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The plastic value chain, a central part of modern living, causes environmental pollution and
bioaccumulation of plastic nanoparticles (PNPs). Their ubiquitous presence in different environmental and
biological compartments has become a serious threat to human health and ecosystems. Frequently used
plastic materials such as polypropylene (PP), polystyrene (PS) and polyethylene (PE) have been detected in
the form of PNPs in the food chain, soil, water and air, as well as in human feces and blood. In this study,
we aimed to provide novel insights into the endocrine disrupting properties of PNPs using in vitro estrogen
receptor (ER) transactivation assay. The effects of PP-NPs, PE-NPs and PS-NPs and their mixture on the
T47D-KBluc cell line stably transfected with luciferase as a reporter enzyme were evaluated by means of
cytotoxicity, cellular uptake and ER activation. The tested dose range for PNPs was 0.001-10 mg L. Both
cellular uptake and cytotoxicity for all PNPs were found to be dose-dependent. Only the highest dose of
PP-NPs and PE-NPs induced apoptosis and cell death, while PS-NPs were not cytotoxic in the tested dose
range. For tested concentrations, PP-NPs and PE-NPs showed significant agonistic activity on the ER, while
PS-NPs cannot be considered ER active. When applied as a mixture, PNPs demonstrated additive toxicity
Received 29th November 2023, effects compared to the effect of each individual PNP. Additivity was also observed for the ER agonistic
Accepted 16th March 2024 effect of the PNP mixture according to the benchmark dose-addition modelling approach. This study
DOI: 10.1039/d3en00883e provides missing science-based evidence on endocrine disrupting effects of PE-NPs, PP-NPs, PS-NPs and
their mixtures and highlights the importance of considering unintentional, aggregate and combined

rsc.li/es-nano exposure to different PNPs in risk management.

Environmental significance

Global production of single-use plastic items, inappropriate plastic waste management and resistance of plastic materials to degradation have become
issues of great concern for both human and ecosystem health due to their ubiquitous presence in the environment, foodstuff and even in the plastic value
chain. Once released into the environment, plastic materials undergo slow chemical, physical and biological degradation and fragmentation to macro-,
micro and nanoparticles. These particles may further contaminate different environmental compartments, plants, aquatic and terrestrial organisms, as well
as humans. Whole risk management of unintentional exposure to plastics, either human or environmental, is further complicated by a high number of
different polymers in industrial applications and use. Combined and aggregated exposure to plastics from different sources may have more pronounced
adverse effects on human health and may trigger stronger adverse outcomes than exposure to individual polymer types alone, even at concentrations
considered as safe. This study is particularly focused on the estrogenic activity of different plastic nanoparticles (PNP), namely polypropylene (PP),
polystyrene (PS) and polyethylene (PE) nanoparticles and their mixtures. Interaction with and activation of estrogen receptors may result in endocrine
disruption that may cause developmental, reproductive, neurological and immune adverse effects. Testing was performed according to the OECD test
guideline No. 455. Results presented here provide the first evidence of endocrine disrupting properties of different plastic nanoparticles (PE-NPs, PP-NPs
and PS-NPs) and their mixtures. Both PE-NPs and PP-NPs can be considered positive for the agonistic effect towards the ER, which was not the case for PS-
NPs. Furthermore, the mixture of all three PNPs shows higher agonistic affinity towards the ER in comparison to individual components of the mixture,
which highlights the importance of investigating environmentally present contaminants not as individual agents, but rather as parts of complex mixtures.
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source for innovation-driven growth.® A 200-fold increase
has been estimated for the production of plastics in the last
50 years.” Plastics hold similar promise for the future with
production expected to double again over the next 20 years in
871% However, global production
of single-use plastic items, inappropriate plastic waste
management and resistance of plastic materials to
degradation cause environmental contamination with plastic
micro- and nanoparticles."” Plastics in the environment
undergo slow photo-, chemical, physical and biological
degradation, which leads to fragmentation into pieces
smaller than 5 mm, which are further degraded to plastic
nanoparticles (PNPs) with sizes varying from 1 to 1000 nm.
Polymeric particles have been detected in oceans, seas, rivers
and lakes, while a surface contamination of up to 67000
particles per km® has been estimated for open oceans.”
Their ubiquitous presence in the environment, foodstuffs
and even in the plastic value chain has become an issue of
great concern for both human and ecosystem health. A recent
literature survey from 26 different studies and in
combination with US dietary data estimated total annual
exposure to 81000, 121000, 74000, and 98000 plastic
particles for male children, male adults, female children, and
female adults, respectively."® A recent study'* revealed that
humans are exposed to the abundance of plastic micro- and
nanoparticles from bottled water with particle count reaching
up to 300000 particles per bottle, while this was previously
estimated to be the number of ca. 300 particles. As a support
of these exposure-based findings, several research groups
detected particles of different polymeric types in human
faeces’™” and in human blood at concentrations up to 10
mg L™."® These data revealed the presence of plastic particles
in all stool samples, with polypropylene (PP), polyethylene
terephthalate (PET), polystyrene (PS) and polyethylene (PE) as
the most frequently found polymer types. Three polymers
used in this study (PE, PP and PS) are among the most
frequently detected polymers not only in human samples and
foodstuffs, but also in the environment."*" The dose range
was selected based on the data obtained from several review
papers that discuss the toxicological effects and human
health impact of plastic micro- and nanoparticles present in
the environment.”>>* Unfortunately, the risk that plastic
particles might pose to human health is largely unknown due
to the lack of science-based data. Almost neglected ten years
ago, this is today one of the most active research topics in
the field of toxicology and risk assessment in the European
Union and worldwide.*>*® Environmental contamination
with plastic particles can occur along the whole life cycle of
plastic-based products, from their manufacturing to their
disposal, in their original, aged or transformed form. Whole
risk management of unintentional exposure to plastics, either
human or environmental, is further complicated by a high
number of different polymers in industrial applications and
use. The health risks posed by the unwanted presence of
specific plastics and their degradation products in different
environmental compartments cannot be clearly distinguished

a business-as-usual scenario.
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from the total risk related to the exposure due to a
combination of different plastic types, e.g multilayer
packages, or other types of additives, which typically exceeds
the risk related to the exposure to each of the individual
components in the mixture. Such combined and aggregated
exposure to plastics from different sources may have more
pronounced adverse effects on human health and may
trigger stronger adverse outcomes (AOs) than exposure to
individual polymer types alone, even at concentrations
considered as safe (i.e. where no effects are expected). In the
European Union (EU), the evaluation of human exposure to
mixtures was set as a research priority already in the White
Paper for a future chemicals policy from 2001. In 2019, the
EU set out the European Green Deal program with the zero
pollution ambition for a toxic-free environment aiming to
make the EU a sustainable climate neutral and circular
economy by 2050. However, there is a huge lack of science-
based and regulatory-relevant data for proper risk
management of plastic particle mixtures. Moreover, human
health impacts of exposure to plastic micro- and
nanoparticles have been discussed significantly less in
available  scientific  literature = compared to their
environmental impact despite indications for casual links
between such exposure and increased incidence of immune
disorders, neurodegenerative disease and cancers.?””*® Most
studies on the toxicity effects of micro- and nanoplastics are
focused on cytotoxicity, oxidative stress response,
immunotoxicity and genotoxicity,”**?**° while there is also
some evidence on endocrine disrupting (ED) activities of
plastic products and plastic microparticles.*’ > Endocrine
disruptors may mimic the effects of natural hormones by
interaction with various hormone receptors or they can alter
the metabolism of natural hormones. They interfere with the
body's endocrine system and may cause developmental,
reproductive, neurological and immune adverse effects.*®
Thus, any ED activity of substances and materials represents
a global challenge and a source of concern for many EU
citizens.>’° The screening and testing of potential ED
chemicals was initiated by the Organisation for Economic
Co-operation and Development (OECD) as a high-priority
activity back in 1998. One of the regulatory relevant targets
for ED adverse effects is estrogenic activity and interference
with normal estrogen signalling mediated by estrogen
receptors (ERs). To this end, the OECD provides
performance-based test guideline (PBTG) No. 455 (ref. 40) for
screening and prioritization purposes of ED chemicals. This
PBTG describes protocols to identify chemicals that may
activate (i.e. act as agonists) and also suppress (i.e. act as
antagonists) ER-dependent transcription.

Our ambition was to contribute to overcome knowledge
and data gaps on ED-related effects of various PNPs given
individually or in mixtures. A literature search performed in
the Web of Science database in May 2023 using keywords
micro* OR nano* AND plast* AND endocr* AND disrupt*
resulted in 834 papers (Fig. 1). Refinement of this search by
additional keyword mix* showed only 71 papers on ED
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Fig. 1 Results of the literature search on ED effects of plastic micro- and nanoparticles including the numbers of scientific papers found for each

keyword's combination.

effects of plastic particles, out of which 24 papers reported
their interaction with the ER. Most studies were focused on
PS-based particles, while studies on PE and PP showed
results for chemicals released from PE- or PP-based products.

Here, we present the first study on the interaction of
individual PS-, PE- and PP-based PNPs and their mixture with
the ER. Our work has been conducted in accordance with
regulatory guidelines for the ED screening programs
recommended by the OECD and the United States
Environmental Protection Agency (US EPA).*' Testing was
performed using human-derived cell line T47D-KBluc. As we
aimed to reach regulatory relevant results that are unbiased
by lack of data on PNP characteristics, we used PNPs with
defined properties, as scientific cases. The PS-NPs were
obtained commercially, while PE-NPs and PP-NPs were
developed and prepared by the team of Bundesanstalt fiir
Materialforschung und -priifung (BAM, Berlin, Germany)
within the project PlasticsFatE (No. 965367), https://www.
plasticsfate.eu), granted under the EU Horizon 2020 program.
Finally, the obtained results are discussed in the context of
the adverse outcome pathways (AOPs) concept that has been
launched by the OECD to support risk assessment using
mechanistic and causative knowledge on adverse health
effects of chemicals and materials.****

Materials and methods
Characterization of nanoparticles

Polystyrene nanoparticles (PS-NPs, 25 nm in size and stock
concentration of 10500 mg L) were purchased from
Phosphorex  (Hopkinton, = MA, USA).  Polyethylene
nanoparticles (PE-NPs, 350 nm in and stock
concentration of 82 mg L") and polypropylene nanoparticles
(PP-NPs, 180 nm in size and stock concentration of
41 mg L") were prepared at the Bundesanstalt fiir
Materialforschung und -prifung (BAM, Berlin, Germany)
according to the published procedure.*> No modification was
done for PE-NPs' production.

size
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Visualization of PNPs by transmission electron microscopy
(TEM) was used to determine their shape and primary size
(d, nm). For that purpose, PNP suspensions were prepared at
a concentration of 1 mg L' in the medium used for in vitro
testing, i.e. RPMI-1640 medium without phenol red (Sigma
Aldrich, Steinheim, Germany) supplemented with 5%
charcoal-stripped fetal bovine serum (CS-FBS) (Sigma Aldrich,
Steinheim, Germany). Then, a drop of each suspension was
deposited on a Formvar®-coated copper grid (SPI Supplies,
West Chester, PA, USA) and left overnight to dry at room
temperature. The TEM instrument (JEOL JEM 1010, JEOL,
Tokyo, Japan) was operated in a bright field mode at an
accelerating voltage of 80 kV and images were taken with a
Canon PowerShot S50 Camera (Canon, Tokyo, Japan). The
primary size was obtained by the analysis of 60 particles per
nanoparticle type using the Image]J software (LOCI, University
of Wisconsin, Madison, WI, USA). Results are reported as
mean values with standard deviations obtained from
measurements of 60 particles.

The size distribution and surface charge of PNPs were
examined in the medium used for in vitro experiments for 24
h by determination of the hydrodynamic diameter (dy) and ¢
potential using dynamic light scattering (DLS) and
electrophoretic light scattering (ELS) methods, respectively.
Measurements were done on the Zetasizer Ultra instrument
(Malvern Panalytical, Malvern, UK). The dy values were
obtained as the average of six measurements and expressed
as intensity-weighed size distribution. Surface charge was
obtained by determining the { potential from the Henry
equation with the Smoluchowski approximation by using
mean values from three replicated ELS measurements. Data
was processed in ZS Xplorer 3.21 (Malvern Panalytical,
Malvern, UK). Results are shown as mean values with
standard deviations obtained from six measurements for dy
values and three measurements for surface charge values.

Surface characterization according to ageing status and
oxidized functionality was conducted by X-ray photoelectron
spectroscopy (XPS). The measurements were performed with

This journal is © The Royal Society of Chemistry 2024
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a  lab-based @ ULVAC-PHI = “Quantes”  spectrometer
(Chanhassen, USA) that is equipped with two X-ray sources: a
monochromatic Al Ka-source at 1486.6eV for XPS and a
monochromatic Cr Ka-source at 5414.8 eV for HAXPES. The
starting material granules were directly prepared with
double-adhesive tape on a stainless-steel sample holder. The
PP-NPs were prepared by putting a droplet on an Au surface
and evaporation of the solvent. The particle residue on the
Au surface was measured directly. The measuring spot was
100 um and the photoelectrons were collected at an emission
angle of 45°. The pressure within the measuring chamber
was lower than 107 Pa during the whole measurement. The
spectra were corrected to a binding energy of 285 eV for the
C 1s peak. The XPS spectra were collected as survey spectra
with a step size of 1eV at a pass energy of 280eV and a time
per step of 200 ms. The measurements were repeated with 2
sweeps for XPS at an X-ray power of 25W at 15 kV. Here the
binding energy ranged from 0eV to 1100 eV. High-resolution
spectra were detected with a pass energy of 54 eV and a step
size of 0.1 eV for XPS.

Cell line T47D-KBluc

T47D-KBluc (American Type Culture Collection (ATCC),
Manassas, VA, USA) is a human epithelial cell line derived
from ductal breast carcinoma. This reporter-labelled cell line
was developed for screening of estrogenic or anti-estrogenic
activity of chemicals*® by transfection with a triplet construct:
estrogen-responsive  elements  (ERE)-promoter-luciferase
reporter gene.

Cells were cultured in tissue culture (TC) treated T75
flasks (Sarstedt, Niimbrecht, Germany) in RPMI-1640 cell
culture medium supplemented with 10% (v/v) CS-FBS and
1% (v/v) antibiotic-antimycotic solution (Sigma Aldrich,
Steinheim, Germany). Cells were grown at 37 °C and 5% CO,
until they reached a density of approximately 1 x 10° cells per
mL (90-95% confluency) at which point they were ready to be
used in experiments.

Flow cytometry analysis of cell viability and apoptosis

Cells were seeded in TC-treated 12-well plates (Sarstedt,
Niimbrecht, Germany) at density of 1 x 10> cells per well in
1 mL of complete cell culture medium and were left to
attach for 24 hours in the incubator at 37 °C and 5% CO,.
On the following day, the cell culture medium was replaced
and cells were treated with different concentrations of NPs
alone and their mixture in the range of 1 x 10 *-10 mg
L™'. Negative controls were non-treated cells, while cells
treated with 10% v/v of DMSO (Sigma Aldrich, Steinheim,
Germany) were used as positive controls. In addition,
cytotoxic effects of Tween and sodium azide were also
tested as PS-NPs were obtained as a suspension in
deionized water containing 0.1% (v/v) Tween and 2 mM
sodium azide. The original suspension of 10 g L™ of PS-
NPs was diluted 1000 times prior to the experiments and
final contents of Tween and sodium azide in the CCM were

This journal is © The Royal Society of Chemistry 2024
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0.0001% and 2 pM, respectively, which were tested as a
vehicle control (VC) and showed no differences compared
to non-treated cells (Ctrl).

Treated cells were incubated for 48 hours at 37 °C and
5% CO,. Then, the cell culture medium was removed, and
was acquired in 2 mL tubes (Eppendorf, Hamburg,
Germany) and the remaining cells were washed three times
with sterile phosphate-buffered saline (PBS). After washing,
cells were detached by adding the trypsin-EDTA solution
(Sigma Aldrich, Steinheim, Germany) and incubation at 37
°C and 5% CO, for 5-7 minutes until the complete
detachment of cells was observed under the microscope.
Detached cells were added to 2 mL tubes containing the
cell culture medium previously collected. Cells
prepared for measurement by staining with annexin V-FITC
and propidium iodide (PI) using annexin V kit (Bio-Rad,
Hercules, California, USA) according to the manufacturer's
instructions.

Measurements and analysis were done using the Cytoflex
SRT instrument and software (Beckman Coulter Life
Sciences, Indianapolis, Indiana, USA). Cells stained with
annexin V-FITC dye were considered apoptotic, PI positive
cells were categorized as dead and cells stained with both
annexin V-FITC and PI were considered late apoptotic. Cells
that were not stained were considered live intact cells.
Results are expressed as mean % values of apoptotic, dead or
live cells compared to negative controls and were obtained
from 3 independent experiments by performing 3 replicates
in each experiment.

were

Flow cytometry analysis of NP cellular uptake

The prerequisite step to follow the cellular uptake of plastic
NPs by flow cytometry was due to the determination of their
fluorescence characteristics. All three types of NPs used in
this study are characterized by fluorescence emission maxima
in the green part of the visible electromagnetic spectrum.
While this was a known property for PS-NPs, we determined
the emission spectrum for PE-NPs and PP-NPs with a Cary

Eclipse fluorescence spectrometer (Agilent, Melbourne,
Australia) using a 10 mm path length quartz cuvette (Fig.
S1+t).

Cellular uptake was then analyzed using a Cytoflex SRT
device and software by comparing median fluorescence
intensity (MFI) on a 525/40 (FITC) detector of treated and
negative control cells. These measurements were done only
for NP concentrations that did not affect cellular viability, i.e.
non-toxic concentrations. Results are presented as % of MFI
on the FITC detector in treated cells compared to non-treated
control cells. To ensure that the detected fluorescence signals
originate from NPs that entered the cells, the experimental
set-up (PMT voltage for forward and side scatter light) was
adjusted so that it was possible to clearly distinguish debris
from cell population using forward versus side scatter gating.
Only the cell population, excluding the debris, was chosen
for further analysis.

Environ. Sci.: Nano, 2024, 11, 2112-2126 | 2115


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3EN00883E

Open Access Article. Published on 19 March 2024. Downloaded on 8/28/2025 4:42:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
Determination of estrogen receptor activity by luciferase assay

One week prior to the experiment, cells were kept in the cell
culture medium in which 10% FBS was exchanged with 10%
charcoal-stripped FBS to diminish interferences from serum
hormones. After 7 days, cells were seeded in white opaque
flat-bottom Nunc™ MicroWell™  96-well microplates
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) at
a density of 2 x 10" cells per well in 100 pL per well of
complete cell culture medium where 10% (v/v) charcoal-
stripped FBS was exchanged for 5% (v/v) charcoal-stripped
FBS.

Cells were incubated for 24 hours at 37 °C and 5%
CO, to attach properly and then treated for 48 hours with
different concentrations of plastic NPs alone or their
mixture in a range of 1 x 10710 mg L™'. Non-treated
cells were used as a negative control, while cells treated
with diethylstilbestrol (DES) were considered as a positive
control. After the treatment, cells were prepared for
measurement using a Promega luciferase assay system
(Cat. No.. E1500 and E1501, Promega, Madison,
Wisconsin, USA) according to the manufacturer's
instructions. Briefly, the cell culture medium was
discarded and cells were washed thoroughly with PBS.
Then, the cell lysate was prepared by adding 20 pL of cell
culture lysis reagent (included in the kit, diluted 5 times
with distilled water as instructed) to each well followed by
centrifugation for 20 minutes at 25 °C and 300 rpm using
an Eppendorf 5810R centrifuge (Eppendorf, Hamburg,
Germany) to achieve complete cell lysis and equilibrate
lysates to the temperature optimal for the assay. Then,
done wusing a SpectraMax iD3
microplate reader (Molecular Devices, San Jose, California,
USA), which was prepared by priming the injector system
to inject 100 pL of the freshly prepared luciferase assay
reagent into each well at the time and performing a
2-second measurement delay followed by a 10-second
luminescence measurement read.

The Promega luciferase assay system is based on activated
ER binding to the estrogen-responsive element (ERE) which
is part of cells' DNA sequence. This binding enables gene
transcription which results in the production of luciferase
enzyme. The produced luciferase enzyme converts assay
reagent beetle luciferin to the luminescent product
oxyluciferin which produces light at all wavelengths and the
measurements are done with all open channels. Before any
experiments, the responsiveness of the test system was
examined with two positive control substances, 173-estradiol
and diethylstilbestrol (DES), and one negative control
substance, fulvestrant (Fig. S2t). In addition, the system was
tested for any interferences (Fig. S3 in the ESI}).
Diethylstilbestrol was chosen due to better stability and
easier handling, after it was confirmed that it produces ER
activity comparable to 17f-estradiol. According to the OECD
PBTG No. 455,* quality control of the assay requires that the
mean luciferase activity of the positive control should be at

measurements were
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least 4-fold that of the mean of the negative/vehicle control
on each plate. This criterion was met and confirmed by
satisfactory differences between positive and negative
controls in each run of the assay. During setting up the
protocol, interferences of each PNP and their mixtures with
the assay components and readouts were also carefully
checked and all testing proved the absence of any
interferences. For this set of experiments, results were
expressed in two different ways as recommended by the
aforementioned OECD test guideline No. 455 - as fold
inductions of the luminescent signal compared to non-
treated cells and % of fold induction of the luminescent
signal compared to positive control cells (treated with 10 nM
DES).

Identification of potential adverse outcome pathways (AOPs)
in AOP-Wiki

The freely accessible web-based tool AOP-Wiki (https://
aopwiki.org/) has been used to identify AOPs related to
agonistic activity towards the ER, the main adverse effect
examined in our study. The search was set up to find the
AOPs in which agonism towards the ER is defined as a
molecular initiating event (MIE) or key event (KE). After their
retrieval, an analysis of AOPs linked to this specific MIE/KE
was conducted to ensure that they were relevant and
applicable to the results of this study.

Statistical analysis

Statistical analysis of all the data acquired from the
experiments was done using GraphPad Prism6 (GraphPad
Software, San Diego, California, USA). Statistical significance
was determined by one-way ANOVA followed by Dunnett's
multiple comparison test where all the treatment values were
compared to negative control values. The threshold for
statistical significance for all experimental data was set at P
< 0.05. Statistically significant results were denoted with an
asterisk (*).

Results and discussion

Considering the ubiquitous presence of different PNPs in
different environmental, food and biological matrices it is of
utmost importance to determine any possible AO related to
human exposure not just to individual PNPs but also to their
1047749 Many studies already demonstrated the
endocrine-disrupting potency of plastics, especially the
negative effects of plastic materials on the steroid hormone
homeostasis.’*™? From this perspective, the interaction of a
specific substance with the ER has been considered as KE,
even as MIE, in the steroid hormone homeostasis.’®
Therefore, our main aim is to reveal for the first time the
individual and joint effects of three different PNPs (PE-NPs,
PP-NPs and PS-NPs) on the modulation of the ER under
in vitro settings.

mixtures.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Transmission electron micrographs (TEM) of polyethylene (a), polypropylene (b) and polystyrene (c) nanoparticles.

Physico-chemical characteristics and stability of plastic
nanoparticles and their mixture

The shape of PS-NPs, PP-NPs and PE-NPs, as evaluated by
TEM (Fig. 2), was spherical, while their primary diameters
(drem) were 25.3, 187.5 and 344.9 nm, respectively (Table 1).
It should be highlighted here that PE-NPs and PP-NPs were
prepared top-down and their shape should be irregular. After
preparation they were characterized as irregularly shaped by
scanning electron microscopy (SEM) as given in a previous
study.”® The differences in shape seen in SEM compared to
TEM images can arise from the limitations of SEM and TEM.
TEM is often used for NPs and works quite well. However,
PNPs are polymer-based and suffer from TEM irradiation,
which may change their origin shape. Both images are in a
way correct just showing the limitations.

Additional important information can be obtained from
the surface of the particles, which was analysed by X-ray
photoelectron spectroscopy (XPS). It can be assumed that,
due to the different production processes, PE and PP are
aged on the surface and have oxygen-containing groups,
whereas this should not be the case with PS. As an example,
the C 1s peak of the starting material (PP pellets) and PP-NPs
is shown. It is obvious that there is a further peak at 288.4 eV
indicating C=0 groups (Fig. S471). Such ketone groups can be
also detected in thermo extraction desorption-gas
chromatography/mass spectrometry (TED-GC/MS)
measurements not presented in this manuscript. The
fluorescence of PE-NPs and PP-NPs themselves can be caused
by these ketone groups. No labelling dye was used for PE-NPs
and PP-NPs.”*

Furthermore, hydrodynamic diameter (dy) and ¢ potential
values (Table 1) were measured in both ultrapure-water, the
medium in which they are dispersed, and in the cell culture
medium (RPMI-1640 supplemented with 5% CS-FBS). The
main aim was to evaluate the colloidal stability of different
PNPs in the media used for cell experiments. As both
parameters are extrinsic properties, thus medium dependent,
and all PNP types were dispersed in water after production,
the values obtained in the water can be considered as the
initial or starting values. Measurements in cell culture
medium were done immediately after the addition of PNPs
into the medium and after 48 hours of incubation at 37 °C to
gain data about PNP behavior during cell experiments. As
expected, an increase in dyg values and less negative (
potential values were observed for all PNP types in the cell
culture medium compared to water due to the formation of
the hydration shell and protein corona on the nanosurface as
most proteins from the cell culture medium may be of size
between 1-20 nm and characterized by lower { potential
values compared to the tested PNPs. The increase of
hydrodynamic diameter of PNPs in the cell culture medium
is also an indication of aggregation due to the increased ionic
strength of the medium. However, results indicate that the
fate for all tested PNPs in the cell culture medium was
similar as their dy values doubled after transferring them
from water to the cell culture medium (CCM). Moreover, the
similar { potential values observed in this medium after 48 h
(Table 1) indicate a similar “aging” process for different PNP
types in particular media. Indeed, the presence of CS-FBS in
the CCM led to protein corona formation on the PNP surface.
Additionally, the colloidal stability and behavior of PNPs

Table 1 Physico-chemical characteristics of polystyrene (PS-NPs), polypropylene (PP-NPs) and polyethylene (PE-NPs) nanoparticles. Primary diameter
(dtem, NM) was obtained by TEM, hydrodynamic diameters (dy, nm) were determined by DLS and { potential was measured using the ELS method.
Hydrodynamic diameters and ¢ values were measured in ultrapure-water (UPW) and cell culture medium (CCM) used in experiments. All measurements
were done at 25 °C and the concentration of all three types of nanoparticles was 10 mg L™

Measurement conditions (medium, incubation time)

Particle
type drgy (Nm) Parameter UPW, t=0h CCM,t=0h CCM, t=48h
PS-NPs 25.3+2.9 dy (nm) 27.0 +1.8 53.9 +5.7 87.5 +15.3
{ potential (mV) -26.2 + 3.3 -8.5+1.3 -18.5+ 1.8
PP-NPs 187.5 + 28.7 dy (nm) 208.5 + 6.3 345.8 + 16.3 497.9 £ 37.9
{ potential (mV) -31.1 £ 0.5 -15.3 +2.9 -21.8£1.3
PE-NPs 344.9 + 18.9 dy (nm) 372.6 + 16.9 565.9 + 72.4 649.2 + 90.7
{ potential (mV) -32.6 + 1.6 -15.8 + 1.3 -22.3 +0.6

This journal is © The Royal Society of Chemistry 2024

Environ. Sci.: Nano, 2024, 11, 2112-2126 | 2117


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3EN00883E

Open Access Article. Published on 19 March 2024. Downloaded on 8/28/2025 4:42:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

given in mixture were also investigated in the CCM at time ¢
= 0 h and ¢t = 48 h. However, such results should be taken
with care. Although there were PNPs with sizes of 25 nm, 187
nm and 345 nm in the mixture, only one peak was visible for
the mixture containing 10 mg L' of each PNP type (261.2 +
9.4 nm). Indeed, DLS techniques cannot distinguish particles
of different sizes and provide only the average size
distribution. Moreover, larger particles can “mask” smaller
particles. To carefully characterize the size distribution of
mixtures containing nanoparticles of very different sizes like
in our study other techniques such as particle tracking
analysis and electrospray-scanning mobility particle sizer
should be used.”® However, such characterization was beyond
the scope of this preliminary study as the main aim was to
evaluate ER activity of PNPs given individually or in mixtures.

View Article Online

Environmental Science: Nano
Cytotoxic effect of plastic nanoparticles and their mixtures

Cytotoxic effects of PNPs and their mixtures were evaluated
prior to any other experiments to determine the safe doses
that will not kill or damage the cells. This was the pivotal
step to find the dose range in which interaction with and
the effect on the ER can be studied in viable T47D-KBluc
cells. Therefore, experiments started employing a wide
range of 0.001-10 mg L™* for each PNP type administered
individually or in mixtures containing all three PNP types
at equal concentrations. Results showed that none of the
tested PNPs in the given dose range induced significant
damage in T47D-KBluc cells, either by means of the % of
apoptotic or dead cells (Fig. 3A). The highest number of
dead cells was observed after treatment with PP-NPs
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Fig. 3 Flow cytometry results on cell viability and apoptosis induction in the T47D-KBluc cell line treated with A) PE-NPs, PP-NPs and PS-NPs in
the dose range 0.001-10 mg L™ and B) mixtures of PE-NPs, PP-NPs and PS-NPs containing the same concentration of each. Non-treated cells
were used as the negative control (Ctrl), while cells treated with 10% (v/v) DMSO were used as the positive control. Results are given as % of a
number of cells and calculated as mean values from three independent experiments. Standard deviations are given as error bars and values that
are significantly different from the negative control are marked with * (at p < 0.05).
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(around 5% for doses below 0.1 mg L™ and 9% and 10%
for 1 and 10 mg L', respectively). All tested doses of PE-
NPs killed less than 5% of cells, while no cytotoxicity was
observed for PS-NPs. Even the treatment with the highest
dose of 10 mg L™ led to only 10% or less of dead cells
and ca. 10% of apoptotic cells after treatments with PE-NPs
and PP-NPs.

The treatment with the highest concentration of PNPs
(10 mg L™) resulted in more than 80% of live cells (84%
for PP-NPs, 89% for PE-NPs and 98% for PS-NPs). When
applied as a mixture consisting of the three PNP types with
the same concentration, significant toxicity was observed
only for the mixture at 10 mg L' (Fig. 3B) which induced
apoptosis in 14% of cells and killed 11% of cells, which
may account for the additive effect of each PNP type in the
mixture. Therefore, only a dose range between 0.001 and 1
mg L' was used in subsequent experiments to skip any
biased results that may arise from dead, unviable or
damaged cells.

Cellular uptake of plastic nanoparticles

The uptake of PE-NPs, PP-NPs, PS-NPs and their mixtures
was analyzed by flow cytometry employing their emission
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maxima in the green part of the spectrum. Thus, the changes
in the median fluorescence intensity detected on the 525/40
(FITC) detector indicated internalization of PNPs. Dose-
response in cellular uptake was only observed for PS-NPs that
also demonstrated significantly higher cellular uptake
compared to the other two tested PNPs (Fig. 4).

These results are probably caused by the particle size
differences as all three PNPs had similar surface charges. The
smallest type, PS-NPs, less than 100 nm in diameter even
after agglomeration in the cell culture medium, was more
easily internalized by human cells compared to PP-NPs and
PE-NPs (Table 1). The cellular uptake of NPs is heavily
dependent on their size. This has been discussed in several
studies which demonstrated that NPs of smaller size are
internalized faster and more extensively under both in vitro
and in vivo conditions.”®®°

Uptake of the PNP mixture followed a dose-response curve
and significantly higher MFI values were observed only for
mixtures containing more than 1 mg L™ PNPs (Fig. 4d).
However, the obtained results for mixtures indicate that the
uptake of PS-NPs was significantly inhibited when combined
with PE-NPs and PP-NPs, probably due to the presence of
large agglomerates that obstructed contact and interaction of
PS-NPs with the cell surface.
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Fig. 4 Uptake of a) PE-NPs, b) PP-NPs c) PS-NPs and d) their mixture by T47D-KBluc analyzed by flow cytometry and determined by the increase
in median fluorescence intensity (MFI) detected on 525/40 (FITC) detector. Non-treated cells were used as negative control (Ctrl). Results are given
as % of MFI compared to control cells and presented as mean values of three replicated experiments, while standard deviations are given as error
bars. Values that are significantly different from negative control are marked with * (at p < 0.05).
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ER activity of plastic nanoparticles and their mixture

For the ER agonist assay, decision criteria dictate that the
substance can be considered positive if the maximal ER
response produced by the treatment with the test substance
is equal to or exceeds 10% of the ER response observed in
T47D-KBluc cells treated with the positive control. OECD TG
No. 455 recommends analysis of results as both fold
induction compared to the negative control (non-treated
cells) and % of ER induction compared to the positive control
(cells treated with DES). Both types of analyses were therefore
applied to results obtained by performing luciferase assay as
shown in Fig. 5 and 6. Evaluation of ER activity in T47D-
KBluc cells after treatment revealed the highest agonistic
effect of PE-NPs on ER activity that exhibited significant fold
induction of luminescence signals compared to the negative
control at all tested concentrations except at the lowest one.
Significant ER induction was observed for PP-NPs only at the
highest concentration (Fig. 5b). Interestingly, PS-NPs did not
affect the ER activity significantly despite their highest
cellular uptake compared to the other two PNP types. When
T47D-KBluc cells were treated with a PNP mixture, a
significant increase in fold induction values compared to the
negative control was observed for all applied doses starting
from 0.001 mg L™ in a dose response manner (Fig. 5d). At
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the highest tested mixture dose of 1 mg L™ of each PNP a 5
times higher luminescent signal was observed than the signal
of the negative control.

In the case of results for % of ER induction compared to
cells treated with DES (Fig. 6), only the highest doses (10 mg
L™") of PE-NPs and PP-NPs (10 mg L") can be considered as
positive ER agonists when applied alone, while no positive
ER response was observed for PS-NPs. However, the PNP
mixture showed a positive ER response at 1 mg L™ which
was observed only insignificantly for PE-NPs (Fig. 6d).

Considering that the modulation of ER activity is not
correlated with the uptake of individual NPs, these results
could point towards the effect on the ER being affected by
plastic materials (polymer) properties. According to the
European Food Safety Authority (EFSA), there are several
different approaches to calculate the potency of a mixture
compared to the individual chemical.®* As results obtained
for the response of T47D-KBluc cells to PE-NPs, PP-NPs, PS-
NPs and their mixtures indicate additivity, dose addition
modelling®® was used. Additivity can be assumed when
chemicals act in the same or similar mode of action and
their joint effect is cumulative compared to individual
chemicals. Thus, the relative potency factor (RPF) model was
applied to compare the relative potency of the PNP mixture
with each of its individual components (PE-NPs, PP-NPs and
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Fig. 5 ER activity induced by a) PE-NPs, b) PP-NPs, c) PS-NPs and d) their mixture. Results are shown as fold inductions of the luminescent signal
compared to the negative control. Non-treated cells were used as the negative control (Ctrl). Results are presented as mean values of replicates
from repeated experiments, while standard deviations are given as error bars. Values that are significantly different from the negative control are
marked with * (p < 0.05), while differences between different treatments are marked with red ** (p < 0.05).
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Fig. 6 ER activity induced by a) PE-NPs, b) PP-NPs, c) PS-NPs and d) their mixture. Results are shown as % of fold induction of the luminescent
signal in comparison with the positive control (10 nM diethylstilbestrol, DES). Results are presented as mean values of replicates from repeated
experiments, while standard deviations are given as error bars. Values above the black line can be considered as positive for ER response according

to the decision criteria defined in the OECD PBTG No. 455.

PS-NPs). This approach was chosen because RPF is calculated
from benchmark doses (BMD), defined as doses of a
substance that result in a pre-specified level of benchmark
response (BMR). In our study, data corresponding to the %
of ER activation compared to the positive control was used as
BMD, and BMR was set to 10% in accordance with the OECD
PBTG criteria for labelling chemicals as positive for agonistic
activity towards the ER.*® The advantage of this method is
that BMD are equipotent doses for each chemical and are
therefore applicable throughout the whole dose-response
range even when it differs between substances.®>®*
Dose-response curves are generated to obtain BMD,,,;x and
BMDy,np for each type of used PNP using the freely available
software PROAST.®® Generated curves are shown in the ESI
(Fig. S4-S7t). The BMD of both the PNP mixture and each
individual PNPs were calculated as the mean value between

Table 2 Relative potency factor of the mixture (RPF,,,) calculated from
the benchmark doses (BMDpy.np) Of individual PNPs and their mixture
according to the EFSA guidelines®?

Type of PNPs BMDypy np RPF i«
PE-NPs 4.6845 7.38
PP-NPs 8.7677 13.82
PS-NPs 13.4850 21.25

This journal is © The Royal Society of Chemistry 2024

the highest and the lowest BMD doses. BMD,x Wwas
estimated to be 0.6345 and the BMD of each PNP type are
shown in Table 2. Then, these data were used to calculate the
RPF,,ix according to the equation:

BMDpx-np

RPFix =
mix BMD,

where Px-NP stands for PE-NPs, PP-NPs or PS-NPs. The

RPF,,;x indicates the potency of the mixture to disrupt ER
activity compared to individual PNPs. The RPF; results
(given in Table 2) clearly demonstrate that the agonistic
activity of the PNP mixture towards the ER is higher than
each individual component. RPF values are in accordance
with the results of potency for each individual nanoparticle,
with RPF being the lowest for PE-NPs which showed the
highest potency towards the ER.

AOPs related to agonistic activity towards the ER

Results of the search for potential AOs related to interaction
with the ER, performed by using AOP-Wiki, are listed in
Table 3. In this search, ER activation was defined either as a
key event (KE) or molecular initiating event (MIE).
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Table 3 Summary of adverse outcome pathways (AOPs) associated with the agonistic activity of chemicals towards the estrogen receptor (ER).
Keywords “estrogen receptor” were used to retrieve all related AOPs and their adverse outcomes (AOs) from AOP-Wiki

Role of ER
AOP agonism in
number AOP title the AOP AO Status
200 Estrogen receptor activation leading to breast ~ MIE ER + breast cancer Open for
cancer adoption
167 Early-life estrogen receptor activity leading to MIE/KE Increased adenosquamous carcinomas of the Under
endometrial carcinoma in the mouse endometrium development
445 Estrogen receptor alpha agonism leads to MIE Impaired reproduction Under
impaired reproduction development
29 Estrogen receptor agonism leads to MIE Decrease in population, altered reproductive behavior Under
reproductive dysfunction and larval development, impaired development of development
reproductive organs (in oviparous vertebrates)
52 ER agonism leading to skewed sex ratios due to MIE Skewed sex ratio Under
altered sexual differentiation in males development
53 ER agonism leading to reduced survival due to MIE Reduced survival Under
renal failure development
314 Binding to estrogen receptor (ER)-o. in immune MIE Exacerbation of SLE Under
cells leading to exacerbation of systemic lupus development
erythematosus (SLE)
112 Increased dopaminergic activity leading to KE Endometrial adenocarcinoma Under
endometrial adenocarcinomas (in Wistar rat) development
465 Alcohol dehydrogenase leading to reproductive KE Reproductive dysfunction Under
dysfunction development

The AOP-Wiki search showed that activation of ER leads
to the development of various cancers such as breast or
ovarian cancer and affects the reproductive capability of
different organisms with high-level levels of evidence in
various organisms (from invertebrates to mammals). Apart
from the effects on the reproductive system, ER activation is
also linked to autoimmune diseases such as systemic lupus
erythematosus due to the presence of ER on immune cells.
Another important cognition is that ER activity is intertwined
with other hormonal and enzymatic activities (e.g. dopamine
and alcohol dehydrogenase activity). Development of cancers
after ER activation as an MIE is mediated through various
KEs such as increased proliferation and migration of cells,

29,52, 53, 445

oxidative stress, non-genomic signalling and inflammatory
response through activation of fibroblasts, macrophages and
angiogenesis.

This insight in AOPs shows that the interplay of
reproductive (and other endocrine) hormones with other
organ systems is complex and intricate. Evidence of in vivo
reproductive toxicity of individual PNPs was already provided
in previous studies”®®*”’° and the number of studies on
health hazards following aggregate human exposure to
complex mixtures is increasing. For example, we showed the

effects of mixtures on human breast cells, human
lymphocytes and human monocytes using in vitro
models.”*””® However, there is no scientific data on the
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Fig. 7 Schematic summary of the network of different adverse outcome pathways (AOPs) (see Table 3) associated with the agonistic activity of
PE-NPs, PP-NPs and PS-NPs (given individually or in mixture) towards the estrogen receptor (ER), where the ER agonistic effect was found to be

either a molecular initiating event (MIE) or key event (KE).
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reproductive toxicity of complex mixtures containing different
PNP types. Our pioneering effort to provide scientific
evidence of combined PNP effects on ER activity as one of
the crucial MIEs/KEs involved in AOs that may lead to severe
pathogenesis (Table 3) is fundamental for proper risk
assessment that should be implemented in the circular
economy for the plastic value chain. Based on the data
collected in Table 3, the AOP network has been constructed
(Fig. 7), which shows different possible modes of action of
PNPs, either given individually or in mixture.

Finally, the main limitation of this study should be
discussed as well. The study provides first and preliminary
evidence on the ER agonistic action of different PNPs under
in vitro settings and given individually or in mixture.
However, it is not possible to reveal at this stage which
physico-chemical characteristics were the most critical for
observed biological effects and cellular uptake, as PE-NPs,
PP-NPs and PS-NPs were of different sizes ranging from 25
nm to 345 nm. Moreover, they had also different surface
chemistry, i.e. ketones on the surface of PE-NPs and PP-NPs,
while the surface chemistry was not declared by the supplier
of fluorescently labelled PS-NPs. All these properties may
significantly impact PNP behavior in biological media and
their interaction with cells including cellular uptake,
cytotoxicity and interaction with receptors. Following studies
should consider specifically the specific effects for different
PNPs' physico-chemical characteristics.

Conclusion

Results presented in this paper provide the first evidence of
endocrine disrupting properties of plastic nanoparticles (PE-
NPs, PP-NPs and PS-NPs) to the in vitro model for the
detection of ER agonists and antagonists. Both PE-NPs and
PP-NPs can be considered positive for the agonistic effect
towards the ER in the T47D-KBluc cell line. Furthermore, the
mixture of all three PNPs shows higher agonistic affinity
towards ER in comparison to individual components of the
mixture. Cytotoxicity of individual PNPs was also significantly
lower compared to their mixtures. Some ambiguity may result
from inherent features of different PNPs (e.g. hydrodynamic
diameter), but this issue is out of the scope of the current
study and will be resolved shortly. All this proves that
environmentally present contaminants should not be
investigated exclusively as individual agents, but rather as
parts of complex mixtures. Therefore, future research on
environmentally relevant contaminants, especially plastic
nanoparticles, should take into account significant
differences between the toxicological profiles of individual
components versus their mixtures with other nanoparticles or
different chemicals.
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