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Micro- and nanoplastic particles (MNPs) are pollutants of global concern due to their persistence, ubiquity, and
associated risks. Laboratory studies, however, have predominantly focused on pristine MNPs, which do not
adequately reflect the characteristics of environmental plastic debris. To address this gap, this study investigated
the cellular and tissue-level responses of mussels (Mytilus edulis) to aged polyethylene terephthalate (PET) MNPs

Histopatholo, . . . .
Immupnotoxicgify (diameter 600 nm to 3.1 um) at three environmentally relevant concentrations: 10, 10%, and 10° particles/L. The
Mussels particles’ physicochemical characteristics and stability in exposure media were analyzed using a combination of

advanced analytical techniques. The biological responses were analyzed across multiple effect endpoints during
both the exposure (days 1, 3, 7, and 14) and the subsequent recovery periods (3 and 10 days post-exposure), via
flow cytometry and histopathology. The results revealed the sensitivity of hemocyte subpopulations, including
granulocytes and hyalinocytes, to aged PET MNPs. Concentration- and time-dependent changes in lysosomal
stability, oxidative activity, and hemocyte mortality were observed, demonstrating both immediate cellular
perturbations and recovery potential to alleviate particle-induced effects. Histopathological analysis of key tis-
sues exhibited significant alterations, particularly in the gill, suggesting potential impairment of essential
physiological functions. No mussel mortality or significant changes in growth metrics were observed under the
tested experimental conditions. These findings underscore the systemic impacts across multiple tissues of aged
MNP exposure and highlight the importance of adopting integrative, environmentally realistic approaches to
assess the biological consequences in future research.

polymers in marine environments, commonly found in water columns
and sediment layers due to its widespread use in consumer products

1. Introduction

The escalating production and improper disposal of plastic waste
have led to the pervasive presence of micro- and nanoplastic particles
(MNPs) in aquatic ecosystems. These plastic particles, with defined sizes
smaller than 5 mm and 1000 nm, respectively, are now recognized as
pollutants of global concern due to their persistence, ubiquity, and
associated risks (Khanna et al., 2024). MNPs are introduced into the
environment either through direct release or generated via the frag-
mentation of larger plastic debris. Their size, high surface
area-to-volume ratio, and capacity to adsorb harmful chemicals can
amplify their potential toxicity, underscoring the urgent need to eluci-
date the mechanisms underlying the biological effects (da Costa et al.,
2019).

Polyethylene terephthalate (PET) is among the most prevalent

(Ashrafy et al., 2023). Once released into the environment, plastic par-
ticles undergo aging processes, including photodegradation, biodegra-
dation, thermal oxidation, and mechanical abrasion. While PET is highly
resistant to photodegradation, with photoaging degradation times
exceeding 500 years, it can undergo surface modifications through other
processes such as hydrolysis and microbial activity (Lu et al., 2023a).
For instance, alkali-resistant bacteria have been shown to degrade PET
microplastics, causing 11.04 % weight loss and visible etching and
fractures on the PET fiber surface within five days (Li et al., 2023). These
processes not only modify the surface properties of particles but also
influence their environmental behavior, including their tendency to
aggregate, position within the water column, and accumulation in
sedimentary environments (Galloway et al., 2017). Such changes
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increase the risks posed to benthic habitats and organisms, particularly
filter feeders, which are directly exposed to these particles in both the
water column and sediment layers.

Benthic organisms, such as mussels, are particularly susceptible to
ingesting plastic particles (Canesi et al., 2012). Mussels are widely used
as sentinel organisms for monitoring marine pollution due to their wide
geographic distribution, ecological significance, and feeding behavior
(Beyer et al., 2017). As filter feeders, mussels process large volumes of
water, making them prone to ingesting suspended MNPs, which can
subsequently accumulate in their tissues and translocate to the circula-
tory system (Canesi et al., 2012; Ribeiro et al., 2019). These traits,
combined with their ease of cultivation for aquaculture, and their
established role as bioindicators (Beyer et al., 2017), mark their signif-
icance as both a model organism and proxy for assessing the risks
associated with MNP exposure.

Previous studies have extensively examined the effects of MNPs,
documenting diverse biological responses, including oxidative stress,
immune dysfunction, histopathological alterations, and other physio-
logical changes (Barria et al., 2025). A meta-analysis focused on bivalves
identified oxidative stress as a key mechanism of MNP toxicity, char-
acterized by a time-dependent induction that disrupts redox balance and
leads to cellular damage (Li et al., 2022). However, the environmental
relevance of such studies remains limited, as they predominantly focus
on pristine, commercially available particles, while aged plastics, which
exhibit altered physicochemical properties, have received compara-
tively less attention (Cunningham et al., 2023). Accurately simulating
environmentally realistic exposure scenarios requires test particles that
mirror those found in natural environments, accounting for particle
aging, polymer type, shape, concentration, and size ranges (Revel et al.,
2021). Despite advances in understanding the toxicity of pristine MNPs,
most laboratory studies employ concentrations orders of magnitude
higher than those found in natural environments (Lenz et al., 2016).
Additionally, PET, one of the most commonly detected MNP polymers in
mussels, remains underrepresented in toxicity studies (Barria et al.,
2025; Fraissinet et al., 2024). Particularly, particles in the nano-sized
range pose heightened risks due to their ability to bioaccumulate,
cross biological barriers, penetrate cells, and influence cellular and tis-
sue systems (Browne et al., 2008; Fernandez and Albentosa, 2019b,
2019a).

Assessing immunological and histopathological endpoints can pro-
vide critical insights into the cellular and tissue-level responses induced
by aged particles (Hara et al., 2024). In mussels, hemocyte-mediated
immune responses, including lysosomal stability, oxidative activity,
and cellular mortality, serve as key indicators of particle-induced
toxicity. Disruptions to these immune functions can compromise ho-
meostasis and trigger systemic stress responses (Canesi and
Prochazkova, 2014). Given the persistence and aging processes of MNPs
in natural environments, their capacity to induce immune dysfunction
may be exacerbated by co-occurring stressors, further compromising
physiological and defense performance in mussels (Huang et al., 2022;
Mkuye et al., 2022). Similarly, histopathological alterations in key tis-
sues, such as the gills and digestive gland, offer valuable indicators of
morphological and structural changes associated with physiological
dysfunction. In the digestive gland, endpoints such as lipofuscin aggre-
gation, hemocyte infiltration, atrophy, and necrosis, are indicative of
inflammatory response and regressive and progressive changes in tissue
structure (Bouallegui et al., 2018; Carella et al., 2015). Additionally,
histopathological changes in the gills, particularly lamellar fusion, and
the enlargement of the central vessel, can significantly impair essential
functions, including filtration, respiration, osmoregulation, and particle
transport (Leis et al., 2024). Integrating these multiple histopathological
alterations into condition indices provides a robust framework for
linking sensitivity to particle exposure effects with tissue integrity and
organismal health (Costa et al., 2013). Collectively, these endpoints can
reveal the systemic impacts of MNP exposure and offer an integrative
approach to understanding their broader biological consequences.
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In this study, we tested the hypothesis that aged PET MNPs, exhib-
iting environmentally relevant particle characteristics, elicit pro-
nounced and potentially persistent adverse effects at both cellular and
tissue levels. Specifically, we aimed to mechanistically evaluate the
immunological and histopathological responses of blue mussels (Mytilus
edulis) following in vivo exposure to aged PET MNPs under environ-
mentally relevant conditions. A suite of cellular and tissue-level end-
points was assessed at multiple timepoints during both the exposure
(days 1, 3, 7, and 14) and recovery (3 and 10 days post-exposure) pe-
riods to capture the dynamics of biological responses.

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

The stock suspension of chemically aged polyethylene terephthalate
(PET) micro- and nanoplastic particles (MNPs) was prepared and pro-
vided by the European Commission Joint Research Centre (JRC in Geel,
Belgium), with detailed procedures reported in Seghers et al. (2025).
Aged PET particles were suspended in Milli-Q water without surfactant.
The particles had an average dimension, D, of 1.9 um, with size distri-
bution values of D;g = 600 nm, D5y = 1.4 ym, and Dgg = 3.1 um, as
analyzed using the Single Particle Extinction and Scattering (SPES)
technique (ClassizerONE S1.4.34, EOS; JRC in Ispra, Italy). D19, Dso, and
Dy denote the particle sizes below which 10 %, 50 %, and 90 % of the
total population fall, respectively. This size range is ecologically rele-
vant, as it encompasses the predominant plastic particle sizes accumu-
lating in mussel hemolymph (Browne et al., 2008) and key tissues,
including the digestive gland and gills (Fernandez and Albentosa,
2019a). The primary stock solution used in this study contained 4.0 x
107 particles/mL.

The aged PET MNPs were verified with a 0.97 match score to the
reference spectrum using Raman spectroscopy and Open Specy refer-
ence library. Complementary scanning electron microscopy (SEM,
Phenom™ ProX) images confirmed the fragmented and irregular shapes
of particles (Supplementary Fig. A.1, Panel A, B, and C). To ensure
particle stability under in-vivo exposure conditions, the hydrodynamic
size, zeta-potential, and electrophoretic mobility of aged PET MNPs in
filtered artificial seawater (100 nm membrane filters, Millipore) was
measured at 1 h, 24 h, and 48 h using Dynamic Light Scattering (DLS,
Zetasizer Nanoseries, Malvern Instruments). Prior to analysis, the
surfactant-free stock suspension of aged PET MNPs was sonicated for 20
min, and a working solution (10° particles/mL) was prepared in sterile
glass containers using filtered ASW. Reference standards (ZTS1240,
Malvern Panalytical) were included for quality control, and three
replicate measurements in folded capillary cell were performed per time
point. Specifically, the electrophoretic mobility was measured at a
constant direct current electric field of 10 V/cm. The particles displayed
relatively uniform dispersion over time, with hydrodynamic diameters
ranging from 478 nm to 650 nm. Zeta potential measurements illus-
trated particle stability in ASW, with values remaining between -14.7
mV and -17.1 mV, aligning with electrophoretic mobility data (-1.04 to
-1.21 um-cm/V-s) (Supplementary Fig. A.2).

2.2. Test organisms

Approximately 400 adult blue mussels (Mytilus edulis) with a mean
shell length of 43.4 + 2.47 mm and wet weight of 15.2 + 2.54 g were
collected from Hoedekenskerke, The Netherlands. Mussels were kept in
glass aquaria with artificial seawater (ASW) prepared using purified
water from double-pass reverse osmosis (RO) units (Eurowater) and
high-quality sea salt (hw-Marinemix Professional). The tanks were
equipped with portable aeration (Eheim Air Pump 400) and mechanical-
biological filtration (Eheim Biopower 200) systems. The temperature
was maintained at 15 + 0.5 °C with 12:12 h photoperiod. Mussels were
fed every two days with microalgae suspension (Tetraselmis suecica,
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Tetraprime S Proviron), at a final concentration of 4-5 x 10° cells per
mussel (equivalent to 4000-5000 cells/mL), supporting optimal filtra-
tion efficiency and growth (Li et al., 2020; Riisgard, 1991; Riisgard et al.,
2011) and in line with feeding regimes used in other toxicity studies of
comparable or extended duration (Brate et al., 2018; Pinto et al., 2019;
Santana et al., 2018). Water inflow was interrupted for 2 h during
feeding. Water was renewed daily by 50 %, and quality parameters (pH:
8.10 + 0.04, salinity: 31.2 + 0.4 %o, dissolved oxygen: 8.15 + 0.10
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 (Von Moos
et al., 2012). Mussels were acclimated and depurated for at least three
weeks, with no mortality observed during this period.

2.3. Experimental set-up

In total, 12 aquaria were set up for the in vivo experiment, each
containing 30 individuals (1 L ASW per individual). A negative control
(NC) group in triplicate was maintained in clean ASW throughout the
experiment. Exposure treatments comprised three nominal concentra-
tions of aged PET MNPs: 10 particles/L (C1), 10° particles/L (C2), and
10° particles/L (C3). These concentrations align with modeled scenarios
for marine environments (Besseling et al., 2019; Lenz et al., 2016) and
reflect the estimated exposure concentrations assuming the complete
degradation of spherical PET particles (Sioen et al., 2024).

Each experimental condition included three replicate aquaria, all
maintained under the same controlled conditions as described above.
Mussels were randomly placed in glass petri dishes in groups of five,
corresponding to the number of individuals collected at each timepoint.
This setup facilitated byssal attachment and minimized handling stress
during water renewal (as illustrated in Supplementary Fig. A.3). Expo-
sure was conducted continuously for 14 days, during which mussels
were fed every two days as previously described (Section 2.2). After
each feeding, the water was completely renewed and replenished with
the appropriate volume of aged PET MNPs from the working suspension
(10° particles/mL) to maintain target exposure concentrations, based on
water volume and mussel count (Supplementary Table A.1). The particle
stock suspension was sonicated for 20 min before use.

During the exposure period, five mussels (thus one glass petri dish)
per tank were collected at four time points (D1, D3, D7, D14) for anal-
ysis. The 14-day exposure period was followed by a 10-day recovery
period, chosen based on the observed timeline for plastic particle uptake
and elimination (Fernandez and Albentosa, 2019b). For this, the
remaining mussels from aged PET MNP treatment tanks were rinsed
with ASW and transferred to clean tanks for recovery. After 3 and 10
days post-exposure, samples were again collected.

Throughout the experiment, each tank was aerated using two glass
pipettes connected to a silicone hose for constant aeration and to pro-
mote uniform particle dispersion. Tanks were covered with aluminum
foil to prevent contamination.

2.4. Sampling procedure

Mussel condition was assessed individually at baseline (day 0) and
each timepoint by measuring shell length (mm) with a digital caliper
(0.1 mm precision) and weight (g) with a scale (0.01 g precision). At
each time point, five mussels (thus one glass petri dish) were collected
from each replicate aquarium (15 individuals per experimental condi-
tion), and then anesthetized for 30 min in a filtered (100 nm, Millipore)
and sterilized 0.3 M magnesium chloride (MgCly) solution. Hemolymph
was extracted from the posterior adductor muscle using a sterile 2 mL
syringe (Injekt) with a 23 G needle (Terumo Neolus), pooled, and then
filtered through a 70 um cell strainer (Greiner) (Auguste et al., 2020;
Canesi et al., 2015). Samples were maintained at 4 °C in a final volume
of 300 pL per assay to minimize hemocyte aggregation until further
analysis (Chen and Bayne, 1995) (Section 2.5.1-2.5.3). For
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histopathological examination, the digestive gland and gill tissues were
dissected from 2 mussels per replicate aquarium using a sterile Kkit.
Tissues were fixed overnight in 4 % paraformaldehyde (PFA, Invitrogen)
at 4 °C, and rinsed three times in phosphate-buffered saline (PBS, 0.01
M). Samples were stored at 4 °C until analysis (Section 2.6.1). All pro-
cedures were conducted in a laminar flow cabinet (Spetec).

2.5. Assessment of cellular-level effect endpoints

The responses of hemocyte subpopulations to aged PET MNPs were
analyzed by fluorescent labeling and flow cytometry with BD™ LSR II
(BD Biosciences), as previously applied (Hara et al., 2024; Wang et al.,
2019).

2.5.1. Lysosomal stability

Lysosomal stability was assessed using the LysoTracker™ Blue DND-
22 (Invitrogen). Hemolymph samples (300 ul) were incubated with
LysoTracker to a final concentration of 75 nM and incubated in the dark
at 15 °C for 1 h. Fluorescence was measured with excitation and emis-
sion wavelengths of 373 nm and 422 nm, respectively. Data were
expressed as the mean geometric fluorescence in hemocyte sub-
populations relative to the negative control (set to 100 %).

2.5.2. Reactive oxygen species (ROS) production

The intracellular reactive oxygen species (ROS) levels were evalu-
ated using the 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein
diacetate acetyl ester (CM-H2DCFDA, Invitrogen), dissolved in dime-
thylsulfoxide (DMSO). To validate assay sensitivity, oxidative activity
was induced with 100 pM H20; as a positive control (Hara et al., 2024;
Sendra et al., 2020). Hemolymph samples (300 ul) were incubated with
CM-H,DCFDA to a final concentration of 10 uM and incubated in the
dark at 15 °C for 1 h. Fluorescence was measured with the FITC signal
detector of the flow cytometer. Data were expressed as the mean geo-
metric fluorescence in hemocyte subpopulations relative to the negative
control (set to 100 %).

2.5.3. Hemocyte mortality

Hemocyte mortality was assessed using Propidium Iodide (PL
Abcam), following the manufacturer’s protocol with modification
(Wang et al., 2019). As previously reported (Hara et al., 2024; Ola-
barrieta et al., 2001), cadmium chloride (CdCly, 800 uM) was used as a
chemical control (PC CT), while 1-h sonication served as a non-chemical
control (PC ST) to induce cell death. Hemolymph samples (300 pl) were
incubated with 5 pl of PI, and incubated in the dark at 15 °C for 5-10
min. Fluorescence was measured with excitation and emission wave-
lengths of 535 nm and 617 nm, respectively. Data were expressed as the
percentage (%) of cells with iodide fluorescence relative to the total
number in each hemocyte subpopulation.

2.5.4. Flow cytometry analyses

All measurements were performed with BD LSR II flow cytometer
(BD Biosciences) equipped with 488 nm (blue), 633 nm (red), 405 nm
(violet), and 355 nm (UV) lasers. Hemocyte subpopulations were
detected based on side scatter (SSC) and forward scatter (FSC) param-
eters, which reflect cell size and internal complexity, respectively. A
total of 10,000 cells were analyzed for each sample replicate. To ensure
accurate parameter measurements throughout the experiment, regular
calibration was conducted using calibration beads. Data were processed
using FACSDiva™ Software (Version 5.0) and FlowJo (Version 10.9.0).

2.6. Assessment of tissue-level effect endpoints

The effect of aged PET MNP exposure on mussel physiology was
assessed through histopathological examination of tissues.
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2.6.1. Histopathological analysis

Digestive gland and gill tissues were collected from two mussels per
replicate aquarium (six mussels in total) from the control and the
highest-aged PET treatment (C3) groups at the end of the exposure (day
14) and recovery period (10 days post-exposure). Samples were pro-
cessed for histopathological analysis at the Antwerp Centre for
Advanced Microscopy (ACAM). Fixed tissues were dehydrated through a
series of graded ethanol, cleared in xylene, and then embedded in
paraffin. Tissue samples were sectioned at 5 um using a microtome, then
stained with hematoxylin and eosin (H&E) (Costa et al., 2013). The
stained sections were fully scanned using a Zeiss Axioscan digital slide
scanner. Six tissue sections of the digestive gland and gills, each with
eight image annotations, were analyzed per treatment (48 in total) using
QuPath software (Version 0.4.3).

2.6.2. Histopathological condition indices

The semi-quantitative histopathological condition index (Ir) was
calculated for gills and digestive glands of mussels by following the
method previously employed (Costa et al., 2013; Ertiirk Giirkan and
Giirkan, 2021; Pinto et al., 2019). The I, was calculated based on the
differential biological significance of each observed alteration (weight)
and its degree of dissemination (score). The weights (w) assigned to each
histopathological alteration (j), as described by Ertiirk Giirkan & Giirkan
(2021) were applied to assess changes in the digestive gland (lipofuscin
aggregation, hemocyte infiltration, hyperplasia, atrophy, and necrosis)
and gills (lipofuscin aggregation, hemocyte infiltration, enlarged central
vessel, loss of cilia, and lamellar fusion). The weight ranged from 1
(indicating minimum severity) to 3 (maximum severity), and the score
ranged from O (alteration not observed) to 6 (diffuse). I was calculated
using the described formula:

[, — Wi
M,

where I is the histopathological condition index calculated per organ
for each individual mussel h; w; the weight of the jth histopathological
alteration; aj, the score attributed to the hth individual for the jth
alteration; and M; is the maximum attributable value (weight x
maximum score) for the jth alteration. The equation denominator nor-
malizes I, to a value between 0 and 1.

The I results were then categorized based on the prevalence of
histopathological alterations as follows: low (0-0.25), moderate
(0.25-0.50), high (0.50-0.75), or very high (0.75-1) (Costa et al., 2013).

2.7. Statistical analysis

The data were assessed for normality using Shapiro-Wilk test. Sta-
tistical analyses were then performed to assess the significant effects of
exposure concentration and time using either one-way analysis of vari-
ance (ANOVA) or the non-parametric Kruskal-Wallis, followed by
Tukey’s HSD or Dunn’s post-hoc test, respectively. The intensities of
histopathological conditions (semi-quantitative data) were compared
using the Mann-Whitney U test to assess differences between control and
exposed groups across exposure and depuration periods. Statistical sig-
nificance was set at P < 0.05. All analyses were performed using
GraphPad Prism (Version 10.1.2). The graphical abstract was created in
BioRender (Hara, 2025): https://BioRender.com/lzxe4xy.

2.8. Quality assurance and control

This experiment achieved a score of 62.5 % (25/40) on the proposed
quality assurance and control (QA/QC) criteria, surpassing the reported
average score of 44.6 % (De Ruijter et al., 2020). Although using MNPs
posed analytical challenges that hindered compliance with quality
criteria 8, 9, and 11 for background contamination, exposure concen-
tration, and organism exposure (e.g., MNP ingestion or accumulation),

Aquatic Toxicology 283 (2025) 107369

the overall score demonstrates strong quality performance. Detailed
explanations for each criterion are provided in Supplementary
Table A.2.

3. Results
3.1. Cellular responses to aged PET MNP exposure

The responses of mussels to exposure with varying concentrations of
aged PET MNPs (10 (C1), 10° (C2), and 10° (C3) particles/L) were
assessed across multiple cellular effect endpoints during both the
exposure (days 1, 3, 7, and 14) and recovery periods (days 17 and 24 or 3
and 10 days post-exposure), respectively.

3.1.1. Lysosomal content stability

Lysosomal content in granulocytes (Fig. 1, panel A) showed relative
fluctuations over time, although no statistically significant differences
were observed across all tested aged PET concentrations and the nega-
tive control during both the exposure and recovery periods. In contrast,
hyalinocytes (Fig. 1, panel B) exhibited a significant decrease in lyso-
somal content only at the highest aged PET MNP concentration (C3)
compared with the control after 3 days of exposure (p = 0.016). No
significant changes, indicating lysosomal content recovery, were
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Fig. 1. Relative lysosomal content in (A) granulocytes and (B) hyalinocytes
exposed to different concentrations of aged PET (10 (C1), 10° (C2), and 10°
(C3) particles/L) over the exposure (Days 1, 3, 7, and 14) and depuration pe-
riods (3 and 10 days post-exposure). Data are expressed as mean + SD (n = 3).
Different lower-case letters denote significant differences among concentrations
at each time point (P < 0.05), while asterisks indicate significant differences
within each concentration over time (*P < 0.05; **P < 0.01; ***P < 0.001).
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observed by day 7 and maintained throughout the subsequent exposure
and recovery periods.

3.1.2. Oxidative activity

In granulocytes (Fig. 2, Panel A), exposure to the lowest concentra-
tion of aged PET (C1) did not induce significant changes in ROS levels
throughout both the exposure and recovery periods. However, exposure
to aged PET MNP C2 induced a significant decrease in ROS levels only on
day 14 of the exposure period (p = 0.023), while C3 exhibited a sig-
nificant decrease 3 days post-exposure compared to the control (p =
0.012) and lower concentrations (Cl: p = 0.029 and C2: p = 0.003).
Similarly, in hyalinocytes (Fig. 2, Panel B), aged PET MNP C2 exposure
led to a significant decrease in ROS levels only on day 14 compared to
the control (p = 0.049). Although C3 resulted in the lowest ROS levels
three days post-exposure, this difference was not statistically significant
from the concurrent control. The observed changes in both granulocytes
and hyalinocytes were transient, with no significant changes in ROS
levels compared to the control by 10 days post-exposure, demonstrating
reversibility.

3.1.3. Hemocyte mortality
As shown in Fig. 3 (Panel A), exposure to aged PET C2 (p = 0.006)
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Fig. 2. Relative reactive oxygen species (ROS) production in (A) granulocytes
and (B) hyalinocytes exposed to different concentrations of aged PET (10 (C1),
10° (C2), and 10° (C3) particles/L) over the exposure (Days 1, 3, 7, and 14) and
depuration periods (3 and 10 days post-exposure). Data are expressed as mean
+ SD (n = 3). Different lower-case letters denote significant differences among
concentrations at each time point (P < 0.05), while asterisks indicate significant
differences within each concentration over time (*P < 0.05; **P < 0.01; ***P
< 0.001).
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and C3 (p < 0.0001) significantly increased mortality in granulocytes
only after 3 days of exposure while C1 (p = 0.021) induced an increase
only after 7 days of exposure compared with the control. No significant
increases in granulocyte mortality were observed by day 14 compared
with the concurrent control and maintained throughout the subsequent
recovery period.

In hyalinocytes (Fig. 3, Panel B), only the aged PET C3 (p = 0.001)
induced a significant increase in mortality compared with the control
after 3 days of exposure. Subsequently, by day 7, the C2 treatment group
displayed the lowest percentage of hemocyte mortality among all
treatments (p < 0.05). Similar to granulocytes, no significant changes in
hyalinocyte mortality were observed compared with the control by day
14 of the exposure period and throughout the recovery period.

3.2. Histopathological responses to aged PET MNP exposure
The histopathological responses and condition indices of the diges-

tive gland and gills were assessed during both the exposure (day 14) and
recovery periods (10 days post-exposure) (Figs. 4-6).
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Fig. 4. Micrographs of the digestive gland of M. edulis in (A, C) control and (B, D) exposed groups following a 14-day exposure to aged PET (C3: 10° particles/L) and
a subsequent 10-day recovery period, respectively. A. Digestive tubules in the control group showing normal structure (DT) constituted by a single layer of cells
surrounding a narrow or occluded tubular lumen with minimal presence of hemocyte infiltration (Hi) and lipofuscin aggregation (red asterisks). B. Section of the
digestive gland from the exposed group after a 14-day exposure period to aged PET (C3) displaying atrophied digestive tubules (At) with enlarged lumen, thinner
epithelium, and pronounced lipofuscin aggregation (red asterisks) characterized by brown pigments. C. Section from the control group following the 10-day recovery
period showing minimal occurrences of the atrophied tubules (At) and lipofuscin aggregations (red asterisks). D. The exposed group following the recovery period
with more pronounced occurrences of atrophied digestive tubules (At), hemocyte infiltrations (Hi), and lipofuscin aggregations (red asterisks). Scale bar: 50 pm.

3.2.1. Digestive gland

As shown in Fig. 4, the digestive gland for control samples demon-
strated normal structure, with digestive tubules characterized by a sin-
gle layer of cells surrounding a narrow or occluded tubular lumen. In
comparison with the control, the group exposed to the highest concen-
tration of aged PET (C3) exhibited pronounced occurrences of atrophic
and necrotic digestive tubules, particularly during the depuration
period. The exposed groups also exhibited a higher extent of hemocyte
infiltration and larger lipofuscin aggregation. Although the exposed
group exhibited a relatively higher I (Fig. 6, Panel A) compared to the
control group during both the exposure (p = 0.316) and recovery periods
(p = 0.080), these differences were not statistically significant. The I
remained consistently within the low category (0 — 0.25), across both the
control (NC) and exposed groups (C3).

3.2.2. Gills

The histopathological analysis of the gill filaments (Fig. 5) in control
samples demonstrated the typical structure, with well-defined lamellae
formed by a single layer of epithelial cells, tightly structured central
vessel, and minimal presence of lipofuscin aggregation and hemocyte
infiltration. In contrast, exposure to the highest tested concentration of
aged PET (C3) induced several lesions in the gill tissues. These changes
included a progressive presence of lamellar fusion in the lateral and
abfrontal zones coupled with the enlargement of the central vessels,
particularly evident during the exposure period. A higher extent of he-
mocyte infiltrations and lipofuscin aggregations were observed in as-
sociation with gill filaments showing regressive changes. The I, for gills
(Fig. 6, Panel B) was significantly higher in the exposed group (aged PET
C3) compared to the control during the exposure period (p = 0.004). By

the recovery period, the I; in the exposed group (C3) remained signifi-
cantly elevated (p = 0.015), with an index value within the moderate
category (0.25 - 0.50), compared to the control (low, 0 - 0.25).

3.3. Growth and survival of mussels exposed to aged PET MNPs

Exposure to aged PET MNPs did not result in mortality or significant
alterations in growth parameters, including weight and shell length, in
mussels (Supplementary Fig. A.4, Panels A and B). The mean shell length
(41.7-46.3 mm) and mean weight (13.8-17.1 g) remained consistent
across all groups during both the exposure period and recovery period.
Statistical analysis of absolute changes, calculated as the difference
between baseline (Day 0) and final values, confirmed no significant
differences (p > 0.05) in these parameters across the negative control
(NC) and treatment groups exposed to varying concentrations of aged
PET MNPs.

4. Discussion

This study provides an integrative analysis of cellular, tissue, and
organismal-level responses of mussels exposed to environmentally
relevant concentrations of aged PET MNPs. Current findings reveal
concentration- and time-dependent effects, demonstrating both imme-
diate cellular perturbations and recovery potential. Histopathological
analysis revealed tissue-specific alterations. While no immediate effects
on growth and mortality were observed in mussels, long-term implica-
tions for organismal health cannot be excluded nor potential mixture
effects with other stressors.
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Fig. 5. Micrographs of the longitudinal section through the gill filaments of M. edulis in (A, C) control and (B, D) exposed groups following a 14-day exposure to aged
PET (C3: 10° particles/L) and a subsequent 10-day recovery period, respectively. A. Gill filaments in the control group showing normal structure with indication of
the frontal zone (FZ), lateral zone (LZ), abfrontal zone (AZ), intermediate zone (IZ), and hemolymphatic vessel (HV). B. Gill filaments in the exposed group following
a 14-day exposure period to aged PET (C3) exhibiting lamellar fusion (LF, red arrowheads) in the lateral zone C. Control group following the 10-day recovery period
with indications of lipofuscin aggregations (red asterisks) and hemocyte infiltrations (HI). D. The exposed group following the recovery period with an evident
enlargement of the central vessel (ECV, double-headed arrows), lamellar fusion in the abfrontal zone (LF, red arrowheads), including abundant lipofuscin aggre-

gations (red asterisks) and hemocyte infiltrations (HI). Scale bar: 50 pm.
4.1. Cellular responses to aged PET MNP exposure

In marine bivalves, hemocytes are multifunctional circulating cells
essential for immune defense, nutrient transport, tissue repair, and
maintaining homeostasis (de la Ballina et al., 2022). Understanding the
responses of hemocyte subpopulations, such as granulocytes and hyali-
nocytes, to aged plastic particle exposure is crucial for assessing impacts
on immune function and physiological resilience.

Cellular responses, such as perturbations in lysosomal integrity and
stability, are regarded as sensitive indicators of cellular injury (Moore
et al., 2006). In the current study, granulocytes demonstrated resilience
to aged PET MNP exposure, maintaining lysosomal stability even at the
highest tested concentration. In contrast, hyalinocytes exhibited signif-
icant lysosomal destabilization only at the highest concentration (C3)
after 3 days of exposure. These results are in line with those obtained for
undifferentiated mussel hemocytes (Mytilus galloprovincialis), where a
significant decrease in lysosomal membrane stability (LMS) was
observed after 21 days of exposure to 50 nm PS-NPs (1.5-150 ng/L or
2.17 x 10°-2.17 x 107 particles/L) and 3 ym PS MPs (15-150 ng/L;
1000-10,000 particles/L), as measured by the NRRT assay (Capolupo
et al., 2021). Another study performed at higher particle concentrations
reported prominent lysosomal destabilization induced by amino poly-
styrene NPs (50 nm PS-NH,, 10 pg/L or 1.46 x 10!! particles/L con-
verted concentrations in Supplementary Table A.3) after 24 h of
exposure, and, to a lesser extent upon repeated exposure following 3
days of depuration (Auguste et al., 2020). This transient destabilization
contrasts with nano titanium dioxide (TiO5, 25 and 100 nm at 0.1-10
mg/L or 2.89 x 10'%- 2.89 x 10'* and 4.52 x 10'°-4.52 x 10'2

particles/L, respectively), which induced concentration- and
size-dependent lysosomal destabilization in mussels that persists
throughout both exposure and recovery periods (Wang et al., 2019).
ROS are naturally produced in all cells, including hemocytes, but
overproduction can lead to oxidative damage and disrupt homeostasis
(Li et al., 2022). As observed, exposure to moderate (C2) and high (C3)
concentrations of aged PET caused a significant but transient reduction
in ROS levels in both hemocyte subpopulations. Similarly, a transient
ROS reduction in oyster hemocytes (Crassostrea hongkongensis) was
observed after 7-day in-vivo exposure to zinc (Zn, 300 pg/L, 4.6 x 107°
M), primarily in granulocytes and to a lesser extent in hyalinocytes, with
no significant changes at subsequent time points (Luo and Wang, 2022).
These findings are notable because they diverge from the typically
observed oxidative stress response—where MNP exposure has been
linked to increased ROS production in various cell types (Hu and Palic,
2020). Recent findings suggest that physicochemical changes associated
with plastic aging can modulate ROS dynamics. Specifically, Jeon et al.
(2021) demonstrated that weathered plastic particles, despite higher
intrinsic ROS potential, generated less ROS in biological media due to
enhanced protein binding, leading to lower net ROS levels in cellular
systems. Although our study did not directly assess antioxidant re-
sponses, the ROS reduction observed may also reflect a compensatory
activation of endogenous antioxidant systems. Key enzymes such as
catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase
(GPx), and glutathione (GSH) can be upregulated in response to
particle-induced oxidative stimuli (Li et al., 2022). For instance, mussel
(Mytilus spp.) exposed to mixed PS MPs (2-6 um, 32 ug/L or 2.0 x 10°
particles/L) combined with fluoranthene (30 pg/L or 1.5 x 107 M)
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Fig. 6. Histopathological condition indices (I) in the (A) digestive gland and
(B) gills of M. edulis for control (NC) and exposed groups (aged PET C3: 10°
particles/L) after the exposure period (Day 14) and recovery period (Day 24; 10
days post-exposure). Data are expressed as mean + SE (n = 6 tissue replicates
per treatment). The I, were categorized according to Costa et al. (2013) as low
(0-0.25), moderate (0.25-0.50), high (0.50-0.75), or very high (0.75-1).
Different lower-case letters denote significant differences between the groups
within each period, while asterisks indicate significant differences within each
group over time (Mann-Whitney U, P < 0.05).

efficiently neutralized ROS, linked to antioxidant activation and low
lipid peroxidation (Paul-Pont et al., 2016). The transient nature of ROS
reductions suggests that aged PET MNPs, like other chemicals, can
temporarily alter cellular redox balance, potentially contributing to
cumulative mixture effects.

Consequently, the current findings, in combination with previous in
vitro studies on aged PET MNPs (Hara et al., 2024), reveal significant
concentration- and time-dependent effects on hemocyte mortality. As
observed, granulocytes showed early susceptibility, with increased
mortality observed after 3 days of exposure to aged PET C2 and C3,
while Cl-induced effects were delayed until day 7. In contrast, hyali-
nocytes exhibited significant changes in mortality only when exposed to
aged PET C3 after 3 days of exposure. Similarly, exposure to environ-
mental polyethylene (PE) NPs (1-1200 nm, 0.08 pg/L or 9.61 x
10*-1.66 x 10 particles/L) and MPs (1.2-300 ym, 0.08 and 10 pg/L, or
within 6.15 x 107°-1.20 x 10’ particles/L, calculated based on the
given mass concentration and the full range of particle sizes) induced
concentration-dependent cytotoxicity, reducing cell viability within 24
h (Roman et al., 2023). In comparison, metallic nanoparticles such as
TiO, (25 and 100 nm at 0.1-10 mg/L or 2.89 x 10*2-2.89 x 10'* and
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452 x 10'°-4.52 x 10'2 particles/L, respectively) induce sustained
hemocyte mortality even after 14 days post-exposure, which was
attributed to the synergistic interplay of particle size and concentration
(Wang et al., 2019).

The differential sensitivity of granulocytes and hyalinocytes to aged
PET particles likely reflects their distinct immune functions. Gran-
ulocytes, characterized by high phagocytic activity, are more actively
involved in internalizing foreign particles, which makes them prone to
oxidative fluctuations and membrane destabilization, key mechanisms
of particle-induced cytotoxicity. In contrast, hyalinocytes exhibit lower
phagocytic capacity, reducing their susceptibility to these cytotoxic
mechanisms (Canesi et al., 2012; He et al., 2023; Le Foll et al., 2010).
The absence of significant hemocyte mortality at later exposure time
points and during the recovery period suggests the activation of cellular
repair mechanisms. Recent studies suggested that bivalves can exhibit a
shift in immune parameters and reestablish basal functions to restore
immune homeostasis after repeated exposure to 50 nm PS-NHj (10 pg/L
or 1.46 x 10! particles/L) (Auguste et al., 2020). It is worth noting,
however, that MNP-induced cytotoxicity in hemocytes may be exacer-
bated or mitigated when co-exposed with other associated contami-
nants, highlighting the complexity of these interactions in real-world
conditions (Mkuye et al., 2022). Additionally, simultaneous exposure to
global change-driven stressors, such as ocean warming, acidification,
deoxygenation, and marine heat waves, can intensify stress responses
(Catarino et al., 2022). Impairment in cellular immunity under these
compounded stressors has significant consequences, such as increased
susceptibility to pathogen infections. These cascading effects can extend
beyond individual organisms, influencing populations, communities,
and entire ecosystems (Kataoka and Kashiwada, 2021).

4.2. Tissue alterations induced by aged PET MNP exposure

Several studies have reported that MNPs, including high-density
polyethylene (HDPE, < 22 pm, mean 4-6 pym), PS (3 pm, 9.6 um), PE
(10.7-93.9 pum), and pristine PET (9.0-56.0 um), exhibit efficient par-
ticle clearance and tissue accumulation dynamics in bivalves (see Sup-
plementary Table A.3 for exposure details) (Browne et al., 2008;
Fernandez and Albentosa, 2019a; Teng et al., 2021b). Notably, mussels
have been reported to exhibit size-dependent accumulation, with 0.07
um PS particles demonstrating significantly higher retention in the
digestive tract compared to larger particles (Wang et al., 2021). Despite
partial elimination during depuration, smaller MNPs persist in critical
organs, such as the digestive gland and gills of mussels (Browne et al.,
2008; Fernandez and Albentosa, 2019a, 2019b). Histopathological
changes in these organs are widely recognized as sensitive biomarkers of
environmental stress and pollution, offering insights into organismal
health (Ertiirk Giirkan and Giirkan, 2021). The current study builds on
this knowledge, revealing the differential histopathological responses of
these organs to aged PET MNP (C3) exposure.

While no significant increase was observed in the histopathological
condition index, notable alterations were evident in the digestive glands
of exposed mussels. Most prominently, an increased prevalence of
atrophied tubules was observed, with thinner epithelium and an
enlarged lumen (Cuevas et al., 2015). Mussels (M. galloprovincialis)
exposed to virgin and weathered PE fragments (50-590 um; 1180 and
1186 particles/L, 21 days) and PET microfibers (20-140 um; 6.1 x 10°
particles/L and 6.1 x 10° particles/L, 32 days) also exhibited digestive
tubule atrophy (Brate et al., 2018; Choi et al., 2022). Similarly, exposure
to 200 nm PS NPs particularly at concentrations of 200 pg/L (4.55 x
100 particles/L) and 2000 pg/L (4.55 x 10! particles/L) for 14 days
induced thinner epithelia, barren digestive cells, wider lumens, and
exfoliated cells. These changes in the digestive tubule morphology and
planimetric parameters have been linked to severely disrupted meta-
bolic capability (Lu et al., 2023b). Such regressive changes occur in
association with cellular degeneration and necrotic processes and can
lead to impaired digestive function (Carella et al., 2015).
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In the present work, exposure to the highest concentration of aged
PET MNPs induced pronounced histopathological alterations in the gills,
accompanied by significant increases in I, values during both exposure
and recovery periods. Key alterations, such as lamellar fusion and the
enlargement of the central vessels, were prominently observed. Lamellar
fusions were observed across the lateral and abfrontal zones of the gill
filaments, which are critical for water pumping, lubrication, gill clean-
ing, gas exchange, and particle trapping (Leis et al., 2024). Similar se-
vere alterations, including damaged inter-lamellar junctions, epithelial
loss, and swollen lumens, were reported in gills of mussels (Perna viridis)
exposed to weathered PE particles (15 % <32 um and 85 % 32-43 um, at
1150-3360 particles/m> or 1.15-3.36 particles/L) for 30 days. These
structural alterations highlight the potential impairment of essential gill
functions, including respiration, osmoregulation, and filtration effi-
ciency (Hariharan et al., 2021). Inflammatory responses, evidenced by
hemocyte infiltration in epithelial layer or hemolymph vessels, exacer-
bated the structural damage and correlated with diffuse gill inflamma-
tion. Exposure to 10-1000 pg/L of irregularly-shaped PE (10.7-93.9 um,
419 x 10%-4.19 x 10* particles/L) and PET (9.0-56.0 um, 4.60 x
10%-4.60 x 10* particles/L) induced severe hemocyte infiltration in the
gills of oysters (Crassostrea gigas) (Teng et al., 2021b). Extensive he-
mocyte infiltration alters lamellar structure through overcrowding and
cause recurrent enlargement of the hemolymphatic vessels (Costa et al.,
2013; Leis et al., 2024). Interestingly, gill filament deformation may also
occur without hemocytic intrusion, likely representing an early-stage
inflammatory response that precedes hemocyte invasion of the target
site (Bouallegui et al., 2017).

Lipofuscin aggregates, particularly observed in digestive tubules and
gill filaments exhibiting regressive changes, suggest a heightened
oxidative imbalance (Leis et al., 2024). Formed through iron-catalyzed
oxidative processes, lipofuscin is a non-degradable intralysosomal,
polymeric substance composed of cross-linked protein and lipid resi-
dues. Its indigestible nature is associated with progressive lysosomal
dysfunction, with cascading effects on various cellular activities. Its
accumulation can interfere with autophagy by serving as a sink for
newly produced lysosomal enzymes, which in turn hinders the recycling
of cellular components. This disruption prevents effective cellular
renewal, exacerbates the accumulation of damaged cellular constitu-
ents, and ultimately advances tissue degeneration (Brunk and Terman,
2002). The presence of these aggregates potentially indicates localized
oxidative stress in tissues directly interacting with MNPs (Leis et al.,
2024).

Varying degrees of histopathological alterations induced by MNPs
have been documented in mussel tissues. For instance, Mytilus coruscus
exposed to 20 mg/L PS MPs (1 pm, 3.64 x 1010 particles/L) exhibited
less severe digestive tissue damage than PS NPs (100 nm, 3.64 x 10'3
particles/L) (Qi et al., 2023). Similarly, 7-day exposure to PS (2-6 um,
32 pg/L; 2.0 x 10° particles/L) alone or combined with fluoranthene (30
pg/L, 1.5 x 1077 M) significantly increased histopathological lesions,
with persistent hemocyte infiltration and lipofuscin aggregation after
the depuration period, especially in co-exposure group (Paul-Pont et al.,
2016). Weathered PE particles (15 % <32 um and 85 % 32-43 um, at
1150-3360 particles/m> or 1.15-3.36 particles/L) also caused compa-
rable lesions, with minimal recovery even after a 7-day depuration
period (Hariharan et al., 2021). The persistence of these moderate le-
sions post-exposure underscores delayed or incomplete tissue repair
within the tested experimental duration, potentially indicating a pro-
longed physiological burden from particle exposure. Consequently, the
alterations observed in this study could be attributed to the physical
properties of aged PET particles, particularly surface irregularities,
which may induce mechanical abrasion. A recent study reported that
PET induced a higher damage index than PE in both tissues, attributed to
its more angular and rough edges (Teng et al., 2021b).

To contextualize the histopathological effects of aged PET MNPs,
comparisons with tissue-specific damage indices for other particulate
toxicants in mussels are essential. For instance, exposure to gamma
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aluminum oxide (y-Al,0, 5 nm, 5-40 mg/L or 1.93 x 10'°-1.54 x 10'”
particles/L) for 4 days caused severe damage in both organs, with mean
I, values within the high to very high category (Ertiirk Giirkan and
Giirkan, 2021). Exposure to lanthanum (La) in the form of dissolved ions
for 28 days exhibit progressive, dose-dependent damage, with gill I
values rising from moderate (0.1 mg/L or 7.2 x 107 M) to high
(1.0-10.0 mg/L or 7.2 x 10 M-7.2 x 107 M) and digestive gland
values progressing from low to moderate at the same concentrations
(Pinto et al., 2019). Interestingly, exposure to 10 pg/L cadmium-based
quantum dots (CdTe QDs, 6 nm, 1.43 x 1013 particles/L) and dis-
solved Cd (8.9 x 107 M) counterparts for 14 days significantly
increased digestive gland I compared to controls, while remaining
within the low category except for dissolved Cd (Rocha et al., 2016).
These analyses provide insights into the severity and nature of tissue
damage, influenced by particle properties, exposure conditions, and
uptake routes, with critical implications for organismal health
(Bouallegui et al., 2018).

4.3. Implications for organismal health

While cellular and tissue level analyses exhibited differential sensi-
tivities, no significant effects on survival or growth metrics were
observed following exposure to aged PET MNPs. Similarly, a 21-day
exposure of mussels (M. galloprovincialis) to virgin and weathered PE
(50-590 pym at 1180 and 1186 particles/L, respectively) caused no
mortality or changes in condition index, despite evidence of histopath-
ological alterations (Brate et al., 2018). Exposure to 10 and 1000 pg/L of
irregularly-shaped PE (10.7-93.9 um, 4.19 x 10%-4.19 x 10* parti-
cles/L) and PET (9.0-56.0 um, 4.60 x 102-4.60 x 10* particles/L) for 21
days similarly showed no significant effects on the condition index in
oysters (C. gigas) (Teng et al., 2021a), though changes in histopatho-
logical parameters, lipid metabolism biomarkers, and cell membrane
integrity, were observed (Teng et al., 2021b). In contrast, exposure to
40-48 ym virgin PE at 100 pg/L (1.88-3.24 x 103 particles/L) and 1000
ng/L (1.88-3.24 x 10* particles/L) for 14 days caused significant weight
loss and immune alterations without inducing mortality in other bivalve
species (Ruditapes decussatus) (Abidli et al., 2023).

The variability in responses highlights the critical role of particle
characteristics, such as size, shape, and weathering state, along with
exposure duration and concentration, in determining the mode and
extent of MNP-induced effects. Aging processes significantly alter the
surface and physicochemical properties of plastic particles, influencing
environmental behavior and interaction with organisms. These alter-
ations, including fragmentation into smaller particles, discoloration,
formation of oxygen-containing groups, and biofilm development, can
modulate their biological impacts (Liu et al., 2020). For instance, plastic
particles smaller than 4 um have been reported to accumulate in the
digestive gland of mussels, exhibiting longer retention times and higher
translocation rates to the circulatory system compared to larger particles
(Browne et al., 2008; Fernandez and Albentosa, 2019a, 2019b). In
mussels, two distinct pathways for plastic particle uptake have been
reported. The first involves direct transport through gill surfaces, via
microvilli-mediated endocytosis, primarily for smaller particles. The
second pathway relies on ciliary movement to transfer particles through
the digestive system, including the stomach, intestine, and ultimately
the digestive gland ducts and tubules (Von Moos et al., 2012).

The histopathological alterations observed in gills and digestive
gland align with previous findings, underscoring the susceptibility of
these tissues to MNP exposure (Barria et al., 2025). While the observed
recovery at the cellular level suggests that bivalves exhibit compensa-
tory mechanisms to alleviate stress after an acute exposure event
(Auguste et al., 2020). Moreover, differences in gene expression
observed between single and repetitive exposures to HDPE (1-50 pm,
4.6 x 10° particles/L) highlight the development of stress memory.
However, the increased energy demands associated with repeated
high-concentration exposure raise concerns about the sustainability of
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these mechanisms. Chronic exposure to elevated MNP levels could
overwhelm the organisms’ physiological resilience, leading to impaired
fitness, and potentially compromising long-term population viability
(Détrée and Gallardo-Escarate, 2018).

Additionally, the interplay between MNPs and other environmental
stressors, such as chemical pollutants, may exacerbate or mitigate their
physiological impacts (Mkuye et al., 2022). MNPs’ capability to impair
essential biological functions, when combined with other stressors,
could potentially propagate adverse effects beyond the organismal level.
One potential major problem is the ability of MNPs to accumulate toxic
compounds, either adsorbed from the environment or retained during
manufacturing processes (Barria et al., 2025). Contaminated PE and PS
have been reported to transfer PAHs to exposed mussels, increasing
bioavailability post-ingestion and inducing toxicological effects at mo-
lecular and cellular levels (Avio et al., 2015). In some cases, MNPs may
reduce the bioavailability of other organic compounds, depending on
inherent particle properties, and interactions within the exposure me-
dium and the organism. This highlights the need for further research on
MNP-contaminant interactions across diverse scenarios (Tang, 2021).

4.4. Conclusions, limitations, and future directions

This study provides an integrative analysis of the cellular and tissue-
level responses of the blue mussel (M. edulis) to aged PET MNP under
environmentally relevant conditions, offering valuable insights into the
underlying mechanisms of toxicity associated with aged particles. Cur-
rent findings revealed the sensitivity of hemocyte subpopulations,
including granulocytes and hyalinocytes, following exposure to aged
PET MNPs. Concentration- and time-dependent changes in lysosomal
stability, oxidative activity, and hemocyte mortality were observed,
demonstrating both immediate cellular perturbations and recovery po-
tential to alleviate particle-induced effects. Histopathological analysis
indicated significant alterations, particularly in the gill tissues, sug-
gesting potential impairment of essential physiological functions. No
mortality or significant changes in growth metrics were observed in
mussels following exposure to aged PET MNPs. Notably, the magnitude
of these observed responses aligns with those reported for different types
of MNPs and other materials, under similar exposure concentrations and
durations.

While this study provides valuable insights into the physiological
responses associated with aged MNP exposure, certain limitations must
be acknowledged. The detection and quantification of aged MNPs in
complex matrices remain a challenge due to analytical constraints
(Cunningham et al., 2023; da Costa et al., 2019). Although techniques
such as Nile red staining coupled with machine learning have shown
potential for detecting MNPs in mussel tissues, the recently developed
polymer identification model (PIM) exhibited lower predictive accuracy
for PET particles compared to other polymers. PIM is a semi-automated
technique designed to classify four polymer categories (PE/PP, PS, PET,
and PVC) through fluorescent particle staining following tissue digestion
and filtration (Meyers et al., 2024). Histopathological indices, while
informative and effective, may not detect rare and early-stage precursor
lesions linked to particle exposure. Long-term mechanistic studies are
needed to assess a broader range of sub-lethal effects associated with
aged MNPs, including immunotoxicity, reproductive and transgenera-
tional toxicity, as well as to elucidate potential recovery processes
following chronic exposure (He et al., 2023; Yi et al., 2024). Impor-
tantly, future research should incorporate environmentally relevant
exposure scenarios, particularly co-exposure with other contaminants
(e.g., persistent organic pollutants) (Wang et al., 2020) and global
change-related stressors (e.g., ocean warming and acidification)
(Catarino et al., 2022), to better capture potential synergistic or antag-
onistic interactions that may modulate toxicity outcomes. These efforts
are essential for understanding the combined effects of these stressors
and conducting robust risk assessments for aged MNP exposure
(Cunningham et al., 2023).
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