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Abstract

Plastic pollution has emerged as a major environmental concern due to its persistence and
widespread accumulation in terrestrial ecosystems. The extensive utilization of plastics
across a diverse range of products, from packaging to healthcare, construction, and trans-
portation, poses a significant risk due to their enduring and non-biodegradable nature.
Micro/nanoplastics (MNPs) derived either from the fragmentation of larger plastics or
direct release are increasingly detected in agricultural soils, where they interact with plant
systems. In addition, chronic exposure of MNPs alters soil structure, microbial diversity,
and nutrient cycling, further impacting agroecosystem functioning. Plants have been
shown to absorb MNPs mostly from contaminated soil and irrigated water through their
root systems, allowing their subsequent translocation to aerial tissues. MNPs can enter
plants through the aquaporins, apoplast pathways, crack entry modes, and leaf stomata,
disrupting nutrient uptake, photosynthesis, and growth processes, ultimately affecting
crop productivity and quality, while their accumulation in edible tissues raises concerns
regarding food safety and trophic transfer. To address these challenges, it is crucial to have
standard detection methods for identifying MNPs and to bridge the gap for further mitiga-
tion. This review further discussed effective mitigation strategies, including nanomaterial
and phytohormone-based interventions under increasing plastic contamination.

Keywords: micro/nanoplastics; plant bioaccumulation; uptake; transport; ecological
impact

1. Introduction

Over the past few decades, the enormous use of plastic has led the way to the ‘Plastic
Age’ era. However, it is difficult to provide precise estimates of annual plastic pollution
due to variability among sources. The total amount of plastic waste produced globally
in 1950 was 2 million tons, which has increased tremendously to 268 million tons in 2022
and is projected to double by 2040 [1]. Evidence suggests that the increasing prevalence
of MNPs may contribute to a projected 5 to 15% drop in crop output in future decades [2].
Plastics occur in diverse forms, including packaging bags, plastic bottles, agricultural mulch
films, and other consumer products composed of high-molecular-weight polymers such
as polystyrene (PS), polypropylene (PP), and polyvinyl chloride (PVC) [3]. Among the
various MNP polymers detected in the environment, PS has been reported as the most
prevalent type found in the oceans [4]. Notably, only around 5% of plastic waste is recycled,
leading to the large-scale accumulation of plastics in landfills and the aquatic environment
each year [5].
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Microplastics (MPs) are a heterogeneous group of polymer-based particles. Their
size classification remains non-standardized across the literature; some studies further
categorize MPs into large MPs (1-5 mm) and small MPs (0.5-1 mm), while most authors
agree that MPs are particles smaller than 5 mm, which can further undergo fragmentation
to form nanoplastics (NPs) smaller than the size of 100 nm. Based on their origin, MPs
are generally categorized into primary MPs that are produced from household products,
cosmetics, 3D printing materials, and resin particles, and secondary MPs, which arise from
the degradation and fragmentation of larger plastic debris through processes including
ultraviolet radiation, thermal stress, microbial activity, atmospheric exposure, reactive
species and mechanical abrasion [6,7]. The main sources of micro/nanoplastics (MNPs) in
the environment are either direct emission or through the gradual breakdown of bulk plastic
waste [8]. Inadequate plastic waste management and disposal practices have consequently
led to widespread plastic pollution, exerting detrimental effects across multiple sectors,
with agriculture being particularly vulnerable.

The annual loading of MNPs introduced into agricultural soil is projected to sur-
pass the total mass of MNPs currently present in marine environments [9]. Available
evidence indicates that terrestrial systems contain MNP concentrations approximately
4- to 23-fold higher than those reported for aquatic systems [5]. The introduction of MNPs
into the soil system is largely unavoidable and occurs through multiple anthropogenic
pathways, including land application of sewage sludge, the use of contaminated irrigation
water, and the extensive deployment of plastic-based agricultural inputs such as mulch
film and fertilizers [10]. Globally, agricultural plastic usage is estimated at approximately
12.5 million tons, of which plastic mulching contributes nearly 4 million tons [11]. The
accumulation of MNPs in soil matrices has been shown to adversely affect crop perfor-
mance by altering soil pH and disrupting microbial community structure and function,
which are critical for nutrient cycling, soil aeration, and plant health [12]. Furthermore,
MNPs can interact with soil organic matter and persist for a prolonged period, potentially
spanning centuries, leading to long-term modifications in soil physicochemical properties
and increasing the risk of vertical transport into groundwater systems [13].

The uptake of MNPs by crop plants is a multifaceted process influenced by soil physic-
ochemical properties, plant anatomical features, and the intrinsic characteristics of plastic
polymer materials [14]. MNPs can enter plant systems primarily through root tissues via
mechanisms such as endocytosis, apoplastic transport, or penetration at sites of lateral
root emergence, as well as through foliar pathways involving stomata and cuticular sur-
faces [15]. Although MNPs with relatively larger particle sizes, ranging from 2 to 5 mm,
are generally considered too large to penetrate the cell walls of healthy root tissue, their
presence in the rhizosphere can adversely affect plant growth and survival by inducing
root tissue damage and obstructing cell wall pores, thereby impairing nutrient and water
uptake [16]. The accumulation of MNPs within plant tissues has been associated with
a range of toxicological responses, including growth inhibition, disruption of photosyn-
thetic processes, enhanced generation of reactive oxygen species (ROS), lipid peroxidation,
and alterations in enzymatic and metabolic activities, ultimately posing risks to plant
physiological integrity [17].

MNPs can translocate within plant systems, accumulate in tissues, and subsequently
enter the food web, thereby posing potential risks to natural ecosystems and, through
biomagnification across successive trophic levels, to human health [18]. The accumulation
of MNPs in aquatic organisms, particularly seafood, raises significant concerns regarding
adverse human health outcomes. In humans, exposure may occur through inhalation of
airborne plastic particulates, which can penetrate the respiratory system and, depending
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on particle size and surface characteristics, translocate across biological barriers such as the
gastrointestinal epithelium, eventually entering the systemic circulation [19].

As a focused reference resource, this review synthesizes the current knowledge on the
sources and distribution of MNPs in agroecosystems and critically evaluates the mecha-
nisms governing their uptake, transport and accumulation in plants. Collectively, it aims to
enhance understanding of plant-MNP interactions and to elucidate the environmental fate
and ecological implications of MNPs within terrestrial ecosystems. Although increasing
evidence of MNP-induced phytotoxicity has been reported, effective mitigation strategies
are still poorly developed, and studies are mostly limited to descriptive assessments rather
than application-oriented approaches. In this respect, the current review fills an important
gap by systematically discussing novel mitigation strategies, including plant growth reg-
ulators and engineered nanomaterials, which have not been thoroughly discussed in the
previous literature.

2. Source and Identification of Micro/Nanoplastics in the Agri Sector

The presence of MNPs in agricultural systems has become a major environmental
concern due to their persistence and detrimental effects on soil-plant ecosystems. Under-
standing the source, extraction, and identification of MNPs is crucial to precisely assess
their environmental fate, bioavailability, and ecological risks in agroecosystems.

2.1. Sources of Micro/Nanoplastics

Over the past six decades, plastics have developed into highly versatile materials
with diverse physicochemical properties and extensive applications. However, persistence
and fragmentation of these materials have led to the widespread occurrence of MNPs
in terrestrial ecosystems, particularly in agricultural soil. MNP contamination in the
soil originates from multiple sources, including the extensive use of plastic mulch films,
compost amendments, municipal solid waste, plastic-coated fertilizers, atmospheric fallout,
and the land application of biosolids such as sewage sludge and anaerobic digestates [20],
as depicted in Figure 1.

Impact on plant

Long term persistence
Toxicity to crops

Risk to soil health and
biota

HMs accumulation

Altered overall growth
Photosynthetic disruption
Nutrient imbalance

Crop productivity

Food quality
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Accurate quantification
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Figure 1. Schematic representation of major sources of micro/nanoplastics, their ecological impact,
effect on plants, human health risks and existing knowledge gaps.
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Plastic film mulching is widely adopted in intensive agricultural systems to conserve
soil moisture, regulate soil temperature, and suppress weed growth. However, large-scale
field investigations have revealed that incomplete removal and continuous fragmentation
of aged films lead to long-term accumulation of plastic films in soil. For instance, the cotton
growing region in Xinjiang Province, China, exhibited an average plastic film residue of
259 kg ha~!, with localized accumulations exceeding 381 kg ha~! [21]. The ultra-thin
nature of agricultural mulch films, typically ranging from 8 to 50 pm, renders their com-
plete removal from soil matrices technically challenging. Moreover, mechanized farming
practices and the continued use of thin plastic films exacerbate the generation and per-
sistence of residual plastic fragments in agricultural soils. The accumulation of plastic
residues disrupts soil physical structure and nutrient transport processes, adversely af-
fecting seed germination, root development, and overall plant performance. In addition,
plastic residue can promote soil salinization and serve as the vector for the accumulation
and release of toxic additives and degradation products, including phthalate esters, alde-
hydes, and ketones [22]. Consequently, the so-called “White Revolution” associated with
plastic mulching practices has increasingly transformed into “White pollution”, posing a
significant threat to soil health and agroecosystem sustainability [10]. Beyond agricultural
inputs, additional sources also contribute substantially to MNP contamination. These
include atmospheric fallout, ship-derived plastic waste in aquatic systems, fibre shedding
from synthetic textiles during laundering, tire wear particles, industrial processes such
as thermal cutting of PS, and the degradation of plastic materials used in agricultural
activities, including polyethylene (PE), polyurethane, and PS-based foils and films [23].
A dynamic and bidirectional exchange of plastic particles exists between the two major
ecosystems, aquatic and terrestrial. Terrestrial inputs, primarily via surface runoff from
streams and rivers, transport plastic debris into marine environments, whereas the land
application of sewage sludge represents a significant pathway for the transfer of MNPs
from aquatic systems back into agricultural soils [24]. Agricultural practices, including
the use of organic amendments such as compost and biosolid, along with the degrada-
tion of plastic mulching films, contribute substantially to MNP accumulation in soils.
These inputs are estimated to generate approximately 63,000 to 430,000 and 300,000 to
430,000 tonnes of MNPs in agricultural lands across Europe and North America, respec-
tively, a trend largely attributed to the extensive use of nearly 50% of treated sewage sludge
in farming systems [25]. Biosolids have been reported to contain MNPs composed of mul-
tiple polymer types, with PE being the most dominant. In Australia, agroecosystems are
estimated to receive between 2800 and 19,000 tonnes of MNPs annually through biosolid
applications [26]. Similarly, compost has been shown to contain concentrations of MNPs as
high as 1200 mg/kg [13]. The diversity of plastic polymers and associated additives used
in agricultural practices results in considerable variability in their toxicological behaviour
and ecological risks to plants and soil-dwelling organisms. Once introduced into soils,
plastics can be redistributed to aquatic environments through erosion and surface runoff,
reinforcing their environmental persistence and mobility.

Despite increasing evidence of MNP contamination being reported, it is still very
challenging to identify the exact sources and transport pathways of MNPs in agricultural
environments. Source tracking is complicated by the co-occurrence of multiple plastic
inputs, ongoing fragmentation processes, environmental weathering, and agricultural prac-
tices. Moreover, plastics are subject to ageing processes that influence morphology, surface
chemistry, and polymer characteristics, which make the differentiation between primary
and secondary sources difficult. These limitations indicate the need for standardized source
tracking frameworks that integrate polymer fingerprinting, isotopic approaches, and spatial
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monitoring to gain a better understanding of the environmental fate and origin of MNPs
in agroecosystems.

2.2. Sample Pretreatment and Extraction Approaches

Pretreatment of environmental samples, such as soils, compost, biosolids, and plant
tissues, is needed to remove organic matter and mineral impurities while maintaining
the integrity of plastic particles. Generally, MNP extraction consists of sample drying,
sieving to eliminate larger particles, organic matter removal, filtration using meshes of
various sizes, oven drying of the filters, and polymer identification [27]. Some common
pretreatment methods include density separation, chemical digestion, enzymatic digestion
and filtration. Soil and sediment samples are often separated by density using saturated
salt solutions such as NaCl, ZnCl, and Nal. These methods allow low-density polymers
to float while heavy particles settle down. However, the effectiveness of this technique is
highly dependent on polymer density and soil type [28]. Chemical digestion procedures are
commonly used to remove organic contaminants from environmental matrices. Commonly
employed digesting agents include hydrogen peroxide (H,O;), Fenton’s reagent, potassium
hydroxide (KOH) and nitric acid (HNOs3), depending on the sample type and the desired
polymer stability. KOH-based alkaline digestion is very useful for biological and plant
tissues because of its capacity to dissolve organic material while causing minimal damage
to the plastic polymers [29]. In contrast, strong acidic treatments can alter or destroy partic-
ular polymer types, making subsequent spectroscopic analysis incompatible. Enzymatic
digestion techniques, such as cellulase, proteinase and lipase, provide better selectivity and
polymer preservation, although they are often more expensive and time-consuming [30].
The enzymatic degradation of plastics poses both challenges and potential for sustainable
plastic waste management. Challenges include slow breakdown rates due to the high dura-
bility of carbon—carbon bonds, as well as the hydrophobic properties of the many plastic
polymers that make them resistant to enzyme attack [31]. On the other hand, enzymatic
degradation generates harmless end products such as CO,, H,O and biomass, without
generating chemically harmful byproducts, which aligns with environmental sustainability
goals [32].

As a result, the extraction and digestion techniques must be carefully chosen based on
the sample matrix, polymer composition and desired analytical methods.

2.3. Identification and Characterization Techniques

Following sample pretreatment, multiple analytical methods are employed for the
identification and characterization of MNPs. Accurate identification of MNPs is critical
for elucidating their environmental behaviour, transport, bioavailability, and ecological
impacts in agricultural systems and for developing effective strategies for their removal
from soil matrices. Table 1 summarizes the analytical approaches employed for the identifi-
cation of MNPs across different soil types. Conventional identification methods include
visual sorting for larger MPs between 1 and 5 mm, followed by non-destructive micro-
scopic and spectroscopic techniques such as Fourier transform infrared spectroscopy (FTIR)
and Raman spectroscopy for polymer characterization. FTIR identifies small particles as
10-20 pm, but Raman spectroscopy has superior spatial resolution and can detect NPs.
However, fluorescence interference and complicated environmental matrices can impair
analytical accuracy [33].

In addition, chemical analytical techniques, including Pyrolysis—-Gas Chromatography—
Mass Spectrometry and Gas Chromatography-Mass Spectrometry, are utilized for detailed
compositional analysis and quantitative determination of polymer types. These methods
are highly sensitive but require destructive sample processing and extensive preparation.
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Recent advancements in analytical methodologies have further enabled the detection,

uptake and accumulation of MNPs in plant tissues, employing techniques such as confocal

laser scanning microscopy, X-ray computed nano-tomography coupled with dark-field

hyperspectral imaging, Transmission Electron Microscopy (TEM) and Scanning Electron
Microscopy (SEM) [34,35].

Despite significant advances in analytical methods, reliable detection of MNPs in soil

and plant matrices remains analytically challenging due to the complexity of environmental

samples, extremely small plastic particles, and susceptibility to contamination during

sample processing. Therefore, the establishment of balanced pretreatment, identification,

and quantification frameworks remains crucial for advancing research on the contamination

of MNPs in agricultural systems.

Table 1. Summary of micro/nanoplastics detected in different soil types.

Identification

S. No. Location Type of Soil Extraction Method Size Polymer Abundance Reference
Sydne Pressurized HDPE,
1. yaney, Industrial soil ] ¢ FTIR 50 um-1mm  PVCand 0.03~6.7 wt% [36]
Australia fluid extraction PS
Density
separation
. . . with 27% NaCl PVC,PE .
2. Switzerland Floodplain soil solution, and pn-FTIR 0.125~5 mm and PS <593 items/kg [371
digestion with
65% HNO;
Density
separafion PE(88%),  Median: 1.1~35items/g
3. Chile Agricultural soil ul\sTngl 2 d ’ Stereomicroscope 0.16~10 mm PS,PVC dry soil, depending on the [20]
aL an and PP amount of sludge input
chlz
solutions
Density
separation
Shandong, . with saturated Stereomicroscope, PE, PP 1.3~14,712.5 items /kg dry
4. China Coastal beach soil NaCl solution SEM and ATR-FTIR <Smm and PS soil [38]
and then Nal
solution
Density PE
Soil from separation (61.4%)
Shanghai, rice—fish with saturated Stereomicroscope ol . o
5 China co-culture NaCl solution and p-FTIR <Smm P;;gf;\llé) ) 10.3 £ 22 items/kg 39
ecosystem and digestion (3.5%)
with 30% H, O, 270
Density PP
Selezrii;"“ (50.5%), Shallow soil (0-3 cm):
Shanghai, . Stereomicroscope PE 78.0 £ 12.9 items/kg; )
6. China Vegetable soil sa“fat?ed Nfl and W-FTIR 0pm~dmm g 450 Deep soil (3-6 cm): [40]
sorution an and PET 62.50 + 12.97 items /kg
digestion using (6.1%)
30% H,O, e
Heating at 130 °C
. . for 3~5sand .
Loess Agricultural soil, . 40~100 items/kg
7. plateau, orchard soil and Water flotation photographed >100 pm PE and PP 120~320 items/kg [41]
. . method using a camera .
China greenhouse soil 80~100 items/kg
connected to
microscopy
Density
8 Yunnan, fc(;)iii?g\?‘;fsei ZC:(;/ Wiipgﬁg;d Stereomicroscope 0.05~10 mm LDPE 7100~42,960 items / kg [40,41]
' China . Nal solution P ’ 8180~18,100 items / kg !
zone soil ) .
and digestion
with 35% H, O,
Density
separation
Guangdong, E-waste with saturated PS, PP 1 ,
% China dismantling zone ~ NaCl solution SEMand FTIR <lmm and PVC 9450 + 9520 numbers kg (4]
and then Nal
solution
Traditional Flotation
10. Mexico Mayan home method Burning technique 5-150 mm PE, PS 0.87 = 1.9 particles-g ! [43]
gardens

https://doi.org/10.3390 /microplastics5030139


https://doi.org/10.3390/microplastics5030139

Microplastics 2026, 5, 139 7 of 30
Table 1. Cont.
. . . Identification .
S. No. Location Type of Soil Extraction Method Size Polymer Abundance Reference
Agricultural soil
Murcia, covered with Water flotation . . 1 ,
11. Spain plastic method Stereomicroscope <5 mm PE 2116 + 1024 particles kg [44]
mulch
Density
separation
Rice cultivation using
12. Korea felds ZnClp:CaCl, FTIR 1.0-1.58 mm PE, PPP 160 £ 93 [45]
solution and
digestion with
35% H, Oz

3. Fate of Micro/Nanoplastics in Terrestrial Plants

The escalating occurrence of MNPs in agroecosystems has intensified concerns re-
garding their interactions with terrestrial plants. Although plants are sessile organisms,
they possess specialized morphological structures such as leaf stomata and root pores,
fissures and cracks that enable gas exchange and nutrient acquisition from the surrounding
environment. MNPs may enter plant systems predominantly through root uptake, where
they can infiltrate via root pores or damaged cell walls. Their internalization is mediated
through processes such as endocytosis and apoplastic transport, enabling movement across
root tissues and subsequent translocation through the vascular system (Figure 2). Xylem
tissues play a crucial role in facilitating the uptake and long-distance transport of MNPs
within plants, suggesting that plant species and intrinsic physiological traits can substan-
tially influence MNP accumulation and distribution [8]. Furthermore, soil physicochemical
properties, including cation composition, ionic strength, mineral content, and pH, critically
regulate the mobility and bioavailability of MNPs in soil-plant systems, thereby affecting
their transport and fate in natural environments [46].

EI __ Cuticle
Foliar application () :. . Stomata
.. ©

—_— ) J 1 Mesophyll cell

Upper
Epidermis

-« Phloem

Xylem

Lower
Epidermis

Stem xylem/phloem

[b] -

Apoplastic pathway . Cortex

—-’/'
Symplastic pathway

0% )« Cell wall pore

Division zoneElongation zone Maturation zone

% Lateral root caj T~ o
Soil $o “d P -
application - "—— Columellar root cap
MNPs % s )
V4
Root absorption Root transportation

Figure 2. An overview and general principle of uptake, translocation, and accumulation pathways
of micro/nanoplastics in a plant system. (a) Transverse cross-section of the leaf showing entry of
micro/nanoplastics through stomata, cuticle penetration and wounds. (b) Transverse cross-section of
the root showing entry of micro/nanoplastics through cell wall pores or crack entry via apoplastic
and symplastic pathways. (c) Transverse cross-section of the stem showing upward translocation of
micro/nanoplastics along with water current.
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3.1. Mechanism of Uptake and Transport of Micro/Nanoplastics in Plants

The uptake and transport of MNPs in plants are governed by a complex interplay
between plant physiological characteristics and particle-specific factors. Among these
factors, particle size, surface charge, shape, hydrophobicity, and concentration of MNPs
play decisive roles in determining the dominant uptake pathway, extent of translocation,
and accumulation patterns [47]. In general, smaller plastic particles exhibit greater mobility
and internalization efficiency than larger particles due to their compatibility with the pore
dimensions of the plant cell wall and membrane transport processes. In contrast, larger
particles are often retained on root surfaces, within apoplastic spaces, or in epidermal
tissues, thereby limiting long-distance transport [14]. However, uptake thresholds are
not absolute and may vary depending on plant species, root anatomy, environmental
conditions, and particle surface chemistry.

Plastic polymers, with relatively larger size and higher molecular weight, are generally
unable to penetrate the cellulose-rich plant cell wall. However, recent evidence suggests
that fragmentation of larger plastic particles into nanoscale forms may enhance their
interaction with cellular membranes [48]. Although aquaporins primarily function as
water transport channels, some studies propose that aquaporin-regulated water fluxes
may indirectly influence MNP uptake by altering membrane permeability and facilitating
particle movement toward cellular entry sites [49]. Nevertheless, direct transport of MNPs
through aquaporin channels remains speculative due to poor size limitations and requires
further experimental validation. Evidence suggests that MINPs may enter plant tissues
through both active and passive mechanisms, although the efficiency of these pathways
differs according to particle properties. Smaller particles (<50-100 nm) are more likely
to cross cell wall pores or undergo vesicle-mediated uptake, whereas larger particles
are predominantly restricted to extracellular or intercellular regions [6]. In terrestrial
plant systems, the uptake and translocation of MNPs are strongly influenced by surface
charge and polarity, which influence their adsorption to root surfaces through electrostatic
interactions. For instance, negatively charged NPs of size 55 nm were able to penetrate
vascular tissues and generally display greater apoplastic mobility, whereas positively
charged NPs tend to adhere strongly to mucilage and epidermal surfaces, reducing internal
transport [34].

Among the proposed uptake pathways, root-mediated uptake is considered the pre-
dominant route for entry of MNPs into terrestrial plants. At the soil-root interface, root
hairs secrete mucilage and organic acids that create a reactive microenvironment favouring
the adsorption of MNPs onto root surfaces [50]. Particles may move through intercellular
spaces via the apoplastic pathway or cross the plasma membrane into the symplastic
pathway. The extent of transport depends strongly on particle size and the integrity of
anatomical barriers such as the casparian strip [51]. MNPs may bypass these barriers when
the casparian strips are incompletely developed or through discontinuities formed during
lateral root emergence or epidermal cell separation [52]. Pronounced fluorescence signals
observed near lateral root fissures in wheat and lettuce roots support the role of these
structural openings as major entry points for particles of size 50-100 nm [53]. Confocal
microscopy of wheat root cross-sections further confirmed that the vascular tissues of the
roots and stems are the primary sites of accumulation for MNPs entering through root
cracks. Once particles reach the xylem, transpiration-driven flow facilitates their upward
transport toward aerial tissues [35].

Multiple entry pathways for MNPs into terrestrial plants have been proposed. Among
these, foliar uptake through stomata represents an additional, but comparatively vari-
able, route for MNP entry into leaf tissues. Airborne MNPs can accumulate onto the leaf
surfaces and become entrapped within trichomes, stomatal apertures and cuticular struc-
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tures, thereby providing a potential pathway for their internalization into plant leaves [52].
However, the efficiency of this pathway is strongly influenced by particle size, surface
characteristics and environmental conditions. Smaller NPs are more likely to penetrate
stomatal openings, whereas larger particles are typically retained on the leaf surface or
cuticle. In addition, environmental factors, such as humidity, wind velocity, leaf wettability
and stomatal opening, also influence uptake efficiency. It has been reported that MNPs
account for nearly 28% of the total particulate matter adhered to leaf surfaces, highlighting
terrestrial vegetation as an important transient sink for atmospheric MNPs [54]. Experimen-
tal observations using fluorescently labelled PS NPs of size 22-24 nm with varying surface
charges demonstrated their aggregation on maize leaf surfaces, entry through stomatal
openings and subsequent transport via vascular bundles [55]. Furthermore, SEM and TEM
analyses provided the first direct visual evidence of PS NP uptake in plants, confirming that
particles approximately 93.6 nm in size can be absorbed by lettuce leaves through stomata
and subsequently translocated basipetally to the roots [47]. Consequently, foliar uptake
varies considerably among plant species, where smaller MNPs are more likely to penetrate
stomatal pores, whereas relatively larger particles are typically retained on the leaf surface.
Environmental aggregation may further reduce stomatal penetration, indicating that foliar
uptake is not universally efficient across plant species and environmental conditions.

Endocytosis has been discovered as a key cellular process that allows internalization
of MNPs into plant cells from the external environment. In this process, the uptake of
MNPs primarily occurs through clathrin-mediated and clathrin-independent endocytic
mechanisms involving vesicle formation at the plasma membrane, allowing the transport of
MNPs from the apoplastic region into the intracellular space [26]. Following cellular inter-
nalization, MNPs can migrate through cytoplasmic connections, enabling their movement
into the endodermal region and subsequent translocation toward the vascular tissues [56].
Evidence from a research study demonstrated that PS nanobeads of sizes 20 and 40 nm
were readily internalized via endocytosis, whereas 100 nm particles were not detected in-
tracellularly in Nicotiana tabacum BY-2 cell cultures, suggesting a size-dependent limitation
of endocytic vesicles in accommodating larger plastic particles [52]. These findings suggest
that endocytosis is likely to happen for smaller MNPs, while larger particles rely more
heavily on apoplastic movement and structural discontinuities for entry.

3.2. Translocation and Bioaccumulation of Micro/Nanoplastics in Plants

The mechanisms governing the absorption and translocation of MNPs in plants have
emerged as an important focus of recent research. Following entry into the plant tissues,
MNPs can be translocated to the aerial organs through the vascular system and are largely
regulated by vascular connectivity and transpiration intensity [17]. In most cases, roots act
as the primary accumulation sites, while only a relatively small fraction of particles is trans-
ported to aerial tissues. A recent study confirmed the bioaccumulation and translocation of
100 nm of PS NPs in Lepidium sativum at concentrations ranging from an environmentally
realistic 10 pg/L to a high of 100 mg/L. Quantification results further showed that the
majority of particles were retained in the root while only 13 to 18% of root-associated
particles were translocated in stems and leaves [14]. Root sequestration is often associated
with adsorption onto cell walls, entrapment within apoplastic spaces, and aggregation
within cortical tissues.

The xylem, which primarily mediates the upward transport of water and dissolved
solutes from roots to shoots, is considered the main conduit for the ascent of associated
MNP contaminants. The current understanding suggests that plastic particles may enter the
xylem after traversing the root epidermis and cortical layers in both primary and secondary
roots. Subsequently, they cross the pericycle and reach the central vascular cylinder, from
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where they can be transported to above-ground tissues [57]. Transpiration-driven mass
flow plays a pivotal role in regulating the uptake and long-distance transport of MNPs
in plants. The generation of negative pressure within vascular tissues, particularly in the
xylem, facilitates the continuous upward movement of water and suspended particles,
thereby promoting the integral migration of MNPs throughout the plant body [58]. Ex-
perimental studies using PS beads as model MNPs have provided direct evidence of their
internalization and spatial distribution within plant tissues. In Triticum aestivum and Lactuca
sativa, PS beads were detected along the lateral root cap and within the apical meristem,
indicating their ability to traverse root tissues and access the stele [49]. These findings
support the hypothesis that, once inside the vascular cylinder, MNPs can be translocated
from root to shoot via the transpiration stream. Smaller MNPs are more readily mobilized
within vascular tissues, whereas larger particles tend to accumulate within intercellular
spaces or remain confined to roots.

The distribution and accumulation of MNPs across different plant organs are influ-
enced by both plastic particle concentration and surface charge characteristics. For instance,
positively charged MNPs tend to accumulate at comparatively lower levels within root tips
and display stronger adhesion to negatively charged root surfaces and mucilage, whereas
negatively charged MNPs exhibit greater mobility and are predominantly localized within
the apoplastic spaces and xylem tissues of plant organs [34]. Nevertheless, larger particles
are not entirely excluded from systemic movement. In agreement with these observations,
PS particles of 500 nm and 700 nm have been reported to accumulate within the intercel-
lular spaces of the calyx cross-section and to be distributed in the stem and leaf tissues of
cucumber plants, suggesting that transport can still occur under certain conditions through
vascular discontinuities or mechanical openings [59]. These findings indicate that uptake
and transport are governed by probabilistic rather than absolute size thresholds.

Accumulation patterns further depend on plant species, tissue architecture, exposure
duration and environmental conditions. In several studies, MNPs accumulated preferen-
tially within vascular tissues, intercellular spaces, root tips, and stomatal regions, often
forming heterogeneous aggregates [14,53]. Moreover, ultrastructural analyses have re-
vealed the presence of NPs as small as 25 nm within the cell nucleus, indicating that a
nano-sized fraction of plastic particles may enter the nuclear envelope (karyotheca). This
raises concerns regarding their potential to disrupt nuclear architecture and chromosome
integrity, thereby causing genotoxic effects, as demonstrated in Allium cepa [35]. Such
observations highlight the capacity of nanoscale plastics to cross multiple cellular barriers
and interfere with fundamental physiological processes.

Overall, existing research shows that the uptake, transport and bioaccumulation of
MNPs are not governed by a single universal mechanism. Instead, these processes arise
from dynamic interactions between particle physicochemical properties, plant anatomical
characteristics, and environmental conditions. As a result, future research should prioritize
mechanistic studies under environmentally realistic exposure scenarios to establish clearer
size thresholds, identify dominating absorption pathways across plant species, and improve
our understanding of long-term accumulation behaviour in agroecosystems.

4. Impact of Micro/Nanoplastics on Agroecosystems

Agroecosystems are especially vulnerable to contamination by MNPs and represent
an important interface between agricultural food production and the environment. These
emerging contaminants are introduced into agroecosystems through a variety of pathways,
including the application of sewage sludge and biosolids, fragmentation of plastic mulching
materials, irrigation with treated or untreated water and air deposition [60]. Compelling
data suggest that MNDPs are ubiquitous pollutants in agricultural systems that may have
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a negative impact on soil quality, plant physiological processes, and crop productivity,
thereby posing an indirect risk to human health. In soils, MNPs may disrupt microbial
community structure and interfere with nutrient cycling, ultimately reducing plant growth
and yield [61]. Furthermore, the accumulation of MNPs in edible plant tissues raises
significant concerns regarding food safety and the potential for long-term human exposure
through dietary intake and bioaccumulation. This section synthesizes current knowledge
on the effects of MINPs on key components of agroecosystems, with particular emphasis on
soil health and plant performance.

4.1. Impact on Soil

MNPs have been increasingly recognized as emerging contaminants capable of sub-
stantially modifying the physical, chemical, and biological properties of soils. These
alterations can impair soil functionality and its ability to sustain plant growth by dis-
rupting nutrient availability, root development, microbial interactions, and soil-plant
feedback mechanisms, ultimately affecting terrestrial ecosystem processes and hydrological
cycles [62].

With respect to soil physical properties, MNPs have been shown to affect bulk density,
aggregate stability, and soil-water dynamics. Changes in soil bulk density induced by
MNPs are particularly complex and context-dependent. For instance, the incorporation
of common plastic polymers such as high-density PE, PP, and PS into loamy sandy soils
resulted in a reduction in bulk density within 5 weeks, accompanied by notable modifi-
cations in soil structure and functional attributes [63]. Soil aggregate stability, a critical
determinant of infiltration capacity, aeration, and root penetration, has also been reported
to decline in MNP-contaminated soil [64]. Similarly, the widespread use of plastic mulch
films in agricultural systems has been associated with poor aggregate structure, reduced
soil aeration, and decreased water permeability, collectively exerting an adverse effect on
root development and overall plant performance [21]. Since soil pore architecture governs
water retention and movement, MNP contamination may further disrupt soil hydraulic
properties, including the infiltration rate, water-holding capacity, and hydraulic conductiv-
ity, primarily through pore blockage [65]. Consequently, MNP-induced modifications in
soil hydrological behaviour driven by variations in polymer type, concentration, particle
size, and morphology may exert unforeseen impacts on agroecosystem functioning, as
summarized in Table 2.

Table 2. Impact of various plastic polymers on soil.

Size Concentration

S. No. Plastic Type Shape (um) (%) Effects References
Significant shifts in the
Powder 125 1,5,10, 20 size, act.1v1t.y, structure, z.md [66]
functioning of the soil
microbial community
Polyethylene
1. (PE) Decreased growth rates
Powder <150 7,28,45, 60 and increased mortality of [43]
earthworms
0.05,0.1,0.2,04, Decreased soil bulk
Fragment 643 12 density [63]
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Table 2. Cont.

S. No. Plastic Type

Shape

Size
(um)

Concentration
(%)

Effects

References

Polyethylene
(PE)

Film

678

1,5

Inhibited Fluorescein
diacetate hydrolase activity.
Declined the richness and
diversity of nitrogen-fixing
bacteria

[67]

Fragment

>800

Decreased soil microbial
biomass

[61]

Fragment

50-1000

05,1,2

An increase in pH and a
decrease in electrical
conductivity was observed.
Increased soil C:N ratio
leads to microbial
immobilization due to
nitrogen deficiency

[68]

Fragment

<2000

0.1,0.25,0.5and 1

Urease and acid
phosphatase activity was
significantly decreased

[69]

Polyvinyl
chloride (PVC)

18

1,5

Inhibited Fluorescein
diacetate hydrolase
activity, stimulated urease
and acid phosphatase
activities.
Declined the richness and
diversity of bacterial
community

(671

Powder

80-250

0.1

Collembolan, which
contained a diverse
bacterial community, had
their growth and
reproduction inhibited

[70]

Powder

125

1, 5,10, 20

The activity of
3-1,4-Glucosidase,
cellobiohydrolase, and
xylosidase was suppressed

[66]

3. Polyester (PES)

1,2

Decreased water-holding
capacity
Microbial biomass
significantly decreased

[63]

Fibre

0.2

Microbial biomass
significantly decreased.
Significantly reduced
arbuscular mycorrhizae
colonization

[61]

Polyester
4. terephthalate
(PET)

Fragment

222-258

Decreased soil bulk density.
Increased evaporation

[61]
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Table 2. Cont.
S. No. Plastic Type Shape (Sulrz:) COI‘[C?(I"/U:)I‘ ation Effects References
(]
Reduced arbuscular
mycorrhizae colonization.
Polypropylene g Decreased microbial
5. (PP) Fragment 647-754 2 biomass in soil. [61]
Decreased in water-stable
aggregate.
Increased
) [3-1,4-Glucosidase activity
hy dr(i((;gl(iyra te- showing breakdown of
6 0 Powder 125 10 cellulose in soil and lower ;)
hydroxyvalerate) ey Y
(PHBV) Stimulated leucine
aminopeptidase and acid
phosphatase activity
An increase in pH and a
Starch-based decrease in electrical
7. biodegradable Fragment 50-1000 1 cor}du.c’Flwty was observ.e d. [68]
plastic (Bio) Significantly higher soil

C:N ratio compared to the
control

Soil chemical properties, including pH, nutrient availability, contaminant transport
capacity, and enzymatic activity, are also susceptible to MNPs’ interference. Soil pH is
a fundamental regulator of nutrient solubility and mobility, and the effects of MNPs on
soil pH are strongly dependent on soil characteristics and plastic loading levels [51]. In
addition to pH, soil mineral composition, both essential determinants of soil fertility and
crop productivity, has been identified as a key factor governing the transport and fate of
MNPs. These properties collectively modulate surface charge dynamics and interfacial
interactions between soil particles and plastic debris, thereby governing the mobility of
MNPs within the soil matrix [72]. Emerging evidence further indicates that MNPs can in-
terfere with soil organic matter turnover and nitrogen cycling, resulting in shifts in nutrient
availability that may ultimately constrain plant growth [25]. Moreover, MNPs may func-
tion as carriers for heavy metals (HMs), enhancing their persistence and mobility within
soils and increasing the likelihood of plant uptake. For instance, a positive association
between the abundance of MNPs and cadmium concentrations has been documented in
industrially contaminated soils [71]. Collectively, these findings highlight the importance
of systematically evaluating the interactive effects of aged MNPs and co-occurring HMs
on soil functionality. Soil enzymes, which are central to nutrient cycling, organic matter
decomposition, and detoxification pathways, may be particularly vulnerable to the accu-
mulation of MNDPs associated with contaminants. Disruption of enzymatic activities could
impair microbial functioning and nutrient turnover, with cascading consequences for soil
health and agricultural sustainability [73].

The biological integrity of soils encompassing both soil fauna and microbial commu-
nities is likewise negatively influenced by MNP contamination. Earthworms, commonly
employed as bioindicators of soil health, exhibit increased mortality, growth inhibition and
oxidative stress responses when exposed to elevated concentrations of MNPs [48]. Soil
microorganisms, which play a pivotal role in organic matter decomposition and nutrient
cycling, are particularly vulnerable to plastic pollution. Several studies have demonstrated
that exposure to MNPs can reduce microbial biomass and metabolic activity [74]. For
instance, low-density PE and PVC at concentrations ranging from 1 to 5 percent signifi-
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cantly decreased bacterial richness and diversity after 50 days of incubation [75]. Similarly,
reductions in ammonia-oxidizing bacterial abundance and nitrite reductase gene copy
numbers were reported in clay loam soils treated with low-density PE at concentrations of
0.10,0.50, 1, 3, 6, and 18 percent over 30 days [76]. For evaluating the difference between
pristine and aged plastic particles, an experiment was conducted using pristine PE MPs
and aged PE MPs with a concentration of 500 mg/kg dry weight for 14 days in soil. Aged
MPs tend to alter soil biological properties by causing more severe intestinal damage and
increasing cell membrane osmotic pressure in earthworms. Metabolic studies indicated
further disruptions in energy metabolism, including protein catabolism, amino acid imbal-
ance, and cellular structural damage. Overall, the results show that environmentally aged
MPs have a higher hazardous potential toward soil organisms than pristine particles [77].

Despite growing evidence of the multifaceted impacts of MNPs on soil systems, sub-
stantial knowledge gaps remain regarding the extent to which soil chemistry, texture,
structure, and functional processes are altered under varying environmental conditions.
Furthermore, many studies employ excessively high concentrations of MNPs that may
not accurately represent field conditions, limiting ecological relevance and cross-study
comparability. Therefore, the establishment of a standardized monitoring framework and
environmentally relevant exposure models is essential to better understand MNP contami-
nation and associated soil-water dynamics, which is essential to support sustainable soil
management and long-term agricultural productivity.

4.2. Impact on Plants

MNPs can influence plants either directly through root uptake and foliar deposition, or
indirectly via soil-mediated pathways. Their effects on plant performances are commonly
evaluated using physiological and growth-related indicators, including seed germination,
biomass accumulation, plant height, leaf area, root development, soluble sugar content,
chlorophyll concentration, and photosynthetic efficiency [56]. Importantly, age MNPs often
exhibit greater surface roughness, oxidation, and adsorption capacity for co-contaminants
than pristine particles, thereby modifying their mobility, bioavailability, and phytotoxic
behaviour in plant-soil systems [78]. Numerous studies have demonstrated that MNP
exposure adversely affects seed germination, biomass production, and photosynthetic
activity, as illustrated in Figure 3.

MNPs can indirectly affect plants by altering soil properties and rhizosphere func-
tioning. The accumulation of MNPs led to modifications in soil structure, porosity, water
retention, nutrient dynamics, and microbial community composition, thereby influencing
plant growth and nutrient acquisition. In Phaseolus vulgaris L., grown in soil amended
with 1.5%, 2.0%, and 2.5% MPs, a significant reduction in root biomass was observed [79].
This was associated with not only direct particle exposure but also with impaired soil
physical conditions and nutrient transport. In another study, Ammophila arenaria seedlings
exposed to plastic microbeads (MBs) resulted in reduced root length and biomass, likely
due to altered soil physical properties and disruption of the rhizosphere microbial com-
munity [80]. Aged MNPs may intensify these indirect effects because weathered surfaces
possess greater adsorption capacity, thereby increasing contaminants” mobility and bioavail-
ability in soils [81].
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Figure 3. Schematic presentation of the toxic effects of micro/nanoplastics on plants. (a) Impact of
micro/nanoplastics on plant physiology and biochemistry. (b) Effect of MNPs inside a plant cell
showing entry of MNPs in the cell, disruption of the cell membrane and dysfunction of ion channel
transporter, inhibition of respiratory dehydrogenases and electron transport chain, ATPase complex
and generation of ROS, disruption of chloroplast and photosystem, inhibition of DNA replication in
nucleus, protein damage and other organelle damage due to excess production of ROS leading to
cell death.

Direct phytotoxicity primarily arises from the uptake and accumulation of MNPs
within roots, vascular tissues, and aerial organs. Plant growth inhibition by MNPs has
frequently been attributed to delayed seed germination, primarily resulting from physical
blockage of seed coat pores and subsequent impairment of water uptake [51]. MNP
accumulation on seed surfaces and within early root tissues restricts water absorption,
thereby retarding germination and root elongation [37]. For instance, a significant reduction
was reported in the germination rate of Lepidium sativum following 8 h of exposure to MNPs
compared with untreated controls [82]. This reduced germination capacity was largely
ascribed to the obstruction of seed pores and root hairs by plastic particles [83]. Similarly,
the root length in Allium cepa decreased by approximately 41.5% after 72 h of exposure to PS
NPs, which accumulated within root tissues and disrupted water and nutrient uptake [35].
Comparable inhibitory effects on above- and below-ground biomass were reported in
wheat across both vegetative and reproductive growth stages [84]. MNP exposure has also
been shown to induce structural alterations in root epidermal cells, leading to swelling in
the root maturation zone and reduced efficiency of water uptake and nutrient transport via
root hair [34].

Following internalization, MNPs can accumulate within root epidermal tissues, vascu-
lar bundles, and intercellular spaces, leading to structural and physiological disturbance.
High-density PE, PP, and polyamide particles significantly reduced root growth and fruit
biomass in Allium fistulosum (spring onions), whereas low-density PE MPs and biodegrad-
able plastics negatively affected plant height, tiller number and grain formation in Triticum
aestivum [49]. Shoot growth suppression under MNP stress has been linked to impaired
cell-to-cell connectivity in roots and restricted translocation of nutrients to aerial tissues [17].
Moreover, transcriptomic analyses indicate that MINPs can downregulate genes associated
with plant growth and development, thereby limiting biomass accumulation [85]. Exposure
to NPs also reduced leaf biomass in Vigna radiata following 14 days of treatment with
PS nanobeads at concentrations ranging from 10 to 100 mg/kg ! dry soil [86]. In maize,
bioaccumulation of MNPs in the rhizosphere resulted in nearly 50% reductions in plant
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biomass and height, accompanied by substantial declines in transpiration rate and nitrogen
content [49]. Transcriptome profiling further revealed that MNP exposure interferes with
rice growth by disrupting signal transduction pathways, phenylalanine metabolism, and
the expression of transport proteins involved in water and nutrient movement [56]. Beyond
growth inhibition, MNP exposure negatively affects plant nutritional quality. A reduction
was observed in essential amino acids, including leucine, isoleucine, valine, lysine, threo-
nine, and tryptophan, in lettuce exposed to PS NPs [47]. Additionally, semi-essential and
non-essential amino acids such as serine, proline, tyrosine, arginine, aspartate, ornithine,
and asparagine were also markedly reduced, indicating disruptions in multiple metabolic
pathways responsible for amino acid biosynthesis.

The accumulation of MNPs in leaf tissues has pronounced consequences for photo-
synthetic performance. A concentration-dependent decline in chl a and b content in lettuce
treated with PE MNPs has been demonstrated [87]. Concurrently, the photosynthetic rate,
stomatal conductance and transpiration were significantly reduced while intercellular CO,
concentration increased. MNP exposure has also been reported to impair chlorophyll
fluorescence parameters, including electron transport rate, photochemical quenching, pho-
tosystem Il activity, and non-photochemical quenching [8]. These alterations collectively
reduced the quantum efficiency of photosystem II reaction centres [85]. In aquatic pho-
toautotrophs such as Scenedesmus and Chlorella, 20 nm PS NPs inhibited photosynthesis,
likely due to shading effects that limited light penetration [82]. Similarly, Lactuca sativa
exposed to PVC MNPs ranging from 100 nm to 150 mm in size exhibited reduced photosyn-
thetic capacity over a 14-day exposure period [88]. MNP exposure disrupts cellular redox
homeostasis by interfering with electron transport chains in chloroplasts and mitochondria,
leading to the excessive generation of ROS, including superoxide radicals (Ope ™), hydro-
gen peroxide (H,O,), hydroxyl radicals (OH') and singlet oxygen (10,) [72]. Furthermore,
interactions of MNPs with cellular membranes can alter membrane permeability, which
can generate calcium imbalance and activate NADPH oxidases, which further enhance
ROS generation [86].

While basal ROS levels are essential for regulating cellular proliferation and differ-
entiation, excessive ROS production under MNP stress induces oxidative damage, DNA
lesions, and dysregulation of programmed cell death [85]. Elevated HyO;, accumulation
has been observed in Lepidium sativum following PE exposure and PVC-treated plants after
prolonged exposure, reflecting its dual role as a signalling molecule and as a substrate for
multiple oxidative enzymes [88]. The diverse negative impacts of different MINPs on plant
species are summarized in Table 3.

Table 3. Bioaccumulation and effect of micro/nanoplastics on plants.

S. No.

Test Plant

Polymer and

Size Concentration Duration Effects References

Broad bean
(Viicia faba)

Oxidative damage
PS caused oxidative
damage, decreased CAT
content and increased SOD
48 h and POD content [89]
Genotoxicity
100 nm PSMPs entered the
V. faba root tissue and
caused genotoxicity

PS; 5 um and 10, 50,
100 nm 100 mg L~}

Perennial
ryegrass
(Lolium perenne)

Photosynthesis
MPs elevated chl-a/chl-b
ratio and inhibited the
synthesis of chl-b

0.001%, 0.1%
(w/win dry 30 days
soil)

PLA, HDPE, MPs

clothing fibres [17]
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Table 3. Cont.

S. No. Test Plant

Polymer and
Size

Concentration

Duration

Effects

References

Onion (Allium
cepa)

Red PS
microspheres;
50 nm

0.01,0.1,
1gL!

72h

Oxidative damage
H,0, and TBARS contents
significantly increased
under 1 g/L_1 nano PS
treatment
Genotoxicity
Induction of cytogenetic
anomalies and micronuclei

Onion (Allium
cepa L.)

PS; 100 nm

25, 50, 100, 200,
400 mg L1

72h

Oxidative damage
MPs induced ROS
production
Genotoxicity
PS induced chromosomal
abnormalities and lowers
cdc2 gene expression

Lettuce (Lactuca
sativa L.)

PVC-a
(100 nm-18
um), PVC-b
(18-150 pum)

0.5%, 1.0%,
2.0% (w/w in
dry soil)

3 weeks

Photosynthesis

Car synthesis was
promoted by PVC-a but
inhibited by PVC-b; 1%

PVC-a reduced the ability
of light energy sorption
and electron transfer

Oxidative damage

1% PVC-a increased the
SOD activity

[54]

Garden cress
6. (Lepidium
sativum)

PP, PE, PVC,
PE + PVC

0.02% (w/w in
dry soil)

21 days

Photosynthesis
MPs significantly elevated
the contents of chl-a, chl-b
and car
Oxidative damage
Oxidative bursting
occurred; MPs significantly
increased the level of H,O,
and decreased AsA and
GSH; PVC resulted the
most toxic effect
Nutrient metabolism
Proline concentration
reached the highest and
lowest values under PVC
treatment and PE + PVC
treatment, respectively

[90]

Rice (Oryza
sativa L.)

PS-MPs;
<50 pm

50, 250,
500 mg L1

21 days

Oxidative damage
PS-MPs inhibited the
activities of SOD, POD and
MDA,; the levels of ROS
and CAT showed inverted
U-shape trend
Nutrient metabolism
More than 70% of
metabolites in rice leaves
were significantly changed,
and the contents of most
amino acids, organic acids
and saccharides decreased
with the increase in PSMP
dose

[46]
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Table 3. Cont.

S. No. Test Plant

Polymer and

Size Concentration Duration Effects References

Arabidopsis
thaliana

Photosynthesis
The chl content of plants
decreased when exposed
tol0g kg_1 PS-NH,
Oxidative damage
Positively charged NPs
induced a higher
accumulation of ROS and
0.3,1.0gkg™! 7 weeks H,0, [34]
Nutrient metabolism
Gene ontology terms for
metabolic processes that
scavenge free radicals and
induce defence responses
were upregulated, while
for peroxidases they were
downregulated

PS-SOzH
(negatively
charged), PS-NH,
(positively
charged);

200 nm

Spring barley
9. (Hordeum
vulgare L.)

Oxidative damage
MPs increased the
concentrations of H,O,
and O, in roots, and
changed the activities of
ROS metabolic enzymes in
2gmL~! 14 days leaves and roots [54]

Photosynthesis
MPs significantly affected
phytohormones and
caused different glycolysis
regulation strategies in
leaves and roots

non-fluorescent
PS
(5.64 £ 0.07 pm);
fluorescently
labelled PMMA
(96.75 £ 0.58 nm)

Rice (Oryza

10. sativa L.)

Oxidative damage
PS-NPs enhanced POD,
SOD and CAT activities,

and activated carbon
metabolism
Nutrient metabolism
16 days PS-NPs inhibited [71]
jasmonate and lignin
biosynthesis
Genotoxicity
PS-NPs induced
differential expressions in
root-related genes

10, 50,

PS-NPs; 20 nm 100 mg L

Genotoxicity effects represent another critical aspect of MNPs’ phytotoxicity. Using
the mitotic index and micronucleus assays, it was demonstrated that exposure to MPs at
concentrations 10, 50, and 100 mg L~ of size 100 nm induced genotoxicity and oxidative
stress in Vicia faba [89]. A similar cytogenetic abnormality, including reduced mitotic
index and increased micronucleus formation, were reported in Allium cepa root meristems
exposed to 50 nm NPs [35]. MNP-induced chromosomal aberrations and spindle damage
have also been associated with the downregulation of the cell cycle regulator cdc2, leading
to cell cycle arrest and genotoxicity in Allium cepa L. [5]. Particle size plays a crucial role:
larger MNPs tend to accumulate in the cytoplasm, whereas smaller NPs of 30 nm can
penetrate the nucleus and disrupt chromatin structure and function [91].
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To mitigate MNP-induced oxidative stress, plants activate multiple defence mecha-
nisms, including physical barriers and antioxidant systems [92]. Both enzymatic antioxi-
dants, such as SOD, POD and CAT, and non-enzymatic antioxidants, including glutathione
(GSH) and ascorbic acid (ASA), contribute to ROS scavenging under MNP exposure [48].
A significant increase in SOD activity was observed in Vicia faba roots following exposure to
MPs of varying sizes, 5 um and 100 nm, and concentrations, 10, 50 and 100 mg Lt likely
reflecting enhanced ROS production [89]. In rice, low concentrations of PS NPs stimulated
SOD activity, whereas higher concentrations suppressed enzyme activity, indicating a
threshold-dependent response [56]. Excessive MNP accumulation can induce an oxidative
burst and structural damage to antioxidant enzymes, thereby reducing their activity and
overwhelming the plant’s detoxification capacity [8]. CAT activity, which is essential for
H,0O, detoxification, was significantly reduced in cucumber plants exposed to larger-sized
PS NPs, highlighting the size and concentration-dependent toxicity of MNPs [54]. Overall,
these findings demonstrate that MNP-induced phytotoxicity is strongly influenced by
particle size, concentration, polymer type, and plant species, underscoring the complexity
of plant responses to plastic contamination in terrestrial ecosystems.

5. Ecological Fate of Micro/Nanoplastics

The ecological fate of MNPs is governed by a series of interconnected processes, in-
cluding environmental input, transformation in the environment and their fate within
organisms. They continuously migrate and transfer among different environmental com-
partments, and there is almost no final endpoint for their disappearance [93]. Their ultimate
destinations are mainly the sediments of various environmental media and terrestrial soils.
Recent studies indicate that the behaviour of MNPs is highly dynamic and strongly influ-
enced by their physicochemical properties, environmental conditions, and interaction with
organic matter and microbial communities [94]. Due to their persistence, the sequestered
plastics may re-enter the ecological cycle after hundreds or even thousands of years due to
natural disturbances or human activities, posing a persistent environmental problem [95].
The ecological fate of MNPs has been extensively examined with respect to their pathways
of environmental entry, transport and distribution dynamics, and transformation and
degradation processes, as well as their ultimate accumulation and persistence in different
ecological niches.

MNPs enter terrestrial and aquatic ecosystems through multiple primary and sec-
ondary sources. Major plastic debris enters terrestrial environments through multiple
routes, including mulching, sewage sludge, wastewater irrigation, atmospheric deposition,
landfill leachates, and degradation of agricultural plastics [96]. In aquatic environments,
rivers, industrial effluents, and direct ingestion by marine organisms facilitate their move-
ment through aquatic food chains [72]. Atmospheric transport further contributes to the
global dispersal of MNPs, enabling their deposition even in remote and extreme ecosystems
such as polar and alpine regions [10]. MNPs have been detected in deep-sea sediments
of the Western Pacific at a depth of 4601-5732 m, with reported concentrations of up to
240 plastic pieces per kg~ ! of dry sediment, while coral reef ecosystems in Xisha Islands of
the South China Sea exhibit contamination ranging from 0.2 to 45.2 items L~ [88]. Their
presence in remote cryospheric systems further highlights the ability of atmospheric cur-
rents to transport plastic particles over long distances [97]. Recent evidence also suggests
that cross-media transport between atmosphere, soil, freshwater, and marine systems plays
a crucial role in determining their environmental fate [98].

Following environmental release, MNPs undergo extensive redistribution through
wind, sedimentation, soil percolation, and trophic movement. Their transport behaviour
depends strongly on particle size, density, shape, surface charge, and degree of weather-

https://doi.org/10.3390 /microplastics5030139


https://doi.org/10.3390/microplastics5030139

Microplastics 2026, 5, 139

20 of 30

ing [12]. NPs, owing to their extremely small size and high surface-area-to-volume-ratio,
exhibit greater mobility through soil pores, groundwater systems, and biological mem-
branes than larger MPs [72]. In terrestrial ecosystems, soil fauna and agricultural practices
facilitate the movement of MNPs into deeper soil layers. In aquatic systems, numerous
marine organisms ingest MPs and transport co-contaminants across trophic levels, raising
concerns regarding pollutant transfer and biomagnification within food webs [99]. Environ-
mental ageing and biofilm formation significantly alter particle density and hydrophobicity,
thereby influencing aggregation, deposition, and resuspension processes [100]. Biofouling
can increase particle density and promote sinking into benthic environments, enhanc-
ing long-term sediment accumulation [101]. Additionally, MNPs can act as vectors for
contaminants including HMs, antibiotics, pesticides and persistent organic pollutants.
Weathered plastics often show a greater ability to adsorb these contaminants and facilitate
their transport from one environment to another [102].

After entering the environment, MNPs undergo continuous transformation through
physical, chemical and biological weathering processes. Environmental ageing is increas-
ingly recognized as a critical determinant of MNPs’ fate and behaviour, as most envi-
ronmental particles exist in an aged and transformed state rather than in their original
form [103]. Mechanical abrasion, ultraviolet radiation, thermal oxidation, hydrolysis, and
microbial activity progressively fragment larger plastics into smaller and more reactive
particles [96]. Recent studies further report that aged MNPs exhibit different ecotoxicologi-
cal behaviour compared with pristine particles, as ageing alters surface chemistry, charge
distribution, and adsorption capacity [104]. Environmental factors such as UV intensity,
salinity, pH, temperature, and dissolved organic matter strongly influence ageing kinetics
and transformation pathways [105]. Although the biodegradation of certain polymers
by bacteria, fungi, and algae has been reported, degradation rates under natural environ-
mental conditions remain extremely slow [96]. Consequently, incomplete degradation
frequently results in further fragmentation and generation of secondary NPs rather than
complete mineralization [106]. However, the persistence of aged and fragmented particles
still enables their long-term accumulation in soils, sediments, and living organisms.

The ultimate environmental fate of MNPs involves their long-term accumulation in
soils, sediments, aquatic ecosystems and biota. Sediments are considered a major sink for
MNPs as sedimentation and biofouling facilitate particle deposition [51,99]. Agricultural
soil also functions as an important reservoir due to repeated inputs from mulching films,
biosolids, composts, and wastewater irrigation [21]. The persistence of MNPs enables
their incorporation into ecological food webs through ingestion by soil fauna, benthic
organisms, zooplankton, and many more. Trophic transfer of plastic particles has been
documented across terrestrial and aquatic ecosystems, raising concerns regarding ecolog-
ical biomagnification and food web contamination [107]. In addition to direct particle
transfer, colonized plastics may function as vectors for invasive microorganisms and
pathogenic species, facilitating their dissemination across ecosystems [108]. MNPs also
provide surfaces for specialized microbial assemblages, collectively termed the “plasti-
sphere’ [84]. These plastisphere-associated communities can alter nutrient cycling, organic
matter and pollutant transformation processes. Recent evidence suggests that plastisphere
interactions may further influence MNP persistence, aggregation behaviour, and ecological
interactions [109]. Despite substantial advances, understanding of the long-term eco-
logical fate of MNPs remains incomplete, particularly regarding MNPs’ transformation
pathways, environmental half-lives, and climate-driven redistribution processes. Despite
growing attention, understanding of the ecological fate of MNPs, including their transfor-
mation, transport, accumulation, and environmental interactions, remains limited. Their
persistence and potential ecological risks highlight the need for advanced monitoring
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approaches, harmonized assessment protocols, and integrative risk evaluation frameworks.
Strengthening knowledge on the environmental fate of MNPs is essential for informing
regulatory policies and improving plastic management strategies in an increasingly plastic-
impacted world.

Human Health Risk

The widespread accumulation of MNPs in agricultural soil makes their interactions
with plants inevitable. Plants are primary producers with a crucial role in the terrestrial
food chain, which has led to significant concern regarding potential risks to human health
through trophic transfer. A major route of human exposure to MNPs occurs through
ingestion of contaminated food and water. A large portion of inhaled MNPs, particularly
thin fibres, can be deposited in alveoli, alveolar ducts, and terminal bronchioles, causing
chronic inflammation and fibrosis [110]. Plant-based foods are critical sources of nutrition
for humans, delivering key nutrients required for optimal health. However, research
revealed that plants could uptake MNPs from the environment, with NPs and tiny MPs
absorbed by lettuce, radish, wheat, and corn, even at the seedling stage [111]. Conti
et al. (2020) [112] further examined the presence of MNPs in edible fruits like apples and
European pears, as well as in vegetables including lettuce, broccoli, carrot and potato. It
was observed that fruits and vegetables have a mean concentration of MPs in the range
of 1-4 pm, with 190.000-196.000 particles/g fresh weight and 51.000-126.000 particles/g
fresh weight, respectively [112]. These investigations showed that MNPs can be absorbed
by plant roots and transferred to shoots and leaves. The presence of MNPs in edible plant
parts raises concerns regarding potential human exposure through contaminated foods.
Additionally, MNPs can cross biological barriers due to their small size and accumulate in
various organs and tissues, such as the colon, liver, lungs, kidneys, placenta and circulation,
even in the frontal cortex and cerebrospinal fluid of the brain [113]. Moreover, MNPs have
been found to accumulate substantially more in the brains of Alzheimer’s patients than
in healthy persons, indicating that MNPs may have neurotoxic effects and play a role
in neurodegenerative illnesses [114]. MNPs can generate ROS by altering mitochondrial
membrane integrity, which further causes protein oxidation, lipid peroxidation, DNA
damage and genotoxicity [115]. Evidence from animal models indicates that MNP exposure
may induce hepatic changes resembling those seen in human metabolic dysfunction-
associated steatotic liver disease and metabolic dysfunction-associated steatohepatitis [116].

Given the rapid increase in MNP contamination and its detrimental impacts on human
health, there is an urgent need to reduce the sources of plastic pollution and develop
effective mitigation strategies to minimize the associated ecological and human health risks,
thereby protecting environmental and public well-being.

6. Exogenous Approaches for Mitigation of Micro/Nanoplastic Toxicity in
Plant Systems

Recent investigations have revealed several complementary strategies for mitigating
phytotoxicity induced by MNPs and related soil dysfunction. These approaches primarily
involve the application of plant growth regulators, engineered nanomaterials, nutrient-
based interventions, and beneficial plant-microbe interactions, which collectively regulate
oxidative stress by limiting uptake of MNPs, restoring hormonal balance and improving
physiological resilience in plants. However, the effectiveness of these strategies is highly
dependent on concentrations, plant species, polymer type, and environmental conditions.
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6.1. Nanomaterial-Based Mitigation Strategies

Engineered nanomaterials have shown considerable potential in alleviating the tox-
icity of MNPs by reducing particle uptake and improving antioxidant defence systems.
It has been studied that zinc oxide nanoparticles in fragrant rice promoted particle ag-
gregation, thereby reducing plastic absorption while improving metabolic pathways and
preserving grain aromatic quality through increased 2-acetyl-1-pyrroline production [117].
Similarly, MnFe,O4 nanomaterials were used in maize and soybean, where foliar applica-
tion of nanomaterials improved antioxidant coordination, photosynthetic efficiency and
flavonoid-based stress mitigation under MNP toxicity in soybean, whereas soil application
of nanomaterials in maize alleviated toxicity by restoring the nitrogen assimilation and
TCA cycle intermediates [118]. These findings suggest that mitigation efficiency depends
not only on nanomaterial properties but also on delivery methods. Additionally, in poplar
plants, co-application of multi-walled carbon nanotubes reduced PS NP-induced toxic-
ity during poplar micropropagation by lowering particle adhesion, restoring hormonal
balance, and reactivating vascular differentiation pathways [119]. Although such studies
demonstrate the potential of nanomaterials as modulators of MNP stress, concerns regard-
ing nanomaterial persistence, secondary toxicity, and long-term environmental impacts
remain insufficiently explored.

6.2. Plant Growth Regulator and Nutrient-Based Interventions

Plant growth regulators have emerged as a promising tool for enhancing plant toler-
ance to MNP stress through the regulation of antioxidant systems, hormonal signalling,
and membrane transport pathways. Exogenous application of 50 nM brassinosteroids sig-
nificantly decreased PS NP accumulation in edible tissues in tomato plants and improved
growth by regulating aquaporin-related genes involved in water transport and activating
fatty acid and amino acid metabolism pathways [120]. Strigolactone treatment in Zea mays
also reduced PS NP accumulation through modulation of hormone signalling networks,
mitogen-activated protein kinase pathways, ABC transporters, and amino acid biosynthe-
sis [121]. Likewise, exogenous melatonin application in wheat restricted PS NP uptake
and translocation by altering the expression of membrane transporter genes PIP1.2, PIP2,
PIP3 and TIP2.9 in leaves, as well as PIP1.2, PIP1.5, PIP2, and TIP2.9 genes in roots, while
simultaneously strengthening antioxidant defence and ROS scavenging capacity [122].
Nutrient-based interventions and antioxidant molecules have also demonstrated protective
effects against MNP-induced toxicity. It was shown that selenium application in kale
enhanced antioxidant defence, restored hormonal equilibrium, improved photosynthetic
pigment accumulation, and stimulated phytochemical synthesis, ultimately promoting
plant growth under exposure to MNPs [123]. Similarly, the combined application of zinc
and auxin alleviated positively charged PS NP toxicity in rice through restoration of redox
balance and enhancement of tetrapyrrole biosynthesis [124]. In maize, foliar application
of extracellular ATP (1 mM) alleviated toxicity by enhancing antioxidant defence and
downregulating aquaporin genes (ZmNIP4:1 and ZmNIP1:2), thereby reducing PS NP
accumulation [125]. Glutathione (GSH), a central regulator of cellular redox homeostasis,
has also been shown to mitigate PET- and HDPE-induced toxicity in Oryza sativa [126].
Elevated GSH levels enhanced ROS scavenging, protected photosynthetic machinery, and
maintained ionic homeostasis by reducing ROS-induced cation efflux, particularly of K*
and Ca?*. These findings highlight that phytohormone regulators and nutrients may alle-
viate the toxicity of MNPs by coordinating redox homeostasis, membrane transport, and
stress-responsive signalling pathways.
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6.3. Microbe-Mediated Rhizosphere Modulation

Microbe-mediated rhizosphere modulation is the dynamic interaction between plants
and soil microbes that affects root zone chemistry, structure and functionality. Beneficial
microorganisms in the rhizosphere serve a critical role in increasing nutrient availability,
boosting stress resilience, and regulating plant physiological responses. Di-2-ethylhexyl
phthalate (DEHP), an engineered chemical widely used as a plasticizer, has also been re-
ported to influence plant—plastic interactions. In lettuce, DEHP reduced submicron plastic
accumulation by limiting root uptake, while simultaneously alleviating oxidative damage
and associated metabolic disruptions. Moreover, DEHP modulated the rhizosphere micro-
biome by promoting specific bacterial taxa, thereby mitigating submicron plastic-induced
microbial dysbiosis in contaminated agroecosystems [127]. Plant-microbe interactions are
also significantly impacted by soil contaminated with MNPs. Depending on the type of
polymer, it has been demonstrated that Arbuscular mycorrhizal fungi (AMF) differentially
regulate the uptake and toxicity of MNPs in lettuce. AMF promoted plant development
by regulating zeatin production and nucleotide metabolism, which decreased PET accu-
mulation and phytotoxicity. On the other hand, AMF increased the absorption of PP and
PS, resulting in growth repression and metabolic inhibition [128]. These contrasting re-
sponses indicate that AMF-mediated mitigation is highly polymer-specific and dependent
on rhizosphere interactions.

Although these mitigation approaches demonstrate promising potential, current evi-
dence is largely derived from short-term laboratory or hydroponic studies conducted under
controlled conditions and often at unrealistically high MNP concentrations. Critical knowl-
edge gaps remain regarding long-term environmental safety, nanomaterial persistence
and scalability under field conditions. Overall, integrating nanotechnology, plant growth
regulators, and microbiome-based approaches may provide a sustainable solution for re-
ducing MNP toxicity in agroecosystems, although careful evaluation of their environmental
feasibility and biosafety is essential before large-scale agricultural implementation.

7. Conclusions and Future Prospects

MNPs in agricultural ecosystems represent an emerging environmental stressor with
far-reaching implications for plant health, food safety, and ecosystem functioning. Their
potential to disrupt nutrient cycling, alter plant metabolic processes, and modify soil micro-
bial communities underscores the urgency of identifying and mitigating sources of plastic
contamination within agroecosystems. Although research on the uptake, translocation, and
accumulation of MNPs in plants is steadily increasing, a comprehensive understanding
of their effects on plant physiology, soil properties, and broader environmental processes
remains limited.

Advancing knowledge of MNP soil-plant interactions is essential for the develop-
ment of effective mitigation strategies that safeguard both environmental integrity and
agricultural productivity. Future research should prioritize elucidating the mechanistic
pathways governing MNP uptake, translocation, and accumulation in plant systems. The
application of advanced analytical approaches, including high-resolution nanoscale imag-
ing and spectroscopic techniques, will be crucial in resolving the precise entry routes and
intracellular fate of MNPs. In parallel, molecular and omics-based tools may provide critical
insights into plant perception, signalling, and adaptive responses to MNPs at cellular and
genetic levels, thereby aiding in the identification of tolerance mechanisms and toxicity
mitigation strategies.

Equally important is the need to investigate the interactive effects of MNPs with
co-occurring environmental stressors, such as climate change, heavy metal contamination,
and agrochemical inputs. Understanding whether these factors act synergistically or
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antagonistically to influence MNPs’ bioavailability and toxicity will be vital for accurately
predicting their long-term ecological and agronomic consequences. Furthermore, exploring
the potential of plant breeding and genetic engineering approaches to enhance resilience
against MNP-induced stress and to limit their accumulation warrants focused attention.

From a management and policy standpoint, the implementation of sustainable agri-
cultural practices and the establishment of robust regulatory frameworks are imperative
to reduce plastic inputs into agricultural soils. The adoption of biodegradable plastic
alternatives, coupled with improved waste management and recycling strategies, may
substantially help mitigate MNP contamination and promote long-term soil health and
agroecosystem sustainability.
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MNPs  Micro/Nanoplastics
MPs Microplastics
NPs Nanoplastics

PS Polystyrene

PP Polypropylene

pPvC Polyvinyl chloride

PE Polyethylene

ROS Reactive oxygen species

SEM Scanning electron microscopy
TEM Transmission electron microscopy

PSNPs Polystyrene nanoplastics
HMs Heavy metals

SOD Superoxide dismutase
POD Peroxidase

CAT Catalase

GST Glutathione

ATP Adenosine triphosphate
DEHP  Di-2-ethylhexyl phthalate
AMF Arbuscular mycorrhizal fungi
SL Strigolactone

PET Polyethylene terephthalate
LDPE Low-density polyethylene
HDPE  High-density polyethylene
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