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Nanoplastics (NPs) spread widely with water and air current, and they can accumulate in aquatic organisms,
even penetrating bioﬁlms, which may cause persistent toxicity and potential hazards. This current study aimed
to reveal the toxicological mechanism of diﬀerent functionalized polystyrene (PS) NPs on Daphnia magna (D.
magna) by investigating toxicity endpoints in individual level and biochemical level. In this study, acute toxicity,
behavioral parameters and biomarker responses of D. magna was measured in the exposure of diﬀerent functionalized PS NPs (plain PS, PS-p-NH2, PS-n-NH2 and PS-COOH). The results indicated that when exposed to the
plain PS, ROS induction would activate MAPKs, thereby causing lethality and adverse behavior eﬀects on D.
magna; while the functionalized PS NPs were less toxic than the plain PS, especially for PS-p-NH2 which was
severely ﬂocculated after exposure, thus showing no immobilization at the investigated concentrations. Also, the
antioxidant system was mainly stimulated due to the direct interaction with the cell surface receptor, which was
diﬀerent from the plain PS. Consequently, this work suggests signiﬁcant eﬀects of functional groups on NPs for
environmental toxicity studies, and provides a better understanding of the toxicological mechanism on the
toxicity of PS NPs toward D. magna.

1. Introduction
Over the last few decades, the growing production of plastics has
resulted in a marked increase in the disposal of plastics. A large amount
of plastics have been discarded into the environment on a global scale,
leading to the estimation that at least 250,000 tons have contaminated
the global marine water (Eriksen et al., 2014), and most of the particles
were less than 10 mm in size (Mattsson et al., 2015a). Under the force of
nature, these plastics may eventually break down into nanoplastics
(NPs) with at least one dimension less than 1 μm (da Costa et al., 2016;
Koelmans et al., 2015). NPs have been shown to be more toxic than the
regular plastics because they spread more widely in water and air
currents, accumulate in organisms, and even penetrate bioﬁlms (Alimi
et al., 2018; Jeong et al., 2018; Holland et al., 2016; Rist et al., 2017;
Jort Hammer and Kraak, 2012). Although there are methodological
diﬃculties in detecting and quantifying such small and carbon-based
particles in complex environmental matrices, nano-sized plastics are
expected to be as ubiquitous as its bulk counterparts (Alimi et al., 2018;
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Lin et al., 2018).
Evidence is accumulating that NPs have adverse eﬀects on a wide
range of aquatic organisms (Brandon et al., 2016; Besseling et al., 2017;
Bergami et al., 2016; Grigorakis et al., 2017; Saquing et al., 2010; Sun
et al., 2018). Compared with micro-sized plastics which can cause
physical injury in the intestinal tract (Nelms et al., 2016), NPs could be
more harmful because of its small-sized eﬀect with large speciﬁc surface area and strong penetration property, like other engineering nanomaterials. Several studies have veriﬁed that the potential of NPs
could be ingested by a variety of biota and they can aﬀect their environmental behavior (Lin et al., 2019; Jiang et al., 2018), including
locomotor performance (Pitt et al., 2018), ingestion behavior (Bergami
et al., 2016), food chain (Chae et al., 2018), growth and reproduction
(Mattsson et al., 2015b). Jeong et al. (2016) reported that exposure of
the monogonont rotifers to polystyrene (PS) particles would decrease
their growth rate, fecundity, and lifespan, while increase the reproduction time. Studies also found that smaller particles (0.05- and
0.5-μm in diameter) appeared to be more toxic than the bigger one (6-
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μm in diameter). Addition of dissolved organic matter (e.g. humic acid)
would reduce the toxic eﬀects on Daphnia magna (D. magna) (Oriekhova
and Stoll, 2018; Wu et al., 2019), which indicated that the toxicity of
NPs might be not only related to its size, but also its surface properties.
Bergami et al. found that 40 nm anionic carboxylic PS NPs presented
aggregates in the gut of brine shrimp larvae even at a low NP concentrations (5 mg L−1), thereby impairing feeding, motility and molting
behaviors; On the contrary, larvae exposed to 50 nm cationic amino PS
NPs and transferred to clean water did not show neither aggregated in
the gut nor NPs adsorbed at the surface of sensorial antennules and
appendages (Bergami et al., 2016). González-Fernández et al. evaluated
the eﬀects of 100 nm amino and carboxylic PS NPs on oyster gametes,
and indicated that adhesion of both NPs could result in cellular responses of oyster spermatozoa, as well as relative cell size and complexity. However, the intracellular ROS production mechanism was
varying between amino PS NPs and carboxylic PS NPs, where a signiﬁcant increase of ROS production was observed with the exposure of
the carboxylic PS NPs but not with the amino PS NPs (GonzálezFernández et al., 2018). Although many studies have demonstrated the
toxic eﬀect of NP on diﬀerent organism, few of them has systematically
investigated the toxicological mechanism.
In this study, we attempted to explore the toxicological mechanism
of NPs on aquatic organism. Considering the fact that the toxicity of NP
can vary depending on surface properties, diﬀerent functionalized PS
latex nanoparticles including amine-, positively charged carboxylateand negatively charged carboxylate-modiﬁed PS NPs were chosen. Also,
among invertebrate organisms, D. magna plays an important role in the
aquatic ecosystem as a link between producers and high trophic consumers (Chae et al., 2018). As one of the most sensitive lab organisms to
the environmental conditions (e.g. temperature and salinity) and
stressors (e.g. radiation and pollutants) (Alberdi et al., 1996), D. magna
serves as a model organism for understanding the toxic eﬀects of many
pollutants in aquatic environment, and thus, it was selected in this
study. Dose-response curves were ﬁrst conducted to investigate the
acute toxic eﬀects of diﬀerent functionalized PS latex nanoparticles on
D. magna. Then, behavioral parameters (movement velocity, maximum
acceleration, movement distances, etc.) and biomarker responses (reactive oxygen species (ROS), activities of antioxidants and mitogenactive protein kinases (MAPK)) of D. magna were analyzed to further
explore the defense mechanisms. This work investigated the toxicity
endpoints at individual level and biochemical level, thereby providing a
better understanding of the toxicological mechanism of D. magna in
response to PS NPs with diﬀerent functional groups.

2.2. Cultivation of D. magna
D. magna collected from School of Life Science, Sun Yat-sen
University was used for this study (Luan, 2015). The organisms were
fed with a certain amount of Scenedesmus subspicatus twice a day and
maintained in the artiﬁcial culture medium (M7) recommended by
OECD standards 202 (2004). They were cultured in a temperaturemonitored illumination incubator (A1000, Conviron Corporation, Canada) with a 16:8 (light:dark) photoperiod at 20 ± 1 °C. In the following experiments, dissolved oxygen, pH and ammonia levels were
monitored before and after each treatment (Lei Ci PHS-3E pen; Aquasonic test kit). The parameters were all in the normal range according to
the OECD test guidelines 202 (2004).
2.3. Acute toxicity of PS NPs toward D. magna
Acute toxicity experiments of PS NPs were carried out in 20 mL glass
vials following the OECD test guidelines 202 (2004). According to the
results of preliminary tests, the concentrations of plain PS, PS-COOH,
PS-n-NH2 and PS-p-NH2 in exposure suspensions were set at a range of
0–75 mg L−1,0–70 mg L−1, 0–40 mg L−1 and 0–100 mg L−1, respectively. The experimental set-up was the same as that in the previous
paper (Lin et al., 2019). Brieﬂy, an original suspension of PS NPs and a
10 mL culture medium were mixed in each vial. Then, ﬁve newborn D.
magna (within 24 h after birth) were placed into each vial, and maintained in the same condition as mentioned above. Each experimental
treatment was conducted in quadruplicate. The D. magna was exposed
to the suspensions for 48 h without refreshing the exposure medium.
During this time, the immobilization was recorded at 0, 24 and 48 h.
Afterwards, the lethality of D. magna (LC50) was calculated by a
Boltzmann function with associated 95% conﬁdence intervals (CI).
In the preliminary test, the highest concentration pre-set should
result in 100% immobilization while the lowest concentration showed
no observable eﬀect during the exposure period, indicating that all the
substances (the culture medium) in the control were biocompatible.
2.4. Eﬀects of PS NPs on behavioral parameters of D. magna
Adult D. magna (21 days after birth) was used to study the toxic
eﬀects of PS NPs at individual level. Five D. magna were transferred into
a 20 mL glass vial containing a 10 mL exposure suspension. The exposure concentrations of all the PS NPs (plain PS, PS-COOH, PS-n-NH2
and PS-p-NH2) were 1 mg L−1, the possible highest concentration in
water environment. After 48 h’ exposure, two randomly selected individuals from each vial were transported to a 6 well plate with culture
medium (1 D. magna/well, 2 wells/treatment, each treatment was
conducted in triplicate) of a DanioVision™ observation chamber
(Noldus Inc., Wageningen, The Netherlands). It was a 25-min test in
light where the ﬁrst 10-min period is habituation, while the subsequent
15-min period is detection. Video data were recorded at a sample rate
of 15 times/second by a high-speed infrared camera. An Ethovision XT
software was employed for calculation.

2. Materials and methods
2.1. NP characterization and instruments
Four types of PS nanoparticles with and without surface modiﬁcation were used in this study. Three of them, the plain, amine- and
carboxylate-modiﬁed PS NPs with declared dimensions of 100 nm,
50–100 nm and 300 nm, respectively, were purchased from Aladdin
(Shanghai, China). They were referred to as plain PS, PS-n-NH2 and PSCOOH, respectively. Another amine-modiﬁed PS NPs with a declared
dimension of 110 nm were purchased from Thermo Scientiﬁc
(Shanghai, China), and was named PS-p-NH2. The characters “n” and
“p” mean negatively charged and positively charged, respectively.
An EliteSizer Omni instrument (Brookhaven Instruments Corp., New
York, USA) coupled with dynamic light scattering (DLS) with a 90°
scattering angle was used for measuring hydrodynamic diameters of PS
NPs; while the same instrument coupled with phase analysis light
scattering (PALS) and multi-frequency measurement were used for
measuring zeta potentials of the NPs with a laser doppler electrophoresis method (Wu et al., 2019).

2.5. Measurement of ROS and antioxidant enzymatic activities
ROS and antioxidant enzymatic activity including glutathione
(GSH), superoxide dismutase (SOD), acetylcholine esterase (AChE) and
malonaldehyde (MDA), in D. magna were measured to investigate the
acute toxicity eﬀects of PS NPs. Approximately 300 individuals were
exposed to 2 L culture medium containing diﬀerent PS NPs (plain PS,
PS-COOH, PS-n-NH2 and PS-p-NH2) with a concentration of 1 mg L−1
for 48 h. After that, the samples were collected from each beaker to
perform the experiments. Each experiment was conducted in triplicate.
Protein content of D. magna for each treatment was determined by the
dye-binding method (Bradford, 1976) using bovine serum albumin
standard (0–200 μg BSA mL−1 PBS).
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Acute toxicity of the PS NPs was ﬁrst tested in terms of lethality
percentage (LC50) of D. magna (Fig. 1). PS NPs exhibited signiﬁcant
functional group-dependent toxicity for D. magna. The LC50 data (with
95% conﬁdence intervals) of the plain PS, PS-COOH and PS-n-NH2 from
the dose-eﬀect curves were 5.24 (4.47–6.13), 20.2 (16.7–24.3) and 8.56
(7.32–10.0) mg L−1, respectively. No observable toxic eﬀect was found
in the PS-p-NH2 suspensions with concentration was up to 100 mg L−1.

ROS was measured by a traditional method described in the previous paper (Kim et al., 2011). Brieﬂy, D. manga were ﬁrst homogenized
in 0.32 mM sucrose (20 mM HEPES, 1 mM MgCl2 and 0.5 mM PMSF),
then centrifugated at 4 °C for 20 min with a rotation rate of 10,000×g.
After that, the supernatants were collected and reacted with H2DCFDA
for measurement where the developed ﬂuorescence was 485 and
520 nm wavelength for emission and excitation, respectively (Thermo
Scientiﬁc Co., Varioscan Flash, Waltham, MA, USA).
GSH measurement was conducted using glutathione assay kit
(Sigma-Aldrich) following manufacturer's instructions. Enzymatic activities of AChE and SOD, as well as MDA content in D. magna were
measured by diagnostic reagent kits (NJJC Bio Inc., Nanjing, China)
following the manufacturers' instructions. The speciﬁc activities of
AChE and SOD were expressed as units (U) of activity per mg of protein,
while the MDA content was expressed as nmol mg−1 protein. Details
were described in Text S1.

3.2. Eﬀects of PS NPs on D. magna behavioral parameters
After exposure in the PS NPs suspensions for 48 h, D. magna activity
was measured in light. Total distance moved (total distance D. magna
moved over the 15-min observation period, cm), mean velocity (cm
s−1), maximum acceleration (maximum instantaneous acceleration of
D. magna over the observation period, cm s−2) and percentage of
moving (a ratio of moving and not moving time, %) were detected in a
15-min period. As shown in Fig. 2, compared with the control group,
there were signiﬁcant negative eﬀects of the plain PS and PS-n-NH2
treatments on the individual behaviors (p < 0.10), but no signiﬁcant
eﬀect was found for the PS-COOH and PS-p-NH2 treatments.

2.6. Expression level measurement of signaling pathway proteins
The eﬀect of PS NPs on MAPK signaling pathways was evaluated by
the Western blot analysis. According to the methods from literature
(Wuk et al., 2016a, 2016b; Kim et al., 2016), D. magna was tested for
the phosphorylation patterns of c-Jun-N-terminal kinase (JNK) and p38
using anti-rabbit-Tyr185 and anti-rabbit-MAPK. Brieﬂy, the PS NPsexposed D. magna was homogenized in lysis buﬀer (40 mM Tris–HCl
(pH 8.0), 120 mM NaCl, 0.1% NonidetP40) containing protease inhibitor cocktail (Roche, South San Francisco, CA, USA) for total protein
extraction. After a series of treatments (Text S2), the bolts developed
were visualized by following the enhanced chemiluminescence procedures in manufacturers’ instructions.

3.3. ROS levels, GSH content and enzymatic activities of SOD, AChE, and
MDA
Compared with the control group, the intracellular ROS signiﬁcantly increased in D. magna exposed to the plain PS suspension,
while remarkable reductions were observed for the functionalized PS
NPs treatments (Fig. 3a; p < 0.05). GSH content of D. magna in different PS NPs suspensions corresponded to ROS level, and a similar
pattern was also observed in the case of AChE activity (Fig. 3b;
p < 0.05). However, the SOD and MDA activities of D. magna exposure
in all the PS NPs with functional groups rose 99–307% and 69–79%,
respectively. Especially, a signiﬁcant increase in SOD activity was observed in a PS-p-NH2 suspension, which was two times higher than the
control group (Fig. 3b; p < 0.05).

2.7. Statistical analysis
The data were processed with both Microsoft Excel and GraphPad
Prism 5 (GraphPad Software, La Jolla, CA). All data were expressed as
the mean ± 95% conﬁdence intervals. The statistical diﬀerences in
behavioral experiments and biomarker experiments between the control and treatment groups were evaluated by t-test and one-way ANOVA
test, and signiﬁcance level was 0.05. A Holm-Sidak's multiple comparisons test with a single pooled variance was used for all the data
analysis.

3.4. Phosphorylation of MAPKs
To investigate the eﬀects of PS NPs on MAPK signaling pathways,
the phosphorylation status of p38 (p-p38) and c-Jun N-terminal kinase
(p-JNK) in 1 mg L−1 PS NPs suspensions were analyzed after 48 h exposure. As shown in Fig. 4, compared with the control group, both pp38 and p-JNK increased after exposure to plain PS, PS-COOH and PS-nNH2 to a variable extent. However, for PS-p-NH2, p-p38 increased while
p-JNK decreased. The performances in the MAPKs of D. magna can be
linked with the intracellular ROS levels (Fig. 3a), and the toxic eﬀects of
PS NPs with diﬀerent functional groups can be clariﬁed.

3. Results
3.1. Acute toxicity eﬀects of PS NPs exposure
The exposure suspensions were characterized and showed in
Table 1. Compared with those in pure water, the particle diameters of
all the negatively charged PS NPs slightly increased after the exposure
experiments and zeta potentials approximately decreased by half. Exceptionally, after D. magna exposure, the PS-p-NH2 suspension was
strongly ﬂocculated (Fig. S2) with a hydrodynamic diameter of
3704 ± 152 nm which was almost twenty times larger with the zeta
potential close to zero (1.72 ± 0.61 mV).

4. Discussion
Though the hazards associated with micro-sized plastics to biota
have been well characterized recently, the adverse eﬀects of NPs were
just taken into account in environmental plastic studies. This study
investigated diﬀerent toxicity endpoints of D. magna and revealed the

Table 1
Lethality of D. magna in diﬀerent PS NP suspensions (the mean with 95% CI, n = 4); and the PS NPs exposure suspension characterization (the mean ± SD, n = 3).

LC50/mg L−1
PDa in water/nm
PD after exposure/nm
ZPb before exposure/mV
ZP after exposure/mV
a
b

Plain PS

PS-COOH

PS-n-NH2

PS-p-NH2

5.24 (4.47–6.13)
117 ± 1.36
165 ± 1.69
−40.0 ± 0.79
−23.2 ± 5.20

20.2 (16.7–24.3)
273 ± 4.20
357 ± 11.0
−35.9 ± 4.17
−14.0 ± 3.02

8.56 (7.32–10.0)
92.8 ± 0.96
107 ± 1.51
−30.4 ± 2.03
−16.6 ± 3.55

> 100
193 ± 2.30
3704 ± 152
18.5 ± 8.84
1.72 ± 0.61

PD is particle hydrodynamic diameter of the PS NP measured by DLS.
ZP is zeta potential of the PS NP measured by PALS.
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et al., 2018). The acute toxicity results generally, but not perfectly,
corresponded to the behavioral toxicities of D. magna in diﬀerent PS NP
suspensions (Fig. 2). Though the exposure concentrations of all the PS
NPs in the behavioral experiments were set at 1 mg L−1, the highest
possible concentration in environmental water (Bergmann, 2015), the
magnitude of lethality was diﬀerent for each PS NP. The exposed
concentrations account for 19.4%, 5.0%, 11.7% and less than 1.0% of
the LC50 values in the plain PS, PS-COOH, PS-n-NH2 and PS-p-NH2
suspensions, respectively, which were roughly corresponded to the
adverse eﬀects on the D. magna behaviors. After 48 h of exposure, the
particle diameters of plain PS and PS-n-NH2 remained essentially unchanged, while those of PS-COOH and PS-p-NH2 were 1.3 and 19.2
times larger than before, respectively (Table 1). Also, during the exposure process, the diameter of PS-COOH was always larger than those
of plain PS and PS-n-NH2. As reported, smaller microbeads were more
“bioreactive” and should be more toxic than the larger ones (Jeong
et al., 2016; Ma et al., 2016), so the diﬀerent eﬀects of the PS NPs might
result from their diﬀerent particle sizes. Rist et al. reported the accumulation amounts of 0.23 μg and 1.30 μg for each D. magna in a
100 nm PS suspension and a 2 μm PS suspension (1 mg L−1), respectively (Rist et al., 2017). Since a particle volume of 2 μm PS was 8000
times as large as that of 100 nm PS, the number of accumulated particles of 100 nm PS were more than 1400 times as much of 2 μm PS for
each D. magna. Particularly, no immobilization was observed in the PSp-NH2 suspension with a concentration of 100 mg L−1, where a severe
ﬂocculation occurred after exposure (Fig. S2). It was demonstrated that
the positively charged particle, PS-p-NH2, would adsorb at the surface
of brine shrimp larvae, and forced them to undergo multiple molting
events (Bergami et al., 2016). Similarly, in this study, PS-p-NH2 particles might impair the physiology (multiple molting) of D. magna,
strongly bind with negatively charged shed skin cells of D. magna (Zhu
et al., 2009), produce ﬂocculation and destabilize the suspension
system.
One of the main mechanisms behind the toxicity of NPs is related to
the generation of intracellular ROS, which may have a negative eﬀect
on biological homeostasis in an organism (Magni et al., 2018;
Bhattacharya et al., 2010). Compared with the control, being exposed
to the plain PS signiﬁcantly increased the ROS level of D. magna
(p < 0.05), indicating that the plain PS induced ROS-related mitochondrial dysfunction (Wuk et al., 2016b), and that the integrity of
mitochondrial membrane in D. magna decreased. PS NPs have been
demonstrated as an inducer of ROS in organisms, which led to the
antioxidant depletion and even deleterious eﬀects on the behaviors and
survival status (Pitt et al., 2018; Jeong et al., 2016, 2017). The induction of ROS would lead to oxidative stress and damage to the organism,
speciﬁcally, lipid peroxidation indicated by MDA (Zhao and Zhu,
2016). As a ﬁnal product of lipid peroxidation, MDA is closely related to
oxidative damage on the lipid membranes of organisms. To resist disturbance, the nonenzymatic antioxidant defense system was activated
where a chelating agent, GSH, was produced and chelated to ROS.
Acting as a potent free-radical scavenger, GSH is responsible for
maintaining the cellular redox state and protecting cells from oxidative
stress (Habib et al., 2007). Therefore, MDA and GSH increases observed
in the plain PS suspension suggested that the plain PS induced oxidative
stress of D. magna and caused dysfunction of lipid membranes. Membrane dysfunction may also happen in a physical way where NPs directly interact with the membranes of the organisms and cause deleterious eﬀects on biological processes like defense impairments (Jeong
et al., 2018). There are evidences that PS NPs permeate easily into lipid
membranes, alter membrane structure, aﬀect membrane lateral organization and thereby interfere cellular function (Rossi et al., 2014).
Also, the PS NPs (100-nm in diameter) were observed in D. magna body
such as gut, antenna and even abdomen, indicating an uptake pathway
through the epithelial cells of the skin or intestinal tract (Jiang et al.,
2018).
In contrast, for the PS NPs with functional groups, the ROS levels

Fig. 1. Dose-response curves of (a) plain PS (100 nm), (b) PS-COOH (300 nm)
and (c) PS-n-NH2 (50–100 nm) on D. magna after 48 h exposure. No curve for
PS-p-NH2 (110 nm) because no observable toxic eﬀect was found within the
range of setting concentrations (up to 100 mg L−1). Five D. magna samples were
placed into each vial, and each experimental treatment was conducted in
quadruplicate. The curves were ﬁtted by the Boltzmann function:
y1 − y2
y= y2 +
. Lethality of D. magna was the mean with 95%
(logLC50 − x )·Hillslope
1 + 10

conﬁdence intervals (n = 4).

toxicological process of diﬀerent functionalized NPs. The following
sections deeply discussed the results and considered the potential mechanisms associated with the behaviors at individual level and the
biomarkers at molecular level.
In Table 1, the plain PS showed the most toxic eﬀect on lethality of
D. magna, followed by PS-n-NH2, PS-COOH and PS-p-NH2. As known,
behavior is a crucial determinant for bioenvironmental adaptability
assessment and is directly related to the lethality of organisms (Pitt
512
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Fig. 2. Behavioral parameters in adult D. magna exposed to PS NPs with diﬀerent functional groups after 48 h of exposure. (a) Total movement distance; (b) mean
velocity; (c) maximum acceleration and (d) percentage of moving in a 15 min period. Error bar indicated the standard deviation (n = 6). Signiﬁcant diﬀerence
between the control and the treatment was represented as ∗p < 0.10, ∗∗p < 0.05.

(Mkhinini et al., 2019) and manufactured materials (Chen et al., 2017).
In this study, being exposed to plain PS suspension had no signiﬁcant
inﬂuence on AChE activity, while the functionalized PS NPs caused
signiﬁcant reductions in AChE activity (Fig. 3b), indicating deleterious
eﬀects in cholinergic neurotransmission and in nervous and neuromuscular function. It might be because both amino and carboxyl were
hydrophilic and charged, that they tended to be easier to interact with
the inorganic ions (Ca2+, K+, Na+, Cl−, etc.) of neurotransmitter, and
interfere neurotransmission. Whereas AChE activities were not corresponded with the behavior of D. magna in diﬀerent PS NPs, indicating
that neurotransmission might not directly related to the apparent individual behavior. Also, AChE activity in diﬀerent parts of an organism
might react diﬀerently in response to external disturbance. For example, atrazine (1000 μg L−1) reduced AChE activity in brain, thereby
impairing defensive behaviors of zebraﬁsh, while muscular AChE activity was not aﬀected (Schmidel et al., 2014).
As one of the most thoroughly studied signal transduction systems,
MAPK cascades have been veriﬁed to participate in a diverse array of
cellular programs, including cell diﬀerentiation, movement, division
and death (Schaeﬀer and Weber, 1999). MAPKs are responsible for
apoptosis, inﬂammation and ﬁbrosis, which have been proved to be
related to PS NP toxicity in a few reports (Pinsino et al., 2017; Canesi
et al., 2016). While ROS has the capacity to interfere with redox-sensitive signaling pathways, particularly with several MAPKs such as p38
MAPK, JNK and EPK (Jiang et al., 2013). When exposed to the plain PS
suspension, both p38 and JNK phosphorylation (p-p38 and p-JNK) were
activated and participated in signal transduction, resulting in the

and the GSH contents decreased. Normally, nanoparticles would trigger
free radicals which reduce GSH by turning it to its oxidized form
(glutathione disulﬁde, GSSG), and result in oxidative stress, apoptosis,
sensitization to oxidizing stimuli, etc. (Rahman, 2007) Although the
exact mechanism is unknown, it is perhaps due to the free radical
scavenging property of the charged PS NPs. Cases of signiﬁcant antioxidant depletion without ROS induction have been reported for some
nanoparticles, such as multi-walled carbon nanotubes (Jeong et al.,
2017) and metal NPs (Lin et al., 2017; May et al., 2018). Lipid peroxidation was observed with increases of MDA activities in response to
these PS NPs, and induced modulation of antioxidant enzymes (e.g.
SOD; Fig. 3b). Lu et al. illustrated that binding aﬃnity between the NPs
and lipid bilayer was a function of particle-cell wall interactions, and
these interactions appeared to be electrostatic (Lu et al., 2015). Considering the cases above, reasons for modulation of antioxidant enzymes might be the low demand for the free radical scavenging or the
unstable enzyme systems when exposed to the PS NPs. Nevertheless,
compared with the control, GSH contents did not increase in response
to modulation of antioxidant enzymes. It might because that D. magna
had homeostatic ability to set up the detoxiﬁcation mechanisms so as to
defense and discharge these PS NPs (Zhao and Zhu, 2016).
AChE is an enzyme essential to the correct transmission of nerve
impulses, so it conﬁrms if the lack of avoidance in the behavioral assay
is related with the neurotransmitter blockage. Many studies have clariﬁed that inhibition of AChE activity had direct association with toxicological mechanisms of some contaminants such as pesticides
(Sanchez-Hernandez et al., 2018; Guimarães et al., 2019), metals
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Fig. 3. Eﬀects of 48 h exposure to PS NPs of diﬀerent functional groups (plain PS, PS-COOH, PS-n-NH2, and PS-p-NH2) on ROS and antioxidant-related enzymes: (a)
ROS levels; (b) GSH content, SOD, AChE and MDA activities. All the suspensions were 1 mg L−1. Enzyme activities are represented as percentage of controls (n = 3).
Diﬀerent letters above columns indicate signiﬁcant diﬀerences, deﬁned as p < 0.05.

5. Conclusions

activation of p38 MAPK and JNK pathways, thereby causing oxidant
stress reaction in D. magna (Fig. 4). The activation of MAPK pathways
through p-p38 and p-JNK induction demonstrated that ROS is a key
signal to activate MAPKs in the plain PS exposure, and an increase of
ROS (Fig. 3a) is likely the major reason for toxicity. When exposed to
the negatively charged PS NPs, PS-COOH and PS-n-NH2, activation of
MAPK pathways through p-p38 and p-JNK induction were observed
without the increase of ROS. It may result from a direct interaction
between the PS particles and the cell surface receptor (Kim et al., 2016),
which causes the activation of p-p38 and p-JNK pathways. When exposed to the PS-p-NH2 suspension, the increase of p-p38 MAPK and the
decrease of p-JNK were observed with the reduction of ROS. It may be
because of a direct interaction with the cell surface receptor, which
causes an activation of p38 MAPK pathway, and a feedback suppression
of p-p38 on JNK (Monick et al., 2006). A comparation between the
negatively and positively charged PS NP showed that phosphorylation
of p38 occurred in all the PS NPs-exposed D. magna, while JNK pathway
was only activated by the negatively charged PS NPs-exposed D. magna.
It is likely that p-JNK pathway could only be activated by neutral and
negatively charged particles, while p-38 MAPK could be activated by all
the PS NPs regardless of charge property (Haj et al., 2017; An et al.,
2011). MAPK cascades activation is dependent on size, group, and
charge in NPs-contained environment, and the PS NPs-induced adverse
eﬀects in D. magna take place through diﬀerent signaling pathways.

This study revealed that acute toxicity to D. magna was related to
functional groups of PS NPs. To be speciﬁc, the plain PS induced ROS
production and activated MAPKs, thereby performing high acute toxicity towards D. magna and aﬀecting their physiological behaviors. The
PS-COOH and PS-n-NH2 might interacted with cell surface receptor,
activating MAPKs without ROS induction, and stimulating the antioxidant system. They were less toxic towards D. magna than the plain
PS. Because of a severe ﬂocculation, the PS-p-NH2 had no adverse effects on the lethality and behaviors of D. magna, but the antioxidant
system was stimulated due to the direct interaction with cell surface
receptor. Also, our results indicated that AChE activity and p-JNK activation were related to the charge property of the PS NPs, but more
experiments should be conducted for further veriﬁcation. Through the
exploration of the diﬀerent functionalized PS NP eﬀects, we linked the
toxicity endpoints of organisms at individual level and biochemical
level, and proposed a toxicological mechanism explaining the inﬂuence
of functionalized PS NPs.
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Fig. 4. Eﬀects of 48 h of exposure to PS NPs of diﬀerent functional groups (plain PS, PS-COOH, PS-n-NH2, and PS-p-NH2) on phosphorylation of MAPK signaling
proteins (n = 3). The proteins are represented as the optical density values for the target bands. All the suspensions were at a concentration of 1 mg L−1.
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