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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• High level polystyrene nanoplastics 
(PSNPs) brought toxicity to maize. 

• PSNPs were transported from roots to 
leaves by vascular bundles. 

• PSNPs alleviated the phytotoxicity of Cd 
to maize by antagonistic effect. 

• PSNPs could act as a container for Cd 
bioaccumulation.  

A R T I C L E  I N F O   

Handling editor: Venkatramanan Senapathi  

Keywords: 
Polystyrene nanoplastics (PSNPs) 
Cadmium 
Maize (Zea mays L.) 
Antagonistic effect 
Physiological indices 

A B S T R A C T   

Nanoplastics (NPs) (<1 μm) have gradually attracted worldwide attention owing to their widespread occurrence, 
distribution, and ecosystem risks. Few studies have explored the interaction between NPs and heavy metals in 
crops. In this study, we investigated the influence of polystyrene nanoplastics (PSNPs; 10 mg/L and 100 mg/L) 
and cadmium (2 mg/L and 10 mg/L) on the physiological and biochemical indices of maize plants, grown in 
Hoagland solution with contaminants, for 14 days. The fresh weight and growth of the maize plants were 
significantly reduced after exposure to high concentrations of PSNPs and Cd (p < 0.05). Specifically, the fresh 
weight decreased by 30.3% and 32.5% in the PSNPs and Cd treatment, respectively. Root length and shoot length 
decreased by 11.7% and 20.0%, and by 16.3% and 27.8%, in the PSNPs and Cd treatment, respectively. How-
ever, there were no significant effects on the fresh weight and growth of maize plants as Cd levels increased from 
2 to 10 mg/L in the presence of PSNPs. Polystyrene nanoplastics alleviated the phytotoxicity of Cd in maize. 
Scanning electron microscopy (SEM) showed that PSNPs and Cd could enter maize roots and were transported 
upwards to the leaves through the vascular bundle. The activities of peroxidase (POD) and catalase (CAT) in 
maize leaves increased significantly under high concentrations of PSNPs, whereas superoxide dismutase (SOD) 
activity decreased (p < 0.05). The differences in SOD activity may be related to the absence of microelements 

* Corresponding author. Institute of Environment and Plant Protection, Chinese Academy of Tropical Agricultural Sciences, Haikou, 571101, PR China. 
** Corresponding author. 

E-mail addresses: liubeibei1110@126.com (B. Liu), liruilong@gxu.edu.cn (R. Li).   
1 Co-first author: No. 4 Xueyuan Road, Longhua District, Haikou, Hainan 571101, PR China. linbigui@163.com 

Contents lists available at ScienceDirect 

Chemosphere 

journal homepage: www.elsevier.com/locate/chemosphere 

https://doi.org/10.1016/j.chemosphere.2022.135714 
Received 30 December 2021; Received in revised form 21 June 2022; Accepted 11 July 2022   

mailto:liubeibei1110@126.com
mailto:liruilong@gxu.edu.cn
mailto:linbigui@163.com
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2022.135714
https://doi.org/10.1016/j.chemosphere.2022.135714
https://doi.org/10.1016/j.chemosphere.2022.135714
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2022.135714&domain=pdf


Chemosphere 307 (2022) 135714

2

such as Zn, Fe, and Mn. This study provides a scientific basis for further exploration of the combined toxicological 
effects of heavy metals and NPs on the environment.   

1. Introduction 

Microplastics (MPs) and nanoplastics (NPs) pollution is an environ-
mental issue worldwide due to their adverse effects on organisms, 
community structure, and ecosystem function (Lian et al., 2021; Sun 
et al., 2021). Microplastics and/or NPs are ubiquitous, mainly distrib-
uted in terrestrial ecosystems, where the number of plastic particles is 
estimated to be 4 to 23 times greater than that in the ocean (Dong et al., 
2020; Horton et al., 2017). The quantity of plastic particles varies from 
10 to 12,560 items/kg in agricultural soils worldwide (Gong et al., 
2021). 

The toxic and biological effects of NPs are more complex and difficult 
to address than those of MPs. Nanoplastics have a larger specific surface 
area and stronger ability to penetrate different biological barriers, 
increasing their chemical and biological interactions with organisms or 
contaminants (Gaylarde et al., 2021). Increased bio-chemical in-
teractions also lead to changes in the uptake, transport, and toxicity of 
NPs (Peng et al., 2020). Plants can take up NPs, even at a very early 
growth stage. When their diameters are smaller than those of the cell 
wall pore (3.5–5.0 nm), NPs can penetrate the wall facilitated by the 
mucous enveloping the root cap (Li et al., 2020a). Nanoparticles can 
cross the root xylem vessels through the apoplastic spaces of the apical 
region, which promote their rapid transport in the roots. Alternatively, 
NPs can enter epidermal cells through endocytosis (Bandmann et al., 
2012). Li et al. (2020b) found that lettuce and wheat absorbed 0.2 μm 
NPs, and Sun et al. (2020) used two fluorescently labelled NPs to verify 
their absorption in plants. Therefore, it is not accidental for plants to 
absorb NPs, and they can be present in vegetables and crops. (Huang 
et al., 2021). Nanoplastics that enter cells accumulate in plants ac-
cording to their surface charge. Compared with negatively charged NPs, 
positively charged NPs inhibit photosynthesis and stimulate antioxidant 
system activity more fully (Sun et al., 2021). Moreover, NPs reduce 
disease resistance in plants (Huang et al., 2021), and to this end Jiang 
et al. (2019) indicated that polystyrene nanoplastics (PSNPs) caused 
more severe oxidative damage and genotoxicity in Vicia faba. 

Physical interactions, including dispersion, electrostatic interactions, 
and intermolecular hydrogen bonding, were dominant in the plastic 
particle absorption process (Liu et al., 2018). For example, oxytetracy-
cline is adsorbed by plastic particles through a hydrogen-bonding 
mechanism on the plastic surface (Zhang et al., 2018). 
Cortés-Arriagada (2021) suggested that the external surface of poly-
ethylene terephthalate nanoplastics is nucleophilic, allowing mass 
transfer, intraparticle diffusion, and the formation of stable compounds 
through internal and external surface adsorption. Specifically, internal 
surface absorption is dominated by dispersion effects, while external 
surface absorption was by electrostatic energies (Cortés-Arriagada, 
2021; Gaylarde et al., 2021). 

Globally, agroecosystem contamination with heavy metals is a uni-
versal phenomenon. Microplastics and nanoplastics are deemed to be 
loaded with heavy metals through physical adsorption, which may have 
a strong influence on plant growth and development, as well as on the 
benign cycle of agroecosystems (Wang et al., 2022). Dong et al. (2020) 
found that MPs increased arsenic toxicity in rice seedlings; similarly, the 
absorption and toxicity of Ni and Zn in plants increased in the presence 
of MPs (Bhagat et al., 2021). Wang et al. (2021) suggested that MPs 
alleviated the phytotoxicity of Cd to Vallisneria natans (Lour.) Hara; 
however, MPs had no effect on Cu toxicity in marine microalgae Tetra-
selmis chuii (Davarpanah and Guilhermino, 2015). Therefore, it was 
demonstrated that co-contamination with different heavy metals and 
MPs would also have different effects. 

Cadmium is one of the key heavy metals that can impair plant growth 

and biomass (Lian et al., 2020b); in addition, the long-term consumption 
of Cd-rich foods results in cancer (Deng et al., 2021). The 
co-contamination of MPs and Cd in plants has been well studied (Abbasi 
et al., 2020; Zong et al., 2021), and it was found that MPs alleviated the 
phytotoxicity of Cd to plants, but MPs-Cd co-contamination has a greater 
inhibitory influence on plant growth than single contamination. Given 
the size of MPs, they are unlikely to translocate to aboveground tissues 
across the root stomas and are most likely to accumulate at the root 
surface, forming compounds with root mucilage (Urbina et al., 2020). 
The co-contamination compounds of MPs and Cd may be concentrated 
in the plant roots; however, the environmental fate of NPs that adsorb 
Cd is not yet clearly understood. Owing to the smaller particle size, NPs 
could carry Cd from roots to shoots, which could allow Cd to spread 
faster through the plant. 

Maize is a widely cultivated crop in China. It is an important feed 
source for animal husbandry and the breeding industry, and is also an 
indispensable raw material for the chemical industry. Therefore, we 
selected maize as our test plant to evaluate the effects of PSNPs and Cd 
on growth responses, element accumulation, and antioxidant defenses in 
maize. This study is expected to provide new insights for further eluci-
dation of the toxic and biological effects of NPs and Cd on crops, and has 
certain reference significance for the ecological risk assessment of NPs in 
the environment. 

2. Materials and methods 

2.1. Characterization of polystyrene nanoplastics 

Polystyrene nanoplastics were obtained from the Beijing Zhongke-
leiming Daojin Technology Co. Ltd (Beijing, China). These PSNPs had 
smooth spheres with no surface dissociative functional groups, and an 
average diameter of approximately 25 nm. A Zeta PALS instrument 
(Brookhaven Instruments Corporation, USA) was used to measure the 
zeta potential of the PSNPs in ultra-pure water. The PSNPs were nega-
tively charged, with their absolute values ranging from − 31 mV to − 16 
mV. 

2.2. Cultivation of maize plants 

Maize (Zea mays L.) seeds were disinfected with sodium hypochlorite 
(2%, v/v) and thoroughly rinsed with deionized water after disinfection 
for 30 min. Subsequently, maize seeds were soaked in distilled water and 
settled in the dark at 25 ◦C to germinate synchronously. After budding, 
healthy maize seedlings were transferred to the nursery substrates filled 
with nutrient soil for seven days of preculture. Subsequently, as a 
treatment group, nine homogeneous maize seedlings were transplanted 
into 3 L of Hoagland solution containing Cd and/or PSNPs. The con-
centrations of PSNPs and Cd were 10 mg/L and 100 mg/L, and 2 mg/L 
and 10 mg/L, respectively. The concentrations of PSNPs (10 mg/L) and 
Cd (2 mg/L) were used because Lian et al. (2020a) found they had an 
inhibitory effect on plants. Concentrations of PSNPs (100 mg/L) and Cd 
(10 mg/L) were also selected to explore the impact of high concentra-
tions on plants. The experiment consisted of 10 treatments: a control; 
four single groups (different concentrations of Cd or PSNPs); four 
combined groups (different concentrations of Cd and PSNPs), and one 
additional group that was static for five days in advance (2 mg/L Cd and 
10 mg/L PSNPs) as in Lian et al. (2020b). Plants were cultivated under 
natural light at 25 ◦C for 14 days, the nutrient solution was replenished 
every three days, and the physiological indices of the plants were 
investigated after 14 days of growth. 
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2.3. Scanning electron microscope 

To gain insights into the loci and translocation of PSNPs in the maize 
seedling stage, we visualized the morphological and quantitative 
changes in PSNPs in maize seedling roots and leaves. Scanning electron 
microscopy (SEM) (TM4000, JEOL, Japan) was performed using the 
method described by Sun et al. (2021). Roots and leaf samples were 
ground to a powder with liquid nitrogen, covered with gold for 60 s, and 
observed under a SEM. 

2.4. Determination of cadmium and mineral elements 

Freeze-dried root and leaf powder (0.2 g) was digested in a micro-
wave with 6 mL concentrated HNO3 acid (MARS6, CEM, USA). After 
digestion, the sample volume was fixed at 50 mL, with 10 mL being used 
for determination. The concentrations of Cd and other mineral elements 
in the solution were determined using inductively coupled plasma mass 
spectrometry (ICP-MS) (PE NexION, PerkinElmer, USA). 

2.5. Determination of antioxidant enzymes and malondialdehyde content 

Maize leaves (0.2 g) were ground to a powder with liquid nitrogen 
and homogenized in 2 mL of PBS buffer. The homogenates were 
centrifuged for 30 min to obtain supernatants, which were used as crude 
enzyme extracts for enzyme activity determination. The activities of 
peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT), as 
well as the malondialdehyde (MDA) content in maize leaves, were 
determined using the method described by Lian et al. (2020b). Leaves 
(0.2 g) were homogenized in 2 mL of 0.1% (w/v) trichloroacetic acid 
(TCA) and centrifuged for 20 min. The supernatant was mixed with 0.5% 
(w/v) thiobarbituric acid (TBA), heated in a water bath for 30 min, 
refrigerated to room temperature, and centrifuged again under the same 
conditions. Absorbance at 532 and 600 nm was recorded. 

2.6. Statistical analysis 

All experiments were replicated at least three times, and data are 
expressed as mean ± standard deviation (SD). Data were processed 
using SPSS 26 and Origin 2018 software. A one-way ANOVA was used to 
analyze significant differences (p < 0.05) among the data sets, followed 
by Duncan’s post-hoc test. 

3. Results 

3.1. Fresh weight and growth of maize plants 

The fresh weight of maize plants decreased after exposure to Cd or 
PSNPs alone, decreasing by 23.9% and 19.2% on average, respectively 
(Fig. 1A). In particular, the fresh weight decreased by 30.3% with the 
addition of 100 mg/L PSNPs. This addition decreased the fresh weight 
relative to the fresh weight without PSNPs addition. However, no sig-
nificant decrease in the fresh weight of maize plants was found with an 
increase in Cd concentration from 2 mg/L to 10 mg/L in the presence of 
equal concentrations of PSNPs (Fig. 1B). The root and shoot lengths of 
maize plants were significantly inhibited by 10 mg/L Cd or 100 mg/L 
PSNPs (p < 0.05). The inhibition ratios of root length and shoot length 
reached 16.3% and 11.7%, and 27.8% and 20.0%, respectively (Fig. 2). 
When the Cd concentration increased from 2 mg/L to 10 mg/L, root and 

Fig. 1. Responses of fresh weight of maize seedlings to polystyrene nanoplastics (PSNPs) and Cd exposure levels, including single groups (A) and combined groups 
(B). Boxplots exhibited the max, upper quartile, median, lower quartile, min, mean, and whiskers showed the range of variation. Different letters indicate significant 
differences in results; the same letters indicate non-significant differences in results (p < 0.05). CK: Control; Cd(2): 2 mg/L Cd; Cd(10): 10 mg/L Cd; PS(10): 10 mg/L 
PSNPs; PS(100): 100 mg/L PSNPs. 

Fig. 2. Length of maize roots and shoots among the different treatment groups. 
Values are the mean values and SD error bars. Different letters indicate sig-
nificant differences in results; the same letters indicate non-significant differ-
ences in results (p < 0.05). CK: Control; Cd(2): 2 mg/L Cd; Cd(10): 10 mg/L Cd; 
PS(10): 10 mg/L PSNPs; PS(100): 100 mg/L PSNPs. 
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shoot lengths did not decrease significantly in the presence of equal 
concentrations of PSNPs. The S:R ratio decreased slightly and was 
approximately 1.7. 

3.2. Cadmium and mineral nutrient element accumulation in maize plants 

The Cd and mineral nutrient element contents were measured in 
maize roots and leaves across all treatments. The Cd content in the roots 
was much higher than that in the leaves (Fig. 3A and B). In maize roots, 
the Cd content was 1204.4 ± 9.8 μg/g after exposure to 2 mg/L Cd, and 
1440.1 ± 9.0 μg/g after exposure to Cd-PSNPs combined (2 mg/L Cd +
10 mg/L PSNPs), which increased significantly by 19.6% compared with 
2 mg/L Cd (p < 0.05). After exposure to Cd-PSNPs combined (2 mg/L 
Cd + 100 mg/L PSNPs), the Cd content was 608.7 ± 2.7 μg/g, which 
decreased significantly by 49.5% compared with the experiment using 2 
mg/L Cd alone (p < 0.05). 

Similarly, in maize leaves, the Cd content was 128.7 ± 1.7 μg/g after 
exposure to 2 mg/L Cd, and 143.4 ± 3.2 μg/g after exposure to Cd- 
PSNPs combined (2 mg/L Cd + 10 mg/L PSNPs), which increased 
significantly by 11.4% compared with exposure to 2 mg/L Cd alone (p <
0.05). After exposure to Cd-PSNPs combined (2 mg/L Cd + 100 mg/L 
PSNPs), the Cd content was 90.3 ± 1.5 μg/g, which decreased signifi-
cantly by 29.8% compared with exposure to 2 mg/L Cd alone (p < 0.05). 
When the Cd concentration was 10 mg/L, the pattern was consistent 
with that at 2 mg/L. 

In addition, the mineral nutrient content in the maize roots was also 
higher than that in the leaves (Fig. 3A and B). As the concentration of Cd 
increased, the mineral nutrient element content decreased. Notably, the 
mineral nutrient element content in the plants decreased significantly 
when 100 mg/L PSNPs was added (p < 0.05). 

3.3. The loci and translocation of PSNPs in maize plants 

Maize roots are densely packed with rounded pores, whereas the 
leaves have elongated tubular channels (Fig. 4A and B). In maize roots, 
PSNPs were found in stomas, whereas in the leaves, they were in the 
vascular bundle. Specifically, the distribution of PSNPs in the roots and 
leaves was relatively dispersed after the 10 mg/L PSNPs treatment 
(Fig. 4C and D). However, PSNPs aggregated in the maize roots and 
leaves after treatment with 100 mg/L PSNPs (Fig. 4E and F). 

3.4. Antioxidant enzyme activity and MDA content 

Peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD) 
enzyme activities, and the malondialdehyde (MDA) content of maize 
leaves were both affected by Cd and PSNPs (Fig. 5A, B, C, and D). 
Peroxidase enzyme activity in maize leaves increased significantly after 
exposure to Cd or PSNPs alone, and more than doubled after exposure to 
10 mg/L Cd; therefore, POD enzyme activity was more strongly affected 
by Cd than by PSNPs. Catalase enzyme activity in maize leaves increased 
significantly with increasing Cd concentrations (p < 0.05), and the 
addition of PSNPs increased CAT enzyme activity in maize leaves rela-
tive to those without PSNPs. However, there was no difference between 
the 10 mg/L and 100 mg/L PSNPs treatment groups. Superoxide dis-
mutase enzyme activity in maize leaves increased slightly when maize 
plants were exposed to Cd or 10 mg/L PSNPs alone, but there was no 
significant difference among the different treatments (p < 0.05). Sur-
prisingly, SOD enzyme activity was significantly reduced when 100 mg/ 
L PSNPs were added. For example, the activities of POD and CAT in 
maize leaves increased by 32.9% and 28.6%, respectively, after expo-
sure to 100 mg/L PSNPs alone, whereas SOD activity decreased by 9.6%. 
The MDA content in maize leaves exhibited a slightly increasing trend 
with increasing pollutant concentrations. In the presence of PSNPs and 
10 mg/L Cd, MDA increased significantly compared to the control, by 
41.8% and 47.7%, respectively. 

4. Discussion 

4.1. Inhibition effects under PSNPs exposure 

This study indicated that high concentrations of PSNPs (100 mg/L) 
had a remarkable inhibitory effect on the fresh weight, root length, and 
shoot length of maize plants in the Cd-free microcosm (Figs. 1A and 2). 
This inhibition may be related to the aggregation of PSNPs in the maize 
plants (Fig. 4E and F). A similar phenomenon was observed in other 
studies in which NPs aggregated in microalgae (Li et al., 2015), directly 
affecting their bioavailability and toxicity. Aggregated NPs would cover 
the cell surface, suppress nutrient utilization and exchange, and result in 
substantial cell apoptosis such as contraction, rupture, and separation 
(Wu et al., 2019; Yang et al., 2021). The excessive accumulation of 
reactive oxygen species (ROS) resulting from PSNPs destroys chloroplast 
structure, inhibits photosynthetic activity, and leads to a decline in 
chlorophyll content (Lian et al., 2021). The most severe form of oxida-
tive stress is DNA damage (Yang et al., 2021) which directly interferes 

Fig. 3. Content of Cd and other mineral nutrient elements in maize roots (A, a) and leaves (B, b) among the different treatment groups. Values are the mean values 
and SD error bars. Different letters indicate significant differences in results; the same letters indicate non-significant differences in results (p < 0.05). CK: Control; Cd 
(2): 2 mg/L Cd; Cd(10): 10 mg/L Cd; PS(10): 10 mg/L PSNPs; PS(100): 100 mg/L PSNPs. 
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with DNA synthesis, repair, and photosynthesis in maize. Disordered 
photosynthesis seems to be responsible for the decrease in the maize S:R 
ratio; however, soluble sugar, the main product of photosynthesis, is 
highly sensitive to external stress, which affects the supply of carbohy-
drates from source to end (Li et al., 2020c). In general, plant biomass 
declines when the energy consumed by the decomposition of soluble 

sugars exceeds the energy accumulated by the substrate (Li et al., 
2020c). 

Low concentrations of PSNPs (10 mg/L) inhibited the fresh weight, 
root length, and stem length of maize, but this was not significant, which 
may be explained by the plant’s detoxification mechanisms. Plants 
detoxify by accommodating intracellular osmotic pressure, degrading 

Fig. 4. SEM images of PSNPs distribution on root and leaf surfaces after 14 days of exposure. The left column shows the roots and the right column shows the leaves. 
CK (A, B); 10 mg/L PSNPs treatment (C, D); 100 mg/L PSNPs treatment (E, F). The red circle represents the PSNPs. 
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impaired proteins and organs, and promoting cell proliferation (Yang 
et al., 2021). In conclusion, plants can withstand the harmful effects of 
low concentrations of PSNPs. 

4.2. Polystyrene nanoplastics alleviated the phytotoxicity of Cd to maize 

In the microcosm without PSNPs, the fresh weight, root length, and 
shoot length of maize plants showed a downward trend with increasing 
Cd concentrations (Figs. 1A and 2). This is because Cd ions entering 
plants can reduce chlorophyll content and antioxidant enzyme activity 
and change the permeability of cell membranes, resulting in the inhi-
bition of plant growth and even death (Li et al., 2021). Cadmium re-
places magnesium in chlorophyll molecule synthesis, which is one of the 
reasons for the reduction in chlorophyll content (Grajek et al., 2020). 
However, the growth of maize plants was not affected by the increase in 
Cd concentration in the presence of PSNPs (Figs. 1B and 2). 

High concentrations of PSNPs (100 mg/L) alleviated the phytotox-
icity of Cd in maize, which was associated with a reduction in the uptake 

of Cd (Fig. 3). The abundant negatively charged PSNPs adsorbed Cd 
through electrostatic action, leading to a substantial reduction in the 
cations in the solution. Owing to a decrease in electrostatic repulsion, 
PSNPs rapidly aggregate and wrap Cd in the polymer (Gaylarde et al., 
2021; Ma et al., 2014). The SEM images (Fig. 4) show that PSNPs were 
distributed in the stomata and vascular bundles. The potential pathway 
for PSNPs reaching plants is by entering the root system through the 
stomatal pathway, and then transferring upward through vascular 
bundles to the leaves under the action of transpirational pull (Wu et al., 
2021). The same uptake pathway has also been observed for copper 
oxide nanoparticle internalization into lettuce and cabbage bodies 
(Xiong et al., 2017). Therefore, some PSNP polymers carrying Cd 
accumulate on the root surfaces due to their size, and compete for 
adsorption sites with Cd2+ in solution (Dong et al., 2020). 

Nevertheless, there was no aggregation effect at low concentrations 
of PSNPs (10 mg/L), and the distribution of PSNPs in the maize plant 
roots and leaves was relatively dispersed (Fig. 4C and D). A possible 
mechanism of alleviation is that PSNPs act as containers for Cd 

Fig. 5. POD (A), SOD (B), and CAT (C) activity and MDA content (D) in maize leaves after exposure to Cd or PSNPs. In the bubble plot, the areas of the circles 
represent mean ± SD. Different letters indicate significant differences in results; the same letters indicate non-significant differences in results (p < 0.05). 
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bioaccumulation (Yang et al., 2014). When Cd-loaded PSNPs enter 
plants, this leads to a higher Cd content in the PSNP-Cd treatment than 
in the Cd treatment alone (Fig. 3). Polystyrene nanoplastics form stable 
compounds with Cd over time through internal and external surface 
adsorption, reducing the toxicity and fluidity of Cd (Cortés-Arriagada, 
2021; Yang et al., 2014); this results in a high Cd content in plants which 
does not inhibit their growth and development. To verify this, we added 
a group as follows: the 2 mg/L Cd and 10 mg/L PSNPs were static for five 
days in advance to allow them to form a stable compound, while the 
other conditions remained the same. The results showed that as the fresh 
weight, root length, and shoot length increased, the Cd content showed 
little change when compared with the Cd-PSNPs combined (2 mg/L Cd 
and 10 mg/L PSNPs) without being kept static for five days in advance 
(Fig. 6), as expected. 

4.3. Changes to antioxidant enzymes and malondialdehyde content 

Plants have highly efficient antioxidant systems that counteract ROS 
toxicity (Li et al., 2015). Lai and Luo (2019) suggest that the enhanced 
antioxidant enzyme system in Indian mustard (Brassica juncea L.) con-
tributes to the elimination of excess ROS. Except for SOD activity, POD 
and CAT activities were enhanced in all treatments compared with the 
control (Fig. 5). These results suggest that Cd and PSNPs directly induce 
oxidative stress in maize. Discrepancies in enzyme activities are prob-
ably dependent on plant habitat, plant species, trace elements of syn-
thase in plants, and experimental dose (Lian et al., 2020b; Wang et al., 
2021). The decreased SOD activity might be related to the reduction in 
Zn, Fe, and Mn content (key microelements for the synthesis of SOD 
enzymes (Lian et al., 2021) when PSNPs were added at a high concen-
tration (100 mg/L) (Fig. 3). Malondialdehyde is one of the main prod-
ucts of membrane lipid peroxidation and reflects the intensity of 
membrane lipid peroxidation as well as the degree of damage to the 
plasma membrane (Shen et al., 2018). A gradual increase in MDA 

content indicated slight damage to the plant cell membrane, whereas 
MDA increased significantly in the presence of PSNPs only at 10 mg/L 
Cd (Fig. 5D). These results demonstrate that Cd did not interact with 
PSNPs to further aggravate membrane lipid peroxidation damage, unless 
exposed to 10 mg/L Cd. 

5. Conclusion 

This study found that both PSNPs and Cd inhibited the growth of 
maize plants as well as inducing oxidative stress; however, PSNPs alle-
viated the phytotoxicity of Cd to maize through an antagonistic effect. 
High-concentration PSNPs (100 mg/L) aggregated and accumulated on 
the root surfaces, while Cd was wrapped in the PSNPs polymer matrix, 
which reduced the Cd content of the solution. Low concentrations of 
PSNPs (10 mg/L) were used as containers for Cd bioaccumulation in 
maize. The PSNPs formed stable compounds with dissociative Cd 
through internal and external surface adsorption, reducing the toxicity 
and fluidity of Cd. Polystyrene nanoplastics and Cd entered the root 
system through the stomatal pathway and were then transferred upward 
through vascular bundles to the leaves. Moreover, the activities of POD 
and CAT in maize leaves increased by 32.9% and 28.6%, respectively, 
after exposure to 100 mg/L PSNPs alone, whereas SOD activity 
decreased by 9.6%. The discrepancies in SOD activity may be related to 
the absence of microelements such as Zn, Fe, and Mn. In conclusion, our 
study provides a scientific basis for estimating the toxicological effects of 
NPs and Cd on crops. 
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