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Abstract

The use of graphene and multi-walled carbon nanotubes (MWCNTs) has now

become rather common in medical applications as well as several other areas thanks

to their useful physicochemical properties. While in vitro testing offers some poten-

tial, in vivo research into toxic effects of graphene and MWCNTs could yield much

more reliable data. Drosophila melanogaster has recently gained significant popularity

as a dynamic eukaryotic model in examining toxicity, genotoxicity, and biological

effects of exposure to nanomaterials, including oxidative stress, cellular immune

response against two strains (NSRef and G486) of parasitoid wasp (Leptopilina

boulardi), phenotypic variations, and locomotor behavior risks. D. melanogaster was

used as a model organism in our study to identify the potential risks of exposure to

graphene (thickness: 2–18 nm) and MWCNTs in different properties (as pure [OD:

10–20 nm short], modified by amide [NH2] [OD: 7–13 nm length: 55 μm], and modi-

fied by carboxyl [COOH] [OD: 30–50 nm and length: 0.5–2 μm]) at concentrations

ranging from 0.1 to 250 μg/ml. Significant effects were observed at two high doses

(100 and 250 μg/ml) of graphene or MWCNTs. This is the first study to report find-

ings of cellular immune response against hematopoiesis and parasitoids,

nanogenotoxicity, phenotypic variations, and locomotor behavior in D. melanogaster.
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1 | INTRODUCTION

Over the past decade, nanotechnology has been gaining ground in

modern research and engineering, as it allows us to explore and

manipulate existing materials on a scale measured in nanometers. It

encompasses every technology and science operating on the

nanoscale, as well as recently discovered scientific principles and

properties during nanoparticles (NPs) research (Demir, 2020b). NPs

are described as particles with at least one external dimension mea-

suring 100 nm or below. Common examples of NPs include silver,

gold, nickel, copper nanowires, and nanorods, along with silica, metal

oxides, carbon nanotubes (single-walled carbon nanotubes [SWCNTs],

multi-walled carbon nanotubes [MWCNTs]), and nanocrystals

(Dreher, 2004). The physical properties of larger bulk materials do not
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usually change depending on their size, whereas at the nanoscale

physical and chemical properties of such materials often show remark-

able variations—particularly including increased surface-to-volume

ratio as the size of material decreases (Sau et al., 2010). For instance,

metal oxide nanoparticles (NPs) and CNTs may display larger surface

area at smaller sizes, which brings about notable changes in their

physicochemical properties and reactivity features (Aillon et al., 2009;

Donaldson et al., 2010; Golbamaki et al., 2015). Thanks to such

unprecedented characteristics of ultrafine particles that allow a multi-

tude of applications across different sectors including nanomedicine,

agriculture, and industry, nanotechnology is now considered “the next

big thing” destined to revolutionize the way we tailor materials

(Godwin et al., 2015). The production of nanomaterials (NMs) was

estimated to surpass 21,713 tons by 2020, and nano-engineered

products generated a revenue amounting to $731 billion in 2012

(Lux Research, 2014). Thus, such massive adoption of NMs demands

that any potential harmful effects of these materials and their

biological interactions be meticulously and extensively examined

(Alaraby et al., 2016; Demir, 2020b; Hawkins et al., 2015;

Kermanizadeh et al., 2016).

CNTs, on the other hand, have diameters measured in nanome-

ters and lengths in micrometers, which creates almost one-

dimensional structures with relatively large length-to-diameter ratio

of about 1,000 or below (Aqel et al., 2012; Iijima, 1991). For that rea-

son, they feature unique thermal stability and tensile strength, as well

as superior physicochemical, conductive, and mechanical properties

(Dresselhaus et al., 2004). These advantages features make CNTs

ideal for diverse applications across a number of sectors like electron-

ics, nanomedicine, construction, molecular pharmaceuticals, and

targeted delivery of drugs and genes (Asakura et al., 2010; Bianco

et al., 2005; Demir, Marcos, 2018b; Hirsch, 2002; Zhang et al., 2014).

In contrast, graphene, a two-dimensional high-aspect-ratio material

with a single or several double carbon structures arranged in a hexag-

onal lattice, belongs to a new carbon group NMs (Bianco et al.,

2013). Graphene and MWCNTs, thanks to their remarkable

physico-chemical properties, have been among the most sought-after

materials in medical applications like implants, targeted drug delivery,

molecular pharmaceuticals, and cancer treatment, as well as in

commercial products including batteries and electrochemical

biosensors (Maynard et al., 2006; Sarkar et al., 2018; Shen

et al., 2012). Due to this high interest in graphene and MWCNTs, it is

imperative that carry out studies to explore adverse effects of these

materials.

It was thought that the side effects associated with genotoxicity

caused by exposure to graphene and MWCNTs were mainly caused

by the effects on the DNA level and the development of carcinogene-

sis (Guo et al., 2012). However, it is noteworthy that there is a contro-

versy regarding potential genotoxicity because both genotoxic and

non-genotoxic effects have been reported (Demir, 2020b; Demir,

Marcos, 2018b; Hu & Zhou, 2013; Kermanizadeh et al., 2016; Kumar

et al., 2019; Pandey et al., 2019; Priyadarsini et al., 2019; Sood

et al., 2019; Zou et al., 2016). The presence of many factors such as

characterization, concentration, exposure time, route of exposure,

dispersion employed to dissolve nanotubes, and the end-point

used in analyses could explain a range of reported effects

(Hartmann et al., 2015).

Extensive research is critical to investigate the potential toxicity

of NMs by using in vivo models. Serious concerns over high costs and

research ethics about animal testing most of the time cause a

dilemma among scholars as to the use of standard in vivo tests, or

acute toxicity testing in mammals; therefore, more recently

researchers opt for simpler experimental models such as roundworms

(Chatterjee, Eom, et al., 2014; Chatterjee, Yang, et al., 2014;

Contreras et al., 2012; Hunt et al., 2013; Meyer & Williams, 2014),

zebrafish (Dedeh et al., 2015; He et al., 2014), and fruit fly species

known as Drosophila melanogaster (Alaraby et al., 2016). Among these

models, D. melanogaster stands out as a useful model organism to

measure the cytotoxicity and genotoxicity of NMs (Demir, 2020a,

2020b, 2020c). D. melanogaster has gained acceptance in research in

many biological and medical fields as well as in evolutionary biology,

genetics, physiology, ecology, and microbial pathogenesis. It is esti-

mated that about 60% of D. melanogaster DNA is the same as

humans, and approximately 75% of our genetic material associated

with several human diseases like cancer, autism, and diabetes has

functional homology in the fruit fly (Lloyd & Taylor, 2010). In addition,

D. melanogaster is a model organism that enables research on the

mechanisms that cause immunity, aging and oxidative stress,

Alzheimer's disease (Latouche et al., 2007), spinocerebellar ataxia, or

SCA (Latouche et al., 2007), and neurodegenerative disorders

(Bier, 2005). Another important feature of D. melanogaster is that it

has certain molecular pathways and biological mechanisms shared

with higher mammals (U.B. Pandey & Nichols, 2011; Wang

et al., 2012), making it insect an ideal testing model for numerous

fields including genotoxicity studies (Pandey & Nichols, 2011), phar-

macology (Pandey & Nichols, 2011), and neurotoxicity testing of

many chemicals (Rand, 2010). More importantly, D. melanogaster

allows researchers to avoid serious ethical barriers set against the

use of vertebrates or larger mammals in animal experiments

(Jennings, 2011). Considering all these advantages, researchers have

been increasingly employing D. melanogaster for evaluating the

toxicity of NMs. For this reason, many studies have been used as

such an experimental organism to evaluate cytotoxicity, genotoxicity,

generation of reactive oxygen species (ROS), morphological deforma-

tions, pigmentation color, and changes in gene expression that occur

after exposure to various NMs. Furthermore, D. melanogaster is the

primary model organism commonly used in the field of insect immu-

nology and genetics to explore the underlying mechanisms of insect

immune response (Leit~ao et al., 2019). The interaction between

parasitoid wasps and D. melanogaster is a model system for both

evolutionary biologists and immunologists. Insect immunology

provides vital information on the potential for transmission of disease

vectors that carry fatal diseases such as malaria. Parasitoid wasps

alone may represent up to 20% of all insect species worldwide and

include the common fruit fly D. melanogaster infecting parasitoids

Leptopilina boulardi, Leptopilina heterotoma, and Asobara tabida

(Lasalle & Gauld, 1991). Parasitoid wasps, such as L. boulardi, are a
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naturally occurring threat to many insect species including the com-

mon fruit fly D. melanogaster in ecological systems. A parasitoid wasp

infection commences with the deposition of a wasp egg into the lar-

vae of host species, after which the fly/wasp arms race for survival

commences. One of three possible outcomes can occur: (1) host

immune suppression and wasp survival, (2) encapsulation of the wasp

egg and host survival, or (3) both organisms die (Godfray, 1994;

Nappi, 1975).

Continuous or acute exposure to NMs might trigger a variety of

immune reactions in humans because they are foreign bodies to our

immune system; for that reason, research into NM-immune interac-

tion is of vital importance, as urgently need to gain better insight into

such interactions to deal with safety concerns of NMs. A thorough

characterization of physical and chemical properties of NMs

is considered a prerequisite for research on their immune-

nanogenotoxicity. In this regard, comprehensive immune-genotoxicity

studies are warranted to determine the risks of NM exposure associ-

ated with human diseases (Ng et al., 2019).

The innate immune system of Drosophila could serve as an ideal

model in collecting valuable information about the innate immune sys-

tem of humans and other mammals, especially through a series of

experiments on larval hemocytes (Hiroyasu et al., 2018; Zettervall

et al., 2004). In the current literature, there exist some research

reporting findings on genotoxic properties of graphene or MWCNTs;

however, to our knowledge, no study has been conducted to explore

parasitoid resistance and cellular immune response against two differ-

ent lines (NSRef and G486) of parasitoid wasp (L. boulardi) related

with graphene or MWCNTs on D. melanogaster. Hence, this study was

carried out to identify and characterize egg-to-adult viability (toxicity),

morphological deformations, locomotor behavior, phenotypic varia-

tions in different generations, genotoxic effects (primary and oxidative

DNA damage in hemocytes and somatic mutations or recombinations

in the fly's wing imaginal disc cells), intracellular ROS production by

hemocytes of Drosophila larvae, parasitoid resistance, and cellular

immune response upon exposing D. melanogaster larval hemocytes to

graphene or MWCNTs.

2 | MATERIALS AND METHODS

2.1 | Chemicals

Graphene nanoplatelets (purity: >95%, graphene thickness: 2–18 nm

with less than 32 layers, CAS no. 7782-42-5), short multi-walled car-

bon nanotubes (MWCNTs) (purity: >95%, OD: 10–20 nm, CAS

no. 99685–96-8, length: 10–30 μm), MWCNTs (amide [NH2]

functionalized, purity: 95%, OD: 7–13 nm, length: 55 μm]) and

MWCNTs (carboxyl [COOH] functionalized, purity: >90%, OD:

30–50 nm, length: 0.5–2 μm, CAS no. 99685-96-8) were purchased

from US Research Nanomaterials, Inc. (Houston, TX, USA). The rest of

the chemicals used in the study were purchased from Sigma Chemical

Co. (St. Louis, MO). Prior to use, graphene or MWCNTs were dis-

persed in 1% isopropanol (IPA).

2.2 | Characterization and dispersion of graphene
and MWCNTs

A series of analyses involving transmission electron microscopy

(TEM), dynamic light scattering (DLS), and laser Doppler velocimetry

(LDV) were carried out to characterize graphene or MWCNTs

(as pure, NH2 functionalized and COOH functionalized). TEM micros-

copy technique was performed by Tecnai G2 F30 (Austin, Texas, USA)

and FEI, QUANTA 260 F (Hillsboro, Oregon, USA) to determine size

and morphology of NMs. The DLS and LDV studies were conducted

with Malvern Zetasizer Nano-ZS zen3600 (Worcestershire, UK) to

identify their hydrodynamic size and zeta potential. Prior to disper-

sion, pre-wetting procedure was applied to graphene or MWCNTs in

0.5% absolute ethanol, and then, the NMs were dispersed in 0.05%

bovine serum albumin (BSA) in MilliQ water to enhance the

workability. The graphene or MWCNTs in the dispersion medium

were subjected to ultrasonic vibration at 20 kHz for 30 min by means

of Branson Digital Sonifier system (S-250D) (Danbury, Connecticut,

USA) to create a stock dispersion of 2.56 mg/ml, in accordance

with the Nanogenotox protocol (Jacobsen et al., 2010;

Nanogenotox, 2011).

2.3 | Endotoxin assay for graphene and MWCNTs

In order to check endotoxin contamination in NMs, the endotoxin

content was quantified through chromogenic Limulus amebocyte

lysate (LAL) assay (Lonza [QCL-1000TM], Inc., Walkersville, MD)

(www.lonza.com/qcl1000), in accordance with the protocol specified

in the manual, as well as in previous research (Lankoff et al., 2013;

Demir, Marcos, 2018a, 2018b; Demir et al., 2020). All test tubes were

rendered free of pyrogenic material by heating at 200�C. Subse-

quently, the standard amount (50 ml) of test sample was added to the

test wells, and then, it was heated in the 96-well plates at 37�C. For

each sample, a minimum of three wells were used. The linearity of the

standard was confirmed by lipopolysaccharide (LPS). A standard curve

(ranging from 0.1 to 1 EU/ml) was created over the concentration

range 0.117667–0.998 EU/ml and compared to the reference range

(Escherichia coli E50-640) for each assay. For endotoxin testing, endo-

toxin standards and dilutions of samples were assessed in pyrogen-

free microplates (Costar No. 3596; Corning, Inc., Corning, NY) in a

BioTek Synergy 2 microplate reader (BioTek, Winooski, VT) at 37�C.

Absorbance was performed at 405–410 nm. Commercially available

control endotoxins (lipopolysaccharide, LPS; 0.5 EU/ml) and LAL

water as positive and negative controls were used as standards. To

determine the spike recovery, the percentage of recovery spike values

was calculated as follows:

Recovery spike value %ð Þ¼ a�b
c

�100:

In this formula, a represents the amount of endotoxin found in

spiked sample, while b stands for the amount of endotoxin found in

the sample, and c represents the amount of added endotoxin.
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The calculated recovery spike values were 98.4%, 100%, 100%, and

123.8% for graphene (0.1, 10, 100, and 250 μg/ml); 102%, 101.2%,

101%, and 103.2% for MWCNTs-pure (0.1, 10, 100, and 250 μg/ml);

41.8%, 113.4%, 188.8%, and 188.4% for MWCNTs-NH2 (0.1, 10, 100,

and 250 μg/ml); and 40.4%, 125.8%, 187.8%, and 188% for

MWCNTs-COOH (0.1, 10, 100, and 250 μg/ml), respectively.

2.4 | D. melanogaster strains, exposure, toxicity,
and morphological alterations

The Drosophila larvae and adults at 25 ± 1�C and at a humidity level

of 60% on food media consisting of cornmeal, sugar, yeast, agar,

propionic acid, and Nipagin were cultured. A total of three different

mutant fruit fly strains in the study: wild Canton-S, flare-3, and multi-

ple wing hairs strains were included. In the wing SMART (somatic

mutation and recombination test), two distinct fly strains: flare-3 with

genetic constitution flr3/In (3LR) TM3, Bds, and multiple wing hairs

with mwh/mwh genetic constitution were used. Further data as to the

descriptions and genetic markers of mentioned phenotypes were pre-

viously published by Lindsley and Zimm (1992). As for other experi-

ments, only the wild Canton-S strain was utilized in testing. To

investigate toxic potential of graphene or MWCNTs were measured

and recorded egg-to-adult survival rates in flies. The adult flies of

Canton-S strain were placed in bottles containing food medium, spe-

cifically darkened with an addition of carbon powder in a manner that

would allow easy collection of fly eggs every 8 h. After that, each test

sample consisting of 50 fly eggs was transferred to plastic vials that

contained 4 g of instant food medium designed for Drosophila

(Carolina Biological Supply Co., Burlington, NC). The medium was pre-

viously saturated with 10 ml of different concentrations of graphene

or MWCNTs (0, 0.1, 10, 100, and 250 μg/ml) dispersions, and the final

concentrations of food media for NMs were 0.0002, 0.0022, 0.0222,

and 0.0556 mg/g. The concentrations are indicated as μg/ml for in

the text. These concentrations were selected according to previous

literature values for Drosophila (de Andrade et al., 2014; Demir,

Marcos, 2018b; Kumar et al., 2019; Leeuw et al., 2007; Liu

et al., 2009; Liu et al., 2014; Machado et al., 2013; Pandey et al., 2019;

Philbrook et al., 2011; Priyadarsini et al., 2019; Siddique et al., 2013;

Siddique et al., 2014; Sood et al., 2019; Vega-Alvarez et al., 2014; Zou

et al., 2016).

The ideal dose of ethyl methanesulfonate (EMS) concentration

(1 mM) that would produce effective mutagenesis was determined

based on the evidence from our previous work (E. Demir,

Marcos, 2018a). Preliminary tests to confirm the toxic potential of the

NMs. The various concentrations of graphene or MWCNTs (as pure,

COOH functionalized, and NH2 functionalized) were determined in

such a manner that the highest dose would not exceed 250 μg/ml. A

total of five different replicate samples per concentration were used.

The adult flies surviving after the exposure were finally collected and

counted for the calculation of survival rate as compared to controls.

In an attempt to find out whether exposure to graphene or

MWCNTs during egg-to-larvae phase caused any developmental

changes in the surviving adult flies, 100 adult flies per treatment

were thoroughly examined through stereomicroscopy (SLX-2

STEROEZOOM). The detected morphological changes in different

body parts, including the head, thorax, legs, wings, and abdominal

area, were carefully recorded.

While mwh single spots detected in the wing spot assay could be

caused by somatic DNA recombination, substitution, or deleted wild-

type alleles, the flr3 single spots usually occur as a result of small dele-

tion of wild-type alleles. Wing blade twin spots comprising both mwh

and flr3 subclones have been found to originate entirely from recombi-

nation during mitosis between the centromere and the flr3 locus (Graf

et al., 1984). Carefully examined 80 fly wings from 40 individuals in

each doses. Standard procedures previously described for the wing-

spot test for Drosophila were followed during the scoring of flies and

data analysis, in a parallel manner employed in most recent studies

(Demir et al., 2015; Demir, Marcos, 2018a).

The rate of the recombinogenic effects on the flies was calculated

as follows, as per Demir et al. (2014):

Recombination %ð Þ¼ a�b
c

�100:

In this formula, a represents frequency of total mwh spots in

marker heterozygous wings (mwh/flr3), and b represents frequency of

total mwh spots in balancer heterozygous wings (mwh/TM3) induced

by exposure to graphene or MWCNTs (250 μg/ml).

2.5 | Intracellular oxidative stress (ROS) detection

Intracellular levels of ROS were measured by 20 ,70-

dichlorodihydrofluorescein diacetate (DCFH-DA) assay in hemocytes

collected from Drosophila larvae following their exposure to graphene

or MWCNTs (Demir & Marcos, 2017). Our previously published pro-

tocol was followed (Demir, 2020c; Demir & Marcos, 2017, 2018a).

Briefly, hemocytes were collected and exposed to 5 mM DCFH-DA

for 30 min at 24�C. The fluorescence of the cells was quantified using

a fluorescent microscope with an excitation of 485 nm and an

emission of 530 nm (green filter). Hydrogen peroxide (H2O2, 0.5 mM)

was used as a positive control. ImageJ program was used for the

quantitative evaluation of fluorescent images from both control and

treated larvae.

2.6 | Comet assay

The Comet assay to detect induction of DNA breakage was used. Dro-

sophila larvae hemocytes were used as target cells. The procedures

previously laid out in the literature were strictly followed during the

Comet assay (Demir & Marcos, 2017, 2018a; Singh et al., 1988).

Third-instar larvae (72 ± 4 h old) were transferred into plastic vials

containing 4 g of Drosophila instant medium (Carolina Biological Sup-

ply Company, Burlington, NC), pre-wetted with the following concen-

trations: control (distilled water) at 0, study groups at 0.1, 10, 100,
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and 250 μg/ml of graphene or MWCNTs for 24 ± 2 h. Clean distilled

water was used as a negative control (Demir et al., 2013), while EMS

(4 mM) (Demir & Marcos, 2017) was used as positive control.

2.7 | Phenotypic variations

The F0 (parent), F1, F2, and F3 generation flies of control and

graphene or MWCNTs exposed were carefully observed under stereo

microscope (SLX-2 STEROEZOOM) for the phenotypic variations in

head, eye, mouth, thorax, legs, wings, and abdominal area. Published

protocols in the literature were followed (Anand et al., 2017;

Priyadarsini et al., 2019). One-thousand five-hundred randomly

selected flies (500 flies on each one of the three replicate) were ana-

lyzed for each concentration of graphene or MWCNTs in a particular

generation.

2.8 | Climbing assay

In an attempt to examine the flies' locomotor ability, a climbing

assay was performed by following the procedures laid out by Pen-

dleton et al. (2002) and Anand et al. (2017). Accordingly, 10 fruit flies

from both control and study groups exposed to graphene and

MWCNT groups were separately transferred to vials, where they

were acclimatized for 15 minutes at room temperature. The vials were

gently tapped to send the flies down to the bottom and then mea-

sured for their climbing ability; the number of flies managing to climb

above the 7 cm mark within 10 s in each group was recorded. This

climbing ability assay was repeated 10 times for the same group after

each treatment.

2.9 | Wasp maintenance

Stocks of wasps were maintained on cornmeal food (per 1,200 ml

water: 13 g agar, 105 g dextrose, 105 g maize, 23 g yeast, 35 ml

Nipagin 10% w/v). The insects were kept at 25�C in a 14-h light and

10-h dark cycle at a humidity level of 70%. Two Leptopilina boulardi

strains were used: G486 strain (Dupas et al., 1998) known for low

virulence and NSRef (Varaldi et al., 2006) high virulence. A vulnerable

outbred stock of D. melanogaster was utilized to maintain the two

wasp strains by following the protocol previously laid out in the

literature (A.B. Leit~ao et al., 2019).

2.10 | Parasitoid resistance (encapsulation assay)

Adult flies laid eggs on agar plates during the night (between 6 pm

and 9 am). The eggs were transferred into microcentrifuge tubes

(volume 1.5 ml) in 500 μl PBS, and 15 μl of them in PBS (�150 eggs)

was then transferred to cornmeal food plates (50 mm diameter) to

continue maintenance at 25�C for 48 h. During this phase, the flies

were aged between 48 and 63 h, so all strains were in late first or

early second instar stage. Second-instar Drosophila larvae were trans-

ferred into culture vials (40 larvae per vial), and three female wasps

were added into each vial, and then, the wasps were removed from

vials 3 h later. The vials containing the larvae were incubated for

12 days (adult formation) and when flies emerged, they were

squashed between two glass slides to assess the encapsulation, which

was calculated as the number of flies with capsules divided by the

total number of infected larvae in each of the vials. To measure

the rate of encapsulation in larvae, the Drosophila larvae were dis-

sected in PBS 48 h after infection, and the presence of encapsulated

wasp eggs or larvae was determined.

The formula used to calculate encapsulation rate (ER) is detailed

below (Martinez et al., 2012; McGonigle et al., 2017):

ER¼ A
B�C

:

In this formula, A represents the average number of flies in the

vials infected by the parasitoid wasps as scored based on the presence

of a melanized capsule, while B represents the average number of flies

in control vials, and C represents the mean number of flies in treat-

ment vials which were not infected by the parasitoid wasps.

The formula used to calculate encapsulation rate is detailed below

(Martinez et al., 2012; McGonigle et al., 2017):

Encapsulation rate¼ Number of observed capsules
100-Number of infected live flies

:

2.11 | Hemocyte counts

Adult Drosophila flies were left on agar plates to lay eggs overnight

(between 6 pm and 9 am). The eggs were transferred into microce-

ntrifuge tubes (volume 1.5 ml) in 500 μl PBS, and 15 μl of them in PBS

(�150 eggs) was then transferred to cornmeal food plates (50 mm

diameter) to continue maintenance at 25�C for 48 h. During this

phase, the flies were aged between 48 and 63 h, so all strains were in

late first or early second instar stage. Three female wasps were added

into treatment vials, whereas the controls were prepared under the

same conditions without infection. About 48 h after the infection,

the larvae were removed from food medium with 15% w/v sugar

solution. They were washed with ultrapure H2O and then dried on

some filter paper. Stocks of 10 to 12 larvae were transferred into a

porcelain dissection dish, and they were incised to let them bleed

from the ventral side; 1 μl of hemolymph was removed and diluted in

9 μl of neutral red (1.65 g/L PBS). About 10 μl of hemolymph dilution

was put into a Thoma counting chamber, and hemocytes were coun-

ted in an area of 1 mm2, accounting for a volume of 0.1 μl.

Plasmatocytes and lamellocytes were then categorized according to

their size and shape. Fiji program was employed to quantify both con-

trol and treated larvae on fluorescent images using a fluorescence
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microscope (Olympus BX50) equipped with a 480–550 nm wide-band

excitation filter and a 590 nm barrier filter (Schindelin et al., 2012).

The induction rate of the number of hemocytes was calculated by

using the method specified by Abraham (1994):

Induction %ð Þ¼ a�b
a

�100:

In this formula, a represents the number of hemocytes induced

by graphene or MWCNTs alone, and b represents the number of

hemocytes induced by graphene or MWCNTs in the presence of

L. boulardi infection (NSRef or G486).

2.12 | Statistical analysis

The differences between the frequencies of each type of spot in

treatments and the concurrent negative controls were assessed by

the conditional binomial test of Kastenbaum and Bowman (1970) on

the MICROSTA program, with significance levels of α = β = 0.05. The

multiple decision method developed by Frei and Würgler (1988) was

utilized to classify overall responses as positive, weakly positive,

negative, or inconclusive. Research data were also analyzed by the

Mann–Whitney–Wilcoxon non-parametric U test to exclude false

positive and negative results (Frei & Würgler, 1988, 1995), and a

P value equaling or less than 0.05 (P = 0.05) was considered

significant.

The normality of variance was analyzed by Kolmogorov–Smirnov

and Shapiro–Wilk test, and homogeneity of variance was evaluated

by Levene's test. Data that followed normal distribution and equal

variance (Comet assay and the endotoxin assay) were analyzed with

the Student's t test, using SigmaPlot version 11.0 (SPSS, Chicago, IL).

The data following normal distribution and equal variance (climbing

assay) were further analyzed by one-way ANOVA on SigmaPlot ver-

sion 11.0 (SPSS, Chicago, IL). Data with unequal variance or skewed

distribution (viability, ROS production, and hemocyte counts) were

assessed by the non-parametric Mann–Whitney U test. Findings

were considered statistically significant when the P value was ≤0.05.

All data from experiments are presented as means of two indepen-

dent experiments, including duplicates of each one of these, unless

stated otherwise. The values of the parameters were calculated and

presented as arithmetic mean ± standard error.

3 | RESULTS

3.1 | Characterization of graphene and MWCNTs

The NMs used in the study were characterized by using different

techniques including TEM, SEM, EDX, DLS, and LDV. Results are pres-

ented as supporting information (Figures S1–S4). Examples of TEM

and SEM figures are shown in Figures S1A,B, S2A,B, S3A,B, and S4A,

B. The average diameters obtained using DLS were 116.90 ± 2.25 nm,

178.40 ± 3.68 nm, 172.80 ± 2.73 nm, and 170.80 ± 3.42 nm for

graphene or MWCNTs, respectively (Figures S1D, S2D, S3D, and

S4D). Polydispersity Index (PDI) obtained using DLS were 0.289 for

graphene and 0.447, 0.409, and 0.414 for MWCNTs, respectively.

Zeta potential average calculated by the LDV technique was 15.80

± 2.687 mV, �9.86 ± 2.317 mV, �2.83 ± 1.935 mV, and �7.80

± 1.04 mV for graphene and MWCNTs, respectively (Figures S1D,

S2D, S3D, and S4D). Relatively high values of hydrodynamic diameter

and relatively lower zeta potential values suggest tendency of NMs to

aggregate. In order to avoid more aggregation, all experiments were

carried out by utilizing freshly sonicated NM dispersions. The carbon

peaks detected by TEM in energy dispersive X-rays microanalysis

(EDX) were 95.12%, 95.39%, 97.34%, and 90.9% (Figures S1C, S2C,

S3C, and S4C). On the other hand, peak carbon values in energy dis-

persive X-rays microanalysis (EDX) conducted by SEM were 97.67%,

86.42%, 90.82%, and 83.85% (Figures S1C, S2C, S3C, and S4C).

3.2 | The endotoxin level of NMs

The endotoxin levels of NMs used in this study were measured

through the LAL assay (Figure S5). Endotoxin levels at all different

concentrations were below the reference limit of detection (0.117667

EU/ml). The detected levels of endotoxins at the greatest

concentration (250 μg/ml) were 0.025, 0.036, 0.037, and 0.038

EU/ml, which meant that none of the NMs were contaminated with

endotoxins.

3.3 | Toxicity of graphene and MWCNTs

Prior to any testing, the toxicity of the solvent (IPA) was assessed in

the study. The results showed that it had a viability (egg to adult sur-

vival in Drosophila) of 96% for a concentration of 1% of IPA. The via-

bility of clear distilled water was 100%. The toxic effects of the

exposure to graphene or MWCNTs, applied during the entire larval

development, were specified as variations in the ability to reach the

adult stage. Detrimental toxic effects of NMs were observed at doses

higher than 250 μg/ml (i.e. 500, 750, and 1,000 μg/ml). Upon expo-

sure to 250 μg/ml of graphene or MWCNT, about 75%, 73%, 71%,

and 70% of the treated eggs managed to reach adult stage, respec-

tively. Based on these observations, graphene or MWCNTs

(250 μg/ml) may be considered as nontoxic chemicals in

D. melanogaster. The highest toxicity of MWCNTs-NH2 was observed

at the highest doses, with viability levels of 20%, 17%, and 11% fol-

lowing exposure to NMs at 500, 750, and 1,000 μg/ml, respectively

(Figure 1).

3.4 | Reactive oxygen species (ROS) in hemocytes

ROS inhibition in hemocytes of third-instar larvae was examined after

exposure to graphene or MWCNTs, and compared to untreated
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controls (Figure 2A–E). The potential presence of graphene or

MWCNTs in the hemolymph presumes that these materials might

interact with hemocytes producing biological effects. The results indi-

cated that graphene or MWCNTs exposure induced higher dose-

dependent ROS production in hemocytes, reaching significance at the

highest tested doses (100 and 250 μg/ml). The concentrations of

100 and 250 μg/ml have statistically significant for oxidative stress.

ROS values in the highest concentration (250 μg/ml) were higher in

MWCNTs-NH2 (290%) than in graphene or MWCNTs (as pure and

COOH functionalized) (275%, 281%, and 284%, respectively),

suggesting that MWCNTs-NH2 exhibited greater oxidative stress than

other NMs (Figure 2E).

3.5 | Genotoxicity studies

3.5.1 | The comet assay

The Comet assay for hemocytes exposed to NMs showed significant

dose-dependent increases in the rate of DNA-strand breaks as com-

pared to negative controls (IPA, 1%). To confirm that no special toxic-

ity was induced in hemocytes due to the larval treatments or by the

isolation procedure, previously, a viability assay was conducted. This

was carried out using the Trypan blue viability approach. As indicated,

no significant toxicity effects were observed for neither of graphene

used or for the MWCNTs (data not shown). In addition, Comet assay

findings noted that NMs failed to markedly affect levels of DNA dam-

age in hemocytes from the Drosophila larvae (Figure 3A). The greatest

DNA damage was detected at doses of 100 and 250 μg/ml, which

suggests that MWCNTs-NH2 could be more genotoxic than the

others. The relative genotoxic potencies according to the observed

DNA damage at the highest concentration (250 μg/ml) are as follows:

MWCNTs-NH2 (40.22% of DNA tail), graphene (38.26% of DNA tail),

MWCNTs-COOH (36.54% of DNA tail), and MWCNTs-Pure (34.71%

of DNA tail) (Figure 3A). Evidence indicates tail length may be associ-

ated with adverse effects.

The results show positive values for that significant increases on

oxidative DNA damage values were observed at highest concentra-

tion of NMs (250 μg/ml). The net oxidative damage was calculated by

subtracting the baseline DNA damage level from the value obtained

from the corresponding enzyme. The values were observed with Endo

III enzyme were higher than those obtained using Fpg, though they

failed to reach a significant level. Therefore, oxidation at purine bases

detected by Fpg could be suggested to exert no important genotoxic

effect after exposure to graphene or MWCNTs. These effects were

observed in all NMs (Figure 3B), and such effects were evaluated as

the percentage of DNA in fly tail as a measure of genotoxicity.

3.5.2 | The wing-spot assay

Tables 1–4 show the results found in transheterozygous larvae and

balancer heterozygous larvae exposed to various doses of graphene

or MWCNTs. These NMs were administered to third-instar larvae at

doses ranging from 0.1 to 250 μg/ml. The larvae were constantly

exposed to such doses throughout the period lasting until the comple-

tion of larval development. Single mutant spots are known to be cau-

sed by somatic mutations or somatic DNA recombination, and twin

spots are known to appear only as a result of somatic mutations. The

results indicated that graphene or MWCNTs (250 μg/ml) induced sig-

nificant increases in the incidence of small mwh single spots, large sin-

gle spots, in the total number of mwh spots, and in the total number

of mutant spots, depending on the dose to which flies were exposed.

The presence of small or large spots is not considered to be deter-

mined by the genotoxic potency of an agent; instead, it is determined

by on the length of time during which it reaches the target cells. That

points to the fact that these NMs progressed through the wing imagi-

nal disks rather slowly and only caused DNA damage at final stages of

development. Significant increases were observed in the positive con-

trol of each type of mutant clone upon treatment with EMS (1 mM).

The results indicated high level of mutagenic and recombinogenic

effects of EMS (Graf et al., 1984).

F IGURE 1 Toxicity of graphene or MWCNTs
(as pure, amide [NH2] functionalized and carboxyl
[COOH] functionalized) in D. melanogaster. Toxic
effects were measured as loss of viability (egg to
adult survival) related to the control values. N = 5
vials per concentration, with 50 eggs/vial. The
statistical approach was analyzed with the Mann–
Whitney U test. ***P ≤ 0.001 compared to control
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F IGURE 2 ROS production in hemocytes of third instar of untreated (0) and treated larvae exposed to different concentrations (0.1, 10, 100,
and 250 μg/ml) of graphene or MWCNTs (as pure, amide [NH2] functionalized and carboxyl [COOH] functionalized) (A–D). Hemocytes were
incubated with 5 μM DCFH-DA at 24�C for 30 min and observed using fluorescent microscopy. The fluorescence intensity of the hemocytes of
treated larvae with graphene or MWCNTs were quantified by ImageJ analysis (E); 0.5 mM H2O2 was used as positive control. ***P ≤ 0.001 when

compared to the negative control using Mann–Whitney U test
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In an attempt to have a better understanding of mechanisms by

which graphene or MWCNTs (250 μg/ml) induced mutant spots, car-

ried out another experiment with balanced heterozygous larvae.

Somatic gene recombination is often suppressed in this genotype, and

only clones initiated by somatic mutations are monitored; however,

no significant single or total mutant clones could be observed. The

results of this experiment are summarized in Tables 1–4. These find-

ings suggest that exposure to graphene or MWCNTs may lead to gen-

otoxicity mainly via somatic DNA recombination route. Despite the

lack of statistically significant detrimental impacts, should note that

the NM-exposure led to a concentration-dependent rise in the rate of

mutant clones.

The fraction of mutants in transheterozygous flies due to recom-

bination increased from 40% to 75.76% upon exposure to the largest

dose (250 μg/ml) of graphene or MWCNTs (Tables 1–4). The greatest

recombinogenic effect was observed after exposure to 250 μg/ml

MWCNTs-NH2 (75.76%). This was followed by graphene exposure at

250 μg/ml (66.67%), MWCNTs-COOH exposure at 250 μg/ml

(42.86%) and MWCNTs-Pure exposure at 250 μg/ml (66.67%) in a

descending order (40%).

3.6 | Morphological alterations

In addition to egg-to-adult survival rates examinations, also the possi-

ble effects of the NMs that occurred during metamorphoses were

examined. It should however note that Drosophila flies develop into

adults inside the pupae, so they are exposed to compounds from the

larval imaginal disks throughout the complete larval development. A

thorough morphological analysis of various structures found in adult

flies, such as eye, mouth, abdomen, legs, and wings revealed that

morphological alterations occurred upon exposure to graphene or

MWCNTs. The morphological defects observed in two highest con-

centrations (100 and 250 μg/ml) of NMs. Figure 4A represents normal

phenotypes of adult D. melanogaster. A morphological defect in the

eye (Figure 4B), mouth (Figure 4C), abdomen (Figure 4D), legs

(Figure 4E), and wings (Figure 4F) were reported in the flies at a con-

centration of 100 and/or 250 μg/ml concentrations graphene or

MWCNTs.

3.7 | Phenotypic variations

After treatment of four different concentrations (0.1, 10, 100, and

250 μg/ml) of graphene or MWCNTs, F0 (parent) was obtained,

and then, phenotypic variations were examined. Later, Drosophila

adult individuals belonging to F1, F2, and F3 generations were

obtained from F0 individuals. The F1, F2, and F3 generations of Dro-

sophila flies contain both normal and defective flies. The results

obtained from F0, F1, F2, and F3 generations showed phenotypic var-

iations in the wings and mouths of flies at the two highest concentra-

tions (100 and 250 μg/ml).

For each generation, each application concentration was made

three times, and a total of 1,500 flies were observed. Figure 5A

shows normal wing phenotype of adult D. melanogaster. The pheno-

typic variations observed in the wings of individuals exposed to

graphene or MWCNTs were 34 ± 1.2% (510 adult individuals), 35

± 0.9% (525 adult individuals), 41 ± 1.8% (615 adult individuals), and

38 ± 1.6% (570 adult individuals) of the total population, respec-

tively (Figure 5B–F). On the other hand, Figure 6A shows normal

mouth phenotype of adult flies. The phenotypic variations observed

in the mouth of individuals treated with graphene or MWCNTs

F IGURE 2 (Continued)

DEMIR 459



were 39 ± 0.8% (585 adult individuals), 40 ± 1.1% (600 adult individ-

uals), 46 ± 0.5% (690 adult individuals), and 42 ± 1.9% (630 adult

individuals) of the total population, respectively (Figure 6B–F).

3.8 | Effect of graphene and MWCNTs exposure
on climbing behavior in flies

Impaired climbing ability is generally considered an indication of seri-

ously damaged locomotor behavior in flies. Significant differences

were detected in climbing behavior among test and control flies after

7-day exposure to NMs. Locomotor behavior was determined as 92

± 4.7% in IPA (1%), but the climbing efficiency was highly impaired in

the flies exposed to 250 μg/ml of graphene or MWCNTs (56 ± 9.1%),

(61 ± 7.3%), (49 ± 8.7%), and (58 ± 9.5%), while those exposed to

100 μg/ml were observed to have even worse climbing efficiency (74

± 8.4%), (72 ± 3.9%), (68 ± 7.2%), and (70 ± 5.2%) respectively, as

compared to controls (100%) (Figure 7). The results indicated that

exposure to graphene or MWCNTs induced greater impairment in

climbing efficiency in flies depending on the dose exposed, reaching

significance at the highest tested concentrations (100 and 250 μg/ml).

3.9 | Detection of parasitoid resistance
(or encapsulation assay) and cellular immune response

Graphene or MWCNTs were applied together with two different lines

of L. boulardi (NSRef and G486), one of the most important natural

enemies of D. melanogaster, endoparasitoid wasps. A statistically sig-

nificant increase was observed in the number of capsules,

F IGURE 3 Genotoxic effects of
graphene or MWCNTs (as pure, amide [NH2]
functionalized and carboxyl [COOH]
functionalized) in the comet assay. Results
indicate the % of DNA tail induced after the
larvae exposed to different concentrations
(0.1, 10, 100, and 250 μg/ml) of graphene or
WCNTs for 24 h (three replicates were
carried out, and 100 randomly selected cells

were analyzed per treatment) (a). Net
oxidative damage induction in hemocytes
after graphene or MWCNTs exposure at the
concentration of 250 μg/ml during larvae
stage. Effects induced by buffer exposure
were subtracted from those obtained after
enzyme treatments (Endo III and Fpg) (B).
Data represent the mean ± standard error
(SE) of the mean. EMS (4 mM) was used as
positive control. *P ≤ 0.05, ***P ≤ 0.001 when
compared to the negative control using
Student's t test
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F IGURE 4 Normal phenotypes of adult D. melanogaster (a). Morphological alterations in the eye (B), mouth (C), abdomen (D), leg (E), and wing
(F) parts of adult D. melanogaster observed at 100 and/or 250 μg/ml concentrations of graphene or MWCNTs (as pure, amide [NH2]
functionalized and carboxyl [COOH] functionalized). Black circles indicate the defective area in the image

F IGURE 5 Normal wing phenotype (a) and abnormal wing phenotypes (B–F) in F0, F1, F2, and F3 generations obtained after treatment with
100 and 250 μg/ml concentrations of graphene or MWCNTs (as pure, amide [NH2] functionalized and carboxyl [COOH] functionalized) to
drosophila larvae. Black circles indicate the defective area in the image
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encapsulation rate and capsule rate at 250 μg/ml of graphene or

MWCNTs (Tables S5–S8). Considering the number of infected flies,

number of capsules, encapsulation rate, and capsule rate, MWCNTs-

NH2 treatment is more effective than other NMs.

Total hemocyte counts were investigated after treatment of

graphene or MWCNTs and L. boulardi (NSRef and G486) to Drosophila

larvae (48 ± 4 h). NSRef and G486 treatment with the highest concen-

tration of graphene or MWCNTs (250 μg/mL) showed an increase in

the number of hemocyte compared to the group that only NM treated

(Figure 8A–D).

Proportions of lamellocytes and plasmatocytes were investigated

after treatment of graphene or MWCNTs and L. boulardi (NSRef and

F IGURE 6 Normal mouth phenotype (a) and abnormal mouth phenotypes (B–F) in F0, F1, F2, and F3 generations obtained after treatment
with 100 and 250 μg/ml concentrations of graphene or MWCNTs (as pure, amide [NH2] functionalized and carboxyl [COOH] functionalized) to
drosophila larvae. Black circles indicate the defective area in the image

F IGURE 7 Climbing behavior of flies

monitored after 7 days of exposure to
MWCNTs (as pure, amide [NH2]
functionalized and carboxyl [COOH]
functionalized) recorded after 10 s. data
represent the mean ± standard error
(SE) of the mean. **P ≤ 0.01, ***P ≤ 0.001
when compared to the negative control
using one way ANOVA
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G486) to Drosophila larvae (48 ± 4 h). A significant increase in the

number of lamellocytes at 250 μg/ml was observed after endoparasite

infection, depending on the concentration. The increase in L. boulardi

(NSRef) infection along with NM application is higher than

L. boulardi (G486) (Figure 9A,C,E,G). On the other hand, graphene or

MWCNTs did not induce significant increases in the proportion of

plasmatocytes (Figure 9B,D,F,H). Figure 9I represents infected

D. melanogaster larvae and adult with L. boulardi (NSRef or G486).

4 | DISCUSSION

Humans and other vertebrates have an innate defense system as the

first line of defense to fight microbial pathogens like viruses before

the acquired immune system is triggered. Thanks to the remarkable

homology between humans and Drosophila innate immune mecha-

nisms, these flies have recently been used in research into our

immune response to infection. Although they do not possess an adap-

tive immune system like all invertebrates but only innate immune

mechanism composed of circulating hemocytes, Drosophila flies fight

pathogens through a series of defensive reactions. This makes it an

ideal model to investigate characteristics of human innate immune

system that could otherwise be overshadowed by adaptive

immune system. The three mature hemocyte types are the

plasmatocytes, crystal cells, and lamellocytes are known to work

together to mediate the Drosophila immune response against parasit-

oid infection. During the immune response against parasitoids in

Drosophila, three types of hemocytes are mobilized, which include

lamellocytes, crystal cells, and plasmatocytes (Leit~ao et al., 2019;

Lemaitre & Hoffmann, 2007). Drosophila's immune defense against

parasites triggers a specialized cellular response known as encapsula-

tion, which relies on the three different types of mature blood cells

(Lavine & Strand, 2002; Leit~ao & Sucena, 2015). In order to generate

lamellocytes, crystal cells, and plasmatocytes, Drosophila hemocytes

rapidly begin to differentiate in the case of infection (Kraaijeveld

et al., 2001).

Plasmatocytes are phagocytic and analogous to human macro-

phages and engulf small particles and bacteria while transforming into

lamellocytes. The most abundant hemocyte is the plasmatocyte, com-

prising approximately 90–95% of total hemocytes in the healthy larva

(Gold & Brückner, 2015; Honti et al., 2014; Letourneau et al., 2016).

They do however play a key role in the fight against parasitoid infec-

tion as the first cells to adhere to the parasitoid egg to form the pri-

mary layer of encapsulating cells linked together with tight junctions

F IGURE 8 Total number of hemocytes data obtained after treatment with graphene or MWCNTs (as pure, amide [NH2] functionalized and
carboxyl [COOH] functionalized) in combination with Leptopilina boulardi (NSRef or G486) to 48-hour drosophila larvae (A-D). *P ≤ 0.05 graphene
or MWCNTs+L. boulardi (NSRef or G486) treatment compared to graphene or MWCNTs (Mann–Whitney U test)
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(Honti et al., 2014). Lamellocytes are large cells encapsulating foreign

bodies, such as parasitoid eggs, just like human platelet clotting. Lam-

ellocytes are the least abundant cell type in healthy larvae, rarely seen

in uninfected larvae and never seen in embryos or adult flies (Jalvingh

et al., 2014), but are generated in large numbers upon parasitoid infec-

tion (Lanot et al., 2001). Once adhered to the parasitoid egg,

lamellocytes recruit crystal cells to the site, melanizing and killing the

egg in an oxidative burst. Lamellocytes produce one of the three poly-

phenoloxidases (PPO) found in the Drosophila genome in order to fully

melanize the capsule (Dudzic et al., 2015). If the encapsulation is not

fast enough, or the response is impaired or overwhelmed, wasp larvae

are most likely to kill their host (Strand, 2008). No studies in

F IGURE 9 Proportions of lamellocytes and plasmatocytes data obtained after treatment with graphene or MWCNTs (as pure, amide [NH2]
functionalized and carboxyl [COOH] functionalized) in combination with Leptopilina boulardi (NSRef or G486) to 48-hour drosophila larvae (A–H).
Infected D. melanogaster larvae and adult individual (I). Black circles indicate parasitoid wasps encapsulated in D. melanogaster. *P ≤ 0.05 graphene
or MWCNTs+L. boulardi (NSRef or G486) treatment compared to graphene or MWCNTs (Mann–Whitney U test)
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D. melanogaster have tested the parasitoid resistance, and cellular

immune response of graphene or MWCNTs exposure along with

L. boulardi (NSRef and G486) infection. An important aspect of this

study was the use of parasitoid wasps to determine immune response

and resistance. This is the first study to evaluating the immune-

nanotoxicity potential of graphene or MWCNTs using

D. melanogaster. At the highest concentration (250 μg/ml) of graphene

and MWCNT (as pure, NH2 functionalized, and COOH functionalized)

did inducesignificant effects in the number of hemocytes, especially

lamellocytes.

It is vital to understand immune compatibility before NMs are

consumed and used in clinical settings. This can only be achieved by

determining NM-induced immune toxicity using in vitro and in vivo

testing. However, there are some difficulties in selecting an appropri-

ate model and endpoint for in vitro testing. More specifically, the

selection of positive and negative controls to employ could be a com-

plicated decision, and predictability of immune-nanotoxicity in in vivo

tests is inherently difficult. Therefore, it is known that standard

in vivo toxicity screens afford low sensitivity in determining immune

nanotoxicity. Extensive breeding periods in mammals, high costs, and

growing ethical concerns have been restricting widespread use of

mammals as test models in immune nanotoxicity experiments.

D. melanogaster, on the other hand, offers a versatile and dynamic tool

with a huge potential to accelerate research into toxic impact of NMs

on the immune system (Demir, 2020c; Demir & Marcos, 2017, 2018a;

Ng et al., 2019). Previous studies have shown that NMs may cause

some serious adverse effects on the immune system, but despite its

advantages, there is still little research to explore immune toxicity of

NMs using D. melanogaster. Despite the structural differences, the

degree of biological and physiological protection makes Drosophila a

valuable model in nanotoxicology (Pappus & Mishra, 2018;

Vecchio, 2015).

Graphene oxide (GO) widely used in biotechnological fields and

medical applications. GO is attracting great attention; however, its

long-term effects on organisms have yet to be characterized. To that

end, researchers have been conducting studies to discover possible

effects of GO NPs using model organisms. One of these studies eval-

uated in vivo toxicity of GO NPs in D. melanogaster after oral admin-

istration, finding that these NPs can induce developmental delay and

reduce adult hatching and that the toxicity of GO could be associ-

ated with production of oxidative stress (Zou et al., 2016). Their lon-

gevity assay results suggested that GO NPs caused little adverse

effects in the longevity of flies. One study examined the impacts of

different doses of dietary GO nanosheets on the development of

D. melanogaster. They found that the exposure led to significant

changes in the crawling speed and trailing path during the larval

F IGURE 9 (Continued)
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stage, as well as production of ROS in the larval hemolymph, DNA

damage, impaired phototactic and geotactic behavior in adult flies.

Furthermore, researchers observed phenotypic defects in the

wings, eyes, thorax bristles, and mouths of the flies (Priyadarsini

et al., 2019). Three-dimensional nanocomposites produced from two-

dimensional GO nanoplatelets and oxide materials have been

reported to exhibit improved mechanical and biological properties,

with favorable cell viability when tested in D. melanogaster (Kumar

et al., 2019). More recent research compared the in vivo toxicity of

GO NPs and ZnO NPs using different assays such as mortality, MTT,

larval crawling, and climbing screens, as well as analyses of protein

content. GO NPs were found to induce less cytotoxicity, while ZnO

NPs impaired the neuromuscular coordination as a neurotoxic effect

(Sood et al., 2019). All these findings are in agreement with the

results in D. melanogaster showing that the induced somatic recombi-

nation detected in the SMART, elevated ROS production, DNA dam-

age, alteration in locomotor ability increased significantly with

concentration of graphene.

Plenty of previous work in the relevant literature looked into pos-

sible detrimental impact of CNTs in Drosophila flies, while only two

studies have so far deal examined their genotoxic effects in vivo. In

the first study, the researchers exposed Drosophila larvae to SWCNTs

and studied their biodistribution in several larval compartments and

found that CNTs had no significant impact on the viability of larvae

(Leeuw et al., 2007). MWCNTs, on the other hand, were found to

adhere weakly failing to cause a marked impairment in locomotor

function or survival (Liu et al., 2009). The lack of toxicity of SWCNT

exposure was also confirmed by a study that reported no effects on

larval growth and viability (Philbrook et al., 2011). One study used a

different exposure approach by injecting CNTs into Drosophila

embryos rather than including them in food medium and observed

that MWCNTs no verifiable effects on cell motility, tissue and organ

formation, cell communication, and embryo viability (Liu et al., 2014).

Despite these reports, seemingly contradicting findings noted that

CNT exposure by injection caused significant mortality; however,

SWCNTs at lower doses were found to exert greater toxic effects

than MWCNT exposure (Vega-Alvarez et al., 2014). All these studies

suggest that Drosophila embryos might be an ideal model in NM toxic-

ity testing. Overall, these toxicity findings from Drosophila research

seem to corroborate the common view that SWCNTs in terms of

aspect ratio exert more detrimental effects than those caused by

MWCNTs (Jia et al., 2005).

As for the genotoxicity of CNTs in Drosophila, only two studies

have so far used the wing spot assay to measure somatic mutation

and recombination upon NM exposure. They reported negative

results for MWCNTs in agreement the current scientific opinion that

MWCNTs had no genotoxicity at reported exposure doses in high

metabolic efficiency strains (Machado et al., 2013) or standard strains

of flies (de Andrade et al., 2014). Lastly, a recent study examined the

toxicity of candle soot derived CNTs through an in vivo assay in Dro-

sophila flies and found no toxic effects (Pandey et al., 2019). In this

study, the results obtained from trans-heterozygous wings (mwh/flr3)

exposure to 250 μg/ml concentrations of the MWCNTs (as pure, NH2

functionalized, and COOH functionalized) demonstrated clearly posi-

tive results for small single spots, large single spots, total mwh spots,

and total spots. The results obtained current study showed that the

MWCNTs at higher concentrations were potentially genotoxic via

the induction of somatic recombination.

5 | CONCLUSION

This has been the first study to use D. melanogaster as an in vivo

model to examine the nanotoxicity, nanogenotoxicity, immune-nan-

otoxicity, phenotypic variations, locomotor behavior, morphological

defects, parasitoid resistance, and cellular immune response upon

exposure to graphene or MWCNTs. The results once again validated

D. melanogaster as a dynamic in vivo model to explore possible risks

and effects of these NMs. However, since such studies are directly

related to human and environmental health, future toxicity testing

and studies are warranted to confirm the reliability of various sys-

tems (in vivo and in vitro research) and model organisms to explain

of the molecular mechanisms triggered by exposure to NMs. The

main points of the foregoing discussion could be summarized as

follows:

1. These samples were not contaminated with endotoxins.

2. The NMs did induce significant cytotoxic effects at doses lower

than 250 μg/ml.

3. There were notable changes in intracellular ROS production, pri-

mary DNA damage, and oxidative DNA damage after exposure to

concentrations of 100 and/or 250 μg/ml.

4. The largest dose of NMs (250 μg/ml) was found to exert geno-

toxic impact in the wing-spot assay by inducing somatic

recombination.

5. The NMS induced elevated concentration-dependent climbing

efficiency (or locomotor behavior) in flies, reaching

significance at the highest tested concentrations (100 and

250 μg/ml).

6. A statistically significant increase was observed in the number of

capsules and encapsulation rate at the dose of 250 μg/ml.

7. L. boulardi strains (NSRef and G486) treatment with the highest

concentration of the NMs (250 μg/ml) showed an increase in the

number of hemocyte compared to the group that only NM

treated.

8. A significant increase in the number of lamellocytes at

250 μg/ml was observed after endoparasite infection

depending on the concentration. The increase in L. boulardi

(NSRef) infection along with NM application is higher than

L. boulardi (G486).

9. A morphological defect in the eyes, mouths, abdomens, legs, and

wings of the flies were observed at two largest doses (100 and/or

250 μg/ml).

10. Phenotypic variations were detected in the wings and mouths of

F0, F1, F2, and F3 generations at the two largest doses (100 and

250 μg/ml) of NM exposure.
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