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ABSTRACT

In this study, 38 nm-sized and flake-like-shaped CuO NPs (10, 50, 100, 150 g/10 pl/larva) were force-fed
to fourth instar (100+20mg) Galleria mellonella (Lepidoptera: Pyralidae) larvae under the laboratory
conditions. The effects of CuO NPs on total hemocyte counts (THCs) and the frequency of viable,
mitotic, apoptotic, necrotic, and micronucleated hemocyte indices were detected with the double-stain-
ing protocol by hematoxylin and eosin (H&E) stains. The total hemocyte counts (THCs) did not change
significantly in G. mellonella larvae at all concentrations for 24 h and 72 h post-force-feeding treatment.
The ratio of viable hemocytes decreased at 50, 100, 150 ug/10 pl concentrations in 24h and 72 h when
compared with untreated larvae. The increases in the percentage of mitotic and micronucleated hemo-
cytes were statistically significant at 150 ug/10 ul in 24 h. The results showed that high concentrations
(>10pg/10 pl) of CuO NPs increased the percentage of apoptotic hemocytes in 24h. 100 and 150 pg/
10l of CuO NPs caused a significant increase in the percentage of necrotic hemocytes in 24 h. The
decrease in the percentage of mitotic hemocytes at 10, 100 and 150 ug/10 ul in 72h was statistically
significant. Apoptotic hemocytes increased and were found to be higher at 100 and 150 ug/10ul of
CuO NPs in 72h in comparison with the untreated larvae. Finally, we observed an increase in the per-
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centage of necrotic hemocytes at 150 ug/10 pl in 72 h.

Introduction

In recent years, nanoparticles (NPs) have been introduced to
a wide range of biological applications used in the medical
industry, against cancer, neurological disorders, cardiovascu-
lar diseases, respiratory disorders, liver diseases and skin
infections (Rai et al. 2015). Also, NPs are being used for
diverse purposes, from medical treatments and energy stor-
age in various branches of industrial products such as solar
and oxide fuel batteries for energy storage, to wide incorpor-
ation into diverse materials of everyday use such as cosmet-
ics or clothes (Hasan 2015, Jeevanandam et al. 2018). For a
metallic particle to be considered ‘Nano,” its size must be
between 1-100nm (Nakamura et al. 2019). Copper oxide
nanoparticles (CuO NPs) are used today in many fields such
as commercial products, agrochemicals, paints, semicon-
ductor compounds, sensors, catalyzers, and antimicrobial
products, which leads to their growing release into terrestrial
and aquatic ecosystems (Keller et al. 2017, Simonin et al.
2018, Tungsoy 2018). The CuO belongs to the monoclinic
crystal system, with a crystallographic point group of 2/m or
C,p- (Sahdan et al. 2015). Its monoclinic structure offers ther-
mal superconductivity, thermal stability (Zhang et al. 2014,
Quirino et al. 2018), photovoltaic properties, and antimicro-
bial activity to CuO nanostructue (Tran and Nguyen 2014,
Quirino et al. 2018). Today, living organisms can be exposed

to nanomaterials that are present in the environment. As a
result, determining the negative effects of nanomaterials on
biological systems is one of the research topics. In addition
to this exposure, the physicochemical properties of NPs are
very important in the evaluation of toxic effects. For example,
the unique size, shape, morphology, composition, distribu-
tion, dispersion, surface area, surface chemistry, and reactivity
of nanomaterials are expected to affect their toxicity
(Oberdorster et al. 2005, Sahu and Hayes 2017), which makes
their toxicity evaluation complex (Dhawan and Sharma 2010,
Pfaller et al. 2010, Sahu and Hayes 2017). NPs can have differ-
ent shapes and sizes such as, nanospheres, nanorods, nano-
bars, nanoprisms, decahedron by selecting different
chemicals during their synthesis for reduction and stabiliza-
tion of them (Mukherji et al. 2019). CuO NPs can be in nee-
dle, spherical, spindle, sheet, flake, and nanowire shapes
(Eltarahony et al. 2018). The specific characteristics of nano-
materials determine their toxicity in higher organisms
(Brandelli, 2020). Due to their physical and chemical proper-
ties, NPs may be more toxic to organisms than ionic forms.
In addition, they can enhance the enzymatic antioxidant
defence system, DNA damage, membrane permeability, cell
death, and cause the genotoxicity and neurotoxicity in organ-
isms (Tungsoy, 2018). CuO NPs induce reactive oxygen spe-
cies (ROS) and oxidative stress, which can cause DNA
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damage and increase the expression of death receptors
(Yang et al. 2009, Shafagh et al. 2015). Under physiological
and pathological conditions, both reactive oxygen species
(ROS) and mitochondria play an important role in the induc-
tion of apoptosis (Simon et al. 2000). Cells may activate the
controlled cell death (apoptosis) program, or necrosis may
occur where the membrane integrity is lost and uncontrolled
death is being executed for cell lysis. The CuONP-treated cell
can die by apoptosis and necrosis, which can be distin-
guished by morphological and biochemical features (Alarifi
et al. 2013). Evidence of necrosis with nuclear lysis, organelle
disintegration, cytoplasm vacuolation, and intercellular con-
tact disorganization was indeed observed after topical appli-
cation of CuO NPs onto stripped, but not intact, epidermis
(Alarifi et al. 2013). Cuo NP-based cytotoxicity in keratinocytes
and fibroblasts has also been reported in the literature
(Alarifi et al. 2013, Luo et al. 2014). Conversely, the cells
exposed to the process of necrosis commonly swell rapidly,
lose membrane integrity, stopped metabolism, and secreted
their contents (istifli et al. 2019). Damaged cells undergoing
necrosis display gross morphological and anatomical struc-
tures when exposed to extreme environmental conditions,
which is different from apoptosis in almost every respect
(Ferri and Kroemer 2001). Mitotic index, which means the
relative number of hemocytes in the total cell population
and its alterations helps to determine the cytotoxic effects of
an agent (Beaulaton 1979, Vieira and Silveria 2018).
Micronucleus structures can arise from the mitotic loss of
acentric fragments, a variety of consequences of chromo-
somal breakage, an exchange or mitotic loss of chromo-
somes, and apoptosis. The second is a form of nuclear
destruction where the nucleus disintegrates and nuclear frag-
ments are formed (Kog¢-Baser et al. 1999, Tomanin 1991). The
micronucleus test is frequently used to determine the geno-
toxic effects of various chemicals, chemical compounds, and
agrochemicals on organisms (Hayashi 2016). The cytotoxic,
genotoxic effects and potential toxicity values of some chem-
ical compounds on some insects were investigated by force-
feeding treatment (Dere et al. 2015, Eskin et al. 2019,
Gwokyalya et al. 2019, Eskin et al. 2020). Force-feeding is the
practice of forcing a person or an animal to eat and drink,
often by putting food into the stomach through the mouth
by means of a pipe. The toxicity studies of microorganisms
or toxic substances are carried out on insects via forced-feed-
ing treatment (Ramarao et al. 2012, Dere et al. 2015, Eskin
et al. 2019). One model organism that has been utilized for
studies on cytotoxicology of nanomaterials is the greater wax
moth Galleria mellonella (Lepidoptera: Pyralidae). The caterpil-
lar larva of the greater wax moth G. mellonella has several
advantages, including the ability to incubate at 37°C, short
life span, and a size that is convenient for handling and rela-
tively precise dosing (Andrea et al. 2019). The immune sys-
tem of G. mellonella larvae is structurally and functionally
similar to the innate immune response of mammals, which
makes this model suitable for such studies (Pereira et al.
2018). Therefore, nanotoxicology-based studies with this
insect will help determine the possible effects on the ecosys-
tem and humans (Zorlu et al. 2018). The negative effects of
CuO NPs on enzyme activity such as and catalase (CAT),

superoxide dismutase (SOD), glutathione peroxidase (GPx),
glutathione-s-transferase (GST), acetylcholinesterase (AChE)
by increasing ROS levels have also been reported in G. mello-
nella larvae (Tungsoy et al. 2019). However, studies to deter-
mine the toxic effects of CuO NPs on G. mellonella
hemocytes are quite limited. So, we conducted the present
study to determine whether 38nm-sized and flake-like-
shaped CuO NPs affect the THCs of G. mellonella. Besides, the
various identified effects, it is possible that CuO NPs affects
the cellular immunity of insects and to reveal these effects,
different cell staining methods are used to detect viable,
apoptotic, necrotic, mitotic, and micronucleated cells. Ou
et al. (2014) identified cell apoptosis with Wright-Giemsa
staining. They found that EPSAH treatment to Hela cells
(50-800 ng/ml for 48 h) showed nuclear fragmentation, chro-
matin condensation and/or chromatin margination which
were characteristic morphological alterations associated with
apoptosis. In another study, apoptotic cells of the gingival
epithelium were detectable after using hematoxylin and
eosin staining (Nayak et al. 2016).

In this study, we stained the G. mellonella hemocytes with
a hematoxylin and eosin staining method, and we observed
the apoptotic bodies and the condensation of the nucleus
clearly. Then, we studied apoptotic, necrotic, mitotic, micro-
nucleated indices of the circulating larval hemocytes of G.
mellonella to reveal the cytotoxic effects of CuO NPs.

Materials and methods
Insects

Galleria mellonella at different life stages (larvae and pupae)
were provided by beekeepers in Nevsehir Province, Turkey.
Larvae of G. mellonella were collected from infested beehives
and reared in jars (11 capacity) until the emergence of the
moths. Their laid eggs were collected. The rearing was car-
ried out using natural wax. The insect colony consisting of
control (untreated) and experiment groups (NP treated) were
reared in dark conditions at 26 +3°C with 60+5% relatively
humidity. All insects rearing and toxicity studies of NPs were
carried out at Avanos Vocational School of Higher Education,
Avanos, Nevsehir, Turkey. Fourth instar (100 +20mg) G. mel-
lonella (Rahman et al. 2017) larvae were used in all
experiments.

Chemicals and materials

In this study, 38 nm-sized and flake-like-shaped CuO NPs
were used. It is a nanopowder and a commercial product of
Nanokar (Istanbul/TURKEY). Hematoxylin (400. ZA. CB 6601)
and Eosin Y (400. ZA. CB 2396) stains were purchased from
Zag Chemistry (Istanbul/TURKEY). Distilled water, 29 gauges
micro-fine insulin syringe, light microscope (Olympus CX21,
Japan), 70% ethyl alcohol, cotton, bath type sonicator (Isolab,
TURKEY), honeycomb, 20 ml plastic boxes, and hematoxylin
(400. ZA. CB 6601) and Eosin Y (400. ZA. CB 2396) stains were
used in all experiments. Luna automated cell counter (USA)
and Luna cell counting slide (USA) were used for total hemo-
cyte counting of G. mellonella larvae. The microscopic images



of hemocytes were taken at magnifications of 1000x with a
Swift microscope camera (USA). Olympus CH2 (Japan) light
microscope was used to take pictures of hemocytes with a
Swift microscope camera.

Characterization of CuO NPs

The scanning electron microscope (SEM) analysis of CuO NPs
was examined at the Erciyes University Nanotechnology
Research Center (ERNAM). A gold coating was applied using
a sputter coating machine (Quorum, Q150R ES, UK) to over-
come the non-conductive nature of the material. The images
of the CuO NPs were taken by scanning electron microscopy
using a Zeiss EVO 50 LS10 (Germany) at 25kV. The scanning
transmission electron microscope (FESEM) analysis of CuO
NPs was conducted at the Erciyes University Technology
Research and Application Center (TAUM). The morphology of
the CuO NPs was investigated by field emission scanning
electron microscopy (FESEM) analysis. The images of the CuO
NPs were taken by using a Zeiss GEMINI 500 device which
was connected to FESEM detector at 25kV. X-ray powder dif-
fraction (XRD) analysis of CuO NPs was examined at Marmara
University, Faculty of Engineering, Metallurgical and Materials
Engineering Department with reference code 98-002-8662.

Determination of lethal concentration 50 and 90 (LCs,
and LCy,) values of CuO NPs in G. mellonella larvae

The toxicity test protocol was arranged according to
Ramarao et al. (2012), Altuntas et al. (2016), and Eskin et al.
(2019). CuO NPs were dissolved in distilled water to prepare
a stock solution of pg/10pl. The concentrations of CuO NPs
(1, 10, 100, 1000 png/10 pl/larva) were prepared from the stock
solution to determine the acute toxicity on larvae for 24h
and 72h. Distilled water free from CuO NPs was used as a
control treatment. After the dissolution of CuO NPs in dis-
tilled water, suspension was homogenized by a bath-type
sonicator for 10min at 40°C. Totally, 60 (three replicates,
each replicate consisted of 20 larvae) fourth instar larvae
(100£20mg) were used for every treatment (control and for
each experiment groups). The selected fourth instar larvae
were starved for 3h (Dere et al. 2019). CuO NPs were admin-
istered to the larvae by the force-feeding method. The force-
feeding treatment of CuO NP concentrations to the larvae
was carried out according to (Ramarao et al. 2012, Eskin
et al. 2019).

Force-feeding treatment

Larvae (100+20mg) were force-fed with 10 ul of the homo-
genized CuO NPs concentrations (1, 10, 100, 1000 pg/10 pl/
larva) or 10 pl distilled water with a micro-fine insulin syringe
(29 gauges) under the stereomicroscope (Ramarao et al.
2012, Eskin et al. 2019). The needle was sterilized with ethyl
alcohol (70%) and cotton after each larva force-fed. Post-
force-feeding treatment, each larva was kept in a sterile plas-
tic box (20ml, with 20 pinhole holes on the top cover to
allow necessary air circulation) without natural wax in dark
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conditions at 26 £3°C with 60+5% relatively humidity. The
numbers of dead larvae and the numbers of viable larvae
were counted in 24 and 72h for probit analysis. The lethal
concentrations (LCsp and LCqo values) of CuO NPs on the
fourth instar G. mellonella larvae were determined by probit
analysis using IBM-SPSS (2011) software (IBM, NY, USA) with
95% confidence levels at 24 and 72 h. According to LCs, val-
ues of CuO NPs, 10, 50, 100, 150 ng/10 pl CuO NPs concentra-
tions were determined as experimental (treated)
concentrations for all hemocyte studies. The larvae were
force-fed with the suspension of CuO NPs at concentrations
of 10, 50, 100, and 150 ng/10 pl/larva) or 10 pl distilled water
(control group, 0) (Ramarao et al. 2012, Altuntasg et al. 2016
and Eskin et al. 2019).

Total hemocyte counting (THC) in the automated
cell counter

The cytotoxic effects of CuO NPs on larval G. mellonella
hemocytes for 24 and 72h were studied. The experiments
were performed according to the following steps for each
larva. Firstly, 45l anticoagulant PBS (0.098 M NaOH, 0.186 M
NaCl, 0.017M Na,EDTA and 0.041M citric acid, pH 4.5) was
added into the centrifuge tube. A fine insect needle was
used to drill the larvae from the anterior section of the hind
leg to collect hemolymph. 5ul of larval hemolymph was
taken with a micropipette. This amount of hemolymph was
transferred into the Eppendorf tube containing 45pl PBS.
Then, the mixture of PBS and hemolymph was homogenized
with a micropipette. 10l of hemolymph was withdrawn
with a micropipette and applied to the Luna cell counting
slide. Finally, the hemocyte size protocol was set in the Luna
automated cell counter device as follows: minimum cell size
5 um, maximum cell size 40 um, dilution factor: 10. The num-
ber of hemocytes per cubic millimeter (1 mm?3) in the hemo-
lymph (THC) and hemocyte numbers in the 10pul of the
mixture (PBS 4 hemolymph) were counted in the device
(Neuwirth 1973, Eskin et al. 2019). Five larvae were examined
for each experimental group and replicated three times.

Evaluation of viable, apoptotic, necrotic, and
micronucleated hemocytes

The dye-staining steps of the insect hemocytes were carried
out at room temperature (26 °C) based on (Richardson et al.
2018) as follows.

Larvae were cleaned with a (70%) ethanol impregnated
moist sterile piece of cloth for preparing slides. Larvae were
drilled from the first segment on the back of the head by a fine
needle, and 5pul hemolymph was taken by a micropipette.
Hemolymph was smeared onto clean and dry slide immedi-
ately. Then hematoxylin and eosin protocol was applied. The
slides were washed in running tap water for 1 min. Finally, the
slides dried for 10 min. at room temperature, and then they
mounted on a coverslip with entellan. 1000 hemocytes were
randomly selected in each slide. Each slide was scanned under
a light microscope (Olympus CX21, Japan) at a magnification of
1000 x. Five larvae were examined for each experimental group
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and replicated three times. Viable, apoptotic, necrotic, mitotic,
and micro-nucleated hemocytes were counted. The cell that
has a fairly intact structure with a staining intensity was eval-
uated and accepted as a viable hemocyte. The cell that
retained its color and was smaller than the main nucleus was
evaluated and counted as micronucleated hemocyte (Venier
et al. 1997). Necrotic hemocytes were evaluated and character-
ized by a pale cytoplasm and a large number of vacuoles,
mainly in the cytoplasm and sometimes in the nucleus
(Bolognesi 2019). Apoptotic hemocytes were evaluated and
characterized by show chromatin condensation in the first
stages and nuclear fragmentation into small nuclear bodies in
the last stages, and their cytoplasm had a lower staining inten-
sity compared with a viable hemocyte (Bolognesi 2019). Finally,
the percentages of viable hemocytes, mitotic hemocytes, apop-
totic hemocytes, necrotic hemocytes, and micronucleated
hemocytes were calculated separately, and the significance lev-
els of differences between the control and experimental
groups were determined.

Statistical analysis

IBM-SPSS (Version 20.0 for Windows, SPSS Science, Chicago,
IL, USA) was used for the data analysis. The Kruskal-Wallis
test was used when the assumptions of one-way ANOVA
were not met. Inter-group differences in the total hemocyte
counts (THCs) were tested using the non-parametric
Mann-Whitney U-test, with significance accepted at p values
< 0.05. An arcsine square root transformation was performed
on the percentages of viable, mitotic, apoptotic, necrotic, and
micronucleated cells before the statistical analysis. Inter-
group differences in the percentages of viable, mitotic, apop-
totic, necrotic, and micronucleated cells were tested using
the Mann-Whitney U-test, with significance accepted at p val-
ues < 0.05 (Altuntas et al. 2012, Eskin et al. 2019).

Results

Figure 1 displays the SEM and FESEM images of CuO NPs
below. The SEM images showed that CuO NPs were in a
flake-like morphology (Figure 1(a,b)) (Reddy et al. 2012). The
FESEM images confirm the nano-flake shapes of CuO NPs.
The nano-flakes are densely populated (Figure 1(c,d)).

As is well-known, XRD is one of the main techniques used
by mineralogists and solid-state chemists to examine the
physical and chemical composition of unknown materials. It
is a very important characterization tool in solid-state chemis-
try and materials science (Hassan et al. 2012). The XRD results
showed that CuO NPs (Yankson et al. 2019) (Table 1)
matched by (Foley 2018) with tenorite-pure monoclinic. The
XRD patterns show that all of the diffraction peaks are in
good agreement with the standard diffraction data for CuO
(ICSD Number: 98-002-8662), and no characteristic peaks
were observed for other oxides (such as Cu,O or Cu,0s3)
(Figure 2). The peaks are broadening due to the nano-size
effect (Shaffiey et al. 2014). Peaks for CuO NPs appear at
260=32.50 (110), 35.52 (002), 38.67 (111), 48.76 (202), 53.53
(020), 58.05 (202), 61.56 (213), 66.03 (022), 67.98 (220), 72.12

(311), and 75.11 (303) respectively (Table 1 and Figure 2).
Peak values correspond with the different planes of mono-
clinic phase of CuO NPs previously reported by literature
studies (Bouazizi et al. 2015, Chikkanna et al. 2018) (Table 1
and Figure 2). The XRD Figure 2 shows the CuO NPs at 2-
theta degree at 35.5° and 38.67° which belong to (002) and
(111), respectively. The peaks confirmed that the studied
nanomaterial is CuO NPs and has monoclinic structure. Its
monoclinic structure means that it is a unique monoxide
compound (Bouazizi et al. 2015).

LCso and LCyg values were calculated to be 370.951 (ug/
10ul) and 781.709 (ug/10ul) for 24h and 298.22 (ug/10pl)
and 671.693 (ug/10pl) for 72h (Table 2). According to LCsq
values of CuO NPs, 10, 50, 100, 150 pg/10 pl CuO NPs concen-
trations were determined as experimental (treated) concen-
trations in this study.

We observed and counted the viable, apoptotic, necrotic,
mitotic, and micro-nucleated hemocytes. They were observed
for the applied concentrations and imaged under a light
microscope (Olympus CH2, Japan) at magnifications of 1000
x with a Swift microscope camera (USA) (Figure 3). The
results of the mean number of hemocytes counted in Luna
cell counting slide and the mean number of hemocytes in
1 ml fourth instar G. mellonella larva counted by Luna Il auto-
mated cell counter are presented in Table 3 below. The 24h
exposure of fourth instar G. mellonella larvae to 10, 50, 100,
and 150 ug of CuO NPs resulted in insignificant fluctuations
in the number of hemocytes at 24 h that were 745.46 +85.77,
699.60 +92.72, 998 + 102.90 for the control group and the 10
and 100 g of CuO NPs groups, respectively (Kruskal-Wallis
test p > 0.05, chi-square = 7.168, p=0.127). The total hemo-
cyte count/ml was 17.72+1.71, 16.80+4.41, 23.72+3.15 for
the control group and the 10 and 100 pug of CuO NPs groups,
respectively. However, statistically significant differences were
observed between the experimental groups. The mean num-
ber of hemocytes obtained from larvae force-fed with 100 ug
CuO NPs (998, 23.72 x 10%/ml) was higher than the group
force-fed with 10pg CuO NPs (699.60, 16.80 x 10°) group
(Mann-Whitney U-test p <0.05, df=4, p=0.00) (Table 3).
Furthermore, 72h post-force-fed larvae showed fluctuations
in the mean hemocyte count between 617 (150 ug/10 pl CuO
NPs)-1036 (50pg CuO NPs) and 14.96 x 10° (150 pg CuO
NPs)-24.40 x 10° (50 pg CuO NPs) (total hemocyte count/ml)
in the hemolymph (Table 2). But these means were not statis-
tically significant when compared to the control group
(Kruskal-Wallis test p>0.05, chi-square = 6.736, p=0.151)
(Table 3). The results of the percentages of viable hemocytes,
mitotic hemocytes, apoptotic hemocytes, necrotic hemocytes,
and micronucleated hemocytes are presented in Table
4 below.

The ratio of viable hemocytes decreased significantly at
50, 100, and150 g at 24h and 72h when compared with
untreated larvae. 24h post-force-feeding treatment of the
CuO NPs, a 1.89 fold increase of the percentage of mitotic
hemocytes at 150ug (F=9.75, df=4, p=0.00), and a 4.97
fold increase of the percentage of micro-nucleated hemo-
cytes at the same concentration were statistically significant
(F=11.76, df=4, p=0.00) when compared to the control
group (Table 4). 50, 100, and 150 ug of CuO NPs caused a



DRUG AND CHEMICAL TOXICOLOGY 5

Aym m
— BB g (KX S OO

significant increase in the percentage of apoptotic hemo-
cytes in comparison to the control group (F=10.11, df=4,
p=0.00) (Table 4). Force-feeding treatment with 100 and
150ug CuO NPs caused a significant increase in the per-
centage of necrotic hemocytes in experimental groups
when compared to the control group (F=12.61, df=4,
p=0.00) (Table 4). Unlike 24h results, 72h results showed
that the decrease in the percentage of mitotic hemocytes
at 10, 100 and 150 ug were significant when compared to
the control group (F=9.53, df=4, p=0.00) (Table 4).

EHT=2000K  Mag= 1500KX

GeminSEW 071,08 i y

Figure 1. SEM (a,b) and FESEM images (c,d) of CuO NPs (Magnifications: a: 1000, b: 15,000, ¢: 50,000, and d: 100,000x). The scale bar shows 20 um (a), 2 um
(b), 100 nm (c), and 100 nm (d).

Similar to 24h results, apoptotic hemocyte percentages
increased but these increases were only significant at 100
and 150pg of CuO NPs when compared to the control
group (F=18.62, df=4, p=0.00) (Table 4). A significant
5.86-fold increase was observed in the percentage of nec-
rotic hemocytes at 150 g (F=5.68, df=4, p=0.00) (Table
4). Finally, 50, 100, and 150 ug of CuO NPs caused a signifi-
cant increase in the percentage of micronucleated hemo-
cytes in comparison to the control group in 72h (F=28.56,
df=4, p=0.00) (Table 4).
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Table 1. XRD peak list of CuO NPs.

Pos. [°2Th)] Height [cts] FWHM Left [°2Th.] d-Spacing [A] Rel. int. [%] Tip width Matched by
32.50 (1) 68 (6) 0.34 (5) 2.75253 9.22 0.4051 98-002-8662
32.59 (1) 34 (6) 0.34 (5) 2.75253 4.61 0.4051
35.526 (2) 639 (9) 0.403 (9) 2.52488 87.05 0.4831 98-002-8662
35.618 (2) 320 (9) 0.403 (9) 2.52488 43.52 0.4831
38.676 (2) 734 (9) 0.456 (8) 2.32620 100.00 0.5477 98-002-8662
38.776 (2) 367 (9) 0.456 (8) 2.32620 50.00 0.5477
48.763 (6) 160 (5) 0.50 (3) 1.86599 21.85 0.5975 98-002-8662
48.892 (6) 80 (5) 0.50 (3) 1.86599 10.92 0.5975
53.53 (2) 48 (4) 0.51 (8) 1.71058 6.50 0.6179 98-002-8662
53.67 (2) 24 (4) 0.51 (8) 1.71058 3.25 0.6179
58.05 (1) 64 (4) 0.59 (7) 1.58767 8.72 0.7043 98-002-8662
58.21 (1) 32 (4) 0.59 (7) 1.58767 436 0.7043
61.562 (9) 108 (6) 0.49 (5) 1.50520 14.68 0.5935 98-002-8662
61.732 (9) 54 (6) 0.49 (5) 1.50520 7.34 0.5935
66.03 (1) 115 (3) 0.84 (4) 1.41382 15.61 1.0030 98-002-8662
66.21 (1) 57 (3) 0.84 (4) 1.41382 7.81 1.0030
67.98 (1) 94 (4) 0.62 (4) 1.37789 12.84 0.7463 98-002-8662
68.17 (1) 47 (4) 0.62 (4) 1.37789 6.42 0.7463
7212 (3) 28 (3) 0.61 (7) 1.30859 3.81 0.7363 98-002-8662
72.33 (3) 14 (3) 0.61 (7) 1.30859 1.91 0.7363
75.11 (2) 40 (3) 0.88 (7) 1.26375 5.48 1.0582 98-002-8662
7533 (2) 20 (3) 0.88 (7) 1.26375 2.74 1.0582
89.90 (5) 17 (3) 0.6 (2) 1.09028 233 0.7671 98-002-8662
90.19 (5) 9(3) 0.6 (2) 1.09028 1.16 0.7671
Counts
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Figure 2. The XRD spectrum of CuO NPs.

Discussion

In this study, we have reported that CuO NPs caused hemo-
cyte fluctuations in larval G. mellonella hemolymph as a result
of exposure to different concentrations of this chemical.
Previous studies showed that TiO, NPs (3000 and 5000 ppm)
caused a decrease in the number of hemocytes of the last
instar larvae of G. mellonella (Zorlu et al. 2015). 1000, 3000
and 5000 ppm zinc oxide NP (70 nm) decreased significantly

the number of hemocytes of the last instar larvae of G. mello-
nella (Nurullahoglu et al. 2015). 24 h post-force-feeding treat-
ment of zinc oxide NP (70nm) (0.5, 1, 25, 5pg/
10 pl) concentrations, the number of hemocytes of G. mello-
nella did not show significant changes in all treatments when
compared to the control group but the percentage of the
dead cells (10.01%) in the 5pg/10pl group was significantly
higher than the control group (3.03%) (Eskin et al. 2019).
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Table 2. Acute 24 and 72 h toxicity experiments of CuO NPs for four instar G. mellonella and the estimated LCso and LCyq values.

Mortality and lethal concentration of acute
CuO NPs on larvae in 24 h*

Mortality and lethal concentration of
acute CuO NPs on larvae in 72 h*

Concentrations of CuO NPs Number of Number of

(ng/10 pl) exposed larvae* dead larvae Number of dead larvae
0 (Control)* 60 0 0

1 60 0 0

10 60 5 7

100 60 33 40

1000 60 57 58

LCs value of acute 24 h toxicity:

LCq value of acute 24 h toxicity:

370.951 (ug/10 pl),
(y=0.8+2.5E-3%X, R =
0.819, Chi-square = 66.086,
df=3, p=0.00)
781.709 (ug/10 pl)

LCsq value of acute
72 h toxicity:

298.22 (ug/10 ),
(y=0.55 + 2.45E-3*X, R* =
0.784, Chi-square = 88.790,

df=3, p=0.00)
LCqo value of acute 671.693 (ng/10 pl)

72 h toxicity:

*For all treatments including the control group in 24 and 72 h, the number of larvae was 60.

Tungsoy and Ozalp (2017) reported that when compared to
the control group, the G. mellonella larvae given diets with
10 and 100 mg/L of CuO NPs had a significantly higher total
hemocyte count (THC), whereas those given 1000 mg/L had a
significantly lower THC when compared with the control
group. Ibrahim and Ali (2018) proved that the increased num-
ber of cells in the circulation of insect hemolymph may result
from the NP-derived activation of hematopoietic organs in
the silkworm Spodoptera littoralis (Lepidoptera: Noctuidae).
Another different report dealing with the effects of heavy
metals on the endocrine system in insects shows that the
reason for the decrease of THC is juvenoid-methoprene in
Papilio demoleus (Lepidoptera: Papillionidae) (Sendi and
Salehi 2010). The researchers noted about this phenomenon
could be due to the death of pathological cells by degener-
ation. But contrariwise, we did not find a significant differ-
ence in the total hemocyte count of CuO NPs in treated
groups 24 and 72 h post-force-feeding treatment when com-
pared to the control group (Kruskal-Wallis test p > 0.05, chi-
square = 7.168, p=0.127 (24 h), Kruskal-Wallis test p > 0.05,
chi-square = 6.736, p=0.151 (72h) (Table 3). Although the
mitotic index showed a significant increase in 24 h results at
150 ng (Tukey test, F=9.75, df=4, p=0.00) and the mitotic
index showed a significant decrease at 72 h results at 10, 100
and 150pg concentrations (Tukey test, F=9.53, df=4,
p =0.00), it was understood that these increase and decrease
did not cause a significant change in THCs (Tables 3 and 4).
Similarly, Altuntas et al. (2012) showed that GA; treatment in
G. mellonella larvae caused an increase in the mitotic index,
but there was no correlation between induced mitotic index
and THCs. Duarte et al. (2020) reported that stress conditions
may not cause an increase or decrease in THCs in insects,
which may be due to the duration of the stress period.
Frohlic and Meindl (2015) reported that cytotoxic studies can
be performed between 4 and 48 h, but the studies on cellular
accumulation or cellular damage of NPs are still insufficient.
When different CuO NP exposure periods and different nano-
sized CuO NPs are investigated together, various results can
be observed on hemocyte counts. Also, heavy metal concen-
trations can be regulated through feces of insects. Noret
et al. (2007) found that caterpillars reared on high-zinc leaves
regulate their internal zinc concentration through excretion
of feces with of high concentration of metals. The regulation

of essential metals such as copper and zinc is achieved
through the lysis of gut cells (where metals are accumulated)
in the lumen of the digestive system for excretion of the
feces (Hopkin 1989, Noret et al. 2007). In this study, the
excretion of CuO NPs from the larval body may have an
impact on THCs, hemocyte viability, and mitotic cell percen-
tages in larval hemolymph. DNA damage-induced cell death
is executed by apoptosis, necrosis, and mitotic catastrophe.
Apoptosis is also the main route of death following DNA
damage. Cells undergo apoptosis upon genotoxic stress via
the death receptor and/or the intrinsic mitochondrial path-
way (Kaina 2011). DNA can be damaged by a variety of
exogenous and endogenous insults including chemicals, radi-
ation, free radicals, and topological changes, each causing
distinct forms of damage (Curtin 2012, Srinivas et al. 2019).
Although Cu is a trace element, it can cause cellular reactive
oxygen species and apoptosis depend on Cu doses
(Panjehpour et al. 2010). Raes et al. (2000) reported that Cu
(*")-induced apoptosis in Aedes albopictus (Diptera: Culicidae)
C6/36 cell clone cells (2000). They also reported that Cu (**)
induced hyper polymerization of the microtubules, cell aggre-
gation, and massive apoptosis. They observed that cell death
occured by necrosis when the high doses of Cu were applied
to insect. The present study demonstrated that monoclinic
38 nm-sized and flake-like-shaped CuO NPs caused a signifi-
cant increase in the apoptotic and necrotic index in 24 h and
72h based on the NP concentrations (Table 4). The reason
for the increased apoptotic and necrotic index can be due to
molecular mechanisms (DNA damage, ROS molecules, death
receptor and/or the intrinsic mitochondrial pathways, etc.),
and increased Cu-related ions. CuO NPs can cause chromo-
somal damage and micronucleus formation (Song et al. 2012,
Perreault et al. 2012, Di Bucchianico et al. 2013, Semisch
et al. 2014). Similarly, in our study, the increase in the per-
centage of micronucleated hemocytes due to 150 ug of the
CuO NPs treatment (F=11.76, df =4, p=0.00) was significant
when compared to the control group (Table 4). In addition to
this result, 72 h post-force-feeding treatment of the CuO NPs
to the larvae, the percentage of micronucleated hemocytes
increased at 50, 100, and 150 pug CuO NPs concentrations
(F=8.56, df=4, p=0.00) (Table 4). The significant increase in
the percentage of micronucleated hemocytes may be due to
the chromosomal damages caused by CuO NPs in hemocytes
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Figure 3. The light microscope images of viable hemocyte-control (a), mitotic hemocyte at 10 1g/10 ul concentration (b), micronucleated hemocyte at 50 ug/10 pl
concentration (c), apoptotic hemocyte with apoptotic bodies at 100 ug/10 pl concentration (d), and necrotic hemocyte at 150 ug/10 pl concentration (e). “*' Shows
the micronucleus in hemocyte (c) and “**' shows apoptotic hemocyte (d) (1000x). The scale bar shows 5 pum.

Table 3. The mean number of hemocytes counted in Luna cell counting slide and the mean number of hemocytes in 1 ml fourth instar Galleria mellonella larva

counted by Luna Il automated cell counter according to the applied concentrations 24 h and 72 h post-force-feeding treatment.

24 h results

72 h results

The number of hemocytes/ml

The number of hemocytes/ml

Concentrations Hemocyte count THC x 10° Hemocyte count THC x 10°
(pg/10 pl) (Mean + SE)* (Mean + SE) (Mean + SE)* (Mean + SE)
0 745.46 + 85.77°° 17.72+171% 692.86 +73.93% 16.32+£1.71%
10 699.60 +92.72° 16.80 +4.41° 1036.86 + 190.16° 2440 +4.41°
50 839 +103.64°° 19.40+2.21%0 916.13+92.10° 21.96+2.21°
100 998 +102.9° 23.72+3.15° 869.66 + 137.54°° 2116 £3.15%°
150 979.93 + 135.46%° 23.20+2.53% 617.33+58.02° 14.96 +2.53°

Mann-Whitney U-test, p 0.00 Mann-Whitney U-test, p 0.00

F 7.16 F 5.74

df 4 df 4

*Data are means + standard errors of three replicates carried out with five larvae per replicate. Different letters in the same vertical column showed significant

differences within different concentrations (Mann-Whitney U-test, p < 0.05).

(Song et al. 2012, Perreault et al. 2012, Di Bucchianico et al.
2013, Semisch et al. 2014). Barsiené et al. (2010) found in
Mytilus edulis that the frequency of micronuclei (MN/1000
cells) varied from 0.65% to 3.35%, of nuclear buds (NB/1 000
cells) - from 1.85% to 3.40%, of fragmented-apoptotic cells
(FA/1 000 cells) from 0.95% to 3.25%, of bi-nucleated cells
(BN/1 000 cells) from 1.75% to 2.90% when mussels inhabit-
ing northern Atlantic zones were impacted by contaminated

aluminum industry sites. The percentage values seen in
Barsiené et al. (2010) are compatible with the values in our
study (Table 4). Consequently, our results showed that when
CuO NPs are taken directly into the insect larval body by a
force-feeding method with 10-150ug concentrations, CuO
NPs caused significant fluctuations in mitotic hemocyte ratios,
increased the apoptotic and necrotic hemocyte ratios, and
caused micronucleated hemocytes in 24 and 72 h. In addition



Table 4. Percentages of viable, mitotic, apoptotic,
ing treatment.
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necrotic, and micronucleated cells of Galleria mellonella larvae during 24h and 72h post-force-feed-

CuO NP concentrations

(pg/10 pl) Viable cells (%)* Mitotic cells (%)* Apoptotic cells (%)* Necrotic cells (%)* Micronucleated cells (%)*
24 h results
0 96.89° 147° 0.572 0.67° 0.40°
10 96.76° 1.15° 0.70° 0.89%° 0.48°
50 94.34° 162° 2.09° 0.90% 1.04°
100 93.28> 0.90° 2.10° 2.78¢ 0.92°
150 91.40° 2.78° 245° 1.36° 1.99°
p (Tukey test) 0 0 0 0 0
F 13.86 9.75 10.11 1261 11.76
df 4 4 4 4 4
72 h results
0 97.94° 1.01%° 0.35° 0.30° 0.38°
10 97.63? 0.52° 0.62° 0.66%° 0.55°
50 95.74° 157° 1.07% 0.56° 1.04°
100 94.44b¢ 0.97"¢ 1.85° 0.64° 2,08
150 92.48° 0.71%¢ 3.52¢ 1.76° 1.50¢
p (Tukey test) 0 0 0 0 0
F 20.21 9.53 18.62 568 8.56
dF 4 4 4 4 4

*Data are means +standard errors of three replicates using five larvae per replicate. Different letters in the same vertical column indicated significant differences

within different concentrations (Mann-Whitney U-test, p < 0.05).

to these results, it was understood that CuO NPs did not
change the THCs significantly when G. mellonella larvae were
exposed to 10, 50, 100, and 150pug CuO NPs 24 and 72h
post-force-feeding treatment. The present in vivo study was
designed to investigate the effects of CuO NPs under differ-
ent biological parameters with particular focus on such as
toxicity, hemocyte viability, and hemocyte density in the
hemolymph in an insect species G. mellonella. Although our
knowledge on the toxicity of various CuO NPs in the living
organisms has increased over the past few years, there is still
a lack of knowledge regarding exposure concentrations, toxi-
cologic effects of CuO NPs on the insect innate immune sys-
tem, as well as LCso and LCyq values which could potentially
affect their toxicity. In this context, this paper is centering on
the effects of the most commonly used and commercially
available CuO NP using G. mellonella as a model experiment
species. In vivo evaluation studies with NPs on model experi-
ment organisms have been providing information to support
a better understanding about the interactions of nanoscale
materials with biological systems.

Conclusion

Nowadays, the application of NPs in the field of insect pest
management is very important. It is necessary to find out the
adverse effects of NPs on insect species. In conclusion, we
have studied the toxic effects of the 38 nm sized and flake-
like shaped CuO NPs on insects, using G. mellonella as a
model organism. Our study suggests that CuO NPs caused
alterations to the THCs, caused significant changes in the
percentages of viable, mitotic, apoptotic, necrotic, and micro-
nucleated hemocytes. Finally, the toxicity values (LCsg_gq) Of
38nm sized and flake-like-shaped CuO NPs on G. mellonela
were also determined for the first time with this study.
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