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Abstract
In the present study we have attempted to reveal the induction of stress, changes in behavioral, molecular, and gut
microbiome pro�le by Graphene oxide (GO) in Drosophila melanogaster. The study revealed that GO does not exert
accountable mortality in larvae but had little impact on the formation of pupa from larvae in the treatment group
compared to the control group. Similarly, the larval movement exhibited little change in the treatment group (21)
compared to the control group (17). The �ies that emerged from with and without GO treatment were analyzed for the
expression of Glutathione S transferase D 1 (Gstd1) and Acetylcholine Esterase (AchE) gene. In the gut-microbiome
study, GO administration had metabolic change and was well measured with increased Acetobacteraceae to survive in
the stress-induced conditions. Hence it was concluded that GO was not lethal at 300µg/mL and hence its application in
the drug delivery tool or carrier perhaps cause are. Instead, it can able to induce oxidative stress and changes in the
regulation of the gene attributed to oxidative stress and locomotor behavior.

Introduction
In the recent years, Graphene oxide (GO), the carbon material (Tian et al., 2019; Kusuma et al., 2018; Karim et al., 2019)
with multifunctional groups, carboxylic, hydroxyl, epoxy, and carbonyl (Gao et al., 2015; Chiu et al., 2013), is used in
automobiles (Yang and Gupta, 2005; Chen et al., 2013), biomedical (Nurunnabi et al., 2015; Zhang et al., 2010), cancer
treatment/therapy (Wang et al., 2013; Luo et al., 2017; Qin et al., 2013), biomedical �eld (Gollavelli and Ling, 2012;
Kumar and Chatterjee, 2016; Shen et al., 2012), water puri�cation (Han et al., 2013), and food industry (Alocilja and
Radke, 2003). In the biomedical �eld, GO is a fascinating material for targeted drug or gene delivery (Nurunnabi et al.,
2015; Zhang et al., 2010; Wu et al., 2015; Goenka et al., 2014; Feng and Liu, 2011). The key characteristics such as its
aromatic domain (π-conjugated) and functional groups facilitate the water dispersal property and the binding of
biomolecules respectively (Tian et al., 2019) that make GO be�tting in targeted drug delivery. GO’s incorporation in
almost all �elds bring attention to its eco-friendly or cytotoxic behaviour and Liu et al. (2011), Akhavan and Ghaderi
(2010), Zhang et al. (2011), Misra et al. (2012), and Sasidharan et al. (2011) emphasized the need of toxicity data on
carbon nanomaterials. Pertaining to it, Montagner et al. (2017) reiterated the GO’s environmental impact upon its
anticipated production in the future. In this line, research on the toxicity of GO has been conducted by Wu et al. (2013),
Xiaohui et al. (2018), and Qing et al. (2012) in Caenorhabditis elegans, Daphnia magna and Zebra �sh respectively. GO-
polyvinylpyrrolidone has been proved to be toxic, transferred to neonates from adult invertebrates (Guo et al., 2013),
inducing oxidative stress (Pretti et al., 2014; Fernandes et al., 2017; De March et al., 2017) and reorient the behaviour,
physiology, and death (Mesaric et al., 2013; 2015; Zhang et al., 2017; X.Zhang et al., 2017). In Danio rerio, GO stymied
the growth and imposed delay in the hatching of embryos. Besides, it’s attachment with zebra �sh chorion has also
been proved by Chen et al. (2015). Similary, GO toxicity has been well demonstrated with C. elegans (Wu et al., 2013;
Zhi et al., 2017; Zhao et al., 2016; Diang et al., 2018) and Daphnia magna (Liu et al., 2018; Xiaohui et al., 2018) but only
little information was available on GO toxicity against Drosophila melanogaster. D. melanogaster is an excellent model
for toxicity assessment since it shows similarity with human disease genes (Rubin, 2000; Bier, 2005), short life cycle,
su�cient offspring for research, easily detectable morphological structure (Chakraborty et al., 2011; Botella et al., 2009;
Abolaji et al., 2013). Besides, it is endowed with group of Glutathione S-transferase (Gst) genes in which delta (D) has
been be�tted for xenobiotic compound or chemical induced expression (Ranson et al., 2002; Willoughby et al., 2006;
Higgins and Hayes, 2011) and due to oxidative stress (Sun et al., 2011). The Gst Delta gene �uctuated expression has
been con�rmed in orient �y (Hu et al., 2014) and Anopheles gambiae (Strode et al., 2006; Harker et al., 2012) during
their lifespan. Similarly, acetylcholine esterase (AChE) is also served as good marker for neurotoxicity (Siddique et al.,
2015). Besides, gut microbiota in D. melanogaster is bestowing the vital information of �y health and changes in the
microbial architect also re�ect the disease condition or effect of chemical agents such as silver nanoparticles (AgNps)
(Han et al., 2014). Han et al. (2014) also noted Lactobacillus brevis and Acetabacter in inversely proportional level due
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to AgNps. In addition to this, Siddique et al. (2015) recorded the graphene copper nanocomposite induced heat shock
protein, which is an important marker of cellular damage, in D.melanogaster. Hence in order to bring essential
toxicological information D. melanogaster was used in the present study. The GO driven developmental changes,
induction of heat shock protein, expression of antioxidant genes such as glutathione S transferase D1 (GstD1) and
AChE and changes in the gut microbiome in D. melanogaster was reported in the present study.

Materials And Methods
Chemicals and Reagents

All the chemicals used for the various methods mentioned below were purchased from Himedia Scienti�c Chemicals
and Laboratories – Mumbai, India. All the Molecular biology related reagents mentioned below including primer sets
were bought from the Biokart India Pvt. Ltd. Company, Bangalore, India.

Synthesis of Graphene Oxide (GO) and Characterization 

In the present study we have used the modi�ed Hummers et al. (1958) method for the synthesis of the GO sheet. The
sheet was characterized by using FTIR.

In Vivo Drosophila melanogaster 

Collection of Drosophila Melanogaster and Bioassay

D. melanogaster culture was collected from the Osmania University, Hyderabad, India.  The major stocks retrieved from
the above mentioned Laboratory include mutant �ies of w1118 strain (white eye, tubby). Collection of larvae was done
by setting up 8 ounce bottle of D. melanogaster �ies and let �ies lay eggs for 24hours, then clear bottle of �ies by
transferring the adults into a new bottle and this can be repeated as many a times as necessary. The bottles were
incubated for 3-4 days, are until third instar larvae visible. The bottle with larvae was added with 50-100ml of 20%
sucrose and was let sit for 20 minutes; this will make the larvae �oat to the top. The collected larvae were grouped into
50, 150 and 300 µg/mL of GO and a control (without GO) was maintained. Four replications were maintained and each
vial was released with 5 larvae. They were maintained in constant temperature of 25oC and humidity in the BOD
incubator for 24 and 48 hours. During the test, the media was replaced every 3 days with fresh vials and life span data
were recorded until all the �ies were dead. The mean pupa and adult developments from control and treated larval
groups were recorded.  

Behavioral Assay: Crawling and Climbing Assay 

The larval crawling and climbing assay for the current study was carried out following by Manjila (2018). 

RNA Isolation and cDNA synthesis

RNA was isolated from the tissue sample using TRI Soln  method.  After RNA isolation, the samples were used for
cDNA synthesis 2µl of Random Hexamer was added to 8µl of sample and incubated at 70°C for 4 mins in a thermal
cycler. Immediately the tubes were placed on ice for 2 mins. The tubes were centrifuged brie�y to collect the
condensation. Reverse Transcription reagents were added and all the contents were mixed and centrifuged brie�y. The
tubes were incubated at 42°C for 60 mins. Again it was incubated at 95°C for 5-10 mins to inactivate the reverse
transcriptase enzyme. It was stored at -20°C or directly carried for PCR ampli�cation. 

Q- PCR Ampli�cation
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The PCR mixture consisted of 150 ng and above genomic DNA in each samples, 2.5μl of PCR reaction buffer, 1μl of 6
pmol primers Forward (5'-ATAAATATAAAATATAAATAACAGAATTCGCCCGGCCTGGTACAC-3') and Reverse (5'-
TAAGCTTGGCACGGCTGTCCAAAGA-3'), 200 μM of each dNTPs  accounting to 4μl and 1.0 unit  Taq DNA polymerase
making up to the �nal volume of 25μl. PCR reaction was performed for 30 cycles of denaturation at 94˚C for 1 min,
annealing at 58.6˚C for 1.5 min and extension a 72˚C for 1 min and the reaction mixture consisted of the following
mixture. A �nal extension step of 72˚C for 5min was also included. The PCR products were separated by 2% agarose
gel electrophoresis and visualized by ethidium bromide staining in AGE.           

The DNA pellet retrieved from the D. melanogaster both control and treated was air-dried and re-suspended in 20µL TE
buffer supplemented with 2µl of sample buffer (0.25% bromophenol blue, 30% glycerol). The suspended DNA was
electrophoretically separated on a 2% agarose gel containing 1µg/ml ethidium bromide and was visualized under the
ultraviolet Tran illumination for analysis.

Gut microbiome Study

5 μL of isolated DNA was added in 25 μL of PCR reaction solution (1.5 μL of Forward Primer and Reverse Primer, 5 μL
of deionized water, and 12 μL of Taq Master Mix). The primers used for the ampli�cation system includes 27F
-5'AGAGTTTGATCMTGGCTCAG3'- and 1492R-5'AAGGAGGTGATCCAGCCGCA3'. Unincorporated PCR primers and
dNTPs from PCR products were removed by using Montage PCR Clean up kit. The quality, quantity (App.100ng/μl) and
formulation of the PCR product was checked using Qubit Fluorometer 3.0.

Sequencing protocol and Bioinformatic analysis

Nanopore sequencing was performed by using 1μg of DNA template. EPI2ME 16S analysis work�ow allows users to
perform genus-level identi�cation from single reads; with access to basecalled �les for detailed investigations at the
species and sub-species level. The phylogeny analysis of query sequence with the closely related sequence of blast
results was performed followed by multiple sequence alignment. The work�ow is designed to BLAST basecalled
sequence against the NCBI 16S bacterial database, which contains 16S sequences from different organisms. Each read
is classi�ed based on % coverage and identity. The 16S work�ow will be useful in identifying pathogens in a mixed
sample or understanding the composition of a microbial community.

Statistical Analysis

The data were analyzed by using Statistical Packages for Social Sciences (SPSS 20.0). One way ANOVA was
performed for antioxidant data and the values were represented signi�cant when p<0.05%. The data used were mean of
three/�ve replications. The graphical representations of data were performed using Microsoft Excel. 

Results And Discussion
In vivo cytotoxic potential of the grapheme oxide (GO) on Drosophila melanogaster was tested in the present
investigation. Researchers have studied the impact of GO on various model organisms (Wu et al., 2013; Xiaohui et al.,
2018; Qiang et al., 2012).

Characterization of Graphene Oxide

A detailed characterization of graphene oxide used in the present study was represented in our previous work
Vasanthakumar et al. (2022)

Bioassay
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The data on bioassay revealed no signi�cant mortality to larvae whereas in a study by Souza (2018) reported the EC50

value of 1.25mg/L for GO treated against Ceriodaphnia dubia. Similarly, LC50 value of 45.4mg/L was recorded against
Daphnia treated with GO. In the present investigation, GO at 300µg/mL was not found lethal to D. melanogaster. Silver
nano particle at 20mg/L could able to kill 50% of the D. melanogaster (Panacek et al., 2011) and no pupal formation
was noticed. In contrast to the study, the formation of pupa from the control group was declined little i.e., around 7.5%
in the pupal formation in the treatment group compared to control (Table 1). Alaraby (2015) recorded reduction in larval
growth and �ies viability which was almost similar to that of the present study as shown in table 1. Siddique et al,
(2013) in their study recorded tissue damage exerted by grapheme copper nanocomposite. Similarly, GO exhibited
functional damage to primary and secondary organs in C. elagans (Zhi et al., 2017). Chen, (2014) also have noticed the
developmental delay in D. melanogaster treated with Magnetite nanoparticle.

Behavioral Assay: Crawling Assay and Climbing assay

The study recorded the antics of head lifting, turning, and crawling over the sides of the petriplate. The movement
exhibited by larvae of control group was 17 while larvae treated with high concentration of GO took around 21
movements (Table 1). Sabat et al. (2016) reported the inactive movement in D. melanogaster treated with TiO2 with
250mg/L concentration while in the present study only reduction in the movement as well as time was noticed. Sabat
et al., (2016) reported the decreased crawling potential in D. melanogaster treated with TiO2. 

Climbing Assay: 

Climbing assay was performed with adult D. melanogaster emerged from the larvae treated with and without GO (Table
1). The control �ies were endowed with rapid movement compared to the treated �ies. Sabat et al.  (2016) reported the
decreased crawling potential in D. melanogaster treated with TiO2. Liu et al. (2009) noticed the locomotor impairment
in D. melanogaster treated with Fullerene C60 and is similar to that of the present investigation. In hemocyte estimation,
it was observed that in treatment group there was gradual increase in the concentration of hemocyte with respect to the
concentration of GO. A similar condition was noticed and recorded by Carmona et al. (2015) in D. melanogaster treated
with TiO2. The protein from the D. melanogaster adult �ies in control and treated group was found that the treated �y
groups had higher protein concentration compared to control group. It was relatively attributed to the up-regulation of
protein due to the treatment with GO. A similar up-regulation in heat shock protein was noticed by Ahmed et al. (2010),
Vecchio et al. (2012) and Alaraby et al. (2015).

Table 1. Performance of Drosophila melanogaster (larvae and Adult) treated with and without GO (Control)

Values are mean and in percentage with Standard Deviation in bracket; *Signi�cant at 0.05 (One-Way ANOVA); n=No. of
larvae/adult per treatment.
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Tests (n) Control

(SD)

GO Treated

(µl/mL) (SD)

ANOVA

50 150 300

Developmental
Studies

Pupa
Formation

5 80 (28.28)% 80(16.32)% 75(30)% 72.5(28.28)% p=0.972>0.05

  Adult
Formation

3 50(10)% 30(10)% 35(25)% 40(20)% p=0.933>0.05

Movement
Studies

Crawling
Performance
(Sec)

5 15.04 26.3 50.6 29.6  

  Crawling
Performance 

(No. of
Movement-
Larvae)

5 17 18 21 17  

  Flight
Performance
(Adult)

7 38.09(0.74)% 72.22(0.98)% p=0.952>0.05

  Flight
Performance
(Adult)

(Sec)

7 10.99(1.9)% 14.45(2.6)%* p=0.040<0.05

Expression of AchE and Gstd1

The �ies emerged from with and without graphene oxide treatment were analysed for the expression of Glutathione S
transferase D 1 (Gstd1) (Figure 1) and Acetylcholine Esterase (AchE) (Figure 2) gene. 

Similar to the present study, CuO recorded the Gstd1 expression in D. melanogaster. Sykiotis and Bohmann (2008)
found the induction of Gstd1 expression in D. melanogaster treated with cap-n-collar isoform C. Gstd1 is a promising
indicator of the oxidative stress. 

AchE gene expression in the treated �ies found higher compared to the control group (Figure 3). A similar study was
done by Senger et al. (2011) who treated Danio rerio and recorded increased AchE that was associated with decreased
locomotor activity which was also noticed in the present study. In contrast to the present study, D. melanogaster treated
with carbon black shows AchE inhibition and was upto 34% (Mesaric et al., 2013). The expression of Gstd1 and AchE
are the indicators of the impact of the GO on the D. melanogaster. The expression level of Gstd1 portrays the lesser
oxidative stress induction. So the expression of Gstd1 and AchE gene level indicates the internalized oxidative stress
and its associated damages to the cells in the internal organ. It may also attribute to the changes in the climbing and
other movement changes in the treated group compared to the control. 

Gut-microbiome analysis: 

GO’s biological interplay has been demonstrated little, but on microbiome of Drosophila melanogaster, the fruit�y, is not
yet performed. Since D.  melanogaster, is the mirror of 60% of the human disease gene, it is a propitious model used for
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scaling up the innocuous or male�cent effect of natural, synthetic and bene�cial compounds/chemicals etc. 

Its entrenched gut microbiome is the codon that readout the message of healthy or disease condition proffered by the
any foreign materials/substance. GO diet fed D. melanogaster exhibited aggrandized microbiome compared to control
fed with normal diet. The number of reads classi�ed in the control group was 10636 (Figure 3) while in treated group it
was 19944 reads. The unclassi�ed reads was found also doubled (12401 reads) in GO treated group compared to
control group (6579 reads) (Figure 4). 

It was substantiated that an increase in intestinal age portrays increased intestinal microbial load (Ren et al., 2007;
Clark et al., 2015; Broderick et al., 2014; Buchon et al., 2009; Guo et al., 2014). In addition to that, vitiated intestinal
barrier often increased gut microbiome (Clark et al., 2015). The association of microbiome with genetics and
physiology of host was already established (Corby-Harris et al., 2007). Lactobacillaceae, Anaplasmataceae and
Enterobacteriaceae have dominated the control while Lactobacillaceae, Ruminococcaceae and Enterobacteriaceae
occupied GO diet fed �ies. In particular, Lactobacillus plantarum, found reduced drastically (r=13) in GO treated
compared to Control (r=23), as per Storelli et al. (2011), an essential and only member for producing ecdysone and
insulin in larvae. This lead to impeded larval development and adult metamorphosis rate as well. A great fall in
Wolbachia density in GO diet fed �ies are also strongly support the developmental delays since it involved in enhanced
stem cell proliferation and decrease the programmed cell death. So GO induced changes in the microenvironment of
gut on the other hand increased the interesting butyrate producing microbes, Faecalibacterium prausnitzii and
Dialister sp. F. prausnitzii is one of the butyrate producing organism in the human colon (Sokol et al., 2008; Louis and
Flint, 2009; Duncan et al., 2002) and savior of colon from cancer and in�ammation (Gibson and Roberfroid, 1995;
Miquel et al., 2014, Jandhyala et al., 2015). Similarly, Dialister sp. is also found depleted under depressed condition
(Valles-Colomer et al., 2019). So the increase in F. prausnitzii and Dialister sp. added advantage to the GO diet fed �ies
to overcome consequences of the encountered intestinal dysfunction. It may be the reason for decrease in progression
of the intestinal damages that lead to survival of the larvae and no mortality record at 300µg/mL. Higher
Acetobacteraceae, in GO treated �ies, are also the reason to survive in the stress induced conditions since
Acetobacteraceae are essential for the higher sugar intake and also a signaling molecule that changes insulin signaling
and involved in regulation of lipid storage (Shin et al., 2011). So it was concluded that GO which was used mainly for
the drug delivery tool or carrier are not lethal at the 300µg/mL. It also con�rms the dysfunction of intestinal barrier that
could potentially increase the microbial load and the dysfunction was in association with decreased stem cell
proliferating member of bacteria, Wolbachia, while  F. prausnitzii and Dialister sp. boosting the larvae and stabilizes it.
Since very little quantity of carrier molecules were used for the drug delivery studies and it also used for targeted drug
delivery, it may cause the cellular damage when bioaccumulation and non-speci�c binding occur.

So it was concluded that GO which was used mainly for the drug delivery tool or carrier are not lethal at the 300µg/mL.
Instead it can able to induce oxidative stress and changes in the regulation of gene attributed to the oxidative stress
and loco motor behavior. It also con�rms the dysfunction of intestinal barrier that could potentially increase the
microbial load and the dysfunction was in association with decreased stem cell proliferating member of bacteria,
Wolbachia. Since very little quantity of carrier molecules were used for the drug delivery studies and it also used for
targeted drug delivery, it may cause the cellular damage when bioaccumulation and non-speci�c binding occur.
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Figure 1

Agarose gel electrophoresis image of amplicon of Glutathione S transferase (Gstd1) gene expressed by Drosophila
melanogaster. L1: D. melanogaster Control; L2: D. melanogaster treated with Graphene Oxide; L3: 1KB ladder
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Figure 2

Agarose gel electrophoresis image of amplicon of Acetylcholine Esterase (AChE) gene expressed by Drosophila
melanogaster. L1: 1KB ladder.; L2: D. melanogaster Control; L3: D. melanogaster treated with GO 

Figure 3

Figure 3
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Figure 4

Microbiome in the gut region of Drosophila melanogaster control
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Figure 5

Microbiome in the gut region of Drosophila melanogaster treated with GO.
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