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Bioaccumulation dynamics and gene regulation in a freshwater bivalve
after aqueous and dietary exposures to gold nanoparticles and ionic
gold

Adeline Arini' - Fabien Pierron’ - Stéphane Mornet? - Magalie Baudrimont'

Abstract

Gold nanoparticles (AuNPs) are being developed and produced for a wide variety of industrial and biomedical applications,
which raises the concern about their release and potential effects in the environment. In this study, we aim to assess the effects of
PEGylated AuNPs and ionic gold on the freshwater bivalve Corbicula fluminea. As NP bioavailability is conditioned by many
factors of variability, we focused on the determination of biodynamic parameters which control AuNP uptake and elimination in
bivalves. Three experiments were conducted: (1) a waterborne exposure (024 mg/L for AuNPs and 0—12 mg/L for ionic gold),
(2) a dietborne exposure (048 mg/L for AuNPs and 0—24 mg/L for ionic gold), and (3) an elimination phase (after waterborne
exposure to 12 mg/L for AuNPs and 24 mg/L for ionic gold), to calculate rate constants for uptake from water(kuw), from food
(kuf), and for the physiological elimination (ke) for AuNPs and AuCI(OH); . Jointly, the relative expression of several genes was
investigated in the hemolymph cells to relate AuNPs and gold ion exposures to detoxification, oxidative stress, immune, and
apoptosis responses in C. fluminea. Results show that kuw and kuf were around 10 and 30 times higher for AuNPs compared to
AuCI(OH); , respectively. The ke was also faster in clams exposed to AuNPs meaning that they also had greater excretion
capacities in comparison to gold ions. Water seems to be the main exposure pathway for C. fluminea according to kuw and kuf’
values for AuNPs and AuCI(OH);  (kuw =0.28 and 0.03, kuf=0.009 and 0.001, respectively). The gene analyses pointed out
important responses against oxidative stress, strong activations of genes of the immunity, and apoptosis after the waterborne
exposure to AuNPs and to a lesser extent after exposure to gold ions. Very few responses were observed after the dietary exposure
to both forms of gold, probably due to valve closure in response to contamination. While some studies suggest that the toxicity of
nanoparticles may come from the release of metal ions, our results showed that the AuNPs we used were very stable (less than 1%
ofion release) and generated more effects at the gene level than ionic gold. Therefore these results highlight the strong potential of
toxicity of AuNPs compared to ionic gold and raise new concerns about the toxicity inherent to NPs in the environment.
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Introduction

Due to their unique properties showing great potentials
for cell imaging, targeted drug delivery, and therapeutics,
engineered gold nanoparticles (AuNPs) are being devel-
oped and produced for a wide variety of industrial and
biomedical applications (Daniel and Astruc 2004;
Giljohann et al. 2010). As application fields continue to
develop, unintended releases will most likely account for
. o nanomaterial inputs to natural environments. At the
UMR EPOC 5805, Place du Dr Peyneau, Universit¢ de Bordeaux — i . . .
CNRS, 33120 Arcachon, France nanometric scale, NPs acquire novel physicochemical
properties that may influence bioavailability, which raises
concerns about their toxicity to wildlife (Nel et al. 2006).
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Indeed, the chemical toxicity of a xenobiotic in aquatic
organisms is mainly governed by its bioavailability, in
other terms by its accumulation pathways into the organ-
isms, including water and food (Luoma and Rainbow
2005). Therefore, it is crucial to understand the accumu-
lation pathways of NPs in aquatic organisms in order to
understand and predict their toxicity.

Biokinetic models have been developed in the 1990s to
provide a realistic way to separate the exposure by directly
comparing metal fluxes from water and food (Wang 2013).
The use of such models helps delineate the exposure pathways
and compare the preferential entry route for metal fluxes into
organisms (Wang 2013). Such studies have already been con-
ducted in gastropods for example (Croteau et al. 2011, 2014)
but not yet in bivalves where we expect the aqueous route to
be predominant for the metal flux, based on their filtration
activity. Coating agents are often used to stabilize NP, such
as citrate, polyvinylpyrrolidone (PVP), and polyethylene gly-
col (PEG) (Garcia-Negrete et al. 2013; Renault et al. 2008;
Teles et al. 2017; Volland et al. 2015).

But it has been demonstrated that the coating could
influence NP toxicity by modifying its bioavailability
and the release of metal ions from the NP which can have
more toxic properties than the NP itself (Katsumiti et al.
2015; Navarro et al. 2008). The coating can also be de-
signed to facilitate NP transport and diffusion through
cells. Once internalized, massive delivery of ions released
from the NPs can occur into cells (Trojan horse mecha-
nisms (Luoma 2008)), which can even be more hazardous
for wildlife. From this statement, it is difficult to discrim-
inate the effect from NPs and their ionic counterparts.
Modification of NP surfaces with PEG has become a pop-
ular method to gain in stability (Paciotti et al. 2004) and
reduce nonspecific interactions with serum proteins (Dai
et al. 2014), which avoid them from being recognized and
cleared by the immune system (Pelaz et al. 2015). If sil-
ver, titane, and other metal nanoparticles are well studied,
still few studies refer to toxic effects of gold nanoparticles
(AuNPs) in aquatic organisms, and even less on bivalves
(Garcia-Negrete et al. 2013; Hull et al. 2011; Joubert et al.
2013; Renault et al. 2008; Volland et al. 2015). Among
them, Renault et al. (2008) showed that amine-coated
AuNP particles could cross the epithelia of the digestive
tract and gills of Corbicula fluminea after trophic
exposure and upregulate the metallothionein expression
as well as antioxidant enzyme encoding genes. Similar
results were obtained from waterborne exposures by
Tedesco et al. (2008) who reported an oxidative stress in
the digestive gland of Mytilus edulis exposed to environ-
mentally relevant concentrations (0.75 pg/L) of citrate-
AuNPs. Volland et al. (2015) also showed that
0.75 pg/Lof citrate-AuNPs could induce an oxidative
stress and inflammatory gene response in Ruditapes

philippinarum, but it was not concomitant with an oxida-
tive damage. Therefore, the authors could not conclude
that AuNPs were toxic for bivalves at these concentra-
tions. Since very few studies use PEG coating for the
assessment of AuNP toxicity, it makes difficult to actually
link AuNPs to related effects, without misinterpreting data
by the presence of potentially released gold ions.

In this study, we aim to assess the effects of PEGylated
AuNPs on bivalves, starting from the premise that if the NP
stability is increased by using PEG, we might expect to target
more accurately NP accumulation and effects, which may dif-
fer from their ionic counterpart. We chose to use Corbicula
fluminea, a commonly used freshwater clam, which has dem-
onstrated its relevance as a biological model in different envi-
ronmental studies, including gold exposures (Arini etal. 2011;
Renault et al. 2008). As NP bioavaibility can vary with chem-
ical, abiotic, and behavioral parameters, such as NP coating,
pH, and reduced feeding activities (Buffet et al. 2013; Diegoli
et al. 2008; Teles et al. 2017), we focused on the biodynamic
parameters that control AuNP uptake and elimination in bi-
valves. Three experimentations were conducted: (1) a water-
borne exposure, (2) a dietborne exposure, and (3) an elimina-
tion phase, to calculate constant rates of water accumulation,
diet accumulation, and elimination for PEG-AuNPs and their
ionic counterpart AuCI(OH); . Jointly, the relative expression
of several genes were investigated by quantitative PCR
(qPCR) in hemocytes to relate AuNPs and gold ion exposures
to detoxification, oxidative stress, immune, and apoptosis re-
sponses in C. fluminea in order to better understand the po-
tential toxicity of AuNPs.

Methods
Gold nanoparticle synthesis

Gold nanoparticles (AuNPs) were synthesized at the
Institute of Chimie de la Matiéere Condensée de
Bordeaux (ICBM), by a citrate reduction method, opti-
mized from the Turkevich method (Kimling et al. 2006).
To see the detailed process, refer to Renault et al. (2008).
Briefly, pure gold powder (KAuCl4 at 99,995%) was dis-
solved into 825 mL of ultra pure water (MilliQ) and
boiled at 100 °C. The reduction of auric salts occurs upon
addition of a sodium citrate dihydrate solution forming
spherical nanoparticles of 10 nm diameter, with a highly
monodisperse size distribution, at a concentration of 9.9
10'® particles per gram which corresponds to 2.51 g L™".
To optimize AuNP stability and avoid aggregation, nano-
particles were coated with polyethylene glycol (PEG),
linked by thiol groups (-SH). Amine groups were added
to confer a positive charge to the AulNPs.



Experimental organisms

Scenedesmus subspicatus is a freshwater green algae belong-
ing to the Chlorophycea family and widely used in ecotoxico-
logical tests.

Corbicula fluminea is a freshwater clam, originated from
Japan which was introduced in Europe in the 80s. This Asiatic
clam lives buried in the superficial sediment layers but re-
mains in direct contact with the water column on which it
depends for its respiratory and nutritional filtration activities
which makes C. fluminea a good bioindicator for ecotoxico-
logical tests.

Waterborne uptake experiment

A batch of C. fluminea was collected in the Isle River (South-
West France), where this species freely thrives in an uncon-
taminated environment. Clams were placed into a 20-L tank
and acclimated and fed in clean water for a week before
starting the experiment. Afterwards, 60 clams were transferred
into six individual experimental units (10 clams per unit) filled
with 2 L of moderately hard water (MOD: 1.14 mM NaHCOs;
0.44 mM CaSOy; 0.50 mM MgSO,; 0.11 mM HCI). Aeration
was continuously provided by a diffuser connected to an air
pump and the temperature was maintained at 15 °C by a cooler
circuit. Artificial light was provided by 4 neons (photoperiod
12 h:12 h). Experimental units were spiked with different
concentrations of either AuNPs (0; 0.5; 1; 5; 12 and 24 mg/
L) for 24 h, or a gold standard solution (H(AuCl,)3H,O0,
Sigma): 0; 0.1; 0.5; 1; 5 and 12 mg/L) for 3 h. These concen-
trations were chosen based on the DL50 of 48 mg AuNP/L
measured for Scenedesmus subspicatus, according to a previ-
ous study (Renault et al. 2008).

Studies have shown that the behavior and ecotoxicity of
gold depend on conditions, such as the pH level. When
pH > 6, like in our experimental units, the most numerous ions
are AuCI(OH); (Diegoli et al. 2008), which represents the
most toxic Au ions in aquatic organisms (Lapresta-
Fernandez et al. 2012). Assuming the fact that they are the
most numerous ones, gold ions will be noted as AuCI(OH);
in the paper. Water samples were collected at the beginning
and at the end of the experiment (2 ml; n»=3) and acidified
with aqua regia (1:4 volumes of HNO; and 3:4 volumes of
HCI; 10% final concentration). Clams were not fed during the
exposure to avoid metal absorption onto algae and prevent
from having an additional exposure via the trophic route.

Dietborne uptake experiment

Freshwater green algae Scenesdesmus subspicatus were cul-
tured in the laboratory. Before use, they were centrifuged
(3 min at 3500 rpm), and the pellet was gently resuspended
in MOD to get a final concentration of 32.10° cells/mL,

corresponding to a DO of 0.36 at 750 nm. This concentration
was chosen according to previous tests to provide enough
food supply without being in excess and limit pseudofeces
production. Experimental vials of 100 mL were filled with
the algal suspension and spiked with either AuNPs (0; 5; 12;
24; and 48 mg/L) for 24 h or a gold standard solution
(H(AuCly)3H,0: 0; 1; 5; 12 and 24 mg/L) for 4 h under
agitation. These concentrations were chosen to be in the range
of Scenedesmus subspicatus’ DL50 (48 mg/L). After this
while, 8 clams were added per vial of 100 mL and exposed
for 4 h to contaminated algae. Water was gently mixed every
hour during clam exposure. Water samples were collected at
the beginning of algae exposure, as well as at the beginning
and at the end of clam exposure (5 ml; »=3) and filtered
(hydrophilic polypropylene membranes, 25 mm, 0.45 pum
pore size). Filters were dried in the oven at 45 °C for 24 h
before being mineralized for 3 h at 100 °C h (hot block CAL
3300, Environmental Express, USA) with 3 mL of aqua regia
(1:4 volumes of HNO3 and 3:4 volumes of HCI). Digestates
were then diluted up to 18 ml with ultrapure water (Milli-Q,
Bedford, MA, USA). The filtrate was also collected to check
for the residual gold concentration in the water compartment.
Analyses showed that gold left in the water compartment was
around 250 times less than the initial concentrations, which
means that the great majority of gold was fixed on algae. At
the end of the 4-h exposure, clams were taken out of the vials,
rinsed and placed in open individual vials, themselves placed
for 48 h into 12 L tanks filled with uncontaminated MOD,
with aeration, a temperature of 15 °C and light cycles
(12 h:12 h). This installation was made to allow feces collec-
tion from each individual. Clams were fed twice a day with
Scenesdesmus subspicatus (32.10° cells/mL). Two times a
day, individual vials were removed from tanks in order to
collect clam feces. Feces samples were put in the oven at
45 °C until water had completely evaporated. Then, they were
digested with 0.2 mL aqua regia (1:4 volumes of HNO5 and
3:4 volumes of HCI; 10% final concentration) during 48 h at
room temperature and then diluted with 1.8 mL of ultrapure
water. Clams were sacrificed after puncture of the hemolymph
to collect the whole body and were mineralized with 3 mL of
aqua regia (1:4 volumes of HNOj3 and 3:4 volumes of HCI;
10% final concentration) at 100 °C for 3 h. Digestates were
then diluted up to 18 ml with ultrapure water and stored at
4 °C until analysis.

Elimination experiment

Around 80 clams were placed into a 40-L tank 24 h before the
start of the experiment. They were fed 2 h before being ex-
posed. Then, they were exposed for 48 h to 24 mg/L of
AuNPs or 12 mg/L of H(AuCl,)3H,O0, to get similar exposure
conditions as for the waterborne uptake experiment. After 48 h,
they were transferred into uncontaminated MOD (40 L) for



28 days. Aeration was continuously provided by a diffuser
connected to an air pump, and the temperature was maintained
at 15 °C by a cooler circuit. Artificial light was provided by 4
neons (photoperiod 12 h:12 h). Clams were fed every 2 days
with suspensions of Scenesdesmus subspicatus. Water was
changed every day for the first week then every 3 days to avoid
re-uptake of gold from water. After 1 day, the gold concentra-
tion was of 0.5 mg/L and 0.3 mg/L for AuNPs and
H(AuCly)3H,0 respectively, and decreased strongly in the next
days, down to values of 0.02 and 0.07 mg/L respectively at the
end of the experiments. After 1, 2, 3, 5, 7, 10, 14, 21, and
28 days, 8 clams were sampled and sacrificed to measure gold
depuration. Whole bodies were mineralized with agua regia as
described above. Control C. fluminea, unexposed to gold, were
maintained under the same conditions and collected at each
sampling time. Water samples (2 mL, n =3) were collected at
each sampling time to check for gold release from the clams.

Biodynamic model and rate constants

Each gold sample was analyzed by atomic absorption spec-
trometry 240Z AA (Agilent Technologies). The validity of the
method was periodically checked with a laboratory-certified
reference material (CRM) made from gold-exposed Corbicula
fluminea (averaged concentrations of 39.66+2.15 ng/g, re-
covery of 101 + 1% (n=26)).

The aforementioned experiments were used to calculate
different rate constants that were integrated into the biody-
namic model. Metal concentration in aquatic organisms
([M]org, umol gfl) follows Eq. 1:

[M]c)rg = kuw x [M}water + kuf x [M}food_kg X [M]orgike X [M}org

(1)

Metal influx from solution varies as a function of the metal
uptake rate constant from water (kuw, L g ' d "), and the metal
concentration in water ([M]yater, tmol L™ 1). Metal influx from
food varies as a function of the metal uptake rate constant from
food (kuf, g ¢ ' day '), and the metal concentration in food
(IM]fo0as mol g™ "). Metal influx is also a function of body
growth dilution (kg, day '), and elimination (ke, day ).

Kuf'is also expressed as a function of food ingestion rate
(IR, g g ' day ', Eq. 2) and the assimilation efficiency (AE,
%, Eq. 3), both depending on body metal burden and feces
metal burden (Eq. 4):

M org + M faeces

IR = (2)
[M]00 X Worg X T
Moy,
AE= ——%8 %100 (3)
M org +M faeces
Kuf = IR x AE (4)

where M,,, (1g) is the metal burden into organism after
depuration, My, (ng) is the metal burden into feces during
depuration, [M]y,,4 (1g/g) is the metal concentration in food,
Wore (1g) the dry weight of the organism and 7 the time of
elimination.

Metal influx in aquatic organisms (Eq. 5) can also vary
with the number of transport sites (Bax, Hmol g_l) and the
affinity of transport sites for metal (Kg, pmol L' or pmol
g "), both depending on the metal exposure ([M]expos Hmol
L' or umol g V).

BW!GX X [M]expo
]nﬂuxorg = W (5)

expo

Differential gene expression

Hemocytes were sampled with a puncture in the adductor
muscle of C. fluminea since they are responsible for the im-
mune defense of mollusks (Cajaraville and Pal 1995). Two
samples were pooled per condition to get sufficient quantities
for RNA extractions and stored in RNA later at — 80 °C before
use. Four replicates were analyzed per time and condition.

The total mRNA extraction was carried out with the SV
Total RNA Isolation System (Promega), according to the man-
ufacturer’s instructions. The concentration of extracted RNA
was measured with a microplate spectrometer (BioTek
EPOCH) and a Take3 plate to estimate the purity of nucleic
acids by comparing the ratio between values measured at 260
and 280 nm (purity is ensured if result is over 2). All RNA
samples had a ratio over 2. The RNA samples were diluted to
have the same concentration in all samples before performing
the reverse transcription (RT). A concentration of 30 ng/pL of
RNA was used for the RT, using the GoScript Revers
Transcription System (Promega), according to the manufac-
turer’s instructions. RNA samples were incubated in an
Eppendorf Mastercycler to synthetize cDNA after the reagents
addition. cDNA samples were kept at —20 °C until their use
for real-time PCR amplification.

Twenty genes involved in endocytosis, detoxification, re-
spiratory chain, immunity, and apoptosis and three reference
genes were assessed (Table 1). Real-time PCR reactions were
performed in a LightCycler 480 (Roche) to quantify cDNA
amplification. PCR reactions were performed in 96-well
plates with the kit GoTag® qPCR Master Mix (Promega)
which contains the 5x buffer, the 7ag polymerase, MgCl,,
dNTP, and SybrGreen. For each reaction, 2 pL of a gene-
specific primer pair, at a final concentration of 5 uM for each
primer (Table 1), 12.5 pL of gPCR Master Mix mixed with
6.5 uL of RNA free water, and 5 uL of cDNA were added to
each wells and mixed to achieve PCR amplifications.

The amplification program began by one cycle at 95 °C for
10 min, then 40 amplification cycles at 95 °C for 30 s, 60 °C



Table 1 List of the genes,

accession numbers, and specific Function Gene Accession number Specific primers (5'-3")
primers used in the gPCR
analyses Reference [3-actine A4L694 GATGGATGGTCCAGACTCGTa
GGTCTGGATCGGTGGTTCTAb
pl7 P18124 CACCATCGTTGAAGTGGTTGa
CTTCAAACAGGCTGCCAACTb
efla J9Z6RS CTTCGTGCCAATCTCTGGATa
TTCCTCTCTACAGCCCAACCDH
Endocytosis cltl Q00610 GCAAACATCACACAGGTTGCa
CGTGCGTAGTTGGACACATTDb
cav P51636 GTCCAGCACCATACGTGGTTa
AACTGTTGACCACCCTCTGTGb
flot 075955 TCTTGGGCAAGTCAGAGAGCa
CTCCTCGACTGTCATGTTGCb
Detoxification mt EF185126 CGGCTATCTCCCGCGAa
AGCTTTTACCAGAACCAAACAGTD
Respiratory chain coxl Q9G2B4 CCTGTTTGGAGAAAGGGTCAa
CCGTGGCATTCCACTTATTCb
125 EF446612 AGCATTACTATGTTACGACTTACCTCAa
AGTTCAGGTAGACGTGTAGGGb
Oxidative stress sod2 P04179 CCAGGCTAATGGCAGACTTCa
GTAGGCATGCTCCCAAACATD
sodl U3PWGS CCAGCAGCCAGACCAGTTATa
AGGGAGACGCTAATGTGTCGb
cat A4L695 CACCAGGTGTCCTTCCTGTTa
CTCAGCATTCACCAGCTTGAb
gpx7 Q96SL4 AGGATGCATCTGAAGCTTGGa
CGTTCACCACATGTCCATTCb
Immunity atgl3 075143 CTCAGCTGTCCGTAACGAGATa
AAGTGCATTCTGAGGCGAAGDH
atgl2 094817 CCTCTCAACTGCCCATTTCTa
GTACACCAACGAGTCCTTTGCb
gal P17931 TACTGACTTCCCGCTCTTCGa
CACTTTGATGTGCGCTTCCb
bd3 F6M2J7 ACGCTGGACTGGCAGTATCTa
GAGCCTTCGGTAATGCCATAD
c3 P01024 ACGCTGGAAGATAACCCGTAa
ACACTTTCCAGCAGCGTCTTb
Apoptosis bel2 P10415 AAGGAACAGGTCCATTCACGa
GGGACGGATTGTTGGTGTTb
p53 P04637 TCCTGCCACAGTCACAAATGa
GTCGAGATTTTCCCTCCTTAGCb
bax Q07812 AAAGGGGAGGATGGGAGATa
GCTATAACTGCCCCTGCTGTb
gadd45 P24522 GGAGCAGGTGATGCTGTGTAa
CCAGCAGTGTGCCTCAATAAD

#Forward primer

®Reverse primer

for 30 s, and 72 °C for 30 s. Each amplification specificity was ~ obtained by following the SybrGreen fluorescence level dur-
checked with the PCR product dissociation curve. It was  ing a gradual heating of the PCR products from 60 to 95 °C.



Relative quantification of each gene expression level was nor-
malized according to the gene expression of three reference
genes: (-actin, efl o, and rpl7 (according to the GeNorm
method). The expression of ef/« varied between exposure
conditions (p > 0.05) and was thus not used for normalization.
Differential gene expression was calculated using the 224"
method as described by Livak and Schmittgen (2001). ACt
represents the difference between the cycle threshold (Ct) of a
specific gene and the Ct of the geometric mean of the Ct of the
two reference genes. Induction factors of gene expression
were calculated in comparison with the controls (not exposed
to gold) according to the following equation:

Z—AACt exposed

IF = 27AACt control

Statistical analysis

Due to the non-normal distribution of the data, statistical anal-
yses were carried out between controls and exposed bivalves,
using the non-parametrical Kruskal-Wallis test using XL Stat
software (version 2011.2.05, 1995-2011 Addinsoft). For all
statistical results, a probability of p <0.05 was considered
significant.

Results

Whole-body concentrations were measured for AuNPs and
AuCI(OH); ™ accumulations to characterize the whole burden
of gold accumulated after waterborne and dietary exposures in
order to calculate constant rates.

Gold uptake from water

C. fluminea were exposed to AuNPs and AuCI(OH); at con-
centrations up to 24 and 5 mg/L respectively and for 24 and
3 h (Fig. 1). Gold uptake in C. fluminea increased with in-
creasing concentrations of AuNPs and AuCl(OH);  for expo-
sure concentrations up to 12 mg/L (50.46 umol L") and
1.5 mg/L (10.15 umol L"), respectively. Then, saturation
was reached as shown by the Michaelis-Menten equation
model (dotted lines). Saturation was reached earlier in clams
exposed to AuCI(OH); compared to AuNPs, although they
were exposed to lower gold concentrations and for a shorter
time. The binding site capacity B,,,x which defines the max-
imum level of accumulation into the clams was higher for
AuNPs than for its ionic form (23.9+6.5 and 0.12 +
0.01 umol g ', respectively), as well as the gold concentration
in water at half saturation (kda,np=58.6+34.6 and
kdaucionys-=0.84£0.43 pumol L, respectively) (Table 1).
The uptake rate constants from water kuw were determined

from the slopes of the regressions of the linear part of the
curves and were significantly higher (p =0.09) for AuNPs
(0.28+0.06 L g ' day ') than for AuCI(OH);™ (0.03 £
0.004 L g " day ).

Gold uptake from food

C. fluminea were exposed to green algae for 4 h that had
previously been exposed to AuNPs and AuCl(OH); at con-
centrations up to 48 and 24 mg/L, respectively, for 4 h. Gold
concentrations were 24 to 36% higher in algae after
AuCl(OH); exposure compared to AuNPs. However,
C. fluminea exposed to ionic gold accumulated around 30
times less than those exposed to AuNPs with accumulations
for the 24 mg/L condition of 0.18 +0.03 and 5.26 +2.05, re-
spectively. The saturation point for AuCI(OH);  was reached
for the highest concentration tested (24 mg/L, corresponding
to 773 umol[Au]/g of algae), whereas no saturation was
reached for AuNPs at 48 mg/L (corresponding to
1144 umol[Au)/g of algae). The binding site capacity Bax
for AuCI(OH); was 0.19 £0.02 pmol g71 and kdayciomys- in
algae was 49.63 +26.50 umol L. The food uptake rate con-
stants kuf calculated from the slopes of the linear parts of
curves were significantly higher (p =0.018) for AuNPs than
for AuCl(OH); (0.009+0.002 and 0.001 +
0.0002 g g ' day ', respectively).

Elimination of gold

C. fluminea were exposed to 12 and 24 mg/L of AuNPs and
AuCI(OH); respectively for 48 h before being held in clean
water for 28 days of elimination. No gain or loss of weight in
clams was observed throughout the elimination duration (p =
0.128 for AuNPs and p=0.313 for AuCl(OH); ). The elimi-
nation rate constants ke were determined from nonlinear re-
gressions using a single exponential loss equation (y = a¢*®)
(Fig. 1; Table 2). Gold was eliminated relatively rapidly after
being incorporated into tissues from waterborne AuNP and
AuCI(OH);  exposures (around 13 and 8% of loss per day,
respectively). The elimination rate constant was significantly
higher (p =0.002) after AuNP exposure, meaning that elimi-
nation was faster in C. fluminea exposed to AuNPs compared
to AuCI(OH); .

Biodynamic parameters

The ingestion rate (IR) was calculated for both gold forms, as
reflecting the quantity of gold ingested per day. The results
presented in Table 1 show that the IR was higher for AuNPs
than AuCI(OH);", averaging 0.038+0.009 g g ' day ' and
0.011+£0.008 g g ' day ', respectively. Nonetheless, these
values are relatively low and support the observations made
during the experiments, which pointed out valve closures of
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Fig. 1 Gold uptake rates in C. fluminea after waterborne and dietborne
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Gene expression in response to AuNP exposure
As shown in Table 3 and Fig. 2, genes were mainly

overexpressed after waterborne exposure to AuNPs. Clams
showed a strong upregulation of several genes involved into
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experiment (28 days). Solid lines represent the linear regression, dotted
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(Eq. 5)

endocytosis (c/tl: 5.05—7.72-fold change), oxidative stress
(sodl: 3.3-7.5), immune system (c3: 2.97—-6.47), and apopto-
sis (bax: 3.78-7) for concentrations ranging from 1 to 24 mg/
L. No clear dose-dependent effect was observed between
AuNP treatments. Very few significant differences were ob-
served after dietborne exposure to AuNPs, probably due to the
low accumulation. Cav was slightly repressed in the 12 mg/L
condition (0.45), as well as gal and bd3, involved in immunity
(0.54 and 0.42, respectively for 12 mg/L).

In the elimination experiment, at the end of the 48-h wa-
terborne exposure to AuNPs, several genes were downregu-
lated, especially those involved in oxidative stress and



Table 2 Biodynamic parameters

and metal binding characteristics AuNP AuCI(OH);™
(mean + SE)
Biodynamic parameters
kuw (L g " day ") 0.28+0.06 0.03 +£0.004
kuf (g g " day™) 0.009 +0.002 0.001 +0.0002
ke (day ") 0.131 +0.008 0.076 +0.006
IR (gg ' day™" 0.060-0.013 (mean: 0.038 £0.009)  0.001 +0.044 (mean: 0.011 +0.008)
AE (%) 16.7-58.3 (mean: 38.2+7.3) 51.1-89.3 (mean: 76.1 £6.7)
Metal binding characteristics
Binax water (Hmol g 1) 23.94 £6.54 0.12+0.01
Kinetal water (mol L1 58.65 +34.57 0.84+0.43
Binax food (Mmol g 1) / 0.19+0.02
Kinetal food (mol L) / 49.63 +26.50

immune responses. After 1 day of elimination, the trend was
reversed and several genes involved in detoxification, respira-
tory chain, immunity, and apoptosis were upregulated (for
instance mt: 1.94, coxl: 4.18, atgl3: 2.27, gad45: 2.33).
After 2 days, we also observed the implementation of re-
sponses against the oxidative stress (sod2: 1.53; cat: 2.58),
as well as mechanisms of endocytosis (cav: 2.53; flot: 2.28),
which lasted until day 3. Between days 3 and 7, most of the
genes tested were downregulated, and gene expressions were
no longer significantly different from control after 14 days of
elimination.

Gene expression in response to AuCl(OH);~ exposure

Results for ionic gold showed several trends compared to gold
nanoparticles, with both up and downregulations after water-
borne exposure, as shown in Fig. 2. The waterborne exposure
to AuCI(OH); resulted in differential gene expressions for
treatments from 0.5 to 5 mg/L, but with lower responses for
the 1 and 1.5 mg/L conditions. Trends were less marked than
for AuNP exposures within gene categories, with some genes
upregulated and others downregulated. Clathrin-dependent
genes of endocytosis were activated, but not caveolin-
dependent ones. Upregulations were also observed for genes
involved in detoxification (m#: 1.30-3.32), and respiratory
chain (cox/: 1.57-2.15; 12 s: 0.66-1.67). All genes against
oxidative stress were upregulated (for instance sod2: 1.49—
2.62; gpx7: 1.68-2.79) except segpx which was repressed.
Conversely, all genes involved in immune responses were
downregulated (for instance gal: 0.28-0.44; bd3: 0.26-0.48),
except ¢3. The apoptosis response was balanced between in-
duction and repression of genes. The dietborne exposure did
not lead to any significant differential gene expression among
all genes tested.

The elimination experiment showed an early induction
of genes involved in oxidative stress and apoptosis (days
0 and 1). It was then followed by the downregulation of

several genes of endocytosis, oxidative stress, immunity,
and apoptosis (for instance cav: 0.27; cat: 0.40; ¢3: 0.21—
0.44); bax: 0.41-0.50 at day 2 and day3). After 7 days of
elimination, a few genes were induced again (/2 s, gpx7,
atgl?2, bax) but at the end of the experiment, there was no
more response involving apoptosis or respiratory chain,
and genes of endocytosis, oxidative stress, and immunity
were downregulated. No differential expression of the m¢
gene was observed throughout the elimination
experiment.

Discussion
Gold uptake and elimination from water

Our results showed that the rate constant for Au uptake is
higher for AuNPs than for AuCl(OH); (kuw =0.28 and
0.03 L g ' day ', respectively). It means that C. fluminea
accumulates more gold in its nanoparticulate forms under
the same exposure conditions. This result is quite surpris-
ing, as other studies on different metal nanoparticles re-
ported opposite trends. For example, Croteau et al. (2011,
2014) showed that snails exposed to copper oxide nano-
particles and to citrate silver nanoparticles accumulated
more metals when in their ionic forms. However, the up-
take efficiency depends on the nanoparticle surface chem-
istry as well as its physical properties (Levy et al. 2010).
Indeed, citrate Ag nanoparticles are negatively charged,
which make them less likely to be accumulated by cells,
compared to the ionic form of Ag (Ag"). The accumula-
tion of gold nanoparticles seems to follow a different
pathway, independent of coating properties. Indeed, a
study conducted on the marine bivalve species Ruditapes
philippinarum also showed that gold accumulation oc-
curred faster and reached higher values within the diges-
tive gland after waterborne exposure to Au-citrate



Table 3

different from controls are presented in the table (Kruskal-Wallis test, p < 0.05)

Differential gene expression (DGE) for the three experiments: waterborne, dietborne, and elimination (mean, n =4). Only DGE significantly

AuNP Waterborne (ppm) Dietborne (ppm) Elimination (days)
05 1 5 12 24 5 12 24 48 0 1 2 3 7 10 14

Endocytosis cltl 5.1 772 5.05 6.79 1.83

cav 0.45 209 253 038 0S5

flot 2.78 3.75 2.14 228 0.41
Detoxification mt 2.16 194 178 1.53
Respiratory chain  cox/ 243 1.9 418 6.89 3.95 0.45

12 s 225 1.73
Oxidative stress sod2 2.68 466 281 2.79 1.53 1.76 0.58

sodl 33 75 383 407 023 027 0.29

cat 242 0.58 2.58 337 048 0.39

apx7 29 43 243 249

segpx 0.56 0.37 045
Immunity atgl3 227 25 223 064 043

atgl? 34 567 3.61 276 144 19

gal 0.35 0.54 137 165 235 048 0.61

bd3 042 035 029 0.66 0.59

c3 3.62 647 297 3.03 0.37 0.46
Apoptosis bcl2 319 6.02 3.07 32 056 2.18 1.68 0.62

p53 1.74 0.63

bax 378 7,00 4.1 3.92

gad45 233 242 1.84 0.54
AuCIl(OH); Waterborne (ppm) Dietborne (ppm) Elimination (days)

0.1 05 1 1.5 2 5 1 5 12 24 0 1 2 3 7 10 14

Endocytosis cltl 216 212 222 227 0.41

cav 042 025 032 03 0.27 0.62 048

flot 1.25 0.59 0.49 0.49
Detoxification mt 1.3 332 1.93
Respiratorychain ~ cox/ 1.65 1.57 215 1.85

12s 0.66 1.67 1.64 1.98
Oxidative stress sod?2 2.32 149 2.62

sodl 346 292 409 202 394 0.53 0.41 1.56

cat 0.63 0.4 0.54

apx7 1.81 2.79 1.68 2.31 207 1.72

segpx 0.53 0.38 035 051 0.59 0.73
Immunity atgl3 0.52 0.53 0.39 0.64

atgl2 0.64 049 235 149

gal 044 029 028 0.36 023 0.54 0.49

bd3 0.42 026 029 048 039 5.67 0.64 0.39

3 243 262 188 233 0.44 021 0.64
Apoptosis bcl2 1.34 2.29 3.67

p53 0.41 0.59

bax 1.45 1.72 2.24

gad45 045 2.1 041 0.5

nanoparticles compared to AuCI(OH); (Garcia-Negrete
et al. 2013). In another study on C. fluminea exposed to
AuNPs via trophic route, Renault et al. (2008) showed

that AuNPs could penetrate gill and stomach epithelia
and were stored into vesicles. They suggested that vesicle
genesis could act as a defensive device to protect cells by
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Fig. 2 Ratio of genes up- and downregulated by functional category tested, in clams after waterborne exposure to AuNPs and AuCI(OH)3-

sequestering AuNPs. Several authors suggested that
AuNPs remain trapped in endosomal vesicles and are in-
capable of reaching the cytosol (Levy et al. 2010). Some
studies suggested that once ingested, excretion would play
an important pathway within the digestive tract to limit
AuNP accumulation in organs and may occur after as
early as 1 day of exposure (Canesi et al. 2012; Garcia-
Negrete et al. 2013). This is consistent with our study and
the ke values where we showed a faster elimination of
AuNPs compared to AuCI(OH); . These results are con-
firmed by the value of AE which is lower for AuNPs than
for AuCl(OH);3 , suggesting a stronger gold accumulation
into feces compared to the whole body after AuNP expo-
sure, thus a greater excretion of gold.

Gold uptake from dietary sources

Gold was around 30 times less accumulated after dietary
exposure to AuNPs and AuCI(OH); , than after the water-
borne exposure. Previous studies showed that the algae
Scenedesmus subspicatus used to feed C. fluminea was
able to convey gold nanoparticles since AuNPs accumulat-
ed at the surface of their cell wall (Renault et al. 2008).
From our data, we calculated bioconcentration factors
(BCFs) of 6.1, 11, 41.3, and 75.7 for the 5, 12, 24, and
48 mg/L treatments respectively, after 4 h of exposure.
Therefore, we would have expected a strong accumulation
in clams’ tissues. In this study, we measured the gold

accumulation in the whole body of C. fluminea to get the
total body burden, which can depend on the filtration, stor-
age, and excretion capacities of the different organs. For
example, it has been shown in a study on C. fluminea ex-
posed to the same AuNPs that gold was preferentially ac-
cumulated in the visceral mass after dietary exposure, with
concentrations more than 30 times higher than those in the
gills after 5 days of feeding with algae exposed to 0.5 mg
AuNP/L (Perrier 2017). However, in our study during the
trophic exposure, we observed a decrease in the ventilator
activity of clams, even more pronounced for high gold
concentrations. The valve closure of bivalves could have
had a direct impact on gold accumulation through a re-
duced gill filtration and explain the low concentrations
measured in the body, including the visceral mass, and then
the low values obtained for the rate constant from food
(kuf). Studies suggested that the ionic form of gold was
strongly toxic and could directly affect the adjustment of
the organism’s filtering and ingestion rate (Garcia-Negrete
et al. 2013). This statement is in accordance with our re-
sults, showing a greater IR for AuNPs than AuCI(OH); .
Other nanoparticles and metals have been reported to im-
pair feeding activity of aquatic organisms. For instance,
dietary exposures to ZnONPs and AgNPs suppressed feed-
ing rates of the snail Lymnaea stagnalis (Croteau et al.
2011, 2014) and dietary exposure to Ag>* and AgNP led
to a decrease in feeding activity of the bivalve
Scrobicularia plana (Buffet et al. 2013).



Predicting gold uptake from the biodynamic model

Biodynamic models assume that bioaccumulation is the result
of'a balance among three mechanisms: uptake rate from water,
uptake rate from diet, and elimination rates. Empirical data do
not always take into account different exposure routes, and
this may explain the poor correlation often observed between
environmental concentrations of metals and concentrations in
biomonitor species (Luoma and Rainbow 2005). These au-
thors explained that metal forms, taxons, and exposure routes
which are integrated in biodynamic models provide a mean to
explain the variability of bioaccumulation in nature. This is
crucial to better understand the associated toxic effects.

The rate constants determined from our results (Table 1)
show that gold mainly accumulates after waterborne exposure
in C. fluminea, and to a lower extent after dietborne exposure
for both tested forms of gold (very low kuf'values). Basically,
C. fluminea ingests more AuNPs than AuCI(OH); (IR
AuNP > IR AuCI(OH); ) but eliminates AuNPs more rapidly
than AuCI(OH); and have a lower assimilation efficiency
(AE AuNP < AE AuCI(OH); ) probably due to the imple-
mentation of better elimination mechanisms, such as excretion
(ke AuNP > ke AuCl(OH); ). In our study, we used a range of
concentrations of AuNPs and AuCI(OH); , reaching values
higher than those expected in natural waters, in order to reach
saturation and determine the rate constants from the slope of
the linear part of the curve. Their incorporation in the biody-
namic model will allow predicting accumulation in the organ-
ism (Luoma and Rainbow 2005). For example, if we assume a
chronic and environmentally relevant dietborne exposure of
5 nmol L' Au in the form of AuNPs and AuCl(OH); , it
gives 16.11 and 29.15 nmol gfl for AuNPs and AuCI(OH);
accumulated in algae for the trophic exposure respectively,
and the clams will accumulate: 1.36 nmol g ' for AuNPs
and 0.17 nmol g ' AuCI(OH);". This biodynamic model is
of particular interest when assessing accumulation capacities
of bivalves at concentrations as low as nmol L™, especially
since such concentrations are difficult to detect with analytical
tools, as explained in Croteau et al. (2011). Specifically, bio-
dynamic models are useful tools for aquatic organisms such as
bivalves since they can modulate their ventilatory activity
when exposed to contaminants and accumulate concentrations
that do not reflect the environmental contamination. By inte-
grating different parameters of accumulation and elimination,
the biodynamic model presented here represent an integrative
tool to monitor bioavailable gold concentrations in bivalves in
natural waters, in order to closely estimate their body burden
and link it to potential adverse outcomes.

Effects of gold exposure on gene expression

Hemocytes were sampled in adductor mussels of clams and
used to conduct gene expression analyses. Hemolymph cells

are responsible for the immune defense of mollusks
(Cajaraville and Pal 1995) and have been reported as consti-
tuting important targets for NP toxicity (Canesi et al. 2012;
Katsumiti et al. 2016), which make them interesting to inves-
tigate for gene expression. Several genes involved in endocy-
tosis, detoxification, mitochondrial metabolism, oxidative
stress, immunity, and apoptosis were assessed. The most im-
portant differential gene expressions (DGEs) were obtained
after the waterborne exposure. No DGE was observed for
the lowest concentrations tested of AuNPs and AuCI(OH);™
(0.5 and 0.1 ppm, respectively). This means that effects ob-
served occurred for concentrations higher than those found in
the environment. It should be kept in mind that we conducted
short-term exposures (24 to 48 h), but it was long enough to
generate DGE. Under chronic exposures at lower concentra-
tions, representative to natural conditions, we might expect
effects at the gene level too. Endocytosis was clearly identified
as an entry mechanism after AuNP and AuCI(OH); expo-
sures, with the upregulation of clathrin-dependent and inde-
pendent pathways (flotillin). Endocytosis is widely reported in
the literature as being the main entry route of nanoparticles
into cells (Conner and Schmid 2003; Doherty and McMahon
2009), but so far, it was less clear for ionic forms of gold.
Detoxification was also implemented with the upregulation
of the mt gene of clams exposed to AuClI(OH); , and to a
lesser extent to those exposed to AuNPs. Metallothioneins
are well-referenced proteins involved in the metal sequestra-
tion in bivalves (Amiard et al. 2006; Baudrimont et al. 2003).
However, the lack of response for AuNPs, except for the
highest concentrations tested (24 mg/L), could be explained
by the polyethylene glycol (PEG) coating on their surface.
PEGylation of NPs has been used traditionally to reduce
non-specific interactions with proteins (Dai et al. 2014;
Pelaz et al. 2015), and we could assume that this might result
in less interaction with metallothioneins. Several genes in-
volved in the response against oxidative stress (sodl, sod2,
cat, gpx7) were also upregulated after AuNP and AuCI(OH);
waterborne exposures. It has been demonstrated in different
studies that gold exposure could lead to an oxidative stress.
For instance, Tedesco et al. (2008) showed that the exposure
of Mytilus edulis for 24 h to 750 ppb of citrate-AuNPs (13 nm)
resulted in the upregulation of catalase. Other organisms such
as fish have also been reported as undergoing oxidative stress
after waterborne exposures to 1.6 mg/L of citrate and PVP
AuNPs (40 nm), with an upregulation of gpx/, gpx4, sod2,
and cat. However, this is to our knowledge the first evidence
of the induction of an oxidative stress in bivalves exposed to
PEG-AuNPs. Indeed, PEG coating are commonly used to
avoid the clearance of NPs by the immune system (Gordon
and Rice 1988). Our results are quite surprising since they
highlight an oxidative stress and a strong immune response,
by the upregulation of atg/2 and c3 after the exposure to PEG-
AuNPs and to a lesser extent after the AuCI(OH);™ exposure



with genes of immunity mainly downregulated (except c3).
The results clearly point out a difference in gene responses for
both forms of gold. This is confirmed by the apoptotic re-
sponse, stronger after AuNP exposure than after
AuCI(OH); . This denotes the higher apoptotic processes trig-
gered by AuNP exposure compared to its ionic form, poten-
tially leading to cell and individual death.

NP toxicity is often referred as being more hazardous for
aquatic life than its ionic counterpart. But recent studies on
NPs such as silver NPs have suggested that this could be
actually linked to the release of metal ions (Burchardt et al.
2012; Katsumiti et al. 2015). Here, the stability of AuNPs has
been checked by using filtration device (Amicon ultracel 3 K
filters, Merck) to separate the dissolved fraction from the par-
ticulate one of AuNP solutions at 1 and 10 mg/L after 1, 24,
and 60 h under 12:12 light and gentle agitation. The pH values
were measured in the tested solutions for the concentrations of
1 and 10 mg/L, and averaged 6.35+0.18 and 5.48 +0.43,
respectively, close to the internal pH of active lysosomes
(pH around 5). The results showed very good stability in time
with 0.018 and 0.08% of gold dissolved after 1 h in AuNP
solutions at 1 and 10 mg/L respectively, 0.49 and 0.54% after
24 h and 1.7 and 6.6% after 60 h, respectively (Table 4). This
means that in our experiments lasting for 24 to 48 h, very little
gold was solubilized and that observed effects can predomi-
nantly be related to AuNPs themselves. However, it has been
shown that under acidic conditions, AuNPs could be oxidized
into Au’*and AuCl,~ (Praharaj et al. 2007). Acidic conditions
may be encountered by NPs once ingested. Renault et al.
(2008) and Jimeno-Romero et al. (2017) demonstrated that
AuNPs were sequestered into lysosomal vesicles once inside
bivalves where pH is low, and that it could damage NP coat-
ing. This could lead to the release of gold ions contained in
each nanoparticle, described as a Trojan horse mechanism by
Luoma (2008). To support this assumption, the stability of
AuNP has also been checked under very acidic concentrations
(1% aqua regia for 1 h, pH=1.32+0.11) in our study by
using Amicon filtration as described above. Results showed
a quite important release of gold ions reaching 16.9 and 23.1%

Table 4  Solubilization percentage of gold over time from AuNP
solutions at 1 and 10 ppm

AuNP initial concentration (ppm) Time (h) Solubilized gold (%)
1 1 0.08 £0.06
24 0.54+0.22
120 1.7+£0.67
10 1 0.18+0.18
24 0.49+0.15
120 6.61+£0.9
1 (1% aqua regia) 1 16.89
10 (1% aqua regia) 1 23.11

of total AuNPs for the tested concentrations of 1 and 10 mg/L,
respectively. The difference between results obtained after
AuNP and AuCI(OH); exposures observed here could be
related to this internal release phenomenon.

Very few effects were observed for the dietborne exposure
to AuNPs and AuCI(OH); . As aforementioned, we observed
that C. fluminea modulated its ventilatory activity when ex-
posed to gold. However, another study conducted on
C. fluminea exposed to AuNPs showed the upregulation of
the catalase gene in the visceral mass of clams dietary exposed
to PEG-AuNPs for 7 days (Renault et al. 2008). The discrep-
ancy between both results could come from the exposure du-
ration. In our study, clams were exposed to contaminated al-
gae for only 4 h. A longer experiment would be suitable since
after a closure time, clams will have no choice than filtering
for their respiratory and feeding needs.

The elimination experiment clearly followed the response
pathway of the waterborne exposure, with greater upregula-
tion of genes after AuNP exposure compared to AuCI(OH); ,
that lasted until 10 days of depuration. Still, results are not
exactly similar to those from the waterborne exposure at TO
since the exposure lasted here 48 h against 24 h for the water-
borne exposure. Other studies conducted on C. fluminea have
shown long-term effects on gene expression after exposure to
metals. For instance, Arini et al. (2014) demonstrated that the
response against oxidative stress via the upregulation of cata-
lase lasted for more than 28 days after the contamination with
Cd and Zn stopped. Other genes such as /2s and mt were also
upregulated for 14 days after the end of exposure. Given the
whole results, we can assume that gene inductions were no
longer linked to gold exposure after 14 days of elimination,
despite their incomplete decontamination.

Conclusion

Incorporation of parameters into the biodynamic model shows
that the waterborne exposure is the main entry route for gold
in C. fluminea for both forms of gold. As the ventilatory ac-
tivity of clams is used for both respiratory and feeding pur-
poses, C. fluminea are likely to accumulate important concen-
trations of metals, including gold, as suggested by the results
of this study. As such, they represent good models to monitor
the presence of AuNPs into the environment, especially at low
environmental concentrations, where they cannot be detected
by usual analytical methods. The strong stability of AuNPs
used in this study is a major finding in research towards nano-
particle effects on aquatic organisms. Several studies suggest
that NP toxicity may actually be related to the release of their
counterpart ions, in large quantity. In this study, we showed
that AuNPs were very stable and generated more effects at the
gene level than ionic gold. These results raise new concerns by
showing the actual toxicity of NPs. By the same token, they



show the importance for further investigations on other metal
NPs to test if toxicity is enhanced when NP stability increases.
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