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Cutting-edge spectroscopy techniques highlight toxicity mechanisms of copper oxide nanoparticles in the aquatic plant Myriophyllum spicatum
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Copper oxide nanoparticles (CuO-NPs) have been increasingly released in aquatic ecosystems over the past decades as they are used in many applications. Cu toxicity to different organisms has already been highlighted in the literature, however toxicity mechanisms of the nanoparticulate form remain unclear.

Here, we investigated the effect, transfer and localization of CuO-NPs compared to Cu salt on the aquatic plant Myriophyllum spicatum, an ecotoxicological model species with a pivotal role in freshwater ecosystems, to establish a clear mode of action. Plants were exposed to 0.5 mg/L Cu salt, 5 and 70 mg/L CuO-NPs during 96 hours and 10 days. Several morphological and physiological endpoints were measured. Cu salt was found more toxic than CuO-NPs to plants based on all the measured endpoints despite a similar internal Cu concentration demonstrated via Cu mapping by micro particle-induced X-ray emission (µPIXE) coupled to Rutherford backscattering spectroscopy (RBS).

Biomacromolecule composition investigated by FTIR converged between 70 mg/L CuO-NPs and Cu salt treatments after 10 days. This demonstrates that the difference of toxicity comes from a sudden massive Cu 2+ addition from Cu salt similar to an acute exposure, versus a progressive leaching of Cu 2+ from CuO-NPs representing a chronic exposure. Understanding NP toxicity mechanisms can help in the future conception of safer by design NPs and thus diminishing their impact on both the environment and humans.

Introduction

The last decades have seen an exponential increase in the use of engineered nanoparticles (NPs), i.e.

particles with at least one dimension below 100 nm [START_REF] Boverhof | Comparative assessment of nanomaterial definitions and safety evaluation considerations[END_REF]. Their small size confers them properties which are highly valuable for both domestic and industrial purposes, such as in electronics, cosmetics, drug engineering or agriculture [START_REF] Bundschuh | Nanoparticles in the environment: where do we come from, where do we go to?[END_REF]. They can be found in many products of our daily life, such as paints, sunscreens, toothpaste and clothing, making them omnipresent in our environment. Products containing NPs increased by 91-fold between 2005 and 2020 [START_REF] Environment | Search Database -The Nanodatabase[END_REF]. As an example, the global annual production of copper oxide NPs (CuO-NPs) was approximately 570 tons/year in 2014 and is predicted to be 1600 tons/year by 2025 [START_REF] Keller | Global life cycle releases of engineered nanomaterials[END_REF]. CuO-NPs are mainly used as biocides [START_REF] Ivask | Mechanisms of toxic action of Ag, ZnO and CuO nanoparticles to selected ecotoxicological test organisms and mammalian cells in vitro : A comparative review[END_REF], [START_REF] Tamayo | Release of silver and copper nanoparticles from polyethylene nanocomposites and their penetration into Listeria monocytogenes[END_REF], and they are included in several applications in agriculture, such as fungicides and herbicides, but also as growth regulators and fertilizers [START_REF] Xiong | Copper Oxide Nanoparticle Foliar Uptake, Phytotoxicity, and Consequences for Sustainable Urban Agriculture[END_REF]. Such extensive use has led to a direct contamination of many ecosystems whose extent started to be acknowledged by the end of the 2000's in both aquatic and terrestrial environments [START_REF] Lee | Toxicity and bioavailability of copper nanoparticles to the terrestrial plants mung bean (phaseolus radiatus) and wheat (triticum aestivum): plant agar test for water-insoluble nanoparticles[END_REF]- [START_REF] Dimkpa | Fate of CuO and ZnO nano-and microparticles in the plant environment[END_REF]. The aquatic environment is known to be especially at risk as it acts as a sink for pollutants [START_REF] Bashir | Concerns and Threats of Contamination on Aquatic Ecosystems[END_REF]. CuO-NPs are released into aquatic ecosystems through indirect pathways, such as runoffs and leaching from industrial and agricultural sites, and also through direct pathways, with the use of antifouling paints [START_REF] Adeleye | Release and detection of nanosized copper from a commercial antifouling paint[END_REF], [START_REF] Muller-Karanassos | Environmental concentrations of antifouling paint particles are toxic to sediment-dwelling invertebrates[END_REF], raising a global concern for ecological impacts of such contamination [START_REF] Wu | Assessment of Cu and CuO nanoparticle ecological responses using laboratory small-scale microcosms[END_REF].

Negative impacts have been reported on several organisms, although the toxicity range varies depending on the species and environmental factors. Indeed, water quality, organic matter and pH will influence the colloidal stability of metal-based NPs, and thus influence their potential toxicity [START_REF] Peng | Transformation of CuO nanoparticles in the aquatic environment: Influence of pH, electrolytes and natural organic matter[END_REF]. It is therefore challenging to assess their effects on aquatic ecosystems. Several studies have been performed on aquatic species to assess the mode of action and toxicity of CuO-NPs and if it stems from ionic leaching or particle-specific toxicity. No consensus has been reached so far. Especially, the mechanisms behind toxicity in aquatic plants remain unclear. Few studies found that aquatic plant species were more sensitive to the nanoparticulate form than the ionic one [START_REF] Song | Effects of CuO nanoparticles on Lemna minor[END_REF]- [START_REF] Zhang | Uptake and accumulation of CuO nanoparticles and CdS/ZnS quantum dot nanoparticles by Schoenoplectus tabernaemontani in hydroponic mesocosms[END_REF], while another study on duckweed attributed toxicity to ionic leaching from CuO-NPs [START_REF] Perreault | Effect of soluble copper released from copper oxide nanoparticles solubilisation on growth and photosynthetic processes of Lemna gibba L[END_REF]. Finally, one study performed on a submerged rooted aquatic plant species, Elodea nuttaliii, showed similar effects between Cu salt and CuO-NP exposure on growth and down-regulation of a Cu transporter gene, COPT1, after 24h of exposure [START_REF] Regier | Effects of copper-oxide nanoparticles, dissolved copper and ultraviolet radiation on copper bioaccumulation, photosynthesis and oxidative stress in the aquatic macrophyte Elodea nuttallii[END_REF], suggesting that toxicity was due to ionic leaching. In order to understand better the toxicity mechanisms, we need to access Cu spatial distribution which is not investigated in most studies. For this purpose, biophysical techniques represent a great asset even though they are not often used in environmental sciences. Indeed, spectroscopic techniques have proven to be effective tools to assess metal uptake and distribution in organisms at high spatial resolution [START_REF] Larue | Innovative combination of spectroscopic techniques to reveal nanoparticle fate in a crop plant[END_REF]. The combination of micro particle-induced X-ray emission (µPIXE) with Rutherford backscattering spectroscopy (RBS) provides unique in situ information on elemental mapping in plant tissues and is highly relevant to assess uptake of metal based NPs [START_REF] Castillo-Michel | Practical review on the use of synchrotron based micro-and nano-X-ray fluorescence mapping and Xray absorption spectroscopy to investigate the interactions between plants and engineered nanomaterials[END_REF].

In this study, we aimed at making use of cutting-edge spectroscopic techniques to bring new and original data to answer the question of the mechanisms of action implied in CuO-NP toxicity in aquatic plants in comparison with Cu salt. Myriophyllum spicatum (L.), a submerged OECD model species (OECD TG 238, 239), was used to link dissolution, adsorption, absorption, and Cu localization to CuO-NP mode of action. Cu distribution was analysed using µPIXE coupled to RBS to avoid mixing the Cu signal coming from Cu adsorbed at the surface of leaves with Cu really absorbed inside the leaf tissues, allowing to map Cu distribution in leaf cross-sections. Additionally, Cu toxicity was assessed through "traditional" biomarkers (such as growth, dry matter content and photosystem efficiency) and by evaluating its impact on plant biomacromolecule composition via Fourier-transformed infrared spectroscopy (FTIR) analysis.

Material and methods

Plant growth and Cu exposure

M. spicatum L. (Haloragaceae) was chosen as a model species of aquatic freshwater species (see supporting information for more details about plant growth). In total, two concentrations of CuO-NPs were used: 5 and 70 mg/L; along with one control concentration (0 mg/L) and one CuSO4 concentration containing 0.5 mg/L Cu 2+ , with n = 10 per concentration (see supporting information for more details about exposure protocol) for either 96h or 10 days of exposure. CuO-NP concentrations were chosen based on literature and preliminary experiments allowing proper Cu visualization inside leaf tissues by µPIXE/RBS. Although no information on environmental CuO-NP concentration can be found, studies have highlighted Cu 2+ concentrations up to 100 mg/kg in European topsoils [START_REF] Ballabio | Copper distribution in European topsoils: An assessment based on LUCAS soil survey[END_REF] and Cu concentration of 40 mg/kg in freshwater sediments are considered environmentally-relevant [START_REF] Ahmed | Environmental concentrations of copper, alone or in mixture with arsenic, can impact river sediment microbial community structure and functions[END_REF], [START_REF] Rader | The Fate of Copper Added to Surface Water: Field, Laboratory, and Modeling Studies[END_REF].

Nanoparticle characterization

The nominal diameter of NPs was determined using Transmission Electron Microscopy (TEM, Jem-1400, Jeol, USA), and imageJ software for image analysis (n = 45). Nanoparticle hydrodynamic diameter in suspension was assessed by dynamic light scattering (DLS; Zetasizer Nano ZS90, Malvern Panalytical, UK) and the software Zetasizer (n = 3). The zeta potential in plant culture medium was measured with 12 runs for both suspensions (Zetasizer Nano ZS90, Malvern Panalytical, UK).

Nanoparticle dissolution at the end of exposure in plant exposure medium was assessed by ICP-OES (see supplementary materials for more details).

Copper leaching and concentration in plant samples

Copper concentrations in the media were measured by sampling water at the beginning and at the end of exposure from experimental units of both Cu exposure times (96 h and 10 days) in order to assess effective concentrations. Copper concentration in plants was measured at the end of Cu exposure after acid digestion of dry plant material. For more details about sample preparation see supporting information.

Copper and other elemental (Ca, K, P, Fe, S, Mg, Mo, Mn, Zn) concentrations in both plants and media were measured using ICP-OES (Iris Intrepid II XLD, Thermo Electron, MA, USA) with a detection limit of 0.0012 mg/kg for water samples and 0.00169 mg/kg for plant samples. Different controls were analysed to ensure the quality of the measurements.

Exposure endpoints

Growth-related endpoints

Fresh mass was measured at the beginning and at the end of exposure after having gently dried the plants with blotting paper, to calculate the relative growth rate based on biomass production (RGR).

Samples were oven-dried at 70 °C during 72 h before weighting again to measure their dry matter content (DMC).

RGR was calculated for each experimental unit as follows:

𝑅𝐺𝑅 𝑖-𝑗 = (ln(𝑁𝑗) -ln(𝑁𝑖)) / 𝑡
where RGRi-j is the relative growth rate from time i to j, Ni and Nj is the endpoint (fresh mass) in the test or control vessel at time i and j, respectively, and t is the time period in days from i to j. DMC in % was calculated as:

%𝐷𝑀𝐶 = ( 100 × 𝐷𝑀 𝐹𝑀 )
where FM is the fresh mass of a plant sample, DM is its corresponding dry mass.

Physiological endpoints

Oxidative stress was evaluated through lipid peroxidation measurements, using the production of malondialdehyde (MDA) in the samples to assess membrane integrity according to Parveen et al.

(2017) [START_REF] Parveen | Biochemical adaptations of four submerged macrophytes under combined exposure to hypoxia and hydrogen sulphide[END_REF] (more details in supporting information).

Quantum efficiency of photosystem II was estimated at the end of exposure for each experimental unit using the Fv/Fm ratio, which is the ratio of the variable (Fv) to the maximum chlorophyll fluorescence (Fm), i.e. the maximal ability of the plant to harvest light [START_REF] Murchie | Chlorophyll fluorescence analysis: A guide to good practice and understanding some new applications[END_REF]. Measurements were conducted using a Diving-PAM fluorometer (Heinz Walz GmbH, Germany) in a dark chamber, 30 min after dark acclimatization of the plant to ensure that all reaction centers were opened for new photons. The basic settings of the Diving-PAM, namely intensity of measuring light (50: MEAS-INT) and amplification factor (49: GAIN) were set to 8 and 2, respectively.

Biomacromolecule composition

Biomacromolecule composition was determined by Fourier transformed infrared spectroscopy (FTIR).

Plant samples were dried for 48 h at 105°C, then ground in thin powder (> 20 mg). Samples were analysed using a FTIR microscope in attenuated total reflection (ATR) mode (Thermo Nicolet NEXUS 470 ESR, ThermoFisher™, Massachusetts, USA) over the frequency range of 4000 -400 cm -1 with a spectral resolution of 4 cm -1 . One spectrum was an average of 64 scans per sample. Each powdered plant was placed on the sample plate and three independent technical replicates for each sample (10 biological replicates per treatment) were acquired. OMNIC software was used to export experimental spectra after ATR correction (OMNIC™ FTIR Software, ThermoFisher™, Massachusetts, USA).

FTIR data treatment was performed using Orange software [START_REF] Demšar | Orange: Data mining toolbox in Python[END_REF]. Briefly, data were pre-processed which implies selection of the region of interest (including most of the variance among samples), vector normalization and smoothing by Savitzky-Golay filter. Using the second derivative, a principal component analysis (PCA) was carried out for the different exposure times (n=30 per time of exposure × condition with technical replicates). The components permitting to explain at least 70% of the variance were used to perform a subsequent linear discriminant analysis (LDA). This approach permitted to plot the samples and detect differences among groups of samples. When a difference was detected, a logistic regression was applied to the pre-processed data to identify wavenumbers contributing to the difference detected among groups by the PCLDA.

Spatial distribution and semi-quantification of Cu

Absorption and adsorption of Cu in leaves were mapped and measured using a nuclear microprobe. A combination of micro-particle induced X-ray emission (μPIXE) and Rutherford backscattered spectroscopy (RBS) was used for elemental mapping and semi-quantification. Leaves were thoroughly washed three times with deionized water to take off Cu lightly bound to the surface and immersed in a droplet of resin (Tissue Teck Sakura ® ) to be immediately cryo-fixed by plunging the sample in isopentane cooled with liquid nitrogen. Samples were then cut in thin cross-sections (40 μm) using a cryo-microtome (Leica, Germany) and finally freeze-dried (48 h, -52°C, 0.01 mbar). Freeze-dried sections were analyzed at the nuclear microprobe available at the Atomic Energy Commission (CEA)

Center of Saclay (France) with a proton source of 3 MeV, a beam focused to 2.5 μm and a current intensity of 500 pA. Data processing was performed using Rismin software [START_REF] Daudin | Development of 'position-charge-time' tagged spectrometry for ion beam microanalysis[END_REF] to define regions of interest and extract spectra, and SIMNRA [START_REF] Mayer | SIMNRA, a simulation program for the analysis of NRA, RBS and ERDA[END_REF] and GUPIX [START_REF] Campbell | Guelph PIXE software package III: alternative proton database[END_REF] codes to fit RBS and PIXE data, respectively. The Cu/(K+Ca) ratio was used as a Cu enrichment indicator as K and Ca are the most abundant endogenous elements.

Statistical analyses

Results were analyzed using the R studio software (R Core Team (2016) V 3.3.1) and analyses were performed within each exposure time (96 h and 10 days). Homoscedasticity was tested using Bartlett test. Data normality was assessed with Shapiro-Wilk test on ANOVA residuals, with logtransformation when normality assumption was not met. Two-way ANOVAs were performed on results showing normal distribution, with or without log transformation, to assess the interactive effects of Cu concentrations and time of exposure. Tukey HSD post-hoc tests were used to identify significant differences among Cu concentrations and exposure times. Kruskal-Wallis tests were used in dataset when no normality was found despite log-transformation. The differences in plant inorganic composition resulting from exposure were assessed using a linear discriminant analysis (LDA, n = 10, ade4 package [START_REF] Dray | Package 'ade4[END_REF]). The significance of the discriminant analyses was assessed using Monte-Carlo tests with 1000 repetitions.

Results

CuO-NP characterization, Cu 2+ concentration and leaching

Nominal diameter of CuO-NPs was on average 64.9 ± 8.5 nm according to TEM images (n = 45, Fig. 1A). Sedimentation was visually observed with NP deposition on the leaves of M. spicatum after the first 2 hours of exposure, forming a thin black layer (Fig. S1). Hydrodynamic diameter measured at different times showed agglomeration of NPs from the beginning of exposure with no strong evolution over time, except after 10 days at the highest concentration (Fig. 1B). Hydrodynamic diameter based on Z-average was 331 nm after 96 h of exposure for both concentrations, and 59 nm and 321 nm after 10 days of exposure at 5 mg/L and 70 mg/L CuO-NPs, respectively. Finally, the zeta potential of CuO-NPs in Smart & Barko was -21.7 ± 3.5 mV.

Total Cu in the medium for all concentrations at the beginning of exposure were 0, 0. concentration in the medium of 0.5 mg/L. After 10 days of exposure, the Cu 2+ concentration in the medium decreased by 86% and 79% for 5 mg/L and 70 mg/L CuO-NP suspensions, respectively, likely due to NP sedimentation on sediment (Fig. S1) and to plant adsorption/absorption of Cu 2+ . 2E). Cu accumulation decreased in parenchyma and vascular cylinder and was similar for both treatments. Our results showed that Cu from both treatments was internalized by the plants in parenchyma and vascular tissues.

Copper concentration and distribution in plants

Copper toxicity to plants

Copper toxicity based on "traditional" endpoints

Relative growth rate was only significantly impacted by Cu salt exposure, inhibiting growth by 57% after 96 h and by 80% after 10 days of exposure (2-way ANOVA, F3,72 = 12.64, P < 0.0001, Fig. 3A).

CuO-NP exposure inhibited growth by 30% at 70 mg/L after 10 days of exposure, however the variation among replicates was too high to highlight a significant difference.

Dry matter content significantly increased after 10 days of exposure at 0.5 mg/L Cu salt, with 14% of DMC in exposed plants against 8% for others (2-way ANOVA, F3,71 = 6.423 P = 0.0149, Fig. 3B).

Lipid peroxidation levels were significantly increased at both exposure times for 0.5 mg/L Cu salt, and after 10 days of exposure to 70 mg/L CuO-NPs (2-way ANOVA, F3,63 = 21.559, P < 0.001, Fig. 3C).

An interactive effect was found between treatments and exposure time (2-way ANOVA, F3,63 = 5.333, P = 0.002), with a significant effect of CuO-NPs on lipid peroxidation only after 10d of exposure compared to Cu salt.

Finally, no significant effect of CuO-NPs was observed on Fv/Fm at any concentration despite the deposition of a thin black layer on plant leaves, whereas Cu salt significantly decreased Fv/Fm by 12% after 96 h of exposure (2-way ANOVA, F3,72 =12.956, P < 0.001, Fig. S1 &S2).

Copper toxicity based on biomacromolecule composition

Biomacromolecule composition significantly changed among treatments at both exposure times (Fig. 4). The significant differences and the peak interpretations are listed in Table 1. After 96 h of exposure, plants at 0.5 mg/L Cu salt segregated from other treatments based on the first and third dimensions of the PCA toward the up-right corner, and plants exposed to 70 mg/L CuO-NPs segregated along the first dimension on the right side (Fig. 4A,B). Plants exposed to Cu segregated from the control based on the first dimension, with an overlap between 5 and 70 mg/L CuO-NPs treatments. These differences in composition were observed mostly in proteins, phenolic compounds, carbohydrates and cellulosic compounds (Table 1). After 10 days of exposure, plants exposed to 5 mg/L CuO-NPs remained the closest to control plants in terms of composition and remained on the left side of the first dimension, whereas composition from plants exposed at 0.5 mg/L Cu salt and 70 mg/L CuO-NPs converged on the right side of the same dimension (Fig. 4C,D). The plants exposed to these two treatments exhibited higher absorbances for the peaks representing polysaccharides, carbohydrates and proteins compared to control plants (Table 1).

Effect of Cu exposure on plant ionome

Plant exposure to ionic Cu and CuO-NPs significantly influenced their inorganic composition after 96 These results were similar to those found by µPIXE/RBS in plant leaves after 10 days (Fig. S5).

Calcium concentrations were significantly higher for plants exposed to ionic Cu, and found rather accumulated in parenchyma and epidermis tissues (Fig. S5A). Sulfur was found significantly more abundant in plants exposed to CuO-NPs with no difference in distribution among tissues due to variation among cross-sections (Fig. S5B) and Zn was found at higher concentrations in plants exposed to CuO-NPs at 70 mg/L, with no difference in distribution among plant tissues (Fig. S5C).

DISCUSSION

Our results, based on an original combination of spectroscopic techniques (FTIR and µPIXE/RBS) and a thorough characterization of NP dynamics in suspension, suggest that Cu ion leaching is the main driver of CuO-NP toxicity even though a specific nano form effect cannot be excluded but would remain minor. These conclusions confirmed some data available in the literature on different organisms. Indeed, few studies suggest that the most prominent mode of action of CuO-NPs on organisms is the leaching of ionic Cu 2+ from NPs, inducing reactive oxygen species (ROS) production and subsequent stress in organisms [START_REF] Wu | Assessment of Cu and CuO nanoparticle ecological responses using laboratory small-scale microcosms[END_REF], [START_REF] Malhotra | Review of copper and copper nanoparticle toxicity in fish[END_REF]. This is shared by most heavy-metal based NPs which are prone to dissolution, such as Ag-NPs or ZnO-NPs [START_REF] Ivask | Mechanisms of toxic action of Ag, ZnO and CuO nanoparticles to selected ecotoxicological test organisms and mammalian cells in vitro : A comparative review[END_REF], [START_REF] Aruoja | Toxicity of nanoparticles of CuO, ZnO and TiO2 to microalgae Pseudokirchneriella subcapitata[END_REF]- [START_REF] Kahlon | Impact of heavy metals and nanoparticles on aquatic biota[END_REF], although some NPs, such as TiO2 and CeO2, behave differently [START_REF] Hou | Toxicity and mechanisms of action of titanium dioxide nanoparticles in living organisms[END_REF], [START_REF] Bour | Toxicity of CeO2 nanoparticles at different trophic levels -Effects on diatoms, chironomids and amphibians[END_REF]. This mode of action was shown from single-cell organisms [START_REF] Gunawan | Cytotoxic Origin of Copper ( II ) Oxide Nanoparticles : Comparative Studies and Metal Salts[END_REF]- [START_REF] Wang | Where does the toxicity of metal oxide nanoparticles come from: The nanoparticles, the ions, or a combination of both?[END_REF], to more complex organisms such as zooplankton, fish and aquatic plant species [START_REF] Yue | Interaction of CuO nanoparticles with duckweed (Lemna minor. L): Uptake, distribution and ROS production sites[END_REF]- [START_REF] Ozmen | Ecotoxicity of Nanomaterials in Aquatic Environment[END_REF].

A big difference in toxicity can be found from one study to another in the literature even within a same species, which may be related to environmental conditions [START_REF] Wu | Assessment of Cu and CuO nanoparticle ecological responses using laboratory small-scale microcosms[END_REF], [START_REF] Zhao | Uptake, Distribution, and Transformation of CuO NPs in a Floating Plant Eichhornia crassipes and Related Stomatal Responses[END_REF].

Indeed, the behavior of NPs and the subsequent ionic leaching is directly linked to water physicochemical parameters [START_REF] Ozmen | Ecotoxicity of Nanomaterials in Aquatic Environment[END_REF]. In our exposure conditions, CuO-NPs were prone to quickly form agglomerates as a result of low repulsive forces, high surface energy and high ionic strength of the medium leading to a high sedimentation rate, as demonstrated by the NP deposition on leaves. The same kind of results was obtained in the literature for other heavy-metal based NPs [START_REF] Khan | Coagulation and dissolution of CuO nanoparticles in the presence of dissolved organic matter under different pH values[END_REF]- [START_REF] Song | Phytotoxicity and accumulation of zinc oxide nanoparticles on the aquatic plants Hydrilla verticillata and Phragmites Australis: leaf-type-dependent responses[END_REF]. The presence of CaCl2 in the Smart & Barko medium likely increased the formation of agglomerates and sedimentation speed, as Ca 2+ is known to form bridges in solution [START_REF] Sousa | Aggregation kinetics and surface charge of CuO nanoparticles: The influence of pH, ionic strength and humic acids[END_REF]. The black deposition on the plant leaves visually observed suggests that CuO-NPs were tightly adsorbed at the plant surface as it was not eliminated with several washing steps. [START_REF] Shi | Phytotoxicity and accumulation of copper oxide nanoparticles to the Cu-tolerant plant Elsholtzia splendens[END_REF] noticed a similar black deposition on the roots of Elsholtzia splendens, a terrestrial plant, after hydroponic exposure which resulted in very high concentrations at the surface of plant roots [START_REF] Shi | Phytotoxicity and accumulation of copper oxide nanoparticles to the Cu-tolerant plant Elsholtzia splendens[END_REF].

The Cu 2+ concentration leached from CuO-NPs after 96 h was similar between the two CuO-NP treatments and equivalent to the Cu salt concentration in solution (i.e. 0.5 mg/L). After 10 days of exposure, Cu 2+ leached from CuO-NPs was still similar between the two concentrations, but strongly decreased compared to the concentration found at 96 h. This could be explained by the continuous uptake of Cu 2+ by plants, leading to Cu decrease in the water column. Furthermore, underwater photosynthesis changes the pH over time through the release of HCO3 -, which can influence colloidal stability and increase the formation of agglomerates, decreasing ionic leaching [START_REF] Pedersen | Underwater photosynthesis of submerged plants -recent advances and methods[END_REF], [START_REF] Qiu | The aggregation and sedimentation of two different sized copper oxide nanoparticles in soil solutions: Dependence on pH and dissolved organic matter[END_REF]. This, combined with the formation of hetero-agglomerates with organic matter produced by M. spicatum, can decrease further the colloidal stability and ionic leaching, as it is proportional to the surface area to volume ratio [START_REF] Shi | Phytotoxicity and accumulation of copper oxide nanoparticles to the Cu-tolerant plant Elsholtzia splendens[END_REF], [START_REF] Sousa | Aggregation kinetics and surface charge of CuO nanoparticles: The influence of pH, ionic strength and humic acids[END_REF], [START_REF] Qiu | The aggregation and sedimentation of two different sized copper oxide nanoparticles in soil solutions: Dependence on pH and dissolved organic matter[END_REF]- [START_REF] Gross | Release and ecological impact of algicidal hydrolysable polyphenols in Myriophyllum spicatum[END_REF].

In our study, CuO-NPs were less toxic to M. spicatum than Cu salt, especially after 96 h where no effect of NPs was observed, whereas Cu 2+ concentration in the medium was similar between Cu salt and NPs. An increase in lipid peroxidation was observed after 10 days of exposure to 70 mg/L CuO-NPs and was the only significant sign of toxicity when copper was provided under a NP form. On the other hand, Cu salt strongly decreased growth and increased lipid peroxidation at both exposure times, and increased DMC after 10 days as a result of stress [START_REF] Michalak | Phenolic compounds and their antioxidant activity in plants growing under heavy metal stress[END_REF], [START_REF] Elger | Leaf dry matter content as an integrative expression of plant palatability: the case of freshwater macrophytes[END_REF]. This result could be surprising as Cu bulk concentration was higher (by a factor of 9) in plants exposed to 70 mg/L CuO-NPs compared to plants exposed to Cu salts.

However, Cu bulk concentration does not give any information as to Cu internalization and localization, especially as CuO-NP accumulation was visible on plant surface. The data provided by the µPIXE/RBS analysis confirmed that Cu mostly accumulated on the plant surface (epidermis) with a factor of 3 between Cu salts and CuO-NPs 70 mg/L, even if this difference was not significant due to high variation among replicates. Furthermore, when focusing on the internalized Cu, a similar concentration was found in plants exposed to Cu salt and to 70 mg/L CuO-NPs. This is also in line with the fact that equivalent ionic Cu concentrations were measured in the medium suggesting an internalization which is mainly occurring under ionic form. Previous work has shown that ionic internalization is detected through an homogenous distribution with µPIXE, whereas a dot-like distribution is linked to nanoparticulate form [START_REF] Larue | Innovative combination of spectroscopic techniques to reveal nanoparticle fate in a crop plant[END_REF]. In our study, internalization of NPs themselves cannot be excluded as some highly concentrated sub-micrometric to micrometric spots were detected by µPIXE inside leaf parenchyma, compared to the more homogeneous Cu distribution in the vascular tissues. This phenomenon has also been demonstrated in other studies on both terrestrial and aquatic species [START_REF] Zhao | Uptake, Distribution, and Transformation of CuO NPs in a Floating Plant Eichhornia crassipes and Related Stomatal Responses[END_REF], [START_REF] Zhang | Uptake and accumulation of CuO nanoparticles and CdS/ZnS quantum dot nanoparticles by Schoenoplectus tabernaemontani in hydroponic mesocosms[END_REF], [START_REF] Yuan | Internalization and Phytotoxic Effects of CuO Nanoparticles in Arabidopsis thaliana as Revealed by Fatty Acid Profiles[END_REF], [START_REF] Dai | Interaction of CuO nanoparticles with plant cells: Internalization, oxidative stress, electron transport chain disruption, and toxicogenomic responses[END_REF], but further investigations using X-ray absorption spectroscopy would be needed for speciation confirmation. Indeed, some studies demonstrated that aquatic species, such as Chlorella pyrenoidosa and Eichhornia crassipes, were able to transform CuO-NPs into other Cu species, such as Cu2S or Cu2O-NPs, highlighting the need to go deeper into the speciation of CuO-NP once it enters biological barriers as speciation can influence both its translocation and toxicity [START_REF] Zhao | Uptake, Distribution, and Transformation of CuO NPs in a Floating Plant Eichhornia crassipes and Related Stomatal Responses[END_REF], [START_REF] Zhao | Interactions of CuO nanoparticles with the algae Chlorella pyrenoidosa: adhesion, uptake, and toxicity[END_REF].

These findings explain why such a high Cu concentration in plants exposed to CuO-NPs was found by ICP, but do not explain why Cu salt was more toxic to the plants despite a similar internal concentration found by µPIXE/RBS. This difference in toxicity between Cu salt and CuO-NP treatments can be explained by the sudden addition of soluble Cu salt compared to the progressive leaching of ionic Cu from CuO-NPs [START_REF] Perreault | Effect of soluble copper released from copper oxide nanoparticles solubilisation on growth and photosynthetic processes of Lemna gibba L[END_REF]. The results for biomacromolecule composition support these findings as a gradual convergence between plants exposed to 70 mg/L CuO-NPs and Cu salt was observed during exposure. A strong effect of Cu salt was observed on plant composition after 96 h compared to CuO-NP treatments (5 and 70 mg/L) whereas the overall ionic Cu concentration in the medium was similar. This lower impact of NPs despite similar ionic concentration as Cu salt suggests that the leaching was progressive, and the subsequent stress was of lower amplitude and mitigated over the duration of our exposure. A change in phenolic compounds, proteins and cellulosic compounds was observed in plants exposed to Cu salts, likely as the result of a stress, and possibly corresponding to an antioxidant response [START_REF] Yue | Interaction of CuO nanoparticles with duckweed (Lemna minor. L): Uptake, distribution and ROS production sites[END_REF], [START_REF] Hasanuzzaman | Reactive oxygen species and antioxidant defense in plants under abiotic stress: Revisiting the crucial role of a universal defense regulator[END_REF], [START_REF] Sivaci | Changes in antioxidant activity, total phenolic and abscisic acid constituents in the aquatic plants Myriophyllum spicatum L. and Myriophyllum triphyllum Orchard exposed to cadmium[END_REF], as well as a mechanism to maintain membrane integrity [START_REF] Dai | Interaction of CuO nanoparticles with plant cells: Internalization, oxidative stress, electron transport chain disruption, and toxicogenomic responses[END_REF], [START_REF] Wang | Photodegradation Elevated the Toxicity of Polystyrene Microplastics to Grouper (Epinephelus moara) through Disrupting Hepatic Lipid Homeostasis[END_REF]. Additionally, ICP-OES and µPIXE/RBS analyses showed changes in concentrations of S or Zn mostly impacted by ionic Cu and by CuO-NPs to a smaller extent. It could be linked to shifts in the antioxidant balance, as these elements act as co-factors for several detoxification enzymes and Cu regulation pathways [START_REF] Han | C2H2 Zinc Finger Proteins: Master Regulators of Abiotic Stress Responses in Plants[END_REF]- [START_REF] Hossain | Molecular Mechanism of Heavy Metal Toxicity and Tolerance in Plants: Central Role of Glutathione in Detoxification of Reactive Oxygen Species and Methylglyoxal and in Heavy Metal Chelation[END_REF]. An interesting response was the increased Ca concentration and its distribution primarily in epidermis tissues. Studies have shown that Ca was an important part of the signaling pathway and stress response in plants, for instance with the calmodulin pathways for signaling or the formation of egg box structures for heavy metal regulation in cell walls [START_REF] Jalmi | Traversing the links between heavy metal stress and plant signaling[END_REF], [START_REF] Kosakivska | Molecular mechanisms of plant adaptive responses to heavy metals stress[END_REF].

More specific assays would be necessary to assess the extent of the stress response triggered by exposure, and its specific pathways, by targeting mechanisms such as enzymatic activities, transcription, and production of antioxidant compounds.

Several studies on different aquatic micro and macro-organisms have found similar results in which Cu internal concentration resulting from CuO-NP exposure was not correlated to the observed toxicity, and the ionic counterpart was much more toxic for a similar or lower internal concentration, supporting our finding [START_REF] Song | Effects of CuO nanoparticles on Lemna minor[END_REF], [START_REF] Regier | Effects of copper-oxide nanoparticles, dissolved copper and ultraviolet radiation on copper bioaccumulation, photosynthesis and oxidative stress in the aquatic macrophyte Elodea nuttallii[END_REF], [START_REF] Gunawan | Cytotoxic Origin of Copper ( II ) Oxide Nanoparticles : Comparative Studies and Metal Salts[END_REF], [START_REF] Perreault | Effect of soluble copper released from copper oxide nanoparticles solubilisation on growth and photosynthetic processes of Lemna gibba L[END_REF], [START_REF] Arratia | Comparative toxic effects of copper-based nanoparticles and their microparticles in Daphnia magna by using natural freshwater media[END_REF]. For instance [START_REF] Wu | Assessment of Cu and CuO nanoparticle ecological responses using laboratory small-scale microcosms[END_REF] demonstrated no correlation between toxicity and Cu concentration in three aquatic organisms exposed to CuO-NPs, compared to

Cu salt [START_REF] Wu | Assessment of Cu and CuO nanoparticle ecological responses using laboratory small-scale microcosms[END_REF]. [START_REF] Adam | The chronic toxicity of CuO nanoparticles and copper salt to Daphnia magna[END_REF] found a higher toxicity in Daphnia magna exposed to Cu salt whereas Cu concentration was higher in organisms exposed to CuO-NPs. The toxicity of CuO-NPs was attributed to the Cu ions formed during NP dissolution [START_REF] Adam | The chronic toxicity of CuO nanoparticles and copper salt to Daphnia magna[END_REF]. Similarly, the marine bacteria Vibrio anguillarum showed a lower sensitivity to CuO-NPs than to Cu salt, and toxic effects were attributed to progressive Cu ions leaching from NPs [START_REF] Rotini | Salinity-based toxicity of CuO nanoparticles, CuO-bulk and Cu ion to vibrio anguillarum[END_REF].

Overall, exposure to Cu salt can be considered as an acute exposure to ionic Cu, triggering a rapid and strong change in plant physiology, whereas exposure to CuO-NPs corresponds to a chronic exposure to ionic Cu, inducing progressive physiological adjustments of lower amplitude. The antioxidant balance can mitigate a chronic exposure over time by inducing progressive physiological changes [START_REF] Hasanuzzaman | Reactive oxygen species and antioxidant defense in plants under abiotic stress: Revisiting the crucial role of a universal defense regulator[END_REF], [START_REF] Wang | Photodegradation Elevated the Toxicity of Polystyrene Microplastics to Grouper (Epinephelus moara) through Disrupting Hepatic Lipid Homeostasis[END_REF],

whereas an acute exposure could lead to a tipping point where the stress can no longer be copped with [START_REF] Regier | Effects of copper-oxide nanoparticles, dissolved copper and ultraviolet radiation on copper bioaccumulation, photosynthesis and oxidative stress in the aquatic macrophyte Elodea nuttallii[END_REF], [START_REF] Keller | Comparative environmental fate and toxicity of copper nanomaterials[END_REF].

CONCLUSION

This study assessed the toxicity of CuO-NPs compared to Cu ions from CuSO4 salt on M. spicatum, a model aquatic plant species. Based on our observations, the toxicity of CuO-NPs appeared driven by a progressive ionic leaching from NPs and was found less toxic than Cu salt, as the plant was able to adapt and mitigate stress over time through physiological changes. Cutting-edge techniques showed that most of the Cu leached from NPs was adsorbed at the plant leaf surface rather than absorbed, which would have not been possible with other bulk analyses such as ICP-OES. µPIXE/RBS provided a new perception of the links between toxicity and accumulation regarding heavy metal-based NPs.

Thanks to high-throughput FTIR technique, we were able to visualize global biomacromolecule composition shifts resulting from exposure. In future experiments, we will investigate more specific response patterns such as phenolic compound production and cell walls components. These findings do not exclude a nanospecific toxicity mechanism, as NP internalization was suggested by µPIXE, but further studies on speciation within organisms remain to be done.

Table 1. Spectral assignment and significant differences in biomacromolecule composition of M. spicatum exposed to Cu salt at 0.5 mg/L and CuO-NPs at 5 and 70 mg/L during 96 hours and 10 days. Peak numbers refer to Figure 4, the significant differences are either between (-) concentrations, or one treatment differs from all others (alone). Significant differences were set at p-value < 0.05 and were calculated with ANOVAs on Orange software for each wavenumber. Numbers in A, C refers to the peaks listed in Table 1.
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  Significant differences in bulk Cu concentrations in plants were observed among treatments (2-way ANOVA, F3,72 = 3784.903, P < 0.0001) but not between times of exposure. On average at both exposure times, Cu concentrations in plants were 4.7 ± 0.5, 8.1 ± 1.1 and 41.7 ± 4.7 mg/g dry weight (DW) of plants exposed to 0.5 mg/L Cu salt, 5 and 70 mg/L CuO-NPs, respectively (Fig.2A).To go further into Cu internalization and localization in plant leaf, spatial distribution analysis was performed on plants exposed to 0, 0.5 mg/L Cu salt and 70 mg/L CuO-NPs for 10 days. Homeostasis level of Cu was found in control plants for basal metabolism (Fig.2B, C), whereas significantly higher accumulation of Cu was found at 0.5 mg/L Cu salt (Fig.2D) and 70 mg/L CuO-NPs (Fig.2E, 2-way ANOVA, F2,38 = 340.64, P < 0.0001). The highest Cu accumulation was detected on leaf epidermis for both treatments, with more than 3 times Cu level in plant sections exposed to 70 mg/L CuO-NPs compared to plants exposed to 0.5 mg/L Cu salt (Fig.

h and 10

 10 days, as revealed by the linear discriminant analyses (LDA) based on ICP-OES measurements realized on the whole plants (Monte-Carlo test, P = 0.001, 22.47 % and 22.62% of inertia explained, respectively, Fig S3). A significant increase of Ca concentrations was observed at both times of exposures for plants exposed to ionic Cu (2-way ANOVA, F3,72 = 40.41, P < 0.001), whereas plants exposed to 70 mg/L CuO-NPs showed a significantly higher Ca concentration only after 96 h (Fig. S4A). Magnesium concentration significantly increased in plants exposed to ionic Cu after 96 h, and increased both in ionic Cu and 70 mg/L CuO-NPs treatments after 10 days (Kruskal-Wallis, df = 3, P < 0.001, Fig. S4B). Sulfur concentration in plants significantly decreased after 10 d of exposure to ionic Cu (2-way ANOVA, F2,50 = 5.61, P < 0.001, Fig. S4C) whereas Zn concentration was significantly higher for plants exposed to 70 mg/L CuO-NPs at both times of exposure (Kruskalwallis, df = 3, P < 0.005, Fig. S4D).
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 2 Figure 2. (A) Cu concentrations in Myriophyllum spicatum plants measured with ICP-OES n = 10 and
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 3 Figure 3. (A) Relative growth rates with Cu 2+ leached from CuO-NPs in mg/L displayed in italic, (B)
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 4 Figure 4. Biomacromolecule composition of M. spicatum analyzed by FTIR exposed to Cu salt at 0.5
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