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Abstract

:

One of the major concerns regarding the presence of plastics in ocean environments are the effects on marine biota. Plastics can be distinguished in macro- (≥25 mm), meso- (<25 mm–5 mm) micro- (<5 mm–1 µm), and nano-plastic (<1 µm) and are practically omnipresent in aquatic habitats and subject to long-range transport. The purpose of this review is to report the last findings on the release, transfer, accumulation, and effects of micro-plastics, MPs, in the oceans. MPs have the chance to adsorb different kind of organisms and compounds on their outer surface, including bacteria, viruses, algae, and abiotic substances. In this way, they can cause sever hazard once they enter the food chain. Their harm to higher organisms is discussed as well as main routes of MPs–organism interactions, i.e., ventilation, and ingestion. Potential effects on populations, communities, and ecosystems and uptake routes and transition into tissues are discussed. In consideration of the potential threats of plastic particles to ecological functions and human health risks, we recommend specific directions of future research approaches.
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1. Introduction


Plastics have become popular for their versatility and convenient usability. The physical-chemical properties of plastics, light weight and durability combined with low production costs, make this material almost irreplaceable in the production of household goods, construction, and industry [1]. Plastics have enormous social benefits because they are very cheap and commonly used by most people for different daily applications. One of the major large applications regards their use in the packaging industry: most consumer products are packaged with plastic wrappers that increase not only their shelf life but also the attraction of the final consumer. One of the major drawbacks of the recent Coronavirus pandemic is represented by the massive usage of single-use plastic, which in normal times amounts to more than 40% of all plastic trash [2]. In 2019, many people were quite confident of the reduced consumption of this material. Most companies, especially those working in the packaging sectors, were converting to green-economy policies to be attractive for younger consumers. The numbers of the disposable plastic consumption, in times of the Coronavirus, are clearly increasing due to the increase in delivery and the use of gloves and masks. The green road that had been taken seems to be slowing down. The multinationals have also been forced to take a step backwards in their environmental protection policies. For example, Starbucks has suspended the use of personal and reusable cups and glasses in Australian and US stores, in favour of disposable containers. A gesture dictated by the desire to make access to points of sale safer, but which weighs incontrovertibly on the amount of waste produced.



1.1. What Is the Problem?


1.1.1. Increasing and Significant Presence of Plastic Wastes


World plastics production has significantly increased over the last years and in 2014 it was reported to be 311 million of tons with an estimate of marked increase soon [3]. Fragmented plastics are usually distinguished in macro- (≥25 mm), meso- (<25 mm–5 mm), micro- (<5 mm–1 µm), and nano-plastics (<1 µm) [4]. MPs are omnipresent in aquatic habitats, due to their long distance transport [5,6]. A study reveals that remote areas of the Arctic accumulate large amounts of MP in ice [7]. Plastic pollution is a problem regarding all ocean basins irrespective of developed or underdeveloped regions in the world, Figure 1. Fragments of MPs have been found even in a small marine crustacean in the Arctic Sea [8]. Due to their low density, MPs are transported to coastal regions by waves, tides, and sea currents, eventually accumulating along the coast. The first reports of plastics in the surface ocean were reported at the beginning of the 1970s [9,10]. Other reports describe the presence of plastic fragments in birds in the 1960s [11]. Thus, plastics have been reported to be one of the major primary pollution components of sea environments for a long time; however, the risks associated with their presence have only been recognized and understood later [12]. But plastics can also be biologically decomposed and defragmented by worms and moths as well microbial streams. The streams include Bacillus sp. BCBT21, Bacillus amyloliquefaciens BSM-1, B. amyloliquefaciens BSM-2, Pseudomonas putida, Bacillus subtilis, Bacillus cereus, Brevibaccillus borstelensis, Bacillus vallismortis bt-dsce 01, P. protegens bt-dsce 02, Stenotrophomonas sp. bt-dsce03, and Paenibacillus sp.bt-dsce04) [13]. If the present trend in production and use continues at this rate, it is quite possible that MPs will overcome fish presence in 2050 [14].




1.1.2. Nature of Plastic Wastes


Plastics are made up of macromolecules called ‘polymers’, which are in turn made up of chains of smaller molecules, called ‘monomers’. The different types of plastic differ in terms of their external appearance and intended use, but they have some very specific characteristics in common: they are light, washable, inexpensive, easily malleable once heated, mass-producible, and particularly useful for food preservation. The most common plastics on the consumer products market are polyethylene, PE, used to produce bags, boxes, adhesive tapes, bottles, sweeping bags, pipes, toys, etc., and polypropylene, PP, used for furniture, food containers, detergent bottles, and plastic disposal products [1]. PE or polyvinyl chloride (PVC) containers abandoned in the environment take between 100 and 1000 years to degrade, while apparently more insubstantial items, such as bags, take at least 1000 years.



New products, heat, and electricity can be obtained by recovery or recycling of plastics. Mechanical recycling involves the transformation from material to material: plastic that is no longer used becomes the starting point for new products. This technique essentially consists of thermal or mechanical reprocessing of plastic waste. Chemical recycling involves returning to the basic raw material by transforming used plastics into monomers of the same quality as the virgin ones, to be used again in production. In practice, the polymers of the different plastics are broken down into their respective monomers through “reverse manufacturing”. Non-collected or non-recycled plastics can be destined for energy recovery through the waste-to-energy process. In fact, after a specific selection and shredding treatment, it is possible to obtain alternative fuels used in industrial processes (for example in cement factories) and to produce of thermoelectric energy. Energy recovery involves reusing the energy contained in plastic waste, which has a calorific value comparable to that of coal [1].



The raw materials of plastics are fossil fuels but, in the oceans, naturally occurring biopolymers may be present. The main difference between MPs and biopolymers is that the latter has been always present in the oceans. The fraction of biodegradable plastics significantly increased over the last years. In 2019, it represented about 55% of the overall production of bioplastics [15]. In fact, not all the produced bioplastic is biodegradable since it is commonly mixed with irreplaceable compounds to give commercially functional properties. This means that the destiny of these bioplastics in the environment is uncertain. Bioplastic manufacturing processes need to be improved to provide a clearer understanding of the environmental fate [16]. One advantage of these mixing is due to their lower hydrophobic feature if compared to synthetic plastics.




1.1.3. A proper Definition of MPs


One of the issues of the current emerging research on MPs are the lack of a common and universal definition of what MPs are. Most of the international literature define MPs as polymer particles < 5000 μm diameter. This definition makes that MPs represent 92% of plastics in the sea [17], although Eriksen used a smaller breakpoint (4750 μm) [17]. Collectively, MPs vary from 0.1 to 5000 μm, but current knowledge of the dimensional discrimination in the large consumer products is very limited. MPs < 5 mm can form by physical decomposition of larger plastic products or by the emission of so-called microbeads in the environment, which are widely used in the cosmetic industry [18]. The 1972 United States (U.S.) patent for microbeads set the most desirable size range for skin cleaners to 74–177 μm [19].




1.1.4. MPs and Sources


MPs are found in the environment in different forms such as pellets, i.e., spherical beads, films, foams, fragments, fibres, etc., as shown in Figure 2. MP fibres are the most frequently reported in literature [3].



MPs are normally of two different types, primary and secondary [21,22]. These two variants were distinguished by the International Research Workshop [23] based on their origin, appearance, effect, fate, and degradation. Primary means that they were originally fabricated in the size of MPs while secondary means that they come from the physical decomposition of larger pieces. Primary MPs are produced during the production or recycling of plastics, blasting and microspheres contained in hygiene and personal care products. Secondary MPs consist of plastic fragments from marine waste, fishing gear, municipal and industrial waste channels, and packaging materials. Primary MPs are produced for domestic or industrial applications that make particular use of their abrasive properties: micro-plastics in cosmetics, toothpastes, deodorants, shaving creams, polishing pastes, and so on [22,24]. The cosmetics and personal care industry produce intentionally exfoliants from PE, polyethylene terephthalate, PET, polyamides, PA, such as nylon, PP and polymethyl methacrylate, PMMA, and these MPs are in the form of solid particles smaller than 1 mm [18]. The result is that these plastic microspheres are diffused on beaches and in ocean waters around the world [25]. A major concern with PMMA is that once introduced into the environment, it is very difficult to remove them, and they are likely to persist for centuries [26]. Recently, the use of microbeads has been limited in consumer products, like in the U.S., Canada, and the UK. In the U.S., legislation greatly limited the manufacture of microbeads [27]. Virgin resin pellets, with a 5 mm diameter, represent another important source of primary plastics used during the fabrication process of plastic and their subsequent transport.



As we said, secondary MPs originate from the degradation of larger plastic waste that is dumped in the sea (or on land) when exposed to the elements (air, water, light) [22]. This is for instance the case when using modern fishing products, which are among the main sources responsible for pollution from MPs. In this sector, there is a great use of plastic because of the many advantages that this material offers compared to the natural materials traditionally used. The accidental loss, intentional abandonment, or normal wear and tear of fishing gear (ropes, lines, floats, nets, etc.), auxiliary items (fish boxes, gloves, strapping, etc.), and kitchen waste in the marine environment leaves many fibres and plastic fragments [5]. Coastal tourism and recreational activities make extensive use of disposable plastic, thus, contributing heavily to the problem of dispersion of MPs in coastal marine environments [28]. MPs are also released from synthetic garments because of machine washing. It is estimated that a single polyester fibre shirt releases about 1900 fibres in a single wash [29,30]. In recent research, it has been observed that wastewater treatment plants (WWTP) reduce the abundance of MP in effluents by 98% [31]. The specific density of plastic is close to that of water. For this reason, synthetic waste is easily transported through the catchment area into lakes and rivers to finally enter the seas and oceans. Nevertheless, about 8 × 1012 MP particles enter the aquatic environment every day through a single wastewater treatment plant [32].



Plastic materials can reach the oceans by different routes, as shown in Figure 3, as riverine input, wastewater effluent, sewage sludge disposal, litter from coastal activities, litter from marine activities, and atmospheric deposition.






2. MPs Generation


Once in the ocean, plastics can go through fragmentation by UV and mechanical forces and those less dense can float and then go through biofouling, aggregation, and deposit on the marine bed, whereas those denser can sink and directly deposit onto sediments, as shown in Figure 3. Here, MPs can re-suspend and together with suspended MPs can be adsorbed by zooplankton and expulsed as faecal pellets and through the processes of mixing and advection and fish ingestion be included in trophic chains. Environmental degradation processes, such as UV radiation, oxidation, and biodegradation, take hundreds of years to remove MPs from the sea [34]. With extensive weathering, plastics generally develop surface micro-fissures [35] and fragment into progressively smaller particles [36,37]. The dominant cause of degradation of plastics outdoors is solar UV radiation, which facilitates oxidative degradation of polymers [38]. Photodegradation of common plastics such as PE, PP, and polystyrene, PS, are free-radical mediated oxidation reactions [39]. The basic mechanism of this autocatalytic oxidation of common plastics is well established [40]. During advanced stages of degradation, the plastic debris typically discolours, develops surface features, becoming weak and brittle (embrittle) in consequence over time. Any mechanical force (e.g., wind, wave, animal bite, and human activity) can break the highly degraded, embrittled plastics into fragments. Plastic products can incorporate a range of additives selected to modify the properties of the resin to meet the intended product application. These additives change the rate of oxidative degradation (and, therefore, weathering rates) of plastics. For example, UV and heat stabilizers and antioxidants used as additives often markedly retard light-induced degradation of the plastic material. While the weathering of common plastics and their various formulations have been extensively studied in different environments, these studies have historically focused on the early stages of degradation that impact the useful lifetime of the product. Limited information is available on extensive oxidation and fragmentation of highly weathered plastics in the environment. Furthermore, there is virtually no information on weathering of plastics stranded on shorelines, floating in seawater [41] and especially submerged in seawater or sediment. The effects of variables such as mechanical impact, salinity, temperature, hydrostatic pressure, presence of pollutants such as oil in seawater and biofouling (reducing UV exposure) on the rates of weathering according to various types of plastic items are virtually unknown.



MPs of very small size of about 100 microns can show localized micro-fissures on the surface because of UV radiation transmitting into the bulk of the plastic. These micro-fissures represent the preferential route of entrance of MPs into the marine environment. The perpetuation of the oxidation process can give rise to particles at the nanoscale level [42], whose presence has not been fully documented yet. The processes of weathering and fragmentation can be quite relevant and fast on beaches and of several orders of magnitude lower in plastics floating or in the marine sediments. The quantification of plastic degradation in different marine environments remains an open unexplored research area. The only known effect regards the role of very low water temperatures, which hinder weathering of the floating MPs. Another important role is known to be played by the surface fauna, which cause biofouling of floating plastics almost everywhere. Biofouling has the main effect to attenuate the action of solar UV and makes the plastic denser, impeding the UV degradation process [42,43]. There is one side of the ocean where this does not occur or not too much is known and is represented by the aphotic sediment environment. Thus, the production of different MPs sized materials is affected by several environmental factors as well by the specific properties of the polymer. Literature needs to fill the existing gap of how MPs’ weathering and fragmentation occur in the oceans, where photo-oxidation, fragmentation, mechanical abrasion, and additive play an important role on MPs’ generation.




3. MPs Transport


Recent reports reveal that rivers move 1.15–2.41 million tonnes of plastic waste to seas [44] and this is expected to increase in the coming decades. Quantifying the transport of plastic debris from river to sea is fundamental for assessing the risks of plastic debris to the environment. Some authors [44] presented a model approach to evaluate the composition and quantity of MPs flows from European rivers to the oceans. The study evidenced wide differences among European rivers due to socio-economic condition and technical performances of sewage plants. The most sensitive seas to MPs pollution were reported to be the Mediterranean and the Black Sea because of the low MPs removal efficiency of sewage plants. Once generated, MPs can make long trips in the oceans due to several factors like MPs density, airflow, waterpower, etc. MPs debris can accumulate in large-scale subtropical ocean gyres for the effect of convergent ocean surface concentrating currents [45,46,47,48]. A similar phenomenon can also occur in a closed sea like the Mediterranean [49], where MPs can remain on the surface because of limited possibility of water exchange. The role of the sea currents varies with depth and, hence, the rates of MPs dispersal are influenced by varying the different circulation flows at different depths. A study by McDonnell and Buesseler [50] reported different sinking rates of plastic debris between 10 and 150 m per day. This means that in the very deep ocean, particles may take up to a year to sediment. Horizontal current might be quite different depending on the water depth, from one metre per second at the surface to a few centimetres a second at 1000 m depth. Thus, a sinking particle may move from its source and along the horizontal pathway from one kilometre (fast sinking rate) to 35 km (slow sinking rate). Depending on marine currents and plastic density, a single plastic particle can continuously sink at the water surface, extending in this way its horizontal displacement. The role of biofouling on density changes in MPs is poorly known. However, sinking and, hence, horizontal displacement can be affected by colonization by macrobiotic fouling organisms [51] of larger items of MPs [52].




4. MPs as Vectors and Sink of Biotic and Abiotic Substances


As we have already stated, MPs’ outer surface can host bacteria and viruses in the form of biofilms as well as algae and xenobiotics [53]. MPs, together with microorganisms, can be potentially included into the food chain and, hence, be harmful to different groups of organisms [54]. Microbial adhesion and growth might occur due to the specific nature of MPs in terms of composition and characteristics of their outer surface. In fact, MPs might adsorb a wide number of nutrients and organic substances, making them a perfect site for microbial biofilms formation [55]. Some studies report how the formation of biofilm occurs rather quickly on their surface just seven days after their release [56]. MPs with the attached biofilms can also be the pole of attraction of other planktonic organisms becoming a very complex superficial system [57]. This composition can be affected by the water quality, the geographic location, and seasonal variation. It has been estimated that the quantity of adsorbed microorganisms is 1000–15,000 t [58] and this can be verified by advanced microscopical devices like SEM and high-throughput sequencing technology. One of the major risks deriving from this microbial adhesion to MPs is the microbe transportation for long routes through different biogeographic regions and their consequent biological invasion.



MPs can also vehicle xenobiotics on their surface, including persistent inorganic and organic pollutants, like heavy metals, polycyclic aromatic hydrocarbons, and polychlorinated biphenyls. This depends on the properties of the polymers, the surface structure of the weathered plastics, and its specific surface area [55]. Some polymers like PP and PE have more sorption affinity for polycyclic aromatic hydrocarbons and polychlorinated biphenyls than polyethylene terephthalate and PVC. This pollutant sorption process increases the polluting effect of MPs, enabling adsorbed pollutants to travel a long path and reach different and very remote geographical areas [59]. In fact, apart from the chemical additives that are already present at the time of their synthesis, such as phthalates, bisphenol A, and polybrominated diphenyl ethers, MPs can adsorb pollutants. Organic contaminants, metals, and pathogens are taken from the environment and transmitted to the organisms that ingest them [60]. This aggravates their toxicological profile since with this additional toxic load they can induce greater toxic effects [59]. Moreover, the very small size of these materials means that the total exposed surface area per unit volume is very high, promoting their ability to aggregate and transport toxic substances [61]. The heterogeneous and complex nature of MPs means that various organic and inorganic contaminants can bind to form an “ecocorona”, increasing the density and surface charge of the particles and changing their bioavailability and toxicity [62]. In aquatic environments, the surface of nano-plastics and MPs is rapidly coated with various components of natural organic matter (NOM), such as humic substances, extracellular polymeric substances, and proteins [62]. Therefore, the formed eco-corona modulates their bio-reactivity and potential impacts. The aging of the plastic material favours the formation of carbonyl functional groups on the surface [63] and, consequently, the adsorption of organic pollutants is not limited to hydrophobic organic pollutants, but also concerns hydrophilic ones, which have much higher concentrations and are ubiquitous in the environment. Moreover, the interaction of MPs with surfactants can significantly increase their ability to adsorb hydrophilic pollutants [64], promoting the transfer of pollutants from MPs to organisms [65]. The adsorption and the interaction mechanism between aged MPs and hydrophilic organic pollutants represents a new and interesting area of study. Useful in this regard is the use of infrared spectroscopy (IR) and scanning electron microscopy (SEM), techniques able to detect significant surface oxidations and localized micro-fissures on aged MPs.




5. MPs in the Marine Environment


One of the major toxic effects of MPs is the interference of these particles in the form of monomers, added additives, i.e., flame retardant and plasticizers, or sorbed pollutants [66]. In addition, the presence of MPs has been shown to alter the composition of the microbial sediment community and nitrogen cycle processes. MPs may become entrained in benthic [67] and pelagic food webs [32]. MPs are persistent and a potential vector of toxic organic compounds to the marine environment and their negative effect on the environment is not only physical, but also chemical due to their capacity to adsorb and accumulate several types of contaminants. The negative relevance of MPs in the marine environment has been recently recognized by its inclusion as a priority descriptor in the Marine Strategy Framework Directive (MSFD) as Descriptor 10. The MPs reduced size and ubiquitous presence in oceans facilitate their ingestion by different organism of the trophic webs [68].



5.1. MPs and the Biological Impact


The biological impact of MPs in oceans is an emerging issue. MPs can meet organisms by different ways. One of the most important routes of interaction of MPs is external exposure with the outer surfaces of the organism, including gills and translocated into the organism. It depends on the concentration and size distribution of the MPs and the specific nature of the organism. However, this route is rather small and limited for active feeding organisms in respect to exposure through ingestion. MPs have various sizes and low densities. As a result, many living organisms perceive them as food. Exposure though ingestion is much more important. Several hundred marine species are affected by MPs and at least 10% of them encounter MPs through ingestion [69]. Ingestion has been reported for deposit and suspension feeders [70], crustaceans [71], fish and marine mammals [72], and seabirds [73]. MPs have been identified in the guts or tissues of fish [74], bivalves [75], zooplankton [76], seabirds [77], turtles [78], and whales [79]. Wild freshwater mussels and benthic invertebrates accumulate MPs mainly from sediments, while MPs in non-benthic fish stomachs are mainly from MPs suspended in water. MPs accumulate in digestive and reproductive systems of different trophic freshwater organisms such as Alella azteca [80], Lumbricus variegates [81], and Oryzias latipes [82]. Because their enzymatic system is unable to decompose the plastic, ingestion of the plastic is harmful to organisms and can cause a fatal outcome. MPs can cause intestinal blockage [83], pseudo-satiation resulting in reduced food intake [84], or absorbs and/or release organic pollutants (polybrominated diphenyl ethers, phthalates, and bisphenol A), [85] as shown in Figure 4. It is also quite frequent that organisms might mistake MPs for prey and ingest them directly [86].



In this way, MPs particles move along the the food web as predators consume prey. MPs in water are frequently mistaken to be food and ingested by plankton feeders, while particles with smaller sizes can also unintentionally be ingested [87]. Thus, ingestion has been described for zooplankton, protozoa, fish, birds, and marine mammals. Field studies have demonstrated that MPs are ingested by a large variety of marine taxa representing various trophic levels, including fish-eating birds, marine mammals, fish, and invertebrates, e.g., lugworms, amphipods and barnacles, mussels, sea cucumbers, and zooplankton. Many invertebrates are able to ingest MPs like deposit feeding lugworms Arenicola marina [34] and sea cucumbers [70], sponges, polychaetes, echinoderms, bryozoans, bivalves, barnacles [88], and detritivores, such as amphipods Orchestia gammarellus [34]. Ingestion also regards planktonic organisms like arrow worms and larval fish [10], copepods in laboratory feeding trials [29], invertebrate larvae such as trochophores [29], the echinoderms echinoplutei, ophioplutei, bipinnaria and auricularia [89], and freshwater zooplankton [89]. Most studies have been carried out in a laboratory [90,91,92,93,94]. It is also interesting to note how many marine organisms have a preference for certain MPs’ sizes, and this was observed for example by exposure to fluorescent plastic beads. In the case of zooplankton, it has been observed that particle size and abundance regulate the ingestion risk. Moreover, while a large part of MPs are eliminated in an unmodified state by the organism, few particles remain inside the body of the organism. Once MPs particles remain inside, they can produce serious cellular toxic effects [62]. Some studies focused on the presence of particles of polymers in the range of 2–10 mm in several shellfish species and reported that all particles greater than 4 mm remain inside the organism. The uptake of small plastic particles by an organism like zooplankton at the foot of the food chain represents a high risk of transference of these particles to higher organisms. Organisms can directly ingest MPs as well as they can come into contact with MPs once they feed on MPs-loaded prey [95]. However, the risk for organisms of all the food chain level relies not only to the physical damage, but also on the possible release of hazardous xenobiotics vehiculated by MPs due to the release effect of surfactants on the digestive systems [66]. The main characteristic of these compounds is that they are persistent and hydrophobic and, hence, their concentrations increase as they move up a food chain [68]. Their toxic effect varies depending on the nature of the transported chemical. In the case of endocrine-disrupting substances, for example, these can interfere with the endocrine system and on the reproductive capability of organisms [68]. At the moment, the current research does not provide a large number of studies on the accumulation and bio transportability of MPs in living organisms at all levels including human beings. In the next section, we illustrate the potential effects of MPs in the organisms of oceans.




5.2. Physical Effects


Physical adverse effects regard the obstruction or damage of feeding systems [51]. Synthetic fibres may produce intestinal blockage, while hard MPs can damage the intestinal and digestive system. As a consequence, a significant reduction of animal feeding causing even death can be observed [96]. Many authors report cases of physical damages, such as Cole et al., who reported how exposure for a limited time of 24 h with microspheres of PS reduced algae uptake by copepods [97], and Zhang et al., who found that MPs can cause physical damage in algae cell walls [98] and thylakoids compromission in microalgae [99]. MP particles can cause intestinal damage in Danio rerio, with villi and intestinal cell breakage [100]. Microspheres can significantly reduce the fecundity of copepods in the range of concentration of 0.125–25 beads/mL [101]. The main cause of this fecundity reduction can be the reduced food intake. Some studies relate the growth reduction with the reduced fertility [102]. The mechanical damage of MPs for both small and large animals is almost the same once they have been ingested [67]. In the case of zooplankton, MPs block the digestive system [103] and interfere directly or indirectly with their feeding rate [80,104], with the final result of causing an energy deficiency [103]. The physical effect may be related to entanglement, blockage of feeding structures, e.g., salps [105], and zooplankton [97], reduction in the feeding [97], or adsorption of MPs on the organism surface, e.g., algae [106] and zooplankton [97]. Once plastics are ingested and translocated into tissues they can cause toxicity as the case of the sub-lethal or lethal effects observed in certain shearwater species [107,108]. Other authors, like Foekema et al. [109], revealed an unclear relation between the condition factor of some fish species of the North Sea and MPs. In fish, MP accumulation can cause liver glycogen depletion and fat vacuolation [91]. Once ingested, MPs can go through the digestive system and be absorbed by the body, causing inflammation and fibrosis. The xenobiotic adsorbed onto MPs particles can accumulate in tissues and stimulate an immune response [110]. There is a general lack of data in the literature revealing direct particle toxicity effects of MPs translocated from gut to body fluids into organs and cells. Mussels exposed to HDPE plastic powder > 0–80 μm were absorbed by digestive gland vacuoles [111]. In addition to high trophic biota, microalgae, as the primary consumers, can be also affected by the presence of MPs, as shown in Figure 4. The sorption of plastic particles by microalgae results in a reduction in photosynthesis and an increase in reactive oxygen species (ROS). Nano-plastics were found to adsorb onto the surface of Pseudokirchneriella subcapitata [112] and hinder the absorption and utilization of photons and CO2 by algal cells [106], but microbeads (10–45 μm PE) were not found to affect plant growth (Lemna minor) [113]. Lithner et al. [114] in exposure studies with Daphnia magna found that PVC and polyurethane, PU, produce acute toxicity in Daphnia magna.




5.3. Chemical Effects


MPs can cause chemical pollution [92] due to their individual components such as monomers and additives. The constituting monomers are retained biochemically inert due to their high molecular weight [115]. Some studies report how certain monomers have harmful effects. This is the case of the report of Lithner et al., who found that the styrene monomer might have mutagenic or carcinogenic risk, and this is the reason why polystyrene is considered one of the most hazardous polymers and the U.S. Environmental Protection Agency report it as a toxic substance [114]. However, even additives can be very risky, like plasticizers, flame-retardants, antioxidants, and UV stabilizers. Some of them, like PBDEs, are very toxic and are normally added to polymers as ameliorating heat resistance or like nonylphenol as antioxidant [116]. The main reason why these residues can be very harmful for the environment is that they are not tightly bound to polymers and can be released and the release increases with plastic size. The most studied plastic additives are brominated flame-retardants (e.g., polybrominated diphenyl ethers, PBDEs, used as heat stabilizers, and phthalate plasticizers [114]. Bisphenol A, which is used in the production of polycarbonate, has endocrine disrupting effects that can adversely affect human health [117]. Thus, beside physical damage, the ingestion of MPs may have several ecotoxicological consequences, like the release of chemical additives and/or the transfer and accumulation of organic or inorganic contaminants from seawater to organisms because of ingestion. The release of plastic additives mainly occur where MPs are more concentrated and as an effect of solar irradiation being driven by UV and high temperatures. Plasticizers such as phthalates can affect the reproduction of animals, damage the development of crustaceans and amphipods, and induce genetic aberrations [117]. Their negative effect on reproduction relies on the capability to alter the body’s endocrine function [118]. Additives can be also very toxic to plants [119]. Tetrachlorophenol has shown to be directly toxic to phytoplankton [120]. MPs incorporating high molecular weight addives can also significantly alter the sedimentation of diatoms [120]. In the case of humans, MPs can enter the body through different routes, like respiratory tract inhalation, food intake, and skin contact. At the moment, it is currently unsure whether MPs can pass through human skin tissues. Thus, it is more likely that plastics enter the body through the food chain [121]. The main studied effects on human consuming polluted MP fish are reported to be cell necrosis and inflammation, etc. [32]. In vitro studies on cerebral and epithelial human cells reported cytotoxic effects at the cellular level [122]. PBDEs, phthalates, and bisphenol A can interfere with the synthesis of endogenous hormones, and lead to permanent morphological problems in the developmental stage and sexual disorders in adults [123]. Phthalates and bisphenol A could impair the development of crustaceans and amphibians and cause genetic aberrations [124]. In addition to their direct toxicity to organisms, MPs can be vehicles of pollutants from seawater to organisms [125], depending on their size, specific surface area, and hydrophobicity [91]. Wardrop et al. reported that PBDEs could be transferred to fish bodies [126]. The transference of persistent organic pollutants can disrupt critical physiological processes (e.g., cell division, immunity, hormone secretion) and damage organs [67]. Rochman et al. found that fish ingestion of low-density PE containing PAHs, PCBs, and PBDEs caused liver histopathological damages [91]. Rochman et al. [91] reported the transfer of POPs to fish and adverse effects at environmentally concentrations. However, the contribute of adsorbed chemicals to the alteration of body conditions and population-level effects have not been fully investigated. Ingestion of foods containing MPs carrying pollutants can also result in significant accumulation of dangerous compounds along the food chains up to humans. This is the case of persistent organic pollutants accumulation in bird tissue due to consumption of MPs [115]. Accumulation of persistent organic pollutants like polycyclic aromatic hydrocarbons has been observed in Japanese Medaka (Oryzias latipes) ingesting MPs with observed toxic effects to the liver as well as metastases and abnormalities [91]. Other studies report how gut surfactants can cause desorption of DDT, phenanthrene and bis-2-ethylhexylphthalate (DEHP)) adsorbed on MPs in marine organisms [127]. The same desorbing effect can also occur in the human intestine. Figure 5 shows the routes of transfer of MPs and their adsorbed pollutants in the food chain. There are studies reporting very fast desorption of pollutants from MPs under simulated intestinal physiological conditions of warm-blooded animals [54] and the same process can also occur in humans, thereby threatening human health.




5.4. Populations and Communities Effects


MPs may act as a carrier for the dispersal of biota (invasive species, pathogens) and, hence, in this way may affect marine biodiversity. The effect of exposure of humans and other mammals to MP has been recently reported in the literature [122]. However, the effect of MPs is not limited to the single individual but can have a great potential to alter the structure of the population and the equilibrium of the ecosystem [92]. Negative effects include alteration of the photosynthetic activity and of the consequent productivity of the whole ecosystem. Some studies report how bacteria forming biofilms on plastics are quite different from those present in water [52] and sediment. The presence of biofilm has been detected quite soon after exposure, within one week, and in this way the biofilm can alter the spatial distribution of plastics in the oceans [128] as well these biofilms can constitute food for zooplankton [129]. It is quite interesting to note how plastics wherever it is, water columns or sea-bed sediments, constitute a new habitat and food [52]. Whatever the plastic dimension is, organisms see the plastics as an additional tool to increase their potential to disperse in the oceans [51]. It has been estimated that the colonization of plastic debris in Arctic and Antarctica increased organism dispersion and mobility [51]. This can also represent a growing risk of alien and invasive species diffusion. Plastics can also cause genetic mixing among populations and decreasing genetic variability within populations, as often occurs with seaweeds [130]. The presence of MPs is often detected in mussels and fish caught in coastal waters like the report from Li et al., who reported MPs concentrations in mussel tissue of 0.9–4.6 items per g [131]. Other authors report fish contamination by MPs of 0.2–17.2 items per g [132]. The bioaccumulation of MPs due to their persistence and low biodegradability is reported by Bouwmeester et al. [133].




5.5. Uptake and Transition into Tissues


As we have already stated, the literature displays only limited studies on the presence of MPs in the tissues or bloody of organism coming from the field. The majority of the studies regards mussels and polychaetes. Browne et al. [95] found that mussels are capable of ingesting MPs and concentrate the polymer particles in the haemolymph of the circulatory system. In a study with Mytilus edulis and Arenicola marina, it has been showed there is an average content of 19.9 ± 4.1 particles in the lugworm tissue and coelomic fluid, while mussels had an average of 4.5 ± 0.9 particles in their tissue [88]. Other studies with mussels [90] have shown the accumulation of PS particles of 3–9 micron in the gut and in the circulatory system within three days of exposure. Von Moos et al. [111] showed the accumulation of HDPE in the size range of >0 to 80 μm in the digestive system and its transition into the lysosomal system. The lysosomal presence cause the collapse of the lysosomal membrane and enzyme emission into the cytoplasm and finally the cell death [111]. Other MPs exposure study [134] reported the transference of polymers from the digestive apparatus to the haemolymph. MPs can enter the cell via different pathways. In the case of eucaryotic cells, particles enter inside the cell by selective diffusion depending on the size of the pores. Then, there are very specialised organelles like coated vesicles, which are destined to the vehiculation of polymers < 200 nm while particles up to 40 micrometres are retained by endocytosis and phagocytosis. Some exposure studies with low dimensional particles reveal nanoparticles can be taken up by the gills and then transferred to the digestive system. Here, particles of nano-sized dimension enter the cells and cause lysosomal damage. Pollutants adsorbed by MPs can be released in certain acidic conditions like those occurring in human intestine after ingestion of contaminated fish, as shown in Figure 5.




5.6. Routes of Excretion


The current knowledge about the route of MP excretion is very limited and most studies rely only limited laboratory investigations. Once retained by organisms’ haemolymph or tissues, MPs can undergo to two different routes: accumulate or be excreted. This normally depends on several factors, like the dimension of the particle, its morphology and composition. If the route is accumulation, it is likely that the polymer particle will have a chemical and/or physical effect for an extended period of time. MP concentrations will reach a peak in the haemolymph at a time that will be related to species, plastic type, and exposure time and, subsequently, will follow a decreasing path [95]. In the case the polymer will be excreted, then healing and regeneration process become predominant.





6. Future Trends


Most of the current MPs research has focused on trophic transference of MPs alone or in association with xenobiotics to predators under highly contaminated laboratory conditions, thus, quite far from real environment scenarios. This means that future studies need to be carried out under more realistic relevant scenarios, trying to understand the circumstances of occurrence. It remains poorly investigated how consumption of MP contaminated aquatic products influence human health. The main research needs are understating MPs’ translocation of non-indigenous species, of weathering-induced fragmentation of PE, PP, and EPS plastics, and the influence of weathering on particle sorption characteristics. There is also the urgency to investigate the fate of nano-sized plastic particles in marine organisms and how they may cross cell membranes and cause cell damage. More research is needed on how the added additives and sorbed xenobiotics may cross the gut wall and assess the risk of harm at an individual and population level. Another important aspect is to consider the species-specific gut conditions that may influence chemical availability and to establish the degree of transfer under different conditions. The transference of MPs along food-webs may create a new and important route for chemical contaminants reaching upper trophic levels, given their significant hydrophobic nature and their consequent capacity to vehicle potential hazardous substances. Innovation on reusable and compostable plastics is the next goal on the road map.







Author Contributions


Writing—original draft preparation, review and editing, M.A.; writing—review and editing, L.F. and M.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Plastics-the Facts 2017: An Analysis of European Plastics Production, Demand and Waste Data. Available online: https://www.plasticseurope.org/application/files/5715/1717/4180/Plastics_the_facts_2017_FINAL_for_website_one_page.pdf (accessed on 16 February 2020).

	



Shaw, A. Plastic Pollution: What’s the Problem? National Geographic Kids. Available online: https://kids.nationalgeographic.com/explore/nature/kids-vs-plastic/pollution/ (accessed on 16 February 2020).

	



Tiwari, M.; Rathod, T.D.; Ajmal, P.Y.; Bhangare, R.C.; Sahu, S.K. Distribution and characterization of microplastics in beach sand from three different Indian coastal environments. Mar. Pollut. Bull. 2019, 140, 262–273. [Google Scholar] [CrossRef]

	



Crawford, C.B.; Quinn, B. Microplastic Pollutants, 1st ed.; Elsevier Science: Amsterdam, The Netherlands, 2016; p. 336. [Google Scholar]

	



Lusher, A.; Hollman, P.; Mendoza-Hill, J. Microplastics in Fisheries and Aquaculture: Status of Knowledge on Their Occurrence and Implications for Aquatic Organisms and Food Safety; FAO Fisheries and Aquaculture Technical Paper. No. 615; Food and Agriculture Organization of the United Nations: Rome, Italy, 2017; p. 126. [Google Scholar]

	



Ivar do Sul, J.A.; Costa, M.F.; Barletta, M.; Cysneiros, F.J. Pelagic microplastics around an archipelago of the Equatorial Atlantic. Mar. Pollut. Bull. 2013, 75, 305–309. [Google Scholar] [CrossRef]

	



Obbard, R.W.; Sadri, S.; Wong, Y.Q.; Khitun, A.A.; Baker, I.; Thompson, R.C. Global warming releases microplastic legacy frozen in Arctic Sea ice. Earth’s Future 2014, 2, 315–320. [Google Scholar] [CrossRef]

	



Iannilli, V.; Pasquali, V.; Setini, A.; Corami, F. First evidence of microplastics ingestion in benthic amphipods from Svalbard. Environ. Res. 2019, 179, 108811. [Google Scholar] [CrossRef]

	



Carpenter, E.J.; Smith, K. Plastics on the Sargasso Sea surface. Science 1972, 175, 1240–1241. [Google Scholar] [CrossRef] [PubMed]

	



Carpenter, E.J.; Anderson, S.J.; Harvey, G.R.; Miklas, H.P.; Peck, B.B. Polystyrene spherules in coastal waters. Science 1972, 178, 749–750. [Google Scholar] [CrossRef]

	



Harper, P.C.; Fowler, J.A. Plastic pellets in New Zealand storm-killed prions. (Pachyptila spp.) 1958–1977. Notornis 1987, 34, 65–70. [Google Scholar]

	



Andrady, A.L. The plastic in microplastics: A review. Mar. Pollut. Bull. 2017, 119, 12–22. [Google Scholar] [CrossRef]

	



Chandra, P.; Singh, D.P. Microplastic degradation by bacteria in aquatic ecosystem. Microorg. Sust. Environ. Health 2020, 434–467. [Google Scholar] [CrossRef]

	



MacArthur, D.E.; Waughray, D.; Stuchtey, M.R. The New Plastics Economy: Rethinking the Future of Plastics; World Economic Forum: Cologny, Switzerland, 2016; p. 36. [Google Scholar]

	



Narancic, T.; Verstichel, S.; Chaganti, S.R.; Morales-Gamez, L.; Kenny, S.T.; De Wilde, B.; Padamati, R.B.; O’Connor, K.E. Biodegradable plastic blends create new possibilities for end-of-life management of plastics but they are not a panacea for plastic pollution. Environ. Sci. Technol. 2018, 52, 10441–10452. [Google Scholar] [CrossRef]

	



Brooks, A.L.; Wang, S.; Jambeck, J.R. The Chinese import ban and its impact on global plastic waste trade. Sci. Adv. 2018, 4, eaat0131. [Google Scholar] [CrossRef] [PubMed]

	



Eriksen, M.; Lebreton, L.C.M.; Carson, H.S.; Thiel, M.; Moore, C.J.; Borerro, J.C.; Galgani, F.; Ryan, P.G.; Reisser, J. Plastic Pollution in the World’s Oceans: More than 5 Trillion Plastic Pieces Weighing over 250,000 tons Afloat at Sea. PLoS ONE 2014, 9, e111913. [Google Scholar] [CrossRef]

	



Napper, I.E.; Bakir, A.; Rowland, S.J.; Thompson, R.C. Characterisation, quantity and sorptive properties of microplastics extracted from cosmetics. Mar. Pollut. Bull. 2015, 99, 178–185. [Google Scholar] [CrossRef]

	



Beach, W.J. Skin Cleaner. U.S. Patent 3,645,904, 26 February 1972. [Google Scholar]

	



Li, C.; Busquets, R.; Campos, L.C. Assessment of microplastics in freshwater systems: A review. Sci. Total Environ. 2020, 707, 135578. [Google Scholar] [CrossRef] [PubMed]

	



Sherrington, C.; Darrah, C.; Hann, S.; Cordle, M.; Cole, G. Study to Support the Development of Measures to Combat a Range of Marine Litter Sources; Report for European Commission DG Environment; European Commission DG Environment: Brussels, Belgium, 2016; p. 410. [Google Scholar]

	



Eerkes-Medrano, D.; Thompson, R.C.; Aldridge, D.C. Microplastics in freshwater systems: A review of the emerging threats, identification of knowledge gaps and prioritisation of research needs. Water Res. 2015, 75, 63–82. [Google Scholar] [CrossRef] [PubMed]

	



Arthur, C.; Baker, J.; Bamford, H. Proceedings of the International Research Workshop on the Occurrence, Effects and Fate of Microplastic Marine Debris, 9–11 September 2008; NOAA Technical Memorandum NOS-OR&R-30; NOAA Marine Debris Division: Silver Spring, MD, USA, 2009; p. 530.

	



Carr, S.A.; Liu, J.; Tesoro, A.G. Transport and fate of microplastic particles in 804wastewater treatment plants. Water Res. 2016, 91, 174–182. [Google Scholar] [CrossRef]

	



Ashton, K.; Holmes, L.; Turner, A. Association of metals with plastic production pellets in the marine environment. Mar. Pollut. Bull. 2010, 60, 2050–2055. [Google Scholar] [CrossRef] [PubMed]

	



Andrady, A.L. Plastics and Environmental Sustainability; Wiley: Hoboken, NJ, USA, 2015; p. 324. [Google Scholar]

	



Xanthos, D.; Walker, T.R. International policies to reduce plastic marine pollution from single-use plastics (plastic bags and microbeads): A review. Mar. Pollut. Bull. 2017, 118, 17–26. [Google Scholar] [CrossRef]

	



UNEP. Marine Plastic Debris and Microplastics—Global Lessons and Research to Inspire Action and Guide Policy Change; United Nations Environment Programme: Nairobi, Kenya, 2016; p. 252. [Google Scholar]

	



Fendall, L.S.; Sewell, M.A. Contributing to marine pollution by washing your face: Microplastics in facial cleansers. Mar. Pollut. Bull. 2009, 58, 1225–1228. [Google Scholar] [CrossRef]

	



Browne, M.A.; Crump, P.; Niven, S.J.; Teuten, E.; Tonkin, A.; Galloway, T.; Thompson, R. Accumulation of microplastic on shorelines woldwide: Sources and sinks. Environ. Sci. Technol. 2011, 45, 9175–9179. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, F.; Ewins, C.; Carbonnier, F.; Quinn, B. Wastewater treatment works (WwTW) as a source of microplastics in the aquatic environment. Environ. Sci. Technol. 2016, 50, 5800–5808. [Google Scholar] [CrossRef]

	



Rochman, C.M.; Kross, S.M.; Armstrong, J.B.; Bogan, M.T.; Darling, E.S.; Green, S.J.; Smyth, A.R.; Verissimo, D. Scientific evidence supports a ban on microbeads. Environ. Sci. Technol. 2015, 49, 10759–10761. [Google Scholar] [CrossRef] [PubMed]

	



Coyle, R.; Hardiman, G.; O’Driscoll, K. Microplastics in the Marine Environment: A Review of their Sources, Distribution Processes, Uptake and Exchange in Ecosystems. Case Stud. Chem. Environ. Eng. 2020, 2, 100010. [Google Scholar] [CrossRef]

	



Thompson, R.C.; Olsen, Y.; Mitchell, R.P.; Davis, A.; Rowland, S.J.; John, A.W.G.; McGonigle, D.; Russell, A.E. Lost at sea: Where is all the plastic? Science 2004, 304, 3008. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, D.A.; Corcoran, P.L. Effects of mechanical and chemical processes on the degradation of plastic beach debris on the island of Kauai, Hawaii. Mar. Pollut. Bull. 2010, 60, 650–654. [Google Scholar] [CrossRef] [PubMed]

	



Qayyum, M.M.; White, J.R. Effect of stabilizers on failure mechanisms in weathered polypropylene. Polym. Degrad. Stabil. 1993, 41, 163–172. [Google Scholar] [CrossRef]

	



Yakimets, I.; Lai, D.; Guigon, M. Effect of photooxidation cracks on behaviour of thick polypropylene samples. Polym. Degrad. Stabil. 2004, 86, 59–67. [Google Scholar] [CrossRef]

	



Andrady, A.L. Plastics and the Environment; Wiley: New York, NY, USA, 2003; p. 792. [Google Scholar]

	



Celina, M. Review of polymer oxidation and its relationship with materials performance and lifetime prediction. Polym. Degrad. Stabil. 2013, 9, 2419–2429. [Google Scholar] [CrossRef]

	



Cruz-Pinto, J.J.C.; Carvalho, M.E.S.; Ferreira, J.F.A. The kinetics and mechanism of polyethylene photo-oxidation. Angew. Makromol. Chem. 1994, 216, 113–133. [Google Scholar] [CrossRef]

	



Andrady, A.L. Microplastics in the marine environment. Mar. Pollut. Bull. 2011, 62, 1596–1605. [Google Scholar] [CrossRef]

	



Gregory, M.R.; Andrady, A.L. Plastics in the Marine Environment. In Plastics and the Environment; Andrady, A.L., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2003. [Google Scholar] [CrossRef]

	



Ye, S.; Andrady, A.L. Fouling of floating plastic debris under Biscayne Bay exposure conditions. Mar. Pollut. Bull. 1991, 22, 608–613. [Google Scholar] [CrossRef]

	



Siegfried, M.; Koelmans, A.; Bessling, E.; Kroeze, C. Export of microplastics from land to sea. A modelling approach.  Water Res. 2017, 127, 249–257. [Google Scholar] [PubMed]

	



Wilber, R.J. Plastic in the North Atlantic. Oceanus 1987, 30, 61–68. [Google Scholar]

	



Law, K.L.; Moret-Ferguson, S.; Maximenko, N.A.; Proskurowski, G.; Peacock, E.E.; Hafner, J.; Reddy, C.M. Plastic Accumulation in the North Atlantic Subtropical Gyre. Science 2010, 329, 1185–1188. [Google Scholar] [CrossRef] [PubMed]

	



Goldstein, M.C. Abundance and Ecological Implications of Microplastic Debris in the North Pacific Subtropical Gyre. Ph.D. Thesis, University of California, San Diego, CA, USA, 2012. [Google Scholar]

	



Law, K.L.; Moret-Ferguson, S.E.; Goodwin, D.S.; Zettler, E.R.; De Force, E.; Kukulka, T.; Proskurowski, G. Distribution of Surface Plastic Debris in the Eastern Pacific Ocean from an 11-Year Data Set. Environ. Sci. Technol. 2014, 48, 4732–4738. [Google Scholar] [CrossRef] [PubMed]

	



Collignon, A.; Hecq, J.H.; Galgani, F.; Voisin, P.; Collard, F.; Goffart, A. Neustonic microplastic and zooplankton in the North Western Mediterranean Sea. Mar. Pollut. Bull. 2012, 64, 861–864. [Google Scholar] [CrossRef]

	



McDonnell, A.M.P.; Buesseler, K.O. Variability in the average sinking velocity of marine particles. Limnol. Oceanog. 2010, 55, 2085–2096. [Google Scholar] [CrossRef]

	



Gregory, M.R. Environmental implications of plastic debris in marine settings—Entanglement, ingestion, smothering, hangers-on, hitch-hiking and alien invasions. Philos. Trans. R. Soc. B 2009, 364, 2013–2025. [Google Scholar] [CrossRef]

	



Zettler, E.R.; Mincer, T.J.; Amaral-Zettler, L.A. Life in the “Plastisphere”: Microbial Communities on Plastic Marine Debris. Environ. Sci. Technol. 2013, 47, 7137–7146. [Google Scholar] [CrossRef]

	



Gutow, L.; Eckerlebe, A.; Giménez, L.; Saborowski, R. Experimental evaluation of seaweeds as a vector for microplastics into marine food webs. Environ. Sci. Technol. 2016, 50, 915–923. [Google Scholar] [CrossRef] [PubMed]

	



Bejgarn, S.; Macleod, M.; Bogdal, C.; Breitholtz, M. Toxicity of leachate from weathering plastics: An exploratory screening study with Nitocra spinipes. Chemosphere 2015, 132, 114–119. [Google Scholar] [CrossRef] [PubMed]

	



Bakir, A.; Rowland, S.J.; Thompson, R.C. Transport of persistent organic pollutants by microplastics in estuarine conditions. Estuar. Coast. Shelf Sci. 2014, 140, 14–21. [Google Scholar] [CrossRef]

	



Holmes, L.A.; Turner, A.; Thompson, R.C. Adsorbtion of trace metals to plastic resin pellets in the marine environment. Environ. Pollut. 2012, 160, 42–48. [Google Scholar] [CrossRef] [PubMed]

	



Auta, H.S.; Emenike, C.U.; Fauziah, S.H. Distribution and importance of microplastics in the marine environment: A review of the sources, fate, effects, and potential solutions. Environ. Int. 2017, 102, 165–176. [Google Scholar] [CrossRef]

	



Mincer, T.J.; Zettler, E.R.; Amaral-Zettler, L.A. Biofilms on plastic debris and their influence on marine nutrient cycling, productivity, and hazardous chemical mobility. In Hazardous Chemicals Associated with Plastics in the Marine Environment. Handbook of Environmental Chemistry; Takada, H., Karapanagioti, H.K., Eds.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 221–233. [Google Scholar] [CrossRef]

	



Alimba, C.G.; Faggio, C. Microplastics in the marine environment: Current trends in environmental pollution and mechanisms of toxicological profile. Environ. Toxicol. Pharmacol. 2019, 68, 61–74. [Google Scholar] [CrossRef]

	



Padervand, M.; Lichtfouse, E.; Robert, D.; Wang, C. Removal of microplastics from the environment. A review. Environ. Chem. Lett. 2020, 18, 807–828. [Google Scholar] [CrossRef]

	



Cesa, F.S.; Turra, A.; Ramos, J.B. Synthetic fibers as microplastics in the marine environment: A review from textile perspective with a focus on domestic washings. Sci. Total Environ. 2017, 598, 1116–1129. [Google Scholar] [CrossRef]

	



Galloway, T.S.; Cole, M.; Lewis, C. Interactions of microplastic debris throughout the marine ecosystem. Nat. Ecol. Evol. 2017, 1, 116. [Google Scholar] [CrossRef]

	



Liu, G.Z.; Zhu, Z.L.; Yang, Y.X.; Sun, Y.R.; Yu, F.; Ma, J. Sorption behavior and mechanism of hydrophilic organic chemicals to virgin and aged microplastics in freshwater and seawater. Environ. Pollut. 2019, 246, 26–33. [Google Scholar] [CrossRef]

	



Xia, Y.; Zhou, J.J.; Gong, Y.Y.; Li, Z.J.; Zeng, E.Y. Strong influence of surfactants on virgin hydrophobic microplastics adsorbing ionic organic pollutants. Environ. Pollut. 2020, 265 Pt B, 115061. [Google Scholar] [CrossRef]

	



Heinrich, H.; Braunbeck, T. Bioavailability of microplastic-bound pollutants in vitro: The role of adsorbate lipophilicity and surfactants. Comp. Biochem. Physiol. Part C 2019, 221, 59–67. [Google Scholar] [CrossRef]

	



Wright, S.L.; Kelly, F.J. Plastic and human health: A micro issue? Environ. Sci. Technol. 2017, 51, 6634–6647. [Google Scholar] [CrossRef]

	



Cole, M.; Lindeque, P.; Halsband, C.; Galloway, T.S. Microplastics as contaminants in the marine environment: A review. Mar. Pollut. Bull. 2011, 62, 2588–2597. [Google Scholar] [CrossRef]

	



Alomar, C.; Sureda, A.; Capó, X.; Guijarro, B.; Tejada, S.; Deudero, S. Microplastic ingestion by Mullus surmuletus Linnaeus, 1758 fish and its potential for causing oxidative stress. Environ. Res. 2017, 159, 135–142. [Google Scholar] [CrossRef]

	



Gall, S.C.; Thompson, R.C. The impact of debris on marine life. Mar. Pollut. Bull. 2015, 92, 170–179. [Google Scholar] [CrossRef] [PubMed]

	



Graham, E.R.; Thompson, J.T. Deposit- and suspension-feeding sea cucumbers (Echinodermata) ingest plastic fragments. J. Exp. Mar. Biol. Ecol. 2009, 368, 22–29. [Google Scholar] [CrossRef]

	



Murray, F.; Cowie, P.R. Plastic contamination in the decapod crustacean Nephrops norvegicus (Linnaeus, 1758). Mar. Pollut. Bull. 2011, 62, 1207–1217. [Google Scholar] [CrossRef] [PubMed]

	



Denuncio, P.; Bastida, R.; Dassis, M.; Giardino, G.; Gerpe, M.; Rodriguez, D. Plastic ingestion in Franciscana dolphins, Pontoporia blainvillei (Gervais and d’Orbigny, 1844), from Argentina. Mar. Pollut. Bull. 2011, 62, 1836–1841. [Google Scholar] [CrossRef]

	



Avery-Gomm, S.; Provencher, J.F.; Morgan, K.H.; Bertram, D.F. Plastic ingestion in marine-associated bird species from the eastern North Pacific. Mar. Pollut. Bull. 2013, 72, 257–259. [Google Scholar] [CrossRef]

	



Neves, D.; Sobral, P.; Ferreira, J.L.; Pereira, T. Ingestion of microplastics by commercial fish off the Portuguese coast. Mar. Pollut. Bull. 2015, 101, 119–126. [Google Scholar] [CrossRef] [PubMed]

	



Van Cauwenberghe, L.; Claessens, M.; Vandegehuchte, M.B.; Janssen, C.R. Microplastics are taken up by mussels (Mytilus edulis) and lugworms (Arenicola marina) living in natural habitats. Environ. Pollut. 2015, 199, 10–17. [Google Scholar] [CrossRef] [PubMed]

	



Desforges, J.-P.W.; Galbraith, M.; Ross, P.S. Ingestion of Microplastics by Zooplankton in the Northeast Pacific Ocean. Arch. Environ. Contam. Toxicol. 2015, 69, 320–330. [Google Scholar] [CrossRef]

	



Blight, L.K.; Burger, A.E. Occurence of plastic particles in Seabirds from the Eastern North Pacific. Mar. Pollut. Bull. 1997, 34, 323–325. [Google Scholar] [CrossRef]

	



Bugoni, L.; Krause, L.; Petry, M.V. Marine debris and human impact on sea turtles in Southern Brazil. Mar. Pollut. Bull. 2001, 42, 1330–1334. [Google Scholar] [CrossRef]

	



De Stephanis, R.; Gimenez, J.; Carpinelli, E.; Gutierrez-Exposito, C.; Canadas, A. As main meal for sperm whales: Plastics debris. Mar. Pollut. Bull. 2013, 69, 206–214. [Google Scholar] [CrossRef]

	



Au, S.Y.; Bruce, T.F.; Bridges, W.C.; Klaine, S.J. Responses of Hyalella azteca to acute and chronic microplastic exposures. Environ. Toxicol. Chem. 2015, 34, 2564–2572. [Google Scholar] [CrossRef]

	



Imhof, H.K.; Ivleva, N.P.; Schmid, J.; Niessner, R.; Laforsch, C. Contamination of beach sediments of a subalpine lake with microplastic particles. Curr. Biol. 2013, 23, R867–R868. [Google Scholar] [CrossRef] [PubMed]

	



Rochman, C.M.; Hoh, E.; Hentschel, B.T.; Kaye, S. Long-term field measurement of sorption of organic contaminants to five types of plastic pellets: Implications for plastic marine debris. Environ. Sci. Technol. 2013, 47, 1646–1654. [Google Scholar] [CrossRef]

	



Karami, A.; Golieskardi, A.; Keong Choo, C.; Larat, V.; Galloway, T.S.; Salamatinia, B. The presence of microplastics in commercial salts from different countries. Sci. Rep. 2017, 7, 46173. [Google Scholar] [CrossRef]

	



Tourinho, P.S.; Ivar do Sul, J.A.; Fillmann, G. Is marine debris ingestion still a problem for the coastal marine biota of southern Brazil? Mar. Pollut. Bull. 2010, 60, 396–401. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Q.; Hu, X.; Yang, B.; Zhang, G.; Wang, J.; Ling, W. Distribution, abundance, and risks of microplastics in the environment. Chemosphere 2020, 249, 126059. [Google Scholar] [CrossRef] [PubMed]

	



Moore, C.J. Synthetic polymers in the marine environment: A rapidly increasing, long-term threat. Environ. Res. 2008, 108, 131–139. [Google Scholar] [CrossRef]

	



Moore, C.J.; Moore, S.L.; Leecaster, M.K.; Weisberg, S.B. A Comparison of Plastic and Plankton in the North Pacific Central Gyre. Mar. Pollut. Bull. 2001, 42, 1297–1300. [Google Scholar] [CrossRef]

	



Van Cauwenberghe, L.; Claessens, M.; Janssen, C.R. Selective uptake of microplastics by a marine bivalve (Mytilus edulis). Commun. Agric. Appl. Biol. Sci. 2013, 78, 25–27. [Google Scholar] [PubMed]

	



Bern, L. Size-Related Discrimination of Nutritive and Inert Particles by Fresh-Water Zooplankton. J. Plankton Res. 1990, 12, 1059–1067. [Google Scholar] [CrossRef]

	



Browne, M.A.; Niven, S.J.; Galloway, T.S.; Rowland, S.J.; Thompson, R.C. Microplastic Moves Pollutants and Additives to Worms, Reducing Functions Linked to Health and Biodiversity. Curr. Biol. 2013, 23, 2388–2392. [Google Scholar] [CrossRef]

	



Rochman, C.M.; Hoh, E.; Kurobe, T.; Teh, S.J. Ingested plastic transfers hazardous chemicals to fish and induces hepatic stress. Sci. Rep. 2013, 3, 3263. [Google Scholar] [CrossRef]

	



Wright, S.L.; Rowe, D.; Thompson, R.C.; Galloway, T.S. Microplastic ingestion decreases energy reserves in marine worms. Curr. Biol. 2013, 23, R1031–R1033. [Google Scholar] [CrossRef] [PubMed]

	



Cole, M.; Webb, H.; Lindeque, P.K.; Fileman, E.S.; Halsband, C.; Galloway, T.S. Isolation of microplastics in biota-rich seawater samples and marine organisms. Sci. Rep. 2014, 4, 4528. [Google Scholar] [CrossRef]

	



Chua, E.M.; Shimeta, J.; Nugegoda, D.; Morrison, P.D.; Clarke, B.O. Assimilation of Polybrominated Diphenyl Ethers from Microplastics by the Marine Amphipod, Allorchestes Compressa. Environ. Sci. Technol. 2014, 48, 8127–8134. [Google Scholar] [CrossRef]

	



Farrell, P.; Nelson, K. Trophic level transfer of microplastic: Mytilus edulis (L.) to Carcinus maenas (L.). Environ. Pollut. 2013, 177, 1–3. [Google Scholar] [CrossRef]

	



Duis, K.; Coors, A. Microplastics in the aquatic and terrestrial environment: Sources (with a specific focus on personal care products), fate and effects. Environ. Sci. Eur. 2016, 28, 2. [Google Scholar] [CrossRef] [PubMed]

	



Cole, M.; Lindeque, P.; Fileman, E.; Halsband, C.; Goodhead, R.; Moger, J.; Galloway, T.S. Microplastic ingestion by zooplankton. Environ. Sci. Technol. 2013, 47, 6646–6655. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Chen, X.; Wang, J.; Tan, L. Toxic effects of microplastic on marine microalgae Skeletonema costatum: Interactions between microplastic and algae. Environ. Pollut. 2017, 220, 1282–1288. [Google Scholar] [CrossRef]

	



Mao, Y.; Ai, H.; Chen, Y.; Zhang, Z.; Zeng, P.; Kang, L.; Li, W.; Gu, W.; He, Q.; Li, H. Phytoplankton response to polystyrene microplastics: Perspective from an entire growth period. Chemosphere 2018, 208, 59–68. [Google Scholar] [CrossRef] [PubMed]

	



Lei, L.; Wu, S.; Lu, S.; Liu, M.; Song, Y.; Fu, Z.; Shi, H.; Raley-Susman, K.M.; He, D. Microplastic particles cause intestinal damage and other adverse effects in zebrafish Danio rerio and nematode Caenorhabditis elegans. Sci. Total Environ. 2018, 619, 1–8. [Google Scholar] [CrossRef]

	



Lee, K.W.; Shim, W.J.; Kwon, O.Y.; Kang, J.H. Size-dependent effects of micropolystyrene particles in the marine copepod Tigriopus japonicus. Environ. Sci. Technol. 2013, 47, 11278–11283. [Google Scholar] [CrossRef]

	



Hutchinson, T.H. Small is useful in endocrine disrupter assessment—Four key recommendations for aquatic invertebrate research. Ecotoxicology 2007, 16, 231–238. [Google Scholar] [CrossRef]

	



Besseling, E.; Quik, J.T.K.; Sun, M.; Koelmans, A.A. Fate of nano-and microplastic in freshwater systems: A modeling study. Environ. Pollut. 2017, 220 Pt A, 540–548. [Google Scholar] [CrossRef]

	



Nasser, F.; Lynch, I. Secreted protein eco-corona mediates uptake and impacts of polystyrene nanoparticles on Daphnia magna. J. Proteom. 2016, 137, 45–51. [Google Scholar] [CrossRef]

	



Chan, W.Y.; Witting, J. The Impact of Microplastics on Salp Feeding in the Tropical Pacific. ANU Undergrad. Res. J. 2012, 4. [Google Scholar] [CrossRef]

	



Bhattacharya, P. A review on the impacts of microplastic beads used in cosmetics. Acta Biomed. Sci. 2016, 3, 47–52. [Google Scholar]

	



Van Franeker, J.A.; Blaize, C.; Danielsen, J.; Fairclough, K.; Gollan, J.; Guse, N.; Hansen, P.L.; Heubeck, M.; Jensen, J.K.; Le Guillou, G.; et al. Monitoring plastic ingestion by the northern fulmar Fulmarus glacialis in the North Sea. Environ. Pollut. 2011, 159, 2609–2615. [Google Scholar] [CrossRef]

	



Codina-García, M.; Militão, T.; Moreno, J.; González-Solís, J. Plastic debris in Mediterranean seabirds. Mar. Pollut. Bull. 2013, 77, 220–226. [Google Scholar] [CrossRef] [PubMed]

	



Foekema, E.M.; De Gruijter, C.; Mergia, M.T.; van Franeker, J.A.; Murk, A.J.; Koelmans, A.A. Plastic in North Sea Fish. Environ. Sci. Technol. 2013, 47, 8818–8824. [Google Scholar] [CrossRef]

	



Tang, L.P.; Eaton, J.W. Inflammatory responses to biomaterials. Am. J. Clin. Pathol. 1995, 103, 466–471. [Google Scholar] [CrossRef]

	



von Moos, N.; Burkhardt-Holm, P.; Köhler, A. Uptake and effects of microplastics on cells and tissue of the blue mussel Mytilus edulis L. after an experimental exposure. Environ. Sci. Technol. 2012, 46, 11327–11335. [Google Scholar] [CrossRef] [PubMed]

	



Nolte, T.M.; Kettler, K.; Meesters, J.A.J.; Hendriks, A.J.; Van de Meent, D. A semi-empirical model for passive transport of inorganic nanoparticles across a lipid bilayer—implications for uptake by living cells. Environ. Toxicol. Chem. 2015, 34, 488–496. [Google Scholar] [CrossRef] [PubMed]

	



Mateos-Cárdenas, A.; Scott, D.T.; Seitmaganbetova, G.; van Pelt, F.N.A.M.; O’Halloran, J.; Jansen, M.A.K. Polyethylene microplastics adhere to Lemnaminor (L.), yet have no effects on plant growth or feeding by Gammarus duebeni (Lillj). Sci. Total Environ. 2019, 689, 413–421. [Google Scholar] [CrossRef] [PubMed]

	



Lithner, D.; Damberg, J.; Dave, G.; Larsson, K. Leachates from plastic consumer products–screening for toxicity with Daphnia magna. Chemosphere 2009, 74, 1195–1200. [Google Scholar] [CrossRef] [PubMed]

	



Teuten, E.L.; Saquing, J.M.; Knappe, D.R.; Barlaz, M.A.; Jonsson, S.; Björn, A.; Ochi, D. Transport and release of chemicals from plastics to the environment and to wildlife. Philos. Trans. Royal Soc. Lond. B Biol. Sci. 2009, 364, 2027–2045. [Google Scholar] [CrossRef] [PubMed]

	



Horton, A.A.; Walton, A.; Spurgeon, D.J.; Lahive, E.; Svendsen, C. Microplastics in freshwater and terrestrial environments: Evaluating the current understanding to identify the knowledge gaps and future research priorities. Sci. Total Environ. 2017, 586, 127–141. [Google Scholar] [CrossRef]

	



Halden, R.U. Plastics and Health Risks. Rev. Public Health 2010, 31, 179–194. [Google Scholar] [CrossRef] [PubMed]

	



Syberg, K.; Khan, F.R.; Selck, H.; Palmqvist, A.; Banta, G.T.; Daley, J.; Sano, L.; Duhaime, M.B. Microplastics: Addressing Ecological Risk Through Lessons Learned. Environ. Toxicol. Chem. 2015, 34, 945–953. [Google Scholar] [CrossRef] [PubMed]

	



Rehse, S.; Kloas, W.; Zarfl, C. Short-term exposure with high concentrations of pristine microplastic particles leads to immobilisation of Daphnia magna. Chemosphere 2016, 153, 91–99. [Google Scholar] [CrossRef]

	



Long, R.L.; Gorecki, M.J.; Renton, M.; Scott, J.K.; Colville, L.; Goggin, D.E.; Commander, L.E.; Westcott, D.A.; Cherry, H.; Finch-Savage, W.E. The ecophysiology of seed persistence: A mechanistic view of the journey to germination or demise. Biol. Rev. Camb. Philos. Soc. 2015, 90, 31–59. [Google Scholar] [CrossRef]

	



Liboiron, M.; Liboiron, F.; Wells, E.; Richard, N.; Zahara, A.; Mather, C.; Bradshaw, H.; Murichi, J. Low plastic ingestion rate in Atlantic cod (Gadus morhua) from Newfoundland destined for human consumption collected through citizen science methods. Mar. Pollut. Bull. 2016, 113, 428–437. [Google Scholar] [CrossRef]

	



Barboza, L.G.A.; Vethaak, A.D.; Lavorante, B.R.B.O.; Lundebye, A.K.; Guilhermino, L. Marine microplastic debris: An emerging issue for food security, food safety and human health. Mar. Pollut. Bull. 2018, 133, 336–348. [Google Scholar] [CrossRef]

	



Talsness, C.E.; Andrade, A.J.; Kuriyama, S.N.; Taylor, J.A.; vom Saal, F.S. Components of plastic: Experimental studies in animals and relevance for human health. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 2079–2096. [Google Scholar] [CrossRef]

	



Oehlmann, J.; Sculte-Oehlmann, U.; Kloas, W.; Jagnytsch, O.; Lutz, I.; Kusk, K.O.; Wollenberger, L.; Santos, E.M.; Paull, G.C.; Van Look, K.J.W.; et al. A critical analysis of the biological impacts of plasticizers on wildlife. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2009, 364, 2047–2062. [Google Scholar] [CrossRef]

	



Hartmann, N.B.; Rist, S.; Bodin, J.; Jensen, L.H.S.; Nørgaard Schmidt, S.; Mayer, P.; Meibom, A.; Baun, A. Microplastics as vectors for environmental contaminants: Exploring sorption, desorption, and transfer to biota. Integr. Environ. Assess. Manag. 2017, 13, 488–493. [Google Scholar] [CrossRef]

	



Wardrop, P.; Shimeta, J.; Nugegoda, D.; Morrison, P.D.; Miranda, A.; Tang, M.; Clarke, B.O. Chemical Pollutants Sorbed to Ingested Microbeads from Personal Care Products Accumulate in Fish. Environ. Sci. Technol. 2016, 50, 4037–4044. [Google Scholar] [CrossRef]

	



Bakir, A.; O’Connor, I.A.; Rowland, S.J.; Hendriks, A.J.; Thompson, R.C. Relative importance of microplastics as a pathway for the transfer of hydrophobic organic chemicals to marine life. Environ. Pollut. 2016, 219, 56–65. [Google Scholar] [CrossRef] [PubMed]

	



Lobelle, D.; Cunliffe, M. Early microbial biofilm formation on marine plastic debris. Mar. Pollut. Bull. 2011, 62, 197–200. [Google Scholar] [CrossRef] [PubMed]

	



Kirchman, D.; Mitchell, R. Contribution of particle-bound bacteria to total microheterotrophic activity in five ponds and two marshes. Appl. Environ. Microbiol. 1982, 43, 200–209. [Google Scholar] [CrossRef]

	



Rothäusler, E.; Gutow, L.; Thiel, M. Floating seaweeds and their communities. In Seaweed Biology—Novel Insights into Ecophysiology, Ecology and Utilization, Ecological Studies; Wiencke, C., Bischof, K., Eds.; Springer: Berlin/Heidelberg, Germany, 2012; Volume 219, pp. 359–380. [Google Scholar] [CrossRef]

	



Li, J.; Qu, X.; Su, L.; Zhang, W.; Yang, D.; Kolandhasamy, P.; Li, D.; Shi, H. Microplastics in mussels along the coastal waters of China. Environ. Pollut. 2016, 214, 177–184. [Google Scholar] [CrossRef] [PubMed]

	



Jabeen, K.; Su, L.; Li, J.; Yang, D.; Tong, C.; Mu, J.; Shi, H. Microplastics and mesoplastics in fish from coastal and fresh waters of China. Environ. Pollut. 2017, 221, 141–149. [Google Scholar] [CrossRef] [PubMed]

	



Bouwmeester, H.; Hollman, P.C.H.; Peters, R.J.B. Potential health impact of environmentally released micro- and nanoplastics in the human food production chain: Experiences from nanotoxicology. Environ. Sci. Technol. 2015, 49, 8932–8947. [Google Scholar] [CrossRef]

	



Hoher, N.; Koehler, A.; Strand, J.; Broeg, K. Effects of various pollutant mixtures on immune responses of the blue mussel (Mytilus edulis) collected at a salinity gradient in Danish coastal waters. Mar. Environ. Res. 2012, 75, 35–44. [Google Scholar] [CrossRef]








[image: Jmse 09 00433 g001 550] 





Figure 1. Count density (pieces km−2; see colorbar) of marine plastic debris measured at 1571 stations from 680 net tows and 891 visual survey transects for each of four plastic size classes (0.33–1.00 mm, 1.01–4.75 mm, 4.76–200 mm, and >200 mm). 
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Figure 2. Morphologies of MPs in marine environment [20]. With the permission of Elsevier. 
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Figure 3. MPs pathways in the environment (adapted from [33]). 
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Figure 4. Major MPs effects on biota [85] with the permission of Elsevier. 
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Figure 5. Routes o Vehiculation of pollutants in the food chain [85] with the permission of Elsevier. 
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