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A B S T R A C T

Plastic litter is an issue of global concern. In this work Mytilus galloprovincialis was used to study the distribution
and effects of polystyrene nanoplastics (PS NPs) of different sizes (50 nm, 100 nm and 1 μm) on immune cells.
Internalization and translocation of NPs to hemolymph were carried out by in vivo experiments, while endocytic
routes and effects of PS NPs on hemocytes were studied in vitro. The smallest PS NPs tested were detected in the
digestive gland and muscle. A fast and size-dependent translocation of PS NPs to the hemolymph was recorded
after 3 h of exposure. The internalization rate of 50 nm PS NPs was lower when caveolae and clathrin en-
docytosis pathways were inhibited. On the other hand, the internalization of larger particles decreased when
phagocytosis was inhibited. The hemocytes exposed to NPs had changes in motility, apoptosis, ROS and pha-
gocytic capacity. However, they showed resilience when were infected with bacteria after PS NP exposure being
able to recover their phagocytic capacity although the expression of the antimicrobial peptide Myticin C was
reduced. Our findings show for the first time the translocation of PS NPs into hemocytes and how their effects
trigger the loss of its functional parameters.
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1. Introduction

Nowadays, a world without plastic is inconceivable. Almost 348
million tonnes of plastic were produced in 2018 (PlasticsEurope, 2018).
In addition, the production of plastic fibres is about 65 million tonnes
per year (Salvador Cesa et al., 2017). The European production of
Polystyrene (PS) was almost 2 million tonnes in 2018 (PlasticsEurope,
2018). In two of the most relevant plastic surveys, PS was found to be
the most abundant plastic (Browne, 2008). Land sources such as mis-
handled plastic, waste water treatment plants, lakes, rivers and agri-
culture contribute between 70–80 % of the plastics found in the oceans
(Alimi et al., 2018).

Fragmentation and degradation generates smaller plastics, com-
monly known, because of their size, as microplastics (MPs< 5mm) and
nanoplastics (NPs< 1 μm) (Wright et al., 2013; Singh and Sharma,
2008). Plastic fragments have been detected in coastal waters, oceans,
polar waters and marginal seas (Cózar et al., 2014; de Lucia et al., 2014;
Isobe et al., 2017; Lusher et al., 2015). Microplastics concentrations
have reached up to 0.5 and 8.5mg L−1 in the south Pacific gyre and the
southern North Sea respectively (Eriksen et al., 2013; Dubaish and
Liebezeit, 2013). A recent mathematical model from (Isobe et al.
(2019)) estimated that there will be a two fold increase in the con-
centration of MPs in a subtropical convergence zone by 2030 (Isobe
et al. (2019)).

Microplastics are available to a wide range of biota (> 172 species)
and are included in food webs (Lusher et al., 2015). Bivalves are pro-
posed as target group to determine the potential accumulation and ef-
fects of MPs and NPs (Canesi et al., 2012) due to: their sessile status, the
fact that they are cosmopolitan organisms, the large seawater volumes
which they filter and that they are consumed by humans, thus playing a
role in the trophic transfer of MPs and NPs in food webs. MPs have been
recorded in the population of Mytilus galloprovincialis in Galicia (NW of
Spain) with 2.55 ± 2.80 of MPs per gram of mussel (Pablo Reguera
and Viñas, 2019). The distribution of MPs and NPs in different tissues is
relevant to assess the potential translocation of particles inside organ-
isms, and therefore to understand the toxicological effects and transfer
of MPs and NPs into food webs (Martin et al., 2003). (Von Moos et al.
(2012)) demonstrated that 80 μm MPs could be accumulated on the
surface of mussel gills and transferred along gill filament channels to
the mouth and into the digestive gland where translocation into cells
could occur. MPs were found in mussel intestinal lumen and epithelium
and in the digestive tubules (Von Moos et al. (2012)). (González-Soto
et al. (2019)) assessed the ingestion of 4.5mm MPs in mussels. (Browne
et al. (2008a)) evidenced the translocation of MPs (3 and 9.6 μm PS at
0.51 g·L−1) to the Mytilus edulis hemolymph and their prevalence after
48 days inside hemocytes. Also, Al-Sid-Cheikh (Al-Sid-Cheikh et al.,
2018) described the accumulation of nanoplastics according to size (24
and 250 nm and 14C-radiolabeled) in Pecten maximus after 6 h. The
autoradiography showed the accumulation of 250 nm NPs in the in-
testine, while 24 nm NPs were dispersed in the whole-body, possibly
indicating some translocation across epithelial membranes, although
translocation was not confirmed.

Particles at micro and nanoscale level are rapidly depurated from
bivalves due to its capacity to filter high volume of water. However,
there are evidences about a not completely depuration of particles,
remaining a 10 % of the internalized MPs inside the mussels (Woods
et al., 2018). Some of the negative effects cited in the literature are:
feeding modification, reproductive disruption, offspring, pseudofaeces
production, adherence to mantle and gills, histopathological damage,
alteration in antioxidative and detoxification enzymes, downregulation
in shell formation genes, embriotoxicity, neurotoxicity, formation of
granulocytromas, alteration in immune and trophic transfer (Setälä
et al., 2016; Sussarellu et al., 2016; Wegner et al., 2012; Farrell and
Nelson, 2013; Cole and Galloway, 2015; Ward and Kach, 2009;
Kolandhasamy et al., 2018; Paul-Pont et al., 2016; Avio et al., 2015a;
Balbi et al., 2017a).

According to the review by (Ferreira et al. (2019)), the number of
papers with the key words “microplastics”, “marine” and “effects” was
1699 papers, while “nanoplastics”, “marine” and “effects” was 20 pa-
pers. Despite the large amount of articles about MPs, only a few studies
have addressed the effects of NPs. There are only a few contributions to
the knowledge concerning bivalves and NPs (González-Soto et al.,
2019; Al-Sid-Cheikh et al., 2018; Balbi et al., 2017b; Canesi et al., 2016;
González-Fernández et al., 2018). (González-Fernández et al. (2018))
described the aggregation of spermatozoa at 100mg L-1 of 100 nm PS
COOH in Crassostrea gigas. The malformation of Mytilus galloprovincialis
larvae was found when exposed to 50 nm of PS NH2; EC50: 0.142 g·L−1

(Balbi et al., 2017a) and a reduction in Mytilus edulis filtration rate and
reproduction fitness was associated to exposure to 100, 200,
300mg L−1of 30 nm PS NPs (Wegner et al., 2012). (Canesi et al. (2016),
2015a) described how 50 nm of PS-NH2 decreased the phagocytosis and
lysosome membrane stability, which increased the apoptotic process
and extracellular oxygen radicals in hemocytes of M. galloprovincialis.

In the case of M. galloprovincialis, high mortalities due to infection
have never been reported (Domeneghetti et al., 2014; Romero et al.,
2014), most likely due to its complex and efficient innate immune
system (Figueras et al., 2019). However, could the immune function of
mussels be compromised when these organisms are exposed to NPs?
Could these NPs, due to their nanoscale size, translocate to the cellular
level of the immune system affecting the main functions of hemocytes?
What would the main mechanisms of the immune system be to cope
with two common inputs such as infection and exposure to plastics? In
the present work the mussel M. galloprovincialis was used as the target
organism for PS NPs exposure of different sizes (50 nm, 100 nm and
1 μm). Although the concentrations of PS NPs used in this work re-
present the highest environmental levels of total MPs floating on the
surface of the gyres, where MPs are known to be concentrated, they
allow us to assess the potential toxicological responses in Mediterra-
nean mussels.. The goals of this work were: i) to describe the dis-
tribution of 10mg L−1 NPs in different mussel tissues, ii) to reveal the
endocytic pathway route of NPs and translocation of NPs into hemo-
cytes and iii) to study the effects on the immune cells and the effects on
resilience (ability of immune cells to recover functional capacity from a
disturbance and return to its pre-disturbed state) after PS NPs exposure
in a regular bacterial infection scenario.

2. Materials and methods

2.1. Primary and secondary characterization of PS NPs

The PS NPs used in this study were from Polyscience, Inc: non-
fluorescent PS NPs of 50 nm (cat#08691), 100 nm (cat#00876) and
1 μm (cat#07310) and also fluorescent PS NPs with an ex/em: 488/
520 nm; 50 nm (cat#17149-10), 100 nm Fluoresbrite ® (cat# 17150-10)
and 1 μm (cat#17154-10). The fluorescence of the Fluoresbrite ® PS
NPs was incorporated in the core of the particles and not in the surface
coating to avoid changes in the interactions NPS-NPs and cells-NPs.
These differences which were evidenced with the characterization of
the particles were of the same magnitude for all different size of PS NPs;
however the standard deviation was higher due to higher values in the
polydispersity index (PDI). To make comparison between PS NPs sizes
and stablish conclusions, the Fluoresbrite ® and non-fluorescent PS NPs
were never mixed in the experimental design and development. Stock
suspensions of PS NPs were prepared in ultrapure water before the
experiments. Stocks were sonicated with a bath sonicator (UP 200S Dr.
Hielscher GmbH) for 10min with 500 Hz of frequency.

Particle size, shape and structure were analysed by Scanning
Electron Microscopy (SEM; n:130 images), Transmission Electron
Microscopy (TEM; n:130 images) and Fourier-transformed infrared
spectroscopy (FTIR).

The size distribution and zeta potential were studied (at 0, 3 and
24 h) in the aqueous fluids [ultrapure water (MQ), filtered seawater
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(FSW) and serum hemolymph (SH) filtered by 0.2 μm] to study ag-
glomeration and deagglomeration of PS NPs processes. These mea-
surements were performed using Dynamic Light Scattering; DLS
(Zetasizer Nano ZS90, Malvern Instruments, equipped with software
version 7.10) at 1mg L−1.

2.2. In vivo assays to study the bioaccumulation and translocation of PS
NPs assays to study the bioaccumulation and translocation of PS NPs

M. galloprovincialis Lamarck specimens with a shell length and width
of 3.63 ± 0.33 and 1.91 ± 0.34 cm, respectively, were collected at an
unpolluted reference site: Cabo Home (Ría de Vigo, Galicia, NW Spain).
For depuration and acclimation, the mussels were maintained in open-
circuit filtered seawater tanks at 15 °C with aeration and fed daily with
Phaeodactylum tricornutum and Isochrysis galbana over 2 weeks.

Four treatments were used for the experiments: control and
Fluoresbrite ® 50 nm, 100, nm and 1 μm Ps NPs. Treatments with
Fluoresbrite ® were tested to a concentration of 10mg L−1 in triplicate.
Mussels (n:4 per replicate for each treatment) were maintained in
bottles of 300mL with constant aeration and sampled for histological
analysis at 3 and 24 h. Both sampling times were chosen to assess short
term PS NPs internalization (3 h) and differences in the Fluoresbrite ®

PS NPs internalization after 24 h.

2.2.1. Histological analysis
Mussels were fixed using Davidson's fixative solution for 24 h and

then transferred to Davidson's solution. A single transverse cross-section
(approximately 5 μm thick) was excised from each individual following
the procedures outlined by Howard et al. (2004) (Howard et al., 2004).
Tissues were placed in slides dehydrated, and embedded in paraffin.
Then sections were mounted on slides and deparaffinised. Some sec-
tions were stained with hematoxylin and eosin and the others were
stained with DAPI.

To study the translocation of Fluoresbrite ® PS NPs into the immune
cells, fresh hemolymph was extracted from mussels exposed to PS NPs
over 3 h. The 3 h sampling time was chosen to study the translocation of
Fluoresbrite ® NPs into circulatory system. From our previous experi-
ence with other particles we consider this to be enough enough time to
observe accumulation of Fluoresbrite ® PS NPs in different tissues of the
mussels. These samples were analysed immediately to determine the
presence of Fluoresbrite ® PS NPs inside the hemocytes or PS NPs cir-
culating freely in hemolymph serum.

All samples were observed using a confocal microscope (Leica DM
5500Q, 10x and 20x objective). The images were processed employing
the LAS-AF (Leica Application Suite Advanced Fluorescence). DAPI and
Fluoresbrite ® PS NPs were studied with an excitation:emission of 405:
410−475 nm and 488:515−520 nm, respectively. Images of each re-
plicate were analysed by Image J software. Intensity of fluorescence
was relativized with the area analysed in the tissues of mussel and
immune cells.

2.3. In vitro assay in mussel hemocytes assay in mussel hemocytes

Adult M. galloprovincialis specimens (large size: 6.5 ± 1 cm long
and 3.2 ± 0.5 cm wide) were purchased from a commercial shellfish
farm (Vigo, Galicia, Spain) and maintained in open-circuit filtered
seawater tanks at 15 °C over 7 days. The mussels were fed daily with the
same algae species as described above. Hemolymph was extracted from
the posterior adductor muscle using a sterile 1mL syringe with an 18
G1/2” needle.

2.3.1. Uptake pathway of PS NPs into mussel hemocytes
Internalization of Fluoresbrite ® PS NPs into hemocytes and the

endocytic NPs pathways were studied by flow cytometry (Fac Scalibur,
Laser of excitation 488 nm). Through flow cytometry the granulocyte
cell subpopulation was identified by cell size (FSC) and complexity

(SSC) on the logarithmic scale.
Four different hemolymph pools (1:1; hemolymph: 0.2 μm filtered

seawater) from 30 individuals were used for these experiments.
Internalization of Fluoresbrite ® PS NPs after 3 h of exposure was as-
sayed by both fixing the concentration at 10mg L−1 and the number of
particles at 1.8·107 particles·mL−1. This sampling time (3 h) was chosen
after confirmation of internalization and translocation into circulatory
systems of Fluoresbrite ® PS NPs.

After the study of internalization of Fluoresbrite ® PS NPs in he-
mocytes we studied the uptake pathway. The main routes of en-
docytosis were inhibited: the phagocytosis route was inhibited with
cytochalasin-D at 5 μM, the caveolae route with genistein at 100 μM
and clathrin mediated endocytosis route with Pitstop2 at 200 μM. The
routes were studied both individually and in pairs (cytochalasin-
D+ genistein, cytochalasin-D+Pitstop2 and genistein+ Pitstop2). All
inhibitor stocks were prepared in DMSO, therefore DMSO was also
added to the controls. The incubation with inhibitors was done during
1 h and before exposure to PS NPs. After incubation, the hemocytes
were exposed to 10mg L−1 of Fluoresbrite ® PS NPs for 1 h. The time of
inhibitors incubation (1 h) and exposure to PS NPs after inhibition of
endocytic routes (1 h) to avoid the potential cell damage due to the
inhibitors used. All incubations were kept in darkness at 16 °C. The
internalization of Fluoresbrite ® PS NPs was analysed as the percentage
of granulocytes with internalized Fluoresbrite ® PS NPs with respect to
the total population of granulocytes. This was analysed by flow cyto-
metry though an FL1 detector.

2.3.2. Images of PS NPs internalization and actin structure in hemocytes
Hemocytes (in a relation 1:4; hemocytes:filtered seawater) were

exposed to 10mg L−1 of Fluoresbrite ® PS NPs over 3 h on coverslips.
The cells were fixed with 4 % PFA, washed three times with PBS, and
stained with Phalloidin-Alexa 635 (1:40 dilution) and DAPI to
1 μg·mL−1. The preparations were photographed using a confocal mi-
croscope, a Leica DM5500Q (63x objective).

2.3.3. Colocation of PS NPs in lysosomes
Colocation of Fluoresbrite ® PS NPs in the lysosomes of the hemo-

cytes was studied after 3 h of exposure with a ratio hemolymph:filtered
seawater (1:4). LysoSensor Blue DND-167 (Invitrogen) at 1 μM was
used to track acidic organelles, such as lysosomes. Lysosomes and
Fluoresbrite ® PS NPs were assessed though confocal microscopy (20×
objective) with a excitation:emission of 405: 410−475 nm and
488:515−520 nm respectively. Pearson correlation and Manders`
coefficients of were calculated to analyse colocation between PS NPs
and lysosomes with Image J software with the JACoP plugin (n:9).

2.3.4. Effects of a Vibrio splendidus infection on hemocytes after PS NP
exposure through an in vitro approach

Hemocytes (in a relation 1:1; hemolymph:filtered seawater) were
exposed to 10mg L−1 of different-sized non-fluorescent PS NPs. After
3 h of PS NP exposure 4 groups were established: controls, hemocytes
exposed to NPs, hemocytes exposed to 2·107 cells·mL−1 of Vibrio
splendidus strain LGP32 (controls of bacterial infection) and hemocytes
exposed to PS NPs and V. splendidus. The experiments were developed
with four replicates consisting of different pools of hemolymph (in each
pool at least 20 individuals were used).

The responses, such as the percentage of apoptotic cells, ROS and
phagocytic capacity were analysed by flow cytometry. Apoptotic cells
were studied using the Annexin V-FITC Apoptosis Detection Kit
BioVision according to the manufacturer's instructions. Annexin V-FITC
to detect phosphatidylserine in the outside layer of the cytoplastic
membrane was recorded by an FL1 detector.

H2O2 was analysed using dihydrorhodamine 1, 2, 3 (DHR 123). The
samples were incubated at a final concentration of 28.87 μM in dark-
ness at room temperature for 60min (Qin et al., 2008). The H2O2

present in the cells was measured by an FL1 detector [band pass (BP)
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533/30 nm].
The phagocytic capacity was evaluated with 1 μm fluorescent beads.

Samples were incubated with 10:1 (beads:hemocyte ratio). The in-
cubation time was 2 h in darkness at 16 °C. Phagocytosis was analysed
in granulocytes by the FL1 detector [band pass (BP) 533/30 nm].

2.3.5. Gene expression
RNA extraction was carried out from the hemocytes submitted to

the different in vitro treatments using the Maxwell 16 LEV simplyRNA
kit (Promega), following the supplier’s protocol. After extraction, the
concentration of RNA was measured by NanoDrop ND1000 spectro-
photometer (NanoDrop Technologies). Finally, the cDNA was synthe-
sised by reverse transcription from 100 ng of total RNA of each sample,
using the NZY First-Strand cDNA Synthesis Kit (Nzytech) according to
the protocol of the Kit.

Gene expression of the genes with a known immune function in the
mussel, such as IRG1, Mytilin D and Myticin C, oxidative genes like
DUOX and antioxidant genes, like UCP2, were studied by Real Time
PCR (qPCR). 18S gen was used as housekeeping. Gene expression was
analysed using a 7300 Real Time PCR System (Applied Biosystems).
cDNA was diluted 1:1 and mixed with 0.5 μl of each primer (10 μM) and
12.5 μl of SYBR Green PCR master mix (Applied Byosystems) in a final
reaction volume of 25 μl. The standard cycling conditions were 95 °C for
10min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 30 s. All
reactions were performed as technical duplicates. The relative gene
expression was calculated following the Pfaffl method (Pfaffl, 2001).
Expression levels were normalized with respect to the 18S expression
for each sample. The sequences of the primers are shown in Table S1.

All in vitro experiments were developed twice by cuatriplicate.

2.3.6. Motility of hemocytes during exposure to PS NPs
Motility of hemocytes was assessed by their velocity and accumu-

lated distance. Hemocytes were exposed to 10mg L−1 of Fluoresbrite ®

PS NPs (1:20; Hemolymph:filtered seawater). For each size of PS NPs,
nanoplastic treated hemocytes and their controls were always recorded
in parallel. Pictures of hemocytes were recorded every 30 s over 3 h
through an inverted microscope (Nikon ELIPSE 80i with 10x objective).
A total of 361 images were recorded in each movie, and at least 40 cells
were tracked by Image J software stablishing in each one the position
(x,y) of hemocytes. The software Chemotaxis and Migration Tools from
Ibidi was used to obtain the velocity and accumulated distance of each
cell tracked. All experiments were repeated twice. The movies are
downloadable as supplementary material. The analysis of hemocyte
motility was developed followed Rioult et al. (2013) methods (Rioult
et al., 2013).

2.4. Statistical analysis

Data are shown as average ± standard deviation. Statistical ana-
lysis was carried out using the IBM SPSS, statistics 23 program. A one-
way ANOVA with a Bonferroni post hoc test was developed for each
response measured (significant differences at p < 0.05). Levene tests
were developed in all analyses to check homogeneity of the variance.

3. Results

3.1. Primary and secondary characterization of PS NPs

Primary characteristics were studied by analysis of nominal size
through TEM and SEM and corroboration of materials by FTIR. The
supplier’s information was confirmed in our results (Fig. 1, A and
Figure S1).

Secondary characterization was studied at time 0 by hydrodynamic
radii and zeta potential in each culture media analysed (Fig. 1, B). DLS
showed values close to nominal size in ultrapure water. In FSW, the
agglomeration was immediate at time zero, all PS NPs were greater

than the 1000 nm agglomerate size; in FSW the PDI was higher than in
ultrapure water, particles of 1 μm showed the lowest PDI values and
therefore the lowest agglomeration in this media. In SH, hydrodynamic
radii of 50 nm, 100 nm and 1 μm PS NPs showed lower agglomeration
with respect to the agglomeration in FSW and the PDI in SH was also
lower. Zeta potential showed negative values for all PS NPs and in all
exposure media. The values of zeta potential were more negative when
particles were suspended in ultrapure water from -27.4 to -39.3 mV, in
filtered seawater from -13.3 to -26.8 mV and serum of hemolymph from
-8.6 to -9.6 mV. When the zeta potential is between -30−30mV, the
instability of the particles and therefore the agglomeration of the par-
ticles is higher. On the other hand, when the zeta potential is lower than
-30mV and higher than 30mV the stability of particles is higher, this
was plausible explanation for the behaviour of PS NPs suspended in
ultrapure water.

The agglomeration of PS NPs in the different media was studied at 0,
3 and 24 h (Figure S2, A, B and C). The agglomeration stage of the
particles according to the culture media was different. In ultrapure
water all PS NPs (except 100 nm PS NPs without fluorescence) showed
the same peaks in their agglomeration. Agglomeration and deagglo-
meration processes were observed when 50 nm and 100 nm PS NPs
were suspended in filtered seawater; however, the agglomeration stage
in this culture media for 1 μm PS NPs was stable showing peaks with
only little deviations. In hemolymph serum, the agglomeration and
deagglomeration of particles was observed; however, the differences
among times were lower than the differences found in in filtered sea-
water.

3.2. Bioaccumulation of PS NPs in tissues and hemocytes of M.
galloprovincialis. In vivo assays

The agglomeration of non-fluorescent and Fluoresbrite® PS NPs was
not the same. These differences which were evidenced with the char-
acterization of the particles were of the same magnitude for all different
size of PS NPs. In order to make comparison between PS NPs sizes and
stablish conclusions, the Fluoresbrite ® and non-fluorescent PS NPs
were never mixed in the experimental design and development.
Fluoresbrite ® 50 nm, 100 nm and 1 μm Ps NPs were localized in the
different tissues of mussels (Fig. 2, A and B). All PS NPs had a common
destination; the digestive gland. From 3 h to 24 h of exposure, PS NPs
were found in the stomach lumen, epithelia of the stomach and lumen
of the digestive tubules (Fig. 2, A and B). More 1 μm particles were
found in the digestive gland than those of 50 and 100 nm diameter after
24 h of exposure (p < 0.05); Fig. 2, D. The same trend for PS NP ac-
cumulation was found in the gills. PS NPs were less abundant in the gills
than in the digestive gland. In all analyses, only once were 50 nm PS
NPs found in the lumen of the gills after 24 h of exposure; however, in
the remaining samples for 50 nm and 100 nm no Ps NPs were found in
the gills. Among the particles tested, 1 μm PS NPs were the most
abundant in the gills, although this presence of 1 μm PS NPs in the gills
was much smaller than in the digestive gland. Large amounts of 1 μm PS
NPs particles were found in the mucus (Figure S3) after 3 h of exposure
to the plastics while 50 nm and 100 nm PS NPs were not. All PS NPs
from 50 nm to 1 μm were showed in the muscle and feet of the mussels
after 3 and 24 h; however, the presence was not significant (p > 0.05).

Translocation of PS NPs from tissues to cells was studied through
the analysis of the hemolymph after 3 h of exposure to PS NPs (Fig. 2, C
and D). After 3 h of PS NP exposure all the particles tested were found
in the hemolymph (hemocytes and serum). Although all PS NPs were
observed in the hemolymph, the translocation to hemocytes showed a
size-dependent internalization. The smallest PS NPs (50 nm) were the
most internalized particles by hemocytes (p < 0.05), followed by
100 nm and 1 μm. Particles of 50 nm, showed that most of the particles
of 50 nm were found inside the hemocytes and they were not found in
the surrounding serum of the hemolymph. On the other hand, the
biggest PS NPs (1 μm) were often found in the hemolymph, whereas
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some particles were internalized by cells. Although 50 nm PS NPs were
the particles most found inside the hemocytes, these particles were
difficult to observe in histological images, and they were more abun-
dant in the digestive gland (Fig. 2).

3.3. Internalization and endocytic pathways of PS NPs in mussel hemocytes.
An in vitro approach

The internalization of different sizes of PS NPs was studied in the
mussel granulocytes (Fig. 3, A and Fig. 4). The internalization studied
according to concentration in 10mg L−1, 89.7 ± 1.9 % of granulocytes
internalized the smallest PS NPs (50 nm) while the internalization rate
for 100 nm and 1 μm PS NPs was of 60.6 ± 3.5 and 59.3 ± 5.3 %,
respectively. When the same experiment was analysed considering the
number of particles·mL−1 (1.8·107 particles·ml−1) this trend changed
with values of 0.5 ± 0.1, 13.9 ± 27.4 and 52.5 ± 7.1 % of particles
internalized for 50 nm, 100 nm and 1 μm PS NPs, respectively (Fig. 3,
A).

These data suggest the existence of different endocytic NP uptake
routes in granulocytes according to their size (Fig. 3, B and Fig. 4).
50 nm PS NPs were internalized at rates of 93.7 ± 4.4 %; however, a
significant reduction was found when the inhibitors genistein and pit-
stop2 were employed (p < 0.05). Hence internalization of 50 nm PS
NPs decreased to 68.8 ± 5.7 % and 68.7 ± 7.3 % respectively. This

decrease in the internalization of 50 nm PS NPs was more pronounced
when the mixture of both inhibitors was tested, with an internalization
of 54.9 ± 8.3 %.

With respect to 100 nm PS NPs, they were internalized by
56.6 ± 4.4 % of the granulocytes. All the inhibitors tested showed
significant differences in the reduction of 100 nm PS NP uptake, values
were observed of 38.5 ± 3.3, 22.6 ± 4.0 and 24.4 ± 3.7 for cyto-
chalasin-D, genistein and Pitstop2, respectively (Fig. 3, B; p < 0.05).
Genistein in combination with cytochalasin-D and pitstop2 showed a
higher and significant reduction of 100 nm PS NP uptake, reaching up
to 11.0 ± 1.7 and 11.8 ± 3.2 % respectively (p < 0.05).

According to the internalization of 1 μm PS NPs, values of
53.1 ± 12.4 % were found (Fig. 3, B). The three inhibitors showed a
significant decrease in the internalization of the particles, with values of
35.5 ± 15.3, 27.2 ± 9.5 and 34.4 ± 6.8 % for cytochalasin-D, gen-
istein and pitstop2 respectively (p < 0.05). In relation to the mix of
inhibitors, an internalization value of 17.6 ± 2.43 % was found for
Cytochalasin-D-genistein, 22.1 ± 1.5 % for cytochalasin-D-Pitstop2
and 20.2 ± 0.3% for genistein-Pitstop2 (Fig. 3, B).

3.4. Collocation of PS NPs with lysosomes

All sizes of PS NPs were internalized by the hemocytes with rates
ranging from 90 to 59.3 % from the smallest to the highest PS NPs

Fig. 1. Primary and Secondary characterisation of the PS NPs tested. Panel A: SEM and TEM images (n:300), images of 50 nm, 100 nm and 1 μmwithout fluorescence
were previosuly published in Sendra et al. (2019). Panel B: hydrodynamic radii, polydispersity index (PDI) and zeta potential (ζ) of the PS NPs by DLS in different
culture media [ultrapure water (MQ), filtered seawater (FSW) and hemolymph serum (SH)] at time 0 h (n:3).
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tested. When the collocation of PS NPs with lysosomes was studied,
most of the particles regardless of their size were found in lysosomes;
0.66 ± 0.14, 0.71 ± 0.17 and 0.85 ± 0.11 for 50 nm, 100 nm and
1 μm PS NPs respectively (Fig. 3, C and D). However, 50 nm PS NPs
showed a significantly lower collocation rate than 1 μm PS NPs
(p < 0.05) and were found in the cytoplasm.

3.5. Motility of hemocytes exposed to PS NPs

Hemocyte motility was affected by PS NPs: hemocytes exposed to
50 nm PS NPs increased their velocity with respect to the controls for
the 3 h analysed (p < 0.001) while the cells exposed to 1 μm decreased
their velocity. The 100 nm PS NPs reduced the hemocytes’ motility only
over the first hour of exposure (p < 0.001). This trend was more
pronounced in the third hour of exposure. The velocity of the controls
was 2.3 ± 1.5 μm·min−1, while the velocity of 50 nm, 100 nm and
1 μm PS NPs were 5.6 ± 1.5, 1.82 ± 1.5 and 0.4 ± 0.2 μm·min−1,
respectively (Fig. 5, B; p < 0.05).

Concerning the accumulated distance, the same trends were found
when the hemocytes were exposed to the different PS NPs (Fig. 5, A
and B). A significant increase of accumulated distance was observed for
the hemocytes exposed to 50 nm PS NPs with respect to the controls

over the three hours of exposure (p < 0.001). On the other hand, the
accumulated distance of hemocytes was diminished when they were
exposed to 1 μm PS NPs. The accumulated distance in the third hour of
PS NPs exposure was for the controls 136.1 ± 93.6 μm and
324.1 ± 88.1, 106.0 ± 87.6 and 26.0 ± 15.2 μm for the hemocytes
exposed to 50 nm, 100 nm and 1 μm PS NPs, respectively.

3.6. Infection with Vibrio splendidus in hemocytes previously exposed to PS
NPs

After 3 h of exposure to PS NPs, an increase of the percentage of
apoptotic cells with respect to the controls was only found when the
granulocytes were exposed to 1 μm PS NPs: the hemocytes exposed to
1 μm PS NPs with levels of 25.9 ± 4.3 % versus 13.6 ± 1.9 % in the
control (p < 0.05) and the hemocytes exposed to PS NPs+V. splen-
didus with a percentage of 35.6 ± 9.7 % versus values found in the V.
splendidus controls 16.7 ± 2.1 % (p < 0.05). Although they showed
significant differences with their controls, no significant differences
were found between both conditions (Fig. 6).

A decrease in the percentage of ROS in the hemocytes was observed
under the different treatments (Fig. 6). The hemocytes exposed to both
conditions; PS NPs and PS NPs+V. splendidus showed the same pattern

Fig. 2. Internalisation and translocation of
Fluoresbrite ® PS NPs from tissue to the he-
mocytes. Panels A and B show the inter-
nalisation of PS NPs (10mg L−1) in the most
representative tissues after 3 and 24 h of ex-
posure respectively; blue and green colours
indicate DAPI and fluorescence of PS NPs re-
spectively (n:4), the scale bar is 10 μm. Panel C
shows the translocation of PS NPs after 3 h of
exposure to the plastics (n:4). Panel D shows
the quantification of intensity of PS NP fluor-
escence with respect to the area analysed for
accumulation of NPs in the different tissue and
translocation experiments (n:4). ANOVA ana-
lysis and a Bonferroni Post hoc were per-
formed; asterisks show significant differences
between the controls and treatments
(p < 0.05).
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with respect to the percentage in ROS levels. The hemocytes treated
with 50 nm PS NPs showed a significant decrease of ROS levels (with
values of 23.1 ± 4.8 %) with respect to the controls (33.5 ± 6.7 %;
p < 0.05). A significant decrease in ROS levels was also found when
the hemocytes were exposed to 100 nm and 1 μm PS NPs in combina-
tion with V. splendidus. A significant decrease was observed between the
hemocytes exposed to 100 nm and 1 μm PS NPs+V. splendidus
(30.7 ± 4.2 and 14.1 ± 6.1 % respectively) versus V. splendidus con-
trols (44.8 ± 6.4 %; p < 0.05). Furthermore, significant differences
were found between the ROS levels in the hemocytes under both con-
ditions (exposed to 1 μm PS NPs, with and without infection).

The data concerning phagocytic capacity showed a significant de-
crease (p < 0.05) when the hemocytes were exposed to all the PS NPs
tested but not when hemocytes were exposed to PS NPs+V.splendidus in
combination (Fig. 6; p < 0.05). The data concerning phagocytic ca-
pacity showed a 60.0 ± 8.7 % of phagocytic cells in the controls with
respect to 42.7 ± 2.9, 32.4 ± 1.4 and 36.1 ± 5.3 % for the cells
exposed to 50 nm, 100 nm and 1 μm PS NPs respectively.

Concerning gene expression, Myticin C was the only one modulated
by all the treatments. Myticin C showed a significant downregulation in
its expression when the hemocytes were exposed to V. splendidus after
3 h exposure to 50 nm, 100 nm and 1 μm PS NPs (Fig. 6, p < 0.05)
(Fig. 6). The other genes studied related to defensive functions such as
IRG1, Mytilin D, and to oxidative mechanisms such as UCP2 and Duox
did not show a significant modulation when the hemocytes were ex-
posed to the different treatments (see figure S4, Supplementary in-
formation). IRG1 and Mytilin D showed an increase in their expression
in some samples both without and with infection respectively when the

hemocytes were exposed to 1 μm Ps NPs (p > 0.05). Regarding UCP2
and Duox no trend was found for any treatment and condition.

4. Discussion

The study of distribution of NPs in the different tissues of M. gal-
loprovincialis will contribute to the assessment of potential translocation
of NPs within an organism and, to the knowledge of any toxicological
effects and NPs transfer in food webs. Small particles such as 50 nm and
100 nm PS NPs were more difficult to find in mussel tissues than 1 μm
PS NPs however, the NP distribution in the different organs of the
mussels was independent of their size. Most of the particles were found
in the digestive gland while their numbers diminished in the muscle
and gills. This NP distribution was in accordance with the study by (Al-
Sid-Cheikh et al. (2018)), who observed a higher concentration of C14

PS NPs in the digestive gland of the scallop Pecten maximus, although
the size of the NPs was (24 nm) and less in the gonads, muscle and gills.
(González-Soto et al. (2019)) studied the distribution 4.5 μm MPs in
different tissues of M. galloprovincialis. A greater internalization of MPs
was also found in the stomach lumen and tubules of the digestive gland.
Several other studies, as well as ours also support two uptake me-
chanisms i) the gill surface and ii) via the transference of MPs along the
gill channels via cilia movement to the mouth and into the digestive
gland (González-Soto et al. (2019); Paul-Pont et al., 2016; Avio et al.,
2015b; Browne et al., 2008b; Magni et al., 2018; Pittura et al., 2018).

Our results show that the presence of PS NPs in the muscular tissue
seems to be a characteristic occurrence at the nanoscale level. This has
not been reported before in studies with MPs. The ubiquity of NPs in the

Fig. 3. Internalisation of Fluoresbrite ® PS NPs in the hemocytes after 3 h of exposure using an in vitro approach. Panel A shows the internalisation of PS NPs by
granulocytes under exposure to PS NPs according to the concentration in mg·L−1 and particles·mL−1 (n:8). Panel B shows the endocytic routes of PS NP inter-
nalisation in the granulocytes. Endocytic routes such as phagocytosis, caveolae route and clathrin mediated endocitosis were inhibited by cytochalasin-D, genistein
and Pitstop2 respectively (n:8). Pairs of inhibitors were used to inhibit several mechanisms of endocitosis at the same time. Uppercases show significant differences
among PS NP treatments (50 nm, 100 nm and 1 μm), asterisks show significant differences between the internalisation of PS NPs without inhibitors and inter-
nalisation of PS NPs with inhibitors in single and combined forms and # shows significant differences in PS NP internalisation between single and combined
inhibitors; colour indicates an inhibitor that it is statistically significant (p < 0.05). Panel C shows the co-localisation of PS NPs and lysosomes (blue: lysosomes and
green: PS NPs). Images (n:4) were recorded with the same gain in the confocal microscope. Panel D shows Manders’ overlap coefficient to measure the colocalization
between Lysosomes and PS NPs (n:9), scale bar:10 μm. ANOVA analysis and a Bonferroni Post hoc were performed; uppercases indicate significant differences among
treatments (p < 0.05).
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muscle could indicate that they are able to cross the epithelial mem-
brane, the cell membrane and lastly translocate into cells. Regarding
the exposure to 1 μm PS NPs, a large amount of them were found in the
mucus after 3 h. Among the functions of the mucus, one of them is the
capture of food particles (Beninger et al., 2019). (Al-Sid-Cheikh et al.
(2018)), proposed the translocation of NPs into the circulatory systems
as they found NPs distributed throughout the whole body of the or-
ganism; however, this hypothesis was not supported experimentally.
(Browne et al. (2008a)) described that hemocytes incorporated MPs (3
and 9.6 μm) in a size-dependent way after 12 h of MP exposure with a
higher concentration than that of the environment. Our results show
the translocation of NPs into the circulatory system after a very short
time (3 h). All sizes of particles were found in the hemolymph. The
internalization by hemocytes was higher for 50 nm PS NPs, while 1 μm
PS NPs were found in the hemolymph with a higher volume of them
present in the serum. Due to the open circulatory system in mussels and
the higher translocation of 50 nm PS NPs, these particles could be the
main candidate to reach the gonads and the hepatopancreas. In con-
clusion the translocation of NPs to hemocytes could increase the length
of residence time, the ad/absorption by vital organs and unwanted ef-
fects in the mussels.

Once the translocation to hemocytes was confirmed, the study of the
entry of PS NPs in hemocytes by a different energy-dependent endocytic
pathway was a plausible goal. The internalization of PS NPs of different
sizes was different when the concentration was used in terms of mass or

in terms of particles. In terms of mass (10mg L−1 for all PS NPs) the
most internalized NPs were 50 nm followed by 100 nm and 1 μm. On
the other hand, in terms of particles (1.87·107 particles·mL−1) the most
internalized NPs were 1 μm followed by 100 nm and 50 nm. These re-
sults led to the hypothesis that small particles (50 nm) were being in-
ternalized by a different uptake route than those of 1 μm. To check this
hypothesis, the most important endocytic routes were inhibited: (i) the
phagocytic pathway; phagocytosis and ii) non-phagocytic pathways;
macropynocytosis, caveolin-mediated endocitosis and clathrin-medi-
ated endocytosis. The results showed that under simple and mixed
endocytic inhibitors, the decrease in the internalization of 50 nm PS
NPs in hemocytes did not reach 50 % (this decrease in the inter-
nalization of 50 nm PS NPs was only significant when the caveolae and
clathrin routes were inhibited) while the addition of endocytic in-
hibitors decreased the uptake of 100 nm and 1 μm PS NPs by more than
50 %. The conclusion obtained from these results was that the uptake of
50 nm PS NPs is not governed by these classical endocytic routes.

The main fate of NPs is that they converge upon the lysosomes in the
cells by endocytic routes; the function of the lysosomes is the seques-
tration and degradation of non-self materials. Metallic nanoparticles
and oxide metallic nanoparticles, such as TiO2, carbon, Ag, CeO2 NPs;
(Katsumiti et al., 2015; Jimeno-Romero et al., 2016, 2017; Sendra et al.,
2018), lead to the instability of the lysosome membrane triggering
cytosolic acidification, and therefore leading to the spoiling of cell or-
ganelles, ROS generation, mitochondrial damage, apoptotic and

Fig. 4. Fluoresbrite ® PS NP internalisation and changes in actin conformation (blue: DAPI, red: actin and green:PS NPs), images were recorded with the same gain in
the confocal microscope (n:4). Scale bar:10 μm.
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necrotic processes (He et al., 2016). (Canesi et al. (2015b)) described
the lack of lysosome stability in M. galloprovincialis hemocytes when
they were exposed to 50 nm NH2 PS. Although most of the different
sized NPs were found in the lysosomes, the 50 nm PS NPs were also
found outside the lysosomes. This could indicate that different en-
docytic or non-endocytic pathways could be responsible for the inter-
nalization of 50 nm PS NPs. The uptake of the NPs by phagocytic and
clathrin-mediated endocytosis led to phagosomes, clathrin-coated

vesicle formation (endosomal). These endosomal compartments are
fusioned with the lysosomes leading to non-self-material degradation
(Stern et al., 2012). On the other hand, the caveolae endocytic route
internalizes the non-self-materials by caveolin invaginations. The ca-
veolin vesicle releases its contents to the endosomes that then convert
into caveosomes. The caveosomes are able to separate from the lyso-
somes and are moved along the cytoskeleton to the endoplasmic re-
ticulum and the Golgi complex (Stern et al., 2012). In our confocal

Fig. 5. Motility of hemocytes over 3 h of exposure to Fluoresbrite ® PS NPs. Panel A shows the tracks of each single cell analysed when it was exposed to PS NPs over
three hours (at least 40 tracks were analysed in a total of 361 images). Panel B shows the velocity and accumulated distance of hemocytes exposed to PS NPs hour by
hour. ANOVA analysis and a Bonferroni Post hoc were performed; uppercases indicate significant differences among treatments.

Fig. 6. Percentage of apoptotic cells (panel A),
percentage of phagocytic capacity (panel B),
percentage of ROS (panel C) and normalised
myticin C gene expression (panel D) analysed
in the hemocytes after 3 h after i) non-fluor-
escent PS NPs and ii) infection with V. splen-
didus after 3 h of non-fluorescent PS NP ex-
posure. Uppercases A and B show significant
differences among treatments within the same
condition, only PS NPs and PS Nps
+V.splendidus respectively. Asterisks show
significant differences between conditions for
the same treatment. p < 0.05; Bonferroni’s
post hoc test was performed.
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images (Fig. 4), the internalization of 50 and 100 nm PS NPs was found
in agglomerates and very close to the nucleus. Endoplasmic reticulum is
usually around and nearby the nucleus, therefore, we hypothesized that
the uptake of 50 and 100 nm PS NPs was internalized by the caveolae
endocytic pathway. Furthermore, the inhibition of the caveolae route
by genistein led to a lower internalization of the smaller NPs.

As explained before, actin is implicated in the uptake mechanics of
endocytic pathways. The dynamic and remodelling of actin is involved
in endosomal movements (Smythe and Ayscough, 2006). In the case of
phagocytosis, the importance of actin in pseudopod extension and en-
gulfment is well known; however, knowledge concerning the implica-
tions of actin in other endocytic routes is limited. (Doherty and
McMahon (2009)) described that the clathrin coated vesicles are moved
inside the cells with energy supplied by actin. In the present study,
when hemocytes were exposed to 50 nm and 100 nm PS NPs the actin
conformation was quite different with respect to the controls. This
could indicate changes in actin conformation or cytoskeleton damage,
however further studies are needed to fill this knowledge gap.

Once we knew that PS NPs are internalized by mussel tissues,
translocated to the hemolymph and incorporated by the hemocytes, we
determined their influence on hemocyte motility. Hemocytes are ad-
herent cells with the ability to infiltrate tissues and migrate to infected
and damaged zones (Costa et al., 2009). Assessing the motility of he-
mocytes is a technique that is very sensitive to environmental factors
(Rioult et al., 2013). Our results showed that the activity of hemocytes
was higher under 50 nm PS NP exposure, while the velocity and accu-
mulated distance decreased when cells were exposed to 1 μm PS NPs.
The velocity of mussel hemocytes (2.78 μmmin−1; (Rioult et al., 2013))
is similar to human extravascular neutrophils, 2.88 μmmin-1 (Kreisel
et al., 2010a), therefore mussel hemocytes are known to be strong
motile cells. The fastest cells found in the work of Rioult et al. (2013)
reached up to 7 μmmin−1 similar to interstitial velocities reported for
neutrophils at sites of inflammation (Kreisel et al., 2010b; Graham
et al., 2009). The authors related this velocity to the activation of he-
mocytes due to an inflammatory response. (White et al. (2015)), found
that iron oxide NPs also stimulated immune cells with an increase in the
velocity of the microglia cells. As explained above, similar results in the
increase of velocity were found in the present work when hemocytes
were exposed to 50 nm PS NPs. On the other hand, hemocytes exposed
to 1 μm PS NPs decreased their velocity, and therefore their activity.

Mussels are sessile filtering feeders that live in close contact with
numerous marine pathogens but, unlike what happens in other bivalve
species, their strong immune system prevents them from suffering
major episodes of mortality (Domeneghetti et al., 2014; Romero et al.,
2014; Gestal et al., 2008; Pezzati et al., 2015; Benabdelmouna et al.,
2018). According to this premise and the motility results stated above,
we wondered whether hemocyte activity triggered by PS NPs could
compromise the cellular immune function when fighting against an
infection. The hemocytes were exposed to PS NPs over 3 h, and then to
V. splendidus. Changes in the percentage of apoptotic cells, ROS levels
and phagocytic activity were determined when the hemocytes were
exposed to the PS NPs; however, these values did not show additional
effects when the hemocytes were infected with V. splendidus. A sig-
nificant result was the lack of the phagocytic capacity of hemocytes
when they were only exposed to PS NPs. However, when the hemocytes
(previously exposed to PS NPs) were infected with V. splendidus, the
phagocytic capacity was recovered, returning to phagocytic basal le-
vels. Therefore, according to our results, it can be concluded that due to
the resilience of hemocytes under an acute exposure to PS NPs followed
by bacterial infection, the hemocytes were able to confront the infection
having recovered their phagocytic capacity.

Concerning gene expression, Myticin C was the only gene analysed
which was significantly modulated. Myticin C is a versatile and highly
variable antimicrobial peptide associated to immune response and ex-
pressed in every development stage from larvae to adult mussel
(Pallavicini et al., 2008). It has very diverse functions including

antibacterial and antiviral activity and it can even regulate the immune
response in a cytokine-similar way (Balseiro et al., 2011; Martinez-
Lopez et al., 2013; Novoa et al., 2016). Myticin C expression has been
recently found to be regulated in response to signals reporting damage,
the gene is over-expressed in order to produce new AMPs, presumably
as a preparation for a possible infection. However, its regulation at a
transcriptomic level is not that evident for the case of bacterial infec-
tions, probably because of the reserves of AMPs that mussels already
keep inside the granulocytes so that they can direct them immediately
against an infection (Rey-Campos et al., 2019). In the present work,
Myticin C expression showed significant differences between both
conditions: PS NP treatments and PS NPs plus V.splendidus for all the NP
sizes tested. A significant reduction in Myticin C gene expression was
found when hemocytes were exposed to PS NPs plus V. splendidus in
combination, with respect to its expression when the hemocytes were
only exposed to NPs or only bacteria. This supposes a new effect of the
impact that nanoplastics have when translocating to the interior of the
defensive cells, which is that they are able to compromise their func-
tion.

Chronic exposure under real scenarios is a new challenge for marine
fauna, especially filter feeders, of which Mytilus galloprovincialis is one
of the most representative species. Unfortunately, there are technical
limitations to determine the real nanoplastic concentrations in oceans.
The concentrations of PS NPs used in this work represent the highest
environmental levels of total MPs floating on the surface of the gyres.
Since there is a lack of information on the potential negative effects of
nanoplastics under real scenarios such as bacterial infection, climate
change or pollutant environments we used these high concentrations to
increase our knowledge on the effect of different PS NPs on mussel
immune response because.

5. Conclusions

Mussel digestive gland was the tissue that most accumulates 50 nm,
100 nm and 1 μm PS NPs exposure. Muscle was another tissue where
the three particles tested for were found; mainly for smaller particles
(50 and 100 nm) as a great amount of 1 μm PS NPs were associated to
the mucus.

The immediate translocation of PS NPs into hemocytes was con-
firmed, as well as the main uptake routes. The mediated endocytic route
was the principal mechanism to uptake larger particles (100 nm and
1 μm) in the hemocytes, while the internalization of the smallest par-
ticles (50 nm) did not reach an inhibition of at least 50 % by any en-
docytic mechanism. Therefore, the authors suggest that endocytic and
non-endocytic pathways are both responsible for the internalization of
50 nm Ps NPs.

The NP uptake pathways could be key to hemocyte motility. The
internalization of NPs within the hemocytes triggered changes in the
immune response such as motility, apoptosis, ROS and phagocytic ca-
pacity; however, these responses were not exacerbated under infection
with V. splendidus. Even the hemocytes were able, in this case, to re-
cover their phagocytic capacity. The effect of nanoplastics combined
with a bacterial infection with V. splendidus had effects in gene ex-
pression, causing a modulation of Myticin C, which was not observed
when treating either only with nanoplastics or only with bacterial in-
fection.

Further studies are needed in this field, since this behaviour may be
different under chronic exposure to NPs due to the long residence time
that NPs can have in the organisms because of the translocation of the
NPs.
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