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Abstract: The interaction effects of organic ligand ethylene diamine tetra-acetic acid (EDTA) and
oxide nanoparticles (magnetite Fe3O4-NPs and copper CuO-NPs) were investigated during a 72 h
period on two green algal species—Chlamydomonas reinhardtii under freshwater conditions and
Chlamydomonas euryale under saltwater conditions. Fe3O4-NPs had larger agglomerates and very
low solubility. CuO-NPs, having smaller agglomerates and higher solubility, were more toxic than
Fe3O4-NPs in freshwater conditions for similar mass-based concentrations, especially at 72 h under
100 mg L−1. Furthermore, the effect of EDTA increased nanoparticle solubility, and the salinity caused
a decrease in their solubility. Our results on C. euryale showed that the increase in salinity to 32 g L−1

caused the formation of larger nanoparticle agglomerates, leading to a decrease in the toxicity impact
on algal cells. In addition, EDTA treatments induced a toxicity effect on both freshwater and saltwater
Chlamydomonas species, by altering the nutrient uptake of algal cells. However, C. euryale was more
resistant to EDTA toxicity than C. reinhardtii. Moreover, nanoparticle treatments caused a reduction in
EDTA toxicity, especially for CuO-NPs. Therefore, the toxicity impact caused by these environmental
factors should be considered in risk assessment for metallic nanoparticles.
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1. Introduction

Nanomaterials are widely used in industries for many technological applications.
Nanoparticles of magnetite (Fe3O4-NPs) are applied in magnetic resonance imaging and
medical treatments, such as cancer [1] and in wastewater treatment [2–4]. Nanoparticles of
copper oxide (CuO-NPs) are in fabrics and electronic products, providing antimicrobial
and thermal conductivity properties [5,6]. In the long-term, massive production of these
nanomaterials may represent a risk of contamination for aquatic environments, from their
manufacturing into consumer products to their utilization and degradation [7].

It was previously suggested that the toxicity mechanisms of metallic NPs were depen-
dent on their physicochemical properties [8–11]. Several studies investigated the toxicity
effects of Fe3O4-NPs and CuO-NPs on a wide variety of microorganisms, such as bacteria
Escherichia coli, Bacillus subtilis, Vibrio fischeri and Streptococcus aureus [12,13], cyanobacte-
ria Microcystis aeruginosa [14], microalgae Chlorella vulgaris, Pseudokirchneriella subcapitata,
Chlamydomonas reinhardtii, Chlorella pyrenoidosa and Coelastrella terrestris [13,15–20], and
picoplankton Picochlorum sp. [21]. These studies focused on the cellular toxicity impact in a
concentration–response relationship, related to the time of exposure. However, they did
not consider the interaction effect of environmental parameters on the physicochemical
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and toxicity properties of tested NPs. Indeed, these properties might change due to abiotic
conditions, such as light intensity, temperature degree, pH, salinity level, or organic ligands.
Only one study previously investigated the effect of light on the toxicity of CuO-NPs by
monitoring biological endpoints of the alga C. reinhardtii [22]. The authors demonstrated
that the exposure to 0.8 mg L−1 of CuO-NPs combined with light-enhanced UVB radiation
caused a synergistic toxicity impact on algal cells.

Ethylene diamine tetra-acetic acid (EDTA), known as a strong organic ligand, is widely
used in detergents, wastewater treatment, pulp and paper industry, food products, and
metal phytoremediation [23–25]. High concentrations of EDTA were found in rivers,
showing the persistence of this compound in aquatic environments [24,26,27]. Ma et al.
(2003) [28] showed that EDTA and fulvic acid significantly decreased the toxicity of cop-
per on Scenedesmus subspicatus by complexing Cu ions. Another study on the macroalga
Gracilaria domingensis showed that the toxicity effects of EDTA complexes with cadmium,
copper, zinc, and lead were significantly lower compared to free metals [29]. Recently, Pas-
cual et al. (2020) [30] demonstrated that the presence of EDTA in media was important to
control the toxicity of copper, zinc, and lead on the growth of alga P. subcapitata. Moreover,
it was suggested that organic ligands would tend to stabilize metallic NPs agglomerations
(ZnS and Ag), from both electrostatic and steric effects [31–33]. However, the effect of
organic ligands on the toxicological properties of non-functionalized metallic NPs was little
investigated. One study previously reported that the fulvic acid of the Suwannee River in-
creased the toxicity of CuO-NPs on the freshwater cyanobacteria Microcystis aeruginosa, by
increasing the dissolution of Cu ions and their absorption through the cell wall [14]. There-
fore, more studies need to be conducted concerning the effect of organic ligands, such as
EDTA, on the properties of metallic NPs and their combined toxicity effects on organisms.

In this study, the main objective was to investigate the interaction effect of environmen-
tal factors on the growth and viability of two green alga species—Chlamydomonas reinhardtii
under freshwater conditions, and Chlamydomonas euryale under saltwater conditions. In fact,
strains of the Chlamydomonas genus were widely used as model organisms in laboratory
studies of stress conditions on algal physiology [34,35]. Here, the marine species C. euryale
was, for the first time, used in abiotic stress toxicity testing. As environmental factors,
we tested the change of salinity level (10 and 32 g L−1), the presence of organic ligand
EDTA (10 and 100 mg L−1), and the effect of Fe3O4-NPs and CuO-NPs (50 and 100 mg L−1).
Therefore, the toxicity impact on algal cells is discussed according to the change of these
environmental factors and their interactions.

2. Results and Discussion
2.1. Effect of Salinity and EDTA on NPs Properties

In this study, we characterized NPs in suspension to determine the surface charge,
the average hydrodynamic diameter, and the solubility property in relation to the change
of salinity level and the concentration of EDTA. The obtained results showed that the
chemical properties of both NPs in modified high salt medium (HSM) changed similarly
related to the salinity level. Indeed, a stronger salinity level induced a higher ionic strength
in the medium. The HSM freshwater condition had an ionic strength of 1.75 × 10−2 eq L−1,
and the HSM with salinities of 10 and 32 g L−1 had 1.043 × 10−1 and 2.914 × 10−1 eq L−1,
respectively. The results on zeta potential indicated that the ionic strength of HSM induced
a negative surface charge to both NPs, and the charge intensity was higher for CuO-NPs
compared to Fe3O4-NPs (Figure 1).

When comparing all conditions, the surface charge of both NPs showed a decrease
in the intensity, which was correlated with the increase of the ionic strength. The results
in Figure 1 showed that values of the Zeta potential of both NPs got closer to zero under
salinities of 10 and 32 g L−1 in comparison to freshwater conditions. Consequently, this
neutralizing effect of NPs surface charge caused an increase in NPs agglomeration, as indi-
cated by the change of the hydrodynamic diameter distribution of particle size (Figure 2).
The EDTA did not have a significant effect on the distribution of particle size diameters
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compared to the control for both NPs. Under salinities of 10 and 32 g L−1, the average
hydrodynamic diameter of particles was 395–460 nm for tested 50 mg L−1 of Fe3O4-NPs
(Figure 2), whereas it was 165–190 nm for 50 mg L−1 of CuO-NPs (Figure 2). Therefore,
these results indicated that a salinity from 10 g L−1 significantly induced the formation of
larger agglomerates of NPs caused by a higher ionic strength in the medium.
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Figure 1. Zeta potential values of NPs in HSM (no salt added), and under two salinity conditions (10
and 32 g L−1). NPs were also exposed to EDTA concentrations: 0 mg L−1 (white), 10 mg L−1 (dash)
and 100 mg L−1 (gray). (*) For both NPs, the salinity significantly decreased (p < 0.05) the values of
the zeta potential compared to the respective controls (no salt added), even in the presence of EDTA
(determined by one-way ANOVA and Tukey post-hoc test).

When comparing both NPs in freshwater HSM (Figure 2), CuO-NPs did form smaller
agglomerates (100–250 nm) than Fe3O4-NPs (200–450 nm). In fact, a higher intensity of the
surface charge allowed the NPs dispersion to be more stable due to electrostatic repulsion
forces. Our results showed that Fe3O4-NPs had a surface charge of −43.0 ± 2.1 mV, and
−59.9 ± 2.4 mV for CuO-NPs (Figure 1). Since the HSM had a neutral pH, the isoelectric
point of Fe3O4-NPs (6.5 ± 0.2) was much lower and near the neutral pH than the isoelectric
point of CuO-NPs (9.5 ± 0.4), which explained the lower intensity of the surface charge
for Fe3O4-NPs. Consequently, these zeta potential values explained the difference in the
formation of agglomerates between the two NPs.

When comparing the effect of 50 and 100 mg L−1 of NPs, the intensity of the surface
charge was not significantly affected (Figure 1). However, our results showed that a higher
NPs concentration induced the formation of larger agglomerates (Figure 2). From 50 to
100 mg L−1 of NPs, the average of Fe3O4-NPs diameters increased by 100 nm in freshwater
HSM (Figure 2), while it increased by 20 nm for CuO-NPs (Figure 2). Indeed, the formation
of larger NPs agglomerates is explained here by more particle-particle interactions in the
highest concentrated solution (100 mg L−1), destabilizing NPs dispersion in the medium [9].
For NPs at 100 mg L−1, salinities of 10 and 32 g L−1 caused significantly (p < 0.05) the
formation of larger NPs agglomerates compared to freshwater condition. Our results
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indicated that, from 50 to 100 mg L−1 of NPs, the average of Fe3O4-NPs diameters increased
by 135–160 nm (Figure 2), while it increased by 30–55 nm for CuO-NPs (Figure 2).
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Figure 2. Hydrodynamic diameter distribution of Fe3O4 and CuO particle size in HSM (dots), and
under two salinity conditions, 10 g L−1 (dash) and 32 g L−1 (line).

The solubility of NPs was also determined under various salinity and EDTA concen-
trations. Fe3O4-NPs had a very low solubility in freshwater HSM, and the methodology
used did not permit to quantify the concentration as being less than the detection limit
of the device (<0.02 mg L−1). The salinity and EDTA did not significantly affect the sol-
ubility of Fe3O4-NPs, when compared to the control. Considering known properties of
metallic NPs in solution [9], the low solubility of Fe3O4-NPs was explained by the strong
aggregation state of primary particles sintered (atoms held by strong chemical bonds),
and to the formation of large agglomerates (suspensions held by weak van der Waals
forces) reducing surface contact in solution. On the contrary, our results indicated that the
solubility of CuO-NPs was correlated with the NPs concentration. The soluble fraction
of free Cu released from 50 and 100 mg L−1 of CuO-NPs in freshwater HSM (no added
salt and no EDTA) was of 0.17 and 0.33 mg L−1 per day, respectively (Figure 3). However,
the salinity at 32 g L−1 caused a lower solubility of CuO-NPs (compared to controls for
p < 0.05) reaching 0.07 and 0.11 mg L−1 per day, respectively, for 50 and 100 mg L−1 of
CuO-NPs. Under this condition, the salinity caused the formation of larger agglomerates,
reducing the surface contact in solution.

The interaction of EDTA with NPs increased significantly (p < 0.05) the solubility of
CuO-NPs, which was concentration dependent (Figure 3). When CuO-NPs suspensions
were exposed to 100 mg L−1 of EDTA in HSM, the soluble fraction of released Cu increased
by 87 and 47 times compared to controls (p < 0.05) for 50 and 100 mg L−1 of CuO-NPs,
respectively. The formation of EDTA complexes with metals can be estimated by the
constant stability of the complex metal-ligand and the metal concentration [36]. The ionic
forms of Cu and Fe are known to have a good affinity with EDTA compounds, since the
dissociation constants of EDTA-metal complexes (pKc) are 18.8 for Cu2+, 14.3 for Fe2+, and
25.1 for Fe3+ [37]. However, the effect of EDTA on the solubility property of metallic NPs
such as Fe3O4-NPs and CuO-NPs has not been documented. Only one previous study
investigated the effect of humic and fulvic acids on the release of Cu from Cu-NPs in
solution [38]. The authors demonstrated that a high concentration of humic substances
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(100 mg L−1) was effective in promoting the dissolution of Cu-NPs during 24 h, and the
release of Cu from NPs was able to reach 13.79 mg L−1. This phenomenon was explained
by the complexation reactions between Cu-NP and the functional groups (carboxylic
and/or phenolic) of humic acids. In fact, our results showed a similar effect of EDTA on
the solubility of CuO-NPs. The EDTA compounds were able to interact with carboxylic
groups of CuO-NPs, and the release of copper would remain solubilized as a complex
EDTA-Cu or as free Cu2+ in solution. Therefore, our results suggested that the lack of
chemical interaction between EDTA and Fe3O4-NPs was caused by its more complex atomic
structure (aggregation state) compared to the simple oxide CuO-NPs. At high salinity
(32 g L−1), the effect of 100 mg L−1 EDTA caused a release of 11.31 and 15.01 mg L−1 of
Cu, respectively, for 50 and 100 mg L−1 of CuO-NPs. However, under this EDTA treatment,
the concentration of released Cu significantly decreased by 29% and 24% when compared
to HSM (no added salt for p < 0.05) for 50 mg L−1 of CuO-NPs under salinities of 10 g L−1

and 32 g L−1, respectively. For 100 mg L−1 of CuO-NPs, the concentration of released Cu
significantly decreased by 12% only under salinity of 10 g L−1 (Figure 3).
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Figure 3. Solubility of CuO-NPs (50 and 100 mg L−1) in HSM (no salt added), and under two salinity
conditions, 10 g L−1 and 32 g L−1. NPs were exposed to EDTA concentrations: 0 (white), 10 mg L−1

(dash), and 100 mg L−1 (gray). (*) The EDTA effect on NPs significantly caused an increase (p < 0.05)
in the concentration of free Cu compared to respective controls (no EDTA). Moreover, the same letters
(a, b, or c) indicated a significant difference for p < 0.05 (determined by one-way ANOVA and Tukey
post-hoc test).

2.2. Toxicity Testing on Algal Cells

The effects of Fe3O4-NPs and CuO-NPs was investigated during 72 h on algal cells
of C. reinhardtii and C. euryale, and under different EDTA concentrations (Figure 4). The
growth rate of C. reinhardtii exposed to Fe3O4-NPs (without EDTA) was not significantly
affected in comparison to the control, but algal cells exposed to CuO-NPs at 50 and
100 mg L−1 showed a significant decrease (p < 0.05) by 8 and 19%, respectively (Figure 4).
In addition, the EDTA induced a significant effect on the growth rate of C. reinhardtii
in HSM compared to control (no EDTA and no NPs treatments). This inhibitory effect
was of 34 and 75% (compared to control) under EDTA treatments of 10 and 100 mg L−1,
respectively (Figure 4). However, the combined effect of EDTA and NPs treatments was
different for Fe3O4-NPs and CuO-NPs. Under high EDTA treatment (100 mg L−1), the
growth rate of C. reinhardtii exposed to Fe3O4-NPs at 50 and 100 mg L−1 significantly
decreased (p < 0.05) by 60 and 100%, respectively. On the other hand, the toxic effect of
EDTA on the growth rate of C. reinhardtii was attenuated or completely neutralized by
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CuO-NPs in HSM (Figure 4). This phenomenon was explained by the high EDTA affinity
to react with CuO-NPs suspensions in HSM, leaving algal cells free from EDTA effect.
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Figure 4. Growth rate (h−1) of algal cells exposed during 72 h to 50 and 100 mg L−1 of Fe3O4-NPs or
CuO-NPs for C. reinhardtii in HSM, and C. euryale in HSM under two salinity conditions, 10 g L−1

and 32 g L−1. Tested concentrations of EDTA: 0 mg L−1 (white), 10 mg L−1 (dash) and 100 mg L−1

(gray). (*) Significant differences between the controls and treatments (p < 0.05) were determined by
one-way ANOVA and Tukey post-hoc test.

The growth rate of C. euryale exposed to Fe3O4-NPs or CuO-NPs was not significantly
inhibited (compared to controls, p < 0.05) in HSM with salinities of 10 and 32 g L−1,
even under EDTA effect (Figure 4). Only the effect of high EDTA concentration alone
(100 mg L−1) induced a significant decrease (p < 0.05) in the growth rate of C. euryale by
56–58% compared to controls. It was interesting to notice that this inhibitory effect was
weaker compared to the effect on C. reinhardtii in HSM (75%), indicating that C. euryale was
less sensitive to the toxicity of EDTA probably because of the salinity level in the media in
which EDTA molecules formed complexes with sodium.

The obtained results showed that EDTA treatments during 24–72 h caused a significant
decrease in the proportion of C. reinhardtii living cells (p < 0.05), which was dependent to
the EDTA concentration and the time of exposure (Figure 5). The cellular mortality was
by 23–32% under 10 mg L−1 of EDTA during 24–72 h. When algal cells were exposed
to 100 mg L−1 of EDTA, the cellular mortality was by 66% at 24 h and reaching 100%
at 48–72 h. This toxicity effect indicated that EDTA molecules were trapping essential
elements causing a deficiency in nutrient uptake at the surface of algal cells, as it was
previously suggested [30,39]. On the other hand, only 100 mg L−1 of EDTA induced a
significant toxicity effect (p < 0.05) on the cellular viability of C. euryale (Figure 5). Under a
salinity of 10 g L−1, the cellular mortality was of 30 and 52% at 48 and 72 h, respectively.
Under a salinity of 32 g L−1, it was only of 7, 12, and 20% at 24, 48, and 72 h, respectively.
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These results are in accordance with the change of growth rate, indicating that the increase
of salinity level significantly reduced the toxicity effect of EDTA on algal cells.
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Figure 5. Living algal cells (%) at 24, 48, and 72 h of exposure to different concentrations of EDTA (0,
10 and 100 mg L−1) for C. reinhardtii in HSM, and C. euryale in HSM under two salinity conditions,
10 g L−1 and 32 g L−1. (*) Significant differences between the controls and treatments (p < 0.05) were
determined by one-way ANOVA and Tukey post-hoc test.

Without EDTA treatments, the cellular viability of C. reinhardtii and C. euryale exposed
during 24–72 h to Fe3O4-NPs did not significantly decrease (p < 0.05) in comparison to
controls (Figures 6–8). It appeared that these Chlamydomonas species were more resistant
to the toxic effects of Fe3O4-NPs than the previous studied green alga Chlorella vulgaris, and
this was probably due to its cellular characteristics such as the cell size and morphology [16].
In this work, the authors showed that the cellular viability decreased by 45 and 60%, when
algal cells of C. vulgaris were exposed during 72 h to 50 and 100 mg L−1 of Fe3O4-NPs,
respectively. Furthermore, the combined effect of EDTA and Fe3O4-NPs treatments did
not cause a higher cellular mortality on C. reinhardtii and C. euryale during 24–72 h. Even
under some conditions, the effect of EDTA was less strong under Fe3O4-NPs treatments,
showing an antagonistic effect of this NP on EDTA toxicity (Figures 6–8). In particular, the
inhibitory effect of EDTA on the cellular viability of C. reinhardtii was respectively lower
compared to the control (no NPs) by 43%, 32%, 26% at 24, 48, and 72 h (p < 0.05), under
100 mg L−1 of Fe3O4-NPs. Under a salinity of 10 g L−1, the inhibitory effect of EDTA on
the cellular viability of C. euryale exposed to 100 mg L−1 of Fe3O4-NPs was lower by 16%
and 20% at 48 and 72 h, respectively (p < 0.05).

Without EDTA treatments, the cellular viability of C. reinhardtii and C. euryale was
significantly affected (p < 0.05) only under 100 mg L−1 of CuO-NPs. For C. reinhardtii, this
parameter decreased by 45 % at 72 h, and it slightly decreased (1–2%) for C. euryale at 48 and
72 h only under a salinity of 10 g L−1 (Figures 7 and 8). Furthermore, the combination of
EDTA and CuO-NPs treatments did not induce an additive effect on the cellular mortality
of C. reinhardtii and C. euryale during 24–72 h. During 24–72 h, the toxicity effect of EDTA
was counterbalanced by 50 and 100 mg L−1 of CuO-NPs (Figures 6–8).
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Figure 6. Living algal cells (%) at 24 h for the control and treated cells to 50 and 100 mg L−1

Fe3O4-NPs or CuO-NPs: C. reinhardtii in HSM; C. euryale in HSM under two salinity conditions,
10 g L−1 and 32 g L−1. Under these conditions, algal cells were exposed to EDTA concentrations: 0
(white), 10 mg L−1 (dash), and 100 mg L−1 (gray). (*) Significant differences between the controls
and treatments (p < 0.05) were determined by one-way ANOVA and Tukey post-hoc test.
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Figure 7. Living algal cells (%) at 48 h for the control and treated cells to 50 and 100 mg L−1

Fe3O4-NPs or CuO-NPs: C. reinhardtii in HSM; C. euryale in HSM under two salinity conditions,
10 g L−1 and 32 g L−1. Under these conditions, algal cells were exposed to EDTA concentrations: 0
(white), 10 mg L−1 (dash), and 100 mg L−1 (gray). (*) Significant differences between the controls
and treatments (p < 0.05) were determined by one-way ANOVA and Tukey post-hoc test.
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Figure 8. Living algal cells (in %) at 72 h for the control and treated cells to 50 and 100 mg L−1

Fe3O4-NPs or CuO-NPs: C. reinhardtii in HSM; C. euryale in HSM under two salinity conditions,
10 g L−1 and 32 g L−1. Under these conditions, algal cells were exposed to EDTA concentrations: 0
(white), 10 mg L−1 (dash), and 100 mg L−1 (gray). (*) Significant differences between the controls
and treatments (p < 0.05) were determined by one-way ANOVA and Tukey post-hoc test.

3. Conclusions

The interaction effect of environmental factors (EDTA, oxide NPs and/or salinity-
depending on the species) was investigated during 72 h on the growth and viability of
Chlamydomonas reinhardtii under freshwater condition, and Chlamydomonas euryale under
saltwater conditions. Due to lower particles agglomeration and higher solubility, CuO-NPs
were more toxic than Fe3O4-NPs in freshwater condition, especially at 72 h under high
concentration (100 mg L−1). Even though the specific surface area of CuO-NPs was twice
smaller than Fe3O4-NPs, it was important to notice that the toxicity of CuO-NPs was
stronger than Fe3O4-NPs for similar mass-based concentration. Indeed, Fe3O4-NPs had
larger agglomerates and a very low solubility. Furthermore, the effect of EDTA increased
the solubility of NPs, and the salinity caused a decrease in their solubility. Our results on
C. euryale showed that the increase in the salinity level caused the formation of larger NPs
agglomerates, leading to a decrease in the toxicity impact on algal cells. The increase of
agglomerates could induce a lower bioavailability of NPs to interact with algal cells, and
most of these agglomerates would sediment. Therefore, Fe3O4-NPs and CuO-NPs would
be less dangerous in marine environments compared to freshwater ones. Moreover, our
results showed that EDTA treatments induced a cellular toxicity effect on both freshwater
and saltwater Chlamydomonas species, indicating the property of EDTA to alter the nutrient
uptake at the surface of algal cells. Toxicity testing during 72 h demonstrated that algal cells
of C. euryale were more resistant to EDTA toxic effects than algal cells of C. reinhardtii. In
addition, our results indicated that NPs treatments induced an antagonistic effect on EDTA
toxicity, especially for CuO-NPs. The marine condition (salinity level of 32 g L−1) also
caused a decrease in the toxicity of EDTA on algal cells. In this perspective, more studies
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need to be done on chronic toxicity testing of these stressors to determine the long-term
impact on algal population. Although the contamination of EDTA and oxide NPs is not
alarming at a very low concentration, recent data in situ are missing for both freshwater
and marine environments. Nevertheless, the toxicity impact caused by the interaction effect
of environmental factors (EDTA and salinity) should be considered in risk assessment for
metallic NPs.

4. Materials and Methods
4.1. Algal Strains and Culture

The freshwater alga Chlamydomonas reinhardtii (CC-125) was provided by the Chlamy-
domonas Resource Center (The University of Minnesota, St. Paul, MN 55108, USA),
and the marine species Chlamydomonas euryale (UTEX 2274) was provided by the UTEX
Culture Collection of Algae (The University of Texas at Austin, Austin, TX 78712, USA).
Both strains were grown in modified high salt medium (HSM), aka Sueoka’s medium [40]:
NH4Cl 500 µg mL−1; MgSO4·7H2O 20 µg mL−1; CaCl2 10 µg mL−1; KH2PO4 740 µg mL−1;
K2HPO4 1.44 mg mL−1; H3BO3 185.5 µg mL−1; MnCl2·4H2O 415.4 µg mL−1; ZnCl2
3.3 µg mL−1; FeCl3·6H2O 159.8 µg mL−1; Na2EDTA·2H2O 300.0 µg mL−1; CoCl2·6H2O
2.6 µg mL−1; Na2MoO4·2H2O 7.3 µg mL−1; CuCl2·2H2O 0.012 µg mL−1. The pH was
adjusted to 7.0 ± 0.1 using 1N NaOH. All media were sterilized either in autoclave or by
filtration (0.22 µm). The marine strain C. euryale could not survive in freshwater HSM, thus
the salinity level was adjusted by adding NaCl at 10 and 32 g L−1. The ionic strength of
culture media was estimated using the software MINEQL+ [41]. Algal cultures were main-
tained continuously on a rotating shaker (80 rpm), under a light intensity of 100 ± 20 µmol
of photons m−2 s−1, and a temperature of 23 ± 1 ◦C. Samples of algal cultures in their
exponential growth phase were used for analysis.

4.2. Characterization of Nanoparticles

Fe3O4-NPs were purchased from MTI Corporation (Richmond, VA, USA), having a
purity of 99.9%, a size of 20 nm, a spherical shape, and a specific surface area >60 m2/g.
CuO-NPs were obtained from Aldrich (Cat. 544868; Darmstadt, Germany), having a size
<50 nm, a spherical shape, and a specific surface area of 29 m2/g. Before the characteriza-
tion, NPs were dispersed in solution using ultrasonication (probe 1/4′′, Fisher Scientific,
Waltham, MA, USA) at 30% of power during 2 min, and then suspensions were incubated
during 1 h at room temperature.

The Zeta potential of NPs was measured with a ZetaPlus (BrookHaven Instrument
Corp., Long Island, NY, USA), and the hydrodynamic size distribution using a Zetasizer
Nano S90 (DLS, Malvern, Worcestershire, UK). To determine the solubility of NPs, sus-
pensions were incubated in HSM during 24 h, and then centrifuged at a speed of 12,000 g
during 30 min (centrifuge J2-HC, JA-20 rotor, Beckman, Fullerton, CA, USA). The super-
natant was collected, and the Cu or Fe in the soluble fraction was quantified by optical
emission spectrometry (ICP-OES, model 5100, Agilent Technologies, Santa Clara, CA, USA).
Prior to this analysis, the supernatant was examined using a Zetasizer Nano S90 to verify
that the sample was free of NPs.

4.3. Nanoparticles and EDTA Treatments

Culture of algal cells having an initial cell density of 500,000 cells mL−1 were exposed
to 50 and 100 mg L−1 of CuO-NPs or Fe3O4-NPs during 72 h in a final volume of 20 mL of
medium. Alga C. euryale was exposed to NPs under salinity conditions of 10 and 32 g L−1,
and C. reinhardtii only in freshwater HSM. Under these conditions, the effect of EDTA was
tested at 10 and 100 mg L−1. The EDTA stock solution was of 400 mg L−1, and the pH was
adjusted to the pH of the medium, 7 for HSM and 8.1 for HSM with salinities of 10 and
32 g L−1. In this study, we used gravimetric units for CuO and Fe3O4 NPs characterization,
since NPs had properties totally different from their bulk counterpart. Indeed, nanotoxicity
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testing studies still employed mass-based concentration in water quality standards to
discriminate toxicological properties of NPs versus their dissolved ionic species [42].

4.4. Growth Rate and Cellular Viability

The change in the cell density was determined by using a Multisizer Z3 (Beckman
Coulter Inc., Fullerton, CA, USA), and the growth rate (GR) was calculated according to this
formula: GR = (lnW72h − lnW0)/72 h, where W72h represents the cell density at 72 h, and
W0 the initial cell density. Cellular viability was assessed using propidium iodide at 40 µM
(as a cellular mortality marker) by flow cytometry (BD Accuri C6, Becton, Dickinson & co.,
Franklin Lakes, NJ, USA). Results of cellular viability were presented as the proportion of
living cells (in %).

4.5. Statistical Analysis

All experiments were conducted in two testing series and in triplicate. The one-way
analysis of variance (ANOVA) followed by the Tukey post-hoc test was conducted using
Origin Pro 9 (2016) Graphing and Analysis software. Significant differences between the
controls and treatments were considered for p values less than 0.05 (p < 0.05).
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