
Academic Editor: Nicolas Kalogerakis

Received: 20 December 2024

Revised: 1 February 2025

Accepted: 3 April 2025

Published: 7 April 2025

Citation: Wolff Leal, T.; Tochetto, G.;

Lima, S.V.d.M.; de Oliveira, P.V.;

Schossler, H.J.; de Oliveira, C.R.S.; da

Silva Júnior, A.H. Nanoplastics and

Microplastics in Agricultural Systems:

Effects on Plants and Implications for

Human Consumption. Microplastics

2025, 4, 16. https://doi.org/10.3390/

microplastics4020016

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Nanoplastics and Microplastics in Agricultural Systems: Effects
on Plants and Implications for Human Consumption
Tarcisio Wolff Leal 1 , Gabriel Tochetto 2 , Sayonara Vanessa de Medeiros Lima 3, Patricia Viera de Oliveira 3,
Henrico Junior Schossler 4, Carlos Rafael Silva de Oliveira 3,5,* and Afonso Henrique da Silva Júnior 3,4

1 Department of Environmental Engineering, Federal University of Paraná, Curitiba 81530-000, PR, Brazil;
tarcisio.leal@ufpr.br

2 Department of Sanitary and Environmental Engineering, Federal University of Santa Catarina,
Florianópolis 88040-900, SC, Brazil; gabriel.tochetto@posgrad.ufsc.br

3 Department of Chemical and Food Engineering, Federal University of Santa Catarina,
Florianópolis 88040-900, SC, Brazil; sayonara.vanessa@posgrad.ufsc.br (S.V.d.M.L.);
p.v.oliveira@posgrad.ufsc.br (P.V.d.O.); afonso.silva@ufsc.br (A.H.d.S.J.)

4 Department of Energy and Sustainability, Federal University of Santa Catarina,
Araranguá 88905-120, SC, Brazil; henrico.bug@gmail.com

5 Graduate Program in Nanoscience, Processes and Advanced Materials (PPGNPMat), Federal University of
Santa Catarina, Blumenau 89036-256, SC, Brazil

* Correspondence: carlos.oliveira@ufsc.br

Abstract: Nanoplastics and microplastics in agricultural systems have raised significant
concerns due to their effects on plant health and potential risks to human consumption.
This review examined these pollutants’ origins, behavior, and impacts in agricultural envi-
ronments, emphasizing their primary contamination pathways, such as irrigation, plastic
mulching, and sewage sludge application. It explored the transport, accumulation, and in-
teractions of these particles in the soil, including their ability to adsorb other contaminants
like pesticides and heavy metals. The effects on plant physiology and potential toxicity
were highlighted, along with the implications for food quality and safety. Chronic exposure
to these pollutants through the food chain posed notable health concerns for humans,
emphasizing the urgency of addressing this issue. Research gaps, such as the toxicokinetics
of nanoplastics and microplastics in plants and humans, were identified, underscoring the
need for further investigation. The review also presented mitigation strategies, including
improved waste management and the development of sustainable agricultural practices.

Keywords: environmental impact; plastic pollution; soil ecosystems; food safety

1. Introduction
Microplastics and nanoplastics (MPs and NPs, respectively) are formed through the

fragmentation and degradation of larger plastic items due to environmental factors such as
UV radiation, mechanical abrasion, and chemical weathering. MPs are particles ranging
from 5 mm to 1 µm, while NPs are smaller, ranging from 1 µm to 1 nm [1]. These particles
possess unique physicochemical characteristics, such as high surface area, hydrophobicity,
and the ability to adsorb organic pollutants, heavy metals, and other contaminants from
their surroundings. Their small size enables them to easily penetrate biological membranes,
potentially leading to toxicological effects in aquatic and terrestrial organisms. Additionally,
their persistence in the environment is heightened by their resistance to biodegradation,
contributing to long-term ecological and health challenges [2].

While the presence of NPs in water, especially in oceans, has received significant
attention from the scientific community, their presence in agricultural environments is a
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growing concern [3]. Plastics enter these systems through various pathways, including
plastic mulching films, irrigation with contaminated water, and applying sewage sludge as
fertilizer. Additionally, MPs and NPs can be introduced through atmospheric deposition, as
plastic particles are transported by wind from urban areas and industrial zones. Wastewater
treatment plants (WWTPs) are also significant contributors to the release of NPs into
agricultural systems [4]. Many plastic debris particles reach WWTPs, where the treatment
process fragments them into smaller particles, including NPs that are difficult to remove.
These particles are often retained in sludge, which is later used as fertilizer in agricultural
fields or deposited in soil. For example, it is estimated that sludge from WWTPs contains
between 1000 and 183,000 plastic particles per kilogram of dry weight. This practice can
introduce large quantities of MPs and NPs into agricultural soils, where they persist and
interact with the environment [5].

In addition to contamination from WWTPs, agricultural practices contribute to re-
leasing plastic particles. Plastic mulches, used extensively in agriculture to control weeds
and conserve soil moisture, break down over time, releasing MPs and NPs into the soil.
Furthermore, irrigation systems that rely on water contaminated with plastics contribute to
the widespread distribution of these particles in farmlands [6]. The challenge is exacerbated
by the difficulty of detecting and removing these particles from water and soil systems, as
their small size and widespread distribution complicate their management. The ubiquity
of MPs and NPs across environments is well documented, with reports of their presence
not only in aquatic systems but also in the atmosphere and remote locations such as the
Austrian Alps [7] and Antarctica [8]. However, the global transport of these materials
still needs to be fully elucidated, particularly in the context of agricultural environments.
Figure 1 illustrates the global cycling of NPs and MPs through aquatic, terrestrial, and at-
mospheric systems, highlighting the multiple pathways through which these contaminants
reach agricultural soils. The deposition of MPs and NPs from atmospheric transport and
aquatic migration underscores the complexity of their environmental distribution, making
their accumulation in agricultural lands a growing concern. These particles can alter soil
physicochemical properties, impact microbial communities, and potentially enter the food
chain through crop uptake, raising concerns about their implications for food safety and
human health. Also, one critical question is the variation in concentrations of MPs and NPs,
as their distribution appears to vary widely depending on environmental factors.

Many studies indicate that plastic materials in the aquatic environment, such as in
oceans, lakes, and even water for human consumption, belong to this environmental
compartment [9]. Among the many plastic particles found in aquatic environments, the
most frequent types are polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl
chloride (PVC) and polyethylene terephthalate (PET) [10]. One of the main transport
routes for NPs is through water. It is estimated that 70–80% of plastic materials reach the
oceans through rivers. Some factors may contribute to the higher incidence of NPs, such as
urbanization and industrialization close to water bodies so that fresh waters concentrate
and have more room to retain plastic particles.

One of the primary forms of transport of plastic particles in the sea and oceans is
through fresh water, especially rivers. However, the ocean has also been used as a dump,
while patches of plastic waste have been observed in the Atlantic and Pacific oceans [11].
Ter Halle et al. (2017) presented one of the first reports of NPs in the sea, detecting PE, PS,
PVC, and PET with sizes ranging from 1 to 1000 nm [12]. In the case of lakes, one of the
primary forms of plastic contamination is through river entry, waste disposal, and wind
action. The NPs decant and settle at the bottom of the lakes; however, they may be easily
resuspended and captured along with the water that will be purified.



Microplastics 2025, 4, 16 3 of 21

Abrasive dust, tire wear, abrasion of synthetic clothing, construction waste, material
incineration, and polymer fragmentation on a nanometer scale help to explain how plastic
particles reach the atmospheric environment. Thomas and coworkers recently reported that
tire particles transported from roadways to agricultural soils pose an increasing challenge
in assessing microplastic contamination, which impacts soil quality and potentially affects
crop uptake [13]. As stated earlier, the detection of NPs is complex, and in the case of
atmospheric environments, it becomes even more complex, so there are still no reports of
studies that have detected NPs in the air. However, plastic particles have already been
detected in indoor environments, e.g., bedrooms, offices, corridors, and different places [14],
e.g., in China, the USA and Brazil [15]. The challenge is still great, mainly because the
transport of particulate materials of plastic origin, especially of nanometric order, has
greater mobility than those present in the terrestrial or aquatic environment, influenced by
the particles’ atmospheric elevation and aerodynamic conditions.
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When the first surveys detected the presence of tiny plastic particles in the sea, atten-
tion was turned to the oceans. However, it is estimated that plastic contamination in the
soil can be between 4 and 23 times greater [17]. However, studies to prove the occurrence
of NPs in soil are rare since the determination and quantification of nanoplastic pollution
in a complex matrix rich in organic matter, such as soil, still needs to be solved due to the
feasibility of analytical methods. MPs and NPs are of particular concern in agricultural
environments due to their interactions with soil, crops, and water systems. Their small
size and ability to bind to contaminants can affect plant nutrient uptake, soil fertility, and
the overall health of agricultural ecosystems. This has implications for crop productivity
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and food safety, as these particles may be taken up by crops and enter the human food
chain [18].

NPs can reach this environment through improper disposal of plastic waste, depo-
sition of sewage sludge, inadequate management of sanitary landfills, and transport by
rainwater. The first synthetic fibers were found in soil fertilized with sewage sludge and
are identified as the primary sources of plastic pollution in the terrestrial environment [18].
Studies on the quantification of nanoplastics in soil are indeed scarce. However, Wahl et al.
(2021) identified the presence of PE, PP, and PVC in France, with sizes ranging from 20 to
150 nm [19]. It is already known that NPs affect the physicochemical properties of soil, as
well as causing deleterious effects on microbial biomass and enzymatic activity. Studies that
can identify the presence of NPs directly in plants are still rare. However, Sun et al. (2022)
demonstrated that crops can absorb NPs through leaves, threatening food security [20].

This review addresses the emerging concern of NPs and MPs in agricultural systems,
which needs to be more represented in the current literature. While much research has
focused on their prevalence in aquatic systems and urban environments, more knowledge
is needed about their impacts on soil health, plant physiology, and potential bioaccumula-
tion in crops. Previous reviews have often concentrated on marine ecosystems or human
exposure through water sources [21–23]. However, the agricultural context is particularly
critical, as it directly influences food security and safety. Table 1 shows the approaches
analyzed in different reviews on microplastics in soil. Contamination of agricultural soils
with plastic particles poses significant risks to crop health and human consumption. For
example, recent studies have demonstrated that crops can absorb MPs and NPs, which
raises concerns about food safety and the potential for long-term exposure to these contam-
inants through diet. Furthermore, MPs and NPs affect the physicochemical properties of
soil, potentially disrupting microbial communities and enzymatic activity crucial for soil
fertility [24]. This review seeks to fill the knowledge gap by providing an updated synthesis
of the sources, pathways, and potential impacts of MPs and NPs in agriculture. It will offer
new insights into their implications for plant health, soil quality, and human consumption
while also comparing the current understanding of the issue with other reviews in the
literature. Understanding the behavior of these particles in agricultural systems is critical
for developing strategies to mitigate their presence and protect food safety in the future.

Table 1. Comparison of topics covered in selected reviews on microplastics in soil.

Title Approach Reference

Environmental fate, aging, toxicity and
potential remediation strategies of

microplastics in soil environment: Current
progress and future perspectives

The review addressed the environmental fate, aging,
toxicity, and potential remediation strategies of

microplastics in soil.
[25]

Micro- and nanoplastics in agricultural soils:
Assessing impacts and navigating mitigation

The review addressed the contamination of
agricultural soils by micro- and nanoplastics,

highlighting their implications for agroecosystems
and potential health risks.

[26]

Microplastics in soil aggregates: Analytical
methods, occurrence patterns, impact analyses

and removal approaches

The review explored microplastic contamination of
soil aggregates, highlighting their relevance to soil

structure and function.
[27]

Effects of microplastics on soil microorganisms
and microbial functions in nutrients and carbon

cycling: A review

The review examined the impacts of microplastic
pollution on soil microbial diversity and function,

focusing on carbon and nutrient cycles.
[28]
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Table 1. Cont.

Title Approach Reference

Nanoplastics and microplastics in agricultural
systems: Effects on plants and implications for

human consumption

The review discusses the contamination of
agricultural systems by nanoplastics and

microplastics, their sources, transport, and impacts on
plant physiology and food security. It highlights the

ability of plastic particles to adsorb other
contaminants, the risks to human health, and the gaps
in toxicokinetics in plants and humans. Furthermore,

it proposes future directions and research gaps.

This work

2. Behavior and Transport in Soil
Once in the soil, nanoplastics and microplastics exhibit unique physicochemical be-

haviors influenced by their size, shape, chemical composition, and surface properties [29].
Their interactions with soil components, such as minerals, organic matter, and microorgan-
isms, determine their environmental fate and potential toxicity. Due to their larger size,
microplastics are generally less mobile and tend to accumulate in the upper soil layers.
However, bioturbation caused by earthworms and other organisms can transport these
particles deeper into the soil profile. Nanoplastics, owing to their smaller size and higher
surface area-to-volume ratio, are more dynamic and can infiltrate micropores within soil
aggregates, reaching subsoil layers and, potentially, groundwater systems [30]. Surface
charge and hydrophobicity also play crucial roles in their interactions with soil particles.
Hydrophobic plastics, such as polyethylene and polypropylene, tend to adsorb onto organic
matter, while hydrophilic plastics, like polyvinyl chloride, may interact more strongly with
mineral surfaces. These interactions influence the particles’ persistence, bioavailability, and
ecotoxicological effects. Furthermore, the weathering of microplastics through mechanical
forces, UV radiation, and chemical degradation can alter their surface characteristics, form-
ing smaller fragments or leaching additives, such as plasticizers and flame retardants [31].
These leached chemicals may exacerbate soil contamination, posing additional risks to
soil biota.

Adhikari and coworkers conducted a study to quantify and characterize the accumula-
tion of microplastics in soils subjected to prolonged application of biosolids and to evaluate
the contribution of atmospheric deposition [32]. The extracted microplastics from biosolids
and soil samples exhibited diverse morphologies, including fibers, films, fragments, and
pellets, with fibers being the most abundant (Figure 2). The predominant fiber colors
observed were blue and red, characterized by uniform thickness and shape. These morpho-
logical attributes influence the behavior and mobility of microplastics in soil, affecting their
interactions with soil components and transport mechanisms. The results indicated that the
application of biosolids over 23 years resulted in microplastic concentrations ranging from
360 to 500 particles·kg−1 of dry soil in the 0–10 cm layers. In contrast, soils without biosolid
application presented a significantly lower concentration (117 particles·kg−1). The biosolids
used contained, on average, 12,200 particles·kg−1 of dry material. The primary polymer
classes identified in the soil were polyurethane, polyethylene terephthalate, polyamide, and
polyethylene, with atmospheric deposition contributing approximately 15 particles·kg−1

of dry soil per year, predominantly polyamide fibers. The results indicate that, although
the application of biosolids is a significant source of microplastics for soils, atmospheric
deposition also represents a considerable contribution of these contaminants.
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A combination of abiotic and biotic factors governs nanoplastics and microplastic
transport within soil systems. Abiotic factors include water flow, soil texture, and the
structural properties of the plastic particles, such as size, density, and shape. During heavy
rainfall or irrigation events, microplastics can be carried along surface runoff pathways,
while nanoplastics are more likely to percolate through the soil profile, potentially reaching
groundwater. Soil texture significantly affects the mobility of these particles. Sandy soils,
with larger pore spaces, allow for greater vertical and lateral movement of micro- and
nanoplastics compared to clay-rich soils, where smaller pores and higher adsorption
capacities restrict particle mobility [33]. Soil compaction and aggregation can further
influence the transport pathways. Biotic factors, such as the activity of soil fauna and plant
root systems, also play a pivotal role. Earthworms, for instance, can ingest microplastics
and excrete them in different soil layers, facilitating their redistribution. Plant roots can
uptake nanoplastics, which may translocate to aboveground tissues, raising concerns
about food chain contamination. Additionally, microbial communities interact with plastic
particles, forming biofilms on their surfaces [34]. These biofilms can alter the density and
hydrophobicity of microplastics, affecting their movement and degradation. The behavior
and transport of nanoplastics and microplastics in soil have far-reaching implications for
soil health and ecosystem functioning. These particles can disrupt soil structure, alter water
retention, and interfere with the nutrient cycling processes. Their interaction with soil
biota, including microorganisms, earthworms, and plants, can reduce biodiversity and
fundamental ecosystem services. Moreover, the potential for nanoplastics to enter the
food chain through plant uptake or soil biota consumption raises concerns about human
exposure and health risks [31].
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3. Interactions with Other Contaminants
MPs stand out for their high adsorption capacity, a characteristic resulting from acceler-

ated plastic degradation caused by factors such as heat, wind, rain, and other environmental
conditions [34]. These contaminants persist in the soil, where they combine with other toxic
substances, impairing water permeability and compromising biogeochemical cycles that
are essential for the balance of the ecosystem. Plastics such as polyethylene, polypropy-
lene, polystyrene, and polyethylene terephthalate play distinct roles in the transport and
retention of contaminants in nature [35]. Polyethylene, very common in the manufacture of
packaging, is highly hydrophobic and, therefore, efficient in the adsorption of pesticides
and other chemical compounds.

Sun and coworkers analyzed the sorption of the herbicide atrazine (ATZ) on biodegrad-
able microplastics before and after microbial aging, using polylactic acid (PLA) and
poly(butylene-adipate-co-terephthalate) (PBAT) as reference materials [36]. The results
indicated that the sorption of ATZ on microbially aged PLA increased by 11.12% com-
pared to unaged PLA, while the sorption on aged PBAT decreased by 4.95% compared to
untreated PBAT. The fitted kinetic models indicated that the sorption best followed the
pseudo-second-order model, suggesting that chemical interactions play a significant role
in the process. Furthermore, structural analyses showed that microbial aging promoted
biofilm formation on PLA and altered its surface properties, leading to increased ATZ
sorption. At the same time, PBAT presented surface fragmentation, reducing its herbicide
retention capacity. Figure 3 shows microbial aging and sorption mechanisms of PLA and
PBAT. These findings highlight the impact of microbial aging on the interaction between
biodegradable microplastics and organic contaminants in soil, influencing the mobility and
environmental risk of atrazine.
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Polyethylene terephthalate, present in plastic bottles and synthetic fabrics, has shown
itself to be a significant vector of heavy metals. MPs act as contaminant mediators in
agricultural soils, intensifying the mobility of substances such as pesticides and toxic metals.
This interaction multiplies the damage, leading to the concentration of contaminants in
critical areas and increased soil toxicity [23]. Table 2 shows some advanced technologies
used for soil remediation with microplastics.
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Table 2. Advanced technologies used for soil remediation with microplastics.

Technique Information Reference

Phytoremediation
Utilizing plant species capable of absorbing,

immobilizing, or even degrading microplastics present
in the soil.

[37]

Bioremediation with microorganisms
Employing microorganisms that interact with

microplastics, promoting their degradation or altering
their properties to facilitate removal.

[38]

Advanced oxidation processes Applying oxidizing agents directly into the soil to
chemically break down the microplastic structures. [23]

Nanoremediation
Employing nanoparticles that can bind to microplastics,
facilitating their aggregation and subsequent physical

removal or catalyzing their chemical degradation.
[25]

Combined remediation approaches

Combining two or more methods (for example,
bioremediation followed by advanced oxidation) to

remove different fractions of microplastics present in
the soil.

[26,37]

MPs also interact with antibiotics, whose harmful properties to ecosystems are am-
plified by the presence of these plastics. Different types of MPs have varying affinities for
adsorbing antibiotics, while heavy metals often compete for the same adsorption space [38].
This behavior creates a scenario of complex interactions that not only intensify contami-
nation but also modify the bioavailability of these compounds, worsening their impacts.
The effects of these interactions on plants are equally worrying. MPs can penetrate the
roots, be transported internally, and trigger stress responses that affect plant growth and
health. In addition, contaminants adsorbed on MPs can be released into the soil, directly
impacting nutrient availability and causing combined toxic effects. In specific cases, such as
the interaction between MPs, heavy metals, and organic pollutants, a synergy is observed
that impairs fundamental processes such as germination and photosynthesis, affecting
agricultural productivity and the sustainability of ecosystems [37]. The presence of MPs
also impacts the soil microbiota, altering essential properties such as pH, porosity, and
enzymatic activity. By modifying the biological balance of the soil, these plastics compro-
mise nutrient cycles and harm plant health. In addition, the ability of NPs to cross root
tissues increases the accumulation of heavy metals in plants, intensifying toxic effects and
impairing plant metabolism [33].

4. Effects on Food Quality and Plants
Microplastic pollution is steadily infiltrating agricultural systems, with accumula-

tion in soils caused by multiple sources. One of the leading causes is the widespread
use of polymer-based fertilizers, both organic and synthetic. Organic fertilizers, derived
from municipal solid waste, sewage sludge, and agricultural by-products, often contain
significant MPs [39]. For instance, fertilizers made from these materials can contribute
between 2.38 and 180 mg per kg soil, with finer particles reaching concentrations of up
to 105 items·kg−1 [40]. Synthetic fertilizers, especially those containing polymer coatings
such as urea-formaldehyde, also play an important role in soil contamination. These results
show that fertilizers play a significant role in increasing MP concentrations in agricultural
soils [41]. In addition to fertilizers, the application of treated sewage sludge, used to
improve soil fertility, is another significant source of MPs. Long-term sewage sludge use
drastically increases the concentration of MPs in the soil. A study in Chile showed an
800% increase in MP concentration in the soil after ten years of sewage sludge applica-
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tion [42]. Similarly, compost derived from food waste is also a growing source of MPs in
soil, with some studies reporting concentrations of thousands of particles per kilogram of
compost [43].

Recently, a study investigated microplastic distribution, morphological characteris-
tics, and polymeric composition in different land use types in a city with agricultural
and mining activities, analyzing their primary sources and correlations with environ-
mental parameters [44]. The investigation revealed that the abundance of microplas-
tics varied significantly between different land use types, with the highest concentra-
tion being 27 times higher than the lowest recorded (Figure 4A). The highest abun-
dance of microplastics was observed in soils of agricultural lands with facility farmland
(3738 ± 2097 particles·kg−1), followed by residential land (2859 ± 858 particles·kg−1), tra-
ditional farmland (1894 ± 858 particles·kg−1), industrial land (1604 ± 1144 particles·kg−1)
and grassland (635 ± 286 particles·kg−1). Therefore, the abundance of microplastics in
soils from agricultural lands with facility farmland (FF) showed a statistically significant
difference compared to soils from traditional farmland (TF), grassland (GL), and indus-
trial land (IL) (p < 0.05) (Figure 4B). The characterization of microplastics indicated that
particles with a size of less than 0.1 mm represented the predominant fraction (45%), with
primarily fibrous and fragmented morphologies and transparent coloration. The spectro-
scopic analysis identified polypropylene and polyethylene as the most abundant polymers,
corresponding to 33% and 30% of the total. In addition, a significant positive correlation
was observed between the abundance of microplastics and the soil organic carbon, total
phosphorus, and cadmium contents. In contrast, soil pH was negatively correlated with
the concentration of these particles.

Irrigation systems that utilize recycled wastewater are also a pathway for MP contami-
nation. Studies show that soils irrigated with treated wastewater can harbor between 79
and 238 particles·kg−1, while MP concentrations in the irrigation water range from 1.88 to
141 per liter [45]. Repeated irrigation introduces these particles and helps transport them
deeper into the soil, amplifying their effects [46]. Plastic mulch, which is commonly used to
promote plant growth, is another important factor. Made from polyethylene or polypropy-
lene, these plastic films break down into MPs over time, especially with repeated use. This
practice is associated with up to 56% of MP contamination in agricultural soils [47]. When
mulch rots, it becomes a permanent source of contamination that is difficult to reverse.

Lastly, atmospheric deposition is an important pathway for MPs to enter agricultural
soils. Airborne MPs from sources such as synthetic textiles or tire abrasion can travel
long distances before being deposited by precipitation or snow. Studies have measured
deposition rates of up to 1008 items·m−2·d−1, highlighting the far-reaching impact of
airborne microplastic pollution [48]. The contamination of agricultural soils with MPs poses
a significant risk to the functioning of soil ecosystems and the quality of the crops produced.
One of the main problems is the disruption of soil microbial communities, which are
crucial for maintaining soil health and fertility. MPs reduce bacterial diversity and richness,
impairing important microbial functions such as nutrient cycling and organic matter
decomposition [49]. As a result, soil fertility decreases, affecting plant nutrient uptake and
lowering plant growth, yield, and nutrient quality. This problem is particularly pronounced
in crops sensitive to soil amendments, such as wheat, broccoli, and radish sprouts, where
MP contamination has been linked to alterations in phytochemical composition and yield
losses [50]. Studies indicate that the concentration of microplastics in soils can reach up to
7% by weight, especially in agricultural areas that use plastic films for soil cover [51]. Plastic
materials significantly affect soil structure and can reduce aggregate stability. A recent
study demonstrated a reduction in aggregate stability from 1.4 mm to 1.0–1.1 mm and a
decrease in macroaggregate fraction from 84% to 65–71% [52]. In addition, microplastics
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altered the microbial composition (54%), mainly affecting groups such as Proteobacteria,
Actinobacteria, and Chloroflexi.
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Liu and coworkers investigated the effects of polyethylene microplastic contamination
on agricultural soil, focusing on microbial community, nutrient cycling, and ecosystem
multifunctionality [53]. The results indicated that adding 5% plastic particles reduced
soil water availability, dissolved carbon, and total phosphorus contents while increasing
soil pH and carbon storage. Regarding carbon cycling enzymes, the activity of α/β-1,4-
glucosidase and β-D-cellobiohydrolase was stimulated by 1% particle concentration, while
β-1,4-glucosidase was inhibited by 5% concentration. The activity of protease and urease
enzymes, associated with the nitrogen cycle, was reduced by 5% polyethylene, while that
of alkaline phosphatase, associated with the phosphorus cycle, was increased. Furthermore,
the soil microbial community underwent significant changes with the addition of 5%
polyethylene, increasing the stability of the microbial network and reducing the limitation
of dispersal (from 13.66% to 9.96%). Overall, the ecosystem’s multifunctionality was
improved by adding 1% polyethylene but was reduced at the 5% concentration, suggesting
that excessive contamination by microplastics may compromise the ecological balance of
the soil and the sustainability of agricultural systems.
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In addition to their physical effects on soil structure and microbial communities, MPs
also act as a vector for toxic substances. Harmful chemicals such as polycyclic aromatic
hydrocarbons, heavy metals, and persistent organic pollutants are easily adsorbed on the
surface of MPs [54]. These pollutants can be transported to the plant roots, accumulating
in the plant tissues and entering the food chain. This process not only affects the nutri-
tional content of plants but also poses a serious health risk to consumers, as continuous
exposure to these toxic substances can lead to long-term health complications [55]. The
accumulation of heavy metals and contaminants in food crops is a growing concern, es-
pecially as MPs persist in agricultural soils and interact with other pollutants. It has also
been shown that exposure to MPs disrupts the metabolic processes of plants. One of the
primary mechanisms by which this occurs is oxidative stress. MPs cause the formation
of reactive oxygen species (ROS) in plant cells, which leads to oxidative damage to vital
cell components [56]. This oxidative stress impairs the plant’s antioxidant defense systems,
essential for maintaining cellular health and metabolic balance. As a result, plants expe-
rience reduced biosynthesis of essential nutrients such as vitamins and minerals, which
are critical to the nutritional value of crops. This metabolic disruption harms the plant’s
ability to grow and develop properly. It compromises the nutritional quality of the food it
produces, posing an additional challenge to food security and public health.

The impact of MPs on crop productivity and quality is complex and is influenced
by factors such as the size, type, and concentration of plastic particles and the crop in
question. Smaller MP particles can, for example, accumulate in the pores of seeds and
hinder germination and early root development [57]. This physical obstacle impairs water
and nutrient uptake, reducing plant growth and yield. In addition, certain MPs, such
as polyvinyl chloride, are particularly harmful to plants, as they significantly reduce
photosynthesis and leaf size [58]. These effects highlight the complex interactions between
MPs and agricultural systems and show how contamination can lead to diverse and far-
reaching consequences for crop production and food quality. As agricultural soils become
increasingly contaminated with MPs, the combined effects of reduced soil fertility, altered
plant metabolism, and toxic substance bioaccumulation pose a serious challenge to global
food security.

Emenike and coworkers investigated the combined effects of three types of microplas-
tics (PE, PS, and PP) on the physiology, morphology, and biochemistry of greenhouse-grown
tomatoes [59]. The results indicated that 1% of microplastics in the soil had no significant
effect on plant physiological and morphological parameters, including height, number,
total fruit weight, and root structure. However, an increase in photosynthetic rate (25.8%),
transpiration rate (16.7%), stomata conductance (20.8%), and chlorophyll content (5.2%)
was observed compared to the control, while sub-stomata CO2 concentration was reduced
by 3.23%. Regarding fruit quality, microplastics caused a significant reduction in the con-
tent of carotenoids (12.6%), flavonoids (42.3%), and total sugars (21.7%) while increasing
the levels of total protein (11.1%), ascorbic acid (38.4%) and peroxidase activity (30.2%).
Although microplastics did not directly compromise tomato growth and productivity, the
observed biochemical impacts raise concerns about the influence of these particles on the
nutritional quality of fruits and their potential effects on food safety.

Yang and coworkers investigated the effects of aged polyethylene microplastic transfer
in the soil–plant system, analyzing their impact on corn physiology and microplastic
migration dynamics within the plant [60]. The results demonstrated that exposure to
0.1% raw polyethylene promoted corn growth, while aged microplastics impaired its
development. Analysis of microplastic distribution revealed a decreasing accumulation
pattern in the sequence root > leaf > stem, with transfer rates of 1.07% from soil to root,
0.76% from root to stem, and 103.28% from stem to leaf (Figure 5). Polyethylene particles
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as small as 26 µm could penetrate roots and reach stems, expanding the known upper
limit for plant microplastic transport. Furthermore, the release of endogenous organic
matter from microplastics favored the accumulation of soil organic matter, with increases of
0.57% for 0.1% polyethylene, 1.28% for aged polyethylene, and 1.36% for 1% polyethylene,
compared to the control. Exposure to polyethylene also impacted soil enzymatic activity,
stimulating β-glucosidase activity by 49.1% and inhibiting nigrosin activity by 32.3% in the
aged microplastic treatment. MPs’ persistence in soil ecosystems means that these effects
are likely to accumulate over time, continuously affecting plant health and the nutritional
value of food. The far-reaching impacts of MPs on agricultural systems highlight the urgent
need for strategies to curb plastic pollution and protect soil health to ensure the productivity
and security of the global food supply.
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Mendes and coworkers evaluated the effects of microplastic contamination on the
soil–earthworm system, investigating changes in soil enzymatic activity, survival rate,
and accumulation of MPs in earthworms [61]. The results indicated that exposure to
MPs significantly affected soil enzyme activity, with urease showing a reduction of up to
25% and β-glucosidase decreasing by 18% in samples with higher MP concentrations. In
addition, the earthworm survival rate was reduced by up to 30% in soils contaminated
with MPs, suggesting adverse effects on soil biota. Bioaccumulation of MPs in earthworms
was quantified, revealing concentrations of up to 120 particles per gram of dry tissue, with
a predominance of fragments smaller than 50 µm. These findings reinforce the need to
monitor MP contamination in soil, considering its ecological impacts and potential risks to
food chains.
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5. Impacts on Human Health
MPs are a major environmental pollutant entering terrestrial and aquatic ecosystems

and finding their way into the food chain. These particles are absorbed by plants and
ingested by animals, including livestock, which are important food sources for humans [62].
Agricultural soils contaminated with MPs due to human activities serve as the main
reservoir for transferring these particles to crops. Plastics used in agriculture, such as mulch
films and plastic containers, contribute to this contamination. Consequently, people are
exposed to MPs by consuming contaminated plants, water, and animal products [63]. MPs
and NPs can enter the human body through dietary and environmental exposure, primarily
via ingestion and inhalation [26]. These pathways are associated with air, water, and food
sources. In the atmospheric environment, exposure occurs through direct inhalation and
the deposition of plastic particles onto food surfaces. Figure 6 presents the estimated
quantities of plastic particles in air, food, and water based on data from reported studies.
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It has been found that animals, especially those used for milk, meat, and egg pro-
duction, ingest MPs through their feed and water. These particles accumulate in the
animals’ tissues, blood, and milk, representing a direct route for human exposure through
food consumption [64]. The risks associated with this exposure are exacerbated by the
toxic chemicals MPs contain, including endocrine disruptors and persistent organic pol-
lutants [65]. Ingested MPs not only serve as physical contaminants but also as carriers of
harmful chemicals such as bisphenol A (BPA), which is known to interfere with hormone
functions and has been linked to reproductive and metabolic disorders in humans [66].

In addition, MPs harbor microorganisms and can promote the transfer of antibiotic-
resistant genes, raising concerns about food safety. Research has shown that certain
pathogens, such as Vibrio spp., adhere to MPs and increase the likelihood of infection
when people consume contaminated food [67]. MPs’ ability to act as vectors for both
chemical pollutants and pathogens emphasizes the significant risks posed by their presence
in the food chain.

Chronic exposure to MPs through ingestion, inhalation, and skin contact poses numer-
ous health risks. Once MPs enter the human body, they accumulate in the organs, leading
to metabolic disorders, inflammation, and endocrine disruption.
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Metabolic and endocrine disruption: MPs contain endocrine disrupting chemicals
such as BPA, which can impair hormone function and affect the reproductive and endocrine
systems. Long-term ingestion of food contaminated with MPs has been linked to endocrine
disruption in humans, highlighting the potential for widespread metabolic disorders
because of chronic exposure [68].

Inflammation and oxidative stress: MPs can trigger inflammatory reactions and ox-
idative stress as soon as they are ingested or inhaled. When MPs accumulate in the
gastrointestinal tract, they physically irritate the tissue and lead to chronic inflammation.
This inflammation is exacerbated by altering the gut microbiota, critical to maintaining
digestive and immune health [69]. In addition, MPs increase ROS production, leading
to oxidative stress that can damage tissues and organs. Research has shown that these
particles can cause an imbalance in the gut microbiome, leading to increased intestinal
permeability, inflammation, and diseases like endotoxemia [70].

Cardiovascular and respiratory impacts: Inhaled MPs, especially nano-sized particles,
can become lodged in the respiratory system and cause oxidative stress and inflammation
in the lung tissue. Studies have linked the inhalation of MPs to respiratory diseases, such
as chronic obstructive pulmonary disease and cardiovascular disease [71]. There is also
emerging evidence that MPs can enter the bloodstream and accumulate in blood vessels,
contributing to the development of cardiovascular disease [72].

Neurotoxicity: Animal studies have shown that MPs can cross biological barriers [73].
These findings are concerning, as they indicate the possibility of neurological damage in
humans from chronic exposure to MPs. Although research on neurotoxicity in humans is
still limited, studies in mice have shown that MPs can accumulate in the brain and cause
neuroinflammation, potentially leading to long-term cognitive and motor impairment [74].
However, due to the limited number of studies on the topic, further investigation is needed
on the extent and implications of these interactions.

The presence of MPs in the food chain has far-reaching implications for public health
and food safety. Food contamination, especially animal products, poses a significant risk to
consumers. MPs are not only a physical contaminant but also a carrier of toxic chemicals
and pathogens that can have long-lasting health consequences.

Food safety risks: Contamination of crops and livestock with MPs raises serious con-
cerns about food safety and quality. Given MPs’ ability to adsorb harmful chemicals and
harbor pathogens, their presence in the food chain increases the risk of foodborne illness
and chronic disease. Animal products, an important food source for many populations,
are susceptible to contamination. The accumulation of MPs in animal tissues, milk, and
eggs represents a direct route for human exposure, with potentially serious health conse-
quences [63]. Ikuno and coworkers evaluated the cytotoxicity of polyethylene particles
degraded by vacuum ultraviolet light, analyzing the impact of the degree of degrada-
tion on the cell viability of human alveolar adenocarcinoma cells (A549) [75]. The results
demonstrated that the cytotoxicity of polyethylene increased with the level of degradation,
directly correlating with the introduction of functional groups such as carbonyls and esters
on the surface of the particles. Spectroscopic analysis indicated a progressive increase in
the C=O/C–H ratio, ranging from 0.000 for undegraded polyethylene to 0.513 for the most
degraded. The evaluation of cell viability revealed that the undegraded polyethylene did
not present measurable cytotoxicity (IC50 ≥ 80 g·L−1). In contrast, the degraded polyethy-
lene exhibited reduced IC50 values, such as 27.1 g·L−1 for a degradation degree of 0.156
and 12.6 g·L−1 for a degradation degree of 0.513, indicating greater cell toxicity. The strong
negative correlation (-0.824) between PE degradation and IC50 suggests that chemical
modification of the surface is the main factor responsible for the increased cytotoxicity.
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These findings highlight the need to consider the degradation state of microplastics when
evaluating their biological effects and potential risks to human health.

Public health implications: Chronic exposure to MPs is associated with several non-
communicable diseases, such as metabolic syndrome, cardiovascular disease, and inflam-
matory diseases. The further MPs enter the food chain, the greater the risk of far-reaching
effects on public health. The ingestion and inhalation of MPs and their ability to transport
harmful chemicals highlight the urgent need for further research into the long-term health
effects of MP exposure [62]. In addition, MPs may contribute to the rise in obesity, diabetes,
and cardiovascular disease, which are already major public health concerns.

Policy and regulation: Effective policy measures are essential to mitigate the risks
associated with MP contamination. Governments and regulators must introduce stricter
controls on the use of plastics in agriculture, food production, and packaging to reduce food
contamination with MPs [76]. Promoting sustainable alternatives to plastics and improving
recycling initiatives are crucial to minimizing MP pollution. In addition, increasing public
awareness of the risks associated with MP pollution can encourage consumers to make
informed choices and thus reduce their exposure to these harmful particles [77]. Legisla-
tion on the contamination of agricultural soils by microplastics is still recent compared
to regulations for aquatic environments. However, some countries have implemented
indirect restrictions by banning single-use plastics, controlling the application of biosolids
and organic compounds to agricultural soils, and regulating the use of plastic films in
agriculture [78]. Measures such as banning the import and production of plastics and
synthetic fabrics can reduce secondary MPs in soils, minimizing their entry through the
fragmentation of plastic waste. In addition, some countries have already imposed regula-
tions on the quality of biosolids applied to agriculture, aiming to limit the MP load present
in these materials. In the European context, environmental guidelines have been discussed
to restrict the use of microplastics in seed coatings and agrochemical encapsulation, given
the risk of these particles persisting in the soil [78].

6. Future Perspectives and Research Gaps
The toxic effects of MPs and NPs depend on their properties and production sources,

whether synthetic or natural. Synthetic plastics, such as fibers, degrade slowly, persisting
as organic pollutants that harm the environment and human health. Understanding their
bioaccumulation requires collaboration among ecologists, pathologists, epidemiologists,
and environmental health experts.

Nanoplastics alter soil biota’s chemical properties, impacting plants and terrestrial
ecosystems [62]. Despite their relevance, studies on nanoplastic effects on plants under en-
vironmentally relevant conditions remain limited. The interaction of nanoplastics with soil
pH, cation exchange capacity, and microbiota diversity determines their toxic effects. These
dynamics affect soil structure and plant health, highlighting the need for comprehensive
qualitative and quantitative evaluations [58]. Studies on this topic should focus on un-
derstanding how the presence of plastic particles affects microbial communities’ diversity,
structure, and functionality. How can these changes influence essential biogeochemi-
cal processes, such as nutrient cycling, directly impacting soil health and productivity?
Metagenomic analyses are proposed to investigate these interactions and allow for the
identification of changes in genetic composition [38].

Growing concern exists regarding the entire life cycle of biodegradable mulches. This
concern encompasses their operational efficiency, and a comprehensive evaluation of the
environmental impacts associated with their production, application, and degradation. The
objective is to ensure that the solutions implemented contribute effectively to sustainable
agriculture. Intensive research on biodegradable polymers has facilitated the development
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of mulches that decompose rapidly without generating microplastic waste. These materials
are continually optimized to retain their mechanical integrity and agronomic performance
throughout their intended period of use.

MPs and NPs can cross the intestinal barrier in animals, enter the bloodstream, and
accumulate in organs like the liver and kidneys, causing inflammation, oxidative stress,
immune suppression, and reproductive impairments [31]. Exposure occurs via contam-
inated food, water, air, and skin contact [73]. These particles also raise concerns about
DNA damage, neurotoxicity, and potential tumor formation, yet insufficient evidence exists
regarding their long-term effects on human health [73]. Research must address particle
distribution in secondary tissues, cellular pathways, and the impacts of accumulation.

Quantifying toxicokinetics is essential to understanding MPs’ and NPs’ health effects,
especially through seafood. Differences in size, shape, and surface properties between
MPs and NPs necessitate distinct ecotoxicological studies. Standardized methodologies for
extracting and characterizing MPs and NPs are crucial for reliable comparisons and risk
assessments. Fragmented particles present challenges in detection due to their small size
and complex environmental matrices, complicating traditional risk assessment techniques.

Interactions between MPs/NPs and specific plant species represent a key area for
advancing phytoremediation strategies. It is essential to identify which plant species
demonstrate greater resilience or sensitivity to the presence of these contaminants in the
soil, as this knowledge can guide the selection of the most effective plants for removing
or immobilizing the pollutants. Investigation of these interactions should include exper-
imental studies in situ and under controlled conditions, aiming to evaluate the capacity
of different species to capture, degrade, or immobilize plastic pollutants. In this context,
physiological and biochemical analyses are essential, as they allow monitoring indicators
of stress, growth, nutrient absorption, and metabolic changes in plants exposed to varying
concentrations of contaminants [37,38].

Analytical methods such as Fourier transform infrared spectroscopy, Raman spec-
troscopy, and mass spectrometry enable the identification and quantification of MPs and
NPs [79]. Advanced techniques like dynamic light scattering, electron microscopy, and
pyrolysis–gas chromatography–mass spectrometry enhance analysis but face challenges
like sample contamination and data reliability. Ali and coworkers critically evaluated
the effectiveness of hyperspectral imaging (HSI) technology in detecting and quantifying
microplastics in soils, considering the influence of environmental factors such as moisture,
size, and color of plastic particles [80]. The results demonstrated that near-infrared (NIR)
HSI effectively identified microplastics, exhibiting a linear relationship between the con-
centration of these particles and their spectral responses. However, detection efficiency
was reduced in clayey soils, particularly for polyethylene, and was significantly impacted
by soil moisture, introducing nonlinearities in quantification. Furthermore, larger and
brighter-colored plastic particles were detected with greater accuracy, while smaller and
darker-colored particles presented additional challenges in spectral analysis. The findings
indicated that pre-segregation of microplastics by size and color can improve the accuracy
of the analysis and highlighted the need for further investigations into the interaction
between soil moisture and the detectability of these particles. Expanding the use of HSI
can contribute to more efficient monitoring of soil contamination by microplastics and
developing mitigation strategies in environmental systems. Standardizing protocols and
improving analytical precision are essential to understanding MPs’ and NPs’ environmental
and health implications [81].

Applying machine learning to predict and interpret the impact of MPs and NPs on soil
properties can provide valuable insights into their complex interactions with soil systems.
Withana and coworkers reported using machine learning to predict and interpret the
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impact of microplastics on soil properties [82]. They highlighted the significant influence
of MP characteristics on key soil parameters. MP size, type, and dosage were pivotal in
altering pH, dissolved organic carbon, nitrate, ammonium, total phosphorus, and acid
phosphatase enzyme activity. Among these, MP size was the dominant factor affecting
acid phosphatase enzyme activity (89.3%), pH (71.6%), and dissolved organic carbon
(44.5%), while MP type primarily influenced nitrate nitrogen (52.0%), and MP dosage
significantly affected ammonium nitrogen (46.8%). However, further research is needed
to refine predictive models and explore additional soil properties affected by MP and NP
contamination. Understanding the long-term impacts of these pollutants on soil health,
microbial communities, and nutrient cycling is important to develop effective mitigation
strategies. Furthermore, integrating field-scale studies and multi-omics approaches can
increase the accuracy of predictions and provide a more comprehensive perspective on
soil–MP interactions.

Finally, establishing viable guidelines for regulating MP release in agricultural soils
remains a critical research gap. Legislation to mitigate microplastic contamination of
agricultural soils is still limited, but some policies indirectly address the problem. The
Break Free from Plastic Pollution Act (2023) holds producers accountable for managing
plastic waste in the United States. The European Union has implemented the Packaging and
Packaging Waste Directive, imposing taxes on plastics to reduce their production. France
has banned cosmetic products containing plastic particles under the Circular Economy
Law (2020) and is seeking to regulate the release of textile fibers. Canada has proposed
legislation to reduce the amount of plastic microbeads entering aquatic environments
(Microbeads in Toiletries Regulations (2017) and Single-use Plastics Prohibition Regulations
(2022)). The Plastic Bag Control and Management Regulations (2018) and the Wildlife
Conservation and Management Act (2020) have banned single-use plastics in Kenya [78].
Therefore, while these measures reduce MPs in ecosystems, there is a need for specific
regulations for agricultural soils.

7. Conclusions
Addressing the environmental and health risks MPs and NPs pose requires immediate

action across multiple sectors. Despite advancements in wastewater treatment technolo-
gies, MPs and NPs remain pervasive pollutants in aquatic and terrestrial ecosystems, with
limited regulatory measures targeting their presence in agricultural soils. Current research
underscores the need for specific legislation, international cooperation, and standardized
methodologies to enhance our understanding of their behavior, impacts, and removal.
Educational campaigns and consumer awareness programs can drive behavioral changes,
reducing plastic waste generation. Simultaneously, advancements in treatment technolo-
gies, such as membrane filtration and photocatalysis, hold promise for mitigating pollution.
Collaborative international efforts and funding for research and innovation are essential
to developing sustainable materials and improving recycling processes. Comprehensive
regulations, such as those under the REACH (Registration, Evaluation, Authorization
and Restriction of Chemicals) framework, highlight the importance of balancing environ-
mental preservation, human health, and economic sustainability. Public engagement and
stakeholder participation are critical in effectively shaping policies to combat microplastic
pollution. Future efforts must prioritize quantitative analyses, eco-design, and innovative
solutions to minimize the release of MPs and NPs, fostering a healthier environment and
ensuring long-term ecological balance.
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