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Abstract: Despite the great utility of nanoparticles (NPs) in water remediation, their effects on marine
ecosystems are unknown and unpredictable. The toxicity of the most used nanoparticles, such as ZnO,
Ag, and TiO2 on the purple sea urchin, Paracentrotus lividus (Lamarck, 1816), has been demonstrated
by several authors. The aim of this study was to evaluate the effects of TiO2 sol-gel and TiO2-rGO
nanocompounds on both vitality and motility of spermatozoa of P. lividus. The spermatozoa were
exposed at different times (30 and 60 min) and concentrations (10, 20, 40 µg/mL) of both nano-
TiO2 compounds. The results clearly showed a decrease in both vitality and motility of P. lividus
spermatozoa exposed. In particular, vitality and motility were inversely related to both exposure
time and concentration of TiO2 sol-gel and TiO2-rGO nanocompounds.

Keywords: nanoparticles (NPs); Echinoidea; spermatozoa; marine pollution; emerging contaminants

1. Introduction

A lot of emerging contaminants, such as pharmaceuticals and personal care products,
hormones, pesticides, polycyclic aromatic hydrocarbons, alkylphenolic compounds, nano-
materials, and fluorinated substances directly or indirectly reach the aquatic
environment [1–3]. Depending on the nature of such contaminants (highly polar and
acidic/alkaline compounds), they can negatively impact aquatic ecosystems [4,5]. One
of the risks related to pollution by these compounds is that they can bioaccumulate in
lipid-rich tissues of organisms due to their hydrophobic properties and cause damage to
the endocrine systems of humans and other animals [6]. In general, they can influence the
growth, reproduction, and evolution of species in the environment.

There are many methods used to remove emerging contaminants from water, and
among these, photocatalysis, which requires the use of catalysts to facilitate the transfer
of energy from the photon to a water molecule, is one of the most used [7,8]. In recent
decades, photocatalysis using TiO2 as a catalyst has proven useful for removing pollutants
and microorganisms from wastewater [9]. TiO2 is a versatile compound found in nature in
the forms of rutile, anastase, and brookite. This molecule used in numerous pharmaceutical
and cosmetic products, and together with ZnO, is a well-known major component of
sunscreens, thanks to its proprieties in blocking ultraviolet (UV) radiations [10,11]. Some
authors reported that TiO2 nanoparticles (TiO2 NPs) under UV irradiation generated
reactive oxygen species (ROS) through a photoactive reaction, which caused the inhibition
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of the growth of living organisms such as Daphnia and algae [12]. Furthermore, the
proliferation of plankton can be suppressed by its presence in the environment and can
lead to bleaching of coral reefs [13,14]. However, it is considered an ideal semiconductor
for photocatalysis, especially in the form of nanoparticles (NPs), and is one of the most
frequent catalytic methods used in water remediation [15].

The advantages of this advanced oxidation treatment are reduced costs, flexibility
in the reuse of the catalyst, effectiveness in environmental temperature and pressure, the
possibility of using sunlight to irradiate the catalyst, and it guarantees the complete miner-
alization of aliphatic organic pollutants, aromatics, polymers, dyes, surfactants, pesticides,
and herbicides in CO2, water, and mineral acids [3]. However, there are some disadvan-
tages, including difficulty in obtaining uniform radiation over the entire catalyst surface
on a larger scale, the ability to absorb only UV light, and the rapid recombination of the
charge which decreases its photocatalytic activity [16]. A solution could be a combination
with other materials, such as graphene, one of the most promising compounds due to its
acidic and basic inertness, good flexibility, large area, and excellent charge carrier mobility
and improving its photocatalytic capabilities [17]. Often, graphene oxide (GO) is reduced
to rGO to facilitate interaction with the TiO2 surface and the reduction is achieved by heat
treatment or solar photoreduction.

The production, consumption, and disposal of engineered nanoparticles in such a
quantity and diversity of products will inevitably lead to their release into the environment,
where they can also pose a risk to humans. Some studies have been carried out on the
specific physicochemical and kinetics properties of the widely used metal nanoparticles,
both to observe their dissolution and their bioavailability in the aquatic environment and
to describe their implication in controlling toxicity [18]. However, most of the studies on
the behaviour of metallic nanomaterials in the aquatic environment to date have focused
on freshwater systems. On the other hand, it is known that once in contact with the marine
environment, engineered nanoparticles are modified by a series of processes, including
at a chemical level through redox reactions (e.g., pH and salinity differences of seawater
affect dissolution and aggregation of nanomaterials). To date, their effect on the marine
environment and life is still unknown [19,20].

Several studies demonstrated that TiO2 NPs cause toxic effects on marine species.
Despite this, existing data are difficult to compare and integrate, limiting hazard risk assess-
ment [21]. A few studies have evaluated the toxicity of the most common nanoparticles,
such as ZnO, Ag, and TiO2 NPs on spermatozoa, larvae, and adults of sea urchins [19], in
particular on the purple sea urchin, Paracentrotus lividus (Lamarck, 1816), demonstrating
toxic effects that dramatically affect the survival rate of embryos [22,23].

An interesting study carried out on P. lividus was performed by Gambardella et al.
(2013) [24] whose conclusions highlight the toxic effect of TiO2 NPs exerted on the plutei
of this species. However, in the literature there is still no data on the effects caused by
these newly synthesized nanomaterials on the spermatozoa of this model organism. This
study aims to provide the first data on the toxicity of TiO2 sol-gel and TiO2-rGO NPs on
P. lividus spermatozoa in terms of viability and motility. Data obtained were discussed
with a particular focus on the effects of newly synthetized materials on marine life and the
necessity to test them before introduction in aquatic environments in general.

2. Materials and Methods
2.1. Experimental Section

A total of 10 sea urchins were collected by local fishermen in May 2022 and transported
in sea water coolers to the laboratory of the University of Catania. Seven out of all spec-
imens were mature males and were selected after careful stereomicroscopic observation
of the genital papillae present on the 5 plates of the aboral surface (non-invasive method)
[25,26] (Figure 1a). Female specimens were released alive. A solution of 0.5–1 mL KCl at
0.5 M was inoculated inside their bodies to cause an osmotic shock favouring the release
of gametes (Figure 1b). The stock solution was centrifugated at 2000× g rpm for 1 min
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and subsequently 20 µL of sperm pellets was diluted in 1980 µL (final rate of 1:100) [27]
in filtered sea water (temp: 20 ± 1 ◦C, pH: 8.1 ± 0.05, psu: 37 ± 1‰), obtained using
0.22 µm filters. The gametes were preliminarily observed under a microscope to evaluate
their quality and before carrying out the experiments. Both the vitality and the motility of
the samples obtained were evaluated, finding a percentage greater than 70%.
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in 150 mL beaker after 0.5 M KCl inoculation.

2.2. Synthesis and Characterizations of TiO2 Sol-Gel and TiO2-rGO NPs

The TiO2 nanoparticles used in this work were prepared using the sol-gel technique.
The samples coded as TiO2 sol-gel were synthetized following the procedure reported
in the [28]. Briefly, 2 mL of titanium butoxide (Sigma-Aldrich, Buchs, Switzerland) was
added to a solution of acetic acid and ethanol and stirred for 10 min at room temperature.
Successively, this solution was mixed with another solution added dropwise containing
water, acetic acid, and ethanol. The resultant gel was stirred for further 3 h and aged for
24 h. The obtained slurry-gel was dried at 100 ◦C for 12 h and calcined in air at 500 ◦C for
6 h.

The TiO2-rGO was obtained using the as-prepared TiO2 and using a photoreduction
method explained in detail in our previous work [17]. In particular, in a Pyrex homemade
jacketed reactor, the TiO2 were mixed with ethanol and 4 mL of GO solution (Graphenea,
San Sebastián, Spain, to have a final amount of 2 wt.% of rGO) previously sonicated for
30 min. The resultant solution was purged with argon for 2 h to eliminate all the oxygen
present inside the reactor. Afterwards, to favour the photoreduction of GO into rGO,
the reactor was irradiated at 25 ◦C for 30 min with a solar lamp (OSRAM Vitalux 300 W,
300–2000 nm; OSRAM Opto Semiconductors GmbH, Leibniz, Regensburg Germany; solar
irradiance: 10.7 mW/cm2). Finally, the as-obtained powders were washed with water and
dried at 70 ◦C for 24 h.

The samples were characterized by N2 adsorption-desorption measurements, to de-
termine the BET (Brunauer–Emmet–Teller) surface area and the mean pore size, with
XRD (X-ray diffraction) to evaluate the crystalline form and by SEM (scanning electron
microscopy) for the morphology.

In detail, nitrogen adsorption-desorption measurements were performed with a Mi-
cromeritics Tristar II Plus 3020, (Micromeritics Instrument Corp. Norcross, GA, USA).
Before the measurements, the samples were outgassed at 100 ◦C overnight.
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The XRD measurements were carried out with a Bruker (Bruker GmbH, Mannheim,
Germany) D-500 diffractometer, equipped with a parallel Cu-Kα radiation at 40 kV.

The SEM images were obtained with a (FE-SEM) ZEISS SUPRA 55 VP (Carl Zeiss
QEC Gmb, Garching b. München, Germany) microscope.

2.3. Preparation of TiO2 Sol-Gel and TiO2-rGO NPs Solutions

Two stock concentrations were carried out, respectively, with the nanocompounds
TiO2-rGO and TiO2 sol-gel in filtered seawater. The solutions obtained were sonicated
(3 cycles of 3 min each; frequency 40 kHz) to guarantee a homogeneous dispersion
of the nanoparticles and were then resuspended by vortexing before each use. Dilu-
tions were obtained from the stock concentrations and spermatozoa were exposed to
10, 20, and 40 µg/mL of TiO2-rGO and TiO2 sol-gel at two different exposure times:
30 and 60 min. For both spermiotoxicity assays, 3 replicates were performed for each
concentration tested.

2.4. Vitality Analysis

For each replicate, the viability of spermatozoa was evaluated using the eosin test [29].
The cell membrane of non-vitality spermatozoa exposed to the dye eosin (ratio 1:1) breaks
down thus allowing the dye to pass through, so dead sperm appear fully or partially
coloured pink, while live sperm have no colour. The slides were prepared with 10 µL of
sperm which was added with 10 µL of eosin Y (0.5% v/v, Bio-Optica) and finally covered
with a coverslip. The slides were observed under an optical microscope (Leica DMLB)
equipped with a camera at ×100 magnification. At least 200 sperm cells were counted in
5 different fields.

2.5. Motility Analysis

The evaluation of motility was carried out through observations under the optical
microscope (Leica DMLB) at ×40 magnification. For each replicate of the time series
exposure, 10 µL of sperm sample was placed on a glass slide and covered with a coverslip.
Spermatozoa were classified into motile (progressive and non-progressive) and immobile.
At least 200 spermatozoa were considered in 5 different observation fields.

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (version 9.3.1). The
difference between variances was analysed by 2-way ANOVA, followed by Tukey’s post
hoc test for differences between groups. The level of significance was set at p < 0.05. All
data were represented as mean ± standard deviation (SD).

3. Results
3.1. TiO2 Sol-Gel and TiO2-rGO NPs Characterization

From the XRD patterns reported in Figure 2 it is evident that the adopted synthesis
and the thermal treatments led to the formation of only TiO2 anatase crystalline without
the presence of anatase or rutile [28]. No signals associated with rGO were detected by
XRD due to the low amount (2 wt.%) present in the TiO2-rGO sample. On the contrary, it is
possible to note the presence of the rGO sheets from the SEM images (Figure 3b), marked
by the red circle, as reported previously by [17], whereas the morphology of TiO2 particles
was characterized to quasi-spherical particles [30] (Figure 3a).

The TiO2 sol-gel showed a high surface area (59 m2/g) compared to the TiO2-rGO
(53 m2/g) and consequently a low mean pore size diameter (Table 1). The decrease in
surface area and the increase in the pore size in the TiO2-rGO was ascribed to the inclusion
of TiO2 on rGO and to the further thermal treatments necessary for the synthesis of this
sample.
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3.2. Spermiotoxicity Test with TiO2 Sol-Gel

Through the eosin test, the respective percentages of mortality in the performed
replicas were calculated. The images below (Figure 4a–d) are examples of fields examined
under the optical microscope which show how after 30 min of exposure to concentrations
of 10, 20, and 40 µg/mL of TiO2 sol-gel it is possible to observe a higher percentage of
mortality in the spermatozoa as the exposure concentration of the nanoparticle increases.
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Figure 4. Vitality evaluation with eosin test on P. lividus spermatozoa exposed to TiO2 sol-gel for
30 min: (a) CTRL group; (b) spermatozoa exposed to 10 µg/mL; (c) spermatozoa exposed to
20 µg/mL; (d) spermatozoa exposed to 40 µg/mL. Scale bar a,b,c,d = 5 µm.

The figure below (Figure 5a) shows the percentages of vitality of P. lividus spermatozoa
exposed to the TiO2 sol-gel nanoparticle, at 30 and 60 min of exposure. Through the two-
way ANOVA test, it is possible to state that there is a highly significant statistical difference
(p < 0.001) between the control group and the exposed groups for all the concentrations
used while there is a statistical significance (p < 0.05) for exposure times.
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10, 20, and 40 µg/mL for 30 and 60 min. (b) Motiliy rate of P. lividus sperm exposed to TiO2

sol-gel at concentrations of 10, 20, and 40 µg/mL for 30 and 60 min. CTRL = control.

These results show that sperm vitality after 30 min of exposure to concentrations of
10, 20, and 40 µg/mL drastically decreases and the percentages are, respectively, 36%, 20%,
and 15%, compared to the control (CTRL) which presents a percentage of vitality equal
to 68%. From the 60 min exposure at the concentration of 10 µg/mL, the vitality is 34%.
At the concentration of 20 µg/mL it decreases to 12%, and is 8% at the concentration of
40 µg/mL of TiO2 sol-gel, while the percentage of vitality of the control sample spermatozoa
(CTRL) is 55%.

Concerning motility (Figure 5b) of the spermatozoa exposed to the TiO2 sol-gel at
30 min of exposure, the percentage is 35% at the lowest exposure concentration (10 µg/mL),
while that of the control group (CTRL) has a value equal to 59%. Concentrations of
20 µg/mL and 40 µg/mL follow, which present a motility percentage of 27% and 22%,
respectively. At 60 min of exposure, as the concentrations increase, the percentage of motile
spermatozoa decreases and the percentage of motility is, respectively, 23%, 21%, and 20%,
while for the control sample a percentage equal to 51% is recorded.

3.3. Spermiotoxicity Test with TiO2-rGO

Mortality rates in all replicates were obtained from non-viable sperm counts in the
five reading fields for each slide. The images below (Figure 6a–d) show examples of
fields examined under the optical microscope after 30 min of exposure to concentrations
of 10 µg/mL, 20 µg/mL, and 40 µg/mL of TiO2-rGO. The percentage of mortality of the
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spermatozoa presents higher values as the exposure concentration of the nanocompound
increases.
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The following figure (Figure 7a) shows the percentages of vitality of P. lividus sper-
matozoa exposed to the TiO2-rGO nanocompound both at 30 and at 60 min of exposure.
Through the two-way ANOVA test, it was possible to state that there is a highly significant
statistical difference (** p < 0.01) between the control group and the exposed groups for all
concentrations and exposure times.
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Figure 7. (a) Vitality rate of P. lividus sperm exposed to TiO2-rGO at concentrations of
10, 20, and 40 µg/mL for 30 and 60 min. (b) Motility rate of P. lividus sperm exposed to TiO2-rGO at
concentrations of 10, 20, and 40 µg/mL for 30 and 60 min. CTRL = control.

The vitality of male gametes at concentrations of 10, 20, and 40 µg/mL after
30 min was reduced, showing the respective values of 66%, 60%, and 57%. After
60 min of exposure, the vitality drastically reduced showing the respective values of
36%, 26%, and 24% compared with the control group (CTRL), which showed a percentage
of vitality equal to 76% after 30 min and 60% after 60 min of exposure.

Furthermore, at the respective exposure concentrations (10, 20, and 40 µg/mL) motility
was reduced to 68%, 41%, and 28%, while after 60 min of exposure the motility decreases,
presenting the respective values of 65%, 34%, and 21%, compared with the control group
(CTRL) which showed a percentage of motility equal to 76% after 30 min and 78% after
60 min of exposure (Figure 7b).

4. Discussion and Conclusions

The presence of emerging contaminants in marine waters is a worrying and alarming
problem. Indeed, the detection in traces of nanoparticles used for both industrial and do-
mestic purposes is becoming more frequent. Furthermore, nanoparticles have been recently
recognized as excellent photocatalysts in the purification of wastewater, particularly when
they are combined with other compounds, such as graphene oxide (GO). However, the
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uncontrolled release of NPs could affect the marine ecosystem as they can interfere with
physiological and biological processes of marine organisms. The fact that nanoparticles,
such as TiO2 NPs, are used in a great variety of products, such as pharmaceuticals and
cosmetics, and in the production of paints, paper, and plastic materials raises a series of
questions on their impact in ecosystems [31].

This study evaluated the effects of the exposure of spermatozoa of P. lividus to
10, 20, 40 µg/mL of TiO2 sol-gel and TiO2-rGO at 30 and 60 min (Figure 8). The results
obtained showed a significant reduction in the vitality and motility of the spermatozoa at
all concentrations and exposure times tested for both nanomaterials. This study is the first
preliminary work concerning these newly synthesized materials and confirms their toxic
effects on spermatozoa of the sea urchin P. lividus.
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Observing vitality and motility values, it is possible to state that the toxicity of
TiO2-rGO increases with exposure time and concentrations, although the prolonged expo-
sure damages the spermatozoa the most.

On the other hand, exposure to TiO2 sol-gel determined a higher mortality already
at 30 min of exposure, showing a higher toxicity for the tested concentrations than for
the exposure time. As can be seen from the data, the TiO2 sol-gel caused a considerable
immobility and mortality already at the concentration of 10 µg/mL compared with the
percentage obtained for TiO2-rGO. In fact, when the exposure of the latter was prolonged
to 60 min, the mortality values were similar to those of TiO2 sol-gel at 30 min.

Hence, the results of our research provide new insights on the deleterious effects of the
newly synthesized nanocompounds TiO2-rGO and TiO2 sol-gel on marine life, revealing
the vulnerability of P. lividus spermatozoa to such compounds. This also highlights the
potential negative effects for aquatic organisms and ecosystems in general. Our findings
suggest caution when applying these and similar compounds to water remediation when
they will be available on a large scale. The marine environment is today subject to a
high quantity of pollutants of anthropic origin. Hence, it is important to understand the
effects and mechanisms of interactions between synthetic products and marine life to
prevent disastrous consequences on marine ecosystems and aquatic systems in general. In
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this regard, some studies have recently demonstrated the deleterious effect of commonly
used substances, such as sunscreens and other NPs [32,33]. Results from these studies
clearly showed a deleterious effect on the development of the sea urchins P. lividus and
Arbacia lixula (Linnaeus, 1758). Other research investigated metal nanoparticle toxicity on
different developmental stages of P. lividus. These studies showed a high sensitivity to ZnO
particles that induced the development of anomalies in larvae, although no compromission
of fertilization processes were recorded [22,23]. Other authors showed that TiO2 NPs used
in a sunscreen products against ultraviolet radiations produced abnormalities related to
the skeletal growth in P. lividus [34]. The results obtained agree with the data present in the
literature, in which it has been observed that uncomplexed TiO2, at the same concentrations,
influenced the fertilization and development of exposed P. lividus larvae. Indeed, some
authors highlighted interferences of TiO2 NPs with the bio-mineralization processes of
larvae when spermatozoa of P. lividus were exposed to these contaminants [24]. Moreover,
even individually, GO have been shown to have negative effects on the development of
P. lividus, causing anomalies during early-stage phases [35].

In conclusion, it can be deduced that the application of TiO2 in the context of water
remediation could represent a good solution; however, it would be advisable to carry out
further studies to evaluate the concentration and effects of nanoparticles dispersed in the
marine environment which could negatively affect survival, reproduction, and develop-
ment of marine organisms. In this context, the utilization of sea urchin spermatozoa as a
model for ecotoxicological tests can be considered a good tool for the evaluation and esti-
mation of the deleterious effect of nanoparticles used in water remediation [36]. Therefore,
it will be necessary to deepen the studies on the possible effects of NPs on fertilization and
the first stages of development of P. lividus that is already threatened by various xenobiotics
and contaminants present in the marine environment, through overfishing and habitat
destruction [37–39]. Lastly, ecotoxicological tests should be performed on each newly
synthetized compound before its introduction into marine environments to evaluate the
associated risks for marine life.
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