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ABSTRACT

Plastic nanoparticles are widely spread in the biosphere, but health risk associated with their
effect on the human organism has not yet been assessed. The purpose of this study was to
determine the genotoxic potential of non-functionalized polystyrene nanoparticles (PS-NPs) of
different diameters of 29, 44, and 72nm in human peripheral blood mononuclear cells (PBMCs)
(in vitro). To select non-cytotoxic concentrations of tested PS-NPs, we analyzed metabolic activity
of PBMCs incubated with these particles in concentrations ranging from 0.001 to 1000 pug/mL.
Then, PS-NPs were used in concentrations from 0.0001 to 100 pg/mL and incubated with tested
cells for 24 h. Physico-chemical properties of PS-NPs in media and suspension were analyzed
using dynamic light scattering (DLS), atomic force microscopy (AFM), scanning electron micros-
copy (SEM) and zeta potential. For the first time, we investigated the mechanism of genotoxic
action of PS-NPs based on detection of single/double DNA strand-breaks and 8-oxo-2'-deoxy-
guanosine (8-oxodG) formation, as well as determination of oxidative modification of purines
and pyrimidines and repair efficiency of DNA damage. Obtained results have shown that PS-NPs
caused a decrease in PBMCs metabolic activity, increased single/double-strand break formation,
oxidized purines and pyrimidines and increased 8oxodG levels. The resulting damage was com-
pletely repaired in the case of the largest PS-NPs. It was also found that extent of genotoxic
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changes in PBMCs depended on the size of tested particles and their {-potential value.

1. Introduction

Long-term exposure to certain chemicals can cause
DNA damage. The most common types of DNA
lesions are single strand breaks (SSBs), double
strand breaks (DSBs), oxidative modification of DNA
bases, and adducts formation (Christmann and
Kaina 2013). They can be induced both by exogen-
ous factors: UV radiation, ionization, and various
types of chemicals, and endogenous factors, such
as metabolic and replication stresses resulting in
the formation of reactive oxygen species (ROS)
(Felgentreff et al. 2021).

Nanoplastics (NPs) and microplastics (MPs) result-
ing from decomposition of large pieces of plastic
are pollutants of global concern. Until recently, it

has been considered that the diameter of plastic
NPs should not exceed 100 nm, although in the lat-
est reports the diameter of 1000nm has been
assumed as the upper limit (Gigault et al. 2018;
Rakowski and Grzelak 2020; Mitrano, Wick, and
Nowack 2021). MPs are plastic particles up to 5mm
in diameter (Hartmann et al. 2019). In this work, we
have adopted a traditional size of particles referring
to NPs, which should not exceed a diameter of
above 100nm. Among the above-mentioned par-
ticles, polypropylene (PP) and polyethylene (PE) NPs
are commonly found in the environment, while
polystyrene nanoparticles (PS-NPs) are determined
in smaller amounts. Polystyrene is produced by
polymerization of styrene monomers and it is the
fifth leading thermoplastic material on the global
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market. This polymer is widely used in the produc-
tion of food packaging, automotive industry, electron-
ics, household appliances, and more
(ChemicalSafetyFacts.org 2020). The key to under-
standing the potential toxicity of NPs is their physico-
chemical properties, that is, size, shape, and surface
charge. We used PS-NPs because they are commer-
cially available in different size and well-characterized
by their size, shape, and lack of functionalization to
understand the principles of polymer chemistry.
Additionally, using scanning electron microscopy
(SEM), atomic force microscopy (AFM), and dynamic
light scattering (DLS), we confirmed the size and
shape of the tested particles. Additionally, we per-
formed zeta potential measurements.

More and more studies on PS-NPs have focused
on the assessment of their toxic effects to humans.
This is a consequence of previous reports stating
that they can penetrate into human organisms,
translocate through biological barriers, enter cells
environment (Xu et al. 2019; Z. Liu et al. 2021;
Hwang et al. 2022) and interact with the cells of
the immune system (including lymphocytes) (Rubio
et al. 2020).

For this reason, PS-NPs as a model of non-func-
tionalized particles with the smallest diameters (29,
44, and 72nm) penetrating into the cells were
selected for more detailed analyzes and evaluation
of molecular mechanism of their genotoxic action.

As shown by numerous studies on animals, plas-
tic particles (especially NPs) after penetrating organ-
isms, may be accumulated in trace amounts in the
spleen, liver, thymus, lungs, heart, reproductive
organs, and the brain (European Food Safety
Authority (EFSA) 2016; Prust, Meijer, and Westerink
2020; Hwang et al. 2022). The main source of
human exposure to plastic particles is consumption
of contaminated food, primarily seafood (Hantoro
et al. 2019; Toussaint et al. 2019). In addition, micro-
plastics have also been detected in milk, honey,
table salt, and mineral water (Auta, Emenike, and
Fauziah 2017; Horton et al. 2017; Cox et al. 2019,
Kutralam-Muniasamy et al. 2020). Campanale et al.
(2020) proved that plastic particles with a diameter
less than 2.5um can reach the gastrointestinal (Gl)
tract by ingestion and be internalized by the Gl
cells by endocytosis. Plastic particles with a diam-
eter of 50-500 um were found in feces, and their
number was approximately 20 per 10pug of feces.

Thanks to this analysis, it was estimated that 90,000
of these particles are released in the feces annually
(van Raamsdonk et al. 2020). Other studies have
indicated the presence of 12 microplastics frag-
ments ranging from 5 to 10pum in diameter in
women placentas (Ragusa et al. 2021).

Plastic particles also enter the human body
through the respiratory system and, to a lesser
extent, through the skin (Enyoh et al. 2020).
Particles have also been shown to be adsorbed by
the lung epithelium (Asgharian, Hofmann, and
Miller 2001; Smith et al. 2002). Enaud et al. (2020)
proved that particles, after getting into the circula-
tory system, showed immunological effect on the
so-called gut-lung axis. It has been estimated that
the daily human exposure to plastic particles ranges
from 26 to 130 (Facciola et al. 2021). Recently,
Leslie et al. (2022) showed the presence of plastic
particles in human blood. Blood from 22 volunteers
was tested, and the presence of particles was found
in 17 of tested participants. The concentration of
these xenobiotics reached as much as 12 pug/mL of
blood, while the concentration of the analyzed PS
alone was 4.8 ug/mL. In this study on a small group
of donors, the mean blood concentration of plastic
particles was 1.6ug/mL (Leslie et al. 2022).
However, a question arises here whether the pres-
ence of such high particle concentrations in the
blood of people is an indisputable fact or an effect
of contamination of the sample during collection
and preparation, which has yet to be clarified.
Under conditions of high exposure or high individ-
ual sensitivity, MPs can cause inflammatory changes
resulting from their possible interaction with tissues.
There are a small number of publications on the
interaction of PS-NPs with leukocytes. Rubio et al.
(2020) studied the effect of PS-NPs with a diameter
of about 50 nm on the population of immune cells.
They used three different human leukocyte lines for
analysis, including Raji-B (B lymphocytes), TK6 (lym-
phoblasts), and THP-1 (monocytes). The study
showed low toxicity, ROS production, and genotox-
icity of NPs in Raji-B and TK6 cells with less uptake
of NPs. No side effects were observed in monocytes,
although uptake of the tested particles was higher
in this cell type. In another study, mice were
exposed to MPs with a diameter of 10-150 um at
concentrations of 20 and 200pug/g for 5weeks. In
tested animals, a decreased percentage of



regulatory T cells and an increased percentage of
Th17 cells in splenocytes were noted. In addition,
there was a change in the level of inflammatory
interleukin 1o (IL1a) and the granulocyte colony
stimulating factor G-CSF (Li et al. 2020).

The results we have obtained so far, have shown
that tested PS-NPs disturbed the redox balance,
increased the total level of ROS and highly ROS (a
hydroxyl radical), as well as induced lipid and pro-
tein oxidation in human PBMCs (Kik et al. 2021).
Our recent study on the genotoxic potential of PS-
NPs is justified considering the results obtained so
far, which demonstrated an increase in ROS, in par-
ticular hydroxyl radical level, which may contribute
to DNA damage.

The aim of this research was to determine the
mechanism of interaction of plastic PS-NPs with
human peripheral blood mononuclear cells (PBMCs).
PBMCs due to large nucleus, and a key role playing
in the immune system are very often used in the
studies that evaluate genotoxic potential of various
xenobiotics. Therefore, we assessed the effect of PS-
NPs of different diameters (29, 44, and 72nm) on
DNA damage and repair in human PBMCs.
Genotoxic damage can contribute to disorders of
the immune system, which can lead to the develop-
ment of cancer or autoimmune diseases (e.g.
asthma, allergy; Farhat et al. 2011). In addition,
PBMCs participate in the transport of xenobiotics
that is why the analysis of the mechanism of inter-
action of PS-NPs with this cell type is fully justified
(Santovito, Cervella, and Delpero 2014).

For this research, we used non-functionalized PS-
NPs of different (small) diameters, which, as shown
in previous studies, can enter the cells (Z. Liu et al.
2021) and are well-characterized in terms of their
size and shape, in order to check whether these
NPs can cause genotoxic effects. Our research can
therefore be the starting point for further analyzes
of environmentally relevant particles. In order to
assess genotoxic potential of tested PS-NPs, we
used mainly comet assay (single-cell gel electro-
phoresis) and chromatography (8-oxodG level). The
cells were incubated with PS-NPs in concentrations
ranging from 0.0001 to 100pg/mL for 24h.
Preliminary studies also assessed the effect of PS-
NPs (0.0001-1000 ng/mL) on the metabolic activity
of PBMCs after 24 h exposure in order to select their
concentrations that do not alter cell viability, and
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consequently may be used in genotoxicity tests. A
range of PS-NPs concentrations was used, which
corresponded (with the exception of 100 pg/mL) to
plastic levels that were found in human blood
(Leslie et al. 2022).

2. Materials and methods
2.1. Chemical standards

Standards of non-functionalized PS-NPs were pur-
chased from Polysciences Europe GmbH. Restriction
enzymes, that is, Endonuclease Il (Endolll) and DNA-
formamidopirymidyne glycosidase (Fpg) were used
for detection of oxidatively modified purines and pyri-
midines, respectively (New England Biolabs). Nuclease
P1 and Shrimp Alkaline Phosphatase (rSAP) were
used to detect 8-OHdG and were purchased from
New England Biolabs. 3-(4,5-dimethythiazol-2-yl)-2,5
diphenyl-tetrazolium bromide (MTT), DMF, and
sodium dodecyl sulfate (SDS) were used to assess the
metabolic activity of PBMCs and were purchased in
Sigma-Aldrich (St Louis, MA, USA) and (ROTH). Other
reagents: Lymphocyte Separation Medium (1.077 g/
mL) and RPMI medium 1640 were bought in Biowest
and Biotech. Type | agarose and type XI agarose,
EDTA, Triton, fetal bovine serum needed for the
assessment of DNA damage were supplied from
Sigma-Aldrich, USA. The remaining reagents, that is,
NaCl, NaOH, TRIS, sodium acetate, and HEPES were
purchased from POCh (Poland) and Roth (Germany).

2.2. Physico-chemical characterization of
polystyrene nanopatrticles

Taking into account recent reports indicating that
in order to obtain comparable results, in-depth
characterization of material (microplastics) is needed
(Ramsperger et al. 2022), we decided to perform
physico-chemical tests of PS-NPs. We took photos
using AFM and SEM and assessed PS-NPs hydro-
dynamic size using the DLS technique. PS-NPs were
diluted in water and in RPMI medium to study their
size by DLS and zeta potential. Non-functionalized
PS-NPs suspensions of various diameters were
diluted in RPMI medium to study their biological
effects, while tested NPs diluted in water were used
to assess their physical properties by AFM and SEM.

Diluted water suspensions of PS-NPs were depos-
ited on silicon wafers prior to AFM and SEM
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imaging. A piece of silicon wafer was cleaned in
ethanol and dried in a flow of pure air. Freshly
cleaned wafers were placed vertically in a cuvette
containing diluted water suspension of PS-NPs of
given size and allowed to slowly evaporate for
2-3days. Next, wafers with deposited NPs were
withdrawn and dried in ambient conditions.

The AFM measurements were performed on
Bruker Dimension Icon (Billerica, Massachusetts,
USA) operating in tapping mode in ambient air. A
non-contact Tespa V2 cantilever from Bruker operat-
ing at resonance frequency v = 324 kHz was used.
Typical image size was 2 um x 2 pum.

Field Emission Scanning Electron Microscopy (FE-
SEM) imaging was carried out wusing a FEl
NovaNano SEM 450 microscope (Hillsboro, OR, USA)
equipped with a Schottky gun operating in immer-
sion mode using a through lens detector (TLD) at
5kV voltage. Typical magnification was 150,000x.

Dynamic Light Scattering (DLS) measurements -
stability and hydrodynamic size of PS-NPs labeled
as A (29nm), B (44nm), and C (72nm) were per-
formed using a DLS (Litesizer 500, Particle Analyzer,
Anton Paar, Graz, Austria), equipped with a laser of
wavelength of 658 nm as the light source and scat-
tering angle 6 =173°. Samples in water were meas-
ured without filtering in a quartz cuvette at 25 °C,
while in RPMI at 37 °C.

The zeta potentials of the PS-NPs (c =500 pg/mL)
were measured using a Malvern Instruments
Zetasizer Nano-ZS (Malvern Instruments Ltd.,
Malvern, UK). Samples in electric field were pre-
pared in capillary cells (DTS1061). Measurement was
carried out at 37°C in water and RPMI at pH 7.4
with 5 repetitions. The zeta potential value was cal-
culated directly from the Helmholtz-Smoluchowski
equation using Malvern software (Sze et al. 2003).

2.3. Biological material

Human peripheral blood mononuclear cells (PBMCs)
were used for this study. PBMCs were isolated from
the buffy coat purchased at the Regional Center for
Blood Donation and Treatment in Lodz, Poland. The
purchase of blood for research is possible thanks to
the contract concluded between the Institute of
Biophysics of Environmental Pollution, University of
Lodz, and the aforementioned Blood Donation
Center. Blood Bank employees receive a coat of

leukocytes and platelets through the preparation of
whole blood from healthy, nonsmoking donors
aged 18-30years. The blood bank in Lodz is author-
ized to collect blood and separate its components
based on the accreditation of the Minister of Health
(No. BA/2/2004). The experiments described in this
study were approved by the Bioethics Committee
of University of Lodz (Resolution No. 8/KBBN-UL/Il/
2019 (08/04/2019)).

2.3.1. PBMCS isolation

The isolation of PBMCs took place in several stages.
In the first stage, the buffy coat was centrifuged
(600xg, 10 min, 20 °C), which allowed for the removal
of plasma and collection of the resulting PBMCs layer.
Further isolation was performed by centrifugation
(600xg, 30 min, 20°C) of the blood on a Lymphocyte
Separation Medium with a density of 1.077 g/mL.
After centrifugation, the resulting lymphocyte ring
was collected, to which 3 mL of erythrocyte lysis buf-
fer (150mM NH4Cl, 10 mM NaHCOs;, 1 mM EDTA, pH
7.4) was added. The samples were incubated for
5min at 20°C and supplemented with 6.5mL of PBS.
The cells were centrifuged again (200xg, 15min,
20°C). In the final step, the supernatant was col-
lected, and the cells attached to the bottom of the
tube were washed twice with RPMI medium contain-
ing L-glutamine and 10% fetal bovine serum. Then,
centrifugation was performed (200xg, 15 min, 20°C).
The final PBMCs density used for the experiments
was 5 x 10* cells/mL.

2.3.2. Isolation of DNA and determination of the 8-
oxo-2'-deoxyguanosine (8-oxodG) in DNA isolates

The analyzes were performed using a method
described earlier by Gackowski et al. (2016) and
Starczak et al. (2021) with some modifications. DNA
extraction and hydrolysis to deoxynucleosides:
briefly, a pellet of frozen cells was dispersed in ice-
cold buffer B, pH 8.0 containing Tris-HCl (10 mmol/
L), Na,EDTA (5 mmol/L), and deferoxamine mesylate
(0.15mmol/L). SDS solution was added (to a final
concentration of 0.5%), and the mixture was gently
mixed using a polypropylene Pasteur pipette.
Samples were incubated at 37°C for 30min.
Proteinase K was added to a final concentration of
1mg/mL and incubated at 37°C for 1h. The mix-
ture was cooled to 4°C, transferred to Phase Lock
Gel - Light tubes. The mixture of phenol, chloroform,



and isoamyl alcohol (25:24:1) was added (1:1 v/v) and
vortexed vigorously. After extraction, the aqueous
phase was treated with a chloroform:isoamyl alcohol
mixture (24:1). The supernatant was treated with two
volumes of cold ethanol to precipitate high molecular
weight nucleic acids. The precipitate was removed
with a plastic spatula, washed with 70% (v/v) ethanol
and dissolved in 50 uL Milli-Q grade deionized water.
The samples were mixed with 200mM ammonium
acetate containing 0.2mM ZnCl,, pH 4.6 (1:1 v/v).
Nuclease P1 (200U, New England Biolabs, Ipswich,
MA, USA) and tetrahydrouridine (10 ng/sample) were
added to the mixture and incubated at 37°C for 1h.
Subsequently, 10% (v/v) NH,OH and 6U of shrimp
alkaline phosphatase (rSAP, New England Biolabs,
Ipswich, MA, USA) were added, and the samples were
incubated for 1h at 37 °C. Finally, all the hydrolysates
were ultra-filtered prior to injection.

2.4. Biological properties of PS-NPs

2.4.1. Analysis of cell viability

The cytotoxic effect of the investigated PS-NPs was
determined by a standard MTT method, based on
the reduction of yellow 3-(4,5-dimethythiazol-2-yl)-2,5
diphenyl-tetrazolium bromide (MTT) by cellular
reductase, mainly mitochondria succinate dehydro-
genase. The reduction of MTT to formazan is pos-
sible due to the NAD(P)H-dependent oxidoreductase
enzymes that are present in living cells. Insoluble for-
mazan crystals are dissolved in the solubilization buf-
fer. The study was performed in a 96-well plate after
24 h of incubation of PS-NPs with PBMCs at a density
of 1x10° cells/well. After this time, 20uL of MTT
was added and the cells were incubated for 3-4h.
Then 100 pL of 20% SDS and 50% DMF were added
and the incubation was also carried out for 24 h. In
the next step, the contents of the wells were poured
into the sink and 100puL of DMSO was added per
well. The absorbance was measured at 570 nm with
a spectrophotometer.

2.4.2. Single cell gel electrophoresis (comet assay),
as a technique for detecting single/double DNA
strand breaks and their repair

Using this technique, the cells were immersed in
low melting point agarose and placed on micro-
scopic slides coated with normal melting point
agarose and then lysed. Slides were then dipped in
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the expanding buffer. Released DNA was submitted
to 20 min electrophoresis in alkaline conditions in
which 17V and 32-115A current were applied. In
neutral conditions electrophoresis was carried out
for 60 min at the 9V and 98 A current. After electro-
phoresis, all slides were dried and stained with
40 uL DAPI at 2 ug/mlL, centrifuged prior to use for
15min at 219xg at 4°C. A Zeiss Axio Scope. Al
fluorescence microscope (Carl Zeiss Microscopy
GmbH, Germany) with an AxioCam MR microscope
camera was used to observe the comets. DNA dam-
age was viewed using the ZEN blue program, at
20x magnification. LUCIA Comet Assay v.7.60
(Laboratory Imaging, Prague, Czech Republic) soft-
ware was used to count the comets. For each con-
centration, at least 50 comets were counted, so, for
one donor the total number of comets was approx.
1000 (7 concentrations x 50 comets x 3 types of
NPs). The mean value of DNA in the comet’s tail
was taken as the DNA damage index (Tail DNA%;
Tice et al. 2000; Wozniak and Btasiak 2003).

2.4.3. Single and double DNA strand breaks
measured by the alkaline and neutral versions of
the comet test

The comet assay enables the identification of sin-
gle/double DNA strand-breaks according to the pro-
cedure of Singh et al. (1988) and Singh and
Stephens (1997) with some modifications (Klaude
et al. 1996). After 24 h of exposure of PBMCs to PS-
NPs, the samples were centrifuged at 112xg for
5min at 4°C. The cells were immersed in 0.75% low
melting point (LMP) agarose and placed on micro-
scopic slides coated with 0.5% normal melting point
(NMP) agarose. The slides prepared in this way
were placed in the lysis buffer (25M NaCl, 0.1 M
EDTA, 10 mM Tris, 1% Triton X-100, pH 10) for 1.5h
at 4°C. After the lysis had been completed, the
slides were rinsed 2-3 times with the expanding
buffer (300mM NaOH and 1 mM EDTA, pH > 13)
and left in this buffer for 20 min. Then, fresh elec-
trophoretic buffer (300 mM NaOH and 1 mM EDTA)
was prepared and electrophoresis in alkaline condi-
tions was performed for 20 min. For the detection
of double-stranded lesions, the neutral version of
the comet assay was applied, with a buffer consist-
ing of 100 MM of TRIS and 300 mM of sodium acet-
ate, pH 9. The duration of electrophoresis in the
neutral version was 60 min.
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2.4.4. Oxidative modification of purines and
pyrimidines

Modification of the comet assay using restriction
enzymes, i.e. endonuclease lll (Endolll) and formami-
dopirymidyne DNA glycosylase (Fpg) allows for
detection of oxidatively modified purines and pyri-
midines, respectively. The course of the experiment
after the 24-h incubation of the tested cells with
NPs was the same as in section 2.4.1, up to cell
lysis. After lysis, slides were washed several times
with HEPES buffer (40mM HEPES-KOH, 0.5 mM
Na,EDTA, 0.1 KCl, 0.2mg/mL BSA, pH 9). Then,
50 uL of a buffer containing 1 U Endolll or Fpg was
applied to each slide. Slides were covered with cov-
erslips and incubated at 37 °C for 30 min in a moist
chamber. Finally, the coverslips used in the previous
step were removed. The obtained results of DNA
strand breaks formation and DNA base oxidation
were expressed as percent of DNA in the comet tail
versus the concentration of the individual tested
substance. For this analysis, the alkaline version of
the comet assay was used. Based on literature data,
we decided to use 1U of each enzyme per gel,
which guaranteed their utilization in excess (there-
fore, the calibration curve was not prepared; Czarny
et al. 2015).

2.4.5. Detection of 8-oxodG: 2D-UPLC-MS/MS
analysis

DNA hydrolysates were spiked with an internal
standard ['°Ns]-8-oxo-2’-deoxyguanosine (['>Ns]-8-
oxodG) at a volumetric ratio of 4:1 to a final con-
centration of 50fmol/pL. Chromatographic separ-
ation was performed with a Waters ACQUITY 2D-
UPLC system with a photodiode array detector for
the first dimension of the 2D-chromatography (used
for quantification of the unmodified deoxonucleo-
sides) and a Xevo TQ-S tandem quadrupole mass
spectrometer (used for the second dimension of the
2D-chromatography to analyze 8-oxodG). The at-col-
umn dilution technique was used between the first
and second dimensions to improve the retention
on the trap/transfer column. Separation was per-
formed with a gradient elution for 10 min using a
mobile phase of 0.05% acetate (A) and acetonitrile
(B) (0.7-5% B for 5min, column washing with 30%
acetonitrile and re-equilibration with 99% A for
3.6 min). The flow rate for the second dimension
was 0.3 mL/min. The separation was performed with

a gradient elution for 10 min using a mobile phase
of 0.01% acetate (A) and methanol (B) (1-50% B for
4 min, isocratic flow of 50% B for 1.5min, and re-
equilibration with 99% A until the next injection).
All samples were analyzed with three to five tech-
nical replicates, of which the technical mean was
used for further calculation. Mass spectrometric
detection was performed using a Waters Xevo TQ-S
or TQ-XS tandem quadrupole mass spectrometer
equipped with an electrospray ionization source.
Collision-induced dissociation was obtained using
argon 6.0 at 3 x 10 ®bar pressure as the collision
gas. Transition patterns for all the analyzed com-
pounds and the specific detector settings were
determined using the MassLynx 4.1 IntelliStart fea-
ture set in a quantitative mode to ensure the best
signal-to-noise ratio and a resolution of 1 at MS1
and 0.75 at MS2 (Gackowski et al. 2016).

2.4.6. DNA repair

RPMI 1640 medium with L-glutamine heated to
37°C was added to cells exposed to PS-NPs for
24h. DNA repair was assessed by the extent of
residual DNA damage detection at each time point
(0, 30, 60, 90, and 120 min) using the alkaline ver-
sion of the comet assay. The samples were pre-
pared as described above.

2.5. Statistical analysis

The Shapiro-Wilk test was used to verify the results
for normality. In the next step, one-way analysis of
variance (ANOVA) and Tuckey’s post-hoc test were
performed to assess the significance of differences
between the means. Reproducibility of the results
was obtained by carrying out tests in five replica-
tions (blood from five donors). From the results,
average of at least three repetitions is drawn. Only
for chromatographic analysis, the unpaired
Student’s t test (two-tailed) was used. The results
are presented as mean=+SD. All tests were per-
formed at the level of significance of the data
oo=0.05. Statistical analyzes were performed with
the Statistica 13 software (StatSoft Inc., Tulsa,
OK, USA).
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Figure 1. DLS size distribution by the volume of A, B, and C
PS-NPs.

3. Results
3.1. Physico-chemical characterization of PS

In order to confirm the shape, size, and behavior of
PS-NPs in a suspension and as-deposited on the
substrate surface, two types of microscopy techni-
ques, dynamic scattering physical method and ana-
lysis of zeta potential were used.

3.1.1. Ps-NPs characterization by DLS

DLS measurements were performed to characterize
the hydrodynamic diameter and size distribution of
PS-NPs in water (Figure 1). The measurements in
water revealed that PS-NPs formed stable suspen-
sions, which exhibited homogenous size distribu-
tion. The hydrodynamic particle size in water (dy)
equaled to dya = 30£7nm, dyg = 40£9nm, and
dy.c = 72+ 17 nm, and corresponded well to size of
NPs provided by the manufacturer: 29, 44, and
72 nm, respectively.

We obtained different results when analyzing PS-
NPs in the cellular medium containing albumin. The
hydrodynamic particle size (dH) in RPMI medium
equaled to dya = 95+4nm, dyg = 60+5nm, and
dy.c = 63+£5nm.

The agglomeration of PS-NPs would be visible in
DLS measurements as additional peaks at larger
dimensions (sizes). In our measurements in water
and in buffer (Kik et al. 2021) such peaks were not
visible and only signals from particles having
defined size were visible indicating that PS-NPs did
not form agglomerates in water.

Differently, agglomeration of PS-NPs in RPMI
medium was observed, especially in the case of the
smallest particles. For 26 nm PS-NPs, we observed 3
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Table 1. The size of PS-NPs obtained by measurement with
DLS, AFM, and SEM techniques.

PS NPs (nm) (nm) (nm)
manufacturer 29 44 72
AFM ~ 24 ~ 41 ~ 72
SEM 26+4 40+£5 70+4
DLS in water 30+7 40+9 7217
DLS in RPMI 95+4 60+5 63+5
Peak 1 179+£13 49+3 61+3
Peak 2 28+2 1953 £3040 -
Peak 3 4576 +£759 - -

peaks and a diameter 3 times greater than declared
by the manufacturer (Table 1).

3.1.2. Ps-NPs characterization by AFM

AFM images of PS-NPs deposited on Si surface
showing their morphology and approximated size
are presented in Figure 2. It was found that PS-NPs
were unevenly distributed over the Si surface. Most
of them formed local close-packed agglomerates,
due to the strong inter-particle and surface-particle
attracting interactions. However, part of the par-
ticles were also visible as single objects. Estimated
heights of selected PS-NPs (marked by blue lines in
AFM images and presented as cross-sectional
graphs) were: 24, 44, and 72nm. AFM imaging
revealed that the size of PS-NPs did not change
much independently whether the measurement
was performed on samples prepared as a deposit
on the surface in the air or in a suspension by DLS.
Moreover, obtained size was practically the same as
a size of PS-NPs obtained in DLS technique
in water.

3.1.3. Ps-NPs characterization by SEM

Further analysis of PS-NPs deposited on Si wafer
was performed with the use of FE-SEM. Figure 3
presents images of PS-NPs at magnifications of 150
kx (left column) and PS-NPs size distribution (right
column). It was found that PS-NPs form various flat
nanostructures depending of their size. Small-size
PS-NPs (29 nm) were visible mostly as separated sin-
gle objects and as agglomerates exhibiting irregular
shapes at low number. PS-NPs having medium size
formed closely packed meander-like structures.
Finally, the largest PS-NPs formed two-dimensional
islands having the size of several microns built of
closely inter-connected particles. The organization
of these particles on the surface indicated for
strong interactions of PS-NPs with a substrate but
also between individual particles due to adhesive
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Figure 2. AFM images and corresponding cross-sectional profiles of selected PS-NPs.

interactions occurring during and after deposition.
The average size distribution of PS-NPs from SEM
images is presented on histograms and corresponds
to the results obtained in DLS and AFM measure-
ments. The size of NPs obtained by application of
various techniques is gathered in Table 1.

3.1.4. Differences in particles’ (-potentials
We measured the (-potentials at pH 7.4 of each
particle type after their incubation in water and in

RPMI medium (Table 2). The incubation of all tested
PS-NPs in RPMI medium showed a significant
change in (-potential dependly on the particle size
from —41+3mV (for the smallest particles of
29nm) to —56x2mV (for the largest particles of
71 nm). In contrast, the absolute value of {-potential
in the water slightly lowered with increasing diam-
eter from —40+1mV (for the smallest particles of
29nm) to —36+1mV (for the largest particles of
72 nm; Table 2).
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Figure 3. SEM images of nanostructures built of PS-NPs of different sizes (left column). PS-NPs size distribution (right column).

Table 2. The level of {-potential of PS-NPs in water and in
cell medium (RPMI), pH 7.4.

PS NPs (nm) (nm) (nm)
manufacturer 29 44 72
C-potential in water (mV) -40+1 -38+1 -36+1
C-potential in RPMI (mV) -41+3 -45+2 -56+2

3.2. MTT assay

Metabolic activity of PBMCs after 24-h exposure to
PS-NPs was assessed by means of the tetrazole salt

reduction test (MTT test). The research showed a
statistically significant decrease in metabolic activity
for all tested particles. NPs with a diameter of
29nm caused a decrease in the tested parameter
from the concentration of 300pg/mL, while NPs
with a diameter of 44 and 72nm from the concen-
tration of 500 ug/mL depleted the examined param-
eter (Figure 4). The 1Cso concentration was
determined (Figure 4). The ICso concentration for
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Figure 4. The level of metabolic activity of human PBMCs
incubated with PS-NPs of 29, 44, and 72nm in diameter in
the range of concentrations of 10-1000pg/mL for 24h.
Statistically significant changes for p < 0.05* (n=5).

the smallest NPs was 431.5 uM, while for the 44 and
72nm NPs it was over 1000 uM. Based on deter-
mined viability, PS-NPs at the concentrations that
did not significantly change cell viability (< 100 ng/
mL) were taken for further analysis.

3.3. Single and double DNA strand break: alkaline
and neutral version of the comet assay

Formation of single (SSBs) and double DNA strand
breaks (DSBs) was assessed in PBMCs incubated for
24h with PS-NPs in concentrations ranging of
0.0001-100 pg/mL. All tested NPs caused DNA sin-
gle/double-strand breaks formation. NPs with a
diameter of 29nm caused statistically significant
changes in DNA integrity from the concentration of
0.01 pg/mL, while NPs with a diameter of 44 and
72 nm from the concentrations of 0.1 and 10 ug/mL
caused DNA damage, respectively (Figure 5).

The level of DNA damage in tested cells
(expressed as % of DNA in comet tail) after their
exposure to the highest concentration (100 pg/mL)
of PS-NPs was 23.15+1.89 for 29 nm NPs, as well as
13.88+2.43 and 6.93+1.23 for 44 and 72nm PS-
NPs, respectively, as shown in Figure 6.

DSBs, which are one of the most destructive
forms of DNA helix damage, were detected after
exposure of PBMCs to the smallest NPs (29 nm) at
10 and 100pg/mL (% of DNA in comet tail —
3.44+0.93 and 8.22+1.13, respectively) and PS-NPs
of intermediate size (44nm) at 100ug/mL (% of
DNA in comet tail — 6.08+0.66). No changes in
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Figure 5. The level of DNA strand-breaks in human PBMCs
incubated for 24 h with PS-NPs of 29, 44, and 72nm in diam-
eter in the range of concentrations of 0.0001-100 pg/mL.
Statistically significant changes for p < 0.05* (n=5).

double-stranded lesions were found after PBMCs
treatment with NPs with a diameter of 72nm (% of
DNA in the tail — 3.74+1.36 versus control cells —
1.91+0.54%; Figure 7). The comparison of the
tested substances showed that PS-NPs with a diam-
eter of 29nm caused the highest level of DNA
strand breaks formation in human PBMCs.

3.4. Oxidative modifications of purines and
pyrimidines

Detection of oxidative DNA damage involving
purines and pyrimidines oxidation was done after
exposure of PBMCs to PS-NPs in concentrations
range from 0.0001 to 100 pg/mL for 24 h. The cells
were then treated with repair enzymes: enodunu-
clease Il (Endolll) or formamidopyrimidine N-glyco-
sylase (Fpg). The analysis of this parameter showed
the formation of oxidized purine and pyrimidine
bases in PBMCs after their treatment with tested
PS-NPs with a higher level of oxidative damage
detected by the inclusion of Fpg (Figures 8 and 9).
A statistically significant increase in the level of pur-
ine oxidation occurred in PBMCs treated with the
smallest NPs (29nm) from the concentration of
0.01 ng/mL, while bigger particles (44 and 72nm)
increased this parameter from 10 and 100 pg/mL,
respectively. After treatment of the cells with
Endolll, the increase in the level of pyrimidine oxi-
dation occurred at higher PS-NPs concentrations in
comparison to samples treated with Fpg. It was
found that NPs of 29 nm increased pyrimidine oxi-
dation from 10 pg/mL, while NPs of bigger sizes (44
and 72nm) raised this parameter from 100 ug/mL.
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Figure 6. Selected photos showing the level of single and double strand-breaks (DNA in comet tail) in human PBMCs incubated
for 24 h with PS-NPs of 29, 44, and 72nm in diameter at two selected concentrations of 0.001 and 100 pg/mL versus the control.
Photos were taken with a Zeiss Axio Scope. A1 fluorescence microscope.
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Figure 7. The level of DNA double strand-breaks in human
PBMCs incubated for 24 h with PS-NPs of 29, 44, and 72nm in
diameter in the range of concentrations of 0.0001-100 pg/mL.
Statistically significant changes for p < 0.05* (n=15).

The presence of oxidized bases was expressed as %
of DNA in the comet tail.

3.5. Detection of 8-oxodG

The most important DNA oxidation biomarkers are
oxidized products of guanine and deoxyguanosine,
which include 8-oxo-2'-deoxyguanosine (8-oxodG).
To detect 8-oxodG, PBMCs were exposed to PS-NPs
in concentration range from 0.0001 to 100 pg/mL
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Figure 8. The level of DNA purines oxidation in human
PBMCs (analysis by means of alkaline version of the comet
assay with formamidopyrimidine-DNA glycosylase). The cells
were incubated for 24h with PS-NPs of 29, 44, and 72nm in
diameter in the range of concentrations of 0.0001-100 pg/mL.
The value of comet tail (damaged DNA) in the presence of
either enzyme for different concentrations of PS-NPs was
reduced by the value obtained in comet assay without the
enzyme (value for enzymatic buffer for the appropriate con-
centration of PS-NPs). Statistically significant changes for
p < 0.05* (n=15).

for 24 h. The cells were subsequently frozen. In the
next stage, DNA isolation was performed, as
described in the Section 2.1.2, and the tested
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parameter was determined in the obtained DNA
isolates. Two-dimensional (2D) liquid chromatog-
raphy was used for the 8-oxodG analysis. Changes
in the tested parameter were observed only after
PBMCs exposure to the smallest size NPs. A statistic-
ally significant increase in 8-oxodG occurred from
their concentration of 0.1 pg/mL (Figure 10).

3.6. DNA repair

The time course of DNA damage repair kinetics of
SSBs and DSBs was carried out after 24h of the
exposure of PBMCs to PS-NPs, which, after particles
removal, were resuspended in heated RPMI 1640
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Figure 9. The level of DNA pyrimidines oxidation in human
PBMCs (analysis by means of alkaline version of the comet
assay with endonuclease Ill). PBMCs were incubated for 24 h
with PS-NPs of 29, 44, and 72 nm in diameter in the range of
concentrations of 0.0001-100 pg/mL. The value of comet tail
(damaged DNA) in the presence of either enzyme for different
concentrations of PS-NPs was reduced by the value obtained
in comet assay without the enzyme (value for enzymatic buf-
fer for the appropriate concentration of PS-NPs). Statistically
significant changes for p < 0.05* (n=5).

medium with L-glutamine. The cells were post-incu-
bated at 37°C at selected time intervals (30, 60, 90,
and 120 min). The resulting DNA damage caused by
the largest NPs was completely repaired, and sig-
nificant extent of DNA damage repair was observed
in PBMCs treated with NPs with a diameter of 29
and 44nm. A statistically significant decrease in
DNA damage occurred in PBMCs treated with 29
and 44nm NPs after 30min of post-incubation,
while in the case of 72nm particles after 60 min of
post-incubation (Figure 11).

DNA damage in PBMCs, amounting to 24.43%
(t=0min) caused by the smallest NPs, decreased to
6.72% (t=120min), which showed that there was
no complete DNA repair.
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Figure 11. Time course of the repair kinetics of DNA damage
(SSBs and DSBs), measured as DNA in comet tail of PBMCs
treated for 24 h with PS-NPs of 29, 44, and 72nm in diameter
in the concentration of 100 pug/mL, and then post-incubated
for 2h in medium deprived of tested particles. (*) Statistically
significant different from control (p < 0.05). (#) Statistically sig-
nificant different from time "0" for individual PS-NPs size
(p < 0.05). Each value represents the mean+SD (n=>5).
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Figure 10. The level of 8-oxodG in human PBMCs. PBMCs were incubated for 24 h with PS-NPs of 29, 44, and 72 nm in diameter
in the range of concentrations of 0.0001-100 ug/mL. Statistically significant changes for p < 0.05* (n=3).



For particles with a diameter of 44 nm, DNA dam-
age decreased from 16.65 (t=0min) to 1.88%
(t=120min), which was comparable to damage level
(2.45%) in control samples. Similarly, slight damage
induced by 72nm NPs was completely repaired:
from 9.11 (t=0min) to 1.75% (t =120 min).

4, Discussion

Environmental xenobiotics can cause genome
instability as a result of significant chromosome
rearrangements, such as polyploidy, aneuploidy,
gene amplification, DNA strand breaks, and disrup-
tions in repair of these breaks. In addition, they
induce changes in genes that regulate cell growth
and proliferation, and thus may lead to neoplastic
transformations (Tubbs and Nussenzweig 2017;
Alimba et al. 2021), therefore the mechanism of
genotoxic action of PS-NPs on PBMCs appears to be
key in assessing their toxicity.

Damage to human DNA leads to disturbances in
numerous cellular processes, which may result in
various disorders, including cancer development.
The assessment of genotoxic potential of xenobiot-
ics influencing human organisms is crucial for the
evaluation of human safety. Some reports have
shown carcinogenic effect of styrene, but there are
no available data regarding its polymer derivative -
polystyrene (Huff and Infante 2011). Animal studies
on carcinogenic potential of styrene have provided
conflicting results and limited evidence. There are
several epidemiological studies suggesting a pos-
sible association between the exposure to styrene
and an increased risk of leukemia and lymphoma in
humans (Thompson et al. 2016). However, those
pieces of evidence are not unequivocal, because of
the simultaneous exposure of humans to numerous
other chemicals, and insufficient data concerning
their levels and exposure times.

There is no study that has assessed genotoxic
mechanism of action of PS-NPs or other plastic NPs
in any cell type. Therefore, we decided for the first
time to determine genotoxic effect of non-function-
alized PS-NPs of different diameters on human
PBMCs, focusing on single and double strand-breaks
formation, oxidative damage to purines and pyrimi-

dines, and changes in 8-oxo-2’-deoxyguanosine
level and repair capacity of the resulting
DNA damage.

NANOTOXICOLOGY 803

PS-NPs may accumulate in the human body and
exert toxicity by inducing or enhancing an immune
response. Chronic exposure is anticipated to be of
greater concern due to the accumulative effects of
PS-NPs action that could occur in the human body.
This is expected to be dose-dependent, and a
robust evidence base of exposure levels is currently
lacking (Wright and Kelly 2017). The exposure of
humans to plastic and PS (determined even in the
placenta of women, Ragusa et al. 2021) and far
insufficient data on the adverse effects of these
substances, persuade us to conduct studies that
assess toxic effects of PS-NPs on human blood cells
and describe the underlying mechanisms of their
action. PS particles are usually used as model sub-
stances in the studies of the effect of characteristic
particle surfaces on various biological parameters,
because they can be easily synthesized over a
broad range of sizes. NPs are characterized by a
higher surface in relation to their volume, which
has an important effect on their reactivity (Xia
et al. 2008).

Questions about the genotoxicity of plastic par-
ticles are constantly arising. Avio et al. (2015) sug-
gest that MPs can induce genomic instability
through DNA damage, such as DNA strand breaks
and micronucleus formation or chromosomal aber-
rations. According to some scientific reports, MPs
can cause DNA damage both through direct inter-
actions with genetic material and indirect interac-
tions, such as ROS or toxic ions formation. It was
shown that exposure of NIH 3T3 cells to cationic
functionalized PS-NPs caused changes during
mitosis in their cell cycle, leading to an extension of
the GO/G1 phase, which in turn led to DNA damage
(Hu and Pali¢ 2020). In other studies, increased
chromosomal aberrations have been observed in
plant root meristematic cells (Maity et al. 2020) and
mammalian cell lines (Poma et al. 2019; Rubio et al.
2020). Alimba et al. (2021) proved that plastic par-
ticles could reduce gene transcription and increase
DNA fragmentation. Recent studies by Sarma et al.
(2022) showed a reduction in the mitotic index in
PBMCs after exposure to PS-NPs at high concentra-
tions (500, 1000, and 2000pg/mL). They also
observed a significant increase in micronucleus for-
mation, percent of cytostasis, and a decrease in the
nuclear division rate. This analysis showed that PS-
NPs cytotoxicity was related to oxidative stress,
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genotoxic activity, and genomic instability. Other
studies have shown DNA damage in the blood cells
of marine organisms, including Scrobicularia plana
and Mytilus galloprovincialis after exposure to PS
and polyethylene microparticles at 0.5, 5, and
50 pg/mL (Avio et al. 2015; Ribeiro et al. 2017).

The above reports provide evidence that MPs
and NPs can directly or indirectly interact with DNA
and cause damage to the genetic material in vari-
ous organisms. So far, a lot of studies have been
done on indirect mechanisms of NPs-DNA inter-
action, including PS-NPs, which have shown oxida-
tive stress induction by generating intracellular ROS
(mainly in animals) (Sun et al. 2018; Liu et al. 2020; L.
Liu et al. 2021; Sarasamma et al. 2020; Horie and
Tabei 2021). Similarly, our previous studies revealed
that the exposure of PBMCs to PS-NPs increased
ROS, including hydroxyl radical level and caused lip-
ids and protein oxidation that could lead to loss of
homeostasis, and consequently DNA damage (Kik
et al. 2021). Verster and Bouwman (2018) proved
that most of the studied lung tissues with neoplastic
changes contained microplastics. Taking into account
the above mentioned studies, which have shown the
induction of ROS by PS-NPs, which are responsible
for numerous DNA lesions, we decided to evaluate
genotoxic properties of these substances.

An increase in ROS level, especially the hydroxyl
radical, may result in the formation of an 8-oxo-2'-
deoxyguanosine (8-oxodG) derivative. Therefore,
using the 2D-UPLC-MS/MS analysis, we determined
8-oxodG formation in PBMCs exposed to PS-NPs.
We observed 8-oxodG formation, but only under
the influence of the smallest NPs with a diameter of
29nm from the concentration of 0.1 ug/mL (Figure
10). 8-o0xodG is considered to be the most sensitive
and useful marker of DNA oxidative damage, which
can be found in many tissues and fluids because it
readily penetrates into the blood (Nemtsova et al.
2022). It is well-established that 8-oxodG is highly
mutagenic; it mispairs with adenine during DNA
replication and causes GC to AT conversion, which
is the most frequent type of spontaneous mutation
(Dizdaroglu et al. 2002; Ma et al. 2016). 8-oxodG is
by far the most extensively studied change occurs
as a consequence of oxidative DNA damage
(Mangal et al. 2009). Sokmen et al. (2019) found
that PS-NPs with a diameter of 20nm were dis-
persed throughout the entire brain area of Danio

rerio. Moreover, in these fish species, 8-oxodG
occurred in neuronal cells of the brain tissue.

It is known that there is a link between DNA
strand breakage and DNA base modifications
(Toyokuni and Sagripanti 1996). Therefore, we ana-
lyzed DNA single and double-strand breaks forma-
tion using the alkaline version of the comet assay,
and exclusively double-strand breaks using the neu-
tral version of this assay. For this purpose, we used
PS-NPs in the concentrations range from 0.0001 to
100 pg/mL. We showed that 24 h of incubation of
PBMCs with PS-NPs (29 nm) from the concentration
of 0.01pg/mL led to significant static increase in
DNA damage (SSBs and DSBs formation) in the alka-
line conditions. For PS-NPs with a diameter of 44
and 72nm, the increase in this parameter was
observed from their concentration of 0.1 and 10 pg/
mL, respectively (Figure 5). On the other hand,
using the neutral version of the comet assay, we
observed an increase in the level of very undesir-
able DSBs in PBMCs exposed to the smallest NPs
from their concentration of 10 ug/mL. These results
correlated with the formation of 8-oxodG only in
tests with PS-NPs with a diameter of 29nm
(Figure 7).

In the next stage of the study, we examined the
level of oxidative damage to DNA purines and pyri-
midines with modified comet assay using the
enzymes Fpg and Endolll. We showed much greater
damage to purines than to pyrimidines caused by
all tested NPs. The most profound changes were
found in purines of PBMCs exposed to the smallest
NPs, which also correlated with DSBs and 8-oxodG
formation (Figures 8, 9).

DNA damage in human white blood cells, such
as lymphocytes, monocytes, and polymorpho-
nuclear cells after ex vivo exposure to various PS-
NPs concentrations (0-100 ug/mL) was also
observed by Ballesteros et al. (2020). They showed
notable differences in the basal levels of DNA dam-
age between various cells subpopulations. The
highest level of DNA strand breaks measured with
the alkaline version of the comet assay was
observed in polymorphonuclear cells (% of tail DNA
— 36.86+9.94), while damage in monocytes and
lymphocytes was 29.31+9.39 % and 20.24 +3.61 %,
respectively, after exposure to PS-NPs at their con-
centrations of <50 pg/mL. At the concentrations of



50 and 100 pg/mL, DNA breakage increased only in
monocytes and polymorphonuclear cells.

Similarly, the analysis by Zheng, Yuan, and
Chunguang (2019) showed DNA damage in rat liver
cells (C57BL6-J) exposed to PS-NPs at 5 and 10 uM.
Other researchers detected DNA damage in the
Hs27 (human fibroblasts) cell line exposed to PS-
NPs at 75 ug/mL using the cytokine block micronu-
cleus (CBMN) assay (Poma et al. 2019). In turn,
Vecchiotti et al. (2021) showed the formation of
micronuclei in colorectal adenocarcinoma cells
(HCT116) exposed to high concentrations (800 and
1200 pg/mL) of PS-NPs (100 nm), which indicated
their low genotoxic potential. In addition, they
observed formation of nuclear buds and protrusions
of nucleoplasm. Other studies used white carp
(Ctenopharyngodon idella), which was exposed to
PS-NPs at 0.04, 34, and 34pug/L for 20days. The
results showed DNA damage in red blood cells of
studied fish (Guimaraes et al. 2021). Subsequent
studies conducted by Alaraby et al. (2022) revealed
a significant increase in the level of DNA damage in
Drosophila larvae exposed to PS particles at doses
of 0.4 and 2mg/g of food. They also showed that
the exposure to NPs with a diameter of 50 nm
induced a higher level of DNA damage than in the
case of particles with a diameter of 200 and
500 nm. The above mentioned results are consistent
with other studies by Gopinath et al. (2019), Shah
et al. (2020), and Brandts et al. (2018) who showed
that damage to the genetic material increased
along with increasing doses of PS-NPs given to
Allium cepa, Ctenopharyngodon Idella, and Mytilus
galloprovincialis.

There are also studies showing the lack of geno-
toxic effect of plastic particles in various cell types.
Studies by Cortés et al. (2020) showed no signifi-
cant effect of micro and nano PS at concentrations
range from 25 to 200 pug/mL on DNA integrity in
Caco-2 intestinal cells. These studies were con-
firmed by Domenech et al. (2021) who did not
notice any DNA damage in Caco-2 cells after long-
term exposure to PS-NPs. Additionally, they used a
modified version of the comet assay using the
enzyme Fpg, which showed no tendency to
increase oxidative DNA lesions. Similarly, Cole et al.
(2020) did not observe DNA damage in mussels
(Mytilus spp.) exposed to PS-NPs with a diameter of
50 nm at 500 ng/mL.
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In the last step of our study, the repair of dam-
aged DNA in PBMCs after incubation with tested
NPs was assessed. It was found that damage caused
by PS-NPs of 44 and 72 nm was effectively repaired
within 2h (Figure 11). In contrast, damage caused
by the smallest NPs was not completely removed.
Human DNA is constantly exposed to damage,
which is why all living cells in the process of evolu-
tion developed various mechanisms of DNA repair,
including base mismatch repair (MMR), base exci-
sion repair (BER), and nucleotide excision repair
(NER). Repair by splitting non-homogeneous ends
of DNA (NHEJ) and homologous recombination (HR)
can also be distinguished (Carriere et al. 2017).
Damage related to the presence of 8-oxodG is
mostly repaired by the BER pathway. This modified
DNA base is repaired by glycosylases, for example,
OGG1 (Krokan, Standal, and Slupphaug 1997). The
MMR pathway also plays an important role in the
case of DNA damage caused by NPs. It can elimin-
ate mutations caused by these particles, for
example, repairs 8-oxodG formed as a result of
guanine oxidation (Carriere et al. 2017). In the case
of NER, DNA damage is repaired by the global gen-
omic NER (GG-NER) and the NER is linked to tran-
scription (Marteijn et al. 2014). DSBs can be
repaired with NHEJ or HR, thanks to the presence
of the p53 binding protein (Nakamura et al. 2006).
NHEJ mechanism repairs double-stranded damage
in a pathway dependent on POLp and POLA poly-
merases (Carriere et al. 2017).

In summary, tested PS-NPs caused SSBs and
DSBs formation, induced oxidation of purines and
pyrimidines and increased the level of 8-oxodG. The
presence of the derivative 8-oxodG, and oxidation
of purines and pyrimidines, as well as substantial
ROS and hydroxyl radicals formation (Kik et al.
2021) indicate that radical mechanism is involved in
the action of tested particles.

We have shown that among the non-functional-
ized PS-NPs, those with the smallest diameter
exhibited the strongest genotoxicity, which was
probably associated with their easiest penetration
into tested cells, as reported by Xu et al. (2019), Z.
Liu et al. (2021), and Hwang et al. (2022).

Xu et al. (2019) incubated the human alveolar
epithelial A549 cell line with NPs in diameter of 25
and 70nm and showed that smaller PS-NPs were
rapidly internalized by these cells and caused
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greater changes in examined parameters. Similarly,
studies by Z. Liu et al. (2021) revealed that PS-NPs
with a diameter of 50 and 500 nm entered the cells
through active endocytosis due to hydrophobic
interactions and van der Waals forces, as well as
through passive penetration of the membrane
resulting from the division of PS-NPs in the water-
phospholipid system. It was proven that the small-
est NPs (50nm) were transported by RBL-2H3 cells
(rat basophilic leukemia cells) via clathrin, caveolin,
and macropinocytosis pathways, while larger par-
ticles (500 nm) were transported by macropinocyto-
sis. Liu and coworkers also observed that PS-MPs
with a size of 5000 nm were not adsorbed on the
cell because of their too large size, which hindered
their diffusion into the membrane surface. In add-
ition, they showed that masses of the internalized
PS50 inside the cells and the excreted PS50 outside
the cells were both higher than the masses of
PS500, indicating that the smaller particles more
easily entered or leaved the cells than did their
larger counterparts. According to the above men-
tioned study, the size of NPs may affect, among
others on the kinetics and transport or the amount
of particles that are taken up by the cells. Recently,
Hwang et al. (2022) observed that PS-NPs of 50 nm,
unlike 100 nm ones, circulated in the blood vessels
and accumulated in the brains of zebrafish larvae.

The value of zeta potential is very significant in
PS-NPs toxicity. Musyanovych et al. (2011) sug-
gested that surface charge is very important for
internalization particles by cells. They showed that
PS-NPs with an anionic surfactant with a {-potential
of —60mV were internalized by Hela cells more
often than NPs stabilized with a nonionic surfactant
having a {-potential of —5mV. This was in agree-
ment with the study of Ramsperger et al. (2022)
who observed that PS microplastic particles (3 pum)
from Polysciences (P-MPP) with higher absolute
value of negative potential zeta were more often
covered by cellular membranes than PS microplastic
particles (3 um) from Micromod (MMPP), and there-
fore internalized by J774A.1 and ImKC macro-
phages. Additionally, it has been proven that
particles showing a higher absolute value of nega-
tive (-potential induced a more significant meta-
bolic response in a sensitive cell line and more
strongly altered cell proliferation, especially at their
higher concentrations.

These observations do not agree with our results,
which indicate that if the particles are made of the
same polymer, non-functionalized, but differ only in
size, the effect is the opposite depending on the
absolute value of the negative zeta potential.
Increasing size of tested PS-NPs was correlated with
increasing absolute value of negative zeta potential
in RPMI medium, but it was not associated with
higher particle cytotoxicity and genotoxicity (even
weakened them). The smallest tested nanoparticles
(26 nm), showed the strongest cytotoxicity and gen-
otoxicity and had the lowest absolute value of
negative zeta potential (—40.86+2.77 mV), while
the largest particles had the highest absolute value
of negative zeta potential (—56+2mV) and exhib-
ited the lowest cytotoxicity and genotoxicity. We
observed an increase in absolute value of negative
zeta potential of tested PS-NPs diluted in RPMI
medium compared to those suspended in water.
Probably, the observed changes in {-potential
recorded after incubation of the particles in cell cul-
ture media may indicate on the formation of a pro-
tein corona (Partikel et al. 2019). Protein corona
increases the diameter of the particle, but also
changes the composition of the surface of the
nanoparticles, and these changes affect biodistribu-
tion, efficacy, and toxicity of these substances
(Breznica, Koligi, and Daka 2020). The obtained
diameter measured by DLS for the smallest particles
(26nm) in RPMI medium containing albumin was
three times greater than that measured in water
and declared by the manufacturer. The diameter of
the largest 72 nm particles, measured by DLS, was
the closest to that obtained in water, as well as
declared by the manufacturer. Also, Gopinath et al.
(2019) showed that coronated-NPs with increased
protein conformational changes caused higher gen-
otoxic and cytotoxic effects in human blood cells
than the virgin-NPs.

Summing up, we observed genotoxic changes in
PBMCs incubated with PS-NPs (probably present in
human organisms), which may raise concerns about
the health of humans exposed to these substances.
On the other hand, obtained data showed that
tested PS-NPs caused mainly SSBs formation.
Moreover, DNA damage, which was the most
strongly induced by the smallest PS-NPs was
repaired to a large extent, while DNA damage



caused by tested NPs with a diameter of 44 and
72 nm was totally removed.

5. Conclusion

Non-functionalized PS-NPs induced SSBs and DSBs
formation in PBMCs, caused oxidation of purines
and pyrimidines and increased the level of 8-oxodG.
The formation of the derivative 8-oxodG and oxida-
tion of purines and pyrimidines indicate the radical
mechanism of action of the tested PS-NPs. We have
observed that PS-NPs with the smallest diameter
and the lowest absolute value of negative zeta
potentials exhibited the strongest cytotoxicity and
genotoxicity, which was probably associated with
their easiest penetration into tested cells.
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