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This study investigates several methods to identify microplastics (MPs) of small size ranges
(<10 µm) in the copepod Eurytemora affinis collected in the Seine estuary (France) and
identified using epifluorescence microscopy and Raman microspectroscopy. In order to
calibrate the methodology, copepods obtained from cultures were used. Firstly, we
labelled three types of MPs (i.e., Polystyrene, Polyethylene, and Polylactic acid) with
Nile Red and confirmed their ingestion by E. affinis with epifluorescence microscopy.
Considering the convenient detection of Nile Red labelled MPs using epifluorescence
observation, we tried to pair this method with Raman microspectroscopy. For this, we
developed an enzymatic digestion method consisting of copepods digestion using
Proteinase K followed by sonication in order to fragment their cuticle. The lysate was
then vacuum filtered on black polycarbonate membrane filters that were the most
appropriate for epifluorescence microscopy. Potential MPs were dyed with Nile Red
directly on the filter, which allowed a relatively rapid visual detection. However, results
showed that black polycarbonate membrane filters induced a significant background
fluorescence during Raman identification of MPs and hence particles smaller than 10 µm
could not be characterized. In this case, we were not able to link staining method with
micro-Raman for the size range of MPs targeted in this study. Thus, aluminum oxide filters
were tested, and staining method was replaced by a classical observation with
stereomicroscopic magnifier to delimit areas of observation for Raman microscopic
identification. Aluminum oxide filters induced less fluorescence, allowing the detection
of MPs (as small as 1 µm diameter) on copepods from laboratory cultures exposed with
MPs. We applied this method on copepods collected in the natural environment. Within a
pool of 20 copepods of three replicates, we identified 17MPs (average of 0.28 MPs/
copepod) composed of eight different polymer types and six colors. These MPs
corresponded to 59% of fibres with 14.1 ± 9.4 µm diameter and 391.6 ± 600.4 µm
length along with 41% of fragments with an average diameter of 13.2 µm ± 9.5 µm. This
study reports a novel approach to detect the presence of small particles of MPs ingested
by copepods in the natural environment.
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1 INTRODUCTION

The first sampling of plastic polymers in the marine
environment was performed in 1972 (Carpenter et al.,
1972). In the decades following this discovery, several
researchers have warned about the ecological impact of
macroscale plastic pollution on several higher trophic levels
of marine animals like sea-birds (Blight and Burger, 1997;
Tanaka et al., 2013), marine turtles (Campani et al., 2013),
fishes (Romeo et al., 2015) or marine mammals (Laist, 1997).
Studying the impact of small size fragments of plastics on
almost all components of marine food-webs has been recently
documented (Jeong et al., 2017; Li et al., 2020). A significant
fraction of plastic debris is channeled by rivers and estuaries to
marine environments. For example, in the Seine River, plastic
pollution is observed in environmental samples since 1965 on
sites under tidal influence (Tramoy et al., 2019). Whereas, the
large size of plastic debris is visible in aquatic habitats and
called macro-plastic, the smallest fraction called microplastic,
arbitrary defined as plastic fragments of less than 5 mm in size
represent the hidden part (Arthur et al., 2008) and majority
(Lindeque et al., 2020) of plastic pollution. MPs can originate
from the degradation of larger plastic debris by physical and
chemical mechanisms during their migration in ecosystems
(Andrady, 2011). Thus, when the size of MPs decreases, their
number inevitably increases (Maes et al., 2017). In addition, a
significant part of microplastics is also directly released in the
environment through synthetic fibers from textile unleashed
by domestic washing machines (Napper and Thompson, 2016)
or from cosmetic products like facial cleansers (Napper et al.,
2015).

Because of their small size range and diverse properties
(abundance, variety of density, and colors), MPs have a great
bioavailability for a large variety of vertebrates and
invertebrates at lower trophic levels (Wright et al., 2013).
Researchers focusing on MPs topic used wide
methodologies to detect and characterize this xenobiotic in
different environmental compartments (Renner et al., 2018).
Even if most studies used visual microscope examination, this
method used alone, remains controversial (Song Y. K. et al.,
2015) because of the wide variations between observers that
can exist and so lead to overestimation or underestimation of
MPs (Prata et al., 2019). To remedy this problem, more
analytical methods tend to be used to obtain more accurate
chemical characterization. Among them, Fourier transform
infrared spectroscopy (FTIR) (Frias et al., 2014) and Raman
spectroscopy (Lenz et al., 2015) are popular methods.
According to literature, FTIR represent a good alternative
to visual analysis as it is less time-consuming compared to
Raman spectroscopy. However, FTIR could lead to
underestimation of MPs < 20 µm compared to Raman
spectroscopy because of the diffraction limit of IR
spectroscopy (Käppler et al., 2016) and detection limit is
fixed to 10 µm (Sun et al., 2018a)

Copepods is a widely distributed group in all aquatic
ecosystems (Mauchline, 1998). Several studies showed that
both large sized copepods, such as the calanoid Calanus

helgolandicus, and the small cyclopoid Paracyclopina nana
have the ability to ingest MPs in the size range of their
natural preys, using fluorescent beads of one single polymer,
generally Polystyrene (Cole et al., 2014; Cole et al., 2015; Cole
et al., 2016; Jeong et al., 2017). Ingestion of non-metabolizable
particles induce stresses measurable at individual scale including
energetic lack for development, decrease of reproductive success
and lipid reserves (Cole et al., 2015) but also at molecular levels
with induction of oxidative stress (Jeong et al., 2017). The
ingestion rate of MPs depends on the food selectivity of
individuals which itself depends on the capacity to distinguish
natural preys from MPs (Setälä et al., 2014). Furthermore,
copepods have mechano- and chemoreceptors that allow them
to handle properly their environment and discriminate non-food
from food items (Strickler, 1982). However, in the environment,
MPs can be really similar to food items and confuse copepods
because they: have different shapes like fibers or fragments, come
from different polymers, and are generally biofouled. In fact,
some studies showed that ingestion rates varied with polymer
nature and shape (Desforges et al., 2015; Coppock et al., 2019)
and also if MPs are biofouled compared to virgin and pristine
ones (Vroom et al., 2017).

Although important, studies showing the interaction
between fluorescent pristine MPs and copepods are difficult
to extrapolate to field situation since most in situ MPs are not
fluorescent and have large variety of shapes. Consequently,
investigation of copepods and non-fluorescent MPs
interactions remains limited and needs adequate
methodological development. To circumvent this issue,
some studies used visual detection using Nile Red staining
of MPs and observation of whole copepods with
epifluorescence microscopy when trying to observe the non-
fluorescent MPs in digestive tract of copepods (Cole et al.,
2019; Coppock et al., 2019). Although effective, staining of
MPs were performed before ingestion of MPs by copepods.
Therefore, we don’t know if this method is suitable to study
MPs impregnation of environmental samples of copepods.
Another bottleneck when trying to detect and characterize
the non-fluorescent MPs ingested by copepods is the
elaboration of new methods able to « expel » MPs from
copepod matrix, notably cuticle, and minimize their
alteration. Studies focus on MPs contamination of natural
environment copepods used acid digestion of copepods
based on a previous work (Desforges et al., 2015). However,
this method could least to digestion of low pH tolerance
polymers and underestimate MPs contamination in
individuals. For MPs characterization, visual detection and
µ-FTIR were the two methods used with a lower limit of 7 µm
for MPs characterization (Sun et al., 2018a).

To our knowledge, there is no published study that developed
an adequate analytical method for the identification and chemical
characterization of small-size MPs (~1–10 µm) ingested by
copepods in the field. Thus, we developed a complete
methodology using mass culture adults of Eurytemora affinis
to correctly digest copepods without altering low pH tolerance
polymers by using an enzymatic digestion with Proteinase K and
reached characterization limit of MPs to 1 µm with Raman
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microspectroscopy using aluminum oxide filters. Once robust
methodology was validated, it was applied to adult copepods of
the same species collected from the Seine estuary allowing a better
quantification of MPs ingested by copepods. MPs contamination
of these copepods showed greater MPs contamination levels
compared to literature which could be indicative of an
underestimation of MPs levels in copepod model in literature
because of previous MPs detection limit.

2 MATERIALS AND METHODS

2.1 Microplastics Tested on Experimental
Copepods
Firstly, three types of commercial plastics were, separately, considered
during this study: 1) two non-compostable petro-based plastics
(i.e., polystyrene (PS) (d < 1 g cm−3) and polyethylene (PE) (d <
1 g cm−3); 2) a compostable bio-based plastics (i.e., polylactic acid
(PLA)(d > 1 g cm−3). PS beads were supplied by Polysciences Inc.,
United States. This Polybead Microspheres are monodispersed
polystyrene microspheres with 6 µm of diameter. PE were
prepared by Prof. J. Cachot (University of Bordeaux, France)
using crushing and cryogenic grinding protocol leading to MPs
with 4–6 µm of diameter. PLA MPs, with 3–9 µm of diameter,
were prepared by Resinex (Belgium) from Ingeo™ Biopolymer
4043D provided by NatureWorks LLC (United States).

To test our methods on a combination of polymers, we used a
mixture of macroplastics collected from the Seine estuary, that
was crushed and cryo-grinded into microplastics used for studies
within the French Plastic-Seine project. Samples were composed
in weight of 65% of PE (40% LDPE and 25% HDPE), 25% of
Polypropylene (PP) and 10% of PS. These three polymers are
representative of global contamination by MPs because they are
massively produced every year and are common in marine
environment (Avio et al., 2017). Overall, 7% of MPs in this
sample had a size in our targeted size range <10 µm.

2.2 Copepods
2.2.1 Experimental Copepods
The culture of the copepod E. affinis used in our experiments
comes fromwild individuals sampled in September 2014 from the
oligohaline zone of the Seine estuary and maintained since that
date at theMarine Station ofWimereux at a constant temperature
of 19°C with 12:12 photoperiod at salinity 15 PSU (seawater from
the English Channel adjusted to salinity with deionized water)
(Michalec et al., 2017) using the multi-generations protocol
developed by our group (Souissi et al., 2016; Das et al., 2020).
This mass culture provides standardized individuals for
ecotoxicological studies. In this work, we focused on adult
stages by using both genders for the MPs exposures.

Copepods were fed with the Rhodomonas sp. microalga which
is a good nutritional source for copepods, allowing high
performance of the culture (Dayras et al., 2021). Copepods
were starved for 1 week before exposure to MPs, both to
render MPs more attractive for feeding but also to facilitate
observation with fluorescence microscope because of the
relative auto-fluorescence of Rhodomonas sp. cells.

2.2.2 Copepods Sampled From the Field
To validate our methods on environmental samples, 60 adults of E.
affinis were isolated from “La Bouille” (GPS coordinates:
49.35407849415815, 0.9293737816503634) station by the laboratory
of Functional ecology and Environment of Toulouse (EcoLab–UMR
CNRS-UPS-INPT 5245) using a plankton net in the context of
SENTINELLES project (https://www.seine-aval.fr/projet/sentinelles/
). Copepods were sampled at two different points by filtering 50 L
of water on a 50 µm net. Next, each zooplankton sample was
maintained in 200ml formaldehyde 4% solution. This station is
located in the upstream zone of the Seine estuary.

Adult individuals of E. affinis, were sorted to study their MPs
contamination. Zooplankton samples were first sieved and rinsed
abundantly to remove formaldehyde and then placed in ethanol
in a homogenous way with a Motoda box. E. affinis individuals
were then isolated with Pasteur pipette and put in a closed glass
jar with 70% ethanol solution for future studies of polymers
potentially ingested.

During copepod isolation, an open glassware filled withMilliQ
water was placed near the operator during all handling in order to
be used as control for airborne MPs contamination. This MilliQ
water was then vacuum filtered andMPs were counted to evaluate
the airborne contamination that could affect filters with digested
copepods.

2.3 Ingestion Treatment on Experimental
Copepods
For the tested MPs (i.e., PS, PE, PLA, and in situMPs) in cultured
copepods, the ingestion protocol was the same. One control and
triplicates of 20 adults of E. affinis were isolated by using Pasteur
pipette under binocular magnifier (Olympus SZX2-ILLK,
Olympus, Japan) and then maintained in a 80 ml beaker with
15 PSU water (estuarine salinity) under constant aeration.
Estuarine salinity was obtained by mixing MilliQ water with
0.2 µm filtered sea water from English Channel.

For each sample of MPs above-mentioned, a concentration of
3 mg/L of MPs (size range described in Section 2.1) was added in
each beaker for 12 h in the dark to keep fluorescence of MPs when
they were stained with Nile Red. For these conditions, the
quantity of Nile Red adsorbed on MPs was low enough to
avoid any negative effect on copepods during exposure.

2.4 Microplastics Identification Methods on
Cultured Copepods
2.4.1 Staining of Microplastics
For the three staining methods described below, a stock solution
of 500 μg/ml of Nile Red was prepared in acetone and stored at
4°C in the dark for future needs of the experiments.

2.4.1.1 Staining of Microplastics Before Exposure
This first staining method was performed as preliminary work.
The aim of this experiment was to demonstrate the capacity of
adults of E. affinis from mass culture to ingest MPs samples in a
size range in accordance with our targeted objective for MPs
(<10 µm) fromwild individuals. MPs were placed in a micro-tube
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with few drops of Nile Red stock solution for 10 min in the dark.
After that, stained microplastics were vacuum filtered on a
Whatman™ Nuclepore polycarbonate membrane (0.2 µm,
47 mm), briefly rinsed with acetone to remove excess dye then
abundantly rinsed with MilliQ water. Finally, MPs were re-
suspended for the ingestion experiment previously described
(Section 2.3).

2.4.1.2 Staining of Microplastics After Exposure Without
Digestion Step
Staining of MPs before ingestion is not applicable for wild
copepods. Thus, in order to study the possibility of detecting
MPs on whole copepods using epifluorescence microscopy, we
tried different staining protocols. First, we stained MPs in
digestive tract after copepods ingestion without digesting
organisms. To make sure individuals had MPs in the
digestive tract, a total of 20 copepods for which MPs were
detected in the digestive tract by using Nile Red before
ingestion were left for 2 h on daylight in a Petri dish to
halt the staining from the colorant. Next, copepods were
put in a beaker with 20 ml of MilliQ water and then 10 µl
of the Nile Red stock solution was added. Copepods were left
in the dark for 10 min before the observation with
epifluorescence microscope (Nikon Eclipse TE2000-S,
Nikon, Japan).

2.4.1.3 Staining of Microplastics After Exposure and
Digestion of Individuals
After testing the possibilities offered by staining with Nile Red
of MPs on whole copepods, the same techniques were directly
applied to a filter, after digestion of individuals contaminated
by MPs and vacuum filtration. The hypothesis of this method
was to still use the advantage of staining with Nile Red and
making applicable a Raman microspectroscopy identification.
As Polycarbonate filters were used, a second solution of Nile
Red (5 μg/ml) in n-hexane solvent was prepared by diluting the
stock solution made in acetone. N-hexane was used to not
modify Polycarbonate filter properties following a previous
study (Shim et al., 2016). This lowest concentration of Nile Red
was used to still stain MPs without inducing too much
background fluorescence.

After digestion of individuals and vacuum filtration of the
lysate, the solution was briefly vortexed and 1 ml was added on
filter and then left for 10 min to induce total evaporation of
the solvent. The same staining protocol was performed for our
tests on aluminum oxide filters.

2.4.2 Preparation of Copepods for Microplastics
Identification
For the mass cultured copepods, at the end of the ingestion
protocol, individuals were sieved, fixed with ethanol 70% and
then gently rinsed with MilliQ water to remove MPs on
external parts of copepods like cuticle and appendices.

Then, the next step for the copepods preparation depended on
the final analytical method used:

For the two first staining protocols, that did not require
digestion of copepods as previously described, individuals were

directly placed on microscopy glass slides and observed with the
epifluorescence microscope.

For the tests on digested copepods, a pool of 20 individuals
contaminated with MPs was placed in a 100 ml Erlenmeyer flask
with 20 ml MilliQ water and 160 µl (0.2 mg/ml) of Proteinase K
solution (AppliChem GmbH, Germany). Digestion of copepods
was performed overnight at 50°C (optimum temperature for
Proteinase K activity) under agitation, followed by 20 min
sonication. Lysate was vacuum filtered on Whatman™
Nuclepore polycarbonate black membrane (0.2 µm, 47 mm) or
Whatman™ Anodisc™ aluminum oxide filter (0.2 µm, 47 mm)
depending on the experiments.

Cellulose filters were not used because of the high Raman
signal emitted by cellulose (Wright et al., 2019). Paper, and
fiberglass were used in our preliminary tests but quickly
eliminated from our final protocol because of their relative
thickness that don’t allow to easily identify MPs on the filter.

Filters were finally placed in Petri dishes covered with
Parafilm applied to minimize external contamination by
airborne MPs, and then placed in a desiccator with silica
gel until future analysis.

For Raman microspectroscopy analysis, the same digestion
protocol was followed.

2.4.3 Identification of Microplastics With
Epifluorescence Microscopy
Samples were analyzed with an epifluorescence microscope at
an excitation wavelength of 455 nm and an emission
wavelength of 494 nm with objectives ×10, ×20, and ×40
(Olympus, Japan), when necessary. For the digested
samples, during observation, zones of potential presence of
MPs were delimited with a pencil to take less observation time
for the micro-Raman manual detection and identification.

2.4.4 Identification With Raman Microspectroscopy
Filters were analyzed using a micro-Raman Xplora Plus
(HORIBA Scientific®, France) equipped with a closing
chamber that prevent filters from external airborne
contamination. Zones of presence of potential MPs marked
previously were observed with an objective ×10 and then ×100
by using a microscope (Olympus, France). Particles detected
were analyzed with two lasers with a wavelength of 532 nm and
785 nm depending on particle on the range of 200–3,300 cm−1

to obtain spectra of main polymers (Käppler et al., 2016). For
each suspected MP, Raman spectrum was compared to a
polymer identification database (KnowItAll, BioRad®) and a
personal library made with standard polymers obtained from
Goodfellow (France). For the samples prepared from copepods
collected in the Seine estuary, photos of items were taken using
Labspec 6 software (Horiba Scientific, Japan). Moreover, their
size, shape and color were recorded.

2.5 Application of Validated Method to
Copepods Collected From the Field
A pool of 60 individuals sampled from the Seine estuary was
analyzed by using the most effective method develop from our
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conclusions on cultured copepods. Briefly, individuals were
digested and then filtered on Whatman™ aluminum oxide
filters. Furthermore, our results on experimental copepods
showed the need to use aluminum oxide filter for chemical
identification of small MPs (<10 µm) with Raman
microspectroscopy. However, staining method was
impossible with this filter type. In order to minimize the
observation time of potential MPs on filter during Raman
analysis, staining of MPs and epifluorescence observation was
replaced by preliminary binocular magnifier observation
(Olympus SZX10, Olympus, Japan) during which zones of
potential MPs presence were delimited with a pencil and then
particles were analyzed with Raman microspectroscopy as
described above.

3 RESULTS

3.1 Staining Methods of Microplastics on
Whole Copepods
Our preliminary tests of staining with Nile Red MPs before
ingestion allowed us to stain and observe monomeric
polymers (Figure 1) and in situ MPs using fluorescence
microscopy. Thanks to the solvatochromic nature of Nile
Red, the different observed polymers had a different staining
pattern depending on their surface polarity characteristics
(Maes et al., 2017). This characteristic allowed the detection
of each polymer type separately (PS, PE or PLA) in the
digestive tract of the individuals of E. affinis and also in
their feces.

FIGURE 1 |Microplastics of PS (A), PLA (B) and PE (C), (D) stained with Nile Red and detected (red circles) in digestive tracts (A–C) and faeces (D) after ingestion
treatment of individuals of E. affinis with epifluorescence microscope (crime light: 455–494 nm).

FIGURE 2 | Sample of in situMPsmixture stained with Nile Red and observed with epifluorescence microscope (crime light: 455–494 nm) (A). (B)Observation of in
situ MPs ingested and visible (red circle) as a compact orange orb in the digestive tract of an adult copepod of E. affinis.
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For the in situMPs mixture, we compared the relative abundance
of each staining color with the sample to determine which polymer
matches which each color (Figure 2A) and confirmed the results with
micro-Raman. Contrary to PS and PP, particles surfaces of PE were
composed in variable proportions of two staining colors. This
characteristic arises because polyethylene was an assembly of
HDPE and LDPE which changes the solvatochromic nature of
Nile Red. This quick staining method confirmed that E. affinis
adults are able to ingest MPs fragments and beads in the size
range targeted to calibrate our methods and similar to their
common food items. We noted that when ingested and visible in
the digestive tract of the copepods, only themajor staining color of the
sample, given bymost PE particles in the in situMPsmixture, is visible
with epifluorescence microscope (Figure 2B). For all the studiedMPs
types, we noted that this method, based on epifluorescence
microscopy observation of stained with Nile Red MPs before
ingestion, is limited by the natural fluorescence of copepods,
notably the cuticles and the lipid droplets. The consequences are
that MPs can be missed and quantification is difficult.

After ingestion by copepods, MPs were stained using Nile Red.
This approach could have led to a methodology applicable for
environmental samples of copepods with no digestion step. But,
during observation, we noticed that staining with Nile Red was
not applicable because it only stained lipid droplets of copepods
and did not interact with the MPs in the digestive tract. At this
point, digestion of individuals was a mandatory step to find a
method based on fluorescence microscopy and Raman
microspectroscopy operable on wild copepods.

3.2 Digestion of Copepods and
Fluorescence Observations of the Stained
Microplastics on Filters Resulting From
Vacuum Filtration of the Lysate
By visual inspection, we noted that digestionmethod was effective to
digest all organic materials of the copepod and break down chitin
materials into small pieces recognizable as remaining translucent
green fragments (Figures 3A,B), after staining with Nile Red and

epifluorescence microscopy on black polycarbonate membrane
filter. During epifluorescence observation, we detected that PE
(Figure 3A) and PS (Figure 3B) had the same colorations as
showed by our previous method when MPs were stained before
ingestion without digestion of individuals.

Regarding staining method on aluminum oxide filters,
much more background noise was observed probably due to
the interaction between Nile Red and nature of the filter.
Particles on the filter were much less noticeable (Figure 4).
No critical differences were observed between MPs and cuticle
fragments that permit to distinguish them.

3.3 Raman Microspectroscopy on
Experimental Copepods
The first hypothesis was to couple the staining method that
permit a quick detection of MPs on filter with a chemical

FIGURE 3 | Observation of experimental copepods contaminated with MPs (red circles) of LDPE (A) and PS (B) and digested on black polycarbonate membrane
filters. Filters were stained with Nile Red and observed with epifluorescence microscopy (crime light: 455–494 nm). Residual’s cuticle fragments are present as green
translucent particles (white arrows).

FIGURE 4 | Observation of experimental copepods contaminated with
MPs of LDPE and digested on aluminum oxide filter. Filter was stained with
Nile Red and observed with epifluorescence microscopy (crime light:
455–494 nm). Ingested MPs and cuticle fragments were present on filter
but undistinguishable.
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identification with Raman microspectroscopy. But, over these
advantages, we had a limit of polymer identification with
micro-Raman relatively high (>10 µm) for polycarbonate
black membrane filter compared to aluminum oxide one for
which several ingested MPs of 1 µm were successfully
characterized. Furthermore, the Raman background emitted
by the polycarbonate filter didn’t allow to analyze plastic
particle in the target size of 1–10 µm we fixed.
Consequently, aluminum oxide filter was selected for the
detection of MPs on in situ collected individuals (Table 1).

3.4 First Impression of Microplastics
Contamination of Eurytemora affinis in the
Seine Estuary
In total, 17 microplastics for an average of 0.28 MPs/individuals
were found from the 60 (3 replicates of 20 individuals) analyzed
copepods (Table 2). Eight different types of polymers were
identified except for the polymer nature of one fiber due to
the intensity of the fluorescence that masked the Raman signal.
Polystyrene (PS) was the most common polymer found with five
items, followed by High-density Polyethylene (HDPE),
polypropylene (PP), polycarbonate (PC), Polyethylene
terephthalate (PET) with two particles for each type. Finally,
we found one particle for a copolymer composed of Polyamide
(PA) and Polyvinyl acetate (PVAC) (Supplementary Figure S1),
and also one particle for Polyamide and Low-density
Polyethylene (LDPE). Regarding to the shape of items, no
microbeads were observed. Fiber was the predominant shape
(59%) followed by the fragment one (41%). Blue, black, and pink
were the most identified colors with respectively six, five and
three particles, followed by red, orange and translucent with one
particle for each.

4 DISCUSSION

4.1 Detection of Microplastics on Cultured
Copepods Using Nile Red Staining
The staining method using Nile Red in acetone, previously
developed in the literature (Cole, 2016), allowed us to stain
and observe with blue light polymers when they were alone or
in mixture in the digestive tract of adult individuals of E.
affinis. This showed the physiological capacity of this species
to ingest MPs of size ranged between 1 and 10 µm. Our
observations confirmed the solvatochromic nature of Nile
Red that allowed us to discriminate the most common
polymers (PE, PS, and PP) as well as the PLA based on
surface polarity characteristics (Maes et al., 2017). This
method of staining MPs before ingestion treatment on
copepods gave crucial information like lipid accumulation,
feeding, food selectivity or fecal density when individuals
from other species interact with MPs (Cole et al., 2019;
Coppock et al., 2019) and could be clearly applied in the
future to E. affinis (or other similar species) to better quantify
the interaction between MPs and this species in the aquatic
environment. Moreover, we demonstrate the capacity of Nile
Red to stain a biobased polymer (PLA) and detect it in
copepods gut. This could lead to the study of other
biobased or biodegradable polymers impacts on copepods
life traits.

However, our results highlighted that staining MPs with
Nile Red cannot be used to accurately quantify the plastic
fragments in the gut of copepods. In addition, staining of MPs
after ingestion by copepods was not effective due to the high
affinity of Nile Red for copepod’s lipid droplets (Song Y. S.
et al., 2015) and so couldn’t be applied directly on whole
copepods from the natural environment. Thus, we suggest that
digestion of copepod is a necessary step when quantitative
results or chemical characterization of polymers are needed
like for wild sampled individuals.

4.2 Digestion Efficacy and Special Case of
Polylactic Acid
Regarding to studies on biotic or abiotic compartments, there is
no standardized protocol for the digestion of organic material and
the isolation of MPs. Hydrogen peroxide (H2O2) and KOH have

TABLE 1 | Summary table of all tested filters (except for Cellulose) and possibilities it offers for Nile Red staining with epifluorescencemicroscopy and Raman spectroscopy to
detect and characterize MPs ingested by copepods from the natural environment.

Material
of the Filter

Ease of visual
detection of MPs

Possibility of coupling
epifluorescence and spectroscopy

Raman

Limit of chemical
characterization of MPs

with Raman spectroscopy

Cellulose Not testeda

Paper No
Glass fiber No
PC Black Yes Yes > 10 µm
Aluminum oxide Yes No > 1 µm

aMaterial was excluded because of the high Raman signal of cellulose.

TABLE 2 | Average (±SD), minimum and maximum of size of ingested MPs found
in the copepod Eurytemora affinis collected in the area “La Bouille” in the
French Seine estuary.

Shape Mean (µm) SD (µm) Min. (µm) Max. (µm)

Fragment 13.3 9.6 2.1 33.3
Fiber (length) 391.6 600.4 21.9 1726.0
Fiber (diameter) 14.1 9.5 2.1 21.8
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been the most used chemical treatments for this purpose (Renner
et al., 2018; Kazour et al., 2019). In case of copepods, most studies
used a digestion treatment with nitric acid (HNO3) developed by
Desforges et al. (2015). In this study, we used an enzymatic
digestion with Proteinase K because of its capacity to mineralize
biological tissues without causing damages on small microplastics
(Cole et al., 2014). Furthermore, Claessens et al. (2013) showed
that strong mineral acids as HNO3 can oxidize and damage or
destroy MPs from polymers with a low pH tolerance as PS or
Polyamide (PA) and so can lead to an under estimation of MPs.

After heated incubation of samples with Proteinase K, 100% of
the organic material of copepod was digested. Despite the
constant agitation during this step, cuticles appeared intact for
90% of individuals and engendered an additional difficulty to
detect the MPs released from the gut of the copepods. However,
the additional step of sonication for 20 min solved this problem
and cuticles were present as small fragments on filter after
vacuum filtration that permitted to identify MPs directly on it
with fluorescence microscopy or Raman microspectrometry.

It is important to keep in mind that our experiments for
digesting copepods contaminated with PLAmicroplastics showed
complete digestion of particles of this polymer. Previous study on
copolymer’s films (10 mm × 10 mm × 0.4 mm) showed the
capacity of proteinase K to degrade L-lactyl units compared to
D-lactyl ones (Li et al., 2000). Because PLA represents one of the
best alternatives to replace non-biodegradable plastics,
particularly polypropylene (European Bioplastics, 2018), future
research is needed to correctly study the fate of this plastic on wild
biota samples.

4.3 Polycarbonate Black Membrane Filter
and Microplastics Identification
Possibilities
This type of filter coupled with Nile Red staining in n-hexane has
been used in the past to detect microplastics in water and sand
samples collected from the field (Shim et al., 2016). Authors
reported the relative facility of detection during epifluorescence
observation because of the flat surface and the black background
of this filter. In our study, this method was effective to detect MPs
of contaminated copepods. Contrary to the tests done before on
Amphipod carapace (Shim et al., 2016), the cuticles fragments in
our study were stained, which showed a clear green fluorescence
pattern during the microscopic observation. In the case of
remaining chitin fragments that could represent an issue for
future identifications, chitinase enzyme can be used (Cole et al.,
2014).

This first step of microplastics detection cannot precisely give
the polymeric nature of microplastics. It can be considered as a
useful and simple visual method to quickly detect suspected
microplastics and directly target areas of their presence for
further chemical identification with Raman microspectroscopy.
Indeed, our results showed that polycarbonate black membrane
filter can represent a good option for coupling Nile Red staining,
epifluorescence microscopy and Raman spectroscopy but this
filter is limited by the relatively high limit of detection of MPs.
Nevertheless, in our case the use of black polycarbonate filter led

to a lower micro-Raman identification limit of 10 µm due to high
fluorescence emitted by filter material that didn’t meet our main
objective.

4.4 Aluminum Oxide Filter: Lowering the
Detection Limit of Microplastics for
Micro-Raman Spectroscopy Identification
Aluminum oxide filter was tested in the past on pristine
microplastics (4–50 µm) to detect airborne contamination. It
showed a globally low intensity Raman signal, a clear visual
detection of suspected microplastics on filter but didn’t permit
authors to map microplastics using Streamline mode, contrary to
silver membrane and mixed cellulose filters (Wright et al., 2019)
with a 785 nm laser. Contrary to this last conclusion, we were able
to identify pristine microplastics of PS and PE of 1–10 µm size
range with this filter. This could be due to the relatively high
wavelength used in this study. In fact, during our analysis, we saw
that lowering the wavelength from 785 nm to 532 nm generally
leads to an identifiable spectrum result with much less
background noise for MPs of few microns.

Wright et al. (2019) also reported weaker intensity bands of PS
microplastics due to interference when cellulose filters are used.
This can lead to an under estimation of PS microplastics when
Raman microspectroscopy is used to identify them, especially to
detect microplastics ingested by copepods in the field (Sun et al.,
2018a).

4.5 Validation of Full Method on Copepods
From the Natural Environment
Our results on mass cultured copepods showed that despite the
technical impossibility to detect MPs with staining and
epifluorescence microscopy with aluminum oxide filter, this
method represented the best option to identify microplastics
of few microns with Raman microspectroscopy as a final
method. To try to save analysis time, fluorescence method was
replaced by a visual inspection with a stereomicroscope
magnifier.

To validate our methodology on wild copepods, 60 individuals
were digested and studied. With 94.1% of microplastics for which
polymer was clearly identified with a minimum size of 2.1 µm, we
can assume that aluminum oxide filter represents a robust
solution for manual Raman microspectroscopy MPs
identification proposing a methodology that lowers the
restraint of detecting microplastics ingested by copepods
observed in the literature (7 µm) (Sun et al., 2018a).

Gasperi and Cachot (2021) studied the levels of MPs
contamination of the Seine estuary in the same sampling station
of copepods studied in this paper. Even though they focused their
research on the fraction >50 µm, they reported in the sampled
station studied a concentration of 5MP/m3 with three shapes:
predominantly fragments, microbeads, and fibers. In our study,
we showed that fibers were the most ingested shape followed by
fragments, respectively 59% and 41%. The difference of abundance
of fiber shape in abiotic compartment compared to our results on
biota can be explained by the relatively high mesh size of 300 µm
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used that don’t permit to capture small fibers properly. Furthermore,
punctual sampling with an 80 µm mesh size showed higher density
of fiber shape MPs in this study. Additionally, most studies on MPs
contamination of field copepods also reported fiber shape as the
predominant ingested one (Sun et al., 2017; Sun et al., 2018a; Sun
et al., 2018b; Zheng et al., 2021).

About identified polymers, our results are consistent regarding
polymers identified in the Seine estuary (Gasperi and Cachot,
2021). Furthermore, this study and ours demonstrated a
dominance of Polyethylene, Polystyrene, Polypropylene, and
Polyethylene terephthalate to other polymers.

With an average retention of 0.28MPs per individual, our results
showed higher concentration of ingested MPs in copepods from
Seine estuary compared to other similar studies where the
concentrations ranged from 0.03MPs/individual in northeast
Pacific Ocean (Desforges et al., 2015) to 0.26MPs/individual in
Jiaozhou Bay — Yellow Sea (Zheng et al., 2021). For these two
studies, MPs contamination of water column was not studied, so it is
difficult to conclude if this difference can be explained by the level of
MPs impregnation of water column or by the limit of detection of
MPs. Nevertheless, Md Amin et al. (2020), performed MPs
contamination analysis in both water with sampling conditions
close to Gasperi and Cachot (2021) and copepods. Results of
MPs in water ranged from 0.3 to 1.45MPs/L and a mean of
0.13MPs/individual were found in calanoid copepods with a
limit of detection of 100 µm with FTIR. We can make the
hypothesis that with concentrations between 60–290 times higher
in water, ingested MPs concentration could have been higher as
measurements were also on calanoid species.

In conclusion, we developed in this study a new methodology
to identify MPs ingested by copepods with a new size limit of
detection of 1 µm. Enzymatic digestion was the first critical point
developed to ensure a correct degradation of organisms without a
doubt to degrade potential polymers. Our results on cultured and
wild copepods indicate the ability of Proteinase K coupled with
ultra-sonification to correctly digest copepods for MPs
characterization without causing damages on low pH tolerance
classic polymers. However, the use of this enzyme led to a total
digestion of PLA fragments in our conditions. Future studies
should be achieved to better know the tolerance of other biobased
or biodegradable polymers to chemical or enzymatic digestion
protocols used to study MPs biota or environmental
contamination.

We demonstrate that using aluminum oxide filter for Raman
microspectroscopy analysis allow reaching a size limit for MPs
detection in copepods down to 1 µm, which is far lower than
found in current literature. Our approach is promising to better
estimate MPs impregnation in key organisms, like copepods.
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