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Besides being food and a refuge to marine species, macroalgae are a powerful and renewable economic resource.
However, they may introduce microplastics (MPs) in the trophic chain. We developed a reliable analytical
method to characterize and quantify MPs in common and edible macroalgae. Several digestion methods and
filters, along with various measurement options, were studied. A new enzymatic-oxidative protocol with a
unique final filtration was selected and validated with a mixture of 5 commercial macroalgae (Undaria pinnatifida

spp, Porphyra spp, Ulva spp, Laminaria ochroleuca and Himanthalia elongate). Further, it was shown that washing
the macroalgae to release MPs is suboptimal and the potential adhesion of MPs to macroalgae was evaluated. A
filter subsampling strategy that scans 33.64 % of its surface reduced the time required to characterize <70 pm
particles and fibres directly on the 47 mm diameter filter using an IR microscope (1 sample/day).

1. Introduction

Microplastics (MPs) already constitute a true concern to all ecosys-
tems (Pico and Barcelo, 2019; Weis, 2019), and their presence was re-
ported in all types of marine animals, not only due to direct ingestion but
because of trophic transfer (Walkinshaw et al., 2020); e.g., from mol-
luscs to various types of fish (Yu et al., 2020). However, studies dealing
with the presence of MPs at the very basis of the trophic chain are not too
abundant. Some reports focused on plankton (Lopez-Rosales et al., 2021;
Rodrigues et al., 2021) but research on macroalgae is still developing
(Gao et al., 2020, 2021b). This contrasts with the ecological and eco-
nomic importance of (macro)algae (Gao et al., 2021a) and the fact that
they can retain MPs (Feng et al., 2020b; Gutow et al., 2016; Peller et al.,
2021; Seng et al., 2020; Sundbek et al., 2018).

In effect, some species of macroalgae form marine forests of major
ecological importance (Bertelli and Unsworth, 2014; Huang et al., 2020;
Jones et al., 2020). As a matter of example, Posidonia oceanica (in the
Mediterranean Sea) and Laminaria sp. (oriental Atlantic Marine forests)
in the Iberian Peninsula (Blanco Murillo, 2018) can serve as the base-
ment for the entire food chain. They offer also a refuge for animals
(Peteiro and Garcia Tasende, 2015). But algae are not only important at
the ecosystem level, they also reach high economic importance (Feng
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et al., 2020b) as raw materials for the cosmetics and food industries.
Various macroalgae or seaweed species (please, note that both terms are
used indistinctly throughout this work to avoid strong repetition) are of
high culinary interest due to their flavour and nutritional profile
(Penalver et al., 2020; Gao et al., 2019). MPs have been found attached
to algae living in natural conditions. Goss et al. (2018) reported that 75
% of the specimens of Thalassia testudinum collected in Belize contained
up to 3.69 + 0.99 plastic fibres and 0.75 + 0.25 plastic particles per leaf.
Jones et al. (2020) detected 4.25 + 0.59 MPs per leaf in Zostera marina
seaweeds where the main polymer was PET, with higher MPs loads than
corresponding sandy sediments. Peller et al. (2021) found 34 micro-
fibres/g in lakes Erie and Michigan, two- to four-fold higher than in
water and sediments (Peller et al., 2019).

Seng et al. (2020) detected MPs in three seagrass species (Cymodocea
rotundata, Cymodocea serrulata and Thalassia hemprichii) and two mac-
roalgae species (Padina sp. and Sargassum ilicifolium) from an urbanised
intertidal zone. Remarkably, in the former 38.7 % of the leaves were
contaminated by at least one MP, mostly microfibres (97.3 %).

Li et al. (2020) found 1.8 + 0.6 MPs/g (dry weight) in Pyropia
yezoensis (for human consumption) upon arrival at the factory, mainly
PP fibres. After processing (commercial form) PET fibres predominated.
In another research they considered 5 types of macroalgae (Gracilaria
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lemaneiformis, Chondrus ocellatus, Ulva lactuca, Ulva prolifera, Saccharina
japonica) and found as high averages as 1243 4+ 1394 MPs/Kg-dw (using
a digestion method procedure), and 58.8 MPs/Kg-dw picking up directly
MPs from the algal surface (Li et al., 2022).

Feng et al. (2020a) reported 0.12-0.17 MPs/g (wet weight) on
seaweed samples; in particular, for U. prolifera they found 0.83 + 0.95
MPs/g (wet weight), mostly microfibres, 595-3917 times higher than
those found in the sea. Gao et al. (2020) reported the ability of this
seaweed to retain MPs so that Li et al. (2022), suggested that it could be
used for bioremediation.

The capability of seaweed beds to accelerate/facilitate particle
sedimentation and to adsorb particles floating on waves make them a
hotspot for monitoring studies (Huang et al., 2020; Gao et al., 2020; Li
et al., 2022). Thus, Huang et al. (2020) reported more MPs in sediments
populated by Enhalus acoroides than in unpopulated ones. In addition,
typical algal strandings at the coastline can be a strong indicator of MPs
at seawater (Cozzolino et al., 2020).

A brief review on the reasons why (macro)algae adsorb MPs is in
order. However, this is not the focus of the paper and interested readers
are kindly forwarded to references cited hereinafter. Several hypotheses
are based on the gel-like properties provided by the alginates, in the
form of a mucus layer of polysaccharides in the cell wall (Feng et al.,
2020Db; Feng et al., 2020a; Gutow et al., 2016a; Peller et al., 2021; Seng
et al., 2020). The presence of cellulose, pectin, xylose or glucose can also
contribute (Peller et al., 2021). Additional mechanisms involve physical
entanglement between branches (as observed in Cladophora (Peller
et al., 2021) or U. prolifera (Feng et al., 2020a)), or trapping in air sacs
(such as Sargassum horneri; Feng et al., 2020a). It has also been proposed
that the phaeophycean microvilli of Fucus sp. may trap MPs (Gutow
et al., 2016; Sundbak et al., 2018).

Several authors suggested that the electrostatic properties of MPs
and cellulose also play an important role in adsorption (Sundbzk et al.,
2018; Gutow et al., 2016; Peller et al., 2021; Bhattacharya et al., 2010;
Nolte et al., 2017). Other authors (Jones et al., 2020; Gutow et al., 2016;
Peller et al., 2021) suggested that the epiphytes present in the seagrass
may easily adhere to the sticky biofilms present on MPs. It seems that
structurally complex stems of macroalgae increase the capacity to
adsorb particulate matter (Boney, 1978; Gutow et al., 2016; Li et al.,
2022). Li et al. (2022) proposed 5 types of adsorption pathways:
wrapping, embedment, attachment, entanglement an entrapment by
epibionts and, likely, all of them contribute (Peller et al., 2021).

In laboratory conditions a correlation was found between the
retained MPs and the number of suspended MPs (Gutow et al., 2016).
For example, the percentage of adhesion of plastic particles ranged from
16 to 112 % (Sundbak et al., 2018). Li et al. (2020) demonstrated
adhesion of up to 10 items/cm? on P. yezoensis (used to make Nori).
Peller et al. (2021) showed that Cladophora accumulates twice as many
MPs in the algae as in the water after 15 h. As all these experiments
worked with very high concentrations of MPs in water their represen-
tativeness with respect to natural situations is still unclear. However, the
resistance of MPs to leave algae was demonstrated by Peller et al. (2021)
as the fibres contained in the algae were not detached after washing with
water.

The ability of algae to retain MPs may have obvious implications for
the food chain (Seng et al., 2020), but studies are still lacking. Trophic
transfers were reported from Fucus vesiculosus to marine gastropods
(periwinkle) Littorina littorea (Gutow et al., 2016); macroalgae
coprophagous isopods (Hamer et al., 2014); and cellulose fibres from
P. oceanica seagrass to amphipods (Remy et al. (2015). Goss et al. (2018)
and Jones et al. (2020) argued that epibionts could ingest MPs and, then,
transfer them to higher trophic levels. Furthermore, the adherence of
MPs to algae may lead to the transference of other pollutants, such as
additives (phthalates, BPA, etc.) (Gutow et al., 2016; Roberts et al.,
2006). In addition, there are several species of algae that are consumed
by fish (Feng et al., 2020b). Whether this problem can reach humans
needs to be studied deeper (Sana et al., 2020). Most studies cited above
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considered ad-hoc methodologies to isolate, first, and characterize, then,
the MPs. Nevertheless, the common washing approaches are far from
being accepted and most people digest the organic matter of the algae.
The lack of a harmonized protocol makes comparability of the results
cumbersome and, so, the present paper focuses on developing a vali-
dated and reliable analytical procedure to address sample treatment and
subsequently characterize MPs.

Therefore, the major objectives of the present study are to develop a
digestion method suitable for a variety of edible seaweeds, and to
optimise the measurement time in a sequential IR microscope by pro-
posing a subsampling strategy for smallest MPs.

The paper is organized so that general, common methodological is-
sues are addressed first. This includes selection of the filter and how to
measure the particles retained on it, Section 3.2, where from a novel
approach is presented to speed the measurement process when a single-
point IR microscope is used. Then, sample pretreatment is studied
(including traditional algae washing) and three digestion methods for
the algae are considered (Section 3.3). Finally, some conclusions are
presented.

2. Experimental part
2.1. Materials and reagents

The reagents used for the alkaline treatment were KOH (Panreac),
and Triton X-100 (Sigma-Aldrich). The enzymatic treatment required
sodium dodecyl sulfate (SDS > 98.5 % purity), Tris (tris(hydroxymethyl)
aminomethane), Streptomyces griseus protease (Type XIV activity > 3.5
units/mg), and aspergillus niger cellulase (0.8 U/mg), all them were
from Sigma-Aldrich. SDS (2 % w/w) and Tris (1 M) working solutions
were employed. The pH = 5 buffer solution was prepared using acetic
acid (Panreac) and sodium acetate trihydrate (Sigma-Aldrich). HO,
(>30 %) was from Sigma-Aldrich.

AE100 Whatman cellulose nitrate filters (12 pm pore diameter, 47
mm filter diameter) and Bopp stainless steel filters (20 pm mesh, 47 mm
filter diameter, Bopp&Co. AG, Switzerland) were used and stored in 60/
15 mm glass Petri dishes from Pobel. The seaweed samples were pre-
pared in 1 L Pobel bottles and 1 L Pobel Erlenmeyers were used for
sample digestion and incubation.

2.2. Apparatus

The incubation system was a Rotabit P (Selecta, Spain), with tem-
perature and agitation controls. A Pobel vacuum filtration system was
used in combination with a Millipore vacuum pump. A 2001 micropH-
meter from Crison (Barcelona, Spain) calibrated in each working ses-
sion was employed throughout. The lyophilization system was a LYPH-
LOCK 6 L freeze-dry system, model 77,530, from Labconco Corp.
(Kansas City, MO). The optical analysis used a Leitz Wetzlar stereomi-
croscope (10x ocular and manual adjustment of the objective zoom up
to 5x, total magnification 50x). The IR analysis was performed with a
Spotlight 200i Perkin Elmer microscope coupled to a Spectrum 400FTIR
Perkin Elmer spectrometer equipped with an MCT detector. The images
obtained with the micro-FTIR were treated with the Perkin Elmer
Spectrum software.

The FTIR experimental set up was (following the proposed minimum
information for publication of IR-related data on MPs characterization,
MIPIR-MP (Andrade et al., 2020)): 4000-600 cm ! working range;
nominal resolution: 4 em™'; number of scans: 100; strong Beer-Norton
apodization; reflectance mode; apertures: 70 x 70 for particles and
10 x 100 for fibres; spectral processing: background correction
normalization 10 % and Kubelka-Munk transformation.

2.3. Samples

Five common and edible macroalgae in Galician ecosystems -Undaria
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Fig. 1. Concept of transflectance vs. reflectance (a). Match index of the spectrum of a PET fibre measured over a nitrocellulose filter -NC- (b and d) and over a
metallic one (c and e). For the former the correlation against the spectrum of the filter matrix is also given (NC). Spectral codes: Red = filters, blue = reference PET,
green = samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

pinnatifida spp (Wakame), Porphyra spp (Nori), Ulva spp (Sea Lettuce),
L. ochroleuca (Kombu) and Himanthalia elongata (Sea Spaghetti)- were
collected from commercialized products (Porto Muinos, ecological sea-
weeds from the Galician coast). They were mixed in the laboratory so as
to obtain a composite sample with a variety of typical seaweeds that will
be treated with a unique protocol. These were prepared weighing 1 g of
each type of dried algae and hydrated in 500 mL of filtered seawater
(through 1 pm filters), this yielded 27 g of algae, wet weight.

Five replicates were prepared and spiked with 20 particles of
250-350 pm of PP, PS, PA, PET and PE; in addition, 20 particles of
70-80 pm of PVC and 20 PET fibres (8-10 pm thick and about 2.5 mm
long) were added. Note that the fibres are a bit long but this allowed for
their straightforward and highly reproducible manual preparation in the
laboratory, without major visual differences among them. Those values
correspond to 0.28 MPs/mL (4.4 MPs/g wet algae) and 0.04 fibres/mL
(0.75 fibres/g wet algae), which are higher than those expected for
samples at the Spanish Atlantic coastal waters (Mendoza et al., 2020),
but similar to the effluents from wastewater discharges (Franco et al.,
2020).

All those mixtures were agitated for 24 h at 120 oscillations/min
under a rotative movement, subsequent resting for 24 h and agitated
again for 24 h under a sway movement. The objective was to promote a
continuous contact between the MPs and the algal surface although
considering longer contact time between the MPs and the algae than
previous studies (Gutow et al., 2016; Li et al., 2020; Peller et al., 2021;
Sundbak et al., 2018).

2.4. Quality control

Extran MAO1 alkaline soap was used to clean all material (48 h,
rinsed with tap and Milli-Q water before and during all working steps).
Aluminium foil was used to protect all materials. All solutions were

made with fresh ultrapure Milli-Q water and manipulations were carried
out inside dedicated fume hoods. Cotton cloths were employed as far as
possible to avoid contamination with synthetic fibres. Stainless steel
filters were washed following the protocol described by Enders et al.
(2020), although with Triton-X100; in addition, they were subjected to
450 °C for 4 h (Liu et al., 2019). Procedural blanks were made on each
working season considering all reagents and filtration instruments
(Hermsen et al., 2018). Cellulose and co-polymer fibres from the labo-
ratory environment were detected, although particles were absent from
all blank filters. 3 L of mili Q water were employed in the filtration
processes.

2.5. Statistical analysis

The statistical studies were done using SPSS, v27, from IBM. All the
tests were performed at a 95 % confidence level.

3. Results and discussions

In the next paragraphs, the common methodological issues, related
in essence to the measurement stage, are addressed first (Sections 3.1
and 3.2) whereas those aspects related to algae treatment and digestion
are considered next (Section 3.3).

3.1. Selection of the filters

In this paper infrared reflectance measurements were selected
because of their operational simplicity. However, this reduced the types
of filters that can be used since, for example, cotton or glass fibre should
be discarded because they trap particles in their 3D structures. But even
those that retain the particles over their surface (e.g., cellulose nitrate or
nylon) yielded problems in the reflectance spectra of the smallest
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Fig. 2. Filter subsampling patterns studied in this paper. The pattern covering 33.64 % of filter was selected here and it considers five 1 cm? squares in an helical
pattern. a) original pattern proposed by Huppertsberg and Knepper; b—f) scanning patterns studied here using 25 mm? (c and d) and 1 ecm? (b, e and f) areas.

particles whenever they are measured directly at the filter (even when
the filter itself was included in the background). This was attributed to
the fact that the fibres under study had a very small diameter (ca. 10 pm)
which is very close to, or equals, the practical mid-IR light focusing
capabilities of the micro-IR instrument (and, so, the IR beam impacts not
only at the particle but at its surroundings). Further, for small particles it
is highly possible that the “reflectance” spectrum contains transflectance
characteristics (see Fig. 1 for a conceptual scheme of this idea). This
means that the signal of the filter contributes to the overall spectrum;
mainly at the fingerprint region where, for instance, nitrate cellulose
peaks overlap with those of some polymers. This caused poor correla-
tions when those spectra were matched to the database (detailed results
not reported here). Even, some PET fibres showed better correlations
with nitrocellulose than with the polymer itself. In addition, recall that
small instrumental apertures to measure fibres render noisy spectra, as
they imply very low energy outputs. For big particles (ca >50 pm) the
influence of the filter background was not observed, likely because
“true” reflectance spectra were obtained.

To avoid those problems, studies were done using stainless steel
filters and it was seen that they did not affect the spectra of the particles,
noise got reduced and good spectral correlations were obtained (these
can be improved further by restricting the working range to the
2000-600 cm ™! spectral region, Fig. 1). As a result, the recorded spectra
of the fibres correlated acceptably well with the PET in the database
(0.60 + 0.11, n = 18, the =+ refers to 1SD). On the contrary, the corre-
lations when using nitrate cellulose filters were poor (0.33 + 0.07).

3.2. Measurement of the filter

Commercial IR microscopes can only map filter areas of around 400
x 500 pm. Registering successive adjacent areas allow for images as
large as 1 cm?. In our case this took about 20 min. However mapping the
overall typical filter (47 mm diameter) would imply such a long time
that it is not feasible for routine purposes; not to mention the software
limitations in terms of required memory and computer time, and the
technical difficulties for measurement (e.g., liquid nitrogen supply to the

detector). As a matter of example, to benchmark the filter subsampling
strategy depicted below, the IR microscope required —at least- a week
per each 47 mm filter, that is not feasible for monitoring measurements.
Consequently, two filter measurement strategies were devised to char-
acterize and count the number of MPs over them: manual particle
location and filter subsampling. Both were assessed spiking Mili-Q water
(500 mL) with 20 MPs of PVC and 20 PET microfibres per sample.

3.2.1. Manual particle location

In this approach, the entire filter is visualized through a stereomi-
croscope and suspicious particles are picked up with microtweezers and
placed in individual cavities of dedicated multiwell aluminium plates
developed in our laboratory (they had already been presented at Lopez-
Rosales et al., 2021). Next, the controlling software of the IR system is
used to locate each particle in the plate and subsequently measure them
automatically. This saves a lot of time when working with the IR mi-
croscope. This methodology was validated satisfactorily for particles
>70 pm (Lopez-Rosales et al., 2021) and it is a very appealing and
straightforward solution whenever marine monitoring campaigns are
undertaken because, usually, they employ manta trawls and Newston
nets whose collecting mesh sizes are ca. 330 pm (Carretero et al., 2022).

3.2.2. Filter subsampling

To take account of small (<70 pm) particles and fibres in a reason-
able time, not easily handled manually, it is necessary to sample a
fraction of the filter and then extrapolate the results. This obviously rises
concerns on the representativity issue (Brandt et al., 2020). Selecting a 1
cm? region for mapping is not enough regardless of its position. Thus,
Huppertsberg and Knepper (2020) proposed a helical pattern that scans
between 8 % and 20 % of the filter (Fig. 2a), although Brandt et al.
(2021) advised to measure at least 50 % of the filter to keep the error <
20 %.

The former pattern was redesigned to adapt it to the working char-
acteristics of the Spotlight 200i, for a 47 mm diameter filter. The per-
centage of filter sampled was increased and different designs were
tested, taking into account the two maximum individual image sizes that
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Table 1
Statistical results associated to the validation of the selected filter subsampling
strategy (n = 15). The averages and standard deviations (SD) are in %.

Fibres + Particles +
SD SD
Average recovery (the number of particles at the entire 89 + 4 97 +3
filter are counted)
Average recovery (number of particles counted using 86 + 26 94 + 26
the filter subsampling strategy)
Average of relative error of the filter subsampling 3432 -3+27
strategy (n = 15)
Average of absolute error of the filter subsampling —-3+28 -3+26
strategy (n = 15)
Shapiro-Wilk's normality test for the 15 recoveries 0.509 0.110
calculated for the selected subsampling strategy (p-
value)
Levene's test (variance of the filter subsampling vs 0.0004 2x1077

variance of the entire filter, p-value)

Student's t-test (number of particles for the filter 0.669 0.659
subsampling vs number of particles for the entire
filter, p-value)

Table 2

Recoveries (%) (+ standard deviation, n = 5) obtained using the ‘filter sub-
sampling’ and the ‘entire filter’ quantification strategies after an enzymatic-
oxidative matrix digestion of a true sample (see Section 3.3.2 for details).

Filter subsampling (n = Entire filter (n = 5)

5)

PVC Fibres All PVC Fibres All
(20) (20) MP (20) (20) MP

(40) (40)
Washing Algae 12 + 10 + 11 9+ 9+5 9+
13 7 +4 10 7
Water 51 + 45 + 48 59 53 + 56
13 18 + +5 10 +8
16
Total 60 + 55 + 57 69 64 + 66
matrix 18 14 + + 7 +
16 11 10
Digestion Algae 27 + 32+ 30 33 27 + 30
12 17 + +6 8 +6
12
Water 60 + 51 + 55 56 58 + 55
15 13 +7 +7 16 +8
Total 87 + 83 & 85 89 85+ 87
matrix 22 24 + +4 8 +5
16
Student's t-test Washing PVC 0.384
(filter Fibres  0.247
subsampling All 0.345
vs entire MP
filter, p- Digestion PVC 0.852
value) Fibres 0.867
All 0.800
MP

the Spotlight-200i can compose automatically (100 mm? and 25 mm?),
see Fig. 2.

To decide which pattern yielded best predictions fifteen essays were
performed per configuration. The first two subsampling patterns (Fig. 2b
and c) gave representativity problems due to the tendency of the fibres
to stay at the edge of the filter, and that region was not sampled prop-
erly. Pattern d in Fig. 2 uses 18.50 % of the filter and it was rejected
because its errors and standard deviations were > 30 %. In addition,
performing eleven image compositions of 25 mm? demands high dedi-
cation time for the operator. The pattern covering 40.64 % of the filter
(Fig. 2f) was discarded because it exceeded the time of a regular working
day (7 h) so it is not feasible currently.

Hence, the option of sweeping 33.64 % of the filter was chosen
(Fig. 2e). It involves 5 automatic mappings of 100 mm? but the final
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procedure is quite fast since each image takes about 20 min to be
composed. Then, at each squared mapping area the user selects the
particles to be measured and they are scanned automatically (around 1 h
per square in our study). The final number of particles is extrapolated by
multiplying times 2.97. Table 1 presents the results associated to the
selected filter subsampling pattern. The overall errors were calculated as
averages of 15 replicates (from scratch), considering the equations
below (note that the absolute error of the measurement is not the ab-
solute value of error and, so, it has algebraic sign and its average rep-
resents the average bias).

subsampling MPs; — entire filter MPs;

Relative error of filter subsampling = tire filter MP.
entire filter MPs;

x 100

Absolute error of filter subsampling = subsampling MPs;

— entire filter MPs;

In these equations ‘subsampling MPs;’ refers to the number of MPs
counted in the subsampling pattern under study ‘i’, while ‘entire filter
MPs;” is the number of MPs counted on the overall filter in assay ‘i’ (here,
i is the number of replicates, 1 ... 15).

As a general conclusion it can be seen that the filter subsampling
strategy leads to equivalent recoveries (Student's t-test 95 % confidence)
than the overall filter measurement (>85 % and >90 % for fibres and
particles, respectively). However, it is also worth noting that the stan-
dard deviations associated to filter subsampling increase as well, and
they are significantly different (Levene's test <0,05). Thus, although the
average absolute relative errors are really very low (<5 %), the
dispersion of the results is around 25 %.

In addition, Table 2 presents another study that confirms the good
results of the selected filter subsampling strategy. Please, note that the
particular details of this case study will be detailed in next section; for
now, just consider the last raw of the digestion data, labelled as ‘Total
matrix’. The average recoveries for this spiked sample were slightly
lower than those at Table 1 but, nevertheless, their confidence intervals
overlap even at the stringent 68 % confidence level (i.e., £1SD). Hence,
there were no significant differences in the average of recoveries of 5
replicates (Student's t-test, 95 % confidence) between the two filter
measurement strategies. The term ‘Entire filter’ involves a full and time-
consuming overall filter measurement, as mentioned at the onset of this
section.

Finally, as a pragmatic working rule, in our view the number of MPs
in a filter can be estimated reliably and quite straightforwardly using a
two steps procedure: 1st: search the entire filter for >70 pm particles
using a stereomicroscope and pick-up them to multiwell aluminium
plates; characterize them using IR microspectroscopy; 2nd: take account
of smallest particles and fibres by subsampling them directly on the
metallic filter, covering 33.64 % of its surface.

In this way it is possible to characterize a filter (ideally, a sample) per
working day, as long as the subset of particles to be characterized does
not exceed too much from 140 particles. The time can be reduced
significantly if the number of scans per particle is reduced (in this work,
we used 100 scans/spectrum), but that might yield poorer spectral
quality —more doubtful assignations/matches- and has to be checked on
an ad-hoc basis.

3.3. Sample treatment procedures

To emulate current working procedures during field sampling the
seaweed suspensions were freezed. Then, freeze-drying was tested as a
way to remove water (Enders et al., 2020) but that took ca. 5 days.
Therefore, it was decided not to proceed in that way but to separate the
solid and liquid phases by sieving (1 mm metallic mesh, Fig. 3a), the
flask with the water phase was filtered again through a stainless steel
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Fig. 3. Scheme of the sample treatment approaches studied in the paper, see text for details.

filter (20 pm pore, Fig. 3b). It was noticed that a soft digestion would be
necessary because the filter was opaque, so we used the mild surfactant
oxidative digestion proposed by Lopez-Rosales et al. (2021) using 2 %
SDS and 30 % H505 in 5 mL aliquots until reaching 15 % H3O5 in the
final solution.

The algal phase was processed in two ways to compare two common
procedures considered in literature (as resumed in the introduction):
plain washing (Fig. 3a, “washing”) and matrix digestion (Fig. 3a,

“digestion”). They are detailed next.

3.3.1. Washing macroalgae
To study the washing procedure used quite frequently, the liquid

phase was handled separately (Fig. 3b) to evaluate how many MPs were
released into the water matrix (and how many became retained by the
algal matrix). In case there is no interest on this separate evaluation, this
step is not required anymore and the filter cake of the water phase can be

added to the algal one during digestion (Fig. 3c).
As commented in the introductory sections, some researchers rely on

rising the algae with water to remove MPs. This simple approach is far
from being accepted and most people prefer to digest the organic matter
of the algae. However it is worth considering this option because, if
successful, it would be of low cost and only moderately labor-
demanding. Sundbak et al. (2018) demonstrated a 94.5 % reduction
in the MPs adhered to the leafs after washing in a rotating box for 1 h.
Similarly, Seng et al. (2020) and Goss et al. (2018) reported good results
after direct observation of MPs on the leaves. On the contrary, Feng et al.
(2020a) found that washing P. yezoensis and U. pinnatifida was not
enough to detach MPs from their surface. Peller et al. (2021) observed
that MPs remained adsorbed onto the algal surface after successive
washings with water. Jones et al. (2020) proposed washing algae
“dynamically” with distilled water in a centrifuge tube with vigorous
shaking.

To get insight on this approach five spiked samples were prepared as
detailed in Section 2.3 and treated as described in Fig. 3a: 300 mL of
Triton X-100 (0.1 %) were used to clean the algal fragments by rotation
(130 U/min, 1 h) and a subsequent thorough dragging with ca. 3L of a 2
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Table 3

Average recoveries, as %, (+ standard deviation, n = 5) of the spiked MPs and fibres; 20 particles of each polymer were, ‘All MPs’ represents 140 items in total.
PS PP PE PET PA PVC Fibres All MP
Washing Algae 11+2 12+ 3 17+ 3 13+3 14+ 2 9+10 9+5 12+ 2
Water 61 +7 64 +5 65+ 5 62 +3 72+ 6 59+5 53+ 10 62+ 3
Total matrix 72+ 8 76 £ 8 86 + 2 75+ 4 87 +6 69 £11 64 +7 75+ 4
Digestion Algae 20£6 23+6 25+5 23+8 2248 33+6 27 +8 25+3
Water 70 + 4 68 + 6 65+ 4 68 + 6 70 £ 5 56 +£7 58 + 16 65+ 3
Total matrix 90 + 4 91+2 90+ 6 91 +2 92+7 89+ 4 85+8 90 + 2

% SDS solution. Each algal fragment was picked up individually with
metallic tweezers and rinsed carefully over a 20 pm filter. The contents
of the flask were filtered through another 20 pm stainless-steel filter. The
two filters were placed in Petri dishes, dried, and inspected for suspi-
cious particles, which were characterized as detailed in Section 2.2.

The recoveries in the seaweeds and aqueous filtrates, as well as the
overall recoveries (algae + water) were calculated. This allows us to
estimate the MPs retention capability of the seaweeds, which is around
25 % after washing. The results for the washing and digestion protocols
are compared at Table 3. Partial (20 particles of each polymer) and
overall recoveries (140 particles in total) were calculated in quintupli-
cate. For this purpose, the particles over the filter were counted and
characterized scanning the whole filter (no subsampling strategy).

Table 3 shows that the general behavior of all studied polymers
seemed the same because although most MPs were found in the aqueous
filtrate in both treatments, a relevant number of MPs remained in the
algae, even after careful washing; around 30 % of the particles when
washing and ca. 10 % when digesting them. This demonstrates the
strong binding that can occur between the MPs and the surface of the
algal leaves. The overall recoveries are in general good as they range
from 64 % (PVC and fibres) to 86 % (PE). However, they are clearly
higher and more homogeneous for the oxidative enzymatic digestion
(detailed in the next section).

3.3.2. Digestion of the macroalgae

Preliminary studies in our laboratory demonstrated that seaweeds
had very different behaviors, as expected because of their different
structural composition. For example, Porphyra and Undaria algae are
more proteinaceous, and Laminaria and Fucus have more fibre (Palasi,
2015), while wakame contains carrageenans and alginates. Therefore, a
protocol developed for one type of seaweed may be invalid for another.
Following, the focus here is on developing a unique protocol valid to
release MPs from common seaweeds (or their mixtures). A practical
constrain was further stated: to require only one final filtration step, in
order to minimise losses when several filtration steps are considered
(Nakajima et al., 2019). The destruction of the organic matter was
evaluated visually over the filters.

Acid-oxidative treatments (proposed by Huang et al., 2020) were
discarded here because they can destroy/damage polymers (Avio et al.,
2015; Catarino et al., 2017; Claessens et al., 2013; Dehaut et al., 2016;
Naidoo et al., 2017; Karami et al., 2017; Pfeiffer and Fischer, 2020).

3.3.2.1. Oxidative treatments. Oxidative treatments are quite popular to
digest organic matter. Peller et al. (2021) used an oxidative medium
(deionised water:H50o; 3:2), 70 °C, with a UV lamp for 60-70 min to
form hydroxyl radicals and accelerate oxidative degradation, and final
shaking at room temperature. Feng et al. (2020a) used the Fenton's re-
agent (20 g FeSO4 7H204/L and 30 % H305; 1:1 and 1:2 volume ratios,
40 °C, 60 rpm for 48 h) to digest cultured macroalgae (P. yezoensis, U.
prolifera and S. horneri) and U. prolifera (Feng et al., 2020a). Gao et al.
(2020) destroyed successfully U. prolifera using 30 % H20». The problem
here is that concentrated HyO5 (ca. 30 %) may damage some synthetic
polymers (Crawford and Quinn, 2017; Lusher et al., 2017), up to a 16 %
volume reduction of <1 mm PP, PE, PA, PC and PP particles (Nuelle
et al., 2014). Strong PA6.6 and PS degradation (Hurley et al., 2018), as

well as PET and PA fibres (Treilles et al., 2020) degradation; size
reduction in PLA and, even, tyre rubber surface changes (Pfohl et al.,
2021) and on PVC Raman spectra (Lenz et al., 2021) have been reported.
Tsangaris et al. (2021) recommended 15 % H30, as compromise be-
tween polymer preservation and organic matter digestion.

An oxidative strategy was tested here following Feng et al. (2020a,b)
and Peller et al. (2021) to treat wakame and sea spaghetti. Results were
unsatisfactory because in both cases a thick layer of a gel-type semisolid
matrix was obtained. Its IR spectrum coincided with different types of
polysaccharides, and it was concluded that they may be phycocolloids
(alginates, carrageenans, etc.).

The Fenton's reagent, used frequently to get a stronger oxidation
medium, causes violent reactions and excessive foam and temperatures
notably >40 °C (limit recommended by Lusher et al. (2020)). To
ameliorate this problem here the oxidative digestion was done in a
tiered way. In brief, 500 mL of 15 % Hy0, were added and incubated
(130 U/min, 40 °C, 48 h). Then, the Fe*? salt was added at a 0.20 g/6h
pace (room temperature) until completing 2.5 g. This procedure fits the
suggestions given by Tagg et al. (2016), Al-Azzawi et al. (2020), Hurley
et al. (2018) and Treilles et al. (2020) to preserve the integrity of
polymeric fibres. To dissolve Fe*? precipitates the pH was lowered to
pH < 3, just before filtering. However, the results obtained for this
approach were unsatisfactory as the filters clogged very rapidly and too
many were needed per sample. Hence, this option was discarded.

3.3.2.2. Alkaline-oxidative treatment. The approach tried here is based
on a previous one validated successfully for plankton and fish (Lopez-
Rosales et al., 2021). The protocol was modified slightly and the final
setup was: 300 mL of 10 % KOH were added and incubated (40 °C, 130
U/min, 24 h), then 30 % H50, in 10 mL increments was added until
obtaining a 15 % peroxide concentration in the final total volume. As for
the previous approaches, the major problem was that an abundant gel-
like material appeared in the filtrates requiring as many as 10 filters
for some samples. Likely this material is formed —-mainly- by algal wall
debris and phycocolloids. This agrees with Pfeiffer and Fischer (2020)
who stated that alkaline treatments are not suitable for samples with
high proportions of cellulose, hemicellulose and lignin. Gao et al. (2020)
couldn't digest U. prolifera because KOH only hydrolyse proteins. Also, it
is worth noting that carrageenans present in algae precipitate in alkaline
media (Diharmi et al., 2020).

3.3.2.3. Engymatic treatment. Enzymatic methods appear as a “mild”
and optimal way to keep MPs integrity, although they are time
consuming and costly (Loder et al., 2017; Lusher et al., 2020). Therefore,
they should be simplified as much as possible and, likely, combined with
other reagents that can still preserve the integrity of the MPs.

To the best of our knowledge, only Li et al. (2020) applied enzymatic
methods; in particular they digested dried Nori seaweeds by enzymol-
ysis with cellulase to decompose the algal cytoderm, and alkalase to
digest the proteins, followed by oxidation with 30 % Hy0,. The
enzymatic-oxidative treatment applied here is similar to Lopez-Rosales
etal. (2021): 2 % SDS, protease (500 p/mL) and H2O5 up to 10 % of total
volume, and based on the BEEP strategy from Loder et al. (2017). Since
some problems persisted it was decided to use enzymes to break the
bonds of the algal cell walls, as Li et al. (2020).
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Fig. 4. Scheme of digestion protocols studied in this work (see text for details).

The protocol consists of adding 200 mL of a pH = 5 buffered solution
(acetic acid/sodium acetate) and 3 g of cellulase to the sample and in-
cubation (40 °C, 130 U/min, 48 h); then addition of 100 mL of 2 % SDS
and incubation for 24 h. Subsequently, 40 mL of 1 M TRIS (which
involved a previous adjustment to pH = 9) and 300 mg of protease were
added and incubated for another 48 h. The oxidising phase was
accomplished with 30 % H0,, added in 10 mL increments until a total
volume of 15 % is obtained (that required approx. 340 mL). The latter
can take about 48 h as this step must be done carefully to avoid losses by
foaming. Finally, the sample was incubated for 48 h. As the organic
matter had not been oxidised totally jet (as per visual observation) the
digestion and bleaching were completed with the Fenton's reagent;
adding 0.20 g of the Fe*? salt/4 h, at room temperature —four times-
until the reaction stops. The suspension rested for another 24 h before
filtration (just before filtering, the pH was adjusted to 3). The results
were satisfactory because one filter was required and it had a nice visual
appearance (no organic matrix remains), Fig. 4.

Recoveries were good, Table 3, around 90 % for all polymers, slightly
lower for fibres, 85 %. Filter subsampling to speed up the measurements
was also satisfactory, as recoveries were >83 % (Table 2). Visual
changes in shape or color of the particles/fibres were not seen, and their
spectra correlated highly with those of the same polymers in our spectral
database, match indexes > 0.9. This is consistent with Philipp et al.
(2022), Schrank et al. (2022), Pfohl et al. (2021) and Mbachu et al.
(2021) who concluded that enzymatic digestions and the Fenton's re-
agent (either alone or combined) do not affect these common plastics in
terms of spectral identification and changes of shape.

4. Conclusions

Three types of digestion methods were evaluated on a mixture of 5
commercial edible seaweeds where from the enzymatic-oxidative
digestion one was selected. It was established as the most reliable one
with good polymer recoveries (ca. 90 %) and visual absence of micro-
plastics degradation. Further, this approach requires only one final
filtration step to minimise losses. It was verified that a surfactant-based
washing treatment was not satisfactory because around 20 % of the
particles might still remain on the algal leaves.

The protocol proposed here can be applied whenever MPs can be
searched for in both the algae and in the seawater where the seaweeds
are, by separate. This allows the assessment of the microplastics

retention capacity of the algae.

It was concluded that metallic filters yield better chemical identifi-
cation of small particles and fibres than polymeric filters because they
avoided background spectral interferences. A sub-sampling pattern that
measures only 33,6 % of the 47 mm-diameter filter surface was proposed
to accelerate the measuring process. This was validated for MPs < 70
pm, and fibres. When this is combined with a manual approach to pick
up MPs > 70 pm it is possible to measure a filter (one sample) every 7-8
h (a working day).

Some future studies we can foresee to refine this study and go for-
ward include evaluating whether the adsorption performance of the
microplastics on the dried seaweeds after remixing with seawater is the
same as that of fresh seaweeds. As this work was focused on commercial
edible seaweeds it would be interesting to assess the behavior of wild
macroalgae without any previous treatment. As a general issue for
microplastics studies, it is important to search for new analytical ap-
proaches to reduce further the measuring time. Further some other
common polymers would be studied, like, e.g., PU, PMMA or PA fibres,
and biodegradable plastics (PLA, etc.). It would also be interesting to
advance to lower particle size, like the 10-50 pm range.
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