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Abstract

:

The synergistic impact of microplastics (MPs) and organic pollutants remains poorly understood in the marine environment. This study aimed to assess the toxicity of polypropylene microplastics (PS) and/or di-(2-ethylhexyl) phthalate (DEHP) on marine clams. Both Ruditapes philippinarum and Tegillarca granosa were exposed to PS and DEHP individually and combined at environmentally relevant concentrations for 48 h. The filtration rate, antioxidant enzymes activity, lipid peroxidation, reactive oxygen species accumulation, and histological alterations were evaluated. Our results show that single or co-exposure to MPs and DEHP significantly decreases the filtration rate in both type of clams, but the latter exhibited stronger inhibition effect. Close examination of accumulation of reactive oxygen species and related biomarkers revealed that combined exposure exerts greater oxidative stress in the cells, which causes more serious histopathological damage in the gills of the bivalves. Our study implies that MPs, in synergy with organic pollutants, can be more harmful for marine organisms.
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1. Introduction


Improper use and disposal of plastics has made plastic pollution a major global environmental concern [1,2,3]. Large quantities of mismanaged plastic wastes enter the oceans worldwide every year [2]. The degradation of these wastes produces plastic fragments or particles less than 5 mm, known as primary microplastics (MPs) [4]. In addition, plastics deliberately manufactured in this size for use in cosmetics or as abrasives are another important source of MPs in the marine environment [5,6]. The ubiquitous distribution of these MPs presents a major threat to various marine organisms and has evolved into an overwhelming challenge for ocean health.



Marine bivalves have been considered particularly susceptible to microplastic pollution, as their strong filter-feeding activity make them readily accumulate MPs from the surrounding seawater [7,8,9]. Under sufficiently high concentrations, MPs result in altered feeding activities, slower growth, and impaired development in bivalves [7]. At the tissue and organ level, gills and the digestive glands are the most important target organs of MPs, in which histopathological alterations and inflammatory response can be observed [10,11,12]. At the cellular level, MPs can trigger a series of stress responses, such as oxidative injury, activation of antioxidant defenses, and destabilization of the lysosomal membrane [10,13]. Overall, these findings clearly indicate that MPs can produce a number of sublethal effects that could reduce the fitness of bivalves. This could impact survival of the individuals, recruitment of new members, and the sustainability of the bivalve population.



It should be noted that marine environments contain a great diversity of pollutants. MPs interact with co-existing pollutants via sorption and desorption. Because of their small size and large surface area, MPs can act as carriers for various pollutants, such as heavy metals, pharmaceuticals, and persistent organic pollutants [6,14,15]. Bivalves are believed to face simultaneous exposure to these chemicals and MPs [16]. While the toxic effects of MPs from single exposure are comparatively well known, the mechanisms and environmental relevance of combined toxicity resulting from the combined pollution deserve further study. Laboratory evidence has shown that MPs play a “carrier” role in increasing the bioaccumulation of sorbed organic pollutants [17,18,19]. Several studies have indicated that MPs exacerbate the adverse effects of organic pollutants [14,15,20,21]. Aquatic organisms suffer from greater histopathological damage or stresses when exposed to organic pollutants (PCBs, PAHs, brominated flame retardants, perfluorinated compounds, or methylmercury) together with MPs than from single pollutants alone [10,22]. For example, co-exposure to bisphenol A (BPA) and polystyrene (PS) nanoparticles generates greater neurotoxic effects in both the central nervous system and the dopaminergic system of zebrafish than to BPA alone [23]. Combined exposure of MPs with organic contaminants can also produce negative effects at genetic levels. Avio et al. [24] observed MP-associated organic contaminants caused irreversible DNA damage in the mussel Mytilus galloprovincialis. These studies have clearly indicated the synergistic or additive effects of MPs and organic pollutants. However, some studies contradictorily found that the presence of MPs decrease the toxicity of organic pollutants [25,26]. These inconsistent findings imply the complexity of interactions between MPs and organic pollutants and point to the need for further investigations of their combined toxicity. Currently, few studies have specifically studied the effect of combined exposure of MPs and endocrine disruptors on the gill function in terms of oxidative stress and histopathological changes in this important tissue.



To clarify the effects of exposure to MPs and/or organic pollutants on bivalves, accumulation of reactive oxygen species (ROS) was analyzed in the gills, the first organ. A set of biomarkers, including superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and peroxidase (POD), involved in oxidative injury and cellular antioxidant defense were studied to reveal the mechanisms counteracting the toxicity in the bivalve. Histopathological damage was observed via microscopic analysis after staining by hematoxylin and eosin. Polystyrene MPs were selected as model contaminants because they are one of the most common MPs in estuaries and coastal areas. Bis(2-ethylhexyl) phthalate (DEHP), one of the most widely used phthalic acid esters (PAEs), was chosen for the representative of endocrine disruptors in order to investigate the synergistic effects with MPs.




2. Materials and Methods


2.1. Preparations of Organisms and Materials


Healthy R. philippinarum (manila clam) and T. granosa (blood clam), with a mean shell length of 30.5 ± 1.5 mm and 28.5 ± 1.5 mm, were obtained from Shenzhen (Guangdong, China) and fed Chlorella vulgaris in the culture device (10 individuals in 10 L artificial seawater) for 48 h. Before the experiment, 80 R. philippinarum and T. granosa were acclimatized for one week in plexiglass containers (previously soaked with 10% HNO3) with continued aerated and filtered artificial seawater (temperature, 20.5 ± 0.5 °C; pH, 8.1 ± 0.02; salinity, 30.5 ± 1.0) and fed Chlorella vulgaris (5.0 × 104 cell mL−1) daily in the laboratory [8]. During the acclimatization and culture period, the properties of the artificial seawater were relatively constant. The seawater was changed daily to maintain quality, and no mortality was recorded during the acclimation and exposure period.



Polystyrene microplastics beads (approximately 1 μm in diameter, Figure 1, in the concentration of 3.0 mg L−1) were used as typical MPs for this study, as PS is one of the most widely applied plastics worldwide and is a commonly encountered MP in marine environments [27,28]. According to previous studies, MPs in the shape of a bead are likely be easier to be ingest and translocate within invertebrates, leading to adverse biological impacts, hence PS microbeads were employed here [29,30]. In addition, the concentration of PS used in this work was considered as representative of the MPs polluted hotspot along coastal environments [31,32]. PS microplastics were synthesized with emulsion polymerization with styrene as a monomer, based on the methods described in Sun et al. [33] and Feng et al. [34]. Briefly, sodium dodecyl sulfate and ammonium persulfate were used as an emulsifier and an initiator, respectively. The synthesized product was transferred to a dialysis bag for removal of redundant styrene monomer, emulsifier, and initiator, and then freeze-dried before use.



The surface morphologies and diameters of the MPs were observed and measured by field emission scanning electron microscopy (FEI-SEM, Quanta 250, FEI Company, Eindhoven, The Netherlands). The FTIR spectra were detected in the 4000–400 cm−1 region with a resolution of 4 cm−1 by a Nicolet iS10 (Thermo Fisher Scientific Inc., Waltham, WA, USA). The Raman microscope was set up as follows: number of sample scans 3, exposure times 15, background exposure times 512, laser 532 nm, laser energy 8 mW. Each suspected MP was manually located with 10× lens of DXR2 Raman. The average diameter of the PS was 735 ± 87 nm (n = 20). This diameter fell into the size category of nanoplastics (1–1000 nm, Hartmann et al., 2019) and the size range of MPs commonly observed in the coastal environment [35]. The SEM image, infrared spectra, and Raman spectra are shown in Figure 1. Dynamic light scattering (DLS, (Zetasizer, Malvern, UK)) analysis indicated that, in pure water (pH = 7,4), polystyrene microplastics were dispersed homogeneously, with a DLS size of 0.9 μm. In seawater (pH = 8.1), polystyrene MPs were gradually aggregated into approximately 1 to 7.8 μm, with average clusters of 4.9 μm.




2.2. Short-Term Exposure of Bivalves to MPs and DEHP


After one week of acclimation, forty healthy R. philippinarum and T. granosa were randomly assigned to four treatments (in triplicate for 48 h) respectively: Control (with only R. philippinarum or T. granosa); PS (with 3 mg L−1 PS); DEHP (with 50 μg L−1 DEHP); and PS + DEHP (with 3 mg L−1 PS and 50 μg L−1 DEHP). During exposure treatment, ten individuals were randomly translocated into a 12 L plexiglass container (containing 10 L artificial seawater). The concentration of 3 mg L−1 PS was approximately 2.6 × 1012 particles mL−1, respectively. The cultivation conditions were kept the same as the acclimation period, and PS or DEHP were added after feeding Chlorella vulgaris.




2.3. Measurements of Filtration Rates


The filtration rates assessment was conducted on the basis of previous studies [7,36]. Approximately 150 mL of Chlorella vulgaris was added into each plexiglass container, providing a cell density of 5.0 × 104 cell mL−1 in artificial seawater. According to the function of microalgae quantity and time, the filtration rate can be calculated. Three repeated samples were collected from each container, in brief, 20 mL seawater was taken before feeding and 1 h after feeding. The concentrations of microalgae were determined by a flow cytometry system (VS-IV, Fluid Imaging Technology, Scarborough, ME, USA). The filtration rates were calculated as follows:


  Filtration rate = V / ( n · t )   ×   log   (   C 0   /  C 60  )  








where n is the number of individuals in each container, t is the consumption time (1 h), and C0 and C60 is the number of microalgae at t = 0 and t = 60, respectively. The results were given as L clam−1 h−1.




2.4. Analysis of SOD, CAT, POD, and MDA in the Gills


The visceral mass of the clams was dissected under low temperature conditions, with three biological samples for each replicate. The collected samples were homogenized in cold phosphate-buffered saline (three organisms per replicate). All pretreated samples were stored at −80 °C until analysis. The enzyme activity, including superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), were measured using the corresponding commercial assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). SOD is an antioxidant enzyme, which can not only effectively remove free radicals from the body, but also specifically remove the damage of superoxide free radicals from cells [37]. Generally, the CAT–SOD system is considered to be the first line of defense against the toxicity of reactive oxygen species under adverse stress [38,39]. POD is one of the key enzymes in the enzymatic defense system under adverse conditions, and it cooperates with SOD and CAT to remove excess internal free radicals [14]. Malondialdehyde (MDA), a commonly used index of membrane lipid peroxidation, was determined using an MDA assay kit (Jiancheng, Nanjing, China).




2.5. Examining the Accumulation of Reactive Oxygen Species (ROS) in the Gills


In order to visualize O2− and H2O2 in situ, fresh cut clam tissues were stained with 2′,7′-dichlorodihydrofluorescein diacetate acetyl ester (DCFH-DA; Sigma Aldrich, Burlington, MA, USA) and the ROS fluorescent probe dihydroethidium (DHE; Sigma-Aldrich), respectively [40,41](Waters et al., 2021; Yu et al., 2021). The staining operations were performed according to manufacturer protocols. After incubation, transverse sections were imaged using a fluorescence microscope, with the fluorescence intensity calculated by Image-Pro plus 6.0. In brief, firstly, taking images under 200× of visual field randomly from each treated earthworm slice, we ensured that the background light of each image was consistent. Subsequently, we converted green/red fluorescent monochrome photos into black-and-white images, and then selected the same black as the unified standard (positive control). We analyzed each image to obtain the positive cumulative optical density (IOD) and the pixel area (AREA) of samples, then calculated the average optical density value IOD/AREA (mean density) [42](Adler and Parmryd, 2010).




2.6. Histological Analysis of the Gills


To evaluate the histopathological alterations after stressor exposure, the gills of R. philippinarum and T. granosa were separated and fixed overnight in 10% (v/v) formaldehyde. Subsequently, each of the gill samples were cut into 3 μm thick sections and embedded in paraffin. The slices were then stained with hematoxylin and eosin (HE) before examination with a microscope, according to Sarasquete and Gutiérrez [43]. The histological changes were assessed using a microscope (3D HISTECH, Pannoramic MIDI, 3D-Histech Ltd., Budapest, Hungary) and the images were analyzed by CaseViewer.




2.7. Statistical Analysis


The data were managed using IBM SPSS statistics and OriginPro software. Unless stated otherwise, data in the graphs/plots and tables are displayed as the mean ± s.d. One-way analysis of the variance with an LSD post-hoc test was used for multiple comparisons. When p values were less than 0.05, the results were deemed statistically significantly different, but exact p values are not shown in the graphs/plots and tables.





3. Results and Discussion


3.1. Effects of MPs/DEHP Exposures on Filtration Rates of Bivalve Mollusks


After a short-term exposure treatment (48 h), the filtration rates (L Clam−1 h−1) of both types of clams were affected. Exposure of manila and blood clams to the MPs/DEHP tested resulted in significantly higher reductions in the filtration rate (Figure 2), indicating a significant decline in food intake [7,44,45]. As observed in this study, exposure to MPs and DEHP significantly attenuated the filtration rates of both types of clams, and significant differences were observed among the different stressor treatments. These findings are in accordance with the results observed in previous studies [16,46].



Specifically, compared to that of control, both types of clams treated with MPs + DEHP had significantly lower filtration rates, which were significantly decreased by approximately 80.3% and 80.4% for manila and blood clams, respectively. Similarly, the filtration rates of manila clams exposed to single MPs (3 mg L−1) or DEHP (50 μg L−1) declined 70.2% and 38.6%, and for blood clams declined to 77.7% and 41.6% of that of the control, respectively. In this work, for manila clams, the filtration rate in MPs + DEHP group dropped to approximately 34% and 67.9% than that in the single MPs and DEHP group, respectively. For blood clams, compared with that of single treatment, the filtration rate in MPs + DEHP group declined to 12.2% and 66.4%, respectively.



It has been demonstrated that MPs may release endocrine-disrupting compounds to ambient environments such as DEHP, which was found to induce adverse effects in various organisms [47,48,49]. There were significantly lower filtration rates in clams treated with MPs + DEHP, suggesting that the negative impacts induced by single MPs or DEHP might be augmented by the synergic effects of MPs and DEHP [21,50]. Generally, the decrease in the filtration rate after exposure is largely probably owing to the tendency of the tested clams to shut off their valves to avoid continuous exposure [13,51]. As shown in previous studies, Corbicula fluminea and Mytilus edulis L. closed their valves after exposure to MPs and mercury/bisphenol A, which is an adaptation for bivalves [43,52].




3.2. Effects of MPs/DEHP Exposures on Enzymatic and Non-Enzymatic Antioxidant Defenses


In the context of MPs and organic pollutants, exposure is the factor that may induce various responses on the antioxidant markers of aquatic organisms [10,20]. In this study, antioxidant parameters, i.e., SOD, CAT, and POD, in the gill tissues were assessed, due to their critical roles in the uptake and elimination of pollutants, and in different physiological process [9,53]. Lipid peroxidation (MDA content), as the process of ROS (reactive oxygen species) oxidation of biofilm after enhanced oxygen stress [14], was separately evaluated in the gill tissues.



As an important component of the enzyme antioxidant system, SOD plays an irreplaceable role in the reaction process of homeostatic oxidative stress. The SOD results are shown in Figure 3A. The lowest values were detected in clams exposed to MPs (3 mg L−1) + DEHP (50 μg L−1), with 1.5 and 2 U mg−1 protein in manila and blood clams, respectively, implying that co-exposure to MPs and organic pollutants can impede the free radicals capability of bivalves [54]. Nevertheless, the change trend of SOD activity induced by pollutants exposure was inconsistent in manila and blood clams. For manila clams, both the MPs/DEHP group and the combined exposure group significantly decreased SOD activity. The SOD activity in the MPs + DEHP group was 45.5% and 33.5%, lower than that of MPs (2.8 U mg−1 protein) and DEHP (2.3 U mg−1 protein) alone. For blood clams, the SOD activity was significantly increased after single exposure, while significantly decreased in MPs + DEHP treatment, which was 40% lower than that of the control (3.4 U mg−1 protein).



The results from CAT are shown in Figure 3B. The exposure of clams to MPs or MPs + DEHP decreased the CAT antioxidant activity after 48 h compared with control. The reduction in CAT activity suggests that MPs alone or combined with organic pollutants might cause actual inhibitory effects on the CAT–SOD system after a short-term exposure [14], whereas increased activity was observed when blood clams were exposed to DEHP alone. For manila clams, exposure to MPs/DEHP alone or combined significantly decreased CAT activity, and co-exposure to MPs + DEHP led to less impact on CAT activity (1.1 U mg−1 protein), which was 89.6% and 36.9% higher than that of MPs (0.6 U mg−1 protein) and DEHP (0.8 U mg−1 protein) alone. For blood clams, MPs and MPs + DEHP exposure significantly decreased CAT activity, however, CAT activity was significantly promoted in the DEHP group (1.9 U mg−1 protein), which was 30% higher than that of the control (1.4 U mg−1 protein).



Total POD activities varied from 0.028 to 0.06 U mg−1 protein in manila clams and from 0.012 to 0.072 U mg−1 protein in blood clams (Figure 3C), with the lowest value being recorded in the DEHP and MPs group, respectively, after 48 h of exposure. For manila clams, MPs (0.04 U mg−1 protein) or MPs + DEHP (0.055 U mg−1 protein) treatment significantly increased POD activity, while DEHP exposure alone (0.029 U mg−1 protein) had no effect. For blood clams, POD activities were largely decreased by all treatments; additionally, the decrease of POD activity (0.055 U mg−1 protein) in the MPs + DEHP group was lower than that of the MPs (0.045 U mg−1 protein) or DEHP (0.031 U mg−1 protein) group.



The lipid peroxidation (indicated by MDA content) results display a trend to increase throughout the exposure tests for both types of clams (manila and blood clams) (Figure 3D). The lowest values were measured in control organisms (1.51 and 11.5 nM mg−1 protein, respectively) and the highest values (6.8 and 16.6 nM mg−1 protein, respectively) were observed in organisms exposed to MPs + DEHP after 48 h of exposure. For manila clams, the MDA content in clams exposed to MPs + DEHP was 36.1% and 79.9% higher than those exposed to MPs and DEHP alone, respectively. For blood clams, the content of MDA in the MPs + DEHP group was 11.1% and 28.9% higher than that of single group, respectively.



When bivalves are exposed to MPs or organic pollutants, ROS, i.e., O2−, H2O2, or HO, will be over-accumulated, which can directly cause LPO damage [15,55]. The excessive ROS thus leads to an increase of MDA, which is one of the byproducts of LPO [15]. Generally, the present findings of growth inhibition, antioxidant enzyme activities (SOD, CAT and POD) alteration, and MDA increase in single/combined toxicity indicate that the presence of microplastics and organic pollutants could cause the gills of bivalves to accelerate the production of ROS [12].




3.3. Effects of MPs/DEHP Exposures on ROS Accumulation


To assess the accumulations of ROS in gills of manila clams (R. philippinarum) and blood clams (T. granosa), O2− and H2O2 were detected using DHE and DCFH-DA. The ROS (O2− and H2O2) staining observations revealed that the ROS concentration in gills of manila and blood clams were significantly enhanced by MPs/DEHP exposure for 48 h (Figure 4). This is consistent with the results of MDA increase, and is also in accordance with previous studies’ findings [54,56]. For manila clams, regardless of whether MPs and DEHP exposure was alone or combined, ROS accumulation occurred in the gill tissues. The combined exposure showed higher accumulation levels, followed by MPs alone exposure. Compared to the control, the O2− and H2O2 concentrations in MPs + DEHP were approximately 6 and 8.6 times higher, respectively (Figure 4B,C). For blood clams, similar results were observed, in which MPs and DEHP exposed alone or combined, obvious ROS accumulation was detected in the gill tissues. Co-exposure led to higher accumulation levels, followed by MPs alone exposure. Compared to the control, the O2− and H2O2 concentrations in MPs + DEHP were approximately 5 and 12.2 times higher, respectively (Figure 3B,C).



In general, MPs exposure in organisms can disrupt the redox homeostasis and cause oxidative challenges by rapidly accumulating ROS concentrations in tissue [38]. In this work, ingestion of microplastics by bivalves induced oxidative stress that destabilized the homeostasis and produced free radical and leads to increases ROS in gill tissue of all treated clams. Polystyrene microplastics have been found to increase the ROS production level in various aquatic organisms [56,57,58]. This could possibly be due to the insufficient elimination of free radicals in clams, eventually causing oxidative damage and histopathological changes [35,58]. Over-accumulated ROS affect the antioxidant system response and cause oxidative stress [59]. As a result, short-term dietary exposure to polypropylene microplastics and/or organic pollutant (DEHP) influences the antioxidant defense system of both manila and blood clams.




3.4. Effects of MPs/DEHP Exposures on Histological Alterations


Obvious histopathological changes were observed in the gills of both types of clams, as a result of 48 h actual toxicity tests, after the microscopic examination of the gill tissues sections (Figure 5). Co-exposure to MPs and DEHP in particular caused discrete pathologies in the gills. No histopathological alterations were found in the gill tissues of the control groups, which had normal structure, displaying basic features of the primary and secondary lamellae with typical pillar, chloride cells in the epithelium, and hemocytes throughout the basal to frontal zones (especially in blood clams). MPs exposure has been reported to cause remarkable tissue pathologies in various aquatic organisms, i.e., Crassostrea gigas, Mytilus spp., Pomacea paludosa, and Mytilus edulis. [11,12,60]. Similar effects were also observed to be induced by combined MPs and DEHP. For example, polystyrene plastics particles and DEHP co-exposure caused significant histological damages in Micropterus salmoides [61].



However, in comparison to single treatment of DEHP alone, the histopathological degree was more serious in the MPs group and the gill filaments were morphologically changed. For manila clams, pathological changes occurred in the tissues, such as ciliary structure destruction (cs), loss of contact between gill filaments (lc), inflammatory infiltration (ic), and necrosis (ne). For blood clams, there were curly (cr) and swollen (sw) gill filaments in the frontal lobe, and rare in hemocytes (lh). Co-exposure to MPs + DEHP led to abnormal gill structure, mainly manifested in the gill filament terminal being swollen (sw) or broken (br), and cell necrosis (ne). In addition, compared with single exposure to MPs/DEHP, more obvious morphological changes were found in the gills of the MPs + DEHP group, which completely lost their original features and became necrotic.



It has been demonstrated that MPs and DEHP exposure can interfere with carbohydrate metabolism and ROS elimination of tested organisms [62,63] (Brate et al., 2018; Romano et al., 2018). This leads to significant pathologies alterations, such as inflammation and cell necrosis, in both vertebrate and invertebrate species following MPs or organic pollutants exposure [7,61] (Sikdokur et al., 2020; Liao et al., 2022). The histopathological alterations that may occur in tested organisms can vary depending on biotic and abiotic factors, e.g., animal (species, life stage, tolerance capability etc.), pollutant (type and characteristics), and exposure condition (concentration, duration, and pathway) [3,64,65,66]. In this study, the pathological changes that occurred in the gills of both types of clams may be attributed as a cause of attenuated filtration rate.





4. Conclusions


The results of the current study indicate that both R. philippinarum and T. granosa are vulnerable to short-term microplastics and DEHP exposure. The filtration rate of R. philippinarum and T. granosa were significantly decreased as a result of the exposure to MPs and DEHP, especially co-exposure treatment, suggesting single/combined exposure causes significant feeding inhibition. In regard to antioxidant enzymes activities, like SOD, CAT, and POD, the gills of both types of clams were considerably changed as a result of the MPs and DEHP exposure. The lipid peroxidation level (MDA) occurred in single/combined toxicity, implying that the presence of MPs and DEHP could induce the gill of bivalves to accelerate the production of ROS. Further analysis confirmed the over-accumulation of ROS (O2− and H2O2) in gill tissues of R. philippinarum and T. granosa, thus leading to oxidative damage and histopathological changes, which results in a sharp decrease of the filtration rate.



Considering the widespread pollution of marine ecosystems by MPs and organic pollutants, once in severely contaminated environments, bivalves are inevitably at risk of suffering adverse effects deriving from both MPs and organic pollutants. However, it should be noted that the size of MPs was around 700 nm in this study, which is larger than the typical nanoplastics (1 to 100 nm) [67]. The scope of this study is limited, as it only investigated one size of nanoplastic. Size is a critical parameter that determines the toxicity of nanoplastics [68,69]. To fully understand the ecological impacts of nanoplastics and the associated organic pollutants, it is imperative that more research is conducted to investigate the effect of size. Greater toxicity is expected for smaller particles because of their high specific surface area and their ability to cross cell membranes where they may cause oxidative stress within the cell.
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Figure 1. Characterization of PS particles used in this study. SEM image (a), infrared spectra (b), and Raman spectra (c), size distribution of the PS MPs measured by DLS (d). Aromatic C-H stretching vibration generated absorption peaks at the wave numbers of 3060 and 3026, and aromatic C=C stretching vibration generated three absorption peaks around the wave numbers of 1600, 1492, and 1452. The Raman spectrum of PS had a typical intense band at 1002 cm−1, which was linked to the breathing mode of the aromatic carbon ring. 
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Figure 2. Filtration rates of manila clams (R. philippinarum) and blood clams (T. granosa) after 48 h of exposure to different PS microplastics and DEHP. Data are presented as mean ± s.d., n = 5. Asterisks above the data indicate significant differences between the two groups, * p < 0.05, ** p < 0.01. 
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Figure 3. Effects of MPs/DEHP on the activity of antioxidant enzymes (A): SOD, superoxide dismutase; (B): CAT, catalase; (C): POD, peroxidase and lipid peroxidation level (D): indicated by malondialdehyde content in manila clams (R. philippinarum) and blood clams (T. granosa) after 48 h of exposure to different PS microplastics and DEHP. Data are presented as mean ± s.d., n = 5. Asterisks above data indicate significant differences between the two groups, * p < 0.05, ** p < 0.01. 






Figure 3. Effects of MPs/DEHP on the activity of antioxidant enzymes (A): SOD, superoxide dismutase; (B): CAT, catalase; (C): POD, peroxidase and lipid peroxidation level (D): indicated by malondialdehyde content in manila clams (R. philippinarum) and blood clams (T. granosa) after 48 h of exposure to different PS microplastics and DEHP. Data are presented as mean ± s.d., n = 5. Asterisks above data indicate significant differences between the two groups, * p < 0.05, ** p < 0.01.



[image: Nanomaterials 12 04077 g003]







[image: Nanomaterials 12 04077 g004 550] 





Figure 4. Effects of MPs/DEHP on the accumulation of ROS in gills of manila clams (R. philippinarum) and blood clams (T. granosa) after 48 h exposure to different PS microplastics and DEHP (A). Red and green fluorescence indicate O2− and H2O2, respectively, representative pictures. Data are presented as mean ± s.d, n = 5. The fluorescence intensity of red (B) and green (C) values were calculated from six different pictures for each data, n = 6, scale bar 200 μm. Asterisks above data indicate significant differences between the two groups, * p < 0.05, ** p < 0.01. 
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Figure 5. Representative images of haemotoxylin/eosin-stained sections of gill extracted from manila clams (R. philippinarum) and blood clams (T. granosa). Normal structure shown in the control group, histopathological changes occurred after single/co-exposure to polystyrene MPs/DEHP, Scale bar 200 μm. cs: ciliary structure destruction; lc: loss of contact between gill filaments; ic: inflammatory infiltration; ne: necrosis; cr: curly. sw: swollen; lh: rare in hemocytes; br: broken; ne: necrosis. 
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