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• PS-NPs were uptaken and translocated 
by RTG-2 and SAF-1 cells. 

• Morphological and viability impacts 
were identified. 

• SAF-1 had a 4-fold higher cytotoxic 
sensitivity than RTG-2. 

• SAF-1 suffered extensive programmed 
cell death in response to 20 nm PS-NPs. 

• Functional analyses in SAF1 reported 
transcriptional changes at sublethal and 
lethal 20 nm PS-NPs doses.  
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A B S T R A C T   

The contamination of marine and freshwater environments by nanoplastics is considered a global threat for 
aquatic biota. Taking into account the most recent concentration range estimates reported globally and recog
nizing a knowledge gap in polystyrene nanoplastics (PS-NPs) ecotoxicology, the present work investigated the 
harmful effects of 20 nm and 80 nm PS-NPs, at increasing biological complexity, on the rainbow trout Onco
rhynchus mykiss RTG-2 and gilthead seabream Sparus aurata SAF-1 cell lines. Twenty nm PS-NPs exerted a greater 
cytotoxicity than 80 nm ones and SAF-1 were approximately 4-fold more vulnerable to PS-NPs than RTG-2. The 
engagement of PS-NPs with plasma membranes was accompanied by discernible uptake patterns and morpho
logical alterations along with a nuclear translocation already within a 30-min exposure. Cells were structurally 
damaged only by the 20 nm PS-NPs in a time-dependent manner as indicated by distinctive features of the 
execution phase of the apoptotic cell death mechanism such as cell shrinkage, plasma membrane blebbing, 
translocation of phosphatidylserine to the outer leaflet of the cell membrane and DNA fragmentation. At last, 
functional analyses unveiled marked transcriptional impairment at both sublethal and lethal doses of 20 nm PS- 
NPs, with the latter impacting the “Steroid biosynthesis”, “TGF-beta signaling pathway”, “ECM-receptor 
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interaction”, “Focal adhesion”, “Regulation of actin cytoskeleton” and “Protein processing in endoplasmic re
ticulum” pathways. Overall, a distinct ecotoxicological hazard of PS-NPs at environmentally relevant concen
trations was thoroughly characterized on two piscine cell lines. The effects were demonstrated to depend on size, 
exposure time and model, emphasizing the need for a comparative evaluation of endpoints between freshwater 
and marine ecosystems.   

1. Introduction 

Global plastic production increased to 403 Mt in 20222 and is pro
jected to double in 20 years and to triple by 2060 (Lebreton and 
Andrady, 2019; OECD, 2023). Most plastic waste isn't properly 
managed, with only 9 % recycled, 19 % incinerated, and the rest ending 
up in landfills or uncontrolled dumpsites (Kibria et al., 2023), contrib
uting to the accumulation into the environmental compartments such as 
air, soil, seas and oceans (Du et al., 2022; Guo et al., 2020; Kibria et al., 
2023; Li et al., 2021; OECD, 2023; X. Zhao et al., 2023). 

Marine ecosystems bear the brunt of plastic debris (García Rellán 
et al., 2023; Law, 2017). More than 171 trillion plastic particles are 
estimated to accumulate in the marine environment (Eriksen et al., 
2023) and undergo biological, physical and chemical degradation 
resulting into smaller sizes. Polystyrene i) is one of the most commonly 
non-biodegradable fabricated polymer that contributes to a significant 
fraction of environmental plastic pollution (de Haan et al., 2019; Sendra 
et al., 2021; Turner, 2020), ii) lists among the most reported polymers in 
marine biota (de Sá et al., 2018) and iii) exhibits significantly higher 
toxicity compared to all other tested polymers (Yang and Nowack, 
2020). Recently, nanoplastics (NPs), whose sizes are smaller than 1000 
nm (Gigault et al., 2018), have gained attention due to their ability to 
cross biological membranes such as the intestinal and blood brain bar
riers, increasing their potential toxicity towards marine organisms (Feng 
et al., 2023; Khan and Jia, 2023; Peng et al., 2020; Zhu et al., 2023). NPs 
may induce cytotoxicity, neurotoxicity, genotoxicity, oxidative stress, 
alteration of metabolism, inflammation and developmental malforma
tions in marine species (Gonçalves and Bebianno, 2021; Han et al., 2022; 
Kik et al., 2020; Yong et al., 2020; Zaki and Aris, 2022), but the cellular 
and molecular mechanisms behind the impacts remain not fully 
understood. 

Teleost-derived cell lines are increasingly employed as research tools 
(Goswami et al., 2022; Hernández-Moreno et al., 2022). These are 
considered relevant in vitro models in toxicological studies aimed at 
investigating the effects of several environmental pollutants including 
NPs (Bols et al., 2005; Hernández-Moreno et al., 2022; Revel et al., 
2021). In addition, the use of established cell lines ensures a high 
reproducibility of experimental data and allows high throughput ap
proaches, aiding regulatory efforts (Moné et al., 2020; Wange et al., 
2021). The piscine fibroblast-like RTG-2 and SAF-1 cell lines, derived 
from rainbow trout O. mykiss and gilthead seabream S. aurata respec
tively, were widely used in various fields (El Aamri et al., 2012; Bandín 
et al., 2006; Goswami et al., 2022; Kim et al., 2023; Lisser et al., 2017; 
Parra-Riofrio et al., 2023; Perez-Prieto et al., 1999; Pham et al., 2020; 
Valero et al., 2021; J. Z. Zhao et al., 2023), including ecotoxicology 
(Bermejo-Nogales et al., 2017; Boháčková et al., 2023; Fent, 2001; 
Galbis-Martínez et al., 2018; Hernández-Moreno et al., 2022; Ruiz et al., 
2020). For these reasons, this study investigated the toxicological effects 
induced by 20 nm and 80 nm polystyrene nanoplastics (PS-NPs) on RTG- 
2 and SAF-1 cell lines. We employed an in vitro approach at increasing 
complexity to i) evaluate the dose, time and size-dependent cytotoxic 
potential of PS-NPs, ii) dissect the processes of PS-NPs uptake, cellular 
component interactions and their morphological impacts and iii) profile 
the cell transcriptional responses and molecular mechanisms via high- 
throughput RNAseq functional analysis, with the aim of characterizing 

their effects on two piscine models, ultimately filling gaps in the eco
toxicology of environmentally-relevant PS-NPs concentrations. 

2. Methods 

2.1. Oncorhynchus mykiss gonad tissue (RTG-2) and Sparus aurata fin-1 
(SAF-1) cell culture 

RTG-2, a cell line exhibiting fibroblast morphology, was isolated 
from the ovary of rainbow trout Oncorhynchus mykiss (Wolf and Quimby, 
1962). Optimal conditions for culture growth were achieved at 22 ◦C in 
Leibovitz's L-15 supplemented with 2 mM L-glutamine, 100 U/mL 
penicillin, 100 μg/mL streptomycin and 30 % inactivated fetal bovine 
serum (FBS). 

SAF-1 cell line (ECACC 00122301) is a continuous fibroblast-like 
culture established from gilthead seabream Sparus aurata caudal fin 
(Bejar et al., 1997). Optimal conditions for culture growth were ach
ieved at 22 ◦C in L-15 medium (Life Technologies) supplemented with 1 
% L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and 10 % 
inactivated FBS. Medium osmolarity was adjusted to seabream serum 
(355 mOsm/kg) using 3 M NaCl. 

Both lines were routinely cultivated in 75 cm2 tissue culture flasks 
(Jet Bio-Filtration Co.), and the subculture and medium renewal 
occurred once per week. 

2.2. Characterization of PS-NPs by TEM, DLS and DELS 

Pristine PS-NPs used in this study were either non-fluorescent (sizes 
of 20 and 80 nm, cat. # 3020A and 3080A, Thermo Scientific™) or 
fluorescent (sizes of 20 and 75 nm, ex./em. 468/508 and 542/612, 
respectively, cat. # R25 and G75 Fluoro-Max Thermo Scientific™). Non- 
fluorescent beads were used for cytotoxicity assays, ultrastructural 
analysis, transcriptomics, elucidation of cell death pathway and reactive 
oxygen species (ROS) quantification; fluorescent PS-NPs were used for 
cellular uptake experiments. 

2.2.1. Negative staining procedure 
The ultrastructure of PS-NPs was characterized by negative staining. 

They were sonicated for 10 min at the Sonica 2200 MD 53 sonicator 
(Soltec), then diluted in sterile milliQ water at a final concentration of 
200 μg/mL and sonicated once again for 30 s. Afterwards, 10 μL of each 
sample were allowed to adsorb for a few minutes on copper grids coated 
with formvar and carbon. After removal of excess liquid, the grids were 
placed on a first drop of 2 % uranyl acetate in water for 10 s, and on a 
second drop for 2 min. After washes with double-distilled H2O, samples 
were left to dry and then observed under a transmission electron mi
croscope (TEM) Jeol 1200 EX II equipped with a CCD camera Olympus 
SIS Veleta (CGA, section of Electron Microscopy). Image acquisition and 
PS-NPs diameter measurements were performed using the iTEM 
software. 

2.2.2. Dynamic and Dielectrophoretic Light Scattering measurements 
Hydrodynamic diameter (Dh), polydispersity index (PDI) and ζ-po

tential value of commercial PS-NPs were investigated by Dynamic and 
Dielectrophoretic Light Scattering measurements (DLS, DELS) using a 
Zetasizer Nano ZS (Malvern Instruments) equipped with a 5 mW He/Ne 
laser (λ = 632.8 nm) and a thermostatted cell holder. Temperature was 
set constantly at 25 ◦C. Particle size and PDI were measured by DLS in 2 https://plasticseurope.org/knowledge-hub/plastics-the-fast-facts-2023/. 
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backscatter detection, at an angle of 173◦. The measured autocorrelation 
function was analyzed by using the cumulant fit. The first cumulant was 
used to obtain the apparent diffusion coefficients D of the particles, 
further converted into apparent Dh by using Stokes-Einstein equation: 

Dh =
KbT

3πηD  

where KbT is the thermal energy and η is the solvent viscosity. 
The ζ-potential of PS-NPs was determined from the electrophoretic 

mobility (μ) by DELS measurements. Analysis of the Doppler shift to 
assess the electrophoretic mobility was done by using phase analysis 
light scattering (PALS). The mobility μ of PS-NPs was converted into a 
ζ-potential using the Smoluchowski equation: 

ζ =
μη
ε  

where ε and η are the permittivity and the viscosity of the solution, 
respectively. PS-NPs were diluted to a concentration of 100 μg/mL in 
distilled water or L-15 medium in presence or absence of 10 or 30 % FBS, 
then sonicated for 30 s prior DLS analysis. Hydrodynamic diameter, PDI 
and ζ-potential reported correspond to the average of three different 
measurements. 

2.3. ATP detection assay 

Cell viability following PS-NPs exposure was determined by 
measuring the intracellular adenosine triphosphate (ATP) levels using 
the luciferase-based ATPlite assay (PerkinElmer, Waltham, MA, USA), 
which allows the assessment of cytocidal, cytostatic and proliferative 
effects. Based on preliminary assays evaluating growth rate and optimal 
absorbance readings, RTG-2 and SAF-1 cell lines were seeded in 96-well 
microplates (ViewPlate, Perkin Elmer) at a density of 8 * 103 cells per 
well in 100 μL of L-15 medium. Cells were exposed to five doses of the 
20 nm and 80 nm PS-NPs up to the lowest lethal one (i.e. 0.1, 1, 10, 100 
and 200 μg/mL) for 0.5, 6 and 24 h. Two additional doses, i.e. 400 and 
800 μg/mL, were required for RTG-2 to identify the actual cytotoxic 
dose. As a negative control, cells were grown in L-15 medium; as a 
positive control, cells were added of NaN3 0.5 % v/v. At each experi
mental time point, cells were lysed and the amount of emitted light, 
linearly correlated with ATP quantity, was measured at a microplate 
luminometer (Victor2™, PerkinElmer) for 10 min in the dark. Six rep
licates per each PS-NPs dose were performed. Cytotoxicity of the treated 
experimental groups was normalized to the negative control and 
expressed as mean ± SEM. 

2.4. Transmission Electron Microscopy (TEM) 

RTG-2 and SAF-1 were cultured for 24 h on sterile PET track-etched 
membranes (Falcon) inserted in 24-well cell culture plates (Falcon) at a 
density of 4 * 104 cells per well, then treated with 800 and 200 μg/mL (i. 
e. cytotoxic doses) of 20 nm or 80 nm PS-NPs, respectively, for 0.5, 6 and 
24 h. After the treatment, cells were fixed overnight at 4 ◦C with 2.5 % 
paraformaldehyde and 2 % glutaraldehyde in 0.1 M cacodylate buffer at 
pH 7.2 and 0.075 % ruthenium red. Samples were washed with caco
dylate buffer and post-fixed for 1 h at 4 ◦C with 2 % osmium tetroxide 
(OsO4) and 0.075 % ruthenium red in 0.1 M cacodylate buffer at pH 7.2. 
After washing in distilled water, the samples were incubated with 0.5 % 
uranyl acetate for 0.5 h and then dehydrated in graded series of acetone 
and embedded in LR white resin (Agar Scientific). Ultrathin sections 
(60–80 nm) were stained with 1 % uranyl acetate and Reynolds lead 
citrate and then observed by TEM (Jeol 1200 EX II). Micrographs were 
acquired by the Olympus SIS Veleta CCD camera equipped with the 
iTEM software. 

2.5. Confocal laser scanning microscopy (CLSM) 

RTG-2 and SAF-1 were seeded in sterile poly-L-lysine-coated glass 
coverslips (Menzel Glaser) inserted in 24-well plates at a density of 4 * 
104 cells per well for 24 h. Then, a mixture of red fluorescent 20 nm PS- 
NPs (400 and 100 μg/mL, respectively) and green fluorescent 80 nm PS- 
NPs (400 and 100 μg/mL, respectively) was added for 0.5 and 6 h. As a 
negative control, cells were incubated in L-15 medium. After treatments, 
cells were washed twice with phosphate buffered saline (PBS) and fixed 
with 4 % PFA (Sigma-Aldrich) at 25 ◦C for 15 min. Cells were then 
washed twice with PBS and coverslips were mounted onto microscope 
slides with Fluoroshield mounting medium with DAPI (Sigma-Aldrich). 
Cells were imaged at the confocal microscope LSM 710 (Carl Zeiss Mi
croscopy GmbH, Jena, Germany) using the interfaced software ZEN 
2010. Multiple optical slices, encompassing the entire volume of the 
cells, were taken at 300 nm intervals. All samples were photographed 
with the same microscope setup. Channels from Z-stack acquisitions 
were merged by maximum intensity projection using Image J. 

2.6. Scanning electron microscopy (SEM) 

RTG-2 and SAF-1 were seeded on sterile cell culture inserts (Corn
ing™ Falcon™) in 24-well cell culture plates at a density of 4 * 104 cells 
per well for 24 h. Then, they were exposed to 800 and 200 μg/mL, 
respectively, of 20 nm and 80 nm PS-NPs for 0.5, 6 and 24 h. Negative 
controls were incubated in L-15. At the end of the treatment, cells were 
washed twice and fixed with 2 % paraformaldehyde and 2.5 % glutar
aldehyde in 0.1 M cacodylate buffer at pH 7.2 at 4 ◦C for 3 h. Samples 
were washed three times with cacodylate buffer, then post-fixed for 1 h 
with 1 % OsO4 in 0.1 M cacodylate buffer at pH 7.2 for 1 h at 4 ◦C. After 
different washing in distilled water, the samples were dehydrated by 
incubation in progressively increasing concentration of ethanol solu
tions and dried using the liquid carbon dioxide method in a Critical Point 
Dryer (Balzers Union CPD 020). At last, samples were gold-coated in a 
Sputter Coater (Balzer Union MD 010) and examined using a Jeol JSM 
6010 LA (Tokyo, Japan). 

2.7. Transcriptomics 

2.7.1. RNA preparation and sequencing 
SAF-1 were employed to investigate the broad transcriptional impact 

of sublethal (100 μg/mL, highest non-cytotoxic) and lethal (200 μg/mL, 
cytotoxic) doses of 20 nm PS-NPs at 24 hpi (hours post-incubation), as 
per the ATP detection assay results (see section III of Methods and II of 
Results). Negative controls consisted of SAF-1 cells at unperturbed 
optimal culture conditions. Three independent biological replicates per 
each experimental group were included. 

At the end of the 24-h incubation, both adherent and suspended cells 
were washed twice in PBS, lysed with RNAzol® RT (Merck, catalog # 
R4533) and stored at − 80 ◦C until RNA was extracted as per manufac
turer's instructions. RNA integrity was evaluated on a 1 % agarose gel. 
RNA quality and concentration were assessed using the Take3 micro
plate on the BioTek Epoch2 microplate spectrophotometer (Agilent 
Technologies). 

mRNA libraries were prepared with the Quant seq 3′-term kit (Lex
ogen) and sequenced on an Illumina NextSeq 500 platform with a 1 × 75 
single-end strategy and a depth of 1 × 5 M reads per sample. These steps 
were outsourced to BMR Genomics (Padua, Italy). 

2.7.2. RNAseq data processing 
Raw sequencing data, deposited into the NCBI SRA database under 

the BioProject ID PRJNA1041099, were quality-checked with FastQC v. 
0.12.0 and pre-processed with fastp v. 0.23.2. Trimmed reads were 
mapped to the annotated reference S. aurata genome available at 
Ensembl Genome Browser (fSpaAur1.1, GCA_900880675.1), release 109 
(Feb. 2023), using STAR v. 2.7.10b. Expression values were estimated at 
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the gene level with RSEM v. 1.3.3 (Li and Dewey, 2011). 

2.7.3. Differential gene expression and transcriptome functional analyses 
Differentially expressed genes were identified by means of the 

negative binomial generalized linear model implemented by the R 
DESeq2 package v. 1.40.1 (Love et al., 2014), setting the control as 
reference level in each of the two pairwise comparisons i.e. sublethal/ 
lethal doses vs. control. Raw estimated counts were normalized with the 
median of ratios method. To enhance statistical power of DEGs detec
tion, a minimal pre-filtering step maintained only genes with at least 3 
reads across groups. Independent filtering based on the mean of 
normalized counts was implemented with a false discovery rate (FDR) 
cutoff of 0.05, and genes displaying extreme outliers or below the low 
mean threshold were removed from the dataset. Log2 fold changes were 
tested for significance using the Wald test with design “~ experimental- 
group” and the null hypothesis of no differential expression between 
contrast levels for each gene. Shrinked log2 fold changes were generated 
with the apeglm package (Zhu et al., 2019) for visualization purposes. A 
Likelihood Ratio test was conducted on a reduced model with design 
“~1” and the null hypothesis of the above full model fitting as well as the 
reduced one. Gene clusters exhibiting similar expression patterns across 
experimental groups were identified with the DEGreport package v. 1.36 
(Pantano, 2021). 

Gene annotations of S. aurata gene name, gene ontology mapping 
and Danio rerio Ensembl gene identifiers were obtained from BioMart 
using the biomaRt package v. 2.56.0 (Durinck et al., 2009): “drer
io_homolog_ensembl_gene” and “drerio_homolog_orthology_type” attri
butes were retrieved and only a one-to-one orthology mapping was 
maintained for downstream functional analysis (Miccoli et al., 2024). 
This strategy enabled the exploitation of GO, gene sets and pathway 
annotations of the greatest possible quality. 

Functional analyses were performed using clusterProfiler v. 4.8.1 
(Wu et al., 2021), ReactomePA v. 1.44.0 (Yu and He, 2016), enrichplot 
v. 1.20.0 (Yu, 2023) and pathview v. 1.40.0 (Luo and Brouwer, 2013). 

Over-representation analyses of DEGs were conducted using 
S. aurata and D. rerio Gene Ontology (GO) annotations. Enriched GO 
terms resulting from the annotations of the two species were compared 
for methodological validation. In both cases, the background dataset (i. 
e. universe) of the hypergeometric test was represented by all of the 
genes tested for significance by DESeq2. 

Gene Set Enrichment Analysis (Subramanian et al., 2005) on the 
KEGG database was run using D. rerio Entrez gene identifiers retrieved 
from the org.Dr.eg.db R package v. 3.17.0 (Carlson, 2023). The signif
icance FDR threshold was set at 0.1, and genes were pre-ranked based on 
the sign(log2FC) * (− log10(p-value)) formula from Reimand et al. 
(2019). 

A Signaling Pathway Impact Analysis (Tarca et al., 2009), combining 
evidence from over-representation analysis and the actual perturbation 
on a given pathway, was conducted using SPIA v. 2.52.0. Entrez ID- 
annotated DE genes and their log2 fold changes, along with D. rerio 
pathway topology from up-to-date manually-retrieved KEGG xml data
sets were used. The number of bootstrap iterations for computing the 
probability of pathway perturbation was set to 2000. 

2.8. Annexin V and propidium iodide staining in flow cytometry 

SAF-1 were seeded in 6-well plates at a density of 7 * 105 cells per 
well and treated with the lethal dose of 20 nm PS-NPs for 24 h. As a 
negative control, cells were grown in L-15 medium; as positive control, 
cells were incubated with 4 μg/mL puromycin. After the treatment, cells 
were trypsinized, washed twice with ice-cold PBS and incubated in 100 
μL of 1× Annexin V-binding buffer containing 5 μL Annexin V-FITC (Life 
Technologies) for 15 min at 22 ◦C in the dark. Afterwards, cells were 
washed with ice-cold PBS and added of 100 μL of 1× Annexin V-binding 
buffer plus propidium iodide (1 μg/mL, Life Technologies) and imme
diately analyzed by flow cytometry (FCM) (BD Accuri™ C6 Plus Flow 

Cytometer, BDBiosciences). 

2.9. TUNEL assay 

Terminal Deoxynucleotidyl-Transferase mediated dUTP Nick End 
Labeling (TUNEL) assay was performed on SAF-1 cells using DeadEnd™ 
Fluorometric TUNEL System (Promega, Madison, WI, U.S.A.). Cells were 
grown at a density of 4 * 104 on sterile glass coverslips inserted in 24- 
well cell culture for 24 h. Distinct biological replicates were treated 
with the lethal dose of 20 nm PS-NPs and monitored along the 0.5–24 
hpi timeframe. Cells were then fixed in 4 % paraformaldehyde at 4 ◦C, 
permeabilized with 0.2 % Triton X-100, exposed to the equilibration 
buffer (DeadEnd Tunel system, Promega) for 10 min and, subsequently, 
incubated with the rTdT incubation buffer (Promega) at 37 ◦C for 1 h in 
the dark to allow the tailing of green fluorescent nucleotides to 3′-OH 
DNA ends. The reaction was stopped by adding the 2× SSC buffer 
(Promega). Finally, they were washed twice with PBS and coverslips 
were mounted onto microscope slides with Fluoroshield mounting me
dium plus DAPI (Sigma-Aldrich). Images were captured in bright-field 
and two channel fluorescence (360 nm/460 nm, 488 nm/509 nm) 
using Leica microscope LMD6 and the interfaced software LAS-X (Leica). 

2.10. DCFDA cellular reactive oxygen species detection assay 

Intracellular ROS were quantified by means of 2′,7′-dichlorodihy
drofluorescein diacetate (DCFDA, Merck). SAF-1 were seeded on 96-well 
microplates at a density of 8 * 103 cells per well in 100 μL of L-15 me
dium. As a medium control, cells were grown in L-15; as a hydrogen 
peroxide control, cells were grown in L-15 and added of 20 mM 
hydrogen peroxide without DCFDA; as a negative control, cells were 
grown in L-15 and added of 25 μM DCFDA without hydrogen peroxide; 
as a positive control, cells were grown in L-15 and added of both 20 mM 
hydrogen peroxide and 25 μM DCFDA. The “Hydrogen peroxide control” 
and the positive control served as internal controls. Cells were treated 
with the lethal dose of 20 nm PS-NPs. The assay protocol consisted in 
cells being washed with PBS, lysed with PBS/Triton 0.1 % and, in all 
experimental groups except for medium and hydrogen peroxide con
trols, incubated with 25 μM DCFDA for 45 min in the dark. Emission 
wavelength was measured at 530 nm with a microplate luminometer 
(Victor II PerkinElmer) at 3 and 24 hpi in all groups. Six replicates were 
performed. Intracellular ROS production of each experimental group 
was expressed as a mean ± SEM of relative fluorescence units (RFU). 

2.11. Statistical analyses 

Data analysis was conducted in the RStudio environment, R version 
4.3.0. Data manipulation and transformation, statistical tests and an
notated data visualization were conducted with the tidyverse, rstatix, 
ggpubr and RColorBrewer packages. 

Datasets were statistically analyzed with the non-parametric Krus
kal-Wallis H test followed by the Wilcoxon rank sum test for pairwise 
comparison with the Holm-Bonferroni method for p-value adjustment 
and NC as reference group. 

Raw technical replicates of the ATPlite and DCFDA assays were 
averaged within incubation time, PS-NPs dose and size, or within each 
experimental group, respectively. With regard to the former, biological 
replicates of PS-NPs-treated groups were normalized to the negative 
control, and scaled data (i.e. 0 to 1) was employed in statistical tests. As 
for the latter, statistical significance was determined with the null hy
pothesis of no difference in fluorescence (i.e. a proxy of ROS quantity). 
The LC50 parameter from the cytotoxicity assay was modeled by curve 
fitting using normalized data and the “dose-response - inhibition, vari
able slope” equation in GraphPad Prism v. 9. Fitting was performed with 
the least squares method. Best-fit LC50 values were compared between 
datasets using the extra sum-of-squares F test, with the null hypothesis of 
the parameter being equal in both cell models. 
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3. Results 

3.1. Shape, size, aggregating behavior and charge of commercial PS-NPs 

TEM observation allowed us to evaluate the shape and aggregation 
tendency of fluorescent (Fig. 1B, D, F, H) and non fluorescent (Fig. 1A, C, 
E, G) PS-NPs. The smallest (20 nm) displayed an irregular morphology, 
while the largest (80 nm) showed a regular round shape, and both 
tended to form aggregates (Fig. 1). Dh, PDI and the ζ-potential values of 
PS-NPs are reported in Table 1. 

PS-NPs size distribution and PDI were investigated by DLS mea
surements. Results showed a narrow size distribution for all commercial 
PS-NPs diluted in water. The Dh was in line with the manufacturer's 
technical specifications and no major discrepancies were highlighted 
between fluorescent and non-fluorescent particles per size (i.e. 21.66 ±
0.05 vs. 23.98 ± 0.07, and 82.4 ± 0.8 vs. 86 ± 1 nm). For PS-NPs sus
pended in L-15 medium, a slight increase in size was observed with low 
PDIs (0.006–0.089), except for the 20 nm fluorescent PS-NPs, for which 
an aggregation phenomenon was observed immediately after dilution in 
the medium, with the formation of a heterogeneous population of ag
gregates that could not be measured (data not shown). It is worth noting 
that the same aggregation tendency was observed for 20 nm non fluo
rescent PS-NPs, but in this case, the aggregation phenomenon occurred 
much more slowly, leading to the formation of a single population with 
dimension of 103 ± 1 nm and a PDI of 0.20 ± 0.01 nm after 4 h of in
cubation in L-15 (data not shown). In L-15 medium supplemented with 
10 % or 30 % FBS the formation of heterogeneous populations of ag
gregates was observed for both types of 20 nm PS-NPs, while 80 nm PS- 
NPs, both fluorescent and non, displayed a single population with a 
consistent increment in size and PDI values compared to those deter
mined in water. ζ-Potential values were determined for PS-NPs in 
different media by electrophoretic mobility measurements using the 
phase analysis light scattering (PALS) whenever the system was found to 
be monodispersed by DLS analysis. Both PS-NPs sizes exhibited negative 
and quite high ζ-potential values in water, which became less negative in 
L-15 medium and further decreased in absolute value in L-15 supple
mented with 10 % or 30 % FBS. 

3.2. The impact of PS-NPs on intracellular ATP content of piscine cell 
lines 

Cytotoxicity of PS-NPs of 20 and 80 nm at increasing doses and along 
a 24-h exposure was evaluated at three time points on RTG-2 and SAF-1 
models by monitoring intracellular ATP content (Figs. 2–3A–B). 

The 0.5-h exposure to 20 nm PS-NPs exerted a statistically significant 
ATP increase in RTG-2 up to the dose of 200 μg/mL, with that of 100 μg/ 
mL leading to an ATP content relative to the negative control of 1.74 ±
0.12 (median ± S.E.) (p-adjusted 5.28e-05), as opposed to SAF-1, where 
ATP contents were consistent among treated and control cells (χ2

(5) =

7.122, p-adjusted = 2.12e-01, n = 141). At 6 hpi, opposite statistically 
significant variations were caused by the highest dose of 200 μg/mL: 
median ATP content relative to negative controls was 1.52 ± 0.12 (p- 
adjusted 9.00e-03) and 0.31 ± 0.06 (p-adjusted 1.16e-10) in RTG-2 and 
SAF-1, respectively. At 24 hpi, a general ATP increase was again 
recorded in RTG-2 (χ2

(5) = 23.66, p-adjusted = 7.56e-04, n = 144), with 
as much as 1.62 fold change at 100 μg/mL (p-adjusted 3.00e-03), 
whereas ATP levels in SAF-1 were not affected up to 100 μg/mL, and 
those exposed to 200 μg/mL reached the lowest median ATP content of 
0.16 ± 0.07 compared to negative control (p-adjusted 1.34e-06) 
(Fig. 2A). The dose of 200 μg/mL was therefore recognized as the le
thal one for SAF-1. With the aim of detecting actual cytotoxic doses, 

Fig. 1. Ultrastructural characterization by negative staining of 20 (A–D) and 80 (E–H) nm PS-NPs, either fluorescent (F) or non fluorescent (NF). Scale bars: A–B =
200 nm, C–D = 100 nm, E–F = 500 nm, G–H = 100 nm. 

Table 1 
Hydrodynamic diameter (Dh), polydispersity index (PDI) and ζ-potential of non 
-fluorescent PS-NPs (100 μg/mL) in water and L-15 medium. N.D.: data non 
determinable due to technical limitations imposed by aggregation behavior of 
PS-NPs.  

PS-NPs Medium Dh (nm) PDI ζ-Potential (mV) 

20 nm Water 23.98 ± 0.07 0.105 ± 0.007 − 30 ± 1 
20 nm L-15 28 ± 1 0.089 ± 0.005 − 24 ± 2 
20 nm L-15 + 10 % FBS N.D. N.D. N.D. 
20 nm L-15 + 30 % FBS N.D. N.D. N.D. 
80 nm Water 86 ± 1 0.006 ± 0.003 − 53 ± 1 
80 nm L-15 85.4 ± 0.9 0.006 ± 0.002 − 21 ± 2 
80 nm L-15 + 10 % FBS 152 ± 2 0.201 ± 0.005 − 9.7 ± 2 
80 nm L-15 + 30 % FBS 135 ± 1 0.266 ± 0.006 − 8.7 ± 0.4  
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RTG-2 were exposed to 400 and 800 μg/mL and their effects evaluated at 
the same time points as above: the dose of 400 μg/mL induced a sta
tistically significant impact consisting in a slight ATP increase only at 
0.5 hpi (p-adjusted 2.3e-02), whereas a negative, time-dependent effect 
was always seen for the highest dose, leading to the lowest median ATP 
content relative to negative controls of 0.01 ± 0.003 (p-adjusted 2.48e- 
13) at 24 hpi (Fig. 2B). The LC50 at 24 hpi was ~478.9 and ~119.0 μg/ 
mL for RTG-2 and SAF-1, respectively; these parameters differed 
significantly between cell models (F(1,53) = 20.07, p < 1e-04). Cells 
exposed to 0.5 % v/v NaN3 (positive controls) had a relative ATP content 
ranging from 0.096 to 0.18 (RTG-2) and from 0.013 to 0.06 (SAF-1). 

With regard to 80 nm PS-NPs up to 200 μg/mL, a general increase in 
RTG-2 intracellular ATP content was observed at all three time points, 
with greatest median vitality indices of 2.04 at 0.5 hpi (100 μg/mL, p- 
adjusted 3.00e-03), 1.26 at 6 hpi (10 μg/mL, p-adjusted 2.88e-06) and 
1.41 at 24 hpi (10 μg/mL, p-adjusted 3.90e-02). On the contrary, an 
impact was seen in SAF-1 already by 0.5 hpi at the highest dose of 200 
μg/mL (0.79 ± 0.03, p-adjusted 3.98e-10). At 6 hpi no significative 
impacts were detected. At 24 hpi, the doses of 100 and 200 μg/mL 
induced a decreased vitality index of 0.85 ± 0.04 (p-adjusted 1.00e-02) 

and 0.79 ± 0.03 (p-adjusted 7.15e-09) compared to controls (Fig. 3A). 
The two greatest doses tested on RTG-2 did not induce any cytotoxicity, 
and only that of 400 μg/mL increased ATP levels to 1.83 ± 0.17 at 0.5 
hpi (p-adjusted 4.00e-03) (Fig. 3B). A dose-response curve could not be 
reliably fitted, and a LC50 therefore calculated, because 80 nm PS-NPs 
did not induce cytotoxicity to RTG-2 at any tested dose. Cells exposed 
to 0.5 % v/v NaN3 had a relative ATP content ranging from 0.07 to 0.15 
(RTG-2) and from 0.01 to 0.06 (SAF-1). 

3.3. Cellular uptake and fate of negatively charged PS-NPs 

A comprehensive ultrastructural analysis was conducted to obtain 
insights on PS-NPs interaction with RTG-2 and SAF-1 cell membranes, as 
well as their translocation and association with cellular components. 

Fig. 4(A, D, G) show untreated RTG-2 cells exhibiting intact plasma 
membrane and nuclear envelope. Twenty nm PS-NPs were surrounded 
by a highly electron-dense material forming heterogeneous aggregates 
(as shown in Fig. 4B, E, H), and were efficiently internalized by RTG-2 
cells. At 0.5, 6 and 24 h, 20 nm PS-NPs adhered on the cell surface 
(Fig. 4B and E, and upper insets), within the cytoplasm (Fig. 4H), and 

Fig. 2. RTG-2 and SAF-1 intracellular ATP levels as a proxy of cytotoxicity, expressed relatively to negative controls (i.e. undisturbed cells in growth media), 
following the 0.5-, 6- and 24-h exposure to 20 nm PS-NPs at 0.1, 1, 10, 100 and 200 μg/mL (A) and, only of RTG-2, to 400 and 800 μg/mL (B). PS-NPs sizes and doses 
are color-coded. Statistical significance according to the non-parametric Kruskal-Wallis H test followed by the Wilcoxon rank sum test for pairwise comparison. *: p <
0.05; **: p < 0.01; ***: p < 0.001; ****: p < 1e-04. 
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inside the nucleus (insets of Fig. 4H), causing multiple ruptures in the 
plasma and nuclear membranes (insets of Fig. 4B, H). At all time points, 
an electron-dense halo surrounding 80 nm PS-NPs allowed for their clear 
visualization outside the cells (Fig. 4C), as well as their abundance 
within the cytoplasm (Fig. 4F). Notably, 80 nm PS-NPs moved to lyso
somes and phagocytic vesicles (Fig. 4I). They were mostly localized in 
small discrete clusters in the perinuclear region. 

Similarly to RTG-2, PS-NPs internalization in SAF-1 was evident at 
0.5 and 6 hpi, coherently with confocal data. Untreated cells were 
devoid of any nanoplastics, presented undamaged plasma and nuclear 
membranes, and electron-lucent vesicles were occasionally present 
within the cytoplasm (Fig. 5A–B). At 24 hpi, 20 nm PS-NPs were clearly 
visualized due to their electron density and accumulated into the above- 
mentioned cytoplasmic vesicle (Fig. 5C–D). Eighty nm PS-NPs could be 
easily visualized in the cytoplasm, and were shown to interact with the 
membrane of such vesicles (Fig. 5F). 

The combined internalization behavior was investigated by CLSM, 
demonstrating cytoplasmic uptake of both PS-NPs sizes already by 0.5 
hpi in both cell models, indicated by green and red fluorescence (Fig. 6). 
Orthogonal vertical and horizontal stack views evidenced their trans
location to the DAPI-stained nuclei of both cell lines, revealed by cyan (i. 

e. merge of blue and green channels) and magenta (i.e. merge of blue 
and red fluorescence) coloring. At 6 hpi, an accumulation of both PS-NPs 
size particles was observed in the cytoplasm, as revealed by an increase 
in red and green fluorescence, while 20 nm PS-NPs were predominant 
within the nucleus, as indicated by the magenta-colored fluorescence. 
RTG-2 and SAF-1 control cells were devoid of any fluorescent PS-NPs. 

3.4. Morphological changes in PS-NPs treated cells: typical features of 
programmed cell death 

Morphological changes in RTG-2 and SAF-1 models following PS-NPs 
exposure were observed by SEM. 

With regard to RTG-2 (Fig. 7), both PS-NPs sizes altered cell 
morphology as early as 0.5 hpi with respect to untreated cells (Fig. 7A, 
D, G). Twenty nm and, particularly, 80 nm PS-NPs-treated cells 
exhibited a significant decrease in cell protrusions and loss of cell 
adhesion at all experimental times, reaching a maximum at 24 hpi 
(Fig. 7H–I). Eighty nm PS-NPs were confirmed to engage with and 
aggregate on cell membranes (insets of Fig. 7C, F, I), while 20 nm PS-NPs 
were demonstrated to cause cell membrane ruptures (Fig. 7E, inset). 

As for SAF-1 (Fig. 8), the interaction between PS-NPs and cell surface 

Fig. 3. RTG-2 and SAF-1 intracellular ATP levels as a proxy of cytotoxicity, expressed relatively to negative controls (i.e. undisturbed cells in growth media), 
following the 0.5-, 6- and 24-h exposure to 80 nm PS-NPs at 0.1, 1, 10, 100 and 200 μg/mL (A) and, only of RTG-2, to 400 and 800 μg/mL (B). PS-NPs sizes and doses 
are color-coded. Statistical significance according to the non-parametric Kruskal-Wallis H test followed by the Wilcoxon rank sum test for pairwise comparison. *: p <
0.05; **: p < 0.01; ***: p < 0.001; ****: p < 1e-04. 
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was confirmed as early as 0.5 hpi. Morphological modifications con
sisting in fusiform-shaped cells losing cell adhesion were observed 
following exposure to both PS-NPs sizes already by 0.5 hpi (Fig. 8B and 
inset). At 6, and more frequently at 24 hpi, 20 nm PS-NPs induced 
typical apoptotic features such as shrinkage and plasma membrane 
blebbing (Fig. 8E, H and inserts). Eighty nm PS-NPs did impact on the 
cell morphology, causing a reduction in cell protrusions determining a 
loss of adhesion in a time-dependent manner, but no typical apoptotic 
signatures were observed (Fig. 8C, F, I). 

3.5. Transcriptomics and validating assays inspect the heightened 
sensitivity of SAF-1 cells to 20 nm PS-NPs 

Taking into account the more severe cellular and morphological 
impacts imposed by PS-NPs on SAF-1 than RTG-2, transcriptomics, FCM, 
TUNEL and DCFDA assays were leveraged to unravel mechanistic in
formation underlying PS-NPs toxicity in SAF1 cells. 

3.5.1. Massive transcriptional changes were prompted by sublethal and 
lethal PS-NPs doses 

A number of raw reads ranging between 7,153,793 and 10,405,871 
across experimental groups was sequenced. Following quality-checking 

and pre-processing, input reads for mapping onto the S. aurata genome 
accounted for 6,681,212–9,703,187. The percentage of uniquely map
ped reads ranged from 73.16 % to 83.46 %, with an average mapped 
length of 73.55 nt. The percentages of reads unmapped due to read 
length issues were 12.25 %–22.60 %. 

Expression data was produced for 27,714 genes. By maintaining only 
genes with a sum of raw read counts >2 across experimental groups, the 
dataset was reduced to 12,444 genes. By considering the 500, 1000 and 
2000 genes associated with the greatest variance, a principal component 
analysis revealed a clear clustering of biological replicates within each 
experimental group, and the “experimental group” factor described 90 
%, 87 % e 84 % of the variance, respectively (data not shown). A 
heatmap of correlations among regularized log-transformed counts 
confirmed a within-experimental group clustering and showed greater 
correlations between the control and the sublethal group: the lethal 
group was categorized in a distinct branch of the dendrogram (data not 
shown). A heatmap of the top 4000 genes sorted by greatest among−
treatment variance in counts is shown in Fig. 9A. 

The likelihood ratio test-based differential expression (DE) analyses 
identified 2863 genes significantly changing in any direction across the 
three experimental groups. The two most abundant clusters encom
passed genes exhibiting highest and lowest expression in the lethal <

Fig. 4. Twenty and 80 nm PS-NPs internalization in RTG-2 cells along exposure times. Untreated cells (Ctrl) are shown in A, D and G; 20 nm PS-NPs-treated cells are 
shown in B, E and H; 80 nm particles-treated are shown in C, F and I. Eighty nm particles were highlighted in yellow. Scale bars: A = 1 μm; B = 1 μm, insets = 200 
nm; C, F and I = 500 nm; D = 1 μm, inset D = 500 nm; E = 1 μm, inset E = 500 nm; G = 500 nm, inset G = 50 nm; H = 500 nm, insets = 200 nm; *: nucleus; black 
arrow: phagosome; white arrow: lysosome; black arrowhead: plasma membrane ruptures; white arrowhead: nuclear membrane rupture. 
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sublethal < ctrl groups (i.e. groups 2 and 1 of Fig. 9B, respectively). 
The Wald test-based DE analysis identified 752 (sublethal vs. ctrl, 

from here on “sublethal” contrast; 420 up- and 332 down-regulated 
compared to the control group) and 3020 (lethal vs. ctrl, from here on 
“lethal” contrast; 1495 up- and 1525 down-regulated) (Fig. 9C) differ
entially expressed genes in Ensembl nomenclature. The greatest and 
lowest log2 fold change (FC) estimates in the sublethal and lethal con
trasts were 6.83 and − 3.54, and 8.02 and − 7.93, respectively: the 
quartile distribution of log2 FCs per effect size direction is available in 
Table S1A–B. Eighty-one and 2349 DEGs were uniquely found in the 
sublethal and lethal contrasts, respectively, but 671 were shared be
tween the two (Fig. 9D). Among these were genes involved in caveolin- 
or clathrin-mediated endocytosis and genes encoding for antioxidant 
enzymes, whose expression patterns are shown in Fig. 9E–F. 

The 20 most differentially expressed genes sorted by lowest adjusted 

p-value from the sublethal and lethal contrasts had a statistical support 
ranging from 1.35e− 51 and 1.5e− 13, and 3.29e− 242 and 2.84e− 48, 
respectively. Eight genes appeared as top 20 DEGs in both datasets, 
namely: si:dkey-222f8.3, predicted to enable endoribonuclease activity; 
dusp5, encoding for a protein belonging to the dual specificity protein 
phosphatase subfamily that negatively regulate members of the 
mitogen-activated protein (MAP) kinase superfamily (MAPK/ERK, 
SAPK/JNK, p38) associated with cell proliferation and differentiation; 
ENSSAUG00010015520, encoding for the cartilage intermediate layer 
protein 2-like containing a Mucin2_WxxW conserved domain, according 
to the best blastp hit; marcksl1a, encoding for a member of the myr
istoylated alanine-rich C-kinase substrate family, involved in cytoskel
etal regulation as well as protein kinase C and calmodulin signaling; 
ENSSAUG00010018318, encoding for protein asteroid homolog 1-like 
containing the PIN (PilT N terminus) domain, presumably involved in 

Fig. 5. Focus on 20 and 80 nm PS-NPs internalization in SAF-1 cells at 24 hpi. Untreated cells (Ctrl) are shown in A–B; 20 nm PS-NPs-treated cells are shown in C–D; 
80 nm particles-treated cells are shown in E–F. Eighty nm particles were highlighted in yellow. Scale bars: A = 5 μm, B = 1 μm, C = 2 μm, D = 1 μm, E = 2 μm, F =
500 nm; *: nucleus; arrow: electron-lucent vesicle. 
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nonsense mediated mRNA decay; wsb2, i.e. WD repeat and SOCS box 
containing 2, acting as substrate-recognition component of an E3 
ubiquitin ligase complex that mediates the ubiquitination and subse
quent proteasomal degradation of target proteins; trib3, tribbles pseu
dokinase 3, i) a negative regulator of NF-kappaB, ii) a sensitizer of cells 
to TNF- and TRAIL-induced apoptosis and iii) a negative regulator of the 
cell survival serine-threonine kinase AKT1; and plin2, i.e. perilipin 2, 
encoding for a protein entailed in intracellular lipid storage droplet 
coating. The complete lists of DEGs and of all genes tested for statistical 
significance for both contrasts are available in Table S2A–D, 
respectively. 

Evidence of a greater number of, and a stronger statistical support 
for, genes involved in the intrinsic and/or extrinsic apoptotic pathways 
(Jan and Chaudhry, 2019) was found in the lethal than in the sublethal 
contras: i) ENSSAUG00010003126 (log2 FC 1.24, p-adj 1.80E-06), 
ENSSAUG00010003175 (log2 FC 1.21, p-adj 3.71E-06) and ENS
SAUG00010023549 (log2 FC 0.61, p-adj 8.94E-05) only resulted DE 
within the lethal contrast: the first two encode for caspase-8-like, an 

established and evolutionary conserved initiator of death receptor- 
mediated apoptosis (Sakata et al., 2007), the latter encodes for BAX 
(BCL2 associated X, apoptosis regulator), an apoptotic inducer through 
increased mitochondrial membrane permeability, cytochrome c release, 
and caspase-3 activation (Cance and Golubovskaya, 2008; Peña-Blanco 
and García-Sáez, 2018); ii) ENSSAUG00010003635, encoding for 
caspase-9, recruited and activated upon cytochrome c release from the 
mitochondria and downstream cleaving caspase-3, − 6 or − 7 (Kuida, 
2000), was more expressed in the lethal (log2 FC 0.96, p-adj 2.26E-05) 
than in the sublethal contrast (log2 FC 0.58, p-adj 0.042); iii) the 
apoptotic network resulting from the lethal contrast displayed richer 
functional and physical protein associations compared to the sublethal 
contrast, and was composed by caspase-8, caspase-9, bax, birc2 (inhibitor 
of apoptosis protein-like), ciapin1 (cytokine induced apoptosis inhibitor 
1), isg20 (apoptosis-enhancing nuclease-like), ccar1 (cell division cycle 
and apoptosis regulator 1), pawr (pro-apoptotic WT1 regulator) and 
PERP (p53 apoptosis effector related to PMP22). Among these, BAX 
promotes activation of caspase-3, and thereby apoptosis (Gavathiotis 

Fig. 6. Confocal analysis of 20 (red fluorescence) and 80 nm (green fluorescence) PS-NPs internalization at 0.5 and 6 h. A marked PS-NPs fluorescence was imaged in 
the perinuclear area and nucleus (DAPI) of cells. Scale bars = 10 μm. 
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et al., 2008), while PERP and CCAR1, both downregulated in treated 
SAF-1, are involved in cell-cell junction, epithelial integrity and the 
positive regulation of cell proliferation. 

Cyclin-dependent serine/threonine kinases (CDKs) and their regu
latory subunits, cyclins, both key regulators of cell cycle (Herwig and 
Strauss, 1997), were differentially impacted by the two PS-NPs doses. 
While the sublethal contrast only resulted in the downregulation of 
ccnb1 (cyclin B1), the lethal dose caused a downregulation of several 
cyclin-related transcripts, with log2 FCs and p-adj as low as − 5.89 and 
2.30E-135. These were, for instance, proca1 (protein interacting with 
cyclin A1), cdk16 (cyclin-dependent kinase 16-like), ccne2 (G1/S-spe
cific cyclin-E2-like), ccnb3 (G2/mitotic-specific cyclin-B3-like), ccna2 
(cyclin A2), nucks1a (nuclear casein kinase and cyclin dependent kinase 
substrate 1), cdk6 (cyclin dependent kinase 6), ccnb1 (cyclin B1), cks2 
(cyclin-dependent kinases regulatory subunit 1-like), cdk1 (cyclin 
dependent kinase 1), ccnd2b (G1/S-specific cyclin-D2-like) and cables1 
(Cdk5 and Abl enzyme substrate 1). Only the lethal PS-NPs dose nega
tively impacted egfra (epidermal growth factor receptor), vegfab 
(vascular endothelial growth factor A-A-like), vegfc (vascular endothe
lial growth factor C), areg (proheparin-binding EGF-like growth factor) 
and EFEMP1 (EGF containing fibulin extracellular matrix protein 1). On 
the other hand, only the lethal dose promoted the expression of cdkn1a 
cyclin-dependent kinase inhibitor 1-like, encoding for a potent inhibitor of 
cyclin-CDK2 or -CDK4 complexes, and thus regulating cell cycle pro
gression at G1. 

All transcriptome functional analyses made use of D. rerio ENTREZ 
gene IDs. 

The over-representation analysis on GO terms conducted for the 
sublethal contrast revealed 5 (i.e. ribonucleoprotein complex biogen
esis, transmembrane transport, intra-Golgi vesicle-mediated transport, 
translational initiation and ribosome biogenesis) and 74 (e.g. actin 
cytoskeleton organization, actin filament-based process, cytoskeleton 
organization, cell adhesion and regulation of cell morphogenesis) over- 
represented biological processes within the up- and down-regulated sets 
of DEGs, respectively. The over-represented molecular functions were 
mostly related to translational regulation (up-regulated DEGs) and 
binding of cytoskeletal protein, DNA for transcription factor activity and 
cell adhesion molecule (down-regulated DEGs) (Table S3A–B). A more 
profound response to the lethal PS-NPs dose was highlighted: 28 (e.g. 
protein localization to endoplasmic reticulum, translation, peptide 
biosynthetic process, peptide metabolic process, response to endo
plasmic reticulum stress and autophagy) and 158 (e.g. mitotic cell cycle, 
chromosome organization and segregation, steroid biosynthetic process, 
ATP biosynthetic process, chemotaxis, cell adhesion, DNA recombina
tion and repair, actin filament polymerization, cellular respiration, 
cytoskeleton organization and cellular response to DNA damage stim
ulus) biological processes were over-represented within the up- and 
down-regulated sets of DEGs, respectively (Table S3C–D). 

The GSE analysis identified 9 and 5 enriched KEGG pathways from 
the sublethal and lethal contrasts (Table S4A–B, Fig. 10A–B). With re
gard to the former, a negative normalized enrichment score (NES) (i.e. 
associated with the control group, and therefore negatively impacted by 
PS-NPs) was found for 7 out of 9 gene sets, namely “ECM-receptor 
interaction”, “TGF-beta signaling pathway”, “Focal adhesion”, 

Fig. 7. SEM micrographs of RTG-2 cells along exposure times. Untreated cells (Ctrl) are shown in A, D and G; 20 nm PS-NPs-treated cells are shown in B, E and H; 80 
nm particles-treated cells are shown in C, F and I. Scale bars A–I = 20 μm, insets = 1 μm. 
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“Regulation of actin cytoskeleton”, “Steroid biosynthesis”, “Adherens 
junction” and “Tight junction”, sorted ascendingly. In the ECM-receptor 
interaction pathway, most of the extracellular matrix (ECM)- and 
integrin-encoding genes had a negative log2 FC (Fig. S1A). In the “Ste
roid biosynthesis” pathway, tm7sf2 (Transmembrane 7 superfamily 
member 2), lss (lanosterol synthase), ebp (EBP cholestenol delta- 
isomerase), nsdhl (NAD(P) dependent steroid dehydrogenase-like), 
dhcr7 (7-dehydrocholesterol reductase), msmo1 (methylsterol mono
oxygenase 1), fdft1 (farnesyl-diphosphate farnesyltransferase 1) and 
sqlea (squalene epoxidase a), which all mediate the cascade enzymatic 
reactions leading to cholesterol synthesis, were identified as core 
enrichment genes (Table S4A). A positive NES was instead obtained for 
the “Aminoacyl-tRNA biosynthesis” and “Ribosome biogenesis in eu
karyotes” gene sets. In general, SAF-1 treated with the sublethal PS-NPs 
dose underperformed in terms of maintenance of cell morphogenesis, 
hormone synthesis and response to microenvironmental conditions, but 
likely attempted to overcome the stressful condition by positively 
regulating protein biosynthesis and assembly. 

The GSEA conducted on the lethal contrast results revealed that the 
highest PS-NPs dose negatively impacted 4 out of the 5 significantly 
enriched gene sets, namely “Carbon metabolism”, “Steroid biosyn
thesis”, “TGF-beta signaling pathway” and “Focal adhesion”. “Protein 
processing in endoplasmic reticulum”, on the other hand, was stimu
lated (Table S4B, Fig. 10B). “Focal adhesion”, “TGF-beta signaling 
pathway” and “Steroid biosynthesis” appeared as significantly and 
negatively enriched by both the sublethal and lethal PS-NPs doses. 

An estimate of the actual impact of transcriptional changes caused by 
the two PS-NPs doses was obtained with a SPI analysis by combining 
both overrepresentation (p NDE) and perturbation (p PERT) data. The 
sublethal PS-NPs dose led to the significant inhibition of the “Focal 
adhesion” (ID: 4510) and “Regulation of actin cytoskeleton” (ID: 4810) 
KEGG pathways. These also resulted as significantly inhibited (at Bon
ferroni and FDR correction, respectively) by the lethal dose, together 
with “ECM-receptor interaction” (ID: 4512). “Protein processing in 
endoplasmic reticulum” (ID: 4141) was instead activated by the PS-NPs 
treatment at the lethal dose (Fig. 10C). The complete test results, along 
with KEGG links of annotated pathways, are available in Table S5A–B. 

3.5.2. The transcriptional induction of programmed cell death was 
validated by Annexin V/Propidium iodide and DNA fragmentation 

To validate the cell death mechanism put in place by SAF-1 in 
response to PS-NPs exposure, a flow cytometric apoptosis-necrosis assay 
based on Annexin V/PI double staining was quantified at 24 hpi at the 
lethal dose as per cytotoxicity screening. 

Cells displayed clear apoptotic signatures, with rate percentages of 
12.2 % and 23.3 % for early and late apoptosis, respectively, compared 
to necrotic and viability evidence in 5.7 % and 58.9 % of events 
(Fig. 11AC). The above features appeared with rates of 3.1 %, 1.5 %, 1.7 
% and 93.6 % (negative control, Fig. 11AA) and in 23.9 %, 36.4 %, 2.2 % 
and 37.5 % (positive control, Fig. 11AB). 

DNA fragmentation in PS-NPs-treated cells was visualized by a 
TUNEL assay. The first occurrence of the strong nuclear green 

Fig. 8. SEM micrographs of SAF-1 cells along exposure times. Untreated cells (Ctrl) are shown in A, D and G; 20 nm PS-NPs-treated cells are shown in B, E and H, and 
corresponding insets; 80 nm particles-treated cells are shown in C, F and I. Scale bars A–I = 20 μm, insets = 5 μm. 
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Fig. 9. A) Heatmap and hierarchical clustering of Z-score-transformed normalized counts of the 4000 genes associated with the greatest among− treatment variance. 
B) Four-group clustering of Z-score-transformed gene expression resulting from the Likelihood Ratio Test investigating the goodness of fit of a reduced model in 
DESeq2. Boxplots report expression patterns across experimental groups. C) Volcano plot (log10 transformed adjusted p-values over shrunk log2 fold change) of all 
genes tested for differential expression within the lethal contrast. Blue (down-regulation) and red (up-regulation) coloring applied when adjusted p-value and ab
solute value of log2 fold change were lower than 0.05 and >0.58 (i.e. fold change = 1.5), respectively. The 40 genes whose DE status was supported by strongest 
statistics (i.e. lowest adjusted p-value) were labeled by ZFIN gene name or Ensembl gene ID (if gene name was not available). D) Area-proportional Venn diagram 
showing the unique and overlapping DE genes between the sublethal and lethal contrasts. E) Expression patterns (log2 FC estimates relative to controls) of selected 
color-coded genes involved in caveolin- and clathrin-mediated endocytic pathways along PS-NPs doses. Statistical support of the transcriptional pattern (i.e. BH- 
adjusted p-value) is represented by point size. Gene labels as per NCBI or ZFIN gene names. cav1: ENSSAUG00010009010; cavin1b: ENSSAUG00010009474; 
clint1a: ENSSAUG00010027473; cltb: ENSSAUG00010007896; picalmb: ENSSAUG00010019361; si:ch73-389b16.2: ENSSAUG00010009118. F) Expression patterns 
(log2 FC estimates relative to controls) of selected color-coded genes encoding for antioxidant enzymes along NP doses. Statistical support of the transcriptional 
pattern (i.e. BH-adjusted p-value) is represented by point size. Gene labels as per NCBI or ZFIN gene names. CAT: ENSSAUG00010005803; Cu-Zn-SOD: ENS
SAUG00010014144; glutathione peroxidase 1a: ENSSAUG00010021739; GPX1: ENSSAUG00010007839; gpx3: ENSSAUG00010003792; gsta: ENSSAUG00010003915; 
gsto2: ENSSAUG00010015523; gstr: ENSSAUG00010003870: gstz1: ENSSAUG00010005093; mgst3b: ENSSAUG00010015792. 

P.R. Saraceni et al.                                                                                                                                                                                                                             



Science of the Total Environment 934 (2024) 173159

14

fluorescence coinciding with the DAPI staining was seen at 3 hpi 
(Fig. 11B). Negative controls lacked any green fluorescence. 

3.5.3. PS-NPs-induced cell death was ROS-independent 
The overall redox state of cells induced by PS-NPs was investigated 

with a DCFDA assay. Exposure to 20 nm PS-NPs at lethal dose did not 
result in any significant increase in ROS production compared to the 
negative controls at 3 and 24 hpi (Fig. 12). The hydrogen peroxide and 
the medium controls did not statistically differ from the negative con
trol, while a marked increase in fluorescence (i.e. 39.5- and 19.3-fold 
higher compared to the negative control at 3 and 24 hpi) was recor
ded for the positive control, as expected. 

4. Discussion 

The integration of in vitro models into nanoparticle research has 
become indispensable for understanding their impact on living organ
isms. This in vitro approach not only enhances the reliability of toxico
logical evaluations but also aligns with ethical imperatives to minimize 
animal use in research (Almeida et al., 2019), in line with the 3Rs 
principle advocated by the EU (Moné et al., 2020; Revel et al., 2021). 
Fish cell lines have emerged as transformative tools, allowing for 
comprehensive hazard characterization beyond traditional in vivo 
models (Katsumiti and Cajaraville, 2019; Langner et al., 2011; Rafael 
et al., 2010; Villalba et al., 2017; Ye et al., 2006). They provide unpar
alleled opportunities to dissect the molecular-level effects of emerging 

Fig. 10. A) Statistically enriched KEGG pathways modulated by the sublethal PS-NPs dose. The normalized enrichment score (NES) is reported next to the pathway 
title. The top, middle and bottom panels of the plots depict the profile of the running enrichment score, the position of gene set members in the rank-ordered list, and 
the value and distribution of the ranking metric, respectively. B) Log2 FC-annotated gene-category network plot of core enrichment genes within the lethal contrast. 
Dot size of categories is proportional to the number of genes. C) Two-way SPIA evidence plot illustrating the relationship between pathway perturbation (P PERT) 
and over-representation (P NDE). Each KEGG pathway tested is represented by a dot: ID: 4510: “Focal adhesion”; ID:4810: “Regulation of actin cytoskeleton”; 
ID:4512: “ECM-receptor interaction”; ID:4141: “Protein processing in endoplasmic reticulum”. 
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contaminants (Goswami et al., 2022; Morcillo et al., 2017; Pannetier 
et al., 2018; Vo et al., 2014), and some are recognized as good biological 
models for marine and freshwater ecotoxicology studies related to NPs 
(e.g. Barreto et al., 2018; Caminada et al., 2006). 

In this study, we evaluated the ecotoxicological effects induced by 20 
and 80 nm PS-NPs on RTG-2 and SAF-1 cell lines, both exhibiting 
fibroblast-like morphology. These cell lines are scientifically recognized 
in vitro piscine models for assessing physiological responses to emerging 

contaminants (Bermejo-Nogales et al., 2017; Fent, 2001; Goswami et al., 
2022; Hernández-Moreno et al., 2022; Ruiz et al., 2020). Employing a 
step-wise approach towards increasing biological relevance and 
leveraging omics data, as per best practices recommended by the OECD 
Series on Testing and Assessment (No. 171 and 334), mechanistic in
formation eventually unraveled the mode of action underlying the 
detrimental effects of PS-NPs. 

PS-NPs were characterized in terms of shape, size, PDI and 

Fig. 11. A) Flow cytometric Annexin V/Propidium Iodide staining assay of SAF-1, with negative control (A), positive control (B) and 20 nm PS-NPs-treated cells (C). 
Percentages at each quadrant corner indicate positivity of viable (L), early/late apoptotic (EA/LA) or necrotic (N) cells. Propidium iodide and Annexin V positivity 
were quantified by PerCP (Peridinin-Chlorophyll-Protein) and FITC (Fluorescein isothiocyanate) fluorescence channels. B) TUNEL assay PS-NPs-treated SAF-1. Cells 
were incubated with the lethal dose of 20 nm PS-NPs. DAPI-stained nuclei of treated SAF-1 show a strong green fluorescence signal (TUNEL-positive) with respect to 
controls (Ctrl). Scale bars = 20 μm. 
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ζ-potential. TEM analysis following the negative staining confirmed 
their size and round shape according to the manufacturer's certificate of 
analysis. Their tendency to form aggregates was also evidenced. DLS 
measurements in water and culture medium, either supplemented with 
10 and 30 % FBS or not, revealed an increase in size associated with a 
decrease in absolute value of ζ-potential, in line with (Almeida et al., 
2019; Kihara et al., 2021; Revel et al., 2021; Sendra et al., 2021). We 
point to the fact that the ζ-potential was influenced by the cell culture 
media itself rather than the percentages of FBS supplementation, 
therefore allowing for direct comparisons of the obtained results. FBS 
supplementation instead affected the Dh of PS-NPs (Table 1), likely due 
to aggregation and the protein corona paradigm (Kihara et al., 2021; Liu 
et al., 2021), which involves the transient surface adsorption of proteins, 
ions, and lipids when nanomaterials are exposed to biological fluids, 
also visually observed by ultrastructural analyses (Figs. 4–5, 7–8) 
(Cedervall et al., 2007; Walkey and Chan, 2012). 

The highest tested dose of 20 nm PS-NPs proved lethal to SAF-1 cells 
in a time-dependent manner from 6 hpi onwards. Opposite responses 
were seen in RTG-2 cells, which exhibited cytotoxicity only at 800 μg/ 
mL. Results from such viability assays were modeled by nonlinear 
regression for data extrapolation and comparison purposes across cell 
models and species (Franco and Lavado, 2019): the LC50 parameter 
underscored the heightened sensitivity of SAF-1 to the smallest PS-NPs 
size (i.e. approximately 4-fold higher than RTG-2). Notably, these 
doses fall within the concentration range reported for plastic NPs 
collected globally, i.e. 0.3–488 μg/mL (Shi et al., 2024), and align to 
recent literature of the field (e.g. Brandts et al., 2023; He et al., 2020; 
Jeong et al., 2018; Magni et al., 2018; Sendra et al., 2020, 2021; Yang 
and Wang, 2023; Zhou et al., 2023). On the other hand, 80 nm PS-NPs i) 
generally enhanced cell viability uniquely in RTG-2 up to 400 μg/mL 
(0.5 hpi) or 100 μg/mL (6 and 24 hpi), with cells exposed to 800 μg/mL 
not suffering cytotoxicity even at 24 hpi; ii) did not positively impact 
viability of SAF-1, and caused only a slight decrease in ATP contents 
with 100 μg/mL (24 hpi) and 200 μg/mL (0.5 and 24 hpi) and iii) were 
much less cytotoxic than the 20 nm ones, as an LC50 could not be 
reliably calculated. 

The viability data emphasize the importance of NPs size in dictating 
cellular responses. NPs are cytotoxic agents (e.g. Guimarães et al., 2021; 
Revel et al., 2021), with intrinsic features such as polymer, size, shape, 
dose and surface charge determining their harmful effects (e.g. Augus
tine et al., 2020; Li et al., 2019; Roshanzadeh et al., 2020; Sun et al., 

2020). Size-dependency of cell viability impacts, or more generally 
cellular effects, was highlighted recently for both NPs and microplastics 
(Nardi et al., 2024; Pannetier et al., 2020). Smaller particles are 
generally more toxic than larger ones of the same composition (Katsu
miti and Cajaraville, 2019): below the threshold of 30 nm in size, NPs 
exhibit excess surface energy and enhanced reactivity and thermody
namic instability due to increased ratio of surface area to total atoms 
(Auffan et al., 2009). Smaller-sized NPs may also be able to penetrate 
membranes more easily (Guerrera et al., 2021; Johnston et al., 2010; Liu 
et al., 2021). 

The stimulation of cell viability, which we often observed in RTG-2 at 
sublethal doses and exposure times, is confirmed by recent literature 
(Forte et al., 2016; Hesler et al., 2019; Poma et al., 2019; Xu et al., 2019) 
and may be due the priming of stress-related cellular metabolic re
sponses (Ali et al., 2024; Forte et al., 2016; Poma et al., 2019) leading to 
an increase of intracellular ATP levels. Enhanced viability was also seen 
following the exposure to larger NPs (e.g. 100 nm, Forte et al., 2016) or 
complexation with carbohydrates, proteins and lipids (Li et al., 2023). 
The latter research also highlighted the variation in PS-NPs protein 
corona composition depending on the interacting food matrices. The 
peculiar RTG-2 response to PS-NPs compared to SAF-1 may be explained 
by differences in the protein corona absorption patterns, which modifies 
the biological identity of nanomaterials (Zhang et al., 2020) and 
contribute to determining their actual toxicity and fate (Drasler et al., 
2017; Lesniak et al., 2010; Walkey et al., 2014). 

Cell uptake is influenced by ζ-potential, shape and hydrophobicity/ 
hydrophilicity of nanomaterials (Kevadiya et al., 2019). Despite the 
preference for positively charged NPs for cellular uptake due to favor
able positive-negative electrostatic interactions, both sizes of PS-NPs 
engaged and adhered with cell membranes of RTG-2 and SAF-1 cells 
already by 0.5 hpi (Figs. 4–8). The simultaneous exposure assayed at the 
confocal microscopy could help researchers better understand their 
potential hazards, as environmental NPs occur as heterogeneous mixture 
(Khan and Jia, 2023), but a worsening of the cytotoxic effect was not 
detected (data not shown). Following membrane penetration, NPs 
interact with cytoplasmic proteins, nucleus, and other cellular organ
elles (Augustine et al., 2020): in our case, 20 nm PS-NPs were rapidly 
endocytosed and vesicle-translocated to the perinuclear area and within 
the nucleus (Domenech et al., 2021), damaging the nuclear envelope of 
both cell models; those of 80 nm were in addition shown to associate to 
and enter lysosomal membrane (Liu et al., 2021) and phagocytic 

Fig. 12. ROS quantification with 2′,7′-dichlorodihydrofluorescein diacetate following 3- and 24-h exposure to 200 μg/mL of 20 PS-NPs, together with negative, 
positive and internal controls. 
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vesicles. Our transcriptional data assisted in elucidating the endocytic 
pathway of 20 nm PS-NPs. Genes encoding for caveolin- and clathrin- 
mediated endocytic pathways underwent an opposite transcriptional 
regulation, and PS-NPs dosage influenced the statistical support of these 
findings (Fig. 9E). It is assumed that lowering cholesterol would increase 
cholesterol-independent clathrin-mediated endocytosis (Khan and Jia, 
2023): indeed, the “Steroid biosynthesis” gene set was negatively 
enriched at both doses and the core enrichment genes were sequentially 
involved in the enzymatic reactions leading to cholesterol synthesis. 
Research conducted in vitro confirmed latex beads and PS particles 
smaller than 200 nm to mainly undergo clathrin-mediated endocytosis 
(Fazlollahi et al., 2011; Ji et al., 2021; Rejman et al., 2004), even though 
macropinocytosis, usually involved in the endocytosis of larger particles 
(Li et al., 2019), may also be suitable for particles within the 200 nm size 
boundary (Guarnieri et al., 2011; Reinholz et al., 2018). This is an actin- 
driven pathway (Mylvaganam et al., 2021), but the “Regulation of actin 
cytoskeleton” gene set was negatively impacted as per GSE and SPI 
analyses, respectively (Tables S4A, S5B). Altogether, these data support 
the assumption that 20 nm PS-NPs are endocytosed via a clathrin- 
mediated pathway. 

The impact of PS-NPs on cell morphology and ultrastructure was also 
size-dependent: at the lethal dose determined by viability assays, only 
the smallest ones induced clear apoptotic signatures on SAF-1. A similar 
blebbing morphology and activation of apoptotic signaling was previ
ously observed only in human alveolar cells exposed to PS-NPs (Rosh
anzadeh et al., 2020; Ruenraroengsak and Tetley, 2015). 

RNA sequencing was exploited to deepen the understanding of the 
functional response of SAF-1 cells exposed to 20 nm PS-NPs. Multidi
mensional transcriptomics data evidenced the more severe impacts of 
the lethal than the sublethal PS-NPs dose compared to control cells. The 
greater sensitivity of such an approach evidenced how SAF-1 exposed to 
the sublethal dose, despite not suffering any cytotoxicity, promoted 
ribosome biogenesis and translation, likely in an attempt to overcome 
the PS-NPs-imposed stress (Khan and Jia, 2023). The selective over
expression of ribosome-related genes is part of the so-called environ
mental stress response (ESR) enacted by eukaryotic cells exposed to a 
variety of stresses (Gasch et al., 2000). Activation of the ESR was found 
to promote cell survival in stressful conditions and to correlate with 
increased resistance to stress (Terhorst et al., 2023 and references 
therein). 

Polystyrene plastics were previously reported to induce apoptosis in 
vitro through PI3K/AKT and Bcl-2/Bax pathways in a human epithelial 
cell model (e.g. Qin et al., 2022) and in vivo via ROS-mediated p53 
signaling pathway following a 35-day in zebrafish (e.g. Umamaheswari 
et al., 2021). The major PS-NPs impacts on SAF-1 were herein found to 
be the massive inhibition of genes and pathways related to ECM orga
nization, tight junctions, focal adhesion, protein processing in endo
plasmic reticulum, mitochondria and the cell cycle. Some were affected 
by both doses (Fig. 10A–C), but in all cases, these are well-established 
ROS-independent apoptotic triggers encompassed within both the 
extrinsic and intrinsic pathways. Similar changes in molecular signaling 
pathways were observed following in vivo exposure of Tilapia larvae to 
PS-NPs (Pang et al., 2021) and, partially, after prolonged in vitro expo
sure of to murine primary skin cell cultures including dermal fibroblasts 
and epidermal keratinocytes to PS nano- and microplastic in the 0.2–6 
μm size range (Schmidt et al., 2023). The DCFDA assay, which did not 
detect any increase in ROS, provided validation of such a condition 
(Fig. 12). Nevertheless, the lethal dose elicited a marked downregulation 
of 10 genes encoding for antioxidant enzymes (Fig. 9F), possibly leading 
to a disruption of the redox homeostasis (He et al., 2017). 

Both the cell-cell and cell-matrix adhesion drive the commitment to 
either cell survival or apoptosis. Cell adhesion to the ECM is mediated by 
integrins, which are glycoproteins demonstrated to trigger many 
signaling pathways regulating actin cytoskeleton architecture, cell 
motility and proliferation, in addition to assisting cells in avoiding 
apoptosis (Ruoslahti and Reed, 1994). Our data report a significant and 

strong dose-dependent downregulation in the expression of the integrin 
network including itgb1b (integrin beta-1-like), itgb2 (integrin beta-2- 
like), itgb3a (integrin beta-3-like), itgb3b (integrin subunit beta 3), 
itgb4 (integrin, beta 4), itga5 (integrin alpha-5-like), ILK (integrin-linked 
protein kinase-like), ctnna1 (catenin alpha 1), ctnnb1 (catenin beta 1) 
and ENSSAUG00010024274 (catenin beta-1-like). When integrin ac
tivity is inhibited, epithelial cells lose cell-cell adhesion and undergo 
apoptosis (Ruoslahti and Reed, 1994); integrin dysfunction and the lack 
of integrin interaction with ECM results in epithelial cell death by 
detachment, the so-called anoikis, and loss of integrin-mediated cell- 
matrix contact is an established apoptosis-inducer (Frisch and Ruoslahti, 
1997); ECM regulates apoptosis in mammary epithelial cells through an 
integrin-dependent negative regulation of interleukin-1 beta converting 
enzyme expression (Boudreau et al., 1995). The sites where integrins 
attach to the matrix, form structural connections with the cytoskeleton 
and facilitate signal transmission are known as focal adhesions. An in
hibition of the “Focal adhesion” and “Regulation of actin cytoskeleton” 
gene sets was observed in cells lethally treated with PS-NPs (Table S4B). 
Focal adhesions include structural components such as actin as well as 
protein tyrosine kinase like FAK (Focal Adhesion Kinase). FAK is a 
tyrosine kinase that associates temporally and spatially with, and whose 
activation is dependent upon clustering to, integrins (Otey, 1996; Pel
letier et al., 1995). While FAK activation and maintenance via integrin 
engagement is critical for suppressing apoptosis (Crouch et al., 1996; 
Hungerford et al., 1996), its caspase-mediated cleavage, which may 
occur with different sensitivities depending on the caspase molecule 
involved (Wen et al., 1997), represents an irreversible commitment to 
programmed cell death (Gervais et al., 1998). We could annotate FAK 
via blastx (gene ID ENSSAUG00010003078) but no expression data was 
available (Table S2D). 

“TGF-beta signaling pathway” was also inhibited by the lethal PS- 
NPs dose. TGFβ regulates essential cellular functions such as cellular 
proliferation, differentiation and apoptosis, and its signaling induces a 
chronic overload of ECM proteins to the endoplasmic reticulum (ER) 
(Okumura et al., 2017). Conformational changes of secondary structures 
are among the possible outcome following NPs exposure of proteins 
(Gopinath et al., 2019), and molecular dynamics provided in silico evi
dence of protein misfolding due to secondary structure modifications 
when simulating interactions with NPs of various chemistries (Hollóczki 
and Gehrke, 2019). In this work, only SAF-1 treated with the lethal PS- 
NPs dose activated the “Protein processing in endoplasmic reticulum” 
pathway, likely in an initial attempt to restore a correct folding and, 
later, to degrade terminally-misfolded proteins via the unfolded protein 
response (UPR). We observed a general upregulation in the expression of 
genes involved in all steps of ER processing of misfolded proteins, such 
as protein recognition by luminal chaperones (hyou1, hspa5, hsp90b1 
and several genes encoding for the DnaJ heat shock protein family 
Hsp40), ER stress and activation of the UPR signaling pathway caused by 
the accumulation of misfolded proteins (i.e. eif2ak1, genes encoding for 
several cyclic AMP-dependent transcription factors and ddit3), protein 
targeting, ubiquitination and translocation for ER-associated proteaso
mal degradation (ERAD) (i.e. edem2, pdia4 and pdia6, ssr2 and ssr3, 
bcap31, tram1, marchf6, sel1l, rnf5, ube2d3, ubqln4, and rbx1). We point 
out that a prolonged activation of the UPR pathway and the resulting 
condition of ER stress are recognized apoptotic cell death initiators via 
the up-regulation of the C/EBP homologous protein (CHOP), encoded by 
ddit3, and its upstream regulatory pathway (Ariyasu et al., 2017; Hu 
et al., 2019) (Fig. S1B). 

Mitochondrial perturbation was suggested by the upregulated 
expression of bax, which determines cytochrome c release (Peña-Blanco 
and García-Sáez, 2018), and of caspase-9, recruited and activated by the 
Apaf-1-cytochrome c apoptosome, leading to activation of effector cas
pases, cytoplasmic endonuclease activation, nuclear disruption, cyto
skeletal protein proteolysis and cell death (Han et al., 2023). 
Importantly, the energy required for apoptosome assembly is supplied 
by dATP hydrolysis (Kim et al., 2005), which may further explain the 
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cell viability results obtained. 
In addition to the above, cell viability is largely dependent upon cell 

cycle regulation. The cell cycle is an intricate sequence of events that 
requires precise regulation for a cell to proliferate, differentiate, or un
dergo apoptosis. The progression from G1 (growth phase 1) to the S 
(DNA synthesis) phases is influenced by numerous growth factors, with 
the two main check-points being in the late G1 phase, especially 
important for the onset of apoptosis, and immediately prior to entry into 
the M phase (Evan et al., 1995). The epidermal growth factor (EGF) has 
mitogenic activity and is majorly involved in growth of a wide variety of 
epithelial cell types and fibroblasts (Santini et al., 2000). The massive 
downregulation of G1-related CDKs and their regulatory subunits as well 
as of growth factors and corresponding receptors, all impacted with 
different dose-dependent extents, was predominant in our data, and 
likely contributed to directing the cell towards a cell death program. 
Cleavage of chromosomal DNA and translocation of phosphatidylserine 
to the outer leaflet of the cell membrane, together with blebbing and cell 
shrinkage described above (Fig. 8), are hallmarks of apoptosis. Evidence 
of DNA fragmentation, markedly observed following 3 hpi with to the 
20 nm-PS-NPs lethal dose, as well as of early and late apoptotic events, 
overall induced in 35.5 % of treated cells at 24 hpi, was validated via 
TUNEL and Annexin V/PI assays, respectively (Fig. 11A–B). 

5. Conclusions 

This study fully exploited recognized in vitro teleost cell lines and 
revealed dose-, size- and model-dependent differences in harmful im
pacts of PS-NPs. Smaller PS-NPs (20 nm) caused profound cytotoxicity in 
fish cell lines, triggering apoptosis and disrupting critical molecular 
pathways such as cell-cell/matrix adhesion, regulation of actin cyto
skeleton and protein processing, while not imposing any oxidative stress 
within the assessed timeframe. The ecotoxicological hazard to aquatic 
organisms was highlighted, emphasizing the need for further investi
gation into their long-term effects and mitigation strategies. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.173159. 
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Olavarría, V.H., 2017. Infectious pancreatic necrosis virus infection of fish cell lines: 
preliminary analysis of gene expressions related to extracellular matrix remodeling 
and immunity. Vet. Immunol. Immunopathol. 193–194, 10–17. https://doi.org/ 
10.1016/j.vetimm.2017.09.009. 

Vo, N.T.K., Bufalino, M.R., Hartlen, K.D., Kitaev, V., Lee, L.E.J., 2014. Cytotoxicity 
evaluation of silica nanoparticles using fish cell lines. Vitr. Cell. Dev. Biol. - Anim. 
50, 427–438. https://doi.org/10.1007/s11626-013-9720-3. 

Walkey, C.D., Chan, W.C.W., 2012. Understanding and controlling the interaction of 
nanomaterials with proteins in a physiological environment. Chem. Soc. Rev. 41, 
2780–2799. https://doi.org/10.1039/C1CS15233E. 

Walkey, C.D., Olsen, J.B., Song, F., Liu, R., Guo, H., Olsen, D.W.H., Cohen, Y., Emili, A., 
Chan, W.C.W., 2014. Protein corona fingerprinting predicts the cellular interaction 
of gold and silver nanoparticles. ACS Nano 8, 2439–2455. https://doi.org/10.1021/ 
nn406018q. 

Wange, R.L., Brown, P.C., Davis-Bruno, K.L., 2021. Implementation of the principles of 
the 3Rs of animal testing at CDER: past, present and future. Regul. Toxicol. 
Pharmacol. 123, 104953 https://doi.org/10.1016/j.yrtph.2021.104953. 

Wen, L.-P., Fahrni, J.A., Troie, S., Guan, J.-L., Orth, K., Rosen, G.D., 1997. Cleavage of 
focal adhesion kinase by caspases during apoptosis. J. Biol. Chem. 272, 
26056–26061. https://doi.org/10.1074/jbc.272.41.26056. 

Wolf, K., Quimby, M.C., 1962. Established eurythermic line of fish cells in vitro. Science 
135, 1065–1066. https://doi.org/10.1126/science.135.3508.1065. 

Wu, T., Hu, E., Xu, S., Chen, M., Guo, P., Dai, Z., Feng, T., Zhou, L., Tang, W., Zhan, L., 
Fu, X., Liu, S., Bo, X., Yu, G., 2021. clusterProfiler 4.0: a universal enrichment tool 
for interpreting omics data. Innovation 2, 100141. https://doi.org/10.1016/j. 
xinn.2021.100141. 

Xu, M., Halimu, G., Zhang, Q., Song, Y., Fu, X., Li, Yongqiang, Li, Yansheng, Zhang, H., 
2019. Internalization and toxicity: a preliminary study of effects of nanoplastic 
particles on human lung epithelial cell. Sci. Total Environ. 694 https://doi.org/ 
10.1016/j.scitotenv.2019.133794. 

Yang, T., Nowack, B., 2020. A meta-analysis of ecotoxicological hazard data for 
nanoplastics in marine and freshwater systems. Environ. Toxicol. Chem. 39, 
2588–2598. https://doi.org/10.1002/etc.4887. 

Yang, M., Wang, W.X., 2023. Recognition and movement of polystyrene nanoplastics in 
fish cells. Environ. Pollut. 316, 120627 https://doi.org/10.1016/j. 
envpol.2022.120627. 

Ye, H.-Q., Chen, S.-L., Sha, Z.-X., Xu, M.-Y., 2006. Development and characterization of 
cell lines from heart, liver, spleen and head kidney of sea perch Lateolabrax 
japonicus. J. Fish Biol. 69, 115–126. https://doi.org/10.1111/j.1095- 
8649.2006.01155.x. 

Yong, C., Valiyaveettil, S., Tang, B., 2020. Toxicity of microplastics and nanoplastics in 
mammalian systems. Int. J. Environ. Res. Public Health 17, 1509. https://doi.org/ 
10.3390/ijerph17051509. 

Yu, G., 2023. enrichplot: Visualization of Functional Enrichment Result. R Package 
Version 1.20.3. 

Yu, G., He, Q.-Y., 2016. ReactomePA: an R/Bioconductor package for reactome pathway 
analysis and visualization. Mol. Biosyst. 12, 477–479. https://doi.org/10.1039/ 
C5MB00663E. 

Zaki, M.R.M., Aris, A.Z., 2022. An overview of the effects of nanoplastics on marine 
organisms. Sci. Total Environ. 831, 154757 https://doi.org/10.1016/j. 
scitotenv.2022.154757. 

Zhang, Y., Wu, J.L.Y., Lazarovits, J., Chan, W.C.W., 2020. An analysis of the binding 
function and structural organization of the protein corona. J. Am. Chem. Soc. 142, 
8827–8836. https://doi.org/10.1021/jacs.0c01853. 

Zhao, J.Z., Xu, L.M., Ren, G.M., Shao, Y.Z., Liu, Q., Teng, C.B., Lu, T.Y., 2023a. 
Comparative transcriptome analysis of rainbow trout gonadal cells (RTG-2) infected 
with U and J genogroup infectious hematopoietic necrosis virus. Front. Microbiol. 13 
https://doi.org/10.3389/fmicb.2022.1109606. 

Zhao, X., Zhou, Y., Liang, C., Song, J., Yu, S., Liao, G., Zou, P., Tang, K.H.D., Wu, C., 
2023b. Airborne microplastics: occurrence, sources, fate, risks and mitigation. Sci. 
Total Environ. 858, 159943 https://doi.org/10.1016/j.scitotenv.2022.159943. 

Zhou, Y., He, G., Jiang, H., Pan, K., Liu, W., 2023. Nanoplastics induces oxidative stress 
and triggers lysosome-associated immune-defensive cell death in the earthworm 
Eisenia fetida. Environ. Int. 174, 107899 https://doi.org/10.1016/j. 
envint.2023.107899. 

Zhu, A., Ibrahim, J.G., Love, M.I., 2019. Heavy-tailed prior distributions for sequence 
count data: removing the noise and preserving large differences. Bioinformatics 35, 
2084–2092. https://doi.org/10.1093/bioinformatics/bty895. 

Zhu, X., Wang, C., Duan, X., Liang, B., Genbo Xu, E., Huang, Z., 2023. Micro- and 
nanoplastics: a new cardiovascular risk factor? Environ. Int. 171, 107662 https:// 
doi.org/10.1016/j.envint.2022.107662. 

P.R. Saraceni et al.                                                                                                                                                                                                                             


