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ARTICLE INFO ABSTRACT

Edited by Professor Bing Yan Bivalve hemocytes, particularly granulocytes and hyalinocytes, play a crucial role in cell-mediated immunity.

However, their interactions with aged plastic particles, exhibiting altered properties that more closely resemble

Keywords: those in natural environments, remain largely underexplored. This study assesses the differential responses of
Agefi PET, Hemocytes hemocyte subpopulations (Mytilus edulis) to chemically aged polyethylene terephthalate (PET) microplastic
;“'Vlttr_o | (MPs) and nanoplastic (NPs) particles across multiple cellular effect endpoints. Particle characteristics were
unctional assays . j . L . . .
Immunotoxicity analyzed using Single Particle Extinction and Scattering, Raman Spectroscopy, Scanning Electron Microscopy,

and Dynamic Light Scattering. In vitro experiments with aged PET MPs (1.9 um) and NPs (0.68 pym) were
conducted at three internally relevant concentrations: 10 (C1), 10% (C2), and 10° particles/mL (C3). Cellular
responses were assessed by measuring lysosomal content stability, reactive oxygen species (ROS) production,
cellular mortality, and morphological parameters using flow cytometry at 6, 12, 24, and 48 hours. Our findings
provide mechanistic insights into the differential sensitivities of granulocytes and hyalinocytes to aged PET,
influenced by particle size and concentration. Specifically, aged PET MPs and NPs induce distinct size and
concentration-dependent patterns of lysosomal destabilization, coinciding with the loss of functional integrity.
Elevated ROS levels were observed only in granulocytes and hyalinocytes exposed to high concentrations of aged
PET NPs, underscoring the effects on oxidative stress. Both aged PET MPs and NPs induce significant increases in
cellular mortality, particularly after 24 h of exposure at high concentrations. These findings reveal the complex
cellular mechanisms underlying hemocyte functional impairment following exposure to aged PET particles under
environmentally and biologically relevant conditions.

Flow cytometry

1. Introduction MPs and NPs pose health risks (Sharifinia et al., 2020).

Innate immunity, the primary defense mechanism in invertebrates, is

Plastic pollution, particularly in the form of micro- and nanoplastic
particles (MPs/NPs), is prevalent in the environment, raising concerns
about its adverse effects on aquatic organisms (Liu et al., 2024). These
particles mainly originate from two sources: the direct discharge of
primary MPs into the environment and the degradation of larger plastic
materials, resulting in the formation of secondary particles (Ali et al.,
2024). While there is a growing body of research documenting various
biological responses to plastic particle exposure, systematic analyses of
effect endpoints at the cellular level remain limited (Prinz and Korez,
2020). Yet, this information is crucial for understanding the funda-
mental pathways and mechanisms of exposure and determining how

integral for overall functioning (Canesi and Prochazkova, 2014). It af-
fects various biological aspects, including histopathology, bioenergetics,
and susceptibility to infections, which can ultimately lead to mortality
(Kataoka and Kashiwada, 2021). Invertebrate immune cells, particularly
hemocytes of bivalve mollusks, play a crucial role in cell-mediated im-
munity and serve as valuable models for investigating particle-induced
responses (Canesi and Prochazkova, 2014). Different subpopulations
of hemocytes, such as granulocytes and hyalinocytes, exhibit distinct
morphological and functional characteristics (Le Foll et al., 2010),
including internal cell signaling pathways that regulate various cellular
processes (Canesi et al., 2006). Granulocytes are the dominant cell type
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in the hemolymph of Mytilus spp., characterized by high phagocytic
activity and oxyradical production, whereas hyalinocytes have lower
phagocytic ability (Le Foll et al., 2010). Phagocytosis, one of the critical
immune defense functions of these specialized cells, regulates the
internalization of particles (>0.5 pm in diameter), such as pathogens,
apoptotic bodies, and other foreign materials (Rosales and Uribe-Querol,
2017). Phagocytosis typically occurs concomitantly with autophagy, a
lysosome-based degradative pathway essential for maintaining cellular
homeostasis (Gustafson et al., 2015). However, dysregulation of auto-
phagy can compromise lysosomal stability, disrupt homeostasis, and
lead to oxidative stress, inflammation, and mitochondrial dysfunction.
These cellular disturbances can ultimately trigger cell death pathways,
potentially resulting in adverse effects at the organismal level (Stern
et al., 2012). Extensive literature has documented the effects of various
particles, including metallic, ceramic, and polymeric nanoparticles, on
cellular systems. These studies revealed that micro and nanoparticles
can induce a range of cellular responses, from uptake and processing to
adverse toxicological outcomes (Stern et al., 2012). The interactions of
particles with cells and the resulting biological effects are significantly
influenced by physicochemical properties, including particle size, shape,
surface charge, and composition (Foroozandeh and Aziz, 2018). Despite
the recognized capability of various particles, including plastic particles,
to penetrate biological membranes and affect cellular mechanisms,
significant gaps remain in understanding the systemic toxicity, partic-
ularly concerning the immune system (Sharifinia et al., 2020).

The intricate response pathways and regulatory networks governing
cellular stress and death offer multiple targets for comprehensive toxi-
cological studies (Simmons et al., 2009), taking into account various
physicochemical properties. However, numerous studies have raised
concerns regarding the environmental relevance of plastic particles
employed in laboratory experiments (Karami, 2017). Previous studies
investigating the effects of MPs and NPs have predominantly utilized
polystyrene (PS) spheres or beads and often involve unrealistic exposure
conditions (Ferreira et al., 2019), including simplified particle sizes,
shapes, and concentrations that do not reflect real-world scenarios. This
narrow focus limits the understanding of the broader impact of plastic
pollution, as it overlooks the environmental relevance and potential
toxicity of other polymers, such as polyethylene terephthalate (PET). For
instance, PET is one of the most prevalent polymer types in the marine
environment (Ashrafy et al., 2023) and is commonly ingested by
filter-feeding organisms, particularly mussels (Pequeno et al., 2021; Qu
et al., 2018). Studies have reported that ingested MPs accumulate in the
hemolymph of mussels, with smaller particles (3.0 um) being more
abundant than larger ones (9.6 um) and persisting in the circulatory
system for over 48 days (Browne et al., 2008). Using concentrations that
match those detected internally, such as in the hemolymph of mussels, is
crucial for a more accurate assessment of biological responses.

Additionally, the aging and weathering of plastic particles introduce
critical variables that significantly affect the interaction with biological
systems (Lu et al., 2023). Through processes such as photodegradation,
physical abrasion, and chemical degradation, aged and weathered par-
ticles acquire altered surface and physicochemical properties (He et al.,
2023). These changes can potentially lead to heightened toxicological
profiles compared to their pristine counterparts (Volkl et al., 2022).
Modifications induced by particle aging, particularly in size, shape, and
surface properties, can enhance particle-cell interactions, thereby
influencing cellular uptake mechanisms and toxicity profiles
(Foroozandeh and Aziz, 2018). Using aged particles is crucial to accu-
rately reflect actual environmental conditions (Revel et al., 2021),
where particles are rarely pristine and often undergo significant trans-
formations before interacting with biological systems.

To address existing knowledge gaps, this study investigated the re-
sponses of hemocyte subpopulations to chemically aged polyethylene
terephthalate micro- and nanoplastic particle exposure across multiple
cellular effect endpoints. Specifically, hemocytes extracted from blue
mussels (Mytilus edulis) were exposed to aged PET particles with two
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distinct size ranges and three concentrations, chosen to reflect both
environmentally and biologically relevant conditions. Cellular responses
(lysosomal content stability, reactive oxygen species (ROS) production,
cellular mortality) and morphological parameters (cell size and
complexity), were assessed using flow cytometry at various time points.
By integrating responses related to particle size, concentration, and
exposure time, this study provided insights into the critical cellular
mechanisms underlying the effects of exposure to aged plastic particles.

2. Materials and methods
2.1. Characterization of the aged PET Micro- and nanoplastic particles

Aged polyethylene terephthalate (PET) MPs and NPs with irregular
shapes and heterogeneous sizes were obtained through mechanical
cryomilling and chemical aging. The primary stock suspensions with
particles smaller than 5 pm were processed and provided by the Joint
Research Centre (JRC) of the European Commission. To isolate the
particles in the sub-micrometer range, the suspension was sonicated for
20 minutes, sedimented for 12 h, and filtered through a 1 pm membrane
filter. The aging process for PET involved immersion in potassium hy-
droxide solution (KOH) combined with ultrasonic treatment, which
induced the formation of polar COO™~ groups resulting in enhanced
particle hydrophilicity, as indicated by Sioen et al. (2024) for particles
produced by the JRC. This method has been reported to yield surface
modifications similar to those of naturally aged particles (von der Esch
et al., 2020), highlighting the suitability of these particles as reference
materials.

The polymer composition, size, shape, and concentration of the
particles in the stock solution were confirmed using Raman spectroscopy
(reference library Open Specy), scanning electron microscopy (SEM,
Phenom™ ProX Desktop), and the single particle extinction and scat-
tering (SPES, Classizer™ ONE) technique (Supplementary Figures A.1 —
A.3 and Table A.1). Two different size ranges of aged PET were utilized:
MPs with an average dimension of 1.9 um (D19 = 0.6 pm; Dsg = 1.4 ym
and Dgg = 3.1 pm) and NPs with an average dimension of 0.68 pm (D19 =
0.39 ym; Dsg = 0.57 um; and Dgg = 1.1 pum). D10, D50, and D90
represent percentile values from the cumulative particle size distribu-
tion analyzed using SPES, indicating the size below which 10 %, 50 %,
and 90 % of the particles are found (Supplementary Figure A.1, Panel A
and B). Stock solutions contained 4.0 x107 and 1.66 x107 particles per
mL (denoted as P/mL), respectively. Aged PET particles were suspended
in Milli-Q water without surfactant. Secondary characterization of the
aged PET MPs and NPs was conducted using Dynamic Light Scattering
(DLS, Zetasizer Nanoseries, Malvern Instruments) at various time points
(1 h, 24 h, and 48 h) to ensure particle stability under conditions
adopted for the in-vitro exposure experiments (Supplementary
Figure A.4).

2.2. Maintenance of the mussel culture

Adult mussels (Mytilus edulis) were collected from the Scheldt Estu-
ary in Hoedekenskerke, Netherlands. Mussels were kept in a glass
aquarium with artificial seawater (hw-Marinemix Professional), equip-
ped with portable aeration (Eheim Air Pump 400) and mechanical-
biological filtration (Eheim Biopower 200) systems. The temperature
was maintained at 15 + 0.4°C with a photoperiod (12:12 h). The mus-
sels were fed daily with microalgae suspension (Tetraselmis suecica,
Tetraprime S Proviron), with the water inflow interrupted for 2 hours
during feeding. Water was replaced by 50 % daily, and quality param-
eters (pH (8.08 + 0.05), salinity (30.9 + 0.5 %o), dissolved oxygen (8.12
+ 0.21 mg/L), ammonia (0.25 mg/L, nitrite (<0.3 mg/L), and nitrate
(12.5 mg/L) were monitored using Hach HQ40D meters and Tetra test
kits. Prior to experimental procedures, the mussels were acclimatized
and depurated under laboratory conditions for a minimum period of
three weeks. No mortality was observed under these conditions.
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2.3. Hemolymph extraction and cell culture preparation

A total of 80-100 adult mussels, with shell lengths of 4-6 cm, were
selected for hemolymph extraction and cell culture following estab-
lished protocols (Katsumiti et al., 2017). Mussels were anesthetized for
30 minutes using a filtered (100 nm, Millipore) and sterilized 0.3 M
magnesium chloride (MgCly) solution within a laminar airflow cabinet
(Spetec). Hemolymph was extracted from the posterior abductor muscle
using a sterile 2 mL syringe (Injekt) with a 23 G needle (Terumo Neolus).
The extracted hemolymph was pooled, filtered through a 70 um cell
strainer (Greiner) to eliminate impurities and aggregates, and then
diluted at a 9:1 ratio in an anti-aggregation solution (171 mM NaCl;
0.2 M Tris; 0.15 % v/v HCl 1 N; 24 mM EDTA, with reported > 95 %
viability (Katsumiti et al., 2017)). The concentration and purity of the
cell suspension were verified using a hemocytometer (MUHWA Scien-
tific, Neubauer), microscope (Nikon, Eclipse LV1OON POL), and flow
cytometer (BD Biosciences). Cell suspensions were then seeded into
pre-labeled 24-well glass bottom microplates (Greiner Bio-one) and
maintained in filtered (0.2 um; Millipore) culture media (Basal Medium
Eagle (BME), Sigma Aldrich) supplemented with L-Glutamine and an
antibacterial agent (0.001 % Gentamicin). Strict aseptic techniques were
maintained throughout the procedure to prevent contamination.

2.4. In-vitro exposure experiments

The experiment employed a full factorial design, comprising two
aged PET particle size ranges and three concentrations: 10 P/mL (C1);
10° P/mL (C2); and 10° P/mL (C3). These chosen particle properties
align with the reported concentration ranges and represent the most
abundant size classes of accumulated plastic particles in the hemolymph
of mussels (Browne et al., 2008). Initially, working solutions (10° P/mL)
of MPs and NPs were separately prepared in culture media and diluted to
obtain the desired exposure concentrations. Suspensions were system-
atically sonicated for 20 minutes to ensure uniform particle dispersion
before use.

The in-vitro exposure experiment was carried out using pooled he-
mocytes suspended in culture media with a cell concentration of 1 x10°
cells/mL and incubated at 15°C. This selected cell concentration has
been effectively applied in previous in vitro experiments with various
test particles (Katsumiti et al., 2021), compounds (Bouki et al., 2013;
Katsumiti et al., 2017), and microbial challenges (Tanguy et al., 2018).
Each treatment was conducted in triplicate and cells were incubated
under stable culture conditions for 6 h, 12 h, 24 h, and 48 h. Treatments
included a pure culture medium as the negative control (NC) and a
culture medium containing varying concentrations of aged PET MPs and
NPs. Adequate positive control treatments were included for each
measured parameter (see below). At each sample time, cells were
collected from the culture wells and washed twice with
phosphate-buffered saline (PBS) before analysis.

2.5. Assessment of cellular endpoints

Cellular endpoints were measured to assess the effect of aged PET
MPs or NPs exposure on hemocyte subpopulations using fluorescent
labeling and flow cytometry with BD™ LSR II (BD Biosciences).

2.5.1. Cellular morphology

Morphological changes in hemocytes were detected using the side
scatter (SSC) and forward scatter (FSC) detectors of the flow cytometer,
which are parameters based on cell size and internal complexity (Sendra
et al., 2020). Data on morphological parameters are expressed in arbi-
trary units (A.U.).

2.5.2. Lysosomal stability
Lysosomal stability was assessed using the LysoTracker™ Blue DND-
22 (Invitrogen), a cell-permeable dye applicable for labeling and tracing
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acidic organelles such as lysosomes (Wang et al., 2019). Hydrogen
peroxide (HpOo 100 uM) was used as a positive control to induce
cellular stress conditions impacting lysosomal stability (Brunk et al.,
1995). Cell samples were suspended in PBS with 75 nM LysoTracker™
and incubated in the dark at 15°C for 1 h. Fluorescence was measured
with the flow cytometer at excitation and emission wavelengths of
373 nm and 422 nm, respectively. Intracellular lysosomal content is
expressed as the mean geometric fluorescence in hemocyte sub-
populations relative to the negative control (set to 100 %).

2.5.3. Reactive oxygen species (ROS) production

Intracellular ROS production was assessed using the 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate acetyl ester
(CM-H2DCFDA, Invitrogen), dissolved in dimethylsulfoxide (DMSO)
(Yang and Wang, 2022). As a positive control, oxidative activity was
induced using H02 at a sub-lethal concentration of 100 uM (Brunk
et al., 1995; Sendra et al., 2020). Cell samples were suspended in PBS
with 10 uM CM-H,DCFDA and incubated in the dark at 15°C for 1 h. DCF
green fluorescence was measured with the FITC signal detector (FL1) of
the flow cytometer. ROS production is expressed as the mean geometric
fluorescence in hemocyte subpopulations relative to the negative control
(set to 100 %).

2.5.4. Cellular mortality

Cellular mortality was assessed using Propidium Iodide (PI; Abcam),
following the manufacturer’s protocol with modifications (Wang et al.,
2019). As positive controls, cells were incubated with Cadmium Chlo-
ride (CdCly, 800 uM) to induce cellular death (PC CT) (Olabarrieta et al.,
2001). Additionally, sonication for 1 h was included as a second
non-chemical positive control (PC ST). Cell samples were suspended in
500 pl of binding buffer with 5 pl of PI (50 pg/mL), and incubated in the
dark at 15°C for 5-10 min. Fluorescence was measured with excitation
and emission wavelengths of 535 nm and 617 nm, respectively. Data
were expressed as the percentage (%) of non-viable cells relative to the
total cell count per hemocyte subpopulation.

2.6. Flow cytometry analyses

Flow cytometry, a fluorescence-based technology, was used to
identify and characterize hemocyte subpopulations, such as gran-
ulocytes and hyalinocytes. Analysis was performed using a BD™ LSR II
flow cytometer (BD Biosciences) equipped with 488 nm (blue), 633 nm
(red), 405 nm (violet), and 355 nm (UV) lasers. Hemocyte sub-
populations were detected using SSC and FSC parameters, based on cell
size and complexity. Initially, unexposed hemocytes served as a baseline
to establish the normal SSC and FSC profiles, ensuring measurements
were unaffected by potential interference from plastic particles. A gating
technique using the SSC vs. FSC dot plots was then employed to
distinguish the sub-population of interest. A total number of 10,000 cells
was analyzed in each sample replicates. Regular calibration was per-
formed using calibration beads to ensure accurate parameter measure-
ment throughout the experiment. Data were processed using
FACSDiva™ Software (Version 5.0) and FlowJo (Version 10.9.0).

2.7. Statistical analysis

The normal distribution of the data was assessed using the Shapiro-
Wilk test. The effects of particle size and concentration of aged PET MPs
and NPs were analyzed by two-way analysis of variance (ANOVA). If
interactions between factors were identified, significant effects of par-
ticle size, concentration, and time were further examined either using a
one-way ANOVA or the non-parametric Kruskal-Wallis test, based on
normality assessment of the data. Pairwise comparisons were performed
with Tukey’s HSD post-hoc test (Wang et al., 2019). Differences were
considered significant at P < 0.05. All analysis was conducted using
GraphPad Prism (Version 10.1.2). The graphical abstract was created
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with BioRender.com.
3. Results

The responses of hemocyte subpopulations to various concentrations
of aged PET MPs and NPs across multiple cellular effect endpoints are
described in detail in the following sections and summarized in Sup-
plementary Table A.2.

3.1. Cellular morphology (Size and Complexity)

Granulocytes and hyalinocytes exposed to increasing concentrations
of aged PET MPs and NPs showed no significant changes in cell size and
complexity (Figs. 1 - 2 and Supplementary Table A.2) over 6, 12, 24, and
48 h.

3.2. Lysosomal stability

Analysis of lysosomal content in hemocytes after exposure to
different concentrations of aged PET MPs and NPs revealed distinct size-
specific and concentration-dependent patterns of destabilization (Fig. 3
and Supplementary Table A.2).

Granulocytes exposed to aged PET MPs showed a size-specific in-
crease in lysosomal content at 12 h and 48 h of exposure. Particularly,
concentration-dependent increases of 43.2 % and 45.5 % at C2 (p =
0.045) and C3 (p = 0.030) compared with the control were observed
after 48 h (Fig. 3, panel A). Among the NP-treated groups, only the
highest aged PET NP concentration (C3) induced a significant increase
in lysosomal content at 24 h, by 78.7 % and 76.5 % compared to the
control (p = 0.020) and C1 (p = 0.024). Interestingly, a relatively lower
lysosomal content was observed in all NP-treated groups after 48 h,
though not significantly different from the concurrent control.

Hyalinocytes exhibited a variable lysosomal response to aged PET
particle exposure (Fig. 3, panel B). In MP-treated groups, a
concentration-dependent elevation in lysosomal content was observed
only at 48 hours, with MP C2 (p = 0.015) and C3 (p = 0.026) inducing
increases of 54.3 % and 50.9 %. While in hyalinocytes exposed to NPs,
no significant changes in lysosomal content were observed across all
time points. Similar trends of relatively lower lysosomal content were
evident after 48 h of NP exposure, though not statistically significant.

As the positive control, H20z induced an abrupt increase in lysosomal
content in both hemocyte subpopulations (p < 0.05), followed by a
stabilization over time (Supplementary Figure A.5, Panel A and B).

3.3. Oxidative activity

ROS levels in granulocytes exposed to various aged PET MP con-
centrations did not show significant differences across all time points
(Fig. 4, panel A). In contrast, exposure to aged PET NPs resulted in a
significant increase in ROS production only at the highest concentration
(C3) at 24 h, with a 45.5 % increase compared to the control (p =
0.047).

Similarly, hyalinocytes exposed to various MP concentrations did not
exhibit significant differences in ROS production compared to the con-
trol (Fig. 4, panel B). However, exposure to NPs resulted in a significant
increase in ROS production of 184 % only at the highest concentration
(C3) at 24 h (p = 0.009).

The positive control with H202 induced significant changes (p <
0.05) in ROS levels in granulocytes only at 6 h, while no significant
changes were observed in hyalinocytes (Supplementary Figure A.5,
Panel C and D).

3.4. Cellular mortality

The results demonstrated a significant adverse effect of aged PET
exposure on hemocyte mortality, with a concentration- and time-
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dependent increase in Pl-positive cells (Fig. 5 and Supplementary
Table A.2). Specifically, aged PET MP concentrations C2 and C3
significantly increased granulocyte mortality to 15.9 % (p = 0.021) and
16.5 % (p = 0.007), respectively, compared with the control (11.6 %).
These correspond to percentage increases of approximately 37.8 % and
42.9 % after 24 h of exposure. No significant concentration-dependent
changes in mortality were observed 48 h post-exposure to MPs,
though C2 exhibited the highest rate among all tested concentrations
(Fig. 5, panel A). Among the NP-treated groups, only C3 induced a sig-
nificant increase in granulocyte mortality to 17.6 % (p = 0.016)
compared with the control (13.0 %) at 24 h, corresponding to a 35.0 %
increase. After 48 h exposure, NP C3 remained elevated although not
statistically significant.

In hyalinocytes (Fig. 5, panel B), only the highest MP concentration
(C3) significantly increased mortality to 13.0 % compared with the
control (8.42 %) at 24 h (p = 0.039), corresponding to a 54.5 % increase
compared to the control cells. Although there were increments in mor-
tality rates at higher concentrations after 48 h, no significant
concentration-dependent differences between MPs and NPs were
observed in hyalinocytes.

The positive controls, PC ST (sonication treatment, p < 0.0001 in
both hemocyte subpopulations) and PC CT (chemical treatment p <
0.0001 in granulocytes and p < 0.05 in hyalinocytes), exhibited a high
number of PI-positive cells, particularly after 24 h. This indicates high
mortality rates and validates the sensitivity of the assay (Supplementary
Figure A.6, Panel A and B).

4. Discussion

Hemocytes serve as the first line of defense against contaminants in
bivalves, making them a crucial model for evaluating the effects of MPs
and NPs on immune functions (Canesi and Prochazkova, 2014). This
study aimed to elucidate how these particles, particularly aged PET,
affect hemocyte subpopulations through the analysis of multiple cellular
effect endpoints. Key findings revealed differential sensitivities of he-
mocyte subpopulations, influenced by particle size, concentration, and
exposure time.

4.1. Morphological characterization of hemocyte subpopulations

Flow cytometry enabled the morphological differentiation of he-
mocyte subpopulations and quantitative assessment of cellular markers
(Bajgelman, 2019). This technique effectively distinguished two distinct
hemocyte subpopulations: granulocytes, characterized by larger cell size
and higher internal complexity, and hyalinocytes, with smaller size and
lower complexity (Le Foll et al., 2010). Exposure to increasing concen-
trations of aged PET MPs and NPs did not induce significant changes in
cell size or complexity for both subpopulations over time. In contrast,
exposure of hemocytes to different concentrations of PS NPs (100 nm
and 1 pm) resulted in significant changes in cell size, while no corre-
sponding changes in cell complexity were observed (Sendra et al.,
2020). In another cell type, exposure to 50 nm amine-modified poly-
styrene (NH,-PS-NPs, 50 pg/mL or 7.28 x10'! P/mL converted con-
centration in Supplementary Table A.3) did not alter cell size but
increased complexity over time, likely due to enhanced vacuolization
(Wang et al., 2013).

4.2. Lysosomal destabilization in response to Aged PET exposure

This study reveals distinct patterns of lysosomal destabilization
influenced by particle size and concentration. As observed, exposure to
aged PET MPs resulted in progressive fluctuations in lysosomal content
across hemocyte subpopulations at higher concentrations. Aged NP
exposure significantly increased lysosomal content in granulocytes at
the highest tested concentration, followed by a subsequent reduction
after prolonged NP exposure, suggesting potential alterations in
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Fig. 3. Relative lysosomal content in (A) granulocytes and (B) hyalinocytes exposed to different concentrations of aged PET microplastic (MP) and nanoplastic (NP)
particles (C1:10 P/mL; C2: 10% P/mL; C3: 10° P/mL) over 6, 12, 24, and 48 h. Data are expressed as mean + SD (n=3). Different lower-case letters at each fixed MP
or NP treatment denote significant differences among concentrations at each time point (P < 0.05). Asterisks indicate significant differences between particle sizes at
each concentration per time point (*P < 0.05; ** P < 0.01; *** P < 0.001).
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lysosomal membrane integrity. For this analysis, the acidotropic dye
LysoTracker was used to label acidic cellular compartments, primarily
lysosomes. Fluctuations in LysoTracker fluorescence intensity indicate
changes in lysosomal pH, membrane permeabilization, and overall
functionality (Gaudioso et al., 2022; Oberle et al., 2010). Similar pat-
terns were observed in embryonic zebrafish fibroblast cell lines exposed
to different sizes of NH,-PS-NPs beads. Larger-sized particles (1000 nm,
20 pg/mL or 3.64 x107 P/mL) have been reported to induce acidifica-
tion of the lysosomal compartment, whereas smaller-sized NPs (100 nm,
20 pg/mL or 3.64 x10'° P/mL) exhibited a decrease in fluorescence
within 3-9 h post-exposure, both coinciding with the loss of lysosomal
integrity (Yang and Wang, 2022). This reduction can be attributed to the
leakage of proteolytic lysosomal enzymes into the cytosol, causing
alkalization and lysosomal dysfunction (Lunov et al., 2011).
Additionally, the observed changes in lysosomal stability suggest
that hemocytes undergo activation of phagocytic machinery in response
to particle exposure. The activation of phagocytic pathways refers to the
cellular process where highly specialized phagocytes (Le Foll et al.,
2010), such as granulocytes, recognize and internalize extracellular
particles. Due to their active role in the intracellular digestion of foreign
material, granulocytes have been reported to exhibit a substantially
higher lysosomal content than hyalinocytes (Sendra et al., 2020).
Engulfed particles are typically processed within the lysosomal
compartment, where phagosomes fuse with lysosomes to form phag-
olysosomes for degradation (Rosales and Uribe-Querol, 2017). Several
studies have confirmed particle localization within lysosomes. For
instance, in mussel hemocytes exposed to 0.5 pm and 4.5 pm PS at 108
P/mL and 10° P/mL, particles were found inside membrane-bound
phagolysosomal vesicles (Katsumiti et al., 2021). Similarly, in mouse
macrophages, PET NPs (191.6 nm) were reported to exhibit higher up-
take than other tested particles (160 nm and 1.30 pm LDPE, and 1.85 pm
PET), accumulating in lysosomes and the cytosol but not in mitochon-
dria or other organelles (Deng et al., 2022). This indicates a preferential
uptake and irreversible accumulation of polymeric particles within
lysosomal compartments, with no clear evidence of particle degradation
or exit processes (Salvati et al., 2011). Another study demonstrated that
PET NPs remain stable in a simulated lysosomal environment, even over
extended periods of up to two months, highlighting their intracellular
biopersistence and long-term stability (Magri et al., 2018).

4.3. Oxidative stress induced by aged PET NPs

The marked increase in ROS production observed only with aged PET
NPs, particularly at the highest concentration tested in this study, in-
dicates a significant size-specific and concentration-dependent effect on
oxidative stress. Oxidative stress occurs when ROS production exceeds
the capacity of antioxidant defenses, including enzymes like glutathione
peroxidase, catalase, and superoxide dismutase. This imbalance can
abnormally activate cellular signaling pathways (Chaitanya et al.,
2016). Previous studies have extensively reported heightened ROS
production induced by various MPs and NPs as a key initiating event,
potentially leading to irreparable oxidative damage. This size-dependent
effect, particularly pronounced in aged PET NPs, is attributed to the
increased surface-to-mass ratio, which enhances their ability to interact
with and penetrate cellular components (Hu and Palic, 2020). Similarly,
polypropylene (PP) fragments aged through UV irradiation have been
reported to induce nearly twice the ROS generation in hemocytes
compared to pristine fragments, emphasizing the influence of particle
aging on oxidative stress processes (Chelomin et al., 2024). Other
carbon-based (C60 fullerenes), silicon-based (SiO5), and metal oxide
(TiO2) NPs exhibited varying extents and time courses of ROS produc-
tion in hemocytes, with SiO, reported to induce the highest
concentration-dependent increase (Canesi et al., 2010). In RAW 264.7
macrophage cells, exposure to PET NPs (50-250 nm) with irregular
shapes and sizes also led to a significant increase in intracellular ROS,
but with no concentration-dependent correlation (Aguilar-Guzman
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et al., 2022). These findings highlight that while particle size and con-
centration are crucial factors influencing ROS generation potential, their
effects can vary across various cell types.

4.4. Mechanisms of hemocyte dysfunction induced by aged PET exposure

The significant increase in cellular mortality observed after 24 h of
in-vitro exposure highlights the concentration-dependent cytotoxicity of
aged PET particles. The adverse effects were more pronounced at high
concentrations, particularly in granulocytes, as shown by the increase in
Pl-positive cells. PI, which binds to DNA, only penetrates cells with
compromised membranes, emitting red fluorescence that identifies dead
cells regardless of the mechanism of cell death (Crowley et al., 2016).
Similarly, a dose-dependent increase in hemocyte mortality was
observed after 24 h of in-vitro exposure to environmental NPs and MPs,
mainly composed of polyethylene (PE) with sizes ranging from 1 — 1.2
pm and 1.2 — 300 pm (Roman et al., 2023). Exposure to 50 nm PS-NHj,
significantly increased the percentage of hemocytes undergoing necrotic
processes, detected after a shorter exposure duration of 45 min at the
highest tested concentration (50 pg/mL or 7.28 %10 P/mL) (Canesi
et al., 2015). In another study with virgin PS (1 pm), granulocytes were
identified as the most affected hemocyte subpopulation, with a
comparatively higher percentage of non-viable cells (36.3 %) after 3 h
of exposure (10 mg/L or 1.82 x107) (Sendra et al., 2020). Exposure to
environmental NPs and MPs (LDPE, PET, and PS) in mouse macrophages
did not significantly induce cellular mortality, suggesting these cells can
adapt to chronic exposure despite initial signs of dysfunction (Deng
et al., 2022).

The findings of this study provide insights into the complex cellular
mechanisms underlying hemocyte functional impairment following
exposure to aged particles under environmentally and biologically
relevant conditions. Initially, cellular defense mechanisms, involving
lysosomal and phagocytic pathways, attempt to mitigate the cytotoxic
effects, but these defenses become overwhelmed over time. This distinct
induction of cellular dysfunction aligns with recent studies, such as
those on embryonic zebrafish fibroblast cell lines, where NHy-PS parti-
cles of different sizes induced varying lysosomal changes and ROS pro-
duction, leading to different cell death mechanisms (Yang and Wang,
2022).

As a recognized mechanism of particle toxicity, lysosomal dysfunc-
tions induced by particle exposure play a crucial role in modulating
cellular death signaling pathways (Stern et al., 2012). Previous studies
have highlighted the ‘proton sponge’ effect, where particles, especially
those containing amine groups, absorb protons in the acidic lysosomal
environment. This process leads to ion and water influx, causing lyso-
somal swelling and rupture and contributing to the induction of cyto-
toxicity (Nel et al., 2009). For instance, a time-resolved study
demonstrated that the accumulation of NH,-PS-NPs initiated these
processes, ultimately inducing mitochondrial damage and apoptosis
(Wang et al.,, 2013). Specifically, partial lysosomal membrane per-
meabilization (LMP) is linked to ROS induction and apoptosis, whereas
massive LMP causes cytosolic acidification and necrosis (Stern et al.,
2012). The effect on lysosomal functionality is not unique to polymeric
particles, as negatively charged silica particles have also been linked to
lysosomal injury and the release of lysosomal enzymes, which induce
apoptosis in alveolar macrophages (Thibodeau et al., 2004). Thus,
incorporating assays for lysosomal function into the biological screening
system is essential for detecting pathological alterations associated with
particle exposure (Xia et al., 2008).

4.5. Influence of weathering on particle-induced cellular responses

Moreover, the cellular effects of weathered particles can be linked to
the accumulation of reactive groups and radicals on the surface. For
instance, weathered polystyrene particles (2 pm at 150 pg/mL or 3.41
%107 P/mL) have been observed to induce significantly higher ROS
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levels in murine macrophages compared to pristine counterparts (Volkl
et al., 2022). Conversely, in THP-1 macrophages exposed to particles
with size ranges of approximately 90 pm at 20,000 P/mL, pristine MPs
induced higher cellular ROS levels compared to weathered poly-
propylene and polystyrene. As previously indicated, weathered particles
have a higher binding affinity for serum proteins than pristine ones.
These proteins act as ROS scavengers, neutralizing free radicals and
thereby reducing the overall ROS generation potential of the weathered
MPs (Jeon et al., 2021). Nevertheless, as another recognized mechanism
of particle-induced systemic toxicity, the extent of ROS generation and
its impact on cellular health are influenced by particle properties, cell
types, and exposure conditions (Hu and Pali¢, 2020).

Previous studies indicated that the cytotoxic effects of plastic particle
exposure could be partly attributed to leachable components, such as
surfactants and residual monomers (Volkl et al., 2022). To minimize the
compounding influence of leachable components, a surfactant-free
particle stock suspension was used in this study. Although PET typi-
cally contains plasticizers such as di-n-propyl phthalate, diethyl phtha-
late (DEP), and di-n-butyl phthalate (DBP), it demonstrates enhanced
stability compared to polymers with a carbon-only backbone (PP, PE,
PS, and PVC) (Do et al., 2022). Extensive studies have shown that PET
microplastics have slow rates of additive leaching and contain the lowest
additive levels among tested polymers under environmental conditions
(Bridson et al., 2023). Biological assessments in mussel hemocytes,
particularly focusing on lysosomal membrane stability (LMS), revealed
no significant impact from PET leachates. This suggests that the
observed cytotoxicity is primarily driven by the particles themselves
rather than by any leachate components (Capolupo et al., 2020).

5. Conclusions and future directions

This study provides mechanistic insights into how aged PET MPs and
NPs affect both granulocytes and hyalinocytes by analyzing multiple
cellular endpoints. Key findings reveal differential sensitivity among
hemocyte subpopulations, influenced by particle size and concentration.
Specifically, aged PET MPs and NPs induce distinct size-specific and
concentration-dependent patterns of destabilization, both coinciding
with the loss of functional integrity. Elevated ROS levels were observed
only with aged PET NPs at high concentrations, underscoring effects on
oxidative stress. Both aged PET MPs and NPs induce significant increases
in cellular mortality, particularly after 24 hours of exposure at high
concentrations. The findings underscore the complex cellular mecha-
nisms that impact hemocyte functional integrity following exposure to
aged PET particles under environmentally and biologically relevant
conditions.

It is important to note that evaluating the potential exacerbation of
cellular responses under chronic exposure conditions is constrained by
the limited longevity of primary hemocyte cultures. No permanent cell
line from marine invertebrates has been established yet, as these cells
typically stop dividing and exhibit cellular quiescence within
24-72 hours post-isolation (Rinkevich, 2011). In studying contaminants
such as nanomaterials, it has been noted that outcomes from short-term
in vitro experiments with isolated cells may not reliably reflect the po-
tential effects observed at the organism level in vivo (Canesi et al.,
2012). This limitation underscores the necessity of employing relevant
exposure conditions for in vitro testing, ensuring that particle concen-
trations align with those detected internally in organisms. Previous
studies have demonstrated that cytotoxicity was induced in hemocytes
following both in vitro and in vivo exposure (Luo and Wang, 2022;
Roman et al., 2023). These findings suggest that when properly
designed, in vitro approaches can serve as reliable predictors of in vivo
outcomes (Barrick et al., 2018), given that primary cells offer relevant
transcriptomic and proteomic profiles, as well as physiological functions
and responses (Gaudioso et al., 2022). Moreover, in vitro models are
invaluable tools for generating extensive data and providing fast, reli-
able assessment of the ecotoxic properties of plastic particles (Revel
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et al., 2021). Given the morphological and functional similarity to
mammalian immune cells, bivalve hemocytes can serve as a useful
model for comparative regulatory studies (Canesi and Prochazkova,
2014).

While this study provides crucial mechanistic insights, the intrinsic
toxicity mechanisms of a broader range of environmentally relevant
plastic particle properties alongside the need for in-vivo validation,
highlight areas for future research. Subsequent studies should focus on
elucidating the mechanisms of particle uptake and intracellular traf-
ficking routes to better assess ensuing toxicity profiles (Foroozandeh and
Aziz, 2018). With the potential of hemocytes to exhibit heightened
bioreactivity and intracellular accumulation, a thorough understanding
of the impacts on cellular organelles and processes is imperative. Hol-
otomography, as a cutting-edge imaging technique, provides
high-resolution, label-free, and three-dimensional visualization capa-
bilities for assessing both intracellular localization and dynamic cellular
responses (Yoon et al., 2015). Such a holistic approach will provide a
comprehensive understanding of the potential systemic effects of envi-
ronmentally relevant MPs and NPs on both cellular and organismal
health.
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