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Abstract
Microplastics constitute a new type of environmental pollutant with a particle size of less than 5 mm that
can combine with heavy metals to enter organisms such as clams, and the impact of the combination of
microplastics and heavy metals on the marine organism Ruditapes philippinarum remains unclear.
Therefore, this problem is analyzed the effects of different concentrations (0, 0.1, 1, 5, and 10% w/w) of
polystyrene (PS) and three heavy metals (arsenic (As), cadmium (Cd), and lead (Pb)) (20 and 200 µg/L)
on the bioaccumulation of the heavy metals in clams, and the effects of time for PS (0, 1, and 5%)-bound
As, Cd, and Pb (ACP). We found that different concentrations of PS exerted different effects on the
absorption of heavy metals by clams. A low concentration of PS (0.1%, 1%) inhibited heavy-metal
bioaccumulation, while a high concentration of PS (5%, 10%) promoted their accumulation. Whether or
not PS was added, the concentration of As, Cd, and Pb in clams increased with time. The relative amount
bioaccumulated in clams was As > Cd > Pb, and we demonstrated a correlation between the
concentration of heavy metals in clams and the concentration of PS in seawater. When exposed to a low
concentration of PS, the concentrations of As and Cd in clams diminished with the concentration of PS in
sea water; and when exposed to high concentrations of PS, the concentrations of Cd and Pb in clams
appeared also to be reduced with increasing PS concentrations.

1. Introduction
Microplastics (MPs) are very small plastic particles or fragments that are di�cult to visualize
macroscopically (Kurniawan, et al. 2021), with a particle size of generally less than 5 mm (Cai et al.
2020). Importantly, MPs pose a potential threat to the environment (Kurniawan, et al. 2021), and they can
enter the marine ecosystem directly or indirectly (Kurniawan, et al. 2021). Synthetic �bers, tires, and city
dust are the principal sources of MPs in the ocean (Liu et al. 2021).Neto et al. (2020) tested 965 �sh
samples from the southeastern and southern coasts of Brazil, and we found that all contained plastics in
their bodies. MPs have been shown to reduce the energy storage capacity of the marine organism Mytilus
galloprovincialis by altering the activity of digestive enzymes (Trestrail et al. 2021), and another study
revealed that most seabirds on the Korean Peninsula ingested plastic debris (Nam et al. 2021). Thus,
controlling marine MPs pollution has become a timely challenge (Haward 2018). Polystyrene (PS) is
often used as disposable cups, styrofoam, and disposable containers, which are di�cult to recover after
being discarded and easy to deposited on seashore (Kurniawan, et al. 2021), it poses a threat to the
survival and safety of marine organisms, so PS is selected as the research object of this experiment.

Arsenic (As) is ubiquitous in the environment, both naturally circulated and due to human input; it can
also bioaccumulate and biotransform in organisms (Hirano 2020). Cadmium (Cd) exists in the
environment as a pollutant (Genchi et al. 2020) that exerts a negative impact on plant growth (Haider et
al. 2021), and Cd exposure has been shown to lead (Pb)to cell death in the zebra�sh brain (Monaco et al.
2017). Pb is a globally distributed heavy-metal pollutant (Sary et al. 2012), that has been known for
millennia (Cheung et al. 2017); and exposure can Pb to disorders of various bodily systems, induce
in�ammation, and cause chronic and acute poisoning (Boskabady et al. 2018). The concentrations of
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copper (Cu), Pb, zinc (Zn), and Cd have shown an upward trend in recent decades, and these heavy
metals are found, for example, in the surface sediments of the Bohai Sea of China (Duan et al. 2017); and
As, Cd, and Pb particularly showed slight-to-moderate pollution of this body of water. However, Cd and As
can engender potentially considerable ecological risks due to their high toxicity (X. Wang et al. 2020).
Yang et al. found that As hazard quotients in marine �sh were high, and this requires our determined
attention (Yang et al. 2021). Investigators have in fact uncovered As, Cd, and Pb in 30 types of marine
�sh (Kumar et al. 2021); and their muscle content of Pb was higher than in the liver (Sary et al. 2012).
Chiocchetti et al. have stated that to provide healthy seafood to consumers, we need to pay greater
attention to the toxic heavy metals and metalloids, such as mercury (Hg), Cd, As, and Pb in seafood
(Chiocchetti et al. 2017). There are manifold environmental pollution sources, so it is meaningful to select
the common metals As, Cd and Pb as the experimental heavy metal exposure to explore the impact on
the survival of clams.

When heavy metals in seawater accumulate to a signi�cant extent, they also adsorb MPs (Gao et al.
2019). In some cases, the concentrations of heavy metals in MPs collected from beaches and sediments
were higher than those in local estuarine sediments (Holmes et al. 2012). The average concentrations of
Pb and Cu in MPs are also higher in rivers than in surface water because MPs have the ability to absorb
heavy metals from the aquatic environment (Purwiyanto et al. 2020). Also, the metal concentrations in PS
and polyvinyl chloride are 800 times higher than in the surrounding environment (Naqash et al. 2020).
What effects the co-exposure of MPs and heavy metals have on organisms is far from clear, and thus
many scholars have analyzed the combined effects of MPs and heavy metals on organisms. The total As
concentration in earthworms exposed to As(V)+MPs was signi�cantly lower than that for As(V)-alone
(Wang et al. 2019). Therefore, co-exposure of MPs and heavy metals can precipitate synergistic,
antagonistic, or intensifying effects on organisms (Cao et al. 2021). However, there are relatively few
studies on the co-exposure to MPs and heavy metals in marine organisms. Meanwhile clams are seafood
that human beings like, and their safety is very important. Therefore, the combined exposure of PS and
heavy metals was selected to observe its effect on the enrichment of heavy metals in marine organism
clams.

In this study, we: (1) investigated the effects of co-exposure to As, Cd, Pb, and a series of concentrations
of PS on the bioaccumulation of heavy metals in Ruditapes philippinarum; (2) explored the effects of
adding PS to the absorption of heavy metals by Ruditapes philippinarum over time; and (3) probed the
potential relationship between the concentration of PS in seawater and the concentration of PS in
Ruditapes philippinarum.

2. Materials And Methods

2.1 Clam collection and reagents
Ruditapes philippinarum clams, 2.0–3.0 cm in size, were purchased from a coastal aquaculture farm in
Yantai City, Shandong Province, China. The clams were taken to the laboratory were randomly and evenly
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placed in sixteen the 3.5-litre stainless steel basins of 30 specimens per tank, with about 1 L of naturally
�ltered seawater at 20°C. We removed seawater from Yantai Red Lip Beach and changed it once per day,
oxygenated the seawater with an oxygen pump (SEBO) on a 24-h cycle, and maintained the clams under
a 12-h light:12-h dark cycle. The clams were acclimated to the natural seawater for 14 days under
laboratory conditions prior to being placed in the experiment.

PS was the common MPs in marine environment (Xiaopeng Zhu et al. 2020). PS has a stronger pollutant
adsorption capacity than other MPs at room temperature (Alimi et al. 2018). The experimental
microplastic was 100 nm, that was purchased from Dongguan Zhangmutou Huachuang plastic raw
material commercial �rm, Guangdong, China. As (Arsenic+5 1000 µg/mL in H2O) was purchased from
o2Si (Charleston, USA). Both Cd (CdCl2·2.5H2O, CAS 7790-78-5) and Pb (Pb (NO3)2, CAS 10099-74-8) for
analytical pure, were purchased from the Shanghai test (SCR, Shanghai, China).

2.2 Experimental conditions for co-exposure
The fresh seawater and a small amount of sand were taken from honglip beach in Yantai, China, the
background concentration of As, Cd and Pb were 7.998, 0.086, and 0.032 µg/L, respectively. Fresh
seawater with a little sand was taken to change the water for clams once a day. Approximately 1L
seawater containing sand was weighed into each stainless-steel basin (3.5L). PS particles were evenly
mixed with seawater, then add a certain concentration of As, Cd, and Pb.

There were three experimental variables: (1) two As, Cd, and Pb concentrations (20 and 200 µg/L(ppb)),
combined with previous studies, the concentration range of As, Cd, and Pb is 0.01-248.8 µg/L in the
surface seawater of the Bohai Sea (Tian et al. 2020), therefore, the experiment uniformly selects the
concentration of heavy metals is 20 ppb, and on this basis, the concentration is increased by an order of
magnitude; (2) �ve doses of PS (0, 0.1, 1, 5, and 10% [w/w]), the concentration of PS was refer to
experiment ((Kurniawan, et al. 2021), (Liu et al. 2021), (Wang et al. 2020)); and (3) �ve sampling times (1
d, 3 d, 5 d, 7 d, and 14 d) for the exposure test. Therefore, a total of 10 treatments were applied, with each
treatment having four replicates. On the 14th day of the exposure experiment, we collected 10 groups of
clams that were co-exposed to 20 ppb or 200 ppb ACP (As, Cd, and Pb) with 0, 0.1, 1, 5, or 10% PS,
respectively, which with �ve parallel experiments. We also conducted clam collection over time (1, 3, 5, 7,
and 14 d) for co-exposure to 200 ppb ACP (As, Cd, and Pb) with 0%, 1%, or 5% PS, respectively. After
cleaning the clamshells with tap water and deionized water and wiping off the water with paper toweling,
we removed all of the clam meat, and the rest of the digestive gland was cut up and homogenized (MY-
20 in a handheld tissue grinder (Shanghai Jingxin Industrial Development Co., Ltd.). The samples were
then stored in a freezer at −20°C prior to testing.

2.3 Analysis of heavy matal in samples
The concentration of As Cd, and Pb in Ruditapes philippinarum were analyzed by ICP-MS (Agilent 7700×).
The process of sample digestion was to weigh about 1.5g samples, add 8 mL HNO3 (70% wt, ≥99.999%
metal basis) and 2 mL H2O2 (30% wt, guaranteed reagent grade) in polytetra�uoroethylene digestion
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tank, heated it to 150 ℃ within 10 minutes, then heated it to 180℃ in 15 minutes, and hold it at 180℃
for 60 minutes in microwave digestion machine (MDS-6G). After digestion, the sample was incubated to
25 ml using ultrapure water and �ltered with a 0.22 µm acetate cellulose membrane. The certi�ed
reference material (NCRM, GBW10210 Salmon lyophilized powder, Tanmo Quality Inspection Technology
Co., Ltd, Jiangsu, China) was used to verify the reliability of the analysis method. The recovery rate of As,
Cd, and Pb rate were estimated to 95±5%, 125±4%, and 97±5%, respectively. To ensure quality guarantee
of the data, the method blank was included during sample analysis.

2.4 Statistical analysis
The data were sorted and statistically analyzed by Microsoft Excel 2019 and SPSS statistics 25.0
software. The experimental data were expressed by the arithmetic mean ± standard deviation (mean ±
SD) (n = 5). One-way ANOVA and LSD were used to test the signi�cant difference (P < 0.05). Origin 2019
software was used for correlation analysis and mapping.

3. Results And Discussion

3.1 PS on the absorption of As, Cd, and Pb by clams
As shown in Fig. 1 and Table S1, we analyzed the concentrations of As, Cd, and Pb (ACP) in clams after
14 days of co-exposure with 20 ppb or 200 ppb As, Cd, and Pb and with different concentrations of PS
(0%, 0.1%, 1%, 5%, and 10%) (w/w). We found that the different concentrations of PS could promote or
inhibit the absorption of heavy metals (As, Cd, and Pb) by clams.

Compared with 0% PS, 0.1%, 1%, 5%, and 10% PS inhibited the bioaccumulation of 200 ppb As by clams;
and both 0.1% and 1% PS inhibited clam accumulation at 20 or 200 ppb Cd and Pb (Fig. 1BC). In
conclusion, low concentrations of PS (0.1% and 1%) inhibit the bioaccumulation of heavy metals (As, Cd,
and Pb) in clams.

Similar results were also observed when the co-exposure of As(V) and MPs (2000 mg MP kg−1 dry
soil=0.2% [w/w]) led to a diminution in As(V) and in the accumulation of total As in the earthworm
intestine, with the possible reason being that MPs may reduce the bioavailability of As by
adsorbing/binding As(V) (Wang et al. 2019). Other similar research showed that the exposure to MPs
(PSNPs) (10 mg/L=0.001% [w/w]) at low concentrations promoted the growth of wheat, and MPs
partially reduced the toxicity of Cd to wheat. Thus, MPs may have been used as a carrier of Cd in wheat,
decreasing Cd toxicity as the concentration of Cd in PSNPs-Cd culture medium was lower than that in the
Cd solution alone, and metabonomic analysis further showed that the increase in carbohydrate and
amino acid metabolism caused by PSNPs partially alleviated the toxicity of Cd to wheat (Lian et al.
2020). Although there was no adverse effect on the survival and growth of the �sh, co-exposure to MPs
(50 or 500 µg L−1) and Cd (50 µg L−1) for 30 days resulted in reduced Cd bioaccumulation in the discus
�sh due to the presence of MPs; and co-exposure also precipitated severe oxidative stress and stimulated
innate immunity (Wen et al. 2018). Combined exposure to MPs and Cd showed antagonistic effect on
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zebra�sh embryos at a low MP concentration in one study, and compared with the absence of MPs, the
study showed lower mortality, higher heart rate, and improved body length (Zhang et al. 2020). Because
there are limited studies on the combination of heavy metals and MP in aquatic organisms, this
combination of toxicants needs to be evaluated further.

PS at 5% signi�cantly promoted the absorption of 20 and 200 ppb Cd by clams (P < 0.05), and 10% PS
also promoted absorption at 200 ppb Cd (Fig. 1B); 5% PS signi�cantly promoted absorption of 20 ppb Pb
in clams (P < 0.05); and 10% PS also promoted it at 200 ppb Pb (Fig. 1C). A high concentration of PS (5%
and 10%) promoted the heavy-metal (Cd and Pb) accumulation in clams, and 5% PS was even more
augmentative. Studies have shown that high doses of PS enhance phytotoxicity for co-exposure of maize
seeds to 10% HDPE, which is similar to our results (Wang et al. 2020). Plastics may also become carriers
of some contaminants (Alimi et al. 2018), and most collected oysters bear microplastic particles (Zhu et
al. 2020). Therefore, ingestion of MPs allocates a pathway for the metal transfer to organisms (Naqash
et al. 2020). However, this is species dependent; as in the experimental exposure to MPs in mussels, it
was found that mussels can excrete most microplastic particles within a certain period of time, and that
the burden of MPs in large mussels is much less than that in small mussels (Weber et al. 2021).

In conclusion, we found that a low concentration of MPs inhibited the accumulation by clams of heavy
metals, and that high-concentration MPs exacerbated their accumulation. When zebra�sh embryos were
co-exposed to MPs and Cd, the investigators found that low concentrations of MPs (0.05, 0.1 mg/L)
showed antagonistic effects on physiological indices in zebra�sh, while high-concentration MPs (1, 5, 10
mg/L) showed synergistic sublethal toxicity (Zhang et al. 2020); and this is consistent with the present
chapter. However, after clams were exposed to 20 ppb ACP+ PS for 14 days, 0.1% and 1% PS promoted
the accumulation of As in clams, but a PS of 5% and 10% inhibited clam accumulation of 20 ppb As (Fig.
1A). These results are similar to previous studies: when maize seeds were co-exposed to Cd and MPs, it
was revealed that a lower concentration of polyethylene particles (0.1%, 1%) (w/w) promoted the
bioavailability of heavy metals, while a higher concentration (10%) (w/w) inhibited the bioavailability of
heavy metals (Wang et al. 2020). Therefore, the amount and number of heavy metals taken up by clams
may exert differential effects on various concentrations of PS or PS combined with different types of
heavy metals.

3.2 Effect of adding PS on the absorption of heavy metals
by clams over time
Clams were co-exposed to 0%, 1%, or 5% PS and 200 ppb As, Cd, and Pb (ACP) The concentrations of As,
Cd, and Pb (wet weight) in clams were measured 1, 3, 5, 7, and 14 days after the start of the exposure
experiment (Fig. 2 and Table S2), and we ascertained that regardless of whether or not PS was added, the
concentrations of As, Cd, and Pb in the clams were elevated with time, and the heavy-metal absorptive
capacity of the clams was As > Cd > Pb (Fig. 2). The high content of As was related to the elevated
background concentration of As in clams, which is consistent with the tendency for increased metal
levels in clams with time after a single heavy-metal exposure. Ruditapes philippinarum also showed a
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time-dependence after exposure to Cd (4 and 40 µg/L) for 70 days. By the middle of the Cd-exposure
period, the Cd concentration in clams increased with exposure time, and then gradually decreased during
the middle and later stages (Zhao et al. 2014). When Ruditapes philippinarum clams were exposed to Pb
(10 and 100 µg/L) for 7 days, the Pb concentrations also increased with time commensurately (Aouini et
al. 2018).

MPs absorb heavy metals from the aquatic environment (Purwiyanto et al. 2020). Although the content
of some heavy metals in seawater is low, they can still adsorb MPs when they gather to a certain extent
(Gao et al. 2019). Also, the longer the exposure time, the higher the concentration of heavy metals bound
by MPs in seawater (Gao et al. 2019); and the addition of MPs exhibits a signi�cant effect on the
chemical forms of many heavy metals (Yu et al. 2021). According to Holmes et al., metal adsorption is
conducted through the interaction between divalent cations such as Cu2+, Pb2+, and Cr2+, and oxygen
anions such as Cr2O4

2− that possess charged or polar regions on the plastic surface; and via the
nonspeci�c interactions between neutral metal-organic complexes and the hydrophobic surface of bulk
plastic medium (Holmes et al. 2012). When the interaction between MPs and heavy metals is via physical
adsorption, the chemical bond is weaker and the metals can be more easily released into the aquatic
ecosystem again (Purwiyanto et al. 2020). However, PS adsorb Cu and Cd principally by chemical
adsorption (Xu et al. 2021).

3.3 Promotion or inhibition of metal accumulation in clams
due to PS
Clams exposed to 200 ppb ACP and 1% PS exhibited augmented bioaccumulation of As on days 1, 3, and
5, but showed inhibition on days 7 and 14— indicating that ACP gradually inhibited 20-ppb As absorption
with time and 5% PS inhibited As accumulation within 14 days (Table 1). Adding 1% or 5% of PS
generally inhibited Cd accumulation in clams over time, and only 5% PS promoted Cd accumulation in
clams on the 14th day (Table 1). The addition of 1% PS promoted Pb uptake on the �rst day, but inhibited
it from 3 to 14 days, and the addition of 5% PS stimulated the uptake of Pb (Table 1). 

The bioaccumulation of heavy metals in clams due to MPs should be observed over a range of times
because a single timepoint produces insu�cient and potentially inaccurate data. Overall, 1% PS inhibited
the accumulation of Cd and Pb within 14 days and gradually inhibited the uptake of As; while 5% PS
inhibited the absorption of As and Cd and promoted the bioaccumulation of Pb within 14 days (Fig. 3).

3.4 Correlation analysis
Using correlation analysis, we found that there was also a correlation between the concentration of heavy
metals in clams and the concentration of MPs in seawater. At low concentrations of PS plus 20 ppb ACP,
As concentration was positively correlated with PS concentration in clams (r2 = 0.335, P < 0.05) (Fig. 3A);
however, Cd and Pb were not correlated with PS concentration (Fig. 3CE). Simultaneous exposure to low-
concentration PS and 200 ppb ACP resulted in a negative correlation between the concentration of PS
and concentrations of As and Cd in clams (Fig. 3AC), although there was no correlation with the
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concentration of Pb (Fig. 3E). These data thus illustrated an inverse relationship between As/Cd and PS—
i.e., when clams were exposed to 200 ppb As or Cd and a concentration of PS below 1% (w/w), we
observed that a higher concentration of PS was concomitant with a lower concentration of As or Cd.
When exposed to high-concentration PS and 20 ppb ACP, the concentrations of Cd and Pb in clams were
signi�cantly negatively correlated with the concentration of PS in seawater(rD

2=0.725, p<0.05) (rF
2=0.647,

p<0.05) (Fig. 3DF); i.e., when clams were co-exposed to high concentration PS (5–10%) and 20 ppb Cd
and Pb, the concentration of Cd and Pb diminished with increasing PS concentration.

Table 2 depicts the correlation between a series of PS concentrations and the bioaccumulation of heavy-
metal concentrations in clams. We observed a negative correlation between the concentration of PS and
20 or 200 ppb As (r = −0.237, p > 0.05; r = −0.718, p < 0.05), but the concentration of PS was positively
correlated with the 20 and 200 ppb Cd (r =0.102, p > 0.05; r =0.341, p > 0.05). Also, the concentration of
PS was negatively correlated with the 20 ppb Pb (r = -0.331, p > 0.05) and 200 ppb Pb (r = 0.038, p > 0.05)
in clams.

PS can affect the metabolic responses of mussels, but the effect is small. MPs can bioaccumulate in
shell�sh (oysters)—usually in the form of �bers in gills and mantle—and they can be involved in the
adsorption and precipitation of trace metals in oysters. Researchers also found that the in vivo
concentration of MPs was correlated with the in vivo concentrations of Cd, chromium (Cr), Cu, and Pb,
indicating that there exists a potential in-vivo interaction between MPs and trace metals (Zhu et al. 2020).
However, the correlations between the concentration of MPs in water and the concentrations of MPs in
organisms, and between the concentrations of heavy metals bound to MPs in organisms and the
concentration of heavy metals in the organisms have not been fully elucidated and thus require further
investigation.

4. Conclusion
PS affected the accumulation of As, Cd, and Pb in Ruditapes philippinarum. Different concentrations of
PS exerted different effects on the absorption of heavy metals by clams. A low concentration of PS (0.1%,
1%) inhibited heavy-metals (As, Cd, and Pb) bioaccumulation, while a high concentration of PS (5%, 10%)
promoted their accumulation. Whether or not PS was added, the concentration of As, Cd, and Pb in clams
increased with time. The relative amount bioaccumulated in clams was As > Cd > Pb. The
bioaccumulation of heavy metals in clams due to MPs should be observed over a range of times because
a single timepoint produces insu�cient and potentially inaccurate data. 1% PS inhibited the
accumulation of Cd and Pb within 14 days and gradually inhibited the uptake of As; while 5% PS
inhibited the absorption of As and Cd and promoted the bioaccumulation of Pb within 14 days. When
exposed to a low concentration of PS, the concentrations of As and Cd in clams diminished with the
concentration of PS in sea water; and when exposed to high concentrations of PS, the concentrations of
Cd and Pb in clams appeared also to be reduced with increasing PS concentrations.
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Tables
Table.1 The mean concentration of heavy metals in Ruditapes philippinarumsafter co-exposure of
different concentrations of PS

  As Cd Pb

  1% PS 5% PS 1% PS 5% PS 1% PS 5% PS

1 d 1.12±0.01 0.74±0.01 0.85±0.17 0.95±0.12 1.33±0.38 1.21±0.05

3 d 1.10±0.14 0.92±0.14 0.57±0.08 0.63±0.07 0.71±0.13 1.10±1.11

5d 1.12±0.07 0.68±0.45 0.77±0.16 0.78±0.08 0.87±0.09 0.99±0.40

7d 0.93±0.26 0.88±0.07 0.59±0.13 0.80±0.18 0.84±0.10 1.74±0.18

14d 0.50±0.43 0.76±0.03 0.71±0.02 1.25±0.12 0.77±0.10 1.06±0.33
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Table.2 Pearson correlation between PS and heavy metal in Ruditapes philippinarums

  As Cd Pb

20ppb 200ppb 20ppb 200ppb 20ppb 200ppb

PS -0.237 -0.718 0.102 0.341 -0.331 0.038

Figures

Figure 1

The mean concentration of As, Cd and Pb with different concentrations of PS in Ruditapes
philippinarums

Figure 2

Concentration of As, Cd and Pb in different concentrations of PS over time

 (A) 0% PS + 200ppb ACP; (B) 1% PS + 200ppb ACP; (C) 10% PS + 200ppb ACP
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Figure 3

Correlation between the concentration of As, Cd and Pb and PS
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