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The global usage of plastics has increased dramatically over the last several decades. Polystyrene (PS) is the fourth most common plastic material produced annually due to its many versatile applications. Consequently, there has been a coinciding increase in PS wastes, much of which makes its way into waterways and oceanic habitats. While plastic debris has been shown to adversely affect many marine species as a result of ingestion and entanglement, less is known about the cellular uptake of small-scale plastic particles (nano and micro) by marine invertebrates. In this study, we investigated the potential for uptake of PS nano and micron-sized beads (50 nm and 3 μm) by the Eastern Oyster, Crassostrea virginica. This research was focused on two key issues: (1) how particle size would affect uptake by hepatopancreas (HP) cells in vitro and (2) the difference in uptake of micron and nano particles in vivo between gill and HP tissues. This research confirmed that oysters can accumulate PS beads in their tissues, especially HP tissues. Furthermore, using fluorescent deconvolution microscopy, it was observed that plastic nanoparticles exhibited a much greater propensity for intracellular accumulation in HP cells, primarily into lysosomes via endosomal pathways, indicating the potential for significant bioreactivity and sublethal impacts. While exposures of whole oysters or isolated HP cells to bare PS beads did not cause any significant toxicity (acute or sublethal), nanoplastics are more likely to accumulate intracellularly and to deliver adsorbed toxins directly into cells.
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INTRODUCTION

The presence and effects of plastic particles in ocean waters and aquatic organisms are serious current and emerging issues of increasing concern. Barnes et al. (2009) reported that more than 200 million metric tons of plastic were produced annually, and more recently, it was estimated that in 2016, 335 million tons of plastic were produced (PlasticsEurope, 2018). Disposable packaging is the largest market sector, and additional sources include microplastics from common household products such as toothpaste, facial exfoliators, and hand cleaners (Derraik, 2002). As global production of plastics increases and improper handling of plastic wastes continues, an ever-increasing quantity of plastic makes its way into aquatic ecosystems – freshwater waterways, estuarine and coastal systems, and the open ocean. Based on plastic production estimates and estimates of inputs of plastic wastes, especially mismanaged wastes (from inadequate disposal and littering), from 190 coastal countries, it was estimated that oceanic inputs in the same time frame could range from 5–10 million metric tons, and by the year 2025 plastic waste inputs into marine systems will could be as much as 100–250 million metric tons (Jambeck et al., 2015). Entanglement and ingestion of large pieces of plastic debris (ropes, nets) and plastic bags for turtles, marine mammals, sea birds can be catastrophic and alarming to the public as well as scientific communities. More recently serious concerns about small plastic pieces in the micron range have been realized. While less visible nanoplastics cannot yet be readily quantified, they are likely to be present. Small pieces of plastic in the micron- and nano-size ranges are the result of degradation processes, primarily fragmentation of plastic products and debris, as there is very little true degradation (chemical breakdown into different or base compounds; Mattsson et al., 2015). Degradation/fragmentation via natural weathering processes has been shown to start in as little as 8 weeks (Weinstein et al., 2016). Fragmentation can also be the result of biological processes, especially behaviors involving jaws/teeth, claws, scraping, or grinding parts. Commercially produced beads, often used in personal care products as well as a variety of commercial applications, are another important source of small plastic particles. Ultimately these small micron-size pieces and nanoparticles smaller than 1 μm, as well as adsorbed pollutants, are readily available for consumption by a multitude of organisms including marine invertebrates and larval forms (Teuten et al., 2007; Andrady, 2011; Martins and Sobral, 2011; Cole et al., 2013; Cole and Galloway, 2015; Weinstein et al., 2016; Gray and Weinstein, 2017).

Organisms across trophic levels, from top level predators to zooplankton, have been found to ingest plastic marine debris in the natural environment, and estuarine organisms have been shown to have higher levels of plastic wastes in their guts compared to open ocean organisms (Cadée, 2002; Denuncio et al., 2011; Cole et al., 2013). Laboratory studies have also confirmed the capacity of estuarine organisms to accumulate microplastics (Bocchetti et al., 2008; Ward and Kach, 2009; Wegner et al., 2012), and translocation of plastic particles from the gut to the circulatory system has been reported in mussels (Browne et al., 2008). The focus of this research was the cellular accumulation of micron-sized (3 μm) and nano-sized (50 nm) polystyrene (PS) particles in the tissues and cells of oysters, Crassostrea virginica. Oysters like other sessile bivalves have been widely recognized worldwide as valuable bioindicators species of aquatic pollution. As part of their filter-feeding lifestyle, oysters and other bivalves are reknown for their high filtration rates, processing of large volumes of water and suspended sediments to as they are actively engaged in removing particles as they process large volumes of water and concentrate phytoplankton, pollutants, and particulates (Kennedy et al., 1996; Coen et al., 2007; Farrington et al., 2016). Oysters are therefore a likely major target species of plastic particles in coastal ecosystems, and are also well-recognized for their value as laboratory models for characterizing nanoparticle bioreactivity (Canesi et al., 2012; McCarthy et al., 2013; Faggio et al., 2018). In vivo studies were conducted to test the hypothesis that gill and hepatopancreas (HP, also known as digestive gland) tissues of whole adult oysters would exhibit differential uptake of PS particles based on particle size. In vitro studies were conducted using isolated cells to test the hypotheses that nano-sized particles would be taken up more readily by HP cells than micron-sized particles. Both in vivo and in vitro studies were used to assess potential toxicity and cellular accumulation to characterize bioreactivity.

MATERIALS AND METHODS

Animal Care and Exposure Conditions

Adult Eastern oysters (approximately 6–8 cm from hinge to shell margin), Crassostrea virginica, collected from Bogue Sound, NC, United States, were maintained in laboratory aquaria at room temperature (20–23°C) under ambient light conditions (12 h light:12 h dark); salinity, dissolved oxygen, and pH were routinely monitored and maintained between 25; 30‰ salinity, 70–90% dissolved oxygen, and 7.8–8.2 pH units). All seawater (SW) used for laboratory culture and exposures contained a mixture of natural SW, collected off the North Carolina coast, and artificial SW (Instant OceanTM) at a ratio of 2/3 Instant Ocean to 1/3 natural SW. Aquaria (80 L volume) were kept under constant aeration and carbon filtration was alternated every other day with feeding (carbon filters were removed, and the animals were fed cultured algae (200 mL of 106 algae/mL), Isochyrsis galbana (CCMP462, Bigelow Laboratory for Ocean Sciences) cultured in 0.22 μm filtered, autoclaved SW with f/2-Si medium). Oysters were acclimated to the tank and laboratory conditions for 1–2 weeks before use in experiments.

The 3 μm and 50 nm fluorescent PS particles used in this study contained a fluorophore incorporated into the particle during preparation by the manufacturer (Spherotech, FP-3052-2 and FP-00552-2, respectively). A stock solution of 100 mg/L was prepared in deionized (DI) water and vortexed to obtain a homogeneous mixture. Serial dilutions were made in filtered SW/Instant Ocean mix (0.22 μm filtered) to produce PS exposure concentrations of 10, 50, and 100 ppb (μg/L).

Dynamic light scattering (DLS) was utilized to assess the effects of concentration and SW on particle size using a Zetasizer Nano ZS (Malvern Instruments). PS solutions for DLS were prepared in the same manner as the exposure solutions (above) using both DI water and the SW mix at concentrations of 10, 50, and 100 ppb. The DLS analyses were conducted using a refractive index of 1.590. The average particle sizes reported are based on readings from 2 different exposure days.

In vitro Exposures

Primary cell cultures of HP cells were generated using standard techniques (Ringwood et al., 2005). Briefly, pieces of HP tissue (approximately 5 mm3) were dissected, kept cold, chopped with a scalpel, placed into a 24-well culture plate, and shaken in calcium magnesium free saline (CMFS) and trypsin for 40 min. After shaking, tissues were sheared using glass Pasteur pipettes and filtered through 41 μm mesh screens into microcentrifuge tubes. The cells were washed twice using gentle centrifugation in CMFS and then transferred to 60 mm × 15 mm glass exposure dishes containing 8 mL of exposure solution of a 1:1 mixture of CMFS and SW for control, 10 ppb PS, or 100 ppb PS treatments, and exposed for 4 h with gentle shaking throughout, which served to keep the particles in suspension and maximized contact with the tissues. Each treatment was replicated in six separate dishes with pH maintained between 7.4–7.5 to mimic physiological conditions. A 1 mL subsample of cells was taken before the addition of PS (starting control, 0 h), and at 1, 2, and 4 h for all treatments, and fixed in 1% buffered formalin for review under fluorescent microscopy. Subsamples of live, unfixed cells were taken for lysosomal destabilization analysis at 0 and 4 h. These studies were used to characterize the potential for uptake and toxicity of PS particles in isolated HP cells (in vitro) of oysters.

In vivo Exposures

Groups of three oysters were placed in 2 L beakers (two replicates per treatment) and exposed to 1.2 L of SW mix with control and 50 ppb PS particle solutions for 48 h with constant aeration to maintain circulation of plastic spheres. The exposure conditions were comparable to the acclimation conditions (20–23°C, 12 h light:12 h dark light regimes, 25–30‰ salinity, 70–90% dissolved oxygen, and 7.8–8.2 pH units). Beakers were covered throughout the exposure with parafilm to prevent contamination of particles from the air. At the end of the exposure period, oysters were removed from the treatment water and placed in clean SW for a 1-h depuration period to allow for some cleansing of extraneous PS particles. Oysters were then sacrificed and freshly dissected HP tissues were used for lysosomal destabilization assays. Samples of gill and HP tissues were also processed to isolate cells that were fixed in 1% buffered formalin for fluorescent microscopy. These studies were used to characterize the potential for uptake and toxicity of PS particles in vivo, in whole adult oysters.

Lysosomal Destablization

Lysosomal destabilization assays have been used widely as a valuable, very sensitive cellular damage assay (Regoli, 1992; Ringwood et al., 2005; Moore et al., 2014). Briefly, HP tissue samples, approximately 5 mm3, were processed into primary cell preparations with CMFS and trypsin and filtered through a 41 μm nylon screen. After the cells were rinsed and re-suspended in CMFS (final volume between 80–120 μL depending on pellet size), a working solution of neutral red (NR; 0.04 mg/mL) was added at a 3:2 ratio of NR to cell preparation volume for a final concentration of 24 μg/mL. After a 60 min incubation period, cells were scored as either stable (NR contained within the lysosomes) or destabilized (NR diffusing into the cytoplasm from damaged lysosomes) at 400x magnification, with at least 50 cells scored from each preparation.

Fluorescent Microscopy

Fixed cells were rinsed twice in CMFS to remove freely suspended PS particles (centrifugation at 200 g for 5 min, removed the supernatant, and re-suspended in fresh buffered formalin). After the final rinse, cells were re-suspended in a total volume of 200 μL to concentrate the cells. Subsamples of cells were mounted on slides and analyzed using the Zeiss Axio Observer with the Fluo3 filter (ex. 400 + 495 + 570; em. 460 + 530 + 625) at 400x total magnification. One hundred cells per animal (n = 6 replicates/treatment) were scored as fluorescing or not fluorescing, and the percent fluorescing cells was determined. Cells were also analyzed using the Delta Vision Elite deconvolution microscope at 600x total magnification which allowed for greater resolution and determination of cellular location of PS.

Statistics

All data were analyzed using Sigma Stat 2.0 or GraphPad Prism 6. Replicate beakers and experiments/treatments performed on separate dates were compared using ANOVA or t-test analyses; there were no significant beaker effects or experiment date effects, so statistical analyses were based on treatment. Significant differences between treatments were determined using either a one-way ANOVA analysis (confirmed normality and equal variance) or ANOVA on ranks. Pairwise comparisons were performed using the Student–Newman–Keuls method. Regression analyses were conducted to evaluate trends associated with time or exposure concentration.

RESULTS

Particle Sizing

To evaluate PS nanoparticle characteristics and behavior in SW, DLS was conducted on subsamples of the 50 nm particle solutions. The sizes of the PS nanoparticles were generally consistent with the size reported by the manufacturer in both DI water and SW, indicating that there was no significant agglomeration for the tested concentrations and maintained the manufacturer reported size (Table 1). In SW, there was no significant increase in particle size across all treatments, although the highest particle size (and greatest variation in size) was observed at the highest PS concentration. Therefore, based on DLS studies, the particles were very stable and did not show high rates of agglomeration even in SW.

TABLE 1. Summary of polystyrene (PS) particle size studies with DLS (mean ± standard deviation) in dionized (DI) water or seawater (SW, 25‰ salinity).
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Particle Toxicity Studies

Lysosomal destabilization was used as an indicator of cellular toxicity for both in vivo and in vitro exposures. After both the 4-h in vitro and 48-h in vivo exposures, there was no evidence of toxicity for any of the particle types or concentrations for both time frames (Figure 1). This assay is used routinely in our laboratory for toxicity studies, and background levels of 20–25% are typical of control or nontoxic conditions; and levels below 30% are regarded as not biologically significant (Ringwood et al., 2004). Typically, statistically and biologically significant increases in lysosomal destabilization with toxic nanoparticles as well as dissolved pollutants are observed in less than 24 h (Ringwood et al., 1998; McCarthy et al., 2013).
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FIGURE 1. Lysosomal destabilization in HP cells after in vitro (4 h) and in vivo (48 h) exposures to fluorescent polystyrene (PS) beads of different sizes (50 nm and 3 μm particles). Data are means and standard deviations. No significant differences were detected between controls and any of the treatments.



In vitro Cellular Accumulation Studies

Epifluorescent microscopy analyses were first used to assess the potential for cellular accumulation of PS particles. Using epifluorescent microscopy at 400x, the 3 μm PS particles are large enough to be viewed and provide verification of detection (Figure 2A). While individual nano-sized particles in solution cannot be seen at this magnification, they can be detected in cells when multiple particles are localized together. Using epifluorescent microscopy at 400x, both PS nanoparticles and microparticles were found with oyster HP cells exposed in vitro for 4 h (Figure 2). For HP cells exposed in vitro to 50 nm particles at two concentrations (10 and 100 ppb), there was a significant difference in presence across different time points (ANOVA, p < 0.001), with increasing incidence of fluorescing cells over time (Figure 3). While slightly higher percentages of fluorescent cells were observed for the 100 ppb treatment, there were no significant differences between exposure concentrations for the different time points. Regression analysis based on exposure duration indicated a significant increase with time [0, 1, 2, and 4 h; analysis based on individual replicates, n = 6 for each time point; 10 ppb – F(1,22) = 86.7, p < 0.0001, r2 = 0.80; 100 ppb – F(1,22) = 45.5, p < 0.0001, r2 = 0.67].
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FIGURE 2. Representative HP cells as viewed using light and epifluorescent microscopy with the Zeiss Axio Observer, 400x magnification: (A) fluorescent microscopy image of a 3 μm particle viewed at 400x using the Zeiss Fluo3 filter set 25(excitation 400 + 495 + 570, emission 460 + 530 + 625); (B) HP cell under light microscopy; (C) control HP cell using the Fluo3 filter set showing absence of fluorescence or polystyrene particles; (D) HP cell and associated 50 nm polystyrene particles; and (E) HP cell and associated 3 μm polystyrene particles. Scale bar in B is also applicable for C–E.




[image: image]

FIGURE 3. Percent fluorescing cells based on epifluorescent analysis (Zeiss Axio Observer, 400x magnification) after exposure of HP cells in vitro to 50 nm polystyrene particles at two concentrations (10 and 100 ppb) for 0, 1, 2, and 4 h. Values are means + standard deviations. Letters indicate significant differences between time points within a concentration. ND, not detected. n = 6 replicates/treatment; ≥100 cells/replicate, p < 0.05.



Similarly, when HP cells were exposed in vitro to 3 μm particles, there were significantly more fluorescing cells at 2 h than at 1 h, but plateaued after 2 h and there were no differences between 2 and 4 h (Figure 4). While there were no significant differences between concentrations at each time point, there was a tendency for higher levels for the 10 ppb treatment.
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FIGURE 4. Percent fluorescing cells based on epifluorescent analysis (Zeiss Axio Observer, 400x magnification) after exposure of HP cells in vitro to 3 μm polystyrene particles at two concentrations (10 and 100 ppb) for 0, 1, 2, and 4 h. Values are means + standard deviations (n = 6). Letters indicate significant differences between treatments. An ∗ indicates a significant difference within a time point (p < 0.05). ND, not detected.



Epifluorescent microscopy indicated cellular associations that includes both intracellular PS particles and PS particles that are bound externally. Deconvolution microscopy was used to confirm intracellular accumulation of PS particles. After review of the HP cells exposed to 100 ppb of micro- and nanoparticles using deconvolution microscopy, it was determined that only the 50 nm particles were internalized by cells (Figures 5, 6) with a significant difference in uptake across time points (ANOVA, p = 0.0002). The 3 μm PS particles were only observed on the exterior of cells. Moreover, the percentage of cells exposed to 100 ppb 50 nm particles was not significantly different at each time point from the percent determined using the epifluorescent microscope (compare Figures 3, 6).
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FIGURE 5. Cross section of a single HP cell exposed to 50 nm PS particles as viewed using the DeltaVision Elite deconvolution microscope (600x magnification), rotated around the y-axis of the cell by 180°. Images show the presence of 50 nm polystyrene bead clusters inside the cell. A movie of the images showing the rotation of the cell is provided in the Supplementary Files.
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FIGURE 6. Percent of HP cells with intracellular PS particles after in vitro exposure to 100 ppb 50 nm polystyrene particles for 0, 1, 2, and 4 h, determined by fluorescent deconvolution microscopy (DeltaVision Elite). Values are means + standard deviations. Letters indicate significant differences between time points (control n = 5, treatment n = 6; p < 0.05). ND, not detected.



In vivo Exposures

To compare if particle uptake occurred in the gills, in the HP tissues, or both of whole adult oysters, 48-h in vivo exposures were conducted using 50 ppb of 50 nm and 3 μm particles. Epifluorescent microscopic analyses at 400x magnification indicated that both 50 nm and 3 μm PS particles were found with both HP and gill oyster cells when exposed in vivo, with consistently higher HP cells compared to gills. There was a slightly higher incidence of 50 nm particles compared to 3 μm particles in HP cells, but the differences were not significant. In gill cells, the incidence of fluorescing cells was significantly higher for the 50 nm PS particles compared to the 3 μm PS particles (Kruskal–Wallis one-way ANOVA on ranks, p < 0.001).

The HP tissues had a significantly higher accumulation of PS particles than the gills with both 50 nm (p = 0.045) and 3 μm (t p = 0.026) particles (Figure 7). The HP cells were further analyzed using deconvolution microscopy which indicated that only 50 nm PS particles were internalized by HP cells; no intracellular particles were detected for 3 μm exposed oysters.
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FIGURE 7. Percent fluorescing cells as determined by epifluorescence analyses (Zeiss Axio Observer, 400x magnification) after exposure to PS particles for 48 h in vivo. Different letters indicate a significant difference within a tissue type (p < 0.05). Asterisks indicate a significant difference between tissue types (gill vs. HP; p < 0.05). Values are means + standard deviations (HP tissues, n = 13–18 oysters; gill n = 15–18 oysters). ND, not detected.



DISCUSSION

In these studies, PS particle toxicity and uptake at the cellular level were investigated in adult oysters (in vivo) and in isolated HP cells (in vitro). Using deconvolution fluorescent microscopy as well as epifluorescent microscopy, the results of these studies confirm that 50 nm particles are internalized by oyster cells following both in vitro and in vivo exposures. However, for the 3 μm particles, epifluorescent studies indicated association of the particles with oyster cells but deconvolution microscopy indicated no intracellular accumulation of the particles, so the epifluorescence observed was due to extracellular attachment. Studies with epifluorescent techniques can only confirm association, but closer inspection of the HP cells using deconvolution microscopy indicated that only the 50 nm particles were internalized and were clustered in lysosomes and endosomes. This finding is consistent with other types of nanoparticles that have also been observed in the lysosomes of cells after exposure (Ringwood et al., 2009; Ma et al., 2011; Seydoux et al., 2014; Rocha et al., 2016). Due to the hydrophobic nature of PS particles, it is likely that the PS particles adhered to the outside of HP cells by Van der Wahl’s forces where the 50 nm PS particles were subsequently taken up through pinocytosis and endocytosis pathways used by cells to take up small particles (<150 nm), where they would then be shuttled to the lysosomes (Alberts, 2004; Moore, 2006; Moore et al., 2014).

The percent accumulation for 50 nm PS particles determined using the epifluorescent microscope was comparable to the percent uptake calculated from the deconvolution microscope. This important finding indicates that epifluorescent microscopy which is more readily available in teaching and research laboratories can be used to study intracellular nanoparticle accumulation. Even in the epifluorescent images in these studies, the nanoparticles appeared more organized and consistent with lysosomal content, whereas the micron-sized particles had a more disorganized arrangement and looked more external.

Oysters are sessile filter feeders common in estuaries and they are known to remove particles in the 4–10 μm size range with nearly 100% efficiency (Haven and Morales-Alamo, 1970; Ward and Kach, 2009) making them an ideal model for particle uptake studies in the micron size range. While there is some debate about the filtration efficiency of bivalves below 1 μm, studies with oysters have shown that a reduction in waterborne bacteria occurs with oyster feeding, indicating that oysters are capable of capturing particles well below 1 μm (Langdon and Newell, 1996; Jones et al., 2002). Filter feeding in oysters and other bivalves is accomplished by the highly ciliated gills. As the inhalant currents move water through the gills food particles are sorted and captured by the cilia and incorporated into mucous strings that are then moved toward the labial palps and mouth. Rejected particles are moved away from the labial palps through radial ridges on the mantle and expelled with the exhalent current as pseudofeces. Accepted particles are moved through the labial palps to an oral groove and finally into the mouth and digestive tract. Preliminary abrasion and breakdown of phytoplankton is facilitated by the crystalline style in the stomach, and small nutrient particles are moved into the digestive gland where they are taken up by endocytic pathways, and shuttled to lysosomes where the food particles are digested (Langdon and Newell, 1996; Gosling, 2015). While nano-sized particles may be too small for selective sorting by the gills, we believe that nanoparticles may be trapped in the mucous and moved incidentally into the digestive tract and HP tissues where they are then internalized. Studies with metal nanoparticles in a variety of bivalve species (oysters, mussels, and clams) have also indicated lower tissue concentrations of the base metal in gills compared to HP tissues (Tedesco et al., 2010; Garcia-Negrete et al., 2013), and greater toxicity in HP cells (McCarthy et al., 2013). Therefore, these studies with plastic particles indicate that while micron as well as nano-sized particles can be moved through the gills and digestive tract, the nano-sized particles are more readily accumulated in HP and digestive tissues, and are more readily accumulated inside cells.

For these studies, the exposure concentrations were based on mass, but it is recognized that the number of particles in the suspensions were much different. Based on the manufacturer’s information, the total number of particles for the 100 ppb 50 nm treatment would be 1.4 × 109, compared to 6.7 × 103 for the 3 μm particles. Regardless of these differences, micron as well as nano particles that did interact with cells showed very different tendencies for cellular accumulation. We cannot eliminate the possibility that higher concentrations of the 3 μm particles could result in some intracellular accumulation by phagocytosis. However, we actually observed higher cellular associations with the lower concentration (10 ppb) of the 3 μm particles compared to the 100 ppb treatment. Furthermore, phagocytosis of even one micron-sized particle would be readily detected by deconvolution microscopy, but no 3 μm particles were observed intracellularly. In contrast, it is recognized that intracellular detection of the 50 nm particles would require the internalization of many particles to be detected by fluorescent microscopy, so it is possible that our studies could underestimate cellular accumulation of nano-sized particles.

Using a sensitive cellular toxicity assay, lysosomal destabilization, there was no evidence of toxicity for either the 3 μm or 50 nm PS particles over the short-term duration of these exposures. Lipid peroxidation analyses were also conducted to evaluate oxidative damage for the in vitro exposures, but there was also no toxicity related to PS exposures (Gaspar, 2017). Therefore, even though particle accumulation (intracellular and extracellular) was observed, especially for 50 nm particles in HP cells, the bare PS particles were not overtly toxic for in vitro or in vivo exposures. Longer term exposures or chronic accumulation could contribute to cellular stress or lysosomal destabilization, especially if cells are unable to eliminate PS particles. When Browne et al. (2008) exposed mussels to 3 or 9.6 μm PS particles for 3 h and then transferred them to clean SW, significant accumulation in the digestive tract was observed as well as transfer to the circulatory system that occurred within 3 days and persisted for over 48 days; these pulsed exposure studies also found no adverse effects on cell viability or phagocytic responses. Wegner et al. (2012) reported that the filtration rates (based on valve opening behavior) of mussels exposed to 50 nm PS particles over an 8-h period were significantly lower than control animals, suggesting the potential for long-term effects due to reduced feeding. In studies with HDPE (high density polyethylene)-fluff for 96 days at high concentrations, plastic particles were observed in lysosomes, and mussels developed granulocytomas associated with the fusion of phagosomes to the endolysosomal system, as well as a variety of other adverse effects on cellular functions (von Moos et al., 2012). Given that these were very heterogenous particle preparations (with a broad range of particle sizes, from 0–80 μm) with approximately 35–45% < 50 μm, there could have been nano as well as small microplastics. A very extensive suite of cellular biomarkers was evaluated in mussels exposed to PE and PS (and in combination with pyrene) for 7 days and used in combination with bioaccumulation to develop a “weight of evidence (WOE)” risk table. PE was classified as having a “slight” risk, and PS was classified as having a moderate risk (Avio et al., 2015).

Recent longer term studies with oysters exposed to microplastics (2 and 6 μm) for 2–8 weeks indicated reduced gamete number and viability, and delayed settlement and metamorphosis of larvae from exposed parents (Sussarellu et al., 2016). Exposure studies conducted with oyster larvae indicated that larvae accumulated micro- and nano-PS, with greater accumulation of the nanoparticles, but no effects on larval growth were observed (Cole and Galloway, 2015). Overall these studies suggest that short term exposures to PS particles may not be too problematic, but chronic exposures or larger particles that clog respiratory and digestive systems may contribute to significant adverse effects.

Even if “clean” plastic particles are only moderately toxic, many plastics are also known to readily bind organic and metal pollutants. Even though our studies and others have not always observed toxicity, this “Trojan Horse” effect may be very problematic – especially with nanoplastics. Significant increases in toxicity and transfer of the pollutants from microplastics as they are processed through the digestive system of invertebrates have been documented (Mato and Isobe, 2001; Teuten et al., 2007; Teuten et al., 2009; Browne et al., 2013). In the Avio et al. (2015) risk classification described above, the combination of PE + pyrene or PS + pyrene resulted in a WOE risk of “major” or “severe,” respectively.

Recent studies have also shown the presence of microplastics in mussels and oysters, farmed on the North Sea (Germany) and the eastern Atlantic Ocean (France; Van Cauwenberghe and Janssen, 2014), and also from natural populations of mussels and worms (Van Cauwenberghe et al., 2015), highlighting real concerns about potential impacts on consumers (including humans). Our studies indicate that plastic nanoparticles can be even more bioreactive than microplastics as they have a higher potential for intracellular accumulation, and could deliver toxins that readily affect cellular organelles and processes. In marine environments, the breakdown of an equivalent mass of plastic from microparticles to nanoparticles would produce more biologically available particles, as well as yield a net increase in surface area for the binding of pollutants. Environmental data continue to show increases in the amount of plastic wastes in marine environments, accumulating significantly in coastline as well as open ocean habitats, and marine organisms, raising alarms about this increasing threat (Derraik, 2002; Claessens et al., 2013; Reisser et al., 2013; Galloway and Lewis, 2016; Avio et al., 2017). Good advances have recently been made in developing protocols for extracting and quantifying microplastics, but no routine methodologies for nanoplastics are availabile. It is important to consider and characterize the potential impacts of the less visible nanoplastics as an emerging threat to sustainable marine ecosystems.
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