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Abstract: High living standards and a comfortable modern way of life are related to an increased
usage of various plastic products, yielding eventually the generation of an increased amount of
plastic debris in the environment. A special concern is on microplastics (MPs), recently classified
as contaminants of emerging concern (CECs). This review focuses on MPs’ adverse effects on the
environment based on their bioactivity. Hence, the main topic covered is MPs’ ecotoxicity on various
aquatic (micro)organisms such as bacteria, algae, daphnids, and fish. The cumulative toxic effects
caused by MPs and adsorbed organic/inorganic pollutants are presented and critically discussed.
Since MPs’ bioactivity, including ecotoxicity, is strongly influenced by their properties (e.g., types,
size, shapes), the most common classification of MPs types present in freshwater are provided,
along with their main characteristics. The review includes also the sources of MPs discharge in the
environment and the currently available characterization methods for monitoring MPs, including
identification and quantification, to obtain a broader insight into the complex problem caused by the

presence of MPs in the environment.

Keywords: microplastics; freshwater; ecotoxicology; (micro)organisms

1. Microplastics as an Emerging Environmental Problem

The global production of plastic materials increased tremendously; from ~1.5 million
tons (MT) in 1950 up to ~187 MT in 2000, then to ~265 MT in 2010, while in 2018 production
was 360 MT [1,2]. Reasons for such exponential increase rate are cost-effective production
and wide applicability of plastic materials relying on their excellent properties: lightness,
strength, and resistance/durability [3]. However, it should be noted that anthropogenic
litter of plastic material in the environment ranges from 60-80% of the produced amount,
which means that large quantities of plastic waste dramatically increased over the last
decades as well [4].

Special attention has been recently given to tiny plastic particles (<5 mm) called
microplastics (MPs) that have also been detected in the environment [5]. The boundary
of 5 mm represents the upper limit for particles that can be readily ingested by organ-
isms [3,6-8]. Although microplastics is a commonly used term, the more detailed classi-
fication includes: mesoplastics (1-5 mm), microplastics (0.0001-1 mm), and nanoplastics
(<0.1 um) [9].

MPs discharge in the environment occurs through various transport media: sewage
sludge, urban runoff and dust, industrial and municipal wastewater. Accordingly, MPs are
detected in almost all environmental components/constituents: seas [10-13], freshwa-
ters [14,15], sediments [12,13,16], soils [17,18] and even atmosphere [19,20]. The major MPs
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sources identified are synthetic textiles (34%), tire wear (29%), city dust (24%), road mark-
ings/dust (7%), marine coatings (4%), microbeads (2%), and plastic pellets (0.3%) [19,21].
MPs distribution, abundance, and occurrence in the environment are affected by various
factors: type of environment, MPs properties (type, density, size, and shape), climate
regions (air turbulence, waves), industrialization, urbanization (proportional to MP’s
concentrations), waste management, development in general, and the living standard
of gravitating society [14,15]. MPs are insoluble in water and have low susceptibility to
degradation; therefore, they remain in the environment for long period [6]. MPs possess
large bioaccumulation potential [17]. Studies showed that MPs exhibited harmful effects
to organisms, particularly aquatic ones due to the direct contact. Hence, these may be
reflected as behavioral effects, oxidative stress, neurotoxicity, genotoxicity, reproductive
impairment, and hepatic damage [9,22,23]. MPs intake by humans is mostly through food
and beverages, such as fish [17], mollusks [24], sugar [25], sea salt [26], beer [27], or even
tap and bottled water [7,28]. Hence, it is not surprising that many countries recognize MPs
as contaminants of emerging concern (CECs) with severe hazard potential [29,30].

Understanding MPs’ behavior in the environment and related impact on abiotic and
biotic qualities of ecosystems (including the possible impact on humans) is the basis for
correct risk assessment. European Chemicals Agency (ECHA) considers that current infor-
mation is insufficient to derive a robust predicted non-effective MPs concentration, i.e., a
threshold value that could be used as proof that risks are adequately controlled. This means
that any MPs release in the environment should be considered as risk [31]. Therefore, ECHA
proposed the restriction of MPs usage in different professional, agricultural, industrial, and
consumer products. The 1st restriction phase is planned for 2021 with a 5-year transition
period; ECHA considered that is sufficient time for the industry to substitute MPs. The
estimation is that the proposed restriction would yield a reduction of MPs emission of
~400,000 tones within the next 20 years [31]. Additional devastating fact is that developed
world economies recycle < 30% of plastic-waste [32]. European Commission brought Euro-
pean Strategy for Plastics in a Circular Economy [33] presenting the vision for confronting
MPs pollution, including better design of plastic products, a higher rate of plastic-waste
recycling, and better quality recyclates—all boosting the recycled-plastics market.

This review summarizes the main properties of plastic materials that are mostly used
and consequently, discharged into the environment. The knowledge of these properties is
highly important due to the correlation with their overall environmental fate and behavior.
The comparison of mostly common MP’s characterization methods is also provided, high-
lighting the main advantages and disadvantages in practice. Such pieces of information
are crucial in order to present viable detection/monitoring methods prior to establish-
ing MPs adverse effects and distinguishing whether these originate from MPs, present
additives, or adsorbed additional pollutants. In order to enlighten and correlate current
knowledge reflecting the toxicity of MPs, ecotoxicological studies employing different
testing organisms are presented and critically discussed. It should be noted that this review
focuses exclusively on freshwater studies because this path is the most common for the
accumulation of MPs in the marine environment, except direct littering of plastic materials
and consequent fragmentation thereof.

2. Microplastics Types and Properties

Plastics is a term, derived from Greek plastikos—meaning fit for molding [34], com-
monly used for a wide range of (semi-)synthetic polymers of high molecular weight. The
most common types are: polyethylene (PE), polypropylene (PP), polyvinyl-chloride (PVC),
polystyrene (PS), and polyethylene-terephthalate (PET) (Figure 1) [6,35], possessing specific
physical, chemical, mechanical, optical, and electrical properties (Table 1).
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Figure 1. Chemical structures of: (A) polyethylene, (B) polypropylene, (C) polyvinyl-chloride,
(D) polystyrene, and (E) polyethylene terephthalate.

Table 1. Physical and chemical properties of most used plastics.

Types of Plastic PE PP PVC PS PET
] 0.85-0.94 [9] 1.38[9], 0.96-1.05 [9], 1.34-1.39 [9],
Density 0‘910 819_3 [992'36]' 0.89-0.92 [36], 1.30-1.58 [36], 1.04-1.05 [36], 1.29 [36],
(gcm—) 23/4°C) [37] 0.94-0.97 1.35-1.45 0.90-0.91 1.03-1.09
(23/4°C) [37] (23/4°C) [37] (23/4°C) [37] (23/4°C) [37]
. none (atactic),
ﬁﬁlt“(ﬂ‘g) Zgjég [[32]] 168-175 [36] 115-245 [39] 240 (isotactic), 245 [36]
p 270 (syndiotactic), [40]
Glass transition 25 [36] —10[36], 75-105 [36] 74-105 [36], 73 [36],
temperature (°C) —20 [41] 80-85 [41] >80 [41] 70 [41]
Tensile strength (MPa) 8-32 [36] 31-41 [36] 41-52 [36] 36-52 [36] 48 [36]
> 50-80 [9], High [9], High [41],
Crystallinity (%) 4209[53%]' 65 [41], 5-15 [41], Lgvlég])]' 3040 [42],
50 [37] 0[37] 0-50 [37]
Lifespan (year) 10-600 [37] 10-600 [37] 50-100 [37] 50-80 [37] 450 [37]

Applications of polymers are determined, but not limited, by their properties. Ap-
plicative properties can be enhanced by the addition of accelerants, cross-linking additives,
UV stabilizers, antidegradants, antioxidants, antiozonants, photosensitizers, surfactants,
pigments, flame retardants, or plasticizers with biocidal additives [9]. Generally, plas-
tics consist of crystalline and amorphous phases, affecting mechanical properties such as
strength and elasticity. At a lower amount of amorphous phase, crystallinity and density
increase. With the increase in the latter property, the elastic modulus, tensile strength,
stiffness, and surface hardness also increase, but impact strength decreases [43].

PE is homopolymer consisting of long hydrocarbon repeated chains of ethylene
monomer (Figure 1) and is used in a variety of products, e.g., plastic bags; bottles for
milk, water, shampoo, or motor oils; toys; food packaging like yogurt cans, margarine
containers or cereal box liners; irrigation and drainage pipes; various medical and cosmetic
products [38,44]. It is not surprising that most commonly found plastics debris in freshwater
ecosystems pertains to PE [6]. PE is classified as: (i) ultra-high, high or ultra-low molecular
weight PE (UHMWPE, HMWPE or ULMWPE, respectively), (ii) high, high cross-linked,
medium, linear low, low or very low-density PE (HDPE, HDLPE, MDPE, LLDPE, LDPE
or VLDPE, respectively), or (iii) chlorinated PE [38]. PE is a good electrical insulator with
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low hardness, rigidity, and melting point, and high ductility and impact strength (Table 1).
It has a lower density comparing to water (Table 1); thus, it is uncommon to be present
in deep layers of aquatic ecosystems [6]. PE is very persistent in the environment due to
its non-reactive C-C and C-H bonds, high molecular weight, hydrophobicity (allowing
sorption on sediments or activated sludge) [6], and lack of functional groups that can be
“recognized” by microbial enzymatic systems [45].

PP is a crystalline thermoplastic polymer with methyl-group on every subunit of
polymer backbone (Figure 1); this improves its mechanical properties and thermal resis-
tance. Linear PP has various structural isomers: isotactic, syndiotactic, and atactic. Isotactic
PP has a greater degree of crystallinity than the other two; thus, it is less susceptible to
biodegradation. A high degree of tacticity (iso- or syndio-) provides higher crystallinity,
better mechanical properties, and chemical stability. A low degree of tacticity means lower
hardness, strength, density, rigidity, stability, and melt fluidity. Commercial PP is approx-
imately 90% isotactic with 60-70% crystallinity [43]. Comparing to HDPE, PP has some
similar properties (permeability of gasses and vapor is almost the same), although differs
in hardness, tensile strength, elasticity, transparency, and gloss (higher than HDPE). PP is
highly resistant to water, inorganic chemicals, organic solvents, and lubricants; degradation
occurs by strong oxidants [43]. PP is also a very good electrical insulator. Accordingly,
it has numerous applications: as packaging material; medical and electronic equipment; fur-
niture production; textile and automotive industries [6,10,38,44,46]. Hydrophobic surface
and high molar mass of PP limit its biodegradation [37,47]. The insertion of hydrophilic
groups onto the polymer surface via physical or chemical processes (e.g., degradation) is
highly required to enable the attachment of microorganisms to such partially destructed
polymer surface [48]. Accordingly, microorganisms can use low-molecular-weight frag-
ments (oligomers), dimers, or monomers as carbon and energy sources [49], providing
biodegradation. However, small oligomers may also diffuse into the organism and get
assimilated, providing adverse effects [37].

PVC structure (Figure 1) contains heteroatom: chlorine, on every second C-atom
of polymer backbone. PVC usage in Europe for packaging only exceeds 500,000 tons
annually [43,44]. Due to its extreme versatility, PVC is irreplaceable for medicine equipment
(blood bags, tubs for catheters, surgical gloves) and wall and floor coverings [46]. It is
also used for construction purposes: piping, electrical cable insulation, doorframes, and
windows [6,44]. PVC comes in two forms: (i) the rigid, which is used for food packaging,
pharmaceutical, and medical products, and (ii) the flexible, which is used as a film for
food wrappings due to its stretchability [43]. PVC is an excellent water and oxygen barrier;
thus, packaged food may last longer ensuring its taste. PVC is resistant to chemicals
but very sensitive to photodegradation [6]. Since its inception, PVC is a known polymer
with exceptional resistance to biodegradation, making it an environmental issue; from
production to waste disposal.

PS has an amorphous structure with a phenyl ring linked on every second C-atom
of polymer backbone (Figure 1). It is well-known in its expanded form as Styrofoam and
is used for packaging, bowls, containers, rigid trays, lids, and tumblers [43,44,50]. Global
production of PS in 2013 was ~21 MT [50]. PS is hard, stiff, durable, and transparent
thermoplastic polymer, which is available in four forms: (i) general-purpose PS (GPPS),
(ii) high impact PS (HIPS), (iii) PS foam, and (iv) expanded PS foam (EPS) [50,51]. Its foamed
form is lightweight (it floats on the water surface), bulky, and recyclable [51]. PS is
brittle and flammable with relatively low melting temperature and with a glass transition
temperature of >100 °C; thus, it softens in boiling water. PS is poor oxygen and vapor
barrier and sensitive to UV irradiation (it yellows) [6,43].

PET (Figure 1) is, along with PE, one of the main food packaging materials. It is
very common in the textile industry as well, where is commonly used in the following
forms: (i) fiber filling in insulated clothing, furniture, and pillows, (ii) fine filaments in
artificial silk, and (iii) large-diameter filaments in carpets production [7,43]. PET is used
as/in yarns of vehicle tires; conveyer, drive or seat belt; reinforcement for fire and garden
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hoses; disposable medical clothing; synthetic fibers, bottles, containers, insulators, 3D
printing filaments, and trays [7,43,44]. PET is transparent and colorless semi-crystalline
thermoplastic polyester, strong and resistant to chemicals, and characterized by low vapor
and gas permeability (Table 1) [52]. It is a good alternative for glass; thus, it is used for
the production of bottles/containers for beverages [43]. PET is a major environmental
pollution issue due to its high durability and low biodegradability. PET, similarly to PP
and PS, has a hydrophobic surface, thus attenuating effective adsorption and access of
hydrolytic enzymes (hydrolases, lipases, esterases, and cutinases) to accomplish polymer
degradation [53].

3. Sources of Microplastics in the Environment

There are primary and secondary sources of MPs in the environment [5]. Primary
include MPs deliberately manufactured for some products; i.e., textile (laundering of
synthetic clothes providing ~35% of primary microplastics), cosmetics (e.g., microbeads
in facial scrubs (~2%) as intentionally added MPs in personal care products), electronic
equipment [13,35,54]. Furthermore, abrasion of tires through driving (28%), city dust (24%),
road making (7%), marine coating (3.7%), and plastic pellets (0.3%) are also considered as
the main sources of primary MPs. Most of these enter the environment through wastewater
generated during the production or usage phases (Figure 2).

i
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Figure 2. Sources of microplastics in the environment.

Secondary sources include a breakdown of larger plastic fragments such as plastic
bags, bottles, or fishing nets introduced in the environment; the breakdown is caused by UV
radiation, physical abrasion, chemical oxidation, and possibly biodegradation [13,35,55,56].

Agriculture is one of the major entry points for MPs in the environment [57]; applica-
tions of sewage sludge, fertilizers/compost, soil conditioners, and vinyl coverings are the
main sources. LDPE films, used in large volumes to protect agricultural crops, suppress
weeds, increase temperature, and retain irrigation water in the soil, can be degraded into
small fragments and end up in the soil or water resources through irrigation channels. The
expanded PS flakes and polyurethane foam are used in horticulture to improve soil quality
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and as composting additive, respectively [58-60]. However, significant MPs amounts
originate from various industries (through wastewaters or plastic residues disposal) and
households (fibers from washing clothes, personal care products usage). Once released into
the environment, MPs can be transported by wind, washed from land to surface waters
during rainfall (stormwater run-off especially), and be transported in freshwater and sea-
water [3,6,8,10,15,35,61]. Industrial and municipal wastewaters are also main MPs sources,
containing synthetic fibers (e.g., polyester, PES, produced in 2013 at >44.6 MT) [62]. Browne
et al. [63] quantified that >1900 PES fibers are released during a single wash. Therefore,
wastewaters containing MPs should be treated prior to discharging into the environment.
However, only ~60% of municipal wastewaters are treated [64]. Besides, wastewater treat-
ment plants (WWTPs), commonly based on primary and secondary treatment units, are
not designed to remove MPs. The tertiary treatment, including disinfection, is optional
and irrelevant for MPs removal. After primary treatment application, including removal
of material that either floats or readily settle out by gravity, wastewater may contain >
20% of MPs [65]. Secondary treatment is biological; mixed consortium of microorganisms
has a key role in forming activated sludge flocs. If MPs are retained within, there is a
possibility to be released from flocs due to their instability in the aqueous phase. Although
the efficiency of common WWTP for MPs removal is up to 95%, a large MPs fraction is
transferred into the activated sludge [65]. Moreover, WWTPs are not effective in removing
particles < 10 um [15]; these remain in effluent and are consequently discharged into recipi-
ent natural aquatic systems. Besides technological, there are legislative issues too; Directive
91/271/EEC [66], which does not consider MPs monitoring in treated effluents or activated
sludge, is still in force. Approximately 4-5 MT of activated sludge is applied to agricultural
lands annually [14], thus providing additional MPs quantities in the environment. Upon
entering freshwater sources, a fraction of MPs would be suspended in the water body, while
others would deposit at the bottom of the water column (i.e., sediment). This process de-
pends on the density of MPs; low-density MPs would float, while those with higher density
would submerge [59]. The creation of biofilms may increase MPs density and consequently
reduce their hydrophobicity, yielding their deposition to a higher extent. However, biofilms
can carry pathogenic microorganisms (e.g., Vibrio or fecal coliforms) as well, which may
present adverse effects on water biota and humans [67]. Moreover, MPs can also adsorb
heavy metals and various CECs; e.g., polycyclic aromatic hydrocarbons, polybrominated
diphenyl ethers, polychlorinated biphenyls, and dichlorodiphenyltrichloroethane [68,69].
MPs distribution may also be affected by particle aggregation and activity of animals [70].
MPs can be easily ingested by aquatic organisms of various trophic levels and can un-
dergo biomagnification along the food chain [71]. MPs shapes and densities affect their
availability to organisms; e.g., pelagic organisms (phytoplankton and zooplankton) are
more likely to encounter less dense, floating MPs, while benthic organisms (amphipods,
polychaete worms, tubifex worms, mollusks, and echinoderms) would encounter more
dense MPs [56,70,72,73].

4. Characterization Methods for Microplastics in the Environment

MPs in the environment do not vary in chemical composition only, but in size, density,
and shape of particles as well. These properties are important factors affecting fate, behav-
ior, and transport of MPs in the environment [74]. MPs determination requires fast and
reliable analytical methods, generally divided into two steps: (i) extraction and digestion
of organic fraction, and (ii) MPs detection, quantification, and characterization [75]. Var-
ious analytical techniques have been used for MPs determination from different angles.
However, none of these is comprehensive, i.e., two or more methods should be used to
get full insight into MPs properties, especially when monitoring MPs (bio)activity. In such
case, methods able to detect changes in MPs structure (e.g., based on spectroscopy and
chromatography techniques) are more beneficial than those providing insight mainly into
surface and morphology changes (e.g., based on microscopy techniques).
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4.1. Microscopy Based Methods

Visual identification by binocular (polarized) microscope (BM) is used to detect the
physical characterization of MPs differing in color, shape, surface texture, or size. MPs
come in eight common shapes [74]: fibers, spheres, pellets, lines, sheets, flakes, foam,
and fragments—the latter is the most abundant shape. A visual approach is also useful
to distinguish MPs from other particles of similar size and shape (e.g., clay or algae),
and for particle counting [76]. Larger particles (size in a range from 1 to 5 mm) can be
analyzed even by the naked eye, but there is a possibility of missing small and transparent
MP particles in the samples. Analysis of smaller particles requires the application of a
microscope [35,77]; Lee et al. [78] reported 1 mm in size as a detection threshold without a
microscope. Sierra et al. [79] identified different MPs from wastewater by polarized light
microscopy (PLM) and provided further confirmation by non-focal Raman microscopy.
Polarized light enables the classification of materials with a certain type of anisotropy;
under cross polars, they look bright. There is also strong evidence that visual sorting is
not a very reliable method. Namely, Hidalgo-Ruz et al. [80] reported that 70% of visually
sorted particles were not identified as plastic when additional FTIR analysis was performed.
Method using PLM is limited in MPs identification from non-birefringent polymers such as
PVC. Nevertheless, the visual approach is simple, economical, and can be implemented in
situ in a short time. However, it does not provide information about chemical composition.
In summary, the visual approach can provide information about MPs abundance and
even the size, which might be quite helpful when assessing adverse effects caused by MPs
presence. However, in practice, more reliable techniques for MPs identification are used
(spectroscopy or chromatography) to obtain more relevant information due to the high
possibility of misjudgment [15,76].

Scanning Electron Microscopy (SEM) is used for the determination of MPs size, shape,
surface changes, and roughness, as well as to confirm bacterial biofilm formation on
MPs surface. Samples for SEM analysis (i) must be in solid state, non-radioactive, and
non-magnetic, (ii) cannot contain moisture, (iii) have to possess stable composition, and
(iv) need to be coated at high vacuum [81]. The surfaces of MPs are scanned by an
electron beam to obtain clear images, high magnification, and high resolution of MP
surfaces [81]. Accordingly, great insights of MP surfaces are obtained, allowing to achieve
a more precise identification of MPs. SEM can be coupled with energy-dispersive X-ray
spectroscopy (SEM-EDS), producing high-resolution images of particles and providing
an elemental analysis of measured objects. Thus, it is possible to distinguish MPs from
inorganic particles [82]. Trace elements (like Al, Na, Ca, Mg, or Si) can be identified as
well, indicating the presence of additives or particles adsorbed on MPs surface [12,82].
Accordingly, SEM-EDS may also provide the evidence for adsorbed heavy metals (e.g.,
Cd, Cz, Pb, Zn, Ni) onto MPs. However, it should be also pointed out that in the case
of nonconductive samples such MPs, the covering of a sample surface with a very thin
layer of carbon by high vacuum evaporation coating or gold or gold/palladium alloy or
platinum thin film using a plasma sputter coater is highly necessary [83]. Hence, the carbon
covering may provide interference during elemental analysis. More relevant results on
MPs identification can be achieved by combining SEM-EDS with spectroscopic methods
such as Raman or Fourier transform-infrared spectroscopy (FTIR). Mehdinia et al. [84]
combined three observation techniques to identify MPs: (i) color, size, and morphology
were determined by PLM, (ii) SEM-EDS was used for specific structure, morphological
properties, and chemical composition of individual MPs, and (iii) Raman spectroscopy has
been applied to determine polymer types.

4.2. Spectroscopy-Based Methods

FTIR allows accurate identification of polymers from their characteristic IR spectra
due to the possession of specific IR spectra with distinct band patterns [85]. FTIR is the
most frequently used method for MPs analysis [86]. When a plastic polymer is irradiated
with IR, a certain amount of energy gets absorbed by the polymer molecule, causing
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molecular vibrations that yield a characteristic IR spectrum. Vibrations depend on the
polymer structure and applied irradiation wavelengths [85]. Generally, FTIR analysis is
performed in mid-IR range of 4000-400 cm~! [87]. Generally, plastic materials lose weight
during degradation, indicating structural changes [88]. Hence, polymer degradation may
be confirmed by the analysis of its functional groups; some groups are missing or possess
lower or higher peak intensity in comparison to reference FTIR spectra [15,89]. Typical
vibrational bands of PE, PP, PVC, PET, and PS are summarized in Table 2.

Table 2.

spectra [90-93].

Functional groups of the most used polymers and their wavenumbers in FTIR

Polymer Functional Group Wavenumber (cm~1)
CH,; symmetric stretch 2918; 2850
CH; asymmetric stretch 2919
CH, bend 1473; 1463
PE CHj3 symmetric stretch 1377
CH, wag 1366; 1351;1176
CHj, twist 1050
CH, rock 731-720
CH; asymmetric stretch 2919
CHj asymmetric stretch 2951
CHj3 symmetric stretch 2868
CH; symmetric stretch 2837
CH,, scissors 1458
CHj3 symmetric bend, CH, wag 1377
CH bend, CH, twist, CHj rock 1256
CHj; twist, C-C stretch, C-H bend 1220
CH bend, CH3 rock, C-C stretch 1168
PP C-C stretch, CHj rock, CH, wag, CH twist, CH bend 1104
C-CHj stretch, C-C stretch, CH bend 1045
CH3; rock, CH3 wag, CH bend 998
CHj; rock, C-C stretch 941
CHj3 rock 937
CHj; rock, CHj3 rock, CH bend 899
CH, rock, C-CHj stretch 841
CH, rock, C-C stretch, C-CH stretch 809
CH, rock 730; 720
CH; asymmetric stretch 2904
CH; symmetric stretch 2837
CH; wag 1354
PVC CH bend 1333; 1254; 1243
C-C stretch 1099
CH, rock 970; 957
C-Cl stretch 603
CH; asymmetric stretch 2969
C=0 stretch 1740-1710
CH; bend 1470
CH; wag 1370-1340
C-C-O asymmetric stretch bonded to aromatic ring 1250
PET C-O stretch 1260
C-O-C stretch 1100
aromatic in-plane CH bend 1019
oxy-methylene group bend 973-898
aromatic out-of-plane CH wag 875
C=0 rock, C-O deformation 795
aromatic in-phase CH wag 730
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Table 2. Cont.

Polymer Functional Group Wavenumber (cm~1)
CH; asymmetric stretch 2924
CH,; symmetric stretch 2850
PS CH, bend 1451
aromatic CH stretch 3024
aromatic ring stretch 1604; 1492
aromatic CH bend 1027

One disadvantage of FTIR analysis is that bands of organic and inorganic impurities
can overlap with polymer bands in IR spectra, hindering spectroscopic evaluation [94].
Accordingly, samples should be pretreated before analysis in order to remove moisture,
which may cause interference resulting in data interpretation difficulties [15,81]. Transmis-
sion IR spectroscopy is used for thin and transparent samples, while the reflection mode is
usually employed for thick and non-transparent samples. Attenuated total reflectance FTIR
(ATR-FTIR) is a common FTIR technique measuring IR spectrum of polymer’s surface,
or a spectrum of thick and strongly absorbing polymers [95]. ATR-FTIR is appropriate
for the analysis of somewhat larger particles (above 500 um) [15], although various ATR
accessories provide magnification, enabling the viewing down to 70 um [87]. ATR-FTIR
was successfully applied for the identification of MPs in surface waters and sediments [76].
This method is generally cheaper; however, it is unable to identify small samples and con-
vex particles [9]. Microscopy coupled FTIR (u-FTIR) has improved spatial resolution [96]
and is commonly applied for MPs analysis of <100 pm [87]. Its applicability for the identifi-
cation of MPs presents directly on membrane filters is especially interesting [96]. Kadppler
et al. [94] applied p-ATR-FTIR and Pyrolysis-Gas Chromatography-Mass Spectrometry
(Pyr-GC-MS) in combination with thermochemolysis to characterize 27 single MPs particles
and fibers of unknown material isolated from river sediments. The study showed that both
methods are well suited to characterize the chemical nature of environmental MPs and
can complement each other. Focal plane array-based p-FTIR (FPA-pu-FTIR) utilizes focal
plane array detectors and, due to simultaneous acquiring of a higher number of spatially
resolved spectra, provides much faster identification. It can be applied for smaller MPs
and at a much larger surface area [96].

Raman spectroscopy uses a characteristic Raman spectrum for the identification of
MPs; the polymer is irradiated with monochromatic rays (from 500-800 nm). Once the
ray comes to the target, it interacts with polymer absorbing a certain amount of the ray’s
energy. Consequently, Raman shift occurs, i.e., the frequency of backscattered light be-
comes different than input, providing a characteristic Raman spectrum of the polymer [85].
The obtained spectrum must be compared with a reference spectrum to perform identi-
fication [35]. Raman provides a complementary image of molecular vibrations to FTIR,
while FTIR is sensitive to vibrations that modulate molecular dipole moment, Raman is
sensitive to those that modulate molecular polarizability [95]. Raman spectroscopy offers
a wide spectral range, great resolution (due to reduced linewidth between bands that
are close to each other in the spectrum), and low water interference [97]. Accordingly,
Raman is a powerful technique for MPs analysis not only in water samples; it is suitable
for sediment, organisms, food, and cosmetics as well [86]. Furthermore, it requires a small
amount of sample, providing a possibility for high throughput screening. It can resolve
very small particles (<1 pm). Unfortunately, Raman is highly sensitive to sample fluores-
cence, which can spoil the useful Raman signal. In addition, laser-induced degradation
may occur when fluorescence is caused by impurities present in the sample. This may
negatively affect the sample, speaking in favor of the necessity of the sample pretreatment
prior to analysis [97]. However, it remains the most preferred technique for MPs analysis
for particles < 10 um [85]. Accordingly, Raman was successfully used for MPs identifi-
cation in sediment [98], seawater [99], freshwater [100], wastewater [101], and aquatic
organisms [102].
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4.3. Chromatography-Based Methods

Pyr-GC-MS is a destructive but efficient method for structural MPs identification,
focused on pyrolytic degradation of the sample (only 5-200 pug) and analysis of byproducts.
Polymer (sub-)type(s) and organic additives can be efficiently identified according to
their mass [76]. However, the number and morphology of MPs cannot be encountered
and determined, respectively, thus requiring the combination with microscopy methods
(e.g., visual inspection by BM or PLM and/or SEM).

Thermal extraction-desorption Gas Chromatography—Mass Spectrometry (TED-GC-
MS) is a two-step analytical method ideally suited for the analysis of polymers and their
degradation intermediates. The primary step includes the thermal decomposition of
sample (performed in the thermogravimetric analyzer, TGA), followed by the collection of
resulting gaseous products on a solid-phase adsorber. Thereafter, the adsorbent is analyzed
by TED-GC-MS [103]. The method does not require preselection of MPs as in the case of
Pyr-GC-MS [76].

High-performance liquid chromatography (HPLC) can be also applied for MPs identi-
fication in environmental water systems. However, MPs particles must be dissolved prior
to the analysis using organic solvents. Tetrahydrofurane and hexafluoroisopropanol are
solvents used for PS and PET, respectively [15], while other polymers (PE, PP, and PVC)
are commonly analyzed on GC-MS.

To conclude, there are several options to perform the characterization of MPs in the
environment; however, as MPs may vary in chemical composition, size, density, and
shapes, as well as they are present in various water matrices, a unique method does not
exist. The above methods have some advantages over another regarding the particular MPs
targeted property; however, if a thorough analysis is required, a combination of methods
have to be applied. For example, visual inspection by the naked eye is always a good
choice as the first step; however, a visual inspection cannot be the only method. It has to be
combined with more powerful inspection techniques, e.g., SEM-EDS if the size, shape, and
morphology of MPs are targets of inspection. Furthermore, in order to confirm whether
observed particles all belong to MPs or not, FTIR and its more advanced analogs, or more
powerful, but more expensive technique, Raman analysis is required. However, both
have their disadvantages; e.g., in FTIR moisture causes interference, while fluorescence
may occur in the case of Raman analysis. Regardless, both methods would provide
fingerprinting of present plastic materials regarding their composition. The methods based
on chromatography coupled with mass spectroscopy may provide more insights into
additives in MPs samples, besides their core plastic materials, which may be effectively
identified by FTIR or Raman, which is rather important when monitoring MPs degradation
and potential adverse effects that may be originated by present additives/intermediates.
Hence, although the preparation of samples is often more complicated and analysis lasts
longer than with FTIR or Raman, methods based on chromatography are highly required
in MPs characterization as well. Thus, further development of currently existing methods
or completely new ones for MPs identification and characterization is highly necessary due
to their ubiquitous presence in the environment, as well as to provide a reliable assessment
of ecological risks of MPs on aquatic organisms.

5. Ecotoxicological Effects on Microplastics

Ecotoxicological studies on MPs can be distinguished according to: (i) test organisms,
(ii) type, shape, and size of the polymer, and (iii) the site of analysis (in situ or in labora-
tory). There are numerous organisms that can be used in MPs ecotoxicological assessment;
however, >75% of studies were performed on marine (micro)organisms. The most com-
mon testing organisms applied are: fish, mollusks, small and large crustaceans, annelids,
mammals and echinoderms, birds and cnidarians, sponges, reptiles, and rotifers. Fish is
mostly used in in situ studies, while small crustaceans prevail among organisms tested
in a laboratory [4,19,22,23,29,104-110]. The most studied MPs shapes include spherical
particles, fibers, and fragments. Although PE and PS are the most studied MPs types (due
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Organisms

to their ubiquitous presence in aquatic ecosystems), investigations also comprehended
ecotoxicological effects of other MPs types such as PP, PES/PET, PVC, polyamide, acrylic,
polyether, cellophane, and polyurethane [22].

Regardless of MP types, both direct and indirect toxic effects on aquatic organisms
have been investigated. Results of ecotoxicological studies are commonly expressed as a
concentration of tested compounds causing certain effects (in percentage) on measured
population. The most common effect considered within these studies was the percentage
of population mortality. Hence, in lethal toxicity testing, LDsy represents the median
lethal dose, while LCsg represents the median lethal concentration. If a test end point is
an adverse response other than death, an effective concentration (EC) or effective dose
(ED) is used toxicity parameter. Concentration causing 50% of adverse effect in the tested
population is commonly used (ECsp), although other levels (i.e., ECqg [111] or ECyq [112])
can be applied if necessary. Effective and lethal values can be expressed per mass of
tested organism; ED and LD are used for higher organisms. Besides, it is also possible
to determine the No Observed Adverse Effect Level (NOAEL) and Lowest Observed
Adverse Effect Level (LOAEL). NOAEL is the highest exposure level at which there are no
biologically significant increases in the frequency or severity of adverse effect between the
exposed population and its appropriate control; some effects may be produced at this level,
but they are not considered as adverse. LOAEL is the lowest exposure level at which there
are biologically significant increases in frequency or severity of adverse effects between
the exposed population and its appropriate control group. Growth inhibition test is used
for the ecotoxicological purpose as well [113]. Table 3 summarizes ecotoxicological studies
performed including (micro)organisms and MPs types used.

MPs toxicological effects on freshwater aquatic (micro)organisms are still scarce since
most studies applied marine (micro)organisms. Therefore, future studies should be focused
on freshwater microorganisms such as algae and bacteria or other surface water and
sediment organisms. Current data summarized in Table 3 reveal that researches are
performed using a wide range of concentrations and types of MPs to study adverse effects
to the range of organisms (from bacteria to fish). Accordingly, the graphical presentation
in Figure 3 shows the range of ecotoxicological concentrations established for different
organism levels studied, thus providing an insight into the sensitivity of tested organisms
to changes in MPs concentrations affecting different trophic levels.

Fishes

Daphnia
magna ﬁ'ﬁx y
Algae -

A

Vibrio

fischeri @

0.001

0.010 0.100 1.000 10.000 100.000 1000.00010,000.000
Concentration of microplastics (mg/L)

Figure 3. The range of ecotoxicological concentrations for different organism levels.
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Table 3. Parameters given by different ecotoxicological studies.

Microorganism/ Organism Type of MPs Size of MPs Concentration of MPs Parameters Value Effects References
EC20 =3600.0 mg/L
n (5 min)
PE 1.00-3.00 pm 1000.0 mg/L ECao = 26000 mg/L [112]
o . (30 min)
Vibrio fischeri . decrease of bioluminescence
0.06 m ECs0 = > 1000.0 mg/L
(30 min)
PS-PEI @ 3.0-1000.0 mg/L [113]
0.11 um EC50 = >1000.0 mg/L
K (30 min)
0.06 pm 0.1-1.0 mg/L ECs59 =0.58 £ 0.04 mg/L (72 h
. Algae . PS-PEI 2 " 8 % g/L72 1 inhibition of algal growth [113]
Pseudokirchneriella subcapitata 0.11 um 0.1-0.8 mg/L ECsp = 0.54 + 0.06 mg/L (72 h)
Chlorella sp. kP =3918.0 (mg/L)I ™ adsorption of particles on algae,
Sooned PS 0.02 ym 80.0-800.0 mg/L b~ 23090 in reduction of photosynthesis, [114]
cenedesnmus sp. = 0 (mg/L) oxidative stress
Scenedesmiss s PS 0.10 pm 10.0, 50.0 and IR € =21.0, 29.0, 38.5% inhibition of algal growth, [115]
p- 1.00 um 100.0 mg/L IR € =20.9, 28.4, 38.1% morphological changes, oxidative stress
IR, 4 = 10.61, 15.86, 22.10, 31.08,
PP 64.0-236.0 pm 25.53, 24.57%
Chlorella pyrenoidosa 4
PVC 111.0-216.0 um IR, ¢ =20.39, 37.67, 409.46, 48.49,
5.0.10.0. 50.0. 100.0 55.23,55.17% decrease of chlorophyll a content and [116]
N0 BN O e T hotosynthetic activit
g 250.0, 500.0 mg/L IR, 4 =11.13,1.29,10.52, 13.13, photosy Y
PP 64.00-236.00 pm 13.06, 16.92%
Microcystis flos-aquae 3
IR, ¢ =9.55,24.92,23.97,18.61,
pvC 111.0-216.0 pm 32.20, 46.93%
Chlamydomas reinhardtii PP 400.0-1000.0 pm 400.0 mg/L IR € = ~18.0% (78 days) inhibition of algal growth, formation of [117]
hetero-aggregates
o ECsg = 0.7(18¢h§).10 mg/L
Daphnia magna PS-PEI # 0.33-3.30 mg/L EC = 0.66 < 017 L immobilization rate [113]
0.11 um 50 = U 17 mg/

(48 )
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Table 3. Cont.

Microorganism/

. Type of MPs Size of MPs Concentration of MPs Parameters Value Effects References
Organism

ECsg = 66.97 mg/L (48 h)

LCsp = 87.83 mg/L (48 h) immobilization rate, oxidative
ECsp = 199.94 mg/L (48 h) stress, mortality
LCs = 291.69 mg/L (48 h)

ID € =25.00% =+ 1.91,
PE 1.0 um 12.5, 25.0, 50.0, 100.0, 35.00% = 1.00, 55.00% =+ 1.00, immobilization rate, [119]
200.0 and 400.0 mg/L 50.00% =+ 2.58, 75.00% = 1.00, accumulation in gut
35.00% + 1.91 (96 h)

LCs f=32.0 particles/mL
(48h,18°C)
LCso f=18.0 particles/mL
(96 h, 18 °C)
LCs f = 10.0 particles/mL
3.0,4.0,5.0,6.0and 7.0 f (48 h,22°C)
particles/mL LCs f = 5.8 particles/mL
(96 h, 22 °C)
LCs f = 8.0 particles/mL
(48 h, 26 °C)
LCsy f=4.0 particles/mL
(96 h, 26 °C)

. ECsp = 1.34 mg/L (24 h)
fibers of 20.0 pm . .
PET thickness 12.5-100.0 mg/L mortality was in the range

20.0-40.0% for 12.5-100.0 mg /L in gut, mortality

75.0% deformed embryos

PE 140.6 + 80.0 um 100 mg/L (%6 h, agedé\élj li‘fgyp effluent) impact on development [122]
50 >~ . (o}

1.0 pm 0.1-600.0 mg/L
PS

[118]
10.0 um 0.01-40.0 mg/L

PE 1.00-5.00 um immobilization rate, mortality [120]

immobility, accumulation [121]

Fish (96 h, aged MP in landfill leachate)

Danio rerio SP & = 73.0% + 24.0
PE, PP, PS, B (PP, after 10 days, at 10.0 mg/L) morphological deformations, damage
and PVC 0.10,1.0 and 5.0 pm 0.001-10.0 mg/L. SP & = 83.0% 4+ 24.0 of the intestine, mortality
(PVC, after 10 days, at 10.0 mg/L)
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Table 3. Cont.
Mlgl(‘)go:ﬁ?;;sm/ Type of MPs Size of MPs Concentration of MPs Parameters Value Effects References
22.0%, 6.1% suppressed locomotor .
45.0 um ability, body length during suppressed locomotor activity, decrease
PS 0 65 um 1.0mg/L exl;osure at 0.05 um of body length, deterioration of nervous [124]
particles, respectively and visual systems
0.07 pm 0.002, 0.2 and 2.0 L 5.7 x 107%,1.25 x 1073 and . e
5.0 :002,0.2 and 2.0 mg/ : a4 ; accumulation of particles in fish gill, [125]
A pm 89 x 10~ mg/mg fish (5.0 um . . . .
PS ol lated in ofll. i gut, and liver, deterioration of liver
20.0 um - particles accumulate .1n gL, LIVer, metabolism, oxidative stress
H and gut, respectively)
Cyprinus carpio
Carassius auratus 2.5 £ 1.3 particles/fish
Hypophthalmichthys 1.9 £ 1.0 particles/fish
molitrix o o . 3.8 &+ 2.0 particles/fish L . .
Pseudorasbora parva 49.1% cellophane  76.3% particles <5 mm - 25 + 1.8 particles/fish accumulation in stomach and intestine [126]
Megalobrama 1.8 & 1.7 particles/fish
amblycephala 2.1 £+ 1.1 particles/fish
Hemiculter bleekeri
Bagre bagre 12.8 particles/fish
Bagre marinus 7.8 particles/fish
Caranx hippos 30.7 particles/fish
Lutjanus analis 97.4% of 1.0 particle/fish I . .
Polydactylus oligodon polyamide 0.38—4.16 mm - 3.0 particles /fish accumulation in stomach and intestine [127]
Cynoscion leiarchus 2.0 particles/fish
Sphyrna tiburo 9.0 particles/fish
Trichiurus lepturus 2.0 particles/fish

2 PS-PEI = polyethyleneimine polystyrene; b Freundlich coefficient k; ¢ inhibition ratio of algal growth; d inhibition ratio of chlorophyll a content; € means of immobilized daphnids; f log-transformed values;
& survival percentages of zebrafish.
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5.1. Ecotoxicological Effects on Vibrio fischeri

The toxicological test using Vibrio fischeri (V. fischeri) is considered simple, relatively
fast, and cost-effective. Therefore, it is not surprising that, despite the fact that V. fischeri is a
marine bacterium, this test is often applied for the ecotoxicological analysis of non-marine
samples like wastewaters, freshwaters, leachates, etc. The test is based on measuring the
intensity of blue-green luminescence light since V. fischeri has the ability to bioluminescence
(associated with the presence of enzyme luciferase). Its wide applicability includes various
tested subjects posing adverse effects to the water environment such as metals, antibiotics,
herbicides, and other organic and inorganic compounds [128]. Yet, only a few authors
used V. fischeri for the determination of MPs toxicological effects, presumably due to
insufficient sensitivity [107]. However, Gagné [112] exposed V. fischeri to PE beads (1-3 pm)
at 1000 mg/L during 5 and 30 min observing bioluminescence decrease, with ECyg values of
3600 and 2600 mg/L, respectively (Table 3). Moreover, Gambardella et al. [107] exposed V.
fischeri to oxidized and not oxidized PE particles; size range of 1-500 um and concentration
range of 0.625-10 mg/L. According to the results after 30 min exposure, PE particles
are not toxic to V. fischeri at environmentally relevant concentrations or at even higher
concentrations. Besides, the investigated particle sizes did not affect V. fischeri, presumably
due to the fact that the cell wall acted as a barrier for particles of the used size range [107].
However, although not studied, authors assumed that smaller particles than studied might
cause a toxic effect. Issues of V. fischeri for determining MPs toxicity can be associated with
the following facts: (i) MPs are solids, thus, may interfere with measuring bioluminescence,
and (ii) exposing time (15 min according to ISO 11348-3) is quite short to determine actual
MPs effects. MPs may be dissolved in an appropriate solvent, however, solvent interference
with toxic effect has to be accounted for as well. Another approach is to use it in the
determining toxic effects of MPs constituents (monomers, additives), which may leach
during partial MPs degradation; however, filtration prior test to remove solid MPs should
be applied.

5.2. Ecotoxicological Effects on Algae

Algae (especially phytoplankton) are the primary producers and basis of the aquatic
food chain. Therefore, any adverse effect on algae affects the entire ecosystem [115],
as presented in Figure 4.

Various adverse effects of MPs on algae have been reported already; mostly enlight-
ening negative influence on algae growth. Wu et al. [116] reported that PP and PVC MPs
at concentrations of 5, 10, 50, 100, 250, and 500 mg/L showed a negative effect on chloro-
phyll of freshwater algae Chlorella pyrenoidosa and Microcystis flos-aquae. According to the
inhibition values recorded, PVC is more toxic in the water environment in comparison to
PP. MPs can decrease photosynthesis efficiency due to adsorption on algae surface [114]
or by reducing the chlorophyll level in cells [116] (Table 3). MPs adsorption on algae
surface hinders the exchange of nutrients, gasses, and toxic metabolites. Mao et al. [115]
reported that PS particles in size range between 0.1 and 1.0 pm and at concentrations
10, 50, and 100 mg/L induced the inhibition of algal growth (higher effect with smaller
particles, Table 3), oxidative stress and caused morphological changes on freshwater algae
Chlorella pyrenoidosa cell. Morphological changes of the algal cell are commonly related to
the occurrence of hetero-aggregation between MPs, yielding structures larger and heavier
than common MPs, resulting eventually in physical damage of cell [129]. Such particles
can reach easier deeper layers of water, thus, hetero-aggregation supports MPs transfer
to the bottom of aquatic ecosystems [115]. Recent studies have focused mainly on marine
algae. Therefore, it is necessary to conduct studies on freshwater algae that are present in
lakes, rivers, and streams to close the knowledge gap in ecotoxicological MPs assessment in
freshwater sources. The environmental characteristics of sources have to be considered as
well; such factors may determine relevant direct and indirect effects on algal communities,
consequently affecting specific ecotoxicological responses.
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Figure 4. Effects of microplastics on microalgae.

5.3. Ecotoxicological Effects on Daphnids

Daphnia, a genus of planktonic freshwater crustaceans, are frequently used in eco-
toxicological laboratory tests, especially Daphnia magna (D. magna) [121,130-132]. Studies
indicate that ingestion depends on MPs size, shape, type, and concentration [121,130].
Thus, D. magna can ingest PE particles in the range 63-75 um [130] and PET long fibers
< 1400 pm [121]. MPs agglomeration, occurring at higher MPs concentrations, would yield
a lowering of ingestion rate [108,121,131,132]. Krogh Frydkjeer et al. [108] reported that
elevated concentrations of PE particles decreased mobility of D. magna, while irregular
shaped fragments (10-75 um) affected D. magna more intensively than regular shaped
beads (10-106 pm). Rehse et al. [119] observed size-dependent differences in inhibitory
effects; smaller PE particles are more toxic for D. magna than larger ones. Analogous
results were obtained for exposing D. magna to PS [131]. It seems that smaller MPs affect D.
magna by adhering to inner and outer surfaces, impairing filtering activity, compromising
gut integrity, and entering tissue and cells [107]. Besides ingestion, MPs influenced the
egestion of D. magna as well. The egestion is a very important function for organisms; very
low egestion (or even the total absence) leads to reducing food intake and consequently
starving [105,121]. It has been reported that D. magna egests regular-shaped PE at a higher
rate than irregular ones, indicating that spiky particles retained longer in the organism,
and have a higher hazard effect [108,130]. This is quite concerning because irregular MPs
are commonly present in aquatic ecosystems [108]. Jaikumar et al. [120] exposed D. magna,
Daphnia pulex, and Ceriodaphnia dubia to MPs at various temperatures and discovered that
sensitivity to various MPs may differ between species, while the acute sensitivity of Daphnia
sharply increases with the temperature. Jemec et al. [121] tested the potential effect of
pre-feeding Daphnia by algae (simulating real environmental conditions) and found that
pre-feeding did not affect MPs uptake on daphnids growth, but had a significant influence
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on their mortality (pre-fed daphnids showed no increase of mortality). Besseling et al. [133]
found that tiny PS particles have a negative influence on daphnids body size and reproduc-
tion: 67.7% of malformed offspring were observed. It is important to note that in all the
above-mentioned daphnids studies, MPs concentrations were generally much higher than
the environmental ones.

5.4. Ecotoxicological Effects on Fish

MPs were detected in the intestine of fish caught in freshwater (urban areas [134],
WWTPs down-streams [135]) and oceans (both: pelagic and demersal fish) [109]. PE,
nylon, and polyamide [109,136] were emphasized as the most abundant polymers. Ex-
posure to MPs might have severe hazardous effects on fish including neurotoxicity [137],
the reduction of predatory performance, growth, and reproduction [106], oxidative stress,
and mortality [110]. Higher MPs concentration influenced mortality and length of lar-
val fish in the case of European perch Perca fluviatilis [138]. Medaka fish Oryzias latipes
was dietary exposed to the virgin and marine PE (<0.5 mm); the results showed bioac-
cumulation, liver stress, and even tumor formation [139]. Oryzias latipes embryos were
also exposed to MPs with different CECs adsorbed (polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, polybrominated diphenyl ethers); MPs contributed to the trans-
portation of CECs to embryos, negatively affecting juvenile growth and survival rate. MPs
biomagnifications potential was studied as well [76,140]. Once ingested, MPs come to the
gastrointestinal tract; MPs < 150 pum can pass through gut epithelium (i.e., it can penetrate
into the organism), while those < 1.5 um can penetrate into organs. Yet, most MPs remain
in the gastrointestinal tract. MPs ingestion can lead to increased biomagnification of MPs
(and other contaminants, if adsorbed) in the food chains as toxins leach into tissue once
present in the organism. Fish growth stage was correlated with the sensitivity to MPs expo-
sure; results showed that embryos are much more sensitive than adults [106,138]. Jabeen
et al. [126] investigated the presence of MPs in several freshwater species of fish (listed
in Table 3); in 95.7% of subjected freshwater fish, MPs were found. The most abundant
shape belonged to fibers, while cellophane followed by PET and polyester were the most
abundant types. The most abundant shape of MPs found in the fishes from the Rio de la
Plata also belonged to fibers (even 96%). The highest abundance of MP particles was found
in the gut of fishes caught near sewage discharge as a sampling site [141]. On the other
hand, the most abundant MPs shape found in fishes from the Amazon River estuary (97.4%)
was detected as pellets and mostly pertained to polyamide [127]. Most of these MPs are
found in stomachs (92.1%), while the rest was in the intestines. The ingestion of polyamide
MP pellets is not surprising due to the high density of polyamide (1.13-1.15 g/m?) and the
round shape of pellets, highly contributing to MPs accessibility to fishes.

One of the freshwater organisms often used in ecotoxicological studies is zebrafish
Danio rerio (D. rerio). It has been proven that MPs can cause morphological deformations of
D. rerio [125], as well as the changes of nervous (acetylcholinesterase activity, AChE), vi-
sual [124] and immune system [142], oxidative stress (Reactive Oxygen Species -ROS) [125],
reproductive toxicity [143], and damage of intestine [123], as shown in Figure 5.

Lu et al. [125] studied MPs (PS) accumulation in the adult D. rerio over 7 days; 5 um
particles were detected in gill, liver, and gut, while 20 um particles were not found in liver.
Zhao et al. [144] exposed only male adult zebrafish to 5 um PS over 21 days and found
a significant decrease of weight, influencing zebrafish condition and growth. Disruption
of hepatic metabolism was noticed as well. Chen et al. [124] exposed zebrafish larvae to
micro- and nano-sized PS and found 22% inhibition of locomotor activity, including body
length reduction for 6%, as well as neurotoxicity and genotoxicity. Lee et al. [145] tested
adverse effects of PS (50, 200, and 500 nm) on zebrafish’s embryos; 50 nm particles passed
through pores of chorion and penetrated into the body and were accumulated in tissues
(brain, retina, blood vessels) and yolk. Parenti et al. [146] detected penetration of larger
particles (500 nm) in embryo’s tissues. Lei et al. [123] exposed D. rerio to various MPs types
in concentrations 0.001-10.0 mg/L over 10 days. The obtained results showed: (i) very low
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mortality for PE, PP, PS, PVC, and polyamide (0, 27, 0, 17, and 2%, respectively), and (ii)
that 70 pm particles of PE, PP, PVC, and polyamide caused intestine damage, while no
changes in morphology were observed with PS (0.1, 1.0, and 5.0 um particles).
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Figure 5. Effects of microplastics on zebrafish.

Determining the toxicity of MPs is anything but simple. As mentioned, MPs are in a
solid state, which may raise some difficulties in determining ecotoxicity in a laboratory-
simulated environment. For example, MPs can settle to the bottom or stick to the walls of
wells or float to the surface (depending on their density). In such a case, the zebra embryos
are not exposed to MPs, and the most important is the exposure in the water column.
Furthermore, if mixing is applied to prevent deposition, a sufficient number of revolutions
cannot be achieved without consequences for the zebrafish population. Accordingly, it can
be assumed that the toxicity of MPs is much easier to determine in adults having the ability
to swallow MPs than in embryos. However, the embryo toxicity test is more sensitive to
pollution and is ethically acceptable (in vitro). Therefore, further research is needed to
adjust conditions for toxicity tests on zebrafish embryos.

5.5. Cumulative Effects of MPs and Anthropogenic Molecules

MPs released in the environment are exposed to other hazardous substances (e.g., heavy
metals, CECs) and can act as vectors for their further transfer. MPs have strong adsorp-
tion capacity due to small particle size, large specific surface area, and high hydropho-
bicity [147,148]. PE, PP, PS, and PVC particles showed high sorption potential for hex-
achlorocyclohexanes, polycyclic aromatic hydrocarbons, chlorinated benzenes, and other
CECs [149]. MPs sorption capacity depends on physical-chemical characteristics, composi-
tion, color, shape, and size [54]; e.g., colorless MPs showed greater adsorption potential for
polychlorinated biphenyls (PCBs) comparing to colored ones [150].

The ingestion of MPs with hazardous substances adsorbed can have various adverse
effects on organisms since multiple modes of action can occur. The combined toxicity
effect (synergism) of MPs and adsorbed substances [131,151,152] must not be excluded
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from consideration as well. The most studied anthropogenic molecules adsorbed on MPs
include heavy metals and CECs. It was found that PS with cadmium adsorbed exhibited
increased toxicity to D. rerio. Thus, MPs contributed to the accumulation of cadmium in
fish livers, guts, and gills, and caused oxidative stress and inflammation [153]. In the case
of 17 x-ethinylestradiol (EE2) adsorbed, genotoxicity, reproductive and behavioral effects
were observed [124]. Luis et al. [154] studied the synergistic action in adverse effects of
simultaneous exposure of early juveniles of goby fish (Pomatoschistus microps) to PE micro-
spheres and chromium(VI). A significant decrease of predatory performance (<67%) and
the inhibition of AChE (<31%) were noticed, which was not observed when species were
exposed to each pollutant separately. Endocrine disruptors are often used in studying po-
tentially combined effects with MPs. Besseling et al. [155] studied adverse effects of PS with
PCBs adsorbed on lugworm Arenicola marina; however, they concluded that PS does not
act as a vector for PCBs, as demonstrated for cadmium [153] or 17 x-ethinylestradiol [124].
A similar conclusion was given by Devriese et al. [156] who tested the influence of PS and
PE microspheres with adsorbed PCBs on Norway lobsters (Nephrops norvegicus) and found
no significant increase in PCBs bioaccumulation. Zhang et al. [118] examined the behavior
of D. magna exposed to 1 and 10 um PS, pharmaceutical roxithromycin, and their mixture,
reporting the strongest biological response during simultaneous exposure.

It is interesting that reports related to MPs particles with pesticides adsorbed [151,157]
are rather scarce despite the facts that: (i) many pesticides are considered as CECs and are
included in the list of priority substances [158] and their watch list [159]; and (ii) the agricul-
ture, which is among the major sources of MPs and pesticides in the environment [160,161],
makes that these two pollutant classes are commonly present in the environment.

MPs can also adsorb various microorganisms, including those able to degrade MPs,
or, more concerning, pathogens. Once formed, surface biofilm can cause changes of surface
properties (e.g., decreasing hydrophobicity), resulting in the increased MPs density, and
consequently yielding MPs sinking to deeper layers of aquatic ecosystems, exposing a
filtering organism to MPs intake as well [15]. This is particularly concerning for low-density
MPs (e.g., PE ad PP) that mostly float.

6. Conclusions

The analysis of recent studies on MPs environmental presence including adverse
effects based on their bioactivity was carried out, showing a growing interest of the scientific
community for plastic pollution. Ecotoxicological studies investigated MPs impact on
organisms, mostly aquatic including algae, Daphnia magna, and fish (mostly Danio rerio).
Some of the reported results are contradictory, but toxic effects exist nonetheless, strongly
depending on MPs size, shape, and type. It was proven that MPs may cause various adverse
effects such as neurotoxicity, reproductive toxicity, oxidative stress, immunotoxicity, and
a decrease in photosynthetic efficiency. Accordingly, it seems that the knowledge of MPs
presence in the environment and related adverse effects is still relatively scarce. There
is a growing need for extensive research to be carried out with different shapes, sizes,
types, and colors of MPs, extending the variety of tested (micro)organisms to get a broader
insight into this emerging environmental issue. The role of MPs as vectors for other
environmental pollutants, significantly increasing hazardous potential of MPs presence in
(water) environment, is indicated, but more proofs on the occurring mechanisms need to be
determined. Besides other environmental pollutants adsorbed, the risk of toxic effects may
be increased by leaching of MPs constituents (e.g., additives, colorants, pigments) as well,
requiring the combination of toxicological studies with powerful analytical techniques
(e.g., spectroscopy- and chromatography-based methods) to identify their presence in the
studied matrix and potential contribution to adverse effects established. Thus, further
ecotoxicology investigations are needed to provide pieces of substantial information on
mixture toxicity and interaction of MPs with other environmental toxicants, including also
theoretical studies in order to decrease experimental costs and to respect ethical issues.
Besides, it should be noted that the inconsistency in sample compositions (various matrices,
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diversities regarding MPs size and shape) and characterization procedures significantly
complicated the comparison of reported results. Accordingly, the setting of standard
procedures is highly necessary in order to obtained more detailed information.
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