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A B S T R A C T

Uptake of microplastic (MP) particles has been detected in a large number of marine organisms, and humans
may consequently be exposed to high MP levels in consumed seafood. Yet there remains a dearth of knowledge
regarding uptake into commercially important finfish and tissues (fillets) most commonly consumed by humans.
The current study detected translocation of MP into the fillet of European seabass (Dicentrarchus labrax) juveniles
fed with a diet containing fluorescent MP particles (1–5 μm) for 16 weeks. Results indicate MP translocation to
fillet, with mean fillet MP content calculated as 0.36 ± 0.29 MP/g−1

fillet on the basis of manual fluorescent
microscopy counts and 0.15 ± 0.28 MP/g−1

fillet on the basis of automated fluorescent microscopy counts. The
retention/translocation rate is estimated at approximately 1 MP reaching the fillet for every 1.87 × 107 ingested
in the experimental diet. This study presents first data of MP translocation from feed to the tissue fillet in
European seabass and aids future examinations of the MP load in seafood for human consumption.

1. Introduction

Microplastic (MP) ingestion in fish and bivalves has been observed
in many studies under field conditions and in laboratory experiments
(Bellas et al., 2016; Guven et al., 2017; Hermsen et al., 2017; Wang and
Wang, 2018; Neves et al., 2015). Once ingested, MP are known to cause
biological responses in organisms through physical or chemical me-
chanisms (Hermsen et al., 2017). Many organisms are capable of
egesting the MP, limiting the detrimental effects they could have
(Wright et al., 2013). Larger fragments of plastic can, alternatively, be
retained in the gastrointestinal tract (Wang et al., 2016; Neves et al.,
2015; Sheavly and Register, 2007). Physical effects of such retention
can include blockages or abrasions in the gastrointestinal tract (Wright
et al., 2013; Lu et al., 2016; Lusher et al., 2017).

Retention times and clearance rates of MP in the gastrointestinal
tract depend on MP size, shape and type (Smith et al., 2018). Previous
studies have reported ingestion of MP and identification in the gastro-
intestinal tract at widely varying levels, in increasing order: 0.0025% in
North sea fish (Hermsen et al., 2017), 17.5% in Spanish Atlantic and
Mediterranean coast fish (Bellas et al., 2016), 19.8% in Portuguese
coast fish (Neves et al., 2015), 58% in Turkish territorial water fish

(Guven et al., 2017) and 100% in fish from the South China Sea (Jabeen
et al., 2017). These differences in MP quantification could be species
specific, influenced by environmental concentrations of MP, variations
in size classes of plastic searched for, or due to differing levels of
methodological quality control to eliminate contamination. These are
just a few examples of the variation in results published recently in this
highly active research field.

MP not retained in the intestinal tract or egested has been reported
to translocate into various organs including the liver, gills and intes-
tine/gut while nanoparticles have been reported to translocate to fish
blood (Collard et al., 2018; Collard et al., 2017; Lu et al., 2016;
Kashiwada, 2006). It should be noted that this is a highly dynamic field
of study, with valid questions raised in relation to the constraints of
investigations to date and suggestions for more representative methods
to track translocation (Paul-Pont et al., 2018). Despite the potential for
MP translocation into the tissues of aquatic organisms there have been
few studies conducted on fish muscle. Collard et al. (2018) reported no
translocation to muscle tissue in Squalius cephalus, while Karami et al.
(2018) reported microplastic in edible parts of canned finfish without
clear indication of whether these resulted from translocation or pro-
cessing. It can be argued that the muscle, in particular the fillet, is an
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important tissue to investigate as it is generally considered the most
edible part of the fish, and the potential for MP presence in fillets
should be of upmost concern to humans.

Controlled and dosed experimentation along with reliable methods
for extracting and identifying MP from selected organs are essential to
determine if and how MP are translocated within fish. This can be
highly complex as polymers are extremely diverse and few/no effective
solvents or procedures can be guaranteed to preserve absolutely all
potential MP compounds (Thiele et al., 2019).

Early development of methods for material degradation for MP re-
covery was undertaken by Foekema et al. (2013) and further modified
by Rochman et al. (2015) to reduce digestion time and increase the
temperature. Kuhn et al. (2017) tested KOH digestion and found
minimal degradation of a wide range of polymers, while more recent
studies have shown an effect of increased temperature on selected
polymers (Thiele et al., 2019). Karami et al. (2017) investigated the
efficiency of different oxidative agents (NaClO or H2O2), bases (NaOH
or KOH) and acids (HCl or HNO3) at varying temperatures of 25, 40, 50
and 60 °C and found that a 10% KOH (w/v) solution incubated at 40 °C
was the most efficient, time effective, and cheapest method for ex-
tracting MP from biogenic material. The recommended most efficient
process used 10% KOH (w/v) at 40 °C for 48 h, resulting in a 98.6%
digestion efficiency (Karami et al., 2017). Material was filtered over a
22 μm filter membrane but bone fragments caused significant inter-
ference, an additional step for bone removal which involved sonication
with Na solution which acted as a density separation step and made the
MP rise to the surface (Karami et al., 2017). Dehaut et al. (2016) also
found 10% KOH to be the most effective solvent for biological material
degradation. Digestion could be completed within 24 h if the tem-
perature of the reaction was raised to 60 °C resulting in a 99.6–99.8%
digestion efficiency and KOH digestion at 10% incubated 24 h at 60 °C
was suggested as a standardized method (Dehaut et al., 2016) (Dehaut
et al., 2019). This could be followed by a density separation step using
sodium tungstate (Na2WO4).

After digestion, the most common way of identifying and quanti-
fying plastic is through visual separation using either polarized light
microscopy, stereoscope, or fluorescent microscopy (von Moos et al.,
2012; Akhbarizadeh et al., 2018; Magni et al., 2018). However, these
methods have limited potential for polymer identification. Identifica-
tion of polymers can be conducted using destructive thermoanalytical
methods such as Pyrolysis-gas chromatography–mass spectrometry
(Pyr-GC/MS) or TED-GC–MS, which are rapid but lack the ability to
determine the size distribution in samples (Huppertsberg and Knepper,
2018; Peters et al., 2018). Two types of vibrational spectroscopies are
used for polymer identification: Raman and Fourier transform infrared
(FTIR) spectroscopy (Elert et al., 2017). These spectroscopic methods
are comparatively slow, but are non-destructive, highly accurate, and
they work by recording the characteristic light backscatter signal from
polymer particles so individual polymers can be identified (Elert et al.,
2017).

The current study explored MP translocation to fillet from juveniles
of the high value fishery and aquaculture species European sea bass,
Dicentrarchus labrax (Oliva-Teles, 2000; Fuentes et al., 2010). It applied
controlled feeding of known quantities of MP in diets to allow quanti-
tative estimation of recovery and translocation pathways into fish fillet.
A controlled feeding experiment was conducted with juvenile fish ex-
posed to a diet with defined amount of fluorescent MP particles
(1–5 μm) for 16 weeks under controlled conditions in a recirculating
aquaculture system. In addition to sampling of fish fillet for digestion
and MP load determination, the growth parameters, somatic indices
and haematocrit determination were monitored for their response to
MP after feeding.

2. Material and methods

2.1. Experimental set-up

Experiments were conducted at the Alfred Wegener Institute for
Polar and Marine Research (AWI) in Bremerhaven, Germany. European
seabass juveniles were obtained (at 5 g) from the Ecoloserie Marine de
Gravelines, France and subsequently raised in a recirculation aqua-
culture system (RAS). The use of experimental fish in this project was
approved by the State Committee of Ethics and Animal Experimentation
(Die Senatorin fur Wissenschaft, Gesundheit und Verbraucherschutz)
and is registered under experiment code TV 138. After approximately
2 months acclimation period, the fish were weighed and randomly
distributed to 2.4 m3 circular glass fiber reinforced experimental tanks.
The tanks were part of a RAS which consisted of a mechanical hydro-
tech drum-filter filtration system, protein skimmer, biofilter, an ozone
supply and a reservoir tank (Sander, Uetze-Eltze, Germany). In order to
avoid any microplastic contamination between tanks, all inflowing
water was filtered to 1 μm using sock filters at the inflow to each in-
dividual tank. The facility was illuminated for 12 h during the experi-
ment, from 7:30–19:30.

Water parameters, particularly oxygen, pH, redox, and temperature,
were monitored constantly by automated sensors which were emerged
in effluent water and maintained within their optimal ranges. pH be-
tween 7.5 and 8, oxygen saturation>80%, and temperature around
18 °C. Water samples for ammonia, nitrite, and nitrate were also taken
weekly to ensure the biofilter was functioning properly, with optimal
values being 0–0.1, 0–0.1, and 0–10 mg/l, respectively.

2.1.1. Sea bass feeding experiment with fluorescent microplastic diet and
sampling

Fluorescently labelled orange-yellow polymer (Benzoguanamine
Resin) microspheres (FMO-1.3 1-5um; density 1.3 g cc−1;
d50 = 1.5–2.0 um, d95 = 3.5 um, d99 = 5um) were purchased from
Cospheric (Santa Barbara, CA, USA)1. A control diet (CT) (pellets
without MP) and a test diet (MPT) (pellets with defined amount of
fluorescent MP particles) were produced by warm extrusion using a
DNDL44 co-rotating twin-screw extruder (Bühler GmbH, Braunschweig,
Germany) with a process length of 20 D (where D represents the ratio of
the screw diameter to the screw length). Four of the five extruder
barrels were independently heated in a 4-step temperature profile from
100 °C to 130 °C (Material temperature 70 °C to 110 °C). After extrusion
the 2 mm pellets were dried at 140 °C for 15 min to achieve a moisture
content of< 7%. In a last step the extruded feeds were coated with fish
oil at Technologie-Transfer-Zentrum (TTZ) (Bremerhaven, Germany).
The diet (Table 1) was formulated to meet the nutritional requirements
of juvenile seabass.

Two treatment groups were established for the feeding trail, these
corresponded to the diets prepared, microplastic treatment (MPT) and
control (CT). Four tank replicates of each treatment group (total 8
tanks) were established with each tank containing 120 fish. These re-
plicate tanks were distributed within the 2.4 m3 RAS system (Fig. 1).
The feeding trial was carried out over 16 weeks. Each group of seabass
juveniles was fed diets with the respective assigned diet microplastic
(MPT) or control (CT) ad libitum, twice a day at 9:00 and 15:00.

Uneaten pellets were collected a few minutes after ad libitum
feeding, dried at 60 °C until constant weight, and used in calculating the
total amount of food eaten, and to calculate the feed conversion ratio
(FCR). The total length and weight of each experimental fish were
measured at experiment onset and termination. At experimental com-
pletion all animals were anaesthetized and euthanised with an overdose
of MS 222 (dosage exceeding 250 mg per liter of water).

1 The same spherical fluorescent, plastic beads were also used in the study
from Ogonowski et al. (2016).
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Growth performance and feed utilization parameters of experi-
mental sea bass were monitored and calculated. The feed conversion
ratio (FCR), condition factor (CF) and specific growth rate (SGR) were
determined at the end of the experiment by using Eqs. (1), (2), (3):

=FCR feed intake/weight gain (1)

= × ×
−CF final body weight final body length 1003 (2)

= − − ×SGR (lnW lnW )/(t t ) 100tf t0 f 0 (3)

where Wtf is the mean final body weight at the end of experiment and
Wt0 is the mean initial weight at the beginning of the experiment.

The liver, spleen and gastrointestinal tract were transferred to metal
weighing trays and weights were recorded and somatic indices were

calculated using Eqs. (4), (5), (6):

= ×Spleensomatic index (SSI) (spleen weight/total body weight) 100
(4)

= ×

Viscerosomatic index (VSI)

(total visceral weight/total body weight) 100 (5)

= ×Hepatosomatic index (HSI) (liver weight/total body weight) 100
(6)

Haematocrit was determined to assess oxygen-carrying capacity
under feeding with and without MP. Approximately 1.5 ml blood
samples were taken with a 27 G × 3/4 disposable hypodermic needle
(Braun, Germany) with a blood collection unit (Sarstedt, Germany)
containing heparin to reduce blood clotting from the dorsal aorta di-
rectly below the spinal vertebrae located in the caudal region. Samples
of blood from each fish were used to determine haematocrit using a
SERVOspin HKT TC-12 K haematocrit centrifuge (Servoprax GmbH,
Germany). Samples were spun at 7700g for 15 min and separated
haematocrit determined by measuring fraction length and calculating
percentage of total.

At the end of the experiment, samples of five individual seabass
fillet from each tank were taken for digestion, and subsequent quanti-
fication of MP content. The gutted fish was rinsed with distilled water
and ethanol (filtered over glass fiber, 1.2 μm pore size, 55 mm dia-
meter, VWR, Germany), wrapped in aluminum foil and then stored at
−80 °C for further analyses. Post digestion detection of MP's in sea bass
fillet from the experiment was carried out with both manual and au-
tomatic fluorescence microscopy (Zeiss, Germany).

2.1.2. Dissection and digestion with KOH
Potassium hydroxide (KOH) (Merck Darmstadt, Germany) solution

was dissolved in ultrapure demineralized water (MilliQ, Merck
Millipore, Germany) to 10% w/w. All instruments and materials were
non-plastic and were cleaned and washed with ethanol (Carl Roth,
Germany) thoroughly before use to avoid contamination with MP. All
digestion solutions were filtered before use (glass fiber, 1.2 μm pore
size, 55 mm diameter, VWR, Germany). The frozen fish were thawed for
24 h at 7 °C prior to alkaline digestion. The fillet from whole fish was
extracted on a clean stainless steel dissection tray and all bones, skin,
and connective tissue remnants were removed with a new scalpel in
each fish. 5 g of the homogenate fillet were added to a 100 ml glass
bottle (DURAN, Schott, Germany), and then 50 g of 10% KOH was
added to the sample in a 1:10 (w/w) ratio. The suspension was sealed,
and the bottle was then incubated in a shaking water bath (No. 1086,
GFL - Gesellschaft für Labortechnik mbH, Germany) at 60 °C at 110 rpm
for 24 h. After incubation, samples were immediately filtered on a pre-
weighed polycarbonate filter (1.2 μm pore size, 47 mm diameter,
MERCK RTTP04700) by using a glass vacuum filtration device
(Sartorius stedim, 16309). The filter, including residues, was dried at
40 °C for 3 h to a constant weight in a steel drying oven (Thermo
Scientific, Germany) (Fig. 2). All filters were transferred to aluminum
trays and covered with aluminum foil to protect samples from airborne
contamination. In between samples the vacuum filtration system was
washed twice with distilled water and laboratory washing agent and
then rinsed with ethanol. A cleaning control was conducted prior to
each sample filtration whereby a blank filter (1.2 μm pore size, 47 mm
diameter, MERCK RTTP04700) was placed in the vacuum filtration
system and 1 l of distilled water was run through the whole system to
ensure no residual microplastics remained.

Digestion efficiencies (%) were calculated using the following for-
mula:

= − − ×Digestion efficiency (%) (Wi (Wa Wb))/Wi 100

where Wi = initial weight of biological materials, Wa = weight of
dry filter membrane after filtration, and Wb = weight of dry filter

Table 1
Ingredients (g/kg) of the experimental diet.

Ingredients (g/kg) Control diet without
microplastic (CT)

Test diet with
microplastic (MPT)

Fish meala 550 550
Soybean meal (45 solv VN)b 140 140
Wheat glut0065nc 94 94
Corn/wheat starchd 105 105
Fish oila 100 100
Binder (inert) - Cellulose

ARBOCEL©e
5 5

Vitamin and Mineral Premixf 6 6
Polymer microspheresg – 0.05

a Vereinigte Fischmehl Werke, Cuxhaven, Germany.
b ADM Hamburg, Hamburg, Germany.
c Körner-Stärke, Hermann Kröner, Ibbenbüren, Germany.
d Bäko, Bonn, Germany.
e J. Rettenmaier & Söhne, Rosenberg, Germany.
f Garant Forellen Premix, Garant Aqua, Pöchlarn, Germany.
g Cospheric, Santa Barbara, CA, USA.

Fig. 1. Schematic representation of the recirculating aquaculture system
showing water treatment systems and the distribution of experimental treat-
ments per tank (NO MP = CT; WITH MP = MPT).
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membrane before filtration.

2.1.3. Determination of microplastic amount per gram MPT diet
In order to calculate the number of the polymer microspheres per

diet pellet, and thus exposure levels, individual pellets were digested as
described in Section 2.1.2. Subsequently, through the biological di-
gestion of 10–30 mg pellets a mean value of MP was quantified as
106,151.8/30 mg of pellets or 3.54 × 106 MP/1 g of pellets.

2.1.4. Determination of potential marker leaching
In order to determine the potential artefact of leaching of fluor-

escent die during processing a digestion of beads in 10% KOH was
carried out followed by microscopic and multiwall fluorescence ana-
lysis (of beads and process liquids) (Catarino et al., 2019; Schür et al.,
2019).

1 ml of homogenised (vortexed) stock solution (Cospheric Orange-
Yellow beads in MilliQ) was added to 10 ml of MilliQ, and another 1 ml
of the stock solution was added to 10 ml of 10% KOH. The KOH solu-
tion was incubated at 60 °C for 24 h and then filtered through a GF/F
(0.7 μm pore, Whatman) filter. The filtrate was retained. The filter was
ultrasonicated in 5 ml of MilliQ, rinsed with Milli Q and the wash so-
lution made up to 10 ml.

Vortexed 100 μl aliquots of orange beads in MilliQ, KOH filtrate,
and post-KOH beads in MilliQ solutions were pipetted into a 96-
chimney well multiplate (Greiner Bio-One, Germany) with 8 wells per
solution. Blank solutions of KOH and Milli Q were also included.

The multiplate containing the solutions was imaged with the same
Zeiss Axioplan 2 fluorescence microscope and settings used for the
automated counting (filter set 90 HE with LED 475 nm). Individual
regions were set for each of the wells, and then imaged using the re-
flected light and the calibrated fluorescence channels. The regions were

stitched individually as a post-processing function, and then a circular,
5000 μm diameter, central region of interest for each well was assigned
and automatically counted using the image analysis software. The
software was set to only count objects with a gray value (fluorescence
intensity) above 5000 AU. Data was generated on the area of each
object, along with the diameter, the max intensity, the mean intensity,
and the roundness. The data from the analyses was exported as a
spreadsheet for further processing. Following microscopy, the multi-
plate was placed into a Tecan plate-reader (Infinite M200, Tecan,
Switzerland) and each well scanned for fluorescence intensity mea-
surements at excitation 460 nm/emission 594 nm.

2.2. Microplastic detection using fluorescent microscopy and image analysis

2.2.1. Manual fluorescent microscopy
Manual fluorescent microscopy was used to count MP on filter

membranes of fillet samples by visual observation (Fig. 3). Dry poly-
carbonate filters were placed on slides and examined under fluorescent
microscopy at 10 × magnification using the Axioscope (Zeiss, Ger-
many) with a fluorescent filter BP 546, FT 580, LP 590. In order to
examine the microplastic uptake (MP/g) of MPT samples of European
seabass, a rectangular area of the filter was analyzed and the quantity of
MP was identified within that region and extrapolated to the remainder
of the filter. The whole area of the filter membrane had a size of
1735 mm2 and 940 mm2 (54%) thereof were checked under the manual
fluorescent microscope. Accordingly, the MP amount for the whole
filter membrane area (1735 mm2; 100%) was calculated, as was the
amount of microplastics per gram (MP/g). Individual images were
taken of each fluorescent MP particle identified. To verify the accuracy
of amount of MP in fillet samples counted by fluorescent microscopy, all
manual counts of fillet samples were carried out in duplicate by

Fig. 2. Flow diagram of the 10% KOH microplastic extraction method and the following microplastic evaluation.
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separate researchers in the project.

2.2.2. Automatic fluorescent microscopy
To validate the visual assessment of MP in fillet samples and com-

pare results from manual counting across the entire filter, the same
filters were examined using automatic fluorescent microscopy. The dry
polycarbonate filters were placed on a filter holder under fluorescent
microscopy at 2.5 × magnification using the Axioscope system with a
motorized stage and shutters (Axioplan 2, Zeiss, Germany). Before
scanning the whole filter, image, channels, focus strategy and manual
tile set-ups were adjusted to optimal and set based on a calibration filter
containing known MP beads. A 90 HE DAPI/GFP/Cy3/Cy5 fluorescent
filter was used and the light source was Colibri 7 (Blue LED, 475 nm,
3%). Image analyses were conducted using Zen 2 - Blue Edition soft-
ware. All the scanned tiles per filter were stitched as a post-processing
method. Automated image analysis conditions were then set according
to the MP bead properties, such as roundness, diameter (1–5 μm), and a
fluorescence intensity threshold (> 5000 AU). Each filter was analyzed
using the same acquisition and analysis conditions, and each identified
object confirmed manually from the image analysis software-generated
data list.

2.3. Statistical analysis

The program SigmaPlot 14.0 was used for statistical analysis. All
data was tested for normality using the Shapiro-Wilk test and

homogeneity of variance using Levene's test. When the assumption of
normality was met, as is the case for the somatic indices, a One-Way
Analysis of Variance (One-way ANOVA) with a post-hoc Tukey HSD test
was utilized. When normality assumptions were not met, as was the
case for digestion efficiency and growth parameters, a non-parametric
Kruskal-Wallis with a post hoc Dunn's test was utilized. A p-value
of< 0.05 was considered statistically significant for all tests and results
were presented as the mean ± standard deviation (SD).

3. Results

3.1. Digestion efficiency and determination of potential marker leaching

Using the applied digestion method all fish fillets were successfully
digested with high efficiencies. Digestion efficiency experiments were
run with 5 g of fillet all in 1:10 (w/w) ratios with 10% KOH. Digestion
efficiency of fillet was 99.76% ± 0.18.

Fluorescent objects were only detected in wells known to contain
orange beads in Milli Q (mean = 883 + −119) or post-KOH beads in
MilliQ (mean = 437 ± 31), with none detected in the KOH filtrate
wells or the blanks. In order to see whether there were distinctions
between individual beads following KOH digestion, three wells were
chosen for each bead treatment, and 50 objects selected by size
(3–4 μm), high roundness, and high mean intensity from each. These
150 representative individual beads were then compared between
treatments. Mean intensity of the individual beads was slightly higher
for the post-KOH treatment but did not differ significantly between
treatments (orange beads = 9984 ± 387 AU; post-KOH
beads = 10,300 ± 52 AU). The fluorescence intensity measurements
from 8 wells of each solution were averaged and compared. Although
the KOH filtrate solution did show a small increase in fluorescence in-
tensity when compared to the KOH and Milli Q blanks (108 ± 3 AU,
compared to 65 ± 5, and 54 ± 4 AU, respectively), this was barely
detectable when compared to truly fluorescent wells containing orange
beads (38,962 ± 1955).

3.2. Microplastic detection under manual fluorescent microscopy counting

The fluorescent polymer microspheres (1–5 μm) in fillet samples
could be clearly distinguished from other abiotic and biotic residues by
its bright orange-yellow fluorescence on filter membranes using a
fluorescent microscope. Nevertheless, biotic as well as abiotic residues
were also observed as shining green or yellow under the fluorescent
microscope. In particular, where present any remaining bone fragments

2 µm

Fig. 3. Image of fluorescent microplastic under a manual fluorescent micro-
scope. Size measurements of fluorescent microplastic as conducted using the
AxioVision SE64 Rel. 4.9 program.

A B

Fig. 4. Images of fluorescent microplastic under A) manual fluorescent microscope B) automatic fluorescent microscope. Size measurements of fluorescent micro-
plastics conducted using the AxioVision SE64 Rel. 4.9 program.
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in fillet samples fluoresced an orange-yellow colour (Figs. 3, 4A).
The average abundance of MP on 1.0 ± 0.8 MP per counted filter

area. No MP were identified and manually counted on filters from the
20 fillet samples taken from fish in the CT diet treatment.

3.2.1. Microplastic detection under automatic fluorescent microscopy
counting

The MP uptake (MP/g) of MPT samples of European seabass was
also clearly visible with automatic fluorescent microscopy (Fig. 4B).
Whole filter membrane scanning revealed an average abundance of MP
in fillet samples of 1.4 MP ± 1.3 MP per filter or 0.15 ± 0.3 MP/g
when calculated by sample weight (Fig. 5). No MP were detected on
blank samples.

3.3. Estimated retention rate of MP in fillet of European sea bass

The MPT diet contained a mean 3.54 × 106 (± 2.75) MP/g diet
based on the digestion and counting conducted at Section 2.1.3 above.
This value was multiplied by the mean number of grams consumed per
fish over the experimental period (calculated by subtracting recovered
feed from total amount fed as outlined at Section 2.1.1 above) to pro-
vide an estimate of the amount of MP ingested each fish in MPT
treatments over the experimental period.

On average each fish in tank MPT-1 ate a total of 46.60 g of feed/
fish. This is equivalent to 1.65 × 108 MP ingested per fish. Fish in tank
MPT-2 ate a total of 44.35 g of feed/fish. This is equivalent to
1.57 × 108 MP ingested per fish. Fish in tank MPT-3 ate a total of
49.47 g of feed/fish. This is equivalent to 1.75 × 108 MP ingested per
fish. Fish in tank MPT-4 ate a total of 43.72 g of feed/fish. This is
equivalent to 1.55 × 108 MP ingested per fish. The mean across all MPT
tanks was thus estimated at 1.63 × 108 MP ingested per fish.

Assuming a 60% fillet yield from total body weight, a
52.66 ± 8.39 g fish will yield 31.59 ± 5.0 g fillet. Mean 1.0 ± 0.8
MP were found per filter area in manual counts. The filter area is
equivalent to 2.65 g of digested fillet or 8.3% of total fillet yield.
Extrapolating 1.0 ± 0.8 MP as 8.3% (of total fillet yield) up to 100% of
fillet results in a mean 12.05 ± 9.6 pellets per fillet yield of a single
fish.

Extrapolating 0.15 ± 0.28 MP/g−1 as per the automated counts to
represent total fillet yield of 31.59 ± 5.0 g fillet (as above) results in a
mean 4.73 ± 8.8 pellets per fillet yield of a single fish.

3.4. Growth performance, somatic indices and haematocrit determination

There were no statistically significant differences with respect to the
mean initial weight and mean final weight between the fish fed with or
without MP. The mean final weight in fish from MPT was
52.66 ± 8.39, and the mean final weight in fish from CT was
53.32 ± 8.16. Fish in tank MPT had 1.47 SGR and 1.15 FCR. Fish in
tank CT had 1.48 SGR and FCR at 1.48. The final condition factor (CF)
showed no significant difference between the fish at MPT and CT tanks
(Table.2).

There were no statistical differences (One-way ANOVA, p<0.05,
n = 20) between the fish fed MPT and CT for the hepatosomatic index
(HSI), spleenosomatic index (SSI), and the viscerosomatic index (VSI)
(Table.3).

No statistically significant variations were found in the level of red
bloods cells and plasma between MPT and CT groups. The haematocrit
levels (in %) were between 40.26 ± 0.96 and 40.11 ± 1.34 respec-
tively.

4. Discussion

Quantifying MP risk within marine food webs and human food
supplies is essential as MP pollution expands and societal concerns in-
crease. The present study follows MP translocation for the first time
from dosed MP feeding through to presence in fillet. Quantification of
MP in key human food sources was successful using manual and auto-
mated counting techniques although totals differed between human and
machine counts. Results indicate translocation of polymeric micro-
spheres into fillets but translocation was numerically low given the high
experimental dosage and consequent ingestion by fish.

4.1. Methodology development

KOH did not impact the integrity of the plastics as indicated by the
results of leaching tests and apparent integrity of MP spheres under
microscope examination (Dehaut et al., 2016). Using a 10% KOH (w/v)
solution as recommended by Karami et al. (2017), digestion time was
reduced to 24 h at 60 °C with shaking in a water bath (Hermabessiere
et al., 2019). Recently, Thiele et al. (2019) report that Rayon MP is
destroyed above 40 °C in KOH, this must be considered in applying this
method depending on sample type and MP loading. Filtration steps used
to remove bones were not needed as with careful fillet extraction, bone
fragments were minimal. Reducing the time, and steps involved as

M
P
/g

fil
le
t

Fig. 5. Mean number of MP per gram digested fish fillet in MPT samples
(n = 20) as determined by manual and automated fluorescent microscopy
counts.

Table 2
Summary of the growth parameters for European seabass fed diets containing
microplastics (MPT) and control diet (CT) without microplastic inclusion.
Values are shown as the mean ± SD when possible, otherwise only shown as
the mean. No symbols indicate no significant differences between control and
MP fed groups (p<0.05).

Treatment Initial weight (g) Final weight (g) SGR (%
d−1)

FCR CF

MPT 12.48 ± 1.48 52.66 ± 8.39 1.47 1.15 1.28 ± 0.08
CT 12.48 ± 1.47 53.32 ± 8.16 1.48 1.19 1.29 ± 0.11

Table 3
Summary of the somatic indices for European seabass fed diets containing
microplastics after 16 weeks. Values are shown as the mean ± SD, n= 5/tank.
No symbols indicate no significant differences between control and MP fed
groups (p< 0.05).

Treatment HSI SSI VSI

MPT 1.93 ± 0.63 0.14 ± 0.38 11.76 ± 1.30
CT 2.09 ± 0.34 0.13 ± 0.34 11.63 ± 3.25
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herein allows for faster results from various types of tissues but it is
important to ensure it works under various circumstances and under the
highest level of experimental rigor (Kuhn et al., 2017; Paul-Pont et al.,
2018). In practical terms, small samples (5 g) of sea bass fillet samples,
with low lipid content, readily digested in the current study. Larger
samples have been digested at the same KOH ratio but on larger fluid
volumes by Dehaut et al. (2016) and commercial testing for MP should
include even larger samples (e.g. 150 g) in order to represent the pro-
portion of consumed fillet. It is possible that high-fat fish will require
new steps, (e.g. lipase) to remove excess lipids. Discrepancies were
found between manual and automated counting which are suggested to
be false positives due to human error and possibly as a result of over-
estimation of numbers due to uneven distribution of MP on the filters
used. Previous studies have identified leaching of fluorescent marker
into lipid during controlled feeding experiments and subsequent de-
termination of translocation leading to artefacts and incorrect results
(Catarino et al., 2019; Schür et al., 2019). In the current study, no
changes in fluorescence were observed between individual orange-
yellow beads following KOH digestion using the microscope, and no
fluorescent objects were detected in the KOH filtrate. Where Tecan data
showed an increase in intensity in the filtrate this was 0.28% of the
intensity of the wells containing orange-yellow beads, and can be
considered negligible.

4.2. Fish health and growth data

The fish maintained in feeding treatments MPT and CT did not differ
significantly in terms of their weight at the beginning or at the end of
the 16 week experimental period. Growth and food conversion values
are comparable, although slightly lower, than the highest reported
values SGR values of 1.5% d−1 and FCR of 1.1–2.4 for fast growing
European seabass at 50 g (Kousoulaki et al., 2015; Boujard et al., 1996).
In the current study an average HSI of 2.01 fit into ranges previously
published for healthy fish, and no negative effect among MPT fish is
evident (Htun-Han, 1978; Chellappa et al., 1995; Gutierrez et al.,
1992). VSI values were slightly higher than published values for fish in
both treatments. This excludes the presence of physical or dietary
stress, whereby much lower values would be recorded, and indicates
excess dietary energy which was deposited as lipids in the viscera
(Moreira et al., 2008; Delahunty and Devlaming, 1980). The various
indices applied herein clearly indicate fish in robust health in both MPT
and CT treatment and it can be concluded that consumption of very
high amounts of MP, as in the current study did not affect European
seabass health or growth performance.

4.3. Translocation of MP into fillet of European seabass fed a diet
containing MP

Controlled feeding with known quantities of labelled MP, followed
by careful tissue extraction and the manual and automated visual MP
identification provided evidence of a translocation of MP into European
seabass tissue. Potential pathway organs for the observed translocation
are either through the intestinal tract, or through the gills. As the fish
were fed MP in a RAS system with extreme levels of water filtration, the
most likely pathway for their MP translocation observed appears to be
through the intestinal tract into the lymphatic and/or vascular systems.

Quantitative estimates of MP translocation are important, as it
provides baselines for risk estimates in terms of human exposure in
seafood and, if fish exposure levels are known, offer first indications of
likelihood of translocation under wild-fish and aquaculture conditions.
Manuals and automated counts showed that low levels of MP translo-
cated into the fillets of the European seabass fed MP in the current
experiment, with mean MP loading from 0.35 ± 0.29 MP/g−1 to
0.15 ± 0.28 MP/g−1 Goldfish, Carassius auratus, fed diets including
either 50–500 μm MP or 63 μm PE microbeads did not exhibit trans-
location into the fillet; potentially due to the larger size of the particles

investigated (Grigorakis et al., 2017). A single MP of 23.4 μm has been
identified in the caudal muscle of wild-caught Seabream, Sparus aurata
(Jovanovic et al. (2018). Several MP ranging in size between 0 and
80 μm have been identified in Blue mussel, Mytilus edulis tubular epi-
thelial cells (von Moos et al., 2012). The current results were in
agreement with these wild-collected samples that indicated a translo-
cation into the fillet/tissues of marine organisms in low quantities.
These values were comparable to MP levels found in four species of
wild-caught fish from the Northeast Persian Gulf ranging from
0.57 ± 0.17 MP/g to 1.85 ± 0.46 MP/g fillet (Akhbarizadeh et al.,
2018). Much higher ranges of MP (size between<100 μm and>
1000 μm) have been reported in the fillet of five different species
captured in the Musa estuary, ranging from 7 to 23 MP in samples
pooled from each sampling side (Abbasi et al., 2018). While these
higher reported values may result from higher exposure levels in this
region they may be artefactual due to a lack of spectroscopic analysis,
suitable controls and unclear approaches to contamination.

Translocation of much larger MP particles and fibers to the liver
gills and gut of teleosts has been identified in previous studies (Collard
et al., 2018; Collard et al., 2017; Kashiwada, 2006). Smaller MP
(polystyrene) particles of 5 μm have been reported as also translocating
from solution (not from feed) to the blood in Zebrafish, Danio rerio (Lu
et al., 2016). Polystyrene MP<1μm has also been shown to be uptaken
via the hindgut into the lymphatic system in Atlantic salmon, Salmo
salar (Petrie and Ellis, 2006). Collard et al. (2018) reported no trans-
location of microplastic to muscle tissue, however, such sizes are only
visible in this study under the applied microscopy methods due to their
extreme fluorescence and may not have been detected in previous
studies using RAMAN Microscopy where particles below 10 μm are at
the limit of detection. The size range of the MP clearly plays an im-
portant role in translocation to the blood and fillet with a cut-off lying
in the range between 5 μm, as applied in the current study, and 50 μm
(Grigorakis et al., 2017; Lu et al., 2016). Such a range for size cut-off
allows potential pathways for epithelial transfer to be discussed.

Both endocytosis and enterocyte pathways are limited by the ca-
pacity of each cell to phagocytize and as such are likely to transport
only particles under 10 μm (Hussain et al., 2001; Browne et al., 2008;
Wright et al., 2013). There is (to date) an absence of data indicating the
presence of microfold cells or Peyer's patch regions in the gut of teleosts
and thus an endocyctosis of MP into seabass by this active pathway, as
in mammals, cannot be presumed (Hussain et al., 2001; Van
Cauwenberghe and Janssen, 2014; Wright and Kelly, 2017). von Moos
et al. (2012) proposed MP particles were phagocytosed by eosinophilic
granulocytes in mussels that then migrated into the tissue through en-
terocytes and formed granulocytomas (von Moos et al., 2012). Eur-
opean seabass have eosinophilic granule cells as part of their innate
immune system and granulocytoma formation is a potential pathway
for MP translocation in seabass (Scapigliati et al., 2002; Reite and
Evensen, 2006). With current knowledge, we propose this pathway
must be considered the most likely for uptake across the gut epithelium
in seabass. If this process is active, then the extremely low numbers of
MP present in fillet indicate an active immune response and excretion
of MP in response. This study does not clearly determine how, or if, a
translocation of MP occurs from the blood to muscle cell/tissue. It re-
mains possible that MP in blood could not be fully excluded (washed
out) of the fillet and MP in the fillet represent blood remnants. This,
however, is exactly representative of the fillet as consumed by humans
and thus representative for seafood safety considerations.

Substances too large for transcellular uptake may be transported
across the gastrointestinal tract by persorption (Volkheimer, 1974;
Karami et al., 2017; Wright and Kelly, 2017). Persorption (paracellular
transition) is infrequent, passive and pathophysiological, but allows
larger (5–130 μm) particles e.g., silicates, diatoms, to pass the intestinal
eptihelium through the vilus tips (Volkheimer, 1974). Mechanical di-
gestion “kneads” particles through the epithelial layer, between the
cells, into the subepithelial be transported via the lymph vessels into
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circulation (Volkheimer, 1974; Hussain et al., 2001; Jovanovic et al.,
2018; Wright and Kelly, 2017). It is suggested that persorption plays an
important role in translocation of larger MP as evidenced in previous
studies (Collard et al., 2018; Collard et al., 2017).

5. Conclusion

This study represents novel emerging research field for microplastic
detection in seafood. Microplastics of 1–5 μm are capable of translo-
cating into fillet commonly eaten by humans however at relatively low
levels when considering the high levels of ingestion in the current
study. The pathway(s) of translocation into tissues are not elucidated
but the current study indicates passage via the intestinal tract and
current knowledge suggests an uptake pathway via granulocytoma
formation as suggested by von Moos et al. (2012). Seafood has been
recognized as source of contaminants to the human diet, however the
occurrence of MP has not been regulated or quantified as of yet and the
long term effects of ingesting MP to both humans and marine species
remains unknown (Wright and Kelly, 2017; Wright et al., 2013, Carbery
et al., 2018). The MP in the current study is strongly visible under
microscopy, degraded plastic in nature much less so, studies of wild-
caught fish to identify MP in this size range are limited by current limits
of detection. If MP is to be monitored by the food industry, alternative
microscopy methods must be further developed to view less obvious,
non-fluorescing MP. Methods such as FT-IR microscopy or Raman
spectroscopy are developing rapidly and offer promising technological
solutions.
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