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Abstract

The toxicity of micro- and nanoplastics in aquatic life is well documented, yet limited
information is available on their effects in humans; moreover, most in vitro nanotoxicology
studies rely on cancer cells. This study examined the effects of pristine and aged polystyrene
micro- and nanoparticles on human dental pulp stem cells. While both particle sizes were
internalized by the cells, primarily through endocytosis, they did not affect cell viability.
In contrast, leachates from particles, aged for one month in culture medium, significantly
reduced viability, indicating that toxicity arises from degradation byproducts rather than the
particles themselves. Atomic force microscopy confirmed surface changes in aged plastics.
Both particle sizes disorganized the cytoskeleton, leading to reduced actomyosin cortex
integrity. Gene expression analysis revealed that leachates and aged particles activated
inflammatory pathways, markedly increasing IL-8 and TGF-f31 expression, while also
decreasing SOD levels associated with oxidative stress. No notable effects were observed
on genes related to stemness or senescence. These results suggest that, while pristine
micro- and nanoplastics may be relatively inert, their degradation products pose greater
toxicological risks to human health. The findings highlight the importance of considering
leachate toxicity in plastic pollution studies and demonstrate the value of stem cell-based
models for evaluating the cellular and molecular impacts of environmental contaminants
on human health.

Keywords: nanotoxicology; polystyrene; aged plastic; mesenchymal stem cells

1. Introduction

Polystyrene (PS) is one of the most widely used plastic polymers in the world and a
major component of plastic debris commonly released into the ecosystem. In the natural
environment, plastics are difficult to break down due to their hydrophobicity, the presence
of persistent covalent bonds, and their functional groups’ resistance to chemical-physical
attack [1]. However, the long-term influence of environmental factors such as ultraviolet
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(UV) radiation, temperature, and wave action breaks down large plastic pieces into smaller
ones that, because of their persistence, can cause harmful impacts and become an important
environmental issue of global concern [2,3].

According to their size, pieces of plastic debris are classified as macro (>5 mm), micro
(in the 100 nm to 5 mm range) and nano (<100 nm) particles [4-6]. The macro particles can
tangle around animal bodies or be ingested, causing their death due to digestive tract clogs.
It has been estimated that over 1 million animals, especially those that populate the aquatic
environment, are killed every year due to macro plastic pollution [7,8].

According to their origin, micro- and nanoplastics can be classified as primary and
secondary. The primary particles are those intentionally manufactured as components
of consumer products (scrubs, soaps, cleansers, toothpastes, fast food containers, and
biomedical devices) and do not represent a significant mass-based fraction of exposure. The
secondary plastics result from the fragmentation of larger materials by degradation [7,9-11].
The high surface curvature and surface-to-volume ratio of nanoplastics influence their
physicochemical properties such as hydrophily, surface charge, and chemistry, making
them a potentially great ecological problem. Moreover, due to their dimensions, NP can be
internalized by cells and accumulate further along the food chain [1,2,7].

As about 71% of the earth’s surface is occupied by water (oceans 97%, while ponds,
streams, glaciers, and ice caps account for 3%), it is not surprising that the impact of
microplastics and nanoplastics on aquatic habitats is well-documented by extensive re-
views [7,12-14], reports [15], or guides to develop suitable monitoring strategies [16].

Conversely, little is known about the effects of microplastics and nanoplastics on ter-
restrial species, and, due to lack of evidence, the results of their toxicity at the cellular level
are still controversial [10,17-19]. For this reason, in this study, we have investigated the cy-
totoxicity of both pristine and leached polystyrene microplastics (PS; ,,;,) and nanoplastics
(PS100 nm) using human Dental Pulp Stem Cells (DPSCs) as a cell model.

DPSCs are a subpopulation of Mesenchymal Stem Cells (MSCs) embedded within the
pulp cavity of teeth. Due to its anatomical location, abundant sensory innervation, and
rich micro circular network, dental pulp represents a unique tissue easily invaded from
exogenous compounds including those released by chewing gums, such as polyethylene
and polypropylene (https:/ /www.acs.org/pressroom /presspacs /2025 accessed on 16 Oc-
tober 2025), and those delivered by teeth aligners composed of transparent resin of various
natures [20,21]. DPSCs are characterized by high proliferation rate and stemness features
compared to other types of MSCs; furthermore, dental pulp, obtained from the removal of
impacted third molars, is considered surgical waste material [22-24]. All these characteris-
tics make DPSCs an excellent model for toxicity studies on stem cells. It is important to
consider that stem cells, present in all human tissues including neural tissue, are funda-
mental for maintaining homeostasis and remodeling healthy tissues over the course of a
lifetime. In addition, as they are also involved in tissue repair, they possess great potential
in many medical applications, such as regenerative medicine, bone marrow transplantation,
orthopedic injuries, and autoimmune, cardiovascular, and liver diseases [25,26].

Itis, therefore, evident how dangerous it could be to perturb stem cell equilibrium. This
may lead to their depletion, which, in turn, is responsible for pathological consequences.

The aim of this study is to evaluate the cytotoxicity of PS particles, the cellular uptake
and cytoskeleton organization following exposure, and the changes in gene expression
related to oxidative stress, inflammation, stemness, and senescence in DPSCs. Given the
growing evidence that chemical compounds leached from micro- and nanoplastics exert
significant biological effects, this study investigates the impact of both pristine PS particles
and leachates from PS particles that mimic their persistence in the human body. Notably, the
release of material from particles is not limited to plastics; even metal nanoparticles, which
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are generally considered stable, can release components (i.e., ions) when placed in aqueous
systems, such as saline solutions, cell culture media, or the tissue microenvironment [27-29].

The results of this research aim to provide new insights into the potential risks that
plastics and their leachates pose to human health when they come into contact with human
stem cells.

2. Materials and Methods
2.1. Chemicals and Plastics

Chemicals were purchased from Merck (Milano, Italy), Promega (Milano, Italy), Zymo
Research (Milano, Italy), BioRad (Milano, Italy), Invitrogen, and Life Technologies (Milano,
Italy), unless otherwise indicated.

Polybead® Microspheres 1.00 um (PSq ;i) and 0.10 um (PS;0 nm) Were purchased
from Polyscience Inc. (Niles, IL, USA).

For all experiments, we chose to use the same concentration of PS, even though
this implied using a different number of particles (a 10°-fold difference between micro-
and nanoplastics).

2.2. Plastic Characterization

Shape and morphology were investigated by Zeiss Gemini SEM 360 (Oberkochen,
Germany) and AFM (Santa Barbara, CA, USA).

For SEM analysis, PS;  m and PSqgp nm Were ultra-centrifugated at 600,000x g in
a centrifuge tube (Ultra-Clear™, Beckman Coulter, Milano, Italy). Supernatants were
removed and samples were resuspended in 0.5 mL of EtOH and then deposited on cover
glasses. Samples were left to air dry and were then mounted on appropriate stubs using
colloidal silver glue, gold-coated in an Emitech K550 sputter coater (Emitech, Beaucouzé,
France) and observed with an FEI XL-30 FEG high-resolution SEM (now Thermo Fisher,
Waltham, MA, USA), operated at 2 kV.

For AFM analysis, samples were spun down at 600,000 g in an Ultra-Clear™ cen-
trifuge tube (Beckman Coulter, Milano, Italy). Subsequently, 100 pL of each sample were
collected and deposited onto the stub previously covered with a virgin mica disk to ensure
that the observation of artifacts was avoided; before observation, the samples were left to
air dry for a few minutes.

A Nanoscope Illa (Digital Instruments, Santa Barbara, CA, USA) was utilized for AFM
analysis, and the surface characteristics were examined using Gwyddion v.2.61 software
(Czech Metrology Institute, Brno, Czech Republic). Images were acquired in tapping mode
using a 10 x 10 pm, 5 x 5 pm, and 3 x 3 pm scanning fields.

2.3. Institutional Review Board Statement

Dental pulp-derived mesenchymal stem cells (DPSCs) were isolated from dental pulp
tissues of a healthy subject (female 12 years old), undergoing third molar extraction. The
subject provided informed consent to be included in the study, which was approved by the
institutional review board ethics committees.

The study was conducted according to the guidelines of the Declaration of Helsinki,
and approved by the Institutional Ethics Committee of “Ospedale di Circolo Fondazione
Macchi” (Protocol number: 0034066, approval date: 3 October 2013).

Consent was obtained from the subject's legal guardians involved in the study.

2.4. Cell Isolation and Maintenance

The dental pulp was digested through collagenase type II at 37 °C for 1 h, under
agitation. The obtained fraction was filtered (70 pm-cell strainers) and centrifuged at
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256 x g for 10 min (Neya 8-Remi Elektrotechnik Ltd., Mumbeai, India); the resulting pellet
was then cultured in T25 flasks at 37 °C, 5% CO,, in DMEM:DMEM F12 1:1 supplemented
with 2 mM ultra-stable L-Gln, 1% penicillin-streptomycin, 0.1% gentamicin, and 10% fetal
bovine serum (FBS). After 24 h, unattached cells were removed. The cells were expanded
into T75 flasks and used for all the experiments at the fifth passage. Characterization of
DPSCs was reported in Barone et al. [23].

2.5. Cell Viability Assay

The plastic amounts used in these experiments were based on those reported in
the literature [30-34].

Five thousand cells were seeded into a 96-well plate, cultivated for 24 h at 37 °C in 5%
of CO,, and then exposed at increasing amounts of PSy |, and PS1pg nm (1-1000 pg/mL). In
parallel, a negative control (0 ug/mL) was arranged. After exposure (30, 60, 90 min, and 24,
48, 72 h), the plates were equilibrated at RT for 30 min and CellTiter-Glo® Luminescent Cell
Viability Assay was conducted according to the manufacturer’s instructions. To adopt the
most suitable assay, an estimation of interference was previously performed. CellTiter-Glo
is based on the luciferase reaction to quantify the amount of ATP present in the cells;
the luminescent signal is directly proportional to the number of viable cells. The plate
was stirred for 2 min and left at RT for 10 min before detecting the luminescence using
the GloMax® Discover Microplate Reader (Promega, Milano, Italy). Three independent
experiments, run in triplicate, were conducted for each assay.

2.6. Aging of PS Particles in Culture Medium and Atomic Force Microscopy (AFM) Inspection

PS; um and PSypp nm, at a concentration of 1 mg/mL, were maintained in 10 mL of
complete culture medium (DMEM:DMEM/F12 1:1, supplemented with 10% FBS) for one
month at 37 °C and 5% CO, (aged particles). After incubation, the particles were separated
from the medium (here referred to as the dissolution medium) by ultracentrifugation at
600,000x g (Ultra-Clear™, Beckman Coulter). A cell viability assay was performed by
exposing cells to 100 uL of the dissolution medium or to 1 mg/mL of “aged particles”
(PS1 um and PSqgg nm) for 30, 60, and 90 min, and 24, 48, and 72 h. The assay was carried out
using the same method described in Section 2.5 “Cell Viability Assay”, with the addition of
an “aged control” consisting of complete medium maintained for one month at 37 °C and
5% CO,, without plastic particles. Three independent experiments, run in triplicate, were
conducted for each assay.

For AFM inspection, 1 mg of pristine and aged PS particles were spun down at
600,000x g (Ultra-Clear™, Beckman Coulter). Supernatant was removed and samples were
resuspended in 1 mL of milliQ) water, then mounted onto the AFM stub, and processed as
described in Section 2.2 “Plastic characterization”.

2.7. Cellular Uptake and Cytoskeleton Organization

Five thousand cells were seeded in a 48 multiwell and exposed to different concentra-
tions (1-1000 pg/mL) of PS; um and PSqgg nm- Pictures of the same field were acquired at
30, 60 and 90 min for short-term exposure, and 24, 48 and 72 h for medium-term exposure
by contrast phase microscopy.

For SEM observation, 2500 cells were seeded on cover slips in a 24 multiwell and,
24 h later, exposed to different concentrations (1-1000 ug/mL) of PS; ;i and PSigp nm
for 90 min and 72 h. The samples were washed in PBS and fixed in 1% Karnowsky
solution in 0.1 M sodium cacodylate buffer (pH 7.4) for 30 min. Afterwards, samples
were washed in 0.1 M sodium cacodylate buffer (pH 7.4) and post-fixed for 15 min in
1% osmium tetroxide solution, and subsequently dehydrated through a graded EtOH
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series and hexamethyldisilazane. Each sample was then mounted on carbon-coated stubs,
gold-coated, and observed as described in the “Plastic characterization” paragraph.

To evaluate cytoskeleton organization, the F-actin filament phalloidin-staining was
used. Two thousand five hundred cells were seeded on cover slips, in a 24 multiwell
plate, and exposed to 100 ug/mL of PS; ,;m and PS1pg nm for 90 min and 72 h. The samples
were washed with PBS, fixed with 4% paraformaldehyde (PFA) for 10 min, washed again
with PBS and then incubated for 30 min with 2% Bovine Serum Albumin/0.1% Tween-20.
Incubation with Alexa Fluor™ 488 phalloidin diluted 1:400 for 60 min was followed by
5 min incubation with 4’,6-diamidino-2-fenilindolo (DAPI, diluted 1:1000 in PBS). To rule
out the potential PS autofluorescence, a sample was stained with DAPI only. Samples were
then mounted on glass slides and observed with a fluorescence microscope (Axiophot, Carl
Zeiss, TiEsselab, Milano, Italy). Phase contrast and fluorescent images were taken using a
CCD camera (Discovery C30, TiEsselab, Milano, Italy).

2.8. Study of Endocytic Pathway

To assess particle uptake, inhibition of the endocytic pathway was investigated fol-
lowing the procedure of Méger et al. [35], with modifications introduced in our laboratory.
Briefly, 2500 cells were seeded on a cover glass; after 24 h temperature was lowered to 4 °C
to block the endocytosis, and, after 30 min, cells were exposed to 100 pug/mL of PSy m, or
PS100 nm for 3 h. At the end of the treatments, samples were washed three times in PBS and
fixed in 4% PFA for 10 min; images were acquired by phase contrast microscopy using a
CCD camera (Discovery C30, TiEsselab, Milano, Italy). In parallel, another set of exposed
cells were processed for SEM observation, as reported above.

Furthermore, the uptake blockage was also conducted at 37 °C in the presence
of cytochalasin D. For this purpose, cells were seeded as described above, incubated
with 4 uM cytochalasin D and later exposed to 100 ug/mL of PS; ;;, or PSigonm for
3 h, in the presence of 4 uM cytochalasin D. Samples were then fixed and processed for
SEM observation.

2.9. RNA Extraction and Gene Expression

Cells were seeded in Petri dishes (10 cm diameter) and, once 80% of confluence was
reached, exposed at 10 and 100 pug/mL of PS; i, and PSqgg nm for 90 min and 72 h; cells
were then collected, and total RNA was isolated using the MiniPrep kit (Zymo Research,
Freiburg, Germany) according to the manufacturer’s protocol.

The extracted RNA was quantified using the QuantiFluor® RNA System and assessed
by 1% gel electrophoresis to verify the integrity. The RNA was reverse transcribed using
the iScript™ c¢DNA Synthesis Kit and the cDNA was stored at —20 °C until use. qPCR
was conducted using iTaqgTM Universal SYBR® Green Supermix. The Beacon Designer
Program (BioRad, Milano, Italy) was used to design specific primers, whose sequences are
shown in Table 1. Each sample was prepared as reported in Rossi et al. [36]. Briefly, 1 uL
(5 ng) of cDNA, 1 uL of forward and reverse primer mix (6 uM), 7.5 uL of SYBR Green
Supermix (2x), and a final volume of 15 pL of water were mixed and placed in the CFX
96 Thermocycler (BioRad, Milano, Italy). Gene expression was normalized using 3-actin
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as reference genes [31] and
quantified by using the 1/ACt method. Three independent experiments, run in duplicate,
were conducted for each assay.

The same experiment was performed exposing the cells, for 90 min and 72 h, to
1 mg/mL of “aged particles” (PS  m and PSygp nm) and their dissolution media, prepared
as described in Section 2.6 “Aging of PS particles in culture medium and Atomic Force
Microscopy (AFM) inspection”.
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Table 1. Primers used in this work.
. Melti Accession
Gene Name Primer Sequence 5'-3' Temp efat:lr;'% Q) Number
) 1Fw: GAAGATCAAGATCATTGCTCCTC 63.1
NM_001101.5
pactin 2Rev: GACTCGTCATACTCCTGCTT 63.1 -
1Fw: ATCATCAGCAATGCCTCCT 60.9
M17851.1
GAPDH 2Rev: GAGTCCTTCCACGATACCAA 60.5
. 1Fw: CTACGAATCTCCGACCAC 60.7
g - AY137079.1
Interleukin-1¢ (IL-1B) 2p .0 A ACCAGCATCTTCCTCAG 60.5
. 1Fw: ACTCACCTCTTCAGAACG 60.0
Interleukin-6 (IL-6)  »p .. CCTCTTTGCTGCTTTCAC 60.4 M>54894.1
. 1Fw: GCCAAGGAGTGCTAAAGA 60.8
Interleukin-8 (IL-8)  »p 0 TGGTCCACTCTCAATCAC 60.0 M28130.1
: 1 .
Transf%rmmg Growth 'Fw: CTACTACGCCAAGGAGGTC 63.1 NM._ 000660.7
actor 31 2Rev: 2.9
(TGF-B1) CTCTGCTTGAACTTGTCATAGATT ‘
Tumor necrosis factor 1Fw: AATGGCGTGGAGCTGAGA 65.3 M16441.1
o (TNF-) 2Rev: TGAAGAGGACCTGGGAGTAGAT 65.8 :
Superoxide dismutase Fw: CAGATGACTTGGGCAAAG 59.8 EF151142.1
(SOD) 2Rev: CCAATTACACCACAAGCC 60.1 :
1Fw: TACCCTCTCATCCCAGTT 60.4
Catalase (CAT AY028632.1
atalase (CAT) ¢ ov: GGTCGAAGGCTATCTGTT 60.2
1Fw: GCAGTCAACAGTCGAAGAAG 62.9
AY101192.1
CD44 2Rev: GTCCTCCACAGCTCCATT 62.9
1Fw: CTCTACTTATCCGCCTTCACT 62.9
NM._006288.5
CD90 2Rev: CGTTCTGGGAGGAGATGG 63.0 -
Dentin 1Fw: GCAGTGACAGTGATAGTAGTG 63.2
Sialophosphoprotein NM_014208.3
(DSPP) 2Rev: TTGCTGCTGTCTGACTTG 63.2
Alkaline Phosphatase 'Fw: TGAGTGACACAGACAAGAAG 62.6 AH005272.2
(ALPL) 2Rev: CTGGTAGTTGTTGTGAGCATA 63.1 :
Cyclin-dependent  'Fw: CTTCCTGGACACGCTGGTG 67.1
kinase inhibitor 2A NM_000077.5
(p16) 2Rev: ATGGTTACTGCCTCTGGTGC 66.5
Cyclin Dependent  'Fw: ACCTCACCTGCTCTGCTG 65.6
Kinase Inhibitor 1A NM_000389.5
(p21) 2Rev: AGGCACAAGGGTACAAGAC 63.5

1Fw = Forward primer; 2Rev = Reverse primer.

2.10. Statistical Analysis

Statistical analysis was conducted using the GraphPad Prism software v10 (GraphPad
Prism Inc., San Diego, CA, USA). The ANOVA, followed by Dunnett’s multiple comparisons
test, was performed and statistical significance was fixed as follows: * p < 0.01, ** p < 0.001.

3. Results
3.1. Study Design

DPSCs, isolated according to the Gronthos protocol [37] and modified in our labo-
ratory [22], were exposed, for different times, to increasing amounts (1-1000 pg/mL) of
PSy um and PSjponm. Toxicity, uptake, cytoskeleton organization, modulation of genes
involved in oxidative stress, inflammation, stemness, and senescence caused by PS; ,,, and
PS100 nm were evaluated by microscopy and molecular techniques.

3.2. PS Pristine Particle Characterization

PS micro- and nanoparticles were purchased and characterized by Polyscience Inc.
(https:/ /www.polysciences.com/german/polybead-microspheres-010956m. accessed on 3

https://doi.org/10.3390 /microplastics5010025


https://www.polysciences.com/german/polybead-microspheres-010956m
https://doi.org/10.3390/microplastics5010025

Microplastics 2026, 5, 25 7 of 20

September 2024). According to the manufacturer, Polybead® Microspheres are provided as
2.5% solids (w/v) aqueous suspensions, with a coefficient of variance (CV) of 15%. PS; |,
contains 4.55 x 107 particles/mL, while PS;gg nm contains 4.55 x 10'2 particles/mL. The
non-functionalized PS microparticles have a weak negative surface charge, with a zeta
potential ranging between —10 and —30 mV in distilled water and neutral pH buffer.
We complemented the characterization with SEM analysis, and the results are shown
in Figure 1.

Figure 1. Scanning microscopy image of polystyrene. (A): PSy ;;m, (B): PSig nm; for both particles,
size and dimension were confirmed. Scale bars: 2 um (A); 1 um (B).

3.3. Effect of PS Pristine Particles on Cell Viability

To choose the most suitable assay, an estimation of interferences was previously
performed and then the CellTiter-Glo® Luminescent Cell Viability Assay was adopted.

As shown in Figure 2, exposure to PSy ,,;, and PSqggnm did not cause any signifi-
cant modification of Relative Luminescent Units (RLU), which are correlated with ATP
content, in DPSCs after short- (Figure 2A) and medium-term exposure (Figure 2B) at the
chosen concentrations.

PSiym PS190nm
1.5x107 1.5%107
1 30 min I 30 min
Bl 60 min Bl 60 min
1x107 N 90 min 1x107 Nl 90 min
3 3
~ e
5x%106 5%10¢
0 0
& K &N & &
4 4 4 < & <% % <
> N _@@ e » N N3
B Py PS100mm
1.5%107 1.5x107
[ 24h [ 24h
Bl 48h Il 48h
N 72h Bl 72h
0
A S A & O S
& < 0 4 N < 4 4
WY Y s WY oY s
S N S N

Figure 2. Cell viability. (A): short-term exposure to increasing concentrations of PSq ,;, and PSjgg nm;
(B): medium-term exposure to increasing concentrations of PSq ,,r,, and PS1gg nm. In these experimental
conditions, no relevant effects were noticed. Ctrl-: negative control (0 pg/mL). Each assay was run in
triplicate and repeated in three independent experiments.
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3.4. Effect of Aged PS Particles on Cell Viability

The results shown in Figure 3A indicate that both PS particles, aged for a month in
culture medium, and their dissolution medium did not display relevant modifications on
cell viability after short-term exposure. Differently, the dissolution medium significantly
affected the exposed cells during medium-term treatments (Figure 3B). Unexpectedly, after
72 h of exposure, PS; i induces a significant increase in ATP content. No appreciable
effects on viability were detected in cells cultured in aged medium. In addition, viability
was not affected in cells exposed to PS particles aged for one week in culture medium
(Supplementary Materials, Figure S1).

A B

2.5%107 2.5%107 -
| 1 30 min Il ] 24h
2x107- Bl 60 min 2x107 4 B 48h
83107 Bl 90 min )] = 72h

SX - —

5 o 15%10

2 ] 3]

1x107 = 1x1074

5%106 5x106—

0~ 0=

o ¥ oW oW @0@ &
S ¥ & & &
YS" ' W\O > &
& y&? &
& &
060 \o‘\
& &
W L
9 S

Figure 3. Cell viability response to aged PSq ;;m, PS190 nm, and dissolution medium obtained after
aging of the particles for a month in culture medium. (A): short-term exposure; (B): medium-term
exposure. In these experimental conditions, a reduction of Relative Luminescence Units, correlated
with the ATP content, was observed. * p < 0.01; ** p < 0.001. Ctrl-: negative control; Aged Ctrl:
aged control.

3.5. Effect of Aging on PS Particle Surface Evaluated by Atomic Force Microscopy

The surface characteristics of PSy ,,;m and PSygp nm showed differences before and after
their maintenance for a month in complete culture medium (Figure 4). Particularly, as also
reported in Figure 1, pristine particles appear arranged in an orderly manner and stiff (see
Figure 4A,C). After a month in complete culture medium, even though the particles did
not change their diameter, they appear more clustered, overlapped, mushy, and sticky (see
Figure 4B,D). No changes were observed on particles maintained in culture medium for a
week (Supplementary Materials, Figure S2).

The changes of particle characteristics described above are the expression of the
leaching, and they are in agreement with the onset of cytotoxicity caused by the components
leached in the complete culture medium. We cannot exclude, however, the possibility that
the surface modifications were due to the formation of a protein corona resulting from the
serum present in the culture medium.
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Figure 4. AFM images of PS surfaces. (A): PSy ,,;, before aging, (C): PSy .y, after aging for a month
in cell medium, (B): PS;gg nm before aging, (D): PSigg nm after aging of the particles for a month in cell
medium. Aged particles did not change their diameter, however appeared more clustered, overlapped,
mushy, and sticky.

3.6. Impact of PS Particles on Cellular Uptake and Cytoskeleton Organization

As illustrated in Figure 5, the cellular uptake is clearly dose- and time-dependent both
for PS1 ym and PSypp nm- Already at 90 min of exposure, it was evident that the particles,
particularly PSq ., at the concentration of 1 mg/mL, were massively accumulated close to
the cells (Figure 5A). On the other hand, at this exposure time no PS;gg nm Were perceived
(Figure. 5C). After 72 h, both PS; |, at the concentration of 100 pug/mL (Figure 5B) and
PS100 nm at the concentration of 1 mg/mL (Figure 5D), were noticeable inside the cells.

Figure 5. Representative phase contrast microscopy images of DPSCs exposed to PS particles.
(A): after 90 min of exposure to 1 mg/mL PSy .1, particles were visible as dark shadows around the
cells. (B): after 72 h of exposure to 100 ug/mL of PS; |, the particles were massively accumulated
in the cytoplasm; (C): after 90 min of exposure to 1 mg/mL PSygg nm, extracellular aggregates were
observed; (D): conversely, after 72 h of exposure to 100 pg/mL of PSygynm, particles were noticeable
inside the cell’s cytoplasm. Scale bar 50 um.
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As displayed in Figure 6, SEM analysis corroborated the optical microscopy results. In
panels B,C, PS; m localized outside the cell were clearly distinguished from the internalized
ones due to the black shadow around them. The same consideration was also valid for
PS100 nm (see Figure 6F). Moreover, Figure 6E suggests that internalized particles remain in
the cytoplasm.

As illustrated in Figure 7, unexposed cells showed an undisturbed cytoskeleton organi-
zation characterized by a dense mesh under the cellular membrane, referring to actomyosin
cortex complex (Figure 7A). Differently, 3-actin filaments were remodeled in response to
PS1 um and PSqgp nm (Figure 7B,C). In particular, we noticed a decrease in actomyosin cortex
complex and an increment of irregular and granular phalloidin staining, a sign of impaired

actin polymerization.

Figure 6. Representative SEM images of DPSCs exposed to PS particles. (A): 10 ug/mL PSy ,, for
90 min. (B): 100 ug/mL PSy ,y for 72 h; (C): 10 ug/mL PS1 um for 72 h; (D): 1 mg/mL PS;g0nm
for 90 min; (E): 100 pg/mL PS100 nm for 72 h; (F): 1 mg/mL PSyggnm, for 72 h. As clearly shown in
panel (CF), internalized particles (arrowhead) were undoubtedly distinguished from those present
outside the cells (circle) due to the black shadow surrounding the last ones. Panel (E) suggested that
the internalized particles remain in the cytoplasm; N: nucleus. Scale bar 1 um (AF); 2 um (C,D);
10 um (E); 20 um (B).

Figure 7. Representative images of fluorescence microscopy of 3-actin filament phalloidin-stained
(green). (A): unexposed cells; (B): cells exposed to PSy ,,; (C): cells exposed to PS1ggnm- In these ex-
perimental conditions 3-actin filaments were remodeled in response to PS; ,,;, and PS;gg nm exposure.
Arrows indicate actomyosin complexes; circles indicate unpolymerized G-actin; nuclei were stained
with DAPI. Scale bar 20 pm.
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3.7. Study of Cell Uptake Pathway After Exposure to PS Particles

As undoubtedly displayed in Figure 8, when endocytosis is blocked, maintaining cells
at 4 °C (Figure 8A-F), or at 37 °C in the presence of 4 pm cytochalasin (Figure 8G-I), we
did not see a detectable presence of plastic particles inside the cells. Images were acquired

by phase contrast and scanning electron microscopes (SEM). In addition, as reported in
Figure 8G-I, the cells treated with cytochalasin, aside from not internalizing the plastic
particles, showed a round shape instead of fibroblast-like, and had a reduced adhesion
compared to those maintained a 4 °C.

Figure 8. Representative images of cells in which endocytosis was inhibited. Phase contrast mi-
croscopy, (A-C), SEM (D-I). Control (A,D,G); cells exposed to PSq ,,, (B,E,H); cells exposed to
PS100nm (CFI). As shown in panels (E-H) micro and nanoparticles are only present outside the cells
(circles). N: nucleus. Scale bar 2 um (F-H), 5 um (I), 10 um (D), 20 um (A—C,E).

3.8. Assessment of Gene Expression After Cell Exposure to PS Particles

Expression of specific genes involved in inflammatory/immune response (IL-13, IL-6,
IL-8, TGF-1, TNF«x), oxidative stress (SOD1, CAT), and senescence (cyclin-dependent
kinase inhibitor 2A-p16, Cyclin-dependent kinase inhibitor 1A-p21) was considered. Fur-
thermore, the mRNA evaluation of stemness and differentiation markers (CD44, CD90,
Alkaline Phosphatase-ALPL, Dentin Sialophosphoprotein-DSPP) was also assessed. As
shown in Figure 9, from a biological perspective, exposure to PS; ;;;, and PS;gg nm did not
result in notable changes in cell mMRINA expression. As the expression of TNFo, ALPL, and
DSPP was very low (Ct > 35), the results were not interpretable.
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Figure 9. Real-time PCR of cells after exposure to 10 and 100 pg/mL of PSy ,;, and PSiggnm. Genes
involved in inflammatory/immune response (A,B) (IL-13, IL-6, IL-8, TGF-13, TNF«), oxidative
stress (C,D) (SOD1, CAT), stemness (E,F) (CD44, CD90; ALPL, DSPP) and senescence (G,H) (cyclin-
dependent kinase inhibitor 2A-p16, cyclin-dependent kinase inhibitor 1A-p21) were considered. No
significant differences were observed for all the studied genes.

3.9. Effect of PS Particle Aging on Gene Expression

A different pattern emerges when considering the effects of aged plastics and their
dissolution media (Figure 10). Overall, the inflammatory pathway appears to be the
most affected, showing a considerable increase in IL-8 after short-term exposure to aged
particles (Figure 10A) and in TGF-f31 under all exposure conditions at short- and medium-
term treatment (Figure 10A,B). Alterations in mRNA expression were also detected in
the oxidative stress pathway, with a particularly significant decrease in SOD after short-
and medium-term exposure (Figure 10C). The differentiation pathway appeared to be less
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affected; only CD44 showed a decrease in mRNA level after medium-term exposure to
aged PS; ;i and to the dissolution media deriving from PS;og nm particles. Regarding
senescence, only p21 showed a significant increase in mRNA expression after medium-term
exposure to PSy |, dissolution media, aged PS;gg nm, and its respective dissolution media.

A B

0.3

Inflammation 90 min

Inflammation 72h

[ Aged Curl [ Aged Cul
[ Aged PSy,, [ Aged PSyy,,
0.2 EE Dissolution medium PSy,,, Em Dissolution medium PSy,,
5]
K mm Aged PSigonm B Aged PSyppnm
= mm Dissolution medium PS;p0,1, B Dissolution medium PSip0nm
0.0
1L-1g 1L-6 IL-8 TGF-§ TNF-« IL-18 1L-6 IL-8 TGF-§ TNF-x
Oxidative Stress 90 min Oxidative Stress 72h
08
[ Aged Crl 1 Aged Cul
[ Aged PSy,,, 06 1 Aged PS,,,,
6
@8 Dissolution medium PSy,,,, B Dissolution medium PSy,,,,
g
mm Aged PSyg,,, Jo04 Bl Aged PSyg,,
mm Dissolution medium PSjgp, - B Dissolution medium PSyg,m
0.2
SOD CAT SOD CAT
Stemness 90 min Stemness 72h
05
3 Aged Ctrl Aged Cul
0.4 [ Aged PSy,,, Aged PS,,,
s BS Dissolution medium PSy,,,, Dissolution medium PS, ,
- Q.
d Bl Aged PSypgnn, Aged PSyo0m
g
L B Dissolution medium PSipgnm Dissolution medium PSj0,,,
01
0.0
CD#4  CD%  ALPL  DSPP CD#4  CD%  ALPL  DSPP
Senescence 90 min Senescence 72h
038
[0 Aged Cul [ Aged Cul
06 3 Aged PSyy,, [ Aged PSyy,,
BB Dissolution medium PSy,,,, B Dissolution medium PSy,,,,
5]
do04 B Aged Py B Aged PSipgnm
- M Dissolution medium PSg9,,,, Bl Dissolution medium PS;gq,,,
02
i
0.0

p16 p21 p16 p21

Figure 10. Real-time PCR of cells after exposure to 1 mg/mL of aged PS ;;;m; and PS1pg nm and their
dissolution medium. Genes involved in inflammatory/immune response (A,B) (IL-13, IL-6, IL-8,
TGEF-1, TNFx), oxidative stress (C,D) (SOD1, CAT), stemness (E,F) (CD44, CD90; ALPL, DSPP) and
senescence (G,H) (cyclin-dependent kinase inhibitor 2A-p16, cyclin-dependent kinase inhibitor 1A-
p21) was considered. Significant differences were observed for the genes involved in the inflammatory
pathway, beyond SOD and ALPL. * p < 0.01; ** p < 0.001.

4. Discussion

Data on polystyrene (PS) capacities, production, consumption, and trade statistics in
the recent years are provided in the comprehensive Market Research Report 2025 [38]. From
the report, it is clear that the status is rather alarming, and it is also imperative to know the
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long-term effects of the presence of PS in the ecosystem at the cellular level. Furthermore,
prolonged daily contact with microplastics, such as those contained in food packaging,
straws, beverage bottles, tea bags, paper scraps, and those released by chewing gum and
teeth aligners, needs to be considered [20]. Interestingly, an average of 100 microplastic
particles are released per gram of chewing gum, although some samples release up to
600 particles per gram (https://www.acs.org/pressroom/presspacs/2025 (accessed on 16
October 2025)).

Considering this framework, in this paper we investigated the susceptibility of human
dental pulp stem cells (DPSCs) exposed to PS; ;m and PSqgg nm in their pristine state, as
well as the components leached after one month of aging in culture medium at 37 °C
and 5% CO,. This aspect is very important when studying, at the cellular level, the
effects of the elements released from plastic compounds that persist in the human body
following internalization.

Toxicological studies, including ours, often use higher concentrations to allow for
comparison across studies and to generate robust data for risk assessment [30,33,34]. Al-
though these concentrations exceed typical environmental levels, they are scientifically
justified because they help reveal toxic effects that may not appear under chronic, low-level
exposure. Higher doses also improve the detection of biological responses, clarify toxicity
mechanisms, and support dose-response analysis.

Although many studies have examined the toxicological effects of PS micro- and nanopar-
ticles, results remain inconsistent, ranging from minimal cellular effects [4,19] to marked cyto-
toxicity, reduced proliferation, and inflammation [18,39—41]. These discrepancies likely arise
from methodological variability, including particle size and surface chemistry, dose, exposure
time, aging conditions, and biological models. For example, Schmidt et al. [32,42] reported
that biological outcomes depend strongly on particle size, observing only minor acute toxicity
for 200-nm to 6-um particles despite evidence of oxidative stress. Mattioda et al. [5] detected
increased IL-8 expression, though their serum-free conditions are not physiologically realistic,
as in vivo protein corona formation influences particle—cell interactions by promoting uptake,
protecting membranes, and reducing cytotoxicity [43-45].

Several papers that used aquatic species and plants as models [46,47] are not concep-
tually ideal for comparison with our results. Lastly, with regard to surface chemistry, the
literature reports that positively charged polystyrene (PS), particularly NH,-PS, is more
toxic than COOH-PS or non-functionalized PS [4,19]. In this scenario, it is difficult to
determine whether the results we have obtained are consistent with published studies.

Even though cell viability was not highly affected by plastic particle exposure, we
noticed a decrease of actomyosin cortex complexes and an increment of irregular and
granular phalloidin staining, a sign of impaired actin polymerization [32,48,49]; this event
could affect cell shape and adhesion.

In our experiments, uptake was substantial and mainly mediated by endocytosis, as no
particles were internalized when cells were exposed to 4 °C or treated with cytochalasin D,
conditions that inhibit endocytic processes [45,49,50]. SEM and phase-contrast microscopy
confirmed these findings. SEM also highlighted the cytoskeletal and morphological al-
terations caused by cytochalasin D, including disrupted filopodia and lamellipodia, cell
rounding, and reduced adhesion [51]. As shown in Figure 8G-I, cytochalasin-treated cells
not only failed to internalize particles but also displayed markedly different morphology
compared with cells maintained at 4 °C.

In contrast to what has been reported in the literature focused on plastic toxicity in
mammalians [18,40,41], we did not observe significant biological changes in the mRNA
expression of genes involved in oxidative stress, inflammation, stemness, and senescence
following pristine PS exposure. Since oxidative stress and cellular senescence are closely in-
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terconnected processes [52], and no changes were observed in oxidative stress-related genes
in DPSCs exposed to PS; ;;m and PSqgp nm, we did not expect alterations in senescence-
associated gene expression; indeed, our results supported this assumption. Different
patterns emerge when considering the effects of aged plastics and their dissolution media.
Indeed, the inflammatory pathway appears to be the most affected, showing a consider-
able increase in IL-8 after short-term exposure to aged particles and in TGF-1 under all
exposure conditions both after short- and medium-term exposures. Undeniably, IL-8 is
a key marker for assessing early inflammatory activation in many cell types, including
MSCs, with a peak between 2 and 6 h after stimulation and a subsequent decrease within
24 h [53]. In addition, an increase in mRNA TGF-f1, after PS nanoplastic exposure, has
been observed. Following acute damage, there is a rapid, temporary upregulation of TGF-
31 mRNA, once the inflammation subsides (2—4 days), the mRNA and protein levels return
to baseline [51]. TGF-$31 is a multifunctional cytokine with a widespread expression; it can
stimulate diverse cellular responses and is particularly critical to embryonic development,
wound healing, and tissue and immune homeostasis. [51]. An increment of TGF-f31 after
PS exposure has been reported in epithelial [54] and cardiac [55] cells, and here we have
demonstrated that it occurs also in MSCs.

Although data remain limited for mammalian stem cells, in several aquatic and
invertebrate models a reduced expression of SOD mRNA has been reported following
exposure to micro- and/or nanoplastics, consistent with impaired cellular antioxidant
capacity [56,57]. The reduced SOD mRNA expression is transient in response to a short-
lived stressor, or permanent in case of severe damage [58].

Findings by other authors suggest that PS particles do not raise oxidative stress; rather,
they exhibit reactive oxygen species (ROS) scavenging activity by upregulating GPX3 and
downregulating HSP70 (ROS-related gene) [59]. Furthermore, Barguilla et al. [60] after
5 months of in vitro exposure of breast stem cells (MCF10A) to PS, have not identified
significant changes at a functional level.

Under the tested experimental conditions, PS exposure produced minimal effects
on differentiation. CD44 mRINA levels showed only a biologically insignificant decrease
(AACt < 1) after medium-term exposure to aged PS; ,m particles and to dissolution medium
from PS10 nm particles. CD90 expression remained unchanged. ALPL expression increased
slightly following exposure to aged PS;pp nm particles and their dissolution medium. DSPP
mRNA stayed undetectable. These findings partly align with Lerman et al. [61], who
reported that the NH;-PS 3D scaffold maintains stem cell proliferation without spontaneous
osteogenic differentiation. Conversely, Tao et al. [62] observed that hiPSCs exposed to PS
nanoplastics experienced increased cell death and reduced stem cell differentiation.

In gPCR analyses, Ct values above 35 indicate extremely low, near-limit expression
and are therefore unreliable. A AACt of at least 2 is required to consider a change markedly
different from the normalized control. It is also essential to differentiate statistical sig-
nificance from biological relevance. These criteria guided the interpretation of our data
and help explain why some mRNA expression changes observed under our experimental
conditions were statistically significant but not biologically meaningful.

The DPSCs used in this study were characterized by MSC markers, whose expression
and proliferation rate were maintained in vitro from passage 2 to passage 30 [23]. Since
prolonged in vitro culture can lead non-immortalized cells to senescence, characterized by
reduced proliferation, this characteristic makes DPSCs an optimal model, especially for
studying differentiation and senescence in response to xenobiotic exposure.

As also reported by other authors [4,10,19], we have found that cell viability was
unaffected by exposure to plastic particles themselves, but was instead influenced by com-
pounds leached into the culture medium. Confocal microscopy further supported this,
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showing that the plastic surface changed after one month of incubation in medium. Con-
sidering the medium-term persistence of micro- and nanoplastics in both the environment
and the human body, these findings warrant careful consideration. Since aging polystyrene
micro- and nanoparticles can release various compounds [63] that appear to be the main
drivers of cytotoxicity, we plan to chemically characterize these released substances and
examine their toxicity on DPSCs in greater detail. Particular focus will be placed on styrene
monomers and oligomers, and on additives such as phthalates, flame retardants, and dyes.
Styrene monomers and oligomers may accumulate in lipid membranes, altering membrane
phase behavior and potentially causing cell disruption [64]. Furthermore, plastic additives,
being endocrine disruptors, may have negative impacts on the thyroid hormone system,
erythrocytes, and the reproductive system [65-67]. The leaching of styrene-related com-
pounds and additives from polystyrene particles raises significant concerns regarding their
bioaccumulation, endocrine-disrupting potential, and overall cytotoxic effects, underscor-
ing the need for thorough toxicological evaluation, particularly in sensitive cell systems
such as DPSCs. To further elucidate the nature and concentration of the leached com-
pounds, future experiments will employ advanced analytical chemistry techniques, such as
gas chromatography-mass spectrometry and liquid chromatography—mass spectrometry.
These methods will enable the identification and quantification of organic compounds
released from plastic debris under physiological conditions. Additionally, time-course
studies will be conducted to evaluate the kinetics of compound release over extended
incubation periods. Integrating this chemical profiling with biological assays will provide
a more comprehensive understanding of the potential risks that micro- and nanoplastics
pose to human health.

With this work, we believe we have added a small but valuable contribution to current
knowledge, aimed at better understanding the mechanisms of plastic toxicity at the cellular
level. Additionally, our study seeks to raise public awareness about the risks associated
with the excessive production, use, and disposal of plastics in the environment.

5. Conclusions

Plastic is highly resistant to degradation and can persist in the environment for hun-
dreds of years, accumulating in ecosystems and entering the food chain as micro- and
nanoplastics. These tiny particles not only pose a serious threat to wildlife and biodiversity
but can also be internalized by humans. Once inside the body, they may cross physiological
barriers and release harmful compounds that interact with cells over time, potentially
leading to chronic health effects. Among the many concerns is their impact on cellular
systems crucial to human health, such as those responsible for tissue repair and regenera-
tion. However, studies on their cytotoxicity in humans, especially at the microscopic scale,
remain limited. Investigating their effects through cellular models, including stem cells, is
therefore crucial for understanding both ecological and human health risks.

This study examined the effects of PS micro- and nanoparticles on human DPSCs,
focusing on both pristine and aged particles. While pristine PS did not significantly affect
cell viability or alter gene expression related to oxidative stress, inflammation, stemness, or
senescence, aged PS leachates reduced viability, indicating that toxicity likely arises from
released chemical components. Impaired actin polymerization and altered cell morphology
were observed despite maintained cell survival. PS particles were actively internalized
via endocytosis. These findings highlight the importance of considering particle aging
and leachate composition in toxicity assessments. DPSCs, characterized by stable stem
cell markers and proliferation over multiple passages, proved to be a valuable model for
such studies, and this work underscores the importance of stem cell-based toxicological
assessments to better understand human cellular responses to plastic pollutants. Overall,
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this work underscores the complex nature of plastic toxicity and the need for further
research into the chemical and biological impacts of microplastics in human systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microplastics5010025/s1.
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