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Abstract
In this study, the toxicity effects of titanium dioxide (MTiO2) microparticles on A. salina nauplii instar I
and II between 24 and 48 h was evaluated. The MTiO2 were characterized by X-ray Powder Diffraction
(XRPD), Fourier Transform Infrared Spectra (FT-IR), Scanning Electron Microscopy (SEM), Zeta potential
(ζ), Dynamic Light Scattering (DLS) and Transmission Electron Microscopy (TEM). MTiO2 rutile phase
with an average crystallite size of 114.5 ± 2.44 nm was used in toxicity tests at concentration of 12.5, 25,
50 and 100 ppm. No toxicity was observed in A. salina nauplii instar I at the time of 24 and 48 h.
However, A. salina nauplii instar II toxicity was observed within 48 h of exposure. MTiO2 dispersed with
concentrations of 25, 50 and 100 ppm were lethal for 30%, 50% and 30% of the individuals respectively,
thus showing a signi�cant difference (P ≤ 0.05) relative to the control group, arti�cial sea water (ASW).
The mortality number of A. salina was recorded and LC50 value of 50 ppm was calculated. Analysis of
optical and SEM revealed tissue damage and morphological changes in A. salina nauplii instar II. By
using confocal laser scanning microscopy, cell damage was observed due to the toxicity of MTiO2 at a
concentration of 20, 50 and 100 ppm in nauplii instar II. At this stage, A. salina was more affected by the
action of MTiO2 with higher mortality rate, morphological alterations and cellular damage.

Introduction
Metallic particles are present in several science and industry areas and are used in the environmental
protection and building engineering, medicine, agriculture and the food and cosmetic industry (Sirotkin et
al., 2021). Among the metal particles titanium dioxide (TiO2) has desirable properties in the production of
new materials because they have low combustion, odorless, high resistance to corrosive agents, high
density and very high refractive index (Shi et al., 2013). TiO2 exists as rutile, anatase and brookite bulk
crystalline polymorphic forms (Sadrieh et al., 2010). The rutile phase is more stable and has lower
photocatalytic activity than anatase (Barbosa et al., 2018). This oxide has been used as an inorganic
�lter in sunscreens due to protection effect against UV radiation absorbing, scattering and re�ecting (Lu
et al., 2015).

TiO2 are the most relevant nanomaterial in terms of world production volumes with reaches about 10
tons per year (Bundschuh et al., 2018), and used worldwide in several areas in the manufacture of
products such as sunscreen, cosmetics, paints, food additives, medicines and construction (Ozkan et al.,
2016). The daily use of these products results in the release of TiO2 particles (in the micro and nano
scale) into the environment, negatively affecting aquatic organisms (Nowack and Bucheli, 2007), through
the food chain (Farré et al., 2009). Most of the studies currently are related to the toxicity of TiO2 on a
nanometric scale and few research related to the toxicity of TiO2 microparticles has been done.

The toxicity of TiO2 is related to their photocatalytic properties. Under UV-A radiation they become
reactive, oxidizing molecules and organic substrates causing cellular damage (Fu et al., 2014). In
ecotoxicological tests using aquatic organisms it was observed that TiO2NPs were toxic to algae and
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microcrustaceans (Clément et al., 2013). With Daphnia magna, it was observed that TiO2 caused
mortality above 50% in individuals and the toxicity was proportional to the increase of particles
concentration (Hund-Rinke and Simon, 2006). In addition to D. magna, A. salina are used in toxicity tests
as noted by Rekulapally et al. (2019) using different types of particles. These toxic effects were generated
through the accumulation of NPs in aquatic environments (Kachenton et al., 2019), directly affecting
zooplankton (Farré et al., 2009). Thus, our hypothesis is that MTiO2 enters the environment causing toxic
effects for biota. To assess possible toxicity of MTiO2, we used A. salina as a study model.

The genus Artemia is worldwide distributed and extensively used to toxicological test (Nunes et al., 2006),
being the taxon with the highest biomass and primary consumer in the food chain. (Sorgeloos et al.,
1978). The life cycle of brine shrimp begins with the breaking of the cyst dormancy, small spheres with
great physical and chemical resistance. Dormancy breaks when the spheres come into contact with
saline water (Morgana et al., 2018).

The use of this specie as a model in toxicity tests is related to easy handling, high adaptation to
laboratory conditions, low maintenance cost, short life cycle and high reproduction rate (Manfra et al.,
2014). In addition, the reliability and validity of ecotoxicological tests using A. salina has been con�rmed
by several tests using different stressors like chemical compounds (Manfra et al., 2014; Pillard and Tapp.
2021) and pharmaceutical (Nunes et al., 2006). Using NPs, several studies point to acute toxicity in A.
salina, among them are AgNPs (Lacave et al., 2017; An et al., 2019; Palácio et al., 2021), ZnONPs (Ates et
al., 2013a; Khoshnood et al., 2017; Sarkheil et al., 2018), MO-NPs (Gambardella et al, 2014) and TiO2NPs
(Ozkan et al., 2016). All these studies show the toxicity of NPs, however, different results can be observed
due to different experimental conditions and characteristics of NPs (Sarkheil et al., 2018) justifying
ecotoxicological tests.

The aim of this work was to evaluate the acute toxicity of MTiO2 with emphasis on morphological
changes, cell damage and number of dead individuals. In our study, it was used MTiO2 in the rutile
crystalline phase for acute toxicity tests in A. salina nauplii instar I and instar II.

Material And Methods

Synthesis and characterization of MTiO2

Titanium dioxide (TiO2) (ViaFarma) particles was used as received without any puri�cation. The
characterization of was carried out by Barbosa et al. (2018) using techniques such as X-ray powder
diffraction (XRPD), Fourier Transform Infrared Spectroscopy (FT-IR), Dynamic Light Scattering (DLS),
Energy Dispersive Spectroscopy (EDS), Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). The particle size was obtained by measuring the size of 100–200 particles from SEM
images. Sample of presented the diameter of 114.5 ± 2.44 nm. The zeta potential and DLS was



Page 4/22

performed to check the surface and colloidal properties of MTiO2. The value was negative for MTiO2

(-5.29 ± 0.77) and an increase in the particles size in solution was observed (2301 ± 1097.56 nm)

Test organism

A. salina cysts were purchased from aquaculture store in Fortaleza, Ceará - Brazil. Dehydrated cysts were
kept at 4°C and used in all experiments. Instar I and instar II stage nauplii (24 and 48 h post hatching)
were obtained as described by (Garaventa et al., 2010). Brie�y, 500 mg of cysts incubated for 24 h at
28°C under 16 h light, 8 h dark conditions and continuous aeration of the cyst suspension in ASW (30%
salinity). The hatched nauplii were separated from non-hatched cysts based on their positive phototaxis
and then transferred by a Pasteur pipette into beakers containing the ASW.

MTiO2 LC50

Current study performed acute toxicity test by determination of LC50 (Lethal Concentration 50). A. salina
stage nauplii instar I and II were exposed to MTiO2 at a concentration of 12.5, 25, 50 and 100 ppm in 24
and 48 h. After exposure, a correlation graph between MTiO2 concentration and percentage dead nauplii
was plotted.

Acute toxicity test of MTiO2

Acute exposure was conducted on A. nauplii (instar I and II) for 24 and 48 h exposure according to
(Johari et al., 2019) and Organization for Economic Cooperation and Development, testing guidelines
(OECD, 2004). Brie�y, four different test concentrations (12.5, 25, 50 and 100 ppm) of TiO2 were
administered in nauplii within 24 and 48 h. Negative control group was exposed to arti�cial seawater and
positive control was exposed to potassium dichromate (K2Cr2O7) 0.5 M. The experiment was carried out
on 24-well polystyrene microplates with 2 mL. Each concentration carried out by three replicate and each
replication contained ten newly hatched nauplii. The room temperature was set to 24°C and photoperiod
of 12 h dark/12 h light. After that, the numbers of dead larvae were counted under a stereomicroscope
Stemi 508 with attached camera ZEISS (Axiocam 208/202 mono). The test considered valid only when
survival rate in the control group was ≥ 90% (OECD, 2004).

Optical microscopy
For analysis of MTiO2 accumulation, A. salina nauplli instar II were collected at 24 and 48 h of
experiment and washed in ASW. We do not use nauplii instar I, because at this stage the mouth and anus
of A. salina are not developed (Ocaranza-Joya et al., 2019), preventing the accumulation of MTiO2 by the
animal. The nauplii were mounted on a glass slide and images were obtained using optical microscopy
Primo Star with Axiocam Color camera coupled. Subsequent microscopy analyzes such as confocal laser
scanning microscopy (CLSM - LM 710 Zeiss) and scanning electron microscopy (SEM - Quanta FEG 450
(FEI) were performed only with A. salina nauplii instar II within the 48 h exposure, because at this stage
there was a higher mortality rate.
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Confocal Laser Scanning Microscopy (CLSM)
To assess possible cellular damage caused by MTiO2, acridine orange was used in A. salina nauplii instar
II, exposed to different concentrations of TiO2, in addition to the negative (ASW) and positive (K2Cr2O7)
controls. Brie�y, A. salina was transferred to 24-well polystyrene microplates of 2 mL and then 500 µL of
acridine orange at a concentration of 5 µg/mL was added to each well for 20 minutes at room
temperature. After 20 minutes, A. salina were washed in phosphate buffer solution, pH 7.2. Stained
samples were observed under CLSM with 488 nm excitation and 532–580 nm emission.

Scanning electron microscopy (SEM)
Samples of A. salina nauplii instar II were collected at 24 and 48 h and �xed in solution of glutaraldehyde
2.5%, formaldehyde 4.0% in cacodylate buffer 0.05 mol L− 1, pH 7.2 at room temperature for 24 h.
Subsequently, the material was rinsed in the sodium cacodylate buffer 0.05 M three times for 45 min
each wash. After the washes, the samples were increasing series dehydrated with acetone for 45 min
each step. After dehydration, the material was critical point dried (EMS 850). Dried samples were placed
in stubs and sputtered with 20 nm gold in metallization equipment QUORUM 150T ES. Observation and
documentation were performed in scanning electron microscope (Quanta FEG 450 FEI), with 20kV beam
acceleration.

Statistical analysis
For the statistical analyses, the data were recorded daily as the mean and standard deviation. The
normality of the data and the averages signi�cance was performed through the R environment, using the
psych package. The normality of the data was assessed using the Shapiro-Wilk test as a function of n < 
30, through the shapiro.test function. The t-test was used to verify the signi�cance of differences between
the means of each treatment (12.5 ppm, 25 ppm, 50 ppm, 100 ppm and (K2Cr2O7) as a function of the
control treatment (ASW), through the t.test function. The nonlinear regression analyzes were performed
using the Sigma Plot 11.0 software package.

Results
LC50 of MTiO2 

No mortality was observed for nauplii instar I exposed to TiO2 between 24 and 48 h, with no correlation
between exposure time and increase in MTiO2 concentration (Table 1). Same result was observed for
nauplii instar II with 24 h exposure a MTiO2 (Table 2). However, a correlation between MTiO2

concentration and percentage of mortality was observed, revealing a dose-dependent effect at 48 h
experiment for A. salina nauplii instar II (Fig. 1). The polynomial nonlinear regression (P ≤
0.05) demonstrates a strong relationship (R2 = 0.94) between concentration of the TiO2 and number of
dead nauplii (Fig. 1). In addition, the LC50 of MTiO2 was 50 ppm for nauplii instar II in 48 h exposure (Fig.
1). 
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Acute toxicity test of MTiO2

A. salina nauplii instar I submitted to concentration of 12.5, 25, 50 and 100 ppm of MTiO2 no mortality
rate was observed in 24 and 48 h experiment, not being observed signi�cant difference (P ≤ 0.05) in
relation to the control (ASW) (Table 1). K2Cr2O7 was lethal for all nauplii instar I in 24 h and 48 h of
experiment (Table 1). Similar result was observed in A. salina nauplii instar II within the 24 h exposure
interval. 

A. salina nauplii instar II within the 48 h exposure, a toxic effect was observed for TiO2 at the
concentration of 25, 50 and 100 ppm (Table 2). A. salina nauplii instar II submitted to concentration of
25, 50 and 100 ppm of TiO2 exhibited mortality of 30, 50 and 30 % respectively (Table 2). The negative
control (ASW) and positive control (K2Cr2O7) presented 0% and 100% mortality (Table 2).

MTiO2 accumulation 

The accumulation of MTiO2 in A. salina was observed by optical microscopy at the time of 24 and 48 h.
The control group showed no morphological damage (Fig. 2A). With 24 h exposure was observed MTiO2

accumulation in the gut of the nauplii instar II, no apparent damage, presenting similar morphology to the
control. Low MTiO2 accumulation was observed in the gut of animals exposed to 12.5 and 25 ppm (Fig.
2B, C). At higher concentrations (50 and 100 ppm) MTiO2 was observed in the animal's gut (Fig. 2D, E)
and swelling in the cephalothorax (Fig. 2E). Individuals exposed to positive control (K2Cr2O7) showed
underdeveloped body (Fig. 2F).

The MTiO2 aggregation in A. salina is directly associated with the consumption of NPs and may present
a large accumulation gut even in low concentrations (12.5 and 25 ppm). In A. salina nauplii instar II
within 48 h of exposure, the control (ASW) showed no damage in its morphology with appendages and
translucent gut (Fig. 3A). At the minimum concentration used (12.5 ppm), MTiO2 were observed only in
the gut region (Fig. 3B). A similar result was observed at 25 and 50 ppm (Fig. 3C, D). However, at the
maximum concentration tested (100 ppm), MTiO2 dispersed throughout the animal's body were observed
causing morphological alteration with tissue degradation (Fig. 3E). Individuals exposed to K2Cr2O7 was
observed incomplete development with abnormalities in the appendages and abdomen (Fig. 3F). The
images corroborate the statistical data, which point to toxicity of MTiO2 in high concentrations, time of
exposure and stage of life of the A. salina.

Cell damage analysis 

To assess cell damage, A. salina nauplii instar II was submitted to different concentrations of MTiO2 with
acridine orange in the interval of 48 h. In arti�cial sea water (ASW) A. salina showed low �uorescence
emission because the cells were not damaged (Fig. 4A). In addition, image of the ASW without acridine
orange was performed, which presented an emission pattern similar to the ASW with acridine orange
(Supplementary material). In low concentration of TiO2 (12.5 ppm) the result was similar to ASW (Fig.
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4B). At 25 ppm concentration, many �uorescent spots were observed in the abdomen of A. salina (Fig.
 4C), due to cell damage. In moderate concentration of MTiO2 there was an increase in �uorescence
emission related to cell damage, observed in A. salina exposed to a concentration of 50 ppm (Fig. 4D). In
high concentrations of MTiO2 (100 ppm) �uorescence emission was observed throughout the animal's
body (Fig. 4E), indicating cell damage. Positive control showed strong emission due to cell damage
caused by K2Cr2O7 (Fig. 4F).

Morphological changes

Morphological changes in A. salina nauplii instar II were observed under scanning electron microscopy
and morphological changes were observed in high concentrations of MTiO2. Overview of A. salina in
ASW (Fig. 5A), with normal development of the swimming legs (Fig. 5B) and posterior region (Fig. 5C). A.
salina submitted to MTiO2 at a concentration of 12.5ppm (Fig. 5D) no damage to the swimming legs
(Fig. 5E). Posterior region showed wrinkling cuticle (Fig 5F). At the 25 ppm slight body wrinkling was
observed (Fig. 5G), no damage on swimming legs (Fig. 5H) and posterior region with wrinkling cuticle
(Fig. 5I).

At the concentration 50 ppm, wrinkling was observed on the surface of the body of A. salina (Fig. 5J) and
cavities were observed in the abdomen.  No damage was observed in the swimming legs (Fig. 5K),
however posterior region showed wrinkling cuticle (Fig. 5L). At the maximum concentration tested (100
ppm), A. salina showed the damage body with remarkable surface wrinkling and absence swimming
setae (Fig. 5M). Signi�cant damage was also observed on the swimming legs (Fig. 6N). The posterior
region showed abnormalities with cuticle rupture (Fig. 5O). The positive control (K2Cr2O7) cuticle
wrinkling was not observed on the animal's body (Fig. 5P). however, absence of swimming setae was
observed in swimming legs (Fig. 5Q). The posterior region showed morphological alteration such as
deformations on the surface of the animal's body (Fig. 5R).

Discussion

MTiO2 LC50

The toxicity of MTiO2 is associated with the concentration and exposure time of these particles with A.
salina. No LC50 values were observed for nauplii instar I at 24 and 48 h intervals. The mortality rate is
directly proportional to the increase in the concentration of MTiO2 and linear regression graph was
observed for nauplii instar II. The value of LC50 were reported to be around 50 ppm within 48 h of
exposure, however, in the 24 h interval no LC50 value was observed. Same result observed by Ates et al.

(2013b) in A. salina nauplii exposed to MTiO2 at a concentration of 100 mg.L− 1.

Usually the LC50 values are related to the exposure time, above 48 h as noted by Ozkan et al. (2016) in

which the LC50 value for A. salina exposed to TiO2NPs with size of 44.1 nm was 18.77 mgL− 1 in the 96 h
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interval. Other authors observed similar results, such as Sarkheil et al. (2018) using ZnONPs with size of
32.28 nm in Artemia franciscana in the 96 h interval and Khoshnood et al. (2017) using TiO2NPs with
size of 20nm in the same time interval. The TiO2 used in our study showed an average diameter of
114.5nm showing toxicity in nauplii within 48 h of exposure. The toxicity of TiO2 in a shorter period of
time may be associated with their characteristics such as size, charge, composition and hydrodynamic
radius (Boran et al., 2016; Murdock et al., 2008). In addition, smaller NPs are more toxic for A. salina, as
they have a large surface area available for interaction with biological organisms (Kvıtek et al., 2008).
Also the increased nanoparticles toxicity is related to the A. salina exposure time to the contaminant, as
they are �lter animals that can ingest and accumulate particles with a diameter of 50 µm (Hund-Rinke
and Simon, 2006; Zhu et al., 2017).

In addition to microparticles, other contaminants also showed toxic effects on A. salina as described by
several authors. In a study using plant extracts of different species, the LC50 was 1000 µg/mL− 1 in
experiment time of 24 and 48 h (Mayorga et al., 2010). Assay evaluating the toxicity of
organophosphorous insecticide in A. salina, it was observed that the highest toxicity was observed in
nauplii instar II (48 h after incubation) with LC50 of 0.16 mg.L− 1 for insecticide chlorpyrifos (Sánchez-
Fortún et al., 1996). These results are similar to our study showing toxicity in A. salina in the short period
of exposure to the contaminant

Acute toxicity test of MTiO2

No acute toxicity was observed in nauplii instar I. At this stage of life, the animal is less sensitive, due to
incomplete mouth development and not actively eating (Sorgeloos et al., 1978). A similar result was
observed by (Ocaranza-Joya et al., 2019) in which nauplii instar I was less sensitive to potassium
dichromate, due to incomplete development of the mouth and anus.

A. salina nauplii instar II was more sensitive to MTiO2 within 48 h of exposure only at high concentrations
of MTiO2 (25, 50 and 100ppm). This occurs due to the exposure time to the contaminant, because the 24
h interval, no acute toxicity of MTiO2 was observed in A. salina nauplii instar II. In study using AgNPs, it
was observed that A. salina nauplii instar II was more sensitive to contaminates in the 48 h exposure
interval (Lacave et al., 2017). Many authors have described a similar result for acute toxicity only at high
concentrations and time of exposure to the contaminant (Ates et al., 2013a; Khoshnood et al., 2017;
Sarkheil et al., 2018). However, exposure of A. salina nauplii instar II to high concentrations of metal oxide
nanoparticles (CeO2, SnO2 and Fe3O4) did not induce any lethal effect after 48 h of exposure
(Gambardella et al., 2014). These adverse toxic effects observed in different studies may be the result of
different experimental conditions, as well as the properties of NPs (Sarkheil et al., 2018). In addition,
many factors can alter the results of toxicity tests on Artemia spp. such as environmental factors
(chemical composition of seawater, oxygen, hatching temperature and duration of the photoperiod),
maintenance conditions and origin of the cysts (Libralato, 2014).

MTiO2 accumulation
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The MTiO2 accumulation was observed mainly in the gut, in addition, was also observed TiO2 dispersed
on the surface of the A. salina body when exposed to a concentration of 100 ppm. In a study using silver
nanoparticles (AgNPs) and silver nanowires (AgNWs), accumulations of these nanomaterials were
observed in the gut of A. salina (An et al., 2019). Result observed by (Mehmet Ates et al., 2013) using
TiO2NPs. In this study, the aggregation of MTiO2 was higher in A. salina nauplii instar II due to the
complete development of the mouth allowing it to feed actively (Sorgeloos et al., 1978). At this stage of
development, A. salina feeds on NPs by �ltration.

The uptake of NPs through the digestive tract and subsequent aggregation in the animal's gut causes
obstruction, leading to mortality (Rekulapally et al., 2019). In another study, A. salina submitted to
TiO2NPs and AgTiO2NPs showed changes in the ocular surface, malformations in the body, loss of the
antenna and gut enlargement of (Ozkan et al., 2016). In addition, TiNPs induce gut necrosis of epithelial
cells and severe edema, indicated by swelling of the cells with enlarged cytoplasms (Kachenton et al.,
2019). All these interactions and NPs accumulation in the animal's intestine leads to oxidative stress with
the generation of reactive oxygen species (Ates et al., 2020).

Cell damage analysis
The cell damage observed in A. salina was directly proportional to the MTiO2 concentration used. Using
CLSM it was possible to observe apoptosis of the cells, characterized by the emission of green
�uorescence using acridine orange. The use of acridine orange allows to reveal cells in apoptosis
because �uorophyll binds to the DNA of cells in apoptosis emitting green �uorescence at a wavelength of
488–535 nm (Damas-souza., 2019). Acridine orange permeates all living cells and is absorbed when
damage occurs in the cytoplasmatic membrane, binding to DNA. Normal living cells have a light emission
of �uorophyll, however, early apoptotic cells have a bright green nucleus (Ribble et al., 2005).

At a concentration of MTiO2 25 and 50 ppm, �uorescence emission was observed, indicating cell
damage. At the maximum concentration tested (100 ppm) a high �uorescence emission was observed,
due to the marked damage caused by the MTiO2 to the cells. Result observed by Arulvasu et al. (2014)
using AgNPs in A. salina at 12 nM concentration.

Morphological changes
Analysis using SEM revealed morphological changes and damage to the body of A. salina nauplii instar
II. After exposure to different concentrations of MTiO2, the individuals presented cuticle wrinkling. At the
50 ppm concentration, the appearance of cavities in the animal's body was observed. At the maximum
concentration tested (100 ppm) damage was observed with rupture in the animal's body, loss of
swimming setae and mandible, structures responsible for mobility and feeding respectively.

Other studies using different NPs showed similar results with our research. In study using graphene oxide
in A. salina, irreversible damage such as ruptures and holes in the animal's body were observed (Zhu et
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al., 2017). In another study using α-Fe2O3 nanoparticles, was observed with damage to the animal's body
(Wang et al., 2017).

These NPs are widely used and inevitably released in aqueous environments, causing ecological and
health risks (Wang et al., 2015). As new nanomaterials and products containing particles at the
nanoscale are manufactured, many inevitably reach environmental repositories. (Ates et al., 2013a). In
addition, titanium dioxide particles (TiO2) have been used around the world in a variety of products,
including sunscreen, cosmetics, paints, food additives, drugs and building materials (Ozkan et al., 2016)
can be disposed of in the environment. Thus, MTiO2 can also be toxic to the environment, particularly to
aquatic organisms.

Conclusions
The acute toxicity of MTiO2 was evaluated using A. salina nauplii instar I and instar II as model by using
essays with 24 and 48 h. Toxicity of TiO2 microparticles was observed only in concentrations of 25, 50
and 100 ppm in nauplii instar II within 48 h of exposure, with high mortality rate, cell damage and
morphological alteration. The toxicity in A. salina is directly related to �ltration of microparticles,
therefore, in nauplii instar I model, the MTiO2 showed no toxicity due to the incomplete development of
the mouth and anus. With this study it was possible to observe the dynamics and interaction of
microparticles with A. salina and the physicochemical characteristics of microparticles directly affect
toxicity in biological systems.
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Tables
Table 1 – Acute toxicity of TiO2 in A. salina nauplii instar I and percentage of individuals dead within 24
and 48 h. At this stage of development, no toxicity of MTiO2 was observed at 12.0, 25, 50 and 100 ppm
concentrations. Mean ± standard deviation (σ) obtained from the triplicate in each treatment. Signi�cant
difference between ASW and A. salina exposed to TiO2 are symbolized by an asterisk * (t-test, P < 0.05).

A. salina - nauplii instar I

 

24 hours of exposure

 

48 hours of exposure

Treatments Mean ± SD of
living individuals

P-value %
Mortality

Mean ± SD of
living
individuals

P-value %
Mortality

ASW 10.0 ± 0.0 - 0% 10.0 ± 0.0 - 0%

K2Cr2O7 0.0 ± 0.0* P ≤ 0.01 100% 0.0 ± 0.0* P ≤ 0.01 100%

12.5 ppm 10.0 ± 0.0 P = NA 0% 10.0 ± 0.0 P = NA 0%

25 ppm 10.0 ± 0.0 P = NA 0% 10.0 ± 0.0 P = NA 0%

50 ppm 10.0 ± 0.0 P = NA 0% 10.0 ± 0.0 P = NA 0%

100 ppm 10.0 ± 0.0 P = NA 0% 10.0 ± 0.0 P = NA 0%
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Table 2 – Acute toxicity of MTiO2 in A. salina nauplii instar II and percentage of individuals killed within
24 h and 48 h. At 24 h of exposure to MTiO2, no toxicity was observed in nauplii instar II. However, in 48 h
of exposure the toxicity was directly proportional to the concentration of MTiO2. Mean ± standard
deviation (σ) for all concentrations. Signi�cant difference between ASW and Artemia salina exposed to
TiO2 are symbolized by an asterisk * (t-test, P <0.05).

 A. salina - nauplii instar II

 24 hours of exposure  48 hours of exposure

Treatments Mean ± SD of
living individuals

P-value %
Mortality

Mean ± SD of
living
individuals

P-value %
Mortality

ASW 10.0 ± 0.0 - 0% 9.33 ± 1.15 - 6.67%

K2Cr2O7 0.0 ± 0.0* P ≤ 0.01 100% 0.0 ± 0.0* P ≤ 0.01 100%

12.5 ppm 9.67 ± 0.58 P =
0.4226

3.33% 8.0 ± 0.0 P =
0.1835

20%

25 ppm 10.0 ± 0.0 P = NA 0% 7.0 ± 1.73* P =
0.0198

30%

50 ppm 10.0 ± 0.0 P = NA 0% 5.0 ± 0.0* P =
0.0228

50%

100 ppm 10.0 ± 0.0 P = NA 0% 7.0 ± 1.0* P =
0.0474

30%

Supplementary Material
The Supplementary Material is not available with this version

Figures
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Figure 1

Polynomial nonlinear regression demonstrating the dose-dependent effect with gradual increase shows
relationship between MTiO2 concentrations ranged from 0 to 100 ppm and percentage of mortality (%)
for A. salina nauplii instar II, in the 48 h exposure time. 
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Figure 2

Optical microscopy of A. salina nauplii instar II, submitted to different concentrations of MTiO2 within 24
h of exposure.

A – A. salina in ASW; B – A. salina nauplii exposed to a 12.5 ppm of MTiO2 concentration; C – A. salina
nauplii exposed to a concentration of 25 ppm; D – Nauplii submitted to 50 ppm of MTiO2 concentration



Page 18/22

with accumulation of MTiO2 in the gut; E – Nauplii submitted to concentration of 100 ppm MTiO2 with
swelling in the cephalothorax; F – Nauplii instar II in K2Cr2O7 (Positive control); 

Figure 3
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Optical microscopy of A. salina nauplii instar II, submitted to different concentrations of  MTiO2 within 24
h of exposure.

A – A. salina nauplii in ASW; B – MTiO2 accumulation in the gut of the brine shrimp. At a concentration
of 12.5 ppm, no damage was observed to the animal's body; C – Gut with accumulation of MTiO2; D –
Gut with aggregation of MTiO2; E – MTiO2 dispersed throughout the animal's body. Due to the toxic effect
of MTiO2 the animal's body begins to degrade; F – A. salina nauplii in K2Cr2O7. Bars: 200 µm.
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Figure 4

Confocal Laser Scanning Microscopy (CLSM) in Artemia salina nauplii instar II, submitted to different
concentrations of MTiO2 with acridine orange stained within 48 h of exposure.

A – ASW presented low emission is related to damage to the animal's body; B - A. salina submitted to the
concentration of 12.5 ppm of MTiO2; C - A. salina submitted to a concentration of 25 ppm of MTiO2; D -
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At a concentration of 50 ppm MTiO2, a higher �uorescence emission was observed due to cell damage; E
- At the maximum tested concentration (100 ppm), �uorescence emission was observed throughout the
animal's body, due to the accumulation and damage caused by MTiO2; F - A. salina submitted to K2Cr2O7

presented strong emission due to cell damage caused by the reagent. Bars: 200µm.
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Figure 5

Scanning electron microscopy (SEM) in Artemia salina nauplii instar II, submitted to different
concentrations of  MTiO2 within 48 h of exposure.

 A – Overview of A. salina nauplii instar II in ASW; B – Swimming legs; C – Posterior region; D - Overview
of A. salina submitted to 12.5 ppm concentration, no apparent damage; E - Swimming legs no damage; F
– Slightly wrinkled posterior region; G - Overview of A. salina submitted to 25 ppm concentration, no
apparent damage; H - Swimming legs no damage; I – Slightly wrinkled posterior region; J - Overview of A.
salina submitted to 50 ppm concentration with cavities in the body; K - Swimming legs no damage; L -
Slightly wrinkled posterior region; M - Overview of A. salina submitted to 100 ppm concentration. Observe
the degraded animal´s body; N - Swimming legs no damage; O - Wrinkled posterior region; P - Overview of
A. salina nauplii instar II in K2Cr2O7; Q – Swimming setae with damage; R – Deformed posterior region.
Bars: A, D, G, J, M and P - 150µm; B, E, H, K, N and Q - 50µm; C, F, I, L, O and R - 50µm


