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Abstract

:

The distribution and abundance of microplastics into the world are so extensive that many scientists use them as key indicators of the recent and contemporary period defining a new historical epoch: The Plasticene. However, the implications of microplastics are not yet thoroughly understood. There is considerable complexity involved to understand their impact due to different physical–chemical properties that make microplastics multifaceted stressors. If, on the one hand, microplastics carry toxic chemicals in the ecosystems, thus serving as vectors of transport, they are themselves, on the other hand, a cocktail of hazardous chemicals that are added voluntarily during their production as additives to increase polymer properties and prolong their life. To date, there is a considerable lack of knowledge on the major additives of concern that are used in the plastic industry, on their fate once microplastics dispose into the environment, and on their consequent effects on human health when associated with micro and nanoplastics. The present study emphasizes the most toxic and dangerous chemical substances that are contained in all plastic products to describe the effects and implications of these hazardous chemicals on human health, providing a detailed overview of studies that have investigated their abundance on microplastics. In the present work, we conducted a capillary review of the literature on micro and nanoplastic exposure pathways and their potential risk to human health to summarize current knowledge with the intention of better focus future research in this area and fill knowledge gaps.
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1. The Plasticene


In the last 70 years, we have abetted an increasing growth in the worldwide plastics production, which has consequently spread into the environment to such a point that we can say to live in a plastic world [1,2]. These synthetic polymers are environmental pollutants themselves and act as vectors of transport of various kind of chemicals [3], but they are also considered valid indicators of the recent and contemporary period, generally after the middle of the 20th century [4].



Nowadays, microplastic particles have been ubiquitously detected in a broad range of shapes, polymers, sizes and concentrations in the environments of marine water, freshwater [5], agroecosystems [6], atmosphere [7], food [8] and drinking-water [9], biota [10], and other remote locations [11].



They can be as thin as small veils and be carried away by the wind from miles away, or they can be hard and compact like rocks [12].



Their worldwide distribution is so vast that many scientists use it as a key geological indicator of the Anthropocene [4].



Plastic materials can be used as stratigraphic markers in the archaeological field by considering them as recent and precise indicators of earth deposits.



Some authors identify the period from 1945 onwards as a moment of a significant increase in plastics deposition, to the point that they have used this stratigraphic marker as an excellent indicator [13].



Figure 1 shows a famous picture taken by Spanish students during a university trip. In the photo, the flood level river in the canyon bed is well-recorded thanks to the deposition of plastic micro-fragments that by now have been well-mixed with the sedimentary curly making up the canyon.



We found a similar situation in Southern Italy; indeed, in Figure 2 and Figure 3, it is possible to observe that plastics were even used to fill the road surface, probably to obtain a double advantage: no disposal costs for materials and no costs for the use of suitable materials (excavated rocks).



According to the layers, once accumulated and stratified, the sediment, which consists of fragments of various plastic sizes, can have a good conservation potential that is comparable to that one of recalcitrant organic fossils. Such synthetic fossil-based materials are so abundant and widespread on Earth that we can consider them “technofossils” as they will constitute a perennial proof of the existence of humans on Earth [4] to the point of being able to define this historical epoch as the Plasticene [14,15].




2. Plastics and Co-Contaminants


Microplastics (MPs) are defined by [17] as “synthetic solid particles or polymeric matrices, with regular or irregular shape and with size ranging from 1 μm to 5 mm, of either primary or secondary manufacturing origin, which are insoluble in water.”.



A key concern of microplastics pollution is whether they represent a risk to ecosystems and human health. However, there is much uncertainty associated with this issue. Data on the exposure and effect levels of microplastics are therefore required to evaluate the risk of microplastics to environments and human health. The adverse effects on organisms that are exposed to microplastics can be separated into two categories: physical effects and chemical effects. The former is related to the particle size, shape, and concentration of microplastics, and the latter is related to hazardous chemicals that are associated with microplastics. Though data on microplastic exposure levels in environments and organisms have rapidly increased in recent decades, limited information is available on the chemicals that are associated with microplastics.



Microplastics can contain two types of chemicals: (i) additives and polymeric raw materials (e.g., monomers or oligomers) originating from the plastics, and (ii) chemicals absorbed from the surrounding ambience.



Additives are chemicals intentionally added during plastic production to give plastic qualities like color and transparency and to enhance the performance of plastic products to improve both the resistance to degradation by ozone, temperature, light radiation, mold, bacteria and humidity, and mechanical, thermal and electrical resistance [18].



They include inert or reinforcing fillers, plasticizers, antioxidants, UV stabilizers, lubricants, dyes and flame-retardants [18].



Among the charges, wood and rock flour, clay, kaolin, graphite, glass fibers, cotton flakes, jute or linen, cellulose pulp, etc. are used [18]. According to the definitions proposed by the American Society for Testing and Materials (ASTM-D-883), inert fillers are materials that are used to modify the strength, working and flow properties, and shrinkage of plastics, while the reinforcing ones, also called fillers, are defined as those with some strength properties that are significantly superior to those of the base resin [19]. These fillers (such as carbon black in rubber), which are mixed in with the polymer, result in an interface volume that is generated at the filler-resin contact surface. It is the superior properties of this interface layer that obtain increased modulus and mechanical properties such as impact strength or tensile strength in the composite polymer. As the effect is surface-related, the smaller particle sizes of fillers generally yield a better reinforcing effect. There are clays, silica, glass, chalk, talc, asbestos, alumina, rutile, carbon black, and carbon nanotubes [20].



Plasticizers are complex chemical products that have low vapor pressure, are insoluble in liquids, are chemically stable, and which are inserted between molecular chains to reduce their forces of physical attraction and increase their mobility, workability or distensibility. In this way, the flexibility and plasticity of a resin that is processed and the impact resistance of the product during use are increased [21].



Because plastics are particularly sensitive to the degrading action of light, UV radiation and heat, the stabilizers, have the function of preventing the thermal decomposition during the processing, as well as the oxidation and the consequent breaking of the polymeric chains (using phenols and aromatic amines). They mainly consist of organic or inorganic cadmium, barium, or lead salts [22].



Soluble or insoluble dyes are organic or inorganic substances in the form of fine powders that give the polymer the desired color; the soluble dyes maintain the transparency of the plastic, while the insoluble ones (pigments) cover it to make it opaque. Many inorganic pigments contain heavy metals, while organic pigments include various chromophoric families like azo pigments, phthalocyanine pigments, anthraquinone chromophores, and various other chromophores [23].



Lubricants and anti-adhesives are substances that facilitate the processing of plastic materials, improving their flow characteristics. They consist of calcium or magnesium stearates [24].



Flame retardants have the function of cooling or protecting a material in the event of a fire by preventing the oxidation of flammable gases or by forming a layer of ash. They are products that contain, for example, chlorine and bromine, which release by the action of the flame; phosphorus, which favours the transformation into coal; and aluminium hydroxide, which generates water vapour and CO2 at 200 °C [24].



The additives, in almost all cases, are not chemically bound to the plastic polymer; only some flame retardants are polymerized with plastic molecules, becoming part of the polymeric chain [18].



Though these additives improve the properties of polymeric products, many of them are toxic, and their potential for the contamination of soil, air and water is high [18]. Studies on their impact on aquatic organisms with which they come into contact through macro and microplastics ingestion are still ongoing [25,26].



The combination of various kind of polymers of different sizes and shapes that are joined to the action of a large amount of additives that originate from plastics results in a cocktail of contaminants that not only alter the nature of plastic but can leach into the air, water, food, and, potentially, human body tissue during their use or their disposal, thus exposing us to several chemicals together.



2.1. Additives of Concern


Many substances that are classified as hazardous according to the EU regulation on classification and labelling [27] are present in everyday products as regular ingredients.



The toxicity of a substance is its ability to cause harmful effects. These effects can strike a single cell, a group of cells, an organ system, or the entire body. Chemicals that are considered most harmful are those that cause cancer, mutations to DNA, have toxic reproductive effects, are recalcitrant into the environment, are capable of building up in the food chain or bodies, and other harmful properties, such as disrupting hormones [28,29]. The internal organs that are most commonly affected are the liver, the kidneys, the heart, the nervous system (including the brain) and the reproductive system [29,30].



Among these chemicals, many routinely used to make plastics are dangerous. Bisphenol A (BPA), phthalates, as well as some of the brominated flame retardants, that are used to make household products and food packaging, have been proven to be endocrine disruptors that can damage human health if ingested or inhaled [30].



Endocrine-disrupting chemicals (EDCs), identified as substances that are exogenous to the human or animal organism, have hormonal activity that alters the homeostasis of the endocrine system, so they are of particular concern. These compounds interfere with the development of the endocrine system and affect the functioning of organs that respond to hormonal signals. The endocrinal and reproductive effects of endocrine disruptors may be a consequence of their ability to: (a) mimic natural hormones, (b) antagonize their action, (c) alter their pattern of synthesis and metabolism, or (d) modify the expressions of specific receptors [31,32,33].



Recent science has associated EDCs with various diseases and conditions, such as hormonal cancers (breast, prostate, testes), reproductive problems (genital malformations, infertility), metabolic disorders (diabetes, obesity), asthma, and neurodevelopmental conditions (learning disorders, autism spectrum disorders). Alongside the already shown scientific evidence, concern exists because of the rising levels of many diseases in Europe and worldwide. Additionally, the public is widely exposed to these chemicals from various sources [30].



2.1.1. BPA


BPA is a carbon-based synthetic compound with formula C15H16O2 and a structure that contains two 4-hydroxyphenyl groups, which give to it a mild phenolic odor. It was first synthesized in the 1890s by the condensation of acetone with two equivalents of phenol [33].



BPA is a common plasticizer that is used in industry, especially in polycarbonate plastics manufacturing processes and food packaging [34,35].



BPA-based polycarbonate plastics are robust and stable because they can endure exposure to high temperatures and sustain high-impact collisions. These characteristics make them valuable as components of safety equipment and food packaging as they withstand heating in microwave ovens. Because it is a component of epoxy resins in protective coatings, such as the insides of aluminum and metal cans (as well as the lid closures of glass jars and bottles), BPA helps to extend the shelf life of food and beverage products [35,36]. Even if the compound is highly persistent, its instability within plastic products facilitates leaching, thus reporting a high prevalence in aquatic environments, particularly in landfill leachates [37,38].



In the early 1930s, Dodds and Lawson discovered that BPA was estrogenic [39], and, recently, the General Court of the EU confirmed that it is a ‘substance of serious concern’ for its hormonal disrupting properties on the human body. The Court upheld a previous decision by the European Chemicals Agency (ECHA) to identify the substances that are used in the manufacture of plastic products such as water bottles, food containers and receipts. It has been confirmed in several studies to be associated with obesity, cardiovascular disease, reproductive disorder, and breast cancer [30,40,41,42], and so it has gained increasing attention over the last decade, especially in terms of human safety. The contamination of food from BPA has been estimated to be responsible for 12,404 cases of childhood obesity and 33,863 cases of newly incident coronary heart disease in 2008. Another study estimated that BPA in food contact materials and thermal paper was likely responsible for 42,400 obese four-year-olds in Europe (with health costs of 1.54 billion euros per year) [30]. It is still under discussion if microplastics are relevant pollutant vectors for uptake into organisms in comparison to further uptake pathways, e.g., via water or sediment particles, even if studies regarding the level of bisphenol A adhered on microplastics surface are very limited.



The first study that investigated the presence of BPA on microplastics sampled from the remote, open ocean and urban beaches from America and Europe, reported concentrations ranging from 1 to 729.9 ng/g [42]. In most locations, including urban coasts, only trace concentrations (<1 ng/g) of BPA were detected. Due to its lower hydrophobicity (log n-Octanol/Water Partition Coefficient (Kow) = 3.40), the sorption of significant concentrations of BPA to marine plastics is unlikely. Indeed, in plastic fragments from remote coasts (730 ng/g) and open ocean fragments (283 ng/g), sporadic high concentrations of BPA were detected. Its utilization explains these higher BPA concentrations because it is a component of the plastic products and an additive. Indeed, BPA is a constituent monomer of polycarbonate plastic and epoxy resin and unreacted monomers in the plastics and resin and, degradation products from the polymers, can leach to the environment. Moreover, BPA is also used as additive to some plastics, and the leaching of BPA from commercial plastic products and dumped plastics can occur [42].



In the study of [43], the authors analyzed how the presence of non-suspended microplastics (polyamide particles (PA), which aggregated at the water surface or settled) modifies the acute effects of the environmental pollutant BPA on freshwater zooplankton (Daphnia magna). Daphnids are exposed to PA particles and BPA alone in a first step, and they are combined in a second step with a fixed concentration of PA and varying concentrations of BPA. All BPA concentrations used in the experiment greatly exceeded concentrations of the BPA that has been detected in rivers and lakes. The concentration of the PA particles used was also above the expected values in freshwater environments. There were two possible uptake pathways for BPA included in the experiments: direct uptake by BPA that was dissolved in water and vector-based uptake by the ingestion of PA particles that were loaded with BPA. The immobilization of daphnids was analyzed as an experimental endpoint to directly determine the influence of microplastics on pollutant toxicity. The results showed grazing by daphnids on settled PA particles from the bottom of the test beakers with high uptake rates that ensured the availability of PA particles, which could then potentially act as vectors for BPA. The analytical measurements showed that PA particles alone did not induce adverse effects, while the effects of BPA alone followed a typical dose-dependent manner. The sorption of BPA to PA particles before exposure led to a reduction of BPA in the aqueous phase. The combination of BPA and PA led to decreased immobilization, although the daphnids ingested PA particles that were loaded with BPA. These results showed the lower BPA body burden of daphnids in the presence of PA particles.



Another study [44] evaluated the retention of polyvinyl chloride (PVC) microplastics in sewage sludge during wastewater treatment. A model-based analysis indicated that PVC microplastics influenced the methane production from the anaerobic digestion of waste-activated sludge (WAS).



The presence of PVC microplastics (1-mm 20, 40, and 60 particles/g) inhibited methane production from WAS during anaerobic digestion to 90.6 ± 0.3%, 80.5 ± 0.1%, and 75.8 ± 0.2% of the control, respectively. Bisphenol A (BPA) leaching from PVC microplastics was the primary reason for the decreased methane production, causing significant (p = 0.037, 0.01, and 0.004) inhibitory effects on the hydrolysis–acidification process. The results of relevant enzyme activities also confirmed this.




2.1.2. Phthalates


Phthalates are esters of phthalic acid (1,2-benzene dicarboxylic acid) on which there are two carbon chains of different lengths. Phthalates are a class of compounds that are produced in high quantities; they are the largest class of synthetic chemicals when considering production volume [45]. The authors of [46] reported that approximately 6,000,000 t/year phthalates are produced throughout the world. This production has remained quite constant for the past 20 years.



Their primary use is as plasticizers that are added to basic plastic material to impart specific qualities such as flexibility, pliability, and elasticity to plastic polymers [47].



They are colorless, odorless, oily liquids with low volatility and low water solubility [48]. Some phthalates have proven to be of concern due to their adverse effects to humans and ecosystems. Indeed, many phthalates are documented endocrine disruptors, and they are suspected of being endocrine disruptors, of affecting the reproduction of human beings, animals, or o being carcinogenic [49,50,51].



The problem is enhanced by the fact that several phthalates have similar modes of action, and that the overall risk, therefore, could increase when people and the environment are exposed to the different phthalates. Therefore, it is necessary to take the possible combination effects as a result of exposure to other phthalates and other substances into account [52]. There are many different types of phthalates, and there are indications that these do not have the same effects on the environment and human health.



Since 2007, there has been a ban in the EU on di(2-Ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP) and butyl-benzyl-phthalate (BBP) in all toys and childcare articles in concentrations above 0.1% (entry 51 of Annex XVII of the Regulation of the European Union (REACH) [53], as well as bans on diisononyl phthalate (DINP), diisodecyl phthalate (DIDP) and di-n-octyl phthalate (DNOP) in toys and childcare articles that can be placed in the mouth in concentrations above 0.1% [52,53]. DEHP is classified as reprotoxic category two and as T (toxic), while DBP is well-documented as having toxic effects on reproduction, as well as prenatal and postnatal development, in animals, and it is classified as reprotoxic category 3, as T (toxic), and as N (dangerous for the environment) [54]. DBP and diethyl phthalate (DEP) are the most widely used phthalates in medicinal products, even if toxicological effects have been observed in animals; as it cannot be ruled out that these findings have clinical relevance, the European Medicines Agency (EMA) is in the process of preparing limits for the use of DBP in medicines. Furthermore, the agency will probably also establish limits for the use of DEP and polyvinyl acetate phthalate (PVAP) in medicines [52].



Because of the potential risk of DEHP and DBP [55,56,57,58] and the potential hazard of the other phthalates, this group is considered as a hazard category [59].



With the publication of the new regulation [60] (EU) No. 2018/2005, which modifies Annex XVII of the REACH, the European Commission reinforces the limitations that are related to the presence of some phthalates in consumer products.



Limits on the presence of some phthalates were already present in the European legislation for the protection of consumers, but they were limited to “childcare articles,” that is “intended to reconcile the sleep or relaxation of children, their hygiene and their nutrients chin or sucking; “ these include teats, pacifiers, baby bottles, food containers and cutlery for children, and teethers for babies.



The new regulation extends the limitation to the following four phthalates (DEHP, DBP, BBP, and diisobutyl phthalate (DIBP)) also to other product and user groups. In particular, these four phthalates cannot be present in an amount higher than 0.1% of the plastic material (the limit applies to the sum, not only to the single phthalates) or in any article realized (in whole or in part) in a plasticized material—that is, in one or more of the following six materials:




	
polyvinyl chloride (PVC),



	
polyvinylidene chloride (PVDC),



	
polyvinyl acetate (PVA),



	
polyurethanes



	
any other polymer (including polymeric foams and rubber) except silicone rubber and natural latex coatings;



	
surface coatings, non-slip coatings, finishing products, decals, prints;



	
adhesives, sealants, inks and paints.








The limitations provided by the regulation will come into force from 7 July 2020, but with some exceptions, as specified in Annex I of the regulation.



The consultation of the European Union rapid alert system for product safety (RAPEX) showed that in 14 years (from 2005 to 2018), 1591 cases of harmful phthalates were reported in various products (of which about the 89% of Chinese origin), mostly toys 94% [61]. In 2018 alone, there were 206 reported cases of toys that contained harmful phthalates [62].



If we then consider the cases that were related to food containers (detected by the Rapid Alert System for Food and Feed (RASFF), which is similar to RAPEX but reserved for the food sector), we find that from 2007 to 2018, there were as many as 108 cases of phthalate-contamination in food containers, an issue which came with the risk of ingestion through food products [63].



A study conducted in 2011 in Harbin and Shanghai (China) [64] analyzed the presence of nine phthalate esters in eight categories of foodstuffs. DEHP was the primary compound that was found in most of the food samples, with concentrations that ranged from below the limit of quantification (LOQ) to 762 ng/g wet weight.



Among the more frequently mentioned endocrine disruptors (EDCs), phthalates are of particular concern due to their ubiquity and to the higher levels found in the environment compared to other EDCs [65,66,67,68]. The detection of phthalates in purely domestic wastewater (the waste of plastic households) has also highlighted the leaching of phthalates from plastic during use into the environment [67,68,69].



Due to the high octanol–water partition coefficients, the strong sorption of phthalate esters (PAEs) by soil and sediment organic matters, biochar, and other carbonaceous sorbents has been reported [70,71]. However, the sorption behavior of PAEs on microplastics has not been studied systematically. Considering the hydrophobic surface of microplastics, they may have high sorption capacity for PAEs, which may pose a high environmental threat [72].



Recently, the authors of [73] investigated the sorption behavior of two PAEs, diethyl phthalate (DEP) and dibutyl phthalate (DBP), on three types of microplastics with particle sizes of less than 75 μm (PVC: polyvinyl chloride; PE: polyethene; and PS: polystyrene), and they demonstrated that hydrophobic interaction governed the partition mechanism. The sorption of the two PAEs on the three microplastics followed the order of PS > PE > PVC. For each kind of microplastics, the sorption of DBP was almost 100 times higher than that of DEP, demonstrating that the hydrophobic interaction dominated the partition. The results indicated too that the physical properties of microplastics did not play an essential role in their sorption behaviors. Moreover, on the one hand, solution pH (in the range of 2.0–7.0) and natural organic matter had no significant impact on the PAEs’ sorption by microplastics, thus indicating that microplastics could accumulate hazardous PAEs in different aquatic environments. On the other hand, the presence of NaCl (0–600 mM) and CaCl2 (0–300 mM) enhanced the sorption of both DEP and DBP on microplastics because of the salting-out effect.



The authors of [74] investigated organophosphorus esters (OPEs) and phthalic acid esters (PAEs) in beached microplastics that were collected from 28 coastal beaches of the Bohai and the Yellow Sea in north China. The analyzed microplastics included polyethene (PE) pellets and fragments, polypropylene (PP) flakes and fragments, and polystyrene (PS) foams. Tris-(2-chloroethyl)-phosphate (TCEP), tris (1-chloro-2-propyl) phosphate (TCPP), and di-(2-ethylhexyl) phthalate (DEHP) were the three most predominant compounds found. The maximum Σ4 OPEs concentration found was 84,595.9 ng/g−1, almost three orders of magnitude higher than the maximum Σ9 PAEs concentration observed. The PP flakes and PS foams contained the highest concentrations of the additives in contrast to the PE pellets, which contained the lowest concentrations. Moreover, the authors found that the spatial differences and compositional variation of the additives among the different microplastics suggested different origins and residence times in the coastal environment. These differences indicated that the characteristics of chemical additives might be a useful approach when tracing sources of microplastics in the environment.




2.1.3. Heavy Metals


Heavy metals are natural elements that have a relatively high atomic mass and a rather high density compared to water. Commonly, a density of at least 5 g/cm−3 defines a heavy metal and differentiates it from other “light” metals. Other, broader definitions for “heavy metals” require an atomic mass higher than 23 or an atomic number exceeding 20 [75,76,77]. However, these definitions are confusing and misleading due to the fact that they cause the inclusion of non-metals.



Therefore, some authors [78] have suggested that is better define “heavy metals” when referring to (1) transition elements; (2) rare earth elements, which can be subdivided into the lanthanides and the actinides, including La and Ac themselves; and (3) a heterogeneous group including the metal Bi, the elements that form amphoteric oxides (Al, Ga, In, Tl, Sn, Pb, Sb and Po), and the metalloids Ge, As and Te.



Even though heavy metals are naturally present in our environment (e.g., in the atmosphere, lithosphere, hydrosphere, and biosphere), their environmental contamination and their exposure to humans have mainly originated from various anthropogenic activities [77].



One of their primary uses is as additives in polymer products (e.g., colorants, flame-retardants, fillers, and stabilizers) (Table 1) during the production process to increase the properties of plastics.



Antimony oxide, aluminum oxide, and zinc borate are, for example, well-known flame retardants, as well as compounds that contain Cl and Br [18].



Metals such as Zn, Pb, Cr, Co, Cd and Ti are instead used as inorganic pigment-based colorants [22,79]; among these, colorants that contain cadmium and lead are used for all kinds of colored polymers, lending a coloration that goes from yellow to red. Chromium is mostly used for polymers such as PVC, polyethene and polypropylene, whereas cobalt acetate is used in blue paints, particularly in the production of bottles that are made of polyethene terephthalate.



Additionally, the presence of Ti in plastic products works as a TiO2 indicator that is used both as a white pigment and as a UV stabilizer [80,81,82].



As part of the additives category, the stabilizers are generally used to prevent plastic degradation due to high temperatures, UV radiation, oxygen, and other kinds of atmospheric agents in order to lengthen product life. Among them, we again find compounds based on lead and cadmium, antimony trioxide and compounds based on Sn, which are mostly used in the making of doors and windows made of polyvinyl chloride.



Finally, although synthetic polymers are usually resistant to microbial attacks, some microorganisms can use some additives as sources of energy in the presence of water. This phenomenon can be prevented by adding, during the production of the polymer, biocides such as As, Sb and Sn [22].



According to the United States Environmental Protection Agency (USEPA) and the International Agency for Research on Cancer (IARC), arsenic, cadmium, chromium, lead and mercury are classified as “known” or “probable” human carcinogens based on evidences of epidemiological and experimental studies that have shown a correlation between exposure to those elements and cancer incidence on humans and animals [83].



Their toxicity depends on many different factors like dosage, how the subject is exposed to the element, and chemical species, as well as age, sex, genetics and the nutritional state of the exposed subject. A high concentration of heavy metals causes cellular and tissue damage, leading to a variety of adverse effects and human diseases [84,85,86,87,88,89]. Among metals, Al, Sb, As, Ba, Cd, Cr (II), Co, Cu, Pb, Hg, Ni, Se, Sn and V are defined metal–estrogens showing high affinity to estrogen receptors because they can mimic estrogen activation; for this reason, they are considered harmful and potentially linked with breast cancer [89,90,91].



Cadmium has been suggested to take part in the promotion of cellular apoptosis and DNA methylation, in providing oxidative stress, in causing damage to DNA, in increasing bone fractures in postmenopausal women, and in lipid peroxidation [77,92,93].



Titanium oxide, for example, which is used as an additive in many plastics products, has been shown to generate cytotoxicity on human epithelial lung and colon cells [94]. Lead is responsible for a variety of consequences on human health such as affecting the DNA reparation system, producing ROS (reactive oxygen species), modifying the genes that are responsible for the cellular tumor regulation, and various effects on the central nervous system, including the damage of motor and cognitive functions, convulsions, coma, and death. Arsenic contamination could cause cancer to the urinary bladder, lungs, liver and kidneys. As for mercury, it affects two target organs: the central nervous system and the kidney. The toxicity of the elemental mercury is due to mercuric mercury. Inflated elemental mercury vapors promptly pass through the blood–brain barrier, and the consequent oxidation in mercuric mercury starts a connection with brain macromolecules [95].



The exposure of living organisms to such inorganic pollutants is ever increasing if we consider the interactions of microplastics, vectors themselves of metals, with biota [3,96].



Though polymers were considered to be inert towards metals in the past [97], great attention has recently been paid to better understanding the interaction between heavy metals and microplastics [98,99,100,101,102,103,104,105,106,107,108].



In this regard, earlies studies such as [98] investigated the ability of virgin and aged microplastics to adsorb metals. Plastic production pellets were collected from beaches and sediment flats of south-west England and revealed variable concentrations of trace metals (Cr, Co, Ni, Cu, Zn, Cd and Pb) that, in some cases, exceeded the concentrations that were reported for local estuarine sediments. The same authors studied the rates and mechanisms of metals that were associated with virgin and beached polyethene pellets in a laboratory-scale experiment. Trace metals were shown to adsorb to both virgin and beached pellets but with a higher rate on aged pellets. Presumably, metal adsorption proceeds through interactions between divalent cations (e.g., Cu2+, Cd2+, and Pb2+) and oxyanions (e.g., Cr2O42−) with charged or polar regions of the plastic surface (effected by imperfections and the presence of charged contaminants and additives, for example), and via non-specific interactions between neutral metalorganic complexes and the hydrophobic surface of the bulk plastic medium. Aged beached pellets accumulate trace metals to a significantly greater extent, with equilibrium partition coefficients ranging from about 4 mL/g−1 (Co) to 220 mL/g−1 (Cr). Its reactivity is enhanced by changes to the polymer itself, as well as the presence of biofilms and chemical precipitates that enhance the critical role of plastic as a vehicle for the transport of metals in the marine environment.



In the study of [101], the authors examined, over the 14 days of the experiment, the adsorption of two heavy metals, copper (Cu) and zinc (Zn), that were leached from an antifouling paint to virgin polystyrene (PS) beads and aged polyvinyl chloride (PVC) fragments in seawater. They demonstrated that heavy metals were released from the antifouling paint to the water, and both microplastic types adsorbed the two heavy metals. The adsorption of Cu was significantly higher in PVC fragments than in PS, probably due to higher surface area and polarity of PVC. The concentrations of Cu and Zn increased significantly on PVC and PS throughout the experiment except for Zn on PS.



However, the absorption/desorption processes that can occur naturally in the environment are quite complex and present a high variability [109]. Indeed, several factors and variables can influence the interaction between metals and microplastics, such as the alteration of the plastic surface exposed to atmospheric agents, the increased roughness of aged particles compared to virgin materials, and the faster decomposition of darker particles [5]. All these components accelerate the degradation processes of microplastics, creating anionic and active sites that increase the interaction of particles with heavy metals [110].



Other significant variables to be considered responsible for increasing the interaction between microplastics and inorganic pollutants are related to pH, salinity variations, photo-oxidative erosion, the formation of biogenic biofilm, enhanced polymer polarity and plastic porosity [98,99,109,111,112].



The authors of [111] observed the Pb absorption capacity on nanoplastics (particles that are unintentionally produced within the size range from 1 to 1000 nm [113]) that were produced from microplastics that were collected on a beach exposed to the North Atlantic Gyre. Lead (II) adsorption kinetics, isotherm, and pH-edge analyses were carried out. The sorption reached a steady-state after around 200 min. The maximum sorption capacity varied between 97% and 78.5% for both tested Pb concentrations. Chemical reactions controlled lead (II) adsorption kinetics with the nanoplastics surface and to a lesser extent by intraparticle diffusion. Adsorption isotherm modelling demonstrated that nanoplastics were strong adsorbents that were equivalent to hydrous ferric oxides such as ferrihydrite. The adsorption was dependent on pH in response to the Pb(II) adsorption by the oxygenated binding sites that were developed on the account of the surface UV oxidation under environmental conditions. They could be able to compete with Fe or humic colloids for Pb binding, due to their amounts and specific areas, becoming efficient vectors of Pb and probably of many other metals.



Therefore, microplastics, once spread into the environment, with their load of intrinsic (additives) and extrinsic (environmental) heavy metals, can be conveyed into the food web to reach aquatic organisms [114,115,116,117,118,119] and then humans [120,121,122].



In this regard, the study of [123] pointed out the potential ability of metals that are present on marine microplastics in determining the co-selection of antibiotic-resistant human pathogens, representing a severe threat to humans that are exposed to the marine environment or even to seafood. Metals such as mercury, lead, zinc, copper and cadmium are accumulating to critical concentration in the environment and triggering the co-selection of antibiotic resistance in bacteria. In the marine environment, persistent pollutants like microplastics are recognized as a vector for the proliferation of metal/antibiotics, and human pathogens and horizontal gene transference between the phylogenetically distinct microbes that are present on microplastics are much faster than free-living microbes. Therefore, microplastics are an emerging global health threat [112].



However, studies on the impact of microplastics on human health are all in the early stages and need to be further developed [117,124].




2.1.4. Flame-Retardants


Flame retardants (FRs) are chemical compounds (Figure 4) that are capable of raising the flashpoint of the materials in which they are added. The main function of these molecules is, therefore, to prevent fires [125]. Flame retardants are divided into reactive and additive flame retardants according to their use. On the one hand, reactive chemicals are covalently bonded to polymers and are therefore less likely to reach the environment until the product is decomposed or burnt. The additive compounds, on the other hand, are only mixed with or dissolved in the material and can more easily migrate out of the product. Recently, over one hundred and forty types of flame retardants were counted, of which approximately seventy were found to belong to the brominated flame retardant (BFR) category. A first classification can be made based on their chemical nature—that is, organic or inorganic flame retardants:
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Inorganic flame retardants act through different chemical and physical mechanisms [126]. With the application of heat, they can release water, they can release fire retardant gases that suffocate the flames, or, in other cases, they can form a protective film that protects the material in which they are inserted. Most often, inorganic flame retardants are used as adjuvants of organic ones. This is the case of antimony trioxide, which is used together with brominated flame retardants and acts as a catalyst in the decomposition reactions of BFRs [127]. Phosphorus-based flame retardants act in the solid phase [128]. With the application of heat, they form a polymer of phosphoric acid that carbonizes the material, blocking the pyrolysis process [128]. Though with some difference, the mechanism of action of organic flame retardants is the same. With the application of heat, they decompose even before the matrix that contains them, thus preventing the formation of flammable gases. In more detail, the halogens that are released by said molecules can react with the radicals H and OH, removing them from the chain reactions that are triggered during the combustion processes [129]. The critical factor that determines the goodness of the preventive action of these additives is their thermal stability, within the material that hosts them. If a retardant decomposes or evaporates too above or below the combustion temperature of the host material, its action will be ineffective. The brominated flame retardants decompose at a temperature of approximately 50 °C below the combustion temperature of the matrices to which they are inserted, therefore making them particularly useful for fire prevention [130].



The use of chemical additives to make materials fireproof is not a recent phenomenon. The ancient Egyptians used hydrated potassium aluminum sulphate (KAl(SO4)212H2O) to treat wood [131]. Following, Gay Lussac described a technique to protect theatre fabrics from fire through treatments with mixes of ammonium phosphate, ammonium chloride, and borax [132]. Today, the main fields of use of flame retardants concern the production of electrical materials, electronic materials, construction, textiles and transport (Figure 5). The massive growth in the production of plastic polymers has led to a substantial increase in the production of flame retardants. For example, in 1965, only 10% of bromine was used for the production of brominated flame retardants; this percentage became 40% in 1996 [133]. The global production of BFRs (as in the sum of Europe, Asia and the United States) increased from 106,000 metric tons in 1989 to 2,035,000 metric tons in 1999 [134].



The high concentrations of FRs that are found in plastic products are because these molecules (distinctly lipophilic) not only adsorb onto the surface of plastics and microplastics but also are present inside them because they are added as additives during the plastic production process [135].



Given the chemical inertia and marked lipophilicity of flame retardants, it is easy to intuit their rapid bioaccumulation. Different concentrations of PBDEs have been detected in various matrices including human milk, article glaciers, domestic dust, and, obviously, in sludge that is derived from water purification plants [136]. The considerable accumulation in this sludge deserves special attention if one thinks of the common practice of reusing it as an organic soil improver in agriculture. Another widespread practice of sludge disposal is its incineration. Several authors have already shown that the incomplete combustion of PBDEs leads to the formation of highly toxic species such as polybromodibenzofuranes (PBDF) and polybromodibenzodioxins (PBDD) [137]. In this regard, BFRs have been classified as “persisting organic pollutants” (POPs). The risk assessment made by the European community has shown that some of these molecules are toxic, suspected to be carcinogenic, and actively act on the endocrine system (endocrine disruptor).



Regarding PBDEs, the European community has banned the use of pentaBDE and octaBDE. This ban is because they are classified as toxic for reproduction [138]. DecaBDE will not be classified as a dangerous substance according to the European Directive 67/548/EEC because it is not toxic to human health or the environment. Several papers [139] have highlighted the immunotoxic effect of tetrabromobisphenol A (TBBP_A). Regarding HBrCDs, there is evidence [140] that they interfere with thyroid hormones.



Just like many other hydrophobic contaminants, evidence of attachment of PBDEs onto microplastics from marine environment has been highlighted in recent years [42,141,142], and the assimilation of these pollutants by organisms that ingest microplastics is highly probable [141,143,144]. Different levels of PBDE concentrations on microplastic samples have been observed based on polymer type and local anthropogenic activities. For example, the study of [42] underlined the presence of a much higher concentration of total-PBDEs that were analyzed on PP microplastics (9909 ng/g) than on PE samples (0.3 ng/g), with the most significant values being reported in open seas areas compared to remote locations. BDE-209 is one common PBDE congener that usually occurs in very high concentrations, and its low diffusion coefficient in LDPE implies a consideration when taking into account the risk that is posed by microplastic particle ingestion by marine organisms [42].



Indeed, amphipods have demonstrated the ability to assimilate PBDEs that are derived from microplastics and have shown a greater uptake for higher-brominated congeners (BDE-154 and -153 compared to BDE-28 and -47) [143]. In the cited study, amphipods (Allorchestes compressa) that were exposed to microplastics that were isolated from a commercial facial cleansing soap ingested ≤45 particles per animal and evacuated them within 36 h. Amphipods were exposed to polybrominated diphenyl ether (PBDEs) congeners (BDE-28, -47, -99, -100, -153, -154, and -183) in the presence or absence of microplastics. The results demonstrated that PBDEs that were derived from microplastics could be assimilated into the tissue of a marine amphipod. Microplastics reduced PBDE uptake compared to controls, but they caused a greater proportional uptake of higher-brominated congeners such as BDE-154 and -153, as compared to BDE-28 and -47. The study demonstrated that microplastics could transfer PBDEs into a marine organism by acting as a vector for the assimilation of POPs into marine organisms; thus, they pose a risk of contaminating aquatic food chains.



Another study [145] analyzed the feed of a typical commercial fish, the seabass, based on their absorption of microplastic-containing contaminants (PCBs and PBDEs). The study investigated how combinations of halogenated contaminants and microplastics that are associated with feed can alter toxicokinetics in European seabass and therefore affect the fish. Microplastic particles (2%) were added to the feed either with sorbed contaminants or as a mixture of clean microplastics and chemical contaminants, and they were then compared to a feed that contained contaminants without microplastics. For the contaminated microplastic diet, the accumulation of polychlorinated biphenyls (PCBs) and brominated flame retardants (BFRs) in fish were significantly higher, increasing up to 40 days of accumulation and then reversing to values that were comparable to the other diets at the end of accumulation.



The significant gene expression results of the liver (cyp1a, il1β, and gstα) after 40 days of exposure indicated that microplastics might indeed worsen the toxic effects (liver metabolism, immune system, oxidative stress) of some chemical contaminants that are sorbed to microplastics.



Moreover, on the one hand, at the end of the accumulation period, microplastics increased the bioavailability of the sorbed contaminants, showing a quadratic accumulation of all the 12 contaminants that were present on the microplastics. On the other hand, the metabolism of BDE99 to BDE47 (by debromination) in seabass was rather fast, and unlike other pollutants, this metabolism was unaffected by the presence of microplastics.






3. Effects of Micro and Nanoplastics on Human Health


A recent report from the “World Health Organization” [146] emphasized the ubiquitous microplastics presence in the environment and aroused great concern regarding the exposition and effects of nano and microplastics on human health [122,147,148,149,150]. One of the major nano and microplastic entry points into the human system is represented by the ingestion of contaminated food [8,151,152,153]. In a recent study conducted by [154], 0.44 MPs/g of nano and microplastics were found in sugar, 0.11 MPs/g were found in salt, 0.03 MPs/g were found in alcohol, and 0.09 MPs/g were found in bottled water. Humans could also assume an estimated intake of 80 g per day of microplastics via plants (fruits and vegetable) that accumulate MPs through uptake from polluted soil [155].



The presence of microplastics in marine species for human consumption (fish, bivalves and crustaceans) is now well-known [156]. As an example, in Mytilus edulis and Mytilus galloprovincialis of five European countries, the microplastic number has been found to fluctuate from 3 to 5 fibers per 10 g of mussels [116].



Therefore, following exposure via diet, uptake in humans is plausible, as evidenced by the capacity for synthetic particles smaller than 150 μm to cross the gastrointestinal epithelium in mammalian bodies, which causes systemic exposure. However, scientists speculate that only 0.3% of these particles are expected to be absorbed, while a lower fraction (0.1%) that contains particles that are bigger than 10 µm should be capable of reaching both organs and cellular membranes and passing through the blood–brain barrier and placenta [117]. Exposure concentrations are predicted to be low, although data about micro and nanoplastics into the environment are still limited due to the analytical and technical complications to extract, characterize, and quantify them from environmental matrices [157].



Once ingested, particles smaller than 2.5 μm can enter the gastrointestinal tract (Figure 6) through endocytosis by M cells (specialized epithelial cells of the mucosa-associated lymphoid tissues) of Peyer’s patches. M cells transport particles from the intestinal lumen to the mucosal lymphoid tissues or through the paracellular persorption. Persorption consists of mechanical kneading of solid particles through gaps that are located in the single-layer epithelium at the villus tips of the gastrointestinal tract (desquamation zones) and into the circulatory system. The resulting toxicity is via inflammation due to the persistent nature of microplastics, as well as their unique properties such as hydrophobicity and chemical composition, and it is supposed to have an accumulative effect that is dependent on dose [151]. This assumption, regarding levels of microplastics in men at a gastro-intestinal level, was further confirmed by the finding of microplastics into human stools: Twenty plastic particles, mostly PE and PP (ranging in size between 5 and 500 mm), were found for every 10 g of stool [158,159]. Indeed, the human excretory system should be responsible for removing up to 90% of micro and nanoplastics ingested [156].



Another microplastics entry point to the human body is the aerial one (Figure 6) through inhalation [160,161]. The authors of [162] showed how the ingestion of synthetic fibers from mussel consumption is less than that of the ones that are inhaled from domestic dust during the same meal. The authors of [151] reported finding 18 fibers and four fragments/L of rain during precipitation events. Microplastics are carried by the wind or from atmospheric depositions and could also result from the erosion of agricultural and fertilized lands, dried sludges, and products from wastewater treatment, synthetic clothes fabric, industrial emissions, road-dust, marine aerosol. This spread could lead to respiratory distress, cytotoxic and inflammatory effects, and autoimmune diseases in men [7,128,131,135,163,164,165]. Moreover, the human lung has a quite wide alveolation surface of ca. 150 m2, with a very thin tissue barrier that is smaller than 1 μm and which could allow nanoparticles to penetrate the bloodstream and all human body [150]. Polystyrene particles of the size 50 nm have led to genotoxic and cytotoxic effects on pulmonary epithelial cells and macrophages (Calu-3 and THP-1) [166]. More widely, the response to inhaled particles, depending on differences on individual metabolism and susceptibility, may be expressed as immediate bronchial reactions (asthma-like), diffuse interstitial fibrosis and granulomas with fiber inclusions (extrinsic allergic alveolitis, chronic pneumonia), inflammatory and fibrotic changes in the bronchial and peribronchial tissue (chronic bronchitis), and interalveolar septa lesions (pneumothorax) [7]. For example, similar effects have been registered in workers of the textile industry in close contact to nylon, polyester, polyolefin and acrylic fibers. The low deterioration of microfibers has been found in patients suffering from pulmonary cancer as a confirmation of the bio-persistence of these synthetic particles. In addition to bio-persistence, fiber size has an impact in their toxicity [151]; for example, fibers of 15-20 μm cannot be successfully removed from macrophages to the lungs. Additionally, in [167], the toxicity of smaller-sized polystyrene nanoparticles (25 nm in diameter), which induced lower cell viability, cell cycle arrest in the S phase, the transcription of the activated inflammatory gene, and changed protein expression that was associated with the cell cycle and pro-apoptosis, was demonstrated. Not to be overlooked is the potential transmission of microorganisms through the microplastics that are present in the air. By attaching to microplastic surfaces in order to be protected from UV radiations, microorganisms could reach the lung and become another threat of infections to human health [7].



The last exposure pathway of microplastics to the human body could be skin contact (Figure 6) through water while washing or while using scrubs and cosmetics that contain micro and nanoplastics.



However, the penetration of the corneous layer is limited to particles lower than 100 nm, so it is unlikely that microplastics absorption could occur through the skin; on the contrary, nanoplastics absorption is more probable [122].



Though plastic is considered an inert material, there is a broad range of properties that characterize microplastics, such as size, shape, chemical composition, and hydrophobicity, that could cause harm and influence the cytotoxicity of particles to cells and tissues [151].



The increased surface area/volume ratio of microplastics, combined with their hydrophobicity, translates to a high affinity to a broad range of hydrophobic and persistent organic pollutants, antibiotics, and heavy metals that could be introduced in the human body by microplastics uptake.



In regard to heavy metals, an in-vitro study was conducted about chromium (Cr) absorption/desorption behavior in the human digestive system considering non-degradable MP types (polyethene (PE), polypropylene (PP), polyvinylchloride (PVC), and polystyrene (PS)) and degradable MPs (polylactic, PLA). The results showed the ability to release Cr (VI) and Cr (III) from MPs into the digestive-gastric phase thanks to stomach acid conditions that stimulated the process [168].



The interactions between microplastics/nanoplastics and other human organs are still being tested, but their possible effects can be assessed based on human absorption models of nanomaterials that are produced by various industrial production processes. In the studies of [169,170], the ability of nanoparticles in polystyrene to cross the placental barrier and the primary human renal cortical epithelial (HRCE) cells was demonstrated.



The use of metal nanoparticles (NPs) (AgNP and AuNP, ZrO2NPs, CeO2NPs, TiO2NPs, and Al2O3NPs), carbon nanomaterials (C60 fullerene, graphene) and polyethene (PE) and polystyrene (PS) microplastics has demonstrated that cytotoxic effects are induced on T98G and HeLa cell lines (human brain and epithelial cells) [171]. Additionally, the use of polypropylene (PP) particles has shown different but harmful effects on various cell lines, based on the size (~20 μm and 25–200 μm) and the different concentrations used in the various tests. Therefore, the interaction of microplastics with humans can produce cytotoxicity, hypersensitivity, unwanted immune responses, and acute responses like hemolysis, thus representing a potential risk to human health [172].



Recent in-vitro studies about effects of plastics on the human body have mostly used engineered nanoplastics that can influence their absorption and also the translocation and production of ROS due to their dimension, charge and shape [148,150,173,174,175,176]. In fact, in the study [174], the interaction between positively-charged nanoparticles of polystyrene (60 nm) and the secretion film of the gastrointestinal epithelium (first physical barrier after digestion) was analyzed. Nanoplastics showed a strong ability to interact with the secretion film, to influence cellular vitality, and to induce apoptosis in the intestinal epithelial cell lines LS174T, HT-29 and Caco-2. Those cytotoxic effects were already observed in the study of [177], which was carried out on adenocarcinoma colon–rectal human differentiated cells, Caco-2, by using polystyrene nanoparticles of 20 and 40 nm.




4. Conclusions


The intake of microplastics by humans is by now quite evident. The entry point may be through ingestion (through contaminated food or via trophic transfer), through inhalation, or through skin contact.



Following the intake of microplastics into the human body, their fate and effects are still controversial and not well known. Only microplastics smaller than 20 µm should be able to penetrate organs, and those with a size of about 10 µm should be able to access all organs, cross cell membranes, cross the blood–brain barrier, and enter the placenta, assuming that a distribution of particles in secondary tissues, such as the liver, muscles, and the brain is possible. Not enough information is available to fully understand the implications of microplastics for human health; however, effects may potentially be due to their physical properties (size, shape, and length), chemical properties (presence of additives and polymer type), concentration, or microbial biofilm growth.



How toxic chemicals adsorb/desorb onto/from microplastics is not well known, but plausible mechanisms include hydrophobic interactions, pH variations, the ageing of particles, and polymer composition. Furthermore, not enough studies have fully explained the primary sources of pollutants that are present on microplastics and whether their origin is extrinsic from the surrounding ambient space, intrinsic from the plastic itself, or, more probably, from a combination of both and from a continuous and dynamic process of absorption and desorption that is related to the spread of the particles into the environment and to their consequent exposure to weathering.







Author Contributions


Conceptualization: C.C.; Writing—original draft preparation: C.C., C.M., I.S., V.L.; Providing case and idea: V.F.U., C.C.; References collection: C.C., I.S., C.M., V.L.; Writing—review and editing: C.C., I.S., C.M., V.L.; Supervision: C.C.; Funding acquisition: C.M., V.F.U., C.C. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the project “MICROPLASMA- MIcro and maCRO PLAStic pollution Monitoring with Advanced technologies” POR Puglia FESR-ESF 2014–2020 INNOLABS “—Code P0XST06.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Plastic Strategy. A European Strategy for Plastics in a Circular Economy. Communication from the Commission to the European Parliament, the Council, the European Economic and Social Committee and the Committee of the Regions. Brussels, January 16th 2018 COM (2018). Available online: https://ec.europa.eu/environment/circular-economy/pdf/plastics-strategy.pdf (accessed on 3 December 2019).

	



Roscam, A.M. Plastic Soup: An Atlas of Ocean Pollution; Island Press: Washington, DC, USA; Covelo, CA, USA; London, OH, USA, 2019; ISBN-10: 1642830089. [Google Scholar]

	



Wagner, M.; Lambert, S. Freshwater microplastics. Emerging environmental contaminants? In The Handbook of Environmental Chemistry; Springer Open: Cham, Switzerland, 2018; Volume 58. [Google Scholar]

	



Zalasiewicz, J.; Waters, C.N.; Do Sul, I.J.A.; Corcoran, P.L.; Barnosky, A.D.; Cearreta, A.; Edgeworth, M.; Gałuszka, A.; Jeandel, C.; Leinfelder, R.; et al. The geological cycle of plastics and their use as a stratigraphic indicator of the Anthropocene. Anthropocene 2016, 13, 4–17. [Google Scholar] [CrossRef]

	



Campanale, C.; Stock, F.; Massarelli, C.; Kochleus, C.; Bagnuolo, G.; Reifferscheid, G.; Uricchio, V. Microplastics and their possible sources: The example of Ofanto river in Southeast Italy. Environ. Pollut. 2019, 113284. [Google Scholar] [CrossRef]

	



Rillig, M.C.; Ingraffia, R.; De Souza Machado, A. Microplastic Incorporation into Soil in Agroecosystems. Front. Plant Sci. 2017, 8, 1805. [Google Scholar] [CrossRef]

	



Prata, J.C. Airborne microplastics: Consequences to human health? Environ. Pollut. 2018, 234, 115–126. [Google Scholar] [CrossRef]

	



Waring, R.H.; Harrisa, R.M.; Mitchell, S.C. Plastic contamination of the food chain: A threat to human health? Maturitas 2018, 115, 64–68. [Google Scholar] [CrossRef]

	



Pivokonsky, M.; Cermakova, L.; Novotna, K.; Peer, P.; Cajthaml, T.; Janda, V. Occurrence of microplastics in raw and treated drinking water. Sci. Total Environ. 2018, 643, 1644–1651. [Google Scholar] [CrossRef] [PubMed]

	



Rezania, S.; Park, J.; Din, M.F.M.; Taib, S.M.; Talaiekhozani, A.; Yadav, K.K.; Kamyab, H. Microplastics pollution in different aquatic environments and biota: A review of recent studies. Mar. Pollut. Bull. 2018, 133, 191–208. [Google Scholar] [CrossRef] [PubMed]

	



Cook, T. How are microplastics transported to polar regions? EOS 2019, 100. [Google Scholar] [CrossRef]

	



Corcoran, P.L.; Moore, C.J.; Jazvac, K. An anthropogenic marker horizon in the future rock record. GSA Today 2014, 24, 4–8. [Google Scholar] [CrossRef]

	



Brandon, J.A.; Jones, W.; Ohman, M.D.; Brandon, J.A.; Jones, W.; Ohman, M.D. Multidecadal increase in plastic particles in coastal ocean sediments. Sci. Adv. 2019, 5, eaax0587. [Google Scholar] [CrossRef]

	



Stager, C. Deep Future: The Next 100,000 Years of Life on Earth; Thomas Dunne Books: New York, NY, USA, 2012; ISBN-10: 1554686636, ISBN-13: 978-1554686636. [Google Scholar]

	



Reed, C. Dawn of the Plasticene age. New Scientist. 2015, 225, 28–32. [Google Scholar] [CrossRef]

	



Image from EGU Blog. Author: Chris Skinner. Under the Creative Commons Attribution 4.0 International licence (CC BY 4.0). Available online: https://blogs.egu.eu/divisions/ssp/2019/01/09/the-plastocene-plastic-in-the-sedimentary-record/ (accessed on 28 November 2019).

	



Frias, J.; Nash, R. Microplastics: Finding a consensus on the definition. Mar. Pollut. Bull. 2018, 138, 145–147. [Google Scholar] [CrossRef] [PubMed]

	



Hahladakis, N.J.; Costas, A.V.; Weber, R.; Iacovidou, E.; Purnell, P. An overview of chemical additives present in plastics: Migration, release, fate and environmental impact during their use, disposal and recycling. J. Hazard. Mater. 2018, 344, 179–199. [Google Scholar] [CrossRef] [PubMed]

	



Seymour, B.R. The Role of Fillers and Reinforcements in Plastics Technology. Polym. Plast. Technol. Eng. 1976, 7, 49–79. [Google Scholar] [CrossRef]

	



Andrady, A.L.; Rajapakse, N. Additives and Chemicals in Plastics. Hazardous Chemicals Associated with Plastics in the Marine Environment. In The Handbook of Environmental Chemistry; Takada, H., Karapanagioti, H., Eds.; Springer: Cham, Switzerland, 2016; p. 78. [Google Scholar]

	



Marturano, V.; Cerruti, P.; Ambrogi, V. Polymer additives. Phys. Sci. Rev. 2017, 2. [Google Scholar] [CrossRef]

	



Hansen, E.; Nilsson, N.H.; Lithner, D.; Lassen, C. Hazardous Substances in Plastic Materials; Klima- og forurensningsdirektoratet: Vejle, Denmark, 2013.

	



Sastri, R.V. Chapter 5—Polymer Additives Used to Enhance Material Properties for Medical Device Applications. In Plastics in Medical Devices, 1st ed.; William Andrew Publishers: Norwich, NY, USA, 2010; pp. 55–72. [Google Scholar]

	



Dufton, P.W. Functional Additives for the Plastics Industry: A Report from Rapra’s Industry Analysis Group; CRC Press: Shrewsbury, UK, 1998. [Google Scholar]

	



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]

	



Hongwei, L.; Xiang, Y.; He, D.; Li, Y.; Zhao, Y.; Wang, S.; Pan, X. Leaching behavior of fluorescent additives from microplastics and the toxicity of leachate to Chlorella vulgaris. Sci. Tot. Environ. 2019, 678, 1–9. [Google Scholar] [CrossRef]

	



Regulation, E.C. No 1272/2008 of the European Parliament and of the Council of 16 December 2008 on classification, labelling and packaging of substances and mixtures, amending and repealing directives 67/548/EEC and 1999/45/EC, and amending regulation (EC) No 1907/2006. Off. J. Eur. Union 2008, 2008b L, 353. [Google Scholar]

	



Schubert, J. A program to abolish harmful chemicals. Springer on behalf of Royal Swedish Academy of Sciences. AMBIO 1972, 1–3, 79–89. [Google Scholar]

	



HESIS Occupational Health Branch California Department of Public Health. Understanding Toxic Substances. An Introduction to Chemical Hazards in the Workplace; State of California Department of Public Health Department of Industrial Relations. Available online: https://www.cdph.ca.gov/Programs/CCDPHP/DEODC/OHB/HESIS/CDPH%20Document%20Library/introtoxsubstances.pdf (accessed on 29 November 2019).

	



Cingotti, N.; Jensen, G.K.; Health and Environment Alliance (HEAL). Food Contact Materials and Chemical Contamination; Health and Environment Alliance: Brussels, Belgium, 2019. [Google Scholar]

	



Colborn, T.; Clement, C. Chemically-induced Alterations in Sexual and Functional Development: The Wildlife/Human Connection; Princeton. Scientific. Pub. Co.: Princeton, NJ, USA, 1992; Volume 21, p. 403. [Google Scholar]

	



Olea-Serrano, N.; Fernández, M.; Pulgar, R.; Olea-Serrano, F. Endocrine disrupting chemicals: Harmful substances and how to test them. Cadernos de saúde pública 2002, 18, 489–494. [Google Scholar] [CrossRef] [PubMed]

	



Miyagawa, S.; Sato, T.; Iguchi, T. Subchapter 101C—Bisphenol A. In Handbook of Hormones; Takei, Y., Ando, H., Tsutsui, K., Eds.; Academic Press: Cambridge, MA, USA, 2016; pp. 577–578. ISBN 9780128010280. [Google Scholar] [CrossRef]

	



Shelby, M.D. NTP-CERHR monograph on the potential human reproductive and developmental effects of bisphenol A. Ntp Cerhr Mon 2008, 22, 1–64. [Google Scholar]

	



Cariati, F.; D’Uonno, N.; Borrillo FIervolino, S.; Galdiero, G.; Tomaiolo, R. Bisphenol a: An emerging threat to male fertility. Reprod. Biol. Endocrinol. 2019, 17, 6. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Z.; Peldszus, S.; Huck, P.M. Adsorption characteristics of selected pharmaceuticals and an endocrine disrupting compound-Naproxen, carbamazepine and nonylphenol on activated carbon. Water Res. 2008, 42, 2873–2882. [Google Scholar] [CrossRef] [PubMed]

	



Vom Saal, F.S.; Myers, J.P. Bisphenol A and risk of metabolic disorders. JAMA 2008, 300, 1353–1355. [Google Scholar] [CrossRef]

	



Dodds, E.C.; Lawson, W. Synthetic strogenic agents without the phenanthrene nucleus. Nature 1936, 137, 996. [Google Scholar] [CrossRef]

	



Glausiusz, J. The plastics puzzle (vol 508, pg 306, 2014). Nature 2014, 509, 20. [Google Scholar]

	



Chen, W.; Pan, S.; Cheng, H.; Sweetman, A.; Zhang, H.; Jones, K. Diffusive gradients in thin-films (DGT) for in situ sampling of selected endocrine disrupting chemicals (EDCs) in waters. Water Res. 2018, 137, 211–219. [Google Scholar] [CrossRef]

	



Ortiz-Villanueva, E.; Jaumot, J.; Martinez, R.; Navarro-Martin, L.; Pina, B.; Tauler, R. Assessment of endocrine disruptors effects on zebrafish (Danio rerio) embryos by untargeted LC-HRMS metabolomic analysis. Sci. Total Environ. 2018, 635, 156–166. [Google Scholar] [CrossRef]

	



Hirai, H.; Takada, H.; Ogata, Y.; Yamashita, R.; Mizukawa, K.; Saha, M.; Kwan, C.; Moore, C.; Gray, H.; Laursen, D.; et al. Organic micropollutants in marine plastics debris from the open ocean and remote and urban beaches. Mar. Pollut. Bull. 2011, 62, 1683–1692. [Google Scholar] [CrossRef]

	



Rehse, S.; Kloas, W.; Zarfl, C. Microplastics Reduce Short-Term Effects of Environmental Contaminants. Part I: Effects of Bisphenol A on Freshwater Zooplankton Are Lower in Presence of Polyamide Particles. Int. J. Environ. Res. Public. Health 2018, 15, 280. [Google Scholar] [CrossRef]

	



Wei, W.; Huang, Q.S.; Sun, J.; Wang, J.Y.; Wu, S.L.; Ni, B.J. Polyvinyl Chloride Microplastics Affect Methane Production from the Anaerobic Digestion of Waste Activated Sludge through Leaching Toxic Bisphenol-A. Environ. Sci. Technol. 2019, 53, 2509–2517. [Google Scholar] [CrossRef]

	



Peijnenburg, W.J.G.M. Phthalates. In Encyclopedia of Ecology; Jørgensen, S.E., Fath, B.D., Eds.; Academic Press: Cambridge, MA, USA, 2008; pp. 2733–2738. ISBN 9780080454054. [Google Scholar] [CrossRef]

	



Xie, Z.; Ebinghaus, R.; Temme, C.; Lohmann, R.; Caba, A.; Ruck, W. Occurrence ans Air-Sea exchange of phthalates in the Arctic. Environ. Sci. Technol. 2007, 41, 4555–4560. [Google Scholar] [CrossRef]

	



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

	



Lyche, L.J.; Gutleb, A.C.; Bergman, Å.; Eriksen, G.S.; Murk, A.T.J.; Ropstad, E.; Saunders, M.; Skaare, J.U. Reproductive and Developmental Toxicity of Phthalates. J. Toxicol. Environ. Health Part B 2009, 12, 225–249. [Google Scholar] [CrossRef]

	



Jobling, S.; Reynolds, T.; White, R.; Parker, M.G.; Sumpter, J.P. A variety of environmentally persistent chemicals, including some phthalate plasticizers, are weakly estrogenic. Environ. Health Perspect. 1995, 103, 582–587. [Google Scholar] [CrossRef]

	



Duty, S.M.; Silva, M.J.; Barr, D.B.; Brock, J.W.; Ryan, L.; Chen, Z.; Herrick, R.F.; Christiani, D.C.; Hauser, R. Phthalate exposure and human semen parameters. Epidemiology 2003, 14, 269–277. [Google Scholar] [CrossRef] [PubMed]

	



Hauser, R.; Calafat, A.M. Phthalates and human health. Occup. Environ. Med. 2005, 62, 806–818. [Google Scholar] [CrossRef] [PubMed]

	



The Danish EPA. Phtalates Strategy; The Danish EPA: Copenhagen, Denmark, 2013; ISBN 978-87-93026-22-3. [Google Scholar]

	



The REACH Regulation (Regulation (EC) No 1907/2006) on Registration, Evaluation and Authorisation and Restriction of Chemicals. Available online: https://osha.europa.eu/it/legislation/directives/regulation-ec-no-1907-2006-of-the-european-parliament-and-of-the-council (accessed on 2 December 2019).

	



Council Directive 67/548/EEC of 27 June 1967 on the Approximation of Laws, Regulations and Administrative Provisions Relating to the Classification, Packaging and Labelling of Dangerous Substances. Available online: https://op.europa.eu/en/publication-detail/-/publication/8e12a450-cb71-4356-bd3b-8a9f980208a0 (accessed on 2 December 2019).

	



Gray, J.L.E.; Ostby, J.; Furr, J.; Price, M.; Veeramachaneni, D.N.; Parks, L. Perinatal exposure to the phthalates DEHP, BBP, and DINP, but not DEP, DMP, or DOTP, alters sexual differentiation of the male rat. Toxicol. Sci. 2000, 58, 350–365. [Google Scholar] [CrossRef] [PubMed]

	



Ema, M.; Miyawaki, E. Adverse effects on development of the reproductive system in male offspring of rats given monobutyl phthalate, a metabolite of dibutyl phthalate, during late pregnancy. Reprod. Toxicol. 2001, 15, 189–194. [Google Scholar] [CrossRef]

	



Fisher, J.S.; Macpherson, S.; Marchetti, N.; Sharpe, R.M. Human ‘testicular dysgenesis syndrome’: A possible model using in utero exposure of the rat to dibutyl phthalate. Human. Reprod. 2003, 18, 1383–1394. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Ma, L.; Yuan, L.; Wang, X.; Zhang, W. Study on developmental abnormalities in hypospadiac male rats induced by maternal exposure to di-n-butylphthalate (DBP). Toxicology 2007, 232, 286–293. [Google Scholar] [CrossRef] [PubMed]

	



Rani, M.; Shim, W.J.; Han, G.M.; Janj, M.; Al-Odaini, N.A.; Songi, Y.K.; Hong, S.H. Qualitative Analysis of Additives in Plastic Marine Debris and Its New Products. Arch. Environ. Contam. Toxicol. 2015, 69, 352–366. [Google Scholar] [CrossRef] [PubMed]

	



Commission Regulation (EU) 2018/2005 of 17 December 2018 amending Annex XVII to Regulation (EC) No 1907/2006 of the European Parliament and of the Council concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) as Regards Bis(2-ethylhexyl) Phthalate (DEHP), Dibutyl Phthalate (DBP), Benzyl Butyl Phthalate (BBP) and Diisobutyl Phthalate (DIBP) (Text with EEA relevance.). Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32018R2005&from=EN (accessed on 1 December 2019).

	



Search alerts—European Commission—Europa EU. Available online: https://ec.europa.eu/consumers/consumers_safety/safety_products/rapex/alerts/?event=main.search&lng=en (accessed on 1 December 2019).

	



RAPEX Recall Report for Toys for 2018. Report Version /Issue Date: Annual 2019-02-20 Report Issued by: TUV SUD. Available online: https://www.tuvsud.com/en/-/media/global/pdf-files/infographics/product-recall-statistics-report/q4-2018/2018-annual-rapex-product-recall-analysis-toys.pdf?la=en&hash=0ED3923B1860BC27768852096408839F (accessed on 1 December 2019).

	



RASFF Portal—European Commission. Available online: https://webgate.ec.europa.eu/rasff-window/portal/?event=SearchForm&cleanSearch=1# (accessed on 1 December 2019).

	



Guo, Y.; Zhang, Z.; Liu, L.; Li, Y.; Ren, N.; Kannan, K. Occurrence and Profiles of Phthalates in Foodstuffs from China and Their Implications for Human Exposure. J. Agric. Food Chem. 2012, 60, 6913–6919. [Google Scholar] [CrossRef]

	



Peijnenburg, W.J.G.M.; Struijs, J. Occurrence of phthalate esters in the environment of the Netherlands. Ecotoxicol. Environm. Safe. 2006, 63, 204–215. [Google Scholar] [CrossRef]

	



Sanchez-Avila, J.; Bonet, J.; Velasco, G.; Lacorte, S. Determination and occurrence of phthalates, alkylphenols, bisphenol A, PBDEs, PCBs and PAHs in an industrial sewage grid discharging to a Municipal Wastewater Treatment Plant. Sci. Tot. Environ. 2009, 407, 4157–4167. [Google Scholar] [CrossRef]

	



Bergé, A. Identification of Sources of Alkylphenols and Phthalates in Urban Area. Comparison of Domestic Discharges to Pure Industrial Wastewater. Master’s Thesis, University Paris-Est, Créteil, France, 2012; p. 290. [Google Scholar]

	



Bergé, A.; Cladière, M.; Gasperi, J.; Coursimault, A.; Tassin, B.; Moilleron, R. Meta-analysis of environmental contamination by phthalates. Environm. Sci. Pollut. Res. 2013, 20, 8057–8076. [Google Scholar] [CrossRef]

	



Bergé, A.; Gasper, J.; Rocher, V.; Gras, L.; Coursimault, A.; Moilleron, R. Phthalates and alkylphenols in industrial and domestic effluents: Case of Paris conurbation (France). Sci. Tot. Environ. 2014, 488–489, 26–35. [Google Scholar]

	



Gao, B.; Wang, P.; Zhou, H.; Zhang, Z.; Wu, F.; Jin, J.; Kang, M.; Sun, K. Sorption of phthalic acid esters in two kinds of landfill leachates by the carbonaceous adsorbents. Bioresour. Technol. 2013, 136, 295–301. [Google Scholar] [CrossRef]

	



Ghaffar, A.; Ghosh, S.; Li, F.; Dong, X.; Zhang, D.; Wu, M.; Li, H.; Pan, B. Effect of biochar aging on surface characteristics and adsorption behavior of dialkyl phthalates. Environ. Pollut. 2015, 206, 502–509. [Google Scholar] [CrossRef]

	



Rios LMJones, P.R.; Moore, C.; Narayan, U.V. Quantitation of persistent organic pollutants adsorbed on plastic debris from the Northern Pacific Gyre’s “eastern garbage patch”. J. Environ. Monit. 2010, 12, 2226–2236. [Google Scholar]

	



Liu, F.; Liu, G.; Zhu, Z.; Wang, S.; Zhao, F. Interactions between microplastics and phthalate esters as affected by microplastics characteristics and solution chemistry. Chemosphere 2019, 214, 688–694. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhou, Q.; Xie, Z.; Zhou, Y.; Tu, C.; Fu, C.; Mi, W.; Ebinghaus, R.; Christie, P.; Luo, Y. Occurrences of organophosphorus esters and phthalates in the microplastics from the coastal beaches in north China. Sci. Tot. Environ. 2018, 616–617, 1505–1512. [Google Scholar] [CrossRef] [PubMed]

	



Fergusson, J.E. The Heavy Elements: Chemistry, Environmental Impact and Health Effects; Pergamon Press: Oxford, UK, 1990. [Google Scholar]

	



Koller, M.; Saleh, H.M. Introductory Chapter: Introducing Heavy Metals. In Heavy Metals; Saleh, H.E.-D.M., Aglan, R.F., Eds.; IntechOpen: London, UK, 2018; Available online: https://www.intechopen.com/books/heavy-metals/introductory-chapter-introducing-heavy-metals (accessed on 24 November 2019). [CrossRef]

	



Godwill, E.A.; Ferdinand, P.U.; Nwalo NFUnachukwu, M. Mechanism and Health Effects of Heavy Metal Toxicity in Humans. In Poisoning in the Modern World-New Tricks for an Old Dog; Intechopen: London, UK, 2019; pp. 1–23. [Google Scholar] [CrossRef]

	



Appenroth, K.J. Definition of “Heavy Metals” and Their Role in Biological Systems. In Soil Heavy Metals; Springer: Berlin/Heidelberg, Germany, 2010; pp. 19–29. [Google Scholar] [CrossRef]

	



Massos, A.; Turner, A. Cadmium, lead and bromine in beached microplastics. Environ. Pollut. 2017, 227, 139–145. [Google Scholar] [CrossRef] [PubMed]

	



Cho, S.; Choi, W. Solid-phase photocatalytic degradation of PVC–TiO2 polymer composites. J. Photochem. Photobiol. A 2001, 143, 221–228. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, Y.; Zhao, W. Application research of TiO2 in plastics. Dev. Appl. Mater. 2010, 25, 66–68. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhang, P.; Zhao, G.; Liu, H. Advances on preparation of nanosized, modification and application Titanium dioxide. J. Northeast Dianli Univ. 2014, 34, 52–56. [Google Scholar] [CrossRef]

	



Tchounwou, P.B.; Yedjou, C.G.; Patlolla, A.K.; Sutton, D.J. Heavy Metals Toxicity and the Environment. Exp. Suppl. 2012, 101, 133–164. [Google Scholar] [CrossRef]

	



Dobson, A.W.; Erikson, K.M.; Aschner, M. Manganese Neurotoxicity. N. Y. Acad. Sci. 2004, 1012, 115–129. [Google Scholar] [CrossRef]

	



Kravchenko, J.; Darrah, T.H.; Miller, R.K.; Lyerly, H.K.; Vengosh, A. A review of the health impacts of barium from natural and anthropogenic exposure. Environ. Geochem. Health 2014, 36, 797–814. [Google Scholar] [CrossRef]

	



Leyssens, L.; Vinck, B.; Van Der Straeten, C.; Wuyts, F.; Maes, L. Cobalt toxicity in humans—A review of the potential sources and systemic health effect. J. Toxicol. 2017, 387, 43–56. [Google Scholar] [CrossRef] [PubMed]

	



Cima, F. Tin: Environmental Pollution and Health Effects. Encycl. Environ. Health 2011, 351–359. [Google Scholar] [CrossRef]

	



Nusair, S.D.; Almasaleekh, M.J.; Rahman, H.R.; Alkhatatbeh, M. Environmental exposure of humans to bromide in the Dead Sea area: Measurement of genotoxicy and apoptosis biomarkers. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2019, 837, 34–41. [Google Scholar] [CrossRef] [PubMed]

	



Darbre, P.D. Metalloestrogens: An emerging class of inorganic xenoestrogens with potential to add to the oestrogenic burden of the human breast. J. Appl. Toxicol. 2006, 26, 191–197. [Google Scholar] [CrossRef] [PubMed]

	



Byrne, C.; Divekar, S.D.; Storchan, G.B.; Parodi, D.A.; Martin, M.B. Metals and breast cancer. J. Mammary Gland Biol. Neoplasia 2013, 18, 63–73. [Google Scholar] [CrossRef] [PubMed]

	



Kedzierski, M.; D’Almeida, M.; Magueresse, A.; Le Grand, A.; Duval, H.; César, G.; Sire, O.; Bruzaud, S.; Le Tilly, V. Threat of plastic ageing in marine environment. Adsorption/desorption of micropollutants. Mar. Pollut. Bull. 2018, 127, 684–694. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, R.K.; Agrawal, M. Biological effects of heavy metals: An overview. J. Environ. Biol. 2005, 26, 301–313. [Google Scholar]

	



Jan, A.T.; Azam, M.; Siddiqui, K.; Ali, A.; Choi, I.; Haq, Q.M.R. Heavy Metals and Human Health: Mechanistic Insight into Toxicity and Counter Defense System of Antioxidants. Int. J. Mol. Sci. 2015, 16, 29592–29630. [Google Scholar] [CrossRef]

	



Gandamalla, G.; Lingabathula, H.; Yellu, N. Nano titanium exposure induces dose- and size-dependent cytotoxicity on human epithelial lung and colon cells. Drug. Chem. Toxicol. 2018, 42, 24–34. [Google Scholar] [CrossRef]

	



Goyer, R.; Golub, M.; Choudhury, H.; Hughes, M.; Kenyon, E.; Stifelman, M. Issue paper on the human health effects of metals. In US Environmental Protection Agency Risk Assessment Forum; ERG: Lexington, KY, USA, 2004; Volume 1200. [Google Scholar]

	



Jambeck, J.R.; Geyer, R.; Wilcox, C.; Siegler, T.R.; Perryman, M.; Andrady, A.; Narayan, R.; Law, K.L. Plastic waste inputs from land into the ocean. Science 2015, 347, 768–771. [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]

	



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

	



Holmes, L.A.; Turner, A.; Thompson, R.C. Interactions between trace metals and plastic production pellets under estuarine conditions. Mar. Chem. 2014, 167, 25–32. [Google Scholar] [CrossRef]

	



Noik, V.J.; Tuah, P.M.; Seng, L.; Sakari, M. Fingerprinting and quantification of selected heavy metals in meso-and microplastics sampled from Santubong and Trombol beach. Kuching, Sarawak, Malaysia. 2nd International Conference on Agriculture. J. Appl. Environ. Biol. Sci. 2015, 53–58. [Google Scholar] [CrossRef]

	



Brennecke, D.; Duarte, B.; Paiva, F.; Caçador, J.; Canning-Clode, I. Microplastics as vector for heavy metal contamination from the marine environment. Estuarine, Coastal and Shelf Science. Estuar. Coast. Shelf Sci. 2016, 178, 189–195. [Google Scholar] [CrossRef]

	



Hodson, M.E.; Duffus-Hodson, C.A.; Clark, A.; Prendergast-Miller, M.T.; Thorpe, K.L. Plastic Bag Derived-Microplastics as a Vector for Metal Exposure in Terrestrial Invertebrates. Environ. Sci. Technol. 2017, 51, 4714–4721. [Google Scholar] [CrossRef]

	



Wang, J.; Peng, J.; Tan, Z.; Gao, Y.; Zhan, Z.; Chen, Q.; Cai, L. Microplastics in the surface sediments from the Beijiang River littoral zone: Composition, abundance, surface textures and interaction with heavy metals. Chemosphere 2017, 171, 248–258. [Google Scholar] [CrossRef]

	



Town, R.M.; Leeuwen, H.P.; Blust, R. Biochemodynamic Features of Metal Ions Bound by Micro- and Nano-Plastics in Aquatic Media. Front. Chem. 2018, 6, 627. [Google Scholar] [CrossRef]

	



Dobaradaran, S.; Schmidt, T.C.; Nabipour, I.; Khajeahmadi, N.; Tajbakhsh, S.; Saeedi, R.; Mohammadi, M.J.; Keshtkar, M.; Khorsand, M.; Ghasemi, F.F. Characterization of plastic debris and association of metals with microplastics in coastline sediment along the Persian Gulf. J. Waste Manag. 2018, 78, 649–658. [Google Scholar] [CrossRef]

	



Gao, F.; Li, J.; Sun, C.; Zhang, L.; Jiang, F.; Cao, W.; Zheng, L. Study on the capability and characteristics of heavy metals enriched on microplastics in marine environment. Mar. Pollut. Bull. 2019, 144, 61–67. [Google Scholar] [CrossRef]

	



Guo, X.; Wang, J. The chemical behaviors of microplastics in marine environment: A review. Mar. Pollut. Bull. 2019, 142, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Godoy, V.; Blázquez, G.; Calero, M.; Quesada, L.; Martín-Lara, M.A. The potential of microplastics as carriers of metals. Environ. Pollut. 2019, 255, 113363. [Google Scholar] [CrossRef] [PubMed]

	



Vedolin, M.C.; Teophiloa, C.Y.S.; Turrab, A.; Figueiraa, R.C.L. Spatial variability in the concentrations of metals in beached microplastics. Mar. Pollut. Bull. 2018, 129, 487–493. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Wong, C.S.; Chen, D.; Lu, X.; Wang, F.; Zeng, E.Y. Interaction of toxic chemicals with microplastics: A critical review. Water Res. 2018, 139, 208–219. [Google Scholar] [CrossRef]

	



Davranche, M.; Veclin, C.; Wickmann, A.C.P.; El Hadri, H.; Grassl, B.; Rowenczyk, L.; Dia, A.; Ter Halle, A.; Blancho, F.; Reynaud, S.; et al. Are nanoplastics able to bind significant amount of metals? The lead example. Environ. Pollut. 2019, 249, 940–948. [Google Scholar] [CrossRef]

	



Richard, H.; Carpenter, E.; Komada, T.; Palmer, P.T.; Rochman, C.M. Biofilm facilitates metal accumulation onto microplastics in estuarine waters. Sci. Total. Environ. 2019, 683, 600–608. [Google Scholar] [CrossRef]

	



Gigault, J.; ter Halle, A.; Baudrimont, M.; Pascal, P.; Gauffre, F.; Phi, T.; El Hadri, H.; Grassl, B.; Reynaud, S. Current opinion: What is a nanoplastic? Environ Pollut. 2018, 235, 1030–1034. [Google Scholar] [CrossRef]

	



Lusher, A.L.; McHugh, M.; Thompson, R.C. Occurrence of microplastics in the gastrointestinal tract of pelagic and demersal fish from the English Channel. Mar. Pollut. Bull. 2013, 67, 94–99. [Google Scholar] [CrossRef]

	



Van Franeker, J.A.; Law, K.L. Seabirds, gyres and global trends in plastic pollution. Environ. Pollut. 2015, 203, 89–96. [Google Scholar] [CrossRef]

	



Nelms, S.E.; Duncan, E.M.; Broderick, A.C.; Galloway, T.S.; Godfrey, M.H.; Hamann, M.; Lindeque, P.K.; Godley, B.J. Plastic and marine turtles: A review and call for research. ICES J. Mar. Sci. 2016, 73, 165–181. [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]

	



Setälä, O.; Lehtiniemi, M.; Coppock, R.; Cole, M. Chapter 11—Microplastics in Marine Food Webs. Microplastic Contamination in Aquatic Environments. In An Emerging Matter of Environmental Urgency; Zeng, E.Y., Ed.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 339–363. [Google Scholar] [CrossRef]

	



Jinhui, S.; Sudong, X.; Yan, N.; Xia, P.; Jiahao, Q.; Yongjian, X. Effects of microplastics and attached heavy metals on growth, immunity, and heavy metal accumulation in the yellow seahorse, Hippocampus kuda Bleeker. Mar. Pullut. Bull. 2019, 149, 110510. [Google Scholar] [CrossRef]

	



Santana, M.F.M.; Moreira, F.T.; Turra, A. Trophic transference of microplastics under a low exposure scenario: Insights on the likelihood of particle cascading along marine food-webs. Mar. Pollut. Bull. 2017, 121, 154–159. [Google Scholar] [CrossRef]

	



De Sá, L.C.; Oliveira, M.; Ribeiro, F.; Rocha, L.T.; Futter, M.N. Studies of the effects of microplastics on aquatic organisms: What do we know and where should we focus our efforts in the future? Sci. Total Environ. 2018, 645, 1029–1039. [Google Scholar] [CrossRef]

	



Revel, M.; Châtel, A.; Mouneyrac, C. Micro(nano)plastics: A threat to human health? Curr. Opin. Environ. Sci. Health 2018, 1, 17–23. [Google Scholar] [CrossRef]

	



Imran, M.; Das, K.R.; Naik, M.M. Co-selection of multi-antibiotic resistance in bacterial pathogens in metal and microplastic contaminated environments: An emerging health threat. Chemosphere 2019, 215, 846–857. [Google Scholar] [CrossRef]

	



Carbery, M.; O’Connor, W.; Palanisami, T. Trophic transfer of microplastics and mixed contaminants in the marine food web and implications for human health. Environ. Int. 2018, 115, 400–409. [Google Scholar] [CrossRef]

	



Van Esch, G.J.; World Health Organization & International Programme for Chemical Safety. Flame Retardants: A General Introduction. World Health Organization, 1997. Available online: https://apps.who.int/iris/handle/10665/41961 (accessed on 26 November 2019).

	



Khandual, A. Flame retardants: An overview. Colourage 2014, 61, 29. [Google Scholar]

	



Babushok, V.I.; Deglmann, P.; Krämer, R.; Linteris, G.T. Influence of Antimony-Halogen Additives on Flame Propagation. Linteris Combus. Sci Technol. 2017, 189, 290–311. [Google Scholar] [CrossRef]

	



Steukers, V.; Kroon, S.; Drohmann, D. Flame retardants: European Union risk assessments update. Plast. Addit. Compd. 2004, 6, 26–29. [Google Scholar] [CrossRef]

	



Hull, T.R.; Law, R.J.; Bergman, Å. Chapter 4—Environmental Drivers for Replacement of Halogenated Flame Retardants. In Polymer Green Flame Retardants; Papaspyrides, C.D., Kiliaris, P., Eds.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 119–179. ISBN 9780444538086. [Google Scholar] [CrossRef]

	



Rahman, F.; Langford, K.H.; Scrimshaw, M.D.; Lester, J.N. Polybrominated diphenyl ether (PBDE) flame retardants. Sci. Total Environ. 2001, 275, 1–17. [Google Scholar] [CrossRef]

	



Hurley, M.J.; Gottuk, D.T.; Hall, J.R., Jr.; Harada, K.; Kuligowski, E.D.; Puchovsky, M.; Torero, J.L.; Watts, J.M., Jr.; Wieczorek, C. SFPE Handbook of Fire Protection Engineering; Springer: New York, NY, USA, 2016. [Google Scholar]

	



Gay-Lussac, J.L. Note sur la propriété qu’ont les matières salines de rendre les tissus incombustibles. Ann. Chim. Phys. 1821, 18, 211. [Google Scholar]

	



Grinbaum, B.; Freiberg, M. Kirk-Othmer Encyclopedia of Chemical Technology; John Wiley & Sons: Hoboken, NJ, USA, 2002. [Google Scholar] [CrossRef]

	



Alaee, M.; Arias, P.; Sjödin, A.; Bergman, Å. Environment International: An overview of commercially used brominated flame retardants, their applications, their use patterns in different countries/regions and possible modes of release. Environ. Int. 2003, 29, 683–689. [Google Scholar] [CrossRef]

	



Liepins, R.; Pearce, E. Chemistry and Toxicity of Flame Retardants for Plastics. Environ. Health Perspect. 1976, 17, 55–63. [Google Scholar] [CrossRef]

	



Covaci, A.; Voorspoels, S.; Abdallah, M.A.; Geens, T.; Harrad, S.; Law, R.J. Analytical and environmental aspects of the flame retardant tetrabromobisphenol-A and its derivatives. J. Chromatog. A 2009, 1216, 346–363. [Google Scholar] [CrossRef]

	



Buser, H.R. Polybrominated dibenzofurans and dibenzo-p-dioxins: Thermal reaction products of polybrominated diphenyl ether flame retardants. Environ. Sci. Technol. 1986, 20, 404–408. [Google Scholar] [CrossRef]

	



Directive, EU. 11/EC of the European parliament and of the council of Febuary 6th 2003. Amending for the 24th time Council Directive 76/769/EEC relating to restrictions on the marketing and use of certain dangerous substances and preparations (pentabromodiphenyl ether, octabromodiphenyl ether). Off. J. Eur. Union 2003, 42, 2. [Google Scholar]

	



Mariussen, E.; Fonnum, F. The effect of brominated flame retardants on neurotransmitter uptake into rat brain synaptosomes and vesicles. Neurochem. Int. 2003, 43, 533–542. [Google Scholar] [CrossRef]

	



Yamada-Okabe, T.; Sakai, H.; Kashima, Y.; Yamada-Okabe, H. Modulation at a cellular level of the thyroid hormone receptor-mediated gene expression by 1,2,5,6,9,10-hexabromocyclododecane (HBCD), 4,4′-diiodobiphenyl (DIB), and nitrofen (NIP). Toxicol. Lett. 2005, 155, 127–133. [Google Scholar] [CrossRef]

	



Ziccardi, L.M.; Edgington, A.; Hentz, K.; Kulacki, K.J.; Driscoll, S.K. Microplastics as vectors for bioaccumulation of hydrophobic organic chemicals in the marine environment: A state of the science review. Environm. Toxicol. Chem. 2016, 35, 1667–1676. [Google Scholar] [CrossRef]

	



Wirnkor, V.A.; Ebere, E.C.; Ngozi, V.E.; Oharley, N.K. Microplastic-Toxic Chemical Interaction: A Review Study on Quantified Levels, Mechanism and Implication. SN Appl. Sci. 2019, 1, 1400. [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]

	



Rochman, C.M.; Lewison, R.L.; Eriksen, M.; Hallen, H.; Cook, A.M.; The, S.J. Polybrominated diphenyl ethers (PBDEs) in fish tissue may be an indicator of plastic contamination in marine habitats. Sci. Tot. Environ. 2014, 476–477, 622–633. [Google Scholar] [CrossRef]

	



Granby, K.; Rainieri, S.; Rasmussen, R.R.; Kotterman, M.J.J.; Sloth, J.J.; Cederberg, T.L.; Barranco, A.; Marques, A.; Larsen, B.K. The influence of microplastics and halogenated contaminants in feed on toxicokinetics and gene expression in European seabass (Dicentrarchus labrax). Environ. Res. 2018, 164, 430–443. [Google Scholar] [CrossRef]

	



Microplastics in Drinking-Water; World Health Organization: Geneva, Switzerland, 2019; Available online: https://apps.who.int/iris/bitstream/handle/10665/326499/9789241516198-eng.pdf?ua=1 (accessed on 28 November 2019).

	



Sharma, S.; Chatterjee, S. Microplastic pollution, a threat to marine ecosystem and human health: A short review. Environ. Sci. Pollut. Res. 2017, 27, 21530–21547. [Google Scholar] [CrossRef]

	



Rist, S.; Almroth, B.C.; Hartmann, N.B.; Karlsson, T.M. A critical perspective on early communications concerning human health aspects of microplastics. Sci. Tot. Environ. 2018, 626, 720–726. [Google Scholar] [CrossRef]

	



Bradney, L.; Wijesekaraa, H.; Palansooriya, K.N.; Obadamudalige, N.; Bolana, N.S.; Ok, Y.S.; Rinklebe, J.; Kimg, K.; Kirkham, M.B. Particulate plastics as a vector for toxic trace-element uptake by aquatic and terrestrial organisms and human health risk. Environ. Int. 2019, 131, 104937. [Google Scholar] [CrossRef]

	



Lehner, R.; Weder, C.; Fink, A.; Rutishauser, B.R. Emergence of Nanoplastic in the Environment and Possible Impact on Human Health. Environ. Sci. Technol. 2019, 53, 1748–1765. [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]

	



Silva-Cavalcanti, J.S.; Silva, J.D.B.; de França, E.J.; de Araújo, F.G. Microplastics ingestion by a common tropical freshwater fishing resource. Environ. Pollut. 2017, 221, 218–226. [Google Scholar] [CrossRef]

	



Toussaint, B.; Raffael, B.; Angers-Loustau, A.; Gilliland, D.; Kestens, V.; Patrillo, M. Review of micro- and nanoplastic contamination in the food chain. J. Food Addit. Contam. Part A 2019, 36, 639–673. [Google Scholar] [CrossRef] [PubMed]

	



Cox, K.D.; Covernton, G.A.; Davies, H.L.; Dower, J.F.; Juanes, F.; Dudas, S.E. Human Consumption of Microplastics. Environ. Sci. Technol. 2019, 53, 7068–7074. [Google Scholar] [CrossRef] [PubMed]

	



Enyoh, C.E.; Verla, A.W.; Verla, E.N. Uptake of Microplastics by Plant: A Reason to Worry or to be Happy? World Sci. News 2019, 131, 256–267. [Google Scholar]

	



Smith, M.; Love, D.C.; Rochman, C.M.; Neff, R.A. Microplastics in Seafood and the Implications for Human Health. Curr. Environ. Health Rep. 2018, 5, 375–386. [Google Scholar] [CrossRef] [PubMed]

	



Campanale, C.; Massarelli, C.; Bagnuolo, G.; Savino, I.; Uricchio, V.F. The problem of microplastics and regulatory strategies in Italy. In Plastics in the Aquatic Environment—Stakeholders Role against Pollution; Stock, F., Reifferscheid, G., Brennholt, N., Kostianaia, E., Eds.; Springer: Berlin/Heidelberg, Germany, 2019. [Google Scholar]

	



Harvey, F.; Watts, J. Microplastics Found in Human Stools for the First Time. In The Guardian. Available online: https://www.theguardian.com/environment/2018/oct/22/microplastics-found-in-human-stools-for-the-first-time (accessed on 13 November 2018).

	



Schwabl, P.; Köppel, S.; Königshofer, P.; Bucsics, T.; Trauner, M.; Reiberger, T.; Liebmann, B. Detection of Various Microplastics in Human Stool: A Prospective Case Series. Ann. Intern. Med. 2019, 171, 453–457. [Google Scholar] [CrossRef] [PubMed]

	



Gasperi, J.; Wright, S.L.; Dris, R.; Collard, F.; Mandin, C.; Guerrouache, M.; Langlois, V.; Kelly, F.J.; Tassin, B. Microplastics in air: Are we breathing it in? Curr. Opin. Environ. Sci. Health. 2018, 1, 1–5. [Google Scholar] [CrossRef]

	



Vianello, A.; Jensen, R.L.; Liu, L.; Vollertsen, J. Simulating human exposure to indoor airborne microplastics using a Breathing Thermal Manikin. Sci. Rep. 2019, 9, 8670. [Google Scholar] [CrossRef]

	



Catarino, A.I.; Macchia, V.; Sandersona, W.G.; Thompson, R.C.; Henryae, T.B. Low levels of microplastics (MP) in wild mussels indicate that MP ingestion by humans is minimal compared to exposure via household fibres fallout during a meal. Environ. Pollut. 2018, 237, 675–684. [Google Scholar] [CrossRef]

	



Dehghani, S.; Moore, F.; Akhbarizadeh, R. Microplastic pollution in deposited urban dust, Tehran metropolis, Iran. Environ. Sci. Pollut. Res. 2017, 24, 20360–20371. [Google Scholar] [CrossRef]

	



Dong, C.D.; Chena, C.W.; Chen, Y.C.; Chen, H.H.; Lee, J.S.; Lin, C.H. Polystyrene microplastic particles: In vitro pulmonary toxicity assessment. J. Hazard. Mater. 2019. [Google Scholar] [CrossRef]

	



Rezaei, M.; Riksen, M.J.P.M.; Sirjani, E.; Sameni, A.; Geissen, V. Wind erosion as a driver for transport of light density microplastics. Sci. Total Environ. 2019, 669, 273–281. [Google Scholar] [CrossRef] [PubMed]

	



Paget, V.; Dekali, S.; Kortulewski, T.; Grall, R.; Gamez, C.; Blazy, K.; Aguerre-Chariol, O.; Chevillard, S.; Braun, A.; Rat, P.; et al. Specific Uptake and Genotoxicity Induced by Polystyrene Nanobeads with Distinct Surface Chemistry on Human Lung Epithelial Cells and Macrophages. PLoS ONE 2015, 10, e0123297. [Google Scholar] [CrossRef]

	



Xu, M.; Halimu, G.; Zhang, Q.; Song, Y.; Fu, X.; Li, Y.; Li, Y.; Zhang, H. Internalization and toxicity: A preliminary study of effects of nanoplastic particles on human lung epithelial cell. Sci. Tot. Environ. 2019, 694, 133794. [Google Scholar] [CrossRef]

	



Liao, Y.; Yang, J. Microplastic serves as a potential vector for Cr in an in-vitro human digestive model. Sci. Total. Environ. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Grafmueller, S.; Manser, P.; Diener, L.; Diener, P.A.; Maeder-Althaus, X.; Maurizi, L.; Jochum, W.; Krug, H.F.; Buerki-Thurnherr, T.; von Mandach, U.; et al. Bidirectional transfer study of polystyrene nanoparticles across the placental barrier in an ex vivo human placental perfusion model. Environ. Health Perspect. 2015, 123, 1280–1286. [Google Scholar] [CrossRef]

	



Monti, D.M.; Guarnieri, D.; Napolitano, G.; Piccoli, R.; Netti, P.; Fusco, S.; Arciello, A. Biocompatibility, uptake and endocytosis pathways of polystyrenenanoparticles in primary human renal epithelial cells. J. Biotechnol. 2015, 193, 3–10. [Google Scholar] [CrossRef] [PubMed]

	



Schirinzi, G.F.; Pérez-Pomeda, I.; Sanchís, J.; Rossini, C.; Farré, M.; Barceló, D. Cytotoxic effects of commonly used nanomaterials and microplastics on cerebral and epithelial human cells. Environ. Res. 2017, 159, 579–587. [Google Scholar] [CrossRef]

	



Hwang, J.; Choi, D.; Han, S.; Choi, J.; Honga, J. An assessment of the toxicity of polypropylene microplastics in human derived cells. Sci. Total. Environ. 2019, 684, 657–669. [Google Scholar] [CrossRef]

	



Forte, M.; Iachetta, G.; Tussellino, M.; Carotenuto, R.; Prisco, M.; De Falco, M.; Laforgia, V.; Valiante, S. Polystyrene nanoparticles internalization in human gastric adenocarcinoma cells. Toxicol. Vitro 2016, 31, 126–136. [Google Scholar] [CrossRef]

	



Inkielewicz, S.I.; Tajber, L.; Behan, G.; Zhang, H.; Radomski, M.W.; Medina, C.; Santos-Martinez, M.J. The Role of Mucin in the Toxicological Impact of Polystyrene Nanoparticles. Materials 2018, 11, 724. [Google Scholar] [CrossRef]

	



Stock, V.; Böhmert, L.; Lisicki, E.; Block, R.; Carmona, J.C.; Pack, L.K.; Selb, R.; Lichtenstein, D.; Voss, L.; Henderson, C.J.; et al. Uptake and effects of orally ingested polystyrene microplastic particles in vitro and in vivo. Arch. Toxicol. 2019, 93, 1817–1833. [Google Scholar] [CrossRef] [PubMed]

	



Wu, B.; Wu, X.; Liu, S.; Wang, Z.; Chen, L. Size-dependent effects of polystyrene microplastics on cytotoxicity and efflux pump inhibition in human Caco-2 cells. Chemosphere 2019, 221, 333–341. [Google Scholar] [CrossRef] [PubMed]

	



Thubagere, A.; Reinhard, B.M. Nanoparticle-induced apoptosis propagates through hydrogen-peroxide-mediated bystander killing: Insights from a human intestinal epithelium In Vitro model. ACS Nano 2010, 4, 3611–3622. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 17 01212 g001 550] 





Figure 1. Appearance of the deposition and stratification of plastic materials in a Spanish canyon (Source: [16]). 
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Figure 2. Layering of plastic materials in an area of Southern Italy. 
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Figure 3. Detail of the plastic stratigraphy. 
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Figure 4. Chemical structure of some classes of halogenated flame retardants. 
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Figure 5. Greater fields of use of brominated flame retardants (BFRs) (Source data: [135]). 
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Figure 6. Overview of scientific studies focused on the effects of micro and nanoplastics on human health. Colored squares represent pollutants (organic and inorganic) that could be present in environmental matrices (free or associated with micro and nanoplastics) and that could enter into the human body through different entry routes. 
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Table 1. Main use of heavy metals as additives in polymer products and their effects on human health.
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	Heavy Metals
	Additives
	Type of Polymers
	Effects on Human Health
	References





	Antimony (Sb)
	Flame retardants and biocides
	Various plastics
	Metal–estrogen; breast cancer
	[18,22,90]



	Aluminum (Al)
	Stabilizers, inorganic pigments and flame retardants.
	PBT, PET, PE, PVC
	Metal–estrogen; breast cancer
	[18,22,90]



	Zinc (Zn)
	Heat stabilizers, flame retardants, anti-slip agents and inorganic pigments.
	PVC, PE, PP
	-
	[18,22]



	Bromine (Br)
	Flame retardants
	PBT, PE, PS, PP
	Apoptosis and genotoxicity
	[18,88]



	Cadmium (Cd)
	Heat stabilizers, UV stabilizers and inorganic pigments
	PVC
	Changes in metabolism of calcium, phosphorus and bone; osteomalacia and bone fractures in postmenopausal women; lipid peroxidation and in the promotion of carcinogenesis; cellular apoptosis; DNA methylation.
	[18,22,77,79,92,93]



	Copper (Cu)
	Biocides
	-
	Formation of reactive oxygen species (ROS); inducing DNA strand breaks and oxidation.
	[18,22,77]



	Mercury (Hg)
	Biocides
	PU
	Mutagen or carcinogen; induction of the disruption of DNA molecular structure and brain damage.
	[11,22,77,95]



	Arsenic (As)
	Biocides
	PVC, LDPE and polyesters
	Congenital disabilities; Carcinogen: lung, skin, liver, bladder, kidneys; gastrointestinal damage; death.
	[18,22,93]



	Tin (Sn)
	UV stabilizers and biocides
	PU foam and PVC
	Metal–estrogen; breast cancer; skin rashes; stomach complaints; nausea; vomiting, diarrhea; abdominal pain; headache and palpitations; potential clastogen.
	[18,22,87,90]



	Lead (Pb)
	Heat stabilizers, UV stabilizers and inorganic pigments
	PVC and all types of plastics, where red pigments are used
	Anemia (less Hb); hypertension; miscarriages; disruption of nervous Systems; brain damage; infertility; oxidative stress and cell damage.
	[18,22,77,79,90,93]



	Titanium (Ti)
	UV stabilizers and inorganic pigments
	PVC
	Cytotoxicity on human epithelial lung and colon cells.
	[18,80,94]



	Cobalt (Co)
	Inorganic pigments
	PET bottles
	Formation of reactive oxygen species (ROS); neurological (e.g., hearing and visual impairment); cardiovascular and endocrine deficits.
	[22,77,86]



	Chrome (Cr)
	Inorganic pigments
	PVC, PE, PP
	Allergic reactions to the body; nasal septum ulcer; severe cardiovascular, respiratory, hematological, gastrointestinal, renal, hepatic, and neurological effects and possibly death.
	[77,79]



	Barium (Ba)
	Inorganic pigments and UV stabilizers
	PVC
	Metal–estrogen, breast cancer; cardiovascular and kidney diseases; metabolic, neurological, and mental disorders
	[18,22,85,90]



	Manganese (Mn)
	Inorganic pigments
	-
	Neurodegenerative disorder
	[18,84]
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