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A B S T R A C T   

The mussels are species with high socio-economic weights and are often used as bioindicators of biological and 
chemical contamination. In the field and aquaculture, they can intake microplastics during filter-feeding, and the 
microplastics can have a negative impact on their health, even at low concentrations. The effects of microplastics 
have yet to be fully examined on the blue mussel (Mytilus edulis), considering the factors of ageing and sorption of 
some polyaromatic hydrocarbons (PAHs), ubiquitous environmental contaminants. In this work, 5 different 
exposure conditions were studied: pristine microplastics, microplastics aged for 1000 days under UV radiation, 
microplastics sorbing PAHs, as well as microplastics both aged and sorbing PAHs, in parallel to controls. The 
microplastic changes after ageing were studied with spectroscopic and chromatographic methods. Then, 8-day 
laboratory exposures of mussels at 10 µg/L of microplastics were performed. The oxidative stress, as well as 
neurotoxic and immunological responses of M. edulis, were measured using a battery of biomarkers (catalase/ 
CAT, superoxide dismutase/SOD, glutathione S-transferases/GST, acetylcholinesterase/AChE) in 3 different or-
gans (digestive gland, gills and mantle), and acid phosphatase in hemolymph. Then, a study of lipid impairments 
on the digestive gland was performed through the use of lipidomic tools. No significant difference of oxidative 
stress activity was observed for all the tissues of mussels exposed to pristine microplastics at 10 µg/L, compared 
to controls. The ageing and the PAH soption onto microplastics were influencing factors of the oxydative stress in 
mussels with increased CAT activities in the digestive glands and decreased SOD activities in the mantles. The 
neurotoxicity was highlighted by higher AChE activities measured in the mantle of mussels exposed to all the 
microplastic treatments, compared to controls. Concerning lipidomics, no compound was determined as a 
biomarker of microplastic exposure. The study demonstrated a low toxicity of microplastics at environmental 
relevant concentration with a 8-day exposure and using the chosen biomarkers. However, some microplastic 
changes seemed to lead to specific effects on mussels.   

1. Introduction 

Historically, the word ‘plastic’ was only an adjective, meaning easily 
shaped or molded. Now, the word has evolved to describe the millions of 
materials which are made from polymers – long chain macromolecules 
which can be pressed, molded, heated, and hardened easily, quickly, and 
efficiently. With a size ranging from 1 to 5 mm, the plastic particles are 
called ‘microplastics’ (Thompson et al., 2004). Primary microplastics 
are micro-sized particles used in daily products such as fibers, pellets or 

microbeads (Andrady, 2011). Moreover, plastics being unreactive, not 
easily biodegradable or degraded by physical processes, such as erosion 
or weathering, they degrade into smaller and smaller pieces (Andrady, 
2011; Barnes et al., 2009), which correspond to the secondary micro-
plastics. Most of primary and secondary microplastics enter the envi-
ronment and are carried easily through waterways and to the sea or 
other large bodies of water when they become small enough. 

In aquatic media, microplastics can either sink into the sediment 
layer, or float on the surface, where their hydrophobic nature and high 
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surface area to volume ratio give them a tendency to attract and 
concentrate hydrophobic organic pollutants (Engler, 2012; Pittura et al., 
2018), such as polyaromatic hydrocarbons (PAHs). PAHs are ubiquitous 
in the marine environment, also known to lead to adverse effects on 
humans and organisms (Grimmer, 2018), explaining why 16 of them are 
registered on European and American lists (U.S. Environmental Pro-
tection Agency, EPA) of priority pollutants and must be monitored in the 
environment. Their production is diffuse and unavoidable since it cor-
responds to the incomplete combustion of organic matter – meaning it 
can be both natural (forest fires, volcanism) and anthropogenic. 

During their transport, microplastics are susceptible to UV radiation, 
which could degrade them, changing their surface area and their reac-
tivity leading to releases of potentially toxic compounds into the water, 
such as additives like Bisphenol A (Pflugmacher et al., 2020), or sorbed 
environmental organic compounds which can induce different ecotox-
icities (Hanun et al., 2021; Rodrigues et al., 2019). However, a gap of 
knowledge still remains about the effects of aged microplastics on 
aquatic organisms compared to pristine ones. Some studies showed that 
the ageing of microplastics can (i) promote the ingestion by marine 
zooplakton (Vroom et al., 2017), (ii) amplify the growth inibition of 
Chlorella vulgaris (Fu et al., 2019) and (iii) impact the gene expression 
levels of the marine mussel Mytilus edulis (Jaouani et al., 2023). 

Plastic being ubiquitous in the water column, no aquatic species is 
preserved from its presence. This suggestion is further supported by 
hundreds of researches, which have studied filter feeder species, such as 
worms, crabs, bivalves, and lobsters (Lusher et al., 2013). Filter feeders 
are focal points for environmental toxicants which makes them an 
effective indicator species. Because they tend to accumulate environ-
mental contaminants, studying them gives us a snapshot of the overall 
contamination of the ecosystem. The environmental contaminants can 
negatively impact organisms that consume them. Therefore, those or-
ganisms are sentinel species as well as biological models for laboratory 
exposures. 

The blue mussel, Mytilus edulis, is one of the most important com-
mercial species of mussel. Besides its commercial importance, the blue 
mussel also serves as a first warning for environmental monitoring. They 
can also be used for bay rehabilitation programs to help clean contam-
ination from unhealthy bodies of water (Kotta et al., 2020). Further-
more, the potential of industry disruption keeps the blue mussel 
constantly at the forefront of scientific research, as understanding how 
the organism responds to emerging changes can help prepare hatcheries 
for upcoming tragedies and a changing climate. Unlike many other 
commercially important organisms in aquaculture, such as fish and 
crustaceans, mussels are nearly completely sedentary. They are easy to 
find, reproduce rapidly, and have a fully mapped life cycle. They are 
relatively simple organisms while also producing stress enzymes directly 
linked to environmental disturbances. All of these factors make them an 
experimentally cost-effective organism, perfect for dissection and ex-
periments (Lusher et al., 2013). 

The purpose of the experiment is to shed a bit of light on the effect of 
polyethylene (PE) microplastics on the blue mussel, taking into account 
potential influencing factors: ageing and environmental organic com-
pounds sorption, i.e. PAHs. The processes of environmental ageing 
decrease the particle size, change the surface reactivity and increase the 
roughness and the specific surface area (Luo et al., 2020). These 
physico-chemical alterations have consequences on the behavior of the 
plastic items and also on their ecotoxicity. PAHs were here chosen as 
environmental contaminant models because they are ubiquitous, 
persistent, naturally produced, unintentionnaly produced by anthropo-
genic activities and toxic for living beings (Johnsen and Karlson, 2005; 
Shin et al., 2006). Moreover, a previous study showed PAHs as among 
the predominant families of persistent organic pollutants sorbed onto 
microplastics in the environment (Frias et al., 2010). The effects of PAH 
pollution have been previously studied (Speciale et al., 2018). However 
the assessment of their effects when in combination with microplastics 
and aged microplastics, is still incomplete (Martín et al., 2022). From the 

best of our knowledge, it is the first published work performing labo-
ratory exposures combining both ageing and PAH sorption onto 
microplastics. To explore these scientific questions, M. edulis was used as 
a biological model. After an 8-day exposure with different treatments of 
microplastic contamination at 10 µg/L, a battery of biomarkers was 
measured in digestive gland, gills and mantle, such as enzymes involved 
in oxidative stress – catalase (CAT), glutathione S-transferase (GST), 
superoxide dismutase (SOD) – and another traducing neurotoxicity, i.e. 
acetylcholinesterase (AChE). As a marker of immunotoxicity, acid 
phosphatase (AcP) was studied in the hemolymph. For an in-depth 
assessment of the potential effects of these microplastics on the blue 
mussel, a lipidomic untargeted approach was performed on the digestive 
gland to highlight potential features of interest related to the different 
exposure conditions, corresponding to lipid metabolites, either down- or 
up-regulated. 

2. Materials and methods 

2.1. Pristine microplastics 

The microplastics used in the experiment were commercial PE 
microplastic beads (PE Cospheric: Blue Polyethylene Microspheres 1.08 
g/cc; size distribution: 27–45 μm). The size was chosen because it can be 
ingested by the blue mussel (Phuong et al., 2018). Moreover, PE cor-
responds to the second most produced plastic type, after polypropylene. 
Its density allowed quite a floating behavior, adequate to ensure the 
contact between microplastics and mussels during the exposure, thanks 
to the air diffusion in the tanks. PE is also a plastic polymer character-
ized by low crystallinity with a high surface area and free volume, which 
means it is a great sorbent (Rochman et al., 2016). The representativity 
of the microplastic environmental exposure is not fully ensured by the 
use of these spherical commercial microplastics, but it was required to 
study the effect of the ageing and to make the replicates reproducible. 

2.2. Microplastic stock solution preparations 

The stock solution of pristine microplastics was performed by the 
addition of 4 mg of microplastics and 20 µL of methanol in 200 mL of 
water. Some of the pristine microplastics were first irradiated for 1000 h 
in an accelerated weathering chamber SEPAP 12/24 (Atlas) to simulate 
an environmental ageing. The corresponding stock solution was per-
formed the same way as for pristine microplastics (4 mg of aged 
microplastics + 200 mL of water + 20 µL of methanol). To simulate PAH 
sorption, 4 mg of each of the pristine and irradiated microplastics were 
suspended in 200 mL of water with the addition of 20 µL of methanol 
containing four PAHs, constituting two other stock solutions. The PAHs 
were chosen as representatives of those found in environmentally 
contaminated plastics (Hirai et al., 2011; Rios et al., 2007). It was a mix 
of two low molecular weight (LMW) PAHs – phenanthrene and fluo-
ranthene (Phe-and Fluo) – and two high molecular weight (HMW) ones – 
benzo(a)anthracene and benzo(a)pyrene (BaAnt and BaPyr). The final 
concentrations of PAHs in the medium were 1 µg/L of Phe-and Fluo and 
0.5 µg/L of BaAnt and BaPyr. The PAHs and aged microplastics were 
mixed after the ageing of the microplastics in the accelerated weathering 
chamber. For the control tank contamination, 20 µL of methanol were 
added to 200 mL of water. All these five stock solutions were used for 
spiking the tanks with mussel during the exposure. As 20 µL of methanol 
were added in each stock solution, including the control, the potential 
effects were not attributed to the presence of methanol, needed for the 
dissolution of the PAHs. 

2.3. Microplastic characterization 

To characterize the microplastics before and after ageing, infrared 
spectroscopy, thermo-desorption coupled to gas chromatography-mass 
spectroscopy (TD-GCMS–) and gas chromatography coupled to mass 
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spectroscopy (GC–MS) were used to determine the carbonyl index of 
aged microplastics (AMP), the volatile organic compound (VOC) con-
tents and the organic compound contents respectively. 

Regarding the infrared analysis, a FRONTIER spectrometer (Peki-
nElmer) was used in attenuated total reflectance mode to acquire the 
infrared spectra of MP and AMP and to determine the carbonyl index of 
aged microplastics. The carbonyl index was calculated according to the 
following equation: 

Carbonyl index = A1712 / A2916 
A1712 is the absorbance at 1712 cm− 1 relative to the photo-

degradated products (carbonyl group C=O) and A2916 is the absorbance 
at 2916 cm− 1 corresponding to the PE reference peak (methylene group 
-CH2-). 

The detailed protocols for analysing VOCs and hexane extracted 
organic compounds from the microplastics are given in Supplementary 
Material 1. 

The quantification of PAHs sorbed onto the PE microspheres was not 
possible due to the small amounts of microplastics and PAHs used for the 
exposure, insufficient for the detection limits of analytical methods. 
Nevertheless, theoretical values based on PE-water partition coefficients 
allowed to assess the concentrations of PAHs in the water and sorbed 
onto PE microspheres in tanks used for the mussel exposure. 

2.4. Experimental design 

The experimental design was very similar to the experiment of a 
previous study performed by Khalid et al. (2021). All samples of live 
M. edulis from Ireland were selected in the fresh arrival of mussels in a 
supermarket (Super U, Nantes, France). Then, they were weight, sized 
and randomly sorted into 15 separate and cleaned tanks, with dead or 
cracked mussels discarded. The organism density was 1 mussel per liter 
of artificial seawater, prepared using sea salt (InstantOcean, Aquarium 
systems, France) solubilized in distilled water at 33 PSU (Practical 
Salinity Unit). The tanks were made of glass, with a 20 L total volume, 
and were equiped with an air diffusion system. To ensure the good 
health of the mussels before exposure and to acclimate them to the 
experimental conditions, the first step was an 8-day acclimation period. 
During the acclimation, they have been fed with a solution of pre-coral 
phyton (Tropic marin®, Germany) every 2 days, just after the change of 
water, which occurred every 2 days as well. The mussels were daily 
checked, particularly during the feeding, checking the filtration activity. 
Throughout the experiment the conditions were maintained constant in 
a controlled room with a 12:12 photoperiod and a temperature of 15◦C. 

After the step of acclimation, the 8-day exposure step followed the 
contamination of the tanks with the different types of microplastics at 
10 µg/L. This concentration was chosen to be close to environmental 
ones, like in the Mediterranean Sea where it reaches 26 µg/L (Suaria 
et al., 2016). The contamination was performed by the addition of 10 mL 
of the suitable stock solution prepared as previously mentioned (2.1 
section) to the corresponding tank. The five different treatments were 
performed in triplicates (R1, R2 and R3). These treatments corresponded 
to tanks contaminated with either pristine PE microplastics (MP), or PE 
microplastics irradiated (AMP), or pristine PE microplastics sorbing 
polyaromatic hydrocarbons (MP-PAH), or irradiated PE microplastics 
sorbing polyaromatic hydrocarbons (AMP-PAH). Controls were also 
performed in triplicates by the addition of 10 mL of the corresponding 
solution (200 mL water + 20 µL methanol). The feeding and the water 
changes were kept the same than for the acclimation step – every 2 days 
– with the air diffusion allowing the distribution and the suspension of 
the microplastics in the tanks. After the changes of water performed 
every 2 days, the tanks were re-contaminated with 10 mL of the stock 
solution corresponding to the treatment to mimic a constant exposure. 
The aim of the work was not to determine acute toxicity by exposing 
organisms to high concentrations of pollutants. As the concentrations of 
microplastics were chosen as relevant to the environment, an exposure 
duration of more than few hours was required. Furthermore, previous 

publications on the effects of microplastics on mussels have shown ef-
fects after one week of exposure (Alnajar et al., 2021); Avio et al., 2015; 
Khalid et al., 2021; Paul-Pont et al., 2016). These reasons explain why an 
8-day experiment was carried out for this work. 

After 8 days of exposure and without a depuration period, the 
mussels were removed and frozen in liquid nitrogen at − 80◦C to quickly 
kill them as ethically as possible and avoiding a potential stress caused 
by a slow death. Once frozen, they were kept in long-term storage at 
− 20◦C. 

After being frozen, 5 mussels were randomly selected from each 
tank, then thawed, weighed and dissected, constituting a total of 75 
mussels, i.e. 15 per treatment. Dissected organs included the digestive 
glands (DG), cut into two equal halves (for individual biomarker anal-
ysis and lipidomics), gills (G), mantle (M), and hemolymph (H), 
constituting 375 subsamples. Hemolymph was collected puncturing the 
posterior adductor muscle with a sterile syringe. Extracted organs were 
separated and labeled according to the exposure treatment and stored at 
− 20◦C until they were required for further analysis. 

2.5. Biochemical markers 

2.5.1. Biological sample preparation 
The three dissected organs – DG, G, M – were prepared in the same 

way. About 1/3rd of each sample was removed from storage and 
weighed. Except for the GST analysis, the tissues were prepared by the 
addition of a solution of Trisma buffer (pH 7.4) and PMSF (1 mM; Sigma- 
Aldrich, USA), in a ratio of 4:1 (solution:sample weight (v/w)) into 
Eppendorf tubes. Trisma with PMSF is a buffer designed to protect the 
proteins and DNA found in the solution by keeping it at a stable pH. 
Then, the samples were ground to ensure an even mix with the Trisma 
and the protein extraction. After grinding, the tubes were placed in a 
centrifuge at 14,000 rpm for 30 min before individual biomarker mea-
sures. Rather than a Trisma buffer, a sodium phosphate buffer was 
employed for the extraction of GST from tissues with the same ratio 4:1. 
The sodium phosphate buffer was found to work more efficiently with 
GST and withstood the significant pH drop that adding reagents 
induced. 

2.5.2. Total protein analysis 
Total Proteins (TP) were determined using Bradford protocol 

(Bradford, 1976) and 96-well plates read at 595 nm with a UV–Vis 
spectrophotometer and using the bovine serum albumin (BSA) for the 
calibration curve. After the subtraction of the blank values, concentra-
tions were calculated from the calibration curve. TP contents were 
analyzed in digestive gland, gills and mantle in triplicates. The following 
enzyme activities were expressed with reference to TP content in sample 
tissues, corresponding to specific activities. 

2.5.3. Catalase analysis 
Catalase (CAT) analysis was adapted from the Clairborne method 

(1985). CAT is an enzyme produced in nearly all living organisms, and 
when exposed to Reactive Oxygene Species (ROS) will rapidly decom-
pose it. Therefore, CAT was measured in the samples during a kinetic 
with the addition of H₂O₂, measured every minute at 240 nm over 3 min. 

2.5.4. SOD analysis 
Superoxide dismutase (SOD) analysis was adapted from Beauchamp 

and Fridovich (1971) and Sim Choi et al. (2006). In cells, SOD is an 
enzyme which breaks down ROS and is produced in stressed organisms 
to aid in decrease oxidative stress. The amount of SOD produced is 
directly related to the stress of the organism, so it is a helpful biomarker. 
The reaction was followed at 560 nm with the addition of nitro-
tetrazolium bluechloride riboflavin, methionine and EDTA after being 
exposed to a light source. 
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2.5.5. GST analysis 
The protocol for Glutathione S-transferases (GST) was adapted from 

Habig et al. (1974). GST is a detoxifying agent in the cell and helps 
protect cells from several potentially harmful compounds. In the pres-
ence of 1‑chloro-2–4 dinitrobenzene (CDNB) and reduced glutathione 
(GSH), it conjugates the two at a linear rate. 

2.5.6. AChE analysis 
The protocol for the analysis of acetylcholinesterase (AChE) activity 

was adapted from Ellman et al. (1961). AChE, biomarker of neurotox-
icity, is an enzyme responsible for the deactivation and subsequent 
breakdown of acetylcholine, a neurotransmitter responsible for 
signaling muscle contraction. The absorbance of the samples was 
measured at 405 nm over 15 min, with readings taken every minute after 
the addition of Ellmann’s reagent. 

2.5.7. Acid phosphatase 
An Acid Phosphatase (AcP) Kinetic Method Kit (Biolabo Reagents) 

was used for its determination in mussel hemolymph, as a biomarker of 
immunotoxicity. Acid Phosphatase is an antigen, which helps activate 
portions of the immune system in response to stress triggers in stressed 
and sick organisms, increasing levels of AcP. The hemolymph was used 
for this biomarker analysis. Added to a commercial reagent (Biolabo 
Reagents), the absorbance at 405 nm was measured over 3 min, with 
readings taken every minute. 

2.6. Lipidomics 

Lipids play an important role in homeostasis of organisms. In 
M. edulis, lipids could show how the organism reacts to chronic and 
acute exposure to stressors. Lipidomics was employed as an untargeted 
approach and an extraction protocol allowing the extraction of the 
maximum of hydrophobic compounds from the samples. By this way, 
the method allowed the potential identification of new stress com-
pounds, and a more in-depth analysis of stress responses. In this 
particular case, the aim was to determine if specific lipid compositions, 
as broaden as possible, were related to mussel responses to microplastics 
as performed by Khalid et al. (2021) and presented in Supplementary 
Material 1. 

2.7. Statistical data treatment 

To highlight the significant differences of weights and biomarkers 
(TP, SOD, GST, CAT, AChE and AcP) between the exposure treatments 
(MP, AMP, MP-PAH, AMP-PAH, control), statistical analyses were done 
using XLStat software. A one-way non-parametric Anova, Kruskal-Wallis 
test was conducted. Significance was determined if a p-value < 0.05 was 
found. 

From lipidomic data, the matrices were filtered and the peak areas 
were taken into account only when the signal was 3-times higher than 
within the blanks and when the QC signals were proportionnal to their 
concentrations. Finally, an auto-scaling was done (Van den Berg et al., 
2006) on the matrices containing 419 and 550 features for positive 
and negative ionization modes respectively, to perform an unsuper-
vised analysis by Principal Component Analysis (PCA), and a super-
vised one by Partial Least Square regression with Discriminant 
Analysis (PLS-DA) using the online software MetaboAnalyst 5.0, on-
line platform (Pang et al., 2021). The PLS-DA analysis gathering each 
treatment, on the one hand, and the control, on the other hand, gave a 
list of features “Very Important for Projection” (VIP) with a corre-
sponding score which could correspond to lipids impacted by the 
microplastic contamination (Chong et al., 2019; Kind et al., 2013). 
Finally, the putative annotation of the features of interest was ach-
ieved based on accurate mass using the Lipid Blast Database (Kind 
et al., 2013) and Lipid Maps® Database, of which the searching engine 
can be accessed in the website (Liebisch et al., 2020, 2013). 

3. Results 

3.1. Microplastic characterization 

3.1.1. Carbonyl index 
Infrared spectra obtained from pristine and aged microplastics 

(Supplementary Material 2, Fig. S2) showed an additional band around 
1700 cm− 1 for the aged polymer compared to pristine one. This band 
reflects the presence of carbonylated compounds and thus traduces an 
observable photodegradation of the microplastics after irradiation in an 
accelerated weathering chamber during 1000 h. A carbonyl index of 
0.036 was calculate for aged microplastics. However, this value is 
relatively low compared to those found in environmental samples, 
which typically range from 0.1 to 1.2 (Prata et al., 2020). According to 
the supplier Cospheric LLC, this was due to the stabilizing formula of the 
PE that can contain up to 30% of stabilizers. 

3.1.2. Organic compound content 
The lists of VOCs and organic compounds detected by TD-GC–MS and 

GC–MS, respectively are given in Supplementary Material 3. As pre-
sented in the Table S3–1, VOCs in pristine microplastics consisted 
mainly of hydrocarbons (linear, ramified, aromatic) containing up to 23 
carbon atoms. These hydrocarbons were most likely non-intentionally 
added-substances leftover compounds that did not react to form 
longer polymer chains during the synthesis. Oxygenated compounds as 
well as a nitrogen-containing compound were also detected from pris-
tine microplastics. Those could be added by the manufacturer during 
polymer synthesis to enhance the plastic properties. Howerver, while a 
significant number of compounds were detected from pristine micro-
plastics, only four VOCs remained in after UV exposure. This may be due 
to their photodegradation and/or to their volatilization caused by the 
aeration and temperature (60◦C) of the SEPAP chamber. 

The majority of the hexane extracted compounds (Supplementary 
Material 3, Table S3–2) was hydrocarbons with minor differences be-
tween pristine and aged microplastics. Nevertheless, some compounds 
were detected in pristine microplastics but not in aged ones, such as 
pentadecane, hexadecane and 2-methyl-2-phenyl-tridecane while the 
aged microplastics showed more oxygenated compounds than pristine 
ones, such as 7-hexadecenal, 2-[(hexadecyloxy)methyl]oxirane and 2- 
hexyl-1-decanol. It is reasonable to assume that the latter are photo-
degradation products while the former are photodegraded and/or are 
lost by volatilisation in the weathering chamber. 

These results, together with those on the carbonyl index, suggest that 
differences in the effects induced by pristine and aged microplastics on 
blue mussels, if detected, could be driven by both the evolution of the 
surface state (reflected by the change in the carbonyl index, even if this 
value is much lower here than in environmental samples) and the 
change in the microplastic composition in terms of leachable 
compounds. 

3.1.3. PAH sorption 
In this study, PAHs containing stock solutions were prepared adding 

the PAHs solubilized in methanol (final concentrations in the tank : 1 µg/ 
L of Phe-and Fluo, 0.5 µg/L of BaAnt and BaPyr) to 4 mg of PE micro-
spheres in 200 mL of water. A first PAH partitioning between water and 
microplastics occurred in these stock solutions. Then, another equilib-
rium was achieved in the tanks after the use of 5 mL of stock solution to 
contaminate the tanks. 

According to the diffusion coefficients (D) of PAHs in low-density PE 
(Rusina et al., 2010), the time required to reach the sorption equilibrium 
ranges from 8 min to 7 h. The fastest system corresponds to the lightest 
PAH, Phe (log D = − 12.45 m2.s− 1), sorbing into the smallest micro-
sphere (27 µm diameter) and the slowest system corresponds to the 
heaviest PAH, BaPyr (log D = − 13.72 m2.s− 1) sorbing into the largest 
microsphere (45 µm diameter). 

As the quantification of PAH sorbed onto the PE microspheres was 
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not possible due to the environmental doses used for both microplastics 
and PAHs, theoretical water and PE concentrations were calculated for 
both stock solutions and mussel tanks, based on microplastic-water 
partition coefficients (KPE/W) determined by Choi et al. (2013). The 
data are summarized in Table 1. The levels of PAHs theoretically sorbed 
onto the PE microspheres increased with the increase of the molecular 
weight, ranging from 6.29 to 319.62 ng/g of PE for Phe-and BaPyr, 
respectively (Table 1). However, it is important to note that these 
theoretical values can only give an order of magnitude of real concen-
trations since polymer size, shape, density, color, chemical composition 
and weathering are properties that can influence sorption dynamics of 
organic compounds (Fisner et al., 2017; Munoz et al., 2021), as well as 
pH, salinity, organic matter and temperature of water (Martín et al., 
2022; Ziccardi et al., 2016). It was thus impossible to differentiate the 
quantities sorbed onto pristine microplastics and aged ones. Commercial 
plastics are usually hydrophobic as most of the organic contaminants 
(Syberg et al., 2015) and changes induced by photoageing can lead to 
different sorption levels of these contaminants (Lin et al., 2020; Müller 
et al., 2018; Zhang et al., 2018). On the one hand, the ageing can be 
responsible for cracks and pores on the surface, increasing the specific 
surface area and enhancing the sorption of contaminants. On the other 
hand, UV irradiation increases the content of oxygen-containing func-
tional groups, which also increases the polarity, hydrophilicity and 
charge of the microplastic surfaces (Fan et al., 2021). The ageing process 
can also weaken the π-π interaction, the main mechanism of interaction 
with aromatic compounds such as PAHs, due to chain scissions (Ding 
et al., 2020; Mailhot and Gardette, 1992). These two oposite effects of 
the photoageing on the sorbing capacities of PE microplastics preclude 
any definitive conclusion. Nevertheless, a recent study showed higher 
adsorption of Phe-on aged HDPE microplastics than on pristine ones 
(Bhagat et al., 2022). 

3.2. Biometric characteristics of mussels 

Table 2 shows the average weights and standard deviations of the 
whole mussels measured before dissection. The lowest average weight 
was 6.27 ± 1.85 g and the highest 7.89 ± 2.67 g for AMP and MP-PAH 
treatments, respectively. No significant difference was highlighted by a 
Kruskal-Wallis test which meant that the variances were homogenous 
among the different treatments. 

3.3. Biochemical markers 

3.3.1. Total protein contents 
Fig. 1A, B and C show box and whisker plots for TP contents in 

digestive gland, gills, and mantles, respectively. No significant differ-
ence was highlighted for the gills and the mantles between the treat-
ments. In DG, TP was significantly higher in AMP compared to MP-PAH 
treatment, as determined by the Kruskal-Wallis test (p < 0.05). 
Comparing the different organs, the values of TP were in the same range. 

3.3.2. Oxidative stress 
Catalase 
Fig. 2A, B and C show box and whisker plots for CAT specific ac-

tivities for digestive gland, gills and mantle, respectively (expressed 

related to the total protein contents). No significant differences were 
highlighted in gills and mantle between the different exposure treat-
ments. In DG, the AMP-PAH group showed CAT activities significantly 
higher than the control group. Comparing the 3 studied organs, the 
values of catalase activity were of the same order of magnitude. 

Superoxide dismutase 
Fig. 2D, E and F depict the results of the SOD specific activities 

measured on digestive gland, gills and mantle of mussels, respectively. 
No significant difference was observed for the gills between the different 
exposure treatments. About the digestive gland, the SOD activities were 
significantly lower in the mussels from the tanks contaminated by aged 
microplastics (AMP) compared to those from tanks containing micro-
plastics sorbing PAHs (MP-PAH). In the case of the mantle, the SOD 
activity was significantly lower for the AMP-PAH treatment compared to 
the control. Comparing the 3 studied organs, the values of SOD activity 
were of the same order of magnitude. 

Glutathione S-transferase 
Fig. 2G, H and I show the GST specific activities in digestive gland, 

gills and mantle of the mussels, respectively. No significant differences 
were found for the gills and the mantle between the different treatments. 
Concerning the digestive gland, the activity of the MP group was 
significantly higher than the activities of both AMP and MP-PAH groups. 
Comparing the 3 organs, a great difference of activities was observed 
with the highest values for the digestive gland. 

3.3.3. Neurotoxicity - acetylcholinesterase activity 
Fig. 3A, B and C is an overview of the AChE results. No significant 

differences were found for the digestive gland and the gills. Neverthe-
less, in the mantle, the AChE activities were significantly lower for the 
control group compared to all the other groups with microplastic 
contaminations. 

3.3.4. Immunotoxicity - acid phosphatase activity 
The acid phosphatase (AcP) activity was measured from the hemo-

lymph of the mussels. Median AcP activities were 31.65 (14.65–64.47), 
20.22 (10.57–67.78), 31.12 (8.65–67.22), 34.57 (7.42–56.36), and 
28.89 (8.02–49.87) UI/L for the controls, MP, AMP, MP-PAH, and AMP- 
PAH treatments, respectively. No significant differences were observed 
between the treatments. 

3.3.5. Lipidomics 
After FIA-HRMS analysis of lipid extracts of the mussels’ digestive 

glands, lipidomic data matrices were obtained for negative and positive 
ions from the generated fingerprints using automatic peak picking open 
source software (Pluskal et al., 2010). As a first step, an unsupervised 
data analysis was performed using PCA (MetaboAnalyst 5.0) to explore 

Table 1 
PAH distribution in the microplastic/water (PE-W) system. The values were calculated based on partition coefficient determined by Choi et al. (2013). The stock 
solution contained 4 mg of PE microspheres in 200 mL of deionized water and the mussel tank contained 200 µg of PE microspheres in 20 L of seawater.   

log KPE/W deionized water Stock solution log KPE/W seawater Mussel tanks   
[PAH]Water [PAH]PE  [PAH]Water [PAH]PE  

(L/kg) (µg/L) (µg/g) (L/kg) (ng/L) (ng/g) 

Phenanthrene 4.04 0.82 8.99 4.10 0.49 6.29 
Fluoranthene 4.75 0.47 26.46 4.85 0.49 35.34 
Benzo(a)anthracene 5.43 0.07 21.08 5.55 0.24 86.90 
Benzo(a)pyrene 6.14 0.02 24.13 6.11 0.25 319.62  

Table 2 
Average whole mussel weights and standard deviation (SD) by treatment, in 
grams.   

Mussel Weights (g)  
Control MP AMP MP-PAH AMP-PAH 

Average 7.23 7.39 6.27 7.89 7.56 
SD 1.79 1.74 1.85 2.67 1.65  
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potential mussel treatment discriminations according to lipid impair-
ments. The sample representations are shown in Supplementary Mate-
rial 4, Fig. S4A and S4B, for positive and negative ions, respectively. 

Using both the positive and negative ionization data, no clear clus-
tering was observed in the PCA score plots for mussels exposed to the 
five treatments. This absence of clustering using an unsupervised 
method indicated that there was no major lipidic modification related to 
the exposure treatments. 

For in-depth exploration of the data, and highlight minor lipidic al-
terations, a supervised data analysis (formerly PLS-DA) was performed 
using data matrixes from both ionization mode. For each mode, a total of 
4 PLS-DA were achieved focusing on the discrimination of each micro-
plastic treatment (MP, AMP, MP-PAH and AMP-PAH) compared to the 
controls. The 4 score plots and corresponding loading plots were 
analyzed to highlight potential ions responsible for such discrimination. 
The first 20 variables based on their VIP score (Variable Importance in 
the projection score) were selected (VIP > 2) as they corresponded to the 
most significant altered variable in each discrimination of treatments vs 
controls. No significant alteration was observed exploring the negative 
ionization mode data. Nevertheless, positive ionization data showed 
significant discrimination using PLS-DA (Fig. 4).A total of 16, 18, 18 and 
19 features were found as features up- or down regulated in the or-
ganisms exposed to MP, AMP, MP-PAH and AMP-PAH, respectively vs 
controls. 

In all PLS-DA, the component 1 was accounting for 3.8 to 4% of the 
total variance when clear and significant separations were observed. The 
most significantly altered features were both up- and down regulated 
during the exposure. The list of the ions with variable importance in the 
projections (VIP score > 2) was determined and used to build a Venn 
diagram (Heberle et al., 2015) displayed in Fig. 5A. The detailed m/z of 
the features shared between some treatments are also shown in the 
Fig. 5B. No feature with the same mass was shared by all the mussels 
exposed. To assess the potential effect of the influencing factors, i.e. 
ageing and sorption of PAHs by microplastics, Fig. 5B shows the features 
up- or down-regulated shared by the mussels from the different exposure 
treatments. Two features were shared by the organisms exposed to aged 
microplastics (AMP and AMP-PAH: m/z 466.437 and 643.667, 
up-regulated and down regulated, respectively) and none between 
conditions with microplastics sorbing PAHs (MP-PAH and AMP-PAH). 
Some other features were shared by different exposure treatments, but 
not depending on the studied influencing factors. 

Only 5 features were further annotated (Table 3) based on high mass 
accuracy using the Lipid Blast Database (Kind et al., 2013). Four of them 
were putatively identified as diradylglycerolipids and the last one as 
triradylglycerolipids. 

4. Discussion 

M. edulis is an important suspension filter feeder that it has been used 
in several studies to assess the bioaccumulation of contaminants and to 
evaluate their effects on marine biota (Beyer, 2017). More recently, 
mussels were particularly used for the assessment of microplastic bio-
accumulation in the field (Phuong et al., 2018) and of their effects after 
laboratory exposures (Alnajar et al., 2021; Choi et al., 2022; Green et al., 
2019; Khalid et al., 2021; Li et al., 2022; Mkuye, 2022). As a good global 
bioindicator of pollution and particularly for microplastics (Li et al., 
2019), mussel watch programs were organized in several countries and 
some biomarkers of microplastic exposure were identified in the Medi-
terrenean mussel (Mytilus galloprovincialis) (Provenza et al., 2022). Ma-
rine mussel-based biomarkers were also recently used as a risk indicator 
of microplastic impacts (Chen, 2021). 

Considering this state of the art, the blue mussel was chosen as the 
species used in the laboratory experiments of the present study. A 
classical battery of biochemical biomarkers was used to measure the 
effects of microplastics to have data easily comparable with those found 
in the literature, associated with lipidomics, as a promising tool for 
ecotoxicological concerns. 

4.1. Biochemical markers 

Regarding the biochemical markers results, few significant differ-
ences between the five treatments were observed for oxidative stress 
(CAT, SOD and GST), neurotoxicity (AChE) and immunotoxicity (AcP). 
Comparing the data of mussels from the control tanks and tanks 
contaminated with pristine microplastics (MP), no significant differ-
ences were observed on the oxydative stress, for all the studied tissues. 
Many studies were performed to determine the effects of microplastics 
on bivalves (Khalid et al., 2021; Mkuye, 2022; Tlili et al., 2020), and 
particularly the Mediterranean Mussel (Mytilus galloprovincialis) (Pro-
venza et al., 2022). The comparison of the results of the present study 
with those from the literature is not easy because they depend on the 
experimental design, such as microplastic characteristics (form, size, 

Fig. 1. Total protein contents measured in digestive glands (A), gills (B) and mantles (C) of M. edulis exposed to microplastics (MP), aged microplastics (AMP), 
microplastic sorbing PAHs (MP-PAH), aged microplastic sorbing PAHs (AMP-PAH) at 10 µg/L and controls. N = 15 for each treatment. Different letters correspond to 
significant differences between treatments (Kruskall Wallis test; p < 0.05). Red plus corresponds to the mean. 
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composition, concentration), model species, biomarkers and duration of 
the experiments which are different from each other (Khalid et al., 
2021). Laboratory exposures during 8 days, using PE pristine micro-
spheres at 10 µg/L of concentration and with size ranging from 27 to 45 
µm were not a threat for the mussel health. Nevertheless, it is important 
to keep in mind the limited exposure duration compared to the envi-
ronment. Thus, effects could be possible in the field for mussels 
constantly exposed to microplastics during their whole life. Addition-
nally, the biomarker battery used for the present study is quite restricted 
and the use of others at many biological organization levels could 
conclude to different results. Large microplastics (27 to 45 µm) could 

have effects in tissues besides disruption the gut and assimilation of 
nutrients. 

While no effects of the treatments were observed for GST in gills and 
mantle, its levels in digestive gland were significantly higher in organ-
isms exposed to MP compared to those exposed to AMP and MP-PAH. 
Nevertheless, the results are questionable since not significant differ-
ences were highlighted compared to the controls. The impossible PAH 
analysis in mussels cannot ensure that these organic compounds were 
transferred to the organisms and bioaccumulated, generating effects. 
Their hydrophobic properties could lead to their strong sorption onto 
the microplastics (Engler, 2012; Pittura et al., 2018). Or, the low 

Fig. 2. Catalase activity measured in digestive glands (A), gills (B) and mantles (C), SOD activity measured in digestive glands (D), gills (E) and mantles (F) and GST 
activity measured in digestive glands (G), gills (H) and mantles (I) of M. edulis exposed to microplastics (MP), aged microplastics (AMP), microplastic sorbing PAHs 
(MP-PAH), aged microplastic sorbing PAHs (AMP-PAH) at 10 µg/L and controls. N = 15 for each treatment. Different letters correspond to significant differences 
between treatments (Kruskall Wallis test; p < 0.05). Red plus corresponds to the mean. Black dots are potential outliers. 
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concentration of the PAHs did not reach toxic threshold in organisms. 
Other biomarkers could have demonstrated effect, such as DNA adducts 
which can be specific to PAHs (Venier and Canova, 1996). Concerning 
the state of the art, other results were published. On one hand, Pittura 
et al. (2018) concluded to none oxidative effect of co-exposure LDPE/-
BaPyr on mussels exposed to microplastic concentrations with one order 
of magnitude higher (10 mg/L) than the present study. On the other 
hand, some articles described significant oxidative effects on mussels 
and other species (Avio et al., 2015; Détrée and Gallardo-Escárate, 2018; 
Paul-Pont et al., 2016; Ribeiro et al., 2017) with concentrations ranging 
from 0.5 to 1 mg/L. As for the effects of the pristine microplastics, it is 
difficult to directly compare the results between the studies because of 
the different experimental designs. 

A significant oxidative stress was highlighted after the exposure of 
mussels to AMP-PAH treatment, measuring increased CAT activities in 
the digestive gland and decreased SOD activities in the mantle. 
González-Soto et al. (2019) also depicted a more toxic effect of BaPyr 
sorbed onto microplastics on CAT activity in hemocytes of mussels 
dietarily exposed. 

The increased levels of AChE in the mantle were significant after the 
exposure of mussels to all the microplastic treatments (MP, AMP, MP- 
PAH and AMP-PAH) compared to the controls. This result was not 
observed for the other organs and it is of great interest since the mantle 
is not an organ usually studied (Provenza et al., 2022). Impairments on 
AChE were already measured after the exposure of aquatic species to 
microplastics (Avio et al., 2015; Oliveira et al., 2013; Ribeiro et al., 

Fig. 3. Acetylcholinesterase activities measured in digestive glands (A), gills (B) and mantles (C) of M. edulis exposed to microplastics (MP), aged microplastics 
(AMP), microplastic sorbing PAHs (MP-PAH), aged microplastic sorbing PAHs (AMP-PAH) at 10 µg/L and controls. N = 15 for each treatment. Different letters 
correspond to significant differences between treatments (Kruskall Wallis test; p < 0.05). Red plus corresponds to the mean. 

Fig. 4. Score plot of PLS-DA of FIA-HRMS positive ions from lipid extracts of the digestive gland from M. edulis in the controls compared with individuals exposed to: 
A: microplastics (MP), B: aged microplastics (AMP), C: microplastic sorbing PAHs (MP PAH), D: aged microplastic sorbing PAHs (AMP PAH) at 10 µg/L. 
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2017), traducing the influence of these contaminants on physiological 
and behavioral responses controlled by neurological mechanisms. In 
addition, Avio et al. (2015) mentioned that any anticholinesterase effect 
of microplastics in fish would be alarming considering the widespread 
presence of this stressor in the aquatic environment and the pivotal role 
of this enzyme in neurological function which is crucial to control 
several physiological (e.g. growth, reproduction) and behavioral (e.g. 
swimming) processes that directly or indirectly may influence individual 
and population fitness. For the previous studies, the impairment corre-
sponded to decreases of the AChE activity. Nevertheless, some increases 
of AChE activities were also observed in the litterature, such as in hea-
molymph of Patela vulgata after the exposure to copper at 6.1 µg.L− 1 

(Browne et al., 2004). Boukadida et al. (2022) also observed stimulated 
AChE activities in mussel larvae (Mytilus galloprovincialis) exposed to a 
combination of thermal and metallic stress for 48 h. They suggest that 
hypoactivity and hyperactivity of the larvae may be associated with 
AChE activity, since AChE activities were positively correlated with the 
maximum speed of the organisms. In the present study, the mussels 
could have their mantle muscle more contracted because of their contact 
with the plastic particles. 

4.2. Lipidomics 

Omic sciences including genomics, transcriptomics, proteomics and 
metabolomics were developed the last decades in many fields, such as in 
aquaculture (Laudicella et al., 2020) and more specifically to assess the 
toxicity of micro- and nanoplastics on fish and seafood species (Bhagat 
et al., 2022) for example. Among the metabolomic approaches, lip-
idomics is the method focusing on the lipidome, i.e. the lipids contained 
in a whole organism. Lipids constitute major components in biology 
since they are involved in membranes, energy reserves, reproduction, 
immunology and adaptation processes (Laudicella et al., 2020). The 
specific and targeted analysis of lipid classes was conventional and 
extended by innovative analytical developments using mass spectrom-
etry, allowing the study of the entire spectrum of lipids extracted from 
organisms. This tool was notably employed on emblematic marine 
species, like the bottlenose dolphin (Ruiz-Hernández et al., 2022) or the 
common octopus (Gaspar et al., 2023), as well as on different species of 
oysters, mussels and clams in aquaculture. The objectives of the use of 
the lipidomics were varied: lipid composition (Gaspar et al., 2023), 
traceability (Boselli et al., 2012), life cycle (Facchini et al., 2018), early 
life stage (Young et al., 2016), effects of global warming (Mayor et al., 
2015) or effects of contaminants (Khalid et al., 2021; Ruiz-Hernández 
et al., 2022). 

From the lipidomic analysis, no feature with the same mass was 
shared by all the mussels exposed which could have been considered as a 
biomarker of microplastic exposure. The 2 features shared by the or-
ganisms exposed to aged microplastics could be marker of exposure but 
it was not possible to determine the lipid structure using the Lipid Blast 
Database. Since the other features were shared by different exposure 
treatments, not depending on the studied influencing factors, it is 
possible to conclude that the response of the mussels was quite exposure 
condition dependent. The annoted lipids impaired in organisms exposed 
to the different treatments were belonging to the diradylglycerolipid and 
triradylglycerolipid groups. These lipids were not previously mentioned 
in studies concerning shellfish. The same lipidomic analysis was previ-
ously performed on mussels exposed to bio-based and biodegradable 
microplastics in the study of Khalid et al. (2021). The only difference 
was the analyzed samples which were the whole mussels in that specific 
study, while only the digestive glands were used in the present study. 
Most of the 48 down-regulated lipids in organisms exposed to bio-based 

Fig. 5. Positive features found as VIP>2 in different PLS-DA discriminating lipids of digestive gland in M. edulis from controls to exposure treatments: microplastics 
(MP), aged microplastics (AMP), microplastic sorbing PAHs (MP-PAH), aged microplastic sorbing PAHs (AMP-PAH). Concentration of microplastics at 10 µg/L. A: 
Venn diagram (Heberle et al., 2015); B: list of the features with their m/z. 

Table 3 
Features of interest, obtained in positive ionization mode and highlighted by the 
PLS-DA analysis, annotated using the Lipid Blast Database (Kind et al., 2013).  

m/z Exposure Regulation compared to 
controls 

Putative annotations 

780.745 AMP down diradylglycerolipids 
(46:1) 

782.758 MP ; AMP- 
PAH 

up diradylglycerolipids 
(46:0) 

820.785 AMP-PAH up diradylglycerolipids 
(49:2) 

822.784 MP up diradylglycerolipids 
(49:1) 

920.767 MP down triradylglycerolipids 
(56:8) 

AMP: aged microplastics; MP: microplastics; AMP-PAH: aged microplastic 
sorbing PAHs. Concentration of microplastics at 10 µg/L. 
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and biodegradable microplastics were annoted as belonging to glycer-
ophospholipids, major components of lipid membranes. The authors 
attributed this result to interactions between biological membranes and 
small plastic particles, ranging from 0.8 to 10 µm. Even if the species, the 
duration of exposure and the concentration of microplastics were the 
same (10 µg/L), the reasons of the different results between the studies 
were probably various. A first one could be the different plastic types, i.e. 
L-lactic acid polymer (PLLA) vs PE. The different shapes and sizes of the 
microplastics could also be another reason, i.e. fragments between 0.8 
and 10 µm vs microspheres ranging from 27 to 45 µm. Finally, the 
investigation of the whole soft tissues of the organisms vs the digestive 
glands probably constituted the major reason of different results. The 
comparison of the data questioned about the interest of a sectioned 
tissue compared to the whole soft tissues, probably more relevant for a 
general biological response. 

5. Conclusion 

In the present study, the effects of microplastics on a representative 
marine filter feeder organism (M. edulis) were investigated considering 
the factors of ageing and sorption of some PAHs to simulate environ-
mental exposure. Hence, blue mussels were exposed to five different 
laboratory conditions for 8 days: pristine microplastics, aged micro-
plastics, microplastics sorbing PAHs, as well as microplastics both aged 
and sorbing PAHs, in parallel to controls. The results showed there was 
few induction of effects using lipidomics on digestive gland and a battery 
of biomarkers traducing oxidative stress, neurotoxicity and immuno-
toxicity on digestive gland, gills, mantle and hemolymph. 

Regarding oxidative stress, no significant difference was observed in 
all the studied tissues of mussels exposed to pristine microplastics. The 
main results were a significant oxidative stress highlighted after the 
exposure to microplastics both aged and sorbing PAHs, As well as, a 
neurotoxicity in the mantle of mussels exposed to all the treatments 
compared to controls. This neurotoxicity was not observed for the other 
studied organs and it is of great interest since the mantle is not an organ 
usually studied in ecotoxicology. Concerning lipidomics, only 2 up- or 
down regulated ions were shared by the organisms exposed to aged 
microplastics and none between microplastics sorbing PAHs, traducing 
these factors were not of specific influence on lipid impairments of the 
digestive gland. Nevertheless, the difficulty of the annotation of the ions 
remains a limit of the lipidomic studies. 
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Feussner, I., Griffiths, W.J., Köfeler, H., Merrill, A.H., Murphy, R.C., O’Donnell, V.B., 
Oskolkova, O., Subramaniam, S., Wakelam, M.J.O., Spener, F., 2020. Update on 
LIPID MAPS classification, nomenclature, and shorthand notation for MS-derived 

lipid structures. J. Lipid Res. 61, 1539–1555. https://doi.org/10.1194/jlr. 
S120001025. 
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