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Long-Term Exposure to Real-Life Polyethylene Terephthalate
Nanoplastics Induces Carcinogenesis In Vitro
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ABSTRACT: Micro/nanoplastics (MNPLs) are environmental contaminants %e (1:(:.:‘:‘1“1:1)6 PET-NPLs Transformed
originating mainly from plastic waste degradation that pose potential health g e egy® -“" &-‘:I;
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risks. Inhalation is a major exposure route, as evidenced by their detection in "2 .N.
human lungs, with polyethylene terephthalate (PET) among the most b 5 weeks 20 wenks
abundant particles in respiratory airways. However, the harmful effects of
particle bioaccumulation remain unclear, as chronic effects are understudied. o cenmoic B Genatoic Oy Cenotoric
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To assess long-term effects, specifically carcinogenic effects, BEAS-2B cells —
were exposed to PET-NPLs for 30 weeks. Genotoxicity, carcinogenic NO e Fraes
phenotypic hallmarks, and a panel of genes and pathways associated with Cytoroaclty Features e
cell transformation and lung cancer were examined and compared across three Mild Altered
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exposure durations. No significant effects were observed after 24 h or 15 weeks § Genome §G""°‘“° I‘“';'\;;"F ‘ § 4. EMT
of exposure. However, a 30-week exposure led to increased genotoxic damage, o
anchorage-independent growth, and invasive potential. Transcriptomic

analysis showed the upregulation of several oncogenes and lung cancer-associated genes at the end of the exposure. Further
analysis revealed an increase in differentially expressed genes over time and a temporal gradient of lung cancer-related genes.
Altogether, the data suggest PET-NPLs’ potential carcinogenicity after extended exposure, highlighting serious long-term health risks
of MNPLs. Assessing their carcinogenic risks under chronic scenarios of exposure is crucial to addressing knowledge gaps and
eventually developing preventive policies.
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B INTRODUCTION Consequently, much of the current literature on airborne
MNPLs predominantly addresses MPLs (1 ym < MPLs < §
mm).” Despite this limitation, available evidence indicates that
the most detected polymers in atmospheric samples include
polyethylene terephthalate (PET), polyethylene (PE), poly-
propylene (PP), and polystyrene (PS), with concentrations
consistently higher in indoor environments compared to
outdoor settings.””

Despite the limitations in the analysis of airborne MNPLs,
their penetration into the human respiratory tract via
inhalation has been directly demonstrated in multiple
studies.'” Analysis of sputum samples, lung tissue digests,
and bronchial and nasal lavage fluids has confirmed the
presence of various MPLs in the human respiratory
system.”'"'> Among the MPLs detected in human lung

Plastics represent one of the most extensively utilized materials
globally. As a result, global plastic production has escalated
exponentially, now surpassing 400 million tons annually.’
Despite this extensive production, only approximately 9% of
plastic waste is recycled, with the majority either being
incinerated (12%) or persisting in the environment (79%).” In
the latter two scenarios, degradation of plastic polymers,
whether through incomplete combustion or natural phys-
icochemical processes, results in the generation and release of
micro- and nanoplastics (MNPLs) into the environment.”
These particles can become airborne, facilitating their
atmospheric transport over long distances, thereby rendering
them ubiquitous in various ecosystems and posing a potential
risk for human inhalation.*”

The composition of airborne MNPLSs is highly complex and
heterogeneous, encompassing a broad spectrum of sizes,
morphologies, polymer types, and surface charges, which
presents significant challenges for accurate characterization.’
Moreover, technical constraints in the detection of nanoscale
particles impede the identification and detailed analysis of
smaller airborne polymers, specifically NPLs (<1 um).
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tissues, PET particles are some of the most frequently
observed.” PET is predominantly used in the production of
beverage bottles, including those for water, soft drinks, and
juices, representing the largest share of global PET
production.” Another significant application of PET is in the
textile industry, where it is used in the form of polyester fibers,
which, along with other synthetic fibers, are considered the
primary source of airborne MNPLs.” Additionally, PET is a key
component in the manufacturing of disposable face masks and
tobacco filters, further increasing the potential for inhalation
exposure.7’l3

Among the potential adverse effects of PET-MNPLs on the
respiratory system, their capacity to promote cellular trans-
formation has raised significant concerns.'* The efficient
cellular uptake of these particles, attributed to their small
size, in conjunction with their biopersistence and the
intracellular effects documented to date—including genotox-
icity—may contribute to carcinogenesis.'”'® Noteworthily,
different human studies have examined the potential
association between PET microplastics, including synthetic
fiber mixtures of varying sizes, and an increased risk of lung
cancer in human populations.'”"® The work of Mastrangelo et
al."” concluded that high-frequency exposure of textile industry
workers to PET correlates with an increased incidence of lung
cancer. Similarly, Chen et al."® found a higher detection rate of
microfibers, including PET-MPLs, in lung tissues of patients
with nonsmall cell lung cancer compared to unaffected
individuals.

Although these human studies have provided important
insights into the association between MPL exposure and lung
cancer, no toxicological studies have been conducted to
investigate the specific causal linkages between PET exposure
and lung cancer. Furthermore, no human studies have yet
assessed the carcinogenic potential of nanosized PET, despite
evidence suggesting that the unique characteristics of nano-
particles—such as their ability to penetrate cellular membranes
and their increased reactivity—indicate a greater toxicological
potential compared to larger counterparts. In this regard,
Domenech et al.'* recently utilized PET-NPLs derived from
the degradation of water bottles to evaluate their cellular
transforming potential through an in vitro colony transforming
assay (CTA) employing Bhas-42 cells. Notably, this study
identified PET-NPLs as potential promoters of the carcino-
genic process. Although the Bhas-42 CTA is an OECD-
standardized method that provides valuable data for
carcinogenicity screening, it is a single-endpoint analysis that
does not adequately capture the complex, multistep nature of
carcinogenesis and fails to provide insights into the underlying
molecular mechanisms of action. To overcome these
limitations, there have been great advances in alternative
testing methodologies and frameworks to support their use for
regulatory purposes. Hypothesis-driven integrated testing
strategies (ITSs) have been proposed as a solution to provide
a structure for the integration of data derived from multiple
sources (different test methods, kinetics, exposure, computa-
tional toxicology, etc.) into one decision-making process. In
addition, adverse outcome pathways (AOPs) provide a
biological context and mechanistic rationale to support
ITS.” AOPs inform causal linkages between a molecular
initiating event and a final adverse outcome. Although these
frameworks have not yet been applied to MNPLs, their
potential to enable efficient and timely hazard assessment has
already been recognized.”

In this context, we aimed to investigate the carcinogenic
potential of PET-NPLs, replicating the real-world scenario in
which populations are exposed to subtoxic doses over extended
periods. We developed an in vitro model using human lung
epithelial BEAS-2B cells exposed to subtoxic doses for up to 30
weeks. Several phenotypic and molecular hallmarks of
carcinogenesis were assessed and compared across multiple
time points, offering an innovative approach for tracking the
cell transformation process. Consequently, we provide insights
into the carcinogenic potential of PET-NPLs using a system
that aligns with the principles of ITS, with the potential to
further the development of alternative approaches for MNPL
risk assessment.

B MATERIALS AND METHODS

Obtention of PET-NPLs and Fluorescent iDye-PET-
NPLs. PET-NPLs were obtained from bottle degradation
following the protocol described by Villacorta et al.”" Briefly,
PET powder was obtained by sanding pieces of water bottles
with a diamond rotary burr, followed by sieving. The resulting
powder was dispersed in preheated trifluoroacetic acid through
stirring. Subsequent centrifugation was performed to separate
the supernatant from the pellet, which was then resuspended in
sodium dodecyl sulfate (SDS) and subjected to sonication.
The emulsion was allowed to settle, after which the
supernatant was washed with Milli-Q water and pure ethanol
to remove SDS and then dried. The resulting PET-NPL
powder was resuspended in Milli-Q water, sonicated, aliquoted
into cryotubes, and immediately frozen in liquid nitrogen.
Stock suspensions at a final concentration of 5 mg/mL were
prepared following an adapted version of the NanoGenotox
protocol.”” Briefly, a 6 mL dilution containing PET-NPLs,
Milli-Q_ water, 0.05% sterile bovine serum albumin (BSA,
CAS948468, Merck, Saint Louis, USA), and 30 uL of pure
ethanol was sonicated for 16 min at 10° amplitude and fast
frozen in liquid nitrogen. For the assessment of particle
internalization, these particles were dyed following the
protocol described by Villacorta et al.** to obtain fluorescent
iDye-PET-NPLs. Briefly, 10 mg of iDye-Pink (Rupert, Gibbon
& Spider, Inc., Healdsburg, CA, USA) were added to a S mg/
mL PET-NPLs suspension within a glass tube, achieving a final
volume of 1 mL at the specified concentration. The mixture
was subjected to a heating process at 70 °C for 2 h, followed by
centrifugation in Amicon Ultra-15 centrifugal tubes (Merck,
UFC9010D, Cork, Ireland) at 3220 g for 10 min. The
flowthrough was discarded, and the residual particles were
resuspended in Milli-Q water and centrifuged again. These
resuspension and centrifugation processes were repeated seven
times. The final particle concentration was resuspended in 1
mL of Milli-Q water. The use of this material has already been
published in several studies and is expected to feature in
upcoming publications, as it has been synthesized as a
reference material for the EU project PLASTICHEAL (ref:
965196) for standardized use across the Consortium.

Particle Characterization. The hydrodynamic size and Z-
potential of the PET-NPLs were measured in triplicate using a
Malvern Zetasizer Nano ZS ZEN3600 (Malvern Instruments,
Malvern, UK), employing dynamic light scattering (DLS) for
size analysis and electrophoretic light scattering (ELS) for
surface charge determination. PET-NPL dispersions were
prepared at a final concentration of 100 pug/mlL, either in
distilled water or Dulbecco’s modified Eagle’s medium
(DMEM, Biowest, Nuaillé, France), for these measurements.
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The dry-state particle size was assessed via scanning electron
microscopy (SEM; see Figure S1). For analysis, a single 10 uL
drop of the PET-NPL suspension, at a concentration of 100
pg/mL, was applied to separate coverslips and allowed to dry
overnight in a Petri dish covered with a lid to prevent
contamination. The nanoparticle lipid (NPL) samples were
subsequently examined using SEM (Zeiss Merlin, Zeiss,
Oberkochen, Germany). The obtained SEM images were
analyzed to determine the particle size distribution, specifically
by measuring the Martin diameter using Image] software
version 1.8.0_172. The mean particle diameter was determined
by analyzing 100 randomly selected nanoparticles using Image]
software with the Fiji extension (v. 2.16.0).

Cell Culture Conditions and Long-Term PET-NPLs
Exposure. The BEAS-2B human bronchial epithelial cell line
(ATCC, CRL-9609) was cultured in DMEM supplemented
with 10% fetal bovine serum (FBS) (Biowest, Nuaillé, France),
1% nonessential amino acids (Biowest), and 2.5 pg/mL
Plasmocin (InvivoGen, San Diego, CA, USA). Cells were
maintained in T-75 flasks (LabClinics, Barcelona, Spain) in a
humidified incubator at 37 °C with 5% CO, and 95% air.
Subculturing was performed when cells reached approximately
80% confluence using trypsin (Biowest) for detachment. The
carcinogenic effects of environmental pollutants arise from
sustained exposure over long periods, making chronic exposure
particularly relevant in in vitro studies. Therefore, a novel
exposure approach consisting of sustained exposures through-
out extended periods of time was followed in this study.
Briefly, BEAS-2B cells were chronically exposed for 30 weeks
to 50 ug/mL of PET-NPLs in T-75 flasks by passaging the cells
weekly at a seeding density of 4000 cells/cm? and by replacing
the cell culture medium every 3—4 days with fresh medium
containing the selected concentration of PET-NPLs. Impor-
tantly, nonexposed control cells were maintained in parallel for
the same number of weeks to discriminate the effects induced
by continuous passaging. A cell biobank representative of the
whole exposure period was established to facilitate accessibility
to the cellular samples for subsequent studies.

Particle Internalization. To determine the ability of
BEAS-2B cells to internalize PET-NPLs, confocal microscopy
and flow cytometry techniques were used. Visual detection and
localization of PET-NPLs intracellularly were achieved by
using confocal microscopy (Leica TCS SP, Wetzlar, Germany).
For this, BEAS-2B cells (12 000 cells/well) were seeded in
glass bottom microwell dishes (Ibidi, Grafelfing, Germany) and
treated with 50 ug/mL iDye-labeled PET-NPLs for 24 h.
Following treatment, the medium was refreshed, and the cells
were stained for 10 min with Hoechst 33342 (Thermo Fisher
Scientific, Waltham, MA, USA) to detect nuclei and with
CellMask Deep Red plasma membrane stain (Life Technol-
ogies, Paisley, UK) to visualize cellular membranes, both at a
1:500 dilution in DMEM. Images were acquired using a Leica
TCS SPS5 confocal microscope and processed with IMARIS
software. Additionally, flow cytometry was employed to
quantify the internalization of iDye-labeled PET-NPLs. The
cells (2 X 10%/well) were seeded in 24-well plates (LabClinics,
Barcelona, Spain). Following exposure (S0 ug/mL for 24 h),
the cells were washed with 1X PBS, trypsinized, centrifuged,
and analyzed using a CytoFlex cytometer (Beckman Coulter
Inc., Carlsbad, CA, USA). Approximately 10 000 single-cell
events were recorded per sample, and the percentage of cells
containing iDye-PET-NPLs was determined.

Cytotoxicity. The cytotoxic potential of PET-NPLs
exposure in BEAS-2B cells over 24 h was assessed using a
Beckman Coulter Z Series particle counter (Beckman Coulter
Inc,, Brea, CA, USA). In brief, 40 000 cells per well were
seeded in 12-well plates, and after 24 h, the cells were exposed
to increasing concentrations of PET-NPLs (25, 50, 100, 150,
and 200 ug/mL). Following 24 h of exposure, cell counts were
obtained, and the percentage of viable cells was calculated by
comparing the treated groups to nonexposed controls. Based
on these results, a subtoxic dose of 50 ug/mL was selected for
subsequent long-term exposure studies.

Carcinogenesis Evaluation: Hallmarks of Carcino-
genesis. A battery of carcinogenic features was selected as
informative for the acquisition of the oncogenic phenotype
induced by long-term PET-NPLs exposure. Details of the
methodology and the rationale behind the selection can be
found in the report by Barguilla et al.**

Genotoxic Damage. To assess DNA damage in BEAS-2B
cells following exposure to PET-NPLs, the alkaline comet assay
was performed following the recently published protocols.” In
brief, the cells exposed to 50 pg/mL PET-NPLs for 24 h, 15
weeks, and 30 weeks were seeded in 6-well plates (2 x 10°
cells/well), washed with 1x PBS, detached using trypsin (37
°C, S min), and pelleted by centrifugation (200 g, 8 min). The
pellets were resuspended in 1X PBS to a final concentration of
1 X 10° cells/mL. Cell suspensions were mixed at a 1:10 ratio
with 0.75% low melting point agarose (37 °C), and 10 uL
droplets were placed in triplicate on GelBond films (Life
Sciences, Vilnius, Lithuania). The films were incubated
overnight in lysis buffer at 4 °C, washed for 5 min in
electrophoresis (EF) buffer, and then incubated with fresh EF
buffer for 35 min at 4 °C to allow DNA unwinding. EF was
performed at 20 V and 300 mA for 20 min at 4 °C. Following
EF, several PBS washes and distilled water rinses were
conducted before cell fixation with absolute ethanol for 1 h.
Finally, nuclei were stained with SYBR Gold (1:10 000 in
Trizma base 10 mM (Sigma-Aldrich, Burlington, MA, USA)
and EDTA 1 mM (VWR International, Radnor, PA, USA)) for
20 min at room temperature. Comet images were captured
using an Olympus BXS0 epifluorescence microscope (Olym-
pus, Tokyo, Japan) at 20X magnification. DNA damage was
quantified as the percentage of DNA in the tail using Komet
5.5 image analysis software (Kinetic Imaging Ltd., Liverpool,
UK), with 100 cells analyzed per replicate. Cells treated with
200 uM methylmethanesulfonate (MMS, Sigma-Aldrich, St.
Louis, MO, USA) for 30 min served as positive controls, while
time-matched nonexposed cells were used as negative controls.

Anchorage-Independent Cell Growth. The anchorage-
independent growth ability of BEAS-2B cells chronically
exposed to PET-NPLs was assessed by a soft agar assay.
After 15 and 30 weeks of exposure, single-cell suspensions were
prepared by passing the cells through a 40 ym mesh. A
suspension of 1.25 X 10° cells in 1.7S mL of DMEM
containing 10% FBS and 2.5 ug/mL of Plasmocin was then
mixed in a 1:1:1 ratio with 2x DMEM (containing 20% FBS,
2% nonessential amino acids, 2% L-glutamine (200 mM), and
2% penicillin—streptomycin) and with 1.2% bacto-agar (BD,
Franklin Lakes, NJ, USA). Triplicate samples of 4 X 10* cells
each were plated into 6-well plates, with 4.5 mL of the cell
mixture dispensed into each well on top of a 0.6% base agar
layer supplemented with 2X DMEM. Once the agar solidified,
the plates were incubated for 21 days. Colonies were stained
using 1 mg/mL (2-p-iodophenyl)-3-(p-nitrophenyl)-S-phenyl
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Figure 1. Interaction of PET-NPLs with BEAS-2B cells. (A) Cytotoxicity assessment of PET-NPLs in BEAS-2B cells. (B) Flow cytometry analysis
showing fluorescence intensity (PE-A) in the cells as a measure of cellular interaction. The gray curve represents the negative control (NT), while
the blue curve corresponds to PET-NPL-treated cells. (C—F) Confocal microscopy images: (C) BEAS-2B cells without treatment and (c1) the
corresponding IMARIS 3D reconstruction; (D) BEAS-2B cells exposed to PET-NPLs for 24 h and (dl) the corresponding IMARIS 3D
reconstruction. (E, F) Orthogonal views illustrating localization of PET-NPLs inside the cells.

tetrazolium chloride (INT; Sigma-Aldrich, Burlington, MA,
USA). Plates were scanned using an HP Scanjet G4050 for
colony quantification, and the number of colonies was
determined using the OpenCFU colony counter software
(version 3.9.0). Colonies with a radium size bigger than 26 ym
were filtered, and values were annotated.

Invasion Potential. Long-term exposed and time-matched
control cells in T-25 flasks at 70% confluency were deprived of
FBS for 24 h. Subsequently, 24 mm transwell inserts with 8 ym
pore size polycarbonate membranes (Costar-Corning, Corn-
ing, NY, USA) were coated with 180 uL of a 1:2 dilution of
Matrigel (Costar-Corning, Corning, NY, USA) in FBS-free
DMEM containing 0.1% BSA. The Matrigel coating was
allowed to dry in the cell incubator at 37 °C for 1 h. Following
this, 2.5 mL of DMEM supplemented with 15% FBS was
added to the bottom chamber of the transwell as the
chemoattractant medium. A single-cell suspension of 4 X 10°
FBS-deprived BEAS-2B cells in 1.5 mL of FBS-free DMEM
with 0.1% BSA was added to the top of the Matrigel-coated
transwell membrane. The plates were then incubated at 37 °C
for 48 h. To quantify cell invasion, the Matrigel layer and the
noninvading cells on the top side of the transwell membrane
were gently removed using a cotton swab. The cells that had
migrated to the bottom side of the membrane were fixed with
1 mL of methanol (VWR International, Radnor, PA, USA) and
stained with 0.2% crystal violet (Sigma-Aldrich, Burlington,
MA, USA). After several washes, the membranes were dried
and imaged using a Zeiss Observer Al microscope (Boston
Industries, Walpole, MA, USA). The proportion of invading
cells was analyzed using Image] software.

Transcriptomics. PET-NPLs-induced changes in the
transcriptome of long-term exposed cells were determined to
(i) explore whether the altered gene landscape supports the
cells’ oncogenic transformation, (ii) establish potential carcino-
genesis-associated modes of action, and (jii) identify new

potential biomarkers directly connected to PET-NPLs-induced
carcinogenesis.

Total RNA Extraction and RNA-Seq. RNA from cells
exposed to PET-NPLs for 24 h, 15 weeks, and 30 weeks, as
well as from the corresponding passage-matched control cells,
was extracted using TRI Reagent (Sigma-Aldrich, Burlington,
MA, USA) according to the manufacturer’s instructions. DNA
contamination was removed using RNase-free DNase I (Turbo
DNA-free Kit, Life Technologies, Carlsbad, CA, USA). RNA
samples were quantified and sent to Macrogen (Seoul, Korea)
for RNA sequencing with the Illumina platform, with a read
length of 2 X 150. A mean of 40 million reads per file was
obtained and analyzed.

Data Analysis. Transcriptomic analyses for RNA-Seq data
were performed using R (v. 4.3.2) and RStudio (v. 2023.06.1)
software.”*’ Raw FASTQ files were quality-filtered by the
Rfastp package.”® Tllumina sequence adapters were removed,
and reads were trimmed and discarded if they were below 20
bases in length. Filtered reads were mapped to the human
genome GRCh38, retrieved from GENCODE, and counted
using the Rsubread package.” Lowly expressed genes from the
resulting count R objects were filtered by the filterByExpr
function, and the remaining gene counts were normalized by
the calcNormFactors function, both from the edgeR package®
with default parameters Surrogate variant analysis was carried
out with sva package’' and differentially expressed genes
(DEGs) were obtained through the limma® and voom™
packages by contrasting the data from the 24 h, 15 weeks, and
30 weeks PET-NPLs exposed samples versus their respective
nonexposed controls. To determine the enriched functional
terms, over-representation analysis (ORA) and gene set
enrichment analysis (GSEA) were performed by the
clusterProfiler package’ using different collections as models:
Gene Ontology (GO), Disease Ontology (DO), Kyoto
Encyclopedia of Genes and Genomes (KEGG), and the
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MSigDB hallmark collection (h). All analyses were performed
with default parameters for all databases except GO, where the
set size argument was configured to 800. Data visualization was
performed by the ggplot2 package.”

Gene Panels. Gene panels of carcinogenic-related path-
ways were collected from different databases, including
Hallmarks MSigDb Collections and HistoneDB 2.0.°° An
additional gene panel was created by using the Enrichr
webpage to identify widely repeated genes in lung carcinoma,
along with other genes compiled from the bibliography.’” All
gene panels were intersected with genes exhibiting consistent
or increased expression trends between 15 and 30 weeks of
exposure.

B RESULTS AND DISCUSSION

PET-NPLs Characterization. Despite the prominent
importance of PET as an airborne contaminant, most toxicity
studies to date have been performed using commercially
available materials of other polymer types, mainly pristine
monodisperse polystyrene (PS) with uniform shapes and sizes,
which are not representative of environmental samples. In
contrast, in this study, we employed reallife PET-NPLs
obtained from the degradation of plastic water bottles,
exhibiting physicochemical properties that more closely
resemble those of naturally occurring MNPLs. As shown
below, these particles are polydisperse, displaying a diverse
range of sizes and morphologies, and more accurately reflecting
the complexity of environmental MNPL exposure.

The size distribution, Z-potential, and shape of the obtained
PET-NPLs were characterized using a Zetasizer to measure the
hydrodynamic size and Z-potential, while scanning electron
microscopy (SEM) was used to determine their shape and dry-
state dimensions, in agreement with the previously reported
characterization of the particles obtained following the same
procedure.”’ SEM revealed that PET-NPLs exhibit an irregular
shape with an average diameter of approximately 176 nm and a
broad distribution of 10—1000 nm (PDI of 0.67). As expected,
size variations were observed depending on the methodological
approach used, with DLS giving average size values of 420 nm
for PET-NPLs suspended in cell culture media (with a PDI
value of 0.73 and a zeta potential of —15.2 mV). All obtained
data are summarized and available in the Supporting
Information (Figure S1).

PET-NPLs are Not Cytotoxic in BEAS-2B Cells. To
evaluate the potential cytotoxic effects of PET-NPLs on BEAS-
2B cells, cell viability was assessed after 24 h of exposure to a
range of doses (10, 25, 50, 100, and 200 pg/mL). As shown in
Figure 1A, no significant cytotoxicity was observed at any of
the tested concentrations. Consistent findings across several
studies have demonstrated a lack of acute cytotoxicity of PET-
NPLs from the same origin when applied to different cell lines
and in vivo models. Thus, negative results were obtained when
treating alveolar MH-S cells, human nasal epithelial cells
(HNEpCs), THP-1 monocytes, and TK6 lymphoblasts.***’
Likewise, in vivo experiments involving Drosophila melanogast-
er exposed to the same PET-NPLs throughout the larval stage
reported no significant reduction in survival rates.*’

If we focus on the cellular model instead of the material—as
we acknowledge that each cellular type may exhibit a
differential cellular response—other studies using pulmonary
cells have reported mixed results regarding the cytotoxicity of
PET-NPLs from different sources. For instance, Ji et al.*'
observed cytotoxicity in TC-1 mouse lung epithelial cells

following a 24 h exposure to PET-NPLs at a concentration of
100 ug/mL. Similarly, Zhang et al.** reported a dose-
dependent decrease in the viability of AS49 cells exposed to
PET-NPLs for 24 h, with reduced viability at concentrations
higher than 100 yg/mL. In contrast, Alzaben et al.** found that
synthetically produced PET-NPLs did not induce cytotoxicity
in A549 cells after 24 h of exposure at concentrations up to
125 pg/mL, which is consistent with our own findings.

Considering the absence of acute cytotoxicity at concen-
trations below 100 ug/mL observed both in this study and in
others using comparable PET-NPL materials and cell targets, a
noncytotoxic concentration of 50 ug/mL was selected for
subsequent long-term exposure experiments. Additionally,
kinetic data, as detailed below, were considered part of the
selection criteria.

Kinetics of PET-NPLs Uptake and Distribution in
BEAS-2B Cells. To better understand the interaction between
PET-NPLs and BEAS-2B cells, two complementary techni-
ques—flow cytometry and confocal imaging—were employed,
utilizing fluorescently labeled iDye-PET-NPLs. Both ap-
proaches indicated a moderate level of particle internalization,
with flow cytometry showing that 60% of the cells contained
particles after 24 h of exposure (Figure 1B). Interestingly, the
kinetics analysis enabled a qualitative assessment of the
effective concentration, which appeared lower than expected.
This highlights the importance of considering effective
concentrations in the MNPL field, as discrepancies between
the administered concentration and the actual concentration at
the cellular level are likely to occur, potentially resulting in
lower-than-anticipated cellular exposure. The observed kinetics
support the suitability of the selected concentration for chronic
exposure studies (S0 pg/mL), as it represents the minimal
applied concentration that ensures sufficient particle uptake
without inducing observable toxicity. Since not all cells are
effectively exposed, this concentration also allows for potential
bioaccumulation under prolonged exposure conditions. Addi-
tionally, confocal microscopy provided insights into the spatial
distribution of the particles, revealing their proximity to the
nuclear membrane (Figure 1C,D).

A high capacity for cellular uptake has been observed across
various cellular models exposed to PET-NPLs from the same
source, albeit at higher concentrations (typically 100 yg/mL).
Tavakolpournegari et al.”> demonstrated through flow
cytometry that 100% of alveolar macrophage MH-S cells
internalized particles after a 24 h exposure, highlighting their
phagocytic capability. Similarly, monocyte-derived THP-1 cells
showed high PET-NPL internalization after only 3 h of
exposure, as confirmed by TEM, confocal microscopy, and
flow cytometry. In human primary nasal epithelial cells,
internalization of PET-NPLs was also observed, with confocal
microscopy suggesting their localization within endosomes
near or inside the nucleus.”® Furthermore, confocal microscopy
revealed the presence of PET-NPLs within the cytoplasm and
close to the nucleus of Bhas-42 cells after both 4 and 10 days of
treatment.'* Beyond cell cultures, Arribas et al.** reported
PET-NPL internalization in human blood cells after 24 h of
whole blood exposure, as assessed by flow cytometry. Finally,
in vivo uptake was evaluated in D. melanogaster following
ingestion of PET-NPLs, with TEM and confocal microscopy
analyses revealing efficient particle internalization by enter-
ocytes and subsequent translocation to hemocytes.*” Support-
ing these findings, additional studies utilizing PET-NPLs of
alternative origins have demonstrated high levels of cellular
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Figure 2. Long-term phenotypical effects of PET-NPLs in BEAS-2B cells. (A) Genotoxic damage, (B) anchorage-independent growth ability, and
(C) invasive potential. Passage-paired negative control (NT) and methylmethanesulfonate (MMS, positive control).

uptake across different cellular models. Specifically, epithelial
alveolar AS549 cells,** intestinal Caco-2 cells,"”*® alveolar
macrophage RAW 264.7 cells,"” and the hepatocarcinoma
HepG2 cell line*® have all shown a remarkable capacity to
internalize PET particles. Collectively, the findings indicate the
efficient cellular uptake of PET-NPLs, presumably facilitated
by their small size, favorable physicochemical properties, and
hydrodynamic behavior in the different biological matrices
tested.

Carcinogenic Potential of PET-NPLs Long-Term
Exposure. At present, in vivo rodent bioassays remain the
gold standard for carcinogenicity assessment, with two-year
studies, as outlined by OECD Test Guidelines 451 and 453,
being the conventional method.””* These assays involve
prolonged exposure and rigorous monitoring for toxicity and
tumor development but are hindered by their time-consuming
nature, high costs, and extensive use of animals, posing
challenges for large-scale testing. This highlights the urgent
need for alternative in vitro models to evaluate carcinogenic
risks efficiently and ethically.”">*

To address this critical gap, Domenech et a conducted
a carcinogenicity assessment of NPLs using the standardized in
vitro CTA with Bhas-42 cells, following OECD guidelines (GD
231). This assay differentiates between tumor initiators and
promoters, evaluating genotoxic and nongenotoxic mecha-
nisms, respectively.”””* PET-NPLs notably induced a sig-
nificant increase in transformed foci during the promotion
phase of the assay at higher concentrations (200 pg/mL),
indicating their potential role as tumor promoters.

Building on this concerning finding, we expanded our
investigation of PET-NPLs’ carcinogenic potential using a
novel in vitro system designed to mimic chronic exposure of
relevant target cells to subtoxic doses over extended
periods.””~>® This system enables evaluation of key carcino-
genic biomarkers, including genotoxicity, anchorage-independ-
ent growth, and invasive potential, throughout the entire
exposure period.”* Thus, we continuously exposed BEAS-2B
cells to 50 ug/mL PET-NPLs for up to 30 weeks and evaluated
key carcinogenic effects, including some previously outlined in
an AOP on lung cancer.”” Importantly, this system facilitates
investigation into the molecular mechanisms underlying the
observed effects and additionally provides a basis for the
development of an integrated testing strategy (ITS) for NPLs,
in line with what was described by Tollefsen et al. (2014)."

Long-Term Exposure to PET-NPLs Leads to Geno-
toxic Effects. Genotoxicity is widely recognized as an early
surrogate biomarker for carcinogenicity, to the extent that the
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OECD guidelines for chemical testing strongly recommend
evaluating genotoxic potential due to its well-established link
to cancer development."”*”®" In this study, the genotoxic
damage induced by PET-NPLs was assessed by using the
comet assay after 15 and 30 weeks of exposure. Additionally, a
24 h time point was included to evaluate acute genotoxicity.
No significant DNA damage was observed after 24 h or 15
weeks of exposure. However, a notable increase in DNA tail
intensity was detected following 30 weeks, as shown in Figure
2A. This observation suggests that genotoxicity may not be an
initiating event in the carcinogenic process but rather a
downstream consequence of cell transformation. Transformed
cells typically exhibit inherent genomic instability, which
predisposes them to further genetic alterations.

Two additional studies from our group have explored the
genotoxic potential of PET-NPLs from the same source,
although using different cells and acute exposure regimes. No
evidence of genotoxic effects was detected in Villacorta et al.”!
when THP-1 cells were treated with PET-NPLs for 3 h at a
range of concentrations from S to S0 ug/mL. In contrast,
Alaraby et al.*’ reported in vivo genotoxic effects, showing that
PET-NPLs induced DNA damage in D. melanogaster
hemocytes when larvae were exposed to 100 and 500 ug/g
of food for 24 h.

In the literature, we can find other studies reporting the
genotoxicity of PET-NPLs derived from other sources. For
example, Roursgaard and collaborators'® found a concen-
tration-dependent increase in DNA strand breaks in Caco-2
and HepG2 cells, measured by the alkaline comet assay, with
statistically significant results obtained from 63 ng/mL after 3
h of PET-NPLs exposure. In another study involving degraded
PET-NPLs, DNA damage in HepG2 cells was assessed by
using the comet assay. After a 72 h treatment with PET-NPLs
at concentrations ranging from 10 to 400 ug/mL, the cells
exhibited significant dose-dependent genotoxic damage.**
Additionally, da Silva Brito and collaborators®" showed
genotoxicity in HaCaT cells after a 6 h treatment at 100 ug/
mL, as determined in this case by using the micronuclei assay.
Lastly, Alzaben et al.*’ reported that PET-NPLs induced
genotoxic effects in AS49 cells following a 3 h exposure at the
highest concentration tested (125 pg/mL). Overall, the data
indicate that PET-NPLs exhibit genotoxic properties, although
with variability attributable to different doses and times of
exposure used. This highlights the importance of applying
long-term treatments to more accurately assess how this
genotoxic potential affects health after prolonged exposure.
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PET-NPLs Chronic Exposure Increases Cells’ Anchor-
age-Independent Growth. During transformation, cells
undergoing epithelial-to-mesenchymal transition (EMT) ac-
quire mesenchymal traits, enabling anchorage-independent
growth. In epithelial tissues, this shift promotes cell attachment
to extracellular matrix (ECM) components like collagen rather
than the basement membrane, driving ECM remodeling and
facilitating tumor dissemination.”*> In this context, the soft
agar assay effectively models this cellular process and serves as
a robust indicator of malignant transformation in vitro. In this
study, the soft agar assay revealed no significant effects after 15
weeks of PET-NPLs exposure. However, after 30 weeks of
exposure, although the total number of colonies remained
unchanged, there was a significant increase in the size of the
colonies, as illustrated in Figure 2B. The number of colonies
exceeding 25 pum in size significantly increased compared to
nontreated cells. This enlargement in colony size indicates
enhanced cellular growth and survival under nonadherent
conditions, sugé%esting the acquisition of malignancy-associated
characteristics.” Studies have consistently demonstrated that
substances promoting larger colonies in this assay are often
associated with increased cancer progression.”*

Although no other studies have yet evaluated the effects of
long-term exposure to PET-NPLs on anchorage-independent
growth, our group previously tested PS-NPLs alone and in
combination with arsenic in MEF cells, also obtaining positive
results.*%° In the first study, prolonged exposure to PS-NPLs
over 24 weeks resulted in a significant increase in the level of
colony formation. In the second study, while 12 weeks of PS-
NPL exposure alone did not induce positive results in the soft
agar assay, cotreatment with arsenic did.

Cells Become More Invasive after Long-Term PET-
NPLs Exposure. A critical step in metastasis and cancer
progression is the acquisition of invasive potential. Tumor cells
gain the ability to breach tissue barriers by degrading basement
membranes and the ECM, which facilitates their infiltration
into secondary tissues.””®” Consequently, the capacity for
invasion is a key biomarker for advanced and aggressive cancer
phenotypes, reflecting the progression toward malignancy and
metastatic potential. In this study, 15 weeks of continuous
exposure of BEAS-2B cells to PET-NPLs did not reveal
significant changes in invasiveness compared with passage-
matched controls. However, after 30 weeks of exposure, a
notable increase in invasive potential was observed, as depicted
in Figure 2C. This increase in invasiveness correlates with the
findings of the other carcinogenicity biomarkers tested.
Therefore, BEAS-2B cells are not phenotypically transformed
after 15 weeks of PET-NPLs exposure, but they reach a
carcinogenic phenotype after 30 weeks.

Like studies on anchorage-independent growth, there is a
lack of research on the invasiveness of cells exposed to
prolonged PET-NPLs treatments. However, it is important to
highlight our previous results on MEFs treated with PS-NPLs
for extended periods, both alone and in combination with
arsenic. Our findings revealed that, analogous to the results
observed in anchorage-independent growth, extended exposure
to PS-NPLs for 24 weeks led to a significant increase in cellular
invasiveness. In contrast, 12 weeks of PS-NPL exposure
increased the invasive potential of the cells under coexposure
settings.”* Overall, the data suggest that prolonged exposure is
essential for the manifestation of carcinogenic effects
associated with NPLs and that these long-term outcomes
should be further studied.

Transcriptomic Effects of PET-NPLs Long-Term Ex-
posure. After the phenotypical characterization of the long-
term exposed BEAS-2B cells, we then moved on to evaluate
the impact of PET-NPLs at the transcriptomic level.
Transcriptomic analysis, encompassing gene expression profil-
ing, pathway enrichment, and biomarker discovery, is
instrumental in the early detection of cancer.’® Gene
expression profiling can be conducted on cells and tissues—
including lung—to measure cancer-related gene activity and/
or mechanisms of action.”” These methodologies can also be
effectively applied to in vitro cultures, providing valuable
molecular insights into cellular transformation. Therefore,
RNA-seq was performed to monitor transcriptomic alterations
associated with the observed phenotypic response at three
distinct time points: the acute stage (24 h of exposure), the
nonphenotypically transformed stage (15 weeks), and the
transformed stage (30 weeks of exposure).

Transcriptomic Alterations Confirm the Transforma-
tion of the Cells after 30 Weeks of PET-NPLs Exposure.
An in-depth assessment of the transcriptomic state of the cells
transformed after 30 weeks of exposure was carried out by
evaluating the number of DEGs, the enriched terms related to
cancer, and a panel of genes of interest. A total of 6085 DEGs
were found (3176 downregulated and 2909 upregulated,
Figure 3A). After GSEA on the Disease Ontology (DO)
collection was performed, 33% of the enriched terms were
related to cancer (Figure 3B). Regarding gene expression
levels, we examined a set of genes obtained by merging those
associated with the most common natural mutations in lung
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Figure 3. BEAS-2B transcriptomic state after 30 weeks of PET-NPLs
exposure. (A) Number of DEGs (downregulated, upregulated, and
total) and mean-difference plot showing the distribution of DEGs’
expression. (B) Percentage of enriched terms from DO collection
corresponding to cancer-related or other terms. (C) Fold change for
the genes related to the most common lung cancer mutations and the
top 10 genes co-mentioned with lung cancer expressed as log2-fold-
change (L2FC) values.
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carcinoma’® with the top 10 genes comentioned for lung
cancer according to the Enrichr software. As shown in Figure
3C, the data displayed significant deregulation of 9 genes out
of the set. Importantly, we found significant upregulation of
three well-known oncogenes: KRAS, MET, and RET. RAS
family variants are the most frequent hotspots for mutations in
human cancers and are usually associated with a poor
prognosis. Furthermore, KRAS mutations, which keep the
gene in its active state, are commonly found in lung cancer.”'
MET is known as mesenchymal-epithelial transition factor,
thereby enabling tumor transformation and maintenance when
activated.”” Finally, RET is overexpressed in nonsmall cell lung
cancer, frequently in younger nonsmoking patients.”

Additionally, we identified the 18 most frequently mutated
genes published by The Cancer Genome Atlas Research
Network in a comutation list containing whole-exome
sequencing of 230 lung adenocarcinomas.”® From those 18
genes, 7 were significantly dysregulated in our data, including
KRAS, MET, NF1, PIK3CA, RBI, RIT1, and U2AFI. Seven
more genes were unmapped, and 4 were not differentially
expressed (data available upon request).

Transcriptomic Analysis at Different Time Points
Shows the Carcinogenic Progression. Upon confirmation
of cellular transformation at week 30, both at phenotypical and
transcriptomic levels, earlier stages of exposure (24 h and 15
weeks) were analyzed to gain deeper insights into the
progression of the transformation process. First, the number
of DEGs was studied at each time point (30 weeks, 15 weeks,
and 24 h). An increment in the number of DEGs over the time
of exposure was observed, including an increment in both fold-
change values and significance (Figure 4A). 295 DEGs were
shared between the 15 and 30 weeks of exposure (Figure 4B)
representing a high proportion of DEGs from the 15-week
time point. Second, a deeper exploration of the enriched
pathways obtained at 30 weeks of exposure by ORA and GSEA
was performed. In addition, lung carcinogenic pathways
alongside GO pathways sharing genes were selected and
compared with enriched terms after 15 weeks of exposure
(Figure 4C).

The gradual increase observed in the amount of DEGs over
time suggested a general progression of the transformation
process. When inspecting carcinogenic-related ORA-enriched
terms after 30 weeks of exposure, terms related to lung
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carcinogenesis were observed (“nonsmall cell lung cancer” and
“small cell lung cancer”). However, none of these terms were
overrepresented in the earlier stage of the analysis (15 weeks of
exposure). Conversely, terms related to the cell surface, cell
membrane, focal adhesion, or compound binding were present
at both time points, with higher enrichment at 15 weeks. When
inspecting GSEA results, the terms “lung disease”, “lung
nonsmall cell carcinoma”, and “epithelial to mesenchymal
transition” (EMT) were found to be significant after 30
weeks, with EMT being the only pathway enriched at 15
weeks.

Both analysis results (ORA and GSEA) were concordant
with the hypothesis of gradual transformation progress. After
1S weeks of exposure, terms associated with cell—substrate
junctions (“focal adhesion”, “basement membrane”, “cell—
substrate junction”, “collagen-containing extracellular matrix”,
“collagen binding”, and “epithelial to mesenchymal transition”)
were dysregulated. At this time point, the cells still did not
show any carcinogenic phenotypical features, according to our
data. Nonetheless, when the treatment was extended to 30
weeks, terms associated with lung cancer and lung disease
appeared, along with carcinogenic phenotypical features.
Overall, results from transcriptomic analyses and from
phenotypical endpoints were in concordance, suggesting a
carcinogenic state after 30 weeks of exposure not observable
after 15 weeks, although a progression could be inferred from
the transcriptomic data (see Figure S2 for a schematic
summary of the findings).

Acute transcriptomic data reported in the bibliography with
BEAS-2B cells exposed to PS-NPLs include the enrichment of
pathways related to oxidation—reduction processes, regulation
of the MAPK cascade, kinase activity, cell surface, extracellular
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space, anchoring junctions, adherens junctions, focal adhesion,
integrin binding, small cell lung cancer, or proteoglycans in
cancer, among others,”* concordant with the pathway
enrichment results collected in this manuscript. Few data
have been collected for transcriptomic data reported under
long-term NPLs exposure conditions. However, in concord-
ance with our data, gene panels targeting EMT genes were
dysregulated after PS-NPLs exposure.”

Mapping of Transcriptomic Data to Lung Cancer
Pathways. To further confirm the transformation progress,
we compared expression levels of genes annotated in the
"nonsmall cell lung cancer” pathway (KEGG pathway with
identifier hsa05223) throughout the exposure period (Figure
S). This pathway was chosen as it was significantly
dysregulated after 30 weeks of exposure and because of its
biological relevance. In this figure, genes are represented as
boxes, and each one is divided into two parts: the left side
represents fold-change in gene expression levels after 15 weeks
of exposure compared to passage-matched controls, whereas
the right side of the box represents equivalent data after 30
weeks of exposure. The results show a relevant dysregulation of
the pathway at different points, including the upregulation of
the previously mentioned oncogenes: KRAS, MET, and RET
(also called KIFSB-RET). No differences in gene expression
levels were found for EGFR and EML4ALK oncogenes after
30 weeks of exposure, although a slight, nonsignificant fold
increase was observed at week 1S. Further research will be
needed to explore the pathways related to the dysregulated
oncogenes; nonetheless, these results point toward potential
mechanisms of action leading to PET-NPLs-induced lung
carcinogenesis.
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Figure 6. Gene expression values for genes following a trend in their expression levels during chronic exposure. Gene expression values are
represented as log fold-change values (L2FC). (A1) Genes mapping EMT hallmark collection classified by their cascade position (receptor,
regulator, or effector). (A2) Genes mapping the top 100 genes comentioned with lung cancer term according to Enrichr, along with manually
annotated genes. (B) Histone panel according to Histone DB 2.0. (C) Putative biomarker genes that might act as early detectors of the
transformation phenotype.
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Identification of Biomarkers for PET-NPLs-Induced
Lung Cell Transformation. With the aim of providing a set
of possible biomarkers, three gene panels were generated: (i)
genes associated with the EMT pathway according to the
hallmarks collection; (ii) a custom list combining the top 100
genes comentioned with the lung cancer term according to
Enrichr, along with genes from a manual curation of the
bibliography; and (iii) a histone panel generated by
HistoneDB 2.0, as representative of genome dysregulation.
Genes included in each panel were filtered by selecting the
ones that followed a trend in their expression levels from 15 to
30 weeks of exposure. The 24 h time point was also included in
the analysis as a point of comparison to the acute effects of
PET-NPLs. As displayed in Figure 6Al, 27 genes matched
EMT filtering conditions (upregulated: TGFBR3, CDH2,
IGBP2, FGF2, ITGA2, NTSE, PMP22, DKK1, ENO2, FBLNI,
and TNC; downregulated: BASP1, LRPI, OXTR, LGALSI,
EFEMP2, IGFBP3, GPCl, GJAl, MYLK, SATI, SERPINHI,
ADAMI12, FBNI, COL1AI, and VCAN), while 16 genes
matched the filtering conditions of the lung cancer list
(upregulated: RET, ITGBS, IGFIR, MET, SP1, RB1, BMPR2,
KRAS, CD44, FN1, and KRT19; downregulated: CCNA2, JUN,
MUCI, CCNDI, and SNAI2) (Figure 6A2). From the histones
analyzed, the vast majority were underexpressed (H2AX,
H2AC17, H2AC19, H2AC20, H2BC13, H2AC15, H3C1, HI-1,
H4Cl1, and H4Cé6, Figure 6B), suggesting that genome
transcription is enhanced, especially after 30 weeks of
exposure.

Combining the information from the three gene panels, we
could identify 16 genes significantly dysregulated at the two
long-term time points (Figure 6C). Therefore, these 16 genes
were selected as putative biomarkers of lung cell trans-
formation. From this set of biomarkers, 10 genes came from
the EMT list (FGF2, LGALSI, EFEMP2, GPC1, DKK1, TNC,
ADAM12, FBN1, COL1Al, and VCAN) and 4 genes from the
lung cancer list (ITGBS, MET, RBI, and JUN). Additionally,
KRAS was added to the set of biomarkers due to its biological
relevance in lung cancer,”’ and H2AX was selected due to its
significance and capability to predict lung tumorigenic
processes.”

Overall, we have identified a set of informative biomarkers
with the potential to facilitate the characterization of the in
vitro tumoral phenotype, supporting and even substituting the
evaluation of certain carcinogenic hallmarks. Additionally, the
biomarkers follow a trend of expression during the exposure
and are significantly dysregulated early in the carcinogenic
process—before phenotypical transformation—suggesting that
they might act as early detectors of transformation. However,
further research is required to provide a conclusion on their
predictive value.

In summary, this work provides the first description of the
long-term effects of real-life PET-NPLs on the respiratory
system. Inhalation is one of the main routes for MNPLs
exposure; therefore, the lungs are a primary target and could be
seriously affected by continuous exposure, leading to
bioaccumulation. It is essential to explore the detrimental
effects, including carcinogenicity, of continuous MNPLs
exposure to fully understand the health risks posed by their
widespread presence in the environment. We have addressed
this critical gap by developing a novel system to mimic chronic
exposure of lung target cells to subtoxic doses of true-to-life
PET-NPLs. This system relies on a multiendpoint analysis to
inform on the carcinogenic potential of the exposure and

explore the mechanisms involved. With this approach,
information on different outcomes is organized and combined,
potentially setting the basis for developing an in vitro-based
ITS for NPLs with regulatory value.

Through this study, we observed that PET-NPLs induce a
tumorigenic phenotype in long-term exposed BEAS-2B cells, as
evidenced by their increased genome instability, genotoxic
damage, anchorage-independent growth, and invasive poten-
tial—all of which are supported by significant alterations in the
transcriptome, recapitulating the genomic dysregulation
observed in cancer cells. Besides the in-depth characterization
of the tumoral phenotype, we monitored phenotypical and
transcriptomic changes at different times of exposure. Thanks
to this approach, we could identify potential mechanisms of
action and biomarkers that should be explored in future
research, as this knowledge can help establish the pathway of
causal linkages between a molecular initiating event and the
final carcinogenic adverse outcome linked to chronic NPLs
exposure.

These findings show the relevance of further exploring long-
term effects with approaches that mimic chronic exposure
scenarios. Importantly, carcinogenicity should be included as
an outcome to be studied in the battery of assays for MNPLs
risk assessment. The data in the literature and from our
research show that there are reasonable grounds for concern
regarding the carcinogenic effects of long-term MNPLs
exposure. While there are still limitations to be addressed
(dose—responses, variable polymer types, sizes, or shapes), the
collection of this data should be a priority, with the aim of
providing better protection to the general population and the
environment from the potential health impacts of MNPLs.
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