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o Paucity of studies on the potential accumulation of microplastics in organisms 10 

o Majority of studies to date have been performed on marine invertebrates 11 

o Little information on marine vertebrates, mammals and humans 12 
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poorly investigated and understood 14 
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Abstract  32 

Following a decade of research into the potential environmental impacts of microplastics, 33 

there is still a significant gap in our knowledge about the processes by which microplastics 34 

pass across biological barriers, enter cells and are subject to biological processes. Here we 35 

summarize available research on the accumulation of microplastics, and their associated 36 

contaminants, in a range of different organisms, such as marine invertebrates, fish, sea turtles, 37 

marine and terrestrial mammals and humans. Analysis of the available research revealed that 38 

the majority of the data available on the accumulation of microplastics in both field and lab 39 

studies are for marine invertebrates, especially bivalves. An important aspect that could 40 

provide a measure of the risk of microplastics to exposed organisms is to understand their 41 

clearance and the effect it has on the inflammatory response and possible risk associated with 42 

exposure.. Evidence of microplastics accumulation in insects, birds, marine mammals and sea 43 

turtles is scarce, due to difficulty in  sampling and extracting these particles form their 44 

stomachs and tissues. Information is sparse on the mode of accumulation of microplastics in 45 

both mammals and humans. There is some evidence to suggest possible uptake of plastic 46 

particles by the intestinal barrier and lungs, although this is far from conclusive. A step 47 

towards understanding microplastics mechanism of uptake would be the use of in vivo 48 

experimental testing using laboratory animals, however there are ethical implications 49 

associated with such studies. Further work is required in order to understand the mechanism 50 

of chemical partitioning as well as the role of contaminants when associated with a plastic. 51 

The methodologies that have been used to locate nano and microplastics in animal tissues 52 

have to date essentially been based on histology and imaging processes, although the intrinsic 53 

characteristics of the plastic pose technical limitations. Gaps in knowledge and 54 

recommendations for future research are provided, and attention is drawn to the urgent need 55 

to understand the mechanism of action of both nano- and micro-plastics and associated 56 

contaminants in a range of organisms.   57 

 58 
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 80 

1. Introduction 81 

 82 

Plastic production began in the 1950s with the commercial development of 83 

polyolefins, polypropylene and polyethylene (PlasticsEurope, 2017).  Plastic use has 84 

increased globally, however rapid growth in production and distribution has resulted in 85 

serious environmental consequences (Lusher, 2015). The high durability and resistance of 86 

plastic polymers to degradation, coupled with high consumption and low recycling volumes, 87 

has contributed to the continuous increase of plastics in the environment (Keane, 2007). 88 

Global plastic production increases 9% every year, with 335 million tons produced in 2016 89 

(PlasticsEurope, 2017). 90 

Microplastics are distributed worldwide and have been found in all different 91 

environments and remote locations (Rochman, 2018). Microplastics have been reported in the 92 

marine environment (Andrady, 2011), freshwater systems such as lakes and rivers (Eerkes-93 

Medrano et al., 2015; Eriksen et al., 2013), terrestrial systems (soil and sludge) (Lwanga et 94 

al., 2017; Zubris & Richards, 2005), dust (Kole et al., 2017) and air (Dris et al., 2017). 95 
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The largest sink for microplastics is the open ocean. The amount of plastic debris that 96 

reaches the marine environment is substantial and estimated between 4 and 12 million metric 97 

tons per annum (Derraik, 2002; Jambeck et al., 2015; Thompson et al., 2004). The primary 98 

sources of plastic debris in the sea are from fishing fleets (Cawthorn, 1989), marine 99 

recreational activities (Pruter, 1987; Wilber, 1987) (UNESCO, 1994), rivers and municipal 100 

drainage systems (Williams & Simmons, 1997). Major inputs of plastic litter from land 101 

sources typically occur in densely populated or industrialized areas (Derraik, 2002).  102 

Plastic debris can be transported thousands of kilometres and contaminate relatively 103 

distant locations (Browne et al., 2010) and accumulate along strandlines (Thornton & 104 

Jackson, 1998), in the open ocean (Shaw & Day, 1994), and on the seafloor (Galgani et al., 105 

2000). Most plastics are resistant to biodegradation, but they will break down gradually 106 

through mechanical action (Thompson et al., 2004). When exposed to UV-B radiation, to the 107 

oxidative properties of the atmosphere and to the hydrolytic properties of seawater, these 108 

plastics become brittle and break into smaller pieces (Andrady, 2011), until they become 109 

microplastics (0.1-5000 µm) (Arthur et al., 2009) or even nanoplastics (≤ 0.1 μm) (Lambert 110 

& Wagner, 2016). A secondary source of microplastics can be from industry (Lusher, 2015), 111 

from cleaning products or cosmetics (Fendall & Sewell, 2009), tyre wear (Kole et al., 2017) 112 

or microfibers from machine-washed clothing (Browne et al., 2011), that is directly released 113 

to the environment in the municipal effluent.   114 

Nanoplastic manufacturing is also on the increase. Cosmetics, paints, adhesives, drug 115 

delivery vehicles, and electronics are just some examples (Koelmans et al., 2015). The 116 

reduction in particle size, both by design or due to environmental degradation, may induce 117 

unique particle characteristics, that can influence their potential toxicity (Wright & Kelly, 118 

2017). 119 

Plastic ingestion is the main interaction between organisms and microplastics (Lusher, 120 

2015), probably due to confusion with food (Andrady, 2011; Moore, 2008). Ingestion has 121 

been reported in marine mammals (Laist, 1997), cetaceans (Clapham et al., 1999), birds 122 

(Mallory, 2008), sea turtles (Mascarenhas et al., 2004), zooplankton (Cole et al., 2013) , 123 

larvae and adult fish (Browne et al., 2013; Lusher, 2015; Rochman et al., 2014b). However, 124 

there are no reported studies on microplastic ingestion by other animals (e.g. terrestrial 125 

mammals, reptiles) or humans. 126 

The potential for microplastics to cause injury to marine organisms has been widely 127 

documented leading to the following adverse effects: reduction of feeding rate (Wright et al., 128 

2013a), reduction of predatory performance (de Sá et al., 2015), physical damage due to 129 
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accumulation (Avio et al., 2015), induction of oxidative stress (Jeong et al., 2017), effects on 130 

reproduction (Sussarellu et al., 2016), decreased neurofunctional activity (Oliveira et al., 131 

2013; Ribeiro et al., 2017), oxidative damage (Fonte et al., 2016), development of 132 

pathologies (Rochman et al., 2013), mortality (Mazurais et al., 2015), among others.  133 

Evidence of microplastics impact on freshwater biota is limited and has only been 134 

addressed in few studies (Duis & Coors, 2016). The same follows for terrestrial mammals, 135 

where there is only one study of the effects of microplastics in mice (Lu et al., 2018). 136 

Information on the impact of microplastics on human health is still inexistent.  137 

 In addition to the physical impact caused by the intake of microplastics by organisms, 138 

microplastics themselves may be covered by biomolecules that interact with biological 139 

systems (Galloway et al., 2017) and/or be a pathway for transfer of persistent organic 140 

pollutants (POPs) into their tissues (Browne et al., 2013). The high surface/volume ratio of 141 

microplastics, curvature, reactivity and small size enable different uptake rates and 142 

biodistribution (Mattsson et al., 2015), which makes them highly dynamic in the 143 

environment, altering microplastics bioavailability. The high accumulation potential of 144 

plastic provides a transport medium for contaminants as well as being a potential source of 145 

contaminants themselves. Degradation of microplastics to smaller particle sizes adds more 146 

surface area to sorb contaminants (Ogata et al., 2009). This includes POPs, bioccumulative 147 

and toxic substances (Browne et al., 2013; Engler, 2012). 148 

To date, reviews on microplastics and associated contaminants in organisms have 149 

mainly focused on marine organisms and in summarizing ecotoxicological impact (Andrady, 150 

2011; Barboza & Gimenez, 2015; Cole et al., 2011; de Sá et al., 2018), its uptake (Besseling 151 

et al., 2013; Setälä et al., 2014), effects (e.g. Cole et al., 2011; Auta et al., 2017; Horton et al., 152 

2017), egestion (Brillant & MacDonald, 2002; Kaposi et al., 2014; Setälä et al., 2014; Ward 153 

& Kach, 2009) and the presence of plastic in several organs (Avio et al., 2015; Lei et al., 154 

2018; Ribeiro et al., 2017; Wright et al., 2013a). Nonetheless, there has been no critical 155 

evaluation of the accumulation patterns and/or translocation of microplastics and associated 156 

contaminants inside organisms, neither data on the accumulation in other animal classes. 157 

Thus, this paper aims to: (i) compile, summarize and discuss current literature of field 158 

and laboratory research in terms of microplastics accumulation in all type of organisms; (ii) 159 

review the published studies about accumulation and fate of associated contaminants and (iii) 160 

based on the information provided, identify and critically discuss data gaps and promising 161 

areas for future research. Tables 1 and 3 summarize our findings on the evidence of 162 
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microplastics and associated contaminants accumulation in several species, respectively. 163 

Table 2 only relates to observations on wild organisms.  164 

 165 

2. Field and laboratory research in terms of microplastics accumulation 166 

 167 

2.1. Marine invertebrates and fish 168 

 169 

The small size of microplastics actively contributes to their bioavailability and 170 

accumulation in organisms of lower trophic classes, from benthic and pelagic ecosystems 171 

(Lusher, 2015) that are the basis of most food chains (Thompson et al., 2004). Most 172 

laboratory exposure experiments thus far have been performed on marine organisms. 173 

Microplastics are known to be ingested by planktonic organisms (Fendall & Sewell, 2009; 174 

Moore et al., 2002), marine invertebrates (Murray & Cowie, 2011; Van Cauwenberghe & 175 

Janssen, 2014; Welden & Cowie, 2016) and marine vertebrates (Abbasi et al., 2018; Dantas 176 

et al., 2012). However, information concerning the extent of ingestion, accumulation, 177 

translocation into organs and possible pathways of transition into cells is still scarce (Wright 178 

et al., 2013b).  179 

 180 

2.1.1. Microplastics interactions with the environment 181 

 182 

Plastic particles generally have smooth, hydrophobic surfaces with no net charge, but 183 

when in seawater, they will interact with the surroundings, and become coated by a “eco-184 

corona” composed of substances, such as organic matter, nutrients, hydrophobic 185 

contaminants and bacteria from the water column and sediments, which can accumulate on 186 

the particle surface (Galloway et al., 2017).  187 

The transformation of many types of nanoparticles in the aquatic environment are 188 

relatively well understood (e.g. the influence of natural organic matter in particle’s 189 

aggregation, rates of protein association, interaction with biological fluids, the formation of a 190 

corona, etc) (Cai et al., 2018; Cedervall et al., 2007; Lead & Valsami-Jones, 2014; Mattsson 191 

et al., 2015; Monopoli et al., 2012). Regarding microplastics there is only information on 192 

weathering of polymers through photo-oxidation by ultraviolet light, which increases their 193 

surface area and surface exposure, which  may decrease the rate of release of sorbed 194 

contaminants (Teuten et al., 2007). There is however a lack of knowledge regarding the 195 
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types, rates and extent of transformations expected for both nano and microplastics in the 196 

environment (Galloway et al., 2017).    197 

The high surface/volume ratio of microplastics, curvature, reactivity and small size 198 

enable different uptake rates and biodistribution (Mattsson et al., 2015), which makes them 199 

highly dynamic in the environment, altering bioavailability. The environmental conditions 200 

that may contribute to increase its bioavailability in the marine environment and/or settling of 201 

nano and microplastics in the water column are dependent on the type of polymer, surface 202 

chemistry and the extent of biofouling by microbial biofilms and rafting organisms (Turner, 203 

2015). Particulate organic matter (POM), composed by faecal pellets from zooplankton and 204 

fish, known as “marine snow” (Turner, 2015) can contribute to an aggregation of 205 

microplastics as well. 206 

Thus far, studies on the interaction of plastic particles with the surrounding 207 

environment have focused on polystyrene (PS) microparticles. 30 nm PS nanoplastics rapidly 208 

formed aggregates in seawater of millimetres in length (Wegner et al., 2012) and 20 µm PS 209 

microplastics showed a higher zeta potential value, which indicates a natural tendency to 210 

aggregate in artificial seawater (Ribeiro et al., 2017). Cai et al. (2018) studied the influence 211 

of inorganic ions and natural organic matter (NOM) on the aggregation of PS nanoparticles 212 

and observed an aggregation in iron (III) chloride (FeCl3) solutions with an increase in ionic 213 

strength. Strangely, it seems that NOM had an imperceptible effect on nanoplastic 214 

aggregation.  215 

As far as we are aware, only one study has reported interactions between layer 216 

charged microplastics and biological systems. Della Torre et al. (2014) tested the 217 

accumulation of both carboxylated (PS-COOH) and amine (PS-NH2) polystyrene 218 

nanoplastics inside the digestive tract of sea urchin embryos Paracentrotus lividus. PS-219 

COOH accumulated inside the embryo’s digestive tract while PS-NH2 were more dispersed. 220 

This evidence suggests differences in surface charges of PS nanoplastics. It can thus be 221 

hypothesised that the attachment of specific molecules to the particles may promote their 222 

intake and accumulation, but this has not yet been investigated.  223 

 224 

2.1.2. Microplastics accumulation in marine invertebrates 225 

 226 

Excretion products of bivalves,  termed pseudofaeces, have two main functions: (i) to 227 

act as a sorting process that separates edible organic particles from inorganic particles (e.g. 228 

microplastics) (Beninger et al., 1999) and/ or (ii) act as a cleaning mechanism that prevents 229 
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an overload of the gill with particulate material (Barker Jørgensen, 1981). Several studies 230 

with microplastics and marine invertebrates reported microplastics egestion in the form of 231 

pseudofaeces (Besseling et al., 2013; Cole et al., 2015; Cole et al., 2013; Kaposi et al., 2014; 232 

Setälä et al., 2014; Ward & Kach, 2009; Wegner et al., 2012). In some of these studies, 233 

egestion was only a few hours following the ingestion of microplastics (e.g. Chua et al., 234 

2014; Ugolini et al., 2013). It is hypothesized that these organisms recognize the particles as a 235 

low nutritional food, which lead to their excretion. On the contrary, we can also face a 236 

situation of a prolonged gut residence time for microplastics. This was observed with 237 

Nephrops norvegicus captured from the field, where 70% of the control animals contained 238 

plastics which they had consumed prior to being captured, and had not digested during the 239 

two weeks starvation period prior to the experiment (Murray & Cowie, 2011). This indicates 240 

that microplastics are probably being retained and subjected to an extensive digestion at an 241 

energetic cost because of the low nutritional value (Wright et al., 2013a). On the other hand, 242 

the elimination of mucus-embedded particles as pseudofaeces leads to the simultaneous 243 

ingestion of more particles (Barker Jørgensen, 1981).  244 

The ability for marine invertebrates, such as bivalves to distinguish between organic 245 

and inorganic particles, but not microplastics, poses the question of what is the mechanism 246 

they use to do so. It has been suggested that the shape and charge of particles may play a role 247 

in the ingestion and consequently translocation in the organism (Browne et al., 2008), but this 248 

hypothesis hasn’t been tested thus far. 249 

Several ecotoxicology studies have documented microplastic accumulation in a 250 

diverse group of organisms. Evidence of accumulation and the techniques to assess the 251 

presence of microplastics in different tissues and organs are described in Tables 1 and 2, for 252 

lab and field organisms, respectively. There are different routes of possible microplastic 253 

uptake. For bivalves, a possible pathway for microplastic uptake was proposed by Ribeiro et 254 

al. (2017) for the clam Scrobicularia plana, where the particles are first trapped in the gills; 255 

the first organ in contact with particles. They can also be ingested through the inhalant 256 

siphon, transported to the mouth and once in the haemolymph, transferred to the digestive 257 

tract for intracellular digestion (Hughes, 1969). Upon ingestion, microplastics can also cause 258 

physical injury to the intestinal tract (Laist, 1997). Since microplastics cannot undergo total 259 

digestion (Andrady, 2011), once in the digestive gland, most of them are eliminated (Ribeiro 260 

et al., 2017). A different potential uptake of microplastics by the mussel Mytilus edulis was 261 

suggested by von Moos et al. (2012). The first uptake pathway is mediated by the gill surface 262 

(by microvilli), which transports the particles into the gills by endocytosis, that is probably a 263 
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considerable pathway for dust and smaller plastic particles. The second, occurs via ciliae 264 

movement which transfers the particles to the digestive system: stomach and intestine, and 265 

consequently the primary and secondary ducts in the digestive tubules. From there, 266 

microparticles can be taken up and accumulate in the lysosomal system. von Moos et al. 267 

(2012) also observed particles in the connective tissue, which were likely eliminated by the 268 

epithelial cells of the ducts and phagocytosed by the eosinophilic granulocytes. These 269 

granulocytes migrated into the tissue and formed the observed granulocytomas. Translocation 270 

through the digestive gland has also been reported for PS micro and nanoplastics in bivalves 271 

(Browne et al., 2008; Ward & Kach, 2009). According to the literature, translocation of 272 

microplastics between the gastro-intestinal system and tissues has been suggested for mussels 273 

with particles of 2 and 4 µm (Browne et al., 2008; von Moos et al., 2012). There is some 274 

evidence that particles larger than 10-20 µm are not capable of being translocated from the 275 

intestinal tract to the tissues (Hussain et al., 2001). The results from Devriese et al. (2015) 276 

suggest that microplastics bigger than 20 µm  are not able to translocate into the tissues of the 277 

shrimp C. crangon. However, Ribeiro et al. (2017) identified polystyrene in the digestive 278 

gland of the clam S. plana, which indicates that possibly the tested 20 µm PS microparticles 279 

were present in this organ. Watts et al. (2014) showed that the shore crab Carcinus maenas 280 

can ingest microplastics through ingestion with food (evidence in the foregut) and also 281 

through inspiration across the gill cavity.  282 

An interesting scenario has been presented by Murray and Cowie (2011), that found 283 

smaller concentrations of microplastics in the Norway lobster, Nephrops norvegicus that had 284 

recently moulted. This occurs during the yearly moult where the carapace and part of the 285 

stomach are replaced (Farmer, 1973). During this process, the upper portion of the the 286 

lobsters’ chitinous teeth, known as a gastric mill, is lost at each moult which may be essential 287 

to maintain an effective digestion (Welden et al., 2015). Welden and Cowie (2016) also 288 

analysed N. norvegicus, sampled from the Clyde Sea Area in Scotland, and determined that 289 

ecdysis (the process invertebrates use to cast off their outer cuticle) is the primary route of 290 

microplastic loss. Once again, they observed that animals that had recently moulted contained 291 

lower levels of microplastics than the ones that didn’t.  292 

 293 

2.1.3. Microplastics accumulation in marine vertebrates 294 

 295 

In respect to vertebrates, Mattsson et al. (2017) reported the presence of amino 296 

modified polystyrene nanoparticles in the brain of the fish Carassius carassius, after being 297 
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fed with Daphnia magna previously exposed to nanoplastics. Behavioural changes in the fish 298 

were observed, which suggests that their brains were affected by the particles (Mattsson et 299 

al., 2017).  They also noticed changes in the brain structure and water content in the fish that 300 

had ingested microplastics. If this has been tested, it could be a possible way to demonstrate 301 

if nanoplastics can pass across the blood-brain barrier in fish or not. Collard et al. (2017) 302 

detected microplastics in the liver of the European anchovie, Engraulis encrasicolus, 303 

collected from the field. It was proposed that the larger particles found in the liver may result 304 

from the agglomeration of smaller particles and/or they simply pass through the intestinal 305 

barrier by endocytosis, phagocytosis or another mechanism. In the freshwater fish, Danio 306 

rerio, polystyrene microplastics (5 µm) were translocated into the liver within two days (Lu 307 

et al., 2016) 308 

The mechanism(s) by which microplastics enter non-digestive tissues is unclear but 309 

can be related to translocation or adherence (Abbasi et al., 2018). Laboratory experiments 310 

have demonstrated the occurrence of microplastics in the circulatory system or non-digestive 311 

organs of marine animals, such as in the haemolymph (Browne et al., 2008; Farrell & Nelson, 312 

2013; Ribeiro et al., 2017), in the lymphatic system (von Moos et al., 2012), the gills (Avio et 313 

al., 2015; Karami et al., 2016), the liver (Lu et al., 2016) and the brain (Mattsson et al., 314 

2017). The particles used in these studies were all less than tens of micrometres in diameter, 315 

which is probably the reason why  they were able to pass through the gills or gut epithelium 316 

through cell internalization and possible subsequent translocation (Abbasi et al., 2018).  317 

Alternatively, it has recently been suggested that adherence is an additional process 318 

by which fibrous microplastics may associate with organs, independently of the digestive 319 

system, as found in seaweeds (Gutow et al., 2016). This was observed in mussels exposed to 320 

microfibers, where about 50 % of the microplastic uptake was through adherence in foot and 321 

mantle, and thus, it was the adherence instead of ingestion, that led to the accumulation of 322 

microplastics in organs that are not part of the digestive tract (Kolandhasamy et al., 2018). 323 

There is currently discussion among the scientific community on the accumulation of 324 

microplastics in fish, since most of the research reported that microplastics seems to remain 325 

in the digestive tract or other organs such as the brain or the liver (mentioned above) and do 326 

not move into muscle tissue, which is basically what we eat. Adherence itself, however, poses 327 

a totally new scenario that needs to be considered, where microplastics might be transferred 328 

from other organs and get attached to the muscle, which may pose a risk to human health 329 

when ingested. 330 

 331 
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2.1.4 Depuration 332 

 333 

Depuration is usually defined as an elimination process for intestinal contents 334 

(clearing) through defecation, when in the absence of food. It constitutes an essential part for 335 

the understanding of the accumulation of nano and microplastics, since it can help in the 336 

recovery of the exposed organisms and decrease the risk of these contaminants. 337 

Few studies have evaluated the effects of a depuration period after an exposure to 338 

microplastics. Besseling et al. (2013) observed that no plastic remained in the worms that 339 

survived the 28 days assay, after the depuration overnight. Plastic particles were only found 340 

in organisms that were removed during the exposure period because of mortality or escape. 341 

This result indicates that Arenicola marina ingested PS microparticles although they didn’t 342 

accumulate because they were egested. Other studies also reported egestion of microplastics, 343 

although it wasn’t a complete egestion (Cole et al., 2013; Setälä et al., 2014; Ward & Kach, 344 

2009).  On the other hand, experiments with Scrobicularia plana  and PS microbeads 345 

(Ribeiro et al., 2017) suggested that 7 days of depuration weren’t enough for the animal to 346 

egest the particles, since after this time, polystyrene was still detected in both the gills and 347 

digestive gland. Thus, in respect to depuration of nano and microplastics, there is not a 348 

consensus among the available literature.  349 

 350 

2.2. Birds 351 

 352 

Numerous studies have dealt with the ingestion of marine debris by sea birds (Kühn et 353 

al., 2015), where microplastics, essentially pellets and user-fragments,  have been isolated 354 

from birds targeted for dietary studies, cadavers, regurgitated samples and faeces (Bond et 355 

al., 2014; Codina-García et al., 2013; Herzke et al., 2016; Tanaka et al., 2013). After 356 

ingestion, seabirds appear to be able to remove microplastics from their digestive tracks by 357 

regurgitation (Lindborg et al., 2012). On the other hand, it suggests that parents may expose 358 

their offspring to plastics during feeding. This is supported by Kühn and van Franeker (2012)  359 

that found more plastic in the intestine’s juveniles than in adults. This can indicate that 360 

possibly microplastics contamination in birds occurs mostly between generations and that the 361 

regurgitation process may lead to a breakdown of microplastics into even smaller particles. 362 

The majority of birds examined did not die as a direct result of microplastic uptake, thus it 363 

can be concluded that microplastic ingestion does not affect seabirds as severely as 364 

macroplastic ingestion (Lusher, 2015). Most studies of microplastics in seabirds only 365 
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analysed microplastics in the digestive tract (Herzke et al., 2016) and faeces (Reynolds & 366 

Ryan, 2018) and thus, at this stage,  there is no evidence that microplastics can cross the 367 

intestine barrier and/or enter the blood stream and accumulate in different organs. To date, 368 

there have been no studies demonstrating nanometre-sized microplastics in sea bird guts or 369 

faeces.  370 

 371 

  372 
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2.3. Marine mammals and sea turtles 373 

 374 

The uptake of microplastics by marine mammals is likely to occur through filter 375 

feeding, inhalation or via trophic transfer from prey (Lusher, 2015). However, information on 376 

microplastic uptake by marine mammals is still scarce because it is difficult to extract and 377 

assess microplastics from their stomachs due to the large size and decomposition rates. Plus, 378 

strandings are unpredictable and sporadic (Lusher, 2015). Diversely, 56% of 48 cetacean 379 

species analysed yet had large plastic items in their stomachs (Baulch & Perry, 2014; Kühn et 380 

al., 2015). To the best of our knowledge, only two studies reported microplastics in 381 

cetaceans: Lusher et al. (2015) was the first study to report the presence of microplastics in 382 

an adult true's beaked female whale (Mesoplodon mirus); Rebolledo et al. (2013) confirmed 383 

microplastics presence in stomachs and intestines of harbour seals (Phoca vitulina) and 384 

Lusher et al. (2018) analysed  528 stranded and bycaught individuals and 21 contained 385 

microplastics, mostly fibres and fragments. Cetaceans were also suggested as sentinels for 386 

microplastic pollution by Fossi et al., (2014, 2012) though the assessment of phthalate 387 

concentrations in the blubber of stranded fin whales (Balaenoptera physalus). However, it is 388 

not possible to determine whether the origin of phthalates is derived from plastic or not, since 389 

exposure routes can be via microplastics, large plastic particles or simply from direct uptake 390 

of chemicals from the surrounding seawater (Lusher, 2015). Further work is essential to 391 

assess the risks of microplastics to marine mammals and what happens to the particles after 392 

its ingestion.   393 

Several studies have reported the ingestion of macroplastics by marine turtles 394 

(Derraik, 2002; Kühn et al., 2015), however microplastics have only been found in the 395 

stomach of the herbivorous green turtle (Chelonia mydas) (Caron et al., 2018; Tourinho et 396 

al., 2010) and in sea turtles (Caretta caretta) (Pham et al., 2017). Savoca et al. (2018) studied 397 

the concentration of phthalates in sea turtles and found significant concentrations in their 398 

liver and gonads. Although it is an interesting method to assess plastic debris exposure, once 399 

again we cannot extrapolate these results as indicative of microplastics in these tissues. Thus, 400 

further studies are necessary to evaluate the presence of microplastics in sea turtle tissues. If 401 

microplastics are not egested by sea turtles, both the effects and the harm caused by a 402 

possible accumulation of the particles is still unknown.  403 

Additional work is required to understand the extent of the harm caused by 404 

microplastics in marine mammals and sea turtles. 405 

 406 
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2.4. Terrestrial mammals  407 

 408 

Most published studies to date have focused on the effects of microplastics on aquatic 409 

organisms, but data regarding the potential accumulation and the potential health risks in 410 

terrestrial mammals and humans are absent (Deng et al., 2017).  Fewer studies have yet been 411 

able to extrapolate the results obtained with lower trophic animals, such as adverse effects 412 

related to the uptake of particles, to higher levels of biological organisation (Galloway et al., 413 

2017). Thus far, there is a huge knowledge gap regarding the translocation of microparticles 414 

across different tissues (Revel et al., 2018). Deng et al. (2017) tested the effects and possible 415 

accumulation and distribution of PS microbeads in mice. Results indicated an accumulation 416 

in the liver, kidney and gut, depending on particle size, with the smaller particles (5 µm) 417 

showing the highest accumulation concentration (Table 1). A different study investigated the 418 

uptake of 2 µm latex particles by young adult rats, which revealed an uptake by the small 419 

intestine (Carr et al., 2012). Plastic particles appeared in the hepatic portal vein (Volkheimer, 420 

1974) of a dog, which can then end up in the liver, since this vein transports blood from the 421 

gastrointestinal tract, gallbladder, pancreas and spleen to the liver. To the best of our 422 

knowledge these are the only published studies about microplastic accumulation in terrestrial 423 

mammals. More data would be of valuable knowledge, since the physiology of this animals is 424 

very similar to humans, and thus, results could be extrapolated. 425 

 426 

2.5. Humans 427 

 428 

In respect to studies involving humans, there are several papers related to medicine 429 

and drug development that report the translocation of  polylactide-co-glycolide microparticles 430 

across the digestive tract into the lymphatic system (Hussain et al., 2001) and in the mucosal 431 

colon tissue (Schmidt et al., 2013), however none of these studies refers specifically to plastic 432 

particles. Besides the proved particle translocation across the gut, a possible route for 433 

microplastics exposure may be through the air, where they can be inhaled and induce lesions 434 

in the respiratory system (Prata, 2018). An increasing incidence of cancer was observed in 435 

synthetic textile workers (e.g. Hours et al., 2007,  Mastrangelo et al., 2002,  Gallagher et al., 436 

2015) and respiratory problems in PVC workers (e.g. Arnaud et al., 1978, Cordasco et al., 437 

1980, Lee et al., 1989). Although these workers could be also exposed to high amounts of 438 

organic solvents, a potential exposure to chronic concentrations of airborne microplastics 439 
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could be the responsible for causing lung injuries dependent on individual susceptibility and 440 

particle properties (Prata, 2018), but further research is necessary to access this. 441 

Phthalates are used as plasticizers to soften plastic products. Several papers have 442 

reported their  presence in human breast milk (e.g. Fromme et al., 2011; Main et al., 2006), 443 

blood (e.g. Högberg et al., 2008)  and urine (e.g. Jornet-Martínez et al., 2015). Although this 444 

cannot be considered an indicator of the presence of plastic particles in these biological 445 

fluids, it does suggest a lead to the next logical step, which is to analyse human samples, such 446 

as breast milk, urine, stool and blood, to look for the presence of microplastics. House dust, 447 

for example, has been shown to contain high levels of phthalate plasticisers (Abb et al., 2009; 448 

Butte & Heinzow, 2002) and the possible association between allergic symptoms in both 449 

children and adults and the concentration of phthalates in dust collected from their houses 450 

(Bamai et al., 2014; Bornehag et al., 2004). It would be interesting to investigate the presence 451 

of microplastics in indoor dust and explore whether or not the presence of phthalates in an 452 

indoor environment is associated with the existence of microplastics in house dust. 453 

Toxicity and/ or possible inflammation, uptake and accumulation in different organs, 454 

fluids or tissues and risk of exposure should be estimated in order to understand the 455 

mechanism and potential effects of nano and microplastics in humans (Wright & Kelly, 456 

2017). While the physical properties of microplastics pose a risk to human and environmental 457 

health, the effect of the associated contaminants within/sorbed to the plastics must also be 458 

taken into account to not underestimate the risk they pose to human and environmental health 459 

(Rainieri et al., 2018). 460 

 461 

3. Associated contaminants and leaching of plastic additives 462 

 463 

Besides the injuries caused by microplastic ingestion, microplastics also have the 464 

potential to cause harm by leaching chemical additives either incorporated during 465 

manufacture or adsorbed from the environment (von Moos et al., 2012). These additives may 466 

be incorporated to extend the life of the plastic by providing resistance to heat, oxidation or 467 

microbial degradation (Browne et al., 2007; Cole et al., 2011; Thompson et al., 2009). 468 

Hence, the plastic degradation times can last longer and the additives may leach out, 469 

becoming a potential hazardous to biota   (Barnes et al., 2009; Chua et al., 2014; Lithner et 470 

al., 2009). 471 
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Besides plastic can be a potential source of contaminants itself, because the plastic 472 

particles float on the sea surface, they can easily sorb contaminants. The combination of 473 

increased surface area due to weathering, long exposure times in the marine environment, and 474 

the hydrophobicity of organic xenobiotics may facilitate adsorption of these contaminants to 475 

microplastics at concentrations significantly higher than those detected in seawater and 476 

potential accumulation in organisms (Ogata et al., 2009). This includes persistent organic 477 

pollutants (POPs) and bioccumulative and toxic substances (Browne et al., 2013; Engler, 478 

2012), including polychlorinated biphenyls (PBTs), polybrominated diphenyl ethers 479 

(PBDEs), dichlorodiphenyltrichloroethane (DDT), polycyclic aromatic hydrocarbons (PAHs) 480 

and other petroleum hydrocarbons (Chua et al., 2014; Mato et al., 2001; Rios et al., 2007; 481 

Teuten et al., 2009). Other pollutants known to sorb into these plastics include heavy metals 482 

such as lead, cadmium, zinc and nickel  (Holmes et al., 2012; Rochman et al., 2014a) and 483 

organic contaminants such as drugs (Fonte et al., 2016; Guilhermino et al., 2018; Qu et al., 484 

2018).  485 

So far, it has been demonstrated that polyethylene (PE) pellets have higher affinity for 486 

PCBs than polypropylene (PP), both in the field and laboratory experiments (Endo et al., 487 

2005; Teuten et al., 2007), but the kinetics of different microplastics types and distinct 488 

contaminants has not been fully addressed. 489 

Animals exposed to a higher concentration of microplastics with adsorbed chemicals 490 

may be at greater risk, because the kinetics may favour the desorption of contaminants from 491 

the ingested microplastics to the tissues (Avio et al., 2015; Browne et al., 2013; Chua et al., 492 

2014; Teuten et al., 2007), confirming the hypotheses that microplastics can act as a vector 493 

and source of hydrophobic organic contaminants (HOCs) to marine organisms and induce 494 

inflammation and/ or toxicity. To date, most laboratory studies used clean organisms exposed 495 

to contaminated microplastics (Table 3), which can favour a chemical transfer to the tested 496 

organisms (Koelmans, 2015). Several studies so far, showed that the tested chemicals 497 

desorbed from the plastic and transferred into animal’s tissues. Frequently, the contaminant is 498 

transferred into tissues (Browne et al., 2013; Chua et al., 2014; O'Donovan et al., 2018), 499 

accumulated (Ma et al., 2016; Wardrop et al., 2016), transferred to the next generation (Batel 500 

et al., 2018) or induces damage (Karami et al., 2016; Rainieri et al., 2018; Rochman et al., 501 

2013). But the way these contaminants reach organs or tissues and if it is directly related with 502 

microplastics spread and accumulation is not yet very clear. 503 

Most of the available information of transfer of contaminants from microplastics to 504 

organisms refers to marine invertebrates, but when it comes to the safety of seafood 505 
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ingestion, more work should be done regarding microplastics and associated chemicals in fish 506 

since it can pose a risk to human health. Current studies of microplastics and associated 507 

contaminants in fish detected concentrations of these compounds in the intestine (Chen et al., 508 

2017; Khan et al., 2015), gills (Batel et al., 2018), liver (Karami et al., 2016; Rainieri et al., 509 

2018; Rochman et al., 2013) and brain (Chen et al., 2017), but none of them addressed 510 

concentration of these pollutants in the edible part such as the muscle or the skin. 511 

 512 

On the other hand, theoretical studies predict that ingested microplastics contaminated 513 

by pollutants would not favour chemical transfer to the tissues because concentrations of 514 

these pollutants would be in equilibrium with their environment (Browne et al., 2013). 515 

Nonetheless, equilibrium scenarios can be problematic because they assume pollutants and 516 

organisms are evenly distributed (Engler, 2012). It has been discussed (Koelmans, 2015) that 517 

microplastics ingestion may increase bioaccumulation for some chemicals, such as additives 518 

or plasticizers, yet decrease the body burden of these chemicals if they have opposing 519 

concentration gradients between plastic and biota lipids (Gouin et al., 2011; Koelmans et al., 520 

2013; O'Connor, 2014). Whether plastic acts as a source or a sink of pollutants depends on 521 

the gradient between the chemical concentration in the plastic and the surrounding water. 522 

Furthermore, recent modelling studies (Koelmans et al., 2014; Koelmans et al., 2013; Zarfl & 523 

Matthies, 2010) have concluded that, given the low abundance of plastic when compared to 524 

natural pathways (water, sediment), the contribution of plastic to chemical transport of HOCs 525 

in the oceans, and subsequent exposure and bioaccumulation by marine organisms is 526 

probably small.  527 

 528 

4. Analytical methods 529 

 530 

Lab studies that have attempted to trace the pathways of microplastics and associated 531 

contaminants uptake have used a wide range of aquatic (including invertebrates and 532 

vertebrates) and terrestrial organisms (mice), types of plastic (PS, PE, PVC, PP, PA) and 533 

duration of exposure (Tables 1 and 3). Imaging approaches have been mainly used to trace 534 

microplastics inside organs and tissues of organisms, such as histological techniques (e.g. 535 

Avio et al., 2015; Pedà et al., 2016; Wright et al., 2013a), scanning electron microscopy 536 

(SEM) (e.g. Abbasi et al., 2018; Murray & Cowie, 2011), Raman (e.g. Van Cauwenberghe et 537 

al., 2015; Watts et al., 2014), optical (e.g. Welden & Cowie, 2016; Devriese et al., 2015) and 538 
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fluorescent microscopy (e.g. Della Torre, 2014; Lu et al. 2016). However, technical 539 

limitations have interfered in the comprehension of accumulation, translocation and fate of 540 

microplastics, mainly due to the physical characteristics of the particles. To be able to track 541 

microplastics inside of a living organism, they must be stained or fluorescently marked in 542 

order to be easily identified by advanced microscopy techniques. On the other hand, in order 543 

to follow the path and fate of nano and microplastics it becomes necessary to conduct an 544 

exposure experiment with a sufficient number of individuals and days, to be able to sample 545 

and dissect animals at different stages, which can be quite time consuming. 546 

Concerning histology techniques, since the traditional histology uses solvents and 547 

paraffin, which can affect the plastic, the use of cryohistology is suggested by Paul-Pont et al. 548 

(2018) to avoid this problem. Another thing that needs to be considered is the collection of 549 

samples and contamination control (Paul-Pont et al., 2018). Samples should be collected 550 

carefully in order to avoid external contamination as rinsed before dissection, to limit the 551 

transfer of microplastics located outside of the tissues (Browne et al., 2008). There is also a 552 

lack of information on the analysis of tissues of control organisms by microscopy, which 553 

would be a valuable comparison between unexposed and exposed individuals in terms of 554 

microplastics accumulation (Paul-Pont et al., 2018), 555 

In respect to the associated contaminants to the plastic, most animal tissues are 556 

analysed through gas chromatography mass spectroscopy techniques (GC-MS) or High-557 

Performance Liquid Chromatography (HPLC) (Table 3). Regarding the concentration found 558 

in animal’s tissues, the current methods seem to work very well and give reliable results in 559 

terms of chemical concentration. Most of the current literature refers to marine invertebrates 560 

and analyzed specific tissues of the organism (e.g. Avio et al., 2015; Paul-Pont et al., 2016; 561 

O'Donovan et al., 2018), which is the most valuable thing to do since it is important to 562 

understand where these contaminants and additives tend to accumulate, especially when the 563 

plastic microparticles acts as a vehicle. 564 

 565 

5. Conclusions, knowledge gaps and recommendations for future studies  566 

 567 

A large number of organisms are exposed to microplastics with the occurrence, 568 

effects and accumulation of microplastics, especially in the aquatic environment,  well 569 

established (de Sá et al., 2018).  Based on experimental data and field observations, there is a 570 

clear knowledge gap with respect to the information regarding the surface interactions of 571 
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microplastics in the natural environment and their fate and implications to organisms. The 572 

influence particle surface can have on the ingestion of microplastics, through the formation of 573 

a biological layer of molecules attached to the plastic, or the effect that particle’s 574 

agglomeration can have on the translocation has not been studied yet. Although considerable 575 

progress has been made over the past years, the information referring to the lab exposure 576 

experiments conducted so far is still scarce and it seems they are very diverse in terms of 577 

experimental design and model organism chosen. The route by which microplastics enter 578 

living systems has not yet been identified and the observation of translocation in organisms 579 

can be very challenging. There is the need to implement a multidisciplinary approach to 580 

assess whether or not microplastics of different types, sizes and shapes can be transferred into 581 

tissues of organisms, other than the digestive tract, and then through the food web to humans.  582 

More information on the depuration of microplastics is imperative to understand their 583 

consequences to living organisms. Lab exposure experiments with several depuration times 584 

should be performed in order to understand if, in fact animals are able to completely 585 

eliminate them through egestion or if they stay in the system and, consequently accumulate in 586 

different organs or tissues. This is extremely important to assess whether or not, if a long 587 

depuration period concerning shellfish, contributes to a crease of the risk of its consumption 588 

by other animals of the trophic food web or humans. 589 

 It is also necessary to infer if the ingestion of contaminated microplastics enhances 590 

the elimination rate by organisms and if depuration is the major modulating factor on the 591 

depuration of persistent hydrophobic chemicals in the real environment. Regarding the fate of 592 

associated contaminants to microplastics, in the future, it would be interesting to perform 593 

bioaccumulation studies with a different perspective to infer the relative importance of 594 

microplastics versus sediments/water as vectors for pollutants to animal’s tissues and 595 

investigate whether microplastics act as a sink of hydrophobic organic compounds (HOCs) in 596 

organisms with a high internal concentration of pollutants.  597 

The biggest problem associated with the studies of microplastics accumulation and 598 

translocation is the lack of analytical methods to identify these nano and microplastics 599 

inside the living systems, especially in situ. More research and development of new and 600 

improved methods are needed in the coming years. They will be fundamental to understand 601 

the mechanism or mechanisms by which microplastics and associated contaminants operate 602 

in organisms. 603 

Most of the studies that show an evidence of nano or microplastics accumulation are 604 

based in marine invertebrates, especially bivalves. Surprisingly there are not enough studies 605 
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with high commercial value species of seafood. They are part of the human diet, and thus, the 606 

incidence of microplastics in the non-digestive tissues of shellfish can have implications to 607 

human health through seafood consumption and, consequently, biomagnification. More 608 

studies on the translocation and accumulation of nano and microplastics in edible animal 609 

parts are needed.  610 

Finally, there is still a major knowledge gap concerning the impact of microplastics 611 

on mammals and humans. If microplastics pose a risk to human health or not is still 612 

unknown.  In fact, it is hypothesized that these particles enter the human body through food, 613 

water and dust, but what happens next in terms of particle uptake, inflammation and toxicity 614 

is still unknown. As a start, more in vivo animal studies  would provide important 615 

information to understand the mode of action of microplastics in a living system similar to 616 

humans. A different approach such as the growth of human cell lines and their interaction 617 

with nano and microplastics would provide insights about translocation and cell uptake.   618 

 619 

Based on this review, we have identified some key knowledge gaps that need to be 620 

considered, in order to better understand the accumulation, mechanisms and fate of 621 

microplastics in organisms:  622 

a) Perform further laboratory studies to understand if the translocation of microplastics 623 

is possible and what particle sizes are able to move across the gut into tissues; 624 

b) Understand if microplastics can pass other biological barriers besides the intestinal 625 

tract;  626 

c) Collect more data on nanoplastics. Infer if nanoplastics are taken up by cells and if so, 627 

what is the cellular mechanism of uptake; 628 

d) Understand the risk associated to nanoplastics accumulation in tissues, in terms of 629 

toxic response and inflammation; 630 

e) Understand what is the role of size, shape and eco-corona of nano and microplastics 631 

in organism’s uptake and accumulation; 632 

f) Perform realistic exposure experiments in respect to the transfer of contaminants 633 

associated with microplastics; 634 

g) Development new methods to identify plastic particles in different tissues; 635 

h) Understand what the implication of depuration of microplastics is. Does elimination 636 

occur? And if so, how long does it take; 637 
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i) Gather more information on microplastics accumulation in species of high level of 638 

biological organization such as birds, sea turtles, marine and terrestrial mammals; 639 

j) Perform lab exposure experiments using animal testing; 640 

k) Assess if microplastics are able to accumulate in the human body, namely in tissues 641 

and/or specific organs, such as the lungs. Try to understand is there is an 642 

inflammatory response induced by microplastics. 643 

 644 
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