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Abstract Zirconia nanoparticles (ZrO2 NPs) have been
extensively used in teeth and bone implants and thus get
a chance to interact with the physiological system. The
current study investigated the oral administration of
various concentrations of ZrO2 NPs synthesized by the
hydrothermal method (0.25 to 5.0 mg L−1) onDrosoph-
ila physiology and behaviour. The size of the currently
studied nanoparticle varies from 10 to 12 nm. ZrO2

NPs accumulated within the gut in a concentration-
dependent manner and generate reactive oxygen spe-
cies (ROS) only at 2.5 and 5.0 mg L−1 concentra-
tions. ROS was detected by nitroblue tetrazolium
(NBT) assay and 2′,7′-dichlorofluorescein (H2DCF)
staining. The ROS toxicity alters the larval gut structure
as revealed by DAPI staining. The NP stress of larvae
affects the Drosophila development by distressing pupa
count and varying the phenotypic changes in sensory
organs (eye, thorax bristle, wings). Besides phenotypic
changes, flawed climbing behaviour against gravity was

seen in ZrO2 NP-treated flies. All together, for the first
time, we have reported that a ROS-mediated ZrO2 NP
toxicity alters neuronal development and functioning
using Drosophila as a model organism.
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Introduction

Zirconia (ZrO2) is widely used in the biomedical indus-
try because of its inertness. Recently, zirconia nanopar-
ticles (ZrO2 NPs) are used in labelling, targeting, and
drug loading (Nagy et al. 2016). Mesoporous zirconia
has a greater surface area and thus is used for loading
and targeted release of drug to cancer cells (Tang et al.
2010). Fluorescent-labelled zirconia is used for drug
adsorption studies (Nagy et al. 2015). The functional-
ized ZrO2 NPs (pagination, targeting, or labelling) are
biocompatible and thus used for the treatment of oral,
colon, or hepatocellular carcinoma (Al-Fahdawi et al.
2015; Sponchia et al. 2015). Amalgamation of ZrO2

NPs like silica-zirconia-malic acid composite is used
as a nanocarrier to deliver medicine into targeted tumour
site (Nagy et al. 2016). Besides drug delivery, zirconia
nanocomposites are used in implants due to their least
side effects (Sotoudeh et al. 2013). ZrO2 NPs provide
high flexure strength with minimal ion release paralleled
to other metallic implants (Kosmač et al. 1999;
Lacefield 1999; Manicone et al. 2007). Zirconia has its
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application in ball heads for making total hip replace-
ments like femoral heads, dental fillings, and dental
implants (Piconi and Maccauro 1999).

Besides their wide application, the small size of NPs
allows them to penetrate inside the cell and interact with
cell cytoplasm and nucleus, resulting in mutation
(Albanese et al. 2012). Nanoparticle increases the ROS
leading to cell damage in a size- or a concentration-
dependent manner (Long et al. 2006; Karlsson et al.
2008; Wason et al. 2013). Alumina NPs can disturb
the cell viability, distress mitochondrial function, and
generate oxidative stress (Di Virgilio et al. 2010).
Copper oxide NPs cause toxic effects on the liver and
kidney on the experimental animal (Karlsson et al.
2008). Silver NPs generate ROS and lactate
dehydrogenase leakage, leading to cell damage
(Hussain et al. 2005). These studies give us the extent
of damage that NPs can cause to living beings (Lewinski
et al. 2008).

Since ZrO2 is widely used in implants or as
nanocarriers for drugs, it is highly essential to study its
toxic effects (Clarke et al. 2003; Depprich et al. 2008).
ZrO2 NPs tested onWistar rat reveal that these nanopar-
ticles can increase the ROS production in the cell
(Arefian et al. 2015). Since the toxicity of ZrO2 NPs is
less explored, it would be of great importance to check
the toxic effects of ZrO2 NPs using a model organism,
Drosophila melanogaster. Drosophila share 75% geno-
mic similarity with diseased human genomes (Fortini
et al. 2000). Their short life span, easy handling, and
fully sequenced genome allow us to use it as a model
organism to check the toxicity of ZrO2 NPs. The current
study reconnoitres the toxic effect of ZrO2 NPs on
Drosophila sensory organ development and behaviour
not described in earlier studies.

Materials and methods

Materials

Zirconyl chloride, sodium hydroxide, and sodium chlo-
ride were purchased from Sigma-Aldrich. Hydrogen
peroxide, 2′,7′-dichlorofluorescein, trypan blue, and
nitroblue tetrazolium were purchased from HiMedia.
All chemicals purchased were of analytical grade and
are used in the experiment as supplied by the company
without any further purification.

Synthesis of ZrO2 NPs

Synthesis of the ZrO2 NP procedure followed the hy-
drothermal method, where 16.11 g of ZrOCl2·8H2O was
dissolved in 100 mL deionized water. After dissolution,
1 M of NaOH solution was added dropwise to maintain
pH 10. The solution was stirred continuously for 24 h,
and the white precipitate obtained was centrifuged for
four to five times to separate NaCl from the solution.
The end product was autoclaved for 6 h at 200 °C
followed by freeze drying. The obtained product was
then subjected to calcination for 5 h at 350 °C. The
product was then ground by a mortar and pestle to get
ZrO2 NPs (Liang et al. 2002).

Characterization of nanoparticle

FT-IR analysis

The FT-IR spectroscopy (Perkin-Elmer) was used to
determine the functional groups present in ZrO2 NPs.
The spectrum was scanned from 4000 to 400 cm−1.
Nearly 3–4-mg sample was mixed with 30 mg of KBr
and the pallet was formed. The pellet was stored in a
vacuum desiccator and IR lamp exposed for 1 min
before the analysis.

XRD analysis

The powdered sample was subjected to X-ray diffrac-
tometer (XRD) analysis to check the phase of ZrO2

NPs. The phase of the synthesized nanoparticle was
determined by an X-ray diffractometer (Rigaku Japan/
Ultima-IV) with CuKα radiation (λ = 0.154 nm), 2θ
range 10°–80°, and scan rate 2° per minute.

Field emission scanning electron microscopy
and transmission electron microscopy

The size, structure, and morphology of the nanoparticles
were investigated by using field emission scanning elec-
tron microscopy (Nova NanoSEM/FEI). The sample
was prepared by dispersing ZrO2 NPs. Then, one drop
of the suspension was spread over ITO glass slides for
analysis. ZrO2 NPs were spread over carbon-coated
copper grids. The transmission electron micrographs
(PHILIPS CM 200), HRTEM, and SAED pattern of
the ZrO2 NPs were also analysed.
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Zeta potential

The ZrO2 NPs were dispersed in Milli-Q water and
sonicated for 20 min; then, the zeta potential was mea-
sured using Malvern NANO-ZS-90.

Fly rearing and treatment

The Oregon-R (OR) flies were obtained from the Fly
Facility, C-CAMP, Bengaluru, India. The standard fly
food was prepared from sucrose, yeast powder, corn
meal, and agar agar type I. ZrO2 NPs of appropriate
concentrations were added to the food in the treatment
vial. Five different concentrations (0.25, 0.5, 1.0, 2.5,
and 5.0 mg L−1) were chosen for this study, including
control (untreated). All the flies were kept in 25 °C and
12-h light and dark condition.

Life cycle

The life cycle of theDrosophila egg to adult development
was compared to check for any developmental delay. The
life cycle was checked every 6-h time interval for the
developmental stages of Drosophila (i.e. egg, first-instar-
third-instar larvae, pupa, and adult). The percentage of
pupa formed and the adult hatched can be clearly noted to
understand more about the delay or damage.

SEM and EDS for analysis of zirconia in larval midgut

The larval guts were dissected from the treated larvae and
stored in 4% paraformaldehyde (PFA). Sample prepara-
tion for the SEM analysis was done by washing the gut
with phosphate-buffered saline (PBS) and dehydrating it
with a graded series of ethanol (30–100%). Before the
dehydration step, a puncture was made using a needle in
the midgut region; the opening will help us to measure
the zirconia content within the gut.

Trypan blue exclusion test

The trypan blue staining distinguishes the dead from the
live cells and can be used to check the damage in the gut by
following the reported protocol with slight modification
(Krebs and Feder 1997). The third-instar larvae were treat-
edwith 0.02%of trypan blue solution for 30min, and then,
the larvae were washed with 1× PBS for 15–20 min to
wash off excess stain. The larvae were then imaged for
staining from all the concentrations (Siddique 2012).

Larva crawling behaviour

The crawling behaviour of the third-instar larvae was
checked by allowing the larvae to crawl over solidified
2% agarose gel prepared in a 90-mm petri dish. The
crawling was recorded, and the speed was calculated
(Nichols et al. 2012).

NBT reduction assay for ROS detection

To check the reactive oxygen species formed in the larva
haemolymph with exposure to different concentrations
of ZrO2 NPs, the nitroblue tetrazolium reduction test
was done. The haemolymph was extracted from 30
third-instar larvae. Nitroblue tetrazolium was added to
it and left for 1 h in incubation at 30 °C in the dark. The
reaction was stopped by the addition of one volume of
acetic acid to it. The mixture was centrifuged at
12,000 rpm for 1 min. One hundred fifty microliters of
50% acetic acid was added to the pellet and vortexed
vigorously for 5 min. Absorbance was taken at 595 nm
using a PerkinElmer 2030 plate reader (Sabat et al.
2016).

DAPI and H2DCF larval midgut staining

Third-instar larvae gut was dissected and kept in 4%
paraformaldehyde (PFA) at 4 °C. For staining, the PFA
was removed from all the samples and 1 mL of PBSwas
added three times to rinse the PFA. After 10 min, the
PBS was replaced by phosphate-buffered saline with
Tween 20 (PBST). The samples were rinsed with PBST
for three times, 10min each wash. After the PBSTwash,
2′,7′-dichlorofluorescein dye was added to the samples
in the dark and incubated for 30 min. Later, the gut was
rinsed with PBS in order to remove the extra dye and
finally mount with DAPI and 20% glycerol mountant.
The gut imaging was done using a fluorescence
(Olympus IX71) microscope (Ohlstein and Spradling
2006; Gupta et al. 2007).

Adult weight

For weight measurement of the adult, 50 flies (25
males and 25 females) were collected from each ex-
perimental vial. The fly weight was measured by a
fine weighing balance from all the treated vials. The
average weight of each treatment vial was calculated
and plotted in the graph.
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Adult climbing behaviour

Thirty adult flies were isolated from each experimental
vial and transferred into a 100 mLmeasuring cylinder in
order to perform the climbing assay. The mouth of the
cylinder was closed by a cotton plug. The cylinder was
marked at 10 cm. Then, the cylinder was tapped two to
three times so that all the flies come down to the bottom.
Then, the flies were allowed to climb upwards for 15–
20 s. The number of the flies which climbed up above
the 10 cmmarkwithin 10 s was recorded (Martinez et al.
2007).

Survivorship assay by H2O2 treatment

To check the stress resistance of the flies, H2O2

assay was performed. Twenty adult flies were taken
from each treated vial and kept in an empty vial,
carrying a Whatman paper soaked in 5% sucrose
and 9% H2O2. The treated flies were compared
against the positive and negative controls, and the
number of flies dying was noted in an hourly inter-
val (Posgai et al. 2011).

Adult phenotype

For phenotype analysis, 50 individual flies from each
vial were observed under a stereomicroscope. Major
abnormalities were observed in the eye, bristles, wings,
and abdomen.

Statistical analysis

The data were analysed by using the GraphPad Prism
6.0 software. Thedata are represented asmean± standard
error, and statistical analysis was performed using un-
paired Student’s t test with P < 0.05 considered as the
level of significance.

Results

Nanoparticle characterization

FT-IR analysis

The FT-IR spectra for the synthesized ZrO2 NPs detect
the presence of functional groups (Fig. 1a). The strong
band at 3422 cm−1 corresponds to the stretching

vibration of the –OH bond. Two bands at 1625 and
1362 cm−1 correspond to the bending vibration of
the –OH bond due to water molecules absorbed on
the surface of ZrO2 NPs. A sharp peak at 725 and
557 cm−1 attributed to Zr–O stretching vibrations.
The FT-IR data are reliable with the mesoporous
ZrO2 NPs.

XRD analysis

The XRD patterns of mesoporous ZrO2 NPs were
observed in Fig. 1b. Four broad peaks at 30.25°,
34.08°, 50.39°, and 59.81° are characteristic of the
presence of the tetragonal phase of ZrO2 (t-ZrO2).
Other types of ZrO2, e.g. the monoclinic and cubic
phases of zirconia, were also detected.

Field emission scanning electron microscopy (FESEM)
and transmission electron microscopy (TEM)

The surface morphology of the synthesized nanoparticle
was analysed by FESEM (Fig. 1c). The FESEM image
illustrates the spherical particles of ZrO2 with high ag-
gregation, which leads to high surface area of the syn-
thesized material (Fig. 1d). The particles are spherical in
shape, and the size ranges from 10 to 12 nm (Fig. 1d’),
as shown in size distribution curve.

The TEM image of ZrO2 NPs divulges the multi-
crystal pore wall with lattice spaces of 0.31 and 0.28 nm
and the interplanar distance (101) and (111), respective-
ly (Fig. 1e). The corresponding selected area electron
diffraction (SAED) pattern (Fig. 1e’) of the spherical
ZrO2 NPs indicates the high nanocrystalline nature of
the synthesized material, which can be indexed to the
(101) and (111) planes. The d-spacing corresponding to
the diffraction rings of the SAED pattern was in agree-
ment with the tetragonal phases of mesoporous ZrO2

NPs.

Zeta potential

The ZrO2 NPs suspended in the Milli-Q water were
subjected to sonication for more than 20 min, and
then, the zeta potential was measured (Fig. 1f). The
zeta potential of ZrO2 NPs was found to be
−14.9 mV, which explains the agglomeration as ob-
served in FESEM and TEM images (Fig. 1c, d).
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SEM-EDS of the midgut

The SEM-EDS of the midgut was taken from the
pricked region in the dissected gut of Drosophila.
The elemental analysis confirmed the presence of
zirconia within the gut. The concentration of zirconia
in the treated gut was more from control; with in-
creasing concentration the treated larvae shows ris-
ing peaks of zirconia (Fig. 2a).

Life cycle

The abnormality in the stages of development from egg
to adult elucidates the role of stress in developmental
cycle. To understand the effect of ZrO2 NPs, develop-
mental stages after treatment were closely observed in
every 6-h interval. At higher concentration, 2 days of
developmental delay was observed (Fig. 2b).

Trypan blue exclusion test

Trypan blue dye differentiates dead cells against
live cells in the tissue. Trypan blue-stained guts

from different treatments were imaged under a
stereo microscope (Fig. 2c). No staining was ob-
served in any of the treated larvae.

Larva crawling behaviour

The third-instar larvae are voracious feeders and thus
have more chance to take NPs. The larvae move by
making body contractions. These contractions create
a wave to move or locate themselves to another point.
These contractions were directly controlled by the
motor neurons in the larval brain (Zhang et al.
2014). So, any abnormality in neuron reflects defec-
tive larvae crawling pattern. The speed and the track-
ing pattern of the path were plotted using the Ctrax
software (Fig. 2d, e). The larva speed was unaltered,
except in 0.5 mg L−1 vial where a more disturbed
track pattern was observed. The number of turn’s
stops was more with increasing concentrations, which
signifies that it might not be affecting the contraction
but altering the neurons to walk straight and follow a
confused pattern.

Fig. 1 Characterization of zirconia NPs. a FT-IR pattern of zirco-
nia nanoparticle. b XRD pattern of zirconia. c FESEM image of
ZrO2 NPs. d TEM image of ZrO2 NPs. d’ Histogram of size

distribution of ZrO2 NPs. e HRTEM image showing d = 0.315.
e’ SAED pattern of ZrO2 NPs. f Zeta potential of ZrO2 NPs
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NBT reduction assay for ROS detection

NBT assay was used to quantify the amount of free
radicals generated within the body. To check the amount
of free radicals generated by ZrO2 NPs, the
haemolymph from the third-instar larvae was collected.
The free radical formation upsurges the ROS formation,
which is mainly responsible for the oxidative damage.
At 2.5 and 5.0 mg L−1 concentrations, increased absor-
bance for NBT reduction was observed (Fig. 2f).

DAPI and H2DCF staining

DAPI and 2′,7′-dichlorofluorescein (H2DCF) stain the
nucleus and the ROS region of the gut, respectively. To
check for the amount of reactive oxygen species gener-
ated due to oral intake of NPs, the fly gut (Fig. 3a) was
dissected and stained with DAPI and H2DCF dye. The
gut was analysed under a fluorescence microscope.
DAPI staining shows the status of the nucleus. With
increasing concentrations of ZrO2 NPs, the aggregated
nucleus was observed in the gut (Fig. 3b). Staining with
H2DCF showed an increase in the intensity with con-
centration of ZrO2 NP. A significant amount of increase

in staining was observed in 2.5 and 5.0 mg L−1 (Fig. 3c)
when compared with the control.

Percentage of pupae and flies hatched

The percentage of pupa formed in the ZrO2 NP treat-
ment vials found to decrease significantly. The decrease
in 2.5 and 5.0 mg L−1 was significant and found to be
72.43 ± 8.18 and 68.78 ± 2.6%, respectively (Fig. 4a).
Similarly, the flies hatched from the pupa found to
decrease and were comparable with the percentage of
pupa formation 75.66 ± 1.50 and 65.36 ± 2.10% for the
concentrations 2.5 and 5.0 mg L−1 (Fig. 4b).

Adult weight

The weight of the 50 flies was taken and compared.
Increasing concentrations of nanoparticle affect the met-
abolic activity of the body by altering the body weight
(Fig. 4c). The body weight increases non-significantly
in 0.25, 0.5, and 1.0 mg L−1 exposures. At 5 mg L−1, the
body weight decreases significantly ~11% with respect
to the control.

Fig. 2 ZrO2 NP effect on various elemental, physiological, and
behavioural parameters of the larvae. a SEM-EDS imaging for
zirconia analysis. b Life cycle delay in larvae formation. c Trypan
blue staining of the larva to check for gut damage. d Larva

crawling speed. e Tracking pattern of the larva. f NBT reduction
assay for the ROS estimation. The significant results are marked
with asterisks (ns non-significant, * for P value <0.05, ** for P
value <0.007)
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Adult climbing behaviour

Adult climbing behaviour helps to assay the functioning
of the antenna, which is responsible for sensing the

gravitational pull and help them to maintain a proper
balance during flight (Bokolia and Mishra 2015). With
exposure towards nanoparticles, impaired climbing be-
haviour was observed in a concentration-dependent

Fig. 4 Assessment of pupa count, adult hatching, weight, and
behaviour. a Percentage of pupa formed. b Percentage of adult
flies hatched. c Weight of flies. d Climbing assay: percentage of
flies that can climb above 10-cm mark in 10 s. The results found

significant to control are with asterisks. eH2O2 assay for checking
the endurance of treated flies (* for P value <0.05, ** for P value
<0.003, *** for P value <0.0002, **** for P value <0.00001)

Fig. 3 Larva midgut imaging for nucleus staining and ROS
detection. a Bright field (BF). b DAPI. c 2′,7′-Dichlorofluorescein
(H2DCF) staining for ROS in the gut. DAPI staining revealed

presence ofmicronuclei-like structures circled while the increasing
green florescence with increasing zirconia treatment signified
ROS generation
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manner. In 0.25 mg L−1, 89.22 ± 2.22% flies can climb
above the 10-cm mark. In 0.5 and 1.0 mg L−1, the
percentage of flies affected was 80.07 ± 0.92 and
79.51 ± 1.11%, respectively. The major difference was
observed at higher concentration where 76.40 ± 6.7% of
0.25 mg L−1 and 72.77 ± 3.74% of 0.5 mg L−1 could
only climb upwards (Fig. 4d).

Survivorship assay by H2O2 treatment

The survivorship assay helps to calculate the flies’ ca-
pacity to tolerate stress, via the innate mechanism of
antioxidant production. It is explained that the stressed
flies can endure less stress than the control. The flies
from 1.0 to 5.0 mg L−1 died earlier than the other
treatments, while 2.5 mg L−1 flies were slightly compa-
rable to control flies (Fig. 4e).

Adult phenotypes

The accumulated stress during development kindled
from the NP stress changes the cell development and
tissue differentiation resulting in abnormal phenotype in
flies treated with ZrO2 NPs. Abnormalities were found
in the eye, thorax bristles, and wings as a result of
toxicity of NPs.

Eye phenotype

The eye is formed by many ommatidia, which is affect-
ed due to nanoparticle exposure. The ommatidia units
were observed to be fused, and rough eye phenotype
was observed in 0.25, 1.0, and 5 mg L−1. The ommatidia
are misoriented in 0.5 mg L−1, and blisters are observed
in the 2.5 mg L−1 (Fig. 5a).

Fig. 5 Phenotype observation. a Eye: at 0.25 and 1.0 mg L−1

increasing concentrations, the ommatidia were observed to be
affected as indicated in circles, while in at 0.5, 1.0, and 5.0 mg L−1

concentrations, there was marginal loss in ommatidia as indicated
by arrows. b Thorax bristles: bristles were found to be lost in non-
orderly fashion mostly from pSC, aDC, and aSC regions in almost
all the concentrations, but at 2.5 mg L−1, the bristles showed

abnormal bent elongation. c Abdomen: dark spots similar to
melanization are observed near the abdomen segments at 0.25,
0.5, and 5.0 mg L−1, while at 1 mg L−1, the abdomen was
abnormally bulging, and at 2.5 mg L−1, the segments appeared
faint. d Wings: the trichomes were found to be affected in all the
treated fly wings, which happened due to defective planar polarity;
trichomes either appeared to be fused or were missing
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Bristle phenotype

Bristles present on the thorax are part of the external
sensory organs which were affected by exposure to
nanoparticles. Out of 13 pairs of bristles (macrochetes),
random losswas seen inNP-treated vials. In 0.25mgL−1

treatment, the anterior dorsocentral (aDC) is absent;
posterior scutellar (pSC) is affected in both 0.5 and
1.0 mg L−1. Both aDC and anterior scutellar (aSC)
bristle losses were observed in 5 mg L−1 (Fig. 5b). The
occurrence of such loss in macrochaetes was found to be
random when compared to the control.

Abdomen phenotype

The abdomen of the fly was found to be affected at a
higher concentration of ZrO2 NPs. Black spots were
found at various locations in 0.25, 0.5, and
5.0 mg L−1 treated vials (Fig. 5c). In few concen-
trations, bulging abdomens were found (in the
1 mg L−1). Segment decolouration was also ob-
served in 2.5 and 5.0 mg L−1.

Wing phenotype

Wing develops from wing imaginal disc, which is es-
sential for flight and balancing of the body. The wing
venation pattern was affected due to the treatment of
ZrO2 NPs. Similar to that of microchaetes in thorax,
there are trichomes over the cuticle of the wing. The
trichome arrangements are required for flight, sensation,
and control. The nanoparticle exposure affects the tri-
chome arrangement within the wing in all the concen-
trations ranging from 0.25 to 2.5 mg L−1. Trichomes
were missing in 5.0 mg L−1 (Fig. 5d).

Discussion

Zirconium (available in the form of zirconium oxide) is
chemically inert and thus offers itself for wide biological
use (Aboushelib et al. 2008). Besides its inertness, the
current study reports the accumulation of ZrO2 NPs
within the gut in a concentration-dependent manner.
How do ZrO2 NPs accumulate within the gut? The
ZrO2 NPs has a negative surface charge (−14.1 mV)
that allows the NPs to interact with gut proteins and
hence help in the accumulation within the gut. Are the
accumulated NPs toxic for the cell or the tissue? To

explore the ZrO2 NP toxicity within the gut, the third-
instar larvae were stained with trypan blue which dis-
tinguishes between live and dead cells. A faint staining
was marked in few larvae of 1 mg L−1 concentration in
the hindgut, suggesting that ZrO2 NPs do not cause
much damage to the gut of third-instar larvae. The gut
is lined by peritrophic membrane with pores (Lehane
1997) for exchange of materials. The NPs cross the
peritrophic membrane, enter into the haemolymph, and
produce free radicals. The amount of the free radicals
was evidenced from the NBT assay done in third-instar
larvae of 2.5 and 5.0 mg L−1 concentrations. DAPI
staining reveals blebbed nuclei only at higher concen-
tration. Earlier, zirconium ions >0.5 mM are known to
induce an apoptotic effect in human (jurkat) T cells
(Caicedo et al. 2008) and mouse cell line (Catelas
et al. 1999). ZrO2 NP treatment is further associated
with faulty signal transduction, cell cycle regulation,
immunity, and downregulation of vesicular transport
genes (Carinci et al. 2004; Sollazzo et al. 2008). Neuro-
nal cell lines (PC12 and N2a) when tested for the toxic-
ity with ZrO2 NPs showed cytotoxic and genotoxic
effects in a dose- and time-dependent manner for con-
centration >31 mg L−1 (Asadpour et al. 2016). The
toxicity found in those cell lines is due to an increase
of ROS and malondialdehyde and a decrease of intra-
cellular cell glutathione content (Asadpour et al. 2016).
In the current study, we also observe an increase of ROS
in 1.0–5.0 mg L−1 treated flies, which is evidenced by
H2DCF staining and NBT assay.

Nevertheless, the larva crawling behaviour, which
indicates the functionality of neuromuscular activity
and dopaminergic neurons, was found to be affected,
as concluded from decreased crawling speed on ZrO2

NP treatment (Barone and Bohmann 2013). The rhyth-
mic pattern of Drosophila locomotion is an action of
multiple dendritic (MD) neurons. Thus, any damage
or disruption of these MD neurons prolongs stereo-
type firing within posterior to anterior segment,
resulting in arrhythmic larva crawling in the treatment
vial (Song et al. 2007).

Drosophila undergoes metamorphosis from pupa to
adult immediately after crossing the third-instar larval
stage (Takashima and Hartenstein 2012). During this
stage, several modifications in the body occur, where
the entire gut gets replaced with new cells (Takashima
and Hartenstein 2012). During these transitions, the
ZrO2 NPs get an opportunity to interfere with the
whole-body mechanism, which accounts for a decrease
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in the pupae count. ZrO2 NPs are known to interact with
proteins and may affect the normal expression and de-
velopment (Lima et al. 2008; Lynch and Dawson 2008).
In the current study, a number of flies hatched from
pupae were found to be decreased. ZrO2 NPs did not
alter the fly weight even at an exposure of higher con-
centration. The climbing behaviour signifies the ability
to move against gravity and neuronal homeostasis
(Barone and Bohmann 2013; Bokolia and Mishra
2015). Control flies are able to sense gravity and balance
the body, while in ZrO2 NP-exposed flies, there is a
decreased climbing ability around ~25% after 5 mg L−1

ZrO2 NP exposure. Similar results were also observed
when flies were exposed to TiO2 NPs at higher concen-
trations (200 and 250 mg L−1) (Sabat et al. 2016).
Analogous reports of defective antennae were also ob-
served after alumina NP (Huang et al. 2013) and hy-
droxyapatite NP (Pappus et al. 2017) exposure.

The phenotypic defects observed in ZrO2 NP-treated
flies include an abnormality in the eye, thorax bristles,
abdomen, and wing trichomal hairs. The different eye
phenotypes observed were rough eye and misoriented
and fused ommatidia. Fused ommatidia are associated
with bristle loss or developmental defect in the eye due
to endosomal glycoprotein dimer secretion and via reg-
ulation of notch and delta activity (Li et al. 2003;
Artavanis Tsakonas et al. 1999; Brand and Perrimon
1993). In order to maintain the geometrical hexagonal
array for the ommatidia, around 1500–2000 cells have
to be eliminated from the retinal epithelium (Wolff and
Ready 1991). Any defect in the elimination process
resulted in surplus cells and rough eye (Wolff and
Ready 1991). Near to the margin of the eye, irregular
ommatidial arrangements were observed in 0.5 and
1.0 mg L−1. The eye phenotype further explains the
notch or delta pathway embarrassment during
development.

The thorax bristle macrochaetes were affected during
development after nanoparticle exposure, as observed in
TiO2 NP treatment (Sabat et al. 2016). Several signal-
ling and patterning factors are responsible for 13 pairs
of macrochaete orientation on Drosophila thorax
(Held 1991). The bristle morphogenesis is a three-
stage process, starting with the successive division
of single-organ precursor cells (Claxton 1969). The
proneural gene achaete-scute (AS-C) and signalling
pathways of notch and EGFR intracellular regulation
cause the morphogenesis of these pro-neural cluster
cells that is involved in bristle formation (Culí et al.

2001). Missing aDC bristles are found in wgSp-1/
wgCX4 mutants in which the expression of wg on
notum is strongly reduced and restricted to posterior
notum (Yang et al. 2012). Long bent phenotype is
observed in few bristles of aSC and pSC in 2.5 mg L−1.
A comparable phenotype is known to occur in Bsinged
mutants^ with defects in the composition and organi-
zation of actin filaments. Zirconia composite is
known to increase beta-actin expression (Cant et al.
1994; Ko et al. 2007). The bristle phenotype suggests
that with increasing concentrations of ZrO2 NPs, beta-
actin amount increases and it alters the bristle pheno-
type in the current study.

The abdomen spots were observed in 0.25, 0.5, and
5.0 mg L−1 (marked with a white arrow) near the ab-
dominal segment. Abdomen spots were reported due to
melanization or pigmentation. Mechanically, such spots
are due to defective copper homeostasis (Armstrong
et al. 2013). Abdomen bulging in a few more instances
was found in 1 mg L−1 treated vial, although such
occurrence was rare in lower concentration. All these
phenotypes suggest that ZrO2 NPs affect the
haemolymph, cause melanization, and impair abdomen
development. Defective trichome arrangements were
observed in the wing of almost all the treated concen-
trations. The planar polarity of the gene multiple wing
hairs (mwh) is responsible for such phenotype
(Goodrich and Strutt 2011). Any alteration in the ex-
pression of mwh might have been affected during de-
velopment, resulting in such a wing phenotype. Altered
wing phenotype suggests that the expression of mwh
was altered due to nanoparticle treatment. How
nanoparticle-mediated ROS affect the gene regulation/
expression and alter the phenotype needs to be explored
in a developmental time window to understand the
mode of action of ZrO2 NPs.
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