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Micro/nanoplastics, as new emergent environmental contaminants, can affect human
health. Since the induced harmful effects can correlate with internalization, it is
necessary to understand the internalization mechanisms and the potential correlations
between internalization and induced effects. To solve these points, pristine polystyrene
nanoplastics and true-to-life nanoplastics, derived from plastic goods and pellets, were
evaluated. Results indicate the polymeric nature and surface charge are relevant factors
modulating internalization. Furthermore, internalization does not correlate with the
induce effects, polyethylene terephthalate (PET) and polylactic acid (PLA) true-to-life
nanoplastics inducing stronger effects. This highlights the importance of using
environmentally representative MNPLs to better assess the health risks associated with

environmental MNPL exposure.
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The increasing prevalence of micro- and nanoplastics (MNPLs) in the environment
necessitates a detailed examination of their potential health impacts and the factors
influencing these responses. Since internalization is a prerequisite for inducing adverse
effects, we investigated the roles of surface modifications and polymer composition in
human liver cells (HUH-7). Our study compared the internalization and effects of a
pristine polystyrene nanoplastic (PS50-NPLs), two carboxylated polystyrenes of different
sizes (cPS50-NPLs and cPS100-NPLs), and two environmentally relevant nanoplastics
derived from polyethylene terephthalate water bottles (PET-NPLs) and polylactic acid
pellets (PLA-NPLs). Significant variations in cell internalization were observed, with
cPS50-NPLs and PET-NPLs showing the highest levels, and PS50-NPLs showing the
lowest. Interestingly, internalization alone did not correlate directly with the induced
effects; only PET-NPLs and PLA-NPLs induced reactive oxygen species (ROS),
genotoxicity, and increased cytokine release. These results suggest that while
internalization is essential in assessing MNPL toxicity, harmful effects also depend on
other particle characteristics. The notable impact of the realistic environmental models
PET-NPLs and PLA-NPLs underscores the importance of using environmentally
representative MNPLs to better assess the health risks associated with environmental

MNPL exposure.

Keywords: HUH-7 cells; nanoplastics; internalization; hazardous effects; surface
modifications
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The exponential increase in plastic production and usage, particularly over the last
decade, has brought significant advantages but also serious waste management
challenges (Geyer et al., 2017). When used, improperly disposed of, or recycled plastics
degrade in the environment through mechanical wear, photo-oxidation, hydrolysis, and
microbial action, leading to the formation of microplastics (MPLs, 1-1000 um) and
nanoplastics (NPLs, 1-1000 nm) (Pradel et al., 2023). This constant degradation results
in a range of particle sizes, often referred to as environmental secondary
micro/nanoplastics (MNPLs) due to their continuous breakdown in natural environments.

The minute size of NPLs imparts them with unique physicochemical properties,
enhancing their mobility and bioavailability across various environmental settings
(Materic et al., 2022; Vasse and Melgert, 2024). Characteristics such as Brownian
motion, high surface reactivity, additive leachate potential, and the ability to traverse
physiological barriers make these particles a particular concern for human health
researchers (Pradel et al., 2023). MNPLs have been detected in numerous
consumabiles, including food and water (Wright and Kelly, 2017; Paul et al., 2020; Banaei
et al., 2023), and have even been identified in human excretions, such as stool and urine
(Schwabl et al., 2019; Pironti et al., 2023), confirming exposure through diet. Their
presence in lung tissue also suggests inhalation exposure (Chen et al., 2020; Jenner et
al., 2022). While the exact internal dose of these particles remains under investigation
(Ali et al., 2024), studies have shown that MNPLs can migrate into the bloodstream and
reach remote organs, including the heart and placenta (Ragusa et al., 2021; Algahtani
et al., 2023; Marfella et al., 2024).

The liver, a critical organ for metabolic regulation and detoxification, is particularly
vulnerable to NPLs (Ge et al., 2023). In human liver samples from individuals with
cirrhosis, MNPLs of various polymers have been identified, unlike in healthy individuals

where no such particles were detected (Horvatits et al., 2022). Animal models similarly
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demonstrate MNPL accumulation in the liver, as observed in fish (Zitouni et al,, 12090232%
and mice (Fan et al., 2022) following oral administration of polystyrene nanoplastics (PS-
NPLs).

Research using animal models and in vitro approaches has revealed the detrimental
effects of NPLs on hepatic cells, including internalization, cytotoxicity, oxidative stress,
and disturbed cellular homeostasis in various liver cell lines, such as HepG2 (He et al.,
2020) and HL7702 (Shen et al., 2022). However, the precise mechanisms underlying
NPL-induced hepatotoxicity remain unclear. Furthermore, most studies have focused
solely on PS-NPLs of similar sizes and characteristics, which may not accurately reflect
the diverse composition of secondary MNPLs found in the environment.

For a more comprehensive understanding of the effects and mechanisms of action of
MNPLs on human liver cells, toxicological evaluations should use materials closely
resembling those found in real-world environments, varying in size, surface properties,
polymer type, and shape (Martin et al., 2022). These realistic analogs, termed true-to-
life MNPLs, serve as models for environmental secondary MNPLs (Mills et al., 2023).

In this study, we examined the dynamics of internalization and effects of five distinct
NPLs on HUH-7 hepatic cells. The NPLs selected include three commercial PS-NPLs
(one pristine, and two carboxylated of varying sizes) and two environmentally
representative NPLs derived from polyethylene terephthalate (PET) and polylactic acid
(PLA). By incorporating a variety of polymers, sizes, and surface modifications, we aim

to elucidate how these factors influence the hepatotoxic potential of MNPLs.
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2.1. NPLs characterization

PS-NPLs (Spherotech, PP008-10), cPS50-NPLs (Polysciences, Inc., 15913-10),
cPS100-NPLs (Polysciences, Inc., 16688-15), and their respective fluorescent
counterparts f-PS-NPLs (Spherotech, FP-00552-2 ex: 460 nm, em: 480 nm), f-cPS50-
NPLs (Polysciences, Inc., 16661-10 ex: 441 nm, em: 486 nm), f-cPS100-NPLs
(Polysciences, Inc., 16662-10 ex: 441 nm, em: 486 nm) were purchased from the
indicated sources. Realistic environmental model NPLs were in-house obtained from
plastic water bottles or pellet degradation, as described in Villacorta et al. (2022) for PET-
NPLs and in Alaraby et al. (2024) for PLA-NPLs. Their fluorescent counterparts were
prepared following a labelling protocol based on the use of a regularly used textile dye,
iDye polypink (Jacquard Products, Healdsburg, CA, USA) (Villacorta et al., 2023, 2024)
and 5(6)-FAM (Alaraby et al., 2024), respectively. After staining, particles were subjected
to ultrafiltration and multiple washing steps to remove unbound dye. The absence of
fluorescence in the final wash was used to confirm effective dye removal. The
cytocompatibility of these labeled particles was previously validated by Villacorta et al.
(2024), who reported no additional cytotoxic effects from the labeled NPLs, compared to
unlabeled controls.

Size and shape were determined by transmission electron microscopy (TEM) using a
JEOL JEM 1400 instrument (JEOL LTD, Tokyo, Japan) at 120 kV operation settings.
Particles for TEM were prepared by placing a 7 pyL drop of particle suspension at a
concentration of 200 ug/mL on a carbon covered cooper grid, let dry overnight inside a
covered petri dish. For all particles in suspension the size distribution was determined
by dynamic light scattering (DLS), using a Zetasizer® Ultra device from Malvern
Panalytical (Cambridge, United Kingdom). Working particle suspensions were prepared
at concentration of 100 pg/mL. Once sonicated, size was determined by transferring 1

mL of particle suspension on independent DTS0012 cuvettes and performing the
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and, PET respectively. For (-potential a similar approach was done but the
measurements were carried out on DTS1070 cuvettes. Parallelly, from the same
suspensions the particle size was also determined by a combination of light scattering
and Brownian movement on a Nanosight NS300 nanotracking analysis from Malvern
Panalytical Ltd (Cambridge, United Kingdom). To assess the chemical composition of
the true-to-life PET- and PLA-NPLs, FTIR analyses were carried out. To proceed, we
used the protocols previously described (Villacorta et al., 2022; Garcia-Rodriguez et al.,
2024) and the previously reported characteristic polymer spectral bands (Nazrin et al

2020; Johnson et al 2021).

2.2. Cell culture conditions

HUH-7 cells obtained from JCRB Cell Bank (JCRB0403) were used for the study. Cells
were grown in Dulbecco's modified Eagle's medium (DMEM, Life Technologies, NY,
USA) supplemented with 10% fetal bovine serum (FBS, Biowest, France), and 2.5 pyg/mL
of Plasmocin (InvivoGen, CA, USA). For HUH-7 passage, TrypLE™ Select Enzyme (1X)
(Thermo Fisher Scientific, Waltham, MA) was used to detach cells. Cells were

maintained in a 5% CO, humidified atmosphere at 37 °C.

2.3. Cell viability

To determine the sub-toxic concentrations of the different NPLs in HUH-7 cells, 1x10°
cells/well were seeded in triplicate in 12-well plates in a final volume of 1 mL of DMEM
and treated with NPLs at concentrations from 0 to 200 ug/mL for 48 h. Cells were
detached and cell number was determined using the LUNA-II™ Automated Cell Counter
(Biocat, Heidelberg, Germany) in a 1:1 dilution with trypan blue (Sigma-Aldrich, St. Louis,
MO). Each concentration average cell number was normalized against the average of

the non-treated cells, and fold change was compared.
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To confirm NPLs internalization in HUH-7 cells, 1x10* cells/well were seeded in an p-
Slide 8 well chambered coverslip (Ibidi GmbH, Grafelfing, Germany) and treated with
100 pg/mL of the fluorescent/labeled NPLs (f-NPLs) for 48 h. Before observation with a
Leica TCS SP5 confocal microscope, cells were washed with growth medium and
Hoechst 33342 (ex: 405 nm, em: 415-503) and Cellmask (ex: 633 nm, em: 645—-786)

markers were added to stain the cell nuclei and cell membranes, respectively.

2.5. NPLs internalization in HUH-7 by flow cytometry

To determine the proportion of cells that internalize the different NPLs, 1x10° cells/well
were seeded in triplicate in 12-well plates in a final volume of DMEM with 100 pg/mL of
the fluorescent/dyed NPLs. After treatment (1, 3, 24, 48, and 72 h), cells were detached
and analyzed using a flow cytometer (CytoFLEX FACS from Beckman Coulter,
Pasadena, CA, USA). After scoring 10,000 single cells, the percentage of cells that
internalized the NPLs (fluorescent cells) and the mean intensity of the fluorescent signal

were determined using CytExpert software.

2.6. ROS levels in HUH-7 cells that internalized NPLs

Production of ROS in HUH-7 cells after NPLs internalization was determined by the
dihydroethidium (DHE, Calbiochem, USA) assay and measured using a flow cytometer
Cytoflex S device (Beckman Coulter CytoFLEX S). A total of 1x105 cells/well were
seeded in triplicate in 12-well plates in a final 1 mL of DMEM volume and treated with
100 pg/mL of the different f-NPLs for 1, 3, 24, 48, and 72 h. After detaching, cells were
centrifuged at 1200 rpm for 8 min and the medium was removed and replaced with PBS
1X. DHE solution was added to a final concentration of 1 ug/mL and the cell suspension
was incubated for 30 min at 37 °C. DHE signal was determined by flow cytometry using

the CytExpert software in 10,000 single cells of the treated population, and in the 10%
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against non-treated mean, for comparison.

2.7 DNA damage detected by the comet assay

Genotoxic and oxidative DNA damage in HUH-7 cells after 48 h of exposure to NPLs
was evaluated using the comet assay, as described (Collins et al., 2023). To proceed,
1.5x10° cells/well were seeded in duplicate in 12-well plates and treated with the selected
NPLs for 48 h. After the exposure time, cells were washed with PBS 1X, trypsinized using
TrypLE™ Select Enzyme (1X), collected, and centrifuged at 300 rcf for 8 min at 4 °C.
After the supernatant was removed, cells were resuspended in cold PBS at a density of
1x106 cells/mL, diluted (1:10) in 0.75% low melting point agarose at 37 °C and 7 uL drops
of the mix were placed on Gelbond® films (GF, Life Sciences, Vilnius, Lithuania). Every
treatment, and its duplicates, was represented with three drops each, and two GF with
the same set of samples were processed in parallel. Cell lysis was done by submerging
the GF in a cold lysis buffer for 2 h, at 4 °C. GFs were then washed twice for 5 min with
cold enzyme buffer and later submerged for 50 min in the same buffer. A second
incubation, with previously activated formamidopyrimidine DNA glycosylase (FPG)
enzyme, was done at 37 °C for 30 min while the second identical GF was incubated in
the same conditions without the enzyme. These GFs were then washed with

electrophoresis buffer and then submerged in the same buffer for 25 min, allowing for

4

jg DNA to unwind before electrophoresis (20 V, 300 mAmp, 25 min). After two washes with
j; cold PBS, the GFs were fixed in absolute ethanol and stained with SYBR Gold (1:2,500)
gg (TermoFisher Scientitic, Waltham, MA) in TE buffer (10 mM Tris Base, 1 mM EDTA; pH
g; 8). Comets in the films were scored using an Olympus BX50 microscope at 20x
gi magnification and the DNA percentage in the tail was recorded using the Komet 5.5
gg Image analysis system (Kinetic Imaging Ltd, Liverpool, UK). For genotoxic and oxidative
gé DNA damage, methyl methane sulfonate (MMS) and potassium bromate (KBrO;) were
Zg used as positive controls, respectively.
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2.8. Cytokine expression

To determine differences in cytokines expression in HUH-7 cells exposed to NPLs
(regarding the control), the Proteome Profiler Human Cytokine Array Kit (Bio-Techne
R&D Systems, ARY005B. Minneapolis, MO), which detects 36 human cytokines,
chemokines, and acute phase proteins simultaneously, was used. A total of 1x108 cells
were seeded in a 75 cm? flask and treated with 100 ug/mL of different NPLs for 48 h.
Cell culture supernatant and cell lysate for each treatment were collected and incubated
with the nitrocellulose membrane containing anti-cytokine antibodies, following the
manufacturer’'s instructions. After detecting chemiluminescence from the membrane
using ChemiDoc XRS+ System (BioRad, Alcobendas, Spain), the average pixel density
of the pair of spots representing each cytokine was determined using the ImageJ
program.

To determine the effect of inflammation stimulus, in cells previously exposed to NPLs,
cells were exposed to the fluorescent version of PET- and PLA-NPLs for 48 h and cells
were sorted using fluorescence-activated cell sorting (FACS) to separate the 50% of the
population showing the highest internalization. After seeding these cells, they were
treated with lipopolysaccharide (LPS) at 1 ug/mL for 12 h and differences in cytokines
expression were determined using the previously described method. These profiles were
compared to those of HUH-7 cells treated with LPS for 12 h after 48 h of incubation

without NPLS.

2.9. Statistical analysis

Data was analyzed using the GraphPad Prism Software 7.0 (GraphPad, San Diego, CA).
HUH-7 cells after treatment with the different NPLs were compared against non-treated
cells using the one-way ANOVA with Dunnett multiple comparisons post-test, and a

confidence interval of 95% (n=3).
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3.1. NPL characterization

The maintenance of nanometric-scale characteristics in plastic particle suspensions is
crucial for accurately assessing their hazard potential. Therefore, we have adopted an
approach aligned with the recommendations of the European Commission (European
Commission, 2022), focusing on their size characteristics in the dry state while also
evaluating their behavior in suspension. For their dry-state characteristics, we followed
previously reported guidelines (Arribas Arranz et al., 2024; Domenech et al., 2024). The
shape and size, as assessed by TEM, confirmed a spherical-like morphology for
commercially designed particles intended to retain this structure as observed in Fig 1 (a,
d, g). Their size distribution was characterized by measuring the Martin diameter of a
minimum of 100 nanoparticles, yielding an average size of 76.45 + 0.02 nm for PS50-
NPLs, 46.65 + 0.01 nm for cPSC50-NPLs, and 97.51 + 8.64 nm for cPSC100-NPLs.
Additionally, the polydispersity index remained consistently low across all samples,
recorded at 0.03, 0.04, and 0.01 for PS50-, cPSC50-, and cPSC100-NPLs, respectively.
These results are in line with those observed by DLS and NTA, all summarized in
supplementary Tables S1 and S2, respectively. The little variation in size can be
attributed to the high charge of the particles which in all cases for the engineering

nanoparticles, the C-potentials were higher than -40 mV and therefore the particles in the

4 suspension can be considered stable in terms of electrostatic repulsion (Onugwu et al.,
22 2023). In the electron microscopy analysis, we determined that PET-NPLs exhibit high
gg heterogeneity in terms of particle shape and size (Fig. 1j), which can be considered as a
g? desirable feature when it comes to environmentally representative nanoplastics.
gg However, the submicrometric fraction displays a distribution in which 98.8% of particles
gg’ are below 500 nm, while the fraction of agglomerates exceeding 1 ym represents only
g? 0.5% of the sample. Consequently, the average particle size in suspension is 176.24 +
gg 6.52 nm, with hydrodynamic behavior ranging from 200 to 300 nm (Fig. 1j-I). This
60

10
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1k, where the NTA values align with the size description obtained through TEM. This
heterogeneity mimics how real-world nanoplastics derived from environmental
degradation are unlikely to retain uniform and spherical shapes. Instead, environmental
nanoplastics are expected to display a range of irregular forms, surface textures, and
sizes due to long-term exposure to mechanical abrasion, photo-oxidation, and chemical
weathering (Zhang et al., 2020; Enfrin et al., 2020). Although high-resolution nanoscale
characterization of field-collected nanoplastics remains technically limited, emerging
studies have documented the presence of polydisperse, non-spherical, and fragmented
plastic particles in environmental samples (Kooi and Koelmans, 2019; Catarino et al.,
2023). This contrasts with the use of commercially available, monodisperse polystyrene
beads, which dominate nanotoxicology literature but may not fully reflect the diversity of

particles that organisms are exposed to in real environmental settings.
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Figure 1. TEM representative images for PS (a), cPS50 (d), cPS100 (g), PET (j), and PLA (m) NPLs. NTA
analysis for the selected NPLs shows a narrow size distribution for PS (b), cPS50 (e), and cPS100 (h), while
broader peaks are shown for PET (k) and PLA (n). It is remarkable that multimodal peaks are present for
PETNPLs. Hydrodynamic behavior for PS50 (c), cPS50 (f), cPS100 (i), PET (I), and PLA (0) NPLs.
Regarding suspension stability, the {-potential values are near the stability threshold,

averaging -26 mV, suggesting that these particles remain relatively stable in suspension.

For PLA-NPLs (Fig. 1m-0), the size distribution determined by microscopy is 129.76 +
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1.40 nm, while NTA gives a mean of approximately 172.70 £ 1.10 nm; hOWGD\g‘?:ﬂO%'g@S?E‘NC&%ZE

values increase to 603.00 + 75.63 nm, with a polydispersity index (PDI) that, while low,
is the highest among the suspensions analyzed. This discrepancy may be attributed to
a reasonably adequate C-potential of -21.20 mV which, while relatively good, is not on
the range of stability zone (>+ 30 mV). While excessive agglomeration should not occur,
it is well-known that the DLS technique is sensitive to agglomeration occurrences, and
their presence can lead to reading errors (Bhattacharjee, 2016). The full description of
true-to-life PET- and PLA-NPLs for both DLS and NTA values are summarized in
supplementary Tables S1 and S2, respectively. To confirm the chemical composition of
the true-to-life PET- and PLA-NPLs, the obtained FTIR interferograms (Fig. S1) were
analysed and contrasted with the representative bands reported in previous studies. The
obtained peaks match well with the expected, confirming the PET and PLA nature of the

used NPLs.

3.2. NPL toxicity
The human hepatoma-derived HuH-7 cell line is a widely accepted experimental model
for studying liver responses, as a substitute for primary hepatocytes (Jouan et al., 2016).
Understanding hepatocyte immune responses to nanoplastics (NPLs) is crucial for
clarifying the pathogenesis of NPL-induced liver injury and the broader implications for
global health. Hepatocytes play a dual role in immune regulation, acting as both targets
and effectors. Recent evidence suggests that NPLs can activate innate immune
pathways in hepatocytes, leading to the release of pro-inflammatory cytokines and
chemokines. Additionally, NPLs may influence adaptive immune responses through
interactions with antigen-presenting cells within the liver microenvironment (Wang et al.,
2024).

Our findings highlight the notable variation in cellular responses to different
nanoplastic types within the same hepatic cell line. Although we observed no direct
cytotoxicity (as measured by cell viability), both PLA- and PET-NPLs significantly
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impacted ROS production, genotoxicity, and cytokine expression in HUI—ég‘_ 153%'3 o

suggesting their potential to induce sub-lethal damage.

Initially, we evaluated HUH-7 cell viability following 48-h exposures to PS-NPLs,
carboxylated PS-NPLs (two sizes), PET-NPLs, and PLA-NPLs at concentrations of 50,
100, and 200 pg/mL (Fig. 2). No significant differences in cell viability were observed
across all treatments compared to the control, indicating that short-term exposure to
these NPLs does not induce cytotoxicity at the tested concentrations. This lack of an
immediate cytotoxic effect could reflect either a resistance specific to this cell line or align
with previous studies on nanoplastics, where direct cell death is often absent despite
cellular disturbances such as oxidative stress or genotoxicity (Shi et al., 2021; Khan and

Jia, 2023; Tavakolpournegari et al., 2023).

0.6

5 -& PS50

£

8 —— cPS50

3
,@@ -¥ cPS100
5= - PET
S5
-2 - PLA
T 5
O c

®

(@)}

©

(2]

S

o

L

T T T
50 100 200

48h NPL treatment (ug/mL)

Figure 2. HUH-7 cell viability after 48 h of treatment with NPLs at 50, 100, and 200 pg/mL. No significant
differences were observed after comparing the fold in cell number of treated cells against the number in the
non-treated control when using one-way ANOVA, with Dunnett multiple comparisons post-test and a
confidence interval of 95%. Graph represents mean + SEM fold change against the untreated control (n=3).

While the concentrations of NPLs used in this study are higher than current estimates
of environmental exposure levels, this approach is consistent with numerous in vitro
toxicological studies aimed at uncovering mechanistic insights into cellular responses to

these particle exposures. The use of higher concentrations is a well-established strategy
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toxicity, especially when investigating emerging contaminants like NPLs, for which
standardized exposure metrics and chronic low-dose data are still evolving (Yee et al.,
2021; Sendra et al., 2021). Moreover, quantifying environmentally relevant internal
doses of nanoplastics remains challenging due to variability in particle size, composition,
and lack of consensus on exposure metrics (Vethaak and Legler, 2021). Previous studies
have detected MNPLs in human tissues, including lungs, placentas, blood, and even
liver samples, confirming human exposure despite low environmental concentrations
(Ragusa et al., 2021; Jenner et al., 2022). Given that bioaccumulation, chronic exposure,
or co-exposure with other pollutants could enhance toxic effects over time, including
these concentrations provides foundational knowledge for risk assessment and helps

establish dose-response relationships that may inform future regulatory thresholds.

3.3. NPL internalization

Evaluating NPL internalization is essential when assessing their potential effects. In this
study, internalization of NPLs in HUH-7 cells was confirmed using confocal microscopy
(Fig. 3) and quantified by flow cytometry (Fig. 4). Confocal microscopy provided visual
confirmation of internalization within HUH-7 cells, while flow cytometry allowed
quantitative assessment of internalization levels and comparison across different NPL

types and exposure times.
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Figure 3. NPLs internalization in HUH-7 cells after 48 h of treatment using fluorescent/labeled NPLs: a) non-
treated control, b) f-PS50-NPLs, c) f-cPS50-NPLs, d) f-cPS100-NPLs, €) f-PET-NPLs, and f) f-PLA-NPLs.
Cell nuclei are presented in blue, cell membranes in red, and NPLs in green, annotated with yellow arrows.
Orthogonal views are included, showing the different NPLs are inside the cell.

The internalization kinetics varied significantly among the NPLs tested. Notably,
cPS50-NPLs and PET-NPLs achieved 100% cellular internalization within 1 h, whereas
PS50-NPLs took 24 h to reach just 10% internalization. PLA- and cPS100-NPLs
exhibited intermediate kinetics, with full internalization observed at 24 and 72 h,
respectively. The high internalization rates of the two true-to-life NPLs, representative of
secondary environmental NPLs, lend critical insight into their potential relevance. It must
be remembered that different fluorophore compounds were used for labelling the
different MNPLs and, consequently, differences in detecting the fluorescent signal or
intensity could occur. Previous studies have shown that NPL properties such as surface
chemistry, size, and functionalization significantly impact cell membrane interactions and

uptake efficiency in mammalian cells (Banerjee and Shelver, 2021).
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Figure 4. Cellular internalization of fluorescent/labeled NPLs (f-NPLs) by HUH-7 cells after 1, 3, 24, 48, and
72 h of treatment, using flow cytometry. The dynamic of NPLs internalization is presented as a mean + SEM
percentage of fluorescent cells (n=3) in a total of 10,000 scored single cells for each point in time.

The high internalization rates of PET-NPLs and PLA-NPLs may be linked to their
hydrophobicity and chemical composition, as similar findings on cellular uptake have
been reported in other studies. Furthermore, the rapid internalization of cPS50-NPLs
compared to PS50-NPLs highlights the role of surface characteristics over size in
determining internalization efficiency, a finding corroborated by previous studies on other
cell types that show enhanced internalization rates of carboxylated PS-NPLs compared
to their pristine counterparts. Finally, the delayed but pronounced increase in cPS100-
NPL internalization observed at 3 h may be explained by the interplay between their
surface carboxylation and size. Carboxyl groups promote stronger electrostatic
interactions with the cell membrane, while their diameter around 100 nm corresponds to
the optimal size range for clathrin- and caveolae-mediated endocytosis, which typically
requires longer vesicle formation times compared to smaller particles. Similar delayed
uptake kinetics for carboxylated PS NPLs of this size have been reported in other
mammalian cell systems (Mazumdar et al., 2021; Banerjee and Shelver, 2021; Martin-
Pérez et al., 2024)

Internalization was measured in two ways: as the percentage of cells internalizing
NPLs and as the amount of NPLs internalized per cell. The latter measurement is

especially relevant, as the degree of NPL accumulation has been shown to modulate
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toxicological responses in cells, such as in mouse macrophages (CoIIin-FauDrot—:l-_ Btloasg%?gﬁgo%fi
2023). Accordingly, we assessed accumulation kinetics in HUH-7 cells (Fig. 5). As
shown, cPS50-NPLs not only internalized at the highest rate but also reached the highest

accumulation per cell over time. Interestingly, the environmentally representative

bioplastic model PLA-NPLs also showed significant accumulation over time.
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Figure 5. Mean fluorescence signal of HUH-7 cells with fluorescent-NPLs (f-NPLs) internalization after 1, 3,
24, 48, and 72 h of treatment, using flow cytometry. The average fluorescence signal of the HUH-7 cell
population that internalized f-NPLs at each time is taken as an indirect measurement of the amount of NPLs
inside each cell and normalized as folds against mean fluorescence of the non-treated control. Significant
differences (p<0.001) in mean fluorescence compared to the non-treated cells were found at all time points
when treated with f-cPS50-, f-PET- and f-PLA-NPLs; and 24, 48 and 72 h when treated with f-PS50- and f-
cPS50-NPLs. The one-way ANOVA analysis with Dunnett multiple comparisons post-test and 95%
confidence was used for the analysis. The graph shows mean + SEM of fold change against the non-treated
control (n=3).

These results support the view that surface characteristics of NPLs significantly
influence their internalization kinetics and bioaccumulation potential in cells. Previous
studies have found that surface modifications induced by in vitro digestion processes
can alter PS-NPLs’ internalization and toxicological profile in both human liver cells and
organisms like zebrafish (Yan et al., 2023). Consequently, this study further evaluates
whether internalization rates are associated with distinct toxicological profiles in HUH-7

cells.
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Reactive oxygen species (ROS) generation is a well-established mediator of cellular
damage and plays a key role in oxidative stress-related pathologies, including DNA
damage and inflammation, both of which are critical in liver disease progression (Sies
and Jones, 2020). ROS levels induced by the selected NPLs are shown in Fig. 6. To
better isolate the effects of internalized NPLs, we used cell sorting techniques to select
only cells with high levels of internalization (Arribas Arranz et al., 2024). This approach
helps prevent the lack of ROS effects in non-internalized cells from masking responses
in cells with internalized NPLs.

While overall ROS production did not show a statistically significant increase across
all time points and treatments, a marked elevation of ROS levels was observed in cells
treated with PET-NPLs, suggesting that the higher internalization rate of these NPLs may
lead to localized oxidative stress. The ROS induction in this subpopulation aligns with
findings from other studies, which report oxidative stress induction in cells with higher
particle uptake (Yang et al., 2019; Shen et al.,, 2022; Das and Medhi, 2023). The
pronounced effects of PET observed here are consistent with results from studies in
various human cell lines (Villacorta et al., 2022; Tavakolpournegari et al., 2024; Ma et

al., 2024).
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Figure 6. Determination of ROS levels in HUH-7 cells treated for 1, 3, 24, and 48 h with NPLs. Using flow
cytometry sorting, 10% of cells with higher internalization were selected and the average signal in the PE

channel for the treated cells was compared to that of the non-treated control. Significant differences in mean
fluorescence compared to the non-treated cells were determined using the one-way ANOVA analysis, with
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Dunnett multiple comparisons post-test and 95% confidence interval (**p<0.01, ***p<0.001). The graphw Article Online
shows mean + SEM of fold change against the non-treated control (n=3). DO 10.1059/DSENO0434A
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3.5. DNA damage induction

Following the evaluation of oxidative stress potential, we assessed the genotoxic effects
of the selected NPLs using the comet assay, which measures both single strand breaks
and oxidative DNA base damage. Among the biomarkers for MNPL-induced effects,
genotoxicity is especially relevant, given that DNA damage can severely impact cell
functionality and, consequently, human health sting (Carbone et al., 2020). Genotoxicity
is crucial in evaluating the potential health impacts of emerging pollutants such as
MNPLs. Fig. 7 displays the results from the comet assay.

Among the different NPLs assessed, only PLA exposure produced significant
genotoxic damage, evidenced by increased DNA strand breaks in treated cells compared
to controls. Notably, none of the NPLs tested induced oxidative damage in DNA bases.
Our findings are consistent with previous studies, which have shown PLA-NPLs’ capacity
to cause DNA strand breaks in various cell types. For instance, PEG-b-PLA exposure
has been shown to damage DNA in HT-29 and MCF-7 cells (Konarikova et al., 2023),
and PLA induced significant DNA breaks in Calu-3 bronchial epithelial cells, particularly
under long-term exposure (Garcia-Rodriguez et al., 2024). Furthermore, in vivo studies
on Drosophila reveal that PLA exposure causes DNA damage in hemocytes, as
analogous to lymphocytes in humans (Alaraby et al., 2024).

Though research on the health effects of PLAN-PLs in HUH-7 cells is limited, our
findings on their genotoxic potential align with evidence from other cell lines,
underscoring the need for further studies into the toxicological profile of this bioplastic
degradation product. While the alkaline comet assay used in this case served as a
sensitive initial screen for assessing DNA strand breaks and oxidative lesions induced

by NPLs exposure in HUH-7 cells, it is important to note that the detection of
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chromosome loss or breakage and early double-strand breaks would be vaIDan‘l_%elOfsgg

future studies.
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Figure 7. a) Genotoxic and b) oxidative DNA damage in HUH-7 cells treated with the respective NPL during
48 h. The damage was measured with the comet assay and the percentage of DNA in the tail of the comet
used to compare against the non-treated control. After the analysis with the one-way ANOVA tests, Dunnett
multiple comparisons post-test, and 95% confidence interval (n=3, **p<0.01, ***p<0.001), a significative
difference was observed for genotoxic damage in the cells treated with PLA when compared to the non-
treated control. Methyl methanesulfonate (MMS) and potassium bromate (KBrO3z) were used as positive
controls for genotoxic damage and oxidative damage, respectively. Graph shows mean + SEM percentage
of DNA in the tail of the comet (n=3). c) Representative images of DNA damage levels scored for the comet
assay.

High damage

3.6. Proteome array and cytokine release analysis

The high internalization rates of cPS50-, PLA-, and PET-NPLs can contribute to the
induction of cellular damage, which can trigger an inflammatory response. This aligns
with the literature suggesting that the surface properties and chemical composition of
NPLs strongly dictate their interaction with cellular membranes and their uptake into
cells. This interaction type can trigger an immunological response as demonstrated in ex
vivo studies using human blood cells from healthy donors (Arribas Arranz et al., 2024)

and in two human cell lines (A549 and THP-1) (Antonio et al., 2024).
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as the discovery of endpoints of effect, the secretome of HUH7cells was analyzed by
using the Human XL Cytokine Array Kit, as a fast, sensitive, and economic tool to detect
the relative expression levels of 105 soluble human proteins and evaluate changes in
cytokine expression between cells exposed to the selected NPLs and the unexposed
controls. Growth medium and cell lysates were analyzed to determine differences in
cytokine profiles for cells exposed to the different NPLS. Although no significant results
were found in the profile after analyzing cell lysates, the cytokines released to the growth
medium revealed key insights into the inflammatory responses triggered by the tested
NPLs. Fig. 8 presents those cytokines showing important responses to the exposure. As
observed, only PET- and PLA-NPLs were able to induce a certain positive release. For
PET-NPL-treated cells significant upregulation was observed in ICAM-1, IL-8, MIF, and
Serpin E1, indicating a robust pro-inflammatory and tissue-remodeling response. ICAM-
1 is a key marker of immune cell adhesion, which suggests that PET-NPLs may facilitate
the recruitment of immune cells, potentially amplifying inflammatory responses in the
liver. IL-8 further supports this, as it is a potent chemoattractant for neutrophils, linking
PET exposure to neutrophil-mediated inflammation, a common feature in liver injury
(Teijeira et al., 2021). Additionally, the increase in MIF (macrophage migration inhibitory
factor) suggests that PET-NPLs may enhance macrophage activation, contributing to

sustained inflammation. Serpin E1, a regulator of extracellular matrix (ECM) degradation,

4

jg is associated with tissue remodeling and fibrosis, indicating that PET NPLs may induce
j; early fibrotic responses if exposure persists (Horvatits et al., 2022).

gg It is also important to note that exposure to PS50-NPLs resulted in a general decrease
g; in cytokine expression relative to non-treated controls. This reductive effect is consistent
gi with emerging research showing that PS-NPs can be relatively inert and immunologically
gg silent in hepatic cell models. For instance, Brandts et al. (2023) demonstrated that PS-
gé NPs largely accumulate in lysosomes of macrophages, as observed also in fish liver cells
Zg (Cheng et al., 2022), but do not trigger significant production of ROS or elevation of
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inflammatory cytokines such as IL-1B, TNF-a, IL-6, or IL-10 (Weber et al,, 2022) e o

/D5EN00434A

Additionally, tissue slice and in vitro studies using PS particles revealed downregulation
of IL-18 and IL-10 when corona formation is allowed by using medium supplemented

with serum, indicating that PS exposure can produce a muted inflammatory phenotype

rather than a classical upregulated immune response (Bartucci et al., 2021).

mm PS50 cPS50 mm cPS100 mm NPET mm NPLA
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Folds against non-treated

ICAM-1 IL-8 IL-18 IL-21 MIF Serpin E1

Figure 8. Analysis of growth factors/cytokines released from HUH-7 cells to the growth medium after 48 h
of NPLs treatment using the Human Cytokine Array. Expression is represented as folds against the basal
level in non-treated cells, represented by the pointed line in the graph. For the statistical analysis, one-way
ANOVA test was used with Dunnett multiple comparisons post-test, and 95% confidence interval (n=3, *
p<0.05 **p=<0.01, ***p=<0.001)

The differential cytokine responses observed between PS50-, PET-, and PLA-NPLs
further emphasize that nanoplastic characteristics, such as polymer type and surface
properties, can distinctly influence cellular behavior and immune modulation. This agrees
with findings from previous studies, where PET- and PLA-NPLs have been shown to
elicit strong inflammatory responses, but via distinct pathways depending on their
interaction with cellular receptors and their internalization rates (Arribas Arrranz et al.,
2024; Garcia-Rodriguez et al., 2024). Furthermore, the response induced by PET-NPL
and PLA-NPL exposures in liver HUH-7 cells reinforce the view that some characteristics
of MNPLs can play pivotal roles in targeting liver as reviewed by different authors

(Banerjee and Shelver, 2021; Yin et al., 2022; Haldar et al., 2023).

23

Page 24 of 35


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5en00434a

Page 25 of 35

& 5 » QpenAcgessAriclePublishedoruld didzlath20R5. ROWDIgadedoR2AP-AF-20ILBAIB. . o o o o S VO N O LT D W N =
“‘m\fh% aficiistieded uriter € CRRative Sorfindiis Rl Bufon ot Rmalc@ 38 ﬁpéﬁeﬂ'LiFen&.

aOuvuuuuuuuuu bbb DDNDN
O VWO NOUDMNWN=—-=OOVONO UV N

Environmental Science: Nano

To further investigate intracellular responses, cytokine expression was also measure
in supernatant and cell lysates of HUH-7 cells exposed to PET- and PLA-NPLs for 48 h,
with an additional 12-h LPS treatment to mimic inflammatory stimuli (Fig. 9). Although no
significant difference was observed in the supernatant profile, both nanoplastics induced
significant upregulation of IL-6, IL-8, IL-18, and Serpin E1 in the lysate of cells exposed
under this combination of treatments. This response suggests that PET and PLA not only

trigger cytokine secretion but also modulate intracellular signaling pathways involved in

immune and inflammatory responses.

== PET R
PLA

Figure 9. Analysis of growth factors/cytokines in cell lysis from HUH-7 cells with higher PET and PLA
internalization after 48 h and a 12 h treatment with 1 ug/mL LPS. Expression is represented as folds against
the basal level in non-treated cells, represented by the pointed black line in the graph. Cytokines with lower
than 0.5 or higher than 1.5 folds compared to the non-treated cells, were included in the analysis. One-way
ANOVA analysis, with Dunnett multiple comparisons post-test and 95% confidence interval was used for the
analysis (*p<0.05, **p<0.01, ***p<0.001). The graph shows mean + SEM of fold change against the non-
treated control (n=3), with significant differences between NPET and the control in blue *, between the NPLA
and the control in red, and between both NPLs in black.

Results show that for PET-treated cells, the combination of PET and LPS resulted in
significantly elevated levels of IL-6, IL-8, IL-18, and Serpin E1. The sharp increase in IL-
6 and IL-8 reflects a potent intracellular inflammatory response, with IL-8 promoting
neutrophil chemotaxis and IL-6 driving acute-phase responses (Shen et al., 2022). IL-18
further contributes to this inflammatory cascade by promoting the production of IFN-y, a

key cytokine in the immune response to infection (Dinarello et al., 2013). The

24

Article Online

1039/D5ENO0434A


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5en00434a

Environmental Science: Nano Page 26 of 35

upregulation of Serpin E1 suggests that PET, especially in combination with |5|8§1b My /e one

& 5 » QpenAcgessAriclePublishedoruld didzlath20R5. ROWDIgadedoR2AP-AF-20ILBAIB. . o o o o S VO N O LT D W N =
“‘m\fh% aficiistieded uriter € CRRative Sorfindiis Rl Bufon ot Rmalc@ 38 ﬁpc‘)ﬁeﬂii?eng.

S bDA D DD
O 00 NO U b

(S BN C, BNV, RO, RO, BV, BV, RV, |
NoubhwN-=0

o L1
o O

also stimulate pathways related to extracellular matrix remodeling and fibrosis. Thus, the
combined PET-NPLs and LPS treatment appears to exacerbate inflammatory and
fibrotic responses, reflecting a synergistic effect between environmental pollutants and
microbial stimuli, which could increase the risk of chronic liver inflammation and fibrosis.

For PLA-treated cells, intracellular increases of C5, IL-8, and Serpin E1 were
observed after the combined exposure to PLA-NPLs and LPS. The elevation of C5
indicates activation of the complement system, which plays a significant role in
inflammation and immune cell recruitment (Strey et al., 2003). The increased levels of
IL-8 also suggest that neutrophil recruitment is a key response to PLA-NPLs exposure,
particularly in the presence of LPS. Interestingly, many other intracellular cytokines were
downregulated (below 0.5-fold) compared to the control, suggesting that PLA-NPLs may
primarily activate complement and neutrophil-mediated pathways without broadly
stimulating other intracellular inflammatory responses. The concurrent increase in Serpin
E1 supports the idea that PLA, like PET-NPLs, may induce tissue remodeling and fibrotic
changes over time. Interestingly, most of the other cytokines in PLA-treated lysates were
expressed at levels significantly below the control, suggesting a suppression of
intracellular pro-inflammatory responses for certain cytokines. This could indicate that
while PLA-NPLs induces extracellular pro-inflammatory and immune-activating
cytokines, its intracellular effects may be more focused on complement activation and
neutrophil recruitment, rather than broad pro-inflammatory signaling.

The addition of LPS after 48 h of nanoplastic exposure provides important insights
into how environmental nanoplastics and microbial products can synergize amplifying
liver inflammation. LPS is a known activator of the Toll-like receptor 4 (TLR4) pathway,
which stimulates the release of pro-inflammatory cytokines and chemokines (Akira et al.,
2006). When combined with nanoplastics like PET or PLA, the presence of LPS appears
to amplify inflammatory signaling, resulting in the elevated production of cytokines such
as IL-6, IL-8, IL-18, and C5, depending on the nanoplastic type. Thus, the amplified
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inflammatory response observed after co-treatment with LPS suggests that naer%PllaC)slgi%%
like PET- and PLA-NPLs could prime hepatocytes for heightened inflammatory
sensitivity. This raises concerns about synergistic effects between environmental
pollutants and microbial products, which could exacerbate liver inflammation and
contribute to the development of chronic liver conditions, including non-alcoholic fatty
liver disease (NAFLD) and cirrhosis (Das, 2023). The presence of ICAM-1 and IL-6 as
key mediators highlights the potential for inflammatory crosstalk between NPL exposure
and immune system activation, which could accelerate the progression of liver disease.
Moreover, the differential cytokine responses between PLA-NPLs and PET-NPLs
suggest that these nanoplastics not only affect oxidative stress pathways but also
modulate the immune response in different ways. The strong association between PLA-
NPL genotoxicity and IL-18 expression, points toward the activation of pathways involved
in cellular damage repair and, possibly, to early fibrotic changes, while PET’s induction
of IL-6, IL-8, and ICAM-1 suggests a more acute pro-inflammatory response, potentially
setting the stage for chronic inflammation if exposure were prolonged.

It is important to address the genotoxic and pro-inflammatory responses in HUH-7
cells after exposure to PLA-NPLs, considering that PLA is widely regarded as a safer
and more environmentally friendly bioplastic. However, recent studies have challenged
this perception showing these NPLs induce oxidative stress, DNA damage, and
inflammatory gene activation in vivo, such as in Drosophila melanogaster larvae models
(Alaraby et al., 2024). In vitro studies also demonstrate that UV-aged PLA films release
surface-modified nanoplastics with increased reactivity, capable of inducing cytotoxicity
and inflammation comparable to that of conventional plastics (Wu et al., 2025). The
effects have been linked to changes in surface chemistry, such as the appearance of
carbonyl or hydroxyl groups, as well as the presence of residual monomers or additives
used in commercial PLA formulations. These findings align with the results of the present
study and reinforce that bioplastics like PLA can have cytotoxic effects and should be

assessed with the same level of scrutiny as conventional petroleum-based plastics when
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considering potential impacts on human and environmental health. Future studig:og_%i!%?é%
essential to evaluate how environmental degradation, aging, or additive leaching may
modulate the toxicity profile of PLA-based materials.

4. Conclusion

This study underscores the importance of evaluating the specific characteristics of
nanoplastics (NPLs), such as polymer type, surface charge, and size, when assessing
their biological effects. Determining internalization ability and kinetics over time are
essential parameters for understanding NPLs' biological impact. Significant differences
in cell uptake were observed, notably highlighting the influence of surface charge, as
carboxylated PS-NPLs showed high internalization efficiency compared to their pristine
counterparts. The robust internalization of PET- and PLA-NPLs may be attributed to
surface modifications introduced during their preparation, underscoring the need for
realistic environmental analogs in toxicological studies.

Interestingly, efficient internalization alone does not necessarily predict harmful
cellular outcomes, as evidenced by pristine PS50-NPLs, which demonstrated high
internalization yet minimal adverse effects. This indicates that a specific cell line, such
as HUH-7, may exhibit distinct responses to different NPLs, with notable implications for
liver health concerning chronic inflammation, fibrosis, and carcinogenesis risk. In our
study, PET-NPLs and PLA-NPLs notably induced a range of responses in hepatic cells,
including ROS production, genotoxicity, and cytokine release, highlighting the
significance of true-to-life MNPLs as representatives of environmentally relevant
secondary MNPLs.

Further research is needed to investigate the long-term effects of these nanoplastics,
including their internalization kinetics, in hepatic cells and their potential role in liver

disease progression.
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