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Abstract

The degree of aggregation and/or coalescence of Au-citrate nanoparticles (AuNPs, mean size
21.5 + 2.9 nm), after delivery in simulated seawater, are shown to be concentration-
dependent. At low concentrations no coalescence and only limited aggregation of primary
particles were found. Experiments were performed in which the marine bivalve (Ruditapes
philippinarum) was exposed to AuNPs or dissolved Au and subsequently, bivalve tissues were
studied by Scanning and Transmission Electron Microscopy and chemical analyses. We show
that the bivalve accumulates gold in both cases within either the digestive gland or gill tissues,
in different concentrations (including values of predicted environmental relevance). After 28
days of exposure, electron-dense deposits (corresponding to AuNPs, as proven by X-ray
microanalysis) were observed in the heterolysosomes of the digestive gland cells. Although
non-measurable solubility of AuNPs in seawater was found, evidence is presented of the
toxicity produced by Au3+ dissolved species (chloroauric acid solutions) and its relevance is
discussed.
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1. Introduction

Gold nanoparticles (AuNPs) are already in use or being widely researched for numerous
applications, ranging from biosensors to catalysts, in electronics, new paints and cosmetics and
in cancer treatments, among others. Their unique properties, chemical stability, and their
capacity to exhibit a multiplicity of shapes, particle sizes, and surface chemistry (Daniel and



Astruc, 2003; Cobley et al., 2011; Gonzalez et al., 2011; Henry et al., 2011) will ensure that they
will be key nano-scale components in many twenty-first century technologies. Because of their
prospective widespread use, AuNPs will almost certainly account for a considerable and
persistent nanomaterial input to environmental systems (Lapresta-Fernandez et al.,, 2012).
Bivalve molluscs (Canesi et al., 2012) and other invertebrates (Garcia-Alonso et al., 2011) are
recognized biological monitors. In particular marine bivalves have the ability to concentrate a
dissolved or suspended contaminant that may be present in low concentrations in the water
media (Doherty, 1990) and there is increasing interest in obtaining new information about the
potential toxic effects of NPs in bivalve species (Baun et al., 2008; Gomes et al., 2011; Canesi et
al.,, 2012), and about the behaviour of NPs in aqueous media in environmental conditions
(Nowack and Bucheli, 2007; Canesi et al., 2012; Lapresta-Fernandez et al., 2012; Thio et al.,
2012).

It has recently been demonstrated that 10 nm amine-functionalized AuNPs penetrate the gills
and digestive epithelia of Corbicula fluminea, in experiments conducted in fresh water (FW)
(Renault et al., 2008). Moreover, recent investigations have reported that biofilms and clams
are the primary compartments in which surfactant-stabilized gold nanorods added to estuarine
mesocosms accumulate (Ferry et al.,, 2009). In seawater (SW), the effects attributable to
citrate- and didodecyl-dimethyl-ammonium bromide-stabilized gold NPs have been related to
oxidative stress and general toxicity in the bivalve Mytilus edulis ( Tedesco et al., 2010a and
Tedesco et al., 2010b). In addition, a strong dependence on particle size was reported in these
papers, with the smallest NPs being the most toxic (Tedesco et al., 2010b). Recently, Hull et al.
(2011) have warned that nanoparticles resistant to salt-induced aggregation are anticipated to
be persistent in aquatic ecosystems and these authors have shown, for serum-albumin
functionalized AuNPs, that primary particle size can influence uptake and fate of nanoparticles
in marine bivalves. Previous studies have revealed that citrate-capped AuNPs show a salt-
induced aggregation behaviour that can also be reduced by functionalization of the NPs
surface (Stakenborg et al., 2008). Based on data from the literature (Stakenborg et al., 2008; Su
and Kanjanawarut, 2009; Zhang et al., 2012), citrate-capped AuNPs are likely to aggregate in
the presence of electrolytes at concentrations much higher than environmentally relevant
levels, but little is known about the salt-induced aggregation behaviour of these particles at
lower concentrations.

In order to obtain useful information from trials in which marine bivalves are exposed to
AuNPs, the behaviour of nanoparticles with respect to aggregation and/or coalescence, as well
as solubility, in the media after delivery needs further clarification. More work is also required
in conducting studies under environmentally-relevant conditions. Information available on the
current levels of AuNPs in aquatic media is very limited, but recent predictions by Boxall et al.
(2007) and Tiede et al. (2009) gave concentrations (referring to gold content) of 0.1 pg L-1 in
water and 5.99 pg kg-1 in soil for engineered AuNPs originating from use in consumer
products. Therefore, in the present paper, we first report a study of the physico-chemical
evolution of citrate-stabilized AuNPs (in this paper referred as AuNPs) when delivered to
artificial SW media, under both high and low relevant concentrations ranging from ppm to ppb
levels. Surface Plasmon Resonance (SPR) and Scanning and Transmission Electron Microscopy
(SEM and TEM) analyses are presented to draw conclusions regarding aggregation vs.
coalescence of the particles. Secondly, we report the results related to the exposure of the
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bivalve Ruditapes philippinarum not only to AuNPs but also to dissolved Au in SW, aiming to
add a comparative dataset regarding possible toxicity mechanisms of AuUNPs. New results are
presented in this paper in relation to the location and distribution of Au in the clam tissues,
using SEM, TEM and chemical analysis, together with findings on the damage induced in these
tissues. In some of the bioaccumulation analyses it was even possible to get data from
exposure experiments at 6 ppb levels, equal to the total predicted values in the Tiede et al.
(2009) paper. Nevertheless for other experiments, higher concentrations were tested
considering the detection limits of the available techniques.

2. Materials and methods
2.1. AuNP suspensions
2.1.1. Preparation

AuNPs suspensions with a concentration of 300 mg L-1 (as Au) were prepared following a
procedure based on the synthesis method of Frens (Frens, 1972) although using higher
concentrations. Specifically, 0.031 g of HAuCl4-3H20 (Aldrich, 99.9%) were dissolved in 50 mL
of MilliQ® in a 100 mL round bottomed flask and heated to boiling under reflux conditions.
Then 0.052 g of sodium citrate (Sigma—Aldrich, 99%), dissolved in 1 mL of MilliQ® water, were
added and the solution was allowed to stand for 10 min for the reduction of the gold
precursor; in the final suspension a wine-purple colour remains. From this starting solution,
dilutions were made immediately after preparation, without allowing the colloid to age. With
the objective of identifying possible macroscopic or microscopic effects, dilutions at both,
medium (levels of mg L-1) and low concentrations (levels of ug L-1), were tested.

For the preparation of a medium-level concentration, the 300 mg L-1 citrate-stabilized AuNP
suspension was diluted to a 30 mg L-1 concentration in standard SW, and in MilliQ® water, for
comparison purposes. For the preparation of low-level concentrations, the 30 mg L-1 AuNP
suspension was diluted in the range 6-600 pg L-1, again in both standard SW and MilliQ®
water, according to the required concentration in each particular case throughout this study.

2.1.2. Characterization

AuNP suspensions were characterized by UV-VIS spectroscopy (Perkin Elmer Lambda 12) and
transmission electron microscopy (TEM) or field emission gun scanning electron microscopy
(FEG-SEM). Primary particle size and morphology were characterized using either a TEM
microscope (Philips CM200) operating at 200 kV or a SEM-FEG microscope (Hitachi S-4800)
operating at 30 kV. For sample preparation, 5-10 pL of a particular AUNP suspension was
pipetted onto a carbon coated copper TEM grid and left to dry in air. The SEM-FEG instrument
is also equipped with an adequate detector and a sample holder for copper grids so that SEM
images were acquired in transmission mode.

2.2. Assays with R. philippinarum exposed to AuNP suspensions

Adult clams (Ruditapes philippinarum) of between 4.4 and 3.2 cm shell length (maximum axis)
were supplied by a commercial clam aquaculture facility (Amalthea S. L., Chiclana, Spain).
Acclimation took place in free-flow tanks for one week before starting the exposure. The



experiment was carried out in a semi-static water system at a ratio of one individual per litre of
SW. For the course of the experiment, 25 individuals were placed in each of two series of tanks
with 25 L of filtered SW (salinity 34, temperature 20 + 0.7 °C, pH 8.13 £ 0.37), containing 6 and
30 pg L-1 of AuNPs respectively. For comparative purposes, clams were exposed to an ionic
gold treatment in the form of Au3+ (chloroauric acid solution) at a concentration of 50 pg L-1
(as Au). Aliquots from a stock solution of Au (1000 mg L-1, certiPUR® standard, HAuCl4 in HCI
7% Merck) were added to the experimental tank directly. A control series without extra Au was
run in parallel. Each experimental setting was conducted in duplicate. The exposure
treatments were labelled as follows: Au3+ for dissolved gold and NP6 and NP30 respectively
for 6 and 30 pg L-1 (as Au) of AuNPs. Aeration at the bottom of the tank was used to minimize
agglomeration and subsequent sedimentation of the contaminants, and ~100% of the media
was changed every 48 h. For the duration of the experiment (28 days), clams were fed with 50
mL of algae solution (Isochrysis galbana, family: Rymnesiophyceae, 12 x 106 cell/ml) per tank,
every 48 h, 2 h prior to the media change. Test animals were checked daily. Dead specimens
were replaced in order to maintain a consistent organism: water volume ratio.

2.3. Analysis of gold in SW and tissue samples

Gold concentration in SW was assessed at 0 h (immediately after the first dose of
contaminant) and 48 h (prior to feeding and the change of media) by Inductively-Coupled
Plasma Mass Spectrometry (ICP-MS) (Thermo Serie X7) (Allabashi et al., 2009). Ten millilitre of
SW media was collected for gold analysis, and 10 pL of HNO3 at 65% was added; and the
sample was stored at -20 °C until analysis. Metal content in the digestive gland and gills tissue
samples was also analysed using ICP-MS following procedures similar to well-established
methods (Amiard et al., 1987; Renault et al., 2008; Allabashi et al., 2009). Clams were
dissected over ice, recording the weight of the soft tissue (wet weight) for each specimen.
Pooled (3 individuals) gill and digestive glands were frozen in liquid nitrogen and stored at -80
°C immediately after sampling. Frozen tissue samples were powdered in liquid nitrogen with
the aid of a Cellcrusher (Stratech Scientific Ltd.). Aliquots of the frozen powder obtained were
stored separately at -80 °C prior to homogenization and analysis. Tissue samples were
homogenized by digestion with 2 mL 10.3 M HNO3 for 60 min at 95 °C, utilizing a digestion
system (DigiPREP MS, SCP Science, France). Samples were topped up to final volume of 5 mL
with MilliQ® water. All reagents were of supra pure quality. The results are expressed in ug g-1
wet weight. Comparative experiments were carried out on gill tissues using aqua regia in order
to test the effectiveness of digestion/homogenization with HNO3 alone and similar results
were obtained under the tested experimental conditions.

For statistical analysis accumulation data were transformed (log 1 + n) to homogenise the
variance. Statistical differences for accumulation in the two tissues analyzed were tested by
two-way ANOVAs (factors: time and exposure). The Scheffe test was used for post-hoc
comparisons. A significance level of p = 0.05 was selected for all statistical tests.

2.4. Lipid peroxidation measurements

Lipid peroxidation was assessed by determining levels of malonaldehyde (MDA) following the
methodology of Shaw et al. (2004), using 1-methyl-2-phenylindole and calculated against a
MDA standard curve. Tissue MDA levels were derivatised in a 1 mL reaction mixture containing
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a final concentration of 6.7 mM of 1-methyl-2-phenylindole (dissolved in acetonitrile), 2.3 mM
of methanosulphonic acid, 100 uL of water and equal volume of sample diluted in
homogenization buffer (1:4 v/v) or standard (10 mM 1,1,3,3-tetramethoxypropane, in 20 mM
Tris—HCI, pH 7.4). The sample mixtures were vortexed and incubated at 45 °C for 40 min. The
samples were cooled on ice and centrifuged at 15,000 g for 10 min at 4 °C. The supernatants
were collected and read at 590 nm (Tecan F200). Results are expressed in MDA pmol min-1
mg-1 protein.

2.5. Subcellular localization of AuNPs taken up

The preparation of samples for the transmission electron microscopy (TEM) was performed
following the methodology by Distel and Felbeck (1987) as modified by the “Centro de
Investigacion, Tecnologia e Innovacién” (CITIUS), University of Seville (Spain). At the end of the
exposure period, clams were dissected over ice. Gills and digestive gland were cut into sections
of ~1 mm squares and fixed in cold 0.1 M sodium cacodylate trihydrate buffer solution (pH =
7.4) containing 2.5% of glutaraldehyde for 2.5 h at 4 °C. After that, samples were washed three
times in a sodium trihydrate cacodylate buffer solution (pH = 7.4) for 5 min each and stored at
4 °C. Samples were post-fixed in 1% osmium tetroxide for 1 h at 4 °C, rinsed in buffer solution
(3 times), containing 7.5% sucrose, for 20 min. Samples were then dehydrated at 4 °C in
acetone (30, 0 and 70% acetone baths for 15 min each). Afterwards, samples were rinsed in
70% acetone bath containing 2% uranyl acetate for 4 h for pre-staining, and dehydrated once
in 90% acetone (30 min), and twice in 100% acetone (15 min each). Embedding in Spurr's resin
was performed at the same temperature (4 °C) with acetone/resin mixtures of 3:1 for 1 h, 1:1
for the second hour, and 1:3 for the third hour, followed by embedding in pure resin for 12 h.
Samples were polymerized at 70 °C for a period of 7 h. Finally, semi and ultrathin sections (300
and 80 nm) were cut with an ultramicrotome (Leica EM UC7) using a diamond knife and placed
on a carbon-coated copper TEM grid. Ultrathin sections were typically imaged with a Philips
CM10 TEM microscope at an acceleration voltage of 80 kV. Detailed studies of Au location and
distribution in the selected clam tissues were carried out in a Philips CM200 TEM microscope
carefully aligned at an acceleration voltage of 80 kV and coupled to an EDS microprobe (EDAX
DX-4). In addition to TEM analysis with ultrathin sections (80 nm thick), studies by SEM-FEG
were performed in a Hitachi S4800 microscope also coupled to an EDS probe (Bruker, XFlash
4100) and equipped with a transmission mode detector that allowed working with semi-thin
samples (300 nm slices) at 20 kV.

3. Results and discussion
3.1. Physico-chemical evolution of citrate-stabilized AuNPs in SW media

In order to assess the behaviour of the AuNPs after release into a seawater environment, a
thorough characterization of nanoparticle suspensions after diluting to a mass-normalized
concentration of 30 mg L-1 (as Au) is needed, even though this concentration is higher than
environmentally-relevant concentrations (Tiede et al., 2009; Lapresta-Fernandez et al., 2012).
Different macroscopic aspects were observed depending on the chemical nature of the final
water reservoir. Thus, at a concentration of 300 mg L-1 the suspension showed a dark purple
colour (Fig. 1a) whereas after diluting up to 30 mg L-1, it exhibited either the typical red colour
in MilliQ® water (Fig. 1b), due to the localized surface plasmon resonance (SPR) as presented in
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Fig. 1c (UV-Vis absorption spectra in b. plot), or a weak violet colour in artificial SW (Fig. 1d)
associated with higher inter-particle interactions, as reflected in both the intensity loss and the
red-shift of the SPR signal (Fig. 1c, UV-Vis absorption spectra in d. plot). It should be noted that
the 30 mg L-1 AuNPs suspension in artificial SW evolves leading to a macroscopic precipitation
and a colourless supernatant within the following 4 h (Fig. 1e); this outcome indicates the
formation of aggregates and complete disappearance of the SPR phenomena, whereas the 30
mg L-1 AuNP colloidal suspension in MilliQ® water is highly stable, showing nearly spherical
particles (average diameter, d = 23.5 + 2.8 nm following a Lognormal fitting of the size
distribution histogram) as presented in Fig. 1f—g. The reproducibility on particle size for the 30
mg L-1 AuNP colloidal suspension in MilliQ® water was tested by light scattering and TEM for
each batch.

In the case of AuNP suspensions of 60 pug L-1, which is a concentration only one order of
magnitude above predicted environmentally relevant values (Boxall et al., 2007; Tiede et al.,
2009), a contradictory behaviour to that observed at high concentration was found. No
precipitation occurs in suspensions at this concentration either in MilliQ® water or in artificial
SW. On the other hand representative TEM shows that small agglomerates can be formed. In
comparison with agglomerates found in MilliQ® water (Fig. 2a), those corresponding to
artificial SW are clearly bigger in size (Fig. 2b), however no important differences in
morphology and size were found for primary particles from any of the different aqueous media
(Fig. 2a—b). Most importantly, no coalescence of particles seems to occur in the case of
artificial SW agglomerates, as might be expected. The above discussion suggests that
depending on the final concentration in the SW media, citrate-stabilized AuNPs can be
considered as “nanoparticles resistant to salt-induced aggregation” and can be proposed
indeed as a model contaminant for ecotoxicology studies at concentrations more similar to
those relevant in the natural environment. At this level of dilution the extinction coefficient of
the SPR absorption is not sufficient to obtain any information. Neither are other techniques
like DLS (dynamic light scattering) feasible at these concentrations. The TEM images presented
here are representative of many analyses carried out on the samples, and have proved to be
very useful for studying the evolution of the AuNPs in the SW media, at concentrations of
interest. The key point for the interpretation of the data is the fact that both samples (Fig. 2a—
b), those prepared in MilliQ® and in SW, are of the same concentration and were processed in
the same way for comparison purposes. Further attempts to reduce the concentration of
AuNPs more closely to the estimated environmental concentration (Boxall et al., 2007; Tiede et
al., 2009) would be out of the range for a feasible TEM analysis, and very probably would not
change the conclusions regarding the absence of coalescence.

In the case of citrate-stabilized AuNPs dispersed at the 600 pg L-1 concentration in artificial
SW, fine sediment is found after two days; however, the sediment re-disperses well through
manual agitation. This behaviour could be understood in terms of the microstructure of the
agglomerates formed. As Fig. 2c shows, the 600 pug L-1 AuNP suspension in artificial SW is
made up of large agglomerates due to the appreciable ionic strength; however, limited
coalescence between primary particles makes it possible to dissociate assemblies through
agitation. The panel (d) in Fig. 2 shows the particle size distribution histogram obtained from
the TEM analysis of the sample dispersed at the 600 ug L-1 concentration. An average particle
size of 21.5 £ 2.9 nm was obtained, in agreement with that reported in Fig. 1f—g. It should be
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noted that different AuNP concentrations in artificial SW lead to different macroscopic
behaviour as a result of the different balance between aqueous media ionic charges and the
surface potential of citrate-stabilized gold particles.

As we will demonstrate in following paragraphs, dissolved ionic gold in the form of Au3+
(chloroauric acid solution) appears to be strongly toxic for the bivalves under study. In this
context we also investigated the solubility of AuNPs in the artificial SW. To determine the
concentration of dissolved ionic Au species in suspensions of AuNPs, ultra-filtration was
undertaken using Vivaspin 20 filters (3000 MWCO). The filtered solution of the 60 ppm AuNPs
suspension in MilliQ® water, prepared as described, gives a dissolved Au concentration of 60
ppb by ICP-MS analysis, indicating that ca. 0.1% by wt of precursor gold salt could remain un-
reduced after synthesis. Ultra-filtration was also carried out after dilution of the original 60
ppm Au NP suspension with artificial SW to a 30 ppb suspension from time 0 up to 48 h after
dilution. In all cases the filtered solutions lead to an undetectable Au signal by ICP-MS,
indicating that the gold concentration is below the actual detection limit of 0.05 ppb; this also
demonstrates that solubility of the AuNPs is unlikely under the reported experimental
conditions. Therefore the results reported below constitute a set of comparative data where
independent effects for ionic gold and AuNPs are reported.

3.2. Gold bioaccumulation in bivalves

Assays of bivalve exposures to AuNPs (6 and 30 pg L-1 of gold) and ionic Au3+ (50 ug L-1 of
gold) were carried out, together with control experiments. The concentration chosen of 50 ug
L-1 for Au3+ corresponds to a value below the previously reported minimum values showing
toxicological effects in algae (Robinson et al., 1997); while the minimum gold concentration (6
pg L-1) for AuNPs is just below the predicted value (6.13 pg L-1 including water and soil) in the
environment (Boxall et al., 2007; Tiede et al., 2009). Analyses of clam tissue samples by ICP-MS
are summarized in Fig. 3a—b; ANOVA multifactorial analysis provided evidence in both target
tissues that exposure and time factors had a significant effect on accumulation. Trace amounts
of gold for the control experiments are within the experimental errors and are considered as
zero values. Gold was significantly accumulated in both the digestive gland and gills already
after 3 h of exposure (Fig. 3a—b). However, AuNPs accumulated more in the digestive gland,
while Au3+ accumulated more in gills (Fig. 3a—b). The preferential accumulation of AuNPs is
likely via capture and ingestion. NPs are directed into tubules of the digestive glands and
potentially taken up by endocytosis. Other routes as gills, mantle and labial pals are considered
less important for NPs accumulation (Canesi et al., 2012). In Corbicula fluminea, bovine serum
albumin gold nanoparticles were also confined to digestive gland and digestive tract regions,
with little migration to other systems (Hull et al., 2011). Even so, increased accumulation was
reported in the digestive glands of M. edulis exposed to gold-citrate NPs (Tedesco et al.,
2010a). Others authors (Gomes et al., 2011) found also that copper concentration was higher
in gills for dissolved species, in comparison with CuO nanoparticles, in mussels exposed to both
treatments.

Despite the considerable variability observed within groups, certain general trends can be seen
in Fig. 3a from analysis of the digestive gland sample, depending on the exposure time. The
Scheffe post-hoc test (at p < 0.05) showed significant differences between the accumulation



for the initial six hours exposure, and samples collected after seven days. For the NP30
treatment, an initial response was found whereby Au concentration increases in this organ
during the first 24 h. Afterwards, Au concentration was nearly stationary up to the assay limit
of 28 days of exposure (Fig. 3a). Gold concentration found in the digestive gland after exposure
to NP6 was much less than after exposure to NP30 as expected for the higher concentration in
this experiment. In the case of NP6, concentrations increased to reach a maximum after 12 h,
with similar levels being maintained between 12 h and 28 days of exposure (Fig. 3a).

Another approach to studying accumulation behaviour is to analyze gold removal in the water
column. Using this methodology other researchers (Hull et al.,, 2011) have suggested three
consecutive phases to describe filtering and removing of gold NP contaminants by an Asian
clam (C. fluminea) as follows: first, the initial logarithmic phase that is attributable to the
acclimation period required for the clams to begin filtering following transfer to the assay
chamber; second, a linear clearance phase that is representative of a period during which the
clams have acclimated to the assay environment and begun actively filtering; and third, a
levelling-off phase that may be the result of a combination of factors, including decreasing
particle concentration, compaction of the digestive tract or physiological adjustment of the
filtering and ingestion rate. In addition we cannot presently exclude the possibility that
accumulation in R. philippinarum can be affected by gold sorption over the surfaces of the
treatment tank, or gold sorbed to algal cells during feeding, but these possibilities were
outside the scope of the present investigation. In the case of the digestive gland, the
physiological adjustment of filtering and ingestion/release rates could be the reason for the
dose-dependent accumulation levels observed here, and in particular for the nearly stationary
last phase in the NPs treatments. In any case, for NP30, accumulation occurring in all phases is
between 2 and- 3 times higher than the accumulation values for NP6. On the other hand, the
highest Au concentration level for the whole exposure period and all treatments is recorded
for the NP30 treatment after 24 h of exposure (Fig. 3a).

Gold accumulation within the digestive gland produced by the Au3+ treatment was lower than
the values produced by both NP concentrations tested (Fig. 3a). Moreover, accumulation of Au
after exposure to Au3+ was delayed in comparison with that for the NPs, and after a slow
initial accumulation, increased with exposure time up to the end of the exposure period (Fig.
3a). It seems that the chemical nature of the contaminant has an effect on the duration and
complexity of the initial phase: in digestive gland Au accumulation with NPs takes place more
rapidly and reaches higher values, compared with that in the Au3+ treatment. For this
treatment Au accumulation behaviour shows a nearly stationary second phase between 24 h
and 7 days, and an increase after 7 days that differs markedly from that observed in the
nanoparticle treatments, where the last phase followed a nearly stationary trend. Of particular
interest, as shown below for the Au3+ treatment, is the fact that this contaminant showed a
strongly toxic nature, being capable of directly affecting the adjustment of the organism's
filtering and ingestion rate. Thus, the accumulation behaviour observed for Au3+ may be
conditioned, in part, by this toxic nature of the contaminant. Different behaviours for gold
accumulation, as a function of the contaminant, can also be inferred from variations in gold
concentration in the water column for the different treatments (Supplementary file Fig. S1).
Fig. 3b also shows a strong accumulation of gold in gill tissue samples after exposure to Au3+.



3.3. Responses in bivalves to AuNPs and their commonly-used precursors

The exposure to Au in the different forms tested produced dissimilar responses regarding
mortality endpoints. NP6 and NP30 treatments did not produce any significant effect in
mortality, compared with control treatments. However, a severe mortality rate was recorded
after the Au3+ treatment (Table 1). This effect is of special concern with respect to the disposal
of specific nanoparticle precursors in the manufacturing of engineered nanoparticles. Chloride
can be ruled out as toxicity source because the experiments have been carried out in seawater
with a salinity of 34 which represents ca. 20 g Cl- per kg of SW media.

TEM micrographs of control samples do not reveal any ultrastructural disturbance in cells of
the digestive gland (Fig. 4a) suggesting a good health status. In the case of the Au3+ treatment
the ultrastructural analysis revealed histopathological effects in all the samples tested. Fig. 4b
shows large areas which were completely disrupted with clear signs of cell damage (i.e. altered
nuclear membranes). Additionally, some mitochondria lost their typical morphology exhibiting
a swollen profile and alteration in the inner membrane with absence of cristae (Fig. 4b).
Furthermore the NP30 treatment was also able to produce areas with morphological
alterations (see disrupted membrane in the bottom-right area of Fig. 4c). We cannot however
exclude the possibility that the observed alteration could have been produced during sample
preparation as additional TEM and FEG-SEM micrographs show good health status of the
tissues after the AuNP treatments (see Supplementary file Fig. S2a—b).

Additional information about possible toxic effects of either or both AuNPs and Au3+ on the
marine bivalves can be inferred from early oxidative stress effects as expressed by lipid
peroxidation (see Supplementary file Fig. S3). Results from the experiments performed only
showed a significant increase in the oxidative stress indicator for the Au3+ exposure assays, as
compared to controls, during the first 3 h, and a modest remaining increase at other sampling
points up to 24 h. In the case of AuNPs, all tested treatments only caused modest oxidative
stress, as compared to controls, at sampling points up to 12 h, any further oxidative stress
being unlikely during the next 12 h. In a previous study, exposure of the mollusk Mytilus edilus
to ~5 nm AuNPs over 24 h showed significant increase in oxidative damage, as expressed by
lipid peroxidation at concentrations of 750 ug L-1 (Tedesco et al., 2010b), whereas AuNPs of
~15 nm, at identical concentration, only caused modest oxidative stress (Tedesco et al.,
2010a). As an interpretation of the different responses, the toxic effect has been attributed
principally to the size-related oxidative properties of AuNPs (Tedesco et al., 2010b). In the
current study the clear increase in the oxidative stress indicator, as measured for the assays of
exposure to Au3+, corroborates again the toxic effects of this contaminant in the bivalves. On
the other hand, the lipid peroxidation results for treatments with AuNPs do not seems to
reveal a behaviour different from that previously obtained in other bivalve exposure
experiments (Tedesco et al., 2010a). The current study also corroborates the view that the
specific chemical stability of the metal (dissolved or nanoparticulate) is a main parameter
affecting cellular toxicity, as previously suggested (Auffan et al., 2009). Studies with gold NPs of
smaller sizes or the effect of gold reduction by co-dissolved organic matter may be relevant in
future investigations.

3.4. Cellular localization of AuNPs taken up by organisms



Recently Hull et al. (2011) tried to verify that gold is internalized by bivalves (C. fluminea) using
a synchrotron-based XRF microscope. The high spatial resolution of the technique (beam size
of 3 um x 3 um) allowed the localization of diffusely distributed gold spots at the digestive
gland and regions of the digestive tract. However, this work provided limited information
about the form that AuNPs take during digestion since if gold NPs are digested then changes in
particle size, shape, or aggregation state should be expected. Thus, the localization of
internalized AuNPs is a difficult question to resolve, even in the case of engulfment in
organelles responsible for intracellular digestion, i.e. in digestive cell lysosomes.

Present observations of digestive gland tissue for the NP30 treatment using TEM reveal that
NPs were directed to digestive cell lysosomes, and more precisely to lysosomes and residual
bodies inside them (Fig. 4c). In the high magnification TEM micrograph illustrated in Fig. 4d, a
residual body released into the lumen of the digestive tubule can be observed bearing
electron-dense granules (inside the marked areas). The residual body, or heterolysosome,
exhibited a semi-digested material that, according to EDS analysis (Fig. 4e) corresponded to
elemental gold (Os and U were added during sample preparation, and Cu belongs to the TEM
grid). It is likely that, AuNPs present in green algae, as a vector to the clam C. fluminea,
produced electron-dense granules located in a vacuole (lysosomal nature) that was later
incorporated in the gills and the digestive epithelia (Renault et al., 2008). However, those
authors did not prove the elemental composition of these granules, as has been proved in the
present work. It should be noted that this is the first confirmation of the location of AuNPs
associated with digestive cell lysosomes in R. philippinarum after exposure to NPs in seawater.
It is also interesting to note that AuNPs associated with the heterolysosome exhibited a
marked coalescence (Fig. 4d) that leads clearly to aggregates/particles larger than those in the
working solutions (Fig. 2b). Additional confirmation of accumulation of AuNPs in the digestive
gland tissue can be found in Fig. 5(a and b) as measured by FEG-SEM in transmission mode.
Although it was not the aim in this paper to study particle size effects, the results in Fig. 4d
may indicate a certain preferential accumulation for the larger particles/aggregates, as
proposed by Hull et al. (2011). The effect here however is more likely to be due to cellular
digestion.

In a similar way, gold accumulation was also demonstrated in gills by ICP-MS analysis (Fig. 3b).
In addition, the combination of both FEG-SEM and TEM analysis allowed the ultrastructural
location and identification of electron-dense granules in gill cells after the NP30 treatment (Fig.
5c). These electron-dense granules exhibited a shape and size similar to that of the AuNPs
dosed as contaminant, but EDX did not confirm the gold nature of their composition (Fig. 5d).
TEM analysis showed that electron-dense granules not containing gold were typically found
associated with the extracellular matrix of gills tissues (Supplementary file Fig. S4a—b). EDX
measurements are therefore strongly recommended to confirm the chemical nature of
electron-dense granules.

4, Conclusions

Firstly, the results in this paper show that, at low measurable concentrations, AuNPs can be
available in the seawater column due to their limited aggregation. Analysis of clam tissue
samples by ICP-MS showed that gold accumulated significantly in both the digestive gland and
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gills already after only 3 h of exposure to both AuNPs treatments and to Au3+ dissolved
species (chloroauric acid solutions). AuNPs accumulated more in the digestive gland, whereas
Au3+ accumulated more in gills.

Mortality studies have shown the high toxicity of soluble Au3+ precursor species. This effect is
of special concern with respect to the disposal of specific nanoparticle precursors in the
manufacturing of engineered nanoparticles. In our experiments gold solubility was not
detectable under the reported experimental conditions, after 48 h of presence of AuNPs in the
seawater media.

The combined TEM/EDX analysis allowed the accumulation of AuNPs to be localized
unequivocally in the digestive gland cells, and more precisely in their lysosomal system. The
location of AuNPs in heterolysosomes of digestive gland cells of Ruditapes philippinarum has
been presented here for the first time. EDX measurements are therefore strongly
recommended to confirm the chemical nature of electron-dense granules for future studies of
the uptake of nanomaterials.
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Figure captions

Figure 1. Macroscopic appearance of both (a) 300 mg L-1 AuNPs suspension and (b) the same
suspension after dilution to 30 mg L-1 in MilliQ® water. (c) Extinction spectra of suspensions of
30 mg L-1 AuNPs corresponding to samples showed in panels (b) and (d). Macroscopic
appearance of both: (d) freshly diluted suspension of AuNPs to 30 mg L-1 in artificial SW, and
(e) its evolution after 4 more hours. (f) SEM-FEG image of sample designated in this figure as
(b); particle sizes in the image were measured using the Digital Micrograph Gatan program,
and the results are shown as a size distribution histogram of primary particles (panel g).

Figure 2. Representative TEM images showing microstructures of suspensions of AuNPs after
dilution in different water media and concentrations: 60 pg L-1 in both (a) MilliQ® water and
(b) artificial SW; 600 pg L-1 in (c) artificial SW. (d) Size distribution histogram for primary
particles of a suspension of 600 pug L-1 AuNPs in artificial SW.

Figure 3. Au concentrations (ug g-1 wet weight) within (a) digestive gland tissue and (b) gill
tissue, at different sampling points for the exposure treatments (HAuCl4 50 pg L-1(Au3+)) and
AuNPs suspensions (6 ug L-1(NP6) and 30 pg L-1(NP30)). Data given as mean % standard
deviation for n = 2 replicates.

Figure 4. TEM images showing digestive gland tissue following 25 days of exposure with: (a)
control; (b) HAuCl4 50 pg L-1 (Au3+) and (c) suspension of 30 ug L-1 of AuNPs (NP30). (d) High
magnification TEM image showing the ultra-structure of the chosen region (marked area in
panel c); (e) the corresponding EDX spectra of the electron-dense contrasts region (marked
area in panel d).

Figure 5. FEG-SEM images: (a) digestive gland tissue and (c) gills tissue with attached EDX
spectra in (b) and (d) for the marked electron-dense contrasts area in each image.
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Table 1

Table 1. Mean clam mortality after 7, 14 and 28 days of exposure to the
respective treatments (HAuCly; 50 ug L™'(Au’") and gold NP suspensions
(6 ng L '(NP6) and 30 ug L '(NP30)), plus control). Data given as
mean + standard deviation for n=2 replicates. Initial individuals: 25 per
separated experiment. Asterisk: the same value as obtained at day 7. For the
days 14 and 28, mortality values for the Au’" treatment were significantly
different (p < 0.05).

Mortality (Individuals) as a function of the exposure time
Treatment

Day 7 |Day 14 |Day 28 |
IControl  [0.5+0.7 I* I* |
Au* 3£2.1 7507 [8.0+1.4 |
INP6 o507 [* [E |
INP30 [l0.5+07 [E [E |
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Figure 4
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Figure 5
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