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Abstract

Concerns regarding microplastic (MP) contamination in aquatic ecosystems and its impact on seafood require a better under-
standing of human dietary MP exposure including extensive monitoring. While conventional techniques for MP analysis
like infrared or Raman microspectroscopy provide detailed particle information, they are limited by low sample throughput,
particularly when dealing with high particle numbers in seafood due to matrix-related residues. Consequently, more rapid
techniques need to be developed to meet the requirements of large-scale monitoring. This study focused on semi-automated
fluorescence imaging analysis after Nile red staining for rapid MP screening in seafood. By implementing RGB-based fluo-
rescence threshold values, the need for high operator expertise to prevent misclassification was addressed. Food-relevant
MP was identified with over 95% probability and differentiated from natural polymers with a 1% error rate. Comparison
with laser direct infrared imaging (LDIR), a state-of-the-art method for rapid MP analysis, showed similar particle counts,
indicating plausible results. However, highly variable recovery rates attributed to inhomogeneous particle spiking experi-
ments highlight the need for future development of certified reference material including sample preparation. The proposed
method demonstrated suitability of high throughput analysis for seafood samples, requiring 0.02-0.06 h/cm? filter surface
compared to 4.5-14.7 h/cm with LDIR analysis. Overall, the method holds promise as a screening tool for more accurate
yet resource-intensive MP analysis methods such as spectroscopic or thermoanalytical techniques.
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and concerning environmental issue that gained consider-
able attention in recent years due to its potential impact on
aquatic ecosystems and human health. These synthetic poly-
mer particles are characterised by a size range of 1-5000 um
and water insolubility [1]. MP originate from the release of
small-scale plastics, mechanical wear of plastic products like
textile fibre release, or degradation of plastic waste in the
environment [2]. With plastics being predominant among
marine debris [3], aquatic organisms are susceptible to MP
exposure via adherence or ingestion [4, 5]. Reports on MP
presence in commercial seafood species and edible tissues
[6] highlighted a possible path for plastic particles entering
the food chain with processing and packaging contributing
even further to an entry point for MP [7-9]. Recent find-
ings of MP in human body fluids and tissues [10] emphasise
the need for monitoring MP occurrence in food, including
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seafood, for a better understanding of the role of human
dietary MP exposure.

A major challenge of monitoring MP is the complex
nature of the analyte(s), with a great variety in size, chemi-
cal composition, and presence of certain additives. MP may
undergo further modifications when exposed to environmen-
tal processes by ageing, change of surface charge, or forma-
tion of a corona of additional substances (e.g. proteins) [11].
The complex matrix of seafood poses another challenge,
requiring thorough sample preparation to minimise matrix
residues potentially interfering with MP detection [11, 12].
Infrared or Raman microspectroscopy (U-FTIR, p-Raman)
is among the most well-developed and widely used methods
for particle-based MP analysis, reducing false-positive find-
ings by chemical identification of particles [12]. Therefore,
their application was recommended by recent standardisa-
tion actions [1, 13], as well as for regulatory use, e.g. by
California’s State Water Resources Control Board [14]. Due
to their long analysis times of up to several hours or even
days per sample, the suitability of p-FTIR or u-Raman for
routine analysis, monitoring purposes, and regulatory pur-
poses is still limited [14]. While state-of-the-art techniques
like laser direct infrared (LDIR) imaging demonstrated
higher potential for time-efficient MP analysis of water sam-
ples [15], data on performance for matrix-rich samples like
seafood is limited. Commonly used mass-based approaches,
like pyrolysis gas chromatography—mass spectroscopy (Py-
GC/MS), enable higher sample throughput, while offering
quantitative information on MP [16]. These methods do not
provide information on particle sizes though, and signals of
a few larger particles can mask the presence of smaller ones
due to an exponential relation of particle size and mass [11].

In recent years, detecting MP with fluorescence micros-
copy after labelling with a fluorophore tag, most promi-
nently Nile red (NR), has gained increasing popularity [11,
12]. With a resolution in the lower micron range, fluores-
cence microscopy of NR-stained particles allowed for highly
sensitive MP determination [17]. Especially when combined
with (semi-)automated analysis, the method showed great
potential as a cost- and time-effective tool for MP analysis
[18, 19]. Further potential for nanoplastic analysis of NR-
stained samples is indicated when coupled with single par-
ticle tracking or flow cytometry [20, 21]. NR is a lipophilic
and photostable dye with a strong affinity for non-polar
materials, and has already been used for early analyses of
MP [22-24]. However, NR also interacts with other organic
components like lipids or proteins [23, 25], both occurring
in seafood with significant amounts. Residual sample mate-
rial such as fats, soaps, or gels can hinder the identification
of fluorescent MP and increase the risk of false-positive
MP detection [26, 27]. Particle counting without any fur-
ther differentiation of fluorescent particles can consequently
result in a severe overestimation of MP in biota samples
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[28, 29]. As NR fluorescence is sensitive to the chemical
polarity of its surroundings [24], MP and particles of natu-
ral origin (PNO) can potentially be at least partially differ-
entiated by colour and brightness [27]. Accurate analysis,
however, strongly relies on operator experience and needs
extensive training [27, 30, 31]. Furthermore, metadata or
threshold limits for differentiating MP from PNO are often
not provided, thus, limiting the comparability of results [27].
Maes et al. [32] proposed a mathematical approach for dif-
ferentiating MP and natural residues by colour and digital
image analysis, and reducing operator bias. Meyers et al.
[18] recently demonstrated that the application of machine
learning for automated identification of NR-stained particles
achieved fast and accurate MP detection in environmental
samples (differentiation of MP and PNO for >93% of parti-
cles spiked to mussels; correct polymer type assignment for
80% of particles) [18].

Screening methods are needed to overcome research
restraints on MP occurrence in food, especially in seafood.
While the potential of fluorescence microscopy after NR
staining for cost- and time-efficient MP detection in various
environmental samples was demonstrated in recent years,
its potential for MP analysis in seafood with high protein or
lipid contents that potentially interfere with MP detection
has yet to be explored. The present study aimed at develop-
ing a rapid method for detecting MP in seafood. Commer-
cially relevant seafood samples were therefore stained with
NR after enzymatic-alkaline digestion and membrane filtra-
tion. Semi-automated data processing was tested for reduc-
ing operator bias. Staining and measurement parameters
were optimised for seafood and threshold values for differ-
entiating MP and matrix-inherent PNO by fluorescence were
established. Method performance was exemplarily assessed
with spiked fish fillet. Sample throughput and plausibility
of results were assessed by comparing the proposed method
with LDIR imaging, a state-of-the-art technique for MP
detection in environmental samples.

Material and methods
Reagents and material

Liquid pepsin (660 u Ph. Eur./mL) was obtained from Appli-
Chem GmbH (Darmstadt, Germany). Evans blue dye, NR
dye, and n-hexane (C4H,,) were obtained from Carl Roth
GmbH & Co. KG (Karlsruhe, Germany). Carbon disulphide
(CS,) and Tween20® were obtained from Honeywell Inter-
national Inc. (Wabash, IN, USA). Calcofluor white stain-
ing agent, chloroform (CHCl;), dichloromethane (CH,Cl,,
DCM), fuming hydrochloric acid (HCI), and potassium
iodide (KI) were obtained from Merck KGaA (Darmstadt,
Germany). Acetone (C;H(O), ethanol (C,HO), hydrogen
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peroxide (H,0,), isopropanol (C;HzO), and potassium
hydroxide (KOH) were obtained from Th. Geyer & Co. KG
(Renningen, Germany). All chemicals were of analytical
purity grade.

Reference particles of synthetic and natural polymers

Commercially relevant plastic particles and nurdles [33],
UV-aged MP, coloured household MP, potential procedural
contaminants (cotton fibres), and PNO potentially occurring
in edible tissues of seafood were selected for establishing
fluorescence threshold values for MP identification of NR-
stained particles. Synthetic polymers were provided by the
Bundesanstalt fiir Materialforschung und -priifung (BAM,
Berlin, Germany), referred to as BAM-MP. Further polymers
were purchased from Goodfellow Cambridge Ltd. (Lille,
France), and Alfa Aesar (Haverhill, MA, USA), referred to
as in-house reference. PNO were obtained from fishbone,
shrimp shells, mussel shells, and cotton. When necessary,
small particles (<500 um) were obtained by cutting, precipi-
tation, or ultra-centrifugal milling and consecutive sieving
with stainless-steel sieves. A comprehensive list of mate-
rials is provided in the supplementary information (SI),
Table S1. For sample spiking, the most commonly detected
MP in food were selected, namely nylon 6 (PA6), polyethyl-
ene (PE), polyethylene terephthalate (PET), polypropylene
(PP), polystyrene (PS), and polyvinylchloride (PVC) [34].
Furthermore, nylon 12 (PA12) was sieved with a 50 um and
25 um stainless-steel mesh for spiking with particles within
a small size range. Particles were suspended in solutions of
Tween20® and KI or isopropanol depending on the polymer
density (Table 1). Particle counts of each spiking suspen-
sion were determined by pipetting 100 pL-aliquots (n=35)
onto glass fibre filters, consecutive NR staining, fluorescence
microscopy, and image analysis as described in “Sample
analysis”. For pipetting, a displacement pipette (Transfer-
pettor™, Brand GmbH & Co. KG, Wertheim, Germany)
equipped with a glass capillary (1.95 mm opening) was used.

To avoid particle sedimentation or floatation, the particle
suspension was shaken vigorously before each pipetting step.

Prevention of procedural contamination

Experiments were conducted in a laboratory with restricted
access wearing a white cotton lab coat and trousers. Fil-
tration and filter treatment (oxidation, staining) took place
within a laminar flow box. All liquids (reagents, solvents,
water) were filtered with glass fibre filters (0.7 um parti-
cle retention, Th. Geyer & Co. KG, Renningen, Germany)
directly before use. Labware not suited for thermal cleaning
(e.g. filtration apparatus, PTFE-coated stirring rods, heat-
sensitive filter membranes) was rinsed three times with
10 mL deionised water (DI water, generated with a reverse
osmosis system and additional mixed bed filter). Glass slides
and flasks (covered with aluminium foil) and glass fibre fil-
ters (stored in Petri dishes) were heated at 500 °C for 5 h.
Glass flasks were additionally rinsed with 10 mL DI water
prior to use. Preliminary analysis of singular potential con-
tamination sources (e.g. glassware, deposition from air,
reagents) indicated a high randomness of each individual
source. Therefore, three procedural blank samples were
prepared for each sample series to account for the total con-
tamination of the respective series. The procedural blanks
were prepared and analysed like matrix samples but using
the respective amount of DI water instead of seafood.

Sample preparation
Homogenisation and spiking of seafood matrix

Whole herring (Clupea harengus), and fresh salmon fillets
with skin (Salmo salar) were purchased from a local market
and transported on ice in an expanded polystyrene box as
supplied by the merchant. Frozen whitefish fillet (Theragra
chalcogramma), shrimps (Penaeus longirostris), and fresh
mussels (Mytilus edulis) were purchased pre-packaged
from German retail stores. Non-edible tissues (skin, shells,

Table 1 Composition of MP suspensions used for sample spiking; detergent—-aqueous 0.5% Tween20®-solution; RSD relative standard devia-
tion; rcv recovery of polymer mass estimate based on weighed particle mass

Polymer Dominant size (95% of particles) Particle count RSD (%) Mass estimate (ug/mL) Suspension solution

(MP/mL)
PA6 10-50 pm 1287 +387 30 69+53 (rcv=111%) 0.9 mol/L KI in detergent
PE 10450 pym 3210+£957 30 63,463 £25,783 (rcv=105%)  Ethanol:detergent (55:45, v/v)
PET 10-100 pm 2613+325 12 359457 (rcv=282%) 4.0 mol/L KI in in detergent
PP 10-500 um 358 +71 20 215+83 (rcv=62%) ethanol:in detergent (50:50, v/v)
PS 10-60 pm 941 +321 34 322+ 137 (rev="75%) 0.5 mol/L KI in detergent
PVC 20-350 um 836+ 138 17 7562 +2850 (rcv=92%) 5.0 mol/L KI in in detergent
PAI2 25-50 um (rounded shape) 478 +295 62 - detergent
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fishbone, innards) were removed. Fish fillets, shrimp tails,
and mussels’ tissues were then homogenised with a com-
mercial stainless-steel hand blender. Samples were stored
at—20 °C in aluminium cups covered with aluminium foil.

A subset of samples was spiked with MP for recovery
tests and method comparison. MP mass estimation was
evaluated with weighed BAM-MP spiked to 1-2 kg ali-
quots homogenised herring fillet in different concentrations
(0.75 mg/kg, 30.18 mg/kg, and 234.66 mg/kg). The spiked
homogenates were mixed again with a hand blender. Sub-
sequently, 1 g and 10 g aliquots were weighed into glass
flasks (n=35). Particle counting was evaluated by spiking
pre-homogenised salmon fillet with 100 pL in-house refer-
ence MP suspensions (Table 1) in a mixture (PA6, PE, PET,
PP, PS, PVC) and with PA12 (n=35 each). Additionally,
10 mL filtered DI water was spiked with the same amount
of each spiking suspension (or only PA12) and immediately
filtered (n=23).

Extraction of MP from edible seafood tissue

Aliquots of 10 g homogenised seafood were digested with
a two-step procedure as described by Siissmann et al. [35].
First, the sample was digested with 90 mL of a 1% pep-
sin solution in 0.063 mol/L HCI (stirring for 2 h at 40 °C).
Afterwards, 10 mL 50% KOH solution (50:50, w/w in
water) was added (stirring for 4 h at 40 °C) [36]. MP was
isolated from most digested samples by vacuum filtration
using @ 47 mm PTFE filters (pore size 1-2 um; Pieper Filter
GmbH, Bad Zwischenahn, Germany). Spiked herring fillet
was filtered with silver filters (pore size 0.8 pm; Pieper Filter
GmbH, Bad Zwischenahn, Germany). PA12-spiked salmon
was filtered with glass fibre filters (particle retention 1.2 um;
Th. Geyer GmbH & Co. KG, Renningen, Germany). The
glass flask and filtration apparatus were rinsed three times
with 10 mL DI water and once with 10 mL isopropanol. The
filters were then placed in glass Petri dishes, covered with
2 mL H,0, solution (15% in DI water, v/v) and dried for 48 h
at room temperature.

Staining of sample filters

Optimal conditions for NR staining of edible seafood sam-
ples were determined with preliminary tests (SI section 2.5).
Seafood samples were stained with 1 mL NR in hexane
(¢=50 pg/mL) for 30 min at 40 °C. Afterwards, ] mL NR in
ethanol:acetone (1:1, v/v; EtAc; c=50 pg/uL) was added to
the filters and incubation was repeated for 30 min at 40 °C.
After cooling to room temperature, excess dye was removed
from the filter surface by rinsing with 5—10 mL isopropanol.

A subset of seafood samples was additionally stained
with 0.5-1 mL Calcofluor white staining (10 min incu-
bation at room temperature) after optimised NR staining
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[36] in order to test the effects of counterstaining on MP
detection in seafood.

Sample analysis

Analysis with fluorescence microscopy and semi-automated
image processing

Particles on the filter were detected and analysed by fluo-
rescence microscopy using the Axioscope 7 equipped with
an Axiocam 503 colour camera (both Carl Zeiss AG, Ger-
many), 565 nm LED illumination (5% intensity, 100 ms
exposure), and an orange filter. Samples were observed
with a 2.5 X or 5 X objective (10 pm or 5 um resolution
respectively). No colour correction was applied. A sub-
set of samples was analysed with a 10 X objective (1 pm
resolution). Due to the 10 X objective’s low depth of field,
a z-stack of the sample was measured and a 2D image was
generated by applying maximum projection.

Particle size, morphology, brightness, and colour were
obtained with image analysis. Therefore, binary images of
the scans were generated with Adobe Photoshop® (man-
ual adjustment of brightness and contrast, separation of
particles and background). Morphological attributes were
obtained by analysing binary images with ImagelJ. Isolated
pixels (artefacts from image editing) were removed using
the “open” function. Fluorescence colour and total particle
brightness (TPB) were obtained with the original colour
images.

MP estimation and procedural blank correction

Particle numbers were assessed in size classes of 5-10 pm,
10-50 pm, 50-100 pm, 100-500 pm, 500-1000 um, and
1000-5000 um [16]. Each size class was further sepa-
rated by morphology and fluorescence. For particle mass
estimation, the two-dimensional particle morphologies
were approximated to three-dimensional objects, namely
spheres (spheroids), cuboids (fragments,) and cylinders
(fibres) for volume calculation. Details on the calculations
are provided in SI section 2.2. The number and mass of
MP suspect particles of each series were corrected by the
respective procedural blanks [37]. Therefore, a limit of
quantification (LOQ) was calculated based on the mean
particle number of the respective procedural blanks plus
ten times the standard deviation for each combination of
size class, morphology, and fluorescence group. Results
exceeding the LOQ were corrected by subtracting the
mean particle number or mass estimate of the procedural
blanks for the respective particle type or mass category.
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Quantum cascade laser-based laser direct imaging analysis

The proposed method was compared with LDIR imaging for
assessing the plausibility of MP analysis. Therefore, MP-
spiked samples were first analysed with fluorescence micros-
copy and then with LDIR imaging (8700 LDIR Chemical
Imaging System, Agilent Technologies Inc., Santa Clara,
USA).

Aliquots of 1 g (n=7) of spiked herring fillet homoge-
nate were digested with 9 mL pepsin solution and 1 mL
KOH. Five samples were filtered with glass fibre filters (1.2
um particle retention, 25 mm diameter) from Th. Geyer
& Co. KG (Renningen, Germany). Two samples were fil-
tered with polyethylene terephthalate glycol (PETG) gold-
coated membrane filters (0.2 um pore size, 100/0 nm coat-
ing, 25 mm diameter) from Sterlitech Corp. (Auburn, WA,
USA), as required for LDIR analysis. Due to the small pore
size (0.2 um), the filters clogged rapidly and filtration was
aborted after 20 min, discarding the remaining liquid. The
filters were rinsed once with 3 mL filtered DI water and
placed onto GFF stored in Petri dishes for better soaking
with H,0,. After drying, the samples were stained with NR
(c.f. 2.3.3). The stained filters were mounted on specialised
filter holders (Agilent Technologies Inc., Santa Clara, USA)
and imaged with fluorescence microscopy (c.f. 2.4.1). The
sample holder was then stored in a Petri dish for transport
and analysed with LDIR imaging [15, 38]. Hereby, the size
fractions 10-100 um and 100-5000 um were analysed sepa-
rately using the Clarity Software (Version 1.5.58, Agilent
Technologies Inc., Santa Clara, USA). Accordingly, the
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Fig. 1 Photographs of in-house reference MP stained two times with
100 pL of a 100 pug/mL NR solution in EtAc and hexane each. For the
combined approach, samples were stained once with 100 uL of each
solution. Samples were observed with fluorescence microscopy. The

datasets were merged and evaluated applying a hit quality
index of 0.85 (Pearson’s correlation coefficient of 1st deriva-
tives of IR spectra) by means of a custom-written Excel®
spreadsheet.

Results

MP detection and differentiation from PNO
with optimised staining conditions

Impact of sample preparation on polymer integrity
and fluorescence

The digestion method had a negligible impact on polymer
integrity [35], particle brightness, and fluorescence col-
our (Fig. S5). However, MP staining could affect polymer
integrity by MP dissolution. NR dissolved in alcohols (e.g.
isopropanol) had the least effect on MP dissolution but also
stained MP most weakly (Fig. S12). Brightest staining was
achieved with NR dissolved in hexane or EtAc, depending
on the polymer type, as shown in Fig. 1. For staining MP
mixtures of different chemical polarity (e.g. PE and PET), a
two-step staining procedure was therefore preferred.

Of the six most relevant polymers, PS was the most sen-
sitive to swelling and dissolution. A preliminary test indi-
cated that especially expanded PS was rapidly dissolved
by acetone, or DCM and shrank in contact with hexane as
illustrated in Fig. 3. Therefore, partial dissolution of PS
during staining could not be excluded. For the preliminary

brightness was adjusted digitally to increase the visibility of weakly
stained MP (PE, PET, PP). The unedited image is provided in the SI
(Fig. S13)

@ Springer



3464

Slissmann J. et al.

staining tests, MP was submerged in solvents. To mimic
seafood staining conditions, BAM-PS (solvent-sensitive)
was additionally stained with NR solutions on glass fibre
filters. Reduced particle opacity and roundness of BAM-
PS stained with NR dissolved in EtAc or the combined
approach indicated partial dissolution (Fig. 2). Image analy-
sis revealed a loss of particles smaller 50 um of 17% (hex-
ane), 28% (EtAC), and 55% (combined solvents) compared
to staining with isopropanol. Simultaneously, the number of
large particles (> 50 um) increased to 42%, 70%, and 140%
respectively. Particle size distributions of stained BAM-PS
are illustrated in Fig. S15. Particle brightness correlated
negatively with the effects of partial polymer dissolution.
Brightest staining of particles was achieved with the com-
bined approach with a TPB of 88 + 18, followed by EtAc
(TPB =68 +19), hexane (TPB =52 + 15), and isopropanol
(TPB=26+14).

Improved differentiation of MP and PNO

When staining with NR dissolved in isopropanol (least
impact on polymer morphology), a mean of 88 +16%
of particles were correctly classified as MP (B-error of
12+ 16%, Table S4). This was mainly attributed to the
high B-error of 45% for PE detection (Table S4). The
optimised method improved especially the staining of PE,
resulting in B-errors for MP suspect classification of 4%
or less (Table S4). With the optimised staining method,

Fig.2 Photographs of BAM-PS on glass fibre filters, observed with
fluorescence microscopy (4, =565 nm). Particles (n>1000 each)
were stained with NR dissolved in different solvents by moistening
the filter and incubation for 30 min at 40 °C per solvent
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1% of chitin particles were incorrectly classified as MP
(false-positive classification, a-error). Other seafood-
related PNO were not classified as MP. Counterstaining
overall reduced MP fluorescence, but not to a significant
extent (Fig. S6). Classification of MP from other sources
was less reliable, e.g. indicated by the analysis of BAM-
MP with B-errors of up to 100% (Table S4, BAM-PVC).

The identification of polymer type was not feasible
due to similar fluorescence. When staining with NR dis-
solved in isopropanol, mean B-error rates of 27 +20%
were achieved (1 SD, n=6; Table S5). Due to the over-
all increased fluorescence of MP when staining with the
optimised method, the differences between polymers were
even lower, resulting in mean B-error rates of 62 +27%
(1 SD, n=6). Therefore, only total MP occurrence was
evaluated for the spiking experiments.

The residual tissue of digested seafood (whitefish fillets,
shrimps, mussels) was stained deep blue with counterstain-
ing as described by Helmberger et al. [36]. This resulted in
reduced background fluorescence as can be seen in Fig. 3,
beneficial for particle recognition and binary image gen-
eration. Additionally, the blue stain of tissue residues
improved the differentiation of MP and PNO with light
microscopy, for example when selecting particles for a
consecutive follow-up p-Raman analysis (data not shown).
As the background fluorescence of fish fillet was lower
compared to mussels or shrimps, the effect of counterstain-
ing was less pronounced (Fig. 3, first column).

Limitations of detection and identification by MP inherent
properties

Intrinsic particle properties (e.g. morphology, colour, age-
ing) potentially affect MP detection after NR staining [39].
Therefore, limitations of MP detection were exemplarily
explored with household plastics and artificially UV-aged
MP, presented in detail in SI section 2.4. Inherent par-
ticle colour considerably affected fluorescence (Fig. S8),
for example preventing the detection of black MP due to
weak fluorescence. Fibres were detected to a lesser extent
compared to particles (e.g. detection rate of polyester
fibres decreased by 90% compared to the PET in-house
reference). This was attributed to their smooth surface,
which was supported when comparing the fluorescence of
rough and smooth PP particles generated from the same
bottle cap (TPB =45 +4 and 49 + 2 respectively, Fig. S7).
Artificial UV aging also influenced polymer fluorescence,
resulting in diminished TPB (Table S6). Red fluorescence
(influenced by chemical polarity) either increased (PE, PP)
or decreased (PA6). Detection rates of UV-aged MP con-
sequently decreased to 84-0%.
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Fig.3 Photographs of digested
seafood samples (edible tissues
of whitefish, shrimps, mussels)
on glass fibre filters, observed
with fluorescence microscopy
(Aex =565 nm). Different
aliquots of the same homogen-
ate were analysed after staining
with 100 pg/mL Nile red in
EtAc alone (upper row) and
after additional staining with
Calcofluor white (lower row)

fish fillet
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Plastic recovery in spiked fish fillets
Procedural contamination during sample preparation

All procedural blanks were contaminated with MP sus-
pect objects. The least contamination occurred dur-
ing the preparation of 1 g samples with 1-6 MP/sam-
ple (£0.4 pg), followed by the PA12 series with 50-79
MP/sample (0.1-0.3 pg). Twenty-six to 832 MP/sample
(0.44-21 pg) were detected in blanks of the BAM-MP
series, and 912-1627 MP/sample (2-124 pg) in blanks of
the MP mixture series. Most contamination were rounded
particles of medium fluorescence. Mean particle numbers
and mass estimates of procedural blanks as well as LOQ
values used for blank correction (c.f. 2.4.2) are listed in
Tables S8 and S9. The lower contamination of the 1 g
sample series was attributed to lesser reagent volume for
digestion (100 mL — 10 mL), smaller glass flasks and fil-
tration funnels (250 mL — 15 mL), and smaller filter area
(17.3 cm? — 4.9 cm?. Samples of the PA12 series were
filtered with glass fibre filters (cleaned by heating) and
were not fixed between glass slides, as opposed to the MP
mixture and BAM-MP series. Contamination might there-
fore stem from insufficiently cleaned membrane filters or
glassware. With contamination of filter membranes being
a common source of procedural contamination, glass fibre
filters are often recommended for MP isolation as they
can be effectively cleaned by thermal treatment [40].

shrimp tails mussel tissue

Recovery of MP counts and mass estimates in spiked
samples

Due to the high variances, results are not presented with
average values but the total range of results and relative
standard deviation (RSD) between samples, instead.

The estimated MP mass in the native herring fillet was
below the LOQ (0.5-4.2 MP/g, RSD =109%). Recoveries
of MP mass estimates in spiked herring ranged from 16
to 37% (RSD=41%) at 0.75 mg/kg spiking level, 8-19%
(RSD =28%) at 30 mg/kg, 3-37% (RSD =64%) at 235 mg/
kg (10 g aliquot), and 7-30% (RSD=33%) at 235 mg/kg
(1 g aliquot). Corresponding MP counts varied greatly with
an RSD of 143%, 181%, 46%, and 76% respectively. The
low recovery of BAM-MP was attributed to the weaker flu-
orescence compared to in-house reference MP (c.f. 3.2.1;
Table S4). No correlation of MP counts and mass estimates
was observed due to the inhomogeneous particle size distri-
bution between aliquots (90% of particles <50 um at spiking
level 0.75 mg/kg; 60-70% of particles <50 um at the other
spiking levels). This might be caused by inhomogeneity
when weighing BAM-MP.

Salmon fillets (10 g aliquots) were spiked with either
PA12 suspension or a mixture of six MP suspensions. Par-
ticle counts of PA12 and mixed MP suspensions indicated
that each sample was spiked with 17-97 MP (RSD=62%)
or 292-895 MP (RSD =49%) respectively. Zero to 92 MP
(RSD=170%) were counted in native salmon samples
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(10 g aliquots) whereas 1-164 MP (RSD=135%) and
90-1281 MP (RSD =83%) were counted in PA12-spiked
and MP mixture—spiked samples respectively. Due to the
high variations, no significant differences between spiking
suspensions and spiked samples were observed regarding
MP counts (unpaired Student’s t-test, @ =0.05), and par-
ticle size distribution (unpaired Wilcoxon-test, @ =0.05).
Mass estimates of spiking suspensions and spiked samples
were in the same order of magnitude with median values of
0.14 pg/sample, and 0.11 pg/sample for the PA12 series as
well as 88 pg/sample, and 165 pg/sample for the MP mix-
ture series, respectively. However, also high variations were
observed in both spiking suspensions and spiked samples
(RSD =83-159%) regarding mass estimate.

Performance of fluorescence microscopy
in comparison with infrared spectroscopy

MP counting and characterisation

Only particles larger than 10 pm were considered due to the
lower resolution of LDIR. Recovery rates were not deter-
mined, as samples could not be filtered quantitatively due to
filter clogging. As a major proportion of the digested sam-
ple solution was discarded, especially low-density polymers
(PE, PP, PS) floating at the surface were lost.

A total of 10,820 (sample 1) and 14,692 (sample 2) par-
ticles were counted with LDIR, and 72 and 161 particles
were identified as MP (Table S10), respectively. All relevant
polymer types were detected except from PA6, which could
not be differentiated from natural peptides originating from
matrix residues. Furthermore, residual fatty acids from the
matrix could interfere with the characterisation of “rubber”;
thus, those particles were also excluded. Fluorescence analy-
sis detected fewer total particle numbers (92 and 610) but
similar MP counts (23 and 124 MP).

Sample throughput

Imaging a @ 47 mm filter surface (resolution 5 pm) required
15 + 3 min per sample on average (1 SD, n=60). Imaging
with 1 um resolution required approximately 30 min for a
¢ 25 mm filter surface and was not feasible for a larger sur-
face area due to the large data size (>300 GB per image).
An additional 13 + 12 min was required for semi-automated
image analysis (median 5 min; maximum 48 min). The high
variability of time required for binary image generation
was attributed to large amounts of matrix residues, particle
agglomeration in highly loaded samples, high background
fluorescence, or unevenly stained objects (e.g. fibres, crystal-
line MP like PET) requiring thorough manual particle selec-
tion to avoid over- or underestimation.
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Due to the high particle numbers (rn> 10,000), LDIR
analysis required approximately 24—72 h per sample on an
observed area of 2.3 cm?. Fluorescence analysis of the same
samples required roughly 15 min per sample and was inde-
pendent of total particle numbers (observed area 4.9 cm?).
Fluorescence imaging was therefore significantly faster com-
pared to LDIR imaging when analysing samples with high
total particle numbers with a total speed of imaging and
analysis of 0.02-0.06 h/cm? (5 um resolution) compared to
4.5-14.7 h/cm? (10 um resolution).

Discussion
Challenges of quantitative MP spiking

The complex nature of MP (broad range of size and mor-
phology, various chemical compositions of polymer types
and additives, different ageing states) is challenging for any
analytical method [11]. Further challenges are posed by pre-
paring complex matrices like seafood while preventing pro-
cedural contamination [13, 35, 40]. These factors contrib-
uted to the difficulties faced within the present study when
determining MP recovery in spiked fish fillets especially
regarding high deviations of particle counts in between sam-
ples as well as spiking suspensions.

One factor contributing to high deviations was the MP
occurrence in native seafood samples, as it is difficult to
obtain a guaranteed MP-free fish fillet matrix. In the present
study, MP counts of 10 g aliquots of native salmon and her-
ring fillet were highly variable (RSD > 100%), ranging from
0 to 92 MP/sample. The same amount of fillet was spiked
with low particle numbers (17-97 MP, PA12) to analyse
recovery at realistic concentration levels. However, ran-
dom MP distribution in the native sample might have even
exceeded the number of spiked MP, indicated by the high
RSD (135%). Higher particle numbers were spiked with the
MP mixture (292—-895 MP), achieving a lower RSD (83%).
The high variation of MP counts in native samples further
indicates the difficulty of proper sample homogenisation for
analysing non-soluble, microscale analytes. Larger sample
aliquots might be needed in future studies for achieving
more reproducible results. However, significantly increased
sample sizes also lead to further challenges for quantita-
tive sample preparation [35]. For example, increasing the
temperature to achieve sufficient sample digestion results in
negative impacts on polymer integrity (e.g. PET).

Another factor attributing to the deviation in spiked sam-
ples was the application of several MP suspensions per sam-
ple. As the densities of the polymers ranged from p ~ 0.9 g/
cm? for PE(LD) to p ~ 1.4 g/cm® for PVC, each polymer
type was suspended in a solution of different densities to
prevent quick sedimentation or flotation. Particle numbers
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in aliquots of MP suspensions already differed within an
RSD range of 12-34%. Due to polymer identification being
infeasible, MP could only be determined as a sum parameter,
resulting in an accumulation of individual errors. Current
studies on developing MP reference material for interlabo-
ratory comparison tests indicated that high heterogeneity
between samples can occur. The RSD of particle numbers of
MP-loaded capsules or reconstituted salt tablets (dissolved
in water) ranged between 12 and 24% [41, 42]. Martinez-
Francés et al. [42] observed higher deviations for particles
below 50 um, which was also indicated in this study for
example when comparing PA6 (@ 10-50 um, RSD =30%)
with PVC (@ 20-350 um, RSD = 17%). This highlighted the
difficulty of reproducible sample spiking for seafood method
validation and standardisation. However, the homogeneity
of MP in the solid salt tablets was lower compared to the
reconstituted salt tablets (RSD =8%), as the solid carrier
matrix immobilised MP during handling and transport [41].
The same was observed comparing spiking reproducibility
with soda tablets instead of soluble capsules (RSD =9% for
mixed MP in soda tablets) [42]. Consequently, spiking food
matrices with solid MP carriers like salt tablets as opposed
to particle dispersions should be considered in the future.
Another promising approach for number-based sample
spiking was described by Hildebrandt et al. [38] using laser
microdissection pressure catapulting. The method demon-
strated the capability to transfer exact particle numbers down
to singular particles of PE, PET, and PS ranging between 10
and 16 pum in size. Further research is required for providing
homogeneous reference material of seafood, spiked with MP
of environmentally relevant size, morphology, and chemical
composition.

Detection and differentiation of particles
from synthetic and natural origin for seafood
analysis

So far, no sample preparation methods were described that
are capable of destroying organic matrix completely with-
out damaging plastics as well [27, 35]. Current methods for
digesting organic-rich samples such as seafood therefore
compromise between thorough matrix destruction and sus-
taining polymer integrity [43]. Thus, applying NR staining
for these matrices poses a risk in terms of overestimating MP
occurrence due to interfering PNO [27, 29]. Consequently,
NR staining was rarely used for biota samples, so far [44].
MP counting in mussels revealed up to 14 times higher par-
ticle numbers when analysing with the NR-staining method
as opposed to conventional FTIR analysis [28]. Within the
present study, this challenge was overcome by optimising
MP staining and implementing automated MP identification
with RGB-based fluorescence threshold values.

Bright MP fluorescence is required for differentiation
from PNO and to avoid under- or overestimation [29, 45].
The brightest fluorescence was achieved when MP was
stained with dye-solvent solutions that induce polymer
swelling. This can be attributed to the diffusion of the solvent
into the polymeric network which facilitates the polymer-dye
interaction [46, 47]. To account for the broad chemical and
structural variety of MP potentially occurring in food and
improve differentiation of MP and PNO, samples were there-
fore stained with two different NR solutions consecutively.
As indicated in Fig. 2, hydrophobic polymers like PE or
PP were stained more intensely by non-polar dye-solvent
solutions (e.g. NR-hexane). Hydrophilic polymers like PA6,
PET, or aged MP were stained more intensely by polar dye-
solvent solutions (e.g. NR-EtAc). The swelling (and dissolu-
tion) behaviour of MP is very complex, for example depend-
ing on chemical composition, molecular mass, or the degree
of crosslinking [46]. Of all polymers tested in the present
study, PS was most sensitive to dissolution. Staining of
BAM-PS with the optimised procedure revealed a reduction
of particles smaller than 50 um by 55% and simultaneously
an increase of larger particles by 140% compared to staining
with NR dissolved in isopropanol (illustrated in Fig. S15).
This was attributed to the partial dissolution of several
small particles in close range “melting” into large singu-
lar particles. The upper left picture of Fig. 2 shows barely
distinguishable outlines of former particles merged. As this
could not be differentiated by automated image analysis, the
particle size distribution consequently was skewed towards
larger particles. In contrast, staining with isopropanol did
not affect the particle morphology noticeably, but resulted
in diminished fluorescence (70% lower TPB compared to
the optimised protocol) as described in “Impact of sample
preparation on polymer integrity and fluorescence”. Dimin-
ished MP fluorescence can result in an underestimation of
particles when their fluorescence cannot be differentiated
from fluorescent PNO unambiguously (e.g. fishbone, chitin).
While staining with isopropanol was sufficient for identi-
fying PS, it was insufficient for detecting PE (Table S4).
Alongside PP, PE is predominant among MP occurring in
food, being reported in 96% of studies (n=23). In contrast,
PS was reported only in 35% of studies [48]. Consequently,
proper PE detection is suggested to have a greater impact
on particle counts of non-targeted MP analysis in seafood
compared to a skewed size distribution attributed to partial
PS dissolution. Nevertheless, when morphological data of
PS are of specific concern, staining with isopropanol (or
other alcohols) is recommended despite the underestimation
of other seafood-relevant polymers.

The sensitivity of MP detection and identification was
further limited by the influence of particle morphology or
additives on fluorescence which is specific for the respec-
tive material (e.g. non-translucent black or blue particles).
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However, also conventional methods for MP identification,
like Raman or FTIR, face these challenges. Black or fluo-
rescent particles are also known to interfere with Raman-
or infrared spectroscopy [49]. Ageing, additives, fillers, or
colouring agents can alter or mask the polymer spectrum,
hindering identification with spectra libraries [11, 50]. Age-
ing of MP can also impact their quantification, e.g. with
thermoanalytical methods, by decreasing signals of pyrolysis
products [51]. Due to the broad variety of MP occurring in
the environment and in food samples, underrepresentation
of certain types of MP may therefore occur with any non-
targeted approach for MP analysis.

The protocol proposed in the present study achieved the
classification of MP suspect particles (non-aged, pigment-
free) and differentiation from seafood-related interfer-
ences with an average accuracy of 98 +2% (B-error 2 +2%,
a-error < 1%). This is in accordance with the results pro-
vided by Meyers et al. [18], who achieved an accuracy of
94% for plastic classification with MP extracted from spiked
mussels. Particle numbers observed in spiked fish fillet sam-
ples did not differ significantly from particle counts of the
spiking solution, demonstrating the efficiency of implement-
ing threshold values. Their efficiency was further confirmed
by comparison with LDIR analysis. LDIR detected many
particles (n=10,000 per sample) but less than 2% were
MP (72 MP, 161 MP). MP counts of fluorescence imag-
ing were in the same order of magnitude (23 MP, 134 MP),
confirming that MP occurrence was not significantly over-
estimated with semi-automated fluorescence imaging, con-
trary to other approaches with NR staining [28].To further
improve differentiation of MP and PNO in environmental
samples, counterstaining, i.e. the application of additional
dyes like Calcofluor white, Evans blue, and 4',6-Diamidin-2-
phenylindol (DAPI), was recommended. However, for opti-
mal data processing, both blue (405 nm) and cyan (488 nm)
excitations were required [29, 36], resulting in an increased
analytical complexity. Counterstaining was not strictly
needed for differentiating MP and PNO in the present study
due to the implemented fluorescence threshold values, but
featured more straightforward binary image generation due
to a reduction of background fluorescence. As residual Cal-
cofluor white or Evans blue did not interfere with MP detec-
tion, removing excess dye from the filter was not required.
Therefore, counterstaining can be applied with minimal
effort when initial fluorescence analysis reveals high back-
ground fluorescence or if the occurrence of interfering PNO
(e.g. chitin or coloured cotton fibres) is likely.

Potential of semi-automated fluorescence imaging
as MP screening method

The most prominent advantage of NR staining coupled with
(semi-)automated image analysis was the low analytical
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complexity and short analysis time of 20—60 min for MP
screening in seafood depending on background fluorescence
(17.4 cm?, 5 um resolution, < 0.1 h/cm?). The application of
machine learning tools and sophisticated automated parti-
cle detection may offer further potential to improve sample
throughput with fluorescence imaging as the manual sepa-
ration of particles and background for generating binary
images was the most laborious step. Meyers et al. [18]
trained a model for particle identification with RGB data of
stained MP, PNO, and background fluorescence. They sepa-
rated particles from the background by setting colour thresh-
old values which required roughly 20 min per sample filter
(47 mm diameter) [18]. This step required up to 48 min in
the present study when samples had a high background fluo-
rescence, e.g. due to large amounts of residual fishbone, tis-
sue, or fat (fish oil). An interlaboratory comparison study on
MP in drinking water indicated analysis times of 16 +26 h
for visual microscopy, 10 +9 h for FTIR, and 19+2 1 h for
Raman analysis per sample, depending on how many par-
ticles were detected and identified respectively [52]. Even
specialised techniques for fast mapping, like stimulated
Raman scattering, require several hours (5 h/cm?) [53].
Due to the high numbers of particle-like matrix residues on
the filter surfaces (n > 10,000), analysis of seafood samples
with LDIR required 24—72 h per sample in the present study
2.3 cm? filter area, 10 um resolution; 4.5-14.7 h/cmz) which
is comparable to conventional approaches.

MP occurrence in edible seafood tissue is low (0.02—6
MP/g) [6] and MP counts of the present study indicated
higher reproducibility when using larger sample aliquots
(RSD decreased by 27% when analysing 10 g instead of 1 g
spiked herring fillet). As fluorescence imaging is compatible
with a broad range of filter sizes and materials (e.g. cellu-
lose [22], aluminium oxide [35], PTFE, glass fibre), sample
aliquots of > 10 g seafood can be analysed with minimal
effort. In contrast, many spectroscopic methods require the
application of tailor-made filter materials (e.g. gold-coated
membranes) [13], which are often not suited for filtering
large quantities of sample digestate. Consequently, particles
would have to be pre-concentrated and transferred, which is
not only laborious, but also prone to procedural contamina-
tion [35].

Semi-automated fluorescence imaging after NR staining
therefore might be a valuable screening tool for improving
sample throughput with conventional methods, as already
recommended for p-Raman analysis of environmental sam-
ples [54]. The proposed method can further supplement
mass-based methods for MP analysis. Recovery rates of
62—111% were achieved with mass estimation of pure MP
in suspensions (Table 1), indicating that mass estimation
based on particle size and morphology achieves results in
the same order of magnitude. When using only mass-based
methods, a broad range of particle sizes present in a sample
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may interfere with quantification. Low numbers of large
MP can mask the presence of small particles or even result
in detector saturation due to the significantly higher par-
ticle mass, resulting in sample loss [11]. Considering the
complexity of preparing organic-rich matrices like seafood
for MP analysis, sample loss is a significant challenge. NR
staining does not interfere with polymer identification when
using mass-based methods like Py-GC/MS or NMR (data
not shown), allowing for a simple implementation of the
proposed method in consecutive analysis with mass-based
methods. MP screening may be applied for determining
potential interferences of large MP or if further dilution of
the sample is necessary before applying destructive methods
like Py-GC/MS.

Conclusions

Large-scale MP analysis in the context of environmental and
food screening is often limited by resource restraints due to
the low sample throughput of conventional analytical meth-
ods. Fast screening methods are required to complement
conventional approaches for particle-based analysis like
FTIR and Raman spectroscopy or mass-based analysis like
Py-GC/MS. The proposed seafood method achieved com-
plete sample analysis (MP counting and mass estimation)
within 1 h, demonstrating a higher sample throughout com-
pared to conventional optical approaches. Due to the simple
sample preparation and low impact of staining on polymer
integrity, the proposed method can assist more sophisticated
approaches by screening for MP occurrence in seafood.

Microscopic techniques often rely on high operator expe-
rience for reliable particle detection and characterisation,
especially in organic-rich samples like seafood, due to the
co-occurrence of matrix-inherent particles. The presented
method minimised operator bias and MP overestimation
by establishing threshold values for particle fluorescence.
Like with other methods for MP analysis, not all plastics
(e.g. pigmented or aged) can be identified equally. The pro-
posed protocol unequivocally differentiated non-aged and
non-pigmented MP of widely used polymers from seafood-
related PNO. Of all tested MP, only the integrity of PS was
affected to a recognisable extent. Due to the high variations
of MP counts between samples, attributed to MP occurrence
in native fish fillets and inhomogeneous sample spiking, the
method’s suitability for MP quantification could not yet be
fully evaluated. Further research on the method’s repeat-
ability and robustness with more homogenously distributed
and certified seafood reference material is needed.
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Acknowledgements The authors would like to thank Mrs. Dr. Korinna
Altmann from the Bundesanstalt fiir Materialforschung und -priifung
(BAM), Berlin, Germany, for providing a selection of microplastic
materials.

Author contribution Julia Siissmann: conceptualization; methodol-
ogy; validation; formal analysis; investigation; writing—original draft
preparation; visualization. Elke Kerstin Fischer: conceptualization;
methodology; resources; writing—review and editing; supervision.
Lars Hildebrandt: conceptualization; methodology; formal analysis and
investigation; resources; writing—review and editing. Elke Walz: con-
ceptualization; writing—review and editing. Ralf Greiner: conceptual-
ization; writing—review and editing. Sascha Rohn: conceptualization;
writing—review and editing; supervision. Jan Fritsche: conceptualiza-
tion; resources; writing—review and editing; supervision.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. International Organization for Standardization. ISO/TR 21960:2020.
Plastics — Environmental aspects — State of knowledge and meth-
odologies. Geneva: International Organization for Standardization;
2020. p. 41.

2. Toussaint B, Raffael B, Angers-Loustau A, Gilliland D, Kestens
V, Petrillo M, et al. Review of micro- and nanoplastic contamina-
tion in the food chain. Food Addit Contam A Chem Anal Control
Expos Risk Assess. 2019;36(5):639-73.

3. Barnes DK, Galgani F, Thompson RC, Barlaz M. Accumulation
and fragmentation of plastic debris in global environments. Philos
Trans R Soc Lond B Biol Sci. 2009;364(1526):1985-98.

4. Bergmann M, Gutow L, Klages M. Marine anthropogenic litter
[Internet]. Basle: Springer Cham; 2015. Available from: https://
link.springer.com/book/10.1007/978-3-319-16510-3. Accessed 24
Sept 2023.

5. Kolandhasamy P, Su L, Li J, Qu X, Jabeen K, Shi H. Adher-
ence of microplastics to soft tissue of mussels: a novel way
to uptake microplastics beyond ingestion. Sci Total Environ.
2018;610:635-40.

6. Makhdoumi P, Hossini H, Pirsaheb M. A review of microplastic
pollution in commerecial fish for human consumption. Rev Environ
Health. 2023;38(1):97-109.

7. Ziino G, Nalbone L, Giarratana F, Romano B, Cincotta F, Pane-
bianco A. Microplastics in vacuum packages of frozen and glazed

@ Springer


https://doi.org/10.1007/s00216-024-05296-8
http://creativecommons.org/licenses/by/4.0/
https://link.springer.com/book/10.1007/978-3-319-16510-3
https://link.springer.com/book/10.1007/978-3-319-16510-3

3470

Slissmann J. et al.

10.

11.

12.

13.

15.

16.

17.

18.

20.

21.

22.

23.

24.

icefish (Neosalanx spp.): a freshwater fish intended for human
consumption. Ital J Food Saf. 2021;10(4):9974.

Dawson AL, Li JYQ, Kroon FJ. Plastics for dinner: store-bought
seafood, but not wild-caught from the Great Barrier Reef, as
a source of microplastics to human consumers. Environ Adv.
2022;8: 100249.

Giindogdu S, Cevik C, Atas NT. Stuffed with microplastics:
microplastic occurrence in traditional stuffed mussels sold in the
Turkish market. Food Biosci. 2020;37: 100715.

Barceld D, Picod Y, Alfarhan AH. Microplastics: detection in
human samples, cell line studies, and health impacts. Environ
Toxicol Pharmacol. 2023;101: 104204.

Ivleva NP. Chemical analysis of microplastics and nanoplastics:
challenges, advanced methods, and perspectives. Chem Rev.
2021;121(19):11886-936.

Primpke S, Christiansen SH, Cowger W, De Frond H, Deshpande
A, Fischer M, et al. Critical assessment of analytical methods for
the harmonized and cost-efficient analysis of microplastics. Appl
Spectrosc. 2020;74(9):1012-47.

Deutsches Institut fiir Normung eV. (DIN). DIN/TS 10068:2022—
09. Food — Determination of microplastics — analytical methods.
Berlin: Beuth Verlag GmbH; 2022. p. 32.

. Coffin S. The emergence of microplastics: charting the path from

research to regulations. Environ Sci: Adv. 2023;2(3):356-67.
Hildebrandt L, El Gareb F, Zimmermann T, Klein O, Kerstan A,
Emeis K-C, Profrock D. Spatial distribution of microplastics in the
tropical Indian Ocean based on laser direct infrared imaging and
microwave-assisted matrix digestion. Environ Pollut. 2022;307:
119547.

Braun U, Stein U, Schritt H, Altmann K, Bannick C, Becker R,
et al. Analysis of microplastics - sampling, preparation and detec-
tion methods [Internet]. Berlin: Ecologic Institut gemeinniitzige
GmbH. 2021. Available from: https://bmbf-plastik.de/en/publi
cation/analysis-microplastics-sampling-preparation-and-detec
tion-methods. Accessed 24 Sept 2023.

Horvatits T, Tamminga M, Liu B, Sebode M, Carambia A, Fischer
L, et al. Microplastics detected in cirrhotic liver tissue. eBioMedi-
cine. 2022;82:104147.

Meyers N, Catarino Al, Declercq AM, Brenan A, Devriese L,
Vandegehuchte M, et al. Microplastic detection and identification
by Nile red staining: towards a semi-automated, cost- and time-
effective technique. Sci Total Environ. 2022;823: 153441.

. Prata JC, Alves JR, da Costa JP, Duarte AC, Rocha-Santos T.

Major factors influencing the quantification of Nile red stained
microplastics and improved automatic quantification (MP-VAT
2.0). Sci Total Environ. 2020;719:137498.

Molenaar R, Chatterjee S, Kamphuis B, Segers-Nolten IMJ,
Claessens MMAE, Blum C. Nanoplastic sizes and numbers:
quantification by single particle tracking. Environ Sci: Nano.
2021;8(3):723-30.

Bianco A, Carena L, Peitsaro N, Sordello F, Vione D, Passan-
anti M. Rapid detection of nanoplastics and small microplastics
by Nile-red staining and flow cytometry. Environ Chem Lett.
2022;21:647-53.

Fischer EK, Paglialonga L, Czech E, Tamminga M. Microplastic
pollution in lakes and lake shoreline sediments — a case study
on Lake Bolsena and Lake Chiusi (central Italy). Environ Pollut.
2016;213:648-57.

Greenspan P, Mayer EP, Fowler SD. Nile red: a selective
fluorescent stain for intracellular lipid droplets. J Cell Biol.
1985;100(3):965-73.

Martinez V, Henary M. Nile red and Nile blue: applica-
tions and syntheses of structural analogues. Chemistry Eur J.
2016;22(39):13764-82.

Springer

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sackett DL, Wolff J. Nile red as a polarity-sensitive fluores-
cent probe of hydrophobic protein surfaces. Anal Biochem.
1987;167(2):228-34.

Prata JC, Sequeira IF, Monteiro SS, Silva ALP, da Costa JP, Dias-
Pereira P, et al. Preparation of biological samples for microplastic
identification by Nile red. Sci Total Environ. 2021;783: 147065.
Nel HA, Chetwynd AJ, Kelleher L, Lynch I, Mansfield I, Mar-
genat H, et al. Detection limits are central to improve reporting
standards when using Nile red for microplastic quantification.
Chemosphere. 2021;263: 127953.

de Guzman MK, Andjelkovi¢ M, Jovanovi¢ V, Jung J, Kim J,
Dailey LA, et al. Comparative profiling and exposure assessment
of microplastics in differently sized Manila clams from South
Korea by pFTIR and Nile red staining. Mar Pollut Bull. 2022;181:
113846.

Stanton T, Johnson M, Nathanail P, Gomes RL, Needham T,
Burson A. Exploring the efficacy of Nile red in microplastic
quantification: a costaining approach. Environ Sci Technol Lett.
2019;6(10):606-11.

Kotar S, McNeish R, Murphy-Hagan C, Renick V, Lee C-FT,
Steele C, et al. Quantitative assessment of visual microscopy as
a tool for microplastic research: recommendations for improving
methods and reporting. Chemosphere. 2022;308:136449.
Costa LL, Arueira VF, Silva TN, da Silva OA, dos Santos NL,
Sant’Anna MEAS, et al. Quantifying microplastics in fishes:
the first case study contrasting the perspective of untrained and
experienced researchers. Mar Pollut Bull. 2023;189: 114736.
Maes T, Jessop R, Wellner N, Haupt K, Mayes AG. A rapid-
screening approach to detect and quantify microplastics based
on fluorescent tagging with Nile red. Sci Reports. 2017;7:44501.
PlasticsEurope. Plastics - The Facts 2021. An analysis of
European plastics production, demand and waste data [Inter-
net]. Brussels: Plastics Europe. 2021. Available from: https://
plasticseurope.org/knowledge-hub/plastics-the-facts-2021/.
Accessed 24 Sept 2023.

Mamun AA, Prasetya TAE, Dewi IR, Ahmad M. Microplastics
in human food chains: food becoming a threat to health safety.
Sci Total Environ. 2023;858: 159834.

Sitissmann J, Krause T, Martin D, Walz E, Greiner R, Rohn S,
et al. Evaluation and optimisation of sample preparation pro-
tocols suitable for the analysis of plastic particles present in
seafood. Food Control. 2021;125: 107969.

Helmberger MS, Frame MK, Grieshop M. Counterstaining to
separate Nile red-stained microplastic particles from terrestrial
invertebrate biomass. Environ Sci Technol. 2020;54(9):5580-8.
Dawson AL, Santana MFM, Nelis JLD, Motti CA. Taking con-
trol of microplastics data: a comparison of control and blank
data correction methods. J Hazard Mater. 2023;443: 130218.
Hildebrandt L, Zimmermann T, Profrock D. Laser microdissec-
tion pressure catapulting (LMPC): a new technique to handle
single microplastic particles for number-based validation strate-
gies. Anal Bioanal Chem. 2023;415(15):3041-9.

Prata JC. Influence of intrinsic plastics characteristics on Nile
red staining and fluorescence. J Sea Res. 2023;195:102431.
Prata JC, Reis V, da Costa JP, Mouneyrac C, Duarte AC, Rocha-
Santos T. Contamination issues as a challenge in quality con-
trol and quality assurance in microplastics analytics. J] Hazard
Mater. 2021;403:123660.

Seghers J, Stefaniak EA, La Spina R, Cella C, Mehn D, Gilli-
land D, et al. Preparation of a reference material for microplas-
tics in water-evaluation of homogeneity. Anal Bioanal Chem.
2021.

. Martinez-Francés E, van Bavel B, Hurley R, Nizzetto L, Pakho-

mova S, Buenaventura NT, et al. Innovative reference mate-
rials for method validation in microplastic analysis including


https://bmbf-plastik.de/en/publication/analysis-microplastics-sampling-preparation-and-detection-methods
https://bmbf-plastik.de/en/publication/analysis-microplastics-sampling-preparation-and-detection-methods
https://bmbf-plastik.de/en/publication/analysis-microplastics-sampling-preparation-and-detection-methods
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2021/
https://plasticseurope.org/knowledge-hub/plastics-the-facts-2021/

Nile red staining for rapid screening of plastic-suspect particles in edible seafood tissues

3471

43.

44.

45.

46.

47.

48.

49.

interlaboratory comparison exercises. Anal Bioanal Chem.
2023;415(15):2907-19.

Bessa F, Frias J, Kogel T, Lusher A, Andrade J, Antunes J,
et al. Harmonized protocol for monitoring microplastics in biota
[Internet]. Brussels: JPI Oceans. 2019. Available from: https://
www.researchgate.net/publication/332157735_Harmonized_
protocol_for_monitoring_microplastics_in_biota. Accessed
24 Sept 2023.

Nalbone L, Panebianco A, Giarratana F, Russell M. Nile red stain-
ing for detecting microplastics in biota: preliminary evidence. Mar
Pollut Bull. 2021;172: 112888.

Hernandez LM, Farner JM, Claveau-Mallet D, Okshevsky M,
Jahandideh H, Matthews S, et al. Optimizing the concentration
of Nile red for screening of microplastics in drinking water. ACS
ES T Water. 2023;3(4):1029-38.

Miller-Chou BA, Koenig JL. A review of polymer dissolution.
Progress Polym Sci. 2003;28(8):1223-70.

Slark AT, Hadgett PM. The effect of polymer structure on spe-
cific interactions between dye solutes and polymers. Polymer.
1999;40(5):1325-32.

Zuri G, Karanasiou A, Lacorte S. Microplastics: human exposure
assessment through air, water, and food. Environ Int. 2023;179:
108150.

Stock F, B. Narayana VK, Scherer C, Loder MGJ, Brennholt
N, Laforsch C, Reifferscheid G. Pitfalls and limitations in

50.

51.

52.

53.

54.

microplastic analyses. In: Stock F, Reifferscheid G, Brennholt N,
Kostianaia E, editors. Plastics in the Aquatic Environment - Part
I: Current Status and Challenges. Cham: Springer International
Publishing; 2022. p. 13-42.

Araujo CF, Nolasco MM, Ribeiro AMP, Ribeiro-Claro PJA. Iden-
tification of microplastics using Raman spectroscopy: latest devel-
opments and future prospects. Water Res. 2018;142:426—40.
Toapanta T, Okoffo EF, Ede S, O’Brien S, Burrows SD, Ribeiro
F, Gallen M, Colwell J, Whittaker AK, Kaserzon S, Thomas KV.
Influence of surface oxidation on the quantification of polypro-
pylene microplastics by pyrolysis gas chromatography mass spec-
trometry. Sci Total Environ. 2021;796:148835.

De Frond H, Thornton Hampton L, Kotar S, Gesulga K, Matuch C,
Lao W, et al. Monitoring microplastics in drinking water: an inter-
laboratory study to inform effective methods for quantifying and
characterizing microplastics. Chemosphere. 2022;298: 134282.
Zada L, Leslie HA, Vethaak AD, Tinnevelt GH, Jansen JJ, Boer
JF, Ariese F. Fast microplastics identification with stimulated
Raman scattering microscopy. 2018;49(7):1136-44.

Prata JC, da Costa JP, Fernandes AJS, da Costa FM, Duarte AC,
Rocha-Santos T. Selection of microplastics by Nile red staining
increases environmental sample throughput by micro-Raman
spectroscopy. Sci Total Environ. 2021;783:146979.

@ Springer


https://www.researchgate.net/publication/332157735_Harmonized_protocol_for_monitoring_microplastics_in_biota
https://www.researchgate.net/publication/332157735_Harmonized_protocol_for_monitoring_microplastics_in_biota
https://www.researchgate.net/publication/332157735_Harmonized_protocol_for_monitoring_microplastics_in_biota

	Nile red staining for rapid screening of plastic-suspect particles in edible seafood tissues
	Abstract
	Introduction
	Material and methods
	Reagents and material
	Reference particles of synthetic and natural polymers

	Prevention of procedural contamination
	Sample preparation
	Homogenisation and spiking of seafood matrix
	Extraction of MP from edible seafood tissue
	Staining of sample filters

	Sample analysis
	Analysis with fluorescence microscopy and semi-automated image processing
	MP estimation and procedural blank correction
	Quantum cascade laser-based laser direct imaging analysis


	Results
	MP detection and differentiation from PNO with optimised staining conditions
	Impact of sample preparation on polymer integrity and fluorescence
	Improved differentiation of MP and PNO
	Limitations of detection and identification by MP inherent properties

	Plastic recovery in spiked fish fillets
	Procedural contamination during sample preparation
	Recovery of MP counts and mass estimates in spiked samples

	Performance of fluorescence microscopy in comparison with infrared spectroscopy
	MP counting and characterisation
	Sample throughput


	Discussion
	Challenges of quantitative MP spiking
	Detection and differentiation of particles from synthetic and natural origin for seafood analysis
	Potential of semi-automated fluorescence imaging as MP screening method

	Conclusions
	Acknowledgements 
	References


