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ABSTRACT

Marine microplastic pollution is one of the biggest environmental problems we face. The growth of plastic production
has not ceased since the 1950s and it is currently estimated that 368 tons of plastic were produced in 2019
(PlascticsEurope, 2020). Geyer et al. (2017) estimate that 79% of the plastic produced in the world still remains in
the environment; this plastic due to the effect of degradation and subsequent fragmentation, is present in the form
of microplastics in all oceans and, due to its small size can be ingested by fish and filter-feeding organisms. In addition,
microplastics have additives and chemical contaminants associated with them, and the potential effect of microplastic
ingestion on marine organisms, and through them, the potential risk to humans, is unknown. In the present study,
European seabass (Dicentrarchus labrax) were fed for 60 days with three treatments: Control (feed), MP (feed with
10% virgin microplastics) and EMP (feed with 10% environmental microplastics), being the first study to evaluate
long-term accumulation of contaminants due to ingestion of environmental microplastics (EMP) in fish. Both plastic
additives such as PBDEs, and chemical contaminants adsorbed from the environment such as PCBs and DDE, were an-
alyzed in the EMP, feed and liver.

The concentration of microplastics in the feed was calculated based on the MPs/zooplankton wet weight (WW) ratio of
0.1 found in an area of maximum accumulation in the Canary Islands. Therefore, it is an experiment that simulates real
conditions, but in the worst-case scenario, using both, concentrations based on data obtained in oceanographic
campaigns and microplastics collected from the environment. Our results show that in this scenario, additives and
chemical contaminants adsorbed on EMPs bioaccumulate in fish liver due to long-term ingestion of microplastics.
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1. Introduction

Plastic pollution is an issue of growing concern to the citizens, environ-
mental policy makers and the scientific community because of the potential
dangers to ecosystems and organisms, including humans (Carbery et al.,
2018; Galgani et al., 2019; Lim, 2021; Rainieri and Barranco, 2019). The in-
creasing levels of pollution detected in all environments and the unstoppa-
ble growth of plastic production worldwide (PlascticsEurope, 2020) make
it one of the major environmental problems facing humanity. It is estimated
that 79% of all plastics produced to date remain in the environment (Geyer
et al., 2017). The degradation process due to UV radiation causes them to
fragment into smaller pieces, these, together with other plastics manufac-
tured smaller than 5 mm in size and synthetic fibres derived from textiles,
constitute what are known as microplastics (MPs). Although the definition
is still debated, in this study we will refer to the fraction between 5 mm-
lum as microplastics (MPs) (Frias and Nash, 2019; Hartmann et al.,
2019). These MPs pose a danger to marine organisms. A recent review indi-
cates that among marine vertebrates, turtles are the group with the highest
incidence of MPs in their stomach, with an average of 122 particles per in-
dividual and present in the 88% of the total studied (Ugwu et al., 2021).
They are followed by marine mammals, among which MPs were found in
59% of the animals studied, with an average of 10 particles per individual;
seabirds, with polymers in 50% of the specimens studied and with an
average of 7 particles per individual; and fish, with MPs found in 42% of
the animals investigated and with an average of 3 particles per individual
(Ugwu et al., 2021). For these animals there is not only the physical damage
associated with the ingestion of MPs, but also the toxicological danger
associated with the chemical pollutants present in MPs (Rainieri et al.,
2018a). Several studies show high concentrations of chemical contami-
nants that adsorb MPs from surrounding environment (Camacho et al.,
2019; Heskett et al., 2012; Hirai et al., 2011; Ogata et al., 2009; Teuten
et al., 2009). On the other hand, plastics have additives that are intention-
ally added during their manufacture to give them color, or properties such
as flexibility, termoresistance, UV resistance or fire resistance (Campanale
et al., 2020).

The study by Camacho et al. (2019) in the Canary Islands (Spain), re-
ported chemical pollutants in beach MPs as organochlorine pesticides
(OCPs), polychlorinated biphenyls (PCBs), semi-persistent contaminants
such as polycyclic aromatic hydrocarbons (PAHs), as well as
bromodiphenyl ethers (BDEs) and emerging contaminants, such as organo-
phosphorus flame retardants (OPFRs), chemical sunscreens (UV-filters),
and the widely used pesticide chlorpyriphos. In this study, high levels of
DDE-p,p’ were found in the pellets collected in Las Canteras beach, which
reached median levels of 56.0 ng/g and with an extreme value of
13,488 ng/g of EDDTs (Camacho et al., 2019). Concentrations of ¥PCBs
ranged between 0.9 and 2286 ng/g. In the case of polybrominated
diphenylethers (PBDEs) (congeners #28, 47, 85, 99, 100, 153, 154 and
183) frequently used as flame retardants in plastic polymers, concentra-
tions between 0 and 3924 ng/g were found, with significantly higher con-
centrations in fragments than in pellets. These additives are persistent
and lipophilic, bioaccumulating in fatty tissues and thus entering the tro-
phic webs (Shanmuganathan et al., 2011).

The Canary Islands are an area particularly affected by pollution by plas-
tics and MPs that are carried by the Canary Current and deposited on its
coasts. Many studies corroborate the high incidence of MPs on the north
and north-east facing coasts (Baztan et al., 2014; Hernandez-Sénchez
etal., 2021; Herrera et al., 2018; Rapp et al., 2020; Reinold et al., 2020). Re-
cent studies also indicate areas of accumulation at the surface (Herrera
et al., 2020) and in the water column (Vega-Moreno et al., 2021). The
study by Herrera et al. (2020) showed areas of maximum accumulation of
MPs between 1 and 5 mm in the coastal area off Las Canteras beach. In
these areas, the MPs/zooplankton ratio in dry weight reached 2, i.e. twice
as much plastic as zooplankton, and in wet weight 0.1, which represents
10% of the zooplankton sample (Herrera et al., 2020). Furthermore, recent
studies reveal the presence of MPs in fish of commercial interest in the Ca-
nary Islands such as Atlantic chub mackerel (Scomber colias) (Herrera et al.,
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2019), and in farmed sea bass (Dicentrarchus labrax) grown in near-shore
cages (Reinold et al., 2021).

Other studies on wild fish have found the presence of MPs in tissues,
causing neurotoxicity and oxidative damage (Barboza et al., 2020b;
Zitouni et al., 2020). Barboza et al. (2020b) estimates that an adult could
ingest about 842 MPs/year from fish consumption. Furthermore, in wild
fish, a correlation has been found between the ingestion of MPs and the
presence plastic additives in tissues such as bisphenols (Barboza et al.,
2020a). The presence of PBDEs in fish tissues has been correlated with
greater plastic debris densities, suggesting that the presence of PBDEs in
fish is an indicator of plastic pollution in marine ecosystems (Rochman
et al., 2014).

Many laboratory studies investigating the effect of ingestion of
microplastics and associated chemical contaminants in fish have recently
been conducted, many of them in zebrafish (see the review by Bhagat
et al. (2020)). Most studies are conducted with microbeads or commercial
MPs (Barboza et al., 2018a, 2018b, 2018¢; Cousin et al., 2020; Ding et al.,
2020; Grigorakis and Drouillard, 2018; Mazurais et al., 2015; Mizukawa
et al., 2009; Rainieri et al., 2018b; Rummel et al., 2016; Zhu et al., 2020).
Some authors have experimented with MPs deployed in harbors or bays
(Miiller et al., 2020; Rochman et al., 2013), and only a few studies have
been conducted with environmental microplastics (Bucci et al., 2021;
Pannetier et al., 2019; Zitouni et al., 2021). However, the effect of MPs
and their associated chemical contaminants on wild marine organisms is
so far unknown, as most experiments are conducted in the laboratory and
with one particular type of MPs, small polyethylene spheres in much higher
concentrations than actual concentrations (Lim, 2021). However, more en-
vironmentally realistic experiments are needed to determine effects in wild
organisms, as MPs in the environment have different shapes and polymers,
and are associated with different types of chemical contaminants (Wang
etal., 2020). In view of the above, the main objective of this study is to de-
termine whether there is trophic transfer of chemical contaminants (DDT,
PCBs and PBDEs) to the liver of sea bass (Dicentrarchus labrax) by testing
two different feeding treatments with realistic concentrations (in the
worst-case scenario) of virgin MPs, and with environmental MPs.

2. Material and methods
2.1. Ethics statement

All procedures involving fish complied with the guidelines of the
European Union Council (86/609/EU) and Spanish legislation (RD 53/
2013) and were approved by Bioethical Committee of the University of
Las Palmas de Gran Canaria (Ref. 06/2021 CEBA ULPGC).

2.2. Experimental diets

As is shown in Fig. 1, three diets were proposed in the experimental de-
sign: Control, MP and EMP. Control diet consistent only in feed, without
MPs or added pollutants. To test the individual effects of MPs content, a
diet was formulated including only 10% virgin MPs following the wet
weight (WW) MP/zooplankton ratio found in the study in surface sea wa-
ters around the Canary Islands (Herrera et al., 2020) (Diet MP). Finally
diet EMP was formulated with feed with a 10% of “environmental MPs”
collected from Las Canteras beach.

For all the diets, commercial feed was used (D-2 Optibream AE 1P,
Skretting Spain Spa crude protein 48%, fat 18%, ash 6.3%, and fiber
3.6%). A total of 5 kg of experimental feed were produced for each diet.

2.2.1. Virgin microplastics

The “virgin” microplastics were resins pellets, low density polypropyl-
ene (LDPP), (Sigma-Aldrich, ref. 428116), listed as free of bioaccumulative
additives that are toxic and persistent or very bioaccumulative and very
persistent at levels of 0.1% or higher (Fig. 2a).
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a) Diet Control

b) Diet MP
Feed + 10% virgin MPs
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Fig. 1. Photograph of each diet a) Control, b) MP and c¢) EMP.

2.2.2. Environmental microplastics

MPs “naturally” contaminated were collected from the sand of Las
Canteras beach with a 1 mm diameter net. Once in the laboratory, the sam-
ple was washed with bidistilled water and 1 kg of 1-5 mm MPs fraction
were separated manually with tweezers.

Both virgin and environmental MPs were shredded using a cutting mill
(Retsch-SM100, Haan, Germany), to obtain a size fraction between 0.7 and
1 mm.

A total of 0.5 kg of each, shredded virgin MPs (Fig. 2a) and shredded en-
vironmental MPs (Fig. 2b), were obtained. Ten kg of commercial feed was
shredding too following the same process, then 5 kg were mixed with
each of the MPs (virgin and environmental MPs), and re-pelletize to the cor-
responding grain size, resulting in both MP and EMP diets (Fig. 2c). Once
the diets were mixed were put into the granulator with a 3 mm output di-
ameter. In order to no affect the stability of the pollutants, the granulator
was kept cold with ice to avoid the temperature rising up 50 °C, and the pro-
cess was done under stable pressure of 2-3 atm. The feed pellets were dried
in an oven at 37-39 °C. The humidity of the diets at the end of the process
was between 6.75 + 0.75%.

2.3. Experimental conditions

The experiment was carried out during September and October 2019.
One hundred and eighty European seabass (Dicentrarchus labrax) (mean
weight 80.91 + 13.28 g and mean length 17.98 = 1.06 cm) cultured in
the facilities of the ECOAQUA Institute, ULPGC (Canary Islands, Spain)
were subjected to the experimental conditions.

We have chosen the species Dicentrarchus labrax because they are pro-
duced from eggs in our aquaculture facilities and, therefore, have not
been in contact with microplastics in the natural environment. In addition,
there are a large number of studies on ingestion of microplastics and asso-
ciated chemical contaminants on this species (Barboza et al., 2018a,
2018b; Espinosa et al., 2019; Granby et al., 2018a; Mazurais et al., 2015;
Peda et al., 2016; Zeytin et al., 2020); as well as metabolic studies by our
research group (Torrecillas et al., 2021, 2015), which allow us to compare
the results with previous studies. The experiment was carried out for
60 days, as this is the time required for this species of fish to double their
weight.

The fish were distributed in nine tanks (three per each diet) with a flow-
through system with aerators to provide sufficient oxygen to the tank (20
fish/tank). The experimental tanks are those usually used in aquaculture
species and standardized in the aquaculture experimental facilities at
ECOAQUA. The approximately half cubic meter tanks are cylindroconical
with a height of 1 m and a diameter of 1.07 m. Real water column height
is around 89 cm, since there is a surface drain (plus a drain at the bottom)
to permit the renovation of the whole amount of water in the tank. Water
conditions were monitored daily, maintaining salinity at 37 mg L™?, oxy-
gen values at 6.0 = 0.5 ppm O, and temperature at 22 = 1 °C. Fish were
fed by hand 3 times per day to apparent satiety.

2.4. Sampling procedures

At day 60, 12 fish per dietary treatment (4 fish/tank) were euthanized
with an overdose of clove oil anesthesia by immersion to obtain samples
of different tissues after dissection. Liver samples were obtained for analysis
of chemical contaminants. Pooling of 4 fish livers per tank was performed.

2.5. Analysis of chemical contaminants

2.5.1. Reagents and chemicals

Analytical-grade acetonitrile (ACN), acetone (Ac), and formic acid (FA,
HCOOH) were purchased from Honeywell (Morristown, NJ, USA). Mass
spectrometry grade cyclohexane (CHX) and Ethyl Acetate (AE) were ob-
tained from Merck (Darmstadt, Germany). Salts for extraction based on
the AOAC QuEChERS method (Quick, Easy, Cheap, Effective, Rugged,
and Safe) (Lehotay et al., 2007) were purchased in commercial premixes
from Agilent Technologies (6 g MgSO,4 and 1.5 g CH;COONa) (Palo Alto,
CA, USA).

The standards of the selected organic compounds were purchased from
CPA Chem (Stara Zagora, Bulgaria) in a mix solution at 20 mg/mL in Ac.
PCB 200 was used as procedural internal standard (P-IS) and was acquired
from Dr. Ehrenstorfer (Augsburg, Germany) at 10 ng/mL. A working solu-
tion at 1 mg/mL in Ac was prepared for the analytes and another for the
PCB 200. All standard stock and working mix solutions were stored in
glass amber vials at —20 °C and checked periodically for stability.

Fig. 2. a) Shredded virgin microplastics. b) Shredded environmental microplastics. ¢) Feed plus 10% of shredded environmental microplastics (diet EMP).
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2.5.2. Extraction of chemical pollutants in environmental and virgin
microplastics

The analysis of DDE-p-p’, PCBs (congeners 153, 138) and PBDEs (conge-
ners 47, 99, 100, 153, 154) in the microplastic samples was performed fol-
lowing the analysis methodology presented in Camacho et al. (2019). The
limits of detection (LOD) for the compounds analyzed in this study by this
method have been added as supplementary data in Table S1.

For solid-liquid extraction, 5 mL of a CHX:AE mixture (1:1, v/v) was
added to an amber glass vial containing 1 + 0.05 g of pulverized MPs.
After that, the vials were shaken vigorously and subjected to ultrasound
for 20 min (Selecta, Barcelona, Spain). The samples were then shaken for
24 h on a rotary shaker (Ovan, Barcelona, Spain). Next, the 5 mL of solvent
was transferred to a new vial and the process was repeated two more times
until a final volume of 15 mL of the extraction mixture was reached after
72 h. Finally, 1 mL of this mixture was filtered through a 0.20 pm
Chromafil® PET filters (Macherey-Nagel, Diiren, Germany) to an amber
glass chromatography vial and evaporated in a vacuum concentrator RVC
2-25 CD plus (Christ, Germany) to dryness. The samples were resuspended
in 100 pL CHX and analyzed by GC-MS/MS.

2.5.3. Extraction of chemical pollutants in liver

Liver and feed samples were extracted by a modified QuUEChERS
(Anastassiades et al., 2003) procedure optimized and validated in our labo-
ratory (Rial-Berriel et al., 2021). The limits of quantification (LOQ) and val-
idation results for the compounds analyzed in this study by this method
have been added as supplementary data in Table S2.

Into a 7 mL plastic hermetic tube containing 1 + 0.05 g of liver or feed
diet, 4 mL of ultrapure water was added along with a few stainless-steel
beads and samples were subjected to homogenization for 2 min in a sample
preparation equipment (Precellys Evolution, Bertin Technologies,
Montigny-le-Bretonneux, France). Then, 1 g of the homogenate was taken
into a 5 mL Eppendorf tube and the internal standard solution was added
to all samples and blanks to yield a concentration of 5 ng/g. Likewise,
blank matrix samples for a matrix-matched 10-point calibration curve
were spiked with the appropriate volume for each calibration point in the
same step, and all samples were mixed and left to age for 1 h. Next, 2 mL
of extraction solvent (ACN 1%FA) was added to the samples, and they
were shaken vigorously for 1 min. Then, they were subjected to ultrasound
for 20 min (Selecta, Barcelona, Spain). After that, 480 mg of MgSO,4 and
120 mg of CH3COONa were added to each tube and they were shaken for
another minute. Finally, samples were centrifuged for 10 min at
4200 rpm (3175.16 xg) (5804 R, Eppendorf, Hamburg, Germany) and
1 mL of supernatant was filtered into chromatography glass amber vials
through a 0.20 pm Chromafil® PET filters (Macherey-Nagel, Diiren,
Germany).

2.5.4. Instrumental analyses

The analyses of the MPs, liver and diet samples were performed with a
gas chromatograph coupled to a mass spectrometer GC System 7890B and
Triple Quad 7010 (Agilent Technologies, Palo Alto, CA, USA). The chro-
matographic separations were performed using two 15 m columns (Agilent
J&WHP-5MS, 0.25 mm inner diameter and 0.25 pm film thickness each)
joined together using a purged junction that allowed the use of the
backflushing technique (reversal of the carrier gas flow to remove matrix
components once all analytes of interest have passed to the second column).
The flow rate of the carrier gas (helium, 99.999%) was adjusted by means
of the retention time locking function (RTL), using chlorpyrifos methyl (tR
= 9.143 min) as a reference. The temperature ramp was programmed as
follows: (a) 80 °C—1.8 min; (b) 80 °C to 170 °C at a rate of 40 °C min ™~ };
(c) 170 °C to 310 °C at a rate of 10 °C min~'; (d) 310 °C for 3 min. The
total time for each analysis was 20.75 min. For each analysis, 1.5 pL of
the extract were injected in splitless mode. A 4 mm ultra-inert liner
with glass wool was used. The injector temperature was programmed at
250 °C. Helium backflushing at 5.8 mL min ' at a temperature of 315 °C
for 5 min was used to clean the injector after each analysis.
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The MS/MS analyses were performed in multiple reaction monitoring
(MRM). The ionization source (electron impact, 70 eV) was maintained at
a temperature of 280 °C. Nitrogen gas of the highest purity available
(99.9999%, Linde, Dublin, Ireland) was used for Q2 fragmentation of the
parent ions at a flow rate of 1.5 mL min~'. The transfer line temperature
was 280 °C. For data acquisition, a delay of 3.7 min was programmed to
allow the solvent front to pass. The precursor and product ions, retention
times, and the collision energies of all the compounds have been previously
published (Henriquez-Hernandez et al., 2016). The quantification was
based on peak areas, using matrix-matched calibration for the liver, muscle,
and diet samples and as for the MPs, calibration curves prepared in solvent
(CHX) with 1% olive oil to emulate the matrix load in the samples.

The retention times, precursor, fragment ions, and collision energies for
each compound and equipment have been previously published (Rial-
Berriel et al., 2021). In addition, the analysis parameters for the compounds
analyzed in this study have been added as supplementary data in Table S3.

2.6. Statistical analyses

Normality and homoscedasticity of data were checked by Shapiro-
Wilk's and Levene's test, respectively. Statistical analysis was performed
using the R Version 4.0.5 with RStudio Version 1.4.1106. One-way
ANOVA Test was applied to determine if there were significant differences
(P-value <0.05), and Tukey's post hoc for multiple comparisons when
ANOVA Test indicated significant differences among treatments. Graphics
were performed in RStudio using ggplot2 package.

3. Results

3.1. Chemical pollutants present in environmental microplastics (EMPs) from Las
Canteras beach used in diet EMP

DDE-p-p’, PCBs (congeners 153, 138) and PBDEs (congeners 47, 99,
100, 153, 154) were analyzed in the microplastics collected at Las Canteras
beach. In the case of DDE-p-p’, mean concentration was 0.3 = 0 ng/g. For
PBDEs, the highest values found were for BDE-47 (3.3 + 0.6 ng/g) and
BDE-99 (2.7 + 0.2 ng/g), followed by BDE-100, BDE-153 and BDE-154
which were in the range between 0.6 and 0.2 ng/g mean values (Table 1,
Fig. 3). Mean concentration of PCB-153 and PCB-138 were 1.4 + 0.1 and
0.9 + 0 ng/g respectively (Table 1, Fig. 3).

3.2. Chemical pollutants present in diets

In feed, PCBs and PBDEs were found only in diet EMP. The mean values
of PBDEs follow the same trend as for environmental MPs, with the highest

Table 1

Concentration in ng/g of chemical pollutants present in environmental
microplastics collected in Las Canteras beach (mean, standard deviation, median,
minimum and maximum values). A color scale was used, ranging from yellow for
the lowest values, followed by green to blue to highlight the highest values.

Pollutants in environmental microplastics (EMPs)
Mean, sd, median, minimum an maximum values by beach replicates

pollutant mean sd median min max
BDE 100 06 0.1 06 0.55 mE07e
BDE 153 0.6 0.6 0.2 0.20 Qi
BDE 154 0.2 0.0 02 015 0.24
wer (IR os JNEE

BDE 99 ‘ 7 é?‘ 0.4 2.6

DDE 0.3 0.0 0.3 1 0:24 BN0.28
PCB 138 0.91 0.0 0.9 092 0.99
PCB 153 1.4 0.1 1.3 e 1Al
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Fig. 3. Concentration of chemical pollutants in environmental microplastics (EMPs)
collected from Las Canteras beach.

values being in BDE-99 (63.8 = 25.2 ng/g) and BDE-47 (47.2 =+
16.1 ng/g); followed by BDE-100 (13.6 *+ 5.4 ng/g), and BDE-153 and
BDE-154 with mean concentrations of 5.8 = 1.9 and 4.0 + 1.6 ng/g re-
spectively (Table 2, Fig. 4). Mean concentration of PCB-153 and PCB-138
were 4.3 = 0.9 and 3.7 * 0.4 ng/g respectively (Table 2, Fig. 4).

DDE-p-p’ appeared in significantly lower concentrations in diet Control
(3.0 = 0.2 ng/g) which consisted only of feed, than in diet MP consisting of
feed + virgin MPs (20.8 = 0.9 ng/g) (P-value < 0.05). On the other hand, in
diet EMP (feed + environmental MPs) its mean concentration was signifi-
cantly lower than in the diet with virgin MPs (7.1 + 1.3 ng/g) (P-value <
0.05) (Table 2, Fig. 4).

3.3. Chemical pollutants in Dicentrarchus labrax liver after 60 days of treatment

At day 60 of the experiment, no PBDEs were detected in sea bass liver
fed either the Control or the MP diet. The congeners BDE-47, BDE-154
and BDE-100 were found only in the liver of sea bass fed the EMP diet, at
concentrations of 8.9 = 0.8 ng/g, 4.1 = 3.4 ng/g and 1.8 = 0.8 ng/g re-
spectively (Table 3, Fig. 5).

Liver bioaccumulation of PCB-153 and PCB-138 was observed in all
treatments, but with significantly higher values for the EMP treatment (P-
value < 0.05), with concentrations of 4.8 = 0.5ng/gand 4.1 + 0.5 respec-
tively (Table 3, Fig. 5).

Regarding DDE, no accumulation was detected in the liver of sea bass
fed the control diet, but it was detected in those fed the MP and EMP
diets with concentrations of 0.2 + 0.2 ng/g and 9.1 + 1.6 ng/g respec-
tively, being significantly higher in EMP diet (P-value < 0.05), (Table 3,
Fig. 5).

4. Discussion

There are several studies on the effect of ingestion of MPs and chemical
contaminants in Dicentrarchus labrax (see Table S4). Many studies confirm
the effect of MPs causing oxidative stress (Barboza et al., 2018a, 2018b)
and histopathological alterations in liver and intestine (Espinosa et al.,
2019; Peda et al., 2016), however, there are few studies on the trophic
transfer of POPs (Granby et al., 2018a; Zitouni et al., 2021).

To our knowledge, this is the first long-term study on fish fed a diet with
environmental MPs, being more realistic in terms of the composition and
form of MPs, as well as using actual concentrations of chemical contami-
nants associated with MPs.

In the present study, both plastic additives such as PBDEs and chemical
contaminants adsorbed from the environment such as PCBs and DDE were
analyzed. PBDEs are used as flame retardant in plastic polymers, the
comercial products are industrial mixtures under the names
pentabromodiphenyl ethers (penta-BDE), octabromodiphenyl ethers
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Table 2

Concentration in ng/g of chemical pollutants present in each diet: control, MP and
EMP (mean, standard deviation, median, minimum and maximum values). A color
scale was used, ranging from yellow for the lowest values, followed by green to blue
to highlight the highest values.

Pollutants in feed
Mean, sd, median, minimum and maximum values by treatment

treatment pollutant mean sd median min  max

Control BDE100 0.0 0.0 0.0 0.00 0.00
Control BDE153 0.0 0.0 0.0 0.00 0.00
Control BDE154 0.0 0.0 0.0 0.00 0.00
Control  BDE 47 0.0 0.0 0.0 0.00 0.00
Control  BDE 99 0.0 0.0 0.0 0.00 0.00

Control DDE 30 02 3.0 281 3.25
Control PCB-138 0.0 0.0 0.0 0.00 0.00
Control PCB-153 0.0 0.0 0.0 0.00 0.00
MP BDE 100 0.0 0.0 0.0 0.00 0.00
MP BDE153 0.0 0.0 0.0 0.00 0.00
MP BDE 154 0.0 0.0 0.0 0.00 0.00
MP BDE47 0.0 0.0 0.0 0.00 0.00
MP BDE99 0.0 0.0 0.0 0.00 0.00
MP DDE 20.8 0.9 20.8 19.82 21.66
MP PCB-138 0.0 0.0 0.0 0.00 0.00
MP PCB-153 0.0 0.0 0.0 0.00 0.00
EMP BDE100 136 5.4 15.6 7.51 17.72
EMP  BDE153 5.8 1.9 6.7 3.56 7.08
EMP BDE154 4.0 1.6 41 229 558
EMP BDE 47 - 16.1 28.74 §t:@s

EMP BDE 99 [GER:N 25.2 I R} 35.01 ENY4
EMP DDE 7.1 13 7.81 5618789

EMP PCB-138 3.7 0.4 39 3.26 3.91

EMP PCB-153 4.3 0.9 43 341 5.17

(octa-BDE) and decabromodiphenyl ethers (deca-BDE) (la Guardia et al.,
2006). Penta-BDEs have been shown to affect neurobehavioural develop-
ment and alter hormone levels; and produce adverse effects at lower
doses than octa and deca-BDEs (Darnerud, 2003). While PBDEs are used
in plastics as additives, also are presents in the environment and can be
adsorbed from them. In our study we used environmental MPs, mainly plas-
tic fragments derived from larger plastics containing additives, flame retar-
dants, plasticizers, UV filters, etc. Although some commercial mixtures of
penta-BDEs and octa-BDEs were banned in 2004 in the European Union
(Official Journal of the European Union, 2003), the MPs we use may have
been in the sea for much longer and contain these mixtures as additives,
as well as adsorbing PBDEs from surrounding waters.

A study conducted on seafood in Australia, showed that the BDE-209
was the most dominant congener followed by BDE-47, 99 and 100; sil-
ver fish (Lespisma sacchrina) from Vietnam recorded the highest XPBDEs
concentration (45.10 ng/g fresh weight) (Shanmuganathan et al.,
2011). In addition, in the study by Tanaka et al. (2013), found presence
of PBDEs lower-brominated congeners in wild seabirds, and associates it
with the presence of these pollutants in prey as they are found at various
levels of the marine food chain. However, predominance of higher-
brominated congeners and their profile were similar to those in the
deca-BDE commercial product, suggesting the transfer of these contam-
inants from plastic to tissues (Tanaka et al., 2013). Unfortunately, due to
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Fig. 4. Concentration of chemical pollutants in each feed treatment: control, MP and EMP.

technical limitations the concentration of BDE-209 could not be ana-
lyzed in the present study.

Our results show that PBDEs that were present in the environmental
MPs, were found only in the liver of sea bass fed with feed +10% EMPs,
demonstrating that transfer was from the EMPs to the liver of the fish.
However, from analyzed PBDEs (congeners 47, 99, 100, 153, 154),
BDE-99 and BDE-153 were present in EMPs and in diet EMP in relatively
high concentrations but not in Dicentrarchus labrax liver. In the case of
BDE-99 is remarkable, because was found in the highest concentration
in diet EMP (63.8 ng/g) but did not bioaccumulate in the liver. These re-
sults are consistent with those obtained by Granby et al. (2018b) who
found that in sea bass fed with diet containing MPs and contaminants,
fillets did not accumulate BDE-99 as expected, finding low concentra-
tions and an accumulation efficiency between 9 and 12%, and was
also eliminated much faster than the rest of the contaminants. On the
other hand, the concentration of BDE-47 was much higher than ex-
pected, the authors attribute this to the fact that sea bass metabolizes
2,2,4,4,4,5-pentabromodiphenyl ether (BDE-99) by a reductive
debromination to 2,2,4,4,4,-tetrabromodiphenyl ether (BDE-47)
(Granby et al., 2018b). In the cited study, a high elimination coefficient
of BDE-153 and a lower assimilation efficiency than its structural ana-
logue BDE-154 was also observed, indicating that also in this case
debromination may contribute to metabolism. These results could ex-
plain why in our study BDE-99 and BDE-153 did not appear in the
liver of sea bass fed diet EMP.

Other authors have studied the bioconcentration and biomagnification of
PBDEs and PCBs, demonstrated that congeners with higher octanol-water
partition coefficient (Kow) have more bromine atoms, which increases
their molecular weight, inhibiting their passage through membranes and re-
ducing their partitioning in tissues. The bioconcentration factors (BCF) of
PBDEs and PCBs congeners increase as the octanol-water partition coefficient
(Kow) increases up to a threshold (log Kow = 7), above which, this trend is
reversed and BCF decreases as Kow increases (Mizukawa et al., 2009).
(Wardrop et al., 2016) have found similar results to those obtained in the
present study regarding the bioaccumulation of PBDEs in rainbow fish fed
with PBDEs-contaminated microbeads. The concentration of BDE-47 in the
tissue was significantly higher than for the rest of congeners, followed by
BDE-23, 100, 154 and 153. As in our study, they found that BDE-99 is not
transferred to the tissues of exposed fish, o more probably BDE99 was trans-
formed to BDE47 by the removal of Br at the meta position as proposed by
other authors (Granby et al., 2018b; Mizukawa et al., 2013; Noyes et al.,
2010; Roberts et al., 2011). Furthermore, (Roberts et al., 2011) showed

that there are differences in the metabolism of PBDEs among different fish
species.

Other laboratory studies showed that PBDEs can be transferred to am-
phipod tissue, both in the presence and absence of MPs (Chua et al.,
2014). MPs apparently inhibited the uptake of PBDEs in the amphipods,
possibly because the PBDEs were strongly adsorbed to the MPs, making
them less bioavailable. However, the study demonstrates that MPs can
transfer BDEs to amphipod tissue by acting as vectors of chemical contam-
inants (Chua et al., 2014). In the cited study BDE-99 had the highest propor-
tional uptake. Authors hypothesize that could be due to digestive fluids in
the gut that removing a greater proportion of adsorbed BDE-99 from the
MPs, or marine organisms may have a greater propensity for assimilating
adsorbed BDE-99 compared to other PBDE congeners when ingesting con-
taminated MPs (Chua et al., 2014). These results do not agree with ours
and Granby et al. (2018b) as BDE-99 appeared in high concentration in
the diet but did not bioaccumulate in the liver. However, it should be
noted that the study by Chua et al. (2014) was carried out in crustaceans
and only worked with polyethylene microspheres obtained from Nivea fa-
cial soap, whereas our study used beach MPs containing various types of
polymers.

Here, PCBs congeners 153 and 138 were found in the MPs collected on
beaches (EMP) at concentrations of 1.4 ng/g and 0.9 ng/g respectively.
PCBs were not detected in the feed without environmental MPs (Control
and MP) but were detected in the feed with 10% of environmental MPs
(EMP feed) with values of 3.7 ng/g for PCB-153 and 4.3 ng/g for PCB-
138. After 60 days of treatment, both congeners were detected in the
liver of sea bass exposed to the three treatments, although in significant
higher concentrations for the 10% EMP feed, which reached values of
4.8 ng/g for congener 153 and 4.1 ng/g for congener 138.

In the case of PCBs that are ubiquitous in the environment, they are
adsorbed on MPs in the surrounding water and may contribute, via MPs in-
gestion, to bioaccumulation in marine organisms. However, chemical
partitioning models indicate that POPs bioaccumulation through MPs is un-
likely to occur, or that their contribution would be negligible compared to
uptake through water or diet (Bakir et al., 2016; Koelmans et al., 2016).

This explains what occurred in the sea bass exposed to the Control and
MP treatments, that PCBs may have bioaccumulated through the feed or
water (Berntssen et al., 2010; di Bella et al., 2018). Environmental MPs,
however, have contributed to this bioaccumulation in addition to the con-
tribution from water and diet.

Respect to the PCBs bioaccumulation, the results of the different exper-
imental studies can be contradictory. Some studies such as those carried out
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Table 3

Concentration of chemical pollutants (ng/g) in Dicentrarchus labrax liver after
60 days feeding each treatment: control, MP and EMP (mean, standard deviation,
median, minimum and maximum values). A color scale was used, ranging from yel-
low for the lowest values, followed by green to blue to highlight the highest values.

Pollutants in Dicentrarchus labrax liver
Mean, sd, median, minimum and maximum values by treatment

treatment pollutant mean sd median min max

Control BDE100 0.0 0.0 0.0 0.00 0.00
Control BDE153 0.0 0.0 0.0 0.00 0.00
Control BDE154 0.0 0.0 0.0 0.00 0.00
Control BDE 47 0.0 0.0 0.0 0.00 0.00
Control BDE 99 0.0 0.0 0.0 0.00 0.00
Control DDE 0.0 0.0 0.0 0.00 0.00
Control PCB-138 1.6 0.2 (78 1.28 Wt 72
Control PCB-153 1.8 0.1 180 1.65 183

MP BDE100 0.0 0.0 0.0 0.00 0.00
MP BDE153 0.0 0.0 0.0 0.00 0.00
MP BDE154 0.0 0.0 0.0 0.00 0.00
MP BDE 47 0.0 0.0 0.0 0.00 0.00
MP BDE 99 0.0 0.0 0.0 0.00 0.00
MP DDE 0.2 0.2 0.2 0.00 0.33
MP PCB-138 1.7 0.1 1.7 1.63 1.78
MP PCB-153 1.9 0.1 19 1.78 1.96
EMP  BDE 100 iFs| 0.8 1.6 1.17 2%
EMP  BDE153 0.0 0.0 0.0 0.00 0.00

EMP BDE154 | 4.1 3.4 3.0 1.44-

EMP BDE 47 - 0.8 92 ‘ 9.51
EMP BDE 99 0.0 0.0 0.0 0.00 0.00
EMP DDE |
EMP PCB-138 4.1 0.5 4.2 351 4.45
EMP PCB-153 el 0.5 4.6 441 5.38

by Devriese et al. (2017) in lobsters (Nephrops norvegicus), or those of
Besseling et al. (2013) in lugworms (Arenicola marina), observe a small con-
tribution of PCBs spiked on MPs to the bioaccumulation. In the other hand,
van der Hal et al. (2020) observed traces of PCB-194 in rabbitfish (Siganus
rivulatus) muscle after feeding it for two weeks with a diet containing MPs
pre saturated with 11 PCB congeners at concentration of 5000 ng/g.
Other long-term studies, in contrast, demonstrate the transfer of chemical
pollutants from MPs to fish, as well as that they induce hepatic stress
(Rochman et al., 2013).

Rochman et al. (2013) with an experimental design similar to the pres-
ent study but using a diet containing 10% marine MPs (low-density poly-
ethylene (LDPE) pellets deployed in an urban bay), obtained results
according to ours. Their findings showed that fish exposed to marine plas-
tics bioaccumulate PAH, PCBs and PBDEs and suffer liver toxicity at
60 days of treatment, however, at 30 days exposure no significant differ-
ences were observed between treatments, suggesting that short periods of
exposure to 10% marine plastics are not a significant source of these con-
taminants (Rochman et al., 2013).

Finally, regard to DDE, the concentration in the environmental MPs was
0.3 ng/g. In the analysis of the diets, DDE was found in the control,
denoting that the feed had DDE residues, as well as in the MPs diet and
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the diet with EMPs. In the liver, DDE was not detected in the control treat-
ment, while in sea bass consuming 10% EMPs, liver concentrations were
significantly higher (9.1 ng/g) than the MP treatment (feed + virgin MPs)
(0.2 ng/g). Other studies also demonstrate the presence of DDE in feed
and in wild and farmed fish (Schnitzler et al., 2008), as this contaminant,
aresidue of DDT, is ubiquitously present in all environments, and especially
in fish oils (Ginés et al., 2018). Similar to that occurs with PCBs, although
DDE were found in the liver of sea bass exposed to control and MP diets,
a higher bioaccumulation was observed in the diet containing EMPs,
which confirms that environmental MPs increase the concentration of
chemical pollutants, adding to the contribution through water and diet.

The effect of exposure to a complex mixture of plastics and chemical ad-
ditives or chemicals adsorbed from the marine environment is currently un-
known. The type of polymer, the type of chemical pollutant, the exposure
time and the physiological processes of digestion, assimilation and
metabolization of each organism can substantially modify the levels of bio-
accumulation.

While the composition was not analyzed in the present study, Edo et al.
(2019) have studied the composition of MPs in Lambra beach (La Graciosa,
Canary Islands) and showed that they correspond mainly to PE (63%), PP
(32%) and PS (3%). Another study on the beaches of Tenerife (Canary
Islands) also reported similar percentages of polymers PE (69%), PP
(18%) and PS (4%) (Alvarez-Hern4ndez et al., 2019). Since that
microplastics are of exogenous origin and are deposited on beaches carried
by the Canary Current, it can be assumed that the composition is similar in
the microplastics collected in Las Canteras beach.

It was not the objective of this study to analyze the effect of the different
types of polymers and the aging of the MPs on the transfer of chemical con-
taminants. However, other studies have shown that the physicochemical
properties of the different plastics can affect the adsorption, release and
transport of chemical contaminants, and different types of additives are
added depending on the type of polymer (Gouin, 2021). On the other
hand, the aging of plastics increases the mobility capacity of chemical con-
taminants, since it increases the negative charge on the surface and funda-
mentally the hydrophilicity of the materials (Liu et al., 2019).

The novelty of the present study is that the experiment was conducted
with “real” microplastics collected from the environment, which have
been floating in the sea and are aged by the effect of UV radiation; these
microplastics are the ones to which marine organisms are exposed, and
the health effects are currently unknown.

The present study provides evidence that both, additives present in en-
vironmental MPs (EMPs), and those adsorbed from the surrounding ocean
have been transferred to the liver of fish after 60 days of feeding with
feed +10% EMPs.

5. Conclusions

Our results show that additives present in environmental
microplastics bioaccumulated in the liver after 60 days of treatment
with a diet consisting of feed plus 10% microplastics collected from
beaches. This shows that in a real, but in the worst-case scenario, as
they are areas of maximum accumulation, fish could be
bioaccumulating additives from microplastic ingestion. In the case of
contaminants that were found adsorbed to microplastics, such as DDT
and PCBs that are ubiquitous in all environments, these contaminants
also appeared in control diet and diet with virgin MPs, but for both con-
taminants bioaccumulation was significantly higher in the liver of sea
bass fed 10% environmental microplastics with the diet, so ingestion
of microplastics in the environment may increase exposure to these con-
taminants, adding to that of the surrounding water and diet.

It is important to continue with studies carried out with environmental
microplastics to understand both the physical effects of ingestion as well as
the trophic transfer of chemical contaminants that could cause long-term
health effects. Studies over longer periods of time are also needed to assess
the effect of chronic exposure to environmental microplastics on fish.
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Fig. 5. Concentration of chemical pollutants (ng/g) in Dicentrarchus labrax liver after 60 days feeding each treatment (control, MP and EMP).

CRediT authorship contribution statement

Alicia Herrera: conceptualization, experimental investigation, data
curation and writing. Andrea Acosta-Dacal, Octavio Pérez Luzardo and
Sarah Montesdeoca-Esponda: analysis of chemical pollutants, experimen-
tal investigation, methodology. Jorge Rapp and Stefanie Reinold: experi-
mental investigation, methodology. Ico Martinez, Daniel Montero and May
Goémez: conceptualization, experimental investigation. All authors contrib-
uted to the acquisition of the data, review the manuscript and approved the
final version.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgments

This work was funded by European Union in the Project INDICIT II
(Implementation Of Indicators Of Marine Litter On Sea Turtles And Biota
In Regional Sea Conventions And Marine Strategy Framework Directive
Areas), Project number: 11.0661/2016,/748064/SUB/ENV.C. European
Commission, Directorate General Environment, Directorate C “quality of
life”, Unit C2 “Marine environment & water industry”.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.153396.

References

Alvarez-Hernandez, C., Cairés, C., Lopez-Darias, J., Mazzetti, E., Hernandez-Sanchez, C.,
Gonzalez-Salamo, J., Hernandez-Borges, J., 2019. Microplastic debris in beaches of Tene-
rife (Canary Islands, Spain). Mar. Pollut. Bull. 146, 26-32. https://doi.org/10.1016/j.
marpolbul.2019.05.064.

Anastassiades, M., Lehotay, S.J., Stajnbaher, D., Schenck, F.J., 2003. Fast and easy
multiresidue method employing acetonitrile extraction/partitioning and “dispersive
solid-phase extraction” for the determination of pesticide residues in produce. J. AOAC
Int. 86, 412-431. https://doi.org/10.1093/jaoac/86.2.412.

Bakir, A., O’Connor, LA., Rowland, S.J., Hendriks, A.J., Thompson, R.C., 2016. Relative impor-
tance of microplastics as a pathway for the transfer of hydrophobic organic chemicals to ma-
rine life. Environ. Pollut. 219, 56-65. https://doi.org/10.1016/j.envpol.2016.09.046.

Barboza, L.G.A., Cunha, S.C., Monteiro, C., Fernandes, J.O., Guilhermino, L., 2020a. Bisphenol
a and its analogs in muscle and liver of fish from the North East Atlantic Ocean in relation
to microplastic contamination. Exposure and risk to human consumers. J. Hazard. Mater.
393. https://doi.org/10.1016/j.jhazmat.2020.122419.

Barboza, L.G.A., Lopes, C., Oliveira, P., Bessa, F., Otero, V., Henriques, B., Raimundo, J.,
Caetano, M., Vale, C., Guilhermino, L., 2020b. Microplastics in wild fish from North
East Atlantic Ocean and its potential for causing neurotoxic effects, lipid oxidative dam-
age, and human health risks associated with ingestion exposure. Sci. Total Environ.
717. https://doi.org/10.1016/j.scitotenv.2019.134625.

Barboza, L.G.A., Vieira, L.R., Branco, V., Carvalho, C., Guilhermino, L., 2018a. Microplastics
increase mercury bioconcentration in gills and bioaccumulation in the liver, and cause
oxidative stress and damage in Dicentrarchus labrax juveniles. Sci. Rep. 8. https://doi.
0rg/10.1038/541598-018-34125-z.

Barboza, L.G.A., Vieira, L.R., Branco, V., Figueiredo, N., Carvalho, F., Carvalho, C.,
Guilhermino, L., 2018b. Microplastics cause neurotoxicity, oxidative damage and
energy-related changes and interact with the bioaccumulation of mercury in the
European seabass, Dicentrarchus labrax (Linnaeus, 1758). Aquat. Toxicol. 195, 49-57.
https://doi.org/10.1016/j.aquatox.2017.12.008.

Barboza, L.G.A., Vieira, L.R., Guilhermino, L., 2018c. Single and combined effects of
microplastics and mercury on juveniles of the European seabass (Dicentrarchus labrax):
changes in behavioural responses and reduction of swimming velocity and resistance
time. Environ. Pollut. 236, 1014-1019. https://doi.org/10.1016/j.envpol.2017.12.082.

Baztan, J., Carrasco, A., Chouinard, O., Cleaud, M., Gabaldon, J.E., Huck, T., Jaffres, L.,
Jorgensen, B., Miguelez, A., Paillard, C., Vanderlinden, J.P., 2014. Protected areas in
the Atlantic facing the hazards of micro-plastic pollution: first diagnosis of three islands
in the canary current. Mar. Pollut. Bull. 80, 302-311. https://doi.org/10.1016/j.
marpolbul.2013.12.052.

Berntssen, M.H.G., Julshamn, K., Lundebye, A.K., 2010. Chemical contaminants in aquafeeds and
Atlantic salmon (Salmo salar) following the use of traditional- versus alternative feed ingredi-
ents. Chemosphere 78, 637-646. https://doi.org/10.1016/j.chemosphere.2009.12.021.

Besseling, E., Wegner, A., Foekema, E.M., van den Heuvel-Greve, M.J., Koelmans, A.A., 2013.
Effects of microplastic on fitness and PCB bioaccumulation by the lugworm Arenicola ma-
rina (L.). Environ. Sci. Technol. 47 (1), 593-600. https://doi.org/10.1021/es302763x.

Bhagat, J., Zang, L., Nishimura, N., Shimada, Y., 2020. Zebrafish: an emerging model to study
microplastic and nanoplastic toxicity. Sci. Total Environ. https://doi.org/10.1016/j.
scitotenv.2020.138707.

Bucdi, K., Bikker, J., Stevack, K., Watson-Leung, T., Rochman, C., 2021. Impacts to larval fat-
head minnows vary between preconsumer and environmental microplastics. Environ.
Toxicol. Chem. https://doi.org/10.1002/etc.5036.

Camacho, M., Herrera, A., Gbmez, M., Acosta-Dacal, A., Henriquez-Hernandez, L.A., Martinez,
1., Pérez-Luzardo, O., 2019. Organic pollutants in marine plastic debris from Canary
Islands beaches. Sci. Total Environ. 662, 22-31. https://doi.org/10.1016/j.scitotenv.
2018.12.422.

Campanale, C., Massarelli, C., Savino, 1., Locaputo, V., Uricchio, V.F., 2020. A detailed review
study on potential effects of microplastics and additives of concern on human health. Int.
J. Environ. Res. Public Health https://doi.org/10.3390/ijerph17041212.

Carbery, M., O’Connor, W., Palanisami, T., 2018. Trophic transfer of microplastics and mixed
contaminants in the marine food web and implications for human health. Environ. Int.
115, 400-409. https://doi.org/10.1016/j.envint.2018.03.007.

Chua, E.M., Shimeta, J., Nugegoda, D., Morrison, P.D., Clarke, B.O., 2014. Assimilation of
polybrominated diphenyl ethers from microplastics by the marine amphipod, allorchestes
compressa. Environ. Sci. Technol. 48, 8127-8134. https://doi.org/10.1021/es405717z.

Cousin, X., Batel, A., Bringer, A., Hess, S., Bégout, M.L., Braunbeck, T., 2020. Microplastics
and sorbed contaminants — trophic exposure in fish sensitive early life stages. Mar. Envi-
ron. Res. 161. https://doi.org/10.1016/j.marenvres.2020.105126.


https://doi.org/10.1016/j.scitotenv.2022.153396
https://doi.org/10.1016/j.scitotenv.2022.153396
https://doi.org/10.1016/j.marpolbul.2019.05.064
https://doi.org/10.1016/j.marpolbul.2019.05.064
https://doi.org/10.1093/jaoac/86.2.412
https://doi.org/10.1016/j.envpol.2016.09.046
https://doi.org/10.1016/j.jhazmat.2020.122419
https://doi.org/10.1016/j.scitotenv.2019.134625
https://doi.org/10.1038/s41598-018-34125-z
https://doi.org/10.1038/s41598-018-34125-z
https://doi.org/10.1016/j.aquatox.2017.12.008
https://doi.org/10.1016/j.envpol.2017.12.082
https://doi.org/10.1016/j.marpolbul.2013.12.052
https://doi.org/10.1016/j.marpolbul.2013.12.052
https://doi.org/10.1016/j.chemosphere.2009.12.021
https://doi.org/10.1021/es302763x
https://doi.org/10.1016/j.scitotenv.2020.138707
https://doi.org/10.1016/j.scitotenv.2020.138707
https://doi.org/10.1002/etc.5036
https://doi.org/10.1016/j.scitotenv.2018.12.422
https://doi.org/10.1016/j.scitotenv.2018.12.422
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.1016/j.envint.2018.03.007
https://doi.org/10.1021/es405717z
https://doi.org/10.1016/j.marenvres.2020.105126

A. Herrera et al.

Darnerud, P.O., 2003. Toxic effects of brominated flame retardants in man and in wildlife.
Environ. Int. 29, 841-853. https://doi.org/10.1016/50160-4120(03)00107-7.

Devriese, L.I., De Witte, B., Vethaak, A.D., Hostens, K., Leslie, HA., 2017. Bioaccumulation of
PCBs from microplastics in Norway lobster (Nephrops norvegicus): an experimental study.
Chemosphere 186, 10-16. https://doi.org/10.1016/j.chemosphere.2017.07.121.

di Bella, G., Russo, E., Potorti, A.G., lo Turco, V., Saija, E., ben Mansour, H., Calabrese, G.,
Dugo, G., 2018. Persistent organic pollutants in farmed European sea bass (Dicentrarchus
labrax, Linnaeus, 1758) from Sicily (Italy). 35, 282-291. https://doi.org/10.1080/
19440049.2017.1372642.

Ding, J., Huang, Y., Liu, S., Zhang, S., Zou, H., Wang, Z., Zhu, W., Geng, J., 2020. Toxicolog-
ical effects of nano- and micro-polystyrene plastics on red tilapia: are larger plastic parti-
cles more harmless? J. Hazard. Mater. 396. https://doi.org/10.1016/j.jhazmat.2020.
122693.

Edo, C., Tamayo-Belda, M., Martinez-Campos, S., Martin-Betancor, K., Gonzalez-Pleiter, M.,
Pulido-Reyes, G., Garcia-Ruiz, C., Zapata, F., Leganés, F., Fernandez-Pifias, F., Rosal, R.,
2019. Occurrence and identification of microplastics along a beach in the Biosphere Re-
serve of Lanzarote. Mar. Pollut. Bull. 143, 220-227. https://doi.org/10.1016/j.
marpolbul.2019.04.061.

Espinosa, C., Esteban, M.A., Cuesta, A., 2019. Dietary administration of PVC and PE
microplastics produces histological damage, oxidative stress and immunoregulation in
European sea bass (Dicentrarchus labrax L.). Fish Shellfish Immunol. 95, 574-583.
https://doi.org/10.1016/j.£51.2019.10.072.

Frias, J.P.G.L., Nash, R., 2019. Microplastics: finding a consensus on the definition. Mar.
Pollut. Bull. 138, 145-147. https://doi.org/10.1016/j.marpolbul.2018.11.022.

Galgani, L., Beiras, R., Galgani, F., Panti, C., Borja, A., 2019. Editorial: “impacts of marine lit-
ter”. Front. Mar. Sci. 6, 4-7. https://doi.org/10.3389/fmars.2019.00208.

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever made.
Sci. Adv. 25-29.

Ginés, R., Camacho, M., Henriquez-Hernadndez, L.A., Izquierdo, M., Boada, L.D., Montero, D.,
Robaina, L., Zumbado, M., Luzardo, O.P., 2018. Reduction of persistent and semi-
persistent organic pollutants in fillets of farmed European seabass (Dicentrarchus labrax)
fed low fish oil diets. Sci. Total Environ. 643, 1239-1247. https://doi.org/10.1016/j.
scitotenv.2018.06.223.

Gouin, T., 2021. Addressing the importance of microplastic particles as vectors for long-range
transport of chemical contaminants: perspective in relation to prioritizing research and
regulatory actions. Microplast. Nanoplast. 1. https://doi.org/10.1186/s43591-021-
00016-w.

Granby, K., Rainieri, S., Rasmussen, R.R., Kotterman, M.J.J., Sloth, J.J., Cederberg, T.L.,
Barranco, A., Marques, A., Larsen, B.K., 2018a. The influence of microplastics and haloge-
nated contaminants in feed on toxicokinetics and gene expression in European seabass
(Dicentrarchus labrax). Environ. Res. 164, 430-443. https://doi.org/10.1016/j.envres.
2018.02.035.

Granby, K., Rainieri, S., Rasmussen, R.R., Kotterman, M.J.J., Sloth, J.J., Cederberg, T.L.,
Barranco, A., Marques, A., Larsen, B.K., 2018b. The influence of microplastics and halo-
genated contaminants in feed on toxicokinetics and gene expression in European seabass
(Dicentrarchus labrax). Environ. Res. 164, 430-443. https://doi.org/10.1016/j.envres.
2018.02.035.

Grigorakis, S., Drouillard, K.G., 2018. Effect of microplastic amendment to food on diet assim-
ilation efficiencies of PCBs by fish. Environ. Sci. Technol. 52, 10796-10802. https://doi.
org/10.1021/acs.est.8b02497.

Hartmann, N.B., Hu, T., Thompson, R.C., Hassello, M., Verschoor, A., Daugaard, A.E., Rist, S.,
Karlsson, T., Brennholt, N., Cole, M., Herrling, M.P., Hess, M.C., Ivleva, N.P., Lusher, A.L.,
Wagner, M., 2019. Are we speaking the same language? Recommendations for a defini-
tion and categorization framework for plastic debris. Environ. Sci. Technol. 53,
1039-1047. https://doi.org/10.1021/acs.est.8b05297.

Henriquez-Hernandez, L.A., Carret6n, E., Camacho, M., Montoya-Alonso, J.A., Boada, L.D.,
Valer6n, P.F., Cordén, Y.F., Almeida-Gonzalez, M., Zumbado, M., Luzardo, O.P., 2016. In-
fluence of parasitism in dogs on their serum levels of persistent organochlorine com-
pounds and polycyclic aromatic hydrocarbons. Sci. Total Environ. 562, 128-135.
https://doi.org/10.1016/j.scitotenv.2016.03.204.

Hernandez-Sanchez, C., Gonzilez-Salamo, J., Diaz-Pefa, F.J., Fraile-Nuez, E., Herndndez-
Borges, J., 2021. Arenas Blancas (El Hierro island), a new hotspot of plastic debris in
the Canary Islands (Spain). Mar. Pollut. Bull. 169. https://doi.org/10.1016/j.
marpolbul.2021.112548.

Herrera, A., Asensio, M., Martinez, 1., Santana, A., Packard, T., Gémez, M., 2018. Microplastic
and tar pollution on three Canary Islands beaches: an annual study. Mar. Pollut. Bull. 129,
494-502. https://doi.org/10.1016/j.marpolbul.2017.10.020.

Herrera, A., Raymond, E., Martinez, 1., Alvarez, S., Canning-Clode, J., Gestoso, I., Pham, C.K.,
Rios, N., Rodriguez, Y., Gomez, M., 2020. First evaluation of neustonic microplastics in
the Macaronesian region,NE Atlantic. Mar. Pollut. Bull. 153. https://doi.org/10.1016/j.
marpolbul.2020.110999.

Herrera, A., Stindlova, A., Martinez, L., Rapp, J., Romero-Kutzner, V., Samper, M.D., Montoto,
T., Aguiar-Gonzélez, B., Packard, T., Gémez, M., 2019. Microplastic ingestion by Atlantic
chub mackerel (Scomber colias) in the Canary Islands coast. Mar. Pollut. Bull. 139,
127-135. https://doi.org/10.1016/j.marpolbul.2018.12.022.

Heskett, M., Takada, H., Yamashita, R., Yuyama, M., Ito, M., Geok, Y.B., Ogata, Y., Kwan, C.,
Heckhausen, A., Taylor, H., Powell, T., Morishige, C., Young, D., Patterson, H., Robertson,
B., Bailey, E., Mermoz, J., 2012. Measurement of persistent organic pollutants (POPs) in
plastic resin pellets from remote islands: toward establishment of background concentra-
tions for International Pellet Watch. Mar. Pollut. Bull. 64, 445-448. https://doi.org/10.
1016/j.marpolbul.2011.11.004.

Hirai, H., Takada, H., Ogata, Y., Yamashita, R., Mizukawa, K., Saha, M., Kwan, C., Moore, C.,
Gray, H., Laursen, D., Zettler, E.R., Farrington, J.W., Reddy, C.M., Peacock, E.E., Ward,
M.W., 2011. Organic micropollutants in marine plastics debris from the open ocean
and remote and urban beaches. Mar. Pollut. Bull. 62, 1683-1692. https://doi.org/10.
1016/j.marpolbul.2011.06.004.

Science of the Total Environment 822 (2022) 153396

Koelmans, A.A., Bakir, A., Burton, G.A., Janssen, C.R., 2016. Microplastic as a vector for
chemicals in the aquatic environment: critical review and model-supported reinterpreta-
tion of empirical studies. Environ. Sci. Technol. https://doi.org/10.1021/acs.est.
5b06069.

la Guardia, M.J., Hale, R.C., Harvey, E., 2006. Detailed polybrominated diphenyl ether
(PBDE) congener composition of the widely used penta-, octa-, and deca-PBDE technical
flame-retardant mixtures. Environ. Sci. Technol. 40, 6247-6254. https://doi.org/10.
1021/es060630m.

Lehotay, S.J., O’Neil, M., Tully, J., Garcia, A.V., Contreras, M., Mol, H., Heinke, V., Anspach,
T., Lach, G., Fussell, R., Mastovska, K., Poulsen, M.E., Brown, A., Hammack, W., Cook,
J.M., Alder, L., Lindtner, K., Vila, M.G., Hopper, M., de Kok, A., Hiemstra, M., Schenck,
F., Williams, A., Parker, A., 2007. Determination of pesticide residues in foods by aceto-
nitrile extraction and partitioning with magnesium sulfate: collaborative study. J. AOAC
Int. 90, 485-520. https://doi.org/10.1093/jaoac/90.2.485.

Lim, X., 2021. Microplastics are everywhere- but are they harmful? Nature 593, 22-25.

Liu, J., Zhang, T., Tian, L., Liu, X., Qi, Z., Ma, Y., Ji, R., Chen, W., 2019. Aging significantly
affects mobility and contaminant-mobilizing ability of nanoplastics in saturated loamy
sand. Environ. Sci. Technol. 53, 5805-5815. https://doi.org/10.1021/acs.est.9b00787.

Mazurais, D., Ernande, B., Quazuguel, P., Severe, A., Huelvan, C., Madec, L., Mouchel, O.,
Soudant, P., Robbens, J., Huvet, A., Zambonino-Infante, J., 2015. Evaluation of the im-
pact of polyethylene microbeads ingestion in European sea bass (Dicentrarchus labrax)
larvae. Mar. Environ. Res. 112, 78-85. https://doi.org/10.1016/j.marenvres.2015.09.
009.

Mizukawa, K., Takada, H., Takeuchi, I., Ikemoto, T., Omori, K., Tsuchiya, K., 2009.
Bioconcentration and biomagnification of polybrominated diphenyl ethers (PBDEs)
through lower-trophic-level coastal marine food web. Mar. Pollut. Bull. 58, 1217-1224.
https://doi.org/10.1016/j.marpolbul.2009.03.008.

Mizukawa, K., Yamada, T., Matsuo, H., Takeuchi, L., Tsuchiya, K., Takada, H., 2013.
Biomagnification and debromination of polybrominated diphenyl ethers in a coastal eco-
system in Tokyo Bay. Sci. Total Environ. 449, 401-409. https://doi.org/10.1016/j.
scitotenv.2013.01.092.

Miiller, C., Erzini, K., Teodésio, M.A., Pousdo-Ferreira, P., Baptista, V., Ekau, W., 2020.
Assessing microplastic uptake and impact on omnivorous juvenile white seabream
Diplodus sargus (Linnaeus, 1758) under laboratory conditions. Mar. Pollut. Bull. 157.
https://doi.org/10.1016/j.marpolbul.2020.111162.

Noyes, P.D., Kelly, S.M., Mitchelmore, C.L., Stapleton, H.M., 2010. Characterizing the in vitro
hepatic biotransformation of the flame retardant BDE 99 by common carp. Aquat.
Toxicol. 97, 142-150. https://doi.org/10.1016/j.aquatox.2009.12.013.

Official Journal of the European Union, 2003. DIRECTIVE 2003/11/EC OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL of 6 February 2003 Amending for the 24th Time
Council Directive 76/769/EEC Relating to Restrictions on the Marketing and Use of Cer-
tain Dangerous Substances and Preparations (Pentabromodiphenyl Ether,
Octabromodiphenyl Ether).

Ogata, Y., Takada, H., Mizukawa, K., Hirai, H., Iwasa, S., Endo, S., Mato, Y., Saha, M., Okuda,
K., Nakashima, A., Murakami, M., Zurcher, N., Booyatumanondo, R., Zakaria, M.P., Dung,
L.Q., Gordon, M., Miguez, C., Suzuki, S., Moore, C., Karapanagioti, H.K., Weerts, S.,
McClurg, T., Burres, E., Smith, W., van Velkenburg, M., Lang, J.S., Lang, R.C., Laursen,
D., Danner, B., Stewardson, N., Thompson, R.C., 2009. International Pellet Watch: global
monitoring of persistent organic pollutants (POPs) in coastal waters. 1. Initial phase data
on PCBs, DDTs, and HCHs. Mar. Pollut. Bull. 58, 1437-1446. https://doi.org/10.1016/j.
marpolbul.2009.06.014.

Pannetier, P., Morin, B., Clérandeau, C., Laurent, J., Chapelle, C., Cachot, J., 2019. Toxicity
assessment of pollutants sorbed on environmental microplastics collected on beaches:
part II-adverse effects on Japanese medaka early life stages. Environ. Pollut. 248,
1098-1107. https://doi.org/10.1016/j.envpol.2018.10.129.

Peda, C., Caccamo, L., Fossi, M.C., Gai, F., Andaloro, F., Genovese, L., Perdichizzi, A., Romeo,
T., Maricchiolo, G., 2016. Intestinal alterations in european sea bass Dicentrarchus labrax
(Linnaeus, 1758) exposed to microplastics: preliminary results. Environ. Pollut. 212,
251-256. https://doi.org/10.1016/j.envpol.2016.01.083.

PlascticsEurope, 2020. Plastics-The Facts 2020 an Analysis of European Plastics Production,
Demand and Waste Data.

Rainieri, S., Barranco, A., 2019. Microplastics, a food safety issue? Trends Food Sci. Technol.
https://doi.org/10.1016/j.tifs.2018.12.009.

Rainieri, S., Conlledo, N., Larsen, B.K., Granby, K., Barranco, A., 2018a. Combined ef-
fects of microplastics and chemical contaminants on the organ toxicity of zebrafish
(Danio rerio). Environ. Res. 162, 135-143. https://doi.org/10.1016/j.envres.
2017.12.019.

Rainieri, S., Conlledo, N., Larsen, B.K., Granby, K., Barranco, A., 2018b. Combined effects of
microplastics and chemical contaminants on the organ toxicity of zebrafish (Danio
rerio). Environ. Res. 162, 135-143. https://doi.org/10.1016/j.envres.2017.12.019.

Rapp, J., Herrera, A., Martinez, I., Raymond, E., Santana, A., Gémez, M., 2020. Study of plastic
pollution and its potential sources on gran Canaria Island beaches (Canary Islands,
Spain). Mar. Pollut. Bull. 153. https://doi.org/10.1016/j.marpolbul.2020.110967.

Reinold, S., Herrera, A., Herndndez-Gonzalez, C., Gémez, M., 2020. Plastic pollution on eight
beaches of Tenerife (Canary Islands, Spain): an annual study. Mar. Pollut. Bull. 151.
https://doi.org/10.1016/j.marpolbul.2019.110847.

Reinold, S., Herrera, A,, Saliu, F., Herndndez-Gonzélez, C., Martinez, 1., Lasagni, M., Gémez,
M., 2021. Evidence of microplastic ingestion by cultured European sea bass
(Dicentrarchus labrax). Mar. Pollut. Bull. 168. https://doi.org/10.1016/j.marpolbul.
2021.112450.

Rial-Berriel, C., Acosta-Dacal, A., Zumbado, M., Henriquez-Herndndez, L.A., Rodriguez-
Hernéndez, A., Macias-Montes, A., Boada, L.D., Travieso-Aja, M.del M., Martin Cruz, B.,
Luzardo, O.P., 2021. A method scope extension for the simultaneous analysis of POPs,
current-use and banned pesticides, rodenticides, and pharmaceuticals in liver. Applica-
tion to food safety and biomonitoring. Toxics 9, 238. https://doi.org/10.3390/
toxics9100238.


https://doi.org/10.1016/S0160-4120(03)00107-7
https://doi.org/10.1016/j.chemosphere.2017.07.121
https://doi.org/10.1080/19440049.2017.1372642
https://doi.org/10.1080/19440049.2017.1372642
https://doi.org/10.1016/j.jhazmat.2020.122693
https://doi.org/10.1016/j.jhazmat.2020.122693
https://doi.org/10.1016/j.marpolbul.2019.04.061
https://doi.org/10.1016/j.marpolbul.2019.04.061
https://doi.org/10.1016/j.fsi.2019.10.072
https://doi.org/10.1016/j.marpolbul.2018.11.022
https://doi.org/10.3389/fmars.2019.00208
http://refhub.elsevier.com/S0048-9697(22)00488-0/rf202201250425199469
http://refhub.elsevier.com/S0048-9697(22)00488-0/rf202201250425199469
https://doi.org/10.1016/j.scitotenv.2018.06.223
https://doi.org/10.1016/j.scitotenv.2018.06.223
https://doi.org/10.1186/s43591-021-00016-w
https://doi.org/10.1186/s43591-021-00016-w
https://doi.org/10.1016/j.envres.2018.02.035
https://doi.org/10.1016/j.envres.2018.02.035
https://doi.org/10.1016/j.envres.2018.02.035
https://doi.org/10.1016/j.envres.2018.02.035
https://doi.org/10.1021/acs.est.8b02497
https://doi.org/10.1021/acs.est.8b02497
https://doi.org/10.1021/acs.est.8b05297
https://doi.org/10.1016/j.scitotenv.2016.03.204
https://doi.org/10.1016/j.marpolbul.2021.112548
https://doi.org/10.1016/j.marpolbul.2021.112548
https://doi.org/10.1016/j.marpolbul.2017.10.020
https://doi.org/10.1016/j.marpolbul.2020.110999
https://doi.org/10.1016/j.marpolbul.2020.110999
https://doi.org/10.1016/j.marpolbul.2018.12.022
https://doi.org/10.1016/j.marpolbul.2011.11.004
https://doi.org/10.1016/j.marpolbul.2011.11.004
https://doi.org/10.1016/j.marpolbul.2011.06.004
https://doi.org/10.1016/j.marpolbul.2011.06.004
https://doi.org/10.1021/acs.est.5b06069
https://doi.org/10.1021/acs.est.5b06069
https://doi.org/10.1021/es060630m
https://doi.org/10.1021/es060630m
https://doi.org/10.1093/jaoac/90.2.485
http://refhub.elsevier.com/S0048-9697(22)00488-0/rf202201250439303727
https://doi.org/10.1021/acs.est.9b00787
https://doi.org/10.1016/j.marenvres.2015.09.009
https://doi.org/10.1016/j.marenvres.2015.09.009
https://doi.org/10.1016/j.marpolbul.2009.03.008
https://doi.org/10.1016/j.scitotenv.2013.01.092
https://doi.org/10.1016/j.scitotenv.2013.01.092
https://doi.org/10.1016/j.marpolbul.2020.111162
https://doi.org/10.1016/j.aquatox.2009.12.013
http://refhub.elsevier.com/S0048-9697(22)00488-0/rf202201250431561915
http://refhub.elsevier.com/S0048-9697(22)00488-0/rf202201250431561915
http://refhub.elsevier.com/S0048-9697(22)00488-0/rf202201250431561915
http://refhub.elsevier.com/S0048-9697(22)00488-0/rf202201250431561915
http://refhub.elsevier.com/S0048-9697(22)00488-0/rf202201250431561915
https://doi.org/10.1016/j.marpolbul.2009.06.014
https://doi.org/10.1016/j.marpolbul.2009.06.014
https://doi.org/10.1016/j.envpol.2018.10.129
https://doi.org/10.1016/j.envpol.2016.01.083
http://refhub.elsevier.com/S0048-9697(22)00488-0/rf202201250432341803
http://refhub.elsevier.com/S0048-9697(22)00488-0/rf202201250432341803
https://doi.org/10.1016/j.tifs.2018.12.009
https://doi.org/10.1016/j.envres.2017.12.019
https://doi.org/10.1016/j.envres.2017.12.019
https://doi.org/10.1016/j.envres.2017.12.019
https://doi.org/10.1016/j.marpolbul.2020.110967
https://doi.org/10.1016/j.marpolbul.2019.110847
https://doi.org/10.1016/j.marpolbul.2021.112450
https://doi.org/10.1016/j.marpolbul.2021.112450
https://doi.org/10.3390/toxics9100238
https://doi.org/10.3390/toxics9100238

A. Herrera et al.

Roberts, S.C., Noyes, P.D., Gallagher, E.P., Stapleton, H.M., 2011. Species-specific differences
and structure-activity relationships in the debromination of PBDE congeners in three fish
species. Environ. Sci. Technol. 45, 1999-2005. https://doi.org/10.1021/es103934x.

Rochman, C.M., Hoh, E., Kurobe, T., Teh, S.J., 2013. Ingested plastic transfers hazardous
chemicals to fish and induces hepatic stress. Sci. Rep. 3. https://doi.org/10.1038/
srep03263.

Rochman, C.M., Lewison, R.L., Eriksen, M., Allen, H., Cook, A.M., Teh, S.J., 2014.
Polybrominated diphenyl ethers (PBDESs) in fish tissue may be an indicator of plastic con-
tamination in marine habitats. Sci. Total Environ. 476-477, 622-633. https://doi.org/10.
1016/j.scitotenv.2014.01.058.

Rummel, C.D., Adolfsson-Erici, M., Jahnke, A., MacLeod, M., 2016. No measurable “cleaning”
of polychlorinated biphenyls from rainbow trout in a 9 week depuration study with die-
tary exposure to 40% polyethylene microspheres. Environ. Sci. Process Impacts 18,
788-795. https://doi.org/10.1039/c6em00234;j.

Schnitzler, J.G., Koutrakis, E., Siebert, U., Thomé, J.P., Das, K., 2008. Effects of persistent or-
ganic pollutants on the thyroid function of the European sea bass (Dicentrarchus labrax)
from the Aegean Sea, is it an endocrine disruption? Mar. Pollut. Bull. 56, 1755-1764.
https://doi.org/10.1016/j.marpolbul.2008.06.011.

Shanmuganathan, D., Megharaj, M., Chen, Z., Naidu, R., 2011. Polybrominated diphenyl
ethers (PBDEs) in marine foodstuffs in Australia: residue levels and contamination status
of PBDEs. Mar. Pollut. Bull. 63, 154-159. https://doi.org/10.1016/j.marpolbul.2011.06.
002.

Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M.aki, Watanuki, Y., 2013.
Accumulation of plastic-derived chemicals in tissues of seabirds ingesting marine plastics.
Mar. Pollut. Bull. 69, 219-222. https://doi.org/10.1016/j.marpolbul.2012.12.010.

Teuten, E.L., Saquing, J.M., Knappe, D.R.U., Barlaz, M.A., Jonsson, S., Bjorn, A., Rowland, S.J.,
Thompson, R.C., Galloway, T.S., Yamashita, R., Ochi, D., Watanuki, Y., Moore, C., Viet,
P.H,, Tana, T.S., Prudente, M., Boonyatumanond, R., Zakaria, M.P., Akkhavong, K.,
Ogata, Y., Hirai, H., Iwasa, S., Mizukawa, K., Hagino, Y., Imamura, A., Saha, M.,
Takada, H., 2009. Transport and release of chemicals from plastics to the environment
and to wildlife. Philos. Trans. R. Soc. B 364, 2027-2045. https://doi.org/10.1098/rstb.
2008.0284.

Torrecillas, S., Montero, D., Caballero, M.J., Robaina, L., Zamorano, M.J., Sweetman, J.,
Izquierdo, M., 2015. Effects of dietary concentrated mannan oligosaccharides supplemen-
tation on growth, gut mucosal immune system and liver lipid metabolism of European sea
bass (Dicentrarchus labrax) juveniles. Fish Shellfish Immunol. 42, 508-516. https://doi.
org/10.1016/].fs1.2014.11.033.

Torrecillas, S., Montero, D., Carvalho, M., Benitez-Santana, T., Izquierdo, M., 2021. Replace-
ment of fish meal by Antarctic krill meal in diets for European sea bass Dicentrarchus

10

Science of the Total Environment 822 (2022) 153396

labrax: growth performance, feed utilization and liver lipid metabolism. Aquaculture
545. https://doi.org/10.1016/j.aquaculture.2021.737166.

Ugwu, K., Herrera, A., Gémez, M., 2021. Microplastics in marine biota: a review. Mar. Pollut.
Bull. 169, 112540. https://doi.org/10.1016/j.marpolbul.2021.112540.

van der Hal, N., Yeruham, E., Shukis, D., Rilov, G., Astrahan, P., Angel, D.L., 2020. Uptake and
incorporation of PCBs by eastern Mediterranean rabbitfish that consumed microplastics.
Mar. Pollut. Bull. 150. https://doi.org/10.1016/j.marpolbul.2019.110697.

Vega-Moreno, D., Abaroa-Pérez, B., Rein-Loring, P.D., Presas-Navarro, C., Fraile-Nuez, E.,
Machin, F., 2021. Distribution and transport of microplastics in the upper 1150 m of
the water column at the eastern North Atlantic subtropical gyre, Canary Islands,Spain.
Sci. Total Environ. 788, 147802. https://doi.org/10.1016/j.scitotenv.2021.147802.

Wang, T., Wang, L., Chen, Q., Kalogerakis, N., Ji, R., Ma, Y., 2020. Interactions between
microplastics and organic pollutants: effects on toxicity, bioaccumulation, degradation,
and transport. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2020.142427.

Wardrop, P., Shimeta, J., Nugegoda, D., Morrison, P.D., Miranda, A., Tang, M., Clarke, B.O.,
2016. Chemical pollutants sorbed to ingested microbeads from personal care products ac-
cumulate in fish. Environ. Sci. Technol. 50, 4037-4044. https://doi.org/10.1021/acs.est.
5b06280.

Zeytin, S., Wagner, G., Mackay-Roberts, N., Gerdts, G., Schuirmann, E., Klockmann, S., Slater,
M., 2020. Quantifying microplastic translocation from feed to the fillet in European sea
bass Dicentrarchus labrax. Mar. Pollut. Bull. 156. https://doi.org/10.1016/j.marpolbul.
2020.111210.

Zhu, M., Chernick, M., Rittschof, D., Hinton, D.E., 2020. Chronic dietary exposure to polysty-
rene microplastics in maturing Japanese medaka (Oryzias latipes). Aquat. Toxicol. 220.
https://doi.org/10.1016/j.aquatox.2019.105396.

Zitouni, N., Bousserrhine, N., Belbekhouche, S., Missawi, O., Alphonse, V., Boughatass, I.,
Banni, M., 2020. First report on the presence of small microplastics (<3 pm) in tissue
of the commercial fish Serranus scriba (Linnaeus. 1758) from Tunisian coasts and associ-
ated cellular alterations. Environ. Pollut. 263. https://doi.org/10.1016/j.envpol.2020.
114576.

Zitouni, N., Bousserrhine, N., Missawi, O., Boughattas, 1., Chévre, N., Santos, R.,
Belbekhouche, S., Alphonse, V., Tisserand, F., Balmassiere, L., dos Santos, S.P., Mokni,
M., Guerbej, H., Banni, M., 2021. Uptake, tissue distribution and toxicological effects of
environmental microplastics in early juvenile fish Dicentrarchus labrax. J. Hazard.
Mater. 403. https://doi.org/10.1016/j.jhazmat.2020.124055.


https://doi.org/10.1021/es103934x
https://doi.org/10.1038/srep03263
https://doi.org/10.1038/srep03263
https://doi.org/10.1016/j.scitotenv.2014.01.058
https://doi.org/10.1016/j.scitotenv.2014.01.058
https://doi.org/10.1039/c6em00234j
https://doi.org/10.1016/j.marpolbul.2008.06.011
https://doi.org/10.1016/j.marpolbul.2011.06.002
https://doi.org/10.1016/j.marpolbul.2011.06.002
https://doi.org/10.1016/j.marpolbul.2012.12.010
https://doi.org/10.1098/rstb.2008.0284
https://doi.org/10.1098/rstb.2008.0284
https://doi.org/10.1016/j.fsi.2014.11.033
https://doi.org/10.1016/j.fsi.2014.11.033
https://doi.org/10.1016/j.aquaculture.2021.737166
https://doi.org/10.1016/j.marpolbul.2021.112540
https://doi.org/10.1016/j.marpolbul.2019.110697
https://doi.org/10.1016/j.scitotenv.2021.147802
https://doi.org/10.1016/j.scitotenv.2020.142427
https://doi.org/10.1021/acs.est.5b06280
https://doi.org/10.1021/acs.est.5b06280
https://doi.org/10.1016/j.marpolbul.2020.111210
https://doi.org/10.1016/j.marpolbul.2020.111210
https://doi.org/10.1016/j.aquatox.2019.105396
https://doi.org/10.1016/j.envpol.2020.114576
https://doi.org/10.1016/j.envpol.2020.114576
https://doi.org/10.1016/j.jhazmat.2020.124055

	Bioaccumulation of additives and chemical contaminants from environmental microplastics in European seabass (Dicentrarchus ...
	1. Introduction
	2. Material and methods
	2.1. Ethics statement
	2.2. Experimental diets
	2.2.1. Virgin microplastics
	2.2.2. Environmental microplastics

	2.3. Experimental conditions
	2.4. Sampling procedures
	2.5. Analysis of chemical contaminants
	2.5.1. Reagents and chemicals
	2.5.2. Extraction of chemical pollutants in environmental and virgin microplastics
	2.5.3. Extraction of chemical pollutants in liver
	2.5.4. Instrumental analyses

	2.6. Statistical analyses

	3. Results
	3.1. Chemical pollutants present in environmental microplastics (EMPs) from Las Canteras beach used in diet EMP
	3.2. Chemical pollutants present in diets
	3.3. Chemical pollutants in Dicentrarchus labrax liver after 60days of treatment

	4. Discussion
	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References




