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Abstract

With the extensive utilization of plastic products, microplastics/nanoplastics (MPs/NPs) contamination not only
poses a global hazard to the environment, but also induces a new threat to the growth development and
nutritional quality of plantation agricultural products. This study thoroughly examines the behavior of MPs/NPs,
including their sources, entry routes into plants, phytotoxicity under various biotic and abiotic stresses (e.g., salinity,
polycyclic aromatic hydrocarbons, heavy metals, antibiotics, plasticizers, nano oxide, naturally occurring organic
macromolecular compounds, invasive plants, Botrytis cinerea mycorrhizal fungi) and controlling strategies. MPs/NPs
in agricultural systems mainly originate from mulch, sewage, compost fertilizer, municipal solid waste, pesticide
packaging materials, etc. They enter plants through endocytosis, apoplast pathways, crack-entry modes, and leaf
stomata, affecting phenotypic, metabolic, enzymatic, and genetic processes such as seed germination, growth
metabolism, photosynthesis, oxidative stress and antioxidant defenses, fruit yield and nutrient quality, cytotoxicity
and genotoxicity. MPs/NPs can also interact with other environmental stressors, resulting in synergistic, antagonistic,
or neutral effects on phytotoxicity. To address these challenges, this review highlights strategies to mitigate MPs/
NPs toxicity, including the development of novel green biodegradable plastics, plant extraction and immobilization,
exogenous plant growth regulator interventions, porous nanomaterial modulation, biocatalysis and enzymatic
degradation. Finally, the study identifies current limitations and future research directions in this critical field.
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Introduction

Plastic items have been extensively utilized worldwide
since their creation in the 1950s [1]. By 2060, the pro-
jected amount of plastic garbage is expected to >1.5 bil-
lion tons [1, 2]. Micro/nanoplastics (MPs/NPs) have
been detected in various regions worldwide, including
locations with high human activity [1-4]. This wide-
spread distribution underscores the escalating severity
of global plastic pollution. Plastic trash can break down
into smaller particles due to external factors such as light,
mechanical forces, chemical reactions, and biological
processes [5, 6]. In 2004, the term “microplastics” was
coined to describe plastic particles that are smaller than
5 mm [7], and the definition was followed by the National
Oceanic and Atmospheric Administration (NOAA) as
well [8]. Subsequently, some researchers have discovered
plastic particles with even smaller particle sizes, defin-
ing plastic particles (<100 nm) as NPs [9, 10]. Alterna-
tively, some individuals classify plastic particles with
dimensions<1 pum as NPs [11]. The EU categorizes plas-
tics based on their size: MPs (1 um -5 mm), sub-MPs
(100 nm-1 pm), and NPs (1-100 nm) [9]. Hence, MPs
have a widely accepted definition based on their sizes
after NOAA and EU standard, but there has not been
clearly recognized international definitions for NPs.

As an emerging pollutant, MPs/NPs are extensively
found in various mediums such as freshwater bodies,
oceans, lakes, atmosphere and agricultural fields [9, 12].
Plantation agricultural products (vegetables, crops and
fruits), rich in essential carbohydrates, vitamins, inor-
ganic salts and dietary fiber, are a major part of the food
composition in our daily diet. Recently, more and more
studies have reported that MPs/NPs could be enriched
and migrated in plantation agricultural products (bar-
ley [13], peanut [14], rice [14], strawberry [15]), which
presents a possible hazard to the quality and safety of
agricultural products. MPs/NPs could be uptaken and
accumulate in cells and alter cellular activity, affecting
the growth of cucumber [16], wheat [17] and lettuce [17].
During the process of seed germination and root growth,
MPs/NPs have the potential to disrupt crucial physiologi-
cal processes by obstructing the pores in the cell wall, so
restricting the absorption of water and nutrients in corn
[18], lettuce [19] and wheat [20]. Due to their hydropho-
bic nature and large surface area, MPs/NPs can adsorb
a wide range of biotic and abiotic stressors, including
heavy metals [21-26], antibiotics [27, 28], plasticizers
[29], polycyclic aromatic hydrocarbons (PAHs) [30-33],
humic acid [34], invasive plants (Canadian goldenrod)
[35], Botrytis cinerea mycorrhizal fungi [36, 37]. This
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adsorption occurs through various mechanisms such as
electrostatic interactions, van der Waals forces, hydro-
gen bonding, halogen bonding, hydrophobic interac-
tions, micropore filling, and m-m interactions [30-34].
Co-exposure to these stressors induces complex toxicity,
posing significant ecological risks and adversely affecting
the growth and quality of agricultural products [29-33].
Therefore, it’s critical to understand the behavior process,
phytotoxicity under biotic and abiotic stresses on plan-
tation agricultural products, which is advantageous for
evaluating the hazards presented by MPs and NPs.

While there have been reviews discussing the impact of
MPs on aquatic and terrestrial plants, there is still lim-
ited understanding of the behavior process (sources and
intake route), the phytotoxicity of individual and co-
exposure to MPs/NPs under biotic and abiotic stresses
in the growth of agricultural products, and the strate-
gies for controlling and removing MPs/NPs. These areas
of research are still in their early stages. Only in the past
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six years have scientists begun to steadily focus on the
impact of MPs/NPs on the growth of agricultural prod-
ucts in the plantation industry. Up to November 1, 2024,
a search on Web of Science for “microplastics” or “nano-
plastics” and “fruits” or “vegetables” or “crops” returned
605 publications from 2018 to 2023 (Fig. 1). The field is
receiving more and more attention every year (Fig. 1a),
with China has published research far more than other
countries (Fig. 1b). However, only about 8.3% and 9.5% of
the publications dealt with plant science and agriculture,
respectively (Fig. 1c), especially the impact of MPs/NPs
on plantation agricultural products (151 articles).

This study aims to analyze the advancement and
boundaries in understanding the environmental behav-
ior of MPs/NPs, the phytotoxicity resulting from co-
exposure to biotic and abiotic stressors, and the regulated
measures employed in plantation agricultural goods.
The primary goals of this review are to: (1) Delineate
the origins of MPs/NPs in agricultural planting systems

b)
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Fig. 1 Publication analysis of research topics related to “microplastics” or“nanoplastics” and “fruits” or “vegetables” or “crops” (pale green bars) and citations
received per each year considered (orange points) (a), the publication quantity in the most active countries (The area of the rectangle is proportional to
the percentage of publications in each country) (b), and the publication quantity each year and the percentage in each research field (c), respectively. The

data is obtained from Web of Science, Nov. 1st, 2024
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and their uptake by plants; (2) Analyze the impact of
MPs/NPs on plants, including the molecular mecha-
nisms involved and the variables that influence them; (3)
Examine the interactions between MPs/NPs and other
biotic and abiotic stresses, and the resulting phytotoxicity
caused by their combined exposure on plants; (4) Present
the potential controlling strategies for MPs/NPs of plan-
tation agricultural products in the cultivation process,
especially the latest perspectives on MPs/NPs mitigants
(phytohormones, novel porous nanomaterials, etc.).
Finally, we discuss the shortcomings and challenges of
current research and provide an outlook on future direc-
tions, contributing to ensure improved growth and yield
of agricultural products in MPs/NPs contaminated areas
globally.

Sources of MPs/NPs in plantation agricultural
products

Since their inception, plastic products have been exten-
sively integrated into modern agricultural systems due
to their ability to enhance crop yields, improve product
quality, and reduce production costs [5, 38]. For example,
plastic films are widely employed for their thermal insu-
lation and moisture retention properties, which effec-
tively conserve soil nutrients and mitigate the incidence
of diseases and pests [39]. Similarly, plastic pipes have
supplanted traditional metal materials in irrigation and
greenhouse construction, significantly lowering asso-
ciated costs [10, 12, 40]. However, under the combined
effects of environmental factors such as ultraviolet radia-
tion, mechanical abrasion, chemical oxidation, and bio-
degradation, plastic waste undergoes fragmentation into
particles of specific size ranges, thereby forming MPs or
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Fig. 2 Sources of MPs/NPs in plantation agricultural products [12, 41-43,
51-61]
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NPs [5]. The degree of degradation is affected by plas-
tic type, radiation, precipitation, heat, soil properties,
mechanical stress, microbial activity and so on [5, 40, 41].
The predominant types of MPs/NPs utilized in agricul-
tural production are polyacrylonitrile (PAN), polybutyl-
ene terephthalate (PBT), polyethylene (PE), polyethylene
terephthalate (PET), polylactic acid (PLA), polymethyl-
methacrylate (PMMA), polypropylene (PP), polystyrene
(PS) and polyvinyl chloride (PVC) [42]. The state of large-
sized plastics in the environment is generally related to
their density and shape [43]. When plastic particles reach
the micron scale, MPs may combine with heavy met-
als or microorganisms to alter their buoyancy [44]. And
at the nanoscale, collisions of NPs with water molecules
and other ions could cause NPs to float in water with-
out settling [45, 46]. Either MPs/NPs drift away with the
atmosphere, or they are adsorbed in the soil and inter-
act with soil microorganisms [47, 48]. NPs, characterized
by their nanoscale dimensions, extensive specific surface
area, and enhanced surface reactivity, exhibit dynamic
environmental behaviors. These particles can experi-
ence multifaceted transformation pathways through pro-
cesses such as: (1) physical modification via aggregation
or fragmentation, (2) interfacial interactions with organic
macromolecules, (3) redox-mediated chemical conver-
sion, and (4) biologically induced alterations mediated
by environmental factors [9, 49, 50]. During the growth
process, MPs/NPs could contaminate agricultural prod-
ucts (fruits, vegetables, cereal crops, commercial crops,
etc.) through water [51], air [52] and soil [53], which are
mainly derived from mulch film [54], sewage [55], com-
posted fertilizers [56], municipal solid wastes [43, 57],
pesticide packaging materials [58], and so on (Fig. 2). The
sources of MPs in agricultural production systems were
well reviewed recently [12, 41, 42, 59-61]. Therefore,
we do not elaborate more, but focus on the pathways by
which MPs/NPs enter agricultural products and associ-
ated impacts.

Uptake and translocation pathways of MPs/NPs in
plantation agricultural products

Currently, the main modes of MPs/NPs entry into plan-
tation agricultural products are endocytosis [14, 18, 62],
apoplast pathway [15, 63—65], Crack-entry mode [16, 17,
66] and stomata in leaves [19, 67] (Fig. 3). Nevertheless,
there is a scarcity of studies regarding the absorption
and transportation of MPs/NPs and their accumulation
in produced agricultural products. When released into
the environment, MPs/NPs can be internalized by plants
through multiple uptake pathways. These pathways are
influenced by both plant physiological characteristics and
the physicochemical properties of the particles, including
their size distribution, surface charge, and morphological
features [18, 66]. Upon entering the plant via the routes
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Fig. 3 Mechanisms of MPs/NPs uptake and transport in plantation agricultural products [14-19, 39, 59, 62-67, 74, 77]

above, MPs/NPs are carried either by following the roots
in an upward direction and propelled by the forces of
transpiration and root pressure [15, 62, 63, 66], or by
moving through the vascular bundles from the leaves in
a downward direction [19, 67]. With the migration over
time, MPs/NPs could be enriched in roots, stems, leaves,
seeds and fruits, respectively [14, 16]. Among them, com-
mercial fluorescently labeled PS solutions as model MPs
microspheres, combined with laser confocal microscopy,
are often used to study the pathways of MPs/NPs into
plants [15, 62, 65]. The main factors affecting the entry
of MPs/NPs into plantation agricultural products are
particle size [14, 63, 68], particle concentration [69], dif-
ferent functional groups [19, 20], growing environment
[17, 70], exposure duration [15, 16, 71] and aging time
[66, 72, 73]. Typically, when particles are smaller [68] and
their concentration is higher [69], they are more readily
absorbed by plants, hence posing a greater risk to plant
health. Plant cell membranes and walls typically have
a negative charge [74, 75]. Positively charged MPs/NPs
have a higher likelihood of being adsorbed by plant cells
compared to other charged ions [76], due to their com-
petition for adsorption sites (Fig. 3). However, their entry
into the plant becomes more challenging. On one side,
plants exhibited a higher absorption rate of -NH2 modi-
fied MPs/NPs compared to -COOH modified MPs/NPs
[19, 20]. On the other side, positively charged MPs/NPs
were mainly concentrated in root hair, root cap, cortex,
cell membrane and cell wall, while negatively charged

MPs/NPs were concentrated in root hair, cortex, column,
xylem and phloem (Fig. 3).

Endocytosis

Currently, it has been found that MPs/NPs can enter the
root cells of peanut [14], corn [18], sweet potato [62] and
rice [68] by endocytosis. Wu et al. (2021) demonstrated
in a hydroponic experiment that PS-100 nm initially
attached to the root hairs of rice and then entered the
mature zone of the root, rather than being taken up at the
root crown via endocytosis [68]. The primary function of
the root cap’s marginal cells is to secrete root secretion
and mucilage, which serve as crucial barriers to prevent
the plant from absorbing MPs. Concurrently, invagina-
tions of the plasma membrane and multivesicular bodies
(MVBs) that included intraluminal vesicles were seen in
the root cells by the researchers [74, 78]. Act as a defen-
sive barrier, the cell wall theoretically permits nanopar-
ticles with diameters between 5 and 20 nm to cross the
cell wall [10, 59, 61]. In this case, PS-NPs first adhered
to the surface of root tissues and then penetrated the
core of the roots by endocytosis in maize seedlings [18].
The size of particles is a crucial component that affects
the transportation of MPs/NPs from the bottom-up.
PS-100 nm and PS-300 nm induced a more severe dis-
ruption of subcellular structure and cellular morphology
than PS-500 nm in the root [68]. There are two potential
mechanisms for this [68, 79]: one possibility is that NPs
might promote the rupture of cell walls and increase the
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number of pores; another possibility is that particles can
infiltrate root cells via roots that are sick or have physi-
cal wounds. In addition to NPs, the root epidermal cells
could internalize PE-5 um through endocytosis [62]. It
moved slowly towards the inner part of the brain and
upwards via the stele. PE was mostly found in the corti-
cal tissues of roots and stems, but did not translocate into
the leaves. Subsequently, Jiang et al. (2023) conducted
a soil-cultivation experiment for 125d and found that
PS-80 nm were enriched in peanut roots with increasing
exposure concentration [14]. With plant growth, it was
first found that MPs/NPs could be enriched in the fruits.
Currently, research on the mechanism of endocytosis is
still in its infancy. In the future, it is necessary to inte-
grate in vivo experiments with separate cell cultures and
mixed designs. Additionally, real-time monitoring of the
migration distribution of MPs/NPs using dynamic tracer
technology is required to gain a clearer understanding of
the position of endocytosis in the uptake process of MPs/
NPs in agricultural products.

Apoplast pathway

In contrast to endocytosis, apoplast pathway is the main
mode of MPs/NPs transported from the roots into the
plant. Currently, the plantation agricultural products
that have been reported to enter the plant by means of
apoplast transport include grain crops (rice [14, 65, 76,
80-82], wheat [20, 83, 84], barley [13], maize [85]), com-
mercial crops (cotton [86], Solanum nigrum [87]), veg-
etables (lettuce [63, 64], carrot [70], water spinach [71],
onion [69]), fruits (strawberry [15]), and so on. Among
them, rice, wheat and lettuce were reported more. Exo-
somes may transport particles ranging in size from 20 nm
to 1 um into the roots. The reported particles include PS,
PE, and PMMA. Upon entering the root tip cells, they
may be transported in an upward direction via the xylem,
and become concentrated in the roots, stems, leaves,
fruits, and seeds.

After entering plant roots, MPs/NPs are trapped by
the mucus layer, which is a highly hydrated polysaccha-
ride. This layer concentrates the particles on the surface
of the root and subsequently moves them into plant tis-
sues through the apoplast route [20, 34, 64, 74, 75]. The
primary factor driving the apoplast route is transpiration
pull, which greatly aids in the dispersion of granular poly-
mers throughout plant tissues [59, 74, 78]. The movement
of endosomes from the cortex to the vascular bundles is
obstructed by the endodermal Kasparian band, which
prevents the entry of pollutants [16, 42, 77, 88, 89]. There-
fore, MPs/NPs pass through the endodermal plasma and
enter the root cells from the apoplast pathway. Initially,
Li and colleagues (2019) found that PS-200 nm particles
were able to penetrate the root cortex and mid-column of
lettuce roots by utilizing the free space within the cellular
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interstitials and bypassing the plasmalemma barrier [63].
However, PS-1 pum particles were unable to be absorbed
by lettuce roots through plasmalemma transport. This
was primarily attributed to the cell wall acting as a bar-
rier that prevented the entry of larger-sized PS particles.
Contrarily, Liu et al. (2022) discovered that PS-1 pum may
be transported to the circulatory system of plant tissues
[81]. This transportation mostly occurs inside the cell
wall and intercellular zone of root columns, stem vascu-
lar bundles, and leaf veins. Furthermore, these particles
had the ability to move upwards towards the branches.
Subsequently, scientists found that neither PS-5 pm
could be taken up by the roots of maize [85] and carrots
[70] through soil cultivation experiments, further sub-
stantiating that plastic particles beyond 1 pm cannot be
internalized. When the particle size is less than 1 pm,
the more MPs/NPs enter the plant tissue and cell as the
exposure concentration increases, inducing more inhibi-
tory effect [65, 69]. Zhu et al. found that PS-NH, entered
wheat root tissue cells more readily than PS-COOH,
which was more conducive to its tissue/cell transloca-
tion [20]. The internalization of PS-NPs in wheat root
cells is controlled by a combination of particle size and
surface functional groups, with particle size being the
main influencing factor. In view of exposure time, Zhang
et al. (2023) exposed strawberry seedlings to PS-100 nm
and PS-200 nm for 3, 7, 14 and 21 d [15]. It was found
that PS-100 nm could migrate upward through the xylem
into stem and leaf tissues with the extension of exposure
time after 14 d, while PS-200 nm could only migrate
into the stem but not further into the petiole. Recent
research has discovered that PS- 80 nm had the ability to
penetrate rice grains during the early grain setting stage
and subsequently accumulated in the starch granules of
mature rice after the filling stage [14]. This indicates that
nanoparticles could migrate into agricultural products
intended for consumption and potentially pose a haz-
ard to these products. Moreover, the presence of several
plastic polymers characterized by long chain fatty acids,
larger molecular weights and high hydrophobicity poses
challenges for plant absorption via the apoplast transport
pathway [59, 74]. Although the particle size may be suf-
ficient to fulfill the criteria for plant absorption, it is pos-
sible that the molecular structure of the plastic may not
be sufficient to meet the needs for uptake. As a result, the
physical and chemical characteristics of the plastic par-
ticles are directly connected to the absorption of plastic
particles by plants via the process of apoplast transport.
The influencing factors are complex and need to be fur-
ther investigated for understanding.

Crack-entry mode
Furthermore, apart from endocytosis and apoplast
transport from the root tip to the cell, it is possible for
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MPs/NPs to be absorbed by the root via the Crack-
entry method originating from the lateral root. Typi-
cally, plant cell walls include holes with dimensions of
3.5-5 nm and intercellular linking filaments with diam-
eters of 50—60 nm [90]. As a result, nanoparticles larger
than 5 nm cannot pass through the cell wall, and those
larger than 60 nm cannot spread into the intercellular
space [59]. Nevertheless, particulate plastics of signifi-
cant size had the ability to infiltrate the cell wall by pass-
ing through the mucus of the root cap, so being trapped
inside the cell wall of the root [16, 66, 91]. During the
process of cell division, the apical meristem has a high
level of porosity, which enables the diffusion of granular
plastic across it [17, 92]. Furthermore, during the pro-
cess of cell separation, it is possible for fissures to form
between the epidermal cells and the lateral root loci [17].
These cracks may serve as pathways for micron-sized
plastics to enter the stele. Once within the mesocosm,
tiny plastic particles may be carried from the xylem to
the aboveground sections of plants by the process of
transpiration (Fig. 3). There have been reports indicating
that MPs/NPs are capable of entering the lateral root cells
of several plants, including cucumber [16], wheat [17],
lettuce [17], spinach [66], and cress [91], via the gaps or
openings. The size of these particles typically falls within
the range of 304800 nm.

In cress germination experiments, Bosker et al. (2019)
initially found that sub-micron and micron-sized par-
ticulate plastics could pass through the seed coat by
means of fissures into endosperm cells within 24 h [91].
Although MPs/NPs could be progressively enriched in
the root hairs, leaves and seed coat over time, the related
mechanism is not clear. Further, with the aid of SEM and
LSCM systems, Li et al. (2020) revealed the mechanism
of plant uptake of PS and PMMA, observing that par-
ticulate plastics could bypass the endocytosis and apo-
plast pathways to enter the cleavage physical channels
in wheat and lettuce roots [17]. PS (100—700 nm) could
adhere to lateral roots and then enter the epidermal
cell wall tissue cells through cracks [16]. Additionally,
increased transpiration rates facilitated the absorption
of MPs/NPs. Huang and co-workers (2024) discovered
that MPs/NPs have the ability to be carried by water
and nutrient flow, and may subsequently travel into the
stems and leaves [66]. It is crucial to note that although
larger particles cannot traverse the pores of cell walls and
intercellular junctions, certain intrinsic properties, such
as the low stiffness of plastic particles, may result in their
expulsion and deformation during cellular uptake [39, 74,
77]. The pliability of granular plastics is crucial for their
ability to be absorbed via the Crack-entry mode. Addi-
tional study is required to fully understand the method
by which nanoparticles enter plants via cracks. Various
possible mechanisms may simultaneously influence the
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absorption of MPs/NPs by plants, necessitating the inclu-
sion of a broader spectrum of MPs/NPs and plant species
in future research.

Stomata in leaves

The primary route for MPs/NPs to enter leaf tissues and
then go to the vascular system is via stomatal opening,
which occurs mostly during foliar replenishment [19].
Atmospheric deposition speeds up the attachment of
MPs/NPs to plant leaves [12, 93]. According to reports,
MPs were found to make up 28% of the particulate matter
that sticks to leaves [94]. This indicates that the deposi-
tion of MPs from the atmosphere is a significant way in
which leaves absorb MPs. Sun et al. (2021) observed the
absorption of positively or negatively charged PS-NPs by
the stomata of maize leaves [19]. They also found that the
primary route for the movement of NPs from the leaves
to the roots is via the vascular bundles. As time goes on,
NPs start to get together, which limits their movement
to the root system. It is necessary to conduct mechanis-
tic research to investigate the process of MPs/NPs being
deposited on leaves, the absorption of atmospheric MPs/
NPs by leaves, and the movement and distribution of
MPs/NPs inside plants [67].

Currently, MPs/NPs have been detected in the edible
portion of plantation agricultural products, which could
affect the content of nutrients such as polyphenols, flavo-
noids, polysaccharides, vitamins and proteins, inducing
related food safety problems [14, 15, 95, 96]. However,
the mechanism by which MPs/NPs move across different
tissues is still not well understood. Hence, it is important
to examine the methods by which MPs/NPs move across
various plant tissues, particularly in the edible sections
of plants. While the importance of plant tissue fluids in
the movement of MPs/NPs is well recognized, there is a
limited amount of research on the interactions between
MPs/NPs and plant tissue fluids.

Impact of MPs/NPs on cultivated agricultural products

Upon entering the plant, MPs/NPs elicit various effects
on the plant’s phenotype, metabolism, enzymes, tran-
scription, and genetics. These effects include seed
germination, metabolism and growing development,
photosynthesis, oxidative stress and antioxidant defenses,
fruit yield and nutritional quality, as well as cytotoxicity
and genotoxicity (Fig. 4). These negative effects may be
based on the following reasons [39, 41, 59, 74, 77]: (1)
MPs/NPs physically obstruct the openings in the outer
layer of the seed, causing damage to the plant’s root sys-
tem and hindering the absorption and transportation of
essential nutrients and water; (2) MPs/NPs reduce plant
photosynthesis by disrupting the structure of the cyst-
like bodies and inhibiting energy trapping in the leaves;
(3) MPs/NPs are cytotoxic or genotoxic to the plant,
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Fig. 4 Impacts and mechanisms of MPs/NPs on plantation agricultural products [39, 41, 59, 74, 77]

leading to metabolic disorders; and (4) MPs/NPs indi-
rectly induce changes in the plant’s growing environment
(soil physicochemical properties and microflora struc-
ture, etc.). Currently, the design of the trials is based on
soil cultivation [62, 97-99], hydroponics [76, 82, 100,
101] and foliar spraying [19, 67]. The relevant plantation
agricultural products are mainly grain crops (rice [76, 82,
97, 98], wheat [100, 102], maize [67, 103, 104], barley [13,
101, 105], soybean [101, 106], buckwheat [107], sweet
potato [62]), vegetables (Chinese cabbage [99, 108-110],
lettuce [19, 64, 111], cucumber [16, 112, 113], tomato
[114-116], onion [69, 117], garden cress [72, 73], cress
[91], common bean [118], broad bean [119], baby mar-
row [120], savoy cabbage [121], coriander [122], spinach
[66, 123], water spinach [71], turnip [124], chili [125]),
commercial crop (peanut [14, 126], cotton [86], Torreya
grandis [127], Orychophragmus violaceus [128), Impa-
tiens balsamina [128), Trifolium repens [128], dandelion
[129], woad [130]), fruits (strawberry [15], melon [131]).
The impact of MPs/NPs on agricultural products mostly
depends on factors such as plant species, plastic type,
plastic particle size, particle surface charge, various mod-
ified functional groups, concentration of exposed plastic
particles, ambient temperature, salt, and pH (Fig. 4).

Impact of MPs/NPs on seed germination

Seed germination is a crucial step in the life cycle of
plants and has significant biological importance. It serves
as a vital indication for determining the phytotoxicity of
MPs/NPs [69, 83, 91]. The excessive buildup of MPs/NPs
in the environment and their attachment to the surface
of seeds during germination obstruct the stomata and
restrict the absorption of nutrients and water, thereby
impeding seed germination [69, 91, 132]. In their study,
Bosker et al. (2019) examined the impact of MPs on the
germination of kale seeds. They discovered that within
24 h, MPs accumulated on the seed coat, obstructing
pores, reducing nutrient absorption, and temporarily
impeding seed germination [91]. During the later phases
of seed germination (at 48 and 72 h), the substance
mostly accumulated on root hairs and did not have any
impact on the process of seed germination. Lian et al.
(2020) demonstrated that PS-100 nm had a notable effect
on enhancing water absorption in seeds, resulting in fast
swelling and subsequent restoration of basic metabolism
[83]. This led to a considerable improvement in seed via-
bility. Later on, the scientists discovered that PS-50 nm,
PS-200 nm, and PP-MPs (<500 um) did not have a nota-
ble impact on the process of seed germination for onion



Lin et al. Journal of Nanobiotechnology (2025) 23:231

[69], wheat [65], and tomato [132], respectively. Span et
al. (2022) found that PS-50 nm had a detrimental impact
on rice germination [80]. This negative effect is likely
caused by oxidative damage resulting from the absorp-
tion of PS-NPs into the rice plants.

The type and exposure concentration of MPs/NPs had
different effects on seed germination [116, 123, 128, 130,
131]. For example, Sridharan et al. (2023) found that PVC
inhibited the germination of Coriander seeds more than
PP and PLA through soil cultivation experiments [122].
The presence of PS, PP, and PE particles of a size smaller
than 100 nm hindered the germination of tomato seeds
as the quantity of these MPs/NPs rose [116]. MPs/NPs
decreased the ability of seeds to sprout and the speed at
which they sprouted, and this harmful impact may be
influenced by the selectivity and specificity of MPs/NPs
[131]. However, Yang et al. (2022) discovered that PS-NPs
enhanced the germination of woad seeds when exposed
to doses of 10-1000 mg/kg in a soil-cultivation experi-
ment [130]. Aging of MPs/NPs affects seed germination.
Pflugmacher et al. conducted a study where they evalu-
ated the impact of fresh and old PC particles, as well as
their leachate, on watercress germination [72, 73]. They
discovered that aging PCs reduced negative germination
effects due to hazardous compound release. Thus, the
impact of MPs/NPs on seed germination is contingent
upon the specific characteristics of the MPs/NPs, such as
its kind, particle size, aging period, as well as the growth
environment, exposure concentration, and plant species.

At the initial stage of seed germination, MPs/NPs
may inhibit later growth by blocking internal activities
through the blockage of stomata [91]. Conversely, seeds
easily take in significant quantities of water that contains
dissolved poisons via their stomata [5, 73]. The impact of
MPs/NPs on seed germination is contingent upon timing,
species, and dosage. MPs/NPs present in soil may have
both physical and chemical impacts on several phases
of seed germination. Films and fibers include harm-
ful monomers that may release colorants, plasticizers,
heavy metals, and pathogens into water. These leached
chemicals pose additional risks to seed viability. Further
research is needed to elucidate the specific mechanisms
and impacts of MPs/NPs on agricultural seed germina-
tion under diverse growing conditions and environmen-
tal factors.

Impact of MPs/NPs on photosynthesis

Photosynthesis is essential for plants, and the amount
of chlorophyll in plants indicates their development rate
and nutritional value [133—135]. Chlorophyll is a major
participant in plant photosynthesis, and changes in chlo-
rophyll a/b values under unfavorable conditions can be
used to assess plant self-protection against unfavorable
environments [136-138]. Exposure to MPs/NPs may
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interfere with the process of chlorophyll generation in
leaves and shoots, leading to a decrease in photosynthesis
[67, 106, 108]. Members of MPs/NPs hindered the pro-
cess of photosynthesis in plants by reducing the transport
of electrons and the functioning of Cyt b6f and NADP*
reductase enzymes [77]. In their study, Liao et al. (2019)
discovered a correlation between the content of PS-MPs
and the levels of leaf photosynthetic pigments in wheat
[100]. Specifically, they observed an initial rise followed
by a subsequent drop in the pigments when the PS-MPs
content rose. Lower concentrations of MPs/NPs treat-
ment have a positive impact on enhancing the photosyn-
thesis of wheat leaves. However, higher concentrations
of MPs/NPs may disrupt the photosynthetic pathway of
leaves, hinder protein synthesis, trigger oxidative stress,
and have a more pronounced toxic effect on the leaves
[15, 83, 100, 123]. Further, Wang et al. (2022) examined
the impact of various functional groups of PS-NPs on
photosynthesis [76]. They discovered that PS-NH, had
a more pronounced effect on reducing the photosyn-
thetic capability and chlorophyll concentration of rice
compared to PS and PS-COOH. Sun and Zhang et al.
also both found that PS-NH, presented stronger pho-
tosynthetic toxicity through their studies on maize [67]
and Chinese cabbage [108], respectively, but the related
mechanisms were not effectively explored. A study found
that the decomposition of PS releases Benzene rings,
which are likely the primary component influencing
chlorophyll and sugar metabolism in cucumber leaves
[112]. The type of MPs/NPs also has a greater effect on
photosynthesis. Li et al. (2023) discovered that PVC had
a greater impact on the structure of PSII in soybean chlo-
roplasts compared to PE [106]. This resulted in a decrease
in the ability of soybean PSII to absorb, transport, and
dissipate energy, thus affecting the process of photosyn-
thesis. It is well known that different plastics have dif-
ferent structural properties and electron-conducting
abilities, and environmental ageing can significantly alter
the properties of plastics. Both new and old computers
decreased the levels of chlorophyll a and b in watercress,
mostly due to the progressive release of bisphenol A [73].
From the perspective of the whole growth cycle, accord-
ing to Yang et al. (2023), varying concentrations of PE
had distinct impacts on photosynthetic pigments and
photosynthesis throughout various development stages
(seedling, flowering, and fruiting) of Chilli [125]. PE, at
a dosage of 50 mg/kg, hindered the production of pho-
tosynthetic pigments during the seedling stage. However,
at a concentration of 2500 mg/kg, it stimulated the pro-
duction of photosynthetic pigments during the blooming
stage.

MPs/NPs induce stomatal closure by indirectly reduc-
ing water efficiency, resulting in limitations on photo-
synthetic stomatal activity [13, 77]. The blockage of cell
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walls and water channel proteins in the roots hinders the
absorption of water [39]. Moreover, alterations in MPs
inside the soil may modify the water cycle and impact
the process of root water absorption [59]. To clarify the
relevant mechanism, Wang et al. (2022) discovered that
PS-NPs had a notable impact on Rubisco activity and
ATP production [13]. This led to a restriction of pho-
tosynthetic carbon assimilation in barley under low
temperature conditions, leading to a decrease in both
photosynthesis and carbonylation in barley leaves. Zhang
et al. (2023) found that the up-regulation of DEG was
mainly related to photosynthetic metabolism and PE
interfered with buckwheat leaf carbon fixation and ATP
— ADP + Pi processes [107]. The promotion effect of PE
on photosynthesis of buckwheat leaves may be at the
expense of morphological advantage. By enhancing the
activity of antioxidant enzymes, more energy is supplied
to activate the antioxidant system in the leaves.

Thus, the presence of MPs/NPs in soil may greatly
enhance the levels of plant photosynthetic pigments
and impact the photosynthetic ability of plants. It seems
that MPs/NPs had a negative effect on the reaction cen-
ters of photosystem II, and this effect increased with the
dosage (Fig. 4). Primarily, it impacts the effectiveness of
converting light energy by reducing the rate of electron
transfer and the maximal quantum efficiency (Fv/Fm).
This results in the buildup of electrons in the cysts and
a rise in oxidative stress [77, 106, 107]. Previous research
has investigated the function of MPs/NPs at the physi-
ological and biochemical levels. Nevertheless, the precise
biochemical processes by which MPs/NPs impact photo-
synthesis remain unclear. A complete molecular investi-
gation is essential to explore the impact of MPs/NPs on
photosynthesis. The impact of these changes on plant
photosynthesis are not well determined. Further research
is needed to determine if MPs/NPs’ effects on photosyn-
thesis vary between C3 and C4 plants due to their dis-
tinct photosynthesis processes.

Impact of MPs/NPs on growing development and
metabolism

MPs/NPs cause changes in plant morphology that dis-
rupt and inhibit plant growth and metabolism [68, 82,
100, 114, 139]. MPs/NPs have exerted many effects on
the development and metabolism of plants, including the
accumulation of biomass, elongation of roots and stems,
enhancement of root vitality, inhibition of leaf stomata,
alteration of micronutrient levels, modulation of energy
metabolism, and modification of amino acid metabolism
[83, 84, 108, 124, 125, 140]. At first, Qi et al. (2018) con-
ducted a study on the impact of MPs on wheat growth
[103]. Their findings revealed that both macro- and
micro- plastic residues had detrimental impacts on both
the above-ground and below-ground components of
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wheat, affecting both nutrient uptake and reproductive
growth. The toxicity of PS-5 um was greater than that of
PS-100 nm in terms of the elongation of roots and stems
in wheat [100]. MPs/NPs had the ability to decrease the
emissions of NH; and N,O from the soil and modify the
composition of microorganisms and variety of soil bacte-
ria. This may be achieved by targeting the cell wall pores
and root hairs, resulting in reduced transpiration, nutri-
ent absorption, and root respiration, ultimately inhib-
iting plant development [68, 83, 99, 122, 124, 132, 139]
(Fig. 4). The application of PS-NPs resulted in a decrease
in the length of rice roots produced in a hydroponic sys-
tem and hindered the absorption of nutrients. Conse-
quently, this stimulated the development of lateral roots
and led to an increase in their quantity, which served to
fulfill the plant’s nutritional requirements [68, 82]. The
plant growth metabolism was impacted by the charac-
teristics of MPs/NPs, including their kind, concentration,
and size [112, 116, 123]. In their study, Sridharan et al.
(2023) discovered that PLA had a more negative impact
on the root length of coriander seedlings compared to
PP and PVC [122]. Furthermore, they observed that the
inhibitory effect was more pronounced in the field than
in the greenhouse. Additionally, it has been shown that
MPs stimulate root development in spinach and rice
[65, 123]. PS affected the metabolic profiles of rice in a
dosage-dependent manner. Amino acid metabolism was
more apparent in the leaves than in the root system [68].
Some studies also reported that MPs did not affect plant
growth [84, 108, 140]. Li and teammates (2023) discov-
ered that PS-200 nm did not have a noteworthy impact
on the development and physiology of wheat seedlings
cultivated hydroponically [84]. This finding aligns with
the outcome observed in Chinese cabbage during the
establishment phase of dark morphogenesis [108]. There-
fore, the specific effects should be determined in relation
to the specific plant and exposure concentration.
MPs/NPs could interact with the growth medium and
combine to affect the overall growth status of the plant
[109, 111, 118, 121]. According to Yang et al. (2021), the
presence of MPs in the soil decreased the amount of
nutrients available, resulting in a decrease in the weight
of cabbage [109]. PE caused higher growth metabolism
impacts than PS, and the risk was higher for smaller MPs
than for larger MPs [109]. Unlike non-biodegradable
MPs, the biodegradable MPs made of PBAT did not have
any major harmful impacts on soil and seaweed due to
their own disintegration [110]. The effects produced
by MPs on seaweed vary dynamically on plant physi-
ological indices as the self-regulation diminishes in plant.
Another study found that LDPE-MPs did not have any
impact on the aboveground and root biomass. However,
Bio-MPs drastically decreased the aboveground and root
biomass [118]. Shorobi and co-workers (2023) examined
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the impact of PP-MPs on nutrient absorption in several
tomato cultivars, discovering that PP stimulated root
elongation in cherry tomatoes and hindered the trans-
portation of a significant quantity of nutrients from the
roots to the stems [132]. Recently, Lian and colleague
(2024) derived an equation that described the impact
of rhizosphere microorganisms on lettuce development
when paired with MPs [111].

In order to provide a more comprehensive understand-
ing of the impact of MPs/NPs on plant development
and metabolism, researchers have carried out a number
of investigations focusing on several elements including
phenotypic, metabolism, enzyme activity, cellular func-
tions, and transcriptional processes [13, 18, 76, 86, 97,
124]. MPs/NPs have the potential to enhance the levels of
amino acids, reduce the amounts of ascorbic acid, soluble
sugars, and soluble proteins, trigger significant alterations
in defense mechanisms, signal transmission, hormone
processing, interactions between plants and pathogens,
and the production of phenylpropanoids, as well as hin-
der gene expression [76, 97, 131, 139]. Through a field
trial, Wu and colleagues (2022) discovered that PS-MPs
had the ability to disrupt the accumulation of metabolites
and energy consumption pathways in various types of
rice [97]. They analyzed the rice varieties at the transcrip-
tomic level and observed differences among them. Spe-
cifically, the metabolites of Y900 were suppressed, while
those of XS123 were promoted. Cells were triggered by
stress stimuli, leading to the activation of MAPK cascade
pathways, which had the potential to impact crucial sig-
nal transduction pathways in plants by modifying recep-
tors that come before them and target components that
come after them. For example, they may trigger processes
such as cell proliferation, cell differentiation, and stress
responses. Various functional categories of PS influenced
metabolic processes and gene expression in rice seedlings
[76]. PS, PS-COOH, and PS-NH, were implicated in the
RNA metabolism, ion transport and terpene biosynthe-
sis, and macromolecule synthesis, respectively. PS sup-
pressed carbohydrate metabolism in barley leaves at low
temperature, resulting in a significant reduction in the
activity of crucial enzymes associated with sucrose solu-
bilization, glycolysis, and starch metabolism pathways
[13]. By utilizing analysis alongside multi-omics tools,
Yu et al. discovered the molecular reaction of Tephrosia
shoots to PS-100 nm. They observed that NPs heightened
the levels of thiobarbituric acid actives, while reducing
the concentrations of iron, sulfur, and zinc. Additionally,
NPs had an impact on the quantities of small RNAs, tran-
scripts, proteins, and metabolism, which in turn could
regulate the biosynthesis of terpenoids and flavonoids
[127]. PS-NPs have the potential to influence the pro-
cesses of DNA repair, membrane protein transport, and
hormone generation and response [139]. The presence
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of PS-5 um had a detrimental impact on the produc-
tion of ATP and NADPH. On the other hand, PS-1 pm
controlled the intercellular CO, content via influenc-
ing the expression of PEPCK and PEPC genes [113]. The
tomato root system exhibited resilience to MPs stress by
releasing substantial quantities of low molecular weight
organic acids (LMWOAs). Furthermore, the tomato
plants experienced more significant metabolic repro-
gramming when exposed to PS and PP [115], as to found
in spinach [66]. Furthermore, the PS-NPs that were aged
caused changes in certain pathways, namely the synthesis
of aminoacyl-tRNA and phenylpropanoid. On the other
hand, the pristine PS-NPs altered pathways associated
with sulfur metabolism, the synthesis of unsaturated fatty
acids, and tryptophan metabolism [66].

The impact of MPs/NPs on the development and
metabolism of agricultural products in the plantation
is deep and multifaceted. While numerous studies have
employed various histological tools for analysis, the spe-
cific regulatory mechanisms underlying these effects
remain poorly understood. To completely assess the pos-
sible dangers of MPs/NPs and implement appropriate
intervention measures, it is essential to enhance research
on the processes and impacts of MPs/NPs on plant devel-
opment and metabolism.

Effect of MPs/NPs on fruit yield and nutritional quality

Exposure to the environment, MPs/NPs could affect the
nutritional quality of plant over time and gradually enrich
in fruits as plant growth, thereby reducing taste and fla-
vor [14, 16, 19, 97, 98, 118]. Table S1 summarized the
effects of MPs/NPs on the nutritional quality of planta-
tion agricultural products. Initially, Meng and colleagues
(2021) conducted a comparison of the impacts of several
kinds of MPs on the fruit production of common bean
[118]. They discovered that LDPE-MPs did not have any
influence on the biomass of cauliflower fruits, while Bio-
MPs significantly decreased the fruit biomass. Regard-
ing the possible impacts of airborne MPs/NPs, Lian et
al. sprayed PS-NPs on the foliar surface of lettuce, and
found that PS-NPs decreased the amount of dry weight,
height of the plant, area of the leaves, pigmentation con-
tent of micronutrients, and essential amino acid content
of lettuce, which affected lettuce growth, fruit biomass
and nutrient quality [19]. Additionally, PS-NPs led to a
rise in the concentration of soluble proteins in cucum-
ber fruits, while causing a substantial drop in the levels of
Mg, Ca, and Fe [16]. In contrast, Greenfield et al. demon-
strated that the inclusion of PE and PHBV did not impact
the yield or microbial community composition of winter
barley [101]. Hence, the impact of MPs/NPs on the crop
yield of plantation product is contingent upon the spe-
cific plant species and the kind of MPs/NPs involved.
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Jiang and colleagues (2022) conducted the impact of
soil MPs on fruit yield by adding 250 mg/kg of PS-80 nm
into the soil [14]. The study revealed that the presence
of PS-80 nm resulted in an increase in the number of
rice grains with empty shells, a drop in the fruiting rate,
and a reduction in the average weight of peanut ker-
nels by 3.45%. The presence of PS-NPs had an impact
on the equilibrium of trace elements in peanut and rice,
resulting in a decrease in the levels of mineral elements,
amino acids, and unsaturated fatty acids [14]. Further-
more, it disrupted the synthesis and storage of fatty acids
in peanut, ultimately leading to a negative effect on the
nutritional quality. For different rice varieties, Wu and
co-workers indicated that PS acted on the quality of
Y900 and XS123 to different degrees in rice by interfer-
ing with metabolite accumulation and energy consump-
tion pathways [97]. The monocot yield of Y900 decreased
by 10.62% and that of XS123 increased by 6.35%. In the
fruiting period, PE-MPs inhibited plant height, fresh
mass and phosphorus content. reducing chili yield by
up to 42.86% per plant [125]. The suppressive impact
of PE-MPs on pepper output was more pronounced at
low doses than to high values. As the concentration of
PE-MPs rose, the agglomerates became larger, resulting
in less interaction with the root system of peppers. This
hindered the absorption of nutrients by the PE-MPs and
ultimately weakened their impact on the production of
peppers. The extended growing period of plantation agri-
cultural products results in a limited number of research
examining the impact of MPs/NPs on fruit output and
nutritional quality. Moreover, the relevant mechanism
of regulation is unknown. Therefore, it is necessary to
conduct constant research on the impact of MPs/NPs
on fruit and nutritional quality, which may be achieved
by using different plant kinds and various histology and
analytical quantitative detection techniques, aiming is to
guarantee the quality and safety of agricultural goods.

Impact of MPs/NPs on oxidative stress and antioxidant
defensive systems

Oxidative stress is a primary method by which plants are
harmed (phytotoxicity) [77]. Electrons present in chloro-
plasts, mitochondria, and plasma membranes of plants
can be transferred to oxygen, resulting in the formation
of reactive oxygen species (ROS) such as hydrogen per-
oxide (H,0O,), superoxide anion (+O,"), hydroxyl radical
(+OH), and singlet-linear oxygen (*O,). This process can
lead to oxidative stress, which causes permanent damage
[39, 77, 139]. Due to their detectability, H,O, and «O,~
are often used as markers of the buildup of ROS [82].
The presence of oxidative stress in plants is determined
by the generation of ROS and the effectiveness of their
removal by the antioxidant enzyme system [67, 68, 141].
MPs/NPs induced toxicity leads to oxidative stress, which
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disrupts the antioxidant enzyme system and alters ROS
levels. As a result, the buildup of ROS causes damage to
cellular components, with lipid membrane peroxidation
serving as an indicator of oxidative stress [15, 86, 139]. To
counteract the harmful effects of ROS, plants have devel-
oped a range of antioxidant enzymes such as superoxide
dismutase (SOD), peroxidase (POD), catalase (CAT),
ascorbate peroxidase (APX), glutathione reductase (GR),
dehydroascorbate reductase (DHAR), monodehydrated
ascorbate reductase (MDHAR), and glutathione peroxi-
dase (GSH-PX). Additionally, nonenzymatic antioxidants
like ascorbic acid (AsA) and glutathione (GSH) play a
crucial role in the plant’s defense mechanisms by scav-
enging ROS [15, 18, 111]. Oxidative damage arises when
the generation of ROS surpasses the ability of the anti-
oxidant defense system to neutralize them [69, 111, 130].

Oxidative stress may lead to lipid peroxidation, a pro-
cess in which ROS interact with large molecules like
phospholipids in the cell membrane. This interaction
decreases the flexibility and permeability of the cell
membrane, resulting in the inhibition of cell activity and
function [10, 41, 61]. Malondialdehyde (MDA), a byprod-
uct of lipid peroxidation, is well recognized as a primary
marker of cellular oxidative stress in this particular situ-
ation [68]. According to Wu et al. (2021), their research
revealed that PS induced oxidative stress and modifies
metabolic profiles in rice [68]. Specifically, they observed
that PS-100 nm caused greater levels of MDA in the
roots compared to PS-1 pum. The physiological reac-
tions and capacity of plants to remove ROS in response
to MPs/NPs may be influenced by factors such as the
composition, dimensions, amount, functional groups,
and morphology of the polymers [76, 106, 112, 122, 123,
131, 141]. Li et al. (2020) discovered that PS-NPs had an
impact on the antioxidant system of cucumber leaves
[112]. They observed a progressive rise in the enzyme
activities of CAT and SOD as the particle size of PS-NPs
rose. The treatment with positively charged PS-NH2
had a more pronounced effect on stimulating the activ-
ity of the antioxidant system of maize, compared to the
negatively charged PS-COOH [67]. PVC-MPs induced
stronger oxidative stress than PE-MPs in soybean leaves
[106]. Low levels of MPs enhanced the activity of antioxi-
dant enzymes, while high levels of MPs had a detrimen-
tal impact on the antioxidant defense system of plants
[82]. This indicates that excessive exposure to high lev-
els of MPs overwhelms the plant’s ability to regulate the
balance of ROS through its antioxidant defenses [69, 82,
84, 100, 130]. Conversely, when the PVC concentration
increased, the activity of CAT in melon roots and the
presence of ROS steadily decreased [131]. Pehlivan and
colleagues (2021) discovered that smaller particle sizes of
MPs caused a possible redox relaxation in maize. Addi-
tionally, they observed that bigger particle sizes of MPs
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resulted in greater cellular recovery from the exogenous
stress damage generated by MPs [141]. POD1 and HSP1
were pivotal elements in the MPs-induced transduction
of ROS into expression of gene transcripts. The size of
the PE had a more significant impact on the generation of
ROS, MDA, and ASA compared to the addition of PE on
water spinach roots [71]. It is worth noting that the gen-
eral trend of increasing and then decreasing in CAT, SOD
and H,O, contents in Clover, Orchidum and Bromeliad
was in accordance with the “Plant-ES” equation [128].

Overproduction of ROS actively inhibits antioxi-
dant defenses and leads to membrane oxidative damage
[13, 80]. Damage to the membranes of mitochondria
decreases the activity of mitochondrial dehydrogenase
and hinders the function of respiration (Fig. 4). Span" and
co-workers (2022) found that PS exposure internalization
caused oxidative damage to seedlings by disrupting H,O,
homeostasis and membrane damage, exhibiting different
oxidative contingencies [80]. The impact of PS-NPs on
the cellular biology and physiology of rice seedlings may
be attributed not only to the direct impacts of PS-NPs,
but also to the modification of ROS generation and diffu-
sion at the tissue and cellular level. PS-NPs had a strong
inhibitory effect on the activities of SOD, APX, and CAT
in chloroplasts at low temperatures. Additionally, PS-NPs
also lowered the activities of APX and CAT in mitochon-
dria [13].

The oxidative stress caused by MPs may be reduced by
the plant’s synthesis of antioxidants such as flavonoids,
ascorbic acid, glutathione, and carotenoids, which helped
remove ROS from the cells [10, 41, 61, 77]. Hua et al.
(2024) showed that PS-MPs caused oxidative stress in
the roots and leaves of lettuce. They also found that both
CAT and SOD activities were significantly increased to
reduce oxidative stress [64]. Oxidative stress in dandelion
varied by MPs type and concentration [129]. PS and PP
induced membrane lipid peroxidation, resulting in higher
levels of O, and H,0, in seedlings. Additionally, they
raised the activities of SOD, POD, and CAT enzymes.
Therefore, O,”, CAT, and proline were identified as sen-
sitive biomarkers for dandelion plants polluted with
MPs. Li et al. found that there was a correlation between
phytohormone concentrations and enzyme activities in
spring barley, which induced different strategies of gly-
colysis regulation in leaves and roots [105]. Some studies
have reported that an ecological corona effect can reduce
the PS-induced oxidative stress [117], but the related
research mechanism needs to be further explored.

Plants employ antioxidant enzymes and specific ROS as
signaling molecules to activate defense gene expression
under stress conditions. To fully elucidate these mecha-
nisms, further research is essential to investigate the
effects of MPs/NPs on diverse crop species. Such studies
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will improve risk assessment of MPs/NPs and help ensure
the safety and quality of agricultural products.

MPs/NPs induce cytotoxicity and genotoxicity
Cytogenetic effects result from the oxidative damage to
cells, which inhibits cell cycle and repair-regulated genes
[69, 77, 117]. Oxidative stress induced by MPs/NPs could
disrupt cellular structures including membranes, walls,
and DNA strands, which might contribute to the cyto-
toxicity and genotoxicity of plant tissues [77, 119, 129].
MPs/NPs are genetically and cytogenetically toxic to
plants by altering the nucleus and chromosomes (Fig. 4).
Traditionally, toxicological investigations have used pri-
mary plastic microspheres as a standard for exposure tri-
als. However, the findings from these studies have shown
discrepancies when compared to the results obtained by
employing secondary plastic microspheres of different
shapes and sizes found in the natural environment [39,
61]. There is a lack of research on the uniformity of pri-
mary and secondary MPs in relation to their phytotoxic
effects. In addition, increased cytotoxicity could be deter-
mined by a decrease in mitotic index (MI) [77]. Effects
on root growth are often used as biomarkers of cytotoxic
and genotoxic effects [68, 100, 117]. Micronucleus (MN)
frequency is alternative measure applied to determine
the extent of oxidative damage in plants [61]. During cell
division, chemical pollutants block chromosome replica-
tion and movement, and these damaged chromosomes
(segments) form MNs. When exposed to PS-100 nm, the
development of faba bean roots reduced and the cyto-
toxicity increased, as shown by a drop in MI [119]. Nev-
ertheless, the MN test and antioxidant enzyme activity
indicated that PS-100 nm induced more genotoxicity and
oxidative damage in faba bean compared to PS-5 pm.
The quantity of proteins that govern plant growth and
development is determined by the levels of gene expres-
sion. As external abiotic stressors, MPs had an impact on
the expression of genes and regulatory networks in plants
[117, 141]. Advancements in metabolomics and genomics
technology have enabled several research to uncover the
genetic and metabolic processes via which MPs exert tox-
icity on plants [77, 141, 142]. Genotoxic effects include
chromosomal abnormalities (CA) and nuclear abnor-
malities (NA) [69]. MPs/NPs have cytotoxic and geno-
toxic effects on plants, especially at high concentrations,
associated with toxicity from chemicals absorbed from
the particle surface, such as organic and inorganic pollut-
ants [39, 69, 77]. Expose to MPs/NPs will disrupt the cell
cycle by stimulating the overproduction of ROS damage
and altering gene expression, leading to genetic abnor-
malities and structural damage in plant cells [39, 61, 69].
Giorgetti et al. (2020) documented the harmful effects
on cell division (decrease of mitotic index) and genetic
material (induction of cytogenetic abnormalities and
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micronuclei) in the rapidly dividing tissues of plant roots,
even at the lowest dose [69]. However, in the absence of
oxidative stress, the MI of onion root cells was reduced
and cytotoxicity was independent of ROS production
[117]. Irrespective of their surface charge, the pristine
PS-NPs in Allium cepa L. exhibit varying amounts of cell
mortality, oxidative stress generation, and antioxidant
enzyme activity [117]. The concentrations were positively
correlated with the rise in values. The inhibitory effect of
plastic particles on mitochondria may be linked to their
ability to suppress cell cycle regulators and DNA replica-
tion, particularly via the regulation of cyclin-dependent
kinase (CDK2). The gene expression was diminished, and
PS directly affected the G2/M transition by inhibiting G2
phase cells and decelerating all mitotic processes. Fur-
thermore, the harmful effects may arise from the direct
interaction with compounds that internalize particles
or leak from their surfaces [117]. At the same time, soil
extracellular polymers (EPS) formed an ecological corona
on PS-NPs, and crowned PS-NPs tended to aggregate,
reducing their uptake in onion cells and further decreas-
ing oxidative stress and toxic effects [75, 117]. NPs is
more likely to generate genotoxicity than MPs because it
has a greater propensity to interact with interior tissues.
Furthermore, the presence of NA seems to be influenced
by both time and dosage, with NA becoming increasingly
detrimental with time and with higher dosages of NPs.
For relevant mechanism, Pehlivan et al. (2021) showed
that POD1 and HSP1 were pivotal elements in the trans-
duction of ROS into expression of gene transcripts in
MPs-exposure maize [141]. Later, Lian et al. (2022) used
a combination of DEGA and WGCNA methodologies
to explore the molecular processes behind the phyto-
toxic effects of PS-NPs [142], discovering that exposure
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to PS-NPs led to substantial alterations in the expression
patterns of wheat genes, with a tissue-specific impact. In
addition, WGCNA identified four potential modules and
their corresponding crucial genes linked to phytotoxicity.

Currently, although transcriptome analysis provided
the basis for molecular studies of plant-microplastic
interactions, the understanding of plant stress response
to MPs/NPs was limited to detected transcriptome data.
It mainly for that the identification of MPs/NPs associ-
ated genes required the construction of transgenic lines
and the validation of downstream protein functions,
a time-consuming and cumbersome process. To get a
deeper comprehension of the harmful effects of MPs/NPs
on plants and the precise molecular pathways involved,
it is imperative that more research be conducted with a
special emphasis on identifying and describing the func-
tions associated with MPs/NPs.

MPs/NPs under biotic and abiotic stresses

As environmental pollutants, under biotic and abiotic
stresses, MPs/NPs have the potential to interact with
other stressors [28], such as saline and alkaline stress
[123], polycyclic aromatic hydrocarbons (PAHs) (phenan-
threne, pyrene) [30—33], heavy metal (Cd, As, Cr, Cu, Pb,
Hg, Zn) [21-26], antibiotics (norfloxacin, enrofloxacin,
doxycycline, doxycycline, ibuprofen, simazine, sertraline,
amoxicillin, florfenicol) [27, 28, 143, 144], plasticizers (di-
n-butyl phthalate (DBP)) [29], metal oxide nanoparticles
(ZnO, Fe,O3) [34, 145], natural organic macromolecular
compounds (humic acids) [34], invasive plants (Canadian
goldenrod) [35], Botrytis cinerea mycorrhizal fungi [36,
37]. Such interactions could be summarized as synergis-
tic, antagonistic and non-effect (Fig. 5).

Co-exposure of MPs/NPs and biotic and abiotic stressors on

plantation agricultural products
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Due to the inherent physicochemical properties, MPs/
NPs could bind soil contaminants, potentially increas-
ing or reducing plant stress. During the process of aging,
weathering, and photolysis of plastics, plastic additives
such as As, Cr, Pb, DBPs and PAHs are released into the
soil or air environment [146]. Studies have indicated that
smaller particles of MPs heighten the likelihood of plastic
additives being released, which is a primary cause of the
phytotoxicity associated with MPs [29]. Owing to large
surface area, high hydrophobicity and rich and diverse
functional groups, MPs/NPs are carriers of co-existing
stressors and pose a combined risk to plants [147]. Co-
existing stressors interact with MPs/NPs through vari-
ous mechanisms, including electrostatic or van der Waals
force interactions, hydrogen bonding, halogen bond-
ing, hydrophobic force interactions, micropore filling,
and m-m interactions (Fig. 5), altering the physicochemi-
cal properties of the stressors and their bioavailability to
plants [147]. On the one hand, acted as carriers of abiotic
stressors, MPs/NPs facilitated stressors co-transport to
the plant roots and increased phytotoxicity, which mani-
fested itself as oxidative stress, inhibition of seed ger-
mination, disruption of pectin structure in plant roots,
and reduced biomass, photosynthetic pigments, and
gas exchange characteristics, in turn reducing growing
development and nutrition quality (Fig. 5) [23, 24, 146,
148-150]. On the other hand, MPs/NPs might cut down
the bioavailability and translocation of co-existing pollut-
ants to plants by adsorption of the co-existing stressors
and thus reduce their phytotoxicity [21, 23, 32, 33, 151,
152]. Simultaneously, MPs/NPs may not contribute to the
buildup of pollutants in plants, having a non-impact on
the phytotoxicity caused by stressors [147, 153, 154].

Synergistic effect

Currently, MPs/NPs co-exist with most stressors, mainly
in the form of synergistic toxic effects on plant growth,
exacerbating the hazards to agricultural product. Plastic
additives, a contaminant that unavoidably co-existed with
MPs/NPs, have been of environmental concern since
2020 [77]. Gao et al. (2019) found that PE-MPs+DBP
treatment reduced growth parameters and photosyn-
thesis parameters of lettuce, exacerbating the effects of
DBP on lettuce photosynthesis and cellular damage of
root tissues with increasing levels of PE-MPs [29]. As
an important stressor in soil, heavy metals continuously
affected plant growth, and their interactions with MPs/
NPs on plant growth had been reported more. MPs/NPs
generally facilitate the accumulation of metal ions, such
as Cu®*, Cr®, As®', and Pb*', in plants [148—150, 155].
Wang and co-workers (2020) first discovered that the
interaction between MPs and Cd might modify maize
production and root symbiosis, observing the impact
of green biodegradable PLA on Cd bioavailability was
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more significant than that of PE [153]. Later, Zhang et al.
(2023) discovered that PE exhibited greater accumulation
of Cr and caused more harm to cucumber plants culti-
vated hydroponically compared to PA and PLA, which
attributing to the ability of MPs to adsorb Cr®* [26]. The
impact of the kind of MPs on the accumulation of Cr
in plants and their development was more significant
compared to the effects of MP size and concentration,
depending on the dosage of Cr and MPs [156]. To eluci-
date the interaction mechanism, a recent study showed
that PS could promote As accumulation by inhibiting
abscisic acid content and iron plaque formation, signifi-
cantly increasing the phytotoxicity of As** by 9.4 ~22.8%
[157]. Simultaneously, PS-NPs hindered the rice’s antiox-
idant system, disturbed the metabolism of salicylic acid
(SA), jasmonic acid (JA), and GSH in rice, and ampli-
fied the sequestration of As vesicles and its efflux. This
study provides the initial evidence that the “Trojan horse
effect” does not play a role in the increased accumulation
of As when exposed to NPs. Furthermore, the presence
of As®* may enhance the negatively charged region of
the plant cell wall, leading to twisting and deformation.
This thus enables the infiltration of larger PS-MPs into
the roots and leaves of carrots, eventually causing oxi-
dative damage to the carrot tissues and exacerbating the
decline in their quality [70]. As MPs/NPs age, the surface
of PVC-MPs undergoes natural photolysis, resulting in
the breaking of C-Cl bonds and the formation of C=0O
bonds. This leads to an increase in the hydrophilicity of
the PVC-MPs surface. The adsorption of Cd on the aged
PVC-MPs is enhanced, leading to an increase in the bio-
concentration of Cd in wheat [147]. Dong and colleagues
(2022) discovered that the simultaneous exposure to MPs
and Cd resulted in a decrease in fruit yield [22]. They
also observed that PS-MP and PTFE-MP directly caused
damage to the tertiary structure of decreased hemoglo-
bin, whereas As increased the quantity of hemoglobin in
rice by stimulating the production of ROS. Under mixed
exposure circumstances, there was an observed additive
effect, meaning that the combined impact of the con-
ditions was equal to the sum of their individual effects.
Specifically, the activities of rice kernel soluble starch
synthase and pyrophosphorylase were suppressed, lead-
ing to a reduction in starch accumulation. This decrease
in starch accumulation resulted in a decrease in rice
biomass and yield. Furthermore, it has been recently
reported that MPs (PS, PVC, PMF) and Cd had the abil-
ity to synergistically enhance seed germination and seed-
ling growth, increase antioxidant enzyme activities, and
improve photosynthesis in wheat and lettuce [151, 154,
158]. This exacerbates their ability to increase phytotox-
icity when amalgamated with heavy metals. Hence, the
precise synergistic impacts of MPs/NPs in conjunction
with heavy metals are contingent upon the kind of heavy
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metal, the type of MPs/NPs, the administered dosage, the
concentration of exposure, and the length of exposure.
Substances such as pesticides and antibiotics are inevi-
tably used to control pests and diseases during plant
growth. Guo et al. (2022) demonstrated that the combi-
nation of hygromycin and PE-MPs caused phytotoxicity,
resulting in decreased plant height and biomass. Addi-
tionally, this combination dramatically elevated carot-
enoid content and POD activity, and caused changes in
organic acid and sugar metabolic pathways in wheat
leaves [144]. The synergistic effect between MPs and
antibiotics may vary depending on the type of MPs [28].
Based on cooccurrence network analyses, it is suggested
that composite pollution can hinder the growth of wheat
and maize seedlings and affect the composition of soil
metabolites, such as sugars, organic acids, and amino
acids. It is achieved by simplifying the connections
between soil bacteria and metabolites and changing the
prevalence of certain genera [27]. PAHs are hydrophobic
persistent environmental pollutants that are genotoxic,
mutagenic, and carcinogenic to plant growth, etc. For the
first time, Liu and co-workers (2021) conducted a novel
study examining the impact of co-pollution from PE-
MPs and phenanthrene (Phe) on agricultural goods [32].
Their findings revealed that the combined contamination
had a more hazardous effect on wheat seedlings, such as
disrupting the leaf photosynthetic system and hindering
the development of the seedlings. Over the years, metal
nanoparticles have been widely used in agricultural pro-
duction, especially metal based nano-fertilizers [159].
The physicochemical qualities and bioavailability of sub-
stances are greatly influenced by several soil environmen-
tal conditions, including soil pH, soil composition, and
the presence of plants [34]. During the process of envi-
ronmental transport and transformation, excessive use
unavoidably leads to the release of substances into the
environment, which may cause environmental pollution
[160, 161]. Primitively, Gong et al. (2022) discovered that
PS-100 nm exacerbated the harmful effects of Fe,O5 on
lettuce by causing significant oxidative stress, root defor-
mation, and the spread of injured cells from the xylem to
the epidermis [34]. PS-100 nm interacted with Fe,O4 to
form heterogeneous aggregates that favored the leach-
ing of Fe ions and increased Fe accumulation in roots and
leaves, thereby exacerbating the toxic effects. In addi-
tion, the simultaneous application of PS-MPs and alkali
stress resulted in a decrease in the activities of SOD and
POD, as well as a reduction in the chlorophyll content of
spinach seedlings [123]. Invasive plants provide a grow-
ing danger to the functioning and biodiversity of ter-
restrial ecosystems. These effects are mediated through
modifications to root composition and architecture in
the soil, alterations in leaf morphology (including length,
width, and diameter), and disruptions to plant growth via
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changes in physiological and metabolic processes [162].
Unlike PE-MPs, Igbal et al. (2024) discovered that treat-
ments involving the invasive plant Solidago canaden-
sis L and PE-MPs had a significant impact on rice leaf
biomass, carbon, nitrogen, and phosphorus levels [35].
These treatments also led to a decrease in APX and CAT
activities and elevated levels of POD, SOD, and ROS con-
tent, causing oxidative stress and changes in the meta-
bolic spectrum of rice leaves.

Antagonism

In addition to the synergistic effect, when MPs/NPs are
co-exposed with stressors, they also partially present
antagonistic effects and reduce the harm caused by MPs/
NPs to plants. One study demonstrated that the interac-
tion between PS and heavy metals resulted in a decrease
in the buildup of ROS in wheat seedlings [151]. Specifi-
cally, PS decreased the accumulation of Cd and Cu in
wheat seedlings, and exhibited properties that mitigated
the bioavailability and toxicity of Cd and Cu. On the one
hand, PS mitigated the detrimental impact of Cd on the
germination potential, vigor index, shoot length, and
biomass of wheat seeds [155]. On the other hand, Cd**
mitigated the toxicity of PVC and PE leachate on wheat
seedlings [158]. Furthermore, PS-MP and PTFE-MP
had the ability to engage with the secretions of rice roots
via van der Waals forces [22]. This interaction leads to
a decrease in the presence of Geobacteria and Anaero-
myxobacter, resulting in a reduction of iron plaques on
the surface of the roots and the absorption of As by rice.
Plants may adjust to the simultaneous exposure to MPs
and As by controlling antioxidant enzymes and the AsA-
GSH cycle [148]. While the concentration in rice leaves
increased, the PS-82 nm and PS-200 nm promoted and
dropped, respectively in As build-up of rice leaves [148].
Although both amounts of MPs/NPs reduced the harm-
ful effects of As on rice seedling growth, the simultane-
ous exposure had a more negative impact on the root
activity and chlorophyll content of the seedlings.

PE and PLA could reduce the phytotoxicity of hygro-
mycin on Brassica napus with antagonistic effects [163].
Hygromycin combined with degradable PLA-MPs pro-
duced greater toxic effects on Brassica napus than non-
degradable PE. With the deterioration of climate and soil
erosion, saline and alkaline soils seriously constrained the
development of high-quality agricultural products in the
plantation industry [123, 164]. The addition of PS-MPs
to alkali stress resulted in a considerable improvement
in the germination rate, germination index, germina-
tion potential, and vigor index of seeds [123]. It also
encouraged the growth of spinach seed roots and shoots,
hence reducing the negative effects of alkali stress. For
PAHs, PS decreased the build-up of Phe in the roots
and stems of rice plants by modifying the processes of
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photosynthesis and energy metabolism, which in turn
enhanced the pathways for carbon sequestration and
hormone signaling [30]. Further, the study conducted
by Chen et al. (2023) shown that the application of PE
resulted in a decrease in the buildup of Phe in both maize
plants and soil [31]. Furthermore, it was observed that PE
with bigger particle sizes mitigated the harmful effects
of Phe on maize growth. Simultaneously, MPs modified
the composition of the bacterial community in the roots
of maize, decreasing the prevalence of certain bacteria
that degrade PAHs, and diminishing the ability of rice
plants to accumulate pyrene, hence mitigating the harm-
ful effects of pyrene on the growth of rice seedlings [33].
In terms of metal oxide, 0.5% PE alleviated the toxicity of
ZnO to a certain extent, had an antagonistic effect, but
did not promote the biotransformation of ZnO to Zn in
maize stems [145]. Through the examination of oxida-
tive reactions, phototoxicity, and molecular metabolism,
it has been shown that PS has the ability to mitigate the
adverse impacts of florfenicol on photosynthesis, growth
metabolism, and oxidative stress in rice seedlings [143].
Humic acid (HA) is a large organic compound that is
often present in nature. According to Gong et al. (2022),
HA has been shown to efficiently decrease the clump-
ing together of PS particles and the release of iron ions,
reducing the harmful effects of PS on lettuce [34].
Congenial mycorrhizal fungi are common microor-
ganisms in plant-growing soil environments, playing an
important role in regulating soil stability [165]. Several
studies have indicated that the presence of ascomyce-
tous mycorrhizal fungi (AMF) does not have a significant
impact on the absorption of PMMA-MPs by lettuce in
soil [37]. However, mycorrhizal fungi may enhance the
uptake of phosphorus by modifying the chemical charac-
teristics of MPs, decreasing their binding with nutrients,
and trapping PMMA particles in the vesicles of AMF and
fungal hyphae within the roots. This enhancement conse-
quently improves lettuce’s resistance to MPs and reduces
MPs translocation into its edible tissues. AMF decreased
oxidative stress by enhancing antioxidant enzymes,
ascorbic acid, glutathione pools, and the glyoxalase sys-
tem, so alleviating the negative impacts of MPs on soy-
bean growth and physiology [36]. The effects of AMF on
the growth and physiology of soybean could be reduced
by PMMA particles in the vesicles and root mycelium.
Under MPs stress, AMF treated plants with upregulated
expression of heavy metal related genes is a good way
to mitigate MPs-induced phytotoxicity [39, 77]. In the
future, it is important to prioritize the study of MPs/NPs’
impact on root secretion release and the subsequent rhi-
zosphere behavior, since this is a critical factor in deter-
mining the phytotoxicity of MPs/NPs. Furthermore,
it is crucial to comprehend the behavior of coexisting
stressors, particularly plastic additives, in terms of their
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release, adsorption, and desorption on plant rhizosphere
MPs/NPs, as well as their combined phytotoxicity.

Non-effect

The interaction between MPs/NPs and environmental
contaminants may vary based on the specific charac-
teristics of the MPs/NPs and the kind of plant. The pri-
mary emphasis of relevant research was on heavy metals,
whereas the effects of MPs/NPs and stressors on plants
were mostly synergistic and antagonistic. Non-effect was
typically seen only in relation to certain physiological and
biochemical markers. Wang and co-workers (2020) dem-
onstrated that PLA, PVC, and PE did not influence the
concentration of Cd in maize and lettuce [153, 154]. In
addition, Gu et al. (2021) discovered that both new and
weathered PVC-MPs had no impact on the toxicity of Cd
to wheat leaves [147]. However, the relevant mechanisms
of influence have not been effectively studied.

Strategies to mitigate the detrimental effects
induced by MPs/NPs

As an abiotic stress, currently, most of the studies mainly
focus on the ecological and safety issues linked to the
phytotoxicity of MPs/NPs. While significant research
has focused on removing MPs/NPs from water, fruits,
and vegetable juices [95, 166, 167], there remains a criti-
cal gap in developing strategies to mitigate their adverse
effects on plantation agricultural goods. It is imperative
to not only implement source control measures to pre-
vent MPs/NPs from entering soil, water, and air systems
but also to design effective remediation strategies for
addressing existing contamination. In the last decade,
the United Nations and the EU have developed a series
of guidelines for managing plastic waste in response
to MPs/NPs pollution, which is crucial for controlling
plastics and the resulting MPs/NPs pollution [77, 168].
Meanwhile, the strategies to reduce the harmful effects of
MPs/NPs on plants primarily involve the development of
novel green biodegradable plastics, phytoextraction and
immobilization, exogenous plant growth regulator inter-
vention, modulation by porous nanomaterials, biocataly-
sis and enzymatic degradation (Fig. 6).

Development of novel green biodegradable plastics

In the field of agricultural production, a significant
quantity of engineering equipment and plastic films are
composed of non-biodegradable polymers. This poses
a hindrance to the advancement of sustainable eco-
agriculture [9, 12]. Although there are a range of biode-
gradable plastic films used in agriculture, some studies
found potential bioaccumulation and significant toxicity
of biodegradable MPs on the biota, even comparable to
the normal plastic polymers [103, 114, 118, 126]. This is
mainly for that these biodegradable films require harsh
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degradation temperatures, specific microorganisms, pH,
etc., and the degree of degradation varies significantly
depending on the type of plant grown [12, 102, 103, 110].
Hence, research and development of novel green degrad-
able plastics are conducive to reducing plastic pollution
at source. According to the EU, the market proportion
of green biodegradable plastics is about>2 million tons
by 2023 [12]. If green biodegradable plastics replace
synthetic plastics, it will create a safer environment for
agricultural cultivation, with less or no synthetic plastic
wastes and impacts, and control the production of MPs/
NPs. Currently, it has been reported that novel green
degradable plastics could be prepared using starch [169,
170], plant and animal derived proteins [171, 172], cel-
lulose [173, 174], chitosan [175, 176], and plant-derived
biomass (sugarcane, coffee grounds, cassava roots, etc.)
[177, 178]. Table S2 provides a comprehensive com-
parison of biodegradable plastics and synthetic plastics,
focusing on their material characteristics, degradation
mechanisms, benefits, drawbacks, and commercial via-
bility. Green and biodegradable polymers, which are cost-
effective, biodegradable, and compatible with current
bioplastics manufacturing facilities, offer a diverse vari-
ety of uses and pose less harm to the food chain, thereby
being considered the future trend for plastic goods.

Phytoextraction and immobilization

Phytoextraction and immobilization are ecologically sus-
tainable methods for reducing the pollution caused by
MPs/NPs, in which the key lies in how to economically
select and excavate plants that can be highly enriched
in MPs/NPs (77, 179, 180]. While MPs/NPs exhibit
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resistance to degradation, they may be absorbed by plant
roots and then transferred to plants above the earth [63,
80]. Hence, MPs/NPs may be remediated by either root
fixation or extraction from the soil into aboveground
plants. Root-fixation does not eliminate MPs/NPs from
the environment, but it does decrease their movement
and availability, hence lowering their ecological hazard
[77, 179]. There have been studies indicating that aquatic
plants, including duckweed, have the potential to absorb
and enhance the concentration of MPs/NPs in their tis-
sues [181]. However, there is a lack of research on the
immobilization of MPs/NPs in plantation crops, and
the capacity of terrestrial plants to immobilize MPs/NPs
in soil remains unclear [77]. Adsorbed MPs/NPs have
the potential to enhance plant metabolism by interact-
ing with functional enzymes, leading to the conversion
of MPs/NPs into plant biomass carbon or their miner-
alization into inorganic products like CO, and CH, [16,
77]. The immobilization of MPs/NPs with plant extracts
may enhance plant biomass and photosynthetic car-
bon sequestration, while concurrently mitigating global
warming caused by greenhouse gas emissions. Hence, the
impact of MPs/NPs on the equilibrium of various carbon
reservoirs within the ecosystem, particularly in the phy-
toremediation system of MPs, is of utmost importance.
The related research is still in the gap and needs to be
further strengthened. To be attention, it is necessary to
investigate whether the plastic additives will be extracted
and fixed together, or will they cause secondary risks to
the growth and metabolism of the plants? Some studies
have reported that NPs could increase the ecotoxicity of
plastic additive release more than MPs on plant metabo-
lism [12, 77], while Zhou et al. (2024) extracted Hg using
Pennisetum giganteum [179]. It is vital to controlling the
release of plastic additives by selecting suitable plants
for phytoextraction and immobilization, which requires
large-scale field trials. On the one hand, phytoextrac-
tion and immobilization may benefit from the knowledge
gained by using phytoextraction to remediate com-
mon contaminants such heavy metals, insecticides, and
biotoxins [179, 180]. On the other hand, enhancing our
comprehension of phytotoxicity and the phytoremedia-
tion process for MPs/NPs contamination necessitates the
utilization of diverse histology methodologies, including
genomics, metabolomics, proteomics, and transcrip-
tomics. Ultimately, it is essential to synthetically evalu-
ate the capacity of plants to endure, collect, and process
MPs/NPs. It’s exciting that if we incorporate phytoreme-
diation into the landscape and regional functional design
of a site, which will achieve production while restoring
the environment.



Lin et al. Journal of Nanobiotechnology (2025) 23:231

Exogenous plant growth regulator interventions

Plant growth regulators (PGRs) are tiny molecules that
function as messengers to regulate plant stress tolerance,
controlling stress-adaptive responses and plant growing
development [38, 182]. Therefore, exogenous PGRs could
be utilized to alleviate MPs/NPs stress. Currently, exog-
enous PGRs that intervene in MPs/NPs stress mainly
include brassinosteroids [183], strigolactones [184],
indole-3-acetic acid (IAA) [185], melatonin (MT) [186],
glutathione [187], and related studies are in infancy.

Brassinosteroids is a stress-regulating hormone that
promoted plant growth and conferred plant resistance.
Gao et al. (2023) demonstrated that the application of
brassinosteroids at a concentration of 50 nM increased
the expression of fatty acids and NIP1-2 [183]. This was
achieved by suppressing the expression of genes related
to water channel proteins, while simultaneously enhanc-
ing amino acid metabolism and synthesis. As a result,
the accumulation of PS-NPs in tomato fruits was inhib-
ited, leading to improved plant growth, increased fresh
weight, and taller plants, effectively reducing the phyto-
toxic effects caused by NPs.

Strigolactones, a kind of plant hormone, when applied,
activates the antioxidant defense system and reduces oxi-
dative stress in maize, thereby decreasing the build-up of
PS-NPs and enhancing the stress resistance [184]. Multi-
omics technology analysis showed that solanum lactone
application altered gene expression patterns and the rate
of metabolic reactions in PS-NPs-treated maize, contrib-
uting to enhance molecular mechanisms of tolerance.
The initiation of stress and immunological responses
by strigolactones is indicated by the activation of signal
transduction and defense-related pathways/genes.

Indole-3-acetic acid (IAA) activates ATPase at the
plasma membrane, stimulates hydrogen ion efflux out of
the cell, lowers medium pH, activates related enzymes
to hydrolyze polysaccharides, resulting in softening cell
wall and expansion [188, 189]. Xu et al. (2023) found that
IAA synergistically inhibited NPs distribution, main-
tained rice redox homeostasis, enhanced the production
of tetrapyrrole compounds, reducing the harmful effects
caused by PS-NH, in rice [185]. However, relevant genes
and pathways involved in the detoxification of PS-NH,
were still unknown.

Melatonin (MT), a plant hormone, has garnered inter-
est due to its capacity to mitigate abiotic stressors in
crops [39]. The application of exogenous MT reduced
the uptake and toxicity of PS-NPs in roots by modulat-
ing the expression of aquaporin genes. Specifically, MT
upregulated the expression of tonoplast intrinsic pro-
teins and plasma membrane intrinsic proteins in both
leaves and roots, thereby decreasing NPs absorption in
roots and limiting their translocation to stems [186]. MT
stimulated the ROS scavenging mechanism, maintained
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a more balanced redox equilibrium, and mitigated the
adverse impacts of PS-NPs on glucose metabolism, lead-
ing to greater plant growth and increased resilience to
NPs toxicity.

Glutathione (GSH) is critical in maintaining and regu-
lating several interrelated cellular processes of metabo-
lism [68, 187, 190]. GSH works along with ascorbic acid
to control the process of lipid peroxidation and effectively
regulate lipoxygenase activity and the buildup of H,O,
[191, 192]. GSH application improved physiological traits
impaired by PET and PE, such as chlorophyll content,
transpiration, gas exchange, biomolecules and ion con-
tent, thereby promoting growth and yield in rice [187].
This phenomenon may be partially attributed to the dis-
tribution of GSH in the mitochondria, where a greater
concentration of GSH allows for more effective removal
of ROS, hence reducing the negative impact of ROS on
photosynthesis. Furthermore, an increased buildup of
GSH in the cytosol mitigated the adverse impacts of ROS
on the outflow of cations, such as K* and Ca**.

In conclusion, PGRs could effectively regulate the poi-
sonousness of MPs/NPs and improve plant metabolism
and immune resistance in plant within the appropriate
dosage range, which provides a new idea for MPs/NPs-
induced phytotoxicity in sustainable agriculture. Apart
from understanding the related mechanisms, large-
scale implementation and feasibility of the multi-omics
approach can be quite challenging. But it definitely has
great potential in the future.

Porous nanomaterials modulation

Utilizing nanobiotechnology to breed genetically modi-
fied crops with enhanced stress tolerance is a potentially
secure and environmentally-friendly approach to boost
agricultural productivity [193]. Some porous nanoma-
terials with unique physicochemical properties could
promote plant growth and improve plant resistance to
MPs/NPs stress [24, 194, 195]. Currently, the porous
nanomaterials that have been documented for their use
in modulating plant resistance to MPs/NPs stress mostly
consist of biochar [195], TiO, [24], Fe,O0;@GO [196],
FeO [197]. The use of biochar in agricultural soils has
been suggested as a strategy to mitigate MPs/NPs stress
by enhancing soil enzyme activities, microbial diversity,
nutrient retention, N and C cycles, amino acid and car-
bohydrate metabolism [74, 195, 198—200]. For instance,
Ran et al. (2023) showed that the alteration of biochar
improved the development of bacteria resistant to PP in
soils. Specifically, the Massilia, Lysobacter, and Terrimo-
nas spp. were shown to stimulate the growth of chilli
plants [201]. Furthermore, the introduction of biochar
enhanced the prevalence of genes associated with bac-
terial amino acid and carbohydrate metabolism in soils
polluted with MPs. Additionally, it promoted the cycling
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of nitrogen and phosphorus metabolism in plants grow-
ing in soils contaminated with MPs. Li et al. (2023) con-
ducted a study on the impact of corncob biochar (CCBC)
on the phytotoxicity of PVC-MPs [200]. They discovered
that CCBC effectively decreased the levels of H,O,, ROS,
and MDA in lettuce, which helped mitigate the toxicity of
PVC-MPs on lettuce seedlings and minimize the negative
effects of PVC-MPs on crop yield. The stimulatory effect
might be related to nutrient release from CCBC, changes
in medium pH, and reduction of PVC-MP exposure
through adsorption. These first results indicate that the
processes by which biochar affects the phytotoxicity of
MPs are intricate and need additional in-depth investiga-
tion. Biochar enhanced root development in Vicia faba by
boosting the mitotic index and reducing the proportion
of aberrant root tip cells, resulting in increased fresh and
dried weights of the roots [202]. To summarize, biochar
enhances plant development in the presence of several
stressors by directly influencing plant growth and indi-
rectly influencing soil fertility and production.

When it comes to abiotic stressors like drought and
salinity, only a few metal oxide nanoparticles have been
applied to mitigate MPs/NPs stresses [24, 194, 196, 197].
Arikan et al. (2022) found that Fe,O;@GO had an excel-
lent antioxidant capacity to effectively scavenge ROS,
and maintained biochemical responses to photosynthe-
sis, thereby eliminating the PS adverse effects on wheat
development [196]. In response to PS-NPs induced
growth inhibition, TiO, regulated C and N metabolism
in maize through melatonin signaling, demonstrating
enhanced rates of photosynthesis, sucrose synthesis, and
protein synthesis, and modulating the antioxidant sys-
tem to mitigate oxidative damage [194]. For combined
stresses, AL-Hugqail et al. (2024) demonstrated that the
addition of TiO, enhanced cell segregation and reduced
the negative effects of growth toxicity caused by the com-
bination of PVC and Hg by lowering proline metabolism
and AsA-GSH cycling [24]. The combined virulence of
PVC and As could be reduced to wheat seedlings by coat-
ing wheat seeds with FeO [197], which provides a new
approach to address the contamination of heavy metals
and MPs.

As abiotic stress, MPs can induce the production of
excessive ROS in plants, disrupt the homeostasis of ROS
in plants, thus impairing plant growth. The strategies for
enhancing crop stress resistance based on nanomaterials
mainly include the use of porous nanomaterials to simu-
late the characteristics of ROS scavenging enzymes and
the use of nanomaterials to stimulate and induce plants
to produce immune memory resistant to ROS [193].
Therefore, porous nanomaterials have a wide poten-
tial for mitigating the elimination of MPs/NPs-induced
phytotoxicity, which needs to be further investigated.
It is important to note that if the crops are genetically
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modified to tolerate MPs, could this approach also lead to
new invasive plants/crops with further ecological impli-
cations? For example, there is a need to assess the impact
of nanomaterials and modified plants on non-target biota
and to study the bioaccumulation of nanomaterials in
the food chain. Importantly, nanomaterials can degrade
themselves after mitigating MPs toxicity, and no second-
ary risk has been reported so far.

Biocatalysis and enzymatic degradation

As a safe and green method, biocatalysis and enzymatic
degradation are of great research value for the removal
of MP/NPs. Various strains of fungus and bacteria may
facilitate the breakdown of microplastics and nanopar-
ticles by using their own amino acid catalytic sites. This
process involves transforming the chemical structure of
the microplastics and nanoparticles from being com-
posed of multiple units to being composed of single
units [12]. Microbial biodegradation primarily happens
via two mechanisms: internal degradation and extracel-
lular degradation [48, 203]. During intracellular degrada-
tion, bacteria form aggregates on the surface of the MPs/
NPs and break down the MPs/NPs into shorter chains by
hydrolysis. Bacteria secrete extracellular enzymes, such
as hydrolases, to break down complex polymers into
smaller units. These units are then transformed into end
products, such as CO,, H,O, or CH,, by either anaerobic
or aerobic metabolism. For example, Bacillus gottheilii
mediated chemical changes and bond breaks that subse-
quently reduced the bioavailability of PE, PET, PP, and PS
[204]. Nitrogen-fixing bacteria enhance the breakdown
of MP/NPs by increasing the population of fungi, speed-
ing up the action of enzymes that degrade plastics, and
establishing or interacting with communities of fungi
that degrade plastics [203, 205]. The development of the
microbial degradation of MP/NPs depends on the micro-
organisms excavated. Jeon et al. (2021) found that strain
JJY0216 effectively degraded PE and PP in soil, reducing
the degradation rate by about 4% and 9%, respectively,
within 26 days [206].

Since most of the MPs/NPs are present in the soil, their
catalytic degradation could be achieved with the help of
rhizosphere microorganisms by using microorganisms or
enzymes with high efficiency in the catalytic degradation
of MPs/NPs in plant roots [77, 88, 207]. For example, rhi-
zosphere -specific bacteria could efficiently catalyze the
degradation of PS-MPs with aromatic structures [88].
The rhizosphere soil may be degraded by bacteria (Ser-
ratia plymuthica) and fungus (Laccaria Laccata), caus-
ing the breakdown of PLA and PET [207]. Within the
soil around the roots, the release of root exudates, spe-
cifically low molecular weight organic acids, may serve
as a source of nutrition for microorganisms [115, 208].
This, in turn, enhances the process of breaking down
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Fig. 7 Current situation, challenges and outlooks of MPs/NPs in plantation agricultural products

persistent plastics that are challenging to decompose.
Moreover, many active biological enzymes present in
root secretions contribute to the oxidation-reduction and
hydrolysis processes of MPs/NPs, hence promoting the
breakdown of MPs/NPs in the area between plant roots
[209, 210]. Rhizosphere or endophytic microbes promote
plant development and enhance plant health, playing a
crucial role in plant detoxification and the breakdown
of pollutants such as MPs/NPs in the rhizosphere region
[77, 211]. Therefore, rhizoremediation of MPs/NPs stress
could be achieved with the help of functional microor-
ganisms and rhizosphere secretions, which has a great
potential for application.

Conclusions

This study conducted a comprehensive analysis of the
origins, absorption, movement, and buildup of MPs/NPs
in agricultural products within the plantation industry. It
also examined the impact of MPs/NPs on plant growth
and development, compared the effects of simultaneous
exposure to MPs/NPs and other environmental stresses
on plants, and discussed strategies for controlling and
reducing their effects. The primary major discover-
ies of this investigation are as follows (Fig. 7): (1) The
sources of MPs/NPs in plantation agricultural products
include mulch, sewage, compost fertilizer, municipal
solid waste, pesticide packaging materials, etc. Then,
they contact with plants through growth media such

as the atmosphere, water, and soil. (2) MPs/NPs can
adhere to plant roots and enter the stele via endocy-
tosis or the apoplast pathway. Alternatively, they may
penetrate the cortical tissue through fissures in lateral
root cells and subsequently be transported from below-
ground to aboveground tissues through xylem conduits.
Conversely, MPs/NPs present in the environment can
also enter leaf stomata, infiltrate leaf vein tissues, and be
translocated from the top to the bottom of the leaf via
the phloem. (3) Once internalized, MPs/NPs can exert
multifaceted impacts on plants, spanning phenotypic,
metabolic, enzymatic, transcriptional, and genetic lev-
els. These effects include inhibition of plant growth and
seed germination, disruption of nutrient metabolism,
reduction in chlorophyll content, suppression of photo-
synthesis, induction of cytotoxicity and genotoxicity, and
induction of oxidative stress and metabolic disorders.
Collectively, these adverse effects lead to diminished fruit
yield and reduced nutritional quality. (4) The extent of
harm caused by MPs/NPs to cultivated agricultural prod-
ucts is modulated by a range of factors. These include
the properties of MPs/NPs (e.g., type, size, shape, aging
degree, surface charge, exposure duration, and concen-
tration), plant characteristics (e.g., species, age, and tissue
type), cultivation practices, and environmental condi-
tions (e.g., soil microbial communities and the presence
of other stressors). (5) MPs/NPs, as natural carriers,
could undergo a series of interactions (electrostatic or
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van der Waals force interactions, hydrogen bonding, hal-
ogen bonding, hydrophobic forces, micropore filling and
11-11 interactions, etc.) with other abiotic stresses (salin-
ity stress, PAHs, heavy metals, antibiotics, plasticizers,
nano-oxidants, naturally occurring organic macromole-
cule compounds, invasive plants, Botrytis cinerea mycor-
rhizal fungi, etc.) together, co-affecting plant growth.
The combined phytotoxicity are summarized as syner-
gistic, antagonistic and non-effect, which is not a simple
“1+1=2" (6) There are some strategies used to amelio-
rate MPs/NPs-induced toxicity of cultivated agricultural
products, mainly including the development of novel
green biodegradable plastics, phytoextraction and immo-
bilization, intervention by exogenous plant growth regu-
lators, modulation of porous nanomaterials, biocatalysis
and enzymatic degradation.

Challenges
Although some progresses have been made on the
behavior process, phytotoxicity under biotic and abiotic
stresses and controlling strategies of MPs/NPs in agricul-
tural products, a series of problems and deficiencies still
exist (Fig. 7):

Challenge 1

Further investigation is required to examine the cor-
relation between the absorption, transportation, and
structural impacts of MPs/NPs in various cultivated
agricultural products. For example, are the transport
and translocation patterns of root, leaf and organ consis-
tent in cruciferous vegetables? Factors and mechanisms
affecting the uptake and transport capacity of MPs/NPs
need to be further explored.

Challenge 2

The analysis of MPs/NPs in agricultural systems faces sig-
nificant challenges, including the complexity of soil phys-
icochemical properties and matrix interference, as well as
limitations in detection methods. Are the specific con-
centrations of MPs/NPs in the relevant organ tissues of
plantation products, particularly in the edible portions, a
potential risk to human health? There is still a research
gap in this area. Furthermore, most of the studies were
carried out in controlled laboratory settings, where PS/
PE particles of the same size and shape were used. This
approach overlooks the crucial influence of the environ-
ment and the variability of MPs/NPs in their potential
harm to plants and the ecological risks they pose.

Challenge 3

Although MPs/NPs inhibit seed germination, disrupt
antioxidant systems, and restrain plant growth metabo-
lism and photosynthesis, the molecular mechanisms of
their phytotoxicity remain to be elucidated, e.g., changes
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in plant hormone responses and mRNA transcription of
pollutant transporter protein genes.

Challenge 4

Recent studies have explored the co-exposure phytotox-
icity of MPs/NPs under biotic and abiotic stresses, but
the relevant interactions mechanisms and the confor-
mational relationships of the co-impact induced toxicity
need to be further elucidated. Which pollutant plays a
dominant role under combined stress conditions?

Challenge 5

The investigation of the inhibitory effects of plant
growth regulators, namely brassinosteroids, strigolac-
tones, biochar, and FeO, on the absorption of MPs/NPs
via influencing the expression of water-channel pro-
tein-responsive genes is now underway. Studying the
interaction between plant growth regulators and bio-
nanoparticles and how it influences the harmful effects
of MP/NPs-induced phytotoxicity is important. However,
this mechanism has not been fully tested by cytological
and genetic analyses. Currently, there is a lack of knowl-
edge on the impact of phytohormones and nanomaterials
on the absorption, movement, and distribution of MPs
and NPs inside different plant organs, particularly the
parts that are consumed as food. Do hormones and metal
ions cause residues and secondary contamination? Rel-
evant research data are still lacking.

Challenge 6

In plant extraction and immobilization, there has been no
terrestrial plants identified that could efficiently adsorb
and remove MPs/NPs. It is necessary to consider whether
their growth will interfere with the growth and develop-
ment of plantation agricultural product.

Challenge 7

In biocatalysis and enzymatic degradation, there is a lack
of enzymes with efficient degradation properties for dif-
ferent types of MPs/NPs and high resistance to matrix
interference, while economic costs and usage scenarios
need to be considered.

Future prospects

To address the current research gaps and comprehen-
sively reveal the phytotoxicity of MPs/NPs and their
related mechanisms in plantation agricultural products,
and to further safeguard the food safety on the tip of the
tongue, future studies should focus on the following key
areas (Fig. 7): (1) Develop robust pretreatment and ana-
lytical techniques to accurately detect and quantify MPs/
NPs in diverse soil environments and agricultural prod-
ucts at environmentally relevant concentrations. This
will enable precise assessment of their environmental
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behavior and associated risks. (2) Investigate the absorp-
tion, translocation, and structural impacts of MPs/NPs
in various crops, identifying factors influencing their
bioavailability. Assess their uptake rates, bioaccumula-
tion potential, and transmission through the food chain
to evaluate human health risks. (3) Conduct field stud-
ies to examine the interactions and ecological effects of
MPs/NPs with varying properties during aging. Employ
advanced data analysis tools, such as machine learn-
ing, to predict dietary health risks and establish safety
thresholds. Utilize stable isotope labeling and metabolic
flux analysis to trace their propagation through food
webs. (4) Explore the role of phytohormones and porous
nanomaterials in modulating the uptake and distribution
of MPs/NPs in plants. Employ high-throughput omics
approaches (proteomics, metabolomics, and transcrip-
tomics) to unravel the molecular mechanisms of phy-
totoxicity. (5) Investigate the potential of plant growth
regulators and porous nanomaterials to alleviate the
synergistic phytotoxicity of MPs/NPs in edible crops.
Identify safe and effective materials while ensuring no
secondary contamination. (6) Develop MPs/NPs-resis-
tant crop varieties using genetic engineering to minimize
their accumulation in edible parts and ensure food safety.
(7) Enhance understanding of MPs/NPs interactions with
rhizosphere microorganisms using advanced histological
techniques. Promote plant extraction and immobilization
strategies to mitigate pollution. (8) Screen and engineer
functional microorganisms with high biocatalytic degra-
dation efficiency for MPs/NPs using directed biosynthe-
sis technology, enabling cost-effective and sustainable
rhizosphere remediation.

In summary, current research has yet to fully eluci-
date the phytotoxicity of MPs/NPs and their underlying
mechanisms. This study aims to assess agricultural and
food safety by comprehensively investigating the trans-
port and behavior of MPs/NPs in crop systems. The find-
ings provide a foundation for future research, advancing
our understanding of the impacts of MPs/NPs on plants
and contributing to the quality and safety assurance of
agricultural products.

Abbreviations

AMF Arbuscular Mycorrhizal Fungi
APX Ascorbate Peroxidase

AsA Ascorbic Acid

CAT Catalase

CCBC Corncob Biochar

DBP Di-n-Butyl Phthalate

DC Doxycycline

DHAR Dehydroascorbate Reductase
ENR Enrofloxacin

EPS Extracellular Polymeric Substances
GR Glutathione Reductase

GSH Glutathione

GSH-PX Glutathione Peroxidase

HA Humic Acid

IAA Indoleacetic Acid

Page 23 of 28

JA Jasmonic Acid

LMWOAs  Low molecular Weight Organic Acids
MDA Malondialdehyde

MDHAR Monodehydroascorbate Reductase
MT Melatonin

NOR Norfloxacin

oT1C Oxytetracycline

PA Polyamide

PAN Polyacrylonitrile

PBAT Polybutylene Terephthalate-Adipate
PBT Polybutylene Terephthalate

PC Polycarbonate Granulate

PE Polyethylene

PET Polyethylene Terephthalate

PGR Plant Growth Regulator

PHBV Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate)
Phe Phenanthrene

PLA Polylactic Acid

PMF Polyester Microfibers

PMMA Polymethylmethacrylate

Pn Photosynthesis Rate

POD Peroxidase

PP Polypropylene

PS Polystyrene

PTFE Polytetrafluoroethylene

PVC Polyvinyl Chloride

ROS Reactive Oxygen Species

SA Salicylic Acid

SOD Superoxide Dismutase

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512951-025-03314-0.

[ Supplementary Material 1 J

Acknowledgements

The research was supported by Beijing Natural Science Foundation (6242028),
National Key Research and Development Program of China (2022YFF0606800),
the Special Fund for the Industrial System Construction of Modern Agriculture
of China (CARS-23-E03), National Center of Technology Innovation for
Comprehensive Utilization of Saline-Alkali (GYJ2023004).

Author contributions

ZHL,JW, GY.L and D.HX. conceived the idea, designed the experiment,
wrote and reviewed the manuscript; BS., YM.Z, XBW., ZJW. conducted
experiments and data analysis; J.Z., J. L, G.C. participated in data collection and
discussion.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have provided consent for the manuscript to be published in
Journal of Nanobiotechnology.

Competing interests
The authors declare no competing interests.

Author details

IState Key Laboratory of Vegetable Biobreeding, Institute of Vegetables
and Flowers, Key Laboratory of Vegetables Quality and Safety Control,
Chinese Academy of Agricultural Sciences, Ministry of Agriculture and
Rural Affairs of China, Beijing 100081, China


https://doi.org/10.1186/s12951-025-03314-0
https://doi.org/10.1186/s12951-025-03314-0

Lin et al. Journal of Nanobiotechnology

(2025) 23:231

2Key Laboratory of Agro-Product Quality and Safety, Institute of Quality
Standards & Testing Technology for Agro-Products, Chinese Academy of
Agricultural Sciences, Beijing 100081, China

3College of Horticulture, Shenyang Agricultural University,

Shenyang 110866, China

“College of Horticulture, Hunan Agricultural University, Hunan

410125, China

Received: 12 November 2024 / Accepted: 10 March 2025
Published online: 21 March 2025

References

1.

20.

21,

Zhang J, Li D. Review on the occurrence, analysis methods, toxicity and
health effects of micro-and nano-plastics in the environment. Environ Chem.
2021,;40:28-40.

Zhao C,YanY, Su J, Li H,Wang B, Zhong Y, Hu B, Yang L. Research progress on
the harm and detection technologies of nanoplastics in aquatic environ-
ment. Environ Eng. 2019;37:64-70.

Zadravec M, Weiss R, Egert M, Hougs L, Vrhovnik IU, Marchis D, Schwinkend-
orf LM, Vancutsem J, Engblom L, Heuer A, et al. Survey among European and
Canadian feed control units on monitoring packaging material residues in
feed by microscopy analyses. Ital J Anim Sci. 2024;23:981-8.

Lee JY, Cha JHY, Ha K, Viaroli S. Microplastic pollution in groundwater: a
systematic review. Environ Pollut Bioavailab. 2024;36:2299545.

Yadav S, Gupta E, Patel A, Srivastava S, Mishra VK, Singh PC, Srivastava PK,
Barik SK. Unravelling the emerging threats of microplastics to agroecosys-
tems. Rev Environ Sci Biotechnol. 2022;21:771-98.

Chang X, Fang Y, Wang Y, Wang F, Shang L, Zhong R. Microplastic pollution

in soils, plants, and animals: A review of distributions, effects and potential
mechanisms. Sci Total Environ. 2022;850:157857.

Chae Y, Kim D, Kim SW, An YJ. Trophic transfer and individual impact of nano-
sized polystyrene in a four-species freshwater food chain. Sci Rep. 2018;8:284.
Thompson RC, Courtene-Jones W, Boucher J, Pahl S, Raubenheimer K, Koel-
mans AA. Twenty years of microplastic pollution research—what have we
learned? Science. 2024;386:eadI2746.

Ivleva NP. Chemical analysis of microplastics and nanoplastics: challenges,
advanced methods, and perspectives. Chem Rev. 2021;121:11886-936.
Dang F,Wang Q,Yan X, Zhang Y, Yan J, Zhong H, Zhou D, Luo Y, Zhu YG, Xing
B, Wang Y. Threats to terrestrial plants from emerging nanoplastics. ACS Nano.
2022;16:17157-67.

Dawson AL, Kawaguchi S, King CK, Townsend KA, King R, Huston WM.
Bengtson Nash SM: turning microplastics into nanoplastics through digestive
fragmentation by Antarctic Krill. Nat Commun. 2018;9:1001.

Okeke ES, Okoye CO, Atakpa EO, Ita RE, Nyaruaba R, Mgbechidinma CL, Akan
OD. Microplastics in agroecosystems-impacts on ecosystem functions and
food chain. Resour Conserv Recycl. 2022;177:105961.

Wang Z,LiS, Jian S, Ye F,Wang T, Gong L, Li X. Low temperature tolerance is
impaired by polystyrene nanoplastics accumulated in cells of barley (Hor-
deum vulgare L) plants. J Hazard Mater. 2022;426:127826.

Jiang M, Wang B, Ye R, Yu N, Xie Z, Hua Y, Zhou R, Tian B, Dai S. Evidence and
impacts of nanoplastic accumulation on crop grains. Adv Sci. 2022;9:2202336.
Zhang C, Yue N, Li X, Shao H, Wang J, An L, Jin F. Potential translocation
process and effects of polystyrene microplastics on strawberry seedlings. J
Hazard Mater. 2023;449:131019.

Li Z,Li Q Li R, Zhou J, Wang G.The distribution and impact of poly-

styrene nanoplastics on cucumber plants. Environ Sci Pollut Res Int.
2021;28:16042-53.

Li L, Luo, Li R, Zhou Q, Peijnenburg WIGM, Yin N, Yang J, Tu C, Zhang Y. Effec-
tive uptake of submicrometre plastics by crop plants via a crack-entry mode.
Nat Sustain. 2020,3:929-37.

Zhang Y, Yang X, Luo ZX, Lai JL, Li C, Luo XG. Effects of polystyrene nanoplas-
tics (PSNPs) on the physiology and molecular metabolism of corn (Zea Mays
L.) seedlings. Sci Total Environ. 2022;806:150895.

Lian J, LiuW, Meng L, Wu J, Chao L, Zeb A, Sun Y. Foliar-applied polystyrene
nanoplastics (PSNPs) reduce the growth and nutritional quality of lettuce
(Lactuca sativa L.). Environ Pollut. 2021;280:116978.

Zhu J,Wang J, Chen R, Feng Q, Zhan X. Cellular process of polystyrene
nanoparticles entry into wheat roots. Environ Sci Technol. 2022,56:6436-44.
De Silva YSK, Rajagopalan UM, Kadono H, Li D. The synergy of microplastics
with the heavy metal zinc has resulted in reducing the toxic effects of zinc

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

37.

38.

40.

41.

Page 24 of 28

on lentil (Lens culinaris) seed germination and seedling growth. Heliyon.
2023;9:e21464.

Dong Y, Bao Q, Gao M, Qiu W, Song Z. A novel mechanism study of microplas-
tic and as co-contamination on indica rice (Oryza satival.). ) Hazard Mater.
2022;421:126694.

Han Z, Osman R, Liu Y, Wei Z, Wang L, Xu M. Analyzing the impacts of cad-
mium alone and in co-existence with polypropylene microplastics on wheat
growth. Front Plant Sci. 2023;14:1240472.

Al-Hugail AA, Alghanem SMS, Alhaithloul HAS, Saleem MH, Abeed AHA.
Combined exposure of PVC-microplastic and mercury chloride (HgCl,) in sor-
ghum (Pennisetum glaucum L) when its seeds are primed titanium dioxide
nanoparticles (TiO,~NPs). Environ Sci Pollut Res Int. 2024;31:7837-52.
JiaH,Wu D, YuY,Han S, Sun L, Li M. Impact of microplastics on bioac-
cumulation of heavy metals in rape (Brassica Napus L). Chemosphere.
2022;288:132576.

Zhang Q, Gong K, Shao X, Liang W, Zhang W, Peng C. Effect of polyethyl-
ene, polyamide, and polylactic acid microplastics on cr accumulation and
toxicity to cucumber (Cucumis sativus L.) in hydroponics. J Hazard Mater.
2023;450:131022.

Zhang Z, Zhao L, Jin Q, Luo Q, He H. Combined contamination of microplastic
and antibiotic alters the composition of microbial community and metabo-
lism in wheat and maize rhizosphere soil. J Hazard Mater. 2024;473:134618.
Martin C, Pirredda M, Fajardo C, Costa G, Sanchez-Fortdn S, Nande M, Mengs
G, Martin M. Transcriptomic and physiological effects of polyethylene
microplastics on Zea Mays seedlings and their role as a vector for organic
pollutants. Chemosphere. 2023,322:138167.

Gao M, Liu'Y, Song Z. Effects of polyethylene microplastic on the phytotox-
icity of di-n-butyl phthalate in lettuce (Lactuca sativa L. Var. Ramosa Hort).
Chemosphere. 2019;237:124482.

Wang J, Lu S, Bian H, Xu M, Zhu W, Wang H, He C, Sheng L. Effects of indi-
vidual and combined polystyrene nanoplastics and phenanthrene on the
enzymology, physiology, and transcriptome parameters of rice (Oryza sativa
L). Chemosphere. 2022;304:135341.

Chen X, Zheng X, Fu W, Liu A, Wang W, Wang G, Ji J, Guan C. Microplastics
reduced bioavailability and altered toxicity of phenanthrene to maize (Zea
Mays L.) through modulating rhizosphere microbial community and maize
growth. Chemosphere. 2023;345:140444.

Liu S, Wang J, Zhu J,Wang J, Wang H, Zhan X. The joint toxicity of polyeth-
ylene microplastic and phenanthrene to wheat seedlings. Chemosphere.
2021;282:130967.

Tian L, Ma LY, Chen X, Ge J,MaY, Ji R, Yu X. Insights into the accumulation,
distribution and toxicity of pyrene associated with microplastics in rice (Oryza
sativa L.) seedlings. Chemosphere. 2022;311:136988.

Gong D, Bai X, Weng Y, Kang M, Huang Y, Li F, Chen Y. Phytotoxicity of binary
nanoparticles and humic acid on Lactuca sativa L. Environ Sci Processes
Impacts. 2022;24:586-97.

Igbal B, Zhao X, Khan KY, Javed Q, Nazar M, Khan |, Zhao X, Li G, Du D.
Microplastics Meet invasive plants: unraveling the ecological hazards to
agroecosystems. Sci Total Environ. 2024,906:167756.

Khan Z, Shah T, Asad M, Amjad K, Alsahli AA, Ahmad P. Alleviation of
microplastic toxicity in soybean by arbuscular mycorrhizal fungi: regulat-

ing glyoxalase system and root nodule organic acid. J Environ Manage.
2024;349:119377.

Chen H, Zhang X, Wang H, Xing S, Yin R, Fu W, Rillig MC, Chen B, Zhu Y. Arbus-
cular mycorrhizal fungi can inhibit the allocation of microplastics from crop
roots to aboveground edible parts. J Agric Food Chem. 2023;71:18323-32.
Yu H, Zhang Y, Tan WB, Zhang Z. Microplastics as an emerging environmental
pollutant in agricultural soils: effects on ecosystems and human health. Front
Environ Sci. 2022;10:855292.

Khan AR, Ulhassan Z, Li G, Lou J, Igbal B, Salam A, Azhar W, Batool S, Zhao T, Li
K, et al. Micro/nanoplastics: critical review of their impacts on plants, interac-
tions with other contaminants (antibiotics, heavy metals, and polycyclic
aromatic hydrocarbons), and management strategies. Sci Total Environ.
2024;912:169420.

Pérez-Reveron R, Alvarez-Méndez SJ, Kropp RM, Perdomo-Gonzélez A,
Hernédndez-Borges J. Diaz-PeAa FJ: microplastics in agricultural systems: ana-
lytical methodologies and effects on soil quality and crop yield. Agriculture
2022,12:1162.

Roy T, Dey TK, Jamal M. Microplastic/nanoplastic toxicity in plants: an immi-
nent concern. Environ Monit Assess. 2022;195:27.



Lin et al. Journal of Nanobiotechnology

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

(2025) 23:231

JinT,Tang J, Lyu H, Wang L, Gillmore AB, Schaeffer SM. Activities of microplas-
tics (MPs) in agricultural soil: A review of MPs pollution from the perspective
of agricultural ecosystems. J Agric Food Chem. 2022,70:4182-201.

Gui J, SunY, Wang J, Chen X, Zhang S, Wu D. Microplastics in composting

of rural domestic waste: abundance, characteristics, and release from the
surface of macroplastics. Environ Pollut. 2021,274:116553.

Bonyadinejad G, Salehi M, Herath A. Investigating the sustainability of
agricultural plastic products, combined influence of polymer characteristics
and environmental conditions on microplastics aging. Sci Total Environ.
2022;839:156385.

Liu RP, Li ZZ, Liu F, Dong Y, Jiao JG, Sun PP, Rm EW. Microplastic pollution in
yellow river: current status and research progress of biotoxicological effects.
China Geol. 2021;4:1-8.

LiJ,Ouyang Z, Liu P, Zhao X, Wu R, Zhang C, Lin C, Li Y, Guo X. Distribution
and characteristics of microplastics in the basin of Chishui river in Renhuai,
China. Sci Total Environ. 2021;773:145591.

Wang F,Wang Y, Xiang L, Redmile-Gordon M, Gu C, Yang X, Jiang X, Barceld D.
Perspectives on ecological risks of microplastics and phthalate acid esters in
crop production systems. Soil Ecol Lett. 2021;4:97-108.

Kumari A, Rajput VD, Mandzhieva SS, Rajput S, Minkina T, Kaur R, Sushkova S,
Kumari P, Ranjan A, Kalinitchenko VP, Glinushkin AP. Microplastic pollution: an
emerging threat to terrestrial plants and insights into its remediation strate-
gies. Plants (Basel). 2022;11:340.

LanT,WangT, Cao F, Yu C, Chu Q, Wang F. A comparative study on the
adsorption behavior of pesticides by pristine and aged microplastics from
agricultural polyethylene soil films. Ecotoxicol Environ Saf. 2021;209:111781.
Patil SM, Rane NR, Bankole PO, Krishnaiah P, Ahn Y, Park YK, Yadav KK, Amin
MA, Jeon BH. An assessment of micro- and nanoplastics in the biosphere: A
review of detection, monitoring, and remediation technology. Chem Eng J.
2022;430:132913.

Chen H, Jia Q, Zhao X, Li L, Nie Y, Liu H, Ye J. The occurrence of microplastics in
water bodies in urban agglomerations: impacts of drainage system overflow
in wet weather, catchment land-uses, and environmental management
practices. Water Res. 2020;183:116073.

Tian X, Yang M, Guo Z, Chang C, Li J, Guo Z, Wang R, Li Q, Zou X. Plastic mulch
film induced soil microplastic enrichment and its impact on wind-blown
sand and dust. Sci Total Environ. 2022;813:152490.

ChenY, Leng Y, Liu X, Wang J. Microplastic pollution in vegetable farmlands of
suburb Wuhan, central China. Environ Pollut. 2020,257:113449.

Feng S, Lu H, Liu Y. The occurrence of microplastics in farmland and grassland
soils in the Qinghai-Tibet plateau: different land use and mulching time in
facility agriculture. Environ Pollut. 2021;279:116939.

Tagg AS, Brandes E, Fischer F, Fischer D, Brandt J, Labrenz M. Agricultural
application of microplastic-rich sewage sludge leads to further uncontrolled
contamination. Sci Total Environ. 2022;806:150611.

LvW, Zhou W, Lu S, Huang W, Yuan Q, Tian M, Lv W, He D. Microplastic pol-
lution in rice-fish co-culture system: A report of three farmland stations in
Shanghai, China. Sci Total Environ. 2019;,652:1209-18.

Zhang L, Xie Y, Liu J, Zhong S, Qian Y, Gao P. An overlooked entry pathway of
microplastics into agricultural soils from application of Sludge-Based fertil-
izers. Environ Sci Technol. 2020;54:4248-55.

Xiong X, Xie S, Feng K, Wang Q. Occurrence of microplastics in a pond-river-
lake connection water system: how does the aquaculture process affect
microplastics in natural water bodies. J Clean Prod 2022, 352:131632.

Wu X, Lu J, Du M, Xu X, Beiyuan J, Sarkar B, Bolan N, Xu W, Xu S, Chen X, et al.
Particulate plastics-plant interaction in soil and its implications: A review. Sci
Total Environ. 2021,792:148337.

Ya H, Jiang B, Xing Y, Zhang T, Lv M, Wang X. Recent advances on eco-

logical effects of microplastics on soil environment. Sci Total Environ.
2021;798:149338.

Gan Q, CuiJ, Jin B. Environmental microplastics: classification, sources, fates,
and effects on plants. Chemosphere. 2023;313:137559.

Shil, HouY, Chen Z,BuY, Zhang X, Shen Z, Chen Y. Impact of polyethylene
on soil physicochemical properties and characteristics of sweet potato
growth and polyethylene absorption. Chemosphere. 2022;302:134734.

Li L, Zhou Q,Yin N, Tu C, Luo Y. Uptake and accumulation of microplastics in
an edible plant. Chin Sci Bull. 2019,64:928-34.

Hua Z, Zhang T, Luo J, Bai H, Ma S, Qiang H, Guo X. Internalization, physi-
ological responses and molecular mechanisms of lettuce to polystyrene
microplastics of different sizes: validation of simulated soilless culture. J
Hazard Mater. 2024;462:132710.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 25 of 28

Zhang Q, Zhao M, Meng F, Xiao Y, Dai W, Luan Y. Effect of polystyrene micro-
plastics on rice seed germination and antioxidant enzyme activity. Toxics.
2021;9:179.

Huang D, Ding L, Wang S, Ding R, Qiu X, Li J, Hua Z, Liu S, Wu R, Liang X, Guo
X. Metabolomics reveals how spinach plants reprogram metabolites to Cope
with intense stress responses induced by photoaged polystyrene nanoplas-
tics (PSNPs). J Hazard Mater. 2024,466:133605.

Sun H, Lei C, Xu J, Li R. Foliar uptake and leaf-to-root translocation of
nanoplastics with different coating charge in maize plants. J Hazard Mater.
2021;416:125854.

Wu J, LiuW, Zeb A, Lian J, Sun Y, Sun H. Polystyrene microplastic interaction
with Oryza sativa: toxicity and metabolic mechanism. Environ Sci: Nano.
2021;8:3699-710.

Giorgetti L, Spano C, Muccifora S, Bottega S, Barbieri F, Bellani L, Ruffini
Castiglione M. Exploring the interaction between polystyrene nanoplastics
and allium Cepa during germination: internalization in root cells, induction of
toxicity and oxidative stress. Plant Physiol Biochem. 2020;149:170-7.

Dong Y, Gao M, Qiu W, Song Z. Uptake of microplastics by carrots in presence
of As (lll): combined toxic effects. J Hazard Mater. 2021;411:125055.

YuF, FuM,Tang C, Mo C, Li S, Luo S, Qin P, Zhao Y, Li Y. Potential impact of
polyethylene microplastics on the growth of water spinach (lpomoea aquat-
ica F.): endophyte and rhizosphere effects. Chemosphere. 2023;330:138737.
Pflugmacher S, Sulek A, Mader H, Heo J, Noh JH, Penttinen OP, Kim Y, Kim

S, Esterhuizen M. The influence of new and artificial aged microplastic and
leachates on the germination of Lepidium sativum L. Plants (Basel). 2020,9:339.
Pflugmacher S, Tallinen S, Kim YJ, Kim S, Esterhuizen M. Ageing affects
microplastic toxicity over time: effects of aged polycarbonate on germina-
tion, growth, and oxidative stress of Lepidiumsativum. Sci Total Environ.
2021;790:148166.

Yu Z, Xu X, Guo L, Jin R, Lu Y. Uptake and transport of micro/nanoplastics in
terrestrial plants: detection, mechanisms, and influencing factors. Sci Total
Environ. 2024,907:168155.

Taylor SE, Pearce Cl, Sanguinet KA, Hu D, Chrisler WB, Kim YM, Wang Z, Flury
M. Polystyrene nano- and microplastic accumulation at Arabidopsis and
wheat root cap cells, but no evidence for uptake into roots. Environ Sci: Nano.
2020;7:1942-53.

Wang J, Lu S, Guo L, Wang P, He C, Liu D, Bian H, Sheng L. Effects of polysty-
rene nanoplastics with different functional groups on rice (Oryza sativa L.)
seedlings: combined transcriptome, enzymology, and physiology. Sci Total
Environ. 2022,;834:155092.

Li X, Wang X, Ren C, Palansooriya KN, Wang Z, Chang SX. Microplastic pollu-
tion: phytotoxicity, environmental risks, and phytoremediation strategies. Crit
Rev Environ Sci Technol. 2023;54:486-507.

Huang D, Chen H, Shen M, Tao J, Chen S, Yin L, Zhou W, Wang X, Xiao R, Li R.
Recent advances on the transport of microplastics/nanoplastics in abiotic
and biotic compartments. J Hazard Mater. 2022;438:129515.

Ma X, Geiser-Lee J, Deng Y, Kolmakov A. Interactions between engineered
nanoparticles (ENPs) and plants: phytotoxicity, uptake and accumulation. Sci
Total Environ. 2010;408:3053-61.

Spano C, Muccifora S, Ruffini Castiglione M, Bellani L, Bottega S, Giorgetti L.
Polystyrene nanoplastics affect seed germination, cell biology and physiol-
ogy of rice seedlings in-short term treatments: evidence of their internaliza-
tion and translocation. Plant Physiol Biochem. 2022;172:158-66.

LiuY, Guo R, Zhang S, SunY, Wang F. Uptake and translocation of nano/micro-
plastics by rice seedlings: evidence from a hydroponic experiment. J Hazard
Mater. 2022;421:126700.

Zhou CQ, Lu CH, Mai L, Bao LJ, Liu LY, Zeng EY. Response of rice (Oryza

sativa L.) roots to nanoplastic treatment at seedling stage. J Hazard Mater.
2021;401:123412.

Lian J,Wu J, Xiong H, Zeb A, Yang T, Su X, Su L, Liu W. Impact of polystyrene
nanoplastics (PSNPs) on seed germination and seedling growth of wheat
(Triticum aestivum L.). ) Hazard Mater. 2020;385:121620.

LiR TuC, LiL, Wang X, Yang J, Feng Y, Zhu X, Fan Q, Luo Y. Visual tracking of
label-free microplastics in wheat seedlings and their effects on crop growth
and physiology. J Hazard Mater. 2023;456:131675.

LiH, Chang X, Zhang J, Wang Y, Zhong R, Wang L, Wei J, Wang Y. Uptake and
distribution of microplastics of different particle sizes in maize (Zea mays)
seedling roots. Chemosphere. 2023;313:137491.

LiW, Zhao J, Zhang Z, Ren Z, Li X, Zhang R, Ma X. Uptake and effect of
carboxyl-modified polystyrene microplastics on cotton plants. J Hazard
Mater. 2024;466:133581.



Lin et al. Journal of Nanobiotechnology

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

(2025) 23:231

Zhang J, Cao L, Zhu X, Li H, Duan G, Wang Y. Accumulation and trans-

fer of polystyrene microplastics in solanum nigrum seedlings. Peer..
2023;11:e15967.

Yoon H, Kim JT, Chang YS, Kim EJ. Fragmentation of nanoplastics driven by
plant-microbe rhizosphere interaction during abiotic stress combination.
Environ Sci: Nano. 2021;8:2802-10.

Tamayo-Belda M, Vargas-Guerrero JJ, Martin-Betancor K, Pulido-Reyes G,
Gonzélez-Pleiter M, Leganés F, Rosal R, Ferndndez-Pifas F. Understanding
nanoplastic toxicity and their interaction with engineered cationic nanopoly-
mers in microalgae by physiological and proteomic approaches. Environ Sci:
Nano. 2021;8:2277-96.

Carpita N, Sabularse D, Montezinos D, Delmer DP. Determination of the pore
size of cell walls of living plant cells. Science. 1979;205:1144-7.

Bosker T, Bouwman LJ, Brun NR, Behrens P, Vijver MG. Microplastics accumu-
late on pores in seed capsule and delay germination and root growth of the
terrestrial vascular plant Lepidium sativum. Chemosphere. 2019;226:774-81.
Xue Z, Liu L, Zhang C. Regulation of shoot apical meristem and axillary meri-
stem development in plants. Int J Mol Sci. 2020;21:2917.

ZhangY, GaoT, Kang S, Sillanpaa M. Importance of atmospheric transport for
microplastics deposited in remote areas. Environ Pollut 2019, 254.

Liu K, Wang X, Song Z, Wei N, Li D. Terrestrial plants as a potential tempo-
rary sink of atmospheric microplastics during transport. Sci Total Environ.
2020;742:140523.

Lin Z, Liu G, Sheng B, Zhao Y, Xu D, Wu Z, Zhou J, Zhang M, Chen G, Wang

J, etal. Capture and removal of nanoplastics using ZIF-derived defective
nanoframework: Structure-performance correlation, theoretical calculation
and application. Nano Today. 2024;58:102418.

Li C, GaoY, He S, Chi HY, Li ZC, Zhou XX, Yan B. Quantification of nanoplastic
uptake in cucumber plants by pyrolysis gas chromatography/mass spec-
trometry. Environ Sci Technol Lett. 2021;8:633-8.

Wu X, Hou H, LiuY, Yin S, Bian S, Liang S, Wan C, Yuan S, Xiao K, Liu B, et al.
Microplastics affect rice (Oryza sativa L) quality by interfering metabolite
accumulation and energy expenditure pathways: A field study. J Hazard
Mater. 2022;422:126834.

YiZ, Zhang Z, Chen G, Rengel Z, Sun H. Microplastics have rice cultivar-
dependent impacts on grain yield and quality, and nitrogenous gas losses
from Paddy, but not on soil properties. J Hazard Mater. 2023;446:130672.
Zou Z,Li S,Wu J, Guo S, Zhang Y, Huang M, Valsami-Jones E, Lynch |, Liu X,
Wang J, Zou J. Effects of nanopolystyrene addition on nitrogen fertilizer fate,
gaseous loss of N from the soil, and soil microbial community composition. J
Hazard Mater. 2022;438:129509.

Liao Y, Nazygul J, Li M, Wang X, Jiang L. Effects of microplastics on the growth,
physiology, and biochemical characteristics of wheat (Triticum aestivum).
Environ Sci. 2019:40:4661-7.

Greenfield LM, Graf M, Rengaraj S, Bargiela R, Williams G, Golyshin PN, Chad-
wick DR, Jones DL. Field response of N,O emissions, microbial communi-
ties, soil biochemical processes and winter barley growth to the addition

of conventional and biodegradable microplastics. Agric Ecosyst Environ.
2022,336:108023.

Ren X, Wang L, Tang J, Sun H, Giesy JP. Combined effects of degradable film
fragments and micro/nanoplastics on growth of wheat seedling and rhizo-
sphere microbes. Environ Pollut. 2022;294:118516.

QiY,Yang X, Pelaez AM, Huerta Lwanga E, Beriot N, Gertsen H, Garbeva P,
Geissen V. Macro- and micro- plastics in soil-plant system: effects of plastic
mulch film residues on wheat (Triticum aestivum) growth. Sci Total Environ.
2018;645:1048-56.

Urbina MA, Correa F, Aburto F, Ferrio JP. Adsorption of polyethylene micro-
beads and physiological effects on hydroponic maize. Sci Total Environ.
2020;741:140216.

Li S,Wang T, Guo J, Dong Y, Wang Z, Gong L, Li X. Polystyrene microplastics
disturb the redox homeostasis, carbohydrate metabolism and phytohor-
mone regulatory network in barley. J Hazard Mater. 2021,415:125614.

LiH, Song F, Song X, Zhu K, Lin Q, Zhang J, Ning G. Single and composite
damage mechanisms of soil polyethylene/polyvinyl chloride microplastics
to the photosynthetic performance of soybean (Glycine max [L.] merr.). Front
Plant Sci. 2023;13:1100291.

Zhang Y, Tian X, Huang P, Yu X, Xiang Q, Zhang L, Gao X, Chen Q, Gu Y.
Biochemical and transcriptomic responses of buckwheat to polyethylene
microplastics. Sci Total Environ. 2023;899:165587.

Zhang H, Liang J, Luo Y, Tang N, Li X, Zhu Z, Guo J. Comparative effects of
polystyrene nanoplastics with different surface charge on seedling establish-
ment of Chinese cabbage (Brassica Rapa L.). Chemosphere. 2022;292:133403.

111

112.

115.

117.

119.

121

123.

126.

128.

131

Page 26 of 28

. Yang M, Huang DY, Tian YB, Zhu QH, Zhang Q, Zhu HH, Xu C. Influences of

different source microplastics with different particle sizes and application
rates on soil properties and growth of Chinese cabbage (Brassica chinensis L.).
Ecotoxicol Environ Saf. 2021;222:112480.

. LiC, WuW, Chen C, Zhang Y, Zhang K. Effects of biodegradable PBAT micro-

plastics on soil physical and chemical properties and physiological indicators
of brassica chinensis. Ecol Environ Sci. 2023;32:1964-77.

Lian', Shi R, Liu J, Zeb A, Wang Q Wang J, Yu M, Li J, Zheng Z, Ali N, et al.
Effects of polystyrene, polyethylene, and polypropylene microplastics on the
soil-rhizosphere-plant system: phytotoxicity, enzyme activity, and microbial
community. J Hazard Mater. 2024;465:133417.

Li Z LiR, Li Q, Zhou J, Wang G. Physiological response of cucumber (Cucumis
sativus L.) leaves to polystyrene nanoplastics pollution. Chemosphere.
2020;255:127041.

. Zhuang H, Qin M, Liu B, Li R, Li Z. Combination of transcriptomics, metabolo-

mics and physiological traits reveals the effects of polystyrene microplastics
on photosynthesis, carbon and nitrogen metabolism in cucumber (Cucumis
sativus L.). Plant Physiol Biochem. 2023;205:108201.

. Weerasinghe WMTM, Madawala HMSP. Potential impacts of two types of

microplastics on solanum lycopersicum L. and arbuscular mycorrhizal fungi.
Ceylon J Sci. 2022;51:137.

ShiR, LiuW, LianY, Zeb A, Wang Q. Type-dependent effects of microplastics
on tomato (Lycopersicon esculentum L.): focus on root exudates and metabolic
reprogramming. Sci Total Environ. 2023;859:160025.

. ShiR, LiuW, Lian Y, Wang Q, Zeb A, Tang J. Phytotoxicity of polystyrene,

polyethylene and polypropylene microplastics on tomato (Lycopersicon
esculentum L.). J Environ Manage. 2022;317:115441.

Giri S, Mukherjee A. Eco-corona reduces the phytotoxic effects of polystyrene
nanoplastics in allium Cepa: emphasizing the role of ROS. Environ Exp Bot.
2022;198:104850.

. Meng F, Yang X, Riksen M, Xu M, Geissen V. Response of common bean

(Phaseolus vulgaris L.) growth to soil contaminated with microplastics. Sci
Total Environ. 2021,755:142516.

Jiang X, Chen H, Liao Y, Ye Z, Li M, Klobucar G. Ecotoxicity and genotoxic-
ity of polystyrene microplastics on higher plant vicia Faba. Environ Pollut.
2019;250:831-8.

. Colzil, Renna L, Bianchi E, Castellani MB, Coppi A, Pignattelli S, Loppi S,

Gonnelli C. Impact of microplastics on growth, photosynthesis and essential
elements in Cucurbita Pepo L. J Hazard Mater. 2022;423:127238.

Liese B, Stock NL, Dtwel J, Pilger C, Huser T, Miller C. Uptake of microplas-
tics and impacts on plant traits of Savoy cabbage. Ecotoxicol Environ Saf.
2024,272:116086.

. Sridharan S, Saha M, Singh L. Evidence of soil microplastics inhibiting the

germination of commercial coriander seeds under field conditions. Water Air
Soil Pollut. 2023;234:675.

Guo L, Wang J, Zu J, Wang P, Yang Y. Effects of microplastics on seed germina-
tion and seedling physiological characteristics of Spinacia Oleracea under
alkali stress. Chin J Appl Ecol. 2023;34:2536-44.

. Wu H, He B, Chen B, Liu A. Toxicity of Polyvinyl chloride microplastics on Bras-

sica Rapa. Environ Pollut. 2023;336:122435.

. Yang G, LiJ, Long J, Liao H, Ran T, Zhao Y. Effects of polyethylene microplastics

exposure on growth and yield of Capsicum Annuum L. J Agro-Environ Sci.
2023;42:1695-702.

Wang Q, Feng X, LiuY, Li W, Cui W, Sun'Y, Zhang S, Wang F, Xing B. Response
of peanut plant and soil N-fixing bacterial communities to conventional and
biodegradable microplastics. J Hazard Mater. 2023;459:132142.

. YuC, Zeng H,Wang Q, Chen W, Chen W, Yu W, Lou H, Wu J. Multi-omics analy-

sis reveals the molecular responses of Torreya grandis shoots to nanoplastic
pollutant. J Hazard Mater. 2022,436:129181.

Guo M, Zhao F, Tian L, Ni K, LuY, Borah P. Effects of polystyrene microplastics
on the seed germination of herbaceous ornamental plants. Sci Total Environ.
2022;809:151100.

. Li X, Ullah'S, Chen N, Tong X, Yang N, Liu J, Guo X, Tang Z. Phytotoxicity

assessment of dandelion exposed to microplastics using membership
function value and integrated biological response index. Environ Pollut.
2023;333:121933.

. Yang Y, Chu L, Song X, Zhao X. Effects of two Micron-sized polystyrene

particles on Isatis indigotica seedlings growth and soil community structure.
Asian J Ecotoxicol. 2022;17:244-55.

LiZ Zeng X, Sun F, Feng T, Xu, Li Z, Wu J, Wang-Pruski G, Zhang Z. Physiolog-
ical analysis and transcriptome profiling reveals the impact of microplastic



Lin et al. Journal of Nanobiotechnology

132.

133.
134.
135.
136.

137.

138.

139.

140.

141.

142.

143.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

(2025) 23:231

on Melon (Cucumis Melo L) seed germination and seedling growth. J Plant
Physiol. 2023;287:154039.

Shorobi FM, Vyavahare GD, Seok YJ, Park JH. Effect of polypropylene micro-
plastics on seed germination and nutrient uptake of tomato and Cherry
tomato plants. Chemosphere. 2023;329:138679.

Wang Q, Yang S, Wan SB, Li XG. The significance of calcium in photosynthesis.
Int J Mol Sci. 2019;20:1353.

Qiu NW, Jiang DC, Wang XS, Wang BS, Zhou F. Advances in the members and
biosynthesis of chlorophyll family. Photosynthetica. 2019;57:974-84.
Heyneke E, Fernie AR. Metabolic regulation of photosynthesis. Biochem Soc
Trans. 2018;46:321-8.

Rudiger W. Biosynthesis of chlorophyll B and the chlorophyll cycle. Photo-
synth Res. 2002;74:187-93.

Wang P, Grimm B. Organization of chlorophyll biosynthesis and insertion of
chlorophyll into the chlorophyll-binding proteins in chloroplasts. Photosynth
Res. 2015;126:189-202.

Stirbet A, Guo Y, Lazér D, Govindjee G. From leaf to multiscale models of pho-
tosynthesis: applications and challenges for crop improvement. Photosynth
Res. 2024;161:21-49.

Qiu G, Han Z,Wang Q,Wang T, Sun Z,Yu Y, Han X, Yu H. Toxicity effects of
nanoplastics on soybean (Glycine max L.): mechanisms and transcriptomic
analysis. Chemosphere. 2023;313:137571.

Chen S, Feng Y, Han L, Li D, Feng Y, Jeyakumar P, Sun H, ShiW, Wang H.
Responses of rice (Oryza sativa L.) plant growth, grain yield and quality, and
soil properties to the microplastic occurrence in paddy soil. J Soils Sediments.
2022;22:2174-83.

Pehlivan N, Gedik K. Particle size-dependent biomolecular footprints of
interactive microplastics in maize. Environ Pollut. 2021,277:116772.

Lian J, LiuW, SunY, Men S,Wu J, Zeb A, Yang T, Ma LQ, Zhou Q. Nanotoxico-
logical effects and transcriptome mechanisms of wheat (Triticum aestivum L.)
under stress of polystyrene nanoplastics. J Hazard Mater. 2022;423:127241.
Shen L, Zhang P, Lin Y, Huang X, Zhang S, Li Z, Fang Z, Wen Y, Liu H.
Polystyrene microplastic attenuated the toxic effects of florfenicol on rice
(Oryza sativa L.) seedlings in hydroponics: from the perspective of oxida-

tive response, phototoxicity and molecular metabolism. J Hazard Mater.
2023;459:132176.

. Guo A, Pan G, Su X, Zhou X, Bao Y. Combined effects of Oxytetracycline and

microplastic on wheat seedling growth and associated rhizosphere bacterial
communities and soil metabolite profiles. Environ Pollut. 2022;302:119046.
Sun H, Li Z, Wen J, Zhou Q, Gong Y, Zhao X, Mao H. Co-exposure of maize to
polyethylene microplastics and ZnO nanoparticles: impact on growth, fate,
and interaction. Sci Total Environ. 2023;876:162705.

Igbal B, Javed Q, Khan |, Tarig M, Ahmad N, Elansary HO, Jalal A, Li G, Du D.
Influence of soil microplastic contamination and cadmium toxicity on the
growth, physiology, and root growth traits of triticum aestivum L. S Afr J Bot.
2023;160:369-75.

Gu X, Xu X, Xian Z, Zhang Y, Wang C, Gu C. Joint toxicity of aged Polyvinyl
chloride microplastics and cadmium to the wheat plant. Environ Chem.
2021;41:2633-9.

Mamathaxim N, Song W, Wang Y, Habibul N. Effects of microplastics

on arsenic uptake and distribution in rice seedlings. Sci Total Environ.
2023;862:160837.

Zong H, Liu J, Guo X, Li M, Huang X, Wang F, Song N. Effects of polyethylene
microplastics on cadmium absorption and physiological characteristics of
peanut seedling. J Agro-Environ Sci. 2022;41:1400-7.

Dong R, Liu R, XuY, Liu W, Wang L, Liang X, Huang Q, Sun Y. Single and joint
toxicity of polymethyl methacrylate microplastics and As (V) on rapeseed
(Brassia Campestris L.). Chemosphere. 2022,291:133066.

Zong X, Zhang J, Zhu J, Zhang L, Jiang L, Yin Y, Guo H. Effects of poly-
styrene microplastic on uptake and toxicity of copper and cadmium in
hydroponic wheat seedlings (Triticum aestivum L.). Environ Sci Technol Lett.
2021;217:112217.

Sun H, ShiY, Zhao P, Long G, Li C, Wang J, Qiu D, Lu C, Ding Y, Liu L, He S.
Effects of polyethylene and biodegradable microplastics on photosynthe-
sis, antioxidant defense systems, and arsenic accumulation in maize (Zea
Mays L.) seedlings grown in arsenic-contaminated soils. Sci Total Environ.
2023,868:161557.

Wang F, Zhang X, Zhang S, Zhang S, Sun Y. Interactions of microplastics and
cadmium on plant growth and arbuscular mycorrhizal fungal communities in
an agricultural soil. Chemosphere. 2020,254:126791.

Zeb A, LiuW, Meng L, Lian J, Wang Q, Lian Y, Chen C, Wu J. Effects of poly-
ester microfibers (PMFs) and cadmium on lettuce (Lactuca sativa) and the

157.

158.

162.

166.

168.

169.

170.

172.

174.

176.

Page 27 of 28

rhizospheric microbial communities: A study involving physio-biochemical
properties and metabolomic profiles. J Hazard Mater. 2022;424:127405.

. YangY, Cao 'Y, Zhang D, DaiY, Lu J. Effect of microplastics, cadmium, and their

combination on wheat seed germination. J Agro-Environ Sci. 2023;42:263-73.

. Khan MA, Kumar S, Wang Q, Wang M, Fahad S, Nizamani MM, Chang K, Khan

S, Huang Q, Zhu G. Influence of Polyvinyl chloride microplastic on chromium
uptake and toxicity in sweet potato. Ecotoxicol Environ Saf. 2023;251:114526.
Jiang Y, Chen X, Cao X, Wang C, Yue L, Li X, Wang Z. Mechanistic insight into
the intensification of arsenic toxicity to rice (Oryza sativa L.) by nanoplastic:
phytohormone and glutathione metabolism modulation. J Hazard Mater.
2024;469:134086.

Du L, Wu D, Yang X, Xu L, Tian X, Li Y, Huang L, Liu Y. Joint toxicity of cadmium
(I and microplastic leachates on wheat seed germination and seedling
growth. Environ Geochem Health. 2024;46:166.

. El-Saadony MT, Almoshadak AS, Shafi ME, Albagami NM, Saad AM, El-Tahan

AM, Desoky E-SM, Elnahal ASM, Almakas A, Abd El-Mageed TA, et al. Vital roles
of sustainable nano-fertilizers in improving plant quality and quantity-an
updated review. Saudi J Biol Sci. 2021;28:7349-59.

. Ulhassan Z, Khan |, Hussain M, Khan AR, Hamid Y, Hussain S, Allakhverdiev SI,

Zhou W. Efficacy of metallic nanoparticles in attenuating the accumulation
and toxicity of chromium in plants: current knowledge and future perspec-
tives. Environ Pollut. 2022;315:120390.

. Channab BE, El Idrissi A, Ammar A, Dardari O, Marrane SE, el Gharrak A, Akil A,

EssemlaliY, Zahouily M. Recent advances in nano-fertilizers: synthesis, crop
yield impact, and economic analysis. Nanoscale. 2024;16:4484-513.

LiG TangY, Lou J, WangY,Yin S, Li L, Igbal B, Lozano YM, Zhao T, Du D.The
promoting effects of soil microplastics on alien plant invasion depend on

microplastic shape and concentration. Sci Total Environ. 2024,926:172089.

. LiG,Tang Y, Khan KY, SonY, Jung J, Qiu X, Zhao X, Igbal B, Stoffella PJ, Kim

GJ, Du D. The toxicological effect on Pak Choi of co-exposure to degradable
and non-degradable microplastics with oxytetracycline in the soil. Sci Total
Environ. 2023;268:115707.

. RaoY,Peng T, Xue S. Mechanisms of plant saline-alkaline tolerance. J Plant

Physiol. 2023,281:153916.

. Sammauria R, Kumawat S, Kumawat P, Singh J, Jatwa TK. Microbial inoculants:

potential tool for sustainability of agricultural production systems. Arch
Microbiol. 2020;202:677-93.

Liu Q, Khor SM. Emerging absorption-based techniques for removing micro-
plastics and nanoplastics from actual water bodies. TrAC Trends Anal Chem.
2024;170:117465.

. Wang HP, Huang XH, Chen JN, Dong M, Nie CZ, Qin L. Micro- and nano-

plastics in food systems: distribution, combined toxicity with environmental
contaminants, and removal strategies. Chem Eng J. 2023;476:146430.

Yuan X, Wang X, Sarkar B, Ok YS. The COVID-19 pandemic necessitates a shift
to a plastic circular economy. Nat Rev Earth Environ. 2021,2:659-60.

Singh P, Pandey VK, Singh R, Singh K, Dash KK, Malik S. Unveiling the potential
of starch-blended biodegradable polymers for substantializing the eco-
friendly innovations. J Agric Food Res. 2024;15:101065.

Karmakar B, Sarkar S, Chakraborty R, Saha SP, Thirugnanam A, Roy PK, Roy S.
Starch-based biodegradable films amended with nano-starch and Tannic
acid-coated nano-starch exhibit enhanced mechanical and functional attri-
butes with antimicrobial activity. Carbohydr Polym. 2024;341:122321.

. Cheng HN, Biswas A, Kuzniar G, Kim S, Liu Z, He Z. Blends of carboxy-

methyl cellulose and cottonseed protein as biodegradable films. Polymers.
2024;16:1554.

Assad |, Bhat SU, Gani A, Shah A. Protein based packaging of plant origin:
fabrication, properties, recent advances and future perspectives. Int J Biol
Macromol. 2020;164:707-16.

. Jiang B, Chen C, Liang Z, He S, Kuang Y, Song J, Mi R, Chen G, Jiao M, Hu L. Lig-

nin as a Wood-Inspired binder enabled strong, water stable, and biodegrad-
able paper for plastic replacement. Adv Funct Mater. 2019;30:1906307.

Jiang C,Wang Q, Wang H, Tao Y, Lu J, Pan G, Du J, Wang H. Structurally robust,
hydrophobicity and multifunctional black cellulose/lignin-based mulch film
for green agriculture. Ind Crops Prod. 2024;219:118911.

. LiuZ, Wang S, Liang H, Zhou J, Zong M, Cao Y, Lou W. A review of advance-

ments in chitosan-essential oil composite films: better and sustainable

food preservation with biodegradable packaging. Int J Biol Macromol.
2024,274:133242.

El Feky AR, Ismaiel M, Yilmaz M, Madkour FM, El Nemr A, Ibrahim HAH.
Biodegradable plastic formulated from Chitosan of aristeus antennatus shells
with castor oil as a plasticizer agent and starch as a filling substrate. Sci Rep.
20241411161,



Lin et al. Journal of Nanobiotechnology

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

(2025) 23:231

Gong L, Passari AK, Yin C, Kumar Thakur V, Newbold J, Clark W, Jiang Y, Kumar
S, Gupta VK. Sustainable utilization of fruit and vegetable waste bioresources
for bioplastics production. Crit Rev Biotechnol. 2023;44:236-54.

Rai P, Mehrotra S, Priya S, Gnansounou E, Sharma SK. Recent advances in the
sustainable design and applications of biodegradable polymers. Bioresour
Technol. 2021;325:124739.

Zhou K, Yin D, Liu C, Sun R. Investigating the role of poly-y-glutamic acid in
pennisetum giganteum phytoextraction of mercury-contaminated soil. Sci
Total Environ. 2024,944:173707.

Li Z, Jia M, Christie P, Ali S, Wu L. Use of a hyperaccumulator and biochar to
remediate an acid soil highly contaminated with trace metals and/or oxytet-
racycline. Chemosphere. 2018;204:390-7.

Arikan B, Alp FN, Ozfidan-Konakci C, Yildiztugay E, Turan M, Cavusoglu H. The
impacts of nanoplastic toxicity on the accumulation, hormonal regulation
and tolerance mechanisms in a potential hyperaccumulator - Lemna minor L.
J Hazard Mater. 2022;440:129692.

JiaL, LiuL, Zhang Y, Fu W, Liu X, Wang Q, Tanveer M, Huang L. Microplastic
stress in plants: effects on plant growth and their remediations. Front Plant
Sci. 2023;14:1226484.

Gao M, Wang Z, Jia Z, Zhang H, Wang T. Brassinosteroids alleviate nanoplastic
toxicity in edible plants by activating antioxidant defense systems and sup-
pressing nanoplastic uptake. Environ Int. 2023;174:107901.

Li Q, Zhang B, Liu W, Zou H. Strigolactones alleviate the toxicity of poly-
styrene nanoplastics (PS-NPs) in maize (Zea Mays L.). Sci Total Environ.
2024;918:170626.

XuN, Song Y, Zheng C, Li S, Yang Z, Jiang M. Indole-3-acetic acid and zinc
synergistically mitigate positively charged nanoplastic-induced damage in
rice. J Hazard Mater. 2023;455:131637.

Li S, Guo J,Wang T, Gong L, Liu F, Brestic M, Liu S, Song F, Li X. Melatonin
reduces nanoplastic uptake, translocation, and toxicity in wheat. J Pineal Res.
2021;71:e12761.

Chen F, Ageel M, Khalid N, Irshad MK, Farhat F, Nazir A, Ma J, Akhtar MS,
Eldesoky GE, Aljuwayid AM, Noman A. Glutathione treatment suppresses the
adverse effects of microplastics in rice. Chemosphere. 2023;322:138079.
Zhang M, Gao C, Xu L, Niu H, Liu Q, Huang Y, Lv G, Yang H, Li M. Melatonin
and Indole-3-Acetic acid synergistically regulate plant growth and stress
resistance. Cells. 2022;11:3250.

Tang J, LiY, Zhang L, Mu J, Jiang Y, Fu H, Zhang Y, Cui H, Yu X, Ye Z. Biosyn-
thetic pathways and functions of Indole-3-Acetic acid in microorganisms.
Microorganisms. 2023;11:2077.

Forman HJ, Zhang H, Rinna A. Glutathione: overview of its protective roles,
measurement, and biosynthesis. Mol Aspects Med. 2009;30:1-12.

Koh YS, Wong SK, Ismail NH, Zengin G, Duangjai A, Saokaew S, Phisalprapa

P, Tan KW, Goh BH, Tang SY. Mitigation of environmental Stress-Impacts in
plants: role of sole and combinatory exogenous application of glutathione.
Front Plant Sci. 2021;12:791205.

[to T, Ohkama-Ohtsu N. Degradation of glutathione and glutathione conju-
gates in plants. J Exp Bot. 2023;74:3313-27.

Zhao L, Bai T, Wei H, Gardea-Torresdey JL, Keller A, White JC. Nanobiotech-
nology-based strategies for enhanced crop stress resilience. Nat Food.
2022,3:829-36.

Yang X, Feng K, Wang G, Zhang S, Zhao J, Yuan X, Ren J. Titanium dioxide
nanoparticles alleviates polystyrene nanoplastics induced growth Inhibition
by modulating carbon and nitrogen metabolism via melatonin signaling in
maize. J Nanobiotechnol. 2024;22:262.

Khalid AR, Shah T, Asad M, Ali A, Samee E, Adnan F, Bhatti MF, Marhan S, Kam-
mann Cl, Haider G. Biochar alleviated the toxic effects of PVC microplastic

in a soil-plant system by upregulating soil enzyme activities and microbial
abundance. Environ Pollut. 2023;332:121810.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211,

Page 28 of 28

. Arikan B, Alp FN, Ozfidan-Konakci C, Balci M, Elbasan F, Yildiztugay E, Cavu-

soglu H. Fe,05-modified graphene oxide mitigates nanoplastic toxicity via
regulating gas exchange, photosynthesis, and antioxidant system in triticum
aestivum. Chemosphere. 2022;307:136048.

. Alshegaihi RM, Alatawi A, Alomran MM, Khalil FMA, Saleem A. Proteomic

modulation by arsenic and microplastic toxicity in the presence of iron
oxide nanoparticles in wheat (Triticum aestivum L.) seedlings. S Afr J Bot.
2024;166:591-602.

. Palansooriya KN, Sang MK; Igalavithana AD, Zhang M, Hou D, Oleszczuk P,

Sung J, Ok YS. Biochar alters chemical and microbial properties of microplas-
tic-contaminated soil. Environ Res. 2022;209:112807.

Gao B, LiY, Zheng N, Liu C, Ren H, Yao H. Interactive effects of microplastics,
Biochar, and earthworms on CO, and N,O emissions and microbial functional
genes in vegetable-growing soil. Environ Res. 2022;213:113728.

LiJ,YuY, Chen X, Yu S, Cui M, Wang S, Song F. Effects of Biochar on the
phytotoxicity of Polyvinyl chloride microplastics. Plant Physiol Biochem.
2023;195:228-37.

RanT,LiJ, Liao H, ZhaoY, Yang G, Long J. Effects of Biochar amendment on
bacterial communities and their function predictions in a microplastic-con-
taminated capsicum annuum L. soil. Environ Technol Innov. 2023,31:103174.
Elbasiouny H, Mostafa AA, Zedan A, Elbltagy HM, Dawoud SFM, Elbanna BA,
El-Shazly SA, El-Sadawy AA, Sharaf-Eldin AM, Darweesh M, et al. Potential
effect of Biochar on soil properties, microbial activity and vicia Faba proper-
ties affected by microplastics contamination. Agronomy. 2023;13:149.

Ru J, Huo Y, Yang Y. Microbial degradation and valorization of plastic wastes.
Front Microbiol. 2020;11:442.

Auta HS, Emenike CU, Fauziah SH. Screening of Bacillus strains isolated from
Mangrove ecosystems in Peninsular Malaysia for microplastic degradation.
Environ Pollut. 2017;231:1552-9.

Tanunchai B, Kalkhof S, Guliyev V, Wahdan SFM, Krstic D, Schéadler M, Geissler
A, Glaser B, Buscot F, Blagodatskaya E, et al. Nitrogen fixing bacteria facilitate
microbial biodegradation of a bio-based and biodegradable plastic in soils
under ambient and future Climatic conditions. Environ Sci Processes Impacts.
2022;24:233-41.

Jeon JM, Park SJ, Choi TR, Park JH, Yang YH, Yoon JJ. Biodegradation of poly-
ethylene and polypropylene by Lysinibacillus species JJY0216 isolated from
soil grove. Polym Degrad Stab. 2021;191:109662.

Janczak K, Dabrowska GB, Raszkowska-Kaczor A, Kaczor D, Hrynkiewicz K,
Richert A. Biodegradation of the plastics PLA and PET in cultivated soil with
the participation of microorganisms and plants. Int Biodeterior Biodegrad.
2020;155:105087.

Fang K, Kou YR, Tang N, Liu J, Zhang XY, He HL, Xia RX, Zhao WQ, Li DD, Liu Q.
Differential responses of soil bacteria, fungi and protists to root exudates and
temperature. Microbiol Res. 2024;286:127829.

Yang SH, Shan LB, Chu KH. Root exudates enhanced 6:2 FTOH defluorination,
altered metabolite profiles and shifted soil Microbiome dynamics. J Hazard
Mater. 2024;466:133651.

Qu P, Wang BT, Qi MJ, Lin R, Chen HM, Xie C, Zhang ZW, Qiu JC, Du HB, Ge Y.
Medicinal plant root exudate metabolites shape the rhizosphere microbiota.
Int J Mol Sci. 2024;25:7786.

Dall S, Koller H, van Dam NM. A simple, cost-effective and optimized
protocol for collecting root exudates from soil grown plants. Rhizosphere.
2024;30:100899.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Micro/Nanoplastics in plantation agricultural products: behavior process, phytotoxicity under biotic and abiotic stresses, and controlling strategies
	﻿Abstract
	﻿Graphical Abstract
	﻿Introduction
	﻿Sources of MPs/NPs in plantation agricultural products
	﻿Uptake and translocation pathways of MPs/NPs in plantation agricultural products
	﻿Endocytosis

	﻿Apoplast pathway
	﻿Crack-entry mode
	﻿Stomata in leaves
	﻿Impact of MPs/NPs on cultivated agricultural products
	﻿Impact of MPs/NPs on seed germination
	﻿Impact of MPs/NPs on photosynthesis
	﻿Impact of MPs/NPs on growing development and metabolism
	﻿Effect of MPs/NPs on fruit yield and nutritional quality
	﻿Impact of MPs/NPs on oxidative stress and antioxidant defensive systems
	﻿MPs/NPs induce cytotoxicity and genotoxicity

	﻿MPs/NPs under biotic and abiotic stresses
	﻿Synergistic effect
	﻿Antagonism
	﻿Non-effect

	﻿Strategies to mitigate the detrimental effects induced by MPs/NPs
	﻿Development of novel green biodegradable plastics
	﻿Phytoextraction and immobilization
	﻿Exogenous plant growth regulator interventions
	﻿Porous nanomaterials modulation
	﻿Biocatalysis and enzymatic degradation

	﻿Conclusions
	﻿Challenges
	﻿Challenge 1
	﻿Challenge 2
	﻿Challenge 3
	﻿Challenge 4
	﻿Challenge 5
	﻿Challenge 6
	﻿Challenge 7


	﻿Future prospects
	﻿References


