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Abstract

Microplastic research faces challenges due to costly, time-consuming, and error-prone analysis
techniques. Additionally, the variability in data quality across studies limits their comparability. This study
addresses the critical need for reliable and cost-effective MP analysis methods through validation of a
semi-automated workflow, where environmentally relevant MP were spiked into and recovered from
marine fish gastrointestinal tracts (GITs) and blue mussel tissue, using Nile red staining and machine
learning automated analysis of different polymers. Parameters validated include trueness, precision,
uncertainty, limit of quantification, specificity, sensitivity, selectivity, and method robustness. For fish GITs
a 95 + 9% recovery rate was achieved, and 87 + 11% for mussels. Polymer identification accuracies were
76 + 8% for fish GITs and 80 + 13% for mussels. Polyethylene terephthalate fragments showed more
variability with lower accuracies. The proposed validation parameters offer a step toward quality

management guidelines, as such aiding future researchers and fostering cross-study comparability.

1. Introduction

With worldwide plastics production nearly reaching 390.7 million tonnes in 2021, environmental pollution
from plastic waste is a major concern (PlasticsEurope, 2022). Due to abundant use and subsequent
disposal, it is estimated that around 3% of the plastic makes its way into the marine environment through
land-based (80%) and marine sources (20%) (Jambeck et al., 2015; Li et al., 2016). Microplastics (MP) are
plastic particles between 1 um and 5 mm in size (Hartmann et al., 2019; Arthur et al., 2009). They can be
divided into MP that enter the environment directly, e.g. plastic pellets from industrial manufacturing or
fibres from synthetic textiles, or indirectly through progressive deterioration, e.g. through exposure to UV
radiation from sunlight, or wave abrasion (Barnes et al. 2009; Lambert et al. 2014). Numerous studies on
the occurrence and effects of MP in the marine environment have been carried out in recent years. Studies

have shown that a variety of marine species ingest MP, including mussels, crustaceans and fish, as well as
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seabirds, potentially leading to adverse effects at individual level (Van Cauwenberghe et al., 2015; Wang
et al., 2020; D'Costa et al., 2022; Davison et al., 2011; Caldwell et al., 2022; Foekema et al., 2013; Lusher
et al., 2013) or at population level (Everaert et al., 2022). Most of these laboratory studies only showed
potential effects to occur at concentrations that are orders of magnitude above the recorded
environmental MP concentrations (Everaert et al. 2020; Koelmans et al. 2022). Moreover, a disparity
exists between MP shapes and polymer types used in effect studies and those commonly found in
environmental samples. For instance, De Ruijter et al., 2020 demonstrated that while only 6.5% of MP
detected in water and sediment are spherical in shape, 58.1% of the 105 reviewed effect studies tested
this shape. Similarly, fibres, which are among the most prevalently found shapes, were only tested within
8.1% of the effect studies. Most studies were also limited to the commonly found polymers PS and PE,
while the incorporation of PP, another frequently encountered polymer, was restricted to 5.5% of all
studies. Due to this considerable gap between MP concentrations and composition used in laboratory
studies vs. those encountered in natural environments, and consequently the lack of environmental

relevance, current findings on MP pollution and its impacts are rather inconclusive (De Ruijter et al., 2020).

Accurately measuring MP concentrations in the natural environment and marine organisms is key to
assess the associated risks. A multitude of MP analysis techniques have been developed, ranging from
light microscopy to spectroscopy and thermal degradation techniques, to meet the monitoring and
research needs (Mariano et al., 2021). Many of these methods are considered costly, time-consuming,
tedious (Cowger et al., 2020), and prone to human error (LV et al., 2021). As a result, the development of
trustworthy, high-throughput, and cost-effective MP analysis methods is recognised as a priority activity
(ICES, 2021). Recent advancements in MP identification have introduced innovative and non-destructive
approaches that focus on the optical properties of MP combined with machine learning techniques. Some

of these methods integrate multi-dimensional features such as polarisation states, holographic images,
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and texture, enabling efficient and precise discrimination of MP. By utilising machine learning algorithms,
the methods can accurately distinguish between different polymer types and natural materials, offering
a rapid and reliable MP analysis of environmental samples (Valentino et al., 2022; Zhu et al., 2024).
Similarly, the fluorescence readout of Nile red (NR)-stained particles photographed under multiple filters
combined with machine learning techniques has proven promising for the cost- and time-efficient

characteristation of MP (Meyers et al., 2022).

The development and optimisation of cost-and time-efficient analysis methods is challenging, as these
techniques should, compared to the state-of-the-art benchmarking methods, combine savings in time and
cost whilst reaching a similar or at least acceptable level of accuracy and precision. Key criteria to assess
this relate to a reliable detectability of a large variety of polymers, and a low contamination probability.
To improve effectiveness in terms of both time and cost, efforts have been undertaken to automate MP
analysis. Automation increases speed and reduces labour, cost and human bias (Song et al., 2021), but
standardised and trustworthy approaches need to be developed (Hermsen et al., 2018). Progress is being
made towards harmonisation (e.g. Frias et al., 2018; Gabor et al., 2022), although the wide variety of
existing analysis methods nowadays, even when using similar instrumentation, still hampers the
comparability of obtained data, because of the inevitable variation in resolution, focus, and most
importantly, quality (Hermsen et al., 2018). As with analytical methods, method validation is one approach
to ensure the quality control of MP research (Konieczka, 2007). Analytical method validation is a means
to demonstrate that the method is suitable for its intended purpose, and that it complies with the
applicable standards. It allows to ascertain the reliability of a developed method as well as its ability to
produce accurate findings (ISO/IEC 17025:2017). However, as of today, method validation is not
established for MP analysis. Despite MP being an important emerging global contaminant in a large variety

of environmental matrices, universal MP analysis guidelines are only recently being developed, e.g. for
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drinking water and water with a low content of suspended solids (ISO 16094-2). For marine matrices,

universal guidelines are non-existent.

To respond to the need for a complete, cost-effective yet reliable MP analysis workflow, as part of the
multidisciplinary ANDROMEDA project, we performed a validation of a semi-automated MP analysis
method relying on the quantification of fluorescence spectra emitted by NR-stained particles under
multiple microscope filters (Meyers et al., 2024a). By using MP of environmental relevance in terms of
concentration, composition, size, shape, and degradation level, we overcome the huge discrepancy that
often exists between laboratory research and the real environment. By validating the MP analysis method,
we provide potential end-users with performance data, and transparently report on the method’s
limitations and uncertainties. As such, we enable an informed choice on the implementation of the
developed method. The validation parameters proposed in this study are a next step towards quality
management guidelines to help future researchers in ascertaining the reliability of the methods they are
using. This in turn contributes to the harmonisation and quality of published data, to enable cross-study

comparability, and consequently the advancement of MP research.

2. Materials & Methods

The study employed a comprehensive five-step protocol for method validation. Firstly, both
environmentally relevant MP in terms of composition, size, shape, and degradation level; and marine
biological tissues (fish GITs and blue mussel tissue) suitable for MP biomonitoring were selected. Pristine
MP as well as MP weathered in the natural environment under semi-controlled conditions were used.
Secondly, environmentally meaningful concentrations of either the pristine or weathered MP were added

to biota samples, under both standard conditions and varying conditions. In a third step, MP were
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extracted and stained with NR. The fourth step involved acquiring fluorescent images of the stained MP
with a fluorescence stereomicroscope under different filters, and determining the number of recovered
MP in total as well as their respective polymer types using predictive machine learning models. Model
accuracy was also validated through p-FTIR analysis. The fifth and final step focused on determining and
evaluating different validation parameters based on the recovery results, to ensure the accuracy and

reliability of the developed workflow.

2.1. Preparation of spiked samples

Five of the most abundantly produced plastic polymers, which are commonly found in marine
environmental samples (Geyer et al., 2017; Suaria et al., 2020) were chosen to spike the biota samples.
Aside from their omnipresence and prevalence in the environment, which was utilised as the first
criterion, a wide variety of densities was covered (Frias et al., 2018). Cryomilled, heterogeneously shaped
polyethylene (PE), polyethylene terephthalate (PET), polypropylene (PP), polystyrene (PS), and polyvinyl
chloride (PVC) fragments were provided by Carat GmbH and used for spiking the biota samples.
Furthermore, as one of the main polymers used in textile production worldwide, also polyacrylonitrile
(PAN) fibres were used to spike the biota samples (Barrows et al., 2018; Hurley et al., 1963). In terms of
terminology, we use ‘fragments’ when referring to fragmented MP, while ‘particles’” encompass both
fragments and fibres. To obtain spiked samples representative of environmental samples, 20-35 particles
were added per biota sample, belonging to two size classes, where size was determined based on the
maximum Feret diameter for fragments, and on length for fibres (Schneider et al., 2012). Selected sizes
for analysis in fish GITs were 500-1000 um (here called “larger-sized MP”) and 100-300 pum (here called

“smaller-sized MP”) for fragments and 200-1,500 um for fibres.
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For blue mussels, spiking included the larger-sized MP and additionally recovery tests with two types of
weathered fragments. To produce these fragments, a mix of the aforementioned polymers (500-1,000
um) were placed into stainless steel tubes (316 mesh) (Inoxia Ltd, UK), which were placed in stainless steel
containers (Fig. S1). The containers were deployed in subsurface, coastal waters in the Norwegian Sea
(Tromsg, Norway; 69.642730, 18.950389) in February 2021 (Fig. S2) and in deep-sea waters (2380 m
depth) (Fig. S3 and S4) of the Mediterranean Sea (off the coast of Marseille, France; 42.807683, 6.043867)
in April 2021. The stainless steel containers placed in surface waters during the exposure at sea were
manually cleaned at regular intervals to remove bivalves and other attached organisms. The containers
were immersed in the water for 12 months. Once retrieved, the stainless steel tubes were removed and
placed under a fume hood to dry. Next, the MP were transferred into burnt (450 °C, 6 h) glass vials and
shipped to the laboratory. The Attenuated Total Reflectance (ATR)-spectra of each polymer acquired in
its pristine, surface water-weathered and deep-sea water-weathered form are freely available in the

open-access repository Marine Data Archive (Meyers et al., 2024b).

Two types of biological tissues were considered as matrix, i.e. blue mussel tissue and marine fish GITs. For
blue mussel Mytilus edulis, whole soft tissue of a) commercial and non-commercial organisms, b)
depurated and c) non-depurated mussels were used, while for GITs of fish (a) Common dab - Limanda
limanda, b) Whiting - Merlangius merlangus, c) Plaice - Pleuronectes platessa, and d) European flounder -
Platichthys flesus) were selected. Commercial Zeeland Jumbo mussels were bought in a Belgian
supermarket. Non-commercial mussels were collected in a stainless steel container at a breakwater in
Ostend, Belgium (51°14'30.0"N 2°56'00.7"E). Fish were caught in spring 2022 during a research campaign
in the Belgian Part of the North Sea (BPNS) with the research vessel Belgica. They were stored in freezers
(-20°C) on board, followed by lab freezers, and dissected in the lab between March and June 2022. The

dissection of fish GITs was performed in the lab using a developed protocol (De witte et al., 2021b), where
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metadata such as fish species, full weight, Gl weight, length, and sex were recorded (Table S1). Following

this, samples were stored in closed metal containers and stored back in the freezer until further analysis.

The validation procedure was performed under both standard and varying conditions, where a single GIT
of common dab and 20 g of commercial mussels were considered standard conditions, and all other fish
species as well as non-commercial mussels and deviating mussel sample masses were considered varying
conditions. In the latter case, the robustness of the method was tested as an extra parameter, i.e. the
reliability of the workflow to remain unaffected by deliberate variations in method parameters. For each
biota type, under standard conditions, an analysis batch consisted of three independent spiked replicates
analysed in one week. Within each batch, three procedural blanks and three unspiked matrix samples
were also prepared and analysed, to account for laboratory contamination and matrix contamination,
respectively (cfr. Table S2). Under standard conditions, for mussels, three batches with pristine MP were
analysed, as well as two batches with weathered MP. For fish GITs, five batches of pristine MP were
analysed. During varying conditions, three batches were analysed for fish GITs. For mussels, two batches

were considered, which consisted of four and six replicates.

The procedural blanks were acquired to enable quantification and identification of any background
contamination arising from the laboratory environment, equipment, reagents, and handling procedures,
after extensive contamination measures were put in place (cfr. ‘2.3. Validation procedure’). To do so, per
matrix type, for each batch, three samples that did not contain the matrix were brought through the entire
processing procedure and were analysed in the same manner as the spiked samples. To quantify this type
of contamination, the limit of quantification (LOQ) was determined for fragments and fibres separately,
which is the lowest MP concentration that can be quantified with reasonable repeatability and accuracy

using this method. To be able to account for matrix contamination, i.e. plastics already present in the
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matrices before spiking, the MP content of three unspiked matrix samples per matrix batch was analysed

(cfr. ‘2.3 Validation procedure’ for further details on the considered validation parameters).

To spike MP into the samples, a portion (<0.5 mg) of each reference material and size class was selected
and transferred to separate hourglasses. Next, partly based on the method employed by Ourgaud et al.,
2022, a stainless steel dissection needle point was dipped in Milli-Q water to ensure particles adhered to
it, before being used to select particles one by one using a stereomicroscope, and to transfer the particles
to a small 10 mL-glass beaker containing 10 mL of Milli-Q water. The proper transfer of all particles to the
respective beakers was verified under a stereomicroscope to ensure no particle went missing. After
adding the content of each beaker containing Milli-Q water and reference MP to the appropriate biota
sample, the small beaker was thoroughly rinsed with a total of 40 mL Milli-Q water, which was then

transferred to the sample as well.

2.2. Processing and analysing of spiked samples

Sample processing was conducted using a double digestion step (cfr. The Andromeda protocol bundle for
more details: De Witte et al., 2024). First, potassium hydroxide (KOH) was used to digest animal tissue in
the spiked sample, where 10 mL of 10% KOH per 1 g of wet tissue weight was added (1:10 w/v). For the
mussel samples, mussels were pooled so that 20 g wet weight per sample was obtained. After adding the
spiked MP in 10 mL of Milli-Q water, a KOH solution was added so that a final volume of 200 mL 10% KOH
was obtained. For fish GITs, one GIT per sample was used. For both biota types, stirring rods were then
added, after which samples were covered with aluminium foil and left to digest for 48 h at 50 °C on a hot
stirring plate (150 rpm). Following this, samples were vacuum filtered onto a 105 mm stainless filter (20
um mesh), constructed using a metal wire mesh made of stainless steel (product number 1.4401, Haver

& Boecker) and two stainless steel rings, which was placed above a filtration apparatus (United Scientific
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Supplies). When organic material was not entirely digested, the filter was sonicated to detach material
adhering to the filter. Next, the digested sample was transferred to a new beaker, and 1 mL of hydrogen
peroxide (H202) was added per mL of Milli-Q water needed for the transfer (1:1 v/v). Samples were again
covered with aluminium foil and left to digest on a stirring plate for 24h in the same manner as for the
first KOH digestion step. In case sediment was present in the samples, e.g. GITs of some bottom feeding
fish species and non-commercial, non-diluted mussels, a density separation step was performed prior to
filtration. In the absence of sediment, samples were directly filtered over separate PTFE filters (47 mm
diameter, 10 um pore size, Millipore Ltd.) using a manifold filtration system (3 + 3 workstations, Merck
Millipore). Filters and particles present were subsequently stained with 1 mL of a NR solution (10 pug mL-1
in acetone), dosed with a glass pipette, while filters laid on the filter head. After 15 min, filters were rinsed
with Milli-Q water and vacuum filtered to discard any remaining liquid. Next, filters were carefully
transferred onto labelled glass slides, placed within covered petri dishes, and left to dry in a dark
environment for min 24-72 h. Lastly, image series of each complete PTFE filter with their respective MP

were taken under a blue, green, and UV filters (Fig. 1). Image acquisition settings of the used Leica M205

FCA fluorescence stereomicroscope are described in Table S3.

Fig. 1. Image series of recovered microplastics. Image series of recovered microplastics that were spiked in fish gastrointestinal

tracts, and photographed on a PTFE filter under a UV, blue and green filter using a fluorescence stereomicroscope. The
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different microscope filters are used by the developed machine learning models to detect and identify microplastics based on

their respective fluorescent colouration.

Microplastic recovery and polymer identification was performed in two ways, i.e. visually with pu-FTIR
validation, and using machine learning (ML) models. Sample processing was performed by two trained lab
technicians who were unaware of the spiked MP content per sample, while visual detection and
identification of MP was done by a trained researcher, based on the distinct fluorescent colouration of
particles present on the acquired image series (Fig. 1). Additional p-FTIR analyses of subsamples of
particles were performed to verify the polymer types of the particles (See Methods Supplement. pu-FTIR
analysis). A two-step semi-automated MP analysis was performed to analyse all fragments using two
random forest models. The Plastic Detection Model (PDM) can discriminate plastic from non-plastic
fragments, while the Polymer Identification Model (PIM) can distinguish between four polymer type
categories: PE/PP, PS, PET and PVC, where classification is performed based on the Nile red-based
fluorescent colouration of particles. The PDM dataset included RGB data from 420 plastic and 420 organic
particles. Similarly, the PIM dataset contained RGB data from 135 particles per polymer (PS, PET, and PVC),
along with 67 PE and 68 PP particles pooled within one class due to their similarity in fluorescence. For
both models, an 80/20 split for training and testing the models was used, respectively. For the PDM, a
percentage of correctly classified instances (CCl %) of 100 + 0% was obtained for both plastics and for
organic material, while for the PIM an overall CCl % of 99 + 0% was obtained (PE/PP: 99 + 0%; PET: 99 +
0%; PS: 98 + 1%; PVC: 99 + 0%). For comprehensive information on model construction and application

and access to the training datasets, see Meyers et al., 2024ac.

A subset of randomly selected fragments from five image series (n = 30) which were recognised as

particles by the Imagel software (Schneider et al., 2012), and were identified as being of organic origin
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through p-FTIR analysis, were identified by the PDM to verify the rate of false positives. To do so, RGB-
statistics datasets were created of the fluorescent colouration of the dyed fragments present on the
filters. Using the developed random forest models, these datasets were then ultimately used to predict
the identity of each recovered fragment (plastic/non-plastic), and the polymer type (PE-PP/PET/PS/PVC)
in case the particle was of plastic origin. Lastly, the difference in recovery between smaller-sized and
larger-sized MP in fish GITs was tested for all fragment polymer types. As conditions of normality,
evaluated by a Q-Q plot of the residuals (Fig. S5), were not fulfilled, an aligned rank transformation ANOVA
(ART ANOVA) (Wobbrock et al., 2011) was performed, as a non-parametric approach to the factorial

ANOVA. A significance level of a = 0.05 was considered.

2.3. Validation procedure

As background control measures to avoid MP contamination, the use of plastic materials was avoided for
sample collection, dissection and analysis, plastic/rubber material present in the sampling and dissection
area as well as its colour was registered, a 100 % cotton lab coat and cotton trousers were worn while
wearing of synthetic clothes underneath was avoided as much as possible, maximum coverage of sample
storage containers was ensured, dissection material and glassware was pre-cleaned before use with Milli-
Q water and soap, and all dissections and sample processing were performed in a laminar flow hood, a
recommended controlled air environment for MP analysis (Noonan et al.,, 2023). Laboratory
contamination was quantified and accounted for by procedural blanks. Matrix background was

determined by analysis of unspiked matrix samples.

The validation of the MP analysis method further enclosed the determination of the trueness (bias b) (1)

based on repeated analyses, as well as the precision (2) including repeatability and within-laboratory

reproducibility, determined per batch analysis and for the repeated analysis, respectively. Acceptable
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deviation limits depend on the measurements considered, and since validations are uncommon in MP
research, specific limits are not yet established. A deviation limit of £20% from the spiked value was set
for trueness and precision, based on limits used in earlier analytical validations (e.g. Critchley et al., 1999;
Aronhime et al., 2014; Vashist et al., 2018). Accuracy in this study was defined and evaluated as a
combination of trueness, which refers to the closeness of the measured value to the true value (mean
recovered number of MP vs. the spiked number of MP), and precision, which indicates the reproducibility
or consistency of the method (ISO 5725-11). Trueness considers the systematic error of a method, caused
by e.g. improper equipment functioning. This type of error is consistent in terms of value and proportion
and diverges from the true value. Precision considers the random error of a method, caused by
unpredictable changes in the environment of the experiment, and arises because of variability found
within repeated measurements. The greater the precision, the more predictable the measurement
becomes. This type of error clusters around the true value but is not consistent. Random errors are

unavoidable but can be decreased through repeated measurements (Stanford & Vardeman, 1994).

Precision was determined as a combination of repeatability and within-laboratory reproducibility.
Repeatability here demonstrates precision under the same operating circumstances over a short period
of time (all replicates within one analysed batch), and is expressed as the variation coefficient CVr. Within-
laboratory reproducibility represents the precision measured within the same laboratory over a longer
period and takes into account changes in time, instruments, reagent batches, the matrix, etc., and is
expressed as the within-lab reproducibility variation coefficient WLR CVR. In this study, the repeatability
and within-lab reproducibility were considered as a measure of random error. The combined evaluation
of both trueness and precision ensures that the results obtained with the Nile red-based method are both
correct (trueness) and consistent (precision), i.e. they have a high accuracy. The measurement

uncertainty (3) was also taken into account, including a coverage factor of k = 2 and limit = 50%, as is often
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done for environmental monitoring of contaminants (Ballesta et al., 2014; OSPAR 2013; De Witte et al.,
2019). This parameter quantifies the margin of doubt that exists for the results of any performed
measurement. Measurement uncertainty was determined based on the recovered MP from the
processed samples (see Table S4 for all parameter specifications, formulas, and set limits). Furthermore,

the limit of quantification (LOQ) (4) was determined, based on three procedural blanks per batch, and

defined as three times the obtained SD + the average contamination (De Witte et al., 2014). This limit
determines the lowest MP concentration that can be quantified with reasonable repeatability and
accuracy using this method. Additionally, background MP fragments already present in the unspiked
matrix samples (i.e. fish and blue mussels acquired at multiple locations in the BPNS (Table S1 for

geographical coordinates) were quantified. Finally, the specificity, sensitivity and selectivity (5) of the

predictive models were determined (Table S4).

The validation procedure was performed both under standard and varying conditions, where a single GIT
of common dab and 20 g of commercial mussels were considered standard conditions and all other fish
species as well as non-commercial mussels and deviating mussel sample masses were considered varying
conditions. In the latter case, the robustness (6) of the method was tested as an extra parameter, i.e. the

reliability of the workflow to remain unaffected by deliberate variations in method parameters.

3. Results

3.1. Accuracy, precision, trueness, measurement uncertainty, and robustness

After visual inspection of the fluorescent images, an overall accuracy of 95 + 9 % for fish GITs, and 87 £ 11
% for mussels was obtained under standard conditions (commercial mussels/GITs of common dab) (Fig.

2) (Table S5 and S6 for more details). When considering just the weathered fragments in the mussel
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samples, recovery rates were 98 + 3% and 89 + 11% for surface- and deep sea-weathered fragments,
respectively (Fig. 2). Recovery rate for the smaller-sized MP in the fish GITs was 98 + 22%. Overall,
fragments showed good recoveries: 95 + 9% and 86 + 12 % for fish GITs and mussels, respectively.
However, PET fragments showed varying recovery rates in the larger size class over the different batches
(33 £58% -100 + 0%), and a recovery > 100% in a limited number of samples (e.g. 133 + 153% for smaller-
sized fragments in batch 4, see Table S5). The latter phenomenon of recovery efficiencies > 100% was also

observed for PVC in certain samples (Fig. 2).

Polymer type, MP size and their interaction significantly affected fragment recovery within fish GITs (Table
S7). Recoveries of PET, PVC and PS were higher for smaller-sized fragments than for larger-sized
fragments, while for PP recovery was significantly higher for the larger-sized fragments (Fig. S5; Table S8

for post-hoc comparisons). For fish GITs, precision and trueness calculated over all batches was 10% and

95%, respectively, while for mussels this was 12% and 88%. All values were within the set 20% limit (Table

S4). Measurement uncertainty was 24% and 39% for fish GITs and mussels respectively, which is within

the set 50% limit (k = 2). Microplastic recovery values under varying conditions for both biota types (i.e.
method robustness) were similar and within the set limit (within [75.78% - 115%)] for fish GITs and within
[64% - 111%] for mussels — calculation details see Table S4), which indicates that reproducibility and bias
are independent of sample type (overall recovery of 95 + 9% and 94 + 7 % for fish GITs, and 89 + 19% and

98 + 12% for mussels, under standard and varying conditions, respectively) (Table S9 and S10).

3.2. Limit of quantification

A mean contamination rate of 0.08 + 0.41 for fragments and 0.29 + 0.55 for fibres was identified in the
procedural blanks for the MP analysis protocol for fish GITs (n=24). For the MP protocol in mussels, the

mean MP contamination rate was 0.17 + 0.38 (n = 21) for both fragments and fibres. This resulted in a
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LOQ of 1.3 fragments and 2.1 fibres in fish GITs. In mussels, the obtained LOQ was 1.4 MP for both
fragments and fibres. Hence, MP concentrations down to 2 fragments or 3 fibres can be reliably quantified
in fish GITs using this method. Similarly, for mussels, an accurate MP quantification can be done from a

concentration of 2 fragments/fibres onwards.

3.3. Environmental microplastic contamination in unspiked matrix samples

In both mussels and fish GITs, sampled at multiple locations in the BPNS (fish GITs/non-commercial
mussels), background MP fragments already present in the unspiked matrix samples were notably limited:
1.05 £ 1.24 and 0.67 £ 0.89 fragments in fish GITs (n = 24 GITs) and mussels (n = 21 samples), respectively.
Similarly, 2.38 + 2.27 and 0.67 + 0.89 fibres were found in fish GITs and mussels. Moreover, the spiked
PAN fibres were bright fluorescent orange in colour, and could therefore easily be distinguished from
fibres already present in the matrix through a stereomicroscope in brightfield modus. The fibres in the

matrices could therefore easily be excluded for further analysis.

3.4. Automated microplastic detection and identification

All visually detected fragments were also detected using the automated method, i.e. sensitivity was high.
The correct identification of MP fragments as plastics in fish GITs was 100 + 0% under both standard and
varying conditions, and 98 + 4% and 99 + 1% under standard and varying conditions in mussels,
respectively (Tables $11-12). For randomly selected organic material particles specificity was 81 + 16. For
the automated polymer identification in fish GITs, i.e. the selectivity of the method, 76 + 8% and 82 + 14%
of all spiked fragments were correctly identified under normal and varying conditions, respectively, as
well as 80 + 13% and 81 + 10% of fragments spiked in mussels. When considering only the weathered
plastics, 89 £ 19% of surface-weathered plastics were correctly classified as plastics, and 82 + 16% of these

polymers were correctly identified. Similarly, 100 £ 0% of deep sea-weathered plastics were accurately
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classified, of which the correct polymer type was identified correctly in 77 + 4% of the cases. The obtained

accuracies of these three parameters were all within the set error limit of 30% (Table S4).
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Fig. 2a, b, c and d. Microplastic recovery rates. Mean recovery rates (+SD) for (a) pristine microplastics sized 500 - 1000 pum; (b)
surface and deep sea weathered MP sized 500 - 1000 um; (c) particle shape (fragment/fibre), and (d) pristine microplastics sized
100 - 300 um. Recovery experiments were performed in biota, i.e. in commercial mussels and GITs of common dab. Microplastics

used were a mix of heterogeneously shaped fragments of PE, PP, PET, PS, PVC, and PAN fibres.

4. Discussion

4.1. Microplastic recoveries

Determining varying levels of MP in complex matrices is challenging and requires the utilisation of a good
QA/QC validation procedure. Sample processing, which is necessary for the isolation of MP from various

environmental matrices, often includes transferring MP back and forth from filters to liquids, which
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inevitably results in MP loss to some degree (Hagelskjeer et al., 2023). To determine this loss and
consequently produce reliable recovery results, positive quality control samples in environmental MP
studies are essential, in which a known mix of MP is spiked into the matrix, the MP analysis protocol is
performed, and % MP loss is determined. Ideally, a statistically significant number of spiked MP, which
are morphologically heterogeneous and of various size ranges, densities, and hydrophobicities are used
for such experiments. For practical considerations however, these tests are simplified in many studies,
producing environmentally less relevant results (Rozman et al., 2022). In most MP recovery experiments,
PE, PS and/or PET are the most frequently used polymers (Way et al., 2022), while fragment-shaped MP
are most often used. Many studies also still use spherical MP, which are environmentally less relevant MP
shapes (De Ruijter et al., 2020). Additionally, some studies do not report MP shape nor sizes used (Way et
al., 2022). Including parameters such as associated functional additives and dyes, as well as different
stages of MP degradation renders the positive control samples even more environmentally relevant.
Moreover, the interplay between the different plastic polymers, the reagents, and the
equipment/materials used should also be considered (Hagelskjzer et al., 2023) (cfr. ‘4.4. Microplastics in

the marine environment’).

The validation results of our developed semi-automated workflow for the analysis of MP in marine biota
demonstrated reliable recovery rates of MP of various shapes and size ranges for the majority of spiked
polymers, and this in various biota matrices, for pristine plastics as well as plastics that underwent
extensive weathering under surface water and deep-sea conditions. Environmental weathering processes
such as UV radiation and mechanical abrasion may interfere with the MP analysis (Dong et al., 2020; Phan
et al., 2022) as well as the step preceding the analysis, where MP are extracted from sample matrices.

Research has shown changes in the densities of specific polymers due to environmental degradation
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(Kowalski et al., 2016), and consequently, extraction methods that depend on density separation

processes to isolate MP from sediment may encounter challenges in effectively extracting all MP present.

The obtained accuracies, determined by the obtained values for the parameters precision and trueness
of both models, confirm that the complete workflow is suitable for the accurate and reliable, cost-and
time-efficient quantification of MP in biota. Using a fluorescence stereomicroscope which enables
capturing a whole PTFE filter on one image (¢ 47 mm), detection, analysis, and quantification of 20 MP
took around 13 min. As long as the maximum filter coverage is not exceeded, and particles do not overlap
(cfr. ‘4.2. Automated microplastic detection and identification’), analysis time remained unaffected by an
increase in the number of MP analysed. The obtained trueness values indicate a high agreement between
the recoveries obtained during repeated analysis and the actual spiked values. The precision values on
the other hand demonstrate consistent and reproducible results, which is essential within scientific
research and to formulate reliable conclusions. Together, these two quality control measures enhance
the trustworthiness of the method. In addition, producing reliable and reproducible results and ensuring
consistent data quality decreases the likelihood of errors and the need for repeated analyses, which saves

time and resources. Similarly, it prevents costly discrepancies and the need for extensive quality control.

Based on our results, considering recovery rates of each individual polymer separately is nevertheless
essential for full comprehension. Variation in particle recovery in fish GITs as a function of size were
significantly dependent on polymer type (tested for pristine MP, Table S7). However, for PET and PVC, the
observed higher recovery rates of smaller-sized fragments than of larger-sized fragments (Fig. S5) are in
part a consequence of fragmentation as mentioned below. Positive quality control experiments within
earlier studies showed no evidence of increased MP loss with decreasing particle size (Hagelskjeer et al.,

2023) although other studies contradict this (Way et al., 2022).
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While most batches had high recovery rates for large-sized PET fragments, a small number of batches
showed a lower recovery rate (e.g. 33 + 58% and 28 * 35, see Tables S5-6, respectively). These results are
in agreement with earlier studies where lower recoveries for PET particles than for other polymers were
observed (Rivoira et al., 2020). At the same time, recovery rates of PET fragments < 300 um were
sometimes > 100%, which is likely a consequence of degradation and fragmentation of the larger-sized
fragments (Tables S7-S8, Fig. S5). Similarly, for some samples recovery rates > 100 % were obtained for
smaller-sized PVC fragments. Given that PVC, a polymer with a density range similar to that of PET (both
1.38-1.41g.cm3, Bessa et al., 2019), produced large-sized fragments with good recovery rates, decreased
recovery rates as a consequence of the relatively high density of PET is unlikely. Previous studies
demonstrated the susceptibility of PET particles to high temperatures and degradation by alkaline
solutions through surface erosion mechanisms, leading to a reduction in size and mass (Schrank et al.,
2022). This degradation is a heterogeneous process where saponification of ester linkages occurs at the
particle surface, affecting the surface but not the core. However, this effect has not, or only to a limited
extent, been observed for diluted 10% KOH solutions, nor have temperatures of 50°C been found to be
destructive for PET particles (Hurley et al., 2018; Schrank et al., 2022). The use of diluted KOH solutions is
therefore universally accepted and used for MP extractions (Dehaut et al., 2016; Lusher et al., 2018).
Hurley et al. (2018) measured size and mass loss in PET particles (322-395 um) treated with 10% KOH and
30% H,0,; at 60°C, but noted only minimal reductions in mass and size for PET treated with H,0, (0.25% +
0.24% and -0.68% * 5.32%, respectively) and with KOH (-0.86% * 0.05% and -3.13% + 5.53%, respectively).
In addition, when both PET and PVC fragments were spiked into Milli-Q water and immediately filtered
without processing, particle fragmentation was also observed within this study. This indicates that particle
breakdown is likely caused by particle brittleness following cryomilling rather than by the processing step.

For the other polymers considered, such as PVC, higher recovery rates of smaller particles compared to
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larger ones may have been partly influenced by fragmentation. Conversely, the higher recovery of large
PP particles suggests that PP is less prone to fragmentation. This indicates that smaller PP particles may
either have experienced greater loss during processing, or that the models perform less optimally for this

size range.

The obtained results demonstrate that obtained environmental data of especially PET particles should be
carefully interpreted when implementing this analysis workflow. The observed varying recovery rates of
fibres in some samples (69 + 30% - 120 + 35% for fish GITs and 56 + 51% - 122 + 69% for mussels) could
be explained by the diameter of the spiked fibres (< 20 um), which allowed them to pass through the
mesh of the stainless steel filter lengthwise. Prior research also indicated effects of pore size on the
recovery of MP of different shapes (Cai et al., 2020). Retrievals of > 100% could be attributed to fraying
and fragmentation of fibres. Our data emphasises the importance of using relevant reference materials
for positive quality control samples, where besides MP size and shape, the material strength and
associated degree of fragmentation as well as the processes carried out to obtain the required fragment

sizes are important parameters to consider.

4.2. Automated microplastic detection and identification

Based on the obtained results for both fish GITs and mussels, the developed models prove to be reliable
for the automated detection and identification of the majority of plastic polymers considered, through
determination of the parameters sensitivity, selectivity and specificity. Random forest classifiers are an
ensemble learning method that combines multiple decision trees to enhance classification accuracy and
robustness (Svetnik et al., 2003). This classifier reduces the risk of overfitting and is less sensitive to noise,
effectively handling large, high-dimensional datasets. Although such models can be computationally

intensive, they were efficient for the analyses performed (see ‘4.1. Microplastic recoveries’). Potential
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challenges with these classifiers however may include issues with generalisation to different sample types,

and the complexity of interpreting the model due to the large number of trees.

The reliability of the models for the detection and identification of MP within samples obtained during
monitoring campaigns is of paramount importance to generate accurate data as it allows for a
comprehensive understanding of MP distribution, abundance, sources and pathways, in this way
facilitating the development of targeted and effective solutions. At the same time, as the method is cost-
and time-effective (cfr. ‘4.1. Microplastic recoveries’), it opens avenues for more large-scale monitoring
in the long term and may contribute to an accelerated pace of data collection. Moreover, the method
could lower the barrier for scientists working with limited financial resources, in this way supporting a

more collaborative and widespread effort to combat MP pollution.

The developed model for polymer identification (PIM) showed a lower predictive accuracy for PET
fragments compared to other polymer types (Tables S11-12), in addition to varying recovery rates.
Assumably, this may be a consequence of the digestive reagents used to break down organic material.
This could be visibly verified as differences in fluorescence colouration and intensity were observed
between NR-stained, processed and unprocessed PET particles. Furthermore, during the image processing
step within the semi-automated analysis workflow, some degree of overlap between fragments was
observed on certain sample filters, which may also have affected particle identification. To count
fragments, the Imagel plugin ‘watershed’ (Rishi et al., 2015) and alternative approaches (Jacob et al.,
2023) have been used to cut apart connected fragments into separate ones. However, previous research
(Hagelskjeer et al., 2023) showed that the percentage of filter covered by particles had a significant impact
on automated recovery, as well as on analysis time. To prevent excessive particle loss (< 500 um) and to

keep analysis time from increasing, a maximum of 5% filter coverage was recommended. Some of the
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polymer misidentifications in our results (e.g. PS in batch 2 for both fish GITs and mussels, Tables $11-12)
could be explained by the close proximity of certain fragments to each other, as this also affects their
individual fluorescent colouration, with diverging RGB values and incorrect classification of the models as

a consequence.

Future advancements of the semi-automated technique to improve the model’s predictive accuracy
include expanding the training dataset of the polymer identification model with RGB data of PET
fragments that underwent processing, so that trustworthy results are obtained for all polymers
considered. Additionally, it is recommended to avoid particle agglomeration as much as possible for
particle detection and identification purposes, by spreading out particle-rich samples over multiple PTFE
filters, and by filtering the samples in such a way that fragments are as homogeneously spread out as

possible on the filters.

4.3. Limit of quantification

Despite substantial effort to avoid MP contamination and although limited, some of the blanks showed
contamination. Similar results were observed in other research (e.g. Johnson et al.,, 2020) which
demonstrates the importance of contamination resulting from air deposition on samples, equipment and
tools used, reagents, etc. as a parameter within MP QA/QC (Verded et al., 2021). Establishing an accurate
and trustworthy method to correct for such accidental contamination has proven challenging, especially
for low MP sample concentrations (Dawson et al., 2023). Moreover, earlier research found that inclusion
of blank controls in experiments is often overlooked by researchers: 20% of all MP studies failed to
incorporate blank controls in their experiments, and only few studies (34%) used a controlled air
environment to process their samples (Noonan et al., 2023). Of the studies that do include controls, many

do no use them for the correction of sample data (Dawson et al., 2023). Of the studies that do account
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for accidental contamination, varying strategies have been implemented, e.g. based on subtraction
(Lindeque et al., 2020) and spectral similarity (Kroon et al., 2018), however many were deemed unfit
because of their inflexibility towards MP data, which is often highly heterogeneous in concentration and
composition (Dawson et al.,, 2023). Using a LOQ to analyse MP contamination data has been
recommended, because of its flexibility and ability to account for data variability without compromising
on resolution. However, particles can change shape and size following environmental weathering and
sample processing, therefore including categorical variables like shape and size into the correction
method is not advised (Dawson et al., 2023). Besides this, regardless of the strategy employed, a sufficient
number of control blanks is crucial to produce reliable results, with a minimum number of controls per
sample batch. Imposing quality control measurements in the laboratory environment (see ‘2.3 QA/QC’)
will theoretically reduce the LOQ and hence allow MP trace quantities to be detected, which is particularly

relevant for samples where low concentrations of MP are expected (Dawson et al., 2023).

4.4. Microplastics in the marine environment

The limited number of MP found in the unspiked fish GITs sampled in the BPNS were considered negligible
in this study, which was consistent with findings in previous studies of the same area. After correction for
laboratory contamination, 0.26 + 0.64 MP per fish GIT were found by De Witte et al., 2022, where only
21% of the sampled fish contained MP. Similarly, other studies reported MP in only 1.8% of a total of
4,389 North Sea fishes from 15 species (Kihn et al., 2020), and a total of 2 MP in 1 out of 400 sampled
North Sea fish (Hermsen et al., 2017). Few MP were also found in both commercial and non-commercial
mussel tissue. Similarly, a prior study on MP concentration in commercial M. edulis from the North Sea
showed on average 0.36 + 0.07 particles g* wet weight (w.w.) (Van Cauwenberghe & Janssen, 2014).
While MP concentrations spiked in fish GITs within this validation were higher than those typically found

in North Sea fish, higher concentrations have been reported in more polluted areas, e.g. by Jaafar et al.,
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2021 and Jabeen et al., 2017. The concentrations of MP used for spiking mussels in the method validation
(1 -1.75 particles per g w.w.) were also higher than typically found in North Sea mussels. However, Lusher
et al., 2017 reported an average of 1.85 * 3.74 particles per g w.w. for non-depurated mussels in
Norwegian coastal waters, which aligns with the concentrations used in this study. Whether a mussel is
depurated or not affects particle retention, with non-commercial, non-depurated mussels potentially
serving as better bioindicators of environmental MP pollution (Shumway et al., 2023). On the other hand,
commercially available mussels, which have undergone depuration, offer insights into human exposure
to MP through seafood consumption. The relatively high MP concentrations used in this validation were
nevertheless necessary to reliably assess plastic detection, identification, and the effects of both matrices

on ML model performance through the determination of the different validation parameters.

The determined LOQ for fibres and particles in fish GITs and mussels closely aligns with the obtained MP
background contamination in unspiked samples, which has implications for future MP studies. Due to the
low MP detection, larger samples are needed to ensure quantifiable and reliable results, e.g. by pooling
fish GITs per sample and using larger mussel sample masses. The findings also highlight the need for larger
sample sizes for reliable MP detection, requiring large-scale sampling efforts. De Witte et al., 2022
determined that 109 to 370 fish would be needed to detect statistically significant differences in MP
concentrations between different sampling areas, which could be facilitated through collaborations
between fisheries and MP experts. Quantifying MP in marine samples is challenging due to their low
concentrations, raising the question of whether methods should be able to detect negligible numbers of
MP. Since one or two particles are unlikely to cause adverse effects, the inability to quantify such low
concentrations might not be problematic. This approach is in parallel to the reporting of potentially
harmful chemicals in food, where results often indicate levels that are "below the LOQ", and action is only

taken when levels are above the LOQ.
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Particles sizes used to spike mussels were larger than the sizes of their preferred food particles, which is
typically around 40 um according to Beecham et al., 2008. However, diatoms and dinoflagellates up to
200 um in size have been found in the gut of Mytilus edulis. The protocol, designed for bivalves in general
rather than specifically for mussels, accommodates a size range of 500 — 1000 um. Studies by Naji et al.,
2018 and Sfriso et al., 2020 detected particles ranging from 10 to 5000 um in clams and other bivalves,
validating the chosen size range for these species. Furthermore, analysing a variety of particle sizes was
essential to confirm the robustness of the methods, particularly due to variations in fluorescent

colouration observed in polymers like PET based on their size.

Plastics in the marine environment often undergo weathering due to e.g. UV radiation and wave action,
potentially altering their physicochemical properties by introducing new chemical groups like oxygen
functional groups (Campanale et al., 2023). These changes can affect the fluorescent colouration of MP
following NR staining, which has implications for the RF model performance. Additionally, weathered
plastic particles are more prone to erosion and fragment detachment (Resmerita et al., 2018), and
digestive treatments may further enhance this degradation, potentially leading to reduced recovery rates.
For this reason, it was essential to incorporate both pristine and weathered MP within the validation
experiments. We aimed to produce particles weathered under semi-natural surface water and deep-sea
conditions, ensuring they were as representative as possible while keeping the process realistic in terms

of time and cost.

4.5. Importance of method validation

Validating a newly developed MP analysis method is of paramount importance in the field of

environmental science and pollution management. A first reason is because it ensures the accuracy of
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data generated during MP analysis. By calculating the parameters trueness and precision (ISO 5725-
1:2023), the accuracy and reproducibility of the method can be ensured, reflecting the true concentration
of MP in biota matrices. Measurement uncertainty quantifies the confidence in the results, indicating the
range within which the true value of the measured MP concentration is expected to lie, while the LOQ
defines the minimum number of MP from which accurate quantification is possible, ensuring the
effectiveness of the methods at low concentrations. Sensitivity, the ability to correctly identify plastics,
along with selectivity, the correct classification of plastic polymers, and specificity, the accurate
identification of organic particles, are essential parameters to assess the ability of the method to
distinguish MP of various polymer types from other matrix components (Rao et al., 2018). Lastly,
calculating the robustness guarantees that the method remains reliable under varying conditions, making

it indispensable for consistent and trustworthy MP analysis.

Although the procedure may be perceived as time-consuming, it represents an imperative step to increase
the accuracy and reliability of results obtained in studies, thereby improving cross-study comparability.
An intercomparison exercise report by Van Mourik et al.,, 2021 revealed significant variability in the
recovered number of MP among 34 European laboratories using standard methods like u-FTIR, p-Raman,
and GC-MS (29 - 91%). This underscores the necessity for standardised method validation to ensure
consistent QA/QC, even for the more established methods. By validating a method, its performance is
thoroughly tested to confirm its reliability (Konieczka, 2007), which is essential to estimate the true extent
of MP contamination levels in the oceans. These results create the foundation upon which informed

decisions and policies to mitigate adverse effects of MP are built.

A second reason for validation is its critical role in comparing data across laboratories and studies

(Hermsen et al., 2018). With a lack of quality control, variations in methods used can lead to inconsistent
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and unreliable results, which in turn impedes assessing potential trends, identifying temporal and spatial
changes, and evaluating the effectiveness of implemented mitigation efforts. To create a comprehensive
understanding of MP pollution and its potential effects, data that is consistent and comparable is vital.
Thirdly, results generated by a validated method generate trust and credibility among the scientific
community, policymakers, and the public (Provencher et al., 2020). This confidence is necessary to tackle
the current issue of MP pollution effectively, requires transformations across all sectors as well as
behavioural changes of the public (Deng et al., 2020; Garcia-Vazquez et al., 2020), and starts with stricter
regulations and policies. A fourth reason is choice of method. Once a method is validated, its fit-for-
purpose for certain research questions can be assessed more easily, e.g. its suitability for analysing a
certain sample or matrix type, detecting specific MP size ranges, or specific MP concentrations.
Furthermore, method validation allows to identify potential difficulties of the developed method, as well
as error and bias sources. By transparently reporting a method’s limitations and uncertainties, future
research can focus on overcoming these constraints, and on fine-tuning of the method. As a final
important point, method validation contributes to the development of standardised protocols for MP
analysis (Mari et al., 2021), which is essential to harmonise research efforts, to facilitate sharing and
comparison of trustworthy data, to advance our understanding of MP pollution in the marine
environment, and ultimately, to implement effective mitigation strategies related to environmental and

human health impacts.

5. Conclusion

In the rapidly evolving field of MP research, the multitude of analysis techniques introduces challenges
such as the labour intensiveness and its associated costs, as well as variation in data quality and
consequently a limited comparability between all studies. To address these issues, a method validation

procedure becomes essential to ensure the reliability and accuracy of the analysis methods. The current
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study validated a semi-automated workflow for MP in biota, based on fluorescence spectra emitted by
Nile Red-stained fragments for automated particle analysis. Method validation involved spiking MP into
fish GITs and blue mussel tissue, extracting the MP by using the recently developed protocols, analysing
the number and type of MP polymers by means of predictive ML models, and finally, determining six key

validation parameters based on the MP recovery results.

The developed workflow demonstrated reliable recovery rates for most polymers, contributing to an
accurate and cost-effective MP detection and identification. Through method validation, potential end-
users are provided with performance data, as well as the method’s limitations and uncertainties, e.g. for
PET particles. Furthermore, by focusing on environmentally significant MP in validation experiments, the
study circumvented existing disparities between laboratory and environmental conditions. The proposed
validation parameters offer a step towards quality management guidelines, as such aiding future
researchers and enhancing cross-study comparability. The study also discussed the potential of fish GITs

and blue mussel tissue as valuable matrices for cost-effective MP biomonitoring.

6. CRediT authorship contribution statement

Nelle Meyers: Conceptualisation, Data curation, Formal analysis, Investigation, Methodology, Project
administration, Software, Validation, Visualization, Writing — original draft, Writing — review & editing.
Gert Everaert: Conceptualisation, Methodology, Project administration, Supervision, Funding acquisition,
Writing — review & editing. Kris Hostens: Supervision, Funding acquisition, Writing — review & editing.
Natascha Schmidt: Conceiving, designing and performing of weathering experiments, Writing — review &
editing. Dorte Herzke: Conceiving, designing and performing of weathering experiments, Funding
acquisition, Writing — review & editing. Jean-Luc Fuda: Conceiving, designing and performing of

weathering experiments, Writing — review & editing. Colin Janssen: Supervision, Funding acquisition,



689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

Writing — review & editing. Bavo De Witte: Conceptualisation, Methodology, Project administration,

Supervision, Funding acquisition, Writing — review & editing.

7. Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that

could have appeared to influence the work reported in this paper.

8. Acknowledgments

We would like to thank the biomedical laboratory science students from Howest which helped with
performing the validation experiments. Furthermore, we thank Centexbel for the cryomilled reference
plastics which we needed for the spiking of samples. We also thank the captains and crew of the R/V
Belgica (ODNature and BELSPO, Belgium) and R/V Antedon Il (Flotte Océanographique Francaise), as well
as Deny Malengros, Laure Papillon and Mélanie Ourgaud for their help during the deployment and
retrieval of the deep-sea samples. Lastly, we thank the partners of the Andromeda (JPI Oceans) project
who supported this work, as well as BELSPO, RBINS OD Nature, the Pluxin project, the French Agence
Nationale de Recherche (ANR-19-383 JOCE-0002-01) and the Norwegian Research Council (311313/E40)

for funding or for financing ship time.

9. Funding

This work was supported by the Andromeda project (JPI Oceans) with funding by BELSPO [contract no
B2/20E/P1/Andromeda] and the Pluxin project, by the French Agence Nationale de Recherche (ANR-19-

383 JOCE-0002-01) and by the Norwegian Research Council (311313/E40).



712

713

714

715

716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

10. Appendix A. Supplementary data

Supplementary data to this article can be found online at x

11. References

Aronhime, S., Calcagno, C., Jajamovich, G.H., Dyvorne, H.A., Robson, P., Dieterich, D., Isabel Fiel, M., Martel-Laferriere, V.,
Chatterji, M., Rusinek, H. and Taouli, B., 2014. DCE-MRI of the liver: effect of linear and nonlinear conversions on hepatic

perfusion quantification and reproducibility. Journal of Magnetic Resonance Imaging, 40(1), pp.90-98.

Arthur, C., Baker, J.E. and Bamford, H.A., 2009. Proceedings of the International Research Workshop on the Occurrence, Effects,

and Fate of Microplastic Marine Debris, September 9-11, 2008, University of Washington Tacoma, Tacoma, WA, USA.

Ballesta, P.P., Grandesso, E. and Kowalewski, K., 2014. European interlaboratory comparison exercise for the analysis of PAHs

on PM10 quartz filters. Journal of Geophysical Research: Atmospheres, 119(6), pp.3486-3499.

Barrows, A.P.W., Cathey, S.E. and Petersen, C.W., 2018. Marine environment microfiber contamination: Global patterns and the

diversity of microparticle origins. Environmental pollution, 237, pp.275-284.

Bessa, F., Frias, J., Kogel, T., Lusher, A., Andrade, J.M., Antunes, J., Sobral, P., Pagter, E., Nash, R., O’Connor, |. and Pedrotti, M.L.,

2019. Harmonized protocol for monitoring microplastics in biota. Deliverable 4.3.

Birnstiel, S., Soares-Gomes, A. and da Gama, B.A., 2019. Depuration reduces microplastic content in wild and farmed mussels.

Marine pollution bulletin, 140, pp.241-247.

Cai, H., Chen, M., Chen, Q., Du, F., Liu, J. and Shi, H., 2020. Microplastic quantification affected by structure and pore size of filters.

Chemosphere, 257, p.127198.



738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766

Caldwell, A., Brander, S., Wiedenmann, J., Clucas, G. and Craig, E., 2022. Incidence of microplastic fiber ingestion by common
terns (Sterna hirundo) and roseate terns (S. dougallii) breeding in the Northwestern Atlantic. Marine Pollution Bulletin, 177,

p.113560.

Critchley, L.A. and Critchley, J.A., 1999. A meta-analysis of studies using bias and precision statistics to compare cardiac output

measurement techniques. Journal of clinical monitoring and computing, 15, pp.85-91.

Davison, P. and Asch, R.G., 2011. Plastic ingestion by mesopelagic fishes in the North Pacific Subtropical Gyre. Marine Ecology

Progress Series, 432, pp.173-180.

Dawson, A.L., Santana, M.F., Nelis, J.L. and Motti, C.A., 2023. Taking control of microplastics data: A comparison of control and

blank data correction methods. Journal of Hazardous Materials, 443, p.130218.

D'Costa, A.H., 2022. Microplastics in decapod crustaceans: Accumulation, toxicity and impacts, a review. Science of The Total

Environment, 832, p.154963.

Dehaut, A., Cassone, A.L., Frére, L., Hermabessiere, L., Himber, C., Rinnert, E., Riviére, G., Lambert, C., Soudant, P., Huvet, A. and
Duflos, G., 2016. Microplastics in seafood: Benchmark protocol for their extraction and characterization. Environmental pollution,

215, pp.223-233.

Deng, L., Cai, L., Sun, F., Li, G. and Che, Y., 2020. Public attitudes towards microplastics: Perceptions, behaviors and policy

implications. Resources, Conservation and Recycling, 163, p.105096.

de Ruijter, V.N., Redondo-Hasselerharm, P.E., Gouin, T. and Koelmans, A.A., 2020. Quality criteria for microplastic effect studies

in the context of risk assessment: a critical review. Environmental Science & Technology, 54(19), pp.11692-11705.

De Witte, B., Devriese, L., Bekaert, K., Hoffman, S., Vandermeersch, G., Cooreman, K. and Robbens, J., 2014. Quality assessment
of the blue mussel (Mytilus edulis): Comparison between commercial and wild types. Marine pollution bulletin, 85(1), pp.146-

155.



767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795

De Witte, B., Walgraeve, C., Demeestere, K. and Van Langenhove, H., 2019. Oxygenated polycyclic aromatic hydrocarbons in
mussels: analytical method development and occurrence in the Belgian coastal zone. Environmental Science and Pollution

Research, 26, pp.9065-9078.

De Witte, B., Catarino, A.l., Vandecasteele, L., Dekimpe, M., Meyers, N., Deloof, D., Pint, S., Hostens, K., Everaert, G. and Torreele,
E., 2021b. Fish Gastrointestinal Sampling Protocol for Microplastics Extraction and Quantification. Version 2, 31/08/2021. Ostend:

ILVO, doi: 10. 48470/6.

De Witte, B., Catarino, A.l., Vandecasteele, L., Dekimpe, M., Meyers, N., Deloof, D., Pint, S., Hostens, K., Everaert, G. and Torreele,
E., 2022. Feasibility study on biomonitoring of microplastics in fish gastrointestinal tracts. Frontiers in Marine Science, 8,

p.794636.

De Witte, B., Power, O-P., Fitzgerald, E., and Kopke, K. eds. 2024. ANDROMEDA Portfolio of Microplastics Analyses Protocols.

ANDROMEDA Deliverable 5.5. JPI Oceans ANDROMEDA Project.

Everaert, G., De Rijcke, M., Lonneuville, B., Janssen, C.R., Backhaus, T., Mees, J., van Sebille, E., Koelmans, A.A., Catarino, A.l. and

Vandegehuchte, M.B., 2020. Risks of floating microplastic in the global ocean. Environmental Pollution, 267, p.115499.

Everaert, G., Vlaeminck, K., Vandegehuchte, M.B. and Janssen, C.R., 2022. Effects of microplastic on the population dynamics of
a marine copepod: insights from a laboratory experiment and a mechanistic model. Environmental Toxicology and Chemistry,

41(7), pp.1663-1674.

Foekema, E.M., De Gruijter, C., Mergia, M.T., van Franeker, J.A., Murk, A.J. and Koelmans, A.A., 2013. Plastic in north sea fish.

Environmental science & technology, 47(15), pp.8818-8824.

Frias, J., Pagter, E., Nash, R., O'Connor, |., Carretero, O., Filgueiras, A., Vifias, L., Gago, J., Antunes, J., Bessa, F. and Sobral, P., 2018.

Standardised protocol for monitoring microplastics in sediments. Deliverable 4.2.



796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823

Gabor, B., 2022. CHALLENGES OF SAMPLE PREPARATION AND ANALYSIS OF STANDARD SAND AND SEDIMENT SAMPLES IN AN

INTERLABORATORY COMPARISM.

Galloway, T.S., Cole, M. and Lewis, C., 2017. Interactions of microplastic debris throughout the marine ecosystem. Nature ecology

& evolution, 1(5), p.0116.

Garcia-Vazquez, E. and Garcia-Ael, C., 2021. The invisible enemy. Public knowledge of microplastics is needed to face the current

microplastics crisis. Sustainable Production and Consumption, 28, pp.1076-1089.

Geyer, R., Jambeck, J.R. and Law, K.L., 2017. Production, use, and fate of all plastics ever made. Science advances, 3(7),

p.e1700782.

Hagelskjeer, O., Crézé, A., Le Roux, G. and Sonke, J.E., 2023. Investigating the correlation between morphological features of

microplastics (5-500 um) and their analytical recovery. Microplastics and Nanoplastics, 3(1), pp.1-13.

Hartmann, N.B., Huffer, T., Thompson, R.C., Hassellov, M., Verschoor, A., Daugaard, A.E., Rist, S., Karlsson, T., Brennholt, N., Cole,
M. and Herrling, M.P., 2019. Are we speaking the same language? Recommendations for a definition and categorization

framework for plastic debris.

Hermsen, E., Pompe, R., Besseling, E. and Koelmans, A.A., 2017. Detection of low numbers of microplastics in North Sea fish using

strict quality assurance criteria. Marine pollution bulletin, 122(1-2), pp.253-258.

Hermsen, E., Mintenig, S.M., Besseling, E. and Koelmans, A.A., 2018. Quality criteria for the analysis of microplastic in biota

samples: a critical review. Environmental science & technology, 52(18), pp.10230-10240.

Hurley, R.B. and Tzentis, L.S., 1963. Density of polyacrylonitrile. Journal of Polymer Science Part B: Polymer Letters, 1(8), pp.423-

426.



824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850

Hurley, R.R., Lusher, A.L., Olsen, M. and Nizzetto, L., 2018. Validation of a method for extracting microplastics from complex,

organic-rich, environmental matrices. Environmental science & technology, 52(13), pp.7409-7417.

ICES, 2021. Working Group on Marine Litter (WGML; Outputs From 2020 Meeting), ICES Sci. Reports 3 (51).

https://doi.org/10.17895/ices.pub.8185.

ISO/IEC 17025:2017. General requirements for the competence of testing and calibration laboratories. EN ISO/IEC, 17025, p.42.

ISO 5725-1. Accuracy (trueness and precision) of measurement methods and results -- Part 1: General principles and definitions.

International Organization for Standardization, Beuth Verlag Berlin, 1994.

I1SO/DIS 16094-2:2023. Water quality — Analysis of microplastic in water — Part 2: Vibrational spectroscopy methods for waters

with low content of suspended solids including drinking water.

Jacob, O., Ramirez-Pifiero, A., Elsner, M. and Ivleva, N.P., 2023. TUM-Particle Typer 2: automated quantitative analysis of

(microplastic) particles and fibers down to 1um by Raman microspectroscopy. Analytical and Bioanalytical Chemistry, pp.1-15.

Jaafar, N., Azfaralariff, A., Musa, S.M., Mohamed, M., Yusoff, A.H. and Lazim, A.M., 2021. Occurrence, distribution and
characteristics of microplastics in gastrointestinal tract and gills of commercial marine fish from Malaysia. Science of The Total

Environment, 799, p.149457.

Jabeen, K., Su, L., Li, J., Yang, D., Tong, C., Mu, J. and Shi, H., 2017. Microplastics and mesoplastics in fish from coastal and fresh

waters of China. Environmental Pollution, 221, pp.141-149.

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., Narayan, R. and Law, K.L., 2015. Plastic waste inputs

from land into the ocean. Science, 347(6223), pp.768-771.


https://doi.org/10.17895/ices.pub.8185

851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879

Johnson, A.C., Ball, H., Cross, R., Horton, A.A,, Jiirgens, M.D., Read, D.S., Vollertsen, J. and Svendsen, C., 2020. Identification and
quantification of microplastics in potable water and their sources within water treatment works in England and Wales.

Environmental Science & Technology, 54(19), pp.12326-12334.

Koelmans, A.A., Redondo-Hasselerharm, P.E., Nor, N.H.M., de Ruijter, V.N., Mintenig, S.M. and Kooi, M., 2022. Risk assessment

of microplastic particles. Nature Reviews Materials, 7(2), pp.138-152.

Konieczka, P., 2007. The role of and the place of method validation in the quality assurance and quality control (QA/QC) system.

Critical Reviews in Analytical Chemistry, 37(3), pp.173-190.

Kowalski, N., Reichardt, A.M. and Waniek, J.J., 2016. Sinking rates of microplastics and potential implications of their alteration

by physical, biological, and chemical factors. Marine pollution bulletin, 109(1), pp.310-319.

Kroon, F., Motti, C., Talbot, S., Sobral, P. and Puotinen, M., 2018. A workflow for improving estimates of microplastic

contamination in marine waters: A case study from North-Western Australia. Environmental Pollution, 238, pp.26-38.

Kdhn, S., van Franeker, J.A., O’'Donoghue, A.M., Swiers, A., Starkenburg, M., van Werven, B., Foekema, E., Hermsen, E., Egelkraut-
Holtus, M. and Lindeboom, H., 2020. Details of plastic ingestion and fibre contamination in North Sea fishes. Environmental

Pollution, 257, p.113569.

Lambert, S., Sinclair, C. and Boxall, A., 2013. Occurrence, degradation, and effect of polymer-based materials in the environment.

Reviews of Environmental Contamination and Toxicology, Volume 227, pp.1-53.

Lee, R., Lovatelli, A. and Ababouch, L., 2008. Bivalve depuration: fundamental and practical aspects.Food and Agriculture

Organization of the United Nations.

Lindeque, P.K., Cole, M., Coppock, R.L., Lewis, C.N., Miller, R.Z., Watts, A.J.,, Wilson-McNeal, A., Wright, S.L. and Galloway, T.S.,
2020. Are we underestimating microplastic abundance in the marine environment? A comparison of microplastic capture with

nets of different mesh-size. Environmental Pollution, 265, p.114721.



880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906

Lusher, A.L., Mchugh, M. and Thompson, R.C., 2013. Occurrence of microplastics in the gastrointestinal tract of pelagic and

demersal fish from the English Channel. Marine pollution bulletin, 67(1-2), pp.94-99.

Lusher, A., Brate, I.L.N., Hurley, R., Iversen, K. and Olsen, M., 2017. Testing of methodology for measuring microplastics in blue

mussels (Mytilus spp) and sediments, and recommendations for future monitoring of microplastics (R & D-project).

Lusher, A.L. and Hernandez-Milian, G., 2018. Microplastic extraction from marine vertebrate digestive tracts, regurgitates and

scats: a protocol for researchers from all experience levels. Bio-protocol, 8(22), pp.e3087-e3087.

Lv, L., Yan, X., Feng, L., Jiang, S., Lu, Z., Xie, H., Sun, S., Chen, J. and Li, C., 2021. Challenge for the detection of microplastics in the

environment. Water Environment Research, 93(1), pp.5-15.

Mari, A., Bordds, G., Gergely, S., Biiki, M., Hahn, J., Palotai, Z., Beseny§, G., Szabd, E., Salgd, A., Kriszt, B. and Szoboszlay, S., 2021.

Validation of microplastic sample preparation method for freshwater samples. Water Research, 202, p.117409.

Meyers, N., Catarino, A.l., Declercqg, A.M., Brenan, A., Devriese, L., Vandegehuchte, M., De Witte, B., Janssen, C. and Everaert, G.,
2022. Microplastic detection and identification by Nile red staining: Towards a semi-automated, cost-and time-effective

technique. Science of the Total Environment, 823, p.153441.

Meyers, N., De Witte, B., Catarino, A. |. and Everaert, G. 2024a. Automated microplastic analysis: Nile red staining and random
forest modelling. In B. De Witte, O-P. Power, E. Fitzgerald and K. Kopke eds. ANDROMEDA Portfolio of Microplastics Analyses

Protocols. ANDROMEDA Deliverable 5.5. JPI Oceans ANDROMEDA Project.

Meyers, N.; De Witte, B.; Schmidt, N.; Herzke, D.; Fuda, J.; Vanavermaete, D; Bossaer, M.; Janssen, C.; Everaert, G. 2024b. Infrared
spectra of plastic polymers weathered in the marine environment under semi-controlled conditions.

https://doi.org/10.14284/664



907
908
909

910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935

Meyers, N.; De Witte, B.; Janssen, C.; Everaert, G.; Flanders Marine Institute (VLIZ); Flanders Research Institute for Agriculture,
Fisheries and Food (ILVO); Ghent University Laboratory for Environmental Toxicology (GhEnToxLab): Belgium; 2024c: RGB

datasets for machine learning-based microplastic analysis - update. Marine Data Archive. https://doi.org/10.14284/665

Noonan, M.J., Grechi, N., Mills, C.L. and de AMM Ferraz, M., 2023. Microplastics analytics: why we should not underestimate the

importance of blank controls. Microplastics and Nanoplastics, 3(1), pp.1-8.

OSPAR Commission, 2013. JAMP Guidelines for Monitoring of Contaminants in Seawater.

Ourgaud, M., Phuong, N.N., Papillon, L., Panagiotopoulos, C., Galgani, F., Schmidt, N., Fauvelle, V., Brach-Papa, C. and Sempéré,
R., 2022. Identification and quantification of microplastics in the marine environment using the laser direct infrared (LDIR)

technique. Environmental Science & Technology, 56(14), pp.9999-10009.

Pellini, G., Gomiero, A., Fortibuoni, T., Ferra, C., Grati, F., Tassetti, A.N., Polidori, P., Fabi, G. and Scarcella, G., 2018.
Characterization of microplastic litter in the gastrointestinal tract of Solea solea from the Adriatic Sea. Environmental pollution,

234, pp.943-952.

Phan, S., Padilla-Gamifio, J.L. and Luscombe, C.K., 2022. The effect of weathering environments on microplastic chemical

identification with Raman and IR spectroscopy: Part |. polyethylene and polypropylene. Polymer Testing, 116, p.107752.

PlasticsEurope, 2022. Plastics-the Facts 2022. PlasticsEurope AISBL, Association of Plastics 894 Manufacturers, Bruxelles, 895.

(https://plasticseurope.org/knowledge-hub/plastics-the-facts-2022/)

Prata, J.C., Reis, V., Matos, J.T., da Costa, J.P., Duarte, A.C. and Rocha-Santos, T., 2019. A new approach for routine quantification

of microplastics using Nile Red and automated software (MP-VAT). Science of the total environment, 690, pp.1277-1283.

Provencher, J.F., Covernton, G.A., Moore, R.C., Horn, D.A., Conkle, J.L. and Lusher, A.L., 2020. Proceed with caution: the need to

raise the publication bar for microplastics research. Science of the Total Environment, 748, p.141426.


https://doi.org/10.14284/665
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2022/

936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964

Rao, T.N., 2018. Validation of analytical methods. Calibration and validation of analytical methods—A sampling of current

approaches, pp.131-141.

Rishi, K. and Rana, N., 2015. Particle size and shape analysis using Imagej with customized tools for segmentation of particles. Int.

J. Comput. Sci. Commun. Netw, 4, pp.23-28.

Rivoira, L., Castiglioni, M., Rodrigues, S.M., Freitas, V., Bruzzoniti, M.C., Ramos, S. and Almeida, C.M.R., 2020. Microplastic in
marine environment: reworking and optimisation of two analytical protocols for the extraction of microplastics from sediments

and oysters. MethodsX, 7, p.101116.

Rozman, U. and Kalcikova, G., 2022. Seeking for a perfect (non-spherical) microplastic particle-the most comprehensive review

on microplastic laboratory research. Journal of hazardous materials, 424, p.127529.

Schneider, C.A., Rasband, W.S. and Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of image analysis. Nature methods, 9(7),

pp.671-675.

Schrank, 1., Méller, J.N., Imhof, H.K., Hauenstein, O., Zielke, F., Agarwal, S., Léder, M.G., Greiner, A. and Laforsch, C., 2022.
Microplastic sample purification methods-Assessing detrimental effects of purification procedures on specific plastic types.

Science of The Total Environment, 833, p.154824.

Shim, W.J., Song, Y.K., Hong, S.H. and Jang, M., 2016. Identification and quantification of microplastics using Nile Red staining.

Marine pollution bulletin, 113(1-2), pp.469-476.

Song, Y.K., Hong, S.H., Eo, S. and Shim, W.J., 2021. A comparison of spectroscopic analysis methods for microplastics: manual,

semi-automated, and automated Fourier transform infrared and Raman techniques. Marine pollution bulletin, 173, p.113101.

Suaria, G., Achtypi, A., Perold, V., Lee, J.R., Pierucci, A., Bornman, T.G., Aliani, S. and Ryan, P.G., 2020.

Microfibers in oceanic surface waters: A global characterization. Science advances, 6(23), eaay8493.



965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992

Svetnik, V., Liaw, A., Tong, C., Culberson, J.C., Sheridan, R.P. and Feuston, B.P., 2003. Random forest: a classification and
regression tool for compound classification and QSAR modeling. Journal of chemical information and computer sciences, 43(6),

pp.1947-1958.

Van Cauwenberghe, L. and Janssen, C.R., 2014. Microplastics in bivalves cultured for human consumption. Environmental

pollution, 193, pp.65-70.

Van Cauwenberghe, L., Claessens, M., Vandegehuchte, M.B. and Janssen, C.R., 2015. Microplastics are taken up by mussels

(Mytilus edulis) and lugworms (Arenicola marina) living in natural habitats. Environmental pollution, 199, pp.10-17.

Van Mourik, L.M., Crum, S., Martinez-Frances, E., van Bavel, B., Leslie, H.A., de Boer, J. and Cofino, W.P., 2021. Results of WEPAL-
QUASIMEME/NORMAN:Ss first global interlaboratory study on microplastics reveal urgent need for harmonization. Science of the

Total Environment, 772, p.145071.

Vashist, S.K. and Luong, J.H., 2018. Bioanalytical requirements and regulatory guidelines for immunoassays. In Handbook of

immunoassay technologies (pp. 81-95). Academic Press.

Vered, G. and Shenkar, N., 2021. Monitoring plastic pollution in the oceans. Current Opinion in Toxicology, 27, pp.60-68.
Wang, W., Ge, J. and Yu, X., 2020. Bioavailability and toxicity of microplastics to fish species: a review. Ecotoxicology and

environmental safety, 189, p.109913.

Way, C., Hudson, M.D., Williams, I.D. and Langley, G.J., 2022. Evidence of underestimation in microplastic research: a meta-

analysis of recovery rate studies. Science of the Total Environment, 805, p.150227.

Wobbrock, J.0., Findlater, L., Gergle, D. and Higgins, J.J., 2011, May. The aligned rank transform for nonparametric factorial
analyses using only anova procedures. In Proceedings of the SIGCHI conference on human factors in computing systems (pp. 143-

146).



993 Xia, Y., Niu, S. and Yu, J., 2023. Microplastics as vectors of organic pollutants in aquatic environment: A review on mechanisms,

994 numerical models, and influencing factors. Science of The Total Environment, p.164008.



