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Abstract

The peculiar physical/chemical characteristics of engineered nanomaterials have led to a rapid increase of nanotechnology-based
applications in many fields. However, before exploiting their huge and wide potential, it is necessary to assess their effects upon interaction
with living systems. In this context, the screening of nanomaterials to evaluate their possible toxicity and understand the underlying
mechanisms currently represents a crucial opportunity to prevent severe harmful effects in the next future. In this work we show the in vivo
toxicity of gold nanoparticles (Au NPs) in Drosophila melanogaster, highlighting significant genotoxic effects and, thus, revealing an
unsettling aspect of the long-term outcome of the exposure to this nanomaterial. After the treatment with Au NPs, we observed dramatic
phenotypic modifications in the subsequent generations of Drosophila, demonstrating their capability to induce mutagenic effects that may
be transmitted to the descendants. Noteworthy, we were able to obtain the first nanomaterial-mutated organism, named NM-mut. Although
these results sound alarming, they underline the importance of systematic and reliable toxicology characterizations of nanomaterials and the
necessity of significant efforts by the nanoscience community in designing and testing suitable nanoscale surface engineering/coating to
develop biocompatible nanomaterials with no hazardous effects for human health and environment.

From the Clinical Editor: While the clinical application of nanomedicine is still in its infancy, the rapid evolution of this field will
undoubtedly result in a growing number of clinical trials and eventually in human applications. The interactions of nanoparticles with living
organisms determine their toxicity and long-term safety, which must be properly understood prior to large-scale applications are considered.
The paper by Dr. Pompa's team is the first ever demonstration of mutagenesis resulting in clearly observable phenotypic alterations and the
generation of nano-mutants as a result of exposure to citrate-surfaced gold nanoparticles in drosophila. These groundbreaking results are
alarming, but represent a true milestone in nanomedicine and serve as a a reminder and warning about the critical importance of "safety first"
in biomedical science.
© 2012 Elsevier Inc. All rights reserved.
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Among hazardous agents, such as toxic chemicals and
radiation, those eliciting genotoxic effects are typically classified
as the most dangerous to human health and environment,
because they induce DNA damage with consequent carcinogenic
and/or mutagenic effects observable after long time periods or
even in the following generations.1 For this reason, systematic
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testing of all new materials and composites to assess possible
genotoxic risk is of paramount importance. In this context, we
are currently coming across a new class of materials that require
an urgent evaluation of their potential harmful effects, i.e.,
nanomaterials. Actually, due to their increasing use in several
technological fields2,3 and the consequent higher probability of
their interaction with humans and the environment,4-6 a
significant number of studies to assess their toxicity has been
recently produced.6,7 In particular, many investigations have
demonstrated both in vitro and in vivo that some nanomaterials
exhibit clear cytotoxic8 and, sometimes, even genotoxic effects,9

thus raising novel and serious concerns. Moreover, to further
worsen the situation is the large variability of the physical/
particles induce aberrant phenotypes in Drosophila melanogaster. Nano-

mailto:pierpaolo.pompa@iit.it
http://dx.doi.org/10.1016/j.nano.2011.11.001
http://dx.doi.org/10.1016/j.nano.2011.11.001


2 G. Vecchio et al / Nanomedicine: Nanotechnology, Biology, and Medicine 8 (2012) 1–7
chemical properties of nanomaterials (size, shape, surface
chemistry and charge, dispersion status, suspending medium,
etc.), which significantly affects their toxic behavior.10-12 Hence,
a reliable assessment of the different toxicological aspects of
such materials, along with the identification of the key
parameters responsible for the toxic effects, is essential. In this
work, we analyzed in vivo the long-term genotoxic and
mutagenic effects of citrate-capped 15 nm Au NPs, exploiting
the model organism Drosophila melanogaster. After the
treatment with Au NPs, we observed significant phenotypic
modifications in the subsequent generations of the organism,
demonstrating their capability to induce mutagenic effects that
may be transmitted to the progeny. Noteworthy, we were able to
isolate and maintain one aberrant strain, named “nanomaterial-
mutated” (NM-mut), which represents the first nanomaterial-
mutated organism to date.
Methods

Au NPs

In this study we used highly monodispersed and stable 15-nm
citrate-capped Au NPs synthesized and characterized in our
laboratory, as previously described.11,13

Drosophila melanogaster strain and culture conditions

The flies and larvae of wild-type Drosophila melanogaster
(Oregon R+, Bloomington Drosophila Stock Center, Blooming-
ton, Indiana) were cultured at 24° ± 1°C on standard Drosophila
sterile food containing agar, corn meal, sugar, yeast, and nepagin
(methyl-p-hydroxybenzoate, Sigma Aldrich, St. Louis, Missou-
ri). The use of Drosophila for these experiments was approved
by the Italian Institute of Technology Scientific Committee for
Animal Studies.

Treatment schedule

Au NPs were formulated in the diet at the final concentration
of 100 pM (namely, 2.05 × 10-3 μg/μl of Au). Assuming that
Drosophila typically eats 1.5 μl/day of food,14 the dose of NPs
administered to the flies correspond to 3 μg/g per day. The
solution containing Au NPs was added to the food before
solidification, mixed strongly, and finally poured into vials.
Transmission electron miscroscopy (TEM) analyses showed that
the Au NPs do not significantly aggregate after mixing with the
Drosophila food, maintaining a good degree of monodispersity
(Figure S21). With the same modality, we prepared food with the
Au NPs supernatant (SN), obtained by centrifugation of the Au
NP solution at 13,400 rpm for 30 minutes. This preparation was
used to exclude the presence of toxic compounds in the solution
containing Au NPs.

For all the experiments the flies were treated for an entire
life-cycle (eggs-to-eggs). In particular, groups of 10 flies were
transferred in vials containing normal, SN, and Au NPs treated
food and, after eggs deposition, the flies were removed. The
virgin male and female flies, emerging from the control, the
SN-, and the Au NP-treated food (generation F0), were
transferred in new vials (containing the respective food), and
the adults were removed again after the eggs deposition.
Finally, the flies emerging from the control, SN-, and Au NP-
treated food (F1 generation) were immediately transferred in
fresh normal food and used for all the various experiments
reported in this article.

Analysis of reproductive performance

The virgin male and female flies of the F0 generation,
emerging from the control, the SN-, and 15-nm Au NP-treated
food, were pair-mated in vials having normal Drosophila food.
In particular, ten couples of flies were divided in ten groups in
three independent experiments for each treatment. Flies were
transferred into fresh vials every day for the next 20 days, and the
number of eggs laid during the period was scored. The total
number of flies produced for 20 days by each pair was counted.

Haemocytes collection

D. melanogaster haemocytes were collected according to the
methods of Irving et al15 with minor modifications. Briefly,
chilled 96 ± 2-hour-old larvae were removed from food media,
washed in water, sterilized in 5% bleach, and dried. The cuticle
from 10 larvae was then disrupted with two fine forceps. The
haemolymph and the circulating haemocytes were then collected
in cold phosphate buffered saline (PBS) solution. The number of
hemocytes per larvae typically ranged from 1000 to 1500.

TUNEL assay

For Tunel assay, the cold solution of PBS containing the
hemocytes was placed on a polylysine slide to allow electrostatic
adhesion of cells. Subsequently, the sample was fixed in 4%
paraformaldehyde in PBS for 15 minutes. After washing in PBST
(PBS, 0.1% Tween 20), the samples were permeabilized in a
solution of PBS 0.3% Triton X 100 for 15 minutes. Hemocytes
were then processed by Click-iT TUNEL Alexa Fluor647
Imaging Assay (Invitrogen, Eugene, Oregon), according to the
manufacturer's instructions. Hemocytes were equilibrated for 10
minutes in TdT TUNEL buffer and then added to TdT reaction
cocktail, containing TdT enzyme and a modified dUTP, and
incubated for 60 minutes at 37°C. After incubation, hemocytes
were washed twice with 3% BSA in PBS for 2 minutes each.
Subsequently, samples were incubated with Click-iT reaction
cocktail for 30 minutes at room temperature (20°–22°C) in a dark
environment. Then, the Click-iT reaction cocktail was removed
and tissue was washed with 3% BSA in PBS for 5 minutes, and a
solution of 1X Hoechst 33342 was added for 15 minutes at room
temperature. These samples were then characterized by confocal
microscopy (Leica TCS-SP5 AOBS Leica Microsystems,
Wetzlar, Germany). Quantitative analyses of TUNEL-positive
nuclei were carried out by examining different hemocytes
samples (20 different microscopic fields each) from three
independent experiments.

Annexin V/PI assay

The analysis of apoptosis/necrosis on hemocytes was carried
out with an Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit
(Invitrogen), according to the manufacturer's instructions.
Briefly, hemocytes from 10 larvae were resuspended in 1×



3G. Vecchio et al / Nanomedicine: Nanotechnology, Biology, and Medicine 8 (2012) 1–7
binding buffer in the range from 1000 to 1500 hemocytes per
larva. Then, a solution containing propidium iodide (PI) and
Alexa Fluor 488 annexin V was added to the hemocytes. Cells
were gently vortexed and incubated for 15 minutes at room
temperature in the dark. Finally, four-fold volume 1× binding
buffer was added to each tube, and the samples were analyzed by
confocal microscopy (Leica TCS-SP5 AOBS). Quantitative
analyses of Annexin V/PI-positive cells were carried out by
examining different hemocytes (20 different microscopic fields
each) from three independent experiments.

Expression analysis of p53 gene

Third instar larvae extracts were prepared by homogenizing
larvae in groups of ten in cold solution of RNAlater (Sigma
Aldrich). Next, p53 mRNA expression levels were examined by
performing real-time quantitative reverse transcription polymerase
chain reaction (PCR) in larvae nurtured with Au NP-treated food
and larvae nurtured with normal food. Total RNA was isolated
from flies using TRI-reagent (Sigma Aldrich), the amount of
RNA in each sample was determined by Nanodrop, and RNA
quality was analyzed using agarose gel electrophoresis (1.2%).
Real-time qPCR was performed using direct RNAs in one-step
reaction in an ABI 7500 thermocycler (Applied Biosystems,
Carlsbad, California). For each gene, we used 1 μl of 0.5 μg/μl
of RNA solution mixed with 10 μl of 10× Express Syber Green
qPCR SuperMix premixed with ROX (Invitrogen), 2 μl of 4
μM gene specific primers mix, 0.5 μl of Express SuperScript
Mix for one-Step Syber GreenER (Invitrogen) and 6.5 μl of
DEPC-treated water. Reaction conditions for all genes were:
50°C for 5 minutes to perform cDNA synthesis and then
immediately followed by PCR quantification program, repeated
40 times (15 s at 95°C, 1 minute at 60°C). This program was
followed by a melting curve program (60°–99°C with a heating
rate of 0.1°C/s and continuous fluorescence measurements).
Relative expression was calculated from cycle threshold values
(ΔΔCt method) using the RpL32 (ribosomal protein L32)
expression as internal control for each sample.

The primers used in real time qPCR analysis were designed
by online Primer-BLAST software of NCBI. In particular, we
used Rpl32 primer (forward: CGA GTT GAA CTG CCT TCA
AGA TGA CCA and reverse: CCG ACT GGT GGC GGA TGA
AGT G) that amplify the target sequence NM_001144656.1, and
p53 primer (forward: TGC GGA CAC AAA TCG CAA CTG
CT and reverse: ACG ACG CGG ACT TGT GAA GAC TC)
that amplify the target sequences NM_001170223.1;
NM_206544.2. All the target sequences are reported as NCBI
accession number.

Phenotypic observations

The phenotype of flies grown on normal, SN-, and Au NP-
treated food was observed using a stereomicroscope (Leica S8
APO, Leica Microsystems). In particular, the phenotypes of flies
emerging from F0 (generation subjected to the treatment eggs-to-
eggs), F1 (first offspring generation), and F2 (second generation)
were analyzed. Among all the various observed phenotypes,
some types were collected and crossed with wild-type flies to
assess the presence of gene mutations by propagation of the
mutant phenotype in the progeny. In these experiments, we
observed 2500 flies emerged from each treatment in the F0;
among these, 1000 flies were randomly selected and separated in
groups of 50 flies in 20 vials to obtain the F1 generation. In the
F1 we analyzed the phenotype of approximately 10,000 flies per
treatment, and also in this case 50 randomly selected flies were
separated in 40 vials to obtain the F2 generation. Finally, we
observed the phenotype of approximately 20,000 flies in F2.
Results

To study the long-term effects of Au NPs, we employed
Drosophila melanogaster, a superb model for genetic and
toxicological investigations, which has been widely used for the
assessment of genotoxicity of various chemicals.16,17 Droso-
phila provides some advantages over higher organisms, being
particularly suitable for massive screening studies, avoiding
significant ethical issues, and allowing for the monitoring of the
long-term effects induced by specific agents in several
generations of the progeny, thanks to its short lifespan. On the
other side, the assessment of the possible harmful effects of Au
NPs is very important because they are widely employed in a
broad range of applications.18-20 Notably, increasing evidence
shows that nanoscale gold may induce toxic effects both in vitro
and in vivo, especially in the absence of stable coatings or
surface modifications.21-23 In addition, it has been recently
demonstrated that Au NPs can induce remarkable variations in
the genome-wide expression profile24 and genotoxic effects in
vitro,25 though the underlying mechanisms are not yet clear.
Currently, a mechanism of indirect DNA damage mediated by
increased levels of reactive oxygen species (ROS) seems to be
the most plausible hypothesis.9,22,25-28 These evidences are also
corroborated by in vivo studies, in which Au NPs have been
shown to induce apoptotic events in the liver of mice,29 or DNA
damage in the gastro-intestinal tissue of D. melanogaster.13,30

As a first step, we analyzed different aspects of the
reproductive performance of Drosophila upon ingestion of 15
nm Au NPs (3 μg/g per day) (for all the experimental procedures
see Methods). In particular, we studied the fecundity and fertility
of the treated organisms by monitoring the number of eggs laid
daily and the fraction of emerged flies. Typically, in the period
ranging from the 5th to the 25th day after the pair mating, it is
known that Drosophila populations reach the fecundity peak,
keeping it constant for the entire period.31 Experimental results are
shown in Figure 1, A and highlight the significant difference in the
behavior of treated flies with respect to the controls. The number
of eggs laid daily by the organisms treated with Au NPs is
significantly lower than that of the controls (CTRL and SN),
which conversely show comparable values. In particular, the
fecundity peak of treated flies is lower (approximately 60% of the
control) and delayed, andmaintains its maximum period for only 7
days (from the 12th to the 18th day), unlike control organisms in
which the deposition rate is nearly constant for all 20 days, in close
agreement with literature data.31 By analyzing the total number of
eggs laid during the entire fecundity period (Figure 1, B), the
harmful effects of 15 nm Au NPs are even more evident, revealing
that the eggs deposited by treated organisms are only 46% of the



Figure 1. Analysis of the fertility performance of Drosophila upon treatment
with 15 nm citrate capped Au NPs (3 μg/g per day). (A) Number of eggs laid
daily by Drosophila; (B) Total number of eggs deposited by the fly during
the fecundity period (control normalized to 100%); (C) Percentage of
eclosed flies. Data are reported as mean ± SD from three independent
experiments. ***P b 0.01 (One-way ANOVA statistical analysis).

Figure 2. Genotoxic effects of Au NPs on Drosophila. (A) TUNEL assay
and (B) apoptosis/necrosis assay performed on the circulating hemocytes of
Drosophila. Data are reported as mean ± SD from three independent
experiments. ***P b 0.01 (One-way ANOVA statistical analysis).
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values observed for the controls. Moreover, there is also a slight
decrease in the number of adult individuals developed in the
treated samples (Figure 1, C). Beyond the physiological 10% loss
present in the control,32 an additional decrease of approximately
10% was detected in the Au NP-treated flies. The reduction of the
eclosed flies can be attributed to a combination of development
disorders induced by the toxicity of AuNPs with the occurrence of
grave or lethal genetic mutations (see also below). Overall, these
data indicate a strong perturbation of the health status of the
organisms exposed to the NPs, specifically highlighting the
presence of a generalized stress that, in turn, negatively affects the
fertility performance.33

We further examined the toxicity mechanisms of Au NPs by
investigating whether they exert adverse effects on the genome
of Drosophila, as DNA damage by nanoscale gold has been
recently reported in vitro,25 in ex vivo model systems,34 and in
vivo.13,30 To this purpose, we focused our studies on the
circulating haemocytes of the hemolymph of Drosophila, which
represent a widely recognized model to test the genotoxicity of
chemical compounds.35 Moreover, since Drosophila hemocytes
are analogous to the lymphocytes present in the blood of
mammalians and execute the same function,15 the results of
these experiments might be relevant also for higher organisms. In
particular, we evaluated the presence of DNA damage in the
hemocytes by TUNEL assay and the presence of apoptotic/
necrotic events by Annexin V/PI test. TUNEL data (Figure 2, A)
revealed a significant presence of DNA fragmentation in treated
organisms (20.6 ± 4.1%) with respect to the physiological level
detected by the assay in control and SN flies (5.5 ± 3.0% and 5.8
± 3.0%, respectively).36,37 Such data were also confirmed by
COMET assay (17.1 ± 2.9% of positive nuclei in treated flies
compared to 3.7 ± 1.4% and 3.5 ± 1.6% of the control and SN,
respectively). Consistently, Annexin V/PI experiments (Figure 2,
B) showed that approximately 15% (15.0 ± 4.1%) of hemocytes
arising from Au NP-treated organisms present apoptotic
processes, whereas approximatelv 5% (5.3 ± 1.8%) of the cells
undergo necrosis (or late apoptosis phase), unlike control and SN
samples, which exhibit significantly lower values. It is
noteworthy that these experimental results agree in indicating
that Au NPs are able to induce clear genotoxicity. In particular,
we found that the harmful effects of the NPs may cross the
digestive system of Drosophila, reaching the hemolymph
and causing severe DNA damage to the circulating
hemocytes.9,22 ,25-28 Although the molecular mechanisms of
Au NPs toxicity are not yet well clarified, their interaction with
sulfur groups of proteins likely plays an important role. In
addition, aspecific biomolecules/Au NPs interactions (with
consequent unfolding/inactivation/depletion of proteins and
enzymes) as well as intracellular release of metal ions by
uptaken NPs may lead to the alteration of downstream processes,
including ROS overproduction.

The genotoxicity findings have been substantiated by
molecular tests, in which we analyzed the mRNA expression

image of Figure 2


Figure 3. Representative images of mutant phenotypes observed in the progeny arising from organisms treated with Au NPs. In the first column, wild type flies
are reported as reference. In the different rows, several body impairments are shown, such as deformations of wings (A series), eyes (B), and thorax (C). A
scheme describing the flies mating used in these experiments is also reported.
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level of p53 protein by real-time qPCR. P53 is a well known
marker of the presence of DNA damage and, in treated
organisms, it was found to be approximately threefold over-
expressed (2.99 ± 0.15) with respect to the control. Typically, p53
is activated upon cellular stress, such as in the case of exposure to
genotoxic agents, ionizing radiation, and hypoxia,38,39 playing a
critical role in the maintenance of genomic integrity in
multicellular organisms.40 In particular, the overexpression of
p53 gene serves to prevent the formation of tumors and the
propagation of mutations through the activation of the genes
involved in the arrest of the cell cycle and the induction of
apoptotic processes.38 Hence, the significant overexpression of
p53 found in our Au NPs treatment is a reliable confirmation of
the genotoxicity observed above, strongly suggesting the
occurrence of considerable DNA damage.

The evidence of the remarkable genotoxicity found in Dro-
sophila led us to focus our investigations on the possible long-
term mutagenic effects induced by Au NPs. To this aim, we
treated the flies with AuNPs for an entire life cycle (eggs-to-eggs)
(F0 generation); afterwards, the newly eclosed flies of the
subsequent generations (F1 and F2) were immediately transferred
in new vials with fresh, untreated food, namely, the progeny was

image of Figure 3
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never exposed to the NPs. Flies were then subjected to a
systematic screening of their phenotype. Although the individuals
belonging to F0 exhibited the wild type phenotype, tough with a
reduced viability, a detailed analysis of approximately 10,000
organisms of F1 led us to the discovery of the occurrence of
abnormal phenotypes (beyond the possible presence of grave/
lethal mutations observed during the embryonic development, as
discussed in Figure 1, C). In particular, we observed several flies
characterized by an aberrant phenotype. Among those, some
individuals revealed clear wing deformations (representative
images are reported in Figure 3, A series), whereas others
presented strong malformations of the eyes; in particular, an
impressive mutation resulting in a bisected eye with the
anomalous presence of an extraneous structure in the middle is
reported in Figure 3, B2. In the control samples, we observed only
wild type flies.

All the abnormal phenotypes observed in F1 were crossed
with wild type flies, and normal organisms were used for the
production of the F2 offspring. In this latter case, we also
observed surprising results. In fact, in the F2 generation we
found some additional individuals with severely impaired body
parts, despite the fact that they arose from parents that did not
exhibit any morphological modification. Some representative
examples of the mutant phenotypes observed in F2 are shown in
Figure 3. We found malformed flies with an extraneous structure
in the eyes similar to a protrusion with a bristle on its upper
extremity (Figure 3, B6), flies presenting additional ectopic eyes
(Figure 3, B7) or eyes protuberance covered with ommatidia
(Figire 3, B8), and even severe malformations of the thorax with
wings also malformed or completely absent (Figure 3, C2) or
resulting in distortions of the longitudinal axis of the body
(Figure 3, C3), or in the presence of two thoraxes, both deformed
(Figure 3, C4).

On the other side, mutant individuals of F1 crossed with wild
type flies were typically not able to generate progeny because of
their very low viability and/or sterility. Among many attempts,
we were able to maintain a mutated strain in only one case,
namely the aberrant phenotype with malformed eyes reported in
Figure 3, B2 (named “nanomaterial-mutated,” or NM-mut).
Discussion

The NM-mut phenotype, despite its severe impairment, upon
crossing with wild type organisms, was able to produce
offspring, in turn able to reproduce further. In particular, the
progeny obtained by NM-mut flies, pair-mated with normal
organisms, typically exhibits approximately 50% of mutant
phenotype, similar to that of the parents, and 50% with normal
wild type morphology. Such percentages of mutants and normal
individuals obtained by this pair mating indicates that this
specific eye mutation is dominant. Moreover, by crossing these
mutated individuals among them, we observed progeny with
clear morphological defects of the eyes, such as large reduction
of their size and/or presence of multiple ectopic eyes (up to six
eyes). A couple of representative images are shown in Figure 3,
B3–B4. Overall, such results unequivocally demonstrate that 15-
nm Au NPs are able to induce genetic mutations in the germinal
line of Drosophila that may be transmitted to the progeny. The
aberrant strain NM-mut shown in Figure 3, B2 is currently
maintained in our laboratory (where it continues to produce
mutated offspring) and represents the first case of nanomaterial-
mutated organisms.

In the Supplementary Material, available online at http://
www.nanomedjournal.com, we report a wide series of additional
images (Figures S1–S20) relative to several aberrant phenotypes
observed during the experiments.

In conclusion, in this work we have shown that exposure to
naked Au NPs may lead to severe consequences, highlighting, in
general, how the lack of detailed knowledge about new materials
might cause serious problems in the future. Despite the possibly
alarming message of the presented results, with potential for
dangerous drifts toward anxiety against nanotechnology, the aim
of this paper is to highlight the strong opportunity that we have
presently to understand the crucial necessity of massive and
systematic screening of nanomaterials. The development of
standardized nanotoxicology protocols and reliable in vivo
models, along with the design and testing of suitable surface
chemistry/coatings21,41 (for instance, the same 15-nm Au NPs
coated with low molecular weight PEG were found to be not
genotoxic), may lead to the efficient production of a wide class of
safe nanomaterials-based products with no risks for humans or
the environment.
Appendix A. Supplementary data

Supplementary to this article can be found online at doi:
10.1016/j.nano.2011.11.001.
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