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Plastic pollution is a fast-rising environmental catastrophe. Microplastics and
nanoplastics (MNPs) are ubiquitous components of most aquatic environments, and
their burgeoning prevalence is endangering aquatic organisms. Recent studies have
documented the entanglement of marine and freshwater biota by plastic litters,
particularly ghost fishing gear, resulting in suffocation, drowning, or starving to
death. Numerous reports have shown that aquatic organisms readily ingest and
accumulate these emerging contaminants in their digestive systems. Given experimental
evidence that contaminants-laden MNPs can persist in the gastrointestinal tract
for considerable durations, investigations have documented a high probability of
lethal and sublethal toxicological effects associated with direct and indirect MNPs
ingestions. These include chronic protein modulation, DNA damage, embryotoxicity,
gastrointestinal toxicity, genotoxicity, growth inhibition toxicity, histopathotoxicity, liver
toxicity, neurotoxicity, oxidative stress, reproductive toxicity, and tissue damage. Today,
reports have proven the transfer of MNPs across the aquatic food web to humans.
However, the mechanisms of multiple contaminants-laden MNPs-induced toxicities,
size-dependent toxicity, and the comprehensive mode-of-action and alterations of
digestive, reproductive, and neurological systems’ functionality in marine organisms are
still unclear. Thus, this review mainly addresses the prevalence, food web interactions,
and toxicity assessment of micro(nano) plastics in marine and freshwater organisms.
It summarizes documented studies based on the following broad objectives: (1) the
occurrence and prevalence of micro(nano) plastic particles in marine and freshwater
environments; (2) the ingestion of MNPs by aquatic biota and the food web exposure
routes and bioaccumulation of contaminated MNPs by higher trophic entities; (3)
the adsorption and desorption of persistent organic pollutants, metals, and chemical
additives on/from micro(nano)plastics; and (4) the probable ecotoxicological effects of
micro(nano)plastics ingestion on aquatic biota.
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INTRODUCTION

Our oceans are littered with plastics originating from both
terrestrial and marine sources. It is estimated that about 80% of
ocean plastics originate from land-based emissions, while the rest
comes from marine sources (Li et al., 2016). Plastics are synthetic
organic polymers made through addition or condensation
reactions of substituted or unsubstituted hydrocarbons, which
possess stable, lipophilic, and water-resistant structures. They
are used in many commercially available products due to low
cost, durability, and flexibility leading to a geometric increase
in production. Numerous single-use plastics, particularly those
used in beverage, food, and consumer product packaging, have a
short useful life and are readily discarded into the environment.
Millions of single-use COVID-generated plastics, including face
masks, protective medical aprons, gloves, medical test kits, hand-
sanitizer bottles, and takeout plastics, and medical test kits
have been improperly discarded into the terrestrial environment,
potentially increasing the amount of plastic washing up on
ocean shorelines, beach resorts, and exacerbating the plastic
pollution problems (Benson et al., 2021a,b). Particulate plastics
generated on land are mostly carried by run-off, soil erosion,
and stormwater through drainages into rivers, lagoons, and
eventually to the sea and ocean. Additionally, fine plastics
particles may reach freshwater and marine ecosystems via other
land-based processes such as wastewater treatment plant effluent
as well as shipping operations (Li et al., 2018; Bradney et al.,
2019). Mismanaged plastics originating primarily from land-
based sources continue to pervade the environment, and up
to 12.7 million metric tons are estimated to enter the ocean
annually (Jambeck et al., 2015). Additionally, plastic debris
from anthropogenic sources into the marine and freshwater
ecosystems could come from commercial fisheries that abandon
fishing gears and equipment including lines, nets, lines, plastics
lures, ropes, and occasionally abandoned trawlers (Macfadyen
et al., 2009). The vast majority of these ocean plastics are
in the form of macroplastics, mesoplastics, microplastics,
and nanoplastics which have washed ashore, been buried or
littered along the coastlines, or been transported to offshore
environments via hydrological influences.

Particles of plastics are often categorized according to their
size. Despite the absence of agreement on how to describe and
categorize plastic particles, this report considered the following
classifications. Macroplastics, mesoplastics, microplastics, and
nanoplastics are plastic particles with size diameter range that
are >200 mm, 4.76–200 mm, 0.01 µm–1 mm, and less than
0.1 µm, respectively (Eriksen et al., 2014). However, Hartmann
et al. (2019) categorize plastic particles as macroplastics (>1 cm),
mesoplastics (1–<10 mm), microplastics (1–<1,000 µm), and
nanoplastics (1–<1,000 nm). Although there is no consensus on
categorizing plastic particles, in this manuscript, microplastics
(MPs) are regarded as the category of plastics with a diameter
of 1 nm–<5 mm, and nanoplastics (NPs) are characterized
as plastic particles having a lower size less than 1 nm. MPs
which are classified into primary and secondary based on their
sources are considered as an emerging persistent micropollutant
threatening our global aquatic and terrestrial environments.

While primary microplastics are originally manufactured for
use in cosmetics, toothpaste, or pharmaceutical drugs (Mintenig
et al., 2017), secondary microplastics, on the other hand, exist
from the degradation of larger plastics into smaller pieces
under different chemical, physical, and biological conditions
(Horton et al., 2017a; Padervand et al., 2020; Agboola and
Benson, 2021). The steady rise in the production and use of
plastics led to an increase in presence of microplastics in the
environment (Cole et al., 2011). MPs are found in a variety
of everyday products, including facial scrub cleansers, sea salts,
and toothpastes (Chang, 2015; Zhang et al., 2020a; Agboola and
Benson, 2021). MPs enter aquatic ecosystems by a variety of
routes, the most common of which being surface runoff, air
currents, and wastewater treatment plants (WWTPs) effluent
(Dris et al., 2015; Turan et al., 2021). The most common types
of microplastics detected in WWTPs are fibers and microbeads.
Wastewaters from domestic, commercial, and industrial sources
are usually treated at municipal WWTPs and their effluents
constitute a major source of MPs entering freshwater systems,
most commonly rivers, from which they are transported to the
ocean (Iyare et al., 2020; Zhang et al., 2020a). However, the
introduction of microplastics and nanoplastics (MNPs) into the
terrestrial and aquatic environments through WWTPs processes
could potentially exacerbate the plastic pollution problem.
Inappropriate management and disposal have led to a higher
concentration of microplastics in freshwaters including lakes
(Eriksen et al., 2013; Lenaker et al., 2019; Pico et al., 2020;
Felismino et al., 2021) or rivers (Leslie et al., 2017; Rodrigues et al.,
2018), and sand beaches (Benson and Fred-Ahmadu, 2020; De-la-
Torre et al., 2020a). Researchers have reported an abundance of
microplastics in the ocean which is both an aesthetical eyesore
and an endangerment to marine life. According to estimates
using different datasets, the amount of plastics in the aquatic
ecosystems has increased by 7,000 (Cózar et al., 2014) and
250,000 tonnes (Eriksen et al., 2014) in the last few years, and
is projected to reach 270 million tonnes by 2060 (Lebreton and
Andrady, 2019). They are also reported to be enormously present
in seawater including the Arctic (Morgana et al., 2018) and the
Antarctic (Waller et al., 2017). Nevertheless, the precise volume
of plastic waste particles floating around the surface of global
freshwater and marine ecosystems remains unknown.

To the best of our knowledge, several landmark
ecotoxicological investigations on the occurrence, ubiquity,
and toxicity of micro (nano) plastics in marine and freshwater
organisms have been conducted. In this manuscript, we
conducted a meticulous review of peer-reviewed publications
on the prevalence, food web interactions, and toxicity
investigations of micro(nano)plastics in aquatic animals,
and also identified future research priorities and constraints. The
objectives of this review are to (1) highlight the sources,
prevalence, and fate of micro(nano)plastics in aquatic
ecosystems, (2) explicate food web interactions between
micro(nano)plastics and aquatic organisms, and (3) review the
toxicity and respective health risks associated with ingestion
of micro(nano)plastics by marine and freshwater animals. The
main aim of this review is to present relevant research findings
and effects regarding the prevalence, food web interactions,
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and toxicity assessments of micro(nano)plastic particles on
aquatic species.

METHODS OF LITERATURE REVIEW

The aim of the literature search was to compile a list of core
studies that addressed the research questions for the present
review. Relevant databases including Elsevier’s ScienceDirect1

and Clarivate’s Web of Science2 were used to select peer-reviewed
papers for the literature review conducted between 8th and
24th June of 2021, with an updated search on October 23rd,
2021. Advanced and basic selection techniques were utilized
for the literature search, which involved keywords combination
in forming queries for keywords and title elements. The
following steps were used to narrow the search: “microplastics”
OR “nanoplastics” AND “marine” OR “freshwater” were
consistently retained as the basis in all bibliographic searches
with keywords incorporated with the Boolean connector AND.
Keywords used in this literature review were: “trophic transfer,”
“trophic interactions,” “trophic web,” trophic chain,” “toxicity,”
“abundance,” and “impact” to expand the search by using
Boolean connector AND, OR. Afterward, each query was further
expanded with word combinations including “microplastics in
marine ecosystems,” “microplastics in freshwater ecosystems,”
“nanoplastics in marine ecosystems,” and “nanoplastics in
freshwater ecosystems.” The review was limited to research
papers published in any year and on the research subject matter.
The literature review identified 932 and 484 scholarly journal
articles for MPs studies in marine and freshwater, respectively,
published between 2011 and 2021 (as of October 23rd). Figure 1
illustrates a progressive increase in studies conducted for marine
ecosystems MPs (R2 = 98%), as well as those carried out for
freshwater ecosystems MPs (R2 = 96%) since 2011 when the
first original research article meeting the selected search criteria
was identified in the two databases used. The significant increase
in research papers throughout the reviewed period reflects
the scientific community’s growing interest in the occurrence,
trophic food web interactions, and toxicity of MPs and NPs in
marine and freshwater ecosystems.

MICRO(NANO)PLASTIC PARTICLES
PREVALENCE, TOXICITY,
BIOAVAILABILITY, AND FACTORS
INFLUENCING FOOD WEB UPTAKE

According to van Sebille et al. (2015) there are an estimated
51 trillion particles of microplastics floating on the surface of the
ocean, and have been established as vectors for the transfer of
persistent organic and inorganic contaminants including plastic
additives (Benson and Fred-Ahmadu, 2020; Torres et al., 2021),
organochlorine pesticides (O) (Shi et al., 2020), polychlorinated
biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs)

1https://www.sciencedirect.com
2https://www.webofscience.com

(Frias et al., 2010; Hirai et al., 2011; Fisner et al., 2013; Tan
et al., 2019), and heavy metals (Turner and Holmes, 2015;
Brennecke et al., 2016; Fred-Ahmadu et al., 2020a; Xiang et al.,
2021). Microplastics and nanoplastics are composed of a variety
of polymers that are hydrophobic, having varied molecular
structures and characterized with the capability to adsorb organic
pollutants and metals on interaction with them.

Microplastics are remarkably variable in terms of particle size,
morphology, color, material type, and density, and are regarded
as a complex aggregation of emerging micropollutants of concern
(Rochman et al., 2019). As a result of these unique particle
characteristics, MPs can enter aquatic food webs at a variety
of trophic levels and eco-niches with greater ease. However,
in aquatic ecosystems, the distribution, fate and transport
mechanisms, bioavailability, and trophic transfer among primary,
secondary, and tertiary aquatic biotas are all influenced by these
unique characteristics of microplastics (Sharma and Chatterjee,
2017; Bank and Hansson, 2022). Currently, there is a dearth
of study on plastic particles transfer through freshwater food
webs, and impacts of MPs exposure to freshwater organisms
is limited. Thus far, our understanding of MPs uptake and
potential toxicity has come mostly from laboratory studies
that employ uncomplicated contact regimes with minimal
environmental applicability. In particular, MPs in the marine
environment can be transported from the top epipelagic and
mesopelagic zones to mixed and deep layer depths by the
continual vertical sinking of suspended organic matter, which
may increase MPs bioavailability to bottom-dwelling organisms
(Porter et al., 2018). It has been reported that 99.8% of
plastic contamination in aquatic ecosystems since the 1950s has
sunk to the seafloor in 2016, with an incremental 9.4 million
tonnes accumulating yearly, according to modeling estimates by
Koelmans et al. (2017).

Furthermore, due to MNPs small sizes and varied particle
characteristics, those that are in suspension in the water column,
floating on water surfaces (buoyant particles, <1.0 g cm−3),
and sedimenting plastic particles (benthic or seafloor materials,
density >1 g cm−3) are often mistaken for food by aquatic
organisms, especially fishes (Galloway et al., 2017; Steer et al.,
2017), or ingested by filter-feeding organisms, like bivalves
(Scherer et al., 2018). Uptake of microplastics by fishes block
their guts and intestines – depending on their size (Savoca
et al., 2019), and increases the chance of organic pollutants
sorbed onto microplastics to be leached into fish organs, thus
causing health defects. The process of ingestion of microplastics
and leaching of pollutants influences the transport of both
through the food web and poses a threat to aquatic life (Betts,
2008; Wright et al., 2013a). A study testing the hypothesis of
accumulation of polyethylene (PE) microplastics in animals,
their possible cytotoxicity and effects on behavior and mutagens
at upper trophic levels, recorded that accumulation of PE in
Danio rerio was associated with behavioral disorders observed at
upper trophic levels. The study showed the adherence, absorption
and translocation of MPs through the aquatic food chain (da
Costa Araújo et al., 2020). Direct and indirect ingestions of
organic pollutants interfere with growth, fertility, and lifespan
while dosage could alter metabolism (Jovanović, 2017), immunity
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FIGURE 1 | Yearly published research articles on micro- and nano-plastic particles in marine and freshwater ecosystems. The total for 2021 represents the research
articles as at October 23, 2021.

(Veneman et al., 2017), behavioral pattern (Gambardella et al.,
2017), and energy budgeting (Wright et al., 2013b).

According to contemporary ecotoxicological investigations,
the ingestion of microplastic particles by marine animals could
culminate in both sublethal and lethal effects such as toxicosis
in freshwater and marine fish species (Veneman et al., 2017; Jin
et al., 2018; Lei et al., 2018; LeMoine et al., 2018; Hamed et al.,
2020; Malafaia et al., 2020; van der Hal et al., 2020; Zhang et al.,
2020b; Tongo and Erhunmwunse, 2022), oysters (Green, 2016;
Sussarellu et al., 2016), mussels (Browne et al., 2008; von Moos
et al., 2012; Jang et al., 2016; Paul-Pont et al., 2016; Ribeiro et al.,
2017; Faggio et al., 2018; Pittura et al., 2018; Magni et al., 2019;
Revel et al., 2019), clams (Ribeiro et al., 2017; Luan et al., 2019),
and sea urchins (Della Torre et al., 2014). In the same vein, the
ingestion toxicity effects of nanoplastics on fish (Greven et al.,
2016; Brandts et al., 2018a; Pitt et al., 2018a; Sökmen et al., 2020),
shrimps (Chae et al., 2019), and mussels (Brandts et al., 2018b;
De-la-Torre et al., 2020b) have also been reported.

Multiple adverse effects (Figure 2), on marine and freshwater
animals have been reported by several researchers, including
changes in fertility (Sussarellu et al., 2016), reproduction
abnormalities (Della Torre et al., 2014; Sussarellu et al.,
2016), inflammatory responses (von Moos et al., 2012), gut
inflammation (Jin et al., 2018), metabolism disorder (LeMoine
et al., 2018; Yu et al., 2018; Banaee et al., 2019; Magni et al.,
2019), immune system disabilities (Jang et al., 2016), endocrine
disruption (Rochman et al., 2014), reduction in mortality rate
(Green, 2016; Rist et al., 2016), hepatic stress (Greven et al.,

2016; Brandts et al., 2018a,b), cytotoxicity (von Moos et al.,
2012; Ribeiro et al., 2017; Hamed et al., 2020; Xia et al., 2020;
Ali et al., 2021), particle transfer into the cardiovascular system
(Browne et al., 2008; Ribeiro et al., 2017), and pathological
impairment of respiratory and gastrointestinal tracts (Hämer
et al., 2014; Mattsson et al., 2014; Jeong et al., 2016; Lu et al., 2016).
Other effects of plastic ingestion by aquatic animals include the
obstruction and damage of the digestive system (Camedda et al.,
2014), gastrointestinal blockage, constriction, and injuries (Parga,
2012; Di Bello et al., 2013), immune system depression (Limonta
et al., 2019; Huang et al., 2020; Hu et al., 2021), reduced growth
rates, fecundity, reproductive success, and late sexual maturation
(Hoarau et al., 2014; Vegter et al., 2014; Sussarellu et al., 2016;
Liu et al., 2022), growth and reproductive abnormalities (Naidoo
and Glassom, 2019; Pannetier et al., 2020; Liu et al., 2022), and
metabolism, oxidative stress, and gastrointestinal dysfunction
(Qiao et al., 2019a; Li et al., 2022).

Food Web Interactions of Microplastics
The food web is a complex feeding relationship among species
within an ecosystem. It is a collection of interconnected food
chains that illustrates the transfer of energy and nutrients
from plant sources through herbivores to carnivores (Hui,
2012). Organisms in the aquatic ecosystem food web belong to
different trophic levels including the (i) producers, (ii) primary
consumers, (iii) secondary consumers, (iv) tertiary consumers,
and (v) decomposers. Producers are autotrophs that create
their food through photosynthesis utilizing sunlight, carbon
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FIGURE 2 | Toxicological effects of microplastics and nanoplastics to aquatic animals.

dioxide, and water. Autotrophs such as algae and plankton
are eaten by primary consumers like zooplankton, small fishes,
and crustaceans. Turtles and sea urchins are also primary
consumers. Secondary consumers such as sea otters feed on the
herbivorous primary consumers and tertiary consumers feed on
the secondary. The apex predators like large sharks, dolphins,
and whales are top predators. The last trophic level in the
food web comprises the decomposers (fungi and bacteria). They
turn organic wastes, such as decaying plants and animals, into
nutrients. They complete the cycle of life by returning nutrients
to the soil or oceans for use by autotrophs (National Geographic
Society, 2021).

In a healthy food web, autotrophs are present in higher
abundance than herbivores therefore, biomass and energy
production decrease with each trophic level. Conversely, toxic
chemicals such as persistent organic pollutants and microplastics
increase with each trophic level because organic chemicals can
store in the fatty tissues of animals while microplastics have been
shown to be stored in the guts, gills, liver, and brain of fish
(Ding et al., 2018). The toxic chemicals and microplastics can
be transferred from one trophic level to another upon ingestion
leading to bioaccumulation in the food web.

Figure 3 shows how microplastics attached to phytoplankton
and zooplanktons are ingested by small fishes, which in
turn are fed upon by other primary consumers that are
prey for secondary consumers at the higher trophic levels.
Subsequently, microplastics spread through the aquatic food
web. Microplastics discovered in fur seals were suspected to
have been present due to the consumption of a pelagic fish
Electrona subaspera that ingested microplastics (Eriksson and
Burton, 2003). Microplastics are not biodegradable, thus remain
in the digestive tracts of marine organisms across the food web,
having biological and physical impacts on marine lives. The effect

of chemically-laden contaminated microplastic ingestion might
not be obvious immediately in big fishes, but the continuous
accumulation of these microplastics could eventually be lethal.

Various researches on the prevalence and suffusive
contamination of microplastic particles in the aquatic
environment have concentrated on marine systems more
than freshwater ecosystems (Isobe et al., 2017, 2019; Blettler
et al., 2018; Zheng et al., 2019; Mataji et al., 2020; Nematollahi
et al., 2020; Saeed et al., 2020; Ain Bhutto and You, 2022).
Microplastics enter freshwater ecosystems (rivers, lakes, and
streams) through a variety of ways, including sewage and landfill
effluents, urban run-off, atmospheric deposition, wastewater
treatment plants, and improper waste disposal (Horton et al.,
2017b; Wu et al., 2019; Müller et al., 2020; Castro-Castellon
et al., 2021). Rivers have nonetheless been identified as the
primary route through which plastic waste enters the marine
environment (Li et al., 2020). Climatological conditions and
hydrodynamic processes in rivers, lakes, and streams such as
current, waves, wind, river discharge rate, and geographical
location have been identified as the primary factors that influence
the occurrence and distribution (sinking and resuspension rates)
of microplastic particles in freshwater ecosystems (Rodrigues
et al., 2018; Bellasi et al., 2020; Dahms et al., 2020). Furthermore,
microplastic particles concentration and bioavailability to
planktonic, nektonic, and bottom-dwelling freshwater biotas
(Meng et al., 2020; Krause et al., 2021), as well as their widespread
relative abundance in freshwater compartments, can inevitably
lead to ingestion by multiple biological organisms including
diatoms, planktonic crustaceans, fish, mussels, and zooplankton.

Microplastics ingestion by biotas in the freshwater ecosystems
are largely influenced by multiple interactions involving abiotic
(e.g., temperature) and biotic factors (e.g., feed abundance, type
of diet, size of feeding substance, availability of competitors,
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FIGURE 3 | A pictorial representation of the transport of microplastics across the marine aquatic food web.

and physiological condition) (Scherer et al., 2018), as well as
feed behavior, morphology of MPs, and exposure route (Lambert
and Wagner, 2018; Elizalde-Velázquez et al., 2020; Filgueiras
et al., 2020; Garcia et al., 2020). It is well known that organisms
in freshwater ecosystems are constituents of complex trophic
food chain, feeding on a plethora of different types of food
items, using a variety of distinct feeding methods including
filter, fluid, suspension, sediment, and suction feeding. Filter
and suspension feeders including planktonic crustaceans (e.g.,
Daphnids), mussels, protozoans, and rotifers are particularly
susceptible to microplastics intake due to their frequent ingestion
of living (bioseston e.g., nekton and plankton) and non-living
(tripton e.g., plant debris) particulate matter suspended in
freshwater bodies (Thouvenot et al., 1999; Browne et al., 2008;
Scherer et al., 2018; Koelmans et al., 2022). These interactions and
trophic processes are poorly understood and further complicate
our understanding of their MPs impacts and toxicosis to
freshwater biota (Castro-Castellon et al., 2021; Ma and You, 2021;
Ain Bhutto and You, 2022).

Furthermore, a couple of studies have reported on the spatial
distribution of MPs and their impacts on freshwater food webs.
However, the mechanistic routes of MPs and sorbed additives
exposure, bioaccumulation, and biomagnification through food
chains and the associated toxicities on higher trophic level
biota in freshwater ecosystems are still unknown. On the
other hand, scanty studies have been conducted on the fate
of nanoplastic particles in freshwater environments, owing to
a lack of standardized analytical and reliable methods for

sampling, detection, and characterization of NPs. Little is known
about the toxicity of NPs in freshwater ecosystems. However,
the few documented studies are largely lab-based reports that
might not reflect similar biological toxicity if replicated in the
field (Zhang et al., 2022). These laboratory studies employed
polystyrene nanoplastics, and the toxicological effects reported
include reproductive abnormalities (Li et al., 2020,a,b), oxidative
stress and gastrointestinal dysfunction (Chae et al., 2018; Pitt
et al., 2018b; Huang et al., 2020; Li et al., 2020,a), increased
mortality (Liu et al., 2019; Liu et al., 2020; Zhang et al., 2020c),
growth inhibition and disorder (Liu et al., 2019; Lin et al.,
2020; Liu et al., 2020; Zhang et al., 2020c), and cardiovascular
dysfunction and neurotoxicity (Chen et al., 2017a,b).

In aquatic ecosystems, microplastics are known to disintegrate
further into nanoplastics when exposed to ultraviolet radiation,
facilitated by shear forces of tidal currents and chemically or
biologically driven degradation mechanisms, thus resulting in
deleterious endpoints for freshwater and marine food webs.
When micro(nano)plastics reach the aquatic environment, they
may be directly ingested by zooplankton, planktivorous, and
piscivorous fish in the aquatic food web (Abbasi et al., 2018; Ain
Bhutto and You, 2022), and then transferred through the food
chain, where they are finally consumed by humans. The ingestion
of particulate plastics by humans is largely from consuming
contaminated seafood, sea salts, and water (Kim et al., 2018;
Schymanski et al., 2018; Bradney et al., 2019; Wong et al., 2020;
Selvam et al., 2020). Toxicological studies have shown that plastic
particles in the gastrointestinal systems of humans could pose
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severe biological effects to the digestive systems and impair
immune functioning (Chang et al., 2020).

Studies on the prevalence, exposure, and transfer of
micro(nano)plastics from the lower trophic levels across the food
web to humans are emerging. Almost all of these investigations
are concerned with the plastics consumed by phytoplankton,
zooplankton, oysters, crustaceans, and fish. A few studies have
also reported the transfer of MNPs across different trophic
levels (Nelms et al., 2018; Ribeiro et al., 2019). Furthermore,
Farrell and Nelson (2013) reported the trophic level transfer of
microplastics in Mytilus edulis (L.) to Carcinus maenas (L.), while
the ingestion and biotransfer of MPs in the planktonic food web
has been documented (Setälä et al., 2014). However, the bulk of
food web dynamics comprises multiple organisms with modest
and significant interactions among organisms and animals in
other food webs, thus complicating risk and ecotoxicological
assessments (Bellas et al., 2016; Walkinshaw et al., 2020). An
in-depth investigation of the transfer of MNPs and sorbed
organic and inorganic pollutants through aquatic food webs to
humans has been reported (Bradney et al., 2019). According to
documented toxicological studies, microplastics and nanoplastics
are readily absorbed by human epithelial (Magri et al., 2018)
and cutaneous (Rubio et al., 2020) tissues when exposed to
particulate plastics. Bioaccumulation of polymeric particles,
as well as absorption/desorption of MNP-bound hydrophobic
organic compounds and trace elements when they reach the
gastrointestinal and respiratory systems, could have long-term
negative impacts on human health (Cole et al., 2015; Pozo et al.,
2019; Rubio et al., 2020; Zazouli et al., 2022).

In recent times, food web interactions of ingested
microplastics and nanoplastics by aquatic organisms are
the subject of laboratory and field comparative studies. MPs
are ingested by a number of aquatic organisms, and these
particulate plastics have been found to be transferred through
the food chain in several laboratory studies. The majority of
published studies indicate the presence of microplastics in
organisms’ gastrointestinal and respiratory systems (Chua
et al., 2014; Kaposi et al., 2014). The transfer of ingested
microplastics from aquatic organisms’ gut to the adjoining
tissues, as well as excretion and trophic transfer, have largely
been investigated in controlled laboratory experiments (Browne
et al., 2008; Hesler et al., 2019; Cousin et al., 2020; Kong et al.,
2020). Several laboratory studies have reported the ingestion
of primary microplastics by organisms across the aquatic food
web like zooplankton (Cole et al., 2013; Setälä et al., 2014)
and other macro-sized invertebrates (Setälä et al., 2016; Gray
and Weinstein, 2017), as well as fishes (Rochman et al., 2013;
Batel et al., 2016). Setälä et al. (2014) reported the ingestion
and planktonic trophic transmission of fluorescent polystyrene
(PS) microspheres (10 µm) from zooplankton to the mysid
shrimp Mysis relicta. Furthermore, the food chain interspecies
transfer of fluorescently labeled MPs between mussels (M. edulis)
and shore crabs (C. maenas) has been reported (Farrell and
Nelson, 2013; Watts et al., 2014). Microplastic intake has also
been studied in various field investigations, primarily using
marine organisms. However, no distinction between direct
ingestion of MPs and trophic transfer is apparent considering

such field investigations (Duis and Coors, 2016). On the other
hand, limited data exists on freshwater organisms’ ingestion of
microplastic particles in field research studies (Sanchez et al.,
2014; Hurley et al., 2017; Nel et al., 2018; Bertoli et al., 2022;
Buwono et al., 2022). Furthermore, nanoplastic particles could
be transferred trophically up the planktonic food chain through
multiple secondary aquatic organisms at the higher trophic level.
Moreover, our contemporary knowledge of the interactions
between lower trophic level species and nanoplastic particulates
remains relatively sparse (Latchere et al., 2021; Zhu et al., 2021;
Sendra et al., 2020; Haegerbaeumer et al., 2019).

Factors Influencing Microplastics and
Nanoplastics Bioavailability and Uptake
Plastic particles in the aquatic environment experience variations
in physical properties which in turn influence their deposition,
transport, retention dynamics, and bioavailability (Krause et al.,
2021). The bioavailability and uptake of microplastics in the
aquatic food web can occur at all trophic levels as evidenced in
the detection of microplastics in organisms ranging from benthic
planktons to large fishes in the water column (Lima et al., 2014;
Digka et al., 2018). The bioavailability and uptake are predicated
on several factors such as density, color, size, and the abundance
of the polymer particles and hydrodynamic conditions such as
flow dynamics of water.

Density
The density of plastics is an important characteristic that
determines whether the microplastic particles will be suspended
in the water column or sink to the benthic sediment. This will
subsequently determine the type of organism that might ingest
such plastic particles. Low-density plastics such as polyethylene
with specific gravity 0.91–0.94 are likely to be ingested by filter
feeders and suspension feeders which reside in the upper column
of seawater. Annelids feed on microplastics in intertidal beach
sediment (van Cauwenberghe et al., 2015) and seabirds pick up
floating particles on seawater. Biofouling of MPs changes the
buoyancy of plastics by increasing their mass and density causing
the low-density plastics to sink and become available to benthic
organisms for ingestion (Long et al., 2015). Other factors that
affect the buoyancy of plastics include adsorption of minerals to
plastic surfaces (Corcoran et al., 2015), microplastics ability to
combine with fecal pellets (Cole et al., 2016), and the types and
amount of additives included during the manufacture of plastics.
Polymers with density lower than that of seawater (∼1.02 g/cm3)
are expected to float.

Color
For visual predators, the color and sometimes the shape of
prey is an important characteristic. A study by Shaw and Day
(1994) reported that some commercially important fish and their
larvae fed on small zooplankton which is usually white, tan,
or yellow in color; the chances of mistaking these classes of
plastic particles as prey and ingesting them selectively are high.
The researchers found a consistent decrease in the number of
white plastic particles in fish sampled from the North Pacific
and concluded that marine organisms showed a preference for
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certain colors, sizes, and shapes of plastic particles (Shaw and
Day, 1994). Similarly, Ory et al. (2017) investigated the ingestion
of blue microplastics by Amberstripe scad (Decapterus muroadsi)
in the South Pacific. According to their findings, Amberstripe
scads unintentionally ingested microplastics that resembled their
natural prey (a blue copepod). Other than fish, holothurians
(sea cucumbers) are another class of sea organisms that ingest
microplastics of specific colors and shapes (Ivar and Costa, 2014).

A variety of fish larvae (meroplankton) have been reported
to have ingested microplastic particles in the western English
Channel, with blue fibers accounting for 66% of the total ingested
microfibres (Steer et al., 2017). Desforges et al. (2015) also
reported that two foundational zooplankton species Neocalanus
cristatus and the euphausiid Euphausia pacifia showed selective
ingestion for black, blue, and red microplastic particles.
A recent study by Gurjar et al. (2022) indicates that different
pelagic and demersal fish species showed selective preference
for black [Bombay duck (Harpodon nehereus), Malabar sole
fish (Cynoglossus macrostomus), and shrimps (Metapenaeus
dobsoni)], blue [Belanger croakers (Johnius belangerii) and white
sardine (Escualosa thoracata)], and green and yellow (Malabar
sole fish, Belanger croaker, and Bombay duck). Further, a
documented study by Renzi et al. (2018) revealed that the
European anchovy’s feeding habit of preferentially swallowing
dark prey materials could be responsible for the mostly black and
blue colored microplastics identified in their digestive systems.
Also, a penaeid shrimp (Penaeus monodon) has been reported
to dominantly ingest black colored microplastic particles while
also swallowing four other different colors (blue, green, red,
and white) of plastic particles found in its gastrointestinal
tracts (Hossain et al., 2020). However, more research is needed
to establish whether freshwater and marine organisms exhibit
preferential behavior toward ingestion of microplastic particles
of varying color.

Size
The small size of microplastics increases the likelihood of their
ingestion by lower trophic organisms which are less selective in
their feeding behavior as they take up anything of the appropriate
size (Moore, 2008). Higher trophic organisms, on the other hand,
may mistakenly ingest microplastic particles as food (Fossi et al.,
2012; Hartmann et al., 2017). Quinn et al. (2017) reported the
ingestion of both micro-and macro-plastics in demersal flatfish
and pelagic fish species harvested from the East and West coasts
of Scotland. Similarly, turtles have been reported to ingest micro-,
meso-, and macroplastics in several studies due to their size and
feeding habits (Clause et al., 2021), while small invertebrates, such
as annelids, are prone to ingest microfibres a few hundreds of
micrometers in size (Gusmão et al., 2016).

Abundance
Enhanced quantity of plastic particles in the marine and
freshwater environments increases the likelihood of organisms
to encounter them, making them available for ingestion.
The continuous introduction from land-based sources and
subsequent fragmentation under environmental conditions in
aquatic ecosystems will ensure a steady supply of MPs and

NPs to marine and freshwater organisms (Browne, 2015). Due
to their ubiquity, microplastics in particular are unequivocally
interacting with the marine food web as indicated by several
scientific evidence showing the detection of microplastics in
many environmental matrices and biota. According to Gurjar
et al. (2022), the mean abundance of microplastics in demersal
fish species varied between 5.62 ± 2.27 and 6.6 ± 2.98
items/species, whereas in pelagic species the results ranged
from 6.74 ± 2.74 to 9.12 ± 3.57 items/species. As a result,
the study concluded that microplastic abundance was higher
in pelagic flesh-eating types of fishes than in bottom-feeding
fish species. Additionally, James et al. (2020) showed that
microplastics were more abundant in pelagic fish species than
in benthic species. In general, aquatic fishes existing and
feeding in shallow coastal waters have a greater probability
of ingesting microplastic particles directly or accidentally
through their feeding behaviors than bottom-dwelling species
(Pozo et al., 2019; James et al., 2020). This might likely be
attributed to the increased introduction of macro-, meso-, and
microplastics from land-based anthropogenic activities into the
aquatic coastlines.

On the other hand, relatively low ingestion of microplastic
particles by aquatic species has been reported in various regions
of the world, including south-east Bay of Bengal (Karuppasamy
et al., 2020), southwest coast of India (Robin et al., 2020),
Mediterranean Sea (Fossi et al., 2018; Giani et al., 2019),
and Adriatic Sea (Pellini et al., 2018), all of which showed a
reduced abundance of MPs. Moreover, Davison and Asch (2011)
estimated that the annual ingestion rate of plastic debris by
mesopelagic fishes in the North Pacific Ocean ranged between
12,000 and 24,000 tonnes. Generally, the relative abundance of
MNPs in freshwater and marine organisms may be a function
of many factors including trophic level, habitat, feeding habits,
type and size of species, size of microplastic, type of season, and
anthropogenic emissions.

Hydrodynamic Conditions
The influence of local hydrodynamic conditions such as current
intensity, seawater influx and velocity, tidal currents induced
by winds (Sadri and Thompson, 2014; Tan et al., 2019; Fred-
Ahmadu et al., 2020b), and depositional environment (Wilson
et al., 2021) on the abundance, distribution and dispersion of
microplastics have been reported. Beaches with low current
intensity or low energy were found to accumulate more
microplastic particles on their coastlines. This accumulation
allows MPs to enter the food web through uptake by filter-feeding
crustaceans such as crabs on shoreline sediments (Horn et al.,
2019). In freshwater ecosystems, models have been developed
for MPs transport and retention using Stoke’s settling velocity
which is a function of particle density, size, and shape (Krause
et al., 2021). Hyporheic exchange caused by flow interactions
with sediment and benthic algal beds results in the availability
of MPs to benthic organisms (Drummond et al., 2020). The
remobilization of microplastic particles into the sediment-water
interface during base flow and storm flow releases MPs into
the water column. However, the dynamics of remobilization of
sediment-sorbed MPs due to disturbances and turbulent mixing
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in the marine environment is yet to be fully understood. Further
research is required in this aspect.

ADSORPTION AND DESORPTION OF
MICROPLASTICS AND
NANOPLASTICS-BOUND POLLUTANTS

Microplastics as Sources of Persistent
Organic Pollutants Through Chemical
Additives
Microplastics have been found to be sources of organic
pollutants like polycyclic aromatic hydrocarbons (PAHs) which
are present in petroleum; a primary ingredient of synthetic
plastic. Plastics also include chemical additives like bisphenol-
A (BPA), heavymetals, phthalate esters (PAEs), alkylphenols,
and polybrominated diphenyl ethers added to them to enhance
flexibility and durability (Barnes et al., 2009; Benson and Fred-
Ahmadu, 2020; Hajiouni et al., 2022). These chemical additives
are not strongly bonded to polymers and could eventually desorb
and get leached into tissues of marine organisms upon ingestion
(Koelmans, 2015). A study by Collard et al. (2017) reported the
leaching of additive chemicals from microplastics into the blood
and other organs of European anchovies (Engraulis encrasicolus
L.). Likewise, the study by Tanaka et al. (2013) showed the
possibility of leaching of chemical additives from plastics into
biological tissues of African seabirds and North Pacific seabirds.
The release of chemicals from microplastics occurs in a process
called desorption. Studies have reported desorption to occur in
tissues and organs of marine organisms after ingestion. PAHs
sorbed on fluorescent microplastic particles were found to have
desorbed in the intestine of Zebrafish before being transferred
to the intestinal epithelium and liver (Batel et al., 2016). The
ability of microplastics to release sorbed Persistent organic
pollutants (POPs) and potentially toxic trace metals into various
environmental media and organisms’ tissues have been shown to
have detrimental effects.

Microplastics as Sinks and Vectors for
Persistent Organic Pollutants and Metals
While microplastics are sources of organic pollutants through
the chemical additives incorporated in them during production,
they also act as sinks for organic pollutants and metals
through adsorption process. The sorption process depends
on the physicochemical characteristics of both the POPs and
the microplastics (Fred-Ahmadu et al., 2020c). Generally, the
hydrophobicity of POPs and microplastics is the major factor that
contributes to the interaction between them as well as sorption.
Rubber-like feature of polypropylene (PP) and polyethylene (PE)
(Bakir et al., 2012), glass-like property of polyvinylchloride (PVC)
(Rodrigues et al., 2019), π-π electron system (Nakano, 2010),
and amorphous structure of PS, the crystalline structure of
polyethylene terephthalate (PET) (Miandad et al., 2018) are all
properties that govern their sorption capacity. Aging influences
the sorption capacity of microplastics and surface area to volume

ratio is another property of microplastics that influence the
sorption of organic pollutants and metals to them.

A report by Bakir et al. (2012) showed that microplastics
made of polymers like PE, PVC, PP, and PS have a high
sorption capacity for polycyclic aromatic hydrocarbons,
hexachlorocyclohexanes, polychlorinated benzenes, and
dichlorodiphenyltrichloroethane. A study by Turner and
Holmes (2015) showed the adsorption of trace metals; silver
(Ag), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu),
mercury (Hg), nickel (Ni), lead (Pb), and zinc (Zn) onto both
virgin and aged microplastics with the aged plastic having higher
sorption capacity. This sorption increases the long-distance
transport of toxic chemicals in the marine environment. Due
to electrostatic interactions and complexation on the surface of
plastics such as PVC, preferential adsorption of bivalent metals
(Pb2+, Cu2+, and Cd2+) was observed by Zou et al. (2020).
Furthermore, adsorption of metals on MPs surfaces also occurs
via surface charge created through weathering and organic
matter precipitation which allows the binding of metal ions
to active sites on the microplastics (Maršić-Lučić et al., 2018).
The capacity of microplastics to act as adsorbents for metals
and POPs requires further research in order to maximize this
property for the remediation of wastewater and contaminated
soils and sediment.

ECOTOXICOLOGICAL IMPACTS OF
PLASTIC POLLUTION AND
CONTAMINATED MICROPLASTICS ON
AQUATIC ORGANISMS

Physical Impacts of Plastic Pollution on
Aquatic Organisms
The impacts of microplastics on aquatic organisms could
be physical, biological, or chemical. Physical impacts include
entanglement, blockage of sunlight, and ingestion. There are
recorded cases where marine animals like seabirds, sea turtles,
and marine mammals have been trapped by plastic debris (Nelms
et al., 2016; Hiemstra et al., 2021). Ghost nets, which are usually
made of synthetic, non-biodegradable fibers like nylon, can
persist for several years in the aquatic ecosystems, entangling,
and in most cases killing an uncountable number of marine
species (Stelfox et al., 2014; Wilcox et al., 2014; Nelms et al.,
2016). The entrapment limits mobility for marine life which
could eventually lead to discomfort that later results in death by
starvation of marine animals caught in such situations (Schuyler
et al., 2014). An increase in cases of entrapment has led to
movements like “Skip the straw” and “Save the turtles Campaign,”
as consequences of entrapment have included a decline in species
of sea turtles around the globe (Friends of the Sea, 2009). Gall
and Thompson (2015) study showed that almost 700 species
interact with microplastics and an increase in this estimation is
reported every year.

Microplastics are light weighted enough to float on water
bodies, thus hindering the passage of adequate sunlight when
excessively present. The hindrance of sunlight has been shown to
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FIGURE 4 | Example of thousands of floating macro(meso)plastic (A,B) (Nigeria) and micro(nano)plastic (C) (Lima Peru) particles possibly blocking sunlight
penetration at extremely polluted coastal sites.

alter photosynthetic activity (Zhang et al., 2017; Mao et al., 2018)
which influences a decrease in chlorophyll content (Zhang et al.,
2017; Prata et al., 2018). The altered photosynthetic activity and
chlorophyll content could stunt the growth of phytoplankton and
algae which form the bases of aquatic food webs, thus resulting
in shortage of food for primary and then secondary consumers
in aquatic biota. These scenarios are likely to occur in areas
where microplastics pollution is severe enough to limit sunlight
penetration. Figure 4 shows an example of an extremely polluted
site, possibly hindering sunlight penetration.

Physical impacts of microplastic that arise from ingestion
include malnutrition, intestinal blockage and internal injury,
increased buoyancy, and dietary dilution (Nelms et al., 2016).
More so, a study by Lei et al. (2018) showed that ingestion
of microplastic particles by Zebrafish led to intestinal damage.
Inflammation, malnutrition, depleted energy reserves as well
as prolonged stay of MPs in the guts of Arenicola marina on
exposure to PVC were some of the negative effects recorded

(Wright et al., 2013b). Reduced feeding activity leading to a
decrease in energy available for growth was detected in Carcinus
maenas on exposure to polypropylene fibers (Watts et al.,
2014). However, Chen et al. (2020a) in their study observed
hyperactivity in adult zebrafish which was evident in an increase
in their swimming distance and suggested it was probably as
a result of up-regulation of estrogen contents in the fish on
exposure to PS. However, physical injuries and adverse impacts
of plastic debris to marine organisms can be avoided by regular
beach cleaning, public awareness, and proper regulation of
activities on and around water bodies.

Chemical Impacts of Contaminated
Microplastics on Aquatic Organisms
The chemical impacts of microplastics usually originate from
the ingestion of microplastics contaminated with heavy metals
and organic pollutants. It is well established that microplastics
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can act both as sources and sink for organic pollutants and
metals. These pollutants upon ingestion can pose threats to
the health of marine organisms that consume them and can
as well be transported through the aquatic food web thus
posing a direct and/or indirect threat to all entities across
the trophic level of the food web. The toxicity of PAH
on ingestion by humans include nausea, diarrhea, confusion,
kidney, and liver damage. Organohalogenated compounds cause
reproductive problems (Sweeney et al., 2015) and phthalate
esters (PAEs) disrupt metabolic systems (Diamanti-Kandarakis
et al., 2009). The acute effects of POPs and metals on marine
organisms have not been widely investigated. However, some
studies have given an insight into the accumulation and
toxic effect of contaminated microplastic on marine organisms.
Nickel (Ni) contaminated polystyrene led to abnormalities like
immobilization and changes in the morphology of Daphnia
Magna (Kim et al., 2017). Copper-contaminated polystyrene
accumulated in the tissue of Zebrafish and was found to
be toxic to guts and the liver (Qiao et al., 2019b). The
feeding activity of Lugworm was disrupted after it ingested
polychlorinated biphenyl-contaminated polyethylene (Besseling
et al., 2017). Mercury (Hg) adsorbed on fluorescence red polymer
microsphere was found to have accumulated in the brain and
muscles of European seabass (Dicentrarchus labrax), resulting in
neurotoxicity, oxidative stress and damage, and causing changes
in the activities of energy-related enzymes in juveniles of the
species (Antao Barboza et al., 2018). The leaching of chemical
additives and pollutants from microplastics into the blood and
other organs of European anchovies (Engraulis encrasicolus, L.)
enhanced vascular thrombosis (Collard et al., 2017).

Biological Impacts of Microplastics on
Aquatic Organisms
Few studies have been carried out to investigate the biological
impact of microplastics on the marine ecosystem. Geographical
transfer of microorganisms is one of the biological roles
that microplastics play in the marine environment, due to
microorganisms’ ability to inhabit the surface of microplastics
and be transported around with them (Oberbeckmann et al.,
2015; De-la-Torre et al., 2021). The colonization of microplastics
by microorganisms (biofouling) leads to changes in the physical
properties of microplastics. Some of these changes include an
increase in the density of MPs which causes them to sink to the
bottom of the sea making them available to benthic organisms
for ingestion and a decrease in hydrophobicity rendering them
less accessible for contamination by organic pollutants (Fred-
Ahmadu et al., 2020c). While the colonization of microplastics by
microorganisms reduces chances of contamination by metals or
organic pollutants, it increases their chances of being mistaken
for food by other marine life in higher trophic levels, which
primarily feed on microorganisms attached to the microplastics.
Fractions of microplastics that adhere to planktons and algae
can be ingested by other aquatic organisms like fish, shrimp,
invertebrates and bivalves as reported by De-la-Torre et al.
(2021), Kasamesiri and Thaimuangphol (2020), Jabeen et al.
(2017), Rehse et al. (2016).

Biological effects of microplastic ingestion by marine
organisms include disruption of oxidative balance, energy
metabolism, antioxidant capacity, DNA makeup, immunological,
neurological and histological impairment (Prokić et al., 2019).
Direct and indirect consumption of contaminated microplastics
could result in biological responses like inflammation, reduced
feeding and body weight, and mortality stemming from
bioaccumulation (Wright et al., 2013b). The study by Chen
et al. (2020b) showed that interaction of marine model fish
Oryzias melastigma with PS led to alteration of heartbeat,
delay in hatching time, and decrease in hatching rate of embryos.
According to the transcriptome result, exposure of these embryos
to PS led to an increase in diseases as immune responses, genetic
formation processing, and metabolism pathway were negatively
impacted. Reproductive disruption was detected in Crassostrea
gigas on exposure to polystyrene and significant impacts were
also observed in offspring (Sussarellu et al., 2016). Polystyrenes
were found in the circulatory system of mussels 3 days after
they were first found in the guts (Browne et al., 2008; Carbery
et al., 2018). A reduction in isocitrate dehydrogenase-IDH, a
metabolic biomarker was observed in the gall bladder of Juvenile
goby, Pomatoschistus microps fish after exposure to polyethylene
(Oliveira et al., 2013). Mortality of brine shrimps was observed
after they were exposed to polystyrene microplastics (Suman
et al., 2020). Recently, Buwono et al. (2022) demonstrated that
MPs (0.0001–1.0 mm) abundance has both direct and indirect
biological impacts on oxidative damage on the gills and digestive
tract of Gambusia affinis.

CONCLUSION AND FUTURE
PERSPECTIVES

There is a wide range of biological, chemical, and physical effects
resulting from direct or indirect ingestion of microplastic and
nanoplastic particles by aquatic biota because of the relatively
diminutive size of these emerging contaminants. The effects are
variable and impact critical organs of aquatic organisms leading
sometimes to increased morbidity and mortality. Small fishes
and lower trophic marine organisms are the most impacted by
contaminated micro(nano)plastics because they have the most
direct contact with them. Biological impacts of microplastics
on marine organisms influence the marine food web the most.
This is due to the adherence of primary microorganisms on
micro(nano)plastics, which are then fed upon by higher marine
animals. Physical impacts include intestinal blockage, internal
injury which could result in disturbed mobility, stunted growth,
and death. The presence of microplastics that persist in the
digestive tracts results in starvation which eventually could lead
to death. The chemical effects of ingested microplastics on
marine organisms have not been fully understood, because only
accumulation has been studied the most. Most of the studies
conducted to date have reported mainly on microplastic particles
occurrence and prevalence in marine biota. The toxicity and
mechanistic interactions of organic chemicals and metals on
getting into the marine organisms is not fully understood. Thus,
we recommend the following:
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i There are currently limited studies on the prevalence and
toxicity of MNPs on freshwater organisms, as well as their
occurrence, fate, and transport in freshwater ecosystems.
More research is needed to clearly understand the
gastrointestinal-neuro-endocrine mechanisms of micro-
and nanoplastic-induced adverse effects associated with

MNPs ingestion, absorption, metabolism, and excretion by
freshwater organisms.

ii Physiological responses and broad toxicological effects
in marine organisms, particularly adult marine species,
are the focus of the majority of published studies.
Furthermore, a relatively limited study has been
conducted on the bioaccumulation and bioavailability of
micro(nano)plastics. Understanding how microplastics
are transferred from one trophic level to the next is
essential in determining how long they remain in the
digestive tract and how much they accumulate. Therefore,
accurate, open and reliable data on the occurrence and
ingestion/egestion rate of micro(nano)plastics, as well as
the intake of hydrophobic micropollutants by freshwater
and marine organisms, are required across a broader
variety of intermediate and higher-trophic animals. This
will provide a framework for establishing sound and
effective risk assessment across a wider population and
ecosystem scales.

iii Further studies should be focused on nanoplastics
to enhance our understanding of size-dependent
toxicity mechanisms.

iv In-depth investigations on the modes-of-action of
microplastic and nanoplastic particles ingestions by
marine animals, and the toxicological effects of these
emerging contaminants’ sizes on the oxidative status,
digestive systems changes, neurological system damage,
and reproductive alterations should be carried out to gain
explicit understanding.

v It would be imperative to conduct further research to
understand the pathways of chemicals leached from

microplastics and nanoplastics into marine organisms
upon exposures and the associated effects.

vi More research is required to explore the metabolic
pathways in marine biota after ingestion of MNPs/plastic
debris taking into consideration the chemical and
physical properties of the MNPs, exposure time, and
concentration of MNPs.

vii Finally, the biological mechanisms by which microplastic
and nanoplastic particles affect marine and freshwater
organisms are still poorly known, and therefore necessitate
extensive research.
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