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Zinc oxide (ZnO) nanomaterials (NMs) are widely used in the manufacture of several commercial products like foods,
packaging, cosmetics, medicines and healthcare formulations and anti-fouling paints. These NMs can pollute water
bodies when they become bioavailable. In this context, this study investigated the toxicity of ZnO nanorods (NRs)
on green microalgae from freshwater and marine ecosystems, to better understand the behavior of this NM on each
environment. Two green microalgae species, Desmodesmus subspicatus (freshwater) and Tetraselmus sp. (marine),
were evaluated by chronic toxicity tests and oxidative stress induction by the enzymatic activity of catalase (CAT).
The exposition assays were performed using three different concentrations of ZnO NRs (0.1, 1.0, and 10 mg/L, and
a negative control). ZnO NRs significantly affected the growth rate of both tested chlorophytes. The chronic toxicity
test showed LOEC (Lowest Observed Effect Concentration) levels of 10 mg/L (72 h) for D. subspicatus and 1.0 mg/L
(24 h) for Tetraselmis sp. It was observed NOEC (No Observed Effect Concentration) levels of 1.0mg/L to D. subspicatus
was (at 72 h) and of<0.1 mg/L for Tetraselmis sp. (at 24 h). In the enzymatic activity tests of D. subspicatus exposed to
ZnO NRs, the CAT activity caused significant changes at the concentration at 10 mg/Lof ZnO NRs when compared to
the control test, but for Tetraselmis sp. no changewas observed in CAT activity. These results indicate thatD. subspicatus
was more sensitive to the effects of ZnO NRs at the concentration of 10 mg/L after 72 h, while oxidative stress of this
algawas also observed at the same concentration. The results of this study show the importance of further investigating
the toxicological effects of ZnONRs on greenmicroalgae from distinct aquatic environments and of evaluating the tox-
icological response of these microalgae in culture media.
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1. Introduction

Investigation of the toxicity of nanomaterials (NMs) is increasing due to
the large production and incorporation of thesematerials inmany products.
The increase of these consumer products causes NMs' release and bioavail-
ability in the environment. Zinc oxide (ZnO) NMs are widely used in the
manufacture of anti-fouling paints as well as skincare products. ZnO NMs
have excellent ultraviolet (UV)-absorbing properties and transparency to
visible light, making these NMs excellent sunscreen agents [1]. Addition-
ally, the biocidal activity gives ZnO NMs high potential for applications in
products such as foods, packaging, cosmetics,medicines and healthcare for-
mulations [2].
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Due to the large production of consumer goods containing ZnO NMs
and the possibility of their bioavailability in the environment, global inter-
est in studying the toxicity of these NMs is increasing. There is rising aware-
ness of the need to prevent the environment from suffering harmful effects
from these pollutants, especially in aquatic ecosystems [3,4].

These emerging contaminants can become available in the environ-
ment, thus becoming pollutants by the release of Zn ions to the solution
[5]. Zinc is widely distributed throughout the aquatic environments and
is an essential trace element required by most living organisms for their
growth and development [6]. Ionic Zn2+ species can be found in natural
surface waters at usually concentration below 10 μg/L [7]. The bioavail-
ability of Zn2+ ions in seawater vary widely in coastal and oceanic waters
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with concentrations of 0.006 to 22 μg/L [6]. This wide range of Zn concen-
tration is due several factors like pH, salinity, temperature, depth, circula-
tion, upwelling and others [6].

However, the toxic effects in aquatic environments of the use of Zn-
contain NMs need to be further investigated since these environments are
the ultimate receivers of all anthropogenic pollution. Furthermore, the bio-
cidal activity of ZnO NMs is due to the formation of hydrogen peroxide on
the surface of the particles, which are responsible for inducing oxidative
stress [8].

The ecotoxic effects of ZnO NMs have been well reported in literature
regarding several trophic levels: primary producers [9–13], primary con-
sumers [8,14–20], secondary consumers [21–23], and decomposers
[24–27]. Themain mechanism of action for ZnONP toxicity in aquatic eco-
systems reported in these studies include Zn ions' dissolution, NM internal-
ization, and induction of oxidative stress by the generation of reactive
oxygen species (ROS). The uptake of ZnO NMs through the skin, mucous
membranes, and cell membranes is made easier due to their small size
[28]. Within cells, ZnO NMs can trigger several toxicity mechanisms, in-
cluding oxidative stress of certain organelles, resulting in a redox imbal-
ance, leading to dysfunction and cell death [29,30].

The oxidative stress due to ROS generation is one of the effects that can
be observed in various organisms. The balance of antioxidant enzymes con-
tributes to the response of organisms to stress as a way of protecting cells.
Adequate responses to environmental changes are crucial for organisms'
growth and survival. Despite this, the molecular and biochemical mecha-
nisms that govern these responses are still poorly understood. ROS can
act as damaging or as signaling molecules that activate multiple defense re-
sponses [31]. These functions can be achieved when cell levels of ROS are
well controlled in both production and consumption, [30–32]. The level
and type of ROS are determining factors of the type of response.

Microalgae can regulate these ecosystems because they exist on a large
scale and are primary producers [32]. Microalgae are generally employed
as indicators of aquatic pollution by chemical substances [33]. Chloro-
phytic microalgae are good bioindicators of water quality due to their
place in the trophic chain and predictable response to various environ-
mental changes [34] Therefore, they are widely used in environmental
toxicology studies [35,36].

In this context, this study investigated the toxic effects of ZnO nanorods
(NRs) on green microalgae from freshwater and marine ecosystems, to bet-
ter understand the behavior of this NM in each environment.We also aimed
to contribute to more accurate assessment of the potential toxicological
risk, as there are no regulations regarding the potential risk of ZnO NMs
in aquatic environments. Therefore, we evaluated the toxicity of ZnO NRs
on two different chlorophytes: the freshwater green microalga Desmod-
esmus subspicatus and the marine green microalga Tetraselmis sp.

2. Material and methods

2.1. Microalgal strains and cultures

TheD. subspicatus strain was kindly provided by the Environmental Lab-
oratory of Joinville Regional University (UNIVILLE), located in Joinville,
Santa Catarina, Brazil. Algal cells were cultivated through the methods de-
scribed by ABNT [37] and OECD [38], with some modifications. The
culture medium used was LC-Oligo, prepared with ultrapure water, and
the culture was kept under continuous illumination (6500 lx), aeration
and stirring (150 rpm; Color Squid White Magnetic Stirrer - IKA,
Germany), at controlled 20 ± 2 °C into an incubator (LT 320 TP –
LimaTec, Brazil). 80% of the culture was discarded weekly and renewed
by a new sterile culture medium.

TheTetraselmis sp. strain (CCMP908 fromBigelow Laboratory for Ocean
Sciences) was kindly provided by the Engineering andMalacoculture Labo-
ratory (LEMAQUI) of Federal University of Paraná (UFPR), located in
Pontal do Paraná, Paraná, Brazil. Algal cells were cultivated by themethods
described by ABNT [39], with some adaptations. The culture medium used
was F/2 Guillard (1975), prepared with filtered seawater, with salinity
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adjusted to a minimum of 30 (30‰), and the cell cultures were also kept
in continuous illumination (6500 lx), aeration and stirring (150 rpm;
Color Squid White Magnetic Stirrer - IKA, Germany), at controlled 20 ±
2 °C into an incubator (LT 320 TP – LimaTec, Brazil). 80% of the culture
was discarded weekly and renewed by a new sterile culture medium.

2.2. Synthesis and characterization of ZnO NRs

ZnO NRs were synthesized as described by Gonçalves et al. [17] and
Melegari et al. [8]. The size and shape of ZnO NRs were determined by
transmission electron microscopy (TEM; JEM 1011 MET-100 kV, JEOL,
Japan). The ZnO NR suspension (1 g/L) in ultrapure water was prepared
by placing droplets of the suspension on a CCu grid (300 mesh) and drying
in a desiccator under vacuum for 24 h.

Characterization of the ZnO NR suspension was performed in cultures
using LC-Oligo (freshwater medium) and F/2 Guillard (saltwater medium)
by measurement of hydrodynamic diameter (HD) and Zeta potential (Pz).
The Pz was determined by the electrophoretic mobility approach using a
NanoBrook 90Plus PALS analyzer (Brookhaven Instruments, USA). The sta-
bility of the particles in bothmediawas determined bymeasuring HDusing
dynamic light scattering. The concentration of ZnO NRs used in the suspen-
sion was 500 mg/L. These analyses were performed to verify the behavior
and stability of the ZnO NR suspension in the diluent medium employed
in the toxicity tests.

2.3. Chronic toxicity assays

The chronic toxicity assays were developed according to guidelines of
ABNT and OECD [37–39]. The chronic toxicity tests were performed for
bothmicroalgae (D. subspicatus and Tetraselmis sp). Three different test con-
centrations of ZnO NRs (0.1, 1.0, and 10 mg/L, final concentration in the
exposition test) were used, plus the negative control (microalgae only in
culture medium). All toxicity tests for concentrations of ZnO NRs were con-
ducted in triplicate. ZnO NR stock suspension was prepared at a concentra-
tion of 10,000 mg/L in both culture media. The ZnO NR stock suspension
was homogenized with an ultrasound probe (Labsonic U - 500 W - B.
Braun, Germany) for 5 min at 80% power. From the ZnO NR stock suspen-
sion, serial dilutions were performed in the test concentration range di-
rectly in the algal exposure vial. The vessels were incubated in a shaker
incubator for 3 days at 20 ± 2 °C and the same luminosity as the growth
culture, continuously stirred at 150 rpm, in an orbital shaker-incubator
(LT-600 – LimaTec, Brazil). The cell density was measured at 24, 48, and
72 h after exposure to ZnO NRs with a UV–Vis spectrometer at a wave-
length of 680 nm for D. subspicatus and 425 nm for Tetraselmis sp. To vali-
date the results of each toxicity test, it was considered a minimum of
growth rate to the negative control of 0,9 d−1. Two calibration curves
were previously fitted in the UV–Vis spectrometer (EEQ9011I.UV-B –
Edutec, Brazil), correlating cell density (measured by counting in a
Neubauer chamber under an optical microscope) and absorbance, to per-
form the chronic assay with cell density measurement. This method was
adapted from Valer and Glock [40]. The resulting data were submitted to
analysis of variance (ANOVA) as recommended by the US EPA [41]. Or-
thogonal two-way ANOVA with the Tukey post hoc test was employed to
evaluate significant differences between cell density and ZnO NR concen-
trations after the three exposure times. A level of p < 0.05 was accepted
as statistically significant. To assure homogeneity of variance and normal
distribution, cell concentrations were transformed to log(x + 1). The re-
sults were statistically analyzed and NOEC (No Observed Effect Concentra-
tion), and LOEC (Lowest Observed Effect Concentration) were defined.

2.4. Enzymatic activity

CAT enzymatic activity was measured through its catalytic activities,
and the results of these determinations are expressed in terms of the
amount of activity present in a given volume or mass of the sample. This
method was based on Melegari et al. [42], with adaptations. The specific



Table 1
pH, HD, and Pz values for ZnO NRs (500 mg/L) on F/2 and LC-Oligo culture media.

Medium pH HD (nm) ± SD Pz (mV) ± SD

LC-Oligo 7.42 840.98 ± 111.50 −7.54 ± 1.81
F/2 8.02 1834.93 ± 405.15 18.94 ± 3.61
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activity in this experiment is presented as the activity per protein weight
unit (U/mg protein). All exposure and negative control microalgal suspen-
sions were recovered after 72 h of exposure by centrifugation at 15 min at
10 °C. The supernatant was discarded, and the cell pellet was resuspended
in 500 μL of PBS buffer 0.1 M, pH 7. The recovered microalgal suspension
was stored in a freezer at −80 °C until the enzymatic activity was quanti-
fied. The protein in the microalgal suspension was quantified by the Brad-
ford method [43]. To plot the calibration curve, 100 μL of the protein
standard (bovine serum albumin, BSA, range of 3.12–100 mg/L) was
added to 900 μL of Bradford's reagent, and the absorbance was measured
at the wavelength of 595 nm in the UV–Vis spectrometer. CAT enzymatic
activity of D. subspicatus and Tetraselmis sp. algae after 72 h of exposure to
NR ZnO were evaluated using the molar absorption coefficient of CAT.
For CAT, the activity was evaluated through the degradation of hydrogen
peroxide at awavelength of 240 nm. CAT has a knownmolar absorption co-
efficient of 0.0436 mM−1.cm−1. 1 μg of protein from each sample of ex-
posed microalgae was added to 100 μL of hydrogen peroxide at 200 mM,
and the volume was completed to 1 mL with PBS buffer 0.1 M, pH 7.
After 30 s of mixing the reagents, the measurement was performed in a
quartz cuvette with 1 cm optical length. The kinetic of measurement at
240 nm was done every 10 s for 60 s. From these results, it was possible
to determine the CAT activity of each sample. The resulting data were sub-
mitted to ANOVA and a confidence level of p<0.05was accepted as statis-
tically significant.

3. Results and discussion

3.1. Characterization of ZnO NRs

TEM images of ZnO NRs can be seen in Fig. 1. The images show that the
tested NMs presented rodmorphology and average lengths ranging from 50
to 100 nm and diameters from 20 to 30 nm, confirming the nanometric di-
mensions of the material tested. For additional data on physical-chemical
characterization of ZnO NRs (e.g., crystalline system -hexagonal, mean of
crystallite size, and surface area) please refer to the previously published
manuscripts of Gonçalves et al. [17] and Melegari et al. [8]. The same
ZnO NRs were used in these ecotoxicity tests.

Table 1 presents the results of ZnO NR characterization in the culture
medium. The results indicate that ZnO NRs in the F/2 medium, with salin-
ity of 29‰, presented normal pH for marine water of 8.02 [39]. In this me-
dium, ZnO NRs had large hydrodynamic diameter due to the higher ionic
strength present in the saline medium [17]. The LC-Oligo medium had a
recommended pH of 7.42 [37], and the hydrodynamic diameter for ZnO
NRs in suspension was smaller than in the saline medium. In both cases,
the ionic strength of the media affected the original size of ZnO NRs and
promoted agglomeration of this NM in both suspensions [8]. The large hy-
drodynamic size will affect the bioavailability of ZnO NRs to the exposed
organism. Consequently, the response of microalgae to chronic toxicity
caused by ZnO NR exposure will change.
Fig. 1. TEM images of ZnO NR, showing the morphology compatible with NRs on
nanoscale.
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Regarding the stability of ZnONRs in the culture media, in general both
suspensions were not stable, since the Pz values were not close or higher
than +/− 30 mV. When comparing the suspensions in both tested
media, ZnO NRs presented higher stability in the F/2 medium (18.94 ±
3.61 mV) than in the LC-Oligo medium (−7.54 ± 1.81 mV) (Table 1).
This behavior can be attributed to the higher ionic strength of the F/2
medium.

The characterization of ZnONRs in the culturemedia helps to better un-
derstand how the toxicological behavior of NM is altered. In general, the
toxicity of ZnONM is related to the hydrodynamic size of NM in suspension
and its release of Zn ions to the aqueous medium [8]. The behavior of ZnO
NRs in the evaluated suspensions in our study reflects the toxicological re-
sponse of the aquatic organism, since NM agglomeration results in larger
hydrodynamic size and consequently smaller surface area available to re-
lease Zn ions to the solution. Additionally, the presence of high concentra-
tions of divalent cations in the tested culture medium, such as Ca2+ and
Mg2+, causes greater agglomeration than monovalent cations [44].
3.2. Chronic toxicity

The protocols recommended by ABNT [37,39] and OECD-201 [38]
were considered for the evaluation of data on chronic toxicity. As men-
tioned previously, three different concentrations of ZnO NRs (0.1, 1.0,
and 10 mg/L, final concentration in the exposition flask) were used, plus
the negative control (microalgae only in culture medium). All the concen-
trations were tested in triplicate. Only tests with a minimum of growth
rate of 0,9 d−1 on the negative control were consider to the ANOVA analy-
sis. The results obtained from the exposure of the microalgae D. subspicatus
and Tetraselmis sp. to ZnO NRs are presented in Fig. 2 and Table 2.

A total of 15 chronic toxicity tests were performed for D. subspicatus, ex-
posed to three different concentrations of ZnO NRs, plus negative control
(all in triplicate), at three different exposure times (24, 48, and 72 h). For
these tests, ZnO NR suspensions were prepared in LC-Oligo medium (com-
posed of several ions diluted in ultrapure water).

In these assays, although there was a significant interaction between
treatment and time (p < 0.001), the time factor explained only 40% of
cell density, and the influence of this factor on cell density was different be-
tween concentrations. At a concentration of 10 mg/L, there were no signif-
icant differences in cell density with time (Tukey test, p > 0.05; Fig. 2),
indicating that exposure to ZnO NRs at this concentration inhibited the in-
crease in cell density at all times tested. However, for the other concentra-
tions (concentrations ≤ 1 mg/L), significant increases in cell density were
seen after 48 h of exposure.

Based on our results, it is possible to state that for D. subspicatus, the
chronic responses at 48 and 72 h were LOEC of 10 mg/L and NOEC of
1mg/L (p<0.05). Since this toxicological effect is already different within
48 h, this exposure time was considered for the effects of LOEC and NOEC
(Table 3).

A total of seven chronic toxicity tests were performed for Tetraselmis sp.
exposed to three different concentrations of ZnO NRs, plus the negative
control (all in triplicate), for three different exposure times (24, 48, and
72 h). In these tests, ZnO NR suspensions were prepared in F/2 medium
(composed of several ions diluted in filtered seawater).

The cell density varied significantly (ANOVA, p < 0.001) between the
control and concentrations with algae exposure times, without significant
interaction between them. While time explained 49% of the variability in
cell density, concentration accounted for 19%. Cell density was signifi-
cantly different between the control and all tested concentrations of ZnO



Fig. 2. Chronic toxicity assays, with dose response of (A) D. subspicatus and
(B) Tetraselmis sp. microalgae to ZnO NRs after different exposure times (24, 48,
and 72 h), where different letters indicate significantly different groups according
to the Tukey test (p < 0.05).

Table 2
Two-way ANOVA for the effect of the concentration (Con) and time factors on the
cell density of D. subspicatus and Tetraselmis sp.

Microalgae Factors DF MS F P ECV (%)

D. subspicatus Con 3 0.3753 30.78 < 0.0001 27
Time 2 1.0796 88.52 < 0.0001 40
Con:Time 6 0.0699 5.73 0.000818 19
Residue 24 0.0122 – – 15
Total 35 1.537 – – 100

Tetraselmis sp. Con 3 0.0051 18.348 < 0.0001 19
Time 2 0.0422 153.25 < 0.0001 49
Con:Time 6 0.0017 6.268 0.000457 18
Residue 24 0.0003 – – 14
Total 35 0.0493 – – 100

Significant values (p < 0.05) are identified in bold. DF = degrees of freedom,
MS = average of the sum of the squares, F = calculated value of the ANOVA vari-
ance, p = significance value, and ECV (%) = components of variation in
percentage.

Table 3
Chronic toxicity results of ZnO NRs according to LOEC and NOEC (mg/L) of the
microalgae D. subspicatus and Tetraselmis sp.

NM Microalgae Exposure time (h) Chronic toxicity data (mg/L)

ZnO NR D. subspicatus 48 LOEC: 10
NOEC: 1

Tetraselmis sp. 24 LOEC: 0.1
NOEC: <0.1
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NRs after 24 h of exposure (Tukey test, p < 0.05; Fig. 2). At times of 48 h
and 72 h, the differences were not significant (Tukey test, p > 0.05; Fig. 2).

In summary, the algal growth rate was significantly different between
the control and the ZnO NR treatment at 24 h of exposure. At 48 h and
72 h, the differences were not significant. With this, it is possible to state
that for Tetraselmis sp., the chronic responses were LOEC of 0.1 mg/L and
NOEC<0.1 mg/L at 24 h (p< 0.05; Table 3). This result can be also indic-
ative that ZnO NRs can cause acute effects (6 h of exposition) to Tetraselmis
sp. However, further investigations need to be conducted to confirm that
hypothesis.

The results summarized in Table 3 indicate that in absolute terms (with-
out considering the time variable), ZnO NRs were more toxic to the
microalga Tetraselmis sp., with CEO values of 0.1 mg/L. However, more de-
tailed analysis needs to be carried out to determine the toxicological effects
of ZnO NRs on green microalgae, considering the behavior of ZnO NRs in
the culturemedia, the aquatic nature of greenmicroalgae, and the exposure
time.

Considering the chemical composition of the F/2 medium (Tetraselmis
sp.), a previous study found that high ionic strength influenced ZnO NR ag-
glomeration [17], which was confirmed in our analysis (Table 1). Seawater
has a strong tendency to enhance the toxic effects of NMs on marine organ-
isms, in comparison with fresh water, due to the high ionic strength and al-
kaline pH, which can alter the physical-chemical properties of NMs
[45,46].

ZnONRswere toxic at a concentration of 10mg/L toD. subspicatus at 48
and 72 h (Fig. 2), while Tetraselmis sp. suffered significant effects after expo-
sure for 24h. These different responses of greenmicroalgae from two differ-
ent aquatic ecosystems highlights the behavior of NMs in the culture media
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and the toxicitymechanismonmicroalgae. ZnONRs affected Tetraselmis sp.
at lower concentrations and shorter periods of exposure (acute effect).
However, the microalga Tetraselmis sp. recovered from the harmful effects
of ZnONRs after a certain period of exposure, demonstrated by the increase
in cell density after 48 and 72 h (Fig. 2b).

In general, this recovery of cell density after a certain exposure
time can be associated with the higher resilience of marine organisms
(Tetraselmis sp.) than freshwater organisms (D. subspicatus). Similar studies
have reported this effect of CuO NPs, where the recovery of cell density of
microalgaewas observed after exposure for 72 h [9,11,12,31]. However, an
organism's resilience cannot be considered in isolation, because as previ-
ously discussed, physical-chemical mechanisms affect the toxicological
behavior of ZnO NRs in the evaluated aquatic environments.

The mechanisms of ZnO NR agglomeration need to be considered since
the tests were performed statically for 72 h (the medium was not renewed
during this period). The agglomeration mechanisms may have affected the
state of agglomeration of suspended ZnO NRs, reducing the NM surface
area and causing sedimentation. The Pz data (Table 1) confirmed that
both suspensions are unstable in the tested culture media. To minimize
this effect, we kept all vessels under shaking during the tests. Additionally,
the bioavailability of Zn ions seems not to be affected, since several studies
have reported that Zn dissolution from ZnO NMwas not statistically signif-
icant with time [12,47–50].

Aravantinou et al. [11] evaluated the long-term toxicity of ZnO NMs to
Scenedesmus rubescens cultivated in different media. They reported that
microalgal growth was affected by the exposure time and NM concentra-
tions, but more so by the culture medium used. They reported also that
the species of microalgae (freshwater or marine) will define the behavior
of NPs and the mechanisms of the toxic effects, since NM dissolution de-
pends on the aqueous matrix composition (pH, ionic strength, organic mat-
ter content, etc.) [11].
3.3. Evaluation of oxidative stress

ZnO NRs are known for their potential to induce oxidative stress in
microalgal cells [47,48,50]. To evaluate oxidative stress effect, samples of
microalgae exposed to ZnO NRs for 72 h were prepared to evaluate the



Fig. 3. Dose response of oxidative stress to ZnO NR exposure of D. subspicatus and
Tetraselmis sp. microalgae, measured by CAT activity, at the exposure time of
72 h. Different letters indicate significantly different groups, according to the
Tukey test (p < 0.05).
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CAT activity. This activitywas different between the twomicroalgae tested,
as evidenced in Fig. 3.

For D. subspicatus, only at a concentration of 10 mg/L of ZnO NRs was
different behavior than the other concentrations observed (one-way
ANOVA, p < 0.05). This result evidenced that at this concentration, ZnO
NRs induced an increase of CAT activity, and consequently induced oxida-
tive stress in D. subspicatus when exposed to this concentration.

For Tetraselmis sp., there was no alteration of CAT activity at all tested
concentrations of ZnO NRs after 72 h. The results of this assay indicate
that ZnO NRs induced distinct oxidative stress effects on the microalgae
of freshwater and marine ecosystems. The results of CAT activity corrobo-
rated the chronic toxicity results for both microalgae at 72 h.

The main toxicity mechanism of ZnO NMs is described in the literature
as the release of Zn ions in the medium, causing the formation of ROS,
which in turn induces oxidative stress [8,51]. When some metallic ions
are released in the environment, the excess electrons in the valence layer
cause the formation of highly reactive species that can promote the forma-
tion of ROS [51]. Although no method to quantify Zn ions was carried out
in our study, a previous study with these ZnO NRs reported that the Zn ion
release occurs to this NMwhen in suspension [8]. The main mechanism for
inducing oxidative stress in microalgae is by releasing Zn ions into the
medium.

Since CAT is an enzyme that catalyzes hydrogen peroxide (H2O2) mole-
cules produced in the medium, the increase of the CAT activity of
microalgae indicates that the microorganism has been exposed to some
level of oxidative stress. Thus, D. subspicatus presented CAT activity values
significantly different from the other treatments, at a concentration of
10 mg/L of ZnO NRs. Tetraselmis sp. showed no significant differences in
CAT activity of ZnO NRs and the negative control treatments. This result
showed that the antioxidant defense mechanisms of this marine microalga
act differently from those of the freshwater microalga tested. This suggests
that freshwater ecosystem organisms are more susceptible to the effects of
oxidative stress by ZnO NRs.

4. Conclusions

We conducted a toxicological evaluation of the effects of ZnO NRs
through chronic toxicity assays with two green microalgae species,
D. subspicatus and Tetraselmis sp. We also evaluated the effects of oxidative
stress induction through CAT activity in both organisms. Our results
showed that ZnONRs in suspension have low stability in bothmedia tested,
and have a tendency to agglomerate in the F/2 medium. This behavior can
affect the bioavailability of NMs to the organism, and consequently the tox-
icity of ZnONRs. Chronic toxicity assays withD. subspicatus exposed to ZnO
NRs presented LOEC 10 mg/L and NOEC of 1 mg/L at exposure times of 48
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and 72 h. Chronic toxicity assays with Tetraselmis sp. exposed to ZnO NRs
showed LOEC of 0.1 mg/L and NOEC < 0.1 mg/L after 24 h exposure
time. At 48 and 72 h, this effect was not significant. CAT activity behaved
differently for the tested algae and corroborated the chronic toxicity results.
D. subspicatus had higher CAT activity at the ZnO NR concentration of
10 mg/L. For Tetraselmis sp., there was no change in the enzymatic activity
of CAT. Our results showed that the microalga from the freshwater ecosys-
tem is more susceptible to the effects of oxidative stress by ZnO NRs.

In conclusion, the results of this study showed that ZnO NRs can induce
chronic oxidative effects in green microalgae. However, the nature of the
organism and its ecosystem can affect the response of ZnO toxicity, since
distinct environments affected the behavior of NMs due to the chemical
composition of the culture media.
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