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ABSTRACT: Microplastics are widespread environmental pollutants detected in aquatic,
terrestrial, and atmospheric ecosystems. Their persistence, coupled with their potential to
bioaccumulate and release toxic additives, raised serious concerns for both environmental and
human health. This study aimed to assess microbial biodegradation as a viable strategy for
reducing microplastic pollution. The research focused on the mechanisms through which
microorganisms, particularly bacteria and fungi, degraded plastic polymers under various
environmental conditions. Several microbial strains demonstrated the ability to degrade
polymers such as polyethylene, polystyrene, and polyvinyl chloride, albeit at varying
efficiencies. Environmental parameters such as temperature, pH, oxygen availability, and
nutrient concentration, were found to significantly influence the rate and extent of microbial
degradation. Despite these promising findings, the overall degradation rates observed in natural
environments remained low. Moreover, challenges related to microbial specificity, metabolic
limitations, and the scalability of degradation processes hindered the practical application of
microbial treatments on a large scale. The complexity of polymer structures and the additives
used in plastic manufacturing further complicated microbial breakdown. To overcome these
barriers, future research should prioritize genetic engineering of microbial strains and the
optimization of bioprocesses to improve degradation efficiency. Such advancements could
pave the way for sustainable and effective biotechnological solutions to mitigate microplastic
pollution.

KEYWORDS: Environmental pollution; microplastics; microbial biodegradation; enzyme
mechanism; treatment technology

1. Introduction

Microplastics were defined as extremely small plastic particles, typically less than 5 mm in
size, that fragmented from larger plastic items [1]. They consisted primarily of carbon and
hydrogen atoms bonded together in long polymer chains. Plastics were extensively used in
daily life and had become ubiquitous across various environments. Approximately 80% of
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global plastic usage consisted of polyethylene (PE), polyethylene terephthalate (PET),
polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), and polycarbonate (PC) [2].
The types of microplastic polymers, along with their structures and common applications, are
presented in Table 1. Microplastics occurred in various forms, including fibres, fragments,
films, foams, beads, and pellets. They entered the environment when they detached from
original products and were found in diverse habitats, from terrestrial areas to aquatic systems.
Typically, microplastics contained chemical additives and non-intentionally added substances
(NIAS). Most of these substances were not chemically bonded to the polymer chains and could
leach into the environment over time [3]. As a result, microplastics posed serious threats to
wildlife, which often mistook them for food, leading to bioaccumulation within the food chain
and eventual human exposure. Organisms that ingested microplastics experienced physical
harm, toxicological stress, and, in severe cases, death.

Table 1. Common plastic polymers, their uses, and production characteristics.

Polymer Production and Utilization Typical Uses Reference

PE One of the most widely produced plastics globally; Used in food packaging, plastic bags, bottles, [2]
accounts for over 30% of total plastic demand toys, and fishing nets

PP High global production; valued for durability and Common in automotive parts, kitchenware, [2]
chemical resistance textiles, and food packaging

PET High production volume; widely recycled due to its use Used in beverage bottles, synthetic fibers, [2]
in packaging electronics, and construction materials

PS Moderately produced; commonly used in disposable  Used in foam packaging, disposable utensils, [4]
and insulation products insulation panels, and containers

PVC Extensively produced for construction; durable and Used in pipes, window frames, flooring, door [2]
cost-effective material panels, and cables

PC Lower production volume than PE or PP; valued for ~ Used as a glass alternative in eyewear, [2]
transparency and impact resistance electronics, and protective equipment

PU Broad industrial use; produced in various forms Applied in furniture, mattresses, coatings, [2]
including foams and coatings adhesives, and automotive interiors

PHB Biodegradable polymer; produced at a small scale for ~ Used in internal surgical sutures and other [2]
specialty biomedical uses medical applications

PCL Biodegradable, specialty polymer; limited commercial Employed in sutures, drug delivery systems, [2]
use and tissue engineering

There were several treatment technologies developed to remove microplastics from the
environment, such as wastewater treatment, microalgae-based systems, bioinspired molecules,
metal-organic frameworks (MOFs), and photocatalytic micromotors. However, industries
often took the easier path by open-burning plastic waste, which released carbon monoxide and
carbon dioxide, contributing to global warming. Various methods had been proposed to
degrade  microplastics, including thermal degradation, hydrolytic degradation,
mechanochemical degradation, catalytic degradation, photodegradation, and biodegradation
[5]. Among these, biodegradation was considered the most favorable due to its pollution-free
mechanism and eco-friendly nature [6]. Biodegradation emerged as a promising microplastic
treatment method in many industries, owing to the diversity and adaptability of microbial
communities. In this process, microbes such as bacteria, fungi, and algae were capable of
degrading the complex polymer structures of microplastics through enzymatic activity,
utilizing the resulting carbon compounds for growth and metabolism [7]. The biodegradation
process typically involved four main stages: biodeterioration, biofragmentation, assimilation,
and mineralization. The rate of degradation was influenced by multiple factors, including

environmental conditions, biological variables, and the structural properties of the
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microplastics themselves [8]. The advantages, limitations, current challenges, and future
research directions in biodegradation technologies were also discussed to provide a
comprehensive understanding. This essay focused on elucidating the mechanisms of
biodegradation as a strategy to reduce microplastic pollution.

2. Current Status

Pollution has risen drastically in recent years, especially microplastic pollution, which poses a
major threat to ecosystems, water sources, and human and wildlife health. Due to their tiny
size, microplastics can easily spread through water, soil, and air. Research estimates that
humans ingest 518 to 3,078 microplastic pellets annually through fish consumption [1]. Global
plastic production increased by 4% in 2021, exceeding 390 million tonnes, and is projected to
rise by 600 million tonnes per year by 2050 due to the COVID-19 pandemic [9]. In Malaysia,
ranked the eighth-largest contributor to marine plastic pollution, 60% of plastic waste enters
water bodies [10]. States such as Terengganu, Pahang, and Kelantan generate 0.71 kg of plastic
waste per capita daily, with surface waters showing 0.0033 particles/m3 of microplastics.
Malaysian beaches like Seberang Takir and Batu Burok have 879 and 780 particles/m? of
debris, respectively. In Europe, the Danube River releases about 1,500 tonnes of microplastics
into the Black Sea annually. In Wuhan, China, microplastic levels in urban waters range from
1,660 to 8,925 particles/m3, with most particles being colored and under 2 mm in size [11].

Table 2. Microplastic abundance on the water surface of several locations.

Locations Microplastic concentration References

Lake

Lake Hovsgol, Mongolia 20265 particles/km? [11]
Laurentian Great Lakes, USA 466000 particles/km? [11]
Taihu Lake, China 340 — 25800 particles/m3 [1]
Poyang Lake, China 5000 — 34000 particles/m3 [1]
Veeranam Lake, India 13 — 54 particles/km? [1]
Lake Bolsena, Italy 0.82 — 4.42 particles/m? [1]
Lake Iseo, Italy 40000 particles/km? [1]
Lake Victoria, Africa 130 — 670 particles/m3 [1]
Estuary

Klang River Estuary, Malaysia 2.47 particles/| [12]
Miri River Estuary, Malaysia 10.7 — 14.3 particles/I [12]
Pearl River Estuary, China 42100 particles/m3 [1]
Adour Estuary, France 0 — 3.88 particles/m3 [1]
Chao Phraya River Estuary, Thailand 40 — 56 particles/m3 [1]
River

Sungai Dungun, Malaysia 102.8 items/m [12]
Miri River, Malaysia 10.7 — 14.3 particles/I [12]
Tebrau River, Malaysia 560 — 720 particles/kg [12]
Skudai River, Malaysia 300 — 420 particles/kg [12]
Chishui, China 1770 — 14330 particles/m? [1]
Zhangjiang River, China 50 — 725 particles/m3 [1]
Vistula River, Poland 1600 — 2550 particles/m3 [1]
Netravathi River, India 288 particles/m? [1]
Thames River, UK 14.2 — 24.8 particles/m3 [1]
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In Malaysia, several challenges persist in addressing microplastic pollution. Firstly,
waste disposal facilities are not sustainable, with conventional landfilling being the most
common method. This practice can lead to soil and water contamination through leachate
production. Additionally, plastic recycling is limited, as recycling industries primarily focus on
valuable plastics like PET, while less valuable plastics are often discarded, increasing landfill
waste [10]. Furthermore, awareness of the harmful effects of single-use plastics remains low
among Malaysians [12]. The frequent use of plastic bags for shopping and polystyrene boxes
for takeaways is common. Although some stores have introduced fees for plastic bags and
polystyrene containers over the past five years, this measure has had limited success, as many
people continue to use them.

3. Source and Occurrence of Microplastics

Primary microplastics were tiny plastic particles specifically manufactured for certain
purposes, especially for commercial use. Examples of primary microplastics included plastic
pellets, plastic fibres, and microbeads. Plastic pellets are melted and used to produce larger
industrial raw materials. Microbeads were commonly found in personal care products such as
cosmetics, face washes, and toothpaste. Plastic fibres are used to make synthetic and optical
fibres. During washing, washing machine effluent released more than 100 fibres per litre, with
up to 1900 synthetic fibres released from a single synthetic garment [13].

Secondary microplastics are generated from the breakdown of larger plastic items like
water bottles, bags, and fishing nets. These larger plastics degraded into smaller fragments due
to exposure to environmental factors such as UV radiation from the sun, wind, and ocean waves
[7]. Secondary microplastics are commonly found on beaches and coastal areas, where large
amounts of plastics were discarded during tourism and leisure activities. Exposure to UV rays
combined with mechanical abrasion from waves and sand further fragmented the plastics. Of
the millions of tonnes of plastic produced worldwide, only 9% were recycled, 12% incinerated,
and the remaining amount entered the environment, contributing to secondary microplastic
pollution [13].

Primary microplastics from cosmetic products enter aquatic systems through sewage
systems from households. Industries might also spill microbeads, plastic fibres and pellets
during the manufacturing process of plastic products. Microplastics from industries and
households are discharged into sewage systems which may accidentally flow into various water
sources such as rivers, lakes, reservoirs, and oceans [11]. Plastic pipes such as PVC and PE
pipes that channel wastewater further increases microplastic pollution due to the friction
between the water and the inner surface of the pipe [14]. As most plastic products are used
indoors, the indoor microplastic concentration is significantly higher than the outdoor
microplastic concentration. It was found that the outdoor concentration is between 0.3 to 1.5
fibres/m3, while the indoor concentration is 40 times the outdoor concentration [15]. Secondary
microplastics may come from fishing nets released into the ocean due to the waves and
ultraviolet light exposure. As time passes, the microplastics are spread to oceans and rivers
worldwide. Besides water sources, dust is a suitable transport pathway for microplastics. It can
travel long distances from one location to another side of Earth due to its low density. There is
a possibility that humans and wildlife may inhale the airborne microplastics, causing health
problems and death. The distribution pathways of microplastics into the environment is shown
in Figure 1.
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Figure 1. Mechanisms of microplastic release into the environment.
4. Environmental and Health Impact
4.1. Environmental impact.

Microplastics enter the soil through irrigation, littering, and sewage sludge application. Once
in the soil, they can alter various soil properties, including bulk density, porosity, aggregation,
fertility, nutrient cycling, and pH [16]. The presence of microplastics increases soil bulk
density, leading to compaction and poor root growth. Additionally, microplastics occupy soil
pore spaces, reducing porosity, which restricts air and water movement and may result in poor
aeration and waterlogging. Microplastics can also disrupt natural soil aggregation by
interfering with binding agents such as organic matter and microbial waste products, reducing
the formation of stable soil aggregates [17]. Furthermore, microplastics increase soil pH due to
the conversion of organic nitrogen to ammonia, which consumes hydrogen [18].

Beyond terrestrial ecosystems, microplastics also adversely affect marine and freshwater
environments. Approximately 70% of marine plastic debris settles in sediments, 15%
accumulates in coastal areas, and the rest floats in seawater [19]. Due to their small size, marine
animals often mistake microplastics for food. Microplastics have been found in the digestive
systems of whales, fish, turtles, and zooplankton. Birds and fish may accidentally ingest
floating microplastics, mistaking them for prey. A study in Terengganu offshore waters
detected microplastics in seawater and zooplankton [12]. Zooplankton either excrete
microplastics as feces or retain them in their bodies; retained microplastics then move up the
food chain, affecting animals and humans who consume them. Microplastics that are not
ingested persist in the ocean and can take hundreds or thousands of years to degrade.
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4.2. Human health concerns.

The presence of microplastics in food sources such as seafood and crops raises concerns about
food safety and potential health risks to humans and wildlife. Microplastics can enter the human
body through skin contact, inhalation of airborne particles, and consumption of contaminated
food and water. Over the years, microplastics have been commonly detected in tap water,
bottled water, and even salt. One study found an average of 55.2 microplastic particles per
kilogram of salt and sugar [20]. While many microplastics are excreted via the digestive
system, some smaller particles can enter the circulatory system [21]. Once in the bloodstream,
microplastics can be transported throughout the body and accumulate in major organs such as
the heart, lungs, and liver.

Exposure to microplastics can cause inflammation, genotoxicity, immunotoxicity, and
carcinogenesis [22]. Inhaled microplastics may lead to respiratory diseases such as chronic
obstructive pulmonary disease (COPD) and asthma. The lung alveoli, with their large surface
area and thin walls, allow inhaled microplastics to diffuse easily into the bloodstream. Ingestion
of microplastics can cause gastrointestinal issues such as hemorrhoids, colitis, and irritable
bowel syndrome (IBS), primarily through contaminated food and water. Seafood like fish and
shellfish can accumulate microplastics from the ocean, and drinking water may be
contaminated by microplastics that detach from pipe surfaces. In the intestines, the villi absorb
nutrients along with microplastics, which then enter the gastrointestinal tract and bloodstream.

The presence of microplastics in food sources such as seafood, crops, salt, and drinking
water raises serious concerns about food safety and potential health risks to both humans and
wildlife. These microscopic particles can enter the human body through various pathways,
including dermal absorption, inhalation of airborne microplastics, and ingestion of
contaminated food and water. Studies have detected microplastics in everyday consumables
such as tap water, bottled water, and condiments like salt and sugar, with one study reporting
an average of 55.2 particles per kilogram in salt and sugar [20]. Although many of these
particles are excreted via the digestive system, smaller microplastics can penetrate biological
barriers, enter the circulatory system, and accumulate in organs such as the lungs, liver, and
heart [21].

Prolonged exposure to microplastics has been linked to a range of health issues, including
inflammation, genotoxicity, immunotoxicity, and even carcinogenesis [22]. Inhalation of
microplastics, particularly in urban environments, can contribute to respiratory diseases such
as asthma and chronic obstructive pulmonary disease (COPD), as their small size allows them
to reach deep into the alveoli and enter the bloodstream. Ingested microplastics can also disrupt
the gastrointestinal system, causing disorders like irritable bowel syndrome (IBS), colitis, and
hemorrhoids.

Microplastics found in cosmetics and personal care products—especially those under 100
nm—can penetrate the skin, potentially triggering irritation, hormonal imbalances, and
reproductive toxicity. Furthermore, microplastic surfaces provide a habitat for pathogens such
as Helicobacter pylori, which form biofilms that enhance infection risks [23]. During the
COVID-19 pandemic, SARS-CoV-2 was shown to survive and multiply on microplastic
surfaces, increasing the potential for airborne transmission [24].

Plastic products are often manufactured with chemical additives like plasticizers,
antioxidants, flame retardants, and pigments. These additives are typically not chemically

bound to the polymer matrix and can leach into surrounding environments and organisms.
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Many of these substances are toxic and associated with adverse health effects and mortality in
living organisms [25]. Table 3 provides an overview of these additives and their documented
impacts.

Table 3. Chemical additives found in microplastics and their harmful effects.
Adverse Effects on Health and

Additive Type Purpose Chemicals Involved Envi Reference
nvironment
Flame Reduce flammability =~ Tetrabromobisphenol A Carcinogenic effects in rodents [25]
Retardants and inhibit fire spread  (TBBPA)
Polybrominated diphenyl ethers Impaired neurodevelopment [25]
(PBDEs)
Hexabromocyclododecane Disruption of endocrine and [26]
(HBCD) reproductive systems
Antioxidants  Prevent oxidative Bisphenol A (BPA) Endocrine system disruption [26]
degradation
Nonylphenol compounds Endocrine and reproductive harm in [26]
aquatic species
Octylphenol compounds Similar endocrine and reproductive [26]
disruption in fish
Butylated hydroxytoluene Cancer risk in animals, skin [26]
(BHT) sensitization
Plasticizers Enhance plastic Phthalates Associated with cancer,
flexibility, especially cardiovascular, and respiratory [25]
PVC illnesses
Adipates Reduction in body weight and bone [26]
density
Crosslinking ~ Transform linear Formaldehyde Neurological disorders, respiratory
Agents polymers into 3D irritation, toxic metabolites [26]
networks
Hydrazine Respiratory irritation, convulsions, [26]
carcinogenic in animals
Pigments Provide color to plastic Cobalt (11) diacetate Irritation to respiratory tract [26]
products
Iron oxide Metal fume fever, eye discoloration, [26]

contribution to atmospheric warming

5. Prevention and Treatments
5.1. Prevention.

Car tyres are a major source of microplastic pollution, as they are composed of both synthetic
and natural rubbers. Synthetic rubber, derived from petroleum-based polymers, wears down
due to friction during driving, releasing microplastics into the environment [27]. Promoting
public transportation such as buses and trains can help reduce this emission. Therefore,
governments should invest in expanding and improving public transit systems to make
commuting more convenient. For short distances, individuals are encouraged to walk, cycle, or
use scooters as alternatives to private vehicles [28].

Additionally, the textile industry contributes to microplastic pollution through the
production of synthetic fabrics. A shift toward manufacturing clothing from natural materials
like cotton, wool, and silk should be encouraged. To support this transition, the cost of synthetic
garments could be increased to incentivize consumers to choose organic alternatives. While
natural fabrics also shed microfibers, these are typically larger and less likely to contribute to
microplastic pollution [28].
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Single-use plastics—such as plastic bags, bottles, and straws—are another widespread
source of plastic waste, as they are typically discarded after one use [29]. Their usage can be
minimized by adopting reusable alternatives, including fabric shopping bags, bamboo straws,
and refillable water bottles. Furthermore, avoiding plastic bags for small purchases that can be
carried by hand is a simple yet effective step. The adoption of biodegradable plastics in
manufacturing can also help reduce environmental impact, as these materials are more easily
broken down by microorganisms.

5.2. Treatments.
5.2.1. Wastewater treatment.

Wastewater treatment consists of three main stages, primary, secondary, and tertiary, each
employing specific methods and technologies to remove microplastics. Primary treatment
focuses on removing large debris from incoming wastewater through screening, sedimentation,
and flotation. Screening includes coarse screens (6-150 mm) for larger debris and fine screens
(1.5-6 mm) which can capture smaller particles such as microplastics [30]. Sedimentation
relies on gravity to settle suspended solids and some organic matter at the bottom of tanks,
improving the efficiency of subsequent treatment. The settling rate depends on particle size,
shape, and density, and optimal results require calm, laminar water flow [31]. Flotation
removes suspended solids, fats, oils, and grease by attaching air bubbles to hydrophobic
particles (such as microplastics), which are then floated to the surface and skimmed off. This
method is particularly effective due to microplastics' hydrophobic nature [32].

Secondary treatment, also known as biological treatment, utilizes microorganisms like
bacteria and fungi to degrade organic pollutants and nutrients. These microbes metabolize
organic matter, producing carbon dioxide, water, and energy [33]. Key technologies include
the anaerobic-anoxic-aerobic (A20) process, activated sludge systems, biofiltration, trickling
filters, and solids contact tanks. The A20 method involves three separate tanks: in the aerobic
tank, oxygen is supplied to support microbial activity that breaks down organic matter; the
anaerobic tank operates in the absence of oxygen, relying on anaerobic microbes for
degradation; and the anoxic tank enables denitrification, converting nitrogen compounds into
nitrogen gas with limited or no oxygen, often through trickling filters or suspended growth
systems [34].

In the activated sludge process, oxygenated tanks facilitate the formation of microbial
flocs that capture microplastics, which settle in a secondary clarifier for removal. This sludge
is often recirculated. In trickling filters, wastewater trickles over a bed of rocks, where
microbial biofilms consume organic contaminants [33]. Tertiary treatment further removes
residual microplastics through filtration and disinfection [35]. Filtration methods such as
activated carbon, disc filtration, and sand filtration are physical processes. Slow sand filters
allow microbial action to degrade microplastics, whereas rapid sand filters trap them through
adsorption due to faster flow [36]. Activated carbon functions similarly, using carbon surfaces
to capture microplastics. Disinfection methods include chlorination, ozonation, UV filtration,
and advanced oxidation processes (AOPs), which are chemical treatments [37]. These
techniques generate reactive species like hydroxyl radicals (OH¢), which degrade microplastics
by initiating a chain reaction that breaks down their polymer structures [38]. Table 4 provides
an overview of the treatment technologies and their microplastic removal efficiencies.
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Table 4. Technologies used in wastewater treatment and its efficiency in removing microplastics.

Treatment stage Technology Removal Efficiency (%0) Reference
Primary Skimming 50-70 [39]
Grit and grease removal 45 [40]
Primary settling tank 33.75 [41]
Pulse clarification 63 [42]
Aerated grit chambers 16.5 [43]
Coagulation/Flocculation 90 [44]
Secondary Activated sludge process 7-20 [43]
Biofiltration 19 [43]
Trickling filter and solids contact tanks 7 [40]
Secondary settling tank 97 [40]
Anaerobic-anoxic-aerobic (A20) 15 [43]
Conventional activated sludge 98.3 [43]
Tertiary Electrocoagulation 90-99.2 [43]
Membrane bioreactor (MBR) 99.9 [43]
Reverse osmosis (RO) 90.5 [43]
Membrane disc filter 99.1 [41]
Dissolved air flotation 95 [43]
Rapid sand filtration 70-97 [43]
Granular activated carbon filtration 82.1-88.6 [37]
Chlorination 20-68 [37]
Ozonation 90 [43]
UV filtration 10 [37]
Advanced oxidation processes (AOPs) 90 [37]

5.2.2. Bioinspired molecules.

Researchers have developed bioinspired molecules to remove microplastics from water. These
molecules combine organic and inorganic components and consist of two main parts: an
inclusion unit (IU) and a capture unit (CU), together forming an inclusion compound (IC). The
CU has the ability to bond with various functional groups. When microplastics are captured by
the IC, the water molecules surrounding them are displaced. These displaced water molecules
interact with nearby water through Van der Waals forces, creating voids that microplastic
particles can occupy. This mechanism enables the efficient removal of microplastics from
water [45].

5.2.3. MOFs5.

MOFs, also called porous coordination polymers (PCPs), are crystalline materials with a
nanoporous structure, making them ideal for adsorbing microplastics. They offer several
advantages such as high surface area, strong coordination bonds, and excellent adsorption
capacity [46]. A recent innovation involves the use of zirconium-based MOF foams, which
exhibit high mechanical strength and a network of interconnected pores. The performance of
these foams can be enhanced by increasing MOF content or modifying their surfaces with
functional groups like —OH, —-NH:, —-NO-, and —Br. Microplastics interact with MOF foams
through several mechanisms: attachment to interlinked pore structures, electrostatic attraction
between negatively charged microplastics and positively charged MOFs, and through Van der
Waals forces and hydrogen bonding [47].
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5.2.4. Photocatalytic micromotor.

Photocatalytic micromotors are microscopic devices that use photocatalytic materials to
convert light energy into mechanical motion, enabling them to autonomously move through
liquids to perform specific functions. Common photocatalytic materials include TiO2, AgClI,
and Cu20, which generate gradients or bubbles under light exposure. These reactions drive
micromotors via mechanisms such as bubble recoil, self-diffusiophoresis, and self-
electrophoresis. TiO: is the most widely used material due to its high photocatalytic activity,
stability, and ease of fabrication [40]. Micromotors remove microplastics through two main
mechanisms: phoretic interaction, where microplastics adhere to micromotors via Van der
Waals and electrostatic forces, and shoveling, where micromotors actively collect and transport
microplastics [45].

5.2.5. Biodegradation mechanism.

Biodegradation of microplastics involves four fundamental mechanisms: biodeterioration,
biofragmentation, assimilation, and mineralization, which occur in both soil and aquatic
environments. The first stage, biodeterioration, begins when microorganisms adhere to the
microplastic surface, forming a layer of microbial colonies known as a biofilm [49]. This
biofilm facilitates further interaction between the microbes and the polymer surface. During
this phase, the physical and chemical characteristics of the polymer, such as its surface texture,
shape, and molecular composition, begin to change. Several environmental factors, including
temperature, surface tension, porosity, and moisture content, significantly influence the
efficiency of microbial adhesion and biofilm formation. The second stage is biofragmentation,
in which the microorganisms secrete extracellular enzymes that break down the complex
polymer chains into smaller fragments such as monomers, dimers, and oligomers, through
hydrolysis and oxidative processes [50]. These breakdown products become small enough to
be taken up by microbial cells. The specific type of microbes and enzymes involved in
degrading different types of polymers are summarized in Table 5.

Following biofragmentation, the third stage in the biodegradation process is assimilation.
In this phase, the smaller degradation products such as monomers, dimers, and oligomers,
produced during biofragmentation are absorbed by microorganisms through the cell membrane
[51]. This uptake is crucial, as these molecules serve as sources of carbon, energy, and
nutrients. Once inside the microbial cell, the compounds undergo further metabolism through
various biochemical pathways depending on environmental conditions. In aerobic
environments, oxygen serves as the terminal electron acceptor, enabling the complete oxidation
of organic materials into simpler compounds. In anaerobic environments, where oxygen is
absent, other molecules such as nitrate, sulfate, or carbon dioxide act as alternative electron
acceptors, supporting microbial respiration and energy production [52]. The final stage,
mineralization, completes the biodegradation process. It involves the full conversion of organic
intermediates into inorganic compounds. Under aerobic conditions, the primary end products
are carbon dioxide, water, and microbial biomass. In contrast, anaerobic mineralization
generates methane, in addition to carbon dioxide, water, and biomass [53]. These end products
are then released back into the environment, signifying the complete microbial degradation of
microplastics.
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Table 5. Microbes with their enzymatic capability for degradation of polymers.

Microbes Enzymes Polymers Reference
Bacteria Azotobacter beijerinckii Hydroquinone peroxidase PS [51]
Bacillus cereus Laccase, Lipase, Esterase PET, PS [7]
Brevibacillus borstelensis Lipase PE [50]
Comamonas testosteroni PETase PET [54]
Ideonella sakaiensis Cutinase, PETase PET [50]
Pseudomonas putida Lipase, Esterase, Alkane hydroxylase, PS, PU, [53]
Dehydrogenase PVA
Pseudomonas vesicularis Esterase PVA [53]
Rhodococcus ruber Styrene monooxygenase, PS, PE, [50]
Dehydrogenase, Laccase, Oxidase PVA
Thermobifida fusca Cutinase, Lipases PVC, PET [50]
Fungi Anthrobotrys oligospora Protease PLA [50]
Aspergillus niger Laccase PE, PP [6]
Cladosporium cladosporioides Esterase, Lipase PU [4,50]
Cochliobolus sp. Laccase PVC [6]
Fusarium graminearum Peroxidase PE [6]
Fusarium solani Cutinase, Esterase, Lipase, Serine PET, PU, [6]
hydrolase PCL
Humicola insolens Cutinase PET [6], [4]
Penicilliumfuniculosum Unknwon PHB [6]
Phanerochaete chrysosporium Manganese peroxidase, Lignin PE, PVC, [53]
peroxidase PS
Pichia pastoris Lipase PET [7,50]
Trametes versicolor Laccase PE [4]
Xepiculopsis graminea Esterase, Lipase PU [6]
Algae Chlamydomonas reinhardtii Unkown PP [6]
Chlorella vulgaris Unknwon PVC [55]
Navicula pupula Exopolysaccharide enzymes PS [55]
Karenia mikimotoi Unknown PVC [55]
Scenedesmus dimorphus Oxidoreductase PE [7]
Skeletonema costatum Unknown PVC [55]

Abbreviations: PE: Polyethylene; PET: Polyethylene terephthalate; PHB: Polyhydroxybutyrate; PS: Polystyrene; PVC:
Polyvinyl chloride; PU: Polyurethane; PLA: Polylactic acid, PCL: Polycaprolactone; PVVA: Polyvinyl alcohol.

6. Factors Affecting Microplastic Biodegradation
6.1. Environmental Factors.

Environmental conditions in soil and water such as pH, temperature, oxygen availability,
nutrient concentration, and moisture content, play a critical role in regulating microbial activity
and thus influence the rate of microplastic degradation [56]. A neutral to slightly alkaline pH,
particularly around 7.5, is considered optimal for promoting enzymatic activity in microbes,
thereby enhancing the biodegradation process. Temperature also significantly affects microbial
metabolism and enzyme function. At low temperatures, the formation of ice crystals near
microbial cell membranes can impair membrane fluidity, slowing down enzymatic reactions.
Conversely, excessive heat can lead to protein denaturation, nucleic acid degradation, and
increased membrane vulnerability to hydrocarbon toxicity. Microorganisms have varying
temperature tolerances: psychrophiles thrive below 20°C, mesophiles between 15°C and 45°C,
thermophiles from 50°C to 80°C, and hyperthermophiles endure extreme heat ranging from
80°C to 110°C [57]. Soil moisture facilitates microplastic swelling, reduces molecular weight,
promotes deformation, and acts as a medium for nutrient transport, collectively accelerating
hydrolysis and microbial enzymatic reactions [58]. However, excessive moisture can saturate
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soil pores, reducing oxygen diffusion and thus inhibiting the activity of aerobic microorganisms
[59]. Nutrient availability, especially phosphorus and nitrogen compounds like ammonium and
nitrate, supports microbial growth and enhances degradation efficiency [60]. Nonetheless, an
overabundance of nutrients may disrupt microbial community balance and introduce
competition, ultimately diminishing microplastic degradation rates.

6.2. Biotic factors.

Biotic factors such as microbial community structure, population density of degraders, biofilm
formation, and redox potential significantly affect the degradation of microplastics.
Microorganisms often rely on metabolic cooperation, such as cross-feeding and syntrophy, to
exchange metabolites. For instance, syntrophic interactions are critical for the degradation of
complex compounds like monoaromatic and polyaromatic hydrocarbons, with some microbes
producing methane as a by-product [61]. Since microplastics are composed largely of
hydrocarbon chains, hydrocarbon-degrading bacteria play a central role in their breakdown.
These microbes can enzymatically degrade hydrocarbons into simpler compounds, thereby
enhancing overall biodegradation efficiency [62].

6.3. Structural properties of microplastics.

The physicochemical characteristics of microplastics strongly influence their susceptibility to
microbial degradation. Important factors include molecular weight, surface area, functional
groups, presence of impurities, and degree of crystallinity [63]. Polymers with high molecular
weight, indicating longer chain lengths, are generally more resistant to degradation, as they
require more energy and enzymatic effort to break down [64]. Conversely, microplastics with
more functional groups and weaker chemical bonds are more amenable to microbial attack.
Crystallinity also plays a crucial role. In crystalline regions, the polymer chains are tightly
packed, limiting enzyme penetration and thus resisting degradation. In contrast, amorphous
regions have loosely arranged molecules that are more accessible to enzymatic activity,
resulting in faster breakdown [2].

7. Pros and Cons of Biodegradation and Future Research

Biodegradation is recognized for its environmental sustainability, offering a green solution for
microplastic removal. Unlike physical or chemical methods, it generates non-toxic end
products such as carbon dioxide, water, methane, and biomass [51]. Another advantage lies in
the specificity of microbial enzymes, which target particular polymer types without affecting
surrounding materials. For example, Pseudomonas species produce alkane hydroxylase, which
targets polyethylene, and polymerase, which degrades polystyrene [50]. Additionally,
biodegradation is cost-effective, particularly when compared to the high operational and
maintenance expenses associated with chemical and physical treatments.

However, biodegradation has limitations. It is time-consuming and heavily reliant on
microbial activity, making it slower than chemical treatments [7]. Under natural conditions,
microplastic degradation can take around six months, and in marine environments, this process
may span centuries, during which harmful additives can leach into ecosystems [65]. To
improve the efficiency of biodegradation and mitigate plastic pollution, further research is
essential in several areas. These include development of alternative biodegradable materials
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and enhancement of microbial efficiency through genetic engineering that modified microbes
can secrete more effective enzymes, improving their ability to degrade microplastics [66].
Moreover, biodegradation by-products can be converted into value-added compounds.
For instance, terephthalic acid and ethylene glycol—produced from PET degradation—can be
transformed into polyhydroxyalkanoate (PHA) by engineered Pseudomonas putida. PHA has
commercial applications in textiles and food packaging industries [51, 67]. Pretreatment
techniques, such as pyrolysis, can also enhance biodegradation by reducing polymer rigidity
and increasing enzyme access [2]. Lastly, more studies are needed on the fungal degradation
of polypropylene (PP) and polystyrene (PS), as current research in this area remains limited

[4].
8. Conclusion

Microplastic pollution has emerged as a persistent global issue, posing significant risks to both
environmental and human health. Despite growing awareness, the global demand for plastics
continues to rise, exacerbating the problem. Microorganisms play a critical role in the
degradation of microplastics, particularly those that enter the environment without prior
treatment. These pollutants are now ubiquitous, being detected in diverse environments ranging
from marine ecosystems and urban infrastructure to remote forested regions. To address this
widespread contamination, a variety of mitigation strategies have been proposed and
implemented. These include reducing the use of plastic products, improving wastewater
treatment processes, increasing public awareness, and promoting the development and use of
eco-friendly or biodegradable alternatives. Among the available solutions, microbial
biodegradation stands out as a promising, pollution-free approach. However, its broader
application is currently limited by challenges such as low degradation efficiency, scalability
constraints, high maintenance costs, and slow processing speeds. To alleviate these limitations,
industries should be encouraged to adopt and produce biodegradable plastics as substitutes for
conventional plastics in items such as bottles, containers, garbage bags, and even single-use tea
or coffee bags. Additionally, as wastewater treatment plants are recognized as major sources
of microplastic release, advancing new or existing technologies within these facilities could
offer significant potential for microplastic reduction through biodegradation. Nevertheless, the
current understanding of microbial degradation of microplastics remains in its infancy. Critical
aspects such as the impact of microplastics on microbial communities and the potential for
enzyme reuse require further investigation. Future research should focus on enhancing
degradation rates and developing more efficient, scalable, and cost-effective biodegradation
technologies. With sustained efforts and scientific innovation, these advancements could
contribute substantially to sustainable development within the coming years.
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