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Abstract
Microplastic particles (MPs) are ubiquitous environmental pollutants that can remain in ecosystems for prolonged periods. 
Plastic materials undergo various degradation processes driven by chemical, physical, and biological factors that alter their 
size, shape, composition, and bioavailability. The gastrointestinal tract is the primary pathway through which MPs are 
absorbed, raising concerns as they can transport harmful pollutants and microorganisms into the body. Despite their wide-
spread presence, the effects of exposure to MPs that vehicle environmental toxins are still not well understood. In this study, 
we rigorously simulated the photoaging processes of polystyrene MPs of two distinct sizes (1 µm and 5 µm) and confirmed 
their capacity to adsorb benzo[a]pyrene, a known carcinogen. Moreover, we explored the transport capabilities of these MPs 
and analyzed their genotoxic effects on liver cells under simulated gastric digestion conditions. Our findings reveal that MPs 
enriched with BaP release this toxic compound when ingested and exposed to gastric juices, markedly increasing their tox-
icity compared to the individual components. This research underscores the alarming potential of MPs to exacerbate risks 
associated with environmental pollutants in human health.
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Introduction

Microplastic particles (MPs) are considered ubiquitous pol-
lutants that can persist in the environment for a long time. 
When dispersed in environmental matrixes, plastic materi-
als undergo degradation processes triggered by chemical, 
physical and biological events that determine changes in 
size, morphology, composition and bio-disponibility. The 
reduction in the size of plastic material increases its dis-
persibility in air, water, and soil, increasing damage to the 
ecosystem and putting a risk to human health (Kibria et al. 
2023). Different studies highlight the mechanism undergoing 

pathological events such as oxidative stress and inflamma-
tions related to MPs ingestion and accumulation (Visalli. 
et al. 2023; Lagana et al. 2024). Current estimates report that 
a single individual ingests about 74,000 to 121,000 particles/
per year and inhales 53,700 particles/per year, being able to 
absorb even through the skin (Kannan 2021).

Once ingested, MPs can penetrate and accumulate within 
the epithelial barrier and be distributed throughout the body 
via the blood or lymphatic system. This process enables MPs 
to reach critical organs, including the liver, kidneys, and 
brain (Massardo et al. 2024; Nihart et al. 2025; Zarus et al. 
2021).

Moreover, inhaled MPs can be deposited in terminal 
bronchioles, alveolar ducts, and alveoli, resulting in chronic 
inflammation, granulomas, or fibrosis (Greim et al. 2001). 
Additionally, a small fraction of MPs might cross the alveo-
lar wall and enter the capillaries, reaching the bloodstream 
(Feng et al. 2023), where an immune response that can be 
local or systemic can be activated (Zhao et al. 2024).

Ingestion is a significant route for exposure to MPs, 
driven by the prevalence of these particles in food, bever-
ages, and drinking water. When ingested, MPs pass from the 
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oesophagus to the stomach, undergoing a gastric digestion 
phase lasting 2 to 6 h (Dawson et al. 2018) and then passing 
to the intestine.

The gastrointestinal tract represents the main route for 
the absorption of MPs, and the kinetics of accumulation 
and distribution are influenced mainly by size (Stock et al. 
2020). The phenomena that can occur in the intestine can be 
different. Studies on animals demonstrate that MPs change 
intestinal permeability and increase inflammation levels, 
compromising its functionality until chronic diseases are 
established (Auguste 2021; Hirt and Body-Malapel 2020). 
The same MPs seem to determine dysbiosis, influence intes-
tinal homeostasis, and tend towards establishing inflamma-
tory pathologies or metabolic disorders (Jin et al. 2019).

After digestion, the MPs absorbed by the intestine can 
be distributed to different organs and systems. The blood 
from digestion through the portal vein is conveyed to the 
liver, the main organ responsible for detoxification. Note-
worthy, MPs can act as a vehicle for several pollutants such 
as polycyclic aromatic hydrocarbons, heavy metals, polybro-
minated ethers, antibiotics and others (David Grande-Tovar 
et al. 2022) as well as several microorganisms.

Numerous ecological studies have explored the harmful 
effects of MPs on various vertebrate and invertebrate species 
(Jeong 2024). However, the relationship between exposure 
to MPs and the risk of developing specific disease condi-
tions remains complex and requires further research. Most 
current studies primarily assess the MPs concentration, size, 
morphology, and distribution in specific organs (Massardo 
et al. 2024; Horvatits et al. 2022). The risk attributable to 
additives such as bisphenol A and phthalates released from 
plastics during the aging process is controversial (Koch 
and Calafat 2009; Meeker et al. 2009; Talsness et al. 2009; 
Wagner and Oehlmann 2009) depending on the type and 
quantity. While some studies are starting to investigate the 
potential impacts of xenobiotics absorbed by MPs from envi-
ronmental sources such as drinking water (La Maestra et al. 
2025), the implications for human health are still uncertain 
(Dzierżyński 2024).

Plastic polymers have the common characteristic of being 
non-polar and establishing electrochemical interactions with 
different compounds with which they come into contact, 
absorbing them. Adsorption processes are favoured by the 
MPs large surface area and are influenced by environmental 
conditions, such as the characteristics of the same MPs and 
the medium in which they are dispersed (Joo 2021).

Research on the adsorption capacities of MPs indicates 
that polystyrene (PS) has a greater affinity for organic 
compounds than other plastic polymers. Additionally, the 
authors note that other factors can play a role in forming 
π-π interactions (Hüffer and Hofmann 2016). In this context, 
a study by Gomiero et al. (2018) in Hediste diversicolor 
showed that PVC -MPs have dose-dependent absorption 

kinetics for benzo-a-pyrene (BaP) and that BaP-enriched 
MPs exhibit more significant toxicity than MPs alone.

Knowledge about the consequences of exposure to MPs 
that vehicle environmental pollutants are still underexplored. 
In this study, we simulated the photoaging processes of PS-
MPs at two different sizes (1 and 5 µm) and validated their 
capacity to absorb apolar organic compounds, such as BaP. 
Moreover, we tested the transport capabilities of MPs and 
analyzed their genotoxic effects on liver cells, simulating the 
conditions of gastric digestion.

The results confirmed that BaP-enriched MPs (MPsox-BaP) 
release the chemical compound when ingested and exposed 
to gastric juice, thereby increasing its toxicity compared to 
the components individually. Understanding the toxicity of 
these ubiquitous particles and their relationship with xeno-
biotics is crucial for assessing their potential risks to human 
health.

Materials and methods

Chemical and reagents

All Reagents, such as BaP, fetal bovine serum, antibiot-
ics, cytochalasin B, salts, pepsin, grown medium (EMEM), 
ethidium bromide and Shiff’s reagent, were purchased by 
Sigma-Aldrich (St. Louis, Missouri, USA).

Microplastics oxidation

Virgin MPs of PS with different dimensions (1 and 5 µm), 
acquired by Cospheric (Santa Barbara, California 93,160 
USA), were oxidated as described by La Maestra et al., 
(2024). Briefly, 1 ml of MPs suspension (10 mg/ml) was 
dispersed in a glass disc, adding 1 ml of 40% hydrogen per-
oxide and was exposed to a UVB lamp (318 nm, 57 V, 20 
W G13, Philips) for 96 h, periodically agitating. Obtained 
MPsox were recovered by centrifugation (12,000 rpm for 
10 min), washed in Milli-Q water and dried by SpeedVac 
(Jouan RC 10.10 Heated Evaporative Centrifuge Concentra-
tor, Milano, Italy), weighted, resuspended in Milli-Q water 
at known concentrations and resuspended before each use 
using an ultrasonic device (Bandelin SONOREX™ SUPER, 
Ultrasonic baths, 35 kHz, Berlin, Germany).

BaP adsorption in MPsox

To allow BaP adsorption in MPsox, 5 mg of the 1 or 5 µm 
MPsox were dispersed overnight in 1 mL of a 1 µM BaP 
aqueous solution into a glass vial under continuous agitation. 
The 1 µM BaP solution was obtained by solubilizing 2.52 
mg of BaP in 1 ml of acetone (10 mM) that subsequently 
was diluted in Milli-Q water to reach the final concentration. 
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Subsequently, the MPsox suspension was centrifuged at 
12,000 rpm for 15 min to separate the MPsox from the 
supernatant, where the unabsorbed BaP was dispersed. The 
MPsox-BaP were rinsed and stoked in Milli-Q water for the 
subsequent tests. The supernatant solution containing BaP 
was recovered to assess GC–MS.

Dynamic light scattering

Dynamic Light Scattering (DLS) analysis highlighted UVB 
photo-aged MPs and MPsox-BaP surface modifications, as 
reported by La Maestra (2025). In particular, the ζ-potential, 
which correlates to the MPs surface charge, as well as the 
hydrodynamic radius of MPs were measured by DLS analy-
sis using a Zetasizer Instrument, Nano ZS90 Series (Malvern 
Panalytical, Malvern, UK) equipped with 633 nm He–Ne 
laser. Briefly, before each measurement, the suspensions of 
MPs samples (0.1 mg/mL in deionized water) were soni-
cated (40 kHz) for 5 min, and the analyses were performed 
at the fixed temperature of 25 °C using a Peltier thermo-
static system, with an equilibrating time set to 120 s. Twenty 
runs, repeated n times (n = 3, 6, 9), were performed for each 
ζ-potential and hydrodynamic radius measurement.

Cell culture

The human hepatocellular carcinoma cell line (HepG-2) was 
purchased from the European Collection of Cell Cultures 
(ECACC). HepG-2 was maintained in a complete culture 
medium (EMEM, 10% FBS, 10% Glutamine and 1% Penicil-
lin/Streptomycin) at a temperature of 37 °C in a humidified 
atmosphere with 5% CO2 and split every two days or used 
for the different assays.

Cells viability test

MTT assay was performed to highlight toxicity effects 
induced by MPsox in HepG-2, as reported by (La Maestra 
et al. 2024). Briefly, 8 replicates were used for each condi-
tion. HepG-2 cells were transferred onto 96 multiwell plates 
(6 × 103 per well), and viability conditions were tested by 
the 3-(4,5-dimethylthiazol-2-yl)−2,5 dipheny tetrazolium 
bromide reduction capacity of living cells. Purple formazan 
products were measured at 570 nm using a multiwell pho-
tometer (Multiskan FC, Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). Viability was expressed as a percent-
age of absorbance concerning untreated controls. MTT assay 
was performed at different MP concentrations (25 to 500 µg/
ml), sizes and conditions (oxidate or virgin) for 24 and 48 h.

A trypan blue exclusion test was also performed before 
each assay to assess cell viability. Briefly, the test was 
performed by mixing10 µL of Trypan blue with 10 µL 

to discriminate live cells from dead ones. Less than 80% 
viability was considered an exclusion factor for each test.

GC–MS

As La Maestra et al. (2025) reported, GC analyses were per-
formed. Briefly, an HP5890 series II gas chromatograph was 
used coupled to an HP5972 mass spectrometer and equipped 
with an electron impact ionization source (Hewlett-Packard, 
Palo Alto, CA, USA).

The adsorptive capacity of MPsox in an aqueous solution 
was assessed indirectly by measuring the concentration of 
residual BaP in the solution after the MPsox stayed over-
night. In particular, after centrifuging the suspension con-
taining MPsox and BaP at 12,000 rpm for 15 min to separate 
the MPsox from the solution, the supernatant was treated 
with 1 ml of cyclohexane and vortexed for 5 min. The affin-
ity of not adsorbed BaP for cyclohexane allows the total 
collection of the compound in the organic phase, which is 
subsequently injected and analyzed in GC–MS.

A standard calibration line was performed by BaP stand-
ard samples that were derived from diluting 1 mM BaP stock 
solution in cyclohexane to final concentrations of 0.1, 1, 5 and 
10 µM. Five microliters of each solution were injected into an 
HP5890 series II gas chromatograph coupled to an HP5972 
mass spectrometer equipped with an electron impact ioniza-
tion (IC) source (Agilent). Three replicates were made for each 
analysis, and the results were obtained by averaging the values.

GC separation was performed on a DB5MS capillary col-
umn (Phenomenex, 0.25 mm × 30 m, 0.25 μm film thickness) 
set at 1 ml/min, where helium gas flow was used as a carrier. 
The analyte was volatilized in an injector set at 350 °C, and the 
column was maintained at an initial temperature of 80 °C. The 
initial temperature of the oven was set to 80 °C and maintained 
at an isotherm for 3 min. Subsequently, the oven was heated until 
240 °C was reached, at a 30 °C/min gradient (5.3 min total), and 
then further heated until a temperature of 300 °C was reached, 
at a 50 °C/min gradient (1.2 min) maintaining at an isotherm for 
15 min. After analyzing the BaP standard, mass spectrometry 
(MS) analysis was performed in SIM (Selected Ion Monitoring) 
mode, detecting the fragments of interest in the BaP standard. 
After validation of the calibration line, the BaP recoveries were 
calculated using the chosen extraction method.

Gastric juice and MPs digestion

Simulated gastric juice was prepared by dissolving 8.775 
g/L NaCl and 1.0 g/L pepsin in Milli-Q water and adjusting 
to pH 1.3 using 1 N HCl as reported by Kozu et al. (2014).

One hundred microliters of MPsox-BaP solution (112.5 
µg) were incubated with gastric juice (v/v) at 37 °C for 5 h, 
with constant agitation to simulate gastric digestion. Sub-
sequently, varying volumes of the MPsox-BaP/gastric juice 



3026	 Archives of Toxicology (2025) 99:3023–3033

mixture were used to achieve the concentrations reported 
in the tests below. Notably, the acidic pH of the MPsox-BaP/
gastric juice preparation, which was inoculated in small vol-
umes, was effectively neutralized by the buffering capacity 
of the medium in which the cells were maintained.

Comet assay

The alkaline comet assay was performed as described by 
La Maestra et al. 2020 with some modifications. Briefly, 
the HepG-2 cells were seeded in 96-well plates at the den-
sity of 5 × 103 cells/well and exposed to MPs at different 
conditions (MPsox; MPsox-BaP; predigested-MPsox-BaP) with 
different sizes (1 and 5 µm) and concentrations (25 and 50 
µg/mL). Moreover, BaP to equal concentration adsorbed by 
5 and 1 µm MPsox was used as a positive control.

Subsequently, about 10,000 cells were embedded into 150 
μL of 0.7% low melting-point agarose, coated onto slides, 
previously covered with 1% agar dissolved in PBS, covered 
with a coverslip and allowed to solidify at 4 °C, followed by 
a second layer of low melting-point agarose. After a final 
solidification at 4 °C, the slides were immersed overnight 
in a cold lysis solution (2.5 M NaCl, 10 mM Tris, 100 mM 
ethylenediaminetetraacetic acid, pH 10, 1% Triton X-100 
and 10% dimethyl sulphoxide). Subsequently, the slides were 
rinsed in an alkaline solution (1 mM EDTA, 0.3 M NaOH, 
pH 13) and placed horizontally in an electrophoresis cham-
ber (Bio-Rad, Italy, Milan) in which it was performed in the 
same fresh alkaline solution, electrophoresis run (30 min 
at 25 V (0.66 V/cm), adjusted to 300 mA). Obtained slides 
were washed in a neutralization buffer (0.4 M Tris–HCl, pH 
7.5) for 15 min and ethidium bromide-stained (2 µg ml−1).

A fluorescence microscope (Olympus BX51) equipped 
with a digital camera was used to acquire one hundred ran-
dom nuclei at 200 X. Quantification of DNA damage was 
performed by CASP software (http://​www.​casp.​sourc​eforge.​
net). The results were reported as a percentage of DNA in 
the tail (%TDNA), and statistical analyses were performed 
using ANOVA, followed by Bonferroni’s test for the multi-
group comparison test. Levels of P < 0.05 were considered 
significant.

Cytokinesis‑block micronucleus assay

Clastogenic and aneugenic effects were evaluated using the 
cytokinesis-block micronucleus assay (CBMN) suggested by 
Fenech (2007). Briefly, 5 × 103 HepG-2 cells were seeded 
into the chamber slides and, after 24 h, treated under the 
same conditions reported for the comet assay. After 24 h, 
4 µg/mL cytochalasin B was added, and 28 h later, cells were 
washed, pre-fixed with methanol/acetic acid solution (3:5 
ratio) and fixed with methanol/acetic solution (6:1 ratio).

Samples were subjected to acid hydrolysis (HCl 5 N) for 
1 h, rinsed in distilled water and DNA stained with Schiff’s 
reagent (Sigma Chemical Co., St. Louis, MO) for 30 min. 
After washing them in distilled water, the slides were dipped 
into running tap water for 5 min to intensify the colouring, 
and then they were washed and dried for the subsequent 
microscope observation.

The frequency of micronucleated cells was assessed, 
scoring about one thousand cells for each sample and using 
an optical microscope (1000 X). Statistical analyses were 
performed using Fisher’s exact test to determine a significant 
difference (P < 0.05) between treatments and untreated cells.

FESEM analysis and confocal microscope

Field emission scanning electron microscopy (FESEM) 
analysis was conducted to analyze MPs'morphology. Briefly, 
MPs were vacuum-filtered through a 0.2 μm Whatman poly-
carbonate filter and allowed to air dry. They were subse-
quently coated with graphene through sputtering and visual-
ized using a Tescan Clara FE-SEM equipped with a UHR 
axial beam detector, operating at 5 keV and 300 pA.

HepG-2 cells were seeded onto EZ chamber slides (Merck 
Group) and treated with MPsox or MPsox-Bap for 24 h at a con-
centration of 25 µg/ml, washed three times with phosphate-
buffered saline (PBS), fixed with 2% paraformaldehyde for 
5 min at room temperature. Nuclei were stained with 1µM 
of TO-PRO-3 (ThermoFisher Scientific, Monza, MB, Italy) 
having strong binding affinity for dsDNA and examined 
under a Nikon AX R confocal microscope. A PLAN APO 
λD 60 × OFN25 DIC N2 NA 1.42 oil immersion objective 
(Nikon Europe B.V. Stroombaan 14, 1181 VX Amstelveen, 
The Netherlands) was used. Excitation wavelengths/emis-
sion bandwidths were microplastic (405/420–500) and TO-
PRO (640/649–749). The pinhole size was set to 1 Airy Unit 
at a wavelength of 488 nm. Images were acquired with 2048 
× 2048 pixels and 0.07 µm pixel size. Sequential acquisition 
was performed to avoid cross-talk between colour channels.

Statistical analyses

JMP software (version 17. SAS Institute Inc., Cary, NC, 
1989–2023) was used for statistical analyses. The multi-
ple individual experiments data were analyzed by one-way 
analysis of variance (ANOVA) with post hoc testing using 
the Bonferroni tests. The results were expressed as means 
± SD; a P value of > 0.05 was considered statistically sig-
nificant. Fisher's exact test was used to highlight statistically 
significant differences in the frequency of micronucleated 
cells between different treatments compared to the control.

http://www.casp.sourceforge.net
http://www.casp.sourceforge.net
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Results

Dynamic light scattering (DLS)

DLS analysis results obtained from MPs in different con-
ditions (virgin or oxidate) at different sizes (1 or 5 µm), 
enriched or not with BaP and dispersed in water or a grown 
medium, are reported in Table 1.

Albeit, size distributions by DLS were measured in MPsv 
and MPsox in both sizes (1 and 5 µm) and different con-
ditions. The measurements reported in Table 1 were inte-
grated with MPsox -BaP and dispersed in a growth medium 
(EMEM). This integration was designed to yield insights 
into the behaviour of the MPs in the specific conditions that 
would be utilized for the subsequent in vitro tests. Overall, 
DLS characterizations highlight surface modifications in PS 
microparticles triggered by UVB exposure and BaP loading.

In particular, the hydrodynamic radius of 1 µm MPsv 
overlaps with those reported by the parent company, 
showing a narrow distribution of the ζ potential around 
the value of −16.0 mV. Differently, 5 µm MPsv showed a 
hydrodynamic radius of 2980 nm, which decreased with 
each subsequent measurement. This effect is probably due 
to the MPs sedimentation velocity, with ζ potential values 
of − 40 mV.

The polydispersity index (PdI) related to the measurement 
of the hydrodynamic radius is less than 0.5 for almost all 
samples, highlighting a low degree of dimensional disper-
sion and distribution of the average radius that overlaps with 
the average size.

The results show how oxidation caused by UVB expo-
sure decreases the average hydrodynamic radius, both for the 
1 µm MPs (MPsv 1,058 + 100.5 nm vs MPsox 855.6 + 149.6 
nm) and for the 5 µm MPs (MPsv 2980 + 723.8 nm vs MPsox 
1604 + 64.15 nm), confirming that UVB irradiation affects 
the surface of the MPs.

Considering the MPs that have been in contact with BaP, 
it is possible to observe a different behaviour, most likely 

attributable to the size of the particles. The 1 µm MPsox, 
when loaded with BaP, decreases their hydrodynamic radius 
(654.5 + 14.22 nm) both when compared with the same 
MPsv (1058 + 100.5 nm) and with the oxidized ones (855.6 
+ 149.6 nm). The phenomenon mentioned above was not 
observed in 5 μm MPs, where the hydrodynamic radius of 
MPsox (1604 + 64.15 nm) increased after BaP loading (2770 
+ 147.4 nm).

Furthermore, the oxidation process influenced the 
surface charge, although it had a greater impact only for 
1 μm MPs samples (Table 2). It is worth noting that the 
dispersion of MPs in different media further modified the 
particles'chemical-physical characteristics. These changes 
can be ascribed to the formation of various interactions 
between different molecules, such as apolar compounds 
(BaP) or proteins present in the culture medium.

GC–MS

GC–MS analysis showed that the amount of BaP not 
adsorbed by MPSox, differs for the two MPS sizes. In par-
ticular, 1 μm MPsox adsorb the 78.8% of BaP, while the 5 μm 
MPSox adsorb the 33.3%. This difference in the amount of 
adsorbed BaP could be due to the higher surface/volume 
ratio for 1 μm microplastics. Table 2 reports the ng of BaP 
adsorbed by 1 mg of MPsox.

Cells viability test

The MTT test results at various concentrations and MPs con-
ditions (25–500 µg/ml) demonstrated no significant effects at 

Table 1   Hydrodynamic radius 
size (nm) and ζ-potential 
(mV) results obtained by DLS 
analysis in different MPs and 
environmental conditions

Sample Condition BaP Dispersion medium Hydrodynamic 
radius size (nm) 
± SD

PdI ± SD ζ-potential (mV) ± SD

MPs
1 µm

Virgin − Water 1,058 ± 100.5 0.504 ± 0.43 − 16.0 ± 0.29
Oxidized − Water 855.6 ± 149.6 0.406 ± 0.40 − 52.9 ± 1.02

 +  Water 654.5 ± 14.2 0.038 ± 0.01 − 42.3 ± 0.54
 +  Cell medium 1,319 ± 70.3 0.227 ± 0.17 − 24.4 ± 0.94

MPs
5 µm

Virgin − Water 2,980 ± 723.8 0.283 ± 0.08 − 40.0 ± 1.27
Oxidized − Water 1,604 ± 64.1 0.330 ± 0.05 − 40.2 ± 0.70

 +  Water 2,770 ± 147.4 0.393 ± 0.05 − 49.8 ± 3.01
 +  Cell medium 2,556 ± 246.4 0.408 ± 0.08 − 25.3 ± 4.26

Table 2   BaP adsorbed by 
different sizes of MPsox

Samples BaP adsorbed 
by1 mg of 
MPsox

MPsox 1 µm 40 ng
MPsox 5 µm 17 ng
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any dose or exposure time. Viability values always remained 
above 85% compared to unexposed cells (Ctrl) and often 
overlapped with the same control.

Comet assay

Comet assay performed on HepG-2 highlights genotoxic 
damage triggered by MPsox when tested at two different sizes 
(1 and 5 μm) and concentrations (25 and 50 μg/mL) loaded 
with BaP and after contact with synthetic gastric juice.

The magnitude of genotoxic damage in HepG-2 cells 
(Fig. 1) expressed as a percentage of tail DNA (% Tail DNA) 
was compared with an untreated sample (Ctrl). The results 
show a significant increase in genotoxic damage induced 
by MPsox of both sizes and concentrations. Specifically, a 
two-fold increase in genotoxic damage, compared to the 
control, was reported for 1 μm MPsox at both concentra-
tions (P < 0.001), while less damage was observed for the 
5 μm MPsox, with a fold increase of about 1.5 for both the 
concentration (P < 0.01). An increase in the % of tail DNA 
was also observed in cells exposed to BaP (P < 0.001), 
treated with the same concentration adsorbed by the inocu-
lated MPs. The data demonstrate that MPsox-BaP, without 
gastric juice pretreatment, causes similar damage to MPsox 
(P < 0.001), while a further increase in damage is observed 
in cells exposed to MPsox-BaP previously treated with gastric 
juice. Specifically, 1 µm MPsox-BaP treated with gastric juice 
caused 4.2 times more damage than the control at the low-
est concentration (25 μg/mL) and 4.9 times at the highest 
concentration (50 μg/mL). Differently, the 5 μm MPsox-BaP 

treated with gastric juice caused 3.7 times damage compared 
to the control at 25 μg/mL and 4.1 times at the 50 μg/mL 
concentration.

Cytokinesis‑block micronucleus assay

Figure 2 reports the frequency of MN observed after differ-
ent treatments reported above. Overall, exposure to MPsox 
caused an increase in MN, although this is not always statis-
tically significant. In particular, no significant increase was 
observed when HepG-2 cells were exposed to 1 μm MPsox. 
Differently, 5 μm MPsox are responsible for the MN fre-
quency increase, reporting fold change value highs to 3.9 
(P < 0.05).

MPsox-BaP, instead, determined a significant increase in 
MN frequency at the highest concentration only (50 μg/mL) 
for both dimensions (a 4.2-fold change for 1μm and a 4.3-
fold change for 5 μm) (P < 0.05). An additional increase 
in MN is observed in MPsox-BaP treated with gastric juice, 
displaying a dose-dependent response. For the smallest par-
ticle size of 1 μm, the fold changes are 3.9 (P < 0.05) at a 
concentration of 25 μg/mL and 5.3 (P < 0.01) at 50 μg/mL. 
For the larger particle size of 5 μm, the fold changes are 3.7 
(P < 0.05) and 4.7 (P < 0.05) at the same concentrations of 
25 and 50 μg/mL, respectively.

FESEM analysis and confocal microscope

FESEM analysis performed on MPs samples showed differ-
ences between PS in virgin conditions (made by Coospheric) 
or after photooxidation (Fig. 3). In particular, it is possible 

Fig. 1   DNA damage (% TDNA) 
in HepG-2 cells 48 h exposed to 
1 and 5 µm MPsox at two con-
centrations (25 and 50 µg/mL), 
with and without BaP loaded 
and gastric juice treatment or 
with free BaP. The values are 
reported as mean + SD. Statisti-
cal analysis: **P < 0.01 and 
***P < 0.001 compared to the 
control
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to observe in 1 µm MPsox loss of sphericity (Fig.  3B) 
when compared to MPsv (Fig. 3A) and an increase of sur-
face irregularities attributable to chemical-physical change 
induced by UVB irradiation. A similar irregularity was 

appreciated in 5 µm MPsox (Fig. 3D), where, in some cases, 
it was possible to observe only an increase in the roughness 
and porosity of the surface.

Fig. 2   MN frequency in 
HepG-2 either untreated (Ctrl), 
exposed to 1 and 5 µm MPsox 
at two concentrations (25 and 
50 µg/mL), with and without 
BaP loaded and gastric juice 
treatment or with free BaP. 
The values are reported as MN 
frequency + SD. Statistical 
analysis: *P < 0.05 and **P < 
0.01 compared to the control

Fig. 3   FESEM microphoto-
graphs of the MPs 1 μm referred 
to virgin (A) and oxidized 
(B) (100 Kx); MPsv 5 μm (C) 
and MPsox 5 μm (D) (10 Kx), 
respectively
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Confocal microscopy analysis confirmed the internalization 
of MPsox-BaP in HepG-2 cells. The MPsox-BaP particles were pri-
marily distributed throughout the cytoplasm for both sizes. Spe-
cifically, as illustrated in image 4 C, the 1 μm particles showed a 
significant presence in the cytoplasm along with small discrete 
clusters located in the nuclear region, indicated by the arrow 
in Fig. 4C. In contrast, the 5 μm MPsox particles displayed an 
exclusively cytoplasmic localization, which resulted in a defor-
mation of the nuclear compartment's morphology as highlights 
by the arrow in Fig. 4F.

Discussions

The present study evaluated, for the first time, the ability of 
MPsox-BaP, digested by gastric juice, to enhance genotoxic 
damage in a human hepatocellular carcinoma cell line. The 
results indicate that MPsox can absorb organic apolar com-
pounds, such as BaP when dispersed in water and desorb 
them following contact with gastric juice during digestion.

Processes such as aging, whether through UV irradia-
tion or aging agents like H2O2 and Fenton reaction, can 
enhance the adsorption capacity of MPs. (Wang et  al. 
2019). In particular, we have highlighted that the BaP 
adsorption in MPsox depends on particle size. In fact, 1 µm 
Mpsox adsorb a 2.35-time BaP concentration compared to 
5 µm Mpsox, probably due to the larger surface-to-volume 
ratio of the smaller MPs. An additional factor influencing 
BaP absorption could be due to surface MPs damaging, as 
FESEM analysis confirms. Photomicrography highlights 
that 1 µm Mpsox changes shape and surface more than 
5 µm Mpsox following the same photoaging treatment.

On the other hand, as reported by results obtained with 
DLS, a change in hydrodynamic radius size and ζ-potential 
after UVB irradiation may have influenced the absorptive 
capacity of the MPs, changing their surface charge. Simi-
larly, this parameter changed when MPsox was dispersed in 
different media, such as water or cellular growth mediums 
or exposed to BaP. The MPs interactions with the cellular 
system is a complex process that can be affected by the 
environment in which it occurs. The presence of proteins, 

Fig. 4   Confocal microscopy was conducted on HepG-2 cells exposed 
to 1 µm (A–C) and 5 µm (D–F) MPsox-BaP, using TO-PRO-3 to label 
the nuclei. The PS microspheres were excited with a 405 nm wave-
length, while the nuclear matrix was excited with a 641 nm wave-

length. Panels C and F display the merged images of the micro-
spheres and the nuclei for both sizes of MPsox-BaP. Different zoom was 
used to appreciate 5 µm (2) and 1 µm MPs (3.5)
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pH value, and salt concentration can modify the particle-
cell interaction (Wieland 2024).

Polycyclic aromatic hydrocarbons, such as BaP, undergo 
metabolic processes when they come into contact with an 
organism. In these processes, enzymes from the cytochrome 
P450 family oxidize the original compound, forming epox-
ides and hydroxylated species at various positions. The 
electrophilic intermediates produced in these reactions can 
interact with different biological macromolecules, including 
DNA, resulting in genotoxic effects that may induce carci-
nogenic processes. BaP is a principal pollutant released by 
combustion, both natural and anthropic, and when dispersed 
in the environment, it can be absorbed by MPsox.

Using the HepG-2 cell model, which preserves the 
cytochrome P450 family enzymes, we tested the ability of 
BaP to trigger genotoxic damage when delivered by MPsox 
compared to the effects of BaP inoculated alone. Comet 
assay, performed in an alkaline environment, detected DNA 
damage, such as single and double-strand break, and alkaline 
labile sites, which significantly increased in all tested con-
ditions. Noteworthy, cells treated with MPsox-BaP reported 
similar TDNA% values compared to MPsox, highlighting that 
BaP, when absorbed into PS, cannot perform toxic effects. 
Gastric juice pretreatment increases the magnitude of DNA 
damage, overcoming the effects due to BaP alone exposi-
tion. These results suggested that during gastric digestion, 
following MPs coated with the apolar organic compound 
ingestion, environmental conditions, such as acid pH and 
higher temperature, trigger the release of delivered xenobiot-
ics; the same results were discussed by Bakir et al., (2014). 
Moreover, cells exposed to 1 µm Mpsox-BaP highlight higher 
DNA damage than 5 µm Mpsox-BaP. These results can be due 
to two different aspects, such as the higher surface/volume 
ratio, that lead to the increase of BaP adsorption and the 
ability to reach the cell nuclear area, as confirmed by micro-
photography obtained by confocal analysis.

Although the comet assay reveals temporary lesions that 
can ultimately lead to irreversible damage, it is important 
to recognize that activating repair systems can heal these 
lesions and restore cellular physiological conditions. 
Differently, permanent DNA alterations detected by MN 
assay provide clear evidence of actual damage (Bhagat 
2018).

In this context, the MN test revealed a higher damage fre-
quency in cells exposed to 5 μm MPs. This is probably due 
to the larger size of the particles that, when incorporated, 
disturb the mitosis processes and alter the nuclear shape, 
as shown by confocal analysis (Çobanoğlu et al. 2021). 
Although the 1 μm particles increase the frequency of MN, 
they do not do significantly, except for the MPsox-BaP pre-
treated with gastric juice, where the damage is significant 
and has a dose-dependent trend. It should be noted that when 
the cells were exposed to BaP alone, the increase in MN did 

not reach significant values. This is attributable to the very 
low concentrations of BaP used to mimic those carried by 
MPsox.

The set of experimental conditions indeed determined 
the most significant damage, confirming that the genotoxic 
damage is undoubtedly corroborated by the physicochemical 
dualism, such as size, aging state of the MPs, presence of 
BaP, and environmental conditions of the MPs.

Conclusion

In conclusion, this study highlights how MPs pollution is an 
emerging environmental question that must be addressed to 
find a solution to mitigate the exposure risk. Further research 
is essential to fully understand the role of microplastics in 
triggering adverse health effects. However, the worrying 
ability of these particles to adsorb and release known car-
cinogens when ingested by humans raises serious concerns 
for public health.

In this perspective, not only primary prevention strategies 
aimed at reducing the use and spread of plastic materials in 
our environment but also implementing effective filtration 
and purification systems are essential. These systems can 
significantly reduce exposure and ingestion of microplas-
tics, protecting our communities and future generations from 
potential harm.
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