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A B S T R A C T

We employed nematode Caenorhabditis elegans to determine the combinational effect between nanopolystyrene
at predicted environmental concentration and microcystin-LR (MC-LR). Prolonged exposure to nanopolystyrene
(1 μg/L) increased MC-LR (0.1 μg/L) toxicity in reducing brood size and locomotion behavior and in inducing
oxidative stress. Moreover, the adsorption of MC-LR by nanopolystyrene particles played an important role in
inducing the enhancement in MC-LR toxicity by nanopolystyrene particles. Additionally, only exposure to re-
suspension of nanopolystyrene (1 μg/L) caused the increased intestinal permeability in MC-LR (0.1 μg/L) ex-
posed nematodes. Our data indicates the potential of nanopolystyrene at predicted environmental concentration
in enhancing MC-LR toxicity on environmental organisms.

1. Introduction

Microplastics are normally considered as solid polymers with sizes
≤5mm (Horton et al., 2017; Wright and Kelly, 2017). Their toxicity on
environmental organisms, especially on marine organisms, has at-
tracted great attention (Cole et al., 2011; Lee et al., 2013; Browne et al.,
2013; Sussarellu et al., 2016; Hu et al., 2016). Microplastics are po-
tentially further degraded into nanoplastics in the environment
(Mattsson et al., 2015). It has been shown that exposure to nanoplastics
may cause toxicity on different environmental organisms, such as oyster
(Della Torre et al., 2014; Besseling et al., 2014; Cole and Galloway,
2015; Booth et al., 2016; Ma et al., 2016; Greven et al., 2016; Manfra
et al., 2017). Predicted environmental concentrations of nanoplastics
are ≤1 μg/L (Lenz et al., 2016).

Caenorhabditis elegans has typical properties of a model animal, and
abundant in soil environment (Brenner, 1974). Additionally, it is sen-
sitive to toxicants, which makes it suitable to answer in vivo tox-
icological mechanisms (Leung et al., 2008; Helmcke et al., 2009;
Svendsen et al., 2010; McElwee et al., 2013; Du et al., 2015; Wang,
2018; Zhao et al., 2019). Besides lethality, some useful sublethal end-
points, including oxidative stress, locomotion behavior, and reproduc-
tion, have been raised to assess toxicity of various toxicants (Roh et al.,

2009; Xiao et al., 2018a). Recently, it has been further employed for
toxicological study of microplastics, including the nanoplastics (Zhao
et al., 2017; Lei et al., 2018; Dong et al., 2018; Qu et al., 2018, 2019;
Hanna et al., 2018). It was reported that prolonged exposure (from L1-
larvae to adult day-1) to nanopolystyrene (≥10 μg/L) caused toxicity
on nematodes, such as decrease in locomotion behavior and induction
of reactive oxygen species (ROS) (Zhao et al., 2017).

Microcystin-LR (MC-LR) is a widespread cyanobacterial toxins in
many eutrophic lakes (Hitzfeld et al., 2000). The concentrations of MCs
in some marine environment were reported in the range 0.1–20 μg/L
(Yang et al., 2006; Xu et al., 2008; Ye et al., 2009). In nematodes, ex-
posure of L1-larvae to MC-LR (≥0.1 μg/L) decreased locomotion be-
havior (Ju et al., 2013). Nevertheless, the combinational effect between
nanoplastics at predicted environmental concentrations and MC-LR on
organisms is still unclear. We here aimed to employ C. elegans to de-
termine possible combinational effect between nanopolystyrene parti-
cles at predicted environmental concentrations and MC-LR. The un-
derlying cellular mechanism for this combinational effect was also
discussed.
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2. Materials and methods

2.1. Nanopolystyrene characterizations

Nanopolystyrene (Janus New-Materials Co., Nanjing, China) size
was 101.6 ± 3.7 based on analysis of Nano Zetasizer. The transmission
electron microscopy (TEM) analysis further confirmed this (Fig. S1).
Zeta potential of nanopolystyrene was −9.698 ± 0.966mV (Zhao
et al., 2017). Before the use, the working solution of nanopolystyrene
particles was soninated (40 kHz, 100W, 30min). Nanopolystyrene so-
lutions were stable for at least one week in K medium or in MC-LR
solution (0.1 μg/L) based on the TEM assay and the zeta potential
analysis. No noticeable nanopolystyrene aggregation was observed.
MC-LR was from Alexis Biochemicals Corporation, Switzerland. Raman
spectroscopy and Fourier transform infrared spectroscopy (FTIR)
spectrum of used nanopolystyrene particles were described in our
previous report (Qu et al., 2019).

2.2. Animal maintenance

Nematodes were normally maintained (Brenner, 1974). Gravid
hermaphrodite nematodes were lysed using bleaching solution (2%
HOCl and 0.45M NaOH) to collect the eggs. The age synchronous L1-
larvae population was prepared from the collected eggs.

2.3. Exposure and assessment endpoints

Animals were exposed from L1-larvae to adult day-1 at 20 °C in li-
quid solutions with the food (E. coli OP50 (~4×106 colony-forming
units (CFUs)) addition. During exposure, the animals were transferred
daily into new exposure solutions with the addition of new OP50.
Predicted environmental concentrations of nanopolystyrene particles
were selected as 0.1 and 1 μg/L (Lenz et al., 2016; Shao et al., 2019).
The working concentrations of MC-LR were selected as 0.1, 1, and
10 μg/L as described previously (Yang et al., 2006; Xu et al., 2008; Ye
et al., 2009). We employed three endpoints to determine the possible
combinational effects between nanopolystyrene particles at predicted
environmental concentrations and MC-LR on nematodes.

Two locomotion behavior endpoints were used to assess function of
motor neurons (Xiao et al., 2018a). A change in bending direction at
mid body is defined as a head thrash. A change in posterior pharynx
bulb direction (y axis) is defined as a body bend, assuming that animals
is moving along x axis. For each treatment, fifty animals were ex-
amined.

To analyze brood size, offspring number at all stages beyond egg
was counted (Zhao et al., 2016). For each treatment, twenty animals
were examined.

To examine intestinal ROS production, the animals were labeled
with 5′,6′-chloromethyl-2′,7′-dichlorodihydro-fluorescein diacetate
(CM-H2DCFDA, 1 μM) for 3 h in darkness (Ding et al., 2018). Excitation
wavelength (488 nm) and emission filter (510 nm) were examined
under a laser scanning confocal microscope. Semi-quantification of in-
testinal ROS signals was examined in comparison to autofluorescence.
For each treatment, fifty animals were examined.

2.4. Quantitative real-time polymerase chain reaction (qRT-PCR)

After total RNA isolation and cDNA synthesis, qRT-PCR reactions
were run in 10 μL volumes using Evagreen in an ABI 7500 real-time
PCR system. Reactions were performed on samples in triplicate.
Relative quantification for examined genes was determined in com-
parison to reference tba-1 gene. Primer information was provided
(Table S1).

2.5. Intestinal permeability

The animals were stained with erioglaucine disodium, a blue dye,
(5.0% wt/vol in water, 3 h) (Xiao et al., 2018b). After the staining, the
distribution pattern of blue dye signals in body cavity, intestinal cells
and intestinal lumen were analyzed. For each treatment, thirty animals
were examined.

2.6. Analysis of adsorption of MC-LR by nanopolystyrene particles

Nanopolystyrene (1 μg/L) were co-cultured for a time course (0, 1,
3, 5, 7, 9, or 12 day) in MC-LR solution (0.1 μg/L) at constant tem-
perature shaking bed (25 °C, 250 rpm). After the incubation, the mix-
ture was progressed by centrifuge (12,000 rpm, 10 min) to obtain the
leachate. MC-LR in the leachate was detected using system of ultra-
performance liquid chromatography coupled with tandem mass spec-
trometer (UPLC-MS/MS, triple TOF 5600+, AB Sciex, Redwood, CA,
USA). MC-LR in the leachate was separated using UPLC system with
Acquity UPLC BEH C18 column. The temperature of column oven was
40 °C. Injection volume was 20 mL. The flow rate was 0.2 mL/min.
Mass spectrometry was operated in multiple-reaction monitoring
(MRM) mode with positive mode and electrospray ionization.

2.7. Statistical analysis

SPSS 12.0 software was used for statistical analysis. Analysis of
variance (ANOVA) was used to analyze differences between the groups,
and especially, two-way ANOVA was used to analyze combinational
effects of nanopolystyrene particles and MC-LR. Probability levels of
0.05 and 0.01 were considered to be significant.

3. Results

3.1. Combinational effects between nanopolystyrene particles and MC-LR
on brood size and locomotion behavior

MC-LR (0.1–10 μg/L) reduced brood size and decreased locomotion
behavior (Fig. 1 and S2A-S2B). However, nanopolystyrene (0.1 or 1 μg/
L) could not alter brood size and locomotion behavior (Fig. 1).

Nanopolystyrene (0.1 μg/L) did not obviously affect MC-LR (0.1 μg/
L) toxicity in reducing brood size and in inhibiting locomotion behavior
(Fig. 1). Nanopolystyrene (0.1 μg/L) also did not obviously influence
MC-LR (1 or 10 μg/L) toxicity in reducing brood size and in inhibiting
locomotion behavior (data not shown). Different from these, nanopo-
lystyrene (1 μg/L) significantly increased MC-LR (0.1, 1, or 10 μg/L)
toxicity in reducing brood size and in inhibiting locomotion behavior
(Fig. 1 and S2A-S2B).

3.2. Combinational effects between nanopolystyrene particles and MC-LR
on induction of oxidative stress

Since activation of oxidative stress is usually considered as a crucial
contributor to toxicity induction from toxicants in nematodes (Leung
et al., 2008; Wang, 2018), the combinational effects between nanopo-
lystyrene at predicted environmental concentrations and MC-LR on
induction of oxidative stress was further examined. MC-LR (0.1–10 μg/
L) led to a significant intestinal ROS production (Figs. 2A and S2C);
however, exposure to nanopolystyrene (0.1 or 1 μg/L) alone did not
cause a significant intestinal ROS production (Fig. 2A).

Nanopolystyrene particles (0.1 μg/L) could not affect MC-LR
(0.1 μg/L) toxicity in inducing intestinal ROS production (Fig. 2A).
Nanopolystyrene particles (0.1 μg/L) also did not influence MC-LR (1 or
10 μg/L) toxicity in inducing intestinal ROS production (data nor
shown. However, nanopolystyrene (1 μg/L) increased the induction of
intestinal ROS production in MC-LR (0.1, 1, or 10 μg/L) exposed ne-
matodes (Figs. 2A and S2C).
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3.3. Effect of combinational exposure to nanopolystyrene and MC-LR on
molecular basis of oxidative stress

ISP-1, CLK-1, MEV-1, and GAS-1, electron transport chain or mi-
tochondrial complex components, are required for oxidative stress
control (Ishii et al., 1998; Kayser et al., 2001; Hekimi and Guarente,
2003). Meanwhile, catalases (CTL-1-3) and superoxide dismutases
(SOD-1-5) provide antioxidation defense system for nematodes against
oxidative stress (Hunter et al., 1997; Yanase et al., 2002, 2009; Wu
et al., 2017; Wang, 2019a). Among them, MC-LR (0.1 μg/L) increased

sod-3, sod-4, clk-1, isp-1, and ctl-1 expressions; however, nanopolys-
tyrene (1 μg/L) could not affect expressions of all the examined genes
(Fig. 2B).

Nanopolystyrene (1 μg/L) further significantly enhanced the in-
crease in sod-3, sod-4, clk-1, isp-1, and ctl-1 expressions in MC-LR
(0.1 μg/L) exposed nematodes (Fig. 2B). Moreover, nanopolystyrene
(1 μg/L) even resulted in significant increase in sod-2 and ctl-3 expres-
sions in MC-LR (0.1 μg/L) exposed nematodes (Fig. 2B).

Fig. 1. Combinational effects between MC-LR and nanopolystyrene particles on locomotion behavior (A) and brood size (B) in nematodes. Prolonged exposure was
performed from L1-larvae to adult day-1. “+“, addition; “-”, without addition. Control, without MC-LR and nanopolystyrene particle exposure. Bars represent
means ± SD. **P < 0.01 vs control (if not specially indicated); NS, no significant difference.
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Fig. 2. Combinational effects between nanopolystyrene particles and MC-LR in inducing intestinal ROS production in nematodes. (A) Combinational effects between
nanopolystyrene particles and MC-LR in inducing intestinal ROS production. “+“, addition; “-”, without addition. (B) Combinational effects between nanopolys-
tyrene particles and MC-LR genes required for the control of oxidative stress. Semi-quantification of intestinal ROS signals was examined in comparison to auto-
fluorescence. Prolonged exposure was performed from L1-larvae to adult day-1. Control, without MC-LR and nanopolystyrene particle exposure. Bars represent
means ± SD. **P < 0.01 vs control (if not specially indicated); NS, no significant difference.
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3.4. Adsorption of MC-LR by nanopolystyrene particles

Using the system of UPLC-MS/MS, adsorption curve of MC-LR by
nanopolystyrene (1 μg/L) indicated that an obvious MC-LR adsorption
by nanopolystyrene s (1 μg/L) could be detected after 1-day (Fig. 3A).
After 5-day, this adsorption of MC-LR by nanopolystyrene (1 μg/L)
reached the maximum (Fig. 3A). This observation indicated the po-
tential adsorption of MC-LR.by nanopolystyrene particles.

3.5. Contributions of supernatant and particulate resuspension to toxicity in
nematodes exposed to nanopolystyrene and MC-LR simultaneously

To determining the contributions of supernatant and particulate
resuspension to toxicity in nematodes exposed to nanopolystyrene and
MC-LR simultaneously, we isolated liquid phase and solid phase from a
mixture solution of MC-LR (0.1 μg/L) and nanopolystyrene (1 μg/L,

after preparation for 3-day) by centrifugation at 10000g for 10-min.
After the centrifugation, liquid phase would exist in the supernatant,
and the particulate pellet was re-suspended with equal volume of K
medium to obtain the solution for solid phase. Solid phase from mixture
solution of nanopolystyrene and MC-LR caused severe toxicity in re-
ducing brood size and in inhibiting locomotion behavior (Fig. 3B-C). In
contrast, exposure to the liquid phase from mixture solution of nano-
polystyrene and MC-LR could only moderately but significantly result
in the toxicity in reducing brood size and in inhibiting locomotion be-
havior (Fig. 3B-C). Meanwhile, exposure to the solid phase from mix-
ture solution of nanopolystyrene particles and MC-LR resulted in the
severe intestinal ROS production (Fig. 3D). In contrast, liquid phase
from mixture solution of nanopolystyrene and MC-LR could only cause
a moderate but significant intestinal ROS production (Fig. 3D).

Fig. 3. Contributions of supernatant and particulate resuspension to toxicity in nematodes exposed to both nanopolystyrene particles and MC-LR. (A) Analysis of
adsorption of MC-LR by nanopolystyrene particles. (B) Contributions of supernatant and particulate resuspension to toxicity in reducing brood size in nematodes
exposed to both nanopolystyrene particles and MC-LR. “+“, addition; “-”, without addition. Exposure concentration of nanopolystyrene particles was 1 μg/L, and
exposure concentration of MC-LR was 0.1 μg/L. Prolonged exposure was performed from L1-larvae to adult day-1. Control, without MC-LR and nanopolystyrene
particle exposure. Bars represent means ± SD. **P < 0.01 vs control. (C) Contributions of supernatant and particulate resuspension to toxicity in decreasing
locomotion behavior in nematodes exposed to both nanopolystyrene particles and MC-LR. “+“, addition; “-”, without addition. Exposure concentration of nano-
polystyrene particles was 1 μg/L, and exposure concentration of MC-LR was 0.1 μg/L. Prolonged exposure was performed from L1-larvae to adult day-1. Control,
without MC-LR and nanopolystyrene particle exposure. Bars represent means ± SD. **P < 0.01 vs control. (D) Contributions of supernatant and particulate
resuspension to toxicity in inducing intestinal ROS production in nematodes exposed to both nanopolystyrene particles and MC-LR. “+“, addition; “-”, without
addition. Exposure concentration of nanopolystyrene particles was 1 μg/L, and exposure concentration of MC-LR was 0.1 μg/L. Prolonged exposure was performed
from L1-larvae to adult day-1. Control, without MC-LR and nanopolystyrene particle exposure. Bars represent means ± SD. **P < 0.01 vs control.
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3.6. Contribution of supernatant and particulate resuspension to the
enhancement in intestinal permeability in nematodes exposed to
nanopolystyrene and MC-LR simultaneously

Increase in intestinal permeability is one of the cellular contributors
to toxicity of toxicants in nematodes (Wang, 2019b). Nanopolystyrene
(1 μg/L) or MC-LR (0.1 μg/L) alone could not alter intestinal perme-
ability, and blue dye was mainly detected in intestinal lumen in na-
nopolystyrene (1 μg/L) or MC-LR (0.1 μg/L) exposed nematodes
(Fig. 4A). However, combinational exposure to nanopolystyrene (1 μg/
L) and MC-LR (0.1 μg/L) caused the severe enhancement in intestinal
permeability, and the blue dye could be translocated and accumulated
into intestinal cells and even body cavity through intestinal barrier in
nematodes exposed to both nanopolystyrene (1 μg/L) and MC-LR
(0.1 μg/L) (Fig. 4A).

Moreover, exposure to the solid phase from mixture solution of

nanopolystyrene (1 μg/L) did not obviously affect intestinal perme-
ability (Fig. 4A). Different from this, combinational exposure to solid
phase from mixture solution of nanopolystyrene (1 μg/L) and MC-LR
(0.1 μg/L) noticeably induced the enhancement in intestinal perme-
ability, and the signals of blue dye could be detected in both intestinal
cells and body cavity (Fig. 4A).

3.7. Contribution of nanopolystyrene particles to alteration in molecular
basis for function of intestinal barrier

In nematodes, some important proteins, such as ACS-22, PKC-3,
ERM-1, and HMP-2, provide the important molecular basis for the in-
testinal barrier against environmental toxicants (Zhi et al., 2016; Ren
et al., 2018). Nanopolystyrene (1 μg/L), MC-LR (0.1 μg/L), or suspen-
sion of nanopolystyrene (1 μg/L) alone did not alter the expressions of
acs-22, pkc-3, erm-1, and hmp-2 (Fig. 4B). Combinational exposure to

Fig. 4. Contributions of supernatant and particulate resuspension to toxicity in enhancing intestinal permeability in nematodes exposed to both nanopolystyrene
particles and MC-LR. (A) Resuspension of nanopolystyrene particulate contributed to toxicity in enhancing intestinal permeability in nematodes exposed to both
nanopolystyrene particles and MC-LR. Arrowheads indicate the body cavity. The intestinal lumen (*) and the intestinal cells (**) were indicated with asterisks. (B)
Contributions of resuspension of nanopolystyrene particulate to expressional alterations of genes required for function of intestinal barrier. Semi-quantification of
intestinal ROS signals was examined in comparison to autofluorescence. Prolonged exposure was performed from L1-larvae to adult day-1. Control, without MC-LR
and nanopolystyrene particle exposure. Bars represent means ± SD. **P < 0.01 vs control.
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nanopolystyrene s (1 μg/L) and MC-LR (0.1 μg/L), as well as combina-
tional exposure to suspension of nanopolystyrene (1 μg/L) and MC-LR
(0.1 μg/L), also could not alter erm-1 expression (Fig. 4B). Different
from these, a combinational exposure to nanopolystyrene (1 μg/L) and
MC-LR (0.1 μg/L) significantly decreased acs-22, pkc-3, and hmp-2 ex-
pressions (Fig. 4B). Similarly, combinational exposure to suspension of
nanopolystyrene (1 μg/L) and MC-LR (0.1 μg/L) significantly decreased
acs-22, pkc-3, and hmp-2 expressions (Fig. 4B).

4. Discussion

So far, the toxicity of nanoplastics at predicted environmental
concentrations on organisms and the underlying mechanisms are still
largely unclear. Our previous study has indicated that, after prolonged
exposure, nanopolystyrene (≤1 μg/L) could not result in toxicity in
nematodes (Zhao et al., 2017). We here observed that prolonged ex-
posure to nanopolystyrene (1 μg/L) enhanced the MC-LR (0.1 μg/L)
toxicity (Fig. 1). We used sensitive endpoints (brood size and locomo-
tion behavior) to examine the combinational effects between nanopo-
lystyrene and MC-LR in nematodes (Zhao et al., 2013; Wang, 2018).
These data suggest that, after prolong exposure, nanopolystyrene at
predicted environmental concentration (1 μg/L) may potentially
strengthen MC-LR toxicity on environmental organisms. That is, al-
though nanopolystyrene (1 μg/L) alone would not cause toxicity, a sy-
nergistic effect between nanopolystyrene (1 μg/L) and MC-LR
(0.1–10 μg/L) on nematode fitness can be formed. That is, nanopolys-
tyrene at certain predicted environmental concentration may poten-
tially strengthen MC-LR toxicity on organisms in the environment.

Oxidative stress is a crucial cellular basis for the toxicity induction
of environmental toxicants in nematodes (Leung et al., 2008; Wang,
2018). The underlying cellular mechanisms for the observed combi-
national effects between nanopolystyrene at predicted environmental
concentration (1 μg/L) and MC-LR may be due to the more severe in-
testinal ROS production in nematodes exposed to both nanopolystyrene
and MC-LR compared with MC-LR exposure alone (Fig. 2A). For this
formation of more severe intestinal ROS production, the underlying
molecular mechanism was further raised. Compared to the expressions
in MC-LR (0.1 μg/L) exposed nematodes, combinational exposure to
nanopolystyrene (1 μg/L) enhanced isp-1, clk-1, sod-4, sod-3, and ctl-1
expressions (Fig. 2B). More importantly, combinational exposure to
nanopolystyrene (1 μg/L) and MC-LR (0.1 μg/L) could even induce in-
crease in sod-2 and ctl-3 expressions, which could not be detected in
MC-LR (0.1 μg/L) exposed nematodes (Fig. 2B). isp-1 encodes a
“Rieske” iron–sulfur protein subunits of complex III of the mitochon-
drial respiratory chain, and clk-1 encodes a ubiquinone (UQ) (coenzyme
Q) biosynthesis protein COQ7 (Hekimi and Guarente, 2003). SOD-2,
SOD-4, CTL-1, and CTL-3 organize an antioxidation defense system
against the oxidative stress (Hunter et al., 1997; Wang, 2019a).
Therefore, nanopolystyrene (1 μg/L) exposure can alter molecular basis
for oxidative stress in MC-LR (0.1 μg/L) exposed nematodes. The ex-
pressions of ISP-1, CLK-1, SOD-2, SOD-4, CTL-1, and CTL-3 can help us
predict the synergistic effect between nanopolystyrene (1 μg/L) and
MC-LR (0.1 μg/L) on nematode fitness.

In this study, it was further observed that the adsorption of MC-LR
by nanopolystyrene may further act as an important contributor to the
observed enhancement of MC-LR (0.1 μg/L) toxicity by nanopolys-
tyrene (1 μg/L). In the mixture solution containing nanopolystyrene
(1 μg/L) and MC-LR (0.1 μg/L), particulate resuspension exposure in-
duced a similar toxicity on nematodes to that from the mixture solution
(Fig. 3B–D). In contrast, the supernatant of mixture solution containing
nanopolystyrene (1 μg/L) and MC-LR (0.1 μg/L) only induced a mod-
erate toxicity on nematodes (Fig. 3B–D). These findings suggest that
nanopolystyrene particles appeared to adsorb MC-LR (as in the super-
natant vs resuspension tests). More importantly, the adsorption of MC-
LR by nanopolystyrene (1 μg/L) was confirmed using system of UPLC-
MS/MS (Fig. 3A). These observations imply the necessity for the

management of harmful algal blooms in lakes and reservoirs and the
removal of MCs from drinking source water. Some reports have also
suggested the sorption of other toxicants, such as polycyclic aromatic
hydrocarbons, to nanopolystyrene (Liu et al., 2016). Meanwhile, the
adsorption of MC-LR by certain nanomaterials, such as graphene oxide,
has also been reported (Pavagadhi et al., 2013). These findings further
support our observation.

Enhancement in intestinal permeability is another important cel-
lular contributor to toxicity induction of toxicants in nematodes (Ren
et al., 2018; Wang, 2019a, 2019b). In this study, we further observed
that combinational exposure to nanopolystyrene (1 μg/L) and MC-LR
(0.1 μg/L) induced damage on the function of intestinal barrier
(Fig. 4A). More importantly, combinational exposure to resuspension of
nanopolystyrene (1 μg/L) and MC-LR (0.1 μg/L) caused a similar en-
hancement in intestinal permeability in nematodes (Fig. 4A). Moreover,
combinational exposure to suspension of nanopolystyrene (1 μg/L) and
MC-LR (0.1 μg/L) caused dysregulation of some important genes re-
quired for intestinal barrier function (Fig. 4B). The enhanced intestinal
permeability is an important cellular basis for the formation of severe
toxicity in nematodes exposed to both resuspension of nanopolystyrene
(1 μg/L) and MC-LR (0.1 μg/L). Additionally, enhanced intestinal per-
meability in nematodes exposed to both nanopolystyrene (1 μg/L) and
MC-LR (0.1 μg/L) also implies that at least the nanopolystyrene may
need more time to be excreted out of the body, and more nanopolys-
tyrene and MC-LR may be translocated into targeted organs.

5. Conclusions

Our results suggest that prolonged exposure to nanopolystyrene
(1 μg/L) strengthened the MC-LR (0.1 μg/L) toxicity on nematodes.
Induction of intestinal ROS production and enhancement in intestinal
permeability acted as cellular contributors to the observed combina-
tional effect between nanopolystyrene and MC-LR. Moreover, adsorp-
tion of MC-LR by nanopolystyrene may provide another important basis
for the observed enhancement of MC-LR toxicity by nanopolystyrene.
Our data implies the potential enhancement of MC-LR toxicity by na-
nopolystyrene at predicted environmental concentration in the en-
vironment.
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