': fishes

Article

Exposure to Polymethylmethacrylate Microplastics Induces a
Particle Size-Dependent Immune Response in Mediterranean
Mussel Mytilus galloprovincialis

Dijana Pavitié-Hamer 1, Ines Kovati¢ 2

check for
updates

Citation: Pavi¢i¢-Hamer, D.; Kovaci¢,
L; Sovi¢, T.; Marelja, M.; Lyons, D.M.
Exposure to Polymethylmethacrylate
Microplastics Induces a Particle
Size-Dependent Immune Response in
Mediterranean Mussel Mytilus
galloprovincialis. Fishes 2022, 7, 307.
https://doi.org/10.3390/
fishes7060307

Academic Editors: David Janz,
Teresa Bottari and Monique

Mancuso

Received: 11 September 2022
Accepted: 19 October 2022
Published: 27 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Tamara Sovi¢ 3, Matea Marelja ! and Daniel Mark Lyons *

Center for Marine Research, Ruder Bogkovi¢ Institute, 52210 Rovinj, Croatia

Faculty of Educational Sciences, Juraj Dobrila University of Pula, 52100 Pula, Croatia

Faculty of Mathematics, Natural Sciences and Information Technologies, University of Primorska,
6000 Koper, Slovenia

*  Correspondence: lyons@irb.hr

Abstract: The widespread occurrence of plastic has become a significant problem in the natural
environment and may give rise to a range of deleterious impacts in biota, particularly where plastic
particles overlap in size with that of the particles that are naturally ingested by filter-feeders. In this
context, the effects of two particle sizes (10 um and 50 um) of polymethylmethacrylate (PMMA) on
ecologically and commercially significant mussel Mytilus galloprovincialis have been investigated.
Mussel health status was evaluated by measuring the condition index and stress-on-stress test during
and after 72 h exposure to PMMA microparticles in the 0.1-10 mg L~! concentration range. The
decreased condition and fitness indices in the exposed mussels pointed to significant physiological
effects at the entire organism level. The 10 um and 50 um PMMA particles were noted to rapidly
increase the total haemocytes count in haemolymph, and significantly reduce cell viability at higher
concentrations of both particle sizes. The results also indicated a significant increase in levels of
vacuolised haemocytes as a result of PMMA exposure. While both microparticles were detected
in the haemolymph, only the 10 um PMMA was observed in the gill tissue and digestive gland by
histological cryosections, indicating their rapid uptake, transport, and accumulation in tissue. Lack of
accumulation of 50 pm microparticles in tissue may be related to a combination of chemical identity
and size considerations, enabling more efficient depuration of microparticles in pseudofaeces. The
PMMA particles did not induce significant changes in activity of a range of enzymes involved in
neurotransmission and responses to oxidative stress.

Keywords: acetylcholinesterase; condition index; enzymatic activity; haemocyte; oxidative stress;
PMMA; SOS test

1. Introduction

In parallel with the large use of plastics in consumer and industrial products, with
an estimated additional 367 million tonnes of world plastic production in 2020 alone [1],
the quantity of polymer-based pollution is ever increasing [2]. For example, in the marine
environment plastics comprise up to 70% of marine litter [3]. Under the influence of
wave action, ocean temperature, and UV radiation, the large plastic debris gradually
degrade into smaller fractions, with fragments smaller than 5 mm generally categorised
as microplastics [4-8]. In Europe, polyethylene (PE, 30.3%) and polypropylene (PP, 19.7%)
together account for about 50% of all plastic consumed, therefore PE and PP are likely to
be widespread in the marine environment [1,6]. The abundance of microplastics in the
Adriatic Sea has been reported to range from 0.4 + 0.7 to 1.0 4= 1.8 items m 2 [9] with an
average concentration of floating micro litter of 0.127 items m~2 [10]. PE has been reported
as the predominant polymer with an overall relative abundance of 52-66.6% of the total
amount of detected microplastics, followed by PP (16-19.7%) and synthetic paints (7%) [11].
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The presence of paint and paraffin wax suggests high ship-based pollution in the Adriatic
Sea, and while fragments of synthetic rubbers, such as ethylene propylenediene monomer
(EPDM) and ethylene propylene rubber (EPR), polyacrylates (PMMA), polystyrene (PS),
polyvinyl chloride (PVC), and polyethylene terephthalate (PET) were also found; each
accounting for less than 1% of the floating polymers [10]. Of these, polymethylmethacrylate
(PMMA; widely known under the trade name plexiglass) is a synthetic resin produced from
the polymerisation of methyl methacrylate and is widely used as a substitute for glass in
products such as lenses, windows, skylights, panels, illuminated signs, acrylic nails, paint,
and LCD touch screens, etc., [11].

Currently, it is estimated that about 600 species, including marine mammals, fish,
seabirds, turtles, and invertebrates, including plankton and algae, have been affected
by plastic material in the marine environment [6,12-15]. Microplastics have shown the
potential to be ingested by different species, to bioaccumulate and to be transferred through
the food web to higher trophic levels [15-19]. The consequences of microplastics on marine
life have been reported for the past two decades where, due to their small size, they readily
enter organisms through the digestive or respiratory systems, subsequently entering tissues
and cells leading to a range of toxicological effects [20-26]. Moreover, consumption of
commercial marine organisms such as mussels, oysters, fish, crabs, sea cucumbers, or other
products such as sea salt, can have consequences for the health of humans [13,27-29]. Thus,
not only is the monitoring of microplastics in the marine environment of high importance
for human health, but also for assessing their potential to cause a range of deleterious
effects in biota and disturb delicate ecological balances [28,29].

Muytilus galloprovincialis is the dominant mussel of the genus Mytilus along the eastern
Adriatic coast [30,31] and has been used as a biological indicator in the monitoring of
anthropogenic pollution trends in coastal waters [32-35]. As they are sessile filter feeders
they can provide location-specific information, particularly as they have instant exposure
to pollutants (e.g., pesticides, toxins, metal(loid)s, and hydrocarbons) that can have several
biological impacts on their physiology [33,36-38]. Due to their prodigious filtering ability
(3-9 L h~1) various environmental pollutants can rapidly accumulate in their tissue [39].
Such accumulation also encompasses microplastics, and may be enhanced in cases where
the microparticle size range overlaps with that of particles naturally ingested [40,41].

Investigation of the levels and polymeric composition of microplastics in the native
population of mussels, M. galloprovincialis, collected in coastal and in offshore areas in the
northern Adriatic Sea has shown that the most recurring polymer type was PE followed by
PP and PET, with equal amounts of PS, PVC and other plastics. The highest accumulation of
microplastics was observed in organisms collected at coastal sites (1.06-1.33 items g~} WW)
compared to the offshore areas (0.65-0.66 items g’1 WW) [42]. To the best of our knowledge
there are no data available on the concentrations of PMMA in intensive mussel mariculture
areas such as the Lim Channel in the northern Adriatic Sea.

Field investigation of microplastics in mussels is currently an area of intense research,
with recent results indicating that microplastic accumulation in mussels is closely corre-
lated with the degree of pollution in coastal habitats, hence reflecting the real abundance of
microplastics in the environment within a certain size range [15,43]. Most of the research lit-
erature on the effects of microplastics in mussels has focused on polystyrene [4,12,41,44,45]
and polyethylene [46,47] as they are two of the most common consumer plastics, while
the effects of PMMA have not been addressed in detail to date. However, there are some
reports of the effects of PMMA in other models including mice [48], humans [49], marine
diatom [50], polar cod Boreogadus saida [51], and in sea urchins Paracentrotus lividus [52], and
Sphaerechinus granularis [53], with results showing mild negative effects over a range of end-
points, such as a slightly elevated level of developmentally delayed embryos or an increased
level of developmental (skeletal) defects in the offspring of PMMA microplastic-treated
sperm (statistically significant differences to controls in only some cases). Interestingly, de-
spite the low expected concentrations of PMMA microparticles in the marine environment,
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a study of ingested microplastics in fish in the North Sea found only PMMA microparticles
while other types of microplastic (>100 pm) were not evident [54].

As PMMA microplastics have shown the ability to cause a range of negative impacts
in a range of models, and PMMA microparticles may in principle be taken up through
filtration by bivalves, we hypothesise that such particles will also cause deleterious effects
in mussels. The possible pathways of PMMA microparticle transport into cells and the
effects at the cellular and tissue level in mussels are scarcely researched; therefore, the aim
of this experimental study was to determine, for the first time, if PMMA microparticles can
be taken up by the filter feeder M. galloprovincialis, and be transported and accumulate in
tissues of the mussel, and importantly, to assess if they provoke an immune response and
increase levels of oxidative stress in the organism.

2. Materials and Methods
2.1. Microparticles and Chemicals

Virgin polymethylmethacrylate (PMMA) particles with nominal diameters of 10 um and
50 pm (experimentally determined by light microscopy to be 9.83 + 0.75 and
51.87 £ 2.69 pm, respectively, (mean =+ standard deviation)) were obtained from Microbeads
SA, Norway and used without further treatment. Trypan Blue, Neutral Red dye, hematoxylin,
eosin, hexane, glycerol gelatine, 5,5'-dithiobis-2-dinitrobenzoic acid, Triton-X-100, acetylthio-
choline iodide, hydrogen peroxide, EDTA, 1-Chloro-2,4-dinitrobenzene, 3-NADPH, ethanol,
and salts for sodium and potassium phosphate buffers were purchased from Sigma-Aldrich,
St. Louis, MO, USA.

2.2. The Model Organism and Sampling Site

Mediterranean mussels, Mytilus galloprovincialis, were sampled in May 2019 at the
mariculture area of Lim Bay (45°07’50"” N 13°44’10"” E), in the northern Adriatic Sea, Croatia,
when the seawater temperature was 15.0 °C and salinity S-36.3. The total number of mussels
used for experiments was 374 and all mussels were acclimated for 3 days in aquaria with
fresh running seawater (temperature was 14.2 °C and salinity S-36.8 over the course of the
experiment) in the Center for Marine Research, Ruder Boskovi¢ Institute, Rovinj, Croatia.

2.3. Experimental Setup and Sampling Procedure

The experiment was set up in seven stand-alone, aerated aquaria comprising: one
control aquarium; three aquaria with 10 pm PMMA microplastics (concentrations of 0.1,
1 and 10 mg L1, respectively); and three aquaria with 50 um PMMA microplastics (0.1,
1 and 10 mg L1, respectively). These concentrations, covering several orders of magnitude,
were chosen to encompass concentrations which can potentially range from non-toxic to
toxic in marine organisms; for example, this range corresponded with similar concentrations
used in some urchin embryo development studies [52,53]. Each aquarium contained
50 mussels (6.3 £ 0.5 cm) in a total seawater volume of 37.5 L. The mussels were exposed
to the different concentrations and sizes of microplastics for 3 days, with all the seawater
changed and the microplastics re-added every 24 h. The mussels were not fed during
the experiment. After 24, 48, and 72 h three mussels were taken from each aquarium for
haemocyte analysis, and three replicates were made for each mussel. After three days of
exposure to PMMA microplastics the remaining 41 mussels in each aquarium were divided
as follows: 5 mussels from each aquarium were set aside for determining the condition
index (CI), 30 mussels were selected from each aquarium for a stress-on-stress (SOS) test,
and 6 mussels from each aquarium were used for both histological and biochemical analyses.
The gills and hepatopancreas tissue from these latter mussels were divided and stored at
—80 °C until further histological and biochemical analyses.

The lysosomal membrane stability experiments were conducted separately; 3 mus-
sels were exposed in aquaria (2.25 L) to each of the 6 different size and concentration
combinations of microplastics along with two control groups (24 mussels in total) for 72 h.
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2.4. Condition Index (CI)

For calculating the CI, the ratio between the soft tissue and the whole mass of the five
mussels taken from each aquarium was determined. Shell length, width, and height were
measured by digital caliper (0.1 mm precision), and total mussel weight (TW) and wet meat
weight (WMW) were measured by digital scales (0.01 g precision). The CI was calculated
by [35]:

CI (%) = WMW (g) x 100/TW (g)

2.5. Stress-on-Stress (SOS) Test

The 30 mussels selected from each aquarium for the SOS test were placed on coarse
filter paper in deep polystyrene trays and held at 18 °C in high humidity. Every day at the
same time, the number of dead mussels was recorded, and these mussels were discarded.
The LTs( values, i.e., the time by which 50% of the mussels died, with the corresponding
confidence intervals were calculated [55].

2.6. Haemolymph Analyses

The three mussels taken from each aquarium at the 24, 48 and 72 h time-points were
used for haemocyte analysis, where haemolymph was retrieved (0.1-0.5 mL) from the
anterior adductor muscle with a 25-gauge needle and a 1 mL plastic syringe. All samples
were held on ice to prevent haemocyte clumping. Haemocytes were counted in triplicate
samples for each mussel.

2.6.1. Total Haemocyte Count (THC)

The THC determination was performed on 50 mL aliquots of haemolymph fixed at 1:1
with 4% formaldehyde by counting the cells in triplicate samples from each mussel in an
improved Neubauer chamber on a Nikon Diaphot microscope.

2.6.2. Vacuolised Haemocytes

The occurrence of vacuolation as well as ‘multi nuclei’ (multi-nucleated haemocytes,
micronuclei, and bi-nucleated cells), and the deformation of the nucleus such as blebbing,
were assessed by a Nikon Diaphot microscope in triplicate samples from each mussel [37,56].

2.6.3. Cell Viability

The viability of the haemocytes, given as a percentage of the total haemocyte num-
ber, was assessed by staining triplicate aliquots of unfixed haemolymph (20 uL) from
each mussel with trypan blue, where unstained cells represented the viable cells in the
suspension [57].

2.6.4. Lysosomal Membrane Stability

The lysosomal membrane stability of haemocytes (in vivo exposure) was assessed by
the Neutral Red retention assay. Briefly, microscope slides were treated with poly-L-lysine
and incubated in a dark and humid chamber for 30 min. Haemolymph was extracted
from the adductor muscle of three mussels from each aquarium (i.e., each experimental
exposure), and three 40 pL aliquot replicates from each mussel were transferred onto the
microscope slides which were again left in a dark, humid chamber (to attach to the slide
surface) for 30 min. The excess haemolymph was removed and 0.0006% w/v Neutral Red
solution was added. The slides were incubated in a humidity chamber for 15 min and then
a cover slip was added. The slides were scored at 15, 30, 45, 60, 90, 120, 150, and 180 min.
for retention or leakage of dye from the cells.

2.7. Histological Analysis

Gill and hepatopancreas tissue for histology analysis was excised from six mussels from
each aquarium and flash frozen in N-hexane, pre-chilled in liquid nitrogen, and stored at
—80 °C until the preparation of histological sections. Before cryosectioning, the tissue was
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attached to a microtome carrier and blended into an O.C.T. medium (Microm Inc. GmbH,
Germany). The tissue samples were placed on a cryostat (Zeiss Hyrax C50) previously cooled
to —30 °C and 10 pm-thick sections were prepared. The frozen cross-sections were placed on
slides, heated to room temperature, and washed with hematoxylin and eosin. After staining,
the sections were incorporated into glycerol gelatine and the localisation of the microplastics
was assessed by polarised light microscopy (Zeiss Axiovert 200) [58].

2.8. Biochemical Analyses—Enzymatic Activities

A portion of the tissue that was excised from the six mussels (from each aquarium)
not used for histological analysis was used for conducting enzyme activity assays. The gills
and digestive glands were removed, labelled and frozen in liquid nitrogen, and then stored
at —80 °C until further analyses. All the tissue analyses were carried out at 0—4 °C. The
tissue was homogenised using a Teflon Potter homogeniser in specific buffers depending
on the enzyme activity being measured. The samples were assayed for enzyme activities
using a Tecan M200 Infinite Pro microplate-reader (Médnnedorf, Switzerland) (AChE, GST
and GR) and a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan) (CAT).

2.8.1. AcetylCholinesterase Activity (AChE)

In determining the AChE, the tissue was weighed and homogenised in NaH,PO,/
NayHPO, buffer (0.02 M, pH 7) with 0.1% Triton-X-100, with the tissue and buffer volume
ratio being 1:3. The homogenate was centrifuged at 10,000x g, for 30 min at 4 °C. The
reaction mixture (300 uL) contained 25 pL of sample, 225 uL 5,5'-dithiobis-2-dinitrobenzoic
acid (0.665 mM), and 50 pL acetylthiocholine iodide (15.6 mM) as the substrate. The
absorbance increase at 415 nm was recorded every 30 s for 4 min and 30 s. AChE activity
was expressed as specific activity in nanomoles of hydrolysed acetylthiocholine per minute
per mg of protein (nmol ! min~! mgprot ).

2.8.2. The Activity of Catalase (CAT)

CAT was determined using the same sample homogenate as prepared in the AChE
assay. The reaction mixture (1.5 mL) contained 20 pL of sample, 700 uL 30 mM hydrogen
peroxide, and 780 uL phosphate buffer (50 mM, pH 7). The decrease in absorbance was
measured for 30 s at 240 nm. CAT activity was expressed as specific activity in nanomoles
per minute per mg of protein (nmol ! min~! mgprot 1)

2.8.3. The Activity of Glutathione S-Transferase (GST)

The GST was determined on tissue that was homogenised in 0.05 M KH,; PO, /KoyHPO4
buffer (pH 7.4) with 2 mM EDTA, in the ratio 1:2 (w/v). The homogenate was centrifuged
at 10,000 x g, for 30 min at 4 °C. The reaction mixture (300 pL) contained 5 pL sample and
295 uL. Master Mix (100 mM 1-Chloro-2,4-dinitrobenzene dissolved in absolute ethanol
and 200 mM reduced glutathione dissolved in distilled water). An increase in absorbance
was measured every 30 s for 4 min and 30 s at 595 nm. The GST activity was expressed as
specific activity in nanomoles per minute per mg of protein (nmol~! min~! mgprot’l).

2.8.4. The Activity of Glutathione Reductase (GR)

For determining GR, the same homogenate used for the GST assay was used. The
reaction mixture contained 20 pL of sample, 100 pL buffer (sodium phosphate buffer; 0.1 M,
pH 7.2), 100 uL GSSG (2 mM), and 10 pL -NADPH (1 mM) as substrate. The decrease in
absorbance was measured every 30 s for 10 min at 340 nm. GR activity was expressed as
specific activity in nanomoles per minute per mg of protein (nmol ! min~! mgpror 1).

2.9. Statistics

A statistical analysis of parameters including THC, cell viability, vacuolised cells and
CI, lysosomal membrane stability, and enzymatic activity was carried out with a ONE WAY
ANOVA using the Statistica 9.0 software. The data were checked for normality (Shapiro—
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Wilk test) and homoscedasticity (Levene’s test), and when these conditions were met, a
parametric ANOVA with a post hoc Tukey HSD test was used to determine the significant
differences between groups. In the cases where the data did not meet the requirements for
parametric ANOVA, a non-parametric Kruskal-Wallis analysis was conducted, followed
by a Mann-Whitney U-test when statistical differences were indicated.

3. Results
3.1. Condition Index (CI)

The CI of the mussels showed a trend towards lower values as a function of con-
centration of microparticles, even after the short experimental exposure reported herein.
Compared to the median value of control (CON) mussels (24%), the median CI values
of mussels exposed to 1 mg L~! (MID) and 10 mg L~! (HIGH) 10 um PMMA micropar-
ticles decreased to 21% and 17%, respectively, while those exposed to the lowest 10 pm
microplastics concentration of 0.1 mg L~! (LOW) microparticles did not show a statistically
significant difference to the control (Figure 1a).

a 30- b 30-
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Figure 1. The CI of the control mussels (CON) and mussels exposed to 0.1 mg L1 (LOW), 1.0 mg L1
(MID) and 10 mg L~! (HIGH) PMMA microparticles of (a) 10 um diameter and (b) 50 um diameter.
The boxes indicate the 2nd and 3rd quartiles, with the median value shown, and the whiskers denote
the non-outlier ranges. The open circles indicate the outliers. Statistical significance is indicated at
the levels * p < 0.05, ** p < 0.01, *** p < 0.001.

Exposure to the larger 50 pm PMMA microparticles resulted in low CI values for
all microparticle concentrations except for the 1.0 mg L~! (MID) exposure (Figure 1b).
The low and high microparticle concentrations induced a reduction of CI to 19% and 20%
respectively, while the mid-concentrations showed a CI value close to that of the control
mussels. Statistically significant differences from the control were found for the 0.1 mg L~!
(LOW) and the 10 mg L~! (HIGH) treatments at a significance level of p < 0.001.

3.2. Stress-on-Stress (SOS) Test

The times of survival of mussels in the air, which represent an additional stress
after 72 h of exposure to 10 um and 50 um PMMA microparticles, over three weeks are
shown in Figure 2. The mussels treated with lower concentrations of microplastics of both
sizes showed LT5p values similar to the control LTsg of 8.32 days (Table 1). The lowest
survival over time, and hence the most rapid mortality, was noted for mussels exposed to a
concentration of 10 mg L~! (HIGH) of 10 um PMMA. After ten days, all the mussels were
dead, with a calculated LT5( value of 4.35 days. The greatest negative effect was also noted
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Figure 2. Cumulative survival of the control mussels and mussels exposed to different concentrations
of 10 um and 50 pm PMMA particles through time. The legend indicates the microparticle size (10,
50 um)/concentration (0.1, 1, 10 mg L~1), with the control group denoted as CON.

Table 1. LT5 values of the control mussels and mussels exposed to different concentrations of 10 pm
and 50 um PMMA particles.

LTsp Regression Analysis Control 10/0.1 10/1 10/10 50/0.1 50/1 50/10
Median survival time LT5, 8.32 7.86 9.29 4.35 9.55 6.48 6.76
Lower confidence limit (95%) 6.47 7.38 8.80 2.98 8.37 ND 5.47
Upper confidence limit (95%) 9.98 8.31 9.77 5.58 10.88 ND 7.74

Column headings: particle size (10, 50 pm)/concentration (0.1, 1, 10 mg L~1). ND—not defined.

3.3. Haemolymph Analysis
3.3.1. The Total Haemocyte Count (THC)

The THC for the control mussels (CON) and mussels exposed to 0.1 mg L1 (LOW),
1.0 mg L~! (MID), and 10 mg L~! (HIGH) concentrations of 10 um PMMA particles after
24, 48, and 72 h are given in Figure 3a. The THC in the control group remained relatively
constant over 3 days with approximately 1.7 million cells mL . By the second and third day,
the THC had doubled for the mussels exposed to 0.1 mg L~! while similar large increases,
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to approximately 3 million cells mL~!, were also noted for the 10 mg L~ (HIGH) PMMA
microparticle treatment at all time points. In the mussels exposed to the intermediate
concentration of 1 mg L~! (MID), the THC similarly increased to a high value of nearly
4 million cells mL~!, which showed the greatest statistical difference (p < 0.001) from the
controls. However, the THC for this microparticle concentration returned to values close
to those of the controls after 48 and 72 h. The reason for such a return to normal levels
is unclear, and assigning a more rapid removal of microparticles in these mussels as the
cause of the reduced impact on the immune system would be speculative, particularly as
similar behaviour was not seen after exposure to the 0.1 (LOW) and 10 mg L~ (HIGH)
microparticle concentrations.
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Figure 3. The THC (mean + SD) after 24, 48, and 72 h for control mussels (CON) and mussels exposed
to 0.1 mg L~! (LOW), 1.0 mg L~! (MID), and 10 mg L~! (HIGH) PMMA microparticles of (a) 10 um
diameter and (b) 50 um diameter. Statistical significance is indicated at the levels * p < 0.05, ** p < 0.01,
% p < 0.001.

For mussels exposed to 50 pm microparticles, similar trends were noted. In particular,
the THC increased over time for each tested microparticle concentration, and the THC also
increased as a function of concentration (Figure 3b), with the highest values recorded for
the 10 mg L~! (HIGH) after 48 h. For example, the ANOVA indicated that this value was
statistically different from the control value at the level p < 0.001.

3.3.2. Cell Viability

The cell viability of haemocytes was investigated as a function of exposure time and
microparticle diameter. The control group showed cell viability of about 95% over 72 h
while in mussels exposed to 0.1 mg L~! (LOW) microparticles of 10 um diameter, cell
viability decreased to 60% in the first 24 h and then recovered to about 90% when measured
after 48 h and 72 h (Figure 4a). For the higher microparticle concentration of 1 mg L~!
(MID) the cell viability gradually decreased over 72 h to about 80%, while the highest
microparticle concentration showed a slight decrease to about 90% after 72 h exposure.
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Figure 4. Cell viability (mean =+ SD) after 24, 48, and 72 h for control mussels (CON) and mussels
exposed to 0.1 mg L1 (LOW), 1.0 mg L~! (MID), and 10 mg L~! (HIGH) PMMA microparticles of
(a) 10 um diameter and (b) 50 um diameter. Statistical significance is indicated at the levels * p < 0.05,
*** p < 0.001.

For the mussels exposed to 50 pm microparticles, a similar effect for the 0.1 (LOW)
and 10 mg L~! (HIGH) treatments was noted where the number of viable cells decreased
(to 80-85%) after 24 h, but then recovered to about 90% after 48 h exposure (Figure 4b).
The 1 mg L~! (MID) treatment showed qualitatively the same behaviour, though with a
reduced variability over 72 h, with cells typically showing about 90% viability.

3.3.3. Vacuolised Cells

The occurrence of haemocyte vacuolisation, known as ‘multi nuclei” (multi-nucleated
haemocytes, micronuclei, and bi-nucleated cells), and deformation of the nuclei of haemo-
cytes was observed in exposed mussels (Figure 5).

H}L
. bl

a . 2 b

Figure 5. (a) normal haemocytes (white arrow) from control mussels and (b) malformed haemocytes
(black arrow) from mussels exposed to 50 pm PMMA particles with vacuolisation and deformed
nuclei. Scale bar 10 pm.

The number of vacuolised cells in the control mussels (CON) and mussels exposed
to 0.1 mg L~1 (LOW), 1.0 mg L~ (MID), and 10 mg L~ (HIGH) PMMA microparticles
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of 10 um and 50 pm diameters are shown in Figure 6. In the control group, the number of
vacuolised cells remained very low to the end of the experiment, while after 48 and 72 h
the 0.1 (LOW) and 1 mg L~! (MID) treatments showed an increase in vacuolisation by a
factor of about 4 and 3, respectively. The highest PMMA microparticle concentration of
10 mg L~! (HIGH) was found to cause the greatest amount of cell vacuolisation, including
from the first day of the experimental exposure (p < 0.001; Figure 6a).

b
10 [ |24h | |48h | |72h 104 | |24n | |48h | | 72h
* *
84 "_j 8 - _
IS
* *%k "i?
6- ; B
1 > —"
] > -
© —
4 B 4- -
_ @
©
3
®
2 - S 2
0 m T T T 0 = | T T
0 0.1 1 10 0 0.1 1 10
[10um PMMA] / mg L [50um PMMA] / mg L

Figure 6. The number of vacuolised cells mL1! (mean + SD) after 24, 48, and 72 h for the control
mussels (0 mg L~1) and mussels exposed to 0.1 mg L1 (LOW), 1.0 mg L~! (MID), and 10 mg L~
(HIGH) PMMA microparticles of (a) 10 um diameter and (b) 50 um diameter. Statistical significance
is indicated at the levels * p < 0.05, ** p < 0.01.

Similar values were found for the experimental treatments with 50 pm microparticles.
Over the course of 72 h the number of vacuolised cells increased for each individually tested
microparticle concentration (Figure 6b). Moreover, the number of vacuolised cells was
also noted to be a function of microparticle concentration, with the 0.1, 1, and 10 mg L1
concentrations increasing the average vacuolisation of the cells to about 3 x 10°, 4 x 10°,
and 4 x 10° cells mL1, respectively, from the control value of about 1 x 100 cells mL—1.

The stability of the lysosomal membrane of the haemocytes was investigated each
day and no statistically significant differences from the controls were found up to the 2 h
point (data not shown). While the test is usually run over the course of 2 h, we allowed
the test to continue to 3 h, and at this test time point the haemocytes from the mussels
exposed to the highest concentration of 10 pm particles indicated that less than 50% of
them still maintained membrane stability. After 72 h of mussel exposure, the reduction in
membrane stability became more pronounced at the 3 h mark for the 10 mg L~! (HIGH)
10 um and 1 mg L~! (MID) 50 um treatments. It should be noted that the haemocytes were
not exposed to the plastics in vitro, but rather in vivo, hence the milder effects and lack of
lysosomal membrane instability.

3.4. Histological Analysis

Both particle sizes of PMMA (10 pm and 50 pum) were observed in the mussel
haemolymph after the experimental exposures, for example as shown in Figure 7.
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Figure 7. Micrographs of the haemolymph of mussels exposed for 48 h to 0.1 mg L~! PMMA

microparticles of diameters (a) 10 um and (b) 50 pm. Microparticles are indicated by the arrows.
Scale bar 20 um.

Cryosections of the mussel digestive gland (hepatopancreas) and gills after exposure to
PMMA microplastics (10 mg L~! (HIGH) for 24 h) showed the presence of 10 um particles,
while 50 pum PMMA particles were not observed in the mussel tissue (Figure 8a,c). The
particle counts in the tubules of the hepatopancreas showed average values of 25 particles
hepatopancreas~! while a large increase in the number of particles was noted for the
10 mg L~! (HIGH) microparticle treatment (an average of 300 particles hepatopancreas—!;
Figure 8b). The gill tissue cryosections showed far fewer microparticles, with averages
of 5-8 particles gill ! observed, and did not show a trend with respect to increasing the
exposure concentrations.
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Figure 8. Cont.
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Figure 8. Micrographs of 10 um microparticles in a cryosection of the (a) hepatopancreas (scale bar
20 pum) and (c) gill (arrow indicates microparticle; scale bar 10 um) for mussels exposed to 10 mg L!
(HIGH) PMMA, and particle counts (mean =+ SD) in (b) hepatopancreas and (d) gill cryosections for
mussels exposed to 0.1 mg L~ (LOW), 1.0 mg L~! (MID) and 10 mg L~! (HIGH) microparticles.

3.5. Enzymatic Activities

The specific activities of a range of enzymes in the mussel gill and hepatopancreas
tissue were determined after 72 h exposure of mussels to the 10 pym and 50 pm PMMA
microplastics. Acetylcholinesterase activity in the gills was slightly suppressed for the
smaller microparticles compared to the larger particles, although it was not statistically
different from the control (Figure 9a). Catalase activity also showed values close to the
control without any trends apparent (Figure 9b). Glutathione-S-transferase activity in the
gill tissue was lower than the control for the highest concentration of 10 pm microparticles
and all the 50 pm microparticles (Figure 9c), while glutathione reductase activity in the gills
and hepatopancreas was higher than the control in nearly all cases except for the 10 mg L !
in the gills and the 1 mg L~! in the hepatopancreas treatments, respectively, with 10 um
particles (Figure 9d). Statistically significant differences from the controls were only found
for the 0.1 mg L~ (LOW) treatment at p < 0.05 to the 50 pum PMMA microplastics.
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Figure 9. Enzymatic activity in gills and digestive glands after exposure to different sizes (10 and
50 um)/concentrations (0.1, 1, 10 mg L~1) of PMMA microparticles: (a) acetylcholinesterase (AChE),
(b) catalase (CAT), (c) glutathione-S-transferase (GST), and (d) glutathione reductase (GR). Statistical
significance is indicated at the level * p < 0.05.

4. Discussion

The widespread occurrence of microplastics has become a significant problem in
the environment, particularly in the case of marine waters where microplastics can have
significant ecological impacts [59]. This concern arises not only due to the possibility for
larger microplastics to cause obstruction and blockage of the digestive tracts of a wide
range of organisms by ingestion, but also at the microscale where very small microplastics
may impact directly on the cells, tissues, and organs of marine animals. Furthermore, it
is these smaller microplastics, rather than the larger fragments, that have the potential to
cause important consequences for marine animals as their size range overlaps with that of
the food supply [13].

The Mediterranean mussel, M. galloprovincialis, is a species of high ecological and
commercial importance and is utilised worldwide as a sentinel organism of pollution
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in coastal marine environments [15,55]. As it is widely distributed in urbanised coastal
environments it is likely to be exposed to microplastics sources over its entire life cycle.
In this context, the effects of the two particle sizes (10 pm and 50 um) of PMMA in the
low (0.1 mg L~1), medium (1 mg L~1), and high (10 mg L~1) concentrations on mussels,
M. galloprovincialis, were investigated during and after a 72 h exposure.

The microplastics uptake by the mussel gills and the subsequent transport of these
particles to the haemolymph and digestive system is known to cause adverse effects on
mussel health. Microplastics can be taken up via the surfaces in the digestive glands of
mussels by endocytosis and granulocytomas and then transferred to the lysosomes and
the circulatory system or eliminated as pseudofaecal particles [4,43,46,60,61]. The present
study found that the smaller particles (10 um) are easily taken up into the tissues whereby
they are captured by the gills, accumulate in the hepatopancreas, and are transported to the
haemolymph, leading to negative effects on mussel health. An early study of polystyrene
microparticles showed that mussels exposed to microplastic particles had accumulated
polystyrene microspheres in their gut cavities and digestive tubules [4]. After three days,
the ingested microplastics accumulated in the circulatory fluid of mussels and particles
were found in the haemolymph and haemocytes. A later study also observed the presence
of high-density polyethylene (HDPE) in the blue mussel, M. edulis, [46]. Particles were
found in the intestine, in the lumina of the digestive gland, and in the endocytotic vacuoles
of the digestive cells, which suggests that the HDPE microparticles were taken up via the
mouth, transported to the gastrointestinal tract, and internalised into cells of the digestive
system by endocytosis.

Considering microparticle size as a factor in microplastics uptake, it is likely that the
ease of uptake is a function of its decreasing size. For example, only microplastics of the
smallest size (10 pm) were detected in mussels exposed to three sizes (10 um, 30 pm, and
90 um) used in an exposure experiment [62]. The data reported herein are consistent with
that study where the larger particles (50 pm) were not found in the tissues of the gills and
the digestive gland, although it should be noted that some of these 50 um microparticles
were observed in the haemolymph.

Mussel health status was evaluated by measuring the condition index (CI) and stress-
on-stress test (SOS test) after 72 h exposure to PMMA particles. The CI provides a broad
measure of the physiological activity of organisms under given environmental conditions,
including pollution, and is an important ecophysiological measure of the health status
of mussels. For example, the CI has found use as an important tool for assessing of the
quality of meat for the marketplace [63]. Furthermore, it summarises the physiological
activity of the organisms under given environmental conditions [64]. Research has shown
that abiotic (temperature, salinity, and food availability) and biotic (reproductive cycle)
factors may influence mussel CI [30,35,58,65]. It is important to note that the experiment
reported herein was performed in May, following a spawning period, after which the
mussels had returned to a ‘normal’ physiological state. The CI of mussels exposed to 10 um
and 50 pm PMMA particles showed statistically significant decreased values with increased
concentration of microparticles, although it was observed that the effects of the smaller
PMMA particle size (10 um) generally had a lesser influence on mussel CI than the larger
particles (50 um). While the mid- and higher concentrations of 10 um particles showed
differences from the control, more highly significant differences were noted for the low
and high concentrations of 50 um particles. However, other endpoints such as the total
haemocyte count, cell viability and vacuolisation indicate significant negative effects at low
concentrations of the 10 pm microplastics. Therefore, we cannot make a general statement
based on the condition index alone that low concentrations of small PMMA microplastics
are of little cause for concern in the environment. The reason for the larger 50 um particles
showing a greater effect on the condition index compared to the smaller 10 pm particles,
in broad terms, is likely due to the smaller particles not being retained on the gills, but
passing into the digestive gland to eventually be removed, while the larger particles remain
attached to the gills, disrupting the organism’s respiration and resulting in a lower mussel
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fitness. Overall, the range of CI measured in this study is similar to that previously reported
for Lim Bay in the spring [66], which was higher than that for a range of other locations,
suggesting that this important mariculture area is less polluted (higher CI) than those other
locations investigated. In contrast to the present results on PMMA, exposure to HDPE
microparticles was not found to negatively affect the CI of mussels after a similar exposure
time [46].

As a further means to test the general fitness of the mussels after exposure to mi-
croplastics, the mussels were left in air as a means of achieving an elevated general stress
condition. This so-called SOS test is a physiological biomarker used for measuring the
ability of mussels to survive exposure to air after prior exposure to other stressors such as
heavy metals and organic chemicals [55]. The SOS test has found wide acceptance as an
indicator of the general physiological state of mussels; for example, any change in ecological
factors in the habitat affects the stress levels of the organism, which may be subsequently
assessed by the SOS test [67-69]. Herein, the SOS test showed that mussels exposed to
the highest concentration (10 mg L~1) of 10 um microparticles lived for a significantly
shorter time than mussels in the untreated control group, while the LT5( values for mussels
exposed to lower concentrations (0.1 and 1 mg L~') did not show a statistically significant
difference from the controls LT5y values. Similarly, the highest concentration of the larger
50 pm PMMA particles showed a slight reduction in resistance to stress compared to the
controls, while the lower concentrations did not result in significantly shorter survival
times compared to the control group. Comparing the CI and SOS data, it is clear that these
PMMA microparticles can cause elevated levels of overall stress in the organism over short
time periods, which clearly affects the general health of the mussel.

Considering the individual systems in the organism, haemocytes are macrophages that
play a key role in the immune system, contributing to a defence against parasites, pathogens,
and pollutants [57], and provide a convenient way to assess the stressors of the immune
system [70]. While cell viability is typically the most used metric [71], other endpoints
such as haemocyte vacuolation, expressed in the form of multi-nucleated haemocytes,
micronuclei, and binucleated cells, and the deformation of the nucleus such as blebbing,
provide a large number of assessment criteria for assessing perturbations in the mussel
immune system [37,71]. As haemocytes circulate in the haemolymph throughout the
animal and the major organs, any microparticles associated with the haemocytes or in the
haemolymph may achieve a widespread distribution in the organism. Studies have shown
the uptake of polystyrene particles (3.0 um and 9.6 um) in the haemolymph and haemocytes
of Mytilus edulis after three days, with the smaller particles observed in significantly higher
amounts compared to the larger microspheres [4]. Interestingly, the particles were still
detected in the haemolymph after 48 days. A similar study on microplastics which exposed
M. galloprovincialis to 3 pm and 45 um polystyrene microparticles for four days at 1 and
10 particles mL~! confirmed that even at these low concentrations polystyrene particles
could be detected in the haemolymph of all treated mussels [72]. The present study showed
that different sizes of PMMA microparticles could also enter the haemolymph, hence
indicating that chemical identity might not be a key factor in microplastic uptake. In
addition, it was observed that the lowest concentration of PMMA microparticles induced a
significant increase in the number of haemocytes relative to the control group after 48 h
(10 um) and 72 h (50 um), while at higher concentrations the THC had already started to
significantly increase within the first 24 h. This immune response against the presence of
10 pm and 50 um PMMA microparticles not only shows the activation of a highly sensitive
defence mechanism, but also indicates that these microplastics are identified as a threat to
the organism. Our study confirms that exposure to MPs induced a significant increase in
haemocyte formation, thus these increases are correlated with the concentration of PMMA
particles over the time of exposure.

Cell viability, as a means to assess the response and health of cells in organisms after
treatment with various toxicants, was also monitored, and the smaller PMMA microparti-
cles (10 um) were found in some cases to significantly reduce the viability of haemocytes. In
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parallel, there was a general increase in cell vacuolisation with the increasing microparticle
concentration and time, for example, for each concentration of 50 pm microparticle. Nega-
tive correlations between cell viability and vacuolation of haemocytes have previously been
reported for Mytilus trossulus and also assigned to an immune response and the effect of
increased pollution levels [37]. For example, treatment of M. galloprovincialis with toxicants
such as zinc chloride manifested in the increased mortality of haemocytes such that, after
72 h and 7 days exposure at concentrations of 0.5 and 1 mg mL~!, significant mortality
compared to controls was observed [57].

Histological analysis confirmed the presence of 10 um PMMA microparticles deep
in the gill tissue and in the digestive glands of exposed mussels, with the level of abun-
dance in the tissue increasing with the exposure concentration, primarily in digestive
tubules in the hepatopancreas. Surprisingly, although 50 um particles were observed in
the haemolymph, they were not found in the tissue samples. However, other studies on
polystyrene (3.0 and 9.6 um) [4] and HDPE (0-80 um) particles [46] in M. edulis found the
presence of these particles in the gut cavity, the intestine, in the lumina of the primary
and secondary ducts of the digestive gland, and in the endocytotic vacuoles of digestive
epithelial cells. Particles were also found in the blood lacunae of the gills and the areas of
lamellar junctions. Not only mussels, but also crabs have shown ingestion of microplastics,
with shore crabs, Carcinus maenas, exposed to 8—10 um polystyrene microspheres having
detectable numbers of microspheres on their gills [73]. It is a matter of speculation as to why
larger PMMA microparticles were not evident in the tissues in the present study, although it
is possible that following uptake the chemical identity of the polymer acted in concert with
a size conducive to depuration in pseudofaeces to induce faster expulsion of these particles
after uptake. For example, a size effect was recently reported for polystyrene particles
where the larvae of M. edulis ingested plastic particles of a nano- and micro-scale, although
a higher amount of the 2 um polystyrene beads was ingested compared to the 100 nm
particles [45]. This adds to the evidence that size is an important factor in terms of particle
uptake and may point to particles that are commensurate in size with the organisms’ usual
prey being more likely to be taken up, particularly during active feeding. Interestingly,
a recent study on the impact of 10 pm polystyrene and PMMA particles on embryonic
development of sea urchins, Paracentrotus lividus, showed that the PMMA particles were
retained in the gut while the uptake or retention of the polystyrene microparticles was not
observed, again with hints that the chemical identity of the polymer may in some way
play a role in the microparticles’ interaction with the animal [52]. However, in the natural
environment, it is likely that polymer microparticles will quickly become encapsulated in
an eco-corona of natural organic matter, which will mask the chemical signature of the
microplastics surface, thus diminishing the distinguishing features among the chemically
different microparticles.

Not only is the size of the microplastic an important factor, but also the size of the
organism. For example, the size of mussels also impacts upon the ingestion of microplastics.
A significant positive correlation was found between mussel body size and the number of
ingested particles, such that larger mussels are prone to accumulating more microparticles
than smaller sized mussels [74]. As oftentimes the sizes of the mussels used for experimental
exposures are not reported, this represents one aspect of variability among data reported
for various studies.

Apart from provoking an immune response in adult organisms such as in this study,
other reports have highlighted that the early life phases of biota can also be negatively
impacted. Larvae of M. edulis, which was found to ingest polystyrene nano- and micro-
particles (100 nm, 2 um), did not display negative consequences in terms of larval growth,
but the number of abnormally developed larvae increased after exposure to the polystyrene
beads [45]. Similarly, PMMA microparticles were also recently shown to impact deleteri-
ously on the early development phases in sea urchin, Sphaerechinus granularis, embryos [53].
PMMA microparticle exposure has increased the developmental (skeletal) defects, cytoge-
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netic abnormalities (increased mitotic aberration), and transmissible damage from sperm
to (eventual) zygotes.

While the immune system was challenged, the microparticles did not induce signif-
icant changes in the activity of a range of enzymes engaged in neurotransmission and
the cellular control of reactive oxygen species. Data reported in this study have shown
that M. galloprovincialis can effectively ingest and accumulate PMMA particles, suggesting
their potential role as microplastic primary consumers/accumulators in marine ecosys-
tems. It has been noted that the proportion of morphotype and polymer types in mussels
and seawater are consistent, suggesting that microplastics in mussels can reflect the real
pollution status in the environment [43]. For example, the abundance of microbeads in
mussels was significantly higher in the high concentration exposure group than in the
low concentration group. Furthermore, it has been noted that microplastic abundance
in mussels was closely related to human activity, and mussels from areas with intensive
human activities contain significantly higher numbers of microplastics than mussels in
putatively unpolluted mariculture areas [75]. Thus, a higher number of microplastics in
mussels may provide an indication of anthropogenic activity and is closely correlated with
the degree of pollution in coastal habitats, reflecting the real abundance of microplastics
in the environment within a certain size range [15]. This then represents a more pressing
concern as mussels, particularly from coastal mariculture, are a commercially important
crop for human consumption and may enable trophic transfer of microplastics (and any
adsorbed substances and secondary pollutants) to humans.

Overall, it must be borne in mind that the present study and many other investigations
were performed using (virgin) polymer microparticles in controlled laboratory conditions;
thus, the observed responses might not necessarily reproduce those occurring in natural
systems, where organisms are simultaneously exposed to a broad range of structurally
heterogeneous microplastic particles of irregular shape-size and further associated stressors.
Nevertheless, the data herein highlight for the first time the vulnerability of bivalves
towards the PMMA microplastics, providing baseline information for future investigations
addressing their impact on marine ecosystems.

5. Conclusions

While the impact of microplastics such as those of polystyrene and polyethylene on
biota have received significant attention to date, the effects of polymethylmethacrylate
(PMMA, ‘plexiglass”) microplastics on marine organisms have not yet been sufficiently
addressed. As the chemical identity of PMMA microparticles differs from other microplas-
tics, it is important to understand if the surface chemistry or the size are the drivers of
toxicity, particularly in filter-feeders such as clams, oysters, scallops, and mussels, which
may be especially impacted. The results obtained in this study provide the first evidence
that PMMA microparticles are taken up into the gills and digestive gland of the mussel,
Mytilus galloprovincialis, and cause significant effects on mussel health. In a broad context,
the impacts of the smaller particle sizes (10 pm) on mussel M. galloprovincialis have been
observed to induce more significant effects compared to the larger (50 um) particles at the
corresponding concentrations, for example, on THC and cell viability at 0.1 and 1 mg L !
concentrations, and on SOS LDs at 10 mg L~!. The general physiological fitness of mussels,
as indicated by the CI and SOS data, is rapidly impacted by the PMMA microparticles
and decreased with exposure to the higher concentrations and smaller sizes of micropar-
ticles. The presence of PMMA microparticles in mussel tissues (only 10 um) and in the
haemolymph correlated with negative physiological effects on mussel health. The uptake
of microplastics into the haemolymph induced an immune response as indicated by the
reduced cell viability and vacuolisation, with concomitantly increasing THC. While the
immune system was challenged, the microparticles did not induce significant changes in ac-
tivity of a range of enzymes engaged in cellular control of reactive oxygen species. Overall,
this study highlights how PMMA microparticle size is important in terms of the different
internalisation mechanisms in mussel tissues, which correlates with deleterious effects
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on animal fitness and health. However, further studies in other animal models would be
useful to fully uncover the potential hazards that may arise from PMMA microplastics.
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