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Abstract: Nowadays, the industry is quite commonly using nanoparticles of titanium dioxide (nTiO2)
especially in sunscreens, due to its higher reflective index in comparison to micron size TiO2. Its
high demand causes its widespread environmental occurrence, thus damaging the environment.
The aquatic ecosystems are the most vulnerable to contamination by nTiO2. Like other engineered
nanoparticles, nTiO2 has demonstrated generation of reactive oxygen species (ROS) and reactive
halogen species (RHS) in the aquatic environment under UV radiation. This study investigated the
toxicity of nTiO2 towards two aquatic indicator organisms, one from freshwater (Daphnia magna) and
the other from seawater (Artemia sp.), under simulated solar radiation (SSR). Daphnia magna and
Artemia sp. were co-exposed in 16 h SSR and 8 h darkness cycles to different concentrations of nTiO2.
The estimated EC50 at 48 h for D. magna was 3.16 mg nTiO2/L, whereas for A. sp. no toxic effects
were observed. When we exposed these two organisms simultaneously to 48 h of prolonged SSR
using higher nTiO2 concentrations, EC50 values of 7.60 mg/L and 5.59 mg/L nTiO2 for D. magna
and A. sp., respectively, were obtained. A complementary bioassay was carried out with A. sp., by
exposing this organism to a mixture of nTiO2 and organic UV filters (benzophenone 3 (oxybenzone,
BP3), octocrylene (OC), and ethyl 4-aminobenzoate (EtPABA)), and then exposed to SSR. The results
suggested that nTiO2 could potentially have negative impacts on these organisms, also this work
outlines the different characteristics and interactions that may contribute to the mechanisms of
environmental (in salted and freshwater) phototoxicity of nTiO2 and UV radiation, besides their
interaction with organic compounds.

Keywords: nanosized inorganic sunscreen; phototoxicity; aquatic organisms; environmental hazard;
reactive oxygen species (ROS); reactive halogen species (RHS)

1. Introduction

The use of nanoparticles of titanium dioxide (nTiO2) has increased significantly in re-
cent years. It has been predicted that the global market for nanotechnology products would
achieve 3 trillion $ by 2020, [1]. Piccinno documented the estimated worldwide produc-
tion of titanium dioxide nanoparticles (nTiO2) at approximately 5000 t/year in 2006–2010
and 10,000 t/year in 2011–2014 with an increase in the production of this nanomaterial
by 2025 [2].

This impressive increase is mainly due to the demand for this metal oxide in the
paper, paint, coating, cosmetics, food, and plastic industries. TiO2 is a white substance
commonly used as a whitening or brightening agent that is generally synthesized in
different crystalline forms, mainly anatase and rutile. It is also used in water purification
processes due to the high photocatalytic activity showed by specific nTiO2 formulations
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such as the well-known Degussa P-25, which contains anatase and rutile phases in a ratio
of about 3:1 [3].

Nano-size TiO2 is increasingly used as a mineral sunscreen to protect the skin from
both ultraviolet light A and ultraviolet light B radiation, because of its broad UV spectrum-
attenuation characteristics. When it is formulated in nano-size, the protection significantly
improves as only a tiny proportion of UV rays can pass through the sunscreen film without
hitting a particle [4–6]. It is expected that commercial sunscreens contain a mixture of
physical and chemical UV filters to produce a broader spectrum of protection [7].

After use, nTiO2 is discharged into the sewage system and subsequently released into
surface waters, where it can interact with living organisms [8]. As both solar irradiance
(i.e., the amount of sunlight received by Earth’s surface) and nTiO2 accumulation in the
environment increase year after year, there is a high probability that UV radiation and nTiO2
interact in the aquatic environment. This fact, in turn, increases the concerns about the
environmental fate and ecotoxicity of this compound [9]. The process of nTiO2 activation
by UV light and subsequent formation of reactive oxygen species (ROS), such as superoxide
radicals (O2

•-), hydroxyl radicals (•OH), and singlet oxygen (1O2) in water is relatively well
known [10–12]. However, in the presence of high concentrations of salts, as is the case in
seawater, the mechanisms driving their interaction are still not fully understood although
there is some evidence that reactive halogen species (RHS) may be produced [13,14]. ROS
and RHS can cause oxidative stress to cells in the aquatic environment [15], hence damaging
cell membranes and oxidizing proteins [16].

Previous studies have shown the phototoxic effects on D. magna and Artemia sp.
simultaneously exposed to nTiO2 and radiation [17,18].

In the present study, the combined effect of nTiO2 and simulated solar radiation
towards two aquatic organisms, i.e., D. magna and A. sp. as a proxy of freshwater and sea-
water organisms, respectively, was investigated and the EC50 were calculated. In addition,
Artemia sp. was exposed to a mixture of organic UV filters, nTiO2, and UV solar radiation
to identify the toxicity dynamics.

2. Materials and Methods
2.1. Instrumentation

A Microscope Leica EZ4 (Leica Microsistemas S.L.U., L’Hospitalet de Llobregat,
Barcelona, Spain) was used to determine mortality in the bioassays with Artemia sp.

A solar simulator chamber XENOTERM-1500RF chamber (CCI, Mataró, Spain) was
employed to simulate UV sunlight radiation. An ultrasounds bath (SELECTA, Barcelona,
Spain) was used to shake the test solutions.

To determine the EC50 values, the mortality of the D. magna and A. sp., during
exposure to the tested compounds, was normalized to the control mean percentage using
Abbot’s formula (2004). Normalized percentage values were log-transformed and fitted to
the logistic regression model using Quest Graph™ EC50 Calculator (https://www.aatbio.
com/tools/ec50-calculator/).

2.2. nTiO2 and Organic Sunscreens

The nTiO2 standard compound used (Sigma-Aldrich, Munich, Germany) had a particle
size of ≤21 nm, and ≥a 99.5% trace metal basis. According to the manufacturer, the
crystal phase of nTiO2 was a mixture of anatase and rutile (80:20). Transmission electron
microscopy (TEM) and dynamic light scattering (DLS) were applied to characterize the
nTiO2 and are presented elsewhere at Soler de la Vega [19].

The initial stock standard suspension of nTiO2 in the organism medium was shaken
in an ultrasound bath for 30 min and left for 24 h under agitation in darkness before the
preparation of solutions. The test solutions were prepared from the stock suspension
still under agitation and further dispersed in the ultrasound bath for 15 min before ex-
posure. This procedure increases dispersion and provides the maximum distribution of
the nanoparticles.

https://www.aatbio.com/tools/ec50-calculator/
https://www.aatbio.com/tools/ec50-calculator/
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Immediately after the sonication, the appropriate aliquots were taken to prepare six
suspensions at concentrations of 0.000018, 0.01, 0.1, 1, 10, and 100 mg/L under the same
bioassay conditions (dilution in the Daphnia or Artemia culture media).

The UV filters benzophenone 3 (oxybenzone, BP3) 98% purity, octocrylene (OC)
97% purity, and ethyl 4-aminobenzoate (EtPABA) 98% purity were supplied by Sigma-
Aldrich (Steinheim, Germany), and methanol (MeOH) was provided by Panreac Applichem
(Castellar del Vallès, Barcelona, Spain).

At the time of the exposure, working mixture solutions containing BP3, OC, and
EtPABA, at equal proportions (1 mg/L of each compound), were prepared in MeOH: water
20:80 (v:v). From this mixture solution and the nTiO2 stock solution, volumetric measure-
ments were made to get the desired analyte concentration in purified water obtained from
an Elix 3 coupled to a Milli-Q system from Millipore (Bedford, MA, USA). All test solutions
were kept at 20 ± 2 ◦C during the bioassays.

2.3. Aquatic Organisms
2.3.1. Daphnia magna

Parthenogenetic cultures of a single clone of D. magna (clone F) were used in the exper-
iments. The photoperiod cycle was set to 16 h light: 8 h dark, at a controlled temperature of
20 ± 1 ◦C. Bulk cultures of 10 adult females were maintained in 2 L medium at ratio levels
(5 × 105 cells/mL of Chlorella vulgaris) following the method of Barata [20]. Newborn indi-
viduals (<24 h old) obtained from bulk cultures were used in all the exposure experiments.

The D. magna culture and exposure media were prepared using Milli Q water. The
characteristics of the water used for the D. magna were as follows: pH 7.9 ± 1; conductivity
135 ± 1 lS/cm; total hardness 2.1 dGH; temperature 250 ± 1 ◦C; and dissolved oxygen
(DO) 6 ± 0.5 mg/L.

2.3.2. Artemia sp.

Artemia sp. were obtained from commercial dry encysted eggs from Inve Aquaculture
NV. (Hovel 91·B-9200, Dendermonde, Belgium). One hundred mg of Artemia sp. cysts
were incubated in 1 L of artificial seawater prepared in Milli Q water dissolving Instant
Ocean sea salt (35 g/L NaCl) for 24 h at 25 ◦C. The Artemia sp. produced were transferred
with Pasteur pipettes to two glass flasks containing 200 mL of the synthetic seawater
and immediately used for the assay. The characteristics of this water were as follows:
pH 8.3 ± 1; conductivity 41 ± 1 mS/cm; temperature 25 ± 1 ◦C; and DO 6 ± 0.5 mg/L.

The artificial sea salt used to prepare the organism medium was purchased from
Instant Ocean Spectrum Brands 3001 Commerce St, Blacksburg, VA 24060, United States.

3. Phototoxicity Experiments
3.1. Daphnia magna Bioassays

The exposure procedure was adapted from the 48 h acute toxicity test using D. magna ac-
cording to US Environmental Protection Agency (USEPA) standard operating procedure 2024.

The SSR experiments were conducted using a solar box equipped with a pulsed-
light 1500 W Xenon lamp emulating the solar light spectrum, and an air-driven cooling
system to adjust the temperature during irradiation. A glass filter located between the
light and the irradiated plates served to cut off radiation with λ < 290 nm, thus filtering the
ultraviolet light C radiation component emitted by the lamp, which is not characteristic
of the sunlight arriving at the Earth. Petri dishes with 10 mL of the medium containing
10 D. magna individuals and nTiO2 were placed inside the solar box. The UV light fluence
rate was determined to be 10.67 W/m2 in the range 290–400 nm, using o-nitrobenzaldehyde
actinometry, according to Bustos [21].

Assays were conducted varying both the SSR time, 16 and 48 h, as well as the concen-
tration of nTiO2 i.e., 0 (control), 0.000018, 0.01, 0.1, 1, and 10. These concentration levels
were selected considering the highest reported nTiO2 concentrations in water in Europe,
according to Gottschalk [22]. Besides, we considered a higher concentration of 100 mg/L,
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to potentially observe enhanced toxic effects. Control samples in the absence of nTiO2 and
UV light exposure were also tested in all the experiments.

The bioassays were carried out in duplicate. The organisms were not fed during
the experiments. All test solutions were kept at 20 ± 2 ◦C during the exposure period.
D. magna immobilization was recorded after 48 h. At the end of the exposure, the number
of individuals showed mobility in each recipient, and it was registered. The data obtained
were used to determine the EC50 values.

UV exposure was conducted placing the organisms to a distance of 30 cm from the UV
lamps, for a time interval of 16 and 48 h. The exposure was made in Petri dishes containing
the organism and the respective culture media. A control group was kept in the same room
but without exposure to the UV radiation.

A preliminary test was carried out to assess the behavior of D. magna exposed to SSR,
and to check the feasibility of the following tests.

3.2. Artemia sp. Bioassays

Exposure tests for Artemia sp. were carried out according to the Organisation for
Economic Co-operation and Development 2004 (OECD ), using the same exposure protocol
conducted for D. magna. A group of approx. 30 A. sp. individuals were placed in individual
containers and exposed to various concentrations and SSR in 96 h period test (3 replicates).
Mortality was the endpoint of the test. Control samples without nTiO2 and UV light
exposure were tested in all the experiments and was kept in the same room.

The simulated UV radiation experiments were conducted in the same solar box used
for D. magna testing. Plates with salty media containing 30 Artemia sp. individuals and 2 mL
of organism media and nTiO2 were placed inside the equipment. Assays were conducted
varying both the UV irradiation time, 16 and 48 h, as well as the concentration of nTiO2 i.e.,
0 (control), 0.000018, 0.01, 0.1, 1, 10, and 100 mg/L.

UV exposure was conducted placing the organisms to a distance of 30 cm from the UV
lamp, for a time interval of 16 and 48 h. The exposure was made in Petri dishes containing
the organism and the respective culture media. A control group was kept in the same room
but without exposure to the UV radiation.

All test solutions were kept at 20 ± 2 ◦C during the exposure period. A. sp. immobi-
lization was recorded after 96 h. In all Artemia sp. bioassays, the organisms were not fed
during the exposure.

Since Artemia sp. in the first trial was resistant to the effects of nTiO2 in conjunction
with SSR, it was decided to experiment with mixtures of the most used and most toxic
compounds in sunscreens [23,24], in addition to exposing this organism to SSR.

Then, a second experiment was carried out, exposing Artemia sp. to nTiO2 in a mixture
with the organic UV filters, BP3, EtPABA, and OC. These compounds were selected because
they are commonly used in combination with nTiO2 in personal care products with sunlight
protection. Exposure experiments containing 2 mL of organism media and 30 Artemia sp.
individuals were made in triplicate in Petri dishes.

Finally, a third bioassay was carried out where Artemia sp. was exposed to increasing
concentrations of nTiO2, i.e., 0 (control), 0.000018, 0.01, 0.1, 1, 5, 10, and 100 mg/L, for 48 h.
The controls were (i) a solution not irradiated, (ii) a solution with the mixture of organic
UV filters, and (iii) an organism’s medium solution). Exposure experiments containing
2 mL of organism medium and 30 Artemia sp. individuals were made in triplicate.

4. Results
4.1. Phototoxicity of nTiO2 towards D. magna

A preliminary test was conducted in Petri dishes in 10 mL of the medium containing
10 D. magna individuals (2 replicates) and was classified into two groups, the control
group (A), and the group exposed to SSR (B). Both groups were exposed 24 h before
the assay started with three concentrations of nTiO2 (0 (control), 0.1, 1, and 10 mg/L).
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Immediately after the 24 h doping, group A was incubated 6 h dark cycle, whereas group
B was irradiated during the same time.

After UV light exposure of group B, the media in A and B were renewed, and acute
toxicity tests (48 h exposure time) were conducted as described in Table 1.

Table 1. Total time of the preliminary bioassay, counting the first doping 24 h, plus 6 h of the dark cycle and radiation, plus
the acute toxicity test time 24 and 48 h, resulting 78 h total.

Total Time Exposure Bioassay with Daphnia magna

Concentration
(mg/L)

Pre-Exposed to
nTiO2 (h)

Dark Cicle SSR (h)
Acute Toxicity Test (h)

24 48 Total Time (h)

Group A 0.1, 1, 10 24 6 8 4 4 78

Group B 0.1, 1, 10 24 8 6 4 4 78

The results of the preliminary test showed, on the one hand, that the low acute toxicity
of nTiO2 towards D. magna suggested ingestion and accumulation, since only <23% of
immobilization at the 10 mg/L concentration was observed. At lower concentrations,
i.e., 0.1 mg/L < 15% of immobilization was observed.

In contrast, D. magna was exposed to the combined effect of nTiO2 and UV radiation,
the toxicity increased to 30% of immobilization with 10 mg/L nTiO2, at 0.1 mg/L the
immobile individuals raised to 24%.

It was clear that nTiO2 concentrations were harmful to D. magna, as in previous works
when D. magna was exposed to nTiO2 [25–27]. Figure 1 shows that the immobilization ratio
was 24% when D. magna was exposed to nTiO2 (group A), still, when this organism was
exposed to both nTiO2 and SSR (group B) immobilization ratio was low, 30%, suggesting a
joined effect.

Given that the immobilization percentage increased in group B compared to group A,
this provided the information needed to design the following bioassays.

In the second bioassay, D. magna was co-exposed to nTiO2 and SSR for 16 h and
then kept in darkness for 8 h (mimicking a full solar day) before the acute toxicity test
measurements. The exposure was made in Petri dishes containing 10 mL of the medium
and 10 D. magna individuals. After 48 h exposure, the mobility in the control groups
exceeded 90%, in both cases: in the absence of UV radiation and nTiO2.

Figure 1. Groups A and B of D. magna exposed at three nTiO2 concentrations and then incubated 6 h (Group A) or exposed
to UV irradiation (Group B). Furthermore, the acute toxicity test was conducted in 78 h total time in both groups.
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The results showed that the toxicity of nTiO2 towards D. magna increased with increased
nTiO2 concentrations. As shown in Figure 2, at the lowest concentration (0.000018 mg/L),
the mortality rate after 24 h was low, 20% a ratio of immobilization. At 10 mg/L nTiO2,
the mortality rate increased up to 60% with an EC50 value of 6.4 mg/L. In the presence of
SSR, the toxicity of nTiO2 to D. magna increased, suggesting that higher phototoxicity is
displayed when the concentration of nTiO2 is high, which is in agreement with the results
found when D. magna was only exposed to increasing nTiO2 concentrations. The results
evidenced a concentration-dependent immobilization process.

Figure 2. Percentage of immobilization for D. magna exposed to 24 and 48 h to SSR and nTiO2. The bars show the span of
immobilization of the organism at 0.1, 1, 10, and 100 mg/L nTiO2.

In the third set of bioassays, D. magna was exposed in Petri dishes containing 10 mL
of the medium and 10 D. magna individuals. The organisms were exposed to increasing
concentrations of nTiO2 (0 (control), 0.000018, 0.1, 1, 10, and 100 mg/L) and 48 h of UV
radiation. In this bioassay, after the 24 h exposition, the irradiation was stopped for a few
minutes to measure the immobilization. Then, the irradiation continued for an additional
period of 24 h. Hence, the total exposure time was 48 h.

At the first 24 h of exposure, we observed that at 0.1 and 1 mg/L nTiO2, the immo-
bilization was <20%. Still, at 10 mg/L the immobilization increased to 42%, and at the
highest concentration, 100 mg/L, 75% of the individuals were immobile. Under these
experimental conditions, the estimated EC50 was 12.98 mg/L.

After 48 h exposition to continuous UV radiation, the immobilization at the two lower
concentrations of nTiO2, 0.1, and 1 mg/L was 40%. At 10 mg/L the immobilization was
77%, and at the highest concentration, 100 mg/L, 100% of immobilization was observed. In
this case, the estimated EC50 was 5.50 mg/L, a relatively lower value than that calculated
at the first 24 h UV irradiation, as shown in Figure 3. In all the acute toxicity tests with
D. magna, survival in the control groups exceeded 90% after 48 h exposure.

4.2. nTiO2 Phototoxicity towards Artemia sp.

Artemia sp. was exposed to different concentrations (0 (control), 0.000018, 0.1, 1, and
10 mg/L) of nTiO2 and 16 h SSR and 8 h dark cycle. The toxicity under these conditions
towards Artemia sp. was null.
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Figure 3. Percentage of immobilization for D. magna exposed to 24 and 48 h to SSR and nTiO2. The bars show the span of
immobilization of the organism at 0.1, 1, 10, and 100 mg /L nTiO2.

As Artemia sp. habits in salty and hypersaline environments, it can quickly adapt
to variations in salinity, ranging from 70% to 300%, as stated by Amat et al., in 1983, the
above allows the specimen to successfully face environmental adversities under extreme
conditions. Given this characteristic, it was decided to combine nTiO2 with some organic
UV filters (Table 2) because, in most sunscreens’ formulations, a mixture of them is used.
This mixture of UV filters, organic and inorganic substances, occurs in marine environ-
ments and could trigger different or similar toxicity mechanisms towards organisms as
Artemia sp. [28].

Table 2. Combination of nTiO2 and organic UV filters mix used in the joint exposure bioassay with
Artemia sp.

Combinations Used with Artemia sp.

Component Concentration (mg/L)

Concentrations of nTiO2 in combination
with the concentration of the mixture of

UV filters

Mix 1

TiO2 0.000018

BP3
0.01OC

EtPABA

Mix 2

TiO2 0.1

BP3
0.1OC

EtPABA

Mix 3

TiO2 1

BP3
1OC

EtPABA

Mix 4

TiO2 10

BP3
3OC

EtPABA

The concentrations of nTiO2 selected for this bioassay were 0.000018, 0.1, 1, and
10 mg/L. Then from the solution containing BP3, OC, and EtPABA, we prepared solutions
of 0.01, 0.1, 1, and 3 mg/L, and mixed them with nTiO2 (Table 2). The lowest concentrations
of nTiO2 and the UV filters were combined in Mix 1, while in Mix 2 and Mix 3 the
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concentrations were equal for nTiO2 and UV filters. Finally, the two highest concentrations
were mixed in Mix 4.

At the first 24 h of exposure, Artemia sp. showed immobilization <20%, even when
exposed to the Mix 4, corresponding to the highest concentrations of nTiO2 and organic
UV filters.

As shown in Figure 4, the lethal effects were recorded at 96 h, the time set in the
OECD, 2004. Artemia sp. showed an immobilization ratio under 20% in Mix 1. Still,
in Mix 2 and Mix 3, the immobilization remained from 16% to 23%. However, with
Mix 4, the immobilization increased up to 35%. Under 16 h SSR, concentration-dependent
immobilization in Artemia sp. was observed after 96 h exposure (Figure 4), and the EC50
value was 52 mg/L.

Figure 4. Artemia sp. exposed to a combination of nTiO2 and mixtures of UV organic filters, BP3, OC, and EtPABA and 16 h
of SSR. The chart shows the increment of the immobilization in the three replicates per mix.

In the second bioassays, the Artemia sp. was exposed to nTiO2 and SSR, like as the third
assay with D. magna (nTiO2 concentrations of 0 (control), 0.000018, 0.1, 1, 10, 100 mg/L,
and 48 h UV radiation exposure). The Artemia sp. immobilization was then calculated at
both 24 h and 48 h of irradiation with the presence of nTiO2 in the medium.

After the first 24 h and at concentrations of 0.1 and 1 mg/L nTiO2, low immobilization
was detected, <10%. Still, at 10 mg/L nTiO2, immobile individuals were 20%, and for
100 mg/L immobilization of 30% was observed. The calculated EC50 was 62.33 mg/L.

Then, after 48 h of UV radiation, a notable increase of the immobilization was ob-
served (Figure 5), at 0.1 mg/L was 55%. At 1 and 10 mg/L nTiO2 concentrations, the
immobilization remained <80%, but almost 98% immobility was registered at 100 mg/L,
corresponding to a EC50 value of 7.60 mg/L.

In all the acute toxicity tests with Artemia sp., survival in the control groups exceeded
90% after 48 h exposure.
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Figure 5. Percentage of immobilization for Artemia sp. exposed to 24 and 48 h of SSR and nTiO2. The bars show the span of
immobilization of the organism at 0.1, 1, 10, and 100 mg/L nTiO2.

5. Discussion

Two aquatic organisms, Daphnia magna and Artemia sp. were exposed to the combined
effect of nTiO2 and SSR. The results showed that the toxicity of nTiO2 increased with
UV light to the tested aquatic organisms (freshwater or seawater). The process of nTiO2
activation by UV light and subsequent formation of ROS in pure water is currently relatively
well known [29].

Since nTiO2 are metal oxide nanoparticles, they are not biodegradable so will not lose
their toxic properties but will persist in the environment. The nTiO2 form aggregates in
aqueous environments; primary size aggregates can settle down and remain immobilized,
while others are dispersed and become more mobile, bioavailable, and toxic. On the other
hand, interaction with other particles and suspended organic matter is also supposed to
modify their dynamic properties, and therefore, alter their toxicity.

So far, it has not been possible to predict the environmental or biological impacts
of nTiO2 due to the complexity of the marine aquatic ecosystem, since in freshwater the
behavior is different than in saltwater in terms of the aggregates that may form. It is known
that in conventional wastewater treatment plants, the removal of these nanoparticles is
not carried out due to their small size, which allows them to escape from conventional
filters and membranes. Furthermore, the removal of nTiO2 through sedimentation is not
viable. Nevertheless, the removal of the nTiO2 can be accomplished through ultrafiltra-
tion/nanofiltration, achieving 95% removal efficiency.

Thus, the size and shape of the nTiO2 may influence toxicity, being so small, aquatic
organisms may take nTiO2 as food and/or within the food. Besides this, interactions
of substances at nanosize scale with other chemical/physical factors are greater than
those usually established at the micron or higher scales, hence they can cause increased
toxicity or other adverse effects in different marine species. Regarding the biological
decomposition time, as already stated above, this cannot be due to decomposition because
it is not biodegradable, and only can disperse or sediment.

Considering that the nTiO2 are in contact with other particles in the medium that
influence aggregation behavior, the concentration of nTiO2 is also a key factor governing the
behavior of this material in aqueous media. In particular, in our study, the sedimentation
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in freshwater was achieved after 10 to 15 h, whereas, the sedimentation in saltwater ranged
from 20 to 24 h at the concentration selected.

As TiO2 is a semiconductor material, UV radiation excites its electrons from the valence
band to the conduction band, resulting in the generation of an electron-hole (e−/h+) pair.
In this situation, the reduction of aqueous dissolved oxygen by e− and oxidation of water
by h+ typically leads to the formation of primary ROS such as superoxide and hydroxyl
radical, respectively. Once formed, these may lead to the generation of other oxidant
species such as singlet oxygen or hydrogen peroxide.

In seawater, mechanisms as mentioned above are likely different, highlighting that
high concentrations of halide species (mainly chlorine and bromide anions) would trigger
the photocatalytic process to the generation of reactive halogen species [3,13].

Previously, phototoxicity bioassays were conducted with Artemia sp. and demon-
strated that this organism is resistant to diverse toxics. Still, in our study, when Artemia sp.
was exposed to nTiO2 in combination with organic UV filters and high concentrations of
nTiO2, it showed an increased ratio of immobilization. In addition, with high concentra-
tions of nTiO2 and expanded UV light exposure time [30].

These outcomes are in agreement with previous studies; Hund-Rinke and Simon [17],
conducted tests involving UV irradiation in a medium containing nTiO2, D. magna, and
algae, and they concluded that the photocatalytic activity damaged the organism causing a
complete immobilization.

According to Matsuo [31], UVA irradiation at 365 nm for 60 to 100 min to the planktonic
species Artemia salina or Chatonella Antigua, and 1 mg/L of nTiO2 caused immobilization in
both organisms. Marcone [32] tested a combination of commercial nTiO2 (30% rutile and
70% anatase) at 100 mg/L and UVA radiation on D. magna. The findings suggested that
nTiO2 phototoxicity under UV radiation was the principal cause of the acute toxic effect
observed and that the corresponding EC50 value for D. magna was 5.50 mg/L, similar to the
value estimated in the present study. Ma [33], reported that there was a linear correlation
between ROS production and D. magna immobilization and that ROS formation might be a
predictor of the phototoxicity caused by nTiO2. This ROS production has been probed to
cause sublethal oxidative stress in different organisms, such as fish embryos [34].

Concerning saline organisms, Artemia sp. was subjected to SSR and nTiO2 concentra-
tions and showed an immobilization below 10% in the first bioassay with an EC50 value of
94 mg/L, opposite case with D. magna with the same exposition set up, 10 mg/L of nTiO2
and 16 h UV radiation, and an EC50 value of 6.4 mg/L.

In the second bioassay performed at the same concentrations of nTiO2 but joined with
BP3, OC, and EtPABA, three of the most toxic UV organic filters, this organism showed
higher immobilization. Our findings suggested that when the UV irradiation exposure
and the concentration of nTiO2 increase, even when nTiO2 is combined with the mixture
of organic UV filters, the 96 h EC50 was 52 mg/L, indicating low toxicity through the
combined effects.

Despite that, concerns have been raised about the occurrence of mixtures of nTiO2 and
organic UV filters in seawater, because of the interaction among these substances, sunlight
and halide anions, which may result in the photocatalytic generation of RHS and subse-
quent halogenation of the organic compounds [3]. Also, previous studies suggested that
the organic UV filters are less photostable (except for oxybenzone), resulting in photolysis
and harmful free-oxygen radicals [35].

In the third set of assays with Artemia sp., the organism exhibited low immobilization
when exposed to 24 h continuous radiation. The immobilization ratio was less than 30%.
Then, when Artemia sp. continued to be exposed to UV radiation up to 48 h, the immo-
bilization started at low concentration, and 60% immobility was observed. At a higher
concentration (100 mg/L), enhanced phototoxicity was registered. This exponential in-
crease in mortality observed may be explained by the extended time at which the organisms
were exposed to ROS and RHS.



Water 2021, 13, 55 11 of 13

Aquatic organisms like D. magna incorporate nTiO2 via the gut [36]. Artemia sp. is a
filter feeder, and then the nanoparticles may enter their guts through ingestion [37]. The
mortality observed may be due to the uptake of the nTiO2 in combination with SSR.

The above might be conducted to the organism’s oxidative stress of the organisms
besides the ROS and RHS originated during the exposure. According to Ma [38], the mode
of action associated with phototoxicity is SSR, which activates ionic or respiratory stress
caused by damage to respiratory and ion-exchanged surfaces by ROS produced when
attached or adsorbed nTiO2.

Therefore, the findings suggested that the increasing concentration of nTiO2 and the
long exposure time to solar radiation cause phototoxicity in D. magna and Artemia sp.

6. Conclusions

The present study investigated the phototoxicity of nTiO2 toward two aquatic organ-
isms. D. magna that served as a model organism for a conservative risk assessment of
freshwater, and Artemia sp. for saltwater organisms.

D. magna showed as a sensitive organism, and Artemia sp. showed as a resistant
organism. Still, the latest showed a different behavior when it was exposed to nTiO2 joined
with UV organic filters.

This work describes several bioassays with combinations of experimental conditions,
it covers from the lowest concentration of 0.000018 mg/L to a higher concentration of
100 mg/L, and it was demonstrated that UV radiation exposure time of 24 and 48 h, might
increase the phototoxicity of the nTiO2.

Also, the results achieved in this study regarding the toxic effects produced by com-
bined stressors exposing on Artemia sp. guarantees subsequent investigations on joint
effects when physical and chemical UV filters are combined.

Our findings evidence the increased toxicity of nTiO2 in aquatic environments under
solar radiation, and especially when organic sunscreens are simultaneously present. This
study also demonstrated the importance of considering not only the concentration of
nTiO2 to assess its toxicity but also to consider other factors, i.e., sunlight and co-existing
substances to estimate its environmental hazard. Reactive oxygen and halogen species
formation in the photoreaction process are involved in the phototoxicity of nTiO2. Thus,
significantly different phototoxic effects could be expected in natural waters with large
differences in salts content, as is the case between freshwater and seawater.

From the results obtained in the present study, it can be concluded that:
On D. magna:

(I) Toxicity on this organism was increased when nTiO2 and irradiation were combined.
(II) When the UV irradiation time is extended, the phototoxicity potential of the nTiO2

increases at higher concentrations.
(III) A concentration-dependent immobilization process was observed in the simultaneous

exposure to 48 h of UV irradiation at 100 mg/L nTiO2.

On Artemia sp.:

(I) Exposure to short irradiation time and low nTiO2 showed no phototoxicity.
(II) Exposure to irradiation, nTiO2, and a mixture of organic UV filters, a notorious

increment of the immobilization rate was observed.
(III) A concentration-dependent immobilization process was observed when this organism

was exposed to 48 h of UV radiation and 100 mg/L of nTiO2.
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