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• The coexposure effects of PET nano
plastics and tobacco condensates were 
evaluated.

• Long-term and human lung cells was the 
defined exposure scenario.

• Cancer hallmarks and transcriptomic 
analysys detect the induced effects.

• Co-exposure exacerbates oxidative 
stress, genotoxicity, and cell 
transformation.

• Transcriptomic analysis reveal shifts in 
cellular stress and key tumor-suppressor 
genes.
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A B S T R A C T

This study examines the long-term impact of polyethylene terephthalate nanoplastics (PET-NPLs) and cigarette 
smoke condensate (CSC) on human lung BEAS-2B cells, focusing on key biological hallmarks of carcinogenesis. 
True-to-life PET-NPLs were generated from plastic water bottles and characterized to simulate environmental 
exposure conditions; and a comprehensive battery of assays was employed to assess genotoxicity, cellular 
transformation, and invasiveness. It was observed that, compared to passage control and individual exposures, 
co-exposure to PET-NPLs and CSC exacerbates oxidative stress, genotoxicity, and tumorigenic transformation, as 
evidenced by increased DNA damage, colony formation in soft agar, and enhanced cell migration and invasion. 
Transcriptomic analysis revealed a shift in cellular stress regulation including the upregulation of stress-response 
genes, including SLC7A11, NQO1, and HSPA1A, which are linked to oxidative stress adaptation and tumor 
survival. At the same time, key tumor-suppressor genes, such as LOX, and FN1, were significantly downregulated, 
promoting cellular transformation and invasiveness. These results provide compelling evidence that the 
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combination of PET-NPLs and CSC enhances carcinogenic traits through oxidative stress, genomic instability, and 
disruption of tumor-suppressive pathways. This study underscores the importance of evaluating the synergistic 
effects of combined environmental exposures and their implications for human health.

1. Introduction

The pervasive dissemination of plastics in the environment, facili
tated by extensive usage and inadequate waste management practices, 
has emerged as a significant concern for both human health and 
ecosystem resilience. Particularly interesting is the environmental 
presence of micro- and nanoplastics (MNPLs). These environmental 
MNPLs result from both direct manufacturing and the fragmentation of 
larger plastic entities via processes such as oxidation, hydrolysis, mi
crobial action, and mechanical abrasion [30]. Although under discus
sion, the present tendency is to define nanoplastics (NPLs) as those 
measuring 1–1000 nm, and microplastics those in the range 1–1000 mm, 
associating the definition to the nano/micro range of measure [24,63].

Despite the large amount of information generated during the last 
three years on the potential hazardous effects of MNPLs, there are four 
aspects requiring further research. They are i) the use of MNPLs repre
sentative (true-to-life) of those secondary MNPLs generated by plastic 
waste degradation. ii) To explore the effects under long-term exposure 
regimens, escaping from unrealistic short-time exposures. iii) To move 
to relevant biological endpoints such as carcinogenesis. iv) To determine 
the potential interactions between MNPLs and other environmental co- 
pollutants. Consequently, this work aims to increase our knowledge on 
these four topics.

Most of the information showing the harmful effects of MNPLs has 
been obtained using pristine commercial polystyrene MNPLs, which are 
far from simulating the secondary MNPLs resulting from the environ
mental degradation of plastic waste. Due to the difficulties of testing 
environmentally obtained MNPLs, the use of laboratory-made MNPLs, 
obtained by degrading plastic goods, is considered a good alternative 
[63]. Although these simulated aged MNPLs can differ from those 
naturally generated, they represent a step forward in closing the gap of 
the lack of environmental samples containing specific MNPLs. Currently, 
there are two main mechanisms to produce true-to-life nanoplastics, 
using UV-laser ablation [40] and through different mechanical frag
mentation procedures, which is the most used (El [19]. By degrading 
polyethylene terephthalate (PET) plastic containers (including water 
bottles), PET-MNPLs can be obtained [27,42]; thus, this study uses 
true-to-life PET-NPLs obtained using such approach [64],

While acute exposure studies provide valuable insights into imme
diate effects, chronic exposures better capture the cumulative and 
potentially delayed adverse outcomes associated with NPLs exposure. 
This is because secondary MNPLs are present everywhere and, conse
quently, humans are continuously exposed to them by different routes 
including ingestion, inhalation, and dermal deposition. Therefore, risk 
assessment approaches evaluating the potential long-term effects of 
MNPLs exposure are urgently required [5]. Interestingly, chronic 
exposure studies are crucial for understanding the mechanisms under
lying the development and progression of chronic diseases, including 
cancer. To escape using animals, an in vitro battery of assays covering 
most of the hallmarks of the carcinogenesis process has been proposed 
[4]. Such assays are classified as early, intermediate, or advanced bio
markers allowing the identification of the cells in the initiation, pro
motion, or aggressive stages of tumorigenesis. Using a pre-transformed 
cell model exhibiting a tumor-associated phenotype, long-term (6 
months) exposures to polystyrene nanoplastics exacerbated most of the 
evaluated hallmarks of cancer, independently if they are associated with 
an early, advanced, or aggressive tumoral phenotype (Barquilla et al., 
2022). It should be highlighted that the used cell model presented ge
netic instability, due to the presence of a mutant Ogg1 gene. Thus, this 
approach permits us to identify moderated effects that could go 

unnoticed in the context of non-transformed cell lines or short exposure 
conditions, presenting a robust complementary option for assays eval
uating tumorigenic potential. More recently, Domenech et al. [16]
evaluated the carcinogenic potential of polyethylene terephthalate 
(PET-), polystyrene (PS-), and polylactic acid (PLA-) NPLs using the in 
vitro Bhas 42 cell transformation assay reporting that all three NPLs were 
internalized by the cells, PET- and PS-NPLs enhancing cell growth in the 
initiation assay. The authors also reported that PET-NPLs induced cell 
transformation when the promotion assay was used, indicating that 
PET-NPLs could act as non-genotoxic tumor promoters. These data 
constitute a relevant warning on the potential carcinogenic risk associ
ated with long-term exposures to MNPLs and their potential role as 
co-carcinogens, when combined with tumor inducers.

Despite their small size, MNPLs exhibit complex physicochemical 
properties that enable them to adsorb and transport environmental 
pollutants, traverse biological barriers, and accumulate within living 
organisms [50]. Thus, the understanding of such interactions between 
MNPLs and environmental pollutants is of paramount relevance. Recent 
studies have highlighted the presence of MNPLs in urban air, with 
concentrations ranging from 0.3 to 1.5 particles per cubic meter, 
particularly in areas with high vehicular traffic and industrial activities 
[17]. These airborne MPLs, predominantly fibers, pose inhalation risks 
to urban populations. Additionally, the potential for bioaccumulation of 
these particles in respiratory tissues has been shown by studies reporting 
MPLs in lung tissue samples, with concentrations averaging 1.42 ± 1.50 
particles per gram of tissue in healthy individuals [25]. When examining 
tumor samples, Zhao et al. [77] detected polystyrene (PS), polyethylene 
(PE), and polyvinyl chloride (PVC) polypropylene MPLs in 80 % of lung 
tumors. The presence of elevated concentrations of MNPLs in bron
choalveolar lavage fluid of smokers underscore a concerning association 
between smoking and microplastic inhalation [39]. Despite extensive 
documentation of the health hazards associated with cigarette smoking, 
cigarette butts persist as ubiquitous pollutants [54]. In addition to MPLs, 
cigarette smoke introduces complex mixtures of harmful substances, 
including polycyclic aromatic hydrocarbons (PAHs) and heavy metals, 
which can further enhance cellular uptake of microplastics and exac
erbate toxic effects. The co-occurrence of MPLs and cigarette smoke in 
urban environments emphasizes the need to evaluate their combined 
health effects, as their interaction may lead to enhanced oxidative stress 
and genotoxicity. Thus, the simultaneous exposure to MNPLs and to
bacco smoke components constitutes an expected common exposure 
scenario. Previous studies have shown interactions between nanoceria 
and cigarette smoke condensate (CSC), a known carcinogen, showing 
synergistic effects in different carcinogenic hallmarks in human lung 
epithelial cells [52], as well as inducing transforming and epigenetic 
cancer-like features in vitro [2].

Hence, the present study aims to explore the long-term carcinogenic 
effects of PET-NPLs in conjunction with CSC utilizing BEAS-2B cells as a 
model system. BEAS-2B cells, derived from human bronchial epithe
lium, serve as a relevant model for studying respiratory health and 
carcinogenesis [46]. By elucidating the interplay between PET-NPLs, 
CSC, and cellular responses in a long-term exposure context, this study 
seeks to advance our understanding of the health risks associated with 
NPLs pollution and allows the evaluation of PET-NPLs, previously 
identified as a tumor promoter agent [16], as a co-carcinogen when 
combined with CSC. The findings from this research may help to take 
regulatory decisions, risk assessment strategies, and mitigation mea
sures aimed at reducing the adverse effects of NPLs contamination on 
human health and the environment.
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2. Materials and methods

2.1. Particle obtention and labelling

PET-NPLs was obtained following a previously published protocol 
[63]. Briefly, starting from commercially available PET bottles, nano
particles were obtained by sanding using a diamond rotary burr. The 
powder obtained from this process was then sieved through a 0.20 mm 
mesh. Four grams of the separated material were then placed on a 
250 mL beaker containing a 60 ºC pre warmed trifluoroacetic acid (TFA) 
90 % for 2 h or until complete dispersion on a stirring hot plate (Hei
dolph Instruments GmbH & Co. KG. Schwabach, Germany). The tem
perature was then reduced to 25 ºC, and agitation was maintained 
overnight. On the second day, an equal volume of TFA 20 % was care
fully added to the mixture and bigger agglomerates were removed. After 
24 h of stirring, the volume was transferred to glass tubes and volume 
was centrifuged for 1 h at 2500 rcf. Pellets were resuspended on 0.5 % 
sodium dodecyl sulfate (SDS) lysis buffer solution and sonicated before 
transferring to 250 mL graduated cylinders. The bigger fraction was 
allowed to settle for 1 h and the top 100 mL of each cylinder was 
recovered and carefully washed twice with water and pure ethanol. 
Clean and dry particles were then subjected to NanoGenotox protocol 
[43] for further biological applications.

2.2. Particle labelling

To track nanoparticles inside biological samples, PET-NPLs were 
labelled following our recently published protocol [62]. To proceed, a 
working solution of 1 mL of freshly obtained PET-NPLs at a concentra
tion of 5 mg/mL was transferred to a glass vial containing 0.01 g of iDye 
Poly pink textile dye. The solution was mixed by vortexing and incu
bated for 2 h on a 70 ºC thermoblock. Immediately after, 9 mL of Milli-Q 
water were added to the solution and cleaning was carried out to 
eliminate the excess of dye by centrifuge using an Amicon® Ultra-15 
centrifugal Ultracel®-100K filter 1 × 10 5 MWCO (Merck KGaA, 
Darmstadt, Germany). Shortly, 15-min centrifugations were performed 
at 3453 rcf, and the process was repeated a minimum of 4 times. A 
volume ranging from 80 to 160 μL was recovered from the V-shape well 
and aliquoted to volumes of 1000 μL on Milli-Q water which were 
maintained covered from light at 4 ºC.

2.3. PET-NPL characterization

The PET-NPLs obtained were submitted to complete analyses to 
confirm their physicochemical characteristics.

2.3.1. Scanning electron microscopy (SEM)
PET-NPLs were investigated by scanning electron microscopy to 

determine size and shape. On a sterile and clean environment, a sus
pension of 100 μg/mL of PET-NPLs was prepared on Milli-Q water and 
vigorously mixed by vortexing. A single 10 μL drop was then placed on a 
glass coverslip and allowed to dry overnight on a closed Petri dish. Dried 
particles were observed, and images were obtained on a SEM Zeiss 
Merlin system (Oberkochen, Germany). From the acquired images, 
Martin diameter was measured on 1000 random images using the 
ImageJ software 1.8.0_322 distribution.

2.3.2. Nanotracking analysis (NTA)
Particle size (in nm), as well as number of particles in suspension 

(particles per mL) were determined using a Nanosight NS300 particle 
analyzer from Malvern Panalytical (Cambridge, United Kingdom). 
Briefly, 1:50 dilutions were prepared on Milli-Q water from 100 μg/mL 
suspensions. The diluted suspension was mixed using a SA8 Vortex 
(Merck KGaA) and then 1 mL was collected on a syringe and transferred 
onto the Nanosight microfluidic collector on decrescent speeds from 
1000 to 50 a.u. Three independent measurements were collected on a 

sCMOS detector using a 488 nm laser.

2.3.3. Dynamic light scattering (DLS) and zeta potential (ζ- Pot)
The particle behaviour in suspension was investigated by measuring 

the particle size distribution as well as the ζ- potential. Briefly, from 
100 μg/mL nanoplastic suspensions the hydrodynamic behaviour or the 
indicative size of hard spheres that behave equivalent to the PET-NPLs 
suspension was evaluated by transferring 1 mL to a DTS0012 cuvette 
and using a dynamic light scattering (DLS) approach. The surface po
tential was evaluated by transferring a slightly minor volume to a 
DTS1070 cuvette and in both cases, measurements were carried out on a 
Zetasizer® Ultra red label apparatus from Malvern Panalytical (Cam
bridge, United Kingdom).

2.3.4. Fourier transform infrared spectroscopy (FTIR)
Functional groups from PET-NPLs were determined by FTIR. Briefly, 

a 20 µL drop from 1 mg/mL concentration was placed on a gold mirror 
and let dry for 5 days on a closed Petri dish. Sample analysis was carried 
out on a Hyperion 2000 micro-spectrometer (Bruker, MA, USA) using an 
empty gold mirror as reference. All measurements were carried out at 
the Molecular Spectroscopy and Optical Microscopy facility at the 
Institut Català de Nanociència i Nanotecnologia (ICN2). The obtained 
interferograms were contrasted with standard reports.

2.4. Cigarette smoke condensate (CSC) preparation

A filter pad with cigarette smoke condensate (CSC) was purchased 
from the University of Kentucky. CSC was prepared by the provider’s 
3R4F Standard Research Cigarettes on a Federal Trade Commission 
(FTC) smoke machine. The pad was cut into small pieces, placed in a 
beaker with 10 mL of DMSO (VWR, Briare, France), and mixed with a 
magnetic stirrer for 1 h. After removing the pieces of pad, the solution 
was filtered through an 11 µm-pore Whatman paper filter (GE Health
care Life Sciences, UK) using a Bucher funnel and vacuum, and later 
aliquoted in cryotubes and saved at –80 ºC.

2.5. Cell culture conditions

Bronchial epithelium cells transformed with Ad12-SV40 2B (BEAS- 
2B), previously exposed by 30 weeks to PET-NPLs and showing cell 
transformation features (including increased genotoxicity, anchorage- 
independent growth, and deregulation of oncogenes relevant in the 
lung cancer context) were used as a sensitive pre-transformed cell 
model. These cells were generated in a study not yet published and, from 
now on, these cell models will be called prone-to-transformation prog
ress (PTP) BEAS-2B cells (PTP BEAS-2B) [4]. Cells were grown in Dul
becco’s modified Eagle’s medium (DMEM, Life Technologies, NY, USA) 
supplemented with 10 % fetal bovine serum (FBS, Biowest, France), and 
2.5 μg/mL of Plasmocin (InvivoGen, CA, USA). Cells were maintained in 
a 5 % CO2 humidified atmosphere at 37 ◦C.

2.6. In vitro chronic PET-NPLs and CSC co-exposures

PTP BEAS-2B cells were exposed for 4 weeks to 100 μg/mL PET-NPLs 
(PTP+PET), 25 μg/mL of CSC (PTP+CSC), or the combination of both 
(PTP+CSC+PET), next to non-exposed passage-matched cells. A total of 
1 × 105 cells were seeded in triplicate in 75 cm2 flasks, on a total volume 
of 10 mL of DMEM and treated with the above indicated concentrations. 
Replicates of exposed cells (PTP + exposure) and non-exposed passage- 
matched controls (PTB) were maintained in two separate T-25 flasks and 
grown under the culture conditions previously described. Constant 
chronic exposure was ensured by replacing the cell culture medium 
every 3 days with a fresh medium containing the corresponding 
treatment.
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2.7. Determination of PET-NPLs internalization in BEAS-2B cells by 
confocal microscopy

Confocal microscopy was used to confirm PET-NPLs internalization 
in PTP BEAS-2B cells using iDye staining, as recently described [62]. To 
proceed, after the 4 weeks of exposure 7 × 103 cells/well of each con
dition were seeded in an µ-Slide 8 well chambered coverslip (Ibidi 
GmbH, Gräfelfing, Germany), and treated with 100 µg/mL of 
fluorescent-labeled PET-NPLs for 48 h. After washing twice with warm 
culture medium, cells were observed in a Leica TCS SP5 confocal mi
croscope. Cell nuclei were stained with Hoechst 33342 marker and cell 
membranes with Cellmask.

2.8. Anchorage-independent growth induction assay (Soft-agar assay)

For the evaluation of cellular transformation, the direct soft-agar 
assay was used to measure PTP BEAS-2B cell’s ability to grow inde
pendently of anchorage. A 1:1 mix of previously liquified 1.2 % agar and 
DMEM 2X (DMEM, 88 mM NaHCO3, 20 % FBS, 2 % non-essential amino 
acids, 2 % Glutamax, 2 % penicillin-streptomycin) was prepared. 
1.5 mL/well of the mix was added to a 6-well plate and left to solidify 
overnight at 4 ◦C. The following day the treated cells were trypsinized 
and centrifuged at 1000 rpm for 8 min before discarding the supernatant 
and resuspending the cells in 1 mL of PBS. The cell suspension was 
filtered through a 40 µm mesh filter and cells were counted to determine 
the volume corresponding to 7.5 × 104 cells. The cells were added to 
1.25 mL of DMEM, and this suspension was later mixed with 8 mL of 1:1 
mix of previously liquified 1.2 % agar and DMEM 2X mix. 1.5 mL of the 
cell mix was added to each well with agar on the plates prepared the 
previous day. The cells were incubated at 37◦C in a 5 % CO2 humidified 
atmosphere and, after 21 d, 1 mL 1 mg/mL of 2-(4-iodophenyl)-3-(4- 
nitrophenyl)-5-phenyl-2H-tetrazolium (INT, Sigma-Aldrich, Germany) 
was added to each well and incubated for one day more. To analyze, the 
liquid was removed, and the plates were scanned at 1200 dpi to count 
the colonies per well using OpenCFU-3.9.0 software.

2.9. The comet assay

DNA damage (single strand breaks and oxidized DNA bases), 
resulting from exposure, was evaluated using the comet assay, with and 
without formamidopyrimidine DNA glycosylase (FPG) enzyme [11]. 
Cells were washed with PBS 1X, trypsinized, collected, and centrifuged 
at 300 rcf for 8 min at 4 ◦C. The supernatant was removed, and cells were 
resuspended in cold PBS at 1 × 106 cells/mL density. Cells were diluted 
(1:10) in 0.75 % low melting point agarose at 37 ◦C, and 7 µL drops of 
the mix were placed on Gelbond® films (GBF, Life Sciences, Vilnius, 
Lithuania). The films were submerged in lysis buffer (2.5 M NaCl, 0.1 M 
EDTA, 0.01 M Tris Base, 0.2 M NaOH, 1 % Triton X-100, 1 % N-lauroyl 
sarcosine, 10 % DMSO; pH 10) for 2 h at 4 ◦C, washed twice with enzyme 
buffer (0.04 m HEPES, 0.1 m KCl, 0.5 mM EDTA, 0.2 mg/mL; pH 8), and 
later incubated for 50 min in the same buffer. A second incubation step, 
with or without previously activated FPG enzyme, was done at 37 ◦C for 
30 min. GBF were then washed with electrophoresis buffer (0.3 M 
NaOH, 1 mM EDTA; pH 13.4) and submerged in fresh buffer for 25 min 
for DNA unwinding before starting the electrophoresis (20 V, 300 
mAmp, 20 min). After washing twice with cold PBS, the films were fixed 
in absolute ethanol and stained with 1:2500 SYBR Gold in TE buffer 
(10 mM Tris Base, 1 mM EDTA; pH 8). Comets were visualized using an 
Olympus BX50 microscope at 20 × magnification. The DNA percentage 
in the tail was determined with the Komet 5.5 Image analysis system 
(Kinetic Imaging Ltd, Liverpool, UK) as a measure of DNA damage in 
cells. Two samples for each triplicate of exposure treatment and control 
were analyzed and methyl methane sulfonate (MMS) and potassium 
bromate (KBrO3) were used as positive controls for genotoxic and 
oxidative DNA damage, respectively.

2.10. Analysis of cellular senescence

Senescent cells were identified by β-galactosidase staining using the 
Senescence Cells Histochemical Staining Kit (Sigma-Aldrich, CS0030). 
Cells were seeded at 3 × 105 cells/well density in 6-well plates and 
stained according to the manufacturer’s recommendations. The number 
of senescence-associated β-galactosidase-positive cells was counted 
using a Zeiss Axio Observer A1 microscope (n = 6 per treatment).

2.11. Invasion and migration induction

Invasion and migration potential were evaluated as an indirect 
assessment of the metastatic potential of PTP BEAS-2B after the expo
sure. Cells grew until the culture reached 60 % confluency before 
changing to serum-free DMEM for 24 h. For invasion assay, 180 µL of 
cold Matrigel mix (Matrigel®, 0.1 % BSA, 0.1 M NaOH) were added to 
each 6-well transwell insert and placed in the incubator at 37 ◦C and 5 % 
CO2 for 1 h. Transwells were placed on a 6-well plate with 2.5 mL/well 
of chemoattractant medium (DMEM, 15 % FBS, 0.1 % BSA) followed by 
the addition of 1.5 mL of cell suspension in serum-free medium at a 
concentration of 2 × 105 cells/mL on top of each transwell. Cells were 
incubated for 48 h at 37 ◦C and 5 % CO2 before fixing them with 
methanol and 0.2 % crystal violet. Cell invasion was evaluated by taking 
pictures of five different regions per transwell, using a confocal micro
scope Olympus FV1000, and analyzing the area covered by cells with 
ImageJ software 1.8.0_172. For migration assay, the same protocol was 
followed except for the addition of Matrigel mix to the transwells.

2.12. RNA extraction and RNA seq

After treatments, total RNA was extracted from PTP BEAS-2B cells 
with TRItidy G™ (AppliChem GmbH) ready-to-use solution for isolation 
of RNA, following the manufacturer’s protocol. RNA from 2 × 106 cells 
was isolated and quantified for Macrogen (Korea) to perform total RNA 
sequencing using the Illumina NovaSeq 6000 high- throughput 
sequencing SBS Technology with a read length of 2 × 151.

2.13. Transcriptomic analysis

R version 4.3.2 was used for statistical analyses through the R Studio 
software [59,49]. Raw FASTQ files were quality filtered by Rfastp 
package [65], including sequence adapters removal, quality trimming 
and reads filtering below 20 bases in length. Filtered reads were mapped 
to the human genome GRCh38 from GENCODE and counted by Rsu
bread package [38,7]. Read counts from PTP cells were included in the 
dataset. Lowly expressed genes were filtered by the filterByExpr func
tion and normalization between libraries was performed by calcNorm
Factors function, both from edgeR package [32,8]. Surrogate variants 
were inferred by sva package and included in the analysis [36]. Differ
entially expressed genes (DEGs) were obtained through limma [51] and 
voom [33] by contrasting the co-exposed samples (PTP+CSC+PET) and 
the single exposed samples. Single exposed samples included PTP and 
PTP + exposure samples and were combined by computing an average 
single-exposure value for each gene [34]. DEGs were filtered by the treat 
function from the limma package setting as 1.1 the minimum 
fold-change value to be considered meaningful.

To determine the enriched functional terms, DEGs were analyzed by 
STRING-db [56]. Ten predicted functional partners were added to the 
network. Clustering was performed by k-means clustering with 7 clus
ters. All genes were analyzed by gene set enrichment analysis (GSEA) 
performed by clusterProfiler and ReactomePA packages. Three collec
tions were used as models: Gene Ontology (GO), MSigDB hallmark 
collection (h) and Reactome [14,76,71]. Parameters were left by default 
except for maximum gene set size on GSEA with GO which was set up to 
800. Data visualization was performed by ggplot2 and ggridges pack
ages [67,68].
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2.14. Relative expression of selected DEGs using real-time RT-PCR

Following four weeks of exposure, total RNA was isolated from PTP 
BEAS-2B cells using TRItidy G® Reagent (Invitrogen, USA), according to 
the manufacturer’s protocol. Residual DNA was removed with Invi
trogen™ TURBO DNase™ (Thermo Fisher Scientific Baltics UAB, 
Lithuania), and cDNA was synthesized from 2 µg of RNA using High- 
Capacity RNA-to-cDNA™ Kit (Thermo Fisher Scientific Baltics UAB, 
Lithuania). The resulting cDNA was then analyzed by real-time PCR on a 
Roche LightCycler 480 to determine the relative expression levels of 
SLC7A11, NQO1, HSPA11, LOX, and FN1, with β-actin serving as the 
housekeeping reference. Each 20 μL reaction comprised 4 μL of cDNA 
(10 ng/µL), 5 μL of 2 × LightCycler 480 SYBR Green I Master (Roche, 
Manheim, Germany), and 0.5 μL of each primer pair at a final concen
tration of 500 nM. The thermal cycling conditions were 95 ◦C for 5 min, 
followed by 45 cycles of 95 ◦C for 10 s, 59 ◦C for 15 s, and 72 ◦C for 25 s. 
The primer sets were as follows: SCL7A11 f (5′- CTACTATGGTCA
GAAAGCCTGT − 3′) and r (5′- CAGCATAAGACAAAGCTCCAAAT − 3′); 
NQO1 f (5′- CGGCTGGGTGTTTCAGTTTG − 3′) and r (5′- 
GGGTGAGTTGTCAAGCCAGT − 3′); HSPA11 f (5′- ATAAAAGCC
CAGGGGCAAGC − 3′) and r (5′- CACAGGTTCGCTCTGGGAAG − 3′); LOX 
f (5′- AATGGAAAATCTGAAGCCCAGC − 3′) and r (5′- 
ACCACCTTGGGCTTGATACA − 3′); and FN1 f (5′- CCGCCGAATGTAG
GACAAGAA − 3′) and r (5′- TCCGTAGGTTGGTTCAAGCC − 3′). Cycle 
threshold (Ct) values were generated using the LightCycler® 480 soft
ware and normalized to β-actin expression to obtain the fold change 
(2^–ΔΔCq) relative to the non-treated PTP BEAS-2B cells.

3. Results and discussion

3.1. PET-NPLs characterization

The use of representative MNPLs, that mirror environmentally ones, 
is a challenge when evaluating the hazards of these materials. To this 
date, most published studies rely on commercially available or artifi
cially generated MNPLs, which restrict the list of materials to evaluate 
and may not accurately reflect the physical and chemical properties of 
particles found in real-life settings. The present study uses PET-NPLs 
derived from PET plastic water bottles and obtained through a proto
col that mimics an environmental degradation process. True-to-life PET- 
NPLs obtained for this study are not standard materials and, for this 
reason, a correct characterization of its physicochemical characteristics 
is needed. As indicated in Fig. 1, PET-NPLs show a spherical-like shape 
with an average size of around 200 nm, once determined by three 
different methodological approaches (SEM, DLS, and NTA). Once the 
chemical nature was confirmed by FTITR, the ability to be properly dyed 
by iDye was also confirmed.

3.2. PET-NPL internalization by PTP BEAS-2B cells

The internalization of PET-NPLs particles in PTP BEAS-2B cells was 
visualized using confocal microscopy. As shown in Fig. 2, there were no 
detectable signals either in the control group (Fig. 2a) nor in the CSC- 
only treated group (Fig. 2b). In contrast, significant internalization 
was observed in the groups treated with PET-NPLs (Fig. 2c) and in the 
combination of CSC and PET-NPLs (Fig. 2d). This indicates that PET- 
NPLs can penetrate PTP BEAS-2B cells, potentially leading to intracel
lular accumulation and subsequent biological effects.

The ability of PET-NPLs to cross cellular membranes and accumulate 
intracellularly is particularly concerning given their potential to 

Fig. 1. SEM images of PET NPLs (a), size distribution of nanoplastic was investigated by Martin diameter measurement (b), dynamic light scattering (DLS) (c) and 
nanotracking analysis (NTA) (d). Chemical identity of functional groups was confirmed by Fourier transformation infrared spectroscopy (FTIR) (e). The lambda scan 
to detect the dying of the particles was confirmed both visually and in terms of wavelength (f and g, respectively).
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interfere with cellular processes and induce toxicological effects. Pre
vious studies have demonstrated that the physicochemical properties of 
nanoplastics, such as size, shape, and surface charge, play crucial roles 
in their cellular uptake and bioavailability [55]. The fluorescent labeling 
used in this study allowed for the precise tracking of PET-NPLs particles 
within the cells, confirming their internalization and raising concerns 
about their potential to cause subcellular damage. This ability of 
PET-NPLs to internalize has already been demonstrated in other cell 
types such as primary human nasal epithelial cells [1] and human 
alveolar macrophages [58].

The selection of the concentrations to be used is always a conflicting 
issue, mainly because there is no information regarding the exposure 
levels of the general population. This lack of information is due to the 
lack of standardized protocol to quantify such levels [20]. When eval
uating the obtained results, it is important to consider the difference 
between the treatment concentration and the effective cellular concen
tration. Although the used concentration (100 µg/mL) looks high, the 
confocal images reveal a moderated intracellular accumulation of fluo
rescently labeled PET-NPLs, suggesting that the particles reaching the 
cells are noticeably lower than the total particles treated with. This 
highlights a key challenge in nanoplastic exposure studies since the 
inconsistency between treatment and effective doses is well documented 
in the context of in vitro nanotoxicology, where factors such as particle 
aggregation, sedimentation, and differences in cellular uptake effi
ciencies influence bioavailability [12,69]. This distinction is important 
because it allows study bioaccumulation and long-term exposure effects 
in conditions where cells are not saturated with PET-NPLs, avoiding 
toxic effects that may accurately reflect chronic low-dose environmental 
exposure scenarios. By utilizing realistic, bioavailable concentrations, 
this study provides a relevant model for exposure to NPLs, where 
accumulation occurs gradually over extended periods.

3.3. Genotoxic effects of PET-NPL

Once it was determined that PET-NPLs were internalized, their 
potentially hazardous effects were determined. Among the biomarkers 
of effects genotoxicity stands out since DNA damage can severely impact 
cell functionality and, consequently, affect human health [6]. The comet 
assay was used to assess genotoxic and oxidative DNA damage in PTP 
BEAS-2B cells after 4 weeks of exposure to CSC, PET-NPLs, and their 
combination. The results, illustrated in Fig. 3, indicate that the (CSC +
PET) group had significantly higher levels of DNA damage than the 
CSC-only and PET-only groups. These synergistic-like effects agree with 
previous results showing similar effects on the comet assay in 
co-exposures CSC + nanoceria [52]. Similarly, such co-exposure also 
enhanced a set of carcinogenesis biomarkers, including the over
expression of microRNAs involved in tumorigenesis [2]. These effects 
have been associated with the ability of CSC to induce endoplasmic 
reticulum stress [9]. The observed effect highlights the importance of 
investigating combined exposures, which may reflect more accurately 
real-world exposure scenarios.

Despite the effects observed when the induction of single-strand 
breaks was determined, no significative increases in oxidative DNA 
damage were found. Oxidative stress is a well-known pathway leading to 
genotoxicity and carcinogenesis, as it can cause mutations, lipid per
oxidation, and protein oxidation [15]. The generation of reactive oxygen 
species (ROS) by both CSC and PET nanoplastics may lead to a com
pounded effect, overwhelming the cellular antioxidant defenses and 
resulting in significant DNA damage.

3.4. Anchorage-independent growth effects induced by PET-NPL

The cells’ ability to proliferate without attachment is a key 

Fig. 2. Visualization of PET-NPL internalization in PTP BEAS-2B cells. a) PTP passage control. b) PTP+CSC. c) PTP+PET. d) PTP+CSC+PET. Orthogonal views of the 
field confirm the internalization in c) and d) after 48 h of treatment, while no PET-NPL signal is present in a) and b) conditions. Cell nuclei are shown in blue, cell 
membrane in red, and fluorescent-labeled LMNPET in green.

Fig. 3. (A) Genotoxic and (B) oxidative DNA damage after 4 weeks of exposure to CSC, PET, and both PET+CSC compared to PTP BEAS-2B passage control (PTP). 
The percentage of DNA in the tail of the comet was used to compare the conditions using one-way ANOVA analysis, with Dunnett multiple comparisons post-test and 
a confidence interval of 95 % (*P ≤ 0.05; **P ≤ 0.01, ***P ≤ 0.001). Methyl methanesulfonate (MMS) was used as a positive control for genotoxic damage and 
potassium bromate (KBrO3) for oxidative DNA damage.
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characteristic of malignant cells, and this was assessed using the soft- 
agar assay [18]. Fig. 4 shows a significant increase in the total number 
of colonies formed in the group treated with the combination of CSC and 
PET-NPLs compared to the control and single treatments (Fig. 4a). The 
combination treatment resulted in the highest number of colonies, 
particularly in the smaller size range (<7 dpi), suggesting enhanced cell 
transformation and anchorage-independent growth (Fig. 4b).

Anchorage-independent growth is considered a hallmark of cellular 
transformation and is indicative of the tumorigenic potential of the 
tested agent [61] [4]. Our results with the soft-agar assay align with 
previous studies reported with silver and polystyrene nanoparticles [10, 
3], and with those reporting a synergistic-like effect between CSC and 
nanoceria [2]. Thus, the effect observed in the co-exposure group sug
gests that CSC may enhance the tumorigenic properties of PET-NPLs 
[16] by modulating signaling pathways involved in cell adhesion and 
proliferation. This result also aligns with the increased genotoxic dam
age observed, supporting the hypothesis that chronic co-exposure to CSC 
and PET-NPLs accelerates the transformed phenotype in PTP BEAS-2B 
cells.

3.5. Migration and invasion effects induced by PET-NPL

Cell migration and invasion abilities are relevant key markers in the 
carcinogenic process [4]. Thus, further exploration of the potential 
carcinogenic phenotype using migration and invasion assays revealed 
significantly enhanced motility and invasive potential in PTP BEAS-2B 
cells exposed to PET-NPLs alone or in combination with CSC, with the 
highest levels observed in the co-exposure. As shown in Fig. 5a, there 
was a significant increase in the proportion of cells able to migrate to the 
basolateral side of the transwell in the groups treated with PET-NPLs and 
with its combination with CSC. Nevertheless, regarding the invading 
ability only in the co-treatments a significant effect was observed. It 
must be pointed out that invasion has been classified as an advanced 
biomarker within a battery of biomarkers measuring the progression on 
the transforming phenotype, while migration is classified as an inter
mediate biomarker [4].

Our results suggest that chronic co-exposure to CSC and PET-NPLs 
not only induces cellular transformation, but also enhances the inva
sive potential of these cells, further underscoring the carcinogenic risk 
posed by these combined environmental contaminants. The increased 
migratory and invasive capabilities observed may be attributed to 
several factors, including changes in the expression of matrix metal
loproteinases (MMPs), alterations in the cytoskeleton, and enhanced 
cellular motility [10]. Thus, the combined exposure to CSC and 
PET-NPLs may upregulate MMP genes, particularly MMP-14, MMP-2, 
and MMP-9. Their respective products are key players in extracellular 
matrix (ECM) degradation and metastasis, facilitating cancer cell 
dissemination by breaking down ECM components, such as collagen and 

fibronectin, thereby enabling cells to breach the basement membrane 
and invade surrounding tissues [21] [44]. This is consistent with the 
enhanced invasiveness observed in the co-treatment group, where the 
interaction between CSC and PET-NPLs may upregulate MMP activity, 
thereby promoting ECM degradation and cell motility. The inflamma
tory tumor microenvironment induced by CSC exposure likely amplifies 
the pro-invasive effects of PET-NPLs. Furthermore, it has been described 
that the exogenously elevated levels of extracellular ATP in the ECM can 
increase cyclooxygenase-2 (COX-2) expression and subsequent MMP-2 
activation, critical for tumor invasion [53]. Consequently, the com
bined exposure may enhance these pathways, further driving the inva
sive phenotype and aligning with previous studies showing that the 
combined activity of MMPs and inflammatory mediators amplifies ECM 
degradation and cancer cell dissemination [41].

3.6. Cellular senescence effects induced by PET-NPL

Cellular senescence, characterized by permanent cell cycle arrest and 
altered secretory profiles, was assessed using β-galactosidase staining. 
As shown in Fig. 6, β-galactosidase staining revealed a notable decrease 
in senescence-associated cells in the co-treatment group compared to the 
control and single-treatment groups. This unexpected reduction con
trasts with the typical increase in senescence observed under chronic 
environmental stressors and warrants deeper exploration into the 
interplay between CSC and PET-NPLs.

The observed reduction in cellular senescence in the CSC+PET-NPLs 
co-exposure group aligns with emerging perspectives on the dual role of 
senescence in cancer [75]. While it serves as a tumor-suppressive 
mechanism by halting cell proliferation, it can also contribute to a 
pro-tumorigenic microenvironment via the senescence-associated 
secretory phenotype (SASP). The decreased senescence in the 
CSC+PET-NPLs group can indicate a suppression of SASP-driven 
inflammation but it could also be related to oxidative stress, altered 
proteostasis, or epigenetic silencing of key senescence genes [29]. This 
background has been observed in cases where insults converge on 
epigenetic regulators and in co-exposures with nanoparticles in which 
seemingly unrelated stressors synergize to disable signaling pathways 
[2,15].

Although the reduction in senescence might seem protective, it could 
paradoxically enhance tumorigenesis by allowing pre-malignant cells to 
bypass senescence and continue proliferating. The downregulation of 
senescence in the CSC+PET-NPLs group may reflect a shift towards 
other oncogenic pathways, such as those promoting cellular trans
formation, migration, and invasion, as evidenced by the increased 
anchorage-independent growth and invasive potential observed in this 
exposure group. This aligns with previous observations of PET-NPLs 
being a tumor promoter [16] and could reinforce its potential action 
as a co-carcinogen when in combination with established carcinogens 

Fig. 4. Comparison of the total number of colonies formed in the anchorage-independent growth assay after treatment with CSC, PET, or the CSC + PET combi
nation. The effects are represented as folds against non-treated PTP BEAS-2B (PTP) cells (a). The number of colonies is significantly higher in PTP BEAS-2B cells co- 
exposed to CSC + PET even when separating the colonies depending on size (b), represented as dpi colony radius (**P ≤ 0.001).
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such as CSC. However, further research is necessary on the mechanisms 
associated with the reduced senescence response examining more 
senescence markers and incorporating epigenetic modifications.

Fig. 5. The proportion of cells that can translocate to the basolateral side of the transwell in the (a) migration, and (b) invasion assays compared to PTP BEAS-2B 
(PTP) passage control. The folds against the PTP passage control were used to compare the effect of CSC, PET-NPLs (PET) or the combination of both in the assays 
using a one-way ANOVA test with Dunnett multiple comparisons post-test, having a confidence interval of 95 % (*P ≤ 0.05; ***P ≤ 0.001).

Fig. 6. Effect of CSC and PET-NPLs (PET) cotreatment in PTP BEAS-2B cells (PTP). Representative pictures of senescent cells using β-galactosidase activity in PTP 
control cells (a) or after 4 weeks of treatment with CSC (b), PET (c) or both CSC and PET (d). The number of β-galactosidase-positive cells (e) was significantly lower 
in the PTP cells co-exposed to CSC and PET when compared to the non-treated control and CSC or PET treatments alone (*P ≤ 0.05; **P ≤ 0.01).

Fig. 7. (a) Volcano plot showing differentially expressed genes (DEGs) significantly up and downregulated when comparing the co-exposure treatment against the 
single exposure mean. Names of the most significantly expressed genes (P value ≤ 0.05) and those appearing in more pathways for the ORA analysis are shown. (b) 
Relative mRNA expression levels of SLC7A11, NQO1, HSPA1A, LOX, and FN1 measured by RT-qPCR, with β-actin as housekeeping gene. Expression is shown as fold 
change (2^–ΔΔCq) relative to non-treated PTP BEAS-2B cells. Bars represent mean ± SEM of four biological replicates. P ≤ 0.05 compared to control.
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3.7. Transcriptomic analysis of the effects induced by PET-NPL and 
relative mRNA expression levels of DEGs

The gene expression profile of PTP BEAS-2B passage control and with 
treatments (alone or combined) was studied using total RNA tran
scriptomic analysis to determine on a broader level other effects of the 
exposure on PTP BEAS-2B cells. When comparing CSC + PET-NPLs co- 
exposed samples to single exposed samples, differentially expressed 
genes (DEGs) could result from differences in culture conditions and 
treatments. For this reason, all single-exposed samples have been com
bined to compute an average single-exposure value and compare it to 
the co-exposure value, as recommended [34].

The transcriptomic analysis revealed significant alterations in gene 
expression patterns in the co-exposure compared to the single-exposure 
group. A total of 113 DEGs were identified, with 47 upregulated and 66 
downregulated genes (Fig. 7a). Notable upregulated genes include 
SLC7A11, NQO1, and HSPA1A, which are heavily implicated in oxida
tive stress management and tumor survival mechanisms.

The SLC7A11 gene encodes a cystine-glutamate antiporter crucial for 
redox homeostasis, with a known role in nutrient dependency and fer
roptosis regulation. Its upregulation in the co-exposure treatment pre
sents the possibility of an adaptive response to oxidative stress 
promoting intracellular glutathione (GSH) synthesis, altering tumor 
metabolism and could contribute to therapy resistance in cancer cells 
[31]. This metabolic adaptation not only supports cancer cell prolifer
ation and survival but also confers resistance to ferroptosis, a regulated 
form of cell death triggered by lipid peroxidation and iron accumulation 
[35]. Furthermore, high SLC7A11 expression has been associated with 
resistance to therapies that rely on oxidative mechanisms, including 
radiation and certain chemotherapeutics [28]. Given its dual role in 
maintaining redox homeostasis and promoting therapeutic resistance, 
SLC7A11 is increasingly viewed as a promising target for cancer 
intervention.

The NQO1 overexpression supports detoxification and anti-oxidative 
stress mechanisms but also facilitates tumorigenesis in certain contexts 
[60]. The observed NQO1 upregulation aligns with its role in promoting 
cellular proliferation and regulation of cell cycle progression at the 
G2/M phase related to c-Fos/CKS1 signaling [45]. Its overexpression in 
cancer cells has been associated with enhanced tumor cell survival 
under stress conditions, resistance to apoptosis, and evasion of ferrop
tosis, an iron-dependent form of cell death [48]. Elevated levels of NQO1 
have also been linked to increased tumorigenicity, metabolic reprog
ramming, and poor prognosis in various cancers, as it facilitates redox 
homeostasis critical for sustaining rapid cell proliferation [37]. Finally, 
HSPA1A is a member of the heat shock protein family that contributes to 
tumor cell survival by mitigating apoptosis and enhancing resistance to 
environmental stressors, was significantly upregulated [23]. Its corre
lation with poor prognosis in lungs, and other cancers, suggests its 
involvement in the enhanced malignancy observed in this study.

Conversely, key tumor-suppressor genes, such as LOX, and FN1, were 
downregulated in the co-exposure condition. These genes play roles in 
maintaining cellular adhesion and inhibiting metastatic potential, sug
gesting that a loss of their regulatory effects contributes to the observed 
aggressive phenotype. On the other hand, LOX and FN1 downregulation 
disrupts extracellular matrix stability, favoring tumor metastasis, inva
siveness, angiogenesis, and enhancing epithelial-to-mesenchymal tran
sition [47]. As a result, the downregulation of these genes has been 
linked to poor clinical outcomes in various cancers [66].

To confirm these transcriptomic findings, the expression of the pre
viously mentioned genes (SLC711A, NQO1, HSPA1A, LOX, and FN1), 
was validated at the mRNA level using quantitative RT-PCR. The RT- 
qPCR results confirmed the directionality of expression changes 
observed in the RNA-Seq data (Fig. 7b), providing additional robustness 
and biological relevance to the transcriptomic findings. This concor
dance strengthens the interpretation of the CSC + PET-NPLs co- 
exposure effects on gene expression.

Based on the identified DEGs, a STRING protein-protein interaction 
analysis was done with seven clusters, being “NFE2L2 regulating anti
oxidant/detoxification enzymes” and “Detoxification of Reactive Oxy
gen Species, and mRNA, protein, and metabolite induction pathway by 
cyclosporin A” (CsA) pathways the ones involving more DEGs (Fig. 8). It 
is noted that most of the proteins from the first pathway come from 
downregulated DEGs while the second one includes only downregulated 
genes. As a complementary, gene set enrichment analysis (GSEA) 
demonstrated significant involvement of pathways related to the 
detoxification of reactive oxygen species (ROS), intercellular commu
nication, extracellular matrix (ECM) remodeling, chemoresistance and 
ferroptosis (Fig. 9) in CSC+PET-NPLs co-treatment. The findings shown 
in the ridgeplot provide insights into the complex interplay between 
compensatory detoxification mechanisms in the presence of combined 
environmental stressors. However, evaluation at a protein-level and 
functional assays to determine the extent of the oxidative damage are 
necessary to confirm its contribution to DNA damage and progression of 
cell transformation.

The interplay between the downregulation of Nrf2 signaling and the 
upregulation of CsA-associated detoxification pathways highlights a 
shift in cellular prioritization from prevention to damage control. While 
Nrf2 activation generally prevents carcinogenesis by mitigating oxida
tive stress and maintaining redox homeostasis, the reliance on CsA- 
associated pathways may reflect a state of chronic stress, wherein cells 
prioritize immediate survival over long-term genomic stability [13,57]. 
This shift has significant implications for tumorigenesis. Chronic reli
ance on compensatory pathways may lead to metabolic and genomic 
instability, creating a microenvironment conducive to malignant trans
formation. Furthermore, the activation of CsA-associated pathways has 
been linked to increased cellular motility and invasive potential, both of 
which are hallmarks of cancer progression [72]. The dual modulation 
presented by the transcriptomic analysis aligns with the enhanced cell 
transformation phenotype observed in the biological assays when the 
cells are exposed to both CSC and PET-NPLs.

Recent studies have deepened our understanding of the molecular 
responses of BEAS-2B cells to cigarette smoke and synthetic particles, 
offering relevant insights into the mechanisms potentially driving the 
observed phenotypes in our co-exposure model. Xu et al. [74] demon
strated that cigarette smoke extract (CSE) induces inflammation and 
fibrosis in BEAS-2B cells through dysregulation of the MMP-9/TIMP-1 
signaling axis, which plays a critical role in extracellular matrix 
remodeling, while Wu et al. [70] showed that CSE exposure disrupts cell 
proliferation and migration via the miR-130a/Wnt1 axis. This supports 
our findings of deregulated transcriptomic pathways linked to cellular 
adhesion and communication, further emphasizing the cumulative 
stress induced by co-exposure. Importantly, polystyrene-based micro- 
and nanoparticles have also been shown to induce autophagic cell death 
in BEAS-2B cells [26], highlighting the cytotoxic potential of synthetic 
particles independently of chemical co-contaminants. Collectively, these 
studies contextualize our results, supporting the idea that chronic 
co-exposure to PET-NPLs and CSC can synergistically affect multiple 
cellular pathways associated with tumor initiation, tissue remodeling, 
and stress adaptation, reinforcing the carcinogenic potential observed in 
the present long-term exposure framework.

The present study provides valuable insights into the long-term co- 
exposure effects of PET-NPLs and cigarette smoke condensate (CSC) on 
PTP BEAS-2B cells, however, limitations should be acknowledged, 
starting from the challenge that represents the lack of standardized 
methods for quantifying human exposure levels to NPLs. Although 
several studies have detected microplastics in lung tissue and bron
choalveolar lavage fluid, no experimental data exists on the actual 
concentration of nanoplastics in the human respiratory system due to 
these analytical limitations. Additionally, while this study proves the 
importance of in vitro models as part of new approach methodologies 
that complement certified assays, such as the OECD’s BHAS-42 assay, it 
is important to recognize that these models cannot replicate the full 
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complexity of in vivo exposure scenarios, including immune system in
teractions and physiological clearance mechanisms.

Furthermore, the study uses only a single concentration of PET-NPLs 
(100 µg/mL) and CSC (25 µg/mL), selected based on prior evidence 
showing that these doses do not saturate the cells with nanoparticle 
uptake. Confocal microscopy confirmed that internalization does not 
occur across the total of the cell population, which supports the rele
vance of this dose for studying chronic bioaccumulation without 
inducing artificial toxicity. This scenario confirms that NPLs dosimetry 
remains a persistent challenge for in vitro studies. The effective dose 
reaching the cells may be significantly lower than the nominal dose due 
to agglomeration, sedimentation, and heterogeneous particle behavior, 
highlighting the need for continued efforts to improve present dosimetry 
models in nanotoxicology.

Another point to be highlighted in this study is the observed syner
gistic interaction between PET-NPLs and CSC, as indicated by the effects 
on different biomarkers of cell transformation and by the expression of 
genes involved in the tumoral response. Synergistic effects of airborne 
pollutants in BEAS-2B cells have been reported, as in the study of Wu 
et al. [73] who observed increased effects, such as intracellular ROS and 
inflammation, in the co-exposure of silica nanoparticles and benzo(α) 
pyrene after long-term (30 passages) exposure conditions. Similar ef
fects were observed in the co-exposure of cerium NPLs and CSC, where 
co-exposed cells exhibit cell transforming potential, with significantly 

increased invasion and tumorsphere formation abilities; in addition of a 
high impact on a battery of miRNAs [2]. Synergistic effects have also 
been observed in another type of human bronchial epithelial cells 
(HBEC3-KT) where combined exposure to diesel exhaust particles and 
mineral particles induced increases in pro-inflammatory cytokines and 
expression of genes related to inflammation and redox responses [22]. 
All this emphasizes the need for further studies focusing on co-exposures 
to detect potential synergistic effects useful to understanding the po
tential health effects of such types of exposure, mainly in a long-term 
exposure scenario.

4. Conclusions

This study provides critical insights into the potential health risks 
associated with combined exposure to PET-NPLs and CSC, which are 
likely common in real-world scenarios. Using PTP BEAS-2B cells as a 
model system, it was demonstrated that long-term co-exposure exacer
bates genotoxic damage, and tumorigenic traits, surpassing the effects of 
individual treatments. The findings are underscored by significant 
transcriptomic alterations, with upregulation of genes linked to man
agement and downregulation of tumor-suppressor pathways, reflecting 
the complex molecular interplay induced by combined stressors.

Key results include enhanced DNA damage, anchorage-independent 
growth, and invasiveness, supported by disrupted antioxidant defenses 

Fig. 8. String analysis of the DEGs up and downregulated in the CSC + PET co-treatment against the single exposure mean. Seven different clusters appear, including 
“NFE2L2 regulating antioxidant/detoxification enzymes” and “Detoxification of Reactive Oxygen Species, and mRNA, protein, and metabolite induction pathway by 
cyclosporin A” pathways in yellow. Upregulated and downregulated DEGs from the analysis are highlighted in red, or blue, respectively.
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(e.g., NFE2L2 downregulation) and compensatory mechanisms (e.g., 
cyclosporin A-mediated detoxification). These outcomes not only 
advance the understanding of the carcinogenic potential of nanoplastics 
in the presence of co-pollutants but also highlight the need for regula
tory frameworks addressing such contaminants and their combined ex
posures. This study also becomes a step for future research to focus on 
elucidating molecular mechanisms further and developing targeted 
mitigation strategies to protect public health from the compounded ef
fects of MNPLs and other environmental co-pollutants.

These findings underscore the value of in vitro long-term exposure 
studies and contribute to a growing body of evidence supporting the 
carcinogenic potential of MNPLs under realistic exposure conditions.

Environmental implication

Co-exposures is an understudied field in environmental carcinogen
esis. This is especially relevant for micro/nanoplastics, as new emergent 
environmental contaminants, and tobacco smoke components, as a 
classical environmental carcinogen. In the environment, exposures last 
for a long time and, consequently, long-term exposure conditions need 
to be considered as a realistic exposure scenario. Under such conditions 
we have demonstrated that this co-exposure exacerbates oxidative 
stress, genotoxicity, and tumorigenic transformation. In addition, alter 
the expression of stress-response genes and key tumor-suppressor genes. 
Our data constitutes a relevant warning on the potential carcinogenic 
risk of micro/nanoplastics when co-existing with other well-known 
environmental toxicants.

k of micro/nanoplastics when co-exist with other well-known envi
ronmental toxicants.

CRediT authorship contribution statement

Hernández Alba: Writing – review & editing, Supervision, Funding 
acquisition, Conceptualization. Marcos Ricard: Writing – review & 
editing, Supervision, Conceptualization. Villacorta Aliro: Methodol
ogy, Investigation. Morataya-Reyes Michelle: Writing – original draft, 
Investigation, Conceptualization. Egea Raquel: Methodology, Investi
gation. Gutiérrez-García Javier: Investigation. Barguilla Irene: 

Methodology, Investigation. Martín-Pérez Joan: Methodology, 
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