PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 23, No. 2 (2022) pp. 242-248

Section: Chemistry

UDC: 57.021, 57.022, 57.044, 57.056

Vasyl Stefanyk Precarpathian
National University

®I3UKA I XIMISI TBEPJOT'O TLIA
T. 23, Ne 2 (2022) C. 242-248

Ximiyni nayku

ISSN 1729-4428

O. Strilbytskal, U. Semaniuk®, N. Burdyliuk®, O. Lushchak!?

Evaluation of Biological Effects of Graphene Oxide Using
Drosophila

asyl Stefanyk Precarpathian National University, lvano-Frankivsk, Ukraine, olya_b08@ukr.net
2Research and Development University, lvano-Frankivsk, Ukraine, oleh.lushchak@pnu.edu.ua

Graphene and its derivatives have attracted great interest because of their intriguing physical and chemical
properties. An increasing phase of commercial production causes the presence of graphene in the environment and
might pose a great threat to a wide range of living organisms, including bacteria, viruses, plants, invertebrates and
mammals, including humans. In the present study, the graphene oxide (GO) at low doses was evaluated for its
biological effects on larvae and the imago of Drosophila melanogaster. Oral administration of GO at concentrations
of 0.02-1% has a beneficial effect on the developmental rate and hatching ability of larvae. Long-term
administration of a low dose of GO extends Drosophila lifespan, improves fecundity rate and significantly enhances
resistance to environmental stresses. We also found that GO exposure led to a remarkable decrease in the level of
hemolymph glucose, glycogen and triglycerides storage, and, consequently, GO effects on carbohydrate and lipid
metabolism in adult Drosophila. These findings might provide a useful reference to assess the biological effects of
GO, which could play an important role in a variety of graphene-based biomedical applications.
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Introduction

Graphene, a single layer of graphite, is a sensational
nanocarbon with unusual properties. Graphene is a two-
dimensional planar and hexagonal array of carbon atoms
[1]. Monocrystalline graphitic films were discovered by
Andre Geim and Konstantin Novoselov in 2004 [2] that
were awarded the Nobel Prize in Physics in 2010 “for
groundbreaking experiments regarding the two-
dimensional material graphene”. All graphene properties
make it a potential candidate for numerous applications in
nanoelectronics and energy technology (it can be used for
supercapacitors, batteries, and composites) as sensors, and
for biomedical uses like biosensors [3], drug and gene
delivery [4], including absorption of enzymes [5], cell and
tumor imaging, cancer photothermic therapy, energy
storage [3, 6], photocatalysis [7], and fuel cells
[8, 9].

Graphene oxide (GO) and reduced graphene oxide
(rGO) as valuable graphene derivatives show different
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chemical and structural properties. While the presence of
graphene derivatives becomes more widespread and
commonplace across the biomedical sciences, their
concentrations in ecosystems are not reported yet. The
relatively larger body of work detailing the biological
effects of GO on living organisms [10, 11]. However, the
impact of graphene on model organisms is very
controversial and is a hot topic of discussion. Drosophila
melanogaster has attracted attention as a model system for
evaluating the physiological effects of various chemicals.
It was recently shown significant behavioral and
developmental disorders in Oregon-R flies after GO
exposure at a very high concentration (50 - 300 pg/mL)
[12]. Another experimental study demonstrated that GO
exposure exerted remarkable toxicities in w8 flies [13].

In this context, we evaluated GO at low doses for the
physiological and metabolic effects on the fruit fly
Drosophila melanogaster. Graphene oxide at a
concentration of 0.02 - 1 % showed beneficial effects on
Drosophila physiology. We suggested the involvement of
the hormetic effect and assumed that long-term exposure
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to a low dose of GO serves as mild stress for the activation
of the defense system in flies protecting from subsequent
stressful conditions.

I. Experimental details

Insects, maintaining and conditions

Canton-S flies D. melanogaster, obtained from the
Bloomington Stock Center (Indiana University, USA),
were grown on the standard yeast-corn medium at 25 °C,
with a relative humidity of 60 - 70 % and 12 h day/night
cycle. Flies aged two days were separated by sex and kept
on the above-mentioned medium for one more day for
recovery after CO; anesthesia. On the next day, flies were
placed at standard densities of 200 flies per 1.5 L
demographic cages attached with a 25 mL plastic vial
filled with the 5 mL of medium [14]. Food contained 5 %
sucrose, 5 % dry yeast, 1.2 % agar, 0.18 % nipagin. Media
was supplemented by different concentrations of GO:
0.02, 0.04, 0.1, 0.4 and 1%. On the 15" day of the
experiment, flies were used for physiological tests or
frozen in liquid nitrogen for biochemical measurements.

Graphene oxide (GO). GO of the highest degree of
purity and of specific flakes lateral size was purchased in
Grafren AB (Sweden). Highly dispersible in water. GO
was synthesized using the modified Hummers approach
[15].

Pupation and pupation height

Effects of GO on fly development were evaluated by
estimating pupation time and pupation height [16]. Flies
aged 3 - 7 days were subjected to 3-hour starvation with
subsequent 15-hours eggs-laying on the medium
composed of 5 % sucrose and 2 % agar. To prevent effects
caused by larvae density, laid eggs were washed three
times with distilled water, then concentrated in a volume
of 1.5 mL and transferred into bottles containing 25 mL of
experimental medium (150 - 250 eggs). The number of
pupae formed from larvae fed experimental media was
counted every 6/6/12 hours (at 9am, 3pm, 9pm) until the
end of pupation [17]. The distance from the food surface
to each pupa was measured. The pupation height was
expressed in millimeters (mm).

Lifespan. Newly eclosed flies were transferred into
fresh food and kept for three days for mating. Then flies
were separated by sex under light CO; anesthesia and kept
for another day for recovery. About 100 flies of each sex
were gently transferred to 1.5 L demographic cages with
an attached plastic vial filled with 5 mL control food or
experimental food supplemented with different
concentrations of GO. Food was changed every second
day, and dead flies were removed and recorded. The
experiment was run in two replicates [18].

Fecundity. One female and two male flies were
placed into glass vials (5 mL) with 1 mL of medium. Food
was changed every day and the number of eggs laid by
females was counted each day for 5 days. The average
amount of eggs was calculated per fly and expressed as
eggs/fly/day.

Metabolites pool. Experimental flies were used to
measure concentrations of glucose in hemolymph and
glycogen levels as well as triglycerides content as
described earlier [19, 20].
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Resistance to starvation and oxidative stress.
Starvation resistance was measured in flies given only 1 %
agar as a food source. To study resistance to oxidative
stress flies of each experimental cohort were transferred
into empty vials for 2 h for starvation. After starvation,
flies were transferred into vials containing folded and
rammed strips (2.4 x 12 cm) of 4-layer cellulose filter
paper soaked with 0.8 mL of 20 mM menadione in 5 %
sucrose solution [21]. Fly viability was checked daily at
9am, 3pm and 9pm. Stress resistance was expressed as the
percentage of flies that survived over time. Each
experiment was run in two biological replicates with 30
flies tested in each replicate.

Statistical analysis and graphical representation

Experimental data are presented as mean + SEM and
p < 0.05 is considered significantly different. Statistical
analysis and graphs were performed using Graphpad
Prism 7 (GraphPad Software, Inc.). Dunnett’s multiply
comparison test has been used to compare the data.
Survival curves were compared by a Log Rank test.
Maximum lifespan was calculated as the mean of the 10 %
of flies that had the longest lifespan.

I1. Results

Effects of GO on Drosophila during development

To investigate GO toxicity, we first measured the
pupation rate and pupation height. We found that
developmental time did not depend on GO
supplementation to the nutrient medium at the
concentration range of 0.02 - 1 % (Figure 1A).
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Fig. 1. Developmental pattern of D. melanogaster reared
on media supplemented by GO: (A) developmental rate;
(B) pupation height. Graphs show the percentage of larvae
that pupated over time. Data are mean = SEM, n = 6.
Group comparisons were performed using Dunnett’s test.
Asterisk indicates a significant difference between groups
with p < 0.05.
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Pupation height, defined as the distance from the
medium surface to each pupa, was slightly increased (by
~15 %) upon feeding with a 0.1 % GO diet (Dunnett’s test,
p = 0.02), whereas pupation height of 0.4 - 1 % GO diet
cohorts were unchanged (Figure 1B).

Effects of GO on lifespan

We next investigated the effects of long-term
exposure to GO on the adult fly lifespan. The lifespan of
flies fed by diets supplemented with 0.02 - 1 % of GO was
significantly decreased in both sexes (Figure 2 A, B). We
observed a longer lifespan in males who consumed media
with GO at all experimental concentrations as compared
to the control group (Fig. 2A; log-rank test, p < 0.005).
Similarly, females fed by 0.04 - 1 % GO-containing media
displayed a longer lifespan as compared to the control
(Fig. 2B; log-rank test, p < 0.0001).
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Fig. 2. Survival (A — males; B — females), mean lifespan
(C — males; D — females) and maximum lifespan
(E — males; F — females) of flies exposed to GO. In A and
B, each curve represents the proportion of individuals
alive as a function of age for about 200 flies. Data are
mean = SEM. Group comparisons were performed using
Dunnett’s test. Asterisk indicates a significant difference
between groups with p < 0.05.

The mean lifespan of control female flies was
50.8 + 0.82 days. Whereas, females fed by 0.4 and 1 % of
GO-supplemented diets displayed a mean lifespan of
54.8+0.92 and 54.5+1.01 days, respectively (~8 %
decrease compared to control, Dunnett’s test, p < 0.05)
(Fig. 2D). We also observed a significantly higher
maximum lifespan in male flies which consumed media
with GO at the concentrations of 0.02 - 0.1 % (Fig. 2E;
Dunnett’s test, p < 0.005). The maximum lifespan of
control females was 74.9+0.95 days, whereas the
maximum lifespan of females who consumed the medium
with 0.4 % of GO was 81.3 +0 .88 which is significantly
higher compared to the control (Fig. 1F Dunnett’s test, p
<0.0001).
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Effects of GO on the reproduction

To further analyze the effects of GO on the
physiology of Drosophila, we investigated the effects of
GO on female fertility. We found that GO induces egg-
laying activity in Drosophila. Control females laid nearly
4.0 +0.45 eggs daily. Females fed by a diet supplemented
with 0.04 -1 % of GO laid approximately 1.5 - 2-fold
more eggs as compared to control (Fig. 3; Dunnett’s test,
p <0.05).

10-

. * 1 Control
> 8- i[ . , 1 002%
° = 0.04%
~ 6
e m 0.2%
g 2 B 0.4%
chD ] - 1%

O T T T

Fig. 3. The effects of GO in the diet on the fecundity in
Drosophila. Results represent the mean + SEM of 10
replicates per group. Group comparisons were performed
using Dunnett’s test. Asterisk indicates a significant
difference between groups with p < 0.05.

Effects of GO on metabolism

Glucose, glycogen and TAG are parameters
extensively used as measures of carbohydrate and fat
metabolism. GO supplementation to the media at the
concentrations of 0.04 - 1 % resulted in 30 - 35 % lower
levels of glucose in the hemolymph of females (Fig. 4B;
Dunnett’s test, p < 0.05). The hemolymph glucose level in
males was not affected by dietary GO (Fig. 4A).
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Fig. 4. Levels of hemolymph glucose (A — males;
B — females), glycogen (C — males; D — females) and
triglycerides (E — males; F — females) in adult Drosophila
exposed to food supplemented by GO. Results represent
the mean + SEM of 4-6 replicates per group. Group
comparisons were performed using Dunnett’s test.
Asterisk indicates a significant difference between groups
with p < 0.05.
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We found that GO exposure at the concentrations of
0.04 and 1 % led to lower glycogen levels in males by
30% and 24 % as compared to control, respectively
(Fig. 4C; Dunnett’s test, p < 0.05). Similarly, 22 - 30 %
decreased glycogen pool was found in females under
0.04 % and 0.2 % of GO in the diet (Fig. 4D; Dunnett’s
test, p < 0.05).

In this study, males fed by diet with GO at the
concentrations of 0.04 and 0.2 % displayed ~ 35 % lower
triglycerides (TAG) levels as compared to the control
(Figure 4E; Dunnett’s test, p < 0.05). Consumption of the
food with GO did not affect TAG levels in females (Figure
4F).

Effects of GO on the resistance to starvation and
oxidative stress

To investigate the effects of GO on the susceptibility
to stressful conditions, we assessed the survival rates of
flies reared on the media with GO under constant
conditions of starvation and oxidative stress. Resistance
toward starvation in males was higher under consumption
of food with GO at a concentration range of 0.02-1% as
compared to the control (Fig. 5A; log-rank test, p < 0.05).
We observed increased survival under starvation
conditions in females, which consumed medium with
002-1% of GO (Fig. 5B; log-rank test,
p <0.04).

To further investigate the effect of GO on stress
resistance, we treated flies with 20 mM menadione shown
to induce oxidative stress conditions. Males reared on the
media with 0.02-0.2% and 1% of GO were more
resistant to oxidative stress as compared to control (Fig.
5C; log-rank test, p < 0.03). Survival under menadione
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treatment of females that consumed food with
0.02 - 0.4 % of GO was higher as compared to control
(Fig. 5D; log-rank test, p < 0.03).

I11. Discussion

The current study focuses on checking the biological
effect of GO in low doses using the Drosophila model. It
was previously reported in mice, rabbits, and nematode
worms that GO is non-toxic up to 100 - 300 mg/L [22].
Long-term exposure to low concentrations of GO showed
significant beneficial effects on Drosophila during
development, including enhanced developmental rate and
pupation height. Our study is in good agreement with the
study of Wang and colleagues, which demonstrated an
increased pupation rate of Asian corn borer with
increasing GO concentration in the food [23]. Moreover,
higher larvae weight and pupal weight were found under
GO exposure [23]. However, most of the reports indicated
negative or no effect of different GO treatments on insects.
In the relatively higher concentrations of the GO (500 and
1000 pg/ml, which correspond to 50 -100 % of GO),
significant delays were observed in the pupation rate,
associated with a lower percentage of flies pupated [24].
Graphene oxide may be used as a multifunctional
synergist of insecticides against Lepidopteran insects [25],
whereas GO can cause damage to the cement layer of
insects, resulting in a rapid water loss of the insects.

Significantly shorter larval development time of GO-
treated flies may be associated with up-regulated trypsin-
like serine protease in both transcriptome and protein
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Fig. 5. Resistance to starvation (A — males; B — females) and oxidative stress (C — males; D — females) of flies
exposed to GO. Each curve shows the fraction of individuals alive as a function of time with about 50 flies per
group. Statistical analysis of differences in survival was conducted with a log-rank test.



O. Strilbytska, U. Semaniuk, N. Burdyliuk, O. Lushchak

expression levels was documented in the study by Wang
and colleagues [23]. Trypsin-like serine protease is
involved in the break down the dietary protein molecules
into essential amino acids and peptides, which, in turn,
increases nutrient adsorption and larvae growth and
development [23].

In our study, a low dose of GO (0.02 - 1 %) showed
beneficial effects on the physiology of flies. Lifespan,
fecundity, resistance to starvation and oxidative stress
were improved by long-term oral administration of GO.
These results can be explained by the dietary/calorie
restriction caused by the reduction of food intake under
GO exposure was previously demonstrated in the study of
Lee and colleagues [26]. As reported previously, GO led
to higher cholesterol levels in Asian corn borer [23]. In
Drosophila, raising larvae on a cholesterol-containing diet
resulted in significantly improved stress resistance [27].
Higher cholesterol content in GO-treated Drosophila
could contribute to the higher stress resistance that we
observed in our study.

In this study, we provide several lines of evidence to
prove the role of GO in carbohydrates and lipids
metabolism. Firstly, GO exposure decreased glucose and
glycogen levels in flies of both sexes. Secondly,
consumption of the media with GO resulted in a decreased
TAG level in males. In Asian corn borer, GO significantly
affects the digestibility of larval food and accordingly
increased the efficiency of food utilization [23].
Moreover, it was suggested that GO could be digested and
metabolized, and, in turn, regulate the expression of
digestion-related genes in Asian corn borer [23]. The up-
regulated genes, including trypsin-like serine protease,
cytochrome P450s, glutathione-S-transferase enzyme,
small heat shock protein, chemosensory protein 1 and fatty
acid-binding protein 1contribute greatly to the defensive
or adaptive reaction in insects [23]. Altogether, these
events improve resistance to environmental stresses.

The biodegradation of materials may play an
important role in the determination of their toxicity.
Materials need to biodegrade to be considered safe, as the
build-up of foreign materials can lead to ecological
damage and health problems. The study from Health and
Environment work package showed that graphene can be
degraded by human neutrophil myeloperoxidase [28].
Additional evidence of biodegradation of GO in the
gastrointestinal tract using zebrafish as a model was also
provided [29]. Consequently, graphene oxide is a
biodegradable material.

The phenotypic response depends on insect species,

doses and the way of GO exposure. The D. melanogaster
strain w8 flies exposed to GO at the concentrations of
10 -1000 pg/ml  displayed developmental delay,
reduction of adult eclosion in flies and decreased lifespan
[24]. Used Another study demonstrated that 1 - 10 pg/ml
of GO exposure led to remarkable weight loss, delayed
development, retarded motion, and shortened lifespan of
w18 flies [13]. Exposure to carbon nanofibers at a
concentration of 1000 pg/ml reduced larval viability, adult
fly lifespan, reproductive activity, climbing activity, and
starvation resistance in Canton-S flies [26]. However, low
concentration (100 pg/ml) of carbon nanofibers increased
lifespan and climbing ability, coincident with stimulation
of the antioxidant system [26]. We suggest that low
concentrations of GO in the medium serve as mild stress
while a low-dose stimulatory response was observed. The
antioxidant defense system stimulation was previously
documented to be the exact molecular mechanism
underlying beneficial effects on lifespan and overall
physiology in Drosophila under carbon nanofibers
exposure at low concentrations [26]. However, high
concentrations of carbon nanofibers showed adverse
effects on development rate and a lifespan that is primarily
associated with induction of oxidative stress [26].

Conclusions

The emerging evidence supporting the occurrence of
physiological and metabolic effects in Drosophila offers a
relatively inexpensive high-throughput system for studies
of GO toxicity or benefit on a wide range of traits. Our
findings can be a useful avenue for further studies to
explore the molecular mechanisms of GO action. In
conclusion, the data showed that systemic administration
of low doses of GO provides beneficial effects on lifespan,
stress resistance, reproduction and metabolism. Our data
provide additional evidence for the hormetic effect of GO
treatment. Hormetic biphasic dose-response assessment
may contribute to a general pattern of biological
responsiveness, and can be considered a significant
toxicological evaluation and have numerous biomedical
applications.
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O. Crpinsounpkal, ¥. Cemanrox?, H. Bypmumox?, O. JIymak!?

Ouinka oiosoriunnx epextiB okcuay rpadeny y Drosophila

Ulpuxapnamcvkuii nayionansuuii ynieepcumem imeni Bacuns Cmegpanuxa”, leano-@pankiecvk, Yipaina, olya b08@ukr.net

2Vuieepcumem oocriodcens ma poseumxy, leano-Dpanxiscox, Yrpaina, oleh.lushchak@pnu.edu.ua

I'paden Ta Horo moximHi BUKIMKAIN 3HAYHUHN 1HTEpEC AOCIIIHHUKIB Yepe3 cBOi yHiIKaIbHI (Hi3W4HI Ta XiMiuHI
BJIACTHBOCTi. 3pOCTaHHA KOMEPLIMHOTO BHPOOHHUITBA CYINPOBOKYEThCA IOIIMPEHHAM TIpadeHy B
HaBKOJIMITHFOMY CEPEIOBHIL i MOKE CTAHOBUTH BEJIMKY 3arpo3y Ul 0araTboxX >KHBUX OPTaHi3MiB, B TOMY YHCII
i U JTroniei. Y 1bOMY JOCIHIDKEHHI OIIHWIKA OiojoridyHuil BIUMB okcuay rpadeny (OI) y ckiaani XxapuoBOro
palioHy y HHU3bKHX KOHICHTpalisXx Ha juuuHKH Ta imaro Drosophila melanogaster. CnoxuBanus O B
koHneHTpanisx 0,02-1% miABUIIye MIBUIKICTE PO3BUTKY JIHYMHOK. TpuBane 3actocyBaHHs OI' mpomomxkye
TPHUBATICTh KUTTS APO30(iIM Ta 3HAYHO MiJBHINYE CTIHKICTh A0 CTPECOBHX (aKTOpiB. MM TaKoXK BUSBIIN
3HIKEHHS PIBHA TIIIOKO3H y TeMOTiM(i, TITIKOTeHy Ta TPHAIMITIIIEPOIiB MPH CIIoKMBaHHI cepenosui i3 OI'. Lie
cBimuuTh 1po Te, mo OI BmmmBae Ha OOMIH BYTJIEBOMIB Ta JIMIIB Y JOPOCTHX Apo30¢it. L{i BUCHOBKH MOXYTh
CTaTH KOPUCHUMHU JUTsl OLiHKH Oionoriaaux edektiB Ol amst »KUBUX OpraHi3MiB, sIKi MOXKYTh BiJirpaBaTH BayKJIUBY
PO y pi3HOMaHITHHX OiOMEIMYHHX 3aCTOCYBAHHIX Ha OCHOBI rpadeny.

Kiwuogi cioBa: okcus rpadeny, aApo3odisna, OKHCIIOBATBHUIN CTpeC, MeTab01i3M, TPUBATICTh KHUTTS.
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