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ABSTRACT
Despite being a relatively new field, nanoscience has been in the forefront among many scientific
areas. Nanoparticle materials (NM) present interesting physicochemical characteristics not necessarily

10 found in their bulky forms, and alterations in their size or coating markedly modify their physical,
chemical, and biological properties. Due to these novel properties there is a general trend to exploit
these NM in several fields of science, particularly in medicine and industry. The increased presence of
NM in the environment warrants evaluation of potential harmful effects in order to protect both
environment and human exposed populations. Although in vitro approaches are commonly used to

15 determine potential adverse effects of NM, in vivo studies generate data expected to bemore relevant
for risk assessment. As an in vivo model Drosophila melanogaster was previously found to possess
reliable utility in determining the biological effects of NM, and thus its usage increased markedly over
the last few years. The aims of this review are to present a comprehensive overview of all apparent
studies carried out with NM and Drosophila, to attain a clear and comprehensive picture of the

20 potential risk of NM exposure to health, and to demonstrate the advantages of using Drosophila in
nanotoxicological investigations.

Nanotechnology is a new field referring to every tech-
nology and science operating on a nanoscale range
and to scientific principles and new properties that are

25 found when operating in this range (Siegrist et al.
2007). Nanomaterials (NM) are at the leading edge
of the rapidly developing field of nanotechnology
(Salata 2004), and nanoparticles (NP) are defined as
materials that must be less than 100 nm in at least one

30 dimension. Nanoparticles may include transition
metals and metal oxides, silica, carbon compounds
(single- and multiwalled carbon nanotubes and
fullerenes), nanocrystals, and quantum dots, among
others (Dreher 2004; Murray, Kagan, and Bawendi

35 2000). While bulky materials possess certain proper-
ties, regardless of their size, these characteristics of
nanoparticulate forms are size and shape dependent.
Subsequently, the physical properties, surface-to-
volume ratio, and chemical properties of nanoscale

40 materials vary significantly. This is particularly true
for metal oxide NP displaying a large surface size,

which affects reactivity and other physicochemical
properties (Golbamaki et al. 2015). A view of trans-
mission electronic microscopy images of some NP

45showing different sizes and forms is depicted in
Figure 1. As shown, NM are comprised of a broad
set of compounds that are difficult to classify. From
the risk assessment point of view, NM have been
categorized into three different groups according to

50their physicochemical properties, route of exposure,
and mode of action (Gebel et al. 2014). Category 1
includes those NM for which toxicity depends upon
properties of its components; category 2 focuses
upon fibrous NM; and category 3 includes respirable

55granular biodurable NP.
Based upon the unique characteristics of NM,

nanotechnology is considered to be the next indus-
trial revolution and is postulated to exert enormous
impacts on society, economy, and life in general

60over a period of time (Godwin et al. 2015). In this
context, NM have a wide range of applications
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ranging from biomedical (used as drug delivery
agents, in tumor diagnosis and therapy, in optical
imaging, and as antibacterial agents, among others)

65 to electronics, computers, sunscreen products,
textiles, paintings, industrial coatings, cosmetics,
printer toners, varnishes, and food preservation
(Corma et al. 2004; Murthy 2007; Ranjan,
Jayakumar, and Zhang 2015; Sato et al. 2004;

70 Snyder-Talkington et al. 2012; Yohan and
Chithrani 2014; Zhao and Castranova 2011). The
use of NM is expected to increase at an estimated
rate of 58,000 tonnes/year during 2011–2020
(Maynard 2006), and nano-enabled products were

75 estimated to generate $731 billion in revenues in
2012 (Lux Research 2014).

The enhanced presence of NM in the environment
requires a careful assessment of their unexpected
toxicities and biological interactions (Aillon et al.

80 2009; Chatterjee et al. 2014a; Hawkins et al. 2015;
Kermanizadeh et al. 2016; Zhao and Castranova
2011). To reduce the potential interactions of NM
within a biological environment, different strategies
have been proposed to modify their physicochemical

85 characteristics such as adsorption affinity (Lee et al.
2015). One of these strategies is to change the

chemical nature of the polymeric matrix of the NP
and thereby alter certain biological phenomena such
as biorecognition, biodistribution, bioadhesion, bio-

90compatibility, and biodegradation. A few polymeric
materials have been used for this purpose, including
gelatin, chitosan, sodium alginate, poly(alkyl cyanoa-
crylates), poly(lactic acid), poly(lactic-co-glycolic
acid), poly[ethylene glycol-co-(lactic-glycolic acid)],

95poly(ε-caprolactone), and poly(methyl methacrylate)
(Couvreur et al. 2002; Liu et al. 2014a; Ma et al. 2013).
The monitoring of hazardous effects of NM via in
vitro and in vivomodels is required to determine their
potential harmful effects (Snyder-Talkington et al.

1002012). Accordingly, thousands of in vitro and in
vivo studies have been conducted to determine the
influence and severity following exposure to NM.
When testing NM, different factors need to be taken
into account to avoid pitfalls, including a good dis-

105persion of the NM to be evaluated (Hartmann et al.
2015). Among the general mechanisms underlying
the adverse health effects induced by NM, oxidative
stress plays an important role in both toxicity and
genotoxicity (Kermanizadeh et al. 2016). Since DNA

110damage is an initial step in the process of mutations
and cancer development, particles that are potent in

Figure 1. TEM images of different NM: (A) copper oxide nanoparticles; (B) cadmium quantum dots; (C) zinc oxide nanoparticles; and
(D) cerium oxide nanoparticles.
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producing DNA damage may be regarded as more
likely to exert an effect on carcinogenesis (Karlsson
et al. 2008). In this context, many investigators

115 showed NM-related cytotoxicity, reactive oxygen spe-
cies (ROS) production, DNA damage, and genotoxi-
city (Magdolenova et al. 2014; Oesch and Landsiedel
2012; Willhite et al. 2014).

In vitro studies are relatively simple tests provid-
120 ing a readily available prescreening method using

various cell types and culture conditions. In spite of
their relevance and importance, these investigations
do not completely reflect the actual events that
occur in a complete animal with many coordinated

125 tissues and organs (Lewinski, Colvin, and Drezek
2008). The classical in vivo approach using mam-
malian organisms has important limitations mainly
due to the high operational cost and ethical issues.
To overcome these problems, more simple in

130 vivo models have been adopted for studying and
diagnosis of NM effects. Among these are the
roundworm nematode Caenorhabditis elegans
(Chatterjee et al. 2014a, 2014b; Contreras et al.
2012; Hunt et al. 2013; Meyer and Williams 2014),

135 Daphnia magna (Santo et al. 2014; Völker et al.
2013), the zebrafish Danio rerio (Dedeh et al.
2015; He, Aker, and Hwang 2014), and Drosophila
melanogaster (discussed in the following).

Drosophila as a model to evaluate NM
140 harmful effects

The fruit fly Drosophila melanogaster is a well-known
insect with long scientific history in biological sciences
for more than a century and has contributed
enormously to understanding the nuances of

145 developmental biology and evolutionary concepts.
Further, this dipteran has been used as an ideal
model organism to study human diseases including
Parkinson’s and Alzheimer’s, which are regarded as
neurodegenerative disorders (Bilen and Bonini 2005),

150 and cardiovascular diseases (Wolf et al. 2006),
immunologic and intestinal infections (Kim and Lee
2014), and other human pathologies including cancer
(Gonzalez 2013).

The widespread interest of using Drosophila as a
155 model and its incorporation into many scientific

branches are not simply by chance but may be
attributed to the unique characteristics that
Drosophila possesses, such as a rapid and short

life cycle (10–12 days at 25ºC, Figure 2), being
160reliable and cost-efficient (Ong et al. 2015;

Vecchio 2015), and the facts that female adults
are fertile 12 h posteclosion and a single pair of
flies may produce hundreds of offspring within
few days (Stocker and Gallant 2008). In addition,

165D. melanogaster has a completely sequenced gen-
ome encoding 13,600 genes on 4 chromosomes
(Adams et al. 2000). Interestingly, Drosophila
showed genetic similarity to humans, considering
that approximately 75% of the genes involved in

170human diseases have related or similar sequences
to D. melanogaster (Lloyd and Taylor 2010).
Although Drosophila has a simpler nervous system
(~200,000 neurons compared to ~100 billion neu-
rons in humans), this species performs complex

175motor behaviors such as walking, climbing, and
flying, and may be trained using fear-conditioning
paradigms to test learning and memory
(Ambegaokar, Roy, and Jackson 2010). Moreover,
the use of D. melanogaster is ethically less contro-

180versial than using other higher in vivo model
organisms (Alaraby et al. 2015c).

The use of D. melanogaster in experimental stu-
dies has met the standard of the European Centre
for the Validation of Alternative Methods (Abolaji

185et al. 2013) and it is currently employed as a model
in toxicology to conduct mechanistic studies on a
number of priority environmental contaminants
and toxicants (Rand et al. 2014). It is important
to point out that the extensive knowledge of

190the genetics and experimental experiences with D.
melanogaster have made it unique in terms of use-
fulness in mutation research and genetic toxicology.
Drosophila melanogaster has been adopted in muta-
tion research as a specific assay detecting both

195somatic mutation and recombination as mutant
clones induced via loss of heterozygosis (Abdalaziz
et al., 2014; Ramel and Magnusson 1992). It should
be pointed out that this is the only eukaryote assay
that permits quantification of mitotic recombina-

200tion in somatic cells, which is particularly relevant
because aberrant recombination activity is com-
monly associated with carcinogenesis (Bishop and
Schiestl 2003). Further, several investigators suc-
cessfully employed D. melanogaster in the comet

205assay to detect DNA breaks (Carmona et al. 2011;
Marcos and Carmona 2013). All these indicated
advantages have prompted many researchers to

JOURNAL OF TOXICOLOGY AND ENVIRONMENTAL HEALTH, PART BQ1 3



use Drosophila as model for evaluation of toxicolo-
gical effects attributed to NM.

210 Drosophila melanogaster was used for the first
time to investigate nanoparticle materials (NM)
effects by Strawn, Cohen, and Rzigalinski (2006),
to detect exposure effects of cerium NP. At present
there are many studies that have used Drosophila

215 to test the toxicity, internalization, reactive oxygen
species (ROS) production, pigmentation coloring,
morphological deformations, gene expression
changes, and genotoxicity due to exposure to dif-
ferent NM. In general, it is considered that there

220 are two main routes for NP exposure, that is, via
respiration or via food administration, in addition
to dermal exposure. Posgai et al. (2009) used D.
melanogaster as model to assess FluoSpheres, silver
NP, and CdSe/ZnS NP of different sizes via inha-

225 lation. Several investigators also utilized
Drosophila as a model organism for oral adminis-
tration to mimic intake through the intestinal bar-
rier (Alaraby et al. 2015c; Pandey et al. 2013;

Siddique et al. 2014). Interest in this in vivo
230model to evaluate NM is rising, as indicated in

Figure 3, and the total number of these studies
for different NM is illustrated in Figure 4. A
description of the studies conducted with different
NM is presented in the following sections.

235Studies on silver nanoparticles (AgNP)

The unique optical, electrical, and thermal properties
that silver nanoparticles (AgNP) possess place them
at the top of all NM used in manufactured materials
(Nanotech Project 2014), specifically in relation to

240their antimicrobial properties (Kim et al. 2007; Li
et al. 2010). The nanoparticulate form of Ag is
highly cytotoxic and genotoxic at both cellular and
whole organism levels, unlike the bulk form of Ag°,
which is chemically inert (AshaRani et al. 2008;

245Dobrzyńska et al. 2014; Gagne et al. 2013;
Haberl et al. 2013; Park 2013; Park et al. 2011).
Although production of intracellular ROS by AgNP

Figure 2. The life cycle of Drosophila melanogaster (four stages): egg, larvae, pupae, and adults. After 6–8 h the eggs hatched to give
first-instar larvae followed by second and third instars, and at about d 5 the larvae pupate to give the pupa stage. Finally, the adult
emerged at d 9 or 10.
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is a well-known mechanism of action, the impor-
tance of ion release and endocrine disruption

250 mechanisms is not fully understood (Massarsky,
Trudeau, and Moon 2014).

As indicated in Table 1, Drosophila has been
utilized in several studies aiming to demonstrate
the severity of AgNP-induced adverse effects. The

255 first reported study developed a nebulizer-based
system to deliver Ag coated and uncoated NP
into the respiratory system of adult flies to detect
toxicity. The induction of Hsp70 expression in flies
was used as a biomarker for toxicity showing sig-

260 nificant changes in the expression of both coated
and uncoated AgNP in comparison to control.

Accordingly, Posgai et al. (2009) proposed the
utility of this model to test NM toxicity.

It is known that AgNP induce ROS, as observed
265in different organisms (Hayashi et al. 2012;

Tsyusko et al. 2012). This process may also be
modulated by temperature, as observed in the
Cape River crab, Potamonautes perlatus (Walters
et al. 2016). In agreement, oxidative stress path-

270ways including activities of superoxide dismutase
(SOD) and catalase (CAT), as well as levels of
glutathione (GSH) and malondialdehyde (MDA),
are activated in Drosophila larvae after AgNP
exposure (Ahamed et al. 2010a). Changes in gene

275expression of SOD and GSH (Armstrong et al.
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2013; Posgai et al. 2011) were observed at 50 μg/ml
AgNP exposure, confirming potential mechanism
of action of AgNP via oxidative stress. Notably,
deregulation of antioxidant SOD and GSH

280 enzymes, and reduced developmental effects, loss
of survivorship, and short life span were partially
or fully reversible by vitamin C treatment, further
suggesting the implications of oxidative stress in
the adverse effects induced by AgNP exposure

285 (Posgai et al. 2011).
With respect to developmental and viability altera-

tions associated with AgNP exposure, Philbrook et al.
(2011a) found that larval feeding led to a significant
decrease in developmental success, but without

290 declining fecundity. In contrast, Panacek et al.
(2011) observed that chronic exposures to AgNP
reduced fertility of flies during the first three filial
generations, in addition to diminished developmental
alterations. Moreover, marked negative impact on the

295 successful development to pupal and adult stages was
noted in larvae exposed to AgNP-containing food
media (Han et al. 2014). The adverse effect of AgNP
affected not only larvae or adults, but also embryos,
where low doses as 4.30E−04 ng applied by micro-

300 transferring produced Drosophila embryo mortality
(Vega-Alvarez et al. 2014).

In agreement with these findings, exposure also
reduced adult life span (Tian et al. 2013). Although
this toxic effect was not observed in citrate-coated

305 AgNP, this treatment induced loss of melanin
pigments in their cuticles (Armstrong et al.
2013). These differences in toxicity might be
attributed to physical or chemical characteristics
of AgNP, such as different sizes or different coat-

310 ings. In this context, although exposures to
20–30 nm AgNP did not exert an adverse effect,
exposure to 100 and 500–1200 nm AgNP resulted
in a significant reduction in larva and pupa viabil-
ities (Gorth, Rand, and Webster 2011).

315 Drosophila and its gut microbiota have a relevant
relationship where the microbiota play an impor-
tant role in some fundamental aspects ofDrosophila
physiology such as growth control or mating
behavior (Charroux and Royet 2012). Notably, gut

320 microbiota directly come into contact with NP as
soon as these particles enter into their host gut. In
this context, Han et al. (2014) found that AgNP
exposure decreased diversity of midgut microbiota
by sevenfold to a single gram-positive order. Thus,

325reduction of microbiota might explain significant
viability loss of both pupal and adult stages and
negative developmental fitness of larvae observed
in AgNP-treated individuals.

The toxicity of AgNPmay reflect alterations in the
330expression of highly conserved geneHsp70 (Ahamed

et al. 2010a; Posgai et al. 2009). Oxidative stress
and upregulation of Hsp70 after AgNP treatment
indicate potential DNA damage, cellular genotoxi-
city, and finally apoptosis. Accordingly, there are a

335significantly higher expression of p53 protein,
upregulated p38 protein expression in a time- and
concentration-dependent manner, and activation of
apoptosis pathway via caspase-3 and caspase-9 acti-
vation in organisms exposed to AgNP (Ahamed et al.

3402010a). Interestingly, the genotoxic effect of AgNP
not only induced primary DNA damage, as observed
throughout the expression of some genotoxic mar-
kers such as p53, but also produced fixed genotoxic
damage as evidenced in the wing-spot assay. In this

345assay AgNP administration promoted induction of a
significant rise in frequency of total mutant wing
spots (Demir et al. 2011). These genotoxic effects
are not in agreement with the recent report by
Avalos et al. (2015), who used a high bioactivation

350Drosophila strain, which may explain the observed
differences. A review of AgNP genotoxicity data in
different systems concluded that these NP may
induce DNA damage, chromosomal abnormality,
and mutagenicity at noncytotoxic concentrations

355(Zhang et al., 2014 Q2). Interestingly, evidence demon-
strated a lack of in vivo studies data that diminish a
more accurate risk assessment.

AgNP exposure has been associated with loss of
melanin pigments in adult cuticles and with altered

360adult locomotor behavior (Avalos et al. 2015; Key
et al. 2011). In addition, this loss of pigmentation is
concentration dependent (Panacek et al. 2011).
Interestingly, this demelanization effect does not
seem to be attributed to Ag+ but to significantly

365decreased activity of copper- (Cu-) dependent
enzymes, such as tyrosinase and Cu–zinc (Zn) SOD.
Even though there is a threshold level of Cu present in
tissues, consumption of excess AgNP might
produce sequestration of tissue Cu, thus creating a

370condition that resembles Cu loss or starvation. This
phenomenon was reaffirmed by addition of excess Cu
into the diet, thereby enabling flies to attain normal
pigmentation (Armstrong et al. 2013).
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Studies with carbon nanotubes (CNT)

375 Carbon nanotubes (CNT) are cylinders composed
of single-walled (SWCNT) or multiwalled
(MWCNT) graphene layers with diameters in the
nano range and micrometer length (Iijima 1991).
Carbon nanotubes have remarkable physical,

380 chemical, electrical, and mechanical properties,
allowing them to possess high tensile strength,
ultra-light weight, thermal and chemical stability,
and excellent semiconductive electronic character-
istics (Dresselhaus, Dresselhaus, and Jorio 2004).

385 Such features are the basis for widespread use of
CNT in many industrial applications, including
electronics, aerospace, construction, and pharma-
ceutical and biomedical sciences for drug and gene
delivery (Asakura et al. 2010; Bianco, Kostarelos,

390 and Prato 2005; Hirsch 2002; Zhang et al. 2014b).
Due to specific shape, small size and length, and
the addition of side groups (Liu et al. 2013a), CNT
exposure has been associated with a variety of
detrimental effects, including enhanced produc-

395 tion of ROS, inflammation and a decrease in cell
viability, necrosis, and genotoxicity (Dong and Ma
2015; Kermanizadeh et al. 2016; Kim and Yu 2014;
Lewinski, Colvin, and Drezek 2008; Liu et al.
2013b; Manna et al. 2005; Pulskamp, Diabaté,

400 and Krug 2007; Sato et al. 2005; Shvedova et al.
2003). In addition to the genotoxic potential of
CNT, their role in carcinogenesis has also been
the subject of different studies, mainly due to
their fiber-like similarities to asbestos (Poland

405 et al. 2008). In vivo rodent models have been
used to determine the human risk under exposure
inhalation, but further studies are required to
refine meaningful risk assessments for humans
(Oberdörster et al. 2015).

410 There are in total seven studies that determined
the harmful effects of CNT in Drosophila (both
SWCNT and MWCNT), although only two studies
deal with potential genotoxicity (Table 2). Leeuw
et al. (2007) exposed larvae to SWCNT to determine

415 biodistribution in different larval compartments.
The lack of effects on larvae viability suggested
that the quantity of deposited CNT into different
compartments was so low as to not initiate any
detectable effects. SWCNT and MWCNT were

420 administered during all developmental stages with-
out detectable effects on egg-to-adult survivorship,

despite evidence that NMwere taken up and became
sequestered in tissues. Nevertheless, an important
adherence of SWCNT was noted in adults, leading

425to impaired locomotor function and some increased
frequency of mortality (Leeuw et al. 2007). In con-
trast, MWCNT adhered weakly and did not reduce
locomotor function or survivorship (Liu et al.
2009a). This lack of adverse effects by SWCNT was

430also found in a study where no apparent alterations
in larvae viability and growth occurred (Philbrook
et al. 2011b). In humans, CNT exposure is mainly via
inhalation, and different physicochemical para-
meters, including shape, state of agglomeration/

435aggregation, surface properties, impurities, and den-
sity, influence toxicity. Interestingly, in the exposure
studies using adult flies, CNT were found in spira-
cles, affecting oxygen diffusion and altering metabo-
lism (Liu et al. 2009a)

440A different exposure approach was also
employed where CNT were not included in the
food media but injected into Drosophila embryos.
Under these conditions of exposure MWCNT
exerted no observable effects on cell motility, cell

445communication, tissue and organ formation, pha-
gocytosis, or general viability of developing
Drosophila embryos (Liu, Campo, and Bossing
2014b). Nevertheless, different results were
reported using this exposure approach where

450both SWCNT and MWCNT produced a signifi-
cant rise in mortality rate, although SWCNT pro-
duced equivalent effects at lower doses, indicating
greater effects than for MWCNT (Vega-Alvarez
et al. 2014). Evidence indicated that the embryonic

455stage may be considered as a sensitive stage, sui-
table to be utilized as a model to assess toxicity.
Taken together, these observations in Drosophila
support the general view that SWCNT tend to be
more damaging than MWCNT (Jia et al. 2005).

460Regarding genotoxic effects of CNT in
Drosophila, two studies were carried out using
the wing-spot assay for detection of both somatic
mutation and recombination. Both investigations
reported negative results for MWCNT, support-

465ing the view that under the reported exposure
conditions MWCNT were not apparently geno-
toxic. This was true utilizing strains with high
metabolic efficiency (Machado et al. 2013) and
employing standard strains (de Andrade et al.

4702014).
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Discrepancies in the toxicological effects
reported by different investigators might be attrib-
uted to various factors. First, obtaining good CNT
dispersions is difficult and might account for dif-

475 ferences in the observed effects (Hartmann et al.
2015). In addition, CNT usually contain small
amounts of impurities (Al, Mg, Na, Mn, and Co
traces, among others), accounting for a variable
percent total weight in endpoint evaluated (Vales,

480 Rubio, and Marcos 2016).

Studies with gold nanoparticles

Gold NP (AuNP) have attracted scientific and
technological interest due to their ease in synth-
esis, chemical stability, and unique optical proper-

485 ties (Alkilany and Murphy 2010). Gold “noble
metal” NP were incorporated into many therapeu-
tic and biodiagnostic applications due to many
advantageous physical and optical properties.
Nevertheless, little is known regarding their intrin-

490 sic intracellular effects in biological environments,
and for this reason it is necessary to determine
possible hazard effects (Austin et al. 2014; Chin
et al. 2011; Giljohann et al. 2010).

A summary of investigations conducted with
495 Drosophila evaluating the effects of AuNP is pre-

sented in Table 3. Different adverse effects of
citrate-capped AuNP were initially studied by
Pompa et al. (2011) by whole-organism exposure.
In such studies a significant reduction of adult life

500 span and fertility was observed after adult and
larvae exposure. In addition, enhanced presence
of DNA fragmentation and overexpression of
stress proteins occurred significantly in gastroin-
testinal (GIT) cells. These effects were correlated

505 with internalization of AuNP in ovarian and GIT
tissues. Further, Pompa et al. (2011) analyzed dif-
ferent biological and developmental aspects of
Drosophila and noted significant adverse effects
on fecundity. In addition, adverse effects were

510 observed, including DNA damage in hemocytes
and presence of apoptotic/necrotic events.
Induction of genetic damage was confirmed by
using the comet assay. Notably, Pompa et al.
(2011) demonstrated that genotoxicity resulting

515 from AuNP exposure was related to elevated
ROS production and a significant overexpression
of p53. To determine potential germinal effects,

approximately 10,000 F1 individuals, resulting
from parental individuals exposed to AuNP for

520an entire life cycle, were analyzed to examine
abnormal phenotypes. Important phenotypical
changes such as wing deformations and malforma-
tions of the eyes were observed. Interestingly, the
F2 generation also showed additional individuals

525with severely impaired body parts, despite the fact
that they arose from parents that did not exhibit
any morphological modifications (Vecchio et al.
2012a). To address the potential role of AuNP
size and concentration, the harmful effects of dif-

530ferent sizes (5, 15, 40, or 80 nm) and a wide dose
range (from 0.11 to 467 µg/g/d) were tested. Data
indicated that concentration plays a predominant
role in determining adverse effects, while size (sur-
face area) of AuNP did not seem to be a key

535parameter. The observed effects were life-span
and fertility values as well as DNA damage.
Interestingly, reverse-transcription quanititative
polymerase chain reaction (RT-qPCR) experi-
ments validated concentration-dependent toxicity

540of AuNP, evidenced by overexpression of stress
genes (hsp70 and hsp83), DNA damage (p53),
and apoptotic (Dronc) biomarkers. All these data
suggested that AuNP effects were related to ROS
induction (Vecchio et al. 2012b). The genotoxic

545potential of AuNP in different in vitro and in
vivo systems—including Drosophila—was
reviewed recently. Investigators concluded that
AuNP may induce DNA damage but it was
emphasized that there were few existing studies

550using in vivo mammalian systems (Hadrup et al.,
2015). AuNP have also been used to examine
effects on metabolism. Wang et al. (2012a) demon-
strated that exposure of Drosophila larvae to 0.5 or
2 nM AuNP resulted in accumulation in the fat

555body, which is a key metabolic tissue in Drosophila
larvae. The observed rise in lipid levels was
attained without triggering cellular stress
responses. In addition, both fatty acid metabolism
and the PI3 K/Akt/mTOR signaling pathway were

560increased. The interesting part of this study is that
it reveals a novel function of AuNP in animal
metabolism, suggesting its potential therapeutic
applications for metabolic disorders (Wang et al.
2012a).

565The effects of AuNP in Drosophila embryos were
recently evaluated in a cost-effective, tissue-specific
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NM toxicity assay using direct microtransfer of NM
to embryos (Vega-Alvarez et al. 2014). In this case,
the monitoring of different embryonic develop-

570 mental stages permits one to identify specific stages
of mortality in only 48 h at environmentally rele-
vant doses. From all the reported studies, it may be
concluded that, in spite of the promising future of
AuNP in cancer treatment, exposure may poten-

575 tially involve detrimental effects, indicating that
precautions need to be taken into account during
the use of this nanoparticulate element.

Studies with titanium dioxide nanoparticles
(TiO2NP)

580 Titanium dioxide NP (TiO2NP) are produced
abundantly and used widely because of high stabi-
lity and anticorrosion and photocatalytic properties
(Rajh et al. 2014). This NM is among the top five
NP used in consumer products, paints, and phar-

585 maceutical preparations. Nevertheless, several
investigations demonstrated that TiO2NP exposure
induced toxicity, oxidative stress, DNA damage,
and inflammation (Chen et al. 2009; Chen, Yan,
and Li 2014; Demir et al. 2013b; Hussain et al.

590 2005; Liu et al. 2010; Silva et al. 2013).
The potential harmful effects of TiO2NP were the

subject of different studies using Drosophila mela-
nogaster (Table 4). In the first study, Drosophila
larvae were exposed to 5–200 μg NP/ml medium

595 without exerting any apparent adverse effects on
development or survival rate (Posgai et al. 2011).
However, significant changes in gene expression
levels of SOD activity were observed in exposed
larvae. These data were in contrast to those indicat-

600 ing that 50-nm TiO2NP treatments led to a signifi-
cant progeny loss in Drosophila, related to a decline
in female fecundity (Philbrook et al. 2011a).
Recently Jovanović, Cvetković, and Mitrović
(2015) demonstrated that larvae exposure to

605 TiO2NP did not markedly affect survival but sig-
nificantly increased time to pupation. Fecundity
was unaffected by the treatment, but expression of
CAT and that of SOD-2 were markedly downregu-
lated. TiO2NP were translocated into the larval

610 body but did not develop into adults during meta-
morphosis associated with some adult individuals
presenting aberrant phenotypes (Jovanović,
Cvetković, and Mitrović 2015). Toxic effects were

also been reported in a recent study using TiO2NP
615(<25 nm) that produced cytotoxic effects on midgut

and imaginal disc tissues of larvae (Carmona et al.
2015a). This adverse effect of TiO2NP inDrosophila
was also noted by using microinjection during
the embryo stage. Using this new methodology,

620Vega-Alvarez et al. (2014) found that environmen-
tally relevant doses of TiO2NP produced alterations
during normal embryo development that suggest
potential risk if exposure occurred during the first
stages of development.

625The potential genotoxic effects of TiO2NP were
also examined in Drosophila. Using TiO2NP with a
small size (2.3 nm), and exposing Drosophila lar-
vae during all developmental stages, there were no
apparent mutagenic effects observed in the wing-

630spot assay (Demir et al. 2013a). No significant
changes in the frequency of all spots (small single,
large single, twin, and total multiple wing hair
spots and total spots) were observed, indicating
that these NP did not appear to induce genotoxi-

635city in the wing-spot assay of D. melanogaster. It is
interesting that negative findings were obtained
with the microparticulate forms, indicating that
the nanoparticulate form did not modify potential
genotoxicity of its microparticulate versions.

640Similar negative results in the wing-spot assay
were recently reported by Carmona et al. (2015a).
However, when primary DNA damage was exam-
ined in hemocytes using the comet assay, signifi-
cant genotoxic effects were detected. It is

645important to indicate that these results seem to
be associated with specific physicochemical prop-
erties of TiO2NP, since no apparent genotoxic
responses were observed with the bulk form
(Carmona et al. 2015a). Regarding the potential

650genotoxic risk of TiO2NP, in vitro approaches
have generated a considerably higher number of
positive results than in vivo systems, with induc-
tion of ROS ascribed as the main mechanism of
genotoxicity. In addition, nearly all tests for mea-

655suring mutagenicity were negative, as recently
reviewed by Chen, Yan, and Li (2014).

Studies with zinc oxide nanoparticles
(ZnONP)

Zinc oxide NP (ZnONP), one of the common
660engineered NM, are widely used in many products,
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such as sunscreen products, textiles, paintings,
industrial coatings, and antibacterial agents
(Contado 2015; Liu et al. 2009b; Montazer and
Maali Amiri 2014). These NP are prone to dissolu-

665 tion, and uncertainty remains whether biological/
cellular responses to ZnONP are solely due to the
release of Zn2+ ions (Buerki-Thurnherr et al.
2013), or whether the NP themselves exert addi-
tional adverse effects (Mu et al. 2014), or whether

670 effects can be attributed to ROS generation
(Sharma, Anderson, and Dhawan 2012). In addi-
tion to the ability to induce ROS, ZnONP also
interfere with DNA repair mechanisms (Demir,
Creus, and Marcos 2014). Independent of the

675 mechanisms of ZnONP-mediated toxicity, large
variability noted between studies with respect to
potential biological effects of ZnONP suggests that
factors such as size and shape may contribute
toward overall nanobiological interactions

680 (Saptarshi, Duschl, and Lopata 2015). In fact, in
human monocytes ZnONP induced greater cyto-
toxicity and inflammation than microsized ZnO
(Kannan and Vijayaraghavan 2014). Analysis of
biological reactivity might be further complicated

685 by factors such as adsorption of proteins on the
NP surface, which may influence bioreactivity.

Effects of ZnONP in Drosophila are presented
in Table 5. Siddique et al. (2014) used for the first
time D. melanogaster (transgenic D. melanogaster

690 (hsp70-lacZ)Bg9) to assess the potential toxicity of
graphene zinc oxide nanocomposite (GZNC). In
this study a time- and concentration-dependent
rise in oxidative stress and in the number of
apoptotic cells was found. Exposure to higher

695 doses (0.199 and 3.996 µg/ml) of GZNC was
toxic after 24 and 48 h, in contrast to lower
amounts (0.033 µg/ml and 0.099), which did not
produce any apparent adverse effects at both time
intervals. In addition to these toxicity studies,

700 genotoxic effects in the comet assay were also
reported. These results are in contrast with a
recent study showing no apparent toxicity or oxi-
dative stress, and no significant changes in the
frequency of mutant clones or percent tail DNA

705 (Alaraby et al. 2015a). In this study Drosophila
larvae were exposed to ZnONP (<50 nm) or
ZnCl2 (ionic form), and adverse effects were not
dependent on internalization of ZnONP through
the intestinal barrier. Data indicated that neither

710ZnONP nor ZnCl2 elevated ROS levels that might
explain the non-hazardous effect of Zn regardless
of its form. However, some deregulation of stress
marker genes was noted, since expression of both
Hsp70 and p53 genes significantly changed due to

715ZnONP exposure. The differences in the findings
of the two previous studies might be due to differ-
ences in the chemical composition of ZnONP,
where in the first study Siddique et al. (2014)
used graphene Zn and possibly the observed

720effects might be attributed to graphene more
than to ZnONP. However, differences in the
strains employed (transgenic vs. wild type) also
need to be considered as a potential factor for
variability.

725It is important to point out that Siddique et al.
(2015) postulated that Cu-doped ZnONP were
nontoxic at concentrations of 1, 2, 4, and 8 µg/µl
in D. melanogaster, as no apparent loss in climbing
and activity pattern was found. In addition, there

730was no significant change in the activities of acet-
ylcholinesterase (AChE), caspase 9/3, and glu-
tathione-S-transferase (GST) and in levels of
GSH, lipid peroxidation (LPO), and total protein
content. Further, brain sections displayed no gross

735alterations in the structure and sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) patterns, which revealed no marked
changes in protein expression.

The determination of the mutagenic potential of
740amorphous ZnO and ZnONP has been the subject

of two recent papers. In the first study,Reis Éde
et al. (2015) noted that amorphous ZnO and
ZnONP were not mutagenic in the wing-spot
assay. However, the use of a high dose demon-

745strated that amorphous ZnO (6.25 mM) and
ZnONP (12.50 mM) produced a significantly
increased number of mutant spots compared to
negative control. In addition, the observed rise in
mutant spots was generated due to mitotic recom-

750bination rather than mutational events (Reis Éde
et al. 2015). However, no plausible explanation of
the potential role of metabolism was provided to
describe these weak effects, and a lack of dose
response was noted. No genotoxicity in the wing-

755spot test was reported after amorphous ZnO and
ZnONP treatment (Carmona et al. 2015b).
However, when both Zn compounds were tested
in comet assay using larvae hemocytes, a
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significant elevation in DNA damage was found
760 with ZnONP, but only at the higher dose level. In

addition, the lipid peroxidation assay showed a
significant increase in malondialdehyde (MDA)
levels for both ZnO forms, but elevated MDA
concentrations for ZnONP were higher than for

765 ZnO in bulk, suggesting that the observed DNA
strand breaks may be mediated by oxidative stress
(Carmona et al. 2015b). Overall data suggest that
the potential genotoxicity of ZnONP in Drosophila
might be considered weak according to the lack of

770 mutagenic and recombinogenic responses and
induction of primary DNA damage only at high
toxic doses of ZnONP (Carmona et al. 2015b).
These negative results are in agreement with
those recently reported in a long-term in vitro

775 scenario of exposure (Anangi et al., 2015Q3 ). In
these conditions results differ with respect to
those noted after acute exposures. Taking into
account that Drosophila reflects chronic exposure,
the results of Annangi et al. (2015a) support the

780 lack of genotoxicity of ZnONP reported in this
review.

Studies with quantum dots (QD)

Quantum dots (QD) are fluorescent semiconduc-
tors possessing specific photochemical and photo-

785 physical properties, with a promising future in
medical imaging for disease diagnosis, biosensors,
and electronics (Zhao and Zeng 2015). Quantum
dots constitute a unique generation of NM, char-
acterized by small size (1–10 nm), with a specific

790 design comprising an internal core and surround-
ing it by one or two shell layers (Dabbousi et al.
1997; Ji et al. 2014). Quantum dots may be bound
with one or several functional groups, as well as
specific targeting ligands (Bruchez et al. 1998).

795 Health risks associated with QD exposure are
due not only to their physical shape, but also to
their chemical nature, because these compounds
possess one or more high-risk heavy metals such
as cadmium (Cd), lead (Pb), mercury (Hg), arsenic

800 (As), or Zn in their core or shell layers (Valizadeh
et al. 2012). Subsequently, contact with these heavy
metals or atoms in a biological milieu might pos-
sibly pose a potential health risk, which is consid-
ered an obstacle before design and application

805 of QD.

As indicated in Table 6, different QD have been
studied in Drosophila. CdSe/ZnS QD-mediated
effects were evaluated in Drosophila. Posgai et al.
(2009) developed an interesting system for

810inhalation methods. Using this approach, QD of
different sizes were effectively aerosolized, show-
ing that the procedure was able to act with a wide
range of NP types and sizes. In these cases, red
fluorescent CdSe/ZnS NP were successfully deliv-

815ered to the fly respiratory system and visualized in
the tracheal system using fluorescent microscopy.
Unfortunately, no toxicity studies were carried out
by Posgai et al. (2009). Data suggested that
this method was capable of respiratory delivery,

820providing important information to explore the
advantages of Drosophila as a health model
organism for inhalation effects.

In order to minimize QD-induced toxicity, dif-
ferent strategies such as the use of biocompatible

825coatings were employed. The role of coatings, as
potential modulators of toxicity, was examined
using D. melanogaster as a model. Galeone et al.
(2012) determined and compared the effectiveness
of different surface coatings in reducing leaching

830of metal ions from CdSe-based QD. In vivo toxi-
city of CdSe–ZnS QD was assessed with different
surface coatings: mercaptoundecanoic acid (QD-
MUA), polymer coating with poly-maleic anhy-
dride octadecene (QD-PC), and polymer and poly-

835ethylene glycol (PEG) coating (QD-PC–PEG).
Surprisingly, none of the three different studied
coatings complexes completely prevented survival
perturbation induced by CdSe-based QD. It is of
interest that the observed decreases in Drosophila

840life span were coating dependent, where reduc-
tions reached 58, 73, and 82% for QD-MUA,
QD-PC, and QD-PC–PEG, respectively.

It needs to be pointed out that the general
toxicity associated with Cd based QD exposure is

845related to Cd2+ release (Su et al. 2009, 2010) or
elevated levels of ROS (Clift et al. 2010; Gagné
et al. 2008). Galeone et al. (2012) found coating-
dependent ROS generation linked to the findings
that all QD exhibited a marked time-dependent

850degradation, with significant release of Cd2+ ions,
explaining the life-span reduction of QD-treated
flies. Evidence indicated that the ineffectiveness of
different surface coatings to diminish the side
effects of Cd-based QD suggested use of
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855 alternatives of QD based upon Cd-free materials,
such as indium phosphide (InP)-based QD, may
be more beneficial (Brunetti et al. 2013). In this
study, Brunetti et al. (2013) exposed Drosophila to
100 and 500 pM InP-QDs or Cd-QDs, and differ-

860 ent parameters including Hsp70, Hsp 83, p53, and
Dredd genes expression were determined, in addi-
tion to necrosis and apoptosis induction. Results
showed that the two tested doses of Cd-QD pro-
duced changes in expression of all analyzed genes,

865 together with a high apoptotic rate. In contrast,
gene expression was not markedly altered and low
apoptotic rate at the higher dose was noted after
InP-QD treatment. These findings indicated that
D. melanogaster was a sensitive species to detect

870 subtle effects demonstrating, that InP-QD may
serve as a safer alternative to Cd-based QD.

In a recent study D. melanogaster was also
employed to investigate the harmful effects of
CdSe QD related to biodegradation (Alaraby

875 et al. 2015b). The potential release of Cd2+ from
QD was determined by comparing to a free source
of Cd ions (CdCl2). Data showed that CdSe QD
penetrated the intestinal barrier of the larvae,
thereby reaching the hemolymph, interacting

880 with hemocytes, and inducing significant dose-
and time-dependent genotoxic effects. Further,
ROS production, QD biodegradation, and signifi-
cant disturbance in the conserved Hsp, antioxidant
and p53 genes were also found. Although adverse

885 effects of CdSeQD were noted, these manifesta-
tions were still milder than those produced by
CdCl2. All these studies indicated the limitations
of QD composition related to toxicity.

In different systems, cell uptake, cytotoxicity, and
890 genotoxicity of QD were shown to be dependent on

their surface chemistry. Although genotoxicity was
related to oxidative stress, this effect only accounted
for part of the cytotoxicity and genotoxicity
induced by QD. This suggests the existence of

895 other mechanisms of action (Manshian et al. 2016)

Studies with silica nanoparticles (SiO2NP)

The nanotechnology of silica NP (SiO2NP) pro-
duction offers many advantages because these
compounds are relatively inexpensive to produce,

900 chemically inert, and thermally stable and may be
tailored to contain porous structures for drug

encapsulation and hydrophilic for higher solubility
in humans (Balakrishnan et al. 2013). For this
reason, SiO2NP are extensively applied in chemical

905mechanical polishing and as additives to drugs,
cosmetics, printer toners, varnishes, and food
(Lin et al. 2006), as well as for gene delivery or
gene therapy (Baeza and Vallet-Regí 2015; Bharali
et al. 2005).

910From the toxicological point of view, it was
reported that SiO2NP exposure may produce
some adverse effects, including inflammation,
release of ROS leading to apoptosis (McCarthy
et al. 2012), and cytotoxicity and genotoxicity

915(Fruijtier-Pölloth 2012; Kwon, Koedrith, and Seo
2014). In addition, Choi et al. (2011) also noted
that SiO2NP exposure produced primary DNA
damage and cytotoxicity but not mutagenicity in
cultured mammalian cells. However, these results

920are contradictory since no marked cytotoxic or
genotoxic effects were also found by Barnes et al.
(2008) and Uboldi et al. (2012). In addition, no
morphological transformation was detected
(Uboldi et al. 2012).

925Three different studies used Drosophila to deter-
mine whether there is a potential toxic/genotoxic
risk attributed to SiO2NP treatment (Barandeh et al.
2012; Demir et al. 2015; Pandey et al. 2013)
(Table 7). Barandeh et al. (2012) organically mod-

930ified SiO2NP (20 nm size) and noted that neuronal
cell bodies and axonal projections of Drosophila
were not markedly affected, as evidenced from
absence of rise in aberrant neuronal death rate or
of interference with normal neuronal processes. In

935contrast, when SiO2NPwere administered to larvae,
a significant uptake was observed in the midgut
cells of exposed Drosophila. This transposition
occurs via endocytic vesicles and by direct mem-
brane penetration after third-instar larvae were

940exposed orally to 1, 10, or 100 μg/ml for 12–36 h.
Subsequently, SiO2NP internalization led to a sig-
nificant elevation in levels of oxidative stress as
observed in the midgut cells of exposed
Drosophila in a concentration- and time-dependent

945manner. SiO2NP treatment also significantly
increased expression of hsp70 and hsp22 genes,
accompanied by caspases activation, membrane
destabilization, and mitochondrial membrane
potential loss (Pandey et al. 2013). The observed

950differences between these studies might be
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attributed to different types of SiO2NP used and
also to varying experimental exposure approaches.
To assess the potential role of SiO2NP size in poten-
tial toxic/genotoxic-mediated effects, Demir et al.

955 (2015) utilized four different sizes (6, 15, 30, and
55 nm) of the compound. The main goal of this
study was to demonstrate the potential induction of
somatic mutation and recombination in the wing-
spot assay. Thus, when third-instar Drosophila

960 larvae were exposed to 0.1, 1, 5, or 10 mM of all
different sizes of SiO2NP no significant alterations
in frequency of mutant clones were observed.
However, all tested SiO2NP produced a significant
dose-dependent elevation in levels of primary DNA

965 damage, measured by comet assay, predominantly
with high doses (5 and 10 mM). When the comet
assay was complemented with the use of formami-
dopyrimidine DNA glycosylase (FPG) and endonu-
clease III (EndoIII) enzymes, Demir et al. (2015)

970 found that most of this primary DNA damage cor-
responded to oxidative DNA damage. Since the
higher levels of DNA damage were noted when
55-nm SiO2NP were utilized, this study indicates
the importance of size when testing the biological

975 effects of NM and the need to include different
sized compounds.

A recent revision of in vitro and in vivo studies
carried out with SiO2NP produced inconclusive
results on their potential genotoxic risk due to a

980 variety of factors. Data suggested that although
SiO2NP might interact with outer and inner mem-
branes, signaling responses, and vesicle trafficking
pathways, the potential mechanisms of toxicity as
well as the implication in human health have not

985 been fully elucidated (Kwon, Koedrith, and Seo
2014).

Studies with cerium nanoparticles (CeO2NP)

Cerium oxide NP (CeO2NP), as with other NM,
are extensively used in many applications, includ-

990 ing catalysts, solar cells, solid fuel cells, ultraviolet
absorbents, automotive catalytic converters, gas
sensors, oxygen pumps, and metallurgical and
glass/ceramic applications (Corma et al. 2004; Izu
et al. 2004; Walkey et al. 2015). At present the

995 importance of CeO2NP is attributed to their anti-
oxidant properties such as scavenging ROS,
together with an ability to inhibit cardiovascular

myopathies and to protect normal cells from
radiation effects (Wason and Zhao 2013). This

1000provides CeO2NP a promising future in pharma-
cology (Celardo et al. 2011) and medicine (Das
et al. 2013). Despite the positive characteristics of
CeO2NP, several studies reported some adverse
effects including enhanced ROS generation, cyto-

1005toxicity, genotoxicity, and inflammation (Ali et al.
2015; Eom and Choi 2009; Thill et al. 2006).

Until now, only three studies have utilized
Drosophila, as presented in Table 8. Interestingly,
all the studies reported positive effects on the health

1010status ofDrosophilawith increasing life span (Cohen
et al. 2008; Strawn, Cohen, and Rzigalinski 2006) or
showing antitoxic and antigenotoxic effects (Alaraby
et al. 2015c). Strawn, Cohen, and Rzigalinski (2006)
found that administration of CeO2NP extended fly

1015life span up to 38% and increased survival after a
lethal exposure to paraquat. In addition, CeO2NP
elevated median life span in females by 18 d, and
maximum life span by 19 d, with an overall rise in
activity in aged females (Cohen et al. 2008). These

1020results inDrosophila are supported by the findings of
Alaraby et al. (2015c), who demonstrated no signifi-
cant toxic effects following CeO2NP or Ce-sulfate
(ionic form of cerium) administration at doses as
high as 10 mM in the culture medium. There were

1025no apparent malformations observed in adults upon
metamorphosis of larvae that were grown in exposed
medium, but a significant reduction in frequency of
spontaneous duplications of scutellar bristles was
noted. Similarly, the potential genotoxic effects of

1030CeO2NP were evaluated and data showed that
CeO2NP did not induce somatic mutations or
recombination in the wing imaginal discs of treated
larvae. Moreover, Drosophila larvae pretreated with
CeO2NP (0.1, 1, or 10 mM) significantly reduced the

1035severity of genetic damage induced by potassium
chromate (0.5 mM) post exposure, compared to
potassium chromate treatment alone. It is worth-
while noting that the antigenotoxic effects observed
for CeO2NP were related to the antioxidant proper-

1040ties of CeO2NP, especially at the higher doses tested,
where low levels of ROS were generated. The anti-
genotoxic and antioxidant properties of CeO2NP did
not completely prevent potential side effects. Thus, a
deregulation in the expression of Hsps (70, 26, 60,

1045and 83) genes was found at the highest dose used
(10 mM), and some abnormal-shape mitochondria
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were observed in the cells of the larval midgut. These
results demonstrated that CeO2NP possess unique
advantageous properties but also exert some negative

1050 effects.
Despite the reported negative genotoxic effects

in different studies, an important number of
experiments obtained negative results associated
with antigenotoxic potential as reported by

1055 Alaraby et al. (2015c) in Drosophila. In human
cells, the antioxidant and antigenotoxic effect of
CeO2NP has been recently reported (Rubio et al.
2016)

Studies with copper nanoparticles (CuNP)

1060 The increased presence of copper NP (CuNP) in
our immediate environment due to widespread
usage in electronics, textiles, and electronic
devices, as well as with antimicrobial agents, raises
a question regarding potential adverse risk to

1065 humans (Rubilar et al. 2013). Karlsson et al.
(2008) reported that copper oxide NP (CuONP)
and Cu-based compounds are more toxic than
other metal oxides. In this context, CuONP were
found to induce adverse and genotoxic effects at

1070 cellular level in studies in vitro (Ahamed et al.
2010b; Akhtar et al. 2013; Jing et al. 2015; Wang
et al. 2012b), as well as in whole-animal studies
(Adam et al. 2015; Gomes et al. 2013; Isani et al.
2013; Lei et al. 2008; Liao and Liu 2012; Nations

1075 et al. 2015; Wang et al. 2015). Similar to other NP,
there is a debate around the main causative factor
underlying CuONP-mediated adverse effects,
whether attributed to CuNP or leaching of soluble
ions from these compounds. However, there are

1080 still insufficient data and no agreement has been
reached (Park et al. 2014) regarding mechanisms
underlying CuONP-induced toxicity. Four studies
were conducted using D. melanogaster as a model
organism to determine potential harmful effects

1085 attributed to CuONP (Alaraby, Hernández, and
Marcos 2015d; Carmona et al. 2015c; Han et al.
2014; Siddique et al. 2013) (Table 9).

Although CuONP possess the ability to penetrate
midgut cells and subsequently translocate to the

1090 general body compartment (internal hemolymph),
the abilities to (1) reduce larval growth, (2) decrease
flies viability, and (3) delay emergency periods were
only detected at higher doses (2 and 10 mM) during

larval development (Alaraby, Hernández, and
1095Marcos 2015d). Similar results were previously

reported when D. melanogaster was exposed to
low doses (0.033 µg/ml) graphene copper nano-
composite (GCNC). At this dose no marked toxic
effects were found at exposures lasting for 24 and

110048 h when several parameters including hsp70
expression, β-galactosidase activity, oxidative
stress, total protein, and apoptotic rate and DNA
damage were examined; however, at higher doses of
GCNC (0.199 and 3.996 µg/ml) the adverse effects

1105occurred at both 24 and 48 h (Siddique et al. 2013).
In contrast, CuNP exposure did not appear to exert
adverse effects since no developmental-stages
manifestations were observed (Han et al. 2014).
This study only showed significant increases in the

1110time spent for adult transition without negative
impact on larval fitness.

On the potential genotoxic effects of CuONP,
Carmona et al. (2015c) demonstrated that treat-
ment induced DNA strand breaks, accompanied

1115by elevated frequency of somatic mutations and
recombination events, which might partially
explain oxidative stress generation. The observed
genotoxic effects were close to the threshold level.
This marginality of these reported values might

1120explain the lack of effects noted in the study of
Alaraby, Hernández, and Marcos (2015d), where
CuONP failed to demonstrate genotoxic
potential, possibly due to the inability to enhance
ROS production. This apparent lack of genotoxic

1125effect did not prevent the influence on deregula-
tion in expression of different stress genes,
including antioxidant-related ones. Interestingly,
CuONP exposure significantly reduced expression
of different genes (Duox, Upd3, PPO2, and Hml)

1130involved in intestinal barrier integrity. These genes
were proposed as suitable markers to determine
potential damage induced by NP in the intestinal
barrier (Alaraby, Hernández, and Marcos 2015d).
With regard to the potential role of Cu ions in

1135CuONP exposure effects, results indicated that
effects produced by CuSO4 are an important
source of Cu ions that were always higher than
those found with CuONP. These data support the
view that the nanoparticulate form is responsible

1140for most of the observed harmful effects.
In general, studies on the genotoxicity of

CuONP by using approaches other than
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Drosophila are relatively scarce. A summary of the
published data indicates that changes in gene

1145 expression, apoptosis, oxidative stress, and persis-
tent inflammation were noted (Magaye et al.
2012). Nevertheless, the number of in vivo studies
performed is far lower than in vitro investigations.

Studies using other nanoparticles

1150 In addition to the studies reported in the preced-
ing, there are eight more studies that employed D.
melanogaster to determine potential effects of alu-
minum NP (Demir et al. 2013a; Huang et al.
2013), cobalt NP (Vales et al. 2013), zirconium

1155 NP (Demir et al. 2013a), iron NP (Chen et al.
2015; Vega-Alvarez et al. 2014), gallium nanowires
(Adolfsson et al. 2013), and PABA (4-N-pyridin-2-
yl-benzamide nanotubes) (Yadav et al. 2010), as
presented in Table 10.

1160 Aluminum (Al)-based NP are widely used in
various fields, including manufacturing, food,
cosmetics, and medicines. Although Al NP were
suggested to play a role as a potential neurotoxin,
there is no general agreement among researchers

1165 on health risk posed (Willhite et al. 2014). Huang
et al. (2013) observed that in isolated brains of
Drosophila after 15 min of application of alumina
NP (2 mmol/L), the average frequencies of spon-
taneous rhythmic activities in the antennal lobe of

1170 Drosophila were significantly decreased compared
with controls, indicating a neurotoxic manifesta-
tion. Toxicity and genotoxicity studies carried out
with aluminum oxide NP (Al2O3NP) noted a low
toxic and genotoxic potential compared with other

1175 metal NP (Rajiv et al. 2016). This is in agreement
with the results obtained in Drosophila when gen-
otoxicity was evaluated by Demir et al. (2013a),
who found no significant alterations in frequency
of mutant spots in the wing-spot assay, indicating

1180 that these NP did not induce genotoxic (somatic
mutation and/or recombination) responses in D.
melanogaster. Interestingly, negative results were
also detected in the same study when a micro-
meter-sized Al2O3 form was tested.

1185 Cobalt-based NP (CoNP) are used in medicine as
a highly effective magnetic resonance imaging con-
trast agent, as well as a chrome–cobalt alloys in
many implants. Although there is a lack of well-
designed toxicity, genotoxicity, and carcinogenicity

1190studies, Magaye et al. (2012) demonstrated that
changes in gene expression, apoptosis, oxidative
stress, and persistent inflammation were major
consequences associated with CoNP exposure,
which may predispose to carcinogenicity. In fact,

1195in mammalian cells CoNP was shown to induce cell
transformation after long-term (12 wk) exposure to
subtoxic concentrations, and these effects were
mediated by oxidative stress (Annangi et al.
2015b). Vales et al. (2013) found in 72-h-old

1200Drosophila larvae exposed to a wide range of doses
(0.1 to 10 mM) of CoNP that this failed to markedly
affect the frequency of mutant clones. Interestingly,
the genotoxic effects of CoNP were higher than
those produced by the ionic form (cobalt chloride),

1205suggesting that Co ions are not a major health risk
associated with CoNP exposure.

Zirconium (Zr), at both nano- and microscale, is
widely used in applications like biosensors, cancer
therapy, and implants. It was postulated that ZrNP

1210are not apparently toxic but that these NP possess
effective antioxidant potential. The antioxidant
effects are more marked than those observed with
microparticulate forms (Karunakaran et al. 2013).
With regard to genotoxic risk, although there are

1215no studies on ZrNP, the existing in vitro studies
conducted with ZrO2 demonstrated that nongenetic
damage was reported in peripheral blood lympho-
cytes and murine fibroblasts when comet assay was
used (Braz et al. 2008; Ribeiro et al. 2009). This lack

1220of genotoxicity is in agreement with the only study
that was carried out in Drosophila (Demir et al.
2013a). Data obtained in this study demonstrated
that no significant alterations in frequency of mutant
spots occurred in the wing-spot assay, indicating that

1225neither ZrNP nor its microparticulate forms induced
genotoxic responses in the wing-spot assay of D.
melanogaster.

Iron oxide (FeO) NP are considered as biocom-
patible, biodegradable, and nontoxic and for these

1230reasons are utilized for a wide range of biomedical
applications such as tumors or vascular imaging,
drug delivery, gene therapy, and as an iron supple-
ment for patients with anemia. Based upon various
investigations conducted to determine potential

1235toxic/genotoxic effects, it seemed that characteris-
tics such as core size, morphology, surface charge,
and type of coating were important to modulate
these effects (Arami et al. 2015). Two studies using
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Drosophila were carried out to examine the
1240 influence of FeO NP (Chen et al. 2015; Vega-

Alvarez et al. 2014). Vega-Alvarez et al. (2014)
aimed to detect adverse effects in the embryo by
microinjecting NP directly into the embryo. Using
this approach, FeO NP at doses of 2.5 and 5 ng

1245 induced significant increases in rate of mortality,
indicating that these NP are toxic if they reach the
embryo during the first stages of development.
Chen et al. (2015) showed that relatively high
doses (300 and 600 µg/g in food media) of magne-

1250 tite NP affected general survival and fecundity in
young virgin females. Evidence indicated that Fe
magnetite NP penetrated Drosophila placental
tissue and entered into the ovoplasm and vitelline
membrane of the eggs, producing reduction in

1255 female fecundity and developmental delay at the
egg–pupae and pupae–adult transitions. The
reduction in fertility is the consequence of induced
defects in ovaries, reduction in the size of egg
chamber, and number of nurse cells in egg

1260 chambers. These effects were more severe when
the positive 3-aminopropyltriethoxylsilane coated
iron magnetite NP were used.

Gallium phosphide (GaP) nanowires are another
type of NP that were tested in D. melanogaster

1265 (Adolfsson et al. 2013). Data obtained as results
demonstrated that GaP nanowires introduced into
larvae and/or adults food were not taken up into
Drosophila tissues, did not elicit a measurable
immune response or changes in genome-wide

1270 gene expression, and did not significantly affect
life span or somatic mutation rate. These results
indicated that Drosophila intestinal tract was
relatively insensitive to nanowire exposure and
protected the adjoining tissues effectively from

1275 environmental hazards.
PABA (p-aminobenozic acid) is a natural nonpro-

tein amino acid that is frequently found as a struc-
tural moiety in drugs with a wide range of
therapeutic application. The design and chemical

1280 synthesis of PABA derivatives and its self-assembly
to form orally ingested fluorescent PABA nanotubes
have been evaluated in Drosophila (Yadav et al.
2010). The bioavailability of two different nanostruc-
tures and distribution in various internal organs of

1285 Drosophila were examined. The observed results
indicated that bioaccumulation of NM in different
organs was dependent upon the side-chain

modifications. In addition, neither of the PABA
nanotubes produced significant health hazards,

1290including locomotion defects and mortality of adult
flies. The main conclusion of this study is that
despite differential uptake and clearance frommulti-
ple tissues, the use of self-assembled nanotubes may
add new dimensions and scope to the development

1295of drug oral carriers.

Discussion and general conclusions

From all the studies reviewed, it is clear that
Drosophila melanogaster may be considered a qua-
lified in vivo model that succeeds in assessing NM

1300effects. As initially indicated, among the advan-
tages of using Drosophila there are the simplicity
in handling, low cost of maintenance and use of
Drosophila strains, and, mainly, the important
amount of information that exists on this organ-

1305ism as the result of many years of experiences in
many biological fields. As a negative factor one
needs to be aware of the phylogenetic differences
that exist between flies and humans in terms of
interpolation of effects. This creates a risk to extra-

1310polating Drosophila data to humans. Nevertheless,
there are many studies linking Drosophila use as a
model for different human pathologies (Foriel
et al. 2015; Maximino et al. 2015; Plantié et al.
2015; Venken et al. 2016). As an in vivo model

1315the influence of NM may be evaluated at different
levels, from overall toxicity to genotoxicity. In
addition, effects on physiology, behavior, and loco-
motive effects, among others, can also be assessed.
Drosophila shows a high sensitivity to changes not

1320only in chemical composition of NM but also of
different coating or physical variations in size,
shape, and surface area. Moreover, Drosophila
may be used as an effective sensitive biomonitor
to determine shedding of ions from NM and sub-

1325sequent physical interactions. The potential release
of ions is an important point that requires being
considered. NM might release ions depending on
the surrounding matrix (Handy et al. 2012).
Drosophila exposure to NM usually occurs via

1330food medium, a complex matrix where different
interactions occur, including the release of ions.
To avoid misinterpretations of the obtained data it
is suggested to complement the use of NM with
their chemical ionic forms (Alaraby et al. 2015a).
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1335 In this way, more accurate comparison between
NM and ionic form effects might be obtained.
In addition, Drosophila offer a reliable model to
measure NM effects in all life stages from embryo
up to adult, passing through transitional stages in

1340 a relative short time. Since most of the studies
were carried out by exposing larvae via oral
administration, Drosophila became a reliable
model to evaluate the role of the intestinal barrier
against NM. In Drosophila the intestinal barrier

1345 includes the peritrophic membrane (PM) and one
layer composed of a large midgut enterocytes. PM
is formed from chitin-containing microfibers
embedded in a matrix, and the principal constitu-
ents of these are proteins, glycoproteins, and

1350 mucopolysaccharides (Spence 1991). PM is con-
sidered analogous to the mucus layer of the
mammalian digestive tract, and shields the midgut
epithelium from abrasive food particles and
microbes (Hegedus et al. 2009). PM does not per-

1355 mit entry of particles of the size of most viruses,
bacteria, protozoans, and helminthes (Spence
1991). In addition, PM protects the midgut cells
from sharp materials and from xenobiotics and
toxins, such as dichlorodiphenyltrichloroethane

1360 (DDT) and Bacillus thuringiensis toxins
(Hayakawa et al. 2004; Tellam 1996).

Alaraby et al. (2015c) found that CeNP were
distributed inside midgut lumen, attached to PM,
and present in midgut cells and hemolymph

1365 (Figure 5). In addition, changes in the expression
of genes controlling the integrity of the intestinal
barrier (Duox, Upd3, PPO2, and Hml) were noted
after exposure to CuONP (Alaraby, Hernández, and
Marcos 2015d), and for this reason, it was proposed

1370 as a reliable model to mimic what might occur in
mammalian intestine after exposure to NM.

In the human intestine there are specific gut
microbiota that are affected by different external
agents including NM. Imbalances of microbiota

1375 have been associated with different human diseases.
In addition to Crohn’s disease and ulcerative colitis,
other diseases such as diabetes, metabolic syn-
drome, nonalcoholic fatty liver disease or steatohe-
patitis, and even psychiatric disorders such as

1380 depression, and multiple sclerosis have been corre-
lated to altered microbiota (Biedermann and Rogler
2015). Drosophila also possess specific microbiota

with important roles in host physiology and pathol-
ogy (Kuraishi, Hori, and Kurata 2013; Lee and Brey

13852013), and changes in the gut microbiota influence
the health status of Drosophila including develop-
ment, growth and body size (Shin et al. 2011). These
observations open a new field to study harmful
effects of NM, as recent studies noted that AgNP

1390exposure markedly reduced the diversity of the gut
microbiota (Han et al. 2014), as occurs after expo-
sure to CuNP (Alaraby, Hernández, and Marcos
2015d). These are only two examples of potential
of Drosophila to assess adverse health effects asso-

1395ciated with NM exposure.
According to the findings obtained in the avail-

able literature, one may conclude that Drosophila
melanogaster offers a qualified in vivo model that
succeeds in evaluating a wide set of different NM

1400utilizing various approaches:

(1) Mimicking NP internalization routes (oral
administration or inhalation).

(2) Evaluating stress and apoptosis responses
after NP exposure via expression changes

1405in Hsps, p53, caspase 3, caspase 9, and
others.

(3) Assessing oxidative stress due to NP expo-
sure via ROS production and antioxidant
enzymes activity.

1410(4) Determining genotoxicity and level of
DNA damage resulting from NP exposure,
by comet and SMART assay (exclusive to
Drosophila).

(5) Detecting NP toxicity (viability, life span,
1415fertility, and fecundity).

(6) Assessing morphological abnormalities
related to NP exposure as loss of pigmen-
tation and altered structure and/or func-
tions of different tissues.

1420(7) Detecting neural malfunction related to
NP exposure.

(8) Detecting behavioral effect of NM expo-
sure, such as grooming mechanisms,
developmental fitness.

1425(9) Determining physiological and metabolic
malfunction after NP exposure.

(10) Showing NM effects at different life stages,
from embryo to adult stages, and over
multiple generations.
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