

  polymers-15-04207




polymers-15-04207







Polymers 2023, 15(21), 4207; doi:10.3390/polym15214207




Review



Recent Study of Separation and Identification of Micro- and Nanoplastics for Aquatic Products



Jin Xu 1, Gan Wu 1, Hao Wang 2, Zhaoyang Ding 1,3,4,* and Jing Xie 1,4,*





1



College of Food Science and Technology, Shanghai Ocean University, Shanghai 201306, China






2



National Pathogen Collection Center for Aquatic Animals, Shanghai Ocean University, No. 999, Huchenghuan Road, Shanghai 201306, China






3



Marine Biomedical Science and Technology Innovation Platform of Lin-gang Special Area, Shanghai 201306, China






4



Shanghai Engineering Research Center of Aquatic-Product Processing & Preservation, Shanghai 201306, China









*



Correspondence: zyding@shou.edu.cn (Z.D.); jxie@shou.edu.cn (J.X.); Tel.: +86-21-61900369 (Z.D.); +86-21-61900351 (J.X.)







Citation: Xu, J.; Wu, G.; Wang, H.; Ding, Z.; Xie, J. Recent Study of Separation and Identification of Micro- and Nanoplastics for Aquatic Products. Polymers 2023, 15, 4207. https://doi.org/10.3390/polym15214207



Academic Editors: Francesca Lionetto and Carlos Espinoza-González



Received: 27 September 2023 / Revised: 21 October 2023 / Accepted: 23 October 2023 / Published: 24 October 2023



Abstract

:

Micro- and nanoplastics (MNPs) are polymeric compounds widely used in industry and daily life. Although contamination of aquatic products with MNPs exists, most current research on MNPs focuses on environmental, ecological, and toxicological studies, with less on food safety. Currently, the extent to which aquatic products are affected depends primarily on the physical and chemical properties of the consumed MNPs and the content of MNPs. This review presents new findings on the occurrence of MNPs in aquatic products in light of their properties, carrier effects, chemical effects, seasonality, spatiality, and differences in their location within organisms. The latest studies have been summarized for separation and identification of MNPs for aquatic products as well as their physical and chemical properties in aquatic products using fish, bivalves, and crustaceans as models from a food safety perspective. Also, the shortcomings of safety studies are reviewed, and guidance is provided for future research directions. Finally, gaps in current knowledge on MNPs are also emphasized.
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1. Introduction


Due to a well-developed economy and demand from people, a large amount of plastic pollution is produced every year [1]. Some of these plastics are at the nanoscale and not easily detected, and more and more plastics are broken down into tiny particles by external factors when they enter the aquatic environment. These plastics exhibit a significant surface area, often acting as carriers for a wide array of pollutants. Apart from organic pollutants, they also adsorb inorganic contaminants such as heavy metals and microbial pollutants in the form of biofilms.



In industrial production, social activities, and daily home life, plastic products and various types of plastic-containing wastes are generated and infiltrate aquatic environments through methods like direct discharge, intentional dumping, wind-driven transport, rainfall erosion, fishing and shipping activities, sewage discharges, and drifting movements [2,3,4,5]. During this process, plastics gradually degrade into tiny particles known as micro- and nanoplastics (MNPs). MNPs can be categorized as primary or secondary MNPs [6], Primary MNPs refer to plastic fragments or particles that are less than or equal to 5 mm in size, including fiber and other plastic particles originating from clothing [7]. Secondary MNPs are derived from the degradation of larger plastic products in the environment, such as water and soda bottles, fishing nets, and plastic bags [8]. MNPs are chemically stable and decompose slowly, persisting in aquatic environments, through the food chain and ingestion, and may enter aquatic products to pose a potential toxicity risk to aquatic products. Human exposure to MNPs is primarily through ingestion, inhalation, and skin contact [9]. In general, MNP contamination in aquatic products is considered as a vital source in the ingestion route. However, current research on MNPs is focused on environmental [10], ecological [11], and some toxicological studies [12]. Few studies on aquatic products have been undertaken in terms of food safety.



Aquatic products constitute a substantial proportion of animal-based consumption worldwide, yielding significant economic benefits to coastal areas. However, the widespread presence of MNPs in aquatic ecosystems and aquaculture systems has resulted in diverse detrimental effects on both human health and aquatic organisms. Moreover, MNPs exhibit seasonal and spatial variations, resulting in differing concentrations within the same water bodies at different times [13]. MPs in aquatic products vary depending on the waters and sources. The most commonly used plastic materials in daily life are HDPE, LDPE, PP, PVC, and PET [14]. Moreover, the presence of MNPs exhibits both seasonal and spatial variations, leading to varying levels within the same waters at different times [13]. In mussels captured from the Mediterranean, polymers accounted for eighty-four percent of the MNPs found, with synthetic cellulose being the second most prevalent. Similarly, suspension-cultured and bottom-cultured oysters from the same farms showed varying concentrations of MNPs [15,16].



Given the prevalence of MNPs in aquatic organisms, it has become critical to study the separation and identification of MNPs in aquatic products. Nowadays, researchers employ diverse methods to separate and detect MNPs by investigating their physical and chemical properties. Techniques such as microscopic counting and scanning electron microscopy (SEM) are frequently utilized to detect MNPs as they enable direct observation and recording of the morphology, size, and structure of MNPs without the necessity for chemical treatment of the samples [17]. MNPs typically consist of specific chemical compositions, which enable researchers to detect and identify MNPs through techniques such as Raman spectroscopy, pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS), and high-performance liquid chromatography (HPLC) [18,19].



In an effort to reduce the interference of organic matter in organisms, Claessens et al. employed chemical ablation for the first time to extract MNPs from aquatic organisms [20]. However, the lack of a standardized extraction method and the use of different materials and pore sizes of filter membranes during the separation process can lead to varying detection rates of MNPs [21]. The harmonization of practical methods for the extraction and isolation of MNPs from aquatic organisms is currently a critical scientific challenge in MNP research. The lack of reliable data on the concentration, particle size distribution, and polymer composition of MNPs in aquatic organisms is also attributable to inadequate operational procedures for their extraction, separation, and identification. Results from different studies are not comparable or even conclusive. The inconsistency of MNP analytical methods not only impairs related scientific research, but also hampers the ability to analyze MNPs. This deficiency hinders the comprehensive assessment of MNP toxicity [13]. Additionally, determining the exposure pathways and dosages of MNPs remains challenging, and the assessment of health effects is significantly influenced by factors such as the pathway of exposure, the amount inhaled or ingested, and the limited representativeness of current collection methods. Presently, only studies investigating the toxicity of individual chemical substances in a single medium can be conducted, making it impossible to evaluate the combined effects of MNPs. Another critical issue is the lack of a standardized evaluation system. Universally applicable standards for the health and environmental hazard assessment of MNPs are currently absent [2], posing difficulties in data comparison and potentially leading to errors.



In this review, we summarize existing peer-reviewed articles on MNPs in aquatic products. We also discuss the number and types of MNPs present in aquatic products, their physical and chemical properties, and the latest analytical methods for isolating and characterizing them. The advantages and disadvantages of the various analytical methods are compared, and research requirements for improving the assessment of aquatic products exposure to MNPs through food consumption are presented. Challenges to the development of standardized methods for MNPs are analyzed, and gaps in current food safety research are identified. The necessity and urgency of establishing standardized analytical methods for MNPs in aquatic organisms are emphasized.




2. Current Situation of MNP Contamination in Aquatic Products


MNPs are widely present in the aquatic environment, raising concerns about their presence in commercially important seafood, having become an emerging food safety issue. The investigation of MNPs in aquatic products remains insufficient, leaving potential gaps in our understanding. Furthermore, MNPs could adsorb harmful chemicals that can accumulate in the human body, posing significant health risks. The variation in MNPs in different aquatic products as well as the fluctuating content of the same MNPs in different aquatic products during various seasons (as shown in Figure 1) highlight the complexity of the issue.



Comparatively higher individual detection rates of MNPs were found in fish as opposed to other aquatic products, with fish showing a significantly greater abundance of solitary MNP particles. The types of MNPs isolated from these aquatic products include various forms of fiber, fragments, granules, and sheets. Fiber was the most widespread shape in MNPs, accounting for over 70% of the entities examined. These fiber MNPs mainly consisted of artificial filaments constituting a semi-synthetic polymer, comprising nearly half (48.92%) of all detected plastic polymers [36]. Therefore, it is even more important to understand the recent presence of MNPs in current aquatic products before summarizing the separation and identification of MNPs (Table 1).



2.1. Occurrence of MNPs in Aquatic Products


2.1.1. Fish


Before quantifying the quantity of MNPs present, it is crucial to acknowledge that the levels of MNPs significantly vary across different water sources and regions. For instance, Catarino’s study reported that only 1.80% of the 15 samples derived from studying 4389 species contained detectable plastic particles. Even among 400 randomly sampled fish, a mere of two plastic were observed. However, populations heavily reliant on fish resources or consuming fish from areas experiencing elevated plastic contamination may face higher exposures [6]. The abundance of MNPs in the stomach and intestine of cultured hybrid groupers from the Pearl River Estuary was detected at 35.36 particles per individual or 0.62 particles per gram. The number of MNPs in the intestine of the fish (23.91 particles per individual or 1.10 particles per gram) was higher than in the stomach (12.80 particles per individual or 0.37 particles per gram) [37]. According to a survey, the levels of MNPs in farmed aquatic organisms growing in the lake were found to be higher compared to other water sources [43]. Yuan et al. investigated MNP contamination in 349 sea bass specimens from coastal areas of Jiangsu Province, China. The abundance of MNPs in sea bass individuals measuring less than 1 mm was determined to be 1.03 ± 1.04 MNPs, and the abundance of MNPs in fish farmed in lake is generally higher than in fish farmed in the sea [14]. The level of MNP contamination in sea bass from the Jiangsu coast was relatively low to moderate compared to other regions of China. The reason for this disparity is attributed to urban sewage discharge and household waste, which contribute to increased levels of MNPs in the lake. Consequently, aquatic organisms raised on farms that utilize the lake as a water source become enriched in enriched with MNPs in their bodies through the food chain, leading to the observed higher levels of MNPs in these organisms. To explore the abundance of MNPs in pelagic edible fish in India, Daniel et al. sampled 270 fish, resulting in 41.10% of the fish containing MNPs in edible tissue, with an average abundance of 0.07 ± 0.26 MNPs per fish [38]. Such low detection rates may indicate potentially low levels of exposure to humans.




2.1.2. Bivalves


Viable bivalves, including raw oysters and steamed clams, have become a popular choice for seafood lovers and are no longer restricted to coastal areas. Thanks to the rapid development of aquaculture and improvements in seafood preservation and transportation, bivalves are now widely available. However, with the increasing pollution caused by MNPs, especially in coastal aquaculture ecosystems, the accumulation of MNPs in bivalve organisms has become a significant problem. MNPs have been detected in many coastal bivalve species [68]. Despite the presence of MNPs in bivalves, there are still important knowledge gaps regarding the influence of bio-morphology on the mechanisms of MNPs accumulation. Additionally, the potential impact of seasonality on changes in the levels of MNPs in bivalves remains poorly studied. These gaps in understanding could hinder the accurate identification of risks related to food safety in bivalves. Fiber was the most common shape of MNPs, accounting for more than half of the total MNPs in eight of the species. In a study by Joshy et al. on bivalves from the Paraiyar River in India, MNPs were observed in the digestive glands (22.8 particles g−1) and gills (29.6 particles g−1) [69]. Britta R. et al. quantified Pacific oysters and Pacific razor clams from 15 coasts in Oregon, USA, and found that both oysters and razor clams contained MNPs, with the majority (over 99%) being fiber. On average, whole oysters contained 10.95 ± 0.77 MNP particles, while razor clams contained 8.84 ± 0.45 MNP particles [70]. Routine testing in Chinese coastal watersheds revealed higher levels of MNPs in spring samples compared to summer oyster samples, suggesting that MNP contamination in bivalves varies seasonally, with bivalves potentially being safer in the summer [71]. Overall, the results indicate that MNP contamination is widespread in bivalves, with fiber being the most prevalent shape of MNPs found in bivalve tissue at each site. The size of MNPs smaller than 2 mm was also commonly observed. High levels of MNPs were detected in commercial bivalves from China and other regions.




2.1.3. Crustaceans


Decapod crustaceans belong to the phylum Arthropoda and are the most abundant animals on the planet in terms of biomass. Some decapod crustaceans hold great significance as seafood products, and they are highly valued in commercial fisheries and aquaculture worldwide. Crustaceans are also utilized in various ways, including as food, animal feed, and for chitin extraction. The contamination of local marine ecosystems by MNPs is becoming an increasingly concerning environmental issue. Such contamination can potentially have adverse effects on the safety of seafood when consumed by marine creatures. In general, the levels of MNPs detected in crustaceans were found to be higher (ranging from 26.4% to 85.40%) compared to fish (ranging from 37.60% to nearly 67%). For instance, in Indian white shrimp, the levels of MNPs ranged from 0.69 ± 0.48 particles per gram to 3.45 ± 0.04 particles per gram [44]. Moreover, apart from the two prevalent plastics, polypropylene and polyethylene, cellophane and synthetic fiber were also discovered in the samples of shrimp fishery goods [45]. This indicates that a variety of plastic materials are present in the marine environment and can be ingested by marine organisms such as shrimp, further highlighting the potential risks of MNP contamination in aquatic products. In a study of aquatic shrimp products from a highly productive farming site in China, Wu et al. identified the presence of cellulose, polyamide, acrylonitrile, and polyethylene in aquatic shrimp products. Among these, polypropylene and polyethylene terephthalate cellulose were the predominant polymers, accounting for 67% to 84% of cultured shrimp, with 0.95 to 2.10 items per individual [29]. Interestingly, the investigation did not reveal any regional trend in plastic consumption by the shrimp, but there were temporal variations. MNPs consumption was significantly increased in October compared to March. This increase in MNPs consumption in October could be attributed to the fact that the shrimps were more active during this time, building up fat reserves in preparation for winter. Crab products are now sourced not only from marine capture but also from aquaculture systems. However, aquaculture ecosystems face serious threats from various pollutants, including MNPs. Crab ponds have been found to have higher levels of MNPs compared to fishponds and nearby natural lakes. In these ponds, debris and fiber are the primary shapes of MNPs, and the presence of smaller MNPs is positively correlated with the proportion of debris MNPs [55]. Xiong et al. conducted a study in the central freshwater aquaculture area of Hong Hu, China, and found MNPs in both crab breeding ponds and nearby natural lakes [56]. Similarly, Xu collected a total of 38 species of bivalves and crabs in the Hong Kong area and observed a mean number of MNPs ranging from 0 to 9.68 grains per gram or 0 to 18.4 grains per gram. Approximately 26% of the suspected MNPs were confirmed to be synthetic polymers, including CP, PET, and PA [57].





2.2. Hazards to Aquatic Products and Human Health


The small size of MNPs enables them to translocate through biofilms, affecting aquatic organisms through a mechanism similar to endocytosis, which can result in health issues for aquatic products [72]. Recent research indicates that MNPs can reach various organs in aquatic organisms after ingestion, leading to organ damage. While the exact impact of MNPs on human health is yet to be fully determined, it is crucial to consider the risk to humans from both the MNPs themselves and the toxic substances they may adsorb. Such considerations should be based on rigorous scientific research and account for factors such as dose and cumulative exposure. In order to provide a comprehensive understanding of the health implications from a food perspective, our research also incorporates studies pertaining to human health (Table 2).




2.3. Challenges in Investigating the Hazards of MNPs from a Food Perspective


While there is a growing body of research on the effects of MNPs on aquatic biota, some impact studies may be biased toward specific shapes of polymers, neglecting the reported occurrence, estimated releases to the environment, and bioavailability of MNPs in organisms and the environment. This potential bias should also be considered when using model organisms in laboratory assays. The trophic transfer of MNP particles and their associated toxins in aquatic food webs, as well as the potential health risks to human health resulting from exposure to MNPs through the ingestion of aquatic food, remain largely unknown. Given that it is widely recognized that NPs tend to be more toxic than MPs, it is expected that NPs would have similar toxic effects on the reproductive and nervous systems. In addition, studies on human lung epithelial cells suggest that NPs may also induce cell death. The size of the particles may often play a significant role, as NPs can diffuse through membranes that MPs cannot penetrate. For example, in laboratory experiments, zooplankton carrying NPs were fed to fish, and the results demonstrated that NPs were transferred to the fish and could cross the blood–brain barrier, causing brain damage and behavioral impairment in the fish. Considering the differences in habits and physiology between marine and freshwater species, it remains uncertain to what extent the findings from marine biology-based studies can be applied to freshwater species, and vice versa. However, research on NPs is relatively limited, leading most researchers to study them as equivalent to MNPs. This emphasizes the need for studies on the separation and identification of MNPs in order to gain a more comprehensive understanding of the impact of MNPs on aquatic products and human health.





3. Separation and Identification of MNPs in Aquatic Products


Over the past decade, there has been a notable surge in research focused on separation and identification of MNPs in aquatic products, as evident in Figure 2. Despite the increasing number of publications on the subject, there remains a significant gap, especially concerning the measurement of NPs. We conducted topic searches on the Web of Science to gauge the current research status of MNPs. However, it is essential to note that there may be some overlap and subsets among the papers, making these statistics serve as rough estimates.



3.1. Separation Methods


3.1.1. MNPs Extraction


Unlike the separation of MNPs from the environment and sediments, the extraction of MNPs from aquatic products necessitates an initial extraction procedure. This process is designed to mitigate the interference of organic matter and gain MNP particles suitable for subsequent analysis and identification. Figure 3a enumerates the current techniques employed for MNPs extraction from aquatic products.



Alkalis can disintegrate aquatic tissues by hydrolyzing chemical bonds and denaturing proteins. Currently, one of the most common methods to ablate MPs extracted from aquatic organisms is using 10% KOH. Ding et al. effectively used 10% KOH ablation of the esophagus, stomach, and intestine of fish at 60 °C for 24 h [86]. Dehaut et al. used the same method to treat MNPs quickly and effectively in aquatic products [87]. Still, silica-like substances present in the samples could not be decomposed by KOH, and the alkaline solution also caused severe degradation of polymers, such as PET and PVC.



Hydrogen peroxide (H2O2) is an effective oxidant for removing organic and biological matter. Thirty percent of H2O2 can make MPs smaller, thinner, and more transparent, facilitating the extraction of MNPs from aquatic samples. It is also effective in ablating the soft tissues of various shellfish, such as mussels, oysters, arks, and mud crabs [32,88]. Sodium hypochlorite (NaClO) is also suitable for removing organic debris from aquatic tissues. Monteiro et al. demonstrated that aquatic tissues can be effectively ablated with NaClO at room temperature, resulting in desirable digestion of the tissues [89]. However, the oxidative nature of H2O2 can cause discoloration of many polymers, as well as slight degradation of PP and PE. In this scenario, the NOAA recommends employing a Fenton reagent (H2O2/Fe2+), heating it to ablate pollutants in the sample [25].



Acids rapidly dissolve aquatic tissues by breaking down organic matter such as proteins, carbohydrates, and oils. Appropriately proportioned concentrations of HNO3 and HClO4 are generally used to dissolve the soft tissues of mussels. The tissues are first digested at room temperature and then completely dissolved by heating to boiling [90]. While HNO3 is excellent in dissolving PE, PS, and PET, it creates MNPs yellowing and inefficiency when dissolving other organics. Other research has discovered that, while HNO3 is successful at removing organics, oil and tissue residues remain, which may alter the final measurement of MPs [91,92].



Enzymatic digestion of aquatic tissues mainly involves the hydrolysis of proteins, although it is a less commonly used method. Cole et al. digested 0.20 g of planktonic samples with 500 g L−1 protease, and the digestibility was 90% at 50 °C for 2 h [93]. Courtene-Jones et al. used a range of proteolytic digestive enzymes, including trypsin, papain, and 250 collagenases, to develop the optimum digestion efficacy of mussel soft tissues. Among the enzymes tested, trypsin yielded the highest digestion efficiency (88%) after incubation at 40 °C for 30 min, and enzyme treatment had no detrimental effects on the investigated MNPs [94]. These enzymes, however, function poorly on dense organic materials and are substantially more expensive than inorganic oxidants, acids, and/or bases [92]. Consequently, a more effective enzymatic technique validation is required.




3.1.2. MNPs Separation


MNPs are ubiquitous in aquatic ecosystems and potentially harmful in food sources. Given the prevalence of MNPs in aquatic products, it is imperative to study and compare their abundance in different species. Density-based techniques have emerged as a practical approach to extract and isolate MNPs from aquatic organisms. In order to provide the reader with a clear understanding of the shapes of reagents currently used for MNPs densitometric extraction, we have listed the most commonly used reagents in Figure 3b. In contrast, emerging techniques like electrostatic and magnetic separation present advantages, including cost-effectiveness, rapidity, and environmental friendliness, albeit accompanied by demanding instrumentation requirements. Although the distinctions among these methods, separation efficiency remains intricately linked to the properties of the MNPs, encompassing factors such as polymer composition, size, and morphology.



Based on the prevalent MNPs shape (Table 1) and their varying densities in different aqueous products, separation is achieved through distinct flotation techniques employing different media. MNPs with lower densities can be readily separated using water, while salt-saturated separation methods are employed for high-density MNPs shape. If the digested solution contains many undigested inorganic particles, density separation can be used to separate the MNPs. It is worth noting that not all salt saturated solutions are fit for extraction of high-density MNPs types. Currently, many researchers are using saturated sodium chloride solutions to isolate MNPs, in addition to zinc chloride and sodium iodide solutions are also more commonly used salt saturated solutions. Of course, some researchers have also tried to use substances such as potassium formate and oil to separate MNPs [95,96,97]. Additionally, thermal filtration of aquatic samples directly after digestion can expedite the filtration process. The choice of the membrane is crucial for the filtration and identification processes, and currently, cellulose or nylon membranes are dominant as they do not react with the solvent [98]. However, the lack of a uniform method of extraction and the use of different materials and pore sizes of filter membranes in the separation process can lead to varying detection rates of MNPs.



Field-Flow Fractionation (FFF) serves as a valuable separation technique widely applied for size and molar mass fractionation across a range of substances, including biopolymers, proteins, polymers, and nanoparticles. The principle behind this method entails the flow of a fluid suspension through a slender FFF channel while subjecting it to a perpendicular force field. In the research of Correia et al., this method is employed to separate MNPs found within Danish fish samples. This approach not only enables the effective isolation of MNPs from digested fish but also affords precise size determination [99].



With a number of magnetic materials being developed in recent years, magnetic separation offers a fast and low-cost solution for the removal of MNPs. Magnetic separation is mainly based on the hydrophobicity of MNPs, which allows them to be magnetized and bound to magnetic materials [100]. The movement of MNPs can be controlled by a magnet or by applying a magnetic field, this makes it easy to separate MNPs from water. Electrostatic separation enables the direct isolation of non-conductive MNPs from conductive media, facilitating the recovery of separated MNPs [101]. Conversely, oil separation emerges as a novel, cost-effective approach with high removal rates and minimal associated risks [102]. The lipophilic nature of MNPs allows them to migrate from water into the oil phase, irrespective of density differences. However, it is important to note that while oil separation boasts high removal efficiency, it may lack precision due to the potential adherence of contaminants from different aquatic sources to the surface of MNPs, thereby altering their lipophilicity.





3.2. Identification Methods


MNPs in aquatic products can be identified using various approaches, including optical, spectroscopic, and thermal methods. The graphical approach involves separating MNPs through filtration using microscopes or other tools, and then observing the filtered membrane with the naked eye or a microscope. MNPs are classified and counted based on their shape, size, and color on the membrane, and the results are further confirmed using instrumental methods [103]. However, the limitations of the visual method in terms of accuracy and polymer shape determination do not recommend it as a stand-alone extraction method. It should only be used as an aid for further analysis and identification of MNPs. To provide a clearer understanding of the currently available methods for detecting MNPs, and to aid researchers in selecting the most suitable detection method for their studies, this paper presents a summary and comparison of the advantages and disadvantages of various analytical techniques that have been used for MNP detection (Table 3).



Spectroscopy is mainly used to identify polymer compositions by obtaining information on the functional groups of MNPs [120]. Standard methods include Raman spectroscopy, Fourier infrared spectroscopy, and others. Fourier infrared spectroscopy (FT-IR) is widely used for the qualitative detection and compositional analysis of MNPs due to the advantages of non-destructive sample and piece pre-treatment [108]. After microscopically sorting aquatic samples from the coast by shape and size, researchers analyzed the composition of MNPs by FT-IR. They found that the main MNPs shape were fiber, polyethylene, and PET [59]. Surface micromorphology analysis of MNPs is an essential basis for studying their chemical properties. Currently, SEM-EDX is the most widely used method for surface micromorphology analysis of MNPs [34]. However, the detection of MNPs by a single method is susceptible to interference from false positive or false negative signals, resulting in low detection accuracy [121]. As a result, it is recommended that when employing this method to quantify MNPs, the aquatic products samples should be checked by microscope first and subsequently evaluated by spectroscopy. The visual method is integrated with the FT-IR form, in which MNPs are categorized by shape and color using the naked eye or a microscope, and then the kind of polymer is determined using FT-IR. TGA-FTIR-GC/MS is also a viable approach for analyzing the shape and total mass of MNPs and their additives in complicated samples; however, it does not allow for the counting of MNP particles [122].



Because MNPs in aquatic items are so small and difficult to recognize, a rapid and accurate micron or even nanoscale characterization of these MNPs is required. This challenge can only be overcome by continuously improving existing methods and developing new techniques for detecting and quantifying MNPs in aquatic samples, as well as continuously optimizing detection times and efficiency. In Figure 4, classification of detection methods by combining existing MNP detection methods, as well as a generalization and summary of fluorescence detection are presented.



Nile red staining-fluorescence spectroscopy/mass spectrometry, fluorescence properties of fluorescent whitening agents/visual examination, and Rose Bengal staining/visual inspection are generally well-established staining procedures for the analysis of MNPs [123]. Compared to the direct identification of MNPs by SEM, in the preprocessing session of MNPs, staining the MNPs not only eliminates interference at the separation and processing stage, but also reduces fluorescence errors in spectroscopic analysis. The most important thing is that after visual observation, spectroscopic and chromatographic analysis, or automated or semi-automated instrumental analysis combined with image analysis is performed, which can yield the physical and chemical characteristics of the MNPs. In the future, this could be a crucial area of study for the precise and quick detection of MNPs. Prata et al. stained the MNPs with Nile red after removing the staining residue with water and acetone in KOH digestion [106]. Under fluorescence microscopy, it was demonstrated that the MNPs were not significantly damaged and that the MNP particles were able to be well defined. Guzman et al. conducted a comparative analysis and exposure assessment of MNPs in Manila clams of varying sizes from Korea, employing μ-FTIR and Nile red staining techniques, the investigation revealed a substantial presence of MNPs in Manila clams [59].



To facilitate the quantification and classification of MNPs, Shi et al. developed a rapid and precise deep learning method for the recognition and identification of MNPs. This approach addresses a significant challenge in the analysis of MNPs samples and data [124]. Although recent advances in automation have led to significant progress in the field of MNP research, most of these methods still require the use of expensive equipment, such as μ-FTIR analysis or μ-Raman spectroscopy [125], and they often require long computational times.




3.3. Physical and Chemical Properties of MNPs


Most scientific researchers commonly define MP particles as those ranging from 5 mm to 1 μm in diameter, while NPs are particles with a diameter of less than 1 μm. MPs can take on various shapes, which are classified as spheres, fiber, fragments, films, and particles. The sizes of MPs can fall into several categories, including <50 μm (including NPs), 50–100 μm, 100–200 μm, 200–400 μm, 400–800 μm, 800–1600 μm, >160 μm, or unspecified [13]. There is a widely accepted consensus that plastic materials are currently undergoing weathering and/or degradation, resulting in increasingly smaller pieces. This reduction in size is attributed to several factors, including UV radiation, chemical reactions, mechanical forces, and natural biological processes [16]. Pollutant adsorption has predominantly focused on persistent polycyclic aromatic hydrocarbons (PAHs), aromatic hydrocarbons, aliphatic hydrocarbons, chlorobenzenes (CBs), polychlorinated biphenyls (PCBs), and pesticides [126]. Many studies have already confirmed the adsorption of ionizable organic pollutants, like antibiotics, by MNPs. The main mechanisms of pollutant adsorption include hydrophobic interactions, partitioning, electrostatic interactions, and other non-covalent interactions, which usually work together in the adsorption process.



Both primary and secondary MPs can enter aquatic organisms and cause significant ecosystem damage [127]. MNPs are commonly found in aquatic products, and they can vary in size and color, ranging from large to small. Additionally, they exhibit different harmful effects on both humans and aquatic products. Moreover, MNPs can synergistically interact with other chemicals, posing a severe threat to aquatic life [128]. When organisms ingest MNPs, along with the chemicals they carry, these substances are distributed into the body. Consequently, they may accumulate in tissues with high lipid content or enter higher trophic levels (including humans) through the food web [129]. Due to their large specific surface area, MNPs can act as sorbent carriers for various pollutants, including PAHs, PCBs, polybrominated diphenyl ethers (PBDEs), organochlorine pesticides (OCPs), and heavy metal pollutants (e.g., zinc, lead, nickel, and cadmium), as well as antibiotics. This interaction modifies the environmental behavior and toxic effects of these organic pollutants [130]. PP primarily contain the elements C, O, Mg, Si, Br, Ca, Zn, Fe, and Al [131]. Additionally, PET, which also contain Cr, Zn, Pb, and Cd, were found to have small amounts of fat, protein, and carbohydrates adhered to their surfaces [132]. Moreover, the most common polymers used in aquaculture systems include PE, PS, PP, PVC, di (2-Ethylhexyl) phthalate (DEHP), and dibutyl phthalate (DBP) [133]. Perfluoroalkyl and polyfluoroalkyl (PFAS) are more likely to be adsorbed on PS. Due to the high heat resistance of PFAS, even complete cooking of contaminated food is ineffective in destroying it [133]. Aquatic organisms have been found to contain plasticizers, flame retardants, antioxidant stabilizers, and UV stabilizers, as these substances are used in aquaculture systems for necessary disinfection and water quality assurance [1]. Additionally, additives such as PBDEs, nonylphenols, BPA, and Triclosan are commonly used to enhance the performance of plastics [134]. If these substances enter biological matrices through the consumption of MNPs, they may have toxic effects.



Due to their chemical stability, toxic chemicals tend to adsorb onto MNPs rather than react with each other [135]. It has been observed that plastics with a highly crystalline structure exhibit reduced adsorption of organic chemicals compared to amorphous plastics. In a study by Zou et al., using PVC and CPE as polar model adsorbents (both containing chlorine (Cl)), and comparing them with polyethylene plastics HPE and LPE, which solely consist of C-C bonds (-C-C-) and methylene (-CH2-), despite having similar chemical structures, CPE and PVC displayed different affinities for metal adsorption [3]. This inconsistency suggests that surface properties, such as functional groups or charges of the plastics, play a crucial role in metal adsorption onto MNPs. Furthermore, a previous study conducted by Brennecke et al. discovered that the surface area in Cu2± adsorbed PVC was significantly larger than that in PS, possibly due to the high surface area and/or polarity of PVC [136]. Consequently, the combined impacts of MNPs and associated pollutants on aquatic products is a topic of scientific interest due to these concerns.




3.4. Identification and Analysis Methods of MNPs Based on a Food Safety Perspective


Various exposure routes for MNPs, including inhalation, indirect ingestion, and direct ingestion through the food chain, have been identified as significant factors influencing their risk assessment. The concentration of MNPs, as well as their size, shape, and polymer shape, have all been recognized as important considerations. In the MNPs risk assessment techniques, both qualitative and quantitative analyses are commonly employed [137]. Several methods, such as SangKham’s hazard ranking models, ecological risk index methods, pollution load indices, and worst-case scenarios based on data from previous studies, are utilized [138]. Semi-quantitative risk assessment is another widely used approach, involving the scoring of risk factor categories, which are then arithmetically calculated to determine the final risk based on the severity of the hazard [139]. To gather data on MNP concentration, Demopoulos et al. developed a custom risk of bias (Rob) assessment tool that evaluates studies in four categories: design, sampling, analysis, and reporting [65]. The tool includes a checklist of questions covering all aspects of experimental protocol development, execution, and reporting, with studies being rated as high, low, or unclear, accompanied by a rationale for each rating. As most MNP particles in aquatic products are found in their digestive tracts, assessing exposure based on the abundance of MNPs in these tracts remains crucial.



We combined with the detection and evaluation of aquatic products from a food perspective by other researchers, have summarized a framework based on their findings (Figure 5). This visual representation outlines the diverse steps, methods, and criteria involved in assessing the presence and potential risks associated with MNPs in various aquatic food sources. The PDF is a mathematical function generated by fitting empirical data (size, shape, and density) from a large number of MNP particles in experiments [140], and when combined with FTIR measurements, it can be used to quantify certain properties of MNPs. The framework aims to avoid simplification with categories and focuses on characterizing toxicologically relevant particles using PDFs. It also incorporates quality assurance and quality control (QA/QC) screening methods to assess whether exposure and impact data are fit for purpose. Additionally, the framework links food safety to MNP toxicity experiments to enable a comprehensive risk assessment of MNPs from a food safety perspective. This approach provides a more nuanced and comprehensive understanding of the risks associated with MNPs in aquatic products, ensuring that assessments are robust and informative for decision-making processes.




3.5. Multiple Factors Contributing to the Uncertainty of the Effects of MNPs


Regarding NPs particles, the current understanding of the correlation between particle characteristics and toxicity primarily stems from laboratory studies conducted with artificially produced particles. Consequently, limited insight is available concerning the impact of natural NPs present in aquatic ecosystems and their effects on aquatic products. Credible trial and testing methods for identifying these particles beyond their physical attributes and some known toxic properties are lacking. Furthermore, differentiating between various MNPs proves challenging, complicating experimental evaluation.



The prevalent mass-based characterization technique has been widely used due to its convenience, but it has limitations in revealing the effects of actual exposure levels on low-toxicity or non-target species. To ensure accurate measurements of different shapes and sizes of MNPs, comprehensive equipment, methods, and high sample collection and processing standards are essential to avoid bias. However, there are several limitations in the measurement and characterization of MNPs in most papers. Firstly, imaging validation and uniform characterization methods are often lacking, leading to uncertainties about potential contamination by non-MNPs substances and raising concerns about errors in the risk assessments of MPs. Secondly, seasonal, and spatial fluctuations in MNPs abundance can result in inaccurate predictions if identical evaluation criteria are applied. The presence and abundance of MNPs in water products can vary significantly between field observations and laboratory characterizations and from one region to another. Furthermore, despite recent improvements in quality assessments, actual intake levels of MNPs may have been overestimated in some cases. Rigorous studies have shown that the number of particles in gastrointestinal tracts of organisms can be lower than previously reported. Assessing the potential health risks of MNPs is a complex task due to the vast number of combinations of polymer types, sizes, shapes, and chemical surface groups. This complexity makes it challenging to evaluate precise health risks associated with these particles within a given framework. While progress has been made in establishing the presence and characterization of MNPs in aquatic products, the task becomes even more difficult when dealing with NPs, as they present additional challenges in detection, characterization, and risk assessment. Therefore, continuous efforts and advancements are needed to improve our understanding of the risks posed by MNPs to both aquatic ecosystems and human health.




3.6. Challenges in Separation and Identification MNPs


Separating and identifying NPs in natural environments is significantly more difficult than in laboratory studies, primarily due to the presence of confounding factors, such as heavy metal contamination. Moreover, distinguishing NPs from MNPs can be a daunting task, as plastics at the nanoscale share similar characteristics with other particulate materials, leading to frequent confusion between the two. Therefore, establishing an efficient, comprehensive, and accurate detection method for MPs requires careful consideration of the distinct differences or commonalities that exist among various MNPs forms. Furthermore, particle number, rather than mass, is of greater importance in assessing the health effects of NPs. Relying solely on mass characterization techniques is insufficient for detecting them [141]. Since NPs are too small for light-based microscopy using UV, visible, or IR light alone, additional advanced approaches are necessary for effective identification and quantification of these particles. Finally, the chemical composition of NPs poses additional challenges in their characterization, as they predominantly consist of carbon, hydrogen, and oxygen. This similarity to organic matter frequently present in tissue samples further limits the use of elemental contrast-based analytical methods, exacerbating the characterization gap.



The pre-treatment techniques used for MNPs samples can significantly impact the detection results. Physical, chemical, and biological methods are currently employed for extracting MNPs, each having its own strengths and limitations. However, finding the right balance between sample complexity and MNPs separation efficiency is challenging. Standardized methods for MNP extraction are not yet widely accepted, and further exploration and comparison is needed to establish best practices. Preserving the integrity of MNPs during extraction is crucial. It is important to avoid using reagents or methods that may damage the MNPs and minimize sample contamination. However, methods that achieve high-efficiency extraction with minimal MNPs loss are currently lacking. Some challenges arise during the screening and counting of MNPs, where particles may be obscured by infiltrating impurities, making accurate counting difficult. Given the diverse chemical, physical, and morphological characteristics of MNPs, there is a broad range of responses in detection methods. Therefore, when assessing the risk of MNPs, ensuring the representativeness and comparability of spectral data is essential. Since different shapes of MNPs have distinct compositions and characteristics, representative spectral composition models must be established for each category of MNPs. Spectroscopic determination methods based on technologies such as Raman and Fourier transform infrared have been widely used, but more comprehensive standard databases need to be developed to enhance the accuracy and reliability of the analyses.





4. Future Perspectives


4.1. Knowledge Gaps


Despite the summarization of separation and identification techniques in aquatic products, uncertainties persist. A major challenge lies in the fact that MNPs are present in natural aquatic environments in the form of mixtures in which fiber is the main component. Moreover, most laboratory studies have conducted simulated separation experiments using mainly microbeads as a representative of MNPs, which makes most separation methods impractical for practical application. In addition, some researchers have exposed aquatic products to inappropriate environmental concentrations of MNPs, which may not accurately reflect real-world conditions, which lead to laboratory conditions differ significantly from those in the aquatic environment.



Moreover, compared to MNPs, measuring the diameters of NPs can be highly challenging. While there is some understanding of the mechanisms of organic contamination adsorption by MNPs and the hazards of organic contaminants to aquatic products and humans, there is currently a dearth of research on how organic matter enters and adsorbs onto MNPs within human bodies [142]. The process of entry into aquatic products and humans and the changes and residues of these organic contaminants during adsorption are not clear, resulting in a knowledge gap that has implications for the risk assessment of MNPs. It is worth noting that most aquatic toxicity studies of MNPs have been conducted in laboratory settings. However, there remains a critical knowledge gap concerning the ecotoxicological impacts of MNPs on aquatic species and high-trophic-level consumers, including humans.




4.2. MNPs for Aquatic Products from a Food Safety Perspective


Over the past decade, considerable efforts have been made to identify MNPs in aquatic products. However, the lack of standardized methods and quality assurance programs presents challenges in interpreting the identification results of MNPs [67]. To address these challenges and improve the efficiency and accuracy of MNP detection, it is essential to establish quality assurance and quality control measures for MNPs. This includes the creation of a global database containing information about detected MNPs, including their size, shape, and material [143,144]. Such a database would be immensely helpful in facilitating research efforts and promoting a unified risk result assessment method for MNPs in aquatic products. By implementing QA/QC measures and collecting global data on MNPs, our understanding of the distribution and risks associated with MNPs in aquatic ecosystems can be enhanced. Therefore, it is necessary to conduct identification experiments with samples of important aquatic products and to discard farmed exposure experiments to achieve more reliable assessments. To ensure a more accurate assessment of MNPs in aquatic environments, the scientific focus should be on increasing the number of laboratory field experiments involving parallel exposures. Thus, leveraging the accumulated experimental experience is a valuable approach to improve the separation and identification of MNPs in ongoing experiments. This iterative process allows researchers to fine-tune their methods and analytical techniques, leading to more accurate and reliable results when analyze MNPs. Moreover, this approach would also deepen our understanding of the actual risks posed by MNPs in natural aquatic ecosystems.





5. Conclusions


To address the challenge posed by the presence of MNPs in aquatic products, this review outlines the latest analytical techniques for the separation and identification of MNPs in aquatic organisms, and presents new discoveries concerning the occurrence of MNPs in aquatic products. Furthermore, it delves into the impact of MNPs on aquatic products and human health on the perspective of food safety. In the course of summarizing the presence, effects, and associated risks of MNPs in aquatic products, this review highlights the deficiencies in safety studies and techniques for separation and identification. Indeed, in order to enhance the precision and reliability of analytical results, the future imperative lies in the advancement of standardized methods for the extraction and identification of aquatic MNPs. This not only serves to standardize research related to aquatic MNPs but also allows for a more accurate assessment of MNP hazards.
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Abbreviations




	MPs
	Microplastics



	NPs
	Nanoplastics



	MNPs
	Micro- and Nanoplastics



	BPA
	Bisphenol A



	SEM-EDX
	Scanning Electron Microscopy/Energy-Dispersive X-ray Technique



	FT-IR
	Fourier Transform Infrared Spectroscopy



	Raman
	Raman Scattering Spectrometer



	FITR-Raman
	Fourier Transform Infrared spectroscopy-Raman scattering Spectrometer



	LC
	Liquid Chromatography



	GC-MS
	Gas Chromatography-Mass Spectrometry



	TED-GC/MS
	Thermal Extraction Desorption -Gas Chromatography/Mass Spectrometry



	Py-GC/MS
	Pyrolysis-Gas Chromatography/Mass Spectrometry



	SEM/AFS/EDX
	Scanning Electron Microscopy/Atomic Fluorescence Spectrometer/Energy-Dispersive X-ray Technique



	SEM/AFS/FT-TR
	Scanning Electron Microscopy/Atomic Fluorescence Spectrometry/Fourier Transform Infrared Spectroscopy



	POPs
	Persistent Organic Pollutants



	NOAA
	Noaa National Oceanic and Atmospheric Administration



	TGA-FTIR-GC/MS
	Thermogravimetric Analyzer-Fourier Transform Infrared spectroscopy-Gas Chromatography-Mass Spectrometry



	PFAS
	Perfluoroalkyl and Polyfluoroalkyl



	ATR-FTIR
	Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy



	QA/QC
	Quality Assurance/Quality Control



	ROS
	Reactive Oxygen Species







References


	



Chen, G.; Li, Y.; Wang, J. Occurrence and ecological impact of microplastics in aquaculture ecosystems. Chemosphere 2021, 274, 129989. [Google Scholar] [CrossRef] [PubMed]

	



Marchant, D.J.; Iwan Jones, J.; Zemelka, G.; Eyice, O.; Kratina, P. Do microplastics mediate the effects of chemicals on aquatic organisms? Aquat. Toxicol. 2022, 242, 106037. [Google Scholar] [CrossRef]

	



Zou, J.; Liu, X.; Zhang, D.; Yuan, X. Adsorption of three bivalent metals by four chemical distinct microplastics. Chemosphere 2020, 248, 126064. [Google Scholar] [CrossRef] [PubMed]

	



Ding, J.; Zhang, S.; Razanajatovo, R.M.; Zou, H.; Zhu, W. Accumulation, tissue distribution, and biochemical effects of polystyrene microplastics in the freshwater fish red tilapia (Oreochromis niloticus). Environ. Pollut. 2018, 238, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Akdogan, Z.; Guven, B. Microplastics in the environment: A critical review of current understanding and identification of future research needs. Environ. Pollut. 2019, 254, 113011. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.K.; Wang, C. Recent advances in the analysis methodologies for microplastics in aquatic organisms: Current knowledge and research challenges. Anal. Methods 2020, 12, 2944–2957. [Google Scholar] [CrossRef]

	



Ashrafy, A.; Liza, A.A.; Islam, M.N.; Billah, M.M.; Arafat, S.T.; Rahman, M.M.; Rahman, S.M. Microplastics Pollution: A Brief Review of Its Source and Abundance in Different Aquatic Ecosystems. J. Hazard. Mater. Adv. 2023, 9, 100215. [Google Scholar] [CrossRef]

	



Mahon, A.M.; O’Connell, B.; Healy, M.G.; O’Connor, I.; Officer, R.; Nash, R.; Morrison, L. Microplastics in Sewage Sludge: Effects of Treatment. Environ. Sci. Technol. 2017, 51, 810–818. [Google Scholar] [CrossRef]

	



Yang, X.; Man, Y.B.; Wong, M.H.; Owen, R.B.; Chow, K.L. Environmental health impacts of microplastics exposure on structural organization levels in the human body. Sci. Total Environ. 2022, 825, 154025. [Google Scholar] [CrossRef]

	



Wang, C.; Zhao, J.; Xing, B. Environmental source, fate, and toxicity of microplastics. J. Hazard. Mater. 2021, 407, 124357. [Google Scholar] [CrossRef]

	



Khalid, N.; Aqeel, M.; Noman, A.; Hashem, M.; Mostafa, Y.S.; Alhaithloul, H.A.S.; Alghanem, S.M. Linking effects of microplastics to ecological impacts in marine environments. Chemosphere 2021, 264, 128541. [Google Scholar] [CrossRef]

	



Granek, E.F.; Brander, S.M.; Holland, E.B. Microplastics in aquatic organisms: Improving understanding and identifying research directions for the next decade. Limnol. Oceanogr. Lett. 2020, 5, 1–4. [Google Scholar] [CrossRef]

	



Joyce, P.W.S.; Falkenberg, L.J. Microplastics, both non-biodegradable and biodegradable, do not affect the whole organism functioning of a marine mussel. Sci. Total Environ. 2022, 839, 156204. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, F.; Ding, Y.; Wang, Y.; Yu, W.; Zou, X.; Chen, H.; Fu, G.; Ding, D.; Tang, J.; Tang, X.; et al. Microplastic pollution in Larimichthys polyactis in the coastal area of Jiangsu, China. Mar. Pollut. Bull. 2021, 173, 113050. [Google Scholar] [CrossRef]

	



Exposito, N.; Rovira, J.; Sierra, J.; Gimenez, G.; Domingo, J.L.; Schuhmacher, M. Levels of microplastics and their characteristics in molluscs from North-West Mediterranean Sea: Human intake. Mar. Pollut. Bull. 2022, 181, 113843. [Google Scholar] [CrossRef]

	



Reinold, S.; Herrera, A.; Saliu, F.; Hernandez-Gonzalez, C.; Martinez, I.; Lasagni, M.; Gomez, M. Evidence of microplastic ingestion by cultured European sea bass (Dicentrarchus labrax). Mar. Pollut. Bull. 2021, 168, 112450. [Google Scholar] [CrossRef] [PubMed]

	



Saemi-Komsari, M.; Esmaeili, H.R.; Keshavarzi, B.; Abbasi, K.; Birami, F.A.; Nematollahi, M.J.; Tayefeh, F.H.; Busquets, R. Characterization of ingested MPs and their relation with growth parameters of endemic and invasive fish from a coastal wetland. Sci. Total Environ. 2023, 860, 160495. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.; Hu, J.-L.; Duan, Y.; Chen, S.; Li, D.; Dong, B.; Mo, M.-Z.; Wang, J.; Zheng, J.-G.; Zhong, H.-N.; et al. Identification and characterisation of microplastics released from plastic-coated paper cups using micro-Raman spectroscopy. Food Control 2023, 153, 109901. [Google Scholar] [CrossRef]

	



Akoueson, F.; Chbib, C.; Monchy, S.; Paul-Pont, I.; Doyen, P.; Dehaut, A.; Duflos, G. Identification and quantification of plastic additives using pyrolysis-GC/MS: A review. Sci. Total Environ. 2021, 773, 145073. [Google Scholar] [CrossRef]

	



Claessens, M.; Van Cauwenberghe, L.; Vandegehuchte, M.B.; Janssen, C.R. New techniques for the detection of microplastics in sediments and field collected organisms. Mar. Pollut. Bull. 2013, 70, 227–233. [Google Scholar] [CrossRef]

	



Ye, Y.; Yu, K.; Zhao, Y. The development and application of advanced analytical methods in microplastics contamination detection: A critical review. Sci. Total Environ. 2022, 818, 151851. [Google Scholar] [CrossRef]

	



Catarino, A.I.; Macchia, V.; Sanderson, W.G.; Thompson, R.C.; Henry, 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] [PubMed]

	



Kim, J.-S.; Lee, H.-J.; Kim, S.-K.; Kim, H.-J. Global Pattern of Microplastics (MPs) in Commercial Food-Grade Salts: Sea Salt as an Indicator of Seawater MP Pollution. Environ. Sci. Technol. 2018, 52, 12819–12828. [Google Scholar] [CrossRef] [PubMed]

	



Hermabessiere, L.; Paul-Pont, I.; Cassone, A.-L.; Himber, C.; Receveur, J.; Jezequel, R.; El Rakwe, M.; Rinnert, E.; Rivière, G.; Lambert, C.; et al. Microplastic contamination and pollutant levels in mussels and cockles collected along the channel coasts. Environ. Pollut. 2019, 250, 807–819. [Google Scholar] [CrossRef] [PubMed]

	



Karami, A.; Golieskardi, A.; Choo, C.K.; Romano, N.; Ho, Y.B.; Salamatinia, B. A high-performance protocol for extraction of microplastics in fish. Sci. Total Environ. 2017, 578, 485–494. [Google Scholar] [CrossRef]

	



Cheung, L.T.O.; Lui, C.Y.; Fok, L. Microplastic Contamination of Wild and Captive Flathead Grey Mullet (Mugil cephalus). Int. J. Environ. Res. Public Health 2018, 15, 597. [Google Scholar] [CrossRef] [PubMed]

	



Fang, C.; Zheng, R.; Chen, H.; Hong, F.; Lin, L.; Lin, H.; Guo, H.; Bailey, C.; Segner, H.; Mu, J.; et al. Comparison of microplastic contamination in fish and bivalves from two major cities in Fujian province, China and the implications for human health. Aquaculture 2019, 512, 734322. [Google Scholar] [CrossRef]

	



Mancia, A.; Chenet, T.; Bono, G.; Geraci, M.L.; Vaccaro, C.; Munari, C.; Mistri, M.; Cavazzini, A.; Pasti, L. Adverse effects of plastic ingestion on the Mediterranean small-spotted catshark (Scyliorhinus canicula). Mar. Environ. Res. 2020, 155, 104876. [Google Scholar] [CrossRef]

	



Wu, F.; Wang, Y.; Leung, J.Y.S.; Huang, W.; Zeng, J.; Tang, Y.; Chen, J.; Shi, A.; Yu, X.; Xu, X.; et al. Accumulation of microplastics in typical commercial aquatic species: A case study at a productive aquaculture site in China. Sci. Total Environ. 2020, 708, 135432. [Google Scholar] [CrossRef]

	



Nan, B.; Su, L.; Kellar, C.; Craig, N.J.; Keough, M.J.; Pettigrove, V. Identification of microplastics in surface water and Australian freshwater shrimp Paratya australiensis in Victoria, Australia. Environ. Pollut. 2020, 259, 113865. [Google Scholar] [CrossRef]

	



Waddell, E.N.; Lascelles, N.; Conkle, J.L. Microplastic contamination in Corpus Christi Bay blue crabs, Callinectes sapidus. Limnol. Oceanogr. Lett. 2020, 5, 92–102. [Google Scholar] [CrossRef]

	



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

	



Tanaka, K.; Takada, H. Microplastic fragments and microbeads in digestive tracts of planktivorous fish from urban coastal waters. Sci. Rep. 2016, 6, 34351. [Google Scholar] [CrossRef] [PubMed]

	



Cau, A.; Avio, C.G.; Dessì, C.; Follesa, M.C.; Moccia, D.; Regoli, F.; Pusceddu, A. Microplastics in the crustaceans Nephrops norvegicus and Aristeus antennatus: Flagship species for deep-sea environments? Environ. Pollut. 2019, 255, 113107. [Google Scholar] [CrossRef] [PubMed]

	



de Sa, L.C.; Oliveira, M.; Ribeiro, F.; Rocha, T.L.; 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] [PubMed]

	



Ding, J.; Li, J.; Sun, C.; Jiang, F.; Ju, P.; Qu, L.; Zheng, Y.; He, C. Detection of microplastics in local marine organisms using a multi-technology system. Anal. Methods 2019, 11, 78–87. [Google Scholar] [CrossRef]

	



Lam, T.W.L.; Fok, L.; Ma, A.T.H.; Li, H.-X.; Xu, X.-R.; Cheung, L.T.O.; Wong, M.H. Microplastic contamination in marine-cultured fish from the Pearl River Estuary, South China. Sci. Total Environ. 2022, 827, 154281. [Google Scholar] [CrossRef]

	



Daniel, D.B.; Ashraf, P.M.; Thomas, S.N. Microplastics in the edible and inedible tissues of pelagic fishes sold for human consumption in Kerala, India. Environ. Pollut. 2020, 266, 115365. [Google Scholar] [CrossRef]

	



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

	



Wieczorek, A.M.; Morrison, L.; Croot, P.L.; Allcock, A.L.; MacLoughlin, E.; Savard, O.; Brownlow, H.; Doyle, T.K. Frequency of Microplastics in Mesopelagic Fishes from the Northwest Atlantic. Front. Mar. Sci. 2018, 5, 39. [Google Scholar] [CrossRef]

	



Capó, X.; Alomar, C.; Compa, M.; Sole, M.; Sanahuja, I.; Soliz Rojas, D.L.; González, G.P.; Garcinuño Martínez, R.M.; Deudero, S. Quantification of differential tissue biomarker responses to microplastic ingestion and plasticizer bioaccumulation in aquaculture reared sea bream Sparus aurata. Environ. Res. 2022, 211, 113063. [Google Scholar] [CrossRef] [PubMed]

	



Siddique, M.A.M.; Uddin, A.; Rahman, S.M.A.; Rahman, M.; Islam, M.S.; Kibria, G. Microplastics in an anadromous national fish, Hilsa shad Tenualosa ilisha from the Bay of Bengal, Bangladesh. Mar. Pollut. Bull. 2022, 174, 113236. [Google Scholar] [CrossRef]

	



Koraltan, İ.; Mavruk, S.; Güven, O. Effect of biological and environmental factors on microplastic ingestion of commercial fish species. Chemosphere 2022, 303, 135101. [Google Scholar] [CrossRef] [PubMed]

	



Arisekar, U.; Shakila, R.J.; Shalini, R.; Jeyasekaran, G.; Padmavathy, P.; Hari, M.S.; Sudhan, C. Accumulation potential of heavy metals at different growth stages of Pacific white leg shrimp, Penaeus vannamei farmed along the Southeast coast of Peninsular India: A report on ecotoxicology and human health risk assessment. Environ. Res. 2022, 212, 113105. [Google Scholar] [CrossRef] [PubMed]

	



D’Costa, A.H. Microplastics in decapod crustaceans: Accumulation, toxicity and impacts, a review. Sci. Total Environ. 2022, 832, 154963. [Google Scholar] [CrossRef] [PubMed]

	



Yao, C.; Liu, X.; Wang, H.; Sun, X.; Qian, Q.; Zhou, J. Occurrence of Microplastics in Fish and Shrimp Feeds. Bull. Environ. Contam. Toxicol. 2021, 107, 684–692. [Google Scholar] [CrossRef]

	



Saborowski, R.; Korez, Š.; Riesbeck, S.; Weidung, M.; Bickmeyer, U.; Gutow, L. Shrimp and microplastics: A case study with the Atlantic ditch shrimp Palaemon varians. Ecotoxicol. Environ. Saf. 2022, 234, 113394. [Google Scholar] [CrossRef]

	



Li, Y.; Chen, G.; Xu, K.; Huang, K.; Wang, J. Microplastics Environmental Effect and Risk Assessment on the Aquaculture Systems from South China. Int. J. Environ. Res. Public Health 2021, 18, 1869. [Google Scholar] [CrossRef]

	



Valencia-Castaneda, G.; Ibanez-Aguirre, K.; Arreguin Rebolledo, U.; Capparelli, M.V.; Paez-Osuna, F. Microplastic contamination in wild shrimp Litopenaeus vannamei from the Huizache-Caimanero Coastal lagoon, SE Gulf of California. Bull. Environ. Contam. Toxicol. 2022, 109, 425–430. [Google Scholar] [CrossRef]

	



Devriese, L.I.; van der Meulen, M.D.; Maes, T.; Bekaert, K.; Paul-Pont, I.; Frère, L.; Robbens, J.; Vethaak, A.D. Microplastic contamination in brown shrimp (Crangon crangon, Linnaeus 1758) from coastal waters of the Southern North Sea and Channel area. Mar. Pollut. Bull. 2015, 98, 179–187. [Google Scholar] [CrossRef]

	



Wang, T.; Tong, C.F.; Wu, F.R.; Jiang, S.F.; Zhang, S.N. Distribution characteristics of microplastics and corresponding feeding habits of the dominant shrimps in the rivers of Chongming Island. Sci. Total Environ. 2023, 888, 164041. [Google Scholar] [CrossRef] [PubMed]

	



Yin, J.; Li, J.-Y.; Craig, N.J.; Su, L. Microplastic pollution in wild populations of decapod crustaceans: A review. Chemosphere 2022, 291, 132985. [Google Scholar] [CrossRef] [PubMed]

	



Choong, W.S.; Hadibarata, T.; Yuniarto, A.; Tang, K.H.D.; Abdullah, F.; Syafrudin, M.; Al Farraj, D.A.; Al-Mohaimeed, A.M. Characterization of microplastics in the water and sediment of Baram River estuary, Borneo Island. Mar. Pollut. Bull. 2021, 172, 112880. [Google Scholar] [CrossRef]

	



Crooks, N.; Parker, H.; Pernetta, A.P. Brain food? Trophic transfer and tissue retention f microplastics by the velvet swimming crab (Necora puber). J. Exp. Mar. Biol. Ecol. 2019, 519, 151187. [Google Scholar] [CrossRef]

	



Yang, Z.; Zhu, L.; Liu, J.; Cheng, Y.; Waiho, K.; Chen, A.; Wang, Y. Polystyrene microplastics increase Pb bioaccumulation and health damage in the Chinese mitten crab Eriocheir sinensis. Sci. Total Environ. 2022, 829, 154586. [Google Scholar] [CrossRef]

	



Xiong, X.; Liu, Q.; Chen, X.; Wang, R.; Duan, M.; Wu, C. Occurrence of microplastic in the water of different types of aquaculture ponds in an important lakeside freshwater aquaculture area of China. Chemosphere 2021, 282, 131126. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.Y.; Wong, C.Y.; Tam, N.F.Y.; Lo, H.S.; Cheung, S.G. Microplastics in invertebrates on soft shores in Hong Kong: Influence of habitat, taxa and feeding mode. Sci. Total Environ. 2020, 715, 136999. [Google Scholar] [CrossRef] [PubMed]

	



Nobre, C.R.; Moreno, B.B.; Alves, A.V.; de Lima Rosa, J.; Fontes, M.K.; de Campos, B.G.; da Silva, L.F.; de Almeida Duarte, L.F.; Abessa, D.M.d.S.; Choueri, R.B.; et al. Combined effects of polyethylene spiked with the antimicrobial triclosan on the swamp ghost crab (Ucides cordatus; Linnaeus, 1763). Chemosphere 2022, 304, 135169. [Google Scholar] [CrossRef]

	



de Guzman, M.K.; Andjelković, M.; Jovanović, V.; Jung, J.; Kim, J.; Dailey, L.A.; Rajković, A.; De Meulenaer, B.; Ćirković Veličković, T. Comparative profiling and exposure assessment of microplastics in differently sized Manila clams from South Korea by μFTIR and Nile Red staining. Mar. Pollut. Bull. 2022, 181, 113846. [Google Scholar] [CrossRef]

	



Wu, Y.; Yang, J.; Li, Z.; He, H.; Wang, Y.; Wu, H.; Xie, L.; Chen, D.; Wang, L. How does bivalve size influence microplastics accumulation? Environ. Res. 2022, 214, 113847. [Google Scholar] [CrossRef]

	



Gutow, L.; Eckerlebe, A.; Gimenez, L.; Saborowski, R. Experimental Evaluation of Seaweeds as a Vector for Microplastics into Marine Food Webs. Environ. Sci. Technol. 2016, 50, 915–923. [Google Scholar] [CrossRef]

	



Li, Q.; Feng, Z.; Zhang, T.; Ma, C.; Shi, H. Microplastics in the commercial seaweed nori. J. Hazard. Mater. 2020, 388, 122060. [Google Scholar] [CrossRef]

	



Miserli, K.; Lykos, C.; Kalampounias, A.G.; Konstantinou, I. Screening of Microplastics in Aquaculture Systems (Fish, Mussel, and Water Samples) by FTIR, Scanning Electron Microscopy-Energy Dispersive Spectroscopy and Micro-Raman Spectroscopies. Appl. Sci. 2023, 13, 9705. [Google Scholar] [CrossRef]

	



Peda, C.; Longo, F.; Berti, C.; Laface, F.; De Domenico, F.; Consoli, P.; Battaglia, P.; Greco, S.; Romeo, T. The waste collector: Information from a pilot study on the interaction between the common octopus (Octopus vulgaris, Cuvier, 1797) and marine litter in bottom traps fishing and first evidence of plastic ingestion. Mar. Pollut. Bull. 2022, 174, 113185. [Google Scholar] [CrossRef] [PubMed]

	



Danopoulos, E.; Jenner, L.C.; Twiddy, M.; Rotchell, J.M. Microplastic Contamination of Seafood Intended for Human Consumption: A Systematic Review and Meta-Analysis. Environ. Health Perspect. 2020, 128, 126002. [Google Scholar] [CrossRef] [PubMed]

	



Karami, A.; Golieskardi, A.; Choo, C.K.; Larat, V.; Karbalaei, S.; Salamatinia, B. Microplastic and mesoplastic contamination in canned sardines and sprats. Sci. Total Environ. 2018, 612, 1380–1386. [Google Scholar] [CrossRef]

	



Hermabessiere, L.; Himber, C.; Boricaud, B.; Kazour, M.; Amara, R.; Cassone, A.-L.; Laurentie, M.; Paul-Pont, I.; Soudant, P.; Dehaut, A.; et al. Optimization, performance, and application of a pyrolysis-GC/MS method for the identification of microplastics. Anal. Bioanal. Chem. 2018, 410, 6663–6676. [Google Scholar] [CrossRef] [PubMed]

	



Daniel, D.B.; Ashraf, P.M.; Thomas, S.N.; Thomson, K.T. Microplastics in the edible tissues of shellfishes sold for human consumption. Chemosphere 2021, 264, 128554. [Google Scholar] [CrossRef]

	



Joshy, A.; Krupesha Sharma, S.R.; Mini, K.G. Microplastic contamination in commercially important bivalves from the southwest coast of India. Environ. Pollut. 2022, 305, 119250. [Google Scholar] [CrossRef] [PubMed]

	



Baechler, B.R.; Granek, E.F.; Hunter, M.V.; Conn, K.E. Microplastic concentrations in two Oregon bivalve species: Spatial, temporal, and species variability. Limnol. Oceanogr. Lett. 2020, 5, 54–65. [Google Scholar] [CrossRef]

	



Li, H.-X.; Shi, M.; Tian, F.; Lin, L.; Liu, S.; Hou, R.; Peng, J.-P.; Xu, X.-R. Microplastics contamination in bivalves from the Daya Bay: Species variability and spatio-temporal distribution and human health risks. Sci. Total Environ. 2022, 841, 156749. [Google Scholar] [CrossRef] [PubMed]

	



Pennino, M.G.; Bachiller, E.; Lloret-Lloret, E.; Albo-Puigserver, M.; Esteban, A.; Jadaud, A.; Bellido, J.M.; Coll, M. Ingestion of microplastics and occurrence of parasite association in Mediterranean anchovy and sardine. Mar. Pollut. Bull. 2020, 158, 111399. [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. Vitr. 2016, 31, 126–136. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Huang, W.; Song, B.; Liang, J.; Niu, Q.; Zeng, G.; Shen, M.; Deng, J.; Luo, Y.; Wen, X.; Zhang, Y. Microplastics and associated contaminants in the aquatic environment: A review on their ecotoxicological effects, trophic transfer, and potential impacts to human health. J. Hazard. Mater. 2021, 405, 124187. [Google Scholar] [CrossRef]

	



Ragusa, A.; Svelato, A.; Santacroce, C.; Catalano, P.; Notarstefano, V.; Carnevali, O.; Papa, F.; Rongioletti, M.C.A.; Baiocco, F.; Draghi, S.; et al. Plasticenta: First evidence of microplastics in human placenta. Environ. Int. 2021, 146, 106274. [Google Scholar] [CrossRef]

	



Dong, C.-D.; Chen, 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. 2020, 385, 121575. [Google Scholar] [CrossRef]

	



González-Fernández, C.; Tallec, K.; Le Goïc, N.; Lambert, C.; Soudant, P.; Huvet, A.; Suquet, M.; Berchel, M.; Paul-Pont, I. Cellular responses of Pacific oyster (Crassostrea gigas) gametes exposed in vitro to polystyrene nanoparticles. Chemosphere 2018, 208, 764–772. [Google Scholar] [CrossRef]

	



Han, J.E.; Choi, S.-K.; Jeon, H.J.; Park, J.-K.; Han, S.-H.; Jeong, J.; Kim, J.H.; Lee, J. Transcriptional response in the whiteleg shrimp (Penaeus vannamei) to short-term microplastic exposure. Aquac. Rep. 2021, 20, 100713. [Google Scholar] [CrossRef]

	



González-Soto, N.; Campos, L.; Navarro, E.; Bilbao, E.; Guilhermino, L.; Cajaraville, M.P. Effects of microplastics alone or with sorbed oil compounds from the water accommodated fraction of a North Sea crude oil on marine mussels (Mytilus galloprovincialis). Sci. Total Environ. 2022, 851, 157999. [Google Scholar] [CrossRef]

	



Gambardella, C.; Morgana, S.; Ferrando, S.; Bramini, M.; Piazza, V.; Costa, E.; Garaventa, F.; Faimali, M. Effects of polystyrene microbeads in marine planktonic crustaceans. Ecotoxicol. Environ. Saf. 2017, 145, 250–257. [Google Scholar] [CrossRef] [PubMed]

	



Canesi, L.; Ciacci, C.; Bergami, E.; Monopoli, M.P.; Dawson, K.A.; Papa, S.; Canonico, B.; Corsi, I. Evidence for immunomodulation and apoptotic processes induced by cationic polystyrene nanoparticles in the hemocytes of the marine bivalve Mytilus. Mar. Environ. Res. 2015, 111, 34–40. [Google Scholar] [CrossRef] [PubMed]

	



Santos, D.; Luzio, A.; Bellas, J.; Monteiro, S.M. Microplastics- and copper-induced changes in neurogenesis and DNA methyltransferases in the early life stages of zebrafish. Chem. -Biol. Interact. 2022, 363, 110021. [Google Scholar] [CrossRef] [PubMed]

	



Bråte, I.L.N.; Blázquez, M.; Brooks, S.J.; Thomas, K.V. Weathering impacts the uptake of polyethylene microparticles from toothpaste in Mediterranean mussels (M. galloprovincialis). Sci. Total Environ. 2018, 626, 1310–1318. [Google Scholar] [CrossRef]

	



Mattsson, K.; Johnson, E.V.; Malmendal, A.; Linse, S.; Hansson, L.-A.; Cedervall, T. Brain damage and behavioural disorders in fish induced by plastic nanoparticles delivered through the food chain. Sci. Rep. 2017, 7, 11452. [Google Scholar] [CrossRef]

	



Ding, J.F.; Sun, C.J.; Li, J.X.; Shi, H.H.; Xu, X.R.; Ju, P.; Jiang, F.H.; Li, F.M. Microplastics in global bivalve mollusks: A call for protocol standardization. J. Hazard. Mater. 2022, 438, 129490. [Google Scholar] [CrossRef]

	



Dehaut, A.; Cassone, A.-L.; Frère, L.; Hermabessiere, L.; Himber, C.; Rinnert, E.; Rivière, G.; Lambert, C.; Soudant, P.; Huvet, A.; et al. Microplastics in seafood: Benchmark protocol for their extraction and characterization. Environ. Pollut. 2016, 215, 223–233. [Google Scholar] [CrossRef] [PubMed]

	



Bellas, J.; Martínez-Armental, J.; Martínez-Cámara, A.; Besada, V.; Martínez-Gómez, C. Ingestion of microplastics by demersal fish from the Spanish Atlantic and Mediterranean coasts. Mar. Pollut. Bull. 2016, 109, 55–60. [Google Scholar] [CrossRef] [PubMed]

	



Monteiro, S.S.; Rocha-Santos, T.; Prata, J.C.; Duarte, A.C.; Girão, A.V.; Lopes, P.; Cristovão, T.; da Costa, J.P. A straightforward method for microplastic extraction from organic-rich freshwater samples. Sci. Total Environ. 2022, 815, 152941. [Google Scholar] [CrossRef]

	



Santana, M.F.; Kroon, F.J.; van Herwerden, L.; Vamvounis, G.; Motti, C.A. An assessment workflow to recover microplastics from complex biological matrices. Mar. Pollut. Bull. 2022, 179, 113676. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Chen, L.; Ji, Y.; Li, M.; Dong, B.; Qian, G.; Zhou, J.; Dai, X. Effects of chemical pretreatments on microplastic extraction in sewage sludge and their physicochemical characteristics. Water Res. 2020, 171, 115379. [Google Scholar] [CrossRef]

	



Duan, J.; Han, J.; Zhou, H.; Lau, Y.L.; An, W.; Wei, P.; Cheung, S.G.; Yang, Y.; Tam, N.F.-y. Development of a digestion method for determining microplastic pollution in vegetal-rich clayey mangrove sediments. Sci. Total Environ. 2020, 707, 136030. [Google Scholar] [CrossRef]

	



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

	



Courtene-Jones, W.; Quinn, B.; Murphy, F.; Gary, S.F.; Narayanaswamy, B.E. Optimisation of enzymatic digestion and validation of specimen preservation methods for the analysis of ingested microplastics. Anal. Methods 2017, 9, 1437–1445. [Google Scholar] [CrossRef]

	



Lastovina, T.A.; Budnyk, A.P. A review of methods for extraction, removal, and stimulated degradation of microplastics. J. Water Process Eng. 2021, 43, 102209. [Google Scholar] [CrossRef]

	



Scopetani, C.; Chelazzi, D.; Mikola, J.; Leiniö, V.; Heikkinen, R.; Cincinelli, A.; Pellinen, J. Olive oil-based method for the extraction, quantification and identification of microplastics in soil and compost samples. Sci. Total Environ. 2020, 733, 139338. [Google Scholar] [CrossRef] [PubMed]

	



Zobkov, M.; Zobkova, M.; Galakhina, N.; Efremova, T. Method for microplastics extraction from Lake sediments. MethodsX 2020, 7, 101140. [Google Scholar] [CrossRef]

	



Prata, J.C.; da Costa, J.P.; Duarte, A.C.; Rocha-Santos, T. Methods for sampling and detection of microplastics in water and sediment: A critical review. TrAC Trends Anal. Chem. 2019, 110, 150–159. [Google Scholar] [CrossRef]

	



Correia, M.; Loeschner, K. Detection of nanoplastics in food by asymmetric flow field-flow fractionation coupled to multi-angle light scattering: Possibilities, challenges and analytical limitations. Anal. Bioanal. Chem. 2018, 410, 5603–5615. [Google Scholar] [CrossRef]

	



Cao, Y.; Sathish, C.I.; Guan, X.; Wang, S.; Palanisami, T.; Vinu, A.; Yi, J. Advances in magnetic materials for microplastic separation and degradation. J. Hazard. Mater. 2023, 461, 132537. [Google Scholar] [CrossRef]

	



Yan, R.Q.; Lin, S.; Jiang, W.A.; Yu, X.; Zhang, L.; Zhao, W.T.; Sui, Q. Effect of aggregation behavior on microplastic removal by magnetic Fe3O4 nanoparticles. Sci. Total Environ. 2023, 898, 165431. [Google Scholar] [CrossRef] [PubMed]

	



Liu, M.J.; Liu, X.X.; Zheng, S.Q.; Jia, K.L.; Yu, L.F.; Xin, J.L.; Ning, J.H.; Wen, W.; Huang, L.J.; Xie, J.B. Environment-Friendly superhydrophobic sponge for highly efficient Oil/Water separation and microplastic removal. Sep. Purif. Technol. 2023, 319, 124060. [Google Scholar] [CrossRef]

	



Yu, W.; Chen, J.; Zhang, S.; Zhao, Y.; Fang, M.; Deng, Y.; Zhang, Y. Extraction of biodegradable microplastics from tissues of aquatic organisms. Sci. Total Environ. 2022, 838, 156396. [Google Scholar] [CrossRef]

	



Ohkubo, N.; Yoneda, M.; Ito, M.; Hano, T.; Kono, K. Microplastic uptake and gut retention time in Japanese anchovy (Engraulis japonicus) under laboratory conditions. Mar. Pollut. Bull. 2022, 176, 113433. [Google Scholar] [CrossRef]

	



Furfaro, G.; D’Elia, M.; Mariano, S.; Trainito, E.; Solca, M.; Piraino, S.; Belmonte, G. SEM/EDX analysis of stomach contents of a sea slug snacking on a polluted seafloor reveal microplastics as a component of its diet. Sci. Rep. 2022, 12, 10244. [Google Scholar] [CrossRef]

	



Prata, J.C.; Sequeira, I.F.; Monteiro, S.S.; Silva, A.L.P.; da Costa, J.P.; Dias-Pereira, P.; Fernandes, A.J.S.; da Costa, F.M.; Duarte, A.C.; Rocha-Santos, T. Preparation of biological samples for microplastic identification by Nile Red. Sci. Total Environ. 2021, 783, 147065. [Google Scholar] [CrossRef] [PubMed]

	



Soltani, N.; Amini-Birami, F.; Keshavarzi, B.; Moore, F.; Busquets, R.; Sorooshian, A.; Javid, R.; Shahraki, A.R. Microplastic occurrence in selected aquatic species of the Persian Gulf: No evidence of trophic transfer or effect of diet. Sci. Total Environ. 2023, 892, 164685. [Google Scholar] [CrossRef]

	



Corami, F.; Rosso, B.; Sfriso, A.A.; Gambaro, A.; Mistri, M.; Munari, C.; Barbante, C. Additives, plasticizers, small microplastics (<100 μm), and other microlitter components in the gastrointestinal tract of commercial teleost fish: Method of extraction, purification, quantification, and characterization using Micro-FTIR. Mar. Pollut. Bull. 2022, 177, 113477. [Google Scholar] [CrossRef]

	



Botelho, M.J.; Vale, C.; Marques, F.; Moreirinha, C.; Costa, S.T.; Guilhermino, L.; Joaquim, S.; Matias, D.; Candeias, M.; Rudnitskaya, A. One-year variation in quantity and properties of microplastics in mussels (Mytilus galloprovincialis) and cockles (Cerastoderma edule) from Aveiro lagoon. Environ. Pollut. 2023, 333, 121949. [Google Scholar] [CrossRef]

	



Martinelli, J.C.; Phan, S.; Luscombe, C.K.; Padilla-Gamiño, J.L. Low incidence of microplastic contaminants in Pacific oysters (Crassostrea gigas Thunberg) from the Salish Sea, USA. Sci. Total Environ. 2020, 715, 136826. [Google Scholar] [CrossRef]

	



Davidson, K.; Dudas, S.E. Microplastic Ingestion by Wild and Cultured Manila Clams (Venerupis philippinarum) from Baynes Sound, British Columbia. Arch. Environ. Contam. Toxicol. 2016, 71, 147–156. [Google Scholar] [CrossRef] [PubMed]

	



Leung, M.M.-L.; Ho, Y.-W.; Lee, C.-H.; Wang, Y.; Hu, M.; Kwok, K.W.H.; Chua, S.-L.; Fang, J.K.-H. Improved Raman spectroscopy-based approach to assess microplastics in seafood. Environ. Pollut. 2021, 289, 117648. [Google Scholar] [CrossRef] [PubMed]

	



Rasta, M.; Khodadoust, A.; Rahimibashar, M.R.; Taleshi, M.S.; Sattari, M. Microplastic Pollution in the Gastrointestinal Tract and Gills of Some Teleost and Sturgeon Fish from the Caspian Sea, Northern Iran. Environ. Toxicol. Chem. 2023, 42, 2453–2465. [Google Scholar] [CrossRef] [PubMed]

	



Gündoğdu, S.; PeerJ, A.K.J. Microplastic contamination in canned fish sold in Türkiye. PeerJ 2023, 11, e14627. [Google Scholar] [CrossRef] [PubMed]

	



Vázquez, O.A.; Rahman, M.S. An ecotoxicological approach to microplastics on terrestrial and aquatic organisms: A systematic review in assessment, monitoring and biological impact. Environ. Toxicol. Pharmacol. 2021, 84, 103615. [Google Scholar] [CrossRef]

	



Waite, H.R.; Donnelly, M.J.; Walters, L.J. Quantity and types of microplastics in the organic tissues of the eastern oyster Crassostrea virginica and Atlantic mud crab Panopeus herbstii from a Florida estuary. Mar. Pollut. Bull. 2018, 129, 179–185. [Google Scholar] [CrossRef] [PubMed]

	



Duemichen, E.; Eisentraut, P.; Celina, M.; Braun, U. Automated thermal extraction-desorption gas chromatography mass spectrometry: A multifunctional tool for comprehensive characterization of polymers and their degradation products. J. Chromatogr. A 2019, 1592, 133–142. [Google Scholar] [CrossRef]

	



Karlsson, T.M.; Vethaak, A.D.; Almroth, B.C.; Ariese, F.; van Velzen, M.; Hassellöv, M.; Leslie, H.A. Screening for microplastics in sediment, water, marine invertebrates and fish: Method development and microplastic accumulation. Mar. Pollut. Bull. 2017, 122, 403–408. [Google Scholar] [CrossRef]

	



Hossain, M.S.; Rahman, M.S.; Uddin, M.N.; Sharifuzzaman, S.M.; Chowdhury, S.R.; Sarker, S.; Nawaz Chowdhury, M.S. Microplastic contamination in Penaeid shrimp from the Northern Bay of Bengal. Chemosphere 2020, 238, 124688. [Google Scholar] [CrossRef] [PubMed]

	



Meyers, N.; Catarino, A.I.; Declercq, A.M.; Brenan, A.; Devriese, L.; Vandegehuchte, M.; De Witte, B.; Janssen, C.; Everaert, G. Microplastic detection and identification by Nile red staining: Towards a semi-automated, cost- and time-effective technique. Sci. Total Environ. 2022, 823, 153441. [Google Scholar] [CrossRef]

	



Tarafdar, A.; Choi, S.-H.; Kwon, J.-H. Differential staining lowers the false positive detection in a novel volumetric measurement technique of microplastics. J. Hazard. Mater. 2022, 432, 128755. [Google Scholar] [CrossRef]

	



Liu, Y.; Li, R.; Yu, J.; Ni, F.; Sheng, Y.; Scircle, A.; Cizdziel, J.V.; Zhou, Y. Separation and identification of microplastics in marine organisms by TGA-FTIR-GC/MS: A case study of mussels from coastal China. Environ. Pollut. 2021, 272, 115946. [Google Scholar] [CrossRef]

	



Wang, C.; Jiang, L.; Liu, R.; He, M.; Cui, X.; Wang, C. Comprehensive assessment of factors influencing Nile red staining: Eliciting solutions for efficient microplastics analysis. Mar. Pollut. Bull. 2021, 171, 112698. [Google Scholar] [CrossRef]

	



Shi, B.; Patel, M.; Yu, D.; Yan, J.; Li, Z.; Petriw, D.; Pruyn, T.; Smyth, K.; Passeport, E.; Miller, R.J.D.; et al. Automatic quantification and classification of microplastics in scanning electron micrographs via deep learning. Sci. Total Environ. 2022, 825, 153903. [Google Scholar] [CrossRef] [PubMed]

	



Weisser, J.; Pohl, T.; Heinzinger, M.; Ivleva, N.P.; Hofmann, T.; Glas, K. The identification of microplastics based on vibrational spectroscopy data- A critical review of data analysis routines. Trac-Trends Anal. Chem. 2022, 148, 116535. [Google Scholar] [CrossRef]

	



Fu, L.; Li, J.; Wang, G.; Luan, Y.; Dai, W. Adsorption behavior of organic pollutants on microplastics. Ecotoxicol. Environ. Saf. 2021, 217, 112207. [Google Scholar] [CrossRef] [PubMed]

	



Truchet, D.M.; López, A.D.F.; Ardusso, M.G.; Rimondino, G.N.; Buzzi, N.S.; Malanca, F.E.; Spetter, C.V.; Severini, M.D.F. Microplastics in bivalves, water and sediments from a touristic sandy beach of Argentina. Mar. Pollut. Bull. 2021, 173, 113023. [Google Scholar] [CrossRef]

	



Yuan, Z.; Nag, R.; Cummins, E. Human health concerns regarding microplastics in the aquatic environment—From marine to food systems. Sci. Total Environ. 2022, 823, 153730. [Google Scholar] [CrossRef] [PubMed]

	



Makhdoumi, P.; Hossini, H.; Nazmara, Z.; Mansouri, K.; Pirsaheb, M. Occurrence and exposure analysis of microplastic in the gut and muscle tissue of riverine fish in Kermanshah province of Iran. Mar. Pollut. Bull. 2021, 173, 112915. [Google Scholar] [CrossRef] [PubMed]

	



Okoye, C.O.; Addey, C.I.; Oderinde, O.; Okoro, J.O.; Uwamungu, J.Y.; Ikechukwu, C.K.; Okeke, E.S.; Ejeromedoghene, O.; Odii, E.C. Toxic Chemicals and Persistent Organic Pollutants Associated with Micro-and Nanoplastics Pollution. Chem. Eng. J. Adv. 2022, 11, 100310. [Google Scholar] [CrossRef]

	



Abihssira-García, I.S.; Kögel, T.; Gomiero, A.; Kristensen, T.; Krogstad, M.; Olsvik, P.A. Distinct polymer-dependent sorption of persistent pollutants associated with Atlantic salmon farming to microplastics. Mar. Pollut. Bull. 2022, 180, 113794. [Google Scholar] [CrossRef] [PubMed]

	



Nousheen, R.; Hashmi, I.; Rittschof, D.; Capper, A. Comprehensive analysis of spatial distribution of microplastics in Rawal Lake, Pakistan using trawl net and sieve sampling methods. Chemosphere 2022, 308, 136111. [Google Scholar] [CrossRef] [PubMed]

	



Costigan, E.; Collins, A.; Hatinoglu, M.D.; Bhagat, K.; MacRae, J.; Perreault, F.; Apul, O. Adsorption of organic pollutants by microplastics: Overview of a dissonant literature. J. Hazard. Mater. Adv. 2022, 6, 100091. [Google Scholar] [CrossRef]

	



Hermabessiere, L.; Dehaut, A.; Paul-Pont, I.; Lacroix, C.; Jezequel, R.; Soudant, P.; Duflos, G. Occurrence and effects of plastic additives on marine environments and organisms: A review. Chemosphere 2017, 182, 781–793. [Google Scholar] [CrossRef]

	



Chouchene, K.; da Costa, J.P.; Chamkha, M.; Ksibi, M.; Sayadi, S. Effects of microplastics’ physical and chemical properties on aquatic organisms: State-of-the-art and future research trends. TrAC Trends Anal. Chem. 2023, 166, 117192. [Google Scholar] [CrossRef]

	



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

	



Piperagkas, O.; Papageorgiou, N.; Karakassis, I. Qualitative and quantitative assessment of microplastics in three sandy Mediterranean beaches, including different methodological approaches. Estuar. Coast. Shelf Sci. 2019, 219, 169–175. [Google Scholar] [CrossRef]

	



Sangkham, S.; Faikhaw, O.; Munkong, N.; Sakunkoo, P.; Arunlertaree, C.; Chavali, M.; Mousazadeh, M.; Tiwari, A. A review on microplastics and nanoplastics in the environment: Their occurrence, exposure routes, toxic studies, and potential effects on human health. Mar. Pollut. Bull. 2022, 181, 113832. [Google Scholar] [CrossRef]

	



Estahbanati, S.; Fahrenfeld, N.L. Influence of wastewater treatment plant discharges on microplastic concentrations in surface water. Chemosphere 2016, 162, 277–284. [Google Scholar] [CrossRef]

	



Rummel, C.D.; Löder, M.G.J.; Fricke, N.F.; Lang, T.; Griebeler, E.-M.; Janke, M.; Gerdts, G. Plastic ingestion by pelagic and demersal fish from the North Sea and Baltic Sea. Mar. Pollut. Bull. 2016, 102, 134–141. [Google Scholar] [CrossRef]

	



Thornton Hampton, L.M.; Bouwmeester, H.; Brander, S.M.; Coffin, S.; Cole, M.; Hermabessiere, L.; Mehinto, A.C.; Miller, E.; Rochman, C.M.; Weisberg, S.B. Research recommendations to better understand the potential health impacts of microplastics to humans and aquatic ecosystems. Microplastics Nanoplastics 2022, 2, 18. [Google Scholar] [CrossRef]

	



Mandemaker, L.D.B.; Meirer, F. Spectro-Microscopic Techniques for Studying Nanoplastics in the Environment and in Organisms. Angew. Chem. -Int. Ed. 2023, 62, e202210494. [Google Scholar] [CrossRef] [PubMed]

	



Kögel, T.; Bjorøy, Ø.; Toto, B.; Bienfait, A.M.; Sanden, M. Micro- and nanoplastic toxicity on aquatic life: Determining factors. Sci. Total Environ. 2020, 709, 136050. [Google Scholar] [CrossRef]

	



Enders, K.; Lenz, R.; Stedmon, C.A.; Nielsen, T.G. Abundance, size and polymer composition of marine microplastics ≥10 μm in the Atlantic Ocean and their modelled vertical distribution. Mar. Pollut. Bull. 2015, 100, 70–81. [Google Scholar] [CrossRef]








[image: Polymers 15 04207 g001] 





Figure 1. (a) The proportion of major MNPs species in fish, shrimp, crab, and bivalves; the proportion of the same MNPs measured in fish, shrimp, crab, and bivalves in different seasons [22,23,24,25,26,27,28,29,30,31,32,33,34]. (b) Field and laboratory exposures of aquatic products in the study of the ingestion and effects of microplastics and nanoplastics. (c) Broad categories of MNPs commonly found in aquatic environmental food webs. (d) Percentage of studies categorized by types of microplastics in aquatic products (reprinted from ref. [35]). Note: Crustaceans in this review are categorized as shrimp and crab. 
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Figure 2. Shows the number of papers in subcategories of: (a) separation and Identification [nanoplastics and microplastics]; (b) aquatic products [microplastics and fish/shrimp/crab/bivalves, or nanoplastics and fish/shrimp/crab/bivalves]. 
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Figure 3. (a) The extraction methods of MNPs from aquatic products; (b) densitometric separation methods of MNPs from the biological organization of aquatic products. 
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Figure 4. (a) Both a non-fluorescent technique and the advanced Nile red fluorescence staining technique for detecting MNPs (both based on SEM) were demonstrated; (b) classification of MNP detection methods. 
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Figure 5. The framework for the identification and analysis of MNPs based on a food safety perspective. 
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Table 1. MNPs in aquatic products.
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	Aquatic Products
	Region
	Main MNPs
	Location
	Reference





	Fish
	Mediterranean; New Zealand; Philippines; China coast; India, Bangladesh
	Macrofibre, PET, PP, PVC, PP.
	Intestine, gills, muscle tissue, eggs, head, stomach
	[14,37,38,39,40,41,42,43]



	Shrimp
	Northern Bangladesh, California, South America, China, India, Atlantic waters
	Fiber, filamentary PE, PA, PS, PT, nylon
	intestinal glands, stomach, pyloric stomach, gills, exoskeleton
	[29,44,45,46,47,48,49,50,51]



	Crab
	Iran China Zhuhai Musa Bay (aquaculture), Polish Coast, Bering Sea, North Adriatic Coast, Italy, Plumka Island, Indonesia, Kerala Coast, India, Chile
	Fiber and fragments of PET, PE, PT, PE, PC, PAM, acrylic
	Stomach, digestive tract, foregut and midgut, gills, and muscles
	[52,53,54,55,56,57,58]



	Bivalves
	Qingdao, China, Shanghai Fish Market, Korea, France, Belgium, British coast, Persian Gulf, North Sea (The Netherlands).
	Rayon, chlorinated PE, PVC, PVDF, Fiber: PS, nylon
	Digestive glands or intestines
	[59,60]



	Seaweed
	Coastal China, USA, Korea
	PP, PE, and poly (ethylene propylene) copolymers, fiber
	Cells
	[61,62]



	Mollusks
	China, Australia, Norway, and Canada
	PE, PES, synthetic cellulose, PVDF, PP, PAN, PA, PC, PU, PS
	Digestive glands or intestines
	[63,64,65]



	Canned sardines, sprats
	Morocco, Japan, Iran, Malaysia, Thailand, Vietnam, Germany, Latvia, Poland, Portugal, Scotland, Russia, Canada
	PC, PET PP, PE, fiber, film
	Muscle tissue, head, stomach
	[66]



	Dried fish
	Malaysia
	PVC
	Muscle tissue, skin
	[67]










 





Table 2. MNP hazards to aquatic products and humanity.
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Classification

	
Category

	
Hazards

	
Reference






	
Humanity

	
Human gastric cancer cells

	
Transcription of genes affecting immune function

	
[73]




	
Renal epithelial cells

	
Endocytosis

	
[74]




	
Human colonic epithelial cells and small intestinal epithelial cells

	
Intracellular mitochondrial polarization and Rothschild’s enzyme rise

	
[69]




	
Human feces

	
Nine plastic shapes of MNPs found

	
[75]




	
Human placenta

	
MNPs detected

	
[76]




	
Human lung tissue

	
Histopathological changes

	
[77]




	
Aquatic

products

	
Pacific oyster

	
Transcription of genes affecting energy metabolism and development, smaller diameter, and reduced fertility

	
[78]




	
White leg shrimp

	
DNA damage received

	
[79]




	
Marine mussels

	
Produces oxidative stress

	
[80]




	
Crustaceans

	
Neurotoxic effects and oxidative stress

	
[81]




	
Bivalves

	
Immunomodulation, apoptosis

	
[82]




	
Adult zebrafish

	
Histopathological changes: tissue changes, neutrophil genesis

	
[83]




	
Mediterranean mussel

	
Structural changes and necrosis

	
[84]




	
Crucian carp

	
Brain damage and behavioral disorders in fish

	
[85]











 





Table 3. Advantages and disadvantages of MNP detection methods.
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	Testing Methods
	Aquatic Organisms
	Advantages
	Disadvantages
	Reference





	Visual inspection
	Fish, Crab, Bivalves
	Simple and easy to handle
	Unable to analyze the chemical composition of MNPs
	[27,95,104]



	SEM, SEM/AFS/EDX,

SEM/AFS/FT-TR
	Fish, Crab, Bivalves Shrimp
	High resolution images

High accuracy with simultaneous identification of polymer shape and additive shape

Nano analysis, ultra-clear and high magnification images, providing information on elemental composition
	Sample coated under high vacuum; no detailed identification information available

laborious and expensive sample preparation, no large-area testing, inefficient

Higher conditions and larger current laboratory costs
	[34,105,106,107]



	FT-IR
	Bivalves
	Non-destructive, perfect, fast, and quite reliable
	Less efficient, susceptible to moisture interference, expensive
	[108,109,110]



	FITR-Raman
	Bivalves, Crab
	Non-destructive, non-contact analysis; suitable for opaque and dark colored particles
	Presence of fluorescent interference and susceptibility to pigment interference
	[111]



	Raman
	Fish
	High spatial resolution, a clear advantage in detecting MNPs with particle sizes smaller than 20 um
	Weak signals with a low signal-to-noise ratio
	[112,113,114]



	LC
	Crab, and Fish
	High recovery rate
	Unable to determine physical properties; limitations on the shape of polymer selected
	[115,116]



	GC-MS
	Mussels
	Low sample volume required for testing and high accuracy
	Complex data

Difficult to parse
	[67]



	TED-GC/MS
	Crab
	Solvent free; avoids background contamination; sensitive and reliable
	A certain weight of pellets per run; the database is only available for PE and PP
	[117,118]



	Py-GC/MS
	Shrimp, Fish
	Robust, with relatively short analysis time
	For identification of pe and pp only, conclusions are for total mass fraction of participating polymers only; must be combined with concentration methods
	[67,119]
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