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HIGHLIGHTS GRAPHICAL ABSTRACT

o PS-NP uptake differs between fish
(SJD.1) and human fibroblasts (BJ-5ta
and HDF). The physiological effect of polystyrene nanoplastic particles on fish and human fibroblasts

e Effects on proliferation and migration of
PS-NPs depend on their concentration,
size, and cell line.

e PS-NPs have cell specific metabolic
effects.

e PS-NPs consistently accumulate around
the nucleus and on the cell membrane
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ARTICLE INFO ABSTRACT

Editor: Damia Barceld Numerous studies have identified the detrimental effects for the biosphere of large plastic debris, the effect of
microplastics (MPs) and nanoplastics (NPs) is less clear. The skin is the first point of contact with NPs, and skin

Keywords: fibroblasts have a vital role in maintaining skin structure and function. Here, a comparative approach is taken

Environmental pollution using three fibroblast cell lines from the zebrafish (SJD.1), human male newborn (BJ-5ta) and female adult

Polystyrene nanoplastics

it (HDF/TERT164) and their response to polystyrene NP (PS-NPs) exposure is characterized. Cells were exposed to
ibroblasts

Nanoplastics uptake environmentally relevant PS-NP sizes (50, 500 and 1000 nm) and concentrations (0.001 to 10 pg/ml) and their

Cell migration uptake (1000 nm), and effect on cell viability, proliferation, migration, reactive oxygen species (ROS) produc-

Cytotoxic activity tion, apoptosis, alkaline phosphatase (ALP) and acid phosphatase (AP) determined. All fibroblasts took up PS-
NPs, and a relationship between PS-NP particle size and concentration and the inhibition of proliferation and
cell migration was identified. The inhibitory effect of PS-NPs on proliferation was more pronounced for human
skin fibroblasts. The presence of PS-NPs negatively affected fibroblast migration in a time-, size- and
concentration-dependent manner with larger PS-NPs at higher concentrations causing a more significant inhi-
bition of cell migration, with human fibroblasts being the most affected. No major changes were detected in ROS
production or apoptosis in NP challenged fibroblasts. While the ALP activity was increased in all fibroblast cell
lines, only fish fibroblasts showed a significant increase in AP activity. The heterogeneous response of fibroblasts
induced by PS-NPs was clearly revealed by the segregation of HDF, BJ.5ta and SJD.1 fibroblasts in principal
component analysis. Our results demonstrate that PS-NP exposure adversely affected cellular processes in a cell-
type and dose-specific manner in distinct fibroblast cell lines, emphasizing the need for further exploration of NP
interactions with different cell types to better understand potential implications for human health.
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M. Peng et al.
1. Introduction

Global plastic production is correlated to the impact of environ-
mental pollution caused by plastics. In 2021, worldwide production
reached approximately 391 million tones and has been growing by an
average of 9 % per year (Plastics Europe, 2022). Although large plastic
fragments can cause harm to animals, the fragmentation of larger pieces
into microplastics (MPs, particle diameter < 5 mm) and nanoplastics
(NPs, particle diameter < 1 pm), poses a more significant threat to living
organisms (Sana et al., 2020; Wang et al., 2021). Furthermore, the
production of MP and NP materials for industrial applications are
inevitably adding to the burden of plastics in the environment (Desidery
and Lanotte, 2022; Hu et al., 2022; Kumar et al., 2021; Walker and
Fequet, 2023). Smaller plastic fragments disperse easily in the envi-
ronment, which makes their removal challenging (Andrady, 2011; Cozar
et al., 2014; Ter Halle et al., 2017) and facilitates their penetration into
cells and organs (Lehner et al., 2019).

MPs and NPs are widespread and they can be found in aquatic sys-
tems (oceans, rivers, and lakes), soil, and even the atmosphere (Boucher
et al., 2019; Chen et al., 2021; Cozar et al., 2017; Zhang et al., 2016).
They are ubiquitous in the environment and exist in widely varying
concentrations (e.g. 0.001 pg/ml to 0.01 pg/ml in water samples and 1.6
pg/ml in human blood) (Chang et al., 2022; Eerkes-Medrano et al., 2015;
Jambeck et al., 2015; Lenz et al., 2016; Leslie et al., 2022; Li et al., 2022;
Zhou et al., 2021, 2019), and although they are readily taken up by
organisms their toxicity is still unclear (Lehner et al., 2019). The
pervasiveness and persistence of MPs and NPs in the environment, is
reflected by their presence in drinking water and bottled water (Schy-
manski et al., 2018), and has raised significant concern due to their
negative consequences for human health (Lehner et al., 2019; Rubio
et al., 2020b; Sana et al., 2020). To date, > 70 % of NP/MP-related
research is focused on MPs, and approximately 90 % of NP research is
focused on polystyrene (PS), one of the most produced plastics globally
and a major part of plastic litter in the oceans, as well as in surface water
(Barboza et al., 2020; Pelegrini et al., 2023). The size of plastic particles
directly influences their toxicity and particles at the nanometer scale are
more toxic than those of the micrometer scale due to their stronger
penetrating and absorbing properties (Bobori et al., 2022; Jeong et al.,
2016). For example, meta-analysis of the effects of plastics of the same
material (polystyrene) on 20 physiological indexes in a diversity of
species revealed that the toxicity of NPs was greater than MPs, especially
in the index survival/lethality (Pelegrini et al., 2023).

NPs can enter organisms through various routes, including ingestion
(directly or via the food chain), inhalation, and dermal contact and have
been found in plant roots, zooplankton, shellfish, in a diversity of fish
and human tissues, and even human feces (Barria et al., 2020; Bobori
et al., 2022; del Real et al., 2022; Jiang et al., 2020; Lehner et al., 2019;
Li et al., 2020; Lins et al., 2022). The cellular uptake of particles begins
by adhesion to the cell membrane followed by uptake by passive
penetration or active endocytosis (Fiorentino et al., 2015; Lesniak et al.,
2013; Wang et al., 2012). The endocytic pathway depends on particle
size and cell type and the mechanism is only partially understood (Liu
et al., 2021).

Most of the screening for MP/NP toxicity is based on whole animal
exposure and is biased towards marine organisms due to the well
documented and alarming levels of contamination in the marine
biosphere (Cozar et al., 2014; Guzzetti et al., 2018; Peng et al., 2020;
Thushari and Senevirathna, 2020). Studies focused on the adverse ef-
fects of MP/NP toxicity in soil systems have explored their potential
interactions with contaminants, including pesticides and heavy metals,
their transfer through the food chain and potential harmful effects (de
Souza Machado et al., 2018; Dissanayake et al., 2022; Mendes, 2022).
Ethical concerns about the use of animals to assess MP/NP toxicity and
the cost, time and unpredictability of such studies has increased pressure
to find alternatives to animal testing. For this reason, development of
reliable and rapid in vitro screening approaches, not dependent on
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animals, is a priority. Such in vitro approaches and the data they generate
complement data about the chemical composition and concentration of
nano-sized materials in the environment and are essential for risk
assessment of their likely biological and ecosystem wide effects.

Existing in vitro studies have demonstrated the importance of MP and
NP size and surface charge on cellular toxicity and uptake by immortal
human cells (Banerjee et al., 2021; He et al., 2020; Rubio et al., 2020a).
A range of immortalized cell lines or primary cultures (e.g., fibroblasts,
monocytes, hepatocytes, lung cells, gastric cells and leukocytes) have
revealed that MP/NP exposure elicits varying effects including, but not
only, reduced cell viability, an inflammatory response, increased ROS
production, genotoxicity and DNA damage, micronuclei and effects on
mitochondria (Banerjee et al., 2021; Gautam et al., 2022; He et al., 2020;
Lietal., 2023; Lin et al., 2022; Poma et al., 2019; Rubio et al., 2020a; Shi
et al., 2021). The response to MPs/NPs of fibroblasts, one of the most
abundant cell types in the skin dermis (Braff and Gallo, 2006; Eming
etal., 2014; Khan et al., 2018), is poorly studied but NPs larger than 100
nm are not thought to penetrate the stratum corneum of skin (Bouwstra
et al, 2001), although entry through hair follicles, sweat glands
(Schneider et al., 2009) and damaged skin readily occurs (Jatana et al.,
2016; Mortensen et al., 2008). Furthermore, the use of transdermal drug
delivery systems using NPs indicates an unexpected skin permeability
particularly when chemical enhancers are used (Krishnan and Mitra-
gotri, 2020; Zeng et al., 2023). Given the ubiquitous nature of NPs in the
environment and the constant exposure of skin to them in both terres-
trial and aquatic organisms a better understanding of how NPs affect
skin cells is urgent particularly in the highly biodiverse non-mammalian
aquatic vertebrates (>28,000 extant teleost fish exist) (Volff, 2005).

In this study several fibroblast cell lines from human and fish skin
that differ in physiology, barrier function and regenerative properties
were used (Abe et al., 2020; Niethammer et al., 2009; Rakers et al.,
2010; Richardson et al., 2013 to investigate the effects of nanoparticles.
Fibroblasts were from adult zebrafish (SJD.1) skin, which is a mucosal
barrier and human newborn male (BJ-5ta) and adult female (HDF) skin,
which is a cornified barrier. While previous in vitro studies have pre-
dominantly focused on the effects of high NP concentrations (Carballo
et al., 2018; Lihua and Zhiyin, 2023), the potential consequences of
lower concentrations, akin to those encountered in the environment
(0.001 pg/ml to 0.01 pg/ml in water samples) or in humans (up to 1.6
pg/ml in human blood) remain underexplored (Lenz et al., 2016; Leslie
etal., 2022; Li et al., 2022; Zhou et al., 2021, 2019). The consequence of
PS-NP exposure on the physiology of skin fibroblast cell lines of different
origin, sex and developmental age was established using an in vitro
screening approach. Comparative research on the absorption capacity,
physiological response and behaviour of different cell lines exposed to
PS-NPs will contribute essential data for knowledge based risk assess-
ment of their likely effects on fish and human health.

2. Material and methods

An overview of the experiments and NP size and concentrations used
in each assay of the present study and reported in the respective section
of the methods can be found in Fig. 1. This study included environ-
mentally relevant PS-NP sizes (50, 500 and 1000 nm) and concentra-
tions (0.001 pg/ml to 10 pg/ml). Specific attention was given to the
concentration of 1 pg/ml since it is proximate to concentrations found in
some human blood samples (up to 1.6 pg/ml) (Leslie et al., 2022).
Preliminary experiments were conducted using PS-NPs labelled with a
green fluorescent protein (GFP), as they facilitate imaging and confir-
mation of cell uptake with smaller sized NPs. However, comparative
assays using 1 pm GFP-labelled PS-NPs and plain PS-NPs revealed the
fluorescent label altered the behavior and uptake of PS-NPs as has pre-
viously been reported (Jeon et al., 2018). For this reason plain PS-NPs
were used in all assays to ensure consistency and to mitigate potential
artifacts arising from fluorescent PS-NPs.

Plain polystyrene Nanoplastics (PS-NPs) were obtained from
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Phosphorex, Polystyrene Nanoparticles (USA) in aqueous suspension (1
% solids). All nanoparticles purchased had a polystyrene density of 1.06
g/ml® and before use the stock solutions were sonicated and thoroughly
vortexed. The molecular structure of PS-NPs was confirmed with
Fourier-transform infrared spectroscopy (FTIR). The FTIR spectra was
recorded with Infrared Microscopy (p-FTIR) - Nicolet iN10MX (Thermo
Fisher Scientific) with a detector MCT/A in mode ATR-15 (32 scans with
4 ¢cm™! resolution) and this confirmed the molecular structure of all PS-
NPs used in this study (Supplementary Fig. 1). To avoid interference in
the assays of free PS-NPs in the culture medium the cells were pre-
incubated for 72 h with the PS-NPs and washed before use to remove
free particles.

2.1. Culture of fibroblast cells

2.1.1. Human cell lines

The cell line BJ-5ta (ATCC® CRL-4001™) used in the study was
isolated from hTERT-immortalized fibroblasts from human male fore-
skin (Homo sapiens). The cryopreserved cells were defrosted and then
cultures initiated following the supplier’s instructions. The culture me-
dium used for BJ-5ta was composed of a 4:1 mixture of DMEM:M199
supplemented with Fetal bovine serum (FBS) (10 %), Hygromycin B (1
%) and Ampicillin (1 %). Cultures were maintained in a humid 5 % CO,
incubator (Heraeus, Hanau, Germany) at 37 °C. The cell line, HDF/
TERT164 (EVERCYTE CHT-008-0164) used in the study was isolated
from female skin (H. sapiens). The cryopreserved cells were defrosted
and then cultures were initiated following the supplier’s instructions.

Cell migration assay
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The culture medium was composed of a 1:1 mixture of DMEM: Ham’s
F12 supplemented with FBS (10 %), GlutaMAX (2 mM) and G418 (0.1
mg/ml). Cultures were maintained in a humid 5 % CO, incubator
(Heraeus, Hanau, Germany) at 37 °C.

2.1.2. Fish cell line

The primary cell line SJD.1 (ATCC® CRL-2296™) used in the study is
a fibroblast cell line derived from amputated caudal fins of an adult
zebrafish (Danio rerio), a highly used fish model. The cryopreserved cells
were defrosted and then cultures were initiated according to the sup-
plier’s instructions. The culture medium was composed of DMEM me-
dium supplemented with FBS (15 %). Cultures were maintained in a
humid 5 % CO» incubator (Heraeus, Hanau, Germany) at 28 °C.

All assays were conducted using the cell line appropriate complete
medium described above. Previous optimization experiments revealed
that the fibroblast cell lines used in this study, when maintained in low
concentrations of FBS, exhibited a stress response that could mask or
modify the cells response to PS-NPs. Thus, to ensure methodological
consistency, standard concentrations of FBS (10 %) were used in all
experiments.

2.2. NP uptake assay

To ensure that the NPs used in the experiment entered the cells, a cell
uptake experiment was conducted with 1000 nm unlabeled PS-NPs,
since these particles are readily observed by brightfield microscopy.
To establish the uptake characteristics of PS-NPs the BJ-5ta, HDF, and

Cell proliferation assay
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Fig. 1. Schematic of the experimental design. Four experiments were run with the 3 fibroblast cell lines (BJ-5ta, HDF and SJD.1) analyzed in the study. Cells were co-
incubated with PS-NPs for 72 h before the start of the assay, and then the medium containing PS-NPs removed and the cells washed before analysis or photography.
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SJD.1 fibroblasts cells from passage 2-3 were used. Cells were seeded
into 24-well tissue culture plates (25,000 cells/well) and incubated
overnight under optimal conditions until the cells completely adhered to
the plates. After an overnight incubation of the cells, the medium was
replaced with the cell-specific medium (indicated in Section 2.1) sup-
plemented with PS-NPs (1000 nm, 1 pg/ml) (Phosphorex, Polystyrene
Nanoparticles, USA), and for the control cells normal medium without
PS-NPs was used; cells were then incubated for 72 h. Each experimental
group was set up with six technical replicates and experiments were
repeated in two independent experiments. Before imaging the medium
was removed, the cells washed and new medium without PS-NPs added.
Cell images were captured using a Leica DM IL microscope coupled to a
Visicam PRO 20C digital camera. The number of PS-NPs inside cells was
determined using ImageJ software.

2.3. Cell viability assay

Cell viability was determined using a MTT (3-(4,5-dimethylthiazol-
2-yD-2,5-diphenyltetrazolium bromide) assay, which is a colorimetric
method for evaluating cellular metabolic activity. Briefly, BJ-5ta, HDF
and SJD.1 cells were seeded into 96-well tissue culture plates (50,000
cells/well) and allowed to adhere overnight. After incubation, the
complete medium was replaced by medium with PS-NPs of different
sizes (50, 500 and 1000 nm) and concentrations (0.001, 0.01, 0.1, 1 and
10 pg/ml), and cells were incubated for 72 h under optimal conditions. A
positive control (cells incubated in medium without PS-NPs) and a
negative control (medium alone with no cells), for each cell line, was
included in the assays. The assays were performed with six technical
replicates per treatment and carried out in two independent
experiments.

The MTT assay was performed following the manufacturer’s in-
structions, and cell absorbance was measured at 540 nm using a mul-
tiplate reader (TECAN Infinite M200 Plate Reader, Switzerland). Cell
viability was calculated as follows:

Viability% = 100 x (ODt — ODnc)/(ODc — ODnc)

where ODt represents the mean value of the measured optical density of
the test item; ODc represents the mean value of the measured optical
density of the control (cells without NPs), and ODnc represents the mean
value of the measured optical density of the negative control (medium
alone).

2.4. Cell proliferation assay

To establish the proliferation characteristics of the BJ-5ta, HDF and
SJD.1 fibroblasts, a confluent monolayer of each type of fibroblast was
dissociated from a 5 ml culture flask (Sarstedt, Niimbrecht, Germany)
using Tryple™ Select digestion (Gibco, Thermo Fisher Scientific, Wal-
tham, USA) and seeded into 24-well cell culture plates (25,000 cells/
well) in the appropriate cell specific medium. After overnight incubation
to permit cell adhesion the medium was replaced with the cell specific
medium supplemented with PS-NPs, and the cells were incubated under
optimal conditions for 72 h to allow PS-NP uptake. In the PS-NP exposed
cell lines three different sizes of PS-NPs 50, 500 and 1000 nm and three
concentrations, 0.01, 0.1 and 1 pg/ml were used. In the control group of
each cell line medium without PS-NPs was used.

After incubation of cells with the PS-NPs, the cells were trypsinized,
washed to remove NPs and seeded in the cell-specific medium into 96-
well cell culture plates (5000 cells/well) prepared in quadruplicate.
After cell adhesion (0 h) proliferation was followed at 48 h intervals over
168 h. Cells were counted by staining the nuclei with 40,6-diamidine-
20-phenylindole dihydrochloride (DAPI, 300 nM) (Acros Organics,
Waltham, MA, USA) after cell fixation with 100 % alcohol. Stained
nuclei were captured in black and white digital images using a Leica DM
IL microscope coupled to a Visicam PRO 20C digital camera. Images
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were analyzed using ImageJ software for cell counting. Proliferation
curves of BJ-5ta, HDF and SJD.1 primary fibroblasts were obtained from
two independent assays with six technical replicates for each treatment.

2.5. Scratch assay

To evaluate the effects of the PS-NPs on fibroblast cell migration a
classical scratch assay was performed as described in (Félix et al., 2021;
Letsiou et al., 2020). For this assay, BJ-5ta, HDF and SJD.1 fibroblast
cells from passage 2-3 were used. Briefly, each cell line was seeded into
24-well tissue culture plates (75,000 cells/well) in cell specific medium
and incubated overnight to permit cell adherence. After overnight in-
cubation, the medium was replaced with cell specific medium supple-
mented with PS-NPs of different sizes (50, 500 and 1000 nm) and at
different concentrations (0.1, 1 and 10 pg/ml) and the cells were incu-
bated for 72 h under optimal temperature and oxygen conditions. The
control group of each cell line was treated with complete medium
without PS-NPs. After incubation, the medium was removed, and cells
were washed with PBS to remove the PS-NPs that had not been taken up
by the cells.

Multiple scratches were made in the confluent cell monolayer in each
well using a 200 pl micropipette tip so that approximately 50 % of the
adherent cells were removed (Félix et al., 2021). After scratching, the
cells were washed twice with PBS to remove the detached cells, com-
plete medium was added to the cells and the cells were incubated under
optimal conditions. The evolution of scratch repair was captured with
black and white digital images using a Leica DM IL microscope coupled
to a Visicam PRO 20C digital camera. Photographs were analyzed using
ImageJ software for the calculation of the repaired area. Photos of BJ-
5ta and SJD.1 fibroblast scratch repair were captured at 0 h immedi-
ately after scratching and at 12 h and 24 h after inflicting a scratch. For
HDF fibroblasts photos were taken at 0 h immediately after scratching
and at 12 h and 30 h after inflicting a scratch. The scratch recovery area
was obtained using the results from three technical replicates carried out
in two independent assays for each test group.

2.6. Cell activity assays

2.6.1. Oxidative stress assay

ROS production in BJ-5ta, HDF and SJD.1 cells was determined using
a DCFH-DA ROS assay kit (BQCKit, Bioquochem, Spain), according to
the manufacturer’s instructions. For these assays, cells were seeded into
96-well tissue culture plates (50,000 cells/well) and allowed to adhere
overnight. After cell adherence, the cell specific medium was replaced
with cell specific medium supplemented with PS-NPs of different sizes
(50, 500 and 1000 nm) and at different concentrations (0.001, 0.01, 0.1,
1 and 10 pg/ml), and the cells were incubated for 72 h under optimal
conditions. A negative control (medium alone) and a positive control
(medium supplemented with 1 pl of 55 mM tert-butyl hydroperoxide 4 h
before performing the assay) were prepared for each cell line assayed.
DCFDA-DA assay results were measured using a multiplate reader at Ex/
Em = 485/535 nm (TECAN Infinite M200 Plate Reader, Switzerland),
following the manufacturer’s instructions. The results are shown as the
average + SEM of six technical replicates and two independent
experiments.

2.6.2. Apoptosis assay

Apoptosis of BJ-5ta, HDF and SJD.1 cells was determined using a
Caspase-2 Fluorometric assay kit (BQCKit, Bioquochem, Spain)
following the manufacturer’s instructions. This assay measures the ac-
tivity of caspases that recognize the sequence VDVAD. For this assay,
each cell line was seeded into 96-well tissue culture plates at a density of
50,000 cells/well and incubated overnight under optimal conditions for
cell adherence. After cell adherence, the medium was replaced with cell
specific medium supplemented with PS-NPs, and the cells were incu-
bated for 72 h. A negative control (complete medium only) and a
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positive control (complete medium supplemented with 1 pl of 55 mM
tert-butyl hydroperoxide, 2 h before performing the assay) was included
in each of the assays. The test groups were treated with medium sup-
plemented with PS-NPs of different sizes (50, 500 and 1000 nm) and a
range of concentrations (0.001, 0.01, 0.1, 1 and 10 pg/ml). Caspase-2
assays were measured using a multiplate reader at Ex/Em = 430/480
(TECAN Infinite M200 Plate Reader, Switzerland) following the manu-
facturer’s instructions. Relative caspase-2 activity was calculated as
follows:

Relative fold change caspase — 2 activity = (Fy; — Fiy¢)/(Fic — Fine)-

where Fj; represents the mean value of the measured fluorescence in-
tensity of the test item (including the positive control), Fi. represents the
mean value of the measured fluorescence intensity of the control, and
Finc represents the mean value of the measured fluorescence intensity of
the negative control. The results are shown as the average + SEM of six
technical replicates and two independent experiments.

2.6.3. Alkaline phosphatase and acid phosphatase assays

Alkaline phosphatase (ALP) catalyzes the hydrolysis of phosphate
esters and produces organic radicals and inorganic phosphate. For this
assay, cells (BJ-5ta, HDF and SJD.1) were seeded into 96-well tissue
culture plates (50,000 cells/well) in cell specific medium and incubated
overnight until cell adherence. After cell adherence the medium was
removed, and cell specific medium containing PS-NPs (1000 nm, 1 pg/
ml) was added, and the cells were incubated for 72 h. The control group
for each cell line was incubated in medium without PS-NPs and a
negative control (medium only) was included in all assays. The experi-
ments were performed with six technical replicates and in two inde-
pendent experiments. An alkaline phosphatase assay kit (Abcam,
ab83371) was used to measure cell ALP activity using a multiplate
reader (TECAN Infinite M200 Plate Reader, Switzerland) and measuring
the fluorescence intensity (Ex/Em = 360/440 nm), according to the
manufacturer’s instructions.

An acid phosphatase assay kit (Abcam, ab83370) was used to mea-
sure cell AP activity following the manufacturer’s instructions. For this
assay, cells (BJ-5ta, HDF and SJD.1) were seeded into 96-well tissue
culture plates (50,000 cells/well) in cell specific medium and incubated
overnight until cell adherence. After cell adherence medium was
replaced with cell specific medium containing PS-NPs (1000 nm, 1 pg/
ml), and the cells were incubated for 72 h under optimal conditions. A
control was included for each cell line and consisted of the cells in
medium without PS-NPs and a negative control that contained medium
only. The experiment was set up with six technical replicates and two
independent experiments were carried out.

AP activity was determined following the manufacturer’s in-
structions after washing cells to remove PS-NPs. Activity was measured
using a multiplate reader (Ex/Em = 360/440 nm) (TECAN Infinite M200
Plate Reader, Switzerland) according to the manufacturer’s instructions.

2.7. Statistical analysis

In this study, data are presented as average + standard error of the
mean (SEM). Statistical analyses were performed using GraphPad Prism
version 7.0a software. All data was tested and passed normality with
GraphPad Prism normality and lognormality tests, and thus parametric
statistical analysis was performed. A two-tailed Student’s t-test was used
to compare the treatment groups with the control group in PS-NP up-
take, cell proliferation, scratch assay, MTT assay, ALP and AP assays. For
oxidative stress and apoptosis assay results, a two-way analysis of
variance (ANOVA) followed by a Tukey’s Multiple Comparison test was
performed. A p-value <0.05 (*) was considered to indicate statistical
significance.

Principal component analysis (PCA) was performed for exploratory
data analysis and to verify the similarities between the samples and the
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relationship of the cell activity assays with discrete features. PCA anal-
ysis was carried out using Rstudio (version 3.1.6) with the psych (Rev-
elle, 2016), reshape2 (Wickham, 2012), factoextra (Kassambara and
Mundt, 2017) and ggplot2 (Wickham, 2016) packages. All data used for
PCA analysis were normalized under the default parameters of the
software. The PCA analysis was performed with the results (average of n
= 2 assays with 6 technical replicates) for the five cell activities
measured (MTT, ROS, caspase-2, ALP and AP) and the three cell lines in
the control and PS-NP treated groups (1000 nm, 1 pg/ml).

3. Results
3.1. Skin fibroblast origin affects the cellular uptake of PS-NPs

Human BJ-5ta, HDF, and zebrafish SJD.1 fibroblasts are adherent
cells that, when in high concentrations, form confluent monolayers.
Observations of the morphology of HDF cells revealed they are larger
than the BJ-5ta and SJD.1 cells. The SJD.1 cell line exhibited a sub-
stantially different morphology and was much smaller than the other
cell lines (Fig. 2a). When incubated with 1 pg/ml of 1000 nm PS-NPs for
72 h, all the studied cell lines accumulated a significant number of PS-
NPs (Fig. 2a) and SJD.1 accumulated the highest number of PS-NPs,
followed by HDF, and BJ-5ta (Fig. 2b). Our observations also indi-
cated that after uptake, the PS-NPs remained in the cytoplasm, sur-
rounding the cell nucleus.

3.2. PS-NPs exposure has a detrimental effect on cell viability

The viability of BJ-5ta cells decreased significantly following pre-
incubation with PS-NPs (p < 0.05). Our results demonstrated that cell
viability decreased continuously and significantly (p < 0.05) as the
concentration of PS-NPs increased (0.001 pg/ml to 10 pug/ml) for the
three PS-NP sizes tested, 50, 500 and 1000 nm (Fig. 3). Only in the 500
nm and 1000 nm NPs at 0.001 pg/ml, was the viability of BJ-5ta cells
similar to the control.

The lower concentrations (0.001 pg/ml and 0.01 pg/ml) of all sizes
of PS-NPs (50 nm, 500 nm and 1000 nm) did not significantly affect the
viability of HDF cells. The HDF cell viability was significantly decreased
(p < 0.05) when they were pre-incubated with 50 nm PS-NPs at 1 and 10
pg/ml and with 500 nm and 1000 nm PS-NPs at 0.1-10 pg/ml.

Compared to the control the pre-incubation of SJD.1 cells with PS-
NPs (50 nm, 500 nm and 1000 nm) did not significantly affect cell
viability apart from at 10 pg/ml. SJD.1 cells pre-incubated with 1000
nm PS-NPs at 1 pg/ml also had a significantly reduced (p < 0.05) cell
viability compared to the control.

3.3. PS-NP size and concentration affect skin fibroblast proliferation

Our results showed that control and PS-NP treated cells increased in
number over time, but that cells pre-incubated with PS-NPs had a
significantly reduced (p < 0.05) proliferation. In general, BJ-5ta cells
had the highest rate of proliferation, followed by SJD.1 cells and HDF
cells (Fig. 4). Among all the fibroblast cell lines exposed to different sizes
of PS-NPs, it was the largest particle size tested, 1000 nm, that exhibited
the most significant effect on cell proliferation.

The proliferation of BJ-5ta cells was not affected by 50 nm PS-NPs.
Proliferation was significantly inhibited (p < 0.05) from 48 h onwards
in BJ-5ta fibroblasts pre-exposed to 500 nm NPs at 0.01 pg/ml, 0.1 pg/
ml, 1 pg/ml. After 120 h in 500 nm PS-NP treated cells the inhibitory
effect on BJ-5ta proliferation was significantly higher than the same size
PS-NPs but at a lower concentration (0.01 pg/ml). Pre-incubation of BJ-
5ta with 0.01 pg/ml 1000 nm PS-NPs, caused a significant inhibition of
BJ-5ta cell proliferation after 120 h and at higher PS-NP concentrations
(0.1 pg/ml and 1 pg/ml) a significant inhibition (p < 0.01) of prolifer-
ation was detected at 48 h, and the inhibitory effect was more evident at
higher PS-NP concentrations.
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Fig. 2. Morphological observation of fibroblast cell lines with and without PS-NPs (1000 nm at 1 pg/ml). (a) Changes in cell morphology were observed after 72 h
incubation with PS-NPs. Photos were taken with a Leica DM IL microscope coupled to a PRO 20C digital camera. Scale bars in photographs represent 100 pm. (b) A
graphical representation of the number of PS-NPs taken up by cells was determined using image J. The results are shown as the average + SEM of six technical
replicates in two independent experiments. Data were analyzed using a two-way ANOVA followed by a Tukey’s Multiple Comparison test. The statistical analysis was
performed using GraphPad Prism version 7.0a. A p < 0.05 (*) was considered significant.

The proliferation of HDF cells was not affected by pre-incubation
with 50 nm PS-NPs except at a concentration of 1 pg/ml at 168 h
when significant inhibition (p < 0.05) was observed. HDF cell prolifer-
ation was not affected by 500 nm PS-NPs at 0.01 pg/ml. The pre-
incubation of HDF cells with 0.1 pg/ml and 1 pg/ml 500 nm PS-NPs,
significantly inhibited proliferation after 96 h (p < 0.05), and the
inhibitory effect increased with time. The inhibition of HDF prolifera-
tion was more pronounced for 1 pg/ml 500 nm PS-NPs than for 0.1 pg/
ml. Pre-incubation of HDF cells with 1000 nm PS-NPs, significantly
inhibited (p < 0.05) the proliferation of HDF cells at all concentrations
and timepoints used except for 0.01 pg/ml, which did not significantly
inhibit proliferation at 48 h. From 96 h onwards, the higher the PS-NP

concentration, the more intense the inhibitory effect on the prolifera-
tion of HDF cells.

The proliferation of SJD.1 cells was not significantly affected by pre-
incubation with 50 or 500 nm PS-NPs irrespective of the concentration.
Pre-incubation of SJD.1 cells with 1000 nm PS-NPs at 0.1 pg/ml, caused
a significant inhibition (p < 0.05) of proliferation after 168 h, and PS-
NPs at 1 pg/ml caused a significant inhibition (p < 0.05) of prolifera-
tion after 120 h.
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Fig. 3. Effect of PS-NP exposure on fibroblast cell viability. Cell viability was determined for BJ-5ta, HDF and SJD.1 fibroblast cells that had been exposed to PS-NPs
of different sizes (50 nm, 500 nm and 1000 nm) and concentrations (0.001 pg/ml, 0.01 pg/ml, 0.1 pg/ml, 1 pg/ml and 10 pg/ml) using an MTT assay after incubation
of the cells with PS-NPs for 72 h. The results are shown as the average + SEM of six technical replicates for each treatment group in two independent experiments.
The data were analyzed by comparing the treatment group and the control using a two-tailed Student’s t-test. Statistical analysis was performed using GraphPad
Prism version 7.0a. p < 0.05 was considered significant and is identified with (*).
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Fig. 4. The effect of PS-NP size and concentration on BJ-5ta, HDF and SJD.1 cell proliferation across time. The effect of PS-NPs of different sizes (50, 500 and 1000
nm) and concentrations (0.01, 0.1 and 1 pg/ml) on the proliferation of human (BJ-5ta and HDF) and fish (SJD.1) fibroblast cells. Cells were counted at 48 h intervals
across 168 h after seeding. The results are displayed as the average + SEM of six technical replicates in two independent experiments. The data were analyzed using a
two-tailed Student’s t-test between the PS-NP exposed cells and the control cells. The statistical analysis was performed using GraphPad Prism version 7.0a. p < 0.05

was considered significant and is identified with *.

3.4. PS-NP exposure modifies skin fibroblast migration and scratch
recovery

Scratch repair assays were performed with BJ-5ta fibroblasts after
pre-incubation with 50 and 500 and 1000 nm PS-NPs (Supplementary
Fig. 2). BJ-5ta cells exposed to 50 nm PS-NPs at 0.1 pg/ml, 1 pg/ml and

10 pg/ml and 500 nm at 0.1 pg/ml did not show a significant
enhancement or change in scratch repair compared to the control cells.
By 24 h after damage approximately 96-98 % of scratch recovery
(expressed as % of the total scratch area at time 0) was achieved irre-
spective of the concentration of PS-NPs (Fig. 5). The scratch repair was
slower in BJ-5ta cells exposed to 500 nm PS-NPs at 1 pg/ml and 10 pg/
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ml compared to the control BJ-5ta cells. Scratch repair by BJ-5ta cells
exposed to 500 nm PS-NPs at 1 pg/ml was significantly inhibited (p <
0.05) 24 h after the scratch and 500 nm PS-NPs at 10 pg/ml caused an
even more pronounced inhibition of scratch repair at both 12h and 24 h
(p < 0.05). For 500 nm pre-exposed BJ-5ta cells, approximately 97 %,
82 % and 58 % of scratch recovery was achieved 24 h after scratching in
cells pre-incubated with 0.1 pg/ml, 1 pg/ml and 10 pg/ml PS-NPs,
respectively. Scratch repair in BJ-5ta cells pre-incubated with 1000
nm PS-NPs at 0.1 pg/ml, 1 pg/ml and 10 pg/ml was significantly
inhibited at all time points (p < 0.05). For BJ-5ta cells treated with 1000
nm PS-NPs, approximately 89 %, 74 % and 55 % of scratch recovery
compared to the control cells was achieved 24 h after scratching in 0.1
pg/ml, 1 pg/ml and 10 pg/ml PS-NPs, respectively.

HDF fibroblasts cells were also considered in scratch repair assays,
and recovery was monitored at 12 and 30 h after the scratch (Supple-
mentary Fig. 2). In HDF cells pre-incubated with 50 nm PS-NPs at 0.1
pg/ml, 1 pg/ml, 10 pg/ml, no significant change in scratch recovery was
observed when compared to the control group, and approximately
89-97 % of scratch recovery (expressed as % of the total scratch area at
time 0) was achieved 30 h after scratching (Fig. 5). The HDF cell scratch
repair was significant inhibited (p < 0.05) at 30 h when cells had been
pre-incubated with 500 nm PS-NPs at 0.1 pg/ml, 1 pg/ml, 10 pg/ml and
cells achieved approximately 92 %, 82 %, and 63 % scratch recovery,
respectively compared to the control. Pre-incubation of HDF cells with
0.1 pg/ml, 1 pg/ml, 10 pg/ml of 1000 nm PS-NPs, significantly inhibited
scratch recovery (p < 0.05) compared to the control HDF cells and in PS-
NP exposed HDF cells approximately 63 %, 45 %, and 19 % recovery
occurred, respectively at 30 h.
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Scratch repair assays were performed using SJD.1 primary fibro-
blasts pre-incubated with PS-NPs and then monitored at 12 and 24 h
after the scratch (Supplementary Fig. 2). Scratch recovery was not
significantly different from the control in SJD.1 cells pre-incubated with
50 nm PS-NPs at 0.1 pg/ml, 1 pg/ml, 10 pg/ml, and approximately
92-97 % scratch recovery (expressed as % of the total scratch area at
time 0) was achieved 24 h after scratching (Fig. 5). SJD.1 primary fi-
broblasts pre-incubated with 500 nm PS-NPs at 1 pg/ml and 10 pg/ml
had a significantly slower (p < 0.05) rate of scratch repair compared to
the control. Pre-incubation of SJD.1 cells to 500 nm PS-NPs at 0.1 pg/ml,
1 pg/ml, and 10 pg/ml had a scratch recovery of 95 %, 91 %, and 84 %
24 h after scratching, respectively. The 1000 nm PS-NPs at 0.1 pg/ml, 1
pg/ml, and 10 pg/ml significantly inhibited scratch recovery by SJD.1
cells at 12 h and 24 h (p < 0.05) after the scratch. SJD.1 cells treated
with 1000 nm PS-NPs at 0.1 pg/ml, 1 pg/ml, and 10 pg/ml achieved
approximately 90 %, 72 %, and 64 % scratch recovery 24 h after
scratching, respectively.

3.5. PS-NPs alter skin fibroblast cell activity

3.5.1. ROS activity

The ROS activity of BJ-5ta cells was not significantly affected by PS-
NPs (50 nm, 500 nm, and 1000 nm) at 0.001-0.1 pg/ml (Fig. 6a). A
significant increase (p < 0.05) in BJ-5ta cell ROS activity occurred when
cells were pre-incubated with PS-NPs (50 nm, 500 nm, and 1000 nm) at
1 pg/ml (the larger the PS-NPs the larger the increase in ROS). The pre-
incubation of BJ-5ta cells with PS-NPs (50 nm, 500 nm and 1000 nm) at
10 pg/ml caused a significant reduction (p < 0.05) in ROS enzyme
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Fig. 5. The effect of PS-NPs on scratch repair. A graphical representation of the scratch recovery area (percentage) measured at 0 h, 12 h and 24 h for BJ-5ta and
SJD.1 and at 0 h, 12 h and 30 h for HDF cells in relation to the area immediately after the scratch was made (taken as 100 %). The results are shown as the average +
SEM of three technical replicates for each treatment group in two independent experiments. The data were analyzed using a two-tailed Student’s t-test and comparing
each of the treatment groups and the control. The statistical analysis was performed using GraphPad Prism version 7.0a. p < 0.05 was considered significant and is

identified with *.
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Fig. 6. Effects of PS-NPs on fibroblast cell activity. The activity level of ROS production and apoptosis was determined for BJ-5ta, HDF and SJD.1 fibroblast cells that
had been exposed to PS-NPs of different sizes (50 nm, 500 nm and 1000 nm) and concentrations (0.001 pg/ml, 0.01 pg/ml, 0.1 pg/ml, 1 pg/ml and 10 pg/ml), a) ROS
production was measured by determining DCFH-DA in fibroblast cells after incubation of the cells with PS-NPs for 72 h. “C” and “PC” in the figure represent the
control and positive control groups, respectively. b) Apoptosis was measured by determining the activity of Caspase 2 in fibroblast cells after incubation of the cells
with PS-NPs for 72 h. The “PC” group in the figure represents the positive control. The results are shown as the average + SEM of six technical replicates for each
treatment group in two independent experiments. The data were analyzed using a two-way ANOVA followed by a Tukey’s Multiple Comparison test. ¢c) ALP and AP
enzyme activities were measured in fibroblast cells exposed to 1000 nm PS-NPs at a concentration of 1 pg/ml for 72 h. The results are shown as the average + SEM of
six technical replicates for each treatment group in two independent experiments. The data were analyzed using a two-tailed Student’s t-test between the treatment
group and the control. The statistical analysis was performed using GraphPad Prism version 7.0a. p < 0.05 was considered significant and significantly different
groups were identified using different letters (a, b) in ROS and apoptosis results and with * for ALP and AP results.

activity and the larger the PS-NPs the larger the decrease in ROS.

No significant changes in ROS activity occurred in HDF cells pre-
incubate with PS-NPs (50 nm, 500 nm and 1000 nm) at 0.001-0.01
pg/ml. HDF cells pre-incubated with PS-NPs (50 nm, 500 nm and 1000
nm) at 0.1-10 pg/ml had a significantly increased (p < 0.05) ROS ac-
tivity compared to the control cells.

ROS activity did not change in SJD.1 cells pre-incubated with PS-NPs
(50 nm and 500 nm) at 0.001-0.01 pg/ml. PS-NPs of 50 nm and 500 nm
at 0.1-10 pg/ml caused a significant increase (p < 0.05) in ROS activity
in SJD.1 cells. PS-NPs of 1000 nm at 0.001 pg/ml did not change ROS
activity in SJD.1 cells but concentrations between 0.01 and 10 pg/ml
caused a significant increase (p < 0.05) compared to the control SJD.1
cells.

3.5.2. Caspase 2 enzyme activity

Caspase 2 enzyme activity was not significantly different in BJ-5ta
cells pre-incubated with any size or concentration of PS-NPs apart
from 10 pg/ml PS-NPs of 1000 nm where it was significantly increased
(p < 0.05) (Fig. 6b). HDF cells pre-incubated with 500 nm (1 pg/ml) and

1000 nm (1 and 10 pg/ml) PS-NPs had significantly higher (p < 0.05)
Caspase 2 enzyme activity. PS-NP exposure at any size or concentration
did not significantly change Caspase 2 enzyme activity in SJD.1 cells.

3.5.3. ALP and AP enzyme activity

ALP enzyme activity was significantly increased (p < 0.05) in BJ-5ta
and HDF cells pre-incubated with 1000 nm PS-NPs at 1 pg/ml. AP
enzyme activity was not affected in BJ-5ta and HDF cells by PS-NP
exposure (Fig. 6¢). Both ALP and AP were significantly increased (p <
0.05) in SJD.1 cells exposed to 1000 nm PS-NPs at 1 pg/ml.

3.6. The predominant changes in cell activity determined by PCA

PCA analysis revealed that 93.6 % of the overall variance was
explained by the PS-NPs of 1000 nm at a concentration of 1 pg/ml
(Fig. 7). Analysis of the results for all the cell lines pre-incubated with
PS-NPs revealed, Dimension 1 (Dim1) contained 63.5 % of the overall
variance, and that the separation of the human (BJ-5ta and HDF) and
fish (SJD.1) cell lines was due to the AP, ALP, and MTT activity.
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Fig. 7. Principal component analysis (PCA) to determine the principal effects of
PS-NPs on the enzyme activity of human (HDF and BJ-5ta) and fish (SJD.1)
fibroblast cells. The biplot originated from PCA is shown and the analysis in-
tegrated all measured variables (MTT, ROS, Caspase2, ALP and AP) and the
three fibroblast cell lines (BJ-5ta, HDF and SJD.1) exposed to 1000 nm PS-NPs
at 1 pg/ml. Different colors represent the different cell lines used in the ex-
periments after incubation with PS-NPs for 72 h, and each ellipse represents the
0.95 confidence range. Variables (activity) are represented by black line seg-
ments passing through the axis dots. The color inside the arrowhead for each
projection indicates the contribution of the variables and the heatmap (right
hand side) indicates their contribution.

Specifically, SJD.1 cells exhibited increased AP, ALP, and MTT activ-
ities, while ROS and Caspase 2 activities decreased, and ROS was
negatively correlated with AP and ALP. Dim2 contained 30.1 % of the
overall variance, and the separation of the human newborn male (BJ-
5ta) and adult female (HDF) cell lines was due to differences in ROS and
Caspase 2. Notably, PS-NPs led to faster changes in ROS in BJ-5ta cells,
while in HDF cells Caspase 2 activity changed faster.

4. Discussion

Aquatic systems are a major destination for environmental nano-
plastics, which puts humans, fish and other aquatic organisms at risk.
While there are an increasing number of in vivo studies of PS-NPs in fish
and humans, research focused on barrier tissues like skin is scarce. In
this study, we investigated the uptake capacity of PS-NPs by human and
fish skin fibroblast cell lines. Our results showed that all fibroblast cell
lines were able to uptake PS-NPs and they accumulated in the cytoplasm
surrounding the cell nucleus. Our findings are supported by a recent
study on murine primary skin cells exposed to PS-NPs, where efficient
cellular uptake of NPs of several sizes (ranging from 200 nm to 6 pm)
was observed after 24 h of incubation (Schmidt et al., 2023). A key
observation of our study was that exposure of human adult dermal fi-
broblasts (HDF) and infant fibroblasts (BJ-5ta) to 500 and 1000 nm PS-
NPs at relatively low concentrations compared to previous studies
(0.01/0.1 pg/ml - 1 pg/ml for 72 h) significantly inhibited proliferation.
This compliments observations made in another human foreskin fibro-
blast cell line (Hs27) where exposure to 5, 25 and 75 pg/ml of 100 nm
PS-NPs for 48 h significantly inhibited cell proliferation (Poma et al.,
2019). Additionally, a study with an intestinal epithelial cell line (HIEC-
6) and three human colon carcinoma cell lines (RKO, HT-29, and HCT-
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116) showed that exposure to 50 and 100 pg/ml of 100nm PS-NPs for
48h also inhibited cell proliferation (Xu et al., 2023). Furthermore, the
results of these studies hint at a cell-specific response since HIEC-6 and
Hs27 cell proliferation was inhibited by PS-NPs sooner (at 24 h) than for
the other cell types. The results of our study with 3 different types of skin
fibroblasts revealed a clear relationship between PS-NP particle size and
concentration and the inhibition of proliferation. It is worth noting that,
as the size and concentration of the PS-NPs increased, the inhibitory
effect on fibroblast proliferation became more pronounced. Under-
standing the underlying mechanisms responsible for this phenomenon
and how size specifically influences the impact of PS-NPs on cells needs
further exploration. Moreover, when comparing the three skin fibroblast
cell lines in terms of PS-NP exposure time, concentration, and size, it was
found that the inhibitory effect of NPs on proliferation was greater for
human skin fibroblasts than for fish fibroblasts where only PS-NP of
1000 nm had a significant effect.

The reason for the variability in the proliferative response of
different cell lines to PS-NPs has not previously been reported but we
hypothesize it may be related to the basal rate of cell proliferation since
the BJ-5ta cells (fibroblasts from infant foreskin) that proliferate faster
and exhibit higher motility were more significantly inhibited by PS-NPs
than adult HDF cells. Furthermore, a study involving rheumatic arthritis
- fibroblast-like synoviocytes (RA-FLS) demonstrated that MPs promoted
proliferation and increased migration capacity of RA-FLS, and this effect
was proposed to be explained by the tumor-like characteristics of RA-
FLSs (Lihua and Zhiyin, 2023). Taken together, these findings provide
further support for our hypothesis that the effects of PS-NPs depend on
particle size, and concentration but is also highly dependent on the
specific characteristics of the cells involved.

Insights into the mechanistic basis of the divergence in the cell type
response to PS-NP exposure may be explained in part by the Caspase 2
activity. For example, proliferation of fish fibroblasts was not signifi-
cantly affected by PS-NP exposure, and Caspase 2 activity, an indicator
of apoptosis, was not significantly changed by PS-NP exposure. In
contrast, in human cell lines, as the size and concentration of the PS-NPs
increased, the proliferation significantly decreased but the activity of
Caspase 2 did not change in the same PS-NPs concentrations. This sug-
gests that PS-NPs inhibited cell proliferation but did not significantly
affect apoptosis in PS-NP exposed human fibroblast cells. These findings
provide two noteworthy insights: 1) the pathways of proliferation and
apoptosis in zebrafish skin fibroblasts under PS-NP exposure may differ
from those of human skin fibroblasts, and 2) fibroblast cells originating
from adult and infant skin within the same species exhibit differences in
the apoptotic pathway under PS-NP exposure. In experiments with rat
ovarian granulosa cells exposed to PS-MPs the NLRP3/Caspase-1
signaling pathway was responsible for triggering pyroptosis and
apoptosis and not Caspase 2, which we measured in our study (Hou
et al., 2021). Similarly, when rat basophilic leukemia (RBL-2H3) cells
were exposed to either PS-MPs or PS-NPs the organelles were damaged
and this promoted MOAP-1 induced apoptosis (Liu et al., 2022). This
highlights that in cell-based studies caution is needed in the interpre-
tation of apoptosis results since the pathway may be cell dependent and,
in many studies, only a single apoptosis pathway is studied. The results
from the cell proliferation analysis in the present study indicate that the
response of fibroblasts under PS-NP exposure was species-specific and
depended on the origin of the cell line. Furthermore, taking into
consideration the results obtained for different human skin fibroblasts it
is possible age and sex influenced the response to PS-NPs.

Fibroblasts play a crucial role in wound healing as they are respon-
sible for synthesizing extracellular matrix components and promoting
tissue remodeling (Braff and Gallo, 2006; Eming et al., 2014; Rodrigues
et al., 2019). The scratch repair assay gives insight into the cellular and
molecular mechanisms underlying a critical process in skin, wound
healing. In assessment of wound healing fibroblast migration in response
to damage is quantified, and generally core genes, proteins and signaling
pathways involved in this process are quantified (Félix et al., 2021;
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Letsiou et al., 2020). In vitro assays of scratch repair in previous studies
has revealed that the involvement of actin in cell protrusion, contrac-
tion, and retraction movements is similar in human dermal fibroblasts
and the zebrafish SJD.1 primary fibroblasts (Etienne-Manneville, 2013,
2004; Félix et al., 2021; Garcin and Straube, 2019; Letsiou et al., 2020).
In our study, the presence of PS-NPs inside fibroblasts negatively
affected their migration in a time-, size- and concentration-dependent
manner. The results with skin fibroblasts indicated that the bigger PS-
NPs at higher concentrations caused more significant inhibition of cell
migration. The severity of the effect of PS-NPs on the migration of the
cell types used in the present study was like the cell proliferation studies
with a more pronounced effect on human skin fibroblasts compared to
fish fibroblasts. Taking together the outcome of the cell proliferation and
cell viability assays in the presence of PS-NPs it appears that the dif-
ferences in cell migration among species and even cell types may be
related to the inhibition of cell proliferation. In other words, PS-NP
exposure caused a deceleration in proliferation of human skin cells
and presumably this resulted in a lower number of cells participating in
scratch repair. This was particularly evident in the case of cells pre-
incubated with 50 nm PS-NPs, which did not affect cell migration but
did cause decreased cell viability.

Cell proliferation seems to be particularly sensitive to PS-NP expo-
sure and Jeong et al. (2022) reported that, although PS-NPs inhibited
stem cell proliferation, they did not significantly affect their future dif-
ferentiation or other essential functions. The results of our study are in
concordance with this study since although PS-NPs negatively impacted
cell proliferation they had only a limited effect on the capacity of skin
fibroblasts to migrate. In fact, immunohistochemical and cell painting
studies (personal observation) revealed that PS-NPs were not associated
with the cytoskeleton or microtubules in the fibroblast cells. Nonethe-
less, of note was the observation that smaller dimension PS-NPs (50 nm)
did not have an appreciable effect on fibroblast proliferation during the
“S” phase of the fibroblast proliferation curve or on the migration of
either human or fish skin fibroblasts.

Studies of PS-NP uptake and the associated consequences are well
represented in the existing literature but relatively few studies have
assessed the capacity of cells to eliminate PS-NPs. One study reported
the release of 44 nm PS-NPs from bovine oviductal epithelial cells and
human colon fibroblasts after a 4 h incubation in fresh culture medium
(Fiorentino et al., 2015). This raises interesting questions about the
factors underlying the lesser effects observed for smaller dimension PS-
NPs in our study since excess PS-NPs were removed by washing the cells
before measuring their response. We did not determine in our study if
the cells eliminated the PS-NPs they took up and this aspect requires
further investigation. Nonetheless, it should be noted that PS-NPs of 50
nm still exhibited cytotoxic effects on skin fibroblasts, reduced cell
viability and increased the production of ROS. Similarly, in human
alveolar type II lung epithelial cells (A549) exposure to PS-NPs of 25 nm
was reported to reduce their viability (Xu et al., 2019).

Although ROS plays critical roles in cell signaling and defense,
excessive production or impaired removal can induce oxidative stress
and cell damage (Elsayed Azab et al., 2019). The time-, size- and
concentration-dependent pattern of PS-NP cytotoxicity in our study was
coherent with the observations in human intestinal epithelial Caco-2
cells that larger particles of PS-NP at higher concentrations induced a
greater production of ROS (Cortés et al., 2020; Wu et al., 2019). Our
findings are further supported by the results of a recent study on murine
primary skin cells, which showed that small sized PS-NPs (200 and 1000
nm) did not significantly increase ROS (Schmidt et al., 2023).

A surprising observation that remains to be explained is the signifi-
cantly lower cytotoxicity of PS-NPs on fish skin fibroblasts. The limited
effect of PS-NPs of a small size (<1000 nm) on fish fibroblast (SJD.1)
proliferation, migration and cytotoxicity in vitro raises interesting
questions about the consequences and risks from PS-NP (<1000 nm)
pollution in aquatic environments. Nonetheless, the significant increase
in ALP and AP enzyme activity in fish fibroblasts when exposed to 1 pg/
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ml PS-NP was indicative of a cellular response. ALP plays a role in the
synthesis and organization of the extracellular matrix (ECM), cell
signaling, and differentiation most of which were not evaluated in our
study (Shekaran and Garcia, 2011; Shen et al., 2022). However, scratch
repair (analogous to wound healing in which ALP has a role) was
assessed and revealed that ALP activity was highly and significantly
increased in PS-NP exposed fish and human fibroblasts, which is the
expected response (Krotzsch et al., 2008). Nonetheless, despite the
increased ALP activity caused by PS-NP exposure, contrary to expecta-
tions the migration of fish and human fibroblasts was significantly
reduced (Figs. 4, Supplementary Fig. 2). The results for ALP activity and
SDJ.1 migration clearly reveal the importance of both in vitro and in vivo
studies to fully understand the likely consequences to fish of NP
exposure.

The precise function of AP in skin fibroblast cells is not well estab-
lished but the enzyme is primarily localized within lysosomes and
functions as a hydrolase enzyme. AP plays an important role in the
breakdown of diverse molecules, including proteins, nucleic acids, and
carbohydrates, enabling efficient recycling of cellular components (Bull
et al.,, 2002; Filomeni et al., 2015). Additionally, AP is involved in
cellular phosphate metabolism, contributing to the maintenance of
phosphate homeostasis and participating in various cellular processes
that rely on phosphate, such as energy metabolism, signaling, and
biomolecule synthesis (Anand and Srivastava, 2012). The significant
increase in AP enzyme activity that was specifically observed in fish skin
fibroblasts suggests that PS-NP uptake may have modified several
cellular processes, although the analysis performed in our study does not
allow us to specifically pinpoint the processes most affected. Nonethe-
less, an intriguing possibility is that the lysosomal pathway may be
involved in the handling of PS-NPs in fish cells.

5. Conclusion

An in vitro approach to characterize the consequences of PS-NP up-
take by human and fish skin fibroblasts was established. The results of
the study indicated that cell viability, proliferation, and the cellular
levels of ROS, exhibited a complex interplay that depended on factors
such as dimension and concentration of PS-NP, species, and fibroblast
origin (age/sex). The dynamics of cell proliferation and apoptosis
influenced cell migration as determined by scratch repair. The hetero-
geneous response of fibroblasts induced by PS-NPs was clearly revealed
by the segregation of HDF, BJ.5ta and SJD.1 fibroblasts in our PCA. Our
study suggests that AP, ROS, and Caspase 2 activity are good in vitro
indicators of PS-NP-induced cellular effects in SJD.1, BJ5TA, and HDF
cells, respectively.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.169979.
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