
����������
�������

Citation: Rodrigues, A.R.; Mestre,

N.C.C.; Fonseca, T.G.d.; Pedro, P.Z.;

Carteny, C.C.; Cormier, B.; Keiter, S.;

Bebianno, M.J. Influence of Particle

Size on Ecotoxicity of Low-Density

Polyethylene Microplastics, with and

without Adsorbed Benzo-a-Pyrene,

in Clam Scrobicularia plana.

Biomolecules 2022, 12, 78. https://

doi.org/10.3390/biom12010078

Academic Editors: Marisa P. Sárria,

Dmitri Petrovykh and

Andreia Gomes

Received: 2 December 2021

Accepted: 31 December 2021

Published: 5 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomolecules

Article

Influence of Particle Size on Ecotoxicity of Low-Density
Polyethylene Microplastics, with and without Adsorbed
Benzo-a-Pyrene, in Clam Scrobicularia plana
Ana Rita Rodrigues 1, Nélia C. C. Mestre 1, Tainá Garcia da Fonseca 1, Paulo Z. Pedro 1, Camilla C. Carteny 2 ,
Bettie Cormier 3,4, Steffen Keiter 3 and Maria João Bebianno 1,*

1 Centre for Marine and Environmental Research (CIMA), Universidade do Algarve, Campus Universitário
de Gambelas, 8005-139 Faro, Portugal; arprodrigues.17@gmail.com (A.R.R.); ncmestre@ualg.pt (N.C.C.M.);
tgfonseca@ualg.pt (T.G.d.F.); ppedro@ualg.pt (P.Z.P.)

2 Systemic Physiological and Ecotoxicological Research (SPHERE), Department of Biology,
University of Antwerp, Groenenborgerlaan 171, 2020 Antwerp, Belgium;
camilla.catarcicarteny@uantwerpen.be

3 Man-Technology-Environment Research Centre (MTM), School of Science and Technology, Örebro University,
Fakultetsgatan 1, S-701 82 Örebro, Sweden; bettie.cormier@oru.se (B.C.); steffen.keiter@oru.se (S.K.)

4 UMR CNRS 5805 EPOC, University of Bordeaux, 33405 Talence, France
* Correspondence: mbebian@ualg.pt; Tel.: +351-289800100; Fax: +351-289800069

Abstract: This study investigated the ecotoxicological effects of differently sized (4–6 µm and
20–25 µm) low-density polyethylene (LDPE) microplastics (MPs), with and without adsorbed benzo-
a-pyrene (BaP), in clam Scrobicularia plana. Biomarkers of oxidative stress (superoxide dismutase—
SOD; catalase—CAT), biotransformation (glutathione-S-transferases—GST), oxidative damage (lipid
peroxidation—LPO) and neurotoxicity (acetylcholinesterase—AChE) were analysed in gills and
digestive glands at different time intervals for a total of 14 days of exposure. In order to have a better
impact perspective of these contaminants, an integrated biomarker response index (IBR) and Health
Index were applied. Biomarker alterations are apparently more related to smaller sized (4–6 µm) MPs
in gills and to virgin LDPE MPs in the digestive gland according to IBR results, while the digestive
gland was more affected by these MPs according to the health index.

Keywords: microplastics; benzo-a pyrene; biomarkers; IBR; health index; Scrobicularia plana

1. Introduction

Plastic debris are constantly found in the ocean, which come from waste mismanage-
ment [1] or directly from fishing industries and recreational ships [2]. Plastic debris can be
divided into three categories: macroplastics, microplastics and nanoplastics. Microplastics
(<5 mm) (MPs) are small plastic particles used as scrubbers in cosmetics (exfoliating hand
cleansers and facial scrubs), air-blasting and also secondary plastic fragments, which are
derived from the breakdown of macroplastics [3–5].

MPs have been recognized as ubiquitous contaminants in marine ecosystems and sci-
entific evidence has revealed their urgent threat relative to animal and human health [6–9].

In addition to physical stress afforded by the ingestion of MPs resulting in laceration,
inflammation processes and starvation, impacts are also devoted to the intake of additive
or sorbed hazardous chemical contaminants adsorbed onto MPs’ surface, thus becoming a
carrier for transporting and releasing substances in marine organisms [10–13].

Hydrophobic organic contaminants have a greater affinity for plastics of different
chemical composition, such as polyethylene, polypropylene and PVC, than for natural
sediments [14]. MPs collected on beaches worldwide have been revealed to be associated
to a large amount of organic contaminants, which are known to desorb from its surface
towards the water column and to be transferred over the food chain, posing additional
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risks to marine biota [15]. Benzo-a-pyrene (BaP) is the most commonly studied polycyclic
aromatic hydrocarbon (PAHs) listed as persistent toxic substances by United Nations
Environment Program and by the European Union. BaP is ubiquitously distributed in the
marine environment and, due to its lipophilic nature, it is prone to bioaccumulate [16]. It
represents a human genotoxic carcinogen with tumorigenic potential for organisms under
exposure to such chemical [17].

In order to clarify the effects of exposure of organic contaminants, such as BaP, ad-
sorbed to MPs on marine organisms, a set of biomarkers have been used, which includes the
following: the activity of the enzymes superoxide dismutase (SOD), catalase (CAT) acting
as a defense mechanism against reactive oxygen species (ROS) formation and glutathione-S-
transferases (GST) mainly involved in cell detoxification; all of this work to avoid oxidative
stress. Lipid peroxidation (LPO) is the process in which free radicals react in cell mem-
branes and form lipid hydroperoxides resulting in cell damage, when oxidative stress
reaches a certain level that may cause oxidative damage to DNA, proteins, carbohydrates
and lipid membranes.

Acetylcholinesterase (AChE) is an essential enzyme in the transmission of nerve
impulses involved in the catalytic breakdown of acetylcholine and other choline esters;
thus, they are frequently applied to assess neurotoxic effects triggered by exposure to
contaminants [18,19].

Scrobicularia plana is a suspension-feeder that not only primarily feeds on particles
of surface deposits but also obtains part of the food by filtering suspended matter from
the overlying water column [20]. This species is a good indicator of bioaccumulation
due to their high tolerance to chemical exposure and sedentary lifestyle [21] and is an
environmentally relevant species for evaluating the health of coastal environmental systems;
for this reason, it was selected for assessing MP responses.

The aim of this study was to determine whether biological impacts provoked by
exposure of low-density polyethylene (LDPE) MPs to clam S. plana relies on the size
of plastic particles, the presence of BaP adsorbed onto MPs or the combination of both.
Ecotoxicological effects were investigated in S. plana when exposed to contaminated and
uncontaminated LDPE MPs of two different sizes of MPs (4–6 µm and 20–25 µm), with and
without BaP adsorbed for 14 days. For that, a set of biomarkers responses was analysed,
including quantification of oxidative stress (SOD and CAT activities); biotransformation
(GST activity); oxidative damage (LPO); and neurotoxicity (AChE activity), either in clam
gills or digestive glands. The overall health status of the organism was assessed by using
the condition index. In order to have a better impact perspective for the effect of both these
contaminants in this bivalve species, an integrated biomarker response index (IBR) [22,23]
and Health Index (HIS) were applied [24].

2. Materials and Methods
2.1. Preparation and Characterization of Microplastics

Microplastics of sizes 4–6 µm (MPP-635G) and 20–25 µm (MPP-1241) were obtained
from MicroPowders Inc. (Tarrytown, NY, USA). Benzo[a]pyrene, CAS 50-32-8 (purity≥ 96%),
was purchased from Sigma Aldrich and used at a concentration of 2500 µg L−1. Sorption
of BaP onto microplastic particles was conducted by the Man-Technology-Environment
Research Centre, Department of Natural Science, Örebro University, Sweden, as described
by O’Donovan et al. [9]. Briefly, 4 g of microplastics was spiked with BaP, using 125 g L−1

of plastic, weighted into separate 250 mL narrow mouth Septa bottles (Thermo Scien-
tific, Waltham, MA, USA), and double deionized water was added to obtain 125 g L−1.
Subsequently, the solution was spiked with 80 µg of BaP for the adsorption experiment.
Bottles were placed on a rotary shaker for two days at the lowest speed of 20 rpm. Samples
were filtered with a ceramic funnel and glass microfiber filters (1.0 µm, Whatman® glass
microfiber filters, GE Healthcare Life Sciences, Maidstone, UK) and rinsed afterwards
with double-deionized water, dried by vacuum evaporation, and extracted in hexane
(≥98%, SupraSolv, Munich, Germany). Extracts were sonicated, centrifuged at 2000× g
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RCF, filtrated through fiberglass and transferred to toluene (purity 96%, SOLVECO). Sam-
ple volume was reduced to 500 µL using liquid nitrogen, and BaP concentration was
quantified using a high-resolution GC-MS system (Micromass Autopspec Ultima, Milford,
MA, USA), separation on a 30 m (0.25 mm i.d., 25 µm film thickness) DB-5MS column
(J&W Scientific, Folsom, CA, USA). Details about the instrumental method can be found in
Larsson et al. [25]. Benzo[a]pyrene-d12 in toluene was used as an internal standard, and
BaP concentration was quantified against perylene-d12 recovery standard, dissolved in
toluene and purchased from Chiron. The final concentration of BaP adsorbed to LDPE
(4–6 and 20–25 µm) was 16.64 ± 87 (±0.08 and 15.07 ± 0.24 µg g−1, respectively, to mimic
similar concentrations found in the environment.

2.2. Experimental Design

Clams S. plana were collected during low tide in Cabanas de Tavira at the Ribeira do
Almargem, in the Ria Formosa lagoon, (N 37◦7′59.75′′ W 7◦36′34.95′′) and immediately
transported alive to the laboratory. Clams (n = 420) were collected in April, when there was
no sexual maturity of individuals. Before sampling clams, the top 30 cm of the sediments
was collected from the same site and passed through a sieve (4 mm) to eliminate possible
macro-organisms and sediment debris. Afterwards, the sediment was dried at 65 ◦C for
48 h and re-hydrated afterwards using the percentage of water present when collected [26].

Twenty-five L aquaria each were filled with 4 L of pre-treated sediments and 16 L of
natural seawater from the Ria Formosa Lagoon. Constant aeration was supplied using glass
pipettes at the end of the aeration tubes in order to avoid plastic contact with the seawater.
In the laboratory, air temperature was maintained at 19 ◦C. Clams were acclimatized over
5 days, with a photoperiod of 12 h light to 12 h dark.

The exposure experiment was conducted in a duplicate design. The aquaria included
the following: control (consisting of only seawater), virgin LDPE MPs of sizes 4–6 µm and
20–25 µm, BaP-contaminated LDPE MPs of sizes 4–6 µm and 20–25 µm at a concentration
of MPs of 1 mg L−1. The bioassay lasted only 14 days, and samples were collected at
different times of exposure: at the beginning of the experiment and at the 7th and 14th days.
During the bioassay, seawater was renewed every 48 h, with reintroduction of the same
concentration of respective MPs types for each treatment. No food was given during the
exposure in order to minimize interaction with organisms and microplastics. Temperature
(19.3± 0.2 ◦C), salinity (35± 1), percentage of oxygen saturation (95.8± 1.8%) and pH (8.05
± 0.04), were measured every two days by using a multiparametric probe (ODEON V3.3.0).

At each sampling time, clams S. plana were randomly collected from each aquarium
before water change and MP addition. On day 0, before the addition of microplastics (MPs),
30 clams per treatment were collected, with no distinction being made between aquarium
for the determination of SOD, CAT, GST and AChE activities; LPO; condition index (CI);
BaP; and MP accumulation. After 7 days of exposure, clams were collected from each
aquarium for the analysis of SOD, CAT, GST and AChE activities; LPO; and CI.

At the 14th day of exposure, clams were collected for analysis of the same biomarkers
and for BaP and MPs accumulation. At each sampling time, gills and digestive gland were
dissected immediately, flash frozen in liquid nitrogen and stored at −80 ◦C for further
analyses. For MP quantification and BaP analysis, the entire soft tissue was stored in
aluminum foil and kept at −20 ◦C.

2.3. Condition Index

Condition index (CI) was measured in 6 individuals from each treatment and time of
exposure. At day 0 (pre-exposure) and after 7th and 14th day of exposure, 6 individuals
were randomly sampled from each aquaria to assess the physiological status of clams.
Tissues were dried in an oven at 75 ◦C until constant dry weight was achieved. CI was
calculated as the percentage (%) of the ratio between dry weight of the soft tissues (g) and
the dry weight (g) of the shell [27].
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2.4. MPs Quantification

MPs quantification in the whole soft tissues (whole animal minus shell) of S. plana, was
assessed on 6 clams collected at the beginning of the experiment and on the same number
of clams collected after the 14th day of exposure and stored in aluminum foil and kept at
−20 ◦C until further analysis. Samples were dried for 48 h at 75 ◦C to obtain dry weight (g).
In a laminar flow hood, samples were placed, individually, in glass flasks. An amount of
3 mL of nitric acid (69%) was used to digest organic matter for 24 h. An extra 5 mL of nitric
acid was added, and flasks were placed in a heating plate, at 60 ◦C, to evaporate nitric acid
as much as possible without losing sample material. During the entire process, each flask
was covered with aluminum foil to avoid contamination.

After digestion, 20 mL of pre-filtered distilled water was added in each flask to dilute
nitric acid, preventing filter damage. In order to eliminate unwanted particles, density
separation was performed using a NaCl solution (140 M). Each sample was kept in this
solution for 1 h in a beaker, along with eight drops of a Nile Red dye (Sigma Aldrich,
CAS 553-24-2, St. Louis, MO, USA) solution 0.4% in PBS. Nile Red is a lipophilic stain
that was used to bind to MPs. MPs dyed with Nile Red when exposed to ultraviolet light
emit fluorescence, making the counting of MPs possible and easier. Each sample, after
being separated by density, was filtered using 0.2 µm cellulose filters to prevent MPs loss.
Filtration was performed in a laminar flow hood and only glass material was used during
the entire procedure. MPs quantification was assessed in a fluorescence microscope, Leica
DMLB. Each filter had 100 grids, but due to the number of MPs in each filter, only 30 grids
were counted, and an estimation was made afterwards for the 100 grids.

2.5. Quantification of BaP Accumulation

In order to quantify BaP accumulation in entire soft tissues of freeze-dried clams, the
method previously described by De Witte et al. [28] was used. Six clams per treatment
collected at the beginning and end of the experiment (days 0 and 14) were analysed.
Samples were extracted by accelerated solvent extraction (Dionex, ASE350, Sunnyvale, CA,
USA), using a mixture of hexane and acetone 3:1, at 100 ◦C. After two evaporation steps,
5 µL of each sample was injected on a GC (Agilent 7890A) equipped with a PTV-injector
(Gertsel, 6495-U, Sursee, Switzerland). An Agilent 5975C MS-detector with electron impact
ionization in single-ion mode was used for detection. As an internal standard, chrysene-d12
in toluene was added to the vial. Quantification was performed against benzo[a]pyrene-
d12 recovery standard, dissolved in iso-octane and purchased from LGC-standards. The
analysis is accredited by BELAC under the ISO/IEC 17025 standard, with a quantification
limit of 1.65 ng g−1 d.w. [9].

2.6. Enzyme Activity
2.6.1. Homogenization of Tissues

For the determination of enzyme activities, gills and digestive glands of six individual
clams previously collected from each treatment and time of exposure (day 0 (pre-exposure)
and 7th and 14th days of exposure) were used. Gills and digestive glands previously stored
at −80 ◦C were thawed on ice, weighted and homogenized on ice in 5 mL of Tris sucrose
buffer (Sucrose 0.5 M, Tris 20 mM, KCL 0.5 M, DTT 1 M, EDTA 1 mM, at pH 7.6). The
homogenate was centrifuged at 500× g, for 15 min at 4 ◦C. The supernatant was transferred
to another centrifuge tube and centrifuged a second time at 12,000× g, for 45 min at 4 ◦C.
Supernatant was recovered and divided into four aliquots and stored in microcentrifuge
tubes for posterior analysis of SOD, CAT and GST activities and total protein concentration.

Superoxide Dismutase (SOD) Activity

SOD activity was determined by using the colorimetric method described by McCord
and Fridovich [29]. An amount of 2.65 µL of phosphate buffer (50 mM, with EDTA 0.1 mM,
at pH 7.8), 100 µL hypoxanthine (1.5 mM), 100 µL of cytochrome c oxidase (0.15 mM) was
added to 50 µL of the homogenate of each tissue, as well as 100 µL of xanthine oxidase



Biomolecules 2022, 12, 78 5 of 16

(56 mU/mL), and vortexed. The percentage of inhibition of the absorbance of cytochrome c
as a result of the superoxide anion generated by the xanthine/hypoxanthine reaction was
measured at 550 nm for 1 min using a spectrophotometer. Samples were run in triplicate.
SOD activity is expressed in Units (U) mg−1 protein, where 1 U of activity equals to the
quantity of sample required to cause 50% inhibition.

Catalase (CAT) Activity

CAT activity was determined by measuring changes in absorbance at 240 nm that
corresponds to the consumption of hydrogen peroxide (H2O2), according to Greenwald [30].
For 100 µL of the homogenate of gills and digestive gland collected at each time of exposure
and prepared as described in Section 2.6.1, 1900 µL of phosphate buffer (pH 7.5) and 1000 µL
H2O2 were added and vortexed. The absorbance was read in a spectrophotometer at 240 nm
in two replicates per tissue sample. CAT activity is expressed in µmol min−1 mg−1 of total
protein concentration.

Glutathione-S-Transferase (GST) Activity

GST activity was determined on the cytosolic fraction of the clam gills and digestive
gland following method described by Habig et al. [31], adapted to the microplate reader by
McFarland et al. [32]. Glutathione-S-transferases catalyze nucleophilic attack by reduced
glutathione (GSH) on nonpolar compounds that contain an electrophilic carbon, nitrogen
or sulphur atom [33]. All GST families contain members that catalyze the conjugation of
1-chloro 2,4 dinitrobenzene (CDNB) and exhibit glutathione peroxidase activity toward
hydroperoxide (CuOOH). Dinitrophenyl thioether is produced as a result of the reaction,
for which its absorbance was detected at 340 nm in a microplate reader Tecan (Infinite 200
Pro). Samples were run in triplicate, and absorbance was read every 30 s over a 3-min
period at room temperature. GST activity is expressed in nmol CDNB min−1 mg protein−1.

2.7. Acetylcholinesterase (AChE) Activity

The determination of AChE activity was assessed individually in the gills of six clams
from each treatment collected at day 0 (pre-exposure) and after the 14th day of exposure (six
replicates per treatment) according to Ellman’s colorimetric modified protocol [34], where
thiocholine is produced as AChE hydrolyses to acetylcholine. The gills were defrosted
on ice, weighted and homogenized in 5 mL of Tris HCl buffer (100 mM, pH 8.0) and
50 µL of Triton-X 100 (0.1%). The resulting homogenate was centrifuged at 12,000× g
for 30 min at 4 ◦C. After centrifugation, the supernatant was divided into aliquots and
placed in two microcentrifuge tubes and stored at −80 ◦C. The first aliquot was used for
the determination of AChE activity and the second for the determination of total protein
concentration. In order to determine AChE activity, 50 µL of each gill homogenate was
introduced, in triplicate, to each well of a 96-well microplate together with 200 µL of
5,5′-dithio-bis (2- nitrobenzoic acid) (DNTB, 0.75 mM) and incubated for 5 min at room
temperature. Then, 50 µL of acetylthiocholine solution (3 mM) was added to each well
and incubated for 10 min at room temperature to trigger a reaction. Thiocholine reacts
with DNTB, releasing 5-mercapto-2-nitrobenzoate compound for which its color is yellow.
The increase in absorbance of this yellow compound was measured at 405 nm using a
microplate reader Tecan (Infinite 200 Pro) in 30 s intervals for 5 min, and an extinction co-
efficient of ε = 13.6 mM−1 cm−1 was used to estimate the quantity of thiocholine produced,
which is proportional to AChE activity [35]. AChE activity is expressed in nmol ACTC
(acetylthiocholin) min−1 mg protein−1.

2.8. Lipid Peroxidation (LPO)

LPO was assessed in the gills and digestive gland of six individuals collected from each
treatment at day 0 (pre-exposure) and after the 7th and 14th day of exposure (six replicates
per treatment), according to the colorimetric method reported by Erdelmeier et al. [36]).
Both tissues were defrosted on ice, weighted and homogenized with 5 mL of Tris HCl buffer
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(0-02 M, pH 8,6) and 50 µL of butylated hydroxytoluene solution (BHT). The homogenate
was centrifuged at 30,000× g for 45 min at 4 ◦C. The supernatant was divided into two
aliquots that were stored at −80 ◦C. The first aliquot was used for the determination of
LPO levels and the second for the quantification of total protein concentration.

In order to determine LPO levels, 200 µL of gills and digestive gland homogenate from
control, those exposed to LDPE 4–6 and 20–25 µm size range virgin MPs and those adsorbed
to BaP MPs of the same size were mixed with both 650 µL of 1-methyl-2-phenylindone
diluted in methanol and 150 µL of methanesulfonic acid (15.4 M) and placed into a wa-
ter bath at 45 ◦C for 60 min. The mixture was centrifuged at 15,000× g for 10 min at
4 ◦C. An amount of 150 µL of the supernatant was added in quadruplicate to a 96-well
microplate. The following reaction was used to determine lipid peroxidation by quan-
tifying malondialdehyde (MDA) and 4-hydroxyalkenals (4-HNE) absorbance, resulting
from the decomposition by polyunsaturated fatty acid peroxides: two moles of N-methyl-
2-phenylindole (chromogenic reagent) and one mole of MDA were added and incubated
at 45 ◦C for 60 min. Malondialdehyde bis (dimethyl acetal) was used as a standard. The
absorbance was read using Tecan (Infinite 200 Pro) at 386 nm in a microplate reader. LPO is
expressed as nmol mg protein−1.

2.9. Total Protein Concentration

In order to determine the total protein concentration in cytosolic fraction of the gills
and digestive gland, the Bradford method was used [37]. The principle of the method is
based on the absorbance shift of Coomassie Brilliant Blue G-250 dye. Standard protein
dilutions were prepared, from 0.005–1.0 mg mL−1, using bovine serum albumin (BSA) for
calibration. Milli-Q water was used as a blank. The total protein concentration in the gills
and digestive gland defrosted on ice was diluted 1/5 with Milli-Q water and vortexed.
An amount of 5 µL of each sample tissue, blank or standard was added, in quintuplet,
to a 96-well microplate reader. An amount of 200 µL of diluted Bradford solution (1:5)
was added to each well. The microplate was incubated in a microplate reader using Tecan
(Infinite 200 Pro) and absorbance was determined at 595 nm for 20 min at room temperature.
The increase in absorbance is proportional to the amount of bound dye and, therefore, to
the amount of protein present in the sample. Total protein concentrations are expressed as
mg g−1 of wet tissue weight.

2.10. Integrated Biomarker Response Index (IBR)

Integrated biomarker response index relies on assessing biological effects measured
with a set of biomarkers and CI from gills and digestive gland tissues. This method was first
defined by Beliaeff and Burgeot [22]), described by Serafim et al. [23] and later modified by
Sanchez et al. [38], which is now called IBR version 2. A sum of the deviations between
the different treatments with different LDPE MPs sizes with and without BaP from each
individual biomarkers and CI (Xi) was compared to the data of each biomarker and CI
of the control group (X0) and log transformed (Yi) to reduce variance (Yi = log (Xi/X0)).
Mean (µ) and standard deviation (σ) were calculated for Yi and data standardized using
the following formula (Equation (1)).

Zi = (Yi − µ)/σ (1)

Afterwards, the next area (Ai) was calculated as the difference between the mean of
standardized biomarker response and CI (Zi) of each exposed group and the mean of the
unexposed biomarker data and CI (Z0) (Equation (2)).

Ai = Zi − Z0 (2)
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Lastly, in order to obtain the IBRv2 index, the absolute value of Ai summed for each
parameter in each experimental condition is describe in Equation (3).

IBR = Σ|Ai| (3)

2.11. Health Index (HIS)

The Health Index (HIS) was developed and calibrated using biomarkers from active
biomonitoring programs and subsequently applied on datasets obtained from mesocosms
experiments or field studies. The aim of the present method is to develop and test an
objective decision-support expert system capable of integrating biomarker results into
a five-level health-status index. The expert system is based on a set of rules derived
from available data on responses to natural and contaminant-induced stress of marine
animals. Integration of parameters includes the level of biological organization; biological
significance; mutual inter-relationship; and qualitative trends in a stress gradient. Details of
the expert system and algorithm description are in Dagnino et al. [24]. The health index was
applied in the gills and digestive gland considering biomarkers over a stress gradient yield
characteristic trend such as the following: bell-shaped (SOD, CAT and GPx), increasing
(LPO) or decreasing (AChE and CI). The results were integrated into a five-level health
status index such as A (high), B (good), C (moderate), D (poor) and E(bad), following the
classification established by the European Union Water Framework Directive.

2.12. Statistical Analysis

Data are expressed as mean ± standard deviation (SD). Statistical differences between
treatments (control, 4–6 µm MPs, 4–6 µm MPs + BaP, 20–25 µm MPs and 20–25 µm MPs
+ BaP), time of exposure and different tissues (gills and digestive gland) were assessed for
normal distribution by homogeneity by using the Shapiro–Wilk and Kolmogorov–Smirnov
parametric tests. After two-way ANOVA was used. Significant ANOVA results were
analyzed using Tukey’s HSD test. Principal components analysis (PCA) was performed
using PAST 3. All tests were performed using Graphpad Prism 8. Any difference with a p
value ≤ 0.05 was considered significant.

3. Results
3.1. Condition Index

The CI of the organisms showed no significant differences between treatments for the
same exposure day (p > 0.05) (Table 1). Results indicate that during this exposure period,
no major changes in tissue or shell weights occurred that could result in a significant shift
in CI.

Table 1. Condition index (mean± SD) from each treatment (control, 4–6 µm MPs, 4–6 µm MPs+ BaP,
20–25 MPs µm and 20–25 µm MPs + BaP) at different times of exposure.

Treatment/Time
(days) 0 7 14

Control 12.1 ± 0.4 10.8 ± 0.4 8.0 ± 0.5
4–6 µm MPs 12.1 ± 0.4 8.8 ± 0.4 12.0 ± 0.4

4–6 µm MPs + BaP 12.1 ± 0.4 8.7 ± 0.7 6.6 ± 0.4
20–25 µm 12.1 ± 0.4 12.0 ± 0.4 9.5 ± 0.5

20–25 µm MPs + BaP 12.1 ± 0.4 9.0 ± 0.4 8.7 ± 0.2

3.2. MPs Quantification

MPs ingested in clams exposed to different sizes of MPs with and without BaP are in
Figure 1. MPs ingested in MP-exposed clams showed no significant differences between
treatments after 14 days (p < 0.05).
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Figure 1. MPs accumulation per gram of dry weight (mean ± SD) of the soft tissues of S. plana after
14 days of exposure. Different capital letters indicate a significant difference between treatments
within the same time. Different lowercase letters indicate a significant difference for the same
treatment between times (p < 0.05).

3.3. Benzo-a Pyrene Accumulation

BaP accumulation in clams’ whole soft tissues from different treatments are in Table 2.
Data show that BaP levels in controls and virgin MPs were of the same order of magni-
tude. In clams exposed to MPs contaminated with BaP, BaP accumulation was higher
than in controls and virgin MPs indicating that BaP was accumulated in clam tissues.
BaP concentration was also higher in clams exposed to 20–25 µm MPs than in the lower
size class.

Table 2. Benzo-a pyrene concentration (µg/kg w.w.) after 14 days of exposure.

Treatment Benzo-a Pyrene (µg/kg w.w.)

Control (0) 1.00
Control (14) 0.50

4–6 µm 0.61
4–6 µm MPs + BaP 2.67

20–25 µm 0.67
20–25 µm MPs + BaP 4.94

3.4. Enzyme Activity
3.4.1. Antioxidant (SOD and CAT) Enzymes Activity

SOD and CAT activities in clam gills and digestive gland for each MPs treatment
with and without BaP (control, 4–6 µm MPs, 4–6 µm MPs + BaP, 20–25 µm MPs and
20–25 µm MPS + BaP) at different times are displayed in Figure 2. On day 7, clams exposed
to 20–25 µm MPs + BaP have higher SOD activity when compared to other treatments
(p < 0.05). In clams exposed to 20–25 µm MP treatment, there is a significant decrease in
SOD activity on day 7 when compared to other treatments, except for clams exposed to
4–6 µm MPs on the same day (p < 0.05). On day 14, all MP treatments have lower SOD
activity compared to controls (p < 0.05, Figure 2A).
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Figure 2. SOD (A), CAT (C), GST (E), AChE (G) activities and LPO (H) levels (mean ± SD) in the
gills and SOD (B), CAT (D), GST (F), and LPO (I) levels in the digestive gland of S. plana unexposed
and exposed to 4–6 µm and 20–25 µm MPs with and without BaP after 14 days of exposure. Different
capital letters indicate a significant difference between treatments within the same time. (p < 0.05).

In relation to the digestive gland (Figure 2B), SOD activity is lower than in the gills.
SOD activity in the digestive gland significantly decreases in clams exposed to 4–6 µm MPs
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+ BaP and 20–25 µm MPs + BaP at the 14th day of exposure when compared to the other
treatments (p < 0.05).

CAT activity is much higher in the digestive gland than in the gills (Figure 2C,D). CAT
activity in the gills, only shows a significant decrease for clams exposed to 4–6 µm MPs
+ BaP and to 20–25 µm MPs + BaP at the 7th day (p < 0.05) when compared to controls
(Figure 2C). In the digestive gland, only in clams exposed to 4–6 µm MPs + BaP after
14 days of CAT activity was it significantly lower than 20–25 µm MPs (p < 0.05) (Figure 2D).

3.4.2. GST Activity

On day 7, a significant increase in GST activity was noticed in the gills of the clams ex-
posed to 20–25 µm MPs + BaP, when compared to the other treatments (p < 0.05) (Figure 2E).
GST activity for the digestive gland had no significant differences between treatments
(p > 0.05) (Figure 2F).

3.5. Acetylcholinesterase (AChE) Activity

After 14th day of exposure there is significantly higher AChE activity in clam gills
exposed to 4–6 µm MPs when compared to controls and to 20–25 µm treatments (p < 0.05)
(Figure 2G).

3.6. Lipid Peroxidation (LPO)

Only a significant increase in LPO levels occurred in the gills of S. plana exposed
to 4–6 µm MPs + BaP at day 14th (p < 0.05), when compared to the other treatments
(Figure 2H). In the digestive gland of individuals contaminated with 4–6 µm MPs, LPO
levels were significantly higher at day 14 (p < 0.05), when compared to the other treatments
except 4–6 µm MPs + BaP. Similarly, LPO levels were significantly higher from controls
(Figure 2I).

3.7. PCA

Exploratory statistical analyses, namely PCA, were performed on all data obtained
for each tissue analysed to help elucidate the effects of microplastics on the biomarkers
investigated (Figure 3). To have a more confident variance, the percentages of three factors
were used, which represent 76.2% of total variance. Figure 3A represents the relation
between PC1 (39.4%) and PC2 (21.2%) and Figure 3B between PC1 (39.4%) and PC3 (15.6%).
Regarding PC1, MPs, LPO levels, AChE activity, CAT activity and CI are positively related
to digestive gland treatments, while for the gills this relationship was negative. SOD and
GST activities are in the negative side of PC1 and have a negative relationship with the
digestive gland of the different treatments and a positive relationship with gills treatments.
All data for the digestive gland remain on the positive side of PC1 where there is a clear
separation of different sizes (4–6 µm and 20–25 µm). Gills data are on the negative side
with no clear size grouping. MPs, AChE activity, LPO and GST activity are in the positive
side of PC2 and are positively related to the majority of the treatments. However, SOD
activity, CAT activity and CI are in the negative side of PC2 and negatively related mainly
to the control treatments. In relation to PC3 (Figure 3B), only MPs and CAT activity had a
negative correlation, when compared to the other biomarkers. There is no clear separation
between time, size of LDPE MPs or between contaminated/uncontaminated clams.
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Figure 3. PCA of biomarkers (SOD, CAT, LPO, AChE and GST) in the gills (G) and digestive gland
(GD) of the clam S. plana, exposed with different sizes of LDPE MPs with (4–6 µm (4) and 20–25 µm
(20)) and without BaP adsorbed at different times of exposure (T0 (black), T7 (red) and T14 (purple))
(A) PC1 and PC2 components, (B) PC1 and PC3 components (p < 0.05).

3.8. IBR

IBR was calculated using all biomarkers and CI data for the gills and digestive gland
of clams exposed to LDPE MPs with and without adsorbed BaP, and data are included on
Table 3. The IBR index was higher in the gills of clams exposed to 4–6 µm LDPE MPs in
both contaminated with BaP or not, when compared with those of the bigger size. In the
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digestive gland, however, there was no size effect and IBR was lower in BaP-contaminated
LDPE MPs when compared with uncontaminated MPs.

Table 3. IBR and HIS in the gills and digestive glands for all treatments. A (Healthy); B (Low Stress);
C (Medium Stress); E (Pathological).

Index Treatment Gills Digestive Gland

IBR

4–6 µm MPs 8.5 6
4–6 µm MPs + BaP 9 4.5

20–25 µm 7 5
20–25 µm MPs + BaP 7.5 4

HIS

4–6 µm MPs A+ E
4–6 µm MPs + BaP E C

20–25 µm A+ C+
20–25 µm MPs + BaP A B

3.9. Health Index

The health index was applied in the gills and digestive gland using the same variables
as in the case of IBR. HIS results (Table 3) indicate that the gills of clams exposed to 4–6 µm
MPs with BaP adsorbed were considered in a pathological state while the other treatments
gills were considered healthy. In the digestive gland, the HIS index was different; clams
exposed to LPDE of 4–6 µm were considered in a pathological state, while those 4–6 µm
MPs + BaP and 20–25 µm MPs were considered to be in medium stress, and in clams
exposed to 20–25 µm MPs + BaP, the digestive gland showed low stress.

4. Discussion

Microplastics are a major concern to marine environment due to their bioavailability to
organisms. Ingestion is the most important method by which many marine fauna interact
with MPs, especially when the feeding mechanisms of the organisms are non-discriminatory
and do not allow them to differentiate between food and plastic fragments [39,40]). The
results did not demonstrate significant differences of ingestion between different MPs sizes
(Figure 1). In a similar study, however, the ingestion of MPs in clams exposed to 20–25 µm
uncontaminated LDPE MPs was significantly higher than in clams exposed to smaller
4–6 µm MPs [41]. On the other hand, the accumulation of BaP in clams’ whole soft tissues
showed that BaP accumulation of clams exposed to 4–6 µm MPs + BaP was lower than
in clams exposed to bigger MPs (20–25 µm) (Table 2), indicating that BaP accumulation
increased with size and larger particles deliver BaP better to the organisms. Moreover,
it seems that smaller MPs (4–6 µm are rapidly excreted in bulk, while larger ones are
excreted more slowly, having more time to be retained for BaP desorption according to
Kinjo et al. [42]. This is in line with findings by Ribeiro et al. [8] that exposed S. plana
to 20 µm PS (polystyrene) MPs and noted that MPs were still retained after a week of
depuration. In long-term exposure of Mytilus galloprovincialis to two different sizes of PS
MPs (0.5–4.5 µm), BaP accumulation also increased with a size increase in PS MPs, while
the ingestion of MPs decreased with increasing size [43].

Gills tissues, which are the major organ responsible for filtration, are the first site of
MPs uptake in mussels [6,8], with S. plana also ingesting particles through inhalation siphon,
being consequently transported to the mouth and digestive gland [20]. The present results
indicate a time and tissue-dependent oxidative stress response that varies depending on
the treatment used and the biomarker assessed. SOD activity showed a bell shape behavior
in gills tissues exposed to 20–25 µm MPs + BaP with the highest level being reached after
7 days of exposure (Figure 2A). The increase in SOD activity indicates that the first line of
defense is protecting the cell [44,45] against oxidative stress produced as a result of clam’s
exposure to MPs with BaP adsorbed. O’Donovan and colleagues [9] also observed a similar
behaviour in clams exposed to 10–13 µm MPs with adsorbed BaP hypothesizing that the
observed increase could result from the toxicity of the adsorbed contaminant. A similar
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behavior was also noted by Ribeiro et al. [8] showing an increase in SOD levels in the
same clam species exposed to the same size (20 µm) but to polystyrene MPs. Taking into
consideration that BaP accumulation was higher in clams exposed to 20–25 µm (Table 2) and
SOD activity was also higher in the gills of clams exposed to the bigger particles, the likely
higher retention time for larger MPs particles is apparently influencing BaP accumulation
effects in this species. However, in all MPs exposed clams, a decrease in SOD activity
was detected after 14 days, indicating that SOD was unable for balancing oxidative stress
induced by prolonged exposure to MPs. In the digestive gland, however, SOD activity had
little variation between treatments potentially indicating that if there was an increase in
ROS production in this tissue, SOD was not acting as a mechanism of defense.

Catalase is the second line of defense, preventing cellular damage caused by ROS
by reducing H2O2 to H2O and O2 [46,47]. ROS are reactive chemical species containing
oxygen that play an important role in apoptosis induction under both physiologic and
pathologic conditions [48,49]. In the gills, CAT activity remained unchanged in clams
exposed to virgin MPs with exposure time (Figure 2C) being much lower than in the
digestive gland (Figure 2D). This response indicates that CAT activity is unlikely for the
antioxidant mechanism used by S. plana when exposed to virgin MPs, or the exposure time
was not enough to induce significant responses. However, in clams exposed to both sizes
of MPs with BaP adsorbed, CAT activity increased and was not able to cope with ROS,
which was also supported by PCA analysis (Figure 3). An inhibition of CAT activity in the
digestive gland of the marine mussel M. galloprovincialis was also reported by Avio et al. [5]
after exposure to 1000–100 µm and <100 µm MPs (PE and PS). Ribeiro et al. [8], shows an
increase in CAT activity in S. plana gills after three days of exposure to PS MPs (20 µm) while
in the digestive gland CAT was inhibited after 7 days of exposure. Similarly, Gonzalez-
Soto et al. [41] also detected an increase in CAT activity in the mussels M. galloprovincialis
exposed to PS MPs contaminated with BaP of two different sizes. BaP is known to induce
oxidative stress in mussels M. galloprovincialis [50]. In the digestive gland, IBR for MPs
without BaP adsorbed was higher (Table 3), which might result from the responses of
antioxidant enzymes (SOD and CAT) given the apparent greater negative effects MPs in
digestive gland. This is reflected in the HIS index that indicate a lower health status for the
digestive gland, where the up taken particles remained longer for digestion (Table 3).

GST is not only a phase II biotransformation enzyme involved in detoxification
metabolism but also has an antioxidant role in the metabolism of lipophilic organic com-
pounds. In the latter, it catalyzes the conjugation of the reduced form of glutathione (GSH)
to xenobiotic substrates and is involved in detoxification by converting reactive lipophilic
molecules into non-reactive ones facilitating their excretion by the organism [45,51–53].
BaP is highly lipophilic and S. plana uses this detoxification mechanism to deal with the
exposure of BaP adsorbed to MPs in gills, given the observed significant increase in GST
activity for 20–25 µm MPs + BaP after 7 days (p < 0.05) (Figure 2E). GST activity was not
induced in the digestive gland throughout the time of exposure (Figure 2F), which was also
confirmed by PCA analysis (Figure 3). Ribeiro et al. [8] also showed GST activity increase in
the gills of S. plana when exposed to 20 µm PS MPs. A short response of GST activity seems
to be triggered, likely in response to ROS formation, but only for the BaP contaminated
larger size particles.

Oxidative damage happens when oxidative stress reaches a certain level that may
cause damage to DNA, proteins carbohydrates and lipid membranes. Lipid peroxidation is
the process in which free radicals react in cell membranes to form lipid hydroperoxides
resulting in cell damage [46]. LPO levels were treatment and tissue dependent, showing a
significant increase in LPO levels in the gills of clams exposed to LDPE + BaP MPs (4–6 µm)
and in the digestive gland exposed to both virgin and contaminated smaller LDPE MPs
(4–6 µm) after 7 days (Figure 2H,I). In this manner, it may be hypothesized that an increase
in LPO may result from inefficient oxidative stress response mechanism in processing the
excess of ROS when exposed to smaller particles. This is reflected in IBR, calculated for
clam gills and digestive gland indicating that in gills the smaller size range of MPs has a
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higher IBR level than bigger MPs, hence greater negative ecotoxicological effects to the
clam’s gills (Table 3).

Acetylcholinesterase is responsible for the break down of acetylcholine and other
choline esters responsible for neurotransmission found in neuromuscular junctions and
chemical synapses of the cholinergic type [17,18]. AChE activity increased over time in
all treatments but was only significant for 4–6 µm and 20–25 µm MPs +BaP, showing no
inhibition for AChE activity (Figure 2G). In organisms exposed to MPs, an inhibition of
AChE activity would be expected as observed in juveniles of the common goby Pomatoschis-
tus microps exposed to PE microspheres (1–5 µm) for 96 h, with and without absorbed
contaminants (pyrene) [44]. Ribeiro et al. [8] also described an inhibition response of AChE
activity to PS MPs exposure of S. plana. However, O’Donovan et al. [9] also showed an
increase in AChE activity in the same clam species after the same time of exposure to LDPE
MPs (11–13 µm) contaminated with the same concentration of BaP, indicating that there
is an induction of AChE as a result of MPs exposure. This might indicate that neurotoxic
effects could be dependent of the chemical composition of MPs.

5. Conclusions

All MP sizes were ingested in whole clam tissues. The higher accumulation of BaP
occurred when clams were exposed to larger MPs. Antioxidant enzyme SOD has a higher
response in gills for the larger size of LDPE + BaP MPs and an increase in GST activity
in the gills of the clams exposed to 20–25 µm MPs + BaP after 7 days of exposure was
observed. AChE had no inhibition response for any MP treatments. LPO levels were higher
in the digestive gland of clams exposed to smaller virgin size LDPE MPs (4–6 µm) with and
without BaP. IBR indicated greater negative effects in the gills and in LDPE MPs of smaller
size (4–6 µm). HIS demonstrates that the digestive gland was more affected and that the
smaller size of MPs (4–6 µm) produced the worst effects in both tissues irrespective of being
with or without BaP adsorbed. It can be concluded that MP effects are size-dependent
and that MPs can be a vector of BaP exposure but further studies analyzing other effects
might be needed to clarify the biological effects of the different sizes of LPDE MPs with
and without BaP adsorbed.
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