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Abstract 13 

Cerium dioxide nanomaterials (CeO2 NM) are used in different fields and incorporated in daily 14 

products. Several studies highlighted their effects on organism physiology, although molecular 15 

studies remain scarce. NM behavior is strongly dependent on the environment but few data are 16 

available using complex exposure media, raising the question of its environmental impacts. The 17 

aim of the present work was to assess the toxic potential of three CeO2 NM in Corbicula 18 

fluminea at molecular level by RT-qPCR under a more realistic scenario of exposure, in a 19 

multistress context at two different salinities (1.5 and 15 psu). C. fluminea was exposed for 28 20 

days to pulses of the three selected NM (reference, manufactured and aged manufactured). In 21 

bivalves, the gills and digestive gland are two key organs used for ecotoxicological studies. The 22 

expression change of 12 genes was measured in control organisms after 28 days in both organs, 23 

allowing us to clearly separate the responses for both organs and salinities. As gills come in 24 

contact with the environment first, we monitored gene expression at intermediate time points 25 

(7, 14 and 21 days) for this organ in order to highlight clams responses to NM and salinity. Two 26 

genes (Se-GPx, MnSOD) had a salinity dependent level of expression. HSP70, Se-GPx and 27 

Trxr mRNAs presented significant changes in their expressions in presence of NM. This study 28 

was completed by using an integrated statistical approach. The exposed organisms were 29 

differed more from control at field salinity than those exposed to hyper-saline conditions. At 30 

15 psu, salinity pressure seems to cause the first molecular impact. At 1.5 psu, gene expression 31 

patterns allowed the effect of each NM to separate clearly. These results confirmed the 32 

usefulness of gene expression studies. Moreover, we highlighted the necessity to assess 33 

environmental toxicity of the different form of manufactured NM. 34 

Keywords: Corbicula fluminea, gene expression, CeO2 pristine and aged nanomaterials, 35 

mesocosm, salinity  36 
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1. Introduction  37 

Engineered nanomaterial (NM) production and use are still growing despite the lack of robust 38 

information regarding their environmental fate and effects. Their increasing use necessarily 39 

leads to an elevation of their concentration in the environment. Because of their specific 40 

physicochemical properties and associated reactivity, their presence in environmental matrices 41 

might conduct to interaction with the biota and harmful effects can be expected (Park et al., 42 

2007). Hence, some widely used NMs were listed in OECD priority lists of manufactured 43 

nanomaterials for safety evaluation (OECD, 2010). Cerium dioxide nanoparticles are part of 44 

the priority lists. As cerium dioxide nanoparticles are mostly found in polishing agents and in 45 

fuel additives, their use results in immediate environmental release (Wang & Nowack, 2018a). 46 

Their environmental predicted concentrations (PEC) are 2 ng/L in European surface waters and 47 

46 µg/kg in sediments while their predictive no effect concentration (PNEC) in freshwaters was 48 

estimated to be 2.62 µg/L. According to the estimated release, no risk is predicted until 2020. 49 

However, their production continues to increase substantially (Wang & Nowack, 2018a, 50 

2018b). Therefore, their putative interaction with the biota is of major concern and their effects 51 

in relevant biological matrices has to be assessed.  52 

When assessing fate and effects of NM, one major concern lies in the difficulty of understanding 53 

and anticipating their behavior in complex matrices. In laboratory experimental studies, NM 54 

behavior may be affected by the physico-chemical characteristics of the NM itself (size, 55 

coating…), of the surrounding media, by the exposure duration or by the presence and the 56 

activity of test organisms themselves, making comparisons between studies particularly 57 

difficult. In the case of CeO2 NMs, the Joint Research Center (JRC) proposed a well-58 

characterized representative cerium dioxide nanomaterial (NM-212) allowing comparison 59 

between results from different laboratories and projects (Singh et al., 2014). Providing such a 60 

reference material is a useful step for NM characterization and risk assessment, but this 61 
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comparative approach is not sufficient. Alteration occurring after NM incorporation in the 62 

product and after daily-life use may change their properties and then their toxic potential. It was 63 

thus demonstrated that CeO2 NMs from a fuel additive (Envirox™) were subjected to some 64 

modifications after combustion, mimicking changes occurring after consumer use. These 65 

modifications affected NM properties such as size, coating, morphology and the presence of 66 

surfactant that could considerably change their physicochemical properties (Auffan et al., 2017; 67 

Dale et al., 2017). Therefore, alteration and aging have to be investigated to better understand 68 

NM potential effects on environment (Auffan et al., 2017).  69 

Aquatic ecosystems are the ultimate sink of a wide range of contaminants. Intentional or 70 

incidental release of NMs may enhance their introduction in freshwaters that flow to the ocean 71 

with approximately 40 000 km3/year, resulting in NM transportation to marine waters. The 72 

modification of salinity between freshwaters and marine systems may influence NM physico-73 

chemistry and needs to be taken into account for a full environmental evaluation (Bertrand et 74 

al., 2016). The high ionic strength in salt waters will encourage CeO2 NMs sedimentation that 75 

will be quickly removed from the water column (Keller et al., 2010). Indeed, NM fate and 76 

behavior in the field diverge considerably depending on medium complexity but most 77 

laboratory studies so far have mostly used simplified and standardized exposure media. 78 

Experiments assessing low levels of NM effects using exposure conditions closer to the 79 

environmental ones (e.g. water, sediment, food and bacteria) are currently scarce in spite of 80 

their relevance (Bottero et al., 2015).  81 

In order to evaluate the potential cellular stresses, analysis of gene expression at mRNA level 82 

is an appropriate tool (Pina et al., 2007, Calzolai et al., 2007) because it enables to detect early 83 

warning signals of chemical impact (Bigot et al., 2011; Chen et al., 2015). Indeed, first 84 

responses of organisms exposed to contamination take place at the cellular level by the change 85 

of molecular components. Then, cascade events lead to impact at the level of tissues, organisms 86 
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and even at the level of population and community on a longer timescale. Relatively few studies 87 

were performed using molecular tools in aquatic ecotoxicology in the case of NM effect 88 

assessment and were mainly done on fish, crustacean and algae species. To date, only about 89 

twenty studies have monitored their effects on gene expressions in bivalves, which represents 90 

key species for the monitoring of aquatic pollution by NMs (Rocha et al., 2015). Some 91 

published works reported strong impacts in a variety of pathways as those related to metal 92 

exposure (metallothioneins (MT)), to antioxidant and antitoxic defenses (MnSOD, CAT, Se-93 

GPx, GSTpi, HSP70, HSP90, CYP450), to excretion processes (MRP, PGP), to ionic exchange 94 

(Na/K ATPase), to immune system (lysozymes), to cellular damages (p53, TNF-α, Ras) and to 95 

DNA repair mechanisms (rad51, Gadd45) using a variety of  metallic NMs such as TiO2 96 

(D’Agata et al., 2014;  Canesi et al., 2014; Barmo et al., 2013, Banni et al., 2016; Balbi et al., 97 

2014; Guan et al., 2018, Shi et al., 2017), CuO (Ruiz et al., 2015; Châtel et al., 2018; Volland 98 

et al., 2018), ZnO (Li et al., 2018), Au (Volland et al., 2015; Renault et al., 2008) and Ag NMs 99 

(Ringwood et al., 2010). The only study assessing CeO2 NMs effects in a bivalve at molecular 100 

scale monitored 3 genes expressions (Se-GPx, GSTpi and MT) which allowed to differentiate 101 

the NM according to their coating and were related to their antioxidant properties (Garaud et 102 

al., 2016). The screening of a battery of genes implicated in numerous different pathways will 103 

thus provide useful information about the mechanism of action of NMs.  104 

Despite the observed antioxidant properties of CeO2 NMs (Chen et al., 2006; Das et al., 2007; 105 

Niu et al., 2007; Garaud et al., 2015), several studies highlighted harmful effects on cells of non 106 

bivalves eukaryotic organisms. These effects are mainly oxidative stress (Park et al., 2008; Eom 107 

& Choi, 2009; Cheng et al., 2013; Lin et al., 2006; Zhang et al., 2011), inflammation (Morimoto 108 

et al., 2015), autophagy and apoptosis (Hussain & Garantziotis, 2013).  109 

According to these previous results, our study focused on genes involved in several pathways 110 

that could be affected like (i) antioxidant and detoxification mechanisms (SOD, CAT, GPx or 111 
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thioredoxin reductase (Trxr), MT, GST, PGP, MRP), (ii) general stress response (HSP70) or 112 

even (iii) autophagy (GABARAP). The monitoring of gene expression following NM exposure 113 

and salinity changes was done in a freshwater bivalve, Corbicula fluminea. C. fluminea is an 114 

endobenthic filter-feeder organism living at the water-sediment interface and supporting large 115 

salinity variations. Two salinities were employed representative from continent (1.5 psu) to 116 

brackish water (15 psu) in order to get insight on NM effects at salinities occurring from rivers 117 

to sea. In order to get closer to environmental conditions and to mimic interactions occurring in 118 

nature, we chose to expose the bivalves in tanks fills with water, sediment and algae as a food 119 

source. The present work focused on two organs: the gills and the digestive gland. Gills 120 

constitute the first line in contact with environment because of their anatomic position. They 121 

ensure multiple exchanges and have to maintain cellular homeostasis (Cerqueira & Fernandes, 122 

2002). The digestive gland is the main organ for biotransformation and detoxification of 123 

contaminants.  124 

Thereby, the aim of the study was to evaluate the molecular impacts of NM under a complex 125 

exposure scenario on C. fluminea exposed to (i) different forms of NM encountered under their 126 

life cycle, (ii) different salinities and (iii) the combination of both. Gene expressions linked to 127 

antioxidant, antitoxic, autophagy and general stress responses were analyzed after 28 days in 128 

gills and digestive gland. As gills are in the first place during exposure, we additionally 129 

monitored gene expression at intermediate time points (7, 14 and 21 days) in this organ. The 130 

data were analyzed by using both individual and multivariate analyses.   131 
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2. Materials and methods 132 

2.1.Sampling and acclimation  133 

Individuals of C. fluminea of 15-20 mm length were hand-collected in September 2014 in 134 

Argancy in the Moselle River (49° 19’48’58’’W, 6 19’81.11 N, France). The collected clams 135 

were transported to the laboratory in the sediment and water from the collection site. The 136 

physico-chemical parameters of the collection site were pH: 7.3, temperature: 13.9°C, salinity: 137 

1.2 psu.  The organisms were then quickly placed into aerated artificial water (Tropic Marine®) 138 

at 1.5 psu at 15°C for 3 days. Then, a progressive acclimation process was performed as 139 

described in Bertrand et al. (2017). Briefly, half of the bivalves were progressively acclimated 140 

in a 3-day step by step process to increasing salinity at 5, 10 and 15 psu (9 days). The other half 141 

was kept at 1.5 psu water for the same duration. Organisms (n=96) were then placed in each 142 

experimental unit for 3 days according to their acclimation salinity, in order to stabilize in the 143 

mesocosm unit (photoperiod: 16:8, temperature: 19.3°C, oxygen saturation: 8.14 mg O2/L, pH: 144 

8.1, redox potential: 232.9 mV). 145 

2.2.Tested nanomaterials  146 

Envirox™ product was purchased from Energenics Europe Ltd. Envirox™ is a fuel additive that 147 

enhances combustion efficiency and reduces emission of soot in diesel engines during catalytic 148 

combustion (Park et al., 2007). CeO2 is incorporated in this product at the concentration of 26.7 149 

± 0.8 g.L-1. Two different states of Envirox™ were prepared and characterized by the CEREGE 150 

(UMR CNRS 7600 Aix en Provence, France). Envirox™ suspension was centrifuged for one 151 

hour at 20°C at 396 750 x g. After being lyophilized, the pellet was divided into two parts. One 152 

was directly used to prepare the Envirox™ exposure media. The other part was combusted in 153 

an oven for 20 minutes at 850°C to simulate the car engine combustion and by this way, mimic 154 

the aging of Envirox™. The combusted pellet was used to prepare the Combusted Envirox™ 155 

exposure media. The characterization of both Envirox™ states was performed by Auffan et al. 156 
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(2017). Briefly, Envirox™ particles were monodispersed and spherical with a mean size 157 

measured by Transmission Electron Microscopy (TEM) of 7.6 ± 1.2 nm while Combusted 158 

Envirox™ particles were polyhedral with a mean size of 19.0 ± 10.4 nm. These sizes were in 159 

accordance with those obtained by X-Ray Diffraction (XRD). The crystalline nature observed 160 

by XRD was identical between both states and corresponded to cerianite. There was no 161 

detectable Ce(III) atoms at both Envirox™ states using X-Ray Adsorption Near Edge Structure 162 

(XANES) spectra. The organic matrix surrounding the CeO2 particles of Envirox™ was 163 

characterized by Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) 164 

spectroscopy and a complete loss of the organic matrix surrounding the CeO2 particles was 165 

shown after the 850 °C Combustion (Combusted Envirox™). The Dynamic Light Scattering 166 

(DLS) technique indicated that the Envirox™ NMs were monodispersed with an average 167 

hydrodynamic diameter at 20 nm after dilution in heptane (200 mg/L). The Combusted 168 

Envirox™ showed 2 populations of size of 90 and 530 nm (milli-Q water, pH 5.9). In different 169 

water salinities made using the TropicMarine™ sea salts, Auffan et al. (2017) showed that the 170 

zeta potential was salinity dependent ranging from -25 mV at 0.1 g/L (pH 6.5) to -5 mV at 30 171 

g/L (pH 8.3). No data are available on their hydrodynamic diameters due to the colloidal 172 

instability of the aggregates (Auffan et al., 2017). The dissolution was low (< 1.5 %, 48h, with 173 

and without light) at each salinities tested (0.1, 1, 10, 30 g/L) for both Envirox™ states and was 174 

slightly less in the combusted form (Combusted Envirox™) that in the uncombusted one 175 

(Envirox™). The dissolution was also decreased at higher salinity (10 and 30 g/L) compared to 176 

lower ones (0.1 and 1 g/L) (Auffan et al., 2017).  177 

NM-212 Representative Manufactured Nanomaterials (Ref: CeO2-JRCNM02102a/ 178 

JRCNM02102a004014) were provided by the Joint Research Centre (JRC). This NM was well 179 

characterized by Singh et al. (2014). Briefly, NM-212 were polyhedral with irregular 180 

morphology and had a non-homogenous size distribution ranging from below 10 nm to well in 181 
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excess of 100 nm (TEM). The crystallite sizes assessed by XRD were in the range of 33.3 / 49 182 

nm. The X-Ray Photoelectron Spectrometers (XPS) results showed that the Ce4+ was the 183 

predominant form (Singh et al., 2014). Measurements by Dynamic Light Scattering (DLS) 184 

indicate that they were monodispersed in ultra-pure water and had a mean size of 225.4 ± 92.5 185 

nm. NM-212 powder was used to prepare 15 mL of stock suspension at 1g/L every week during 186 

the whole exposure duration. An ultrasonication (90% amplitude in ice tank, 20 seconds) was 187 

done on the stock suspension before each introduction in mesocosm as described in Singh et al. 188 

(2014) guidelines.  189 

2.3. Mesocosm setup 190 

After the progressive acclimation, clams were placed in eight mesocosms (750 x 200 x 600 191 

mm) filled with 14 kg of synthetic sediment (90 % sand, 9 % kaolin, 1 % CaCO3) and 45 liters 192 

of artificial water (ultra-pure water and Tropic Marin™ sea salts (Tropicarium Buchshlag 193 

Dreieich, Germany)) made at each tested salinity (1.5 and 15 psu). In order to assess the salinity 194 

effect, four mesocosms per salinity were used, 1.5 psu corresponded to the field salinity and 15 195 

psu to the hyper-saline condition. Clams were exposed to three treatments: NM-212, Envirox™ 196 

and Combusted Envirox™ for each tested salinity. Eleven injections of 4.1 mg CeO2 NM for 197 

each treatment were made into the mesocosm water column (every 3 days) in order to reach a 198 

final concentration of 1 mg/L after 28 days of exposure. One uncontaminated mesocosm per 199 

salinity (Controls) was set up. The organisms were fed during the whole experiment with 1 x 200 

105 cells Chlorella sp/mL. Physico-chemical parameters in the water column (temperature, 201 

salinity, pH, redox potential and dissolved oxygen) were continuously monitored during the 202 

whole duration of exposure.   203 
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2.4. RT-qPCR 204 

Digestive gland and gills were used at 28 day for gene expression assessment in the different 205 

tissues and a time scale analysis of gene response was also conducted for gills at 7, 14 and 21 206 

days.  207 

2.4.1.  Preparation of RNA extract 208 

Both organs were dissected, snapped in frozen liquid nitrogen and stored at -80°C until 209 

subsequent analysis. Total RNA was extracted from tissues using an RNeasy kit (Qiagen) 210 

according to the manufacturer protocol. After extraction, contaminated DNA was digested with 211 

DNAse I (Sigma Aldrich) and total RNA was purified with RNeasy kit. RNA purity and 212 

quantity were assessed by optical density measurements (OD 260 nm and OD ratio 260/280 213 

and 260/230) and RNA integrity was checked using Bioanalyseur 2100 (Agilent, CA, USA).  214 

2.4.2. RT-qPCR analysis 215 

RT-qPCR was performed on 13 genes. The primer sequences are listed in Supporting 216 

Information Table S1. Primers were designed using Primer3Plus. The cDNA was synthesized 217 

in a final volume of 20 µl by using 900 ng of RNA, 2.5 µM of random hexamer primers, and 218 

SuperScript® III reverse transcriptase according to the manufacturer’s instructions 219 

(Invitrogen). The qPCR reaction was conducted with 45 ng of cDNA, water (no template 220 

control) or total RNA (45 ng/reaction; no RT control) as a template, from 200 to 300 nM of  221 

primers (see table S1) and Fast SYBR® green master mix (Applied Biosystem®, CA, USA ) 222 

in a final volume of 20 µL. The cycling conditions were 20 s at 95°C, followed by 40 cycles of 223 

3 s at 95°C and 30 s at 60°C. Specificity of amplifications was checked using a melting curve 224 

generated at the end of the reaction and the size of the amplicons was verified on agarose gel. 225 

All PCR amplifications were performed on each biological replicate using the StepOnePlus RT-226 

PCR system (Applied Biosystems®). Gene expression levels were analyzed using the relative 227 
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quantification method (∆∆Ct) (Livak et al., 2001) with the ribosomal protein S3 gene as a 228 

reference for normalization. Condition control 1.5 psu was chosen as reference condition for 229 

the gills’ relative gene expression presentation. The final treated/control ratio and pooled 230 

standard deviation were calculated based on the mean ∆Ct of biological replicates. Due to qPCR 231 

plate constraint, the four times of exposure were treated separately.  232 

2.5. Cerium quantification in bivalves  233 

The digestive glands of organisms (n=6 per treatments) were dissected and placed in oven 234 

(45°C) during 48 h. After dry weight determination, digestive glands were added with 1 mL of 235 

HNO3 (32.5 %) and placed at 65°C during 48 h to release total Ce contained in the tissues. 236 

Quantifications of Ce into homogenate were performed by Micropolluants Technologie S.A. 237 

(Metz, France) using ICP-MS (Agilent 7700, Agilent Technologies France). Results were 238 

expressed in ng Ce/ g dry weight. 239 

2.6. Statistical analysis 240 

Statistical analyses have been conducted using R (R Core Team, 2014). For the individual gene 241 

expression data, homoscedasticity and normality have been checked by Levene and Shapiro 242 

tests respectively. As the conditions were respected, a two-way anova test was conducted to 243 

assess treatment and salinity effects. We only considered variations between groups that 244 

presented a fold change (FC) between groups compared to the control 1.5 psu ± 1.5 (FClog2 ± 245 

0.58). Tukey HSD post-hoc analysis was performed when significant differences were depicted 246 

with the anova. 247 

The multivariate structure of gene expression dataset was required to apply a specific set of 248 

statistical tools. First, a manova - multivariate ANOVA was set up to assess if significant 249 

differences accorded to the tested factors could be depicted. These results help us to design each 250 

Partial Least Square Discriminant Analysis (PLS-DA), that highlight genes explaining those 251 
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differences. Only a variable (i.e. gene) with a VIP (Variable Importance in Projection) score 252 

above 0.8 was considered. Finally, Hotelling T² tests were performed on PLS-DA results to 253 

explore more thoroughly differences between exposure conditions. 254 

3. Results 255 

3.1 Comparative gene expression between gills and digestive gland 256 

After 28 days, the set of monitored genes allowed us to clearly differentiate digestive gland and 257 

gill gene expressions in control organisms (Fig. 1A). The manova analysis pointed out the 258 

significant impact of both salinity (F=16.62,14 df, p < 0.001) and organ (F=1022,14 df, p < 0.001) 259 

but no significance for their interaction (F=0.82,14 df, p= 0.48). These results are confirmed by 260 

Hotelling tests (Fig. 1B). Digestive glands presented more mRNA for MT, CAT, Se-GPx and 261 

to a lesser extent GST-Pi whereas gills had more mRNA for MRP1, PGP and HSP70. MnSOD 262 

transcript appeared more pronounced in both organs in the organisms exposed to the highest 263 

salinity (15 psu) compared to the field salinity (1.5 psu).  264 

Manova analysis made on the entire gene expression data from non-exposed and exposed 265 

organisms after 28 days (Fig. 2) indicated significant differences among organs (F=5422,68 df; p 266 

< 0.001) and contaminations (F=26,138 df, p=0.037) while their interaction was not significant 267 

(F=1.66,138 df, p=0.16). Pairwise comparisons demonstrated a clear organ effect, but no 268 

contamination effect (Table S2). NM responses seemed nonetheless to be more pronounced in 269 

gills with both Envirox™ that tend to respond differently from NM-212 and control, while in 270 

the digestive gland, no tendency was observable.  271 
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3.2 Temporal monitoring in gills 272 

3.2.1 Individual gene expression 273 

Four genes (HSP70, MnSOD, Se-GPx and Trxr) presented significant changes during the time 274 

course of the experiment (Fig.3). However, no clear patterns were evidenced considering 275 

neither salinity nor exposure to NMs. 276 

For HSP70, mRNA levels in Combusted Envirox™ were significantly different from control, 277 

NM-212 or both, at both salinities and at all time points except at day 28 at 15 psu. Even if it is 278 

not systematic, we observed that both Envirox™ products induced similar response, often 279 

different from the response in the two other conditions. Actually, Envirox™ products tended to 280 

lead to decreased mRNA levels, except at day 14. With respect to salinity, we did not observe 281 

any difference except at day 21, when every exposure condition led to decreased mRNA levels 282 

at 15 psu. 283 

For MnSOD, we did not record any change in mRNA levels in organisms exposed to the NM 284 

conditions at each salinity. However, the highest salinity (15 psu) induced an increase of mRNA 285 

levels in each exposure condition at 7 and 14 days and in Envirox™ at 28 days while a decrease 286 

is observed in combusted Envirox™ at day 21.  287 

For Se-GPx, mRNA levels significantly decreased (at least nine-fold) in NM-212, Envirox™ 288 

or both in most time points at 1.5 psu. At 15 psu, the only difference was found at 21 days for 289 

the combusted Envirox™. When comparing results obtained between both salinities, we 290 

observed, at 15 psu, a systematic decrease in the control relative to the control at 1.5 psu and a 291 

decrease in combusted Envirox™ at day 14 and day 28, relative to the same condition at 1.5 292 

psu. To summarize, the overall response pattern to both NM conditions and salinity was a 293 

decrease, except in combusted Envirox™ were the decrease did not occur at day 7, 14 and 28 294 

at 1.5 psu and at day 21 at 15 psu. 295 
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For Trxr, mRNA levels did not change at day 7, 21 and 28 (except a significant difference 296 

between NM-212 and combusted Envirox™ at 15 psu). However, at day 14 for both salinities, 297 

both Envirox™ products led to a significant increase of mRNA levels when compared to 298 

control. For 15 psu, NM-212 also led to an increase when compared to the control. When 299 

comparing results obtained between both salinities, we did not observe any change except at 300 

day 7 for Envirox™ at 15 psu, where an increased level was recorded relative to the same 301 

condition at 1.5 psu. 302 

The other genes presented fewer or no expression changes during the exposure (Table S3 & 303 

S4). Briefly, PGP, Beta-actin and CAT mRNA levels did not change during the exposure 304 

neither between contaminations nor between salinities. The other genes (CuZnSOD, MT, GST-305 

Pi, GABARAP and MRP1) presented some changes on just a few dates. 306 

3.2.2 PLS-DA analysis  307 

Manova analyses have been conducted at each sampling time and showed some significant 308 

effects according to the salinity (F=402,32 df, p < 0.001 for 7 days; F= 892,38 df, p < 0.001 for 14 309 

days; F=12.52,39 df, p < 0.001 for day 21; F=53.52,31 df, p < 0.001 for day 28), to contamination 310 

(F=2.46,66 df, p= 0.037 for 7 days; F= 7.86,78 df, p<0.001 for day 14; F= 1.96,80 df, p= 0.096 311 

for day 21; F=3.66,64 df, p= 0.004 for 28 days) and to their interaction (F=3.26,66 df, p= 0.007 312 

for 7 days; F=1.36,78 df, p= 0.28 for day 14; F=5.76,80 df, p < 0.001 for day 21; F= 2.96,64 df, p=0.015 313 

for day 28). In order to focus on the effects of NM, we decided to analyze the results obtained 314 

for each salinity separately.  315 

PLS-DA analyses were summarized in Fig. 4 and Fig. 5 for 1.5 and 15 psu respectively and 316 

pairwise comparison results were shown in Table S5. The PLS-DA approach indicated that NM 317 

exposures induced higher modifications of gene expression profile at field salinity (1.5 psu) 318 

than in hyper saline condition (15 psu), whatever the sampling date.  319 
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For day 7 at 1.5 psu, all conditions were different from each other except control and NM-212 320 

(p= 0.11). The horizontal axis clearly separated Control and NM-212 groups from both 321 

Envirox™ products, with both Envirox™ products presenting less CAT, HSP70, GST-Pi, Beta-322 

actin and GABARAP mRNA. The vertical axis separated both Envirox™ exposures, with PGP 323 

and MRP1 being higher in Combusted Envirox™ while the opposite was observed for MnSOD 324 

mRNA.   325 

After day 14 at 1.5 psu, all exposures appeared different from each other. The horizontal axis 326 

separated both Envirox™ from Control and NM-212 treatments with more MnSOD, MT, 327 

HSP70, GST-Pi and Trxr expressed in both Envirox™. The vertical axis separated Control from 328 

NM-212 due to Se-GPx mRNA content.  329 

After 21 days at 1.5 psu, all groups were different from the others except Envirox™ and NM-330 

212. The horizontal axis pointed to differences between NM treatments with NM-212 and 331 

Envirox™ having less MnSOD, CuZnSOD, CAT, Beta-actin and HSP70 than the combusted 332 

form. The other axis separated Control exposure from the others with control presenting more 333 

MRP1, GST-Pi, Se-GPx but less MT mRNA than NM exposed organisms.  334 

After 28 days at 1.5 psu, Envirox™ and NM-212 were different from control mainly due to Se-335 

GPx expression that was higher in Control. The only other difference appeared between NM-336 

212 treatment and Combusted Envirox™ with NM-212 presenting more MRP1, GABARAP, 337 

HSP70, MnSOD, Trxr while less Se-GPx mRNA. The vertical axis separated both NM-212 and 338 

Envirox™ from control with less Se-GPx mRNA measured in these treatments.  339 

Regarding the overall pattern at 1.5 psu, two gene expressions (MnSOD, HSP70) were 340 

systematically discriminant for the PLS-DA models at all exposure times. All NM conditions 341 

appeared different from control condition during all exposure time except for NM-212 at 7 days 342 

and Combusted Envirox™ at 28 days.  343 
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For 7 days at 15 psu, no significant difference was observed except for Envirox™ and control. 344 

The horizontal axis separated control from Envirox™ (p < 0.05) and Combusted Envirox™ 345 

(NS, p= 0.06) with control presenting less Se-GPx mRNA but more HSP70 and GABARAP 346 

mRNA. Gene expression of Trxr, PGP and MRP1 also allowed a separation between control 347 

and Envirox™.  348 

After 14 days at 15 psu, Envirox™ appeared significantly different from control while the only 349 

other difference pointed out was between NM-212 and Combusted Envirox™. Envirox™ 350 

presented more HSP70, Trxr, GST-Pi, CuZnSOD and MnSOD mRNA than Control. The 351 

vertical axis underlined some differences between NM-212 and Combusted Envirox™ with this 352 

last group presenting more PGP, MRP1 and Se-GPx mRNA.  353 

After day 21 at 15 psu, the only group significantly different from the others was Combusted 354 

Envirox™. The horizontal axis allowed a clear separation between Combusted Envirox™ and 355 

the other groups, Combusted Envirox™ presenting less HSP70, GABARAP, MnSOD and 356 

CuZnSOD mRNA but more MRP1 mRNA. The vertical axis participated to this separation only 357 

between Combusted Envirox™ and Control/Envirox™, by modulation of GST-Pi and Se-GPx 358 

mRNA content.  359 

After 28 days at 15 psu, the model that was mainly explained by HSP70, CuZnSOD, 360 

GABARAP, PGP, MRP1 and Beta-actin gene expressions, pointed out no clear pattern.  361 

Regarding the overall pattern at 15 psu, one gene (HSP70) appeared systematically important 362 

for the PLS-DA models in all sampling dates. Differences from control were observed from 7 363 

to 14 days for Envirox™, from 14 to 21 days for Combusted Envirox™ while never for NM-364 

212.    365 
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3.3. Bioaccumulation of Ce into digestive gland of organisms 366 

After 7, 14, 21 and 28 d of exposure, total Ce concentrations in the digestive gland of bivalves 367 

exposed in the different mesocosms are illustrated in Figure 6.  368 

At 1.5 psu (Figure 5-A), significant greater Ce concentrations were measured into the organisms 369 

exposed to Envirox™ and NM-212 compared to Control and Combusted Envirox™ only after 370 

28 days. At 15 psu (Figure 5-B), only organisms exposed to NM-212 exhibited significant 371 

higher accumulation of Ce compared to Control after 7, 14 and 28 days of exposure.  372 

Comparing both tested salinities, digestive Ce accumulation was greater in the organisms 373 

exposed to Combusted Envirox™ at 14 days and to Envirox™ at 21 and 28 days, under field 374 

salinity (1.5 psu) than under hyper-saline condition (15 psu).  375 
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4. Discussion 376 

The aim of the present work was to evaluate the potential toxicity of CeO2 NMs in C. fluminea 377 

exposed to different salinities (1.5 & 15 psu) by monitoring their impact at molecular scale. In 378 

order to increase the environmental realism, a complex exposure (indoor mesocosm) was 379 

designed with pulse dosing by the addition of standardized (NM-212) or commercially available 380 

NM (Envirox™) undergoing or not an aging process in order to take into consideration different 381 

forms of NM during their life cycle. 382 

4.1. Comparative gene expression between gill and digestive gland 383 

Our results showed a strong difference of gene expression between gills and the digestive gland 384 

in the freshwater Asiatic clam. Several studies have documented differential expression of 385 

genes or differential levels of enzymatic activities between both organs in other freshwater and 386 

marine bivalve species (Doyen et al., 2006, 2008; Bigot et al., 2009, Cossu et al., 1997; Metian 387 

et al., 2008; Guo et al., 2017), relative to their physiological functions and their implication in 388 

stress response. In our study, gills presented enhanced mechanisms of direct action against 389 

xenobiotics through excretion pathways (MRP1, PGP) or by the role of chaperone protein 390 

(HSP70). As gills are in direct contact with surrounding media, they are vulnerable to particles 391 

and overexpress these kinds of early defenses. The digestive gland expressed higher content of 392 

MT, CAT, Se-GPx and GST-Pi mRNAs that are involved in detoxification mechanisms through 393 

complexation or interactions with xenobiotics (eg. metals, drugs) or oxidative components. As 394 

they are able to accumulate various contaminants including NMs (Canesi et al., 2012; Canesi 395 

& Corsi, 2016), they are the main organ for detoxification and biotransformation, explaining 396 

the expression of such mechanisms of stress response. The strong difference of expression 397 

between both organs remained after the application of NM contamination during 28 days. In 398 

our study, we selected gills in order to monitor the temporal variations of gene expression 399 

throughout the exposure duration. As gills are in direct contact with surrounding media, they 400 
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may react first to environmental modifications. In the bivalve Dreissena polymorpha, Navarro 401 

et al. (2011) reported that the expression of genes involved in metal stress response was affected 402 

in gills earlier than in digestive gland.  403 

4.2. Effect of salinity and NM in gills throughout the exposure duration  404 

Salinity appeared to be the main variable explaining differences in gene expression in gills. 405 

MnSOD mRNA level was increased at high salinity and could be correlated to ROS generation 406 

(An & Choi, 2010). The generation of H2O2 by MnSOD should have required detoxification 407 

mechanisms such as Se-GPx or CAT. However, Se-GPx mRNA decreased in hyper-saline 408 

condition while CAT mRNA level did not change. As MnSOD represents a small proportion 409 

of total SOD inside cells, its increasing expression may not be sufficient to require more CAT 410 

or Se-GPx, even though it indicates some mitochondrial perturbations.  411 

Once the salinity effect has been set aside, we could reveal the effect of CeO2 NMs that differed 412 

according to the type of NM. When C. fluminea were exposed to NMs at field salinity (1.5 psu; 413 

i.e no salt stress), overall gene expression in gills was affected by NM-212 from 14 days until 414 

the end, and at each time point by both Envirox™ products (except in Combusted Envirox™ at 415 

28 days). Even if it was not systematic, the three NMs gave different patterns of response. The 416 

main trend in all NM conditions was a decrease of the expression for most of the studied genes. 417 

Exposure to NM-212 and Envirox™ induced the decrease of Se-GPx mRNA compared to the 418 

control at field salinity. Ciofani et al. (2013) also showed a down-regulation of genes coding 419 

for some members of the GPx family, but also a down-regulation of other genes involved in 420 

cellular protection. They suggested that CeO2 NM presented a potential role of ROS scavenger. 421 

Garaud et al., (2015; 2018) also supported this possibility in Dreissena polymorpha since CeO2 422 

NM were already reported as having antioxidant properties such as SOD, CAT, peroxidase and 423 

oxidase capacities (Singh, 2016). On the contrary, CeO2 NMs were also reported to damage 424 

DNA molecules (Koehlé-Divo et al., 2018; Auffan et al., 2009) but sequences of genes involved 425 
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in DNA damage response pathway are not available so far in C. fluminea and therefore their 426 

mRNA levels have not been evaluated here. However, this decrease of Se-GPx mRNA during 427 

the entire time of the experiment rather supports the antioxidant properties of CeO2 NMs. For 428 

the combusted form, only weak impact on Se-GPx gene expression has been noted, while a 429 

decrease of HSP70 mRNA content in most sampling dates was monitored. The inhibition of 430 

HSP70 synthesis was already observed after metal exposure and was correlated to inhibition of 431 

stress protein synthesis (Boutet et al., 2003; Luo et al., 2014). HSP70 down-regulation was also 432 

shown after Ag NPs exposure and could be related to the induction of a caspase-independent 433 

apoptosis (Gomes et al., 2013). The differences observed between both Envirox™ products 434 

showed that transformations occurring during NM life cycle had significant impacts on C. 435 

fluminea gene expressions. The 850°C combustion led to modifications on NM physico-436 

chemical properties (surrounding matrix, size and form) that can considerably change their 437 

bioavailability and their potential effects on living organisms (Auffan et al., 2017). The 438 

measurements performed in the digestive gland of the exposed organisms suggest that the 439 

850°C combustion decreased the bioavailability of the contaminant since it was the only one 440 

that has not been bioaccumulated in this organ. The absence of bioaccumulation in the digestive 441 

gland does not preclude a contact of the contaminant with the gills, that may explain the 442 

observed effects. NM physico-chemical properties and biological effects monitored are difficult 443 

to link accurately in this study.  444 

When C. fluminea were exposed to NMs at high salinity (15 psu; salt stress), we showed an 445 

overall absence of response compared to the control. Salinity may have strongly influenced and 446 

changed the behavior of NMs. In our study, it seems that the increase in salinity led to a removal 447 

of biological response, with gene expressions close to the control. NM interactions with high 448 

concentrations of salt (Cl- ions; Devoille et al., 2018) may enhance their aggregation and 449 

sedimentation (Baker et al., 2014). The rapid sedimentation of NMs in our experimental unit 450 



21 
 

may have reduced their filtration by C. fluminea. This may explain why gills seem not to react 451 

in the present context of contamination: salinity may have limited NM bioaccessibility and 452 

bioavailability. Another explanation is that salinity may have stressed the bivalves as shown in 453 

Bertrand et al. (2017). The isolation of organisms from their surrounding environment was 454 

demonstrated as a response against salinity stress (Kholodkevich et al., 2009). Indeed, some 455 

bivalves are able to escape from stressful conditions by closing their shell valves (Ferreira-456 

Rodriguez & Pardo, 2016; Tran et al., 2003). Isolation of organisms might cause a drastic 457 

reduction of general metabolism (Carregosa et al., 2014) and might affect gene expression level 458 

by decreasing it due to its high energetic cost (Phillip et al., 2012). In the same way, in hyper-459 

saline conditions, osmoregulation processes may have been more intensively required and the 460 

regulation of metabolic trade-offs may have led to the result that gene expression was disturbed 461 

and some pathways were depressed or shut down. This may explain why the usual defense 462 

mechanisms were not responding at high salinity in comparison to what we observed at field 463 

salinity.  464 
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Conclusion 465 

This study has demonstrated significant impacts of CeO2 NMs on C. fluminea gene expressions 466 

that were salinity dependent. The set of monitored genes was sufficient to clearly differentiate 467 

responses to NM contamination at field salinity. However, it did not reveal NM effects at hyper-468 

saline exposure (15 psu). This could be due to the fate and behavior of both NM or/and organism 469 

physiology. Since they should respond in priority to osmotic stress in order to conserve cellular 470 

functions, an adequate reaction against contamination should not have been implemented.  471 

While few molecular studies have been performed using NMs (Wiesner & Bottero, 2017), 472 

classical molecular observations of NMs effects were linked to the over-expression of oxidative 473 

stress related genes (Klaper et al., 2014). As CeO2 NMs were reported to have both pro- and 474 

anti-oxidant roles, the decrease of gene expressions observed in our study could be linked both 475 

to harmful and beneficial effects. Nevertheless, the significant modifications of expression 476 

profiles by NMs remain worrisome especially since the organisms were exposed in complex 477 

media using a final concentration below the no observed effect concentrations (NOECs) values 478 

of CeO2 NMs determined in aquatic  invertebrates (Hoecke et al., 2009). In addition, our results 479 

often showed significant differences between NM-212 and Envirox™ conditions, with more 480 

pronounced effects in the last one originating from a commercial form. This finding reinforces 481 

the need to focus on NMs as a part of daily-life products. In the same way, some significant 482 

differences were shown between pristine and aged Envirox™ products, highlighting the need 483 

to consider the entire life cycle of NMs. While previous nanotoxicology studies have allowed 484 

the understanding of many essential features of nanomaterials, there is always a great lack of 485 

information regarding their environmental fate and impact on organisms.  486 

The integration of “omic” tools in aquatic ecotoxicology have been done primarily with species 487 

having their full genome sequenced, while as yet only a few bivalves have been sequenced 488 

despite their ecological relevance. Nonetheless, such an approach provides a valuable 489 
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assessment of the molecular responses of organisms to emergent contaminant such as NMs 490 

(Châtel et al., 2018; Wiesner & Bottero, 2017). In this study, we provided fundamental 491 

knowledge required to understand molecular mechanisms by comparing two key organs (gills 492 

and the digestive gland) before assessing NM toxicity that might be useful to aid comprehension 493 

in AOP approaches. Furthermore, the level of mRNAs was actually impacted by NMs in each 494 

condition highlighted the usefulness of this approach in such complex exposure design. The 495 

integrative vision of effects also showed the importance of weak expression modifications to 496 

reveal differences between NMs. By this study, we have contributed to deepen this knowledge, 497 

demonstrating the necessity to perform exposures closer to environmental scenarios (i.e. media 498 

complexity, low and cumulative NM concentrations).   499 

Acknowledgements 500 

Financial supports were provided by the French National Agency (ANR-3-CESA-501 

0014/NANOSALT project) and CPER Lorraine-ZAM (Contrat Projet Etat Région Lorraine, Zone 502 

Atelier Moselle). This work is a contribution to the Labex Ressources 21 (ANR- 10-LABX-21-01, 503 

Strategic metal resources of the 21st century). The authors gratefully acknowledge CNRS for 504 

funding the iCEINT International Consortium for the Environmental Implications of 505 

NanoTechnology. KOEHLE-DIVO Vanessa received financial support for salary from French 506 

Research ministry. Sharon Kruger is gratefully acknowledged for her English corrections. 507 

Conflict of Interest 508 

The authors declare that they have no conflict of interest.  509 



24 
 

References 510 

An, M.I., and Choi, C.Y. (2010). Activity of antioxidant enzymes and physiological responses 511 

in ark shell, Scapharca broughtonii, exposed to thermal and osmotic stress: Effects on 512 

hemolymph and biochemical parameters. Comparative Biochemistry and Physiology Part B: 513 

Biochemistry and Molecular Biology 155, 34–42. doi:10.1016/j.cbpb.2009.09.008 514 

Auffan, M., Tella, M., Liu, W., Pariat, A., Cabié, M., Borschneck, D., Angeletti, B., Landrot, 515 

G., Mouneyrac, C., Giambérini, L., et al. (2017). Structural and physical–chemical behavior of 516 

a CeO2 nanoparticle based diesel additive during combustion and environmental release. 517 

Environ. Sci.: Nano 4, 1974–1980. doi:10.1039/C7EN00494J 518 

Baker, T.J., Tyler, C.R., and Galloway, T.S. (2014). Impacts of metal and metal oxide 519 

nanoparticles on marine organisms. Environmental Pollution 186, 257–271. 520 

https://doi.org/10.1016/j.envpol.2013.11.014 521 

Balbi, T., Smerilli, A., Fabbri, R., Ciacci, C., Montagna, M., Grasselli, E., Brunelli, A., Pojana, 522 

G., Marcomini, A., Gallo, G., et al. (2014). Co-exposure to n-TiO2 and Cd2+ results in interactive 523 

effects on biomarker responses but not in increased toxicity in the marine bivalve M. 524 

galloprovincialis. Science of The Total Environment 493, 355–364. 525 

https://doi.org/10.1016/j.scitotenv.2014.05.146 526 

Banni, M., Sforzini, S., Balbi, T., Corsi, I., Viarengo, A., and Canesi, L. (2016). Combined 527 

effects of n-TiO2 and 2,3,7,8-TCDD in Mytilus galloprovincialis digestive gland: A 528 

transcriptomic and immunohistochemical study. Environmental Research 145, 135–144. 529 

https://doi.org/10.1016/j.envres.2015.12.003 530 

Barmo, C., Ciacci, C., Canonico, B., Fabbri, R., Cortese, K., Balbi, T., Marcomini, A., Pojana, 531 

G., Gallo, G., and Canesi, L. (2013). In vivo effects of n-TiO2 on digestive gland and immune 532 

function of the marine bivalve Mytilus galloprovincialis. Aquatic Toxicology 132–133, 9–18. 533 

https://doi.org/10.1016/j.aquatox.2013.01.014 534 

Batley, G.E., Halliburton, B., Kirby, J.K., Doolette, C.L., Navarro, D., McLaughlin, M.J., and 535 

Veitch, C. (2013). Characterization and ecological risk assessment of nanoparticulate CeO2 as 536 

a diesel fuel catalyst: Characterization and risk of nano-CeO2 as a diesel catalyst. Environmental 537 

Toxicology and Chemistry 32, 1896–1905. doi:10.1002/etc.2246 538 

Bertrand, C., Devin, S., Mouneyrac, C., and Giambérini, L. (2017). Eco-physiological 539 

responses to salinity changes across the freshwater-marine continuum on two euryhaline 540 

bivalves: Corbicula fluminea and Scrobicularia plana. Ecological Indicators 74, 334–342. 541 

https://doi.org/10.1016/j.ecolind.2016.11.029 542 

Bigot, A., Doyen, P., Vasseur, P., and Rodius, F. (2009). Metallothionein coding sequence 543 

identification and seasonal mRNA expression of detoxification genes in the bivalve Corbicula 544 

fluminea. Ecotoxicology and Environmental Safety 72, 382–387. 545 

https://doi.org/10.1016/j.ecoenv.2008.04.014 546 

Bigot, A., Minguez, L., Giambérini, L., and Rodius, F. (2011). Early defense responses in the 547 

freshwater bivalve Corbicula fluminea exposed to copper and cadmium: Transcriptional and 548 

histochemical studies. Environmental Toxicology 26, 623–632. doi:10.1002/tox.20599 549 



25 
 

Calzolai, L., Ansorge, W., Calabrese, E., Denslow, N., Part, P., and Lettieri, T. (2007). 550 

Transcriptomics and proteomics. Applications to ecotoxicology. Comparative Biochemistry 551 

and Physiology Part D: Genomics and Proteomics 2, 245–249. 552 

https://doi.org/10.1016/j.cbd.2007.04.007 553 

Canesi, L., and Corsi, I. (2016). Effects of nanomaterials on marine invertebrates. Science of 554 

The Total Environment 565, 933–940. https://doi.org/10.1016/j.scitotenv.2016.01.085 555 

Canesi, L., Ciacci, C., Fabbri, R., Marcomini, A., Pojana, G., and Gallo, G. (2012). Bivalve 556 

molluscs as a unique target group for nanoparticle toxicity. Marine Environmental Research 76, 557 

16–21. https://doi.org/10.1016/j.marenvres.2011.06.005 558 

Canesi, L., Frenzilli, G., Balbi, T., Bernardeschi, M., Ciacci, C., Corsolini, S., Della Torre, C., 559 

Fabbri, R., Faleri, C., Focardi, S., et al. (2014). Interactive effects of n-TiO2 and 2,3,7,8-TCDD 560 

on the marine bivalve Mytilus galloprovincialis. Aquatic Toxicology 153, 53–65. 561 

https://doi.org/10.1016/j.aquatox.2013.11.002 562 

Carregosa, V., Velez, C., Soares, A.M.V.M., Figueira, E., and Freitas, R. (2014). Physiological 563 

and biochemical responses of three Veneridae clams exposed to salinity changes. Comparative 564 

Biochemistry and Physiology Part B: Biochemistry and Molecular Biology 177–178, 1–9. 565 

https://doi.org/10.1016/j.cbpb.2014.08.001 566 

Cerqueira, C.C.C., and Fernandes, M.N. (2002). Gill Tissue Recovery after Copper Exposure 567 

and Blood Parameter Responses in the Tropical Fish Prochilodus scrofa. Ecotoxicology and 568 

Environmental Safety 52, 83–91. https://doi.org/10.1006/eesa.2002.2164 569 

Châtel, A., Lièvre, C., Barrick, A., Bruneau, M., and Mouneyrac, C. (2018). Transcriptomic 570 

approach: A promising tool for rapid screening nanomaterial-mediated toxicity in the marine 571 

bivalve Mytilus edulis —Application to copper oxide nanoparticles. Comparative Biochemistry 572 

and Physiology Part C: Toxicology & Pharmacology 205, 26–33. 573 

https://doi.org/10.1016/j.cbpc.2018.01.003 574 

Chen, H., Zha, J., Yuan, L., and Wang, Z. (2015). Effects of fluoxetine on behavior, antioxidant 575 

enzyme systems, and multixenobiotic resistance in the Asian clam Corbicula fluminea. 576 

Chemosphere 119, 856–862. doi:10.1016/j.chemosphere.2014.08.062 577 

Chen, J., Patil, S., Seal, S., and McGinnis, J.F. (2006). Rare earth nanoparticles prevent retinal 578 

degeneration induced by intracellular peroxides. Nature Nanotechnology 1, 142–150. 579 

Cheng, G., Guo, W., Han, L., Chen, E., Kong, L., Wang, L., Ai, W., Song, N., Li, H., Chen, H. 580 

(2013). Cerium oxide nanoparticles induce cytotoxicity in human hepatoma SMMC-7721 cells 581 

via oxidative stress and the activation of MAPK signaling pathways. Toxicology in Vitro 27, 582 

1082–1088.  https://doi.org/10.1016/j.tiv.2013.02.005 583 

Ciofani, G., Genchi, G.G., Mazzolai, B., and Mattoli, V. (2014). Transcriptional profile of genes 584 

involved in oxidative stress and antioxidant defense in PC12 cells following treatment with 585 

cerium oxide nanoparticles. Biochimica et Biophysica Acta (BBA) - General Subjects 1840, 586 

495–506. https://doi.org/10.1016/j.bbagen.2013.10.009 587 

Collin, B., Auffan, M., Johnson, A.C., Kaur, I., Keller, A.A., Lazareva, A., Lead, J.R., Ma, X., 588 

Merrifield, R.C., Svendsen, C., et al. (2014). Environmental release, fate and ecotoxicological 589 



26 
 

effects of manufactured ceria nanomaterials. Environ. Sci.: Nano 1, 533–548. 590 

https://doi.org/10.1039/C4EN00149D 591 

D’Agata, A., Fasulo, S., Dallas, L.J., Fisher, A.S., Maisano, M., Readman, J.W., and Jha, A.N. 592 

(2014). Enhanced toxicity of ‘bulk’’ titanium dioxide compared to “fresh’’ and ‘aged’’ nano-593 

TiO2 in marine mussels (Mytilus galloprovincialis).’”’ Nanotoxicology 8, 549–558. 594 

https://doi.org/10.3109/17435390.2013.807446 595 

Dale, J.G., Cox, S.S., Vance, M.E., Marr, L.C., and Hochella, M.F. (2017). Transformation of 596 

Cerium Oxide Nanoparticles from a Diesel Fuel Additive during Combustion in a Diesel 597 

Engine. Environmental Science & Technology 51, 1973–1980. doi:10.1021/acs.est.6b03173 598 

Das, M., Patil, S., Bhargava, N., Kang, J.-F., Riedel, L.M., Seal, S., and Hickman, J.J. (2007). 599 

Auto-catalytic ceria nanoparticles offer neuroprotection to adult rat spinal cord neurons. 600 

Biomaterials 28, 1918–1925. https://doi.org/10.1016/j.biomaterials.2006.11.036 601 

Devoille, L., Revel, M., Batana, C., Feltin, N., Giambérini, L., Châtel, A., and Mouneyrac, C. 602 

(2018). Combined influence of oxygenation and salinity on aggregation kinetics of the silver 603 

reference nanomaterial NM‐300K. Environmental Toxicology and Chemistry 37. 604 

https://doi.org/10.1016/j.biomaterials.2006.11.036 605 

Doyen, P., Vasseur, P., and Rodius, F. (2006). Identification, sequencing and expression of 606 

selenium-dependent glutathione peroxidase transcript in the freshwater bivalve Unio tumidus 607 

exposed to Aroclor 1254. Comparative Biochemistry and Physiology Part C: Toxicology & 608 

Pharmacology 144, 122–129. https://doi.org/10.1016/j.cbpc.2006.07.002 609 

Doyen, P., Bigot, A., Vasseur, P., and Rodius, F. (2008). Molecular cloning and expression 610 

study of pi-class glutathione S-transferase (pi-GST) and selenium-dependent glutathione 611 

peroxidase (Se-GPx) transcripts in the freshwater bivalve Dreissena polymorpha. Comparative 612 

Biochemistry and Physiology Part C: Toxicology & Pharmacology 147, 69–77. 613 

doi:10.1016/j.cbpc.2007.08.002 614 

Eom, H.-J., and Choi, J. (2009). Oxidative stress of CeO2 nanoparticles via p38-Nrf-2 signaling 615 

pathway in human bronchial epithelial cell, Beas-2B. Toxicology Letters 187, 77–83. 616 

https://doi.org/10.1016/j.toxlet.2009.01.028 617 

Ferreira-Rodríguez, N., and Pardo, I. (2016). An experimental approach to assess Corbicula 618 

fluminea (Müller, 1774) resistance to osmotic stress in estuarine habitats. Estuarine, Coastal 619 

and Shelf Science 176, 110–116. https://doi.org/10.1016/j.ecss.2016.04.017 620 

Garaud, M., Auffan, M., Devin, S., Felten, V., Pagnout, C., Pain-Devin, S., Proux, O., Rodius, 621 

F., Sohm, B., and Giamberini, L. (2016). Integrated assessment of ceria nanoparticle impacts 622 

on the freshwater bivalve Dreissena polymorpha. Nanotoxicology 10, 935–944. 623 

https://doi.org/10.3109/17435390.2016.1146363 624 

Gomes, T., Pereira, C.G., Cardoso, C., and Bebianno, M.J. (2013). Differential protein 625 

expression in mussels Mytilus galloprovincialis exposed to nano and ionic Ag. Aquatic 626 

Toxicology 136–137, 79–90. https://doi.org/10.1016/j.aquatox.2013.03.021 627 

Gottschalk, F., Lassen, C., Kjoelholt, J., Christensen, F., and Nowack, B. (2015). Modeling 628 

Flows and Concentrations of Nine Engineered Nanomaterials in the Danish Environment. 629 



27 
 

International Journal of Environmental Research and Public Health 12, 5581–5602. 630 

doi:10.3390/ijerph120505581 631 

Guan, X., Shi, W., Zha, S., Rong, J., Su, W., and Liu, G. (2018). Neurotoxic impact of acute 632 

TiO2 nanoparticle exposure on a benthic marine bivalve mollusk, Tegillarca granosa. Aquatic 633 

Toxicology 200, 241–246. https://doi.org/10.1016/j.aquatox.2018.05.011 634 

Hoecke, K.V., Quik, J.T., Mankiewicz-Boczek, J., Schamphelaere, K.A.D., Elsaesser, A., 635 

Meeren, P.V. der, Barnes, C., McKerr, G., Howard, C.V., and Meent, D.V.D. (2009). Fate and 636 

effects of CeO2 nanoparticles in aquatic ecotoxicity tests. Environmental Science & Technology 637 

43, 4537–4546. 638 

Hussain, S., and Garantziotis, S. (2013). Interplay between apoptotic and autophagy pathways 639 

after exposure to cerium dioxide nanoparticles in human monocytes. Autophagy 9, 101–103. 640 

https://doi.org/10.4161/auto.22266  641 

Kholodkevich, S.V., Kuznetsova, T.V., Trusevich, V.V., Kurakin, A.S., and Ivanov, A.V. 642 

(2009). Peculiarities of valve movement and of cardiac activity of the bivalve mollusc Mytilus 643 

galloprovincialis at various stress actions. Journal of Evolutionary Biochemistry and 644 

Physiology 45, 524–526. https://doi.org/10.1134/S0022093009040100 645 

Klaper, R., Arndt, D., Bozich, J., and Dominguez, G. (2014). Molecular interactions of 646 

nanomaterials and organisms: defining biomarkers for toxicity and high-throughput screening 647 

using traditional and next-generation sequencing approaches. The Analyst 139, 882–895. 648 

https://doi.org/10.1039/C3AN01644G 649 

Koehlé-Divo, V., Cossu-Leguille, C., Pain-Devin, S., Simonin, C., Bertrand, C., Sohm, B., 650 

Mouneyrac, C., Devin, S., and Giambérini, L. (2018). Genotoxicity and physiological effects 651 

of CeO2 NPs on a freshwater bivalve (Corbicula fluminea). Aquatic Toxicology 198, 141–148. 652 

https://doi.org/10.1016/j.aquatox.2018.02.020 653 

Li, J., Schiavo, S., Xiangli, D., Rametta, G., Miglietta, M.L., Oliviero, M., Changwen, W., and 654 

Manzo, S. (2018). Early ecotoxic effects of ZnO nanoparticle chronic exposure in Mytilus 655 

galloprovincialis revealed by transcription of apoptosis and antioxidant-related genes. 656 

Ecotoxicology 27, 369–384. https://doi.org/10.1007/s10646-018-1901-0 657 

Lin, W., Huang, Y., Zhou, X.-D., and Ma, Y. (2006). Toxicity of Cerium Oxide Nanoparticles 658 

in Human Lung Cancer Cells. International Journal of Toxicology 25, 451–457. 659 

https://doi.org/10.1080/10915810600959543 660 

Livak, K.J., and Schmittgen, T.D. (2001). Analysis of Relative Gene Expression Data Using 661 

Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 25, 402–408. 662 

https://doi.org/10.1006/meth.2001.1262 663 

Luo, L., Ke, C., Guo, X., Shi, B., and Huang, M. (2014). Metal accumulation and differentially 664 

expressed proteins in gill of oyster (Crassostrea hongkongensis) exposed to long-term heavy 665 

metal-contaminated estuary. Fish & Shellfish Immunology 38, 318–329. 666 

https://doi.org/10.1016/j.fsi.2014.03.029 667 

Metian, M., Warnau, M., Cosson, R.P., Oberhänsli, F., and Bustamante, P. (2008). 668 

Bioaccumulation and detoxification processes of Hg in the king scallop Pecten maximus: Field 669 



28 
 

and laboratory investigations. Aquatic Toxicology 90, 204–213. 670 

https://doi.org/10.1016/j.aquatox.2008.08.014 671 

Montes, M.O., Hanna, S.K., Lenihan, H.S., and Keller, A.A. (2012). Uptake, accumulation, and 672 

biotransformation of metal oxide nanoparticles by a marine suspension-feeder. Journal of 673 

Hazardous Materials 225–226, 139–145. https://doi.org/10.1016/j.jhazmat.2012.05.009 674 

Morimoto, Y., Izumi, H., Yoshiura, Y., Tomonaga, T., Oyabu, T., Myojo, T., Kawai, K., Yatera, 675 

K., Shimada, M., Kubo, M., et al. (2015). Pulmonary toxicity of well-dispersed cerium oxide 676 

nanoparticles following intratracheal instillation and inhalation. Journal of Nanoparticle 677 

Research 17. https://doi.org/10.1007/s11051-015-3249-1 678 

Navarro, A., Faria, M., Barata, C., and Piña, B. (2011). Transcriptional response of stress genes 679 

to metal exposure in zebra mussel larvae and adults. Environmental Pollution 159, 100–107. 680 

https://doi.org/10.1016/j.envpol.2010.09.018 681 

Niu, J., Azfer, A., Rogers, L., Wang, X., and Kolattukudy, P. (2007). Cardioprotective effects 682 

of cerium oxide nanoparticles in a transgenic murine model of cardiomyopathy. Cardiovascular 683 

Research 73, 549–559. 684 

OECD (2010) List of manufactured nanomaterials and list of endpoints for phase one of the 685 

sponsorship programme for the testing of manufactured nanomaterials: revision. In: Series on 686 

the Safety of Manufactured Nanomaterials No. 27. 687 

Park, B., Martin, P., Harris, C., Guest, R., Whittingham, A., Jenkinson, P., and Handley, J. 688 

(2007). Initial in vitro screening approach to investigate the potential health and environmental 689 

hazards of EnviroxTM – a nanoparticulate cerium oxide diesel fuel additive. Particle and Fibre 690 

Toxicology 4, 12. doi:10.1186/1743-8977-4-12 691 

Park, E.-J., Choi, J., Park, Y.-K., and Park, K. (2008). Oxidative stress induced by cerium oxide 692 

nanoparticles in cultured BEAS-2B cells. Toxicology 245, 90–100. 693 

https://doi.org/10.1016/j.toxlet.2008.06.869 694 

Philipp, E.E.R., Wessels, W., Gruber, H., Strahl, J., Wagner, A.E., Ernst, I.M.A., Rimbach, G., 695 

Kraemer, L., Schreiber, S., Abele, D., et al. (2012a). Gene Expression and Physiological 696 

Changes of Different Populations of the Long-Lived Bivalve Arctica islandica under Low 697 

Oxygen Conditions. PLoS ONE 7, e44621. https://doi.org/10.1371/journal.pone.0044621 698 

Piña, B., Casado, M., and Quirós, L. (2007). Analysis of gene expression as a new tool in 699 

ecotoxicology and environmental monitoring. TrAC Trends in Analytical Chemistry 26, 1145–700 

1154. https://doi.org/10.1016/j.trac.2007.09.009 701 

Renault, S., Baudrimont, M., Mesmer-Dudons, N., Gonzalez, P., Mornet, S., and Brisson, A. 702 

(2008). Impacts of gold nanoparticle exposure on two freshwater species: a phytoplanktonic 703 

alga (Scenedesmus subspicatus) and a benthic bivalve (Corbicula fluminea). Gold Bull 41, 116–704 

126. https://doi.org/10.1007/BF03216589 705 

Ringwood, A.H., McCarthy, M., Bates, T.C., and Carroll, D.L. (2010). The effects of silver 706 

nanoparticles on oyster embryos. Marine Environmental Research 69, S49–S51. 707 

https://doi.org/10.1016/j.marenvres.2009.10.011 708 



29 
 

Rocha, T.L., Gomes, T., Sousa, V.S., Mestre, N.C., and Bebianno, M.J. (2015). 709 

Ecotoxicological impact of engineered nanomaterials in bivalve molluscs: An overview. 710 

Marine Environmental Research 111, 74–88. https://doi.org/10.1016/j.marenvres.2015.06.013 711 

Ruiz, P., Katsumiti, A., Nieto, J.A., Bori, J., Jimeno-Romero, A., Reip, P., Arostegui, I., Orbea, 712 

A., and Cajaraville, M.P. (2015). Short-term effects on antioxidant enzymes and long-term 713 

genotoxic and carcinogenic potential of CuO nanoparticles compared to bulk CuO and ionic 714 

copper in mussels Mytilus galloprovincialis. Marine Environmental Research 111, 107–120. 715 

https://doi.org/10.1016/j.marenvres.2015.07.018 716 

Shi, W., Han, Y., Guo, C., Zhao, X., Liu, S., Su, W., Zha, S., Wang, Y., and Liu, G. (2017). 717 

Immunotoxicity of nanoparticle nTiO2 to a commercial marine bivalve species, Tegillarca 718 

granosa. Fish & Shellfish Immunology 66, 300–306. https://doi.org/10.1016/j.fsi.2017.05.036 719 

Singh, S. (2016). Cerium oxide based nanozymes: Redox phenomenon at biointerfaces. 720 

Biointerphases 11, 04B202. https://doi.org/10.1116/1.4966535 721 

Singh, C., and Institute for Health and Consumer Protection (2014). Cerium Dioxide NM-211, 722 

NM-212, NM-213, characterisation and test item preparation JRC repository: NM-series of 723 

representative manufactured nanomaterials (Luxembourg: Publications Office of the European 724 

Union). 725 

Singh, R., and Singh, S. (2015). Role of phosphate on stability and catalase mimetic activity of 726 

cerium oxide nanoparticles. Colloids and Surfaces B: Biointerfaces 132, 78–84. 727 

https://doi.org/10.1016/j.colsurfb.2015.05.005 728 

Tran, D., Fournier, E., Durrieu, G., and Massabuau, J.-C. (2003). Copper detection in the 729 

Asiatic clam Corbicula fluminea: optimum valve closure response. Aquatic Toxicology 65, 730 

317–327. https://doi.org/10.1016/S0166-445X(03)00156-5 731 

Volland, M., Hampel, M., Martos-Sitcha, J.A., Trombini, C., Martínez-Rodríguez, G., and 732 

Blasco, J. (2015). Citrate gold nanoparticle exposure in the marine bivalve Ruditapes 733 

philippinarum: uptake, elimination and oxidative stress response. Environ Sci Pollut Res Int 734 

22, 17414–17424. https://doi.org/10.1007/s11356-015-4718-x 735 

Volland, M., Hampel, M., Katsumiti, A., Yeste, M.P., Gatica, J.M., Cajaraville, M., and Blasco, 736 

J. (2018). Synthesis methods influence characteristics, behaviour and toxicity of bare CuO NPs 737 

compared to bulk CuO and ionic Cu after in vitro exposure of Ruditapes philippinarum 738 

hemocytes. Aquatic Toxicology 199, 285–295. 739 

Wang, Y., and Nowack, B. (2018a). Dynamic probabilistic material flow analysis of nano-SiO2, 740 

nano iron oxides, nano-CeO2, nano-Al2O3, and quantum dots in seven European regions. 741 

Environmental Pollution 235, 589–601. https://doi.org/10.1016/j.envpol.2018.01.004 742 

Wang, Y., and Nowack, B. (2018b). Environmental risk assessment of engineered nano-SiO2, 743 

nano iron oxides, nano-CeO2, nano-Al2O3, and quantum dots: Environmental risk assessment 744 

of engineered nanomaterials. Environmental Toxicology and Chemistry 37, 1387–1395. 745 

https://doi.org/10.1002/etc.4080 746 

Wiesner M.R., Bottero J.-Y. (2017). Environmental Nanotechnology: Applications and Impacts 747 

of Nanomaterials, Second Edition. Chapter 5: Organismal Level Considerations. 748 



30 
 

Zhang, H., He, X., Zhang, Z., Zhang, P., Li, Y., Ma, Y., Kuang, Y., Zhao, Y., and Chai, Z. 749 

(2011). Nano-CeO2 Exhibits Adverse Effects at Environmental Relevant Concentrations. 750 

Environmental Science & Technology 45, 3725–3730. https://doi.org/10.1021/es103309n 751 

Zhang, P., He, X., Ma, Y., Lu, K., Zhao, Y., and Zhang, Z. (2012). Distribution and 752 

bioavailability of ceria nanoparticles in an aquatic ecosystem model. Chemosphere 89, 530–753 

535. https://doi.org/10.1016/j.chemosphere.2012.05.044 754 


