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Micro and nanoplastics are ubiquitous pollutants that can cause adverse health effects even in humans. Effects of
virgin and oxidised (simulating the aging processes) polystyrene nano (nPS) and micro particles (mPS) with
diameters of 0.1 and 1 pm were studied on human professional phagocytes (i.e., monocyte cells THP-1 and
macrophage-like mTHP-1 cells). After characterization by ATR-FTIR, UV-Vis spectroscopy, SEM and dynamic
light-scattering analyses, the particles were FITC functionalised to quantify cellular uptake. Changes in the cell
compartments were studied by acrydine orange and the pro-oxidant, cytotoxic and genotoxic effects were
assessed. Phagocytosis was dose- and time- dependent and at 24 h 52% of nPS and 58% of mPS were engulfed.
Despite the high homeostasis of professional phagocytes, significant ROS increases and DNA damage were

observed after exposure to oxidised particles. The results highlight that the environmental aging processes en-
hances the adverse health effects of micro and nanoplastics.

1. Introduction

Plastic is one of the most widely produced materials in the contem-
porary era, thanks to its versatility of use and low production costs. The
number of plastic items produced, of which 50% are disposable, is
massive and a lot of plastic waste ends up in the environment. Here, they
undergo fragmentation and partial degradation (aging processes), giv-
ing rise to secondary micro- and nanoplastics (Ter Halle et al., 2017; Luo
et al., 2019, 2020; Paluselli et al., 2019). These particles, together with
primary ones (Hirt and Body-Malapel, 2020; Dominguez-Jaimes et al.,
2021), interact more easily with organisms, including humans, causing
damage. The hazard of these emerging particulate pollutants lies in their
hydrophobic nature which, favouring internalization, results in the ca-
pacity for bioaccumulation and biomagnification (Saley et al., 2019;
Miller et al., 2020; Esposito et al., 2022).

In natural environments, the aging processes of plastics include
mechanical abrasion, chemical oxidation—mainly due to ultraviolet
(UV) radiation—and biodegradation (Liu et al., 2020), causing changes
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in the surface of plastic materials. As shown in polystyrene (PS) and
polyvinyl chloride (PVC) irradiated with UV light, photo-oxidation in-
creases the negative charges on the surface of plastics (Liu et al., 2019).
The speed of photo-oxidative processes is directly proportional to the
specific surface of the microplastics (Cooper and Corcoran, 2010).
Furthermore, not all plastics have the same resistance to aging pro-
cesses, and this seems to be influenced by both their nature and the
chemical composition of the medium (Cooper and Corcoran, 2010;
Zbyszewski and Corcoran, 2011).

The presence of microplastics (only the detectable) in different
human body tissues, as well as their faecal excretion, has been estab-
lished in several studies (Schwabl et al., 2019; Ibrahim et al., 2020;
Amato-Lourenco et al., 2021; Braun et al., 2021; Ragusa et al., 2021;) To
shed light on the potential pathogenesis of these particulate xenobiotics
it is of paramount importance to assess their impact on human health.
Recently, an increasing number of in vivo and in vitro studies have
focused on this highly challenging issue, mainly evaluating the effects of
virgin nano and micro polystyrene particles (Liu et al., 2022).
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Polystyrene is not only among the most produced plastic polymers
(Lambert and Wagner, 2016); Jeon et al. (2021)), it is also the one that
best lends itself to evaluating its biological effects according to size,
considering the commercial availability of nano- and micro-scale poly-
styrene beads. It is in fact the dimension that notoriously modulates the
toxicity of particulate xenobiotics (Visalli et al., 2019). As size decreases,
the reactivity of the particles increases due to the greater surface area to
mass ratio (Trovato et al., 2018). Moreover, size regulates internaliza-
tion and, consequently, the interaction with biological molecules
(Banerjee et al., 2021; Paul et al., 2022). In an in vivo study on male
Wistar rats, Wei et al. (2021) observed capillary congestion and
myocardial fibre breakage after oral exposure to PS of 0.5 um and 0.5
mm for 90 days. By using the same size of PS beads and the same route of
exposure in male mice, Zhao et al. (2022) observed aorta inflammation
and damage to perivascular adipose tissue. Several in vitro studies on
different human cell lines confirmed the ability of nano and microplastic
particles to cross cell membranes, causing oxidative damage, expression
of inflammatory genes, changes in cell morphology, mitochondrial
damage and genotoxicity (Zhu et al., 2020; Yu et al., 2022). To evaluate
the detrimental effects of nanoplastic particles, Cortes et al. (2020)
observed genotoxicity in cells of human colon adenocarcinoma
(Caco-2), while Stock et al. (2019) confirmed the higher uptake of 1 um
microplastics in the same cells. An in vitro microfluidic study was used
by Liu et al. (2022) to assess neurotoxicity of nano and micro poly-
styrene beads (0,1 and 1 pm) on mouse hippocampal neuronal HT22
cells. They observed cell cycle S phase arrest and adverse effects on
cellular metabolism due to Reactive Oxygen Species (ROS) over-
production. However, the results are still fragmentary and sometimes
conflicting and further studies are needed to fill the gaps for health risk
assessment.

In humans, the innate defence system based on cells with phagocytic
activity (the so-called professional phagocytes) acts to eliminate both
abiotic and biotic foreign particles, which can reach the bloodstream
and then penetrate different body districts (Uribe-Querol and Rosales,
2020).

Among the protagonists of this host response are monocytes and,
above all, macrophages that present in various body tissues and differ-
entiate from monocytes after chemotaxis-induced migration from the
bloodstream. Both cell types play an essential role in inflammatory
processes, producing cytokines such as tumour necrosis factor (TNF-
alpha) and interleukin-6 (IL-6) (Friedlander et al., 1994; Boraschi et al.,
2017). Their pivotal roles in the clearance of invaders and innate im-
mune response processes makes it essential to study damage induced by
nano- and microplastics in these cells for the purpose of plastic-induced
pathogenesis assessment.

To this aim, after evaluating uptake we performed an in vitro study
to examine the pro-oxidant, cytotoxic and genotoxic effects of poly-
styrene particles with 0.1 um (nPS) and 1 um (mPS) diameter on the
human monocyte cell line THP-1 and, after differentiation, on
macrophage-like cells (mTHP-1). Like other researchers (Shi et al., 2021;
Liu et al., 2022; Paul et al., 2022), we selected these sizes to assess
size-induced effects as the most representative of micro- and nano-
particles, respectively. To better reproduce actual exposure conditions,
in addition to virgin particles, both cell types were exposed to oxidised
particles, simulating environmental aging processes. The increased
reactivity of aged nano- and microplastics promotes interactions with
biomolecules and cells in exposed organisms, including humans. This
suggests an enhancement of adverse health effects, still poorly studied in
human cells. Therefore, the main goal of our study was to assess the
biological effects induced by wear processes by comparing between
virgin and oxidised nPS/mPS.
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2. Materials and methods
2.1. Virgin and oxidised nPS and mPS

The tested virgin mPS (v-mPS) and nPS (v-nPS) consisted of PS with a
diameter of 1 um and 0.1 um (Sigma-Merck, Milan, Italy; code: BCC8557
and BCC9279). Prior to each experiment, stock suspensions (10 mg
mL™!) were prepared in phosphate buffer saline (PBS; pH 7.4) that, after
appropriate dilution, were put in contact with the assayed cells. The
stock suspensions were also subjected to oxidation by treatment at 80 °C
for 2 h to obtain the oxidised mPS (ox-mPS) and nPS (ox-nPS) samples
(Mielczarski et al., 2011). This step allowed the presence of carboxyl,
alkoxyl and hydroxyl groups on the particle surface. The presence of
oxygen-containing groups was detected using a Fourier-Transform
Infrared (FT-IR) Spectra by Two FT-IR Spectrometers (PerkinElmer
Inc., Waltham, Massachusetts, U.S) by ATR method in the range of
4000-500 cm™!. Size measurements were performed by dynamic
light-scattering (DLS) analyses using the Zetasizer 3000 instrument
(Malvern, Worcestershire, UK), equipped with a 632 nm HeNe laser,
operating at a 173-degree detector angle (Iannazzo et al., 2019).

The scanning electron microscopy (SEM) analysis was performed
using a Supra 35 FE-SEM (Zeiss, Oberkochen, Germany) to compare the
size and shape of v-nPS/mPS and ox-nPS/mPS.

To further characterize all samples, UV-Vis spectra were recorded
using a UV-Vis spectrophotometer (Cary® 50 UV/vis by Agilent Tech-
nologies, Santa Clara, CA, U.S) in a wavelength range between 200 and
800 nm, using wide optical window quartz cuvettes (200-2500 nm).

To quantify cellular uptake spectrofluorometrically, the ox-nPS and
ox-mPS (i.e., functionalised plastic particles) were covalently bound to
fluorescein isothiocyanate (FITC), which was in turn bound to a poly-
ethylene glycol (PEG) linker containing two amino groups, one of which
was protected with a tert-butyloxycarbonyl (Boc) group. The reaction
between one of the amino groups of the PEG linker and FITC was carried
out at room temperature in dichloromethane and in the presence of
triethylamine.

The solvent was removed and the product was characterised by
Fourier-transform infrared (FTIR) spectroscopy. After deprotection of
the Boc group, the FITC-PEG system was conjugated to oxidised PS
particles via a coupling reaction using 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC) and hydroxybenzotriazole (HOBt) as
coupling reagents. The reaction was carried out in dimethylformamide
(DMF) after removing most of the aqueous solution from the PS sus-
pensions. The conjugation took place by allowing the mixture to stir at
room temperature for four days. To eliminate FITC not bound to parti-
cles, solvent and other by-products of the reaction, the suspensions were
dialysed against distilled HyO until organic material was no longer
detectable in the dialysis fluid (5 days). The complexes were then ana-
lysed by FTIR spectroscopy using a Spectrum Two FT-IR Spectrometer.

2.2. Cell cultures

The THP-1 cell line (ATCC: TIB-202), a human cell line derived from
a patient with acute monocytic leukemia, was used as a biological
model. The cells were grown in the culture medium RPMI 1640 sup-
plemented with 2 mM of L-glutamine, 10 mM of HEPES, 1 mM of py-
ruvate sodium, 0.05 mM of 2-mercaptoethanol, 2.5 g L7t of glucose,
10% (v/v) of foetal bovine serum (FBS), 100 UI mL ! of penicillin and
100 pg mL ™! of streptomycin in a humidified atmosphere containing 5%
CO9 at 37 °C. The cells, which were morphologically roundish, were
grown in suspension and subcultures were set up when the density was
equal to 9 x 10° mL L.

THP-1 cells were also differentiated to macrophage-like cells (mTHP-
1) by cultivating them in a M-SFM medium with the addition of 200 nM
of phorbol myristate acetate (PMA) for 48 — 72 h in a humidified at-
mosphere containing 5% CO3 at 37 °C (Curro et al., 2014).
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2.3. Uptake of nPS/mPS

To evaluate uptake spectrofluorometrically, THP-1 cells were
differentiated to macrophages in 96-well plates and then treated with 20
and 40 pg mL™! of nPS-FITC/mPS-FITC suspensions in culture medium
with 2% FBS (100 pl/well; 8 wells per sample). After 1, 3 and 24 h,
fluorometric readings were carried out at the excitation and emission
wavelengths of 485 nm and 535 nm, respectively, using a microplate
reader (Tecan Italia, Milan, Italy). After recording the emission values in
each well, the medium was removed, the monolayer was repeatedly
washed with PBS, and emission values were recorded to measure the
percent uptake (i.e., intracellular nPS-FITC/mPS-FITC).

The uptake was confirmed by microscope observation using a CLSM
equipped with a 40 x 1.0 NA immersion objective and TCS SP2 in-
strument (Leica Microsystem Heidelberg, Mannaheim, Germany).

2.4. Evaluation of cellular compartments

To assess the effects of nPS/mPS uptakes in cellular compartments,
we stained the treated cells with cell-permeable acrydine orange (AO).
The metachromatic fluorophore allows the study of changes in endocytic
apparatus (i.e., mature endosomes or phagolysosomes and lysosomes)
(Trybus et al., 2017). Thanks to the proton pump, AO is remarkably
sequestered, emitting a red fluorescence in the acidic compartment.
Conversely, AO releases a green fluorescence in the cytosol and in the
nucleus where it is present at lower concentrations. When AO binds in
monomeric form to the DNA double helix, it emits a green fluorescence
while a very low green emission indicates DNA denaturation. Therefore,
an intense localized red signal indicates a consistent internalization in
the intact acidic compartment, while the loss of the red and green
fluorescence indicates cellular injuries in acidic and nuclear compart-
ments. In the experiments, the THP-1 cells, differentiated and not, were
exposed to virgin and oxidised nano- and microplastics at 100 ug mL~!
for 3 h.

To analyse the microscopic fields, we used ImageJ software (imagej.
nih.gov/ij/index.htm) that allowed us to calculate the emitted red and
green fluorescence for each treated cell (at least 100 cells) and the
respective ratio, and compare the values to those recorded in the control
cells (PBS treated).

2.5. Assessment of ROS production

The pro-oxidant effect of virgin and oxidised nPS and mPS was
evaluated measuring the production of reactive oxygen species (ROS) on
THP-1 cells and mTHP-1 cells using the 2°,7’-dichlorofluorescein-diac-
etate probe (DCF-DA) (Sigma-Merck, Milan-Italy).

Briefly, in 96-well microplates with 5 x 10° cell mL?, the probe
solution, at a concentration of 1 uM, prepared in PBS solution containing
10 mM D-glucose at pH 7.4, was added and microplates were incubated
at 37 °C for 30 min. Next, the probe solution was removed and the cells
were treated with virgin and oxidised n-PS and m-PS at concentrations
of 100 pg mL~" in maintenance medium for the times described in the
experimental protocol. In addition to control cells, cells treated with
300 uM of Hy04 were used as positive controls. The fluorometric reading
was performed by a microplate reader at excitation and emission
wavelengths of 485 nm and 535 nm, respectively. Fluorescence values,
expressed in arbitrary fluorescence units (AFUs), were used to calculate
percentage changes (%A) with respect to control cells (Di Pietro et al.,
2011; Visalli et al., 2015).

2.6. Assessment of DNA damage

A comet assay was used to assess DNA damage on both undifferen-
tiated and differentiated THP-1, exposed for 24 h to v-nPS/mPS and ox-
nPS/mPS, suspensions (100 pg mL™1). Samples, PBS- treated cells and
positive controls (cells treated with 300 uM of Hy03) were run in
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duplicate on ~2 x 10* cells for each spot, and electrophoresis was
carried out using a Hercules power supply set to 300 mA and 25 V (0.86
V em™). The slides, stained with ethidium bromide (20 pg mL’l), were
imaged using a DMIRB fluorescence microscope (Leica Microsystems)
equipped with a digital camera (Power Shot S50; Canon, Milan, Italy) at
400 x total magnification (Micale et al., 2013). The analysis was carried
out in at least 100 nuclei per slide using the CASP software (Comet assay
software project, http://casp.sourceforge.net). The percentage of DNA
in the tail (% TDNA) was considered as the parameter of DNA damage.

2.7. Viability assays

In both cell types, the v-nPS/mPS and ox-nPS/mPS cytotoxicity was
evaluated in the range of 25-100 ug mL L. In the THP-1 suspended cells
the analysis was performed after 24 h using a propidium iodide (PI)
solution (3 pg mL’l) both without cell permeabilization (dead cells) and
after methanol treatment (viable cells with intact plasma membrane).
The cell suspensions were fluorometrically measured using 535 and 615
nm as excitation and emission wavelengths and the percentage of dead
cells was calculated from the ratio of the emission value of the non-
permeabilized suspension to the total emission value (non-per-
meabilized + permeabilized suspensions). The colorimetric MTT assay,
based on the reduction of 3-(4,5-dimethiazol-2)— 2,5-difeniltetrazolium
bromide, was used to assess cytotoxicity in mTHP-1 cells. A preliminary
abiotic test, which was performed to assess the eventual reduction of
MTT by the particle surface, ruled out this event. Briefly, the appropriate
volume of the stock suspension of v-nPS/mPS and ox-nPS/mPS was
added to the cells differentiated for 24 h in 96-well microplates. After 24
h, using the standard protocol, MTT was added and after incubation at
37 °C, the enzymatic activity of viable cells was quantified by spectro-
photometric measurement at 540 nm using a microplate reader (Tecan
Italia, Milan- Italy).

2.8. Statistical analyses

All data are presented as the mean =+ standard deviation (SD) based
on at least three independent experiments. After verifying that for each
parameter examined the data distribution was Gaussian by the Lilliefor’s
and Shapiro-Wilk normality tests (p > 0.05), the data were analysed by
one-way analysis of variance (ANOVA) (GraphPad Prism 8). The re-
lationships between different parameters were assessed using the
Pearson correlation coefficient. Significance was accepted at p < 0.05.

2.9. Oxidation and characterization of nPS and mPS

To simulate the aging processes to which nPS/mPS are subjected in
the environment, we oxidised virgin plastic particles. Heat treatment in
PBS has shown to trigger swelling processes and structural changes in
the polymer. Due to their large molecular size, adsorbed phosphate ions
promote relaxation of the polymer chain, favouring the light-mediated
oxidative cleavage processes. The methylene groups present on the
benzene rings of the polymer surface undergo structural modifications
involving the formation of peroxidic intermediates, which then lead to
the formation of hydroxyl, carbonyl and carboxylic compounds. The
formed ox-nPS and ox-mPS were characterized by ATR-FTIR spectros-
copy to evaluate the presence of oxygen containing groups (Fig. 1). The
FTIR spectrum of ox-nPS (Fig. 1A) shows a peak at 3020 cm ! due to the
stretching vibration of the C—H bond of the aromatic groups, together
with a peak at 2910 cm™!, due to the stretching of C—H bonds of the
methylene groups. The wide band at ~3500 — 3000 cm ™! was ascrib-
able to the stretching vibration of the O—H groups present in the poly-
mer following the fragmentation process. This broad band was much
more intense in the oxidised material due to the increased number of
oxygenated functionalities after treatment with PBS. In the oxidised
sample, there was also an intense peak at 1660 cm ™! attributable to the
increased presence of carboxyl groups and a peak at 1058 cm
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Fig. 1. nPS(mPS characterization. (A) FTIR spectra of v-nPS and ox-nPS; (B) FTIR spectra of v-mPS and ox-mPS. (C) Volume weighted size distributions of ox-nPS and
ox-mPS samples. FTR spectra were obtained in sample suspensions performed in deionized water at concentrations of 0.1 mg mL-1.

attributable to the stretching of the C—O bond of the alkoxy groups. In a
similar way, the oxidation of mPS led to the formation of the same
oxygen-containing functional groups (Fig. 1B) with increased intensities
with respect to the starting material.

We also investigated whether after oxidative treatment the particles’
sizes changed as a result of possible aggregations. Dynamic light-
scattering DLS analyses allowed us to confirm that the average size of
the microplastics remained unchanged, suggesting that functionalisa-
tion occurred only at the surface of the particles and it did not cause
aggregation of the particles, either in the suspensions in PBS or in those
in cell medium. The weighted size distributions for ox-nPS and ox-mPS
samples of 108 nm and 909 nm, respectively, were observed (Fig. 1C).

Some changes in morphology and size after the oxidation process
were observed by SEM analysis in mPS. Scanning electron microscopy
images of nPS and mPS are reported in Fig. 2 (A, B, C) and in Fig. 2 (D, E,
F), respectively. The ox-mPS showed an irregular surface and different
size values while the ox-nPS remained almost unchanged, both in size
and shape. A size increase was observed (1.2 ym) in only a negligible
fraction (~10%) of ox-mPS, while it was, on average, 0.85 pm in the
others. These data confirm the results obtained from DLS analyses where
almost superimposable results of particles size for virgin and oxidised
nano- or microplastics have been recorded.

UV-Vis spectra (Fig. 2G, H) highlighted a marked increase in the
entire absorbance signal after the oxidation process of both nPS and mPS
which, had different spectra. Unlike ox-nPS, for the ox-mPS sample, a
shoulder in the visible absorption region can be clearly observed. This
shoulder, which became relatively stronger after the oxidation process,
can be due to the different light scattering effect of the particles. In

particular, with a concentration of 0.2 mg mL !, a peak at 231 nm and a
large feature between 250 nm and 270 nm were observed for mPS. For
the same concentration value of ox-mPS, the absorbance signals in the
visible range increased and both the peak at 231 nm and the large
feature between 250 nm and 270 nm became more intense and defined,
underlining the increased presence of oxygen-containing functional
groups on the particle surface. The peak series between 230 and 270 nm
can be related to the phenyl groups (lower wavelengths) and to
oxygenated functionalities such as carbonyl and phenol functionalities
(higher wavelengths), as also confirmed by FTIR spectra.

A different absorbance spectrum was observed for nPS (concentra-
tion of 0.1 mg mL™1), showing peaks in the UV range between 200 and
225 nm and almost no absorbance in the visible range. A lower con-
centration was used for nPS with respect to mPS due to a very intense
signal in the UV region reaching the saturation limit of the detector. This
was done after verifying that the shape of the nPS spectra for 0.2 mg/mL’
1and 0.1 mg/mL™" was identical in the whole wavelength range. For ox-
nPS (Fig. 2G), a marked intensification of the peaks between 200 and
225 nm (that are not shown in larger particles) is observed and there is
still no absorbance peak in the visible region. The peak at 204 nm can be
attributable to the absorbance of the aromatic carboxyl groups, while
the absorbance at 216 and 225 nm can be related to the n-n * transition
of the sp? carbon-conjugated system and the presence of carbonyl and
phenol groups on ox-nPS particles after heat treatment with PBS. All
these absorption peaks are more intense in the oxidised sample with
respect to its precursor due to the increased presence of oxygen func-
tionalities, as also reported by FTIR characterization. The lack of
shoulder in the visible region of the UV spectrum is due to the
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Fig. 2. nPS(mPS characterization. SEM analysis of (A) v-nPS (B) ox-nPS; (C) ox-nPS at higher magnification; (D) v-mPS; (E) ox-nPS; (F) ox-nPS at higher magni-
fication. Virgin and oxidised nPS/mPS were suspended in PBS. (G) UV-Vis absorption spectra acquired on PBS solutions containing v- and ox-nPS and (H) containing

v- and ox-mPS.

nanometric size of these particles, which, as also confirmed by DLS
analysis, have no tendency to aggregate in water solution and do not
produce significative light scattering.

2.10. FITC conjugation of nPS/mPS

Covalent binding of FITC with ox-nPS and ox-mPS was achieved
using a PEG moiety containing two amino groups as the bidentate linker,
one of which was protected with a Boc group (PEG-NH,) (Fig. 3A). The
free amino group present in the linker was used to form a thiourea
linkage with FITC. The conjugated compound was subsequently
deprotected at the amine functionality to give the FITC-PEG-NH; sample
containing a free amino group. The FTIR spectrum of FITC-PEG-NHjy,
compared with the starting FITC, highlighted the synthesis of the com-
pound, which is necessary for the conjugation of the nPS/mPS. We
confirmed the amide bond formation between nPS and mPS and FITC.
We evaluated the PL properties of the FITC-conjugated samples, nPS-

FITC and mPS-FITC, in deionised water after irradiation at the excita-
tion wavelength of 380 nm by comparing their PL spectra with those of
the starting FITC and ox-nPS and ox-mPS (Fig. 3B, C). The PL spectra of
nPS-FITC sample showed a distinct emission peak at 512 nm while for
the mPS-FITC sample, a peak at 516 nm was recorded (Fig. 3B). For both
oxidized samples no relevant fluorescence emission was recorded. These
spectra demonstrate the effective fluorescence of the polystyrene nano-
and microplastics conjugated with fluorescein. After conjugation with
the fluorescent tracer, DLS analyses showed unchanged volume-
weighted size distributions in comparison to ox-nPS and ox-mPS
samples.

2.11. Internalisation of nPS and mPS
To quantify the phagocytosis of nPS/mPS, we performed a time

course on macrophage-like cells using nPS-FITC and mPS-FITC suspen-
sions at concentrations of 20 and 40 yg mL™! (i.e., 2 and 4 pg per well),
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confirm the presence of a covalent bond between FITC and the polymers since a shift was observed in the conjugates with respect to the starting FITC. The observed
bathochromic effect is indicative of the stable interaction between nPS/mPS and FITC.

for 1, 3 and 24 h. Preliminary abiotic tests showed that the emission
values (expressed in arbitrary fluorescence units [AFU] in the experi-
mental conditions were 72.45 and 97.13 for 1 pg of nPS and mPS,
respectively, confirming the higher peak shown by mPS-FITC in the PL
spectra. The internalized pg was calculated by measuring the emission
values in mTHP-1 after discharging the medium and repeatedly washing

with PBS to evaluate the engulfed particles exclusively. The time course
of particle phagocytosis was dose- and time- dependent for both particle
sizes with no significant differences between the two sizes (Fig. 4A). For
both particles, the kinetics of nPS/mPS uptake indicated that the
internalisation process was extremely rapid and 21% and 27% of mPS
and nPS, respectively, were engulfed after only 1 h of exposure to the
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Fig. 4. Particle phagocytosis on macrophage-like cells using suspensions of nPS/mPS-FITC at concentrations of 20 and 40 ug mL™! (2 and 4 pg/well) for 1, 3 and
24 h. (A) Time course of nPS/mPS phagocytosis; the graph reports for each ug/well the average ( + SD) of the internalised particles. The particle phagocytosis was
dose- and time- dependent for both particle sizes without differences between the two sizes (p value not significant), while significant dose# and time * differences
were observed for both nPS and mPS by ANOVA test. A significant relationship exposure-time was also observed to Pearson test. (B) Representative images confirm
the intracellular nPS-FITC/mPS-FITC, respectively, and show a diffuse green florescence in most of the treated mTHP-1, which was more marked in mPS-FITC-
treated cells.
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highest dose. At 24 h, these percentages increased further, at least
doubling, and as many as 52% and 58% corresponding to 2.08 and
2.32 pg per well of nPS and mPS, respectively, were engulfed (Pearson
correlation coefficient [r] > 0.95 and 0.97, respectively; p < 0.05).
Although there was a greater efficiency of macrophages in phagocytising
larger particles, albeit with a greater delay, we cannot exclude that this
was caused by a leakage of nPS over time. Considering the density and
the size of PS particles, we calculated a difference in number of
internalised particles equal to three orders of magnitude per pg intern-
alised. With the same mass engulfed, the markedly higher number of
internalised nPS highlighted the greater surface area developed by the
last particles.

The confocal laser scanning microscopy (CLSM) analyses confirmed
the intracellular nPS-FITC/mPS-FITC and showed a diffuse and marked
green florescence in most of the treated mTHP-1 (Fig. 4B).

2.12. Effect of virgin and oxidised nPS and mPS on the cellular
compartments

Changes in the endocytic apparatus (late endosomes and lysosomes),
as well as in the nuclear compartment, were examined by employing AO
in THP-1 cell suspensions and in semi-confluent mTHP-1 monolayers,
grown in chamber slides. Both cell types were treated for 3 h with
100 pug mL™! of v-nPS/mPS and ox-nPS/mPS (Fig. 5A, B for THP-1 and
mTHP-1, respectively).

The analysis of THP-1 cells revealed an intact and increased acid
compartment in cells treated with v-nPS/mPS, a clear indication that
these particles—after phagocytosis—did not determine an evident per-
meabilization of phagolysosomes. Compared to the control cells, which
showed a ratio of red/green emissions of 0.424 (+£0.05), this was 0.569
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(£0.08) and 0.623 (+0.06) for v-nPS and v-mPS with a %A equal to 34.2
and 46.7, respectively. Conversely, in THP-1 treated with ox-nPS/mPS,
apparently there was no clear evidence of internalization in acidic
compartments and, compared to virgin-treated, the ones treated with
ox-nPS/mPS had significantly decreased red fluorescence, underlining
the leakage of lysosomal content (p < 0.05 and p<0.01 in ox-nPS and ox-
mPS, respectively), as shown in CLSM images (Fig. 5C). In the mTPH-1
cells a significant reduction in both red and green emitted fluorescence
was observed. Regardless of the size and type of particles (virgin and/or
oxidised), in the treated mTHP-1, the values of red and green fluores-
cence were on average halved in comparison to the control cells (p <
0.05) (Fig. 5B and D).

2.13. Reactive oxygen species production by nPS and mPS

The time course (1-24 h) of reactive oxygen species (ROS) produc-
tion, expressed as %A compared to control cells, in THP-1 cells and
mTHP-1 cells treated with v-nPS/mPS and ox-nPS/mPS (100 ug rnL'l)
are reported (Fig. 6A, B for THP-1 and mTHP-1, respectively). As ex-
pected, in both cell types, the ROS production was rather contained,
underlining the remarkable ROS neutralization capacity of these cells
and confirmed by the average content of %A values calculated in the
positive control (HyO5 treated cells) that were 15.5 and 7.6 in THP-1 and
mTHP-1, respectively. In particular, exposure to v-nPS/mPS showed no
difference in TPH-1 cells compared to the control cells. Despite a good
homeostatic ability in the short term, starting at 3 h, in THP-1 cells
exposed to ox-nPS/mPS the values were almost comparable to the pos-
itive control. The different pro-oxidant effect of oxidised particles
compared to virgin ones was also observed in mTHP-1 cells treated with
nanoplastics; although, virgin nPS/mPS also caused oxidative stress in

Fig. 5. Results of CLSM analyses by employing AO to evaluate endocytic apparatus (red emitted fluorescence) and nuclear compartment (green emitted fluorescence)
after treatment for 3 h with v- and ox-nPS and mPS (100 pg mL). (A) results of THP-1 cell suspension. In comparison to control cells significant differences were
observed in red fluorescence emission of v-nPS and v-mPS treated cells (p < 0.05). (B) results of semi-confluent mTHP-1monolayers. In comparison to control cells
significant differences in red and green fluorescence emissions were observed in nPS/mPS treated cells (p < 0.05). (C) THP-1 cells. The graphs report the average
( & SD) of emitted fluorescence (expressed in arbitrary units of fluorescence AFU) recorded by ImageJ software in at least 50 cells. The significance was assessed by

ANOVA test (D) Representative CLSM images of mTHP-1 cells.



G. Visalli et al.

A
mlh w2h m3h m4h = 5h w24h
60
* *
50 — I — I
- 40 I
[
2
g 30
& 20 I
I
i ii i ]
i
0 im-- ii ]
ox-nPS v-mPS 0x-mP$S H202
C
m control cells = H202 ®Wv-nPS Mox-nPS = v-mPS M ox-mPS
35 r
30 I
25
<
Z
o 2
®
i
x

I *
‘ 1'1 II

THP-1 mTHP-1

THP-1

mTHP-1

Environmental Toxicology and Pharmacology 99 (2023) 104086

mlh w2h m3h m4h = 5h w24h

60
50
40

30

%Avalues

20

10

ox-nPS v-mPS ox-mPS

D

control cells v-nPS ox-nPS v-mPS ox-nPS

Fig. 6. ROS production and Comet assay results in cells treated with v- and ox-nPS/mPS (100 ug mL—1). (A) Time course (1-24 h) of ROS production in THP-1 cell
suspensions. *In comparison to v-nPS/mPS, the ox-nPS/mPS caused significant ROS overproduction (p < 0.05). (B) Time course (1-24 h) of ROS production in semi-
confluent mTHP-1 cells. The values are expressed as %A compared to control cells and fluorometric analysis was performed using the probe DCF-DA. Cells treated
with 300 uM of H202 were used as a positive control. The significance was assessed by ANOVA test. (C) DNA damage assessed by the Comet assay after exposure for

24.

*In THP-1 ox-nPS caused a significant increase of %TDNA in comparison to v-nPS (p < 0.05).

*In mTHP-1 oxidised nPS/mPS caused significant increases of %

TDNA in comparison to the virgin counterparts (p < 0.05). The graphs report the average + SD of %TDNA values recorded in at least 100 nuclei per sample. The
significance was assessed by ANOVA test. (D) Representative images of the cells treated and analysed by the Comet assay.

these cells. In particular, the average %A in v-nPS treated mTHP-1 was
completely comparable to the positive control (7.5 vs. 7.6) to double
then in cells treated with ox-nPS (p < 0.05) while the values were
comparable between v-mPS and ox-mPS.

2.14. Genotoxic damage induced by nPS and mPS

The comet test, whose results are reported in Fig. 6C and D for each
cell type, was used to verify genotoxic damage in cells exposed to both v-
nPS/mPS and ox-nPS/mPS. Even in these experiments, the values of the
positive control underlined the remarkable antioxidant equipment of
professional phagocytes to counteract oxidative DNA damage (in both
cell types, 12 was the %TDNA value in HyO, treated cells). However,
despite this, the ox-nPS/mPS induced significant damage that was
diversified both in function of the two types of cells and of the particles.
In fact, in monocytes, the highest value was observed after exposure to
ox-nPS (%TDNA 29.0), 2.4-fold in comparison to the positive control
(p < 0.01). In macrophage-like cells, ox-mPS caused greater DNA dam-
age (%TDNA 29.4; p < 0.01), underlining the more marked reactivity of
ox-nPS/mPS.

2.15. Cytotoxicity induced by nPS and mPS

In both assayed cell types, the above reported effects caused a rather
moderate cytotoxicity at 24 h, confirming the remarkable homeostasis
capabilities of these cells, the first line of defence against foreign par-
ticles. In THP-1 and mTHP-1 cells, treated with v-nPS/mPS at the

highest dose (100 ug mL'), the percentages of dead cells were nearly
overlapping those observed in control cells. No differences were
observed between v-nPS and v-mPS and the percentages were 3.9 and
3.1 in THP-1 and mTHP-1 cells, respectively. A slight increase in dead
cells was observed in the ones treated with ox-nPS/mPS whose values
always remained below 10%. The moderate cell death nPS/mPS induced
confirmed the high homeostasis of professional phagocytes even though
the experiment to assess changes in cellular compartments in the short
exposure time (2 h) highlighted substantial damages to both the acidic
compartment and the nucleus with potential denaturation of the DNA.

3. Discussion

The potential adverse health effects of nano- and microplastics in
humans are still poorly evaluated and studies focusing on the health
effects of aged nano- and microplastics subjected to environmental wear
processes are almost absent. In addition to mechanical fragmentation
due to winds and the erosive action of wave motion, which allows
internalization of nano- and microplastics into biological system, photo-
and thermo-chemical oxidation increases the negative charges on the
surfaces of plastics, enhancing their reactivity (Veerasingam et al., 2016;
Song et al., 2017; Liu et al., 2019, 2020). However, most in vitro studies
on human cell lines evaluated the effects of virgin spherical PS particles.
Only Zhu et al. (2020) and Yu et al. (2022) studied the effects of
photo-oxidised plastic particles in human lung epithelial (A549) and
intestinal epithelial (Caco-2) cells, observing an increased cytotoxicity
in comparison to virgin particles due to ROS overproduction. More
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recently, Volkl et al. (2022) performed a careful and in-depth analysis on
mammalian cells using the murine ImKC cell line (Kupffer cells) to assess
the effects of mPS with different degrees of photo-oxidation. The results
showed higher pro-oxidant effects induced by photo-oxidised mPS.
Overall, these few studies confirmed our results and highlighted that, for
a more realistic risk assessment, it is essential to resort to oxidised nano-
and microplastics, which are the most representative component of
these ubiquitous pollutants, subjected in the environment to progressive
wear. On this basis, the main goal of our study was to compare the ef-
fects induced by oxidised nPS/mPS to those induced by virgin plastics,
which are more studied (Visalli et al., 2021).

We preliminarily characterized nPS/mPS artificially subjected to
oxidation according to Mielczarski et al. (2011). Using ATR-FTIR and
UV-Vis spectroscopy, we verified the consistent increase of
oxygen-containing groups on the surface of both PS particles after the
oxidation process. Similar to what observed after photo-oxidation
(Hebner and Maurer-Jones, 2020), our ox-mPS sample showed an in-
crease in the visible absorption region with respect to its precursor that
can be rationalised by hydrogen bond interaction and the oxygen con-
taining group present in the microparticles after the oxidative process.
As reported by Kato et al. (2009) and Wang et al. (2020), the absorption
increase was stronger for the larger particles than for the smaller ones.
The study of photo-oxidative degradation occurring during artificial
aging was also performed by Biale et al. (2021). Like us, they reported
the surface-limited formation of oxidised aromatic structures in PS
particles without involvement of the overall polymer mass. Carbonyl
and phenol functionalities detected by FTIR spectra were also observed
by Li et al. (1991).

The presence of functional groups on the particle surface consider-
ably increases the reactivity of the particles and as expected, our study
also highlights the greater damage induced by aged particles compared
to virgin ones, similar to what was reported by almost all previous
studies (Zhu et al., 2020; Volkl et al., 2022; Yu et al., 2022).

However, it is necessary to add that the biological effects of aged
plastics are also a function of the environmental matrix in which they
are dispersed. In fact, the presence of dissolved organic matter could
neutralize the greater surface reactivity by the adsorption process, as
observed by Schiir et al. (2021).

Because the diameter, as well as the surface characteristics, regulate
the effects of the particles by modifying their bioavailability, using SEM
and DLS analyses we could rule out significant changes in particle sizes
due to aggregation after artificial aging.

Using homemade FITC-loaded nPS/mPS, we quantified the uptake
and highlighted the speed and the efficiency by which both nPS and mPS
were internalised in our cell models. In professional phagocytes the
main pathway of particle internalisation is endocytosis. However, for
nPS we cannot exclude that there is also an energy-independent diffu-
sion process, exclusively regulated by the chemical gradient. Passive
diffusion, i.e., crossing of the phospholipid bilayer, is highly favoured by
the hydrophobicity that characterises plastics, enhancing their
bioavailability (Saley et al., 2019; Miller et al., 2020), and it is only
partially counteracted by the frictional coefficient of the particle related
to the viscosity of the medium and the interactions between particles
and macromolecules diluted in the solvent (Trovato et al., 2018).

The remarkable and innate ability of professional phagocytes to
internalise foreign particles was dose- and time- dependent, with no
significant differences based on particle size. However, the surface
changes in ox-nPS/mPS played a pivotal role in the intracellular local-
isation of particles, modulating the interaction with cellular macro-
molecules and organelles in monocytes and macrophage-like cells
respectively. The stepwise process of endocytosis consists of particle
and/or macromolecule internalization through vesicles derived from the
plasma membrane and involves GTPases for actin polymerisation
(Kumari et al., 2010). The early endosomes merge with lysosomes to
form phagolysosomes (late endosomes) where degradative enzymes are
activated thanks to vesicle acidification. While monocytes treated with
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v-nPS/mPS showed an intact and increased acidic compartment, where
the virgin particles were seized, the ox-nPS/mPS would seem to escape
endosomes. Although this could be attributed to phagolysosomal per-
meabilization, with leakage of lysosomal content producing irreversible
cytoplasmic acidification, enzymolysis and apoptosis (i.e., the Trojan
horse effect) (Trovato et al., 2018), we would rule it out. Cytotoxicity,
although greater in ox-nPS/mPS than the virgin counterpart, was
moderate, making it plausible to believe that oxidised plastic particles
escape early from the endosomes (before their fusion with lysosomes)
and they randomly localise in the cell cytoplasm, causing the observed
ROS overproduction and genotoxicity.

The differences between v-nPS/mPS and ox-nPS/mPS were not
observed in macrophage-like cells for which, regardless of aging and
size, the escape from endosomes always occurred, as shown by the
decreased emission of red fluorescence in cells stained by the AO probe.
Surprisingly, in treated mTHP-1 cells in comparison to control cells we
also observed in a short time (2 h) the decrease of green fluorescence. It
will be necessary to further investigate this behaviour which, consid-
ering the low cytotoxicity observed at 24 h, does not seem to be irre-
versible and due to DNA denaturation. Plausibly, it could be due to the
greater unwinding of the DNA double helix to allow expression of the
genes necessary to counteract the damage induced by nPS/mPS and
trigger innate immunity, such as the production of pro-inflammatory
cytokines.

A further goal of the study was to detect the biological effects of nPS/
mPS on the cells assigned to implement the mechanisms of innate
defence to counteract any damage caused by foreign biotic and abiotic
particles to which humans can be exposed. Despite the remarkable ho-
meostasis capabilities of these cells, the results highlight the harmful
effects induced by artificially aged nPS/mPS. Professional phagocytes
can counteract the etiological agents of infection even with the so-called
“oxidative burst” in addition to phagolysosomal digestion. The event
due to NADPH oxidase activation produces superoxide and HyO, with
antimicrobial activity; therefore, these cells are equipped with a rich
antioxidant kit to prevent oxidation of its own biomolecules, as
confirmed by the results obtained in the positive control consisting of
300 uM H0 treated cells. Despite this, oxidized nPS/mPS caused ROS
overproduction higher in THP-1 than in mTHP-1, potentially triggering
pathogenic processes affecting professional phagocytes, as well as gen-
otoxicity, clearly demonstrated by the Comet test. Our results disagree
with what Jeon et al. (2021) reported on mTPH-1. Compared to virgin
microplastics, they observed a lower cytotoxicity in the ones photo-
degraded which was attributed to the neutralization of the reactive
plastic surface by serum proteins (corona effect).

The pathogenic mechanisms induced by other nano- and micropar-
ticles, both natural (combustion by-products) and synthetic (metal- and
carbon-based nanomaterials) are far more powerful than those reported
in this study for nPS/mPS (Visalli et al., 2017, 2019). However, it is
necessary to consider that the quantities of the latter to which in-
dividuals are exposed are massive and destined to increase, thanks to the
progressive aging of plastics incorrectly and constantly discarded in the
environment.

4. Conclusions

Unlike v-nPS/mPS, whose effects were rather limited, our results
highlighted the considerable pro-oxidant potential of plastic particles
that have undergone oxidative degradation. Despite the rich antioxidant
kit of professional phagocytes, the efficient and fast uptake of ox-nPS/
mPS caused ROS overproduction, which in turn was responsible for
DNA damage and increased cytotoxicity. All this confirmed the
enhancement of the biological effects induced by the wear processes
hypothesised by us. Since oxidation is the most important degradation
process to which plastics undergo during their aging in the environment,
our results indicate the poor utility of in vitro studies using virgin
microplastics to assess the impact of these ubiquitous pollutants on
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human health. Moreover, the observed effects in the examined cell
models could trigger systemic pathogenic processes considering the role
played by innate immunity cells in the inflammatory cascade. We
therefore intend to investigate the pro-inflammatory effects of these
pollutants in the near future.
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