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ABSTRACT

The growing use of nanomaterials in commercial goods and novel technologies is generating increasing questions
about possible risks for human health and environment, due to the lack of an in-depth assessment of their potential
toxicity. In this context, we investigated the effects of citrate-capped gold nanoparticles (AuNPs) on the model
system Drosophila melanogaster upon ingestion. We observed a significant in vivo toxicity of AuNPs, which elicited
clear adverse effects in treated organisms, such as a strong reduction of their life span and fertility, presence of
DNA fragmentation, as well as a significant overexpression of the stress proteins. Transmission electron microscopy
demonstrated the localization of the nanoparticles in tissues of Drosophila. The experimental evidence of high in
vivo toxicity of a nanoscale material, which is widely considered to be safe and biocompatible in its bulk form,
opens up important questions in many fields, including nanomedicine, material science, health, drug delivery

and risk assessment.
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1. Introduction

The well established concept of biocompatibility is
recently experiencing severe limitations, due to the
large advent of nanoscale materials, and a new field,
known as nanotoxicology, is strongly emerging [1-5].
Several nanomaterials, such as carbon nanotubes,
quantum dots, metal and metal-oxide nanoparticles,
have been recently observed to show significant toxicity
[6-9], thus introducing the general perception of a
possible size dependence of material toxicity [1, 10].
In this regard, gold is typically considered as one of
the most inert and biocompatible materials and, even
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at the nanoscale, several in vitro investigations have
suggested that it is relatively safe, although some recent
papers have also reported adverse effects, especially
in the case of very small gold clusters [11-19]. In this
work, however, we show that nanoscale gold is highly
toxic in vivo. We studied the effects of 15 nm citrate-
capped gold nanoparticles (AuNPs) on the model
system Drosophila melanogaster upon ingestion, finding
dramatic consequences for the organism life span and
fertility. Moreover, we also observed that AuNPs elicit
DNA damage along with a clear biochemical response
in the organisms, which exhibit a significant overex-
pression of the stress proteins upon treatment.
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2. Experimental
2.1 AuNP synthesis

15 nm sodium citrate-capped AuNPs were synthesized
based on colloidal solutions according to the classical
Turkevich-Frens method [20, 21], using trisodium
citrate as reducing agent in aqueous solution. All
glassware and the magnetic stir-bars were washed
thoroughly with aqua regia (HCl and HNO; in a 3:1
volumetric ratio). Briefly, 150 mL of a 0.25 mmol/L
aqueous solution of HAuCl, (Sigma-Aldrich) in a three-
necked flask, with a condenser and a thermometer, was

heated to boiling with a heating mantle while stirring.

After boiling had commenced, 2.9 mL of a 38.8 mmol/L
aqueous solution of sodium citrate (Sigma-Aldrich) was
added to give a citrate/HAuCl, ratio of 3.10:1. The
solution changed color rapidly in the following
sequence: pale yellow, colorless, very dark blue, purple,
and finally wine red. The solution was kept gently
boiling for 30 min and then slowly cooled down. To
minimize the influences of solvent and unreacted
reagents in the toxicology studies, the solution was
then immediately centrifuged at 12 000 g (relative
centrifugal force) for 15 min to isolate the particles,
which were resuspended in 150 mL of ultrapure water.
This procedure was repeated three times. The resulting
particles were coated with negatively charged citrate
and were, hence, well-suspended (Fig. 1). The pH of
the AuNP solution was measured to be 7.4. Details of
characterization of the AuNPs are given in Fig. S-1
and the associated text in the Electronic Supplementary
Material (ESM).

2.2 Drosophila melanogaster strain and culture
conditions

The flies and larvae of wild-type Drosophila melanogaster
(Oregon R+) were cultured at 24 °C + 1 °C on standard
Drosophila food, containing agar, corn meal, sugar, yeast
and nepagin (methyl-p-hydroxybenzoate).

2.3 Treatment of Drosophila with AuNPs

For toxicity assays, AuNPs were formulated in the diet.
Six different concentrations (1.9, 3.8, 19, 38, 190, and
380 pmol/L) of AuNPs dispersed in the food were used
for experiments. The 380 pmol/L concentration of

- =— Control -
— SN
— AuNPs -

Survival (%)

Figure 1 Lifespan curves of Drosophila flies nurtured with
AuNP-treated food (380 pmol/L) (AuNPs, red line) as compared
to two populations bred with normal food (Control, black line) or
supernatant-treated food (SN, green line). Experimental points
represent the average from 5 independent experiments and the
error bars indicate the standard deviation. To assess statistical
significance of survival curves, Student's #-test was applied giving
p <0.01 (AuNP treatment compared to the control), p < 0.01 (AuNPs
compared to the SN), p > 0.05 (control compared to the SN). The
survival distributions were also evaluated by non-parametric
Mantel-Cox test giving p < 0.05 (AuNP treatment with respect to
the control; log-rank x> =5.278, df=1), p <0.05 (AuNP treatment
with respect to SN; x> = 4.427, df = 1) and p > 0.05 (SN with respect
to control; x* = 0.3207, df = 1). The comparison of the half-lives
of treated vs. control population gives p < 0.001

AuNPs corresponds to a 39.3 pmol/L concentration of
Au (the conversion factor was obtained by calculating
that one 15 nm AulNP contains 1.04 x 10° Au atoms).
Assuming that Drosophila typically eats 1.5 pL/day of
food [22], the maximum dose of AuNPs administered
to the flies (380 pmol/L AuNPs) is 12 pg/g per day. In
particular, the solution containing AuNPs was added
to the food before solidification, mixed strongly and
finally poured into vials. TEM analyses showed that
the AuNPs do not significantly aggregate after mixing
with the Drosophila food, maintaining a good degree of
monodispersity. With the same modality, we prepared
food with the AuNP supernatant (SN), obtained by
centrifugation of the AuNP solution at 13 400 rpm for
30 min. This preparation was used to exclude the
presence of toxic compounds in the solution containing
AuNPs.

2.4 Lifespan experiments

For longevity analyses, flies were maintained in vials
in groups of 10 (5 females and 5 males) and transferred
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into new vials every 4 days. We performed five inde-
pendent experiments, using 100 newly eclosed flies
for each experiment. In particular, we carried out this
experiment using normal food, treated food containing
AuNP SN and treated food containing 380 pM of
AuNPs.

2.5 Fertility and reproductive performance

The method of Gayathri and Krishnamurthy [23] was
followed with some modifications. Virgin flies emerging
from control and AuNP-treated food (with different
concentrations) were isolated and pair mated in normal
food vials. Pair mating was conducted in two different
conditions per treatment group (30 pairs of flies were
taken per each treatment group): (1) treated males with
normal females; and (2) normal males with treated
females. Flies were transferred into fresh vials every
day for the subsequent ten days. The number of eggs
laid during these ten days was scored. From the data
obtained, the total fecundity (number of eggs) and mean

egg production by a female for ten days were calculated.

The total number of flies eclosed from the eggs laid
during these ten days of pair mating was counted. The
mean number of flies emerged per pair for ten days
gave a measure of the reproductive performance.

2.6 Terminal transferase dUTP nick-end-labeling
(TUNEL) assay

Midgut was dissected in Ringer’s Buffer and fixed in
3.7% paraformaldehyde in phosphate buffer solution
(PBS) for 3 h. After washing in PBT (PBS, 0.1% Tween
20), midgut was heated in 500 pL of PBT for 5 min to
approximately 85 °C to enhance the efficiency of the
labeling reaction. Midgut was then incubated in PBT
containing 50 mmol/L NH,Cl for 10 min, and permea-
bilized in PBS-0.3% Triton X-100 overnight. Midgut was
processed by Click-iT TUNEL Alexa Fluor647 Imaging
Assay (Invitrogen) according to the manufacturer’s
instructions. Midgut was equilibrated for 10 min in TdT
TUNEL buffer and then added to TdT reaction cocktail,
containing TdT enzyme and a modified dUTP, and
incubated for 60 min at 37 °C. After incubation, midgut
was washed twice with 3% bovine serum albumin
(BSA) in PBS for 2 min each. Subsequently, sample

was incubated with Click-iT reaction cocktail and
incubated for 30 min at room temperature, protected
from light. Then, the Click-iT reaction cocktail was
removed and tissue was washed with 3% BSA in PBS
for 5 min and 1X Hoechst 33342 solution for 15 min
at room temperature. These samples were then
characterized by confocal microscopy (Leica TCS-SP5
AOBS). Quantitative analyses of TUNEL-positive nuclei
were carried out by examining 9 different midgut
tissues (20 different microscopic fields each) from three
independent experiments.

2.7 Expression analysis of heat-shock-protein-70kDa
genes

Third instar larvae extracts were prepared by homo-
genizing larvae in groups of 10 in a cold solution of
RNAlater (Sigma). heat-shock-protein-70kDa (hsp70)
(GenelD: 48581) mRNA expression levels were
examined by performing real-time quantitative poly-
merase chain reaction (PCR) to detect toxicity stress in
treated and control larvae. mRNA was isolated using
Dynabeads mRNA Direct Kit (Invitrogen) according
to the manufacturer’s instructions. The amount of
mRNA in each sample was determined by measuring
the optical density (OD) 260/280 ratio using a UV-vis
spectrophotometer, and mRNA quality was analyzed
using agarose gel electrophoresis (1.2%). The qRT-PCR
was carried out using QuantiTect primer assays for
gene target and internal control (Qiagen, Valencia, CA,
USA). qRT-PCR was performed using direct mRNAs in
one-step reaction in a ABI 7500 thermal cycler (Applied
Biosystems). For each gene we used 1 uL of 200 ng/uL
of mRNA solution mixed with 10 pL of 10X Express
Syber Green qPCR SuperMix premixed with ROX
(Invitrogen), 2 pL of 10X gene specific primers mix,
0.5 pL of Express SuperScript Mix for one-Step Syber
GreenER (Invitrogen) and 6.5 pL. of DEPC-treated water.
Reaction conditions for all genes were: 50 °C for 5 min
to perform cDNA synthesis and then immediately
followed by PCR quantification program, repeated 40
times (15 s at 95 °C, 1 min 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 (AACt method) using
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RpL32 (GenelD: 43573) ribosomal RNA expression as
internal control for each sample.

2.8 Transmission electron microscopy

Dissection of Drosophila was performed in PBS, pH 7.4,
and three different tissues were isolated: anterior mid-
gut of three larval instar, ovaries and testes from adult
flies. Freshly dissected tissues were then immediately
fixed with 2.5% glutaraldehyde, and 0.1 mol/L sodium
cacodylate buffer pH 7.3 at 4 °C for 2 h. Subsequently,
unreacted glutaraldehyde was removed by washing
the samples with the buffer 2-3 times. Samples were
resuspended in 1% OsO, in the same buffer and
incubated for 2 h, followed by two washes with the
buffer. After post-fixation, dehydration was carried out
once for 10 min in each of a graded ethanol solution
series (10%, 50%, 70%, 90%, each of which was diluted
using double distilled and deionized water) followed
by two changes of acetone 100% (respectively of 10
and 30 min) at room temperature and one change in
50% acetone epoxy resin for 1 h. Finally, the samples
were embedded in resin and cured at 60 “C for 24 h.
The obtained resin blocks were trimmed to expose
the selected tissues and cut into thin sections (about
90 nm thick) with an ultramicrotome (Leica EM UC6)
using a Diatome diamond knife. Single sections were
positioned onto 50 mesh carbon coated copper grids
and examined at 80-100 kV with a JEOL JEM-1011
transmission electron microscope.

High angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) analyses were
carried out using a JEOL 2200FS microscope operating
at 200 kV and equipped with a field emission gun.
The electron beam formed a 0.7 nm diameter probe,
and this mode was used to collect EDX point spectra
(Jeol Si(Li) EDS detector).

2.9 Inductively coupled plasma-mass spectrometry
analyses

To assess AuNP distribution in Drosophila, we measured
gold dosage by inductively coupled plasma-mass
spectrometry (ICP-MS). Organisms nurtured for one
month with food containing 15 nm AuNPs (380 pmol/L)
were transferred in fresh normal food for two days to
remove the previously ingested food containing AuNPs

from the gastrointestinal tract. Subsequently, 10 flies
were digested over night in an acidic solution con-
sisting of 3 mL of HNO;/H,0O, (3:1), with a subsequent
addition of 1 mL of HCI (37%). After 2 h, samples were
diluted with milliQ water to a final volume of 10 mL
and analyzed. Flies nurtured with normal food were
used as control.

210 Statistical analyses

All data in the figures are presented as mean + standard
deviation (SD). For group comparison, we used two-
tailed Student’s t-test. The survival distributions in
control and experimental groups were also assessed
in terms of significance using the non-parametric
Mantel-Cox test. The effect of treatments on male and
female fertility was evaluated by a two-tailed Student’s
t-test and by analyzing the significance of linear

regression analysis.

3. Results

3.1 Effects of AuNPs on Drosophila lifespan and
reproductive performance

The fruit fly Drosophila melanogaster is a well-established
insect model for human diseases [24, 25] and represents
a superb model for the study of genetics and cell
biology, with distinct advantages for toxicology investi-
gations [26, 27]. In order to investigate the possible
effects of AuNPs in vivo, we performed lifespan studies
on Drosophila. Consequently, we analyzed the lifespan
of a fly population nurtured with 15 nm AuNP-treated
food (380 pmol/L) as compared to a control population
bred with normal food. As a further control, we also
tested the effect of treated food containing only the
solvent of the AuNP suspension (namely, the medium
in which the AuNPs were suspended, after removal
of the AuNPs by centrifugation, hereafter referred to
as supernatant, SN). The SN was tested in order to
exclude any possible toxic contribution from other
components of the AuNP synthesis mixture, such
as reaction precursors, surfactants and/or possible
contaminants. The experiments were carried out by
nurturing three Drosophila populations with the three
different nutrition media during their entire life cycle,
moving the flies into fresh vials every 4 days, and

Nano Research W | ______________________________________________|



Nano Res. 2011, 4(4): 405413 409
monitoring the number of survivors over time. The . ‘
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This unexpected finding demonstrates that AuNPs 20

strongly affect the life cycle of Drosophila, perturbing 10 -

its normal lifespan and showing, therefore, an effect

of generalized toxicity. Notably, the individuals treated
with SN-modified food showed a behavior overlapping
with the control.

In order to better clarify the effect of AuNPs on the
life cycle of Drosophila, we investigated the influence
of the nanoparticles on the reproductive performance
of the flies. Drosophila organisms were treated with
different doses of AuNPs (from 1.9 to 380 pmol/L) for
10 days during the embryonic and larval development,
and then adults were separated and subjected to fer-
tility tests. Also in this case, AuNP-treated individuals
were compared with both controls and SN-treated flies.
As shown in Fig. 2, the reproductive performance
of Drosophila is dramatically affected by the AuNPs.
The fertility analyses revealed a clear concentration-
dependent decrease of the reproductive performance,
with fertility reductions approaching 50% at the highest
AuNP concentrations. Such a decrease is similar in
the two sexes, suggesting a generalized mechanism of
toxicity of AuNPs, which is not sex-linked.

3.2 TEM analyses

The presence and the distribution of the AuNPs in
the Drosophila tissues were assessed by transmission
electron microscopy (TEM). In these experiments we
used individuals nurtured in treated food containing
380 pmol/L of AuNPs. Overall, the TEM analyses
demonstrated that the ingestion of nanoparticles by
Drosophila results in a quite homogenous distribution
of the AuNDPs throughout the deep layers of the enteric
tissue, as well as in the reproductive organs. In the
samples related to the digestive system (Fig. 3(a)), it is
possible to observe a representative enterocyte section
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100 4 S frees IncreasingAuNPs__
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Figure 2 Male (a) and female (b) fertility tests of Drosophila
melanogaster treated with increasing concentrations of AuNPs
(1-6) as compared to control samples (CTRL) and supernatant
treated samples (SN). AuNP concentrations of samples 1-6 were
1.9, 3.8, 19, 38, 190, and 380 pmol/L, respectively. Experimental
points represent the average from 10 independent experiments and
the error bars indicate the standard deviation. Data were statistically
validated by linear regression analyses (Males: p < 0.05; Females:
»<0.05)

in which many AuNPs are present, both as aggregates
and monodispersed particles. In particular, most of
AuNPs seem to be localized in the numerous electron-
transparent vesicles of globular shape (i.e., endosomes),
present near the lamellar structures of the rough
endoplasmic reticulum (RER). The images from the
isolated tissues of the reproductive organs revealed a
different distribution of the AuNPs in the germinal
lines of Drosophila (Figs. 3(b) and 3(c)). In particular, the
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sections of the ovariole (Fig. 3(b)) evidenced the pre-
sence of few metallic nanostructures in the cytoplasm
(the black dots visible in the numerous mitochondria
are calcium granules). On the other hand, in the testes,
the AuNPs seem to be rather homogeneously distri-
buted, being localized in the spermatocytes, but also
at the perinuclear level in the spermatids (recognizable
by the presence of the Nebenkern, composed of fused
mitochondria) and in the flagella of mature motile
sperm. In general, TEM analyses provided a direct
observation of the localization of AuNPs in Drosophila
tissues, which possibly correlates with the toxicity
findings reported in Figs.1 and 2. An additional
representative image of the AuNP distribution is
reported in Fig.S-2 (in the ESM). The presence of
AuNPs in Drosophila tissues was also assessed by
HAADF STEM, which demonstrated that the indicated
dots are really gold nanostructures. Representative
images are reported in Fig. 5-3 (in the ESM).

3.3 ICP-MS analyses

The maximum dose of AuNPs administered to Droso-
phila in this work was 12 ug/g per day (corresponding to
the 380 pmol/L AuNP concentration in food), assuming
that the flies typically eat 1.5 pL/day of food [22].
However, in order to assess the amount of AuNPs
absorbed in Drosophila tissues, we performed ICP-MS
analyses on the treated flies (after treatment for
1 month). We found the presence of 1.68 pg +0.14 pg
of gold per fly, corresponding to ca. 49 000 AulNPs,
indicating that only a small fraction of ingested particles
enter the Drosophila tissues and causes the observed
toxic effects (see also below).

3.4 TUNEL assay

The gastrointestinal tissue was further investigated
in order to assess any occurrence of DNA damage in
15 nm AuNP-treated individuals (100 pmol/L). For this
purpose, a specific fluorescence kit based on terminal
deoxynucleotidyl transferase (TdT)-mediated TUNEL
was used. Importantly, among the numerous nuclei
displaying no DNA damage, we could observe a few

cells in which DNA fragmentation was evident (Fig. 4).

Such DNA damage was found to be distributed
throughout the whole gastrointestinal tissue with no

Figure 3 Representative TEM images of AuNP-treated (380
pmol/L) Drosophila. (a) Gastrointestinal tissue ("E" indicates an
endosome; the RER is visible in the bottom-left part of the
image). (b) Ovary ("M" indicates a mitochondrion; the black dots
localized in the mitochondria are calcium granules evidenced by
osmium fixation). (c) Testes ("Sc" indicates a spermatocyte, "St"
indicates a spermatid, and "S" indicates the flagellum of a mature
motile sperm; the black dots localized in the central part of the
image are due to osmium fixation). The white arrows indicate some
AuNPs found in the tissues. These TEM sections, particularly rich
in AuNPs, have been selected to illustrate the typical distribution
of the AuNPs in the Drosophila tissues, but do not represent the
"average" AuNP concentration in the fly tissues
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Figure4 Representative confocal microscopy image of Drosophila
midgut in flies treated with 15 nm AuNPs (100 pmol/L). Nuclei
are stained with Hoechst 33 342 (blue) while cells containing
DNA strand nicks are detected by TUNEL assay and fluoresce
red (highlighted by the white arrows)

apparent localization into specific regions. Several
midgut samples were analyzed with this technique
and the observation of DNA nicks in enterocytes was
highly reproducible. On the contrary, in SN-treated
samples as well as in control flies, weak fluorescent
signals related to DNA strand nicks were typically
detected. A quantitative analysis of the TUNEL assay
revealed an occurrence of DNA damage of ca. 8%
(8.15% +2.46%) in AuNP-treated flies, while in the
control and SN-treated samples DNA fragmentation
was less than 1% (0.84% + 0.43%) (Student’s t-test p
<0.001). This experimental evidence indicates a clear
toxic effect of AuNPs on the gastrointestinal tissue. The
localization of the 15nm AuNPs in the enterocytes
evidenced by TEM analyses (Fig. 3(a)) strongly suggests
an indirect effect of the nanomaterials in causing
DNA damage. Further analyses are required to better
understand this point, but the observed fragmentation
is very likely to be mediated by oxidative stress and/or
related to early stage apoptosis.

3.5 Expression of heat-shock-protein-70kDa

In order to support the hypothesis of generalized
toxicity elicited by the AuNPs in Drosophila, we

performed molecular tests to evaluate the genetic
expression of hsp70 by means of quantitative real-time
PCR (qRT-PCR). Hsp70 is one of the most conserved
genes in the family of heat shock proteins, and it is a
well established marker of stress, since it is the first to
be overexpressed in Drosophila upon chemical, physical
or physiological stress [30-33]. The experiments were
performed by using mRNA extracted from AuNP-
treated individuals as compared to flies nurtured with
normal and SN-treated food. The results obtained by
gRT-PCR are reported in Fig. 5. Interestingly, it is
possible to observe in AuNP-treated organisms an
overexpression of hsp70 as high as 272% with respect
to the control (the results from the SN-treated flies
were comparable to the control). Such an increase of
hsp70 expression represents a clear indication of
generalized toxicity induced by the AuNPs in the
whole organism. Moreover, this evidence strongly
supports the data of premature mortality observed in
the lifespan experiments and the reduced reproductive
performance found in the fertility tests [34-36].

4. Discussion

We have observed that citrate-capped AuNPs induce
significant toxicity in the model animal Drosophila
melanogaster upon ingestion, manifested by the decrease

Hsp70 mRNA expression level
(% of control)
@
<

1
50- . .
0

CTRL SN treated

AuNPs treated

Figure 5 Hsp70 expression levels in AuNP-treated (380 pmol/L)
flies as compared to control and SN-treated individuals. Experi-
mental points represent the average from 5 independent experiments
and the error bars indicate the standard deviation (significance of
different expression levels was evaluated by Student's #-test giving
p <0.01, AuNP treatment compared to the control; p <0.01, AuNPs
compared to the SN; p > 0.05, control compared to the SN)
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of both lifespan and fertility, presence of DNA frag-
mentation in the gastrointestinal tissue, and by the

remarkable overexpression of the stress marker hsp70.

The detailed mechanisms underlying the toxicity
processes are currently unknown and require further
extensive investigations. A key role, however, is likely
to be played by the peculiar physicochemical features
of the material at the nanoscale, such as the increased
surface-to-volume ratio [1] and the high surface area
and reactivity “seen” by the biological systems. The
increased surface-to-volume (5/V) ratio, growing with
1/R (R being the NP radius), causes small NPs to have
a large amount of states on the surface available for
chemical reactions, as opposed to the bulk case. Con-
sequently, although bulk gold is known to be inert,
nanoscale gold structures may be extremely effective
oxidation catalysts [10], that can perturb metabolic
processes in a cell. In particular, it is possible to
envisage a role of the NPs in increasing the oxidative
stress, leading to reactive oxygen species (ROS)
generation and consequent membrane, protein and
DNA damage (as also evidenced by TUNEL assay in
the midgut), that possibly accounts for the observed
fertility decrease. On the other hand, the localization
of NPs in the different tissues might imply several
specific cellular processes involving organelles and/or
specific pathways, besides the mechanisms of genera-
lized toxicity, also revealed by the hsp70 overexpression.

A detailed study of the size-dependence
(R-dependence) of the toxicity of AuNPs in vivo, as
well as the influence of the size and surface chemistry
of the AuNPs in the localization, intracellular fate and
toxicological effects/pathways is underway in our
laboratory. In any case, the experimental evidence of
high in vivo toxicity of a nanoscale material, which is
widely considered to be safe and biocompatible in its
bulk form, has several implications and opens up
important questions (although it is possible that
different surface coatings of AuNPs, e.g., pegylation,
may partly/significantly reduce their in vivo toxicity).
In our opinion, a higher awareness of such potential
problems along with a serious strategy for risk
assessment and nanosafety are strongly required in
the next few years, as several nanomaterials are being
increasingly exploited in both commercial goods and
novel applications.
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