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ARTICLE INFO ABSTRACT

Keywords: Continuous exposure to plastic pollutants may have serious consequences on human health. However, most

POIYeth}flE“e_ terephthalate toxicity assessments focus on non-environmentally relevant particles and rarely investigate long-term effects

Eoiylacnc acid such as cancer induction. The present study assessed the carcinogenic potential of two secondary nanoplastics:
olystyrene

polyethylene terephthalate (PET) particles generated from plastic bottles, and a biodegradable polylactic acid
material, as respective examples of environmentally existing particles and new bioplastics. Pristine polystyrene
nanoplastics were also included for comparison. A broad concentration range (6.25-200 pg/mL) of each nano-
plastic was tested in both the initiation and promotion conditions of the regulatory assessment-accepted in vitro
Bhas 42 cell transformation assay. Parallel cultures allowed confirmation of the efficient cellular internalisation
of the three nanoplastics. Cell growth was enhanced by polystyrene in the initiation assay, and by PET in both
conditions. Moreover, the number of transformed foci was significantly increased only by the highest PET
concentration in the promotion assay, which also showed dose-dependency, indicating that nano PET can act as a
non-genotoxic tumour promotor. Together, these findings support the carcinogenic risk assessment of nano-
plastics and raise concerns regarding whether real-life co-exposure of PET nanoplastics and other environmental
pollutants may result in synergistic transformation capacities.
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J. Domenech et al.
1. Introduction

The widespread use and disposal of plastic materials into the envi-
ronment in recent decades has resulted in the emergence of micro- and
nanoplastic pollution as a major concern for environmental safety and
human health. The amount of plastic waste generated worldwide will
reach 400 million metric tons in 2024 and is expected to triple by 2060,
with recycling accounting for less than 20 % [74]. Secondary nano-
plastics (NPLs) generated through the degradation and fragmentation of
plastic waste are ubiquitous in all environmental niches, making human
exposure through different routes (inhalation, oral, and dermal) un-
avoidable [27,28,53,66]. Moreover, owing to their size, NPLs can easily
be internalised, resulting in a risk greater than that of microplastics.
Nevertheless, few studies have assessed the effect of NPLs on human
health. Of these, most describe acute effects, whereas long-term effects
have been rarely explored, despite their considerable relevance owing to
the high persistence and bioaccumulation of NPLs in different human
tissues [13,27]. Furthermore, most research to date has used commer-
cially available primary polystyrene (PS) nanoparticles (assessed in
70-80 % of all studies) instead of more environmentally relevant sec-
ondary NPLs [12,61,84]. In fact, the most common plastic polymers
produced worldwide are polyethylene (26.3 %), polypropylene (18.9
%), polyvinyl chloride (12.7 %), and polyethylene terephthalate (6.2
%), whereas PS accounts for only 5.2 % of global production [31].
Similarly, little information exists regarding the potentially harmful
effects of new plant-based bioplastics, characterised by a global pro-
duction of 1.1 million tons that is expected to reach 4.6 million tons by
2028 [17]. Moreover, their rapid degradation may be associated with an
enhanced release of NPLs into the environment [34].

A critical health concern related to long-term exposure to NPLs is the
possibility of inducing cancer. Carcinogenesis is a multistage process
that consists of three consecutive steps: initiation, promotion, and pro-
gression. In the first two steps, a normal cell undergoes mutations that
enable it to grow autonomously, followed by the abnormal clonal
expansion of the initiated cell during the promotion stage. In the last
step, neoplastic cells are transformed into an invasive malignant tumour
[27]. Regulatory-based assessment of the carcinogenic potential of a
compound should be carried out by conducting a 2-year study on ro-
dents, according to the Organisation for Economic Co-operation and
Development test guidelines (OECD TG 451 or OECD TG 453). However,
these studies are expensive, time-consuming, and raise ethical issues
owing to the large number of animals required. Moreover, they provide
little mechanistic information regarding the mechanism of action [40].
Therefore, consistent with current efforts to support new methodolog-
ical approaches to replace animal testing [30], two validated in vitro cell
transformation assays (CTAs) (OECD guidance documents, GD 214, and
GD 231) have been proposed as alternative methods to simulate the first
stages of tumourigenesis [44]. Of these, the Bhas 42 CTA (OECD GD
231) [63] consists of two parallel assays that allow distinguishing
tumour initiators from tumour promoters, which act by genotoxic and
non-genotoxic mechanisms, respectively [39,51]. The basis of the Bhas
42 assay is the scoring of transformed foci; that is, discrete
anchorage-independent altered colonies of morphologically altered cells
formed on top of the confluent monolayer of cells [63]. Such trans-
formed foci have been shown to be capable of producing tumours in vivo,
which is considered the gold standard for carcinogenicity evaluation
[22]. Furthermore, as Bhas 42 cells contain an activated oncogene, this
assay does not require a preliminary treatment with an initiating (gen-
otoxic) substance in the promotion condition [35]. Consequently, the
Bhas 42 assay shows a higher sensitivity than that of other CTA assays
and has been confirmed as a highly robust and reproducible assay [24].
In fact, this assay has been recommended for inclusion in the OECD
integrated approach to the testing and assessment of non-genotoxic
carcinogens [43]. Notably, in addition to soluble chemicals, the assay
has been successfully applied for testing different types of nanomaterials
(see the review by Hayrapetyan and colleagues [40]), which highlight
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its potential use for evaluating NPL effects.

To date, no standardised studies have directly evaluated the carci-
nogenic effects of NPLs in vivo, although higher rates of cancer incidence
have been reported in synthetic textile and fibre manufacturer workers
after several years of polypropylene and polyvinyl chloride fibre-related
exposure [64]. In addition, the results of recent in vitro and in vivo studies
performed with macro- and nanoscale pristine PS particles suggest that
these particles exhibit tumourigenic potential [13,14,23,50,83]. Several
plastic particles, mainly comprised of PS, have also been shown to
induce reactive oxygen species formation, inflammation, fibrosis, and
genotoxicity. These characteristics, together with their ability to accu-
mulate in cells and tissues, also raise concerns about the carcinogenic
potential of such plastic particles [27]. However, owing to the diversity
of NPL properties and the complex nature of the carcinogenesis process,
the existing evidence is insufficient to support the regulatory classifi-
cation of these particles as carcinogens.

In the present study, we used the validated Bhas 42 assay to assess
the cell-transforming potential of two types of secondary NPLs, with the
intention of providing data of regulatory relevance to support the
carcinogenic risk assessment of these materials and to provide insights
regarding the underlaying mechanisms of action. The analysed NPLs
included polyethylene terephthalate (PET) particles generated from
sanding commercial plastic water bottles, and polylactic acid (PLA)
nanoplastics obtained through PLA pellet degradation, as an example of
new bio-based biodegradable plastics. In addition, commercially avail-
able pristine PS nanoparticles were included to allow comparisons with
previous studies. A broad range of concentrations was tested to comply
with OECD GD requirements and to ensure the inclusion of potentially
realistic exposure concentrations. To the best of our knowledge, this is
the first study to assess the carcinogenic potential of secondary NPLs.

2. Materials and methods
2.1. Particles

PS nanoparticles were purchased as a stable dispersion (50 mg/mL)
from Spherotech, Inc. (Chicago, IL, USA). PET nanoparticles were ob-
tained from sanding commercial water PET bottles by following a pre-
viously published protocol [78]. In brief, the in-house made PET NPLs
were sanded using a rotary diamond burr and sieved through a 0.20-mm
mesh. Four grams of the sieved particles were added to 40 mL of 50 °C
pre-warmed 90 % trifluoroacetic acid with constant stirring for a min-
imum of 2 h and then kept under constant agitation overnight. The pellet
was resuspended in 400 mL of 0.50 % sodium dodecyl sulphate, soni-
cated, and allowed to settle in 250-mL graduated cylinders for 1 h. The
top 100 mL fractions were used to prepare the stock suspensions (5
mg/mL) following an adapted Nanogenotox protocol [46], as previously
described [7]. Nanoparticles of PLA were obtained by solvent evapora-
tion, combined with a mini emulsion technique, as described previously
[1]. To proceed, a pre-mini emulsion was prepared by adding the
aqueous phase consisting of Pluronic® F-127 BioReagent and polyvinyl
alcohol (Sigma-Aldrich, Darmstadt, Germany) dissolved in 120 g water
(0.25 % and 2 % wt, respectively) to the organic phase composed of 1 g
of PLA dissolved in 30 g dichloromethane and stirring magnetically for
60 min. Ultrasonication under ice-cooling was applied for 120 s at 80 %
amplitude, using a Bandelin Electronic UW2200 sonicator (Berlin,
Germany). The obtained mini emulsion was transferred to a round
bottom flask to evaporate the organic solvent under pressure, resulting
in a final stock suspension of 20 mg/mL. The concentration of nano-
particles in the PET and PLA stock suspensions was calculated as the
solid content, by weighing dried samples.

The fluorescence-labelled version of these plastic particles was also
used in this study. Fluorescent PS (yellow) with comparable character-
istics to those of the non-labelled PS, was purchased from Spherotech,
Inc. Alternatively, PET and PLA particles were labelled with iDye Poly
Pink (Rupert, Gibbon & Spider, Inc., Healdsburg, CA, USA). Briefly,
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0.01 g of the dye was mixed with 1 mL of the stock particle suspension
and incubated at 70 °C for 2 h. After cooling, the suspension was added
to 9 mL Milli-Q water in an Amicon Ultra-15 Centrifugal Filter Unit
(Merck, Darmstadt, Germany) and centrifuged at 4000 rpm for 15 min.
This washing step was repeated twice, after which the particles were
collected and suspended in a final volume of 1 mL Milli-Q water.

2.2. Particle characterisation

For characterisation means, PS, PET, and PLA particle suspensions
were prepared at a final concentration of 50 or 100 ug/mL in low con-
ductivity Milli-Q (Ultrapure Type 1, 18.2 mScm-1) water and in high
conductivity Dulbecco’s modified Eagle medium, nutrient mixture F-12
(DMEM/F-12) purchased from Gibco® Life Technologies (Carlsbad, CA,
USA).

2.2.1. Transmission electron microscopy

Electron microscopy was carried out using a JEM 1400 transmission
electron microscope (JEOL Ltd., Tokyo, Japan). The microscope was
operated at 120 kV and images were obtained using a Gatan ES1000 W
Erlangshen CCD camera (AMETEK, Inc., Devon-Berwyn, PA, USA).
Three different carbon support films covering 400 square mesh copper
grids at micro- to nano-scale were dipped three times in the corre-
sponding particle suspension (prepared at a concentration of 50 ug/mL
in medium), labelled, and left to dry on a Petri dish overnight prior to
evaluation. Particle sizing was performed by measuring the Martin
diameter of a minimum of 150 particles from random fields using the Fiji
extension of ImageJ version 265 1.8.0_322 (National Institutes of
Health, Bethesda, MD, USA). Data were processed using GraphPad Prism
9.3.1 software (GraphPad, La Jolla, CA, USA).

2.2.2. Dynamic light scattering analyses

To investigate the particle behaviour in suspension, two different
strategies were applied for both high and low conductivity media and for
the three investigated NPLs, following a previously published procedure
[7]. Briefly, particle size was determined using dynamic light scattering
(DLS) and multiangle dynamic light scattering (MADLS) by placing 1 mL
of nanoparticle suspension on a DTS0012 cuvette. Additionally, 1 mL of
the particle suspension was transferred to a DTS1070 cuvette to deter-
mine the Z-potential and DLS. All measurements were carried out in
triplicate on a Zetasizer® Ultra red label analyser, and the data were
analysed using ZS-xplorer software 1.1.0.656 (both from Malvern Pan-
alytical Ltd., Cambridge, United Kingdom). Data were processed using
GraphPad Prism 9.3.1 software.

2.2.3. Nanoparticle tracking analysis

Particle size (nm) and surface area concentration (nmz/mL) were
determined using a combination of light scattering and Brownian
movement with a Nanosight NS300 system from Malvern Panalytical
Ltd. (Cambridge, United Kingdom). Working solutions (100 pg/mL)
were vigorously vortexed and diluted (1:50) in Milli-Q water in a pres-
sured air pre-cleaned 20 mL glass vial. The vial was then agitated at
1000 rpm using an SA8 vortex (Merck KGaA). One mL was carefully
injected into the Nanosight microfluidic system using a syringe. The
collection speed was decreased from 1000 to 50 a.u. and independent
measurements were carried out. Data were acquired using a 488-nm
laser and an sCMOS detector. All measurements were performed tripli-
cate. Data were processed using GraphPad Prism 9.3.1 software.

2.2.4. Fourier-transform infrared spectroscopy (FTIR)

Chemical identity of the functional groups of the three different nano
polymer suspensions was evaluated using a Hyperion 2000 system
(Bruker Corp., Billerica, MA, USA). Samples were prepared by pipetting
10 uL of the aqueous suspension (10 mg/mL) of each NPL on a folding
mirror and left to dry for one week prior to evaluation, which was
performed using a Vertex 80 device (Bruker Corp.). The peaks
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corresponding to the polymer of interest were identified by analysing
the interferograms. All measurements were carried out in triplicate.
Data were processed using GraphPad Prism 9.3.1 software.

2.3. Bhas 42 establishment and cell culture

Bhas 42 cells were purchased from the Japanese Collection of
Research Bioresources (JCRB) Cell Bank (Osaka, Japan) at passage 15.
Cells were then expanded as recommended by the OECD guidance [63]
to generate a cell stock by culturing them in M10F medium at 37 °C and
5 % CO». This medium consisted of minimum essential medium (MEM,;
ThermoFisher, Whaltham, MA, USA) supplemented with 1 %
penicillin-streptomycin (ThermoFisher), 1 % L-glutamine (VWR, Rad-
nor, PA, USA), and 10 % foetal bovine serum (FBS; ThermoFisher). After
reaching 70 % confluence, cells were subcultured with 0.25 % trypsin
(Biowest, Nuaillé, France). At passage 18, 500,000 cells per vial were
frozen using 95 % cold M10F and 5 % dimethyl sulfoxide (DMSO;
Merck). All CTAs were performed using this batch of cells, confirmed to
be mycoplasma-free. DF5F medium was used to perform all CTAs. This
medium consisted of DMEM/F-12, 1 % penicillin-streptomycin, and 5 %
FBS. All the assays were performed using a pre-screened FBS batch to
avoid the spontaneous formation of foci.

2.4. Bhas 42 treatments

PS, PLA, and PET stock suspensions (50, 20, and 5 mg/mL, respec-
tively) were diluted in distilled water, and the corresponding working
suspensions were added to DF5F medium at 1 % (for PS and PLA), or at 4
% (for PET) to reach the desired final concentrations of 6.25, 12.5, 25,
50, 100, and 200 pg/mL. The concentration of the plastic particles was
selected according to an independent cell growth assay. As positive
controls, 3-methylcholanthrene (MCA, Sigma-Aldrich) and 12-O-tetra-
decanoylphorbol 13-acetate (TPA, Sigma-Aldrich) were diluted in
DMSO to attain a 1 mg/mL stock solution. MCA and TPA stock solutions
were diluted with DMSO and added to DF5F medium at 0.1 % to reach a
final concentration of 1 and 0.05 pg/mL, respectively. Bhas 42 cells were
also treated (1 %) with caffeine (Sigma-Aldrich) at 100 pg/mL. This
concentration was chosen based on the results of Sakai et al.[70]. Spe-
cifically, caffeine powder was weighed and diluted in distilled water to
reach a stock concentration of 10 mg/mL. Distilled water and DMSO,
used as vehicles, were also added to the cells as negative controls. The
fluorescent counterparts were used to track particle internalisation.
Towards this end, labelled PS, PLA, and PET particles were diluted to
reach a final concentration of 200 pg/mL in each well. The negative
controls were incubated with DF5F medium.

2.5. Cell transformation assay and concurrent cell growth assay

The cell transformation and concurrent cell growth assays were
performed as recommended by the OECD, in accordance with the six-
well-format protocol [63]. The CTA includes both the initiation and
promotion assays. Briefly, Bhas42 cells (passage 18) were thawed and
cultured in M10F medium until reaching 70 % confluence. Cells were
then subcultured in DF5F medium; upon reaching 70 % confluence, they
were seeded (day 0) into 6-well plates at a density of 4,000 cells/well
(for the initiation test) or 14,000 cells/well (for the promotion test).
Cells were treated with either PS, PLA, or PET particles (6.25-200
pg/mL) either from day 1 to 4, or from day 4 to 14, for the initiation and
promotion assays, respectively. MCA (1 pg/mL) and TPA (0.05 pg/mL)
were used as positive controls for the initiation and promotion assays,
respectively. Caffeine (100 pg/mL) was used as a chemical negative
control in both assays. As described previously, cells were treated with
vehicles (distilled water and DMSO) as negative controls. The additions
of both positive and negative controls to the cells followed the same
schedule as the NPL treatments. Culture medium changes to fresh me-
dium were performed on days 4, 7, 11, and 14 in the initiation assay. In
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the promotion assay, medium was exchanged with DF5F containing
either NPLs, MCA, TPA, water, DMSO, or caffeine on days 4, 7, and 11,
whereas fresh DF5F was added on day 14. On day 21, the medium was
removed from all conditions of the initiation and promotion assay, and
cells were fixed with absolute ethanol and stained with 5 % Giemsa
(Sigma-Aldrich) for at least 30 min. Then, cells were washed with
running tap water to remove the excess stain. Foci from six wells were
counted for each condition (six replicates per condition) using a Wild
M3Z stereomicroscope (Wild Heerbrugg, Gais, Switzerland) with an
external Leica Cold Light Source 100 (Wetzlar, Germany) following the
criteria established in the OECD guidance.

The concurrent cell growth assay was performed on day 7. Briefly,
Bhas 42 cells were seeded specifically for cell growth and exposed to the
different conditions, following the same indications as described for the
CTA. On day 7, cells were washed, detached using 0.25 % trypsin, and
resuspended in DF5F. Live cells were counted using Trypan-Blue and
EVE™ Counting Slides (NanoEntek, Seoul, Korea) with an EVE™ Plus
Automated Cell Counter (NanoEntek). Three replicates per condition
were analysed and the relative cell growth of cells treated with NPLs,
MCA, TPA, or caffeine was determined referring to the corresponding
vehicle condition (distilled water or DMSO).

2.6. Internalisation assay

To evaluate whether NPLs internalise into Bhas 42 cells, confocal
microscopy was used. Bhas 42 cells were seeded into 6-well plates
containing sterile 16 mm coverslips. The same cell culture procedures as
described for the CTA (Section 2.5; six replicates per condition) were
followed. Bhas 42 cells were treated with 200 pg/mL PS, PLA, or PET
particles following the same treatment schedule as described for the
CTA, both for initiation and promotion assays. At day 7, cells were
washed with phosphate-buffered saline (Gibco Life Technologies), and
plasma membranes were stained either with CellMask Deep Red or
CellMask Green (both from ThermoFisher) (1:1000) for 10 min at 37 °C.
Samples were fixed with 4 % formaldehyde and nuclei were stained with
1 pg/mL 4',6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-
Aldrich) for 10 min at room temperature. Samples were then mounted
by placing the coverslips upside down over a slide, using Eukitt® Quick-
hardening mounting medium (Sigma-Aldrich). Imaging was performed
using a Zeiss LSM880 confocal microscope (Darmstadt, Germany). The
objective used was Plan-Apochromat 40x/1.4 Oil DIC M27 (refractive
index 1.518). Images were acquired by taking z stacks of the whole
sample thickness. Samples treated with PS were imaged using a 488-nm
Argon laser, whereas a 405-nm Diode laser and a 633-nm Helium-Neon
laser were used to image DAPI and CellMask Deep Red, respectively.
Samples treated with PLA or PET were imaged with a 561-nm Diode
laser to detect the NPLs, while a 405-nm Diode laser and a 488-nm
Argon laser were used to image DAPI and CellMask Green, respec-
tively. ImageJ software with the Fiji extension was used to process and
analyse the images.

2.7. Statistical analyses

GraphPad Prism 9.3.1 software was used for the statistical analyses.
Cells treated with NPLs were compared with those treated with the
negative control (distilled water) using one-way analysis of variance
(ANOVA) with the Dunnett’s post-test as recommended by the OECD
[63]. In the case of statistical significance, dose dependency was eval-
uated by linear regression analysis. Cells treated with caffeine were also
compared to their vehicle control (distilled water) using the t-test, as
well as MCA and TPA conditions, which were compared to the DMSO
condition. The effects were considered significant if p < 0.05. Data are
shown as the mean + SD.
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3. Results
3.1. Particle characterisation

For particle characterisation, graphic representation and analysis
were conducted by following the recommended guidelines from the
European Commission [29]. TEM images for PS, PLA, and PET NPLs are
shown in Fig. 1A, D, and G, respectively. PS and PLA particles exhibited
a spherical shape, whereas PET particles lacked a regular shape. In
addition, the corresponding size distribution for each particle based on
the dry state TEM measurements is shown in Fig. 1B, E, and H. A sum-
mary of the average size and polydispersity index (PDI) of each NPL is
presented in Table S1 of the Supplementary Material. PS NPLs showed a
clearly monodispersed size distribution, which is reflected not only in
the narrow peak observed in Fig. 1B but also in the calculated PDI of
0.05 with an average particle size of 70.25 nm and a standard error of
the mean (SEM) of 1.28. Similarly, PLA NPLs exhibited a narrow peak
with a PDI value of 0.05, with an average size of 211.78 nm and a SEM of
3.64. Alternatively, PET NPLs presented a very broad multimodal peak
with a high PDI of 2.94. Whereas the average particle size remained on
the nanoscale (90.18 nm), the SEM was comparatively high (12.54),
which could be attributed to the fact that approximately 4 % of the PET
NPLs were larger than 500 nm.

The chemical identity of the NPL suspensions was confirmed using
FTIR analysis, as shown in Fig. 1C, F, I. More detailed analyses of the
corresponding infrared spectra are included in Fig. S1 of the Supple-
mentary Material. The obtained interferograms were compared with
previous reports of the representative bands present in polymer spectra
[33,49,62], and then assigned to the corresponding bands. The PS NPL
sample (Fig. 1C and Fig. S1a) showed the characteristic aromatic C-H
stretch from 2800 to 3060 cm™! and aliphatic C-H stretch
(2800-3000 cm ™ 1). Benzene fingers from 1650 to 2000 cm ! related to
the monosubstituted benzene ring of polystyrene could be observed as
well as the aromatic C=C stretching close to 1600, 1492, and
1452 cm L. In the case of PLA NPLs (Fig. 1F and Fig. S1b), the typical
stretching frequencies for C=0 were visible at 1746 cm™!, whereas
asymmetric and symmetric -CH3 stretching was present in the
2940-3000 cm™! region; C-O stretching was observable close to
1080 cm ™, and characteristic -CHz asymmetric and symmetric bending
could be seen, respectively, at 1452 and 1361 cm ™. In the case of PET
NPLs (Fig. 11 and Fig. S1c), a dominant peak for carboxylic acid C=0
stretching is observed at 1730 cm ™!, while the other dominant peaks,
observable close to 1240 cm ™, have been assigned to the terephthalate
group and describe the presence of C—=O in plane bending, C-C
stretching, and (C=0)-O stretching. On 1050 and 1096 cm ! the
methylene vibrations and vibrations of the ester C-O bond are
observable.

With regard to hydrodynamic behaviour, the corresponding size
distributions in water and medium as measured by DLS are shown in
Fig. 2A, D and G for PS, PLA, and PET dispersions, respectively. In
addition, Table S2 summarises the average size, PDI, and Z-potential
value of each NPL in both dispersants; a full description of DLS, MADLS
values, and correlation coefficients for all measurements can be found in
the Supplementary Material (Fig. S2). For all three investigated NPLs, no
shifts in the average size beyond 10 % were observed when different
dispersants were used for resuspension. Pristine PS NPLs showed the
most stable particle size distribution, as illustrated by Fig. 2A. Similar
size distributions were observed regardless of the dispersant used, even
though a considerable shift in the surface potential occurred: from
— 27.30 mV in water to — 45.30 mV in medium (Table S2). A similar
behaviour in the Z-potential value was observed for PET NPLs, which
shifted from — 15.00 mV in the water to — 41.40 mV in medium;
however, the smaller size fraction that was easily detected by TEM was
largely overlooked by the DLS technique, reiterating the importance of
the multitool description of particles with regard to biological applica-
tions. The use of DF5F culture medium instead of low conductivity Milli-
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Fig. 1. Characterisation of polystyrene (PS), polylactic acid (PLA) and polyethylene terephthalate (PET) nanoplastics (NPLs) in dry state. Transmission electron
microscopy images of PS (A), PLA (D), and PET (G) NPLs dispersed in DF5F medium. Size distribution calculated from the same samples in terms of percentage of
particles by Martin diameter (from a minimum of 150 particles) for PS (B), PLA (E), and PET (H) NPLs. Infrared spectra, measured by Fourier-transform infrared
spectroscopy (N = 3), of PS (C), PLA (F), and PET (I) NPLs dispersed in Milli-Q water (a.u., absorbance units).

Q water revealed part of the smallest fraction of PET NPLs observable in
Fig. 2G. This apparently contradictory result may indicate the intrinsic
inconvenience of DLS when multimodal highly polydispersed samples
are measured, but it is also a crucial factor to consider when more
relevant true-to-life materials are used. Moreover, it is important not to
misconstrue the results and contrast it with those obtained using
different techniques. In contrast, the Z-potential behaviour of PLA NPLs
was opposite to that observed with the other nano polymers, shifting
through the less negative values (from —21.00 mV to —1.60 mV) when
the dispersant composition was more conductive (Table S2). This
behaviour can also be observed in Fig. 2D, where some particle
agglomeration can be clearly observed on the dashed lines representing
the size distribution. However, for water-dispersed particles, the bigger
peak is highly consistent with the dry state TEM values (Fig. 1E),
although DLS revealed some important aggregation at the 700 nm re-
gion, which was reflected in the average values.

The hydrodynamic behaviour of the NPLs was also investigated by

nanoparticle tracking analysis (Fig. 2B, E, and H), which is assumed to
be a more reliable method than DLS for polydispersed suspensions [16].
The average sizes were 81.70 + 0.30, 172 + 1.10, and 205.60 + 7.7 nm
for PS, PLA, and PET nanoparticles suspended in water. These values
were lower than those obtained by DLS for PLA and PET, and similar for
PS NPLs, which showed the smallest hydrodynamic size by both
methods. In comparison, when considering the surface area concentra-
tion (Fig. 2C, F, and I), PS sample also showed the highest percentage of
particles with the greatest surface area concentrations together with the
narrowest distribution of values, compared to those of the other two
NPLs. The distribution of surface area concentration of PET NPLs
revealed the multimodal and therefore the environmentally represen-
tative nature of these in-house generated particles.

3.2. Cell-transforming capacity of the nanoplastics

Before beginning the CTA, a cell growth assay including NPL
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Fig. 2. Characterisation of polystyrene (PS), polylactic acid (PLA) and polyethylene terephthalate (PET) nanoplastics (NPLs) in dispersion. Hydrodynamic size
distribution measured by dynamic light scattering (N = 3 replicates) of PS (A), PLA (D). and PET (G) NPLs dispersed in Milli-Q water (solid lines) and in DF5F
medium (dashed lines). Hydrodynamic size distribution (B, E, and H) and distribution of the surface area concentration (C, F, and I) measured by Nanotracking
analyses (N = 3 replicates) of PS (B and C, respectively), PLA (E and F, respectively) and PET (H and I, respectively) NPLs dispersed in Milli-Q water.

concentrations ranging from 6.25 to 200 pg/mL was conducted to select
the concentrations to be used in the initiation and promotion assays. As
none of the concentrations showed a toxic response compared to that of
the untreated cell cultures (data not shown), the highest concentration
to be tested was set to 200 pg/mL, as previously recommended for
nanomaterials [73]. In addition, the lower concentrations were chosen
according to the application in previous studies, in which treatments
ranged from 1 ug/mL [45] to 250 ug/mL [47] of plastic materials.

The results of the CTA are shown in Fig. 3. In agreement with the
preliminary cell growth assay, none of the NPLs induced a decrease in
Bhas 42 cell proliferation. In contrast, PS appeared to enhance the cell
growth in the initiation assay, whereas PET increased Bhas 42 cell

growth in both the initiation and promotion assays. With regard to the
cell-transforming capacity of the materials, the positive controls MCA
and TPA induced a significant increase in the number of transformed
foci in the initiation and promotion assays, respectively. In comparison,
caffeine, which was used as a negative control in both assays, showed a
similar number of transformed foci as resulting from the water-treated
cultures, except for the promotion assay with PET NPLs where the
number of caffeine-induced foci was significantly lower than that of the
vehicle (Fig. 3F). In the initiation assay, none of the NPLs showed an
increase in the number of transformed foci compared to those with the
negative control (Fig. 3A, C, and E). Similar results were obtained with
PS and PLA in the promotion assay, where neither NPLs showed any
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Fig. 3. Number of transformed foci per well (bars; N = 6 replicates) and percentage of relative cell growth referred to the corresponding vehicle (dots and lines;
N = 3 replicates), induced by polystyrene (PS; A and B), polylactic acid (PLA; C and D), and polyethylene terephthalate (PET; E and F) nanoplastics (NPLs) in the Bhas
42 cells initiation and promotion assays. 3-methylcholanthrene (MCA), and 12-O-tetradecanoylphorbol 13-acetate (TPA), which are the positive controls for the
initiation and promotion assays, respectively, were compared with their solvent DMSO. Caffeine (negative control) and PS, PET, and PLA NPLs were compared to the

control condition (H,O, used as a vehicle). Asterisks indicate statistical significance relative to cell growth at

*p < 0.05, **p < 0.01, ***p < 0.001 and

***¥%p < 0.0001. Hash marks indicate statistical significance relative to the number of foci/well at #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001.
PET NPLs also induced a statistically significant dose-response (p < 0.0001) in the promotion assay (F).

transforming activity (Fig. 3B and D). Conversely, PET treatment
significantly increased the number of transformed foci among Bhas 42
cells in the promotion assay, and also showed a significant dose-
dependent response (Fig. 3F). The dispersion solution of nano-PET
(0.05 % BSA-based solution), tested in parallel experiments, induced

no effect (data not shown).

3.3. Internalisation of nanoplastics into Bhas 42 cells

The internalisation of NPLs into Bhas 42 cells was assessed using
confocal microscopy after cells were exposed to the NPLs, following the
treatment schedule described for the initiation and promotion assays
(Section 3.2) up to day 7, when samples were fixed and stained for
subsequent analysis. PS, PLA, and PET particles were able to internalise
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into Bhas 42 cells. As shown in Fig. 4, PS, PLA, and PET particles were
observed in the cell cytoplasm and near the nucleus upon reproduction
of the initiation assay conditions. PET NPLs showed a higher accumu-
lation rate than that of the other two NPLs with this treatment schedule
(Fig. 4E). PS, PLA, and PET particles were also found inside the cell
membrane following the promotion condition (Fig. 5), with PS and PET
NPLs localising closer to the cell nuclei (Fig. 5C and E). The internal-
isation rate for PET NPLs was slightly higher than that for the other NPLs
in these conditions, although not as pronounced as with the initiation
schedule. In contrast, no NPL signals were detected in the untreated

A. CONTROL C. PS 200 pg/mL

B. CONTROL

D. PLA 200 pg/mL

'4

E. PET 200 pg/mL
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conditions either for the initiation (Fig. 4A and B) or promotion assay
(Fig. 5A and B).

4. Discussion

In the present study, the cell transforming capacity of three different
NPLs was assessed by using a validated in vitro CTA [70], whose suit-
ability for testing particulate materials has been previously confirmed

[35]. Among the tested NPLs, only PET NPLs— which are predominantly
present among environmental secondary NPLs [54] —demonstrated

C’. PS 200 pg/mL

D’. PLA 200 pg/mL

E’. PET 200 pg/mL

Fig. 4. Internalisation of polystyrene (PS), polylactic acid (PLA), and polyethylene terephthalate (PET) particles into Bhas 42 cells after 4 days of exposure (from day
1 to 4) following the treatment schedule described for the initiation assay until day 7 (N = 6 replicates). Cell membranes are shown in red; cell nuclei are shown in
blue; and plastic particles are shown in green. Control samples (A and B) were stained using CellMask Deep Red and CellMask Green, respectively, and DAPI. Cells
treated with PS (C and C') were stained using CellMask Deep Red and DAPI, while cells treated with PLA or PET (D, D/, E, and E') were stained using CellMask Green
and DAPI. Orthogonal views projected from the yellow lines are shown (A-E). White squares (C-E) indicate the zoomed area (C-E"). White arrows point out some of

the particles.
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C’. PS 200 pg/mL

D’. PLA 200 pg/mL

E’. PET 200 pg/mL

Fig. 5. Internalisation of polystyrene (PS), polylactic acid (PLA), and polyethylene terephthalate (PET) particles into Bhas 42 cells after 3 days of exposure (from day
4 to 7) following the treatment schedule described for the promotion assay until day 7 (N = 6 replicates). Cell membranes are shown in red; cell nuclei are shown in
blue; and NPLs particles are shown in green. Control samples (A and B) were stained using CellMask Deep Red and CellMask Green, respectively, and DAPI. Cells
treated with PS (C and C) were stained using CellMask Deep Red and DAPI, while cells treated with PLA or PET (D, D', E, and E') were stained using CellMask Green
and DAPI. Orthogonal views projected from the yellow lines are shown (A-E). White squares (C-E) indicate the zoomed area (C-E'). White arrows point out some of

the particles.

cell-transforming effects through a tumour promotion mode of action.
Although a statistically significant transforming response was only
observed at the highest concentration (200 pg/mL), the response was
dose dependent. In contrast to the initiating events, which are assumed
to be driven by genotoxic mechanisms with a non-threshold mode of
action, promoting agents are considered to act by non-genotoxic
mechanisms, which show a threshold response [43]. Hence, the high-
est dose of PET NPLs, corresponding to the lowest observed adverse
effect level (LOAEL), can be considered as the in vitro threshold value.

However, it is not clear whether the corresponding in vivo dose could be
reached inside human tissues. To date, no reliable data on human
exposure exist because the current limitations of the characterisation
methods hinder reliable estimations of environmental concentrations of
micro- and NPLs [32] as well as their concentrations in tissues and or-
gans [66]. Estimations of human plastic exposure vary from 16 pg of
particles being released from a single cup of tea [41] to an average total
weekly intake of 0.01 to 5 g for an average 70-kg person [25,5,71,82].
Alternatively, an average concentration of 1.6 pg/mL of different types
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of plastic polymers larger than 700 nm was reported in blood samples
from healthy donors [55]. However, most of the micro- and NPLs are not
expected to remain in the bloodstream but to translocate and accumu-
late in different organs [76].

Although PET NPLs alone showed a significant promoting capacity
only at the highest concentration tested, humans are usually co-exposed
to NPLs and other contaminants in real-life situations [67,85], which
may also induce initiating or promoting activities. For example, several
heavy metals (e.g., chromium) are well-known genotoxic carcinogens
[42]. In comparison, both initiating and promoting modes of action have
been shown by different types of polycyclic aromatic hydrocarbons [9].
Therefore, co-exposure of humans to a mixture of PET NPLs and other
environmental pollutants may result in an increased risk of cancer
development compared to that afforded by the exposure to PET mate-
rials alone. In particular, the same PS NPLs as used in the present study
increased a set of cancer hallmarks, such as the acquisition of invasion
and migration abilities together with a higher capacity of
anchorage-independent grow and colony formation, when a
pre-transformed cell model of mouse embryonic fibroblasts (MEFs) was
co-exposed for 12 weeks to relatively low concentrations of PS NPLs
(25 pg/mL) and a human carcinogen arsenic (2 uM As'h compound.
However, such effects were not observed when the cells were only
treated with the same concentration of PS NPLs alone [14], although a
longer exposure time (24 weeks) yielded an alteration of early tumoural
biomarkers [13]. Hence, the combination of NPLs and other pollutants
may have synergistic effects and produce significant toxic effects at
concentrations below their individual LOAELs, as has been reported for
chemical mixtures [52]. Nevertheless, antagonist effects between plastic
particles and pollutants have also been reported [19]. Therefore, it is not
yet possible to predict the real-life effects of the co-exposure of PET or
other NPLs with different environmental pollutants, and further
research is needed to better understand combined exposures to multiple
pollutants.

Unlike PET NPLs, neither of the other NPLs tested in the present
study (PS and PLA) showed cell-transforming effects in the Bhas 42
assay. The different behaviour of the materials might be due to their
different chemical composition. The protein composition of the corona
that is formed on the surface of particles, which is predominantly driven
by the nature of the polymer particles, could influence particle uptake
[45]. As shown in the internalisation experiments, PET NPLs appeared
to internalise into the Bhas 42 cells more efficiently than the other two
NPLs, which may result in the actual exposure of a higher proportion of
cells. These results agree with those of Deng et al. [26], who found a
much higher uptake of nano-PET particles (191.6 + 0.9 nm) than that of
nanoscale low density polyethylene (160.5 &+ 1.9 nm) particles after
incubating murine macrophage RAW264.7 cells for 24 h with 4 ug/mL
of plastics. Nevertheless, nano-PET particles were also more efficiently
internalised than micro-PET (1.85 + 1.02 um) particles [26], indicating
that the cellular uptake was size-dependent. A similar pattern was
observed in BALB/3T3 mouse cells (from which Bhas 42 cells were
developed) treated with nano-sized and bulk forms of titania particles
[77]. However, in the present study, PET NPLs showed higher average
hydrodynamic size than that of the other NPLs (Fig. 2). Hence, size alone
cannot explain the observed behaviour. Moreover, the dispersibility of
the NPLs may have influenced both internalisation and
cell-transforming potential, as PET NPLs showed a predominantly pol-
ydispersed particle size distribution compared to those shown by PS and
PLA NPLs (Fig. 2 and Table S2). The combination of micro- and nano-
scale PS particles yielded a higher toxicity in mice than that from the
application of homogeneous particle sizes [57]. In addition, PET NPLs
also differ from PS and PLA NPLs with regard to other particle proper-
ties, such as shape, surface charge, or weathering process, which are also
known to affect the internalisation mechanisms of particles and, hence,
their toxicological profile [47,80]. This observation highlights the
relevance of carrying out a thorough characterisation of the NPLs as well
as cellular internalisation studies when evaluating their potentially
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hazardous effects.

Cell growth enhancement was induced by PET and PS particles,
although only in the initiation assay for the latter, which may be a
consequence of the tumour transforming capacity of the NPLs. In fact,
increased cell proliferation is considered an early cell transformation
biomarker [15,75]. However, the PS- and PET-induced enhancements in
the initiation assay (Fig. 3A and E, respectively) were of lower magni-
tude (maximum values of 163 % and 169 %, respectively) than that
induced by PET in the promotion assay (Fig. 3F), which was especially
exacerbated at the two highest concentrations (203 % and 357 % at 100
and 200 pg/mL, respectively); these also showed an increased number of
foci per well compared to the number in the negative control (although
statistical significance was only attained at the highest concentration).
The growth of transformed cells may have been promoted by the
required restriction of serum to 5 % in the culture medium when per-
forming the assays, as tumour cells become progressively independent of
certain cell nutrients [24]. However, PS NPLs did not show any addi-
tional cell transforming potential in the present study. These results
disagree with those of Kim et al. [50], who investigated the tumouri-
genesis capacity of micro-sized PS (PS MPLs, 9.5-11.5 um) in BALB/c
nude mice subcutaneously injected with gastric cancer NCI-N87 cells
that had been previously exposed for 4 weeks to 8.61 x 10° PS
MPLs/mL. Accelerated tumour growth was observed in those animals
compared to that in the control group, which consisted of animal
injected with untreated cells. In addition, BALB/c nude mice adminis-
tered with 1.72 x 10* particles/mL of the same PS MPLs daily for 4
weeks by oral gavage exhibited differential expression of 194 genes
related to digestive system disease and cancer, and reduced survival
rate. In a recent study, in vivo exposure for 27 days to PS NPLs (100 nm;
10 mg/L) via drinking water significantly accelerated the growth of tu-
mours in BALB/c nude mice that were induced by subcutaneous injec-
tion of epithelial ovarian cancer HEY cells [23]. Gene expression
analyses revealed that immune-related responses and the tumour
microenvironment pathway were significantly enriched. In comparison,
a significantly disturbed tumour growth microenvironment favoring in
situ colorectal tumour growth had previously been described in the colon
of BALB/c mice continuously administered with PS or polyethylene
NPLs (approximately 500 nm for both; 10 mg/kg/day) for one week
and, subsequently inoculated with murine colorectal carcinoma
CT26-Luc cells near the colon [83]. Furthermore, induction of fibrosis, a
hallmark of cancer [21] has been described in a couple of studies with
Wistar rats that were administered 5 and 50 mg/L of PS MPLs (0.5 um)
daily for 90 days in drinking water [6,58]. Fibrosis-related factors were
also significantly increased in the lung of ICR mice exposed to 4 to
16 pg/mL of PS MPLs (0.5 um) by inhalation for 2 weeks [48]. Massive
collagen deposition was also observed in the liver tissue of high-fat
diet-fed C57BL/6 mice administered with 10 ug/mL PS NPLs
(41.54 nm) every 3 days for 15 days through tail vein injection [56].
Moreover, PS NPLs also exacerbated the oncogenic phenotype of
pre-transformed MEFs in long-term in vitro studies [13,14]. In addition,
the rates of proliferation and migration were increased in different
human gastric cancer cells following exposure to 8.61 x 10° parti-
cles/mL of PS MPLs (9.5-11.5 ym) for 4 weeks, together with upregu-
lation of CD44, a marker of gastric cancer stem cells [50]. The effects of
PS MPLs (2 um; 20 pg/mL) and NPLs (0.5 um; 5 pg/mL) were also
assessed by metabolomics analyses of normal human intestinal
CCD-18Co cells exposed for 48 h, or up to 28 days (either continuously
or on alternate weeks) [18]. Acute and chronic exposure caused meta-
bolic rewiring and oxidative stress, with the rearrangement of normal
metabolic pathways being similar to that induced by the well-known
carcinogen azoxymethane and also observed in HCT15 colon cancer
cells [18]. Furthermore, PS NPLs (25-100 nm) increased the expression
of several pro-inflammatory cytokines in human gastric adenocarci-
noma epithelial (AGS) cells [36] and human lung epithelial A549 cells
[72,81]. Notably, 44 nm PS NPLs also induced a slight increase in the
expression of the c-Myc oncogene in AGS cells [36], which is activated
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by numerous oncogenic pathways and, in turn, stimulates many of the
metabolic changes that result in malignant transformation [59]. In
comparison, the exposure of A549 cells to 25 and 70 nm PS NPLs
induced the upregulation of genes involved in cell proliferation, such as
cyclin D and E, and Ki67 [81]. Cyclins regulate the catalytic activities of
cyclin-dependent kinases, whose dysregulation results in uncontrolled
cancer cell proliferation [38].

Together, the results of these studies appear to suggest that PS par-
ticles may have tumourigenesis capacity. However, such effect was not
observed in the present study. Notably, Bhas 42 cells, although initially
considered to be derived from BALB /c mice, the same mouse strain used
in the above in vivo experiments, actually originated from the Swiss
mouse. Hence, strain-specific differences may exist regarding sensitivity
to the transformation induced by PS particles [24]. Similarly, different
cell lines can differ in their sensitivity to transformation [22]. Even for
cell models where in vitro oncotransformation is sustained by similar
gene pathways, the same key signalling pathways may become active at
different times [24]. In fact, the transformation response of Bhas 42 cells
represents a late stage of the transformation process, whereas those of
uninitiated immortalised cells and primary cells represent earlier stages
[63]. In addition, as described above, differences in the characteristics of
the particles can also affect the way they interact with cells and the
resultant toxic effects.

In contrast to PS, few studies have evaluated the adverse effects of
other types of plastic particles, especially secondary ones [27,61]. The
same true-to-life PET NPLs used in the present study did not increase the
levels of DNA damage in THP-1 cells treated for 3 h up to 50 ug/mL
[78]. However, increased levels of intracellular reactive oxygen species,
loss of mitochondrial membrane potential, and altered protein expres-
sion of the autophagy pathway were observed in human primary nasal
epithelial cells after a 24-h treatment with 100 pg/mL PET NPLs [7]. In
particular, autophagy maintains normal cellular homoeostasis and,
when disturbed, may result in tumour initiation and tumour growth
processes [60]. Furthermore, PET NPLs also induced high levels of both
oxidative stress and DNA damage in exposed Drosophila melanogaster
[2]. Similar effects were observed when the flies were exposed to
titanium-doped PET NPLs (112 nm, approximately 3 % TiO2 nano-
particles), obtained by grinding opaque PET milk bottles [3]. Notably,
low concentrations (up to 7 pg/mL for 3 h) of another type of true-to-life
PET NPLs obtained from ground food containers (252 and 107 nm) were
able to induce DNA damage in Caco-2 and HepG2 epithelial-like cells
[68]. The same particles also induced DNA damage in A549 epithelial
cancer cells exposed to up to 125 pg/mL particles for 24 h [4]. In
addition, murine macrophage RAW264.7 cells treated for 3 h with
4 pg/mL of nanoscale (191.6 +0.9nm) and microscale (1.83
+ 1.01 pm) PET obtained by cutting and heat-treating food packaging
products, showed a suppression of lysosomal activity [26].

PLA NPLs were included in this study as an example of biodegradable
materials that may provide solutions to the environmental pollution
caused by the petroleum-based polymers. As with other bioplastics, very
little information about their potential health hazards exists. No signif-
icant cytotoxic effects were observed after the 48 h exposure of mono-
cultures of Caco-2 and HT29 epithelial-like tumour cells to 100 pg/mL of
PLA NPLs (~160 nm) extracted from commercially available teabags,
although a similar treatment induced a slight barrier disruption in the in
vitro intestinal Caco-2/HT29 model [11]. Alternatively, exposure of
Drosophila larvae to the same PLA NPLs used in the present study (up to
1 mg/g food) generated high levels of oxidative stress and DNA damage
[1]. Using a mouse model, Wang et al. [79] showed that PLA nano-
particles and oligomers, generated by enzymatic hydrolysis of PLA
microplastics (25-um diameter, administered at 1 mg/day for 1 week)
during digestion, could permeate the gastrointestinal tract and reach
other tissues, accumulating in the intestine, liver, and brain. They also
observed severe inflammation in the intestine and colon of the exposed
mice, which may have been induced by the inactivation of key immune
modulator MMP12. Among the three materials tested in the present
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study, PLA NPLs induced neither cell transformation in either of the two
assays (initiation and promotion), nor marked variation in cell growth
compared to that in the negative control, suggesting that for the
mechanisms involved in the cell-transforming process detected by the
Bhas 42 assay, PLA NPLs do not appear to be hazardous and may be a
safer alternative to other plastic materials, such as PET. However, direct
comparison among these materials is challenging, as they differ widely
in other features (e.g, size, surface characteristics) in addition to
chemical composition. For example, a study performed with different
micro-sized plastics (including PS and PLA) of similar size (1-4 um) in
mouse macrophage cell lines did not observe acute cytotoxic effects for
any of the tested particles, whereas a substantial increase in the levels of
reactive oxygen species was induced by PLA and another bio-based
particle [45].

In comparison, genotoxic carcinogens act as initiators in the Bhas 42
model. The same PS NPLs as the ones included in the present study were
also able to induce DNA damage in Raji-B and TK6 lymphoblastoid cells
[69], in blood monocytes and polymorphonucleated cells [10], and in
pre-transformed mouse embryonic cells [14]. In these and the
above-reported studies, genotoxicity was assessed using the comet
assay, which can detect DNA strand breaks and alkali labile sites [61]. In
addition, when the assay is complemented with use of the FPG DNA
repair enzyme, the induction of DNA oxidative damage can be identi-
fied. The obtained results showed that DNA damage can be induced by
oxidative and non-oxidative mechanisms. In fact, oxidative stress is
assumed to be the main mechanism involved in micro- and NPLs-related
toxicity [65] and, together with increased inflammatory responses and
induction of mutations, has been described a key event in the develop-
mental pathways of several human cancers [8]. However, the type of
DNA damage detected by the comet assay does not necessarily result in
mutations, as the damage can still be repaired or the damaged cell can be
eliminated [20], which is consistent with the lack of transformed foci
observed in the initiation assays for the three materials. Conversely,
increased levels of chromosomal mutations, assessed using the
cytokinesis-blocked micronucleus assay, have been reported with
different types of PS NPLs in human skin Hs27 fibroblasts, colorectal
adenocarcinoma cells, human lymphocytes, and lung epithelial A549
cells [61]. These studies further illustrate the principle that, in addition
to chemical composition, some nano-specific features (e.g., size, shape,
or surface chemistry) can drive the interaction of the materials with the
cells and may affect the differential transforming capacity of NPLs, as
has been reported for engineered nanomaterials [40]. For example, the
in vitro cell-transforming potential was triggered by fibrous shape in the
case of nanosilver [37], and modulated by surface properties in the case
of synthetic amorphous nano-silica [35].

Although the in vitro oncotransformation detected by the Bhas 42
model closely correlates with in vivo tumourigenicity [63], general
agreement holds that no single in vitro CTA model can capture the
complexity of the multistage carcinogenicity process [15,24]. In fact,
recent results from transcriptomic studies pointed out that the Bhas 42
assay appears to be a suitable model for studying the later steps in cancer
progression, which mark the progression from preneoplastic to
neoplastic lesions in humans [24]. An additional limitation of in vitro
CTA models is the use of immortalised cell lines, which may not be
totally representative of the carcinogenic mechanisms existing in normal
cells. Furthermore, rodent-based models, such as the Bhas 42 assay,
cannot totally recapitulate the tumour development process of human
cells [22]. In the future, the efficient risk assessment of NPL carcino-
genicity will need to be based on the information collectively provided
by several CTA models. In addition, transcriptomic analyses will allow
elucidation of the molecular changes that occur during onco-
transformation, which could be confirmed by integrating other in vitro
assays targeting specific endpoints, such as the profile of
inflammation-related interleukins and chemokines activated by the
chemical exposure and/or the level and efficiency of cell-to-cell
communications.
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5. Conclusions

The objective of the current study was to assess the carcinogenic
potential of two types of environmentally relevant secondary NPLs, PET
and PLA, as well as pristine PS NPLs by using the regulatory assessment-
approved in vitro Bhas 42 cell transformation assay. To the best of our
knowledge, this is the first attempt to assess the tumourigenic potential
of secondary NPLs; notably, the obtained results provide key informa-
tion to support the carcinogenic risk assessment of these pollutants. Our
findings showed that secondary PET NPLs can promote tumour pro-
gression, raising new questions regarding threshold concentrations in
humans and potential synergies with co-exposed pollutants. The lack of
cell-transforming capacity by the PS NPLs, despite previous evidence,
illustrates the need to have well-characterised reference NPLs that will
allow comparison between methods and the identification of key NPL
properties that could affect their transforming capacity. In addition,
future studies should aim at combining in vitro cell transformation
models with the analyses of molecular changes and other in vitro assays
targeting specific cancer-related endpoints to provide insights regarding
the mechanisms underlying tumourigenesis. Finally, the new bioplastic
PLA may be a safer alternative to other types of plastics, although further
hazard assessment, including evaluation of other toxicological end-
points, is needed.

Environmental implications

Secondary nanoplastics (NPLs) generated from plastic waste degra-
dation may bioaccumulate in human tissues and cause cancer.
Currently, information regarding NPL carcinogenicity remains scarce.
By using a regulatory assessment-accepted in vitro cell transformation
assay, we assessed for the first time the carcinogenic potential of two
secondary NPLs, polyethylene terephthalate and polylactic acid bio-
plastic, as examples of a widely spread waste plastic and a petroleum-
based plastic alternative, respectively. Notably, the accelerated degra-
dation of bioplastics has been associated with an enhanced release of
NPLs into the environment. The generated data will serve to support the
regulatory risk assessment of plastics.
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