members, with direct targeting of mitochondria 

and neutralization of anti-apoptotic members of the Bcl-2 

family, such as Bcl-2 and Bcl-xL3.87

Bax and Bak genes are essential for mitochondrial dys-

function and apoptosis in response to multiple death signals.88 

Next, we measured the expression of Bax and Bak. The results 

suggested that GO-AgNPs significantly upregulate both Bax 

and Bak (2.7- and 2.6-fold, respectively) compared with 

Figure 7 Effect of GO and GO-AgNPs on expression of apoptotic and anti-apoptotic genes in human neuroblastoma cancer cells.
Notes: The cells were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) for 24 h. Relative mRNA expression was analyzed by qRT-PCR in human 
neuroblastoma cancer cells after the treatments. 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: AgNP, silver nanoparticle; Con, control; DOX, doxorubicin; GO, graphene oxide; mRNA, messenger RNA; qRT-PCR, quantitative reverse transcription 
polymerase chain reaction.
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untreated cells (Figure 7). Altogether, these results suggested 

that Bax/Bak act as a central player in GO-AgNPs-induced 

apoptosis, which is supported by evidence that the higher 

Bax/Bak expression level successfully triggered apoptosis via 

an intrinsic route. Further, to assess the correlation between 

pro- and anti-apoptotic gene expression, we measured the 

expression of two candidate genes, Bcl-2 and Bcl-xL. The 

results suggest that Bcl-2 and Bcl-xL genes were expressed 

in significantly lower levels in GO- and GO-AgNPs-treated 

cells than in control cells (Figure 7). Finally, it was deter-

mined whether cell death is mediated by caspases because 

activation of caspases and apoptosis is tightly regulated 

in various cellular levels. The results from the expression 

analysis showed that caspase-9 and caspase-3 levels in the 

cells exposed to GO (25 µg/mL), GO-AgNPs (5 µg/mL), and 

DOX (1 µg/mL) were significantly higher than in the control. 

However, the expression levels of caspase-9/3 were remark-

ably higher in GO-AgNP-treated cells than in GO-treated 

cells (Figure 7). Similarly, graphene and AgNPs induce 

caspase-3 activity in various types of cancer cells, including 

human breast cancer cells and human ovarian cancer cells.28,89 

Altogether, these results suggest that GO-AgNPs induced 

apoptosis via a mitochondria-dependent intrinsic pathway 

as does DOX.

GO-AgNPs activate caspase-9/3
ROS can activate mitochondria- and caspase-dependent 

apoptotic cell death signaling pathways in both neuronal and 

non-neuronal cells.90 Several studies reported that caspases 

(cysteine aspartate-specific proteases) are the molecular 

initiators of apoptosis.91,92 Previous studies have shown that 

caspase-9 is activated in response to cytochrome c due to 

clustering of caspase-9 by Apaf-1 and that this results in 

activation of caspase-3,93,94 which is the main initiator of 

caspases. Caspase-3 is a representative cysteine protease 

that mediates both mitochondria-dependent and -independent 

apoptotic cell death in response to oxidative stress.95,96 It is 

generally known that the majority of cytotoxins, anticancer 

drugs, and nanoparticles induce apoptosis by an intrinsic 

pathway. Therefore, we examined activation of caspase-9/3 

using protein extracts from the SH-SY5Y cells treated with 

GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) 

for 24 h. As shown in Figure 8A, exposure to GO-AgNPs 

for 24 h resulted in tenfold increases in caspase-9 enzyme 

activity compared with that of untreated cells. GO induced 

fourfold higher caspase-9 enzyme activity compared with 

that of untreated cells, whereas the caspase-3 activity of 

GO-AgNPs was sixfold higher than in untreated cells, and 

GO-induced caspase-3 activity was twofold higher than that 

Figure 8 Effect of GO and GO-AgNPs on caspase-9/3 activity in human neuroblastoma cancer cells.
Notes: (A) The cells were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) for 24 h with and without caspase-9 inhibitor. The concentration of 
p-nitroanilide released from the substrate was calculated from the absorbance at 405 nm. (B) The cells were treated with GO (25 µg/mL), GO-AgNPs (5 µg/mL), and DOX 
(1 µg/mL) for 24 h with and without caspase-3 inhibitor. 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 independent experiments. The treated groups showed statistically significant differences from the control 
group by the Student’s t-test. *P,0.05.
Abbreviations: AgNP, silver nanoparticle; Con, control; DOX, doxorubicin; GO, graphene oxide.
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of untreated cells (Figure 8B). However, the cells treated 

with caspase inhibitor completely blocked the activation 

of caspase-9/3 in the presence of GO, GO-AgNPs, and 

DOX. Collectively, the caspase-9/3 activity was relatively 

higher in GO-AgNP-treated cells than in untreated or GO-

treated cells, and it induced apoptosis through a caspase-

9/3-dependent manner. Similarly, caspase-9/3 activity in 

DOX-treated cells was significantly higher than in untreated 

cells and comparable with that of GO- or GO-AgNP-treated 

cells. Morishima et al97 reported that caspase-9 can also be 

activated by mechanisms involving neither cyt c release 

nor Apaf-1 activation, whereas the release of cytochrome c 

from mitochondria to the cytosol is essential for caspase-3 

activation.98 Previously, we have shown that GO and gra-

phene nanocomposites could induce caspase-3 activation in 

a variety of cancer cell lines, including human breast cancer 

cells49 and human ovarian cancer cells.28 Caspase-9 plays an 

important role in activating effector caspases in response to 

a variety of death stimuli and mitochondrial cytochrome c 

release. A previous study also demonstrated that caspase-9 

is essential for the apoptotic function of p53 in SH-SY5Y 

neuroblastoma cells and that p53 mediates DNA-damaging 

drug-induced apoptosis in SH-SY5Y cells through the 

mitochondrion/caspase-9 pathway.99 It is well known that 

DOX induces caspase-3 activation through ROS-mediated 

regulation in SH-SY5Y cells.75 Collectively, these results 

suggested that GO-AgNPs could induce the caspase-9/3-

dependent pathway in SH-SY5Y cells, which leads to a 

mitochondria-centered cell death that is mediated by mito-

chondrial outer membrane permeabilization (MOMP) and 

results in apoptosome formation, activation of caspase-9, 

and subsequent activation of effector caspases.100

GO-AgNPs induce DNA fragmentation
A variety of stimuli induces apoptosis in multicellular organ-

isms. The apoptotic process is regulated by upstream (initia-

tor) caspases and downstream (effector) caspases. Effector 

caspases play an important role in initiating the hallmarks 

of the degradation phase of apoptosis, including DNA frag-

mentation, cell shrinkage, and membrane blebbing.101,102 The 

data from previous experiments suggested that ROS play a 

crucial role in mitochondrial dysfunction and caspase-9/3 

activation, and we were interested in examining the role 

of GO-AgNPs in the final destination of cell death known 

as DNA fragmentation, which is a parameter to assess cell 

death. To that end, the SH-SY5Y cells were treated with GO 

(25 µg/mL), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) for 

24 h. The results indicated that GO-treated cells showed a 

moderate level of TUNEL-positive cells (Figure 9A) when 

compared with that of GO-AgNPs and DOX-treated cells 

and significantly higher than control (Figure 9A). However, 

treatment with GO-AgNPs causes the appearance of a sig-

nificant higher number of TUNEL-positive cells (Figure 9B) 

when compared to GO and untreated cells, and DOX-treated 

cells showed almost an equivalent level of TUNEL-positive 

cells such as GO-AgNPs (Figure 9B). However, it is well 

known that graphene could induce genotoxicity as reported 

by Akhavan et al;61 for instance, rGO with a diameter of 

11±4 nm could enter the nucleus of the human mesenchymal 

stem cells (hMSCs) and cause chromosomal aberrations and 

DNA fragmentation at very low concentrations of 0.1 and 

1.0 mg/mL in 1 h. However, rGO sheets with diameters of 

3.8±0.4  nm exhibited no notable genotoxicity in hMSCs, 

even at a high dose of 100 mg/mL after 24 h. Subsequently, 

Akhavan et al103 observed that reduced GO nanoribbons 

Figure 9 Effect of GO and GO-AgNPs on apoptosis in human neuroblastoma cancer cells.
Notes: The cells were treated with GO (25 µg/mL) (A), GO-AgNPs (5 µg/mL), and DOX (1 µg/mL) (B) for 24 h. Apoptosis of human neuroblastoma cancer cells after a 
24-h 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). The images are ×100 magnification.
Abbreviations: AgNP, silver nanoparticle; Con, control; DAPI, 4′,6-diamidino-2-phenylindole; DOX, doxorubicin; GO, graphene oxide; TUNEL, terminal deoxynucleotidyl 
transferase dUTP nick end labeling.
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caused DNA fragmentation and chromosomal aberrations 

in hMSCs. Previously, we have also shown that reduced 

GO–silver nanocomposites induced a remarkably higher 

level of DNA fragmentation compared with that of other 

nanomaterials tested, such as GO, reduced GO, and AgNPs, 

in human ovarian cancer cells.21 Collectively, these results 

suggested that a combination of GO and AgNPs effectively 

induces apoptosis in SH-SY5Y cells.

GO-AgNPs induces autophagy
The connection between autophagy and apoptosis is an 

interesting aspect of nanomaterial use in cancer therapy 

because both processes are essential to maintain the whole 

organism and cellular homeostasis, respectively. Therefore, 

we were interested to study how autophagy acts as an execu-

tioner of cell death by ROS production induced by GO-

AgNPs. ROS seems to be one of the important factors for 

induction of autophagy.104,105 Autophagy is an evolutionarily 

conserved catabolic process involving the formation of APs 

that engulf cellular macromolecules and organelles, leading 

to their breakdown following fusion with lysosomes.106–109 

The characteristic features of autophagy-mediated cell 

death, which involves multilayer or double-layer intracel-

lular membrane structures enclosing a bulk of cytoplasmic 

materials or subcellular organelles, were investigated in the 

GO-AgNPs-treated cells. The SH-SY5Y cells were treated 

with GO (25  µg/mL), GO-AgNPs (5  µg/mL), and DOX 

(1 µg/mL) for 24 h and observed under electron microscopy. 

The control cells showed nuclei with a regular shape, clear 

nuclear membranes, and normal, intact mitochondria with 

significant numbers (Figure 10A). Treatment with GO 

produced intensive vacuolization of cytoplasm along with 

significant numbers of mitochondria (Figure 10B), whereas 

GO-AgNPs-treated cells showed autophagic vacuoles and 

intensive vacuolization of cytoplasm along with APs, which 

contain partially digested cytoplasmic material and reduced 

numbers of mitochondria that were consistent with quanti-

tative determination of mitochondrial number by RT-PCR. 

In addition, when compared with the unexposed control cells, 

the GO-AgNPs-treated cells showed many multi-vesicular 

and membrane-rich APs and significant accumulation of 

autophagic vacuoles compared with that of GO (Figure 10C). 

The results of the DOX-treated cells indicated that DOX 

could induce accumulation of lysosomes at the ultrastruc-

tural level (Figure 10D). Similarly, treatment with DOX 

also produced intensive vacuolization of cytoplasm along 

with autophagic vacuoles.110 Previously, we have shown that 

AgNPs were internalized and produced significant cellular 

Figure 10 GO- and GO-AgNP-induced accumulation of APs and autophagic vacuoles.
Notes: The cells were treated with (A) control, (B) GO (25 μg/mL), (C) GO-AgNPs (5 μg/mL), and (D) DOX (1 μg/mL) for 24 hours and processed for TEM. GO-AgNPs-
treated cells in C showed many multi-vesicular and membrane-rich APs and significant accumulation of autophagic vacuoles compared with that of GO and Con (red arrows).
Abbreviations: AgNP, silver nanoparticle; AP, autophagosome; AV, autophagic vacuoles; C, cytoplasm; Con, control; DOX, doxorubicin; GO, graphene oxide; M, mito
chondria; N, nucleus; TEM, transmission electron microscopy.

Powered by TCPDF (www.tcpdf.org)

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


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5836

Yuan et al

morphological changes in human lung cancer cells through 

generation of ROS.111 Furthermore, another study on the 

combination of AgNPs and salinomycin also resulted in 

extensive ROS generation in human ovarian cancer cells, 

and eventually, the combination induced accumulation of 

APs and autolysosomes/autophagic vacuoles.81 Consistent 

with our results, previous studies also reported that GO can 

enter the cells by interacting with the plasma membrane and 

probably temporarily disrupting the phospholipid bilayer 

or causing plasma membrane invagination in HepG2 cells 

and neuroblastoma cell lines, including SK-N-BE(2) and 

SH-SY5Y.30,112 Mari et al30 further demonstrated that GO 

nanoribbons at low concentrations and within 72  h of 

exposure induced autophagy in neuroblastoma cell lines. 

Evidence from the presence of cytoplasmic vacuoles, espe-

cially in treated SK-N-BE(2) cells, and the induction of 

the lysosomal proteins LC3 and beclin, which are markers 

of autophagy, also confirmed that the autophagy is mainly 

due to ROS induced by GO.63 As described previously, GO 

could induce dysfunction of autophagy by the accumula-

tion of damaged organelles, such as mitochondria, that 

can then induce oxidative stress, inflammation, and DNA 

damage.63,113 Altogether, the data from previous studies and 

our studies showed that in neuroblastoma SH-SY5Y cells, 

GO-AgNPs potentially induce initial oxidative stress and 

mitochondrial damage to which cells respond by activating 

the autophagy process in order to remove damaged proteins 

and mitochondria.30 Collectively, our studies suggested 

that GO-AgNPs cause stronger toxicity than that of GO, 

which is due to different physical and chemical properties 

of GO-AgNPs and the synergistic effect of GO and AgNPs 

in a single platform. Our studies clearly suggested that the 

accumulation of APs and autophagic or enlarged vacuoles 

may be due to the oxidative stress induced by GO-AgNPs. 

These preliminary data also suggested that GO-AgNPs may 

interrupt the autophagic pathway and may have important 

effects in biomedical applications. Although these studies 

have indicated that GO-AgNPs could induce autophagy and 

impair the normal functions of cells, further studies are war-

ranted to detail the mechanism of oxidative stress-mediated 

autophagy in SH-SY5Y cells.

Conclusion
In this study, we developed a simple, dependable, facile, and 

green approach for the synthesis of a GO–silver nanocom-

posite using quercetin to provide efficient toxicity against 

human neuroblastoma cancer cells. The cytotoxic potential 

of the successfully prepared GO-AgNPs nanocomposite 

was evaluated in neuroblastoma cancer cells (SH-SY5Y) 

using various biochemical assays, including cell viability, 

proliferation, LDH leakage, and dead-cell protease activity. 

Furthermore, the mechanism of cytotoxicity was confirmed 

by measurements of MMP, ROS generation, and expression 

of pro- and anti-apoptotic genes. The results suggested that 

the GO-AgNPs induce remarkable cytotoxicity with high 

apoptotic performance by loss of cell viability and prolifera-

tion, enhanced ROS generation, increased expression of pro-

apoptotic genes, and decreased levels of anti-apoptotic genes 

at lower concentrations compared with that of GO, which 

could be attributed to the synergistic effect of combining GO 

and AgNPs in a single platform. Interestingly, the results 

showed that the decoration of AgNPs on GO nurtures a syn-

ergistic effect and enhances cytotoxicity with dramatically 

reduced concentrations required to inhibit cell viability and 

enhance cytotoxicity. The combined nanomaterials yielded 

an efficient synergistic effect, which was higher than the sum 

of the efficacies of the individual nanomaterials. This novel 

formulation may aid the development of better anticancer 

therapeutics and could provide an alternative treatment 

approach for neuroblastoma that does not require chemo-

therapy, which causes undesired side effects. Moreover, 

the synthesis method for this composite is simple and can 

be extended for large-scale synthesis. Furthermore, this 

graphene-based composite offers unique advantages as an 

efficient anticancer agent.
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