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Multivariate Analysis of the Exposure and Hazard of Ceria Nanomaterials in Indoor Aquatic Mesocosms

The vast diversity of applications uing nanomaterials and the enhanced physicochemical properties at the nanoscale have raised questions concerning their potential environmental risks. Assessing the risk of nanomaterials in a real ecosystem is extremely challenging because of the system complexity and the relevant environmental doses tested. To provide ultimate interpretations about nanomaterials risk assessment, we combined ceria nanomaterials behavior, fate and impact analysis within indoor aquatic mesocosms with multivariate analysis. PCA showed that the exposure scenario to CeO2 nanoparticles (NPs) constitutes the main parameter to consider while investigating the risk for a given ecosystem. Moreover, following a single pulse of CeO2 NPs, the global response of the pond ecosystem was time dependent. However, a multiple dosing contamination failed to significantly perturbate the system overtime. Finally, the NPs surface coating was found to play a secondary role and to affect the global response of the pond ecosystem on the short term only.

INTRODUCTION

The European Union (EU) regulation number 2018/1881 is a major milestone in addressing nanomaterials. Indeed, these materials graduated from a "recommendation" status, in the pioneering definition initiative in 2011, to a formal existence as an actual nano-sized compound in the REACH registration process, which as of Jan 1 st , 2020, includes nano specific characterization requirements. Since material registration becomes nano-specific, it is just a matter of time before current approaches differentiating between life cycle stages of traditional chemicals will be translated into their nanoscale compliant version. It is likely, similarly to traditional chemicals, that early life cycle stages of nanomaterials (i.e. occupational/production) are/will be better documented than the use-and end-of-life phases. However, from the point of view of the sustainability of nanotechnologies and environmental risk assessment, the focus should also be on these two last phases. Unfortunately, while progressing to the late life cycle stage, there are very few testing methods to evaluate environmental exposure and hazard, and these most often use model systems designed to determine a limited number of parameters. There is however an exception in the form of mesocosm testing [START_REF] Auffan | Contribution of mesocosm testing to a single-step and exposure-driven environmental risk assessment of engineered nanomaterials[END_REF] . A mesocosm is an experimental system that reproduces a miniature ecosystem under controlled and conditions 2 3 4 . The strong appeal of this methodology is an unchallenged environmental relevance, provided contamination levels reflecting real or predicted situations. Working with such experimental devices is analytically challenging in terms of number of samples to be analyzed, measurements of bio-physico-chemical endpoints in complex matrices, etc. To counterbalance this, there is a definite need for alternative methods to make greater use of the potential of mesocosm experiments. To do so, such methods can/should take advantage of the fact that all parameters and biological endpoints are obtained under the same conditions. Indeed, it then becomes possible to examine possible correlations between parameters, thus providing information not available by examining each parameter separately. For example, the N4mics data visualization tool examining over 150 data sets, was used to show that the speciation of the entire nanocomposite had a larger influence on the toxicity to zebrafish than the nature of the components of the composite 5 . As a matter of fact, numerical and statistical approaches, and in particular Principal Component Analysis (PCA) are commonly used to treat large data sets, but they are still underutilized in the analysis of physicochemical parameters during mesocosm testing, although this methodology appears as a good candidate to benefit from multivariate analysis to counterbalance the bivariate analytical capabilities 6 7 8 . In the present study, the relevance of multivariate analysis was tested with the dataset of freshwater mesocosms contaminated with CeO2 nanoparticles (NPs) 2 3 . The goal was to determine the main variables that drive the behaviour and impact of NPs in aquatic mesocosms. These studies focused on CeO2 nanoparticles because of their global production estimated to be ~10,000 tons 9 with applications in electronics and optics, catalysts, energy and environment, coatings and paints 10 11 12 13 14 15 16 . However, their physicochemical properties such as a high specific surface area (≈ 200 𝑚 ! /𝑔) and great reactivity 17 18 19 have raised questions concerning their hazard and fate in the environment. Keller et al. (2013) tons per year to soils, 100 tons per year to air, and 300 tons per year to water. The exposure concentration selected by Tella et al. (2014 and 2015) 2 3 between 0.1 and 1.3 mg/L of CeO2 are in the upper range of predicted environmental concentrations and in the lower range of already published studies 21 22 . The dataset studied is made of physical-chemical and biological proxies measured in 16 mesocosms mimicking a pond ecosystem exposed to CeO2 NPs (citrate-coated or uncoated, 4 nm or 30 nm). These NPs are representative of NPs used in wood protections [START_REF] Auffan | Long-term aging of a CeO2 based nanocomposite used for wood protection[END_REF] and also as fuel additives 15 16 . The data were analyzed using PCA to identify and classify the predominant parameters governing the global response of the ecosystem mimicked in mesocosms viz. the time frame (short-, mid-terms), the type of NPs (coated, uncoated), the dosing scenarios (single versus multiple pulse), the initial concentration, etc.

MATERIAL AND METHODS

Origin of the dataset

Data used in this multivariate analysis come from experiments performed in freshwater indoor mesocosms contaminated with CeO2 NPs. Briefly, sixteen indoor mesocosms were set up to mimic a natural pond ecosystem. Natural sediments and organisms (picobenthos and the invertebrate Planorbarius corneus) were collected from a non-contaminated pond in the preserved Natura 2000 reserve network in southern France (43.34361 N, 6.259663 E, altitude 107 m a.s.l.). Each mesocosm consisted of a layer of artificial sediments (adapted from [START_REF]Sediment-water Lumbricus toxicity test using spiked sediment (Organization for Economic Cooperation and Development[END_REF] ) made of 79 % of SiO2 (SNL, France), 15 % of kaolinite (Olterre, France), and 1 % of CaCO3 (Sigma-Aldrich, US) covered with 300 g of water-saturated natural sediment containing primary producers (e.g., algae, bacteria). The tanks were filled with 46 L of Volvic® water with pH (pH~7.9) and conductivity values (between 250 to 330 µS/cm) close to those of the natural pond water. After a first phase of mesocosm equilibration and organism acclimation (viz. P. corneus), 12 mesocosms were contaminated with CeO2 NPs and 4 were kept as control. Two scenarios of CeO2 NPs contamination that can be encountered in real life were simulated during a month: (i) a single pulse (called 'mono' exposure scenario) of 69 mg of NPs to achieve a total concentration of 1.3 mg/L of CeO2 NPs simulating NPs rain runoff or spills. and (ii) multiple dosing (called 'multi' exposure scenario) of 5.2 mg of NPs 3 times per week to reach a concentration of 1.1 mg/L after 28 days. The latter contamination scenario corresponds to a continuous point source discharge such as a wastewater treatment plant or industrial discharge. Among the 16 mesocosms, 4 were kept as Controls and 12 were contaminated with the 3 types of commercially available CeO2 NPs. Citrate coated CeO2 NPs (~4 nm, Nanobyk®, Byk additives and Instruments, Germany) were used to contaminate a total of 6 mesocosms (3 with the mono and 3 with the multi exposure scenario). Large bare CeO2 NPs (~30 nm, NanoGrain®, Umicore, Germany) were used to contaminate 3 mesocosms using the mutli exposure scenario, and small bare CeO2 NPs (~4 nm, Rhodia, France) to contaminate 3 mesocosms using the mono exposure scenario. Table 1 shows the main physical-chemical characteristics of these CeO2 NPs. More details can be found in Tella et al. (2014, 2015) 2 3 .

Implementation of the database

Data were collected and gathered in a matrix containing 64 rows and 14 columns. While the rows list the 16 mesocosms implemented at each time point (4 time points), the columns detail the 14 variables studied to characterize the behavior, fate and impact of the NPs. Three types of variables were distinguished:

• Six quantitative environmental variables measured every 5 minutes in each mesocosm: pH, oxidationreduction potential (ORP) in water column, ORP in the surficial sediment, conductivity (cond), dissolved 𝑂 ! (O2), Total Organic Carbon (TOC). • Four quantitative response variables measured once per week in each mesocosm : cerium concentration in the water column ([Ce] tot water), cerium concentration in the surficial sediments ([Ce] tot sediment), a biomarker of total antioxidant capacity (TAOC), and a biomarker of oxidative stress level based on lipid oxidation products (TBARS, thiobarbituric acid-reactive substances) 25 26 . TBARS and TAOC were measured on the digestive gland of P. corneus. For more details about these measurements see Tella et al. (2014) 3 . • Four qualitative variables: the exposure scenario (mono, multi, or control), the surface coating (none or citrate), the initial size of NPs (~4 nm and ~30 nm) and the sampling time point (time 7, time 14, time 21, time 28). To get a symmetric dataset, quantitative environmental variables were averaged during 24h at days 7, 14, 21, and 28.

Statistical analysis

Principal Components Regression (PCR) was used to detect patterns in the dataset and to describe linear relations between the quantitative and qualitative response variables. PCR is a regression method divided into three steps. First, a PCA is used to provide a data analysis that can explain the structure of correlations using linear combinations of the original data. Its use reduces and interprets data in a small space and presents them in a graphical form with the principle of double projection on the factorial axes 27 28 . PCA can help distinguish fundamental differences in objects based on many variables 29 . Then, a linear regression is performed to predict a quantitative outcome variable (y) on the basis of one or multiple predictor variables (x). Correlation and loading plots provided by PCR and PCA enable to study the relationship among quantitative variables, as well as between quantitative and qualitative variables. Data were centered and reduced using the correlation of Pearson. Due to the long experimentation period, sampling incidents caused ~3% of the data to be missing from the dataset. Herein, we predicted the missing data using linear regression based on Analysis of Covariance (ANCOVA) model. ANCOVA, which is a combination of Analysis of Variance (ANOVA) and linear regression, explains one quantitative variable via qualitative and quantitative variables. In order to show clearly the clustering of data and observations the ellipses of confidence were used according to Fisher method with 95% as a percentage of certainty. 

RESULTS AND DISCUSSION

Exposure scenario: the predominant parameter governing the global response of a freshwater ecosystem to CeO2 NPs Correlation circle and loading plots provided by PCR and PCA respectively enable to study the relationship among quantitative variables, as well as between quantitative and qualitative response variables measured in the 16 indoor mesocosms. The first two components (F1 and F2) accounted for 47.23% of the variability. The correlation plot (Figure 1) shows that four quantitative response variables ([Ce] tot water), [Ce] tot sediment, TAOC, and TBARS) and two qualitative modalities, exposure-Mono and size 4 nm, contributed to the first component (F1). These variables characterize both the nature, the behaviour and impact of the CeO2 NPs within the mimicked ecosystems.

The second component arises mainly from three modalities of the qualitative variables: exposure scenario (multi and control), and NPs properties (bare surface and size 30 nm).

To understand the relationships between all variables, the degree of linear correlations between them was calculated via Pearson correlation. In this paper, all correlation degree (R > 0.55) between quantitative variables were significant (p-value < 0.05).

According to Figure 1, TBARS was correlated to [Ce] tot water (R = 0.67), anti-correlated to TAOC (R = -0.714), and a weak anti-correlation between TAOC and [Ce] tot water (R = -0.5) and [Ce] tot sediment (R = -0.35) was found.

Interestingly, PCR highlighted that the single pulse dosing (called mono exposure scenario) was correlated (R ~ 0.75) to [Ce] tot water and to biomarkers. However, no relevant correlation was detected neither with the multiple dosing (called multi exposure scenario) nor between the variables themselves within multi exposure scenario. The nature of the surface coating was not correlated (R = 0.2) to biomarkers and cerium concentrations in water column and surficial sediments during the 28 day-experiment when considered mono and multi exposure scenarios of CeO2 NPs within the same global analysis. However, when considering only the mono exposure scenario a correlation between the type of coating and [Ce] tot water (R = 0.89) and TBARS (R = 0.72) was observed at short-term exposure (dataset obtained at 7 days only). (See Figure S1)

The general trend highlighted that the exposure scenario constituted the main parameter to consider while investigating the risk for a given ecosystem exposed to CeO2 NPs. Squared loadings (Figure 2) highlight this conclusion and show that the exposure scenario contributes with 0.75 to the formation of F1. The relationships between the behaviour, fate, and impacts of CeO2 NPs according to the scenario of contamination, as well as the importance of the NPs properties (surface coatings and size) on the short-and medium-term are discussed in more details in the following sections.

Time-dependent global response of a pond ecosystem following a single pulse of CeO2 NPs

PCA was used to examine the significant interrelations among the variables as well as the clustering of the individuals (individual stands for the whole data set generated within one mesocosm at a given time point). The loading plots (F1, F2) obtained by PCA (Figure 3) gathered 64 observations corresponding to 16 mesocosms observed once per week for one month. In order to make the figure readable only mesocosms with high weights are shown in Figure 3. S1). Over time, these three groups behave differently. No time-dependence was observed for the group corresponding to the multi exposure scenario(Figure 3, red) which overlapped with the control group (Figure 3, green). Consequently, following a multiple dosing of low concentrations of CeO2 NPs, the ecosystem mimicked was not significantly destabilized overtime compared to controls. However, the group corresponding to the mono exposure scenario appeared to be time dependent. At early stage (day 7, Figure 3 light blue), the individuals of the mono exposure scenario were located far away from the center of the loading plots with a barycenter at (-4.5±1, 3.5±1).

Then, the individuals of the mono exposure scenario gradually moved at day 14, 21, and 28 to the center and close to the controls. To be noted that no significant difference is observed when considering the third dimension F3 (see Figure S2). Consequently, following a single pulse of CeO2 NPs in aquatic mesocosms, the ecosystem was destabilized during the first few days, but gradually approached a state similar to control mesocosms. Interestingly, the ellipse of confidence of the mono and multi exposure scenarios started to overlap after 14 days highlighting a convergence of the different systems after 2 weeks whatever the contamination scenarios. It is noteworthy that based only on the total CeO2 concentration injected in the mesocosms, such a convergence between the mono and multi exposure scenarios should have occurred at day 28. Hence, the hypothesis that the global response of the ecosystem was driven by the total concentration of CeO2 in the system is not valid. However, among all the variables, the highest impact on the analysis was registered by [Ce] tot water and biomarkers (TBARS and TAOC) (Figure 2 and Figure S3).As the biomarkers are response variables, [Ce] tot water was considered the main variable that modulates the ecosystems behavior. In fact, it has been shown that [Ce] tot water remained quasi constant over time in the multi exposure scenario, whereas it drastically decreased in the mono exposure scenario 4 . The fast removal (<7 days) of Ce from the water column was attributed by Tella et al 2 . (2014) to both homo-and hetero-aggregation considering the surface properties of the CeO2 NPs and the presence of natural colloids in the water column, as well as the slow solubility of CeO2 30 31 32 33 . Colman et al. [START_REF] Colman | Dosing, Not the Dose: Comparing Chronic and Pulsed Silver Nanoparticle Exposures[END_REF] reached the similar conclusions regarding the behavior, fate, and impact of silver NPs in a year-long wetland mesocosm experiment. The initially higher silver concentrations in the water column in their single pulse dosing decreased due to colloidal destabilization within for 4 weeks to levels below those observed during their multiple dosing scenario.

Subsequently, both the global analysis and the experimental measurements of the fate (Figure 4) of NPs confirmed the hypothesis that the global response of the ecosystem is driven by the time frame of the bio-physical-chemical transformation of the NPs and their compartmentalization. Here, we show that depending on the scenario tested (e.g. mono exposure scenario for NPs rain runoff or spill, or multi exposure scenario for a continuous point source discharge such as a wastewater treatment plant or industrial discharge), a specific attention will have to be given to short-term versus medium-term responses.

CeO2 NPs surface coating-dependent global response of the pond ecosystem on the short-term

There have been several evidences in the literature for the impact of the surface coating of metal-based NPs on their toxicity 2 3 as well as their behavior 4 35 in aquatic environments. Here, we assess whether the surface coating of CeO2 affect the global response of the pond ecosystem on the short and mid-terms. The two scenarios of CeO2 NPs contamination were taken separately because of their different time-sensitivity. Figure 5 gathers and classifies 8 groups of individuals i.e. mesocosms exposed to the mono exposure scenario according to NPs surface coating and time. This loading plots F2) highlights that the individuals are distributed with respect to F1 which is, according to the squared loadings (see SI, Figure S4), mostly created by [Ce] tot water and TBARS through a contribution of ~0.83. The surface coating contributes to the formation of F2 by 0.7. While the ellipses of confidence of the bare CeO2 NPs and coated CeO2 NPs almost overlapped at days 14, 21 and 28, they were not clustered at a short time point (7 days). The clustering of bare and coated individuals according to F1 and F2 at 7 day highlights the short-term impact of surface coating on the exposure and hazard. Strikingly, this impact was also noticed by high correlations of surface coating to [Ce] tot water (0.89) and TBARS (0.75). At a medium-term, (>14 days) the system appears no longer sensitive to the surface properties of NPs. Similar findings were reported earlier [START_REF] Tella | Transfer, Transformation, and Impacts of Ceria Nanomaterials in Aquatic Mesocosms Simulating a Pond Ecosystem[END_REF] . A significant difference between bare and coated CeO2 NPs treatments was observed at only one week after contamination with 19 ± 16% and 41 ± 15% of the Ce injected remaining in the water column respectively. After 7 days, the negatively-charged citrate coating [START_REF] Smith | Critical Stability Constants: Second Supplement[END_REF] was degraded (changes in chemical equilibrium, illumination) and both bare and aged coated NPs interacted similarly with natural colloids and settled 37 38 30 . Once in the surficial sediments, it is likely that the NPs strongly interact with the mineral surface, organic matter and the biofilm. Figure 6 gathers and classifies 3 groups of individuals i.e. mesocosms exposed to the multi exposure scenario according to the NPs surface coating. This loading plots (F1, F3) highlights that the individuals are distributed mostly with respect to F3, an axes mostly created by [Ce] tot water through a contribution of 0.68. Figure 6 shows that whatever the time point, the ellipses of confidences of control mesocosms and of mesocosms contaminated by bare NPs overlapped while mesocosms contaminated by coated CeO2 NPs were clustered away from this group. This is likely due to the slower kinetics of the aging of the citrate coating compared to the rates of multi doses of fresh CeO2 NPs into the mesocosms [START_REF] Auffan | Long-term aging of a CeO2 based nanocomposite used for wood protection[END_REF] . However, bare CeO2 NPs having an isoelectric point close to pH 8, their aggregation and settling is faster (a few minutes) than the rates of doses. Consequently, between two doses in the multi exposure scenario, coated CeO2 NPs remained longer in the water column than bare CeO2 NPs. This result was corroborated through a correlation of 0.93 between citrate coated NPs injected using the multi exposure scenario and [Ce] tot water.

It is noteworthy that despite the high correlation between the exposure variables (such as [Ce] tot water) and the surface coating, we did not find any correlation with hazard variables (such as TBARS) neither in short-nor in medium-term using the multi exposure contamination.

There have been multiple suggestions in the literature on how to classify and prioritize NPs for safety assessment, including classification based on volume of production, chemistry, size, aspect ratio, surface properties, their adverse outcome pathways [START_REF] Szakal | Measurement of Nanomaterials in Foods: Integrative Consideration of Challenges and Future Prospects[END_REF] . Based on the present experimental dataset and the performed global analysis, we observed that at the scale of 46L mesocosms, the intrinsic properties of CeO2 NPs cannot be used by themselves to classify and prioritize NPs for environmental risk assessment. A novel approach has to be used that interlinks physical-chemical descriptors of NPs, with the scenarios of exposure and time scale. 

CONCLUSION

Assessing the environmental risks related to nanotechnologies is technically and analytically challenging. Aquatic mesocosms have been shown to have the advantages of being adaptable and versatile exposure systems that allow different real-world exposure scenarios. For each scenario of exposure (duration, type of ecosystems, contamination scenario, NPs properties, etc.), the physical-chemical transformations of the NPs in the environment and their biological impacts are strongly correlated. Hence, all the attempts to consider only physical-chemical descriptors of NPs or only biological descriptors of targeted organisms to estimate their environmental risks appears too simplistic.

Here, we showed that multivariate analysis could be an added value to mesocosm experiments in order to evaluate and predict the ecological consequences of NPs release into the environment. The performed global analysis showed that the scenario of contamination is the predominant stressor for a given ecosystem. Properties such as surface functionalization of the CeO2 NPs (citrate coating, uncoated) lead to contrasted responses in aquatic mesocosms, only at the short-term following a punctual contamination scenario. At the medium-term, whatever the physical-chemical properties of CeO2 nanoparticles nor the contamination scenario tested, the global response (in term of exposure and hazard) obtained in our 46 L indoor aquatic mesocosms converged. In this study PCA was not only an effective method to examine the interrelations among the variables but it also could be an added value in the development of environmental risk assessment of nanotechnology as well as in the safer by design NPs.
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 1 Figure1: circle of correlation given by PCR and gathering 10 quantitative variables in red and 4 qualitative variables in blue. The two first principal axis F1 and F2 explained 29.13% and 18.10% of the variability, respectively. A small angle between two variables indicates a good correlation, no correlation at 90°, while if it tends to 180° the variables are considered anti-correlated. The modulus of two arrows must be comparable and estimates the impact of each variable on the analysis.

Figure 2 :Figure 3

 23 Figure 2: squared loadings plot showing the impact of each qualitative variables (in blue) and quantitative variables (in red) on the principal components F1 and F2.

Figure 5 :

 5 Figure 5: loading plots (F1, F2) gathering 24 observations corresponding to the mesocosms contaminated by a single pulse of CeO2 NPs and clustered according to the surface coating. An ellipse of confidence encircles each group.

Figure 6 :

 6 Figure 6: loading plots (F1, F3) gathering 36 observations corresponding to the mesocosms contaminated by multiple dosing scenario of CeO2 NPs and grouped according to the surface coating. An ellipse of confidence encircles each group.

  [START_REF] Keller | Global life cycle releases of engineered nanomaterials[END_REF] estimated that 8,200 tons per year of CeO2 might be released to landfills, 1,400

Table 1 .

 1 Main physical-chemical characteristics of CeO2 NPs used to contaminate the mesocosms. (* : in their stock suspensions)

	Name	Surface coating	Particle size (TEM)	Specific surface area (m 2 /g)	Average diameter * Hydrodyna mic	Isoelectric point (IEP)	References
	Bare CeO2 NPs	Uncoated	30 ± 18 𝑛𝑚	56 ± 10	90 𝑛𝑚	~7.8	2
	Bare CeO2 NPs	Uncoated	4 ± 1.8 𝑛𝑚 271 ± 177	8 𝑛𝑚	~7.5	3
	Citrate-						
	coated	Citrate	4 ± 1.8 𝑛𝑚 271 ± 177	8 𝑛𝑚	>10	23
	CeO2 NPs						
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