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Increasing input of Metal Engineered Nano Particles (MeENPs) in marine ecosystems has raised concerns about their potential toxicity on phytoplankton. Given the lack of knowledge on MeENPs impact on these important primary producers, the effects of Copper Oxide (CuO) ENPs on growth, physiology, pigment profiles, fatty acid (FA) metabolism, and oxidative stress were investigated in the model diatom Pheodactylum tricornutum, to provide suitable biomarkers of CuO ENP exposure versus its ionic counterpart. Diatom growth was inhibited by CuO ENPs but not Ionic Cu, suggesting CuO ENP cytotoxicity. Pulse Modulated Amplitude (PAM) phenotyping evidenced a decrease in the electron transport energy flux, pointing to a reduction in chemical energy generation following CuO ENPs exposure, as well as an increase in the content of the non-functional Cu-substituted chlorophyll a (CuChl a). A significant decrease in eicosapentaenoic acid (C20:5) associated with a significant rise in thylakoid membranes FAs reflected the activation of counteractive measures to photosynthetic impairment. Significant increase in the omega 6/omega 3 ratio, underline expectable negative repercussions to marine food webs. Increased thiobarbituric acid reactive substances reflected heightened oxidative stress by CuO ENP. Enhanced Glutathione Reductase and Ascorbate Peroxidase activity were also more evident for CuO ENPs than ionic Cu. Overall, observed molecular changes highlighted a battery of possible suitable biomarkers to efficiently determine the harmful effects of CuO ENPs. The results suggest that the occurrence and contamination of these new forms of metal contaminants can impose added stress to the marine diatom community, which could have significant impacts on marine ecosystems, namely through a reduction of the primary productivity, oxygen production and omega 6 production, all essential to sustain heterotrophic marine life.
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INTRODUCTION

Trace metal pollution poses a serious threat to marine environments. Poor management of anthropogenic waste and the accumulation of trace metals in sediments and seawater can lead to detrimental alterations in metabolic pathways of marine organisms, as well as in entire coastal ecosystems (Prosi, 1981; Pan and Wang, 2012). A large part of metal pollution affects marine life through direct toxic effects of metal elements (e.g., Pb, Cd, and Hg), or by altering the equilibrium of essential trace metals (e.g., Fe, Cu, and Zn), which can become toxic at high concentrations (Sunda, 1989; Ansari et al., 2004; Wei et al., 2014). Considering that higher human population densities and associated anthropogenic activities generally occur near estuarine and coastal areas, these regions are among the most immediately affected ecosystems by human-generated waste (UNEP, 2006). Metals are typical contaminants, often emerging from local or upstream industries (Duarte et al., 2010; Cabrita et al., 2014; Duarte et al., 2017). Nowadays, new anthropogenic metal forms occur in marine environments as a consequence of increasing use of nanoparticles in a variety of industrial application (UNEP, 2006).

Although metal nanoparticles can arise from both natural (aquatic colloids, volcanic activity, and atmospheric dust) and anthropogenic (industrial emissions) sources (Nowack and Bucheli, 2007), and organisms have always been exposed to them (Klaine et al., 2008), Metal Engineered Nano Particles (MeENPs) should be considered and investigated separately (Oberdörster et al., 2005). The increasing use of MeENPs is raising concerns related to their potential role as new or emerging contaminants in marine ecosystems. Copper nanoparticles, as conductive material, have many applications such as catalyst and solid lubricant, in optical and electronic applications, in particular medical applications, in manufacturing of nanofluids, conductive films, and as antimicrobial agents (Din and Rehan, 2017; Zhang et al., 2018). The increasing interest in this type of nanoparticles at the industrial and commercial level is reflected by their escalating values from 2016 (10.92 Billion USD) to projected values of 25.26 Billion USD by 2022 (Research And Markets.com., 2018). Besides the current level of exposure of organisms, the increasingly widespread use of different types of MeENPs, and the predicted exponential increase in production volumes (Royal Commission on Environmental Pollution., 2008), will undoubtedly lead to greater impact over biota within all environmental compartments (Rip et al., 1995).

In principal, copper is an essential nutrient for microalgae at trace concentrations. It is component of several proteins and enzymes (e.g., plastocyanin, cytochrome oxidase, ascorbate oxidase, and Cu/Zn superoxide dismutase) and involved in a variety of metabolic pathways (Twining and Baines, 2013). However, in excess presence, copper interferes with numerous physiological, biochemical, and structural processes inducing high toxicity in cells (Fernandes and Henriques, 1991; Hook et al., 2014). Previous studies reported microalgal growth inhibition (Cid et al., 1995), production of reactive oxygen species (ROS) and altered fatty acid (FA) production (Morelli and Scarano, 2004) in Cu-exposed microalgae. However, knowledge of the effects of MeENPs in microalgae as important primary producers of marine environments is limited.

Using variable fluorescence signals of chlorophyll a (Chl a) from photosystem II as a proxy, pulse modulated amplitude (PAM) represents a fast, non-invasive, quantitative and qualitative methodology to evaluate the photonic energy harvest and its transformation processes into electronic energy (Kumar et al., 2014). FAs that compose the lipidic fraction of membranes of phytoplankton organisms are widely used as biomarkers to evaluate exposure of multiple abiotic and biotic stressors including contaminants (Feijão et al., 2018; Duarte et al., 2019). FA profiles, depicting levels of linolenic acid 18:2 (omega-6), linoleic acid C18:3 and omega-3 FAs, such as the long-chain polyunsaturated (LC-PUFAs), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), are not only important structural elements controlling the cell metabolism (Fan et al., 2007), but are also of ecological importance due to their essential character for higher trophic levels (Arts et al., 2001; Parrish, 2009). The n-3 LC-PUFA originates from phytoplankton and its biomagnification through the food web is fundamental to sustain marine ecosystems (Saito and Aono, 2014). A decrease in the synthesis of these key biomolecules can have dangerous cascading effects on entire marine food webs (Gladyshev et al., 2013). Therefore, it is worth investigating if FAs have the potential to be efficient biomarkers of nanoparticle stress, as found for other stressors in marine organisms (Filimonova et al., 2016; Feijão et al., 2018).

The present work expands on the work done by Zhu et al. (2017), by providing an integrative and comprehensive approach to assess the effects of Copper Oxide (CuO) ENP on diatom physiology. It examines the photosynthetic metabolic pathway, the oxidative stress responses, the variations in lipid metabolism and the production of Cu substituted chlorophylls in the marine diatom P. tricornutum. This species is a cosmopolitan marine pennate diatom and is a common model organisms to study the effects of pollutant exposure due to its rapid response to trace element changes in the environment (Chen et al., 2012; Cabrita et al., 2018, 2016, 2013, 2014; Feijão et al., 2018). In order to evaluate the effects of Cu forms in P. tricornutum, non-lethal concentrations of Cu were chosen in this study, similar to those found in previous analysis focusing on estuarine systems (Cabrita et al., 2018). Reported concentrations were assumed for both, dissolved and ENP forms, in order to compare effects at similar concentrations.



MATERIALS AND METHODS


Experimental Setup

Phaeodactylum tricornutum Bohlin (Bacillariophyceae; strain IO 108-01, IPMA) axenic cell cultures (maintained under asexual reproduction conditions) were grown in 250 ml of f/2 medium (Guillard and Ryther, 1962), under controlled conditions for 6 days (18 ± 1°C, constant aeration and a 12 h light to 12 h dark photoperiod). The growth chamber was programmed with a sinusoidal function simulating sunrise and sunset, with light intensity at noon to simulate a natural light environment [RGB 1:1:1 (molar proportion), maximum photon flux density (PAR) 80 μmol photons m–2 s–1, 14/10 h day/night rhythm]. Initial cell concentration was approximately 2.7 × 105 cells mL–1, following the Organization for Economic Cooperation and Development (OECD) guidelines for algae bioassays (OECD, 2011). Cultures were exposed to increasing concentrations of copper in either ionic or ENP forms, namely 1 (low), 5 (medium), and 10 (high) μg L–1, applied during the exponential growth phase (3 days after inoculation under the described conditions). Exposure trial occurred for an additional 3 days period. The ionic Cu form was CuSO4, whilst Cu ENPs were purchased as CuO nanoparticles with a particle size less than 50 nm and a surface area of 29 m2 g–1 (Sigma-Aldrich, Catalog number 544868) These concentrations are in accordance with the observed concentrations in estuarine and coastal systems, considering total metal concentration, and were tested in the past, using the ionic Cu form and the same model diatom species (Duarte et al., 2014; Cabrita et al., 2016, 2018). For every metal concentration, 3 replicates were tested and compared to 3 control experiments without Cu treatment. All glassware were cleaned with HNO3 (20%) for 2 days, rinsed thoroughly with Milli-Q water (18.2 MΩ cm), and autoclaved to avoid contamination. Culture manipulations were performed under laminar airflow in sterile conditions. Samples were collected at the end of the 6th day of the experiment (after 3 days of exposure to the Cu forms), for cell counting, PAM measurements, determination of fresh weight and for biochemical analyses. After centrifuging the samples at 6,000 × g for 15 min at 4°C, the supernatant was removed and pellets were immediately frozen in liquid nitrogen and stored at -80°C for biochemical analyses. Three replicates for each analysis were used for all treatments (control, ionic Cu- and CuO ENP -exposed cells).



Cell Growth Rates

Cell counting of P. tricornutum was performed on a Neubauer improved counting chamber, under an Olympus BX50 (Tokyo, Japan) inverted microscope, at 400× magnification. Growth rates, estimated as the mean specific growth rate per day, were calculated from the difference between initial and final logarithmic cell densities divided by the exposure period (Santos-Ballardo et al., 2015).



Copper Cell Content

All labware for metal analysis were previously decontaminated in a nitric acid bath. Diatom pellets for metal analysis were processed according to Cabrita et al. (2014). Briefly, diatom pellets were double-washed with f/2 medium to remove externally adsorbed copper ions. After washing, pellets were dried at 60°C until constant weight and mineralized in a Teflon reactor with HNO3:HClO4 acid mixture (7:1) for 3 h at 110°C. After cooling, digestion products were added with ICP-grade Gallium as an internal standard (1 mg L–1 final concentration). A 5 μL aliquot of each sample digestion product was then transferred to silicon-coated quartz disks and evaporated to dryness at 80°C. Samples on quartz disks were analyzed by total X-ray fluorescence spectroscopy (TXRF) using a S2 PICOFOX (Bruker, Germany), featuring an air-cooled low power X-ray metal-ceramic tube with a molybdenum target, working at 50 W of max power, and a liquid nitrogen-free Silicon Drift Detector (SSD; Brucker, 2007). Each sample was irradiated for 1,000 s. Possible drift in the spectroscopic amplification was compensated or reset through gain correction (Brucker, 2007). The relative abundance of intensities of the different elements was processed by referring to the Gallium peak (internal standard). The interpretation of the TXRF spectra and Cu concentration calculations was performed using the software program SPECTRA 6.3 (Bruker AXS Microanalysis GmbH). To evaluate the potential release of copper from the nanoparticle form, a set of twin experiments was prepared with f/2 medium and the nanoparticles in the same concentrations and experimental conditions as the exposure trials. Water samples from this trial were collected at the same timepoints as the exposure trial. Samples were centrifuged, to avoid nanoparticle contamination, and Gallium was added to the supernatant as internal standard and the samples analyzed by TXRF, according to the methodology described above for the cell Cu content analysis in this manuscript.



Copper ENPs Characterization

Cu ENPs, dissolved in distilled water in a final concentration of 40 mg L–1, were sonicated for 30 min, prior to dropcasting on 40 nm gold sputtered silicon substrates. Samples were air dried and then mounted on microscope stubs and grounded with Electrodag silver paint and copper tape. A dual-beam focused ion beam scanning electron microscope (SEM; FEI, Oregon, United States) was used to record Cu ENPS. Particle zeta potential was determined in experimental concentrations of Cu ENPS dissolved in f/2 medium at the Nanophotonics & Bioimaging Facility of the International Iberian Nanotechnology Laboratory (Braga, Portugal), using a Dynamic Light Scattering System (DLSS; model SZ-100Z, Horiba Seisakusho, Japan). Cu ENP size distribution was surveyed using DLSS and through SEM (Supplementary Figures 1A–D). Particle elemental compositon and X-ray fluorescence spectra was obtained from the Cu ENPs in f/2 medium using by TXRF as abovementioned (S2 PICOFOX, Bruker, Germany; Supplementary Figure 1E).



Chlorophyll a PAM Fluorometry

Pulse Modulated Amplitude chlorophyll fluorescence measurements were performed using a FluoroPen FP100 (Photo System Instruments, Czech) on samples in a 1 ml cuvette. Cell density was assessed daily using a non-actinic light to induce minimum fluorescence over time (Ft). All fluorometric analyses were carried out in dark-adapted samples. Analysis of chlorophyll transient light curves was carried out with the OJIP test, which can be divided into four main steps. Level O represents all the open reaction centers (RCs) at the onset of illumination without reduction of primary plastoquinone pool (quinone A, QA; fluorescence intensity lasts for 10 ms). The rise of fluorescence transient from O to J indicates the net photochemical reduction of QA (the stable primary electron acceptor of PS II) to QA– (lasts for 2 ms). The transient phase from J to I is due to all reduced states of closed RCs such as QA– QB– (secondary pool), QA QB2– and QA– QBH2 (lasts for 2–30 ms). The level P (300 ms) coincides with the maximum concentration of QA– QB2, with the plastoquinone pool reduced. This level also reflects a balance between incident light at the PS II side and the utilization rate of the chemical (potential) energy and the rate of heat dissipation (Zhu et al., 2005). Rapid Light Curves (RLC) were performed using the pre-programmed LC1 protocol, which performs successive measurements of the sample ϕPS II under various light intensities (20, 50, 100, 200, 300, and 500 μmol photons m–2 s–1) of continuous illumination, relating the rate of photosynthesis to PAR. From this analysis, several photochemical parameters were obtained (Table 1).


TABLE 1. Summary of fluorometric analysis parameters and their description.
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Pigment Analysis

Pigments were extracted from cell sample pellets with 100% acetone and maintained in a cold ultra-sound bath for 2 min to ensure complete disaggregation of the cell material. Temperature and time of extraction were -20°C and 24 h in the dark, to prevent degradation (Cabrita et al., 2016, 2018; Feijão et al., 2018). Samples were then centrifuged for 15 min at 4,000 × g at 4°C. Dual beam spectrophotometer was used to scan supernatants from 350 nm to 750 nm, at 0.5 nm steps. The absorbance spectrum was introduced in the Gauss-Peak Spectra fitting library, using SigmaPlot Software. Pigment analysis was employed using the algorithm developed by Küpper et al. (2007). Thereby, Chlorophyll a, its trace element substituted forms, and Pheophytin a were detected.



Fatty Acid Profiles and Lipid Peroxidation Products

Fatty acid analysis was performed by trans-esterification of cell pellets in freshly prepared methanol-sulfuric acid (97.5%, v/v) at 70°C for 60 min, as previously described in Feijão et al. (2018). Pentadecanoic acid (C15:0) was used as an internal standard. Fatty acids methyl esters (FAMEs) were recovered using petroleum ether, dried under an N2 flow and re-suspended in an appropriate amount of hexane. One microliter of the FAME solution, obtained from each sample, was analyzed in a gas chromatograph (Varian 430-GC gas chromatograph) equipped with a hydrogen flame ionization detector set at 300°C. The temperature of the injector was set to 270°C, with a split ratio of 50. The fused-silica capillary column (50 m × 0.25 mm; WCOT Fused Silica, CP-Sil 88 for FAME; Varian) was maintained at a constant nitrogen flow of 2.0 mL min–1, and the oven temperature was set at 190°C. FAs were identified by comparison of retention times with standards (Sigma-Aldrich), and chromatograms analyzed by the peak surface method using the Galaxy software (from whom?). The double bond index (DBI) and the omega 6/omega 3 ratios were calculated as follows:
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antification of lipid peroxidation products was performed by homogenizing cell samples in 10 % (v/v) trichloroacetic acid and brief sonication. Absorbance was recorded at 532 nm and 600 nm wavelengths, and the concentration of thiobarbituric acid reactive substances (TBARS) calculated using the molar extinction coefficient of 155 mM–1 cm–1 (Heath and Packer, 1968).



Antioxidant Enzymes Assay

All enzymatic assays were performed at 4°C. Pellets were suspended in 50 mM sodium phosphate buffer (pH 7.6) for extraction. Homogenates were centrifuged at 10,000 × g for 20 min (at 4°C), and the supernatant was used for the enzymatic tests. Catalase (CAT) activity was measured by monitoring the consumption of H2O2 and following the decrease in absorbance at 240 nm (ε = 39.4 mM–1 cm–1) for two minutes, according to Teranishi et al. (1974). The reaction mixture (1 ml) contained 50 mM of sodium phosphate buffer (pH 7.6) and was started with the addition of 10 μl of H2O2 (15% v/v). Ascorbate peroxidase (APX) activity was determined by monitoring the decrease in absorbance at 290 nm and calculating the oxidized ascorbate, over two minutes of reaction time (ε = 2.8 mM–1 cm–1; Tiryakioglu et al., 2006). The reaction mixture contained 50 mM of sodium phosphate buffer (pH 7.0), 2 mM of H2O2, 0.1 M L-ascorbate, and 100 μL of pellet extract. The reaction was initiated by addition of ascorbate. Glutathione reductase (GR) activity was tested by measuring for 180 s the decrease in absorbance (at 340 nm) caused by glutathione-dependent NADPH oxidation (Foyer and Halliwell, 1976). The reaction mixture (1 ml) contained 50 mM phosphate buffer (pH 7.6), 1 mM EDTA, 5 mM glutathione oxidized (GSSG), 1.2 mM NADPH and cell extract. The reaction started by adding NADPH and the activity was calculated by using an extinction coefficient of 6.2 mM–1 cm–1. Superoxide dismutase (SOD) activity was tested by monitoring the reduction of pyrogallol at 325 nm (Marklund and Marklund, 1974). The reaction mixture (1 ml) contained 50 mM of sodium phosphate buffer (pH 7.0), 3 mM of pyrogallol, in order to start the reaction, Milli-Q water (18.2 MΩ cm), and 10 μl extract. To evaluate substrate auto-oxidation, controls were assayed without substrate, as described elsewhere.



Statistical Analysis

Following normality and homogeneity tests of data, analysis of variance (factorial ANOVA) was applied using the Stat-Soft Inc. STATISTICA version 10 software was used to test for significant differences in effects among control and Cu- and CuO ENP- exposed P. tricornutum cells. Fisher’s post-hoc test was performed in order to investigate significant differences among means. Spearman rank correlation was used to highlight the strength and direction of the relationship between parameters. Significance was set at p < 0.05.



RESULTS


Cell Growth

Exposure of P. tricornutum cells to low (1 μg L–1), medium (5 μg L–1), and high (10 μg L–1) concentrations of Ionic Cu and CuO ENPs during the treatment period resulted in an overall decrease of both biomass (expressed as cell density) and specific growth rate. Cells exposed to CuO ENPs displayed a steeper decrease in cell density with increasing metal concentrations when compared to free Cu-exposed cells (Figures 1A,B). This decrease is evaluated throughout the cell growth curves derived parameters. Differences in specific growth rates between Cu-ionic and CuO ENP exposed cells treatments were only significant (p < 0.05) at maximum tested concentration levels (10 μg L–1; Figure 1E). The number of divisions per day (M, Figure 1D) and doubling time (d, Figure 1C) reflected the decline found in the specific growth rate, and again, significant differences (p < 0.05) between the control and the highest level of CuO ENPs (10 μg L–1). In sum, CuO ENPs inhibited diatom growth rate.
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FIGURE 1. (A,B) Cell density (cell mL– 1) of P. tricornutum, during the 6-day experiment. Also shown, (C) doubling time (d), (D) divisions per day (M), and (E) specific growth rate (m), of P. tricornutum after 3 days of exposure to increasing ionic Cu (black bars) and CuO ENP (gray bars) concentrations (average ± standard deviation, N = 3, *indicate significant differences toward the control at p < 0.05).




Cell Metal Content and Nanoparticle Characterization and Metal Release

Elemental analysis revealed different trends in copper content between the tested groups Cu Ionic form and CuO ENPs (Figure 2A). Cell Cu content was higher in cells exposed to Ionic Cu concentrations of 1 and 5 μg L–1, and lower following exposure to 10 μg L–1. Cu ENPs treatments showed increasing uptake of Cu in the cells with increasing concentrations, albeit more evident in cells exposed to 10 μg L–1 of Cu nanoparticles (p < 0.05). This suggested that CuO was less bioavailable, except for the higher concentration employed. Cell Cu content was positively correlated with nanoparticle concentration (r2 = 0.80, p < 0.05), Cu-substituted chlorophyll a (r2 = 0.85, p < 0.05), total content of FAs (r2 = 0.79, p < 0.05) and with TBARs (r2 = 0.87, p < 0.05). This Cu uptake will later be discussed in relation to its physiological implications.
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FIGURE 2. (A) Copper cell content in P. tricornutum (μg Cu 10– 6 cells) after 3 days of exposure to increasing ionic Cu (black bars) and CuO ENP (gray bars) concentrations and (B) Copper release (μg L– 1) from CuO ENP in f/2 medium under experimental concentrations and conditions (average ± standard deviation, N = 3, *above bars indicate significant differences compared with the control at p < 0.05).


Copper concentrations in the test units exposed to the nanoparticle form were also surveyed along an equivalent exposure period (Figure 2B). The Cu content of the collected water samples showed that there were no significant fluctuations of the Cu levels either between concentrations or along with the considered time trial.

The zeta potential of the Cu ENPs determinaed by DLSS was found to be -7.30 ± 3.72 mV. Cu ENP size distribution could not be determined with DLSS due to agglomeration of the particles; however, electron micrograph confirmed size distribution as indicated by the supplier (Supplementary Figures 1A–D). Particle elemental compositon and X-ray fluorescence spectra was obtained from the Cu ENPs in f/2 medium using by TXRF as abovementioned (S2 PICOFOX, Bruker, Germany; Supplementary Figure 1E). X-ray fluorescence spectrum analysis revealed high amounts of Cu in Cu ENPs suspension as well as of other minor elements, derived from the f/2 medium composition.



Primary Photochemistry

The photochemical processes underlying carbon and light-harvesting and thus biomass production were investigated with non-invasive PAM chlorophyll fluometry. RLC measurements in dark-adapted cells exposed to ionic copper and CuO ENPs evidenced increased relative electron transport rates (rETR) along the thylakoid membrane, observable at 200 μmol photons m–2 s–2 (Figures 3A,B). These results were consistent with the increased photosynthetic efficiency (α, Figure 3C) and the maximum electron transport rate (ETRmax) of Cu exposed cells when compared to control cells (Figure 3D). Regarding respiratory efficiency (β, Figure 3E), an increase at low concentrations (1 μg L–1) and a successive decrease at higher concentrations (5 and 10 μg L–1) were observed for both cells exposed to ionic and ENP Cu forms. Photosynthetic efficiency was also found to correlate with increased percentage of tri-unsaturated hexadecatrienoic acid (C16:3; r2 = 0.70, p < 0.05) in P. tricornutum cells exposed to CuO ENPs. Analysis of strong actinic light induced OJIP fluorescence transients (JIP-test) showed considerable differences in dark-adapted cells. Differences were found in cells exposed to CuO ENPs affecting the shape of the Kautsky curve (Figures 4A,B), which gives a general view on the structure, conformation, and function of photosynthetic apparatus, especially focusing on the PS II. Considering these aspects of the photosynthetic process, a further investigation was conducted focusing on the compartments of the photochemical apparatus.
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FIGURE 3. (A,B) Rapid light curves and derived parameters: (C) maximum electron transport rate (ETRmax), (D) photosynthetic (α), and (E) respiratory (β) efficiency in P. tricornutum, after 3 days of exposure to increasing ionic Cu (black bars) and CuO ENP (gray bars) concentrations (average ± standard deviation, N = 3, *indicate significant differences compared with the control at p < 0.05).
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FIGURE 4. (A,B) Kautsky curves obtained from dark-adapted samples; OJIP-derived parameters, namely (C) size (Area) of the oxidized quinone pool, (D) energy needed to close all Reaction Centers (Sm), (E) total number (N) of electrons transferred in the electron transport chain, and (F) disconnectivity between PS II antennae (PG), in P. tricornutum, after 3 days of exposure to increasing ionic Cu (black bars) and CuO ENP (gray bars) concentrations (average ± standard deviation, N = 3, *above bars indicate significant differences compared with the control at p < 0.05, whilst *below x-axis indicate significant differences between ionic Cu and CuO ENP at a same concentration).


The size of the oxidized quinone pool (Figure 4C) was significantly higher (p < 0.05) in cells under low (1 μg L–1), medium (5 μg L–1), and high concentration (10 μg L–1) of CuO ENPs, compared to control treatments. The same was observed at medium and high concentrations of ionic Cu. Regarding the energy necessary to close all RCs (Figure 4D), cells exposed to all concentration levels of CuO ENPs showed a significant increase (p < 0.05) compared to control cells, as well as for cells treated with medium and high concentrations of ionic Cu. A similar trend was observed for the total number of electrons transferred in the electron transport chain (Figure 4E), which significantly increased in cells exposed to medium and high concentrations of ionic Cu, and more markedly to all concentrations of CuO ENPs when compared to control cells. Connectivity between PS II antennae (PG, Figure 4F) was found to be significantly lower (p < 0.05) in cells exposed to all levels of both Cu forms. Moreover, a positive correlation was found between PG and the reduction in the long-chain (LC) PUFA EPA (C20:5) content (r2 = 0.79, p < 0.05) in the cells subjected to CuO ENPs.

Analyzing OJIP-derived energy transduction fluxes on a cross-section basis in dark-adapted samples (Figures 5A,B), differences between ionic Cu and CuO ENPs, and between concentrations were identified. The absorbed (ABS/CS), trapped (TR/CS), transported (ET/CS) energy fluxes and the number of available reaction centers per cross-section (RC/CS) were significantly lower (p < 0.05) in cells exposed to increasing concentrations of CuO ENP treatment (p < 0.05; Figure 5B), compared to either control or ionic- Cu exposed cells. ABS/CS was also found negatively correlated with the content of C16:3 (r2 = -0.81, p < 0.05). Regarding the dissipated energy fluxes (DI/CS), only CuO ENP exposure led to an increase in this parameter as a function of concentration, while ionic- Cu exposed cells showed only slight changes with increasing concentrations. All these changes in the several processes and compartments of the photochemical apparatus and in the energy transduction pathway propose possible changes at the biochemical level.
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FIGURE 5. Phenomenological energy fluxes per cross-section: absorbed (ABS/CS), trapped (TR/CS), transported (ET/CS), dissipated (DI/CS), and number of available reaction centers per cross section (RC/CS), in P. tricornutum after 3 days of exposure to increasing ionic Cu (A) and CuO ENP (B) (gray bars) concentrations (average ± standard deviation, N = 3, *indicate significant differences compared with the control at p < 0.05).




Pigment Profiles

Considering photochemical changes mentioned before, the composition of light-harvesting pigments was evaluated. Changes in the content of Chlorophyll a (MgChl a), Pheophytin a (Pheo a) and Cu-substituted chlorophyll a (CuChl a) were observed in cells of P. tricornutum exposed to CuO ENPs (Figure 6). A reduction in total MgChl a level with increasing concentrations of CuO ENPs was detected, along with a significant rise (p < 0.05) in the Pheo a and CuChl a content in cells exposed to 10 μg L–1 CuO ENPs (p < 0.05), suggesting a role of Cu nanoparticles in promoting the Mg2+ substitution in the main photosynthetic pigments. In fact, increased Cu-substituted Chl a contents correlated with CuO ENP concentrations (r2 = 0.73, p < 0.05). In the ionic Cu exposed cells, changes in MgChl a, Pheophytin a and CuChl a content triggered by increasing Cu levels were not significant (Figure 6).
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FIGURE 6. (A) Chlorophyll a, (B) Pheophytin a, and (C) Cu-chlorophyll a concentration (μg 10– 6 cells) in P. tricornutum after 3 days of exposure to increasing ionic Cu (black bars) and CuO ENP (gray bars) concentrations (average ± standard deviation, N = 3, *above bars indicate significant differences compared with the control at p < 0.05, whilst *below x-axis indicate significant differences between ionic Cu and CuO ENP at the same concentration).




Fatty Acid Profiles

Fatty acid profiles were also conducted. Analysis of the composition and contents of FAs in P. tricornutum cells showed significant changes between control and copper exposed cultures (Figure 7A). The most relevant differences were found in EPA (20:5) and hexadecatrienoic acid (16:3) relative amounts, for cells subject to CuO ENPs in all tested concentrations. A significant decrease (p < 0.05) in EPA (20:5) relative abundance was observed combined with a significant rise (p < 0.05) in hexadecatrienoic acid (16:3). Palmitic acid (16:0) and the monounsaturated palmitoleic acid (16:1) ratios in cells exposed to medium and high concentrations of ionic Cu and CuO ENPs. Moreover, stearidonic acid (18:4 n-3) was reduced for ionic Cu and CuO ENPs at all concentrations, whereas C16:4 content only increased (p < 0.05) in cells exposed to CuO ENPs. Exposure to CuO ENPs also caused a decline in the gamma-linolenic acid (18:3 n-6) content of the cells. The higher content of C16:3 and C16:4 was correlated with the energy necessary to close all reaction centers (Sm; r2 = 0.80 and 0.81, respectively, p < 0.05) and with the total number of electrons transferred in the ETC (r2 = 0.81 in both cases, p < 0.05). Modifications in the FA composition resulted in a significant increase (p < 0.05) in the DBI (Figure 7B), albeit only at the highest concentration of CuO (10 μg L–1), and in a higher omega 6/omega 3 ratio (Figure 7D) for all CuO ENP concentrations. Regarding total FAs content on a cell number basis, a significant increase (p < 0.05) was observed in cells exposed to CuO ENPs at the highest concentration (10 μg L–1; Figure 7C).
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FIGURE 7. (A) Fatty acid composition, (B) double-bond index, (C) fatty acid content (μg 10– 6 cells), and (D) omega-6/omega-3 ratio in P. tricornutum, after 3 days of exposure to increasing ionic Cu (black bars) and CuO ENP (gray bars) concentrations (average ± standard deviation, N = 3, *above bars indicate significant differences compared with the control at p < 0.05, whilst *below x-axis indicate significant differences between ionic Cu and CuO ENP at the same concentration).


Considering FA saturation classes, the percentage of saturated and monounsaturated FAs was significantly reduced (p < 0.05), while a significant rise (p < 0.05) in the percentage of polyunsaturated and unsaturated FAs were observable for CuO ENP exposure (Figure 8A). Ratios of unsaturation/saturation and polyunsaturation/saturation reflected the abovementioned results on FA composition, with a significant increase of unsaturation and an overall reduction in saturation for CuO ENP exposure (Figures 8A,B). Cells exposed to CuO ENPs showed an overall higher stress effect on FA content in comparison with ionic Cu effects.
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FIGURE 8. Relative concentrations of fatty acid saturation classes (A; SFA, Saturated Fatty Acids; MUFA, Monounsaturated Fatty Acids; PUFA, Polyunsaturated Fatty Acids; and UFA, Unsaturated Fatty Acids) and ratios (B), in P. tricornutum, after 3 days of exposure to increasing ionic Cu (black bars) and CuO ENP (gray bars) concentrations (average ± standard deviation, N = 3, *indicate significant differences compared with the control at p < 0.05).




Stress Biomarkers

Considering the overall changes in the energetic and biochemical level abovementioned, the cellular oxidative stress levels were tested with enzymatic antioxidant assays. Antioxidant enzymes assays evidenced an overall increase in enzyme activity under nano Cu experimental conditions (Figures 9A–D). Specifically, APX and GR, which showed an increase in activity values along the gradient of Cu concentration, with more pronounced responses in cells exposed to CuO ENPs. In contrast, CAT and SOD activity were less evident with increasing Cu concentration, and the highest enzyme activity was measured at medium Cu concentration (5 μg L–1). Compared to control cells, the TBARs total content in exposed cells was significantly enhanced (p < 0.05) at the highest CuO ENP concentration (10 μg L–1; Figure 9E).
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FIGURE 9. Enzymatic activities: (A) Superoxide dismutase (SOD), (B) glutathione reductase (GR), (C) catalase (CAT), (D) ascorbate peroxidase (APX) in U– 1 μg protein, and (E) lipid peroxidation measured as concentration of thiobarbituric acid reacting substances (TBARs; nmol 10– 6 cells), in P. tricornutum after 3 days of exposure to increasing ionic Cu (black bars) and CuO ENP (gray bars) concentrations (average ± standard deviation, N = 3, *above bars indicate significant differences compared with the control at p < 0.05, whilst *below x-axis indicate significant differences between ionic Cu and CuO ENP at the same concentration).




DISCUSSION

Overall results show that exposure to non-lethal concentrations of copper engineered nanoparticles (CuO ENPs) resulted in the reduced fitness of a marine model diatom, P. tricornutum, and elicited higher toxicity than its ionic form counterpart. Biomarkers, as specified below, appeared to be sensitive to MeENPs stress in this species. In general, changes in cell growth, photosynthesis, pigment content, FA production, and oxidative stress metabolism, as well as the production of Cu-substituted chlorophylls, were observed for diatoms exposed to all tested Cu concentrations. However, effects were more pronounced for CuO ENPs exposure than for direct ionic Cu, in particular at the highest tested CuO ENP concentration. Although previous studies show that ionic copper can be released from CuO ENPs (Zhang et al., 2018), in our experimental conditions no significant fluctuations could be observed in the dissolved copper levels along with the exposure in reactors containing Cu ENPs. Thus all comparisons discussed here base on the initial form of copper introduced into the culture medium, assuming that there is no Cu transition from nanoparticle to ionic form as observed in the water Cu concentrations results. Cell growth was not significantly reduced in cells exposed to ionic Cu in comparison to the control group, which is in line with previous results reported for P. tricornutum at similar metal concentrations (Cabrita et al., 2016, 2018). In contrast, cell growth decreased as a function of exposure to CuO ENP, with significant inhibition at high concentrations (10 μg L–1, corresponding to 0.13 μM; add p values here). This is in agreement with previous studies that showed that CuO ENPs in antifouling paints could cause severe growth inhibition in different algal species, including P. tricornutum (Anyaogu et al., 2008; Zhang et al., 2018). Additionally, Zhang et al. (2018) also observed severe growth inhibition in Skeletonema costatum under the exposure to Cu ENPs, pointing out the release of ionic Cu from the ENPs as the principal cause for the verified growth inhibition. On the other hand, Zhu et al. (2017) only found inhibition of P. tricornutum growth at both ionic Cu and Cu ENP concentrations of 20 μM and above. The observed impact of CuO ENPs compared to that of ionic Cu on P. tricornutum growth can be explained by the fact that CuO ENPs cause cytotoxicity via the release of Cu2+ into the culture medium (Horie et al., 2012). This ion release is increased for particles < 50 nm (Anyaogu et al., 2008), which was the size of the CuO ENPs used in this study (here link the SEM image). Furthermore, CuO ENPs can be about 140-fold more bioavailable than its ionic form (Aruoja et al., 2009), which supports the higher inhibitory effect on P. tricornutum growth from CuO ENPs compared to the ionic form.

Excess copper is an important inhibitor of photosynthesis (Cid et al., 1995). Copper affects the PS II activity at the Pheo-QA– domain (Küpper et al., 2002), inhibiting the electron transport through damage to the donor and the acceptor sides of PS II (Patsikka et al., 1998). Accordingly, Cid et al. (1995) suggested that Cu2+ can be responsible for the inactivation of PS II reactions centers. Mohanty et al. (1989) proposed that Cu2+ inhibits PS II photochemistry, primarily affecting the functionality of the secondary quinone electron acceptor, QB, not only by blocking the electron transport but also by modifying and inactivating the QB site. Exposure to either ionic Cu or CuO ENPs leads to an increase in maximum ETRmax and photosynthetic efficiency (α), corresponding to a higher amount of oxidized quinones, as well as to a decrease in electron transport energy flux per cross-section (ETo/CS), which suggests a malfunction between elements of PS II (Duarte et al., 2016). The positive correlation between photosynthetic efficiency and the higher percentage of tri-unsaturated hexadecatrienoic acid (C16:3) in P. tricornutum cells exposed to CuO ENP, as observed in this study, suggests a potential mechanism to counteract stress in photosynthesis, as this FA is only found in plastidial lipids, mainly in monogalactosyldiacylglycerol (MGDG), which forms the bulk of thylakoid lipids (Feijão et al., 2018). The larger size of the oxidized quinone pool, and the higher level of energy, needed to close the reaction centers, as evidenced by cells exposed to CuO ENPs, indicate that efficient energy transport is required (Feijão et al., 2018), which if reduced, suggests probable damage in the quinone pool electron transport (Duarte et al., 2017; Cabrita et al., 2018). However, no evidence of enhanced dissipation energy flux was observed. The above-mentioned changes in photosynthetic parameters could thus be due to changes in the grouping probability (PG), which is a direct measure of the connectivity between the PS II antennae. The decrease found for this index in the presence of both ionic Cu and CuO ENPs, indicates a decreased connectivity between the two PS II units and a probable impairment of energetic transport (Duarte et al., 2016). EPA is highly abundant in glycolipids and phospholipids that form the chloroplast membranes lipids, like MGDG and phosphatidylglycerol (PG), and changes in the FAs composition in chloroplast membrane lipids can explain photosynthesis imbalances, through modifications of the redox potential (Kern and Guskov, 2011). Previous studies reported that changes in the FA composition of polar lipids can be one of the causes of dimerization of PS II (Kruse et al., 2000), as suggested also from the correlation between disconnectivity in PS II antennae and the reduction in EPA content found in cells exposed to CuO ENPs. The higher number of electrons transferred in the electron transport chain (turnover number, N) was not reflected in an effective trapping energy flux (TR/CS) in cells exposed to CuO ENPs. Instead, the detected reduction in the density of reaction centers (RC/CS) corresponded to a higher number of inactive reaction centers, and to a lowered ability to reduce the primary electron acceptor QA. This could be confirmed by the low absorbed photon flux (ABS/CS) and the higher size in the oxidized quinone pool found in CuO ENP exposed P. tricornutum cells. Nevertheless, no changes were detected in the net rate of closure of PS II RC (Mo) and in the energy needed to close all RCs, which were expected to counteract the inactive RCs (Duarte et al., 2016). Even though trapped energy flux diminished in the ionic Cu exposed cells, little changes were detected in energy dissipation. Overall, changes in photobiology were more evident for P. tricornutum subjected to CuO ENPs, suggesting a negative impact of CuO ENPs on PS II functionality or integrity of light harvesting complexes.

This was further promoted by the observation that the content of the light-harvesting pigments and its substituted form also changed, mostly for P. tricornutum exposed to CuO ENPs at the highest concentration (10 μg L–1). The decrease in MgChl a along the CuO ENP concentration gradient can be partially explained by direct replacement with CuChl a, which was highly significant for P. tricornutum exposed to the highest tested level of CuO ENPs. In parallel, a significant enhanced amount of Pheophytin a, the main product of degradation of MgChl a was observed. This is in agreement with previous findings reported by Zhang et al. (2018), were a similar depletion in Chl-a was also detected and attributed to destruction of this molecule promoted by Cu. The formation of CuChl a in cells exposed to both ionic Cu and CuO ENPs corroborates previous findings showing the occurrence of this substituted chlorophylls in P. tricornutum exposed to ionic Cu (Cabrita et al., 2018). It is already known that the central Mg2+ ion of chlorophyll can be substituted by trace metals, such as Cu, and constitutes an important part of the damage occurring in metal-stressed photosynthetic organisms (Küpper and Spiller, 1998; Küpper et al., 2002). As a matter of fact, Cu-substituted Chl a was found positively correlated with CuO ENP concentration in this study. Excess levels of this substituted and far less efficient chlorophyll form (CuChl a) can partly explain the decrease in efficiency in the absorbing photon flux, and in the ability for trapping and transporting energy, reducing PS II overall capacity.

The FA profiles of lipids from P. tricornutum, which are characterized by a high diversity of FAs and distinct signatures for different lipid classes (Abida et al., 2015; Yang et al., 2017; Feijão et al., 2018), was strikingly changed by CuO ENPs, even at the lowest concentration tested (1 μg L–1). Ionic copper had no particular impact on FA profiles neither on total content, most probably because the employed concentrations used were not sufficiently high to cause stress. Given that, the most remarkable changes induced by CuO ENPs involved the LC-PUFAs contained in glyco- and phospholipids, typical of chloroplast membranes of this diatom like mono- and di-galactosyldiacylglycerol (MGDG, DGDG), phosphatidylcholine (PC) and PG. EPA is usually found in high levels in P. tricornutum (Dunstan et al., 1993; Feijão et al., 2018), and is part of all membrane lipids but almost absent in triacylglycerol (TAG; Arao et al., 1987), and its significant decrease with exposure suggests probable membrane damage. A reduction in EPA content associated with the membrane lipids has also been found in P. tricornutum under other types of stress, such as heat (Feijão et al., 2018) and nitrogen starvation (Remmers et al., 2017). The notable decline in EPA content occurred in parallel with a significant rise in both the percentage of tri-unsaturated hexadecatrienoic acid (C16:3) and tetra-unsaturated hexadecatetraenoic acid (C16:4). These FAs are synthesized by successive desaturations of monounsaturated palmitoleic acid (C16:1) in the inner membrane of the chloroplast (Dolch and Maréchal, 2015), and almost exclusively contained in MGDG (Abida et al., 2015; Popko et al., 2016). The enhancement in C16:3 and C16:4, found positively correlated with the energy necessary to close all reaction centers and with the total number of electrons transferred in the ETC can be a possible way for P. tricornutum to counteract changes in photosynthesis associated with Cu stress, by increasing the efficiency in transport along the electron transport chain. Nevertheless, the absorption energy flux was negatively correlated with the content of C16:3; maybe to maintain an efficient energy flow. Alterations in FA composition and the influence of unsaturation on membrane properties connected to photosynthetic performance has already been highlighted in studies over cation-imposed stress in photosynthetic organisms (Allakhverdiev et al., 1999, 2001; Duarte et al., 2017; Cabrita et al., 2018).

The decrease in the content of palmitic acid (C16:0) and palmitoleic acid (C16:1) is likely related to its intensive desaturation to produce C16:3 and C16:4 (Dolch and Maréchal, 2015) to support thylakoid membrane functioning so that cells could cope with CuO ENP stress. However, a decrease in these saturated and mono-unsaturated FA is often associated with a reduction in the content of storage lipids. Although they are present in all lipid classes, C16:0 and C16:1 are quite abundant in diatom triacylglycerols, accounting for nearly 100% of the total FAs at the sn-2 position of these storage lipids (Li et al., 2014). This possible decrease in TAG amounts would not be in accordance with other studies, in which storage lipids accumulate under stress conditions (Sharma et al., 2012). However, TAG accumulation in this study cannot be excluded since, under stress conditions such as nitrogen deprivation, FA composition can be altered by the incorporation of FA from membrane lipids (Remmers et al., 2017). Indeed, Shen et al. (2016) found that the content of C16:1 decreases dramatically in phospholipids and remains largely unchanged in glycolipids in P. tricornutum under nitrogen starvation, suggesting that C16:1 is not specific to TAGs and cannot serve as a characteristic FA of TAGs. Further investigation on TAG and membrane lipid classes content and FAs compositions in P. tricornutum cells exposed to CuO ENPs is necessary to elucidate this question. Further research to understand the mechanisms behind changes in lipids triggered by CuO ENPs in association with their location and function in microalgae cells is therefore suggested. Nevertheless, the alterations on the FAs profiles observed herein imply that they can be used as metal stress biomarkers, as also suggested for other kinds of stress such as heat (Feijão et al., 2018).

Overall, the increase of total FA content, on a cell basis, observed under CuO ENPs was likely a result of higher cell production of C16:3. The presence of the less functional CuChl a supports the need for a higher synthesis of FAs composing thylakoid membranes, to store additional MgChl a. Previous studies already reported the importance of chloroplast membrane composition in maintaining PS II stability (Kern and Guskov, 2011). The presence of nanoparticles also affected the omega 6/omega 3 ratio, which was significantly increased due to EPA decrease. Double bond Index only increased for the highest concentration of CuO ENPs (10 μg L–1) and is likely a result of the increase in C16:3. The reduction in EPA suggests membrane damage, potentially due to the adhesion of nanoparticles on the plasma membrane or to a higher release of Cu2+ ions (Zhao et al., 2016), as mentioned before. It is known that the toxicity of CuO ENPs can result from both the exposure to the metal particles themselves and an increased rate in the release of the metal ions (Anyaogu et al., 2008; Wang et al., 2012; Baker et al., 2014; Zhao et al., 2016). A full analysis of lipid classes composition and of the eventual presence of internalized nanoparticles should provide further information on the toxicity mechanisms of CuO engineered nanoparticles.

Further impacts of CuO ENPs were associated with the formation of peroxide radicals via Cu-generated free radicals action found at CuO ENP highest concentration (10 μg L–1). Lipid peroxidation is one of the main mechanisms involved in trace metal toxicity through which PUFAs become the main target for free radicals (Rocchetta et al., 2006). The changes in saturated fatty acids (SFA) and PUFA levels caused by copper exposure can be also explained by activation of defense or reparation mechanisms to neutralize cellular damage (Rocchetta et al., 2006). A slightly increasing trend in the activity of some antioxidant enzymes was detected probably due to the relative low Cu concentrations employed in this study, as most studies on antioxidant enzymatic response under copper exposure have been performed using much higher Cu concentrations to evaluate acute stress and lethality (Pinto et al., 2003; Morelli and Scarano, 2004). In the present study, non-lethal concentrations of both Cu in ionic and nanoparticle form were used, allowing cells to maintain viability during the experimental phase, and, at the same time, observe the effects of metal exposure throughout the experiment.

Exposure of P. tricornutum cells to both ionic Cu and CuO ENPs resulted in overall increased activity of GR and APX, and a partial increase in CAT, while SOD remained almost unaffected. The more marked increase in GR and APX with CuO ENPs can provide valuable insights on CuO ENP capacity to cause oxidative stress. Copper cations are an important part of the reactive oxygen scavenging system (e.g., CuZnSOD), but they are also able to induce oxidative stress at high concentrations through increased production of ROS (Knauert et al., 2008). Lack of significant induction of CAT and SOD activities suggests minor effects at low Cu concentrations. Studies on P. tricornutum already showed that these enzymes play an active role in scavenging of ROS under free copper ions stress (Morelli and Scarano, 2004). Ascorbate is the principal electron donor for APX, and the removal of H2O2 by APX requires GSH and NADPH (Morelli and Scarano, 2004; Anjum et al., 2016). Fast oxidation of the ascorbate pool can occur under acute stress conditions when high levels of ROS overcome the antioxidant capacity of low molecular weight compounds such as GSH and NADPH (Pinto et al., 2003). It is possible that under Cu exposure conditions, rapid oxidation of the ascorbate pool or depletion of NADPH occurred. The higher activity of GR found in this study also confirms the role of this enzyme in oxidative stress detoxification. Glutathione reductase catalyses the conversion of glutathione disulphide (GSSG) to its reduced form (GSH) in the presence of NADPH (Dringen and Gutterer, 2002; Anjum et al., 2016), and plays a crucial role in maintaining high intracellular [GSH]/[GSSG] ratio. Previous studies already investigated the active detoxification mechanism to avoid trace metal poisoning in plants, algae and fungi (Morelli and Scarano, 2004; Szabó et al., 2008; Anjum et al., 2016), which involves intracellular sequestration of metal ions by GSH and GSH- related peptides named phytochelatins (PCs; Kawakami et al., 2006). Many factors can induce the generation of ROS, and the modulation detoxification capacity of the organisms can be a winning strategy in chronic exposure to contaminants (Pinto et al., 2003). Overall, ROS toxicity in cells exposed to low concentrations of Cu was not clear, especially regarding the lack of activation of CAT and SOD. Nevertheless, the probable higher bioavailability of Cu2+ ions associated with CuO ENPs could explain the partial increase in APX and GR activity and clearly differentiated between the effects triggered by ionic Cu and the nanoparticles. Further investigation should clarify the differential activation of the enzymatic pool employed in this study under such non-lethal concentrations.

The alterations found in P. tricornutum, particularly those regarding photosynthesis, pigments and FA profiles, triggered by the copper nanoparticles, allow inferring repercussions to the marine food webs and ecosystems. The photosynthetic process was largely compromised by CuO ENPs, which will expectedly have a negative impact on the abundance of phytoplankton assemblages and net primary productivity of marine systems, thereby simultaneously contributing to water deoxygenation. The decline in the omega-3 polyunsaturated FAs, such as EPA, and overall changes in the FA profile at the basis of marine food webs, will expectedly propagate changes to the higher trophic levels. Given that fish natural diet includes high levels of essential LC-PUFA omega-3 (e.g., Ackman, 1989), poor quality phytoplankton in terms of EFAs may reduce the abundance and population dynamics of several species (Gladyshev et al., 2013; Vagner et al., 2015), and, in the long run, compromise humans diet largely relying on fish to obtain these essential compounds. The higher bioavailability of CuO ENPs compared to ionic Cu was demonstrated in our findings and is indicative of higher toxicity risk to marine organisms and ecosystems, even when CuO ENPs are released in relatively low non-lethal concentrations.



CONCLUSION

The evident changes in photosynthetic performance, the formation of Cu-substituted chlorophyll, the alterations in FA profile observed in the model diatom P. tricornutum, suggest that CuO ENPs causes stronger physiological implications compared to their ionic counterparts at similar experimental concentrations. Although our results point toward enhanced Cu2+ release from CuO ENPs, rather than the internalization of nanoparticles, further research regarding the mechanisms underlying CuO ENPs toxicity is needed to confirm this assumption. The physiology and biochemistry of P. tricornutum were very sensitive to CuO ENPs toxicity and provided further insights into diatom-nanoparticle interactions. Several biomarkers were highlighted to efficiently assess the harmful effects of ENPs, including photosynthetic parameters, CuChl a, EPA, omega 3/omega 6 ratio, and, to a lesser degree, enzymatic activity (GR, APX). Hence, the proposed biomarkers could be applied to field assessment of the ecological impacts of nanoparticles in marine environments and as tools to support contamination assessment where these emergent metal contaminants are of major concern.
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