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Abstract
Background

Small plastic particles such sub-micron- (1μm-100nm) and nanoplastics (<100nm) derived from the
environment can enter the human gastrointestinal tract through the food chain. In addition, MPs
adsorbed with heavy metals are synergistically toxic to humans. Though the cytotoxicity of different
sizes of polystyrene (PS) has been studied, the toxicity study of small sizes PS such as 20 nm on
intestinal cells is still utterly limited.

Results

In the present study, the toxicity of 20 nm and 200 nm PS (PS20, PS200) on Caco-2 cells was
investigated. PS20 could disrupt cell membrane integrity at a concentration of 80 μg/mL. The images of
laser scanning-confocal illustrated that cell tend to uptake more PS20 than PS200 and those particles
were localized in lysosomes and mitochondria. Moreover, the loss of mitochondrial membrane potential
of PS20 was more severe than that of PS200, which may account for the signi�cant increase in reactive
oxygen species (ROS) levels in the PS20-treated group. Furthermore, PS20 induced cell apoptosis.
Moreover, PS enhanced the cytotoxicity of Methylmercury (MeHg). Overall, this study demonstrates that
PS had a size- and concentration-dependent cytotoxic effect on the intestine and an enhanced cytotoxic
effect on MeHg.

Conclusions

Both sub-micron and NPs could enter Caco-2 cells. NPS induced apoptosis by inducing mitochondrial
damage and was signi�cantly more toxic to cells than sub-micron PS. Both sizes of PS used in the
experiments have a synergistic effect on MeHg-induced cytotoxicity. In conclusion, our study
demonstrated the strong cytotoxicity of NPs and synergistic toxicity with heavy metals, providing a
reference for the environmental toxicity of nanoscale plastics.

Background
In the nanoscience research community de�nition of nanomaterials, microplastics (MPs) are usually
de�ned as particles between 100 nm and 5 mm in size, and nanoplastics (NPs) are particles less than
100 nm in size [1]. MPs have become the word of the day in terms of pollution. They exist all over the
planet, and traces of them can be found in sediments thousands of meters deep in the ocean [2]. MPs
pollution had reached its latest height on Earth when MPs appeared at 8440 m on Mount Everest [3].
Global production and use of plastics will remain on the rise until alternatives to biodegradable materials
are widely available [4](Jambeck, 2015 #46).

MPs have negative impact on numerous marine habitats and biota [5, 6]. Importantly, they have been
regarded as a threat to food safety. It has been reported that different types and sizes of MPs exist in
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foods such as mineral water [7], salt [8, 9], beer and honey [10]. And a large amount of MPs would be
released when the food packaging are heated and then ingested by humans [11]. The status of MPs in
the oceans has been studied but has always been underestimated [12]. MPs are often eaten by mistake
by small commercial seafood and then transfer to human tables through the food chain [8, 13]. A study
of farmed oysters off the coast of China found that MPs were detected in 86% of the oysters sampled,
with an average level of 0.62 particles/g [14]. Additionly, the evidence of plastic debris transfer along food
chains has been provided [15, 16]. Previous studies have pointed out the potential role of MPs and NPs
as carriers of hydrophobic organic chemicals, antibiotics, pathogens and heavy metals [17, 18, 19, 20],
which affect living organisms and food safety.

The airborne plastic particles can be inhaled by human [21], however, due to the hydrophobicity, inhaled
MPs and NPs may be rejected by the lung wall through the mucociliary clearance system [22]. Therefore,
only a small proportion of particles may reach the lungs [21]. Notably, the uptake of MPs involves the
whole body only when they were absorbed through the intestinal barrier and distributed to organs and
tissues through the lymphatic or blood system. In vitro studies have indicated that micro/nano plastic
can cross the intestinal barrier [23]. It has been demonstrated that carboxyl-surfaced PS nanoparticles
can attach to the surface of red blood cells due to van der Waals forces, electrostatic forces, hydrogen
bonding forces and hydrophobic interactions, subsequently, and can penetrate into the cell interior [24,
25]. Those interaction forces prevent PS nanoparticles from eliminating by the liver and spleen timely,
and thus promote the PS circulation in the body. For instance, Wick et al. [26] conducted a placental
barrier permeability of 240 nm PS to placental barrier. Yang et al. [27] demonstrated the blood brain
barrier permeability of 20 nm PS by implanting microdialysis probes injected with �uorescent PS
nanoparticles into the cerebral cortex of rats. Generally, small-sized NPs have the potential to overcome
the tissue barrier function and, �nally, reach the organs of the body through blood transportation.

The toxicity of microplastic particle usually has a negative relationship with size [28, 29]. Brown et al. [28]
found that 64 nm PS resulted in a signi�cant increase of Ca2+ levels in monomac-6 cells compared to
larger PS (202 nm and 525 nm). Similarly, in A549 cell, 25 nm PS induced higher cytotoxicity than 70 nm
PS [30]. In recent years, researchers noted that the gastrointestinal tract is susceptible to MPs than other
organs [22, 31]. However, current studies mainly focus on the effects of MPs (>50 nm) on intestinal
epithelial cells [32, 33]. Therefore, it’s necessary to investigate the effect of smaller size (<50 nm) and
plain PS on intestinal cells.

In this study, 200 nm PS and 20 nm PS represent sub-micron plastics and nanoplastics, respectively. We
measured cytotoxicity, intracellular ROS level, cell membrane integrity, mitochondrial membrane potential
and DNA damage of Caco-2 cells after exposure to PS with 20 nm and 200 nm at various concentrations.
In addition, the fate of PS was also assessed after ingestion by the cells. Furthermore, the combined
toxicity of PS and MeHg on Caco-2 cells was assessed.

Materials And Methods
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Characterization

Two types of PS20 and PS200 were purchased from Huge Biotechnology (Shanghai, China). One was
green �uorescent PS (excitation/emission wavelengths: 470 nm/525 nm), which was used for the cell
uptake experiments. The second was virgin PS, which was used for cytotoxicity assays. The size and
zeta potential of virgin PS were measured by laser particle size analyzer (LS13320, Beckman). The
average hydrodynamic diameter and zeta potential of PS were measured with diluted deionized water
and culture medium at 25 ℃. Virgin and �uorescent PS morphology in water was measure by
transmission electron microscope (JEM-1400, Japan).

Cell culture

Human colon adenocarcinoma Caco-2 cells were obtained from Cell Bank of Chinese Academy of
Sciences (Shanghai, China), and grown in RPMI-1640 medium (Gibco, USA), which is supplemented with
10% fetal bovine serum (Vigonob, Uruguay) and 1% antibodies (100 U/mL penicillin/streptomycin)
(Gibico, USA). Cell cultureed under standard conditions (37 ℃ and 5% CO2). 

Cell viability

Viability of Caco-2 cells after 6 h of exposure to PS was measured using a cell counting kit-8 (Apexbio,
USA). Caco-2 cells were seeded at a density of 1´105 cells/well in 96-well plates. After PS exposure (20,
40, 60, 80 and 100 μg/mL), 10 μL of CCK-8 solution was added to each well of 96-well plate, following by
incubation for 1 h. Absorbance of the mixture was measured at 450 nm using a microplate reader. The
absorbance of the mixture at 600 nm was also measured to eliminate the PS light scattering. Cell viability
was calculated based on the relative absorbance compared with the control group.

Glutathione (GSH) analysis

Cellular glutathione content was evaluated according to the manufacturer's instructions (Elabscience,
Wuhan, China). Caco-2 cells were seeded at a density of 1´106 cells/well in 6-well plate and the cells
treated with PS20 and PS200. After 6 h, the cells were collected and subjected to lysis according to
instructions. The supernatant was collected after centrifugation (1000×g, 4℃) and stored at -80℃ for
further detection. The content of GSH was obtained by the calculation of total glutathione (T-GSH) and
oxidized glutathione content. The absorbance was detected at 412 nm with a microplate reader. 

Lactate dehydrogenase (LDH) analysis

Caco-2 cells were seeded at a density of 1´105 cells/well in 96-well plate. After 6 h of exposure to PS, LDH
assay was performed according to the manufacturer’s instructions (Beyotime, Shanghai, China). The
absorbance of the supernatant at 490 nm was measured for each experimental group using a microplate
reader. The LDH values were calculated by comparing the LDH activity of PS-treated cells with the
maximum LDH activity control obtained after the addition of lysis buffer. 
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Intracellular ROS analysis

Intracelluar ROS indcued by PS exposure in Caco-2 cells were measured using Reactive oxygen species
assay kit (Solarbio, Beijing, China). Hoechst 33342 (Beyotime, Shanghai) was used to normalize the
number of cells in each well. In brief, the Caco-2 cells were seeded at a density of 1´105 cells/well in 96-
well plate. After 6 h of exposure of PS, 10 μM DCFH-DA and 2.5 μg/mL Hoechst 33342 were added to
each well. After a 20-min incubation at 37 ℃ the cells were washed with PBS three times. A microplate
reader (Thermo arioskan Flash, USA) was applied to measure the �uorescence values of DCF and
Hoechst 33342. The excitation/emission wavelengths for DCF and Hoechst 33342 were 488/525 and
350/460 nm, respectively. The normalized DCF �uorescence values of the treated group were calculated
compared with control group. 

Intracellular quanti�cation of PS

Caco-2 cells were seeded at a density of 2´105 cells/well in 24-well plate and the cells treated with PS20
and PS200. After 6 h incubation with �uorescence PS, cells were washed with PBS thrice and lysed with
0.1 M NaOH solution. The lysed samples were transferred in black 96-well plate and readily detected by a
�uorescent microplate reader (excitation: 470 nm, emission: 525 nm). The amount of intracellular
�uorescent PS was calculated by substituting into the standard curve (Fig. S1).

Endocytosis of PS by Caco-2 cells

Caco-2 cells were seeded at a density of 1´106 cells/dish in laser confocal cell culture dish (NEST, China)
and cultured for 24 h. After 6 h of exposure to �orescent PS, cells were �xed with 4% paraformaldehyde
for 15 min and washed with 0.1% Triton X-100 (prepared by PBS, pH=7.4) thrice for Actin-red staining.
The Actin-red solution (diluted at 1:50 with PBS containing 1% BSA and 0.1% Triton x-100) was added to
the cells for 2 h at room temperature in the dark. Sequentially, cells were washed with PBS thrice, and
were incubated with antifade mounting medium containing DAPI (Beyotime, China). The cells were
observed by a laser confocal scanning electron microscope (FV3000, Olympus).

Lysosomal tracking of PS

Caco-2 cells were seeded at a density of 1´106 cells/dish in laser confocal cell culture dish and cultured
for 24 h. After exposure to �orescent PS for 6 h, Caco-2 cells were washed with PBS three times. The
LysoTracker-Red solution (50 nM) was added to the cells and incubated for 30 min. Finally, the cells were
wash thrice with PBS containing 0.1% Triton x-100 and observed by a laser confocal scanning electron
microscope (FV3000, Olympus).

Mitochondria tracking of PS

Caco-2 cells were seeded at a density of 1´106 cells/dish in laser confocal cell culture dish and cultured
for 24 h. After exposure to �orescent PS for 6 h, the cells were incubated with MitoTracker-Red (100 nM)
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for 30 min in the dark. The cells were wash thrice with PBS containing 0.1% Triton X-100 and observed by
a laser confocal scanning electron microscope (FV3000, Olympus).

TEM (Transmission Electron Microscope) analysis

Caco-2 cells were seeded at a density of 1´106 cells/well in 6-well plates and cultured for 24 h. After
exposure to PS for 6 h, cells were harvested by centrifugation at 1000 rpm for 5 min. Cells were �xed with
3% glutaraldehyde for 2 h at 4°C and rinsed three times with 0.1 M PBS (pH 7.0) for 15 min each. After
�xation with 1% osmium tetroxide for 1-2 h, the samples were rinsed three times with 0.1 M PBS (pH 7.0)
for 15 min each. Samples were dehydrated with different concentrations of ethanol solutions (including
�ve concentrations of 30%, 50%, 70%, 80%, 90% and 95%) for 15 min each, followed by treatment with
100% ethanol for 20 min. Samples were treated with pure acetone for 20 min, then with a mixture of
encapsulant and acetone, and �nally with pure encapsulant overnight. The permeation-treated samples
were embedded and heated at 70℃ overnight. The embedded samples were sectioned on a LEICA EM
UC7 ultrathin sectioning machine to obtain 70-90 nm sections. Sections were stained with uranyl acetate
and lead citrate for 5-10 min each, dried and observed under transmission electron microscopy (HITACHI
H-7650).

Mitochondrial membrane potential

The mitochondrial membrane potential of Caco-2 cells was measured using a mitochondrial membrane
potential assay kit with JC-1 (Solarbio, Beijing, China). Caco-2 cells were seeded at a density of 2´105

cells/well in laser 24-well plates and cultured for 24 h. After 6 h of exposure to PS, JC-1 solution (20
μg/mL) was added to cells for 20 min. The changes of mitochondrial membrane potential of caco-2 cells
were observed by a �uorescence microscope.

Comet assay

Caco-2 cells were seeded at a density of 1´106 cells/well in 6-well plates and cultured for 24 h. After 6 h of
exposure to PS, Caco-2 cells were washed twice with medium and digested with trypsin and resuspended
in PBS. Mixture of cell suspension (20 μL) of low melting agarose (0.8%, 80 μL) was added to a
microscope slide prepared with normal melting agarose (0.5%) layer and covered with a coverslip. After
solidi�cation, the coverslips were gently removed, and the slides were immersed in the lysis solution (2.5
M NaCl, 100 mM Na2EDTA, 10 mM Tris, 200 mM NaOH, 1% Triton X-100, 1% Sodium sarcosinate, pH
10.0) for 90 min at 4 ℃. The slides were washed three times with pre-cooled ultrapure water and then
placed on a horizontal electrophoresis device with alkaline electrophoresis buffer (AES: 200 mM NaOH,
1mM Na2EDTA, pH 13.0) for 30 min at 4 ℃. Electrophoresis was performed for 30 min 25 V, 30 min), and
then the slides were rinsed three times with PBS for 5 min. The slides were rinsed with gradients of 50%,
80%, 90% and 100% ethanol for 5 min and then placed in a drying oven for 1 h. Finally, the slides were
stained with DAPI (20 μg/mL) and examined under �uorescence microscope.

Apoptosis
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Cell apoptosis was detected by Annexin V-FITC/PI Apoptosis Detection Kit (Vazyme, Nanjing, China).
Caco-2 cells were seeded at a density of 1´106 cells/well in 6-well plates and cultured for 24 h. After 6 h of
exposure to PS, cells were collected with PBS and centrifuged for 5 min at 500×g. After aspirating the
supernatant, 500 μL of binding buffer was added to resuspend the cells. 5 μL of Annexin V-FITC and 5 μL
of PI were added to cells and mixed su�ciently. A �ow cytometry (Backman, USA) was used for
apoptosis assay. 

PS-MeHg-induced cell viability

Cell viability was detected by CCK-8 kit. Caco-2 cells were seeded at a density of 1´105 cells/well in 96-
well plates and cultured for 24 h. Methylmercury chloride (MeHgCl) was purchased from Shanghai
Aladdin Biochemical Technology Co. (Aladdin, Shanghai, China). The cells were treated with MeHg (0, 2,
4, 8, 16, 32 and 64 μM) for 6 h. CCK-8 solution (10 μL) was added to each well and incubated for 1 h. The
absorbance was measured at 450 nm by a microplate reader. Cell viability was calculated according to
absorbance compared with the control group.

To assess the combined toxicity of PS and MeHg on cell. Cell viability was detected by CCK-8 kit. Caco-2
cells were seeded at a density of 1´105 cells/well in 96-well plates and cultured for 24 h. PS20 (20 and 80
μg/mL) and PS200 (20 and 80 μg/mL) were mixed with MeHg (32 μM), respectively, and added to the
cells for 6 h incubation. 10 μL of CCK-8 solution was added to each well and incubated for 1 h.
Absorbance of the PS-MeHg was measure at 450 nm using a microplate reader. The absorbance of the
combination at 600 nm was also measured to eliminate the PS light scattering. Cell viability was
calculated based on the relative absorbance compared with the control group.

PS-MeHg-induced apoptosis

Cell apoptosis was detected by Annexin V-FITC/PI Apoptosis Detection Kit. Caco-2 cells were seeded at a
density of 1´106 cells/well in 6-well plates and cultured for 24 h. PS and MeHg were diluted with culture
medium. After 6 h of exposure to PS-MeHg, cells were collected with PBS and centrifuged for 5 min at
500 g. After aspirating the supernatant, 500 μL of binding buffer was added to resuspend the cells. 5 μL
of Annexin V-FITC and 5 μL of PI were added to cells and mixed su�ciently. A �ow cytometry was used
for apoptosis assay.

Statistical analysis

All data are means ± SEM. Comparisons between the experimental groups and control were performed by
oneway ANOVA analysis and least signi�cant difference (LSD) test. A difference was considered
signi�cant at p < 0.05. 

Availability of data and materials

All data generated or analysed during this study are included in this published article and its
supplementary information �les.
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Results
Characterization of PS

The particle size and zeta potential of PS were determined by dynamic light scattering and the results are
shown in Table 1. The average sizes of PS20 and PS200 were 29 and 212 nm, respectively. The hydrated
particle size of PS in the medium was larger than that in deionized water probably because the nutrients
in the medium could attach to their surface [35]. The TEM images clearly revealed that the virgin and
�uorescent PS with uniform shape and size (Fig. 1A-D). 

Table 1 The hydrodynamic size of PS.

MPs Medium Mean diameters [36] Zeta poential (mV)

PS20 H2O 29 ± 4 -35 ± 0

RPMI1640 34 ± 4 -33 ± 2

PS200 H2O 219 ± 6 -42 ± 1

RPMI1640 235 ± 3 -31 ± 2

Cell viability

The gastrointestinal tract is an important barrier that blocks MPs from entering human organs. However,
recent study showed that MPs can exist in human intestine and can be ingested by the digestive tract
[37]. In the present study, Caco-2 cells were employed as a cell model system because their structure and
function are similar to the differentiated intestinal epithelial cells. As shown in the Fig. 2A, the relative
viability of cells decreased signi�cantly as the concentration of PS20 reached to 80 μg/mL. There was no
signi�cant difference in cell viability in PS200 group (Fig. 2B). Therefore, the concentrations of PS used in
the further experiments were 20 and 80 μg/mL. PS200 has no cytotoxicity on Caco-2 cells, which was
consistent with the result of previous study [38]. Mrakovcic et al. [39] reported that 20 nm PS failed to
induce signi�cant cytotoxicity on THP-1 monocytes when the concentration was lower than 50 μg/mL,
while the cell viability decreased by 88% at 200 μg/mL.

GSH analysis

As shown in Fig. 2C, both PS20 and PS200 at concentrations of 20 and 80 μg/mL caused a signi�cant
decrease in the GSH levels. In all groups, PS20 at 80 μg/mL caused a signi�cantly higher reduction in
intracellular GSH content than other treatment groups. GSH has the ability to assist in the conversion of
peroxides to less toxic hydroxyl compounds, which can effectively prevent the accumulation of ROS [34].
The decrease of GSH in Caco-2 cells caused by the small size of PS may be one of the reasons for the
signi�cant increase of ROS content.

LDH analysis
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As depicted in Fig. 2D, compared to untreated cells, no signi�cant LDH leakage was observed in cells
treated with PS200. After exposure to 80 μg/mL of PS20, the content of LDH increased sharply,
suggesting that the integrity of the cell membrane was disrupted by PS20. In contrast to the results for
GSH, leakage of LDH indicates the integrity of the cell membrane as well as the degree of cellular
damage. The results for both GSH and LDH indicated that high concentrations of PS20 had the most
severe damage on Caco-2 cells.

Intracellular ROS analysis

The ROS production in Caco-2 cells was quanti�ed to determine the effect of PS treatment on oxidative
stress of cells. As shown in the Fig. 2E, PS200 at each concentration had no signi�cant effect on ROS
production, however the cellular ROS production was dramatically up-regulated by PS20 in a dose-
dependent maner. That is to say, PS20 induced more severe oxidative stress than PS200. There is still
much controversy regarding the effect of PS on ROS levels. A study showed carboxyl surface-modi�ed
and unmodi�ed PS can induce intracellular ROS [40]. However, Li et al. [41] demonstrated that carboxyl-
modi�ed polystyrene nanoparticles could effectively inhibit ferroptosis as a result of reduce cellular ROS
in RAW264.7 cells. There is still much controversy regarding the effect of PS-induced intracellular ROS
levels. To sum up, the results of intracellular ROS effects induced by same surface modi�ed PS is depend
on cell types, PS size, and concentration. 

Intracellular quanti�cation of PS

The entry of MPs into cells is one of the keys to cause cytotoxicity, and the size is an important property
that affects the entry of MPs into cells. The uptake ability of Caco-2 cells to two sizes of PS were
investigated in this research. Both 20 nm and 200 nm PS are in the ingestible size range of the cells [42].
Results showed that the uptake of PS of different sizes (20 nm and 200 nm) by Caco-2 cells was
signi�cantly different (Fig. 3). After 6h exposure, the uptake rates of 20 nm PS in Caco-2 cells at 20
μg/mL and 80 μg/mL were 63.4% and 96.3%, respectively. For 200 nm, the uptake rates at 20 μg/mL and
80 μg/mL were 22.5% and 20.1%, respectively. The results showed that Caco-2 cells were more e�cient in
uptake of PS20 than PS200. PS-NPs have been reported to enter in different cell types [43, 44]. Studies
have shown that factors affecting the internalization mechanism and uptake e�ciency of PS in vitro
include the cell type, the size of the PS, and the presence of serum in the culture medium [45]. Dos Santos
et al. [46] found that no inhibitor could completely inhibit the uptake of 40 nm and 400 nm PS by the
cells. Therefore, the reason for the difference in uptake e�ciency of PS20 and PS200 by Caco-2 cells in
this study deserves an in-depth study.

Endocytosis of PS by Caco-2 cells

To verify the mechanism by which PS20 and PS200 cause Caco-2 cytotoxicity, we �rst con�rmed the
presence of PS20 and PS200 in the cells by TEM analysis and immuno�uorescence experiments. As
shown in Fig. 4 and video data, �uorescent PS with different sizes were taken up by Caco-2 cells to
different degrees after 6 h. Consistent with the results of intracellular quanti�cation of PS, it can be
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observed that the amount of internalized PS20 was signi�cantly higher than that of PS200. When the red
�lter images were merged with green �lter images, the position of PS20 was apparent, which revealed
that PS20 could enter the cell but the majority were adjacent to cell cytoskeleton. The results of TEM (Fig.
5) assay also con�rmed that PS20 and PS200 entered Caco-2 cells and co-localized with mitochondria
and endoplasmic reticulum. It predicts that PS20 and PS200 have an effect on the function of organelles
such as mitochondria.

Lysosomal tracking of PS

The intracellular localization of PS in lysosomes was detected by organelle speci�c markers. As shown in
Fig. 6, according to merged images, PS20 is more likely to translocate to lysosomes compared to PS200.
He et al. [47] documented that endocytic nanoparticles can be transported via the early endosomal/late
endosomal/lysosomal pathway. Accumulation of nanoparticles in lysosomes can lead to lysosomal
swelling and release of histones into the cytosol, which can further cause to mitochondrial damage and
activation of apoptosis [48]. 

Mitochondrial tracking of PS

As shown in Fig. 7, yellow �uorescence in merge images was an indicator to mitochondrial internalized
PS. Due to the different uptake capacity of cells, a higher quantity of PS20 was observed in mitochondria.
In addition, we observed a small amount of co-localization of PS200 with mitochondria. Notably, the
entry of nanoparticles is harmful to the mitochondria and cause further cytotoxicity [49]. Unlike typical
vesicles, mitochondria plays an essential role in intracellular energy supply rather than intracellular
transport of macromolecules. He et al. [47] also found that nanopolymers can enter the mitochondria of
cells. This result may be related to the non-speci�c transport pathway of PS20 in cells, which may further
induce signi�cant cytotoxicity. Meanwhile, mitochondrial dysfunction is regarded as a main source of
ROS production by cells in various pathophysiological states, which may be one of the underlying
mechanisms that PS20 at 80 μg/mL induced a large amount of cellular ROS production.

Mitochondrial membrane potential

The decrease of mitochondrial membrane potential is considered to be a marker of early apoptosis [50,
51]. As shown in Fig. 8, the mitochondrial membrane potential of Caco-2 cells was decreased after PS
treatment. The �uorogram showed bright green �uorescence after 6 hours of PS20 stimulation of the
cells. As the concentration of PS20 increased, the mitochondrial membrane potential decreased to a
greater extent. The loss of mitochondrial membrane potential in Caco-2 cells induced by 20 nm PS was
signi�cantly greater than that induced by 200 nm. 

Comet assay

The comet assay is a validated method for measuring genetic toxicology [52]. As shown in Fig. 9, the
nucleus of the control group was intact. However, under treatment of PS, DNA would be damaged into
fragments and accumulated in the tail. The length and fragment content of the tail is proportionate to the
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degree of DNA damage. Su�ciently small PS can make a direct contact with the nuclear membrane,
which can damage DNA and disturb DNA replication [53]. Moreover, indirectly, DNA damage caused by
the large amount of cytoplasmic ROS generated by PS through oxidative stress [54].

Apoptosis

Apoptosis was detected using Annexin V-FITV and PI staining, and the results are shown in Fig. 10 and
Fig. S2. The results showed that both PS20 at 20 and 80 μg/mL and PS200 in the high concentration
group induced apoptosis in Caco-2 cells. At the same concentration, PS20 induced more severe apoptosis
in Caco-2 cells than PS200. The late apoptosis rate induced by PS20 at a concentration of 80 μg/mL was
signi�cantly higher than that of the low concentration treatment group. To date, most studies have shown
that microplastics cause apoptosis in a size- and concentration-dependent manner [32, 55]. However,
these studies have focused on large-size or surface-modi�ed microplastics.

PS-MeHg-induced cell viability

As shown in the Fig. 11A, MeHg showed signi�cant cytotoxicity on Caco-2 cells when the concentrations
were higher than 32 μg/mL. In further experiments, 32 μg/mL of MeHg was mixed with PS to study the
combined toxicity. As depicted in Fig. 10B, PS exerted different effects on the cytotoxicity of MeHg.
Brie�y, PS20 was incapable of changing the cell viability treated by MeHg. Nevertheless, the adding of
PS200 (80 μg/mL) could aggravate the toxicity of MeHg on cells. 

PS-MeHg-induced apoptosis

As shown in Fig. 12, PS-MeHg-induced apoptosis was detected by �ow cytometry. The apoptosis rate of
Caco-2 cells in the presence of MeHg only was 4.02%. Compared to the results of PS-induced apoptosis
(Fig. 10 and Fig. S3), the mixture of both sizes of PS with Mehg had a capability to accelerate cell
apoptosis. Furthermore, several studies have shown the synergistic toxic effects of MPs and heavy metal
[56, 57]. In fact, MPs can act as carriers of heavy metals [58]. Therefore, in this study, the synergistic
effect of PS and MeHg may be due to the adsorbance of MeHg to PS and the internalization of PS by
cells.

Discussion
The continued use of plastic products will certainly lead to a large accumulation of microplastics in the
environment, which is harmful to human health. Previous studies have shown that different types and
sizes of PS particles can cause oxidative stress and apoptosis in vitro and in vivo. However, there are few
reports on the principles of cell damage caused by PS of such a small size as 20 nm.

In our study, the green �uorescence distribution indicates the entry of PS into Caco-2 cells (Fig. 4,
Additional �le 2–10). Previously, it was shown that nanoparticles are able to enter cells through
phagocytosis, macropinocytosis, as well as clathrin- and caveolae-mediated endocytosis [46, 59]. The red
�uorescence representing lysosomes (Fig. 6) and mitochondria (Fig. 7) overlaps with the green
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�uorescence of PS, indicating that PS enters the cell and acts further on the organelles. wang et al. [60]
showed that amine-modi�ed nano-PS damaged lysosomes during longer incubation times, eventually
leading to mitochondrial damage and subsequent activation of apoptosis. After 20 nm PS treatment,
Caco-2 cells were in a state of stress and produced an excess of ROS. ROS are capable of oxidizing
antioxidant biomolecules, including GSH, so excessive production of ROS is harmful to cells, as
evidenced by our experimental results (Fig. 2C, E). The PS-treated cell groups all showed a de�cit in
mitochondrial membrane potential, which was particularly pronounced in the small size PS group. After
cells are stimulated by external stress, the elevation of ROS is accompanied by the generation of pro-
apoptotic factors such as the decrease of mitochondrial membrane potential, the opening of
mitochondrial membrane permeability transition pore, and the release of cytochrome C, making
mitochondria the main executor of apoptotic signals [61, 62]. There is still controversy about the cytotoxic
effects of microplastics on heavy metals induced by heavy metals. A part of the voice believes that the
presence of microplastics can enhance the toxicity of heavy metals in the environment to the organism
[63]. One part of the study showed that the presence of microplastics enhances the toxicity of heavy
metals in the environment to the organism. Smaller sized microplastics have a larger speci�c surface
area and can not only interact more with cellular components, but can also adsorb more heavy metals
into the cells and thus increase toxicity [64]. The results of another part of the researchers indicate that
microplastics can reduce the toxicity of heavy metals [65]. There is an antagonistic effect of
microplastics on the cytotoxicity caused by heavy metals due to the adsorption mechanism of heavy
metals and the uptake mechanism by cells [66]. In the present study, 20 nm and 200 nm PS had a
synergistic effect on the cytotoxicity of MeHg (Fig. 11, 12). In addition, the binding mechanism of PS and
MeHg and the PS-MeHg toxicity mechanism need to be studied in depth.

Conclusions
PS20 induced cytotoxicity in a concentration-dependent manner which was determined by cell viability,
intracellular ROS levels, and cell membrane integrity. GSH levels indicated that PS200 induced low
cellular toxicity. Although Caco-2 cells were able to uptake PS20 and PS200, the quantities of PS20 were
higher than PS200 and they aggregated in lysosomes. In addition, because PS20 and PS200 was co-
localized with mitochondria, PS20 and PS200 caused depolarization of the mitochondrial membrane
potential in Caco-2 cells. Furthermore, PS20 induced more severe apoptosis than PS200. Finally, PS had a
synergistic effect in the cytotoxicity of MeHg. Overall, nano-PS induced a stronger effect of decreased
viability, mitochondrial damage, apoptosis and synergistic effect with MeHg toxicity in Caco-2 cells than
submicron PS. These data are useful for risk assessment of MPs.
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Figure 1

Characterization of PS microplastics. (A) TEM image of PS20; (B) TEM image of PS200; (C) TEM image
of �uorescent PS20; (D) TEM image of �uorescent PS200.
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Figure 2

Cytotoxicity induced by PS20 and PS200. (A) and (B) Cell viability after 6 h exposure to PS20 and PS200,
respectively. (C) GSH after 6h exposure to PS20 and PS200. (D) and (E) The relative LDH release values
and ROS levels induced by PS20 and PS200, respectively. (*p < 0.05, **p < 0.01)
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Figure 3

Uptake of PS in Caco-2 cells for 6 h.
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Figure 4

Confocal laser scanning images of Caco-2 cells incubated with green �uorescent PS for 6 hours. Actin
was stained with Actin-Red (red). Cell nuclei were stained with DAPI (blue).
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Figure 5

TEM analysis of endocytosis of PS by Caco-2 cells. (A) and (B) The endocytosis of PS20 by Caco-2 cells.
(C) and (D) The endocytosis of PS200 by Caco-2 cells.
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Figure 6

Confocal laser scanning microscope images of Caco-2 cells incubated for 6 h with green �uorescent PS.
Lysosomes were stained with LysoTracker Red (red). Cell nuclei were stained with DAPI (blue).
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Figure 7

Confocal laser scanning microscope images of Caco-2 cells incubated for 6 h with green �uorescent PS.
Mitochondria were stained with MitoTracker Red (red). Cell nuclei were stained with DAPI (blue).
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Figure 8

Effect of PS on the mitochondrial membrane potential of Caco-2 cells (20´). Red to green �uorescence
shift indicates a decrease in mitochondrial membrane potential.

Figure 9

PS-induced DNA damage in Caco-2 cells. (A) Control group (40´). (B) 20 μg/mL of PS20 (40´). (C) 80
μg/mL of PS20 (40´). (D) 20 μg/mL of PS200 (40´). (E) 80 μg/mL of PS200 (40´).
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Figure 10

Effect of PS on apoptosis of Caco-2 cells. (A) Control group. (B) 20 μg/mL of PS20. (C) 80 μg/mL of
PS20. (D) 20 μg/mL of PS200. (E) 80 μg/mL of PS200.
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Figure 11

Effect of MeHg and PS-MeHg on the viability of Caco-2 cells. The decreasing effect of different
concentrations of (A) MeHg and (B) PS-MeHg on cell viability. (*p < 0.05, **p < 0.01)
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Figure 12

Effect of PS+MeHg on apoptosis of Caco-2 cells. (A) Control group. (B) 32 μM of MeHg. (C) 20 μg/mL of
PS200-MeHg. (D) 80 μg/mL of PS20-MeHg. (E) 20 μg/mL of PS200-MeHg. (F) 80 μg/mL of PS200-
MeHg.
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