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Plastic micro litter represents an emerging contaminant as well as a multiple stress agent
in aquatic environments. Microplastics are found even in the remote areas of the world.
Together with their occurrence in all environmental compartments, there is a growing
concern about their potential to adsorb pollutants co-occurring in the environment.
At present, little is known about this source of exposure for aquatic organisms in the
benthic environment. Exposure conditions were set up to mimick the contribution of
microplastics through different exposure routes. Potential biological effects resulting
from these exposures were investigated in the model organism Hediste diversicolor,
an annelid worm. Cellular effects including alterations of immunological responses,
lysosomal compartment changes, mitochondrial activity, oxyradical production and onset
of genotoxicity were assessed in coelomocytes while temporary and permanent effects
of oxidative stress were also performed at tissue level. In this study polyvinylchloride (PVC)
microparticles were shown to adsorb benzo(a)pyrene with a time and dose-dependent
relationship. The elevated bioavailability of the model pollutant after ingestion induced
a clear pattern of biological responses. Toxicity mainly targeted impairment of cellular
functioning and genotoxicity in H. diversicolor coelomocytes, while permanent effects of
oxidative stress were observed at tissue level. Coelomocytes responded fast and with a
higher degree of sensitivity to the adverse stimuli. The results showed that microplastic
particles in sediments may play a significant role as vectors for organic pollutants. The
highest adverse responses were observed in those H. diversicolor exposed to sediments
spiked with PVC particles pre-incubated with B[a]P when compared against sediments
spiked with B[a]P and plastic microparticles separately.
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Effects of Ingested Microplastics on Ragworms

INTRODUCTION

Along with environmental stressors such as global warming,
ocean acidification, and habitat destruction, pollution causes
undesirable changes in marine ecosystems. In particular, plastic
particles accidentally or deliberately released as a result of
anthropogenic activities represent a growing environmental
concern for aquatic environments. Marine debris, particularly
the fraction composed of plastic fragments at micrometric size,
is considered a multiple stressor in aquatic habitats. Firstly it
acts as physical stressor congesting digestive traits and ducts
hampering the functioning of key organs i.e., gill, stomach, liver,
and kidney in vertebrate and invertebrate marine species (Wright
et al.,, 2013; Kithn et al.,, 2015; Clark et al., 2016; Pellini et al.,
2018). Secondly, micrometric scaled plastic fragments can act
as chemical reservoirs and potential vectors for the widespread
dispersal of hydrophobic pollutants co-occurring in the aquatic
environment. Polymers with densities higher than seawater (e.g.,
PVC) tend to sink and accumulate in seafloor sediments, making
organisms within the benthic community more vulnerable to
organic pollutants, as they may be adsorbed from both the
water column and the sediment. Ingestion of particles has been
documented in vertebrate and invertebrate marine organisms
(Gregory, 2009; Davison and Asch, 2011; Carson, 2013; Hall et al.,
2015). After the ingestion, the ingestion processes, dominated
shifts in pH, temperature and redox conditions, microplastic
particles can potentially release the adsorbed environmental
pollutants therefore enhancing both their bioavailability and
biological adverse effects to biota. This route of exposure
for aquatic organisms, the so called “Trojan horse” effect,
remains under-investigated with limited data concerning such
phenomena (Syberg et al.,, 2015; Paul-Pont et al., 2016; Gaspar,
2017).

In our study the possible contribution of plastic particles
toward increasing dispersion, bioavailability and associated
adverse biological effects of an organic pollutant molecule model
benzo(a)pyrene (B[a]P) was investigated in a zoobenthic model
organism, the ragworm Hediste diversicolor. B[a]P was chosen
as a representative of the polycyclic aromatic hydrocarbon
(PAH) class of compounds. PAHs are widely distributed toxic
compounds with, in some cases, carcinogenic, mutagenic, and
teratogenic effects, as is the case for B[a]P (IARC, 1987). In
aquatic environments, most PAHs primarily accumulate in the
sediment as a result of their chemical and physical characteristics.
Bottom-dwelling deposit-feeding organisms such as polychaetes
are potentially exposed to PAHs, both directly through dermal
contact with interstitial water or particulate matter and indirectly
through the gut, from food and particle ingestion (Jorgensen
et al.,, 2008). Furthermore, polychaetes can be also exposed by
the water phase and during high tide, they can be exposed by the
water compartment. For this reason, they are a good candidate
species for toxicological studies addressing different exposure
routes.

A number of different exposure scenarios were set up
mimicking the rising occurrence of plastic micro litter
in an environment already subjected to organic pollution
contamination. An extended suite of biomarkers was selected

to compare the biological responses observed both in cells
extracted from the coelomic fluid and at tissue level and to unveil
microplastics driven toxicity mechanisms at organism, cellular
and sub-cellular level.On coelomic fluid cells the phagocytosis
assay (PhC) and the lysozyme activity responses (Lz) were
measured to investigate possible impairments of the immune
system. On the other hand, the mitochondrial activity (MtO)
and the lysosomal membrane stability (LMS) were estimated to
assess general information about cellular functioning; while the
oxyradical production assay (ROx) was estimated as index of
oxidative stress. Finally DNA fragmentation and micronuclei
frequency (Mn) were assessed to investigate genotoxic effects in
exposed organisms. In the meantime, lipid peroxidation (LPO)
and the activity of catalase (CAT) were investigated at tissue level
as marker of oxidative stress in treated organisms. Obtained
biological responses were compared with as the body burden
accumulation of B[a]P.

MATERIALS AND METHODS

Chemicals and Reagents

All chemicals were of analytical grade and were used as received
without any further purification. Methanol (purity: < 99.5%),
Bla]P (purity: < 99.5%) and Hank’s artificial seawater salts
mixture was procured from Sigma-Aldrich. Polyvinyl chloride
(PVC) powder of 250.0 £ 2.5um size was obtained from
Goodfellow Ltd (Cambridge, UK). Reagents for artificial sea
water (ASW) preparation were of purity > 99.5% from Sigma
Aldrich. Bi-distilled water used in this study was obtained from
a MilliQ apparatus (Millipore, Milan, Italy) according to the
manufacturer’s guidelines.

Test Design

Laboratory assays followed the ASTM guidelines (ASTM, 2013)
for conducting sediment tests with annelids with some minor
adaptations. A set of five replicate test aquaria (101 glass beakers)
each containing eight organisms were used per treatment.
Ragworms were first put individually in beakersto avoid possible
cannibalism and then transferred on aquaria for the exposure
test,., Each aquaria contained some glass tubes with 1cm
diameter, placed in the sediment surface as possible temporary
shelter for the organisms. Approximately 3 kg of sediments (~ 8-
cm layer of sediment) were carefully placed, at the bottom of the
beakers. Artificial seawater medium (ASW) of 34g 1! salinity
(ASTM, 2013) was added yielding a sediment: overlying water
depth ratio of 1:3 (w:v). Organisms were exposed at 20.0 +
1.0°C and under a 16h light: 8h dark cycle. Food was added
during the assays at 1% of body weight and 2/3 of the water was
carefully siphoned out from the water surface and replaced every
week. Water parameters (salinity, pH, dissolved oxygen) were
monitored throughout the exposure period.

A series a chronic 28 days experiments were carried out
by exposing H. diversicolor to uncontaminated sediments (C),
sediments spiked with B[a]P (S-B[a]P), sediments spiked only
with virgin PVC at 200 particles/kg of sediment (LC-MPS) and
2,000 particles/kg (HC-MPS) as well as similar concentrations for
Bla]P spiked microplastic particles (B[a]P-LC; B[a]P-HC). The
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lower bead concentration was set to match with environmentally
realistic levels (Claessens et al., 2013; Hanvey et al., 2017), the 10
times higher level was chosen to address potential acute exposure
effects and does not represent environmental conditions.

Ragworm Collection

Specimens of H. diversicolor were purchased from a bait dealer
(Lescachepesca.eu, Italy). Only individuals in good condition and
similar size-class length (12.0 & 2.0 cm) were selected for testing.
Organisms were left for 7 days in ASW and in the dark at 20.0
#+ 2.0°C to acclimate and depurate. During the acclimatization
period individuals were fed ad libitum every 2-3 days with
commercial fish food (48.6% protein and 7.7% fat). 5 gr of food
was extracted in triplicate and analyzed for microplastic content.
No plastic particles were detected in the analyzed samples.

Sediment Collection and Characterization
A total of 100kg of natural sediments were collected using
a stainless-steel box corer in October 2013 from an off-shore
site (coordinates) considered distant from major anthropogenic
sources of hydrocarbons and micro plastic particles. Collected
material was used to prepare the control and spiked sediments.
Sediments were homogenized and native animals removed before
taking a subsample to determine: salinity and organic matter
content (OM, Schumacher, 2002). Particle size distribution was
determined using a LS 13-320 laser particle-sizing instrument
(Beckmann Coulter, Milan, Italy) and the total content of
polyaromatic hydrocarbons assessed according to the methods
of Durou et al. (2007). Furthermore, microplastic content and
characterization, based on a density separation method according
to Nuelle et al. (2014) and a detection method according to
Vianello et al. (2013), was carried out. A negligible (2.0 £ 0.9
particles/kg) amount of polyethylene fragments in a range of 30-
40 pm were detected ([2]). This sandy-mud sediment contained
1.5% of organic carbon, 82.4% of sand, 13.9% of clay and 3.7% of
silt.

Spiking Preparation
The adsorption of B[a]P to PVC particles was performed by
mixing solutions of microplastics (~10 g/L in ASW) with B[a]P
at an environmentally realistic concentration of 5 wg/L (Bihari
et al,, 2007; Maria and Bebianno, 2011; Avio et al., 2015).
The incubating solutions were kept in 50 ml glass tubes under
continuous rotation within a Gallenkamp chamber for 7 days
at room temperature in darkness. PVC adsorption efficiency
was checked at the end of the incubation process by spinning
down spiked plastic beads (5,000 g, 10 min at RT), collecting the
pellet, sub sampling it three times and placing sub samples in a
GF/A fiberglass filter. Samples were flushed with 5ml of ASW
and adsorbed B[a]P extracted by 10 ml of methanol (purity<
99,9%) using a microwave assisted technique. Desorbed B[a]P
in methanol was preconcentrated by a Rotavapor and quantified
by an Agilent 1100 series HPLC-DAD system (Figure 1—SEM).
B[a]P was subsequently identified by the retention time of
standard solution of CRM48743 Supelco mix.

The stock of the spiked microplastic beads were stored
at—20 C prior to exposure tests.

To realize S-B[a]P testing conditions, sediments were
contaminated by spiking with B[a]P (>99% dissolved in acetone,
HPLC-grade, Sigma-Aldrich, Italy). To insure a comparable
exposing dose among all tested exposure routes, ~16kg of
fresh sediments were spiked with 80 pg of Bla]P considering
a concentration of 5 ug/L previously adopted for PVC particle
incubation as well as a standard rate of sediment: overlying water
of 1:3 (w/v) set within the exposure tests. Spiked sediments were
gently mixed with a stainless-steel spoon for 20 min and allowed
to equilibrate for a week at RT in dark conditions in a well-
ventilated fume hood. For the uncontaminated treatment, fresh
sand was only spiked with acetone. Final B[a]P concentrations
obtained with this procedure were 4.58 & 0.51 pg kg~! (ww)
while sediments analyzed before the spiking exercise did not
contain detectable levels of B[a]P (< 1,0 pg kg_l).

To realize S-B[a]P testing conditions, previously spiked
sediments were equilibrated with filtered seawater for 48 h prior
to the addition of microplastic beads and test organisms. In the
meantime, to realize LC-MPS, HC-MPS, B[a]P-LC, and B[a]P-
HC testing conditions, B[a]P spiked particles and virgin particles
at the two different concentrations were added on top of each of
the aquaria used for the different experimental conditions were
re-equilibrated natural sediments were previously placed.

The number of particles to be added to the aquaria was
calculated using the concentration of a mixture of either virgin
or B[a]P spiked beads mixed with 5ml of ASW. The working
mixtures were sub-sampled 10 times, collecting 100 1 working
solution, diluting it 1:1,000 (v:v) in Isoton II Diluent (Beckmann,
Milan, Italy) and finally analyzing each of the subsamples by a
Multisizer IT Coulter Counter coupled with a 1,000 um aperture
size tube (Beckmann, Milan, Italy). Spiking solutions with
concentration of 50.0 £ 6.0 beads / ml were then prepared. Beads
were allowed to sediment for 3 days, mimicking the naturally
occurring deposition of microplastic from the water column,
prior to turning on the aeration and placement of test organisms.
Aeration was provided using a 1ml glass pipette suspended
~5cm above the sediment surface, with test organisms added
to the vessel 2 h later. While adding the organisms, aeration was
stopped for 10 min to allow them to settle. A set of randomly
placed glass tubes and pipettes were added to the aquaria as
shelters for the organisms.

Chemical Analyses

The body burden of B[a]P in exposed organisms was estimated
according to Durou et al. (2007) on three individuals collected
from each replicate of each testing condition, while the
accumulation of MPS was estimated on an individual per
replicate of each testing condition according to a combined
enzymatic and alkali driven extraction followed by a WFTIR
analysis. Briefly, single individuals were incubated with 50 ml
protease from Bacillus sp (P3111, Sigma, Italy) and PBS-buffer
at pH 9 mixture (1:5). The sample was sonicated for 5min and
incubated for 24h at 45°C and then filtered through a 20 um
stainless steel sieve (Setacci Giuliani Spa, Italy). The residue was
washed off with MilliQ water pre-filtered through a 0,45 pum
filter, collected in a clean 100 ml beaker and further treated with
50 ml Chitinase from Trichoderma (C8241, Sigma, Italy) and
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FIGURE 1 | Biological responses in coelomocytes of H. diversicolor exposed to uncontaminated sediments (C), D sediments spiked with 1 mg/L B[a]P (S-B[a]P),

sediments spiked with 200 and 2000 particles/kg virgin PVC (LC-MPS, HC-MPS) and sediments with B[a]P spiked microplastic particles (B[a]P-LC: 200 particles/kg.;
B[a]P-HC: 2000 particles/kg). (A) Response of the phagocytic activity, (B) Extracellular lysozyme release, (C) mitochondrial activity, (D) Lysosomal membrane stability,
(E) Oxyradical production. *p < 0.05. Data are expressed as mean values + standard deviation, n = 6. Different letters indicate significant differences between groups

PBS-buffer at pH 7 mixture (1:10). The sample was sonicated
for 5min, incubated 24 h at 30°C and finally filtered through a
20 wm stainless steel sieve. The residue was transferred to a 50 ml
beaker and incubated with KOH 10% 12h at 50°C. The alkali
degraded sample was then diluted 1:1 with MilliQ water and
filtered through a 47 mm Anodisc filter with pore size of 0.2 wm
(Whatman, Germany) and submitted to pFTIR according to
Vianello et al. (2013). Four individuals collected from each testing
condition involving PVC beads were analyzed.

Biological Analyses

Endpoints were measured after 10 and 28 days of exposure
to the tested conditions, being the measurements after 10
days of exposure a good intermediate sampling point useful
to follow up the development of the stress syndrome in the
investigated organisms. Ragworms were removed from exposure
and individually maintained in ASW to void gut content
in preparation for MPS accumulation assessment as well as
biological and chemical analyses. After ~10h, ragworms were
submitted to biological analyses or snap-frozen and stored at
—40°C until chemical analyses.

Mortality was recorded as a high-level endpoint test following
the exposure period. All sub lethal biological responses were
conducted on four individuals per replicate in each of the
treatment and sampling time.

Phagocytosis, lysozyme activity, mitochondrial activity, LMS,
oxyradical production, Comet assay, and micronuclei frequency

were assessed on the coelomic fluid cells. Coelomic cells were
obtained using a non-invasive extrusion method according to
Eyambe et al. (1991) with some modifications. Polychaetes
were individually placed in 15ml glass tubes containing 10 ml
of 3% ethanol and 1,0 mg/ml EDTA in Hanks balanced salt
solution (H6648, Sigma Italy). The obtained cell suspension was
centrifuged at 200 g at 4°C for 5 min to recover the cells; water
was discarded and the pellet gentle resuspended in 2 ml ASW. In
detail, phagocytosis analysis was assessed by quantifying cellular
intake of Neutral Red-stained Zymosan according to Ciacci et al.
(2012). 100 uL of cell suspension was incubated with stained
Zymosan with 20 to 40 cells from each exposure condition
then examined using image analysis by Image] release 1.51 K
shareware software (NiH, USA).

Lysosomal enzyme release was evaluated by measuring
lysozyme activity in the extracellular medium according to
Chu and La Peyre (1989). Lysozyme activity in coelomic cell
suspensions obtained from organisms exposed to the different
conditions was determined spectrophotometrically at 450 nm
utilizing M. lysodeikticus and referenced against results of
organisms exposed to natural sediment (Ciacci et al., 2012).

Mitochondrial activity in coelomocytes was assessed by the
mitochondrial membrane potential estimation thorough the
tetramethylrhodamine ethyl ester perchlorate (TMRE, ex/em:
488/580 nm) selective fluorescent dye (Scaduto and Grotyohann,
1999). A commercially available kit (AB113852, Abcam, Italy)
was used. Coelomic cells were incubated with 50 nM TMRE for
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15min in a 2ml Eppendorf tube, centrifuged 500¢g at RT °C
for 2min and placed on a glass slide. Fluorescent emission was
captured using an inverted microscope coupled with fluorescent
emission (Axiovert 135, Carl Zeiss, Italy). From 30 to 60 cells
were image analyzed from each exposure condition.

To assess oxyradical production (ROx) the cell-permeant 6-
carboxy-2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA,
C400, Thermofisher, Italy) was used as an indicator for reactive
oxygen species formation in coelomocytes. 100 uL of cell
suspension were incubated in humid chambers with 1puM
H2DCFDA in ASW for 15 min at RT in dark conditions following
the general recommendation supplied with the manufacturer’s
protocol. LMS was evaluated by the Neutral Red Retention
time assay as described by Catalano et al. (2012) with minor
modifications. Briefly, 50 pl of cell suspension was placed on
a polylysinated glass slide in a dark humidity chamber. 10 pl
of neutral red working solution (50 pg/mL) was added to the
slide. Cells were observed under a light inverted microscope
every 10 min and pictures from several fields taken to visualize
a minimum of 80-100 cells. Observation was stopped when the
number of cells showing leakage of neutral red in the cell’s cytosol
exceeded 50% of the total. This time was taken as the neutral red
retention time.

DNA fragmentation (Comet assay) was estimated according
to Buffett et al. (2014). Analyses were performed on 50 cells per
where 2 slides per individual were prepared, 4 individuals per
treatment. After staining with DAPI (50 ng/ mL), nuclei were
individually observed under a fluorescence microscope (500x).
The level of DNA damage was expressed as % Tail DNA.

Micronuclei frequency (Mn), lipid peroxidation (LPO), and
enzymatic antioxidant catalase (CAT) activity were assessed
according to Catalano et al. (2012).

Briefly, for Mn assessment aliquots of ~1,000 coelomocytes
were collected from each individual and fixed in Carnoy’s
solution with 4 individuals per treatment evaluated. Fixed cells
were distributed on glass slides and stained with DAPI. For
each specimen, 200 coelomocytes were scored to determine
micronuclei formation.

LPO was assayed on intestinal cross sections (7 pm) of
individual ragworm, obtained using a Leica cryostat. Cryo-
sections were stained by the Schorml’s reaction according to
Moore (1988) and lipid peroxidation end-products quantified by
image analysis (ImageJ 1.51 K, NiH, USA).

CAT was measured using enzyme-specific spectrophotometric
assays at constant temperature. The enzymatic activity was
assayed by absorbance at 240nm, using 10mM hydrogen
peroxide as substrate. For enzymatic assays, protein
quantification was performed according to Lowry et al
(1951) using the single enzyme homogenates.

Data Analysis

Data were preliminary checked to meet the assumptions of
normality and homogeneity of variances prior to analysis.
Changes in the biochemical responses as well as in the
accumulation pattern of microplastics and B[a]P were evaluated
by analysis of variance using Newman-Keuls test for post-hoc
comparisons (c: 0.05; p below to 0.05 expressed as < 0.05). When

not normally distributed, data were analyzed using the Kruskal—
Wallis non-parametric test. Statistical analyses were performed
by SPSS 11.0 for Windows. To facilitate the visualization
of correlations among all performed treatments as well as
to rank samples into groups of homogeneous observations,
a principal component analysis (PCA) of all chemical and
biological results, was combined to a hierarchical clustering
(HCA, Avio et al, 2015). Factorial analysis and hierarchical
clustering are complementary tools for exploring data. However,
HCA presents some advantages as removing the last factors of a
factorial analysis it also removes noise and makes the clustering
more robust (Ivosev et al, 2008). Hierarchical clustering
analysis was performed in R (https://cran.r-project.org/). The
degree of similarity of each pair of patterns was computed
using Euclidean distance on normalized sub lethal stress index
responses.

RESULTS

No significant increments of mortality rate were observed among
the treatments indicating that all observed biological responses
were at the sub lethal level.

Among all investigated sub-lethal responses, the efficiency of
the immune system was tested thorough Zymosan-stimulated
phagocytic activity on ragworm’s coelomic cells (Figure 1A).
Results are expressed as % of response referred to the control
(assumed as 100%). Coelomocytes of both organisms exposed to
sediments spiked with virgin microplastics beads (LC-MPS; HC-
MPS), and sediments spiked with B[a]P pre-incubated plastic
beads (B[a]P-LC; B[a]P-HC) showed significantly different
immune system responses with respect to control cells (p <
0.05). However, a different pattern of responses was observed
among tested exposure conditions. Polychaetes exposed to
sediments spiked with virgin microplastics showed an increased
induction of immune system activity (LC-MPS: + 20%;
HC-MPS: + 20-25% respect to control). On the contrary,
coelomocytes of annelids exposed to sediments spiked with
different concentrations of B[a]P pre-incubated plastic beads
(B[a]P-LC; Bla]P-HC) showed a suppression of immune system
activity (— 13-30%). No clear sampling time and microbeads
concentrations correlations were observed among the reported
biological responses. On the other hand, none of the tested
exposure conditions stimulated lysozyme release with respect to
controls (Figure 1B).

The effects on mitochondrial activity in haemocytes
extracted from polychaetes submitted to the different exposure
conditions were evaluated utilizing specific fluorescent dyes
for mitochondrial membrane potential (TMRE) and the results
are reported in Figure 1C. The results indicate that sediments
spiked with B[a]P (—19% respect to control) as well as sediments
spiked with plastic beads pre-incubated with B[a]P (B[a]P-LC;
B[a]P-HC) induced a clear suppression of mitochondrial activity
(= 10-30%; p < 0.05). Furthermore, a significant correlation
among the biological responses and microplastic concentration
was observed (p < 0.05) thus suggesting the potential role
of the plastic beads to extend the toxicity of B[a]P. On the
other hand, where statistically significant, the extent of the
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observed biological responses was directly correlated to both
the concentration of the plastic particles and the exposure time
(p < 0.05).

S-B[a]P, B[a]P-LC ,and B[a]P-HC exposure conditions
also induced a negative effect on the LMS of polychaete
coelomocytes (Figure 1D). Among all treatments, significantly
higher disruption levels were reported for treatments dealing
with plastic beads pre-spiked with B[a]P when compared to
those where the organic pollutant molecule was administrated
directly to the sediments and the control (p < 0.05). Furthermore,
no significant LMS alterations were observed in treatments
containing only virgin microbeads. as well as no clear correlation
among the observed biological responses, the concentration of
administrated B[a]P spiked microbeads and the sampling time.

The effects of oxidative stress in coelomocytes were estimated
as a function of oxyradical production (Figure 1E). Highest
levels were observed in B[a]P-HC (+ 27-35% respect to
control, p < 0.05) treatments followed by B[a]P-LC (+ 22-24%,
p < 0.05) while coelomocytes exposed to sediments spiked with
B[a]P showed a significant increase in oxyradical production
only after 28 days of exposure. Organisms incubated with
virgin microplastics did not show any significant difference in
oxyradical production in respect to control organisms. Further
statistical analysis identified a significant correlation between
effects and the concentration of B[a]P-spiked plastic particles,
though there was no connection among the observed biological
responses and sampling time.

The potential of plastic particles to increase dispersion and
effects of genotoxic pollutants such as B[a]P was investigated
by both scoring the increments of micronuclei formation and
DNA strand breaks in coelomocytes. As expected, all treatments
involving the polyaromatic molecule induced a significant
increase of micronuclei frequency with respect to control
organisms (Figure 2A; p < 0.05). Among all exposure conditions,
the highest Mn values were scored in organisms submitted to
B[a]P-HC treatments (4-5%o). These values did not differ to
those recorded in organisms exposed to Ba]P-LC (3-4%o) but
they were significantly higher than those observed in organisms
exposed to S-B[a]P conditions (2-3%o, p < 0,05). A similar
pattern of response was observed while analyzing the results of

DNA fragmentation (Figure 2B). B[a]P-HC exposure conditions
induced the strongest effects on DNA fragmentation with 6%
tail in scored cells; followed by B[a]P-LC (5%) and S-B[a]P (3-
4%). No significant biological effects were observed in treatments
where sediments were spiked with virgin microplastic alone.
No clear correlation between the distribution pattern of the
biological responses and the sampling time was observed; while
on the contrary, a significant direct correlation between the DNA
strand breaks analysis and the B[a]P spiked microbeads levels was
observed (p < 0.05).

The effects of lipid peroxidation as well as the efliciency of
the antioxidant system against the pro-oxidant effect of B[a]P
activity were investigated at tissue level in H. diversicolor. Results
of lipofuscin content and the activities of catalase are shown in
Figure 3.

As expected, only exposures involving B[a]P induced a
significant increase in lipofuscins with respect to control
organisms (Figure3A, p < 0.05). Interestingly, significantly
increases only occurred after 28 days of exposure. The highest
values were recorded within treatment B[a]P-HC (438%, respect
to control), followed by B[a]P-LC (+28%) and S-B[a]P (+12%).
Post-hoc analysis further discriminated two separate groups of
results, with biological responses obtained within B[a]P-LC and
B[a]P-HC treatments statistically different to those recorded
following S-B[a]P exposure conditions (p < 0.05).

In a similar way, catalase activity was triggered by exposures
to low and high concentrations of B[a]P spiked microbeads
(p < 0.05). However, different from the distribution of the LPO
response, significant increments of this anti-oxidant enzyme were
limited to samples collected after 10 days of exposure. On the
other hand, due to the large standard variation no significant time
related responses were observed across all treatment conditions
even if CAT activity values were generally lower in samples
collected after 28 days of exposure.

Through different routes, polychaetes were exposed to similar
doses of B[a]P. The resulting body burden in the whole body
of organisms sampled 10 and 28 days after the beginning of the
experiments is presented in Figure 4.

Accumulation patterns ranged from below the detection limit
(0,1 ng/g ww) to 3.35 + 0.40 ng/g ww., were observed in
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FIGURE 2 | Genotoxicity assessment in coelomocytes of H. diversicolor exposed to uncontaminated sediments (C), D sediments spiked with 1 mg/L B[a]P (S-B[a]P),
sediments spiked with 200 and 2000 particles/kg virgin PVC (LC-MPS, HC-MPS) and sediments with B[a]P spiked microplastic particles (B[a]P-LC: 200 particles/kg.;
Bla]P-HC: 2000 particles/kg). (A) Microunuceli frequency, (B) DNA strand breaks. *p < 0.05. Data are expressed as mean values + standard deviation, n = 4.
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organisms exposed to marine sediments with a high loading of
B[a]P-spiked plastic particles (2,000 particles/Kg of sediment).
Intermediate levels of accumulation ranging from 1.75 to
2.03 ng/g ww., were shown by organisms exposed to 200
particles/Kg of sediments (B[a]P-LC), with organisms treated
with B[a]P spiked sediments (S-B[a]P) recording 0.76-1.75 ng/g
ww. Organisms treated with low (200 particles/Kg of sediment)
and high (2,000 particles/Kg of sediment) levels of virgin plastic
beads did not show any accumulation pattern as B[a]P levels were
always below the detection limit.

Furthermore, the accumulation of MPS in tissues of organisms
was investigated at the end of the exposure and purging processes.
Very few, from zero to six, plastic particles were detected in
tissues of organisms exposed to all treatments dealing with
plastics beads (data not presented).

Data were further analyzed to investigate possible correlations
among sampling time and levels of B[a]P-spiked plastic particles
among all testing conditions. Three defined groups were
identified by the analysis: S-B[a]P, B[a]P-LC and B[a]P-HC (p <
0.05). Furthermore, a direct correlation between B[a]p tissue’s
accumulation and the levels of B[a]P-spiked particles; while in
the meantime, a direct correlation with sampling time turned to
be significant only for S-B[a]P and B[a]P-HC (p < 0.05).

All biological and chemical analyses were combined to
perform a PCA and Hierarchical Clustering (Figure 5). The
PCA produced a two-dimensional pattern explaining 73%
of total variance. Parameters like ROx, LPO, LMS, B[a]P
accumulation, DNA strand breaks and Mn mainly contributed
in the discriminatory power of the first dimension (46% of
explained variance. On the other hand, CAT, PhC, MtO, and
Lz determined the separation along the second dimension
contributing to explain the 27% of the variance.

The hierarchical clustering within the PCA pattern indicated
a clear separation among control, B[a]P treated (cluster 1) and
virgin plastics exposed ragworms (cluster 2). Furthermore, within
cluster 1a sub-separation among B[a]P spiked sediments and
sediments spiked with B[a]P pre-incubated plastic particles was
observed.

DISCUSSION

Several recent studies have confirmed that plastic micro
fragments may act as vectors for organic pollutant dispersion
in aquatic environments (Rios et al,, 2010; da Costa et al,
2016; Lohmann, 2017). Further research has shown that plastic
debris sorb, concentrate and transport POPs in the marine
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environment that can subsequently be ingested by marine
organisms (Teuten et al., 2009; Zarfl and Matthies, 2010; Browne
et al,, 2013; Schirinzi et al,, 2016). However, little is known
about pollutant’s desorption rate during digestive processes
hence chemicals’ potential ability to accumulate in tissue and
organs and disrupt key ecophysiological processes in organism of
ecological relevance (Bakir et al., 2014). In our study we focused
on the benthic marine environment as sediments acts as relevant
repository compartments for a broad range of organic and
inorganic pollutants as well as final destination of large amounts
of different plastic polymers. The present investigation aimed at
unveiling the contribution of ingesting microplastic vs. sediments
as vectors for pollutants to the tissues as well as its derived
ecotoxicological implications to aquatic organisms. The ragworm
H. diversicolor was selected as candidate model organism as
its biological responses to several different toxicants such as
PaHs, heavy metals, surfactants, pharmaceuticals, engineered
nanoparticles, etc., have been extensively investigated in the
past (Catalano et al., 2012; Browne et al., 2013; Buffet et al.,
2014a,b; Mouneyrac et al.,, 2014) and thus supporting its use
both in laboratory and environmental monitoring worldwide
(Mouneyrac et al,, 2003; Durou et al, 2007; Gomes et al.,
2013). Early studies with PAHs spiked sediments using Arenicola
marina pointed out that the solubilisation of organic chemicals
is significantly increased in the presence of digestive fluids
compared to seawater alone, thus increasing their bioavailability
(Voparil and Mayer, 2000). (Rios et al, 2007; Karapanagioti
et al., 2011). The observed behavior supports the potential of
plastic micro litter in trapping and facilitating the distribution
of pollutants in aquatic environments, as previously addressed
by several studies aiming at calculating the partition coefficients
of organic chemicals on various typologies of plastic polymers

(Zarfl and Matthies, 2010; Bakir et al., 2012; Heskett et al., 2012;
Mizukawa et al., 2013; Lee et al., 2014; Avio et al., 2015; Kedzierski
et al, 2018). On the other hand, the results of the body burden
analysis on ragworms exposed to the different testing conditions
clearly show a direct time- and dose-dependent accumulation
of B[a]P in tissues of organisms treated with pre-incubated
PVC microbeads. Furthermore, the highest accumulation peaks
were observed within exposures where the organic molecule
model was carried by plastic beads respect to those where
the chemical was carried by the sediments. To exclude any
possible contribution of un-excreted contaminated particles in
the bioaccumulation assessment, the residual occurrence on
MPS on tissues of investigated individuals were performed
allowing to exclude any significant contribution. Therefore, the
obtained results with exposed ragworms provided the clear
evidence that B[a]P adsorbed on contaminated microplastics can
be transferred to organisms under physiological gut conditions
and concentrated in tissues. Similar conclusions were drawn
by Browne et al. (2013) after exposing the annelid A. marina
to sand with PVC microplastics pre-sorbed with nonylphenol
and phenanthrene.. The observed desorption realized during
digestive processes has ecotoxicological implications since it has
been speculated that the bioconcentrated chemicals may induce
adverse biological effects in aquatic organisms potentially able to
unpair key ecophysiological process (Oliveira et al., 2013; Bakir
et al., 2014; Luis et al,, 2015). To determine whether plastic
microparticles are capable of transporting levels of pollutants able
to disrupt functions of ragworms, we used established bioassays
for mortality, immune system efficiency estimation, index of
sub cellular functioning and oxidative stress assessment. At the
environmentally realistic levels of dissolved benzo(a)pyrene no
mortality was reported within all testing condition, leading to
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classify any potential biological effect at sub lethal level. Similar
results were reported by Browne et al. (2013) in A. marina
exposed to nonylphenol or phenanthrene. On the other hand, at
sub lethal level both treatments with sediments spiked with virgin
plastics as well as those treated with benzo(a)pyrene showed
a biphasic effect on phagocytosis activities of NR-conjugated
particles. Since phagocytosis is frequently used as a proxy for
immunocompetence in aquatic organisms (Ellis et al.,, 2011),
data on coelomocytes phagocytic activity may reproduce the
global impact on the immune system. A significant stimulation
in exposures dealing with virgin plastic was observed; while
in the meantime an opposite inhibition of the phagocytotic
activity was reported in coelomocytes of individuals treated
with sediments spiked with B[a]P pre-incubated plastic particles.
Since natural sediments used in the present study were not
autoclaved to preserve at best their chemical and physical
properties, this could have promoted a biofilm formation in
virgin particles (Zettler et al., 2013). Such phenomena already
reported in marine environments by Lobelle and Cunliffe
(2011) could have facilitate the transport and the exposure of
bacteria and other microorganisms already naturally occurring
in the sediment triggering the immune system. On the other
hand, B[a]P transferred by microplastics clearly inhibited the
phagocytosis activities of coelomocytes of exposed ragworms.
Similar conclusions are drawn by Gopalakrishnan et al. (2011) in
hemocytes of the gastropod abalone H. diversicolor, by Liu et al.
(2014) in hemocytes of the clam V. philippinarum as well as by
Danion et al. (2011) in hemocytes of sea bass D. labrax exposed
to B[a]P. According to these authors the immunosuppressive
effects of B[a]P could be explained by the substantial disruption
of sub cellular processes and organelle’s functioning of the
immune system’s cells in the exposed organism. On the other
hand, none of the exposure conditions induced a significant
release of lysozyme thus supporting some previously reported
conclusions that in hemocytes of invertebrates, the assessment
of a sole parameter cannot be considered as entirely illustrative
of immunocompetence (Ciacci et al., 2012). On the contrary, all
treatments involving B[a]P clearly affected mitochondrial activity
of coelomocytes. Such response was not surprising as several
authors already reported a similar reduction of mitochondrial
functionality in oyster’s (P. martensii) coelomocytes, Hep 3B
human cell lines and fish haemocytes exposed to polyaromatic
hydrocarbons (Yang et al, 2011; Chen et al., 2016). More
interesting, even if the reduction of the mitochondrial activity
was similar in organisms exposed to both benzo(a)pyrene spiked
sediments and sediments spiked low levels of plastic particles pre-
incubated with benzo(a)pyrene, higher alterations were reported
in organisms exposed to higher levels of pre-incubated particles.
Such trend demonstrates the substantial direct-like contribution
of microplastics levels in facilitating the pollutants translocation
to marine organisms, hence inducing increments of the exposure
levels promoting the alteration of key organelles functioning. A
similar trend was also observed while assessing the LMS. LMS
is a regularly used sub lethal stress index acting as non-specific
indicator of the adverse effects of pollutants in aquatic organisms
(Viarengo et al., 2007). On the other hand, the capability of
benzo(a)pyrene to alter the stability of the lysosomal membranes

has been previously reported for unicellular, vertebrate and
invertebrate marine organisms (Marigomez and Villacorta, 2003;
Moore et al., 2006; Giannapas et al., 2012; Gomiero et al.,
2012) including H. diversicolor (Catalano et al., 2012). Similar
to the results of mitochondrial activity assessment, highest levels
of LMS were observed in testing conditions where polychaete
were exposed to high loadings of pre-spiked microplastics. On
the other hand, the lower LMS of coelomocytes could further
explain the results of the immune system as in ragworms’
haemocytes the reduction of lysosomal stability is closely linked
with both the impaired cellular immunity and to the over-
production of prooxidant reactive oxygen species. Indeed, a
pattern of biological responses similar to the results of the
LMS was reported for the oxyradical production. Lysosomal
membranes are highly vulnerable to oxidative stress induced
by reactive oxygen species throughout a complex pattern of
direct and indirect mechanisms (Regoli and Giuliani, 2014). On
the other hand, early studies report that benzo(a)pyrene and
more in general all polyaromatic hydrocarbons are oxidative
stress promoters in marine organisms (Bouraoui et al., 2009,
2015). High values of oxyradical production were observed
in coelomocytes of organisms treated with sediments spiked
with high concentrations of benzo(a)pyrene pre-incubated PVC
particles respect to those exposed to both low loadings of
the same particles and benzo(a)pyrene spiked sediments. The
oxidative stress was also evaluated at tissue level in exposed
H. diversicolor and compared to the results observed on
coelomocytes aiming at benchmarking the sensitivity, accuracy,
and rapidity of the responses in floating cells vs. tissue’s cells.
Lipofuscins content in tissue cryosections provides an integrated
thorough time indication of the membrane’s lipid peroxidation
levels and of oxidative stress. Oxyradical species reacts with
membrane lipids thorough a sequence of lipid peroxidation
reactions which produce non-degradable end-products which
are continuously incorporated into the lysosomes, where they
accumulate as insoluble molecules (Viarengo et al., 2007). In
this study, differently to what reported for the oxyradical
production in coelomocytes, only organisms exposed to pre-
spiked plastic particles showed a significant accumulation of
lipofuscins respect to control organisms. On the other hand,
lower lipofuscins increments were observed in organisms
exposed to sediments spiked directly with B(a)P. This pointing
out a relatively lower contribution of the bioconcentration
processes thorough ragworms’ dwelling activity and skin contact
respect to exposures driven by pre-spiked particles. Interestingly,
lipofuscins accumulation levels turned to be significant only at
the end of the experiments after 28 days of exposure while levels
were homogeneously distributed among all treatments during the
mid-term sampling, after 10 days of exposure showing therefore
a delay of the response. On the contrary, a faster, within 10 days
of exposure response, was observed while assessing the catalase
activity in annelid’s tissues. Catalase is a well-recognized enzyme
protecting vertebrate and invertebrate organism against the pro-
oxidant activity of organic chemicals like B(a)P (Regoli, 2000;
Bouraoui et al., 2009). Significant increments were only observed
in exposures involving pre-spiked PVC plastic particles, while no
effects were observed in organism exposed to spiked sediments.
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Such outcomes provide important indications about the exposure
routes further supporting the major contribution of plastic
particles in the bioavailability and indirectly the toxicity of the
adopted organic molecule. Estimated enzymatic activities turned
to be homogeneously distributed in organisms sampled at the end
of the exposure experiments. As catalase together with other anti-
oxidant enzymes are often reported having a bell-shaped trend
(Viarengo et al., 2007; Gomiero et al., 2011). Therefore, a possible
explanation is that effectiveness of antioxidant defenses was most
likely overwhelmed by either the duration or the intensity of
B[a]P pre-spiked PVC particles were adopted.

Exposure to B(a)P also determined the occurrence of
several forms of genotoxicity in haemocytes of exposed
ragworms. Treatments with virgin plastics did not induced
any significant increment of DNA damage while significant
alterations were reported within B(a)P administrated treatments.
Benzo(a)pyrene like all polycyclic aromatic hydrocarbons is a
well-known DNA strand breaks and micronuclei formation.
Previous laboratory exposures with 0.1 and 0,5 mg/L B(a)P
significantly induced DNA strand breaks and micronuclei
formation in H. diversicolor (Catalano et al., 2012). Similar
results were reported also by Sforzini et al. (2012) after exposing
earthworms to 0.1, 10, and 50 ppm of B(a)P. In our study,
while magnitude of the strand breaks was comparable in
organisms exposed to B(a)P spiked sediments and organisms
exposed to sediments mixed with low concentrations of pre-
spiked microplastics, significantly higher values were reported
in ragworms exposed to high concentrations of pre-spiked
microplastics. On the other hand, nuclear alterations appeared
more steadily distributed among all the treatments, resulting
in a progressive increment of micronuclei frequency after the
exposure to benzo(a)pyrene-contaminated PVC microparticles.
This pattern of genotoxic effects allows to hypothesize that
DNA strand breaks represent the first form of damage caused
by the pro-oxidant properties of B(a)P. A more elevated
prooxidant challenge caused by both sediments and PVC
contaminated particles compared to virgin polymers would
determine an irreversible loss of DNA integrity, leading to
enhanced frequency of micronuclei in the most severe exposure
conditions. On this context, oxyradical production was already
shown to adversely modulate immune responses, lysosomal
dysfunction, mitochondrial activity disruption in haemocytes of
marine organisms exposed to polyaromatic molecules (Catalano
et al., 2012; Browne et al, 2013; Avio et al., 2015). The
overall evaluation of biological response and chemical analyses
were performed by hierarchical clustering analysis. Such PCA
based analysis provided a clear separation between organisms
treated as control of exposed to sediments spiked with virgin
plastics, sediments directly spiked with B(a)P and sediments
spiked with pre-incubated PVC. A fist separation showed two
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