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Abstract

Graphene, a two-dimensional carbon sheet with single-atom thickness, have attracted the scientific world for its potential
applications in various field including the biomedical areas. In the present study the graphene copper nanocomposite
(GCNC) was synthesized, characterized and evaluated for its toxic potential on third instar larvae of transgenic Drosophila
melanogaster (hsp70-lacZ)Bg9. The synthesized GCNC was analyzed by X-ray diffraction (XRD), scanning/transmission
electron microscopy (SEM/TEM), atomic force microscopy (AFM), and fourier transform infrared spectroscopy (FTIR). The
GCNC in 0.1% DMSO was sonicated for 10 min and the final concentration of 0.033, 0.099, 0.199 and 3.996 mg/ml of diet
were established. The third instar larvae were allowed to feed on it separately for 24 and 48 hrs. The hsp70 expression was
measured by O-nitrophenyl-b-D-galactopyranoside assay, tissue damage by trypan blue exclusion test and b-galactosidase
activity was monitored by in situ histochemical b-galactosidase staining. Oxidative stress was monitored by performing lipid
peroxidation assay and total protein estimation. Ethidium bromide/acridine orange staining was performed on midgut cells
for apoptotic index and the comet assay was performed for the DNA damage. The results of the present study showed that
the exposure of 0.199 and 3.996 mg/ml of GCNC were toxic for 24 hr of exposure and for 48 hr of exposure: 0.099, 0.199 and
3.996 mg/ml of GCNC was toxic. The dose of 0.033 mg/ml of GCNC showed no toxic effects on its exposure to the third instar
larvae for 24 hr as well as 48 hrs. This dose can be considered as No Observed Adverse Effect Level (NOAEL).
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Introduction

The unique physiochemical properties of graphene and its

derivatives have attracted great research interest for their potential

applications in electronics, energy, materials and biomedical areas

[1]. As compared to carbon nanotubes (CNTs) graphene has no

impurities thus providing an advantage for the construction of

reliable sensors, as well as energy storage devices [2,3]. Many

studies have shown that nanomaterials and their derivative may

have negative effects on health [4]. The most widely used and

studied graphene derivatives is graphene oxide (GO), commonly

used to produce the graphene based nanocomposites [5]. The

morphology of the graphene is quite distinct from carbon

nanotubes. The length of the carbon nanotubes can influence its

toxicity but graphene sheets and GO do not have length [6].

Single walled carbon nano tubes (SWNTs) administered orally at

1000 mg/kg body weight in mice did not show any toxic or

behavioural changes. However, the intra peritoneal administration

of SWNTs coalese inside the body and induced granuloma

formation [7]. Multiwall carbon nano tubes (CNT) administered

intratracheally to sprague-Dawley rats showed inflammatory and

fibrotic reactions [8]. GO can form conjugates with various

systems such as polymers, biomolecules, DNA, protein, quantum

dots, and others making GO usable for various biological and

medical applications [9]. The graphene nanocomposite containing

poly N-Vinylcarbazole and graphene solutions in the form of thin

film was evaluated for its compatibility on NIH 3T3 cells using

MTS cell proliferation assay and after 24 hr of exposure about

80% cell survival was reported [10]. The full implementation of

such nonmaterials in a large range of biological applications and

processes needs an insight into the interaction between graphene

composites and various biological systems both in vitro and in vivo

[11]. In this context, the graphene copper nanocomposite (GCNC)

was synthesized, characterized and evaluated for its toxic potential

at various doses on the third instar larvae of transgenic Drosophila

melanogaster (hsp70-lacZ)Bg9.

Materials and Methods

Synthesis of Graphene-Cu2O Nanocomposite (GCNC)
Graphite oxide (GO) was prepared according to the method

described by Hummers and Offeman [12] from fine graphite

powder. Briefly, 2 g of graphite powder and 1.5 g of NaNO3 were

placed in a beaker. Then 100 ml of H2SO4 was added while
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stirring in an ice-water bath, and 25 g of KMnO4 was slowly

added for 1 hr. Stirring was continued for 1 hr in the ice-water

bath, and the mixture was again stirred at room temperature until

it became pasty brownish. The pasty brownish mixture was then

diluted with slowly addition of 200 ml water. The reaction

temperature was rapidly increased to 90uC, and the color was

changed to brown color after 1 hr. Finally, 10 ml of 30% aqueous

solution of H2O2 was added to complete the oxidation. The

impurities were removed from the graphene oxide (GO) by using

3% HCl aqueous solution by the repeated cycle of washing. The

obtained GO was dried and stored for further use. The synthesis of

the graphene-Cu2O (GCNC) nanocomposite involved two steps.

In the first step, 100 mg of copper acetate and 200 mg of GO were

dispersed into 200 ml of absolute ethanol and sonicated for

30 min. The resultant mixture was stirred for 1 hr, and then

harvested by the centrifugation at 5000 rpm for 5 min and washed

with 80% ethanol. The obtained sample was vacuum dried at

70uC for 10 hr and 100 mg of this dried sample was mixed with

100 ml of ethylene glycol under sonication in a 250 ml culture

flask for 10 min. The resulting mixture was then heated to 140uC
under vigorous magnetic stirring for 3 hr. The synthesized GCNC

suspension was centrifuged washed by 80% ethanol three times to

remove the remaining ethylene glycol, soluble by products, and

dried in a vacuum oven at 60uC for 6 hr. The product was

designated as GCNC and stored for further use.

Characterization of GCNC
The synthesis of GCNC in solution was monitored by

measuring the absorbance (A) using UV-Vis spectrophotometer

(Perkin Elmer Life and Analytical Sciences, CT, USA) in the

wavelength range of 200 to 800 nm. The vacuum dried GCNC

powder was stored in amber color vials at room temperature

under dry and dark condition. The X-ray diffraction (XRD)

patterns of powdered sample was recorded on MiniFlexTM II

benchtop XRD system (Rigaku Corporation, Tokyo, Japan)

operating at 30 kV.

The average crystallite size (d) of Cu2O NPs was calculated

following the Debye-Scherrer formula:

D~
0:9l

b Cos h

Where k = 0.9 is the shape factor, l is the X-ray wavelength of

Cu Ka radiation (1.54 Å), h is the Bragg diffraction angle, and b is

the full width at half maximum height (FWHM) of the (101) plane

diffraction peak. The microstructure and morphology analysis of

sample was done using a JEOL transmission electron microscope

(JEM-2010) and scanning electron microscope (JSM-6510LV)

equipped with an energy dispersive spectrometer (EDS). For the

morphological analysis transmission electron microscopy (TEM) of

ethanol solution of GCNC was carried out on JEOL 100/120 kV

transmission electron microscope (JEOL, Tokyo, Japan) with an

accelerating voltage of 80 kV. For TEM analysis, a drop of GCNC

was placed on the carbon coated copper grid and air dried under

dark. The thin film of the GCNC was prepared on the borosilicate

glass slide for the analysis of surface morphology. The prepared

thin film was analyzed on the atomic force microscope (AFM;

Innova SPM, Veeco) in tapping mode. The commercial etched

silicon tips as scanning probes with typical resonance frequency of

300 Hz (RTESP, Veeco) was used. The microscope was placed on

a pneumatic anti-vibration desk, under a damping cover and

analysis was performed using the SPM Lab software. The electron

and AFM images were obtained and converted into an enhanced

meta file format. For the FTIR spectroscopic measurements

GCNC powder was mixed with spectroscopic grade potassium

bromide (KBr) in the ratio of 1:100 and spectra recorded in the

range of 400–4000 wave number (cm21), on Perkin Elmer FTIR

Spectrum BX (PerkinElmer Life and Analytical Sciences, CT,

USA) in the diffuse reflectance mode at a resolution of 4 cm/In

KBr pellets.

Fly Strain
A transgenic Drosophila melanogaster line that expresses bacterial

b-galactosidase as a response to stress was used in the present study

[13]. In this strain of flies, the transformation vector is inserted

with a P-element i.e. the line contains wild type hsp70 sequence up

to lac Z fusion point. The flies and larvae were cultured on

standard Drosophila food containing agar, corn meal, sugar and

yeast at 2461uC [14].

Experimental Design
GCNC in 0.1% DMSO was sonicated for 10 min and the final

concentration 0.033, 0.099, 0.199 and 3.996 mg/ml of diet were

established. The larvae were allowed to feed on it separately for 24

and 48 hrs. Untreated and negative controls (0.1% DMSO) were

also run simultaneously. Graphene oxide nanoparticle (GONP)

and Cuprous oxide nanoparticle (CONP) at 3.996 mg/ml of diet

were also run as supplementary controls.

Soluble O-nitrophenyl-b-D-galactopyranoside (ONPG)
Assay

The expression of hsp70 provides a measurement of cytotoxicity

[15,16]. The method described by Nazir et al [14] was used in this

study. After washing in phosphate buffer, larvae were placed in a

microcentrifuge tube (20 larvae/tubes, five replicates/groups),

permeabilized for 10 min by acetone, and incubated overnight at

37uC in 600 ml of ONPG staining buffer. Following incubation,

the reaction was stopped by adding 300 ml of Na2CO3. The extent

Figure 1. UV-Vis spectra for GO (a) and graphene-copper
nanocomposite (b).
doi:10.1371/journal.pone.0080944.g001

Toxic Potential of GCNC
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Figure 2. Figure 2a. XRD pattern of GCNC. Figure 2b. Scanning electron micrograph of GCNC. Figure 2c. Energy disperse spectrum of GCNC.
Figure 2d. Transmission electron micrograph of the GCNC.
doi:10.1371/journal.pone.0080944.g002

Figure 3. Atomic micrograph of the GCNC.
doi:10.1371/journal.pone.0080944.g003

Toxic Potential of GCNC
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of the reaction was quantified by measuring absorbance at

420 nm.

Trypan Blue Exclusion Test
The extent of tissue damage in larvae caused by the exposure to

different concentrations of GCNC was assayed by a dye exclusion

test [14,17]. Briefly, the internal tissues of larvae were explanted in

a drop of Pole’s salt solution (PSS), washed in phosphate buffer

saline (PBS), stained in trypan blue (0.2 mg/ml in PBS) for

30 min, washed thoroughly in PBS, and scored immediately for

dark blue staining. About 50 larvae per treatment (10 larvae/dose;

5 replicates/group) were scored for the trypan blue staining on an

average composite index per larvae: no color = 0; any blue = 1;

darkly stained = 2; large patches of darkly stained cells = 3; or

complete staining of most cells in the tissue = 4 [17].

In situ Histochemical b-galactosidase Activity
The larvae (10 larvae/treatment; 5 replicates/group) were

dissected out in PSS and X-gal staining was performed using the

method as described by described by Chowdhuri et al. [15]. The

tissue explants were fixed in 2.5% glutaraldehyde, washed in

50 mM sodium phosphate buffer (pH 8.0), and stained overnight

in X-gal staining solution at 37uC in dark.

Preparation of Larval Homogenate for Lipid Peroxidation
Assay and Total Protein Content

The larvae (10 larvae/experiment; 5 replicates/group) were

homogenized in 1 ml of cold homogenizing buffer (0.1 M

Phosphate buffer containing 0.15 M KCl; pH 7.4). The superna-

tant after centrifugation at 9000 g was used for estimating lipid

peroxidation and total protein content.

Lipid Peroxidation Assay
Lipid peroxidation assay was performed as described earlier

using 1,1,3,3-tetramethoxy propane as a standard [18]. Reagent 1

(R1) was prepared by dissolving 0.064 g of 1-methyl-2-phenylin-

dole in 30 ml of acetonitrile to which 10 ml of methanol was

added to bring the volume of 40 ml. The preparation of 37% HCl

served as the reagent R2. About 100 ml of the supernatant, 650 ml

of R1, and 150 ml of R2 was taken in the microcentrifuge tubes

and vortexed. The tubes were incubated at 45uC for 45 mins. The

tubes were then cooled in melting ice and readings were noted at

586 nm.

Protein Estimation
Estimation of protein levels in all the treated as well as control

groups was done according to the method of Bradford [19] using

bovine serum albumin (BSA) as a standard.

Assay to Detect Apoptosis
The apoptotic cells were analyzed by staining with an ethidium

bromide (EB) and acridine orange (AO) staining. The midgut of

the larvae was explanted in PSS. The PSS was replaced by 300 ml

Figure 4. FT-IR spectrum of GCNC.
doi:10.1371/journal.pone.0080944.g004

Figure 5. b-galactosidase activity measured in transgenic Drosophila melanogaster(hsp70-lacZ)Bg9 third instar larvae exposed to
different doses of Graphene copper nano composite (GCNC) for 24 and 48 hrs. *significant at p,0.05 with respect to untreated
[GCNC = Graphene copper nano composite; GONP = Graphene oxide nano particle; CONP = Cuprous oxide nano particle; NC = Negative control;
DMSO = Dimethyl sulphoxide; OD = Optical Density; SE = Standard error].
doi:10.1371/journal.pone.0080944.g005

Toxic Potential of GCNC
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of collagenase (0.5 mg/ml) and kept for 15 min at 25uC. The

collagenase was removed and the pellet was washed three times by

PBS with gentle shaking [20]. Finally the pellet was suspended in

80 ml of PBS. About 25 ml of cell suspension was mixed with 2 ml

of EB/AO dye. The staining dye was prepared by dissolving

100 mg/ml AO and 100 mg/ml EB in PBS. About 100 cells were

scored per treatment (5 replicates/group) for estimating the

apoptotic index and expressed in percent [21].

Analysis of DNA Damage by Comet Assay
The comet assay was performed according to Mukhopadhyay

et al. [20]. The midgut from 20 larvae per treatment (3 replicates/

group) was explanted in PSS. PSS in microcentrifuge tube was

replaced by 300 ml of collagenase (0.5 mg/ml in PBS, pH 7.4) and

kept for 15 min at 25uC. The cell suspension was prepared by

washing three times in PBS and finally the cells were suspended in

80 ml of PBS. The cell viability was checked by performing trypan

blue assay before beginning the experiment [22]. About 75 ml of

cell suspension was mixed with 80 ml of 1.5% low melting agarose

and layered on top of the precoated slides with 1% normal melting

point agarose. The slides were then immersed in freshly prepared

chilled lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris

pH 10.0 and 1% Triton X-100, pH 10) for 2 h at 4uC. The slides

were then transferred to the chilled electrophoresis solution (1 mM

Na2 EDTA and 300 mM NaOH, pH .13). The slides were left in

this solution for 10 min to allow DNA unwinding. Electrophoresis

was conducted for 15 min at 0.7 V/cm and 300 mA at 4uC.

Following electrophoresis, the slides were washed by neutralizing

buffer (0.4 M Tris buffer) three times. Slides were then stained

with ethidium bromide (20 mg/ml; 75 ml/slides) for 10 min in

dark. The slides were then dipped in chilled distilled water to

remove the excess of stain and subsequently cover slips were

placed over them. Each experiment was performed in triplicate

and the slides were prepared in duplicate. Twenty five cells per

slide were randomly captured at a constant depth of the gel, and

mean tail length (a.u) was calculated to measure DNA damage by

using comet score 1.5 software (Comet ScoreTM v1.5 Software,

TriTek Corporation, Sumerduck).

Statistical Analysis
Student’s ‘‘t’’-test and regression analysis were performed by

using commercial software Statistica from Stat- Soft Inc.

Results and Discussion

GCNC was prepared using copper acetate adsorbed graphene

oxide (GO) sheets as precursors. In this composite, in situ formed

Cu2O nanoparticles (NPs) were derived from the adsorbed copper

acetate which attached to graphene sheets and prevented the

aggregation of the reduced GO sheets. The synthesized Cu2O

crystals were cube-like particles distributed randomly on the sheets

due to the template effect of GO, consequently forming a GCNC.

In fact, GO can also adsorb metal salts such as copper acetate on

its surface. In this study, we have successfully synthesized GCNC

Figure 6.Trypan blue staining in the tissues of third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9 for untreated
(a) and the larvae exposed to different doses of graphene copper nanocomposite (GCNC) for 48 hr of duration [0.099 mg/ml (b)
0.199 mg/ml (c) 3.996 mg/ml (d)]. [BG- Brain ganglia, SG- Salivary gland, PV- Proventriculus, FG- Foregut, MG-Midgut, HG- Hindgut, MT- Malpighian
tubule, GC- Gastric caeca].
doi:10.1371/journal.pone.0080944.g006

Toxic Potential of GCNC
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with the aim to explore its structural and biological properties. The

graphene oxide (GO) was synthesized employing the Hummers

and Offeman [12] and collected by centrifugation. Under the

specific conditions, the GO to GCNC was synthesized by the

sodium borohydride reduction method. The synthesis reaction of

GCNC indicated by gradual color change of the mixture, the

initial dark yellow solution quickly turned dark brown and

eventually became black within 10 min. We monitored the

formation of GCNC by UV–vis absorption spectrum of GO

shown in (Figure 1) is characterized by the p–pof the C = C

plasmon peak around 230 nm and a shoulder around 300 nm

which is often attributed to n–p transitions of the carbonyl groups.

Figure 7. b-galactosidase staining pattern in the tissues of third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9

for untreated (a) and the larvae exposed to different doses of graphene copper nanocomposite (GCNC) for 48 hr of duration
[0.099 mg/ml (b) 0.199 mg/ml (c) 3.996 mg/ml(d)]. [BG- Brain ganglia, SG- Salivary gland, PV- Proventriculus, FG- Foregut, MG-Midgut, HG- Hindgut,
MT- Malpighian tubule, GC- Gastric caeca].
doi:10.1371/journal.pone.0080944.g007

Figure 8. Lipid peroxidation in the third instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9 exposed to different
doses of Graphene copper nano composite (GCNC) for 24 and 48 hrs. *significant at p,0.05 with respect to untreated[GCNC = Graphene
copper nano composite; GONP = Graphene oxide nano particle; CONP = Cuprous oxide nano particle; NC = Negative control; DMSO = Dimethyl
sulphoxide; OD = Optical Density; SE = Standard error].
doi:10.1371/journal.pone.0080944.g008

Toxic Potential of GCNC
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While GCNC (Figure 1b), the plasmon peak was red-shifts to

,270 nm, reflecting increased p-electron concentration and

structural ordering. Powder X-ray diffraction (XRD) analysis

shown in (Figure 2a) demonstrates that the GCNC consists of

cubic Cu2O (JCPDS 78-2076). The XRD data of GCNC indicates

the absence of any impurities. The calculated average particle size

was found to be ,4 nm. Figure 2b shows the SEM micropho-

tograph of GCNC. Graphene -Copper nanoparticles can be

clearly seen in the image. Sample shows plate like forms without

any other secondary phase. The results reveal that no obvious

difference can be perceived in different parts of the sample, which

further demonstrates that Cu contents are uniformly doped into

the graphene matrix as demonstrated in the energy dispersive

spectrum (EDS) as shown in Figure 2c. An oxygen peak at about

0.52 keV, Cu signals at about 1 keV, 8.0 keV and 9.0 keV and

presence of the graphene at 0.25 keV were observed in the

spectra. These results are consistent with the analysis of the XRD

data. For further characterization TEM analysis was performed.

The TEM image of GCNC is shown in (Figure 2d). At the low

magnification, the structure of GCNC with wrinkles and folding

on the surface was observed. Corrugation and scrolling are part of

the intrinsic nature of graphene nanosheets, which results from the

fact that the 2-D membrane structure becomes thermodynami-

cally stable via bending. Figure 2d shows a high resolution TEM

(HRTEM) image of GCNC. The crystal symmetry and well

crystalline structure of the graphene nanosheets confirmed in the

Figure 2d. To identify whether the GO sheets remain isolated or

become aggregated, AFM was performed (Figure 3a and b). FT-

IR spectrum of GCNC consists of the graphene and the Cu2O

NPs. In the spectrum of GCNC, the strong absorption band at

617 cm21 can be assigned to the vibrations of the Cu–O

functional group (Figure 4).

The expression of hsp70 in the third instar larvae of transgenic

Drosophila melanogaster (hsp70-lacZ)Bg9 was measured both quanti-

tatively and qualitatively. Larvae exposed to GCNC at 0.033 and

0.099 mg/ml for 24 hr did not show significant increase in the

expression of b-galactosidase (Figure 5). However, the larvae

exposed to 0.199 and 3.996 mg/ml for 24 hr showed a dose

dependent significant increase in the expression of b-galactosidase

as compared to untreated (Figure 5). For 48 hr of exposure to a

dose at 0.033 mg/ml did not show significant increase in the

expression of b-galactosidase as compared to untreated (Figure 5).

GONP (3.996 mg/ml) and CONP(3.996 mg/ml) did not show

significant increase in the expression of b-galactosidase as

compared to untreated for both 24 as well as 48 hrs of exposure

(Figure 5). The exposure of larvae to 0.099, 0.199 and 3.996 mg/ml

for 48 hr showed a dose dependent significant increase in the

expression of b-galactosidase compared to untreated (Figure 5).

Figure 6 (b–d) shows the trypan blue staining in the third instar

larvae exposed to various doses of GCNC for 48 hr of duration.

About 95% of untreated larvae were negative to the trypan blue

staining (Figure 6a). The exposure of larvae to 0.033 mg/ml of

GCNC did not show any tissue damage, but the exposure of larvae

to 0.199 and 3.996 mg/ml of GCNC show a dose dependent tissue

damage for 24 as well as 48 hrs of exposure. A dose dependent

tissue damage was observed in salivary glands, foregut, midgut and

malphighian tubules. The larvae exposed to GONP (3.996 mg/ml)

and CONP (3.996 mg/ml) for 24 as well as 48 hrs were negative to

Figure 9. Protein content in the third instar larvae of transgenic Drosophila melanogaster(hsp70-lacZ)Bg9 exposed to different doses of
Graphene copper nano composite (GCNC) for 24 and 48 hrs. *significant at p,0.05 with respect to untreated [GCNC = Graphene copper
nano composite; GONP = Graphene oxide nano particle; CONP = Cuprous oxide nano particle; NC = Negative control; DMSO = Dimethyl sulphoxide;
SE = Standard error].
doi:10.1371/journal.pone.0080944.g009

Figure 10. Drosophila melanogaster(hsp70-lacZ)Bg9 mid gut cells
(a) Normal cell; (b) Apoptotic cell and (c) Comet assay
performed in gut cell exposed to 3.996 mg/ml of GCNC for
48 hrs of duration.
doi:10.1371/journal.pone.0080944.g010

Toxic Potential of GCNC
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trypan blue staining (Figures not shown). Figure 7 (a–d) shows b-

galactosidase staining in untreated and the larvae exposed to

0.099, 0.199 and 3.996 mg/ml of GCNC for 48 hr. Dose

dependent moderate to dark blue staining in the foregut, midgut

and malphighian tubules was observed. The same results were

observed for 24 hr of exposure to 0.099 and 0.199 mg/ml of

GCNC (figures not shown). The exposure of larvae to GONP

(3.996 mg/ml) and CONP (3.996 mg/ml) for 24 as well 48 hrs were

negative to b-galactosidase staining (Figures not shown). The

results obtained for lipid peroxidation are shown in Figure 8. The

treatment of 0.033 and 0.099 mg/ml of GCNC for 24 hr did not

show any significant increase in mean absorbance values for the

estimation of lipid peroxidation (Figure 8). The exposure of 0.199

and 3.996 mg/ml of GCNC for 24 hr of duration showed a

significant increase in the mean absorbance values i.e

0.089060.0008 and 0.097660.0005, respectively, as compared

to untreated (Figure 8). The exposure of 0.033 mg/ml of GCNC for

48 hr did not show any significant increase in the mean

absorbance values as compared to untreated, but the exposure

of 0.099, 0.199 and 3.996 mg/ml of GCNC for 48 hr to the third

instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9

showed a dose dependent significant increase in the mean

Figure 11. Apoptotic index measure in the midgut cells of the third instar larvae of transgenic Drosophila melanogaster(hsp70-
lacZ)Bg9 exposed to different doses of graphene copper nano composite (GCNC) for 24 and 48 hrs. *significant at p,0.05 with respect
to untreated [GCNC = Graphene copper nano composite; GONP = Graphene oxide nano particle; CONP = Cuprous oxide nano particle; NC = Negative
control; DMSO = Dimethyl sulphoxide; SE = Standard error].
doi:10.1371/journal.pone.0080944.g011

Figure 12. Comet assay performed on the midgut cells of the third instar larvae of transgenic Drosophila melanogaster(hsp70-
lacZ)Bg9 exposed to different doses of Graphene copper nano composite (GCNC) for 24 and 48 hrs. *significant at p,0.05 with respect
to untreated [GCNC = Graphene copper nano composite; GONP = Graphene oxide nano particle; CONP = Cuprous oxide nano particle; NC = Negative
control; DMSO = Dimethyl sulphoxide; SE = Standard error].
doi:10.1371/journal.pone.0080944.g012

Toxic Potential of GCNC
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absorbance value i.e. 0.085260.0013, 0.095460.0007 and

0.101660.0007, respectively as compared to untreated

(Figure 8).). The exposure of larvae to GONP (3.996 mg/ml) and

CONP (3.996 mg/ml) for 24 as well 48 hrs did not show significant

increase in the mean absorbance values as compared to untreated

(Figure 8). The effect of GCNC on total protein content is shown

in Figure 9. No significant difference in total protein content was

found as compared to untreated in the third instar larvae exposed

to 0.033 and 0.099 mg/ml of GCNC for 24 hr but a significant

decrease in the protein content as compared to untreated was

observed at 0.199 and 3.996 mg/ml (Fig. 9). The larvae exposed to

0.033 mg/ml of GCNG for 48 hr showed no significant decrease in

the protein content but at the doses of 0.099, 0.199 and 3.996, a

significant dose dependent decrease in the total protein content

was observed i.e. 72.5061.456, 55.8360.948 and 46.7660.830,

respectively (Figure 9).). The larvae exposed to GONP (3.996 mg/

ml) and CONP (3.996 mg/ml) for 24 as well 48 hrs did not show

significant difference in the total protein content as compared to

untreated (Figure 9). The normal and apoptotic midgut cells of the

third instar larvae are shown in Figure 10. Apoptotic index for the

midgut cells of the third instar larvae exposed to different doses of

GCNC for 24 and 48 hrs of duration is shown in Figure 11. The

exposure of larvae to 0.033 and 0.099 mg/ml for 24 hr did not

show any significant increase in the apoptotic index as compared

to the untreated (Figure 11). The exposure of 0.199 and 3.996 mg/

ml of GCNC for 24 hr showed a significant increase in the

apoptotic index as compared to the untreated (Figure 11). The

exposure of 0.033 mg/ml of GCNC for 48 hr did not show any

significant increase in the apoptotic index as compared to

untreated, but the exposure of 0.099, 0.199 and 3.996 mg/ml of

GCNC showed a dose dependent increase in the value of

apoptotic index i.e 17.8060.860, 28.4060.400 and

35.4060.678, respectively (Figure 11).). The exposure of larvae

to GONP (3.996 mg/ml) and CONP (3.996 mg/ml) for 24 as well

48 hrs did not show significant increase in the apoptotic index as

compared to untreated (Figure 11). Comet assay performed on the

midgut cells of the third instar larvae of transgenic Drosophila

melanogaster (hsp70-lacZ)Bg9 is shown in Figure 10. The result

obtained for the comet assay performed for the midgut cells of the

third instar larvae is shown in Figure 9. The exposure of larvae to

0.033 and 0.099 mg/ml of GCNC for 24 hr did not show any

significant increase in the mean tail length (Figure 12). The

exposure of 0.199 and 3.996 mg/ml of GCNC showed a significant

increase in the mean tail length i.e. 1360.583 and 2061.00,

respectively, as compared to untreated (Figure 12). The exposure

of larvae to 0.033 mg/ml of GCNC for 48 hr of duration did not

show any significant increase in the mean tail length (Figure 12).

The exposure of 0.099, 0.199 and 3.996 mg/ml of GCNC for 48 hr

of duration showed a dose dependent significant increase in the

mean tail length i.e 1360.0583, 1960.510 and 2360.316,

respectively, as compared to untreated (Fig. 12). The exposure

of larvae to GONP (3.996 mg/ml) and CONP (3.996 mg/ml) for 24

as well 48 hrs did not show any increase in the mean tail length as

compared to untreated (Figure 12). The results obtained for the

synthesis of GCNC i.e. the color change was indicative of the

formation of suspended GCNC that appeared black and insoluble

[23]. The results of the absorption spectrum are consistent with

the restoration of sp2 carbon and possible rearrangement of atoms

[24]. It implies that the GO might be reduced and the aromatic

structure might be restored gradually. Similar features and trends

are observed for the reduction of GO by L-ascorbic acid [25]. The

results obtained for the X-ray diffraction (XRD) shows no graphite

diffraction peaks are present in the XRD pattern, indicating that

the regular stack of GO has been broken [26]. The morphology of

graphene as circled in the image is observed as a flaky texture

reflecting its layered microstructure and Cu particles are dispersed

on the surface of graphene or imbedded into the graphene sheets

[27,28]. Furthermore it is clearly observed that the graphene

nanosheets are covered by densely packed and irregularly shaped

Cu grains, spreading in a large-scale. The stretching vibrations of

carboxyl groups or conjugated carbonyl groups cannot be

observed, which means the reduction of graphene to GO is

completed [29]. The absorption band at 1580 cm21 can be

assigned to the stretching vibration of C = C of graphene and

another at 1087 cm21 can be assigned to the stretching vibration

of C–O of graphene [30].

The results of the present study show that higher doses GCNC

are toxic as is evident from the results obtained in our study.

Graphene has attracted tremendous interest in different areas

including biomedicine. Multiple drugs therapy is widely use in

cancer therapy [10]. As nano carriers GO co-loaded with two

chemical drugs, doxorubicin and captothecin was studied on

MCF-7 cells, the higher cytotoxicity was observed in the MCF-7

Table 1. Regression analysis for hsp70 expression, lipid peroxidation, protein content, apoptosis and comet tail length in the third
instar larvae of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9.

24 hr 48 hr

S.No. Groups Regression equation r p F Regression equation R p F

1. bgal vs L YL = 20.0629 + 1.2962Xgal 0.99022 ,0.044 100.7134 YL = 0.02201 + 0.53814 Xgal 0.57200 ,0.7625 0.9725641

2. bgalvs Ap YAp = 231.42 + 457.61Xgal 0.96493 ,0.0784 27.02286 YAp = 9.0767 + 123.25 Xgal 0.26204 ,0.8311 0.1474499

3. bgalvs CTL YCTL = 239.09 + 464.47 Xgal 0.99371 ,0.0100 157.4825 YCTL = 25.363 + 172.72X gal 0.45225 ,0.8663 0.5142355

4. bgal vs P YP = 359.11 2 2466 Xgal 20.9815 ,0.0100 52.64479 YP = 208.32 2 1128 Xgal 20.6140 ,0.2238 1.210328

5. L vs Ap YAp = 28.024 + 336.84 XL 0.92975 ,0.3799 12.75209 YAp = 215.04 + 456.63XL 0.91284 ,0.3491 9.996292

6. L vs CTL Y CTL = 215.93 + 349.92 X L 0.97995 ,0.0532 48.38880 YCTL = 219.06 + 400.01 XL 0.98536 ,0.0454 66.82125

7. Lvs P YP = 240.40 2 1915 XL 20.9978 ,0.0008 454.8722 YP = 242.10 2 1949XL 20.9980 ,0.0003 487.5854

8. Ap vs P YP = 181.38 2 4.882 XAp 20.9216 ,0.255 11.28187 YP = 158.96 + 3.457XAp 20.8850 ,0.0302 7.223134

9. Ap vs CTL YCTL = 26.453 + 0.9702 XAp 0.98440 ,0.0450 62.59781 YCTL = 23.795 + 0.7868 XAp 0.96905 ,0.2326 30.81874

10. P vs CTL YCTL = 27.866–0.1814 XP 20.9751 ,0.0046 38.60752 YCTL = 30.389 2 0.2022 XP 20.9725 ,0.0077 34.82287

bgal = b-galactosidase, L = Lipid peroxidation, Ap = Apoptosis, P = Protein, CTL = Comet tail length.
doi:10.1371/journal.pone.0080944.t001
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cells [11]. GO nanocomposites using different drugs have been

studied on various cell lines to explore GO-based drug delivery

[31,32]. The carboxyl functionalization of graphene in pacifying

its strong hydrophobic interaction with cells is associated with the

toxic effects [33]. GO has been reported to be deposited

predominantly in the lungs. No pathological changes were

observed in the organs of mice at 1 mg/kg body weight of GO

for 14 days, but at 10 mg/kg body weight pulmonary edema and

granuloma were observed [34]. A dose dependent toxicity in

human fibroblast cell of GO at 50 mg/ml has been reported by

Wang et al [35]. The dietary uptake of fullerene C60, carbon

black (CB), or single walled or multi walled nanotubes (SWNTs,

MWNTs) were studied on larval stage, and adults of Drosophila

melanogaster. No detectable effects on egg to adult survivorship,

despite the evidence of uptake were observed [36]. However, the

exposure of the same materials in dry form to adult D. melanogaster,

some materials (CB and SWNTs) led to impaired locomotor

function and mortality [36]. In the present study the b-

galactosidase acitivity was used as an indicator of expression of

Hsp70. b-galactosidase activity was also confirmed by X-gal

staining for the third instar larvae. Stress inducible Hsp70 has been

reported as a first tier bioindicator of cellular damage due to its

conservation through evolution, inducibility by a wide variety of

inducers and being a part of the cellular defense machinery

[37,38]. Tissue damage evaluated by trypan blue staining showed

more damage at the highest concentration for the exposure of

48 hr which is correlated by the reduced activity of b-galactosidase

at 3.996 mg/ml. The slight reduction in the expression of b-

galactosidase for the exposure of third instar larvae at 3.996 mg/ml

for 48 hr may be due to the damage in the tissues at this dose and

reduction in the number of viable cells due to auto-repression of

Hsp70 once its upper limit has been achieved. The instability of the

reporter gene may also be involved for the exposure at this dose

that may results in the decrease expression of Hsp70. A dose

dependent decrease in the total protein content is clearly

correlated (Table 1) with the increased lipid peroxidation

[r = 20.9978, p,0.0008 (24 hr); r = 20.998, p,0.0003(48 hr)]

and apoptotic index [r = 20.9216, p,0.255 (24 hr); r = 20.8850,

p,0.0302 (48 hr)]. It has been suggested that proteins are the

targets for the oxidants as a result of their abundance in biological

systems and can be used as an indicator of the cytotoxicity [39,40].

Copper oxide nano particle have been reported not only to

generate the reactive oxygen species (ROS), but also to block the

cellular antioxidant defenses [41]. Thus, higher protein damage in

the exposed larvae caused by ROS may be one of the possible

reasons of apoptosis. ROS have been suggested to play a major

role in enhancing the toxicity of several xenobiotics including nano

particles [34]. Although the cells are well acquaint with the self

defense mechanisms, but an enhancement in the stress beyond the

capacity of a cell to cope up may result in the cellular damage

leading to the cell death [42]. The resulting ROS can damage

lipid, protein and DNA [43]. Lipid peroxidation is considered a

reliable marker of oxidative stress [44]. GCNC induced DNA

damage was observed in Drosophila larval midgut cells as evidenced

by a significant increase in the mean tail length in the comet assay

performed for the exposed larvae at higher doses. Along with the

DNA damage increase in the apoptotic index was observed. A

positive correlation (Table 1) was observed in DNA damage and

apoptotic index [(r = 0.9844, p,0.0450 (24 hr); 0.9690, p,0.2326

(48 hr)]. A negative correlation observed between the b-galacto-

sidase expression and protein level clearly demonstrates the

proteotoxicity in the larvae exposed to higher doses of GCNC,

for 24 and 48 hr of duration i.e [r = 20.9815; p,0.0100 and

r = 20.6140; p,0.223, respectively (Table 1).

Drosophila as a model organisms have been used to study the

toxic effects of nano particles. The CdSe-ZnS quantum dots

affected the life span of Drosophila and also increase the levels of

reactive oxygen species (ROS). [45]. The genotoxicity of cobalt

nano particles (CoNPs) and ions were evaluated using Drosophila as

a model. CoNPs as well as the ionic cobalt chloride at

concentration ranging from 0.1 to 10 mM were able to induce

significant increase in the frequency of mutant clones [46]. In

other study with copper oxide nanoparticles on human lung

epithelial cells, the CUONPs reduced the cell viability, deplete

glutathione, induce lipid peroxidation, catalase and superoxide

dismutase and increase the Hsp70 expression in dose dependent

manner [47]. The genotoxic potential of CUONPs was attributed

to the oxidative stress [47]. The first nanomaterial mutated

organism, named MN-mut (Drosophila melanogaster) was obtained by

exposing the flies to gold nanoparticles (AUNPs). The modified

phenotypes in subsequent generations were observed suggesting

the capability of AUNPs to induce mutagenic effects that may be

transmitted to the descendants [48]. Metals have been reported as

inducers of Hsp70 [49]. Copper produces free radicals, and when

present in an unbound condition, it produces reactive oxygen

species that cause DNA, protein and lipid damage [50]. Midgut of

insects has been reported to be rich in cytochrome –P450 species

[51]. Hence the midgut cells were taken for the comet assay and

apoptotic index analysis. The method used in the present study for

the apoptosis analysis is simple as there is no cell fixation step thus

avoiding a number of potential artifacts [52]. Other methods of

detecting the apoptosis involves multiple steps (Annexin V, DNA

ladder), lack of ability to quantify percent of live, apoptotic and

necrotic cells at the same time (DAPI staining, Caspase 3/7

activity, DNA laddering and SS DNA staining), and are non

specific (TUNEL assay [21]. These methods may damage the cell

membranes and change the cell population, distribution of live,

apoptotic and necrotic cells. The blood compatibility and

cytotoxicity of graphene oxide as graphene sheets of various sizes

and oxygen content was investigated in suspended human RBCs

and adherent skin fibroblasts using in vitro haemolysis and WST-8

viability assays. All the tested doses of GO and GS showed the

dose dependent haemolytic activity and toxicity to the adherent

skin fibroblasts [6]. In another study of graphene oxide, carried

out on A549 cells and PC12 cells, a dose dependent cytotoxicity

has been attributed to ROS [1,25]. Nanomaterials have unique

physicochemical properties and are applied in various areas.

However, their biological properties in organisms will finally

determine their destiny in future [1]. In our present study with

GCNC was toxic only at higher doses and longer duration of

exposure. The dose 0.033 mg/ml may be considered as the No

Observed Adverse Effect Level (NOAEL). Due to ethical reasons,

exorbitant cost and difficulty in interpreting data owing to

interspecies variation, the issues related to the use of animals in

toxicology research and testing have become serious concerns

among scientists [53]. This has led to the scientist to promote the

use of an alternative to higher animals in toxicology. A Drosophila is

a well established model for pharmacological or toxicological

evaluations [54]. A systematic and reproducible evaluation of

nanoparticles (NPs) toxicology in living systems using the ingestion

of citrate-capped gold NPs (AUNPs) of different sizes by the model

system Drosophila melanogaster has been well documented and have

pave the way for the risk assessment and regulatory approval for

various nanoparticles and nanomedicine applications [55].

Conclusions
In conclusion, the toxicity of GCNC was observed in the third

larvae of transgenic Drosophila melanogaster (hsp70-lacZ)Bg9. Hence
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the full implementation of such nano materials as biological

applications needs to be more investigated.

Acknowledgments

We are thankful to the Chairman, Department of Zoology for providing

the laboratory facilities. We are also grateful to Dr. D. Kar Chowdhuri,

Scientist F and Head Embryo Toxicology, IITR, Lucknow, U.P., India for

providing Bg9 Drosophila strain.

Author Contributions

Conceived and designed the experiments: YHS SJ FN WK BRS AHN.

Performed the experiments: AF YHS SJ FN WK BRS AHN R. Analyzed

the data: YHS AF WK FN SJ. Contributed reagents/materials/analysis

tools: YHS SJ FN AF. Wrote the paper: YHS WK BRS.

References

1. Chang Y, Yang ST, Liu JH, Dong E, Wang Y, et al. (2011) Invitro toxicity
evaluation of graphene oxide on A549 cells. Toxicology Letters 200: 201–210.

2. Pumera M (2009) Electrochemistry of graphene: new horizons for sensing and

energy storage. The Chemical Record 9: 211–23.

3. Willemse CM, Tlhomelang K, Jahed N, Baker PG, Iwuoha EI (2011) Metallo-

graphene nanocomposite electrocatalytic platform for the determination of toxic

metal ions. Sensors, 11: 3970–3987.

4. Aillon KL, Xie YM, El-Gendy N, Berkland CJ, Forrest ML (2009) Effects of

nanomaterial physicochemical properties on in vivo toxicity. Advanced Drug
Delivery Reviews 61: 457–466.

5. Cao A, Liu Z, Chu S, Wu M, Ye Z, et al. (2010) A Facile One-step Method to

Produce Graphene–CdS Quantum Dot Nanocomposites as Promising Opto-
electronic Materials. Advanced Materials 22: 103–106.

6. Liao KH, Mittal A, Bose S, Leighton C, Mkhoyan KA, et al. (2011) Aqueous

only route towards graphene from graphite oxide. ACS Nano 5: 1253–1258.

7. Kolosnjaj-Tabi J, Hartman KB, Boudjemaa S, Ananta JS, Morgant G, et al.

(2010) In vivo behavior of large doses of ultrashort and full-length single-walled

carbonnanotubes after oral and intraperitoneal administration to Swiss mice.
ACS Nano 4: 1481–1492.

8. Mullera J, Huauxa F, Moreaub N, Missona P, Heiliera JF, et al. (2005)

Respiratory toxicity of multi-wall carbon nanotubes.Toxicology and Applied
Pharmacology 207: 221–231.

9. Shen He, Zhang L, Liu M, Zhang Z (2012) Biomedical applications of graphene.
Theranostics 2: 283–294.

10. Santos CM, Mangadlao J, Ahmad F, Leon A, Advincula RC, et al. (2012)

Graphene nanocomposite for biomedical applications: fabrication, antimicrobial
and cytotoxic investigations. Nanotechnology 23: 395101.

11. Zhang LM, Xia JG, Zhao QH, Liu LW, Zhang ZJ (2010) Functional graphene

oxide as a nanocarrier for controlled loading and targeted delivery of mixed
anticancer drugs. Small 6: 537–544.

12. Hummers WS, Offeman RE (1958) Preparation of Graphitic Oxide. Journal of

the American Chemical Society 80: 1339–1339.

13. Lis JT, Simon JA, Sutton CA (1983) New heat shocks puffs and b-galactosidase

activity resulting from transformation of Drosophila with an hsp70-lacZ hybrid

gene. Cell 35: 403–413.

14. Nazir A, Saxena DK, Chowdhuri DK (2003) Induction of hsp70 in transgenic

Drosophila: biomarker of exposure against phthalimide group of chemicals.
Biochimica et Biophysica Acta 1621: 218–225.

15. Chowdhuri DK, Saxena DK, Vishwanathan PN (1999) Effect of hexachloro-

cyclohexane (HCH), its isomers and metabolites on hsp70 expression in
transgenic Drosophila melanogaster. Pesticide Biochemistry and Physiology 63:

15–25.

16. Chowdhuri DK, Nazir A, Saxena DK (2001) Effect of three chlorinated
pesticides on hsrw stress gene in transgenic Drosophila melanogaster. Journal of

Biochemistry and Molecular Biology 15: 173–186.

17. Krebs RA, Feder ME (1997) Tissue specific variation in hsp70 expression and
thermal damage in Drosophila melanogaster larvae. Journal of Experimental Biology

200: 2007–2015.

18. Siddique YH, Ara G, Afzal M (2012) Estimation of lipid peroxidation induced
by hydrogen peroxide in cultured human lymphocytes. Dose Respose 10: 1–10.

19. Bradford MM (1976) Rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein dye binding.
Analytical Biochemistry 72: 248–254.

20. Mukhopadhyay I, Chowdhuri DK, Bajpayee M, Dhawan A (2004) Evaluation of
in vivo genotoxicity of cypermethrin in Drosophila melanogaster using the alkaline

comet assay. Mutagenesis 19: 85–90.

21. Ribble D, Goldstein NB, Norris DA, Shellman YG (2005) A simple technique
for quantifying apoptosis in 96 well plate. BMC Biotechnology 5: 12.

22. Siddique YH, Ara G, Beg T, Gupta J, Afzal M (2010) Assessment of cell

viability, lipid peroxidation and quantification of DNA fragmentation after the
treatment of anticancerous drug Mitomycin C and curcumin in cultured human

blood lymphocytes. Experimental Toxicology and Pathology 62: 503–508.

23. Xu Chao, Wang Xin, Yang Lichun, Wu Yuping (2009) Fabrication of a
graphene–cuprous oxide composite. Journal of Solid State Chemistry 182:

2486–2490.

24. Gupta A, Saha SK (2012) Emerging photoluminescence in azo-pyridine
intercalated graphene oxide layers. Nanoscale 4: 6562–6567.

25. Zhang J, Yang H, Shen G, Ping C, Zhang J, et al. (2010) Reduction of graphene
oxide via L-ascorbic acid. Chemical Communications 46: 1112–1114.

26. Yan XY, Tong XL, Zhang YF, Han XD, Wang YY, et al. (2012) Cuprous oxide

nanoparticles dispersed on reduced graphene oxide as an efficient electrocatalyst

for oxygen reduction reaction. Chemical Communications 48: 1892–1894.

27. Benxia Li, Tongxuan Liu, Yanfen Wang, Zhoufeng Wang (2012) ZnO/

graphene-oxide nanocomposite with remarkably enhanced visible-light-driven

photocatalytic performance. Journal of Colloid and Interface Science 377: 114–

121.

28. Hou JG, Wang Z, Jiao SQ, Zhu HM (2011) 3D Bi12TiO20/TiO2 hierarchical

heterostructure: Synthesis and enhanced visible-light photocatalytic activities.

Journal of Hazardous Materials 192: 1772–1779.

29. Shin HJ, Kim KK, Benayad A, Yoon SM, Park HK, et al. (2009) Efficient

Reduction of Graphite Oxide by Sodium Borohydride and Its Effect on

Electrical Conductance. Advanced Functional Materials 19: 1987–1992.

30. Sun W, Shi S, Yao T (2011) Graphene oxide–Ru complex for label-free assay of

DNA sequence and potassium ions via fluorescence resonance energy transfer.

Analytical Methods 23: 2472–2474.

31. Rana VK, Choi MC, Kong JY, Kim GY, Kim Mi Ju, et al. (2011) Synthesis and

Drug-Delivery Behavior of Chitosan-Functionalized Graphene Oxide Hybrid

Nanosheets. Macromolecular Material and Engineering 296: 131–140.

32. Yang XY, Zhang XY, Ma YF, Huang Y, Wang YS, et al. (2009) Super

paramagnetic graphene oxide–Fe3O4 nanoparticles hybrid for controlled

targeted drug carriers. Journal of Materials Chemistry 19: 2710–2714.

33. Sasidharan A, Panchakarla LS, Chandran P, Menon D, Nair S, et al. (2011)

Differential nano-bio interactions and toxicity effects of pristine versus functional

graphene. Nanoscale 3: 2461–2464.

34. Zhang X, Yin J, Peng C, Hu W, Zhu Z, et al. (2011) Distribution and

biocompatibility studies of graphene oxide in mice after intravenous adminis-

tration. Carbon 49: 986–995.

35. Wang K, Ruan J, Song H, Zhang J, Wo Y, et al. (2011) Biocompatibility of
graphene oxide. Nanoscale Research Letters 6: 1–8.

36. Liu X, Vinson D, Abt D, Hurt RH, Rand DM (2009) Differential Toxicity of

carbon nanomaterials in Drosophila: larval dietary uptake is benign, but adult

exposure causes locomotor impairment and mortality. Environmental Science

and Technology 43: 6357–6363.

37. Siddique HR, Gupta SC, Mitra K, Murthy RC, Saxena PK, et al. (2007)

Induction of biochemical stress markers and apoptosis in transgenic Drosophila

melanogaster against complex chemical mixtures: Role of reactive oxygen species.

Chemico Biological Interaction 169: 171–188.

38. Krone PH, Blechniger SR, Evans TG, Ryan JA, Noonan EJ, et al. (2005) Use of

fish liver PLHC-1 cells and zebra fish embryos in cytotoxicity assays. Methods

35: 176–187.

39. Ait-Aissa S, Porcher JM, Arrigo AP, Lambre C (2000) Activation of the hsp70

promotor by environmental inorganic and organic chemicals: relationships with

cytotoxicity and lipophilicity. Toxicology 14: 147–157.

40. Davies MJ (2005) The oxidative environment and protein damage. Biochimica

et Biophysica Acta 1703, 93–109.

41. Fahny B, Cornier SA (2009) Copper oxide nanoparticles induced oxidative stress

and cytotoxicity in airway epithelial cells. Toxicology In Vitro 23: 1365–1371.

42. Gupta SC, Siddique HR, Mathur N, Vishwakarma AL, Mishra RK, et al. (2007)

Induction of hsp70 alterations in oxidative stress markers and apoptosis against

dichlorvos exposure in transgenic Drosophila melanogaster: Modulation by reactive

oxygen species. Biochimica et Biophysica Acta1770: 1382–1394.

43. Ryter SW, Kim HP, Hoetzel A, Park JW, Nakahira K, et al. (2007) Mechanism

of cell death in oxidative stress. Antioxidant Radical Sign 9: 49–89.

44. Paragasan V, Kalaiselvi P, Sumitra K, Srinivasan S, Anand Kumar P, et al.

(2006) Immunological detection of nitrosative stress mediated modified Tamm-

Horsfall glycoprotein (THP) in calcium oxalate stone formers. Biomarkers 11:

153–163.

45. Galeone A, Vecchio G, Malvindi MA, Brunetti V, Cingolani R, et al. (2012) In

vivo assessment of CdSe-ZnS quantum dots: coating dependent bioaccumula-

tion and genotoxicity. Nanoscale 4: 6401–7.

46. Vales G, Demir E, Kaya B, Creus A, Marcos R (2013) Genotoxicity of cobalt
nanoparticles and ions in Drosophila. Nanotoxicology 4: 462–8.

47. Ahamed M, Siddique MA, Akhtar MJ, Ahmad I, Pant AB (2010) Genotoxic

potential of copper oxide nanoparticles in human lung epithelial cells.

Biochemical and Biophysical Research Communications 396: 578–583.

48. Vecchio G, Galeone A, Brunetti V, Maiorano G, Rizzello L, et al. (2012)

Mutagenic effects of gold nanoparticles induce aberrant phenotypes in Drosophila

melanogaster. Nanomedicine: Nanotechnology, Biology and Medicine 8: 1–7.

Toxic Potential of GCNC

PLOS ONE | www.plosone.org 11 December 2013 | Volume 8 | Issue 12 | e80944



49. Tully BB, Collins BJ, Overstreet JD, Smith CS, Dinse GE, et al. (2000) Effects of

arsenic, cadmium, chromium and lead on gene expression regulated by a battery
of 13 different promoters in recombinant HepG2 cells. Toxicology and Applied

Pharmacology 168: 79–90.

50. Galaris D, Evangelou A (2002) The role of oxidative stress in mechanisms of
metal induced carcinogenesis. Critical Review on Oncology/Hematology 42:

93–103.
51. Hodgson E (1974) Comparative studies of cytochrome P-450 and its interaction

with pesticides. In: Khan MA, Bederka JP. (Eds.) Survival in toxic environments.

Newyork: Academic Press. 213–260.

52. Renvuize C, Biola A, Pallardy M, Bread J (1998) Apoptosis : identification of

dying cells. Cell Biology and Toxicology 14: 111–120.

53. Benford DJ, Hanley BA, Bottrill K, Oehischiager S, Balls M, et al. (2000)

Biomarkers as predictive tools in toxicity testing. ATLA 28: 119–131.

54. Celotto AM, Palladino MJ (2005) Drosophila, A ‘‘Model’’ system to study

neurodegeration. Molecular Interventions. 5: 292–303.

55. Pompa PP, Vecchio G, Galeone A, Brunetti V, Maiorano G, et al. (2011)

Physical assessment of toxicology at nanoscale: nano dose-metrics and toxicity

factor. Nanoscale 7: 2889–97.

Toxic Potential of GCNC

PLOS ONE | www.plosone.org 12 December 2013 | Volume 8 | Issue 12 | e80944


