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Plastic pollution has become a major environmental and public health issue
due to rising global production. Nanoplastics (NPs) are especially concerning
due to their widespread presence and potential health risks. This study aims
to determine the impact of the exposure to polyethylene terephthalate (PET)
NPs on fibroblast cells using the murine NIH-3T3 cells as experimental model.
This is a relevant cellular model for several biological fields of application,
including cell migration in wound healing and tissue regeneration. The PET NPs
used represented an environmentally realistic PET NPs model since they were
produced by a fast top down approach in a process close to the mechanical
abrasion of microplastics occurring in the environment. They were characterized
by an intrinsic autofluorescence which enables their use in studies of NPs
interactions with biological systems without the need for additional fluorescent
dyes. Additionally, the Hansen solubility parameters (HSP) of the PET NPs and
the culture medium were determined to better understand their interaction. PET
NPs were internalized by fibroblasts in a dose-dependent manner, localizing
in the cytoplasm. While they caused only a slight reduction in cell viability
(within 20% inhibition at 10-100 pg/mL) after 24 h exposure, they significantly
impaired fibroblast migration, as demonstrated by the scratch assay, indicating
possible interference in tissue repair. The exposure of the cells to PET NPs
induced a significant dose-dependent ROS increase suggesting the induction
of intracellular oxidative stress as possible mechanisms underlying the observed
migration impairment. These findings highlight the potential risks of PET NPs
to fibroblasts, emphasizing the need for further research into their impact on
cellular functions and mechanisms.
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wound healing assay, cellular internalization, oxidative stress, cell migration, confocal
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1 Introduction

In recent years plastic pollution has emerged as a critical environmental and public
health problem due to plastic production reaching unprecedented levels all over the world
(Bidashimwa et al., 2023). Particularly, nanoplastics (NPs)—plastic particles smaller than
1 um (Gigault et al., 2018), that can arise from the breakdown of larger plastics or be
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purposefully manufactured, have gained attention due to their
ubiquity across various environmental matrices, raising significant
health concerns. Recently, the presence of micro and nanoplastics
(MNPs) in human kidney, liver and brain has been confirmed rising
concern about bioaccumulation processes (Nihart et al., 2025).
MNPs can enter the body through several pathways, including
ingestion, inhalation, and dermal contact (Zarus et al., 2021). They
have been detected in various food items and drinking water sources
(Khan and Jia, 2023). MNPs can originate from various sources,
including synthetic fibers and urban dust (Dube and Okuthe, 2023).
Dermal contact with MNPs occurs through the use of personal care
products containing microbeads, contact with contaminated water,
and exposure to airborne MNPs present in the atmosphere that can
settle with dust and come into contact with the skin (Abafe et al.,
2023). Therefore, the skin may be an important route of MNPs
entry into the body (Celebi Sozener et al., 2020). While the skin
acts as a barrier, certain conditions may facilitate the penetration of
nanoparticles such as skin damage (Larese Filon et al., 2016).

The research on the biological and health related effects
of NPs has made significant progress in the last years (Swee-
LiYee et al, 2021) due to the worldwide distribution of this
emerging pollutant whose contamination involves all environmental
matrices. Particularly, the studies at the cellular level contributed to
understanding the molecular and cellular mechanisms underlying
the health impact of this emerging pollutants. While there is a
growing body of literature examining the impacts of MNPs on
various cell types, detailed investigations into their effects on
fibroblasts are limited. Fibroblasts play a crucial role in tissue
repair, wound healing, and maintaining the extracellular matrix
(Plikus et al, 2021). They produce collagen, providing tensile
strength and resistance to mechanical stress in tissues (Tracy et al.,
2016), remodel the extracellular matrix in response to mechanical
signals and its synthesis and degradation (Kendall et al., 2014).
Upon injury, fibroblasts become activated and migrate to the wound
site, contributing to tissue repair (Kendall et al., 2014). Fibroblasts
release cytokines and chemokines, recruiting immune cells and
modulating inflammation (Silzle et al., 2003). They also produce
Vascular Endothelial Growth Factor (VEGF) and Fibroblast Growth
Factors (FGF), promoting endothelial proliferation and blood vessel
formation (Ollivier et al., 2000).

The few works available in the literature on the effect of MNPs
on fibroblasts have demonstrated that these cells can internalize
polystyrene NPs, leading to dose-dependent adverse effects on
cellular processes (Peng et al., 2024). These effects vary across
different fibroblast cell lines, emphasizing the need for further
exploration to understand the implications for human health
(Peng et al., 2024). Exposure to polystyrene NPs has been shown to
induce significant changes in gene expression and DNA methylation
patterns in human dermal fibroblasts, altering the normal cellular
functions (Stojkovic et al., 2023). Moreover, aminated polystyrene
nanoparticles exhibit dose- and size-dependent cytotoxicity in HFF-
2 fibroblasts, with smaller sizes and higher concentrations increasing
oxidative stress, apoptosis, and cell cycle arrest (Sadeghinia et al.,
2025). Most of the data to date available on the effect of MNPs
on fibroblasts refers to polystyrene NPs. Only one study evaluated
the impact of environmentally more realistic microplastics of
different sizes, sourced from various depths of the Adriatic Sea, on
human gingival fibroblasts (hGFs). These microplastics were found
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to induce inflammatory responses, suggesting that environmental
microplastics can affect fibroblast function (Caputi et al., 2022).
These results outline the need to expand the research of the
effect of MNPs at the cellular levels to other types of plastics
materials that can be found in the environment. Due to their
extensive production, use, and mismanagement, different micro-
and nanosized thermoplastic polymers can be found in the
environment, such as polyethylene (PE), polyethylene terephthalate
(PET), and polypropylene (PP) (Lionetto et al., 2023).

Research on the cellular effects of polyethylene terephthalate
(PET) NPs is currently less extensive compared to studies on other
types of NPs, such as polystyrene. While there is a growing body
of literature examining the impacts of various NPs on cellular
functions, PET-specific studies remain limited. PET is one of the
most widely used plastics, found in bottles, textiles, and food
packaging (Lionetto et al, 2021; Lionetto et al, 2022). It is a
major source of environmental MNPs due to its widespread use
and improper disposal. PET degrades slowly, leading to long-term
accumulation in ecosystems and increased human exposure through
water, food, and air (Lionetto et al., 2021). Therefore, understanding
the cellular effects of PET particles is critical due to their widespread
presence and persistent nature in the environment.

This study aims to advance understanding of the effects of
PET NPs on murine NIH-3T3 fibroblasts, with a focus on cell
migration and intracellular redox balance. NIH-3T3 cells represent
a versatile fibroblast model widely used in molecular biology,
biomedical research, pharmacology, and toxicology (Rahimi et al.,
2022), and are particularly suitable for studying migration processes
essential to wound healing and tissue regeneration (Giannakopoulos
etal, 2023). The PET NPs used in this study were obtained
by a fragmentation process close to the mechanical abrasion
of microplastics occurring in the environment, according to
Lionetto et al. (2022). They were characterized by an intrinsic
fluorescence making them useful in the study of NP interaction with
biological systems (Lionetto et al., 2022).

2 Materials and methods

2.1 PET nanoplastic production and
characterization

Model PET nanoparticles were generated following the method
presented in our earlier research (Lionetto et al., 2022), using
RT52 PET pellets provided by Invista Resins & Fibers GmbH
(Gersthofen, Germany) (Lionetto et al, 2021). This approach
employed a top-down mechanical fragmentation technique, which
mimicked the natural abrasion of microplastics by sand granules
in aquatic environments. The method does not require the use
of solvents.

Dynamic light scattering (DLS) measurements were carried out
at room temperature using a Malvern Zetamaster Nano-ZS. The
measurements were carried out on the diluted suspensions, suitable
for light-scattering measurements.

FT-IR analyses allowed the identification of the functional
groups present on PET polymer. Fourier transform infrared
spectroscopy (FT-IR) was performed with a Jasco 6300 FT-IR 203
spectrometer (JASCO Corporation, Tokyo, Japan). Infrared spectra
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were recorded in the wavelength range between 750 cm™ and
3,500 cm™! with 128 scans and 4 cm™ of resolution, by using ATR
Pro One X with ZnSe crystal.

The autofluorescence of PET NPs was spectrofluorimetrically
characterized in our earlier research (Lionetto et al., 2022). In this
work the autofluorescence of PET NPs was assessed by confocal
microscopy using a 405 nm laser line of A1 NIKON confocal laser
scanning unit (emission filter 425-475 nm) coupled with a NIKON
Ti microscope.

2.2 Cell culture and exposure to PET NPs

The effects of PET ®NPs were assessed on NIH-3T3

fibroblast cell line (ATCC CRL-1658") derived from mouse
embryos. These cells are widely used in various fields of
cell biology research and represent an established fibroblast
model for assessing cellular responses to external agents
(Boncler et al., 2018; Wagner et al., 2022).

NIH-3T3 cells were cultured in Dulbeccos modified Eagle
medium (D-MEM) (EuroClone Paignton-Devon, United Kingdom)
supplemented with 10% (v/v) fetal bovine serum, 2mM L-
glutamine, and 100 pg/mL penicillin/streptomycin, in a humidified
atmosphere (5% CO, in air) at 37°C. For experimental exposure to
PET NPs, cells (concentrated 2 x 10* per ml) were seeded in a 96-well
plate for 24 h. Thereafter, they were incubated with PET NPs for 24 h
at different concentrations (0, 10, 25, 50, and 100 pg/mL). Before
incubation with the cells, the dispersion of PET NPs in D-MEM
medium was sonicated with a customized protocol using a Bioruptor
Plus (Diagenode, Denville, NJ, United States) in order to keep a well
dispersed state for the duration of the exposure experiment.

All experiments were performed between passages 3 and 10 of
propagation. Every exposure was performed in three replicates.

The selected concentration range (10-100 pug/mL) used in this
study is included in the concentrations normally used in in vitro
studies with PET NPs (Gettings et al., 2024; Aguilar-Guzman et al.,
2022; Zhang et al., 2022; Magri et al. 2018) to facilitates comparison
across different studies and experimental setups in evaluating the
biological impacts of PET. A recent study by Leslie et al. (2022))
detected MNPs in human blood at concentrations ranging from 1
to 7 ug/mL, with PET identified as one of the most prevalent plastic
components. The range of concentrations used in our study is one
order of magnitude higher than the concentration range measured
in human blood. This discrepancy is justified by the intrinsic
characteristics of in vitro studies, where higher concentrations
are commonly employed to induce detectable biological effects
within short exposure periods. Furthermore, in vitro experimental
exposure is designed to simulate, over limited timescales, exposure
conditions that in vivo would occur over much longer durations,
potentially leading to accumulation phenomena over time.

2.3 Confocal visualization on living cells

NIH-3T3 cells (concentrated 2 x 10* per ml) were seeded
in a tissue culture-treated p-Slide 4 well (Ibidi GmbH, Grifelfing,
Germany) for 24 h and then they were incubated with PET NPs for
24 h. After incubation cells were washed three times to remove NPs
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and were visualized by a 405 nm laser line of A1 NIKON confocal
laser scanning unit using coupled with a NIKON Ti microscope.
Cells were visualized by a Plan Apo 60x1.40 Oil objective (Nikon,
Tokyo, Japan).

2.4 Cell viability assessment by MTT test

The effect of PET NP exposure on NIH-3T3 cell
viability was assessed wusing MTT (3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide) test (Sylvester, 2011;
Rajabimashhadi et al., 2024). MTT assay is one of the most widely
used and well-established methods for assessing cell viability in
vitro. It is frequently applied in several field of cell research and
it is the most prevalent method for assessing cell viability in
studies of MNPs (Ferreira et al., 2024). In this regard, the use of the
MTT assay in this work allows comparing the cell viability results
obtained following exposure to PET NPs with results obtained on
other cell types and other NP types.

The test evaluated the mitochondrial NAD(P)H-dependent
oxidoreductase enzyme activity that can reduce a yellow tetrazolium
salt (MTT) to a purple formazan. This in turn accumulated as
crystals within healthy cells. The crystals were in turn dissolved
with DMSO and the absorbance of the resulting coloured solution
was spectrophotometrically analyzed at 570 nm (Cytation 5, BioTek
Instruments, Winooski, VT, United States). The relative viability of
the cells was calculated by Equation 1:

Treated cellsOD

%Relative viabilityofcells = m * 100 (1)

2.5 Wound healing and cell migration assay

The spreading and migration capabilities of 3T3 fibroblasts
exposed to PET NPs were measured using a scratch wound assay.
First, NIH 3T3 cells were seeded in six-well plates at a density of
5 x 10° cells/well in DMEM, then the cells were incubated at 37°C
and 5% CO, until they reached a confluence of approximately 80%.
Then, an in vitro wound model was established by producing a linear
scratch across the fibroblast cell layer of the six-well culture plate
using a sterile 200 pL pipette tip in a single motion to simulate a
wound. Any cellular debris was removed by replacing the medium.
Then the cells were exposed to PET NPs 50 pug/mL for 24 h. Images
were taken at the same location of each well before and after
24 h by Cytation 5 multimode reader. The wound closure rate was
measured using image analysis software Image] after downloading
the plugin Wound Healing Size Tool (Suarez-Arnedo et al., 2020),
that automatically recognizes the size of the scratch wound, corrects
the average wound width considering its inclination and quantifies
parameters such as area, fraction of wound area, average wound
width and width deviation of the wound images.

The wound closure percentage was assessed according to
Grada et al. (2017) using Equation 2:

A =0 _AAt

Woundclosure% = — * 100 (2)
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2.6 Intracellular oxidative stress detection

The intracellular oxidative stress was evaluated using the cell-
permeant probe sensitive to intracellular reactive species 5-(and-6-)-
chloromethyl-2,7-dichlorodihydrofluorescein diacetate acetyl ester
(CM-H,DCFDA) (Ex/Em: 492-495/517-527 nm) (Thermo Fisher
Scientific, Waltham, MA, United States). It is a commonly used
probe for detecting Reactive Oxygen Species (ROS) formation in
cells (King and Oh, 2004; Giordano et al.,, 2023; Giordano and
Lionetto, 2023; Giordano et al., 2020a; Giordano et al., 2020b). Once
inside the cell, intracellular esterases cleave the acetate groups of
CM-H,DCFDA, converting it into DCFH, which remains entrapped
within the cell. Oxidation of DCFH by intracellular oxidants (via
a two-electron process) produces the fluorescent product DCF
(Forman et al., 2015). Cells were plated into Corning™ 96-well
black/clear bottom plate TC surface for 24 h to allow the cell
attachment. Then, the cells were incubated for 24 h with PET NPs in
arange of concentrations (0, 10, 25, and 50 ug/mL). Then, they were
washed three times to remove residual PET NPs and were charged
with CM-H,DCFDA according to (Giordano et al., 2020a; Giordano
etal.,, 2020b). Briefly the cells were incubated with 5puM CM-
H,DCFDA for 30 min at 37°C and then washed to remove the
extracellular dye. Fluorescence was then measured by Cytation 5™
(BioTek Instruments, Inc., Winooski, VT, United States) multi-
mode microplate reader. The results are expressed as percentage
variation of the fluorescence intensity with respect to the control and
were calculated as follows:

Percentage Variation = ((FI sample ~ Flcomol) / Flcomml) x 100

Si

where FIg, 1
is Fluorescence intensity of the control sample.

is the fluorescence intensity of the test sample, FI_ ..,

In order to assess the intracellular localization of the de-
esterified fluorescent probe, the cells charged with CM-H,DCFDA
were also visualized by fluorescent microscopy using the multi-
mode microplate reader Cytation 5 using a 40x objective.

2.7 Statistical analysis

All the experiments were performed in triplicate. Statistical
tests utilized to evaluate the statistical significance of differences
were Student t test, One Way ANOVA, and Dunnett’s post-test as
indicated in the figures’ captions. Data are expressed as mean + SEM.

3 Results
3.1 PET NPs characterization

As reported in Figure 1A where the DLS intensity-based
size distribution is shown (representative of n = 3 independent
experiments), the used PET nanoparticles exhibited a bimodal
size distribution, with two distinct peaks, suggesting the presence
of two populations of particles with different sizes centered at
150 nm and 570 nm. In a previous work of the authors, it was
demonstrated that the obtained PET NPs exhibited irregular
shapes and surfaces, reflecting characteristics of environmentally
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occurring secondary NPs formed from the degradation of larger
plastic items (Lionetto et al., 2022).

FT-IR spectrum in Figure 1B (representative of n = 3
independent experiments) highlighted the key functional groups
of PET. In particular, a strong and prominent peak at 1714 cm™,
typical indicator of the ester carbonyl (C=0) stretching vibration,
was observed. Additionally, the peaks at 1,241 cm™ and 1,096 cm™!
were related to the C-O stretching vibration in the ester group, due
to the aliphatic and aromatic ester, respectively, being a significant
feature for identifying ester linkages. The FT-IR spectrum confirmed
the preservation of molecular structure of PET NPs without any
chemical modification due to the production process.

To better understand the interaction between Dulbecco’s
modified Eagle medium (D-MEM) supplemented with antibiotic
and PET NPs, the Hansen solubility parameters (HSPs) were
calculated. HSPs are a set of three parameters, named dispersion
or non-polar interaction (8p), polar or dipole-dipole interaction
(8p), and hydrogen bonding interaction (8y), as given by
Equation 3 (Hansen, 2007):

62T=6‘21+5§+6f, (3)

These parameters quantify the cohesive energy of a material
and predict solubility behavior based on the “like dissolves like”
principle. HSPs of PET NPs and D-MEM solution were estimated
by the group contribution method by summing the contributions
of individual structural groups within a molecule (Greco et al,
2015). This method allows for rapid estimation when experimental
data is unavailable. Since D-MEM cell culture medium is a
multicomponent solution supplemented with antibiotics, HSPs of
the mixture have been calculated using a weighted average of
the individual component parameters, i.e., water, salts, sugars,
amino acids, vitamins and antibiotic (Hansen, 2007; Yadav et al.,
2023; Lionetto et al., 2023) based on their volume fractions ®;,
as follows (Equation 4):

(Smix = Z ((1)1*61) (4)

The obtained Hansen solubility parameters for PET
nanoparticles and D-MEM medium are reported in Table 1.

With the HSPs reported in Table 1, a solubility sphere centered
at PET HSPs can be drawn with an interaction radius R, equal
to 5 (MPa)*® for PET polymer [1], that defines the limit of good
solubility or compatibility. To simplify visualization, the 3D sphere
is projected as a blue circle area onto three 2D planes in Figure 2, to
help assess how close the culture medium lies to the solubility sphere.
Since D-MEM falls outside the R, radius of PET HSP circle area in
all planes (Figure 2), it is energetically unfavorable for it to interact
closely with the polymer. This implies that D-MEM medium does
not penetrate the PET matrix which cannot swell since swelling of
nanoparticles typically requires some degree of solubility.

The laboratory made PET NPs possessed inherent
autofluorescence (Lionetto et al, 2022). When excited at
405 nm they expressed a maximum emission at 450 nm.
As shown in Figures 3A,B, which presents a representative image of
PET NP powder aggregates captured in brightfield (A) and confocal
microscopy (B) (from n = 3 independent experiments), PET NPs
were clearly visible using confocal microscopy with a 405 nm
excitation laser line and a 425-475 nm emission filter. This laser
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FIGURE 1

experiments) of laboratory made PET NPs.
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TABLE 1 Hansen solubility parameters.
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FIGURE 2
Hansen solubility parameter 2D plots for PET and D-MEM medium (representative of n = 3 independent experiments).

line is commonly used in biological research to excite fluorophores
with excitation peaks in the near-UV to violet range. This property
enables the use of these PET NPs in studies of NPs interactions
with biological systems in any fluorescence procedure without the
need for additional fluorescent dyes. Moreover, the solvent-free
production of these PET NPs offers a key advantage for biological
sample applications.

3.2 PET NPs internalization

When 3713 cells were exposed to PET NPs for 24 h, they showed
a cytoplasmatic localization as assessed by confocal microscopy
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observation on living cells (Figures 4A-E; Supplementary Figure S1,
representative images of n = 3 independent experiments), suggesting
the ability of PET NPs to be internalized into the cells. The
NP internalization appeared dose-dependent in the range of
concentrations tested (from 30 ug/mL to 100 ug/mL) (Figure 4E). In
particular, at the highest concentration tested we did not observe a
proportional increase in the percentage of cells internalizing NPs.

3.3 Cytotoxicity
After demonstrating that PET NPs can be internalized by

fibroblasts, we investigated their cellular effects starting with MTT
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FIGURE 3

Aggregates of PET NPs powder visualized in brightfield (A) and confocal microscopy (B) by a 405 nm laser line of A1 NIKON confocal laser scanning
unit coupled with a NIKON Ti microscope. Objective used 20X. Images representative of n = 3 independent experiments

test on 3T3 cells exposed to PET NPs for 24 h (concentration
range from 10 pg/mL to 100 pg/mL) for the assessment of potential
effects on cell viability. Data are expressed as mean = SEM of three
independent experiments. A slightly dose-dependent decline in cell
viability was observed (Tigure 5). It reached a significant reduction
of about 20% at the PET NP concentration of 50 pg/mL. This finding
indicates a potential slight cytotoxic effect of PET NPs on NIH-3T3
fibroblasts by interfering with the cellular metabolism. The further
increase of the concentration to 100 pg/mL did not produce further
increase in the viability reduction. MTT assay measures cellular
metabolic activity as an indicator of cell viability, but it may not
fully capture other forms of cell stress. A plateau might indicate that
metabolic impairment has reached a detectable limit, even if other
toxic effects are still occurring.

3.4 Wound healing and cell migration

Fibroblasts are known for their roles in wound healing and
cell migration, being essential in the repair and regeneration of
tissues following injury (Plikus et al., 2021). In order to assess if any
functional interferences in cell migration or mobility were induced
in the cells following PET NPs exposure, the scratch wound assay
was performed on cells exposed for 24 h to 50 ug/mL PET NPs,
the concentration that resulted in the maximum effect of a 20%
reduction in vitality in the MTT assay.

As shown in representative Figures 6A-D the exposure of the
cells to PET NPs significantly inhibited the migration of the cells
and in turn wound closure after scratch. The quantification of
the effect (Figure 6E) corresponded to about 60% reduction in the
wound closure percentage.

3.5 Oxidative stress
Various studies have shown that NPs can activate oxidative stress

pathways, leading to alterations in cellular functions (Kalug et al.,
2024; Wu et al., 2024; Ferrante et al., 2022). Moreover, intracellular
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reactive oxygen species (ROS) are considered key regulators of cell
motility (Huang et al,, 2013). To study the mechanisms underlying
PET NP induced effects on 3T3 cells, the possible induction of
oxidative stress was investigated. The cells where exposed to different
concentrations of PET NPs for 24 h and then charged with the
cell-permeant ROS sensitive probe CM-H,DCFDA. As observed
by fluorescence microscopy and quantified by spectrofluorimetry
(Figure 7), the exposure of the cells induced a significant increase
of the fluorescence of the probe compared to control (expressed
as percentage variation of the intracellular probe fluorescence).
The de-esterified form of CM-H,DCFDA showed a cytoplasmatic
localization as indicated by the diffused intracellular fluorescence
observed in the representative images of Figures 7A,B showing
control cells and cells exposed to 50 ug/mL PET NP respectively.
The fluorescence increase was dose-dependent in the PET NP
concentration range tested with a linear increase in the range from
10 ug/mL to 50 pg/mL (Figure 7C). This result suggests that PET
NPs exposure was associated with intracellular oxidative stress
potentially initiating a cascade of toxicity pathways that could
underly the altered cellular function observed.

4 Discussion

Research on the biological and health effects of NPs, particularly
at the cellular level, has recently advanced significantly due to
their widespread environmental contamination (Yee et al., 2021).
However, knowledge gaps remain, limiting a full understanding of
NPs effects on human health and ecosystems. Indeed, many studies
focus on specific NP types, like polystyrene, which may not reflect
the NP environmental diversity, reducing the generalizability of
findings (Jayavel et al., 2024; Mahmud et al., 2024; Schréter and
Ventura, 2022; Lehner et al., 2019). Additionally, research is often
restricted to a few cell types.

The present work contributes to widening the knowledge of
the cellular effects of NPs focusing on NIH-3T3 cells as fibroblast
cell model and investigating the impact of exposure to PET NPs
on key aspects of cell physiology including cell vitality, migration
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FIGURE 4

Representative image (of n = 3 independent experiments) of a 3T3 fibroblast exposed to PET NPs (50 ug/mL) for 24 h visualized in brightfield (C) and
confocal microscopy (D) by a 405 nm laser line of A1 NIKON confocal laser scanning unit coupled with a NIKON Ti microscope. A control cell (A,B) is
shown for comparison. Objective used 60X oil immersion. (E) % of cells internalizing PET NPs at different NP concentrations (data are expressed as

mean + SEM of three independent experiment).

and redox balance. The cells were exposed to PET NPs obtained by
a fragmentation process of PET close to the mechanical abrasion
of plastic material occurring in the environment (Lionetto et al.,
2022). Compared to previous works mainly based on round-shaped
commercial PS NPs, the PET NPs used in this study offer several
innovative aspects including their morphology and their intrinsic
autofluorescence. They showed a polydisperse size distribution and
irregular shapes and surface that closely mimic NPs found in the
environment. Moreover, they exhibited intrinsic autofluorescence,
eliminating the need for the conjugation with fluorescent dyes and
in turn avoiding issues like dye leaching and potential toxicity

Frontiers in Physiology

introduced by the conjugated dyes. The PET NPs used in the
present study were characterized by an intrinsic autofluorescence
(Lionetto et al., 2022). When excited at 405 nm they expressed a
maximum emission at 450 nm. This autofluorescence is attributed
to intrinsic fluorescence properties of the polymer ascribable to the
presence of aromatic groups in its chemical structure which can
absorb photons at specific wavelengths and subsequently re-emit
photons at a longer wavelength, generating autofluorescence (Allen
et al., 2000; Lionetto et al., 2022). In this work the autofluorescence
of PET NPs was assessed by confocal microscopy using a 405 nm
laser line of A1 NIKON confocal laser scanning unit (emission filter
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FIGURE 5
Effect of PET NPs exposure (24 h) on 3T3 cell vitality assessed by the
MTT test. **P < 0.01 (One Way ANOVA and Dunnett post-test). Data

are expressed as mean + SEM of three independent experiments.

425-475 nm) coupled with a NIKON Ti microscope, demonstrating
that the spectral properties of PET NPs make them suitable for
spectrofluorimetry and fluorescence microscopy applications since
they showed an excitation and emission peak compatible with the
commercially available UV/violet light source and microscope’s
filters and detectors.

We detected the internalization of PET NPs into 3T3
fibroblasts after 24 h exposure. The internalized PET NPs showed a
cytoplasmatic distribution as can be assessed by merging brightfield
and fluorescence images acquired by confocal microscopy. The
internalization was dose-dependent. This result agrees with our
previous data demonstrating the ability of these PET NPs to be
internalized in another cell model represented by hemocytes of the
bioindicator species Mytilus galloprovincialis under in vitro study
(Lionetto et al., 2022). The internalization of NPs has been widely
demonstrated for polystyrene NPs in several cell types, including
rat basophilic leukemia cells (RBL-2H3) (Liu et al., 2021), human
lung epithelial cells A549 (Xu et al, 2019), THP-1 cells from a
human monocytic leukemia cell line (Liu et al, 2024), gastric
epithelial (GES-1) cells (Ding et al., 2021), and human induced
pluripotent stem cells (hiPSCs). It is known that polystyrene NPs
can be internalized into cells through various pathways, including
passive membrane transport and active endocytosis (Hua and Wang,
2022; Jeong et al,, 2022) (Liu et al,, 2021). Smaller particles (e.g.,
50 nm) were internalized more efficiently than larger ones (e.g.,
500 nm) (Liu et al,, 2021) (Liu et al., 2024). The passive membrane
penetration is due to the partition of polystyrene NPs in the water-
phospholipid system thanks to hydrophobic interactions and Van
der Waals’ forces as assessed on model membranes (Liu et al., 2021).
On the other hand, NPs endocytosis pathways included clathrin-
mediated, caveolin-mediated, and micropinocytosis (Liu et al.,
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FIGURE 6

(A-E). Representative bright-field images of scratch test on NIH 3T3
cell acquired by the imaging multimode reader Cytation 5 Biotek (obj
4x). (A) Control group (t:0 h), (C) Control group (t:24 h), (B) cells
exposed to NPs 100 ug/mL (t:0 h), (D) cells exposed to NPs 100 ug/mL
(t:24 h). The light blue line was automatically applied by the image
analysis software used (see Methods) for recognizing the size of the
scratch wound and measure wound closure. (E) Wound closure
percentage calculated in control and PET NPs (50 pg/mL) exposed
cells for 24 h **P < 0.01 (Student t test). Data are expressed as mean +
SEM of three independent experiments.

2021; Ding et al,, 2021) (Liu et al., 2024). Compared to the studies
on polystyrene NPs, the available data on cellular internalization
of PET NP is limited. To the best of our knowledge only a few
studies investigated PET NPs cellular internalization. Magri et al.
(2018) demonstrated PET nanoparticle (NP) internalization into
endolysosomes of Caco-2 intestinal cells at concentrations similar
to the concentrations used in this study. Rodriguez-Herndndez et al.
(2019) and Aguilar-Guzméan et al. (2022) observed PET NP
uptake in RAW macrophages, while Zhang et al. (2022) reported
endocytotic uptake in A549 pulmonary cells after 24 h. In our
experimental model we observed a cytoplasmatic distribution
of PET NPs allowing to hypothesize an endocytotic pathway as
a possible NPs uptake mechanism. However, the contribution
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(A,B) Representative fluorescence microscopy images (of n = 3 independent experiments) of control and PET NP exposed (24 h) 3T3 cells charged with
the ROS sensitive probe CM-H,DCFDA for the intracellular ROS assessment; (C) % variation of the fluorescence intensity of 3T3 cells exposed for 24 h

to increasing concentrations of PET NPs and then charged with CM-H,DCFDA

expressed as mean + SEM of three independent experiments.

of different internalization mechanisms cannot be excluded
according to the heterogeneous dimensions and shape of the
NPs used in the study. Indeed, both the size and shape of NPs
significantly influence their internalization into cells (Liu et al., 2021;
Agarwal et al., 2013) (Xu et al., 2019). Our results demonstrated for
the first time fibroblasts were able to incorporate PET NPs within
a short time period of exposure in a dose-dependent manner.
However, based on the current results, we are not yet able to
determine the precise subcellular localization of NPs. Future studies
will be necessary to accurately identify the subcellular localization
and to in deep characterize the internalization mechanisms
of PET NPs into the cells, including a size-resolved analysis
of the uptake.

Once assessed the internalization, we investigated potential
cellular effects. PET NPs slightly but significantly decreased cell
viability after 24 h exposure reaching the maximum effect of
20% viability inhibition at 50 pg/mL. This result agrees with data
obtained by Zhang et al. (2022) on A549 cells using commercial
PET NPs sized from 164 to 190 nm in a similar concentration
range. However, we observed PET NPs able to interfere with an
important cellular function in fibroblast physiology represented
by cell migration and wound healing. The in vitro experimental
model used to mimic aspects of wound repair was the so-called
scratch test, which involves creating a scratch in the cell monolayer
and observing and quantifying how cells migrate to close the gap.
While the scratch test is valuable for studying cell migration, it
does not fully replicate the complexity of in vivo wound healing,
which involves multiple tissue layers, immune responses, and other
physiological factors. Instead, the scratch test primarily evaluates
cellular behaviours such as cell migration (how cells move to cover
the scratch area) and cell proliferation (how cells proliferate to
fill the wound area) (Grada et al., 2017; Suarez-Arnedo et al,
2020). About 60% reduction in the gap closure percentage of
3T3 cells was assessed by scratch test. Fibroblast migration is a
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complex, highly regulated process essential for wound healing, tissue
repair, and development. This process involves coordinated events,
including cytoskeletal reorganization, cell adhesion dynamics, and
extracellular matrix (ECM) interactions (Tschumperlin, 2013).
Obtained results suggest possible direct or indirect interference of
PET NPs with the mechanisms underlying fibroblast migration and
their involvement in wound healing. Alterations in cell migration
induced by NPs exposure have been previously demonstrated
in other cell types and the effects appeared cell type and NP
specific. Polystyrene NPs inhibited the migration and invasion
of human trophoblast cells by disrupting the ROCK1 pathway,
triggering autophagy, and degrading the key transcription factor
SOX2 (Wanetal.,, 2024). In astrocytes derived from neural stem cells,
both polystyrene nano- and microplastics modify the expression
of genes involved in cell migration, suggesting that these particles
can affect cellular motility (Marcellus et al., 2024). In addition,
polyethylene NPs enhanced the migration potential of the cells
through mechanisms involving Epithelial-Mesenchymal Transition
and, in turn, raising concern for possible role in carcinogenesis
(Traversa et al., 2024).

Intracellular reactive oxygen species (ROS) are considered key
regulators of cell motility (Huang et al., 2013). They are known
to exert a dual role, promoting migration at low concentrations
but inhibiting cell motility when excessively produced, disrupting
cytoskeletal integrity, adhesion turnover, and mitochondrial
function (Huang et al., 2013; Dunagan and Rao, 2009). The ROS
effects on cell motility are highly context-dependent, influenced
by the type of cells and the specific oxidative stress conditions
(Huang et al., 2013; Dunagan and Rao, 2009) (P. Xu et al., 2020).
In fibroblasts, it has been demonstrated that modulating reactive
oxygen species (ROS) levels plays a crucial role in regulating
wound healing (Janda et al,, 2016) and that excess intracellular
ROS can impair fibroblast migration (Fujiwara et al., 2019; Loo
and Halliwell, 2012). In our experimental model, using the cell
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permeant dichlorofluorescein diacetate probe (CM-H,DCFDA),
we demonstrated that PET NPs significantly increased the ROS
intracellular contents, which in turn suggested the induction
of an oxidative stress condition in 3T3 cells. The effect was
dose-dependent with a linear increase in the concentration
range 10-50 pg/ml and a saturating behaviour at the highest
concentration tested of 100 pg/mL. The saturating behavior could
be ascribed to the fact that the cellular uptake of NPs may be limited
by the endocytic capacity of the cell. Previous studies on other
cellular models demonstrated that endocytosis of nanoparticles
shows saturation with increased concentration and time (Sun et al.,
2022). Once this capacity is saturated, it is possible that no further
NPs are internalized and no further increase in cellular effects can
be observed. Moreover, the exocytosis of internalized PET NPs
should also be considered in this process and could contribute to
determining the observed plateau. Recent studies on polystyrene
NPs have documented NPs exocytosis in different cell types
(Liu et al., 2023; Han and Ryu, 2022). Further research is required
to address this aspect.

The marked dose-response ROS increase observed in our
experimental cell model suggests that oxidative stress induction
could represent an early step in the cascade of events induced
by PET NPs exposure earlier to more integrated endpoints. The
effects detected on 3T3 fibroblast confirm evidence obtained from
other cell types such as primary human nasal epithelial cells
(Annangi et al., 2023), where an increase of the intracellular ROS
concentration following PET NPs exposure was associated to the
alteration of mitochondrial membrane functionality. Increases ROS
production and consequent oxidative stress induced by PET NPs
have also been detected in Saccharomyces cerevisiae (Kalug et al.,
2024), and primary nasal epithelial cells (HNEpCs) (Annangi et al.,
2023). As regards possible mechanisms to explain the PET induced
intracellular increase of ROS concentration and in turn oxidative
stress in 3T3 fibroblasts, we can hypothesize possible alteration
in the mitochondrial functions since mitochondrial respiratory
chain is a primary source of intracellular ROS. It is known that
dysfunction in mitochondria leads to increased ROS production
(Murphy, 2013). Mitochondria can respond in turn to clevated
ROS levels by further increasing their own ROS production, a
process known as ROS-induced ROS release (Brady et al., 2006).
Moreover, PET NPs induced alterations in the antioxidant defence
of the cells could be another possible mechanism contributing to
the enhanced ROS concentration in our experimental model. It is
known that NPs can significantly alter the activity of antioxidant
enzymes across various cell types and organisms (Z. Liu et al,
2020; Babaei et al, 2022; Polo et al., 2024). Although most of
the information available on this aspect arises from studies on
polystyrene NPs, these effects could also be involved in the PET NPs
oxidative stress induction.

Overall, the integrated analysis of scratch test and ROS
data suggests that PET NPs induced ROS production could
interfere with cell migration in 3T3 cells, possibly representing an
underlying early toxicity mechanism. Although future studies will
be addressed to clarify this issue, the present work for the first time
demonstrated PET NPs able to impair cell migration in fibroblasts
with implication in wound healing in association with induced
ROS increase.
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5 Conclusion

This study analyzes the effects of PET NPs on fibroblasts cells
using the NIH-3T3 murine model. The PET NPs used, produced
through a top-down approach, closely resemble environmental
NPs and exhibit intrinsic autofluorescence, facilitating NP
interaction studies without the need for additional fluorescent
labels. Furthermore, the determination of the Hansen solubility
parameters of the PET NPs and culture medium provides valuable
insights into PET NPs interaction behavior, contributing to a deeper
understanding of NPs behavior in biological systems.

PET NPs can be internalized by fibroblasts and localize in the
cytoplasm in a dose-dependent manner. They induce a slightly
dose-dependent decrease in cell viability within 20% inhibition in
the concentration range used (10-100 pg/mL) but a more marked
oxidative stress due to increase intracellular ROS concentration
which could be a key mechanism of toxic effect inside the cell. PET
NP exposure impaired fibroblast migration, as observed in a wound
healing assay suggesting potential interference with tissue repair
and wound healing. Overall, this study underscores the potential
hazards of PET NPs on fibroblasts, which play a crucial role in
wound healing and tissue maintenance. The observed oxidative
stress and impaired migration suggest that PET NPs may exert
negative effect on fibroblasts, warranting further investigation into
their interference and underlying mechanisms.
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