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Microplastics as a potential risk for aquatic environment organisms — a review
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Abstract

In the modern world, plastic has become a major commodity on global scale and is presented in
all life aspects. The production of plastics is increasing dramatically throughout the world and is
considered to be a serious threat for the aquatic environment. Scientists started to raise questions as
to where all the disappeared plastic debris had gone, as the plastic material is a persistent synthetic
polymer. The disappearance of plastic suggests that microplastics are generated by fragmentation
of larger plastic debris. They also enter the aquatic environment from the cosmetics, clothing,
and other industrial manufacturing. Microplastic particles spread in the aquatic, terrestrial, and
atmospheric environments due to their small size and ubiquity, showing their high bioavailability.
The presence of microplastics has been demonstrated in the digestive tracts of most aquatic
organisms at various trophic levels. Evidence of negative effects of microplastics has been found
in relation to fertility, mortality, oxidative stress, immune system or metabolic processes.
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In recent years, the production of plastic materials has shown a dramatic growth
worldwide. Their ever-expanding use leads to their subsequent entry into the environment,
where these substances pose a significant risk to living organisms. Most discussed is the
effect of residues of plastic materials on aquatic organisms. Products made of plastic have
a number of advantageous production properties, in particular the resistance to external
influences. Low weight is also an important feature, which, however, makes them an
environmental risk, as they are able to be transported through the environment over long
distances. Environmental studies show that 60 to 80% of all global waste is made up of
plastic. Due to their excessive use, increasing production of plastic products and their
inappropriate recycling, up to 10% of plastic fragments end up in the oceans (Derraik
2002; Ivleva etal. 2017; Li et al. 2018). Most plastic materials decompose very slowly in
the environment and can last there for several decades up to hundreds of years. Degradation
is most often caused by sunlight, oxidation, mechanical abrasion or a combination of the
above mentioned. Various factors often influence the fragmentation of plastics into smaller
particles, which are generally divided according to their size into macroplastics (> 20 mm),
mesoplastics (2-20 mm) and microplastics (< 2 mm) (Ryan et al. 2009; Gregory and
Andrady 2011). The presence of microplastics has been demonstrated in samples
of many aquatic organisms throughout the food chain of the aquatic environment (e.g.
zooplankton, crustaceans and fish) (Cole et al. 2013; Kaposi et al. 2014). The presence
of these contaminants has also been confirmed in fish and seafood organisms intended for
human consumption. Therefore, microplastics can pose a significant health risk to humans
(Rochman et al. 2015). Bioaccumulation has also been found in case of microplastics,
where the increased trophic levels contain higher concentrations of microplastics than
lower levels (Bouwmeester et al. 2015). Consumption of these particles can generally
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cause mechanical damage or obstruction of the digestive tract, which in turn leads to the
prevention of proper absorption of nutrients. In addition, there is a possibility that smaller
particles are able to penetrate through the intestinal wall and be transported to other tissues
(Kaposi et al. 2014).

Formation of microplastics

Based on the way of microplastics formation, we can divide these particles into primary
and secondary. Primary microplastics are produced on purpose by grinding or extrusion
for subsequent use, e.g., in cosmetics and cleaning products as an abrasive. Other primary
microplastics are used in industry as powdered resins or pellets and raw materials for the
production of plastic products (Gregory 1996; Browne 2015). Secondary microplastics
are formed spontaneously by fragmentation of larger plastic objects. This fragmentation
may occur before the actual entry into the environment in the form of, e.g., synthetic fibres
released mainly by washing and drying, or by environmental influences (Andrady 1998;
Browne et al. 2011).

Types of microplastics

Today, we encounter several types of microplastics with different specific properties,
which are also mutually combinable. The most important chemical representatives are
polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC),
polyamide (PA) and polyethylene terephthalate (PET). Their behaviour in water is
determined mainly by their density, which affects not only the position in the water column,
but also the possible interaction with organisms (Wright et al. 2013). Higher-density
plastics, such as PVC, sink to the bottom in water, whereas lower-density plastics move
more easily in the water column. Polymers such as PS or PP exhibit this property (Table 1).
The behaviour of microplastics in water is also affected by their biological pollution
(bacterial biofilms, algae growth, etc.). Such polluted polymers have a higher weight and
their sedimentation is thus further accelerated (Ye and Andrady 1991).

Table 1. The most common types of plastics and their average density (Scientific Polymer Products 2020)

Types of plastics Average density Types of plastics Average density
(glem®) at 20 °C (g/em®) at 20 °C

Polyolefins Acrylates

HDPE (High density polyethylene) 0.95 PMMA (Polymethyl methacrylate) 1.20

LDPE (Low density polyethylene) 0.92 Polyamides

PP (Polypropylene) 0.90 PA (Polyamide) 1.30

Chlorinated plastics Polyesters

PVC (Polyvinyl chloride) 1.40 PET (Polyethylene terephthalate) 1.40

Styrene plastics PC (Polycarbonate) 1.20

PS (Polystyrene) 1.50

The different properties of individual types of plastics are mainly caused by the shape
of their macromolecules. We distinguish between linear, branched, and crosslinked
macromolecules. Linear macromolecules, such as high-density PE (HDPE), have a higher
density, strength and flexibility. On the contrary, molecules with a branched structure have
a lower density, strength and flexibility, e.g. low-density PE (LDPE). The properties of
crosslinked polymers depend on the density of the network, which means that the strength,
flexibility and durability increase with the higher density (Sharma et al. 2004; Setdla
et al. 2014).
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Components of plastic materials, such as their monomers and various additives used
to modify their properties, can be released into the environment during use and disposal,
posing a potential hazard. For example, mutagenic and carcinogenic effects are attributed
to the styrene monomer (Lithner et al. 2011). Several additives used in the production
of plastics have been identified as dangerous in the past (e.g. due to their carcinogenicity,
nephrotoxicity, hepatotoxicity) and their use has been significantly limited. These are in
particular polybrominated flame retardants, lead heat stabilizers or phthalate plasticizers.
These dangerous substances can enter organisms through microplastics and adversely
affect animal and human health (Halden 2010; Lithner et al. 2011).

The occurrence of microplastics in the aquatic environment

Microplastic occurrence in freshwater sources

Nowadays, microplastics are detected in freshwater sources and sediments around
the world. Factors influencing their distribution and occurrence in freshwater are both
environmental (e.g. floods, storms) and anthropogenic (e.g. wastewater contamination,
road outfall) (Eriksen et al. 2013; Eerkes-Medrano et al. 2015). The most important
factor is the population density and urbanization of the area. Higher concentrations of
microplastics are detected in wastewater in densely populated urban areas (Paul-Pont
et al. 2016). The soil can only partially retain these particles, and the microplastics can
thus be transported to groundwater (Wong et al. 2020). Analyses of drinking water in
Germany showed the presence of microplastics in 62% of samples from 5 different
territorial regions (Mintenig et al. 2019). In the state of Illinois in the USA, up to 94%
of the tested samples showed a positive result for the presence of these contaminants
(Kelly et al. 2019).

Most microplastics enter freshwater from secondary sources, mainly through the
fragmentation of larger plastic objects (e.g. packaging materials, tires, synthetic fibres)
through surface and agricultural runoff or poor waste management. Another no less
important source of contamination is the discharge of insufficiently treated water from
treatment plants, where often highly contaminated wastewater from households enters
(Free et al. 2014). The results of scientific studies in this area may differ due to different
methods of sampling and detection, and may be affected by spatial, temporal, and seasonal
variability (Dris et al. 2015; Leslie et al. 2017). Most microplastics, up to 95%, can be
captured in the first stages of purification. However, taking into account the significant
volume of water produced by wastewater treatment plants, we must include this water
among the main sources contaminating the freshwater environment with microplastics
(Li etal. 2018).

Riversystems can exhibitvery different patterns of particle properties (size, shape, composition)
based on the sources of waste located in their vicinity and on the distance downstream. The
particle transport in freshwater systems is affected by physical properties such as the flow rate
and depth, bottom topography or seasonal level fluctuations. Adverse flow conditions or flow
level fluctuations can lead to increased particle deposition. Stronger hydrodynamic conditions,
on the other hand, can lead to the mobilization of sedimented particles and their subsequent
release into the environment (Wang et al. 2017; Kataoka et al. 2019).

Microplastic occurrence in the seas and oceans

Microplastics enter the seas and oceans through plastic waste via two main inputs, directly
by discharging the waste from ocean ships or land-based sources such as polluted rivers,
sewers, wind or polluted shores (Table 2). Near the coast, the concentration of total waste
is higher than on the high seas, but the share of plastics in seawater waste increases with
the distance from land. This fact is due to the lower density of most plastics, which makes
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these materials easier to transport compared to glass or metals. These plastic fragments are
often carried across the oceans, contaminating even the most remote corners of the world
(Coe etal. 1997; Barnes 2002). In addition, such waste can accumulate in the oceans and
form so-called plastic islands (Pichel et al. 2007).

Table 2. Occurrence of microplastics in the oceans (Kutralam-Muniasamy et al. 2020).

Location Matrix Positive Used Particle Particle Particle Particle
samples (%) filters (um) size (um) shape colour type
Tyrrhenian Sea Sediment 100 1000 <5000 Threads Blue, red, Nylon,
purple, polyurethane,
translucent PE, PET
Shanghai, China ~ Water, 100 8 1 000- Threads Blue, PE, PP,
Sediment 5000 translucent cellophane
San Francisco Water 100 333 355-
Bay surface 4700 Threads X X
Japan Water 35 333 X Marbles X PE
surface
Punta del Este, Water 100 300 X X Yellow, PE, PP
Uruguay surface translucent, Polyester,
PE
black
North Sea Water 100 0.45 1000~ Threads Blue, red,
surface 5000 white,

yellow, black

PE - polyethylene, PET — polyethylene terephthalate, PP — polypropylene, x — data not available

Toxicity of microplastics to aquatic organisms

The toxicity of microplastics for aquatic organisms is affected by a number of factors,
such as their type, size, or concentration. The most useful studies are those that deal with
only one variable, where only one property of the polymer is changed and at the same time
all exposure conditions are constant.

The impact of the microplastic type

Most evidence for the uptake of microplastics by fish organisms comes from studies
of the contents of their digestive tract, where various colours, shapes, and types of these
particles are found. The most frequently detected shapes include fibres and fragments,
which directly correlates with the occurrence of these shapes in the world waters (Lusher
et al. 2013; Alomar and Deudero 2017). Polyethylene, PP and polyesters are the most
commonly found types of polymers in the digestive tract of fish. The oral intake of particles
can occur directly as a result of confusion with prey or indirectly through consumption of
contaminated organisms. In addition to the presence of microplastics in the stomach and
intestines, they may also adhere to the scales or translocate through cells to the circulatory
or lymphatic system and be transported to other tissues such as the gills, liver, and muscles
(Abdel-Khalek et al. 2016; Su et al. 2018).

A number of studies have shown significant effects on the antioxidant and detoxification
system of aquatic organisms. There are two chemical properties of microplastics that
underlie the different reactions of redox biomarkers of the antioxidant system associated
with polymer types. The first aspect is the polymers themselves differing in the main
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chemical chain, the types and numbers of side chains deviating from the main chain. The
second chemical aspect that could contribute to the specific responses of the organism
is the residual monomers and additives (Andrady and Neal 2009). These mobile
substances can further interact with the antioxidant system and contribute to the reactions
of redox biomarkers such as catalase (CAT), glutathione peroxidase (GPx) and glutathione
S-transferase (GST) (Jemec et al. 2012; Lambert et al. 2017).

Some types of microplastics of the same size (PE, PP, PVC) significantly increase the
gene expression of the enzyme GST, while the PA did not cause any transcriptional change,
as demonstrated by study on zebrafish and nematodes (Lei et al. 2018a). The GST enzyme
is responsible for detoxification from foreign substances and oxidized lipids disrupting
redox homeostasis (Halliwell and Gutteridge 2015). An increased sensitivity in Eisenia
invertebrates was demonstrated in the study of antioxidant enzyme changes, when, after
the exposure to various concentrations of PS and low-density PE, there was a significant
increase in the peroxidase and catalase activity, which are involved in the removal of
peroxide produced by aerobically breathing cells (Wang et al. 2019).

The surface of microplastics can also have different effects on the organism. An irregular
surface of the particles burdens more the antioxidant system. This also affected another
key factor in determining the condition of fish, namely their behaviour, when there was
a significant reduction in their physical activity. Sharper particles can then cause more
severe tissue damage. This fact suggests that more frequently occurring irregularly shaped
particles may be more dangerous than particles of a regular shape (Choi et al. 2018).

The impact of the microplastic particle size

Another important factor influencing the toxicity of microplastics is their size, as it is
closely related to the amount of particles and the residence time in the digestive tract. Gray
and Weinstein (2017), for example, studied this issue when evaluating the effects of PS
on the shrimp species Palaemonetes paludosus. They found that the exposure to 75 um
particles resulted in a longer retention in the gut than the exposure to 30 um particles with
subsequent higher mortality (up to 55% compared to the control sample). This result was
attributed to the gastrointestinal obstruction, as clusters of microparticles were found in the
gastrointestinal tract of all dead individuals. Sufficiently small particles can penetrate the
intestinal wall into the haemolymph and thus be transported to other tissues. This fact was
observed in an experiment on edible mussels (Mytillus edulis). After the exposure of PS
to 3 pm particles, up to 60% more microparticles were detected in their haemolymph than
after the exposure to 9.6 um large particles. The explanation for this is that smaller particles
are more easily phagocytosed, probably due to the fact that phagosomes located in cells
receive higher amounts of smaller particles. The accumulation of smaller microplastics is
thus a frequent part of the metabolism of microplastic degradation (Browne et al. 2008).

The size of microplastic particles also significantly affects the gene expression. Most
studies report that significant differences in the GST gene expression are mainly due to
smaller microplastic particle sizes. For instance, Lei et al. (2018b) found in their study
on Caenorhabditis nematodes that the expression of this gene was significantly increased
when exposed to the PS particles with a size of 1 pm compared to the group exposed to 5 pm
particles.

The impact of microplastic concentration

Another studied factor that significantly affects the toxicity of microplastics is the effect
of the concentration of the particles. The results of studies in this area are very incomplete,
especially in terms of reported units (e.g. mg/l, number of particles/ml) (Hamed et al.
2019). This topic is most frequently covered by studies aimed at influencing biochemical
and haematological indices.
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Out of the biochemical indices, significant changes in the concentration of creatinine,
uric acid, glucose, total protein, albumin, globulin and also the activities of the enzymes
aspartate transaminase (AST), alanine aminotransferase (ALT) and alkaline phosphatase
(ALP) were demonstrated. During the experiment on the Nile tilapia (Oreochromis
niloticus) there was an increase in the above indicators after the exposure to microplastics
at concentrations of 1, 10 and 100 mg/l in a 15-day test compared to the control group.
Unfortunately, the type of microplastic was not specified in the study (Hamed et al. 2019).
Creatinine and uric acid can be considered as biomarkers of proper kidney function. The
effect of microplastics is to decrease glomerular filtration, reduce creatinine excretion and
increase its serum concentration. The increased concentration of uric acid is associated
with cell breakdown, specifically the degradation of purine bases released from nucleic
acids (Abdel-Khalek et al. 2016). An increase in the concentration of glucose in the
blood indicates the body’s response to a stressful situation (Banaee et al. 2016). Proteins
play a vital role in maintaining proper body homeostasis. An increase in albumin levels is
an indicator of a poor liver and kidney function, and the increase in globulins is an indicator
of the immune system’s defence response (Espinosa et al. 2019). The enzymes AST, ALT,
ALP and lactate dehydrogenase (LDH) are present in various organs and their increased
activities are considered to be the indicators of cell membrane damage. An increase in
serum ALT signals liver damage. The LDH occurs in the cytoplasm of all cells and its
concentration in tissues is about 500 x higher than in serum, so even with minimal damage
to cell membranes, the LDH is elevated in serum. It is a non-specific but very accurate
biomarker of hepatocyte, erythrocyte or leukocyte damage. Alkaline phosphatase is an
enzyme that catalyses the degradation of phosphoric acid esters involved in the process
of osteogenesis (Kiba 2005). In addition to biochemical changes, numerous changes in
haematological indices have been recorded that significantly reflect the health condition
of fish. There was a significant reduction in erythrocytes, leukocytes and platelets after
the exposure. Furthermore, a significant reduction in blood haemoglobin, haematocrit
and mean corpuscular haemoglobin concentration was confirmed (Hamed et al. 2019).
Decreases in the erythrocyte count, haemoglobin concentration and haematocrit may also
be caused by haemolysis due to the toxic effects of microplastics. The decrease in the total
number of white blood cells may be caused by the negative effect of microplastics on the
lymphoid tissues of exposed fish (Espinosa et al. 2019).

There are several reasons why antioxidant biomarkers do not respond to microplastics
concentration in the same way. The first reason is that the threshold value for the
concentration of oxidative stress particles for organisms varies significantly between
individuals of the same species. This increased variability of the measured biomarkers
may indicate an individual’s ability to adapt to an environment polluted by microplastics
(Devin et al. 2014).

Bioavailability of microplastics for fish organisms

Microplastics are present in almost all types of aquatic habitats and in similar proportions
as most sediment and planktonic organisms, making these particles highly bioavailable to
awide variety of aquatic organisms, including fish. This availability can be affected by many
factors. Plankton and benthos-feeding fish are generally considered to be more susceptible
than predatory fish (Kumar et al. 2018). The vast majority of fish are visual predators,
and the likelihood of consuming particles that are similar in appearance to their prey is
very high. This fact was addressed in a study on juvenile individuals of the common goby
(Pomatoschistus microps). It reports that in comparison with black and red microplastics,
white microplastics were preferentially consumed, being easily mistaken for white shrimp
(Artemia nauplii) which are strategic prey for the goby (Auta et al. 2017).
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Conclusion

Microplastics are a major problem for aquatic ecosystems due to their countless potential
risks and bioavailability. In addition, these contaminants may increase the potential
for various chemicals to enter the aquatic environment, which can lead to additional
environmental risks. Their ability to accumulate in the digestive tract of aquatic organisms
can subsequently cause its structural and functional damage with a gradual reduction in
food intake and growth retardation. Microplastics can further stimulate inflammatory
reactions, adversely affect metabolism or disrupt the immune system. Another problem
is their permeability through the intestinal wall to other organs and tissues, such as fish
muscle, and thus affect human health (Lu et al. 2016; Jabeen et al. 2018). The variability
of microplastics in the freshwater and terrestrial environments is of major concern.
Microplastics are known to have entered the food chain. A risk assessment of their toxicity
needs to be carried out, and the best management practices for microplastics need to be
developed and adapted. Their formation, fragmentation, and degradation mechanisms are
especially important for fundamental scientific understanding. There are many processes
(physicochemical, biological pathways) that need to be understood more deeply. Plastic
litter in freshwater and marine sources is expected to increase over the next decades, so this
problem will be the subject of a number of scientific studies.
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