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Abstract

This study explains the potential role of non-functionalized graphene produced using flash joule heating technology on
Drosophila melanogaster. Several characterizations of the produced graphene were conducted via field emission-scanning
electron microscopy, high-resolution transmission electron microscopy, Raman spectroscopy, and X-ray diffraction studies.
After being characterized, the graphene powder was orally administered to flies at doses ranging from 0.02 to 0.5%, estab-
lishing its non-toxic properties as a prerequisite for potential therapeutic applications. Experiments such as Trypan blue
and 4°,6-diamidino-2-phenylindole (DAPI) revealed that graphene causes no harm to the larval gut’s plasma membrane and
nucleus. Behavioral assays such as crawling and climbing assays on larvae and adults demonstrated the non-neurotoxic nature
of graphene. The high sucrose diet-induced diabetic Drosophila melanogaster model was used to study antidiabetic proper-
ties. In contrast, Gram + ve bacteria B. subtilis and Gram — ve P. aeruginosa were used to study the antibacterial properties
of graphene. A better metabolic profile was evidenced after graphene treatment, including a 36% decrease in hemolymph-free
glucose levels and significantly reduced lipid droplets at the highest concentration. In addition, the highest concentration of
graphene treatment resulted in a 57% reduced fluorescent intensity of reactive oxygen species (ROS) produced by diabetic
flies. Considering all these evidence, this study concludes that graphene’s non-toxic and antidiabetic properties can be used
to mitigate the symptoms associated with Type II diabetes and obesity.
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Introduction

Two-dimensional (2D) materials are known for their
extremely thin nature, typically measuring only a few
nanometers or less. A better surface area and exceptional
electrical conductivity are two of the key characteristics of
these materials, which make them effective for generating
analytical sensors. Because of their fast reaction times and
cost-effectiveness, electrochemical sensor-based 2D materi-
als have recently been propounded for monitoring several
biological compounds, food additives, pharmaceuticals, and
environmental contaminants (Karimi-Maleh et al. 2022;
Tabrizi et al. 2022; Vatandost et al. 2021; Zabihpour et al.
2020). Electrons within two-dimensional (2D) materials
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can freely navigate within a two-dimensional plane, unlike
three-dimensional (3D) materials. Currently, the category
of 2D materials encompasses numerous crystals. In addition
to the well-known graphene, graphene oxide (Salimbahrami
et al. 2023; Seyedi et al. 2023; Sharif Nasirian et al. 2021;
Vatandost et al. 2021), and reduced graphene oxide (GO/
rGO)(Yan et al. 2010), they also include hexagonal boron
nitrite (h-BN)(Cartamil-Bueno et al. 2017), graphene (Elias
et al. 2009), fluorographene (Nair et al. 2010), transition-
metal dichalcogenides (TMDCs) (X. Li and Zhu 2015), and
2D metal oxides such as Bi,Sr,CaCu,Ox (Novoselov et al.
2005), graphitic carbon nitrite (g-C;N,) (Dong et al. 2014),
black phosphorus (BP) (Jiang and Park 2014), and ger-
manene (Ni et al. 2012). The hexagonal configuration of a
graphene monolayer has captured researchers’ interest across
various fields, spanning biosensors, microelectronics, com-
posite materials, supercapacitors, and medicinal applications
(Tiwari et al. 2016; Tiwari et al. 2018; Y. Yang et al. 2015).
In graphene, every carbon atom is sp? hybridized, with a
characteristic C—C bond distance of 0.142 nm. Graphene
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exhibits a unique electronic cloud that tightly binds each
carbon atom to its neighboring atoms by covalent bonding
(Hughes and Walsh 2015; Liao et al. 2014; Tiwari et al.
2018). Apart from this, graphene also has excellent thermal
and electrical conductivity.

A burdensome task in modern chemistry is a large-scale,
low-cost, and environmentally friendly synthesis of graphene
as a monolayer sheet of carbon. Graphene is commonly syn-
thesized via (1) chemical reduction, (2) mechanical cleavage
from natural graphite, (3) electrochemical exfoliation, (4)
liquid phase exfoliation, (5) chemical vapor deposition, and
(6) epitaxial growth (Abbas et al. 2022; Peng et al. 2015;
Zhang et al. 2017). rGO is synthesized chemically from
graphite by oxidizing, reducing, and centrifuging. The tox-
icity of the reducing agents used here, such as hydrazine, is
a serious problem for large-scale manufacturing (Chandu
et al. 2017; Chekin et al. 2016; Vatandost et al. 2020a, b).
However, it was recently synthesized via flash joule heating
(FJH) using coal, discarded food, rubber tires, plastic wastes,
carbon black, etc. The graphene synthesized by this method
is known as flash graphene (FG). The FG synthesis proce-
dure precludes using a furnace, solvents, reactive gases, or
any hazardous reducing agents. The purity of the product
depends on the source material’s carbon content. A high-
voltage electric discharge generated from a capacitor bank
that produces temperatures surpassing 3,000 K in less than
100 ms is used in this procedure. After such rapid heating,
amorphous carbon is transformed into a turbostratic arrange-
ment, forming the layers of flash graphene (FG) (Luong
et al. 2020). As a result, the likelihood of contaminants is
minimized, ensuring the purity of the final product.

Graphene nanoplates (GNPs) are used in carbon nano-
fillers, which are now being implemented to enhance the
mechanical performance of different thermoplastic poly-
mer-based biocomposites. Thermal-modified 3D graphene
prepared by wet chemical exfoliation shows increased anti-
oxidant and hemolysis rates when comes in contact with
blood (Kaczmarek-Szczepariska et al. 2023; Kamedulski
et al. 2021; Rouway et al. 2021). In this way, graphene and
its derivatives offer distinct and innovative prospects for the
advancement of novel biosensors. The successful detec-
tion of crucial biomolecules within a cellular environment,
including nucleic acids (Mohanty and Berry 2008), pro-
teins (Ohno et al. 2010), growth factors (Chen et al. 2012),
hormones (Pu et al. 2011), adenosine triphosphate (ATP)
(He et al. 2011), fungal toxins (Sheng, Ren, Miao, Wang,
and Wang, 2011), as well as various harmful metals such
as mercury (Hg) (Huang et al. 2011), silver (Ag) (Wen et al.
2010), and copper (Cu) (Liu et al. 2011), has been effec-
tively showcased through the utilization of biosensor made
using graphene and its derivatives that have been suitably
functionalized. The detection of live cell caspase-3 activ-
ity can also be achieved through the utilization of GO (H.
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Wang et al. 2011). Graphene exhibits biocompatibility and
favorable electrical conductivity, making it suitable for vari-
ous applications such as siRNA delivery (De Lazaro et al.
2019), pH-responsive small-molecule drug delivery (Yang
et al. 2008), and stem cell culture (Park et al. 2011).

Graphene oxide is another functionalized graphene that
may also be used as an adsorbent in the heavy metal and
organic compound adsorption processes. It is an excellent
adsorbent overall because of its several functional groups,
which include hydroxyl (OH), alkoxy (C—O-C), carbonyl
(C=0), and carboxyl (COOH). Due to its high conductiv-
ity, graphene oxide finds extensive use in biomedicine, elec-
tronics, solar desalination, antibacterial coating, anticancer
agents, sensors, and photocatalysis. Drug loading matrices
employ graphene’s porous carbon structure, which provides
a large surface area and variable pore size for drug deliv-
ery (Salimbahrami et al. 2023; Seyedi et al. 2023; Sharif
Nasirian et al. 2021; Vatandost et al. 2021).

Another kind of graphene that has various benefits is
reduced graphene oxide (rGO), which makes it a better can-
didate for use as a drug delivery vehicle. In electrochemi-
cal sensing, GO-based nanocomposite serves as a magneti-
cally controlled material. Electrochemical sensors based
on magnetic graphene nanocomposite have demonstrated
high sensitivity and a linear range spanning many orders
of magnitude. Previous research indicates that Fe;O,—rGO
exhibits potent antibacterial, antioxidant, and anticancer
properties. When used in practical sample analysis, gra-
phene/magnetic graphene nanocomposite has considerable
promise for developing high-performance electrochemical
sensors. A susceptible electrochemical sensor called rGO-
modified carbon paste electrode (rGO/CPE) was employed
to detect the food additive known as sunset yellow in food.
Potential antioxidant, antibacterial, and anticancer effects
are present in green-synthesized graphene such as green tea
extract-reduced graphene oxide (Abdi et al. 2020; Behrouzi-
far et al. 2021; Tabrizi et al. 2022; Vatandost et al. 2020a, b;
Vatandost et al. 2020a, b). Graphene nanosheets, modified
with various surface modifiers such as polyethylene gly-
col (PEG), are widely employed in cellular gene delivery
applications.

Every health care-related research mentioned above that
has used graphene necessitates either some hybridization
or the production of nanocomposites. The chemical synthe-
sis procedures often include multiple steps and are costly
enough. Moreover, the compound’s durability and suitabil-
ity raise a major concern before being used in living cells.
As a groundbreaking approach, our study introduces flash
joule-heated pure graphene as a therapeutic compound for
the model organism Drosophila melanogaster. In particular,
this approach eliminates the need for additional function-
alization or hybridization. While being administered orally,
this graphene exhibits significant hypoglycemic, antiobesity,



Applied Nanoscience

antioxidant, and antibacterial properties. This underscores
the novelty and significance of our work.

Drosophila melanogaster, an invertebrate model, is eas-
ily raised and cultured in laboratories with limited space.
Their low maintenance cost makes them even more ideal
for scientific studies. The whole-sequenced genome, tran-
scriptomes, proteome, 60% of genome homology, presence
of less duplicated genes, and 75% of disease gene homol-
ogy with humans add more advantages. It is now possible
to mutate the fly genome to produce transgenic animals for
studying the pathophysiology of several human diseases,
such as Parkinson’s disease, Alzheimer’s disease, heart dis-
ease, Friedrich’s ataxia, aging, cancer, and metabolic disor-
ders such as diabetes. Furthermore, substances consumed
by humans, including cocaine, methamphetamine, caffeine,
alcohol, nicotine, and cannabis, have all been studied using
Drosophila. The current study aims to decipher graphene’s
nontoxic properties and biological application using Dros-
ophila melanogaster.

Materials and methods

The purest forms of flash graphene nanosheet (1-3) lay-
ers were obtained from Graphenera. Carbon Pvt. Ltd. It

his is basi-
cally a hexagonal carbon plane sheet synthesized by the
flash joule heating method. The compound has a particle
size of 20-200 nm; the surface area is > 400 ng obtained
from BET analysis. There is also an electrical conductivity
of > 105 Sm™"!, a thermal conductivity of >3000 Wm™' k=,
and a bulk resistivity of <0.1 Q™.

Characterization of graphene

The working principle of FE-SEM relies on the liberation
of primary electrons from a source of field emission and
accelerated in a high electric field. Electronic lenses further
deflect these primary electrons, producing a narrow scan
beam of that object. As a result, secondary electrons are
emitted from every spot on the surface of the object. These
electrons are trapped by a detector, and an electronic signal
is produced. The surface morphology of the graphene was
analyzed using a Supra 55 (Carl Zeiss, Germany) field emis-
sion-scanning electron microscope (FE-SEM) at 5-10 kV
and a Thermo Scientific high-resolution transmission elec-
tron microscope (HR-TEM) (Talos F200X G2). The UV-vis
spectra of the graphene powder were recorded on a JASCO
V-650 spectrophotometer attached to a BaSO*— coated inte-
gration sphere. The crystallographic structure of graphene
was analyzed using a X-ray diffractometer-Texture (Bruker,
Cobalt-k-or) at a scanning rate of 5 /min, 20 range (5-100Y’,
and a step size of 0.02.

An energy dispersive X-ray spectroscopy (EDS)-based
scanning electron microscope (SEM) is used to analyze
a compound’s chemical features. The primary operating
principle that enables SEM-EDS to function is the capacity
of high-energy electromagnetic radiation (X-rays) to eject
“core” electrons (electrons that are not in the outermost
shell) from an atom. After removing primary electrons, the
system will be left with a hole that a higher-energy elec-
tron can fill, and while doing this, the high-energy electrons
release some energy. The energy released by this process is
specific for every element on the periodic table. In this way,
we can predict what elements are present and in what pro-
portion they are present. Signals produced in an SEM-EDS
system include secondary and backscattered electrons used
in image forming for morphological analysis and X-rays
used for identifying and quantifying chemicals present at
detectable concentrations. To study the structural constitu-
ents of the graphene used in our study, we have used SEM-
EDS (JEOL-JSM-6480-LV).

Fly maintenance and generation of diabetic fly

Out of several species of Drosophila, D. melanogaster,
Oregon. R strains were selected for all the experiments. To
induce Type II diabetes, flies were grown under a high-sugar
diet containing 35% sucrose (HiMedia GRM601), 5% corn
meal, 2.5% yeast (fermenting agent), and 1% Type-1 Agar
(HiMedia GRM666). Further addition of methylparaben
and propionic acid makes it free from fungal and bacterial
contamination. Flies were kept in standard laboratory condi-
tions at 22°C, 12 h of alternative light—dark conditions, and
60-70% humidity.

Preparation of graphene stock solution

To prepare a stable graphene solution without dispersants or
surfactants is quite challenging due to the hydrophobic char-
acteristics of graphene. Graphene was dispersed in a mixed
solution of DMSO. Graphene powder was mixed with dis-
tilled water containing 0.8% DMSO (as it has been reported
earlier that DMSO at a concentration of 0.8% is nontoxic
to Drosophila), followed by 30 min of bath sonication to
prepare a 1% stock solution (10 mg/ml).

Presence of graphene within the gut

Six adult Drosophila melanogaster were fed with 150 pl
(0.02%), 250 pl (0.05%), and 500 ul (0.5%) of graphene for.
[A@ays, followed by gut dissected under a stereomicroscope
(Motic—SMZ 171) with the help of a sharp-end forceps and
aneedle. Then, they were placed over a clean glass slide and

mounted using 20% glycerol. Finally, structural characteri-
zation was done. Raman spectroscopic analysis was done
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using a PL Micro Raman Spectrometer (alpha 300R, WITec)
at a wavelength of 500—4000 nm to detect the presence of
graphene in the foregut and midgut.

Toxicity assessment

To check the toxic effect of graphene in flies, we performed
several experiments in both larvae and adults. We checked
the toxicity of graphene by feeding it to Drosophila through
diet. We had four different types of food medium: one stand-
ard food medium and the other three food mediums con-
tained three different graphene concentrations: 0.5%, 0.05%,
and 0.02%. Flies were grown under these mediums from
the egg to the adult stage, and the toxicity of graphene was
checked in both larvae and adults.

Toxicity of graphene to the larval gut

DAPI staining Ten larval guts from each experimental setup
were isolated and fixed with PFA overnight. To discard the
fixative, washing the sample with 1X PBS multiple times
was considered, and for better dye penetration, the samples
were further incubated with 1% PBST for 20 min in two
series. Five microliters of DAPI (D9542, Sigma-Aldrich,
Merck, Germany) at a working solution of 1 ug/ml was
added to stain the sample for 5 min in the dark. The mount-
ing procedure was done using 20% glycerol on a clean slide
(Kumar et al. 2023), and the final images were taken under
the same confocal microscope (Leica DMIS).

Trypan blue dye exclusion assay Briefly, 5-6 larvae at their
3rd instar stage from the control and each graphene-treated
vial were taken and washed correctly with phosphate-buff-
ered saline to remove all the food residues. Then, the lar-
vae were submerged in 0.2% trypan blue solution (93,595,
Sigma-Aldrich, Merck, Germany) in a 1.5-ml Eppendorf
tube and kept in the dark in shaking condition for 30 min.
After incubation, the dye was discarded, and the larvae were
properly washed 3—4 times in 1 X PBS to clean all the back-
ground stains to see the gut inside the transparent larvae.
Images of the larvae were taken under a stereo microscope
(Murmu et al. 2023) (MOTIC SMZ171).

The neurotoxicity of graphene nanoparticles was tested
via two different experiments.

Crawling assay of 3rd instar larvae For the crawling assay,
6-7 third instar larvae were extracted from the control and
all the graphene-treated food vials. All the larvae were prop-
erly rinsed using PBS. Subsequently, the larvae were per-
mitted to move sequentially, positioned at the central region
of an agar plate with a concentration of 2%. The duration of
each larva’s journey from the center to the periphery was

ielue cllal ayao .
csm ity ooy £) Springer

documented using a camera (Canon EOS 3000D, Japan),
and the crawling path of each larva was drawn on the back
side of the agar plate with the help of a marker (P. Nayak
et al. 2023).

Climbing assay of adult flies Adult flies have an inherent
ability to climb against gravity. Twenty-five adult flies from
both the control and experimental setup were taken. The
adult flies were placed inside a transparent plastic cylinder
without anesthetizing them. The plastic cylinder’s open end
was closed with a cotton plug. The cylinder containing flies
was tapped 3-5 times against a spongy surface to bring all
the flies toward the bottom, and then in an interval of 10 s,
the number of flies able to climb 50% length of the cylinder
and 80% length of the cylinder was noted. The percentage of
climbers and non-climbers was calculated. The process was
repeated three times with a break of 30 s after every climb
to obtain the mean rate, and each experiment was done in
triplicate (Mishra 2020).

Phenotype check

Eye, wings, thorax, abdomen, and adult body phenotypes of
flies after being reared in graphene-treated food medium at
different concentrations were checked and compared with
the phenotype of the control flies. All the images were taken
under a stereo microscope (Motic SMZ171).

Experiments to elucidate the antidiabetic properties
of graphene

We selected diabetic flies as our experimental model and
administered graphene at a non-toxic concentration to inves-
tigate its antidiabetic potential in these flies. 0.5%, 0.05%,
and 0.02% graphene working solutions were added to the
traditional food (5% sucrose, 5% cornmeal, 2.5% yeast, and
1% agar) to study its antiobesity and antidiabetic properties.
In the case of Drosophila, flies grown and hatched in a high-
sugar diet medium were obese and had high circulating sugar
in their hemolymph. After 10-12 days, adult diabetic flies
and control flies were transferred to the respective graphene-
containing food and standard food media after the food was
solidified, with a male—female ratio of 3:5. After 7 days of
graphene feeding, the same adult flies were taken for several
experiments. We have also transferred some diabetic flies
to the traditional food medium without graphene to con-
firm that the antiobesity and antidiabetic effects were only
because of graphene and not due to the change of food from
a high-sugar diet to a regular diet.

Several experiments were performed to prove the anti-
diabetic properties of graphene. All these experiments had
four setups (the first one contained 10—12-day-adult diabetic
flies, the second one had 10-12-day-old adult control flies,
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the third one had adult diabetic flies treated under three dif-
ferent concentrations of graphene in a control medium for 7
days, and the fourth setup contained diabetic flies transferred
to control food medium for 7 days).

Developmental cycle study

The development of Drosophila in five different diet media
was studied, such as in standard food medium, high-sugar
medium, and three different concentrations of graphene-
treated food medium (0.5%, 0.05%, and 0.02%). Virgin
male and female diabetic flies were transferred to three other
graphene food mediums and the HSD medium adults at a
male—female ratio of 5:7. On the one side, the same adult
nondiabetic flies in a percentage of 5:7 were transferred to
the standard medium and taken as a reference. The vials
were observed every 6 h to detect developmental changes
from the day of parental transfer to the day of emergence of
1st adult fly (Mishra 2020). The graph was plotted based on
the time taken in hours to convert from one developmental
stage to another.

Pupal count

At a time duration of every 6 h, the number of 3rd instar lar-
vae converted into pupa was also calculated. The experiment
was continued for 3 days, and the number of pupae formed
in the 1st, 2nd, and 3rd days was also compared in different
food mediums (Mishra 2020).

Free glucose estimation

Ten adult flies (five males and five females) were taken from
each experimental setup. The flies were homogenized by
adding 100 pl of ice-cold PBS using a micro pestle inside
a 1.5-ml Eppendorf tube in a mini cooler at a temperature
of — 20 °C. The homogenates were 1st centrifuged at 4 C at
5000 rpm for 5 min. Clear supernatants were collected and
heat-inactivated for 10 min at 70 °C and finally, centrifuga-
tion was done at 12,000 rpm for 3 more minutes. Twenty
microliters of hemolymph was collected from the final
supernatant diluted with 1X PBS at a 1:4 ratio to obtain the
final volume of 100 pl. Glucose standards were previously
prepared from 1 mg/ml stock as 0.16 mg/ml, 0.8 mg/ml,
0.4 mg/ml, 0.2 mg/ml, and 0.1 mg/ml. Thirty microliters
of all the standard solutions and the samples was added to
a 96-well plate in triplicate, and 100 pl of glucose oxidase/
peroxidase reagent was added to each well for the enzy-
matic reaction and incubated at 37 °C for 1 h. After 1 h,
12N H,SO, was poured into each well to terminate the reac-
tion, and absorbance was reported at 540 nm. Glucose oxi-
dase reacts with D-glucose and converts it into d-gluconic
acid. Peroxidase converts oxidized o-dianisidine to reduced

o-dianisidine, which gives a brown color, after adding
H,SO,, which converts it to a pink color, indicating termi-
nation of the enzymatic reaction (Mukherjee et al. 2022).

Nile red staining

Ten adult flies from the control and each experimental vial
were taken to detect the phospholipid amount in the gut, and
the guts were dissected. Unfixed gut samples were incubated
in 20-30 pl of Nile red working solution (1 ug/ml) and 10 pl
of 20% glycerol in the dark for 1 h. After incubation, the gut
samples were properly rinsed 2-3 times using 1X PBS and
mounted using 20% glycerol and putting a coverslip. Bright
red lipid droplets were seen all over the gut under the confo-
cal microscope (Leica DMIS8) (N. Nayak and Mishra 2021).

ROS detection

DCFH-DA assay In the DCFH-DA assay, we took five adult
flies, including control, graphene treated, and diabetic flies.
We took ten adult flies from each setup, dissected their gut,
and fixed them in 4% PFA overnight. The next morning, we
carried forward the staining of the gut sample after discard-
ing the PFA, followed by several washing steps using 1X
PBS (3 times) and 1% PBST (2 times) for better dye penetra-
tion. We incubated the gut sample with 20 ul of DCFH-DA
dye (D6883, Sigma-Aldrich, Merck, Germany) at 1 pg/ml
working concentration for 30 min, covering with an alu-
minum foil and avoiding light. Subsequently, the dye was
disposed of, and the samples underwent three washes using
1 X phosphate-buffered saline (PBS). We mounted them
separately for imaging the gut sample following the mount-
ing procedure of the DAPI staining explained above (Kumar
et al. 2023). Images were taken via a confocal microscope
(Leica DMIS).

Antibacterial activity of graphene

One hundred and forty microliters of LB broth (HiMedia-
M1245) and 10 pl of inoculum of Pseudomonas aeruginosa
(10° cfu/ml) were taken in one well of a sterile 96-well plate
and taken as control. Similarly, another well was poured with
140 pl of LB broth and 10 ul of Bacillus subtilis (10° cfu/
ml) as control. Two milliliter solutions of each of 1%, 10%,
and 100% of graphene were prepared by dissolving them in
PBS and 0.8% DMSO. Then, 50 pl of each graphene solu-
tion was taken in three different wells containing 140 ul of
LB broth and 10 pl of inoculum of P. aeruginosa. The same
steps were followed for B. subtilis. The 96-well plate was
then incubated inside a BOD incubator, and then reading
was taken with the help of a microplate reader (Genetix,
Biotech Asia Pvt. Ltd.) at O h, 6 h, 12 h, 18 h, and 24 h. The
graph was plotted with the help of GraphPad Prism 5.
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Statistical analysis

We analyzed all experimental data using the software Graph-
Pad Prism 5.0. Using the significance *P <0.05, **P <0.01,
and ***P <0.001 from paired two-tailed Student’s ¢-test, and
for grouped data, we used a two-way ANOVA test. The data
were interpreted with the mean + SEM values.

Results and discussion

Because of their fascinating physiochemical features, gra-
phene and its derivatives have long been used as a substance
of considerable interest. It is emerging as a key component
in the field of biomedical applications as a biosensor, a drug,
a gene delivery agent, and a tool for tumor cell imaging,
cancer, and photothermic applications. After finding a place
in industries as a potential candidate for various applica-
tions in nanoelectronics, energy technologies, and fuel cells,
recent research has begun to concentrate on graphene’s
involvement in living systems, following the oral delivery
of graphene oxide to living organisms and subsequent stud-
ies of its effects. According to previous research, significant
behavioral and developmental abnormalities were observed
in Oregon-R flies when fed with graphene oxide (GO) at
higher concentrations of 50-300 pg/ml (Priyadarsini et al.
2019). According to a different investigation, the W!!8
strain exhibited notable toxicity upon exposure to GO (Guo
et al. 2022). GO at a concentration of 0.02—1%, when fed
to Drosophila, improves their metabolic profile, increases
their tolerance to stress and starvation, and improves their
longevity (Strilbytska et al. 2022). Because our flash joule-
produced graphene is pure graphene without any functionali-
zation, we decided that it would be interesting to investigate
the biological impacts of this material.

Almost all organ system of Drosophila show similarities
with that of humans (Ugur et al. 2016). The central nervous
system of Drosophila consists of a bilaterally symmetrical
brain, neurons, and glial cells. From the brain, the neuronal
extensions cover the whole body (Allocca, Zola, and Bel-
losta, 2018). A longitudinal tube-like heart extends along the
abdomen dorsally. These four-chambered heart connected
by a valve shows similar physiology to the human heart
(Lin et al. 2011). Nutrients and hormones are supplied to
internal organs by hemolymph. Drosophila and the human
intestine are endothelial in origin, including a monolayer of
cuboidal epithelial cells, enterocytes, and stem cells. Due
to the physiological similarity of Drosophila and vertebrate
gut, the midgut epithelium of Drosophila became a lead-
ing platform to study signaling pathways such as EGFR,
Notch, Hedgehog, and Wg/Wnt signaling (Apidianakis and
Rahme 2011). Analogous to podocytes of glomeruli in the
case of the human kidney, fruit fly also has nephrocytes
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named garland cells in the thorax and pericardial cells in
the abdomen, specified for excretion. Considering all these
information, we thought this model organism was the best
for studying flash joule-synthesized graphene’s toxicity and
antidiabetic properties.

Characterization of graphene

The physicochemical properties of the synthesized graphene
were characterized via several methods. The surface fea-
tures of the graphene were analyzed using FE-SEM. The
obtained image showed wrinkle-shaped and layered sheets
of graphene piled upon each other (Fig. 1a). The graphene’s
HR-TEM image (1b, b’) shows a thin single layer under
TEM. The graphene was analyzed by X-ray diffraction
(XRD). XRD analysis showed a 20 range of 30.412° and
50.583° corresponding to the presence of calcite and gra-
phene, respectively. Interplanner spacing (d-spacing) for
20=30.412° was 3.379 nm, and d-spacing for 26 =50.583°
was 2.099 nm. This explains the crystallographic structure
of the graphene (Fig. 1c). The UV-vis spectra of graphene
exhibit broad absorption feature in the entire UV—vis range,
suggesting its suitability as a visible light active mate-
rial (Fig. 1d). SEM-EDS spectra of graphene show only
one peak at carbon, from which we found that our flash
joule-synthesized graphene has 100% carbon in it (Fig. 2).
Some previous studies about SEM/EDS patterns of gra-
phene derivatives include traditional graphene (C-94.37%,
0-4.17%) (Manoj 2015), graphene-oxide (C-57%, O-43%)
(Feng et al. 2011), reduced graphene oxide (C-68%, O-28%).
In contrast, our flash joule-synthesized graphene has only
carbon without any functional group, which explains its
purity.

Toxicity assessment using Drosophila melanogaster

The 3rd instar larvae were analyzed for the presence of gra-
phene within the gut by employing a Raman spectrometer.
Raman spectra were used to recognize the metals and metal
oxides. The spectra represented four bands at 1123.65 cm™!,
1349.60 cm™', 1584.81 cm™', and 2925.25 cm™!, corre-
sponding to vibration modes of cytochrome C, D band, G
band, and 2D band of graphene, respectively Fig. 3 (a’-d’).
The intensity ratio of the D and G bands (Ip/I;) is 0.85. The
lower the I/ ratio, the purer the material is. In that case,
our synthesized graphene has an intensity ratio nearly equal
to graphene, graphene oxide (GO), HRP-rGO, Fe;0,-rGO
(magnetic graphene nanocomposite), and GTE-rGO (green
synthesized graphene) [Table 1]. A lower (I/I;) ratio indi-
cates that the flash joule-heated graphene is pure. The strong
G band denotes optical E,g vibration in the plane, and the
D band indicates disorders due to the A,g breathing mode
of vibrations of graphene. Raman spectroscopic analysis
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graphene, a’—d’ Raman spectroscopic graphene band at different con-
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Table 1 The Raman intensity

ratio of different graphene Sl.no.  Graphene-based compounds I I I/l References
derivatives 01 Graphite (grade 3775) 1365cm™  2747cm™ 049  (Bokobza et al. 2015)
02 Graphite (grade 4827) 1358 cm™ 2728 cm™'  0.49 (Bokobza et al. 2015)
03 Graphite (grade 4124) 1358 cm™  2722em™  0.49 (Bokobza et al. 2015)
04 Graphene 1350cm™ 1580 cm™  0.85 (Childres et al. 2013)
05 Graphene oxide (GO) 1353 cm™! 1605cm™  0.84 (Johra et al. 2014)
06 Reduced GO (rGO) 1326cm™  1601ecm™ 1.9 (Behrouzifar et al. 2021)
07 HRP-rGO 1368 cm™! 1619cm™"  0.84 (Behrouzifar et al. 2021)
08 Fe;0,-rGO 1381 cm™  1580cm™'  0.76  (Vatandost et al. 2021)
09 GTE-rGO 1350cm™  1575ecm™"  0.85  (Vatandost et al. 2020a, b)

confirmed that graphene accumulates in the adult Dros-
ophila melanogaster (Fig. 3a-d). Next, we checked whether
the accumulated graphene had any toxic effect on the gut.
Toxic nanoparticles often lead to nuclear fragmentation,
formation of macronuclei, hyperplasia, and alteration in the
shape of the nuclei (Mishra, Panda, BARIK, Mondal, and
Panda, 2023).

DAPI is a fluorophore that binds both live and fixed cells.
After binding (Dmitrieva and Burg 2008), its fluorescence
intensity increases up to 20 times, appearing blue under
UV light (Lakowicz et al. 1997). Mainly, DAPI binds the
AT-rich region of the minor grove of double-stranded DNA
(Gryczynski et al. 1996). DAPI (D9542, Sigma-Aldrich,
Merck, Germany) stained almost all the nuclei of the control
gut sample, as the circular nucleus was visible and appeared
blue. However, applying graphene at concentrations of
0.02%, 0.05%, and 0.5% did not result in any observable
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nuclear damage (Fig. 4a-d), suggesting that the synthesized
graphene is non-toxic.

Several neurons coordinate inside the brain to regulate
the crawling of larvae. The locomotory behavior of larvae
includes twists, turns, linear crawling, burrowing, and other
movements. Proper signaling and coordination between
muscles, neurons, and the neuromuscular junction is essen-
tial for regulated and uniform crawling (Nichols et al. 2012).
Any abnormalities in crawling behavior, such as slowed or
confused paths, indicate a neuronal disorder (Wang et al.
2002). The larval locomotory behavior can be studied by
examining their crawling speed and the trajectory of their
crawling path. An irregular and disoriented crawling tra-
jectory can serve as an indicator of neuronal impairment.
In contrast, reduced crawling speed may be attributed to
obesity, impaired neural communication between neurons
and muscles, or diminished muscle strength. However, no
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Fig.4 a—d DAPI staining images showing nuclear arrangements in
the gut a control, b 100 uM graphene, ¢ 250 uM graphene, d 500 uM
graphene, a’-d’ Crawling path of 3rd instar larvae, a’ control, b’
100 uM graphene ¢’ 250 uM graphene d’ 500 uM graphene e’ Graph

variation was observed in the crawling path and crawling
speed of the larva fed with graphene compared with the
control larva. Furthermore, no significant deviations or
changes in direction were observed in the trajectory of their
crawling movement (Fig. 4a’-d’). The control larva’s mean
velocity was 1.2+0.06 mm/s. The crawling speed of the
graphene-treated larvae was found to be 1.30+0.05 mm/s
(P value 0.2560, paired two-tailed ¢ test) at a concentra-
tion of 150 uM, 1.40+£0.045 mm/s (P value 0.0878 paired
two-tailed ¢ test) at 250 uM, and 1.05 +0.05 mm/s (P value
0.1125 paired two-tailed 7 test) at 500 uM (Fig. 3e’). These
values were comparable to the crawling speed of the control
larvae.

Trypan blue dye exclusion assay is based on the principle
that the plasma membrane of the live cell never allows any
external dye to pass through it into the cell unless the dye
is highly permeable to the plasma membrane. But in a dead
cell, the plasma membrane cannot protect the cell, and the
dye enters the cell, and that region appears blue. Hence,
this assay can be a great approach to distinguishing between
live and dead cells (Sabat et al. 2016; Siddique 2012). The
integrity and functionality of the gut plasma membrane in
larvae treated with graphene were observed to be preserved,
as evidenced by the absence of positive results in trypan
blue staining. The absence of blue coloration was observed

]

CRAWLING SPEED
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ns

W

SPEED IN mm/sec

CONCENTRATION IN MICROMOLAR

showing crawling speed of both control and graphene-treated larvae,
a’’—d’’ Trypan blue dye exclusion assay of 3rd instar larvae a’’ con-
trol, b’ 100 uM graphene, ¢’’ 250 uM graphene, d’’ 500 uM gra-
phene

within the internal structure of the larval body (Fig. 4a”-d”).
In both control and graphene-fed larvae, the plasma mem-
branes effectively impeded the penetration of the dye into the
cell. The findings from these two experiments support the
conclusion that ingesting graphene through dietary means
does not result in any detrimental effects on the larval gut.
Adult flies naturally climb against gravity. The phenom-
enon of negative geotaxis behavior, also known as climb-
ing behavior, is an intrinsic characteristic observed in adult
Drosophila individuals (Li et al. 2020). In the control group,
it was observed that an average of 82 +3.6% of the flies
successfully ascended to the 10.6 cm mark, which corre-
sponds to 50% of the cylinder’s length. In addition, around
57.3 +£5.13% of the flies could climb beyond the 16 cm
mark, corresponding to 80% of the cylinder’s height. The
adult flies subjected to graphene treatment exhibited climb-
ing behavior indistinguishable from that of the control group
of adult flies. The observed percentages of flies capable of
surpassing the 10.6 cm threshold were 80 +4% (p-value
0.6914, paired two-tailed ¢ test) in the 150 uM condition,
80.33 +3.6% (p-value 0.3527, paired two-tailed ¢ test) in
the 250 uM condition, and 71.66 +6.80% (p-value 0.1939,
paired two-tailed #-test) in the 500 uM condition. In a similar
vein, the proportion of flies capable of ascending beyond
the 16 cm threshold was observed to be approximately
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60.66 +5.13% (p-value 0.722, paired two-tailed ¢ test) in
the presence of a 150-uM concentration, 66.33 +4.725%
(p-value 0.2438, paired two-tailed ¢ test) when exposed to
a 250-uM concentration, and 54.66 +3.5% (p-value 0.625,
paired two-tailed 7 test) when subjected to a 500-uM con-
centration of graphene treatment (Fig. 5). Both crawling
and climbing assays have demonstrated that graphene is
non-neurotoxic.

The approach of forward genetics is based on studying
the genetic basis of a specific phenotype. Hence, phenotypic
defects can indicate an alteration in gene function or genetic
mutation. No phenotypic defects were observed in adult flies
treated with graphene. In each experimental configuration,
a comprehensive examination was conducted on the pheno-
typic characteristics of approximately 25 flies, encompassing
both males and females. The eye, wing, thorax, and abdomen
phenotypes were meticulously scrutinized, and no discern-
ible alterations were observed (Fig. 6).

Antidiabetic property of graphene

Type 2 diabetes (T2D) is often accompanied by a range of
pathologies, such as obesity, cardiovascular disease, fatty
liver, neuropathy, retinopathy, and nephropathy. Insu-
lin resistance arises from multiple factors, encompassing
genetic predisposition, obesity, and dietary patterns. Obesity
is widely recognized as a prominent clinical risk factor for
Type 2 diabetes (T2D) in the human population. According
to a study conducted by Mokdad et al. in 2003, approxi-
mately 55% of individuals diagnosed with T2D are classified
as obese (Muoio and Newgard 2008). The metabolic regu-
lation observed in Drosophila exhibits significant parallels
with that of mammals. The genome of the organism in ques-
tion harbors conserved metabolic regulators, such as SirT,
PGC-1a, FOXO, TOR, Akt, and nuclear receptors (Muoio

and Newgard 2008). The Drosophila insulin-like peptides
(DILPs) exhibit sequence, structural, and functional resem-
blances to insulin-like growth factors and insulin found in
vertebrates. These DILPs serve a role in growth and glucose
homeostasis regulation. DILPs and the glucagon analog adi-
pokinetic hormone (AKH) regulate glucose levels in insect
hemolymph. Fly insulin-producing cells, present inside the
median neurosecretory cells, which is homologous to pan-
creatic P} cell, can be eliminated to stimulate type 1 diabetes
by increasing hemolymph sugar concentrations (Rulifson
et al. 2002). After ablation of the corpora cardiaca, the organ
that produces AKH, the quantity of hemolymph glucose is
reduced in the case of Drosophila (Kim and Rulifson 2004).
Previous studies have indicated that including sucrose in a
diet at a concentration of up to 1 M leads to diabetes in Dros-
ophila (Palanker Musselman et al. 2011). Building upon
this established knowledge, we conducted an experiment in
which Drosophila was fed a diet containing 1 M sucrose to
induce diabetes. Subsequently, we looked into the potential
antidiabetic properties of graphene in these diabetic flies.
The developmental cycle of adult diabetic flies was exam-
ined in a graphene medium for 7 days. Drosophila possesses
the holometabolous type of development, which is around 10
days. About 24 h after the fertilization event, the egg hatches
into larvae, which undergo three molts that take approxi-
mately 5.5-6 days, and after that, they experience a metabol-
ically quiescent pupa phase. The pupa undergoes a complete
metamorphosis for 3.5-4.5 days and finally hatches into an
adult at about 10.5 days. Growth and development depend
on diet. Diet changes can delay development and may cause
death at any developmental stage. The high-sugar diet (HSD)
food medium delayed the 2nd-to-3rd instar transition. In the
HSD medium, 3rd instar larvae emerged after 7.5 days, i.e.,
180 h, delaying the arrival of the first adult up to 12 days.
The graphene medium had an unanticipated influence on
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Fig. 6 Adult phenotype, a—d abdomen phenotype at different concentrations, e-h thorax phenotype at different concentrations, i-1 wing pheno-
type at different concentrations, m—p eye phenotype at different concentrations

early development. Specifically, it takes larvae to reach the
3rd instar stage in 5 days (120 h) and expedites the first
adult’s emergence to 10 days (Fig. 7a).

Newly emerging pupae were counted every 6 h for 72 h. A
graph was plotted for the pupal count of each experimental
setup (Fig. 7b). The graph suggests evidence that graphene
present in food induces early development.

An enzymatic assay using glucose oxidase/peroxidase
reagent was done to estimate the free glucose amount
(Tennessen et al. 2014). Adult control flies had a free glu-
cose concentration of 0.279+0.016 ug/ml, whereas dia-
betic flies of the same age had a circulating sugar level
that was two-fold higher, 0.623 +0.017 pg/ml. This value

decreases as the concentration of graphene increases, from
0.631+0.019 pg/ml (P value 0.024, paired two-tailed  test,
with that of HSD flies” hemolymph glucose level) at G150
um to 0.483 +0.02 ug/ml (P value 0.0065, paired two-tailed
t test, with that of HSD flies’ hemolymph glucose level) at
G250um, 0.375+0.018 pg/ml (P value <0.001 paired two-
tailed ¢ test, with that of HSD flies’ hemolymph glucose
level) at G500 um. At the same time, changing diet to a
standard food medium from a high-sugar medium could not
significantly alter this value. The free glucose concentration
remained at 0.596 +0.019 pg/ml (P value 0.106, paired two-
tailed ¢ test, with that of HSD flies’ hemolymph glucose)
(Fig. 8a).
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Fig.8 a Graph showing adult flies’ hemolymph glucose levels in dif-
ferent food mediums

Obesity is the primary symptom of diabetes, and the
accumulation of fat in the form of lipid droplets causes obe-
sity and weight gain. A fluorescence-based approach was
used to detect the amount of lipid droplet accumulation and
the effect of graphene treatment on fatty flies. Histological
staining of adult Drosophila gut was done using a hydro-
phobic dye 9-diethylamino-5H-benzo[a]phenoxazine-5-one
(Nile red) (Ray et al. 2019). The fluorescence property of
the dye is quenched after exposure to water or hydrophilic
solvent, while the intensity increases when it reacts with
organic solvents or lipid droplets (Rumin et al. 2015). Due to
its pronounced hydrophobic properties, Nile red dye readily
penetrates the cellular membrane and selectively associates
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with lipid droplets, resulting in a distinctive red coloration
that mirrors the morphology of the lipid droplet (Greenspan
et al. 1985). Therefore, Nile red staining provides insights
into lipid droplets’ presence, shape, size, and quantity. Con-
suming high-caloric content leads to an elevation in lipid
levels within the body. The accumulation of lipids and fat
exhibits variability concerning the specific physiological
condition experienced by an individual’s body. Undoubt-
edly, including a high-sucrose content in a diet of up to 35%
will substantially increase lipid accumulation. However,
following the application of graphene treatment, there was
a remarkable reduction in the size and abundance of lipid
droplets, which was observed to be directly proportional to
the concentration of graphene. Merely altering the fly’s diet
to conventional food was insufficient to mitigate lipid accu-
mulation satisfactorily (Fig. 9).

Several endogenous and exogenous factors, such as dis-
ease conditions, including diabetes, microbial infection,
environmental stress, and ingestion of toxic chemicals in
food, disturb the body’s antioxidant defense mechanism.
Due to the disability of the antioxidant defense mechanism,
the production of reactive oxygen species (ROS) exceeds
the degradation of ROS (Zorov et al. 2014). To detect the
amount of ROS production in diabetic flies and to confirm
whether graphene treatment decreases the ROS amount, we
performed histological staining of DCFH-DA. The cellular
reactive oxygen species (ROS) induce an oxidation reac-
tion of the DCFH-DA dye, enhancing the green fluorescence
intensity observed in gut samples through confocal micro-
scopic imaging. The fluorescence-based method of detecting
ROS is based on the principle that when the dye DCFH-DA
enters the body, it gets hydrolyzed by several esterases and
converted into a non-fluorescent DCFH™ which, after diffus-
ing into a cell, gets oxidized with several ROS such as H,O,,
NO,, and O, and gets converted to a green fluorescent DCF
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Fig.9 Nile red staining images a control, b HSD flies, ¢ Diabetic flies transferred to control food for 7 days, d—f Diabetic flies transferred to

graphene-containing food, d 100 uM, e 250 uM, f 500 uM

probe (Royall and Ischiropoulos 1993). The intensity of
green fluorescence indicates the amount of ROS. The fluo-
rescence intensity of diabetic flies was found to be reduced
after graphene treatment. Remarkably, the flies that under-
went graphene treatment exhibited noteworthy outcomes.
The average fluorescence intensity of produced ROS in the
case of control flies was 6.672 +0.099, and for diabetic flies,
it was 13.04 +0.3915 graphene treatment, the fluorescence
intensity was reduced significantly to 8.5 +0.472 (p-value
0.0021, paired two-tailed ¢ test) for 150 uM, 7.43 +0.378
(p-value 0.0033, paired two-tailed ¢ test) for 250 uM, and
6.06+0.152 (p-value 0.0007, paired two-tailed ¢ test) for
500 uM, which is 57% less than that of the HSD flies.
But when the HSD flies were subjected to a control diet
for 7 days, the fluorescence intensity was decreased to
9.553 +£0.391 (p-value 0.0035, paired two-tailed 7 test). The
observed substantial decrease in fluorescence intensity after
graphene treatment provides compelling evidence of its effi-
cacy as a potent inhibitor of several physiological compli-
cations associated with diabetes, possibly due to reactive
oxygen species (ROS) accumulation (Fig. 10).

Antibacterial activity of graphene

Unregulated hyperglycemia impairs innate and adaptive
immune mechanisms, making the body susceptible to micro-
organisms. Diabetes can also cause chronic consequences
such as neuropathy (sensorimotor and autonomic) and
peripheral vascular disease, which lead to skin ulcers and
secondary bacterial infections, which further increase infec-
tion-related mortality in diabetes. Periodontitis is caused
by Staphylococcus, Streptococcus, and Bacillus species of
bacteria (Ali et al. 2021; Wang et al. 2009), and malignant
otitis externa from Pseudomonas aeruginosa is linked to
diabetes (Carlton et al. 2018; Yang et al. 2020). Emphysema-
tous cholecystitis is caused by Clostridium perfringens and
Escherichia coli (Nagendra et al. 2022; Safwan and Penny
2016). Depending on location and severity, empirical and
culture-specific antibiotic regimens are recommended for
different bacterial infections. This study reveals graphene’s
potential antibacterial action to eliminate germs and reduce
diabetes-related bacterial infections. From Graph 11, it was
confirmed that graphene shows antibacterial properties
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Fig. 10 DCFH-DA staining images a control, b HSD flies, ¢ Diabetic flies transferred to control food for 7 days, d—f Diabetic flies transferred to
graphene-containing food, d 100 uM, e 250 uM, f 500u g Graph showing fluorescence intensity of ROS
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against the bacteria mentioned above at 1% and 10% con-
centrations. However, 100% graphene does not show sat-
isfactory results as it is agglomerated at the bottom of the
well (see Fig. 11).

Conclusion

This study presents the novel application of pure graphene,
devoid of any functional groups, as a therapeutic com-
pound that can be administered through dietary means. The
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findings demonstrate its potential as an antidiabetic agent
and its ability to promote early development while exhibiting
a favorable non-toxic profile. A notable reduction in circulat-
ing sugar and lipid deposition levels and accelerated growth
were observed upon treatment with graphene at concentra-
tions ranging from 0.02% to 0.5%. Furthermore, a notable
reduction in the magnitude of reactive oxygen species, which
exhibited elevated levels in individuals with diabetes, is also
observed. Graphene has a favorable and inducible property
on growth and development. Based on the aforementioned
findings and the non-toxic nature of graphene, it can be
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inferred that applying graphene at a concentration range of
0.02-0.5% reduces symptoms resembling those of diabetes.

Future prospective

In the invertebrate model, the flash joule-produced graphene
is investigated as an antidiabetic agent with no discernible
adverse effects. Subsequent investigations could examine
graphene’s antidiabetic characteristics in vertebrate model
species. Our future research will also include determining
graphene’s function on the insulin signaling pathway and
the antioxidant defense mechanism at a molecular level.
There are more physiological consequences of diabetes.
Future research will also examine graphene’s potential for
treating physiological implications of diabetes, such as dia-
betic nephropathy, neuropathy, and retinopathy.
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