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Abstract Nanoparticles are extensively used particularly in

biomedical and industrial applications. Because of their

colloidal stability, gold nanoparticles (AuNPs) are suspected

being persistent in aquatic ecosystem. Thus, the potential

toxicity of gold nanoparticles is addressed by using a bi-

valve model Scrobicularia plana. Using AuNPs in a range

of sizes (5, 15, and 40 nm), we examined their subcellular

localization in gills and digestive gland. Clams were ex-

posed to AuNPs stabilized with citrate buffer and then

diluted in seawater at the concentration of 100 μgL−1.

After 16 days water-borne exposure, using transmission

electron microscopy, few particles were observed in gills,

distributed as free in the cytoplasm, or associated with

vesicles. In the digestive gland, the most striking feature

was the presence of individual or small aggregates 40 nm

sized within the nuclei colocalized with DNA. Depending

on the size, individual or small aggregates (40 nm AuNPs)

or more aggregated NPs (5 and 15 nm) were observed, with

at least one of the dimensions (40–50 nm) allowing the

passage through nuclear pores. Disorganization of chroma-

tin was marked with an increase in filamentous structures. In

some parts no chromatin was visible. Moreover, the perinu-

clear space from nuclei was enlarged in contaminated clams

when compared to controls.
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Introduction

Nanotechnology is an emerging field exploiting different

materials at the nanometer scale. A wide range of nano-

materials such as iron, silver, carbon, titan, diamond, and

gold have been engineered. Among these nanomaterials,

nanoparticles (NPs) have been broadly defined as having

one size range of 1–100 nm diameter. Due to their size, they

have provoked an enormous interest for both industrial and

biomedical applications. Gold nanoparticles (AuNPs) show

a great potential for cell imaging, targeted drug delivery,

cancer diagnostics, and therapeutics. Recently, several

groups have demonstrated that AuNPs possess an enormous

potential to improve the efficiency of clinical diagnosis [1]
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and of cancer treatment [2–5]. As the field continues to

develop, the impact of AuNPs on human and environmental

health remains unclear. Understanding and controlling the

interactions between NPs and living cells will be important

for assessing their designated functions since NPs may cause

undesirable interactions with biological systems. Moreover,

the engineering of large quantities of nanoparticles may lead

to unintended contamination of terrestrial and aquatic ecosys-

tems [6]. Thus, they could also represent a potential source of

emerging contaminants in the environment. Only a few studies

deal with their behavior or impact on the environment [7–12].

At the nanometric scale, NPs acquire novel physico-

chemical properties that may influence bioavailability.

Size, shape, surface chemistry, stability, concentration, and

time of exposure are reported to induce different effects (see

reviews [13, 14]. Despite showing little or no cytotoxicity

via several standard assays, AuNPs may be internalized in

the cells and cause cellular damage (see reviews [13, 15,

16]. Most investigators studied specific nanoparticle inter-

actions with single cellular system in which parameters can

be controlled, even though this type of model is artificial.

Up to date, no consensus exist in regard with the subcellular

location of AuNPs (reviewed in Khlebtsov and Dykman

[17]): freely dispersed in cytoplasm [18–20] clustered in

vesicles [7, 11, 12, 18, 21, 22]. Some studies showed a high

fraction of radioactive AuNPs linked to DNA [23], an

aggregation of small AuNPs (2 nm) within the nuclei which

were damaged [24], a nuclear fragmentation [25, 26].

The main molecular mechanism of nanotoxicity is the

induction of oxidative stress by free radical formation [27].

Recent literature contains conflicting data regarding oxida-

tive stress [7, 13, 28] and cytotoxicity of AuNPs [15, 24,

29]. Tissues have potential defense mechanisms, including

intracellular antioxidants and antioxidant enzymes [30] such

as glutathione S-transferase (GST), superoxide dismutase

(SOD), catalase (CAT), and metallothionein proteins

(MTs). Our previous investigations [31] showed that activi-

ties/concentration of these biomarkers increased following

exposure to AuNPs of different sizes on the marine bivalve

Scrobicularia plana which is an intertidal deposit-feeder

organism widely used in ecotoxicological studies [32, 33].

With regard to these results, in the present study we ex-

plored the cellular impact of these gold nanoparticles on S.

plana. Clams were exposed for 16 days to AuNPs of size 5,

15, and 40 nm initially stabilized in citrate buffer (2.5 mM,

pH 6.3; 2.5 mM, pH 6.1; and 0.5 mM, pH 6.9 for 5, 15, and

40 nm AuNPs, respectively) as described by Turkevich et al.

[34], then diluted in seawater at a concentration of 100 μg

AuL−1, concentration used in our previous work [31]. The

goal of this study was to determine the subcellular localiza-

tion of AuNPs in S. plana by using transmission electron

microscopy (TEM). AuNPs are electronically dense due to

their elevated extinction coefficient that allows their

detection by TEM. Targeted organs were gills since in

bivalves they are the first organs in contact with particles,

and digestive gland as a key organ for metal metabolism.

Methods

Animal collection and acclimation

S. plana with shell length of 2.5 cm were collected from the

top 20 cm depth intertidal mudflat inMarch 2010 from the bay

of Bourgneuf, located on the French Atlantic coast (1°59′

04.80″ W, 47°01′50.35″ N). This area is comparatively low

in contaminant bioavailabilities according to the results of the

French national biomonitoring network RNO [35]. Then

clams were transported to the laboratory in cool boxes covered

with seaweeds. They were immediately transferred to aerated

seawater and allowed to acclimate to the laboratory conditions

for 48 h at the same temperature as in the field (10 °C).

Nanoparticle preparation and characterization

More details on the characterization methods are described

in Pan et al. [31]. Briefly, AuNPs of three different sizes

were prepared at Joint Research Center, Ispra, Italy as a

suspension of 98.5 mgL−1 in citrate buffer. Gold nanopar-

ticle suspension was characterized [31] by UV–vis spectros-

copy and dynamic light scattering. Following addition of the

gold to the seawater, the samples were mixed and agitated

for a period of 24 h. Electrostatic charge of nanoparticles

were defined in citrate buffer and seawater using a ZetaSizer

Nano Zs (Malvern Instruments). Samples were transferred

to a zeta cell (Malvern Instruments) and measured at 25 °C

using an applied voltage of 150 V. Data are expressed as

means ± standard error (SE) performed in five replicates.

Particle size and morphology were characterized using a

Jeol JEM 1010 (80 kV) equipped with a camera system

(Orius 200w Gatan Inc. USA). For sample preparation

carbon-coated copper 200 meshes TEM grid (Agar

Scientific, UK) were placed onto a drop of 50 μL of

citrate-AuNPs for 1 min, and dried at room temperature.

Electron micrographs were digitized and analyzed using a

Digital Micrograph (Gatan Inc.). For each sample, the size

of 200 particles was measured to obtain histograms of

particle size distribution.

Elemental analysis was performed on the grids using an

X-ray energy dispersive system (ISIS, Oxford Instruments,

England) coupled to the TEM.

Nanoparticle exposure

The nanoparticle semi-static exposures were carried out

using pre-filtered natural seawater (0.45 μm), with one
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control and three AuNP treatments each containing one size

of AuNPs (5, 15, and 40 nm, respectively) as described

earlier in Pan et al. [31]. For each of the three sizes, the

exposure concentration was 100 μgAuL−1. For each condi-

tion, clams (n=36) were distributed into three polypropyl-

ene tanks, each containing 2.0 L exposure medium (12

individuals per tank). Exposure tests were carried out for

16 days at 10 °C in a dark conditioned cabin to avoid light

disturbance of endobenthic bivalves. The experimental me-

dia (water and NPs) were renewed every other day to ensure

oxygen saturation and readjust NP concentration in the

water column. Bivalves remained unfed during the whole

experiment (16 days) to eliminate the potential food inter-

ference and working with lower toxicant conditions than if

conducting a shorter test.

Sample preparation for TEM

Following exposure, for each condition (control and NPs of

each different size), three clams were collected from three

replicated experimental tanks. The isolated tissues (gills and

digestive gland) were cut into small parts to obtain fine

pieces. They were rinsed in cold phosphate buffer and

placed in a fixing solution of glutaraldehyde (2.5 %) and

cacodylate buffer (0.1 M) for 2 h at 4 °C and post-fixed in

1 % osmium tetroxide and cacodylate buffer for 1 h at 4 °C.

After fixation, samples were rinsed with cacodylate buffer

and dried with increasing concentrations of ethanol and

propylene oxide. Samples were embedded in EMBed-812

resin (Agar Scientific, UK) and polymerized. Ultrathin sec-

tions were performed with an ultramicrotome (Ultracut E,

Leica Microsystems, Germany) for TEM were prepared

with a diamond knife (Diatome, Switzerland), collected on

copper grids and contrasted with uranyl acetate and lead

citrate. Samples were observed using a transmission elec-

tron microscope (Jeol JEM 1010, Japan).

Results

Elemental analysis

As shown by Zeta potential analysis, AuNPs were negative-

ly charged when suspended in citrate buffer (mean value for

5, 15, and 40 nm, −70±2 mV) and in seawater −18±5 mV).

The nanosize determined by TEM is reported in Fig. 1a–c.

Particle sizes are almost homogeneous with respect to size as

indicated by the scale bar of 50 nm. Size distribution reported

as histograms were respectively 5.3±1.3, 14.1±1.4, and 31±

8 nm. The observations of thin sections in biological tissues

described below (Figs. 2, 3, 4, 5, 6, and 7) reveal the presence

of NPs showing the same sizes and shape than those described

in suspensions (Fig. 1) used for experimental contaminations

of bivalves.
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Fig. 1 TEM images of 5 nm (a), 15 nm (b), and 40 nm (c) AuNPs on carbon-coated grids. In each panel, scale bars denoting 50 nm and histogram

of AuNP diameters determined by analysis of approximately 200 AuNPs located at different regions of the grid
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Gills

AuNPs were detected close to the basal side of microvilli,

therefore demonstrating the ability of AuNPs to penetrate

this epithelium (Fig. 2a). Inside the tissue, few particles

were found free in the cytoplasm (Fig. 2a, b). Vesicles were

more numerous in exposed specimens than observed in

controls and their size was highly variable (Fig. 2a). The

border wall of microvilli showed no AuNPs retained outside

the cell membrane (Fig. 2c). A 40 nm AuNP was visible just

near the cell membrane (Fig. 2c). TEM examinations did not

reveal any structural disturbance of the plasma membrane.

We can observe the rough endoplasmic reticulum (RER)

and free ribosomes in the cytoplasm. Since no endocytosis

was observed in contaminated gills, TEM examinations

cannot give any information about the nature of these

vesicles. Although many ultrathin sections from several

experimental samples were analyzed, the contamination

and the subsequent bioaccumulation of AuNPs in the gills

remained still very weak.

Digestive gland

Electron micrograph of a section through the microvillous

border and the apical cytoplasm of the absorptive tissue

showed the footlet of a microvillus surrounded by a dense

fibrillar meshwork (Fig. 3). These cytoplasmic microtubules

shaped a filamentous area out of several microtubules ori-

entated as longitudinal sections. Not a single AuNPs could

be observed in contact with the microvilli border outside the

plasma membrane. No endocytosis figures (i.e., vesicles

formed by invagination of the plasma membrane) were

found in the apical plasma membrane. AuNPs were detected

close to the basal side near microvilli inside epithelial di-

gestive gland. Unlike AuNPs found in gills, those found in

digestive gland were never located inside vesicles.

Exposure to 40 nm AuNPs

When comparing the morphological features between con-

trols and contaminated samples, nuclei contrasted markedly.

In controls, chromatin condensed as heterochromatin was

distributed all over the nucleus (Fig. 4a). In experimental S.

plana, TEM examination revealed the localization of 40 nm

AuNPs within the nuclei in the digestive gland tissue. Single

particles or small clusters of three to five AuNPs were

distributed all around the nucleus (Fig. 4b). In clams ex-

posed to AuNPs, visually the amount of heterochromatin

was generally less abundant and few amount of chromatin

was visible in the central part of the nucleus 1 (Fig. 4b).
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RER

Fig. 2 Electron micrograph of

a transverse section through the

surface of the border wall of gill

in S. plana. The presence of

cilia (asterisks) which penetrate

the cytoplasm indicates the

apical side of the tissue. a

localization of 40 nm AuNPs, b

higher magnification in which

three AuNPs are visible. Note

the presence of numerous

vesicles of different sizes

(currency signs), c localization

of a 40 nm AuNP free in the

cytoplasm (arrow) just near the

cell membrane; visualization of

rough reticulum endoplasmic

(RER) and of free ribosomes

surrounded by circles in the

cytoplasm (circles)

200 nm

Fig. 3 Electron micrograph through the microvillus border of the

digestive gland. Straight microvilli (asterisks) are longitudinally ori-

ented and anchored in the apical cytoplasm. The central microvillus

core composed of a dense fibrillar meshwork (triangles) is surrounded

by a microtubule zone (arrows) near the apical web. AuNPs (15 nm)

are associated with these microtubules (arrowheads)
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Everytime, AuNPs were localized in the vicinity of chroma-

tin. However, AuNP uptake within cell nuclei was not

homogeneous in the whole tissue. TEM digestive gland

cells examination revealed two nuclei invaded by AuNPs

(Fig. 4b). Figure c is the negative film from the figure b, in

which AuNPs appear as white dots. These nuclei were

always visualized within the apical cytoplasm adjacent to

the plasma membrane. No endocytosis process was visible

at the apical surface. Cytoplasmic membrane, mitochondria,

and cytoplasmic reticulum seemed morphologically intact

(not shown).

Elemental analysis using an X-ray energy dispersive

system on the ultrathin sections (Fig. 4d) proved the pres-

ence of Au as indicated by the three peaks corresponding to

the gold M shell (2.2 keV) and L shells (9.7 and 11.5 keV).

Exposure to 15 nm AuNPs

As for 40 nm AuNPs, 15 nm AuNPs were mainly located

within digestive gland cell nuclei (Fig. 5a) but particles

often aggregated up to a number of about 15–20 (Fig. 5b).

500nm
a

500nm
b c

d

1µm

1 12

Fig. 4 a In controls, chromatin appears as heterochromatin distributed

all over the nucleus, b in contaminated S. plana 40 nm AuNPs are

visualized within two nuclei (1, 2), AuNPs are always associated with

chromatin (arrowheads), the degradation of which seems to be higher

in nucleus 1 than in nucleus 2, c negative film of the nucleus 1, AuNPs

associated with chromatin are more visible and appear as white dots

(arrowheads). d Elemental composition of NPs collected through an

analysis X by EDS that shows the presence of Au as indicated by the

three peaks corresponding to the gold M shell (2.2 keV) and L shells

(9.7 and 11.5 keV)

b
200nm

*

*

a

Fig. 5 a In contaminated S. plana, AuNPs (15 nm) are aggregated to

each other. The number of NPs inside these formations seems to be

variable (arrowheads). They are localized within the chromatin which

appears strongly altered. At some places, no more chromatin can be

seen (asterisks) and fibrillar material was observed instead of con-

densed chromatin (arrows). Nucleus volume is swollen, b higher

magnification of an AuNP aggregate with an approximate width of

40–50 nm
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At a high magnification, width of aggregates was measured

(Fig. 5b). When referred to the scale bar, the width was

about 40–50 nm. AuNPs accumulated only in the vicinity of

chromatin, the ultrastructure of which was strongly altered

compared to controls and 40 nm AuNP exposed tissues.

There was less condensed chromatin which seemed to be

more dispersed. At some places, fibrillar material was ob-

served instead of condensed chromatin. Moreover, a number

of nuclei seemed to be swollen. As in 40 nm AuNPs ex-

posed tissues, nuclei were visualized within the apical cyto-

plasm (Fig. 6). In the case of 15 nm AuNP exposed tissues,

the number of nuclei in which AuNPs were visible, was

higher than observed with 40 nm AuNPs (Fig. 6).

Aggregated nanoparticles were attached to the microtubules

described above (Fig. 3). No endocytosis vacuoles were

seen near this terminal web. Although we noticed an in-

crease in intracellular vesicles, there was not AuNPs invasion

within these organelles.

Exposure to 5 nm AuNPs

TEM examinations of ultra-thin sections of 5 nm AuNPs

exposed epithelial cells of the digestive gland did not reveal

any structural disturbance of the plasma membrane, mito-

chondria, and endoplasmic reticulum (not shown).

However, as mentioned previously for 15- and 40-nm

AuNP experiments, our results showed the ability of

AuNPs to penetrate digestive gland epithelium. Aggregates

of AuNPs detected in this tissue remained localized in nuclei

(Fig. 7a). Chromatin appeared to be more disorganized than

in digestive glands exposed to 15 and 40 nm AuNPs.

Chromatin amount was strongly decreased and DNA disor-

ganization extended to the peripheral area (Fig. 7a). We

noticed an increase in filamentous structure formation.

Therefore, some parts seemed to be devoid of chromatin.

AuNPs were condensed into large aggregates which deco-

rated the chromatin. The width of these aggregates was

about 40–50 nm (Fig. 7b). The nuclear membrane appeared

ruffling (Fig. 7a) and the perinuclear space seemed to be

enlarged (Fig. 7a) compared to control (Fig. 7c).

Discussion

As a whole organism is much more complex than a single

cell, in vivo toxicological studies are required to assess the

safety of nanoparticles. Uptake of AuNPs was shown in the

200 nm

*

*

a

b

200 nm
c

Fig. 7 a In contaminated S.

plana, 5 nm AuNP aggregates

with an approximate width of

40–50 nm are localized within

chromatin which appears

strongly disorganized. That is

attested by an increase in

filamentous structure. Some

parts of the nucleus seem to be

devoid of chromatin (asterisks),

b higher magnification of an

aggregate. The perinuclear

space is enlarged (up down

arrows) in contaminated S.

plana (a) when compared to the

control (c). Note the

morphological change in

chromatin between control (a)

and contaminated S. plana (b)

500nm

*

*

*

*

*

Fig. 6 In contaminated S. plana, 15 nm AuNPs are localized within

chromatin of several nuclei (asterisks) belonging to different cells. The

number of contaminated nuclei is higher than that observed with 40 nm

AuNPs
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whole soft tissues of the bivalve S. plana exposed in vivo to

AuNPs of different sizes [31].

The AuNPs examined in the present study have been

characterized by Pan et al. [31]. It has been shown that

aggregation occurred in seawater for all the three different

sizes of AuNPs, increasing from nanosize 5–40 nm to size

>700 nm. These findings are in agreement with the loss of

charge measured with ZetaSizer for AuNPs (5, 15, and

40 nm) suspended in seawater in the present work, contrib-

uting to the aggregation.

The present study reveals that all of these bioaccumulated

AuNPs were localized almost exclusively in the digestive

gland confirming the results obtained in two other bivalves,

namely Mytilus edulis [11] and Corbicula fluminea [7, 36].

Particulate matter and AuNP aggregates deposited on the

bottom of the experimental tank are ingested through the

inhalant siphon of the clams, subsequently transported to the

mouth, then to the digestive tract and the digestive gland for

intracellular digestion [37]. Such a location of AuNPs in

digestive gland is not surprising as this organ is known to be

a key site of metal detoxification [38].

AuNPs were detected inside digestive epithelium but also

inside gill epithelium, demonstrating their ability to cross

these barriers. AuNPs had different cellular localization

when comparing gills and digestive gland. AuNPs which

had penetrated gill cells seemed to be free in the cytoplasm.

AuNPs were never observed outside this border and no

damage or invagination of the plasma membrane suggesting

endocytosis were visible. So, the mechanism allowing

AuNPs to enter the cells could not be established from by

our observations. However, from several in vitro [16, 19,

39] and in vivo studies [7, 11], it was reported that particles

entering cells were trapped in vesicles.

In the digestive gland, once particles have crossed the

microvillous border, our TEM observations indicated the

presence of AuNPs associated with filaments supporting

the apical web near the outer surface, suggesting that

AuNPs could be passively transported all along these con-

tractile structures toward the nuclear membrane.

The 40 nm AuNPs entered the digestive gland cells and

were exclusively localized within cell nuclei (Fig. 4b and c).

In these nuclei, single or two to three aggregates were

distributed along the chromatin and seemed to be specially

linked to the chromatin. The loss of condensed chromatin is

evident, indicating that the condensed DNA of the nucleus

had been damaged. No more dense chromatin was observed

in some part of the nucleus. Despite this ultrastructural

abnormality, mitochondria or plasmic membranes seemed

to be still intact. The 15 and 5 nm AuNPs were also local-

ized within the nuclei. However, for these sizes of AuNPs,

some striking differences have been noticed. There are only

a few single particles linked to chromatin, most of them

were aggregated into patches of different sizes. The

morphological modifications of chromatin previously men-

tioned were more pronounced and DNA appeared as fibril-

lar. AuNPs could be counted and sized within these

aggregates. Whatever number of AuNPs in aggregates the

shape of them seemed to be defined. When measuring the

size of these aggregates, we noticed that the width was

always between 40 and 50 nm. As the AuNPs of the three

sizes (5, 15, and 40 nm) are able to cross the nuclear

membrane, it appears that AuNPs may have pass through

the nuclear pores which have a central channel of a patent

diameter of 40 nm [40]. Based on this assumption, single

40 nm and aggregates of 5 and 15 nm AuNPs have to be

flexible for crossing the nuclear pores. Chitrani et al. [21]

showed that the maximum cellular uptake occurred at a

nanoparticle size of 50 nm. However, these authors claimed

that particles were trapped in vesicles and did not enter the

nucleus.

Our previous data [31] showed that in seawater an aggre-

gation occurred for AuNPs of the three sizes. The diameter

size of these aggregates was identical and peaked at 600 nm

for the three types of NPs. That implies that following

uptake, aggregates will be likely broken down by the action

of the cilia present all along the gills and on the microvillous

border of the digestive gland. Moreover, aggregates could

be dissociated chemically in the digestive tract under acid

pH 4.5 [41].

In bivalves, bioaccumulation and cytotoxicity of AuNPs

was reported by Renault et al. [7] and Tedesco et al. [11, 12]

without any clear demonstration of nuclear localization.

AuNPs have been found inhibiting cell proliferation by

down-regulating cell cycle genes [19]. Panessa-Warren et

al. [24] claimed that only small clusters of 2 nm NPs were

seen at the nuclear membrane and within the nucleus of lung

epithelial cells, whereas, the 10 nm AuNPs were not seen

within nuclei. They suggested that the larger core size may

not allow their crossing through the nuclear channel mea-

suring 9 nm. But it seems to result from a misinterpretation

of the report by Franke et al. [42] indicating a size exclusion

limit of approximately 18 nm, whereas a more recent paper

[40] indicates a nuclear pore size of 40 nm.

Although NP-induced cytotoxicity has been reported by

several groups, many biomedical applications have been

reported. Gold NPs conjugated to antibodies can be selec-

tively targeted to cancer cells without significant binding to

healthy cells [2, 43]. Gold nanospheres anticancer therapy

by using their two-photon absorption of 800 nm laser light

was reported by the same group [44]. Recently, Patra et al.

[5] have developed a NP-based targeted drug delivery sys-

tem (DDS) using an anti-epidermal growth factor receptor

as a targeting agent, gemcitabine as the anti-cancer drug,

and gold as the delivery vehicle in pancreatic cancer. They

demonstrated that targeted DDS was much more effective to

inhibit the proliferation of pancreatic cancer cells than its

Gold Bull (2013) 46:47–56 53



non-targeted counterpart. Kang et al. [4] proposed that

AuNPs can be used alone as an anticancer therapeutic ma-

terial if conjugated to the proper nuclear-targeting ligand

such as the nuclear localization signal peptide sequence

(NLS). NLS is known to associate with importin-protein in

the cytoplasm after which translocation to the nucleus

occurs. In this case, AuNPs induces DNA damage, causing

cytokenesis arrest and apoptosis [4]. Our results strongly

demonstrate that AuNP localization was observed in cell

nuclei without any nanogold targeting signal.

Taken together, our results suggested that the three sizes

of AuNPs have a capability of inducing DNA damage and

subsequent events which can specially affect cellular func-

tions leading to cell death. What kind of cell death AuNPs

could induce: necrosis or apoptosis? No fragmentation of

nuclei and/or cytoplasmic organelles indicating apoptosis

process was visible. Results of Pan et al. [25] concluded to

a size-dependent cytotoxicity, in that 1.4 nm particles trigger

necrosis by oxidative stress and mitochondrial damage. Our

TEM examinations demonstrated a swollen shape of nuclei

which could lead to necrosis. That point requires attention

because following necrosis, AuNPs could be externalized in

the whole tissue and targeted toward other nuclei. In this

way, necrosis could spread everywhere. The products re-

leased by necrosis process are highly inflammatory and

could cause inflammation in the whole animal. AuNPs

could be redistributed via the hemolymph as demonstrated

by intravenous administration of AuNPs in mice [45, 46].

Nanoparticle exposure induces responses of biomarkers

of defense such as MTs, involved in metal detoxification,

GST produced in presence of xenobiotics, and SOD and

CAT enzymes expressed in oxidative stress [47, 48]. Our

parallel study [31] demonstrated that following exposure

of S. plana to 5, 15, and 40 nm AuNPs, these bio-

markers were responsive. As AuNPs are xenobiotics,

GST activities highly increased. MT levels were higher

in exposed than in control animals. It has been shown

that MTs play an important role in metal detoxification

in bivalves since they are responsible for the sequestra-

tion of metal ions [49]. MTs are also involved in the

defense against oxidative stress [38]. The activities of

CAT and SOD involved in the primary defenses were

increased demonstrating the induction of an oxidative

stress by AuNPs. It has been demonstrated that amine-

coated AuNPs trigger MT overproduction and an oxida-

tive stress in gills and visceral mass of the bivalve C.

fluminea during a trophic contamination experiment [7].

The present study suggests morphological alterations of

the nuclear membrane in experimental groups compared to

controls. TEM observations in controls revealed a thin peri-

nuclear space whereas in contaminated clams this space

seemed to be enlarged. In the same way, nuclei shape

appeared swollen and amount of condensed chromatin was

highly decreased. In addition, a more pronounced alteration

was observed following 15 and 5 nm AuNP exposures.

Such morphological features could indicate a disturbance

of the nuclear membrane due to the induction of oxidative

stress by reactive oxygen species which in excess cause

protein, DNA, and membrane injury [50, 51]. However, in

the absence of any significant increase of thiobarbituric

acid-reactive substances, no lipid peroxidation was revealed

in S. plana [31]. On the other hand, lipid peroxidation

products were detected in digestive glands of M. edulis

exposed to 5 nm AuNPs [11] whereas their previous inves-

tigation found no significant increase in tissues of mussels

exposed to AuNPs at 13 nm [12].

Taken together, our results demonstrate that the presence

of AuNPs is clearly corroborated to a morphological change

in chromatin. To our knowledge, only few papers reported a

nuclear localization following AuNPs exposure [24].

Conclusions

We have shown that AuNPs at 5, 15, and 40 nm are able to

penetrate within branchial and digestive epithelia of a ben-

thic bivalve S. plana during a water-borne contamination

experiment. Differences between the selective tissue bioac-

cumulation were observed. In gills, only few AuNPs were

observed whereas in digestive glands they were numerous

and located within the nuclei whatever the size (5, 15, and

40 nm). According to our previous study [31] demonstrating

an increase in biomarker responses linked to oxidative

stress, the present study suggests a potential cytotoxicity.

Till now, most of the studies suggesting toxicity of AuNPs

were based on in vitro experimentation. Our evaluation of

toxicity in vivo suggest morphological disturbance of nu-

clear membrane and chromatin which could lead to a necro-

sis process. That points out the necessity to investigate the

feasibility of minimizing the cytotoxicity of AuNPs before

their use in various medical applications without any haz-

ardous effects on human health. Moreover, our results dem-

onstrate uptake and bioaccumulation of AuNPs from an

aquatic ecosystem to a marine bivalve. These findings are

of interest in a species which plays a major role in the

coastal and estuarine food chain since recent reports have

brought evidence for transfer of gold particles within a

terrestrial food chain [52] and within an estuarine food chain

[9]. Despite the doses tested in the present study are too high

to be encountered in the environment, the fact that AuNPs

may be accumulated within living organisms and the food

chain, with potential toxicity at the level of cellular nuclei

and chromatin indicates that the use of AuNPs must be

developed in a precautionary manner to avoid environmen-

tal impacts. Till now, AuNPs were generally considered

nontoxic like bulk gold, which is inert and biocompatible.
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However, recent findings (this study and literature quoted

therein) highlight that there is an urgent need to better

understand their nanotoxicity.
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