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The large production and widespread daily consumption of plastic materials—which
began in the last century—together with the often-inadequate collection and recycling sys-
tems, have made plastics and, consequently, microplastics (MPs) ubiquitous pollutants [1].

The scientific community is increasingly concerned about microplastic pollution and
its possible effects on biota and the environment. Aquatic ecosystems such as rivers, lakes,
estuaries, seas, and oceans seem to act as important sinks for plastics and microplastics.
Microplastic pollution is so widespread that we might assume no aquatic environment has
been left untouched [2–5].

Microplastic pollution as a global concern is confirmed by the research papers collected
in this Special Issue; these papers come from 28 Universities and research institutions and
are spread across ten countries in three continents.

The Special Issue “Microplastics in Aquatic Environments: Occurrence, Distribution
and Effects” collected and published 11 novel contributions focusing on microplastics in
aquatic environments, their occurrence and distribution, and the effects they might have
on the environment and biota. The selected papers comprise three reviews and eight
research articles. In their review, Yang et al. (2021) [6] summarized the current literature
on MPs in the marine environment, focusing on the sources and fates of MPs and their
impacts on marine organisms; moreover, they highlighted the potential of bacteria in plastic
degradation processes and the need to further study this subject.

Santini et al. (2022) [7] addressed the occurrence of natural and synthetic microfibers
in waters, sediments, and biota in the Mediterranean Sea, emphasizing the challenges
in distinguishing natural fibers from plastics ones, and the need to further study the
environmental impact of both.

Lim et al. (2022) [8] conducted a meta-analysis of the characterization of plastic
ingested by fish on a global scale, and found that plastic fibers are the most-ingested items
(70.6%). Additionally, the authors observed that polyethylene (15.7%) and polyester (11.6%)
are the most abundant polymers found in fishes’ digestive organs. In terms of size, the
most frequently ingested plastics were small microplastics (<1 mm).

The eight selected research papers can be grouped into three main themes: (1) the
effects of microplastic exposure to aquatic biota (rotifers, mussels, fish larvae, and microal-
gae), encompassing 55% of the published papers in this SI [9–14]; (2) the distribution and
seasonal variation of microplastics in aquatic environments [15]; and (3) the contaminants
associated with microplastics in freshwater environments [16].

As Guest Editors of this Special Issue, we were pleased to receive several papers
concerning the interaction between microplastics and biota; despite a large number of

Toxics 2022, 10, 407. https://doi.org/10.3390/toxics10070407 https://www.mdpi.com/journal/toxics1
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peer-reviewed papers published on this research topic, there are still several gaps that
need to be filled [17,18]. Zhang et al. (2022) [12], for instance, investigated the toxicity of
fluorescent nano- and microplastics (80 nm and 8 μm) on grass carp embryos and larvae
using scanning electron microscopy (SEM) and fluorescence imaging. Their results showed
that nanoplastics accumulated in the chorion and did not penetrate the embryo’s chorionic
membrane. The larvae were prone not only to ingesting microplastics and expelling them
with their feces, but also to ingesting the expelled microplastics again while feeding on their
own excrement, re-accumulating the plastic particles in their oral cavities. Furthermore, the
authors showed that microplastics around 1 μm in size could accumulate in the larvae’s
nasal cavities.

Drago and Weithoff (2021) [9] analyzed the fitness responses of two rotifer species,
Brachionus calyciflorus and Brachionus fernandoi, when exposed to polystyrene (1-, 3-, 6-μm),
polyamide microplastics (5–25 μm) and silica beads (3 μm, SiO2). The results showed that
3-μm polystyrene had a significant effect on the population growth rate of both rotifer
species, whereas no effect was evidenced after exposure to polyamide microplastics and
silica beads.

In another study, von Hellfeld and co-authors (2022) evaluated the toxicity of polystyrene
MPs in marine mussels Mytilus galloprovincialis when exposed to two different polystyrene
microplastic sizes (45 μm and 4.5 μm) [10]. The exposure was carried out with pristine and
contaminated microplastics, with cadmium (Cd) and benzo(a)pyrene (BaP). The pristine
microplastics (both tested sizes) were found in the digestive gland after 1 day of exposure,
while after 3 days of depuration, 4.5 μm microplastics had accumulated within the gill
filaments. In contrast to Cd, BaP body burdens increased significantly in mussels exposed to
BaP-contaminated microplastics, causing histological changes in the digestive gland. These
results show that polystyrene microplastics can act as a carrier of organic contaminants and
pose a threat to aquatic biota.

The toxicity of microplastics on M. galloprovincialis was studied also by Rodrigues et al.
(2022) [11]. Mussels were exposed to polyamide microplastics alone and in combination
with the toxic exudate from the invasive red seaweed Asparagopsis armata. The study
showed that microplastics accumulated mainly in the digestive gland of the organisms and
that the combined exposure to microplastics and A. armata induced oxidative damage at
the protein level in the gills and reduced the production of byssus. This study highlights
the need to assess microplastics’ toxicity in combination with other stress factors, such
as invasive species and contaminants. In this regard, Scott et al. (2021) [16] studied the
interactions between different polymer types of microplastics and per- and polyfluoroalkyl
substances (PFAS) in a lacustrine and a controlled environment. The polymers were kept
submerged in the lake water in the presence of associated organic/inorganic matter and
biofilm for one and three months; meanwhile, in the laboratory experiment, the polymers
were kept in water contaminated with PFAS but without inorganic and organic matter. The
results indicated that the presence of inorganic and organic matter considerably enhances
the adsorption of PFAS by polymers; this emphasizes the need to assess the risks posed by
microplastic pollution under realistic environmental conditions.

All the exposure experiments described so far suggest that microplastic pollution may
constitute a serious hazard to aquatic biota. For instance, according to Hadiyanto et al.
(2021) [13], Styrofoam microplastics can inhibit the photosynthesis process of Spirulina platensis,
as well as being a source of nutrients, especially carbon, for the microalgae.

Other organisms that have been found to be capable of ingesting microplastics are
blackfly larvae (Simuliidae), as shown by Corami et al. (2022) [14]. Two species of blackfly
larvae, Simulium equinum and Simulium ornatum, were sampled from two rivers in Italy
and analyzed for microplastics (<100 μm), and natural and non-plastic synthetic fibers.
The authors showed, for the first time, that blackfly larvae can ingest microplastics from
their habitat and suggested that these organisms could be employed as bioindicators for
microplastic pollution in rivers, as they are already bioindicators used to assess river water
quality. Indeed, rivers can be heavily contaminated with microplastics, as Wicaksono et al.
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(2021) pointed out in their study [15]. The authors collected water and sediment samples
along the Tallo River (Indonesia) during the wet and dry seasons. Microplastic concen-
tration was up to 3.41 ± 0.13 item/m3 and 150 ± 36.06 item/kg for water and sediment
samples, respectively. As in many other aquatic environments, the most abundant polymers
found in the Tallo River were polyethylene and polypropylene [15].

The results of the contributions collected herein have helped to fill some knowledge
gaps about the occurrence, distribution, and effects of microplastics on aquatic ecosystems.
The outcomes clearly indicate that microplastic pollution is a serious environmental issue;
the scientific community should increase its knowledge and understanding of how it could
affect the environment, biota, and humans, and how it could be reduced and prevented.
Nevertheless, to adopt adequate mitigation strategies and contribute to preserving bio-
diversity and environmental health towards zero pollution, it is pivotal that the studies
consider realistic and environmentally relevant conditions.

We would like to thank all the authors for submitting their original contributions to
this Special Issue. We greatly appreciate the support of all the reviewers who spent time
evaluating and improving the quality of the manuscripts. Last but not least, we would like
to thank the editors of Toxics for their kind invitation, and Mia Yan, Selena Li, and Linda Li
of the Toxics Editorial Office for their precious support.
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Occurrence and Characterization of Small Microplastics
(<100 μm), Additives, and Plasticizers in Larvae of Simuliidae
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Abstract: This study is the first to investigate the ingestion of microplastics (MPs), plasticizers,
additives, and particles of micro-litter < 100 μm by larvae of Simuliidae (Diptera) in rivers. Blackflies
belong to a small cosmopolitan insect family whose larvae are present alongside river courses,
often with a torrential regime, up to their mouths. Specimens of two species of blackfly larvae,
Simulium equinum and Simulium ornatum, were collected in two rivers in Central Italy, the Mignone
and the Treja. Small microplastics (SMPs, <100 μm), plasticizers, additives, and other micro-litter
components, e.g., natural and non-plastic synthetic fibers (APFs) ingested by blackfly larvae were, for
the first time, quantified and concurrently identified via MicroFTIR. The pretreatment allowed for
simultaneous extraction of the ingested SMPs and APFs. Strong acids or strong oxidizing reagents
and the application of temperatures well above the glass transition temperature of polyamide 6
and 6.6 (55–60 ◦C) were not employed to avoid further denaturation/degradation of polymers and
underestimating the quantification. Reagent and procedural blanks did not show any SMPs or APFs.
The method’s yield was >90%. Differences in the abundances of the SMPs and APFs ingested by the
two species under exam were statistically significant. Additives and plasticizers can be specific to
a particular polymer; thus, these compounds can be proxies for the presence of plastic polymers in
the environment.

Keywords: blackfly larvae; freshwaters; Simuliidae; microplastics; additives; plasticizers

1. Introduction

The ingestion of ubiquitous and persistent microplastics (MPs) in biota, i.e., in macroinver-
tebrates, is documented in polar environments [1–3], marine environments [4–8], and riverine
environments [9–12]. Invertebrates ingest food particles according to the size of their mouth-
parts; the size of these particles is usually <100 μm. MPs < 100 μm (small microplastics, SMPs),
as well as additives, plasticizers, and other micro-litter components <100 μm (e.g., natural and
non-plastic synthetic fibers; APFs), can be mistaken for food particles, ingested, and enter
the trophic web. SMPs can be primary, e.g., those released from the discharge of washing
machines [13], or secondary, e.g., those derived from the fragmentation of macroplastics
and large microplastic pieces. It should be underlined that the fragmentation of large MPs
can release or expose additives and plasticizers employed in the plastic industry and can
be polymer-use specific; these compounds are thought to be responsible for the toxicity of
plastic polymers toward biota [14]. However, assessment of the additives and plasticizers
in environmental matrices and biota has been overlooked. Some studies have tested the

Toxics 2022, 10, 383. https://doi.org/10.3390/toxics10070383 https://www.mdpi.com/journal/toxics5
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ingestion of MPs by macroinvertebrates in lab conditions, but these controlled exposure
studies may lack environmental realism, and the concentration of the ingested MPs cannot
correspond to those observed in nature [10]. Hence, the focus of this study is to investigate
the ingestion of SMPs and APFs in two blackflies species, Simulium equinum (Linnaeus,
1758) and Simulium ornatum (Meigen, 1818 (complex)), for the first time. Specimens of these
two species were collected in their habitat.

Blackflies (Diptera, Simuliidae) form a relatively small and uniform family of insects,
numbering nearly 2300 known species worldwide [15]. They are passive filter feeders,
filtering suspended particulate matter from the water and staying fixed to smooth surfaces
in the lotic reaches of watercourses. Blackfly larvae are crucial in watercourses’ ecologies,
making the filtered matter available for other invertebrates, amphibians, and fishes that
feed on them [16]. Blackfly larvae spend most of their time attached to the substrate
in watercourses, and, in this sedentary mode, they feed. The primary feeding device,
and distinguishing feature of the family, is a pair of large cephalic filtering “fans,” which
are complex oral structures consisting of many serially arranged rays fixed on the two
fans’ stems. These filtering “fans” are chitinous–mucous structures. Opened in riverine
waters, they can trap fine suspended organic (e.g., detritus, bacteria, algae, animal matter)
and inorganic matter with a passive and undiscriminating collection system; if it can be
manipulated in the mouth and can enter the cibarium, any catchable particulate filtrate
is taken into the gut. If compressible, even larger particles can be swallowed [17,18].
Concerning their feeding mode, blackfly larvae may ingest SMPs and APFs.

A previously developed pretreatment method (at CNR-ISP, [7]) was optimized to as-
sess the abundance of SMPs, APFs, and other microlitter components ingested by blackfly
larvae; the method allows for concurrent extraction of all the aforementioned particles and
does not contribute to these particles’ further degradation/denaturation. Many pretreat-
ment methods employ strong oxidizing agents or strong acids, which can modify particle
sizes and contribute to discoloration, degradation, and loss of several polymers [19], es-
pecially nylon 6 and nylon 6,6 (PA 6 and PA 6,6). Moreover, these pretreatment methods
employ temperatures ≥ 60 ◦C, which can contribute to the loss of polymers, in particular,
PA 6 and PA 6,6, as the range of their glass transition temperature (Tg) is 55–60 ◦C [7,19,20].
Hence, these pretreatment methods can result in underestimation of the actual abundance
of MPs/SMPs in the samples and samples that are not representative. SMPs and APFs will
be simultaneously quantified (microscopic count) and identified via Micro-FTIR.

2. Material and Methods

2.1. Sampling Sites and Macroinvertebrate Sampling

When sampling macroinvertebrates for water quality monitoring, organisms of Simulium
equinum and Simulium ornatum were collected in the summer of 2018 from theTreja River
(42.18402, 12.37895), a few kilometers downstream from Mazzano Romano, near the Monte
Gelato waterfalls, an attractive place for tourists during spring and summer, and the
Mignone River (42.19557, 11.79347), near Tarquinia (Figure 1). Because of their charac-
teristics, these rivers may well represent environments influenced by various pressures
and impacts.

The Treja River is the third major right tributary of the Tiber River. Its source is in
Monte Lagusiello near Lake Bracciano, and the river flows through a valley that gives it its
name, which is characterized by tuffaceous material. Along the river’s course, the natural
environments are in a good state of conservation; there are alternating areas of cultivated
countryside, livestock activities, and woods.
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Figure 1. Sampling sites where blackfly larvae (Simuliidae) were collected; the Mignone and Treja
rivers are located near Rome, in Lazio, Italy.

The Mignone River is 62 km long, originating in the Sabatini Mountains in the territory
of the town of Vejano, located northwest of Lake Bracciano. In its initial part, this river
is almost a stream, which has carved its bed within deep valleys, while the remaining
stretch was once navigable. It reaches the Tyrrhenian Sea, north of Rome, in Tarquinia,
after a course of 60 km. The river and its catchment area represent one of the most
remarkable environmental areas of Lazio, due to high conservational preservation as Sites
of Community Importance. However, the qualitative state of the river in the lower course
is influenced by anthropogenic activities.

Moreover, they are frequently visited nature reserves, and the entire catchment areas of
the Mignone and Treja are the object of historical and artistic tourism. Therefore, agriculture,
WWTP (wastewater treatment plant) discharges, and various tourist activities in these two
areas may be significant sources of SMPs and APFs.

At each of the sites, which are, as a general rule, monitored for water quality status,
macroinvertebrates, including blackfly larvae, were collected using a hand net by placing it
on the riverbed and moving the substratum in front of the net opening with the free hand
or a foot. Sampling was performed in riffle mesohabitat, which is the most suitable for
blackfly larvae according to their ecology [18]. In order to cover the highest diversity of
the local habitat conditions where macroinvertebrates and different blackfly species could
be found, all microhabitats were surveyed in the riffle mesohabitat, giving priority to the
stable substratum on which blackfly larvae can anchor themselves. The finalized sample
for each site was sorted in the field to separate the substratum from organisms. All blackfly
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larvae were sorted among the macroinvertebrates collected; they were immediately fixed in
ethanol 70% (absolute, for HPLC, ≥99.8%, Sigma Aldrich, Merck Darmstadt, Germany) to
prevent gut content excretion. Different species of blackfly larvae were identified through
microscopic morphological examination at the ENEA laboratory. The two species, Simulium
equinum (Linnaeus, 1758) and Simulium ornatum (Meigen, 1818 (complex)), were identified
at both sampling sites.

Thirty organisms were collected for each of the two identified species of Simuliidae at
each sampling site in the rivers under study. Before their identification, the organisms were
carefully rinsed several times with ultrapure water (Milli-Q®, Merck Darmstadt, Germany),
followed by a fresh 70% ethanol solution to remove materials on the body surface, which
were, therefore, not ingested. Then, 10 organisms per species were employed for taxonomic
identification and dry weight detection. The average dry weight per organism of S. ornatum
was 0.5 mg, while for the S. equinum, it was 0.6 mg.

The organisms designated explicitly for the analysis of microplastics and other mi-
crolitter components (20 organisms per species at each sampling site, which is monitored
for water quality) were preserved in ethanol 80% and then transferred to the laboratory of
CNR-ISP (spring 2020).

2.2. Quality Assurance and Quality Control (QA/QC)

Decontamination and pretreatment procedures were performed at CNR-ISP Venezia in
a plastic-free cleanroom ISO 7. This cleanroom (a controlled-atmosphere laboratory where
atmospheric pressure, humidity, temperature, and particle pollution are controlled) is en-
tirely free of plastic materials, even in the air pre-filters. The environmental contamination
in the pretreatment procedures for the analysis of SMPs and APFs is efficiently minimized.

Samples were pre-treated (extraction and purification) and filtered in batches on
aluminum oxide filters (ANODISC filters, Supported Anopore Inorganic Membrane, 0.2 μ,
47 mm, Whatman™; Merck, Darmstadt, Germany). The pretreatment procedures and
filtration were performed under a decontaminated steel fume hood. Operators wore cotton
lab coats and nitrile gloves. All glassware was previously washed with a 1% Citranox®

solution (Citranox® acid detergent, Sigma Aldrich purchased from Merck Darmstadt,
Germany), rinsed with ultrapure water (UW, produced by UW system, Elga Lab Water,
Veolia, High Wycombe, UK), and decontaminated with acetone (suitable for HPLC, 99.9%,
Sigma Aldrich, Merck Darmstadt, Germany). Then, the glassware was rinsed with a 50%
(v/v) solution of methanol (suitable for HPLC, 99.9%, Sigma Aldrich, Merck Darmstadt,
Germany) and ethanol (absolute, for HPLC, ≥99.8%, Sigma Aldrich, Merck Darmstadt,
Germany), and, finally, with ethanol. The steelware was previously rinsed with UW,
decontaminated with methanol, a 50% (v/v) solution of methanol and ethanol, and ethanol.
Reagent (e.g., UW from Milli-Q® (Millipore, Merck, Darmstadt, Germany), ethanol, H2O2,
etc.) and procedural blanks were performed for each batch.

After filtration, all filters were stored in decontaminated glass Petri dishes covered
with aluminum foil. Before the analysis, filters were transferred from the fume hood in the
cleanroom to the Micro-FTIR laboratory, carefully covered with aluminum foil to avoid any
external contamination.

Certified reference materials for MPs in biota are lacking; therefore, to estimate the
yield of the pretreatment procedure used in this study, a model organism that was accessible
and easy to sample was chosen. The choice was Monocorophium insidiosum (Corophidae,
Amphipoda), whose specimens were sampled in the Pordelio Channel, Venice Lagoon,
in the summer of 2020; three pooled samples were then spiked with silver–grey beads of
polyamide 12 (average size 90 μm; Goodfellow Cambridge Limited, Huntingdon, UK). The
polymer to be employed was selected by the particle color, size, and ease of mixing it in
the sample.
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2.3. Extraction, Purification, and Filtration of APFs and SMPs Ingested by Blackfly Larvae

For the extraction and purification of the APFs and SMPs ingested by blackfly larvae,
the method developed by Corami et al. [7] was employed with slight modifications. Due to
the small size of blackfly larvae, the organisms were not dissected; hence, the APFs and
SMPs were extracted from the whole organism.

Briefly, under a decontaminated fume hood in the cleanroom, organisms were put in
a decontaminated Erlenmeyer flask with H2O2, ethanol, and UW (1:2:1 ratio) and stirred
for 96 h on a multipurpose orbital shaker at room temperature. The aim of this step is not
thorough digestion (i.e., strong acids or strong oxidants); rather, it is an extraction of the in-
gested particles by dissolving the organic matter with no further denaturation of polymers.
The residual dissolved organic matter was removed through the following purification
procedure: flushing ethanol and a 70% (v/v) ethanol–methanol solution alternated with
the extracted slurry directly onto the aluminum oxide filter during vacuum filtration.

Filtration was performed with a decontaminated glass filtering apparatus and a vac-
uum pump Laboport® (VWR International, Milan, Italy) under a decontaminated fume
hood in the cleanroom; aluminum oxide filters were rinsed by alternating 50 mL of a 50%
(v/v) solution of ethanol with 50 mL of 70% (v/v) solution of ethanol–methanol before the
filtration. The filter was rinsed several times with a 50% (v/v) ethanol solution at the end
of filtration. Each filter was stored in decontaminated glass Petri dishes for at least 72 h
under a fume hood in the cleanroom before the analysis via Micro-FTIR.

2.4. Quantitative and Chemical Characterization of APFs and SMPs via Micro-FTIR

A Nicolet™ iN™ 10 infrared microscope (Thermo Fisher Scientific, Madison, WI,
USA), equipped with an ultra-fast motorized stage and liquid-nitrogen-cooled MCT de-
tector (mercury cadmium telluride detector), was employed for the analysis. The settings
were: transmittance mode, a spectral range of 4000–1200 cm−1, 100-μm step size scanning
(spatial resolution), 100–100 μm aperture, and 64 co-added scans at a spectral resolution of
4 cm−1 [7,13,20].

Microscopic counting was performed according to Corami et al. [7,20]. Microscopic
counting has been employed for bacteria, phytoplankton, pollen, spores, and microplastics
as well [21–31]. A significant advantage of microscopic counting is that there is no doubt
about how many organisms, cells, or particles are present within reliable computable limits
and degrees of chance. When filters are employed as a support for counting, the mea-
surement of complete filters is very time-consuming [28,30,31]. However, analyzed filter
areas, i.e., counting areas or count fields, need to represent the entire filter to avoid issues
regarding representativeness and reproducibility. Since the loading of the filters cannot
be known in advance, counting areas with different abundances should be considered to
avoid issues regarding the accuracy of the extrapolation of microplastics, organisms, cells,
or bacteria findings.

In our study, at least 14 known-sized areas (i.e., count fields) were randomly chosen
with no overlapping on the surface of the filter (the different approaches to choosing repre-
sentative measurement areas are in the Supplementary Information, Figure S1). Moreover,
a significant number of particles (250–350 particles per count field) were analyzed using
the PARTICLES WIZARD of the Omnic™ Picta™ software. The spectral background was
acquired on a clean point in each count field. The IR spectrum was retrieved for each
particle, and the spectral background was deduced; the resulting spectrum was then com-
pared with several reference libraries (the list of reference libraries is in the Supplementary
Information). In PARTICLE WIZARDS, particles were identified and counted when the
identification match percentage was ≥65%; when operating with this software section,
the optimal range of match percentage is between 65% and 75%. Moreover, particle sizes
(length and width) were collected using the Imaging of PARTICLE WIZARDS.
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The total number of SMPs and APFs per organism was then calculated according to
Equation (1) (modified from Corami et al., 2020b [13]):

Ntot

Specimen
=

(n ∗ F)
n specimens

(1)

where n = SMPs or APFs counted on every field, n specimens = the total number of
organisms analyzed, and F = count factor, calculated as follows:

F =
Total area of the filter

Area of a count field ∗ n count fields
(2)

The weight of microplastics per specimen can be calculated according to Equation (3)
(modified from Corami et al., 2020b [13]):

Wtot

specimen
=

Ntot∗V∗ρ
n specimens

(3)

where Wtot = total weight of SMPs or APFs, n specimens = the total number of organisms
analyzed, V is the volume of each particle calculated based on its AR, and ρ is the identified
polymer’s density, additive, plasticizer, etc.. The aspect ratio (AR); [13,32,33] is the ratio
between the maximum length (L) and the maximum width (W) of the smallest rectangle
(bounding box) enclosing the particle chosen with the Imaging of PARTICLE WIZARDS,
employed for the analysis. When the AR ≤ 1, particles are considered spherical; when the
AR ≤ 2, particles are elongated/ellipsoidal. When the AR ≥ 3, particles are considered
cylindrical. The volumes of SMPs and APFs can be calculated according to their geometrical
shape (i.e., sphere, ellipse, and cylinder).

2.5. Statistical Analysis

The abundance and distribution of SMPs and APFs, as well as their weights, are
expressed as the average number of particles per organism. Statistical analyses were
performed using STATISTICA software (TIBCO, Palo Alto, CA, USA). Fisher’s exact test
was performed to test whether the variances of the abundance of SMPs and APFs were
homogenous (F test, α = 0.05). After invalidation of the homogeneity of variances, non-
parametric statistical tests were performed to assess significant differences in the abundance
of ingested APFs, SMPs, and other components of the microlitter. While the Kruskal–
Wallis test (p < 0.05) was employed for multiples comparison, the Mann–Whitney U test
(p < 0.05) was performed for pairwise comparisons. Since particles’ abundance data are
count data, they follow a Poisson distribution [20,34,35]; Poisson’s confidence interval was
calculated accordingly.

3. Results

3.1. SMPs Ingested by Blackfly Larvae

SMPs and APFs were not detected on reagent and procedural blanks. Contamination
was minimized during all steps of the pretreatment and analysis.

The complete list of polymers identified and quantified is reported in Table 1. The
abundance of the SMPs ingested (n SMPs/organism) by the specimens of S. equinum and
S. ornatum in the two rivers under study is shown in Figure 2, while the weight of the
ingested SMPs is shown in Figure 3. The fiducial interval (FI, or confidence interval) was
calculated according to Poisson’s distribution.
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Table 1. List of the polymers identified and quantified in the specimens of S. equinuum and S. ornatum,
collected in the Treja and Mignone rivers.

HDPE High Density Polyethylene

PA Nylon 6

PFA Pefluoroalcoxy Fluorocarbon

PPA Polyphtalamide

PES Polyester

ECTFE Ethylene chlorotrifluoroethylene

PC/ABS Polycarbonate/Acrylonitrile Styrene Butadiene

ARAMID Aramid

PO Olefin fiber

PEAA-Zn Polyethylene acrylic acid copolymer—Zinc salt

EVOH Ethyl vinyl alcohol

MODACRILIC Modacrilic

PP Polypropylene

PEA Polyethylacrylate

PAA Polyarylamide

EPM Ethylene propylene rubber

PBA Polybutylacrylate

FKM Fluoroelastomer

PA 12 Grilamid tr 55

PTFE Polytetrafluoroethylene

BR Butadien rubber

Polymers with a wide range of densities were identified and quantified, e.g., from PP
(density = 0.9005 g cm−3) to PTFE (density = 2.2 g cm−3) and FKM (density = 2.1 g cm−3).
The match percentage (i.e., the correlation coefficient between the measured spectrum and
the reference spectrum for each polymer identified or the match %) was in the optimal
range (65–75%) for all of the identified polymers. Moreover, the match percentage of
several spectra identified in the analyzed samples was well above 75% of the optimal match
percentage (i.e., >85%, HDPE, PO, PP, PTFE). Some spectra are shown as examples in the
Supplementary Information (Figure S1). Only optimally identified SMPs (match % ≥ 65%)
were quantified.

The highest abundance of SMPs was shown by the S. ornatum collected in the Mignone
River (1101 ± 47 SMPs/organism) at almost five times higher than the abundance of the same
species collected in the Treja River (248 ± 22 SMPs/organism). Regarding S. equinum, the spec-
imens of the Mignone River showed the lowest abundance (144 ± 17 SMPs/organism) at al-
most 70% lower than the abundance of the same species in the Treja River
(462 ± 30 SMPs/organism).

Most of the SMPs ingested by the two species in the two rivers studied were less than
52 μm in length. According to their AR (Figure 4), ellipsoidal particles were prevalent for
all the polymers identified. The average length of particles in the Treja River, ingested
by S. equinum (46 μm), was higher than that of the S. ornatum (39 μm); in contrast, the
latter ingested larger particles in the Mignone River (52 μm and 42 μm for S. equinum and
S. ornatum, respectively).

11



Toxics 2022, 10, 383

Figure 2. The average abundance of SMPs per organism in the two species of blackfly larvae under
examination, Simulium equinum and Simulium ornatum (20 organisms per species for each sampling site
were analyzed). The fiducial interval according to Poisson’s distribution is reported for each species
in the sampling sites studied. The distribution of polymers ingested is shown as well. Complete
names of the polymers can be found in Table 1.

Figure 3. Weight of ingested SMPs (ng SMPs/organism) by S. equinum and S. ornatum collected in
the Treja and Mignone rivers.
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Figure 4. Aspect ratio (AR) of the polymers identified and quantified in specimens of S. ornatum
(a,c) and S. equinum (b,d) under examination. The number of the spheroid, ellipsoid, and cylinder
particle shapes is reported for the average abundance of each polymer identified and quantified via
microscopic counting.

3.2. APFs and Other Components of Micro-Litter Ingested by Blackfly Larvae

The same pretreatment method allowed for simultaneous extraction of the SMPs and
APFs, which were then filtered on the same filter. Afterward, APFs were quantified and
detected concurrently with SMPs in the same analysis via MicroFTIR.

The abundance of the APFs ingested (n APFs/organism) by the two species investi-
gated is shown in Figure 5. S. ornatum in the Mignone River showed the highest abundance
of APFs (1565 ± 56 APFs/organism) at almost four times higher than the abundance of
APFs in S. equinuum (442 ± 30 APFs/organism). The lowest abundance of APFs was
observed in the Treja River, once again in S. ornatum (358 ± 27 APFs/organism), while
S. equinum showed a comparable concentration (423 ± 29 APFs/organism) to that observed
in the Mignone River. The weights of the AFPs ingested by S. equinum and S. ornatum in the
two rivers are shown in Figure 6. The specimens showed approximately the same weight
of APFs (ng/organism), except for S. ornatum in the Mignone River, which showed the
highest weight of APFs (58 mg/organism). Rayon was the most represented among the
APFs observed.
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Figure 5. The average abundance of APFs per organism in the two species of blackfly larvae under
exam, Simulium equinum and Simulium ornatum (20 organisms per species for each sampling site was
analyzed). The distribution of ingested additives, plasticizers, and other microlitter components is
also shown. Rayon is a non-plastic synthetic fiber, which is preeminent in all the specimens studied.
Simuliidae can ingest larger particles if compressible; some rayon fragments in S. ornatum in the
Mignone River were >150 μm in length. The fiducial interval according to Poisson’s distribution is
reported for each species in the sampling sites studied.

Figure 6. Weight of ingested APFs (ng APFs/organism) by S. equinum and S. ornatum collected in the
Treja and Mignone rivers.

As noted for the AR of SMPs, the ellipsoidal shape was prevalent for APFs (Figure 7).
The average sizes of the APFs ingested by S. ornatum (length 70 μm, width 35 μm in the
Mignone River; length 69 μm, width 32 μm in the Treja River) were higher than those
ingested by S. equinum (length 55 μm, width 29 μm in the Mignone River; length 55 μm,
width 28 μm in the Treja River). It should be noted that the high abundance and amount of
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rayon observed in the S. ornatum in the Mignone river is due to the presence of fragments
higher than 150 μm in length.

Figure 7. Aspect ratio (AR) of the APFs identified and quantified in specimens of S. equinum
(a,c) and S. ornatum (b,d) under examination. The number of the spheroid, ellipsoid, and cylinder
particle shapes is reported for the average abundance of each particle identified and quantified via
microscopic counting.

4. Discussion

4.1. SMPs Ingested by Blackfly Larvae

The variances of polymer distributions for S. equinum and S. ornatum in the two rivers
were different (F test, α = 0.05); according to the non-parametric Kruskall–Wallis test, the
observed differences in the abundances and polymer distributions for both species in the
two rivers were statistically significant (p < 0.05). Statistical analysis (Mann–Whitney U test,
p < 0.05) showed that the differences in the SMPs’ observed abundances for the same species
in the two rivers under study were significantly different, just as the SMPs’ abundances of
the two species studied in the same river were also consistently dissimilar.

Specimens of S. ornatum showed a wider variety of polymers ingested than the or-
ganisms of S. equinum in the studied rivers. Several different factors (e.g., environmental,
chemical, biological, etc.) could affect the ingestion of SMPs by blackfly larvae. The ob-
served differences might be related to the type of polymer, the sources and pathways that
the specific polymer followed before entering the riverine water, and where the blackfly
larvae of the two species are located in these rivers.

The most abundant polymer was PA; this was followed by PO (maximum value for
S. ornatum in the Mignone River, 327 ± 14 SMPs/organism, 2464 ng/organism), which
has many usages in fabrics and textiles and may have diffuse sources. PA’s abundance in
the Treja River was 285 ± 19 SMPs per organism (3806 ng/organism) of S. equinum and
83 ± 7 SMPs per organism (786 ng/organism) of S. ornatum, while in the Mignone River,
PA’s abundances were 115 ± 14 SMPs/organism (4605 ng/organism) and
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344 ± 15 SMPs/organism (2464 ng/organism), respectively. Another polymer present
in all of the organisms in both rivers is PPA, primarily employed in electronics and electri-
cal equipment. As assumed for PAA and EPM ingested by S. ornatum in the Mignone River,
sources could also be diffuse for PPA. PES was ingested by the two species in the Treja
River and only by S. equinum in the Mignone River. It should be noted that the shapes of the
PES particles ingested by S. equinum were quite different, i.e., ellipsoidal and cylindric in
the Treja River, while ellipsoidal and spheroidal in the Mignone River; this might support
the notion that the pathways to the two rivers and the larval preference for the sizes of
ingested particles may be somewhat different.

Regarding fluorinated polymers, the two species in the Treja River ingested a variety
of them, i.e., PFA, ECTFE, and PTFE, while the S. ornatum in the Mignone River ingested
only FKM. As a group of polymers, fluorinated polymers are employed for several pur-
poses, from insulation to piping, waterborne coating systems, cookware, fabric and carpet
protection, and the mechanical and automotive industries, to name a few. The presence
and pathways of these polymers are a function of their widespread and extensive use; the
ingestion by blackfly larvae may have been affected by the fragments’ shape.

The ingestion of BR in S. ornatum in the Treja River should be highlighted; 70% of
this polymer is employed in the manufacturing of tires. Tire wear particles can enter the
environment through atmospheric transport, WWTP effluents, and road runoff, and then
accumulate in sediments and surface waters [36] where biota can ingest them.

Some other studies have dealt with the presence of MPs by riverine insects [10–12,37–43].
Some of these have dealt with the ingestion of MPs by riverine insects [10–12,40–43];
however, the insects studied were not Simulidae, and some studies were mainly exposure
experiments to few native polymers. Caddisfly cases (Trichoptera) from the same area of
the Mignone River were investigated for the presence of plastics [39]. Nevertheless, the
fragments studied had sizes (∼1 mm) well above those observed for the ingested SMPs by
the two species under examination here, and they were analyzed only by a visual exam
(microscopical examination); thus, the polymers were not properly identified.

The polymers identified and quantified in this study were neither virgin nor native;
they were discharged into the environment, and they reached the rivers through, e.g., atmo-
spheric transport, rains, winds, and soil runoff. They were finally ingested by S. equinum
and S.ornatum in the two rivers where specimens were collected.

Furthermore, a wide variety of polymers were identified and quantified thanks to
the pretreatment method, which allowed for the recovery of low-density polymers, e.g.,
PE and PA, and high-density polymers, such as PTFE and FKM. It should be highlighted
that the experimental conditions used for pretreatment did not affect particle size [19] and
made it possible to identify PA and other polymers unambiguously [7,19], which allows for
a more adequate and representative quantification of what is ingested by the organisms.

4.2. APFs Ingested by Blackfly Larvae

According to the Mann–Whitney U test, significant differences were observed for the
same species in the same rivers in the two rivers studied and for the two species in the same
river (p < 0.05). The variances of the APFs’ distributions for S. equinum and S. ornatum in the
two rivers were different (F test, α = 0.05). According to the non-parametric Kruskall–Wallis
test, the differences observed in abundance and distribution of APFs for both species in the
two rivers were highly statistically significant (p < 0.01).

Non-plastic synthetic fibers, i.e., rayon, and natural fibers, such as cellulose, are often
identified in several organisms [5,21,44–47]. Several lotic insects produce silk-like proteins
or silk, e.g., caddisflies, aquatic moths, and dipterans [48,49]. Rayon and silk-like proteins
were predominant in both species in the Treja and Mignone rivers. While the blackfly larvae
produce silk-like proteins, it should be noted that washing machine discharges can contain
rayon fragments, which are then released into the environment [50] after flowing through
wastewater treatment plants. Another potential source of rayon in the environment is the
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decomposition of cigarette butts unwisely abandoned by tourists in the woods at the most
visited places near the Treja and Mignone rivers.

However, additives and plasticizers are often overlooked. These compounds are added
to polymers to impart specific features and can be released into the environments when
plastic objects and macroplastics are broken into smaller fragments [51,52]; thus, they can
be employed as proxies of the presence of polymers. Moreover, additives and plasticizers
can exert toxic effects on biota [14]; therefore, the quantification and the identification
of these compounds are relevant for an in-depth knowledge of plastic pollution and the
potential hazards for biota in the whole trophic web.

Additives are, e.g., PMAA (polymethylacrylamide) employed as a flocculant in
wastewater treatment and coatings such as those found in specimens for both rivers (i.e.,
PEAA-Zinc); TBBA (tetrabromobisphenol A), employed as a flame retardant and present
in sewage sludge; and PMDI (methylene diphenyl diisocyanate), which is employed for
polyurethane manufacturing.

Cellulose ingested by the organisms might not be human-made but rather part of
the food they usually eat. The other compounds ingested by the organisms have the
most diverse usages. While Sulfar® is a fungicide used for vine cultivation, pyrrolidone is
employed in pharmaceutics and as an additive for inkjet cartridges; these compounds are
generally contained in plastic packaging, and their residues may have remained on plastic
fragments that were subsequently ingested. Zein is a component of biopolymers.

Due to their sizes (<50 μm in length), most of these compounds may reach the two
rivers alongside water leaving the treatment plants in the area (for instance, near the
sampling site at the Treja River, there is a wastewater treatment plant at Mazzano Romano).
It is worth noting that polyurethane was not found in the specimens collected, but the
specific additive PMDI was identified. Hence, additives and plasticizers may be significant
proxies of plastic polymers.

5. Conclusions

This study is the first to show that blackfly larvae (Simuliidae), members of a cos-
mopolitan insect family employed to test the quality of river waters via several status
assessment methods, can ingest SMPs and APFs in their own habitat. Moreover, this
is the first study to show that additives and plasticizers can be ingested by biota. The
quantification and identification of additives and plasticizers will be relevant to assessing
the MPs’ pollution and the potential threat they may pose to biota.

The pretreatment method allowed for retrieval of the ingested SMPs and APFs simul-
taneously and efficiently because the yield is >90%. Moreover, the pretreatment method
employed did not further denaturate the polymers that could be optimally identified,
as shown by the identification of PA; this polymer can be easily overlooked due to the
temperatures and aggressive reagents employed, resulting in an underestimation of the
actual MP abundance.

Statistically significant differences were observed intra-species in the abundance of
SMPs and APFs at both the Treja and Mignone sites under examination, which are used
to survey river water quality. Further, relevant statistical differences were observed inter-
species in each river under investigation. Based on these preliminary results, it is somewhat
difficult to address differences related to the feeding behavior of the larvae of these two
species in the two rivers studied; these differences may be related to several environmental,
ecological, biological, and chemical factors. However, the results of this study can be
relevant to further thorough studies of the various links among the factors mentioned above.

Investigating what has been ingested by the larvae of S. ornatum and S. equinum may
account for the environmental impacts, hazards, and threats that pollutants such as SMPs
and APFs may pose to biota and the good environmental quality status of river waters.
Since Simulidae are commonly used in biomonitoring to assess riverine waters’ ecological
conditions (European Water Framework Directive 2000/60/EC), these preliminary data
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could aid further in-depth investigations of blackfly larvae and their potential role as
bioindicators of microplastic pollution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics10070383/s1, Figure S1: Polymer spectra collected, as an
example, some of the spectra identified with match percentages greater than 85% are shown.
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Abstract: Microplastics have caused great concern in recent years. However, few studies have com-
pared the toxicity of different sizes of microplastics in fishes, especially commercial fishes, which
are more related to human health. In the present study, we revealed the effects of varying sizes
of microplastics on grass carp embryos and larvae using scanning electron microscopy (SEM) and
fluorescence imaging. Embryos were exposed to 80 nm and 8 μm microplastics at concentrations of 5,
15, and 45 mg/L. Toxicity kinetics of various sizes of fluorescent microplastics were analyzed through
microscopic observation in the larvae. Results found that nanoplastics could not penetrate the em-
bryo’s chorionic membrane, instead they conglutinated or aggregated on the chorion. Our results are
the first to explore the defense mechanisms of commercial fish embryos against microplastics. Larvae
were prone to ingesting their own excrement, resulting in microplastic flocculants winding around
their mouth. For the first time, it was found that excreted microplastics could be reconsumed by fish
and reaccumulated in the oral cavity. Microplastics of a certain size (1 μm) could be accumulated in
the nasal cavity. We speculate that the presence of a special groove structure in the nasal cavity of
grass carp larvae may manage to seize the microplastics with a particular size. As far as we know,
this is the first report of microplastics being found in the nasal passages of fish. Fluorescence images
clearly recorded the toxicity kinetics of microplastics in herbivorous fish.

Keywords: microplastic; grass carp; size; accumulation; re-consumption

1. Introduction

The last five years have witnessed a rapid surge of published articles on microplastic
pollution, which testifies to the great concern this pollutant has posed in recent
years [1,2]. Although first raised as an issue by Thompson et al., 2004 [3], microplas-
tics were first discovered in North America in the 1970s in the form of small spheres in
plankton off the coast of New England [4]. Subsequently, other researchers also found that
these tiny particles were not only in the aquatic environment [5–7], but also in soil [8,9],
organisms [10–12], and even in the atmosphere [13,14]. According to the US National
Oceanic and Atmospheric Administration (NOAA) in 2008, plastics smaller than 5 mm in
size were identified as microplastics (MPs) [15]. With the development of cognition and
technology, smaller microplastics were classified into nanoplastics (NPs). Although not
clearly defined, particles within 100 nm in scale were commonly referred to as nanoplas-
tics [16–18]. The 21st century has been called the age of plastics [19], largely because plastics
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are indispensable in contemporary life. Unfortunately, used plastics are not recycled or
managed well, resulting in an increasing amount of waste getting discarded into the envi-
ronment every year [20,21]. After physical, chemical, and biological degradation, plastics
turn into microplastics or nanoplastics, which have become a threat to the ecological envi-
ronment and human health [22,23]. People are now horrified by their huge numbers and
extremely worried about the potential threat microplastics pose when they enter living
organisms, because it means the plastics could threaten our health through the food chain,
and even through drinking and simply breathing [24–26].

Many researchers have focused on the impact of microplastics on aquatic organ-
isms, especially on algae [27–29] and shellfish [30,31], whereas relatively few studies have
been conducted on fish [32,33]. In addition to the type, shape, concentration, and color
of microplastics, particle size is one of the key factors influencing microplastics toxico-
logical effects [34–36]. In general, the smaller particle size, the more toxic they are to
organisms [16–18]. Specifically, on the one hand, microplastics with larger specific surface
areas can adsorb more pollutants, resulting in enhanced toxicity. On the other hand, the
smaller size of the microplastics, the longer they are retained in the body, increasing the
risk of potential damage. For example, Ivleva et al. (2017) found rapid accumulation of
<15 μm microplastics and concluded that smaller particles were of more concern than the
larger ones [37]. Both 0.05 and 10 μm microplastics increased oxidative stress in marine
copepod, but smaller microplastics raised more reactive oxygen species (ROS) [38]. The
growth and reproduction of copepod showed a size-dependent decline after exposure to
microplastics for 16 d [39]. These studies speculated that the effects of microplastics with
different sizes on organisms are different, and toxicity usually increases with decreasing
size. However, few studies compared the toxicity of varying sizes of microplastics in fish,
especially commercial fish. Commercial fish refers to fish that can be bought in the market
and cooked in the kitchen, and are more directly related to human health.

Compared to adult fishes, larvae are more sensitive to environmental stress [40,41].
Especially in its early stages, the pigment on the fish body surface is not fully formed, but the
fish can feed and swim freely, making them ideal specimens to study dynamic distribution
processes of microplastics in the body [42]. Fish eggs with lipophilic chorionic membranes
could be potential surfaces for increased microplastic deposition and accumulation. Both
periods (the larval and eggs) are critical for fish populations because of their high sensitivity
to pollutants [43,44]. Batel et al. (2018) found that smaller and heavier microplastics
(1–5 mm) accumulated in high numbers on the surface of zebrafish egg chorions [45].
Zhang et al. (2020) speculated that weak physical forces and/or electrostatic interactions
operated between the chorion membrane and microplastics [46]. Fluorescence images of
accumulation and egestion of microplastics in filter feeding tadpoles (Xenopus tropicalis)
were concentration dependent [47]. The impacts of microplastics on embryo and larval fish
can be directly reflected by fluorescence micrograph and SEM images. Our research group
have focused on the differences of toxicity kinetics of microplastics in larvae with three
feeding types and found that the effects of microplastics on fish were species-specific [42].
The results showed that the ingestion of microplastics in hybrid snakehead (carnivores) was
lower than that in bighead carp (filter feeders) and mrigal (omnivores), while mrigal larvae
were less effective to remove microplastics than bighead carp larvae. There is little research
available on herbivorous fish [48], since this species is fewer, and samples are hard to obtain.
However, grass carp (Ctenopharyngodon idella), as the typical representative of herbivorous
fish, is a commercial fish with the largest amount of aquaculture in China [49,50].

In the present study, grass carp embryo and larvae were the model organisms, and
different sizes of polystyrene microspheres were the exposure xenobiotics. Embryos at
12 h post fertilization (hpf) were exposed to 0.08 and 8 μm microplastics at various concen-
trations. In order to facilitate observation, green and red fluorescent microplastics were
selected to visually reflect the dynamic distribution processes of microplastics in larvae.
Toxicity kinetics of microplastics were analyzed through microscopic observation. This
is the first study to investigate the accumulation, distribution, and egestion of microplas-
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tics in grass carp larvae. Therefore, our results aimed at bridging the gap on effects of
microplastics in herbivorous fish.

2. Materials and Methods

2.1. Microplastics and Fish

We used microspheres with mean diameters of 0.08 and 8 μm (Dae Technology Co.,
Ltd., Tianjin, China) for the embryo toxicity assay, and fluorescent microspheres for larval
exposure and elimination experiments. Green fluorescent polystyrene microspheres (ex-
citation wavelength: 488 nm; emission wavelength: 518 nm) with mean diameters of 0.5
and 5 μm were purchased from Dae Technology Co., Ltd. (Tianjin, China). Orange fluo-
rescent polystyrene microspheres (excitation wavelength: 540 nm; emission wavelength:
580 nm) with mean diameter of 1 μm were bought from the same company. Red fluo-
rescent polystyrene microspheres (excitation wavelength: 620 nm; emission wavelength:
680 nm) with mean diameter of 5 μm were bought from Tianjin BaseLine ChromTech
Research Centre (Tianjin, China). SEM figures of all kinds of microspheres are shown in
Supplementary Figure S1.

The embryos of grass carp obtained from a stock farm in Qingyuan city, Guangdong
Province, China, were packed in oxygenated bags and transferred to the lab immediately.
They were then acclimatized in a 100 L glass tank prior to the exposure test. The dechlo-
rinated circulating water conditions were as follows: water temperature 25.4 ± 1.3 ◦C,
pH 7.0 ± 0.3, dissolved oxygen 6.5 ± 0.6 mg/L, and 14 h light/10 h dark photoperiod. The
animals used in the present study were cultured and sacrificed following the terms of use
of animals approved by the Animal Care and Use Committee of South China Agricultural
University (identification code: 20210236; date of approval: 27 May 2021).

2.2. Embryo Toxicity Assay

The experimental embryos of grass carp were all in organogenesis stage (12 hpf).
Microspheres with two sizes (0.08 and 8 μm) and at three concentrations (5, 15, and
45 mg/L) were used for the embryo toxicity assay. Each of the 15 embryos were assigned
to glass Petri dishes with a diameter of 5 cm containing 5 mL test solution at random.
There were two control groups that did not contain microplastics. The experiment was
repeated three times. A total of 360 individuals and 24 glass Petri dishes were used. Embryo
mortality was observed and recorded every two hours. The embryos were considered dead
when they turned white.

2.3. SEM Analysis of Embryo

After 2, 4, 6, and 8 h exposure, embryos were collected and analyzed as described
by [42,51], with slight modifications. The two sample preparation methods are as follows:
(a) critical point drying: embryos were fixed in 4% paraformaldehyde for more than 24 h,
rinsed thrice with 0.1 M phosphate-buffered saline (PBS, pH 7.4) for 15 min, and postfixed
with 1% osmium tetroxide for 1.5 h at room temperature. Dehydration was carried out
sequentially with ethanol concentrations of 30%, 50%, 70%, and 90% once for 10 min,
followed by 100% ethanol twice for 10 min. After dehydration, samples were replaced with
isopentyl acetate twice for 15 min, then dried in critical point desiccators (EP CPD300, Leica,
Germany) overnight and stored at room temperature for SEM analysis; (b) freeze drying
method: embryos were fixed in 3% glutaraldehyde for more than 24 h, and rinsed six times
with 0.1 M PBS for 20 min. The dehydration procedure was similar to method (a), followed
by replacement with tert-butanol twice for 20 min. After dehydration, embryos were dried
in a vacuum freeze dryer (ES2030, Hitachi, Japan) and stored at room temperature for SEM
analysis.

Before observation, samples were sputter-coated with an electrically conductive gold-
palladium alloy in vacuum via a High Vacuum Sputter Coater (Leica EM ACE600, Ger-
many). SEM images were taken with a Zeiss EVO MA 15 scanning electron microscope
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(Carl Zeiss AG, Jena, Germany) and FEI Verios 460 scanning electron microscope (Thermo
Fisher Scientific, Waltham, MA, USA).

2.4. Exposure and Elimination Experiment of Larvae

The experimental larvae were hatched from normal fertilized eggs in clean water. We
chose larvae that hatched after 24 h for the exposure and elimination experiment. They
were exposed to 10 mg/L microplastics with diameters of 0.5 and 5 μm (green fluorescent
microplastics) and 1 and 5 μm (red fluorescent microplastics), respectively, for four days.
During the experiment, five samples from each group were taken out every 12 h and rinsed
with clean water, and photographed under the fluorescence microscope (Nikon C-HGFI)
equipped with a Nikon SMZ18 camera.

For the elimination experiment, the remanent larvae were transferred into 200 mL
glass beakers containing clean water for four days. Each of the three samples were chosen
every 12 h, rinsed with clean water, and photographed as described before.

3. Results

3.1. Effects of Microplastics on Embryos

There were no significant differences in the survival rates of grass carp embryos among
all groups after 8 h exposure (Supplementary Figure S2). Even in a very high concentration
of microplastics (45 mg/L), embryos could still hatch normally. There was no difference in
morphology or fetal heart rate either.

3.2. Effects of Microplastics on Chorion Membranes

In order to maintain the stereoscopic morphology of the embryo, we used two sample
preparation methods for SEM analysis. Unfortunately, the size of the fertilized eggs of grass
carp was about 4 mm, and chorion membranes were shriveled or deformed to varying
degrees after drying (Supplementary Figure S3) due to the technical difficulty.

High-definition enlarged images showed that the membrane surface was uneven, and
there were many irregular protuberances (Figure 1). 80 nm microplastics were congluti-
nated or aggregated on the embryo chorion (Figure 2). The pore structures were observed
in some embryos (Figure 3), but whether they were caused by microplastics was unclear. In
critical point drying, the pores on the membrane surface appeared to be torn open to show
a fibrous structure (Figure 3C,D). In addition, rod-shaped bacteria appeared and attached
to some of the membrane surface (Supplementary Figure S4).

3.3. Uptake and Accumulation of Green Fluorescent Microspheres in Grass Carp Larvae

Grass carp larvae (about 9 mm in length) were observed to the microplastics exposure
experiment for four days. During the first 24 h of exposure, green autofluorescence was
observed in the thoracic cavity of the larvae, both in the control (Supplementary Figure
S5a,b) and exposed groups (Figure 4a,b). After three days of exposure, autofluorescence in
the larvae faded, leaving remnant fluorescence in the yolk sac. Photographs of the control
group under fluorescent lenses are shown in Supplementary Figure S5.

In the exposed group, 5 μm microplastics gradually accumulated in the intestines of
the larval grass carps from 36 h to 60 h (Figure 4c–e). However, from 72 h to 96 h, there
was no fluorescent signal in the intestines, and all the microplastics accumulated in the
oral cavity (Figure 4f–h). Under a brightfield microscope, obvious flocculation could be
observed around the oral cavity (Figure 4F–H).

In the exposed 72–96 h of 0.5 μm microplastics, the fluorescent particles in some of
the intestinal tracts were not removed (Supplementary Figure S6f–h), while most of the
microplastics accumulated in the oral cavity. The accumulation of 0.5 μm microplastics
during 36–60 h was similar with that of 5 μm microplastics (Supplementary Figure S6c–e).

24



Toxics 2022, 10, 76

Figure 1. High-definition enlarged images of chorion membranes of grass carp. (A–D) show different
parts of chorion membranes.

Figure 2. SEM images of the out-membrane surface of grass carp embryo after exposed to 80 nm
microplastics. (A–C) show different status of microplastics on membranes. (D) is a larger version
of (C).
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Figure 3. The pore structures of the out-membrane surface of grass carp embryo after exposed to
microplastics. (A–C) show different pore structures. (D) is a larger version of (C).

Figure 4. The larvae of grass carp after exposure to 5 μm green fluorescent microplastics. Photographs
were taken under a brightfield microscope (capital letters A–H) and green fluorescent microscope
(lowercase letters a–h). Observation time was labeled in the figure. Scale bar = 2 mm.

3.4. Uptake and Accumulation of Red Fluorescent Microspheres in Grass Carp Larvae

There was no red fluorescence in grass carp larvae of the control group
(Supplementary Figure S7). However, grass carp larvae after exposure to 5 μm red
fluorescent microplastics showed red autofluorescence in the thoracic cavity at 12–24 h
(Figure 5a,b). After 36 h of exposure, red fluorescence appeared in a strip shape, indicating
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that the 5 μm red fluorescent microplastic had entered the intestines of the larval grass carp
(Figure 5c–h). Autofluorescence in the thorax of grass carp was band-shaped. Unlike 5
μm green fluorescent microplastics, 5 μm red fluorescent microplastics accumulated in the
intestines during exposure.

3.5. Elimination of Green Fluorescent Microspheres in Grass Carp Larvae

The elimination test also lasted for four days. No fluorescent microplastics were
found in the intestines of grass carps in the control group (Supplementary Figure S8). As
shown in Supplementary Figure S9, after 4 days of exposure to 5 μm green fluorescent
microplastics, floccules and fluorescent substances around the oral cavity of the larval grass
carps did not disappear during four days of the elimination test, while the larvae could
swim normally. The cleaning situation was similar for larvae exposed to 0.5 μm green
fluorescent microplastics (Supplementary Figure S10). It is worth noting that grass carps in
the control group did not have flocculent entanglement near their mouths.

3.6. Elimination of Red Fluorescent Microspheres in Grass Carp Larvae

No fluorescent microplastics were found in the intestines of grass carps in the control
group (Supplementary Figure S11). We observed that 5 μm red fluorescent microplastics
accumulated in the intestines of grass carps during exposure. Over the elimination course of
48 h, microplastics were gradually removed from the intestines (Supplementary Figure S12a–d).
During the 60–96 h of elimination, red fluorescence mainly concentrated in the oral cavity
of grass carps, and floccules also appeared at this time (Supplementary Figure S12e–h).

The accumulation sites of 1 μm fluorescent microplastics were different from those of
5 μm fluorescent microplastics. At 24 h after exposure, red fluorescent signals appeared at
the nose of the larval grass carp (Figure 6a,b). After 36 h of exposure, 1 μm microplastics
gradually entered the intestines, but the red fluorescent signal in the nose was still not
eliminated (Figure 6c–h). Notably, after 96 h, microplastics seemed to be more concentrated
around the oral cavity (Figure 6h). Under a brightfield microscope, obvious floccules could
be observed (Figure 6H).

Orange fluorescent microplastics with 1 μm size in the grass carp intestines were
removed from the body at the early stage of the elimination experiment (within 12 h).
However, the fluorescence in the nose always existed (Supplementary Figure S13). The
close-up is shown in Figure 7. From the images of the larvae, we could not determine
whether the fluorescence was in the nasal region. Compared with the appearance of adult
grass carp (Supplementary Figure S14), we found that the nasal cavity of grass carp was
very obvious.
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Figure 5. The larvae of grass carp after exposure to 5 μm red fluorescent microplastics. Photographs
were taken under a brightfield microscope (capital letters A–H) and red fluorescent microscope
(lowercase letters a–h). Observation time was labeled in the figure. Scale bar = 2 mm.

 

Figure 6. The larvae of grass carp after exposure to 1 μm orange fluorescent microplastics. Pho-
tographs were taken under a brightfield microscope (capital letters A–H) and red fluorescent micro-
scope (lowercase letters a–h). Observation time was labeled in the figure. Scale bar = 2 mm.
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Figure 7. The larvae of grass carp after exposure to 1 μm red fluorescent microplastics. Photographs
were taken under a brightfield microscope (capital letters A,B) and red fluorescent microscope
(lowercase letters a,b). B/b is a larger version of A/a. Scale bar = 0.5 mm.

4. Discussion

4.1. Effects of Microplastics on Embryos

We studied the effects of microplastics of different sizes and varying concentrations
on grass carp embryos. Results showed that embryos at 12 hpf were not affected by mi-
croplastics with nano size or high concentrations. SEM photos showed that microplastics
centered and aggregated on the embryo chorion, but couldn’t penetrate into the interior.
Fertilization and development of fish eggs are in vitro. Nutrients needed for the devel-
opment of the embryo come from the yolk, and there is little need to obtain nutrients or
excrete waste from outside the embryo. During the development of the embryo, the dense
chorionic membrane structure is helpful for protection, since the fish eggs have to face
various environmental stresses. However, the function of irregular protuberances on the
membrane surface (Figure 1) was unclear, and adverse effects caused by the tiny particles
on chorion was unmeasurable. Our results were similar with [46], in which they also found
that microplastics could be adsorbed on the outer membrane surface making the membrane
layer irregular in zebrafish embryos after being exposed to 10 μm microplastics at 10 mg/L
for 48 h. They deduced that there were weak physical forces and/or electrostatic interac-
tions between the chorion membrane and microplastics. Another report showed that silver
nanoparticles with an average diameter of 11.6 nm were passively diffused into zebrafish
embryos through chorion pore canals [52]. However, most research results supported the
conclusion that no overt embryotoxicity occurred when nanoparticles aggregated on the
chorion of embryos [53].

Fish eggs can be divided into adhesive, pelagic, demersal, and floating eggs according
to their specific gravity and viscosity. The zygotes of zebrafish, a model organism commonly
used in the laboratory, are demersal eggs, which are characterized with a larger density
than water and a smaller yolk gap [46]. However, the zygotes of grass carps used in this
experiment are floating eggs, which are characterized by water absorption and expansion,
large perivitelline space, and suspension in the water layer [54]. The differences in the
surface chorionic membrane of various types of fish eggs might lead to the discrepancy in
conglutination of microplastics, which have not been studied thoroughly. This could be of
significant concern, and it is important to address the effects with individual differences.
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4.2. Effects of Microplastics of Different Sizes on Fish

The effects of 5 μm microplastics with green and red fluorescence exposure results
were not the same, which suggested the importance in the selection of microplastic ma-
terials. This is likely because different materials would obtain different experimental
results. Even when different groups of researchers use microplastics of the same size as
the material, cross-sectional comparisons should be treated with caution. Fluorescent dye-
labeled microplastics bring convenience to observation, but also create a certain confusion.
Catarino et al. (2019) found that manufactured fluorescent microplastics leached their
fluorophores, and fluorophores possibly accumulated in the zebrafish gut, rather than
the microplastics themselves [55]. By carefully comparing our experimental results with
those of Catarino et al. (2019), we confirmed that what entered the grass carp guts were
fluorescent microplastics, rather than fluorophores. The biggest difference was whether
they were distributed in bands or strips in the body. However, although it was confirmed
that they were the same particle size of 5 μm, the difference of toxicity kinetics in red and
green fluorescent microplastics during the exposure experiment could not be accounted for.
Commercial microplastic pellets, especially those with fluorescence, need to be carefully
selected and considered.

The green fluorescent microplastics sized 0.5 and 5 μm showed no size-dependent
effects. They both accumulated mainly in the digestive and oral tracts of grass carp larvae
via oral ingestion regardless of exposure and depuration time. In general, small particles
led to prolonged retention time and high bioavailability. A number of past results indicated
that uptake of microplastics in organisms significantly depended on particle size. For
example, Lu et al. (2016) found both 5 and 20 μm microplastics in the intestines and gills
of adult zebrafish, while only the smaller-sized microplastics in the liver [56]. In addition,
although no significant differences between histopathological changes were observed in
the tissues for fish exposure to the 70 nm and 5 μm microplastics, larger-sized microplastics
induced increased activities of superoxide dismutase (SOD) and catalase (CAT). Yang et al.
(2020) found that 70 nm microplastics could enter the epidermis more easily than 5 μm
microplastics in goldfish larvae, leading to muscle mesenchymal cell damage and nerve
fiber atrophy [57]. The size-dependence effects of 0.05, 0.5 and 6 μm microplastics on
rotifers were observed, such as reduction of growth rate, lifespan, and fecundity [39]. The
size range of microplastics causing differences of biological effects is species-specific, which
may be closely related to the organism’s own tissue structure. Future research should focus
on the interaction of microplastic size and the research object.

Interestingly, 1 μm orange fluorescent microplastics could accumulate in the nasal
cavity of grass carp larvae, and could not be removed once they entered. We suspect
that there is a special groove structure about 1 μm in the nasal cavity of grass carp larvae
which manage to seize the microplastics with the particular size. As far as we know, this
is the first report of microplastics being found in the nasal passages of fish. Recently, a
study reported the accumulation of 23 nm microplastics in the brain of juvenile grass carp,
which could cause multiple adverse effects, including impaired growth/development,
behavioral changes, and anti-predatory defensive response associated with oxidative
stress [58]. Another study found that microplastics were accumulated in gills close to blood
vessels, indicating the respiratory system as one of the main egestion ways for microplastics
in fish [59,60]. Microplastics with a diameter of 25 and 50 nm also accumulated in the
eye, which could either be from outer epidermal or internal biodistribution through the
intestinal epidermis [61]. The tissue specificity of microplastic accumulation in organisms
and the resulting potential harm need to be studied further.

4.3. Excretion and Re-Consumption of Microplastics

In the 96 h of exposure, 5 μm red fluorescent microplastics accumulated in the digestive
tract of grass carp larvae, and fluorescence intensity decreased during the elimination
experiment. However, the green fluorescent microplastics, whether 0.5 or 5 μm in size,
were excreted after 72 h exposure. The gut residence time of microplastics ingested by the

30



Toxics 2022, 10, 76

fish seemed to be related to the fluorescent dye, independent of the size. But the retention
time in rotifers likely correlated with the size of the microplastic [39]. The residence time
of microplastics in organisms may depend on the gut space of organisms and the type,
shape, size and concentration of the materials. The slow excretion of plastics might damage
or block the digestive tract, thus affecting food consumption and the energy acquirement
for vital functions. Moreover, longer retention times might prolong the negative effects.
Most laboratory toxicology experiments use regular, smooth microspheres as experimental
materials, which may have different residence times for experimental materials and field
samples (such as fibers or fragments). The residence time of microplastics in fish and their
effects are, however, still beyond our knowledge.

There was still strong fluorescent during depuration period, indicating that grass carp
larvae could re-accumulate feces containing microplastics in the oral cavity. For the first
time, it was found that excreted microplastics could be reconsumed by fish and reaccu-
mulated in the oral cavity. We suspect that the mechanism of why the re-accumulated
microplastics remained in the oral cavity is related to the mouth structure and fecal proper-
ties of grass carp larvae. The process of consuming-excreting-reconsuming microplastics
may increase the potential for bioaccumulation. Such a process of reconsuming was not
observed in the previous toxicity kinetics of carnivorous, omnivorous, and filter-feeding lar-
vae [42]. Although most commercial freshwater fishes in the larval stage are planktivorous,
the processes of uptake, accumulation, and elimination of microplastics are species-specific.
Studies have shown that feces excreted by organisms after microplastics exposure carried
microplastics, and changed the sedimentation rate, which was one of the major pathways
for vertical translocation. Cole et al. (2016) hypothesized a mechanism in which floating
plastics were transported out of surface water through a combination of microplastics and
fecal pellets [62]. They found that the sinking rate of fecal pellets incorporated within
microplastics decreased by 2.25-fold because of the reduction in density. However, another
study pointed out that excreted polyethylene microplastics coated by intestinal liquids
resulted in aggregation and sinking [36]. More studies are needed to further explain the
deposition and transportation mechanisms of microplastics.

5. Conclusions

This study aimed to reveal the effects of varying microplastic particle sizes on grass
carp embryos and larvae from the perspective of SEM and fluorescence imaging. The results
showed that nanoplastics could not penetrate the chorionic membrane of the embryos, but
could conglutinate and aggregate on the chorion. A high concentration of microplastics
exposure did not affect the development of embryos during organ formation. Toxicity
kinetics from green and red fluorescence microplastics with the same particle size (5 μm)
exposure were unexpectedly different. Feces containing microplastics reaccumulated into
the oral cavity. Green fluorescent microplastics of 0.5 and 5 μm showed no size-dependent
effects. Microplastics of 1 μm accumulated in the nasal cavity. Further studies should pay
more attention to the choice of microplastics as the materials and the fish as the model
organisms.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics10020076/s1, Figure S1: SEM figures of all kinds of polystyrene
microspheres: 5 μm green fluorescent microplastics (A); 0.5 μm green fluorescent microplastics (B);
5 μm red fluorescent microplastics (C); 1 μm orange fluorescent microplastics (D). Figure S2: The
survival rates of grass carp embryos among all groups when exposure to 8 μm (A) and 80 nm (B)
microspheres. Figure S3: Chorion membranes of grass carp after drying. The size of microplastics
and exposure time are shown in the figure. Figure S4: Rod-shaped bacteria were attached to some of
the membrane surface. Figure S5: The control group in brightfield microscope (capital letters) and
green fluorescent microscope (lowercase letters). Observation time was labeled in the figure. Scale bar
= 2 mm. Figure S6: The larvae of grass carp after exposure to 0.5 μm green fluorescent microplastics.
Photographs were taken under a brightfield microscope (capital letters) and green fluorescent micro-
scope (lowercase letters). Observation time was labeled in the figure. Scale bar = 2 mm. Figure S7: The
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control group in brightfield microscope (capital letters) and red fluorescent microscope (lowercase
letters). Observation time was labeled in the figure. Scale bar = 2 mm. Figure S8: The control group
during elimination test in brightfield microscope (capital letters) and green fluorescent microscope
(lowercase letters). Observation time was labeled in the figure. Scale bar = 2 mm. Figure S9: The
larvae of grass carp after depurating from 5 μm green fluorescent microplastics. Photographs were
taken under a brightfield microscope (capital letters) and green fluorescent microscope (lowercase
letters). Observation time was labeled in the figure. Scale bar = 2 mm. Figure S10: The larvae of
grass carp after depurating from 0.5 μm green fluorescent microplastics. Photographs were taken
under a brightfield microscope (capital letters) and green fluorescent microscope (lowercase letters).
Observation time was labeled in the figure. Scale bar = 2 mm. Figure S11: The control group during
elimination test in brightfield microscope (capital letters) and red fluorescent microscope (lowercase
letters). Observation time was labeled in the figure. Scale bar = 2 mm. Figure S12: The larvae
of grass carp after depurating from 5 μm red fluorescent microplastics. Photographs were taken
under a brightfield microscope (capital letters) and red fluorescent microscope (lowercase letters).
Observation time was labeled in the figure. Scale bar = 2 mm. Figure S13: The larvae of grass carp
after depurating from 1 μm red fluorescent microplastics. Photographs were taken under a brightfield
microscope (capital letters) and red fluorescent microscope (lowercase letters). Observation time was
labeled in the figure. Scale bar = 2 mm. Figure S14: The appearance of adult grass carp. The area
marked in the red box is the nasal cavity.
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Abstract: Plastic pollution and invasive species are recognised as pervasive threats to marine bio-
diversity. However, despite the extensive on-going research on microplastics’ effects in the biota,
knowledge on their combination with additional stressors is still limited. This study investigates
the effects of polyamide microplastics (PA-MPs, 1 mg/L), alone and in combination with the toxic
exudate from the invasive red seaweed Asparagopsis armata (2%), after a 96 h exposure, in the mussel
Mytilus galloprovincialis. Biochemical responses associated with oxidative stress and damage, neu-
rotoxicity, and energy metabolism were evaluated in different tissues (gills, digestive gland, and
muscle). Byssus production and PA-MP accumulation were also assessed. Results demonstrated
that PA-MPs accumulated the most in the digestive gland of mussels under PA-MP and exudate
co-exposure. Furthermore, the combination of stressors also resulted in oxidative damage at the
protein level in the gills as well as in a significant reduction in byssus production. Metabolic capacity
increased in both PA-MP treatments, consequently affecting the energy balance in mussels under
combined stress. Overall, results show a potential increase of PA-MPs toxicity in the presence of
A. armata exudate, highlighting the importance of assessing the impact of microplastics in realistic
scenarios, specifically in combination with co-occurring stressors, such as invasive species.

Keywords: invasive macroalgae; bivalves; marine debris; oxidative stress; energy balance;
byssus production

1. Introduction

Marine environments represent an important life support system and one of the most
complex ecosystems [1]. Nevertheless, biodiversity and marine resources are increasingly
endangered due to pollution and other anthropogenic issues associated with the fast pace
of human population growth and the development of the economy. The introduction of
non-native marine species, overfishing, global climate change, and habitat destruction and
modification are key pressure points, especially in coastal areas [2].

Global plastic production has increased dramatically in recent years, reaching almost
370 million tonnes in 2019 [3], raising growing scientific and societal concerns. In particular,
microplastics (MPs: <5 mm in size) are an emerging environmental issue that accounts for
the major percentage of plastic litter, having been detected in many environmental matri-
ces [4]. These polymers are introduced in marine ecosystems through multiple pathways,
such as direct disposal, airborne dispersal, terrestrial runoff, and riverine flow [5,6]. MP
levels are expected to range between <0.0001 and 1.89 mg/L in the marine environment [7].
However, as these particles undergo continuous fragmentation, and considering that most
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surveys do not detect particles <300 μm, the concentrations found in the environment are
probably underestimated [8]. Several studies have observed that MPs are widely available
to the marine food web [9], as they are very similar in size to various organisms in the
planktonic and benthic communities [9]. The intake of MPs can occur via gills or through
direct consumption (i.e., particle ingestion) or indirectly (i.e., via trophic chains) [6,10].
Therefore, the bioavailability of MPs to marine biota is the primary environmental risk
associated with this pollutant [9,11]. In this regard, filter-feeding marine organisms, such as
bivalves, are probably among the most impacted groups, since they can involuntarily ingest
these synthetic materials along with the natural food items while feeding by constantly
filtrating substantial volumes of seawater [12]. Once ingested, small-sized MPs can be
taken up into the cells by endocytosis and are accumulated or translocated to different
tissues in the organisms [13–15]. MP intake may, therefore, lead to histological alterations,
inflammatory reactions, and ecotoxicological responses at cellular, molecular, and biochem-
ical levels, as they are responsible for detrimental modulations of biological functions, such
as reproduction, growth, survival, and feeding [9,16].

There are different types of plastic polymers and one of the most common groups
includes polyamides (PA) [17], which are important engineering plastics often used in
domestic and automotive industries [18] due to their high durability and resistance. Fur-
thermore, these particles may be released from fishing gear and aquaculture facilities [6,19],
and are frequently detected in coastal waters, including biotic [20,21], water [22], and
sediment compartments [23]. PA particles can be found from the intertidal to the subtidal
environments [24], as they have a density similar to seawater, allowing them to remain
suspended in the water-column [10], remaining available as a “food item” for filter-feeding
marine organisms.

The proliferation of invasive species has also been a major cause of concern in marine
ecosystems, posing a threat to biodiversity and potentially leading to severe alterations in
the functioning and structure of the ecosystem. In particular, marine macroalgae constitute
the main component of introduced biota, with a current global estimate varying from 163
to over 300 species [25]. The northeast Atlantic and the Mediterranean coasts support the
largest number of macroalgae introductions [26], with the main human-mediated vectors
responsible for their transport being maritime traffic (e.g., hull fouling, ballast waters),
aquaculture, and aquarium trade [27]. Once non-native macroalgae spread beyond their
natural distribution through human activities and become successfully established, they
are defined as invasive [28], competing with native species, and potentially leading to their
displacement. Invasive species may also modify habitats and their structure, promoting
biodiversity loss, and creating cascading effects or changes in the food chain [29], which
may cause significant ecological and economic damages [30]. Asparagopsis armata Harvey,
1855 is a red seaweed native to Southern Australia and New Zealand [31], first described in
the Atlantic and Mediterranean coasts in the 1920s [32], as it is widely distributed from the
British Isles to Senegal [33,34], including the Azores Islands and mainland Portugal [35,36]. It
is globally known for strong invasive behaviour due to its type of life cycle (leading to fast
and vast propagation mainly due to its free-living stage) and lack of predators in the invaded
habitat [37]. Exudation of secondary metabolites, including halogenated compounds such as
haloforms, haloketones, and haloacids, constitutes a chemical defence mechanism that is a key
aspect for A. armata invasiveness by becoming unpalatable for predators [38,39]. Thus, this
seaweed has been considered an important source of bioactive metabolites with antibacterial
and antifungal properties [40], and some were also found to have mutagenic and cytotoxic
effects [41]. This red macroalga is mainly found from the low intertidal to the shallow subtidal
zone [42], often attached to the substrate or drifting, and tend to concentrate in rock pools
during low tide [43]. In this type of environment, such chemical compounds, once exuded
into the water, may be potentially toxic and pose a threat to native biota [43]. Some previous
studies have already devoted attention to the impact of A. armata exudate on the surrounding
biota. For instance, exposure to A. armata halogenated metabolites caused physiological
impairment on the crustacean Palaemon elegans, the gastropod Gibbula umbilicalis, and the
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mussel Mytilus galloprovincialis [43–45]. Low exudate concentrations were also found to reduce
feeding activity of G. umbilicalis and M. galloprovincialis as well as the byssal production and
strength of M. galloprovincialis [44,45]. Moreover, a tendency of an increasingly toxic action of
the exudate was observed in M. galloprovincialis under a warming temperature scenario [46].

Mussels are abundant, widespread bivalves, and key players within marine trophic
chains, being frequently selected as sentinel organisms and used in ecotoxicological studies
for monitoring coastal environments as representative of low-trophic level organisms [47].
The mussel M. galloprovincialis is considered an ecologically important organism in coastal
waters and is frequently used as a bioindicator of MP pollution in marine environments [4].
The sedentary and suspension filter-feeding behaviours of this mussel species translates in
a great capacity to uptake and accumulate many contaminants, consequently providing a
specific response that reflects the effects of different perturbations [48]. Furthermore, this
species represents an important link between benthic and pelagic ecosystems [4] and forms
dense monolayered and multi-layered beds attached to the hard substrate along intertidal
rocky shores providing habitat structures and shelter to various organisms, increasing
habitat complexity and enhancing the biodiversity [49]. M. galloprovincialis also has a high
socio-economic value, representing an important food resource globally consumed by
human populations due to its nutritional relevance, hence representing one of the most
harvested and produced species, particularly in Portugal [50].

Considerable investigations have been carried out on the effect of different MPs in
the mussel, M. galloprovincialis [4,12,14,48,51], but none studied the consequence of this
exposure in co-occurrence with the exuded compounds from an invasive seaweed. The
presence of different stressors in the environment may lead to complex interactions and
scenarios that need to be taken into account when evaluating their impact in order to iden-
tify realistic scenarios of exposure. Furthermore, despite being a commonly found polymer
in coastal waters [20–22], there is a knowledge gap of the effect of PA-MPs in marine
organisms. In this sense, the present study aimed to evaluate the consequences of PA-MP
exposure in the mussel M. galloprovincialis and assess the influence of A. armata exudate
on the impacts caused by this polymer. Physiological responses, including byssal thread
production, oxidative damage, antioxidant defences, enzymatic activity for cholinergic
neurotransmission, energy production, and metabolism, were measured.

2. Materials and Methods

2.1. Asparagopsis armata Sampling and Exudate Production

The red macroalga A. armata (gametophyte phase) was collected by hand through
free diving in the subtidal zone at the Terceira Island in Azores (Portugal) (38◦38′59.2′′ N,
27◦13′16.4′′ W). After collecting, the macroalgae were kept in aerated seawater tanks until
the next day and packed in sealed containers to be transported to the laboratory in Aveiro
(Portugal). Upon arrival, A. armata was immediately cleared from any perceptible associated
fauna and debris. Afterwards, they were allocated to a tank with artificial seawater (marine
RedSea® Salt premium grade) in a 1:10 proportion (salinity: 35 ± 1, pH: 8.0 ± 0.1, tempera-
ture: 20.0 ± 0.5 ◦C) in the dark and with no aeration for 24 h to produce the exudate, adapted
from [45]. Algae were then removed from the tank and the resulting media (considered as
the stock solution, representing 100% of exudate) was preserved at −20 ◦C. When needed,
the exudate was slowly defrosted in the dark at 4 ◦C, and used at a 2% concentration, chosen
according to previous sublethal toxicity test results [45].

2.2. Mytilus galloprovincialis Sampling and Acclimation

In December 2020, adult specimens of M. galloprovincialis (4.2 ± 0.1 cm shell length)
were harvested by hand, on the intertidal rocky shore of the Barra of Aveiro in Portugal
(40◦38′38.8′′ N, 8◦44′44.6′′ W), during low tide. Mussels were measured with a pachymeter in
the field and then transported to the laboratory, where the shell surface was gently scraped to
remove algae, encrusting organisms, and debris. Afterwards, M. galloprovincialis individuals
were allowed to depurate and acclimate during seven days in glass aquariums that contained
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aerated artificial seawater (salinity: 30.0 ± 0.5; temperature: 19.0 ± 0.5 ◦C; pH: 8.0 ± 0.1;
dissolved oxygen: 8.0 ± 0.5 mg/L; oxygen saturation: >80%, measured with WTW portable
meters, Weilheim, Germany) in a recirculating aquatic system (a flow-through system ensured
continuous seawater renewal), with a 14 h light:10 h dark photoperiod.

2.3. Microplastic Preparation

Polyamide microplastics (PA-MP, mean size: 30–50 μm, irregularly shaped, density:
1.14 g/cm3; CAS 32131-17-2, Figure S1) were generously provided by a company that
chose to remain anonymous. A stock solution (100 mg PA-MP/L) was prepared in artificial
seawater (salinity: 30; RedSea® Salt premium grade mixed with reverse osmosis water)
previously filtered (0.45 μm pore size). This PA-MP solution was allowed to equilibrate
for 96 h at 50 rpm at room temperature in the dark. A solution containing only artificial
seawater to be used in the treatments without PA-MPs was prepared and left to shake in
the same conditions. The final concentration was achieved by adding 5 mL of the stock
solution to the test vials containing 495 mL of seawater, resulting in a final concentration of
1 mg/L, which fits within realistic environmental MP concentrations [7]. In the treatments
without PA-MP, 5 mL of the aged artificial seawater were also added.

2.4. Experimental Setup

After acclimation, 48 mussels were exposed for 96 h to the following treatments:
(i) control (artificial seawater only); (ii) A. armata exudate (2% concentration); (iii) PA-MPs
(1 mg/L); and (iv) A. armata exudate (2%) and PA-MPs (1 mg/L), simultaneously. The
96 h exposure was selected in accordance with American Society for Testing and Materials
E729-96 [52]. For each treatment (control; exudate exposure; PA-MP exposure; and exudate
and PA-MP exposure), 12 replicates were used with 1 mussel placed individually in 1 L
glass flasks containing 500 mL of aerated test medium (static exposure). Seven replicates
were used for the biomarkers’ analysis, and the remaining five replicates were used for
PA-MP quantification. The physical–chemical test parameters were maintained at salinity—
30.5 ± 0.3, temperature—18.0 ± 0.3 ◦C, pH—8.0 ± 0.2, dissolved oxygen—8.0 ± 0.5 mg/L,
oxygen saturation—>83%, and a 14 h light:10 h dark photoperiod was used. After the 96 h of
exposure, the soft tissues of each mussel were removed using a scalpel and tweezers. Tissue
samples (gills, muscles, and digestive gland) for the biomarkers analysis were individually
stored and weighed in microcentrifuge tubes, frozen in liquid nitrogen and subsequently
stored at –80 ◦C prior to further analysis. Samples for the PA-MP quantification (gills and
digestive gland) were kept in small glass flasks (for the microplastic quantification) and
preserved at −20 ◦C.

2.5. Digestion of Mussel Tissues and Microplastic Quantification

The digestion and filtration procedures were adapted from the method developed by
Prata et al. [53].

A 10% potassium hydroxide (KOH) (w/v ≥ 85%, Fisher Scientific, Loughborough, UK,
CAS 1310-58-3) solution (100 g of KOH pellets dissolved in 1000 mL Milli-Q ultra-pure
water) was freshly prepared and used to digest the mussels’ tissues. Ten mL of the KOH
solution were added to each glass flask containing the samples, covered with aluminium
foil, and incubated at 50 ◦C for 48 h. After the incubation period was over, the filtration of
the samples followed.

The samples were heated to boiling just before being filtered to improve the solubility
of fats and soaps and, consequently, the filtration rates. Then, samples were vacuumed
filtered onto glass microfiber filters (47 mm Ø; 1.2 μm pore size, Prat Dumas, Couze-St-
Front, France), washed with 50 mL of boiling Milli-Q ultra-pure water, followed by the
addition of 10 mL of acetone (99.5+%, Fisher Scientific, Loughborough, UK, CAS 67-64-1).
Samples were then incubated for 10 min and washed with ultra-pure water.

To assure quality control during testing, the glassware was acid-washed and rinsed
with Milli-Q ultra-pure water; procedural blanks (1 per every 10 samples) were prepared
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with the KOH solution and received the same treatment as the other samples; for digestion,
tissue samples were prepared and handled under a laminar flow chamber.

After drying, each glass fibre filter of each sample (including blanks) was observed
under a stereomicroscope (Zeiss, Stemi 2000, Jena, Germany), and the number of PA-MP
particles was visually counted. All fibres were discarded from the analysis. In case of any
doubt, PA-MPs were confirmed by applying the method of hot needle [54]. The number of
PA-MPs is presented as the number of counted particles/g tissue/organism.

2.6. Biomarker Analysis
2.6.1. Sample Preparation

Samples of M. galloprovincialis tissues (gills, muscles, and digestive glands) were
individually homogenised on ice through sonication (10% pulse mode, 250 Sonifier, Branson
Ultrasonics, Danbury, CT, USA) using 1500 μL 0.1 M K-phosphate buffer, pH—7.4. Muscle
samples to be analysed for energy metabolism were homogenised using the same procedure
in 1500 μL ultra-pure water.

After homogenisation, one aliquot from each gill, digestive, and muscle replicate
was stored with 4% butylated hydroxytoluene (BHT) in methanol to evaluate the lipid
peroxidation (LPO). Aliquots for protein carbonylation (PC) determination were also stored.
The remaining homogenate of gills and digestive samples was centrifuged for 15 min
at 10,000 g (4 ◦C), and the obtained post-mitochondrial supernatant (PMS) was divided
into microtubes and kept in −80 ◦C for posterior analysis of catalase (CAT), glutathione
S-transferase (GST), and acetylcholinesterase (AChE) activities, and total glutathione (tGSH)
content. The PMS from the muscle homogenate was used for determining AChE activity in
this tissue.

Aliquots of muscle homogenates were also stored for the analysis of lactate dehydro-
genase (LDH) activity, proteins, lipids, and sugars contents, and electron transport system
(ETS) activity.

Biomarkers determinations were done in micro-assays set up in 96-well flat bottom
plates and read spectrophotometrically (Microplate reader MultiSkan Spectrum (Thermo
Fisher Scientific, Waltham, MA, USA).

2.6.2. Oxidative Stress and Neurophysiological Biomarkers

The protein concentration of PMS was determined according to the Bradford method [55],
using bovine-globulin as a standard. The Ellman’s method [56], adapted to the microplate [57],
was applied to measure acetylcholinesterase (AChE) activity, using acetylthiocholine as sub-
strate and following the absorbance increase at 412 nm. Catalase (CAT) activity was measured
in the PMS by following the decomposition of the substrate hydrogen peroxide (H2O2) at
240 nm [58]. Glutathione-S-transferase (GST) activity was measured in PMS after the conjuga-
tion of reduced glutathione (GSH) with 1-chloro-2,4-dinitrobenzene (CDNB) at 340 nm [59].
The total glutathione (tGSH) content was determined in the PMS fraction using the recycling re-
action of GSH with 5,50-dithiobis-(2-nitrobenzoic acid) (DTNB) in the presence of glutathione
reductase (GR) excess at 412 nm [60–62]. To determine endogenous lipid peroxidation (LPO)
thiobarbituric acid-reactive substances (TBARS) were measured at 535 nm [63]. Protein car-
bonylation (PC) was quantified at 450 nm based in the reaction of 2,4-dinitrophenylhydrazine
(DNPH) with carbonyl groups, according to the DNPH alkaline method [64]. Lactate de-
hydrogenase (LDH) activity was determined by following the NADH oxidation caused by
pyruvate consumption, as it leads to the decrease of absorbance at 340 nm [65], adapted to
the microplate [66].

2.6.3. Cellular Energy Allocation (CEA)

CEA value is obtained from the ratio between Ea, the energy available (the sum of pro-
teins, lipids, and sugar contents), and Ec, which is aerobic energy production (estimation of
ETS activity). The CEA and ETS activity were determined based on the methods described
by De Coen and Janssen [67], slightly modified for the microplate [68].
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Total lipid content in muscle tissue was determined by adding chloroform, methanol,
and ultra-pure water in a 2:2:1 proportion. In the organic phase of each sample, sulfuric
acid (H2SO4) was added, followed by an incubation period of 15 min at 200 ◦C, and the
absorbance was measured at 375 nm using tripalmitin as a lipid standard. To determine
the carbohydrate and protein contents, 15% thiobarbituric acid (TCA) was added to 300 μL
of homogenate and incubated for 10 min at −20 ◦C. Carbohydrate quantification was
performed in the supernatant by adding 5% phenol and H2SO4 to the samples, and the
absorbance was read at 492 nm, using glucose as a standard. For total protein content
quantification, the remaining pellet was resuspended with 1 M NaOH (incubated for 30 min
at 60 ◦C) and then neutralized with 1.67 HCl. Total protein content quantification followed
the Bradford’s method [55], using bovine serum albumin as a standard and measuring
absorbance at 520 nm. Proteins, lipids, and sugar fractions were converted into energetic
equivalent values using the corresponding energy of combustion: 24,000 mJ/g, 39,500 mJ/g,
and 17,500 mJ/g, respectively [69].

Electron transport system (ETS) activity was evaluated using the INT (Iodonitrotetra-
zolium chloride) reduction assay by measuring the rate of INT reduction in the presence of
the non-ionic detergent Triton X-100, at 490 nm. The stoichiometric relationship in which
for 2 μmol of formazan formed, 1 μmol of oxygen is consumed was applied to calculate
the cellular oxygen consumption rate. The final Ec value was converted into an energy
equivalent using the specific oxyenthalpic equivalent for an average lipid, protein, and
carbohydrate mixture of 480 kJ/mol O2 [69].

2.7. Byssal Thread Production

The quantity of produced byssal threads was assessed as a physiological biomarker.
Once the 96 h exposure period for the different treatments (0% exudate; 2% exudate; PA-
MPs; and 2% exudate and PA-MPs) ended, the number of functional byssus produced by
each M. galloprovincialis individual was counted, according to Coelho et al. [45]. For this
evaluation, all 12 replicates were used.

2.8. Statistical Analysis

The statistical analysis of data and graphical representations of results was performed
using IBM SPSS Statistics 27 and GraphPad Prism 9 for Windows. Data normality and
homoscedasticity were assessed on the residuals, using the Shapiro–Wilk Test (p > 0.05) and
the Levene’s Test (p > 0.05), respectively. For variables not showing a normal distribution
or homoscedasticity, data were square root (CAT, GST, LPO, AChE, tGSH, AChE, LDH,
and AChE in the muscle) or log-transformed (lipid content, ETS activity, Ea, and PA-MP
quantification in the digestive gland).

Parametric t-tests were performed to evaluate differences in the number of PA-MP
particles per tissue between treatments exposed to PA-MP. One-way analysis of variance
(ANOVA) with a post hoc Dunnet’s test was used to investigate treatment-dependent
effects on byssus production. Effects on biochemical responses among A. armata exudate,
PA-MPs and their interactions after exposure were evaluated through two-way ANOVA,
using A. armata exudate and PA-MPs as factors (IBM SPSS Software, Armonk, NY, USA).
The post hoc Šídák’s test was used to perform multiple comparisons and identify significant
differences between treatments (GraphPad Software, CA, USA). Data were presented as
mean value (mean) ± standard error of mean value (SEM).

3. Results

3.1. Polyamide Microplastics Quantification

PA-MP particles were found mainly in the digestive gland and, at a lesser amount, in
the gills (Table 1). Despite the observed increase in the number of particles between the
PA-MP treatment and the combined exposure, this difference was not significant (p > 0.05).
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Table 1. Number of polyamide microplastics (PA-MPs) per gram of tissue (gills and digestive gland)
in Mytilus galloprovincialis exposed to PA-MPs and PA-MPs together with A. armata exudate. All
values are presented mean ± SEM. ww = wet weight.

Tissue
Number of Particles per Gram Tissue (ww)

PA-MP PA-MP + Exudate

Gills 6.97 ± 3.08 11.95 ± 4.83
Digestive gland 35.04 ± 16.09 62.25 ± 25.98

3.2. Oxidative Stress and Neurophysiological Biomarkers

In the gills, a significant effect of PA-MPs factor was observed for CAT activity of
exposed mussels (Table S1); however, despite the observed tendency to decrease CAT
activity, the post hoc test could not discriminate significant differences among the several
treatments (Figure 1a). Considering the GST activity (Figure 1b), no significant changes in
the presence of A. armata exudate, PA-MPs, or even by the interaction between A. armata
exudate and PA-MPs were observed (Table S1). On the other hand, significant effects
were observed in the levels of tGSH in the presence of PA-MPs and in mussels exposed
to both stressors, reflected by the significant interaction between A. armata exudate and
PA-MPs (Table S1). Specifically, there were significant differences within the 2% exudate
concentration (p < 0.05); i.e., the tGSH levels exhibited a decrease in the mussels exposed to
exudate in the presence of PA-MPs, when compared to the single exposure of A. armata
exudate (Figure 1c).

Regarding the oxidative damage in the mussel gills, no changes in PC levels were
observed in mussels exposed to PA-MPs and A. armata exudate; however, the interaction
between these factors significantly affected PC levels (Table S1). Furthermore, PC levels
demonstrated a significant difference in mussels exposed to the 2% exudate concentration
(p < 0.05), with increased values in the exposure to A. armata exudate in the presence of
PA-MPs, when compared to the 2% exudate treatment (Figure 1d). A significant difference
within the 1 mg PA-MP/L (p < 0.05) was also verified, whereas the exposure to PA-MPs in
the presence of 2% exudate exhibited superior PC levels when compared with the exposure
to PA-MPs without exudate (Figure 1d). On the other hand, LPO was not significantly
affected by A. armata exudate, PA-MPs, or their interaction (Table S1, Figure 1e). Regarding
neurotoxicity, none of the experimental treatments resulted in significant effects (p > 0.05)
in the AChE activity (Table S1, Figure 1f).

In the digestive gland, no significant effects (p > 0.05) of A. armata exudate exposure
or PA-MPs were observed in CAT activity; however, the interaction of these two factors
resulted in a significant alteration (p < 0.05) in CAT activity (Table S2). Despite that, the post
hoc tests did not detect statistical differences among treatments (Figure 2a). Considering the
GST activity and tGSH levels, no significant effects (p > 0.05) of A. armata exudate exposure,
PA-MPs, and their interaction were observed (Table S2, Figure 2b,c)

Considering the oxidative damage in the mussels’ digestive gland, no significant al-
terations (p > 0.05) in PC levels were observed when organisms were exposed to A. armata
exudate, and no interaction of A. armata exudate and PA-MPs was observed either (Table S2).
However, the PC levels were significantly affected in mussels exposed to PA-MPs (p < 0.05,
Table S2). The post hoc test revealed significant differences within the 2% exudate concentra-
tion (p > 0.05) in the levels of PC. A significant increase of PC levels was verified in mussels
exposed to 2% exudate in the presence of PA-MPs, when compared to the single exposure of
A. armata exudate without PA-MPs (Figure 2d). As observed in gills, LPO levels did not exhibit
alterations in the digestive gland in none of the treatments (p > 0.05, Table S2, Figure 2e).
Finally, the exposure to A. armata exudate and PA-MPs did not interfere with the activity of
AChE, and there was no interaction between the two tested stressors (p > 0.05, Table S2).
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Figure 1. Oxidative stress-related biomarkers of Mytilus galloprovincialis gills after 96 h of exposure
to A. armata exudate (0% and 2%) at different polyamide microplastic (PA-MPs) concentrations
(0 and 1 mg/L). (a) Catalase activity (CAT), (b) glutathione-S-transferase activity (GST), (c) total
glutathione contents (tGSH), (d) protein carbonylation levels (PC), (e) lipid peroxidation (LPO),
and (f) acetylcholinesterase activity (AChE). All values are presented as mean ± SEM. * denotes a
significant difference between the 0% and 2% A. armata exudate in the same PA-MPs concentration.
The upper-case letters indicate differences in the 0% exudate treatments and the different lower-case
letters represent differences in the 2% exudate treatments at the different PA-MPs concentrations.

In the muscle, LPO (Figure 3a) and PC (Figure 3b) did not undergo significant alter-
ations (p > 0.05) when exposed to exudate, PA-MPs, or their interaction (Table S3). On the
other hand, the AChE activity was significantly affected in mussels exposed to A. armata
exudate (p < 0.05) but was not influenced (p > 0.05) by the presence of PA-MPs or by
the interaction between factors (Table S3). Despite that, no statistical differences among
treatments were observed (Figure 3c).
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Figure 2. Oxidative stress-related biomarkers of Mytilus galloprovincialis digestive gland after 96 h of
exposure to A. armata exudate (0% and 2%) at different polyamide microplastic (PA-MPs) concentra-
tions (0 and 1 mg/L). (a) Catalase activity (CAT), (b) glutathione-S-transferase activity (GST), (c) total
glutathione contents (tGSH), (d) protein carbonylation levels (PC), (e) lipid peroxidation (LPO), and
(f) acetylcholinesterase activity (AChE). All values are presented as mean ± SEM. The upper-case
letters indicate differences in the 0% exudate treatments, and the different lower-case letters represent
differences in the 2% exudate treatments at the different PA-MPs concentrations.

3.3. Energy Metabolism Biomarkers

Considering the energy metabolism in the muscle tissue, the activity of LDH (Figure 4a),
lipid levels (Figure 4b), and protein content (Figure 4c) were not affected by the presence
of A. armata exudate or PA-MPs, and there was no interaction between factors (p > 0.05,
Table S3). In addition, the single exposure to the exudate and the PA-MPs had no significant
effect (p > 0.05). On the other hand, the interaction between A. armata exudate and PA-MPs
demonstrated a significant impact on the sugar content (p < 0.05, Table S3). There was an
increase in sugar content in individuals exposed to PA-MPs in the presence of 2% exudate
compared to the single exposure to PA-MPs (Figure 4d, p > 0.05). There was also a significant
increase of sugar levels in mussels exposed to exudate in the presence of PA-MPs, when
compared to the treatment with only A. armata exudate (Figure 4d, p < 0.05).
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Figure 3. Oxidative stress-related biomarkers of Mytilus galloprovincialis muscles after 96 h of expo-
sure to A. armata exudate (0% and 2%) at different polyamide microplastic (PA-MPs) concentrations
(0 and 1 mg/L). (a) Lipid peroxidation (LPO), (b) protein carbonylation levels (PC), and (c) acetyl-
cholinesterase activity (AChE). All values are presented as mean ± SEM.

Regarding the aerobic metabolic capacity, ETS activity (Ec) was impacted in individuals
exposed to PA-MPs (p < 0.05) but was not affected by the presence of A. armata exudate
or the interaction of factors (p > 0.05, Table S3).These alterations were not reflected in
the overall energy available (Ea) in the presence of A. armata exudate (p > 0.05), PA-MPs
(p > 0.05) and there was also no interaction (p > 0.05).

CEA was affected in mussels exposed to the PA-MPs treatment (p < 0.05), and there
were no modifications in individuals exposed to exudate or both factors (p > 0.05, Table S3).
There was a significant difference in the 2% exudate concentration (p < 0.05), i.e., a decrease
in CEA was verified in organisms exposed to A. armata exudate in the presence of PA-MPs,
when compared to 2% exudate in the absence of PA-MPs.

3.4. Byssal Thread Production

The number of produced byssal threads was not significantly affected in mussels
exposed to A. armata exudate (p > 0.05). However, a significant decline in the number of
byssus was observed in mussels exposed to both PA-MP treatments (with and without the
exudate) when compared to control (p < 0.05, Figure 5).
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Figure 4. Energy metabolism biomarkers of Mytilus galloprovincialis muscles after 96 h of exposure to
A. armata exudate (0% and 2%) at different polyamide microplastic concentrations (0 and 1 mg/L).
(a) Lactate dehydrogenase (LDH), (b) lipid contents (Elipids), (c) protein contents (Eproteins), (d) sugar
content (Esugars), (e) electron transport system, (f) energy available (Ea), and (g) cellular energy
allocation (CEA). All values are presented as mean ± SEM. * denotes a significant difference between
the 0% and 2% A. armata exudate in the same PA-MPs concentration. The upper-case letters indicate
differences in the 0% exudate treatments and the different lower-case letters represent differences in
the 2% exudate treatments at the different PA-MPs concentrations.
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Figure 5. Number of produced byssal threads by Mytilus galloprovincialis during the 96 h exposure
to different treatments: (i) control (0%; 0 mg/L); (ii) A. armata exudate (2%); (iii) PA-MPs (1 mg/L);
and (iv) A. armata exudate (2%) and PA-MPs (1 mg/L). All values are presented as mean ± SEM.
* denotes a significant difference compared with the control treatment.

4. Discussion

4.1. Microplastics in the Tissues

PA-MPs were taken up by M. galloprovincialis, as they are mostly found in the digestive
gland, which is in line with previous studies exposing bivalves to treatments containing
MPs [13,14,70–72]. A smaller amount of PA-MPs was detected in the gills. Histological
analyses also revealed the presence of few particles retained in the gills epithelium of
M. galloprovincialis exposed to polystyrene (PS) [73] and to polyethylene (PE) [51], and also
of the freshwater bivalve Corbicula fluminea [74].

The highest number of PA-MP particles was found in the digestive gland under the
presence of A. armata exudate. This may be explained either by the fact that the exudate pres-
ence increased the uptake of PA-MP or the exudate compounds could have compromised
the mussels’ ability to excrete these particles. As A. armata exudate was shown previously
to decrease the clearance rate capacity of exposed mussels [45], the second hypothesis
seems to be more plausible. The mechanism underlying this process requires further in-
vestigation. In contrast, previous studies investigating the MP effects of co-exposure with
other contaminants (e.g. benzo(a)pyrene, fluoranthene) in mussels did not find differences
in MP accumulation between organisms treated with MPs alone or in combination [51,73].

4.2. Oxidative Stress and Neurophysiological Biomarkers

Toxicity of MPs and A. armata exudate is in part mediated by increased reactive oxygen
species (ROS) production, which induces antioxidant defences in the exposed organisms to
prevent oxidative damage. Such responses are expected following PA-MP exposure, as this
polymer may accumulate in the organisms’ tissues resulting in physical damage, inflamma-
tory responses [13,14], and the consequent activation of defence mechanisms. In addition,
Asparagopsis seaweeds are a source of halogenated compounds that are inextricably linked
to ROS production [75]. Catalase (CAT) is at the first line of defence in the elimination of
ROS [76], along with other enzymatic defences, such as superoxide dismutase (SOD). GST
has an important role in the phase II of biotransformation and non-enzymatic tGSH acts in
the neutralization of ROS [77].

In the bivalves, gills have both a respiratory and feeding role and are the first tissue
in contact with the stressor [78]. CAT activity in the gills declined in organisms exposed
to PA-MPs. H2O2 is the main precursor of hydroxyl radical in marine organisms [72],
and its formation is favoured by ROS production (mainly superoxide anion). CAT may
prevent cell damage due to MPs-induced oxidative stress, as this enzyme is involved in
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the removal of H2O2 by converting the hydrogen peroxide into H2O and O2 and acting
as a defence mechanism towards exogenous sources of H2O2 [77]. CAT inhibition was
also observed after a 7-day exposure to PS MPs [73]. The authors hypothesised that this
enzyme has a biphasic response in the neutralisation of the hydrogen peroxide production,
with an activation within the first days of exposure followed by a decrease in activity [73].
Although our study assessed CAT activity after a 96 h exposure, a similar response may also
explain the CAT inhibition after this period. Thus, the depletion of CAT activity observed
in the PA-MPs treatment may be related with its involvement in the decomposition of
hydrogen peroxide. Reduced CAT activity was also demonstrated by Abidli et al. [48]
in M. galloprovincialis females exposed to PE at 100 and 1000 μg/L. GST activity was not
altered in mussels exposed to any of the treatments. Webb et al. [79] also observed no
changes in the GST activity in the mussel Perna canaliculus gills exposed to 0.5 g PE/L.
Furthermore, results suggest a participation of tGSH as second line of defence following
the depletion of CAT activity, with mussels from the combined exposure of A. armata
exudate and PA-MPs presenting the lowest tGSH levels. tGSH is one of the most abundant
scavengers in marine organisms that neutralises ROS and acts as a cofactor of various
antioxidant enzymes dependent on glutathione [77], and therefore has an important role in
the protection against ROS. The decrease in tGSH levels suggests an active involvement
in combating excess reactive oxygen species (ROS) by increasing the consumption of total
glutathione to counteract a potential increment of oxidative stress caused by the PA-MPs
and the macroalga exuded secondary metabolites. Nevertheless, this decline may also
reduce the competence for ROS neutralisation, which increases the oxidative damage
potential [80]. In fact, although no lipid peroxidation occurred, oxidative damage at the
protein level (PC) was observed in mussels exposed to both stressors combined. The
imbalance between the generation of ROS and detoxification could have resulted in this
rise in protein carbonyl levels. Protein carbonylation (PC) is a type of protein oxidation
that can be promoted by the production of ROS [81]. It usually results in the formation of
reactive ketone groups or amino acid aldehydes that can lead to the degradation of protein
functions [81]. This may increase PC expression in response to different stressors, such
as A. armata exudate and PA-MPs, thus representing a form of oxidative damage. LPO
occurs due to a chain of molecular reactions that can culminate in oxidative damage of
lipids allowing toxic agents to penetrate cell membranes [76]. In this study, as LPO was not
affected in any tissue, it is not expected that changes in the lipid bilayer’s structure and
function or in membrane permeability occurred. Furthermore, the absence of modifications
in LPO suggests the efficiency in activation of ROS scavenging mechanisms to prevent
oxidative damage at the lipid level [82].

Oxidative stress-related biomarkers were also assessed in the digestive gland, which
is the main surface for PA-MP uptake after being filtered through the gills, as they are
also recognised as an important detoxification organ [83]. CAT activity was inhibited in
organisms exposed to the combined exposure to PA-MPs and A. armata exudate, and, as
in the gills, it is hypothesised that the decrease in this enzymatic antioxidant is due to
a strong response in the early stages of exposure leading to its inhibition. Depletion of
CAT activity was also observed in the digestive tissue of M. galloprovincialis exposed to PE
and PS for 7 days [14], Mytilus spp. exposed only to PS also for 7 days [73], and the clam
Scrobicularia plana exposed to 1 mg PS/L for 14 days [72]. On the other hand, GST and tGSH
were not altered along the different treatments, which may imply that the second phase
of the biotransformation of ROS and detoxification was presumably not activated in the
mussels’ digestive glands, at least at the sampling point used. The absence of significant
modifications in GST levels in the digestive tissues of mussels exposed to microplastics
was previously demonstrated by Avio et al. [14], as well as the unaltered levels of LPO.
Cole et al. [45] also did not find significant lipid peroxidation in the digestive gland of
Mytilus spp. exposed to polyamide microfibers. In response to the PA-MP stress factor,
which can trigger inflammation processes in the tissues of exposed organisms [84], there
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was oxidative damage in the form of protein carbonylation (PC) in the digestive glands of
mussels exposed to the polyamide microplastic treatment.

LPO and PC levels remained unaltered in the muscle tissue in mussels exposed to
all the treatments, suggesting that no oxidative damage occurred in this tissue. Although
antioxidant defence-related biomarkers were not measured, the absence of effects at the
protein and lipid levels allows us to infer that the antioxidant machinery was efficient in
the muscle tissue.

AChE is generally used to evaluate the neurotoxic potential of various compounds
in marine organisms [85] and has an important role in the regulation of cholinergic neuro-
transmissions [86]. Microplastics-induced neurotoxicity has been previously demonstrated
in the mussel Mytilus galloprovincialis exposed to 1.5 g/L PE and PS (<100 μm) [14], the
clam Scrobicularia plana exposed to 1 mg PS/L (20 μm) [72], and Corbicula fluminea after
exposure to 0.2 mg/L red fluorescent microspheres (1–5 μm) [74]. Therefore, if this enzyme
is adversely affected, the essential nervous system functions may be disrupted. However,
in the present study, no alterations were detected in the AChE activity of either the gills
or the digestive gland, which may indicate that the responses in these tissues were not
related to neurotoxicity. On the other hand, the AChE activity exhibited an increase in
the muscle tissues of mussels exposed to A. armata exudate. Silva et al. [87] discussed
that exposure to this seaweed exudate followed by the induction of AChE activity may be
related to an induced regulatory overcompensation by increasing AChE in the organisms’
cholinergic system. Another possible explanation is when the AChE is released from the
cellular membrane surface, which may trigger de novo synthesis to restore this enzyme [88].
Furthermore, this increase in AChE activity may signal an induction of inflammatory
reactions, as AChE rise usually occurs in inflamed tissues or cells [89], and may be asso-
ciated with cell-disrupting processes, especially apoptosis [85]. An AChE activation was
previously observed in G. umbilicalis [87] and in the muscle tissue of M. galloprovincialis [45]
exposed to lower concentrations of A. armata exudate. However, although previous studies
have demonstrated neurotransmission impairment attributed to other MPs, in the present
study no effect was observed under PA-MP exposure.

4.3. Energy Metabolism Biomarkers

LDH enzyme has an important role in the anaerobic pathway of energy production [90]
and was not altered in exposed mussels. Thus, there are no indications of energy mobil-
isation through anaerobic metabolic vias to counteract stress caused by the metabolites
released with the A. armata exudate and the presence of PA-MPs.

The energy reserves were measured as lipid, sugar and protein contents, which, in
a normal situation, are used in trade-offs between the organisms’ basal maintenance and
physiological functions. Lipids and proteins were not altered in neither of the treatments.
However, there was a significant increase in sugar levels in organisms exposed to the
combined treatment of A. armata exudate and PA-MPs. The demand for additional cellular
glucose may be related to the induction of gluconeogenesis and may imply a disruption in
the energetic metabolism. Lacroix et al. [82] hypothesized that induction of gluconeogenesis
could transduce a higher energy storage (in the form of glycogen) in the exposed mussels,
but an increased need of glucose to fulfil alternative metabolic routes to combat oxidative
stress could also explain this increase. Moreover, the increased gluconeogenesis can be
correlated to an increase of reactive oxygen species, as ROS can be generated indirectly
by increasing the aerobic metabolism so that organisms are apt to sustain energy costs
of metabolic responses to stressful conditions, considering that the electron transport
system is a primary site for ROS production [77]. Energy consumption was assessed by
determining mitochondrial electron transport system (ETS) activity and may be used
to measure the metabolic capacity in response to stress. Mussels exposed to PA-MPs
demonstrated increased energy consumption, either with or without the exudate. The
increased ETS activity, and consequent increment of aerobic energy production, can be
associated with an increase in stress levels while the organisms try to maintain a state
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of physiological homeostasis [91] and may also support the gluconeogenesis hypothesis.
Therefore, this metabolic activation demonstrates a transfer of resources to produce energy,
allowing the mussels to cope with microplastics-induced stress. Moreover, a potential
increment of non-enzymatic antioxidant capacity is suggested by the ETS increase [45]
in the presence of PA-MPs. The increase in energy consumption was accompanied by a
depletion of CEA activity in mussels exposed to PA-MPs during 4 days, which ultimately
represents a significant decrease in the energy budget; this decline being most noticeable
when both stressors are combined. CEA suppression implicates a lower amount of energy
available for the mussels’ growth, reproduction, defence, and byssus production, and
thus is more susceptible to additional stress [92]. Shang et al. [93] also demonstrated a
CEA decline in Mytilus coruscus exposed during 14 days to high concentrations (104 and
106 particles/L) of PS microspheres as well as an increased cellular energy demand (ETS
activity). On the other hand, Van Cauwenberghe et al. [91] also detected increased ETS
activity after exposing M. edulis for 14 days to 110 PS microspheres/mL (10, 30 and 90 μm),
but this increased metabolism was not accompanied by any other alterations in the overall
energy budget.

4.4. Byssal Thread Production

Byssus represent an extracellular and collagenous structure that allows mussels’ attach-
ment to the substratum, thus any interference in byssal threads production can diminish
the capacity of mussels to firmly anchor to the surface [94], making them prone to dislodge-
ment and more susceptible to natural stressors, such as tides, waves and predation [45].
Production of functional byssus declined in mussels exposed to PA-MPs, either in the
presence or absence of the exudate, with a lower number of secreted byssal threads being
found under stressor combination. Decreased byssal production was also observed in
the mussels Perna viridis [71] and Perna canaliculus [79] exposed to polyvinyl chloride and
polyethylene particles, respectively.

The exposure to PA-MPs and combined stressors led mussels to allocate more energy
to cope with the oxidative stress, which, together with the high levels of protein oxidation,
might have compromised the organisms’ ability to invest in the growth and development of
structures, such as the byssal threads. Thus, this study suggests that the presence of A. armata
exudate combined with PA-MPs might increase the vulnerability of M. galloprovincialis, as
byssal threads are crucial to anchor themselves to the rocky shores and to other mussels. This
may consequently impair individuals’ fitness, survival, the preservation of mussel beds, and
their role in regulating macrofaunal and flora diversity [78].

5. Conclusions

In summary, the present findings suggest that 1 mg PA-MP/L in co-exposure with 2%
A. armata exudate present a health hazard to M. galloprovincialis. In particular, the responses
of oxidative stress biomarkers and the decrease in the final balance of the energy budget
reflected the activation of antioxidant defences in exposed mussels, which prevented lipid
peroxidation but not oxidative damage in proteins. Moreover, this was reflected in the
impairment of byssus production under exposure to PA-MPs, which can compromise
the attachment of mussels to the substratum and mussel bed stability. Thus, a potential
amplification of the deleterious effects of the PA-MPs was observed in the presence of this
invasive species exudate. This may anticipate that exposure to the secondary metabolites
produced by A. armata may pose an additional impact to marine biota under the threat of
MP pollution.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/toxics10020043/s1, Figure S1: Irregularly shaped polyamide microplastics (PA-MPs). Images taken
at 10× magnification (Zeiss Primo Star light microscope, Jena, Germany), Table S1: Two-way ANOVA
analysis results on oxidative stress-related biomarker responses in Mytilus galloprovincialis gills with
Asparagopsis armata exudate and PA-MPs exposures as factors, Table S2: Results for two-way ANOVA
analysis on biochemical biomarkers responses in the digestive gland of M. galloprovincialis with A. armata
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exudate exposure and water temperature as factors, Table S3: Results for two-way ANOVA analysis on
biochemical biomarkers responses in the muscle of M. galloprovincialis with A. armata exudate exposure
and water temperature as factors.
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Abstract: Filter feeders are target species for microplastic (MP) pollution, as particles can accumulate
in the digestive system, disturbing feeding processes and becoming internalized in tissues. MPs may
also carry pathogens or pollutants present in the environment. This work assessed the influence of
polystyrene (PS) MP size and concentration on accumulation and depuration time and the role of
MPs as vectors for metallic (Cd) and organic (benzo(a)pyrene, BaP) pollutants. One-day exposure to
pristine MPs induced a concentration-dependent accumulation in the digestive gland (in the stomach
and duct lumen), and after 3-day depuration, 45 μm MPs appeared between gill filaments, while
4.5 μm MPs also occurred within gill filaments. After 3-day exposure to contaminated 4.5 μm MPs,
mussels showed increased BaP levels whilst Cd accumulation did not occur. Here, PS showed higher
affinity to BaP than to Cd. Three-day exposure to pristine or contaminated MPs did not provoke
significant alterations in antioxidant and peroxisomal enzyme activities in the gills and digestive
gland nor in lysosomal membrane stability. Exposure to dissolved contaminants and to MP-BaP
caused histological alterations in the digestive gland. In conclusion, these short-term studies suggest
that MPs are ingested and internalized in a size-dependent manner and act as carriers of the persistent
organic pollutant BaP.

Keywords: polystyrene microplastics; size-dependent uptake; vectors; cadmium; benzo(a)pyrene;
mussels

1. Introduction

In 2019, world plastic production reached 368 million tons [1], and the lack of efficient
plastic management has led to severe consequences for ecosystems [2]. Moreover, the
plethora of paths through which plastic enters the marine environment has allowed large
quantities of plastic to accumulate [3]. The different types and sizes of plastic [2], such as
water bottles, bags and industrially produced plastic pellets and microparticles [4], have
been found to affect all trophic levels [5,6]. Microplastics (MPs) are defined as plastic
particles with a diameter of less than 5 mm [7] and, according to the European Marine
Strategy Framework Directive (MSFD) Technical Subgroup on Marine Litter, should be
further classified as small MPs (<1 mm) and large MPs (1–5 mm) [8]. These minute particles
easily disperse in the water column and are frequently found in sediment samples [9] and
in biota [10].

Interactions with the environment alter the particles’ structure, resulting in changing
surface properties [11]. Over time, these processes increase their porosity, charge and
roughness, leading to an increase in accumulation of other compounds present in the
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environment [12–14]. It has been found that the smaller a particle is, the larger its surface
area-to-volume ratio will be, leading to greater contaminant adsorption [15]. It has further
been reported that over 70% of chemicals listed as priority pollutants by the United States
EPA bind with plastic debris [14]. Thus, the high capacity of plastic debris for adsorbing
pollutants poses an additional threat to marine wildlife [16], as the adsorbed contaminants
may desorb once the particle has been ingested [17]. The bioaccumulation potential of some
of these potentially adsorbed contaminants can thus be seen throughout ecosystems [18],
which may lead to the transfer of pollutants across generations [19,20] or alterations at
subcellular level [21,22]. This underlines the importance of understanding the vector
potential of MPs in order to accurately predict the risk of water borne contaminants in
conjunction with the increasing pollution of marine waters with plastic particles [1].

Mussels are filter-feeding sessile organisms tolerant to salinity changes and other
stressors. Moreover, due to their high water filtration rate and low metabolic activity, they
accumulate dissolved and particulate pollutants at levels higher than those present in
the water column [22]. This makes them an excellent species for MP research, allowing
for comparability and transferability of results [23–26]. One widely distributed species
is the Mediterranean mussel Mytilus galloprovincialis, found along almost every coastline
worldwide [27], inhabiting the zone between the rocky shore and sandy bottom [28], and
are thus widely used as sentinel organisms in pollution monitoring [24,29]. MPs were
found to enter bivalves through the gill filaments, thus being the initial entry point for
particulate pollutants and associated contaminants [4,23,30,31] and making it an organ of
interest in biomarker studies. The ingested particles then move towards the mouth and
enter the digestive gland [23,30,32] or even reach the gonad tissue [33]. Despite the relevant
amount of data regarding MP particles entering bivalves, more information is needed on
the retention time and depuration capacity. This is especially important, since the longer
the retention time of these particles, the more likely it is that they will be transferred to the
next trophic level upon consumption [34], as well as the more time chemicals and other
compounds have to potentially desorb from the particles [23,32,35]. A multitude of studies
have been conducted on the effects of pristine and contaminated plastic particles on the
health of marine mussels [36,37], as well as the thus resulting health effect for humans [38]
for different compounds.

Rios Mendoza et al. [39] assessed the concentration of pollutants sorbed to plastic
debris in the North Pacific gyre and found that almost 80% of the debris they collected
contained polycyclic aromatic hydrocarbons (PAHs), with concentrations ranging from a
few to thousands of parts per billion (ppb). Benzo(a)pyrene (BaP), a PAH that originates
from tar, burning wood, exhaust fumes and fumes from brunt organic material has been
widely used as a model compound in aquatic toxicology [40] and, more recently, to assess
the potential of MPs as carriers of hydrophobic pollutants. BaP reacts and binds to DNA,
making it a highly efficient mutagen and carcinogen [41]. It is the only PAH classified as a
recognized carcinogen by the International Agency for Research on Cancer (IARC) [42] and
has routinely been employed as model contaminant for this group. It has also been classified
as a candidate for being a substance “of very high concern” in the Registration, Evaluation,
Authorization, and Restriction of Chemicals (REACH). Exposure has been found to induce
CYP1A and morphological changes in gill tissue [42], as well as being found to accumulate
through the food chain [43]. Direct exposure of mussels M. galloprovincialis to 20–25 μm
low density PE (LDPE) MPs led to particle localization in the haemolymph and gills, as
well as digestive tissue, whilst BaP contaminated MPs led to significant alterations of the
immune system [44]. Dietary exposure to BaP contaminated polystyrene (PS) MPs also
caused an exposure-time dependent increase in BaP concentration in mussels, particularly
when sorbed to smaller MPs (0.5 μm versus 4.5 μm) [33]. Overall, BaP-contaminated MPs
were more toxic than pristine MPs, according to haemocyte viability, catalase activity, and
to the quantitative structure of digestive tubule epithelium.

Cadmium (Cd) is known to be persistent in the environment and to bioaccumulate
up the food chain, similar to many lipophilic metals [45]. This makes it a suitable model
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contaminant to examine the vector potential of MPs for metals. Although metals readily
adsorb to MPs, the co-exposure to copper or silver contaminated PE MPs was found to
have no additional effect on marine microalgae [46] and zebrafish [47], whilst exposure
to the metals alone had negative impacts on the individuals. However, synergistic sub-
lethal toxicity of Cd and PS MPs at high levels (1, 5, 10 mg/L) was reported in zebrafish
embryos [48]. In a study carried out in Vancouver (Canada), up to 7% of beached MPs were
found to have adsorbed Cd [49].

Biomarkers, such as the activity of the antioxidant enzymes catalase (CAT) and super-
oxide dismutase (SOD), are often measured as indicators of the potential oxidative stress
caused by pollutants, whilst the peroxisomal enzyme acyl-CoA oxidase (AOX) is assessed
as a biomarker of exposure to organic contaminants [50]. The biomarker approach has also
been applied to detecting deleterious effects caused by exposure to pristine and contami-
nated plastics on the health of aquatic organisms, such as mussels and copepods [33,44,51].
An established metal exposure biomarker is the quantification of lysosomal accumulation
of metals in mussel tissues through autometallography [52]. Effects on cellular and tissue
level can be determined through the assessment of the lysosomal membrane stability [32,44]
and the histological structure of the digestive gland [33], respectively.

The present work aims (1) to examine the accumulation, depuration time and tissue
distribution of 45 and 4.5 μm polystyrene MPs at different concentrations in the mussel
M. galloprovincialis through histological analysis after short term exposure, and (2) to deter-
mine the fate and impact of adsorbed BaP and Cd on mussels through analytical chemistry
and a battery of biomarkers.

2. Materials and Methods

2.1. Mussels

Mussels with a shell length between 3.5 and 4.5 cm were collected in the estuary of
Plentzia, Basque Country (Bay of Biscay, 43◦24′ N; 2◦56′ W), considered as a reference
site [50], during low tide in March (for experiment 1) and April 2016 (for experiment 2).
Individuals were rinsed with water from the sampling location and transferred to the
laboratory within the hour. Mussels for the experimental exposures to MPs were kept in an
aerated tank with continuous filtered natural seawater supply for five days to acclimatize.
Seawater from Plentzia was naturally filtered by sand in the uptake wells aided with a
pump that sent the water to the Marine Station. Seawater gas balance was controlled in
the station and then passed through a decantation/inertial tank and filtered (particle size
≤ 3 μm). Mussels were fed twice daily with Sera Marin “Coraliquid” (Sera, Heinsberg,
Germany), and routine health checks were performed every morning, with no mortality
observed during the acclimatization period.

2.2. Microplastics

PS spheres of 45 and 4.5 μm in diameter in a commercial solution (2.5% solids in
deionised water with residual surfactant) were purchased from Polyscience Inc. (Badener,
Germany). According to manufacturer’s information, particles showed slight anionic
charge and were monodispersed with a maximum coefficient of variation of 10% and 7%
for the 45 and 4.5 μm particles, respectively.

2.3. Experiment 1: 1-Day Exposure and 3-Day Depuration of Pristine MPs

After the acclimatization period, mussels sampled in March were randomly distributed
into 14 high density polyethylene containers (Deltalab, Barcelona, Spain) containing one
litre of filtered natural seawater and exposed for 1 day to 1 (C1), 100 (C2) and 1000 (C3)
particles/mL of PS microspheres of 45 and 4.5 μm in diameter, equivalent to 0.05, 5 and
50 mg/L for 45 μm MPs and 0.05, 5 and 50 μg/L for 4.5 μm MPs. In addition, a control
group was maintained unexposed, and all treatments were run in duplicate. The selected
MP particle concentrations of the present publication are within reported environmentally
relevant concentrations (e.g., 1770 particles/L found in the southern North Sea [53]).
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During the experiment, mussels were fed twice with “Coraliquid”. After 1 day of
exposure (E), 5 organisms per replicate of each treatment group were collected, cleaned,
and processed for the histological localization of MPs. The remaining exposed mussels
were then transferred back into uncontaminated water to allow depuration. After 1 (D1),
2 (D2) and 3 days (D3) of depuration 5 organisms per replicate of each exposure group
were sampled. From each individual, a portion of the digestive gland and of the gill
tissue was placed in histology cassettes and fixed in 10% buffered formalin for paraffin
embedding. Tissue dehydration and infiltration steps were performed using n-butyl
alcohol [33]. Paraffin embedded tissues were cut using a RM2125RT microtome (Leica
Microsystems GmbH, Wetzlar, Germany) into 5 μm thickness sections. Three histological
sections with a distance between them of at least 15 μm were collected onto microscopy
slides from each individual and tissue. Sections were dewaxed utilizing n-butyl alcohol and
stained with hematoxylin and eosin (H&E). Slides were mounted with Kaiser’s glycerin
gelatin (Merck KGaA, Darmstadt, Germany). Sections were examined for MP localization
and photographed using an Olympus BX50 microscope (Olympus, Tokyo, Japan).

2.4. Experiment 2: 3-Day Exposure to Pristine and Contaminant Adsorbed MPs

Particles of 4.5 μm were contaminated with BaP or Cd after Batel et al. [43]. The
procedure was repeated daily prior to dosing. The MPs were incubated in the dark in 10 mL
of a 1 μM BaP or Cd water solution (252.3 and 112.4 μg/L, respectively). BaP was initially
dissolved in DMSO and then diluted in MilliQ water to reach a final DMSO concentration
in the incubation medium of 0.01%, a concentration that was found to induce no alterations
in biomarker responses in mussels [54]. Cd 1 μM was prepared from CdCl2. After 1 day
in the orbital shaker (Rotabit, Selecta, Barcelona, Spain), the MP suspension was filtered
through a 0.45 μm sterile filter (Merck Millipore, Darmstadt, Germany). MPs retained in
the filter were washed twice with dH2O and recovered with 10 mL dH2O. The MPs were
then resuspended in 40 mL dH2O and added to the aquaria.

After the initial acclimatization period, mussels sampled in April were distributed
in glass aquaria of 10 L. For 3 days, organisms were either exposed to 1000 particles/mL
pristine 4.5 μm MPs, 1000 particles/mL plastic particles previously exposed to 1 μM Cd
(MP-Cd) or BaP (MP-BaP), 1 μM dissolved Cd or BaP without plastic particles, or filtered
natural seawater as control group. Particle concentration was based on the outcome of
experiment 1. For the dissolved pollutant exposure, the glass tanks were pre-exposed for
24 h to allow for saturation. The water in the aquaria was fully renewed fully every 24 h
prior to redosing. Mussels were fed and monitored as described above.

Every day, 30 min and 24 h after dosing, water samples were collected from the aquaria
to monitor Cd and BaP concentrations. After 3 days, mussel samples were cleaned and
collected for (1) chemical analyses of Cd and BaP concentrations for which whole mussels
were frozen and stored at −20 ◦C until analysis; (2) activity of antioxidant and peroxisomal
enzymes catalase (CAT), superoxide dismutase (SOD) and acyl-CoA oxidase (AOX), for
which the digestive gland and gills of mussels were dissected, frozen in liquid nitrogen
and stored at −80 ◦C until analysis; (3) the evaluation of the lysosomal membrane stability,
for which half of the digestive gland was frozen in liquid nitrogen and stored at −80 ◦C
until cryo-sectioning¸ and (4) MP localization, quantitative assessment of the structure of
the digestive gland, and metal localization and distribution after autometallographical
staining, for which the other half of the digestive gland was placed in histology cassettes
and fixed in 10% buffered formalin for paraffin embedding, as described above.

2.4.1. Chemical Analysis of the Mussel and Water Samples

Chemical analyses of water and mussel samples were carried out in the General
Research Services (SGIker) at the University of the Basque Country. Sixty mussels sampled
in March were used for chemical analysis of PAHs and metals to ascertain the background
concentration of contaminants.
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For the analysis of metal body burdens, mussel samples were dried in pools (5 replicates)
at 120 ◦C for 48 h, weighted and digested in HNO3 Tracepur® 69% (Panreac, Barcelona,
Spain). Once the concentrated acid was evaporated, pellets were resuspended in 0.01 M
HNO3 Tracepur® and quantified. The metal analysis was carried out by inductively coupled
plasma atomic emission spectrometry (ICP-AES, Horiba Yobin Yvon Activa, Horiba Japan
Domestic Group, Kyoto, Japan) for Fe and Zn and by ICP-mass spectrometry (ICP-MS;
Agilent 7700, Agilent Technologies, Santa Clara, CA, USA) for Cr, Ni, Cu, Cd and Pb. The
certified reference material NIST 2976 was used for quality control. A detection limit of
13 ng/g for Fe, Cr, Ni, Cu and Cd; 0.1 μg/g for Pb, and 2.0 μg/g for Zn was determined.

The analysis of the 16 EPA PAHs was performed by gas chromatography and mass
spectrometry in 5 replicates. Approximately 1 g freeze-dried samples were extracted with
acetone in a microwave oven (MARX, CEM, Matthews, NC, USA) and cleaned up by solid
phase extraction (SPE) using Millipore cartridges (Merck Millipore). Six deuterated PAHs
were added to the samples to monitor the recovery efficiency and two blank samples were
run in parallel. The extracts were analysed in a 6890 Agilent gas chromatograph coupled to
a 5975C Agilent mass spectrometer (Agilent Technologies, Avondale, PA, USA). A detection
limit of 1 ng/g was determined for all PAHs, except for acenaphthalene (0.1 ng/g) and
naphthalene (10 ng/g).

During the second experiment, water samples were collected for chemical analyses.
For the measurement of Cd concentration, 50 mL of water from the MP, MP-Cd and Cd
groups (3 replicates of each) were collected. All water samples were filtered through a PES
membrane (0.2 μm), acidified with ultra-pure hydrochloric acid (1% v/v) and stored at
4 ◦C for no longer than two days before analysis. Analyses were carried out in an ICP-MS
Agilent 7700 spectrophotometer as mentioned above. For the analysis of BaP, 500 mL
of water were collected (3 replicates of each) in glass bottles from the MP, MP-BaP and
BaP groups and stored at 4 ◦C in the dark until being analysed. These water samples
were mixed with propanol and, after adding deuterated BaP as internal standard, samples
were extracted by SPE and analysed using the same equipment described above. At the
end of the exposure, 10 mussels were also collected and frozen whole, to assess Cd and
BaP concentrations in the same groups mentioned for the water samples. Five pooled
samples were used for the assessment of Cd concentration and two pooled samples for BaP
concentration. Analyses of mussel samples were performed as described above.

2.4.2. Biochemical Analysis of the Antioxidant and Peroxisomal Enzyme Activity

Digestive glands or gills of six individuals per experimental group were homogenized
in 3 mL of TVBE buffer (1 mM sodium bicarbonate, 1 mM EDTA, 0.1% ethanol and 0.01%
Triton X-100, pH 7.6) per gram of tissue using a glass-Teflon® homogenizer (Potter S, B.
Braun Melsungen AG, Melsungen, Germany) in an ice water-cooled bath. Homogenized
samples were centrifuged at 500× g for 15 min in a Beckman Coulter Allegra 25R Centrifuge
(Beckman Coulter Life Sciences, Indianapolis, IN, USA). The pellet was discarded, and
50 μL aliquots of the supernatant were frozen and stored for the measurement of AOX
activity and protein concentration. The remaining supernatant was centrifuged at 12,000× g
for 45 min. The pellet (mitochondrial fraction) was resuspended in 1 mL homogenization
buffer per gram of initial tissue and frozen for later determination of CAT activity and
protein concentration. The supernatant (S12 fraction) was divided in three aliquots and
frozen for the measurement of CAT and SOD activity, and protein concentration.

Peroxisomal AOX activity was measured as described by Small et al. [55]. The assay is
based on the H2O2-dependent oxidation of dichlorofluorescein catalysed by an exogenous
peroxidase using 30 mM palmitoyl-CoA as substrate. CAT activity was calculated as the
sum of the activities assessed in the mitochondrial and S12 fractions by measuring the
disappearance of H2O2 at 240 nm (extinction coefficient 40 M−1 cm−1) in a Shimadzu UV-
1800 spectrophotometer (Shimadzu, Columbia, SC, USA) using 50 mM H2O2 as substrate
in 80 mM potassium phosphate buffer (pH 7) [56]. SOD activity was determined in the S12
fraction at 550 nm by measuring the inhibition of cytochrome c reduction by superoxide
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generated by the xanthine oxidase/hypoxanthine system in an assay mixture that contained
50 mM potassium phosphate buffer plus 0.1 mM EDTA (pH 7.8), 50 mM hypoxanthine,
1.87 mU mL−1 xanthine oxidase and 10 mM cytochrome c [57]. One SOD unit was defined
as the amount of enzyme that inhibits the rate of cytochrome c reduction by 50%. Protein
concentration was measured in all fractions using the Quick Start™ Bradford Protein Assay
Kit 3 (Bio Rad Life Sciences, Hercules, CA, USA).

2.4.3. Lysosomal Membrane Stability

The lysosomal membrane stability (LMS) test was performed according to a standard-
ized protocol [58]. Serial tissue sections (10 μm thick) of 10 individuals per experimental
group were cut in a Leica CM 3050S cryostat (Leica) and stored at −40 ◦C until required for
staining. Briefly, the lysosomal membrane was destabilized at 37 ◦C for different periods
of time (0, 3, 5, 10, 15, 20, 30 and 40 min) using 0.1 M sodium citrate buffer (pH 4.5) plus
2.5% NaCl. Then, sections were incubated for 20 min at 37 ◦C in 0.1 M citrate buffer (pH
4.5) containing 2.5% NaCl, 0.04% naphthol AS-BI N-acetyl-β-D-glucosaminide dissolved in
2-methoxiethanol (Merck KGaA, Darmstadt, Germany) and 7% Polypep® (Merck KGaA)
as a section stabilizer. After incubation, sections were rinsed in a saline solution (3% NaCl)
at 37 ◦C for 2 min and introduced into 0.1 M phosphate buffer (pH 7.4) containing 0.1%
diazonium dye Fast Violet B salt, at room temperature for 10 min. Slides were rinsed in
running tap water for 5 min, fixed for 10 min in 10% formaldehyde containing 2% calcium
acetate at 4 ◦C and rinsed in distilled water. Finally, slides were mounted in Kaiser’s glyc-
erol gelatine. The determination of lysosomal membrane stability was based on the time
of acid labialization required to produce maximum lysosomal staining. The labialization
period (LP) was assessed under an Olympus BX-50 light microscope using an objective lens
of 40× magnification. Each digestive gland was divided into four sections for the analysis
to obtain the mean value of LP.

2.4.4. Tissue Metal Accumulation after Autometallography

A set of paraffin sections (10 individuals per experimental group) was stained with
the BBI Solutions Silver enhancer kit (TAAB Laboratories Equipment, Aldermaston, UK)
to assess the presence of metals in histological sections of the gills and digestive gland
shown as black silver deposits (BSDs). Five fields of each section were photographed using
the 40× magnification objective and the percentage of the digestive tissue area occupied
by BSDs was measured by image analysis with the aid of ImageJ software (version1.50i,
National Institutes of Health, USA).

2.4.5. Quantitative Histological Analysis

Changes in digestive gland structure of 10 individuals per experimental group were
assessed by means of quantitative histology in paraffin sections stained with H&E. Volume
density of basophilic cells (VvBAS), mean epithelium thickness (MET), mean luminal radius
(MLR) and mean diverticular radius (MDR) of digestive gland tubules were determined
applying a stereological procedure [59,60]. A M-168 Weibel multipurpose test system
was superimposed to microscopic images (20× objective) with the aid of a drawing tube
attached to an Olympus BX51 microscope and hits on basophilic cells (b) digestive cells (d),
diverticular lumen (l) and interstitial connective tissue (c) were recorded. The following
equations were applied:

VvBAS =
b

(d + b)
(1)

MET =
2d√π(√(

(b + d) +
√

1
)) (2)

MLR =
√ 1

π
(3)
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MDR =

√
(b + d + 1)

π
(4)

MLR/MET and MET/MDR ratios were calculated as well, along with connective to
diverticula (CTD) ratio, which was calculated as CTD = c/(b + d + l) [59].

2.5. Statistics

The normal distribution and homogeneity of variances of each dataset was assessed
with the Shapiro test and the Levene’s test, respectively. For data following a normal
distribution and with homogeneous variances, one-way ANOVA was applied followed by
the Tukey’s HSD post hoc test. The non-normal/non-homogenous data were assessed using
one-way Kruskal–Wallis test followed by Dunn’s test. Analyses were performed using
SPSS Standard (version 21.0.0 for Mac OS X) and statistical significance was established at
p < 0.05.

3. Results

3.1. Accumulation and Depuration of MPs in Mussel Tissue

None of the unexposed control organisms showed any plastic particle in the histo-
logical assessment. In experiment 1, after 1 day of exposure, the abundance of the 45 μm
sized particles in the digestive gland increased in a concentration dependent manner, with
particles present in the digestive gland of the 50% of the individuals exposed to the lowest
concentration (1 particle/mL) and in the 100% of organisms exposed to 100 and 1000 parti-
cles/mL (Table 1). Moreover, increasing concentrations also led to longer retention times
within the mussels. Amounts of 20% and 40% of the mussels exposed to the two highest
concentrations retained MPs in the digestive gland by the third depuration day (Table 1).
At the lowest concentration, no particles were found in any structure of the digestive gland
after ≤3 days of depuration.

In mussels exposed to 100 particles/mL, most particles appeared in the lumen of
the stomach lumen (Figure 1A), duct, and tubule, and the connective tissue. Exposure to
1000 particles/mL led to a higher abundance in all sample regions (Figure 1B,C, Table 1). By
the third day of depuration, MPs remained mostly in the stomach lumen, with few observed
in digestive duct lumen (Table 1). MPs of 45 μm were observed in the gills less frequently
than in the digestive gland, with 40% being the highest observed prevalence prior to
depuration of the highest exposure concentration group (1000 particles/mL), and particles
were rarely observed within the gills after 1 day of depuration. However, they were found
both within and outside the gill filaments (Figure 1D). Exposure to 1 particle/mL led to
some particles observed after 1 day of exposure outside of the filaments, whilst no particles
were observed within the structure.

Particles of 4.5 μm were found in both the digestive gland and the gills in almost all
treated groups, even after the full depuration period (Table 1). The highest prevalence of
4.5 μm MPs in mussels was observed after 1-day exposure. After 2 days of depuration, 40
to 60% of organisms exposed to 100 and 1000 particles/mL still showed particles in the gill
and digestive gland samples. Overall, a concentration-dependent increase in abundance
and dispersal was found in the digestive gland The digestive gland samples exhibited a
steeper decrease in affected individuals with depuration time than the gill samples, with
a reduction of 50 to 60% when exposed to 1–1000 particles/mL. In the digestive gland,
the 4.5 μm particles were found exclusively in the stomach and duct lumen at the lowest
exposure concentration and the organisms had depurated completely by the final day.
When exposed to 1000 particles/mL, MPs were found in stomach, duct, and tubule lumen
by the end of the experiment.
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Figure 1. Micrographs of H&E-stained sections of digestive gland and gills of mussels after 1 day
of exposure to pristine 45 μm MPs. (A) MPs in the lumen of the stomach after exposure to 100 par-
ticles/mL; (B) MPs in the lumen of a duct after exposure to 1000 particles/mL; (C) MPs in the
connective tissue after exposure to 1000 particles/mL; (D) MPs outside a gill filament after exposure
to 100 particles/mL. Black arrows point to MP particles. Scale bars: (A) 200 μm, (B) 50 μm, (C,D)
100 μm.

Gill depuration for organisms exposed to 4.5 μm particles was between 30 and 50%
with increasing concentration. Here, the particles were mainly located between the fila-
ments or in the frontal area of the gill filaments. Throughout all exposure concentrations,
some particles were observed within the gill filaments, however, with slight decreases
noted over the depuration time.

In experiment 2, mussels exposed for 3 days to pristine 4.5 μm MPs and to MPs
contaminated with Cd and BaP showed the same tissue distribution of MPs described
above (Figure 2) but, in this case, some particles were also observed within the stomach
epithelium (Figure 2A).
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Figure 2. Micrographs of H&E-stained sections of digestive gland and gills of mussels after 3-day
exposure to 1000 particles/mL pristine and contaminated 4.5 μm MPs. (A) MP in the stomach
epithelium after exposure to pristine particles; (B) MP in the connective tissue surrounding the
digestive tubules after exposure to pristine particles; (C) MP in the lumen of a digestive tubule after
exposure to pristine particles; (D) MP in the lumen of a digestive tubule after exposure to MP-BaP;
(E) MP over a gill filament after exposure to MP-BaP; (F) MP inside a gill filament after exposure to
MP-Cd. Black arrows point to MP particles. Scale bars: 50 μm.
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Table 1. Prevalence of mussels presenting MPs and abundance of particles found in the different
structures of the digestive gland and in the gills. Data are expressed as mean ± standard deviation.

Group

Digestive Gland Gills

n F
Stomach
Lumen

Duct
Lumen

Tubule
Lumen

Connective
Tissue

n F
within

Filaments
outside

Filaments

4
5
μ

m
p

a
rt

ic
le

s

C1

E 10 50 0.3 ± 0.67 n.o. n.o. 0.1 ± 0.3 10 20 n.o. 0.3 ± 0.67
D1 10 10 0.3 ± 0.95 0.1 ± 0.32 n.o. n.o. 9 n.o. n.o. n.o.
D2 10 n.o. n.o. n.o. n.o. n.o. 10 n.o. n.o. n.o.
D3 10 n.o. n.o. n.o. n.o. n.o. 10 n.o. n.o. n.o.

C2

E 8 100 8.1 ± 7.41 3.5 ± 8.75 0.25 ± 0.71 1.37 ± 2.39 10 30 n.o. 0.8 ± 1.62
D1 10 n.o. n.o. n.o. n.o. n.o. 10 20 n.o. 0.2 ± 0.42
D2 10 20 1.1 ± 2.33 0.1 ± 0.32 n.o. n.o. 10 n.o. n.o. n.o.
D3 10 20 0.2 ± 0.63 n.o. n.o. n.o. 10 10 n.o. 0.1 ± 0.32

C3

E 10 100 83.6 ± 112.32 13 ± 27.02 1.1 ± 1.91 11.7 ± 31.60 10 40 n.o. 1.1 ± 2.18
D1 10 90 16.7 ± 21.71 2.4 ± 3.47 n.o. 0.3 ± 0.67 10 20 0.1 ± 0.32 0.4 ± 0.97
D2 10 60 9.1 ± 21.75 3.2 ± 9.77 0.7 ± 2.21 2.3 ± 5.66 10 20 n.o. 0.3 ± 0.67
D3 10 40 5.1 ± 11.73 0.1 ± 0.32 n.o. n.o. 10 10 n.o. 0.1 ± 0.32
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C1

E 10 50 0.4 ± 0.63 0.3 ± 0.67 n.o. n.o. 10 50 0.4 ± 0.7 1 ± 1.05
D1 10 30 0.3 ± 0.48 0.1 ± 0.32 n.o. n.o. 10 40 0.1 ± 0.32 0.9 ± 1.29
D2 10 20 0.1 ± 0.32 0.1 ± 0.32 n.o. n.o. 10 20 0.1 ± 0.32 0.5 ± 0.97
D3 9 n.o. n.o. n.o. n.o. n.o. 10 20 0.1 ± 0.32 0.1 ± 0.32

C2

E 9 70 1.7 ± 1.41 0.9 ± 0.93 0.7 ± 0.71 n.o. 10 80 0.5 ± 0.71 2.7 ± 1.95
D1 10 50 0.6 ± 0.84 0.3 ± 0.48 0.2 ± 0.42 0.1 ± 0.32 10 70 0.4 ± 0.70 1.9 ± 1.59
D2 10 50 0.2 ± 0.42 0.2 ± 0.42 0.2 ± 0.42 n.o. 10 40 0.3 ± 0.67 0.6 ± 0.97
D3 10 20 0.1 ± 0.32 n.o. n.o. n.o. 10 40 0.2 ± 0.42 0.4 ±0.70

C3

E 10 90 1 ± 0.82 0.9 ± 0.74 0.9 ± 0.74 0.3 ± 0.48 10 90 0.8 ± 0.79 2.8 ± 1.75

D1 10 80 0.2 ± 0.42 0.7 ± 0.82 0.5 ± 0.53 0.1 ± 0.32 10 70 0.8 ± 0.79 1.4 ± 1.43
D2 10 50 0.4 ± 0.52 0.3 ± 0.48 0.2 ± 0.42 n.o. 10 60 0.3 ± 0.48 1.1 ± 1.20
D3 10 30 0.1 ± 0.32 0.1 ± 0.32 0.1 ± 0.32 n.o. 9 40 0.6 ± 1.01 0.6 ± 0.88

E: exposure group; D: depuration groups; F: prevalence (%); n: number of examined individuals; n.o: no
particles observed.

3.2. Metal and PAH Accumulation in Mussels and Concentration in Exposure Media

The background contamination by metals and PAHs of the mussels sampled in
Plentzia can be found in Table 2. PAHs such as acenaphthalene, indenopyrene and
dibenzo(a,h)anthracene were found at levels below the detection limit (bdl) in some of the
analysed samples. The Cd concentration detected in field mussels was similar to the Cd
concentration measured in mussels exposed to pristine MPs and in mussels exposed to
MP-Cd (Tables 2 and 3). However, organisms exposed to dissolved Cd for 3 days showed a
Cd concentration 50 times greater than that of mussels exposed to pristine plastics. Field
mussels showed slightly higher concentration of BaP than mussels exposed to pristine
MPs, possibly due to the acclimatization period the exposed organisms were given after
sampling, which the organisms from the field did not have. Whilst plastic-bound Cd did
not increase the tissue Cd concentration, plastic-bound BaP notably increased the BaP
concentration in the tissue samples, indicating that the plastic particles acted as vehicles for
BaP to mussels. The highest concentration of BaP was observed in mussels exposed to BaP
dissolved in water (Table 3).
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Table 2. Results of the chemical analyses of mussels sampled in Plentzia (Bay of Biscay) in March
2016. Data are expressed as mean ± standard deviation.

Metal μg/g dw

Fe 141 ± 22.06
Zn 446.6 ± 93.75
Cr 1.72 ± 0.16
Ni 1.52 ± 0.34
Cu 4.62 ± 0.128
Cd 0.65 ± 0.07
Pb 1.95 ± 0.21

PAH ng/g dw

Naphthalene 1555.8 ± 253.56
Acenaphthylene 5.6 ± 2.07
Acenaphthalene bdl

Fluorene 5 ± 2
Phenanthrene 25.6 ± 1.52

Anthracene 111.6 ± 168.45
Fluoranthene 54 ± 5.48

Pyrene 63.6 ± 9.96
Benzo(a)anthracene 31 ± 3.16

Chrysene 57.2 ± 4.44
Benzo(b)fluoranthene 33 ± 4.64
Benzo(k)fluoranthene 26.2 ± 4.33

Benzo(a)pyrene 81.8 ± 35.05
Indeno pyrene <6 ± 2 *

Dibenzo(a,h)anthracene <3.67 ± 1.5 *
Benzo(ghi)perylene 14.4 ± 4.16

TOTAL PAHs <2071.5

bdl: below detection limit; dw: dry weight; * values for some of the replicates were bdl and those samples were
not used to calculate mean values.

Table 3. Results of the chemical analyses of Cd and BaP concentrations in mussels exposed to pristine
or contaminated MPs, or to dissolved contaminants. Data are expressed as mean ± standard deviation.

Group Cd (μg/g dw) BaP (ng/g dw)

MP 0.59 ± 0.09 18.5 ± 16.25
MP-Cd 0.60 ± 0.16 nm

Cd 33 ± 7.85 nm
MP-BaP nm 3050 ± 777.82

BaP nm 192,450 ± 11,101.58
dw: dry weight; nm: not measured for this sample set.

The analysis of the water samples collected from the exposure tanks (Table 4) showed
that the Cd concentration was below the detection limit in the aquaria containing pristine
MPs and MP-Cd. Water samples from the tanks of the Cd-exposed organisms indicated
that the actual Cd concentration 30 min after adding the contaminant reflected the nominal
exposure concentration (1 μM = 112 μg/L), and the value decreased after 1 day. BaP
concentration measured in the aquaria containing pristine MPs and MP-BaP was low.
In the tank containing dissolved BaP, although markedly below the nominal exposure
concentration (1 μM = 252 μg/L), BaP concentration was high 30 min after adding the
contaminant and dropped notably after 1 day (Table 4).
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Table 4. Results of the chemical analyses of Cd and BaP concentrations in water samples of the
second experiment. Samples were collected 30 min and 1 day after each dosing. Data are expressed
as mean ± standard deviation.

Group
Cd (μg/L) BaP (μg/L)

30 min 1 day 30 min 1 day

MP bdl bdl 0.03 ± 0.03 0.12 ± 0.10
MP-Cd bdl bdl nm nm

Cd 112.33 ± 2.08 74.37 ± 7.99 nm nm
MP-BaP nm nm 0.30 ± 0.29 0.29 ± 0.13

BaP nm nm 40.60 ± 31.71 1.72 ± 1.45
bdl: below detection limit; nm: not measured for this sample set.

3.3. Activity of Antioxidant and Peroxisomal Enzymes

The highest CAT activity in the digestive gland was measured in organisms ex-
posed to dissolved BaP and to MP-BaP (Figure 3A), with values of 6.431 ± 2.020 and
5.402 ± 1.497 mmol/min mg−1 protein, respectively. The lowest CAT activity was found
in organisms exposed to dissolved Cd, as well as in the control organisms, with the mean
values being 4.072 ± 0.873 and 4.523 ± 0.649 mmol/min mg−1 protein, respectively. Gill
samples (Figure 3B) of organisms exposed to MP-BaP showed the highest CAT activity
(4.053 ± 1.797 mmol/min mg−1 protein), whilst groups treated with dissolved BaP and
MP-Cd expressed the lowest activity (1.868 ± 0.903 and 2.236 ± 0.720 mmol/min mg−1

protein, respectively). No statistically significant differences were found among the CAT
activities measured in the digestive gland or gills of control and treated mussels.

The lowest SOD activity in the digestive gland (Figure 3C) was measured in organ-
isms exposed to MP-Cd and in control organisms, with mean values of 0.659 ± 0.127 and
0.751 ± 0.409 units/min mg−1 protein, respectively. The highest activity was measured
after BaP exposure, with 1.013 ± 0.437 units/min mg−1 protein, followed by those ex-
posed to dissolved Cd, with 0.948 ± 0.171 units/min mg−1 protein. Assessing the gill
samples (Figure 3D), the lowest SOD activity was also measured in organisms exposed to
MP-Cd (0.973 ± 0.13 units mg−1 protein), followed by those exposed to pristine MPs, with
2.582 ± 0.967 units mg−1 protein. Here, the highest mean activity was also observed in
mussels exposed to MP-BaP, with 4.276 ± 3.557 units mg−1 protein. The SOD activity mea-
sured in the gills was found to be significantly influenced by the treatment (χ2(5) = 15.656,
p = 0.008). Post hoc testing determined that mussels exposed to MP-Cd presented signifi-
cantly lower activity than mussels exposed to pristine MPs (p = 0.019) and mussels exposed
to MP-BaP (p = 0.003).

The lowest mean AOX activity in the digestive gland samples (Figure 3E) was mea-
sured in mussels exposed to pristine MPs (0.149 ± 0.056 mU mg−1 protein), while the
highest activity was observed in organisms exposed to the contaminated MPs. Significant
differences were obtained (F (5,28) = 3.048 and p = 0.025), caused by the difference between
the treatment groups exposed to pristine MPs and MP-BaP (Tukey HSD post hoc: p = 0.043).

3.4. Lysosomal Membrane Stability

Overall, all experimental groups, including control mussels, showed low labilization
period (LP) values (Figure 4). The mean LP value measured in BaP-exposed mussels
(9.16 ± 3.06 min) was the lowest of all groups. The longest LP was found in organisms
exposed to pristine MPs (11.25 ± 2.43 min). No statistically significant differences were
found among experimental groups.

66



Toxics 2022, 10, 18

 

Figure 3. Activity of the antioxidant enzymes catalase in the digestive gland (A) and gills (B),
superoxide dismutase in the digestive gland (C) and gills (D), and activity of acyl-CoA oxidase in
the digestive gland (E) of mussels, presented as mean ± standard deviation (n = 6). Different letters
indicate statistically significant differences (p < 0.05) according to the Tukey’s post hoc test after
one-way ANOVA.

 

Figure 4. Labilization period (LP) of the digestive cell lysosomes. Mean ± standard deviation (n = 10).
Statistically significant differences were not found according to the Kruskal–Wallis test (p < 0.05).

3.5. Tissue Metal Distribution and Accumulation after Autometallography

Metals revealed as BSDs after autometallographical staining (Figure 5) were mainly
detected in the frontal zone of the gill filaments (Figure 5A) as well as in the digestive gland
epithelium (Figure 5B–F). Occasionally, metals were also detected in the digestive gland
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haemocytes (Figure 5D). Since the main area for metal accumulation was the epithelium
of the digestive tubules, the measurement of the percentage of tissue area that showed
BSDs was focused in that area. As expected, results indicated that highest values were
observed in mussels exposed to dissolved Cd (Figures 5D and 6), while the lowest were
observed in mussels exposed to dissolved BaP (Figure 6). The Kruskal–Wallis test showed
a χ2(4) = 27.449 with p = 0.000, and the post hoc Dunn’s test showed significant differences
between mussels exposed to dissolved Cd and those exposed to dissolved BaP and to
MP-BaP (p = 0.000 and 0.016, respectively).

Figure 5. Micrographs of the gills (A) and digestive gland (B–F) of mussels after autometallographical
staining. (A) Mussel exposed to 1 μM Cd for 3 days; (B) control mussel; (C) mussel exposed to
1000 particles/mL 4.5 μm MP-Cd for 3 days; (D) mussel exposed to 1 μM Cd for 3 days; (E) mussel
exposed to 1000 particles/mL 4.5 μm MP-BaP for 3 days; (F) mussel exposed to 1 μM BaP for 3 days.
Black silver deposits indicate the presence of metals in the gill cells (black arrows in A), in the
digestive tissue (black arrows in B–F) and haemocytes (white triangle in D). Scale bars: 50 μm.

68



Toxics 2022, 10, 18

 

Figure 6. Results of the quantitative analysis of the autometallographical staining of the digestive
gland. Mean ± standard deviation (n = 7–10). Different letters indicate statistically significant
differences (p < 0.05), according to the Dunn’s post hoc test after performing a one-way Kruskal–
Wallis test.

3.6. Quantitative Histological Analysis

The volume density of basophilic cells (Figure 7A) had the highest values in mussels
exposed to Cd (0.199 ± 0.024 μm3/μm3) and lowest in individuals exposed to MP-Cd
(0.13 ± 0.026 μm3/μm3). One-way ANOVA indicated significant differences among experi-
mental groups (χ2(5) = 13.422 with p = 0.000). The post hoc test showed that control mussels
and mussels exposed to pristine MPs and to MP-Cd presented significantly lower values
of VvBAS than the rest of exposed mussels. Mussels exposed to Cd showed significantly
higher values than the other treatments. Similarly, tissue integrity (CTD) presented a
similar trend to that shown by VvBAS (Figure 7B) with the lowest values observed in
control mussels and those exposed to pristine MPs and MP-Cd, while mussels exposed to
MP-BaP displayed intermediate values and mussels exposed to Cd and to BaP showed
significantly higher values (χ2(5) = 5.955 with p = 0.000).The MLR/MET and MET/MDR
ratios (Figure 7C,D) also presented a similar trend to that observed in VvBAS and CTD.
Overall, control mussels and those exposed to pristine MPs and MP-Cd presented the
lowest MLR/MET and highest MET/MDR values. The highest values for MLR/MET
(2.04 ± 0.26 μm/μm) and lowest values in MET/MDR (0.33 ± 0.027 μm/μm) were mea-
sured in Cd exposed mussels. In both cases, significant differences were observed among
experimental groups. In the case of MLR/MET (χ2(5) = 10.311 with p = 0.000), two statistical
groups were distinguished with control mussels, mussels exposed to pristine MPs and
to MP-Cd in one and mussels exposed to Cd and to BaP in other group, while mussels
exposed to MP-BaP presented intermediate values. In the case of MET/MDR (χ2(5) = 9.563
with p = 0.000), control mussels, mussels exposed to pristine MP and to MP-Cd presented
significantly higher values than mussels exposed to Cd and to BaP, and mussels treated
with MP-BaP presented intermediate values (Figure 7D).
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Figure 7. Results of the quantitative histological analysis of the structure of the digestive gland.
(A) Volume density of basophilic cells; (B) connective-to-diverticula ratio; (C) mean luminal ra-
dius to mean epithelium thickness; (D) mean epithelium thickness to mean diverticular radius.
Mean ± standard deviation (n = 10). Different letters indicate statistically significant differences
(p < 0.05) according to the Tukey’s post hoc test after one-way ANOVA.

4. Discussion

A recent review regarding the applicability of mussels as global indicators for the
coastal contamination by MPs concluded that the mussel provides great potential for global
biomonitoring of both spatial and temporal international trends [26]. At least two ways
of MP uptake, dependent on the particle size, have been described in mussels: via the
gills involving microvilli and endocytosis and via the cilia that transferred MPs to the
stomach and digestive gland [30]. A recent review further assessed the viability of the
mussel digestive gland in terms of assessing anthropogenic pollutants, concluding that it is
a reliable organ for cellular, molecular and biochemical assessment [61].

4.1. Quantitative Histological Analysis

Throughout the experiments, the selected MP particle concentrations were within
reported environmentally relevant concentrations (e.g., 1770 particles/L found in the south-
ern North Sea [53]), with the second experiment being designed based on the accumulation
observed in the first experiment. This allows for the hypothesis that the results obtained in
the present study may resemble natural occurrences. Most previous works are based on
higher test concentrations to allow establishing effect concentrations [62–64], which how-
ever makes drawing conclusions for the aquatic ecosystem health more difficult. Studies
have determined the uptake of MPs by marine mussels, as well as the organism’s ability
to retain these particles for a length of time [31,33]. It was further shown that MPs are
capable of being transferred through the food web [43,65,66], leading to increased con-
centrations in organisms higher in the trophic system, such as baleen whales [67] and the
thorough assessment of the possible cellular and molecular effects of MP ingestion are thus
of paramount importance.

The results of the first experiment determined that the digestive gland retained both 4.5
and 45 μm particles, even after a 3-day depuration period, whilst the 4.5 μm particles were
observed in the gills more prominently than the 45 μm ones. In terms of digestive gland
retention, these findings are in accordance with those of Gonçalves et al. [25], showing that
10 μm particles could be observed within the gut lumen but not the gills after 15 min of
exposure. Long-term MP exposure (21 days) further showed that particles accumulated
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in the diverticula of the stomach and digestive gland, whilst no particles were found in
other organs, even after a 7-day depuration period. The study further found that ingested
MPs passed through the entire digestive tract and were expelled with the organism’s faeces.
The present findings of 45 μm particles being more evident in the stomach lumen and
connective tissue were also supported by previous studies [32].

These findings overall indicate that MP ingestion occurs in a concentration and
depuration-time dependent manner, concurrent with previous work [31]. Here it was
also determined that the gills have a higher affinity to small particles, also concurrent with
previous findings [23,33]. The longer prevalence of the 4.5 μm particles in the gills indicates
a longer overall exposure time, as the trapped particles may be ingested even after the
direct exposure has ended. It should thus be considered that, at environmentally relevant
concentrations, mussels are able to rapidly (1 day) ingest the particles and translocate them
into various tissues before depurating them over time. Moreover, 4.5 μm MPs crossing the
digestive gland epithelia have been observed in this study after 3 days of exposure as well
as in previous studies [33].

4.2. Accumulation and Effects of Contaminated MPs

Research carried out in the North Pacific Gyre found that different samples of seawater
contained between 0.4 and 9 ng/L of PAHs, whilst sampled MP fragments contained PAH
concentrations of 6 to 249 ng/g of plastic [68], indicating an accumulation of PAHs on
plastic particles. The contaminant measurements within the mussel tissue samples carried
out in the present work further suggest that BaP was more easily adsorbed to the PS plastic
particles than cadmium. Similarly, contaminated MPs have been reported as negligible
vector for mercury bioaccumulation in clams [69]. The mussel tissue contained Cd and
BaP, according to the respective exposure groups and the concentration of contaminants
within the aquaria water, decreased with exposure time, allowing the assumption that
the removed quantity was, at least partially, taken up by the mussels. This statement
was further supported by previous research, indicating that MPs exposed to pyrene over
6 days showed a concentration and time dependent adsorption, as well as then significantly
increasing the pyrene body burden in exposed mussels by more than 13-fold [32]. Similarly,
González-Soto et al. [33] reported an exposure time- and MP size-dependent accumulation
of BaP in mussels after exposure for 7 and 26 days to BaP contaminated PS MPs of 0.5 and
4.5 μm. Pittura et al. [44] further showed that BaP readily adsorbed to LDPE MPs and
increased the measured BaP concentration in the digestive gland after a 7-day exposure.

Having shown that mussels successfully accumulated MPs, this study further investi-
gated the variable effect that both pristine and contaminated MPs can have on the organism.
First, several enzyme activities were assessed as a response to environmental stressors.
Lowered antioxidant activities have been considered an indicator for overwhelmed antioxi-
dant defences or an inability to remove reactive oxygen species [70]. A recently published
review stated that MP ingestion frequently challenged the oxidative state of invertebrates
and seemingly required an upregulation of the antioxidant system in response [71], further
supporting the application of these markers in studies on the impact of MPs. However, the
exposure to pristine MP particles has frequently failed to induce significant responses in
antioxidant levels [32,44,72,73].

In the present study, catalase activity in the digestive gland and gills was not signif-
icantly impacted. A previous study found, however, that a 7-day exposure of mussels
to 500 μg/L BaP decreased catalase activity, followed by an increase in activity after
21 days [74]. Furthermore, a study assessing the effects of MP pollution and ocean acidifi-
cation on mussels determined that of the assessed antioxidant biomarkers only catalase
activity was significantly increased with increased MP concentration [73]. Revel et al. [75]
also showed that exposure to 10 μg/L MPs for 26 days significantly increases both catalase
and SOD activity in the digestive gland of mussels. In the present work, SOD activity only
varied significantly for the gill samples of organisms exposed to MP-Cd (lowered activity)
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in comparison to those exposed to both pristine and MP-BaP. This result suggested that a
longer exposure time could be needed to affect the overall SOD activity in mussels.

In the present study, peroxisomal AOX activity decreased significantly in the digestive
gland of organisms exposed to pristine MPs compared to those exposed to MP-BaP. Even
though lipid metabolism, where peroxisomes play a key role, has been highlighted as a
relevant target for MPs pollution [76], recent work has shown that no significant difference
in AOX activity in the digestive gland was measured when exposed to either pristine or
MP-BaP as well as dissolved BaP over 7 days [44]. These findings were further supported
with a recent study conducted with oysters (Crassostrea gigas) [72]. Work performed by
Orbea and Cajaraville [50] found that mussels inhabiting or transplanted to sites polluted by
PAHs showed increased AOX activity. However, lab studies where mussels were exposed
to BaP yielded controversial results. Orbea et al. [74] found a significant decrease of AOX
activity in the digestive gland of mussels waterborne exposed for 1 day, while no changes
were seen after 7 and 21 days of treatment. Cancio et al. [77] did not observe alteration of
AOX activity after 1 day of BaP injection, but increased activity was registered after 7 days.

Lysosomal membrane stability (LMS) can be used not only as a diagnostic biomarker
for lysosomal stress, but also for the prognosis of the animals’ health status [78]. The
measured labilization periods (LPs) were overall lower than expected indicating, a possible
disturbed health status of all mussels. The presence of relevant concentrations of some
pollutants, such as Zn or PAHs (mainly naphthalene), at levels that have been described
in moderately polluted areas [79] may be responsible of the relatively low stability of the
lysosome membrane. Moreover, the data may also indicate that other stressing factors, such
reproductive status, could be triggering the response, or that Plentzia is not as clean site as
previously thought. Other pollutants in addition to PAHs and metals should be considered
in future works. Similar levels of LP have been previously described in mussels from the
same area exposed in the lab during similar exposure time (96 h [80]) The influence of
feeding during the experimental period in lysosomal compartment that could lead into
changes in both lysosomal size and lysosomal membrane stability [81] should also be
considered. No differences in LP were found among exposure groups whereas longer
exposure conditions to BaP contaminated MPs along with dissolved BaP led to significantly
decreased membrane stability in a time dependent manner [44]. These differences could be
due to differences in exposure periods or to different lysosome population measurement.

Regarding tissue metal distribution and accumulation after autometallography, it
became evident that Cd accumulated mainly in the gills and the digestive gland. The
percentage of BSDs in the cells followed the expected trend, where samples of organisms
exposed to dissolved Cd showed a larger positively stained area followed by those exposed
to MP-Cd, in agreement with results obtained by analytical chemistry. These results
indicate that autometallography can be a suitable technique to detect the exposure to
metal-contaminated MPs.

The present study demonstrated that the structure of the digestive gland was only
impacted by the 3-day exposure to both dissolved BaP and MP-BaP, as well as Cd. The
VvBAS significantly increased in mussels exposed to BaP and MP-BaP, whilst the two
dissolved contaminants caused a significant increase of the CTD and MLR/MET ratios.
Moreover, Cd exposure significantly reduced MET/MDR ratio, which also occurred, to
a lesser degree, after exposure to dissolved BaP and to MP-BaP. The increase in VvBAS
has previously been determined as an indicator of environmental stressors [82]. The
effects exerted on cell type composition of the digestive gland, however, can be reversed,
as shown by a study conducted after the Prestige oil spill in 2002. It was found that
mussels affected by the contamination showed signs of recovery after two years [83].
Current results indicated that, although control mussels presented moderate levels of
stress [60], in agreement with LP data, the presence of Cd, BaP and MP-BaP induced
higher levels of stress. Moreover, the CTD values indicative of the structural integrity
of the digestive gland tissue, with a high ratio indicating reduced digestive tissue [59],
suggest that both Cd and BaP and the MP-BaP induced a reduction of digestion capability,
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which may disrupt the normal functioning of the organism in the long-run. This was
further supported by the MLR/MET and MET/MDR values, where an increase of the
first parameter and decrease on the second is indicative of epithelial thinning due to
stressors [59,60], a response that has previously been observed in mussels exposed to the
water accommodated fraction of oils [84], metals [85] or MPs [33]. The fact that control
mussels present some altered biomarker responses (relatively low LP and high VvBAS)
could be indicative that selected season (spring; developing gametes) and site (Plentzia)
could be optimized for future research, as commented before. Longer exposure-times could
confirm whether present alterations are transitory of are confirmed and increased after
exposure. Conversely, although generally for dissolved contaminants biochemical changes
precede histological ones [29], higher alterations were observed at tissue level compared
with biochemical measurements. Similarly, the Manila clam (Ruditapes philippinarum) was
found to ingest MPs and whilst none of the assessed biochemical biomarkers showed
significant responses after 7-day exposure, the histological assessment of individuals
exposed to MPs alone or co-exposed with Hg indicated deterioration of the gill epithelial
tissue along with haemocyte infiltration [69].

5. Conclusions

Results of the present work demonstrated that marine mussels ingest MPs of various
sizes (4.5 and 45 μm) and that these particles can further be accumulated in the digestive
gland in a concentration and depuration time dependent manner. Furthermore, it was
found that BaP body burdens increased notably in mussels exposed to MP-BaP, making it
evident that plastic debris with adsorbed contaminants are posing a threat to the marine
wildlife. This research was carried out over a 3-day period, which would only indicate
initial impacts of exposure. Many factors may influence the impact that plastics and
contaminants may have on organisms, of which not all are known or fully understood yet.
Activity of the antioxidant and peroxisomal enzymes did not show a clear response to MP
exposure, but autometallography appeared as a suitable technique to detect the exposure to
metal-contaminated MPs. Quantitative histological analysis allowed for the determination
of stress caused by the exposure to BaP and Cd and to MP-BaP by determination of changes
in the basophilic cells volume density and the connective-to-diverticula ratio, as well as two
ratios indicating digestive tubule structure. The results of this research make it evident that
more work is needed in this field, as there are still knowledge gaps in the understanding of
contaminants and their association with plastic debris, as well as their impact on marine
organisms at long-term.
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Abstract: Plastic pollution is an increasing environmental problem, but a comprehensive understand-
ing of its effect in the environment is still missing. The wide variety of size, shape, and polymer
composition of plastics impedes an adequate risk assessment. We investigated the effect of differently
sized polystyrene beads (1-, 3-, 6-μm; PS) and polyamide fragments (5–25 μm, PA) and non-plastics
items such as silica beads (3-μm, SiO2) on the population growth, reproduction (egg ratio), and
survival of two common aquatic micro invertebrates: the rotifer species Brachionus calyciflorus and
Brachionus fernandoi. The MPs were combined with food quantity, limiting and saturating food con-
centration, and with food of different quality. We found variable fitness responses with a significant
effect of 3-μm PS on the population growth rate in both rotifer species with respect to food quantity.
An interaction between the food quality and the MPs treatments was found in the reproduction of
B. calyciflorus. PA and SiO2 beads had no effect on fitness response. This study provides further
evidence of the indirect effect of MPs in planktonic rotifers and the importance of testing different
environmental conditions that could influence the effect of MPs.

Keywords: microplastics; population growth rate; polystyrene; polyamide; silica beads; fitness
response; rotifers; Brachionus fernandoi; Brachionus calyciflorus; egg ratio

1. Introduction

Plastic pollution is continuously increasing and without effective control, it will
become more and more serious in the future. Currently, about 60 to 80% of the litter
material in the environment is plastic [1].Plastic litter has a broad size, ranging from large
plastic fishing nets and fragments of containers to very small particles in the millimeter or
micrometer range and down to nanoparticles below 1 μm. Microplastics (MPs) have been
found virtually everywhere in both terrestrial and aquatic ecosystems such as rivers, lakes,
and oceans [2,3]. Plastics can enter aquatic systems from waste water treatment plants [4],
through surface runoff [5–7], or from being deposited through the air [8]. Many studies
have reported that microplastics harm a wide variety of aquatic organisms: the ingestion
of large amounts of microplastics by aquatic organisms can reduce energy reserves and
can affect growth and reproduction, which consequently increases the mortality of, for
example, crustaceans [9], fish, mollusca, anellida[10]. The uptake of MPs from even
smaller zooplankton can make them more available to larger taxa [11]. However, evidence
supporting a quantitative risk assessment for microplastics is still missing due to a lack of
method standardization and result ambiguity [12].A study from Sun et al. [13] showed that
small-sized microplastics (0.07 μm; 0.05 μm) decreased rotifer survival and reproduction,
whereas large-sized microplastics (0.7 and 7 μm) had no effect on rotifer life history traits.
In contrast, Xue et al., [14] showed that larger microplastics (10–22 μm), in association with
the algal food of similar size, suppressed the reproduction of rotifer, and this negative
effect could be alleviated by increasing the food supply. Similar discrepancies have been
found in studies conducted with the microcrustacean Daphnia [15,16]. Such discrepancies
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can result from different experimental set-ups, different shapes and types of plastics, and
their relationship with food availability or food-size selection. Because of the shapes, size,
and polymer composition of microplastics, there is still a necessity to better understand
the effect of microplastics on aquatic organisms. Representative forms of microplastics in
the environment are fragments and fibers, while microspheres are found less often [17,18].
Fragments and fibers accounted for 60% of all types of MPs, even in remote areas such as
Lake Hovsgol in Mongolia [19]. One relevant component of shape is “spikiness”. It was
shown that spiky particles (e.g., filaments) and irregularly shaped particles (e.g., fragments)
had showed a greater potential to harm animals than smooth particles such as spheres did,
because spiky particles are more difficult to egest than smooth particles [20].

Rotifers are a widely distributed group of zooplankton that is present in all types of
freshwater and brackish water bodies. They play an important role in aquatic food webs
at the interface between primary producers and secondary consumers. As filter feeding
organisms, rotifers have a very limited capability for food particle selection. Thus, rotifers
cannot avoid the ingestion of plastic particles while they are feeding on natural food, such as
algae. Therefore, rotifers are good model organisms for the study of and to understand how
microplastic pollution influences aquatic ecosystems. Since field populations of rotifers
are often resource limited [21–24], resource availability and natural fluctuation of algal
growth should also be taken into account when estimating the risk of plastic pollution. We
tested two closely related rotifers species, which were previously considered as one species,
Brachionus calyciflorus and Brachionus fernandoi. These two species, even though they have a
very similar morphology, exhibit different ecology and life history traits [25–27].

We used 1-, 3-, 6-, μm polystyrene beads (PS) because they are commonly used in
toxicological studies of other organisms [28,29]. In addition, we used polyamide nylon
fragments (PA) that were 5–25 μm in length because they are relevant in the field. As a
non-plastic control, we used silica beads (SiO2) (3 μm), and as the positive control, we
used a treatment without artificial particles (only food algae). The different artificial beads
were offered together with food algae at limiting and saturating food concentrations [30].
Moreover, the effects of the different microplastics were tested in B. calyciflorus in associa-
tion with a different algal diet of Monoraphidium minutum and Cryptomonas sp., which is
considered to be a high-quality food that can be ingested by rotifers [31,32].

The aim of this study was to quantify and compare the effect of differently sized and
shaped particles made of different materials. We hypothesized that (1) the ingested beads
could induce a decrease in the growth rate and reproduction of brachionids, acting as
non-nutritional particles and that (2) the effect of microplastics is influenced by the food
quantity and food quality.

2. Materials and Methods

2.1. Cultivation of Organisms

We used two species of pelagic rotifers, Brachionus calyciflorus s.s. (strain USA) and
B. fernandoi (strain A10; [26]). Rotifers were raised in six well microtiter plates with sterile
and vitamin-supplemented Woods Hole Culture Medium (WC) with saturating densities of
Monoraphidium minutum (SAG 243-1, Culture Collection of Algae, University of Göttingen,
Germany; ESD = 3.5 μm) as food. The phytoplankton species Cryptomonas sp. (Culture
collection Göttingen, strain SAG-26-80; ESD = 5.9 μm [33]) was used as additional food
in the food quality experiments [26]. Cultures were kept at 20 ◦C in a light–dark cycle of
14:10 h and at a light intensity of 35 μM photon s−1 m−2 photosynthetic active radiation
(300–700 nm). Prior to the experiment, the rotifers were sieved through a mesh (30 μm)
and were rinsed with sterile culture medium in order to separate them from their food.
The carbon content was determined by an elemental analyzer (Euro EA 3000, HEKAtech
Gmbh, Wegberg, Germany).
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2.2. Microplastics

We used polystyrene microspheres (PS) of three different diameters as the microplastic
beads in this study: 1.03, 3.06, and 5.73 μm (Polysciences, Inc. Fluoresbrite® YG Polystyrene
Microspheres, Warrington, USA); for convenience, we refer to them as 1-, 3- and 6-PS. A
stock solution was prepared with deionized MilliQ water under sterile conditions to
minimize bacterial growth. To keep the beads as singular particles, each stock solution
was sonicated for 30 min and was mixed using a vortexer. Stock suspensions of silica
(SiO2) beads in the size of 3.0 (cat. #SiO2-F-3.0) were purchased from microParticles GmbH
(Berlin, Germany). The stock solution was prepared using the same methods as the one
prepared for the PS beads. Nylon fragments (5–25 μm) were prepared by size fractionating
polyamide nylon-6 powder (nylon, PA) (Goodfellow; AM306010) with 25 μm cellulose
filter (Whatman® qualitative filter paper, Grade 4) and 5 μm nylon mesh under a laminar
flow hood. Prior to use, the microplastics were exposed to UV-light for 20 min to avoid
bacterial contamination. For quantification, the fragments were suspended in ultrapure
water and were analyzed with an electronic particle counter (CASY Schärfe System GmbH,
Reutlingen, Germany) to assess the concentration and the total volume; moreover, a
subsample was inspected using microscope, and the stock concentration and size range
was assessed (Figure S2). The PS microbeads, the silica beads, and the PA fragments used
in the present study have been previously used in numerous studies determining the effect
and the ingestion of microplastics in pelagic and benthic organisms [28,29,34,35].

2.3. Experimental Procedure

For the population growth experiments, the two rotifer species fed on two carbon
concentrations (0.5 mg C L−1, “Limiting food concentration” LF and 2 mg C L−1 “Saturating
food concentration” HF, Table S1) of M. minutum in combination with 1, 3, 6 PS beads, three
types of SiO2 beads, and 2 mg/L PA fragments with four replicates (Table S2). In this study,
we used the same total amount of plastic (or silica) material, i.e., smaller particles were
provided in higher numbers than larger particles.

In the second experiment, only the rotifer species B.calyciflorus was fed with a mix of
algae species: M. minutum and Cryptomonas sp. Two carbon concentrations (0.5 “LF” and
2 mg C L−1 “HF”) were used. Both algal species were supplied in 0.25 mg C L−1 for LF
and 1 mg C L−1 for HF, respectively. B. fernandoi was not exposed to the mixture of algal
food because it became mictic, i.e., it switched to sexual reproduction when fed with the
mixed diet.

The experiment was conducted in 6-well microtiter plates at 20 ◦C in the dark to avoid
additional algal growth. In the beginning, 10 individuals were randomly chosen from the
stock culture and were pipetted into each well filled with 10 mL of the respective food
suspension. At intervals of 24 h, the animals (live and dead) and their eggs were counted in
each well. When the populations increased, 10 live individuals were randomly picked and
transferred into new wells daily, receiving fresh food suspensions. In a case where less than
10 individuals survived, all of the remaining animals were transferred. The experiment
lasted for 10 days (there was the exception of one replicate from B. fernandoi at low food con-
centration that got lost). Microtiter plates were placed on a rocker (Bio-Rad, Double Rocker,
Labnet International Inc., Woodbridge, NJ, USA) to reduce the particle sedimentation. For
each replicate the intrinsic growth rate (r), the egg ratio (m; eggs/female), and the survival
(l) per day (t) were calculated on a daily basis using the following equations [36–38]:

r = ln(Nt)− ln(Nt−1) (1)

m =
Ht

Nt
(2)

l = 1 − Dt

Nt−1
(3)
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where N(t−1) is the initial number of individuals and where Nt, Ht, and Dt are the final
numbers of individuals, total eggs, and dead, respectively, on consecutive experimental
days. The population growth rate (d−1) of each replicate as well as reproduction (eggs
ind−1 d−1) and the probability of survival (d−1) were calculated by averaging r, m, or l of
consecutive experimental days.

2.4. Statistical Analysis

To compare the results from different experiments, we used the intensity of growth rate
reduction (Δr) relative to the control group. The intensity of the growth rate reduction (Δr)
was expressed as the difference in the per capita population growth rates with and without
microbeads; a measure often used in food limitation experiments follows [21,23,24,39,40]:

Δr = rc − rs (4)

where rc is the per capita population growth rate in the experiment without microbeads
(control), and rs is the growth rate with the microbeads. A statistically significant growth
reduction was present if the 95% confidence limits did not include zero and if the confidence
intervals did not overlap. The effect of plastics and the interaction of food quantity, food
quality, and plastics on the egg ratio and percentage of survival was analyzed using three-
way ANOVAs and a pairwise comparison (Emmeans test) grouped by food against the
reference group “control” with Bonferroni adjustment. The egg ratio was square-root
transformed, and the percentage of survival was Yeo–Johnson transformed (lambda = 4.99)
with the R-package “bestNormalize”. Normality was assessed graphically using QQ-plot,
and the homogeneity of variances was assessed using Levene’s test. All of the statistical
analyses were performed, and graphs were generated using R software (version 1.1.383).

3. Results

3.1. Effect of the MP Beads on Population Growth Rate

Brachionus calyciflorus and B. fernandoi experienced significant population growth
rate reductions when exposed to the PS beads (Figure S5). Otherwise, there were no
significant growth rate reductions in the treatments using PA fragments and silica beads
(Figures S1, S3, and S4 showing ingested polymers).

In detail, we found a significant growth rate reduction when B. calyciflorus was only
fed on the M. minutum algae with the 1-μm PS beads (Δr = 0.14; CI = 0.061) and 3- (Δr = 0.16;
CI = 0.079) at the saturating food concentration. For the limiting food concentration, we
found significant growth reductions with the 3- (Δr = 0.31; CI = 0.072) and 6-μm beads
(Δr = 0.19; CI = 0.067). Contrarily, when a mixed algal diet was provided to B. calyci-
florus, no growth rate reduction was found at the saturating food concentration, and the
rotifers showed a significant decrease in growth rate for the limiting food concentration
for particles that were 3 μm in size (PS: Δr = 0.25; CI = 0.171; silicate Δr = 0.14; CI = 0.103).
In a similar manner, B. fernandoi exhibited no growth rate reductions at the saturating
food concentrations, and only exhibited reductions when exposed to the limiting food
concentration and to the 3-μm PS beads (Δr = 0.20; CI = 0.071), where we found a significant
decrease in growth rate (Figure 1).

3.2. Effect of the MP Beads on Reproduction

Brachionus calyciflorus and B. fernandoi responded similarly regarding the production
of eggs per individual (F1137 = 1.3, p = 0.26; Table 1 and Figure 2).
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Figure 1. Intensity of food reduction (Δr ± 95% confidence interval (CI)) of the rotifer B. calyciflorus
and B. fernandoi at high and low food concentrations; (A–C) the red circles refer to the experiment
with B. calyciflorus and the mixed algal diet (M. minutum and Cryptomonas sp.), and the green circles
refers to the experiment with B. calyciflorus and one algal species (M. minutum); (B–D) the green
triangle refers to B. fernandoi.

Table 1. Results of three-way ANOVAs using square-root transformed data on the egg ratio and Yeo–Johnson transformed
data on survival (lambda = 4.99) for the two rotifer species (Brachionus calyciflorus and Brachionus fernandoi) and the two
algal diets (Monoraphidium minutum; Monoraphidium minutum + Cryptomonas sp.). The two species were provided with two
quantities (0.5 and 2.0 mg C L−1) of Monoraphidium minutum. B. calyciflorus was provided with the same food quantities of a
mixture of Monoraphidium minutum and Cryptomonas sp. as food.

Egg-Ratio Probability of Survival

Independent variables Df F-Value p-Value Df F-Value p-Value

Alg 1137 125.5 <0.0001 1137 0.4 0.534
food 1137 997.0 <0.0001 1137 28.6 <0.0001

food × Alg 1137 33.5 <0.0001 1137 2.8 0.099
food × Treatment 5137 1.0 0.422 5137 3.9 <0.01

Specie 1137 1.3 0.258 1137 20.2 <0.0001
Specie × food 1137 16.6 <0.0001 1137 2.4 0.126

Specie × food × Treatment 5137 1.5 0.190 5137 0.6 0.699
Specie × Treatment 5137 0.3 0.907 5137 3.3 <0.01

Treatment 5137 20.3 <0.0001 5137 5.6 <0.001
Treatment × Alg 5137 4.2 <0.01 5137 3.2 <0.01
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Figure 2. A−B−C egg ratio of B. calyciflorus and B. fernandoi exposed to the microbeads (mean ± SD); (A) egg ratio from
B. calyciflorus fed on one algal species (M. minutum), with a statistically significant difference between the control group and
the microbead treatment group; (B) egg ratio from B. fernandoi fed on one algal species (M. minutum), with a statistically
significant difference between the control group and the microbead treatment group; (C) egg ratio from B. calyciflorus fed on
mix algal diet (M. minutum and Cryptomonas sp.), with a statistically significant difference between the control group and
the microbead treatment group; D−E−F percentage of survival of B. calyciflorus and B. fernandoi exposed to the microbeads
(mean ± SD); (D) survival of B. calyciflorus fed on one algal species (M. minutum), with a statistically significant difference
between the control group and the microbead treatment group; (E) survival from B. fernandoi feeding on one algal specie
(M. minutum); (F) survival from B. calyciflorus fed on mix algal diet (M. minutum and Cryptomonas sp.), with a statistically
significant difference between the control group and the microbead treatment group.

The egg productions were affected by the food concentration (F1137 = 997.0, p < 0.0001;
Table 1), the different algal diets (F1137 = 125.5, p < 0.0001; Table 1), and the plastic treatments
(F5137 = 20.3, p < 0.0001; Table 1). Moreover, the effect of the food concentrations on the egg
ratio differed between the two rotifer species (F1137 = 16.6, p < 0.0001; Table 1) and between
the two algal diets within the same species (F1137 = 33.5, p < 0.0001; Table 1). Regarding
the effect of the plastic treatments, in general, we did not find significant changes after
limiting the saturating food concentration (F5137 = 1.0, p = 0.42; Table 1); on the contrary,
the effect varied between the two algal diets (F5137 = 4.23, p < 0.01; Table 1). The rotifers
responded differently depending on the plastic treatments, but no significantly different
effect was found between the control group and the rotifers exposed to PA fragments and
silica beads. A reduction in egg production was mostly found with the 3-μm PS beads, with
the exception of the experiment with B. calyciflorus when limiting then food concentration
in the mixed algal diet. B. calyciflorus was more vulnerable to a decrease in the egg ratio
when fed on a monoculture diet and with PS beads when the food concentration was
limited (LF: PS1, p < 0.01; PS3, p < 0.0001; PS6, p < 0.01; Table S3), and a minor vulnerability
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was also shown with the saturating food concentration (HF: PS3, p < 0.01; Table S3). When
the mixed algal diet was provided, B. calyciflorus exhibited a less pronounced decrease in
the egg ratio, with the only significant reduction only being seen with the 3-μm PS beads
(HF: PS3, p < 0.01; Table S3). Similarly, B. fernandoi showed an eggs ratio reduction with
PS beads at the saturating (HF: PS1, p < 0.05; PS3, p < 0.01; Table S3) and limiting food
concentrations (LF: PS3, p < 0.01; PS6, p < 0.01; Table S3).

3.3. Effect of the MP Beads on Survival

The probability of survival was affected by the food quantity (F1137 = 28.6, p < 0.0001;
Table 1) and plastic treatments (F5137 = 5.6, p < 0.001; Table 1) and differed between the two
species (F1137 = 20.2, p < 0.0001; Table 1). The effect of the beads changed depending on
the food concentration (F5137 = 3.9, p < 0.01; Table 1), on the algal diet (F5137 = 3.2, p < 0.01;
Table 1), and on the species (F5137 = 3.3, p < 0.01; Table 1). Nevertheless, for the two species
and the different algal diets, no significant differences were found between the control
group and the beads.

4. Discussion

The aim of this research was to investigate and compare the effects of different sizes
and types of microbeads and the role of food quantity and quality in a freshwater rotifer
population. In this study, we highlighted the decrease of the population growth rate
and reproduction (egg ratio) of two freshwater rotifer species, Brachionus calyciflorus and
Brachionus fernandoi, in response to exposure to PS beads at the limiting food concentration.
Moreover, B. calyciflorus exhibited reduced fitness when exposed to MPs with a single algal
food species at the saturating food concentration. In contrast, the (PA) nylon fragments
and the silicate beads had no effect on the population growth rate, egg ratio, and survival.

4.1. The Role of Food Quantity and Food Quality on Microplastics Effect

Our experiments showed that the population growth rates of the two rotifers species
and with both algal diets were more affected at the limiting food concentration with the
presence of the 3-μm PS beads. Only B. calyciflorus showed a reduction in the population
growth rate at a high food concentration with the monoculture algal diet. In fact, the
population growth rate of B. calyciflorus did not decline when a mixed algal diet was
provided at the saturating food concentration; similarly, B. fernandoi only exhibited a
reduced population growth rate at the limiting food concentration. In addition, the growth
rate reduction was less pronounced in B. calyciflorus with the mixed algal diet than it was
with the monoculture algal diet (Figure S1). The egg production was also mostly affected
mostly by the PS beads; the effect of the microplastics, if present, was not influenced by
the different food concentration but instead depended more on the algal diet provided
to the rotifers. For instance, B. calyciflorus and B. fernandoi showed a reduced egg ratio
at the limiting and saturating food concentrations, with different intensities, but when a
mix algal diet was provided, B. calyciflorus only exhibited a reduced egg ratio with the
3-μm PS beads at the saturating food concentration and had no effect at the limiting food
concentration. For B. calyciflorus at the limiting food concentration, we found an inverse
relation between the population growth rate and the number of eggs produced, where the
number of individuals decreased but not the number of eggs; in contrast, at the saturating
food concentration, the number of eggs per individual declined, but not the number of
individuals. Although the population growth rate and egg ratio are expected to be linked
to each other, they do not match perfectly. On the one hand, at low food levels, animals
can increase their life span at the expense of reproduction. In our experimental set up, this
led to a lower growth rate reduction but to a strong decline in the egg ratio. On the other
hand, at the maximal growth rates, a high number of not yet reproducing juveniles are
part of the population, leading to sub-maximal egg ratios. Our findings are in accordance
with Korez et al., [41] where a marine isopod was not affected by microplastics when
they received a sufficient amount of food with a high nutritional quality. A surplus in the
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microplastics at a low food concentration caused a significant reduction in food uptake and
digestive enzyme activities. One likely explanation for the decrease in egg ratio in rotifers
that is connected to microbeads exposure, is the food dilution effects, which have been
found in nematodes and crustacea [12,29]. Microbeads, which are mostly of the same size
of the supplied food, interfere with normal food ingestion, and in addition, the particles
act as a non-food item, providing no energy resource. Thus, the microbeads occupy space
in the digestive tract, decreasing the available space for algal food. A similar study on
cladocerans determined that chronic exposure to PS beads led to a reduction in the number
of offspring, which could be explained by the downregulation of several digestive enzymes
that can interfere with the animal´s nutrient supply and that can affect their fitness [42].

Food quality may be more important in the explanation of the variation in zooplankton
fitness than food quantity [43]. The food quality acts on consumer physiology through
morphological traits such as the shape as well as the nutritional value. This is evident for
organisms such as rotifers, who strongly depend on dietary nutrient supply. A decrease in
food supply may lead to a shift in energy allocation and less available energy, resulting in a
decrease fitness response [44–46]. Our findings indicate no differences between the two
species in terms of the egg ratio, but as in previous studies, the food quantity influenced the
reproduction differently [38]. Previous studies demonstrated the importance of food quality
effects on the population growth rate, fecundity, and survival [47] as well as the differences
in the life history traits between B. calyciflorus and B. fernandoi feeding on different algal
foods [38]. Divergence in other life history traits were found [27] between B. fernandoi and
B. calyciflorus by Zhang et al. since B. fernandoi invests less in sexual reproduction and has
a higher population growth rate than the others brachionids. In addition, B. calyciflorus
has a higher heat tolerance than B. fernandoi [26].These findings support the finding that
B. fernandoi and B. calyciflorus differ in their ecology and react to stressors in a different way.

4.2. Size Particles Effect

The population growth rate and reproduction of the two rotifer species was signifi-
cantly reduced when exposed to 3-μm PS beads. The size of the 3-μm PS beads is close to
the size of the food alga and is at the lower end of the efficiently used food-size spectrum
in Brachionus species [48–51]. This can explain why an effect was only found for the 3-
and 6-μm beads. Our results are in accordance with Xue et al., [14], who showed that
the reproduction of rotifers was suppressed when they were exposed to polyethylene
microbeads (10–20 μm) along with algal food of a similar size. In our experiment, the
survival percentage was not affected by the presence of microbeads, even when exposed to
3-μm PS, which had the strongest negative fitness response.

Different results were found by testing very small, nano-sized PS particles (37 nm,
0.07 μm) in marine brachionids, where the population growth rate decreased by more than
50%. On the contrary, large-sized PS beads had no effect on the population growth rate and
reproduction [13]. The different results could be related to the different feeding efficiencies
of the rotifer species. Furthermore, the nano-sized plastic beads mostly interfered at the
cellular level. Micro- to medium-sized particles, similar to those in the present study, and
particles that are up to 20 μm in size might interfere with the feeding and may dilute the
food; in addition, large particles seem to have no effect on micro-zooplankton because they
are non-edible food for them [48–51].

4.3. Silica and (PA) Nylon Microbeads

No effect on the fitness response was found when the rotifers were exposed to silica
beads and polyamide fragments. The concentration and the specific density of the material
play an important role in the uptake of particles in rotifers and could be a likely explanation
for our findings. In fact, silica beads and the polyamide (PA) have a higher specific weight
and a higher sinking velocity than PS. To prevent sedimentation, we applied agitation, but
the ingestion process itself might have been affected by the weight. One may speculate that
heavy particles are difficult to ingest. In the natural environments, animals are exposed
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to particles along with other suspended solids. A number of studies found no negative
effects on the fitness of rotifers when they were exposed to suspended clay, whereas
cladocerans were affected by clay particles [52,53]. Although rotifers and cladocerans
are typical filter feeders, rotifers can feed more selectively, and they were able to avoid
ingesting clay particles [52,53]. These results suggest that rotifers might be less affected by
plastic pollution than cladocerans. Studying the effect of irregularly shaped MPs, D. magna
was more affected by MPs than by mineral particles of a similar size, potentially leading
to extinction within one and four generations [44,54,55]. A mechanism counteracting the
ingestion of fragments is aggregation, which leads to particle sizes that are unable to
be digested [20,49]. Until now, no general conclusion can be drawn as to which factors
drive the ingestion and impact the size, shape, weight, and type of plastics on animals:
Klein et al. [56] have recently found that the ingestion of beads and fragments in freshwater
shrimp was more influenced by the size of the particles than by their shape, whereas the
ingestion was not influenced by the presence of the food. Copepods, instead, ingest more
fragments than beads or fibers [57]. Marine off-shore zooplankton ingested more fragments
than the ones close to the urban coast [58]. These findings suggest a strong particle type
and a species-specific role.

4.4. Ecological Relevance

A crucial issue in the research on plastic pollution is that the detection of particles
becomes more and more difficult with decreasing size. At the moment, there is no method
available that can reliably quantify microplastics in the size range used in this study in
natural water samples with algae, bacteria, and detritus. The concentration of the smallest
MPs size (<10 μm) cannot be estimated at present, but from modelling studies, it is likely
that the number of MPs in the environment increases when the size decreases [59]. For
instance, the number of particles in marine environment and freshwater sediment has
been underestimated due to technical limitation [60,61]. At the time of the study, the
concentrations of microbeads were, most likely, higher than the ones in the field; however,
with increasing production and fragmentation, the amount of small microplastics will
increase continuously.

Typically, laboratory conditions are chosen to match the needs of the test species as well
as possible. In contrast, in the field, environmental conditions are highly variable over time
and are often suboptimal in terms of temperature or food supply. In particular, food supply
can vary strongly from low to high and vice versa over the course of mere days [62]. Under
such suboptimal conditions, when animals are already stressed, the effects of pollutants
can be stronger than they would be under ideal conditions, as demonstrated in the present
study. Furthermore, the PS beads used for the experiment do not contain plasticizer or
additives since they are used for standard tests. In fact, the polymer type and the chemicals
that they contain can contribute to the toxicity of microplastics, creating an additional
stress [63]. Indeed, one single plastic product can contain hundreds of chemicals [64].
These include additives such as antioxidants, flame retardants, plasticizers, and colorants
as well as residual monomers and oligomers and side products of polymerization and
compounds and impurities [65]. Once taken up, these plastic chemicals can have negative
impacts. For instance, aqueous leachates from epoxy resin or PVC plastic products can
induce acute toxicity [66] and alter life history traits [67] in Daphnia magna. Still, studies
on the contribution of plastic chemicals to microplastic toxicity are scarce. Studies testing
for the combined effects of more than two factors are generally rare [68]. In a study with
Daphnia, Hiltunen et al. [69] tested for temperature, food quality, and microplastics. Using
lower plastic concentrations, as was also the case in our study, they found that decreased
food quality had the biggest effect on life history, and the low plastic concentrations had no
effect. In another study, increasing the food quantity disproportionately reduced the uptake
of MP, and no effect on Daphnia life history was found [70]. However, some results only
become apparent after long-term exposure [71]. Combining these results, food quantity
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and quality have a strong impact on consumer life history that can be enhanced by high
microplastic pollution.

5. Conclusions

Our study reveals that the negative effect of microplastics on a common freshwater
invertebrate depends on the environmental conditions, which in this study, were food
quality and quantity. This is one reason for the differing results in microplastic research
and requires more attention in terms of plastic risk assessment. In addition, although stan-
dardized toxicological tests provide useful information on the toxic potential of pollutants,
more realistic studies with various environmental conditions are needed to obtain deeper
and more comprehensive insights on the problem of plastic pollution.
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Abstract: Attention towards microplastic (MP) pollution in various environments is increasing, but
relatively little attention has been given to the freshwater-riverine environment. As the biggest city in
the eastern Indonesia region, Makassar can be a potential source of MP pollution to its riverine area.
This study aimed to determine the spatial trends, seasonal variation, and characteristics of MPs in the
water and sediment of Tallo River, as the main river in Makassar. Water samples were collected using
a neuston net and sediment samples were collected using a sediment corer. The samples collected
contained MPs with an abundance ranging from 0.74 ± 0.46 to 3.41 ± 0.13 item/m3 and 16.67 ± 20.82
to 150 ± 36.06 item/kg for water and sediment samples, respectively. The microplastic abundance
in the Tallo River was higher in the dry season and tended to increase towards the lower river
segment. Fragments (47.80–86.03%) and lines (12.50–47.80%) were the predominant shapes, while
blue (19.49–46.15%) and transparent (14.29–38.14%) were the most dominant color. Polyethylene
and polypropylene were the common MP polymers found in the Tallo river. Actions to prevent MP
pollution in the Makassar riverine area are needed before MP pollution becomes more severe in the
future.

Keywords: plastics; riverine; coastal; estuary; characteristics; pollution

1. Introduction

Plastic pollution is being reported everywhere and has become a major global problem.
An increasing amount of plastic waste, primarily caused by anthropogenic activities in
terrestrial locations, may eventually end up in the sea [1,2]. More than 190 coastal countries
have been identified as contributors to an annual release of up to 12.7 million metric tons
of plastic debris into the ocean [2]. Environmental stressors such as physical abrasion,
elevated temperature, and UV-B exposure can all help plastic waste degrade into a smaller
form of plastic in the environment [3,4]. These small-sized plastic particles that range from
1–5 mm eventually merge into a new form, called “microplastic” [5,6].

Microplastics (MPs) tend to receive a lot of attention from researchers, public commu-
nities, and governments worldwide due to their potential impacts on the ecosystem [7–9].
Microplastics are known to interact with other toxic compounds in the aquatic ecosys-
tem [10–12]. Internal compounds in the MPs may also induce toxicity to the exposed
organism [13]. The shape of MPs can resemble plankton, the primary food source in
the aquatic environment, which makes it very easy to be consumed by aquatic organ-
isms [14,15]. Reports on the incidence of MP ingestion by aquatic organisms have also been
widely reported, as in plankton, fish, and shellfish [16–20]. This situation raises concerns
about MPs’ impact not only on the ecosystem but also on food security, which may have
implications for human health [21,22].
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Indonesia is branded as the world’s second-largest contributor to ocean plastic pollu-
tion [2]. However, research regarding MP pollution in Indonesia is still in its early stages
and needs further development. Currently, research on MP pollution in Indonesia focuses
more on the marine environment. Microplastic is known to contaminate sediment [23,24],
water [25,26] and biota [16,27,28] in Indonesia’s marine environment. In contrast, research
on MPs in the freshwater environment in Indonesia has received little attention. Only a
few studies concerning MP pollution have been conducted in Indonesia’s rivers [29,30].
According to these studies, MPs are reported to pollute rivers in the western Indonesia
region, especially on Java Island [31].

To the best of our knowledge, even though studies regarding MPs have been con-
ducted in western Indonesia’s river, no MP pollution research has ever been performed in
the riverine area in Indonesia’s eastern region. Eastern Indonesia is an important location
for plastic pollution research. This area is passed by the Indonesian throughflow (ITF)
ocean current, which can carry plastic waste from the pacific ocean and its stream trajectory
to the Indian Ocean [32,33]. The high input of plastic debris from the rivers in eastern
Indonesia due to ITF ocean currents can further spread to other locations, posing risks to
broader geographical areas.

As the biggest city in eastern Indonesia, Makassar needs more attention due to high
anthropogenic pressure. Shuker and Cadman, in 2018 [34], reported that Makassar City
produces more than 1200 tons of solid waste a day. The same report also stated that more
than 44% of trash found in the Makassar coastal area is plastic waste. The coastal area
of Makassar is already polluted by plastic waste in several colors and sizes [35,36]. The
estuary areas in Makassar City also show MP contamination suspected from the river
outflow [37]. Despite research into MPs in the marine environment of Makassar City being
conducted at least five years earlier [16,33,35,38], information regarding MP pollution in
Makassar’s riverine environment is still lacking.

This study focuses on the MP pollution in Tallo River, as the main river trajectory
in Makassar City. In general, Tallo riverbank is still covered by a mangrove ecosystem,
as this river is utilized for recreational and fisheries purposes. The occurrence of MPs in
Tallo River may pose threats to human health in Makassar City, considering that most of
the freshwater fish and shrimp commodities in Makassar originate from this river. Tallo
River is also directly feeding the Makassar Strait, the location of the ITF ocean current. This
research aims to determine the abundance, spatial trend, and characteristics of MPs in the
water and sediment of Tallo River during the wet and dry seasons. This research provides
novel data on MP pollution in Makassar’s riverine environment. It could be used as a
baseline to evaluate and improve solid waste management in the east Indonesia region,
particularly in Makassar City.

2. Materials and Methods

2.1. Study Sites and Sampling

The study was conducted in the section of the Tallo River that crosses Makassar City,
Indonesia. Samples were taken in March and August 2019 to represent the wet and dry
seasons, respectively. Six sampling points were distributed purposively based on their
position from the upstream to the downstream part of the river section. Sampling points 1
and 2 were located on the upstream part of the river, where there is a thick Nypa fruticans
green belt on the riverbank in this river segment. The mid-stream section was represented
by sampling points 3 and 4, which are surrounded by a mangrove ecosystem and fisheries
activities, such as a fish and shrimp pond. Between points 3 and 4, a flow of water enters
from the Makassar industrial area. The downstream segment was represented by sampling
points 5 and 6, which are surrounded by Makassar City’s slum district. There is also a
water flow that enters the Tallo river at point 5, originating from the Makassar urban area.
Land use/cover area [39] and sampling points on Tallo River are described in Figure 1.
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Figure 1. Sampling points on Tallo River.

Water samples were collected in triplicate from each sampling point using the neuston
net method [26] with a slight modification to the net dimension. A custom rectangle-mouth
neuston net (15 × 60 cm, 330 μm mesh size) was towed perpendicular to the river current at
a constant speed (4 km/h) using a boat. Towing distance was measured using a GPS device
(Garmin Montana 680, Schaffhausen, Switzerland). The amount of water filtered during
towing was calculated by multiplying the net mouth area with the towing length. Water
accrued in the cod-end was then transferred into a bottle sample and added to 30 mL of 10%
KOH solution [40]. Following that, the samples were transported to the laboratory in a cool
box. Water samples were preserved at 4 ◦C prior to further analysis. Samples were then
filtered using a vacuum pump (Rocker 410, Kaohsiung, Taiwan) to a sterile 0.45 μm pore
size cellulose filter (Whatman GE 7141-104, Buckinghamshire, UK). The filter paper was
then placed into a clean glass Petri dish to be observed visually using a stereomicroscope.

Bulk sediment samples were taken in triplicate at every sampling point using a
sediment corer (Ø 4.9 cm) in the river littoral zone (50 cm–1 m depth) [14]. Sediment was
collected from the riverbed’s top layer (5–7 cm). Sediment samples were then transferred
to a Ziplock bag and preserved in the cool box for further analysis in the laboratory.

Sediment samples (400 g wet weight) were dried in an oven (60 ◦C for 48 h). For
the density separator process, a total of 100 g of dry weight (DW) sediment was taken
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from the dried samples and subjected to 300 mL of a 30% NaCl solution (337 g analytical
NaCl powder + 1 L distilled water, density ≈ 1.2 g/cm3) [41]. The samples were stirred at
1200 rpm for 2 min using a magnetic stirrer. Sediment samples were left at room temper-
ature (27–28 ◦C) overnight to create a supernatant layer in the sample. The supernatant
liquid was then filtered using the same method as that used in the water samples procedure
described. The filter paper was then placed in a clean glass Petri dish for further visual
analysis using a stereomicroscope.

Visual observations were performed using a stereomicroscope (Euromax SB-1902,
Arnhem, Netherland; 45× magnification). The filter paper inspection was performed using
a zigzag movement on filter paper until all of the areas on the filter were observed. Any
MPs found in the filter paper were taken and placed into an object glass for preservation.
The number, shape, size, and color of the MPs were then determined. The MPs’ colors
were classified according to Frias et al. [42] and the MPs’ shape identification referred
to GESAMP [43]. The MPs’ size was determined using ImageJ (National Institute of
Health, Bethesda, MD, USA, version 1.52a) software. Microplastic sizes were then classified
into small MPs (SMPs, <1 mm) and large MPs (LMPs, 1–5 mm) [29,44]. The abundance
of MPs in the samples was expressed in items/m3 for water and items/kg DW for the
sediment samples.

The polymer types of the representative MP samples were identified separately using
the Fourier-transform infrared spectroscopy (FTIR) method. Microplastic was placed in the
sample chamber and read using the FTIR machine (Bruker Tensor II, Ettlingen, Germany)
with ATR accessories in a 500–4000 cm−1 spectral range and resolution of 4 cm−1. The
wave spectrum was then matched with the NICODOM spectra library to determine the
polymer type.

2.2. Quality Controls

Several actions were taken to prevent contamination in the samples. All of the pieces
of equipment were pre-cleaned with tap water and rinsed with distilled water. The
MPs visual observation workspace was also cleaned using a dust roller prior to the MP
identification process. All of the filter-filled Petri dishes were kept closed to prevent
airborne contamination. During the visual observation process, Petri dish covers were
opened for no longer than 30 s for every MP found, in order to move the MPs from the
filter paper to an object glass.

Sample blanks and airborne controls were used as the negative control. A total of 12
sediment and 12 water sample blanks were created during this research. Water sample
blanks were created by rinsing the clean neuston net from the net mouth with distilled
water before towing. The flushed distilled water in the net cod-end was kept and analyzed
as other water samples. For the sediment sample blanks, about 600 mL of the NaCl solution
used in the density separator was filtered before use. The filter was then observed using
the stereomicroscope.

Airborne controls were performed by placing three opened Petri dishes filled with
distilled water next to the microscope during the visual observation process. Controls
were placed 10 min before the sample observation and taken 10 min after the MPs visual
analysis was complete. Controls were then observed visually using the same method that
was used for the samples.

2.3. Data Analysis

The trends in MP abundance in water and sediment were analyzed using a one-way
ANOVA with Tukey’s post hoc analysis to determine the spatial MP abundance between
the sampling points. The significant difference in MP abundance between the wet and
dry seasons was determined using a parametric t-test. Microplastic color, shape, size
and polymers were presented descriptively. Spatial distribution graphics and statistical
analysis were conducted using GraphPad Prism (Graphpad Software, San Diego, CA, USA,
version 9.0.2).
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3. Results and Discussions

3.1. Contamination Control

Microplastic was not found in all water and sediment sample blanks. In the negative
airborne control, from the 45 Petri dishes used during the MP identification process, only
1 MP (line, purple) was found with the average MP abundance found to be 0.02 items/Petri
dish. Microplastic in the airborne blanks only had a proportion of about 0.28% of the MPs
found in samples. Therefore, it is assumed that contamination does not affect the MPs’
identification in water and sediment samples and can be ignored.

3.2. Microplastic Abundance on Water and Sediment

A total of 36 water and 36 sediment samples from the Tallo River were analyzed in
this research. Microplastic was found in all of the samples. Microplastics are widespread
in various environments, including the riverine system [14,45]. Mostly, the MPs found
in the freshwater system come from anthropogenic pressures such as domestic, industry,
wastewater treatment plants, and agrosystems [46,47]. All of the samples observed in this
study contained MPs, which indicates that MPs have contaminated Tallo River.

The microplastic abundance found in water samples ranged from (mean ± SD)
0.74 ± 0.46 to 2.15 ± 0.68 items/m3 in the wet season and 1.48 ± 0.26 to 3.41 ± 0.13
items/m3 in the dry season (Figure 2). The microplastic abundance in water samples in
this study is considered much lower than that which was reported in other river locations
in Indonesia. Ciwalengke and Surabaya River in Indonesia were reported to have a MP
abundance up to 600 items/m3 and 21 items/m3, respectively [29,30]. This result is under-
standable because the Ciwalengke and Surabaya Rivers flow directly through a densely
populated district and an industrial area, which provide potential sources of MP pollution.
In contrast, the Tallo River is mainly covered by mangrove areas on its riverbank and is not
directly bordered by a resident/industrial area. The existence of mangrove areas could act
as a MP trap. The muddy mangrove sediment could trap MPs and increase the magnitude
of MP abundance up to eight times compared to non-mangrove sediment [48]. A mangrove
ecosystem in the Tallo riverbank might prevent the run-off leakage of MPs entering the
river. This condition could contribute to the lower MP abundance in the river water.

Microplastic abundance in water samples was significantly higher in the dry season
(2.247 ± 0.688 items/m3) compared to the wet season (1.457 ± 0.508 items/m3) (p < 0.05)
(Figure 3). In comparison, there was no significant difference in MP abundance in the sedi-
ment samples between the two seasons (p > 0.05). The tendency for a higher concentration
of MP abundance in the dry season also happens in other rivers, such as the Maozhou and
Yellow Rivers in China [49,50]. The difference in MP abundance in riverine water could
happen because of the variation in topography, precipitation, and waste management in
the sampling locations [49]. The Tallo River itself has a wide variety of water depths and
velocities between the wet and dry seasons. Water depth in Tallo River during the wet
season is due to high precipitation, and can be two times deeper than the depth during
the dry season [51]. This difference could cause the river water volume:surface-water area
ratio to be smaller in the dry season, which leads to a higher amount of MPs in the surface
water [18].
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Figure 2. Microplastic abundance on the surface water of Tallo River. The arrows below the graph
indicate the position of sampling points from the upstream to the downstream part of the river.
The error bar indicates standard deviation (n = 3). The asterisk indicates the significant difference
between sites based on a one-way ANOVA (p < 0.05).

Figure 3. Boxplot diagram of microplastic abundance in water (a) and sediment (b) during the wet
and dry seasons in Tallo River. The asterisk indicates the significant difference between the sites
based on a t-test (p < 0.05). ns indicate no statistical difference between the sites based on a t-test (p >
0.05) explanation.

The microplastic abundance in sediment samples from Tallo River varied from 16.67
± 20.82 to 73.33 ± 40.41 items/kg DW in the wet season and 33.33 ± 25.17 to 150 ± 36.06
items/kg DW in the dry season (Figure 4). The microplastic abundance in sediments from
Tallo River was also considered lower compared to the other river sediments in Indonesia,
such as in Ciwalengke River (≈300 items/kg DW), Jagir Estuary (90 to 590 items/kg DW),
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and Estuary in Jakarta Bay (up to 38,000 items/kg DW) [24,30,52]. This result suggests
that MP abundance in Tallo sediment might not be as severe as that reported in riverine
sediments from Java Island, the most populated island in western Indonesia. The higher
anthropogenic pressures on the river catchment area will mostly lead to a higher MP
abundance in its river environment. Jakarta City, where the MP abundance in riverine
sediment exceeded 15,000 items/kg DW, for example, has a population of more than
10 million people [53], about 7.5 times higher than the population of Makassar City.

Figure 4. Microplastic abundance in sediment from Tallo River. The arrows below the graph indicate
the position of every site from the upstream to the downstream part of the river. The error bar
indicates standard deviation (n = 3). The asterisk (*) indicates the significant difference between the
sites based on a one-way ANOVA (p < 0.05). The double asterisks (**) indicate the higher significant
difference between the sites (p < 0.01).

The microplastic in water and sediment from the Tallo River has a similar spatial
distribution. The microplastic abundance in the Tallo River tends to be higher in the
river-mouth area compared to the upstream area. This pattern was more observable in the
dry season. The microplastic abundance at site T-2 was significantly lower compared to
site T-6, which was located at the river-mouth during the dry season (p < 0.05) (Figure 2).
In the sediment samples, sites T-1, T-3, and T-4 were significantly lower compared to site
T-6 (p < 0.05) (Figure 4). Even though there was no statistical difference in MPs’ spatial
distribution during the wet season, a similar trend to the dry season was observed, where
the Tallo River’s downstream segment had a greater MP abundance compared to the
upstream section. An estuary location is more susceptible to MP contamination. The
Tallo Estuary riverbank is directly located next to the slum settlement area of Makassar
City, which potentially gives MPs input to the Tallo downstream area. Settlement area
can provide various MP sources (e.g., laundry waste, beads from personal care products,
and domestic trash) [14,54,55]. Estuaries with high anthropogenic pressure will generally
have a higher MP abundance [47]. Water velocity in the estuary, in general, is lower than
in the upstream river due to the more static marine water mass that influences this area.
MPs’ transport in the river is strongly affected by flow regime. The intense flow can cause
the MPs’ mobilization and transport, while the low stream velocity is causing the MP
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retention and deposition [56,57]. Low water velocity in Tallo Estuary can lengthen the MPs’
residence time, leading to MPs’ accumulation and increment in the estuary area.

3.3. Microplastic Characteristics
3.3.1. Microplastic Color

In general, there were six prominent MP colors found in the samples (Figure 5). Blue
(19.49–46.15%) and transparent (14.29–38.14%) were the most dominant MP colors found
in Tallo River, followed by white (10.17–20.59%), red (6.62–18.31%) and green (0.85–8.45%).
Black MPs in Tallo River were only found in the water (3.30–12.71%) and were not present
in the sediment compartment.

Figure 5. The proportions of the MPs’ colors (a), shapes (b) and sizes (c) in the water and sediment
samples from Tallo River. SMPs, small microplastics (<1 mm); LMPs, large microplastics (1–5 mm).

Microplastic color can provide information to predict the source and weathering
process of MPs. For example, transparent color is often associated with polypropylene,
commonly used as a food packaging material. The yellowish color of MPs can also indicate
the photooxidation and weathering process of MPs [58]. In Tallo River, the most common
MP colors found were blue and transparent. The pigmented MPs color may originate from
textile and paint, which usually use various colors. The transparent MPs can be linked
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to a transparent food container that mainly consists of polyethylene and polypropylene
polymer. The color of MPs may also influence a fish’s preference to eat small plastic
particles. Fish tend to prefer MPs with a similar color to their prey. For example, the
scad fish collected from the South Pacific Gyre tend to ingest blue MPs due to their color
similarity to the copepod species, which is scad’s natural prey [59]. Some authors report
that fish tend to prefer lighter colors of MPs, such as blue, white, and transparent, because
it is easier to distinguish these colors compared to the brownish natural environment
color [37,60]. The dominance of blue and transparent MPs might make these MPs more
bioavailable for the aquatic organism in the river. In addition, a MPs’ color usually comes
from a synthetic colorant that can leach into the environment and pose additional risks to
the aquatic organism [13].

3.3.2. Microplastic Shape

The microplastics in Tallo River were dominated by fragments (47.80–86.03%) and
lines (12.50–47.80%) compared to other MP shapes, such as films (1.47–6.78) and pellets
(0.55–5.63%) (Figures 5 and 6). A higher pellet proportion existed in Tallo sediment during
the dry season (5.63%), while in the wet season, it only had a proportion of about 0.5% in
the water. Tallo sediment during the dry season had a significant proportion of fragments.

 

Figure 6. Representative of MPs found in the samples. Blue and red line (a,c), blue fragment (b),
transparent fragment (d), blue pellet (e), and blue film (f) MPs.

The shape of MPs could mimic the natural prey of fish that exist in the environ-
ment [14,15]. For example, the line type of MPs has a similar shape to the filamentous
algae in the aquatic environment, which is a fish’s natural prey. The MPs’ shape can also
be an indicator of the MPs’ origins. Fragments mainly originate from a secondary source
of MPs (fragmentation of larger-sized plastic) [61]. The existence of pellets also shows
the probability of primary MPs. Tallo River also receives water flow from the Makassar
Industrial Area, where several plastics industries might be using the preproduction plastic
pellet. Plastic pellets can leak into the environment due to production processes and raw
pellet transportation [55]. However, the low proportion of pellets in this study suggests
that MPs in the Tallo River do not primarily originate from primary MPs.

3.3.3. Microplastic Size

In general, there are a higher proportion of LMPs (50–69.01%) in the Tallo Riverine
environment than SMPs (30.99–50%). Microplastic found in the water tends to be smaller
compared to MP found in the sediment compartment. A more significant proportion of
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LMPs in the Tallo River suggests that the MPs have not been further degraded. In a long
trajectory river such as the Rhine River in Europe, SMP tend to dominate [62]. A large
proportion of SMPs can indicate further plastic degradation due to physical and chemical
stressors from the environment. The size of MPs can be gradually reduced because of
degradation mechanisms in the river’s trajectory. As MPs move towards river mouths,
they can degrade to a smaller size. This condition leads to a higher proportion of SMPs in
lower river segments [52].

Moreover, MPs’ dimensions also affect their possible bioavailability. Microplastics
with smaller sizes can be more easily ingested by zooplankton, making it easier for SMPs
to enter the food web [20]. It is also easier for small-sized MPs to be transported into an
organism’s soft tissue, posing a greater risk to the organism [63].

3.3.4. Microplastic Polymer

A total of five polymers were identified in the study site (Figure 7). The most predom-
inant polymers found in the water and sediment samples were polyethylene (43–50%) and
polypropylene (30–36%). Poly(styrene:butadiene) was only found in the water samples
(20%). Synthetic rayon and polyester were only found in the sediment samples (14%
and 7%, respectively). Poly(styrene:butadiene) and polyethylene were mainly found in
the shape of fragments, while polypropylene, rayon and polyester were found in the
form of lines. As the highest-produced polymer globally, polypropylene and polyethy-
lene are more available to reach the aquatic environment [64]. This condition means that
polyethylene and polypropylene are commonly found in freshwater environments [65].
Poly(styrene:butadiene) is mainly used for anti-abrasion surfaces, such as in car tires and
shoe soles, while rayon and polyester are commonly used as textile material [43,54,66,67].
A single wash of about 6 kg of polyester clothes can release nearly 500,000 polyester fibers
in its waste effluent, leading to a higher polyester line in the environment [54]. The low
density of polystyrene-butadiene (0.94 g/cm3) means this polymer commonly accumulates
in surface water. In contrast, rayon and polyester have a higher density than 1.35 g/cm3,
higher than the water density [43]. This condition means rayon and polyester tend to sink
in the environment and end up in the sediment compartment.

Figure 7. Microplastic polymer identified in water (a) and sediment (b) samples.

4. Conclusions

Tallo River has been contaminated by MPs, both in the water and sediment compart-
ment. The MP abundance in the Tallo River is influenced by seasonal variations, where the
MP abundance is higher in the dry season. The spatial trends suggest that MP abundance
in the Tallo River tends to be higher in the lower river segment. Microplastics in the Tallo
river mainly originate from secondary MPs, and polyethylene and polypropylene in the
form of lines and fragments dominate. This is the first report of MP pollution in eastern
Indonesia’s river. The low MP abundance in water and sediment compared to that which
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is reported on the highly populated Java Island should be an incentive for early action to
prevent MP contamination in Tallo River becoming more severe in the future.
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Abstract: The presence of both microplastics and per- and polyfluoroalkyl substances (PFAS) is
ubiquitous in the environment. The ecological impacts associated with their presence are still
poorly understood, however, these contaminants are extremely persistent. Although plastic in
the environment can concentrate pollutants, factors such as the type of plastic and duration of
environmental exposure as it relates to the degree of adsorption have received far less attention. To
address these knowledge gaps, experiments were carried out that examined the interactions of PFAS
and microplastics in the field and in a controlled environment. For field experiments, we measured
the abundance of PFAS on different polymer types of microplastics that were deployed in a lake
for 1 month and 3 months. Based on these results, a controlled experiment was conducted to assess
the adsorption properties of microplastics in the absence of associated inorganic and organic matter.
The adsorption of PFAS was much greater on the field-incubated plastic than what was observed
in the laboratory with plastic and water alone, 24 to 259 times versus one-seventh to one-fourth
times background levels. These results suggest that adsorption of PFAS by microplastics is greatly
enhanced by the presence of inorganic and/or organic matter associated with these materials in the
environment, and could present an environmental hazard for aquatic biota.

Keywords: per- and polyfluoroalkyl substances; microplastics; Muskegon Lake

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) have received considerable attention from
the scientific community and regulatory agencies. By nature of design, these compounds
are thermally stable, oxidatively recalcitrant, and resist microbial degradation [1–3]. Bioac-
cumulation of legacy PFAS that was released into the environment has been observed
in organisms at various trophic levels, such as phytoplankton, fish, porpoise, and polar
bears [4–7]. Large knowledge gaps exist regarding bioavailability, bioaccumulation, and
biotransformation of legacy and residual PFAS, particularly in lower-trophic level freshwa-
ter organisms, which may influence PFAS exposure to humans via fish-based consumption.

Plastic in the environment is also persistent, and rather than biodegrade, macroplastics
(≥5 mm) erode into microplastics (<5 mm) via physical and chemical processes and
exposure to ultraviolet light [8]. Primary microplastics can also enter the environment
through the loss of pre-production plastic pellets during manufacturing or transport, and
more recently, wastewater effluent has been identified as a source of microbeads originating
from cosmetic products and microfibers shed from clothing and textile laundering [9,10].

Certain persistent organic pollutants (POPs) are known for their carcinogenic, endocrine-
disrupting, and reproductive effects [11]. In addition, POPs adsorb to plastics at concen-
trations greater than the surrounding environment and become biologically available for
absorption after ingestion [12]. The bioaccumulation of plastic-borne POPs is prevalent in
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sea bird populations, for example, where the mass of plastic ingested by short-tailed shear-
waters is correlated with polychlorinated biphenyl (PCB) body burden [13]. In the Great
Lakes region, the bioaccumulation of polyaromatic hydrocarbons in salmonids was cited as
a likely cause of thyroid deficiencies and goiter in wild herring gulls (Larus argentatus) and
in lab rats sustained on a diet consisting of Great Lakes coho salmon (Oncorhynchus kisutch),
suggesting that predation is a pathway for the bioaccumulation of POPs in the Great Lakes
food web [14]. It is critical to identify routes of human exposure to PFAS because they have
been detected in human blood and breast milk [15–17]. In addition to drinking water, diet
may be a major exposure pathway for humans [17,18]. In the U.S., national fish monitoring
studies suggested that fish consumption may be a source of human exposure to PFAS
because these compounds have been frequently detected in fish tissues collected from the
Great Lakes and urban rivers across the country [19,20]. In addition, PFAS have been found
in shrimp and seafood [21,22]. In the aquatic environment, bioaccumulation from different
media and organisms (i.e., water, sediment, phytoplankton, and fish) is well known as a
major mechanism for PFAS transfer to the food chain [23]. PFAS is of special concern in
Michigan, where some of the highest groundwater concentrations have been detected [24],
and there are concerns about these plumes contaminating surface waters.

Like many of the chemicals known to sorb to plastics, PFAS have properties that
can facilitate the potential of microplastics to serve as their carriers [25]. To the best of
our knowledge, no previous studies have been conducted to investigate the nature and
concentrations of PFAS adsorbed to microplastics in the environment. Another factor
influencing the adsorption of chemicals to plastics is the role of biofilms, a consortium of
algae, bacteria, and other microorganisms that can affect the fate and level of impact of
adsorbed contaminants within freshwater systems [26]. Given the prevalence of PFAS and
microplastics in natural waters, coupled with the extremely long persistence time of both
classes of pollutants, these two groups of emerging contaminants may act synergistically
in food webs to cause adverse effects in fish and wildlife, as well as humans.

Our study was designed to address this knowledge gap with experiments that exam-
ined the interactions of PFAS and microplastics in the field and in a controlled environment.
For field experiments, we examined the abundance of seven common PFAS on three dif-
ferent polymer types of microplastics that were deployed in a lake over a time period
of 1 and 3 months. Aqueous samples were also collected and analyzed at the time of
deployment to serve as the background concentration of PFAS. Finally, based on the re-
sults of the field-based microplastic experiment, we conducted a controlled, lab-based
experiment with the most abundant PFAS measured from the field experiment to assess
the adsorption properties of microplastics in the absence of associated organic/inorganic
matter and biofilm.

2. Materials and Methods

Microplastic Deployment (Field Study): Plastic materials were deployed at two sites
located in Muskegon Lake, Michigan (Figure 1). The deployed materials included low-
density polyethylene (LDPE), polypropylene (PP), and polyethylene terephthalate (PET),
which were 2 to 4 mm in size, and incubated in separate containers (see below).

For lake deployment of the microplastics, incubation tubes were constructed and
mounted to a deployment frame. Each tube contained approximately 42 g of each plastic
type and each frame contained 3 polymer types with 4 replicates per frame. Therefore,
a total of 12 tubes were randomly arranged on each frame. All frames were deployed
on 4 June 2018. One of the sites was centrally located in mesotrophic Muskegon Lake
(43.23834 N, 86.27923 W; depth = 12 m) and was placed at the water-sediment inter-
face (Lake Bottom); this site was adjacent to the Muskegon Lake Observatory, which
collects water quality data throughout the water column on a near-continuous basis
(https://www.gvsu.edu/wri/buoy/, accessed on 10 May 2021). The other site chosen
was near the sea wall at the more oligotrophic Lake Michigan–Muskegon Lake navigation
channel (43.22769 N, 86.33911 W; depth = 2 m and 4 m). For the channel site, a frame
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was placed at a depth of 2 m and another at the sediment–water interface (channel water
column and channel bottom, respectively). Incubation times were for 1 and 3 months
and a total of 36 tubes were used. Aqueous samples were collected at the time of initial
deployment and considered the background concentration of PFAS at these sites. In addi-
tion, water quality data including water temperature, conductivity, and dissolved oxygen
were recorded during retrieval of the deployment racks at their respective timepoints (see
Supplemental Table S1). Further details regarding sample deployment and treatment are
published elsewhere [27].

Figure 1. Locations (channel and lake) for Deployment (filled stars) of Microplastics in Muskegon Lake.

Controlled PFAS Exposure (Laboratory Study): The three most abundant PFASs from
the field study (PFOA—perfluorooctanoic acid, PFHxA—perfluorohexanoic acid, and
PFHpA—perfluoroheptanoic acid) were added to flasks containing 50 mL of deionized
water. The exposure solution was prepared at a concentration of 5 μg/L for each PFAS. Ten
grams each of fresh, non-incubated plastic type were added to the flasks. The solutions
with microplastics were then placed in a laboratory incubator and shaken at 90 revolutions
per minute (RPM) at room temperature for 1 month. After that time, the microplastics were
collected by filtration (Whatman, Glass Microfibre (GF/F), pore size: 0.7 μm).

Sample Preparations and Analysis of PFAS: Sample preparation and analysis of PFAS
was performed by US EPA Method 537 [28]. Isotopically enriched PFAS were spiked into
all test materials to serve as surrogates for the native PFAS.

Pristine (non-incubated—laboratory study) and incubated (field study) microplastics
were prepared by a solid-liquid extraction method utilizing a 10 g sample and methanol as
an extraction solvent (3 × 20 mL). The pooled organic fractions were then concentrated to
1.0 mL before analysis.

Seven individual PFAS were targeted for field samples since they are the most abun-
dant PFAS previously detected in the Great Lakes [29]. These PFAS compounds were per-
fluorobutanesulfonic acid (PFBSPFHxA, PFHpA, PFOA, perfluorononanoic acid (PFNA),
perfluorodecanoic acid (PFDA), and perfluorooctanesulfonic acid (PFOS). This field study
served as a “screening tool” for which PFASs were most relevant for a controlled exper-
iment and based on these results, the laboratory study focused on PFOA, PFHxA, and
PFHpA. PFAS compounds were analyzed by liquid chromatography tandem mass spec-
trometry (LC-MSMS) using a Waters Alliance 2695 coupled to a Quattro Micro tandem
mass spectrometer (Waters Corporation, Milford, MA, USA).

Quality control parameters associated with the samples included reagent blanks,
reagent blank spikes, and matrix spikes. Reagent blanks contained all the materials used
for sample preparations and reagent blank spikes were similar yet contained the target
PFAS. Matrix spikes were prepared by spiking a duplicate sample with PFAS.

All final PFAS results were calculated by the isotope dilution method, which utilizes
the isotope surrogate and corrects the native PFAS concentrations based on their recoveries.
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Reported results reflect the average of multiple sample preparation and analysis. The
associated errors for these results were derived from either the relative percent difference
(%RPD) or relative standard deviation (%RSD) of the multiple measurements. In situations
where a target PFAS was detected in one replicate but not others, the value for the single
result is reported.

Data Analysis—Field Study: Summed PFAS concentrations (when reported above
minimum detection levels) were statistically analyzed separately for each deployed mi-
croplastic substrate using 2-way analysis of variance (ANOVA) to determine whether
deployment site (channel water column, channel bottom, lake bottom), deployment dura-
tion (1 month, 3 months), or the interaction between site and duration had a significant
effect on post-incubation PFAS concentrations. Each combination of site and duration
factors had n = 2 tube replicates for each of the 1 month and 3 month sampling events.
ANOVA assumptions of normality and equal variance were tested with Shapiro–Wilk and
Brown–Forsythe tests, respectively. However, 2-way ANOVAs for each microplastic sub-
strate violated assumptions of equal variance (i.e., Brown–Forsythe: p > 0.05), which were
not improved by data transformation, and are presented herein using untransformed data.
When 2-way ANOVAs detected significant differences, post hoc multiple comparisons
were made using Holm–Sidak tests. A 1-way ANOVA was used to determine whether the
plastic type (polypropylene, polyethylene, polyester) influenced final microplastic PFAS
concentrations (n = 3 replicates per plastic type).

Data Analysis—Laboratory Study: Summed PFAS concentrations (PFHxA, PFHpA, and
PFOA) were analyzed using 1-way ANOVA to determine whether plastic type (polypropylene,
polyethylene, polyester) influenced final microplastic PFAS concentrations. Each microplastic
type had n = 3 independent sample replicates. Assumptions of normality and variance were
tested as described above and detected no violations and data were not transformed. Post
hoc multiple comparison was completed using a Tukey test. All statistical analyses were
completed using Sigma Plot (v14.0).

3. Results

Field Study: None of the seven target PFAS were detected above the detection limit for
the trip blank, reagent blanks, and pristine (non-incubated) microplastics. This indicates
that the sample collection, sample preparation techniques, and starting materials were free
from PFAS contamination.

Unless otherwise stated, all PFAS concentrations are reported as a sum of the seven
PFAS measured in the field study or the three PFAS in the laboratory study. The concen-
trations of PFASs measured from the field water samples were 2.8 ng/L (RPD = 16%) and
3.3 ng/L (RPD = 4.2%) in the channel and lake, respectively. PFOA, PFHpA, PFBS, and
PFOS were detected in these samples, with PFOA at the greatest concentration. These
results were considered the background concentration of PFAS to which the deployed
microplastics were exposed.

PFAS concentrations associated with the plastics (including inorganic and organic
matter associated with them) after incubation in Muskegon Lake ranged from 67 ng/kg to
730 ng/kg. These materials concentrated PFASs by factors ranging from 24 to 259 times
the background aqueous concentration in the lake water within 1 to 3 months. Figure 2
presents the average PFAS by plastic type only, irrespective of location or exposure duration.
The trend from lowest to highest concentrator is polypropylene < polyester < polyethylene.
However, these differences were only marginally significant (p < 0.10) due to the high
variance among plastics.
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Figure 2. Average Sum of 7 PFAS (ng/kg) by Plastic Types for Materials Deployed in Muskegon
Lake, MI for 1 Month and 3 Month Incubations in the Environment.

The concentrations of PFAS associated with the deployed microplastics by location
and time are presented in Figures 3–5 for polyethylene, polypropylene, and polyester,
respectively. On polyethylene (Figure 3), PFAS concentrations were not significantly
different among sites at 1 month but were significantly different at 3 months due to
concentrations on the plastics at the channel water column site exceeding those at both
the channel bottom and lake bottom sites. On polypropylene (Figure 4), only time had a
significant effect on PFAS concentration, with the 1 month concentrations greater than the
3 month concentrations; neither site nor the interaction term were statistically significant.
Finally, on polyester (Figure 5), PFAS concentrations were not significantly affected by time
or site.

 
Figure 3. Average Sum of 7 PFAS (ng/kg) on Polyethylene Deployed at Different Locations in
Muskegon Lake, MI. Different letters among bars indicate statistically significant differences among
sites for either the 1 month or 3 month incubation period. Asterisks indicate statistically significant
differences between the 1 month vs. 3 month incubation at a specific site.
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Figure 4. Average Sum of 7 PFAS (ng/kg) for Polypropylene Deployed in Muskegon Lake, MI.
Asterisks indicate statistically significant differences between the 1 month vs. 3 month incubation at
a specific site.

Figure 5. Average Sum of 7 PFAS (ng/kg) for Polyester Deployed in Muskegon Lake, MI.

Laboratory Study: PFHxA, PFHpA, and PFOA were the most abundant PFAS as-
sociated with the microplastics incubated at the lake sites, so these 3 were the focus of
the laboratory experiments. Figure 6 presents the average PFAS concentration measured
for each (non-incubated) plastic type and the average percent PFAS adsorbed for each
plastic type in the absence of the associated inorganic and organic matter in relation to
the total mass of PFAS spiked into the exposure solution. PFAS concentrations were sig-
nificantly greater on polyester than polyethylene (p < 0.01), but there were no statistically
significant differences between polyester and polypropylene or between polypropylene
and polyethylene.

Figure 6. Average Summed 3 PFAS concentration (ng/kg) and Percent Adsorption (number above
each bar) of PFAS on Plastic for Laboratory Study. Different letters among bars indicate statistically
significant differences among sites for either the 1 month or 3 month incubation period.

All raw data tables are presented in the supplemental section.
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4. Discussion

Environmental and health concerns over PFAS have increased dramatically in the
past few years, although most of that attention has focused on groundwater and soil
contamination [29]. In contrast, Remucal [30] measured PFAS concentrations in the open
and nearshore Lake Michigan surface waters and found relatively low concentrations
of 1.8 to 4.1 ng/L. Although these data are on the low-end of what has previously been
reported for PFAS, their proximity to the shore could result in an increased ecosystem
stressor [31]. Like a previous study that measured C6 to C10 perfluorocarboxylates and
PFOS in Lake Michigan water samples, PFOA, PFHpA, and PFOS were the most commonly
found PFAS [30]. PFHxA was not detected in the Muskegon Lake water samples. However,
since it was detected on the incubated microplastics, it is likely this PFAS was present
but at concentrations below the method detection limit. At the time of analysis for the
background lake water samples in this study, the instrument detection limit for PFHxA
was a factor of five greater than for other PFASs, such as PFHpA.

After the one month laboratory exposure to PFAS solutions, plastics adsorbed 11%
to 36% of the PFAS contained in the exposure solution. A slight trend was observed with
regards to the chain length and the amount adsorbed, with the longer chain (PFOA) being
adsorbed more than the shorter chain (PFHx). This likely is a function of shorter chains
being more water soluble and less adsorbent [32]. In a recent study of adsorption on
filter membranes and centrifuge tubes, other researchers found that polypropylene tubes
were able to adsorb 32% to 42% of the PFOA in solution that came in contact with this
material [33]. Although the exposure time and surface areas were much different than this
study, these results are similar.

All plastic types at all locations concentrated PFASs by factors ranging from 24 to
259 times the background lake water concentration. A great deal of variability was ob-
served for PFAS concentrations for duplicate samples of the same type, same location, and
same exposure duration. This degree of variability was not observed in the controlled labo-
ratory experiments, analytical duplicate results, or in surrogate recoveries. This suggests
that the PFAS distribution is very heterogeneous on the materials. The variability is likely
associated with the heterogeneity of the biofilm (plastisphere) colonizing the plastic [34].
The observed variability makes definitive conclusions regarding the effect of plastic type,
plastic location, and exposure duration on PFAS adsorption difficult to assess; however,
polyethylene deployed in the channel water column drastically increased in PFAS from
the 1 month to 3 month period, whereas polypropylene decreased from the 1 month to
3 month time period deployed at the channel bottom.

As part of this field study, adsorption of legacy persistent organic pollutants (POP),
such as polycyclic aromatic hydrocarbons (PAH), PCB, and organochlorine pesticides,
also were analyzed and the same plastic materials were found to concentrate POP up
to 380 times background concentrations, similar in magnitude to what we measured for
PFAS [27]. However, in that study, there were clear trends with regards to adsorption
on material type (PE > PP > PET), location, and duration. In addition, the variability for
samples obtained from the same material, duration, and location was much lower than
what was observed for PFAS. The properties of legacy POP and PFAS are considerably
different yet the degree of adsorption in the environment was quite similar.

The adsorption of PFAS was much greater in the field-incubated plastic than what
was observed in the laboratory with plastic and water alone. Figure 7 displays images
of polyethylene before and after field deployment (3-month). As shown, the deployed
materials when retrieved had a great deal of organic matter and biofilm associated with
them, particularly bacteria from the Burkholderiales, Rhodocyclaceae, Comamonadaceae,
and Pseudomonadaceae [27]. Previous work has shown that PFASs prefer adsorption
to lipids rather than being freely dissolved in water alone [35]. Furthermore, because
the biofilm and organic matter accumulation on these materials is heterogenous, this is
consistent with the large variability observed in the duplicate PFASs results associated with
the same plastic types, locations, and durations reported in the present study. Therefore,
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the greater degree of PFAS adsorption observed in the field-deployed samples is most likely
due to secondary adsorption of these compounds to the plastic-associated organic matter.
This is consistent with the findings of Ateia et al. [36], who found that microplastics that
were incubated with the natural organic matter had increased uptake of PFOA and PFOS
compared to non-incubated microplastics, presumably due to an organic matter formation
and/or co-sorption. The role of the biofilm, including the functional roles and adsorptive
capacities of its taxonomic composition, is an area in need of additional research [34].

 
Figure 7. Low Density Polyethylene Before and After Deployment in Muskegon Lake, MI.

Although microplastics were found to significantly concentrate PFASs from back-
ground environmental concentrations, on a per mass basis they are relatively low. In the
worst-case scenario found here (polyethylene/channel bottom/3 month duration), the
highest concentration of microplastic-associated PFAS was 0.87 ng/g (lowest: 0.052 ng/g).
Therefore, for every gram of plastic consumed there exists the potential for an organism
to be exposed to an additional ~1 ng of common PFAS. However, it should be noted that
several factors could influence the degree of PFAS adsorption. The exposure time of the
plastic in Muskegon Lake was relatively short: 1 month and 3 month periods. Modeling
studies have suggested that 50% of environmental plastics are 13 years or greater in age.
Therefore, the degree of PFAS associated with actual microplastics in the environment may
differ from those found in this study. Another factor that can impact the PFAS adsorption
is related to the surface area of the microplastics. The size of microplastics in this study
(2 mm to 5 mm) is much larger than most microplastics found in the environment. Smaller
microplastics would have greater surface area per volume ratios per particle that could
potentially provide more active sites of PFASs adsorption. To complicate this issue, PFAS
adsorption in the environment appears to be related to secondary adsorption, and increased
surface area could potentially facilitate more organic matter adsorption. In addition, over
time biofilms can change in composition, which in turn can affect their adsorptive proper-
ties. The degree of influence these two parameters may have is unknown. However, it is
suspected that they would increase PFASs adsorption, thereby making the results from this
study biased low and conservative.

5. Conclusions

Three plastic materials (polyethylene, polypropylene, and polyethylene terephthalate)
were shown to adsorb PFAS in aqueous environments. Materials deployed in the field
(Muskegon Lake) demonstrated a much greater capacity for adsorption than those treated
in the laboratory with PFAS and water alone. Concentrations of PFAS associated with
plastic materials used in this study were relatively low and of themselves would not likely
induce acute adverse effects to organisms exposed to them. However, given the short
exposure times of these materials in the environment (3 months maximum) and large
particle sizes (2 mm to 4 mm), these results are most likely a conservative estimate for
microplastic adsorption of PFAS. These findings also demonstrate the need to consider not
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only the potential adverse effects of organisms exposed to microplastics alone but also the
need to consider the biological and chemical materials associated with plastic materials in
the environment.
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Abstract: Styrofoam is a thermoplastic with special characteristics; it is an efficient insulator, is
extremely lightweight, absorbs trauma, is bacteria resistant, and is an ideal packaging material,
compared to other thermoplastics. The aim of this study was to analyze the interaction between
Styrofoam and S. platensis. The study examined the growth of S. platensis under Styrofoam stress,
changes in Styrofoam functional groups, and their interactions. The research method was culture
carried out in brackish water (12 mg/L salinity) for 30 days. S. platensis yields were tested by FTIR
and SEM-EDX and Styrofoam samples by FTIR. The results showed the highest growth rate of
S. platensis in cultures treated with 150 mg Styrofoam that is 0.0401 day−1. FTIR analysis shows that
there has been a change in the functional group on Styrofoam. At a wavelength of 3400–3200 cm−1

corresponds to the alcohol group and there was an open cyclic chain shown by the appearance of a
wavelength at 1680–1600 cm−1 assignment to alkene. SEM-EDX test results show that Styrofoam
can be a resource of nutrition, especially carbon for S. platensis to photosynthesize. Increased carbon
content of 24.56% occurred in culture, meanwhile, Styrofoam is able to damage S. platensis cells.

Keywords: microplastic pollutant; polystyrene; biodegradation; microalgae

1. Introduction

The increasing human population causes an increase in the amount of plastic waste.
Plastic pollution has become a major issue in Sustainable Development Goals (SDGs) and is
stated in point number 12, under the header “Responsible Consumption and Production”.
Plastics are a material that degrade very slowly and may stay in the environment for a long
period [1]. Plastics are available in environment in a wide range of size and forms with
different chemical composition, density and color [2,3]. Plastics with microscopic sizes
are called microplastics and have a diameter between 1 μm to 5 mm [4,5]. Furthermore,
European Chemical Agency (ECHA) [6] defined microplastics as a solid polymer mate-
rial and their additives or other substances, most of which have particle dimensions of
1 nm to 5 mm, and for fiber form, the size is mostly in the length of 3 nm to 15 mm with
length to diameter ratio greater than 3. Auta et al. [7] and Frias and Nash [8] categorized
microplastics in aquatic environment into two types: primary microplastics and secondary
microplastics. In the first type, they include plastic based products for daily domestic
and industrial usages, i.e., personal care products, facial scrubs, insect repellents [3,4,9] as
well as products from the ship-breaking industry and air-blasting technology [1,4]. The
second type includes smaller fragments of plastic from breaking of larger plastic items in
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aquatic systems through biological degradation, photo-degradation, chemical deposition,
and physical fragmentation [1,3,4,10]. The common microplastics found in aquatic environ-
ment are polypropylene, polyethylene, polystyrene, polyvinylchloride, and polyethylene
terephthalate [10]. Both types of microplastics present in aquatic environments are reaching
certain concentrations and may have effects on aquatic organism including microalgae.

Polystyrene or Styrofoam is a type of plastic with light properties, heat resistance,
and low production costs. Until now, Styrofoam is sold freely in shops, stalls, and even
supermarkets. Styrofoam is widely used as a food and beverage container. After use,
this Styrofoam container would be discarded, though it is still in good condition and
can be reused. Most of the consumers lack the knowledge that Styrofoam needs a long
time to be completely degraded. Styrofoam can be recycled. However, the high cost and
complicated process make producers prefer to produce new Styrofoam, rather than recycle
it [11]. Styrofoam is light because 95% of it is air, making it unsinkable [12]. Styrofoam
waste is easily caught in dams and aquatic plants. The nontransparent color of Styrofoam
can reduce the amount of sunlight entering the water, which makes algal photosynthesis
less than optimal [13]. Environmental factors such as weather changes and water micro-
organism cause plastic to degrade into microplastics [14]. Microplastics are plastic particles
< 5 mm [15] and through the degradation process, the polymer chains in plastics turn into
monomers. Frequently, new chemical bonds will also be formed as a byproduct of this
process [16]. Microplastics can be found in all parts of the aquatic system [17]. Due to
their very small size, microplastics can be ingested by aquatic biota and cause disease [18].
Microplastics also spread through the food chain [19].

Styrofoam consists of long hydrocarbon chains, providing an opportunity for microal-
gae to use the chemical content in Styrofoam as nutrients. The carbon content in Styrofoam
can spur the growth of microalgae. According to Li et al., [14] though polystyrene could
inhibit C. reindhartii growth, they are still able to adapt because they obtain organic carbon
sources from polystyrene and use it for growth. However, there are additive substances in
plastics such as Bisphenol-A (BPA), phthalates, trace elements, and refractory substances,
which make plastic durable and dangerous, especially for microalgae. One of them is
S. platensis, which is often used in the food, cosmetic, and medicinal industries. These
components of Styrofoam damage S. platensis cells, as a result of which photosynthetic
activity is decreased and cell growth is inhibited [9].

Microalgae is a photosynthetic microorganism that utilizes carbon source and sunlight
for the photosynthesis process lead to biomass production. Microalgae biomass can be
extracted for value added products mostly containing protein, lipids, and carbohydrate.
Because of their importance, the potential effect of microplastic on their growth must be
studied. Microalgae cells of Chlorella sp. and Scenedesmus sp, are able to absorb nanoplastic
beads (0.02 μm) and resulting inhibition of photosynthesis and induction of oxidative
stress [20]. Moreover, Khoironi et al. [10] showed that there was an interaction between
Spirulina sp. cells with microplastics. Microplastic can be absorbed by the Spirulina sp.
cell and it utilizes them as a source of carbon for photosynthesis. Marquez et al. [21]
stated that S. platensis is capable of growth on glucose heterotrophically under aerobic-dark
conditions and that the photosynthetic activity and oxidative assimilation of glucose can
independently operate mixotrophically under light conditions. These phenomena are
mainly caused by physical and chemical properties of the microplastics and the morpho-
logical and biochemical properties of the algae. Furthermore, Bhattacharya et al. [20]
reported that algae and microplastic has a great affinity in which microplastic particles
have positive charges.

Microalgae can also produce Extracellular Polymeric Substances (EPS), which stim-
ulates formation of biofilms on the microplastic surface, which is the main indicator of
damage to microplastic material. Since biofilms contain nutrients, they can be a suitable
living environment for other micro-organisms such as bacteria, fungi, and protozoa. The
presence of these micro-organisms will form a protein structure such as enzyme that acts
as a metabolic catalyst and breaks down chemical elements in the polymer into other ele-
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ments. The chemical elements of polymers can form nutrition for micro-organisms, so that
the latter obtain two resources of nutrition simultaneously, viz., S. platensis biofilms and
chemical compounds of microplastic. The ability of micro-organisms to utilize chemical
elements from polymers as nutrients is called biodegradation [22], because it will have an
impact on changes in the chemical compounds in polymers [11].

Brackish water is found in estuary areas, has its own diversity, and is usually used for
aquaculture such as milkfish. Microalgae serving as major producers of aquatic ecosystems
are also found here [23]. However, microalgae might also be affected by the presence
of microplastics in water bodies [24]. It has been proved that microplastic particles and
doses can cause toxic effects on microalgae, including inhibition of growth, decreased
photosynthetic efficiency, etc. [10,14,18]. However, the opposite results were also found by
some researchers. Sjollema et al. [25] emphasized the impact of microplastic on growth rate,
but not on photosynthetic efficiency for marine flagellates Dunaliella tertiolecta under a high
exposure concentration of 250 mg/L with a particle size of 0.05 mm. Canniff and Hoang [26]
showed that plastic microbeads could serve as a substrate for Raphidocelissubcapitata, thus,
benefiting microalgae growth. Further, high concentrations of microplastics with a size of
N400 μm had no deleterious effect on freshwater microalgae Chlamydomasreinhardtii [15].
Considering the contradictory discoveries and the limited number of microalgae species
tested, more investigation is needed.

This research aims to investigate the inhibitory effects of different dosages of PS
microplastics on the growth and photosynthetic efficiency of S. platensis and the effect
of microalgae on the physical morphology of PS. The results of this study are expected
to provide information useful for updating knowledge relating to the toxicity of PS with
different dosages in the aquatic environment.

2. Materials and Methods

2.1. Styrofoam Preparation

The microplastics used in this study were Styrofoam granules obtained from CV. Mitra
Sejati Foamindo, Genuk, Semarang City, Indonesia. The Styrofoam was weighed carefully
with mass concentrations of 150, 250, and 400 mg in 500 mL culture volume, washed with
ethanol and dried at room temperature for 24 h.

2.2. Culture Preparation of S. platensis

Microalgae S. platensis was obtained from Neoalgae, Sukoharjo, Central Java, In-
donesia. Microalgae cultivation, testing, and result analysis were carried out at the UPT
C-BIORE Laboratory, Diponegoro University, Semarang, Indonesia. Culturing was per-
formed in 500 mL Erlenmeyer glasses, each equipped with an aerator (BS-410, Amara,
Shanghai, China) (Figure 1). The cultures were placed into an illumination incubator under
an 8W Philips tube lamp with light intensity of 1500 lux (light/dark ratio was 24 h/0 h).
The cultivation temperature was controlled at about 23 ± 2 ◦C. Styrofoam was put into
an Erlenmeyer, which already contained the culture of S. platensis. The experiment was
set up for four different Styrofoam concentrations (Spirulina A = Spirulina culture without
Styrofoam or as a control, Spirulina B = Spirulina culture with 150 mg Styrofoam, Spirulina C
= Spirulina culture with 250 mg Styrofoam, and Spirulina D = Spirulina culture with 400 mg
Styrofoam). Each culture was conducted in triplicate experiments while the Optical Den-
sity (OD) was measured for 30 days. Nutrient was given every two days in the form of
a mixture of 15 ppm TSP, 70 ppm Urea, and 1 g/L NaHCO3, to maintain the growth of
S. platensis. OD was measured using a spectrophotometer (OPTIMA SP-300, Osaka, Japan)
to determine the density of cells in S. platensis under the wavelength of 680 nm. Growth
rate (μ) was measured using the formula [27]:

u =
lnXn − lnXo

tn − to
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where ln X is the natural logarithm of optical density and t is the time observed for
S. platensis.

  

Figure 1. Microplastic Styrofoam with a diameter of 2 mm (left) and implementation of Styrofoam in
microalgae culture (right).

2.3. Harvesting of S. platensis

After a 30-day exposure under the toxicity test (PS microplastics), S. platensis was
harvested. Before harvesting, Styrofoam was separated by filtering Spirulina sp. containing
micro plastic with a Whatman filter diameter of 1 mm to obtain Spirulina sp. without
microplastic. Harvesting of S. platensis was carried out on the 30th day of culture by the
filtration method. Filtrate obtained was in the form of wet biomass, which was dried in the
oven at 35–40 ◦C temperature. Dry S. platensis samples were taken randomly for SEM-EDX
analysis and Styrofoam samples for FTIR analysis.

2.4. FTIR and SEM Analysis

FTIR is a common technique used to determine any changes in the functional group of
Styrofoam and was adopted for investigation of plastic degradation as stated in ISO 4582
and ISO 4892 for UV exposure, and for microorganism’s surface colonization in ISO 846 and
ISO 11266 [14]. The Styrofoam plastics that were applied in Spirulina sp. were taken every
two days for about 30 days. Prior to the FTIR test, plastics were rinsed with distilled water
and left to dry for 24 h, then, the Styrofoam was cut at a size of 2 mm. A FTIR apparatus
Perkin Elmer Type Frontier (USA) was used to collect spectra from 4000–200 cm−1 (SNI
19-4370-2004 method) and ASTM D6288-89. FTIR test was also conducted in Spirulina sp,
which had interacted with microplastic treatment for 30 days.

The morphology of microplastic Styrofoam was observed using scanning electron
microscope (SEM) and combination with Energy Dispersive X-ray spectroscopy (EDX)
to determine the inorganic elements contained in the material [14]. The analysis was
conducted at room temperature and metalized using Au.A Jeol (model JSM-6510 LA,
Tokyo, Japan) at 3000× magnification.

2.5. Statistical Analysis

Triplicates were applied and results were presented as means ± standard error of
the mean. S. platensis growth rate data were statistically analyzed using the IBM SPSS
application version 25, using the one-way ANOVA test followed Post-Hoc analysis with a
confidence level of 95%. A value of p < 0.05 was used to reveal a significant difference.

3. Results

3.1. Spirulina platensis Growth under Styrofoam Pressure

The brackish water cultivation was imbued with 12 mg/L of NaCl, for maintaining
the consistency of the culture in a brackish condition until harvest. According to Astuti,
Jamali, and Amin [28], brackish water has a salinity of 0.5–17 mg/L. For 30 days, the
salinity of the media fluctuates, but still in the brackish water range. S. platensis prefers
higher salinity conditions. According to Hadiyanto dan Azim [29], S. platensis is able to
grow in environments of high salinity, because in these conditions, some contaminants
such as microbes are not able to survive. The graph of S. platensis growth in brackish water
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culture with Styrofoam treatment can be seen in Figure 2. In Figure 2, there is a point that
shows an extreme increase in optical density. Culture A on day 28 from 1.42 to 1.52; culture
B on day 29 from 1.52 to 1.62; C culture on day 28 from 1.05 to 1.09 and culture D on day
27 from 0.71 to 0.76. This extreme increase in optical density value shows the S. platensis
culture experiencing an exponential phase [30].

 
Figure 2. Brackish water culture S. platensis growth in each treatment (Spirulina A is a control (without
Styrofoam), Spirulina B = 150 mg Styrofoam/500 mL culture, Spirulina C = 250 mg Styrofoam/500 mL
culture, Spirulina D = 400mg Styrofoam/500 mL culture).

In order to evaluate the significance difference between experiments, One-way ANOVA
followed by Post-Hoc Tukey HSD (honestly significant difference) was used in this re-
search. Based on Figure 3 and calculation of the means of growth rate constant (μ) of
each experiment (Table 1), it was revealed that the growth rate of S. platensis A (control) is
0.035925 day−1. S. platensis B with 150 mg/500 mL Styrofoam treatment was 0.03525 day−1.
S. platensis C treated with Styrofoam 250 mg/500 mL was 0.02675 day−1. S. platensis D
treated with Styrofoam 400 mg/500 mL was 0.020425 day−1. Furthermore, Table 2 also
shows that the p-value (2.295 × 10−10) between group corresponding to the F-statistic of
one-way ANOVA is lower than 0.05, hence, H0 (null hypothesis 0 is rejected and H1 is
accepted [31], indicating a difference in the S. platensis growth in brackish water, treated
with different levels of Styrofoam.

The Tukey HSD test (Table 3) was then used to identify which pairs of these experi-
ments are significantly different from each other. Comparing experiment A (control) and
B (150 mg Styrofoam/500 mL Spirulina) revealed that they are insignificantly different
of their growth rate as its p-value (0.7948595) is higher than 0.01. Moreover, the pairs of
experiments A–C, A–D, B–C, B–D, and C–D show significant differences since all the Tukey
HSD p-value are lower than 0.01 (Table 3).
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Figure 3. The logarithmic of optical density of S. platensis at the exponential phase in brackish water in various concentrations
of microplastic treatment (A) control, (B) 150 mg, (C) 250 mg, and (D) 400 mg.

Table 1. Means value and their variances of each experiment.

Treatments Sum Average μ (day−1) Variance

Control (A) 0.1437 0.035925 1.2425 × 10−6

150 mg/500 mL (B) 0.141 0.03525 0.00000259
250 mg/500 mL (C) 0.107 0.02675 0.00000055
400 mg/500 mL (D) 0.0817 0.020425 2.49167 × 10−7

Table 2. Analysis of variance (ANOVA) of F and p values between experiments.

Source of
Variation

df MS F p-Value F Crit

Between
Groups 3 0.000218974 189.1104714 2.2956 ×

10−10 3.49029482

Within
Groups 12 1.15792 ×

10−6

Total 15
df, degree of freedom; MS, Mean Square is just the Sum of Squares divided by its degrees of freedom, and the F
value is the ratio of the mean squares.

Table 3. The post-hoc Tukey HSD analysis of four group experiment.

Treatment Pair
Tukey HSD
Q Statistic

Tukey HSD
p-Value

Tukey HSD
Interfence

A–B 1.2546 0.7948595 insignificant
A–C 17.0529 0.0010053 ** p < 0.01
A–D 28.8087 0.0010053 ** p < 0.01
B–C 15.7983 0.0010053 ** p < 0.01
B–D 27.5541 0.0010053 ** p < 0.01
C–D 11.7558 0.0010053 ** p < 0.01

**, significant.
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3.2. Styrofoam Degradation

Fourier Transform Infrared (FTIR) is a tool for determining the functional groups
and molecular bonds of a chemical compound in a specimen. Its working principle is the
interaction between spectrum originating from the source and the test sample material.
The sample will generate vibrations, which will be captured by the detector and finally
translated into a transmittance curve that has certain peaks with a spectrum of 4000–
400 cm−1 [32]. In this research, FTIR was employed detect degradation in plastic by
considering changes in functional groups [14].

Figure 4 shows the effect of presence of microplastics with different concentration
in microalgae Spirulina sp. culture. According to Dmytryk et al. [33], the wavelength of
3800–3200 cm−1 indicates the amine functional group (NH3) in the protein. The following
peak, 1750–1600 cm−1 represents the primary amide and carbonyl (C=O) groups in the
protein. The stretching vibrations observed in the frequency range of peaks 1450 cm−1 and
peaks at 1400–1300 cm−1 represent carboxyl (COO-) and alkyl groups, respectively. Then
at a wavelength of 1050–1000 cm−1 stretching of CO, CC, and OH in the presence of ether,
ester, and hydroxyl of polysaccharides are observed.

Figure 4. FTIR results of the ratio of Styrofoam (A) before treatment, (B) 150 mg, (C) 250 mg, and (D)
400 mg; after 30-day treatment with S. platensis in brackish water culture.

Furthermore, Figure 4 shows that no O-H groups in Styrofoam, which was found also
in brackish water Styrofoam, where peaks (3353 cm−1) began to form with low intensity.
O-H groups were clearly visible in Styrofoam C, D-brackish water. The peak read was
in the range of 3378–3345 cm−1 with an intensity of 59.18–67.65%. The presence of an
O-H group also has been confirmed with a C-O group (1300−1000 cm−1). Which can be
seen in brackish water B, C, D-Styrofoam. This shows a change in the functional group on
Styrofoam, with evidence of the formation of an alcohol group (-COOH) [11].

3.3. Interaction of S. platensis with Styrofoam

Scanning Electron Microscopy (SEM) is a tool for determining the surface morphology
of a specimen, including changes caused by micro-organisms [34]. SEM performance using
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a magnification of 3000× is supported by EDX, which is able to determine the content of
inorganic elements in a specimen using X rays [35].

SEM analysis results on brackish water S. platensis showed that around the S. platensis
A, B, C, and D, cells produced EPS in the form of small spheres and large nuggets, thought
to be salt or urea given during culture (Figure 5). Further, the morphology of S. platensis
A was still normal, while S. platensis B, C, and D were seen to be damaged. According to
Li et al., [4] the presence of microplastics can damage microalgae cell membranes, thus
inhibiting the photosynthesis process.

 

Figure 5. SEM analysis results of brackish water culture S. platensis for 30 days. (A) S. platensis
without Styrofoam treatment. (B) S. platensis treated with Styrofoam 150 mg/500 mL. (C) S. platensis
treated with Styrofoam 250 mg/500 mL. (D) S. platensis treated with Styrofoam 400 mg/500 mL.

The results of EDX analysis (Table 4) on brackish water S. platensis showed that in
culture B and C, there was an increase in carbon content, namely 24.56% and 4.24%,
compared to S. platensis A culture, whereas in D culture, there was a decrease in carbon
content by 2.14%.

Table 4. Energy Dispersive X-ray spectroscopy (EDX) analysis results for the chemical constituents of S. platensis cultured in
brackish water for 30 days.

S. platensis Content
Styrofoam Levels

S. platensis A (Control) S. platensis B + 150 mg S. platensis C + 250 mg S. platensis D + 400 mg

Carbon, C 64.3 85.23 67.15 62.92
Nitrogen, N 18.59 - 16.5 23.69

Natrium Oxide, Na2O 4.14 5.39 5.14 3.75
Magnesium Oxide, MgO 0.51 0.2 0.27 0.43

Alumina, Al2O3 - - - -
Silica Dioxide, SiO2 - - - 0.31

Phosphor Pentoxide, P2O5 2.29 1.67 1.75 2.55
Sulfide, SO3 1.95 2.15 2.3 1.76
Chloride, Cl 4.56 3.58 4.9 2.8

Kalium Oxide, K2O 3.67 1.78 1.99 1.78
Calcium Oxide CaO - - - -

Cuprum (II) Oxide, CuO - - - -
Zinc Oxide, ZnO - - - -
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4. Discussions

Our research reported an interaction between microalgae and Styrofoam microplastic.
Infusion of Styrofoam had an impact on the S. platensis growth rate, because Styrofoam
gave a shading effect on the culture surface, thereby reducing the light intensity used
by S. platensis for photosynthesis [15]. Imposing Styrofoam 150 mg in 500 mL Spirulina
culture did not significantly affect the growth rate as compared to control (Figure 2), which
means that at this concentration the Styrofoam did not give a shading effect and eventually
microalgae cell could use carbon from the Styrofoam (Tables 1 and 2). However, increasing
Styrofoam concentration (250 mg/500 mL and 400 mg/500 mL) the growth of algae cell
was significantly retarded by the Styrofoam particles concentration (Figure 2). Moreover,
the decrease in the growth rate of S. platensis may be also influenced by the formation of
excess Extracellular Polymeric Substances (EPS), which is toxic to S. platensis itself. The
presence of EPS will be a place for other micro-organisms to compete with algae cells in the
absorption of nutrients, both from the culture and from the breakdown of carbon chains
from Styrofoam [14].

The growth rate of S. platensis B culture (given Styrofoam 150 mg/500 mL) in brackish
waters was the highest as compared to 250 mg/500 mL and 400 mg/500 mL. This is
presumably because S. platensis obtains additional nutrients from the degradation of
Styrofoam (Table 1 and Figure 3). In addition, the Styrofoam in culture B did not cover
the entire surface of the culture, so that the light could still enter and be used properly by
S. platensis. Increased levels of Styrofoam resulted in a decrease in the growth rate of the
S. platensis culture as evidenced by culture D, which has a lower growth rate than culture
C, due to S. platensis being under pressure from the environment in the form of Styrofoam.
The number of Styrofoam floating on the surface is also able to block light from entering
the culture, thus, inhibiting the photosynthesis process [15].

The FTIR analysis (Figure 4) depicts that no carboxyl groups (C=O, at a wavelength
of 1810−1630 cm−1) are formed, indicating the absence of oxidation reaction to Styro-
foam. The structure of Styrofoam showed the presence of an aromatic C=C group and
no aliphatic C=C group was formed, indicating that the initial structure of Styrofoam in
the form of styrene has a closed chain (cyclic) shape. However, all the FTIR test results
on Styrofoam that were included in the brackish water S. platensis culture, showed the
presence of aromatic C=C groups and aliphatic C=C groups, proving that there is an
open cyclic chain [11]. Mohamed et al. [32] stated that Styrofoam is stable because its
constituent structure is a cyclic chain with a very long arrangement. The opening of the
cyclic chain proves the occurrence of degradation, although such degradation has not
yet reached physical fragmentation and changes into simpler chemical monomers [14].
Another phenomena showed that all FTIR in Styrofoam showed a peak at a wavelength
of 754–538 cm−1 with a sharp peak at 697–695 cm−1. According to Nandiyanto, Oktiani,
and Ragadhita [31], the peak of 750 cm−1 is a characteristic of aromatic compounds. These
FTIR test data results on concluded that Styrofoam has interaction with S. platensis cells
in the culture. According to Chentir et al. [36], increasing the concentration of NaCl can
reduce the availability of nutrients such as nitrogen, thereby triggering the incorporation of
carbon both from S. platensis and from Styrofoam into EPS. The decrease in carbon content
in algae culture indicates damage to the cell membrane of S. platensis, which affects the
ability of photosynthesis. Li et al. [4] stated that although microalgae are able to absorb
carbon from plastics, these plastics are at risk of damaging cell membranes; hence, plastic
is not a good source of nutrition for microalgae.

Styrofoam is composed of styrene chains, which are a source of carbon for micro-
organisms in the waters. This causes the nutrients needed for photosynthesis of S. platensis
especially from the element carbon supplied by Styrofoam, which is available in the
medium. The availability of this carbon can support the growth of S. platensis, which
will have an impact on increasing the production of Extracellular Polymeric Substances
(EPS), which in turn plays a role in producing a biofilm on the Styrofoam surface [37,38].
Biofilms are a suitable abode for other micro-organisms such as bacteria, fungi, protozoa
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etc., which play a role in the degradation of the Styrofoam surface. During this microbial
activity, micro-organisms will form protein structures in the form of enzymes that play
a role in changing the chemical content in Styrofoam into other forms. The presence of
other inorganic elements in the EDX analysis proved that S. platensis was able to absorb
contaminants, which can come from the release of additives from Styrofoam, such as Mg,
Al, Si, S, Ca, K, Cl, Cr, Zn, Cu etc., as well as from the nutrients given such as C, N, P, Na,
Cl etc. [14].

5. Conclusions

This interaction between Styrofoam and microalgae Spirulina sp. has been inves-
tigated in this research. The growth of microalgae, the change of morphological struc-
ture of Styrofoam and chemical functional groups were measured and used in determin-
ing the effect of interactions. The results of the variations of Styrofoam concentration
from 300 g/L to 800 g/L in microalgae culture showed significant inhibitory effects on
Spirulina sp. growth. There was a change in the functional group on Styrofoam as an indi-
cator of biodegradation, with evidence of the formation of an alcohol group (-COOH) at a
wavelength of 3400–3200 cm−1 and an open cyclic chain (peaks appearing at a wavelength
of 1680–1600 cm−1). SEM-EDX test results show that Styrofoam can be a source of nutrients,
especially carbon, needed by S. platensis for photosynthesis. However, the presence of
microplastic Styrofoam also gives a deterioration effect to the microalgae cell, which cause
photosynthetic inhibition. The findings of this work essentially improve understanding of
the interaction between microplastics and microalgae cell in aquatic environments. The
continuous influence of different sizes of microplastics on microalgae or other organisms
should be further investigated. Nevertheless, this study only showed the preliminary
findings on the interaction between Styrofoam with microalgae and further investigation
and detail analysis should be done in more replications experiments to obtain a statistical
significance of the results.
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Abstract: Among microplastics (MPs), fibers are one of the most abundant shapes encountered in
the aquatic environment. Growing attention is being focused on this typology of particles since
they are considered an important form of marine contamination. Information about microfibers
distribution in the Mediterranean Sea is still limited and the increasing evidence of the high amount
of fibers in the aquatic environment should lead to a different classification from MPs which, by
definition, are composed only of synthetic materials and not natural. In the past, cellulosic fibers
(natural and regenerated) have been likely included in the synthetic realm by hundreds of studies,
inflating “micro-plastic” counts in both environmental matrices and organisms. Comparisons are
often hampered because many of the available studies have explicitly excluded the micro-fibers (MFs)
content due, for example, to methodological problems. Considering the abundance of micro-fibers
in the environment, a chemical composition analysis is fundamental for toxicological assessments.
Overall, the results of this review work provide the basis to monitor and mitigate the impacts of
microfiber pollution on the sea ecosystems in the Mediterranean Sea, which can be used to investigate
other basins of the world for future risk assessment.

Keywords: microplastics; fibers; cellulose; Mediterranean Sea; pollution; chemical characterization;
environmental pollution; biota contamination

1. Introduction

Plastic is considered a persistent and ubiquitous pollutant, and it is considered among
the top environmental concerns of the Anthropocene [1,2]. Microplastics (MPs) are small
plastic fragments ranging from 1 μm to 5 mm in size that can be found in different envi-
ronmental compartments [3]. MPs accumulate in the environment and increase stress on
the marine, freshwater and terrestrial ecosystems [4]. Several studies have evidenced their
presence in the marine environment [5–7], aquatic sediments [8], freshwaters [9], soils [10]
and the atmosphere [11,12]. MPs can act as a carrier of hydrophobic organic contaminants,
transporting the pollutants inside the organisms through ingestion and subsequent chem-
ical release. However, it has been shown that sometimes, ingested MPs can adsorb the
pollutants already present in the organisms and remove them once they are excreted [13].
Plastics themselves contain toxic chemical additives (such as plasticizers, antistatic agents,
flame retardants, heat stabilizers, acid scavengers, colorants, etc.) that can be released
into the environment [14]. Moreover, chemical additives in plastics can adsorb organic
contaminants from other matrices and increase the exposure of several contaminants to
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the environment [15,16]. These chemicals, if present in the food chain and absorbed by hu-
mans, could cause many diseases linked with hormonal disruption, reproductive problems,
nervous tissue, liver and kidney damage, etc. [17]. Although the effects of plastic litter on
the marine environment and organisms have been recently investigated in several oceanic
areas, more information is needed for the Mediterranean Sea [18], which is an enclosed sea
with limited exchange with the ocean basins and high diversity of sensitive ecosystems.
This particularity, together with other factors such as the high-density population in the
coastal areas, intense navigation traffic, and industrial and fishing activities, makes the
Mediterranean basin one of the most affected seas by plastic accumulation all over the
world [19]. The determination and characterization of MPs for shape, color, size and type is
fundamental to better understand their impact on the environment. Among MPs, fibers are
the predominant shape in the aquatic environment, often accounting for more than 80% of
the total items [11,20–33]. For this reason, increasing attention is being paid to micro-fibers
and their potential toxicological and environmental effects, as evidenced by the growing
number of studies on microfiber pollution over the past decade (Figure 1). According to
the general definition proposed by Liu et al. (2019), microfibers (MFs) are any natural or
artificial fibrous materials of threadlike structure with a diameter less than 50 μm, length
ranging from 1 μm to 5 mm, and length to diameter ratio greater than 100 [34].

0

200

400

600

800

1000

1200

1400

1600

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

N
U
M
BE

R
O
F
PU

BB
LI
C
A
TI
O
N
S

Microplastics Mediterranean Sea and microplastic Microplastics and fibres

Figure 1. Number of publications per year studying MPs in the environment, MPs in the Mediter-
ranean Sea and MPs/fibers. Source: Web of Science Database.

Microplastics, especially MFs, contaminate and affect many aquatic organisms or
species of birds or mammals that feed on aquatic species since they are often mistaken for
food and ingested by prey species, which, in turn, are eaten by predators, allowing MPs to
move up the trophic chain [35,36].

However, information about the microfiber distribution in the Mediterranean Sea is
still limited and filling this knowledge gap would be the first step to take to tackle the
microfiber pollution issue. The second important step is to characterize the nature of the
fibers because they are not always plastic but rather dyed cellulose. In the last decade,
cellulosic fibers (natural and regenerated) have been likely included in the synthetic realm
by hundreds of studies, inflating “microplastic” counts in both environmental matrices
and organisms; this error has resulted from the assumption that all colored fibers are
synthetic [37]. The separation of textile MFs from other MPs does not necessarily add
complexity but, conversely, might bring consistency to the comparison across different
investigations [38]. A recent study by Pedrotti et al., 2021, shows that fibers analyzed
from textiles considered 100% synthetic constituted 17.4% of natural or derived from the
transformation of natural polymers. In the seawater samples, 14–50% of the fibers analyzed
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were synthetic, 35–72% were of natural origin (cotton, wool) or made by processing natural
polymers (especially cellulose), and the rest were a mixture of different materials or could
not be identified (14–21%) [39]. Most microfibers of natural origin come from anthropogenic
sources; however, a very small percentage can be released into the environment from
“natural” sources such as bast fibers, leaf fibers, seed fibers, grass and all other types such as
roots and wood [40]. As shown in a study by Athey et al., 2021, many of the methods used
to investigate the occurrence of MPs do not provide data on the nature of synthetic or non-
synthetic. Moreover, some steps of the methods, such as chemical digestion, could generate
mistakes [41–44]. Comparisons between different studies are often hampered because many
of them highlight the predominance of fibers in environmental samples without including
a chemical characterization of the fibers. Thus, to ensure that studies of the presence of
microplastics in the environment, and particularly in the marine environment, provide
information to understand the ecological damage from these pollutants, it is essential to
use appropriate instrumentation. While a stereomicroscope is sufficient to separate MFs
from MPs, more complex instrumentation is required to identify the nature of the MPs and
specifically whether an MF is natural or synthetic, cellulose or not. To this aim, chemical
analysis of the polymeric composition using, for example, Fourier Transform Infrared
Spectroscopy (FTIR), μ-Raman and scanning electron microscope (SEM) [5] need to be
performed. The present review aims at examining the current literature on the occurrence
of cellulose and cellulose-based fibers in the Mediterranean Sea, providing a picture of MF
contamination in coastal marine environments.

Non-Synthetic MFs Toxicity

In the industry of non-synthetic textiles, a similar cocktail of dyes and chemicals as
in synthetic textiles is used, and many of these substances are toxic and can accumulate
in the environment [45]. The toxic chemicals released by MPs into the tissue of fishes
and marine animals are several and include, e.g., colorants, plasticizers, elasticizers, and
together with the microfiber particles, can physically damage various organs, the digestive
tract, stomach lining, immune function and stymie growth, and thus, affect the entire
ecosystem [44,46]. The textile industry, a source of pollution of MPs, including MFs, in
the environment, involves the use of many dyes that can be toxic to organisms [47,48].
Several dyes such as: Acid Red 26, Basic Red 9, Basic Violet 14, Direct Black38, Direct
Blue 6, Direct Red 28, Disperse Blue 1, Disperse Orange11 and Disperse Yellow 3 are
classified as carcinogenic in the European standard of textile ecology [49]. The effect of the
carcinogenic dyes in rats is included in the IARC monographs [50]. Moreover, experiments
were conducted to observe the toxic effects of these dyes if dispersed in the environment and
absorbed by marine organisms. Shen et al. (2015) studied the toxic effects of Basic Violet 14,
Direct Red 28 and Acid Red 26 on zebrafish larvae, observing acute effects: cardiovascular
toxicity and molecular mechanism by Acid Red 26 and hepatotoxicity effects by Basic
Violet 14 [51]. In a study by Remy et al. (2015), the presence of non-synthetic fibers was
identified in the invertebrate community that live in Neptune grass, Posidonia Oceanica
(L.) Delile, a species heavily predated by fishes, in the Mediterranean coastal zone [25].
The dyes of these fibers were two: Direct Red 28 and Direct Blue 22, and they are used
in the textile industry for natural and artificial fibers. Direct Blue 22 is not considered
harmful to humans, but Direct Red 28 is classified as carcinogenic, mutagenic or toxic
to reproduction. Direct Red 28 can be reduced by the intestine bacteria and generate
carcinogenic molecules in humans [52]. Non-synthetic and semi-synthetic microfibers
and their additives or dyes may interact negatively with biota in aquatic environments
similar to plastic microfibers, but ingestion, chemical leaching and degradation rates in
marine environments are poorly understood [25]. Natural fibers, although considered
environmentally friendly by their faster environmental degradation, pose a global threat
comparable to synthetic polymers. In fact, due to the processing of textiles, they can be
mixed with flame retardants and/or resins, and this not only represents a problem related
to the release of toxic compounds but also has an effect on degradation times, which become
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longer [37]. Moreover, since they constitute a major component of litter in water bodies
and aquatic animals, they could become important vectors not only of contaminants but
also of bacteria [53]. Espinosa et al. (2016) have associated the presence of MFs in fish
with a mixture of several polybrominated diphenyl ethers at concentrations that can cause
effects on the endocrine system [54]. The presence of these substances in the environment
can hamper reproduction, in particular, for fish. This is due to the high sensitivity of
juvenile and adult fishes to endocrine disruptors [55,56]. The adverse effects caused to the
aforementioned organisms by fibers might be relevant also for humans since MPs and their
associated chemicals can be transferred through the food chain and reach us [57]. Another
way through which the human organism is exposed to MPs is airborne contamination. The
MPs get deposited in our lung tissues and lead to lung inflammation [58]. These fibers are
known to have adverse impacts on terrestrial and marine ecosystems [59]. Unfortunately,
MPs are present in all environmental compartments and rayon, and polyester fibers are
commonly present in marine animal species [60]; they can be absorbed through herds and
cause problems to the respiratory and gastrointestinal systems. The aim of this review is
to report the current state of research on the environmental impacts of microfibers and to
identify gaps in knowledge. In light of the findings, it appears essential that future research
should focus on the characterization of microfibers, the chemical and physical properties of
various fabrics, both synthetic and natural, and the ability of microfibers to become carriers
of toxic substances.

2. Discussion

We summarize the 2015–2021 literature data on the abundance of fibers in the Mediter-
ranean Sea, including the abundance of synthetic or non-synthetic fibers, colors and size.
Based on published literature from the Web of Science, SCOPUS, Google Scholar, Sci-
ence Direct, Pubmed and Sci-Finder, we obtained studies by searching for “microfibers
and microplastics”, “microplastics and fibers”, “filaments and plastic pollution”, “plastic
and microfibers”, “microplastics and filaments”, “microplastic fibers”, “synthetic fibers
and microplastics”, “Textile fibers and microplastics”, “fragments and microfibers”, Mi-
croplastics and Mediterranean sea”, Microplastics and biota”, Sediment and microplastics”,
“Microfibers and source and fate”, “Microfibers and toxic effects”. Then, we eliminated ir-
relevant studies by reading the title and abstract and supplemented our literature database
by reading all references of the selected papers. Moreover, only available data on fiber
abundance in the Mediterranean Sea over the 2015–2021 timeframe for biota, sediment and
seawater were selected, and they are summarized in Tables 1 and 2, respectively. Finally,
we selected 49 studies.

Table 1. Literature review about percentages of the predominant type of microplastic (fibers, frag-
ments) in the Mediterranean Sea, region and year of sampling and instrumental method for the
characterization of MPs in biota (invertebrates, fishes and sea turtles).

Area Year of Sampling Predominant Type (%) Instrumental Method References

Calvi Bay (Corsica) 2011–2012 All fibrous in shape Raman [25]

Southern Adriatic Sea 2013 78.5% fragments FTIR [61]

Central and North Adriatic Sea 2014 57% fragments FTIR [62]

Gulf of Lions (France) 2013 37.1%. fibers Raman [63]

Spanish Mediterranean coast 2014 71% fibers n.a. [26]

Mediterranean coast of Turkey 2015 70% fibers FTIR [27]

Mallorca Island (Balearic Islands,
Western Mediterranean) 2014–2015 97% fibers FTIR [64]

Mallorca Island (Balearic Islands,
Western Mediterranean) n.a. 86.4% fibers FTIR [65]
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Table 1. Cont.

Area Year of Sampling Predominant Type (%) Instrumental Method References

Giglio Island 2014 60% fragments FTIR [66]

Western Spanish
Mediterranean coast 2015 83% fibers FTIR [67]

Northern Ionian Sea
(M. galloprovincialis; S. pilchardus,

P. erithrinus, M. barbatus)
2015

77.8% fragments

FTIR [68]
80% fragments

73.3% fragments

83.3% fragments

Northern Cyprus n.a. 85.3% fibers FTIR [69]

Adriatic and NE Ionian Sea
(Croatian Sea; Slovenian Sea,

NE Ionian sea)
2014–2015

75.6% fibers

n.a. [70]97.7% fibers

79% fragments

Spanish Catalan coast 2018 ~60% fragments FTIR [71]

Tyrrhenian Sea (Northern coasts
of Sicily, Gulf of Patti) 2019 93.3% fibers μ-Raman, XPS

and SEM-EDX [72]

Mediterranean Sea (European
hake, Red mullet)

n.a.
81% fibers

n.a. [73]
44% fibers

Anzio coast (south of Rome,
Tyrrhenian Sea) 2018 85.7% fibers FTIR [74]

Tyrrhenian Sea (northern
coasts of Sicily, Gulf

of Patti
2017 97.1% fibers ATR-FTIR

and μ-Raman [75]

Iberian Peninsula coast and
Balearic Islands (Western

Mediterranean Sea)
2015 92.9% fibers n.a. [30]

Ligurian Sea 2011–2014 n.a. fibers FTIR [76]

Silba Island and Telašćica
(Croatia, Adriatic Sea) 2007 and 2018

39.4–43.3% fibers
μ-FTIR [77]

35.7–57.5% fibers

NW Mediterranean
(Catalan coast) n.a. 97% fibers Raman [78]

Northern, Central and Southern
Adriatic Sea (Pelagic,

benthopelagic, demerdal and
benthic organism)

2016

38% fragments

μ-FTIR [38]
50% fragments

53% fragments

61% fragments

Gulf of Patti (Southern
Tyrrhenian Sea) 2019 93.3% fibers FTIR and Raman [79]

Catalan coast (NW
Mediterranean Sea) 2007, 2017 and 2018 84.6% fibers FTIR [80]

Southeast Spain 2018, 2019 71.7% fibers FTIR [81]

Turkey, Izmir bay 2020 87.2% fibers n.a. [82]

Egypt cost (Mars Mtruh, Port
Said, Alexandria, Damietta) 2020

100% fibers

ATR-FTIR [83]
50% fragments

96.2% fragments

85.2% fragments

n.a: not available.
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Table 2. Literature review about percentages of the predominant type of microplastic (fibers, frag-
ments) in the Mediterranean Sea, region and year of sampling and instrumental method for charac-
terization of MPs in sediments and seawaters.

Area Year of Sampling Predominant Type (%) Instrumental Method References

Mediterranean Sea 2001–2012 All fibrous in shape FTIR [22]

Gulf of Lion, the BalearicIslands,
Sardinia and Corsica 2012 72% fragments n.a. [84]

Southern Adriatic Sea 2013 78.5% fragments FTIR [61]

Mediterranean Sea 2013 n.a. ATR-FTIR [85]

Aeolian Archipelago (central
Mediterranean and

Tyrrhenian sea)
n.a. >85% fibers n.a. [86]

Mediterranean cost of Turkey 2015 70% fibers FTIR [27]

Balearic Islands, Adriatic and
Ionian Sea 2011 and 2013 87.3% fragments n.a. [87]

Israeli Mediterranean coast 2013–2015 96.2% fragments n.a. [88]

Tyrrhenian Sea 2012 >88% fibers n.a. [89]

Central Adriatic Sea 2015 69.3% fibers FTIR [90]

Northern Tunisian coast(South
Lake of Tunis, North Lake of

Tunis, Carthage, Goulette)
2017

66.8% fibers

FTIR [91]
87.3% fibers

71% fibers

98.8% fibers

Alboran, Catalan, Cretan and
Levantine Sea 2009–2015 All fibrous in shape FTIR [92]

Ebro River Delta (Catalonia,
Spain, Northwestern

Mediterranean) (Sand, benthic
sediment, surface water)

2017

89.5% fibers
μ-FTIR [93]75.1% fibers

46.1% fibers

Spanish Mediterranean Coast 2014–2015 82.9% fibers n.a. [19]

Silba Island and Telašćica
(Croatia, Adriatic Sea) 2007 and 2018

33.1–76.9% fibers
μ-FTIR [77]

82.7–97.3% fibers

Central-western
Mediterranean Sea 2017 All fibrous in shape FTIR [94]

Mediterranean Sea 2017 All fibrous in shape μ-FTIR [37]

Northwestern Mediterranean
Sea (Naples, Corsica north and

south-east cost of France)
2014 All fibrous in shape FTIR [39]

Danube delta 2018 74.6% fibers ATR-FTIR [95]

Montenegrin cost 2019 55.5% fibers ATR-FTIR [96]

Ligurian Sea coastal 2018 80% fibers n.a. [97]

2.1. Most Abundance Shapes

The available literature data on the abundance of fibers in the Mediterranean
Sea in the time frame 2015–2021 for biota, sediment and seawater are summarized in
Tables 1 and 2, respectively.

Figure 2 summarizes all data presented in Tables 1 and 2, providing a global view of
the occurrence of fibers, fragments, films and other shapes (i.e., spheres, pellets, sheets) in
the Mediterranean Sea. The uniformly high presence of MFs in the water environment and
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biota samples of the Mediterranean area reflect a wider distribution of sources of textile
fibers along the coastlines of the Mediterranean Sea, but also, the potential for atmospheric
transport is much higher for MFs than for MPs [38].

Fibers
47%

Fragments
34%

Film
9%

Others
10%

(a)

Fibers
47%

Fragments
39%

Film
10%

Others
4%

(b)

Figure 2. Pie charts showing the relative abundance (%) of fibers, fragments, films and other shapes
(i.e., spheres, pellets, sheets) in the literature data globally in biota (a) and water (b) from the
Mediterranean Sea.

In the Mediterranean Sea, MFs account for approximately 40% (range 1.6–85.9%) of
fragments of micrometric size in the seawater and seabed, followed by fragments (mean
34.5%, range 1.6–72.7%), films (mean 17.3%, range 1.5–14.1%) and other shapes, such
as spheres, pellets and sheets (mean 8.2%, range 1.6–24.1%). When considering MPs
occurrence in marine organisms (invertebrates, fishes and sea turtles) collected from the
Mediterranean Sea, we found 39.1% fragments, 37.8% fibers, 14.5% films and 8.7% other
shapes. The matrices containing the higher amounts of fibers were sediments and seawater,
where they reached 43.9%. The remaining part was formed by fragments (26.8%), films
(22%) and others (7.3%).

Microfiber pollution has also been documented in all major ocean basins [21–23,28,37,98]
as well as within the entire trophic web [20,24,29,32,33,59,99–104]. Natural microfibers
are infrequently documented and not typically included in marine environment impact
analyses, resulting in the underestimation of a potentially ubiquitous and harmful pollu-
tant [28]. The literature data on the abundance of non-synthetic materials, including natural
(i.e., cellulose), artificial (i.e., cellulose-based) and other (i.e., wool, silk and natural rubber)
MFs, found in the Mediterranean Sea, are shown in Tables 3 and 4 for biota and sediment
and seawater samples, respectively. The number of investigated individuals, the total
amount of fibers, and the sub-sample analyzed are also reported. Table 3 focuses on the
literature data on the abundance of natural (i.e., cellulose), artificial (i.e., cellulose-based),
other non-synthetic (i.e., wool, silk) and plastic microfibers in biota (invertebrates, fish and
sea turtles) of the Mediterranean Sea, together with the number of specimens sampled and
the relative number of fibers found and analyzed.
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2.2. Non-Synthetic Composition of MFs in the Mediterranean Sea

Studies are increasingly documenting the ingestion of cellulose fibers by fishes and
other organisms. A large portion of MFs found in biota from the Mediterranean Sea is
cellulose-based, which consists of both dyed natural cellulose and manufactured fibers
composed of regenerated cellulose. Natural fibers originating from plants are grouped
into seed (e.g., cotton), bast (e.g., flax, hemp, kenaf, ramie), leaf (e.g., sisal) as well as
tree fibers (e.g., wood), which have been extensively used for clothing, domestic woven
fabrics and ropes for thousands of years [105]. Over the last years, and due to their wide
availability, low cost, good recyclability, low density and high-specific mechanical strength,
natural fibers have aroused interest in several applications as reinforcements in, e.g., the
automotive and construction industries [106]. Wood pulp is the most important resource
for producing cellulose-based human-made fibers, which can be manufactured through
derivative and direct methods [107]. Human-made cellulosic materials represent a good
compromise as the fiber-forming processes currently in use can lead to innovative fiber
materials that combine the advantages of natural fibers and the possibility of tailor-made
properties and chemical modifications [108]. In Europe, fibers and fabrics produced from
regenerated cellulose are known as “viscose” whereas in the U.S., they are called rayon.
Rayon makes up a significant proportion of synthetic microparticles found in the marine
environment [20]. Rayon is used in cigarette filters, personal hygiene products and clothing
and is introduced to the marine environment through sewage (e.g., washing of clothes) [23].

As reported above, Remy et al. (2015) identified the presence of artificial fibers in
invertebrate communities; the artificial fibers were made of viscose, and the chemical
characterization was confirmed by Raman spectroscopy. In addition, the colors of these
fibers were two: Direct Red 28 and Ingrain Blue. These colors are used in the textile industry
both for natural and artificial fibers. This shows that specific dyes cannot be linked to
natural only or artificial only fibers, and thus, dyes cannot be used as reliable indicators for
identifying synthetic or natural MFs or MPs [25].

Similar levels of non-synthetic fibers were detected in sea cucumbers, Holothuria
Tubulosa (Gmelin, 1788), from Croatia, in which cellulose and cellulose acetate in stomach
contents reached 13.3% and 14.8% in samples collected from Silba Island and Telašćica,
respectively (ranging within 0–33.3% of total items). In the same study proposed by Renzi
and Blašković (2020), fibers represented the larger number of recorded MPs in sediments
from both Silba and Telašćica (ranging within 0–67.9% of total items). Among benthic
species, sea cucumbers were selected as a target because they are widely representative
of marine benthic species and are considered a key benthic taxonomic group to preserve
marine ecosystem integrity (they are listed as protected species in some EU countries).
Moreover, they play a crucial role in the food web through predation by stars, crustaceans,
gastropods and fishes [77]. The presence of anthropogenic fibers both in H. Tubulosa
and sediments (see Table 3) shows the large diffusion of these pollutants, supporting the
hypothesis of active ingestion by these organisms from the surrounding environment.
Similar results were obtained from Boskovic et al., 2021, where cellulose fibers in nine
out of ten sediment samples of the Montenegrin coast were detected, which highlighted
the predominance of fibers among all other MPs [96]. PP was detected in all the different
sampling locations, while PE was in seven out of ten. The results showed the highest
concentrations of MPs were in locations near highly populated centers, municipal effluent
discharge restaurants, fishing and tourist activities, such as cruises.

The semipelagic fish bogue Boops boops (Linnaeus, 1758) is a commonly agreed-upon
bioindicator in the Mediterranean Sea [18]. Italy is one of the European countries re-
quired to implement the Marine Strategy Framework Directive (MSFD), and the use
of bioindicator species is strongly recommended by MSFD and other monitoring pro-
grams (e.g., UNEP/MAP) to increase the knowledge on the extent of marine litter pol-
lution and its impacts on marine species [109]. Since B. boops is an omnivorous species,
which feeds both benthic and pelagic preys, living on diverse types of the sea bottom
(sandy, muddy, rocky and seagrass beds) [100], it has been proposed to act as a sen-
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tinel for microplastic pollution in the Mediterranean small-scale pelagic environment
(https://plasticbustersmpas.interreg-med.eu, accessed on 15 June 2022). In the study
conducted by Savoca et al. (2019) in the Gulf of Patti [72], the authors reported, for the
first time in the Mediterranean Sea, the ingestion of human-made cellulose fibers in bogue
specimens, assuming that the high presence of fibers found in their stomach might depend
on the habitat and its extension. As a matter of fact, the urban wastewater treatment of the
area is not powerful enough to retain all the fibers, especially during the summer when
many tourists populate the area [110]. Their data complied with the studies of Fastelli et al.
(2016) and Cannas et al. (2017) carried out in the same area of the Mediterranean Sea [86,89].
Similar results were also obtained by Rios-Fuster et al. (2019), who evaluated the ingestion
of anthropogenic particles in four species of fish, including B. boops [30], and found a
percentage of 92.86% of fibers and 7.14% of fragments. Previous studies carried out using
the same species as a bioindicator detected similar MFs occurrence levels in the Balearic
Islands [100]. In this study, a total of 731 items were observed in 195 full gastrointestinal
tracts of bogue. The fibers were only detected and characterized by different colors. Simi-
larly, Neves et al. (2015) recorded a total of 73 MPs in the 32 bogues sampled in the North
Atlantic, off the Portuguese coast, 48 of which (65.8%) were fibers and 25 (34.2%) were
particles [24]. On the contrary, Garcia-Garin et al. (2019) found a prevalence of fragments
(60%) in bogues samples collected from the Spanish Catalan coast near Barcelona. The
authors suggested that the high amount of fragments found in the organisms was due to
the severe MPs pollution present in the sampling area [71].

Avio et al. (2020) provided a comprehensive characterization of the ingestion of
microplastics in several fish and invertebrate species from the Adriatic Sea, which is
considered a preferential area of plastic accumulation in the Mediterranean. Almost 500
organisms, including benthic and pelagic invertebrates and benthopelagic, pelagic and
demersal fish species, were collected (see Table 3). Textile MFs were abundant in Adriatic
food webs occurring in all the analyzed species with frequencies (ranging between 40%
and 70%) higher than those reported for MPs; an elevated percentage of MFs was of
natural (74% cotton, 8% wool) and non-synthetic origin (8%) [38]. One of the species
studied by Avio et al. (2020) was the European hake, Merluccius Merluccius (Linnaeus, 1758),
which is an important predatory species inhabiting a wide range of depths (20–1000 m)
throughout the Mediterranean Sea and the north-eastern Atlantic region. It is one of
the main commercial and most exploited species of fish in all northern Mediterranean
countries [111]. Bellas et al. (2016) and Giani et al. (2019) investigated the occurrence of
MPs in M. Merluccius, and their results were comparable to those of Avio et al. (2020): the
detected MPs were mostly constituted by fibers (71% and 81%, respectively). In both studies,
however, no chemical characterization of the fibers was provided [26,73]. Interestingly,
previous studies conducted by Suaria et al. (2015) and Avio et al. (2015) in the same area of
the Mediterranean Sea reported a predominance of fragments over fibers in plankton and
M. Merluccius specimens (78.5% and 57%, respectively).

The usual hake diet consists mainly of Crustacea (especially Decapoda) and teleost
fishes (i.e., Engraulis Encrasicolus and Cepola microphthalmia). European anchovy E. Encra-
sicolus, together with Sardina pilchardus (Walbaum, 1792), are some of the most captured
fish species in the Mediterranean Sea and are thus of economic importance. Moreover, they
are directly subjected to MP’s pollution because they are planktivorous and are mainly
filter-feeding. Both of the species have been used in MP studies, and natural and plastic
microparticles have been found in both of the organisms with a predominance of MFs
(83%) [61,62]. Natural fibers (such as cotton) accounted for 54.1% and other cellulose-based
fibers for 12.5%. Plastic materials, especially PET, PE and PA, accounted for 33.3%. A study
conducted by Collard et al. (2015) showed that the majority of “non-plastic” particles found
in E. Encrasicolus collected from the Gulf of Lions were made of cellulose (54.3%) [67]. Simi-
lar results to those presented by Collard et al. (2015) and Compa et al. (2018) in the same
Mediterranean area were confirmed by Sanchez-Vidal et al. (2018) [67]. Sanchez-Vidal et al.
(2018) reported the predominance of cellulosic fibers (79.7%) over other synthetic polymers
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(see Table 4) in the sediment on the Spanish Mediterranean coast [92]. Moreover, a recent
study carried out in the Southern Tyrrhenian Sea by Savoca et al. (2020) confirmed the
presence of polymers, such as PP, PA, Nylon and PE, and human-made cellulose, such as
rayon, in E. Encrasicolus, and S. Pilchardus. Instead, Neves et al. (2015) noted the presence of
MPs in fish from the coast of Portugal, highlighting the presence of rayon fibers through μ-
FTIR, one of the techniques more suitable for distinguishing and determining the chemical
composition of fibers [24].

Red mullet, Mullus Barbatus (Linnaeus, 1758), and striped red mullet, Mullus surmuletus
(Linnaeus, 1758), are demersal fish species widely spread in the Mediterranean Sea and
the NE Atlantic [78], and are considered important resources for coastal Mediterranean
fisheries [112]. Due to its dietary habits, M. Barbatus is in constant contact with sediment
and, therefore, it is exposed to the pollutants present in this matrix. Thus, it has been
widely proposed as a sentinel species for several pollutants. Fiber ingestion by the red
mullet has been widely reported in M. Barbatus samples collected from several areas of
the Mediterranean Sea, including the Turkish shore, Adriatic and Tyrrhenian Seas and the
Mediterranean Spanish Coast [26,27,61,73,75,78]. It is interesting to note that some of these
studies showed that 56.79% of the fibers found in the fishes were cellulose-based, almost
twice as many as PET (31.14%) [78].

M. Surmuletus is sensitive to marine debris contamination and microplastic inges-
tion [112]. In the study carried out by Alomar et al. (2017), the vast majority of identified
microplastics in M. Surmuletus samples were filaments (30% of which were non-plastic
material) [64].

Capillo et al. (2020) investigated five demersal fish species from the Southern Tyrrhe-
nian Sea, including the red mullet M. Barbatus, the piper gurnard Trigla Lyra (Linnaeus,
1758) and the blackmouth catshark Galeus Melastomus (Rafinesque, 1810). A total of 97.1%
of the microparticles found in all the samples were fibers. Specifically, the red mullet
presented high values of plastic material (mainly PTFE, 75%), while the items found in
specimens of T. Lyra were all composed of cellulose (100%). The feeding behavior of T. Lyra
is the same of M. Barbatus, i.e., the fish swallows sediment (together with the prey) and
then expels them through the gills.

G. Melastomus has a different feeding behavior compared to T. Lyra; it is a benthopelagic
predator that feeds mainly on demersal invertebrates (shrimps and cephalopods) and
mesopelagic fish. It could ingest MPs during predation, biomagnifying them along the
food chain. The estimation of the percentage of MFs ingestion in G. Melastomus in this
study (especially nylon) is different from those reported in other areas of the Mediterranean
Sea [75]. Indeed, a high proportion of cellulosic-based fibers in this species was found in
samples from the Balearic Islands (western Mediterranean Sea) area, where Alomar and
Deudero (2016) reported the dominance of cellophane over other synthetic polymers. In
the stomachs of this elasmobranch species, the authors showed that 86.36% of the identified
particles were filaments, while the rests were fragments and films. Woodall et al. (2014),
Sanchez-Vidal et al. (2018), Filgueiras et al. (2019) and Suaria et al. (2020) suggested that
G. Melastomus ingests fibers directly from the seafloor and water column [19,22,37,65,92].
Similar results were achieved by Valente et al. (2019), who identified the presence of 221
synthetic fibers (85.7% of the particles) in G. Melastomus collected from the Tyrrhenian Sea.
These data comply with the results reported in a study conducted by Cannas et al. (2017) in
the same part of the Mediterranean [74,89]. Anastasopoulou et al. (2013) have also recorded
MP ingestion by G. Melastomus in the Ionian Sea, but unlike the results obtained from the
previous studies, the percentage of fibers reached only 3% [113]. In agreement with these
results, Ruiz-Orejòn et al. (2016) reported 87.3% of hard plastic fragments as the majority of
the material observed in the Ionian Sea, demonstrating how the marine environment can
affect biota microparticles ingestion [87].

Finally, in a recent study by Sayed et al. (2021) along Egypt’s coast, the presence of
cellulose-based fibers was observed while analyzing the level of MPs in the digestive tracts
of Caranx Crysos, Liza Aurata, Siganus Rivulatus and Epinephelus Caninus from the Eastern
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Harbor. Plastic particles were evident in all fish samples, including seven thermoplas-
tic polymers. Rayon and polyethylene terephthalate were the most dominant types of
polymers in fish [83].

Due to the concentrations of plastic in the Mediterranean Sea, loggerhead sea turtles,
Caretta Caretta (Linneaus, 1758), were confirmed by Matiddi et al. (2017) as the main target
species for monitoring MP ingestion by marine organisms. The turtles tend to ingest marine
litter, confusing it with natural prey [114]. The study conducted by Duncan et al. (2018)
provides an overview of the presence of microplastics in various marine turtle specimens.
The analysis of marine turtles’ specimens reveals a high abundance of fibers unanimous
in the three basins (Atlantic 77.1%, Mediterranean Sea 85.3%, Pacific 64.8%). Of these,
a subsample of the isolated particles was tested using FTIR to determine the polymeric
composition, revealing the presence of both synthetics (mainly PE, ethylene propylene,
PEST and polyacrylamide) and cellulose-based materials (rayon, natural rubber and plant
protein) [69].

2.3. Color of MFs

From the available literature data, four different colors in MFs were found to be more
abundant in the Mediterranean Sea, both in biota (fishes, invertebrates and sea turtles) and
in the seabed and seawater samples. As indicated in Figure 3, the dominant color was black
(ranged between 12.1–100%), followed by transparent and clear colors (2.5–50.3%) and blue
(10.1–45.8%). Red (3.8–27%) and others (2.2–20%) were less abundant.

25%

32%
19%

13%

11%

(a)

26%

30%

32%

8%
4%
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Figure 3. Most abundant colors in MFs present in the literature data from the Mediterranean Sea,
both in the biota (a), and in seabed and seawater samples (b).

Instead, in open basins (Atlantic, Pacific, Indian Arctic and Southern Oceans) the
following order was observed: blue (10.1–88%) > black (8.8–57.1%) > transparent (2.5–47%) >
red (5.2–42%) > others (1–9%). The MF’s color could potentially increase their bioavailability
due to their resemblance to prey objects. There is evidence of visual confusion between
prey and anthropogenic particles [30]. Predatory fish show a preference for ingesting blue
fibers, while transparent fibers may be confused due to their resemblance to gelatinous prey
or can be ingested accidentally via filtration [76]. Furthermore, studies noticed, without
providing any explanation, that planktivorous fish seem to ingest whiter, lighter and bluer
fiber colors [115]. The only speculation that was made to explain this observation was that
these colors are the most abundant found in the fibers collected from the Mediterranean
Sea. Another aspect that has to be taken into account is that some chemical treatments used
during the extraction procedure of the fibers can cause physical damage and discoloration
of the microplastics, as shown by Cole et al. (2014) [116].
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2.4. Self-Contamination

During the analysis of MFs, one of the biggest problems is the contamination of
the sample by those who carry out the sampling, treatment and analysis of the samples.
Contaminations can occur through the use of instrumentation that releases particles into
the environment or from the researcher’s clothing [117]. The procedures attempt to control
contaminants entering samples from analyst clothing, airborne sources, laboratory surfaces,
equipment and consumables used, but there is not yet a standardized method to prevent
contaminations. Over the years, more and more precautions have been taken for the
treatments of the samples, in fact, initially, the procedures did not take into account the
possible self-contamination [118], while techniques have recently been adopted to avoid
this problem [119–121]. For example, Gaylarde et al. (2021) cleaned all materials used
with ethanol and filtered deionized water, put on colored suits and performed the fish
dissection and digestion protocols in a clean airflow cabin [122]; instead, Barrows et al.
(2018) tested microplastic contamination during the treatment of the sample: cleaning all
laboratory surfaces, analyzing laboratory water and laboratory air and analyzing blanks
of the filtrate used to rinse the sample bottle and filtration apparatus. The results showed
average contamination of 0.005 pieces per 0.010 L of water and 0.154 pieces per 8 min of
exposure to air from synthetic and non-synthetic MPs [28]. As highlighted by Prata et al.
(2021), less than 50% of studies on MPs do not collect and analyze controls and blanks
during the sampling phase and processing step of the sample [119]. Moreover, only some
studies involve taking “control” samples of possible sources of contamination from MPs
and MFs and the use of colored cotton clothes [96,121–125]). Finally, as highlighted in
a study by Scopetani et al. (2020), the level of self-contamination in MPs studies is not
negligible, highlighting the importance of finding a standardized method to avoid the
overestimation of MPs and MFs in environmental matrices [126].

2.5. Size

From the data available in the literature, we can notice that most of the studies
conducted in the Mediterranean Sea that focused on microfibers pollution investigated
microfibers with a length ranging between 1 and 2 mm (Figure 4).

17%

33%

22%

17%

11%
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1–2 mm

2–3 mm

3–4 mm
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Figure 4. A comparison of the literature data of percentages frequency of different fiber lengths in
biota and water samples from the Mediterranean Sea.

We can hypothesize that this may probably represent the optimal size to carry out in-
vestigations regarding the chemical composition of the fibers, but further research is needed
to deepen this aspect. The small size of the MFs is relevant as it determines the potential
impact of these contaminants on the ecosystem and the bioaccumulation/biomagnification
in biota from ingestion. If the fibers are ingested by marine organisms, they can damage
them, block and affect the physical performance of the digestive tract of fish [20]. The
effect caused by the volume occupied in the digestive tracts does not depend on the size
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of the individual fibers because these can tangle and form larger agglomerates. Indeed,
fibers longer than 5 mm (usually not considered in studies on microplastics) can tangle
with themselves and with other fibers and occupy large volumes in the stomach, volumes
similar to those of agglomerates of shorter fibers [20,80]. Therefore, it is difficult to find a
correlation between fiber size and the effects on the organism, but if they do not tangle,
as shown in a study by Grigorakis et al. (2017), they can cross the entire digestive tract
and be expelled from the body without causing damage [127]. Not all the studies agree
on the possibility of detecting the presence of microplastics up to 0.6 mm in organs not
belonging to the digestive system, as detected by Avio et al. (2015) in fish mullet liver [62].
Instead, many authors believe that probably only MPs and MFs smaller than 100 μm or
their additives can come into contact with organs not belonging to the digestive system
and cross the intestinal barrier [78].

3. Conclusions

As described above, the investigations in the Mediterranean Sea provide insight into
the level of microfiber pollution and underline the necessity to use specific analytical tech-
niques to explore and confirm MFs composition to avoid overestimation when assessing
the level of MP occurrence in the marine environment. This review underlines the need
to distinguish natural fibers from plastic ones, given the high number of fibers found in
the marine environment and biota. Additionally, future studies should better investigate
the impact of fibers on biota since synthetic fibers tangle easily and can originate bundles
of fibers causing obstruction in organs and hindering or preventing feeding. The same
consideration is applied to cellulosic fibers, even if they do not constitute an environmental
problem in themselves, but any additives or dyes within them could potentially be car-
cinogenic and harmful to sea organisms and, consequently, to humans. Overall, the results
of this review provide the basis to monitor the impacts of microfiber pollution on the sea
ecosystems in the Mediterranean Sea, which can be used to investigate other basins of the
world for future risk frameworks.
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Abstract: Plastic contamination in the environment is common but the characterisation of plastic
ingested by fish in different environments is lacking. Hence, a meta-analysis was conducted to
identify the prevalence of plastic ingested by fish globally. Based on a qualitative analysis of plastic
size, it was determined that small microplastics (<1 mm) are predominantly ingested by fish globally.
Furthermore, our meta-analysis revealed that plastic fibres (70.6%) and fragments (19.3%) were the
most prevalent plastic components ingested by fish, while blue (24.2%) and black (18.0%) coloured
plastic were the most abundant. Polyethylene (15.7%) and polyester (11.6%) were the most abundant
polymers. Mixed-effect models were employed to identify the effects of the moderators (sampling
environment, plastic size, digestive organs examined, and sampling continents) on the prevalence of
plastic shape, colour, and polymer type. Among the moderators, only the sampling environment and
continent contributed to a significant difference between subgroups in plastic shape and polymer type.

Keywords: microplastic; shape; colour; polymer type

1. Introduction

Global plastic production has increased drastically from around 1.5 million tonnes
in 1950 to 368 million tonnes in 2019, due to the high demands of consumers [1,2]. As a
consequence of the large production volume of plastics and defective waste management
system, it is very common for plastics to accumulate in the environment, such as in
seawaters [3,4], deep sea sediments [5], artic sea ice [6], lakes [7], soils [8], and even in
the atmosphere [9]. Slow degradation of the plastics has led to their accumulation in the
environment. Nonetheless, radiation, heat and friction may cause fragmentation of the
plastics [4] and turn them into secondary microplastics, which are plastic particles less than
5 mm in size [10]. Additionally, primary microplastics are produced purposefully to be
used in various products [11] or industries [12].

It is estimated that between 1.15 and 2.41 million tonnes of mismanaged plastic waste
are discharged into the oceans through rivers annually [13]. In 2014, it was estimated
that at least 5.25 trillion plastic particles, weighing 268,940 tonnes, were floating in the
world’s oceans [14]. Hence, there is an increased risk of marine organisms ingesting plastic
particles due to their high concentration in oceans. Organisms might ingest the particles by
primary ingestion because they recognise the items as potential prey, or secondary ingestion
via contaminated prey [15]. Many publications have shown that plastic particles are
ingested by a wide variety of animal taxa in various environments, including seabirds [16],
waterbirds [17], crustaceans [18,19], sharks [20] and other fish [21] and cetaceans [22,23].
Furthermore, there is trophic transfer in the ecosystem from lower to higher trophic level
based on both experimental [24,25] and field studies [26–29].
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Direct fatality due to the blockage of the digestive tract by larger size plastic debris has
been found in many marine organisms, such as turtles [30], sea birds [31], and manatees [32].
The death of a whale shark was suspected to be caused by plastic ingestion with subsequent
inflammation of the stomach mucosa triggering wounds and infections [33]. Several severe
impacts due to the ingestion of plastic particles by fish in laboratory conditions have also
been documented [34,35]. The plastic particles are able to promote inflammation and
accumulation of lipids in zebrafish liver [36]. The growth and body condition of reef fish
decreased significantly when food pieces were substituted by microplastic particles, and
these effects escalated at higher microplastic concentrations [37]. Intestinal lesions in fish
were observed in an experimental study and the severity increased with the concentration
of microplastics [38]. Nevertheless, the exposure settings for the laboratory experiments
cannot fully represent the natural environments in which the plastic types, sizes, and
concentrations may fluctuate temporally and spatially.

Plastic ingestion by fish has been fairly well reviewed. The earliest review reported the
incidence of plastic ingestion in 22 fish species [39]. Subsequent and more recent reviews
have recorded the number of fish as follows: 90 species [40], 34 [41], 95 [42], 200 [43],
323 [44], 165 [45]; and 386 [46]. There were also various reviews on plastic ingestion by
fish, but these included other marine biotas [47–49]. A systematic review of the occurrence
of microplastics based on their characterisations was conducted but limited to freshwater
fish species [50]. In view of the gaps in the knowledge on plastic characterisations in
different environments, a meta-analysis, which included samples from all environments,
was conducted to investigate the possible factors affecting plastic ingestion by fish, and to
identify the abundance of plastic ingested on a global scale based on its characterisations.

2. Materials and Methods

2.1. Literature Review

In this review paper, a literature review was conducted using web-based search
engines: Google Scholar and electronic databases, such as PubMed, Web of Science, Science
Direct and Wiley Online Library from 1970 to December 2021 with the following keywords:
“microplastic” OR “plastic” OR “plastic ingestion” OR “marine debris” AND “fish”.

2.2. Quality Assessment and Data Extraction

The publications were reviewed based on the following criteria (Figure 1). Firstly,
the titles and abstracts of the articles were screened to search for related studies. Studies
on fish exposure to plastics in a laboratory setting were excluded. In the second step, the
materials and methods section of each article was examined to ensure that the numbers
of plastic shape, colour, and polymer type were reported. If the data were not reported in
numbers, they were extracted from published diagrams using WebPlotDigitizer Version 4.5
(Ankit Rohatgi, Pacifica, CA, USA). Studies that assigned plastic size class and predominant
size class were included for qualitative analysis. Due to the importance of contamination
control in plastic research during the extraction process, the studies were checked for
quality assessment/quality control (QA/QC). Studies that did not include any QA/QC
were excluded from meta-analysis of plastic characterisation.

Detailed data-location, part of digestive organs examined, plastic extraction method,
percentage of plastic ingested, plastic size, shape, and colour, and the polymer type were
recorded. The environments where the samples were collected were retrieved from the
publications based on the GPS coordinates given or sampling procedures stated in the
method in each publication. The source of the samples was classified into marine, estuary,
freshwater, aquaculture, and market. Samples obtained from markets were grouped into
marine, estuary, or freshwater if the study specified the source of the samples [51]. Studies
that purchased samples directly from the market without the source information of the
samples were classified into the “market” category [52]. The plastic extraction methods
were categorized into three groups, as proposed by a previous review [44]. Method 1 is a
visual analysis of the GIT content with the naked eye; Method 2 is a visual analysis of the
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GIT content using a microscope; and Method 3 is the chemical digestion of the GIT content,
followed by filtration and microscope analysis. There are many definitions of plastic size
across different guidelines and articles. For consistency, the relative size of plastic ingested
by fish in this study was sorted as microplastic (<5 mm), mesoplastic (5–25 mm), and
macroplastic (25–1000 mm) [53–55]. For the shape of plastics, it was standardised into five
categories: fibre, film, fragment, foam, and pellet (Table 1), which is in line with several
studies [7,54,56–58]. The colours of the plastics were classified into red, orange, yellow,
green, blue, purple, pink, brown, grey, black, white, transparent, and others. In studies that
revealed plastics from the environment or other biota, only plastics ingested by fish were
considered. If samples were collected from different environments, data from the same
data were documented separately.

 

Figure 1. Flow diagram of study selection.
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Table 1. Standardised shape description of plastic.

Standardised Shape Description Alternative Shape

Fibre Thin or fibrous plastic that has a length
longer than its width

Line, Monofilament, Thread, Polyfilament,
Twine, Fibrous, Microfibre

Film Flat and thin plane of smooth or angular
edges plastic

Sheet, Plastic Packaging, Wrapper, Plastic Bag,
Packet Wrap, Food Package, Strip

Fragment Irregular, hard, and jagged plastic particle Flake, Particle, Piece, Tag, Chip

Foam Lightweight, sponge-like plastic
Polystyrene, Polystyrene Spherule, Styrofoam,

Styrofoam Fragment, Sponge, Expanded
Polystyrene Foam (EPS)

Pellet Hard, rounded plastic particle Bead, Granule, Microbead, Particle, Spherule

Note: Particle shape of each study was assigned to the closest standardised shape based on the appearance shown
in the publications.

2.3. Statistical Analysis

Data of the number of plastic shape, colour, or polymer type (k) and the total number
of plastics ingested (n) were extracted from the selected studies. Proportion of the plastic
characterisation in a single study was calculated with the formula: p = k/n. Meta-analysis
of proportions was employed to obtain a more precise estimation of the overall proportion
for all plastic characterisations. Since proportions of <0.2 were common in the studies, the
pooled prevalence of plastic characterisation was calculated by applying arcsine square
root transformation on the proportion data. Publication bias was examined through funnel
plots by trim-and-fill method and Egger’s regression test with a confidence interval (CI)
of 95%. Between-study heterogeneity was evaluated with I2 statistic and tested using the
Paule-Mandel estimator method. Fixed effects model was used in the case of low hetero-
geneity whereas random effects model was used for high heterogeneity. Mixed effects
meta-regression model was employed in which the random-effects model was used to
combine study effects within each subgroup and the fixed-effect model was used to test
if the effects across the subgroups differed significantly from each other. In this model,
assumption of different between-study variance across subgroups was applied to identify
if different moderators (i.e., sampling environment, plastic size, digestive organs examined,
or sampling continent) affect the prevalence of the plastics. Subgroups forest plot was
created based on different moderators. Meta-regression models were used to analyse char-
acterisations that were the most abundant: shape (fibre, fragment, film, and pellet), colour
(blue, black, transparent, and white), polymer types (polyethylene (PE), polyester (PES),
polypropylene (PP), and polyamide (PA). The rare characterisations were not subtracted
from the total plastic numbers even though they were not included in the meta-regression
models. Hence, relative abundance of each characterisations were estimated based on total
plastic numbers from all of its characterisations. All statistical analyses and plotting were
performed in R software (R Core Team, version 4.1.2, Vienna, Austria).

3. Results

3.1. Overview

The number of studies that reported the assessments of plastic size, shape, colour,
and type were 127, 281, 195, and 153, respectively. Studies without QA/QC (n = 107)
were excluded for the analysis of plastic size, while 94 studies with QA/QC and revealed
the assessments of all three characterisations (shape, colour, and polymer type) in the
same study were selected for meta-analysis. In total, data of five shapes, 13 colours, and
25 polymer types were recorded. It should be noted that the total count of plastics in
polymer types was different from shape and colour, because not all of the plastics were
tested with the polymer characterisation test.
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3.2. Prevalence of Plastic Ingested

Only 34 out of the 107 studies (31.8%) included plastic sizes larger than 5 mm (meso-
plastic and macroplastic) in their findings. Larger size particles were not included in
many studies, especially recent studies, because they preferred to focus on microplastic
ingestion. The most prevalent size of plastic ingested was microplastic for all the studies.
Microplastics were often divided into two groups called small microplastic (<1 mm) and
large microplastic (1–5 mm) [59,60]. Among the studies that reported the size class of
plastic ingested, more than two-thirds of the studies (74.0%) recorded small microplastic
as the predominant size class (Figure 2) [27,52,56,61–163]. Based on the pooled prevalence
data, fibre plastic was the most abundant plastic ingested by the fish, with a relative abun-
dance of 71.6% (CI 64.0–78.7%). The second most abundant plastic shape was fragment
(19.4%; CI 13.8–25.7%), followed by film (0.5%; CI 0–1.5%) and pellet (0.0%; CI 0.0–0.2%)
(Figure 3). Egger’s regression test indicated that there was no significant publication bias
for plastic shapes (Figure S1, fragment: Z = 1.377, p = 0.169, pellet: Z = 1.491, p = 0.136)
except fibre (Z = −2.256, p = 0.024) and film (Z = 2.457, p = 0.014). A high heterogeneity
(I2 = 93.6–98.8%) was observed between studies for plastic shapes. Furthermore, blue
colour plastic was predominantly ingested by fish, with a relative abundance of 24.5% (CI
20.3–28.9%). The second most abundant plastic colour was black (18.1%; CI 13.7–22.9%),
followed by transparent (6.8%; CI 4.1–9.9%), and white (5.8%; CI 3.4–8.5%) (Figure 4).
Egger’s regression test revealed that there was no significant publication bias for plastic
colours: blue (Z = 0.300, p = 0.764), black (Z = −0.050, p = 0.960), transparent (Z = 0.418,
p = 0.676), and white (Z = −0.156, p = 0.876) (Figure S2). Similar to plastic shape, a high
heterogeneity was found (I2 = 98.0–98.6%) between studies on colour. The most abundant
polymer type ingested by fish was PE, with a relative abundance of 15.7% (CI 11.3–20.6%),
followed by PES (11.6%; CI 7.8–16.0%), PP (6.8%; CI 4.2–9.9%), and PA (5.6%; CI 2.9–8.8%)
(Figure 5). Egger’s regression test indicated that there was no significant difference for
polymer types: PE (Z = 0.738, p = 0.460), PES (Z = −0.560, p = 0.576), and PA (Z = −0.813,
p = 0.416), except PP (Z = 2.128, p = 0.033) (Figure S3). The between-study heterogeneity for
polymer types was slightly lower than plastic shape and colour (I2 = 90.7–95.1%).

A similar proportion for the dominant class size was observed in different environ-
ments, except in estuary. Seawater environments had the largest percentage, with small
microplastics as the predominant size class of plastic ingested (80.6%), followed by aquacul-
ture (75.0%), market and freshwater (71.4%), and estuary (57.1%) (Figure 4). The subgroups
of continents shared similar proportion, except in Oceania (50.0%). Asia had the largest
proportion of small microplastics (77.6%), followed by North America and Africa (75.0%),
and Europe (72.4%). A mixed-effects model was applied to identify potential sources of het-
erogeneity with four categorical moderators (sampling environment, plastic size, digestive
organs examined, and sampling continent). A significant difference between groups was
found for two out of the four moderators, specifically, environment and continent for plastic
shape and polymer type. In the case of environment, a significant subgroup difference was
observed in plastic shapes: fibre (Qm = 16.311, p = 0.003), fragment (Qm = 15.743, p = 0.003),
and pellet (Qm = 16.453, p = 0.003), except in film (Qm = 0.824, p = 0.935). Fibre was relatively
more abundant in the market (89.7%), estuary and aquaculture (87.0%) environments than
in freshwater (75.0%) and seawater (67.0%) environments. In contrast, fragments were
more abundant in seawater (23.9%) than in freshwater (13.7%), aquaculture (10.7%), estuary
(7.0%), and market (6.8%). The continent groups appeared to be significantly different
in plastic shapes: fibre (Qm = 18.734, p = 0.002), fragment (Qm = 24.886, p < 0.001), film
(Qm = 28.279, p < 0.001), and pellet (Qm = 33.926, p < 0.001). The abundance of fibre was
significantly higher in North America (95.0%, p = 0.001) than the rest of the continent:
Asia (74.8%), Europe (66.9%), Oceania (66.0%), Africa (60.6%), and South America (53.7%).
The prevalence of fragment was higher in Africa (38.5%), South America (38.4%), Oceania
(32.5%), Europe (23.0%), and significantly lower in Asia (14.7%, p = 0.033), and North
America (1.5%, p < 0.001).
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Figure 2. Overview of the assigned plastic size class and predominant size class of each study in
different environments. Only size classes less than 5 mm are shown in this diagram. Each bar
represents the plastic size class assigned in each study. Darker colour bars represent predominant
size ingested. (S: Seawater; E: Estuarine; F: Freshwater; A: Aquaculture; M: Market). References: [27]
Markic et al., 2018; [52] Ding et al., 2019a; [56] McNeish et al., 2018; [61] Abbasi et al., 2018; [62] Abidli
et al., 2021; [63] Abiñon et al., 2020; [64] Agharokh et al., 2021; [65] Arias et al., 2019; [66] Atamanalp
et al., 2021a; [67] Atamanalp et al., 2021b; [68] Atici et al., 2021; [69] Avio et al., 2015; [70] Avio et al.,
2020; [71] Bagheri et al., 2020; [72] Bayo et al., 2021; [73] Beer et al., 2018; [74] Bellas et al., 2016; [75]
Bessa et al., 2018; [76] Bottari et al., 2021; [77] Chen et al., 2021; [78] Cordova et al., 2020; [79] Crutchett
et al., 2020; [80] da Silva et al., 2021; [81] Daniel et al., 2020; [82] Dhimmer, 2017; [83] Digka et al.,
2018; [84] Ding et al., 2019b; [85] Feng et al., 2019; [86] Garcia-Garin et al., 2019; [87] Ghosh et al., 2021;

156



Toxics 2022, 10, 186

[88] Gurjar et al., 2021a; [89] Gurjar et al., 2021b; [90] Hamilton et al., 2021; [91] Heshmati et al.,
2021; [92] Hipfner et al., 2018; [93] Hossain et al., 2019; [94] Hosseinpour et al., 2021; [95] Huang et al.,
2020; [96] Jaafar et al., 2021; [97] James et al., 2020; [98] Karbalaei et al., 2019; [99] Koongolla et al.,
2020; [100] Li et al., 2021; [101] Lin et al., 2020; [102] Liu et al., 2021; [103] Lopes et al., 2020; [104]
Lusher et al., 2013; [105] Lusher et al., 2016; [106] Makhdoumi et al., 2021; [107] McIlwraith et al.,
2021; [108] Morgana et al., 2018; [109] Murphy et al., 2017; [109] Murphy et al., 2017; [110] Naidoo
et al., 2020; [111] Nematollahi et al., 2021; [112] Nikki et al., 2021; [113] O’Connor et al., 2020; [114]
Palazzo et al., 2021; [115] Palermo et al., 2020; [116] Pan et al., 2021; [117] Park et al., 2021; [118]
Parton et al., 2020; [119] Parvin et al., 2021; [120] Pellini et al., 2018; [121] Pereira et al., 2020; [122]
Piccardo et al., 2018; [123] Pullen, 2019; [124] Rasta et al., 2021; [125] Rios-Fuster et al., 2019; [126]
Rodríguez-Romeu et al., 2020; [127] Romeo et al., 2015; [128] Rummel et al., 2016; [129] Sainio et al.,
2021; [130] Sathish et al., 2020; [131] Savoca et al., 2021; [132] Selvam et al., 2021; [133] Shabaka
et al., 2020; [134] Siddique et al., 2021; [135] Silva-Cavalcanti et al., 2017; [136] Sparks & Immelman,
2020; [137] Su et al., 2019; [138] Sun et al., 2019; [139] Suwartinigsih et al., 2020; [140] Taghizadeh
Rahmat Abadi et al., 2021; [141] Tanaka & Tadaka, 2016; [142] Tsangaris et al., 2020; [143] Turhan,
2021; [144] Valente et al., 2019; [145] Wang et al., 2021a; [146] Wang et al., 2021b; [147] Wang et al.,
2020; [148] Wieczorek et al., 2018; [149] Wootton et al., 2021a; [150] Wootton et al., 2021b; [151] Wu
et al., 2020; [152] Xu et al., 2021; [153] Yuan et al., 2019; [154] Zakeri et al., 2020; [155] Zhang et al.,
2020a; [156] Zhang et al., 2020b; [157] Zhang et al., 2019; [158] Zhang et al., 2021a; [159] Zhang et al.,
2021b; [160] Zhang et al., 2021c; [161] Zheng et al., 2019; [162] Zhu et al., 2019a; [163] Zhu et al., 2019b.

For plastic colour, no significant subgroup difference was found in the moderator of
environment, except white (Qm = 11.020, p = 0.026). The prevalence of blue plastic was high-
est in aquaculture (33.9%), followed by estuary (32.9%), market (25.8%), freshwater (25.6%),
and seawater (22.9%) environments. In addition, the abundance of black plastic was higher
in market (28.4%) and aquaculture (27.9%) than in freshwater (21.2%), seawater (17.7%),
and estuary (10.3%) environments. Likewise, subgroup analysis with the moderator of
continent revealed that there was no significant difference between plastic colours: blue
(Qm = 5.156, p = 0.397), black (Qm = 5.936, p = 0.313), transparent (Qm = 5.259, p = 0.385),
and white (Qm = 7.747, p = 0.188). In the moderator of environment, a significant difference
was found in two polymer types, namely PP (Qm = 29.693, p < 0.001) and PA (Qm = 21.143,
p < 0.001). PP had a higher abundance in freshwater (8.5%) and seawater (7.9%) than in
aquaculture (5.4%), estuary (3.1%), and market (0%) environments. In contrast, PA was
relatively more abundant in aquaculture (15.4%) than in seawater (7.4%), estuary (4.0%),
freshwater (1.1%), and market (0.1%) environments. Subgroup analysis with the moderator
of continent showed that a significant difference was found in PA (Qm = 50.287, p < 0.001)
and PES (Qm = 12.174, p = 0.033). PE has the highest prevalence in Asia (21.6%), followed
by Europe (17.2%), South America (15.1%), and Africa (14.3%), and significantly lower in
North America (5.2%), and Oceania (0%). PES has a different distribution across continents,
with a higher abundance in South America (22.0%), followed by Asia (14.2%), Oceania
(13.6%), North America (12.2%), Europe (8.3%), and Africa (3.1%).
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Figure 3. Prevalence forest plot for plastic shape. Blue squares represent subgroup means, while
red diamonds and the dotted line represent the overall mean. (a) Subgroup of sampling environ-
ment. (b) Subgroup of sampling continent. For statistical details, see individual forest plots in
supplementary information (Figures S4–S7).
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Figure 4. Prevalence forest plot for plastic colour. Blue squares represent subgroup means, while
red diamonds and the dotted line represent the overall mean. (a) Subgroup of sampling environ-
ment. (b) Subgroup of sampling continent. For statistical details, see individual forest plots in
supplementary information (Figures S8–S11).
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Figure 5. Prevalence forest plot for plastic polymer type. Blue squares represent subgroup means,
while red diamonds and the dotted line represent the overall mean. (a) Subgroup of sampling envi-
ronment. (b) Subgroup of sampling continent. PE: Polyethylene; PP: Polypropylene; PES: Polyester;
PA: Polyamide. For statistical details, see individual forest plots in supplementary information
(Figures S12–S15).

4. Discussion

Microplastics are widely defined as plastics with a size of <5 mm, whereas small
microplastics and large microplastics are defined as plastics with a size of <1 mm and 1 to
5 mm, respectively. Small microplastics were the predominant plastic size ingested by fish in
most of the reviewed studies. It was estimated that the most abundant plastic in the marine
environment was microplastic (92.5%) [14]. The proportions of large and small microplastics
in the marine environment were 62.3% and 37.7%, respectively. However, the concentration
might be underestimated since the lower size limit of sampling and modelling used was
0.33 mm, whereby a 2.5-fold increase in microplastic contamination was observed when the
lower size limit was 0.1 mm [164]. Hence, the actual concentration of small microplastics
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could be higher than the initial prediction. A similar concentration of microplastics can be
expected in other environments since most of the microplastics in the marine environment
originated from land sources such as sewage and runoff. A high concentration of small
microplastics in the environment tend to be ingested by fish more easily through primary
ingestion because they resemble their prey, especially zooplanktons, or secondary ingestion
due to the attachment of plastics on their prey [15]. The predominance of small microplastics
might be due to longer retention time in GIT, as they need longer time to be evacuated from
the fish compared to larger size plastics [165]. However, several studies have excluded
small microplastics during microscopic inspection and analysis, which might underestimate
the actual number of plastics ingested [166–169]. It was reported that a lower detection
limit would result in higher frequency of occurrence of plastic ingestion [46]. Studies with
fish samples of smaller body size may influence the outcome, since they are unable to
ingest larger size plastics. Therefore, there is a need to reduce the threshold size of plastic
detection in order to identify all plastics, since small microplastics dominate the plastic
ingested.

This meta-analysis showed that the largest percentage of plastics ingested by fish
was in the form of fibre and fragment. Several studies have documented fibre plas-
tics to be the most prevalent type of plastic in seawater, freshwater, and aquaculture
environments [170–174]. Fibre plastics in the environment originate mainly from the ef-
fluent of wastewater treatment plants. An experiment illustrated that a single garment is
able to produce >1900 fibres per wash and all garments can release >100 fibres per litre
of effluent [12]. Similarly, it was estimated that over 700,000 fibres could be discharged
from an average wash load of 6 kg fabrics [175]. Another source of fibre plastic in the
environment could be from the fishery activities. The abrasion of abandoned, lost, or
discarded fishing gears has contributed about 18% of the marine plastic debris in the
marine environment [4]. Some fish species do not actively take up fibre plastic; instead,
the fibre plastics are passively sucked in while breathing [176]. Therefore, most of the fish
species may unintentionally ingest plastics that are ubiquitous in the environment. After
exposure to microplastic in a laboratory study, fibre plastic accumulated the most in the gut
of zebrafish, followed by fragment and pellet plastics [177]. Another study demonstrated
that fibre and pellet plastics shared a similar retention time in the GIT when goldfish were
fed with plastic of different shapes [178]. Shape-dependent accumulation of plastic could
be another factor contributing to the prevalence of fibre plastic in fish, but more research
is required. The accumulation period of plastic in GIT of fish may affect the outcome of
the studies, as the plastics that have been extracted from the fish do not exactly represent
the amount of plastic ingested throughout its lifetime. Instead, those samples that were
found to have a relatively smaller quantity of non-fibre plastic might have egested those
plastics out of their bodies when they were sampled. Hence, a larger sample size of the
same species from the same sampling area should be examined to tackle this limitation.

Among the studies reviewed, blue is the most common plastic colour ingested by
fish, followed by black, white, and transparent. Based on the global analysis of floating
plastics in sea water, white and transparent/translucent (47%) are the most abundant
plastic colours, followed by yellow and brown (26%), and blue (9%) [179]. This does not
imply that the plastics in the ocean are mostly white and transparent/translucent, as the
authors have excluded fibre plastic from the analysis due to the possibility of airborne
contamination and fragments made up 83.6% of all the plastics collected. For studies that
included fibre plastic, the predominant colours of the fibre were blue, black, transparent,
and white [170]; black, grey, blue, and red [180]; transparent, blue, black, and red [181]; and
transparent, white, blue, and red [182], respectively. The inconsistent results among the
studies could be attributed to the differences in methodology and sampling region. Similar
dominant colours such as blue, black, white, and transparent were observed in different
studies. Hence, fish might accidentally consume the plastics by feeding or breathing, since
the results were similar to the colour of plastics present in the environment. A study
conducted in the China Sea revealed that the proportion of the plastic colour ingested by
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fish was similar to the proportion in water and sediment of the same sampling site [156].
Another possible explanation for the results could be related to selective feeding for the
species sampled. Large pieces of plastic debris with blue and yellow colours were reported
to be preferred by the fish [183]. Blue plastics were found to be predominantly ingested
by Amberstripe scad, Atlantic chub mackerel, and fish larvae due to the resemblance to
one of their preys: blue pigmented copepod species that were abundant in the sampling
areas [184–186]. The blue pigmentation featured on zooplankton in the ocean [187] might
account for them being confused with blue plastic particles. We hypothesise that only
specific fish species ingest blue plastic deliberately due to the resemblance to its prey and
most species consume blue plastic incidentally as a result of its abundance during feeding
and breathing.

Our results confirmed that PE, PES, PP, and PA were the most prevalent polymer
types ingested by fish globally. The results were not surprising, as these polymer types
were widely found in marine and freshwater environments [173,188,189]. The abundance
of these polymer types in the environments could be due to improper disposal of plastic
waste, as they accounted for 80% of the global plastic waste generated in 2015 [190]. PE and
PP might be derived from the abrasion of fishing tools, since they are widely used in fishery
activities around the world, as well as the packaging used for foods and manufactured
products. PE and PP are less dense polymers that will usually float on the surface of the
water and are likely to be ingested by pelagic species, while demersal species tend to ingest
dense plastics such as PES and PA because they usually suspend in the water column or
deposition in the seabed. PA and PES are widely used in fishery activities and the clothing
industry. The abundance of PA and PES in the environment is mostly originated from the
effluent of washing clothes and the usage of fishery tools. For some studies, only part of
the plastics extracted from the samples was tested with the polymer characterisation test,
which could lead to a potential bias of these results.

5. Gaps and Recommendations

Fish are an essential component of a healthy human diet. Fish consumption increased
significantly from 9.0 kg per capita in 1961 to 20.5 kg per capita in 2018 worldwide, which
increased at an average annual rate of 1.5% [191]. As of 2017, fish consumption contributed
17% of animal protein intake, and 7% of all protein intake globally [191]. Although the
viscera of fish are removed prior to consumption, humans still have a strong likelihood
to be exposed to microplastics and even nanoplastics (<1 μm) due to the translocation
of plastics to muscle tissues [192]. Meanwhile, many commercial fish species have been
found to have microplastics embedded in their muscles, which are likely to be consumed
by humans [61,193,194]. It was reported that seafood was one of the top three contributors
of microplastics consumption by humans among the commonly consumed items [195].
Fish and bivalves were the seafood included in the study and they estimated that the
total microplastics consumption of a person ranged from 39,000 to 52,000 particles per
year. Lately, microplastics were detected within a small sample size of human stools,
suggesting that humans had ingested these particles [196,197]. Although there was no
direct evidence showing the sources of microplastics ingested by humans, it is still highly
possible that part of the microplastics ingested originated from seafood, since the majority
of the participants in the study consumed seafood within the study period [196,197].
Nevertheless, some fish species such as Japanese anchovy are commonly consumed by
humans without the elimination of GIT, and it further increases the risk of translocation of
plastic from fish to humans [141]. Furthermore, 262 out of 391 species that ingested plastic
are commercial species that are frequently consumed by humans [44]. This should raise
awareness of the dangers of consuming microplastics, since it poses a significant threat to
human health [198]. However, research concerning plastic ingestion of fish in aquaculture
environments has been overlooked and there are only a few studies on the incidence of
plastic ingestion within this environment [151,162,199–201]. As of 2018, the contribution of
world aquaculture to global fish production reached 82.1 million tonnes annually, which
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contributed 46.0% of the total fish production and increased from 25.7% in 2000 [191]. Fish
cultured in aquaculture are exposed to plastic debris due to aged and shattered fishery
equipment [202] and to contaminated feeds [203]. In fact, aquaculture sites are prone to
accumulate plastic debris that may be ingested by fish incidentally [151,162]. There are
studies showing that aquaculture fish have a lower incidence plastic ingestion than wild
fish [200,201]. Hence, awareness towards them should be raised to further investigate the
plastic contamination level within aquaculture fish, since they constitute almost half of the
fish for human consumption globally.

Furthermore, gill and muscle tissue of the same sample should be examined together
for the presence of plastic, since plastic contamination in gill was often reported [61,204] and
even poses health risk towards the fish [205]. Deficiency of the record of plastic ingestion
by fish is evident, as only 555 out of 22,581 known species have been investigated [46,206],
comprising 2.5% compared to other taxa such as sea birds (44.0%), marine mammals
(56.1%), and turtles (100.0%) [207]. Although there has been a significant improvement
in ingestion records compared to previous records (fish, 0.3%; sea birds, 39.1%; marine
mammals, 26.1%; and turtles, 85.7%) [49], more research on plastic ingestion in other fish
species is necessary to further reveal the potential hazards in the environment.

In future research, the lowest threshold of plastic size should be mentioned in the study
and threshold filter pore size must be at least 1 μm to fulfil the criteria of microplastics [208]
and to capture all plastics ingested, since the predominant size of the plastic is <1 mm. It is
difficult to compare the dominant size class ingested by fish across different studies because
most of the studies have assigned a distinct size class (Figure 2), and the inconsistent
classifications have made the comparison of plastic ingested by size more difficult. Instead,
the plastic size classes should be standardised for ease of comparison of the dominant size
class of plastic ingested between studies. Likewise, the shape of the plastics should be
standardised, as suggested by GESAMP [54], into fibre, fragment, film, pellet, and foam.
Since fibre is the dominant plastic shape ingested by fish, it should not be excluded from
the analysis. Possible contamination should not be used as an exclusion criterion for plastic
analysis [209]. Instead, extra care should be taken to eliminate possible contamination [210].
For studies that intend to investigate only the occurrence of microplastic in fish, any plastic
that is 5 mm and above should not be excluded [211]; instead, it should be archived to record
their characterisations such as size, shape, and colour, since it is still an anthropogenic
particle and may pose a significant risk towards the fish. Polymer identification tests
should be carried out randomly among the plastics extracted from the samples [212]. For
future studies, it is essential that the size, colour, and shape of plastic ingestion be recorded
and analysed to further validate if the fish species has a certain preference regarding
plastic ingestion.

6. Conclusions

Our meta-analysis has revealed that the most abundant plastics ingested by fish
globally was <1 mm in size, fibre shape, blue colour, and PE polymer. The results obtained
were similar to the prevalence of plastics in environments where most of the fish species
could ingest them passively. Hence, more research needs to be carried out in order to
further validate if fish have a certain preference for ingesting plastic particles. Since fish are
a one of the major protein sources, the incidence of plastic ingestion by fish, especially in
aquaculture sites, should be a major cause for alarm, as it poses potential threats to human
health, yet there is still a lack of information on plastic ingestion in many commercial
fish species. Furthermore, it is essential that a standardised classification of plastic size,
shape, and colour be established for use in future studies. A better understanding of the
causes of plastic ingestion by fish can be achieved by adapting a uniform classification of
plastic characterisations.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics10040186/s1, Figure S1: Funnel plot for the prevalence
of plastic’s shapes ingested by fish from all environments. Studies are represented by full circles
and imputed studies are represented by empty circles, Figure S2: Funnel plot for the prevalence
of plastic’s colours ingested by fish from all environments. Studies are represented by full circles
and imputed studies are represented by empty circles, Figure S3: Funnel plot for the prevalence of
plastic’s polymer type ingested by fish from all environments. Studies are represented by full circles
and imputed studies are represented by empty circles. PE: Polyethylene; PP: Polypropylene; PES:
Polyester; PA: Polyamide; PS: Polystyrene, Figure S4: Forest plot for fibre subgroup analysis. Red
diamonds represent subgroup means. Total: total plastics found in each study. Fibre: number of
fibres found in each study, Figure S5: Forest plot for fragment subgroup analysis. Red diamonds
represent subgroup means. Total: total plastics found in each study. Fragment: number of fragments
found in each study, Figure S6: Forest plot for film subgroup analysis. Red diamonds represent
subgroup means. Total: total plastics found in each study. Film: number of films found in each study,
Figure S7: Forest plot for pellet subgroup analysis. Red diamonds represent subgroup means. Total:
total plastics found in each study. Pellet: number of pellets found in each study, Figure S8: Forest
plot for blue subgroup analysis. Red diamonds represent subgroup means. Total: total plastics found
in each study. Blue: number of blues found in each study, Figure S9: Forest plot for black subgroup
analysis. Red diamonds represent subgroup means. Total: total plastics found in each study. Black:
number of blacks found in each study, Figure S10: Forest plot for transparent subgroup analysis.
Red diamonds represent subgroup means. Total: total plastics found in each study. Transparent:
number of transparent found in each study, Figure S11: Forest plot for white subgroup analysis. Red
diamonds represent subgroup means. Total: total plastics found in each study. White: number of
whites found in each study, Figure S12: Forest plot for PE subgroup analysis. Red diamonds represent
subgroup means. Total: total plastics found in each study. PE: number of PE found in each study. PE:
Polyethylene, Figure S13: Forest plot for PES subgroup analysis. Red diamonds represent subgroup
means. Total: total plastics found in each study. PES: number of PES found in each study. PES:
Polyester, Figure S14: Forest plot for PP subgroup analysis. Red diamonds represent subgroup means.
Total: total plastics found in each study. PP: number of PP found in each study. PP: Polypropylene,
Figure S15: Forest plot for PA subgroup analysis. Red diamonds represent subgroup means. Total:
total plastics found in each study. PA: number of PA found in each study. PA: Polyamide.
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Gill, Muscle and Gastrointestinal) of Mullus barbatus and Alosa immaculata. Arch. Environ. Contam. Toxicol. 2021, 81, 460–469.
[CrossRef]

68. Atici, A.A.; Sepil, A.; Sen, F. High levels of microplastic ingestion by commercial, planktivorous Alburnus tarichi in Lake Van,
Turkey. Food Addit. Contam. Part A Chem. Anal. Control. Expo. Risk Assess 2021, 38, 1767–1777. [CrossRef] [PubMed]

69. Avio, C.G.; Gorbi, S.; Regoli, F. Experimental development of a new protocol for extraction and characterization of microplastics in
fish tissues: First observations in commercial species from Adriatic Sea. Mar. Environ. Res. 2015, 111, 18–26. [CrossRef] [PubMed]

70. Avio, C.G.; Pittura, L.; d’Errico, G.; Abel, S.; Amorello, S.; Marino, G.; Gorbi, S.; Regoli, F. Distribution and characterization of
microplastic particles and textile microfibers in Adriatic food webs: General insights for biomonitoring strategies. Environ. Pollut.
2020, 258, 113766. [CrossRef]

71. Bagheri, T.; Gholizadeh, M.; Abarghouei, S.; Zakeri, M.; Hedayati, A.; Rabaniha, M.; Aghaeimoghadam, A.; Hafezieh, M.
Microplastics distribution, abundance and composition in sediment, fishes and benthic organisms of the Gorgan Bay, Caspian sea.
Chemosphere 2020, 257, 127201. [CrossRef] [PubMed]

72. Bayo, J.; Rojo, D.; Martinez-Banos, P.; Lopez-Castellanos, J.; Olmos, S. Commercial Gilthead Seabream (Sparus aurata L.) from the
Mar Menor Coastal Lagoon as Hotspots of Microplastic Accumulation in the Digestive System. Int. J. Environ. Res. Public Health
2021, 18, 6844. [CrossRef]

73. Beer, S.; Garm, A.; Huwer, B.; Dierking, J.; Nielsen, T.G. No increase in marine microplastic concentration over the last three
decades—A case study from the Baltic Sea. Sci. Total Environ. 2018, 621, 1272–1279. [CrossRef] [PubMed]

74. Bellas, J.; Martinez-Armental, J.; Martinez-Camara, A.; Besada, V.; Martinez-Gomez, C. Ingestion of microplastics by demersal
fish from the Spanish Atlantic and Mediterranean coasts. Mar. Pollut. Bull. 2016, 109, 55–60. [CrossRef]

75. Bessa, F.; Barria, P.; Neto, J.M.; Frias, J.; Otero, V.; Sobral, P.; Marques, J.C. Occurrence of microplastics in commercial fish from a
natural estuarine environment. Mar. Pollut. Bull. 2018, 128, 575–584. [CrossRef]

76. Bottari, T.; Savoca, S.; Mancuso, M.; Capillo, G.; GiuseppePanarello, G.; MartinaBonsignore, M.; Crupi, R.; Sanfilippo, M.; D’Urso,
L.; Compagnini, G.; et al. Plastics occurrence in the gastrointestinal tract of Zeus faber and Lepidopus caudatus from the Tyrrhenian
Sea. Mar. Pollut. Bull. 2019, 146, 408–416. [CrossRef]

77. Chen, J.C.; Fang, C.; Zheng, R.H.; Hong, F.K.; Jiang, Y.L.; Zhang, M.; Li, Y.; Hamid, F.S.; Bo, J.; Lin, L.S. Microplastic pollution in
wild commercial nekton from the South China Sea and Indian Ocean, and its implication to human health. Mar. Environ. Res.
2021, 167, 105295. [CrossRef]

78. Cordova, M.R.; Riani, E.; Shiomoto, A. Microplastics ingestion by blue panchax fish (Aplocheilus sp.) from Ciliwung Estuary,
Jakarta, Indonesia. Mar. Pollut. Bull. 2020, 161, 111763. [CrossRef] [PubMed]

79. Crutchett, T.; Paterson, H.; Ford, B.M.; Speldewinde, P. Plastic Ingestion in Sardines (Sardinops sagax) From Frenchman Bay,
Western Australia, Highlights a Problem in a Ubiquitous Fish. Front. Mar. Sci. 2020, 7, 526. [CrossRef]

80. Da Silva, J.M.; Alves, L.M.F.; Laranjeiro, M.I.; Bessa, F.; Silva, A.V.; Norte, A.C.; Lemos, M.F.L.; Ramos, J.A.; Novais, S.C.; Ceia, F.R.
Accumulation of chemical elements and occurrence of microplastics in small pelagic fish from a neritic environment. Environ.
Pollut. 2022, 292, 118451. [CrossRef] [PubMed]

81. Daniel, D.B.; Ashraf, P.M.; Thomas, S.N. Microplastics in the edible and inedible tissues of pelagic fishes sold for human
consumption in Kerala, India. Environ. Pollut. 2020, 266, 115365. [CrossRef]

82. Dhimmer, V.R. Microplastics in Gastrointestinal Tracts of Trachurus trachurus and Scomber colias from the Portuguese Coastal
Waters. Ph.D. Thesis, Universidade Nova de Lisboa, Lisbon, Portugal, 2017.

83. Digka, N.; Tsangaris, C.; Torre, M.; Anastasopoulou, A.; Zeri, C. Microplastics in mussels and fish from the Northern Ionian Sea.
Mar. Pollut. Bull. 2018, 135, 30–40. [CrossRef]

84. Ding, J.; Jiang, F.; Li, J.; Wang, Z.; Sun, C.; Wang, Z.; Fu, L.; Ding, N.X.; He, C. Microplastics in the Coral Reef Systems from Xisha
Islands of South China Sea. Environ. Sci. Technol. 2019, 53, 8036–8046. [CrossRef]

85. Feng, Z.; Zhang, T.; Li, Y.; He, X.; Wang, R.; Xu, J.; Gao, G. The accumulation of microplastics in fish from an important fish farm
and mariculture area, Haizhou Bay, China. Sci. Total Environ. 2019, 696, 133948. [CrossRef]

167



Toxics 2022, 10, 186

86. Garcia-Garin, O.; Vighi, M.; Aguilar, A.; Tsangaris, C.; Digka, N.; Kaberi, H.; Borrell, A. Boops boops as a bioindicator of microplastic
pollution along the Spanish Catalan coast. Mar. Pollut. Bull. 2019, 149, 110648. [CrossRef]

87. Ghosh, G.C.; Akter, S.M.; Islam, R.M.; Habib, A.; Chakraborty, T.K.; Zaman, S.; Kabir, A.E.; Shipin, O.V.; Wahid, M.A. Microplastics
contamination in commercial marine fish from the Bay of Bengal. Reg. Stud. Mar. Sci. 2021, 44, 101728. [CrossRef]

88. Gurjar, U.R.; Xavier, K.A.M.; Shukla, S.P.; Deshmukhe, G.; Jaiswar, A.K.; Nayak, B.B. Incidence of microplastics in gastrointestinal
tract of golden anchovy (Coilia dussumieri) from north east coast of Arabian Sea: The ecological perspective. Mar. Pollut. Bull.
2021, 169, 112518. [CrossRef]

89. Gurjar, U.R.; Xavier, K.A.M.; Shukla, S.P.; Jaiswar, A.K.; Deshmukhe, G.; Nayak, B.B. Microplastic pollution in coastal ecosystem
off Mumbai coast, India. Chemosphere 2021, 288, 132484. [CrossRef] [PubMed]

90. Hamilton, B.M.; Rochman, C.M.; Hoellein, T.J.; Robison, B.H.; Van Houtan, K.S.; Choy, C.A. Prevalence of microplastics and
anthropogenic debris within a deep-sea food web. Mar. Ecol. Prog. Ser. 2021, 675, 23–33. [CrossRef]

91. Heshmati, S.; Makhdoumi, P.; Pirsaheb, M.; Hossini, H.; Ahmadi, S.; Fattahi, H. Occurrence and characterization of microplastic
content in the digestive system of riverine fishes. J. Environ. Manag. 2021, 299, 113620. [CrossRef] [PubMed]

92. Hipfner, J.M.; Galbraith, M.; Tucker, S.; Studholme, K.R.; Domalik, A.D.; Pearson, S.F.; Good, T.P.; Ross, P.S.; Hodum, P. Two
forage fishes as potential conduits for the vertical transfer of microfibres in Northeastern Pacific Ocean food webs. Env. Pollut.
2018, 239, 215–222. [CrossRef]

93. Hossain, M.S.; Sobhan, F.; Uddin, M.N.; Sharifuzzaman, S.M.; Chowdhury, S.R.; Sarker, S.; Chowdhury, M.S.N. Microplastics in
fishes from the Northern Bay of Bengal. Sci. Total Environ. 2019, 690, 821–830. [CrossRef]

94. Hosseinpour, A.; Chamani, A.; Mirzaei, R.; Mohebbi-Nozar, S.L. Occurrence, abundance and characteristics of microplastics in
some commercial fish of northern coasts of the Persian Gulf. Mar. Pollut. Bull. 2021, 171, 112693. [CrossRef]

95. Huang, J.S.; Koongolla, J.B.; Li, H.X.; Lin, L.; Pan, Y.F.; Liu, S.; He, W.H.; Maharana, D.; Xu, X.R. Microplastic accumulation in fish
from Zhanjiang mangrove wetland, South China. Sci. Total Sci. Total Environ. 2020, 708, 134839. [CrossRef]

96. Jaafar, N.; Azfaralariff, A.; Musa, S.M.; Mohamed, M.; Yusoff, A.H.; Lazim, A.M. Occurrence, distribution and characteristics of
microplastics in gastrointestinal tract and gills of commercial marine fish from Malaysia. Sci. Total Environ. 2021, 799, 149457.
[CrossRef]

97. James, K.; Vasant, K.; Padua, S.; Gopinath, V.; Abilash, K.S.; Jeyabaskaran, R.; Babu, A.; John, S. An assessment of microplastics in
the ecosystem and selected commercially important fishes off Kochi, south eastern Arabian Sea, India. Mar. Pollut. Bull. 2020,
154, 111027. [CrossRef]

98. Karbalaei, S.; Golieskardi, A.; Hamzah, H.B.; Abdulwahid, S.; Hanachi, P.; Walker, T.R.; Karami, A. Abundance and characteristics
of microplastics in commercial marine fish from Malaysia. Mar. Pollut. Bull. 2019, 148, 5–15. [CrossRef]

99. Koongolla, J.B.; Lin, L.; Pan, Y.F.; Yang, C.P.; Sun, D.R.; Liu, S.; Xu, X.R.; Maharana, D.; Huang, J.S.; Li, H.X. Occurrence of
microplastics in gastrointestinal tracts and gills of fish from Beibu Gulf, South China Sea. Environ. Pollut. 2020, 258, 113734.
[CrossRef] [PubMed]

100. Li, W.; Pan, Z.; Xu, J.; Liu, Q.; Zou, Q.; Lin, H.; Wu, L.; Huang, H. Microplastics in a pelagic dolphinfish (Coryphaena hippurus)
from the Eastern Pacific Ocean and the implications for fish health. Sci. Total Environ. 2021, 809, 151126. [CrossRef] [PubMed]

101. Lin, L.; Ma, L.S.; Li, H.X.; Pan, Y.F.; Liu, S.; Zhang, L.; Peng, J.P.; Fok, L.; Xu, X.R.; He, W.H. Low level of microplastic contamination
in wild fish from an urban estuary. Mar. Pollut. Bull. 2020, 160, 111650. [CrossRef] [PubMed]

102. Liu, S.; Chen, H.; Wang, J.; Su, L.; Wang, X.; Zhu, J.; Lan, W. The distribution of microplastics in water, sediment, and fish of the
Dafeng River, a remote river in China. Ecotoxicol. Environ. Saf. 2021, 228, 113009. [CrossRef] [PubMed]

103. Lopes, C.; Raimundo, J.; Caetano, M.; Garrido, S. Microplastic ingestion and diet composition of planktivorous fish. Limnol.
Oceanogr. Lett. 2020, 5, 103–112. [CrossRef]

104. Lusher, A.L.; McHugh, M.; Thompson, R.C. Occurrence of microplastics in the gastrointestinal tract of pelagic and demersal fish
from the English Channel. Mar. Pollut. Bull. 2013, 67, 94–99. [CrossRef]

105. Lusher, A.L.; O’Donnell, C.; Officer, R.; O’Connor, I. Microplastic interactions with North Atlantic mesopelagic fish. ICES J. Mar.
Sci. 2016, 73, 1214–1225. [CrossRef]

106. Makhdoumi, P.; Hossini, H.; Nazmara, Z.; Mansouri, K.; Pirsaheb, M. Occurrence and exposure analysis of microplastic in the gut
and muscle tissue of riverine fish in Kermanshah province of Iran. Mar. Pollut. Bull. 2021, 173, 112915. [CrossRef]

107. McIlwraith, H.K.; Kim, J.; Helm, P.; Bhavsar, S.P.; Metzger, J.S.; Rochman, C.M. Evidence of Microplastic Translocation in
Wild-Caught Fish and Implications for Microplastic Accumulation Dynamics in Food Webs. Environ. Sci. Technol. 2021, 55,
12372–12382. [CrossRef]

108. Morgana, S.; Ghigliotti, L.; Estevez-Calvar, N.; Stifanese, R.; Wieckzorek, A.; Doyle, T.; Christiansen, J.S.; Faimali, M.; Garaventa, F.
Microplastics in the Arctic: A case study with sub-surface water and fish samples off Northeast Greenland. Environ. Pollut. 2018,
242, 1078–1086. [CrossRef]

109. Murphy, F.; Russell, M.; Ewins, C.; Quinn, B. The uptake of macroplastic & microplastic by demersal & pelagic fish in the
Northeast Atlantic around Scotland. Mar. Pollut. Bull. 2017, 122, 353–359. [CrossRef] [PubMed]

110. Naidoo, T.; Sershen; Thompson, R.C.; Rajkaran, A. Quantification and characterisation of microplastics ingested by selected
juvenile fish species associated with mangroves in KwaZulu-Natal, South Africa. Environ. Pollut. 2020, 257, 113635. [CrossRef]
[PubMed]

168



Toxics 2022, 10, 186

111. Nematollahi, M.J.; Keshavarzi, B.; Moore, F.; Esmaeili, H.R.; Nasrollahzadeh Saravi, H.; Sorooshian, A. Microplastic fibers in the
gut of highly consumed fish species from the southern Caspian Sea. Mar. Pollut. Bull. 2021, 168, 112461. [CrossRef] [PubMed]

112. Nikki, R.; Abdul Jaleel, K.U.; Ragesh, S.; Shini, S.; Saha, M.; Dinesh Kumar, P.K. Abundance and characteristics of microplastics in
commercially important bottom dwelling finfishes and shellfish of the Vembanad Lake, India. Mar. Pollut. Bull. 2021, 172, 112803.
[CrossRef] [PubMed]

113. O’Connor, J.D.; Murphy, S.; Lally, H.T.; O’Connor, I.; Nash, R.; O’Sullivan, J.; Bruen, M.; Heerey, L.; Koelmans, A.A.; Cullagh, A.;
et al. Microplastics in brown trout (Salmo trutta Linnaeus, 1758) from an Irish riverine system. Environ. Pollut. 2020, 267, 115572.
[CrossRef] [PubMed]

114. Palazzo, L.; Coppa, S.; Camedda, A.; Cocca, M.; De Falco, F.; Vianello, A.; Massaro, G.; de Lucia, G.A. A novel approach based on
multiple fish species and water column compartments in assessing vertical microlitter distribution and composition. Env. Pollut.
2021, 272, 116419. [CrossRef]

115. Palermo, J.; Labrador, K.; Follante, J.; Agmata, A.; Pante, M.; Rollon, R.; David, L. Susceptibility of Sardinella lemuru to emerging
marine microplastic pollution. Glob. J. Environ. Sci. Manag. 2020, 6, 373–384. [CrossRef]

116. Pan, Z.; Zhang, C.; Wang, S.; Sun, D.; Zhou, A.; Xie, S.; Xu, G.; Zou, J. Occurrence of Microplastics in the Gastrointestinal Tract
and Gills of Fish from Guangdong, South China. J. Mar. Sci. Eng. 2021, 9, 981. [CrossRef]

117. Park, T.J.; Kim, M.K.; Lee, S.H.; Lee, Y.S.; Kim, M.J.; Song, H.Y.; Park, J.H.; Zoh, K.D. Occurrence and characteristics of microplastics
in fish of the Han River, South Korea: Factors affecting microplastic abundance in fish. Environ. Res. 2021, 206, 112647. [CrossRef]

118. Parton, K.J.; Godley, B.J.; Santillo, D.; Tausif, M.; Omeyer, L.C.M.; Galloway, T.S. Investigating the presence of microplastics in
demersal sharks of the North-East Atlantic. Sci. Rep. 2020, 10, 12204. [CrossRef]

119. Parvin, F.; Jannat, S.; Tareq, S.M. Abundance, characteristics and variation of microplastics in different freshwater fish species
from Bangladesh. Sci. Total Environ. 2021, 784, 147137. [CrossRef] [PubMed]

120. Pellini, G.; Gomiero, A.; Fortibuoni, T.; Ferra, C.; Grati, F.; Tassetti, A.N.; Polidori, P.; Fabi, G.; Scarcella, G. Characterization of
microplastic litter in the gastrointestinal tract of Solea solea from the Adriatic Sea. Environ. Pollut. 2018, 234, 943–952. [CrossRef]
[PubMed]

121. Pereira, J.M.; Rodriguez, Y.; Blasco-Monleon, S.; Porter, A.; Lewis, C.; Pham, C.K. Microplastic in the stomachs of open-ocean and
deep-sea fishes of the North-East Atlantic. Environ. Pollut. 2020, 265, 115060. [CrossRef] [PubMed]

122. Piccardo, M.; Felline, S.; Terlizzi, A. Preliminary Assessment of Microplastic Accumulation in Wild Mediterranean Species. Proceedings
of the International Conference on Microplastic Pollution in the Mediterranean Sea; Springer Water: Cham. Switzerland, 2018; pp.
115–120.

123. Pullen, E.V. Microplastics in the Digestive System of the Atlantic Sharpnose Shark (Rhizoprionodon terraenovae) in Winyah Bay, SC.
Master’s Thesis, Coastal Carolina University, Conway, SC, USA, 2019.

124. Rasta, M.; Sattari, M.; Taleshi, M.S.; Namin, J.I. Microplastics in different tissues of some commercially important fish species
from Anzali Wetland in the Southwest Caspian Sea, Northern Iran. Mar. Pollut. Bull. 2021, 169, 112479. [CrossRef]

125. Rios-Fuster, B.; Alomar, C.; Compa, M.; Guijarro, B.; Deudero, S. Anthropogenic particles ingestion in fish species from two areas
of the western Mediterranean Sea. Mar. Pollut. Bull. 2019, 144, 325–333. [CrossRef]

126. Rodriguez-Romeu, O.; Constenla, M.; Carrasson, M.; Campoy-Quiles, M.; Soler-Membrives, A. Are anthropogenic fibres a real
problem for red mullets (Mullus barbatus) from the NW Mediterranean? Sci. Total Environ. 2020, 733, 139336. [CrossRef]

127. Romeo, T.; Pietro, B.; Peda, C.; Consoli, P.; Andaloro, F.; Fossi, M.C. First evidence of presence of plastic debris in stomach of large
pelagic fish in the Mediterranean Sea. Mar. Pollut. Bull. 2015, 95, 358–361. [CrossRef]

128. Rummel, C.D.; Loder, M.G.; Fricke, N.F.; Lang, T.; Griebeler, E.M.; Janke, M.; Gerdts, G. Plastic ingestion by pelagic and demersal
fish from the North Sea and Baltic Sea. Mar. Pollut. Bull. 2016, 102, 134–141. [CrossRef]

129. Sainio, E.; Lehtiniemi, M.; Setälä, O. Microplastic ingestion by small coastal fish in the northern Baltic Sea, Finland. Mar. Pollut.
Bull. 2021, 172, 112814. [CrossRef]

130. Sathish, M.N.; Jeyasanta, I.; Patterson, J. Occurrence of microplastics in epipelagic and mesopelagic fishes from Tuticorin,
Southeast coast of India. Sci. Total Environ. 2020, 720, 137614. [CrossRef]
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Abstract: The serious global microplastic pollution has attracted public concern in recent years.
Microplastics are widely distributed in various environments and their pollution is already ubiquitous
in the ocean system, which contributes to exponential concern in the past decade and different
research areas. Due to their tiny size coupled with the various microbial communities in aquatic
habitats capable of accumulating organic pollutants, abundant literature is available for assessing
the negative impact of MPs on the physiology of marine organisms and eventually on the human
health. This study summarizes the current literature on MPs in the marine environment to obtain
a better knowledge about MP contamination. This review contains three sections: (1) sources
and fates of MPs in the marine environment, (2) impacts of MPs on marine organisms, and (3)
bacteria for the degradation of marine MPs. Some measures and efforts must be taken to solve
the environmental problems caused by microplastics. The knowledge in this review will provide
background information for marine microplastics studies and management strategies in future.

Keywords: source; fate; bacterial degradation; marine environment; microplastics

1. Introduction

Plastics have brought a lot of benefits to modern life, driving the tremendous growth
in plastic demand, because of their low cost, light weight, and durable character [1,2]. It
was reported that 3 billion tons of plastic were manufactured in 2016, and every year, some
8 million tons of plastics will eventually enter the marine environment [3,4]. One of the
consequences of this accumulation in the marine environment is the low percentage of
recycled plastics [5,6] as just 9.4 million tonnes of plastic postconsumer waste were collected
in Europe to be recycled in 2018 (both inside and outside the Europe) [7]. Plastic pollution is
already ubiquitous in the ocean environment. Most worrying of all, it was estimated that the
weight of plastics in the ocean will be more than that of the fish by 2050 [8].

Microplastics (MPs) are plastic fragments or particles with a diameter of less than
5 mm formed by fragmentation of larger plastics [9–14]. Plastics can fragment into smaller
particles in the marine environment [15,16]. Microplastics appear in various shapes, such
as foils, foams, fibers, pellets, fragments and microbeads [17,18]. Generally, plastics are
chemically diverse. The density of polyamide (PA), polyvinylchloride (PVC), and polyethy-
lene terephthalate (PET) are higher than that of seawater, increasing the settlement rates
in sediments, while polystyrene (PS), high-density polyethylene (HDPE), low-density
polyethylene (LDPE), polypropylene (PP) and polyurethane (PUR) with lower densities
might float mainly on seawater [19–22] (Figure 1).

Toxics 2021, 9, 41. https://doi.org/10.3390/toxics9020041 https://www.mdpi.com/journal/toxics173
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Figure 1. The basic characteristics of microplastic about size, type, shape, source and fate.

Microplastics are prevalent in the environment, especially the marine environment,
due to hydrodynamic processes, transportation by wind and ocean currents, ranging from
the large ocean gyres such as the Pacific Ocean [9,23], the Atlantic Ocean [24], Indian
Ocean [25], polar regions [26–28], and the equator [29], and from coasts [30,31] to open
seas [32,33]. It was estimated that more than 15 trillion microplastics were present in the
global ocean in 2014, weighing more than 93 thousand metric tons [34]. MPs are abundant
in the Great Pacific Garbage Patch, with about 1.69 trillion (94%) floating pieces [10] that
are microplastics. Generally, microplastics pollution is already a ubiquitous presence in the
ocean environment, which contributes to exponential public and scientific concern in last
decade and different research areas (Figure 2).

Due to their tiny size, MPs can be ingested accidentally by marine species [35,36], such as
fish [37], mussels [38–40], zooplankton [41], seabirds [42], sand hoppers [43] and worms [44].

The ecological threat of MPs to the oceanic environment and their health risk to organ-
isms have not been fully clarified, but given the sharply increasing amount of evidence
about the presence and effects of MPs in the marine environment, MP pollution has become
a great environmental concern [45–55]. Some measures and efforts must be taken to solve
the problems caused by microplastics and improve plastic waste management.

The present review will summarize existing research on MPs in the marine environment
to provide a better understanding about MPs contamination in marine environment. This
review contains three sections: (1) sources and fates of MPs in marine environment, (2) impacts
of MPs on marine organisms, and (3) bacteria for the degradation of marine MPs.
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Figure 2. The record count and the percentage of total publications in the top 40 research areas related to the assessment
of the microplastic effects on organisms and bacterial degradation over time. Source: Web of Science; Period: 1944–2020;
Total Publications: 4685; h-index: 162; Average citations per item: 29.31; Sum of Times Cited: 137,315 (without self-citations:
53,749); Citing articles: 32,830 (without self-citations: 29,560). TS = (microplastic * OR micro-plastic * OR plastic particle * OR
plastic particulate OR plastic debris OR plastisphere * OR microplastic pollution *) AND (source * OR fate * OR occurrence *
OR distribute * OR influence * OR impact * OR affect OR risk * OR effect * OR exposure * OR exposed OR colonize OR
colonization OR bacteria * OR germ * OR microbiological OR microorganisms OR microbial OR microbiota OR macrobiotic
OR biotechnological OR degrade * OR degradation * OR biodegradation * OR biodegrade * OR organisms * OR creature *
OR biota * OR habitat *) AND (marine * OR ocean * OR sea * OR seawater * OR beach * OR shore * OR coast * OR seacoast *
OR seaboard *).

2. Sources and Fates of MPs in Marine Environment

2.1. Sources of marine MPs

Marine microplastic pollution originates from a variety of sources and can generally
be divided into inland-based, sea-based and air-based sources [19,56–58] (Figure 1). Rivers
are considered to be the most important pathways for microplastics to be transported from
inland areas to the ocean [59]. About 80% of the plastic pieces in the ocean originated
from the terrestrial environment [12,56,60]. Plastic debris in municipal drainage systems
and sewage effluents, or improper management of inland areas is blown into the sea
through rivers, and plastic waste from beach-related tourism is discarded directly into the
environment [18,56,57,61]. Sea-based sources originate from fishing, shipping and offshore
industries [62,63]. The emissions and leaks of large shipping are considered as an important
source of microplastics [64]. Loss and damage of fishing and aquaculture equipment can
easily introduce plastic particles into the ocean [9,65,66]. Followed by marine aquaculture,
the main offshore source is the world’s fishing fleet [67], garbage illegally discarded
from ships or offshore platforms [68], and a large proportion of items comes from lost
containers [56,69]. In addition, airborne MPs are also important sources [70].

According to their original sizes, microplastics can be divided into two groups. Origi-
nally designed plastic microbeads, industrially produced particles and powders (<5 mm
in diameter) could enter the ocean directly through sewage effluent, which is called pri-
mary microplastics [57,71]. When subjected to the combined effects of physical, biological
and chemical processes, large plastic fragments are broken down and degraded into tiny
fragments, which are secondary microplastics and can be transported to the marine en-
vironment [72–74]. Primary microplastics are widely used in personal hygiene products
containing abrasives and scrubs (like toothpastes, hand and facial cleansers; shower gels
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and air-blasting aids, etc.) [28,75–78], cosmetics formulations (such as eye shadow, nail
polish, hair coloring, etc.) [79,80], and also fiber and textile manufacture [81].

Generally, secondary microplastics imply the breakdown of large plastic debris due
to biological, chemical and physical degradation, which are representative of microbial
species biodegradation, photodegradation (solar ultraviolet radiation) and mechanical
abrasion (wave action), respectively. Plastic debris in the ocean are subject to mechanical
damage and photodegradation well as oxidative degradation, which break down fragile
plastics into microplastics [82,83]. Besides, microplastics can further degrade to nano-scale
plastic pieces [40]. These microplastics and nanoplastics are more easily ingested and will
have long-term adverse impacts on the marine environment, making them become a public
concern in the future [40,83–85] (Figure 1).

2.2. Fates of Marine MPs

Generally, debris in any water body will ultimately enter the ocean. Transported by
water power and wind power, microplastics gradually migrate and diffuse through the
ocean, eventually becoming as ubiquitous as they are today, ranging from the large ocean
gyres (e.g., the Pacific Ocean [9,23]; the Atlantic Ocean [24]; Indian Ocean [25]) to the polar
regions and equator, from densely populated areas to remote islands, and from beaches
down to the abysses of the sea [26,27,29,30,33]. They come in various shapes, with fibers
being the most common form, followed by fragments. Marine circulation, estuaries and
other coastal areas where humans are active are the ecosystems most seriously polluted
by microplastics [86–88]. Approximately 70% of marine plastic debris is deposited in
sediments, 15% floats in coastal areas and the remainder float on the surface seawater
(Figure 1). Microplastics will be accumulated in the global ocean circulation, since some
of them are less dense than seawater and float on the sea surface, and the converging
sea currents concentrate and retain debris for a long time [23,35,89,90]. According to the
surveys, there are only at least 7000 tonnes of plastic debris on the surface of the high
seas [89], but at least 4.8 million tonnes of plastic debris enter the marine environment each
year [91], which is inconsistent with data on surface plastics, suggesting that a significant
number of plastics sinks to unknown depths. Microplastics have even been found on the
seafloor at 2200–10,000 m depth, containing both high [92] and low [93] density (relative to
seawater) microplastics. This indicates that the migration of microplastics is a dynamic
process, which may not only be carried to every part of the marine through physical effects
such as crushing and coastal deposition, but also through chemical processes such as
oxidation or hydrolysis [62,94], and may also be carried to every part of the ocean through
biological absorption, digestion and excretion [95].

Weathering processes, biodegradation processes, oxidative and hydrolytic degrada-
tion [62,93] and hetero-aggregation and biofilm formation [96,97] could significantly affect
the fate of microplastic pieces in the oceanic environment (Figure 1). Biological pollution
and subsequent chemical deposition of plastics, could dominate migration in seawater
environments [98–100]. Therefore, according to biofilm growth, sedimentation and marine
depth distribution of various physical factors such as light, salinity, water density, tempera-
ture, and viscosity, a theoretical predicted model was established to simulate the impact
of biological pollution on the migration of microplastics, and forecast the size-dependent
vertical migration of sea microplastics [101].

In addition to the origin and fate of MPs, many papers have also focused on the particle
size, shape, type, color and mesh size of MPS and how to sample it to fully understand the
characteristics of MPS in marine ecosystems (Table 1). This information will be helpful for
further evaluation of plastic production plans and for more scientific and effective control
of plastic products [102–117].
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3. Impacts on Marine Organisms of MPs

Recently, abundant literature has assessed the accumulation of microplastics in marine
organisms through direct contact [36] or food chain exposure [37] to MPs. MPs are ingested
by organisms and have negative effects on their development, metabolism, reproduction
and cellular response, and so on [118–134].

3.1. Exposure

Basically, there are two primary modes of MP exposure for marine organisms: bathing
contact and ingestion. Bathing, of course, is the most common contact method in MP
bioassays of natural marine environments, making it possible to study the various ad-
verse effects caused by microplastics on the aquatic organisms through contact [36]. For
example, microplastics could attach to the surface of skin, crust and ectoderm of Artemia
franciscana [55]. Besides, microplastics could be ingested by low-nutrient organisms (like
zooplankton such as artemia [55,118,135] and larvae of various marine animals such as
shellfish and sea squirts [118,135,136], which are more readily available and easily exposed
to suspended microplastics, since microplastics are similar than planktonic organisms and
sediments in size and density [38,55,137–139].

3.2. Translocation

Microplastics are found in the circulatory system and tissues of some marine organ-
isms because they could pass through epithelial tissues and even cell membranes. This
phenomenon was called “translocation” [36,140]. For example, after a 3 h exposure, HDPE
was detected in mussels’ stomachs and accumulated in the lysosomal system [39]. Since
microplastics cannot be digested or absorbed, they can pass through cell membranes,
transport through the inner layer of intestinal epithelium into the circulatory system and
enter tissues after ingestion [38,56]. Therefore, MPs could be translocated and accumulated
in cells and specialized tissues, such as gills and guts [141], liver [142], lysosomal system
and hemolymph in blood cells [39].

Translocation efficiency depends mainly on the size of the MPs, but is also biologically
affected by other factors, such as shape, concentration and the related organisms [143,144].
MP < 10 μm may be compatible with the use of membrane surface recognition elements
through the epithelium [145]. As the size of microplastics decreases, the ability for microplas-
tics to accumulate in marine organisms may increase, because the smaller the microplastics,
the easier their transport. Currently, one of the main techniques for studying translocation
is to expose organisms to fluorescently labeled plastic particles and then use a microscope
(e.g., fluorescence and confocal microscopy) to observe MPs in the tissue, as well as do the
quantitative analysis through flow cytometry [146,147].

3.3. Bioaccumulation and Bioavailability

The two important indexes to access the impacts of MPs to organisms are bioaccu-
mulation and bioavailability [36]. There are interactions between MPs and organisms in
the marine environment [148]. Microplastics can be ingested directly by marine organisms
or transferred and accumulated in the food web from lower trophic organisms to higher
trophic organisms, and the higher the trophic level, the more microplastics may be enriched
in the organism [149]. In addition, toxic pollutants could be transported and accumulated
in organisms along with microplastics through the ingestion, which has been demonstrated
during experimental exposure tests. It has been speculated that POPs could be significantly
bioaccumulated in the food web via microplastics [137,150,151].

The bioaccumulation of MPs has been identified in the digestive tract such as the oral
area [33], gastrointestinal tract [37,116,142,152] and liver [153] of marine organisms, and fol-
lowed by translocation to the circulatory system, other specific tissues and cells [39,141,142].
According to Bottari et al., fibrous microplastics are found in the digestive systems of Zeus faber
and Lepidopus caudatus [152]. Microplastics have been reported to be found in fish populations
at the bottom of the Mediterranean, with PE accounting for the largest proportion [153]. Fur-
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thermore, it has been reported that when Dicentrarchus labrax ingest microplastics, the particles
accumulate in the liver, accompanied by oxidative stress [154]. Even some endangered species,
such as bluefin tuna, have been found to have microplastics in their bodies, which raises
concerns about the extent of microplastics pollution in marine species [142].

Bioavailability strongly relies on the physiochemical properties of microplastics, like
their size, shape, and density [11,138]. The conclusion is that the size of microplastics
is the most important factor. As the size decreases, the potential of bioaccumulation
and bioavailability increase [9,138], because microplastics with smaller size are similar to
planktonic organisms, and could be easily mistakenly ingested by zooplankton [36]. The
irregular shape of plastic particles or fibers results in different bioavailability [155].

Additionally, biological factors could increase the microplastic bioavailability. MPs
egested within fecal matter might be ingested by subsequent detritivores and suspension
feeders [156], then be cast up on the benthos, attracted to the sediment, and MPs could
be available for infauna, sediment-dwelling organisms capable of bioturbation [30,57,137].
Furthermore, their bioavailability in the water column is also influenced by biological
fouling and aggregation, and after decontamination, they float at the sea-air interface [56]
or sink below the marine surface, due to reduced buoyancy [96].

Microplastics could enhance the bioavailability of adsorbed pollutants, which has
attracted more interest from scientists [135,136]. Unfortunately, due to the very high num-
ber of possible interaction factors, including physical (e.g., salinity, pH, and temperature),
chemical (e.g., hydrolysis, oxidation, reduction and enrichment) and biological factors (e.g.,
organisms variables), it is difficult to assess how the bioavailability of pollutants enhanced
by microplastics [136].

3.4. Toxic Effects

Microplastics have toxic effects on marine organisms. Different types and sizes of
microplastics have different toxic effects on marine species, which are ultimately reflected
in the physiological response of organisms and the damage they are subjected to [118–134]
(Table 2). In addition, different microplastics also adsorb different pollutants, which combine
to further damage the health of living marine organisms [150,157–162] (Table 2).

3.4.1. Physiological Impacts

Some morphological changes were detected in the marine phytoplankton when they
ingested microplastics. For example, some thylakoids were deformed and cell walls were
thickened [118], algae homo-aggregation and algae-microplastics hetero-aggregation [118],
as well as expression of certain chloroplast genes was reduced [119].

As for the development, studies examining the impact of MPs have reported signifi-
cant effects on the development of marine zooplankton and other invertebrates, such as
dry weight loss in lugworms [120], intergenerational developmental responses in cope-
pods [121], anomalous growth delays in juvenile [122] and larval [123] development in sea
urchins and ascidians, development parameter alteration in shellfish [124], malformations
or dead embryos [105], embryonic development abnormalities [125] in a dose- [120,124,126],
time- [127], and size- [128] dependent manner in larvae and adults of different inverte-
brates. Particularly, the microplastics in the larvae of marine organisms will seriously affect
the normal growth of the organism and sometimes microplastics might even cause death,
due to their limited abilities to control their internal environment [127]. It was reported
that the molting times of the larvae increased significantly in a short period of time after
ingesting microparticles [55] and that microparticles had a restrictive effect on their feeding,
that is, the microparticles had a sublethal effect on the larvae [55]. Studies have shown that
after worms’ ingestion of microplastics, their energy reserves are significantly reduced and
particles accumulate in the intestines where they induce inflammation [36].
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The effects of microplastics on oxidative stress, inflammatory reactions and metabolic
disorders of marine animals were studied. For example, the accumulation of MPs may
result in inflammation, lipid accumulation and energy metabolism in fish [128], while
oxidative stress and enzyme activity reductions occur in crabs [129].

The adverse impact of microplastic on the reproduction in marine animals, such
as egg production [130], fecundity [121], fertilization rates [125], oocyte number [127],
population size [130,131] and population growth rate [131] were assessed with significant
dose-dependent [130] and distinct size-dependent effects [98,107] being observed in marine
invertebrates studies.

At the cellular level, exposure marine animals to MPs induced comprehensive cellular
responses. Microplastics could significantly down-regulate histone 3 gene expression [130],
and up-regulate Abcb1, cas-8 [132], sod, gpx, idp, pk [133] gene expression. Besides, the
activity of phagocytes and mitochondria is significantly increased, and the proportion of
oxy radical and immune cells is also up-regulated [134].

3.4.2. Joint Toxicity

Due to the high adsorption capacity of microplastics, many hydrophobic pollutants
could adsorb and accumulate on microplastics and accompanied by biomagnification
(e.g., PAHs, PCBs, nonylphenols, pesticides, dioxins) [150,157]. Studies have shown that
millimeter-sized microplastics have no obvious adsorption toxicity, while micron-sized
or even nanosized microplastics have a relatively strong ability to absorb pollutants [131].
For heavy metal pollutants, 32–40 μm plastic particles exposed to heavy metals induce
oxidative stress in fish and stimulate their innate immunity [158]. As for organic pollutants,
there are studies that have shown that 50 nm plastic particles exposed to PAHs are obviously
toxic to aquatic zooplankton and cause significant chemical damage [159]. The biological
amplification of organic pollutants becomes higher because plastics reduce the metabolism
of pollutants, and the combined toxicity presents an additive effect [160].

In addition to the original monomer, many microplastic products also contain a variety
of additives, such as flame retardants, plasticizers, dyes and antioxidants, which make
microplastics display joint toxicity with the additives [157,161].

The accumulation and biomagnification of microplastics and their surface-adsorbed
pollutants need to be further studied. The joint toxicity may pose a persistent threat to
marine ecosystems, due to the durability of microplastics and toxic chemicals [17,162].
Because the toxicity mechanism of microplastics is not fully clear, understanding toxic
effects caused by microplastics is important to assess their environmental impacts.

4. Bacteria for Degradation of Marine MPs

4.1. Bacteria Colonizing Microplastics

Some studies highlight the differences between the bacteria living on organic particles
with seawater [166], on microplastics and in a free state [167]. The bacterial community
that settles on the surfaces of marine microplastic is significantly different from that in
surrounding middle and upper waters or other particle types [166]. If these bacteria have
been established enzymatic mechanism for degrading plastic, they would be of particular
interest for bioremediation and bioengineering.

Studies show that some bacterial groups such as the phyla Bacteroidetes, Proteobacte-
ria, Cyanobacteria and Firmicutes appear to colonize microplastics more often than others,
indicating that the specific taxonomic bacteria consider microplastics as a beneficially
ecological niche and a potential metabolic adaptation to the material (e.g., attachment,
additive resistance, chemotaxis, and degradation). Similar taxa belonging to Bacteroidetes
and Proteobacteria seem to be shared by the core bacteria of the seafloor and subsur-
face plastisphere share, and some photoautotrophic bacteria dominated the sub-surface
communities [168,169].
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4.2. Plastisphere Served as a New Niche for Marine Environment

Recently, the first study using the modern technology of large-scale DNA sequencing
gave a detailed image of the microbial communities that inhabit microplastics [128]. Debris
is usually described by the term “plastisphere” in marine biology research [169], they serve
as various habitats for microbial colonies in aquatic environments besides accumulating
organic pollutants [168–171].

Based on morphological data and DNA sequencing technology, the factors that drive
the composition of plastisphere are complex and comprehensive. In addition to the main
factors, season and surrounding environment, polymer type, surface feature, and size
also affected the diversity and abundance of the colonizing bacterial groups [168,172].
For example, studies highlighted significant differences in microbiota communities on
microplastics from the two different oceans, and the diversity of bacteria living in water
columns and bacteria attached to microplastic debris [173]. Studies show that plastic
surfaces could be rapidly colonized by heterotrophic bacteria, which can survive longer
than in the surrounding aquatic environments [174].

4.3. Biodegradation of Bacteria in Marine Environment

Microbial biodegradation is a process in which microbial communities (bacteria, acti-
nomycetes and fungi) use organic matter as a carbon source to metabolize, resulting in a
transformation from organic carbon to biogas and biomass [175,176]. Generally, the biodegra-
dation process of MPs is proposed to consist of four main basic stages and continuous
successive steps: biodeterioration, biofragmentation, assimilation and mineralization [168].

Interest in plastic biodegradation is also growing, and bacteria are considered to
be one of the most important ways to solve marine plastic pollution, because of their
potential capacity for biodegradation of plastic wastes. Corynebacterium, Arthrobacter,
Pseudomonas, Micrococcus, Streptomyces and Rhodococcus are the main bacterial groups in
this context, and they can use plastics as sole carbon source under lab conditions [176].
Interestingly, it was discovered that significant differences exist in the diversity, abundance
and activity of bacterial and physiochemical characters of plastics between biodegradable
and non-biodegradable plastics, indicating the presence of plastic-degrading microbes [177].
Nowadays, there is an increasing number of anecdotal evidence that bacteria can show the
capability to degrade ocean plastic pieces [169,172,174] (Table 3).

The factors involved in plastic biodegradability depend not only on the ability of
microorganisms but also on the characteristics and surface structure of the material, such as
the roughness, electrostatic interactions, topography, hydrophobicity, and free energy [106].
In addition, various environmental factors, such as oxygen level, temperature, humidity,
salinity, and limitation of light have an important impact on the biodegradation of plas-
tics [186]. The additives in the polymer could increase the rate of biodegradability. These
additives will affect their chemical and thermal sensitivity as well as their ability to absorb
ultraviolet light and lead to the loss of stable properties that are more suitable for microbial
attachment [187].

The current test standards for assessing plastic biodegradability of marine plastics
tend to use to use optical, atomic force and scanning electron microscopy to confirm the
results of major tests based on respirometers, since each of them has limitations, and none
of these techniques are sufficient by itself [188]. To date, standard guidelines and methods
for conducting these experiments have not been established.

Our understanding of metabolic mechanisms of biodegradable marine bacteria and
their enzymes is very limited. Furthermore, the biodegradation mechanics of marine
plastic debris and its potential impact processes need further research to make full use of
its impact.

182



Toxics 2021, 9, 41

Table 3. Outstanding plastic-degrading bacteria in existing research.

Plastic Types Year Strains Source Plastic Forms Weight Loss Principle References

PS 2015 Exiguobacterium
sp. YT2

Intestines of
Tenebrio molitor sheet (7.4% ±

0.4%)/60 days NA [178,179]

LDPE 2014 Bacillus sp. YP1

Intestines of
Plodia

interpunctella
Hübner

film (10.7% ±
0.2%)/60 days NA [180]

HDPE 2010 GMB7
Plastic waste

landfill in
Mannar, India

film 15%/30 days NA [181]

PA 2000 Flavobacterium
sp. KI72 NA NA NA

Hydrolysis of
polymer

hydrolases
[177]

PP None

PUR
1995

Comamonas
acidovorans

TB-35
Soil film 100%/7 days

Hydrolysis of
esterase encoded

by gene PudA
[182,183]

2014 Pseudomonas
putida A12 Soil emulsion 92%/4 days Hydrolysis of a

45 kDa esterase [184]

2017 Bacillus sp.
S10-2 Spacecraft emulsion, film 19%/60 days Hydrolysis of

esterase [185]

PET 2011 Bacillus subtilis Laboratory film NA Hydrolysis of p-
nitrobenzylesterase [45]

PVC None

PS: polystyrene; PE: polyethylene; LDPE: low-density polyethylene; HDPE: high-density polyethylene; PA: polyamide; PP: polypropylene;
PUR: polyurethane; PET: polyethylene terephthalate; PVC: polyvinyl chloride. NA: not available.

5. Conclusions

The accumulation of microplastics in the marine environment is a serious threat to the
health of marine organisms, which may eventually affect the survival of human beings.
Therefore, it has attracted extensive attention from society and researchers. Many studies
have shown that different bacterial communities colonize microplastics in the marine
environment, which has inspired us to investigate the bacterial degradation of marine
microplastics. However, until now, we don’t know much about how these bacteria work.
The rich diversity and activity of these bacteria indicate their potential in the biogeochemical
cycling of plastics, but further research is needed. Contact experiments must be carefully
designed to test the ability of these bacteria to react with plastics and adapt to changing
marine environments, so it is important to integrate research approaches from multiple
disciplines. In order to take full advantage of the influence of bacterial communities on
MPs, more controlled experiments are needed to simulate real marine ecosystems. Further
studies of bacteria associated with plastic degradation will help develop situ biodegradable
methods and materials. According to the current technology and methods, it is impossible
to completely remove all the microplastics in the ocean, but we can still try to partially
reduce marine microplastic pollution. Bacterial degradation is an appropriate choice for
this. While developing methods for degrading plastics, relevant stakeholders such as
governments, the public, manufacturers and scientists should pay high attention to the
problem of marine microplastics pollution. We should take responsibility and working
together to reduce unnecessary plastic production and reduce plastic waste by recycling
plastic to tackle increasing MP issues.
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