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Abstract: Polystyrene (PS) is the most widely used plastic polymer. It is mainly used to produce
disposable products. Due to its resistance to degradation, PS can remain in the environment for a
long time. Its mechanical, physical and biological actions determine the release of smaller fragments,
which are able to penetrate organisms and accumulate in target organs. Fertilized Danio rerio eggs
were exposed to concentrations of 10 and 20 mg/L of fluorescent, amino-modified polystyrene
nanoplastics (nPS-NH2) with diameters of 100 and 50 nm for 96h, according to OECD guidelines
(2013). Uptake, biodistribution, toxicity, oxidative stress and apoptosis were evaluated; moreover,
we carried out a simulation to study the interactions between nPS-NH2 and defined regions of three
receptors: STRA6, Adgrg6 and CNTN4/APLP2. We demonstrated that after being internalized,
nPS-NH2 could reach the head and bioaccumulate, especially in the eyes. Moreover, they could
lead to oxidative stress and apoptosis in the several regions where they bioaccumulated due to
their interaction with receptors. This study confirmed the danger of nanoplastic wastes released
in the environment.

Keywords: marine litter; Danio rerio; ROS; apoptosis; receptor STRA6; receptor Adgrg6;
receptor CNTN4/APLP2

1. Introduction

In recent decades, plastic contamination has become a major concern worldwide, as
annual plastic production and its application in various fields have increased dramati-
cally [1]. Plastic has now become synonymous with malleability and flexibility, and the
products obtained have exceptional characteristics: they are economical, light, durable
and resistant to corrosion [2]. One of the main causes of the unstoppable increase in the
production of plastic materials, in addition to their chemical–physical characteristics, is
dictated by their high shelf life. Consequently, they remain in the environment for a long
time as plastic waste. Only 9% of this waste is recycled, while 12% is incinerated and
79% ends up in landfills. Consequently, plastic waste in the environment is fragmented
into microparticles with a high index of danger to our health [3].

Through the function of their size, plastic fragments can be classified as microplastics
(MPs, dimensions between 0.1 and 5000 µm) and nanoplastics (NPs, dimensions between
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1 and 100 nanometers), obtained from the chemical, physical and mechanical degradation
of plastic released in the environment [4]. The pollution caused by micro- and nanoplastics
is a topic of growing interest; in fact, due to their slow degradation and their small size,
these particles can also be ingested by different animal species, causing physiological
complications with the possibility of transport in different districts of the organism and
along the trophic network, giving rise to bioaccumulation [5].

Plastic debris or marine litter from the early 1970s are already present in the litera-
ture [6], but only in recent years has the topic received the growing interest of researchers.
Many studies focused on the effects that plastic and its fragments of different sizes could
have on aquatic organisms, such as fish and crustaceans, but also on terrestrial organisms,
such as birds and mammals [7–9]. The ingestion of plastic material by living organisms
represents a risk for the biota; microplastics can cause pathological stress, false satiety,
reproductive complications, oxidative stress, block enzyme production and reduce growth
rates [10].

Polystyrene is one of the most produced plastics and consequently also one of the
most widespread types of plastic debris in the environment [11]. Polystyrene polymers are
often chemically modified (with the addition of amino or carboxyl groups) to make them
resistant to degradation and for that reason, they are the most widely synthesized for a
wide range of applications including biosensors, photonics and nanocomposites [12]. We
decided to evaluate the uptake routes and biodistribution of amine-modified polystyrene
nanoplastics in zebrafish (Danio rerio) embryos, an excellent model for the environmental
biomonitoring of aquatic environments [13]. First, we observed the localization of nPS-
NH2 throughout embryonic development at 24h intervals. Following the identification
of nPS-NH2 localization, receptors, which are most prevalent in larvae during embryonic
development, were identified based on the structural similarities of ligands to nPS-NH2,
especially in the presence of amino groups. The eventual interaction between each receptor
and nPS-NH2 was reconstructed in silico. This analysis allowed for the identification
of the receptor pockets most akin to binding, all possible chemical bonds that could be
established (strong or weak) and the binding affinity. In addition, our study aimed to
deepen the knowledge already present in the literature, highlighting, for example, the
change in nPS-NH2 localization during embryonic development, evaluating the stimulation
of oxidative stress and apoptosis and, as previously mentioned, aiming to identify their
possible interactions with the main receptors expressed during embryonic development. In
fact, a few studies conducted on zebrafish larvae proved that micro- and nanoplastics could
be neurotoxic during development [14] and could cause a decrease in heartbeat, hatching
rate, and larvae length [15].

2. Materials and Methods
2.1. Nanoplastics

Autofluorescent, amino-modified polystyrene nanoplastics were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). The two types of microspheres were characterized
by a density of 1.04–1.06 g/cm3 and a diameter of 100 and 50 nm, respectively. The former
presented an orange fluorescence with an excitation/emission wavelength of 481/644 nm,
while the latter presented a blue fluorescence and had an excitation/emission wavelength of
358/410 nm. Concentrations suggested by other studies and tested on other animal models,
such as Artemia franciscana and Brachionus plicatilis, were selected [16]. These were higher
concentrations than those found in nature, but the purpose of the present work was to
investigate the possible uptake of nPS-NH2 by zebrafish, highlighting possible mechanisms
of toxicity resulting from uptake and bioaccumulation. From the stock solution, which
consisted of the nPS-NH2 in an aqueous suspension, working solutions were prepared with
concentrations of 10 and 20 mg/L in fresh water.
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2.2. Zebrafish Embryo Toxicity Test (ZFET)

The experiment was conducted following OECD guidelines (2013) [17]. Zebrafish
embryos were obtained by the Centre for Experimental Fish Pathology of Sicily (CISS) at
Department of Veterinary Science of Messina University, Italy. CISS is accredited for the
use of aquatic animals in the scientific research (DM n◦ 39/March/2006). Adults were
maintained in a standalone facility (ZebTec, Tecniplast) under controlled conditions (14 h
light/10 h dark regimen; temperature 27–28 ◦C; pH 7.5; conductivity 600 µS/cm). The
embryos were placed randomly in 24-well plates within 90 min after fertilization. The
negative control (24 eggs) was prepared by exposing the embryos to an embryo medium,
while the positive control (20 eggs) was prepared by exposing the embryos to 4 mg/L of
3,4-dichloroaniline, 98% (Acros Organics, The Hague, Belgium). Twenty embryos (one
for each well) were exposed to each nanoplastic concentration, while the remaining four
wells were used as an internal plate control. All wells were topped up every 24 h with their
respective solutions to avoid desiccation (semi-static assay). The embryos were maintained
in the tested solutions at a temperature of 26 ± 1 ◦C (pH 6.5–8.5). The test duration was 96 h,
and observations regarding viability and hatching rate were performed every 24 h through
a stereomicroscope (Leica EZ4). The following parameters were observed: embryonic
mortality, embryonic coagulation, failure to form somites, tail and spinal column deformity
and lack of heartbeat. For this experiment, three replicates were performed.

2.3. Localization of Nanoplastics

To determine the localization of nPS-NH2 and any interactions between them and
the organisms, embryos were observed at 24 h intervals under a fluorescence microscope
(Nikon eclipse Ci). The images were analyzed using Nis Element software (version 5.20),
through which surface intensity plots were obtained. In these plots, the fluorescence
intensity was represented by higher or lower peaks. A blue-yellow gradation for 50 nm
nPS-NH2, a green gradation for the 100 nm nPS-NH2 and a gray scale for the control were
selected. Finally, images of 3 larvae per concentration were subjected to an image analysis
to determine the differences in the fluorescence intensity (semi-quantitative analysis) of the
body areas in which nPS-NH2 bioaccumulation occurred at 96 h between the exposed and
the control groups. Quantification was performed by creating “ROIs” (regions of interest)
designed to analyze the same area in all larvae considered [18].

2.4. Cell Apoptosis Analysis

A cell apoptosis analysis was performed using Acridine Orange (AO, Invitrogen,
Waltham, MA, USA) [16], a fluorescent dye that interacts with nucleic acids through
electrostatic bonds. After a wash in phosphate-buffered saline (PBS, Sigma-Aldrich, Saint
Louis, MO, USA), 10 larvae per concentration were incubated with 5 µg/mL AO solution
for 20 min at room temperature. The larvae were washed in PBS and observed under
a fluorescence microscope (Nikon eclipse Ci). The images were analyzed using the Nis
Element (version 5.20) software, which provided the fluorescence intensity. Body parts
that showed fluorescence greater than or equal to 40 (values obtained with the control)
were considered positive. In addition, fluorescence peaks equal to or greater than 100 were
considered more significant. Three replicates were performed.

2.5. Oxidative Stress Analysis

The production of reactive oxygen species (ROS) was examined using the 2’,7’-
dichlorofluorescin diacetate probe (DCFH2-DA, Sigma Aldrich, Saint Louis, MO, USA),
which emits green fluorescence that is observable with the specific FITC filter when oxidized.
The stock solution (130 µM) was diluted in dimethyl sulfoxide (DMSO, Sigma-Aldrich,
Saint Louis, MO, USA), divided into individual aliquots and stored at −20 ◦C. An aliquot
was thawed and diluted to a concentration of 5 µM in Hank’s Balanced Salt Solution
(HBSS, Sigma-Aldrich, Saint Louis, MO, USA) to perform the protocol. Ten larvae were
washed in HBSS and incubated with DCFH2-DA for 15 min at 28 ◦C in the dark. The larvae
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were washed in HBSS and observed under a fluorescence microscope (Nikon eclipse Ci)
equipped with a camera (Nikon DS-Qi2). The fluorescence intensity was provided by the
Nis Element (version 5.20) software. Body parts showing fluorescence greater than or equal
to 40 (a threshold value below which the larvae did not show fluorescence) were considered
positive. In addition, fluorescence peaks equal to or greater than 100 were considered more
significant. Three replicates were performed.

2.6. Morphological Analysis by Scanning Electron Microscope (SEM)

To detect the morphology of the larvae in detail, a dehydration protocol, which was
necessary to observe the organisms under the SEM (Coxem EM-30 plus), was performed.
The larvae were fixed in 2.5% glutaraldehyde in PBS for 24 h at 4 ◦C. Subsequently, the
larvae were washed in PBS for 10 min and dehydrated with a series of alcohols of increasing
concentration (35◦, 50◦, 70◦, 95◦ and 100◦). The samples were incubated with hexamethyld-
isyllazine (HDMS, Merck, Dramstadt, Germany) and alcohol 100◦ (1:1 ratio, v/v) for 5 min,
in pure HDMS for 5 min and left to air dry overnight. The samples were mounted on
specific carbon fiber-covered stubs and observed by SEM (Coxem EM-30 plus).

2.7. Structure-Based Virtual Screening

FLAP (Fingerprint for Ligand and Protein) is a software developed at the University
of Perugia, in collaboration with Pfizer, and is used for virtual screening as it describes
the interactions between small molecules and protein structures. The software detects the
interaction fields (MIFs), calculated in GRID, which represent the interactions between the
small molecules and the so-called pockets, regions of the protein structure’s interaction.
In this experiment, the FLAP software was used in the “structure-based” mode to gen-
erate binding poses of a ligand in a protein cavity based on the similarity between their
GRID fields. The GRID molecular interaction fields were calculated using specific probes,
reported in Table S1, to mimic the biological environment. At the end of each screening, the
software generates scores (SCORE) that quantify all the ligand–protein interactions; the two
fundamental values for a global evaluation of the interactions involved are Glob-Sum-SUM
and Glob-Prod, the summation and production of all interactions, respectively.

The amino-modified polystyrene nanoparticle used for the screening was drawn and
saved with Chemdraw software (Figure S1). The structure was subsequently transferred to
the database created on FLAP, and screenings were finally made on three protein targets.

The crystallized protein targets screened were receptors for retinol uptake stra6
(STRA6); Adhesion G protein–coupled receptor G6 (Adgrg6; also named GPR126), con-
tactin 4 (CNTN4) and amyloid beta precursor-like protein 2 (APLP2) complex (Figure S2).
These receptors, mainly expressed in the nervous system, were selected based on the lo-
calization of the nPS-NH2 during embryonic development and the structural similarity
of their respective ligands with nPS-NH2, mainly due to the presence of amino groups.
As these receptors are mainly expressed in circuits of the nervous system, the analysis
evaluated the possible neurotoxicity of the nPS-NH2.

2.8. Statistical Analysis

A statistical analysis was performed using Prism 9. Differences between the control
and exposed groups were assessed by an ANOVA, followed by an ad hoc test (Tukey’s
test) for intragroup differences. The statistical significance was set at alpha < 0.05 and is
indicated by the symbol *. All data are represented as mean ± standard deviation.

3. Results
3.1. Uptake and Biodistribution of Nanoplastics in Zebrafish Larvae

During the 96 hpf of exposure to fluorescent, amino-modified nPS-NH2 of 100 nm
(green) and 50 nm (blue), internalization was observed exclusively for blue nPS-NH2 into
zebrafish larvae before hatching (Figure 1A); after hatching, green nPS-NH2 were also
internalized. After penetration, NPs reached the head and bioaccumulated, especially
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in the eyes and in the yolk sac. The uptake of nPS-NH2 occurred through the yolk sac,
which determined distribution of nPS-NH2 in the rest of the body. Figure 1B shows the
trend of nPS-NH2 localization through fluorescence peaks during the zebrafish embry-
onic development on exposed organisms compared to the control. The 50 nm nPS-NH2
at a concentration of 10 mg/L and at 24 hpf showed the highest fluorescence intensity
(green/yellow), localized at the level of the embryo. In addition, a fluorescence spot had
extended from the chorion to the embryo. This spot likely identified the entry point of
the nPS-NH2 absorbed into the sac from the chorion by the embryo. At 48 hpf, positivity
corresponded mainly to the yolk sac and the anterior part of the head, which showed
yellow peaks. In addition, spikes were present all over the chorion. These corresponded to
new particles, given that our experiment was semi-static, and wells were topped up every
24 hpf. At 72 hpf, a decrease in fluorescence in the yolk sac and an increase in the anterior
part of the head were observed. In addition, several peaks were found in the tail. At 96 hpf,
a slight diffuse fluorescence throughout the embryo and elevated peaks, corresponding to
the yolk sac and eye, were noted. This trend was observed in 88% ± 0.04 (p < 0.01 **) of
the larvae. As expected, at the concentration of 20 mg/L, the 50 nm nPS-NH2, showed the
same uptake as the lower concentration (10 mg/L), but the fluorescence peaks were higher.
At 24 hpf, nPS-NH2 were already absorbed by the embryo. In addition, many peaks were
localized leaning against the chorion. At 48 hpf, the greatest fluorescence was found at
the yolk sac and in the anterior part of the body. At 72 hpf, yolk sac and head positivity
were also joined by tail positivity. Finally, at 96 hpf, diffuse fluorescence throughout the
organisms and high peaks at the levels of the eyes, head and yolk were observed. This
positivity was regarded in 90% ± 0.03 (p < 0.01 **) of larvae. Concerning the nPS-NH2 with
a diameter of 100 nm (10 mg/L) and up to 72 hpf, peaks were located on the chorion, while
the embryo was negative. At 96 hpf, the presence of nPS-NH2 was identified only in the eye.
Of the larvae, 93% ± 0.03 (p < 0.01 **) demonstrated this biodistribution of nanoplastics. The
trend of major concentration matched that of the lower-diameter nPS-NH2 and concerned
95% ± 0.01 (p < 0.01 **) of the tested organisms. Up to 72 hpf, as time passed, there was an
increase in nPS-NH2 leaning in the chorion, while at 96 h, the fluorescence was localized
mainly at the yolk sac level and in the eye. All organisms in the control group remained
negative for all 96 h.
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Figure 1. (A) Accumulation and biodistribution of PS-NPs (50 and 100 nm) at different concentrations
in D. rerio embryos and larvae. The observations were carried out in 24 h intervals; (B) surface
fluorescence intensity plot obtained by analyzing the images of biodistribution of PS-NPs (50 and
100 nm) at different concentrations in D. rerio embryos and larvae; (C) fluorescence intensity calculated
on the ROIs considered (eye and yolk sac) at 96 hpf. Strong statistical differences were found between
control groups and all organisms exposed (p < 0.01 **).
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An image analysis performed on the eyes and yolk of the larvae at 96 hpf showed
higher fluorescence intensity in the yolk sac for higher concentrations of both nanoplastics
(38.29 ± 0.01 for nPS-NH2 of 50 nm and 69.98 ± 0.04 for nPS-NH2 100 nm) than the
lower concentration (26.58 ± 0.03 for nPS-NH2 of 50 nm and 20.06 ± 0.02 for nPS-NH2
100 nm). The same trend occurred for the eyes. The fluorescence intensity increased with
the increasing tested concentration (50 nm: 28.01 ± 0.04 for 10 mg/L and 55.73 ± 0.03 for
20 mg/L; 100 nm: 25.98 ± 0.03 for 10 mg/L and 64.36 ± 0.05 for 20 mg/L). In contrast, the
control was negative (15.06 ± 0.04 for eye and 15.05 ± 0.01 for yolk sac) (Figure 1C).

3.2. Survival, Hatch, and Development

Exposure to nPS-NH2 had no statistically significant impact on the mortality rate of
zebrafish larvae (Figure 2A), but had a negative influence on the hatching rate (Figure 2B).
Compared to the control, which had a hatching rate of 82%, hatching rates in organisms
exposed to 10 mg/L of the two nPS-NH2 (50 and 100 nm) were found at 11% and 30%,
respectively. At higher concentrations, on the other hand, the percentages dropped to 0.
In addition, sub-lethal effects were found in almost 7% of the nPS-NH2-exposed zebrafish
larvae at 96 hpf compared to the control group (0%) (Figure 2C). Body malformation,
column curvature, lack of tail development and blood pooling were observed in the D. rerio
larvae exposed to 20 mg/L 50 nm nPS-NH2 (Figures 3 and 4).
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Figure 2. (A) Mortality rate of D. rerio embryos exposed to 50 and 100 nm nPS-NH2 at different
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3.3. Cell Apoptosis

At the end of the exposure time (96 hpf), cell apoptosis was assessed using the fluo-
rescent dye AO. The fluorescence intensity and its localization are shown in the graphs
in Figure 5. Almost all exposed organisms (10 embryos per concentration) were positive
compared to the control group. While only 1% of the organisms in the control group
showed the presence of some apoptotic cell spots, 54% and 74% of the organisms were
positive when exposed to 10 mg/L concentrations of the 50 nm and 100 nm nPS-NH2,
respectively. The number of positive larvae increased with increasing concentrations
(75% and 88% for organisms exposed to 20 mg/L of 50 nm and 100 nm nPS-NH2, respec-
tively) (Figure 6). The fluorescence was mainly localized at the level of the anterior part of
the head in the organisms exposed to nPS-NH2 with a diameter of 100 nm at a concentration
of 10 mg/L. At a concentration of 20 mg/L of the same nPS-NH2, the fluorescence, in
addition to peaking at the anterior part of the body, was diffuse throughout the larvae. In
larvae exposed to the nPS-NH2 with a smaller diameter (50 nm), fluorescence was diffuse
throughout the larva for both concentrations, with a greater peak at the anterior part of
the head. However, at the highest concentration (20 mg/L), the intensity peak was clearly
higher than the lowest concentration. In addition, at the highest concentrations of both
diameters of nPS-NH2, spots of apoptotic cells were also identified on the back of the head.

3.4. Oxidative Stress

ROS production and the occurrence of oxidative stress were assessed by exposure of
larvae to the fluorescent probe DCFH2-DA. As shown in Figures 7 and 8, larvae exposed to
the lowest concentrations (10 mg/L) of both nPS-NH2 did not exhibit fluorescence (3% for
the control, 3% and 4% for larvae exposed to 50 nm and 100 nm nPS-NH2, respectively),
while at the highest concentration, the larvae were positive. Higher peaks were found in
larvae exposed to the nPS-NH2 with a size of 100 nm (97% of positive larvae). Specifically,
in larvae exposed to the 100 nm nPS-NH2, ROS production was localized throughout the
larva, with a high peak at the tail termination, followed by a lower peak at the head. For
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the 50 nm nPS-NH2, the highest peak was found at the level of the head, followed by a
lower peak at the level of the initial part of the tail (93% of positive larvae).
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Figure 6. Percentage of organisms exposed to nPS-NH2 positive for AO compared to the control
group. The symbol ** indicates strong statistical significance (p < 0.01).

3.5. Virtual Screening

All pockets of the three selected receptors are shown in Figure S3. Table S3 shows all
values obtained for the corresponding interactions.

3.5.1. Receptor for Retinol Uptake Stra6 (STRA6)

For the STRA6 receptor, two pockets that were symmetrical and almost overlapping
were identified.

Pockets 1 and 2 showed similar bonds, which were not very large, and surfaces. The
areas of interaction were minimal, as can be seen in the 2D representations. Specifically,
there were only areas of a hydrophobic character distributed in an ununiform way and
small donor–acceptor hydrogen bond regions, but these were involved very little in the
interaction with the nPS-NH2. The large difference between the two pockets was the
affinities of character π-π and CH-π with the amino acid residues. In fact, an amino acid
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residue was observed in the case of Pocket 1, while for Pocket 2, three interactions with the
ring aromatic flavor of nPS-NH2 were highlighted.
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3.5.2. Adhesion G Protein–Coupled Receptor G6 (Adgrg6 or GPR126)

Five pockets of interest were identified for this receptor. The two largest pockets were
2 and 3, at the top and in the center of the protein target, respectively, and Pockets 1, 4 and
5, at the bottom right, top right and bottom left, respectively. There was no interaction with
Pocket 4 (scores close to 0). Pockets 1 and 3 showed higher interaction values, while 2 and
5 were decidedly lower.

Dimensionally, the two pockets had large differences. In fact, while Pocket 1 had
reduced dimensions, the size of Pocket 3 was considerably larger. This can be seen both in
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the surface of the two pockets and in the binding area. The interaction scores were higher
than the other two pockets, as shown in the Glob-Sum values. Pocket 3 had a higher value
of N1 than Pocket 1. Regarding the areas of the pocket affected by the supramolecular
bonds, there were greater regions of a hydrophobic character (green) for Pocket 1 and,
instead, greater acceptor regions of hydrogen bonds (blue) in Pocket 3. In both pockets,
the amino group of nPS-NH2 was involved in the ligand–protein interactions: for Pocket 1,
only one aa was involved in the π-π and CH-π bonds, while two aas were involved for
Pocket 3.

Pockets 2 and 5 had lower score values than the two previous pockets. This aspect was
emphasized by the Glob-Sum of both; the latter had lower values since the N1 and DRY, or
bond donor, were lowered, i.e., hydrogen, and the hydrophobic interaction. The value that
did not differ between the two previous pockets was H. This denoted a certain compatibility
of shape between the pockets and the ligand; in the case of our screenings, the repetitive
unit of nPS-NH2. In both cases, the amino group was involved and interacted, in both
pockets, with an aa. This result could be very interesting for the purposes of this research,
given that the amino group was the functional group that characterized the surface of the
nanoparticle under examination. In fact, although Pockets 2 and 5 had lower Glob-Sum
values compared to Pockets 1 and 3 and therefore little interaction on the card, they seemed,
at the same time, to involve the amino group more in the interaction phase. Finally, Pocket
4 had interaction values close to zero; it was therefore not possible to predict any type of
pose and ligand–protein interaction.

3.5.3. Contactin 4 (CNTN4) and Amyloid Beta Precursor-like Protein 2 (APLP2) Complex

Three pockets of interest were identified for this receptor. Only Pockets 1 and 3 were
evaluated, since they showed a Glob-Sum value other than zero. Specifically, the two
Pockets, 1 and 3, were very similar to each other, and almost overlapped. In fact, they
shared a small area and had almost comparable dimensions. Pocket 2 was in a more
secluded position on the right and had a much smaller area than the other two.

From a dimensional point of view, the two pockets were very similar to each other,
both in the 2D and 3D representations. In addition, the hydrogen bond and acceptor–donor
areas, red and blue, respectively, were comparable, even if they involved the amino group
of nPS-NH2 more in Pocket 1. The green areas were reduced in both pockets, while for the
amino acid residues that were more involved in the supramolecular, π-π and CH-π bonds,
there was a small difference, i.e., in the case of Pocket 1, four aas were involved without
an interaction with the amino group, and there was only one aa in the case of Pocket 3.
Similarities were noted also for the Glob-Sum values, with a higher value for Pocket 1.
For Pocket 2, we did not report any type of representation since all the interaction values
(SCOREs) were close to zero.

Pockets 2 and 5 were also of different sizes. Pocket 2 was decidedly larger than 5.
Their scores had lower values than Pocket 1 and 3, and this was emphasized significantly
by their Glob-Sum values. The latter had lower values since the N1 and DRY were lowered,
i.e., the hydrogen bond donor and hydrophobic interaction. The value that did not differ
from the two previous pockets was H: this denoted a certain shape compatibility between
the pockets and the ligand. In the case of our screenings, this was the repetitive unit of
the nPS-NH2. In both cases, the amino group was mainly involved and interacted, in both
pockets, with an aa. This could be very interesting for the purposes of our study, since
it was the amino group that characterized the surface of the tested nanoplastic; in fact,
although Pockets 2 and 5 had lower Glob-Sum values compared to Pocket 1 and 3 and
therefore little interaction on the card, at the same time, they seemed to involve the amino
group more in the interaction phase. Finally, Pocket 4 had interaction values close to zero;
and it was therefore not possible to predict any type of pose and ligand–protein interaction.
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4. Discussion

The environmental diffusion of nPS-NH2 requires investigation to clarify possible
consequences for living organisms, especially regarding embryonic development, which
is more sensitive to the presence of pollutants. The aim of the present experiment was
to assess the effects of amino-modified PS-NPs with diameters of 100 nm and 50 nm at
different concentrations (10 e 20 mg/L) on the early stages of Danio rerio for 96 h. The
in vivo approach was complemented by an in silico analysis to evaluate the ability of
nPS-NH2 to bind specific receptors, acting as an endocrine disruptor.

The in vivo analysis focused on multiple endpoints, such as the localization of nPS-
NH2, the hatching rate, viability and occurrence of malformations. The results obtained
revealed the transition of the 50 nm nPS-NH2 from the chorion and absorption by the
embryo already from 24 hpf. Instead, the nPS-NH2 with a larger diameter (100 nm)
were captured by the larvae after hatching. The chorion represents a barrier to external
substances; however, at the same time, it allows for the exchange of gases and nutrients
due to the presence of pores with a diameter of 500–700 nm [16,18]. Although the canals
are larger than the diameter of the particles tested, only the 50 nm nPS-NH2 were absorbed,
while the larger nPS-NH2 leaned against the chorion, as also observed by Duan et al.
(2020) [19]. The mechanisms behind selectivity and permeability remain poorly understood.

In the present study, the passage of the 50 nm nPS-NH2 from the extra-embryonic
fluid, filling the perivitelline space to the yolk sac, was also demonstrated. At 24 hpf of
exposure, in fact, these nPS-NH2 were mainly found in the yolk sac, while at 48 h hpf and
until 96 hpf, biodistribution caused their accumulation in the anterior part of the body,
especially in the head and eyes. The yolk sac is known to contain the nutrients to support
the growth of the embryo until it acquires the ability to feed itself and introduce food from
the aquatic environment [20]. The mechanism of nPS-NH2 uptake is unclear, but from
studies on other nanoparticles, it could be determined by the activation of specific receptors
in the yolk sac epithelium, implicated in the processes of endocytosis or pinocytosis [21].
The yolk sac, containing a large amount of lipids, appears to be the main organ for the
accumulation of nPS-NH2. Interestingly, their affinity towards lipid molecules is known
in the literature; thus, an influence of their metabolism is hypothesized [22]. Cholesterol
(40%), phosphatidylcholine (17%) and triglycerides (9%), the principal molecules contained
in the yolk sac, are the metabolic substrates that produce ATP, which is essential for proper
development [23]. This could explain the malformations detected in the embryos exposed
to these nPS-NH2. When contact with the organisms occurred during the early stages of
development, the penetration of the 50 nm nPS-NH2 resulted mainly in tail abnormalities
(curved or undeveloped). Such anomalies were not found for the 100 nm nPS-NH2, which
were absorbed after hatching. In fact, accumulation of the 100 nm nPS-NH2 in the yolk sac
and their subsequent biodistribution occurred at 96 hpf, when the larvae were hatched.
It is known that from days 4–5 postfertilization, the larvae begin to internalize food from
outside [24]. The accumulation of nPS-NH2 in the yolk was therefore mainly caused by
oral exposure. However, some studies suggested that endocytosis mechanisms, typical
of the yolk sac epithelium, are still active after hatching. Moreover, absorption through
the skin was also documented [25]. Again, however, the yolk was the primary organ of
bioaccumulation. This result is in agreement with other studies that initially observed the
deposition of almost all the xenobiotics tested at the yolk level and how their quantity
decreased in relation to increased biodistribution in other parts of the body until a steady
state was reached [24].

Our results showed that nPS-NH2 did not have lethal effects but did have sub-lethal
effects. For example, both nPS-NH2 caused a delay in hatching in a dose-dependent
manner such that at higher concentrations, the hatching rate was ~1%. It is hypothesized
that 50 nm nPS-NH2, absorbed in the perivitelline space, could cause hypoxia and delay
hatching. At the same time, the results suggested that 100 nm nPS-NH2 could also lead to
the same effect but with a different mechanism. The formation of aggregates clinging to the
chorion could occlude the pores and consequently block gas and nutrient exchanges [19]. In
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addition to the identification of abnormalities and delayed hatching, other sub-lethal effects
were analyzed by enzymatic assays to elucidate the contribution of nPS-NH2 to oxidative
stress and programmed cell death. By means of Acridine Orange staining, apoptosis was
identified throughout the body, especially at the level of the nasal dimples in all exposed
larvae. In zebrafish, the olfactory organ represents the main route of interaction with the
aquatic environment. Death of or damage to the olfactory epithelium due to contact with
contaminants is an indication of neurotoxicity, as it can diminish the ability to perceive
odors, which frequently direct the behavior of the animals. It was shown that high levels of
apoptosis in nasal dimples are correlated with changes in swimming behavior [26].

The DFCH2-DA probe allowed for the assessment of oxidative stress, identified mainly
at the level of the tail and head in organisms exposed to the highest concentrations of both
nPS-NH2. Although ROS are involved in the stimulation of different metabolic pathways,
their imbalance with antioxidant systems increases lipid peroxidation phenomena on major
macromolecules (DNA, lipids and proteins) and inflammatory responses [27]. Qiang and
Cheng (2019) also reported the mediation of ROS in the activation of apoptosis by the p53
protein in embryos exposed to nanoplastics. The presence of oxidative stress at the head
may, therefore, be further linked with the neurotoxicity of nPS-NH2 [28].

Following the identification of the final location of the PS-NH2, an in silico approach
was adopted in this study to assess the potential activity of the tested nanoplastics as
endocrine disruptors. They mimic the action of hormones by activating or repressing
specific receptors at inappropriate times, causing developmental abnormalities [29]. Us-
ing FLAP software, the structures of the candidates were recreated: STRA6, GPR126 and
CNTN4/APLP2. The choice of receptors was derived from the accumulation of nPS-NH2
in zebrafish eyes, highlighted in the present study and confirmed by other authors [30]. For
this reason, the potential toxicity in the visual system and the nervous system in general
was analyzed. STRA6 is the receptor for retinol (vitamin A), mainly located in the retinal
pigment epithelium. Retinol uptake is essential for the proper development and survival
of photoreceptors and, consequently, for vision [31]. The GPR126 receptor is abundantly
expressed in the peripheral nervous system of vertebrates and is involved in Schwann
cell maturation and myelination [32]. The third receptor chosen was CNTN4/APLP2.
Contactins are involved in neural cell adhesion and guide the formation and differentiation
of neural circuits. In particular, the CNTN4 complex and the amyloid precursor APLP2
stimulate the development of the visual system [33]. The results indicated a higher affinity
of nPS-NH2 for GPR126 receptor Pocket 1 (Glob-Sum: 1831), followed by STRA6 receptor
Pocket 2 (Glob-Sum: 1704) and, finally, CNTN4/APLP2 receptor Pocket 1 (Glob-Sum: 1364).
These experimental data deepen the knowledge of the neurotoxicity of nPS-NH2, which
was previously investigated by other studies that demonstrated changes in swimming
and eating behaviors [34] but did not identify the mechanisms responsible for these conse-
quences. Hence, the ability of polystyrene to bind to these receptors may be responsible for
abnormalities in the nervous system, especially in vision.

5. Conclusions

We demonstrated that 100 and 50 nm diameter NPs, after being internalized, can reach
the head and bioaccumulate, especially in the eyes. Moreover, they can lead to oxidative
stress and apoptosis in the several regions in which they bioaccumulate. We also detected
many developmental malformations, confirming the danger of nanoplastic wastes released
in the environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes8030168/s1, Table S1: In FLAP, the pharmacophores for a
ligand are defined in terms of the types of atoms that can interact with the receptor. The types of atoms
are classified based on the interactions; Figure S1: The amino-modified polystyrene nanoparticle used
for the screening (Chemdraw software). Figure S2: Crystallized structure of receptors. (A) Receptor
for retinol uptake stra6 (STRA6); (B) adhesion G protein–coupled receptor G6 (Adgrg6; also named
GPR126); (C) contactin 4 (CNTN4) and amyloid beta precursor-like protein 2 (APLP2) complex. Table
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S2: Summarized table of all tested parameters, expressed as mean ± standard deviation. ** indicates
statistically significant differences (p < 0.05). Figure S3: Crystallized structure of D. rerio receptors
with visible Pockets. (A) Receptor for retinol uptake stra6 (STRA6) with 2D and 3D visions of Pockets
1 and 2; (B) adhesion G protein–coupled receptor G6 (Adgrg6; also named GPR126) with 2D and 3D
visions of Pockets 1, 3, 2 and 5; (C) contactin 4 (CNTN4) and amyloid beta precursor like protein 2
(APLP2) complex with 2D and 3D visions of Pockets 1 and 3. Table S3: Affinity of nPS-NPs toward
the pockets of STRA6, GPR126 and CNTN4/APLP2 receptors, based on potential bonding types
(summarized through Glob-Sum) and pocket size.
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