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Abstract 

Nanoparticles (NPs) have revolutionized the society being a part of numerous products of day to day 

uses. However, its potential to act as an adverse entity was greatly ignored. Recently, the toxic effect 

of nanoparticles on biological system is checked using various model organisms. Among various 

models fruit fly Drosophila melanogaster has turned up as a promising model since numerous 

diseased genes and signalling pathways are similar to that of a human being. Effects of many NPs 

were tested using Drosophila and results suggest the deleterious effect of NPs on the various 

physiological system. NPs cause defects in genetic, molecular, phenotypic, developmental as well as 

behavioral level in Drosophila. Any chemical compounds that can cause abnormalities in offspring 

when ingested in prenatal stages are known as teratogens. In this review we have summerised the 

toxic effect generated by NPs tested using Drosophila model and propose NPs as a teratogen.  
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Introduction 

Nanoparticles (NPs) are engineered materials having one or multiple components and its size 

varies from 1-100 nanometer (nm)(Savolainen et al., 2010). NPs include various carbon 

compounds, nanocrystals, metal oxide, quantum dots, silica and transition metals (Murray et 

al., 2000, Dreher, 2004). The large surface area and high reactivity offer a characteristic 

physical, chemical and biological properties (Dobrovolskaia and McNeil, 2007, Hirano, 

2009) to the NPs used in various technological, medicinal and industrial applications. 

 In the meantime, due to its physicochemical properties (surface chemistry, size, 

charge, shape,  dispersion status etc.) various reports suggests that NPs may interact with 

living organisms including human beings (Singh et al., 2009b, Panacek et al., 2011). A study 

from various laboratory suggest the cytotoxic and genotoxic effects of NPs (Stone and 

Donaldson, 2006, AshaRani et al., 2008, Mortensen et al., 2008, Poland et al., 2008, 

Napierska et al., 2009, Singh et al., 2009b). Thus the toxic effect of NPs on biological system 

(Aillon et al., 2009, Zhao and Castranova, 2011, Chatterjee et al., 2014b, Hawkins et al., 

2015, Kermanizadeh et al., 2016) has introduced “nanotoxicology” a new field to decipher 

the mode of action of NPs (Liu et al., 2009a). A range of in vitro, cell culture study and many 

model organisms are used to understand the toxicity of NPs. 

Various model organisms to decipher the mode of nanotoxicity  

          Various studies used cell cultures to understand the underlying mechanisms of 

nanotoxicity (Lin et al., 2006, Long et al., 2006, Ahamed et al., 2008, AshaRani et al., 2008, 

Napierska et al., 2009, Asakura et al., 2010, Hackenberg et al., 2011, Bondarenko et al., 

2013, de Melo Reis et al., 2015). However, a cell culture model cannot mimic the effect of 

NPs on an organism with respect to bio distribution, accumulation, metabolism, persistence 

and its elimination. Thus the accuracy of effect in the living organism is compromised (Hu et 
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al., 2009). This limitation is overcome by various in vivo models which allow us to know the 

internalization, cellular uptake and tissue distribution of nanoparticle in the living being 

(Yadav et al., 2010, Yadav et al., 2011). Among various models mice, round worm 

(Caenorhabditis elegans), zebra fish (Danio rerio), Daphnia magna, Rhinella arenarum, 

Xenopus laevis, Hydra and Drosophila melanogaster are widely used to study the toxicity of 

NPs (Wang et al., 2008, Contreras et al., 2012, Song et al., 2012, Hunt et al., 2013, Völker et 

al., 2013, Chatterjee et al., 2014a, Chatterjee et al., 2014b, He et al., 2014, Meyer and 

Williams, 2014, Santo et al., 2014, Dedeh et al., 2015, Ibarra et al., 2016, Murugadas et al., 

2016, Webster et al., 2016, Barbero and Yslas, 2017, Colombo et al., 2017, Coll et al., 2018, 

Lajmanovich et al., 2018). Toxicity study from various models proposes NP can alter the 

developmental and behavioural process in the offspring thus acts as a teratogen. All these 

models are used for teratogenic testing predominantly (Coyle et al., 1976, Bailey et al., 2013, 

Almeida et al., 2016). Primitive animal like Dictyostelium discoideum is also used for 

tertogenicity testing (Maeda, 1970).  

Among all the model organisms Drosophila melanogaster, is proved as a robust model 

to study the toxicity of various NPs (Leeuw et al., 2007, Liu et al., 2009a, Posgai et al., 2009, 

Ahamed et al., 2010a). Its fast reproduction, short life cycle, fully sequenced genome along 

with genetic and immunological similarities with vertebrates (Medzhitov et al., 1997, Affleck 

and Walker, 2008) has established it as a model in the field of nanotoxicology. Furthermore, 

many fundamental biological mechanisms, molecular pathways, genes and transcription 

factors essential for development are conserved between Drosophila and mammals (Pandey 

and Nichols, 2011a, Wang et al., 2012, Campos-Ortega and Hartenstein, 2013). More 

importantly, there exists 75% homology with disease related genes of humans. This includes 

similarity with more than 700 different diseases at the genetic level (Reiter et al., 2001, 

Khurana et al., 2006, Koh et al., 2006, Wolf et al., 2006). 
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Various studies of NPs using Drosophila suggest that NP causes detrimental effect on 

development at cellular, molecular, genetic and behavioural level. Exposure of NP at 

embryonic level alters the developmental process and brings out an alteration in adult for a 

successive generation without causing any lethality (Posgai et al., 2011, Vecchio et al., 2012, 

Anand et al., 2017). Can we include NP as a teratogen? The result of NPs from various 

studies suggests that NPs act as a teratogen. If we look at the explanation of teratogens then 

these are any external factors (chemical, physical), which hamper the developmental process 

if ingested during the prenatal development period and the effects are sustained throughout 

the life of the organism (Coyle et al., 1976). Anomalies caused by teratogens can be 

anatomical, morphological, physiological or behavioural (Coyle et al., 1976) which are 

combined effect of molecular, cellular and biochemical alterations (Wilson, 1968). The whole 

process of alteration of the developmental process and bringing about modifications is known 

as teratogenesis. In this review we are summarizing all the studies which use D. melanogaster 

as a model organism where NP effect acts as a potential teratogen. 

Mode of administration of nanoparticles in Drosophila 

Route of administration is an important factor to determine any kind of toxicity 

(Williams et al., 1982, Grassian et al., 2007). Three major modes of exposure of NPs is used 

to expose Drosophila towards NPs. Various routes include (1) inhalation through respiratory 

tract, (2) epidermal absorption and (3) ingestion via food material (Key et al., 2011).   

Only handfuls of literature are available which exposes NP through the respiratory 

route. NPs present in the environment may enter into the human body via the respiratory 

tract. Drosophila respiratory organ, the trachea is formed by fusion of 10,000 tubules which 

are interconnected with each other (Gervais et al., 2012). The genes involved in the trachea 

development share similarity with vertebrates (Horowitz and Simons, 2008). Furthermore, 

unlike mammalian trachea Drosophila trachea is formed of only single type of epithelial cells 
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and thus offer the system acts like a cell culture system within Drosophila (Horowitz and 

Simons, 2008). Further the structure of the trachea allows it to be used for various respiratory 

related issues of vertebrates (Pandey and Nichols, 2011b). To mimic the effect of NPs 

internalized via respiratory system, Posgai et al.,  developed a method to study the effect of 

NPs via respiratory tract of Drosophila (Posgai et al., 2009). They exposed fluospheres, red 

fluorescent CdSe/ZnS nanoparticles and silver nanoparticles into tracheal-specific 

(breathless) GFP reporter strain of Drosophila. This method is known as a nebulizer 

nanoparticle delivery system which later changed to direct microtransfer method. (Vega-

Alvarez et al., 2014). This method ensures the uniform release of NP to the specific target 

without any tissue damage. This further allows determining the minimum toxic dose in a 

large number of replicates with less risk of false positive results. 

However, among all the methods oral administration of NPs is extensively used to 

determine nanoparticle toxicity. There are several reasons for choosing the oral route for NP 

intake. (1) Various food and medicine contains NPs thus there is a high chance that NPs can 

enter into the body via oral route. (2) Drosophila gastrointestinal tract shares a homology 

with humans in many respects. Like vertebrate Drosophila digestive tract has various pH in 

different parts of the digestive system. It also possesses peritrophic membrane (PM), an 

analogous structure of mammalian digestive tract which helps to protect the midgut 

epithelium from foreign particles and microbes (Tellam, 1996, Hayakawa et al., 2004, 

Hegedus et al., 2009) (Fig.1B). The charge of the NP has a role in determining the toxicity of 

NP since the NP’s charge may change the pH of the gut and thus its functionality (Sabat et 

al., 2016). Positively charged NPs uptake at posterior midgut of Drosophila causes a lumen-

negative transepithelial potential of 35-45mV (Shanbhag and Tripathi, 2009, Chen et al., 

2015). Various modifications of NPs allow their intake in an easier way in gut which is now 

days being used for effective drug delivery purposes.  Jiang et al. demonstrated how surface 



7 
 

coating of Poly D,L-lactic-co-glycolic acid (PLGA) can enhance cellular uptake of NPs by 

increasing the retention period of NPs in posterior midgut of Drosophila larva (Jiang et al., 

2015). As chitosan is positively charged, it allowed electrostatic interaction with the alkaline 

posterior part of midgut and subsequently uptake of those nanoparticles occurred. This shows 

a relation between various modifications of NPs and their toxicity in Drosophila model. 

However, the paper is silent about the teratogenic effect of the concerned NP. Copper oxide 

nanoparticles (CuO NPs) when taken orally downregulate genes essential for proper 

functioning of intestinal barrier(Alaraby et al., 2016). CuO NPs accumulate within the gut 

cells and downregulate genes like Dual oxidase (Duox), Hemolectin (Hml), 

Prophenoloxidase 2 (PPO2) and Unpaired 3 (Upd3). Alongwith that various stress genes 

Hsp70, Sod2, Cat, p53 (Alaraby et al., 2016) also found to be downregulated. Accumulation 

of CuO NPs affect translocation through intestinal barrier to haemolymph in Drosophila 

larvae. The mechanism of toxicity as well as teratogenicity of NPs taken via oral route is 

associated with the mode of absorption. In case of vertebrates, three different pathways are 

reported for the absorption of various sized NPs in gut (Fig.1A). They include (1) paracellular 

(2) transenterocytic and (3) M-cell mediated pathway  (Yu et al., 2016). Paracellular pathway 

can merely contribute to NP transport as the intercellular space is very less and restricted by 

tight junctions. Transenterocytic pathway has been found to be most common pathway of 

NPs due to the involvement of enterocytes which are abundant in gut lining. These cells are 

generally responsible for transport of small sized NPs (50-100 nm) compared to large ones 

(500 nm, 1 m, 10 m)(Desai et al., 1996). M cell mediated pathway is responsible for 

transport of large sized NPs (Desai et al., 1996). Various polymeric NPs having polystyrene, 

found to be transported via M cells (Eldridge et al., 1990).  On the contrary, in spite of large 

numbers similarity with vertebrates gut, Drosophila gut has some structural differences 

(Fig.1B). M cell is found to be absent in Drosophila gut. In the absence of M cells how large 
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sized NPs are being absorbed in gut opens a new challenge (Lucchetta and Ohlstein, 2012, 

Buchon et al., 2014). Large sized NPs are being transported through enterocytes to 

haemolymph, homologue of human blood (Ahamed et al., 2010a, Alaraby et al., 2015a). 

Endocytosis and direct penetration through enterocytes is found to be one of the mechanism 

for NP transport in Drosophila (Pandey et al., 2013). However, the mechanism of NP 

transport needs further investigation to have the complete picture. 

Drosophila developmental process includes egg, larvae, pupae and adult stage.The egg 

stage lasts for one day. Next it hatched to 1
st
 inster larvae. The 1st inster larvae stay at that 

stage for two days and then changed to 2
nd

 inster larvae. The inster larvae after two days 

transformed to 3
rd

 inster larvae. The 3
rd

 inster larvae after two days changed to pupae stage. 

The pupae stage last for 3 days and after pupation the adult fly hatched. The is the normal life 

cycle of the Drosophila at 25
O
C(Fig.2). However, various environmental and physiological 

factor factors can alter the life cycle of Drosophila. The effect of any factor can be assessed 

in all the four developmental stages (Hsu and Schulz, 2000). Whichever defect in any of the 

stage may lead to an abnormal adult. The larvae are a voracious feeder which consumes the 

maximum amount of food in their feeding phase for energy requirement during pupation. 

During this period their mouth opening ranges from ∼50 to∼200 μm (Liu et al., 2009a) 

which is large enough to uptake nano sized materials. Thus the oral intake of NP on 

physiology and development can be studied at the larval stage. Since larvae are transparent 

the fate of nanoparticles can be studied by feeding the larvae with fluorescent tagged NPs. 

The larval walking behaviour acts as a ruler to determine the toxicity assessment of NPs 

(Sabat et al., 2016, Mishra et al., 2017, Pappus et al., 2017).  A defective larvae crawling 

indicates the defect in mechanosensory neurons after oral intake of NPs. Larve undergoes 

pupae where the metamorphosis occurs and the adult hatches. Various NPs often interfere 

with the metamorphosis and resulted an abnormal developmental cycle in Drosophila 
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(Lozinsky et al., 2012, Chen et al., 2015, Pappus and Mishra, 2018).  A delay in larval and 

pupal developmental time point often resulted in defective generation of the fly. 

How nanoparticles cause toxicity in Drosophila? 

D. melanogaster was employed for the first time by Strawn et al to study the effect of 

NPs  (Strawn et al., 2006). Later, various studies used Drosophila to detect genotoxicity and 

mutagenicity of several metal and metal-oxide NPs (Demir et al., 2011, Sabella et al., 2011, 

Vecchio et al., 2012, Demir et al., 2013, Vales et al., 2013, Alaraby et al., 2015c, Carmona et 

al., 2015a). NPs can interact with DNA to bring about harmful effects linked to cancer, 

infertility and genetic disorders over successive generations when germinal cells are affected 

(Singh et al., 2009b). As mentioned earlier increased surface area of NPs help to penetrate 

into the skin more easily (Schneider et al., 2009, Bolzinger et al., 2011). NPs can cross cell 

membrane (Vasir and Labhasetwar, 2008), blood brain barrier (Geldenhuys et al., 2011), 

bone marrow(Jing et al., 2008), lymph nodes (Bhang et al., 2009), heart (Stampfl et al., 

2011), lungs(Evans et al., 2006) and central nervous system (Klyachko et al., 2012). In 

pregnant mice NPs cross the placenta barrier and causes toxicity in the embryo (Saunders, 

2009, Bai et al., 2010, Chu et al., 2010, Yamashita et al., 2011). NPs, due to its small size, 

enter the nucleus through nuclear pore and interfere in the process of mitosis by disturbing 

DNA organized in chromatin or chromosome thereby causing genetic damage (Cheng et al., 

2013, Magdolenova et al., 2014). Further NPs, attach to the surface of various 

macromolecules like lipids and interrupt the normal functioning of ion channels. Membrane 

channels are important for signal transduction, trans epithelial transportation, regulating ion 

concentration of cytoplasm as well as a vesicle, maintaining pH, and regulating the volume of 

the cell (Hübner and Jentsch, 2002). Altered function of ion channels such as Ca
2+

, Na
+
, K

+
, 

Cl
- 
induce toxic effects along with endocytosis (Haney et al., 2011, Shan et al., 2011).  
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For existence or smooth conduction of cellular processes homeostasis is a required 

phenomenon which is often disturbed by stress. NPs can act as a stressor in vitro as well as in 

vivo models and alter the homeostasis. This is the most possible mechanism of NP toxicity 

(Green and Howman, 2005, Nel et al., 2006, Monteiller et al., 2007, Mocan et al., 2010). 

Oxidative stress is mediated by reactive oxygen species(ROS). During oxidative 

phosphorylation  in normal condition some electrons can skip the respiratory chain and bind 

to molecular oxygen forming superoxide ion radical (O2
-
), H2O2 (hydrogen peroxide) and 

subsequently hydroxyl radical (OH
-
) (Boonstra and Post, 2004, AshaRani et al., 2008). These 

free radicals (ROS) have a very high oxidizing power. Like toxic materials NPs causes ROS 

overproduction by losing or by accepting an electron from the respiratory chain and releasing 

it as molecular oxygen exclusive of disturbing the respiratory chain (Turrens, 2003). This 

process affects the ATP synthesis of mitochondria (You et al., 2012).  ROS produced by NPs 

causes’ oxidative damage to DNA. ROS interacts with low molecular weight lipid and causes 

lipid peroxidation (Halliwell and Chirico, 1993, Ahamed et al., 2010b). DNA damage causes 

chromosomal rearrangements like breaks of double-strand and dilapidation of strand breaks 

(AshaRani et al., 2008). ROS over production further affects cascades like signal 

transduction, ubiquitination of protein, degradation of protein, upset of the cytoskeleton, 

protein damage, lipid peroxidation and apoptosis (Ryter et al., 2007, Ahamed et al., 2008, Li 

and Osborne, 2008, Posgai et al., 2011, You et al., 2012). ROS production for long period 

has a negative impact on development, viability alongwith various physiological systems 

defect which includes a reproductive system, circulatory system and immune system (Posgai 

et al., 2011). Oxidative stress is often defended by the production of some antioxidant 

enzymes like SOD, catalase, peroxidase (Kohen and Nyska, 2002) which have the ability to 

convert reactive oxygen to less toxic H2O2 and successively to H2O (Alaraby et al., 2015a). 

Excessive production of ROS further suppresses the antioxidant activity of these enzymes. 
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Stress at cellular level resulted an enhanced expression level of heat shock 

proteins(HSP), activates the JNK pathway, and induces autophagy in Drosophila (Stronach 

and Perrimon, 1999, Scott et al., 2004, Simonsen et al., 2007, Singh et al., 2009a). Janus 

Kinase (JNK) protein has been found to enhance tolerance to oxidative damage and longevity 

in both Drosophila and C. elegans model system (Wang et al., 2003, Oh et al., 2005). HSP or 

stress proteins are synthesized when induced by foreign inducers and their conservative 

property with ability to induced by a large number of environmental inducers make it a 

suitable molecule for tracing the effect of stressors (Lindquist, 1986, Aıt-Aıssa et al., 2000, 

Mukhopadhyay et al., 2003, Siddique et al., 2008). Hsp70 is used as a biomarker in most of 

the NP toxicity studies (Bierkens, 2000). Heat and oxidative stress during Drosophila 

development hamper synthesis of biogenic amines and hormones like dopamine, octopamine, 

juvenile hormone, ecdysteroids; which has a major role in reproduction (Rauschenbach et al., 

1995, Gruntenko et al., 2003, Gruntenko et al., 2005, Neckameyer and Weinstein, 2005, 

Gruntenko et al., 2007, Rauschenbach et al., 2007, Gruntenko and Rauschenbach, 2008, 

Bogomolova et al., 2009, Gruntenko et al., 2009, Panacek et al., 2011). Dopamine and 

octopamine regulate gonadotropin secretion and also responsible for melanisation of cuticle 

(Walter et al., 1996). Similarly, alteration in juvenile hormone (decrease in its degradation) 

and 20-hydroxyecdysone or 20HE (increased level due to change in ecdysteroid system) 

decreases the fertility in Drosophila melanogaster (Rauschenbach et al., 1996, Hirashima et 

al., 2000). Heat stress can also bring about oocyte maturation delay, delay in vitelline 

membrane degradation, inhibit genes expression level of follicle cells responsible for the 

formation of yolk protein, and increase in a number of mature oocytes (Gruntenko et al., 

2003).  Various mechanisms through which NP toxicity can take place are summerised in 

figure (Fig . 3). 

Nanoparticles as a behavioural teratogen 
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NPs alter the activity of nervous system a key regulator of an animal’s behaviour. The 

behaviour of an organism connote the changes that it undergoes through different 

physiological processes either via external (environmental) or internal factors resulting 

change at the cellular or genetic level (Jaenike, 1982, Sokolowski, 2001). A defective 

physiological, metabolic, hormonal and neurological activity may alter the behavioural 

pattern of the animal (Gerdes et al., 1999, Smoller et al., 2005). Thus with the onset of any 

disease, changes may occur at the genetic, cellular morphology, molecular, proteome level, 

and finally alter the behaviour of the animal. Various methods to detect the behavioural 

defects of Drosophila were recently summerised (Mishra and Barik, 2018). NPs can enter 

into the neurons through ionic channels like Na
+
, K

+
, Ca

2+
, Cl

- 
(Banerjee and Nimigean, 

2011, Morgen et al., 2011) via trans synaptic transportation (Praetorius et al., 2007). NPs 

affect nerve growth factor, blood-brain barrier (BBB) and the voltage-gated channel of the 

hippocampus and thus cause neurodegeneration (Pisanic et al., 2007, Tang et al., 2008, Liu et 

al., 2009b). NPs like silica, manganese, zinc oxide and ferrous can cause depletion of 

neurotransmitter like dopamine, aggravate heat stress, degenerate BBB, and lead to edema 

formation (Liu et al., 2009b). Similarly, somatosensory neurons are affected upon exposure 

of copper NPs in the rat (Prabhu et al., 2010). Various NPs is shown to affect larval 

mechanosensory neurons, cholinergic neurons and sub oesophageal ganglion (Sabat et al., 

2016, Mishra et al., 2017, Pappus et al., 2017).  Aluminium NPs can alter the local 

interneuron activity of antennal lobe (Huang et al., 2013), an important chordotonal organ 

analogous to olfactory bulbs of vertebrates which receives olfactory information from 

olfactory sensory neurons of the antenna (Silbering et al., 2008). However, many of above 

alterations are yet to be explored in Drosophila. 

Nanoparticle toxicity assessed using Drosophila model  
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In this section we have taken all the nanoparticles that uses Drosophila to check the toxic 

effect.  

Silver nanoparticles (Ag NPs) 

Silver NP (Ag NP) increases stress level, damage of DNA, apoptosis, and altered HSP 

after exposure to Drosophila (Ahamed et al., 2010a, Key et al., 2011, Pappus et al., 2017). 

Larval ingestion of Ag NP increases the amount of malondialdehyde (MDA) and stress 

enzymes like catalase, superoxide dismutase (SOD), gluta thione, caspase-3 and caspase-9 

within the hemolymph (Ahamed et al., 2010a, Posgai et al., 2011). Higher activity of p53 and 

p38 along with caspase-3 and caspase-9 were also observed (Ahamed et al., 2010a). Ag NP 

resulted in spotty wings (Demir et al., 2011). in Drosophila. 

Ag NP uptake resulted in developmental delay and decreases developmental success 

(Ahamed et al., 2010a, Gorth et al., 2011, Philbrook et al., 2011b). Ag NP exposure at larval 

stage reduces mating success (Posgai et al., 2011). Flies hatched after Ag NP treatment has 

decreased body proportion (Panacek et al., 2011). AgNP distress larva to pupa, pupa to adult 

transitions, and longitivity  of flies in F1 generation (Key et al., 2011). Ag NP exposure for 

10 to 30 days in adult flies resulted in decreased egg laying capacity and retarded growth of 

ovary with very fewer numbers of ovarioles (Raj et al., 2017). Flies exposed after AgNP 

treatment (F1 generation) have a transgenerational effect suggesting Ag NP acts as a 

teratogen. Phenotypic defect including depigmentation, and soft cuticle were also reported in 

the offspring(Gorth et al., 2011, Key et al., 2011, Posgai et al., 2011). A similar phenotypic 

defect is seen in humans after silver exposure resulting an irreversible greyish discolouration 

of the skin called argyria (Chen and Schluesener, 2008, Kwon et al., 2009).. Uptake of 

aerosolized coated and uncoated Ag NPs through respiratory system resulted in an increased 

Hsp70 expression (Posgai et al., 2009). AgNPaltered copper homeostasis in adult Drosophila 

and affects the female fertility (Armstrong et al., 2013). Cuticle depigmentation further alters 
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dopamine pathway due to heat and oxidative stress generated by Ag NP exposure (Key et al., 

2011, Panacek et al., 2011). Silver NPs prepared from plants had a negative effect on larvae 

hatching and reduced larval longevity (Araj et al., 2015). Ag NP alters the gut microbiota of 

Drosophila (Han et al., 2014),  a key player  for regulating growth and mating behaviour 

(Charroux and Royet, 2012).  

Gold nanoparticles (AuNPs) 

AuNP is highly biocompatible thus can pass the cell membrane easily (Rosi and 

Mirkin, 2005, Rosi et al., 2006, Dhar et al., 2010). This property increases the wide use of 

AuNP in the field of medicine for drug delivery (Dykman and Khlebtsov, 2011). Besides its 

wide use Drosophila studies have shown DNA fragmentation, oxidative stress (detected by 

over expression of stress proteins) and a sign of apoptosis (p53 overexpression) after AuNP 

treatment (Pompa et al., 2011, Vecchio et al., 2012). AuNP affects the longevity and fertility 

of Drosophila.  Signaling pathway like PI3K/Akt/mTOR altered after AuNP exposure as the 

regulation of energy and metabolism get affected (Wang et al., 2012). In addition, phenotypic 

alterations like extreme eye deformities, damaged wing and thorax were found to be defective 

(Vecchio et al., 2012). 

Titanium oxide nanoparticles (TiO2NPs) 

Toxicity of TiO2NP depends on grade (Weir et al., 2012). In Drosophila oral intake of 

TiO2NP causes cytotoxicity and DNA damage of mid-gut cells and imaginal disc (Patel and 

Champavat, 2014, Sabat et al., 2016). The toxicity is caused due to overexpression of stress 

genes like catalase, glutathione and superoxide dismutase (Posgai et al., 2011, Jovanović et 

al., 2016). TiO2NP affects the developmental stages and thus causes developmental delay in a 

dose dependent manner (Sabat et al., 2016). This defect is further associated with alterations 

of oxidative stress due to increased ROS production (Lozinsky et al., 2013, Shrivastava et al., 
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2014). TiO2NP fed larvae shows defective crawling behaviour suggesting impairment of 

nervous system (Sabat et al., 2016).  Reduced body weight, defective climbing behaviour, 

wing venation and bristle defects were reoprted after exposure of TiO2 NP(Sabat et al., 2016). 

Signalling pathways like notch, hedgehog and Bone Morphogenic Protein (BMP) regulate 

wing development in Drosophila (Vervoort et al., 1999, de Celis, 2003). The homolog of 

these proteins is present in the vertebrate system. A defective wing further indicates the 

malformed functioning of signalling pathways. Fecundity rate is also affected by dietary 

intake of TiO2 NP in Drosophila (Philbrook et al., 2011b). 

Magnetite nanoparticles (Fe3O4 NPs) 

The toxic effect of magnetite NPs on Drosophila was studied by Chen et al. (Chen et 

al., 2015). Fecundity was found to be affected by the exposure of magnetite NPs. Magnetite 

NPs disturb homeostasis of vital metals like Fe, Ca, Cu which are essential for development 

(Kambe et al., 2008, Chen et al., 2015). Disturbance of Ca level is responsible for defective 

embryogenesis whereas altered Fe level hampers the embryogenesis, larval growth and 

metamorphosis (Homa et al., 1993, Mandilaras et al., 2013, Uhrigshardt et al., 2013). 

Likewise, Cu imbalance causes the decreased growth of embryo, foetus and adult (Turski and 

Thiele, 2007).  

Zirconia nanoparticles (ZrO2 NPs) 

Exposure of zirconia NP causes numerous alterations in the development of both larva 

and adult Drosophila (Mishra et al., 2017). It induces oxidative stress by producing ROS 

which in turn affect the structure of the larval gut as evidenced by DAPI staining. Malformed 

larva crawling behaviour is observed due to zirconia NP toxicity. Reduced pupal count and 

overall developmental delay have been observed. In treated adult flies, significantly 

decreased body weight, altered climbing behaviour and various phenotypic defects were 
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found. The phenotypic defects include defective eye (fused, misoriented, blistered 

ommatidia), bristle loss/ altered phenotype, defective abdomen development along with 

scattered black spots and segmental decolouration. Further wing venation pattern and 

trichome arrangement of the wing were severely affected. All these phenotypic 

transformations all together affect the behaviour as well as survivorship of the fly. 

Hydroxyapatite nanoparticles (HApNPs) 

Similar to zirconia, HApNPs affect larval neural activity (damage to sub oesophageal 

ganglion, mechanosensory neuron and brain) detected by defective larva crawling behaviour 

(Pappus et al., 2017). Further oxidative damage by increased ROS production and nuclear 

damage to larval gut proves ROS production as a most common mode of NP toxicity. 

Developmental delay, reduced pupa percentage, defective wing (incomplete venation), bristle 

phenotype (lost or broken), eye deformities (rough eye with blisters) were the result of HAp 

NP toxicity at phenotypic level in Drosophila. Altered climbing behaviour was also seen. 

Bristles are involved in mechanosensation found to be affected after HapNP treatment.. Wing 

venation is found to be affected. Abnormality in wing hairs were observed due to defect in 

planner cell polarity, and the actin amount available in the hair cell (Fristrom et al., 1993, 

Eaton et al., 1996, Ren et al., 2006). Decreased phosphorus and calcium level were also 

found within the gut after HApNP treatment (Pappus et al., 2017). 

Copper oxide and Copper nanoparticles (CuO and Cu NPs) 

Cu NPs having myriads of usage (Hajipour et al., 2012, Bondarenko et al., 2013) can 

induce toxicity in Drosophila (Carmona et al., 2015b). CuO NPs proved to be genotoxic to 

Drosophila as it causes DNA damage to larval haemocyte. CuO NPs causes mitotic 

recombination a potential mechanism to cause mutation. Malondialdehyde, a marker for 

oxidative stress was found to be increased after CuO NP exposure. The oxidative stress can 
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bring about genotoxicity in Drosophila. CuO NP further cause’s developmental delay, which 

is associated either with genotoxicity or oxidative stress. Han et al., also reported that Cu NPs 

causes developmental delay, reduced adult longevity and sperm competition in Drosophila 

(Han et al., 2014).  CuO NPs resulted reduced larval growth, defective metamorphosis and 

delayed pupa to adult stage (Alaraby et al., 2016). The toxicity is due to the copper ions 

released from the CuONPs. Genetic markers like Dual oxidase (Duox), Hemolectin (Hml), 

Prophenoloxidase 2 (PPO2) and Unpaired 3 (Upd3) in gut cells are downregulated due to 

effect of CuONP. Accumulation of CuO NPs in the gut lumen, gut cells and haemocytes 

(after translocation) decreased the microbiota population within the gut.  

Silica nanoparticles (SiO2 NPs) 

Effect of silica NP using Drosophila model has been reported from various studies 

(Barandeh et al., 2012, Pandey et al., 2013, Demir et al., 2015). Ingestion of nano sized 

synthetic amorphous silica (SAS) during larval stage affected the gut to a larger extent 

(Pandey et al., 2013). Adverse effects include membrane destabilization, membrane potential 

loss of mitochondria, increased oxidative and apoptotic activity of gut cells. Nano SAS 

produced DNA damage due to oxidative stress in midgut cells and haemocytes by 

internalization assessed by comet assay (Demir et al., 2015). 

Carbon nanomaterials (nanotubes and graphene) 

Numerous attempts have been made to assess the toxicity level of various carbon 

nanotubes in Drosophila (Evans et al., 2006, Leeuw et al., 2007, Liu et al., 2009a, Philbrook 

et al., 2011a, Machado et al., 2013, de Andrade et al., 2014, Liu et al., 2014, Vega-Alvarez et 

al., 2014). All the studies suggest deposition of various size and shaped carbon nanotubes in 

different tissues without altering the development. Adult exposure of two types of carbon 

nanomaterials (carbon black and single walled nanotubes) initiated unnatural grooming 
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behaviour and affected the climbing behaviour (Liu et al., 2009a). This behavioural defect is 

due to adherence of carbon nanotubes to sticky pads present in the foot (Liu et al., 2009a). 

Again the physical mechanism of nanotoxicity suggests that carbon nanotubes can limit the 

oxygen diffusion and metabolism by partially blocking the spiracles, openings which regulate 

respiratory gas influx with respect to metabolism (Lehmann, 2001, Heymann and Lehmann, 

2006, Liu et al., 2009a). Due to increased grooming behaviour the carbon nanotubes can be 

transported into the body (Leeuw et al., 2007). However, microtransfer of carbon nanotubes 

to Drosophila embryo induced mortality (Vega-Alvarez et al., 2014).  Similarly, various 

nanocomposites of graphene have a toxic effect on Drosophila.  Larval exposure to graphene 

and Zn nanocomposite increased oxidative stress, apoptosis and DNA damage in a dose and 

time dependant manner (Siddique et al., 2014). Further, it reduced the total protein content of 

Drosophila. Another nanocomposite of graphene and copper induces hsp70 expression, 

oxidative stress, apoptosis, DNA damage along with altered total protein content and β-

galactosidase activity (Siddique et al., 2013). All these results provokes the need of a more 

systematic study to assess the carbon nanomaterial toxicity although it was one of the early 

NP to be used for toxicity assessment. 

Zinc oxide nanoparticles (ZnO NPs)  

ZnO NPs exposure induces stress and apoptotic response in Drosophila larva by 

altering Hsp70 expression, upregulating p53 gene and causing DNA damage in larval 

haemocytes (de Melo Reis et al., 2015). Recently, ZnO NP toxicity was monitored for four 

successive generations (Anand et al., 2017). ZnO NP exposure does not affect the F0 

generation flies. ZnO NP induce oxidative stress by significantly increasing the amount of 

ROS. ZnO NP exposure resulted in an increase in the percentage of DNA damage and 

apoptotic cells. A phenotypic defect like a single wing, deformed/segmented thorax and 

without ventral nerve cord were produced over successive generations. All these defects 
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suggest the mutagenic effect of ZnO NP in chronic treatment. Flies hatched after ZnO 

exposure has a developmental failure at the pupal stage with no progeny in the successive 

generation.  

Cobalt nanoparticles (Co NPs) and Quantum Dots (QDs)    

Exposure of larvae to cobalt NPs (Co NPs) induces somatic recombination in wing 

imaginal disc. In adult flies abnormal wing spots and bristle defect were observed (Vales et 

al., 2013). Quantum Dots like CdSe–ZnS QDs, InP/ZnS QDs, CdSe QDs induced stress 

response by the production of ROS and overexpression of Hsp70 and Hsp83. Further they 

were genotoxic in nature confirmed by DNA damage. Upregulated p53 expression by QD 

exposure resulted in an enhanced apoptosis in larvae haemocytes (Galeone et al., 2012, 

Brunetti et al., 2013, Alaraby et al., 2015b). 

Microinjection of nanoparticles  

Iron oxide or magnetite (Fe3O4), silver(Ag), gold(Au), titanium oxide(TiO2) 

nanoparticles and carbon nanotubes (single walled and multi walled) were delivered to stage 

15 Drosophila embryo by microtransfer method. NPs were delivered to specific tissue to 

assess target specific toxicity of nanomaterials (Vega-Alvarez et al., 2014). The microtransfer 

of NPs affects the embryogenesis of Drosophila and thus the percentage of viability. 

Deleterious effects of various NPs with respect to size and physicochemical parameters are 

summarized in the table (Table 1).  

Biomarkers to measure the teratogenic effects in Drosophila  

Histological and molecular assays 

We have summarised various NPs that checked the toxic effect using Drosophila as a 

model system in the above section. All the toxicity result proves that NP acts as a teratogen.  
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Numerous studies described above; suggests cellular stress as the most acclaimed mechanism 

for NP toxicity. Cellular stress is caused due to increased production of ROS. The easiest 

most accepted methods to measure overproduction of ROS are by NBT (nitroblue 

tetrazolium) reduction assay. The amount of ROS generated by NPs can be measured from 

haemolymph of Drosophila larva (Sabat et al., 2016, Mishra et al., 2017). Also, 6-carboxy-

2,7’-dichlorodihydro-fluorescein diacetate (DCHF-DA) assay is used to measure intracellular 

ROS (Kalyanaraman et al., 2012, Mishra et al., 2017, Pappus et al., 2017). DCHF-DA is cell 

permeable and is hydrolized to DCHF carboxylate anion. Oxidation of DCHF intracellularly 

forms a fluorescent product called dicholoroflluorescein (DCF) which can be further 

observed by techniques like fluorescence microscopy, confocal microscopy and flow 

cytometry (Kalyanaraman et al., 2012). The increased amount of oxidative stress or cellular 

toxicity can cause damage to DNA (Love et al., 2012). The amount of DNA damage can be 

easily accessed by comet assay or single cell gel electrophoresis assay (Love et al., 2012). 

Comet assay reveals incomplete repair sites, damages like double strand DNA break, single-

strand DNA breaks and alkali-labile sites (Tice et al., 2000). However, the accuracy of comet 

assay can be enhanced by using an enzyme formamidopyrimidine DNA glycosylase (FPG) 

which can convert the damaged bases to breaks (Azqueta et al., 2013). This technique is 

useful to detect the DNA damage at non genotoxic concentration where comet assay alone 

fails. FPG targets DNA damage like oxidized purines (8-oxoguanine) and ring-opened 

formamidopyrimidine bases (e.g.FapyGua)  caused due to oxidative stress (Kain et al., 2012).  

To check the effect of midgut after oral intake of NPs TUNEL assay was used (Terminal 

transferase dUTP nick-end-labeling) (Pompa et al., 2011). Often if the damage is more it may 

affect the single layered gut epithelial cells. To check the arrangement of gut epithelial cells 

nuclei were stained with DAPI.  Nuclei of gut cells were found to be blabbed at higher 

concentrations. In response to the toxic effect of NPs cells start destroying themselves by the 
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process of apoptosis or necrosis. Dead cells of Drosophila larval gut are stained with trypan 

blue exclusion test to distinguish the dead cells from living one (Pappus et al., 2017). To 

check the apoptosis tissues were stained with annexin V/propidium iodide (Vecchio et al., 

2012).  

Biochemical assay 

NPs affect some of the proteins which are expressed under adverse conditions. Thus 

expression of those proteins or related genes is checked as an outcome of NP toxicity. The 

activity of antioxidant enzymes like SOD, catalase, glutathione assay is also used as a marker 

for detection of ROS production (Ahamed et al., 2010a). Lipid peroxidation assay with the 

help of malondialdehyde (MDA) marker depicts the extent of oxidative damage to cells 

(Carmona et al., 2015b). Further, upregulated heat shock protein activity mainly hsp70 is 

used as a marker.  Overexpressed apoptotic protein levels like p53, p38, caspase-3, caspase-9 

are assessed to confirm apoptotic activity in NP-treated Drosophila (Ahamed et al., 2010a). 

Alteration in total amount of protein is also checked as a parameter to detect NP-induced 

stress. 

Genotoxic assay  

Wing spot assay is used for genotoxicity screenings where mutation resulted from NP 

toxicity give rise to wingspots on wings (Demir et al., 2011). Wing spot assay can recognize 

somatic recombination along with point mutation, deletion and chromosomal aberrations 

(Graf et al., 1984). Adult survivorship assay is used to detect the stress resistance ability of 

the animal.  H2O2 is used as a stressor to check the stress tolerating ability of Drosophila by 

antioxidant production as an innate mechanism (Mishra et al., 2017). Hsp70, Hsp83 were 

used to check genotoxicity as an alteration resulted DNA damage.  

Phenotypic defect 
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Flies hatched after NP treatment has decreased body proportion (Panacek et al., 2011). 

Reduced body weight, is observed after exposure to certain NPs. Phenotypic defect including 

depigmentation(Fig.4A), and soft cuticle were also reported in the offspring after AgNP 

treatment (Gorth et al., 2011, Key et al., 2011, Posgai et al., 2011). Soft cuticle is further co 

related with reduced locomotory behaviour in various studies (Wright et al., 1976, Walter et 

al., 1991, Neckameyer et al., 2001, Drapeau et al., 2003, Suh and Jackson, 2007, Armstrong 

et al., 2013). The depigmentation occurs either due to altered melanin synthesis or with 

increased hsp70 expressions (Denman et al., 2008, Galván and Alonso-Alvarez, 2009, 

Glassman, 2011). Ag NP exposure further decreases the copper level which is a co factor for 

tyrosinase and Cu-Zn superoxide dismutase; subsequently production of these two enzymes 

is decreased. Tyrosinase is responsible for the synthesis of melanin; thus resulted 

demelanization (Wright, 1987). Enzymes involved in dopamine metabolism (a pathway 

involved in melanin synthesis) are encoded by genes like pale, yellow, Dopa decarboxylase 

(Ddc), and ebony (Sugumaran et al., 1992, Qian et al., 2002, Wittkopp et al., 2003, Carroll, 

2005, Sugumaran, 2009, Tang, 2009, Wittkopp and Beldade, 2009). 

Phenotypic alterations like deformities in thorax (Fig.4B) over successive generations 

suggest the  mutagenic property of various NPs (Vecchio et al., 2012). Oral intake of NP 

causes cytotoxicity and DNA damage to mid-gut cells and imaginal disc (Patel and 

Champavat, 2014, Sabat et al., 2016). The phenotypic defect in the gut and imaginal disc is 

caused due to overexpression of stress genes like catalase, glutathione and superoxide 

dismutase (Posgai et al., 2011, Jovanović et al., 2016). Bristles development is controlled by 

gene achaete-scute complex(Georgiev and Gerasimova, 1992) along with signal transduction 

pathways like EGFR and Notch (Furman and Bukharina, 2007). NPs are expected to alter the 

functioning of the above gene involved in this pathway and bring structural variation in 

bristle. Wing defects like small wing incomplete venation (Fig.4C,D)is a consequence of the 
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toxic effect of HAp NP on wing imaginal disc (de Celis, 2003). Abnormal wing venation 

pattern can be a result of a defect in posterior cross vein gene, bone morphogenetic protein 

(BMP) and Notch signalling pathways (de Celis, 2003). Wing spots within the wing are 

observed after NP treatment (Fig. 4E, F) Wingspot assay is a known marker to detect 

mutation (Demir et al., 2011). Presence of wing spot indicates Co NPs acts as a mutagen. 

multiple wing hairs strain and flare-3 strain are taken as control for wing spot assay. 

Membrane destabilization, membrane potential loss of mitochondria, increased oxidative and 

apoptotic activity of gut cells are also used as the marker of gut. NP alter the eye imaginal 

disc and causes various pgenotypic defect in the eye (Fig. 5). Eye shape is reduced by 

decreasing the number of ommatidia from the periphery. Splitted eye is also observed in 

certain cases.    

Developmental cycle  

NP resulted alteration of developmental cycle (Fig.2) and decreases developmental 

success (Ahamed et al., 2010a, Gorth et al., 2011, Philbrook et al., 2011b). Reproduction rate 

in Drosophila is affected due to reduced mating success after exposure upon NP (Posgai et 

al., 2011). NP may alter various developmental stages as observed in AgNP.  AgNP distress 

larva to pupa, pupa to adult transitions. Flies hatched after NP treatment may affect their 

longevity in F1 generation. Magnetite NP can cross the placenta and invade into ooplasm and 

vitelline membrane of Drosophila egg. Entry of NP alters oogenesis period, reduction in 

ovary size with increased defects, a decrease in nurse cells and abnormal egg chamber 

development which is the reason for the developmental delay and reduced fecundity. 

Magnetite NP can cross the placenta and invade into ooplasm and vitelline membrane of 

Drosophila egg(Chen et al., 2015). Entry of NP alters oogenesis period, reduction in ovary 

size with increased defects, a decrease in nurse cells and abnormal egg chamber development 

which is the reason for the developmental delay and reduced fecundity. Adult longevity was 
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found to be affected in flies which were hatched after Ag NP treatment (Key et al., 2011). 

NPs may affect the egg laying capacity and retarded growth of ovary with very fewer 

numbers of ovarioles. Similar results were observed after Ag NP exposure for 10 to 30 days 

in adult flies(Key et al., 2011).  Defects may be seen in prepupae, pupae formation, adult 

eclosion, impaired adult longevity and ovarian development. Flies exposed after NP 

treatment (F1 generation) have a transgenerational effect. F2 generation flies, hatched from 

F1 generation (which were never exposed to Ag NP) also possess many structural defects in 

the body. Such defects were observed in AgNP treated flies suggesting Ag NP acts as a 

teratogen.  

Behavioural assays 

Behavioural assays are used as powerful tool to assess the endpoint of genetic and 

environmental factors on fly behaviour (Moore et al., 1998, Nichols et al., 2012). This test is 

done both on larvae and adult to check the numerous motor and sensory defects which are 

suitable for NP toxicity assays. In larvae, a behavioural test like foraging, phototaxis and 

chemotaxis is widely used. In adults behaviour like phototaxis, chemotaxis, geotaxis, 

aggression, grooming, courtship and mating are used to check the motor and sensory actions 

(Chifiriuc et al., 2016). The complex interaction of various genes in different biological 

pathways is important for the development of body parts of required morphology (Joshi et al., 

2005). Thus, any structural defect may appear in the form of the functional defect and so is 

the behaviour of the animal.  

Often the structure forms normal but then it undergoes degeneration. In such cases it 

can be detected by behaviour.  Both defective phenotype and behaviour resulted from NP 

toxicity can affect the survivability of Drosophila. Larva crawling behaviour is done to check 

the extent of neuronal damage during early development and confirmed by abnormal 

crawling behaviour (twist, turn, sluggishness)(Sabat et al., 2016). Effect of NPs on nervous 
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system mainly on mechanosensory neurons, cholinergic neurons, sub oesophageal ganglion 

can be studied indirectly by assaying larva crawling behaviour (Riedl and Louis, 2012).  

Unnatural grooming behaviour can act as a defective behavioural endpoint due to NP toxicity 

which can be assayed easily.  Proper climbing behaviour is mediated by an antenna which 

helps in sensing the gravitational pull and thereby maintaining balance during flight (Bokolia 

and Mishra, 2015). This behaviour is affected due to NP exposure and can be assayed by 

simple methods (Mishra et al., 2017).. 

Nanoparticles as a potential teratogen  

Results from various labs on different NPs suggest that NPs inducess toxicity in 

Drosophila. Once NPs surpass a certain threshold dose, it causes numerous physiological, 

developmental and behavioural defects in Drosophila. NP causes oxidative stress by 

generating ROS overproduction and increasing the activity of HSP protein. As a result of 

stress response various biochemical pathways are affected along with damage to the DNA. 

Genotoxic effects of NPs cannot be neglected as they can cause mutation over successive 

generations. 

Due to the toxicity of NPs, the process of programmed cell death or apoptosis is initiated 

to destroy the affected cells. The process of apoptosis is regulated by activities of special 

proteins like p53, p38 and molecules like caspases. Proper functioning of various 

signalling pathways like Notch, BMP, Hedgehog, PI3K/Akt/mTOR, dopamine etc. are 

hampered due to nanotoxicity which is essential for proper development of an organism. 

Dysregulated hormonal system in NP treated flies shows their effect on biological 

pathways. Further toxicity may appear in the form of morphological anomalies resulting 

from defective phenotype in eye, wings, bristles, abdomen, thorax and cuticle. NPs also 

causes behavioural defect by disrupting the nervous system at various levels. Altered 
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crawling, climbing and grooming behaviour shows the neural flaws created by NPs on 

nervous system at any of the four developmental stages of Drosophila. Neural 

malfunctioning during embryogenesis may affect the whole process of neurogenesis and 

development of brain; which regulates the fly behaviour and hormonal system. Damage to 

the larval nervous system by NPs affects its motor and sensory behaviour like foraging for 

food, movement by neuromuscular coordination, phototaxis, chemotaxis etc. Drastic 

changes of a Drosophila’s life cycle occur in the pupal stage where neuronal remodelling 

occurs to metamorphose the larval nervous architecture to an adult one. NPs effect at this 

stage affects the adult behaviour greatly. Imaginal discs, which is the precursor of various 

organs of Drosophila also disrupted by NPs and creates phenotypic alterations. Similarly, 

an adult nervous system with its regulator, brain is assigned to perform complex 

behavioural actions and to coordinate with other sensory organs. Intervention of NPs to 

these actions can have an effect on overall Drosophila survivorship. In addition, 

impairments such as developmental delay, reduced developmental success, fecundity and 

longevity are the result of NPs in Drosophila. These abnormalities by NPs at the cellular, 

molecular, genetic, phenotypic and behavioural level not only in one generation but also in 

subsequent generations foster the idea that NPs may act as a potential teratogen. 

Teratogenic effect of various chemicals had been studied in great detail starting back from 

the exposure of thalidomide (McBride, 1961, Taussig, 1962). The possibility of 

nanomaterials to act as a teratogen is miserably overlooked as compared to their 

uncontrolled implementation and rapid advancement. As the definition of teratogenesis 

suggests, teratogens can bring about anatomical, morphological, physiological, 

biochemical and behavioural abnormalities during the course of development (Coyle et al., 

1976). This statement holds true for NPs since NPs can bring about myriads of 

abnormalities during development in the model organism of the current review, D. 
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melanogaster. Compiling all the supportive data available we propose that NPs act as a 

teratogen during the course of development in Drosophila. This questions the huge 

application of NPs in day to day life of modern society. From all the toxicity studies 

carried out on NPs insist us to ask a question; is it correct to consider NPs as a boon to 

modern human society or bane? What would be the consequences of uncontrolled use of 

NPs on our future generations? NPs have numerous applications in today’s world without 

any doubt, but we must be concerned about its risk of toxicity. We must ask questions 

about their safety and efficacy before application and rules and regulations should be 

followed strictly to curb their uncontrolled production as well as usage (Rycroft et al., 

2018). Thus, to prevent such situations NP toxicity assessment should be done in a 

systematic way in various in vivo, in vitro model systems prior to their use. We have to 

understand the way of interaction of NPs within biological system and accordingly we 

have to design or reshape the properties of different nano materials.   

Acknowledgements                                                                                                                              

We wish to thank three anonymous reviewers for their valuable comments swhich help to improve 

the manuscript to certain extend. This work is supported by DBT–Government of India to MM via 

grants no BT/PR21857/NNT/28/1238/2017. 

Conflict of interest                                                                                                                                            

The authors declare that they have no conflict of interest.                                                          

References 

Affleck, J.G. & Walker, V.K., 2008. A role for Drosophila in understanding drug-induced cytotoxicity 
and teratogenesis. Cytotechnology, 57, 1-9. 

Ahamed, M., Karns, M., Goodson, M., Rowe, J., Hussain, S.M., Schlager, J.J. & Hong, Y., 2008. DNA 
damage response to different surface chemistry of silver nanoparticles in mammalian cells. 
Toxicology and Applied Pharmacology, 233, 404-410. 

Ahamed, M., Posgai, R., Gorey, T.J., Nielsen, M., Hussain, S.M. & Rowe, J.J., 2010a. Silver 
nanoparticles induced heat shock protein 70, oxidative stress and apoptosis in Drosophila 
melanogaster. Toxicology and Applied Pharmacology, 242, 263-269. 



28 
 

Ahamed, M., Siddiqui, M.A., Akhtar, M.J., Ahmad, I., Pant, A.B. & Alhadlaq, H.A., 2010b. Genotoxic 
potential of copper oxide nanoparticles in human lung epithelial cells. Biochemical and 
Biophysical Research Communications, 396, 578-583. 

Aillon, K.L., Xie, Y., El-Gendy, N., Berkland, C.J. & Forrest, M.L., 2009. Effects of nanomaterial 
physicochemical properties on in vivo toxicity. Advanced Drug Delivery Reviews, 61, 457-466. 

Aıt-Aıssa, S., Porcher, J.-M., Arrigo, A.-P. & Lambre, C., 2000. Activation of the hsp70 promoter by 
environmental inorganic and organic chemicals: relationships with cytotoxicity and 
lipophilicity. Toxicology, 145, 147-157. 

Alaraby, M., Annangi, B., Hernández, A., Creus, A. & Marcos, R., 2015a. A comprehensive study of 
the harmful effects of ZnO nanoparticles using Drosophila melanogaster as an in vivo model. 
Journal of Hazardous Materials, 296, 166-174. 

Alaraby, M., Demir, E., Hernández, A. & Marcos, R., 2015b. Assessing potential harmful effects of 
CdSe quantum dots by using Drosophila melanogaster as in vivo model. Science of the Total 
Environment, 530, 66-75. 

Alaraby, M., Hernández, A., Annangi, B., Demir, E., Bach, J., Rubio, L., Creus, A. & Marcos, R., 2015c. 
Antioxidant and antigenotoxic properties of CeO2 NPs and cerium sulphate: Studies with 
Drosophila melanogaster as a promising in vivo model. Nanotoxicology, 9, 749-759. 

Alaraby, M., Hernández, A. & Marcos, R., 2016. New insights in the acute toxic/genotoxic effects of 
CuO nanoparticles in the in vivo Drosophila model. Nanotoxicology, 10, 749-760. 

Almeida, S.F.D., Rabelo, L.M., Souza, J.M.D., Ferreira, R.D.O., Guimarães, A.T.B., Pereira, C.C.O., 
Rodrigues, A.S.D.L. & Malafaia, G., 2016. Behavioral changes in female Swiss mice exposed 
to tannery effluents. Revista Ambiente & Água, 11, 519-534. 

Anand, A.S., Prasad, D.N., Singh, S.B. & Kohli, E., 2017. Chronic exposure of zinc oxide nanoparticles 
causes deviant phenotype in Drosophila melanogaster. Journal of Hazardous Materials, 327, 
180-186. 

Araj, S.-E.A., Salem, N.M., Ghabeish, I.H. & Awwad, A.M., 2015. Toxicity of nanoparticles against 
Drosophila melanogaster (Diptera: Drosophilidae). Journal of Nanomaterials, 2015, 5. 

Armstrong, N., Ramamoorthy, M., Lyon, D., Jones, K. & Duttaroy, A., 2013. Mechanism of silver 
nanoparticles action on insect pigmentation reveals intervention of copper homeostasis. 
PLoS One, 8, e53186. 

Asakura, M., Sasaki, T., Sugiyama, T., Takaya, M., Koda, S., Nagano, K., Arito, H. & Fukushima, S., 
2010. Genotoxicity and cytotoxicity of multi-wall carbon nanotubes in cultured Chinese 
hamster lung cells in comparison with chrysotile A fibers. Journal of Occupational Health, 52, 
155-166. 

Asharani, P., Low Kah Mun, G., Hande, M.P. & Valiyaveettil, S., 2008. Cytotoxicity and genotoxicity of 
silver nanoparticles in human cells. ACS nano, 3, 279-290. 

Azqueta, A., Arbillaga, L., López De Cerain, A. & Collins, A., 2013. Enhancing the sensitivity of the 
comet assay as a genotoxicity test, by combining it with bacterial repair enzyme FPG. 
Mutagenesis, 28, 271-277. 

Bai, Y., Zhang, Y., Zhang, J., Mu, Q., Zhang, W., Butch, E.R., Snyder, S.E. & Yan, B., 2010. Repeated 
administrations of carbon nanotubes in male mice cause reversible testis damage without 
affecting fertility. Nature Nanotechnology, 5, 683-689. 

Bailey, J., Oliveri, A. & Levin, E.D., 2013. Zebrafish model systems for developmental neurobehavioral 
toxicology. Birth Defects Research Part C: Embryo Today, 99, 14-23. 

Banerjee, S. & Nimigean, C.M., 2011. Non-vesicular transfer of membrane proteins from 
nanoparticles to lipid bilayers. The Journal of General Physiology, 137, 217-223. 

Barandeh, F., Nguyen, P.-L., Kumar, R., Iacobucci, G.J., Kuznicki, M.L., Kosterman, A., Bergey, E.J., 
Prasad, P.N. & Gunawardena, S., 2012. Organically modified silica nanoparticles are 
biocompatible and can be targeted to neurons in vivo. PloS one, 7, e29424. 



29 
 

Barbero, C.A. & Yslas, E.I., 2017. Ecotoxicity Effects of Nanomaterials on Aquatic Organisms: 
Nanotoxicology of Materials on Aquatic Organisms. Applying Nanotechnology for 
Environmental Sustainability. IGI Global, 330-351. 

Bhang, S.H., Won, N., Lee, T.-J., Jin, H., Nam, J., Park, J., Chung, H., Park, H.-S., Sung, Y.-E. & Hahn, 
S.K., 2009. Hyaluronic acid− quantum dot conjugates for in vivo lymphatic vessel imaging. 
ACS nano, 3, 1389-1398. 

Bierkens, J.G., 2000. Applications and pitfalls of stress-proteins in biomonitoring. Toxicology, 153, 61-
72. 

Bogomolova, E., Adon’eva, N., Alekseev, A., Gruntenko, N. & Rauschenbach, I.Y., Year. Effect of 
gonadotropins on dopamine metabolism in mature Drosophila femalesed.^eds. Doklady 
Biochemistry and BiophysicsSpringer, 179-181. 

Bokolia, N.P. & Mishra, M., 2015. Hearing molecules, mechanism and transportation: Modeled in 
Drosophila melanogaster. Developmental Neurobiology, 75, 109-130. 

Bolzinger, M.A., Briançon, S. & Chevalier, Y., 2011. Nanoparticles through the skin: managing 
conflicting results of inorganic and organic particles in cosmetics and pharmaceutics. Wiley 
Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology, 3, 463-478. 

Bondarenko, O., Juganson, K., Ivask, A., Kasemets, K., Mortimer, M. & Kahru, A., 2013. Toxicity of Ag, 
CuO and ZnO nanoparticles to selected environmentally relevant test organisms and 
mammalian cells in vitro: a critical review. Archives of Toxicology, 87, 1181-1200. 

Boonstra, J. & Post, J.A., 2004. Molecular events associated with reactive oxygen species and cell 
cycle progression in mammalian cells. Gene, 337, 1-13. 

Brunetti, V., Chibli, H., Fiammengo, R., Galeone, A., Malvindi, M.A., Vecchio, G., Cingolani, R., 
Nadeau, J.L. & Pompa, P.P., 2013. InP/ZnS as a safer alternative to CdSe/ZnS core/shell 
quantum dots: in vitro and in vivo toxicity assessment. Nanoscale, 5, 307-317. 

Buchon, N., Silverman, N. & Cherry, S., 2014. Immunity in Drosophila melanogaster—from microbial 
recognition to whole-organism physiology. Nature Reviews Immunology, 14, 796. 

Campos-Ortega, J.A. & Hartenstein, V., 2013. The embryonic development of Drosophila 
melanogaster: Springer Science & Business Media. 

Carmona, E.R., Escobar, B., Vales, G. & Marcos, R., 2015a. Genotoxic testing of titanium dioxide 
anatase nanoparticles using the wing-spot test and the comet assay in Drosophila. Mutation 
Research - Genetic Toxicology and Environmental Mutagenesis, 778, 12-21. 

Carmona, E.R., Inostroza-Blancheteau, C., Obando, V., Rubio, L. & Marcos, R., 2015b. Genotoxicity of 
copper oxide nanoparticles in Drosophila melanogaster. Mutation Research - Genetic 
Toxicology and Environmental Mutagenesis, 791, 1-11. 

Carroll, S.B., 2005. Evolution at two levels: on genes and form. PLoS Biology, 3, e245. 
Charroux, B. & Royet, J., Year. Gut-microbiota interactions in non-mammals: what can we learn from 

Drosophila?ed.^eds. Seminars in Immunology Elsevier, 17-24. 
Chatterjee, N., Eom, H.J. & Choi, J., 2014a. Effects of silver nanoparticles on oxidative DNA damage–

repair as a function of p38 MAPK status: A comparative approach using human Jurkat T cells 
and the nematode Caenorhabditis elegans. Environmental and Molecular Mutagenesis, 55, 
122-133. 

Chatterjee, N., Yang, J., Kim, H.-M., Jo, E., Kim, P.-J., Choi, K. & Choi, J., 2014b. Potential toxicity of 
differential functionalized multiwalled carbon nanotubes (MWCNT) in human cell line 
(BEAS2B) and Caenorhabditis elegans. Journal of Toxicology and Environmental Health, Part 
A, 77, 1399-1408. 

Chen, H., Wang, B., Feng, W., Du, W., Ouyang, H., Chai, Z. & Bi, X., 2015. Oral magnetite 
nanoparticles disturb the development of Drosophila melanogaster from oogenesis to adult 
emergence. Nanotoxicology, 9, 302-312. 

Chen, X. & Schluesener, H., 2008. Nanosilver: a nanoproduct in medical application. Toxicology 
Letters, 176, 1-12. 



30 
 

Cheng, L.-C., Jiang, X., Wang, J., Chen, C. & Liu, R.-S., 2013. Nano–bio effects: interaction of 
nanomaterials with cells. Nanoscale, 5, 3547-3569. 

Chifiriuc, M.C., Ratiu, A.C., Popa, M. & Ecovoiu, A.A., 2016. Drosophotoxicology: An emerging 
research area for assessing nanoparticles interaction with living organisms. International 
Journal of Molecular Sciences, 17, 36. 

Chu, M., Wu, Q., Yang, H., Yuan, R., Hou, S., Yang, Y., Zou, Y., Xu, S., Xu, K. & Ji, A., 2010. Transfer of 
quantum dots from pregnant mice to pups across the placental barrier. Small, 6, 670-678. 

Coll, C.S.P., Pabón-Reyes, C., Meichtry, J.M. & Litter, M.I., 2018. Monitoring of toxicity of As (V) 
solutions by AMPHITOX test without and with treatment with zerovalent iron nanoparticles. 
Environmental toxicology and pharmacology, 60, 138-145. 

Colombo, A., Saibene, M., Moschini, E., Bonfanti, P., Collini, M., Kasemets, K. & Mantecca, P., 2017. 
Teratogenic hazard of BPEI-coated silver nanoparticles to Xenopus laevis. Nanotoxicology, 
11, 405-418. 

Contreras, E.Q., Cho, M., Zhu, H., Puppala, H.L., Escalera, G., Zhong, W. & Colvin, V.L., 2012. Toxicity 
of quantum dots and cadmium salt to Caenorhabditis elegans after multigenerational 
exposure. Environmental Science & Technology 47, 1148-1154. 

Coyle, I., Wayner, M. & Singer, G., 1976. Behavioral teratogenesis: A critical evaluation. 
Pharmacology Biochemistry and Behavior, 4, 191-200. 

De Andrade, L.R., Brito, A.S., De Souza Melero, A.M.G., Zanin, H., Ceragioli, H.J., Baranauskas, V., 
Cunha, K.S. & Irazusta, S.P., 2014. Absence of mutagenic and recombinagenic activity of 
multi-walled carbon nanotubes in the Drosophila wing-spot test and Allium cepa test. 
Ecotoxicology and Environmental Safety, 99, 92-97. 

De Celis, J.F., 2003. Pattern formation in the Drosophila wing: the development of the veins. 
Bioessays, 25, 443-451. 

De Melo Reis, É., De Rezende, A.a.A., Santos, D.V., De Oliveria, P.F., Nicolella, H.D., Tavares, D.C., 
Silva, A.C.A., Dantas, N.O. & Spanó, M.A., 2015. Assessment of the genotoxic potential of 
two zinc oxide sources (amorphous and nanoparticles) using the in vitro micronucleus test 
and the in vivo wing somatic mutation and recombination test. Food and Chemical 
Toxicology, 84, 55-63. 

Dedeh, A., Ciutat, A., Treguer-Delapierre, M. & Bourdineaud, J.-P., 2015. Impact of gold 
nanoparticles on zebrafish exposed to a spiked sediment. Nanotoxicology, 9, 71-80. 

Demir, E., Aksakal, S., Turna, F., Kaya, B. & Marcos, R., 2015. In vivo genotoxic effects of four 
different nano-sizes forms of silica nanoparticles in Drosophila melanogaster. Journal of 
Hazardous Materials, 283, 260-266. 

Demir, E., Turna, F., Vales, G., Kaya, B., Creus, A. & Marcos, R., 2013. In vivo genotoxicity assessment 
of titanium, zirconium and aluminium nanoparticles, and their microparticulated forms, in 
Drosophila. Chemosphere, 93, 2304-2310. 

Demir, E., Vales, G., Kaya, B., Creus, A. & Marcos, R., 2011. Genotoxic analysis of silver nanoparticles 
in Drosophila. Nanotoxicology, 5, 417-424. 

Denman, C.J., Mccracken, J., Hariharan, V., Klarquist, J., Oyarbide-Valencia, K., Guevara-Patiño, J.A. & 
Le Poole, I.C., 2008. HSP70i accelerates depigmentation in a mouse model of autoimmune 
vitiligo. Journal of Investigative Dermatology, 128, 2041-2048. 

Desai, M.P., Labhasetwar, V., Amidon, G.L. & Levy, R.J., 1996. Gastrointestinal uptake of 
biodegradable microparticles: effect of particle size. Pharmaceutical research, 13, 1838-
1845. 

Dhar, S., Daniel, W.L., Giljohann, D.A., Mirkin, C.A. & Lippard, S.J., 2010. Polyvalent oligonucleotide 
gold nanoparticle conjugates as delivery vehicles for platinum (IV) warheads. Journal of the 
American Chemical Society, 132, 2845-2845. 

Dobrovolskaia, M.A. & Mcneil, S.E., 2007. Immunological properties of engineered nanomaterials. 
Nature Nanotechnology, 2, 469-478. 



31 
 

Drapeau, M.D., Radovic, A., Wittkopp, P.J. & Long, A.D., 2003. A gene necessary for normal male 
courtship, yellow, acts downstream of fruitless in the Drosophila melanogaster larval brain. 
Developmental Neurobiology, 55, 53-72. 

Dreher, K.L., 2004. Health and environmental impact of nanotechnology: toxicological assessment of 
manufactured nanoparticles. Toxicological Sciences, 77, 3-5. 

Dykman, L. & Khlebtsov, N., 2011. Gold nanoparticles in biology and medicine: recent advances and 
prospects. Acta Naturae 3, 34-35. 

Eaton, S., Wepf, R. & Simons, K., 1996. Roles for Rac1 and Cdc42 in planar polarization and hair 
outgrowth in the wing of Drosophila. Journal of Cell Biology, 135, 1277-1289. 

Eldridge, J.H., Hammond, C.J., Meulbroek, J.A., Staas, J.K., Gilley, R.M. & Tice, T.R., 1990. Controlled 
vaccine release in the gut-associated lymphoid tissues. I. Orally administered biodegradable 
microspheres target the Peyer's patches. Journal of Controlled Release, 11, 205-214. 

Evans, S.-A., Al-Mosawi, A., Adams, R.A. & Bérubé, K.A., 2006. Inflammation, edema, and peripheral 
blood changes in lung-compromised rats after instillation with combustion-derived and 
manufactured nanoparticles. Experimental Lung Research, 32, 363-378. 

Fristrom, D., Wilcox, M. & Fristrom, J., 1993. The distribution of PS integrins, laminin A and F-actin 
during key stages in Drosophila wing development. Development, 117, 509-523. 

Furman, D. & Bukharina, T., Year. Genetic control of bristle pattern formation in Drosophila 
melanogastered.^eds. Doklady Biological SciencesSpringer, 484-486. 

Galeone, A., Vecchio, G., Malvindi, M., Brunetti, V., Cingolani, R. & Pompa, P., 2012. In vivo 
assessment of CdSe–ZnS quantum dots: coating dependent bioaccumulation and 
genotoxicity. Nanoscale, 4, 6401-6407. 

Galván, I. & Alonso-Alvarez, C., 2009. The expression of melanin-based plumage is separately 
modulated by exogenous oxidative stress and a melanocortin. Proceedings of the Royal 
Society B: Biological Sciences, rspb20090774. 

Geldenhuys, W., Mbimba, T., Bui, T., Harrison, K. & Sutariya, V., 2011. Brain-targeted delivery of 
paclitaxel using glutathione-coated nanoparticles for brain cancers. Journal of Drug 
Targeting 19, 837-845. 

Georgiev, P. & Gerasimova, T., 1992. Genes involved in the development of bristles and hairs in 
Drosophila melanogaster. Genetica, 87, 31-35. 

Gerdes, M., Solot, C., Wang, P.P., Moss, E., Larossa, D., Randall, P., Goldmuntz, E., Clark Iii, B.J., 
Driscoll, D.A. & Jawad, A., 1999. Cognitive and behavior profile of preschool children with 
chromosome 22q11. 2 deletion. American Journal of Medical Genetics, 85, 127-133. 

Gervais, L., Lebreton, G. & Casanova, J., 2012. The making of a fusion branch in the Drosophila 
trachea. Developmental biology, 362, 187-193. 

Glassman, S.J., 2011. Vitiligo, reactive oxygen species and T-cells. Clinical Science, 120, 99-120. 
Gorth, D.J., Rand, D.M. & Webster, T.J., 2011. Silver nanoparticle toxicity in Drosophila: size does 

matter. International Journal of Nanomedicine 6, 343. 
Graf, U., Würgler, F., Katz, A., Frei, H., Juon, H., Hall, C. & Kale, P., 1984. Somatic mutation and 

recombination test in Drosophila melanogaster. Environmental and Molecular Mutagenesis, 
6, 153-188. 

Grassian, V.H., Adamcakova-Dodd, A., Pettibone, J.M., O'shaughnessy, P.I. & Thorne, P.S., 2007. 
Inflammatory response of mice to manufactured titanium dioxide nanoparticles: comparison 
of size effects through different exposure routes. Nanotoxicology, 1, 211-226. 

Green, M. & Howman, E., 2005. Semiconductor quantum dots and free radical induced DNA nicking. 
Chemical Communications, 0, 121-123. 

Gruntenko, N., Bownes, M., Terashima, J., Sukhanova, M.Z. & Raushenbach, I.Y., 2003. Heat stress 
affects oogenesis differently in wild‐type Drosophila virilis and a mutant with altered 
juvenile hormone and 20‐hydroxyecdysone levels. Insect Molecular Biology, 12, 393-404. 

Gruntenko, N., Karpova, E., Adonyeva, N., Chentsova, N., Faddeeva, N., Alekseev, A. & 
Rauschenbach, I.Y., 2005. Juvenile hormone, 20-hydroxyecdysone and dopamine interaction 



32 
 

in Drosophila virilis reproduction under normal and nutritional stress conditions. Journal of 
Insect Physiology, 51, 417-425. 

Gruntenko, N., Karpova, E., Alekseev, A., Chentsova, N., Bogomolova, E., Bownes, M. & 
Rauschenbach, I.Y., 2007. Effects of octopamine on reproduction, juvenile hormone 
metabolism, dopamine, and 20‐hydroxyecdysone contents in Drosophila. Archives of Insect 
Biochemistry and Physiology, 65, 85-94. 

Gruntenko, N., Karpova, E., Chentsova, N., Adonyeva, N. & Rauschenbach, I.Y., 2009. 20‐
hydroxyecdysone and juvenile hormone influence tyrosine hydroxylase activity in Drosophila 
females under normal and heat stress conditions. Archives of Insect Biochemistry and 
Physiology, 72, 263-272. 

Gruntenko, N. & Rauschenbach, I.Y., 2008. Interplay of JH, 20E and biogenic amines under normal 
and stress conditions and its effect on reproduction. Journal of Insect Physiology, 54, 902-
908. 

Hackenberg, S., Zimmermann, F.Z., Scherzed, A., Friehs, G., Froelich, K., Ginzkey, C., Koehler, C., 
Burghartz, M., Hagen, R. & Kleinsasser, N., 2011. Repetitive exposure to zinc oxide 
nanoparticles induces DNA damage in human nasal mucosa mini organ cultures. 
Environmental and Molecular Mutagenesis, 52, 582-589. 

Hajipour, M.J., Fromm, K.M., Ashkarran, A.A., De Aberasturi, D.J., De Larramendi, I.R., Rojo, T., 
Serpooshan, V., Parak, W.J. & Mahmoudi, M., 2012. Antibacterial properties of 
nanoparticles. Trends in Biotechnology, 30, 499-511. 

Halliwell, B. & Chirico, S., 1993. Lipid peroxidation: its mechanism, measurement, and significance. 
The American Journal of Clinical Nutrition, 57, 715S-724S. 

Han, X., Geller, B., Moniz, K., Das, P., Chippindale, A.K. & Walker, V.K., 2014. Monitoring the 
developmental impact of copper and silver nanoparticle exposure in Drosophila and their 
microbiomes. Science of the Total Environment, 487, 822-829. 

Haney, M.J., Zhao, Y., Li, S., Higginbotham, S.M., Booth, S.L., Han, H.-Y., Vetro, J.A., Mosley, R.L., 
Kabanov, A.V. & Gendelman, H.E., 2011. Cell-mediated transfer of catalase nanoparticles 
from macrophages to brain endothelial, glial and neuronal cells. Nanomedicine, 6, 1215-
1230. 

Hawkins, A.D., Thornton, C., Kennedy, A.J., Bu, K., Cizdziel, J., Jones, B.W., Steevens, J.A. & Willett, 
K.L., 2015. Gill histopathologies following exposure to nanosilver or silver nitrate. Journal of 
Toxicology and Environmental Health, Part A, 78, 301-315. 

Hayakawa, T., Shitomi, Y., Miyamoto, K. & Hori, H., 2004. GalNAc pretreatment inhibits trapping of 
Bacillus thuringiensis Cry1Ac on the peritrophic membrane of Bombyx mori. FEBS Letters, 
576, 331-335. 

He, X., Aker, W.G. & Hwang, H.-M., 2014. An in vivo study on the photo-enhanced toxicities of S-
doped TiO2 nanoparticles to zebrafish embryos (Danio rerio) in terms of malformation, 
mortality, rheotaxis dysfunction, and DNA damage. Nanotoxicology, 8, 185-195. 

Hegedus, D., Erlandson, M., Gillott, C. & Toprak, U., 2009. New insights into peritrophic matrix 
synthesis, architecture, and function. Annual Review of Entomology, 54, 285-302. 

Heymann, N. & Lehmann, F.-O., 2006. The significance of spiracle conductance and spatial 
arrangement for flight muscle function and aerodynamic performance in flying Drosophila. 
The Journal of Experimental Biology, 209, 1662-1677. 

Hirano, S., 2009. A current overview of health effect research on nanoparticles. Environmental 
Health and Preventive Medicine, 14, 223-225. 

Hirashima, A., Rauschenbach, I.Y. & Sukhanova, M.J., 2000. Ecdysteroids in stress responsive and 
nonresponsive Drosophila virilis lines under stress conditions. Bioscience, Biotechnology, and 
Biochemistry, 64, 2657-2662. 

Homa, S., Carroll, J. & Swann, K., 1993. Fertilization and early embryology: The role of calcium in 
mammalian oocyte maturation and egg activation. Human Reproduction, 8, 1274-1281. 

Horowitz, A. & Simons, M., 2008. Branching morphogenesis. Circulation research, 103, 784-795. 



33 
 

Hsu, T. & Schulz, R.A., 2000. Sequence and functional properties of Ets genes in the model organism. 
Oncogene, 19, 6409-6416. 

Hu, X., Cook, S., Wang, P. & Hwang, H.-M., 2009. In vitro evaluation of cytotoxicity of engineered 
metal oxide nanoparticles. Science of the Total Environment, 407, 3070-3072. 

Huang, N., Yan, Y., Xu, Y., Jin, Y., Lei, J., Zou, X., Ran, D., Zhang, H., Luan, S. & Gu, H., 2013. Alumina 
nanoparticles alter rhythmic activities of local interneurons in the antennal lobe of 
Drosophila. Nanotoxicology, 7, 212-220. 

Hübner, C.A. & Jentsch, T.J., 2002. Ion channel diseases. Human Molecular Genetics, 11, 2435-2445. 
Hunt, P.R., Marquis, B.J., Tyner, K.M., Conklin, S., Olejnik, N., Nelson, B.C. & Sprando, R.L., 2013. 

Nanosilver suppresses growth and induces oxidative damage to DNA in Caenorhabditis 
elegans. Journal of Applied Toxicology, 33, 1131-1142. 

Ibarra, L.E., Bongiovanni, S., Barbero, C.A., Rivarola, V.A., Bertuzzi, M.L. & Yslas, E.I., 2016. The 
Chronic Toxicity of Pani-Nps to the Larvae Stage of Rhinella arenarum. Journal of 
Nanoscience and Nanotechnology, 16, 7983-7988. 

Jaenike, J., 1982. Environmental modification of oviposition behavior in Drosophila. The American 
Naturalist, 119, 784-802. 

Jiang, S., Teng, C.P., Puah, W.C., Wasser, M., Win, K.Y. & Han, M.-Y., 2015. Oral administration and 
selective uptake of polymeric nanoparticles in Drosophila larvae as an in vivo model. ACS 
Biomaterials Science & Engineering 1, 1077-1084. 

Jing, X.-H., Yang, L., Duan, X.-J., Xie, B., Chen, W., Li, Z. & Tan, H.-B., 2008. In vivo MR imaging 
tracking of magnetic iron oxide nanoparticle labeled, engineered, autologous bone marrow 
mesenchymal stem cells following intra-articular injection. Joint Bone Spine, 75, 432-438. 

Joshi, A., Chandrashekaran, S. & Sharma, R., 2005. Mutants dissecting development and behaviour in 
Drosophila. Current Science, 89. 

Jovanović, B., Cvetković, V.J. & Mitrović, T.L., 2016. Effects of human food grade titanium dioxide 
nanoparticle dietary exposure on Drosophila melanogaster survival, fecundity, pupation and 
expression of antioxidant genes. Chemosphere, 144, 43-49. 

Kain, J., Karlsson, H. & Möller, L., 2012. DNA damage induced by micro-and nanoparticles—
interaction with FPG influences the detection of DNA oxidation in the comet assay. 
Mutagenesis, 27, 491-500. 

Kalyanaraman, B., Darley-Usmar, V., Davies, K.J., Dennery, P.A., Forman, H.J., Grisham, M.B., Mann, 
G.E., Moore, K., Roberts Ii, L.J. & Ischiropoulos, H., 2012. Measuring reactive oxygen and 
nitrogen species with fluorescent probes: challenges and limitations. Free Radical Biology 
and Medicine, 52, 1-6. 

Kambe, T., Weaver, B.P. & Andrews, G.K., 2008. The genetics of essential metal homeostasis during 
development. Genesis, 46, 214-228. 

Kermanizadeh, A., Gosens, I., Maccalman, L., Johnston, H., Danielsen, P.H., Jacobsen, N.R., Lenz, A.-
G., Fernandes, T., Schins, R.P. & Cassee, F.R., 2016. A multilaboratory toxicological 
assessment of a panel of 10 engineered nanomaterials to human health—ENPRA project—
the highlights, limitations, and current and future challenges. Journal of Toxicology and 
Environmental Health, Part B, 19, 1-28. 

Key, S.C.S., Reaves, D., Turner, F. & Bang, J.J., 2011. Impacts of silver nanoparticle ingestion on 
pigmentation and developmental progression in Drosophila. Atlas Journal of Biology, 1, 52-
61. 

Khurana, V., Lu, Y., Steinhilb, M.L., Oldham, S., Shulman, J.M. & Feany, M.B., 2006. TOR-mediated 
cell-cycle activation causes neurodegeneration in a Drosophila tauopathy model. Current 
Biology, 16, 230-241. 

Klyachko, N.L., Manickam, D.S., Brynskikh, A.M., Uglanova, S.V., Li, S., Higginbotham, S.M., Bronich, 
T.K., Batrakova, E.V. & Kabanov, A.V., 2012. Cross-linked antioxidant nanozymes for 
improved delivery to CNS. Nanomedicine, 8, 119-129. 



34 
 

Koh, K., Evans, J.M., Hendricks, J.C. & Sehgal, A., 2006. A Drosophila model for age-associated 
changes in sleep: wake cycles. Proceedings of the National Academy of Sciences of the 
United States of America 103, 13843-13847. 

Kohen, R. & Nyska, A., 2002. Invited review: Oxidation of biological systems: oxidative stress 
phenomena, antioxidants, redox reactions, and methods for their quantification. Toxicologic 
Pathology, 30, 620-650. 

Kwon, H.B., Lee, J.H., Lee, S.H., Lee, A.Y., Choi, J.S. & Ahn, Y.S., 2009. A case of argyria following 
colloidal silver ingestion. Annals of Dermatology, 21, 308-310. 

Lajmanovich, R.C., Peltzer, P.M., Martinuzzi, C.S., Attademo, A.M., Colussi, C.L. & Bassó, A., 2018. 
Acute Toxicity of Colloidal Silicon Dioxide Nanoparticles on Amphibian Larvae: Emerging 
Environmental Concern. International Journal of Environmental Research, 12, 269-278. 

Leeuw, T.K., Reith, R.M., Simonette, R.A., Harden, M.E., Cherukuri, P., Tsyboulski, D.A., Beckingham, 
K.M. & Weisman, R.B., 2007. Single-walled carbon nanotubes in the intact organism: near-IR 
imaging and biocompatibility studies in Drosophila. Nano Letters, 7, 2650-2654. 

Lehmann, F.-O., 2001. Matching spiracle opening to metabolic need during flight in Drosophila. 
Science, 294, 1926-1929. 

Li, G.-Y. & Osborne, N.N., 2008. Oxidative-induced apoptosis to an immortalized ganglion cell line is 
caspase independent but involves the activation of poly (ADP-ribose) polymerase and 
apoptosis-inducing factor. Brain Research, 1188, 35-43. 

Lin, W., Huang, Y.-W., Zhou, X.-D. & Ma, Y., 2006. In vitro toxicity of silica nanoparticles in human 
lung cancer cells. Toxicology and Applied Pharmacology 217, 252-259. 

Lindquist, S., 1986. The heat-shock response. Annual Review of Biochemistry, 55, 1151-1191. 
Liu, B., Campo, E.M. & Bossing, T., 2014. Drosophila embryos as model to assess cellular and 

developmental toxicity of multi-walled carbon nanotubes (MWCNT) in living organisms. PloS 
one, 9, e88681. 

Liu, X., Vinson, D., Abt, D., Hurt, R.H. & Rand, D.M., 2009a. Differential toxicity of carbon 
nanomaterials in Drosophila: larval dietary uptake is benign, but adult exposure causes 
locomotor impairment and mortality. Environmental Science & Technology, 43, 6357-6363. 

Liu, Z., Ren, G., Zhang, T. & Yang, Z., 2009b. Action potential changes associated with the inhibitory 
effects on voltage-gated sodium current of hippocampal CA1 neurons by silver 
nanoparticles. Toxicology, 264, 179-184. 

Long, T.C., Saleh, N., Tilton, R.D., Lowry, G.V. & Veronesi, B., 2006. Titanium dioxide (P25) produces 
reactive oxygen species in immortalized brain microglia (BV2): implications for nanoparticle 
neurotoxicity. Environmental Science & Technology, 40, 4346-4352. 

Love, S.A., Maurer-Jones, M.A., Thompson, J.W., Lin, Y.-S. & Haynes, C.L., 2012. Assessing 
nanoparticle toxicity. Annual Review of Analytical Chemistry, 5, 181-205. 

Lozinsky, O.V., Lushchak, O.V., Storey, J.M., Storey, K.B. & Lushchak, V.I., 2012. Sodium nitroprusside 
toxicity in Drosophila melanogaster: delayed pupation, reduced adult emergence, and 
induced oxidative/nitrosative stress in eclosed flies. Archives of insect biochemistry and 
physiology, 80, 166-185. 

Lozinsky, O.V., Lushchak, V., Kryshchuk, N.I., Shchypanska, N.Y., Riabkina, A.H., Skarbek, S.V., 
Maksymiv, I.V., Storey, J.M., Storey, K.B. & Lushchak, V.I., 2013. S-nitrosoglutathione-
induced toxicity in Drosophila melanogaster: delayed pupation and induced mild 
oxidative/nitrosative stress in eclosed flies. Comparative Biochemistry and Physiology Part A: 
Molecular & Integrative Physiology, 164, 162-170. 

Lucchetta, E.M. & Ohlstein, B., 2012. The Drosophila midgut: a model for stem cell driven tissue 
regeneration. Wiley Interdisciplinary Reviews: Developmental Biology, 1, 781-788. 

Machado, N., Lopes, J., Saturnino, R., Fagan, E. & Nepomuceno, J., 2013. Lack of mutagenic effect by 
multi-walled functionalized carbon nanotubes in the somatic cells of Drosophila 
melanogaster. Food and Chemical Toxicology 62, 355-360. 



35 
 

Maeda, Y., 1970. Influence of ionic conditions on cell differentiation and morphogenesis of the 
cellular slime molds. Development, Growth & Differentiation, 12, 217-227. 

Magdolenova, Z., Collins, A., Kumar, A., Dhawan, A., Stone, V. & Dusinska, M., 2014. Mechanisms of 
genotoxicity. A review of in vitro and in vivo studies with engineered nanoparticles. 
Nanotoxicology, 8, 233-278. 

Mandilaras, K., Pathmanathan, T. & Missirlis, F., 2013. Iron absorption in Drosophila melanogaster. 
Nutrients, 5, 1622-1647. 

Mcbride, W.G., 1961. Thalidomide and congenital abnormalities. Lancet, 278, 1358. 
Medzhitov, R., Preston-Hurlburt, P. & Janeway, C.A., 1997. A human homologue of the Drosophila 

Toll protein signals activation of adaptive immunity. Nature, 388, 394-397. 
Meyer, D. & Williams, P.L., 2014. Toxicity testing of neurotoxic pesticides in Caenorhabditis elegans. 

Journal of Toxicology and Environmental Health, Part B, 17, 284-306. 
Mishra, M. & Barik, B.K., 2018. Behavioral Teratogenesis in Drosophila melanogaster. Teratogenicity 

Testing. Springer, 277-298. 
Mishra, M., Sabat, D., Ekka, B., Sahu, S., Unnikannan, P. & Dash, P., 2017. Oral intake of zirconia 

nanoparticle alters neuronal development and behaviour of Drosophila melanogaster. 
Journal of Nanoparticle Research, 19, 282. 

Mocan, T., Clichici, S., Agoşton-Coldea, L., Mocan, L., Şimon, Ş., Ilie, I., Biriş, A. & Mureşan, A., 2010. 
Implications of oxidative stress mechanisms in toxicity of nanoparticles. Acta Physiologica 
Hungarica, 97, 247-255. 

Monteiller, C., Tran, L., Macnee, W., Faux, S., Jones, A., Miller, B. & Donaldson, K., 2007. The pro-
inflammatory effects of low-toxicity low-solubility particles, nanoparticles and fine particles, 
on epithelial cells in vitro: the role of surface area. Occupational and Environmental 
Medicine 64, 609-615. 

Moore, M.S., Dezazzo, J., Luk, A.Y., Tully, T., Singh, C.M. & Heberlein, U., 1998. Ethanol intoxication 
in Drosophila: genetic and pharmacological evidence for regulation by the cAMP signaling 
pathway. Cell, 93, 997-1007. 

Morgen, M., Lu, G.W., Du, D., Stehle, R., Lembke, F., Cervantes, J., Ciotti, S., Haskell, R., Smithey, D. & 
Haley, K., 2011. Targeted delivery of a poorly water-soluble compound to hair follicles using 
polymeric nanoparticle suspensions. International Journal of Pharmaceutics, 416, 314-322. 

Mortensen, L.J.,  berd Rster, G., Pentland, A.P. & Delouise, L.A., 2008. In vivo skin penetration of 
quantum dot nanoparticles in the murine model: the effect of UVR. Nano Letters, 8, 2779-
2787. 

Mukhopadhyay, I., Saxena, D.K. & Chowdhuri, D.K., 2003. Hazardous effects of effluent from the 
chrome plating industry: 70 kDa heat shock protein expression as a marker of cellular 
damage in transgenic Drosophila melanogaster (hsp70-lacZ). Environmental Health 
Perspectives, 111, 1926. 

Murray, C.B., Kagan, C. & Bawendi, M., 2000. Synthesis and characterization of monodisperse 
nanocrystals and close-packed nanocrystal assemblies. Annual Review of Materials Research 
30, 545-610. 

Murugadas, A., Zeeshan, M., Thamaraiselvi, K., Ghaskadbi, S. & Akbarsha, M.A., 2016. Hydra as a 
model organism to decipher the toxic effects of copper oxide nanorod: Eco-toxicogenomics 
approach. Scientific reports, 6, 29663. 

Napierska, D., Thomassen, L.C., Rabolli, V., Lison, D., Gonzalez, L., Kirsch‐Volders, M., Martens, J.A. & 
Hoet, P.H., 2009. Size‐dependent cytotoxicity of monodisperse silica nanoparticles in human 
endothelial cells. Small, 5, 846-853. 

Neckameyer, W., O'donnell, J., Huang, Z. & Stark, W., 2001. Dopamine and sensory tissue 
development in Drosophila melanogaster. Developmental Neurobiology 47, 280-294. 

Neckameyer, W.S. & Weinstein, J.S., 2005. Stress affects dopaminergic signaling pathways in 
Drosophila melanogaster. Stress, 8, 117-131. 



36 
 

Nel, A., Xia, T., Mädler, L. & Li, N., 2006. Toxic potential of materials at the nanolevel. Science, 311, 
622-627. 

Nichols, C.D., Becnel, J. & Pandey, U.B., 2012. Methods to assay Drosophila behavior. Journal of 
Visualized Experiments. 

Oh, S.W., Mukhopadhyay, A., Svrzikapa, N., Jiang, F., Davis, R.J. & Tissenbaum, H.A., 2005. JNK 
regulates lifespan in Caenorhabditis elegans by modulating nuclear translocation of forkhead 
transcription factor/DAF-16. Proceedings of the National Academy of Sciences of the United 
States of America, 102, 4494-4499. 

Panacek, A., Prucek, R., Safarova, D., Dittrich, M., Richtrova, J., Benickova, K., Zboril, R. & Kvitek, L., 
2011. Acute and chronic toxicity effects of silver nanoparticles (NPs) on Drosophila 
melanogaster. Environmental Science & Technology, 45, 4974-4979. 

Pandey, A., Chandra, S., Chauhan, L.K.S., Narayan, G. & Chowdhuri, D.K., 2013. Cellular 
internalization and stress response of ingested amorphous silica nanoparticles in the midgut 
of Drosophila melanogaster. Biochimica et Biophysica Acta, 1830, 2256-2266. 

Pandey, U.B. & Nichols, C.D., 2011a. Human disease models in Drosophila melanogaster and the role 
of the fly in therapeutic drug discovery. Pharmacological Reviews 63, 411-436. 

Pandey, U.B. & Nichols, C.D., 2011b. Human disease models in Drosophila melanogaster and the role 
of the fly in therapeutic drug discovery. Pharmacological reviews, pr. 110.003293. 

Pappus, S.A., Ekka, B., Sahu, S., Sabat, D., Dash, P. & Mishra, M., 2017. A toxicity assessment of 
hydroxyapatite nanoparticles on development and behaviour of Drosophila 
melanogaster.  Journal of Nanoparticle Research 19, 136. 

Pappus, S.A. & Mishra, M., 2018. A Drosophila Model to Decipher the Toxicity of Nanoparticles 
Taken Through Oral Routes. Cellular and Molecular Toxicology of Nanoparticles. Springer, 
311-322. 

Patel, J. & Champavat, V., 2014. Toxicity of nanomaterials on the gastrointestinal tract. 
Biointeractions of nanomaterials, 3, 259. 

Philbrook, N.A., Walker, V.K., Afrooz, A.N., Saleh, N.B. & Winn, L.M., 2011a. Investigating the effects 
of functionalized carbon nanotubes on reproduction and development in Drosophila 
melanogaster and CD-1 mice. Reproductive Toxicology, 32, 442-448. 

Philbrook, N.A., Winn, L.M., Afrooz, A.N., Saleh, N.B. & Walker, V.K., 2011b. The effect of TiO 2 and 
Ag nanoparticles on reproduction and development of Drosophila melanogaster and CD-1 
mice. Toxicology and Applied Pharmacology, 257, 429-436. 

Pisanic, T.R., Blackwell, J.D., Shubayev, V.I., Fiñones, R.R. & Jin, S., 2007. Nanotoxicity of iron oxide 
nanoparticle internalization in growing neurons. Biomaterials, 28, 2572-2581. 

Poland, C.A., Duffin, R., Kinloch, I., Maynard, A., Wallace, W.A., Seaton, A., Stone, V., Brown, S., 
Macnee, W. & Donaldson, K., 2008. Carbon nanotubes introduced into the abdominal cavity 
of mice show asbestos-like pathogenicity in a pilot study. Nature Nanotechnology, 3, 423-
428. 

Pompa, P.P., Vecchio, G., Galeone, A., Brunetti, V., Sabella, S., Maiorano, G., Falqui, A., Bertoni, G. & 
Cingolani, R., 2011. In vivo toxicity assessment of gold nanoparticles in Drosophila 
melanogaster. Nano Research, 4, 405-413. 

Posgai, R., Ahamed, M., Hussain, S.M., Rowe, J.J. & Nielsen, M.G., 2009. Inhalation method for 
delivery of nanoparticles to the Drosophila respiratory system for toxicity testing. Science of 
the Total Environment, 408, 439-443. 

Posgai, R., Cipolla-Mcculloch, C.B., Murphy, K.R., Hussain, S.M., Rowe, J.J. & Nielsen, M.G., 2011. 
Differential toxicity of silver and titanium dioxide nanoparticles on Drosophila melanogaster 
development, reproductive effort, and viability: size, coatings and antioxidants matter. 
Chemosphere, 85, 34-42. 

Prabhu, B.M., Ali, S.F., Murdock, R.C., Hussain, S.M. & Srivatsan, M., 2010. Copper nanoparticles 
exert size and concentration dependent toxicity on somatosensory neurons of rat. 
Nanotoxicology, 4, 150-160. 



37 
 

Praetorius, M., Brunner, C., Lehnert, B., Klingmann, C., Schmidt, H., Staecker, H. & Schick, B., 2007. 
Transsynaptic delivery of nanoparticles to the central auditory nervous system. Acta oto-
laryngologica, 127, 486-490. 

Qian, H., Jianmin, F., Haizhen, D., Johnson, J.K., Christensen, B.M. & Jianyong, L., 2002. Identification 
of Drosophila melanogaster yellow-f and yellow-f2 proteins as dopachrome-conversion 
enzymes. Biochemical Journal, 368, 333-340. 

Raj, A., Shah, P. & Agrawal, N., 2017. Dose-dependent effect of silver nanoparticles (AgNPs) on 
fertility and survival of Drosophila: An in-vivo study. PloS one, 12, e0178051. 

Rauschenbach, I.Y., Chentsova, N., Alekseev, A., Gruntenko, N., Adonyeva, N., Karpova, E., 
Komarova, T., Vasiliev, V. & Bownes, M., 2007. Dopamine and octopamine regulate 20‐
hydroxyecdysone level in vivo in Drosophila. Archives of Insect Biochemistry and Physiology, 
65, 95-102. 

Rauschenbach, I.Y., Gruntenko, N., Khlebodarova, T., Mazurov, M., Grenback, L., Sukhanova, M.J., 
Shumnaja, L., Zakharov, I. & Hammock, B., 1996. The role of the degradation system of the 
juvenile hormone in the reproduction of Drosophila under stress. Journal of Insect 
Physiology, 42, 735-742. 

Rauschenbach, I.Y., Shumnaya, L., Khlebodarova, T., Chentsova, N. & Grenback, L., 1995. Role of 
phenol oxidases and thyrosine hydroxylase in control of dopamine content in Drosophila 
virilis under normal conditions and heat stress. Journal of Insect Physiology, 41, 279-286. 

Reiter, L.T., Potocki, L., Chien, S., Gribskov, M. & Bier, E., 2001. A systematic analysis of human 
disease-associated gene sequences in Drosophila melanogaster. Genome Research, 11, 
1114-1125. 

Ren, N., He, B., Stone, D., Kirakodu, S. & Adler, P.N., 2006. The shavenoid gene of Drosophila 
encodes a novel actin cytoskeleton interacting protein that promotes wing hair 
morphogenesis. Genetics, 172, 1643-1653. 

Riedl, J. & Louis, M., 2012. Behavioral neuroscience: crawling is a no-brainer for fruit fly larvae. 
Current Biology, 22, R867-R869. 

Rosi, N.L., Giljohann, D.A., Thaxton, C.S., Lytton-Jean, A.K., Han, M.S. & Mirkin, C.A., 2006. 
Oligonucleotide-modified gold nanoparticles for intracellular gene regulation. Science, 312, 
1027-1030. 

Rosi, N.L. & Mirkin, C.A., 2005. Nanostructures in biodiagnostics. Chemical Reviews, 105, 1547-1562. 
Rycroft, T., Trump, B., Poinsatte-Jones, K. & Linkov, I., 2018. Nanotoxicology and nanomedicine: 

making development decisions in an evolving governance environment. Journal of 
Nanoparticle Research, 20, 52. 

Ryter, S.W., Kim, H.P., Hoetzel, A., Park, J.W., Nakahira, K., Wang, X. & Choi, A.M., 2007. Mechanisms 
of cell death in oxidative stress. Antioxidants & Redox Signaling, 9, 49-89. 

Sabat, D., Patnaik, A., Ekka, B., Dash, P. & Mishra, M., 2016. Investigation of titania nanoparticles on 
behaviour and mechanosensory organ of Drosophila melanogaster. Physiology & Behavior, 
167, 76-85. 

Sabella, S., Brunetti, V., Vecchio, G., Galeone, A., Maiorano, G., Cingolani, R. & Pompa, P.P., 2011. 
Toxicity of citrate-capped AuNPs: an in vitro and in vivo assessment. Journal of Nanoparticle 
Research 13, 6821-6835. 

Santo, N., Fascio, U., Torres, F., Guazzoni, N., Tremolada, P., Bettinetti, R., Mantecca, P. & Bacchetta, 
R., 2014. Toxic effects and ultrastructural damages to Daphnia magna of two differently 
sized ZnO nanoparticles: does size matter? Water Research, 53, 339-350. 

Saunders, M., 2009. Transplacental transport of nanomaterials. Wiley Interdisciplinary Reviews: 
Nanomedicine and Nanobiotechnology, 1, 671-684. 

Savolainen, K., Alenius, H., Norppa, H., Pylkkänen, L., Tuomi, T. & Kasper, G., 2010. Risk assessment 
of engineered nanomaterials and nanotechnologies—a review. Toxicology, 269, 92-104. 

Schneider, M., Stracke, F., Hansen, S. & Schaefer, U.F., 2009. Nanoparticles and their interactions 
with the dermal barrier. Dermato-Endocrinology, 1, 197-206. 



38 
 

Scott, R.C., Schuldiner, O. & Neufeld, T.P., 2004. Role and regulation of starvation-induced 
autophagy in the Drosophila fat body. Developmental Cell, 7, 167-178. 

Shan, Y., Ma, S., Nie, L., Shang, X., Hao, X., Tang, Z. & Wang, H., 2011. Size-dependent endocytosis of 
single gold nanoparticles. Chemical Communications, 47, 8091-8093. 

Shanbhag, S. & Tripathi, S., 2009. Epithelial ultrastructure and cellular mechanisms of acid and base 
transport in the Drosophila midgut. The Journal of Experimental Biology 

212, 1731-1744. 
Shrivastava, R., Raza, S., Yadav, A., Kushwaha, P. & Flora, S.J., 2014. Effects of sub-acute exposure to 

TiO2, ZnO and Al2O3 nanoparticles on oxidative stress and histological changes in mouse 
liver and brain. Drug and Chemical Toxicology 37, 336-347. 

Siddique, H.R., Gupta, S.C., Mitra, K., Bajpai, V.K., Mathur, N., Murthy, R.C., Saxena, D.K. & 
Chowdhuri, D.K., 2008. Adverse effect of tannery waste leachates in transgenic Drosophila 
melanogaster: role of ROS in modulation of Hsp70, oxidative stress and apoptosis. Journal of 
Applied Toxicology, 28, 734-748. 

Siddique, Y.H., Fatima, A., Jyoti, S., Naz, F., Khan, W., Singh, B.R. & Naqvi, A.H., 2013. Evaluation of 
the toxic potential of graphene copper nanocomposite (GCNC) in the third instar larvae of 
transgenic Drosophila melanogaster (hsp70-lacZ) Bg9. PloS one, 8, e80944. 

Siddique, Y.H., Khan, W., Khanam, S., Jyoti, S., Naz, F., Singh, B.R. & Naqvi, A.H., 2014. Toxic potential 
of synthesized graphene zinc oxide nanocomposite in the third instar larvae of transgenic 
Drosophila melanogaster (hsp70-lacZ) Bg9. BioMed Research International, 2014. 

Silbering, A.F., Okada, R., Ito, K. & Galizia, C.G., 2008. Olfactory information processing in the 
Drosophila antennal lobe: anything goes? The Journal of Neuroscience, 28, 13075-13087. 

Simonsen, A., Cumming, R.C. & Finley, K.D., 2007. Linking lysosomal trafficking defects with changes 
in aging and stress response in Drosophila. Autophagy, 3, 499-501. 

Singh, M.P., Reddy, M.K., Mathur, N., Saxena, D. & Chowdhuri, D.K., 2009a. Induction of hsp70, 
hsp60, hsp83 and hsp26 and oxidative stress markers in benzene, toluene and xylene 
exposed Drosophila melanogaster: role of ROS generation. Toxicology and Applied 
Pharmacology 235, 226-243. 

Singh, N., Manshian, B., Jenkins, G.J., Griffiths, S.M., Williams, P.M., Maffeis, T.G., Wright, C.J. & 
Doak, S.H., 2009b. NanoGenotoxicology: the DNA damaging potential of engineered 
nanomaterials. Biomaterials, 30, 3891-3914. 

Smoller, J.W., Yamaki, L.H., Fagerness, J.A., Biederman, J., Racette, S., Laird, N.M., Kagan, J., 
Snidman, N., Faraone, S.V. & Hirshfeld-Becker, D., 2005. The corticotropin-releasing 
hormone gene and behavioral inhibition in children at risk for panic disorder. Biological 
psychiatry, 57, 1485-1492. 

Sokolowski, M.B., 2001. Drosophila: genetics meets behaviour. Nature Reviews Genetics, 2, 879. 
Song, M.-F., Li, Y.-S., Kasai, H. & Kawai, K., 2012. Metal nanoparticle-induced micronuclei and 

oxidative DNA damage in mice. Journal of Clinical Biochemistry and Nutrition, 50, 211-216. 
Stampfl, A., Maier, M., Radykewicz, R., Reitmeir, P., G Ttlicher, M. & Niessner, R., 2011. Langendorff 

heart: a model system to study cardiovascular effects of engineered nanoparticles. ACS 
nano, 5, 5345-5353. 

Stone, V. & Donaldson, K., 2006. Nanotoxicology: signs of stress. Nature Nanotechnology, 1, 23-24. 
Strawn, E.T., Cohen, C.A. & Rzigalinski, B.A., 2006. Cerium oxide nanoparticles increase lifespan and 

protect against free radical-mediated toxicity. The FASEB Journal, 20, A1356. 
Stronach, B.E. & Perrimon, N., 1999. Stress signaling in Drosophila. Oncogene, 18. 
Sugumaran, M., 2009. Complexities of cuticular pigmentation in insects. Pigment Cell & Melanoma 

Research, 22, 523-525. 
Sugumaran, M., Giglio, L.B., Kundzicz, H., Saul, S. & Semensi, V., 1992. Studies on the enzymes 

involved in puparial cuticle sclerotization in Drosophila melanogaster. Archives of Insect 
Biochemistry and Physiology, 19, 271-283. 



39 
 

Suh, J. & Jackson, F.R., 2007. Drosophila ebony activity is required in glia for the circadian regulation 
of locomotor activity. Neuron, 55, 435-447. 

Tang, H., 2009. Regulation and function of the melanization reaction in Drosophila. Fly, 3, 105-111. 
Tang, J., Xiong, L., Wang, S., Wang, J., Liu, L., Li, J., Wan, Z. & Xi, T., 2008. Influence of silver 

nanoparticles on neurons and blood-brain barrier via subcutaneous injection in rats. Applied 
Surface Science, 255, 502-504. 

Taussig, H.B., 1962. A study of the German outbreak of phocomelia. The thalidomide syndrome. 
Jama, 180, 1106. 

Tellam, R., 1996. The peritrophic matrix. Biology of the insect midgut, 86-114. 
Tice, R.R., Agurell, E., Anderson, D., Burlinson, B., Hartmann, A., Kobayashi, H., Miyamae, Y., Rojas, 

E., Ryu, J.C. & Sasaki, Y., 2000. Single cell gel/comet assay: guidelines for in vitro and in vivo 
genetic toxicology testing. Environmental and Molecular Mutagenesis, 35, 206-221. 

Turrens, J.F., 2003. Mitochondrial formation of reactive oxygen species. The Journal of Physiology, 
552, 335-344. 

Turski, M.L. & Thiele, D.J., 2007. Drosophila Ctr1A functions as a copper transporter essential for 
development. Journal of Biological Chemistry, 282, 24017-24026. 

Uhrigshardt, H., Rouault, T.A. & Missirlis, F., 2013. Insertion mutants in Drosophila melanogaster 
Hsc20 halt larval growth and lead to reduced iron–sulfur cluster enzyme activities and 
impaired iron homeostasis. Journal of Biological Inorganic Chemistry, 18, 441-449. 

Vales, G., Demir, E., Kaya, B., Creus, A. & Marcos, R., 2013. Genotoxicity of cobalt nanoparticles and 
ions in Drosophila. Nanotoxicology, 7, 462-468. 

Vasir, J.K. & Labhasetwar, V., 2008. Quantification of the force of nanoparticle-cell membrane 
interactions and its influence on intracellular trafficking of nanoparticles. Biomaterials, 29, 
4244-4252. 

Vecchio, G., Galeone, A., Brunetti, V., Maiorano, G., Rizzello, L., Sabella, S., Cingolani, R. & Pompa, 
P.P., 2012. Mutagenic effects of gold nanoparticles induce aberrant phenotypes in 
Drosophila melanogaster. Nanomedicine, 8, 1-7. 

Vega-Alvarez, S., Herrera, A., Rinaldi, C. & Carrero-Martínez, F.A., 2014. Tissue-specific direct 
microtransfer of nanomaterials into Drosophila embryos as a versatile in vivo test bed for 
nanomaterial toxicity assessment. International Journal of Nanomedicine, 9, 2031. 

Vervoort, M., Crozatier, M., Valle, D. & Vincent, A., 1999. The COE transcription factor Collier is a 
mediator of short-range Hedgehog-induced patterning of the Drosophila wing. Current 
Biology, 9, 632-639. 

Völker, C., Boedicker, C., Daubenthaler, J., Oetken, M. & Oehlmann, J., 2013. Comparative toxicity 
assessment of nanosilver on three Daphnia species in acute, chronic and multi-generation 
experiments. PLoS One, 8, e75026. 

Walter, M.F., Black, B.C., Afshar, G., Kermabon, A.-Y., Wright, T.R. & Biessmann, H., 1991. Temporal 
and spatial expression of the yellow gene in correlation with cuticle formation and dopa 
decarboxylase activity in Drosophila development. Developmental Biology, 147, 32-45. 

Walter, M.F., Zeineh, L.L., Black, B.C., Mcivor, W.E., Wright, T.R. & Biessmann, H., 1996. 
Catecholamine metabolism and in vitro induction of premature cuticle melanization in wild 
type and pigmentation mutants of Drosophila melanogaster. Archives of Insect Biochemistry 
and Physiology, 31, 219-233. 

Wang, B., Chen, N., Wei, Y., Li, J., Sun, L., Wu, J., Huang, Q., Liu, C., Fan, C. & Song, H., 2012. Akt 
signaling-associated metabolic effects of dietary gold nanoparticles in Drosophila. Scientific 
Reports, 2. 

Wang, J., Liu, Y., Jiao, F., Lao, F., Li, W., Gu, Y., Li, Y., Ge, C., Zhou, G. & Li, B., 2008. Time-dependent 
translocation and potential impairment on central nervous system by intranasally instilled 
TiO 2 nanoparticles. Toxicology, 254, 82-90. 

Wang, M.C., Bohmann, D. & Jasper, H., 2003. JNK signaling confers tolerance to oxidative stress and 
extends lifespan in Drosophila. Developmental Cell, 5, 811-816. 



40 
 

Webster, C.A., Di Silvio, D., Devarajan, A., Bigini, P., Micotti, E., Giudice, C., Salmona, M., Wheeler, 
G.N., Sherwood, V. & Bombelli, F.B., 2016. An early developmental vertebrate model for 
nanomaterial safety: bridging cell-based and mammalian toxicity assessment. 
Nanomedicine, 11, 643-656. 

Weir, A., Westerhoff, P., Fabricius, L., Hristovski, K. & Von Goetz, N., 2012. Titanium dioxide 
nanoparticles in food and personal care products. Environmental Science & Technology, 46, 
2242-2250. 

Williams, M., Hoeschele, J.D., Turner, J., Jacobson, K.B., Christie, N.T., Paton, C., Smith, L., Witschi, H. 
& Lee, E., 1982. Chemical softness and acute metal toxicity in mice and Drosophila. 
Toxicology and Applied Pharmacology 63, 461-469. 

Wilson, J., 1968. Introduction: Problems of teratogenic testing. Toxicity of anesthetics. BR Fink, Ed. 
Williams and Williams, Baltimore, Md, 259-268. 

Wittkopp, P.J. & Beldade, P., Year. Development and evolution of insect pigmentation: genetic 
mechanisms and the potential consequences of pleiotropyed.^eds. Seminars in Cell and 
Developmental BiologyElsevier, 65-71. 

Wittkopp, P.J., Carroll, S.B. & Kopp, A., 2003. Evolution in black and white: genetic control of 
pigment patterns in Drosophila. Trends in Genetics, 19, 495-504. 

Wolf, M.J., Amrein, H., Izatt, J.A., Choma, M.A., Reedy, M.C. & Rockman, H.A., 2006. Drosophila as a 
model for the identification of genes causing adult human heart disease. Proceedings of the 
National Academy of Sciences of the United States of America, 103, 1394-1399. 

Wright, T.R., 1987. The genetics of biogenic amine metabolism, sclerotization, and melanization in 
Drosophila melanogaster. Advances in genetics, 24, 127-222. 

Wright, T.R., Bewley, G.C. & Sherald, A.F., 1976. The genetics of dopa decarboxylase in Drosophila 
melanogaster. II. Isolation and characterization of dopa-decarboxylase-deficient mutants 
and their relationship to the α-methyl-dopa-hypersensitive mutants. Genetics, 84, 287-310. 

Yadav, J.S., Das, P.P., Reddy, T.L., Bag, I., Lavanya, P.M., Jagannadh, B., Mohapatra, D.K., Bhadra, 
M.P. & Bhadra, U., 2011. Sub-cellular internalization and organ specific oral delivery of PABA 
nanoparticles by side chain variation. Journal of Nanobiotechnology, 9, 10. 

Yadav, J.S., Lavanya, M.P., Das, P.P., Bag, I., Krishnan, A., Jagannadh, B., Mohapatra, D.K., Bhadra, 
M.P. & Bhadra, U., 2010. 4-N-pyridin-2-yl-benzamide nanotubes compatible with mouse 
stem cell and oral delivery in Drosophila. Nanotechnology, 21, 155102. 

Yamashita, K., Yoshioka, Y., Higashisaka, K., Mimura, K., Morishita, Y., Nozaki, M., Yoshida, T., Ogura, 
T., Nabeshi, H. & Nagano, K., 2011. Silica and titanium dioxide nanoparticles cause 
pregnancy complications in mice. Nature Nanotechnology, 6, 321-328. 

You, C., Han, C., Wang, X., Zheng, Y., Li, Q., Hu, X. & Sun, H., 2012. The progress of silver 
nanoparticles in the antibacterial mechanism, clinical application and cytotoxicity. Molecular 
Biology Reports, 39, 9193-9201. 

Yu, M., Yang, Y., Zhu, C., Guo, S. & Gan, Y., 2016. Advances in the transepithelial transport of 
nanoparticles. Drug Discovery Today, 21, 1155-1161. 

Zhao, J. & Castranova, V., 2011. Toxicology of nanomaterials used in nanomedicine. Journal of 
Toxicology and Environmental Health, Part B, 14, 593-632. 

Figures  

Fig.1. Mechanism of nanoparticle absorption taken through oral route in vertebrate 

and Drosophila gut. (A) In vertebrate system three possible pathways have been suggested 

such as (a) paracellular pathway (b) transenterocytic pathway (c) M-cell mediated pathway. 

Among three transenterocytic pathway is responsible for most of the nanoparticle transport. It 
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involves enterocytes, which are abundant in gut lining increasing the surface area for 

absoption. Tight junctions, involved in the paracellular pathway, in fully opened condition 

have space less than 20 nm and normally NP transport is restricted. M-cell mediated pathway 

also helps in absorption of large sized NPs. M-cells are having decreased protease activity 

and less glycocalyx which can be suitable for NP absoption; at the same time M-cell 

population is very less in gut lining and these cells are associated with dendritic cells and 

macrophages which can engulf the NPs. (B) In Drosophila transport of NPs through 

enterocytes is found to be a most exact mechanism of NPs absorption. 

 

Fig.2. Life cycle of Drosophila depicting various developmental stages  
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Fig.3 Mechanisms of NP toxicity 
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Fig. . Defective body, thorax, wing, bristle phenotype. (A) Loss of body pigmentation (b) 

when flies were treated with silver nanoparticle (a: control). (B) Deformed thorax by zinc 

oxide and gold nanoparticle treatment. Single wing phenotype upon exposure to zinc oxide 

nanoparticles. Bristle loss in flies exposed to zirconia, hydroxyapatite and titania 

nanoparticles indicated by a circle.  (C,D) Wing deformities were seen in gold, titania 

nanoparticle exposure. (E) Incomplete venation in hydroxyapatite and titania nanoparticle 

treated flies. Brown patches due to thick wing hairs on hydroxyapaptite treatment indicated 

by a top circle. Trichomes may get fused or absent in zirconia nanoparticle treated flies due to 

defective planar polarity. (F) Genotoxicity checking by wing spot assay in Drosophila. Silver, 

copper oxide and cobalt nanoparticle increase the frequency of mutant spots in Drosophila. 
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Fig.5. Defective eye phenotype in Drosophila upon exposure of different nanoparticles. 

(A) Rough eye phenotype with the formation of blister due to hydroxyapatite, zirconia 

nanoparticles indicated by the arrow. (B) Marginal ommatidia loss by hydroxyapatite, 

zirconia nanoparticles exposure indicated by the arrow. (C) Small eye phenotype in 

hydroxyapatite treated flies. (D) Bisected eye upon gold nanoparticle exposure. 

 

Fig.6. Behavioural defects. (A) Drosophila exposed to carbon nanomaterials showing 

increased grooming behaviour. (B) Defective larva crawling behaviour upon exposure of 

titania, hydroxyapatite and zirconia nanoparticles which shows neuronal damage in the early 

stage of development. (C) Defective adult climbing behaviour checks the functioning of the 

antenna where adult flies are made to cover a marked distance in a given time. Flies which 

are unable to cover the marked line are regarded as abnormal. Nanoparticles like zirconia, 

hydroxyapatite, titania, carbon are able to affect the climbing behaviour in Drosophila 
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Fig.7. Methods to assess NP toxicity. Numerous methods used to detect NP toxicity in 

Drosophila melanogaster. 
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