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Abstract

Micro/nanoplastics (MPs/NPs) and cadmium (Cd) are among the most serious
pollutants in soils, and the coexistence of MPs/NPs and Cd is therefore inevitable.
Several studies have investigated the effects of MPs/NPs or Cd stress alone on
plant growth. However, little is known regarding the combined effects of NPs and Cd
stress on plants and Cd accumulation, particularly in hyperaccumulators. The study
selected Sedum alfredii Hance as a test material, and investigated the individual and
combined effects of polystyrene nanoplastics (PS-NPs) (100 and 1000 mg-kg)

and Cd (0.6 and 4 mg-kg™') on the physiological indices, trace element contents,

Cd content, Cd chelation, and Cd speciation. The growth of S. alfredii was signifi-
cantly inhibited under PS-NPs or Cd alone, and the inhibitory effect of Cd stress was
more significant than that of PS-NPs stress. Combined treatments increased the
growth-inhibition effect. The individual PS-NPs treatments had no significant effects
on antioxidant enzyme activity or malondialdehyde (MDA) and trace element con-
tents, but combined treatments significantly increased antioxidant enzyme activity
and MDA content, thereby reducing the trace element contents compared to the
individual PS-NPs or Cd treatments. Combined treatments increased the contents of
the exchangeable Cd, carbonate-bound Cd, and reduced organic-bound Cd, thereby
significantly increasing the Cd content in the aboveground parts and roots of S.
alfredii; the Cd content in the aboveground parts and roots of S. alfredii under com-
bined Cd (4 mg-kg™) and PS-NPs (1000 mg-kg™) treatment was 1.2-fold and 1.36-fold
higher, respectively, than under Cd stress alone (4 mg-kg"). Furthermore, Cd che-
lation under combined treatments increased significantly compared to the PS-NPs
or Cd treatments alone. The nonprotein thiol (NPT) and phytochelatin (PC) contents
under combined PS-NPs (1000 mg-kg') and Cd (4 mg-kg™") increased by 12.9% and
13.0%, respectively, compared to Cd stress alone (4 mg-kg™'). These findings eluci-
date the impact of NPs on Cd accumulation in hyperaccumulator plants, which holds
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significant implications for understanding the environmental risks associated with the
combination of NPs and Cd.

Introduction

Approximately 1.2 10" kg of plastic waste will accumulate in the natural environ-
ment by the mid-21st century [1,2]. Micro/nanoplastics (MPs/NPs) continuously
accumulate in sediments, soils, and other media due to their small particle diameters
and weak photodegradation ability [3]. At the second United Nations Environment
Assembly in 2016, MPs/NPs pollution was highlighted as the second most important
major scientific challenge in environmental and ecological research, in addition to
ozone depletion and global climate change, these issues have become major global
environmental challenges. The contents of MPs/NPs are generally higher in terres-
trial environments than in aquatic environments [4], and research on these particles
has shifted from aquatic environments to soil environments [5,6]. Currently, MPs/NPs
have been detected in agricultural, industrial [7,8], and cultivated soils across vari-
ous provinces in China [9,10]. Their abundances varied widely, ranging from 7100 to
42900 p kg™, with particle sizes ranging from 0.05—1mm [9,11,12]. As one of the top
five general-purpose plastics used around the world, polystyrene (PS) contributes a
major share of environmental MPs/NPs. PS primarily enters the soil through organic
fertilizer application, plastic waste in landfills, and sewage irrigation [13,14]. PS is
non-biodegradable and can remain in the environment for a long time if not subjected
to heating or ultraviolet treatment [15], resulting in high amounts of PS-MPs/NPs

in the environment. MPs/NPs not only accumulate in soil environments, but also in
plants, thereby affecting plant growth [16,17]. According to He et al. [18], the fresh
weights of cabbage have been shown to decreased significantly when exposed to
PE-MPs. This phenomenon can be attributed to the physical obstruction of root sys-
tems by MPs, which adsorb to root surfaces and likely clog pores, thereby impeding
water and nutrient uptake. Furthermore, MPs can be internalized into root tissues via
endocytosis or apoplastic transport, ultimately inhibiting plant growth and develop-
ment [19]. However, Lian et al. [20] found that wheat biomass increased significantly
following exposure to PS-MPs. The observed biomass increase under MPs exposure
may result from an adaptive stress response in certain crop species. To counterbal-
ance the stress, plants first initiate morphological adaptations, such as expanding
the lateral root system and increasing the root-to-shoot ratio. Subsequently, these
modifications help maintain root growth and enhance the uptake efficiency of water
and nutrients, ultimately leading to a compensatory increase in overall biomass [21].
At present, most existing studies on the effects of MPs/NPs on plants concentrate on
crops, whereas the influence of these particles on hyperaccumulator plants requires
further investigation.

Most environmental research has focused on heavy metal pollution, and cadmium
(Cd) is a key pollutant that is a subject of global concern due to its wide pollution
gradient and high toxicity. In China, the area of Cd-polluted cultivated land is approx-
imately 2 x 105 km?, and the geometric mean of Cd content in the agricultural soil is
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0.473 mg-kg'; moreover, both the degree and area of Cd pollution are increasing annually [22,23]. Cd stress alone can
alter antioxidant enzyme activity, in turn affecting plant growth [24]. As the most common Cd-accumulating plant, Sedum
alfredii Hance (Crassulaceae) is effective in the remediation of Cd-contaminated soils [25]. MPs/NPs in ecosystems do
not usually exist in isolation, as they can easily adsorb heavy metals and antibiotics in the environment onto their sur-
faces [26]. At present, various MPs—metal ion complexes have been detected in the environment, indicating that these
particles can function as carriers of heavy metals [27]. Zhou et al. [28] reported that MPs can adsorb Cd, with the adsorp-
tion capacity depending on MPs type. Furthermore, they demonstrated that adding MPs altered the speciation of Cd in
soil, specifically decreasing the exchangeable, carbonate-bound and Fe-Mn oxide-bound fractions, while increasing the
organic-bound fraction [29]. Moreover, a combination of MPs/NPs and Cd were further found to inhibit plant growth com-
pared to MPs/NPs stress alone and resulted in enhanced toxic effects [30,31]. Similarly, combined MPs/NPs and heavy
metal stress reduced superoxide dismutase (SOD) and catalase (CAT) activities in the roots of rice seedlings [32]. Xie et
al. [33] found that combined PLA-MPs and Cd significantly decreased the Mg, Zn, and Cd contents in pakchoi compared
to the Cd treatment alone. The presence of MPs/NPs not only affects soil environments, but can also be an important
factor affecting the transformation of heavy metal speciation in soil.

Pollution caused by MPs/NPs and Cd has received broad attention in recent years. The pollution caused by MPs/NPs
and Cd has garnered considerable attention in recent years. While existing studies have documented the individual effects
of MPs/NPs or heavy metals on crop growth and physiology, the specific aspect of combined PS-NPs and Cd in S. alfredii
growth and soil properties remains unexplored. S. alfredii is of great scientific significance as a model plant for elucidating
hypertolerance and hyperaccumulation traits, as well as for decontaminating heavy metals. It also serves as a core com-
ponent of phytoremediation [34]. Therefore, this study selected S. alfredii as a test material to investigate the effects of
PS-NPs and Cd, both alone and in combination, on physiological indices, trace element contents, Cd content, Cd chela-
tion, and Cd speciation content in the soil. The findings of this study provide insights into the ecological effects of NPs and
Cd on hyperaccumulator plants and can offer data to deepen our understanding of Cd accumulation in these plants.

Materials and methods
Experimental materials

S. alfredii is a typical Cd-hyperaccumulating plant obtained from Taizhou in Zhejiang Province, China. Healthy plants with
uniform sizes were selected for pot experiments. The PS-NPs used for the pot experiments were purchased from the
Electric Corporation of Japan. The specific morphology of PS-NPs was characterized using scanning electron microscopy
(SEM) (JSM-7800, HITACHI-Regulus 8100, Hitachi, Tokyo, Japan) and the particle size was 100-500nm (Fig 1).

Fig 1. Scanning electron micrographs of polystyrene nanoplastics.

https://doi.org/10.1371/journal.pone.0344578.9001
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Experimental design

The soil used for the experiment was brown calcareous soil. The physicochemical properties of the soil are presented

in Table 1. A defined mass of PS-NPs powder was first thoroughly mixed with a small portion of dry, finely ground soil to
achieve initial homogeneity. This premix was then gradually blended into the remaining bulk soil. Finally, a Cd solution
was added during continuous stirring to achieve uniform moisture and distribution. The wet soil was sealed, incubated for
24 h for equilibrium, and remixed before use. This stepwise mixing protocol was designed to prevent NPs aggregation and
ensure their uniform dispersion within the soil matrix. A basin (22.8cm *17.0cm *17.5cm) was filled with 3.5kg of air-dried
sifted soil, and the soil was evenly mixed with PS-NPs and Cd solution (analytical-grade Cd (NO,),"4H,O dissolved in dis-
tilled water) at different concentration gradients. After the PS-NPs and Cd were evenly dispersed, S. alfredii plants at the
same stage were transferred to various basins for cultivation. Plants were irrigated during the growth period, and the soil
moisture content was maintained at 60% of the field water-holding capacity. Plants were cultivated under the controlled
conditions: 25°C/20°C day/night temperature, a 60% relative humidity, 12/12h (light/dark) photoperiod, and a 15,000 lux
light intensity. The experiment included nine treatments (Table 2), with all treatments replicated three times. The concen-
trations of PS-NPs and Cd used in this study were set based on a previous study [2]. After six months, the S. alfredii were
harvested.

Measurement of growth and physiological parameters

The harvested plant samples were washed with tap water to remove the soil attached to their root surfaces. The samples
were then labeled and stored in sealed Ziplock bags. The heights and root lengths of S. alfredii were measured using a
ruler (accuracy of 0.1cm). The fresh weight of roots and the aboveground parts of S. alfredii were weighed and recorded.
The fresh leaves were stored in ziplock bags at -80°C until determination of antioxidant enzyme activity and malondialde-
hyde (MDA) content, and Cd chelation indices of each plant. Thereafter, the plant materials were initially dried in an oven
maintained at 105°C for 30 min and then dried to a constant weight at 70°C, and their dry weights were recorded.

Table 1. Original physicochemical properties of soil.

pH Total N Alkalolysis N Total P Available P Total K Organic matter Total Cd
(9kg™”) (mg-kg™) (9kg”) (mg-kg”) (9kg™) (9kg™) (mgkg”)
8.48 0.39 47.98 0.52 6.62 18.54 12.37 0.09
https://doi.org/10.137 1/journal.pone.0344578.t001
Table 2. Experimental treatment design.
Treatments Concentration(mg-kg™)
PS-NPs Cd
CK CK - -
Cd C1 -- 0.6
C2 - 4
PS-NPs N1 100 -
N2 1000 --
PS-NPs+Cd C1N1 100 0.6
C1N2 1000 0.6
C2N1 100 4
C2N2 1000 4
Note. CK: control; C1, C2: Cd at 0.6 and 4 mg-kg™; N1, N2: PS-NPs at 100 and 1000 mg-kg™.
https://doi.org/10.1371/journal.pone.0344578.t002
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The SOD activity was determined using the nitrogen blue tetrazole photoreduction method; Peroxidase (POD)
activity was determined based on a guaiacol assay; CAT activity was obtained using ultraviolet-visible absorption
spectroscopy; MDA content was calculated using the thiobarbituric acid method [35]; Glutathione (GSH) content was
determined using GSH assay kits (Keming Biotechnology Co., Ltd., Suzhou, China); Nonprotein thiol (NPT) content
was determined using the 5,5-dithio-bis-(2-nitrobenzoic acid) color development method [36,37]; PCs content is calcu-
lated as the difference between NPT and GSH. The enzyme assays were conducted with three independent biological
replicates.

Determination of trace element contents and Cd content in S. alfredii

Samples of the aboveground parts and roots of S. alfredii were dried and ground to powder. The powdered samples were
digested using a mixture of nitric and perchloric acids (4:1 v:v). The solution was heated at 250°C until it became com-
pletely clear. Afterward, the solution was cooled to room temperature and transferred into a 25-mL volumetric flask. The
heating test tube was washed three times with ultrapure water, and the cleaning solution was transferred into a volumetric
flask, which was filled with ultrapure water to the scale mark and then shaken thoroughly. The sample solution was then
passed through a 0.45-um filter membrane, the Cd content was determined using an atomic absorption spectrometer
(pinAAcle 900Z; PerkinElmer Inc., Shelton, CT, USA), the Zn, Cu and Mn contents were determined using an inductively
coupled plasma optical emission spectrometer (ICP-OES) (Optima 5300DV, PerkinElmer, USA).

Determination of Cd speciation in soil

An accurately weighed 2 g soil sample was loaded into a 100 mL centrifuge tube for stepwise extraction. The speciation of
Cd in soil was determined using Tessier’s sequential extraction procedure, which separates heavy metals into five geo-
chemical forms through a series of chemical leaching steps. The Cd content of each extracted fraction was then quantified
using atomic absorption spectrometry (pinAAcle 900Z; PerkinElmer Inc., Shelton, CT, USA).

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics 23.0 (IBM Corp., Armonk, NY, USA). One-way analysis of
variance (ANOVA) was performed to determine significance differences between treatment means, followed by Tukey’s
post-hoc test. Data are expressed as the meantstandard deviation. Statistical significance was set at P < 0.05. Graphs
were generated using OriginPro 2018 (OriginLab Corp., Northampton, MA, USA).

Results
Individual and combined effects of PS-NPs and Cd on S. alfredii growth

The inhibitory effect of the individual PS-NPs stress on S. alfredii biomass was correlated positively with the concentration
of PS-NPs. Compared to the control (CK), the fresh weights at a low concentration of PS-NPs (N1) and a high concen-
tration of PS-NPs (N2) decreased significantly by 9.3% and 20.0%, respectively (P < 0.05). The individual PS-NPs stress
had no significant effect on the dry weight of S. alfredii. The biomass under the individual Cd stress was lower significantly
than CK, and the inhibitory effect was correlated positively with the Cd concentration (P < 0.05). The inhibitory effect of the
individual Cd was more significant than that of the individual PS-NPs (Fig 2a).

Combined PS-NPs and Cd decreased the biomass of S. alfredii compared to the individual PS-NPs or Cd stress. The
dry weights of S. alfredii at low concentrations of Cd and PS-NPs (C1N1) and at low concentration of Cd and high con-
centrations of PS-NPs (C1N2) were significantly reduced by 4.0% and 7.2%, respectively, compared to the dry weight at a
low concentration of Cd (C1) without PS-NPs (P < 0.05). The fresh weights of S. alfredii at a high concentration of Cd and
a low concentration of PS-NPs (C2N1) and a high concentration of Cd and a high concentration of PS-NPs (C2N2) were
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significantly reduced by 13.1% and 24.6%, respectively, compared to the fresh weight at a high concentration of Cd (C2)
without PS-NPs (P < 0.05) (Fig 2a).

The root length of S. alfredii under the individual Cd stress was lower significantly than CK, and the inhibitory effect
increased with an increase in Cd concentration (P < 0.05). However, no significant differences were observed in the root
length between the CK and singe PS-NPs stress. Combined PS-NPs and Cd stress significantly reduced the root length
of S. alfredii compared to the individual PS-NPs (P < 0.05). The root lengths of S. alfredii in the C1N2 and C2N2 stresses
decreased significantly by 15.2% and 27.1%, respectively, compared to the root length in the N2 stress. (Fig 2b).

The height of S. alfredii under the individual Cd stress was lower significantly than CK, and the inhibitory effect
increased with an increase in Cd concentration (P < 0.05). Compared to CK, the plant height of S. alfredii decreased by
9.7% and 12.8% under N1 and N2 stress, respectively. Combined PS-NPs and Cd stress had a stronger inhibitory effect
on plant height compared to the individual PS-NPs stress. The height of S. alfredii in the C1N1 and C2N1 stresses was
significantly reduced by 29.1% and 51.3%, respectively, compared to the N1 (P < 0.05) (Fig 2b).

Individual and combined effects of PS-NPs and Cd on antioxidant enzyme activities and MDA content in S. alfredii

The SOD activity in S. alfredii in the individual Cd stress was significantly higher than that the CK, and the effect of Cd

on SOD activity increased with an increase in Cd concentration (P < 0.05). However, the individual PS-NPs stress had

no significant effect on SOD activity in S. alfredii. Combined PS-NPs and Cd increased significantly the SOD activity in
S. alfredii compared to individual PS-NPs or Cd stress (P < 0.05). The SOD activity in S. alfredii in the C2N1 and C2N2
stresses increased significantly by 13.8% and 27.1%, respectively, compared to the C2 stress (Fig 3a).

Furthermore, the effect of Cd on POD activity increased with an increase in the Cd concentration, which was consistent with
the trend exhibited by SOD activity. A low PS-NPs concentration (N1) had no significant effect on POD activity in S. alfredii,
although a high PS-NPs concentration (N2) increased POD activity by 34.1% compared to CK. Combined PS-NPs and Cd stress
increased the POD activity compared to the individual PS-NPs and Cd stress. The POD activity in S. alfredii under the C2N1 and
C2N2 stresses increased significantly by 8.3% and 19.1%, respectively, compared to that under the C2 (P < 0.05) (Fig 3b).
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The individual PS-NPs stress had no significant effect on CAT activity, which was consistent with the trend exhibited by SOD
activity. The effect of Cd on CAT activity increased with an increase in the concentration of Cd. Combined PS-NPs and Cd
increased CAT activity compared to the individual PS-NPs and Cd stress. The CAT activity in S. alfredii under the C2N1 and
C2N2 stresses increased significantly by 7.5% and 17.5%, respectively, compared to the CAT activity in C2 (P < 0.05) (Fig 3c).

The MDA contents under the individual Cd stress were significantly higher than CK, and the effect of Cd on the MDA
content was enhanced with an increase in the Cd concentration (P < 0.05). Combined PS-NPs and Cd considerably
increased the MDA content of S. alfredii compared to the individual PS-NPs stress (P < 0.05). The MDA content in the
C1N1 stress significantly increased by 36.8% compared to that under N1 (P < 0.05). The MDA content of S. alfredii in the
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C2N1 stress was 1.1-fold higher than that in the N1 stress. The combined PS-NPs and Cd stress had no significant effect
on MDA content compared to the individual Cd stress in S. alfredii (Fig 3d).

Individual and combined effects of PS-NPs and Cd on Cd chelation in S. alfredii leaves

The GSH content of S. alfredii under the C1 and C2 increased significantly by 32.9% and 87.1%, respectively, compared
to that of the control group (P < 0.05). However, no significant differences in the GSH content were observed between the
CK and the individual PS-NPs stress. Combined PS-NPs and Cd stress increased the GSH content in S. alfredii com-
pared to the individual Cd stress. Specifically, the GSH content significantly increased by 10.1% and 17.8% under the
C1N1 and C1N2 stresses, respectively, compared to that of C1 (P < 0.05) (Fig 4).

The individual Cd stress significantly increased the NPT content of S. alfredii compared to that of CK, and the effect
of Cd increased with an increase in the Cd concentration (P < 0.05). A low PS-NPs concentration (N1) had no significant
effect on the NPT content. In contrast, a high PS-NPs concentration (N2) significantly increased the NPT content of S.
alfredii, by 33.6%, compared to that of CK (P < 0.05). Combined PS-NPs and Cd significantly increased the NPT con-
tent compared to the individual Cd stress. In addition, the NPT content under the C2N1 and C2N2 stresses significantly
increased by 3.8% and 12.9%, respectively, compared to that in the C2 (P < 0.05) (Fig 4).

The individual Cd stress significantly increased the PCs content of S. alfredii compared to that of CK, while the effect
of PS-NPs on the PCs content was not significant. Combined PS-NPs and Cd increased significantly the PCs content
compared to the individual Cd. Specifically, the PCs content of S. alfredii in the C2N1 and C2N2 significantly increased by
3.8% and 13%, respectively, compared to that in C2 (P < 0.05) (Fig 4).

Individual and combined effects of PS-NPs and Cd on Cd and trace element contents in S. alfredii

The Cd contents in the aboveground parts of S. alfredii in the C1 and C2 were increased by 2.6-fold and 3.8-fold com-
pared to those of CK, respectively (P < 0.05). Cd accumulation in the aboveground parts of S. alfredii under combined
PS-NPs and Cd stress was considerably enhanced compared to that under the individual PS-NPs and Cd stress. Specif-
ically, the Cd content in the aboveground parts of the plant significantly increased by 81.8% in the C1N1 stress compared
to that of C1 (P < 0.05). The Cd content in the aboveground parts in the C2N2 was 1.2-fold that of C2. The trends of Cd
accumulation in S. alfredii roots affected by individual and combined effects of PS-NPs and Cd were similar to those of Cd
accumulation in S. alfredii aboveground parts. Combined PS-NPs and Cd application promoted Cd accumulation com-
pared to the individual Cd stress (Fig 5a).

The Zn, Cu and Mn contents of S. alfredii in individual and combined stress of PS-NPs and Cd was significantly
reduced compared to the CK except in the N1 stress. The Zn, Cu and Mn contents of aboveground parts in the N2
stress decreased significantly by 13.3%, 13.3% and 14.3% respectively compared to the CK. The Zn, Cu and Mn
contents of aboveground parts in the individual Cd stress was significantly lower than that the CK (P < 0.05). The
C2 stress resulted in a 55.8% decrease in Zn content, a 58.4% decrease in Cu content, and a 53.8% decrease in
Mn content in the aboveground parts. Combined PS-NPs and Cd stress had a stronger inhibitory effect on the Zn,
Cu and Mn contents of aboveground parts compared to the individual Cd stress. The Zn, Cu and Mn contents of S.
alfredii under the C2N2 stress reduced significantly by 17.9%, 16.0% and 12.3%, respectively, compared to the C2
stress (P < 0.05) (Fig 5b, 5c, 5d).

The results of the trace elements contents of root in individual and combined stress of PS-NPs and Cd were similar
to the aboveground parts. The Zn and Cu contents of root showed the most significant effects in the individual PS-NPs
stress. The C2 stress showed a 65.4% decrease in Zn content, a 51.2% decrease in Cu content, and a 51.9% decrease
in Mn content. Combined PS-NPs and Cd stress had a stronger inhibitory effect on the Zn, Cu and Mn contents of roots
compared to the individual Cd stress. The Zn, Cu and Mn contents of roots under the C2N2 stress reduced significantly by
13.5%, 16.9% and 2.9%, respectively, compared to the C2 stress (P < 0.05) (Fig 5b, 5c, 5d).
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Individual and combined effects of PS-NPs and Cd on Cd speciation in soil

Compared with CK, PS-NPs stress alone had no significant effect on the speciation of Cd in the soil. The proportions

(%) of different Cd speciation were in the order of carbonate-bound Cd > residue-bound Cd > Fe-Mn oxide-bound Cd

> exchangeable Cd > organic-bound Cd Compared with CK, Cd stress alone significantly increased the proportions of
exchangeable Cd, carbonate-bound Cd, and Fe-Mn oxide-bound Cd, while decreasing the proportions of organic-bound
Cd and residue-bound Cd. Moreover, the changes in these proportions became more pronounced with increasing Cd
concentration. Combined stress of PS-NPs and Cd (C1N1, C1N2, C2N1, C2N2) further increased the proportions of
exchangeable Cd and carbonate-bound Cd compared with Cd stress alone (C1, C2). The proportion of exchangeable Cd
and carbonate-bound Cd under the C1N2 stress increased significantly by 40.90% and 16.77%, respectively, compared
to the C1 stress (P < 0.05); however, the proportion of Fe-Mn oxide-bound Cd, organic-bound Cd and residue-bound Cd

PLOS One | https://doi.org/10.1371/journal.pone.0344578 March 10, 2026 9/18



https://doi.org/10.1371/journal.pone.0344578.g004

PLO\Sﬁ\\.- One

a) Cd content (mg-kg™) b) Zn content (mg-kg™)
C2N2 |- a+H C2N2 | eH
C2N1 | b C2N1 - €H
CIN2 | CIN2 der—
g CINL| CINI cd—
g +~
§ N2 | 5 N2 | b—
= g
N1 | S NI abr—
&
C2 cH C2 eH
Cl} cl} cHH
CK | CK | a——
1 1 1 1 1 1 1
0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.06 0.04 0.02 0.00 0.02
Cd content of roots Cd content of above ground Zn content of roots Zn content of above ground
¢) Cu content (mg-kg™) d) Mn content (mg-kg™")
C2N2 d— : C2N2 - c
C2N1 | d— C2N1 cH—
CIN2 CH— CIN2 br—i
CINI c—— . CINI | b—i
= 5
E N2 be——— b g N2 ar—
s 2
& N ab-H ab E NIE oa—H
C2 | d— C2 cr—
Clf cH— Cl | b——
CK | a——— a CK |- a—
1 1 1 1 1 1 1 1 1
0.020 0.015 0.010 0.005 0.000 0.005 0.010 0.10 0.08 0.06 0.04 0.02 0.00 0.02 0.04
Cu content of roots Cu content of above ground Mn content of roots Mn content of above ground

Fig 5. Individual and combined effects of PS-NPs and Cd stress on Cd and trace element contents in S. alfredii. (a): Cd content (mg-kg™');

(b): Zn content (mg-kg™); (c): Cu content (mg-kg™); (d): Mn content (mg-kg'). PS-NPs: polystyrene nanoplastic; Cd: cadmium.C1 and C2 respectively
represented the concentration of Cd (0.6 and 4 mg-kg™'), and N1 and N2 respectively represented the concentration of PS-NPs (100 and 1000 mg-kg™).
Different letters indicate significant differences in the results; the same letters indicate non-significant differences in the results (P < 0.05).

https://doi.org/10.1371/journal.pone.0344578.9005

under the C2N2 stress increased significantly by 15.78%, 19.55% and 18.00%, respectively, compared to the C2 stress (P
< 0.05). In other words, the combined stress of PS-NPs and Cd increased the bioavailability of Cd in the soil (Fig 6)

Discussion
Individual and combined effects of PS-NPs and Cd on S. alfredii growth

According to the results of the present study, the individual PS-NPs stress decreased the height and fresh weight of S.
alfredii, and the inhibitory effect of PS-NPs on plant height and fresh weight increased with an increase in the concentra-
tion of PS-NPs. Consistent with our findings, Xie et al. [33] reported that polyvinyl chloride (PVC) significantly inhibited
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Fig 6. Individual and combined effects of PS-NPs and Cd stress on Cd speciation contents in soil. PS-NPs: polystyrene nanoplastic; Cd: cad-
mium.C1 and C2 respectively represented the concentration of Cd (0.6 and 4 mg-kg™), and N1 and N2 respectively represented the concentration of
PS-NPs (100 and 1000 mg-kg™). Different letters indicate significant differences in the results; the same letters indicate non-significant differences in the
results (P < 0.05).

https://doi.org/10.1371/journal.pone.0344578.9006

the growth of Chlorella vulgaris, with a higher concentration of microplastics (1000 mg-L") amplifying this inhibitory effect
The addition of MPs/NPs has been shown to inhibit free individual cells and crop growth, with PS-MPs of different parti-
cle sizes exerting varying effects on plant growth [38—40]. We speculate that this may be due to the fact that the irregular
surfaces of MPs/NPs cause damage to plant roots, with higher concentrations posing greater harm; and additives in these
particles (e.g., plasticizers, stabilizers, and pigments et al.) can be entered into soils, which can cause hazardous effects
to the growth of plants [9,41]. In addition, MPs/NPs may enter and block roots and root epidermis of plants, inhibiting the
absorption of water and nutrients directly [16,42]. However, Yang et al. [43] found that the application of PS-NPs increased
the height of /satis indigotica. The addition of MPs/NPs, as high-molecular polymers with the high content of carbon, can
lead to the increase of total carbon content in soils, which might be beneficial to plants.

Furthermore, the present study found that individual Cd stress inhibited the growth of S. alfredii in a concentration-
dependent manner, a result consistent with the findings of Yang et al.. [44]. The individual Cd stress can damage the api-
cal meristem, chloroplast ultrastructure, membrane system, and various organelles in S. alfredii. In addition, the individual
Cd stress inhibits GSH biosynthesis, leading to the accumulation of excess H,0, and reactive oxygen species (ROS),
thereby affecting the activity of related enzymes and the overall growth of S. alfredii.

The experimental results showed that a combination of PS-NPs and Cd stress exerted a stronger inhibitory effect on
the growth of S. alfredii than the individual PS-NPs or Cd stress. PS-NPs can adsorb Cd through electrostatic attraction
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between Cd and functional groups on the surface of PS, and the adsorbed Cd would co-transport with its carrier PS [45],
the amount of Cd accumulated in plants would be increased, inhibiting the absorption of water and nutrients, thereby
restricting root growth. In addition, combined PS-NPs and Cd may more seriously restrict photosynthesis and enhance
oxidative stress damage, thereby affecting the growth of plants. According to previous study by Liu et al. [32], combined
PS-MPs and Pb can decrease growth indices compared to the individual PS-MPs stress and enhance growth inhibition
effects among plants. Furthermore, Dong et al. [46] observed that when plants were exposed to combined arsenic (As)
and PS (at concentrations of 0.04 and 0.1 g-L™"), the reduction in root and leaf biomass was less than that under As the
individual stress, while the application of combined As and PS at 0.2 g-L™! reduced root and leaf biomass more than the
individual As stress. When MPs and heavy metals are present in combination, these particles can act as carriers of heavy
metals to exacerbate their toxicity of heavy metals, resulting in a synergistic effect and enhancing plant growth inhibition.
However, a study by Zong et al. [30] found that combined PS-NPs and Cd stress had a strong positive effect on the shoot
length of Triticum aestivum L. compared to the individual Cd stress, indicating that PS-NPs countered the negative impact
of Cd on the growth of T. aestivum L. Due to differences in their composition and surface functional groups, MPs/NPs
exhibit variations in their Cd adsorption-desorption properties, which result in differential effects on plant growth in soils
containing combined MPs/NPs and Cd.

Individual and combined effects of PS-NPs and Cd on antioxidant enzyme activities and MDA content in S. alfredii

Plants cope with external stress through the activity of various antioxidant enzymes. These enzymes maintain a dynamic
balance between the generation and elimination of free radicals in plant tissues through synergistic effects to prevent
oxidative damage caused by the excessive production of free radicals, thereby alleviating the toxic effects of the external
environment on plants. However, the excessive accumulation of ROS under stress conditions damages the expression
systems and structure of antioxidant enzymes, resulting in reduced enzyme activity [47,48].

In this study, it was observed that the individual PS-NPs stress increased SOD activity, and the effects increased with
an increase in the concentration of PS-NPs. The increase of SOD activity may be attributed to the large accumulation
of ROS, hence causing oxidative stress and increasing the levels of antioxidants in roots and leaves, thereby producing
antioxidant enzymes. Guo et al. [49] and Niu et al. [50] both found that the SOD activity was significantly reduced under
the individual PE-MPs or PS-NPs stress compared to the CK. These differences in results may be due to the variation in
the concentration of MPs/NPs and the plants used. On the one hand, the concentrations of PS-NPs used in the previous
research were too high to endure the individual MPs/NPs stress, resulting in reduced SOD activity. On the other hand,
the Cd hypertolerance and hyperaccumulation traits of S. alfredii are supported by its physiological status response to
external Cd level and high Cd accumulation concentration in shoots [51]. A highly intricate network of Cd tolerance genes
of S. alfredii orchestrates multiple physiological processes. These processes include the antioxidant system, induction of
defense-related genes, and calcium signaling pathways, collectively contributing to the plant’s robust Cd-tolerance mecha-
nism [52]. Furthermore, in the present study, no significant differences were observed in POD activity between the control
and low PS-NPs concentration, while a high PS-NPs concentration increased POD activity compared to the control. A high
PS-NPs concentration induced the production of free radicals, and S. alfredii responded to excess ROS by increasing
POD activity, thereby alleviating the toxic effects of the external environment on S. alfredii. According to research by Guo
et al. [47] and Niu et al. [53], the effects of MPs on POD exhibited a hormesis effect, implying that a low concentration of
MPs increased POD activity, while a high MPs concentration damaged the antioxidant defense system of plants, thereby
decreasing POD activity. This may have occurred because the excessive accumulation of ROS under a high MPs concen-
tration destroys the expression systems and structure of antioxidant enzymes, resulting in reduced enzyme activity.

The present study showed that the individual Cd stress increased antioxidant enzyme activity and MDA content, and
the effect was positively correlated with the Cd concentration. Previous research indicated that antioxidant enzyme activity
increased significantly under the individual Cd stress [54]. Qin et al. [55] found that antioxidant enzyme activity increased
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at low heavy metal concentrations but decreased at high heavy metal concentrations, possibly because high heavy metal
concentrations caused severe damage in plants.

According to the results of the present study, the combined treatment of low-concentration PS-NPs and Cd exerted no
significant effect on the antioxidant enzyme activity in S. alfredii. However, the combination of a high PS-NPs concentra-
tion and Cd increased SOD and CAT activities compared to the individual PS-NPs and Cd stress. These results could be
due to the change in the PS-NPs concentration. The adsorption of Cd onto PS-NPs increased with the increase of the
PS-NPs concentration, which increasing the levels of antioxidants in roots and leaves owing to the oxidative stress on
plant function. However, according to a study by Liu et al. [32], combined PS-MPs and Pb increased SOD activity and
decreased CAT activity, and the effect was reduced with an increase in the combined PS-MPs concentration. This finding
is inconsistent with the results of this study, which could be due to differences in the types of heavy metals, MPs/NPs, and
plant species used.

Individual and combined effects of PS-NPs and Cd on Cd chelation in S. alfredii

The experimental results showed that GSH, NPT, and PCs increased significantly and increased with the increase of

the Cd concentration. The increased NPT, PCs, and GSH contents in S. alfredii could be due to a defense mechanism
induced under the individual Cd stress to generate NPT and GSH, which chelate with Cd?* to form thiopeptide complexes
that protect plant cells and maintain the natural structure of plants [56,57]. According to a study by Liu et al. [58], the GSH
and PCs contents increase significantly under the individual Cd stress, and they also increase with an increase in Cd con-
centration, in Salix variegata. Yu et al. [59] also found that the GSH and PCs contents were positively correlated with the
Cd concentration in Oryza sativa L.

According to the results of the present study, combined PS-NPs and Cd stress increased the levels of GSH, NPT, and
PCs in S. alfredii leaves. Combined PS-NPs and Cd stress can increase the Cd content in plants, thereby enhancing the
levels of GSH, NPT, and PCs. In addition, NPs that adsorbed Cd enter plants, thereby increasing the Cd content and the
levels of GSH, NPT, and PCs in S. alfredii. Combined MPs and Cd have been shown to significantly increase Cd accumu-
lation in S. alfredii, AHG347, and wheat [60,61]. A previous study by Duan et al. [31] revealed that combined MPs and Cd
increased Cd accumulation in sorghum. The organic substances on MPs surfaces can form water-soluble or heavy metal
complexes with metal ions, contributing to the accumulation of Cd [62], thereby inducing Cd chelation. Therefore, the
exposure of plants to the combination of PS-NPs and Cd can promote Cd accumulation and the synthesis of GSH, NPT,
and PCs to a great extent.

Individual and combined effects of PS-NPs and Cd on trace element, Cd and Cd speciation contents

in S. alfredii

In the present study, we found combined PS-NPs and Cd stress significantly increased the Cd contents in S. alfredii. We
speculate that this may have been due to the fact that PS-NPs can adsorb Cd through electrostatic attraction between
Cd and functional groups on the surface of PS, and the adsorbed Cd would co-transport with its carrier PS [45,63], and
may be more easily absorbed by plants [20]. Both individual Cd stress and combined PS-NPs/Cd stress elevated the
exchangeable Cd fraction in soil, which in turn enhanced Cd accumulation in S. alfredii. However, Xie et al. [64] indicated
that PLA-MPs significantly reduced the Cd contents in pakchoi under the highest Cd-concentration stress. On the one
hand, we postulate that the reason for decreased Cd contents in pakchoi may have been that MPs/NPs have been found
to adsorb onto root surfaces [65] to compete with Cd for adsorption sites. On the other hand, MPs/NPs may improve the
bioavailability of Fe and Mn in soil and their uptake in rice roots, thus facilitating the formation of iron-manganese plaques
on plants roots to reduce Cd accumulation.

In addition, our study showed that the Zn, Cu and Mn contents of S. alfredii were significantly reduced under most
treatments compared to the CK. Xie et al. [33] observed that PLA-MPs significantly reduced the Mg and Mn contents in
pakchoi under the highest Cd-concentration stress. As the concentration of Cd increases, S. alfredii exhibits a significant
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decrease in the accumulation of trace metals Zn, Cu and Mn. Combined PS-NPs and Cd stress had a stronger inhibitory
effect on the Zn, Cu and Mn contents compared to the individual Cd stress. This phenomenon could be attributed to the
potential of PS-MPs to adsorb metal ions from the environment, thereby reducing the concentration of metal ions available
for plant absorption in soil, and the accumulation of these trace metals [66]. Alternatively, the presence of PS-NPs and Cd
might interfere with the normal physiological and ecological functions of S. alfredii, leading to changes in the S. alfredii ‘s
demand for trace metals [64].

MPs/NPs may alter the mobility and bioavailability of heavy metals in soils, which has implications for crop growth and
heavy metal accumulation. In the present study, the results for the different speciation of Cd content in soil showed that
the changes of the proportion of Cd in each speciation of soil in the all stresses was significant under the individual Cd
stress and combined PS-NPs and Cd stress. The addition of MPs/NPs can affect the soil pH, soil aeration, microporosity
and total carbon content and so on [67,68], thereby changing the forms of Cd content in soil [69]. Li et al. [70] found that
MPs can adsorb Cd in the soil through their strong adsorption properties or affect the bioavailability of Cd. Cao et al. [71]
indicated that polypropylene (PP) microplastics increased the concentration of bioavailable Cd in soils via decreasing soil
retention of Cd by the organo-mineral complexes fraction. And MPs can alter the physicochemical properties and micro-
bial community of soil, thereby indirectly affecting the form and bioavailability of heavy metals [70,72]. Studies have shown
that different types of MPs affected Cd bioavailability; the type, aging degree, and soil environmental conditions of MPs
may impact MPs influencing Cd form [73-75].

Our study showed that combined PS-NPs and Cd stress increased the content of the exchangeable state,
carbonate-bound state, and Fe-Mn oxide-bound state of Cd and reduced the content of the organic-bound state. The
change of the speciation of Cd content in soil can increase the bioavailability and mobility of heavy metals in the soil and
thus enhancing the toxicity of heavy metals to plants [31,33]. The decrease of biomass, contents of Zn, Mn, and Cu and
the increase of activities of antioxidants could also prove the increasing of toxicity under combined PS-NPs and Cd stress.
The changes in Cd form caused by MPs/NPs can affect the migration of Cd to organisms, thus requiring a new assess-
ment of the ecological risks of combined PS-NPs and Cd.

Conclusions

In conclusion, the findings of this study suggested that Sedum alfredii Hance growth was inhibited and that oxidative
damage was induced under the individual polystyrene nanoplastics (PS-NPs) or cadmium (Cd) stress, and the inhibi-
tory effect of the individual Cd stress was more significant than the individual PS-NPs stress. Combined PS-NPs and Cd
stress enhanced the inhibitory effect of growth, antioxidant enzyme activities and MDA content compared to individual
PS-NPs or Cd stress. Furthermore, combined PS-NPs and Cd increased the Cd contents of the exchangeable state,
carbonate-bound state and Fe-Mn oxide-bound state, and reduced the Cd content of the organic-bound state, thereby
enhancing the toxicity of Cd to S. alfredii. Combined PS-NPs and Cd stress promoted Cd accumulation in S. alfredii.,
thereby increasing Cd chelation (GSH, NPT, and PCs) compared to the individual Cd stress.

These findings discoverd that combined PS-NPs and Cd treatments increased the contents of the exchangeable
Cd and carbonate-bound Cd, thereby significantly increasing the Cd content and restraining the growth in S. alfredii.
PS-NPs and Cd had potential synergistic effects on the toxicity of the S. alfredii, which holds significant implications
for understanding the environmental risks associated with the combination of NPs and Cd. This study provided new
perspectives for a deeper understanding of hyperaccumulator plants and provide data support for the management of
pollution through it.
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(XLSX)

PLOS One | https://doi.org/10.137 1/journal.pone.0344578 March 10, 2026 14/18



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344578.s001

PLO\Sﬁ\\.- One

Author contributions

Conceptualization: Yuenan Li, Na Liu.

Formal analysis: Yuenan Li.

Funding acquisition: Na Liu.

Investigation: Yixiu Wang, Yonghui Lv, Ruiyan Ning, Qing Wang, Na Liu.
Methodology: Yixiu Wang, Yonghui Lv, Ruiyan Ning, Qing Wang.
Resources: Hongyan Cheng, Haibo Zhang.

Validation: Yixiu Wang, Yonghui Lv, Ruiyan Ning, Qing Wang.

Writing — original draft: Yuenan Li.

Writing — review & editing: Hongyan Cheng, Haibo Zhang, Na Liu.

References
1. Lim X. Microplastics are everywhere - but are they harmful? Nature. 2021;593(7857):22-5. https://doi.org/10.1038/d41586-021-01143-3 PMID:
33947993

2. Wang C, Li H, Sui X, Xie X. Recycling and value-added utilization of waste plastics. Polymer Materials Science and Engineering. 2021;37:335—-42.
https://doi.org/10.16865/j.cnki.1000-7555.2021.0018

3. Malyuskin O. Microplastic Detection in Soil and Water Using Resonance Microwave Spectroscopy: A Feasibility Study. IEEE Sensors J.
2020;20(24):14817-26. https://doi.org/10.1109/jsen.2020.3011311

4. Kawecki D, Nowack B. Polymer-Specific Modeling of the Environmental Emissions of Seven Commodity Plastics As Macro- and Microplastics.
Environ Sci Technol. 2019;53(16):9664—76. https://doi.org/10.1021/acs.est.9b02900 PMID: 31287667

5. Uzun P, Farazande S, Guven B. Mathematical modeling of microplastic abundance, distribution, and transport in water environments: A review.
Chemosphere. 2022;288(Pt 2):132517. https://doi.org/10.1016/j.chemosphere.2021.132517 PMID: 34634279

6. YusufA, Sodiq A, Giwa A, Eke J, Pikuda O, Eniola JO, et al. Updated review on microplastics in water, their occurrence, detection, mea-
surement, environmental pollution, and the need for regulatory standards. Environ Pollut. 2022;292(Pt B):118421. https://doi.org/10.1016/].
envpol.2021.118421 PMID: 34756874

7. Fuller S, Gautam A. A Procedure for Measuring Microplastics using Pressurized Fluid Extraction. Environ Sci Technol. 2016;50(11):5774-80.
https://doi.org/10.1021/acs.est.6b00816 PMID: 27172172

8. Hurley RR, Nizzetto L. Fate and occurrence of micro(nano)plastics in soils: Knowledge gaps and possible risks. Current Opinion in Environmental
Science & Health. 2018;1:6—11. https://doi.org/10.1016/j.coesh.2017.10.006

9. Zhang GS, Liu YF. The distribution of microplastics in soil aggregate fractions in southwestern China. Sci Total Environ. 2018;642:12—20. https://
doi.org/10.1016/j.scitotenv.2018.06.004 PMID: 29894871

10. Yang G, Chen L, Lin D. Status, sources, environmental fate and ecological consequences of microplastic pollution in soil. China Environmental
Science. 2021;41:353-65. https://doi.org/10.19674/j.cnki.issn1000-6923.2021.0041

11. Caol,WuD, LiuP, HuW, Xu L, SunYY, et al. Occurrence, distribution and affecting factors of microplastics in agricultural soils along the lower
reaches of Yangtze River, China. Sci Total Environ. 2021;794:148694. https://doi.org/10.1016/j.scitotenv.2021.148694 PMID: 34198075

12. Zhang H. Current situation of soil cadmium pollution and application of prevention and control technology. Low Carbon World. 2023;13:42—4.
https://doi.org/10.16844/j.cnki.cn10-1007/tk.2023.01.037

13. Jiang, Yang F, Hassan Kazmi SSU, Zhao Y, Chen M, Wang J. A review of microplastic pollution in seawater, sediments and organisms of the
Chinese coastal and marginal seas. Chemosphere. 2022;286(Pt 1):131677. https://doi.org/10.1016/j.chemosphere.2021.131677 PMID: 34346336

14. Li X, Chen L, Mei Q, Dong B, Dai X, Ding G, et al. Microplastics in sewage sludge from the wastewater treatment plants in China. Water Res.
2018;142:75-85. https://doi.org/10.1016/j.watres.2018.05.034 PMID: 29859394

15. Tokiwa Y, Calabia BP, Ugwu CU, Aiba S. Biodegradability of plastics. Int J Mol Sci. 2009;10(9):3722—42. https://doi.org/10.3390/ijms10093722
PMID: 19865515

16. Gao M, Xu Y, Liu Y, Wang S, Wang C, Dong Y, et al. Effect of polystyrene on di-butyl phthalate (DBP) bioavailability and DBP-induced phytotoxicity
in lettuce. Environ Pollut. 2021;268(Pt B):115870. https://doi.org/10.1016/j.envpol.2020.115870 PMID: 33120154

17. LiL, LuoY, Li R, Zhou Q, Peijnenburg WJGM, Yin N, et al. Effective uptake of submicrometre plastics by crop plants via a crack-entry mode. Nat
Sustain. 2020;3(11):929-37. https://doi.org/10.1038/s41893-020-0567-9

PLOS One | https://doi.org/10.1371/journal.pone.0344578 March 10, 2026 15/18



https://doi.org/10.1038/d41586-021-01143-3
http://www.ncbi.nlm.nih.gov/pubmed/33947993
https://doi.org/10.16865/j.cnki.1000-7555.2021.0018
https://doi.org/10.1109/jsen.2020.3011311
https://doi.org/10.1021/acs.est.9b02900
http://www.ncbi.nlm.nih.gov/pubmed/31287667
https://doi.org/10.1016/j.chemosphere.2021.132517
http://www.ncbi.nlm.nih.gov/pubmed/34634279
https://doi.org/10.1016/j.envpol.2021.118421
https://doi.org/10.1016/j.envpol.2021.118421
http://www.ncbi.nlm.nih.gov/pubmed/34756874
https://doi.org/10.1021/acs.est.6b00816
http://www.ncbi.nlm.nih.gov/pubmed/27172172
https://doi.org/10.1016/j.coesh.2017.10.006
https://doi.org/10.1016/j.scitotenv.2018.06.004
https://doi.org/10.1016/j.scitotenv.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29894871
https://doi.org/10.19674/j.cnki.issn1000-6923.2021.0041
https://doi.org/10.1016/j.scitotenv.2021.148694
http://www.ncbi.nlm.nih.gov/pubmed/34198075
https://doi.org/10.16844/j.cnki.cn10-1007/tk.2023.01.037
https://doi.org/10.1016/j.chemosphere.2021.131677
http://www.ncbi.nlm.nih.gov/pubmed/34346336
https://doi.org/10.1016/j.watres.2018.05.034
http://www.ncbi.nlm.nih.gov/pubmed/29859394
https://doi.org/10.3390/ijms10093722
http://www.ncbi.nlm.nih.gov/pubmed/19865515
https://doi.org/10.1016/j.envpol.2020.115870
http://www.ncbi.nlm.nih.gov/pubmed/33120154
https://doi.org/10.1038/s41893-020-0567-9

PLO\Sﬁ\\.- One

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

He J, He S, Wei K, Yang M, Zheng S, Wang S. Effects of polyethylene microplastics with different particle sizes on soil nutrients, growth and quality
of Chinese cabbage. Research of Agricultural Modernization. 2025;46(5):1014—23. https://doi.org/10.13872/j.1000-0275.2025.0162

Wang F, Feng X, Liu Y, Adams CA, Sun Y, Zhang S. Micro(nano)plastics and terrestrial plants: Up-to-date knowledge on uptake, translocation, and
phytotoxicity. Resources, Conservation and Recycling. 2022;185:106503. https://doi.org/10.1016/j.resconrec.2022.106503

Lian J, Wu J, Zeb A, Zheng S, Ma T, Peng F, et al. Do polystyrene nanoplastics affect the toxicity of cadmium to wheat (Triticum aestivum L.)? Envi-
ron Pollut. 2020;263(Pt A):114498. https://doi.org/10.1016/j.envpol.2020.114498 PMID: 33618453

Nong D-Q, Nong C-J, Wang C-C, Liu L-Y, Tian W, Wang H-B, et al. Adverse Effects and Underlying Mechanisms of Soil Microplastics on Crops
and Its Preventive Strategies. Huan Jing Ke Xue. 2025;46(1):510-22. https://doi.org/10.13227/j.hjkx.202311225 PMID: 39721656

Li J, Zhou Y, Chen S, Gao X. Actualities, damage and management of soil cadmium pollution in China. Anhui Agricultural Science Bulletin.
2015;21:104-7. https://doi.org/10.16377/j.cnki.issn1007-7731.2015.24.044

Zhang Z, Zhang F, Yang X, Zhang J. The occurrence and distributions characteristics of microplastics in soils of different land use patterns in Karst
Plateau, Southwest China. Sci Total Environ. 2024;906:167651. https://doi.org/10.1016/j.scitotenv.2023.167651 PMID: 37813260

Sun'Y, Liu H, Xu Q. Effect of cadmium stress on photosynthetic characteristics and physiological and biochemical traits during seedling stage of
different rice cultivars. Acta Agriculturae Boreali-Sinica. 2017;32:176-81. https://doi.org/10.7668/hbnxb.2017.04.028

Liu M, Feng Y, Wang M, Sun X, Qi CY, Yang X, et al. Sedum alfredii Hance: A cadmium and zinc hyperaccumulating plant. Ecotoxicol Environ Saf.
2025;290:117588. https://doi.org/10.1016/j.ecoenv.2024.117588 PMID: 39721422

Liu P, Lu K, Li J, Wu X, Qian L, Wang M, et al. Effect of aging on adsorption behavior of polystyrene microplastics for pharmaceuticals: Adsorption
mechanism and role of aging intermediates. J Hazard Mater. 2020;384:121193. https://doi.org/10.1016/j.jhazmat.2019.121193 PMID: 31610348

Hodson ME, Duffus-Hodson CA, Clark A, Prendergast-Miller MT, Thorpe KL. Plastic Bag Derived-Microplastics as a Vector for Metal Exposure in
Terrestrial Invertebrates. Environ Sci Technol. 2017;51(8):4714-21. https://doi.org/10.1021/acs.est.7b00635 PMID: 28355064

Zhou Y, Liu X, Wang J. Characterization of microplastics and the association of heavy metals with microplastics in suburban soil of central China.
Sci Total Environ. 2019;694:133798. https://doi.org/10.1016/j.scitotenv.2019.133798 PMID: 31756811

Yu H, Hou J, Dang Q, Cui D, Xi B, Tan W. Decrease in bioavailability of soil heavy metals caused by the presence of microplastics varies across
aggregate levels. J Hazard Mater. 2020;395:122690. https://doi.org/10.1016/j.jhazmat.2020.122690 PMID: 32315796

Zong X, Zhang J, Zhu J, Zhang L, Jiang L, Yin Y, et al. Effects of polystyrene microplastic on uptake and toxicity of copper and cadmium in
hydroponic wheat seedlings (Triticum aestivum L.). Ecotoxicol Environ Saf. 2021;217:112217. https://doi.org/10.1016/j.ecoenv.2021.112217 PMID:
33862431

Duan L-Y, Zhang Y, Li Y-Y, Li X-Q, Liu Y-Q, Li BL, et al. Effects of combined microplastic and cadmium pollution on sorghum growth, Cd accumula-
tion, and rhizosphere microbial functions. Ecotoxicol Environ Saf. 2024;277:116380. https://doi.org/10.1016/j.ecoenv.2024.116380 PMID: 38677068

Liu L, Hong T, Hu Q, Xie R, Zhou Y, Wang L. Effects of the combination of microplastics and lead pollution on growth and oxidative responses of
rice seedlings’ roots. Journal of Agro-Environment Science. 2021;40:2623-33. https://doi.org/10.11654/jaes.2021-0523

Xie X, Chen L, Shao S, Zhou Y, Wu J, Zhou Q, et al. Growth inhibition and toxic effects of microplastics on Chlorella vulgaris. Algal Research.
2024;78:103378. https://doi.org/10.1016/j.algal.2023.103378

Mahar A, Wang P, Ali A, Awasthi MK, Lahori AH, Wang Q, et al. Challenges and opportunities in the phytoremediation of heavy metals contami-
nated soils: A review. Ecotoxicol Environ Saf. 2016;126:111-21. https://doi.org/10.1016/j.ecoenv.2015.12.023 PMID: 26741880

Zhang Z, Qu W, Li X. Experimental guidance on plant physiology. 4 ed. Beijing: Higher Education Press; 2009.

Santhiago M, Lima PR, Santos W de JR, Kubota LT. An amperometric sensor for I-cysteine based on nanostructured platform modified with
5,5'-dithiobis-2-nitrobenzoic acid (DTNB). Sensors and Actuators B: Chemical. 2010;146(1):213-20. https://doi.org/10.1016/j.snb.2010.02.051

Zheng Q, Cai B, Chen D, Yu W-H, Wang Y-H, Huang Z-X. The Reaction of Metallothionein-3 with DTNB. Chemistry Letters. 2003;32(7):616—7.
https://doi.org/10.1246/cl.2003.616

LiuY, BenY, Che R, Peng C, Li J, Wang F. Uptake, transport and accumulation of micro- and nano-plastics in terrestrial plants and health risk
associated with their transfer to food chain - A mini review. Sci Total Environ. 2023;902:166045. https://doi.org/10.1016/j.scitotenv.2023.166045
PMID: 37544454

Liu G, Wang S, Feng F, Huang J, Wang M, Rong S, et al. Risks of microplastics on germination and growth of pepper (Capsicum annuum L.)
depending on the type, concentration, and particle size. Environmental Technology & Innovation. 2025;40:104385. https://doi.org/10.1016/].
eti.2025.104385

Zhang R, Qin X, Li Y, Lu J, Lei F, Zhuang J. Effect of polystyrene microplastics on growth of Phaeocystis globosa. Journal of Guangdong Ocean
University. 2023;43:59-66. https://doi.org/10.3969/j.issn.1673-9159.2023.03.008

Thacharodi A, Hassan S, Meenatchi R, Bhat MA, Hussain N, Arockiaraj J, et al. Mitigating microplastic pollution: A critical review on the effects,
remediation, and utilization strategies of microplastics. J Environ Manage. 2024;351:119988. https://doi.org/10.1016/j.jenvman.2023.119988 PMID:
38181686

Urbina MA, Correa F, Aburto F, Ferrio JP. Adsorption of polyethylene microbeads and physiological effects on hydroponic maize. Sci Total Environ.
2020;741:140216. https://doi.org/10.1016/j.scitotenv.2020.140216 PMID: 32886998

PLOS One | https://doi.org/10.1371/journal.pone.0344578 March 10, 2026 16/18



https://doi.org/10.13872/j.1000-0275.2025.0162
https://doi.org/10.1016/j.resconrec.2022.106503
https://doi.org/10.1016/j.envpol.2020.114498
http://www.ncbi.nlm.nih.gov/pubmed/33618453
https://doi.org/10.13227/j.hjkx.202311225
http://www.ncbi.nlm.nih.gov/pubmed/39721656
https://doi.org/10.16377/j.cnki.issn1007-7731.2015.24.044
https://doi.org/10.1016/j.scitotenv.2023.167651
http://www.ncbi.nlm.nih.gov/pubmed/37813260
https://doi.org/10.7668/hbnxb.2017.04.028
https://doi.org/10.1016/j.ecoenv.2024.117588
http://www.ncbi.nlm.nih.gov/pubmed/39721422
https://doi.org/10.1016/j.jhazmat.2019.121193
http://www.ncbi.nlm.nih.gov/pubmed/31610348
https://doi.org/10.1021/acs.est.7b00635
http://www.ncbi.nlm.nih.gov/pubmed/28355064
https://doi.org/10.1016/j.scitotenv.2019.133798
http://www.ncbi.nlm.nih.gov/pubmed/31756811
https://doi.org/10.1016/j.jhazmat.2020.122690
http://www.ncbi.nlm.nih.gov/pubmed/32315796
https://doi.org/10.1016/j.ecoenv.2021.112217
http://www.ncbi.nlm.nih.gov/pubmed/33862431
https://doi.org/10.1016/j.ecoenv.2024.116380
http://www.ncbi.nlm.nih.gov/pubmed/38677068
https://doi.org/10.11654/jaes.2021-0523
https://doi.org/10.1016/j.algal.2023.103378
https://doi.org/10.1016/j.ecoenv.2015.12.023
http://www.ncbi.nlm.nih.gov/pubmed/26741880
https://doi.org/10.1016/j.snb.2010.02.051
https://doi.org/10.1246/cl.2003.616
https://doi.org/10.1016/j.scitotenv.2023.166045
http://www.ncbi.nlm.nih.gov/pubmed/37544454
https://doi.org/10.1016/j.eti.2025.104385
https://doi.org/10.1016/j.eti.2025.104385
https://doi.org/10.3969/j.issn.1673-9159.2023.03.008
https://doi.org/10.1016/j.jenvman.2023.119988
http://www.ncbi.nlm.nih.gov/pubmed/38181686
https://doi.org/10.1016/j.scitotenv.2020.140216
http://www.ncbi.nlm.nih.gov/pubmed/32886998

PLO\Sﬁ\\.- One

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Yang Y, Chu L, Song X, Zhao X. Effects of two micron-sized polystyrene particles on /satis indigotica seedlings growth and soil community struc-
ture. Asian Journal of Ecotoxicology. 2022;17:244-55. https://doi.org/10.7524/AJE.1673-5897.20211116001

Yang Q, Fan Z, Sun J, Chen G, Luo W, Di F. Study on planting of Sedum alfredii Hance and removal of heavy metals zinc and cadmium from soil.
Agriculture And Technology. 2020;40:3-6. https://doi.org/10.19754/j.nyyjs.20200130002

Jian M, Niu J, Li W, Huang Y, Yu H, Lai Z, et al. How do microplastics adsorb metals? A preliminary study under simulated wetland conditions.
Chemosphere. 2022;309(Pt 1):136547. https://doi.org/10.1016/j.chemosphere.2022.136547 PMID: 36167202

Dong Y, Gao M, Song Z, Qiu W. Microplastic particles increase arsenic toxicity to rice seedlings. Environ Pollut. 2020;259:113892. https://doi.
org/10.1016/j.envpol.2019.113892 PMID: 31931412

Gao M, LiuY, Song Z. Effects of polyethylene microplastic on the phytotoxicity of di-n-butyl phthalate in lettuce (Lactuca sativa L. var. ramosa
Hort). Chemosphere. 2019;237:124482. https://doi.org/10.1016/j.chemosphere.2019.124482 PMID: 31398608

Li X, Ma H, Jia P, Wang J, Jia L, Zhang T, et al. Responses of seedling growth and antioxidant activity to excess iron and copper in Triticum aes-
tivum L. Ecotoxicol Environ Saf. 2012;86:47-53. https://doi.org/10.1016/j.ecoenv.2012.09.010 PMID: 23025893

Guo L-L, Wang J-J, Zu J-M, Wang P-S, Yang Y-J. Effects of microplastics on seed germination and seedling physiological characteristics of
Spinacia oleracea under alkali stress. Ying Yong Sheng Tai Xue Bao. 2023;34(9):2536—44. https://doi.org/10.13287/j.1001-9332.202309.032 PMID:
37899121

Niu J, Jian M, Rao J, Zhang J, Yang W, Ding H. Effects of exposure to polyethylene microplastics in a simulated soil environment on the
ecophysiology of Viola philippica. Chinese Journal of Applied and Environmental Biology. 2022;28:1190-8. https://doi.org/10.19675/].
cnki.1006-687x.2022.04058

Yang XE, Long XX, Ye HB, He ZL, Calvert DV, Stoffella PJ. Cadmium tolerance and hyperaccumulation in a new Zn-hyperaccumulating plant spe-
cies (Sedum alfredii Hance). Plant and Soil. 2004;259(1-2):181-9. https://doi.org/10.1023/b:pls0.0000020956.24027 .f2

Liu M, He X, Feng T, Zhuo R, Qiu W, Han X, et al. cDNA library for mining functional genes in Sedum alfredii Hance Related to Cadmium Tolerance
and Characterization of the Roles of a Novel SaCTP2 Gene in Enhancing Cadmium Hyperaccumulation. Environ Sci Technol. 2019;53(18):10926—
40. https://doi.org/10.1021/acs.est.9b03237 PMID: 31449747

Niu J-R, Zou Y-J, Jian M-F, Huang C-H, Li J-Y, Mu T, et al. Effects of polystyrene microplastics combined with cadmium contamination on soil
physicochemical properties and physiological ecology of Lactuca sativa. Huan Jing Ke Xue. 2024;45(1):470-9. https://doi.org/10.13227/j.
hjkx.202302002 PMID: 38216496

Meng Y, Zhang L, Wang L, Zhou C, Shangguan Y, Yang Y. Antioxidative enzymes activity and thiol metabolism in three leafy vegetables under Cd
stress. Ecotoxicol Environ Saf. 2019;173:214—-24. https://doi.org/10.1016/j.ecoenv.2019.02.026 PMID: 30772711

Qin Y, Tang F, Yan H, Bai X, Liu X. Effects of heavy metal stress on seed germination and seedlings antioxidant enzyme activity of Zenia insigni.
Seed. 2017;36:31-6. https://doi.org/10.16590/j.cnki.1001-4705.2017.10.031

Fu Q, Lai J, YinY, Tao Z, Lu H, Wu G. Effect of cesium on seeding growth, its subcellular distribution and chemical forms in Brassica juncea L. Acta
Botanica Boreali-Occidentalia Sinica. 2015;35:2235-42. https://doi.org/10.7606/j.issn.1000-4025.2015.11.2235

Wu H, Gong C, Liu P, Wang Z. Phytochelatins and metallothionein-like proteins in Solanum nigrum L. and Conyza canadensis L. roots and leaves
under Mn stress. Acta Scientiae Circumstantiae. 2010;30:2058-64. https://doi.org/10.13671/j.hjkxxb.2010.10.019

LiuY, Wang N, Zhang W, Yu J, Wei H. Effect of cadmium stress on the content of phytochelatins in Salix variegata. Journal of Zhejiang University
(Agriculture and Life Sciences). 2017;43:298-306. https://doi.org/10.3785/j.issn.1008-9209.2016.08.231

Yu S, Bian Y, Yang H, Sun W, Cao Z. Effect of zinc on plant chelate peptide synthesis in rice under cadmium stress. Journal of Zhejiang Agricultural
Sciences. 2015;56(11):1731-5. https://doi.org/10.16178/j.issn.0528-9017.20151111

Gu X, Xiu X, Xian Z, Zhang Y, Wang C, Gu C. Joint toxicity of aged polyvinyl chloride microplastics and cadmium to the wheat plant. Environmental
Chemistry. 2021;40:2633-9. https://doi.org/10.7524/j.issn.0254-6108.2021031505

Ning R, Liu N, Cheng H, Chen Y, Zhang H, Luo Y. Effects of microplastics, cadmium and their combination on the growth and cadmium accumula-
tion of hyperaccumulators. Acta Scientiae Circumstantiae. 2022;42(6):415-25. https://doi.org/10.13671/j.hjkxxb.2022.0008

Wang F, Zhang M, Sha W, Wang Y, Hao H, Dou Y, et al. Sorption behavior and mechanisms of organic contaminants to nano and microplastics.
Molecules. 2020;25(8):1827. https://doi.org/10.3390/molecules25081827 PMID: 32316227

Men C, Xie Z, Li K, Xing X, Li Z, Zuo J. Single and combined effect of polyethylene microplastics (virgin and naturally aged) and cadmium on
pakchoi (Brassica rapa subsp. chinensis) under different growth stages. Sci Total Environ. 2024;951:175602. https://doi.org/10.1016/j.scito-
tenv.2024.175602 PMID: 39155006

Xie Z, Men C, Yuan X, Miao S, Sun Q, Hu J, et al. Naturally aged polylactic acid microplastics stunted pakchoi (Brassica rapa subsp. chinensis)
growth with cadmium in soil. J Hazard Mater. 2023;460:132318. htips://doi.org/10.1016/j.jhazmat.2023.132318 PMID: 37672995

Yang W, Cheng P, Adams CA, Zhang S, Sun Y, Yu H, et al. Effects of microplastics on plant growth and arbuscular mycorrhizal fungal communities
in a soil spiked with ZnO nanoparticles. Soil Biology and Biochemistry. 2021;155:108179. https://doi.org/10.1016/j.s0ilbio.2021.108179

DuY, Huang Q, Li S, Cai M, Liu F, Huang X, et al. Microplastics reduce trace metal bioavailability in Thalassiosira weissflogii by impairing physio-
logical functions. Marine Chemistry. 2024;263—264:104402. https://doi.org/10.1016/].marchem.2024.104402

PLOS One | https://doi.org/10.1371/journal.pone.0344578 March 10, 2026 171718



https://doi.org/10.7524/AJE.1673-5897.20211116001
https://doi.org/10.19754/j.nyyjs.20200130002
https://doi.org/10.1016/j.chemosphere.2022.136547
http://www.ncbi.nlm.nih.gov/pubmed/36167202
https://doi.org/10.1016/j.envpol.2019.113892
https://doi.org/10.1016/j.envpol.2019.113892
http://www.ncbi.nlm.nih.gov/pubmed/31931412
https://doi.org/10.1016/j.chemosphere.2019.124482
http://www.ncbi.nlm.nih.gov/pubmed/31398608
https://doi.org/10.1016/j.ecoenv.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23025893
https://doi.org/10.13287/j.1001-9332.202309.032
http://www.ncbi.nlm.nih.gov/pubmed/37899121
https://doi.org/10.19675/j.cnki.1006-687x.2022.04058
https://doi.org/10.19675/j.cnki.1006-687x.2022.04058
https://doi.org/10.1023/b:plso.0000020956.24027.f2
https://doi.org/10.1021/acs.est.9b03237
http://www.ncbi.nlm.nih.gov/pubmed/31449747
https://doi.org/10.13227/j.hjkx.202302002
https://doi.org/10.13227/j.hjkx.202302002
http://www.ncbi.nlm.nih.gov/pubmed/38216496
https://doi.org/10.1016/j.ecoenv.2019.02.026
http://www.ncbi.nlm.nih.gov/pubmed/30772711
https://doi.org/10.16590/j.cnki.1001-4705.2017.10.031
https://doi.org/10.7606/j.issn.1000-4025.2015.11.2235
https://doi.org/10.13671/j.hjkxxb.2010.10.019
https://doi.org/10.3785/j.issn.1008-9209.2016.08.231
https://doi.org/10.16178/j.issn.0528-9017.20151111
https://doi.org/10.7524/j.issn.0254-6108.2021031505
https://doi.org/10.13671/j.hjkxxb.2022.0008
https://doi.org/10.3390/molecules25081827
http://www.ncbi.nlm.nih.gov/pubmed/32316227
https://doi.org/10.1016/j.scitotenv.2024.175602
https://doi.org/10.1016/j.scitotenv.2024.175602
http://www.ncbi.nlm.nih.gov/pubmed/39155006
https://doi.org/10.1016/j.jhazmat.2023.132318
http://www.ncbi.nlm.nih.gov/pubmed/37672995
https://doi.org/10.1016/j.soilbio.2021.108179
https://doi.org/10.1016/j.marchem.2024.104402

PLO\S\% One

67.

68.

69.

70.

7.

72.

73.

74.

75.

En-Nejmy K, El Hayany B, Al-Alawi M, Jemo M, Hafidi M, El Fels L. Microplastics in soil: A comprehensive review of occurrence, sources, fate,
analytical techniques and potential impacts. Ecotoxicol Environ Saf. 2024;288:117332. https://doi.org/10.1016/j.ecoenv.2024.117332 PMID:
39616787

Yuan, Yang L, Wan X, Zhao Y, Gong Y, Xing W, et al. Microplastics in heavy metal-contaminated soil drives bacterial community and metabolic
changes. Sci Total Environ. 2024;948:174770. https://doi.org/10.1016/j.scitotenv.2024.174770 PMID: 39032735

Ye J, Jin'Y, Li X, Ao Y. Effects of soil texture, pH and organic matter contents on the forms of cadmium and its mechanism. Journal of Shanghai
Jiaotong University (Agricultural Science). 2019;37(3):29-33. https://doi.org/10.3969/J.ISSN.1671-9964.2019.03.005

Li F, Yang X, Zhang Z, Jiang Y, Gong Y. Behaviour, ecological impacts of microplastics and cadmium on soil systems: A systematic review. Environ-
mental Technology & Innovation. 2024;35:103637. https://doi.org/10.1016/j.eti.2024.103637

Cao Y, Ma X, Chen N, Chen T, Zhao M, Li H, et al. Polypropylene microplastics affect the distribution and bioavailability of cadmium by changing
soil components during soil aging. J Hazard Mater. 2023;443(Pt A):130079. https://doi.org/10.1016/j.jhazmat.2022.130079 PMID: 36242955

Medynska-Juraszek A, Jadhav B. Influence of different microplastic forms on pH and Mobility of Cu2+ and Pb2+ in Soil. Molecules.
2022;27(5):1744. https://doi.org/10.3390/molecules27051744 PMID: 35268845

Guo J-J, Li F, Xiao H-C, Liu B-L, Feng L-N, Yu P-F, et al. Polyethylene and polypropylene microplastics reduce chemisorption of cadmium in paddy
soil and increase its bioaccessibility and bioavailability. J Hazard Mater. 2023;449:130994. https://doi.org/10.1016/j.jhazmat.2023.130994 PMID:
36821898

Wen X, Yin L, Zhou Z, Kang Z, Sun Q, Zhang Y, et al. Microplastics can affect soil properties and chemical speciation of metals in yellow-brown
soil. Ecotoxicol Environ Saf. 2022;243:113958. https://doi.org/10.1016/j.ecoenv.2022.113958 PMID: 35987081

Xu Z, Bai X, Li Y, Weng Y, Li F. New insights into the decrease in Cd2+ bioavailability in sediments by microplastics: Role of geochemical proper-
ties. J Hazard Mater. 2023;442:130103. https://doi.org/10.1016/j.jhazmat.2022.130103 PMID: 36303335

PLOS One | https://doi.org/10.1371/journal.pone.0344578 March 10, 2026 18/18



https://doi.org/10.1016/j.ecoenv.2024.117332
http://www.ncbi.nlm.nih.gov/pubmed/39616787
https://doi.org/10.1016/j.scitotenv.2024.174770
http://www.ncbi.nlm.nih.gov/pubmed/39032735
https://doi.org/10.3969/J.ISSN.1671-9964.2019.03.005
https://doi.org/10.1016/j.eti.2024.103637
https://doi.org/10.1016/j.jhazmat.2022.130079
http://www.ncbi.nlm.nih.gov/pubmed/36242955
https://doi.org/10.3390/molecules27051744
http://www.ncbi.nlm.nih.gov/pubmed/35268845
https://doi.org/10.1016/j.jhazmat.2023.130994
http://www.ncbi.nlm.nih.gov/pubmed/36821898
https://doi.org/10.1016/j.ecoenv.2022.113958
http://www.ncbi.nlm.nih.gov/pubmed/35987081
https://doi.org/10.1016/j.jhazmat.2022.130103
http://www.ncbi.nlm.nih.gov/pubmed/36303335

