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A B S T R A C T

The impact of microplastics (MPs) on aquatic life, given their ubiquitous presence in the water compartment,
represents a growing concern. Consistently, scientific knowledge is advancing rapidly, although evidence on
actual adverse effects is still highly fragmented. This paper summarizes the recent literature on MP impacts on
aquatic organisms in an attempt to link routes of uptake, possible alterations of physiological processes, and
outcomes at different levels of biological organization. Animal feeding strategies and MP biodistribution is
discussed, alongside with relevant effects at molecular, cellular, and systemic level. Pathways from animal ex-
posure to apical physiological responses are examined to define the relevance of MPs for animal health, and to
point out open questions and research gaps. Emphasis is given to emerging threats posed by leaching of plastic
additives, many of which have endocrine disruption potential. The potential role of MPs as substrates for mi-
croorganism growth and vehicle for pathogen spreading is also addressed.

1. Introduction

Pollution of aquatic environments by microplastics (MPs), defined as 
plastic particles of size ≤ 5mm  (UNEP, 2016), originates from the 
release of primary manufactured particles employed in many industrial 
and household activities, as well as from the degradation of larger 
plastics items into micro sized fragments (Andrady, 2017). The amount 
of MPs released in the environment is likely to increase as a result of the 
ongoing growth in the production of plastics worldwide (Plastics 
Europe, 2018), while degradation is expected over hundreds of years.

The effects of MPs on aquatic organisms are currently the subject of 
intense research, with an exponential rise in the last few years in 
publications reporting data from different taxonomic groups, from la- 
boratory and field investigations, as well as on the role of MPs as vectors 
for organic contaminants. A Pubmed research on ‘Microplastics 
& Effects & Aquatic’ gave 129 hits, with an increase from 6 in 2014 
2015 to 58 in 2018; these include at least 20 reviews intended to give a 
critical perspective on the ecotoxicological consequences of MP 
ingestion in aquatic biota. In particular, Burns and Boxall (2018) and de 
Sá et al. (2018) focused on the major knowledge gaps concerning the 
effects of MPs on aquatic organisms, underlying the mismatch between 
particle types, size ranges, and concentrations of MPs used in laboratory

tests compared to those measured in the environment. Moreover, these 
Authors addressed the need to understand the mechanisms of action and 
the capacity of MPs to exert cellular and systemic effects at en- 
vironmentally relevant concentrations.

This paper will review the most recent literature on the biological 
impacts of MPs on aquatic organisms Animal feeding strategies and their 
impacts on the routes of MP uptake and accumulation in different tissues 
are considered. Moreover, the most relevant effects observed at the 
molecular, cellular, and systemic level in aquatic species exposed to MPs 
are discussed.

Where needed, findings related to particles of smaller size (up to 1 
μm; Gigault et al. (2018)) classified as nanoplastics (NPs) are also 
reported as they can provide relevant hints into the biological impacts of 
small size MPs, particularly in relation to translocation pathways and 
accumulation at the tissue level.

Overall, building on knowledge gained by previous reviews and 
meta analyses (Foley et al., 2018; Galloway and Lewis, 2016; Paul Pont 
et al., 2018), this paper attempts to deeply examine relationships be 
tween animal exposure, alterations of physiological mechanisms and 
apical responses, in order to better define the relevance of MP exposure 
for the health status of aquatic organisms, and to point out currently 
open questions and research gaps. Finally, emphasis is posed towards
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the size of the ingested MPs as long as MPs can fit into their mouth or the 
tentacles are able to grasp them (Mohsen et al., 2019). Jabeen et al.
(2017) showed that in freshwater fish plastic items are likely to accu- 
mulate in intestines with more complex coiled structures. Stomachs with 
a narrow opening to the intestines seemed to retain more plastics. In this 
light, the results indicate that the presence of complex stomachs and 
intestines may increase the chances of plastic accumulation and 
potential damage. The Authors further highlighted that morphological 
differences in the gastrointestinal tract are related to feeding habits; 
therefore, the whole structure of the gut and the digestion process 
should be considered in future investigations on plastic ingestion and 
effects in fish.

Active selection due to misidentification of MPs for food was also 
demonstrated. The general idea is that since plastics are not composed of 
known phagostimulants, their consumption should result from visual or 
tactile misidentification (Moore, 2008). Visual similarity between plastic 
debris and preys is suggested to drive plastic ingestion by big aquatic 
vertebrates such as sea turtles (Schuyler et al. (2014) and re ference 
therein). A similar phenomenon was also observed in small fish or 
crustacea. For example, omnivorous juveniles of the tropical fish Girella 
laevifrons, collected from tidal pools from Las Cruces (Chile), 
preferentially ingested red colored plastic fibers, since their diet is 
mainly based on grazing red algae dominating bottom habitats at the 
sampling locations (Mizraji et al., 2017). Similarly, the planktivorous 
fish Seriolella violacea preferentially captured black MPs, likely because 
they appear more similar to food pellets, whereas MPs of other colors 
(blue, translucent, and yellow) were co captured only when floating 
close to food pellets (Ory et al., 2018). In contrast, an example of MP 
avoidance likely due to visual recognition is provided by a laboratory 
study in which zebrafish exposed to MPs were able to recognize them as 
“non food” and react negatively exhibiting a spitting locomotory be 
havior (Kim et al., 2019). Zebrafish is equipped with a diurnal adapted 
visual system, and it can adjust its movements according to the azimuth 
of preys (Patterson et al., 2013). In addition, zebrafish displayed good 
learning and memory abilities, exhibiting long term behavioral adap- 
tations for judging whether MP was food or not (Kim et al., 2019).

Mysid shrimps (Praunus spp.) are known to actively select their preys 
(Viherluoto and Viitasalo, 2001a), thus they may discriminate MP 
fragments from their mesozooplankton preys. Size selective feeding over 
MPs of different size classes and irregular shape was observed, since only 
fragments of a certain size fraction (100 200 μm) were se lected over 
other MP sizes (< 90 μm and > 500 μm) (Lehtiniemi et al., 2018). 
Particle colors (orange, green, red, and yellow) did not affect selection, 
in agreement with the finding that mysids locate their prey mainly by 
mechanoreception (Viherluoto and Viitasalo, 2001b).

Evidence of ingestion due to chemical cues is reported in a wide 
range of aquatic animals, from cnidarians (Allen et al., 2017), to bivalve 
mollusks (Bråte et al., 2018) and fish (Savoca et al., 2017). Surface 
coverage by mixtures of organic and inorganic moleculesis the first 
modification of surface properties that occurs when MPs are introduced 
into natural waters, as this brings them into contact with natural col- 
loids, inorganic (ionic compounds and minerals) and organic matter 
(i.e., mixtures of polysaccharides, proteins, lipids, and nucleic acids), 
forming a so called “eco bio corona” (Canesi et al., 2016; Canesi and 
Corsi, 2016). Moreover, MPs can be colonized by microorganisms 
(Galloway et al., 2017), leading to a formation of a biofilm that can 
contain microbes similar to those feeding in the water column (Vroom et 
al., 2017), or bacteria produced exudates acting as infochemicals of food 
occurrence. For example, DMS (dimethyl sulfide) and its precursor 
DMSP (dimethylsulfonio propionate) have been identified to drive 
plastic selection by seabirds and fish (Savoca et al., 2017, 2016). DMS is 
produced by the enzymatic breakdown of DMSP, which increases during 
zooplankton grazing (Dacey and Wakeham, 1986), hence it triggers 
foraging activity for those species whose diet is rich in pelagic 
crustaceans (DeBose et al., 2008). As a result, preferential ingestion of 
weathered over virgin MPs was observed in different aquatic organisms

emerging biological threats of MP occurrence in aquatic environments, 
such as leaching of plastic additives, which have the potential to exert 
adverse effects on aquatic fauna, and the role of MPs as substrate of 
microorganism growth, which is likely to promote the spread of pa- 
thogens as well as the invasion by alien species.

2. Routes of uptake and distribution of microplastics in aquatic 
organisms

2.1. Uptake mechanisms: indiscriminate feeding vs active selection, and 
trophic transfer

Given their size range, MPs may fall within the optimal prey range 
for a variety of aquatic animals. such as zooplankton, mollusks, crus- 
tacea, fish, seabirds, and marine mammals, and thus be bioavailable for 
ingestion (Browne et al., 2008; Cole et al., 2013; Germanov et al., 2018; 
Lusher et al., 2017). Routes of direct ingestion include particle uptake by 
filter , suspension and deposit feeders, that have a relatively in 
discriminate feeding behaviors by collecting and sorting particulate 
matter to trap and ingest anything of appropriate size (Moore, 2008). 
Uptake efficiency also depends on the combination of particle size, 
shape, and density that determine MP position in the water column and/
or sediments, and hence their availability to animals. Typically, low 
density polymers like PP and PE float in the water column, while high 
density MPs like PS and PVC sink and accumulate into sediments, 
making them more available to filter/suspension or deposit feeders, 
respectively (Browne et al., 2017; Chubarenko et al., 2016). This issue 
was addressed in a mesocosm study reproducing PS MP exposure (10 
μm; 5, 50 and 250 particle/mL) on a coastal community consisting of 
dominant invertebrate taxa of the Northern Baltic Sea clearly (Setälä et 
al., 2016). The results showed that the lowest number of ingested 
particles was detected in the polychaetes Marenzelleria spp. and 
Monoporeia affinis, both deposit feeders living either in burrows (Mar 
enzelleria spp) or at the sediment surface (M. affinis). The bivalves 
Mytilus trossulus and Macoma balthica, filter feeders at the sediment 
water interface, contained comparatively higher amounts of particles. 
Uptake of MPs (1, 10 and 90 μm PS spheres at 3 3000 particle/mL) was 
investigated in freshwater invertebrates with different feeding strate 
gies (Scherer et al., 2017). All species ingested MPs in a concentration 
dependent manner with the copepod Daphnia magna, a pelagic filter 
feeder, consuming up to 6180 particle/h, and exhibiting higher feeding 
rates on 1 and 10 μm beads compared to the aquatic larvae of the diptera 
Chironomus riparius and the freshwater worm Lumbriculus var iegatus, a 
burrowing and detritivorous species.

The above studies suggest that filter feeders are the most prone to 
ingestion of suspended MPs. These organisms form important links 
between different trophic levels and between pelagic and benthic eco- 
systems, hence representing a possible route of trophic transfer for MPs. 
Recently, the concept that a filter feeding habit may pose a greater risk 
for MP ingestion was discussed for marine megafauna, in particular to 
mobulid rays, sharks, and baleen whales (Germanov et al., 2018). These 
animals have even a higher probability of ingesting relevant amounts of 
MPs, because they must filter hundreds to thousands of liters of water 
per day to gain adequate nutrition (Paig Tran et al., 2013). Therefore, 
they are likely to ingest MPs both directly from water and indirectly, 
through contaminated planktonic prey (Dawson et al., 2018; Setälä et 
al., 2014). Indeed, the estimated daily MP ingestion rates range from a 
minimum of about 100 pieces for whale sharks from the Gulf of Ca 
lifornia (Fossi et al., 2017), to thousands of pieces for fin whales in 
habiting the Mediterranean Sea (Fossi et al., 2012). This might lead to a 
significant reduction in their nutritional uptake, as animals feed on the 
same quantities of particulate matter but receive a lower nutritional 
benefit (Germanov et al., 2018).

In addition to feeding habits, the mechanism of ingestion and the 
structure of digestive organs also affect the uptake of MPs. For example, 
field surveys showed that sea cucumbers (Apostichopus japonicus) select



organisms were exposed through their diet. Microscopy analyses con- 
firmed that NPs adhered to the surface of the primary producer and were 
present in the digestive organs of the higher trophic level species. Under 
these exposure conditions, NPs negatively affected swimming activity of 
both fish species.

When investigating the fate and biological interactions of MPs in 
natural settings, it was shown that other factors beside the trophic level 
can influence the occurrence of MPs in wildlife (Bour et al., 2018a). 
Nevertheless, many evidences in support of trophic transfer occurring in 
natural aquatic food webs is accumulating. A first example was reported 
by Eriksson and Burton (2003) that, through field observations, showed 
the presence of MPs in the scats of Antarctic fur seals (Arcto cephalus 
tropicalis and A. gazelle) from Macquarie Island (Antarctica). The 
Authors suggested that MPs had initially been ingested by the plankton 
feeding fish, Electrona subaspera, which is the main prey consumed by 
fur seals in the area. Recently, investigations on stomach contents of 
wild caught plaices (Pleuronectes platessa) from the Celtic Sea 
demonstrated an active route of MP trophic transfer from plankton 
feeders sand eels (Ammodytes tobianus) (Welden et al., 2018). By ana- 
lyzing MP content in scats from captive grey seals Halichoerus grypus 
(residents of a rehabilitation center) and the wild caught fish they are 
fed upon (the Atlantic mackerel Scomber scombrus), the study from 
Nelms et al. (2018) was the first to report empirical evidence for the 
trophic transfer of MPs to a marine top predator. Further evidence re- 
porting MP occurrence within the gastro intestinal tracts of various wild 
caught fish species (Güven et al., 2017; Lusher et al., 2017) highlight the 
potential for MP ingestion through feeding on con taminated preys.

The reported findings suggest that trophic transfer represents a 
potentially relevant route of MP accumulation for any species whose 
feeding habit involves the consumption of whole prey (i.e. including 
gastrointestinal tracts), posing direct concerns to human health (EFSA, 
2016). Further information on the mechanisms through which MPs 
transfer through the trophic chain potentially enter the human food 
chain are advisable.

2.2. Tissue distribution of microplastics in aquatic organisms

Generally speaking, MPs are thought to accumulate in aquatic or 
ganisms only in tissues in direct contact with water, such as gastro- 
intestinal and respiratory tissues (Grigorakis et al., 2017; Jovanović, 
2017; Nicolau et al., 2016). However, as long as scientific evidence is 
accumulating, it is becoming clear that other tissues may be impacted by 
particle accumulation (Fig. 1), arguing the onset of translocation 
processes, and broadening the potential impacts of MPs on a variety of 
physiological functions.

In bivalve mollusks, gills are a first site of particles uptake, mediated 
by microvilli activity and endocytosis, while a second route occurred via 
ciliary movement in the stomach, intestine and digestive tubules, 
followed by MP translocation towards haemolymph (Browne et al., 
2008; Magni et al., 2018; Paul Pont et al., 2016; Sussarellu et al., 2016; 
Von Moos et al., 2012). The resulting accumulation pathway shows 
consistent aggregates within intestinal lumen and digestive tissues, and 
more limited MP occurrence in gill epithelial cells and in haemolymph

Fig. 1. Resume of the available data on tissue distribution 
of microplastics in bivalves (left panel) and fish (right 
panel). Dots represent point data retrieved from the literature 
and expressed as percentage of the total MP burden reported. 
Shaded bars are the mean values. Only papers assessing MP 
concentrations in multiple tissues were considered: Abbasi et 
al. (2018); Ding et al. (2018); Kashiwada (2006); 
Kolandhasamy et al. (2018); Lu et al. (2016).

(Bråte et al., 2018; Reisser et al., 2014; Vroom et al., 2017). A first 
evidence of plastic litter ingestion by Pelagia noctiluca, the most abun- 
dant jellyfish species in the Mediterranean Sea, was reported by Macali et 
al. (2018). As with the distribution of plastic litter, the dispersal of this 
species is mainly driven by local winds and currents that con centrate this 
organism in regions with a high concentration of floating litter. The 
presence of PE plastic items in the gastrovascular cavity of the jellyfish 
was related to active ingestion of the fragments wrongly recognized as 
food, likely due to chemical cues derived by plastic weathering. It is 
worth noting that chemoreception is the main sensing mechanism 
controlling preying and feeding behavior in this species (Morabito et al., 
2012). Laboratory experiments with the cnidarian coral Astrangia 
poculata showed nematocyst discharge and ingestion of different MPs 
(including PE) (Allen et al., 2017), supporting the hy pothesis that 
phagostimulants potentially found as components of the polymer matrix 
may promote chemoreception in cnidarians.

Beside the above listed factors that influence mechanical uptake, 
visual and chemical recognition, some other factors such as shape and 
hardness also affect the ingestion of MPs. For example, mysid shrimps 
(Praunus spp.) exposed to primary and secondary MPs within the size 
range of their prey mostly ingested smaller particles (100 200 μm ac 
rylonitrile butadiene styrene) and spherical primary PS MPs (90 μm), 
while largest filamentous fragments originated from a soft drink bottle 
(200 1500 μm polyethylene terephthalate) provoked animal entangle 
ment (Lehtiniemi et al., 2018).

Microplastics may be also ingested indirectly through trophic 
transfer, whereby contaminated preys are consumed by predators (Au et 
al., 2017). This issue is the subject of increased scientific debate, in light 
of the implications of a high seafood diet and related human health 
effects (Carbery et al., 2018). Laboratory studies gained con vincing 
evidence that trophic transfer does occur for low trophic level organisms. 
For example, in feeding experiments under controlled, conditions blue 
mussels (Mytilus edulis) were exposed to fluorescently labelled 0.5 μm PS 
MPs (at a concentration of about 1,000,000 particle/mL) before being fed 
to the common shore crab (Carcinus maenas)(Farrell and Nelson, 2013). 
The analysis of crab tissues revealed the presence of MPs in the 
haemolymph, stomach, hepatopancreas, ovary and gills. It must be noted 
that selected exposure levels of MPs far ex ceeded those from natural field 
conditions. A less extreme exposure scenario was employed by Santana et 
al. (2017). Exposure conditions (MP concentrations, exposure duration, 
time of post exposure depura tion) were settled to allow MPs (0.1 1.0 μm 
PVC spherical particles) being detected only in the hemolymph and being 
absent in the gut cavity of the prey (the mussel Perna perna). Predators 
were the crab Callinectes ornatus and the pufferfish Spheoeroides greeleyi. 
PVC MPs were shown to be transferred from prey to predators but with 
no evi dence of tissue accumulation after 10 days of exposure. The 
Authors hypothesized a reduced likelihood of trophic transfer of particles 
and, as a consequence, a reduced risk of direct impacts of MPs on higher 
trophic levels. Trophic transfer of PS NPs was shown in a freshwater food 
chain with the algae Chlamydomonas reinhardtii, the copepod D. magna, 
the secondary consumer Chinese medaka fish (Oryzias sinensis), and the 
end consumer Dark chub fish (Zacco temminckii) (Chae et al., 2018). 
Algae were exposed to 50 mg/L NPs, while higher trophic level



gastrointestinal tracts, skin, muscle, gills and liver of commercially re- 
levant demersal and pelagic fish (Cynoglossus abbreviates, Platycephalus 
indicus, Saurida tumbil, Sillago sihama) in the Musa estuary and at a site in 
the Persian Gulf. MP occurrence was widespread in all analysed tissues, 
although larger size particles were found in the gills and gas trointestinal 
tracts than in other organs. The means of entry of MPs into tissues not 
involved in digestion was not clarified, but it was suggested to be related 
to both translocation and adherence. No MPs (> 20 μm) were detected 
in the livers or muscles of Asian seabass specimen (La teolabrax 
maculatus) sampled in coastal and estuary areas of China, while their 
prevalence in gut and gill were confirmed (Su et al., 2019). By 
comparing their results with previous investigations (Abbasi et al., 2018; 
Collard et al., 2017), the Authors postulated that the relatively big size 
and shape of the fragments limited their translocation from the intestinal 
tract to the organs through the circulatory system.

Studies on wild fish populations like those described above provided 
relevant information about routes of exposure, tissue distribution, and 
residual body burden under natural exposure scenarios; however, 
confounding factors mostly related to the methodological issues on 
sample extraction and handling procedures for MP evaluations may 
occur (Lusher et al., 2017). Laboratory experiments with model fish 
species and fluorescently labelled MPs allowed the identification of 
specific routes and factors promoting MP translocation to selected or 
gans as well as those organs/tissues potentially more impacted by MP 
accumulation (Fig. 1). For example, tissue distribution of MPs in zeb- 
rafish was reported to be size dependent. By monitoring accumulation of 
PS MPs following a 7 days exposure to 5 μm and 20 μm size particles, Lu 
et al. (2016) found 5 μm MPs in fish gills, gut, and liver, while 20 μm 
MPs accumulated only in gills and gut. The Authors suggested the 
possibility for smaller MPs to be transferred to the liver through the 
circulatory system. Indeed, Kashiwada (2006) showed that medaka fish 
(Oryzias latipes) accumulated 39.4 nm PS NPs (10 mg/L waterborne 
exposure concentration) mainly in gills and intestine, and they were 
further detected in the brain, testis, liver, and blood; concentrations in 
blood reached 16.5 ng/mg protein. Brain accumulation of NPs was 
further observed in the crucian carp (Carassius carassius) fed with PS NPs 
through a food chain composed by an algae (Scenedesmus sp.), a 
crustacean copepod (D. magna) and the carp fish itself (Mattsson et al., 
2017), and in the red tilapia (Oreochromis niloticus) exposed to water 
borne 0.1 μm PS NPs (Ding et al., 2018). In both species, neurotoxicity 
was shown, and in the crucian carp brain tissue structural damages and 
behavioral disorders were also observed.

A first evidence on maternal transfer of NPs in fish is provided by a 
laboratory study with zebrafish (Pitt et al., 2018b). Adult females and 
males (F0 generation) were subjected to dietary exposure to fluores 
cently labelled PS NPs (51 nm) for 7 days and bred to produce the F1 
generation (Pitt et al., 2018b). Four F1 groups were generated: control 
(unexposed females and males), maternal (exposed females), paternal 
(exposed males), and co parental (exposed males and females). PS NPs 
were found in the yolk sac, gastrointestinal tract, liver, and pancreas of 
the maternally and co parentally exposed F1 embryos/larvae. These data 
suggested that PS NPs are maternally transferred to the offspring via 
accumulation in the eggs of exposed females, probably due to NP 
interaction with plasma proteins in oocytes. It was also noted that 
survival and incidence of deformities were not significantly different 
across groups, although the maternally and co parentally exposed larvae 
exhibited bradycardia, in agreement with a previous waterborne 
exposure study (Pitt et al., 2018a).

Larval stages of small fish such as medaka and zebrafish have at 
tracted much interest as models for studies on tissue distribution of 
fluorescently labelled NPs because they have transparent bodies, rapid 
embryo development and organogenesis. Kashiwada (2006) showed that 
PS particles (39.4 nm to 42 μm size) were adsorbed to the chorion in 
eggs of medaka fish (Oryzias latipes), with 474 nm particles showing the 
highest bioavailability to eggs. Particles of the size of 39.4 nm moved 
into the yolk and gallbladder during embryonic development.

(Avio et al., 2015a; Von Moos et al., 2012). Browne et al. (2008) first 
showed that in M. edulis particle size influenced the capacity of MPs to 
translocate from the gut cavity to the hemolymph, with a higher per- 
centage (60%) of smaller particles (3 μm) in the circulatory fluid than 
larger ones (9.6 μm). However, confocal microscopy demonstrated that 
both MP sizes were present inside hemocytes. The formation of gran- 
ulocytomas around accumulated PE MPs up to 80 μm was also observed 
in the digestive gland of exposed mussels (Von Moos et al., 2012). These 
findings pointed out the key role of phagocytosis operated by hemo cytes 
in translocation events. Uptake of MPs in multiple organs of mussels 
under field conditions was recently reported by Kolandhasamy et al. 
(2018). The abundance of MPs by tissue weight showed significant 
differences amongst organs, with intestine containing the highest MP 
levels (9.2 items/g of tissue), surprisingly followed by foot, and then by 
stomach, gills, mantle, adductor muscle, gonads, and visceral mass. 
Adherence to soft tissues rather than ingestion was sug gested as a 
possible route of MP accumulation in those organs, such as foot, that are 
not involved in ingestion processes.

Watts et al. (2014) tested the hypothesis that the non filter feeding 
shore crab (Carcinus maenas) can take up MPs (8 10 μm) both through 
inspiration across the gills and ingestion of pre exposed food (blue 
mussels, M. edulis). Gill mediated inspiration resulted in a 21 days MP 
body retention, while a 14 days body retention was observed following 
MP uptake through dietary ingestion. Most MPs were found on the 
external surface of gills following waterborne exposure or were retained 
in the foregut, due to adherence to the hair like setae, after dietary 
exposure. Jeong et al. (2017) showed that the fluorescence signal of 
labeled 50 nm PS NPs was dispersed throughout the body in exposed the 
marine copepod Paracyclopina nana, while florescence of 0.5 μm and 6 
μm size PS MPs was mostly restricted to digestive organs. The dispersed 
fluorescence observed in 50 nm NP exposed Physiological impacts of 
microplastic P. nana could be explained by translocation of PS particles 
across cellular membranes through the digestive organs.

In fish, the gastrointestinal tract is the most investigated organ in 
relation to accumulation of plastic litter, providing a means to derive 
information on presence, spatial distribution, and typology of litter in 
defined areas, or to assess MP body burden in species of commercial 
interest (Avio et al., 2015b; Pellini et al., 2018; Wieczorek et al., 2018). 
For example, digestive tracts of 263 individuals from 26 species of 
commercial fish caught off the Atlantic coasts of Portugal were ex-
amined for content of MPs (Neves et al., 2015a). These were found in 17 
species (about 20% of the total). Of all the fish that ingested MPs, 63.5% 
was benthic and 36.5% pelagic species. Fibers dominated over irregular 
fragments, with pelagic fish ingesting more particles and benthic fish 
ingesting more fibers, in relation to the presence of high quantities of 
fibers in seabed sediments (Woodall et al., 2014). Fish with the highest 
number of MPs were from the mouth of the Tagus River, in relation to 
the presence of higher concentrations of bottom marine litter at this 
location (Neves et al., 2015b), and to riverine inputs from the densely 
populated metropolitan area of Lisbon. The mackerel Scomber japonicus 
showed the highest average MP ingestion, suggesting its potential as 
indicator species to monitor trends of ingested litter in marine regions 
regulated by the Marine Strategy Framework Directive (EU, 2008).

Beside digestive tracts, the liver was investigated for the occurrence 
of MPs in commercial zooplanktivorous fish collected in the 
Mediterranean Sea (Gulf of Lions, France), specifically the European 
anchovy (Engraulis encrasicolus), the European pilchard (Sardina pil 
chardus), and the Atlantic herring (Clupea harengus) (Collard et al., 
2017). The results revealed that MPs, mainly PE, were translocated into 
the livers of the three clupeids. In anchovy, 80% of livers contained 
relatively large MPs (124 438 μm), showing a high level of con- 
tamination. Two translocation pathways were proposed: (i) large par- 
ticles found in the liver resulted from the agglomeration of smaller 
pieces; (ii) particle translocation through the intestinal barrier (Collard 
et al., 2017). Abbasi et al. (2018) investigated MP occurrence in



3. Physiological impacts of microplastic in aquatic organisms

There is relatively little consensus regarding the biological impacts 
of MP pollution. Indeed, while it is clear that large plastic particles (i.e., 
meso and macroplastics) can cause readily visible effects at the or 
ganism level, such as suffocation, entangling, or intestinal blockage 
(Gregory, 2009), the direct and indirect physiological effects of small 
size particles (micro and nano plastic) on aquatic animals remain 
elusive. Fig. 2 reports a conceptual scheme resuming known effects of 
MPs in aquatic species. By following this scheme, we will revise the 
current literature reporting molecular, cellular effects of MP ingestion 
that may aid in explaining outcomes observed at the systemic level and 
up to apical biological endpoints.

3.1. Molecular and cellular effects

Biomarker and transcriptional approaches, both “omic” techniques 
or quantitative real time PCR targeted analyses, are setting the stage of 
investigations on cellular and molecular mechanisms and sub lethal 
effects of MPs/NPs on aquatic organisms, revealing main pathways of 
interaction on immune related responses, stress responses (including 
antioxidants), cell signaling, and cell energy homeostasis (Fig. 2).

The study from Sussarellu et al. (2016) is amongst the first to infer 
whole transcriptomic effects of MP exposure in an aquatic organism. 
Pacific oysters (Crassostrea gigas) were exposed to virgin PS MPs (2 and 6 
μm; 0.023 mg/L) for 2 months during a reproductive cycle. Tran- 
scriptomic profiling suggested a significant shift of energy allocation 
toward organism maintenance and structural growth at the expense of 
reproduction. Indeed, when allowed to spawn, MP exposed oysters had 
significant decreases in oocyte number and diameter, and sperm velo- 
city. The yield of D larvae development of offspring derived from MP

exposed parents decreased by 41% and 18%, respectively, compared 
with control offspring. Imbalance of energy reserves was also reported 
by Bour et al. (2018b). A 4 week MP exposure experiment (PE MPs, 
three size classes: 4 6, 20 25, and 125 500 μm, three concentrations: 1, 
10, and 25 mg/kg of sediment) with the sediment dwelling marine clam 
Ennucula tenuis showed concentration dependent decreases in lipid 
content and imbalance of total energy reserves.

Using the scleractinian coral Pocillopora damicornis as a model, Tang 
et al. (2018) reported significant activation of antioxidant enzymes, 
decreased activity of the detoxifying enzyme glutathione S transferase 
and the immune enzyme alkaline phosphatase upon coral exposure to 1 
μm PS MPs (50 mg/L, 6 h to 24 h exposure). Supporting these find ings, 
RNA sequencing revealed up regulation of coral transcripts mostly 
related to stress response and JNK signaling pathway, while down 
regulated transcripts were involved in sterol transport and EGF ERK1/2 
signal pathway. These results suggest that acute MP exposure can ac- 
tivate coral stress response while repressing detoxification and immune 
system likely through the JNK and ERK signaling pathways. Activation 
of antioxidant responses mediated by the MAPK/JNK pathway was also 
observed in the monogonont rotifer Brachionus koreanus and in the 
marine copepod Paracyclopina nana exposed to 0.05, 0.5 or 6 μm size PS 
MPs (Jeong et al., 2017, 2016). Freshwater zebra mussels Dreissena 
polymorpha exposed to PS MPs (1 and 10 μm, 6 day exposure) showed 
significant modulation of catalase and glutathione peroxidase activities 
along with increased concentrations of the neurotransmitter dopamine 
in circulating fluids (Magni et al., 2018). The Authors postulated an 
implication of dopamine in mediating the elimination processes of ac 
cumulated MPs by increasing cilia movement in the gut epithelium and 
in gills, in a manner similar to elimination of pseudo feces, thus MPs 
being recognized as non food material. Induction of immune related 
gene products was observed in embryos of zebrafish injected with 700 
nm PS MPs (5 mg/mL) (Veneman et al., 2017). Notably, RNA se- 
quencing showed enrichment of the complement system, as indicated by 
up regulation of transcripts in the alternative complement pathway, 
which is activated by animal interacting with pathogens not bearing 
antibodies. Interestingly, up regulation of immune related transcripts 
was observed in early embryo stages of marine mussels (M. gallopro  
vincialis) exposed to 3 μm PS MPs (Capolupo et al., 2018). The uptake 
activity displayed by embryos towards MPs may have stimulated the 
immune apparatus, whose function in bivalve early life stages is in- 
trinsically interconnected with the digestive function. Combined ana- 
lysis of cellular and molecular biomarkers demonstrated that up reg- 
ulation of lysosome and immune related effectors are primary responses 
to either virgin or contaminated PS MPs in adults of M. gal loprovincialis 
(Avio et al., 2015a; Gaspar et al., 2018; Paul Pont et al., 2016; Von Moos 
et al., 2012). Von Moos et al. (2012) showed sig nificant reduction in 
lysosomal membrane stability paralleled by in creased granulocytoma 
formation in digestive glands of mussels

Fig. 2. Resume of the effects at the molecular, cellular, and 
system levels as well as effects on apical endpoints 
observed in aquatic organisms interacting with micro-
plastics. 1LeMoine et al. (2018); Tang et al. (2018); Jeong et al. 
(2017). 2Tang et al. (2018); Jeong et al. (2017), 2016. 3Magni 
et al. (2018); Tang et al. (2018); Espinosa et al. (2018). 4Jeong 
et al. (2017); Tang et al. (2018). 5Bour et al. (2018b); 
Sussarellu et al. (2016). 6Capolupo et al. (2018), (Wen et al.
(2018b). 7Avio et al. (2015a), (Paul-Pont et al., 2016), 
Veneman et al. (2017). 8LeMoine et al. (2018); Magni et al.
(2018). 9Chae et al. (2018); Mattsson et al. (2017). 10Critchell 
and Hoogenboom (2018), Foley et al. (2018); Redondo-
Hasselerharm et al. (2018); Watts et al. (2015). 11Cole et al.
(2015); Foley et al. (2018); Sussarellu et al. (2016); Ziajahromi 
et al. (2017). 12Foley et al. (2018); Lizárraga et al. (2017); 
Murphy and Quinn (2018).

Veneman et al. (2017) showed limited PS MP spreading within the 
zebrafish embryo after injection at the blastula stage, while MP injec- 
tion in the yolk of 2 day old embryos resulted in redistribution of 
particles throughout the bloodstream, and accumulation in the heart. 
van Pomeren et al. (2017) investigated how different uptake routes 
(chorion and dermal exposure, dermal exposure only, oral and dermal 
exposure) affected biodistribution of PS NPs and MPs (25, 50, 250 and 
700 nm) in zebrafish embryos. Particle uptake within the body was 
observed only following oral exposure, whereas the dermal route re- 
sulted in adsorption to the epidermis and gills only. Following inges- 
tion, the particles spread through the body and eventually accumulated 
in specific organs and tissues, such as the eyes. Particles larger than 
50 nm were predominantly adsorbed onto the intestinal tract and outer 
epidermis. Embryos exposed to particles via both epidermis and intes- 
tine showed highest uptake and MP accumulation in the eye, whereas 
marginal uptake via the chorion and epidermis was observed.



strategies, the factors mostly affecting accumulation and translocation, 
and their trophic transfer through food webs.

Information on the physical impact of MPs in fish has been recently 
reviewed (Jovanović, 2017), underlying that ingestion of MPs in the 
gastrointestinal tract of fish can cause different types of histopatholo- 
gical alterations in the intestines. In marine mussels Mytilus spp., ex- 
posure to PS MPs (mix of 2 and 6 μm; final concentration: 32 μg/L) 
caused a number of histopathological alterations (Paul Pont et al., 
2016). In both fish and mussels, histopathological changes were asso- 
ciated with infiltration of immune cells, suggesting inflammatory pro- 
cesses.

In the last few years, the effects of MPs on feeding, growth, re- 
production, and survival of freshwater and marine invertebrates have 
been increasingly investigated: some representative examples are re- 
ported.

In the freshwater cnidarian Hydra attenuata, ingestion of MPs in the 
form of PE flakes extracted from facewash showed significant impacts on 
feeding (Murphy and Quinn, 2018). The acute and chronic effects of PS 
fibers and PE beads were investigated in the crustacean Ceriodaphnia 
dubia (Ziajahromi et al., 2017). PE fibers posed a greater risk than beads 
in this species, with reduced reproductive output at concentrations 
within an order of magnitude of reported environmental levels. En- 
vironmental concentrations of PE MPs induced harmful effects on de- 
velopment and emergence of the freshwater sediment dwelling diptera 
Chironomus tepperi (Ziajahromi et al., 2018). These effects were greatly 
dependent on particle size, with particles in the size range of 10 27 μm 
inducing more pronounced responses (Ziajahromi et al., 2018). Chronic 
exposure of the amphipod Gammarus pulex exposed to PET fragments 
(10 150 μm size range) did not affect survival, development (molting), 
metabolism (glycogen, lipid storage) and feeding activity, despite 
consistent body accumulation at 24 h exposure, which largely depended 
on dose and life stage (i.e. juveniles ingested more MPs than adults)
(Weber et al., 2018).

A number of studies have demonstrated the effects of MPs on zoo- 
plankton. Attention was initially focused on marine copepods, a glob- 
ally abundant class that forms a key trophic link between primary 
producers and higher trophic levels. For example, long term exposure to 
20 μm PS MPs alter the feeding capacity and decreased reproductive 
output of the pelagic copepod Calanus helgolandics, with no significant 
effects on respiration and survival (Cole et al., 2015). In agreement, 
prolonged exposure to PET MPs (5 10 μm size; 10,000 80,000 particle/
mL) had negative effects on the reproductive output of the calanoid 
copepod Parvocalanus crassirostris, which led to decline of the experi- 
mental populations (Heindler et al., 2017). In both studies, the re- 
productive effectswere attributed to decreased egg size and hatching 
success related to decreased energy intake by impeded feeding due to 
MP ingestion. In the freshwater crustacean D. magna ingestion of PET 
textile fibers resulted in increased mortality regardless of the feeding 
regime (Jemec et al., 2016). On the other hand, a recent screening study 
on uptake and effects of four types of environmentally relevant MPs in D. 
magna and Artemia franciscana concluded that zooplankton crustaceans 
can ingest various MPs but none of the exposure regimens were highly 
acutely hazardous to the test species (Kokalj et al., 2018). Other 
contrasting evidence is provided in macroinvertebrates. Watts et al.
(2015) investigated the fate of PP rope microfibers ingested by the crab 
Carcinus maenas and the consequences for the crab energy budget. In 
chronic feeding studies, crabs that ingested food containing microfibers 
(0.3 − 1.0% plastic by weight) showed reduced food consumption; a 
significant reduction in energy available for growth was observed in 
crabs fed with 1% plastic. Interestingly, PP microfibers were physically 
altered by their passage through the foregut and were excreted with a 
smaller overall size and amalgamated into distinctive balls. In the mud 
snail (Potamopyrgus antipodarum) exposure to a large range of en- 
vironmentally relevant polymers did not affect adult morphological and 
life-history parameters or juvenile development (Imhof and Laforsch, 
2016).

exposed in vivo to high density polyethylene (HDPE) MPs (up to 80 μm 
size). The results suggest a clear sequence of responses: particle inges- 
tion (within 3 h of exposure) is followed by granulocytoma formation 
(after 6 h) at the tissue level, and finally by lysosomal destabilization at 
the cellular and subcellular level. Nevertheless, Gaspar et al. (2018) 
found no significant alterations of lysosomal membrane stability in 
digestive cells of the Eastern oyster (Crassostrea virginica) after both a 4 h 
in vitro and a 48 h in vivo exposure to 50 nm and 3 μm PS particles. RNA 
sequencing showed the enrichment of the NOD like receptor signaling 
pathway in mussels exposed to MPs (Avio et al., 2015a). NOD like 
receptors act as intracellular sensors to recognize both pathogenic 
patterns entering the cell via phagocytosis, and damage related mole 
cules produced during cellular stress. They operate by activating the non 
infectious inflammatory response (Avio et al., 2015a). Further more, 
virgin PS MPs up regulated various components of the innate immune 
system, such as putative peptidoglycan recognition proteins. Molecular 
analyses supported cellular biomarkers also regarding the MP induced 
modulation of antioxidant defenses, detoxification en zymes, and 
responses to genotoxic effects (Avio et al., 2015a). The re sults from Paul 
Pont et al. (2016) and Brandts et al. (2018a) corrobo rated the 
hypothesis of MPs affecting immune parameters in marine mussels 
(Mytilus spp.), and further related these effects to increased digestive 
activities, as some induced immune related proteins play a dual role in 
bivalve immunity and digestion of microbial food particles.

LeMoine et al. (2018) investigated the molecular underpinnings of 
the response to MPs in embryos and larvae of the zebrafish exposed to 
PE particles (10 45 μm; 5 and 20 mg/L) for up to 14 days. The most 
noticeable changes are related to down regulation of transcripts in 
volved in neuronal functioning, neuron differentiation, and axonogen- 
esis, as well as vision related molecules, such as opsin 6 and rhodopsin. 
Hints towards neurotoxic effects are reported in juveniles of European 
seabass (Dicentrarchus labrax) (Barboza et al., 2018). MPs caused acet- 
ylcholinesterase (AChE) inhibition, increased lipid oxidation (LPO) in 
brain and muscle, while changing the activities of the energy related 
enzymes lactate dehydrogenase (LDH) and isocitrate dehydrogenase 
(IDH). Although the mechanisms allowing MPs to affect the neuro- 
physiology of fish are not elucidated, it is worth noting that the reported 
effects do support previous evidences of MP neurotoxicity in different 
species (Chen et al., 2017; Oliveira et al., 2013). Furthermore, several 
metabolic transcripts were consistently down regulated in MP 
treatments, in particular those of the glycolytic pathway and of purine 
metabolism, suggesting profound changes in cellular metabolic path 
ways (LeMoine et al., 2018). Differential expression of transcripts re- 
lated to lipid metabolism in the response to MPs/NPs was further cor- 
roborated by (Brandts et al., 2018b) in juveniles of sea bass (D. labrax) 
after a 96 h exposure to ˜45 nm polymethylmethacrylate (PMMA) NPs. 
Interestingly, biochemical endpoints also revealed decreased esterase 
activity levels in plasma and lower levels of alkaline phosphatase in the 
skin mucus, suggesting that the immune system of fish might be com- 
promised by exposure to NPs.

3.2. Systemic effects

A recent study summarized the results form a total of 130 studies 
reporting ecotoxicological effects of MPs on aquatic organisms (de Sá et 
al., 2018). Crustaceans were the most commonly studied group (45%), 
followed by fish (21%), mollusks (18%), annelid worms (7%), 
echinoderms (7%) and rotifers (2%). These groups occupy different 
positions in aquatic food webs, with fish generally representing inter- 
mediate/top predators that may ingest MPs either directly or feeding on 
preys containing MPs.

The susceptibility of marine invertebrates towards the physical 
impacts of MP uptake was first reviewed by Wright et al. (2013), to aid 
in guiding future research on marine litter and management strategies. 
The review addressed the factors contributing to the bioavailability of 
MPs  (including  size  and  density),  the influence  of  different  feeding



the fathead minnow (Pimephales promelas) (Malinich et al., 2018). The 
Authors underlined that fish responses to MPs were highly variable; 
therefore, care should be taken when interpreting findings of such in 
dividual studies.

Finally, recent data indicate that ingestion of MPs can induce be 
havioral changes in fish. In the jacopever fish (Sebastes schlegelii), 14 
days exposure to 15 μm PS MPs decreased foraging time, and gather 
exposed fish together (Yin et al., 2018). Similar results were obtained for 
the Amazonian freshwater cichlid Symphysodon aequifasciatus, in which 
a 30 days exposure to PE MPs (70 88 μm) decreased post exposure 
predatory performance (Wen et al., 2018a). Several hypotheses have 
been proposed to explain this behavioral impairment. MPs can disturb 
the digestion process, cause respiratory stress, or disrupt normal 
functioning of the nervous system, thus indirectly affect fish general 
behavior. The effects observed at molecular level on transcription of 
genes related to neuronal function quoted above underline molecular 
effects on fish neurophysiology.

These observations draw the attention on further implications of MP 
ingestion that could deplete the fitness of fish populations in natural 
environments.

4. The emerging threats of plastic leachates

Following the evidence on the enormous distribution of plastics in 
the environment, a great body of studies focused on the ingestion, 
trophic transfer and toxicity of MPs as small physical entities (Wright et 
al., 2013). Furthermore, attention is addressed to the possible action of 
plastic particles as vectors for waterborne contaminant dispersion 
through the environment and their bioavailability to aquatic organisms 
(Carbery et al., 2018). Indeed, MPs sorb PBT (persistent, bioaccumu- 
lative, and toxic substances), such as PAHs, PCBs, DDT, etc., and these 
compounds can desorb when MPs are ingested by aquatic species 
(Engler, 2012). Plastic pellets also pick up metals from the water, that 
can be transported and ingested (Maršić Lučić et al., 2018). However, 
some studies pointed out that field investigations provide little evidence 
that marine MPs affect the global transport of persistent pollutants, and 
that the ingestion of MPs does not affect bioaccumulation of con- 
taminants in the real environment, despite the evidence from in vitro 
experiments (Lohmann, 2017). Ingestion of MPs is not likely to increase 
the risks from exposure to hydrophobic organic chemicals in the aquatic 
fauna (Koelmans et al., 2016). It is clear that further studies are needed 
to understand the release processes of MP sorbed contaminants, their 
trophic transfer and potential adverse effects. This complex issue has 
very recently been reviewed (Carbery et al., 2018; Wang et al., 2018; 
Ziccardi et al., 2016).

In this review, we want to shed the light on the another emerging 
threat that is posed by exposure to compounds deliberately added to 
help the manufacturing process and give the final product properties to 
be more usable in specific situations or commercially desirable 
(Hermabessiere et al., 2017). Since these additives are released from 
plastics in water or may be leached after animal ingestion, they will be 
henceforth addressed to as plastic leachates.

4.1. Plastic additives and leaching propensity

Plastic products are made from the essential polymer mixed with a 
complex blend of materials including residual monomers, oligomers, 
low molecular weight fragments, catalyst remnants, polymerization 
solvents, and a wide range of further additives (Hermabessiere et al., 
2017). With a few exceptions, additives are not chemically bound to the 
plastic polymer, resulting in the possibility of migrating within the 
material and reaching the surface, where they can leach out to the 
environment (Hermabessiere et al., 2017; OECD, 2009).

About 6000 additives of different chemical classes are used in plastic 
production. Among them, light stabilisers are added to inhibit the 
reactions  in  plastics  that  would  cause chemical degradation after

Due to the ubiquitous presence of MPs in all aquatic environments, 
risk assessment for biota has become an urgent research priority that 
needs standardization. In this light, a recent study evaluated the effect 
thresholds for a battery of six freshwater benthic macroinvertebrates 
with different species traits, using a wide range of MP concentrations. 
Standardized 28 days single species bioassays were performed under 
environmentally relevant exposure conditions using PS MPs (20 − 500 
μm) mixed with sediments (0 40% sediment dry weight)(Redondo 
Hasselerharm et al., 2018). MPs did not affect the survival of Gammarus 
pulex, Hyalella azteca, Asellus aquaticus, Sphaerium corneum, and Tubifex 
spp. and no effects were found on the reproduction of the worm 
Lumbriculus variegatus.  No effects on growth were found for all species 
except for G. pulex, that showed a significant reduction in growth. These 
results indicate that, although the risks of en vironmentally realistic 
concentrations of MPs may be low, they still may affect the biodiversity 
and the functioning of aquatic communities which after all also depend 
on the sensitive species.

Recent studies focused on the impacts of MPs on development of 
marine invertebrates. The effects of environmental concentrations of PS 
MPs were investigated in the sea urchin Paracentrotus lividus and the 
ascidian Ciona robusta (Messinetti et al., 2018). The feeding strategies of 
both species proved to be extremely efficient in ingesting MPs. In the 
presence of microbeads, the metamorphosis of ascidian juveniles was 
slowed down and development of plutei was altered (Messinetti et al., 
2018). Another study on larvae from holothuroids, asteroids and echi- 
noids feeding on 6 μm beads in combination with larger inedible beads 
showed alterations of the feeding rate (Lizárraga et al., 2017). Despite a 
difference in sensitivity among species, the clearance rate was de- 
creased at increasing particle number. This study pointed out that MPs, 
probably perceived as inedible particles, can interfere with normal 
larval feeding and potentially reduce juvenile quality and performance 
in nature (Lizárraga et al., 2017). In the marineemussel M. gallopro- 
vincialis exposure to 3 μm PS MPs showed sub lethal impacts on embryo- 
larval development. However, despite the ingestion and retention of 
MPs in digestive tract over 192 h, MPs did not impair clearance rate and 
edible food intake (Capolupo et al., 2018).

Overall, available data in both freshwater and marine invertebrates 
indicate that differences in uptake and effects of MPs may result not only 
from variations in the exposure regimes (e.g., duration, particle 
concentrations), plastic characteristics (e.g., type, size, shape, ad-
ditives), but also from the species specific morphological, physiological 
and behavioral traits, as well as on the life stage investigated. In this 
light, the environmental physiology of different species should be 
considered to identify those traits related to enhanced vulnerability 
towards MP effects.

A meta analysis of published literature addressed the overall impacts 
of MPs on consumption (and feeding), growth, reproduction, and 
survival of fish and aquatic invertebrates (Foley et al., 2018). Although 
negative effects were observed for all four categories of responses within 
different groups, many were neutral, indicating a high varia bility of 
responses across taxa. The most consistent effect was a re duction in 
consumption of natural prey. In particular, this study un derlined how 
those organisms serving as prey to larger predators may be particularly 
susceptible to the negative impacts of MP exposure, with potential for 
bottom up effects through the food web. In this light, it has been 
hypothesized that MPs may pose a higher risk to larval fish than other 
aquatic organisms.

A study carried out on larvae from the European sea bass 
(Dicentrarchus labrax) fed with different concentrations of fluorescent PE 
MPs of different sizes demonstrated that, although MPs were de tected in 
the gastrointestinal tract of all fish, an efficient elimination from the gut 
was observed after 48 h depuration (Mazurais et al., 2015). Under these 
conditions, larval growth and inflammatory responses were not affected, 
indicating a limited impact on sea bass larvae possibly due to their high 
potential of egestion. Similarly, no relevant effects of MP ingestion were 
observed   on   food   consumption   and  growth   of   larvae   of



penta and octa BDEs) were banned by the European Union since 2004 
(EU, 2003), while deca BDE was banned from electronic and electrical 
devices since 2009 (European Council Decision, 2009).

Owing to such a variety of plastic additives and their use in high 
percentage in plastic production, their occurrence in surface and marine 
waters is not surprising. Additives are found in water and se diments 
coming from wastewater treatment plan effluents or atmo spheric 
deposition, in rivers and in coastal environments, and a large proportion 
is leached by the plastic debris when released in the en vironment (Al 
Odaini et al., 2015). Mato et al. (2001) reported 8.9 to 16 μg/g 
nonylphenols in PP pellets collected in the Bay of Tokyo. High 
concentrations of PBDEs, BPA and nonylphenols were found in PE and 
PP fragments collected along beaches and in open sea areas worldwide 
(Hirai et al., 2011). BPA, PBDEs and 4 nonylphenol were detected in 
plastic samples found in the Atlantic Ocean (Rochman et al., 2014). 
BFRs different from TPPBA are not chemically bound to the plastic 
polymer, and do leach into the surrounding matrix (Engler, 2012; 
Meeker et al., 2009). PVC, that can contain 10 60% phthalates by 
weight, is reported to release phthalates into the environment during 
manufacturing, use, and disposal (Erythropel et al., 2014; Net et al., 
2015).

4.2. Biological impacts of plastic leachates

The exposure to leachates is underestimated in the literature despite 
the well known harmfulness of phenols, phthalates, brominated com- 
pounds, etc., which are reported to have adverse effects on the endo- 
crine system of invertebrates and vertebrates, including humans (Canesi 
and Fabbri, 2015; Correia et al., 2007; Mariana et al., 2016; Sohoni et 
al., 2001). Chemicals affecting the endocrine system, addressed to as 
endocrine disruptors (EDCs), act by interacting with specific molecular 
targets (e.g. hormone receptors, transport proteins, enzymes, etc.) and 
may produce effects at very low doses. Moreover, depending on the 
temporal window of the exposure, they may cause long term adverse 
effects on individuals and their progeny (Alonso Magdalena et al., 
2015). It is also worth noting that EDCs behave differently from most 
toxicants as they do not always follow the classic pharmacological dose 
response behaviour, and may provoke higher effects at lower con- 
centrations (Vandenberg et al., 2012). These features make investiga- 
tions on this concern very difficult to perform, and have delayed the 
definition of regulatory policies. A further challenge is to distinguish 
contaminants that are sorbed onto the plastics as additives during the 
industrial manufacturing from those adsorbed from the surrounding 
medium upon environmental release of plastic fragments 
(Hermabessiere et al., 2017; León et al., 2018). Furthermore, for most 
of plastic products the composition is not fully declared by the manu- 
facturers, so that there is a general absence of knowledge on the po- 
tential exposure to additives in the environment or through the diet. On 
the other hand, additives not only leach from the plastic particles, but 
they may also be absorbed from the water together with other con- 
taminants and then desorbed (León et al., 2018). Thus, the real biolo- 
gical impact of additives deliberatively included during the plastic 
production is currently not estimated, although additives constitute a 
very high percentage of the plastic materials and pose a potentially 
higher exposure risk (Hermabessiere et al., 2017).

Since MPs are also readily ingested by living organisms and trans 
ferred along the trophic chain, leachates may represent an internal 
source of contaminants released upon intake (Tanaka et al., 2015). A 
great body of evidence show the occurrence of plastic leachates in body 
fluids from invertebrates to vertebrates (Poma et al., 2014; Wang and 
Zhang, 2013). Many in vitro and in vivo studies showed harmful effects 
of the above classes of compounds and their metabolites (Lithner et al., 
2012), including the interaction with different physiological/endocrine 
pathways (Canesi et al., 2005; Canesi and Fabbri, 2015).
Very few studies combined leaching tests from plastics and toxicity 
assays of leachates. The potential leaching of additives from a plastic

exposure to UV light. Pigments create a particular colour that render the 
material more desirable. Plasticisers (e.g. phthalates, epoxides, etc.) are 
added to make plastics softer and more flexible. Antioxidants (e.g. 
phenols, arylamines, etc.) are utilized to minimize the deterioration 
caused by heat, light or chemicals that would favour oxygen combi- 
nation with hydrocarbons. Flame retardants (e.g. halogens and bromine 
compounds) are added to prevent ignition or spread of flame in plastic 
material used in electrical and transport applications which have to meet 
fire safety standards (Thompson et al., 2009).

Bisphenol A (BPA) is used in a number of applications, including 
epoxy resin based paints, medical devices, dental sealants, surface 
coatings, thermal paper commonly used cash receipts (Kang et al., 2003) 
to make plastics clear and tough. Several studies demonstrated 
detectable levels in packaged food or beverages (López Cervantes and 
Paseiro Losada, 2003; Vandermeersch et al., 2015). A great amount of 
studies indicates BPA as an endocrine disruptor (Oehlmann et al., 2009; 
Rochester, 2013); as such, it has recently been banned from poly- 
carbonate plastics used in baby bottle manufacturing (Brede et al., 2003). 
Although it is still allowed in the European Union for use in food 
containers, a temporary Tolerable Daily Intake (t TDI) of 4 μg/kg bw for 
BPA has been recently established (EFSA, 2015).

Phthalic acid esters, or phthalates, are a group of chemicals widely 
used as additive in industrial applications. High molecular weight 
phthalates, including di(2 ethylhexyl) phthalate (DEHP) and dibutyl- 
phthalate (DBP), are used as plasticizers in the manufacture of flexible 
vinyl plastics. The detected concentrations of DEHP and DBP in drinking 
waters and surface waters are generally below 1 and 10 μg/L respectively 
(Liu et al., 2017). Nevertheless, phthalates show many effects as 
endocrine disruptors in animals as in humans, at low con centrations and 
not entirely through estrogen mediated pathways (Golshan et al., 2015; 
Mu et al., 2018; Oehlmann et al., 2009). For example, DEHP (15 30 days 
of exposure at 10 100 μg/L) reduced sperm production and motility in 
the goldfish Carassius auratus (Golshan et al., 2015). In the same study, 
levels of the StAR mRNA, which encodes a regulator of cholesterol 
transfer to steroidogenesis, and levels of the luteinizing hormone were 
decreased in DEHP and 17β estradiol (5 μg/L) treated goldfish, 
indicating interference with fish testis and pituitary hormonal functions. 
However, DEHP did not alter vitellogenin production and transcription 
of genes mediating estrogenic effects.

Mu et al. (2018) reported a variety of effects induced by DEHP and 
dibutyl phthalate (DBP) in zebrafish embryos, including decreased body 
length, yolk sac abnormities, alteration of immune response, estrogenic 
effects, and reduced lipid levels. In particular, transcriptomic, pro- 
teomic, and lipidomic approaches indicated that the effective con- 
centration of phthalates required to trigger the immune response, to alter 
lipid homeostasis and yolk sac development was lower than that required 
to induce estrogenic effects. This finding points out that other pathways 
may be more sensitive to phthalates than those estrogen mediated. 
Indeed, the DBP induced morphological alterations were not abolished 
by inhibitors of estrogen receptors, suggesting that disruption of lipid 
levels may be a possible alternative mediating the phthalate induced 
immune response (Mu et al., 2018).

A variety of products, including textiles, thermoplastics used in 
electronic devices, and products containing polyurethane foams, are 
added with flame retardant chemicals to ensure insulation, exclude 
oxygen, and reduce possible combustion. Flame retardants like poly- 
brominated diphenyl ether (PBDEs) may represent up to 30% by weight 
of plastic materials (Hermabessiere et al., 2017). Brominated Flame 
Retardants (BFRs) have been identified in many environmental com- 
partments and also in animals (Guo et al., 2017; Sutton et al., 2019). 
Differently from compounds of the same class, tetrabromobisphenol A 
(TBBPA) is chemically bound to the polymer matrix, so that it has no- 
potential to leach (Morris et al., 2004). No legislation is applied in the 
European Union to this compound (Vandermeersch et al., 2015). In 
stead,  members of the brominated diphenyl ethers (BDEs) class (i.e.



2016). Effects of leachates from virgin pellets on embryo development 
depended on the leaching procedure. The toxicity of leachates from 
beached pellets completely inhibited embryo development in all sam- 
ples. The different effects of the leachates from beached and virgin PP 
pellets was related to the mixture of compounds released: the toxicity of 
leachate from virgin pellets was likely due to plastic additives only, since 
the pellets had not been exposed to potential contaminants in situ 
(Gandara e Silva et al., 2016).

Overall, the above data obtained in invertebrate species, including 
N. spinipes (Bejgarn et al., 2015), A. amphitrite (Li et al., 2016), D. magna 
(Lithner et al., 2012, 2009), Lytechinus variegatus (Nobre et al., 2015) 
and P. perna (Gandara e Silva et al., 2016) indicate that leachates from 
PVC are the most toxic, while leachates from PE and PP are less toxic or 
not toxic for certain species. Moreover, leachates from virgin plastics 
are less toxic than those from plastics collected from the environment.

Since chemical features of the most common additives and their 
harmfulness are known, a better understanding the extent of their 
capabilities of leaching and the conditions which favour it is needed. A 
chemical fingerprint of plastic leachates would also be of interest. 
However, since the investigations demonstrate that each manufacturer 
uses different molecules for producing plastic objects, designing a 
common scheme is almost impossible. Nevertheless, specific studies on 
the real potential of leachates to impair physiological pathways are 
strongly advisable. In line with the subtle and specific effects of EDCs, a 
targeted approach has been carried out by Coffin et al. (2018), who 
explored the influence of weathering processes due to saltwater, UV 
radiation, and absorption of hydrophobic organic contaminants from the 
water on leaching of agonists for estrogen receptors (ER) and aryl- 
hydrocarbon receptors (AhR) into the aquatic medium. in vitro ex 
periments were performed with cell lines (immortalized CYP1A1 bla 
LS180 and VM7Luc4E2) or larvae of the Japanese medaka (O. latipes) 
challenged with leachates from virgin and irradiated virgin plastics, and 
with leachates from plastics recovered from the North Pacific Gyre. 
Analytical chemistry showed that leachates from the plastic materials 
were rather different, and contaminant levels in leachates from plastics 
from the North Pacific Gyre were significantly higher than those from 
irradiated virgin plastics, suggesting that long term weathering may 
increase the ability of estrogenic plasticizers or other adsorbed com- 
pounds to be released into water. The biological effects were also rather 
different. in vitro estradiol equivalent values for leachates from virgin 
plastics, UV irradiated virgin plastics and North Pacific gyre recovered 
plastics were about 4, 8, and 14 ng/L, respectively. A significant 10 fold 
vitellogenin induction was observed in medaka larvae exposed to lea- 
chates from both North Pacific Gyre recovered and UV irradiated virgin 
plastics. in vitro AhR activity was the highest in North Pacific Gyre 
recovered plastic than in virgin plastic and UV irradiated virgin plastics 
(toxic equivalency equal to about 1, 0.4 and 0.7 ng/L, respectively. 
Significant CYP1A mRNA up regulation (about 18 fold changes) was 
observed only in larvae of medaka exposed to leachates from North 
Pacific gyre recovered plastics. It is worth noting that levels of BPA 
found in the North Pacific gyre recovered and irradiated virgin plastic 
leachates (0.7 2.6 μg/L and 0.5 1.1 μg/L, respectively) are within the 
range reported to induce significant adverse effects reproductive system 
of adult fish (Correia et al., 2007; Liu et al., 2017; Sohoni et al., 2001). 
Across all plastic leachates, the chemically based estrogen equivalent 
concentrations, referred to BPA, OP, nonylphenol and several phtha- 
lates, were under estimated in comparison with the in vitro effects, 
suggesting the presence of additional compounds which were not tar- 
geted or below analytical detection limits. In summary, after 30 days of 
exposure at UV radiation, leachates from virgin plastic had limited in 
vitro and in vivo biological activities on ER and AhR. Following irra- 
diation, plastic leachates stimulated AhR activity, which was mostly 
related to desorbed PCBs. Moreover, in vitro and in vivo estrogenic 
effects were significantly higher relative to control, and consistent with 
leaching of BPA and 4 tert octylphenol. The AhR and ER dependent 
effects of plastic leachates increased significantly with longer exposure

material is due to many factors, including permeability of the polymer 
matrix, size of gaps between polymer molecules (with the larger fa- 
voring the migration), size, solubility and volatility of the additive, pH, 
temperature, and the chemical/physical properties of the surrounding 
medium (Kwan and Takada, 2016). The phenomenon also increases with 
time, and is related to degradation. Lithner et al. (2012) demonstrated 
that plastics (different classes of polymers) causing acute toxicity 
(immobilization) to D. magna do leach additives at pH 7 and within a 
short term exposure (24 72 h). Leachates were mainly composed by 
hydrophobic compounds. This work also corroborated previous results 
from the same group (Lithner et al., 2009) indicating that leachates from 
PVC were the most toxic. However, no direct analysis of the leachate 
mixture was carried out, thus no information was given on specific 
additives; at the same time, only acute effects were investigated Bejgarn 
et al. (2015) compared the acute toxicity of leachates from 21 
commercially distributed plastic items (including DVD cases, phone 
covers, liquid soap bottles, toothbrush covers, soda bottles) after dif- 
ferent periods of simulated weathering (including 0 192 h exposure to 
artificial sunlight) by assessing their lethal effects on the marine co- 
pepod Nitocra spinipes. Changes of pH and smell of the water indicated 
that new compounds were present in most of the leachates from irra- 
diated objects. Nevertheless, only eight out of the twenty one objects 
released leachates with lethal effects on the copepods. The irradiation 
time seemed an important factor to determine the leachate toxicity. 
Interestingly, weathering of PVC packaging materials increased the 
toxicity of leachates, while leachates from PVC cables did not show 
effects. Although this study applied a wide chemical screening ap- 
proach, it did not assess single chemical composition of the leachates, so 
a cause effect between specific additives and the observed acute toxicity 
could not be established.

Larvae of the barnacle Amphibalanus amphitrite were exposed to 
leachate from seven categories of recyclable commercial plastics (Li et 
al., 2016). Leachates significantly increased mortality, and the toxicity 
varied according to the type of plastic tested. In particular, the degree of 
hydrophobicity was positively correlated with mortality, and PVC was 
found to be the most toxic material, in agreement with pre vious reports 
(Lithner et al., 2012, 2009). All plastic leachates sig nificantly inhibited 
barnacle settlement independently of concentra tions. Chemical analyses 
revealed different complex mixtures of chemicals included in the plastic 
classes analysed. In particular, LC MS analysis under the ESI+ procedure 
resulted in a minimum of 113 up to a maximum out of 165 peaks 
corresponding to the different classes of compounds. Analysis under the 
ESI procedure resulted in 5 to 7 peaks. After analysis of the leachates for 
specific ESI+ compounds, only N,Ndiethyl meta toluamide (DEET) was 
returned with a confident spectral match score (> 80%). The Authors 
concluded that while the leachates were rich in ESI amenable organic 
substances, those detected are not amongst the commonly monitored 
organic chemicals (Li et al., 2016).

Leaching experiments with food matrices (e.g. broth, coffee, etc.) 
widely consumed in expanded polystyrene (EPS) packaging at high 
temperatures were performed, and leachates used to run toxicity trials 
on the freshwater crustacean Ceriodaphnia dubia assessed for mortality 
and reproduction (Thaysen et al., 2018). Some target compounds were 
expected to be released by EPS but only ethylbenzene was found above 
the instrumental limit of detection. Leachates affected both biological 
endpoints, but toxicity did not correlate with ethylbenzene concentra- 
tions, suggesting that other substances were released from EPS products 
that were not targeted by the chemical analyses. Indeed, chemicals 
which were at concentrations below the limit of detection could have 
produced cumulative or synergistic effects. Once more, the toxicity of 
plastic leachate was due to the whole mixtures, mainly of unknown 
composition.

The toxicity of leachates towards embryo development of brown 
mussels (Perna perna) was estimated from PP pellets collected in bea 
ches and virgin ones available commercially (Gandara e Silva et al.,



5. Pathogenic bacteria: hitchhikers of microplastics?

From the early 2000′s, the attention was already turned to the po- 
tential of marine plastic debris, that can travel slowly and passively, to 
promote survival of the associated biota and to transport organisms 
towards new environments, favoring the invasion by alien species 
(Barnes, 2002). Zettler et al. (2013) was the first to call ‘Plastisphere’ the 
environment and community associated to floating plastic debris in the 
sea. In addition to the meiofauna, the heterogeneity and high sur face 
volume ratio of MPs and filaments offer attractive shelter and create new 
ecological niches for bacterial communities (De Tender et al., 2015; 
Keswani et al., 2016).

Bacterial communities associated with plastic debris are mainly 
composed by keystone species in biofilm formation, other species de- 
grading MPs and some hitchhikers potentially pathogens (De Tender et 
al., 2015; Debroas et al., 2017). Main bacterial colonies seem to be 
generally attracted by MPs as a support rather than by the type of 
polymer component itself (Oberbeckmann et al., 2016). Biofilms are 
highly heterogeneous environments and offer several ecological ad 
vantages for multitudes of associated bacteria. Biofilm can accumulate 
nutrients, offers a protective barrier and associated bacteria can orga- 
nize the degradation of complex substrates (Kirstein et al., 2016). All 
these features may promote the establishment and growth of diverse 
types of bacterial communities, including potential pathogens. Re- 
cently, a study on coral reefs in the Asia Pacific region concluded an 
increased likelihood of disease when corals are in contact with plastic 
litter (Lamb et al., 2018).

Bacterial communities associated with MPs appear to be different 
from geographical zones, partially due to abiotic factors (e.g. tem 
perature or salinity) or because of different bacterial composition of the 
surrounding water (Debroas et al., 2017; Jiang et al., 2018; Kirstein et 
al., 2016). Moreover, greater bacterial richness was encountered at 
lower latitudes (Amaral Zettler et al., 2015). Since the amount of plastic 
debris may continuously increase, it is expected that the transport and 
colonization of species towards new environments will increase in the 
near future.

Due to their long life and low density, MPs can be dispersed by wind

and currents from the coast to open ocean over large distances (Cozar et 
al., 2014). This phenomenon favors the transfer of species from an 
environment to a new one, allowing the establishment of invasive 
species. In addition, previous works on microbiome associated to MPs 
has raised concern about the role of plastic debris as vectors for the 
dispersal of bacterial pathogens (Keswani et al., 2016; Zettler et al., 
2013). In the North Adriatic Sea, the fish pathogenic bacteria Aero monas 
salmonicida was detected onto MP fragments (Viršek et al., 2017). This 
pathogen species, native from temperate waters and higher latitudes, is 
usually not present in the Mediterranean Sea, and its pre sence on MP 
can represent a new source for contamination to fish. The genus Vibrio, 
that includes many species that are pathogens for humans and marine 
organisms, has been encountered in several parts of the World as MP 
associated communities, with some cases where Vibrio dominated the 
total abundance of bacteria onto MPs. For example, Kirstein et al. (2016) 
reported the presence of the human pathogen Vibrio parahaemolyticus on 
MPs from North and Baltic Seas. Since this strain was also encountered 
in the surrounding water, the Authors suggested that seawater could 
serve as a source for MP colonization (Kirstein et al., 2016). Moreover, 
Vibrio was also present on poly propylene MPs collected in the North 
Atlantic Ocean and was dom inating the total abundance of bacteria 
associated with the polymer sample (Zettler et al., 2013). The genus 
Vibrio was also found in 77% of the MPs collected in the Bay of Brest 
(France) (Frère et al., 2018). In optimal conditions, Vibrio has a fast 
growth that can explain its occa sional dominance on MPs.

MPs can also exert a concentration effect on the distribution of 
bacteria to living organisms. In most of the cases studied, the bacterial 
richness was higher on MPs than in the surrounding seawater, de- 
monstrating an attraction effect of bacteria for plastic debris (Bryant et 
al., 2016; Dussud et al., 2018; Frère et al., 2018). Few pathogens are 
enough to contaminate the host; hence, if MPs contain pathogenic 
strains, the number of bacteria entering the organism can be sufficient to 
cause an infection. Moreover, it is probable that pathogens associated 
with MPs would be transferred to the food web and persist after passage 
through the digestive system of the host, where MPs can be enriched in 
nutrients, this facilitating the growth of other bacterial species. How 
ever, studies on the marine mussel M. edulis and the marine worm 
Arenicola marina showed no alteration of the microbial composition 
present on MPs and no enrichment of potential pathogens after the 
passage through the gut of the animals (Kesy et al., 2017, 2016). Re- 
cently, laboratory studies demonstrated that the horizontal gene transfer 
for antibiotic bacterial resistance was enhanced in MP asso ciated 
bacteria communities compared to natural aggregates (Arias Andres et 
al., 2018).

Overall, available data indicate that MPs can also pose future socio- 
economic problems related to spreading invasive bacterial species, 
transporting fish or human pathogens over long distances, con- 
centrating bacterial uptake by marine organisms or increasing the 
transfer of antibiotic resistance genes. Moreover, this phenomenon could 
be potentially accentuated as biofilm participate in forming a protective 
layer against UV radiation, increasing the life time of plastic fragments. 
However, research in this domain is only at its infancy and further 
studies on composition of bacterial communities on several polymer 
substrates and transfer of genetic elements is required.

6. Conclusions and perspectives

Microplastics represent a global challenge affecting aquatic eco- 
systems. Given the recent emergence of research in this field, harmonized 
approaches for the identification and quantification of plastic particles in 
water and biota are still lacking.

From a risk assessment perspective, it is necessary to develop- 
comprehensive and agreed methodologies to be included in routine 
biomonitoring programs, especially for the study of exposure to smaller 
MPs or to NPs. To this concern, the use of mussels as sentinel species for

in the environment as observed incubating North Pacific Gyre re covered 
plastic. Although Coffin et al. (2018) suggested that data should be 
interpreted as a worst case scenario, the potential for plastics to leach 
estrogenic additive and be vector of AhR active pollutants at 
concentrations causing biological effects clearly emerged.

Overall, most of the different molecules that leach out from plastic 
materials are often at concentrations lower than analytic detection 
limits. This reduces the possibility to relate leachate toxicity to a spe- 
cific chemical fingerprint. The very low concentrations of chemicals do 
not exclude a cumulative or synergistic toxicity, which in fact was de- 
monstrated by most of toxicity tests on leachates performed so far. It 
must be stressed that exposure to sub nanomolar concentrations of 
phenols and phthalates causes significant effects on aquatic fauna (Balbi 
et al., 2016; Canesi and Fabbri, 2015) as well as on human cells 
(Ejaredar et al., 2015; Heindel et al., 2015). Thus, the release of ad 
ditives, although below the detection limits, has to be considered when 
investigating the potential biological effects of MPs that could be the 
sum of mechanical and chemical effects. Also, part of the variability 
encountered when testing plastic toxicity may derive from the unknown 
amounts of leachates in the different experimental conditions.

Overall, the paucity of data regarding composition of leachates is 
limiting comprehensive risk assessment of the environmental impacts of 
plastic debris in the aquatic environment. The toxicity associated with 
leachates must be addressed to as a mixture effect that would elude 
conventional single chemical toxicity assessments. Finally, additive 
leachates should not be disregarded on the basis of their low con- 
centrations, since most of these compounds do act on animal physiology 
at sub nanomolar doses, producing adverse effects in the long term.
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largescale monitoring programs has recently been proposed (Li et al., 
2019), and a first attempt to build a Species Sensitivity Distribution 
(SSD) was proposed as a starting point for possible regulatory guidance 
(Burns and Boxall, 2018). The SSD was built using ecotoxicity data from 
marine and freshwater species related to particles of the 10 to 5000 mm 
size fraction (most relevant to environmental size distributions). When 
compared with the measured environmental concentration (MEC), the 
resulting effective concentrations show that risks are lim ited, although 
some species and life stages appear particularly sensitive (Burns and 
Boxall, 2018; Foley et al., 2018). However, ecotoxicity ap proaches do 
not consider the mechanisms of action and the sublethal effects of MPs 
that may affect physiology in different model organisms also below SSD 
derived effective levels. Therefore, knowledge on the effects at the cell/
tissue level is necessary, in particular when con sidering smaller MPs 
and NPs. Indeed, particles of this size have the potential to pass 
biological membranes, and consequent implications of adverse effects at 
the molecular and subcellular levels are of great concern. Moreover, the 
possible effects of additives have been under estimated so far. Additives 
occur at high percentage in plastic items, and are reported to leach in the 
surrounding medium. They are present in leachates at very low 
concentrations, but those same concentrations are able to affect 
physiological modulations at the endocrine level (Balbi et al., 2016).

On the whole, this review points out the need for investigations to be 
performed under a physiological perspective. In this light, evaluating the 
effects of MPs at the molecular, cellular, tissue/organ and in dividual 
level and using multi system approaches will allow to identify potential 
common targets of MPs in different species and at different life stages 
that can be related to changes in selected physiological functions, 
including immune and stress related responses, cell sig naling, and 
energy homeostasis. Integrated and multilevel approaches will help to 
advance the understanding the biological impacts of MPs in aquatic 
biota.
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