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Abstract: The widespread use of metal nanoparticles in different fields has raised many doubts
regarding their possible toxicity to living organisms and the accumulation and discharge of met-
als in fish species. Among these nanoparticles, titanium dioxide (TiO,) and cerium oxide (CeO5)
nanoparticles have mainly been employed in photocatalysis and water depuration. The aim of this
research was to evaluate the potential toxic effects, after a co-exposure of TiO,-3%CeO, nanoparticles,
on zebrafish development, using an acute toxicity test. Increasing concentrations of TiO;-3%CeO,
nanoparticles were used (0.1-1-10-20 mg/L). The heartbeat rate was assessed using Danioscope™
software (version 1.2) (Noldus, Leesburg, VA, USA), and the responses to two biomarkers of exposure
(Heat shock proteins-70 and Metallothioneins) were evaluated through immunofluorescence. Our
results showed that the co-exposure to TiO;-3%CeO, nanoparticles did not affect the embryos’ devel-
opment compared to the control group; a significant difference (p < 0.05) at 48 hpf heartbeat for the
1,10, and 20 mg/L groups was found compared to the unexposed group. A statistically significant
response (p < 0.05) to Heat shock proteins-70 (Hsp70) was shown for the 0.1 and 1 mg/L groups,
while no positivity was observed in all the exposed groups for Metallothioneins (MTs). These results
suggest that TiO,-3%CeO, nanocomposites do not induce developmental toxicity; instead, when
considered separately, TiO, and CeO, NPs are harmful to zebrafish embryos, as previously shown.

Keywords: Danio rerio; ZFET; cardiotoxicity; engineered nanoparticles

1. Introduction

Engineered nanoparticles (ENPs) and nanomaterials (ENMs) of different sizes, shapes,
and properties have been employed in several applications [1-3], although their daily
consumption has raised some doubts about their possible effects on human and environ-
mental safety [4,5]. Due to their small dimensions, ranging from 1 to 100 nm, ENPs have
particular physical and chemical properties that are determined by their high surface area
and nanoscale size [6]. Once ENPs are distributed into the environment, they interact
with cells and organisms and can be adsorbed, causing potential risks. They are able to
accumulate in cells and induce specific organ toxicity; therefore, there is a need to produce
safer nanometric particles and especially to carry out toxicity tests that can be used for the
development of rigorous guidelines [7].

Cerium dioxide nanoparticles (CeO, NPs) have been used in fuel additives and polish-
ing agents [8]. Globally, the estimated production of nano-CeO is around 1000 tons/year
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and it has become one of the most synthetized ENPs [9]. Upon its release into the aquatic
environment, CeO, may cause adverse effects (including alterations in the activity of brain
enzymes, mortality, and behavioral responses, such as an alteration in the swimming speed
of larvae, oxidative stress, genotoxicity, and the histological damage of target organs) on
organisms at different trophic levels, such as Carassius auratus [10], Artemia salina [11,12],
and freshwater fish [13,14].

Titanium dioxide nanoparticles (TiO, NPs) are engineered nanoparticles that are
very common worldwide since they have applications in many fields, such as paints,
packaging, sunscreen, pharmaceuticals, water depuration, photoelectrochemical solar cells,
and photovoltaic systems [15-17]. It is well known that titanium dioxide (TiO;) is a good
photocatalyst that, under UV illumination, generates energy-rich electron-hole pairs that
can be transferred to the surface of the TiO;,. This promotes reactivity with the surface-
absorbed molecules, leading to the production of active radicals [18]. The hydroxyl radicals
(#OHs) and reactive oxygen species (ROS) on the TiO; surface result in the oxidation of the
polyunsaturated phospholipids of the cell membranes. In this regard, TiO, has been used as
an antimicrobial in packaging materials, where the eradication of microbes depends on the
ROS that are released by the TiO;, leading to the oxidation of the bacterial cells and the cells’
death [19]. Moreover, the hydroxyl radicals cause the degradation of a wide variety of water
pollutants [20,21]. For this reason, TiO; has been greatly used in the area of wastewater
treatment [22,23] and in the degradation of volatile organic compounds (VOCs) [24]. In
sunscreen products, TiO, is used as a UV filter to protect the skin from harmful UV
rays when exposed to sunlight [25]. The ecotoxicological impact of TiO, NPs has been
noticed in different organisms, such as Daphnia magna [26], Mytilus galloprovincialis [27,28],
Artemia salina [29], Crassostrea gigas [30], Paracentrotus lividus [31], and Danio rerio [32-35].

Therefore, the application of TiO, and CeO; NPs can increase the concentration of
NPs in the environment with effects on the health of ecosystems and organisms.

Currently, the use of Danio rerio as a model to assess nanotoxicity is commonly accepted
in the scientific research [36-38]. It is a small tropical fish, which offers several practical
advantages concerning its manipulation, including its versatility, low cost of maintenance,
and the ease of husbandry linked to its short life cycle [39,40]. The externally fertilized
eggs develop rapidly, and its optical translucence allows the observation of the different
developmental stages of embryogenesis, starting from the earliest stages [41]. At the same
time, the embryos can be easily exposed to engineered nanomaterials; in particular, the
Fish Embryo Toxicity (FET) test, based on zebrafish embryos, is an alternative approach
to acute toxicity testing because it offers sensitivity and specificity as well as simplicity,
economy, and quick execution [42]. The FET test has been successfully applied to a wide
range of xenobiotics exhibiting diverse modes of action; it is also useful as an ecological
risk assessment of the engineered nanoparticles, providing valuable information on their
acute toxicity [43,44]. Several studies have used zebrafish embryos, because they are at a
more sensitive life stage for the nanotoxicity assessment [38,45,46].

Moreover, the zebrafish is an organism with highly conserved organ systems and
metabolic pathways that enable the evaluation of the toxicokinetics and toxicodynamics of
xenobiotics, similar to mammalian models [47].

Nanoparticles can act on living cells at the nanometric level causing undesirable effects.
In the literature, many studies have been performed to establish nanotoxicity using one
single type of nanoparticle, while a combination of them has been poorly investigated. For
this reason, the objective of this present work is to investigate the toxicity of nano-TiO, and
nano-CeQO; in a simultaneous exposure (co-exposure) to Danio rerio embryos. Once together,
they can be considered a new nanocomposite. The endpoints included the survival rates
and hatching, any malformations, an alteration in the cardiac function of embryos and
larvae, and the biomarkers of exposure (Hsp70 and MTs).
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2. Materials and Methods
2.1. Solutions Preparation

Powders of TiO;-3%CeO, nanocomposites were supplied by the Department of Chem-
ical Sciences (University of Catania). It is worth noting that this amount of CeO, (3 wt%)
was chosen because it was the most optimal for a good interaction with the TiO,. Because
of the TiO,-3%CeO, nanocomposite’ good photocatalytic performance and stability [48-50],
we decided to test their toxicity.

A stock solution of TiO;-3%CeO, nanocomposites in embryo medium was prepared.
Then, based on our previous investigations using single nanoparticles (TiO,-NPs and
Ce0,-NPs), we chose the following concentrations to test: 0.1, 1, 10, and 20 mg/L. Using a
sonicator equipped with a probe (SONOPULS, Bandelin electronic GmBH&Co, Germany),
the stock solution was dispersed to avoid any natural aggregates of TiO,-CeO,. We carried
out sonication for 2 min each, after which the stock solution was diluted in embryo medium,
following Westerfield [51], to obtain working concentrations of 0.1, 1, 10, and 20 mg/L.
Finally, the working solutions were sonicated.

2.2. Synthesis and Characterization of Nanocomposites

The wetness impregnation method was used on the as-prepared brookite [49] to obtain
composites with the three weight percentages (wt%) of CeO,. Specifically, a solution
of cerium nitrate hexahydrate was added for the impregnation of the brookite, and the
obtained colloidal solution was dried at 120 °C and calcined at 350 °C for 4 h.

The TEM characterization was made with a Jeol 2100 F working at 200 kV. The dTEM
(average particle size) was calculated by considering the number of particles (ni) of diameter
(di), and this correlation of dTEM = X(nidi)/ni with around 150 metal oxides particles was
considered for each sample [52].

A TEM image of the TiO,-3%CeQ; is presented in Figure 1. The average particle size
was 6 nm.
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Figure 1. TEM image and particle size distribution of the TiO,-3%CeO, sample.

2.3. Maintenance of Zebrafish and Embryo Collection

Adult Danio rerio (males and females) were raised in a fish room at the Fish Pathol-
ogy and Experimental Centre of Sicily (CISS) of the Department of Veterinary Science
(University of Messina). Wild-type adult zebrafish strains (4 months old) were used for
egg production.

They were kept in a breeding room at 28.5 °C with a 10/14 h dark/light cycle, a water
quality of pH 7.2 £ 0.3 and a 6.00 ppm dissolved oxygen content (DO). The night before the
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test, male and female fish (in a 2:1 ratio) were put into a hatching tank equipped with steel
grids to avoid the predation of eggs by adults. The fish were left undisturbed overnight.
The next morning, eggs were collected with Pasteur pipettes. All of the collected eggs were
analyzed under a stereomicroscope (>30-fold magnification) to discard infertile eggs and
to select only eggs at the blastula stage. Then, the fertilized eggs were used for the acute
toxicity test of the TiO;-3%CeO;.

2.4. Acute Toxicity Test of TiO»-3%CeO, on Zebrafish Embryos

An acute toxicity test of the TiO,-3%CeO, was performed according to the Organi-
zation for Economic Cooperation and Development (OECD) guideline 236 [42,53,54]. In
total, 24 eggs at blastula stage were transferred into 24-well multi-plates, with one embryo
per well, filled with 2 mL of solution. In each 24-well multi-plate, twenty embryos (one
embryo per well) were exposed to TiO,-3%CeO, concentration for assessment (0.1, 1, 10,
and 20 mg/L), while four embryos were exposed to dilution water because they were
internal plate controls (unexposed). We performed three replicates for each of the prepared
multi-well plates. During the experiment, the multi-well plates were placed into the incu-
bator (Heratherm Incubator, Thermo Scientific, Waltham, MA, USA) in order to maintain
a constant temperature in the wells (26 &= 1 °C). The solutions in each well were replaced
every 24 h (semi-static renewal) [53].

2.5. Toxicological Endpoints and DanioScope™ Analysis

The optical transparency of zebrafish embryos allowed the excellent visualization
of their early life stages. They were observed up to 96 hpf using the E200 MV-R LED
microscope (Nikon, Tokyo, Japan) equipped with a CMOS camera (Nikon). According to the
OECD guidelines, we recorded four toxicological endpoints daily: coagulated embryos, lack
of somite formation, non-detachment of the tail, and lack of heartbeat. A positive outcome
in any one of these observations would indicate that the zebrafish embryo was dead.

The heartbeat in normal zebrafish development is visible after 48 h; videos and photos
were recorded in order to upload them using the DanioScopeTM software (version 1.2) and
to measure the heartbeat rate and body length.

On the video upload, we selected the heart area above the ventricle because the
DanioScope™ evaluates the changes in pixel density during ventricular contractions,
giving a number of beats per minute (BPM). The uploaded images were also useful for the
measurement of the body length of the larvae. After the calibration with a micrometer scale,
in each larva a distance starting from the tail to the head was defined. The DanioScope™
measured lengths automatically.

2.6. Immunohistochemical Analysis on Larvae

An immunohistochemical analysis was carried out to localize the Heat shock protein-
70 (Hsp70) and metallothioneins (MTs) biomarkers in whole larvae (both in the control and
exposed groups). Our standard protocol of immunohistochemical analysis that has been
used for several experiments on zebrafish was followed [42].

At the end of exposure, all larvae (exposed and control groups) were fixed in 4% (w/v)
formaldehyde for 20 min at room temperature. Subsequently, they were washed with
PBS (pH 7.4, 0.1 M) and permeabilized with PBS-Triton X-100 (for 15 min) to improve
the penetration of the antibody. The larvae were incubated with the primary antibodies
anti-rabbit-Hsp70 (1:1000; GeneTex Irvine, CA, USA) and anti-mouse-MTs (1:1000; GeneTex
Irvine, CA, USA). The incubation was performed in a humid chamber at 4 °C (overnight).

After the primary antibodies incubation was complete, the larvae were washed twice
(each time for 5 min) in PBS-Tween 20 to remove the excess of primary antibodies. The
larvae were incubated with the TRITC-conjugated anti-rabbit and FITC-conjugated anti-
mouse secondary antibodies (1:1000) in the dark. Finally, the secondary antibodies were
removed through washing in PBS-Tween 20 (2 times for 5 min) at room temperature,
dehydrated in increasing alcohol solutions (70°, 80°, and 95°) for 1 min each, and air
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dried. The larvae were mounted with DAPI (Abcam, Cambridge, UK) and sealed with
rubber cement. The images were captured with a NIKON DS-Qi2 camera connected to a
fluorescence microscope. Secondary antibody TRITC-conjugated exhibits a red fluorescence,
while secondary antibody FITC-conjugated exhibits a green fluorescence.

2.7. Statistical Analysis

Statistical analysis was performed through a one-way analysis of variance (ANOVA)
test to compare differences between groups. This was followed by the Tukey test (p < 0.05),
using the statistical software Past4Project (version Past4.03). Moreover, Image] software
(version 1.53) was used to assess the positive area in each image obtained via the fluores-
cence microscope. Data are expressed as the mean + SD.

3. Results
3.1. Toxicological Endpoints on Zebrafish Embryo

In order to analyze the toxic effect of TiO,-3%CeO, nanocomposites on embryo de-
velopment, the toxicological endpoints (the rate of coagulated embryos, hatching, and
survival) at 24, 48, 72, and 96 hpf were measured. The coagulation of the embryos was the
first endpoint evaluated. Coagulated embryos are milky white and appear dark under the
stereomicroscope. At 24 hpf, the percentage of coagulated embryos was 1.38% for the 0.1,
10, and 20 mg/L groups, while for the control and 1 mg/L groups, no coagulated embryos
were observed.

The coagulation rate remained unchanged at 48 hpf, except for the 0.1, 10, and 20 mg/L
exposed groups. All of these groups showed a percentage of coagulated embryos of 2.77%.
These rates remained unchanged until the end of the test (at 96 hpf). From observations
at 24 hpf and 48 hpf, no alterations in the embryo development were found. The embryo
development was normal, as shown in Figure 2. Moreover, the survival rate was not altered
by exposure until the end of the test. Only the 1 mg/L exposed group showed a survival
rate of 100%, which was similar to the control group, while for the other exposed groups,
the survival rate was 97.2%.

Figure 2. Phenotypes of embryos during exposure. Exposed groups and the unexposed group. Scale
bar 400 um.

The hatching rates of the zebrafish embryos after the TiO,-3%CeO, nanocomposites
exposure are given in Figure 3. The hatching occurred between 72 and 96 hpf. At 72 hpf,
the hatching rates of the 10 and 20 mg/L exposed groups were statistically higher than the
unexposed group (p < 0.05).
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Figure 3. Hatching rate of embryos in the exposed groups and unexposed group. At 72 hpf, statistical
significance was found for the groups exposed to 10 mg/L and 20 mg/L (p < 0.05). The asterisks
(*) indicate a statistically significant difference in the one-way ANOVA followed by the Tukey test
(p < 0.05) between the exposed groups and unexposed group at 72 h of exposure.

The embryo developed inside the chorion, which acted as a protective barrier; during
hatching, the loss of the chorion promoted the constant exposure of the larvae to the
TiO,-3%CeO, nanocomposites. However, in all the exposed groups, no morphological
malformation compared to the unexposed group was observed.

All larvae showed the complete development of a head, a notochord, a fin, pigmenta-
tion, a heart, and eyes (Figure 4).

Figure 4. The 96 hpf phenotypes of larvae: (a) unexposed; (b) exposed to 0.1 mg/L; (c) exposed to
1mg/L; (d) exposed to 10 mg/L; and (e) exposed to 20 mg/L of TiO,-3%CeO,. Scale bar 410 um.

3.2. Cardiology and Body Length Measurements using Danioscope Software

In a normally developing zebrafish embryo, the heartbeat is visible after 48 h. Using
the DanioScope™ software (version1.2), the heartbeat rate was measured as beats per
minute (BPM). At 48 hpf in the group exposed to 1 mg/L, 10 mg/L, and 20 mg/L of
TiO,-3%CeO;, the heartbeat rates were statistically higher than those in the unexposed
group (p < 0.05).

At 48 hpf, the additional structures that support the functions of the growing heart,
such as the artery bulb, the valve cushions and leaflets, and the myocardial protuberances
called trabeculae and epicardium, are usually missing [55]. However, the heart is located in
the pericardial cavity and is clearly divided into a two-chambered heart by the constriction
of the atrioventricular (AV) canal [56,57]. As a result, in its early form, the heart is more
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sensitive to developmental perturbations caused by exogenous substances. The pericardial
edema of zebrafish due to nanoparticle exposure has been shown to be the common result
of cardiotoxicity [58,59]. No statistical difference was observed in the heartbeat rates for
all exposed groups at 72 hpf and 96 hpf. Regarding the body length of the larvae, no
alterations were observed in the measurements for all exposed groups compared with the
unexposed group.

3.3. Immunohistochemical Analysis

The immunohistochemical investigation for the Heat shock protein-70 (Hsp70) high-
lighted that exposure to the TiO;-3%CeO, nanocomposites induced stress on the larvae.
Using Image]J software (version 1.53), a statistically significant difference (p < 0.05) in the
Hsp70 biomarker between the unexposed group and the larvae exposed to 0.1 and 1 mg/L
was observed. Between the exposed groups, the positivity was statistically higher for
1 mg/L compared to 10 mg/L and 20 mg/L (p < 0.05), whereas no statistically significant
difference for 0.1 mg/L was observed.

Therefore, the lower concentrations of TiO;-3%CeO, nanocomposites were able to
induce environmental stress on the larvae. Figure 5 shows images of the larvae and their
average fluorescence intensity (AU). Compared to the exposure of single TiO; and CeO,
nanoparticles, the TiO;-3%CeO, nanocomposites were unable to induce the expression of
MTs, which are involved in protection against heavy metals and oxidative damage [60].
Consequently, no positivity was observed in all the exposed groups.

©
8
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(d) (e) et ) i unexposed 0.1mg/L 1mg/L 10mg/L 20 mg/L

Figure 5. Hsp70 antibody staining at 96 hpf: (a) larva unexposed; (b) larva exposed to 0.1 mg/L of

\ge intensity (AU)

Hsp70

TiO,-CeO, nanocomposites; (c) larva exposed to 1 mg/L of TiO,-CeO, nanocomposites; (d) larva
exposed to 10 mg/L of TiO,-CeO, nanocomposites; and (e) larva exposed to 20 mg/L of TiO,-
CeO, nanocomposites. (f) The histograms represent the average intensity fluorescence (AU) of the
biomarker Hsp70. Scale bar 100 pum.

4. Discussion

Aquatic ecosystems are the final destination for several environmental contaminants,
and, therefore, it is necessary to understand the potential harm of some new xenobiotics,
such as engineered nanoparticles. The small size of ENPs has toxicological consequences,
since they can enter cells and interfere with their functional status [61]. Zebrafish are
increasingly employed as the animal model for studying the effects of ENMs due to
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the exceptional set of characteristics that they possess [62,63]. Their small size, which
allows them to be easily housed, and their large number of spawned eggs are the most
important features that make them an ideal candidate for short-term toxicity assays. The
transparency of their eggs is also convenient for monitoring how compounds can alter
physiological development.

In our study, we exposed zebrafish embryos in order to investigate the potential co-
toxicity of nano-TiO; and nano-CeQ; in a simultaneous exposure. The survival rates and
hatching, any malformations, an alteration in the cardiac function of embryos and larvae,
and the biomarkers of exposure expression (Hsp70 and MTs) were the endpoints evaluated.

Very low percentages of coagulated embryos at 24 hpf were found (1.38% for the 0.1,
10, and 20 mg/L exposed groups) compared to the control group and 1 mg/L group, where
no coagulated embryos were observed. The percentages still remained unmodified at
48 hpf, except for the 0.1, 10, and 20 mg/L exposed groups (2.77%), whose rates remained
unchanged until the end of the test (at 96 hpf).

We obtained the maximum survival rate for the 1 mg/L exposed group, which was
similar to the control group (100%), while for the other exposed groups, the survival rate
was 97.2%. Moreover, in all the exposed groups, no morphological malformation compared
to the control group was observed, since the larvae showed normal development.

These results are aligned with the results of our previous study [64], where the toxicity
of single CeO,.NPs to zebrafish embryos was evaluated by assessing different endpoints
such as vitality, mortality, and the response to biomarkers of exposure (MTs, Hsp70, and
EROD). After 96 h of exposure, no significant mortality was observed for both control
groups and treated groups. Additionally, the control groups showed normal development
where the hatching rates and survival rates were above 90%. After 96 h of exposure, there
was no significant mortality and no sublethal effects such as hatching delay, heartbeat
alteration, or malformation in embryonic development compared with the control group.
The maximum mortality was 2% for the whole test period.

In a previous study [65], an early life stage test was performed with zebrafish embryos.
The exposure (at 96 h) to nano-CeO, concentrations (1, 10, and 100 mg/L) in the absence
and presence of humic substances (HS) (10 and 40 mg C/L), as well as the HS alone (10 and
40 mg C/L), was assessed. The lethality, as well as sublethal developmental morphology
and toxicological endpoints, was scored according to Hermsen et al. [66]. The embryos
that were exposed to individual nano-CeO, showed scoliosis, but the combination of nano-
CeO; and the higher concentration of HS (40 mg C/L) induced more toxicity, including
pericardial oedema, yolk sac oedema, and scoliosis. Thus, the concomitant exposure of the
HS and nano-CeO, caused the most toxicity to the zebrafish embryos.

With regard to titanium dioxide nanoparticles (TiO,-NPs), it has been demonstrated
that they cause early hatching and that prematurely hatched embryos have a smaller size
and a larger yolk sac relative to body size [67]. In our study, the hatching rates of zebrafish
embryos after the TiO,-3%CeO, exposure occurred between 72 and 96 hpf. At 72 hpf, the
hatching rates of the 10 and 20 mg/L exposed groups were statistically higher than those
of the unexposed (p < 0.05).

In the present study, the heartbeat was measured as beats per minute (BPM) using
DanioScope™ software (version1.2), and we established that at 48 hpf, in the groups
exposed to 1 mg/L, 10 mg/L, and 20 mg/L of TiO,-3%CeO;, the heartbeat rates were
statistically higher than in the unexposed group (p < 0.05). No statistical difference was
observed in the heartbeat rates for all exposed groups at 72 hpf and 96 hpf. In the study
of Scalisi et al. [68], zebrafish embryos were exposed to TiO,-NPs (P25, Degussa, Sigma
Aldrich) at different concentrations (1 mg/L, 2 mg/L, and 4 mg/L), showing an increase
in BPM for the 1 mg/L group and a higher BPM for the 4 mg/L group. In a normally
developing zebrafish embryo, the heartbeat is visible after 48 h, and the BPM values are
physiologically around 120-180 bpm [69]. Moreover, no morphological alterations were
found in the exposed groups compared with the unexposed one.
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Regarding the body length of the larvae in our study, no changes were observed in the
measurements for all exposed groups compared with the unexposed group. Scalisi et al. [68]
demonstrated that the TiO,-NPs affected the body length of larvae because they exhibited
a reduction compared to the unexposed group (p < 0.05) at 96 hpf. The mean body length
in the 4 mg/L group was 172 pm, while in the unexposed group, it was 215 pm.

Another study [23] has taken into consideration the toxicity of molecularly imprinted
TiO; catalysts (synthesized using the sol-gel technique) to zebrafish eggs. The eggs were
incubated with bare TiO; and with TiO, molecularly imprinted with Imidacloprid (TiO,
MI/Imid) for 96 hpf, demonstrating no toxicity to zebrafish embryos after exposure. With
regard to the response of biomarkers, no expression of the anti-MTs antibody was detected
in the whole body of larvae after treatment with the TiO; and TiO; MI/Imid. In our
study, the exposure to TiO;-3%CeO, nanocomposites did not induce the expression of any
inducible MTs proteins.

The Hsp70 is a sensitive, stress-inducible member of the heat shock proteins family
and is often expressed in a tissue-specific manner in a number of vertebrate species [70].
In the present study, a statistically significant difference (p < 0.05) in the Hsp70 biomarker
between the unexposed group and the exposed larvae at the lowest concentrations (0.1
and 1 mg/L) was observed. The highest positivity was detected in the head of the larvae
(as observed by other authors). It seems that an increase in the concentrations of NPs
promotes aggregates, suggesting less interaction with the organism and fewer responses
to physiological stress. In a study [71] considering the alteration in the immune system of
zebrafish, which shows a lot of similarities with the immune system of vertebrates, some
changes in gene expression in the liver tissue showed that there was an upregulation in
Hsp70 genes after metal nanoparticles exposure. This aspect provides an explanation for
the fact that metal nanoparticles exposure leads to immunotoxicity in zebrafish.

As described in a previous study [72], after metal nanoparticles exposure, some
biomarker genes, such as MTs, which are considered to be a specific biomarker for metal
toxicity, and also Hsp70, which is involved in the response to oxidative stress as well as gen-
eral stressful conditions, were analyzed. This gene was overexpressed, with the highest-fold
change in comparison to all the other genes tested in the research, demonstrating its involve-
ment when engineered nanoparticles are present in the environment. Finally, in light of the
results of the toxicological endpoints analyzed in this study, a co-exposure to TiO-3%CeO,
nanocomposites does not affect zebrafish embryonic development. Therefore, it would be
desirable to continue with the investigation and to plan long-term experimentation in order
to have a broader overview of toxic effects

5. Conclusions

This study shows that a co-exposure of TiO,-3%CeO, nanocomposites does not affect
the development of zebrafish embryos. The association between TiO, and CeO, nanopar-
ticles does not produce adverse effects on this species, while zebrafish larvae exposed to
TiO, or CeO; nanoparticles alone show different results, such as alterations in the heart
rate and the hatching rate, morphological changes, and the expression of biomarkers. On
the contrary, the co-exposure did not show any outcomes that suggested an absence of
toxicity in the concentrations that were tested. Currently, since there are no studies in
the literature that evaluate the acute effects on zebrafish after a combined exposure to
these two widespread engineered nanoparticles, it would be interesting to investigate the
mechanisms of toxicity.

Author Contributions: Conceptualization, R.P. and E.M.S.; methodology, R.P.,, EM.S,, I.S. and G.C,;
software, I.S. and G.C,; validation, R.P,, EM.S. and M.V.B,; investigation, R.P., EM.S., M.C. and S.I.;
resources, F.C. and R.F; data curation, R.P, EM.S,, LS. and R.F,; writing—original draft preparation,
R.P, EM.S. and M.V.B,; writing—review and editing, R.P. and E.M.S,; visualization, M.C. and S.I.;
supervision, M.V.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Toxics 2023, 11, 994 10 of 12

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Original data are available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gopalraaj, J.; Manikantan, P.; Arun, M.; Balamuralikrishnan, B.; Anand, A.V. Toxic Effects of Nanoparticles on Fish Embryos. Res.
J. Biotechnol. 2021, 16, 12. [CrossRef]

2. Guinée, ].B.; Heijungs, R.; Vijver, M.G.; Peijnenburg, W.J. Setting the stage for debating the roles of risk assessment and life-cycle
assessment of engineered nanomaterials. Nat. Nanotechnol. 2017, 12, 727-733. [CrossRef] [PubMed]

3. Martinez, G.; Merinero, M.; Pérez-Aranda, M.; Pérez-Soriano, E.M.; Ortiz, T.; Villamor, E.; Begines, B.; Alcudia, A. Environmental
impact of nanoparticles’ application as an emerging technology: A review. Materials 2020, 14, 166. [CrossRef] [PubMed]

4. Baun, A, Sayre, P; Steinhéduser, K.G.; Rose, ]. Regulatory relevant and reliable methods and data for determining the environmen-
tal fate of manufactured nanomaterials. Nanolmpact 2017, 8, 1-10. [CrossRef]

5. Deng, R.; Lin, D.; Zhu, L.; Majumdar, S.; White, ].C.; Gardea-Torresdey, J.L.; Xing, B. Nanoparticle interactions with co-existing
contaminants: Joint toxicity, bioaccumulation and risk. Nanotoxicology 2017, 11, 591-612. [CrossRef] [PubMed]

6. Khan, I; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. |. Chem. 2019, 12, 908-931. [CrossRef]

7. Najahi-Missaoui, W.; Arnold, R.D.; Cummings, B.S. Safe nanoparticles: Are we there yet? Int. ]. Mol. Sci. 2020, 22, 385. [CrossRef]
[PubMed]

8.  Collin, B.; Auffan, M.; Johnson, A.C.; Kaur, I.; Keller, A.A.; Lazareva, A.; Lead, ].R.; Ma, X.; Merrifield, R.C.; Svendsen, C.; et al.
Environmental release, fate and ecotoxicological effects of manufactured ceria nanomaterials. Environ. Sci. Nano 2014, 1, 533-548.
[CrossRef]

9. Piccinno, F; Gottschalk, F,; Seeger, S.; Nowack, B. Industrial production quantities and uses of ten engineered nanomaterials in
Europe and the world. J. Nanopart Res. 2012, 14, 1109. [CrossRef]

10.  Jun, X..A.; Zhao, H.Z,; Lu, G.H. Effects of selected metal oxide nanoparticles on multiple biomarkers in Carassius auratus. Biomed.
Environ. Sci. 2013, 26, 742-749. [CrossRef]

11. Gambardella, C.; Mesari¢, T.; Milivojevié, T.; Sep¢i¢, K.; Gallus, L.; Carbone, S.; Ferrando, S.; Faimali, M. Effects of selected metal
oxide nanoparticles on Artemia salina larvae: Evaluation of mortality and behavioural and biochemical responses. Environ. Monit.
Assess. 2014, 186, 4249-4259. [CrossRef] [PubMed]

12.  Fiorenza, R.; Balsamo, S.A.; D'Urso, L.; Sciré, S.; Brundo, M.V.; Pecoraro, R.; Scalisi, E.M.; Privitera, V.; Impellizzeri, G. CeO, for
water remediation: Comparison of various advanced oxidation processes. Catalysts 2020, 10, 446. [CrossRef]

13. Correia, A.T.; Rodrigues, S.; Ferreira-Martins, D.; Nunes, A.C.; Ribeiro, M.I.; Antunes, S.C. Multi-biomarker approach to assess
the acute effects of cerium dioxide nanoparticles in gills, liver and kidney of Oncorhynchus mykiss. Comp. Biochem. Physiol. Part C
Toxicol. Pharmacol. 2020, 238, 108842. [CrossRef]

14. Rundle, A.; Robertson, A.B.; Blay, A.M.; Butler, K.M.; Callaghan, N.I; Dieni, C.A.; MacCormack, TJ. Cerium oxide nanoparticles
exhibit minimal cardiac and cytotoxicity in the freshwater fish Catostomus commersonii. Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 2016, 181, 19-26. [CrossRef] [PubMed]

15. Haider, A.].; Jameel, Z.N.; Al-Hussaini, I.H. Review on: Titanium dioxide applications. Energy Procedia 2019, 157, 17-29. [CrossRef]
16. Mamboungou, J.; Canedo, A.; Qualhato, G.; Rocha, T.L.; Vieira, L.G. Environmental risk of titanium dioxide nanoparticle and
cadmium mixture: Developmental toxicity assessment in zebrafish (Danio rerio). ]. Nanopart. Res. 2022, 24, 186. [CrossRef]

17. Belessiotis, G.V.; Ibrahim, L; Falaras, P. Sensitizer effects on DSSC performance under pan-illumination conditions. J. Photochem.
Photobiol. A 2022, 433, 11420. [CrossRef]

18. Bodaghi, H.; Mostofi, Y.; Oromiehie, A.; Zamani, Z.; Ghanbarzadeh, B.; Costa, C.; Conte, A.; Del Nobile, M.A. Evaluation of the
photocatalytic antimicrobial effects of a TiO, nanocomposite food packaging film by in vitro and in vivo tests. LWT-Food Sci.
Technol. 2013, 50, 702-770. [CrossRef]

19. Emran, M.Y.; Miran, W.; Gomaa, H.; Ibrahim, I.; Belessiotis, G.V.; Abdelwahab, A.A.; Othman, M.B. Biowaste Materials for
Advanced Biodegradable Packaging Technology. In Hand Book of Biodegradable Materials; Springer Nature: Cham, Switzerland, 2022.
[CrossRef]

20. Tobajas, M.; Belver, C.; Rodriguez, ].J. Degradation of emerging pollutants in water under solar irradiation using novel TiO;-
ZnO/ clay nanoarchitectures. Chem. Eng. . 2017, 309, 596-606. [CrossRef]

21. Carbajo, J.; Jiménez, M.; Miralles, S.; Malato, S.; Faraldos, M.; Bahamonde, A. Study of application of titania catalysts on solar
photocatalysis: Influence of type of pollutants and water matrices. Chem. Eng. J. 2016, 291, 64-73.

22. Cantarella, M.; Impellizzeri, G.; Privitera, V. Functional nanomaterials for water purification. Riv. Nuovo Cim. 2017, 40, 595-632.
[CrossRef]

23. Fiorenza, R.; Di Mauro, A.; Cantarella, M.; Iaria, C.; Scalisi, E.M.; Brundo, M.V,; Gulino, V.; Spitaleri, L.; Nicotra, G.; Dattilo, S.; et al.

Preferential removal of pesticides from water by molecular imprinting on TiO, photocatalysts. . Chem. Eng. 2020, 379, 122309.
[CrossRef]


https://doi.org/10.25303/1612rjbt140149
https://doi.org/10.1038/nnano.2017.135
https://www.ncbi.nlm.nih.gov/pubmed/28775351
https://doi.org/10.3390/ma14010166
https://www.ncbi.nlm.nih.gov/pubmed/33396469
https://doi.org/10.1016/j.impact.2017.06.004
https://doi.org/10.1080/17435390.2017.1343404
https://www.ncbi.nlm.nih.gov/pubmed/28627273
https://doi.org/10.1016/j.arabjc.2017.05.011
https://doi.org/10.3390/ijms22010385
https://www.ncbi.nlm.nih.gov/pubmed/33396561
https://doi.org/10.1039/C4EN00149D
https://doi.org/10.1007/s11051-012-1109-9
https://doi.org/10.3967/0895-3988.2013.09.005
https://doi.org/10.1007/s10661-014-3695-8
https://www.ncbi.nlm.nih.gov/pubmed/24590232
https://doi.org/10.3390/catal10040446
https://doi.org/10.1016/j.cbpc.2020.108842
https://doi.org/10.1016/j.cbpc.2015.12.007
https://www.ncbi.nlm.nih.gov/pubmed/26743956
https://doi.org/10.1016/j.egypro.2018.11.159
https://doi.org/10.1007/s11051-022-05561-w
https://doi.org/10.1016/j.jphotochem.2022.114201
https://doi.org/10.1016/j.lwt.2012.07.027
https://doi.org/10.1007/978-3-030-83783-9_46-1
https://doi.org/10.1016/j.cej.2016.10.002
https://doi.org/10.1393/ncr/i2017-10142-8
https://doi.org/10.1016/j.cej.2019.122309

Toxics 2023, 11, 994 11 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ayub, K.S.; Zaman, W.Q.; Miran, W.; Ali, M.; Abbas, Z.; Mushtaq, U.; Shahzad, A.; Yang, J. Efficient post-plasma catalytic
degradation of toluene via series of Co-Cu/TiO; catalysts. Res. Chem. Intermed. 2022, 48, 4227-4248. [CrossRef]

Dreno, B.; Alexis, A.; Chuberre, B.; Marinovich, M. Safety of titanium dioxide nanoparticles in cosmetics. J. Eur. Acad. Dermatol.
Venereol. 2019, 33, 34-46. [CrossRef] [PubMed]

Liu, S.; Zeng, P; Li, X.; Thuyet, D.Q.; Fan, W. Effect of chronic toxicity of the crystalline forms of TiO, nanoparticles on the
physiological parameters of Daphnia magna with a focus on index correlation analysis. Ecofoxicol. Environ. Saf. 2019, 181, 292-300.
[CrossRef] [PubMed]

Rocco, L.; Santonastaso, M.; Nigro, M.; Mottola, F; Costagliola, D.; Bernardeschi, M.; Guidi, P.; Lucchesi, P.; Scarcelli, V.; Corsi, L;
et al. Genomic and chromosomal damage in the marine mussel Mytilus galloprovincialis: Effects of the combined exposure to
titanium dioxide nanoparticles and cadmium chloride. Mar. Environ. Res. 2015, 111, 144-148. [CrossRef]

Gornati, R.; Longo, A.; Rossi, F.; Maisano, M.; Sabatino, G.; Mauceri, A.; Bernardini, G.; Fasulo, S. Effects of titanium dioxide
nanoparticle exposure in Mytilus galloprovincialis gills and digestive gland. Nanotoxicology 2016, 10, 807-817. [CrossRef]
Pecoraro, R.; Scalisi, E.M.; Messina, G.; Fragala, G.; Ignoto, S.; Salvaggio, A.; Zimbone, M.; Impellizzeri, G.; Brundo, M.V.
Artemia salina: A microcrustacean to assess engineered nanoparticles toxicity. Microsc. Res. Tech. 2021, 84, 531-536. [CrossRef]
Javanshir Khoei, A.; Rezaei, K. Toxicity of titanium nano-oxide nanoparticles (TiO,) on the pacific oyster, Crassostrea gigas:
Immunity and antioxidant defence. Toxin Rev. 2022, 41, 237-246. [CrossRef]

Ignoto, S.; Pecoraro, R.; Scalisi, E.M.; Contino, M.; Ferruggia, G.; Indelicato, S.; Fiorenza, R.; Balsamo, S.A.; Impellizzeri,
G.; Tiralongo, F; et al. Spermiotoxicity of Nano-TiO, Compounds in the Sea Urchin Paracentrotus lividus (Lamarck, 1816):
Considerations on Water Remediation. J. Mar. Sci. Eng. 2023, 11, 380. [CrossRef]

Mahjoubian, M.; Naeemi, A.S.; Sheykhan, M. Toxicological effects of Ag,O and AgyCO3 doped TiO; nanoparticles and pure TiOp
particles on zebrafish (Danio rerio). Chemosphere 2021, 263, 128182. [CrossRef] [PubMed]

Clemente, Z.; Castro, V.L.S.S.; Moura, M.A.M.; Jonsson, C.M.; Fraceto, L.F. Toxicity assessment of TiO, nanoparticles in zebrafish
embryos under different exposure conditions. Aquat. Toxicol. 2014, 147, 129-139. [CrossRef]

Tang, T.; Zhang, Z.; Zhu, X. Toxic effects of TiO, NPs on zebrafish. Int. . Environ. Res. Public Health 2019, 16, 523. [CrossRef]
[PubMed]

Caruso, G.; Scalisi, E.M.; Pecoraro, R.; Cardaci, V.; Privitera, A.; Truglio, E.; Capparucci, F; Jarosava, J.; Salvaggio, A.; Caraci, F; et al.
Effects of carnosine on the embryonic development and TiO, nanoparticles-induced oxidative stress on Zebrafish. Front. Vet. Sci.
2023, 10, 1148766. [CrossRef] [PubMed]

Lee-Estevez, M.; Figueroa, E.; Cosson, J.; Short, S.E.; Valdebenito, I.; Ulloa-Rodriguez, P.; Farias, ].G. Zebrafish as a useful model
for immunological research with potential applications in aquaculture. Rev. Aquac. 2018, 10, 213-223. [CrossRef]

Choi, TY,; Choi, T.L; Lee, Y.R.; Choe, S.K.; Kim, C.H. Zebrafish as an animal model for biomedical research. Exp. Mol. Med. 2021,
53, 310-317. [CrossRef] [PubMed]

Haque, E.; Ward, A.C. Zebrafish as a model to evaluate nanoparticle toxicity. Nanomaterials 2018, 8, 561. [CrossRef]

Metscher, B.D.; Ahlberg, P.E. Zebrafish in context: Uses of a laboratory model in comparative studies. Dev. Biol. 1999, 210, 1-14.
[CrossRef]

Meyers, ].R. Zebrafish: Development of a vertebrate model organism. Curr. Protoc. Essent. Lab. 2018, 16, e19. [CrossRef]
Kimmel, C.B.; Ballard, W.W.; Kimmel, S.R.; Ullmann, B.; Schilling, T.F. Stages of embryonic development of the zebrafish. Dev.
Dynam. 1995, 203, 253-310. [CrossRef]

Pecoraro, R.; Salvaggio, A.; Marino, E; Di Caro, G.; Capparucci, F; Lombardo, B.M.; Messina, G.; Scalisi, E.M.; Tummino, M.;
Loreto, F; et al. Metallic nano-composite toxicity evaluation by zebrafish embryo toxicity test with identification of specific
exposure biomarkers. Curr. Protoc. Toxicol. 2017, 74, 1-14. [CrossRef]

Braunbeck, T.; Kais, B.; Lammer, E.; Otte, J.; Schneider, K.; Stengel, D.; Strecker, R. The fish embryo test (FET): Origin, applications,
and future. Environ. Sci. Pollut. Res. 2014, 22, 16247-16261. [CrossRef]

Pereira, A.C.; Gomes, T.; Machado, M.R.E; Rocha, T.L. The zebrafish embryotoxicity test (ZET) for nanotoxicity assessment: From
morphological to molecular approach. Environ. Pollut. 2019, 252, 1841-1853. [CrossRef]

Hou, J.; Liu, H.; Wang, L.; Duan, L.; Li, S.; Wang, X. Molecular toxicity of metal oxide nanoparticles in Danio rerio. Environ. Sci.
Technol. 2018, 52, 7996-8004. [CrossRef]

Bugel, S.M.; Tanguay, R.L.; Planchart, A. Zebrafish: A marvel of high through put biology for 21st century toxicology. Curr.
Environ. Health. Rep. 2014, 1, 341-352. [CrossRef] [PubMed]

Horzmann, K.A.; Freeman, J.L. Making waves: New developments in toxicology with the zebrafish. Toxicol. Sci. 2018, 163, 5-12.
[CrossRef] [PubMed]

Bellardita, M.; Fiorenza, R.; D'Urso, L.; Spitaleri, L.; Gulino, A.; Compagnini, G.; Scire, S.; Palmisano, L. Exploring the Photothermo-
Catalytic Performance of Brookite TiO,-CeO, Composites. Catalysts 2020, 10, 765. [CrossRef]

Fiorenza, R.; Bellardita, M.S.; Balsamo, A.; Spitaleri, L.; Gulino, A.; Conderelli, M.; D'Urso, L.; Scire, S.; Palmisano, L. A solar
photothermocatalytic approach for the CO, conversion: Investigation of different synergisms on CoO-CuO/brookiteTiO,-CeO,
catalysts. Chem. Eng. J. 2022, 428, 131249. [CrossRef]

Fiorenza, R.; Bellardita, M.; Balsamo, S.A.; Gulino, A.; Condorelli, M.; Compagnini, G.; Scire, S.; Palmisano, L. A solar
photothermo-catalytic combined process for the VOCs combustion and the subsequent CO, valorization using noble metal-free
catalysts. Catal. Today 2023, 413415, 113949. [CrossRef]


https://doi.org/10.1007/s11164-022-04805-7
https://doi.org/10.1111/jdv.15943
https://www.ncbi.nlm.nih.gov/pubmed/31588611
https://doi.org/10.1016/j.ecoenv.2019.06.014
https://www.ncbi.nlm.nih.gov/pubmed/31201961
https://doi.org/10.1016/j.marenvres.2015.09.004
https://doi.org/10.3109/17435390.2015.1132348
https://doi.org/10.1002/jemt.23609
https://doi.org/10.1080/15569543.2020.1864649
https://doi.org/10.3390/jmse11020380
https://doi.org/10.1016/j.chemosphere.2020.128182
https://www.ncbi.nlm.nih.gov/pubmed/33297149
https://doi.org/10.1016/j.aquatox.2013.12.024
https://doi.org/10.3390/ijerph16040523
https://www.ncbi.nlm.nih.gov/pubmed/30781732
https://doi.org/10.3389/fvets.2023.1148766
https://www.ncbi.nlm.nih.gov/pubmed/37035814
https://doi.org/10.1111/raq.12156
https://doi.org/10.1038/s12276-021-00571-5
https://www.ncbi.nlm.nih.gov/pubmed/33649498
https://doi.org/10.3390/nano8070561
https://doi.org/10.1006/dbio.1999.9230
https://doi.org/10.1002/cpet.19
https://doi.org/10.1002/aja.1002030302
https://doi.org/10.1002/cptx.34
https://doi.org/10.1007/s11356-014-3814-7
https://doi.org/10.1016/j.envpol.2019.06.100
https://doi.org/10.1021/acs.est.8b01464
https://doi.org/10.1007/s40572-014-0029-5
https://www.ncbi.nlm.nih.gov/pubmed/25678986
https://doi.org/10.1093/toxsci/kfy044
https://www.ncbi.nlm.nih.gov/pubmed/29471431
https://doi.org/10.3390/catal10070765
https://doi.org/10.1016/j.cej.2021.131249
https://doi.org/10.1016/j.cattod.2022.11.010

Toxics 2023, 11, 994 12 0of 12

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Westerfield, M. The Zebrafish Book. A Guide for the Laboratory Use of Zebrafish (Danio rerio), 4th ed.; University of Oregon Press:
Eugene, OR, USA, 2000.

Fiorenza, R.; Spitaleri, L.; Gulino, A.; Sciré, S. High-performing au-ag bimetallic catalysts supported on macro-mesoporous CeO,
for preferential oxidation of CO in Hp-rich gases. Catalysts 2020, 10, 49. [CrossRef]

OECD. Test No. 236: Fish Embryo Acute Toxicity (FET) Test, OECD Guidelines for the Testing of Chemicals; Section 2; OECD Publishing:
Paris, France, 2013.

Sobanska, M.; Scholz, S.; Nyman, A.M.; Cesnaitis, R.; Gutierrez, A.S.; Kliiver, N.; De Coen, W. Applicability of the fish embryo
acute toxicity (FET) test (OECD 236) in the regulatory context of registration, evaluation, authorisation, and restriction of chemicals
(REACH). Environ. Toxicol. Chem. 2018, 37, 657-670. [CrossRef] [PubMed]

Martin, R.T.; Bartman, T. Analysis of heart valve development in larval zebrafish. Dev. Dyn. 2009, 238, 1796-1802. [CrossRef]
[PubMed]

Stainier, D.Y.; Lee, R K,; Fishman, M.C. Cardiovascular development in the zebrafish. I. Myocardial fate map and heart tube
formation. Development 1993, 119, 31-40. [CrossRef] [PubMed]

Beis, D.; Bartman, T.; Jin, S.W.; Scott, I.C.; D’Amico, L.A.; Ober, E.A.; Verkade, H.; Frantsve, J.; Field, H.A.; Wehman, A.; et al.
Genetic and cellular analyses of zebrafish atrioventricular cushion and valve development. Development 2005, 132, 4193-4204.
[CrossRef] [PubMed]

Lee, K.J.; Browning, L.M.; Nallathamby, P.D.; Desai, T.; Cherukuri, PX.; Xu, X.H. In vivo quantitative study of sized-dependent
transport and toxicity of single silver nanoparticles using zebrafish embryos. Chem Res Toxicol. 2012, 25, 1029-1046. [CrossRef]
[PubMed]

Xu, Z.; Zhang, Y.L.; Song, C.; Wu, L.L.; Gao, H.W. Interactions of hydroxyapatite with proteins and its toxicological effect to
zebrafish embryos development. PLoS ONE 2012, 7, e32818. [CrossRef]

Dziegiel, P. Expression of metallothioneins in tumor cells. Pol. J. Pathol. 2004, 55, 3-12. [PubMed]

Krug, H.E; Wick, P. Nanotoxicology: An interdisciplinary challenge. Angew. Chem. Int. Ed. 2011, 50, 1260-1278. [CrossRef]
[PubMed]

Chakraborty, C.; Sharma, A.R.; Sharma, G.; Lee, S.S. Zebrafish: A complete animal model to enumerate the nanoparticle toxicity.
J. Nanobiotechnol. 2016, 14, 65. [CrossRef]

Kaur, J.; Sohal, I.S.; Singh, H.; Gupta, N.K.; Sehrawat, S.; Puri, S.; Bello, D.; Khatri, M. Toxicity screening and ranking of diverse
engineered nanomaterials using established hierarchical testing approaches with a complementary in vivo zebrafish model.
Environ. Sci. Nano 2022, 9, 2726-2749. [CrossRef]

Pecoraro, R.; Scalisi, E.M.; Iaria, C.; Capparucci, F; Rizza, M.T.; Ignoto, S.; Salvaggio, A.; Fiorenza, R.; Impellizzeri, G.; Brundo,
M.V. Toxicological assessment of CeO, nanoparticles on early development of zebrafish. Toxicol. Res. 2021, 10, 570-578. [CrossRef]
Yu, Q.; Wang, Z.; Zhai, Y.; Zhang, E,; Vijver, M.G.; Peijnenburg, W.]. Effects of humic substances on the aqueous stability of cerium
dioxide nanoparticles and their toxicity to aquatic organisms. Sci. Total Environ. 2021, 781, 146583. [CrossRef] [PubMed]
Hermsen, S.A.B.; van den Brandhof, E.J.; van der Ven, L.T.M.; Piersma, A.H. Relative embryotoxicity of two classes of chemicals in
a modified zebrafish embryotoxicity test and comparison with their in vivo potencies. Toxicol. Vitr. 2011, 25, 745-753. [CrossRef]
[PubMed]

Samaee, S.M.; Rabbani, S.; Jovanovi¢, B.; Mohajeri-Tehrani, M.R.; Haghpanah, V. Efficacy of the hatching event in assessing the
embryo toxicity of the nano-sized TiO, particles in zebrafish: A comparison between two different classes of hatching-derived
variables. Ecotoxicol. Environ. Saf. 2015, 116, 121-128. [CrossRef]

Scalisi, E.M.; Pecoraro, R.; Salvaggio, A.; Capparucci, F; Fortuna, C.G.; Zimbone, M.; Impellizzeri, G.; Brundo, M. V. Titanium
Dioxide Nanoparticles: Effects on Development and Male Reproductive System. Nanomaterials 2023, 13, 1783. [CrossRef]

Baker, K.; Warren, K.S; Yellen, G.; Fishman, M.C. Defective “pacemaker” current (I h) in a zebrafish mutant with a slow heart rate.
Proc. Natl. Acad. Sci. USA 1997, 94, 4554-4559. [CrossRef] [PubMed]

Lin, S.; Zhao, Y.; Xia, T.; Meng, H,; Ji, Z,; Liu, R.; George, S.; Xiong, S.; Wang, X.; Zhang, H.; et al. High content screening in
zebrafish speeds up hazard ranking of transition metal oxide nanoparticles. ACS Nano 2011, 5, 7284-7295. [CrossRef] [PubMed]
Johnson, H.J.; Verdon, R,; Gillies, S.; Brown, D.M.; Fernandes, T.F. Adoption of in vitro systems and zebrafish embryos as systems
and zebrafish embryos as alternative models for reducing rodent use in assessments of immunological and oxidative stress
responses to nanoparticles. Crit. Rev. Toxicol. 2018, 48, 252-271. [CrossRef]

Olasagasti, M.; Gatti, A.M.; Capitani, F; Barranco, A.; Pardo, M.A.; Escuredo, K.; Rainieri, S. Toxic effects of colloidal nanosilver
in zebrafish embryos. J. Appl. Toxicol. 2014, 34, 562-575. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/catal10010049
https://doi.org/10.1002/etc.4055
https://www.ncbi.nlm.nih.gov/pubmed/29226368
https://doi.org/10.1002/dvdy.21976
https://www.ncbi.nlm.nih.gov/pubmed/19449301
https://doi.org/10.1242/dev.119.1.31
https://www.ncbi.nlm.nih.gov/pubmed/8275863
https://doi.org/10.1242/dev.01970
https://www.ncbi.nlm.nih.gov/pubmed/16107477
https://doi.org/10.1021/tx300021u
https://www.ncbi.nlm.nih.gov/pubmed/22486336
https://doi.org/10.1371/journal.pone.0032818
https://www.ncbi.nlm.nih.gov/pubmed/15195701
https://doi.org/10.1002/anie.201001037
https://www.ncbi.nlm.nih.gov/pubmed/21290492
https://doi.org/10.1186/s12951-016-0217-6
https://doi.org/10.1039/D2EN00265E
https://doi.org/10.1093/toxres/tfab028
https://doi.org/10.1016/j.scitotenv.2021.146583
https://www.ncbi.nlm.nih.gov/pubmed/33798891
https://doi.org/10.1016/j.tiv.2011.01.005
https://www.ncbi.nlm.nih.gov/pubmed/21238576
https://doi.org/10.1016/j.ecoenv.2015.03.012
https://doi.org/10.3390/nano13111783
https://doi.org/10.1073/pnas.94.9.4554
https://www.ncbi.nlm.nih.gov/pubmed/9114028
https://doi.org/10.1021/nn202116p
https://www.ncbi.nlm.nih.gov/pubmed/21851096
https://doi.org/10.1080/10408444.2017.1404965
https://doi.org/10.1002/jat.2975

	Introduction 
	Materials and Methods 
	Solutions Preparation 
	Synthesis and Characterization of Nanocomposites 
	Maintenance of Zebrafish and Embryo Collection 
	Acute Toxicity Test of TiO2-3%CeO2 on Zebrafish Embryos 
	Toxicological Endpoints and DanioScope™ Analysis 
	Immunohistochemical Analysis on Larvae 
	Statistical Analysis 

	Results 
	Toxicological Endpoints on Zebrafish Embryo 
	Cardiology and Body Length Measurements using Danioscope Software 
	Immunohistochemical Analysis 

	Discussion 
	Conclusions 
	References

