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Abstract

The intersection of microplastics and pesticides in the environment poses a significant and underrecognized threat
to ecosystems and human health. Microplastics, pervasive in soils, sediments, and aquatic systems, interact with
pesticides through adsorption, altering the fate, mobility, and bioavailability of these chemicals. This interaction
can increase the persistence and toxicity of pesticides, disrupt soil and aquatic ecosystems, and facilitate the
transport of both pesticides and heavy metals through food webs. The combined presence of microplastics and
pesticides amplifies ecological stress, affecting non-target organisms, impairing soil health, and increasing the risk
of bioaccumulation and biomagnification. Furthermore, these pollutants threaten food safety and public health
through contamination of crops, water, and animal products. This review synthesizes current knowledge on the
sources, environmental behavior, and toxicological impacts of microplastics and pesticides, with a focus on their

synergistic effects, mechanisms of interaction, and implications for ecosystem and human health. The urgent need

for integrated research and policy approaches to mitigate the risks posed by this toxic combination is highlighted.

1.Introduction

Pesticides and microplastics work in deadly tandem to increase environmental toxicity, disturb ecosystems, and
jeopardize food security. The behavior and bioavailability of pesticides are changed by the adsorption of
microplastic particles, which are smaller than 5 mm and come from synthetic fabrics and deteriorated plastics,
according to recent study. Because of this interaction, pesticides are more persistent, less effective in agriculture,
and more hazardous to humans, crops, and soil organisms. Given that 74% of soils and 50% of aquatic ecosystems

are contaminated by microplastics at medium-to-high risk levels6, immediate policy action is required [33].
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Microplastics, composed of diverse chemicals and polymers, are widespread pollutants found in sediments, water,
and other environments, these ecosystems are often studied separately, overlooking the interconnected impacts of
microplastics. Environmental interactions such as absorption, settling, biofouling, degradation, and entry into the
food web enable microplastics to transport harmful substances, including heavy metals, throughout ecosystems.
The frequent use and poor management of plastics contribute to the release of heavy metal-laden microplastics,
which can spread toxic metals through the food chain and increase ecological stress. The affinity of microplastic
surfaces for toxic metals exacerbates their impact, posing significant threats to organism survival. To effectively
address these risks, it is crucial to understand the origins and interactions of microplastics with metal contaminants

in water and sediments, focusing on their toxicity, accumulation, and ecological harm [10].

The term "pesticide" is derived from the Latin words “pestis,” meaning plague, and “caedere,” meaning to kill.
Weeds, plant pathogens, insects, mollusks, nematodes (roundworms), birds, fish, mammals, and microbes that
compete with humans for food, damage property, spread or aid in the spread of diseases, or are deemed a nuisance
are all included in this broad category of chemicals used to manage and control pests. Pesticides are used in a wide
range of applications, from public health campaigns to decrease disease-carrying insects like mosquitoes to
agriculture, where they shield crops from pests. Herbicides, insecticides, fungicides, rodenticides, and more are
among the many types of pesticides that are used to target particular pests or purposes. The necessities of
contemporary civilization have led to the development of a wide range of pesticides. Nonetheless, pesticides are
sometimes categorized into three main groups: insecticides with a primary focus on the chemical composition of

the pesticide, pesticides that target particular pest species, and pesticides that target pest entry sites [38].

2. Interactions between pesticides and microplastics

MPs can alter the distribution and bioavailability of pesticides and other organic pollutants found in soil settings.
In order to address the ultimate behavior when pesticides and MPs coexist in soils, it is crucial to comprehend how
they interact in aqueous systems. A new area of study is the processes governing pesticide-MP interactions in
aqueous phases. Using kinetic and isotherm data, recent research has evaluated the processes governing the
adsorption behavior of pesticides on MPs. The process would mostly take place via surface adsorption and
subsequent pore filling by diffusion, since the adsorption kinetics of pesticides on MPs often suit the pseudo-second-

order and intraparticle diffusion models well [31].

Recent research has started to look at the interactions between pesticides and microplastics in soil ecosystems.
Pesticides can adhere to the surface of microplastic particles, a process known as adsorption. The mobility,
availability, and degradation of pesticides can all be impacted by this adsorption. Microplastics, for instance, might
slow down the pace at which pesticides break down in the soil, resulting in extended exposure to these substances.
This may raise the possibility of pesticide toxicity and accumulation. On the other hand, pesticides may change the
characteristics of microplastics, such their chemical makeup or surface charge, which might change how they

interact with soil and other pollutants. The coexistence of insecticides and microplastics in soil might result in
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intricate relationships that are yet poorly understood. The specific effects of each pollutant may be amplified by

these interactions, increasing toxicity and environmental danger [37].

3. Types of Pesticides

Chemicals used in agriculture to control undesirable species, including insects, weeds, fungus, and other things that
might harm crops, are referred to as pesticides. These chemicals are classified based on their chemical composition,

mode of action, and the kind of pests they target [41].

3.1 Insecticides: Insecticides are used to control pests and typically include neonicotinoids, such as imidacloprid
and thiamethoxam, pyrethroids, such as cypermethrin and permethrin, and organophosphates, such as malathion

and chlorpyrifos [36].

3.2 Herbicides: Eliminate or hinder the development of weeds. While non-selective herbicides, like paraquat,

destroy all plants, selective herbicides, like glyphosate, target certain weeds. Atrazine is a prominent example of a

pre-emergent herbicide, which is applied before weeds start to sprout [36].

3.3 Fungicides: Avoid or eradicate fungus-related illnesses. Fungicides include things like mancozeb,
tebuconazole, and azoxystrobin. Another way to classify pesticides is by their method of action. Targeting pests that
consume plants, systemic insecticides like imidacloprid are absorbed by plants and moved throughout their tissues.
Pyrethroids and other contact insecticides kill bugs when they come into direct contact with them. Certain stable

pesticides can continue to affect pests for a long time because of their long-lasting effects [4].

The usage of pesticides has steadily grown worldwide during the last ten years. The global use of pesticides was
estimated to be 3.69 million metric tons by 2021. By 2022, the average pesticide application rate per hectare of
agricultural was 2.37 kg, compared to 1.23 kg in 1990. Due to the development of farming methods and rising
agricultural needs, this is a notable increase over previous years. Region-specific usage patterns show that nations

with large agriculture, such as China and Brazil, have greater rates of pesticide application [39].

4. Sources and exposure patterns

One of the main places where people are exposed to pesticides from farming is the environment. Water is scattered
throughout the atmosphere, and around 47% of the applied product is deposited at or near soil. The direction and
intensity of the rain and wind, the kind of soil and geology, the existence of water currents, and other elements like
the product's formula, presentation (liquid, powder, gel, gas, etc.), and application method (air, land, etc.) all affect
this scenario. Strong winds, hot weather, and uneven ground all contribute to the product's drag. Powder, aerosol,
or smoke presentations, as well as, of course, aerial applications, are all favored. Processes including
photodegradation, volatilization, leaching, and runoff, particularly after rains, speed up the spread of pesticides in
the environment. Workers in the chemical and agricultural industries who produce, handle, and apply pesticides are

especially exposed at work, increasing their risk of acute poisoning from frequent and intensive contact with these
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chemicals. On the other hand, low levels of pesticides are continuously present in the general population from a
variety of sources, mainly tainted food (plant and animal products), water, air, and soil. Common industrial items
could potentially be a factor in this exposure. Because of this, almost no group of people is completely immune to

the harmful health consequences of pesticides [11].

5. Benefits and harmful effects of pesticides

The use of pesticides has benefited mankind in many ways over the years. The use of pesticides on agricultural
fields prevents undesired plant growth while shielding crops from insect and pest assaults. Controlling agricultural
pest infections, managing plant disease vectors, and battling animal disease vectors and other nuisance species are
some of the main advantages of pesticides. Due in great part to the use of pesticides, which have decreased crop
losses, the world's agricultural output has grown rapidly in recent years. In addition to being widely utilized in
agriculture, pesticides are also used to manage insect vectors that spread illnesses like leishmaniasis, dengue,

malaria, and Lyme disease, which continue to be major health and economic problems on a worldwide scale.

Although it would be ideal for pesticides to just destroy hazardous pests and not harm other creatures, most
pesticides actually endanger people, wildlife, and the environment. Inappropriate use of pesticides can contaminate
soil and water, disrupt ecosystems, and leave poisonous residues in food. Some pesticides, such as DDT and
ethylene dibromide, have been banned due to worries about their mutagenic and carcinogenic properties. There are
also persistent worries about food safety since certain fruits and vegetables, referred to as the "dirty dozen," are

discovered to have notably high levels of pesticide residues [12].
5.1 Effect on the Environment

Following their application, pesticides contaminate turf, water (both surface and groundwater), soil, and other
plants. Pesticides are hazardous to a wide range of creatures, including fish, birds, helpful insects, and non-target
plants, in addition to killing insects and weeds. Herbicides can be harmful to creatures that are outside their intended
target, but insecticides are the most intensely toxic type of pesticides [ 17]. Because they may alter the metabolism

of beneficial microbes found in soil, herbicides can damage these microorganisms [28], [16].

5.2 Effect on the Human Health

There are serious health risks for people as a result of the extensive usage of pesticides. Because of their growing
bodies and the possibility of both acute and long-term exposure repercussions, infants and children are particularly
susceptible to their negative effects. According to estimates, over 44% of farmers worldwide are poisoned by
pesticides each year, and there are approximately 385 million cases of accidental, acute pesticide poisoning globally
each year, including approximately 11,000 fatalities. Because of their high toxicity, organochlorines (OCs) and

organophosphates (OPs) have an impact on the nervous system and can cause serious health problems, such as
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cancer and damage to several organs. Dietary consumption and environmental contact are two exposure pathways

that carry the risk of cytotoxic effects and different organ damage (Fig: 1) [52].

Fig: 1 Pesticides Effect on Human Health

5.3 Effect of pesticides on plants

Farmers now often employ chemical pesticides on agricultural land to manage weeds, insects, bacteria, fungi,
mollusks, rodents, and other pests. The purpose of pesticides is to increase agricultural yields. In addition to
protecting crops on agricultural land, the pesticide reduces the possibility of harm occurring during post-harvest
storage. It is highly beneficial in managing a variety of human and plant illnesses, including typhoid and malaria.
However, it also degrades the soil quality of agricultural land, which is why its adverse effects are taken into
consideration. The majority of technologically sophisticated nations prohibited or outlawed the use of pesticides in
1960. A synthetic or chemical pesticide should ideally be poisonous or fatal to the species it is intended to kill. Due
to the widespread use of pesticides, insects and other pests will become resistant to modified pesticides, such as

DDT, and will be able to avoid them [44].
5.4 Effects of pesticides on aquatic animals

Exposure to pesticides impacts a wide range of non-target organisms, the most prominent of which being fish, in
addition to the target species. In several instances, fish that were exposed to multiple pesticides acutely died, but
fish exposed to the same chemicals at lesser levels died. Histological abnormalities affecting the liver, kidneys,
gills, muscles, brain, and gut are caused by changes in hematological parameters, such as red blood cells, white
blood cells, or plasma and serum level variations, in many fish species exposed to different pesticides. Additionally,

several incidences of genotoxicity brought on by various herbicides have been reported. Because they are at the
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bottom of the aquatic food chain, fish reflect the pollution and quality of the water. Because fish consume more
pesticide-contaminated algae, phytoplankton, and other aquatic plants, harmful poisons gradually build up in the
fish's tissues and organs. The fish's gills, skin, and alimentary canal absorb different contaminants, which spread to
different organs and tissues and change physiological and natural phenomena. The gills are the most contaminated
organs because they are in constant contact with water. The gills allow toxins to enter the body, raising the need for

oxygen. Therefore, it is crucial to keep an eye out for any harmful stress in the aquatic environment [30].
5.5 Effects on Pesticide Bioavailability

The degree to which a pesticide is available for absorption, uptake, or interaction by living things, including
microorganisms, plants, and animals, is known as its bioavailability. It affects a pesticide's potential for toxicity and
environmental pollution, as well as how well it may achieve its desired results, such eliminating pests or suppressing
weeds. The bioavailability of pesticides may be impacted by their sorption or desorption from MPs. Consequently,
the variables affecting MPs' capacity to sorb pesticides also affect their bioavailability. These parameters include
ambient conditions including pH, temperature, ionic strength, and dissolved organic matter, as well as the
physicochemical properties of MPs, such as surface area, aging extent, hydrophobicity, and polymer type. The

bioaccumulation of pesticides in target species under the effect of MPs is another indicator of bioavailability [45].

6. Use of pesticides

With 85% of global output, agriculture is the biggest consumer of this kind of compound, which is used to
chemically control numerous pests that lower the quantity and quality of food crops and other vegetables [5]. 10%
of all insecticides used in public health initiatives to prevent and treat vector-borne illnesses including dengue,
malaria, and Chagas disease, among others. also used to eradicate crops whose final products are illicit substances,
purify water, and control rodents [13]. They are also employed to keep pests out of big buildings, malls, trains,
aircraft, and boats. Use in recreational parks, gardens, and decorative landscaping to manage the growth of weeds,
grass, and insects as well as fungus. They are dispersed along roads, railroads, and high-voltage power line towers
for the same reason. In manufactured water or natural reserves, pesticides are used to stop the growth of bacteria,
fungus, algae, and weeds. are frequently used in industry to prevent the growth of bacteria, fungus, algae, and yeast,
as well as to prevent damage from insect pests and/or rodents. Examples of these items include electrical equipment,

refrigerators, paints, carpets, paper, cardboard, and food packaging materials.
7. Type of MPs

Plastics have mostly been made from petroleum-based materials, such as polyethylene (PE), polyvinyl chloride
(PVCQ), polystyrene (PS), polyethylene terephthalate (PET), and polypropylene (PP). These polymers have been

employed in a variety of settings based on their physical and chemical properties. (Fig: 2)
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Fig: 2 Types of Plastics
7.1 Polyethylene (PE)

Because of its flexibility, polyethylene (PE) is used extensively in packaging; different varieties, such as low-density
(LDPE) and high-density (HDPE), provide distinct features. HDPE is lightweight and has a high breaking strength,
but LDPE is long-lasting and resistant to chemicals. PE's impact strength and resistance increase with density and
crystallinity, however it is not extremely resistant to ripping or stress-cracking. PE is frequently used in
commonplace products like milk jugs, plastic bottles, and grocery containers. Because of this, a large amount of
waste is produced, most of which is disposed of incorrectly. Due to its chemical stability, PE breaks down and
interacts with soil, water, and animals over time after being discharged into the environment. It can also be carried

by streams or seep into groundwater.

7.2 Polystyrene (PS)

The most manufactured plastic in the world, polystyrene (PS) is frequently found in items like electronics housings,
jewelry and CD cases, and toy packaging. Because contaminants like pesticides, antibiotics, heavy metals, and
surfactants can hasten its aging and degradation, its environmental persistence is a cause for worry. There are serious
worries about the effects of PS waste on ecosystems, animals, and human health since large volumes of it wind up
in marine settings. Particles smaller than 1,000 nanometers, known as polystyrene nano-plastics (PNPs), are emitted
from a variety of sources, such as medicines, electronics, varnishes, and personal care items. The mechanical
breakdown of PS also produces these nano-plastics, which adds to their environmental presence and possible

hazards.
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7.3 Polypropylene (PP)

The most popular plastic in the automotive sector and several consumer goods is polypropylene (PP), which is
inexpensive, strong, heat-resistant, and physically stable. It is shielded from environmental oxidation by its
structure, which includes lengthy carbon chains and a large molecular weight, as well as other stabilizers. Over 20%
of all polymers used in the EU in 2019 were PP, and during the Covid-19 pandemic, their use increased significantly
for products like masks, gloves, and packaging. PP microplastics (MPs) are currently one of the most prevalent
contaminants in aquatic environments as a result of inappropriate disposal and increasing manufacturing, which has
seriously contaminated the environment. Despite being resistant to biodegradation due to its lengthy chains, PP can
be broken down by photooxidation, which can lead to the creation of microplastics that contaminate the

environment and endanger ecological health [32].
8. Sources of Microplastics

Microplastics (MPs) are a persistent and subtle environmental concern that has already been found to have a major
impact on human health and aquatic environments. Despite the widespread presence of MP pollution in the air,
water, and land, these environments are frequently seen as distinct yet interconnected. In order to establish future
research goals, this study attempts to give a thorough overview of MPs that cause pollution, their prevalence, and
possible routes for these pollutants. It also intends to highlight research gaps. The study found that low temperatures
and UV light help break down common plastic into microscopic particles called MPs, which are then carried into
the marine environment by runoff. Furthermore, it has been shown that other water pollutants, including chemicals,
dyes, and heavy metals, stick to MPs easily. As a result, MPs are used as a carrier of several other contaminants in

aquatic animals' bodies. Therefore, the present study looks at: i) MPs and where they are found; and ii) how they
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harm the environment and marine biodiversity (Fig: 3) [6].

Fig: 3 Sources of Microplastics
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9. Microplastic transformation mechanisms

Due to a variety of physical, chemical, and biological processes, such as exposure to light, heat, biological activity,
wind, and water currents, plastic eventually degrades into micro- and even nanoscale particles once it enters the
environment. Microplastics experience significant changes in their surface characteristics, thermal characteristics,
molecular weight, wettability, zeta potential, and crystallinity when compared to their original forms. These changes
have an impact on the plastics' migration, environmental fate, ecological impact, and toxicity in soil, water, and air.

According to studies, photodegradation and microbiological activity are the two main processes that lead to plastic

aging.
9.1 Photodegradation mechanism

Alkoxy radicals (RO-) further encourage the creation of smaller molecules with functional groups like olefins,
ketones, and acids, whereas hydroxyl radicals (-OH) are essential in rupturing the major polymer chains during the
photoconversion and aging of microplastics. UV radiation and reactive oxygen species (ROS) drive this photo-
oxidation process, which progressively lowers the molecular weight of plastics, modifies their characteristics, and
causes the release of microplastics. The kind of polymer, particle size and shape, exposure to UV radiation, and
environmental variables like the presence of organic carbon, minerals, or acids in soils and water all affect how
quickly photodegradation occurs. Although commercial plastics sometimes have chemicals that slow down
deterioration, such as UV stabilizers and colors, these compounds ultimately lose their efficacy and polymers still

break down, releasing microplastics into the environment.
9.2 Biodegradation mechanism

Secondary plastic particles separate from surfaces when polymers deteriorate, forming rough, porous structures that
enhance their capacity to absorb pollutants from the environment and facilitate microbial colonization. By adhering
to these surfaces, microorganisms change their characteristics and create intricate microbial communities that may
use plastics as carbon sources. Three phases of microbial breakdown of plastics include absorption or conversion
into compounds such as water, carbon dioxide, methane, and nitrogen; attachment and enzyme secretion; and bio-
fragmentation into tiny molecules. Some plastics, like PLA and PHAs, biodegrade quickly in composting, whereas
others, like PET, decay very slowly in natural settings. The pace of biodegradation varies significantly depending
on the kind of polymer and environmental factors. Microplastics decompose further to produce nano-plastics, which
are particles smaller than 1 pm, have high reactivity and mobility, may pass through biological membranes, and

operate as pollutant vectors, increasing the hazards to the environment and human health (Fig: 4) [24].
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Fig: 4 Mechanism of Microplastics Transformation

10. Toxic Effects of Microplastics

The intricate mechanism by which microplastics produce harmful effects depends on a number of variables, such
as their physical and chemical characteristics, exposure duration, additives, etc. In addition to being poisonous in
and of themselves, microplastics may also carry a variety of contaminants into biological tissues and organs. In
order to investigate the toxicity mechanism, we want to methodically outline their possible toxicity at the

"individual-tissue-cell-subcellular” level.

10.1 Factors Affecting the Toxicity of Microplastics

Numerous elements, such as size, form, surface charge, weathering/aging process, adsorption, etc., might affect
how harmful microplastics are larger particles cause less oxidative stress because they are less likely to penetrate
cells. Randomly shaped pieces have greater detrimental physical effects than spherical microplastics. The primary
factor influencing the effectiveness of cellular absorption is the surface charge of microplastics. The number of
absorbed particles has a positive correlation with zeta potential. The physical and chemical characteristics of plastic,
including color, surface morphology, crystallinity, particle size, and density, will alter during a weathering or aging
process. In addition, materials made of polymers and additives are commonly found in microplastics. Additives in

microplastics may be released and cause toxicity when the environment changes.

Microplastics may serve as the vector adsorbing other contaminants, particularly heavy metals and hydrophobic
organic compounds (HOCs), which may increase toxicity because of the surface energy created by their tiny size.
Depending on their hydrophobicity, microplastics can absorb organic contaminants and heavy metals with
concentrations ranging from 10—1 to 104 ug/g in marine and coastal settings. After further breaking down into nano-

plastics, they can rapidly create a biomolecule corona upon coming into contact with different biomolecules (such
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proteins), which can further change their ecotoxicity, persistence, and bioavailability. The nature of the protein

corona can also be changed by aging processes [23].

11. Exposure route for microplastics

MPs are ubiquitous in the environment because they are found in all ecosystem components. How microplastics

enter the bodies of humans, animals, and plants is covered in the section that follows.

11.1 Pathways of microplastics in humans

Ingestion, inhalation, and skin contact are some of the ways that microplastics can get into our systems. The main
exposure pathway in humans is oral intake [20]. Living creatures, including food, drink, and other necessities,
consume microplastics [25],[14],[35],[50]. Plastic food containers and utensils, tainted seafood, and drinking water
can all include microplastics. After being ingested, microplastics may build up in the digestive system and other
organs [9]. Furthermore, microplastics in our environment can absorb persistent organic pollutants (POPs), which
build up in the tissues of marine creatures and may potentially reach people through the ingestion of contaminated

seafood.

Microplastics can also enter the human body by inhalation after coming into touch with other sources such as
manufacture, transportation, and disposal. People who work in industries that generate or use plastic products are
particularly susceptible to microplastic exposure by inhalation [21]. Between 26 and 130 particles of airborne
microplastics may be consumed by an individual each day [19]. Roads are the source of 84% of the microplastics
in the atmosphere [18]. However, utilizing personal care products like face cleansers and body washes that include
microbeads might expose the skin to microplastics [34],[48]. Because they can emit microfibers when washed and

worn, synthetic fabrics and clothing may potentially contain microplastics [8].
11.1.1 Detrimental effects of microplastics ingestion on human health

Fig: 5 summarizes the related molecular pathways that underlie the effects of microplastics on human health.
Human health hazards such as cancer, immunotoxicity, intestinal, pulmonary, cardiovascular, and inflammatory
disorders, as well as pregnancy and maternal exposure to offspring, may arise from exposure to the human body
through the consumption of food containing plastic particles. The harmful processes and consequences of

microplastics that might endanger human health are outlined in this section.
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Fig: 5 Effect of Microplastics in Human

11.1.1.1 Microplastic-induced cancer

When consumed by humans, microplastics have been connected to a number of health hazards, including as toxicity
and cancer, because of their small size and huge surface area. They are especially harmful to cells and DNA because
of their large surface area, which can result in mutations and cancer. Their health concerns are further increased by
the ability of microplastics in water to absorb heavy metals like arsenic, cadmium, and lead as well as organic
contaminants that can cause cancer. Long-term microplastic exposure is strongly linked to cancer in both people
and animals, according to epidemiological research. Research suggests that Europeans may ingest up to 11,000
microplastics annually via shellfish like bivalves. These particles can enter the food chain through marine species
and build up in people. There are worries over the potential health effects of microplastics smaller than 2.5 mm as

they can enter the digestive system through certain cellular mechanisms after being consumed.
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11.1.1.2 Immunotoxicity

Supported by immune cells and secretory immunoglobulin A, the intestinal immune system strikes a careful balance
between reacting to invaders and allowing commensal microorganisms. Through immunotoxicity, which results in
cytokine dysregulation, immune cell death, and changed receptor expression, microplastics upset this equilibrium.

These exchanges may result in:
o Immunosuppression (reduced defense against infections and tumors)
o Immune hyperactivity (increased allergy and autoimmune risks)

e Chronic inflammation (Tissue damage and Dysfunction) Studies show microplastics attach to intestinal
epithelial cells, particularly in Peyer's patches, with ~0.3% penetrating the epithelium. This enables systemic

distribution, triggering local inflammation and potentially significant systemic immune responses [29].

11.2 Pathway of microplastics in animals

Through ingestion and entanglement, animals—including marine and soil organisms—are exposed to microplastics
(MPs). One of the primary reasons why some marine species ensnare or consume microplastics is because of the
formation of biofilm on their surface. Biofilm-forming activities on virgin microplastic particles begin as soon as

they come into contact with ambient water [27],[2],[3],[46],[40].

Additionally, it is known that different soil organisms, such as isopods, oligochaeta (e.g., earthworms),
collembolans, and nematodes, interact with one another and eat soil plastic trash [2], [46]. Additionally, because
the majority of land animals, including goats, cows, and herbivores, may be exposed directly or indirectly by
consuming tainted water or animal feed, carnivores, including tigers, lions, and others, may be exposed through the
food chain process or trophic transfer by consuming or feeding on the tissues and biosystems of herbivores. The
food chain exposure mechanisms are often seen in the aquatic ecosystem; for example, MPs may have been
devoured by whales or sharks that prey on smaller marine species, or the amphipod Gammarus duebeni may have

swallowed PE-laden L. minor [1].

11.3 Pathway of microplastics in plants

Through contact (from MP fallout, polluted water, or irrigation water) and absorption in the plastic-soil matrix
through the rhizosphere, MPs are consumed by plants [43], [7], [8]. Furthermore, MPs may build up in plants in
two ways: through root uptake and foliar absorption [15]. Despite their inability to penetrate the physical barriers
of intact plant tissue due to their size, MPs are easily detected on the surface of plant seeds and roots [49]. For
example, MPs have been seen to build up in the pores and roots of garden cress (Lepidium sativum) and broad
beans (Vicia faba) [42], [47] respectively. Furthermore, the buildup of microplastics on plants might negatively

impact growth, contingent on the kinds of MPs, oxidative activities, and exposure concentration. Overall, after
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extended exposure to the treatment, aquatic plants' adhesion to MPs in water rose indicating that they may be

utilized to monitor MP pollution in freshwater settings [22], [1].
12. Solutions to Reduce Microplastic Pollution

The environmental microplastics cannot be eradicated with current technical capabilities. As a result, action must
be taken  at several levels, specifically  at  the macro and  mesoblast levels.
In order to address some of the numerous issues with traditional plastics, the area of bioplastics has evolved.
Biobased and biodegradable polymers are examples of bioplastics. Renewable sources of plastic monomers have

supplanted non-renewable ones in the case of bioplastics.

Bio-based plastics, such as bio-PE, help cut down on the usage of fossil fuels since they are made from renewable
resources like sugarcane starch rather than petrochemicals. But there are drawbacks to this change as well, such as
the necessity for intensive chemical processing, increasing pesticide use, and deforestation. The characteristics and
chemical additions of traditional polymers are comparable to those of biomass-based plastics. Microbial activity
allows biodegradable polymers, whether derived from fossil or renewable resources, to break down into carbon
dioxide and water in certain environmental settings. The primary short-term uses for these biodegradable polymers

are in food packaging, throwaway goods, and some agricultural applications.

The plastics industry's transition to more environmentally friendly, sustainable solutions is highlighted by the rising
interest in bioplastics. Recycling is helpful, but it cannot eliminate plastic pollution on its own. Therefore, it is
crucial to lessen dependency on plastics derived from fossil fuels. Bio-based plastics are becoming more and more
popular as substitutes since they can function on par with traditional plastics. Notably, using microalgae, such
Chlorella and Spirulina species, to produce bioplastics offers a novel and promising way to make biopolymers and

plastic blends, opening up new possibilities for the creation of sustainable materials [51].
13. Uses of Microplastics

Because of their widespread distribution and possible ecological effects, microplastics tiny plastic particles smaller
than five millimeters have sparked environmental concerns on a global basis. They come from a variety of sources,
and depending on how they are produced, they can be classified as primary or secondary microplastics. Primary
microplastics are purposefully made and utilized in the textile, personal care, and cosmetics sectors. Another
important source of primary microplastics is synthetic fibers found in clothes, such as polyester and nylon, which
are released into the environment directly through washing machines and wastewater treatment facilities. However,
the major plastic-based items break down to produce secondary microplastics owing to a variety of environmental

factors [26].
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Future prospect

e There is an urgent need for integrated research, policy, and management strategies to address the combined

threat of microplastics and pesticides.

e As microplastics accumulate in agricultural soils and ecosystems, their interactions with pesticides are
expected to increase the persistence, bioavailability, and toxicity of these chemicals, posing greater risks to

soil health, crop productivity, and biodiversity.

e Comprehensive studies are needed to better understand these interactions and their long-term ecological

impacts.

e Developing sustainable alternatives, such as biodegradable plastics and eco-friendly agrochemicals, should

be a priority.

o Strengthening global regulations to limit the intentional use of microplastics in agriculture and improving

waste management practices are critical steps.

o Technological innovation in remediation and increased public awareness will be essential for mitigating the

impacts of this toxic combination and protecting ecosystem and human health in the future.

Conclusion

The combination of microplastics and pesticides in the environment poses a growing threat to ecosystems and
human health, as microplastics act as carriers that increase the persistence, bioavailability, and toxicity of pesticides.
This interaction disrupts ecological balance, harms non-target organisms, and facilitates the spread of contaminants
through food webs, ultimately threatening biodiversity, soil health, and food security. The potential for
bioaccumulation and biomagnification further raises concerns about human exposure through contaminated food
and water. Despite increasing awareness, the mechanisms of microplastic—pesticide interactions are not fully
understood, and current regulations are inadequate. To address these risks, there is an urgent need for integrated
research, stronger policies, sustainable alternatives, and improved waste management, requiring coordinated efforts

across scientific, regulatory, and societal sectors.
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